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Cyclic dinucleotides have emerged as second messengers that regulate diverse processes in bacteria, as well

as regulating the production of type | interferons in metazoans. Fluorescent sensors for these important

second messengers are highly sought-after for high-throughput inhibitor discovery, yet most sensors
reported to date are not amenable for high-throughput screening purposes. Herein, we demonstrate that a
new analog, 3’,3’-cG(d2AP)MP, which is a 2-aminopurine (2AP)-containing cyclic dinucleotide, self-associates
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in the presence of Mn?" with an association constant of 120000 M™% 3/3'-cG(d2AP)MP can also form a
heterodimer with cGAMP, activator of immune regulator, STING, or the bacterial biofilm regulator, c-di-GMP
in the presence of Mn(i). Upon dimer formation, the fluorescence of 3',3'-cG(d2AP)MP is quenched and this

provides a convenient method to monitor the enzymatic processing of both DGC and PDE enzymes,

www.rsc.org/molecularbiosystems

Introduction

Cyclic dinucleotides (Fig. 1) have piqued the interests of
scientists of different disciplines in the last few years due to
the increasingly diverse processes that they regulate in both
prokaryotes and eukaryotes. In bacteria, c-di-GMP and c-di-AMP
have been shown to regulate multitudes of processes, including
antibiotic resistance," cell wall remodeling,* biofilm formation,?
virulence or toxin production,” resistance to heavy metals and
others.” These bacterial second messengers achieve their bio-
logical effect via binding to proteins® and RNA riboswitches.®™
Recently it was shown that bacteria also produce the mixed cyclic
dinucleotide, 3',3’-cGAMP (3',3" implies that both G and A have a
3’5’-phosphodiester linkage) and that 3’,3'-cGAMP affects bac-
terial chemotaxis and colonization.'® Eukaryotes have not been
shown yet to produce c-di-GMP or c-di-AMP but these molecules
affect eukaryotic physiology nonetheless via binding to the
immune modulator STING.''? Recently it has been shown that
eukaryotes also produce 2’,3’-cGAMP (containing 2',5" and 3',5’
linkages)."*'* cGAMP production by cGAMP synthase is initiated
when DNA is present in the cytosol (which usually implies the
presence of a foreign genetic material or even self DNA, both of
which signifies danger). The produced ¢cGAMP then binds to
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opening up several opportunities for the discovery of inhibitors of nucleotide signaling.

STING to activate the production of type 1 interferons."> The newly
discovered roles for cyclic dinucleotides in both prokaryotes and
eukaryotes have provided new targets to develop therapeutics
against diseased states ranging from cancer, autoimmune disease,
bacterial infection and even viral infection, such as HIV.'® Conse-
quently new tools that would facilitate the specific detection of
these cyclic dinucleotides would aid studies that aim to understand
how environmental conditions (including nutrients, antibiotics)
affect the intracellular production or degradation of these nucleo-
tides and also could be used to discover new small molecules that
inhibit cyclic dinucleotide metabolism proteins.

Few methods have been developed for the detection of cyclic
dinucleotides or to monitor the synthesis or degradation of
cyclic dinucleotides."**>° Furthermore, these assays utilize
radioactive TLC (for all dinucleotides for which the **P-labeled
form can be synthesized via enzymatic means), HPLC-MS/MS
(c-di-GMP/c-di-AMP/3’,3'-cGAMP),”®  circular ~ dichroism (c-di-
GMP),*® conditional riboswitch (c-di-GMP),>?*>?® or intercalator-
based methods that utilize the ability of c-di-GMP to form
G-quadruplexes.>*2® These aforementioned methods, although
sensitive, either use expensive instrumentation that might not
be readily accessible for biologists researching nucleotide sig-
naling or are difficult/inconvenient to use. The thiazole orange
assay, which was disclosed by us, is simple to use but requires
high concentrations of monovalent cations and a long incuba-
tion time to form the fluorescent c-di-GMP aggregate so it
is most appropriate for end-point, but not real-time, assay.
A fluorescent riboswitch assay, using Spinach riboswitch, to

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Cyclic dinucleotides, used in this study, were synthesized following literature precedents.>*78 See ES|+ for the synthesis and characterization of

3/,3'-cG(d2AP)MP.

detect c-di-GMP was also disclosed by us*! and this method has
been adapted for the in vivo detection of c-di-GMP by others.?®
Although this assay is sensitive, it utilizes an RNA sensor, which
has to be handled carefully to avoid adventitious degradation
by RNAses. An interesting whole-cell assay to detect c-di-GMP
has also been described.”* A complementary assay that does
not utilize proteins or transformation (since not all bacterial
strains can be readily transformed with plasmids) and which
can be used in real time to monitor enzymatic activity could be
broadly useful for the cyclic dinucleotide signaling field.

