
Bis-(3´-5´)-cyclic dimeric guanosine monophosphate 
(c-di-GMP) was discovered by Benziman and co-workers  
as a factor that allosterically activates the membrane-
bound cellulose synthase of Gluconacetobacter xyli-
nus1,2. c-di-GMP is a soluble molecule that functions as 
a second messenger in bacteria. In general, c-di-GMP  
stimulates the biosynthesis of adhesins and exopoly-
saccharide matrix substances in biofilms and inhib-
its various forms of motility: it controls switching 
between the motile planktonic and sedentary bio-
film-associated ‘lifestyles’ of bacteria (see Refs 3–8 
for recent reviews) (fIG. 1). Moreover, c-di-GMP con-
trols the virulence of animal and plant pathogens9–12, 
progression through the cell cycle13, antibiotic pro-
duction14 and other cellular functions. However, the 
mechanisms that underlie these molecular processes, 
and in particular the direct targets that are affected 
by c-di-GMP-binding effector components, are only 
beginning to emerge.

c-di-GMP is produced from two molecules of GTP 
by diguanylate cyclases (DGCs) and is broken down 
into 5′-phosphoguanylyl-(3'-5')-guanosine (pGpG) by 
specific phosphodiesterases (PDEs); pGpG is subse-
quently split into two GMP molecules (fIG. 1). DGC 
activity is associated with the GGDEF domain, which 
is named after the amino acid sequence motif that is 
an essential part of the active site of the enzyme15–18. 
c-di-GMP-specific PDE activity is associated with the 
EAL or HD-GYP domains; these amino acid motifs 
of both domains are essential for their enzymatic 
activities19–23.

Interest in these c-di-GMP-controlling systems 
increased dramatically with the advent of whole genome 
sequencing, when it was recognized that GGDEF and 
EAL domains are not only ubiquitous in bacteria, but 
that many species encode a surprisingly large number 
of these proteins. Artificial manipulation of the cellular 
c-di-GMP content by the overproduction of GGDEF 
domain proteins strongly stimulated the synthesis of 
adhesins and biofilm matrix components and interfered 
with motility and acute virulence functions, whereas 
overproduction of EAL domain proteins produced the 
opposite phenotypes4,6–12 (fIG. 1). Current studies are 
now assigning molecular functions to specific GGDEF, 
EAL and HD-GYP domain proteins and are starting to 
reveal how these systems are integrated into complex 
regulatory networks. Most recently, certain GGDEF and 
EAL domain proteins that lack DGC or PDE activity (in 
which key amino acids for enzymatic activity are not 
conserved) have been found to be biologically active; 
for example, in transcriptional regulation24 and RNA 
degradation25.

This Review will first define the basic c-di-GMP 
control module and its general signal-processing prop-
erties. The consequences, challenges and benefits of 
having multiple such modules in single bacterial spe-
cies will then be discussed, which will lead to a concept 
of temporal, functional and/or spatial sequestration of 
some c-di-GMP control modules. Finally, enzymatically 
inactive ‘degenerate’ GGDEF and EAL domain proteins, 
which can function by direct macromolecular interac-
tions, will be placed in this context. This Review does 
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Abstract | On the stage of bacterial signal transduction and regulation, bis-(3′-5′)-cyclic 
dimeric guanosine monophosphate (c-di-GMP) has long played the part of Sleeping 
Beauty. c-di-GMP was first described in 1987, but only recently was it recognized that the 
enzymes that ‘make and break’ it are not only ubiquitous in the bacterial world, but are 
found in many species in huge numbers. As a key player in the decision between the motile 
planktonic and sedentary biofilm-associated bacterial ‘lifestyles’, c-di-GMP binds to an 
unprecedented range of effector components and controls diverse targets, including 
transcription, the activities of enzymes and larger cellular structures. This Review focuses 
on emerging principles of c-di-GMP signalling using selected systems in different bacteria 
as examples.
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not present a complete overview of all c-di-GMP signal-
ling systems described to date, but rather uses a selec-
tion of these systems to illustrate the general principles 
of c-di-GMP signalling.

The c-di-GMP control module
A second-messenger control module generally consists 
of four components: the two enzymes that in response 
to certain signals produce and degrade the second mes-
senger, an effector molecule that binds and is allosteri-
cally regulated by the second messenger and a target 
component that in response to direct contact with 
the effector produces a molecular output. These com-
ponents are genetically defined by a common pheno-
type of the corresponding mutations and clear epistatic 
relationships. The classic example in bacteria is cyclic 
AMP (cAMP) signalling in Escherichia coli. cAMP is 
synthesized by a single adenylate cyclase that is control-
led by complex signal input and degraded by a specific 
PDE. cAMP allosterically controls a single effector, the 
transcription factor CRP, and therefore acts on multi-
ple targets, all of which are similar cAMP–CRP-binding 
sites in transcriptional control regions26–28.

In the case of c-di-GMP, the basic principle is the 
same (fIG. 2), but owing to the multiplicity of all four 
principal components in a single bacterial species, the 
regulatory outcome is more complex and diverse. This 
multiplicity of components allows us to define functional 
c-di-GMP control modules. A module is the set of DGCs 

and PDEs, effectors and targets that, through a common 
pool of c-di-GMP, affects a common functional output. 
Different c-di-GMP control modules can integrate dif-
ferent environmental or cellular input signals (which 
affect expression or the activities of the DGCs and PDEs) 
and use different types of effectors and targets to control 
a plethora of cellular functions.

