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Abstract

Cyclic diguanylate (c-di-GMP) is a near universal signaling molecule produced by diguanylate
cyclases that can direct a variety of bacterial behaviors. A major area of research over the last
several years has been aimed at understanding how a cell with dozens of diguanylate cyclases can
deploy a given subset of them to produce a desired phenotypic outcome without undesired cross
talk between c-di-GMP-dependent systems. Several models have been put forward to address this
question, including specificity of cyclase activation, tuned binding constants of effector proteins,
and physical interaction between cyclases and effectors. Additionally, recent evidence has
suggested that there may be a link between the catalytic state of a cyclase and its physical contact
with an effector. This review highlights several key studies, examines the proposed global and
local models of c-di-GMP signaling specificity in bacteria, and attempts to identify the most
fruitful steps that can be taken to better understand how dynamic networks of sibling cyclases and
effector proteins result in sensible outputs that govern cellular behavior.
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INTRODUCTION

Over the last several decades, cyclic diguanylate (c-di-GMP) has been recognized as a major
secondary signaling molecule in the bacterial domain. It is perhaps one of the better-studied
examples of how bacteria gather environmental information and process that information
into actionable cellular operations. The story of its discovery and involvement in a
staggering number of cellular processes has been well reviewed (28, 52, 57). Briefly, the
current paradigm involves proteins called diguanylate cyclases (DGCs) cyclizing two
molecules of GTP to produce c-di-GMP, which is then free to find an effector. This effector,
in turn, may bind c-di-GMP and initiate some downstream cellular action as a result. c-di-
GMP may be degraded by proteins called phosphodiesterases (PDEs). DGCs and PDEs
work in opposition to produce a level of c-di-GMP that may activate effector proteins that
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can influence cellular processes, including biofilm formation, motility, virulence activation,
transcription, macromolecular synthesis, stress responses, and many others (34, 39, 61).

The focus of this review is the key step of c-di-GMP from a given cyclase finding its effector
protein. As this paradigm was examined in a progressively larger number of bacteria, many
microbes were found to contain a surprising number of DGCs and PDES, numbering past 60
in some cases (23). Critically, despite the sheer number of DGCs at work, many studies have
demonstrated that most DGCs appear to specifically signal for one or two c-di-GMP-
dependent processes, indicating some kind of mechanism(s) that allows a given DGC to
activate a specific effector (25, 43, 47, 66, 67). These observations gave rise to tension
between the idea that effectors can sense the c-di-GMP signal from a specific DGC, and the
idea that any one DGC is making the same small, diffusible molecule as its sibling enzymes
in the open space of the bacterial cytoplasm. Evidence from several bacterial systems has
given rise to varying interpretations of this phenomenon, leading to several possible models
for conferring signaling specificity (Figure 1). Here, we explore these models in terms of
what observations each is able to describe and how they might ultimately fit together. We
also examine specific cases of DGC specificity and emerging work suggesting future paths
that will usher in a more complete understanding of how bacteria use c-di-GMP-based
networks to modulate many aspects of their behavior.

THE COMPONENTS OF C-DI-GMP SIGNALING

DGCs operate as dimers, using their GGDEF domains to produce c-di-GMP. The domain’s
namesake represents the catalytic residues they use to accomplish c-di-GMP synthesis, but
in addition to GGDEF, active cyclases have also been found that make use of GGEEF,
AGDEF, and GGDEM motifs. DGCs using SGDEF have also been discovered in eukaryotes
(12). In addition to their catalytic residues, approximately half of GGDEF domains also
contain residues linked to an autoinhibitory site (I-site). These residues include RXXD,
called the primary I-site, which acts to bind c-di-GMP and quell the enzyme’s catalytic
activity while bound (Figure 2). The GGDEF domain may exist independently, or it may be
fused to a variety of other domains, including PAS, CACHE, CHASE, MASE, and response
regulator domains (1, 18, 23). PDEs that break down c-di-GMP come in two varieties. Many
PDEs make use of EAL domains to degrade c-di-GMP, while others contain HD-GYP
domains (8, 16, 55, 63). A protein that has both GGDEF and EAL domains may act as a
DGC, a PDE, or both depending on the circumstances. Additionally, not all GGDEF and
EAL domains are catalytically active, a point we will return to in the next section. Finally,
DGCs or PDEs either may be found in the cytoplasm or may contain transmembrane
domains anchoring them to the inner membrane.

