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2',5'/3',5"-cGMP-AMP (cGAMP) is a second messenger pro-
duced in response to cytosolic dsDNA that activates the stimu-
lator of interferon genes (STING) pathway. We recently discov-
ered that cGAMP is exported by cancer cells and that this
extracellular signal is an immunotransmitter key to tumor
detection and elimination by the innate immune system. The
enhancement of extracellular cGAMP levels therefore holds
great promise for managing cancer. However, there is still much
more to understand about the basic biology of cGAMP before its
full therapeutic potential can be realized. To answer these ques-
tions, we must be able to detect and quantitate cGAMP with an
assay that is high-throughput, sensitive, and precise. Existing
assays fall short of these needs. Here, we describe the develop-
ment of cGAMP-Luc, a coupled enzyme assay that relies on the
degradation of cGAMP to AMP by ectonucleotide pyrophos-
phatase phosphodiesterase 1 (ENPP1) and an optimized assay
for the detection of AMP by luciferase. We also developed
STING-CAP, a STING-mediated method to concentrate and
purify cGAMP from any type of biological sample. We conclude
that cGAMP-Luc is an economical high-throughput assay that
matches the accuracy of and surpasses the detection limit of MS,
the current gold standard of cGAMP quantitation. We propose
that cGAMP-Luc is a powerful tool that may enable discoveries
that advance insights into extracellular cGAMP levels in
healthy and diseased tissues, such as cancer.

Innate immunity is our first line of defense against foreign
pathogens and cancers. It is activated when pattern or damage
recognition receptors detect pathogen or damage-associated
molecular patterns. One such molecular pattern is cytosolic
dsDNA, which signals the presence of viral infection, cell dam-
age, and cancer. In cancer cells, cytosolic dsDNA originates
from chromosomal instability and the formation of micronu-
clei (1-3). Once in the cytosol, this dsDNA activates the
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enzyme cGMP/AMP synthase (cGAS)> to synthesize 2',5'/
3',5'-cAMP-GMP (cGAMP) from ATP and GTP (4-9).
cGAMP binds to and activates the protein stimulator of inter-
fering genes (STING), leading to the production of Type I inter-
ferons (10—13). These potent cytokines drive tumor regression
both directly (14) and through the activation of the adaptive
immune system (15, 16). Since its discovery in 2008, the cyto-
solic dsDNA sensing STING pathway has taken center stage in
cancer drug development.

We recently discovered that extracellular cGAMP is an
immunotransmitter produced and exported by cancer cells (17)
and imported by host cells (18, 19). Extracellular cGAMP plays
a major role in tumor detection and elimination; we demon-
strated through in vivo experiments that depleting extracellular
cGAMP in tumors represses innate immune activation (17).
We also found that enhancing extracellular cGAMP through
the inhibition of its degradation or the catalysis of its synthesis
with ionizing radiation diminishes tumors (17). The enhance-
ment of extracellular cGAMP therefore contains great poten-
tial for the treatment of cancer. Nonhydrolyzable analogs of
cGAMP are currently in Phase I clinical trials for the treat-
ment of metastatic solid tumors with promising results
(SCR_002309: NCT03172936 and NCT03010176).

To realize the full therapeutic potential of extracellular
cGAMDP, there is still much more to be understood about the
basic biology of cGAMP. Among the immediately apparent
questions are how ENPP1 inhibitors can be screened in a high-
throughput manner, how cGAMP exporters can be identified
in cancer cells, how cancer cells can be stimulated to export
more cGAMP, and which cell types import and respond to
cGAMP to mediate the immune response. Outside of cancer
immunology, the roles that extracellular cGAMP plays in
homeostasis and other diseases are largely unexplored.

