Sensing the messenger: The diverse ways that bacteria
signal through c-di-GMP
Petya V. Krasteva, Krista Michelle Giglio, Holger Sondermann

To cite this version:
Petya V. Krasteva, Krista Michelle Giglio, Holger Sondermann. Sensing the messenger: The
diverse ways that bacteria signal through c-di-GMP. Protein Science, 2012, 21, pp.929 - 948.
�10.1002/pro.2093�. �hal-03117469�

HAL Id: hal-03117469
https://hal-cnrs.archives-ouvertes.fr/hal-03117469
Submitted on 21 Jan 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of scientific research documents, whether they are published or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

REVIEW
Sensing the messenger: The diverse ways
that bacteria signal through c-di-GMP

Petya Violinova Krasteva†, Krista Michelle Giglio, and Holger Sondermann*
Department of Molecular Medicine, College of Veterinary Medicine, Cornell University, Ithaca, New York 14853
Received 26 April 2012; Accepted 4 May 2012
DOI: 10.1002/pro.2093
Published online 16 May 2012 proteinscience.org

Abstract: An intracellular second messenger unique to bacteria, c-di-GMP, has gained
appreciation as a key player in adaptation and virulence strategies, such as biofilm formation,
persistence, and cytotoxicity. Diguanylate cyclases containing GGDEF domains and
phosphodiesterases containing either EAL or HD-GYP domains have been identified as the
enzymes controlling intracellular c-di-GMP levels, yet little is known regarding signal transmission
and the sensory targets for this signaling molecule. Although limited in number, identified c-diGMP receptors in bacteria are characterized by prominent diversity and multilevel impact. In
addition, c-di-GMP has been shown to have immunomodulatory effects in mammals and several
eukaryotic c-di-GMP sensors have been proposed. The structural biology of c-di-GMP receptors is
a rapidly developing field of research, which holds promise for the development of novel
therapeutics against bacterial infections. In this review, we highlight recent advances in identifying
bacterial and eukaryotic c-di-GMP signaling mechanisms and emphasize the need for mechanistic
structure–function studies on confirmed signaling targets.
Keywords: signaling; c-di-GMP; biofilm formation; protein structure; phosphodiesterase; diguanylate
cyclase; c-di-GMP receptors

Introduction
In 1987, Benziman and colleagues published a landmark article describing the identification of a novel,
nucleotide-based allosteric activator of Gluconacetobacter xylinus cellulose synthase activity, c-di-GMP.
The initial discovery was accompanied by the detection of an enzymatic activity responsible for c-diGMP production, a c-di-GMP binding protein module
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regulating cellulose synthesis, and an operon controlling c-di-GMP turnover in the bacterium.1,2
Fifteen years later, c-di-GMP has gained appreciation as a second messenger unique to the bacterial world, which functions as a global regulatory
molecule to trigger a plethora of physiological
responses. Examples include but are not limited to
cell differentiation, changes in motility and surface
adhesiveness, secretion of extracellular polysaccharides and proteinaceous fimbriae, host cell cytotoxicity, and virulence gene expression (Fig. 1).3–6 Signaling cascades employing this small molecule show
evidence for multilayer impact, which includes control at the transcriptional, translational, and posttranslational levels. Proteins involved in c-di-GMP
mediated signal transduction are often characterized
by multidomain architecture with such modularity
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Figure 1. Overview of c-di-GMP signaling. (A) Biofilm formation. High levels of c-di-GMP in bacterial cells are often
associated with cell adhesion, matrix secretion, and biofilm formation. (B) C-di-GMP signaling. Opposing activities of
diguanylate cyclases (DGCs) with GGDEF domains and phosphodiesterases (PDEs) with EAL or HD-GYP domains control
cellular c-di-GMP levels. The domains are often linked to regulatory domains, which control overall enzyme activity and
cellular localization. In addition, several cellular programs have been shown to be under c-di-GMP control.

to allow for a variety of regulatory inputs and/or signal ramifications.7–9 This complexity is in stark contrast with canonical two-component transduction
systems, where upon signal generation a sensor histidine kinase phosphorylates its cognate response
regulator to alter the expression of a typically limited number of genes.10
The identification of a diguanylate cyclase in
Caulobacter crescentus, responsible for c-di-GMP
production during cell cycle-dependent polar differentiation, paired with bioinformatics analyses making use of the increasing number of sequenced
genomes have paved the way for many of the discoveries on c-di-GMP signaling in the past decade.8,11–13
The metabolic function of a number of c-di-GMP signaling modules has thus been successfully identified
based on conserved sequence motifs, predicted secondary structure or domain organization, inter- and
intraoperon genetic environment, and phylogenetic
patterns of cross-species evolution.8
It is now well established that c-di-GMP is generated from two GTP molecules by GGDEF domaincontaining diguanylate cyclases, whereas phosphodiesterases containing either EAL or HD-GYP
protein domains provide selective signal degradation
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[Fig. 1(B)].14–18 Comparative cross-genome sequence
alignments have characterized GGDEF, EAL, and
HD-GYP domains as some of the most abundant protein modules encoded by bacterial genomes, with
their nomenclature being a direct result of such bioinformatic analyses: GGDEF, EAL, and HD-GYP
correspond to characteristic conserved amino acid
motifs found in the corresponding protein
domains.8,11–13 Interestingly, the number of these
signaling modules per species roughly correlates
with the organism’s adaptational capacities.8,19 As
an important example, opportunistic pathogens,
which are often required to adapt to different ecological niches, typically show the highest number of cdi-GMP metabolizing enzymes per genome.
In general, increased intracellular c-di-GMP levels resulting from higher diguanylate cyclase activity lead to enhanced biofilm formation and inhibit
flagellar and pilus-mediated motility.4,20 Conversely,
low levels of the nucleotide associated with active
phosphodiesterase catalysis suppress the maintenance of extracellular adhesins and promote biofilm
dispersion and bacterial virulence.21,22 Although
overexpression studies suggest a redundancy in
overall effect, different diguanylate cylases or
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Figure 2. Effectors or receptors for c-di-GMP. Modules and proteins for c-di-GMP binding are diverse. While several
bacterial effectors have been studied extensively, only one well-validated target on host cells has been discovered. Others
await further characterization.