The centerpieces of c-di-GMP signaling are those effectors, both proteins and RNA, that can
bind c-di-GMP and direct the cell to take some action as a result. These c-di-GMP sensors
provide a way for environmental signals converted into second messengers to be integrated
into a sensible output. The first cellular process recognized to be allosterically activated by
c-di-GMP was the synthesis of cellulose via the cellulose synthase from Komagataeibacter
xylinus (53, 54), but it took a large-scale, multiple-bacteria analysis to recognize that the c-
di-GMP binding property of the cellulose synthase complex resided in a PilZ domain (3).
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Since that period, PilZ domains have been found throughout the bacterial domain, and they
are also known to regulate motility in various bacterial species including select examples in
several enterobacteria (56), Caulobacter crescentus (15), and Pseudomonas aeruginosa (2,
40), in addition to virulence in Vibrio cholerae (49). The structure of the PilZ domain was
later solved, and was revealed to bind c-di-GMP using RxxxR and DxSxxG motifs (26, 51),
with further insight showing the PilZ domain may be undergoing structural rearrangements
in order to transmit the c-di-GMP binding event to downstream proteins (58).

Importantly, the finding of widespread cyclases and PDEs encoded throughout the bacterial
domain, coupled with the realization that not all c-di-GMP-dependent processes could be
accounted for by PilZ-domain-containing proteins, resulted in the search for effector
proteins that could bind c-di-GMP but were not related to the PilZ domain. Shortly after the
PilZ domain became understood at the structural level, it was discovered that a second class
of proteins could bind to c-di-GMP. One prominent example of this class was the PelD
protein from P aeruginosa. PelD, required for pellicle formation, contains a degenerate
GGDEF domain but makes use of an intact inhibitory site to bind c-di-GMP and acts as an
effector (37). It is currently speculated that conformational shifts in PelD upon binding c-di-
GMP are largely responsible for this protein’s signaling abilities (57).

Concurrent to the discovery that degenerate c-di-GMP-producing enzymes may act as
effectors, Newell et al. (46) identified a degenerate EAL-domain-containing protein, LapD,
as a c-di-GMP receptor in a 2009 study. Given that the first step a PDE must take is to bind
c-di-GMP, it is perhaps not surprising that a degenerate EAL domain could participate in c-
di-GMP binding. Since then, LapD from Pseudomonas fluorescens (discussed below) has
become the prototype example of a degenerate dual GGDEF/EAL-domain-containing
protein that can bind c-di-GMP via its defunct EAL domain (45, 46).

More recently, several unique kinds of c-di-GMP binding proteins have been recognized that
are neither PilZ domains nor degenerate versions of c-di-GMP enzymes. The transcription
factor VpsT from V. cholerae appears to bind c-di-GMP through a W[F/L/M][T/S]R motif
resulting in a change in oligomerization that allows this transcription factor to regulate
biofilm formation and maotility (32). Two more examples of c-di-GMP binding effectors that
appear to regulate biofilm formation via transcription are FleQ from £ aeruginosa and
Bcam1349 from Burkholderia cenocepacia (22, 29). While the mode of FleQ binding c-di-
GMP has recently been described, the motif used to bind c-di-GMP in Bcam1349 is still
unknown, although c-di-GMP does appear to enhance the binding of Bcam1349 to DNA
(22, 41). Finally, RNA itself has been recognized as an effector that can bind c-di-GMP,
providing another target to study in organisms that seem to have abundant DGCs and PDEs
encoded in their genomes, but which previously had fewer identified effectors. Sudarsan et
al. (62) first recognized an RNA domain they termed GEMM upstream of the open reading
frames of some DGCs, PDEs, and genes regulated by c-di-GMP in diverse bacteria. This
discovery was quickly followed by the discovery of a second class of riboswitch that made
use of a group I self-spicing ribozyme to bind c-di-GMP in a pseudoknot to regulate
virulence in Clostridium difficile (36, 60). Whether and how specificity occurs between
DGCs and riboswitches remains unknown.
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SPECIFICITY AS DERIVED FROM CYCLASE ACTIVITY