To begin to address these questions, we must first be able to
measure cGAMP using an assay accessible to academic labora-
tories, pharmaceutical companies, and hospitals. Such an assay
must have a wide dynamic range, as physiological cGAMP con-
centrations range from low nanomolar to high micromolar

2 The abbreviations used are: cGAS, cGMP/AMP synthase; STING, stimulator of
interferon genes; STING-CAP, STING-mediated concentration and purification
of cGAMP; PAP, polyphosphate:AMP phosphotransferase; cGAMP, 2',5'/3",5'-
cGMP-AMP; rcf, relative centrifugal force; DMEM, Dulbecco’s modified Eagle’s
medium; LOD, limit of detection; LOQ, limit of quantification; a.u., arbitrary
units.
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Figure 1. cGAMP can be detected but not quantitated by pairing ENPP1 with commercially available AMP quantitation kits. A, scheme of cGAMP-Luc
assay. B, purification of ENPP1 by size-exclusion chromatography. C, 2’'3’-cGAMP hydrolysis reaction monitored by TLC assay and visualized by autoradiogra-
phy. Data are representative of three independent experiments. D, cGAMP standard curve generated by ENPP1 and AMP-Glo™. Data are mean = S.E. (error
bars) (n = 2). E, AMP standard curve generated by AMP-Glo™. Data are mean *+ S.E. (n = 4) with error bars too small to visualize. F, ATP standard curve
generated by CellTiter-Glo®. Data are mean = S.E. (n = 3) with error bars too small to visualize.

(17). In addition, this assay must be sufficiently precise to study
significant biological processes that may rely only on subtle
changes in cGAMP concentrations. Ideally, such an assay is also
suitable for high-throughput genetic and drug screens.

Current methods to quantitate cGAMP fall short of these stan-
dards. We previously developed a quantitative LC tandem MS
(LC-MS/MS) technique with a wide dynamic range and detection
limit of 4 nm (17), but it is low-throughput and requires equip-
ment and expertise beyond the range of most laboratories.
cGAMP ELISAs are commercially available, but like all ELISAs,
they are expensive and have a narrow detection range. A ribo-
switch for cGAMP has also been developed, but its K, of 13 um
limits its utility in detecting and quantitating physiologically rele-
vant concentrations of cGAMP (20). Here, we describe the devel-
opment of cGAMP-Lug, a sensitive, precise, and high-throughput
coupled enzyme assay based on luciferase that can quantitate
cGAMP in a range of complex biological samples.

Results

CcGAMP can be detected but not quantitated by pairing ENPP1
with commercially available AMP quantitation kits

The general scheme of the cGAMP-Luc assay is described in
Fig. 1A. Our overall strategy takes advantage of our discovery of
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ENPP1, the dominant hydrolase of cGAMP (21). In this assay,
cGAMP is first cleaved into AMP and GMP by ENPP1. We
considered alternative ¢cGAMP hydrolases, but they are
ultimately incompatible with this assay; poxvirus immune
nucleases (poxins) do not cleave cGAMP to AMP (22), and
snake venom phosphodiesterase (6) cannot be purified in large
quantities as it is harvested from snake venom. Following
ENPP1 digestion of cGAMP, the resulting AMP is subsequently
converted to ADP by the enzyme polyphosphate:AMP phos-
photransferase (PAP) at the expense of polyphosphate (23, 24).
ADP is then phosphorylated to ATP by myokinase. ATP is used
by luciferase to oxidize luciferin in a concentration-dependent
manner to generate a luminescent species. The final ATP con-
centration is thus quantitated on a luminescence plate reader
and related back to the original cGAMP concentration.

