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Abstract

The ability of bacteria to adapt to a changing environment is essential for their survival. One
mechanism used to facilitate behavioral adaptations is the second messenger signaling molecule
bis-(3"-5")-cyclic dimeric guanosine monophosphate (c-di-GMP). c-di-GMP is widespread
throughout the bacterial domain and plays a vital role in regulating the transition between the
motile planktonic lifestyle and the sessile biofilm forming state. This second messenger also
controls the virulence response of pathogenic organisms and is thought to be connected to quorum
sensing, the process by which bacteria communicate with each other. The intracellular
concentration of c-di-GMP is tightly regulated by the opposing enzymatic activities of diguanlyate
cyclases and phosphodiesterases, which synthesize and degrade the second messenger,
respectively. The change in the intracellular concentration of c-di-GMP is directly sensed by
downstream targets of the second messenger, both protein and RNA, which induce the appropriate
phenotypic response. This review will summarize our current state of knowledge of c-di-GMP
signaling in bacteria with a focus on protein and RNA binding partners of the second messenger.
Efforts towards the synthesis of c-di-GMP and its analogs are discussed as well as studies aimed at
targeting these macromolecular effectors with chemically synthesized cyclic dinucleotide analogs.

Second messenger signaling in bacteria

Signal transduction is used by organisms from all domains of life to sense changes in the
environment and translate these cues into metabolic, physiological, and behavioral
adaptations®. These regulatory networks are complex and rely on the coordination of many
different interacting components to induce the appropriate biological response. One vital
component of many signaling pathways are intracellular small molecules known as second
messengers23 (Figure 1). Second messengers relay external stimuli (i.e. the first message)
received by cell-surface receptors to macromolecular effectors within the cell. The
intracellular concentration of the second messenger is tightly controlled by proteins that
synthesize or degrade the small molecule in response to specific extracellular inputs. These
changing second messenger levels are sensed by specific effector molecules, which, in
response to second messenger binding, act to induce the appropriate physiological output?3.
The behavioral responses induced by second messengers are often critical for survival,
underscoring the crucial role of these small molecules in signal transduction.
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For many years, it has been known that bacteria, and also eukaryotes, utilize the nucleotide
based second messengers 3’-5"-cyclic adenosine monophosphate (CAMP) and guanosine
tetraphosphate/pentaphosphate ((p)ppGpp)) for signaling®-6 3 (Figure 1). And while the role
of the well known eukaryotic second messenger 3’-5’-cyclic guanosine monophosphate
(cGMP) in bacterial signaling has been controversial, recent evidence suggests that cGMP
may function to regulate prokaryotic development’. In bacteria, CAMP primarily regulates
catabolite repression, glucose sensing, and the usage of alternative carbon sources*, whereas
(p)PPGpp is produced in response to cellular stress and starvation conditions®®. Both of
these second messengers interact with a single class of transcription factors, the cAMP
receptor protein (CRP) for cAMP and RNA polymerase for (p)ppGpp, which allosterically
regulates the transcription of target genes to facilitate the appropriate behavioral
adaptations3. Thus, cCAMP and (p)ppGpp control a diverse set of biological processes
primarily through transcriptional regulation.

In recent years, the scope of bacterial nucleotide based second messengers has expanded
well beyond that of cAMP and (p)ppGpp with the realization that dinucleotide signaling
molecules are also prevalent within this domain of life’. Bis-(3"-5")-cyclic dimeric
guanosine monophosphate (c-di-GMP) was the first of this class to be recognized as a global
second messenger8? (Figure 1). Similar to cAMP and (p)ppGpp, c-di-GMP regulates many
different biological processes and one of its most crucial functions is to mediate the
transition between the motile, planktonic lifestyle and the sessile, biofilm forming statel0-14,
In addition, the related dinucleotide bis-(3’-5")-cyclic dimeric adenosine monophosphate (c-
di-AMP) has also gained attention as another potentially global bacterial second messenger
involved in controlling DNA damage response, cell wall homeostasis, and membrane
stress12:16 (Figure 1). These recent advances in uncovering new bacterial second messengers
have raised important questions related to their overall role in signal transduction, how
bacteria regulate these multiple pathways in parallel, the specific mechanisms by which
these small molecules induce many different physiological responses and how to design
small molecule probes of these pathways to function as chemical tools and novel
therapeutics. This review will focus specifically on the c-di-GMP signaling pathway, recent
advances in the synthesis of second messenger analogs, and the use of these analogs to
target c-di-GMP binding partners.

c-di-GMP is a ubiquitous bacterial second messenger that regulates
diverse biological processes

The enzymes that synthesize and degrade c-di-GMP

c-di-GMP was first discovered during the late 1980’s in the lab of Moshe Benziman who
demonstrated that it allosterically activated the membrane bound enzyme cellulose synthase
in Gluconoacetobacter xylinust’. Furthermore, Benziman and coworkers proposed a model
for the regulation of cellulose production in this organism via the enzymatic synthesis and
degradation of c-di-GMP based on the ability of purified membrane extracts to metabolize
this dinucleotidel’. However, it wasn’t until about a decade later that the specific protein
domains responsible for c-di-GMP turnover were identified8 and found to be widely
distributed throughout the bacterial domainl®. This suggested a much broader role for this
small molecule in regulating bacterial behavior and physiology%20, c-di-GMP is now
recognized as a global bacterial second messenger signaling molecule that mediates a wide
variety of biological processes which extend well beyond its initially characterized role in
cellulose production.

c-di-GMP is synthesized inside the cell from two molecules of GTP by GGDEF domain
diguanylate cyclases (DGCs)?1:22 (Figure 2). It is degraded primarily by EAL domain
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phosphodiesterases (PDES) to the linear dinucleotide pGpG23-25 (Figure 2). A second, less
common class of c-di-GMP phosphodiesterases has also been identified that display no
sequence similarity to the EAL domain PDEs known as the HD-GYP domain PDEs26:27,
This class of PDEs degrades c-di-GMP to two molecules of GMP through a pGpG
intermediate?’. These c-di-GMP metabolizing enzymes are named for the conserved amino
acids in the active site that are critical for catalysis and therefore the ability to regulate the
intracellular concentration of the second messenger3. GGDEF domain DGCs often contain a
secondary site of the sequence RxxD, referred to as the I-site, that functions as a high
affinity c-di-GMP binding motif and controls DGC activity through product feedback
inhibition28:2%, GGDEF, EAL and HD-GYP domains are widely found throughout bacterial
genomes suggesting that c-di-GMP is utilized as a second messenger by many bacterial
species to control behavioral outcomes!®. In contrast to cAMP and (p)ppGpp which are used
by both prokaryotes and eukaryotes for signaling3, the GGDEF, EAL and HD-GYP domains
are absent from the genomes of archaea and eukaryotes suggesting that c-di-GMP is a
bacterial specific regulatory moleculel9.30,

Biological processes regulated by c-di-GMP

Analogous to cAMP and (p)ppGpp signaling, one of the hallmark themes of c-di-GMP
signaling is the remarkable diversity of physiological processes in which this second
messenger plays a regulatory role. c-di-GMP is often referred to as the ‘lifestyle molecule’
because one of its primary functions is to mediate the transition between the sessile, biofilm
forming state and the motile, planktonic lifestyle by inversely regulating the expression of
genes necessary for motility and cell surface adhesion factors3-10.13.31 |t is now well
established that high intracellular concentrations of c-di-GMP promote biofilm formation
whereas low intracellular concentrations stimulate motility3! (Figure 2). However, before it
was directly demonstrated that GGDEF and EAL domain proteins synthesized and degraded
c-di-GMP, the realization that this dinucleotide was a global second messenger emerged
from genetic studies linking diverse biological phenotypes such as rugose colony formation,
biofilm matrix development, virulence, and twitching motility to these protein domainsZ0.

