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Bacteria utilize nucleotide-based second messengers to regulate a myriad of physiological processes.
Cyclic dinucleotides have emerged as central regulators of bacterial physiology, controlling processes
ranging from cell wall homeostasis to virulence production, and so far over thousands of manuscripts

Received 25th April 2016, have provided biological insights into c-di-NMP signaling. The development of small molecule inhibitors
Accepted 7th June 2016 of c-di-NMP signaling has significantly lagged behind. Recent developments in assays that allow for
DOI: 10.1039/c6cc03439j high-throughput screening of inhibitors suggest that the time is right for a concerted effort to identify

inhibitors of these fascinating second messengers. Herein, we review c-di-NMP signaling and small
www.rsc.org/chemcomm molecules that have been developed to inhibit cyclic dinucleotide-related enzymes.
Introduction A

The ability of cells to sense and respond to environmental cues
is critical for survival. Signals such as nutrition, stress, changes
in temperature, osmolarity and pH must be precisely sensed
and adequately responded to. Second messengers are crucial
in the transduction of signals and nucleotide-based second

messengers have over the years been demonstrated to be N o X ne 4
central to this process (Fig. 1)." Cyclic mononucleotides, such °NM5 or CHlENME

as cAMP and cGMP (Fig. 2), are key second messengers in both (d 0 N ¢

bacteria and higher organisms. For example, cAMP controls : e

carbon metabolism, motility and virulence.”> ¢cGMP has also / \ \ é
been shown to control a variety of key biological processes, such g W ot metor rotane
as smooth muscle relaxation and regulation of the intestinal : SR oA

electrolyte and fluid homeostasis in mammals.® In bacteria, cGMP e -

has been shown to regulate the development of Rhodospirillum ﬂ ﬂ ﬂ
centenum, an alphaproteobacterium.” The alarmones, guanosine
tetraphosphate and guanosine pentaphosphate ((p)ppGpp), have

Various phenotypes

been shown to regulate stringent response in bacteria.>® Nicotinic B.

acid adenine dinucleotide phosphate (NAADP), adenosine diphos- 1936 1958 1963 1966 1969 1987 2008 2012 2013
phoribose (ADPR), and cyclic ADP-ribose (cADPR) function as | | |

Ca*" mobilizers that affect various cellular processes.” The cADPR AL CAMP cGMP Ap4A c-di-GMP 33-cGAMP

NAADP c-di-AMP 2'3'-cGAMP
(PIPPGPP L AppR

analog, cyclic inosine diphosphoribose ether (cIDPRE), has also
been shown to cause Ca2* release in human Jurkat T—lymphocytes.8 Fig. 1 (A) Signal transduction from a primary signal (first messengers) to

Dinucleotides, such as NAD and NADP, are also important second messengers that relay and amplify information to macromolecule
’ ’ regulation that affects the phenotype. (B) Timeline of the discovery of

nucleotide-based second messengers.
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Fig. 2 Structures of some of the well-established nucleotide second
messengers.

are also ubiquitous second messengers with physiological
roles ranging from serving as alarmones to being vasoactive
molecules.” ! Fig. 2 shows the structures of some of the well-
established nucleotide second messengers.

Due to the importance of nucleotide second messengers in
biology, massive efforts have been focused on the development
of small molecules that inhibit the signaling of these second
messengers. The majority of inhibitor developments against
nucleotide second messengers had focused on cAMP/cGMP and
several small molecules that inhibit the phosphodiesterases of
cyclic nucleotide monophosphate are now used in the clinic (see
Fig. 3 for examples).

Cyclic dinucleotides (see Fig. 4 for structures) have now emerged
as important second messengers and the dazzling arrays of
processes that these molecules appear to regulate suggest that
these dinucleotides will also become as important as cyclic
nucleotide monophosphates.”>™*° The first cyclic dinucleotide,
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Fig. 3 Structures of some PDE inhibitors and their clinical uses.
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Fig. 4 Schematic of the general synthesis and degradation of cyclic
dinucleotide second messengers.

c-di-GMP, was the first to be discovered by Benziman in 1987
and has since been established as the master regulator of
the bacterial lifestyle in mostly Gram-negative and a handful of
Gram-positive bacteria."** c-di-AMP was also later identified
to be a crucial second messenger in Gram-positive bacteria and
mycobacteria."”" Subsequently, hybrid cyclic dinucleotides
cGAMP (2'3' and 3'3')**** were also identified to regulate various
processes.>*?® Efforts towards understanding the molecular
mechanisms underlying the activities of cyclic dinucleotides have
uncovered a myriad of cyclic dinucleotide synthases, phospho-
diesterases, effector proteins and RNA, all of which work in a
concerted manner to execute a specific action in response to the
cyclic dinucleotide second messengers.'*>'

Due to the seemingly indispensable roles of cyclic dinucleotides
in both bacteria and higher organisms (in this case as immune
response regulators), research has also been directed towards ways
of interrupting cyclic dinucleotide signaling. Consequently, various
inhibitors have been discovered/developed against cyclic dinucleo-
tide signaling. The field of cyclic dinucleotide inhibitor discovery is
now in its infancy with only a handful of groups pioneering
inhibitor development but it is projected that there will be an
explosion of research activities towards the development of small
molecule regulators of cyclic dinucleotide signaling as it becomes
increasingly clear that these second messengers are critical for
various biological processes and diseased states. In this review, we
discuss some of the fundamentals of cyclic dinucleotide signaling
with emphasis on inhibitors developed against the cyclic
dinucleotides.

c-di-GMP

Bis-(3'-5') cyclic diguanylic acid (c-di-GMP) was originally
discovered by Benziman and colleagues in 1987 as an activator
of cellulose synthase in a Gram-negative bacterium, Glucono-
acetobacter xylinus (formerly named Acetobacter xylinum).”®
Although it was discovered almost 30 years ago, it is only in

This journal is © The Royal Society of Chemistry 2016
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the last decade that the many cellular processes that are regulated
by c-di-GMP have been elucidated. The major function of
c-di-GMP is the regulation of motility-to-sessility transition."
It is also a key player in the cell cycle and virulence factor
production.” So far, c-di-GMP has been identified in a wide variety
of Gram-negative bacteria, including Pseudomonas aeruginosa,
Caulobacter crescentus, Escherichia coli, Salmonella typhimurium
and Vibrio cholerae, and a few Gram-positive bacteria, such as
Bacillus subtilis and Listeria monocytogenes."