To accurately quantitate low nanomolar concentrations of
c¢GAMDP, all enzymatic steps of cGAMP-Luc should operate at
nanomolar concentrations and couple with each other in a lin-
ear fashion. We purified ENPP1 (Fig. 1B) and first tested
whether it could convert nanomolar amounts of cGAMP to
AMP despite a K, of 15 uMm for cGAMP. We incubated a trace
amount of [*?P]cGAMP with 350 nM cGAMP and 10 nm ENPP1
for 16 h and analyzed the reaction mixture using TLC (Fig. 1C).
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Figure 2. Optimization of AMP detection method (AMP-Luc) with new quantitation limit of 16 nm. A, scheme of coupled enzymatic steps in
AMP-Glo™ versus AMP-Luc protocol. B, Purification of PAP by anion exchange. C, PAP activity assay monitored by TLC and visualized under short-
wavelength (254-nm) UV light source. D, AMP standard curve generated using the AMP-Glo™ coupling scheme, with all enzymes either purified (ENPP1,
PAP) or purchased (myokinase, luciferase) and assembled in-house. Data are mean = S.E. (error bars) (n = 3). E, AMP standard curve generated using the
AMP-Luc coupling scheme, with all enzymes either purified or purchased and assembled in-house. Data are mean = S.E. (n = 3) with error bars too small

to visualize.

We observed complete cleavage of cGAMP to P, with a trace
amount of the desired AMP intermediate. This is in agreement
with our previous observation (21) that trace amounts of phos-
phatases from the purified cGAS protein are sufficient to cleave
most of the AMP intermediate to P,. To avoid phosphatase
contaminants and the subsequent loss of AMP as the key ana-
lyte, all of the cold cGAMP used in the rest of this study was
subjected to HPLC purification. Regardless, the demonstrated
complete cleavage of crude hot [**P]cGAMP indicates that the
quantitation of cGAMP via its cleavage product AMP is a viable
strategy.

We then attempted to generate a standard curve by coupling
our ENPP1 cleavage of cGAMP to AMP with a commercially
available AMP quantitation assay, AMP-Glo™". Biological
samples likely contain a significant amount of AMP that does
not originate from cGAMP. To ensure specificity for cGAMP,
we plotted standard curves after taking the difference in lumi-
nescence signals of samples that were and were not subjected to
ENPP1 cleavage. The generated cGAMP standard curve has a
quantitation limit of nearly 200 nm (Fig. 1D), which is 50 times
worse than our LC-MS/MS method (17). Similarly, the stan-
dard curve of AMP generated by AMP-Glo™ has a quantita-
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tion limit of 125 nwm (Fig. 1E). In contrast, the standard curve of
ATP alone is linear and quantitative until 16 nm (Fig. 1F). The
limit of quantitation of ATP is the theoretical limit of quantita-
tion of cGAMP. To improve the quantitation of cGAMP to
approach this theoretical limit, we began by optimizing the
quantitation of AMP.

Optimization of AMP quantitation assay (AMP-Luc) with new
quantitation limit of 16 nm

In the commercially available AMP-Glo™ assay kit, the
detection of ATP by luciferase is coupled to its synthesis from
ADP. We hypothesized that the quantitation limit of AMP
would improve if we allowed ATP to accumulate to greater
concentrations before its detection by luciferase. To test this
hypothesis, we assembled the components of this assay our-
selves and uncoupled these two steps. As shown in the scheme
in Fig. 24, we instead coupled the generation of ADP and ATP
from AMP by the enzymes PAP and myokinase.

As the first step to assembling our own AMP quantitation
assay, we expressed and purified PAP from Escherichia coli (Fig.
2B) and verified its activity by TLC. In 2 h, the conversion of 1
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Figure 3. Optimization of ENPP1 cleavage of cGAMP to yield quantitation limit of 62.5 nm. A, cGAMP standard curve with high-zinc ENPP1 buffer
quantitated by cGAMP-Luc assay. Data are mean = S.E. (error bars) (n = 3). B, AMP standard curve quantitated by an AMP-Luc assay (n = 1; data representative
of two independent experiments). R? is 0.9945 for 0 um Zn**, 0.9955 for 50 um Zn?*, and 0.9648 for 100 um Zn**. C, 2’,3’-cGAMP hydrolysis reactions. Products
of reactions were submitted for analysis by LC-MS/MS. Data are mean = S.D. (error bars) (n = 2). D, AMP standard curve with low-zinc ENPP1 buffer quantitated
by an AMP-Luc assay. Data are mean = S.E. (n = 2). E, cGAMP standard curve with low-zinc ENPP1 buffer quantitated by cGAMP-Luc assay. Data are mean = S.E.
(n = 4).F, aserial dilution of ENPP1 inhibitors QS1 and 1084 was incubated with 10 nm ENPP1 and 5 um cGAMP for 2 h at room temperature. The resulting AMP

was quantitated via the AMP-Luc assay (n = 3 for 1084, n = 2 for QS1).

mm AMP to ADP by 0.5 mm PAP was nearly complete (Fig. 2C),
suggesting that our purified PAP enzyme is active.