In addition to its prevalent role in regulating bacterial lifestyle processes, the importance of
this second messenger in controlling bacterial pathogenesis is also now well
established39:32-34 \/jbrio cholerae was the first pathogenic organism for which a link
between c-di-GMP and virulence response was demonstrated32. Low intracellular levels of
c-di-GMP, promoted by the EAL domain phosphodiesterase VieA, were shown to enhance
the production of cholera toxin, the virulence factor responsible for colonization of the
mammalian intestine during cholera infection. Mutation of VieA to abolish its PDE activity
decreased expression of cholera toxin and reduced the ability of the bacterium to colonize
the intestine of a mouse model of cholera, suggesting that c-di-GMP repressed the
transcription of virulence factors32. The critical function of c-di-GMP in regulating
virulence response has now been demonstrated for other known human pathogens, including
the causative agents of gastroenteritis33 and Lyme disease33:34,

This second messenger also regulates other biological processes including cell
differentiation, cell morphology, cell-cell communication, exopolysaccharide matrix
production, expression of virulence factors, flagellum biosynthesis, and pilus assembly?®. c-
di-GMP has also been linked to quorum sensing, the process by which bacteria sense and
communicate with each other3%36 and the cAMP signaling pathway3’. Key components of
both cAMP signaling and quorum sensing have been shown to alter the expression of genes
encoding GGDEF and EAL domain proteins3”:38, underscoring the complexity of c-di-
GMP-mediated signaling.
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Regulation of c-di-GMP biosynthesis by GGDEF and EAL domain proteins

For c-di-GMP to trigger the appropriate behavioral responses, the intracellular concentration
of this second messenger must be tightly controlled by the opposing enzymatic activities of
DGCs and PDEs. However, one of the more puzzling aspects relating to the distribution of
GGDEF and EAL domain proteins throughout bacterial genomes is the duplication of these
enzymes within a single organism1%.14, For example, Escherichia coliencodes 17 EAL
domains and 19 GGDEF domains, while Vibrio vuinificusis predicted to have 33 EAL
domains and 66 GGDEF domains®. This observation raises the important question of how
the enzymatic activities of these proteins with identical function are regulated in parallel. In
addition, many GGDEF-EAL dual domain proteins exist where one of the domains is
usually catalytically inactive and instead possesses a regulatory function10:39.40, However,
bi-functional GGDEF-EAL composite proteins that posses both cyclase and
phosphodiesterase activity exist#142, This observation raises the related question of how
both enzymatic activities are regulated within a single protein. Bacteria have evolved two
distinct mechanisms for controlling the activity of GGDEF and EAL domain proteins. The
first is by linking these domains to additional regulatory domains that sense specific signals
and control GGDEF and/or EAL function in response, and the second is by localizing these
proteins to specific parts of the cell and inducing expression only at certain timesZ0.

Signal sensing and regulatory accessory domains

Based on genomic sequencing, it is estimated that 50 to 70% of all GGDEF and EAL
domain proteins contain an additional accessory domain that functions to either sense a
specific environmental signal or produce an output?. This facilitates the direct coupling of
an external or intracellular signal input to either c-di-GMP synthesis or degradation1%-13, A
wide variety of either integral membrane or cytoplasmic sensory domains are linked to
GGDEF and EAL domain proteins, which can sense signals such as light, gases (NO and
0y), phosphorylation, redox conditions and binding of proteins, DNA and small molecule
ligands®-11, In addition, a large majority of GGDEF-EAL dual domain proteins predicted to
possess both enzymatic activities have an added regulatory domain that is thought to control
the selection between these two activities*®. However, the specific molecular details of how
the opposing enzymatic activities of many of these bifunctional proteins are regulated within
the cell have yet to be determined. Collectively, these observations suggest that DGCs and
PDEs are functionally diversified such that numerous environmental and intracellular
signals can be integrated into the c-di-GMP regulatory network® 10,

Spatial and temporal control of c-di-GMP signaling modules

Another strategy employed by bacteria to manage the redundancy of GGDEF and EAL
domain proteins is spatial sequestration of these c-di-GMP signaling components1%12, DGC
and PDE enzymes control the local concentration of c-di-GMP, which is then only available
to a specific, local target moleculel2, Because specific PDEs and DGCs are associated with
different phenotypic outputs, the co-localization of both c-di-GMP metabolic enzymes and
receptors to specific parts of the cell is a useful strategy for delegating specific c-di-GMP
signaling systems to carry out particular cellular tasks1243,

Temporal regulation is also utilized by bacteria to coordinate the catalytic functions of the
numerous GGDEF and EAL domains encoded in a single genomel9. In this case, both the
cellular expression levels and activities of these proteins are expected to change in response
to specific environmental or intracellular stimuli at discreet times. Consistent with this idea,
a recent study in Escherichia colilooking at the expression levels of all the GGDEF and
EAL domain proteins under varying growth conditions demonstrated that these enzymes
were differentially expressed in response to changes in temperature, growth phase, and
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media**. The observation that the majority of GGDEF and EAL domains are linked to signal
sensing domains is also consistent with this model, as this domain arrangement implies that
certain proteins are not constitutively active, but are instead only activated in response to
specific stimuli.

The spatial and temporal sequestration of c-di-GMP signaling components are not likely to
be mutually exclusive. This is best demonstrated by the role of the specific DGC PleD from
Caulobacter crescentus in mediating the transition from a motile swarmer cell, to a sessile
stalked cell®2243_ |ts ability to synthesize c-di-GMP is dependent on an intracellular signal
(temporal) whereas its physiological output requires it to be localized to a specific position
in the cell to properly exert its function (spatial). It is clear that a great deal of complexity is
involved in organizing c-di-GMP signaling within a particular organism.

Macromolecular targets of c-di-GMP

As a second messenger, c-di-GMP directly interacts with macromolecular targets to
communicate the extracellular signals received by cell surface receptors (Figure 2, Table 1).
However, one of the greatest challenges in understanding the mechanisms of c-di-GMP
signaling proves to be the identification of the receptor molecules that recognize and bind
this second messenger. Unlike the second messengers cCAMP and (p)ppGpp, which both act
by primarily binding a single protein receptor3, the macromolecules that sense c-di-GMP are
highly diverse and cannot be identified by a single binding site1345. In addition to several
classes of protein receptors that bind c-di-GMP, RNA receptors of the second messenger
have also been identified as part of this signaling pathway (Table 1).

Proteins that recognize and bind c-di-GMP

The first class of macromolecules found to directly bind c-di-GMP was the PilZ protein
domain, which was originally thought to be the long sought after c-di-GMP binding
partner4®:47 (Table 1). In accordance with this initial impression, the first protein identified
to be regulated by c-di-GMP, the cellulose synthase protein BcsA from Gluconoacetobacter
xylinus, contains a PilZ domain#6-48. In addition, the phylogenetic distribution of these
domains was similar to that of the GGDEF and EAL domain proteins#6:47:49 The PilZ
domain proteins are currently the most commonly occurring protein for c-di-GMP signaling
with nearly 4000 sequences (Pfam Search: PF07238) identified in approximately 1100
bacterial species. In enterobacteria, PilZ domains are often found C-terminal to the protein
domain YcgR (Pfam PF07317), which interacts with additional proteins that control
flagellar rotation and motility4”2051 In Vibrio cholerae, these c-di-GMP binding proteins
have been implicated in biofilm formation, motility, and virulence®®, and for Pseudomonas
aeruginosa, in alginate biosynthesis®2. However, not all species that utilized this second
messenger for signaling encoded a PilZ domain in their genome, suggesting that other
effectors must exist46. As predicted, additional classes of c-di-GMP binding proteins have
now been identified that include transcription factors®-°8 degenerate GGDEF and EAL
domain proteins®®-63 and I-site effectors4.