c-di-GMP metabolism enzymes

Since c-di-GMP plays important roles in the cell, there is
interest in modulating the intracellular concentrations of the
dinucleotide with small molecules. The intracellular concen-
tration of c-di-GMP is fine-tuned by its metabolism enzymes,
diguanylate cyclase (DGC) and phosphodiesterase (PDE)
(Fig. 4-7). DGCs cyclize two molecules of GTP to c-di-GMP
and release two molecules of pyrophosphates. DGC was first
purified and tested in vitro by the Benziman group.?® In 1995,
Newton and colleagues characterized the gene of a DGC PleD in
Caulobacter crescentus and identified a novel C-terminal GGDEF
(Gly-Gly-Asp-Glu-Phe) domain.*” The conserved GGDEF or GGEEF
(Gly-Gly-Glu-Glu-Phe) motifs were confirmed to be commonly
shared by most DGCs.”®*° Some well characterized examples are
WspR*® from P. aeruginosa (PDB 315A) and DosC*' (also known as
YddV) from E. coli (PDB 4ZVE). Some non-canonical domains also
display DGC functions, such as the AGDEF domain in V. cholerae
VCA0965%* and the SGDEF domain in Pectobacterium atrosepticum
ECA3270.%® Besides the active site (A-site), some DGCs also contain
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Fig. 5 Overview of c-di-GMP regulation in bacteria.
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an inhibitory site (I-site). When c¢-di-GMP binds to the I-site of the
DGC, characterized by the RxxD (x refers to any amino acid)
sequence, c-di-GMP synthesis is allosterically inhibited.**

The hydrolysis of c-di-GMP is conducted by two types of
phosphodiesterases (PDEs): EAL (Glu-Ala-Leu) domain PDE and
HD-GYP (His-Asp and Gly-Tyr-Pro) domain PDE (Fig. 2 and 5).
The major product of EAL domain PDE is 5’-phosphoguanylyl-
guanosine (pGpG) and the degradation of pGpG to guanosine
monophosphate (GMP) is slow. For example, RocR (PDB 3SY8)*®
from P. aeruginosa cleaves c-di-GMP into pGpG in the presence
of Mg”* or Mn*" and this reaction is inhibited by Ca>* and Zn>*
ions.”” Recently it was disclosed that in bacteria, such as
P. aeruginosa, which harbour PDEs that mainly cleave c-di-GMP
into pGpG, a second PDE (an oligoribonuclease) completes the
cleavage of pGpG into GMP.**"° The role of oligoribonuclease in
cyclic dinucleotide metabolism is expected because these enzymes
(found in several bacteria) have long been known to cleave short
oligonucleotides into NMPs.*°** Galperin and colleagues pre-
dicted the functions of HD-GYP in c-di-GMP hydrolysis by
bioinformatic studies®® and the biochemical evidence for this
hypothesis was shown by Dow and colleagues.’* The HD-GYP
domain PDE RpfG from Xanthomonas campestris pv. campestris
directly cleaves c-di-GMP into GMP.** There are a few crystal
structures of HD-GYP PDEs reported. Bd1817 from Bdellovibrio
bacteriovorus (PDE 3TMS8), which lacks the tyrosine in the GYP
active site, presents a bi-iron center.*”> However, the structure of
another HD-GYP protein PmGH from Persephonella marina
shows a different trinuclear iron active site (PDB 4ME4).*°
In 2015, the structure of PA4781 from Pseudomonas aeruginosa
was reported (PDB 4R8Z) and the bimetallic active site binds
to Mn**, Ni** and some other transition metals with similar
affinities.*”

c-di-GMP receptors

Different types of c-di-GMP binding proteins have been identified,
augmenting the important roles played by c-di-GMP in the
bacterial lifestyle (planktonic or sessile)."> When the intracellular
concentration of c-di-GMP is high, it induces extracellular
polymeric substance (EPS) production and promotes biofilm
formation.*® When c-di-GMP concentration is low, flagella
biosynthesis is upregulated and bacterial motility significantly
increases.” c-di-GMP drives the C. crescentus cell cycle by
inducing the dephosphorylation or degradation of a replication
initiation inhibitor CtrA through the effector proteins CckA and
PopA respectively.’®*! c-di-GMP also represses acute virulence
gene transcription.>® For some intracellular pathogens, c-di-GMP
has been shown to make bacterial cell surface proteins resistant
to proteolytic cleavage, enhancing bacterial invasion.>® There are
three major types of c-di-GMP binding proteins: (1) the PilZ
domain c-di-GMP receptor; (2) DGC I-sites and inactive EAL and
HD-GYP domains; and (3) other types of c-di-GMP receptors."®
The first type of c-di-GMP binding domain PilZ (Pfam: PF07238)
was predicted by Amikam and Galperin by bioinformatics
studies.>® This hypothesis was verified by Gomelsky and colleagues
in the same year.>® The purified PilZ domain protein YcgR from
E. coli showed a dissociation constant (K4) of 0.84 + 0.16 UM to
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Fig. 7 The hydrolysis mechanism of c-di-GMP by the HD-GYP domain protein from Persephonella marina (PmGH).*® (PDB 4MDZ, PmGH in complex
with c-di-GMP). Scheme (1) (black arrows) indicates a two-step hydrolysis of c-di-GMP, an attack by one activated water molecule on one
phosphodiester linkage forms pGpG which is further degraded into GMP; scheme (2) (blue arrows) indicates a one-step hydrolysis of c-di-GMP,
an attack by two activated water molecules on both phosphodiester linkages directly forms GMP.

c-di-GMP and the C terminus of BesA from G. xylinus also binds to
¢-di-GMP.”® The PilZ domain is widely spread in many bacteria.
Alg44 from P. aeruginosa,”® DgrA protein from C. crescentus,”” and
PlzC and PlzD from V. cholerae® are typical PilZ domain c-di-GMP
receptors. The conserved sequence RxxxR,o_zo(D/N)X(S/A)xxG
(x refers to any amino acid) in the PilZ domain, which is
responsible for c-di-GMP binding, was disclosed by crystal
structures and biochemical experiments.**>>>¢

