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Bacteria are able to switch between two mutually exclusive life-
styles, motile single cells and sedentary multicellular communities
that colonize surfaces. These behavioral changes contribute to an
increased fitness in structured environments and are controlled by
the ubiquitous bacterial second messenger cyclic diguanosine
monophosphate (c-di-GMP). In response to changing environ-
ments, fluctuating levels of c-di-GMP inversely regulate cell motil-
ity and cell surface adhesins. Although the synthesis and break-
down of c-di-GMP has been studied in detail, little is known about
the downstream effector mechanisms. Using affinity chromatog-
raphy, we have isolated several c-di-GMP-binding proteins from
Caulobacter crescentus. One of these proteins, DgrA, is a PilZ
homolog involved in mediating c-di-GMP-dependent control of C.
crescentus cell motility. Biochemical and structural analysis of DgrA
and homologs from C. crescentus, Salmonella typhimurium, and
Pseudomonas aeruginosa demonstrated that this protein family
represents a class of specific diguanylate receptors and suggested
a general mechanism for c-di-GMP binding and signal transduction.
Increased concentrations of c-di-GMP or DgrA blocked motility in C.
crescentus by interfering with motor function rather than flagellar
assembly. We present preliminary evidence implicating the flagel-
lar motor protein FliL in DgrA-dependent cell motility control.

diguanylate receptor � motility � PilZ � c-di-GMP � second messenger

Cyclic purine nucleotides are ubiquitous second messengers
involved in cell signaling. They are produced through the

action of growth factors, hormones, or neurotransmitters and
elicit their response by acting on a range of downstream effector
proteins such as protein kinases, transcription regulators, gated
ion channels, or GTPase nucleotide exchange factors. Although
cAMP is widespread through all kingdoms of life, cGMP seems
to be restricted to signaling in eukaryotes. Recently, a third
major cyclic nucleotide messenger, cyclic diguanosine mono-
phosphate (c-di-GMP) has emerged as a ubiquitous signaling
molecule in prokaryotes, where it antagonistically controls mo-
tility and virulence of planktonic cells on one hand and cell
adhesion and persistence of multicellular communities on the
other (1, 2) [supporting information (SI) Fig. 7]. C-di-GMP is
synthesized from two molecules of GTP and degraded into the
linear dinucleotide pGpG by the opposing activities of diguany-
late cyclases (DGC) and c-di-GMP-specific phosphodiesterases
(PDE). DGC and PDE activities are comprised in GGDEF and
EAL domains, respectively (3–8), which represent two large
families of output domains found in bacterial one- and two-
component signal transduction systems (9, 10).

The molecular principles of c-di-GMP signaling have been
studied in the model organism Caulobacter crescentus, where
c-di-GMP coordinates the developmental transition from a
motile swarmer cell to a surface-attached, replication-competent
stalked cell. Both acquisition of flagellar motility in the predi-
visional cell and its replacement by an adhesive organelle later
in development are controlled by c-di-GMP. TipF, an EAL
domain protein, is required for an early step of flagellum
assembly in the predivisional cell (11), whereas the diguanylate

cyclase PleD is involved in flagellum ejection and subsequent
steps in pole remodeling (3, 12–15). Similarly, the second
messenger c-di-GMP regulates motility, adhesion factors, and
biofilm formation in a wide variety of bacterial pathogens
including Yersinia, Pseudomonas, Vibrio, and Salmonella (1, 2).
C-di-GMP influences flagellar motility as a function of growth
(16) or adaptation to surfaces (17), affects pilus assembly (18),
and controls the production of surface structures such as fim-
briae and exopolysaccaride matrices (19). The wide variety of
cellular functions that are affected by c-di-GMP calls for multiple
receptors and signaling mechanisms. However, little information
is available on specific targets of c-di-GMP action. With the
exception of a component of the cellulose synthase complex from
Gluconacetobacter (20, 21) and the recent prediction of a can-
didate c-di-GMP-binding domain (22, 23), no c-di-GMP effector
proteins have been reported. We have designed a biochemical
approach to purify and characterize c-di-GMP effector mole-
cules from C. crescentus crude cell extracts.