Thus far, five distinct classes of transcription factors have been identified that directly bind
c-di-GMP and regulate the expression of target genes (Table 1). FleQ from Pseudomonas
aeruginosa was the first transcription factor identified to directly interact with c-di-GMP 53,
FleQ inversely regulates the transcription of genes necessary for exopolysaccharide (EPS)
matrix production and flagella biosynthesis®3. Approximately 200 homologs of FleQ (Pfam
PF06490) in 200 different bacterial species have been found, but their ability to bind the
second messenger and regulate transcription in a c-di-GMP dependent manner remains to be
verified.
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In Vibrio cholerae, two classes of c-di-GMP binding transcription factors have been
identified, VpsT and VpsR. VpsT upregulates the expression of EPS producing genes in a c-
di-GMP dependent fashion®*. VpsR was shown to be a transcriptional activator of biofilm
formation®’. c-di-GMP binding to VpsR activates expression of a protein known to both
activate virulence gene expression and regulate the quorum sensing pathway at low cell
density. Although the implication of this finding is not yet clear, it is thought that Vibrio
cholerae integrates information from both quorum sensing and c-di-GMP signaling to
appropriately adapt to its current environment®’.

Another family of c-di-GMP binding transcription factors identified was Clp, which is a
subset of the cyclic AMP receptor protein (CRP) super family. Clp is important for
regulating genes involved in the pathogenesis of xanthomonads®>:6, The cyclic nucleotide
monophosphate (cNMP) binding domain of CRP contains six highly conserved amino acid
residues that confer specificity for cCAMP recognition. However, the nucleotide binding site
of Clp differs from that of CRP by a single amino acid substitution, which defines its
specificity for c-di-GMP26,

More recently, MrkH from Klebsiella pneuomoniae has also been identified as a ¢c-di-GMP
dependent transcriptional regulator®8. In the presence of c-di-GMP, MrkH activates the
expression of genes encoding fimbriae production during biofilm formation. MrkH is
distinct from other known c-di-GMP binding transcription factors because it contains a C-
terminal PilZ domain which is hypothesized to be the second messenger binding site8.

The last general class of c-di-GMP binding proteins that have been identified to date are
degenerate variants of the GGDEF and EAL domain proteins that synthesize and degrade
the second messenger (Table 1). These proteins possess mutations to one or more of the
conserved active site residues and are no longer catalytically active, but they retain the
ability to bind c-di-GMP and instead function as receptors of the second
messenger10.12.1345 Degenerate EAL domain proteins bind c-di-GMP at the active site>9.65
whereas degenerate GGDEF proteins bind c-di-GMP at the regulatory I-siteb1. The I-site
effectors are related to the degenerate GGDEF effectors because the c-di-GMP binding site
of these proteins is homologous to the I-site, yet the I-site effectors lack a GGDEF siteb4.
The only validated example of an I-site effector to date is the PelD protein from
Pseudomonas aeruginosa, which controls PEL polysaccharide synthesis during pellicle
formation®4. Although sequence analysis can readily predict degenerate GGDEF and EAL
domain proteins, the inability of these variants to metabolize c-di-GMP and their specific
biological function must be verified experimentally.

Only a few examples of this class of c-di-GMP effectors have been validated. Degenerate
GGDEF domain proteins include PopA from Caulobacter crescentustt, CdgG from Vibrio
cholerae®®, and SmgT from Myxococcus xanthust2. For both PopA and SgmT, c-di-GMP
binding induces spatial sequestration of the protein®1.62, PopA has been implicated in cell
cycle control via c-di-GMP dependent degradation of an inhibitor of replication initiation®?
and SgmT is a histidine kinase that phosphorylates DigR, a DNA binding regulator of
extracellular matrix production2. However, the functional importance of c-di-GMP
dependent sequestration of SgmT is currently unknown. Although the ability of CdgG to
bind c-di-GMP has not been confirmed, this protein has no DGC activity yet requires an
intact I-site to regulate rugosity, suggesting that second messenger binding is important for
its function®3. The degenerate EAL domain proteins that have been identified are FimX>9
and LapD®0 from Pseudomonas aeruginosa and Pseudomonas fluorescens, respectively.
FimX and LapD have been shown to control very different processes, with the former
important for twitching motility®® and the latter required for biofilm formation®0. This
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demonstrates the diversity of biological phenotypes regulated by these degenerate c-di-GMP
metabolizing enzymes.

Collectively, the PilZ domain, degenerate GGDEF/EAL domain proteins, transcription
factors, and I-site effectors have affinities for c-di-GMP that range from approximately 50
nM into the low M range?#6:48:49,53-55,57,59-61,64 Dyegpite the progress made towards
elucidating the downstream targets of this second messenger, the specific mechanisms
through which c-di-GMP interacts with many of these proteins to induce a physiological
output remain largely obscure. Given the diversity of protein targets already identified, it is
likely that additional classes of protein receptors for this second messenger remain to be
discovered.

RNA molecules that recognize and bind c-di-GMP

In addition to the proteins that bind c-di-GMP, two classes of riboswitch RNAs, termed
class I and class 11, have also been identified as part of this second messenger signaling
pathway87:68 (Table 1). Riboswitches are non-coding regulatory RNAs consisting of an
aptamer domain and expression platform that recognize small molecule ligands with high
affinity and specificity (for recent reviews see89-72). Over 20 different riboswitch classes
have been identified to date that recognize diverse ligands including amino acids,
nucleobases, modified sugars, vitamins and coenzymes, and even small anions. Ligand
binding to the aptamer domain causes structural changes in the expression platform that lead
to changes in the expression levels of the downstream genes in the absence of any protein
cofactors, most often by affecting either transcription or translation. Although riboswitches
are now recognized as a major form of bacterial genetic control, the c-di-GMP binding
riboswitches represent the first known class of RNAs that directly bind a second messenger
signaling molecule and function as a downstream effector in an intracellular signaling
pathway87:68,

Approximately 500 examples of class 157 and 45 examples of class Il riboswitches®8 have
been identified throughout the bacterial domain in many different species. In addition, these
riboswitches are present in many prominent human pathogens, including the causative
agents of anthrax and cholera. Although the use of the class I riboswitch for gene expression
is more widespread, several organisms exclusively use the class Il riboswitch for signaling,
namely those of the class Clostridia®8. Consistent with their predicted role in a second
messenger signaling pathway, these aptamers are found upstream of a wide collection of
genes that regulate cellular processes in which c-di-GMP is now known to play a role,
including motility, pilus formation, virulence factor expression, flagellum biosynthesis, and
exopolysaccharide matrix production67:68,

The affinities of these riboswitches for c-di-GMP are tighter than for any of the known
protein receptors and range from as low as 10 pM for the class | riboswitch’3 to between
200 pM and 2 nM for the class Il riboswitch®. For the Vc2 class | riboswitch from Vibrio
cholerae, it has been demonstrated that the tight binding affinity (10 pM) results from very
slow rates of ligand release (kon= 1 x10% M~1 min~1 and ko= 1 x 107> min~1)73, Thus, the
half life of the c-di-GMP bound complex is approximately 1 month, indicating that ligand
binding is effectively irreversible on a biological timescale. Therefore, this riboswitch is
thought to be kinetically controlled, where gene regulation is governed entirely by the on-
rate and is highly responsive to changing intracellular levels of the second messenger’3:74,
However, the kinetic properties of other class I riboswitch sequences and that of the class 1l
riboswitch has not been fully explored.