As stated earlier, DGC activity is allosterically inhibited when
c-di-GMP binds to the I-site. c-di-GMP strongly inhibits PleD
from C. crescentus with a K; of 0.5 uM.>®> A protein with
degenerate GGDEF or EAL domains is another kind of c-di-GMP
receptor. For example, the GGDEF-EAL domain FimX from

9330 | Chem. Commun., 2016, 52, 9327-9342

P. aeruginosa has neither DGC nor PDE activity (PDB 3HVS).%°
Its EAL domain binds to c¢-di-GMP and regulates twitching
motility.®® Another example is the GGDEF domain of PopA
from C. crescentus, which does not synthesize c-di-GMP but
rather mediates movement toward the cell pole.®*

Some c-di-GMP receptors are transcription factors that
up-regulate or down-regulate target gene transcription upon
¢-di-GMP binding, such as the major flagella gene regulator in
P. aeruginosa FleQ (PDB 4WXM).** c-di-GMP binds to the Walker A
motif of FleQ resulting in decreased flagella biosynthesis and
increased EPS production.® Furthermore, binding of c-di-GMP to
VpsT, a transcription factor in V. cholerae, causes the dimerization of
VpsT thereby enhancing its role in regulating biofilm formation.**

This journal is © The Royal Society of Chemistry 2016
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In 2008, Breaker and colleagues reported the first type of
c-di-GMP riboswitch, Vc2 RNA.*® The riboswitch was observed
to change conformation upon c-di-GMP binding. This facilitates
the transcriptional regulation of downstream genes by the Vc2
riboswitch.®> The same group, in 2010, identified the c-di-GMP-II
riboswitch which had picomolar affinity for c-di-GMP and was
found to regulate self-splicing.*®

Polymorphism of c-di-GMP

c-di-GMP has the tendency to readily form dimers, tetraplexes
and higher aggregates in the presence of cations, not only in
solution,®” but also when bound to proteins (see Fig. 8). Subtle
changes in c¢-di-GMP can lead to a dramatic change in the
propensity to form such higher aggregates.®® When developing
c-di-GMP-based small molecule inhibitors against the various
proteins and RNAs that bind to c-di-GMP, it is important to
consider how any changes to the native c-di-GMP would affect
the conformer and/or polyphorphism of the analog.®®7°

Assays for the discovery of c-di-GMP inhibitors

Due to the importance of c-di-GMP signaling, there has been
interest in developing small molecules to interrupt signaling.
Towards this goal, several groups have developed assays that
are amenable to high throughput screening inhibitor discovery.
Following the discovery of c-di-GMP riboswitches that potentially
bind to c-di-GMP, Sintim and colleagues reported a hybrid
Spinach-Vc2 RNA aptamer, which couples the binding of
c-di-GMP to the fluorescence of DFHBI,’* and this strategy
has been utilized by others to develop riboswitch-based sensors
that detect cyclic dinucleotides in complex environments,
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Fig. 8 Polymorphism of c-di-GMP when bound to (A) the |-site of WspR,
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factor (PDB 40AZ). (D) Detection of c-di-GMP by V. cholerae lumi-
nescence.” (A), (B), and (C) Reproduced with permission from ref. 72.
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including inside bacterial cells.”*””” The riboswitch sensor,
albeit being sensitive, is too expensive to use in high throughput
screenings for inhibitor discovery. The Sintim group has demon-
strated that intercalators that fluoresce or have fluorescence being
quenched upon binding to ¢-di-GMP could be used as a simple
means to screen for inhibitors of c-di-GMP processing enzymes.
One example is that c-di-GMP can aggregate into supremolecular
structures in the presence of thiazole orange (TO), leading to
fluorescence turn-on.”® In another example, the same group
demonstrated that c-di-GMP/proflavine association leads to
fluorescence turn-off.”® A fluorescent c-di-NMP sensor that
incorporates the aminopurine nucleobase and reports on PDE
activity has also been reported.®® Such fluorescence assays could
be used to screen for inhibitors of c-di-GMP synthesis or
degradation. Others have used computational virtual screening®'
and differential radial capillary action of ligand assay (DRaCALA)*
to identify c-di-GMP inhibitors. Perhaps a better way to discover
c-di-GMP signaling inhibitors that are cell permeable is to use cell-
based systems. Waters and colleagues have developed a V. cholerae
bioluminescent reporter strain that can be used to screen for DGC
inhibitors’* (see Fig. 8D). The reporter strain contains a plasmid
harboring an IPTG-inducible DGC gene, VC1216. When treated
with IPTG, VC1216 expression was induced with a corres-
ponding increase in c-di-GMP production. The reporter strain
also contains a second plasmid that encodes a luciferase
operon under the control of a c-di-GMP inducible promoter.
Any compound that inhibits VC1216 activity would lead to a
change in bacterial luminescence. Such reporter strains or
variations thereof are going to facilitate the discovery of cell-
permeable c-di-GMP inhibitors.

Inhibitors of c-di-GMP

The redundancy of GGDEF, EAL and HD-GYP domains in bacteria,
which are typical domains of c-di-GMP DGCs and PDEs pose
challenges for the development of small molecules to modulate
c-di-GMP signaling in bacteria.®* Table 1 shows the distribution of
¢-di-GMP DGCs and PDEs in select bacteria. c-di-GMP regulation
by DGCs and PDEs is complicated at both the global level and the
local level. Some DGCs and PDEs contribute to the total c-di-GMP
concentration, but others only affect c-di-GMP concentration in
a localized region.”” Rémling and colleagues showed that in
Salmonella, a mutation of the major DGC AdrA leads to a signi-
ficant decrease in the global level of c-di-GMP.®* The expression of
the biofilm regulator CsgD was not affected due to localized pools
of ¢-di-GMP from two other DGCs STM2123 and STM3388.%* Some
DGCs or PDEs regulate bacterial phenotypes without changing
the overall c-di-GMP concentration. In Pseudomonas aeruginosa,
mutating the nbdA gene which encodes the c¢-di-GMP PDE NbdA
had no effect on intracellular c-di-GMP levels.*> However, the
mutant strain was found to be resistant to biofilm dispersion by
nitric oxide (NO) relative to the wildtype.*® Therefore a major
challenge in inhibitor development is finding small molecules
that can either inhibit all of these redundant enzymes or selectively
inhibit one over the other.

