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A STING-based fluorescent polarization assay for
monitoring activities of cyclic dinucleotide metabolizing
enzymes

Cyclic dinucleotides are important second messengers

in both prokaryotes and eukaryotes. Recently there have
been efforts to identify small molecules that perturb cyclic
dinucleotides in bacteria and immune cells. The Sintim
group has developed a fluorescent polarization assay, which
utilizes STING protein and fluorescein-labelled c-di-GMP, to
detect all three cyclic dinucleotides (c-di-GMP, c-di-AMP and
cGAMP). This assay could facilitate drug discovery efforts to
identify small molecules that inhibit enzymes that synthesize
or degrade cyclic dinucleotides or receptors that bind to
these fascinating signalling molecules.
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Cyclic dinucleoties, such as cGAMP, c-di-GMP and c-di-AMP, are fascinating second messengers with
diverse roles in both prokaryotes and eukaryotes. Consequently there is a need for simple and
inexpensive methods for profiling these compounds in biological media, monitoring their synthesis or
degradation by enzymes and for identifying inhibitors of proteins that metabolize or bind to these
dinucleotides. Since 2011, when we reported the first simple method to detect c-di-GMP (S. Nakayama,
I. Kelsey, J. Wang, K. Roelofs, B. Stefane, Y. Luo, V. T. Lee and H. O. Sintim, J. Am. Chem. Soc., 2011, 133,
4856) or in 2014 when we revealed another surprisingly simple assay to detect c-di-AMP (J. Zhou, D. A. Sayre,
Y. Zheng, H. Szmacinski and H. O. Sintim, Anal. Chem., 2014, 86, 2412), there have been efforts to develop
assays to detect cyclic dinucleotides by others. However a unified and simple assay, which can be used for all
cyclic dinucleotides is lacking. Here, we investigate STING binding by various fluorescein-labeled c-di-GMP,
c-di-AMP and cGAMP, using fluorescent polarization (FP). Fluorescein-labeled c-di-GMP (F-c-di-GMP)
was found to be the best binder of STING. This probe could be displaced by unlabeled cGAMP, c-di-AMP or
c-di-GMP and hence it is a universal probe, which can be used to monitor all three dinucleotides. HPLC
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Introduction

Cyclic dinucleotides (CDNs) have emerged as important signaling
molecules in both prokaryotes and eukaryotes and the last decade
has witnessed an explosion in research activities related to these
fascinating molecules and the enzymes that make or degrade
dinucleotides as well as receptors that bind them."? Cyclic GMP-
AMP synthase (cGAS) and stimulator of interferon genes (STING)
are key players in the cGAS-STING pathway, and have emerged
as potential drug targets for various disease states, such as viral
and bacterial infections, ulcerative colitis, Crohn’s disease and
cancer.’™ The cGAS-STING pathway in higher organisms, which
likely originated in bacteria,® is activated when cytosolic double
stranded DNA (pathogen-derived or host-derived) promotes cGAS
liquid phase separation and enzyme activity enhancement
to produce 2'3-cGAMP (referred to as cGAMP hereafter), which
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analysis was used to validate the new F-c-di-GMP-based FP assay.

is a noncanonical cyclic dinucleotide containing one 3’-5- and
one 2’-5"-phosphodiester linkages.”'® ¢cGAMP binds to dimeric
STING, causing profound conformational change and inducing
STING aggregation/polymerization, and subsequent TBK1 phos-
phorylation and activation of IRF3."'™" Interestingly, cGAMP
also inhibits STING activation via a negative feed-back by trigger-
ing ULK1 phosphorylation of STING.'® cGAS-STING signaling
has been demonstrated to be pivotal for mediation of the innate
immune recognition of infected cells and cancer cells."” >
Degradation of cGAMP has emerged as an immune evasion
strategy employed by both viral and bacterial pathogens as well
as cancer cells.”** The central roles played by host's cGAMP
synthase, ¢cGAS, and ¢cGAMP degrading enzymes (host's ENPP1
(mammalian ectonucleotide pyrophosphate phosphodiesterase 1)
or viral poxins) in diseased states have increased interests in
finding inhibitors of these enzymes as potential therapeutics.
For example patients who harbor TREX1 mutations that lead to
loss of DNase activity, and hence are unable to degrade cytosolic
DNA (cGAS activator), suffer various inflammatory pathologies.>***
Thus it is expected that inhibitors of cGAS could lessen
cGAS-STING pathway activation/inflammation in such patients.***”
Inhibitors of ENPP1 or viral poxins are expected to boost the
effects of native cGAMP>® and could have applications in cancer
immunotherapy” and anti-viral therapy.® c-di-GMP and c-di-AMP

© 2021 The Author(s). Published by the Royal Society of Chemistry
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are also important second messengers in bacteria, regulating key
processes such as biofilm formation, virulence factor production,
resistance to antibiotics and metals, amongst many other
processes."?° Thus inhibitors of ¢-di-GMP and c-di-AMP synthases
and phosphodiesterases are also highly sought after as potential
new-generation anti-infectives.