The identification of riboswitches as c-di-GMP receptors is of particular interest because
unlike protein effectors, ligand binding is directly coupled to gene regulation, suggesting a
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mechanism for how c-di-GMP induces a cellular response upon binding this class of
effectors. Based upon sequence analysis, transcriptional terminator stems can easily be
identified for a subset of class | and class Il riboswitches, suggesting that c-di-GMP binding
affects the expression levels of downstream genes through a transcriptionally controlled
mechanism. However, this has only been experimentally validated for a few riboswitches.
One example of a transcriptionally controlled switch is the Cd1 class I riboswitch from
Clostridium difficilé®’. This riboswitch is located upstream of the operon encoding a large
subset of the proteins and machinery necessary for flagellum biosynthesis in this organism.
In the presence of increasing concentrations of c-di-GMP, transcription is terminated. This is
consistent with the observation that high intracellular concentrations of c-di-GMP repress
motility. The class Il riboswitch encoded by Bacillus halodurans (Bha-1-1) was also
determined to be transcriptionally regulated because full length RNA was produced only in
the presence of c-di-GMP®,

Translationally controlled riboswitches have also been identified. More specifically, /n vivo
reporter assays indicated that the V/c2 riboswitch up-regulated expression of the VC1722
gene in the presence of c-di-GMP, while the full-length RNA was transcribed independent
of c-di-GMPS7. Although the exact function of this gene is unknown, it is hypothesized to be
a transcription factor and rugose Vibrio cholerae mutants exhibited elevated levels of this
mRNA5. This suggests that increased intracellular levels of c-di-GMP upregulate
expression of this protein. These second messenger riboswitches can function as genetic ‘on’
switches, where c-di-GMP binding increases expression levels of the downstream genes, or
genetic ‘off’ switches independent of whether they are transcriptionally or translationally
controlled®7:68,

basis of second messenger recognition

As anticipated from the diversity of its receptor molecules, the specific mechanisms by
which this second messenger induces physiological responses are highly variable. In
contrast to cAMP and (p)ppGpp, which both act primarily at the transcriptional level
through a single protein effector, c-di-GMP acts on protein and RNA targets at the
transcriptional, translational, and post-translational levels to alter cellular behavior and
physiology3-11.13,

of c-di-GMP by protein receptors

Given that c-di-GMP plays a regulatory role in many different physiological processes, it
was hypothesized that protein receptors of c-di-GMP must also be adaptable to functioning
in different biological pathways?*8. To further investigate how proteins recognize c-di-GMP
and how c-di-GMP binding induces different physiological responses mediated through
these receptors, the crystal structures of the second messenger in complex with several
protein receptors have been solved (Figure 3). Overall, these structures reveal that proteins
employ different modes of recognition and can bind the second messenger as a
monomer48:59.65.76 or as an intercalated dimer®476-80_ |n addition, proteins that recognize c-
di-GMP as a monomer can bind the second messenger in either an eclipsed
conformation#®:76 where the guanine bases are aligned overtop one another, or in an
extended conformation where the guanine bases are splayed apart>®5, PilZ domain proteins
have been shown to recognize both the monomer and dimer form of c-di-GMP48.76.77,
demonstrating that different approaches to second messenger recognition are utilized by
effectors of the same class.

Common c-di-GMP recognition strategies used by proteins include hydrogen bonding
contacts with charged or polar side chains and base stacking interactions with aromatic
residues. Cation-rt interactions are also expected to play a role in recognition as evidenced
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by charged residues that sometimes stack directly above or below one of the c-di-GMP
bases. For proteins that bind c-di-GMP as a dimer, several interactions between the
individual c-di-GMP monomers are also observed. The structures of unbound and c-di-GMP
bound protein complexes often adopt different conformations. This suggests that ligand-
induced conformational changes mediate the specific molecular mechanisms used by these
protein effectors to induce biological outputs8>76.77.81.82 However, these c-di-GMP
receptors often interact with other proteins to induce a biological output and many of the
molecular mechanisms of these downstream interactions remain unknown.

The PilZ domain protein PP4397 from Pseudomonas putida binds the second messenger as
an intercalated dimer where both c-di-GMP molecules are in the eclipsed conformation’®
(Figure 3a). This allows for base stacking interactions to occur between one guanine base
from each monomer, which are arbitrarily termed G, and Gg and labeled for each c-di-GMP
unit. Recognition of the guanine bases in each individual monomer is asymmetric, however
recognition of G is similar to that of Gg,, whereas that of G, matches the contacts made
to Ggy. Every atom with hydrogen bonding potential along the Watson-Crick and Hoogsteen
faces of G471 and Gg is contacted by an RNA atom. In contrast, G, and Gg; are only
contacted by an arginine residue on their Hoogsteen face. In addition, arginine residues stack
with two of the four guanine bases and non-bridging phosphate oxygens hydrogen bond with
guanine exocyclic amines or other charged and polar side chains. Overall, recognition of
dimeric c-di-GMP by PilZ domain proteins is similar to second messenger recognition and
binding by diguanylate cyclases at the inhibitory I-site2%79.80, In contrast, the PilZ domain
protein VCAQ042 (PDB ID 3KYG) from Vibrio cholerae recognizes c-di-GMP as a
monomer in the eclipsed conformation*8:76 (Figure 3b). The top base (G, ) is more heavily
recognized than the bottom base (Gg) with contacts made to both its Watson-Crick and
Hoogsteen faces. Similar to the base stacking interactions observed for PP4397, an arginine
residue also stacks with one of the guanine bases, G, in this protein.

While the PilZ domain proteins typically recognize c-di-GMP in the eclipsed conformation,
the degenerate EAL domain protein FimX from Pseudomonas aeruginosa binds the second
messenger in the extended conformation®® (Figure 3c). Base recognition is achieved
primarily through electrostatic interactions with charged side chains and stacking contacts
with aromatic residues. G, is less heavily recognized than Gg and only one of the c-di-GMP
phosphates is contacted. While these c-di-GMP binding proteins utilize similar contacts for
recognition, the second messenger binding pockets can be quite diverse.

of c-di-GMP by riboswitches

The identification of c-di-GMP binding riboswitches defines a new role for RNA as part of a
second messenger signaling pathway. To understand the molecular basis of RNA
recognition of c-di-GMP, the crystal structures of the second messenger bound to the
aptamer domains of both the class | and class Il riboswitch were determined by our
laboratory and others’3:83-85 (Figure 4). As anticipated from secondary structure analysis,
these RNAs adopt unique conformations and employ different strategies for ligand
recognition. The class | riboswitch adopts a y-shape with c-di-GMP bound at the three helix
junction incorporated as part of a duplex’3:83, whereas class Il folds into a more compact
structure and incorporates the second messenger into a triplex at the edge of the pseudoknot
region8°. The ability of these riboswitches to incorporate the second messenger into the
RNA structure likely contributes to the tighter binding affinities for these effectors as
compared to protein receptors.