So far, efforts to develop c-di-GMP signaling inhibitors have
mainly been focused on finding inhibitors to interfere with

Chem. Commun., 2016, 52, 9327-9342 | 9331
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Table 1 Distribution of DGCs and PDEs of c-di-GMP in select bacteria®®

Species GGDEF EAL HD-GYP
Mesorhizobium loti 32 18 1
Pseudomonas aeruginosa 33 21 3
Escherichia coli 19 17 0
Bacillus subtilis 4 3 0
Bacillus halodurans 4 2 2
Mycobacterium tuberculosis 1 2 0
Vibrio cholerae 41 22 9
Caulobacter crescentus 11 10 0
Synechocystis sp. 23 13 2
Mycobacterium leprae 3 2 0
Xylella fastidiosa 3 3 1
Deinococcus radiodurans 16 5 4
Aquifex aeolicus 11 8 1

c-di-GMP synthase DGC,***®°® PDE (EAL domain)®***> and
riboswitches.’>°” This is mostly because of the phenotypes that
have been observed upon deletion of either DGC, PDE or
their interacting partners. O’Toole and colleagues showed that
deletion of the P. aeruginosa PDE, BifA, resulted in altered
swarming mobility, EPS production and biofilm formation®®
(Fig. 9). Also deletion of WspF, which caused the constitutive
activation of the P. aeruginosa DGC WspR resulted in a strain
with increased biofilm forming ability®® (Fig. 9). In a murine
acute infection model, P. aeruginosa PA14 strains with mutation
in the rocR gene were not virulent, evident by the survival of
mice 5 days after infection'®® (Fig. 9).

Table 2 and Fig. 10 depict the list of c-di-GMP inhibitors
and their structures respectively. The first two examples of DGC
inhibitors, glycosylated triterpenoid saponins (GTSs) and
papulacandin B, were identified by Benziman and co-workers.*?
However, such molecules probably lack the ability to cross
bacterial membranes, making them not drug-like. Waters and
co-workers reported several other small molecules, including
N-(4-anilinophenyl)benzamide and LP-3145 as potential DGC
inhibitors, to prevent biofilm formation in V. cholerae and
P. aeruginosa respectively.®””®® Also, Landini and co-workers
found that sulfathiazole and azathioprine inhibited biofilm
formation by an E. coli strain harbouring P. aeruginosa DGC,
WspR.* The real mechanism is not known yet, however,
sulfathiazole and azathioprine may affect the biosynthesis of
c-di-GMP because of their antimetabolite activities, rather than
directly inhibiting the activity of DGC.*>°° Of note, azathioprine
is used as an anti-inflammatory drug in the treatment of Crohn’s
disease and rheumatoid arthritis."®" Therefore, its toxicity profile
has already been established and could become a safe anti-
biofilm drug for clinical applications. Recently, Lee and
co-workers reported that ebselen inhibits WspR via covalent
modification of a cysteine group near the active site.*” Ebselen
is an alkylating agent as well as a planar aromatic molecule.
It is also a promiscuous inhibitor and has been reported to
inhibit many other biological targets'°>'® and might not be
an ideal drug candidate due to its potential toxicity.®> Others
have also identified c-di-GMP signaling inhibitors via in silico
screening. Rinaldo and co-workers identified catechol-containing
sulfonohydrazide as an inhibitor of PleD with ICs, around 11 uM.%'
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Fig. 9 (A) The effects of c-di-GMP PDE BifA on swarming motility, EPS
production and biofilm formation. BifA mutant attenuated swarming
motility. Red, wrinkly colony on congo red plates indicated increased
EPS production. BifA mutant strain biofilm formation was increased
compared to WT strain. (B) WspF mutation resulted in the activation of
WspR, a c-di-GMP DGC. AwspF strain produced a thicker biofilm than WT
strain. (C) Survival of mice post infection with wildtype P. aeruginosa PA14
and strains with various mutations in the DGC, PDE and DGC-PDE genes.
Strains with PA3947 gene (RocR) mutation are less virulent. (A) Reproduced
with permission from ref. 98. Copyright © 2010 American Society for
Microbiology. (B) Reproduced with permission from ref. 99. Copyright ©
2005, The National Academy of Sciences of the USA. (C) Reproduced with
permission from ref. 100. Copyright © 2006, The National Academy of
Sciences of the USA.

From the foregoing, it is clear that the development of cell perme-
able inhibitors of c-di-GMP signaling is only at its infancy and
many of the reported inhibitors do have various limitations that
will prevent clinical development.

A number of nucleotide-based c-di-NMP analogs have been
designed and synthesized in order to differentially inhibit
different receptors, including backbone and sugar modifications
of c-di-GMP**©8929419 3 peutral analogs of c-di-GMP.'* % Of
note, endo-S c-di-GMP was shown to selectively inhibit c-di-GMP
PDE but not DGC®® while 2/-F-¢-di-GMP could inhibit DGCs better
(4 times) than the native dinucleotide, c-di-GMP.”> Recently,
Rinaldo and co-workers reported the first neutral c-di-GMP-like
molecules for discriminating DGCs and PDEs, simply by replacing
a phosphodiester bond with triazole.'® Potential limitations of
c-di-GMP analogs as clinical candidates are solubility issues
(guanine containing molecules tend to aggregate) and lack of
cell permeation (most bisguanine-based analogs have too many
hydrogen bond acceptor and donor units in the molecule and
hence are not drug-like).