Results and discussion

We herein describe a convenient assay for the detection of
cyclic dinucleotides that can be used in real time to monitor the
enzymatic activities of cyclic dinucleotide synthases or phos-
phodiesterases and hence has the potential to be used in high-
throughput screening assays for inhibitors of these enzymes.
Cyclic dinucleotides are known to form self-intercalated dimers

_—_

and divalent cations are known to promote the dimerization of
cyclic dinucleotides.®® We therefore hypothesized that the two
nucleobases of a 2-aminopurine (2AP) analog of 3',3'-cGAMP
(3',3"-cG(d2AP)MP, 1) cannot stack with each other because the
distance between the nucleobases of a 3',3'-cyclic dinucleotide is
~6.7 A" which is too far for effective orbital overlap for m-n
stacking interaction. However upon dimerization with self or other
cyclic dinucleotides, the 2AP nucleobase in 3’,3’-cG(d2AP)MP would
n-stack with another nucleobase and the fluorescence of the 2AP
would be quenched (see Fig. 2).>*** Therefore at low concentrations
of 3',3'-cG(d2AP)MP, when it will mainly exist in the monomeric
form, it would form heterodimers with other natural cyclic dinu-
cleotides and the heterodimerization could be detected via fluores-
cence reduction.

The fluorescence of 10 uM 3’,3’-cG(d2AP)MP in the presence
of Mn®" (15 mM) was 50% less than that in the presence of
monovalent cations (Li*, K", NH,", Cs*) or Mg®>" or when no
cation was present (Fig. 3A), suggesting that Mn>" promoted the
dimerization of 3’,3’-cG(d2AP)MP. This was in line with earlier
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Fig. 2 Our working hypothesis is that the 2AP cyclic dinucleotide would form heterodimers with natural cyclic dinucleotide and this will result in

fluorescence quenching.
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Fig. 3 (A) The fluorescence of cG(d2AP)MP in the presence of different cations; (B) relative fluorescence intensity of cG(d2AP)MP in the presence

of different linear and cyclic nucleotides. Conditions: (A) 10 pM cG(d2AP)MP, 15 mM divalent salt or 250 mM monovalent salt in 50 mM Tris-HCl buffer
(pH =7.5). (B) 1 uM cG(d2AP)MP, 10 uM cyclic or linear nucleotide, 15 mM MnCl, in 50 mM Tris-HCl buffer (pH = 7.5). Excitation = 310 nm. Fluorescence
emission was recorded at 369 nm and compared to the emission of cG(d2AP)MP without any added nucleotide to give relative fluorescence.