Results
Purification of c-di-GMP-Binding Proteins from C. crescentus. Based
on the assumption that c-di-GMP signal transduction depends on
specific receptor proteins, we designed a biochemical purifica-
tion strategy to identify such components. C-di-GMP-binding
proteins from C. crescentus were purified by two consecutive
chromatography steps with Blue Sepharose CL-6B and affinity
chromatography with GTP immobilized on epoxy-activated
Sepharose 4B (Amersham Pharmacia, Piscataway, NJ). UV
cross-linking with c-[33P]di-GMP was used to identify proteins
with specific binding activity for c-di-GMP (see Materials and
Methods and SI Table 2). Two binding proteins with apparent
molecular masses of 47 and 36 kDa were detected in the 0.4–0.7
M NaCl eluate of the Blue Sepharose column (Fig. 1 A and B,
lane 3), and the 0.7–0.9 M NaCl fraction contained several small
c-di-GMP-binding proteins with apparent molecular masses of
8–12 kDa (Fig. 1 A and B, lanes 4 and 5). The latter fraction was
dialyzed, concentrated, and separated on a GTP-epoxy-
Sepharose 4B affinity column (Fig. 1 A and B, lane 4). One of
these proteins (labeled c in Fig. 1B) was identified by tandem
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mass spectrometry (MS/MS) as the product of gene CC1599, a
conserved hypothetical 12.5-kDa protein that we consequently
renamed as diguanylate receptor A (DgrA). Sequence compar-
ison disclosed DgrA as a member of the PilZ protein family,
members of which have recently been proposed by bioinformat-
ics to be c-di-GMP effector proteins (22).

DgrA Is a Diguanylate Receptor Protein. To confirm that the
identified protein is a c-di-GMP receptor, dgrA, was subcloned
into the expression vector pET-42b, and the recombinant His6-
tagged protein was purified by nickel–nitrilotriacetic acid affin-
ity chromatography. Like the semipurified protein from C.
crescentus (Fig. 1B), the recombinant protein showed strong
labeling upon UV cross-linking with c-[33P]di-GMP (Fig. 2A),
confirming that DgrA is a c-di-GMP receptor protein. UV
cross-linking experiments with DgrA in the presence of 60 nM
33P-labeled c-di-GMP and increasing concentrations of cold
c-di-GMP, GTP (200 �M), or pGpG (200 �M) indicated that
DgrA binds c-di-GMP with high affinity and specificity (Fig. 2B).
C-di-GMP binds to DgrA in a noncovalent manner because no
radiolabeled c-di-GMP was incorporated without UV irradia-
tion (Fig. 2B). The dissociation constant for c-di-GMP of the
recombinant DgrA was determined by using the UV cross-
linking assay (Table 1). Saturated incorporation of radiolabeled
c-di-GMP was already observed at 50 nM, indicating that the Kd
of DgrA for c-di-GMP is �50 nM.

To test whether other members of the PilZ protein family also
bind c-di-GMP, we analyzed several ortho- or paralogs of DgrA,
including CC3165 (renamed as DgrB), YcgR from Salmonella