This journal is © The Royal Society of Chemistry 2016
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Inhibitors Functions IC50 or K* (UM) Ref.
Nucleotide-based inhibitors
c-di-GMP Allosterically inhibits c¢-di-GMP production 48.9/15.42* 92
2/-F-c-di-GMP Inhibits DGC (WspR) 11/12.6% 92
Inhibits PDE (RocR) 0.7 92
Endo-S c-di-GMP Inhibits PDE (RocR) 0.14 95
Inhibits PDE (RocR) 0.02 92
2'-H-c-di-GMP Inhibits DGC (PleD) 17.5 £ 1.1 108
c-(RpRp)-di-Gps Inhibits PDE (CC3396) 0.48 94
c-(RpSp)-di-Gps Inhibits PDE (CC3396) 0.82 94
Neutral nucleotide-based inhibitors
DCI061 Inhibits PDE (RocR) 66.3 £ 1.3 108
DCIO58 Inhibits DGC (PleD) 25.5 £ 1.2 108
Non-nucleotide-based inhibitors
Papulacandin B Inhibits DGC (G. xylinum) 70* 93
Glycosidic triterpenoid saponin (GTS) Inhibits DGC (G. xylinun) 5% 93
N-(4-Anilinophenyl)benzamide Inhibits DGC (VC2370) 1 87
Inhibits DGC (WspR) 17.8 87
LP-3134 Inhibits DGC (WspR) and biofilm formation 44.9 88
LP-3145 70.9 88
LP-4010 102.4 88
LP-1062 73.1 88
Sulfathiazole Inhibits c-di-GMP biosynthesis and biofilm formation 5.8 90
Azathioprine Inhibits c-di-GMP biosynthesis and biofilm formation 40 89
Ebselen Inhibits DGC (WspR) 13.6 82
Inhibits DGC (PleD) 5 82
Amb2250085 Inhibits DGC (PleD) 11.05 81
Amb379455 Inhibits DGC (PleD) 11.07 81

* represents inhibitors for which K; was determined

Recently, Sintim and co-workers have suggested an interesting
strategy to inhibit c-di-GMP and c-di-AMP signaling via dinucleo-
tide aggregation with small molecules (Fig. 11).”> Although only
modest inhibitions of c-di-GMP/AMP degradation by PDEs were
observed by this strategy, it is encouraging that one could bypass
the enzyme redundancy issue that makes the global inhibition of
c-di-NMP in bacteria challenging by targeting the dinucleotide
itself.”?

c-di-AMP

B. subtilis DNA integrity scanning protein A (DisA) is a protein
involved in maintaining DNA integrity at the onset of B. subtilis
sporulation.'*'° In the course of structural characterization of
DisA from Thermatoga maritima, Hopfner and colleagues in 2008
discovered bis-(3'-5') cyclic diadenylic acid (c-di-AMP) bound to
the nucleotide binding site of DisA."® The authors identified
structural homologs of the nucleotide binding domain of DisA
and hence predicted the existence and extensive role of c-di-AMP
in archaea and eubacteria.’® Consistent with this, c-di-AMP
signaling has been reported in several Gram-positive bacteria
and mycobacteria including Staphylococcus aureus, L. monocytogenes,
Mycobacterium tuberculosis, Streptococcus pyogenes and Streptococcus
pneumoniae and in some Gram-negative bacteria such as Chlamydia
trachomatis."** 7 Fluctuations in the intracellular concentration
of c-di-AMP has been implicated in various physiological roles
including fatty acid synthesis, potassium ion transport, cell
wall homeostasis, host type I interferon response induction,
and biofilm formation.'*>6119

This journal is © The Royal Society of Chemistry 2016

c-di-AMP metabolism enzymes

Very little is known about the environmental cues that elicit
the production and degradation of c-di-AMP. Also the direct
relationship between cellular c-di-AMP levels and the phenotypes
observed remains to be elucidated. For example, low c-di-AMP
levels sensitize B. subtilis and L. monocytogenes to cell wall
targeting antibiotics."'®'** In S. aureus, high cellular c-di-AMP
levels result in increased peptidoglycan crosslinking and resis-
tance to cell wall targeting antibiotics."*" High c-di-AMP levels
have also been shown to trigger stringent response resulting in
an increase in the levels of the alarmone (p)ppGpp in S. aureus.*®
Exogenously added c-di-AMP enhanced B. subtilis sporulation*°
while overexpression of MsDisA in M. smegmatis (implying increased
c-di-AMP levels) resulted in minute colonies’*" (Fig. 12). Conse-
quently, the cellular concentration of c-di-AMP is tightly regulated.

c-di-AMP is synthesized at the dimer interface of DisA_N
(Pfam PF02457) domain-containing enzymes known as diadenylate
cyclases (DAC)*® (Fig. 13 and 15). The active pocket contains two
metal ions, which coordinate the phosphate moieties of two ATP
molecules. A condensation of the two ATP molecules by active
site residues forms c-di-AMP (Fig. 13)."°*'** The DAC domain is
conserved among the bacteria that utilize c-di-AMP signaling and
it is characterized by a catalytic site with the conserved RHR
(Arg-His-Arg) and DGA (Asp-Gly-Ala) motifs.'**">® Such enzymes
have been reported in numerous bacteria including B. subtilis
(DisA,'® CdaA and CdaS'), S. pyogenes (CdaA),'* S. pneumoniae
(CdaA),**® M. tuberculosis (MtDisA),'** C. trachomatis (CdaA)'*®
and L. monocytogenes (CdaA; PDB 4RV7).'” DAC enzymes

Chem. Commun., 2016, 52, 9327-9342 | 9333
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Fig. 10 Structures of small molecule inhibitors of c-di-GMP.

increase the local and/or global pools of c-di-AMP in bacteria.
Attempts to delete the DAC gene from bacteria such as the
human pathogen L. monocytogenes have been unsuccessful;**>
pointing to the essentiality of c-di-AMP signaling in bacterial
growth and physiology. Consequently, DAC has been viewed as
a potential target for antibiotic development.