Cheap and reliable assays that could be used to monitor
c¢GAS and cGAMP phosphodiesterases or c-di-GMP/c-di-AMP
synthases or phosphodiesterases will undoubtedly facilitate the
development of therapeutics that target cGAS-STING signaling in
mammalian cells or c-di-GMP/c-di-AMP mediated processes in
bacteria. Thus far many strategies have been developed for the
detection of cyclic dinucleotides or monitoring dinucleotide meta-
bolism enzymes. For example, radioactive thin-layer chromatogra-
phy (TLC) has been used to monitor ¢cGAS or ENPP1 activities
respectively, but this assay is not convenient due to cost, safety
and environmental concerns.””" Liquid chromatography-mass
spectrometry (LC-MS)-based methods can also be used to monitor
these enzymes but this method is low throughput. ELISA kits that
utilize antibodies to detect cGAMP are commercially available but
are expensive. Other methods such as RNA fluorescent c-di-GMP
or c-di-AMP or cGAMP sensors,**>* pyrophosphatase-coupled
assay,” cGAMP-luciferase assay’® and BioSTING assay,”” which
utilizes FRET, have been described for monitoring cyclic dinucleo-
tides, highlighting the high interests in identifying convenient
methods to monitor the aforementioned critical enzymes in
the cGAS-STING pathway. Whiles these prior developed assays/
biosensors have facilitated CDN research, we found that these
methods are not ideal for our medium-to-high throughput screen-
ing campaigns for inhibitors of CDN metabolizing enzymes. In the
past, we had revealed simple aggregation-based assays for detecting
c-di-GMP*® or c-di-AMP,*® which we have used to identify inhibitors
of ¢-di-AMP synthase via medium throughput screening.***' Unfor-
tunately, our aggregation-based assay is not ideal for monitoring
enzymes that degrade cGAMP (our current interest). Thus we
sought a more convenient, inexpensive and universal method to
monitor the synthesis or degradation of all of the natural cyclic
dinucleotides. Herein we disclose a simple method (Fig. 1), which
can be used to monitor the degradation or synthesis of any cyclic
dinucleotide, which can bind to STING, using readily available
fluorescently labeled cyclic dinucleotide probe. We anticipate that
others will find this assay useful for their screening campaigns.

PDE

CDN pNpN or NMP
\ FPT
+@DN Fpl

Fig. 1 Schematic representation of the working principle of hSTING
competitive fluorescence polarization assay. PDE = phosphodiesterase.
FP = fluorescence polarization, CDN = cyclic dinucleotide. pNpN = linear
dinucleotide. NMP = nucleoside monophosphate. N = nucleoside.
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Materials and methods
hSTING expression and purification

hSTING plasmid was a gift from Prof. Pingwei Li.** hSTING
plasmid (PET28a, SUMO) was transformed into Novagen’s
E. coli Rosetta™2(pLysS) cells using kanamycin (50 pg mL™")
and chloramphenicol (50 pg mL ") as selection agents. A single
colony was then inoculated in 10 mL LB broth supplemented with
kanamycin (50 pg mL™') and chloramphenicol (50 pg mL™")
followed by an overnight incubation at 37 °C. The next day, the
10 mL culture was inoculated into 1 L terrific broth supplemented
with kanamycin (50 pg mL™") and chloramphenicol (50 pg mL ™)
and grown to exponential phase (OD600 = 0.6) by incubation at
37 °C. 1 mM isopropyl-B-p-thiogalactopyranoside (Fisher Scienti-
fic) was added to the culture and temperature lowered to 25 °C to
induce protein expression. The culture was incubated at 25 °C
for 18 hours. The cells were then pelleted by centrifugation at
5000 rpm for 20 min. The pellet was resuspended in 25 mL lysis
buffer containing 50 mM NazPO, (pH = 7.4), 300 mM NaCl,
20 mM imidazole, 5 mM mercaptoethanol, 10% glycerol, 1 mM
phenylmethylsulfonyl fluoride and 1x Roche’s inhibitor cocktail.
The cells were lysed via sonication. The lysates were then centri-
fuged at 22 000 rpm for 25 min and the supernatant collected. The
supernatant was passed through a His trap Nickel column and
hSTING protein eluted with an elution buffer containing 50 mM
Naz;PO, (pH = 7.4), 300 mM NaCl, 300 mM imidazole, 5 mM
mercaptoethanol, and 10% glycerol. hSTING was dialyzed over-
night to remove imidazole using a dialysis buffer containing
50 mM NazPO, (pH = 7.4), 300 mM NacCl, 5 mM mercaptoethanol,
and 10% glycerol. Protein was quantified by measuring absorbance
at 280 nM.

Poxin expression and purification

Poxin plasmid was a gift from Prof. Philip J. Kranzusch.?*
The plasmid was transformed into Novagen’s E. coli
Rosetta™2(pLysS) cells using kanamycin (50 pg mL™') and
chloramphenicol (50 pg mL™") as selection agents. The enzyme
was expressed and purified as described by above. Using 20 mM
HEPES-KOH, pH = 7.5, 1 M NaCl, 30 mM imidazole, 10%
glycerol and 1 mM DTT as wash buffer, 20 mM HEPES-KOH,
pH = 7.5, 400 mM NacCl, 300 mM imidazole, 10% glycerol and
1 mM DTT as elution buffer and 20 mM HEPES-KOH, pH = 7.5,
1 M NacCl, 30 mM imidazole, 10% glycerol and 1 mM DTT as
dialysis buffer.