observation by Cutruzzola and co-workers who showed that
c-di-GMP also forms self-intercalated dimer, which could be
observed in a CD spectrum, in the presence of Mn*"*° Without
direct evidence, we cannot conclude with certainty that the inability
of Mg”" or monovalent cations to cause fluorescent quenching in
3’,3'-cG(d2AP)MP is because they do not promote dimerization. It is
however known that the fluorescence of 2-aminopurine is quenched
upon stacking® so it is probably that at the tested concentration
(10 puM), neither Mg nor the tested monovalent cations facilitated
significant dimerization of 3’,3’-cG(d2AP)MP. Secondly, Gentner
et al. have demonstrated, using NMR, that the dissociation constant
of a similar dinucleotide, c-di-GMP, in the presence of Mg>" is 520 &
10 uM, which implies that cyclic dinucleotides that associate with
similar association constants would mainly exist as monomers at
10 pM, in the presence of Mg>**® Next, we investigated the
fluorescence of 1 pM 3',3’-cG(d2AP)MP in the presence of 10 uM
of several biologically relevant nucleotides (both linear and cyclic
mono- and dinucleotides; see Fig. 3B). Interestingly both c-di-GMP
and 3',3’-cGAMP, but not 2’,3’-cGAMP or 2/,3'-cAGMP or c¢-di-AMP,
decreased the fluorescence of 3',3'-cG(d2AP)MP (see Fig. 3B). Linear
dinucleotides, pGpG and pApA, as well as all mononucleotides
tested (cGMP, cAMP, ATP and GTP) did not reduce the fluorescence
of the 2AP analog of cGAMP. It appears that at least one guanine
nucleobase is required for the formation of the heterodimer with
3/,3’-cG(d2AP)MP. In addition to the requirement for at least one
guanine, circularization of the dinucleotide is also a requirement
for dimerization because the linear pGpG, which contains the
same number of guanines as c-di-GMP, did not affect the fluores-
cence of 3',3’-cG(d2AP)MP. We have previously noted that circular-
ization remarkably affects the propensity of dinucleotides to
form polymorphs. For example, whereas c-di-GMP could form
G-quadruplexes in the presence of aromatic intercalators at low
micromolar concentrations, the linear form (pGpG) did not form
G-quadruplexes at similar conditions or even when the
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concentration of the linear form was raised by orders of
magnitude.”****” CD spectroscopy has been proposed as a
good tool to investigate the dimerization of cyclic dinucleo-
tides. Cutruzzola and co-workers demonstrated that increase in
CD intensity, especially between the 260-280 nm region is an
indication of dimerization.>® We therefore used CD to investi-
gate if the reduction of the fluorescence of 3’,3’-cG(d2AP)MP by
cyclic dinucleotides correlated with propensity to form self-
dimers as judged by hyperchromicity in the CD bands between
260 and 280 nm. In the presence of Mn>*, 3’,3’-cGAMP, c-di-GMP
and the fluorescent analog 3',3’-cG(d2AP)MP formed self-
intercalated dimers (compare CD bands in the presence and
absence of Mn**, see Fig. 4). On the other hand, at 40 uM
nucleotide concentration, the CD spectra of c-di-AMP,
2/,3'-cGAMP or 2',3’-cAGMP did not show major differences
between presence and absence of Mn”>* (see ESI,f Fig. S2),
implying that these dinucleotides do not form significant
amounts of dimers at the tested concentration (40 pM).
Although, c-di-AMP has been shown to form dimers at milli-
molar concentrations®® our data confirms earlier observation®
that in the presence of Mn** cyclic dinucleotides that contain at
least one guanine seem to have a higher propensity to form
intercalated dimers than those lacking guanine but contain
adenine. Analysis of the crystal structure of dimeric c-di-GMP,
in complex with Mn**, explains why at least one guanine is
needed for the effective dimerization in the presence of divalent
cations. In dimeric c-di-GMP, Mn*" coordinates with the 06 of
guanine via water molecules (see ESLi Fig. S3 and ref. 20).
Proteins that bind to self-intercalated dimers of c-di-GMP are
known*® but c-di-AMP has not been shown to be bound to any
protein in the dimer form. This could be due to the fact that
because c-di-AMP is a recently discovered dinucleotide,*® in
contrast to c-di-GMP that was discovered more than two
decades ago.*' Many receptors for c-di-AMP have not been

This journal is © The Royal Society of Chemistry 2014
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cyclic nucleotide, 15 mM Mn?* (where applicable) and 50 mM Tris-HCl (pH = 7.5).

structurally characterized and that it could be just a matter of
time before a receptor that binds to dimeric c-di-AMP is found.

Having established that 3’,3’-cG(d2AP)MP can report the
presence of c-di-GMP and 3’,3’-cGAMP, we proceeded to deter-
mine the association/dissociation constants of this cyclic
dinucleotide (see Fig. 5). UV was found not to be a very sensitive
method for the determination of dimerization constants of
the cyclic dinucleotides studied, so we opted to use the

c-di-GMP orl3',3'-cGAM P
[ |

3',3'-cG(c112AP)MP

Mn"‘I Kal Mn”I KaZ

(N
C6 )

2

Fig. 5 Cyclic dinucleotide equilibria.

This journal is © The Royal Society of Chemistry 2014

fluorescence of 3'3-cG(d2AP)MP to determine both the homo-
dimerization constant of 3’3’-cG(d2AP)MP and the ICs, for
the heterodimerization of c-di-GMP and 3'3’-cGAMP with
3'3’-cG(d2AP)MP, vide infra.