‘Making and breaking’ c-di-GMP. The active DGC is 
a dimer of two subunits with GGDEF domains. The 
active site (A site) is located at the interface between 
the two subunits, which each bind one molecule of 
GTP17,29–31. The A site corresponds to the GGDEF 
motif, and any point mutation in this motif (except a 
D to E mutation) eliminates enzymatic activity16. The 
catalytic mechanism is similar to that of structurally 
related adenylate cyclases and polymerases29,31. In addi-
tion, most DGCs are subject to allosteric product inhi-
bition, which involves c-di-GMP binding to a secondary 
site (I site) characterized by an RXXD motif, which is 
separated from the A site by a linker composed of five 
amino acids. This feedback control avoids excessive 
GTP consumption, helps to set an upper limit for c-di-
GMP accumulation and might buffer against stochastic 
variations in cellular c-di-GMP content32. Recent stud-
ies with wspR, a DGC from Pseudomonas aeruginosa, 
indicate that inactivation of the enzyme follows a cycle 
that includes transiently existing tetramers (which can 
be free of c-di-GMP or can possess c-di-GMP bound 
to the I sites) and an elongated dimer (which contains 
c-di-GMP at the I sites). This dimer can be reactivated 
by the action of PDEs33.

An active EAL domain PDE is a monomeric enzyme 
that linearizes c-di-GMP to 5′-pGpG, which is then 
further degraded by nonspecific cellular PDEs (fIG. 1). 
The catalytic process requires either Mg2+ or Mn2+ and is 
inhibited by Ca2+ and Zn2+ (Refs 20,21,23,34). The second 
type of c-di-GMP-specific PDE is the HD-GYP domain 
proteins, which form a subfamily of the HD superfamily 
of metal-dependent phosphohydrolases and are unre-
lated to the EAL proteins35. These enzymes break the 
phosphodiester bond in c-di-GMP to produce 5´-pGpG, 
and can further degrade 5´-pGpG to GMP22.

Although all three domains can occur separately, 
composite proteins in which a GGDEF domain is 
covalently linked to either EAL or HD-GYP domains 
also exist. Phenotypic studies in vivo and in vitro have 
shown that these fusion proteins usually have either 
DGC or PDE activity2,20,21,36–38. A particularly interest-
ing case is PdeA from Caulobacter crescentus, in which 
a GGDEF domain with a slightly degenerate A site motif 
(GEDEF) allosterically activates the PDE activity of the 
EAL domain after binding GTP, which it cannot convert 
to c-di-GMP20. Bifunctional enzymes that can condi-
tionally switch between the two activities also exist. For 
example, the full-size GGDEF–EAL protein BphG1 from 
Rhodobacter sphaeroides functions as a PDE, but exper-
imental removal of the EAL domain resulted in DGC 
activity regulated by the amino-terminal bacteriophy-
tochrome domain39. whether DGC or PDE activity pre-
vails in the GGDEF–EAL protein scrC, which inversely 

Figure 1 | Structure and physiological functions of c-di-gMP. At the cellular level, 
bis-(3′-5′)-cyclic dimeric guanosine monophosphate (c-di-GMP) is controlled by 
diguanylate cyclases that carry GGDEF domains (red) and specific phosphodiesterases 
that carry EAL or HD-GYP domains (blue). c-di-GMP can reduce motility by 
downregulating flagellar expression (for example, in Pseudomonas aeruginosa) or 
assembly (for example, in Caulobacter crescentus) or interfering with flagellar motor 
function (for example, in Escherichia coli and C. crescentus; for a review, see Ref. 8). 
Low c-di-GMP levels are required for the expression of acute virulence genes (for 
example, in Vibrio cholerae12). In all bacteria tested, high c-di-GMP levels stimulated 
various biofilm-associated functions, such as the formation of fimbriae and other 
adhesins and various matrix exopolysaccharides4,6. In C. crescentus, precisely timed 
and localized action of c-di-GMP is a key step in cell cycle progression13. pGpG, 
5’-phosphoguanylyl-(3′-5′)- guanosine.
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coordinates swarming and adhesion in Vibrio para-
haemolyticus, seems to depend on modulation by two 
accessory proteins, scrA and scrB40. The GGDEF–EAL 
protein MsDGC1 of Mycobacterium smegmatis, which is 
essential for long-term starvation survival, exhibits both 
enzymatic activities simultaneously in vitro, whereas the 
isolated domains are inactive41.

Signal inputs into the c-di-GMP control module. 
Cellular c-di-GMP concentrations depend on the pro-
tein levels (discussed below) as well as the specific activi-
ties of DGCs and PDEs. similarly to histidine sensor 
kinases of two-component systems, most GGDEF, EAL 
and HD-GYP domains are linked to various N-terminal 
sensory input domains, suggesting that numerous envi-
ronmental and cellular signals are integrated into the 
c-di-GMP signalling network42,43. Many of these proteins 
contain one or more transmembrane helices, which in  
Gram-negative bacteria can place the sensory sites  
in the periplasm. signals perceived include oxygen and 
redox conditions, light, starvation and various extra-
cellular substances, such as antibiotics, polyamines or 
intercellular signalling molecules4,7. These signals are 
perceived, for example, by haem- or flavin-associated 
PAs domains19,44–46, the oxygen-binding haemerythrin 
domain47, the blue-light-sensing FAD-associated BLuF 
domain48,49, red and far red-sensing bacteriophyto-
chromes39, GAF domains that have been implicated in 
small ligand binding and protein–protein interactions50, 
and the CHAsE, MAsE1 and MAsE2 domains42. some 
GGDEF and EAL domain proteins contain several sen-
sory domains, suggesting that complex signal integration 
occurs even in single proteins.

Moreover, c-di-GMP synthesis or degradation can be 
the output of two-component signalling pathways when 
GGDEF, EAL or HD-GYP domains are linked to two-
component receiver (REC) domains15,17,22. In the C. cres-
centus REC–REC–GGDEF protein PleD, phosphorylation 
of one of the two N-terminal REC domains induces sta-
ble dimerization, which is essential for the formation 
of the enzymatically active site17,31. Phosphorylation of 
the N-terminal REC domain of the Vibrio cholerae EAL 
domain protein and transcription factor vieA by the 
sensor kinase vies directly stimulates increased vieA-
mediated transcription of the vieSAB operon (autoregula-
tion) and thereby indirectly enhances the contribution of 
the EAL domain of vieA to total cellular PDE activity51. 
In addition, several reports indicate that REC domains 
can be crucial for the localization of GGDEF and EAL 
domain proteins to the cell poles13,30,52,53.

