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Abstract

Since the discovery of c-di-GMP almost three decades ago, cyclic dinucleotides (CDNs) have
emerged as widely used signaling molecules in most kingdoms of life. The family of second
messengers now includes c-di-AMP and distinct versions of mixed cyclic GMP-AMP (cGAMP)
compounds. Along with these nucleotides, a vast number of proteins for the production and
turnover of these molecules have been described, as well as effectors that translate the signals into
physiological responses. The latter include but are not limited to mechanisms for adaptation and
survival in prokaryotes, persistence and virulence of bacterial pathogens, as well as immune
responses to viral and bacterial invasion in eukaryotes. In this review we will focus on recent
discoveries and emerging themes that illustrate the ubiquity and versatility of cyclic dinucleotide
function at the transcriptional and post-translational levels and, in particular, on insights gained
through mechanistic structure-function analyses.

Introduction

In 1987, the discovery of cyclic 3”,5”-diguanylic acid (c-di-GMP) as an allosteric regulator
of cellulose biosynthesis in Gluconacetobacter xylinus* was reported (Figure 1a). The group
behind this study also described the first c-di-GMP binding protein associated with the
cellulose synthase complex? and the diguanylate cyclases (DGCs) and phosphodiesterases
(PDEs) responsible for c-di-GMP production and degradation, respectively (Figure 1b)1:3.
Despite these early discoveries, their impact only became evident later when c-di-GMP and
its metabolizing enzymes were identified in multiple other bacteria including Caulobacter
crescentus— a popular model for studying asymmetric cell division*>, Escherichia coli— the
workhorse of bacterial genetics8, and pathogenic Salmonella enterica, Pseudomonas
aeruginosa, and Vibrio choleraé®=. These and related works were fueled by comprehensive
bioinformatics studies that revealed the conservation of c-di-GMP metabolizing units in the
vast majority of bacterial speciesl. Over the following decade, c-di-GMP transpired as a
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key bacterial second messenger whose underlying signaling networks control major
adaptational and life-style changes, including biofilm formation and pathogenicity (Figure
2).

Trailing the discovery of c-di-GMP by about two decades, the second CDN, c-di-AMP,
surfaced serendipitously during crystallographic analyses of a bacterial checkpoint protein
that turned out to harbor diadenylate cyclase (DAC) activity (Figures 1a and 1c)!1. C-di-
AMP has since been found in many bacterial and archeal species. Interestingly, c-di-AMP
can be both essential, which makes it unique among second messengers, and toxic, when
overproduced!2-14, Similarly to c-di-GMP, c-di-AMP controls a spectrum of cellular
processes, including gene expressionl>, DNA repairll, cell wall synthesis!®, metabolism®’
and potassium homeostasis (Figure 2)12:18.19,

The latest additions to the family of CDNs are hybrid cGAMP molecules (Figure 1a). 3",3'-
cGAMP was first identified as a second messenger regulating chemotaxis and intestinal
colonization in V/ choleraé?®, but shortly thereafter numerous reports revealed a distinct 2”,
3’-cGAMP as key to innate immune signaling and antiviral response in eukaryotes (Figure
2).

Adding to the complexity of CDN signal transduction is the conformational flexibility of the
nucleotides themselves, both in solution and bound to proteins and riboswitches (Figures 3a
and 3b). This degree of freedom contributes not only to the versatility and vast spectrum of
processes controlled by these ubiquitous second messengers, but also to difficulties in the
prediction of novel CDN targets.

Cyclic dinucleotide (CDN) synthesis and degradation

Distinct enzymes are responsible for the biosynthesis and degradation of the different CDNs
(Figure 1c). C-di-GMP-producing DGCs contain GGDEF domains with adenylyl cyclase-
like folds21:22, The first structure of a DGC, PleD from C. crescentus, also revealed the so-
called inhibitory (1-) site as prevalent among GGDEF domain-containing proteins?? (Figure
1b). A conserved I-site RxxD motif partakes in a secondary c-di-GMP binding site, that is
distal from the enzyme’s active site and can be involved in negative-feedback regulation
and/or protein-protein interactions?2:23, For c-di-GMP degradation, B-barrel EAL or the
unrelated HD-GYP domains confer specific PDE activity to proteins?425, While HD-GYP
domains typically break the CDN fully to GMP, EAL domains usually lead to the
accumulation of linear di-GMP (pGpG), which may suggest additional roles for pGpG in
intracellular signaling28. Recently, oligoribonuclease was shown to be the main enzyme to
complete the catabolism of pGpG to GMP27:28 (Figure 1c).

Typically, GGDEF and EAL domains are part of multidomain proteins and are flanked by
regulatory modules involved in environmental sensing and activity control by altering the
intramolecular domain arrangement and/or oligomeric state of the proteins (Figure 1b)°.
This includes proteins where the regulatory modules can be catalytically inactive GGDEF or
EAL domains®, as well as proteins with dual catalytic activity. In addition, most bacteria
encode more than one GGDEF, EAL, or tandem domain-containing protein and their
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number and complexity of the downstream signaling networks correlates roughly with the
adaptability and ‘1Q’ of the organism in changing environmental conditions?°.