Perhaps the most straightforward way specificity between a given cyclase and cellular
process could be achieved is through activation of a given cyclase(s) at the desired time.
Although many DGCs have putative sensory domains attached to the GGDEF domain,
relatively few substrates have been identified. Two prime examples of DGCs where this step
has been resolved are a DGC called DosC and a PDE called DosP in E. coli; each senses
oxygen, the former through a modified globin domain and the latter a heme-binding PAS
domain (65). Together, these enzymes modulate the level of c-di-GMP produced in response
to molecular oxygen. Conversely, zinc has been found to bind to a previously
uncharacterized regulatory domain of DgcZ in E. coli, causing the GGDEF domains to come
out of alignment and inhibit GTP cyclization (69). Another intriguing example of this kind
of regulation comes from a 2015 study in V/ cholerae A1552. This strain forms a biofilm at
15°C and has 31 predicted GGDEF-domain-containing proteins. When in-frame deletions of
all 31 genes were tested, only 6 DGCs were found to be additively responsible for the
temperature-dependent increase in c-di-GMP observed at 15°C compared to 37°C, although
it is still unknown why these 6 enzymes, and not the other 25, appear to sense the
temperature shift (64). Together, these findings help explain how a given DGC may be
associated with a particular phenotype, but they do not fully answer the question of how
only a given effector protein is engaged.

SPECIFICITY AS DERIVED FROM EFFECTOR BINDING AFFINITY

Many studies have been focused on understanding the organization and integration of the c-
di-GMP signal generated by DGCs to the intended effectors as a function of a DGC catalytic
rate and effector binding affinity. Such an idea would allow specificity between a given DGC
and effector at a distance and creates what we refer to here as the global signaling model
(Figure 14). In 2012, Pultz et al. (50) noted that in Sal/monella enterica serovar Typhimurium
there are 3 known c-di-GMP-dependent phenotypes, 2 PilZ-domain-containing proteins, and
20 possible DGC/PDEs. They found a more than 40-fold difference in binding affinity to c-
di-GMP between YcgR and BcsA, the effectors for halting motility and synthesizing
cellulose, respectively. They were further able to demonstrate that the difference in c-di-
GMP binding was in part due to the residues near the RxxxR binding motif, and that making
substitutions to these residues could increase or decrease their affinity for c-di-GMP with
concomitant phenotypic consequences. These results prompted the proposal of a global
signaling model where some DGCs are responsible for the first, baseline level of c-di-GMP
production, resulting in an inhibition of flagellar torque generation via YcgR (and thus
reduced motility), followed by a higher burst of c-di-GMP production to the point of BcsA
activation and subsequent cellulose synthesis.

Likewise, binding constants of PilZ domains in P aeruginosa showed a wide range of
binding affinities for c-di-GMP within this species, some differing by a factor of more than
140, providing evidence that global levels of c-di-GMP may be partially responsible for
specificity of cellular output by virtue of the ability of various effectors to have differential
sensitivity to the molecule (17, 21, 42, 50). In addition to these observations, Pultz et al. (50)
put forth ideas for how the cell might modulate which activated effectors function under
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high global levels of c-di-GMP. For example, some PilZ domains have been found to have
multiple binding sites for c-di-GMP, and it has been hypothesized that they may use the
binding site as a bandpass, which might allow the effector to operate within a specific range
of ¢c-di-GMP and not above or below this range (50). Although this concept has never been
experimentally demonstrated, it is worth investigation.

Further candidates for global c-di-GMP signaling include organisms with relatively few
DGCs, such as Ehrlichia chaffeensis, which has a single known DGC responsible for
regulating invasion of monocytes (35). Likewise, a recent study of Listeria monocytogenes
identified three DGCs that appear to work synergistically to induce virulence, and three
PDEs that each have different rates of c-di-GMP degradation (11). The single known DGC
of Borrelia burgdorferiis required for survival through the tick vector, although dispensable
for infection in humans (27). It has been noted that obligate bacterial pathogens tend to have
fewer DGCs than free-living organisms (4). While this pattern is not without exception, it
may help explain the need of some bacteria for a greater or lesser number of enzymes in
their c-di-GMP signaling machinery, with organisms that see more varied environments
requiring a greater degree of regulation.

SPECIFICITY AS DERIVED BY PHYSICAL INTERACTION

In contrast to the global signaling model discussed above, other studies have focused on the
possibility that a given cyclase and effector may physically interact, where the cyclase would
essentially be delivering c-di-GMP to the desired effector protein directly (Figure 154). We
refer to this possibility as the local signaling model. Several observations have emerged in
recent years to support such a concept. The P, aeruginosa DGC WspR has been shown to
form clustered patches in the cytoplasm when activated by phosphorylation, providing one
of the first observations that suggested compartmentalization of c-di-GMP signaling may be
occurring (24). Other reports have demonstrated physical interaction among the components
of c-di-GMP signaling. For example, it has been noted that the c-di-GMP-bound YcgR
effector in Escherichia coliinteracts with FIiG and FliM to control flagellar braking (48).
Further, the DGC DosC and PDE DosP discussed above have been shown to form a complex
with one another, opening up the possibility that a DGC and PDE may work together as a
complex to regulate how much c-di-GMP is available for effector activation (65).