Signal transfer by c-di-GMP-binding effectors. To exert 
its function, c-di-GMP has to bind to and allosterically 
alter the structure and output function of an effector 
component. c-di-GMP-sensing components are highly 
diverse, and therefore cannot be recognized by a single 
common domain or c-di-GMP-binding site (for a list 
of currently known families of effector components, 
including specific examples, see TABLe 1).

Four types of c-di-GMP effector proteins are cur-
rently known. The PilZ family of proteins (named 

after a type Iv pilus control protein in P. aeruginosa) 
represents the best-studied class (members of this 
family are listed in TABLe 1). In some cases, the PilZ 
domain is directly attached to the carboxyl terminus 
of the GGDEF, EAL and/or HD-GYP domains54, or 
is linked to a domain that generates a molecular out-
put; for example, the production of cellulose54 or algi-
nate55,56. structural analysis revealed that, as expected 
for an allosterically controlled protein, conforma-
tional changes occur during binding of a PilZ-like 
protein to c-di-GMP57. The PilZ-like proteins studied 
so far seem to be activated by c-di-GMP and to func-
tion by protein–protein interactions (TABLe 1). Two 
other types of effector proteins that are not related 
to PilZ are represented by the c-di-GMP-binding 
transcription factor FleQ of P. aeruginosa, which as 
a repressor is inactivated by c-di-GMP58, and PelD 
of P. aeruginosa, which is activated by binding c-di-
GMP through a site that resembles the I site motif in 
GGDEF domain proteins59.

Figure 2 | The basic c-di-gMP signalling module. A basic 
bis-(3′-5′)-cyclic dimeric guanosine monophosphate 
(c-di-GMP) signalling module consists of at least one 
diguanylate cyclase (DGC), which is characterized by its 
GGDEF domain, and one phosphodiesterase (PDE) of the 
EAL or HD-GYP domain type. DGCs and PDEs respond to 
different input signals through their amino-terminal sensory 
domains and balance the c-di-GMP level by their 
antagonistic activities. Binding of c-di-GMP to a secondary 
site (I site) that is present in most DGCs results in feedback 
product inhibition of these enzymes and contributes to a 
physiological upper limit to cellular accumulation of 
c-di-GMP. Specific effectors, which can be proteins or RNAs 
(riboswitches), can bind c-di-GMP and subsequently affect 
the regulatory output of a direct target molecule or 
structure. Targets can be promoter DNA (if the effector is a 
transcription factor), enzymes or complex cellular 
structures, such as the flagellar basal body or an 
exopolysaccharide synthesis and secretion apparatus. See 
the main text for details, including the consequences of the 
various K

d
, K

i 
and K

m
 constants. DGCs are shown in red, 

PDEs are shown in blue, effectors are shown in green and 
targets are shown in yellow.  
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The fourth type of effector is regulated through the  
I site. It was proposed that the c-di-GMP-binding I site 
in many GGDEF domains can also be an effector site and 
that dedicated effector proteins might have evolved from 
GGDEF domains in which the A site has degenerated4,32. 
The first example was the C. crescentus PopA protein 
(previously named PdpA): when c-di-GMP binds to its 
I site, PopA sequesters the replication inhibitor and glo-
bal cell cycle regulator CtrA to the differentiating cell 
pole, thereby targeting CtrA for degradation13. CdgG 
from V. cholerae requires an intact I site motif, but not 
its degenerate active site, to control rugosity, biofilm for-
mation and motility, suggesting that CdgG is another 
I site-dependent c-di-GMP-binding effector60. similar 
GGDEF domain proteins with an intact I site but a 
degenerate A site also exist in other bacteria, but their 
functions have yet to be analysed.

As predicted4, c-di-GMP is also a ligand for a 
riboswitch61: the effector is a conserved RNA domain 
(GEMM; RNA element occurring in genes for the envi-
ronment, membranes and motility) that is present in the 
5′-untranslated regions of different mRNAs. Although 
several organisms make extensive use of this specific 
riboswitch (for example, the Deltaproteobacterium 
Geobacter uraniumreducens), it is absent in most species, 
but it seems likely that additional c-di-GMP-dependent 
riboswitches will be discovered in the future.

The effective cellular c-di-GMP concentrations, 
together with the affinities for c-di-GMP of effector com-
ponents, are crucial for triggering c-di-GMP-dependent 
outputs. As physiological cellular c-di-GMP levels are 
low (especially under motility-promoting conditions), 
precise experimental measurements of these levels in 

wild-type strains are not trivial62–65. Moreover, total cel-
lular c-di-GMP concentrations determined experimen-
tally are not necessarily the same as the effective cellular 
concentrations, as a significant fraction of the c-di-GMP 
molecules seems to be bound66, which may also result 
in a high local concentration that is different from the 
concentration of freely diffusible c-di-GMP (discussed 
below).

However, available information about the affinities  
of various c-di-GMP-binding sites allows an estimation of  
biologically effective cellular concentrations of c-di-
GMP (fIG. 2). Most DGCs are subject to product inhibi-
tion through their I sites. Ki (dissociation constant of the 
inhibitor) varies between 0.5 μM and 1 μM31,32, indicat-
ing that the physiological upper limit for freely diffus-
ible c-di-GMP is in the low mm range. Consistent with 
these observations, the Km (rate constant) for PDEs was 
between 60 nM and several μM20,21,23. The Kd (dissocia-
tion constant) for various PilZ effector proteins was in 
the range of <50 nM–1 μM57,66–69, and the I site effector 
protein PopA exhibited a Kd of approximately 2 μM13. 
Taken together, these data suggest that switches regu-
lated by c-di-GMP respond to concentrations that range 
from <50 nM to a few μM (given the dimensions of a 
typical post-exponentially growing Gram-negative cell, 
such as an E. coli cell, a cellular concentration of 1 nM 
corresponds to approximately 1 molecule per cell).

strikingly, the recently described c-di-GMP ribo-
switch has a very high affinity (Kd of 1 nM)61. The physi-
ological relevance of this has not been determined, but 
an RNA aptamer with such an affinity could buffer sto-
chastic variations or completely scavenge residual free 
c-di-GMP molecules under physiological conditions, in 