The association constant of 3’,3'-cG(d2AP)MP can be
defined as follows:

[2AP,]
[2AP)?

K, = (1)
where [2AP] is the equilibrium concentration of 3',3'-cG(d2AP)MP
and [2AP,] is the equilibrium concentration of 3’,3’-cG(d2AP)MP
dimer. The [Mn*"] can be left out of the expression because
[Mn>"]>>[2AP]; (the total concentration of 3',3’-cG(d2AP)MP). If
[Mn**] is included however, K, can be expressed as such:

[2AP,]

R st B 1a

2 T AP M " ()

Kap = Kop*[Mn**]" (1b)
InK,, = InK,,* + nln[Mn>'] (1c)

Therefore, a plot of InK,, versus In[Mn>*] will give the
number of Mn** associated with the dinucleotide dimer.

Mol. BioSyst,, 2014, 10, 1568-1575 | 1571


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3mb70518h

Open Access Article. Published on 28 March 2014. Downloaded on 12/5/2025 4:14:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Molecular BioSystems
The total fluorescence of the system (Fr) can be decomposed
into two parts, see eqn (2).

Fr = fi[2AP] + f5[2AP,] (2)

where f; and f, are fluorescence constants of 3’,3’-cG(d2AP)MP
and 3',3’-cG(d2AP)MP dimer respectively. Making appropriate
substitutions (see ESIT),

" <_ 41<1aI2Z%]ZT[2AP}T) ([2AP]Tfl _ %)
[2AP}fs

2

®)
+

where [2AP]; is the total concentration of 3’,3’-cG(d2AP)MP.
Using eqn (3) and curve fitting software (OriginPro 8), f3, f> and
K,,, the homodimerization constant for 3’,3’-cG(d2AP)MP,
could be determined as 2.1 x 107, ~0 and 1.2 + 0.3 x
10°> M " respectively (see Fig. 6 and Table 2 for K, and Ky values).

A plot of In K, versus [Mn*'], see Fig. 7, gave a linear graph
with slope 0.59 + 0.01 (i.e. the stoichiometry of bound Mn*").
The value n = 0.6 is of similar order to that obtained for
c-di-GMP using X-ray crystallography (n = 1).2°
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Fig. 6 A plot of fluorescence intensity versus concentration of 3',3’-
cG(d2AP)MP in the presence of 15 mM MnCl, and fitted using eqn (3) to
obtain the homodimerization constant. Conditions: varying concentra-
tions of 3/,3’-cG(d2AP)MP, 15 mM MnCl, in 50 mM Tris-HCL (pH = 7.5).

y = 0.5916x+10.718
R*=0.9974

In[Mn?]

Fig. 7 A plot giving the binding stoichiometry of Mn®* as the slope. Con-
ditions: each binding constant was determined using varying concentrations
of cG(d2AP)MP, 1, 2, 4, 6 or 10 mM MnCl, in 50 mM Tris-HCl (pH = 7.5).
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Fig. 8 Van't Hoff plot of the association constants for 3’,3'-cG(d2AP)MP
dimerization at different temperatures. Conditions: varying concentrations
of 3/,3'-cG(d2AP)MP, 15 mM MnCl, in 50 mM Tris-HCL (pH = 7.5). Each
equilibrium constant was measured in triplicate. Samples were allowed to
incubate in the cuvette at the given temperature for at 15 min prior to
measurement.

Table 1 Association and dissociation constants for the dimerization of
3/,3’-cG(d2AP)MP

T (K) K. (M™' x 10°) Kq (uM) AG (kcal mol ™)
293.15 1.2 +£0.3 8+2 —6.8
298.15 0.8 4+ 0.3 13+4 —6.7
303.15 0.6 + 0.1 17 +3 —6.6
308.15 0.41 + 0.06 24 +3 —6.5
313.15 0.28 + 0.07 36+ 9 —6.4

A Van’t Hoff plot revealed a binding enthalpy of —12.8 +
0.5 keal mol " and entropy of 0.020 = 0.002 kcal mol™* T~ * for
3'3’-cG(2AP)MP dimerization (see Fig. 8 and Table 1). The
reaction is exergonic and enthalpy driven.