While the examples above demonstrate that members of the c-di-GMP network in bacteria
can interact, they do not resolve how such interactions might result in signaling specificity.
One sterling attempt to address this question came from a study conducted by Lindenberg et
al. in 2013 (38) that showed that c-di-GMP signaling modules can work as a cascade (Figure
3). These investigators demonstrated that one DGC/PDE pair in £. coli, YegE and YhjH,
could regulate the next DGC/PDE pair in the cascade, YdaM and YciR (38). In this manner,
the PDE Y iR acts as a so-called trigger enzyme, repressing the YdaM DGC until ¢c-di-GMP
from the upstream YegE DGC is bound and degraded, leaving YdaM free to act on
downstream pathways, including MIrA activation and ¢sgD transcription, resulting in the
promotion of biofilm formation. Importantly, the second half of this cascade was found to
rely on multiple physical interactions between the DGC, PDE, and transcription factor
effector. The PDE Y ciR was found to make several strong interactions via its EAL domain
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to the DGC YdaM and effector MIrA, making it possible that physical interaction itself
blocked further activation of the pathway until YciR bound and degraded c-di-GMP from
YegE. Further, only in the absence of YciR were strong interactions observed between the
YdaM GGDEF domain and MIrA (38). This study underlines the importance of physical
interaction in target specificity, demonstrating that physical interaction can be important for
both inhibition and activation of downstream targets. YegE produces c-di-GMP that
apparently comes into contact with the inhibited downstream complex, but c-di-GMP is
insufficient to fully activate MIrA. YdaM, in contrast, is only able to strongly interact with
MIrA when YciR is otherwise disposed, at which point signaling is mediated by physical
interaction.

While this study illuminated the ways DGCs, PDEs, and effectors can use physical
interaction to regulate c-di-GMP signaling, it opened the door to several more important
questions. First, it is not clear how interactions among the proteins examined are occurring,
and as discussed by the Hengge group (38), it is especially confusing that multiple domains
in isolation interact with multiple, isolated domains of their partners. Can a more discrete
interface be detected? Second, it was determined that while physical interaction of the DGC
YdaM was necessary for activation of the transcription factor MIrA, the catalytic activity of
YdaM appeared to contribute only a minor extent to MIrA activation. It was further
determined that MIrA does not appear to bind c-di-GMP in a specific manner (38). As a
result, it was still unclear whether physical interaction mattered in terms of delivering c-di-
GMP to a specific effector over other targets.

The discussion of the YegE/YhjH/YdaM/YciR/MIrA system raised the following question:
Can signaling specificity be achieved through c-di-GMP delivery to an effector as a direct
result of physical interaction between a DGC and said effector? The Lap system of £
fluorescens is a well-documented case of such a possible direct handoff. The Lap system is
one of the best-studied examples of a c-di-GMP effector circuit that is understood from the
level of c-di-GMP production to effector activation to downstream proteins exerting their
impacts on cellular processes (Figure 4). The Lap genes making up the control switch for
biofilm formation include the large, outer membrane adhesin LapA,; the periplasmic protease
LapG; the effector protein LapD; and the putative ABC transporter responsible for secretion
of LapA. The ABC transporter comprises LapB, LapC, and LapE, which correspond to a
cytoplasmic membrane ATPase, an inner membrane transporter, and an outer membrane
fusion protein, respectively (30). Responsible for controlling biofilm formation in 2.
fluorescens, LapD is an inner-membrane dual-domain effector with defunct GGDEF and
EAL domains (46). When c-di-GMP binds to the EAL domain, LapD undergoes a structural
change translated through its cytoplasmic HAMP domain into its periplasmic domain (45).
This structural change controls the development of biofilm formation via sequestration of
the periplas-mic protease LapG. LapG is a cysteine protease that can bind Ca2* via residues
D134 and E136. Binding of Ca%* by LapG is required both for its activity as a protease, but
also for its binding to the activated LapD (5). A crystal structure of the Legionella
pneumaophila LapG was the first to shed mechanistic insight on the DUF920 domain
conserved in LapG homologs. Critically, a conserved catalytic triad of C-H-D was identified
and found throughout many other species containing LapG homologues (9). Cleavage of
LapA by LapG requires a conserved double alanine motif at positions 108-109 in the N
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terminus of LapA. The binding of LapG to LapD is dependent on a highly conserved
tryptophan residue on LapD that inserts into a hydrophobic pocket on LapG, relying
primarily on shape complementarity (10).