Table 1 | c-di-GMP-binding effector components

Effector family* Example Species Functions controlled‡ refs

Protein effectors

PilZ (+) Alg44 Pseudomonas aeruginosa Alginate synthesis (+) 55

PilZ (+) BcsA Various Gram-negative bacteria Cellulose synthesis (+) 54,66

PilZ (+) DgrA Caulobacter crescentus Flagellar activity (–) 67

PilZ (+) PilZ P. aeruginosa Twitching motility (–) 115

PilZ (+) Plz proteins Vibrio cholerae Virulence gene expression 68

PilZ (+) YcgR Escherichia coli and Salmonella spp. Flagella activity (–) 69

FleQ (–) FleQ P. aeruginosa Flagella expression (+) and Pel 
(part of the EPS) synthesis (–)

58

PelD (+) PelE P. aeruginosa Pel (part of the EPS) synthesis (+) 59

I site effectors (+) PopA C. crescentus Cell cycle progression (+) 13

RNA effectors

GEMM (+ and –) Vc1 (encoded  
by gbpA)

V. cholerae Intestinal adhesion 61

GEMM (+ and –) Vc2 (encoded  
by VC1722)

V. cholerae Biofilm formation and rugosity 61

GEMM (+ and –) Cd1 Clostridium difficile Flagella synthesis 61

*A + indicates that the effector is activated by c-di-GMP and a – indicates that the activity of the effector is reduced by c-di-GMP. ‡A 
+ indicates that the function is positively controlled by the effector and a – indicates that the function is negatively controlled by the 
effector. See the main text for information on the direct molecular targets contacted by the effector. c- di-GMP, bis-(3′-5′)-cyclic 
dimeric guanosine monophosphate; EPS, exopolysaccharide; GEMM, RNA element occurring in genes for the environment, 
membranes and motility.
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which PDE activity (with a low Km: that is, high sub-
strate affinity) dominates and therefore the c-di-GMP 
level is low. If the high-affinity RNA aptamer operates 
as an off riboswitch and is present in higher levels than 
the residual low concentration of c-di-GMP, a fraction  
of the riboswitch molecules could sequester any remaining  
c-di-GMP molecules, and the excess unbound riboswitch 

molecules could then stimulate a downstream target 
process. In V. cholerae, two proteins that are crucial for 
both host colonization and pathogenesis, the PDE vieA 
(which has a Km of 60 nM)23,65 and GbpA (which contains 
the GEMM–vc1 c-di-GMP riboswitch in its mRNA)61, 
might be an example of such a cooperation.

Targets of c-di-GMP signalling and cellular processes  
affected. Given the diversity of c-di-GMP-binding  
effectors, it is not surprising that target com ponents 
or processes controlled by these effectors are 
equally diverse.

First, c-di-GMP can affect the transcription of tar-
get genes. The P. aeruginosa transcription factor FleQ, 
which activates the expression of flagellar genes and 
represses the biofilm-promoting pel operon, directly 
binds c-di-GMP, which antagonizes the activity of c-di-
GMP as a repressor58. In E. coli, two separate DGC–
PDE systems (YdaM–YciR and YegE–YhjH) converge 
to control the transcription of the csgDEFG operon, 
which encodes the transcriptional regulator CsgD and 
several factors involved in the expression and assem-
bly of adhesive curli fimbriae38,70 (BOX 1). In Salmonella 
spp., YciR and YegE have similar roles, but the other two 
components have been replaced by functionally simi-
lar enzymes36,63,64,71. The c-di-GMP-binding effector has 
not yet been identified unequivocally, but the MerR-like 
transcription factor MlrA72 might be involved. unlike 
other regulators that affect transcription of the csg-
DEFG operon (for example, outer membrane protein 
R (ompR), integration host factor (IHF), CpxR and 
RcsB)73–76, MlrA acts highly specifically on the tran-
scription of the csgDEFG operon and shows the same 
narrow spectrum of target genes as YdaM and YciR in 
microarray analyses38 (H. weber and R.H., unpublished 
observations). owing to its role in CsgD expression, the 
DGC YdaM also indirectly controls YaiC, another DGC 
that is expressed in a CsgD-dependent manner at a late 
stage during entry into stationary phase38. A transcrip-
tional cascade of DGCs is also present in V. cholerae, 
in which the GGDEF–EAL protein CdgC controls the 
expression of a set of transcriptional regulators, includ-
ing the quorum-sensing regulator HapR, which in turn 
affects the expression of several GGDEF–EAL and 
HD-GYP domain-encoding genes77–79. Furthermore, 
transcription can also be the regulatory output of a c-di-
GMP-binding riboswitch in the 5´-untranslated region 
of an mRNA if it affects a transcription anti-termination 
mechanism. Alternatively, riboswitches can control 
translational initiation61.

some c-di-GMP-binding effectors directly affect 
enzymatic function. The classic example is the PilZ-like 
effector in cellulose biosynthesis, which is a regulatory 
domain of the cellulose synthase, BcsA1,54,66. The mem-
brane-spanning protein Alg44 in P. aeruginosa, which 
features a cytoplasmic N-terminal PilZ domain linked 
to a C-terminal periplasmic domain that resembles 
membrane fusion proteins of multidrug efflux systems, 
cooperates with another integral membrane protein, the 
glycosyltransferase Alg8, and thereby affects synthesis 
and secretion of the exopolysaccharide alginate55,56. 

Box 1 | c-di-GMP control modules in Escherichia coli

During the transition from the post-exponential phase to the stationary phase in 
complex media, E. coli cells downregulate the expression of flagella and motility70,108,109 
(see the figure) and, when grown below 30 oC, induce adhesive curli fimbriae110. This 
transition is controlled by mutual inhibition of the FlhDC (motility) and σS (adhesion) 
control cascades70. At the top levels of the cascades, mutual exclusion operates by the 
competition of sigma subunits of RNA polymerase (σ70, σFliA and σS) as well as by FliZ, 
which acts as an inhibitor of σS function70.