DisA expression and purification

DisA plasmid was a gift from Prof. Karl-Peter Hopfner.** DisA
plasmid (PET28a) was transformed into Novagen’s E. coli BL21
(DE3) cells using kanamycin (50 pg mL™'). The enzyme was
expressed and purified as described above. Using 25 mM Tris-
HCl, pH = 8.2, 500 mM NaCl, 10% glycerol and 50 mM
imidazole as wash buffer, 25 mM Tris-HCl, pH = 8.2, 500 mM
NacCl, 10% glycerol and 200 mM imidazole as elution buffer and
25 mM Tris-HCl, pH = 8.2, 500 mM NaCl, 10% glycerol as
dialysis buffer.
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WspR expression and purification

WspR plasmid (pVL1394) was a gift from Prof. Md A Motaleb.** The
plasmid transformed into Novagen’s E. coli BL21 (DE3) cells using
carbenicillin (100 pg mL~"). Wash buffer, elution buffer and dialysis
buffer are the same as the buffers used for DisA purification.

hSTING titration

All four probes were purchased from Biolog Life Science Institute
GmbH & Co. KG (Germany). Purity and mass of the probes were
confirmed via HPLC and mass spectrometry analysis (Fig. S5 and
S6, ESIt) F-cGAMP-A = cyclic(guanosine-(2’ — 5+)monophosphate-
2/-O-(6[fluoresceinyl]aminohexylcarbamoyl)adenosine-(3’ — 5')-
monophosphate) sodium salt. F-cGAMP-B = cyclic(8-(2-[fluores-
ceinyl]aminoethylthio)-guanosine-(2’ — 5’)-monophosphate-
adenosine-(3’ — 5')}monophosphate) (c[8-Fluo-AET-G(2',5")pA(3’,5)p]),
sodium salt. F-c-di-GMP = 2’-O-(6-[fluoresceinylJaminohexylcarba-
moyl)-cyclic diguanosine monophosphate (2’-Fluo-AHC-c-diGMP),
sodium salt. F-c-di-AMP = 2/-O-(6-[fluoresceinylJaminohexylcarba-
moyl)-cyclic diadenosine monophosphate (2’-Fluo-AHC-c-diAMP),
sodium salt.

50 nM probe was incubated with various concentrations of
hSTING in 1x phosphate buffered saline for 5 min at room
temperature and fluorescence polarization (excitation 485 nm/20
and emission 528 nm/20) detected with Biotek Cytation 5 multi-
mode reader. Anisotropy was calculated using the Gen 5™ micro-
plate reader and imaging software. Anisotropy was normalized by
equating measurements of the 0 pM hSTING group to zero.
Experiment was done in triplicates using a 384 fluorometric plate.

Probes displacement assays

50 nM F-c-di-GMP was incubated with 10 uM hSTING and different
concentrations of cGAMP for 5 min at room temperature and
Anisotropy determined as described above. Anisotropy was normal-
ized by equating measurements of 0 pM cGAMP group to 100.
Experiment was done in triplicates using a 384 fluorometric plate.

ENPP1 ¢cGAMP hydrolysis tracking

A reaction was set up containing 50 pM c¢GAMP, and 9.16 nM
hENPP1 (purchased from R&D Systems (Minneapolis, Minnesota))
using the reaction buffer recommended by the manufacturer
(50 mM Tris pH 9.5, and 250 mM NacCl). At specific time points,
90 pL was drawn from the reaction, reaction stopped by heat
denaturation and cGAMP concentration detected via the FP assay
and HPLC analysis. For FP detection, 35 pL of the reaction was
mixed with 10 uM hSTING, 50 nM F-c-di-GMP and topped to 70 pL
with 1x phosphate buffered saline. The Mix was incubated at
room temperature for 5 min. 20 pL of the mix was aliquoted into
each well of the 384 fluorometric plate and anisotropy determined
as described above. Anisotropy was normalized by equating mea-
surements at time zero group to zero. Experiment was done in
triplicates using a 384 fluorometric plate. 50 UL of the reaction was
subjected to HPLC analysis using a COSMOSIL C18-MS-II Packed
column (mobile phase = 0.1 M TEAA in water and acetonitrile).
Gradient is as follows: 0-16 min: 99%-87% 0.1 M TEAA, 1-13%
acetonitrile, 16-23 min: 87-10% 0.1 M TEAA, 13-90% acetonitrile,
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23-25 min: 10-99% 0.1 M TEAA, 90-1% acetonitrile nucleotides
were detected by measuring absorbance at 260 nm.

Poxin cGAMP hydrolysis tracking

A reaction was set up containing 50 pM cGAMP, and 5 nM poxin
using the reaction buffer (50 mM HEPES-KOH pH 7.5, 35 mM KCl,
and 1 mM DTT). At specific time points, 90 pL was drawn from the
reaction, reaction stopped by heat denaturation and cGAMP
concentration detected via the FP assay and HPLC analysis. FP
detection and HPLC analysis were conducted as described above.

WspR c-di-GMP synthesis detection with FP assay

A reaction was set up containing 100 pM GTP, and 11 pM WspR
in WspR buffer (10 mM Tris-HCI pH 7.5, 100 mM Nacl, and
5 mM MgCl,) and incubated at 37 °C for 16 h. The reaction was
stopped by incubating at 95 °C for 5 min. c-di-GMP synthesis
was detected using 10 uM hSTING and 50 nM F-c-di-GMP in a
96 well fluorometric plate.

WspR c-di-GMP synthesis detection with HPLC

A reaction was set up containing 100 uM GTP, and 11 uM WspR in
WspR buffer (10 mM Tris-HCI pH 7.5, 100 mM NacCl, and 5 mM
MgCl,) and incubated at 37 °C for 16 h. The reaction was stopped by
incubating at 95 °C for 5 min and centrifuged at 14000 rpm for
3 min. 100 pL of reaction was filtered in an ultrafree centrifuge filter
and subjected to the HPLC analysis. Conditions for HPLC detection
was the same as described in the hydrolysis tracking of ENPP1.

DisA c-di-AMP synthesis detection with FP assay

A reaction was set up containing 100 M ATP, 1 uM DisA in
DisA buffer (40 mM Tris-HCI pH 7.5, 100 mM NacCl, and 10 mM
MgCl,) and incubated at 37 °C for 16 h. FP detection was done
as described for WspR.