phosphodiesterases in a given genome often have
enzyme specific physiological effects.15,23 Oftentimes
proteins with similar domain architecture or enzymatic
activity
trigger
distinct
physiological
responses.14,24 This is particularly surprising if one
assumes that, as a small hydrophilic molecule, c-diGMP is freely diffusible in the cell. A number of
studies argue instead that once generated, c-di-GMP
is a sequestered, rather than general, diffusive signal.4,25 Measurements of the intracellular levels of cdi-GMP in several bacterial species indicate concentrations in the micromolar range or lower, without
taking into account probable local fluctuations.
Based on the fact that most identified c-di-GMP
receptors and phosphodiesterases have lower affinity
constants for the nucleotide, it has been hypothesized that cellular c-di-GMP exists primarily in a
protein-bound form.15,25 It is also a reasonable hypothesis that enzymes that produce or degrade c-diGMP function in close proximity to the effector systems, ensuring signaling specificity and local
regulation.
The complexity of c-di-GMP signaling becomes
even more apparent if the nucleotide’s known signaling targets are taken into account (Fig. 2). Whether
functioning as intermediaries in nucleotide signal
relay or as final effectors in signaling cascades, the
few c-di-GMP receptors identified to date are characterized by an obvious diversity and multilevel
impact [Fig. 3(A–D)].
Initial in silico prediction identified PilZ
domains as protein modules involved in various c-diGMP signaling pathways and predicted that they
might function as direct sensors relaying the second
messenger’s input.26 Further experimental evidence
has corroborated c-di-GMP binding to several PilZ
domain-containing proteins, as well as the direct
involvement of these sensors in biofilm formation or
expression of virulence determinants.27–31 These
domains are expressed either alone or as fusions
with other modules, including but not restricted to
EAL, GGDEF, HD-GYP, PAS, and helix-turn-helix
motifs.26 A PilZ domain was also identified as the
c-di-GMP binding module in G. xylinus cellulose synthase, where c-di-GMP regulatory function was first
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reported. Phylogenetic and structural analyses
showed that PilZ domains have low sequence conservation with the exception of a few interspersed residues responsible for nucleotide docking.28 In addition, recent structural studies have shown that even
highly similar PilZ domain-containing proteins can
employ a markedly different molecular readout upon
ligand binding.32
Interestingly, many bacteria that utilize c-diGMP mediated signaling for adaptation lack PilZ
domains encoded in their genomes.26 In addition, in
some organisms PilZ signaling modules seem to control some, but not all the c-di-GMP dependent processes involved in biofilm formation and pathogenicity. For example, while PilZ domain-containing
proteins in Vibrio cholerae are not essential for rugosity and exopolysaccharide production, some of
them are required for efficient intestinal colonization
during environment-to-host transition.29,33
It is now established that the gamut of c-diGMP receptors spreads far beyond the family of PilZ
protein domains. Identified c-di-GMP sensors
include but are not limited to bacterial riboswitches,
transcription factors of various domain architectures, divergent c-di-GMP turnover domains, and allosteric sites on active or degenerate diguanylate
cyclases (Fig. 2).22,33–41 Interestingly, high-resolution
structural data have shown that this structural diversity of c-di-GMP signal recognition is not limited
to the nucleotide-sensing modules, but c-di-GMP
itself can adopt a variety of stable conformations
[Fig. 3(E)].42
Some of the identified c-di-GMP targets belong
to protein families generally involved in sensing or
metabolizing different nucleotide-based small molecules. For example, FleQ of Pseudomonas aeruginosa and VpsR of V. cholerae belong to the AAAþ
superfamily of ATPases, but seem to function as cdi-GMP signal effectors independent of ATP binding or hydrolysis.38 As another example, the Clp
proteins of Xanthomonas sp. are classified as
catabolite activator-like proteins, whose homolog in
Escherichia coli regulates gene expression in a
cAMP-dependent manner.40,43 Similarly, c-di-GMP
turnover domains are themselves homologous to
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Figure 3. Modes of c-di-GMP effector function. Based on structural studies several modes of c-di-GMP action on effector
proteins have been described, including the release of autoinhibitory interactions (A), allosteric regulation (B), major structural
rearrangements (C) and/or dimerization (D). In addition, c-di-GMP itself can adopt several distinct conformations when bound
to proteins.

protein domains involved in the synthesis or hydrolysis of different nucleic acid-based metabolites.
For example, while GGDEF domains are evolutionary close to adenylate cyclases,11 HD-GYP domains
belong to the larger HD superfamily of phosphohydrolases with nucleotide-based substrates such as
dGTP or ppGpp.8 This highlights the functional
complexity and rapid evolution of homologous proteins in bacterial signaling networks and raises
the question of whether there are a limited number of universal c-di-GMP binding motifs and/or
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protein folds, or individual c-di-GMP receptors
have evolved specific modes of recognition to
ensure signal isolation.
Taken together, the huge number of homologous
but nonredundant c-di-GMP metabolizing proteins
per species, the diversity of receptor protein domain
architectures and putative domain-domain interactions, the variety of adopted c-di-GMP conformations, and the widespread effects of c-di-GMP-mediated signaling phenomena complicate predictionbased approaches for the characterization of c-di-
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Table I. Representative High-Resolution Structures of c-di-GMP Metabolizing Enzymes and Protein Receptors
Protein

Organism

C-di-GMP turnover enzymes
Diguanylate cyclases
PleD
Caulobacter
crescentus

WspR

Pseudomonas
aeruginosa

Phosphodiesterases
YkuI
Bacillus
subtilis
BlrP1

Klebsiella
pneumoniae

Function

C-di-GMP synthesis;
polar differentiation

Two CheY-like
REC domains;
GGDEF domain

C-di-GMP synthesis;
biofilm formation
and persistence

CheY-like REC
domain;
GGDEF domain

C-di-GMP hydrolysis

EAL domain;
PAS-like domain

Light-regulated
c-di-GMP
hydrolysis

BLUF sensor
domain;
EAL domain

Bd1817

Bdellovibrio
Unknown
bacteriovorus
C-di-GMP protein receptors
PilZ domain proteins
VCA0042/PlzD Vibrio cholerae Potential role in
virulence
PP4397
Pseudomonas
unknown
putida
PA4608
Pseudomonas
Potential role in
aeruginosa
biofilm formation
and/or quorum
sensing
Transcription factors
VpsT
Vibrio cholerae Global transcription
control; biofilm
formation
Clp

Xanthomonas
campestris

Degenerate EAL domains
FimX
Pseudomonas
aeruginosa

LapD

Others
PNPase

Pseudomonas
fluorescens

Conserved
domains

Global transcription
control;
virulence

HD-GYP domain

YcgR-N* domain;
PilZ domain
YcgR-N* domain;
PilZ domain
PilZ domain

PDB code and
nucleotide-bound state

References

1W25 (c-di-GMP/Mg
complex);
2WB4 (c-di-GMP/
Mg/BeF3 complex);
2V0N (c-di-GMP/Mg/BeF3/
GTP-a-S complex)
3BRE (c-di-GMP/Mg
complex);
3I5B (GGDEF domain;
apoprotein)

41,44

2BAS (apoprotein)
2W27 (c-di-GMP/Ca
complex)
3GFX 3GG1 (c-di-GMP/
Ca/FMN complex);
3GFY (c-di-GMP/FMN
complex);
3GFZ, 3GG0 (c-di-GMP/
Mn/FMN complex)
3TM8, 3TMB, 3TMC,
3TMD (apoprotein)

46

1YLN (apoprotein);
2RDE (c-di-GMP complex)
3KYF (c-di-GMP complex)
1YWU (apoprotein);
2L74 (c-di-GMP complex)

Noncanonical
3KLN (apoprotein);
REC domain;
HTH DNA-binding 3KLO (c-di-GMP
domain
complex)
cNMP-binding
3IWZ (apoprotein)
domain;
HTH DNA-binding
domain

39,45

47

48

28
31
30,32

37

40

Type IV pilus-mediated CheY-like REC
twitching motility
domain;
PAS domain;
GGDEF domain;
EAL domain

Adhesin maintenance;
biofilm formation
and dispersal

Escherichia coli O2-dependent RNA
degradation

3HV9 (EAL
35
domain; apoprotein);
3HV8 (EAL
domain; c-di-GMP
complex);
3HVA (GGDEF domain);
3HVB (GGDEF-EAL
module; apoprotein)
Periplasmic output 3PJV (periplasmic domain); 49
domain;
HAMP domain;
3PJT, 3PJU
GGDEF domain;
(EAL domain; c-di-GMP
EAL domain
complex);
3PJW, 3PJX
(GGDEF-EAL
module; apoprotein)

Two RNase PH
domains;
KH RNA-binding
domain;
S1 RNA-binding
domain

3CDI (apoprotein);
3CDJ (PH1-PH2
module; apoprotein)

Conserved domains responsible for c-di-GMP synthesis, degradation, or recognition are underlined.