To test our hypothesis that rearranging the coupled steps in
the AMP assay would lead to an improved quantitation limit,
we generated AMP standard curves with both the old and new
coupling schemes. We combined PAP with a commercially
available myokinase enzyme to convert AMP to ATP and used
CellTiter-Glo® to quantitate the resulting ATP. The quantita-
tion limit with the old coupling scheme was 125 nu, similar to
that generated by the AMP-Glo™ assay (Figs. 1E and 2D).
Under the new coupling scheme, the standard curve of AMP
was much more linear and had a quantitation limit of 15 nm
(Fig. 2E), confirming our hypothesis that we could improve the
quantitation limit of AMP by rearranging the coupled steps
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in the assay. We named this new AMP quantitation assay
AMP-Luc.

Optimization of ENPP1 cleavage of cGAMP to yield
quantitation limit of 62.5 nm

We combined our new AMP-Luc assay with ENPP1 to gen-
erate a cGAMP standard curve but found that it was still non-
linear (Fig. 3A). After confirming that any GMP from the
cGAMP digestion would not affect any components of AMP-
Luc (Fig. S1), we hypothesized that this nonlinearity was due to
added components from the digestion of cGAMP by ENPP1.
7Zn?" is a known inhibitor of myokinase, and there is 200 um
ZnCl, present in our previously reported ENPP1 buffer (21, 25).

SASBMB
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Indeed, standard curves of AMP generated with buffers con-
taining 50 or 200 um ZnCl, show a concentration-dependent
decrease in luminescence signal (Fig. 3B). Reducing the amount
of ZnCl, present in the buffer from 200 to 1 um did not affect
ENPP1 activity (Fig. 3C) and had minimal effect on the detec-
tion limit of AMP (Fig. 3D). With this minimal ENPP1 buffer,
we obtained a linear cGAMP standard curve with a detection
limit of 1 nM and a quantitation limit of 62.5 nm (Fig. 3E). With
this optimized protocol, we achieved a smaller S.E. in the
cGAMP standard curve than in the unoptimized protocol used
to generate Fig. 1D. We named this fully optimized series of
enzymatic reactions the cGAMP-Luc assay.

Use of cGAMP-Luc to accurately measure IC 5, of ENPP1
inhibitors in buffer

With the linearity of the cGAMP standard curve established,
we hypothesized that we could utilize the cGAMP-Luc assay to
assess the potency of ENPP1 inhibitors. We incubated 5 um
cGAMP and 10 nm ENPP1 with a serial dilution of known
ENPP1 inhibitors, STF-1084 (17) and QS1 (26). After a 2-h
incubation, we heat-inactivated ENPP1 to terminate the reac-
tion and quantitated the resulting AMP. The cGAMP-Luc
assay determined IC,, values of 149 = 20 nm for STF-1084 and
1.59 £ .07 um for QS1 (Fig. 3F). These values agree well with
our previously reported values of 110 = 10 nm for STF-1084 and
6.4 = 3.2 uM for QS1, determined by measuring the degrada-
tion of >*P-labeled cGAMP by ENPP1 in the presence of ENPP1
inhibitors (17). This experiment further validates the ability of
the cGAMP-Luc assay to be quantitative across a wide range of
cGAMP concentrations.