At a lower hierarchical level, bis-(3′-5′)-cyclic dimeric guanosine monophosphate 
(c-di-GMP) is crucial for this motile-to-sedentary ‘lifestyle’ switch. c-di-GMP is 
antagonistically controlled by the σS-activated GGDEF proteins (YegE and YedQ), and 
the EAL-type phosphodiesterase (PDE) YhjH, which is indirectly dependent on the 
flagellar master regulator FlhDC. When flagellar expression stops during entry into 
stationary phase and ClpXP degrades the remaining FlhDC, YhjH-mediated PDE activity 
is overcome by YegE- and YedQ-mediated diguanylate cyclase (DGC) activity70. 
Consequently, flagellar activity is reduced through the c-di-GMP-binding effector 
protein YcgR69,70,80. Moreover, the transcription of csgD, which encodes an activator of 
the curli structural operon csgBAC, is under positive control of YegE70, and therefore the 
YegE–YhjH module also represents a checkpoint that links cessation of flagellar 
expression to induction of curli expression. In addition, csgD transcription also requires 
the σS-dependent DGC YdaM, and is negatively controlled by its antagonistic PDE 
YciR38,70. The YdaM–YciR system does not contribute to motility control70, and therefore 
this system seems to act locally (see the main text). Finally, the DGC YaiC (known as 
AdrA in Salmonella spp.), which is expressed under CsgD control later during entry into 
stationary phase38,63,84,111, is required for production of cellulose112 and seems to be 
counteracted by the EAL domain protein YoaD111, which is also under σS control84. BBH, 
basal body hook. Figure is modified, with permission, from Ref. 70  (2008) Cold Spring 
Harbor Laboratory Press. 
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Furthermore, the PelD effector protein in P. aeruginosa 
is attached to the cytoplasmic membrane and probably 
directly affects the production and secretion of the Pel 
exopolysaccharide59.

Complex cellular structures, such as the flagellar basal 
body, are also regulated by c-di-GMP. The motility-con-
trolling PilZ proteins in E. coli and C. crescentus (YcgR 
and DgrA, respectively) do not affect the expression 
of flagellar genes, but directly interfere with the motor 
function of fully assembled flagella, suggesting that these 
proteins directly interact with a cytoplasm-facing com-
ponent of the flagellar basal body67,70,80. In E. coli, this 
results in an altered flagellar rotational switching pattern 
and a reduction in swimming speed during entry into 

stationary phase70,80, when cells change from the motile 
to the adhesive lifestyle (BOX 1). In C. crescentus, DgrA-
mediated downregulation of flagellar activity is probably 
an early step in the attachment of a swarmer cell to a 
surface, and is followed by flagellar-to-stalked cell pole 
differentiation (BOX 2).

Finally, a proteolytic targeting process that is crucial 
for the G1-to-s phase transition during the cell cycle of 
C. crescentus, a period when c-di-GMP levels peak81, was 
shown to be a direct target of the c-di-GMP I site-type 
effector protein PopA. c-di-GMP-bound PopA, which is 
located at the stalk pole (BOX 2), sequesters the DNA rep-
lication inhibitor and global cell cycle regulator CtrA to  
this pole through the mediator protein RcdA. CtrA is 
then degraded by the ClpXP protease, which allows  
progression into the s phase of the cell cycle13.

These examples show that the molecular mechanisms 
of direct c-di-GMP action are diverse. As there are sev-
eral different types of c-di-GMP-binding effectors, it 
seems that virtually any kind of molecular mechanism 
in a cell can be controlled by c-di-GMP, which con-
fers an unprecedented flexibility to regulation by this  
second-messenger molecule.

Multiplicity of ggDEF and EAl domain proteins
The large number of GGDEF and EAL domain pro-
teins in single species has been puzzling. In general, 
Gram-negative bacteria have more of these proteins 
than Gram-positive bacteria, and Gram-negative bacte-
ria, especially the Gammaproteobacteria, display a strik-
ing proliferation of GGDEF and EAL domain proteins. 
For example, E. coli has 29 GGDEF or EAL domain pro-
teins, whereas Salmonella enterica subsp. enterica serovar 
Typhimurium has 19, C. crescentus has 14 and various 
Vibrio species encode more than 50 GGDEF or EAL 
domain proteins. By contrast, HD-GYP domain pro-
teins are less common and even absent in some species 
(although in some species, such as Thermotoga maritima, 
they can account for all PDE activity in the cell)42,82. The 
presence of these large sets of proteins, most of which 
function as DGCs and PDEs, in a single species generates 
a new flexibility of signalling that is not found in a simple 
second-messenger system that consists of a minimal set 
of components (for example, the cAMP system found in 
enteric bacteria), but also raises the question of signalling 
specificity.

The total cellular DGC and PDE activities in a cell 
depend on the actual cellular levels and specific activities 
of the GGDEF, EAL and HD-GYP domain proteins. This 
results in certain rates of c-di-GMP production and deg-
radation that are equal at an equilibrium characterized 
by a certain c-di-GMP level. However, this equilibrium 
can be dynamic, especially when the actual cellular c-di-
GMP level is higher than the Km of the relevant PDEs and 
lower than the Ki of the relevant DGC: that is, in a range 
in which these antagonistic enzymes operate close to sat-
uration (the cellular concentration of the DGC substrate 
GTP is always in the millimolar range83). This system is 
therefore highly sensitive to changes in the levels and 
activities of the enzymes involved, such as environmen-
tally controlled changes in the expression, proteolysis 