While c-di-AMP-producing DAC domains are structurally distinct from GGDEF domains,
they also occur as modules in larger proteins, where additional domains can impact the
enzymes’ quaternary structure and activity30. Another parallel to c-di-GMP signaling is the
occurrence of c-di-AMP-specific PDE activity in two different protein folds, DHH/DHHA1
and HD domains, (Figure 1c)13:31 put thus far, c-di-AMP signaling networks are perceived
as less complex and widespread than their c-di-GMP counterparts.

V. cholerae DncV and metazoan cGAS are functional homologs producing 3’,3"-cGAMP
and 2”,3"-cGAMP, respectively (Figure 1¢)32. Interestingly, although they share less than
10% sequence homology and use distinct reaction paths to generate their products, they
share striking structural homology32. Reverse engineering of the human cGAS’ active site
based on that of DncV produced cGAS variants that synthesized exclusively 3,3’-
cGAMP32, Furthermore, a recent study also identified folate as an unexpected regulator of
DncV33, Although the exact purpose of regulation by folate is not well understood, it is
intriguing to note that folate binds to DncV in a similar pocket as double-stranded DNA
does to cGAS33. Together, these observations paint an evolutionary picture in which
metazoan cells could have adopted a bacterial cyclase to create, with relatively modest
changes, a cytosolic DNA sensor as defence against intracellular pathogens. Alternatively,
the occurance of cGAS-like activity in two kigndoms of life could indicate convergent
enzyme evolution as a result of similar environmental pressures or cues.

Adding to the complexity of CDN signaling, a recent study identified GGDEF domain-
containing proteins, dubbed hybrid promiscuous (Hypr) GGDEF enzymes, that produced 3,
3’-cGAMP and c-di-AMP, in addition to c-di-GMP, as a function of cellular ATP:GTP ratio
(Figure 1c)34. This raises the question whether other enzymes exist that can produce
alternative linkages or use distinct substrates, expanding the second messenger chemical
space and potential physiological effects.

CDN protein sensors and physiological effects

Today’s wealth of DNA sequencing data and cross-genome comparative studies has allowed
the identification of conserved signaling modules implicated in both CDN metabolism and
signal transmission19. As discussed, bacteria can encode multiple conserved GGDEF and
EAL domain-containing proteins and while a number of these modules lack conserved
residues necessary for catalysis, they could nevertheless serve in dinucleotide signal relay.
To date, several examples of inactive EAL domains binding c-di-GMP at their degenerate
active sites have been described as signal transduction modules3®:36. The I-site on GGDEF
domains, on the other hand, can not only serve for feedback inhibition in the case of active
enzymes, but can also provide a mechanism for c-di-GMP sensing and/or signal
transmission in both degenerate and active DGCs23:37:38, Bioinformatics studies have also
pinpointed PilZ domains as bona fide c-di-GMP sensors based on a phyletic distribution
similar to those of GGDEF and EAL modules and a likely role in c-di-GMP mediated
processes3?. While such ‘educated guesswork’ has identified a number of other CDN
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sensors as well*0-42, recent advances have offered various unbiased screening approaches.
An important example is the development of functionalized (e.g. biotinylated) dinucleotide
homologues as capture compounds for the selective pull-down of CDN-binding
proteinsl’-18:43.44 |n addition, the Differential Radial Capillary Action of Ligand Assay
(DRaCALA) — a method relying on labeled, protein-bound ligand retention upon spotting
onto a nitrocellulose membrane — has been used with both purified proteins and expression
library lysates for the systematic identification of novel CDN sensors18:45:46,

Transmembrane signaling through CDN turnover domains

Many proteobacteria are expected to utilize a tripartite “inside-out’ signaling system for
biofilm formation (Figure 4a)3647. In various Pseudomonads, the core of the system consists
of the transmembrane c-di-GMP sensor LapD, a periplasmic protease LapG and a surface
adhesion system36:47.48 | apD is a dimeric, transmembrane protein with a catalytically
inactive cytosolic GGDEF-EAL tandem that senses intracellular c-di-GMP. At low c-di-
GMP levels LapD adopts an autoinhibited conformation. In it the GGDEF module occludes
the c-di-GMP-binding pocket on the EAL domain as the latter interacts with a helical
extension (signaling or S-helix) of the membrane-proximal HAMP domain36. Increased
cellular c-di-GMP has been proposed to induce ‘swing-and-lock’ conformational changes in
the cytosolic modules, which relieve the autoinhibition and are stabilized by direct EAL
domain dimerization36. Importantly, the HAMP domain transmits these changes to the
periplasmic Per/Arnt/Sim (PAS)-like output domain, upon which LapD sequesters its partner
protease LapG and prevents proteolytic release of biofilm-associated surface
adhesing36:47.49,

While this model explains ‘inside-out’ transmission of the c-di-GMP signal, it does not
explain CDN access to its binding pockets in the first place. Follow-up studies on the
periplasmic domain’s interaction with LapG suggested that LapD acts as a transmembrane
coincidence detector: transient, low-affinity LapDG interactions generate ‘outside-in’ signals
that destabilize the S-helix-EAL domain autoinhibitory interaction. Coincident increase in c-
di-GMP would in turn stabilize the active intracellular conformation and signal out to
enhance periplasmic LapG sequestration9.