Development of STING-CAP for the quantitation of cGAMP in
complex biological samples

Our ultimate objective is to develop an assay to quantitate
cGAMP in a wide array of biological samples. Ideally, such an
assay would be able to measure intracellular and extracellular
cGAMP levels during homeostasis and in cancer. To preserve
cGAMP in these biological samples before measurement,
ENPP1 inhibitors are required; ENPP1 potently degrades extra-
cellular cGAMP as a result of its ubiquitous expression on the
plasma membrane and in serum (21). To avoid the interference
of ENPP1 inhibitors in the ENPP1-dependent portion of our
cGAMP-Luc assay, we sought to develop a method that would
allow us to purify cGAMP away from these inhibitors. Such a
method would also preferentially be able to concentrate
cGAMP and remove any other analytes, such as AMP, from
complex culture medium that could lead to false positives in the
assay.

To this end, we developed STING-CAP (STING-mediated
concentration and purification of cGAMP). In this method,
biological samples containing cGAMP are treated with His-
tagged STING. The resulting cGAMP:STING complexes are
collected by magnetic nickel beads, which are subsequently
washed and boiled in a minimal volume of buffer to elute
cGAMP (Fig. 4A4). To boost the robustness of the assay, we
added Tween 20 and imidazole to prevent the nonspecific bind-
ing of unwanted proteins and molecules to the nickel beads, as
well as protease inhibitors to prevent STING degradation. We
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optimized each step of this procedure to ensure maximal recov-
ery of cGAMP (Fig. S2, A-D). To increase the ease of use of
cGAMP-Luc, we also developed an alternate method of
STING-CAP that replaces the magnetic nickel beads with stan-
dard nonmagnetic nickel beads and filter columns with no loss
of detection limit (Fig. S2E).

We paired STING-CAP and cGAMP-Luc to generate
cGAMP standard curves in conditioned medium and human
plasma. We collected conditioned medium from WT 293T
cells, which do not produce any appreciable levels of cGAMP
(17). Two standard curves were generated by spiking cGAMP
into 250 wl or 1400 ul of medium. From a volume of 250 ul, we
obtained a quantitation limit of 9 nm (Fig. 4B), and from a vol-
ume of 1400 wl, we obtained a quantitation limit of 1.9 nm (Fig.
4C). In human plasma, we obtained a standard curve with a
quantitation limit of 25 nm from 250 ul of plasma (Fig. 4D).

We next tested whether cGAMP-Luc could be used to quan-
titate intracellular cGAMP from cell lysate. We lysed WT 293T
cells in hypotonic buffer and added known concentrations of
cGAMP into the lysate. Following complete lysis, we corrected
the osmolarity of the buffer and performed the same STING-
CAP and cGAMP-Luc assay steps as in the quantitation of
extracellular cGAMP. The standard curve of intracellular
cGAMP was generated with a detection limit of 26 nm from 20
million cells (Fig. 4E).

Comparison of cGAMP-Luc with existing cGAMP quantitation
methods

With the cGAMP-Luc assay fully optimized, we sought to
compare it with other methods of cGAMP quantitation. We
first compared cGAMP-Luc with the commercially available
cGAMP ELISA. Although expensive, the cGAMP ELISA is
high-throughput in principle. However, the ELISA yielded a
cGAMP standard curve with a dynamic range that spans barely
an order of magnitude (Fig. 54). This limited dynamic range
makes the ELISA impractical for most applications, as several
dilutions of a sample are required in order to find one that falls
within the quantitation range of the standard curve.