In the class I riboswitch, c-di-GMP binds at the three helix junction formed by P1, P2, and
P3 with contacts to the ligand made by three critical nucleotides (G20, C92, and A47)83. The
guanine bases, arbitrarily termed G, and Gg are recognized asymmetrically in canonical
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pairings, with G, forming a Hoogsteen pair with G20 and Gg in a Watson-Crick pair with
C92 (Figure 4b,c). Stacking between the two guanine bases is a highly conserved adenosine
(A47) that serves to bridge the P1 and P2 helices with the c-di-GMP ligand resulting in
extensive base stacking interactions (Figure 4a). The ribosyl-phosphate backbone is also
extensively contacted, with recognition mediated by both hydrogen bonding and metal-
phosphate contacts (Figure 4d).

In contrast to recognition by the class | riboswitch, the class 11 riboswitch also recognizes
the guanine bases of c-di-GMP asymmetrically, however no canonical base pairings are
observed and in general, fewer base contacts to the bases are made by binding pocket
nucleotides8® (Figure 4f, g). Instead, G, is recognized as part of a base triple with A69 and
U37, and Gg is contacted by hydrogen bonds from RNA residues A70 and G73, as well as
by a hydrated magnesium. Three conserved adenosine nucleotides that stack between (A70),
above (A61) and below (A13) the bases of c-di-GMP indicate that base stacking is also
important for ligand binding (Figure 4e).

Between the two riboswitches, there are four different solutions to guanine recognition by
the RNA aptamer83:85 (Figure 4b,c,f,g). Stacking interactions are the only parallels in ligand
recognition between the two riboswitch classes8® (Figure 4a,e). Minimal contacts are made
to the ribosyl-phosphate backbone by the class Il riboswitch with only a single hydrogen
bond observed to one non-bridging phosphate oxygen (Figure 4e). It is clear that at least two
independent molecular solutions for RNA recognition of the same second messenger ligand
exist.

The mechanisms evolved for c-di-GMP recognition by RNA differ significantly from those
utilized by protein receptors. Unlike proteins, RNA is able to incorporate the second
messenger into structural elements, which likely contributes to the tight binding affinities
observed for this class of receptors83:85, While both proteins and RNA employ stacking as a
mechanism for second messenger binding, the stacking interactions made between the
guanine bases of c-di-GMP and purine residues in the riboswitch binding pocket appear to
be more extensive than those made with aromatic side chains of proteins. Although, the
specific contacts made by the class I and class |1 riboswitches to c-di-GMP greatly differ,
the ligand is bound in the same eclipsed conformation. This is in contrast to proteins, which
can bind c-di-GMP in many different conformations, suggesting that the eclipsed
conformation is functionally relevant for RNA recognition. Collectively, these observations
indicate that the diverse receptors of c-di-GMP also employ diverse mechanisms for second
messenger recognition and binding.

Chemical tools to study and target the c-di-GMP signaling pathway:
Synthesis of c-di-GMP and second messenger analogs

c-di-GMP is used by many prominent human pathogens to control biological processes and
the lack of this second messenger in eukaryotes suggests that, c-di-GMP binding partners
could be attractive new targets for the development of therapeutics against bacterial
infection. Thus, the ability to synthesize c-di-GMP and second messenger analogs is useful
for increasing our understanding of how macromolecular effectors recognize c-di-GMP and
how to effectively design second messenger analogs to target the c-di-GMP receptors that
function downstream in this signaling pathway. Towards this goal, several groups have
developed chemical methods for synthesizing cyclic dinucleotide analogs of the second
messenger. Many of these synthetic efforts have been undertaken with the ultimate goal of
using these molecules to manipulate the biological processes regulated by c-di-GMP through
the selective modulation of RNA and protein second messenger binding partners.
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Chemical synthesis of c-di-GMP and nucleotide analogs of the second messenger

The first chemical method for synthesizing c-di-GMP was reported in 1990 by the
laboratories of Benziman and van Boom®. This method utilized phosphotriester chemistry
to access c-di-GMP via the linear dinucleotide GpGp. Although producing pure c-di-GMP,
this strategy suffered from low product yields due to difficulty in efficiently synthesizing the
GpGp intermediate as well as product degradation upon multiple deprotection steps, some
which required the use of harsh basic conditions86:87. Since then, and mostly in the past
decade, several novel synthetic strategies have been developed that produce c-di-GMP in
greater yields and can also be utilized to synthesize derivatives of the second messenger.

Hayakawa et al. utilized a phosphoramidite approach to make the linear dinucleotide GpGp
intermediate, which overcomes the limitations of the first chemical method for c-di-GMP
production8” (Figure 5a). Using allyl-based protecting groups (allyl= All; alloxycarbonyl=
AOC) on the phosphate and guanine base of the starting phosphoramidite monomer,
oxidation in the presence of 2-cyanoethanol yielded the fully protected guanosine phosphate
derivative. After 5”-deprotection, this building block was condensed with a second
guanosine phosphoramidite monomer, producing the linear intermediate GpGp in much
higher yield than previously observed®8. This intermediate was then directly used in the
cyclization reaction. Use of allyl protecting groups for both the guanine bases and the
phosphates allowed for deprotection in a single step under much milder conditions, resulting
in overall increased product yield. Hyodo and Hakayawa further improved this method by
utilizing a guanosine phosphoramidite building block with different base and phosphate
protecting groups8® (Figure 5b). By employing a dimethylformamide (dmf) group for
protection of the guanine exocyclic amine while leaving the O° unprotected the starting
phosphoramidite monomer could be synthesized in fewer steps. In addition, the phosphate
moiety was protected with a cyanoethyl group and then oxidized in the presence of allyl
alcohol. After condensation to form the GpGp intermediate, the allyl group, was selectively
removed prior to cyclization, leaving only the dimethylformamide and cyanoethyl protecting
groups to be removed after cyclization, which could be accomplished in a single step®8.
Modification to the synthesis of the guanosine phosphoramidite monomer proved to increase
overall yields beyond that of the first generation method. Furthermore, this method was
readily adapted to afford base modified second messenger analogs containing a single
inosine or adenine base in place of one guanine by using the appropriate base protecting
groups compatible with the deprotection conditions for the dmf group8. A single
phosphorothioate analog was also obtained using this method by replacing the oxidation
reagent with a sulfurization reagent for one oxidation step.

A modified version of the phosphoramidite approaches described above using an H-
phosphonate cyclization procedure was developed by the Jones group®, providing yet
another synthetic route for accessing c-di-GMP (Figure 5c). In this method, the 5'-DMTT,
2’-TBDMS, N2-isobutyrl protected guanosine was converted to both the methyl-
phosphoramidite and H-phosphonate, which were then coupled together. The H-
phosphonate serves as a protecting group in the coupling step, yielding only a single GpGp
intermediate and eliminating additional protection and deprotection steps that were
necessary for the previously developed methods. After 5’-detritylation, cyclization is
catalyzed by the addition of adamantoyl chloride followed by the final oxidation step to give
the fully protected cyclic dinucleotide. This method is advantageous over the previously
used strategies due to the elimination of several protection/deprotection steps, resulting in
fewer synthetic steps overall.

In addition to the solution phase syntheses discussed above, two additional synthetic
methodologies have also been developed that have proven to be useful for accessing c-di-
GMP and its analogs. The first method, developed by Amiot ef a/., employs a novel strategy

Org Biomol Chem. Author manuscript; available in PMC 2013 March 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shanahan and Strobel

Page 12

of glycosylation of a glycan precursor®L. In this method, the glycan precursor first
synthesized is the cyclized ribosyl-phosphate backbone absent any base structure.
Glycosylation of this intermediate introduces the desired base to produce the cyclic
dinucleotide molecule. The second strategy, developed by Yan et al., utilizes a modified H-
phosphonate approach along with the 1-(4-chlorophenyl)-4-ethoxypiperidin-4-yl (Cpep)
group for protection of the ribose 2’-hydroxyl functionality92. Both methods have been
demonstrated to yield pure c-di-GMP in good yield.