The ‘outside-in’ signaling component suggests that LapD may have evolved from active
transmembrane enzymes that sense periplasmic signals to adjust their intracellular catalytic
activity. One such example is the conserved YfiBNR tripartite system that activates upon cell
wall and/or periplasmic redox stress in 2. aeruginosa (Figure 4b)°%51, YfiN is a dimeric,
transmembrane DGC with a periplasmic PAS domain and an intracellular HAMP-GGDEF
module. Upon cell envelope stress, the periplasmic protein YfiR gets released from an
inhibitory complex with the cyclase’s PAS domain to interact with an outer membrane
acceptor, YfiB. Concomitantly, the conformational changes in the freed PAS domain are
transmitted intracellularly to activate the DGC via GGDEF domain dimerization®0. Thus, the
molecular events regulating YfiN are very similar but reversed to those described for the
LapDG system, suggesting that the latter could have diverged from active outside-in
signaling enzymes.
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CDN-binding transcription factors

Gene expression modulation constitutes a recurrent theme in CDN signal transduction. It can
be achieved at the translational level through CDN-binding riboswitches or at the
transcription initiation level through targeting transcription factors (Figure 2 and Figure 5).
While only one protein — the repressor DarR controlling fatty acid metabolism and cold
shock protein expression in Mycobacterium smegmatis— has been identified as a direct
transcription effector specific for c-di-AMP15, ¢c-di-GMP targets several and diverse
transcription regulators (Figure 3). Examples include the master biofilm regulators VpsT
(Figure 5a) and VpsR of V/ choleraé*}#2, the mobility regulator FleQ of P aeruginosa
(Figure 5b) and its homolog FIrA of V/ cholerae*®>2, the sporulation repressor BldD in
filamentous actinomycetes (Figure 5¢)>3, the CRP/FNR-like virulence gene regulator Clp of
Xanthomonas spp.>*, and the TetR-like regulator of lipid transport and metabolism genes in
M. smegmatis, LtmA>>, As opposed to membrane-associated signaling proteins, c-di-GMP-
dependent transcription factors typically lack standard recognition modules such as GGDEF,
EAL or PilZ domains.

Several of the identified c-di-GMP-regulated transcription factors, including VpsT, FleQ,
and FIrA, can be viewed as orphan response regulators (RRs) that contain a
phosphorylation-incompetent receiver (REC) domain and/or lack an associated histidine
kinase (Figures 5a and 5b). VpsT inversely controls Vibrio exopolysaccharide secretion and
flagellar mobility to induce biofilm formation in response to elevated c-di-GMP4L, It belongs
to the LuxR/FixJ family of RRs and carries a helix-turn-helix (HTH) DNA-binding module
C-terminal to its REC domain (Figure 5a)*L. The latter utilizes two unusual dimerization
interfaces: i) an al dimerization interface that is sampled in the absence of dinucleotide and
ii) a dimerization interface provided by a C-terminal helical extension of the canonical REC
domain fold, a6, that both contributes to and depends on dimer-to-dimer CDN
recognition®!, Dimeric c-di-GMP binds to an exposed M(W/F/M)(T/S)RK motif in a pocket
formed at the N-proximal end of this interface (Figures 5a and 3)*1. While structural in vitro
analyses suggested the formation of higher-order VpsT oligomers exploiting both
dimerization interfaces, fluorescence imaging studies have visualized the c-di-GMP-
dependent formation of such macromolecular \psT clusters in ce/lulco®®. The resultant
reorganization of bound promoter DNA causing downstream effects on target gene
expression, however, remains to be further examined.

Although FleQ and FIrA contain a divergent REC domain at their N-terminus, c-di-GMP
binds to a central AAA+ ATPase o>*-interaction (AAA) domain that precedes the C-
terminal HTH module (Figure 5b). By domain organization and sequence homology the
proteins are classified as NtrC-like bacterial enhancer binding proteins (bEBPs) but are
subject to non-canonical signal regulation. FleQ controls flagellar motility, CdrAB adhesin
expression and Pel exopolysaccharide secretion to secure planktonic to sessile transition.
Mechanistically, it exhibits remarkable versatility as it can act as an ATP- and o®*-dependent
transcription activator, a nucleotide-independent repressor or, finally, an ATP-independent,
c-di-GMP- and o7%-dependent transcription activator depending on the target promoters and
nucleotide availability®758,
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Recent structural data of the apo—, ADP- and ATP-y-S-bound AAA domain of FleQ reveal
conformations consistent with the activated hexameric rings of classical bEBPs (Figure
5b)°9. While at flagellar promoters the hexamers likely activate o>*~dependent transcription
through ATP hydrolysis, at the pe/ promoter they are proposed to act as repressors. As
revealed by the crystal structure of the c-di-GMP-complexed AAA domain, binding of c-di-
GMP occurs at a composite site distinct from the ATP substrate pocket and leads
allosterically to active site obstruction, hexameric ring destabilization and putative
reorganization into a discrete dimer-of-trimers hexameric species (Figures 5b and 3b)°.
This is proposed to facilitate not only flagellar gene deactivation, but also pe/promoter de-
repression and the characteristic o/-dependent transcription activation®.