After effecting a signaling process or at higher than normal
cellular concentrations, c-di-AMP is degraded by phosphodies-
terase (PDE) to the linear pApA,"” a process which requires two
metal ions™® (Fig. 14). Three families of phosphodiesterases
have been identified to degrade c-di-AMP. Liang and co-workers

9334 | Chem. Commun., 2016, 52, 9327-9342

—~ Y . ¢ \N HL oH I@

identified B. subtilis GAdpP (GGDEF domain protein-containing
phosphodiesterase), belonging to the DHH-DHHA1 family of
PDEs, as the first c-di-AMP PDE.**° The domain architecture of
GdpP and its homologs are characterized by two transmembrane
helical domains, the PAS (Per-Arnt-Sim) domain, a degenerate
GGDEF domain and the DHH-DHHA1 catalytic domains. This
family of PDEs has been shown in other bacteria such as S. aureus
(GdpP)'*! and L. monocytogenes (PdeA)."'® A related family of PDEs
is those that contain only the catalytic DHH-DHHA1 domain
as found in B. burgdorferi (DhhP),"*° S. pneumoniae (Pde1 and
Pde2)'*® and M. tuberculosis (CnpB)."*""** A third family of

This journal is © The Royal Society of Chemistry 2016
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Fig. 11 (A) YybT cleavage of 32P-c-di-AMP in the presence and absence
of coralyne. (B) YybT cleavage of *2P-c-di-GMP in the presence and
absence of proflavine. (C) Atomic force microscopy image of c-di-GMP
proflavine aggregation. (A)—(C) Reproduced with permission from ref. 72
Copyright © 2016 Future Science.

- c-di-AMP

Emspde

Fig. 12 (A) Addition of exogenous c-di-AMP (+ c-di-AMP) to B. subtilis
cells showed an increase in sporulation characterized by the higher
number of polar septa (white arrows) observed. (B) Overexpression of
the DAC, DisA in M. smegmatis results in minute colonies compared to WT
and PDE overexpression strains. (A) Reproduced with permission from
ref. 120 © (2011) John Wiley & Sons. (B) Reproduced with permission from
ref. 121.

OEmsdisA

PDEs which belongs to the 7TMR-HD family was identified
by Woodward and coworkers."*® The PDE, PgpH which was
identified in L. monocytogenes, possesses a catalytic histidine-
aspartate (HD) domain."*® For a comprehensive overview of
c-di-AMP PDEs, the reader is referred to a recent review by
Huynh and Woodward." Another approach to decreasing
intracellular c-di-AMP concentration could be seen in intra-
cellular bacteria such as L. monocytogenes, C. trachomatis and
M. tuberculosis."**'*>3* During infection, these pathogens
secrete c-di-AMP into the host cytosol which induces type I
IFN response (Fig. 15). Overall, DACs, PDEs and export proteins
work together to maintain c-di-AMP homeostasis (Fig. 15).

This journal is © The Royal Society of Chemistry 2016
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c-di-AMP receptors

Binding of second messengers is a crucial step in signal
transduction. After the discovery of c-di-AMP, a significant
amount of effort was directed towards the identification of macro-
molecules that respond to fluctuations in cellular c-di-AMP concen-
tration by binding to the second messenger. Several c-di-AMP
binding partners have been identified encompassing proteins
and RNA riboswitches (Fig. 15). Zhang et al. discovered the first
c-di-AMP binding protein DarR, a TetR family transcription factor
in M. smegmatis."*® The authors noted that the DNA binding
activity of DarR was enhanced after binding c-di-AMP which results
in the repression of expression of various genes, including genes
associated with metabolism and transportation of fatty acids.'*®
The c-di-AMP binding proteins KtrA in S. aureus"*® and CabP in
S. pneumoniae'"” enable bacterial survival under low-potassium
conditions and elevated c-di-AMP levels have been shown to
inhibit potassium uptake. KdpD and CpaA which are S. aureus
proteins predicted to be involved in potassium homeostasis
and cation-proton antiporting respectively, have c-di-AMP
binding sites."*® Also, the PII-like signal transduction proteins
B. subtilis DarA™’ and S. aureus PstA™® have been demon-
strated to possess c-di-AMP binding affinity. L. monocytogenes
pyruvate carboxylase (LmPC), which is essential for the growth
of the human pathogen, was also shown to bind c-di-AMP.
Binding of c-di-AMP was observed to inhibit the activity of
LmPC."*® The ydaO riboswitch class found in several bacteria
has also been shown to have strong affinity for c-di-AMP**°
compared to ATP which was earlier shown to be a ligand for the
riboswitch.'**

Inhibitors of c-di-AMP

c-di-AMP is undoubtedly an important second messenger in
Gram-positive bacteria and the essentiality of c-di-AMP synthases
has spurred the development of DAC inhibitors. c-di-AMP detec-
tion assays could facilitate inhibitor discovery. Bai and colleagues
developed an ELISA-based assay for the detection and quantifica-
tion of c-di-AMP using the c-di-AMP binding protein, CabP from
S. pneumoniae.*** The assay was used to identify some c-di-AMP
binding proteins.’*> The Sintim group has also developed a
surprisingly simple assay that uses commercially available
coralyne to detect c-di-AMP and the group has used this assay
to identify various inhibitors of DisA (Fig. 16)."*?

Cyclic di-AMP as stated earlier regulates cell wall homeostasis.
With a majority of antibiotics targeting the bacterial cell wall, it is
possible that inhibitors of ¢-di-AMP signaling could potentiate the
activities of traditional cell wall-targeting antibiotics. However,
there is a paucity of inhibitors against c-di-AMP metabolism
enzymes'>>"** (Fig. 17 and Table 3). Sintim and co-workers
established a high-throughput fluorescence assay for c-di-AMP
detection using the coralyne fluorophore.'*® After screening
several compound libraries, three inhibitors of B. subtilis DisA
were identified.***™*® Bromophenol-TH was the first documented
DAC inhibitor. It was shown to specifically inhibit DisA with an
ICso of 56 uM.""” Suramin, an antiparasitic drug, and the tea
polyphenol theaflavin digallate were also identified as potent DisA
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Fig. 14 (A) The hydrolysis mechanism of c-di-AMP by the HD domain phosphodiesterase from Listeria monocytogenes, PgpH.*** (PDB 4S1B). (B) The
proposed hydrolysis mechanism of pApA by DHH-DHHAL domain phosphodiesterase from Mycobacterium tuberculosis (Rv2837¢).3** (PDB 5CEU).
(A) Adapted with permission from ref. 133 Copyright © 2015, National Academy of Sciences, USA (B) Adapted with permission from ref. 134. Copyright ©

2016, The American Society for Biochemistry and Molecular Biology.