The Lap system forms a well-researched circuit, first elucidated by studying biofilm
formation in 2. fluorescens in the presence of high and low levels of inorganic phosphate
(44). When phosphate concentrations are high, c-di-GMP is able to bind LapD, causing
LapD to adopt its active conformation and bind LapG via its periplasmic domain. When
sequestered, LapG is unable to cleave the large adhesin LapA from the outer membrane.
LapA is then allowed to accumulate on the cellular surface; LapA adheres to a diverse array
of surfaces partly through the use of its central repetitive region (7). As long as LapA
remains on the surface of the bacterium, this adhesin may participate in irreversible
attachment to a substrate. Conversely, under conditions of low inorganic phosphate, the rapA
gene, encoding a PDE, is transcriptionally upregulated, degrading c-di-GMP and causing
LapD to adopt its inactive state, releasing LapG and allowing for proteolysis of the LapA
adhesin. While it is unclear if this system is found in other genera of bacteria, operons
containing LapD and LapG homologs have been discovered in numerous bacteria, and
studies have demonstrated that LapG from L. pneumophila can cleave LapA and be bound
by LapD of £, fluorescens (9, 10).

While the downstream mechanism of LapD’s impact on biofilm formation is reasonably
well characterized, the operation of the upstream c-di-GMP signaling machinery remained
somewhat elusive until recently. In addition to not knowing any environmental inputs
triggering c-di-GMP signaling aside from phosphate, it was not clear which of the GGDEF-
domain-containing proteins and EAL-domain-containing proteins were involved in signaling
until 2011, when Newell et al. (47) created mutations of each canonical c-di-GMP-
synthesizing or -degrading enzyme predicted in the genome of 2 fluorescens. This study
revealed four DGCs that appeared to affect biofilm formation in a glycerol- and tryptone-
containing minimal medium, two of which did so in a LapD-dependent manner (47). These
DGCs, GchB and GebC, were shown to signal through LapD by monitoring the fractions of
LapA retained or cleaved from the cell’s surface in response to GebB and GebC activity. The
same study also identified another DGC that affects biofilm formation by virtue of
regulating motility, and five PDEs whose disruption causes increased biofilm formation.
Given that there are approximately 42 predicted c-di-GMP enzymes in 2. fluorescens, these
results raised two important questions: How do these DGCs and PDEs act independently of
their sibling enzymes to specify a target, and what is the role of the larger network during
these signaling events?

In two recent studies from our lab, we attempted to address the question of how a DGC can
specifically signal to LapD. In the first study, we demonstrated that GebC physically
interacts with LapD and that this physical interaction is directly linked to signaling ability
(19). This finding was significant because it provides an example of a DGC that uses
physical interaction to deliver c-di-GMP to a desired target (Figure 5). In the process of
determining that these proteins interact, we attempted to do a domain-level analysis to find
out which domains of GebC and LapD were responsible for the interaction. We found only
the full-length proteins of each competent to interact in our assays. We viewed this result as
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indicating one of two possibilities. First, it could mean that there are multiple interaction
surfaces spread across the proteins, a hypothesis supported by evidence discussed below.
Second, it is also possible that the proteins need to take on specific structural conformations
in order to be able to interact with one another, which requires the full-length protein. This
latter idea draws attention to the HAMP domain present in LapD, which is known to mediate
conformational shifts when LapD binds c-di-GMP.

Mutational analysis of GebC (Figure 2) and LapD revealed a discrete interaction surface
made up of the N terminus of the a 56CPEF helix on the GGDEF domain of GebC that
makes contact with the complementary a helix on the EAL domain of LapD. Mutation of
four of these residues found on the GebC a helix resulted in partial loss of interaction with
LapD, and a commensurate loss of biofilm formation, with no loss of catalytic ability
observed. Intriguingly, mutation of a fifth residue on this helix, D484, was also found to
contribute to interaction with LapD but demonstrated a partial loss of catalysis. We speculate
this loss of catalysis is due to D484 coordinating a water molecule, which in turn stabilizes
the product-bound state in the active site of GcbC, as is observed in the crystal structure of a
DGC from Xanthomonas campestris (68). While transplanting residues from this a helix
onto another DGC conferred some of GebC’s functionality, wholesale helix transplants
failed to alter the function of several other DGCs, indicating a multivariate system of
physical and functional interaction.