FleQ binds dimeric c-di-GMP through a trio of conserved motifs (Figures 5b and 3a): a
proximal LFR144S motif (R-switch) located at the N-terminus of the bilobal AAA domain,
residues R185N186 jn helix a7 in the N-terminal lobe (post-Walker A), and a distal
E330xxxR334 motif in helix a 13 of the C-terminal lobe. These motifs are conserved in FIrA,
where earlier modeling and functional studies had helped identify the key role of arginines
R135 and R176 (R144 and R185 in FleQ, respectively) in CDN binding®29. Interestingly,
while VpsR shares very similar domain architecture and has been shown to bind c-di-
GMP*2, it features a phosphorylation-competent REC domain and does not share
conservation with FleQ/FIrA’s c-di-GMP binding motifs®9:60,

Sporulating actinomycetes’ BIdD employs a drastically different mode of c-di-GMP sensing
(Figures 5¢ and 3)°3. It binds DNA through an N-terminal XRE HTH motif and acts as a
master regulator to inhibit sporulation during vegetative growth81. BIdD of Streptomyces
venezuelae was recovered during c-di-GMP-affinity purification of cell lysates and c-di-
GMP was confirmed to bind and induce dimerization of its C-terminal winged-helix domain
(BIADCTD) jn vitro®3. Strikingly, crystal structures of BIdDCTP—c-di-GMP complexes (S.
venezuelae and S. coelicor), as well as of full length BIdD bound to both c-di-GMP and
cognate DNA, demonstrate that c-di-GMP binds as an ion-free tetramer to form a bridge
between the two BIdDCTP modules that are otherwise ~10 A apart (Figures 5c and 3)%3. The
CDN binds to a consensus RxD-xg-RxxD motif as two hydrogen-bonded, intercalated
dimers in a sequential and cooperative manner (Figures 5¢ and 3a). This leads to BldD
dimerization stabilized by weak hydrophobic contacts between the HTH motifs and by
binding to the pseudo-palindromic cognate DNA33,

Membrane transport and ion homeostasis

While cellular homeostasis requires constant transport of small molecules and ions across
the plasma membrane, some cells actively secrete substances as a hallmark of their
physiology or differentiation. CDNs have been shown not only to regulate such processes in
both pro- and eukaryotic cells, but also in some cases to signal /n trans, i.e. by traversing the
envelope of their cells of origin.

Bacterial potassium transporters are central to the upkeep of osmotic and pH homeostasis.
Based on unbiased c-di-AMP-affinity pull-downs, the KtrAB complex of Staphylococcus
aureus was identified as a direct c-di-AMP target (Figure 2) and similar regulatory
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mechanisms have been since confirmed in additional species!?18, Potassium transport is
mediated by the membrane KtrB subunit, which forms a four-repeat pseudosymmetric
transporter related to tetrameric cation channels (Figure 6a). A KtrB dimer interacts with a
KtrA octamer, which in turn senses cellular ATP to regulate transport62. The KtrA
monomers have a bilobal architecture: the ATP-binding N-terminal RCK_N (Regulator of
Conductance for K*) lobes form an octameric ring interacting with KtrB, while the C-
terminal RCK_C domains form peripheral pairwise contacts (Figure 6a)52. Nucleotide
binding to RCK_N has been proposed to induce conformational changes in the KtrA ring
that are transmitted to the KtrB module®2. C-di-AMP, on the other hand, binds as a U-shaped
monomer to the RCK_C dimers and could thus limit the conformational cycle of the active
transporter, consistent with its inhibitory effects on potassium transport18.63,

The effects of c-di-AMP on ion homeostasis are not limited to the KirAB duo. C-di-AMP
has been shown to bind to the RCK_C domain of another S. aureus transporter, the cation-
proton antiporter CpaA, and to the KdpD sensor histidine kinase, which typically controls
the expression of another potassium uptake system, as well as several virulence factors in the
pathogen819,