DisA c-di-AMP synthesis detection with HPLC

A reaction was set up containing 100 pM ATP, and 1 pM DisA in
DisA buffer (40 mM Tris-HCI pH 7.5, 100 mM NacCl, and 10 mM
MgCl,) and incubated at 37 °C for 16 h. HPLC detection
conditions for DisA was the same as for WspR.

Emmission spectrum of fluorescent probes

F-cGAMP-A, F-cGAMP-B, F-c-di-GMP and F-c-di-AMP at a concen-
tration of 12.5 nM in 200 pL 1x phosphate-buffered saline (PBS)
was used for the emission spectra. The excitation was done at
480 nm and emission was collected from 510 nm to 600 nm.

Data analysis

Curves were generated with origin software using in-built non-
linear functions or stimulated with eqn (3).

Results and discussion
F-c-di-GMP is an ideal probe for hSTING FP assay

STING has a high affinity for cyclic dinucleotides and secondly
fluorescence polarization has been demonstrated to be a

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structures of fluorescein labeled cyclic dinucleotide used in this work.

robust technique to probe protein-ligand interactions.*>*’

Thus we rationalized that an appropriately fluorescent-labeled
cyclic dinucleotide could be used to monitor the presence
of unlabeled ¢cGAMP via competition for STING binding
(as shown in Fig. 1). STING can be readily expressed in
E. coli,"” so a fluorogenic displacement assay using STING could
be cheaper to perform than previously described assays for
detecting cyclic dinucleotides (such as cGAMP), which use mono-
clonal antibodies.*® Additionally, since STING can also bind to
other cyclic dinucleotides (c-di-GMP and c-di-AMP), we reasoned
that a STING-based fluorescent polarization assay could be readily
adapted to monitor c-di-GMP and c-di-AMP metabolizing enzymes
whereas the monoclonal antibody approach would generally
require specific antibodies for each dinucleotide. The working
principle of the assay is illustrated in Fig. 1. In the presence
of STING binding cyclic dinucleotides the fluorescence polariza-
tion of the probe is low owing to the fact unlabeled cyclic
dinucleotide displaces the probe from hSTING. However, following
the addition of a cyclic dinucleotide degrading enzyme such as
ENPP1 or viral poxin, there would be an increase in the fluores-
cence polarization as time progresses. As time progresses, the
unlabeled cyclic dinucleotide is degraded and concentration
decreases allowing the labeled probe to bind STING leading to
increase in fluorescence polarization. The converse will be true for
a cyclic dinucleotide synthase, which would increase the amount of
c¢GAMP or c-di-GMP or c-di-AMP, which would compete with the
fluorescent probe to decrease signal. Thus the assay is a universal
one for monitoring enzymatic dynamics of either CDN synthase or
phosphodiesterase.

© 2021 The Author(s). Published by the Royal Society of Chemistry

At the onset of the project, it was not clear how modification
with a fluorophore would affect STING binding. The binding
constants for the natural cyclic dinucleotides for hSTING are:
Kq4 for cGAMP is 3.79 nM; Ky for c-di-GMP is 1210 nM and Ky for
c-di-AMP is 1382 nM.° Because cGAMP has an ultra-potent
affinity for STING, we rationalized that even if modification
reduced binding affinity, there could still be some affinity for
STING left for practical detection. Thus, we selected two labeled
c¢GAMP probes, where the fluorescein modifications were at the
2'-position of adenosine (F-cGAMP-A) and at the C8-position of
guanosine (F-cGAMP-B) (Fig. 2). We were however aware that
the X-ray crystal structure of cGAMP bound to STING indicates
that the ligand makes intimate contacts with the protein
residues and also the ligand is bound in the closed conforma-
tion whereby cGAMP is engulfed by the protein.'>*® Therefore
there was a high probability that any modification of cGAMP
would drastically reduce STING binding. c-di-GMP or c-di-AMP
on the other hand bind to STING in the open conformation
and we hypothesized that c-di-GMP or c-di-AMP would better
tolerate fluorescein modification at the 2’-OH (see F-c-di-GMP
and F-di-AMP, Fig. 2) than any modifications to cGAMP.>%>"
This hypothesis was supported by literature precedence,
whereby Wu et al. showed that c-di-GMP that was modified
at the 2’-OH position with a bulky glycopeptide could still
activate STING."?

To identify the ideal probe for the assay, we investigated
which of the four fluorescein labeled cyclic dinucleotide probes
bound hSTING best by titrating each probe (50 nM) with
different concentrations of hSTING and measuring fluorescence

RSC Chem. Biol., 2021, 2, 206—214 | 209
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polarization (FP). Fluorescence polarization measurements were
then converted into fluorescence anisotropy using eqn (1).>*

Iy —1
I— L
1
I )

r=

Where I is the intensity of the parallel emission, I, is the
intensity of the perpendicular emission and Iy is total intensity.
To rank the binding affinities of the probes, anisotropy was
converted to fraction bound (eqn (2))** and the dissociation
constant (Ky) of each probe evaluated.

7 — Ffree
Tbound — V)Q + (r - rfree)

)

F bound = (

Where r is anisotropy at a specific hSTING concentration, e is
anisotropy of free ligand, r,,unq is the anisotropy of hSTING-probe
at saturation and Q is the ratio of fluorescence intensities of
bound versus free ligand. Fraction bound versus hSTING concen-
tration curves were generated using eqn (3) (Fig. 3a-d).>>*°

FB—
1+(Kd/(R—0.5(L+R+Kd)—l<(L+R+Kd)2_4X o L)o,s))
3)

Where FB is fraction bound, Ky is the dissociation constant, R is
hSTING concentration and L is the probe concentration.