We next compared cGAMP-Luc with our previously devel-
oped MS method, the current gold standard of cGAMP quan-
titation. LC-MS/MS generates a linear standard curve with a
quantitation limit of 4 nMm, and cGAMP-Luc is capable of gen-
erating a standard curve spanning the same range (Fig. 5B and
Fig. S3). To compare the quantitative abilities of the cGAMP-
Luc assay and the LC-MS/MS assay, we prepared samples with
known amounts of cGAMP and quantitated them utilizing the
previously generated standard curves. At a wide range of con-
centrations of cGAMP, both assays were able to quantitate
cGAMP with an average of ~80% accuracy (Fig. 5C). In addi-
tion, we took time points of conditioned medium from a cGAS-
overexpressing 2937 line and used both assays to quantitate the
cGAMP concentrations in these samples. The concentrations
of cGAMP determined by the two assays agreed well with an
average difference of less than 5% (Fig. 5D). We also measured
the export of cGAMP from HeLa cells stimulated by dsDNA
(Fig. 5E). The cGAMP-Luc assay is therefore as precise and
sensitive an assay as LC-MS/MS, with additional high-through-
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plasma was subjected to STING-CAP with T um STING dimer and quantitated by a cGAMP-Luc assay. Data are mean = S.E. (n = 3). E, cGAMP standard curve in
lysate from the WT 293T cell line was subjected to STING-CAP with 1 um STING and quantitated by a cGAMP-Luc assay. The x axis represents intracellular

concentration of cGAMP. Data are mean = S.E. (n = 2).

put capacity. A summary of the advantages of each assay for
cGAMP quantitation is listed in Fig. 5F.

Discussion
Here, we developed the cGAMP-Luc assay as the first high-
throughput and quantitative detection assay for cGAMP at
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physiologically relevant concentrations. With the assistance of
STING-CAP, the STING-mediated concentration, and purifi-
cation of cGAMP, virtually any amount of cGAMP can be
assayed from any sample type. cGAMP-Luc surpasses the
detection limit and matches the accuracy of MS, the current
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Figure 5. Comparison of cGAMP-Luc with existing cGAMP quantitation methods. A, cGAMP standard curve in 50 ul of conditioned medium from the WT
293T cell line was quantitated by cGAMP ELISA. Data are mean = S.E. (error bars) (n = 2). B, LC-MS/MS cGAMP standard curve. A series of cGAMP dilutions with
aninternal standard of 500 nmisotopically labeled cGAMP was submitted for LC-MS/MS. The ratio of counts of unlabeled cGAMP to isotopically labeled internal
standard counts is represented on the y axis. The standard curve was weighted by 1/x* (n = 1; data representative of 10 independent experiments). C, samples
of cGAMP in conditioned medium from WT 293T cells were subjected to STING-CAP with 700 nm STING dimer and quantitated via cGAMP-Luc assay and
LC-MS/MS. R?is 0.8770 for cGAMP-Luc and 0.8576 for LC-MS/MS. Data are mean * S.E. (n = 2). D, conditioned serum-free medium was collected at time points
(28, 43, 60, and 68 h) from a cGAS™* ENPP1~/~ 293T cell line, subjected to STING-CAP with 900 nm STING dimer, and quantitated via both cGAMP-Luc and
LC-MS/MS. R?is 0.9884 for cGAMP-Luc and 0.9775 for LC-MS/MS. Data are mean = S.E. (n = 3). E, conditioned medium supplemented with 50 um STF-1084 was
collected from Hela cells transfected with dsDNA at the indicated time points, subjected to STING-CAP with 700 nm STING dimer, and quantitated via both
cGAMP-Luc and LC-MS/MS. R? is 0.8771 for cGAMP-Luc and 0.9216 for LC-MS/MS. Untransfected controls assayed via cGAMP-Luc and LC-MS/MS had signals
below quantitation limits (data not shown). Data are mean = S.E. (n = 3). F, comparison of attributes of all cGAMP quantitation methods.

gold standard for cGAMP quantitation, with the added benefit
of accessibility to most biology laboratories. cGAMP-Luc can
therefore replace MS as the standard technique for quantitating
cGAMP.

cGAMP-Luc is a powerful tool for answering questions that
rely on accurate quantitation of cGAMP. For example, conven-
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tional cancer treatments, including radiation and chemother-
apy, have the potential to stimulate cancer cells to produce and
export cGAMP through the activation of cGAS by DNA dam-
age. cGAMP-Luc can be used to understand which of these
existing treatments can stimulate cGAMP synthesis and
export. In addition, these existing treatments can be combined
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to investigate how they might synergize with each other and
inform strategies for improving the efficacy of these treatments.