The most surprising role of CDNs in ion homeostasis, however, is the recent discovery that
c-di-GMP, c¢-di-AMP and both cGAMP variants can bind and modulate the activity of
hyperpolarization-activated cyclic nucleotide-gated (HCN) channels in mammalian cardiac
pacemaker myocytes®4. HCN channels are tetrameric ion channels with an N-terminal
voltage sensor extension to their membrane pore module and a C-terminal CRP/FNR-like
cyclic nucleotide-binding domain (Figure 6b). cGMP (or cAMP) binding to the latter is
transmitted via an a-helical linker (*C-linker”) to the pore to enhance HCN channel opening
in response to voltage, thus leading to increased heart rate. Strikingly, the C-linker was
shown to bind a variety of CDNs both /n silico and in isolated myocytes ex vivo, with net
inhibitory effect on action potential firing (Figure 6b)%4. This raises interesting questions
such as whether myocytes produce endogenous cGAMP to regulate HCN activity and heart
rate, whether pathogen-secreted CDNs can affect heart rate to cause morbidity (e.g. by heart-
affecting intracellular Listerid) or whether such modulation is coincidental but could be
exploited pharmacologically®4,

C-di-GMP control of bacterial secretion systems (SS)

Bacterial SS are macromolecular nanomachines securing the physical conduit, protection
and energetics for the export of a versatile arsenal of biopolymers across the double bacterial
envelope in Gram-negative and mycobacterial species®®. Secretion is often key for bacterial
adaptation, competitiveness, and virulence, and in many cases is regulated by c-di-GMP
either at gene expression or by targeting proteins that regulate or directly partake in secretion
at the cell envelope. For example, the LapDG system regulates surface maintenance of the
Type | SS-transported adhesin LapA in P, fluorescens, while it controls the adhesin CdrA,
cargo of a two-partner Type Vb secretion pair, in 2 aeruginosa (Figure 4a)36:47.48 |n
parallel, the expression of these adhesins is regulated by the c-di-GMP-sensing FleQ, thus
providing an additional regulatory boost to the system (Figure 5b)48.
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Among identified c-di-GMP sensors are also various SS-powering ATPases. Examples
include Type IV pili/Type Il SS-associated MshE homologues from V/ choleraeand P,
aeruginosa, the flagellar export ATPase FliL from diverse bacteria and rotary ATPases HrcN
and ClpB2 associated with pseudomonad Type 111 and Type VI SS, respectively*6:66 (Figure
2). Residues key for c-di-GMP recognition have been identified for some of these targets and
the recognition mechanisms appear to differ significantly from that of the ATPase FleQ®°.
For example, recent work demonstrated that MshE binds c-di-GMP at its N-terminal domain
primarily through hydrophobic interactions with a 24-residue-long RLGxx(L/V/I)(L/V/

Nxx G(L/V/L/V/)xxxXLxxxLxxQ sequence®”.

Perhaps the archetypal SS under c-di-GMP control are the ones for exopolysaccharide
secretion, which build up the biofilm matrix in many species and where c-di-GMP was
originally discovered as a regulatory effector (Figure 7a)L. Again, c-di-GMP can act at gene
expression by binding non-canonical transcription factors (e.g. VpsT, VpsR or FleQ#1:42:58),
or by directly binding regulatory modules associated with the secretion machineries.
Examples include synthase-dependent systems for cellulose secretion in various species, the
Pel and alginate systems in 2 aeruginosa, and the poly-N-acetylglucosamine (PNAG)
secretion system in £. coli (Figure 7a). Interestingly, while these systems likely share
functional and architectural similarities, the mechanisms of c-di-GMP activation are
strikingly diverse®8,

Mechanistically best-studied is the BcsA-BcesB cellulose biosynthetic complex of
Rhodobacter sphaeroides (Figure 7b)8%. BesB is an accessory protein essential for cellulose
secretion, whereas BcsA integrates glycosyl-transferase (GT), inner-membrane transporter,
and c-di-GMP sensing activities®®. Nucleotide-free BcsA rests in an autoinhibited
conformation where the GT active site is capped by a conserved ‘gating loop’, which
protrudes from the lipid headgroup layer to block substrate entry89. C-di-GMP binds to the
C-terminal PilZ domain as a dimer, interacting with a conserved D899xS611xxG614 motif on
the B-barrel surface and m-stacking with two arginines (R%8%xxxR5%84 motif) from the
membrane-proximal PilZ domain linker (Figure 7c). Nucleotide coordination by R38 thus
breaks a gating loop-tethering salt bridge to relieve the autoinhibition and allow substrate
coordination and catalysis®®. Interestingly, cellulose secretion in £. coli, Salmonella, and
other enterobacteria is controlled by an additional c-di-GMP-sensing module. The cytosolic
BcsE protein binds c-di-GMP via a conserved I-site-like motif (RxGD) in its so-called GIL
domain and contributes to maximal cellulose production through an unresolved
mechanism?°.