All the aforementioned c-di-GMP synthetic strategies are solution phase methods and
therefore require the purification of various intermediates before formation of the final
product. To further simplify the synthesis of c-di-GMP, Kiburu et a/. developed a simple
solid-phase synthesis for this second messenger that required purification of only the final,
fully deprotected product®? (Figure 6a). The authors used two different approaches: one in
which the linear dinucleotide was cyclized on the solid support (Figure 6a) and a second in
which the linear intermediate was cleaved from the solid support and cyclization was
performed in solution. For on-bead cyclization, the 5'-DMTTr, 2’-TBDMS, O-methyl
guanosine phosphoramidite was coupled to the solid support followed by oxidation and 5’-
detritylation. For the second coupling, the more commonly available cyanoethyl-phosphate
protected phosphoramidite was used. This allowed for the selective deprotection of the
methyl group, providing only one free phosphate oxygen for the subsequent cyclization
reaction. Following cyclization, the cyclic dimer was cleaved from the bead, deprotected and
purified by high-performance liquid chromatography (HPLC) (Figure 6a). In contrast, the
solution cyclization method used O-methyl phosphoramidites for both coupling steps.
Because the O-methyl group is inert to B-elimination, triethylamine can be used to cleave
the linear dinucleotide from the solid support without removing any protecting groups that
are necessary for successful cyclization. The development of this solid-phase approach for c-
di-GMP synthesis was a great advancement because naturally occurring bases are available
as O-methyl phosphoramidites, allowing several dinucleotide analogs to easily be
synthesized using this approach.

Our lab has further modified this solid-phase synthetic approach such that the most
common, commercially available starting phosphoramidites employing a 5'-DMTr, 2”-
OTBDMS, and cyanoethyl phosphate protecting groups could be used for both coupling
steps®* (Figure 6b). Phosphoramidites were coupled to a solid support that is inert to -
elimination under mild basic conditions. This allowed us to introduce a phosphate
deprotection step after the first coupling step, providing the free phosphate oxygen for
subsequent cyclization, without cleaving the nucleotide from the bead. After the second
coupling reaction, cyclization was carried out on bead. Using this approach, we successfully
synthesized novel base and ribose modified second messenger analogs, including 2’ -fluoro,
2’-methoxy, 7-deaza guanine, and N1-methyl guanosine derivatives in addition to others
previously synthesized by different methods (inosine, adenosine, and 2 -deoxy), in
reasonable yield for biochemical experiments (Figure 7a,b).

The ability to synthesize the second messenger and its derivatives on a large scale at low
cost is necessary for biological studies aimed at further elucidating its molecular
mechanisms of action and the development of high yielding synthetic procedures is a
continuing aim. Towards this goal, the Jones group recently reported a synthesis of c-di-
GMP and its phosphorothioate analogs that yields gram-scale quantities of these compounds
via eight steps in a single flask%:% (Figure 5d). The phosphoramidite and H-phosphonate
approaches are combined as previously reported®C, however the reagents for each synthetic
step are compatible with those used for subsequent steps, including the removal of all
protecting groups. In addition, pure c-di-GMP can be isolated by crystallization, eliminating
the need for column purification of reaction intermediates or the final product.
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Phosphorothioate derivatives of c-di-GMP were also successfully synthesized by this
method using a sulfurization reagent in place of the oxidation reagent and column
purification of these compounds was only necessary to separate the different
diastereomers®®. Adapting this method for the synthesis of other c-di-GMP analogs is
expected to allow for the production of these derivatives in large enough yield to perform
biological studies and probe second messenger signaling /in vivo.

Targeting c-di-GMP binding proteins with second messenger analogs

The ability to selectively bind protein receptors could be a useful strategy for altering
bacterial behavior and developing compounds with anti-biofilm or anti-virulence activity®’.
Although the targeting of c-di-GMP binding proteins with second messenger analogs has not
been as extensively explored as it has for riboswitch effectors (discussed below), one

general paradigm that has emerged from efforts to design c-di-GMP derivatives that target
protein receptors is the use of conformational biasing. c-di-GMP can exist in primarily two
conformations, the open state where the guanine bases are splayed apart or the closed state
where the guanine bases are aligned over top one another in an anti-parallel fashion, and
different protein receptors of the second messenger recognize different conformations
(discussed above). This observation has been exploited by the Sintim group to selectively
target c-di-GMP binding proteins that recognize only one conformation of the second
messenger using an analog with an altered conformer population relative to that of the native
second messenger?’.

The Sintim group replaced one of the bridging oxygens of a single c-di-GMP phosphate
linkage with sulfur and demonstrated both computationally and experimentally that the
resulting analog, termed endo-S-c-di-GMP, favored the open conformation in solution and
was three times less likely than c-di-GMP to populate the closed conformation®? (Figure
7b). This analog was not able to bind the PilZ domain protein Alg44 from Pseudomonas
aeruginosa, which recognizes c-di-GMP as two intercalating dimers, both in the closed
conformation, nor inhibit c-di-GMP synthesis of the DGC WspR, which binds c-di-GMP at
the inhibitory I-site in the same fashion®’. However, this compound was able to bind and
inhibit c-di-GMP degradation by the EAL domain protein RocR, which binds c-di-GMP in
the open conformation®’. This suggests that conformational biasing may be a general
strategy for designing second messenger analogs that target one class of binding proteins
based on the oligomeric state in which they recognize c-di-GMP.

Targeting c-di-GMP binding riboswitches with second messenger analogs

Our lab has also completed a structure-activity relationship for c-di-GMP binding to both the
class I and class Il riboswitches using base, ribose, and phosphate modified analogs (Figure
7a,b) to determine the structural features of the second messenger most important for
recognition®4. This has provided insights into how to design c-di-GMP analogs that can bind
these regulatory RNAs and potentially be used to manipulate the biological processes under
control of these riboswitches. These studies have revealed that the class | riboswitch is much
more discriminatory in second messenger recognition than the class 11 riboswitch and
utilizes nearly every structural feature of c-di-GMP for binding and recognition. In contrast,
the class Il riboswitch can accommodate many structural analogs of guanine into the binding
pocket that the class | riboswitch either completely discriminated against or bound with a
significantly weaker affinity compared to the native ligand. Furthermore, the class Il
riboswitch does not absolutely require the ribosyl-phosphate backbone for second messenger
recognition. This lack of backbone recognition has been further confirmed by a binding
study using a biotinylated version of c-di-GMP that demonstrated the class Il riboswitch was
highly tolerant to this bulky modification at the 2"-OH position of the ribose rings®.
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The lack of ¢c-di-GMP ribosyl-phosphate backbone recognition by the class 11 riboswitch
lends this class of c-di-GMP receptors to be selectively targeted over the class | riboswitch.
This could be a useful strategy for manipulating specific biological processes under control
of the class Il riboswitch without affecting processes regulated by the class I riboswitch.
Taking advantage of the minimal contacts made to the ribosyl-phosphate backbone of c-di-
GMP by the class I riboswitch, we demonstrated that a doubly modified 2"-O-methyl
second messenger analog showed a 10,000-fold binding preference for this riboswitch over
class 185 (c-di-2"-OMe-GMP, Figure 7b). In addition, another study demonstrated that a 2’-
OTBDMS version of c-di-GMP bound the class I1 RNA with an affinity only 50-fold
weaker than that of the native second messenger®® (Figure 7b). While this further
demonstrates the tolerance of this RNA towards ribose modification, introduction of such
large hydrophobic groups has the potential to increase the cell permeability of the second
messenger, which is necessary for /n vivo studies. Other analogs that also showed a greater
than 100-fold binding preference for the class Il riboswitch and still bound tightly to this
regulatory RNA included c-di-IMP, c-di-dGMP, and c-(RpSp)-di-Gps®* (Figure 7a,b). This
also underscores the observation that the class 11 riboswitch is tolerant to modification of the
bases, ribose rings and phosphate linkages of ¢c-di-GMP, whereas the class | riboswitch
extensively utilizes all of these structural features of the second messenger for recognition
and is much less tolerant of the same ligand perturbations®.