50

Figure 4. GGDEF domains and diguanylate cyclases. (A) Prototypical GGDEF domain structure. The PleD GGDEF domain
bound to GTP-alpha-S is shown (PDB code: 2V0N).44 The GGDEF motif is colored yellow. The position of the I-site is
highlighted as small spheres. The sequence logo highlights several conserved motifs extending in to the linker upstream of
the GGDEF domain fold. (B) Product-inhibited structure of full-length PleD. The structure of a PleD dimer activated by BeF
3
bound to one REC domain is shown. The enzyme is inhibited by a stacked c-di-GMP dimer that occupies the I-site on the
GGDEF domains (inset). (C) Models for the regulatory cycle for PleD and WspR. The models highlight conserved and unique
feature that control enzymatic function of the two proteins.

GMP signaling pathways and underscore the need
for high-resolution structure-function studies on
individual signaling targets (Table I).

The Making and Breaking of c-di-GMP
Structure and regulation of diguanylate
cyclases
The predicted adenylate cyclase fold of diguanylate
cyclases11 was first confirmed experimentally when
the structures of a GGDEF domain-containing protein, PleD from C. crescentus, were determined.41,44
PleD consists of two CheY-like phosphoreceiver
(REC) domains and a C-terminal GGDEF domain,
responsible for GTP to c-di-GMP conversion (Fig. 4).
The structures revealed conserved residues within
the GGDEF domain that are involved in nucleotide
and magnesium binding, as well as residues within
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the N-terminal REC domain, responsible for phosphate coordination.
More importantly, structural studies on PleD and
a related but not identical diguanylate cyclase from
P. aeruginosa, WspR, elucidated many features controlling enzymatic activity.39,44,45,51,52 In particular,
dimerization of the GGDEF domains emerged as a
key requirement and a regulated step in catalysis.
Although WspR contains a single N-terminal REC domain, in both cyclases the response receiver modules
were proposed to oligomerize upon phosphorylation
by upstream histidine kinases and thus establish the
catalytically competent state. In both proteins, an
extended helix of the response regulator domain proximal to the GGDEF module contributes to the oligomerization interface, with the catalytic domain resting at the tip of these stalk-like protrusions. In
support of the dimerization requirement, a

The Ins and Outs of c-di-GMP Signaling

catalytically active diguanylate cyclase was created
by replacing all regulatory subunits by a short leucine zipper motif.45
A structurally peculiar feature is the conformation of the loop preceding the GGDEF domain [Fig.
4(A)]. In the majority of GGDEF domain-containing
proteins, this loop contains a conserved aspartate
residue that forms a hydrogen bond with an equally
conserved arginine located just upstream of the
GGDEF motif.49 The conformation of this loop is invariable in structures of GGDEF domain-containing
proteins determined so far, and the specific arrangement may help to coordinate nucleotide binding
given the close proximity of the arginine residue to
the guanine moiety of the active site-bound nucleotide.44 Probably equally important, the particular
loop conformation and underlying stabilizing interactions may restrict the freedom of the GGDEF domain relative to the adjacent regulatory modules.
This likely applies to the majority of diguanylate cyclase proteins, given the prevalent presence of helical secondary structure elements predicted to precede GGDEF domains in bacteria. As a result of
such inherent restricted flexibility of the interdomain linkage, conformational changes in the regulatory modules that change the angle or orientation of
the stalk-like motifs will have an impact on the
GGDEF domain interdistance and hence catalytic
activity. Interestingly, this feature is not only limited
to active diguanylate cyclases but is also found in
degenerate GGDEF domain-containing proteins that
function as c-di-GMP receptors.49
The structures of PleD also revealed another
very common motif, an inhibitory c-di-GMP binding
site (I-site) distinct from the active site and located
at the base of the beta-hairpin that displays the conserved GGDEF motif in active diguanylate cyclases
[Fig. 4(A,B)].41 The primary I-site is comprised of a
conserved RxxD motif, where the arginine forms
both hydrogen bonds, as well as p-stacking interactions with two intercalated dinucleotide molecules.
The full c-di-GMP binding I-site requires secondary
interactions donated by other parts of the proteins.
There are at least two distinct ways that the I-site
can be complemented by adjacent subunits or structural modules. In the first structure of PleD, a
response regulator domain within one molecule contributes the secondary I-site residues—mainly an arginine side chain—to complete the I-site—c-di-GMP
interactions. In the structure of BeF
3 -activated PleD
and of WspR, this second arginine is located at the
back of the GGDEF domain, not overlapping with
the primary I-site motif.39,41,44,45
Functionally, the I-site establishes a mode of
feedback inhibition. Two nonmutually exclusive molecular mechanisms for feedback regulation have
been proposed: allosteric inhibition or sequestration
of the active site.39,41,44,45,53 The former model is
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based on molecular dynamics simulations of the nucleotide-bound and unbound state, while the latter is
apparent in several structures of c-di-GMP-bound
diguanylate cyclases, including that of the leucinezippered artificial construct.45 In general, experimental data indicate that the main effect of c-diGMP binding to the I-site is a restriction of conformational changes paired with sequestration of the
active site dimer in a split state. Considering the
apparent restricted flexibility of the linker segment
connecting the regulatory and GGDEF modules, it
will be interesting to obtain the structure of a
GGDEF domain-containing protein en route to nucleotide cyclization, which has not been achieved to
date. Interestingly, a recent study proposed a second
mode of substrate inhibition based on the structural
analysis of an isolated GGDEF domain bound to cdi-GMP at the active site.42 The putative inhibitory
site overlaps significantly with the predicted active
site and is conserved in almost all GGDEF domain
sequences. It is therefore plausible that this structure could in fact depict the substrate-bound state
right after nucleotide cyclization rather than a distinct mode of feedback inhibition.
Comparative analysis of the structures of PleD
and WspR indicated that several of the regulatory
mechanisms described above are strictly conserved,
while others appear to have flexibility in their
implementation [Fig. 4(C)]. In particular, the mechanistic details concerning dimerized GGDEF domains
in both the active and product-inhibited states
appear virtually identical. In contrast to PleD’s canonical regulation via REC domain phosphorylation
and subsequent dimerization, however, experimental
evidence supports the notion that WspR employs a
noncanonical dimer-tetramer transition to establish
the active state.39,45
An interesting question is whether or not substrate-inhibited diguanylate cyclases can be reactivated by phosphodiesterases as part of their cellular
regulation, a phenomenon that has been demonstrated in vitro.39 Such a post-transcriptional mechanism could be controlled by targeted spatial distribution of c-di-GMP synthesis and degradation
enzymes, and may provide a fast and localized signaling response. Taken together, the structure–function studies on catalytically active diguanylate
cyclases demonstrate sophisticated regulation at
multiple levels, suggesting that their activity can be
finely tuned in the bacterial cytosol.