In a second study, it was discovered that the autoinhibitory site of GebC is a required
element for interaction with LapD (20). Indeed, several disruptions of the I-site resulted in
complete loss of interaction with LapD, an observation that was beyond the effect caused by
stacked mutations from the interacting a helix. Disruptions to the I-site of a DGC
traditionally result in increased c-di-GMP production and a commensurate increase in the
dependent phenotype (14, 31). While increased c-di-GMP production was true for some of
the I-site mutants observed in GebC, other mutations demonstrated elevated levels of c-di-
GMP production yet lower biofilm production—a consequence likely associated with loss of
interaction between GebC and LapD (Figure 5).

We note that the I-site marks the second example from GcbC where residues that can control
the rate of catalysis have been linked as either a direct or indirect requirement for interaction
with LapD, in conjunction with the D484 residue discussed above. These observations
suggest that an important theme to physical interaction between a DGC and its effector may
be the effector directly affecting the catalytic rate of the partner DGC when in complex.

MERGING THE MODELS

Important questions remain for unraveling signaling specificity in large c-di-GMP networks.
How often is physical interaction used to localize signaling compared to the process of
affecting global c-di-GMP levels? With the puzzle pieces of signaling specificity before us,
it is worth reflecting on what experimental avenues are now available to the field and which
might be most fruitful to pursue to create more complete models.
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Understanding the Relationship Between DGC-Effector Contact and Catalysis

In studying a single DGC-effector interaction, we have observed two instances where DGC
residues that may be involved in the rate control of catalysis appear to be required for
interaction with their effector, LapD (19, 20). Demonstrating or disproving the hypothesis
that effector contact can affect DGC catalysis is a likely next step from this work. It would
also be beneficial to determine how often it is the case in DGC-effector complexes that
residues that modulate catalysis are necessary for the interaction. Such a model would
suggest a close interplay between function and/or regulation of the enzyme and receptor
with which it specifically communicates.

Accurately Measuring c-di-GMP Production

If a given DGC may be involved in local signaling via physical interaction with its effector,
it may not contribute to the global c-di-GMP pool. Such a situation could make quantitative
measurement through whole-cell organic extractions followed by mass spectrometry
misleading, as the global pool of c-di-GMP may not reflect local signaling events. The task
becomes even more difficult if an effector protein can in any way modulate the rate of
catalysis for its partner DGC as discussed above. In this case, dysfunction through loss of
interaction may actually result in an increase in global c-di-GMP levels. Qualitative tests
such as Congo red binding as a surrogate for measuring c-di-GMP levels when a given DGC
is expressed heterologously in another organism may also prove inadequate in some cases,
particularly if the c-di-GMP-dependent phenotype being assayed is not the result of global c-
di-GMP levels, or if the DGC being tested happens to physically interact with host effectors
(see the sidebar titled “Congo Red”). New in vitro and in vivo methods of c-di-GMP
quantification at a local level may be required to analyze a given DGC, both with and
without its cognate effector present.

CONGO RED

Many DGCs are tested for catalytic activity through heterologous expression in 2
aeruginosa. The more c-di-GMP produced by the cell, the more Pel polysaccharide is
produced. Congo red is a dye capable of binding the Pel polysaccharide (as well as other
polysaccharides). A qualitative correlation can be drawn between the redness of the £~
aeruginosa colony due to binding of the Congo red dye and the amount of ¢c-di-GMP
being produced.

Mapping the Interaction Surfaces

Both the work we discuss in this review that found that multiple domains of interaction
partners were competent to interact with one another (38) and our own work where we
found that disruption of no one interaction face was enough to fully negate interaction (19,
20) suggest that there may be multiple interaction surfaces at play in any given signaling
complex. In the case of the Lap system, we have defined interaction interfaces for LapD and
GcbC. Are there additional such interfaces to define? And how conserved are these
interfaces? That is, might LapD interact with some or all of the other DGCs in the cell in a
manner analogous to GebC? As it stands, it is also unclear if we can eventually define
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interaction interfaces to the point where we might even predict interaction, analogous to
what has been done for two component systems (13, 59).

Distinguishing Interaction Versus Signaling

As described above, assuming there are several interaction surfaces involved between a DGC
and effector, it also becomes necessary to tease apart the difference between physical
association whereby proteins colocalize and functional interaction where they purposefully
exchange signaling information. It is entirely possible that these two phenomena occur as
discrete steps whereby physical interaction does not immediately imply active signaling, as a
variety of signaling-defective mutants of both GebC and LapD were still found to be
competent to interact (19). Additionally, it is worthwhile to determine if there may be a step
between association and signaling—some type of modulation that may be occurring after
association that can either allow or disallow productive signaling to take place. Each of these
steps may utilize different interaction surfaces. What these interaction sites are, and how
they are used will be major topics to address going forward.