Box 2 | Localized GGDEF and EAL proteins in Caulobacter crescentus

Cell division in C. crescentus is asymmetric (see the figure), producing a flagellated motile 
swarmer cell and a sessile stalked cell that is attached to a surface via the holdfast. DNA 
replication is blocked in the swarmer cell by the global regulator CtrA. For proliferation, 
the swarmer cell must therefore differentiate into a stalked cell, which involves surface 
attachment through pili, holdfast formation and flagellum ejection. CtrA is then 
temporarily degraded, which occurs at the stalk pole and allows transition from the G1 to 
the S phase. During the cell cycle, several GGDEF and EAL domain proteins are 
specifically localized to different cell poles. The phosphodiesterase (PDE) TipF is localized 
at the ‘newborn’ and future swarmer pole, which later generates the low-bis-(3′-5′)-cyclic 
dimeric guanosine monophosphate (c-di-GMP) conditions required for flagellum 
assembly104. At the differentiating (swarmer-to-stalked) pole, processes positively 
controlled by c-di-GMP take place: the diguanylate cyclase (DGC) PleD is recruited to 
this pole and is required for holdfast formation and flagellum ejection17,113 and the 
GGDEF and I site-type c-di-GMP effector protein PopA later sequesters CtrA to this pole, 
where CtrA is degraded by ClpXP, allowing initiation of DNA replication13. To retain PopA 
and sequester CtrA to the stalked pole, c-di-GMP binding to PopA is essential. However, 
the initial polar localization of PopA actually occurs earlier and to the swarmer pole 
before it differentiates into a stalked pole owing to the action of the polar localization 
factor PodJ13,114. In summary, the cell cycle and the spatial localization and action of 
GGDEF and EAL domain proteins are tightly intertwined: the DGC PleD and the PDE TipF 
are directed to, and are active at, different cell poles in a cell cycle-dependent manner 
and progression of the cell cycle is dependent on the GGDEF I site-type c-di-GMP 
effector protein PopA. Proteins with a GGDEF domain are shown in red, proteins with an 
EAL motif are shown in blue, effector proteins are shown in green and target proteins and 
their genes are shown in yellow. REC, receiver domain.
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and activities of these enzymes. Consequently, increased 
DGC or PDE activity drives c-di-GMP levels up or 
down, respectively, until a new steady state concentra-
tion, which depends on the Ki and Km of the relevant 
DGCs and PDEs, respectively, is reached. This allows 
fine-tuned and hypersensitive signal input and integra-
tion, but at the same time raises a problem of robustness. 
How is such a hypersensitive system buffered against sto-
chastic noise in expression and activity, which increases 
with an increase in the numbers of the different DGCs 
and PDEs involved?

In addition, if all DGCs and PDEs in a cell contribute 
to a common c-di-GMP pool, there would be a single 
common output to all of these systems (only differences 
in affinities for c-di-GMP between the effectors would 
provide some specificity of output). However, the versa-
tility of c-di-GMP signalling would be greatly enhanced if 
the system could be modified to include non-converging 
pathways that operate in parallel.

Sequestration of c-di-GMP control modules
A solution to the signalling specificity and noise prob-
lems that would also overcome the limitations of a con-
vergent single-output system would be the sequestration 
of GGDEF and EAL domain proteins. This would mean 
that not all of these proteins are present and active at the 
same time and place. sequestration could be temporal, 
meaning that cellular levels and activities of DGCs and 
PDEs would change in response to environmental or cel-
lular alterations over time, or functional, meaning that 
entire c-di-GMP control modules would be present at 
the same time but would operate in physically separated 
entities, generating ‘local pools’ of c-di-GMP with sepa-
rate regulatory outputs. This would also allow spatial 
sequestration, as such modules could be precisely local-
ized to specific positions in the cell, where they would 
exert their specific output functions.

Temporal sequestration: tight regulation of expression 
and proteolysis of c-di-GMP control modules. The few 
studies on the regulation of expression of GGDEF and 
EAL domain proteins, c-di-GMP-binding effectors 
and target components suggest that the components 
that constitute distinct c-di-GMP control modules are 
tightly controlled and co-regulated.

In E. coli, only a few GGDEF and EAL domain- 
encoding genes are expressed at high levels in growing 
cells relative to the other GGDEF and EAL domain-
encoding genes84. These include the PDE-encoding 
yhjH gene, which is required for motility. YhjH and the 
c-di-GMP-binding effector YcgR, which can interfere with 
motility, are under indirect control of the flagellar mas-
ter regulator FlhDC, and are therefore co-regulated with 
flagella70,80,85. Many GGDEF and EAL domain-encoding 
genes in E. coli, including those required for curli and 
cellulose synthesis, are under the control of σs, which 
indicates that they belong to the general stress response. 
Many of these genes are induced during entry into sta-
tionary phase. This regulation is crucial for the reduc-
tion of flagellar activity and induction of adhesive curli 
fimbriae during the transition from the post-exponential 

phase to the stationary phase38,70,84 (BOX 1). Furthermore, 
the direct target of c-di-GMP control in curli synthesis — 
transcription of the regulatory csgD gene — is under σs 
control at several levels72,86. Two GGDEF domain proteins 
and putative DGCs in E. coli, YcdT and YdeH, are down-
regulated post-transcriptionally by the mRNA-binding 
protein CsrA87, a global regulator that inhibits synthesis 
of the poly-N-acetyl-glucosamine (PGA) exopolysaccha-
ride and stimulates the expression of the flagellar master 
regulator FlhDC88,89. This regulation of FlhDC should 
also allow CsrA to upregulate the PDE YhjH.

In V. cholerae, biofilm formation is negatively regu-
lated by cAMP–CRP, which controls the expression of 
several GGDEF and EAL domain-encoding genes90. The 
quorum-sensing regulator HapR represses the biofilm 
regulatory gene vpsT both directly and indirectly by 
controlling several GGDEF and EAL domain-encoding 
genes, which suggests that biofilm formation is also 
reduced by high cell density79,91. As quorum sensing and 
low c-di-GMP levels (generated by the PDE vieA) are 
crucial for virulence gene expression inside the host92, 
this underlines the importance of c-di-GMP for biofilm 
formation in the extra-host environment. Consistent 
with this, several GGDEF domain-encoding genes are 
induced during the mucosal escape response, a late step 
of infection93,94.

c-di-GMP synthesis can also be controlled by proteoly-
sis. In Yersinia pestis, the GGDEF domain protein HmsT is 
degraded by the ClpXP and Lon proteases when cells are 
shifted from low temperatures (below 34 °C) to 37 °C95. 
Together with HmsH and HmsR (outer and inner mem-
brane proteins, respectively, that are degraded in paral-
lel), HmsT is required for biofilm-associated phenotypes, 
such as hemin and Congo red binding. These phenotypes 
can only be observed at low temperatures (such as those 
found in the flea, which serves as the environmental host 
in the transmission of plague) and are counteracted by the 
PDE–EAL domain protein HmsP95,96.