Structure and regulation of EAL
domain-containing phosphodiesterases
Many of the regulatory principles that establish
phosphodiesterase activity have been uncovered
using biochemical and biophysical approaches.54,55
Informed by then unpublished EAL domain structures determined by a structural genomics
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Figure 5. Structure of a canonical EAL domain. (A) EAL domain fold. The EAL domain was extracted for the full-length
crystal structure of the light-regulated phoshphodiesterase BlrP1 (PDB code: 3GFZ).47 Metal ion and c-di-GMP binding sites
are shown. (B) EAL domain dimer. Several structures of EAL domains show a dimeric assembly that is likely relevant for c-diGMP binding and establishing the catalytically competent state.

consortium, a modeling approach and its experimental validation revealed several conserved motifs that
were important for c-di-GMP cleavage.55 These findings could be used to identify catalytically active
EAL domains based on their sequence, which was
later confirmed and extended by an independent
crystallographic study.56 Another insight came from
the identification of a conserved loop in active EAL
domains.54 While the initial study established its
crucial role for catalysis, crystal structures revealed
its location at a EAL domain-dimer interface and
assigned its functions as being important for metal
coordination [Fig. 5(A)].46,47 This loop was referred
to as loop 6 in SadR/RocR,54 b5-a5 loop in the lightregulated phosphodiesterase BlrP1,47 and the switch
loop in LapD.49
The first published crystal structures of an EAL
domain-containing protein, YkuI from Bacillus subtilis, documented the triose-phosphate isomerase
(TIM)-barrel fold as the building block of EAL-domain containing c-di-GMP-specific phosphodiesterases [Fig. 5(A)].46 Structures were determined both
for the apo- and c-di-GMP-bound states, which
revealed the nucleotide binding site and residues
crucial for catalysis. The conserved EAL motif is presented on a central strand and faces the active site,
which in turn is conserved in its location to canonical TIM-barrel-containing proteins.46,57 Calcium, a
known inhibitor of EAL domain-containing phosphodiesterases,2,58,59 was co-crystallized with c-di-GMP,
resulting in a bound calcium ion at the active site
that marked a conserved metal-binding motif.46
Later, two independent structural studies of active
phosphodiesterases, those of Klebsiella pneumoniae
BlrP1 and Thiobacillus denitrificans TDB1265,
established a two-metal ion mechanism for c-di-GMP
catabolizing enzymes [Fig. 5(A)].47,56
At the same time, nucleotide binding to the EAL
domain fails to trigger any major structural rearrangements except for changes of rotamer conformation in the residues that are involved in c-di-GMP
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coordination.46 The low extent of conformational
changes upon c-di-GMP-binding has been replicated
in several other cases, including those of T. denitrificans TDB1265 and the inactive EAL domain-containing protein FimX from P. aeruginosa.35,56 Yet, an
interdependence of c-di-GMP binding and EAL domain dimerization was noted in LapD, a receptor for
the dinucleotide,49 suggesting that even subtle
changes can have a profound effect on the stability
of intermolecular interactions.
In several structures of EAL domain-containing
proteins, dimerization occurs between equivalent
structural motifs within the EAL domain, which
include helix a6 and loop 6 mentioned above [Fig.
5(B)].46,47,49,56 In addition, the overall quaternary
structure of otherwise very different EAL domaincontaining proteins can be conserved, as demonstrated in the comparison between K. pneumoniae
BlrP1 and the unrelated protein YkuI from B. subtilis.47 Both proteins were crystallized in a dimeric
state, with the former containing a light-sensing
BLUF domain in place of the PAS domain of YkuI.
While YkuI was inactive in its purified form,46 the
structure of BlrP1 highlighted light-induced, allosteric regulation across the dimer interface as a likely
mechanism of activation.47,60
In addition to proteins that contain either an
EAL or GGDEF domain, dual-domain proteins with
a GGDEF-EAL domain module are also widely
encoded in bacterial genomes.8 While in the majority
of the cases studied to date either one or both
domains are inactive,22,35,58 there is an increasing
number of dual-activity enzymes being identified.61–
63
Yet, their regulation and the functional consequences of coupled opposing activities are poorly
understood.

The first structure of a HD-GYP domain
HD-GYP domain-containing proteins were first identified and implicated in c-di-GMP turnover in the plant
pathogen Xanthomonas campestris.17,64 Similar to EAL
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C-di-GMP sensors

Figure 6. Structure of an HD-GYP domain fold. (A) Overall
fold. The modular nature of a full-length HD-GYP domaincontaining protein is shown (PDB code: 3TM8).48 (B)
Close-up view of the putative nucleotide binding site.