typhimurium (24), and PA4608 from Pseudomonas aeruginosa
(see Fig. 6). As shown in Fig. 2 A, all four proteins were efficiently
labeled with c-[33P]di-GMP upon UV cross-linking, whereas the
control protein BSA did not incorporate c-di-GMP. The c-di-
GMP-binding constants of DgrB, YcgR, and PA4608 were
determined by performing UV cross-linking experiments with
50 nM receptor protein in the presence of increasing concen-
trations of 33P-labeled c-di-GMP (50–1,000 nM). All wild-type
diguanylate receptor proteins exhibit a binding affinity in the
nanomolar range (Table 1). Taken together, these data demon-
strate that DgrA and its homologs containing a PilZ domain are
members of a class of small diguanylate receptor proteins, which
bind c-di-GMP, but not other guanine nucleotides, with high
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Fig. 1. Isolation of c-di-GMP-binding proteins from C. crescentus. (A) Coo-
massie blue-stained SDS/polyacrylamide gel with protein fractions used for UV
cross-linking with c-[33P]di-GMP. Lane 1, 100.000 � g supernatant; lane 2, 60%
ammonium sulfate precipitation; lane 3, 0.4–0.7 M NaCl eluate from Blue
Sepharose; lane 4, 0.7–0.9 M NaCl eluate from Blue Sepharose; and lane 5, 125
mM NaCl eluate from GTP-Sepharose column. (B) Autoradiograph of SDS/
polyacrylamide gel shown in A. C-di-GMP-binding proteins a, b, and d were
identified by MS/MS. Protein c was identified by MS/MS as hypothetical
protein CC1599 and was renamed DgrA.
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Fig. 2. DgrA is a member of a new family of c-di-GMP-binding proteins. (A)
UV cross-linking of purified His6-tagged diguanylate receptor proteins with
c-[33P]di-GMP. The following proteins were used: DgrA (CC1599; C. crescen-
tus), DgrB (CC3165; C. crescentus), PA4608 (P. aeruginosa), YcgR (S. typhi-
murium), and BSA (control). The Coomassie blue-stained gel (Left) and the
autoradiograph (Right) are shown. (B) UV cross-linking of 10 �M DgrA in the
presence of 60 nM 33P-labeled c-di-GMP. Autoradiograph (Upper) and
Coomassie-stained gel (Lower). (Left) Samples were supplemented with in-
creasing concentrations of nonlabeled nucleotides as indicated. (Right) Con-
trols were carried out in the absence of UV irradiation or with BSA.

Table 1. Binding constants of diguanylate receptor proteins
determined by UV cross-linking with c-�33P�di-GMP

Organism Protein Kd, nM �Kd*

C. crescentus DgrB 132 36
DgrA
WT �50 14
R11AR12A ND —
D38A 761 149
W75A 6,200 496

S. typhimurium YcgR 182 29
P. aeruginosa PA4608 �50 27

The protein concentration used for binding assay was 50 nM. ND, not
detectable.
*S.E.
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affinity. Thus, these proteins represent bona fide diguanylate
receptor proteins and may be involved in the response of specific
cell functions to fluctuating concentrations of c-di-GMP (2).

DgrA and DgrB Mediate c-di-GMP-Dependent Motility Control in C.
crescentus. Low concentrations of c-di-GMP are generally asso-
ciated with flagella- or pili-based motility of single planktonic
cells, whereas increased concentrations of c-di-GMP promote
multicellular traits and efficiently block cell motility (2). In
agreement with this finding, C. crescentus cells are nonmotile in
the presence of a plasmid-borne copy of dgcA, which encodes a
highly active, soluble diguanylate cyclase (15) (Fig. 3A). Electron
micrographs and immunoblot experiments showed that these
cells were flagellated and expressed normal levels of f lagellins
(data not shown), arguing that increased c-di-GMP concentra-
tions interfere with flagellar function rather than with the
expression or assembly of flagellar components. To test whether
motility control by c-di-GMP involves dgrA or dgrB, single and
double in-frame deletion mutants were generated by using a
two-step homologous recombination procedure (see SI Materials
and Methods). In contrast to C. crescentus wild-type, �dgrA and
�dgrB mutants were motile even in the presence of the dgcA
plasmid (Fig. 3A). Motility was not the result of a reduction of
the c-di-GMP concentration because cellular levels of c-di-GMP
in these mutants were indistinguishably high (data not shown).
At low cellular concentrations of c-di-GMP, motility phenotypes

were not significantly altered in the deletion mutants (data not
shown), indicating that DgrA and DgrB affect cell motility
primarily at conditions where the level of c-di-GMP is elevated.
Together, these data suggested that the c-di-GMP-binding pro-
teins DgrA and DgrB are part of a signal transduction pathway
that interferes with flagellar function in response to high con-
centrations of c-di-GMP. In agreement with this suggestion,
overexpression of dgrA or dgrB from a plasmid efficiently
blocked motility on swarmer plates (Fig. 3B) and in liquid media
as observed microscopically (data not shown).