In summary, bacterial cells limit the kind and num-
bers of GGDEF and EAL domain proteins that are 
expressed under particular conditions. on the one hand, 
this reduces the negative effects of stochastic noise on 
c-di-GMP signalling, and therefore on the expression 
and activity of the different DGCs and PDEs, with-
out sacrificing signal integration. on the other hand, 
changing sets of DGCs and PDEs also means chang-
ing sets of signalling input domains that can feed into 
c-di-GMP control: regulation of ‘regulatability’ by  
different input signals.

Functional and spatial sequestration of c-di-GMP 
signalling. several authors have proposed that some of 
the many c-di-GMP control systems in single species 
can operate in independent parallel pathways, such that 
they exhibit functional sequestration4,7,38,63,97. It should 
also be noted that certain mycobacterial and alphapro-
teobacterial species possess high numbers of adenylate 
cyclases82,98–100, suggesting they have similarly complex 
cAMP signalling. Moreover, in eukaryotic cells, ade-
nylate cyclases have been shown to function in cAMP 
microdomains101.
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Functional sequestration implies that c-di-GMP sig-
nalling occurs in ‘microcompartments’: multiprotein 
complexes that comprise a specific DGC and/or PDE that 
are controlled by distinct input signals, as well as specific 
effector and target components, which should associate 
by specific protein–protein or protein–DNA interactions. 
There is increasing evidence that such interactions exist. 
For example, the HD-GYP-type PDE domain of RpfG in 
Xanthomonas axonopodis pv citri was found to interact 
directly with several GGDEF domain proteins102. specific 
interactions were detected between the DGC HmsT, the 
PDE HmsP and the putative glycosyltransferase HmsR 
and its accessory factor Hmss of Y. pestis, all of which 
are attached to the inner membrane and are required for 
biofilm-associated synthesis and excretion of exopoly-
saccharide matrix substances103. small deletions in the 
C-terminal periplasmic domain of Alg44 were found 
to block Alg8-mediated alginate polymerization, which 
suggested that direct communication occurs between the 
c-di-GMP-binding PilZ-like effector domain of Alg44 
and the alginate-producing glycosyltransferase Alg8 
(both of which are located at the cytoplasmic face of the 
inner membrane)56. In other species, c-di-GMP-binding 
PilZ domains occur in covalent linkage with GGDEF, 
EAL and HD-GYP domains, or with putative target 
domains, suggesting that local confinement of partial or 
entire c-di-GMP control modules is not uncommon54. 
Because all relevant components are closely associated, 
the local c-di-GMP concentration may become high 
and therefore biologically effective without substantially 
contributing to the cellular c-di-GMP pool; alternatively, 
c-di-GMP made within such a complex may be sterically 
prevented from diffusing away.

Functional sequestration in locally acting units would 
allow the emergence of separate parallel-operating c-di-
GMP control modules with different molecular regulatory 
outputs in a single cell. A criterion for identifying func-
tional sequestration would therefore be that two DGCs 
or two PDEs that are present and active under the same 
conditions differentially affect distinct target processes. 
An example is the inverse coordination of motility and 
curli expression in E. coli during the transition from the 
post-exponential phase to the stationary phase (BOX 2). 
The DGC–PDE module YegE–YhjH controls motility 
and has a modulating effect on the transcription of the 
curli activator gene csgD, whereas the YdaM–YciR module 
strongly and exclusively affects csgD expression38,70. some 
DGC–PDE modules may also control the freely diffusible 
cytoplasmic c-di-GMP (and thereby affect several output 
functions), whereas others may act locally and highly spe-
cifically through a single effector on a single target. The 
GGDEF domain proteins YedQ and YeaJ also contribute to 
the YegE–YhiH-regulated c-di-GMP pool (and therefore 
have a minor or conditional effect on motility), and this 
c-di-GMP serves at least two effectors, as the PilZ protein 
YcgR mediates the effect on motility, but is not required 
for the effect on csgD transcription70. This system there-
fore seems to control c-di-GMP that is freely diffusible in 
the cytoplasm. By contrast, the YdaM–YciR system exerts 
a strong and highly specific effect on csgD expression only, 
which is suggestive of a locally confined function38,70.

The observation that experimentally measurable 
manipulation of the cellular c-di-GMP concentration 
does not affect a particular target process that is affected 
by mutations in genes encoding distinct active DGCs 
or PDEs further indicates that the control and action 
of c-di-GMP can be localized. such evidence has been 
presented for the regulation of the curli regulator CsgD 
in Salmonella spp. (which is similar, although not identi-
cal, to that of CsgD from E. coli)63, again suggesting that 
c-di-GMP-induced transcription of csgD is an example 
of local action of a c-di-GMP control module.

Importantly, functional sequestration of c-di-GMP 
signalling may also be confined to distinct spatial loca-
tions in the cell. This can be the cytoplasmic membrane, 
as exemplified by the Hms, Alg44 and Alg8 systems 
mentioned above56,103. In P. aeruginosa, the DGC wspR 
clusters in cellular foci when it is activated by phospho-
rylation of its REC domain, which seems to occur in 
response to a stimulus associated with surface growth52. 
However, the paradigm for precisely controlled and 
functionally essential spatial sequestration are several 
GGDEF and EAL domain proteins that have key roles 
during the cell cycle of C. crescentus. The cell cycle of 
C. crescentus is obligatorily coupled to differentiation 
from a flagellated and motile swarmer cell to a sedentary 
non-flagellated stalked cell, as only these stalked cells can 
replicate DNA and undergo cell division. During the cell 
cycle, the DGC PleD17, the PDE TipF104 and the GGDEF 
I site effector protein PopA13 are dynamically localized 
to different cell poles, which is intimately linked to their 
specific functions during the cell cycle and even promotes 
cell cycle progression (BOX 2).