and GGDEF domains, they occur as single-domain
proteins or as modules in multidomain proteins.7,8
Furthermore, they may couple directly to GGDEF
domains via direct protein-protein interactions.65
The first structural model for a HD-GYP domain was revealed recently based on a crystallographic study on Bdellovibrio bacteriovorus Bd1817,
an inactive protein that lacks the active site tyrosine (Fig. 6).48 The HD-GYP domain is composed of
seven helices that form a compact fold, roughly
resembling other proteins of the HD superfamily
[Fig. 6(A)]. In addition to the HD-GYP domain, this
protein also contains an N-terminal, less-characterized domain that is connected to the degenerate
phosphodiesterase domain via a compact three-helix
linker. Importantly, bound metal and phosphate ions
mark the active site, which is located within the Cterminal domain of Bd1817 and is lined by the conserved HD-GYP motif [Fig. 6(B)]. Modeling suggested that the fold may accommodate c-di-GMP in
an extended conformation similar to that observed
bound to EAL domains. More detailed mechanistic
insights would be aided by structures of active and/
or c-di-GMP-bound HD-GYP domain-containing
proteins.
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PilZ homology domains: The first identified cdi-GMP receptors. Comparative sequence analyses identified PilZ homology domains as widespread
protein modules with a phylogenetic distribution
pattern similar to those of GGDEF and EAL domain-containing proteins.26 In addition, many of the
proteins predicted to contain PilZ domains were also
suggested to participate in c-di-GMP mediated signal transduction based on available biochemical,
genetic and functional data. For example, a PilZ
homology domain was detected in G. xylinus cellulose synthase, where allosteric regulation by c-diGMP was initially described, as well as in YcgR of
E. coli, which controls motility in a way opposite to
that of a c-di-GMP specific phosphodiesterase.26,66,67
High-resolution structural data are now available for several PilZ domain-containing proteins in
their apo- and/or c-di-GMP-bound form.28,30–32,68
The core of the isolated module consists of a sixstranded antiparallel b-barrel, which is commonly
found in hydrophobic ligand-binding proteins.
Sequence alignment across protein family members
showed low sequence conservation except for a few
interspersed residues responsible for nucleotide
docking.28 C-di-GMP is primarily coordinated by two
consensus motifs—RxxxR and D/NxSxxG—located at
the extreme N-terminus and the b2/b3 hairpin,
respectively.28 The nucleotide binds as a single molecule in cis conformation (in VCA0042/PlzD of V. cholerae)28 or as an intercalated dimer (in PP4397 and
PA4608 of Pseudomonas sp.)30–32,68 through typical
H-bonding and arginine-mediated p-p stacking
interactions.
This similar mode of nucleotide recognition
among PilZ domain-containing proteins is in contrast to the markedly diverse modes of conformational switching observed in the various structures.
In PA4608, which is a single domain protein of P.
aeruginosa, nucleotide recognition does not affect
the monomeric oligomerization state but is instead
accompanied by significant rearrangements in the
N- and C-terminal regions peripheral to the core bbarrel.30,32,68 In apo-PA4608, the N-teminal RxxxR
motif, also known as the c-di-GMP ‘‘switch,’’ is
unstructured and a C-terminal helix alternatively
covers and exposes the hydrophobic surface of the
nucleotide-binding pocket. In the presence of c-diGMP, the ‘‘switch’’ motif wraps around the ligand
and in turn ejects the C-terminal lid, creating a
highly negative unilateral surface proposed to act in
downstream signal transduction.32,68
In contrast to PA4608, two other model PilZ domain-containing proteins, PP4397 of Pseudomonas
putida and VCA0042/PlzD of V. cholerae, are found
to adopt a dimeric conformation in their nucleotidefree states. C-di-GMP binding is accompanied by
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dimer-to-monomer transition (for PP4397) or by conformational reorganization within the dimer (for
VCA0042/PlzD), underscoring once again the diversity in signaling output.28,31 The two proteins are
structurally homologous to the YcgR motility switch
of E. coli and contain an additional N-terminal
YcgR-N* domain with an overall similar fold to that
of the C-terminal PilZ module. In both proteins the
c-di-GMP-binding RxxxR motif forms a hinge-like
connector between the two domains. While in
VCA0042 this ‘‘switch’’ is unstructured in the apostate, but wraps around the ligand to dramatically
change the relative orientation of the two domains
in the presence of c-di-GMP, in apo-PP4397 it forms
a short helix participating in dimerization contacts,
which become restructured upon ligand recognition
and in turn contributes to dimer disassembly.
The significant effects on conformation following
c-di-GMP binding to YcgR homologs were also
employed to design the first c-di-GMP biosensor.69
The fusion of full-length E. coli YcgR between the
established FRET pair of cyan and yellow fluorescent
proteins70 was successfully applied to monitor cellular
c-di-GMP distribution during the cell cycle of C. crescentus and P. aeruginosa. The imaging study also confirmed for the first time spatiotemporal control of cdi-GMP signal transduction, contrary to the more intuitive model of intracellular diffusion due to the second messenger’s small size and high solubility.
Taken together, the bioinformatic and structural
studies on PilZ domain-containing proteins have
revealed a plethora of protein domain architectures
and mechanisms for molecular read-out. This complexity of c-di-GMP signaling mechanisms further
underscores the need for high-resolution structure–
function analyses on individual targets in addition
to more limited, homology-based models.
Degenerate c-di-GMP turnover domains. The
ensemble of bioinformatic and structural studies on
c-di-GMP turnover domains indicates that many of
these exist in a catalytically inactive form. However,
knockout, overexpression, or mutational studies of
proteins containing such ‘‘degenerate’’ domains have
strong effects on biofilm formation or virulence. In
the current model, these proteins function at the
post-translational level to ensure c-di-GMP signal
relay through direct protein-protein interactions.
Interplay between the PilZ and FimX
proteins. As discussed above, PilZ homology
domains were identified as the first bonafide c-diGMP binding modules. Nevertheless, the PilZ protein itself, originally identified as necessary for biofilm-related Type IV pilus (T4P) biogenesis in P. aeruginosa,71 is incompetent for direct c-di-GMP
recognition. Studies on PilZ/PA2960 orthologs from
two Xanthomonas species revealed important struc-
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tural differences from c-di-GMP-binding PilZ homology domains, including lack of the signature RxxxR
and D/NxSxxG motifs responsible for ligand coordination.72,73 Even so, the PilZ protein has retained its
role in c-di-GMP signal transduction, acting as an
adaptor between the c-di-GMP receptor protein
FimX and the T4P assembly ATPase PilB.72
FimX is a multidomain protein with an N-terminal CheY-like REC domain followed by a PAS domain of unknown sensitivity, and a GGDEF-EAL
tandem domain module. Similarly to PilZ, it was
originally identified as involved in the T4P-mediated
twitching motility of P. aeruginosa and was found to
localize to a single pole of the bacterial cell together
with the pilus biosynthetic machinery.74
Although initially described as an active phosphodiesterase,75 FimX was subsequently shown to
lack significant c-di-GMP catabolizing activity based
on homology modeling, enzymatic assays, and direct
structural evidence.35,55 In particular, the crystal
structures of the EAL domain showed that while the
overall TIM-barrel fold of conventional phosphodiesterases is preserved, the protein lacks key residues
for metal ion coordination required for catalytic activity.35,76 In addition, low-resolution SAXS (small
angle X-ray scattering) data indicated that the fulllength protein likely exists as a dimer through interactions between its N-terminal REC/PAS domains,
while the EAL domains remain separated at the distant ends of the extended quaternary structure.
Such an assembly excludes EAL domain dimerization through the functionally important ‘‘switch’’ loop
discussed above.46,47,49,54
Similarly to the EAL domain, the N-terminal
REC domain and the GGDEF module of FimX have
also evolved away from their canonical sensory and
enzymatic activities, respectively: the REC domain
lacks the conserved phosphoreceiver aspartate residue of archetypal response regulators and both the
active and inhibitory sites on the GGDEF module
show significant sequence deviation from the consensus motifs required for c-di-GMP synthesis or regulatory binding.35
Regardless of the lack of catalytic and phosphoreceiver activities, the REC, GGDEF, and EAL
domains of FimX have important roles in c-di-GMP
signal relay. The second messenger was shown to
bind the degenerate phosphodiesterase domain with
high affinity, and the crystal structure of the c-diGMP-bound EAL domain revealed a conserved mode
of protein-nucleotide interactions.35 Furthermore,
while no major changes in the overall quaternary
structure were observed between the apo-protein
and its nucleotide-bound form, hydrogen/deuterium
exchange experiments revealed that binding of c-diGMP to the EAL domain triggers a long-range conformational change in the N-terminal REC domain
and the adjacent linker.77
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Interestingly, residues in this region together
with intact signature motifs in the GGDEF and EAL
domains of FimX—G346DSIF and E475VL, respectively—have been shown to be crucial for proper unipolar protein localization.74,75,77 It has also been proposed that the C-terminal EAL domain directly
binds PilZ, and therefore indirectly the T4P biosynthetic machinery, and that this interaction is stabilized by c-di-GMP.72
Collectively, these data indicate that the various
structural modules of FimX have evolved an important and interdependent role in the nucleotide signal
relay. Important questions still remain, such as the
biological significance of the long-range conformational changes upon nucleotide recognition, and the
identities of additional binding partners which may
be responsible for regulation of c-di-GMP-dependent
T4P assembly and twitching motility.
Inside-out c-di-GMP signaling in Pseudomonas
fluorescens: A role for degenerate domain-containing protein LapD. Similar to FimX, many
GGDEF and EAL domain-containing proteins possess both types of domains in the same polypeptide
chain, with variation among catalytic activities ranging from no, single, or dual catalytic activity preserved among protein family members. In addition,
several of these function as bacterial transmembrane receptors and contain an additional HAMP domain as a juxtamembrane signal relay module,
located N-terminally to the GGDEF-EAL domain
tandem.
One such receptor with HAMP-GGDEF-EAL domain organization is LapD of Pseudomonas fluorescens, which controls cell adhesion during biofilm formation in response to phosphate availability via
direct read-out of cellular c-di-GMP (Fig. 7).22,49,78–81
C-di-GMP binding to the degenerate EAL domain in
the cytosol is communicated via the HAMP relay
module to an N-terminal output domain in the periplasm. In the c-di-GMP bound state, LapG, an otherwise active periplasmic protease, is bound to the output domain of LapD. As a result, cleavage of LapG’s
substrate, the large adhesin protein LapA, is prevented, leading to biofilm formation.22,49,79
Structural analyses of the cytosolic domains of
LapD revealed an autoinhibited conformation in the
absence of c-di-GMP. In particular, the EAL domain
was found to fold back onto a helical extension of
the HAMP domain, dubbed as the S- or signalinghelix.49 Interaction of the EAL domain with the Shelix are mostly hydrophobic and extend over the
conserved ‘‘switch’’ loop crucial for canonical dimerization and metal ion coordination in active phosphodiesterases. In the closed conformation, the GGDEF
domain restricts access of c-di-GMP to the EAL domain though the ligand-binding pocket remains only
partially occluded. Increased c-di-GMP levels were
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Figure 7. Model for LapD-mediated signaling. The
composite structural model highlights the proposed
conformational changes of the transmembrane, c-di-GMP
effector LapD.49 Switching in the intracellular domains
regulates the conformation of its periplasmic output
domain, which differentially interacts with a protease, LapG,
that in turn controls the stability of a cell surface adhesin,
and hence biofilm formation. Intracellular regulators as well
as environmental signals are well-established for this
system.80,81