One of the only similarities in second messenger recognition noted from structural analysis
among the class I and class Il riboswitches is the extensive base stacking interactions made
between the guanine bases of the ligand and conserved binding pocket nucleotides8® (Figure
4a,e). Analog binding studies have further confirmed the importance of base stacking in
ligand recognition, suggesting general principles for the design of second messenger analogs
to target these c-di-GMP binding aptamers. Binding of 7-deaza guanine modified ligands to
c-di-GMP riboswitches revealed that a much larger cost to the binding energy is observed
for this modification than would be predicted from eliminating only the observed hydrogen
bonding contacts to the N7 position in the crystal structure % (c-c’GMP-GMP and c-di-
¢/’GMP, Figure 7a). These data were interpreted as a stacking effect based on the
observation that nucleic acid duplexes containing 7-deaza guanine are less stable than the
corresponding duplexes containing the native guanine base due to decreased base pairing
and base stacking interactions®. This suggests that the extensive base stacking contacts
made in the aptamer binding pocket are also being perturbed by this modification to c-di-
GMP, contributing to the large loss in binding energy. To maintain these base stacking
contacts, c-di-GMP must be bound in the closed conformation, suggesting that analogs
populating the open conformation may be discriminated against by these RNA receptors.
Consistent with these observations, it has also been demonstrated that the c-di-GMP analog
favoring the open conformation, endo-S-c-di-GMP (introduced above) (Figure 7b), has a
weaker affinity for both the class I and class Il riboswitches compared to the native second
messenger?. No contacts are made to the bridging phosphate oxygens by either riboswitch
and replacing this atom with sulfur should not perturb any contacts, suggesting that the loss
in affinity is due to a loss of efficient stacking. This is further supported by the observation
that sulfur substitution of non-bridging phosphate oxygens has almost no effect on ligand
binding by the class Il riboswitch?, whereas the equally conservative modification of
substituting a bridging phosphate oxygen with sulfur, which affects the conformation of the
second messenger, has a much greater effect on ligand binding®.

All of the strategies for targeting c-di-GMP binding riboswitches discussed above utilize
cyclic derivatives of the second messenger. Recently, Breaker and coworkers explored the
utility of using linear dinucleotide analogs to target these second messenger riboswitches®®
(Figure 7c). The advantage of designing linear analogues over cyclic analogues to target
these second messenger riboswitches is that they are synthetically much easier to access®?.
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Both RNA aptamers show a large preference for binding the cyclic dinucleotide over the
linear dinucleotide (pGpG, Figure 7¢), approximately 5 orders of magnitude for the class |
riboswitch®7.101 and 3 orders for class 1168, Despite this fact, several linear modified
derivatives bound reasonably well to these RNAs. However, the tightest binding linear
analog for both riboswitches proved to be the natural c-di-GMP breakdown product,
pGpG?°. Interestingly, removal of the terminal 5”-phosphate to yield GpG did not
significantly affect the affinity for the class | riboswitch relative to pGpG29-101 (Figure 7c).
In contrast, slightly improved affinity for the class Il riboswitch was observed if the terminal
5’-phosphate on the linear dinucleotide analogs was retained®. Structural studies from our
group have revealed that pGpG can only bind the class | aptamer in a single orientation with
the terminal 5"-phosphate placed 5” of G, in close proximity to G20, whereas GpG can bind
in two different orientation with no preference for the placement of the linking phosphate92.
This is likely due to potential steric and electrostatic clashes that may occur between the
terminal 5"-phosphate and RNA atoms when placed at alternative positions. In addition,
many of the metal-phosphate and metal-RNA contacts observed for ¢c-di-GMP are lost in
binding pGpG. Thus, if the molecule is not cyclic, there is little to no advantage in
maintaining a 5"-phosphatel01. Taken together, this suggests that cyclic versions of the
second messenger are more effective at targeting c-di-GMP riboswitches over linear
analogues, despite the ease of synthesis in obtaining the latter.

Several studies have reported that the exogenous addition of c-di-GMP and several of its
second messenger analogs to bacteria induces biological phenotypes, specifically a decrease
in biofilm formation192-105 \While the mechanism of action of these compounds is
unknown, it has been hypothesized that these second messenger derivatives enter cells and
act intracellularly on known c-di-GMP target molecules. Thus, it will be interesting to see if
these compounds modulate bacterial behavior through interactions with c-di-GMP RNA and
protein effectors and if it is possible to design analogs that induce different phenotypic
effects.

Conclusions and Perspectives

The ubiquitous bacterial second messenger signaling molecule c-di-GMP controls a variety
of biological processes including biofilm formation, virulence response, and motility. The
absence of this small molecule in eukaryotes makes this pathway an attractive target for the
development of new antibacterial drugs that would not kill the cells but instead modulate the
virulence and biofilm forming behaviors of the microbe. In addition, we are far from a
complete mechanistic understanding of c-di-GMP signaling pathways. Thus, the
development of c-di-GMP analogs as chemical tools to study interactions of the second
messenger with its targets needs to be further explored because these studies will guide the
design of compounds with potential therapeutic efficacy. .

Designing c-di-GMP analogs that tightly bind second messenger targets but simultaneously
incorporate modifications that impart desirable properties for /n vivo studies, such as
increased cell permeability and increased resistance to enzymatic degradation, is a desirable
goal. However, what remains a constant challenge is the development of more efficient and
higher yielding synthetic routes to obtain modified versions of the second messenger. Given
the complexity of c-di-GMP signaling and the steady emergence of new protein and RNA
binding partners of the second messenger, chemical tools to isolate new effector molecules
would also be valuable. Towards this aim, a biotinylated version of the second messenger
has been employed to isolate c-di-GMP binding proteins196, however the placement of the
biotin moiety inhibits binding to certain targets®8. Thus, an array of analogs with chemical
handles at different positions on c-di-GMP could be useful for identifying new targets with
unique modes of second messenger recognition.
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Furthermore, it will be necessary to explore the biological consequences of targeting c-di-
GMP binding proteins and RNA /n vivo with second messenger analogs. Multiple c-di-GMP
targets often exist within a single organism and identifying analogs that selectively target
proteins over RNA and vice versa will be necessary to disentangle signaling events that are
mediated by these diverse macromolecular effectors. It is currently unknown if it is possible
to achieve selectivity for one particular target within the complex environment of the cell.
Identification of second messenger analogs that induce interesting phenotypic effects and
have behavioral responses in bacteria, as well as elucidating the molecular mechanisms of
action of such bioactive compounds, will continue to be an active area of research.
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Figure 1.

Chemical structures of known bacterial nucleotide based second messenger signaling
molecules. Bacteria utilize both cyclic mononucleotides and cyclic dinucleotides for
signaling.
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Figure 2.

Schematic of ¢c-di-GMP signaling in bacteria. c-di-GMP metabolizing enzymes are shown as
orange rectangles, c-di-GMP molecules are represented by green circles, and receptors of
the second messenger are indicated in teal circles. Similar to the EAL domain, some bacteria
also utilize HD-GYP domain proteins to decrease intracellular levels of c-di-GMP.
Phenotypic outputs induced by high concentrations of the second messenger are indicated on
the bottom left and those induced by low concentrations are indicated on the bottom right.
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Figure 3.