Two of the three A2 aeruginosa exopolysaccharide SS employ a c-di-GMP-activatable,
synthase-dependent mechanism similar to that for cellulose secretion (Figure 7a)8.
Interestingly, while the alginate system employs a PilZ domain-containing c-di-GMP sensor,
Alg44, Pel exopolysaccharide secretion is regulated by the degenerate GGDEF domain of
the inner membrane protein PelD38:39.68 To date, only structures of PelD’s cytosolic C-
terminal GAF-GGDEF domain module have been resolved and show one or two U-shaped
c-di-GMP molecules bound to the conserved I-site (R367GLD) of the protein’1.72. Further
investigation is necessary to uncover how the activating signal is transmitted to the partner
GT PelF and the putative inner-membrane transporter PelG.

Nat Chem Biol. Author manuscript; available in PMC 2018 March 22.
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Finally, PNAG biogenesis relies on a yet different c-di-GMP regulatory mechanism (Figure
7a). The CDN is sensed by a two-partner module comprising the GT-transporter protein
PgaC and the small membrane protein PgaD, essential for PNAG production’3. At low c-di-
GMP, PgaD fails to interact with PgaC and is rapidly degraded, which effectively inhibits
secretion. C-di-GMP is proposed to coordinate between membrane-proximal arginine
residues from the two proteins, thus stabilizing the PgaCD interaction, protecting PgaD from
degradation and securing active PNAG polymerization and export’3.

Extra- and intercellular CDN signaling

C-di-AMP is the first CDN for which transmembrane export has been demonstrated
experimentally (Figure 2). Intracellular L. monocytogenes secretes c-di-AMP in a multidrug
efflux pump (MDR)-dependent manner and thus activates the STING-dependent Type |
interferon response in host cells’4. The main contributors to the export — MdrM and MdrT —
belong to the major facilitator superfamily of MDRs, which are polysubstrate-specific
multipass membrane proteins typically operating through rocker-switch alternating-access
mechanism’®. An MDR-deletion mutant exhibits increased sensitivity to sub-lethal
concentrations of vancomycin — an antibiotic that blocks peptidoglycan crosslinking and
induces cell wall stress16. As both addition of c-di-AMP to the growth medium and
intracellular overexpression of a DAC mitigate the vancomycin effects on the MDR-less
mutant!8, it is possible that c-di-AMP has both extracellular and intracellular roles in cell
wall homeostasis. Furthermore, as intracellular accumulation of c-di-AMP can be toxic,
transmembrane export might provide an alternative to enzymatic reduction of its levels13.14,

In the dawn of c-di-GMP signaling research, the CDN was generally defined as unique for
bacteria. Nevertheless, it is now known that ‘social’ amoebae such as Dictyostelium
discoideum can express conserved GGDEF domain-containing DGCs (Figure 1c), whose c-
di-GMP product likely acts as an intercellular, secreted signal to trigger multicellular stalk
differentiation upon nutrient depletion’8. How the dinucleotide is exported and sensed by the
cells, however, remains unknown.

While no extracellular role for prokaryotic cGAMP has been reported, the 2°-3” eukaryotic
version employs various mechanisms for horizontal signal propagation. For example,
cGAMP produced by virus-infected cells in response to pathogen DNA can be efficiently
packaged into new virions and thus transferred to activate anti-viral signaling in secondary
infected cells’7.78, In addition, 2"-3" cGAMP can spread horizontally into neighboring host
cells via low-selectivity connexin gap junctions. Interestingly, while in viral infections this
can prime bystander cells for antiviral response, metastasizing brain carcinoma can hijack
the pathway to drive astrocytes into secreting tumor-protective paracrine signals’9:80.
Finally, the only PDE known to break eukaryotic cGAMP, ENPP1, is a single-pass
membrane protein with extracellular catalytic C-terminal domain®. It is therefore possible
that — similarly to c-di-AMP in Ljsteria and c-di-GMP in Dictyostelium — eukaryotic
cGAMP has evolved a mechanism for membrane export of its own.

Nat Chem Biol. Author manuscript; available in PMC 2018 March 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Krasteva and Sondermann Page 10

Eukaryotic sensing through STING

STING (stimulator of interferon genes) is a dimeric, membrane-bound immune system
protein that was identified as key to TANK-binding kinase 1 (TBK1)-dependent, CDN-
induced Type | interferon response by a forward mutagenesis genetic screen in mice82,
STING was confirmed as a direct c-di-GMP/c-di-AMP target83 and, with the discovery of
the cytosolic DNA-sensing cGAS, as an even more potent receptor for mammalian
cGAMP84-87_Structural studies have been limited to the soluble, C-terminal CDN-binding
domain and numerous crystal structures of its CDN-free and -bound forms from various
species have been reported (e.g. Figure 8)88-9,

The STING CTD protomers adopt a characteristic a/p fold with a central twisted p-sheet
surrounded by four a-helices (Figure 8). Of the latter, helix al (a5 in the full-length
protein) forms an extended, ~40 A-long secondary structure element, which carries
characteristic kinks introduced by a rt-helical insertion (Serl62-Arg169 for human STING)
and a conserved proline residue (Pro173)8-9 n all structures, as well as in solution, apo-
STING adopts a homodimeric V-shaped fold. It harbors a deep central cleft, which is lined
by the kinked a1 helices and accommodates the long and mostly unstructured p2-3 loops
of each subunit88:91.93-95 \while dimerization is mainly mediated by conserved hydrophobic
interactions involving N-proximal residues of a1 and part of a3, the dimer exhibits
significant conformational variations among solved apo-structures. In particular, structures
of the human protein show a relatively splayed dimer88.91.95 hereas mouse STING
crystallizes in a closed conformation with the two protomers rotated and brought in together
relative to the 2-fold symmetry axis®3. Interestingly, an ancient anemone STING homolog
was crystallized in both an ‘open’ and a ‘closed’ state suggesting that the two likely
represent alternatively sampled conformations rather than species-specific differences
among homologs®4.

