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C-di-AMP synthases are essential in several bacteria, including human
pathogens; hence these enzymes are potential antibiotic targets.
However, there is a dearth of small molecule inhibitors of c-di-AMP
metabolism enzymes. Screening of 2000 known drugs against DisA
has led to the identification of suramin, an antiparasitic drug as potent
inhibitor of c-di-AMP synthase.

Cyclic diadenylate monophosphate (c-di-AMP) is an important
second messenger found in Gram-positive Firmicutes and Actino-
bacteria.' It is synthesized from two molecules of adenosine
triphosphate (ATP) by diadenylate cyclases, DAC (see Fig. 1), and
degraded by c-di-AMP-specific phosphodiesterases (PDE).*” C-di-
AMP has been shown to regulate important processes in bacteria,
such as virulence,® cell wall formation,®° cell size,'® ion transport"*
among others. For some Gram-positive bacteria, such as Bacillus
subtilis and Listeria monocytogenes, it has been demonstrated that
low intracellular levels of c-di-AMP increased the sensitivity of
the cells to f-lactam antibiotic treatment; an effect attributed to
defective peptidoglycan synthesis.'>'® Attempts to delete DAC
from human pathogens L. monocytogenes™ and Streptococcus
pneumoniae,"* failed and this was probably due to the essenti-
ality of DAC for maintaining the integrity of the peptidoglycan.
Considering that the majority of antibiotics target peptido-
glycan synthesis, there is an obvious interest in discovering
inhibitors of DAC enzymes.">™"”

Motivated by the potential of DAC inhibitors as antibacterial
targets we developed an interesting fluorescent assay for monitoring
c-di-AMP synthesis, using readily available coralyne fluorophore.*®
Using this assay, we discovered the first small molecule inhibitor
of a DAC (DisA), bromophenol thiohydantoin (or bromophenol-
TH)."®> Bromophenol-TH is however a weak inhibitor of DisA
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Fig. 1 Schematic of the synthesis of c-di-AMP by DisA from ATP. A DAC
inhibitor will hinder the synthesis of c-di-AMP.*®

(ICso of 56 pM at 5 pM DisA)"® and attempts to improve its
potency via modifications were unfruitful.’” Recently, Miiller
et al. showed that cordycepin triphosphate (3’-deoxyATP) was
an inhibitor of Thermotoga maritima DisA (TmaDisA) with an
ICs, of 3 uM at 26 nM TmaDisA.*®

In an effort to identify more potent and non-nucleotide-based
inhibitors of c-di-AMP synthesis, we employed the coralyne assay
to screen a library of 2000 known drugs against DisA. This effort
led to the identification of suramin (see Fig. 2), a drug used to
treat parasitic infections, as a potent inhibitor of DisA.

Suramin is a symmetrical polysulfonated urea derivative that
has long been used as an anti-parasitic drug for the treatment
of African trypanosomiasis as well as onchocerciasis.'>*° To
delineate which moieties on suramin are responsible for DisA
inhibition, we tested the enzyme against five structurally related
compounds (see Fig. 2) using the coralyne assay. To eliminate
the possibility that a positive hit from the coralyne assay was not
due to the quenching of coralyne’s fluorescence by the tested
compounds, we also used HPLC to monitor the DisA reaction in
presence of the compounds. 8-Aminopyrene-1,3,6-trisulfonic
acid (APTS), 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS),
Ponceau S and benzothiazole-2,5-disulfonic (compounds that
contain two or more sulfonic acid groups) did not inhibit DisA
(see Fig. 3 and Fig. S1, ESIY), indicating that the presence of
sulfonic acid alone was not sufficient to cause DisA inhibition.
Both trypan blue and suramin inhibited DisA (see Fig. 3) but
suramin was a better inhibitor. Using HPLC to monitor the DisA
reaction (see Fig. S1, ESIt), we noted that that at 20 pM, suramin

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Structures of suramin and other sulfonated molecules tested against
DisA. Abbreviations: ANTS is 8-aminonaphthalene-1,3,6-trisulfonic acid;
APTS is 8-aminopyrene-1,3,6-trisulfonic acid.
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Fig. 3 Coralyne assay of suramin and suramin-related compounds. For
the coralyne assay, emission fluorescence intensity of coralyne (at 475 nm)
increases as the concentration of c-di-AMP increases.*® BDS stands for
benzothiazole-2,5-disulfonic acid. 8-Aminopyrene-1,3,6-trisulfonic acid
(APTS) is highly fluorescent so could not be tested using the coralyne
assay. Each experiment was done in triplicate.

inhibited DisA activity by 90% after 30 min while trypan blue
only showed 20% inhibition. The coralyne assay indicated about
80% inhibition with trypan blue; the discrepancy between the
coralyne and HPLC results for trypan blue inhibition is prob-
ably due to partial fluorescence quenching by trypan blue,
which contains an azo moiety. Therefore, although the coralyne
assay is more convenient than HPLC analysis for high through-
put screening to discover c-di-AMP synthase inhibitors, it is
crucial to use counter screens, such as HPLC analysis, to
confirm “hits”.
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Fig. 4 Molecular docking used to obtain a suramin/TmaDisA complex.
Suramin (magenta) binds in the nucleotide-binding pocket of TmaDisA.
Image was generated with PyMOL.