Analysis of c-di-GMP Binding to the Diguanylate Receptor by NMR
Spectroscopy. The available NMR structure and resonance as-
signments of the DgrA homolog PA4608 from P. aeruginosa (25)
[Protein Data Bank (PDB) ID code 1YWU; Biological Magnetic
Resonance Bank (BMRB) ID code 6514]‡ provided an oppor-
tunity to characterize the ligand-binding site on a molecular level
and to investigate the structural consequences of ligand binding.
PA4608 carrying an N-terminal His6 tag was produced in
uniformly 15N- and 13C-labeled form for NMR spectroscopy.
The 1H and 15N chemical shifts observed for pure PA4608 were
in good agreement with those reported in BMRB entry 6514.
When c-di-GMP was added to the protein, 1H-15N heteronuclear
sequential quantum correlation spectra (HSQC) changed dra-
matically (SI Fig. 8). Free and ligand-bound PA4608 were in slow
exchange on the NMR chemical shift time scale, and titration
curves were in agreement with a KD in the sub-�M range (data
not shown). To assign resonances of the PA4608*c-di-GMP
complex, exchange (EXSY) spectra were recorded on a roughly
3:1 mixture of free and c-di-GMP-bound PA4608 at 313 K.
Standard triple-resonance NMR spectra recorded on PA4608
saturated with c-di-GMP were used to complete the backbone
resonance assignments. No resonances were observed for resi-
dues Met3–His12 (His6 tag), His22, Phe33–Ile36, Gly73, Ile91,
Glu125, Leu128, and Asp130–Leu138. These residues are probably
flexible on a microsecond to millisecond time scale, and peaks
are broadened beyond detection because of intermediate chem-
ical exchange. Secondary 13C� and 13C� shifts (26) showed that
the secondary structure of PA4608 remained essentially un-
changed after ligand binding (SI Fig. 9).

To localize the ligand-binding site on the protein surface,
backbone amide 1H and 15N chemical shifts of the PA4608*c-
di-GMP complex were compared with those of the free protein,
and the differences were mapped on the structure of the free
protein (see Fig. 5 and SI Fig. 8). Large shift differences were
found on one face of the �-barrel (around Val58, Ile63), in the C
terminus (Val142, Ala144), and in the N terminus (Arg30–Asp39).
We conclude that c-di-GMP binds to the outside of the �-barrel
close to Val58 and that the termini, which are partially f lexible
in the apo form, fold around the bound ligand. Presumably the
side chain N-H group of Trp99 forms a hydrogen bond with the
ligand because the 15N�1 and 1H�1 resonances strongly shift
toward higher chemical shifts by 8.24 and 1.66 ppm, respectively.

Because of their distinct chemical shifts (�10.7 ppm), the H1
imino hydrogens of guanine in c-di-GMP could be identified
once the assignment of protein backbone 1HN and tryptophan
1H�1 resonances had been completed. Because four separate H1
resonances of about equal intensity are observed for c-di-GMP
in complex with PA4608 and each molecule of c-di-GMP con-
tains two guanine bases, c-di-GMP binds to PA4608 as a dimer.
Consistent with the ligand-binding site outlined above, two of
these H1 imino resonances show intermolecular NOEs to Leu64

and Trp99 (SI Fig. 10).