therefore proposed to compete out the inhibitory
interactions and lead to opening of the cytosolic tandem domain module. Disrupted EAL domain-S-helix
interactions are likely compensated by canonical
EAL domain dimerization—as observed in crystal
structures of the nucleotide-bound isolated module49—as well as molecular motions of the HAMP
domain helices securing signal transduction to the
periplasmic output domain.22,49
The isolated output domain was shown to be
poised for LapG sequestration, as demonstrated in
direct protein binding studies. Interestingly, the distal tips of the V-shaped dimer are formed by a conserved GWxQ motif, and mutation of the tryptophan
residue alone is sufficient to abolish LapG-output domain binding in vitro, as well as biofilm phenotype
rescue in a DlapD genetic background in vivo.49
Overall, these data indicate that the periplasmic
output domain, and in particular the conserved
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tryptophan residues at the distal ends of the Vshaped module, act as a molecular caliper for LapG
recognition. The observation that the isolated output
domain can bind LapG is consistent with a model in
which the nucleotide-free intracellular domains hold
the receptor in an autoinhibited conformation that
relaxes into a LapG-binding state upon c-di-GMP
activation.49
Bioinformatic analyses based on the structural
model for regulation of the LapD-LapG signaling
system identified homologous circuits in a variety of
free-living and pathogenic species. Importantly,
LapG homologs are likely to have different substrates in systems for which no clear target adhesins
can be identified. In particular, proteins that contain
regions homologous to the cleavage site in LapG’s
substrate adhesin include RTX-like bacterial toxins
and the majority of such proteins are encoded in
close proximity to lapD and lapG homologous
genes.49 This indicates that c-di-GMP-dependent
inside-out signaling systems might have evolved a
common mechanism to control periplasmic proteolysis for toxin secretion or biofilm dispersal depending
on bacterial physiology and adaptational needs.
Degenerate GGDEF domains as c-di-GMP
receptors. Degenerate GGDEF domains capable of
c-di-GMP sensing and signal relay through a preserved I-site motif (RxxD) form another class of functionally important c-di-GMP receptors. Examples of
proteins with degenerate GGDEF domains that function as c-di-GMP receptors are PelD of P. aeruginosa,36 CdgG of V. cholerae,33 the multidomain histidine kinase SgmT of Myxococcus xanthus,82 MxdA of
Shewanella oneidensis,83 and PopA of C. crescentus.84
These proteins play roles in diverse physiological
processes including biofilm formation, motility, and
cell cycle progression. Insight in the mechanisms of cdi-GMP signal transduction is mostly limited to
genetic studies, inferred protein-protein interactions,
sequence alignments, or homology modeling on the
isolated GGDEF domain. High-resolution structurefunction analyses in the context of full-length proteins and macromolecular assemblies would thus
complement the genetic and molecular studies already done, and shed light on the target-specific
mechanisms of nucleotide signal transduction.
C-di-GMP sensing transcription factors. The
global picture of c-di-GMP mediated signaling,
where bacteria carefully monitor their environment
to control motility, growth, secretion, and biofilm formation in order to rapidly adapt to changing conditions, makes regulators of gene expression likely
candidates for c-di-GMP-responsive signal effectors.
To date, several protein transcription factors (e.g.
FleQ of P. aeruginosa, Clp of Xanthomonas sp., VpsT
and VpsR of V. cholerae, MrkH of K. pneumoniae),
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as well as two distinct riboswitch classes in messenger RNAs, have been identified to directly sense cdi-GMP and regulate gene expression at the transcription initiation and post-transcriptional levels,
respectively.34,38,40,43,85–88

VpsT of V. cholerae: A noncanonical response
regulator. V. cholerae, causative agent of the eponymous diarrheal disease, is an opportunistic pathogen with an impressive arsenal of c-di-GMP turnover domains encoded by its genome (41 GGDEF, 22
EAL, and 9 HD-GYP protein modules). In contrast,
only a few and strikingly diverse protein- and RNAbased sensors for the nucleotide have been so far
identified.
Initial biofinformatic searches identified five
PilZ domain-containing proteins, as well as two distinct riboswitch sequences as putative targets for
the second messenger. Nevertheless, the regulatory
role for the c-di-GMP-sensitive RNA aptamers is
limited to the expression of their immediately downstream open reading frames and quintuple knockout of all PilZ domain-containing proteins fails to
disrupt colonial rugosity and biofilm formation,33,34
pointing toward additional targets.
In V. cholerae, these c-di-GMP-mediated adaptational strategies are strictly dependent on the expression of Vibrio polysaccharide (vps) genes, which in
turn are under the control of two positive transcription regulators, VpsT and VpsR.85,89 This led to the
hypothesis that the two could serve as direct c-diGMP sensor-effectors, which was later corroborated
by direct experimental evidence and, in the case of
VpsT, by high-resolution structural data.37,90
VpsT folds into an N-terminal receiver (REC)
domain for nucleotide recognition and a C-terminal
helix-turn-helix (HTH) domain for DNA binding.37 It
belongs to the FixJ/LuxR/CsgD family of response
regulators, which are typically effectors in two-component signal transduction systems and depend on
phosphoryl transfer from upstream histidine kinases
for signaling input. Interestingly, both VpsT and its
homolog in Escherichia and Salmonella spp., CsgD,
show divergent receiver domains where only half of
the residues required for phosphotransfer are conserved and no cognate kinases have been identified
to date.
In addition, the crystal structure of VpsT
showed that the canonical (a/b)5-fold of the receiver
domain is extended by an additional helix, a6, which
was identified as a common motif among available
structures of LuxR-like response regulators, regardless of their input mode for regulation (Malashkevich et al., unpublished).37 Receiver domain oligomerization also differs significantly from that of
canonical response regulators (Fig. 8). Rather than
utilizing the a4-b5-a5 structural motif for
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Figure 8. Overview of REC domain dimerization. (A)
Canonical REC domains.91–94 (B) VpsT dimerization.37