210 | RSC Chem. Biol.,, 2021, 2, 206—214

Despite possessing the lowest emission intensity, F-c-di-
GMP is the best hSTING binder with a K4 of 3.45 + 0.48 pM,
whiles F-c-di-AMP is the weakest hSTING binder with a K4 of
29.8 + 6.3 uM (Fig. 3 and ESL¥ Fig. S1, S2). In spite of the fact
that F-cGAMP-B binds hSTING slightly better than F-cGAMP-A,
F-cGAMP-A exhibits a higher signal range than F-cGAMP-B.
High anisotropy is observed in the F-cGAMP-A group compared
to F-cGAMP-B (ESL, T Fig. S1a and b). This phenomenon is likely
due to guanine quenching the fluorophore in F-cGAMP-B,
which is attached to guanine via a short linker; guanine is a
known fluorescence quencher.®” Expectedly, F-cGAMP-B emis-
sion intensity is lower than that of F-cGAMP-A (ESL,} Fig. S2).

We picked F-c-di-GMP as our ideal probe since it has the
highest binding affinity to STING, compared to the other
fluorescein-labeled probes. Next, we sought to determine if
unlabeled cyclic dinucleotides could displace F-c-di-GMP from
hSTING. Displacement of the probes from STING would lead
to a decline in anisotropy, brought about by the increase in
the concentration of free fluorescent ligands. As expected
unlabeled cyclic dinucleotides displaced F-c-di-GMP in a
concentration dependent manner with apparent half maximal
inhibitory concentrations of 8.95 &+ 0.54 uM (cGAMP), 7.41 +
0.49 uM (c-di-GMP), and 7.35 + 0.86 uM (c-di-AMP) (Fig. 4a—c).
These findings illustrate our assay could be used to track
enzymatic dynamics of cyclic dinucleotide metabolizing enzymes.
Consequently, we proceeded to investigate if our assay could track

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the progresses of cGAMP degradation by two enzymes: ENPP1
and poxin.

Monitoring ENPP1 hydrolysis of cGAMP with hSTING
competitive assay

ENPP1 hydrolyzes cGAMP into GMP and AMP, and both do not
bind hSTING. Hence, we hypothesized that our assay could be
used to monitor ENPP1 hydrolysis of cGAMP. We conducted a
time trace experiment whereby ENPP1 reactions were stopped by
heat denaturation after a specific time and cGAMP concentration
detected with the FP assay and via liquid chromatography analysis
(HPLC). Since ENPP1 cGAMP hydrolysis end products, AMP and
GMP, do not bind to hSTING fluorescence anisotropy is expected
to increase as a function of time. As expected, anisotropy increased
with time (Fig. 5a). More importantly, the assay correlated with the
HPLC analysis (Fig. 5b and c). At time zero, anisotropy is almost
zero indicating probe is not binding to hSTING due to the high
concentration of unlabeled cGAMP as evident in the HPLC trace

for time zero (Fig. 5a and b). As time progress, cGAMP is
hydrolyzed by ENPP1, which leads to an increase in FP and
decrease of the cGAMP peak in the HPLC traces. After 30 min,
there is no significant change in anisotropy, an indication that
most of the cGAMP is hydrolyzed (Fig. 5a). This observation
roughly correlates with the HPLC traces, which also indicate that
over 70% of the reaction cGAMP is hydrolyzed within 30 min

(Fig. 5).

Monitoring poxin hydrolysis of cGAMP with hSTING
competitive assay

Poxin is a metal-independent nuclease conserved in most
Orthopoxvirus viruses that cleaves cGAMP to inhibit hSTING
signaling.>* Poxin degrades cGAMP into linear Gp[2'-5']Ap[3'],
which does not bind hSTING.>" Thus poxin cleavage of cGAMP
could also be monitored with hSTING competitive fluorescence
polarization assay. To test this, poxin reactions were set up and
after a specific time the reaction was stopped by heat denaturation
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Fig. 5 hSTING fluorescence polarization competitive assay can track ENPP1 cGAMP hydrolysis. (a) Time trace anisotropy of ENPP1 reactions. Curve
generated with origin in-built Hill function. (b) HPLC time trace of ENPP1 reactions. (c) cGAMP percent cleavage at specific time points quantified with
either FP assay or HPLC analysis. cGAMP percent cleavage was calculated by assuming anisotropy after 50 min represented 100% cleavage for the FP
assay. For HPLC analysis, peak area of cGAMP at time zero was used to normalize cGAMP signal in all the time points then percent cleavage was

computed by subtracting the normalized peak area from 100.
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Fig. 7 hSTING fluorescence polarization competitive assay can track
WspR and DisA synthesis dynamics. WspR reactions: 11 uM enzyme and
100 uM GTP in 1x reaction buffer (10 mM Tris—HCl pH 7.5, 100 mM NaCl
and 5 mM MgCl,) and incubate at 37 °C for 16 h. WspR —ve = Reactions
containing no WspR. WspR +ve = Reactions containing WspR. DisA
reactions: 1 uM enzyme and 100 uM ATP in 1x reaction buffer (40 mM
Tris—-HClpH 7.5, 100 mM NaCland 10 mM MgCl,) and incubate at 37 °C for
16 h. DisA —ve = Reactions containing no DisA. DisA +ve = Reactions
containing DisA. Error bars represent standard deviation of n = 3.

and cGAMP concentration detected with our assay and via HPLC
analysis. Just as in the case of ENPP1, the assay trend agreed with
the HPLC analysis. Both the hSTING assay and the HPLC show
poxin degraded most of the cGAMP within 50 min (Fig. 6). After
50 min, there is no significant change in the anisotropy mea-
surements (Fig. 6a and c). Similarly, there is no significant change
in both cGAMP and poxin product peaks after 50 min as visualized
in the HPLC traces (Fig. 6b).