‡Residue numbering for PA4608 as in Biological Magnetic Resonance Bank ID code 6514,
which differs from that in Protein Data Bank structure 1YWU by �22, is used throughout
this work.
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Fig. 3. DgrA and DgrB are involved in motility control by c-di-GMP. Motility
behavior of C. crescentus wild-type strain CB15 and mutants is shown on
semisolid agar plates. Three different colonies from independent conjugation
experiments are shown. (A) The following strains containing plasmid
pUJ142::dgcA or control plasmid pUJ142 were analyzed: CB15/pUJ142::dgcA
(a), CB15�dgrA/pUJ142::dgcA (b), CB15dgrAW75A/pUJ142::dgcA (c),
CB15�dgrB/pUJ142::dgcA (d), CB15�dgrA�dgrB/pUJ142::dgcA (e), and CB15/
pUJ142 (f). (B) Overexpression of dgrA or dgrB from the lactose promoter
(Plac) repressed C. crescentus motility. (a) CB15/pBBR (vector control). (b)
CB15/pBBR::dgrA. (c) CB15/pBBR::dgrB. (C) Levels of class II, class III, and class
IV structural components of the C. crescentus flagellum were determined by
immunoblot analysis for the following strains: CB15/pBBR (wild-type),
CB15/pBBR::dgrA (DgrA), CB15/pBBR::dgrB (DgrB), and the extragenic digua-
nylate receptor motility suppressors CB15dms0541 pBBR::dgrA (dms0541).
The motility behavior of each strain is shown on top of the graph.
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Amide 15N T1 and T2 relaxation times and heteronuclear
{1H}-15N NOEs were measured at 293 K for free and c-di-GMP-
bound PA4608 (data not shown). Isotropic rotational correlation
times (�c) were determined from these data with the program
TENSOR (27) as 11.3 and 12.3 ns for free and ligand-bound
protein, respectively. These �c are in reasonable agreement with
values expected for monomeric apo-PA4608 (16.7 kDa, 9.8 ns)
and c-di-GMP-bound PA4608 (18.1 kDa, 10.6 ns). Thus, PA4608
is a monomer before and after ligand binding.

C-di-GMP-Binding Mutants of DgrA Are Unable to Control Motility.
Alignments of the amino acid sequences of PA4608, DgrA,
DgrB, and YcgR revealed that the key residues that were
postulated based on NMR data to be involved in c-di-GMP
binding to PA4608 are conserved among other diguanylate
receptor proteins (see Fig. 6). To probe the c-di-GMP-binding
site of DgrA and to define the minimal requirements for
c-di-GMP binding, residues Arg11, Arg12, Asp38, and Trp75 were
replaced with Ala, and the mutant proteins were analyzed for
c-di-GMP binding. Mutants R11A/R12A and W75A strongly
reduce c-di-GMP binding, whereas mutant D38A is still able to
bind c-di-GMP (see Fig. 5A). In agreement with this result, the
binding constant for the D38A mutant was marginally increased
to 740 nM, whereas the Kd for the W75A mutant (6.4 �M) was
increased 100- to 1,000-fold compared with wild type (Table 1).
Binding of c-di-GMP was completely abolished in the R11A/
R12A mutant. To analyze the importance of c-di-GMP binding
for DgrA-mediated signaling, the dgrA mutant alleles were
tested for functionality in vivo. As indicated above, overexpres-
sion of wild-type dgrA renders cells nonmotile (Fig. 4B; see also
Fig. 6B). In contrast, overexpression of dgrAD38A,
dgrAR11AR12A, or dgrAW75A only partially affected motility
(Fig. 5B). In particular, changing Trp75 to Ala almost completely
abolished the ability of DgrA to block motility under these
conditions (Fig. 5B). Also, when the dgrAW75A mutant allele
was expressed in single copy from its original chromosomal
locus, cells were fully motile even in the presence of the dgcA
plasmid, arguing that DgrAW75A can no longer control motility
in response to increased c-di-GMP levels (Fig. 3). We isolated
suppressors that alleviated the dgrA-mediated motility block (see
Materials and Methods). One of the intragenic dms (diguanylate

receptor motility suppressors) mutations mapped to Val74, in the
immediate vicinity of the Trp residue critical for c-di-GMP
binding (Figs. 5B and 6). Other intragenic dms mutations (Asp62,
Gly82) mapped to conserved residues of DgrA, emphasizing the
functional importance of these residues (Fig. 6). In conclusion,
these results support the view that ligand binding is essential for
the regulatory function of the diguanylate receptor and suggest
that DgrA blocks motility in its c-di-GMP-bound state.