When another cyclic dinucleotide, apart from 3'3’-cG(d2AP)MP,
is present, the total fluorescence intensity from the 2AP unit
becomes,

Fr = f1[2AP] + f,[2AP,] + f3[2AP-cNMP] (4)

where f; is the fluorescence constant of the heterodimer
between c-di-GMP or 3’,3’-cGAMP and 3',3’-cG(d2AP)MP. f,
has already been determined to be ~0 (from curve fitting in
Fig. 6). Both f, and f; are low (the dimer forms are ‘“darker”
than the monomer form due to fluorescence quenching from
n-n stacking of the 2AP fluorophore). The dimer and monomer
forms of c-di-GMP or 3'3’-cGAMP are also “dark” so it is non-
trivial to tease out the separate association constants in Fig. 5
(Ka1 and K,3), using fluorescence data alone. Attempts to use UV
titration to independently determine K,; failed due to the
insensitivity of UV. Because Mn>" is paramagnetic, we could
not apply NMR methods to determine K,;, as was previously
demonstrated for c¢-di-GMP dimer formation in the presence of
Mg>*.3®* We therefore proceeded to determine the ICs, of c-di-
GMP or 3'3'-cGAMP binding to 1 pM 3’3’-cG(d2AP)MP. We
calculated that at 1 uM, over 90% of 3'3'-cG(d2AP)MP would
exist as monomer so the ICs, values (see Table 2) could give a
reasonable guide of the concentration ranges that these non-
fluorescent analogs form dimers in the presence of Mn*".

This journal is © The Royal Society of Chemistry 2014
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Table 2 Thermodynamic parameters at 20 °C of cyclic dinucleotides
used in this study

Homodimerization Heterodimerization®
Nucleotide Kg (WM) K, (M) ICs0 (UM)
3',3’-cG(d2AP)MP 8 + 2 1.2 £0.3 x 10° N/A
c-di-GMP N.D. N.D. 11 +1
3/,3'-cGAMP N.D. N.D. 9+1

“ Concentration of 3'3’-cG(d2AP)MP = 1 pM and at this concentration
over 91% of this fluorescent probe exists as monomer. The ICs, value is
a composite value of homodimerization and heterodimerization
constants.

The c-di-GMP/3’,3’-cGAMP concentration dependence of the
fluorescence of 3',3’-cG(d2AP)MP (Fig. 9) suggested to us that
3/,3’-cG(d2AP)MP could be used to monitor the synthesis of
c-di-GMP by WspR (Fig. 10). For the detection of enzymatically
synthesized c-di-GMP, we first performed the reaction for
30 min and then added the fluorescent probe and Mn*" to detect
the synthesized cyclic dinucleotide. The Mn®" and the fluores-
cent probe were added after the c-di-GMP was made because
WSsPR requires Mg>" and not Mn”" for the synthesis of c-di-GMP.
In the presence of enzymatically synthesized c-di-GMP, the
fluorescence of the 2AP probe was lower than when c-di-GMP
was not made (i.e. GTP or WspR enzyme were not added to the
reaction, see Fig. 10). This new assay for the detection of
enzymatically produced c-di-GMP is complementary to the thia-
zole orange assay, previously reported by us and it does not
require long incubation time, in contrast to the thiazole orange
assay.”® We also hypothesized that upon cleavage of 3',3'-
cG(d2AP)MP by phosphodiesterases, the microenvironment of
the 2AP moiety would change and would result in a change in
fluorescence, hence this probe could be used to monitor the
activity of PDE’s. Snake venom phosphodiesterase, SVPD, is a
general phosphodiesterase that can cleave both linear and cyclic
nucleotides. SVPD can be inhibited by EDTA and so is a good
model system to test if 3/,3'-cG(d2AP)MP could be used to
discover inhibitors of PDE.** SVPD could cleave the probe into
the linear dinucleotide and this could be monitored in real time,
see Fig. 11 and ESL{ Fig. S5 for the HPLC analysis of the
cleavage. For c-di-AMP phosphodiesterase, YybT, cleavage also
occurred but this time the reaction was slower than the SVPD
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Fig. 10 The 3'3’-cG(d2AP)MP probe was added to the DGC reaction after
30 min, when c-di-GMP had been produced. (+) WspR D70E: contains
enzyme and GTP; (=) WspR D70E contains no WsprD70E; (=) GTP contains
no GTP. Enzymatic conditions: 10 uM WspR D70E, 100 uM GTP, 100 mM
NaCl, 5 mM MgCl, in 10 mM Tris (pH = 8.0). Sample was allowed to react
for 30 min and then heated to 95 °C to stop reaction. Fluorescence
conditions: 1 pM 3’,3’-cG(d2AP)MP, 15 mM MnCl,, 69/100 dilution of the
enzymatic reaction solution in 50 mM Tris-HCl (pH = 7.5). Sample allowed
to incubate with 3/,3'-cG(d2AP)MP and Mn2* for at least 30 min prior to
fluorescence measurement.