212 | RSC Chem. Biol,, 2021, 2, 206214

Monitoring the synthesis of c¢-di-GMP and c-di-AMP with
hSTING competitive assay

Our group is also interested in identifying compounds that inhibit
¢-di-GMP or c-di-AMP synthesis in bacteria. Thus, we sought to
determine if the FP assay could also track the synthesis of c-di-AMP
or c-di-GMP. We set up reactions with WspR (c-di-GMP synthase)*®
and DisA (c-di-AMP synthase)*’ and probed them with the FP
hSTING competitive assay and with HPLC. After incubation, reac-
tions were stopped by heat denaturing and half of the sample was
analyzed with the hSTING assay and the other half subjected to
HPLC analysis. As expected, due to presence of c-di-AMP or c-di-
GMP, anisotropy was significantly lower for reactions containing
both WspR and DisA compared to reactions that did not contain
the synthases (Fig. 7). To confirm the low anisotropy was indeed
a result of displacement by unlabeled c-di-AMP or c-di-GMP,
we obtained HPLC traces of both the DisA and WspR reactions.
Both enzymes synthesized each respective cyclic dinucleotide
(ESIL,f Fig. S3a, b and S4a, b).

Conclusion

Cyclic dinucleotides have come to the forefront of biological
research due to the central roles they play in various physiological
processes in both bacteria and metazoans.>® Enzymes and
adaptor proteins that sense and/or regulate these second
messengers are now bona fide drug targets and there is a need
for simpler and cheaper assays to detect these molecules for
various applications.®® In 2011 we provided one of the earliest
detections of cyclic dinucleotides using homogeneous aggregation
strategy.”® In 2012, we reported the first RNA-based detection of
cyclic dinucleotides.>® Since then various strategies have been
described to detect cyclic dinucleotides.***'~®*> We have since been

© 2021 The Author(s). Published by the Royal Society of Chemistry
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looking for a universal and simple assay that could be used to
detect all of the dinucleotides. Here, we present a simple assay
that can facilitate cyclic dinucleotide research as well as provide a
platform to discover compounds, which will translate the beauti-
ful biology of cyclic dinucleotides into real life therapeutics.
Although we have used a few enzymes, ENPP1, poxin, WspR and
DisA, to demonstrate this concept in the manuscript, there is no
conceptual impediment preventing the adaptation of this assay to
detect any cyclic dinucleotide metabolism enzymes. This newly
developed assay has streamlined our work evaluating cyclic
dinucleotide metabolism enzymes and we hope that others will
also find the described assay useful.

Conflicts of interest

There are no conflicts to declare.

References

1 U. Jenal, A. Reinders and C. Lori, Nat. Rev. Microbiol., 2017,
15, 271-284.

2 T.Liand Z. J. Chen, J. Exp. Med., 2018, 215, 1287-1299.

H. Ishikawa and G. N. Barber, Nature, 2008, 455, 674-678.

4 H. Ishikawa, Z. Ma and G. N. Barber, Nature, 2009, 461,
788-792.

5 H. O. Sintim, C. G. Mikek, M. Wang and M. A. Sooreshjani,
MedChemComm, 2019, 10, 1999-2023.

6 B. R. Morehouse, A. A. Govande, A. Millman, A. F. A. Keszei,
B. Lowey, G. Ofir, S. Shao, R. Sorek and P. J. Kranzusch,
Nature, 2020, 586, 429-433.

7 E. ]J. Diner, D. L. Burdette, S. C. Wilson, K. M. Monroe,
C. A. Kellenberger, M. Hyodo, Y. Hayakawa, M. C. Hammond
and R. E. Vance, Cell Rep., 2013, 3, 1355-1361.

8 L. Sun, J. Wu, F. Du, X. Chen and Z. J. Chen, Science, 2013,
339, 786-791.

9 K. Kato, H. Omura, R. Ishitani and O. Nureki, Annu. Rev.
Biochem., 2017, 86, 541-566.

10 M. Du and Z. ]J. Chen, Science, 2018, eaat1022, DOI: 10.1126/
science.aat1022.

11 P. Gao, M. Ascano, T. Zillinger, W. Wang, P. Dali,
A. A. Serganov, B. L. Gaffney, S. Shuman, R. A. Jones,
L. Deng, G. Hartmann, W. Barchet, T. Tuschl and
D. J. Patel, Cell, 2013, 154, 748-762.

12 X. Zhang, H. Shi, J. Wu, X. Zhang, L. Sun, C. Chen and
Z.]. Chen, Mol. Cell, 2013, 51, 226-235.

13 G. Shang, C. Zhang, Z. J. Chen, X.-C. Bai and X. Zhang,
Nature, 2019, 567, 389-393.

14 S. L. Ergun, D. Fernandez, T. M. Weiss and L. Li, Cell, 2019,
178, 290-301.e210.

15 Y. Tanaka and Z. J. Chen, Sci. Signaling, 2012, 5, ra20.

16 H. Konno, K. Konno and G. N. Barber, Cell, 2013, 155,
688-698.

17 Y. Zhang, L. Yeruva, A. Marinov, D. Prantner, P. B. Wyrick,
V. Lupashin and U. M. Nagarajan, J. Immunol., 2014, 193,
2394-2404.

w

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Chemical Biology

18 X. D. Li, J. Wu, D. Gao, H. Wang, L. Sun and Z. ]J. Chen,
Science, 2013, 341, 1390-1394.

19 K. Hansen, T. Prabakaran, A. Laustsen, S. E. Jorgensen,
S. H. Rahbzk, S. B. Jensen, R. Nielsen, J. H. Leber,
T. Decker, K. A. Horan, M. R. Jakobsen and S. R. Paludan,
EMBO J., 2014, 33, 1654-1666.