dimerization,95 VpsT utilizes two different and nonoverlapping dimerization interfaces.
The first dimerization interface is independent
of nucleotide recognition and involves a hydrophobic
groove and polar interactions formed between residues of a1, a5, and a binding pocket that extends
into the canonical phosphorylation site. Point mutations disruptive to this interface were shown to have
an overall stimulating effect on VpsT activity as a
positive regulator of biofilm formation and a negative regulator of flagellar motility, emphasizing its
biological significance.37
The second dimerization interface is specific to
the additional helix a6 and is necessary for and
stabilized by c-di-GMP recognition. The nucleotidebinding pocket is formed primarily by four consecutive residues located at the base of a6 in each
protomer and conserved as a W[F/L/M][T/S/P]R
motif in closely related homologs. C-di-GMP binds
as an intercalated dimer and its purine rings form
p-stacking interactions with the side chains of the
conserved tryptophans and arginines, while the
threonine residues in VpsT form hydrogen bonds
with the phosphate moieties of the nucleotide. The
biological relevance of this second dimerization
interface was confirmed in experiments showing
that binding of wild-type VpsT to promoter sequences of a vps gene occurred only in the presence of
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c-di-GMP, while mutants defective for nucleotide
binding or a6 dimerization were uncapable of
DNA recognition and had markedly different
phenotypes.37
The relative orientation of the DNA-binding and
receiver domains was preserved between the crystal
structures of apo-VpsT and the c-di-GMP bound protein. Interestingly, if the orientation of the HTH
motifs is preserved in solution as well, it would
require significant changes in DNA architecture for
promoter binding to occur. This, together with the
fact that VpsT bound to relatively remote fragments
of the studied vps gene promoter, led to the hypothesis that promoter binding is accompanied by DNA
loop formation, similar to the regulatory mechanisms at play at the lac, gal, and ara operons.37,96,97
To determine whether this is actually the case, what
particular oligomerization state VpsT adopts at each
target promoter, and what the consensus DNA
sequence for VpsT recognition is, would nevertheless
require further structure-function studies on the
required c-di-GMP—VpsT—DNA interactions.
As mentioned above, VpsT is homologous to
CsgD from E. coli and Salmonella typhimurium, a
protein whose expression and function are tightly
intertwined with various c-di-GMP signaling pathways and are required for the secretion of key biofilm determinants.98,99 Similarly to VpsT, CsgD has
been postulated to be incompetent for phosphotransfer and to instead depend on small molecule binding
for efficient gene expression regulation.99,100 Nevertheless, CsgD is unlikely to act as a c-di-GMP sensing transcription factor, as it has a divergent and
highly conserved YF[T/S]Q motif at the putative
ligand-binding site and direct binding experiments
have ruled out c-di-GMP recognition.37,101
A recent study has proposed that CsgD could
nevertheless be regulated by phosphorylation, as the
protein autophosphorylates in the presence of high
concentrations (10mM) of acetyl phosphate in
vitro.101 While this phosphorylation appears to inhibit protein binding to its cognate DNA, it remains
unclear whether this is due to a distinct functional
state or is an artifact of nonspecific binding and
reduced protein stability. In support of the latter,
acetyl phosphate does not affect CsgD function in
vivo and a loss-of-function asparagine substitution of
the conserved phosphoreceiver aspartate (D59N) preserves phosphate binding to the protein in vitro. In
addition, a phosphomimetic aspartate to glutamate
substitution (D59E) appears to inactivate the protein,
but the mutant is indeed characterized by markedly
reduced protein stability.101 Based on the crystal
structures of homolog VpsT, the phosphoreceiver
aspartate (D59) is likely proximal to a dimerization
interface, disruption of which might explain the
mutant’s altered stability and function and account
for the observed effects in vitro and in vivo.
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Although there are little data available on the
regulation of CsgD in vivo, it is clear that the FixJ/
LuxR/CsgD family of response regulators has
evolved an array of diverse regulatory sensitivities.
Although far from complete, the structural studies
and comparative sequence analyses on VpsT identified several conserved structural features (a6-dimerization, ligand-coordinating residues, conserved
amino acids connecting the canonical phosphoreceiver site with the nucleotide-binding pocket),
which could shed light on the evolution from archetypal two-component phosphotransfer to small molecule recognition and facilitate the prediction of additional second messenger targets.
VpsR of V. cholerae and FleQ of P. aeruginosa:
AAAþ
domains
as
putative
c-di-GMP
sensors. VpsR of V. cholerae is another c-di-GMPresponsive positive regulator of biofilm formation
and rugosity, which functions in concert and shares
an overall similar regulon with VpsT.89,90,102 Interestingly, VpsR is homologous to one of the first identified protein sensors for c-di-GMP, FleQ of P. aeruginosa.38 The two proteins contain a relatively
divergent N-terminal response receiver domain, followed by a more conserved AAAþ r54-interaction domain and a C-terminal helix-turn-helix motif.
In FleQ, the N-terminal receiver domain has
been proposed to participate in regulatory proteinprotein interactions, such as binding of the active
ATPase FleN, which is also a known antagonist of
FleQ function.38,103 Little is known of the structural
requirements for c-di-GMP recognition, other than
that it occurs independently of the N-terminal receiver domain or ATP hydrolysis. This may suggest
that rather than acting as a P-loop NTPase for
energy-dependent transcription regulation, the
AAAþ domain of FleQ (and possibly VpsR) has
evolved an altered nucleotide specificity for c-diGMP sensing.
When bound to DNA, FleQ acts as a master activator of flagellar gene expression, as well as a
repressor for the pel exopolysaccharide synthesis operon.38,104 C-di-GMP recognition serves as an ‘‘off ’’
switch for DNA binding and thus leads to motility
inhibition and biofilm formation. Interestingly, c-diGMP binding to the protein has been shown to have
a much greater effect on promoters that FleQ
represses (e.g. of the pel operon), compared to those
it activates (e.g. of flagellar biosynthesis genes).38
The main difference between the two types of promoters is the requirement for the alternative RNA
polymerase sigma factor r54 during FleQ-mediated
transcription activation, which likely interacts
directly with the nucleotide-sensing module.38
CRP-like proteins (Clp): Ditching cAMP sensitivity for c-di-GMP. Clp proteins, homologs of the
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cAMP receptor protein (CRP, also known as catabolite activator protein) of E. coli, have now been identified as c-di-GMP responsive transcription regulators in several species.40,43,87,105
In Xanthomonas sp., Clp regulates approximately 300 genes involved in plant pathogenesis.
Interestingly, clp deletion mutants show markedly
decreased virulence potential, similarly to mutants
lacking one or more c-di-GMP-specific phosphodiesterases.106,107 This, together with the fact that Clp
can bind promoter DNA with high affinity in the absence of any effector, lead to the hypothesis that
Clp-dependent virulence gene expression can be
inhibited by direct c-di-GMP recognition.43 Such a
regulatory mechanism was subsequently validated
in at least two different Xanthomonas species, and
high-resolution structural data for the nucleotidefree Clp of X. campestris (XcClp) is now
available.40,43,87
XcClp consists of an N-terminal cNMP-binding
domain and a C-terminal, HTH-based DNA-binding
domain, linked by a dimerization module consisting
of a long a-helix. The protein adopts a symmetrical
dimeric structure, roughly similar to the structure of
E. coli CRP in its EcCRP-cAMP-DNA complex.40,108
Specifically, the structure of ligand-free XcClp is
characterized by a decreased gap between the Nand C-terminal domains (‘‘closed’’ form), defined as
intrinsically active for DNA recognition. Detailed
structural analysis indicated that regardless of the
high sequence identity between XcClp and EcCRP
(44%), differences of key residues in at least three
regions are responsible for a constitutive DNA-binding conformation and altered nucleotide specificity of
XcClp.40
First, residue S84 of EcCRP, which alone positions cAMP through five direct or indirect H-bonds
in the EcCR-cAMP complex, is substituted by a
larger and negatively charged glutamate (E99),
whose side chain is flipped away from the ligandbinding site. This single serine-to-glutamate substitution appears sufficient to render the protein insensitive to cAMP and has been even proposed to serve
as a sole marker for cAMP- versus c-di-GMP-ligand
specificity.40,109,110
Two additional regions in XcClp were shown to
contain key amino acid substitutions, likely responsible for the constitutive DNA-binding activation.
These include the gap region between the N- and Cterminal domains, where a single glutamine (Q175
in EcClp) to arginine (R195 in XcClp) substitution
serves to reduce the gap dimensions, as well as several amino acid substitutions, which are proximal to
the DNA-binding motif and known to result in
cAMP-independent transcription when introduced in
EcClp.40,111
Although no direct structural data are available
for a XcClp-c-di-GMP complex, molecular modeling
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and mutational analysis identified a putative ligandbinding site on the protein.40 In the docked model, cdi-GMP is bound as a single molecule with its purine bases oriented parallel to each other. Similarly
to other c-di-GMP binding motifs, the nucleotide is
stabilized mainly by side-chain interactions with
aspartate (D70, D170) and arginine (R150, R154)
residues, including hydrogen bonds, salt bridges and
p-p stacking interactions.40 The binding pocket in
XcClp is distinct from the one for cAMP recognition
in EcCRP but is nevertheless found in a region
known to strongly affect the DNA-binding strength
of the latter.111
The structural and functional analyses on XcClp
indicate that the protein has evolved an altered nucleotide- and DNA-binding propensity, where c-diGMP recognition serves to block constitutive DNA
binding and rapidly switch off virulence gene
expression.
C-di-GMP dependent RNA processing: A role for
E.
coli
polynucleotide
phosphorylase
(PNPase). The role of c-di-GMP in regulating
RNA transactions was initially highlighted by the
discovery of c-di-GMP-sensitive riboswitches in messenger RNAs of various species (for review see Ref.
112
). In addition, a recent study showed that c-diGMP can also regulate RNA turnover by direct binding to PNPase, an important 30 to 50 exonuclease of
E. coli.113 The enzyme was found to associate in a
megadalton-sized RNA ‘‘degradosome’’ complex with
two direct O2 sensors, the diguanylate cyclase DosC
and the c-di-GMP-specific phosphodiesterase DosP.
The two enzymes are activated in anaerobic and aerobic conditions, respectively, offering a spatially restricted mechanism for regulation of available c-diGMP levels and PNPase-dependent RNA processing
in response to environmental oxygen stimuli. While
high-resolution structural data for the c-di-GMP-free
PNPase are already available in the literature and
the PDB database,50 further structure-function analyses are necessary to explain its c-di-GMP-dependent mode of regulation.