Motility Control by DgrA Correlates with Cellular Levels of the FliL
Motor Protein. Immunoblot analysis revealed that overexpression
of dgrA or dgrB blocks motility without interfering with the
expression of known class II, class III, or class IV components
of the flagellar hierarchy (Fig. 3C). Because the expression of
each class of genes depends on the successful expression and
assembly of components of the preceding class of the hierarchy
(28), this result suggested that flagella are assembled normally
in cells overexpressing dgrA or dgrB. In agreement with this
suggestion, f lagella were readily observed by electron micros-
copy in these nonmotile cells (data not shown). The only flagellar
protein whose concentration was severely affected in cells over-
expressing dgrA was FliL (Fig. 3C). The C. crescentus fliL gene
is not part of the flagellar hierarchy, and its product is not
assembled into the flagellar structure (29). However, fliL is
required for flagellar rotation (29). To examine whether reduced
FliL levels are linked to motility, we screened the pool of dms
mutants (see above) for extragenic suppressors (see Materials
and Methods). From a total of 120 independently isolated motile
suppressors, only one mapped to the chromosome. This sup-
pressor mutation (dms0541), which mapped to gene CC3587
coding for the ribosomal protein S1, not only restored motility
but also reestablished normal levels of FliL (Fig. 3C).

Discussion
Motility control by c-di-GMP is implemented through gene
expression, organelle assembly, or motor function (2). In C.
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crescentus, increased cellular concentrations of c-di-GMP block
motility by interfering with motor function rather than by
altering expression or assembly of structural components of the
flagellum (13). How are increased levels of c-di-GMP sensed and
how is this information transmitted to the flagellar motor? The
data presented here show that DgrA and DgrB are high affinity
receptors for c-di-GMP that, in a ligand-bound form, interfere
with the flagellar motor either directly or indirectly. Motor
control by DgrA-like proteins is not unique to Caulobacter.
Escherichia coli H-NS mutants lack flagella because the expres-
sion of the flagellar master control operon flhCD is reduced.
Ectopic expression of flhCD restores flagellation but leaves the
motors partially paralyzed (24). Under these conditions, f lagel-
lar function can be restored either by a mutation in ycgR, coding
for the E. coli DgrA homolog, or by providing multiple copies of
yhjH, which encodes a presumable c-di-GMP-specific phospho-
diesterase (24). Together with our data demonstrating that the
Salmonella YcgR protein specifically binds c-di-GMP, this find-
ing suggests that in C. crescentus and in enteric bacteria flagellar
motor function might be controlled by c-di-GMP through similar
mechanisms.

But how would DgrA or YcgR interfere with the function of
the flagellum? Our data propose the FliL protein as a candidate
for such a role. FliL was the only flagellar protein that showed
significantly reduced levels in nonmotile cells overexpressing
dgrA. In C. crescentus the FliL protein is not part of the flagellar
structure but is required for flagellar rotation (29). Intriguingly,
fliL mutant strains exhibit a motility phenotype identical to that
of cells that have high levels of c-di-GMP or overexpress dgrA
(29). Because the expression of fliM, the gene located immedi-
ately downstream from fliL in the same operon (30), was not
affected by DgrA, FliL changes must be the result of altered
translation or protein stability. An extragenic suppressor muta-
tion that restored motility under these conditions also reestab-
lished normal FliL concentrations, indicating that the two phe-
notypes are linked. The simplest model that is in agreement with
these results predicts that DgrA, upon binding of c-di-GMP,
represses FliL by a so far unknown mechanism, and through this
mechanism blocks motor function. The extragenic suppressor
mutation restoring FliL levels was mapped to the coding region
of rpsA (ribosomal protein S1). RpsA enhances translation ini-
tiation by binding to mRNA regions upstream from the Shine–
Dalgarno sequence and by tethering the mRNAs on the 30S
subunit of the ribosome (31–33). How DgrA and its ligand
c-di-GMP modulate FliL levels is a subject for future investiga-
tion. Recently, FliL was reported to be involved in surface

sensing and virulence gene expression in the urinary tract
pathogen Proteus mirabilis (34). Thus, it is possible that FliL has
a more general role in controlling the switch between a plank-
tonic and a surface-associated lifestyle.