Characterizing the Dynamics of a Sighaling Complex

If complexes of DGCs and effectors do commonly form, the next question to ask may be,
how are they turned off when signaling is not desired? While transcriptional and
translational regulation may play a role, it is unlikely every active signaling complex must
wait for protein turnover before being switched off. The answer may lie in how frequently
the DGC-effector pair makes contact, and how enduring this interaction is—another possible
role for disparate interaction surfaces. Further possibilities include PDEs joining these
complexes to help regulate them, other DGC members competitively binding the effector,
and the cell preventing productive interaction through other means. Finally, given that most
DGCs have an associated regulatory domain, regulation may require a combination of
interactions and environmental inputs. Indeed, such inputs could regulate activity of the
DGC, or perhaps its ability to interact with its receptor.

Examining the Relationship Between Local and Global Signaling

For organisms that rely on both local and global c-di-GMP signaling, it is possible both
systems are at times employed to control a given cellular response. Of note is the 2
fluorescens DGC called GebB. Like GebC, GebB was found to signal in a LapD-dependent
manner to control LapA accumulation on the cell surface. Despite this role in signaling, we
have failed to demonstrate physical interaction between LapD and GcbB by bacterial two-
hybrid and coprecipitation methods (unpublished data). While it is still possible that these
proteins do in fact interact, it is worth considering how the global pool of c-di-GMP may be
affecting LapD or similar effectors in tandem with local partners. What strategies bacteria
can use to either insulate an effector against the global pool of c-di-GMP, or alternatively
what strategies exist to integrate the global and local pool of c-di-GMP is an open question.

Itis likely that PDEs will also need to become part of this analysis. There is evidence both
for the idea that PDEs can physically interact with effectors and that PDEs can act globally
to lower c-di-GMP levels (33, 38). How bacteria manage individual c-di-GMP signaling
events may well depend on how many PDEs operate to keep the cytoplasm clear of c-di-
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GMP versus how many PDEs form complexes with effectors, shielding these receptors from
the global c-di-GMP pool. And as always, the answer may lie somewhere in between.

CONCLUSIONS AND PERSPECTIVES

Owing to multiple prominent efforts around the world, the field of c-di-GMP research has
recently entered into an era when we may ask how specificity in signaling is achieved in the
cell. Importantly, it appears that both the global and the local c-di-GMP signaling models are
used in nature. These distinct mechanisms of specificity provide large opportunities to
understand DGC, PDE, and effector operations at a level of detail that may make prediction
of functional modules in c-di-GMP networks easier and provide ways to target c-di-GMP
signaling systems of various bacteria for therapeutic purposes. It is also noteworthy that a
large signaling system with points of potential cross talk may provide a powerful model for
bioengineers to study and develop more sophisticated bacterial circuitry than is currently
possible.

There are also many major questions of basic biology left to answer. In many organisms,
there are more identifiable cyclases than effectors. This may be partly due to the relative
ease of identifying a putative DGC domain based on its sequence compared to the more
diverse and still growing number of effector archetypes. On the other hand, it is possible that
in some organisms several enzymes signal to the same effector. How a signal is integrated
from multiple DGCs into one effector remains to be elucidated. Further, how the precise
roles and responsibilities of DGCs are divided based upon timing and circumstance also
remains a mystery. Finally, perhaps the most perplexing question is more thematic than
scientific: Why do some organisms have so many of these enzymes? That so many DGCs
and effectors in the literature appear to have no observable phenotype suggests that many
environmentally relevant conditions are missing from laboratory tests that future studies are
sure to identify. But it also suggests a requirement of many specialized enzymes when an
organism must determine in short order if it will make a biofilm under a wide and disparate
set of circumstances. The next large question must therefore move beyond understanding
individual DGCs and PDEs, and toward understanding how the cell performs the
computation to integrate the signal(s) across the entire DGC network for each c-di-GMP-
driven phenotype.