20 S.-R. Woo, M. B. Fuertes, L. Corrales, S. Spranger, M. J. Furdyna,
M. Y. K. Leung, R. Duggan, Y. Wang, G. N. Barber,
K. A. Fitzgerald, M.-L. Alegre and T. F. Gajewski, Immunity,
2014, 41, 830-842.

21 J. B. Eaglesham, Y. Pan, T. S. Kupper and P. J. Kranzusch,
Nature, 2019, 566, 259-263.

22 J. A. Carozza, V. Bohnert, K. C. Nguyen, G. Skariah,
K. E. Shaw, J. A. Brown, M. Rafat, R. von Eyben,
E. E. Graves, ]J. S. Glenn, M. Smith and L. Li, Nat. Cancer,
2020, 1, 184-196.

23 R.]. Dey, B. Dey, Y. Zheng, L. S. Cheung, J. Zhou, D. Sayre,
P. Kumar, H. Guo, G. Lamichhane, H. O. Sintim and
W. R. Bishai, Nat. Chem. Biol., 2017, 13, 210-217.

24 Y. J. Crow, B. E. Hayward, R. Parmar, P. Robins, A. Leitch,
M. Ali, D. N. Black, H. van Bokhoven, H. G. Brunner,
B. C. Hamel, P. C. Corry, F. M. Cowan, S. G. Frints,
J. Klepper, J. H. Livingston, S. A. Lynch, R. F. Massey,
J. F. Meritet, J. L. Michaud, G. Ponsot, T. Voit, P. Lebon,
D. T. Bonthron, A. P. Jackson, D. E. Barnes and T. Lindahl,
Nat. Genet., 2006, 38, 917-920.

25 M. A. Lee-Kirsch, M. Gong, D. Chowdhury, L. Senenko,
K. Engel, Y.-A. Lee, U. de Silva, S. L. Bailey, T. Witte,
T. J. Vyse, J. Kere, C. Pfeiffer, S. Harvey, A. Wong,
S. Koskenmies, O. Hummel, K. Rohde, R. E. Schmidt,
A. F. Dominiczak, M. Gahr, T. Hollis, F. W. Perrino,
J. Lieberman and N. Hiibner, Nat. Genet., 2007, 39,
1065-1067.

26 M. Wang, M. A. Sooreshjani, C. Mikek, C. Opoku-Temeng
and H. O. Sintim, Future Med. Chem., 2018, 10, 1301-1317.

27 L.Lama, C. Adura, W. Xie, D. Tomita, T. Kamei, V. Kuryavyi,
T. Gogakos, J. I. Steinberg, M. Miller, L. Ramos-Espiritu,
Y. Asano, S. Hashizume, ]J. Aida, T. Imaeda, R. Okamoto,
A. J. Jennings, M. Michino, T. Kuroita, A. Stamford, P. Gao,
P. Meinke, J. F. Glickman, D. ]J. Patel and T. Tuschl, Nat.
Commun., 2019, 10, 2261.

28 K. Kato, H. Nishimasu, D. Oikawa, S. Hirano, H. Hirano,
G. Kasuya, R. Ishitani, F. Tokunaga and O. Nureki, Nat.
Commun., 2018, 9, 4424.

29 J. Stiilke and L. Kriiger, Annu. Rev. Microbiol., 2020, 74,
159-179.

30 H. O. Sintim and C. Opoku-Temeng, in Microbial Cyclic
Di-Nucleotide Signaling, ed. S.-H. Chou, N. Guiliani, V. T. Lee
and U. Romling, Springer International Publishing, Cham,
2020, pp. 577-591, DOI: 10.1007/978-3-030-33308-9_33.

31 L. Li, Q. Yin, P. Kuss, Z. Maliga, J. L. Millan, H. Wu and
T. J. Mitchison, Nat. Chem. Biol., 2014, 10, 1043-1048.

32 D. Bose, Y. Su, A. Marcus, D. H. Raulet and
M. C. Hammond, Cell Chem. Biol., 2016, 23, 1539-1549.

33 C. A. Kellenberger, S. C. Wilson, ]J. Sales-Lee and
M. C. Hammond, J. Am. Chem. Soc., 2013, 135, 4906-4909.

RSC Chem. Biol,, 2021, 2, 206-214 | 213


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cb00187b

Open Access Article. Published on 17 December 2020. Downloaded on 2/25/2026 2:18:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

34

35

36

37

38

39

40

41

42

43

44

45

46

47
48

S. Nakayama, Y. Luo, J. Zhou, T. K. Dayie and H. O. Sintim,
Chem. Commun., 2012, 48, 9059-9061.

R. Hooy and ]. Sohn, in Methods in Enzymology, ed. J. Sohn,
Academic Press, 2019, vol. 625, pp. 77-86.

R. E. Mardjuki, J. A. Carozza and L. Li, J. Biol. Chem., 2020,
295, 4881-4892.

A. ]J. Pollock, S. A. Zaver and J. J. Woodward, Nat. Commun.,
2020, 11, 3533.

S. Nakayama, I. Kelsey, J. Wang, K. Roelofs, B. Stefane,
Y. Luo, V. T. Lee and H. O. Sintim, J. Am. Chem. Soc., 2011,
133, 4856-4864.