A bioinformatics study originally proposed that the PilZ domain
is a specific c-di-GMP-binding module (22). This proposal was
recently substantiated by the demonstration that YcgR, a PilZ
protein from E. coli, is able to bind c-di-GMP (23). Here we
presented genetic, biochemical, and structural evidence that further
validates this hypothesis, and we propose a model for ligand binding
and activation of proteins containing a PilZ domain. NMR studies
with the DgrA homolog PA4608 showed that a dimer of c-di-GMP
binds to a well defined binding site on the surface of the �-barrel
(Fig. 4). Large chemical shift differences between free and ligand-
bound PA4608, which indicate changes in the local environment,
were also observed in both termini of the protein, with the largest
differences observed for residues Arg30–Arg32, Val142, and Ala144.
These regions are structurally ill defined in the absence of ligand
(25) and are probably flexible. The observed chemical shift differ-
ences indicate that these regions come in direct contact with the
ligand after complex formation. The N-terminal part of PA4608
contains three consecutive Arg residues, which are conserved in
most PilZ domains (22) (Fig. 6). Arg side chains are likely to be
involved in hydrogen bonds or in electrostatic or � stacking
interactions with c-di-GMP, as in the allosteric binding site of the
diguanylate cyclases PleD and DgcA (15, 35). Furthermore, it is
conceivable that the positively charged head groups of Arg are
sufficient for transient binding to the phosphate groups of c-di-
GMP and that their position on the flexible N terminus increases
the ligand capture radius of the protein, as in the ‘‘fly-casting
mechanism’’ proposed in ref. 36. Alternatively, the observed folding
of previously flexible parts of the protein may be responsible for
communication of the c-di-GMP signal to downstream elements,
either by forming new interaction surfaces or by determining the
relative position of neighboring domains. Similarly, the chemical
shift differences of the C-terminal part of PA4608 could be
explained by a specific role in ligand binding. However, the fact that
residues Val142 and Ala144, which showed the largest chemical shift
differences, are not conserved, argues against this possibility.
Several of the motile dgrA loss-of-function suppressors that were
isolated had frameshift mutations in the very C terminus of DgrA
(Fig. 6), suggesting that this part of the protein is critical for its in
vivo function. One possibility is that the C terminus contributes to
the specific readout mechanism of this protein family. Upon
c-di-GMP binding to the �-barrel surface, the C terminus could be
untied to interact with downstream components. In accordance

R30-R32 A37-D39 V58 I63 L64H56

RR11AA D38A

 1       10        20             30        40         50              

DgrA            RR   R                          D    G                                E                   I    R W   L         I                   .MVMVETSGA   AHP MPAARKI.....Y VDDP S KAS L VAEK GR SI.AGI..ASPPDT...FV
DgrB            RR   R                          D    G                           S    D      I            VL     W       S     V                   MSKHA GAEH   AAV  QTQRSG.....K  CGAFA DCVIR L SQ AR QM.LTG..GAPAGQ.....
YcgR            RR   R                          D    G                           S    Q      I             L   R     L   S                         .PLPS LWFV   EYF  GAPLYPPYYGVTT PDT TLRFR F L LG MGALLESAIPDGLIEGARFSQV
PA4608            RR   R                          D    G                           S    E      I            IL   R W   L   S     V                   ....M DQHD   RFH  AFDADS.....E  QGE R EVL H V LH IL GQ..PQDWNGDPQRPF.EA