The two states appear to discriminate among activating ligands and thus can explain
differences in the physiological response to pathogen-derived versus endogenous CDNs. All
CDN ligands bind in monomeric, U-shaped conformations at the central cleft of the dimer
(Figure 8). In all but one c-di-GMP-bound structures, STING exhibits minor conformational
changes relative to the apo-protein, with an overall splayed conformation and only subtle
rearrangements in the p2-p3 loops (Figure 8a)88:89.91.95 The interaction between STING
and c-di-GMP is mediated by direct and solvent-mediated hydrogen bonds, as well as by
unique stacking interactions between the purine rings of the ligand and the phenolic group of
Tyr67 from the a1 m-helix88:89.91.95,

By contrast, all 2,3"-cGAMP-bound mouse, human and even anemone variants not only
adopt a ‘closed’ conformation, but also reveal restructuring of the p2-p3 loops into a four-
stranded antiparallel p-sheet (Figure 8b). The latter forms a ‘lid” that caps the top of the
CDN binding pocket and further restricts solvent access2:94.96_ Apart from the pivotal role
of Tyr'87, the dinucleotide is further stabilized by stacking interactions with Arg238, which is
itself buttressed by another lid” residue, Tyr240 92.96 \While one of the c-di-GMP-bound
structures features similar lid rearrangements and closed conformation®, it features the
hSTING-R232 variant that is both more responsive to c-di-GMP activation and binds 2”,3’-
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Outlook

cGAMP with much higher affinity than the human reference variant hSTING-H?232 84,96,
This can explain the particular crystallographic capture of hSTING-R232 in a closed
conformation even in the presence of c-di-GMP, as observed in one of the two such
structures reported?0-91,

Importantly, although anemone STING recognizes a 3’-3’-linked cGAMP signal naturally
and binds the dinucleotide in yet a different splayed conformation, its mode of 2”,3"-
cGAMP coordination is virtually identical to those of the human and mouse variants®*.
These data suggest that potent metazoan 2”,3"-cGAMP-STING activation possibly evolved
through the exploitation of a highly conserved STING conformational intermediate that is
not typically sampled by prokaryotic CDNs%4.

Many unanswered questions remain in the field. It is still unclear how CDN binding to
STING leads to downstream TBKZ1 activation or how reported covalent and non-covalent
modifications of the receptor — phosphorylation, Ca?* coordination, or intracellular
trafficking®9:97 — regulate its function. Importantly, its nearly 30 residue-long C-terminal tail
(CTT) are not resolved in the crystal structures but are both necessary and sufficient for
downstream signal activation. This, together with the identification of STING mutants that
lead to constitutive interferon response, suggests that the protein might maintain its
activating CTT in an autoinhibited conformation that is only relieved upon CDN signal
recognition®.

Recent decades of research have led to the recognition of CDNs as a new, widely used class
of second messengers and have identified the functional units controling their biosynthesis,
turn-over and signal transduction. The presented signaling modules are only a part of the
ever-growing and diverse panel of CDN metabolizing enzymes or signaling targets. That
said, researchers have only scratched the surface regarding the physiological triggers that
modulate CDN levels, or their spatiotemporal regulation within the complex signaling
networks that are beginning to emerge. On the other hand, the available knowledge has
already been proven useful in many different ways. Interfering with bacterial signaling can
aid the development of novel anti-infectives, as well as the production of natural
nanomaterials of biotechnological use?89. The mammalian pathways, on the other hand,
can be exploited in immunization approaches or the pharmacological targeting of infections
and cancer80.100_ Hopefully, future studies on the adaptational and virulence strategies of
bacteria, as well as their evolutionary patterns, can be further harnessed to humankind’s
advantage.
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Figure 1. Cyclic dinuclectide (CDN) signaling

a. Structural overview of the four prevalent cyclic dinucleotides. b. Regulation of CDN
signaling. A generic route for the synthesis and degradation of CDNs is shown. Regulatory
feedback loops controlling cellular CDN levels have been described in some instances, e.g.
for I-site-containing GGDEF domain proteins or the effect of linear di-GMP (pGpG) on
PDE-A activity. Note that the listed receptor/effector classes are common examples and not
mutually exclusive. Enzymatic activities arise from stand-alone, single-domain proteins or,
more typically, from multi-domain proteins, including proteins with both cyclase (i.e.
GGDEF) and PDE (i.e. EAL) domains. Regulatory domains (X) determine the mode of
enzyme regulation (e.g. environmental sensing, canonical two-component regulation, etc.).
Known stimuli include allosteric ligands, post-translational modifications, light, gases, and
mechanotransduction. c. Prevalence, biosynthesis and degradation pathways for the four
major CDNs.
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Figure 2. Bacterial CDNs and representative regulatory mechanisms