J. Zhou, D. A. Sayre, Y. Zheng, H. Szmacinski and
H. O. Sintim, Anal. Chem., 2014, 86, 2412-2420.

Y. Zheng, ]J. Zhou, D. A. Sayre and H. O. Sintim, Chem.
Commun., 2014, 50, 11234-11237.

C. Opoku-Temeng, N. Dayal, J. Miller and H. O. Sintim, RSC
Adv., 2017, 7, 8288-8294.

C. Shu, G. Yi, T. Watts, C. C. Kao and P. Li, Nat. Struct. Mol.
Biol., 2012, 19, 722-724.

G. Witte, S. Hartung, K. Biittner and K.-P. Hopfner, Mol
Cell, 2008, 30, 167-178.

S. Z. Sultan, J. E. Pitzer, M. R. Miller and M. A. Motaleb, Mol.
Microbiol., 2010, 77, 128-142.

A. M. Rossi and C. W. Taylor, Nat. Protoc., 2011, 6, 365-387.
D. M. Jameson and G. Mocz, in Protein-Ligand Interactions:
Methods and Applications, ed. G. Ulrich Nienhaus, Humana Press,
Totowa, NJ, 2005, pp. 301-322, DOL: 10.1385/1-59259-912-5:301.
N. J. Moerke, Curr. Protoc. Chem. Biol., 2009, 1, 1-15.

J. Hall, A. Brault, F. Vincent, S. Weng, H. Wang, D. Dumlao,
A. Aulabaugh, D. Aivazian, D. Castro, M. Chen, J. Culp, K. Dower,
J. Gardner, S. Hawrylik, D. Golenbock, D. Hepworth, M. Horn,
L. Jones, P. Jones, E. Latz, J. Li, L.-L. Lin, W. Lin, D. Lin,
F. Lovering, N. Niljanskul, R. Nistler, B. Pierce, O. Plotnikova,
D. Schmitt, S. Shanker, J. Smith, W. Snyder, T. Subashi,
J. Trujillo, E. Tyminski, G. Wang, J. Wong, B. Lefker, L. Dakin
and K. Leach, PLoS One, 2017, 12, e0184843.

214 | RSC Chem. Biol., 2021, 2, 206214

49

50

51

52

53

54

55
56

57

58

59

60

61

62

63

64

65

View Article Online

Paper

H. Shi, J. Wu, Z. ]J. Chen and C. Chen, Proc. Natl. Acad. Sci.
U. S. A., 2015, 112, 8947.

Q. Yin, Y. Tian, V. Kabaleeswaran, X. Jiang, D. Tu, M. J. Eck,
Z.]. Chen and H. Wu, Mol. Cell, 2012, 46, 735-745.

J. Guo, J. Wang, J. Fan, Y. Zhang, W. Dong and C. P. Chen,
ChemBioChem, 2019, 20, 1838-1847.

J-J. Wu, W.-H. Li, P.-G. Chen, B.-D. Zhang, H.-G. Hu,
Q.-Q. Li, L. Zhao, Y.-X. Chen, Y.-F. Zhao and Y.-M. Li, Chem.
Commun., 2018, 54, 9655-9658.

J. R. Lakowicz, in Principles of Fluorescence Spectroscopy, ed.
J. R. Lakowicz, Springer US, Boston, MA, 1999, pp. 291-319,
DOI: 10.1007/978-1-4757-3061-6_10.

M. H. A. Roehrl, J. Y. Wang and G. Wagner, Biochemistry,
2004, 43, 16056-16066.

M. Jing and M. T. Bowser, Anal. Chim. Acta, 2011, 686, 9-18.
K. J. Soller, J. Yang, G. Veglia and M. T. Bowser, J. Biol.
Chem., 2016, 291, 21510-21518.

H. Mao, G. Luo, Y. Zhan, ]J. Zhang, S. Yao and Y. Yu, Analyst,
2018, 143, 3292-3301.

J. W. Hickman, D. F. Tifrea and C. S. Harwood, Proc. Natl.
Acad. Sci. U. S. A., 2005, 102, 14422.

D. Kalia, G. Merey, S. Nakayama, Y. Zheng, J. Zhou, Y. Luo,
M. Guo, B. T. Roembke and H. O. Sintim, Chem. Soc. Rev.,
2013, 42, 305-341.

C. Opoku-Temeng, J. Zhou, Y. Zheng, J. Su and H. O. Sintim,
Chem. Commun., 2016, 52, 9327-9342.

C. A. Kellenberger, C. Chen, A. T. Whiteley, D. A. Portnoy and
M. C. Hammond, J. Am. Chem. Soc., 2015, 137, 6432-6435.
B. T. Roembke, J. Zhou, Y. Zheng, D. Sayre, A. Lizardo,
L. Bernard and H. O. Sintim, Mol. BioSyst., 2014, 10, 1568-1575.
W.-B. Tseng, Y.-T. Lu, S.-W. Zhan and W.-L. Tseng, Sens.
Actuators, B, 2020, 312, 127960.

S. Inuzuka, S. Matsumura and Y. Ikawa, J. Biosci. Bioeng.,
2016, 122, 183-187.

C. A. Kellenberger, J. Sales-Lee, Y. Pan, M. M. Gassaway,
A. E. Herr and M. C. Hammond, RNA Biol., 2015, 12, 1189-1197.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cb00187b