D62G

G106 A144A139 V142W99ε

V74A G82R frameshiftsframeshiftW75A

60           70            80        90         100       110             

DgrA   D G             W          G           R                             FV A GRRV...HLANVV RSGT....EV VQFAATQRIGP AGGAAGALEIARRFLATLPAEDDA.....
DgrB   QL         D    W  E       G     V     R L   V                       .I  IDLDAGLAH VTVA QR R....EI LRI.. RTYDL G APA AGTAKRIWRASRADVSTG.....
YcgR   NMG        D       E             V     R L   I                       EL   QWGIFH.V AQLISIS R-13-RLSFRFLN SPAVE E QRI FSLEREARERANKVRE.......
PA4608    LG        E    W  D       G     I       L   V                       RLY  LDVLIR.M ISLA AR G....LL FECQH DLDSISH RRL ELNLGDEELLERELALLVSAHDD

Fig. 6. Sequence alignment of the c-di-GMP-binding proteins DgrA, DgrB, YcgR, and PA4608 according to the PilZ Pfam entry PF07238. The PilZ domain is
highlighted in green. DgrA residues shown to be important for c-di-GMP binding and in vivo function (red) and the positions of intragenic dms suppressor
mutations (black) are highlighted above the alignment. Residues of PA4608 with large chemical shift differences upon c-di-GMP binding (blue) are indicated
below the alignment.
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with such a view, the very C terminus of the P. aeruginosa PilZ
protein has recently been proposed to interact with the PilF protein
required for type 4 pilus assembly (37). To complement our picture
of the c-di-GMP circuitry, future studies will have to focus on
interaction partners of DgrA and related PilZ domain proteins.

It is intriguing that genetic and biochemical studies of the C.
crescentus DgrA protein and structural analysis of PA4608 from
P. aeruginosa identified the same set of key amino acids involved
in c-di-GMP binding (Fig. 6). This finding is a strong indication
that these proteins bind c-di-GMP in a similar way and suggests
that they may share a common signaling mechanism. Based on
these results, we postulate that most or all PilZ domain proteins
function as diguanylate receptor proteins.

Materials and Methods
Strains, Plasmids, and Media. E. coli strains were grown in Luria
broth. C. crescentus strains were grown in complex peptone yeast
extract (38) supplemented with antibiotics, where necessary. For
the exact procedure of strain and plasmid construction, see SI
Materials and Methods.

UV Cross-Linking with C-[33P]di-GMP and Isolation of DgrA. Proce-
dures for enzymatic production of c-[33P]di-GMP and UV
cross-linking with c-[33P]di-GMP were published earlier (6, 15).
For a detailed protocol used for the isolation of DgrA, see SI
Materials and Methods.

Preparation of Isotope-Labeled Protein, NMR Samples, and NMR
Spectroscopy. The detailed procedures for overexpression and
13C,15N labeling of PA4608 are described in SI Materials and

Methods. NMR samples (Shigemi microtubes) were prepared as
0.8 mM U-13C,15N-labeled protein in 300 �l of 95% H2O/5%
D2O/250 mM NaCl/10 mM DTT/1 mM NaN3/10 mM Tris at pH
7.1. C-di-GMP was added at suitable molar ratios from a 7.7 mM
stock solution. NMR spectra were recorded on Bruker (Billerica,
MA) DRX 600 and 800 MHz spectrometers at 293 K with the
exception of EXSY spectra that were recorded at 313 K for faster
exchange. Standard one-, two-, and three-dimensional spectra
were recorded and processed as described elsewhere (39).

Isolation and Mapping of Motile dgrA suppressors. A plasmid car-
rying dgrA (pBBR::dgrA) was conjugated into a C. crescentus
recA mutant strain, and 150 individual transconjugants were
patched onto PYE swarmer plates. Motile dms mutants were
isolated and analyzed by immunoblot with an �-DgrA antibody.
Mutants with reduced DgrA levels were discarded. The rest was
analyzed by retransforming plasmids into the recA mutant strain
to distinguish between intra- and extragenic suppressors. Intra-
genic mutations were identified by sequencing. The extragenic
suppressor (dms0541) was mapped by Tn5 linkage (40) and
cotransduction with phage 
CR30, and it was identified by
sequencing.
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