case. Nonetheless the fluorescence of the probe, subjected to
YybT cleavage, was 20% more than that of the uncleaved
3’3’cG(d2AP)MP after 140 min so the probe can also be used
to discover inhibitors of c-di-AMP-specific PDE’s. We conclude
that this new fluorescent dinucleotide probe, 3',3’-cG(d2AP)MP,
is appropriate for monitoring the inhibition of PDEs by inhibi-
tors because in the presence of inhibitors, such as EDTA for
SVPD, the fluorescence signal in the presence of inhibitor and
absence are different (see Fig. 11).*>**

Conclusion

We have demonstrated that cyclic dinucleotide analog contain-
ing 2-aminoprurine is a general probe that can be used to
monitor the enzymatic activities of PDE and DGC and could be
a useful tool for high-throughput assays that seek to discover
new inhibitors of c-di-GMP metabolism enzymes.*>*® Both
3/,3’-cGAMP and 2/,3’-cGAMP have been observed in nature
and the distinction between the two is non-trivial and requires
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Fig. 9 A plot of fluorescence intensity (from 3’,3'-cG(d2AP)MP) versus concentration of c-di-NMP in the presence of 15 mM MnCl, and fitted using
eqn (S9) (ESIT) to obtain ICsq values of (A) c-di-GMP and (B) 3/,3’-cGAMP binding with 3’,3/-cG(d2AP)MP.*? Conditions: 1 pM 3/,3'-cG(d2AP)MP, 15 mM
MnCl,, 50 mM Tris-HCL (pH = 7.5) and varying concentration of cyclic dinucleotide.
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Fig. 11 (A) Cleavage of 3/,3'-cG(d2AP)MP by the PDE, SVPD, indicated by

the fluorescence emission of 3’,3’-cG(d2AP)MP at 369 nm (AFluorescence =

F — Fo; where Fg is initial fluorescence emission at time and F is fluorescence emission at time = t min). Blue diamonds: enzymatic reaction; red squares:
enzymatic reaction plus the EDTA, an inhibitor; green triangles: reaction without enzyme. (B) Scheme depicting 3’,3’-cG(d2AP)MP cleavage by a PDE.
Conditions: (A) 1 uM 3’,3’-cG(d2AP)MP, 15 mM MgCl,, 0.001 units per mL SVPD in 50 mM Tris-HCl (pH = 8.5).

careful HPLC separation followed by MS-MS analysis.
3/,3"-cG(d2AP)MP can discriminate between the 2/,3’- and
3/,3'-forms of ¢cGAMP and could be used as a confirmatory
probe, whenever the phosphodiester linkage of an isolated
c¢GAMP molecule comes into question.

Cyclic dinucleotides are known to aggregate into different
polymorphs and it has been shown that both the sugar back-
bone and nature of nucleobase affect polymorphism.*”**
Recently, it has also been demonstrated that both c-di-GMP
and c-di-AMP interact with diverse m-systems to form supra-
molecular aggregates.>*>%37*® Herein, we use the fluorescent
analog to show that under appropriate conditions, c-di-NMPs
can also associate with each other to form heterodimers with
Kg’s that are similar to cytoplasmic concentrations. Consider-
ing that some bacteria (such as V. Cholerae) are known to make
both c-di-GMP and 3’,3’-cGAMP,>'° could it be possible that
beyond binding of these nucleotides to their respective recep-
tors, different cyclic dinucleotides also directly associate (or
“communicate”) with each other and intracellular aromatic
molecules to affect signaling? Or bacteria might possess the
ability to spatial separate these signaling molecules in the cell,
even though they do not contain membrane-bound organelles.
Cyclic dinucleotide signaling might have another complex layer
of interactions that might not be fully appreciated.
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