inhibitors with ICs, of 1.1 uM and 3.4 uM"*>'*® respectively. Witte
and co-workers also reported that 3’-deoxyATP inhibited Thermotoga
maritima DisA with a ICs, of 3.8 uM.'** Liang and co-workers
have shown that the stringent stress alarmone ppGpp could
competitively inhibit B. subtilis GApP (formerly YybT), with a K;
of 35.9 + 7.2 uM."*® Additionally, ppGpp also inhibits GdpP in
S. aureus with a K; of 129.7 4+ 42.8 pM"® and PgpH in
L. monocytogenes with a ICs, of 200-400 uM."** Like c-di-GMP,

9336 | Chem. Commun., 2016, 52, 9327-9342

the structure-activity relationship of c-di-AMP was also thoroughly
studied by Strobel et al. and some of those analogs have been
identified to be resistant to GdpP cleavage.**’

3'3’-cGAMP

In 2012, Mekalanos and colleagues explored the contribution of
the Vibrio seventh pandemic island-1 (VSP-1) to pathogenesis
and they discovered a new type of cyclic dinucleotide with

This journal is © The Royal Society of Chemistry 2016
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hybrid bases, cyclic AMP-GMP (33’-cGAMP), in V. cholerae.”
This new bacterial second messenger is synthesized by a novel
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class of dinucleotide cyclase DncV,”* which contains a conserved
G[G/S[Xo_13DX[D/E] motif. DncV represses V. cholerae chemotaxis,
a requirement for intestinal colonization.>* Subsequently, Jiang
and colleagues reported three cGAMP-specific PDEs in V. cholerae
with HD-GYP domains, named V-cGAP1/2/3.'*° All of three PDEs
were able to degrade 3'3’-cGAMP to the linear 5’-pApG but the
5'-nucleotidase activity of V-cGAP1 afforded it the capacity to
cleave 5-pApG to 5-ApG in a second step.*** The protein
receptors for 3'3'-cGAMP are still unknown. The first 3'3’-cGAMP
riboswitch was developed based on the class I c-di-GMP riboswitch.
In 2011, Strobel and colleagues found that a single C92U mutation
in the ligand binding pocket enables the c-di-GMP class I ribos-
witch to bind to 3/3'-cGAMP."® In 2015, Hammond showed
that Gram-negative bacterium Geobacter sulfurreducens produced
3/3'-cGAMP and that the GEMM-I (Genes for the Environment,
Membranes, and Motility) class riboswitch was a 3'3’-cGAMP
receptor that regulates electrophysiology genes.'>' At the same
time, Breaker and colleagues also reported the 3'3’-cGAMP ribo-
switch in Deltaproteobacteria that controls exoelectrogenesis.'*>

2'3’-cGAMP

In 2013, a cyclic dinucleotide second messenger, 2'3’-cGAMP
present mammals was uncovered by Ablasser, Hornung and
colleagues.”® One of the two phosphodiester bonds has a
special linkage between 2’-OH of GMP and 5’-phosphate of
AMP, distinguishing the mammalian 2’3’-cGAMP from other
bacterial cyclic dinucleotides."®® 2/3'-cGAMP is synthesized
from GTP and ATP by a cytoplasmic nucleotidyl transferase
known as cyclic GMP-AMP synthase (cGAS).>* The 2/3’-cGAMP
synthesis was postulated to occur in two steps. In a first step,
GTP and ATP form the linear intermediate pppGp(2'-5)A
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of c-di-AMP and the fluorescent c-di-AMP/coralyne complex. (A) Reproduced with permission from ref. 143 Copyright © 2014, American Chemical
Society. (B) Reproduced with permission from ref. 144 Copyright © 2014, The Royal Society of Chemistry.
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Fig. 17 Structures of representative c-di-AMP inhibitors.

Table 3 Summary of small molecules identified as c-di-AMP inhibitors

Inhibitors Functions ICso (UM) Ref.
Nucleotide-based inhibitors
3/-dATP Inhibits DAC (DisA) 3 123
pPpGpp Inhibits PDE (YybT)  35.9 + 7.2 129
Inhibits PDE (GdpP)  129.7 = 42.8 18
Inhibits PDE (PgpH)  200-400 133
c-di-2'F-AMP Inhibits PDE (GdpP) 26 + 3.6 147
c-dA-2'F-A Inhibits PDE (GdpP) 9.4 + 0.8 147
c-di-2’OMe-AMP Inhibits PDE (GdpP) 15 + 2.5 147
Non-nucleotide-based inhibitors
Bromophenol-TH Inhibits DAC (DisA) 56 148
Suramin Inhibits DAC (DisA) 1.1 145
Theaflavin digallate Inhibits DAC (DisA) 3.4 146

which is cyclized to 2'3’-cGAMP in the second step.'”* The
enzymatic activity of cGAS is stimulated by double stranded
DNA in the cytoplasm. When cGAS binds to cytoplasmic DNA, it
synthesizes the signaling molecule 2’3’-cGAMP which induces
immune response."”>>'*® In 2014, Mitchison and colleagues
identified a glycoprotein on the plasma membrane and endo-
plasmic reticulum, ENPP1 that degraded 2'3’-cGAMP into AMP
and GMP (keo = 12 s~ 1, Ky = 20 pM).">” ENPP1 was originally
reported to be an ATP hydrolase (kcae = 16 8™, Kiy, = 46 uM). The
crystal structure of ENPP1 (PDB 4HTW) revealed a Ca**-binding
domain and a site for two Zn*" ions in its active pocket.'”®

Type I interferon response

One of the efficient methods for the host innate immune system
to detect intracellular pathogens is to sense cytoplasmic DNA.
As described previously, upon binding to cytoplasmic double
stranded DNA, cGAS synthesizes the signaling molecule 2'3’-
cGAMP."® 2/3’-cGAMP binds to and activates STING (stimulator
of interferon genes, also known as MITA, MPYS and ERIS), which
is a 5 transmembrane domain protein that predominantly
resides in the endoplasmic reticulum.* Activated STING triggers