We wondered if suramin was inhibiting DisA via ATP-
competitive mechanism. Previous report by Avliyakulov et al.
indicated that binding of suramin to L3, a ribosomal protein
from Trypanoplasma borreli, completely abolished ATP bind-
ing.”" Also, Morgan et al. crystallized suramin bound to the ATP
binding site of Leishmania mexicana pyruvate kinase.”> These
precedents provide evidence of suramin binding to the nucleo-
tide binding pockets of proteins.

Docking of suramin with a monomer of TmaDisA(PDB:3C1Z)’
revealed that suramin bound to the ATP binding site of TmaDisA
(Fig. 4) with binding affinity of —9.4 kcal mol . Future crystallo-
graphy studies, beyond the scope of this work, should reveal if
the docked structure is accurate and could provide more insight
into how to design potent DisA inhibitors. B. subtilis DisA is
similar to TmaDisA; computationally modelled 3D structure® of
B. subtilis DisA aligned well with TmaDisA (see Fig. S2, ESIT).

To provide some experimental confirmation that suramin
and ATP compete for the same binding site in DisA, we deter-
mined the ICs, values at various ATP concentrations (100 pM,
500 uM and 1 mM, see Fig. 5). The formation of o->’P-c-di-AMP/c-
di-AMP from o->*P-ATP/ATP by 1 uM DisA in the presence of
increasing concentrations of suramin at the various ATP con-
centrations was monitored via TLC. IC5, values of 1.1 uM, 3.1 pM
and 5.4 uM were obtained at the ATP concentrations of 100 pM,
500 pM and 1 mM respectively. The observed increase in ICs,
values upon increasing ATP concentration is consistent with
both molecules competing for similar binding site.

We also compared the potency of suramin’s inhibition with that
of 3’-deoxyATP and bromophenol-TH. Here, ICs, values of 2.3 puM,
3.8 uM and 67.2 uM (DisA concentration was 1 uM) were obtained
for suramin, 3’-deoxyATP and bromophenol-TH respectively. This
indicates that suramin is more potent than either of the two
previously identified inhibitors of DisA (see Fig. S3, ESIt).

The addition of suramin to DisA resulted in a decrease in the
protein intrinsic fluorescence (see Fig. S4, ESIt), probably due
to changes in the microenvironment(s) of the tyrosine residues
in the protein. Therefore we were able to determine the apparent
K4 of suramin binding to DisA via fluorescence titration of the
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Fig. 5 Inhibition constant of suramin determination. The ICsq of suramin
was determined by incubating DisA with either 100 uM, 500 pM or 1 mM
a-32P-ATP/ATP in reaction buffer. The ICso values at 100 pM, 500 pM
and 1 mM ATP were 1.1 uM, 3.1 uM and 5.4 uM. Experiments were done
in triplicate.

inhibitor with 5 pM DisA. The apparent K4 was determined to
be 5.4 uM (Fig. 6A), assuming a 1:1 binding. Bromophenol-TH
bound to DisA with an apparent K4 of 21 uM,"” so it appears that
suramin binds tighter to DisA, compared to bromophenol-TH.
We also analysed the fluorescence quenching data using the Stern-
Volmer equation®*** (see Fig. S4, ESIt) and by the modified
form of the Stern-Volmer equation (eqn (1) and Fig. 6B),*®

(FO_F)

log 7

=log K + nlog[Q] (1)

where F and F, are respectively the fluorescence intensities (at
340 nm) in the presence and absence of the quencher (suramin)
at concentration Q, the binding constant K (reciprocal of which
gives the dissociation constant, Ky) is the y-intercept of the
line and the slope gives the number of binding sites, n on the
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Fig. 6 (A) Plot of relative fluorescence of DisA (5 pM) at 340 nm as a function
of suramin concentration. The data was fitted to the non-linear regression,
eqgn (S3) (see ESI,T Experimental section). (B) Stern—Volmer plot generated by
fitting the fluorescence emission at 340 nm to eqgn (1). GraphPad Prism was
used to obtain both plots from triplicate measurements.
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protein (DisA). From eqn (1), an apparent Ky of 3.2 uM was
determined and the number of binding sites (1) was found to
be ~1, implying a 1:1 binding between DisA and suramin.

Suramin did not inhibit the activity of B. subtilis YybT, a c-di-
AMP specific phosphodiesterase (see Fig. S5, ESIt), indicating
that the observed DisA inhibition is somehow specific.

In conclusion, we have identified suramin as a potent
inhibitor of DisA. Suramin is already used in the clinic to treat
parasitic infection and has also been shown to have anti-cancer®”
and anti-viral®® properties. Recently Nautiyal et al. showed that
suramin inhibited Mycobacterium tuberculosis RecA protein with
submicromolar ICs,.”° They also showed that suramin potentiated
the activity of ciprofloxacillin against M. smegmatis.>® Here, we
show that suramin also inhibits cyclic diadenylate cyclase enzyme
and represents an interesting scaffold, which could be used to
develop cyclic dinucleotide signalling inhibitors. The advances
made in the identification of c-di-AMP related enzymes, receptor
proteins and RNA far outpace the number of small molecule
inhibitors of these proteins. This paper sets the tone for the
discovery of such small molecules, which could find use in
unravelling the intricacies of cyclic dinucleotide signalling as well
as being used as antibacterial agents.
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