Finally, although an importer of cGAMP has been identified,
exporters of cGAMP have not yet been reported. Knowing the
identities of the possible exporters of cGAMP is critical to fully
understanding the transport mechanisms of cGAMP and its
extracellular biology, which may lead to novel drug targets.
Because of its precision, sensitivity, and high throughput capa-
bility, cGAMP-Luc can be used as the readout in an RNAi
screen to identify potential exporters of cGAMP.

Materials and methods
Expression and purification of recombinant proteins

PAP—The DNA sequence encoding polyphosphate:AMP
phosphotransferase (GenBank™ accession number AB092983)
was synthesized by Integrated DNA Technologies. The DNA
fragment was inserted into the Sapl and Xhol sites of the
pTB146 His-SUMO vector (a generous gift from T. Bernhard,
Harvard Medical School) using isothermal assembly, and the
resulting plasmid was transformed into DH5« cells.

PAP was expressed in BL21-DES cells grown in 2XYT with
ampicillin (100 ng/ml). Cells were induced at Ay, = 1.0 with
0.7 mm isopropyl 1-thio-B-p-galactopyranoside and grown
overnight at 16 °C. Induced cells were pelleted and resuspended
in buffer with 50 mm Tris, pH 7.5, 400 mm NaCl, and 1 X cOm-
plete protease inhibitor mixture (Roche Applied Science). Cells
were snap-frozen in liquid nitrogen and lysed by two freeze-
thaw cycles. Following lysis, cells were sonicated (4 X 30 s at
35% power), and cell debris was removed by ultracentrifugation
for 45 min at 40,000 rcf. Supernatant was supplemented with
His-Pur cobalt resin (Thermo Fisher Scientific) and incubated
for 2 h at 4 °C. Resin was washed with 50 column volumes of
buffer made of 50 mm Tris, pH 7.5, 150 mm NaCl (1 X TBS), and
10 mm imidazole. PAP was eluted with 600 mm imidazole in 1X
TBS. PAP was dialyzed against 50 mm Tris, pH 7.5, overnight,
loaded onto a 1-ml HiTrap Q anion-exchange column (GE
Healthcare) using an Akta FPLC (GE Healthcare), and eluted
with a NaCl gradient. All fractions containing protein from
anion exchange were collected and dialyzed overnight into 1X
TBS supplemented with 40 um polyphosphate to prevent
aggregation of PAP. Following dialysis, PAP was snap-frozen at
concentrations of 1 mg/ml. An average of 10 mg of PAP was
obtained from 1 liter of bacterial culture. Proteins were ana-
lyzed by SDS-PAGE and stained with InstantBlue.

To test PAP activity, AMP was incubated with 0.5 mm PAP
and 30 mm polyphosphate for 2 h at room temperature. A 2-ul
volume from the reaction was spotted on a silica TLC plate
(Millipore Sigma) and allowed to dry for a minimum of 15 min.
The TLC was developed in a solvent of 11:7:2 n-propanol/am-
monium hydroxide/water (27). The plate was dried and imaged
with a camera while exposed to UV light with wavelength 254
nm.

STING—The DNA sequence encoding the cytosolic domain
of human STING (amino acids 137-379) was PCR-amplified
from HEK 293 cell cDNA using Phusion High-Fidelity DNA
polymerase (Thermo). The PCR product was inserted into the
SapI and Xhol sites of pTB146 using isothermal assembly. The
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H232R variant was introduced via site-directed mutagenesis.
Mutated plasmids were cloned using pfuTurbo DNA polymer-
ase (Agilent), and parent plasmids were degraded by Dpnl (New
England Biolabs). All plasmids were transformed into DH5«
cells.