Protein recognition of c-di-GMP. (a) Recognition by the PilZ domain protein PP4397 from
Pseudomonas putida (PDB ID 3KYF). ¢c-di-GMP is colored by atom with carbon shown in
white, nitrogen in blue, oxygen in red and phosphorous in orange. Protein residues are
colored green and hydrogen bonds are shown as black dashed lines. c-di-GMP is bound as a
dimer and the monomeric units are labeled as c-di-GMP1 and c-di-GMP, The top guanine
base of each c-di-GMP monomer is labeled G, 1 or G2, depending on which c-di-GMP
monomer it belongs to, and the bottom bases are labeled Ggy or Gg,. (b) Recognition by the
PilZ domain protein VCAO0042 from Vibrio cholerae (PDB ID 2RDE). Each base of the c-
di-GMP monomer is arbitrarily labeled G, or Gg. Coloring is the same as in part (a) with
water molecules shown as blue spheres. (¢) Recognition by the degenerate EAL domain
protein FimX. Coloring is the same as in part (a) and the guanine bases are arbitrarily
labeled as in part (b).
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Figure4.

RNA recognition of ¢c-di-GMP. c-di-GMP is colored by atom as in Figure 3. RNA residues
are colored cyan, water molecules are shown as blue spheres and magnesium ions as
magenta spheres. Hydrogen bonds are indicated by black dashed lines. (a) c-di-GMP bound
to the Vc2 class | riboswitch from Vibrio cholerae (PDB ID 3MXH). (b) Recognition of G,
(c) Gg and (d) the c-di-GMP ribosyl-phosphate backbone by the class I riboswitch. (e) c-di-
GMP bound to the Cac-1-2 class Il ribowitch from Clostridium acetobutylicum (PDB ID
3Q32). (f) Recognition of G, and (g) Gg by the class II riboswitch.
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Figureb5.

Solution phase methods for c-di-GMP synthesis. (a) First phosphoramidte method developed
by Hayakawa er aP’. 1) i) 2-cyanoethanol, IMP, ACN ii) 2-butanone peroxide (BPO)/
toluene iii) DCA/DCM,; 2) i) 1, IMP, ACN ii) BPO/toluene iii) DCA/DCM,; 3) i) NH3-
MeOH ii) TPSCI, A-methylimidazole, THF; 4) i) palladium catalyst, triphenylphosphine,
butylammonium formate, THF ii) HF-TEA. (b) Improved phosphoramidite method®8.
Phosphoramidite 1 is synthesized in higher yield and few steps than that used in Scheme (a).
1) i) allyl alcohol, IMP, ACN ii) BPO/toluene iii) DCA/DCM,; 2) i) 1, IMP, ACN ii) BPO/
toluene iii) DCA/DCM,; 3) i) Nal, acetone ii) TPSCI, N-methylimidazole; 4) i) NH3-MeOH
ii) HF-TEA. (c) Method developed by the Jones group. c-di-GMP is synthesized using
phosphoramidite coupling and H-phosphonate cyclization. 1) Bis(diisopropylamino)methyl
phosphoramidite and pyridinium trifluoroacetate; 2) 2-chloro-4+-1,3,2-
benzodioxaphosphorin-4-one; 3) i) pyridinium trifluoroacetetate ii) ferz-butylhydroperoxide;
4) i) sulfonic acid resin ii) adamantoylcarbonyl chloride iii) methanol/NBS; 5) i) pyridine/
ag. NHs ii) HF-TEA. (d) Synthesis of c-di-GMP in one pot®>%. 1) i) pyr-TFA/H,0 ii)
BuUNHy, iii) DCA/H,0 2) i) pyridine/1 ii) BuOOH iii) DCA/H,0 3) i) DMOCP ii) 15/H,0
4) i) BuNHj> ii) TEA-HF. For synthesis of dithiophosphate analogs, BuOOH was replaced
with the sulfurization reagent 3-((dimethylamino-methylidene)amino)-34-1,2-
benzodithiol-3-one in the first oxidation step and I,/H,0 was replaced with 3-H-1,2-
benzodithiol-3-one in the second oxidation step%.
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Figure®6.

Solid phase methods for c-di-GMP synthesis utilizing on-bead cyclization procedures. (a)
Method developed by Kiburu ef aP3. Two different phosphoramidites containing different
phosphate protecting groups were used. 1) i) solid support, tetrazole/ACN ii) I, pyridine,
H»0; 2) i) DCA/DCM ii) cyanoethyl phosphoramidite, tetrazole/ACN iii) I, pyridine, H,0O
iv) DCA/DCM; 3) SoNay 4) MSNT, pyridine 5) i) aqueous NHs ii) HF-TEA. For the
solution phase cyclization method, O-methyl phosphoramidtes were used in both coupling
steps and the linear dinucleotide was cleaved from the bead prior to cyclization and global
deprotection. (b) Modified solid-phase synthesis of c-di-GMP, base and ribose modified
analogs. Cyanoethyl-protected phosphoramidites were used for both coupling reactions. 1) i)
tetrazole/ACN ii) tBUOOH iii) acetic anhydride/methylamine; 2) i) 50% TEA/ACN, 2
hours; 3) i) 3% DCA/DCM ii) tetrazole/ACN + CNE phosphoramidite iii) tBuOOH iv)
acetic anhydride/methylamine 4) 0.1M MSNT, 72-96 hours; 5) i) ammonium hydroxide ii)
HF-TEA (for 2"-OH analogs only).
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c(R,S,)-di-G,, -OH -OH s s -0
endo-s-c-di-GMP -OH -OH -0 -0 -S
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Structures of chemically synthesized dinucleotide second messenger analogs used to probe

protein and RNA c-di-GMP effector molecules. (a) Cyclic analogs containing base

modifications and (b) ribosyl-phosphate backbone modifications. (c) Linear dinucleotide

analogs.
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Table 1

Receptors that sense the second messenger c-di-GMP.

Class of Receptor Example Organism Biological Output Level of action
BcsA G. xylinus Cellulose synthesis Post-Translational
YcgR E. coli Swimming velocity Post-Translational
PilZ Domain Protein - .
DcgR C. crescentus Motility Post-Translational
Algda P. aeruginosa Alginate synthesis Post-Translational £
FleQ P. aeruginosa Flagella expression Transcriptional
VpsT V. cholerae EPS matrix synthesis Transcriptional
Transcription Factor Clp X. campestris Virulence gene expression Transcriptional
VpsR V. cholerae Virulence gene expression Transcriptional
MrkH K. pneumoniae Fimbrae production Transcriptional
FimX P. aeruginosa Twitching motility Post-Translational
Degenerate EAL o . .
LapD P. fluorescens Biofilm formation Post-Translational
PopA C. crescentus Cell cycle progression Post-Translational

Degenerate GGDEF CdgG V.. cholerae Rugosity Unknown
SmgT M. xanthus Extracellular matrix production Post-Translational
|-Site PelD P. aeruginosa Pellicle formation Unknown
Vc2 V. cholerae Rugosity Translational
Class | Riboswitch o . o
Cdl C. difficile Flagella expression Transcriptional
84 Cd C. difficile Expression of a cell surface protein Translational
Class || Riboswitch . . .
Bha-1-1 B. halodurans ~ Outermembrane protein synthesis Transcriptional

Hypothesized to regulate alginate biosynthesis via a protein-protein interaction.
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