Research into c-di-GMP signaling specificity is at a critical juncture. Many mechanisms
used by individual DGCs and effectors are being discovered, and these insights must
necessarily form the basis for the next set of hypotheses to test. A natural consequence of
this period of productivity is that many competing models are being created in an attempt to
explain wider and wider swaths of the observed systems. Accommodating disparate models
in the literature and allowing them to be developed in their respective systems is an
important step toward more fully describing a very complex mode of signaling. And when
these models mature it is likely, as is often the case in science, that many will turn out not to
be as mutually exclusive as they initially appeared.
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Figurel.
Modes of c-di-GMP signaling specificity. A variety of models have been proposed to explain

the signaling specificity of a given DGC for a specific cellular process. (&) In a global model
of signaling specificity, different DGCs produce varying amounts of c-di-GMP that
contribute to a global pool, and PDEs can reduce the amount of the global pool. Effectors
with the lowest dissociation constant are activated first. As the global pool of c-di-GMP
increases, effectors with higher dissociation constants are activated. (4) Local models of c-
di-GMP signaling can operate on several different principles. DGCs that are in proximity of
—but not necessarily interacting with—effectors can create a local pool of c-di-GMP that
may activate target proteins, whereas PDEs may be responsible for keeping the local c-di-
GMP pool from affecting other effectors (/ef?). Alternatively, direct interaction between
DGCs, effectors, and PDEs can result in functional complexes. The state of the effector
depends on the activation state of the DGC or PDE enzymes. Additionally, the DGC
catalytic rate may be affected by physical interaction with its partners (right).
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Figure 2.
Components of GGDEF domain of DGCs. Crystal structure of the GecbC GGDEF domain.

The amino acid backbone is shown as a ribbon and is overlaid on the electrostatic surface.
So-called GGDEF domains (which can also have a GGEEF motif) catalyze the cyclization
of two molecules of GTP into c-di-GMP using the catalytically active pocket (GGEEF
residues shown in yellow, /ef?). The GGDEF domain makes contact with its effector LapD
using the N-terminal portion of the a 5CPEF helix shown in cyan (/ef?). The primary I-site,
shown at right in purple, is used to quench catalytic activity when c-di-GMP binds to the I-
site pocket. GebC has an RRxxD motif as its primary I-site, and the R366 residue makes up
the secondary I-site (/eff), which works in conjunction with the primary I-site to bind c-di-
GMP.
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Figure 3.
The trigger enzyme system of Escherichia coli. The global c-di-GMP pool is partially

controlled by the DGC YegE and the PDE YhjH. When the c-di-GMP pool is low, the
trigger enzyme and PDE YciR bind the DGC YdaM and its target, the transcription factor
MIrA (bold arrows), preventing YdaM activation of MIrA. When the c-di-GMP pool is high,
YciR degrades c-di-GMP and releases YdaM and MIrA in the process, leading to YdaM
activation of MIrA and further contribution to the global c-di-GMP pool (b/ue arrow).
Adapted from Lindenberg et al. (38).
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Figure 4.
The Lap system of Pseudomonas fluorescens. (&) A simplified model of the activated Lap

system. The large adhesin LapA is translocated through the type | secretion apparatus
composed of LapBCE. As long as LapD remains c-di-GMP bound, it sequesters the
periplasmic protease LapG. (4) This LapD-LapG binding prevents LapG cleavage of the N
terminus of LapA, and biofilm formation may commence via LapA adherence to a
substratum. Low c-di-GMP levels result in a LapD protein unable to sequester LapG, LapG-
mediated cleaving of the N-terminal 107 amino acids of LapA, loss of LapA from the cell
surface, and a reduction in biofilm formation. From Boyd & O’Toole (6).

Annu Rev Microbiol. Author manuscript; available in PMC 2018 May 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Dahlstrom and O’Toole Page 20

Biofilm formation

Periplasmic
domain

Physical interaction
delivers c-di-GMP

Interaction
helix

Inhibitory site

GcbC LapD

Figure5.
GcbC physically delivers c-di-GMP to LapD. The inner membrane DGC requires physical

contact to fully deliver its c-di-GMP signal to LapD. The interaction a56CPEF helix of
GcebC is depicted in blue. The inhibitory site of GebC has also been shown to be a necessary
element for interaction to occur and may help facilitate contact between these two proteins
through an as yet undefined mechanism. c-di-GMP is depicted as purple pentagons located
at the GebC inhibitory site and bound at the LapD active site. Each protein functions as a
dimer. GebC has a cache domain that presumably allows enzymatic activity in response to
an unidentified signal. The HAMP, GGDEF, EAL, and periplasmic domains of LapD are
also shown. When LapD is activated by c-di-GMP, the periplasmic protease LapG is
sequestered and the large adhesin LapA accumulates on the surface of the cell, allowing
biofilm formation to commence. Adapted from Navarro et al. (45).
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