Enzymatically inactive GGDEF and EAL proteins
Many species possess GGDEF and EAL domain pro-
teins in which the GGDEF and EAL motifs, as well as 
amino acids at other positions, that are essential for the 
enzymatic function of DGCs and PDEs are not con-
served16,21,34. what are the functions of these ‘degener-
ate’ GGDEF and EAL domain proteins and how do they 
act at the molecular level? As outlined above, functional 
sequestration of c-di-GMP control modules requires 
direct interactions between the GGDEF and EAL domain 
proteins, effectors and targets involved. It is conceivable 
that some of these systems might have further evolved 
by ‘giving up’ synthesis and degradation, and therefore 
the use of the local second-messenger c-di-GMP (which 
would also eliminate potential ‘spill-over’ of c-di-GMP), 
and now rely on protein–protein interactions only.

This is illustrated by the YcgF–YcgE system in E. coli24. 
YcgF is an EAL domain protein with a blue-light-sensing 
N-terminal BLuF domain48,49. Its EAL domain lacks all 
four amino acids that are involved in c-di-GMP binding 
and also lacks an essential catalytic glutamate residue. 
As a result, YcgF does not bind or degrade c-di-GMP, 
irrespective of blue light irradiation24. However, purified 
YcgF directly interacts with the YcgE repressor and, in 
response to blue light, releases YcgE from cognate opera-
tor sites in vitro, which is reflected by blue light-induced 
derepression of the corresponding genes in vivo. This 
leads to induction of a distinct set of small proteins, 
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two of which (YmgA and YmgB) act through the RcsB 
response regulator to interfere with curli expression and 
stimulate the production of the matrix exopolysaccha-
ride colanic acid24. Interestingly, the regulator YcgE is a 
paralogue of MlrA, the transcription factor that coop-
erates with active DGC and PDE enzymes (YdaM and 
YciR, respectively) to control transcription of the curli 
regulatory gene, csgD (discussed above).

The E. coli protein YhdA (also known as CsrD) is 
degenerate in key residues in its GGDEF and EAL 
domains. In vivo, YhdA stimulates the degradation of 
two small regulatory RNAs, CsrB and CsrC, that can 
sequester the mRNA-binding protein CsrA. CsrA is a 
global regulator that promotes the expression of the flag-
ellar master regulator FlhDC and interferes with expres-
sion of two GGDEF domain proteins, YcdT and YdeH, 
and biosynthesis of the PGA exopolysaccharide25,87–89,105. 
In vitro, YhdA directly binds to the CsrB and CsrC RNAs 
with high affinity (although not with strict specificity)25. 
In addition, YhdA is also required for expression of the 
curli regulator CsgD, suggesting that regulation at the 
RNA level also occurs in curli control84. A role for EAL 
domain proteins in RNA binding and/or turnover is not 
too surprising, as the PDE substrate, c-di-GMP, is a small 
RNA itself.

In summary, degenerate GGDEF and EAL domain 
proteins do not act by synthesizing or degrading c-di-
GMP, but rather function through direct macromolecu-
lar interactions. It should be noted that enzymatically 
inactive GGDEF and EAL domains that still bind GTP or 
c-di-GMP to allosterically control the activity of a partner 
protein or domain could be evolutionary intermediates 
on the pathway to degeneration. For example, GTP bind-
ing to the slightly degenerate GGDEF domain of PdeA 
from C. crescentus controls PDE activity of the C-terminal 
EAL domain20. on this pathway, GGDEF or EAL proteins 
could also become c-di-GMP effector proteins.

Interestingly, all degenerate GGDEF and EAL domain 
proteins studied so far still regulate motility and/or biofilm 
functions. This also seems to be true for less well-charac-
terized cases in other species106,107. Degenerate GGDEF 
and EAL domain proteins can indirectly affect cellular 
c-di-GMP levels; for example, YhdA affects the expression 

of several GGDEF and EAL domain proteins through the 
Csr system and CsgD. Care should therefore be taken to 
assign DGC or PDE activity only to those GGDEF and 
EAL domain proteins that have been purified and found 
to be active in vitro, or at least only to those proteins that 
feature all key residues for enzymatic function.

Conclusions and perspectives
c-di-GMP has emerged as a bacterial second-messenger 
molecule that is universally involved in the molecular 
decision between planktonic motile and sedentary 
bacterial lifestyles. The control of its synthesis and deg-
radation, and above all its action, is of unprecedented 
versatility. The striking multiplicity in single species 
of DGCs (GGDEF domain proteins), c-di-GMP PDEs 
(EAL or HD-GYP domain proteins) and c-di-GMP-
binding effector components, especially in proteobacte-
ria, allows a plethora of signals to be integrated and many 
target processes to be regulated. sets of GGDEF and EAL 
domain proteins are not only large in single species but 
also highly diverse even in closely related bacteria. In 
addition, the multiplicity of components provides the 
basis for functional and spatial sequestration of some 
c-di-GMP control modules in separate pathways that 
can operate in parallel. such local operation requires 
protein–protein interactions, which in turn seem to 
have allowed the evolution of systems with degener-
ate GGDEF and EAL domain proteins that no longer 
rely on c-di-GMP metabolism to function, but can act 
through macromolecular interactions alone. Yet these 
systems seem to remain ‘evolutionarily trapped’ in their 
old physiological context: that is, the control of motility 
and/or biofilm-related functions.

To appreciate fully the importance of c-di-GMP in 
the bacterial world, we will have to assign molecular and 
physiological functions to all GGDEF and EAL domain 
proteins in certain model species, identify all the effec-
tor molecules and target processes affected and find out 
how these c-di-GMP control modules are integrated 
with global regulatory circuits that control bacterial 
stress responses, development and behaviour. In other 
words, we will have to unravel the systems biology of 
c-di-GMP signalling.
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