9338 | Chem. Commun., 2016, 52, 9327-9342

OH
Theaflavin digallate

the phosphorylation of transcriptional factor IFN regulatory
factor (IRF3) by the kinase TANK-Binding Kinase 1 (TBK1).'*>**'
Phosphorylated IRF3 then translocates into the nucleus to induce
the transcription of type I interferon genes (Fig. 18). The affinity of
2/3’-cGAMP for human STING has been shown to be very high,
with a dissociation constant of 4.59 nM."**

STING is able to sense cytoplasmic DNA directly,
as the bacterial cyclic dinucleotides.’®® Vance and colleagues
showed the direct binding of STING to c-di-GMP and they
obtained a Ky of 5 uM by equilibrium dialysis.'®* c-di-AMP is
capable of inducing type I interferon response in a STING-
dependent manner but with a lower binding affinity."*> Chen
and colleagues measured the binding affinity of STING to
3/3-cGAMP and synthetic analogs 3'2’-cGAMP and 2'2’-cGAMP
by ITC. K4 was measured as 1.04 pM, 1.61 pM and 287 nM.
Their binding affinities are much lower than the host derived
2'3'-cGAMP.'**

Small molecules that inhibit bacterial or human cyclic
dinucleotide PDEs to increase cytosolic c¢-di-NMP in immune
cells or activate cGAS to produce 2'3’-cGAMP or bind directly to
STING to activate immune response could have anti-virulence
properties. These molecules could however lead to unwanted
prolonged inflammation and its associated unwanted effects
such as pain, cancer and so on. On the other hand, it is also
possible to develop c-di-NMP analogs that would bind to STING
but prevent STING-related interferon response. Such molecules
could have anti-inflammatory properties.

162 35 well

Cyclic dinucleotides as anticancer agents or cancer immune
adjuvants

c-di-GMP has been shown to possess broad activities, such as
inhibiting bacterial infection,'®* stimulating host immune
response,'®® acting as an adjuvant for vaccination'®® and inhibiting
cancer cell proliferation.'®® The potential of ¢-di-GMP as an agent
against metastatic breast cancer, using a mice tumor model,
has recently been demonstrated by Gravekamp.'®” In this study,

This journal is © The Royal Society of Chemistry 2016
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Fig. 18 Cyclic dinucleotides induce type | interferon response. cGAS
detects cytoplasmic DNA and synthesizes 2'3’-cGAMP. 2'3’-cGAMP and
c-di-AMP and c-di-GMP from bacteria bind to STING. Activated STING
mediates the phosphorylation of IRF3 by TBK1. Phosphorylated IRF3
induces the transcription of type | interferon genes in the nucleus.

Gravekamp and co-workers firstly infected mice with metastatic
breast cancer and then immunized them with an attenuated
L. monocytogenes (LM)-based vaccine. After 19 days of treatment
with low doses of c-di-GMP, the mice were able to survive with
almost no metastases observed as well as improved T-cell
responses. When treating mice infected with metastatic breast
cancer by using one high dose and subsequent low doses of
c-di-GMP, without the LM-based vaccine, they could achieve
equal effectiveness against metastases.'®” The real mechanism
has not been fully elucidated. One possibility is that the LM-based
vaccine infects myeloid-derived suppressor cells (MDSC) and
c-di-GMP activates T cells, both toward reducing immune
suppression and improving therapy. They also proposed that
in the absence of the LM-based vaccine, high-dose of c-di-GMP
would induce tumor cell death, while low-dose of c-di-GMP
would induce activation of T-cells."®”

Karaolis et al., in 2007, proposed that cyclic dinucleotides
like c-di-GMP could be used as immunotherapeutic candidates
in both humans and animals.'®® However, the two phosphate
groups on c-di-GMP inevitably prevents it from being developed
as a drug candidate since it can barely cross cell membranes
and may also be easily hydrolyzed.*®® To address such issues,
several groups have shown how to generate c-di-GMP inside
host cells or transport c-di-GMP into mammalian cells for
immunotherapy.'®®'”> Waters and co-workers used the adeno-
virus serotype 5 (Ad5) vector to transduce dgc into mammalian
cells, and thus increase intracellular c-di-GMP.'*® In a more recent
study, they combined VCA0848 (more potent dgc) with non-
replicating adenovirus serotype 5 (AdVCA0848) for an improved
stimulation of innate immunity in mice.'”® On the other hand,
the Gursel group used the arginine peptide (positively charged)
to complex with c-di-GMP (negatively charged) for delivery into

This journal is © The Royal Society of Chemistry 2016
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mouse cells with enhanced immunostimulation of c-di-GMP
being observed.'®® In addition, Hayakawa loaded c-di-GMP on
liposomes (YSKO5 lipid), facilitating the delivery of c-di-GMP
directly into the cytosol. As a result, c-di-GMP enhanced anti-
cancer activity against malignant melanomas."”"'”?

Recently and unsurprisingly 2'3’-cGAMP has been identified
as an immune adjuvant in mouse studies.'”® Replacement of
phosphodiester linkage by the phosphothioate bond resulted in
a 2'3’-cGAMP analog resistant to hydrolysis while capable of
activating human STING."” Though such a 2'3'-cGAMP analog
still possesses negative charges, it opens up the field to develop
hSTING agonists as cancer immunotherapeutic drugs.

Conclusions

The importance of the physiological roles played by cyclic
dinucleotides is well established. As a result significant effort
has been directed towards identifying receptor/target proteins
and RNA. The use of chemical probes represents one obvious
approach to studying the molecular mechanisms underlying
the phenotypes observed as a result of cyclic dinucleotide
signaling. However, thus far only a handful of inhibitors have
been uncovered for c-di-GMP and c-di-AMP metabolism.
Furthermore, there are no inhibitors documented for the
hybrid cyclic dinucleotide cGAMP (2’3’ and 3’3’) signaling.
We believe that c-di-NMP signaling is on par with cNMP
signaling or protein kinase signaling. Considering that inhibitors
of these two signalings have had a tremendous impact on modern
medicine, it is safe to predict that inhibitors of c-di-NMP signaling
would also positively impact clinical practice. We hope that this
review provides a rallying cry to other medicinal chemists to join
the cyclic dinucleotide revolution and develop inhibitors against
the various signaling pathways mediated by these fascinating
molecules.
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