Eukaryotic c-di-GMP receptors
Although c-di-GMP appears to have ubiquitous
effects on the survival and virulence strategies
adopted by most bacterial species, enzymes for its
synthesis or degradation are not found in any other
domain of life. In the context of infectious diseases,
the presence of c-di-GMP would thus serve as a
unique beacon for microbial pathogenesis and recent
findings suggest that the mammalian immune system has developed dedicated machinery for c-di-GMP
recognition and subsequent pathogen elimination.
It is important to note that c-di-GMP’s immunostimulatory effects in mammals also hold promise for
the development of novel adjuvants, vaccines, or
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other immunotherapeutics. Indeed, one early report
demonstrated that exogenous c-di-GMP can inhibit
the growth of human colon cancer cells without cytotoxic effects against non-cancerous cells in culture.114
More recently, studies from two different groups indicated that pretreatment of mice with c-di-GMP prior
to challenge with K. pneumoniae or Staphylococcus
aureus resulted in suppressed pathogen burdens,115,116 and that the immune response in mice
was enhanced when an intranasal influenza vaccine
was supplemented with c-di-GMP.117 Deciphering the
mechanisms of c-di-GMP recognition and signaling
effects in mammals can thus prove instrumental for
the prevention and treatment of a variety of human
diseases, which further underscores the need for diligent structure–function analyses.

STING: A mammalian receptor for c-diGMP. The presence of c-di-GMP is known to elicit
host Type I interferon response, which is typically
induced by viral and bacterial pathogens and contributes to diverse outcomes toward successful
pathogen elimination in vivo.118,119 Interestingly,
while the transcription response to c-di-GMP in
mammalian cells is virtually identical to the one
triggered by cytosolic presence of pathogen DNA, cdi-GMP recognition was found to be independent
from known DNA or RNA cytosolic sensors.118
These puzzling effects were recently resolved by
the discovery that STING (Stimulator of InterferoN
Genes) serving as an essential signaling adaptor
between cytosolic DNA detection and interferon
gene induction, can moonlight as a direct target for
c-di-GMP stimulation.120 Bioinformatic analyses
indicate that STING is a transmembrane protein
with several membrane-spanning segments at the
N-terminus and a globular carboxy-terminal domain.
Mutational analysis confirmed that residues important for c-di-GMP binding by the C-terminal domain
are separate from those important for bacterial DNA
recognition. Interestingly, competitive binding studies indicated that STING is also a likely sensor for
another RNA dinucleotide established as a prokaryote-specific second messenger, c-di-AMP.
In terms of structural classification, STING does
not share homology with other immunosensory proteins in mammals and thus appears as a stand-alone
representative of a novel class of c-di-GMP receptors. Surprisingly, part of the protein is homologous
to the diadenylate cyclase Dac1 of Listeria monocytogenes, an intracellular pathogen known to elicit
STING-dependent Type I interferon response
through efflux of cyclic dinucleotides.120–122 This
raises the interesting hypothesis that the mammalian immune system has hijacked bacterial c-diNMP signaling elements to evolve an effective and
highly specific system for pathogen recognition.
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Apart from STING, initial binding studies have
pointed toward several additional mammalian proteins as putative c-di-GMP receptors. Examples
include p21/Ras small GTPases, cytoskeleton remodeling protein coronin 1A, RNA-capping and processing proteins RNMT and cyclophilin H, and
others.123,124 Although potentially quite interesting,
these candidates will require further structural and
functional studies to confirm c-di-GMP binding specificity and physiologically relevant effects and to distinguish specific binding from potentially promiscuous affinity for RNA-based ligands.

Outlook
According to recent World Health Organization
reports bacterial infections causing gastroenteric diseases, obstructive pulmonary conditions, and AIDSderived opportunistic infections comprise some of
the leading mortality causes worldwide. Given the
long battle that medicine has fought against virulent
microbes, such a grim outlook inevitably raises concerns about the effectiveness of conventional prevention and treatment, and underscores the pressing
need for alternative therapeutic approaches.
Traditional antibiotics are designed to kill susceptible bacteria and thus select for naturally occurring drug-resistant forms. This selective enhancement of resistant bacteria is especially rampant in
multiple or prolonged exposures, often associated
with hospital settings or chronic diseases. Mechanistic studies of nonessential virulence determinants,
such as enzymes and protein sensors involved in cdi-GMP signal transduction and biofilm formation,
could thus provide targets for the design of novel
anti-infectives that are aimed at jamming bacterial
communication and dispersal of the pathogenic
crowds without associated risks of evolutionary pressure and resistance development. We highlighted
here recent advances in the structure–function studies on such important c-di-GMP signal transduction
proteins highlighting the functional complexity and
idiosyncracies of individual targets. It is important
to note, that the general lack of redundancy between
c-di-GMP signaling mechanisms across or even
within species holds the additional promise for selective targeting of parasitic and virulent microbes
while preserving beneficial symbiotic bacteria. It
remains to be seen whether the rapidly developing
field of structural biology dedicated to c-di-GMP signaling research will be able to provide the necessary
molecular blueprints and mechanistic insight for the
design of such therapeutics.
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