Solid lines show direct binding or transport; dashed lines illustrate indirect effects. The
prevalent distribution of c-di-GMP/cGAMP and c-di-AMP in Gram-negative and Gram-
positive bacteria, respectively, is illustrated by differences in the cell envelope, with a thick
peptidoglycan layer illustrating the Gram-positive cell wall. Abbreviations are as follows:

T2SS - Type 2 secretion system; T4P - type 4 pili; LmPC - L. monocytogenes pyruvate
carboxylase.
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Figure 3. Confor mational adaptability and mechanism of action of CDNs
a. Using c-di-GMP as an example, CDN conformations found in protein co-crystal

structures are depicted. Several of these conformations have also been shown to be sampled
in solution. b. Representative cases of protein regulation via CDNs, exemplified by c-di-
GMP binding modules, are shown. Cartoons depict concepts derived from available crystal
structures (or modeling in the case CLP). A detailed description of these modes of action are
provided in the main text.
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Figure 4. Tripartite transmembrane signaling through HAM P domain-containing proteins with

active or degenerate GGDEF and EAL domains

a. Inside-out signaling via c-di-GMP. A model of ‘inside-out’ signaling through the
LapADG system in P, fluorescens is shown integrating crystallographic snapshots of the
LapDG components. Conformational changes upon c-di-GMP recognition via the LapDEAL
module lead to release of autoinhibitory intramolecular interactions, transmembrane signal
transmission to the periplasmic output domain, and LapG protease sequestration. LapG
recruitment to LapDe c-di-GMP prevents the protease reaching its substrate, LapA, at the
outer membrane surface. As a result, LapA is retained at the cell surface, constituting an
important regulatory step in biofilm formation. b. *Outside-in’ signaling via the YfiBNR
system in £ aeruginosa. YfiN is a HAMP domain-containing DGC. Cell wall stress can
release YTfiN inhibition through the sequestration of the inhibitory YfiR partner by the outer
membrane component YfiB. Conformational changes are transmitted through the membrane
and a membrane-proximal HAMP module to activate intracellular c-di-GMP production.
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Figure5. Structures and nucleotide recognition of c-di-GM P-regulated transcription factors
Domain organizations, crystal structures, c-di-GMP-dependent changes in oligomerization,

CDN-binding sites, consensus binding motifs, and observed physiological effects are shown
for VpsT of V/ cholerae (a), FleQ of AP aeruginosa (b), and BldD of S. coelicor (c). Key
binding site side chains, as well as bound c-di-GMP molecules, are shown as sticks.
Abbreviations are as introduced in the text: REC, receiver domain; HTH, helix-turn-helix
motif; CTD, C-terminal domain.
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Figure 6. CDN-dependent regulation of ion transport
a. Crystal structures of the KtrAB duo and mode of CDN recognition. A cartoon

representation of the ATP-bound KtrAB crystal structure is shown (left panel). Transparent
surface representation is included for the transmembrane KtrB dimer, ATP is shown as
spheres, and a dimer of KtrA protomers is shown in color. The right panel depicts an full-
length KtrA dimer extracted from the structure shown on the left (top) and the c-di-AMP-
bound RCK_C module of a homolog (bottom). Conformational changes in the RKC-C
dimer interface upon c-di-AMP recognition could be transmitted to the KtrB-proximal, ATP-
binding RCK_N modules. b. A schematic representation of the Hyperpolarization-activated
cyclic nucleotide-gated channel 4 (HCN4) tetramer and its antagonistic regulation by cyclic
mono- and dinucleotides.
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Figure 7. C-di-GM P dependent regulation of exopolysaccharide secretion in biofilms
a. Examples of synthase-dependent systems subject to direct c-di-GMP regulation. Color-

coding for functionally homologous proteins is shown on the right and c-di-GMP binding is
indicated by yellow stars. b. Cartoon representation of the crystal structure and topology of a
catalytic BcsAB complex from R. sphaeroides. C. Crystallographic snapshots of the active
site pocket in different CDN-free and bound states. Gating loop residues (dark blue), the
cellulose product (light grey), and bound c-di-GMP (olive green) are shown as sticks, the
UDP-glucose substrate as spheres, and inhibitory salt bridge interactions are indicated by

dotted lines.
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Figure 8. CDN recognition by STING
Crystal structures of human STING bound to c-di-GMP (a) and cGAMP (b) are shown. The

bottom panels depict different views of the nucleotide binding pocket showing key CDN-
coordinating side chains and bound ligands as sticks.
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