His-tagged STING was expressed in Rosetta component cells
grown in 2XYT with ampicillin (100 ng/ml). Cells were induced
at Agyo = 0.8 with 0.5 mMm isopropyl 1-thio-3-p-galactopyrano-
side and grown overnight at 16 °C. Cells were pelleted, resus-
pended in buffer with 50 mm phosphate, pH 7.5, 400 mm NaCl,
and 1X cOmplete protease inhibitor mixture (Roche Applied
Science). Cells were snap-frozen in liquid nitrogen and lysed by
two freeze-thaw cycles. Following lysis, cells were sonicated
(4 X 30 s at 35% power), and cell debris was removed by ultra-
centrifugation for 45 min at 40,000 rcf. His-Pur cobalt resin
(Thermo Fisher Scientific) was added to the supernatant and
incubated for 2 h at 4 °C. Resin was washed with 50 column
volumes of buffer made of 50 mm phosphate, pH 7.5, 150 mm
NaCl (1X PBS), and 10 mm imidazole. STING was eluted with
600 mMm imidazole in 1X PBS. All fractions from elution were
collected and dialyzed overnight into 1X PBS. Proteins were
analyzed by SDS-PAGE and stained with InstantBlue. STING
concentration was determined by UV-visible spectroscopy on a
Nanodrop 2000 spectrophotometer according to the relation-
ship, 1 Abs = 1 mg/mlat A, 280 nm.

ENPPI—Recombinant mouse ENPP1 was produced as
described previously (28, 29). Proteins were analyzed by SDS-
PAGE and stained with InstantBlue.

Cell culture

The HEK 293T and HeLa cell lines were procured from
ATCC. The HEK 293T ¢GAS ENPP1~/~ cell line originates
from Ref. 17. All cell lines were maintained in a 5% CO, incu-
bator at 37 °C. 293T and Hela cell lines were maintained in
DMEM (Corning Cellgro) supplemented with 10% (v/v) fetal
bovine serum (Atlanta Biologics) and 100 units/ml penicillin-
streptomycin (Thermo Fisher Scientific).

cGAMP export assay in cancer cell lines

In293T cGAS ENPPI "~ cells—As previously described (17),
293T c¢GAS ENPP1 /" cells were plated in tissue culture—
treated plates coated with 2% PurCol (Advanced BioMatrix). At
the start of the experiment, the medium was gently removed
and replaced with serum-free DMEM supplemented with 1%
insulin-transferrin-selenium-sodium pyruvate (Thermo Fisher
Scientific) and 100 units/ml penicillin-streptomycin. Medium
was collected at the indicated times and centrifuged at 1000 rcf
for 5 min at room temperature. Supernatant was removed and
analyzed for cGAMP content.

In HeLa cells—Cells were plated in 6-well tissue culture—
treated plates. At the start of the experiment, the medium was
removed and replaced with 1.5 ml of DMEM supplemented
with 10% fetal bovine serum, 100 units/ml penicillin-strepto-
mycin, and 50 um STF-1084. Immediately after the medium
change, cells were transfected with Fugene 6 (Promega) accord-
ing to the manufacturer’s instructions, with 3.4 ul of Fugene
reagent and 1.125 ug of empty pcDNAG6 plasmid used per well.
Untransfected controls were treated with Fugene only.
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Medium was collected at the indicated times and centrifuged at
1000 rcf for 5 min at room temperature. Supernatant was
removed, subjected to STING-CAP, and analyzed for cGAMP
content.

[?2PIcGAMP degradation TLC assay

[**P]cGAMP was synthesized as described previously (17). In
brief, [**P]cGAMP was synthesized by incubating unlabeled
ATP (1 mm) and GTP (1 mm) doped with [**P]ATP. Nucleo-
tides were combined with 2 uM purified recombinant porcine
c¢GAS in 20 mMm Tris, pH 7.5, 2 mm MgCl,, and 100 ug/ml
herring testes DNA overnight at room temperature. The
remaining nucleotide starting materials were degraded with
alkaline phosphatase for 4 h at 37 °C.

To test the activity of ENPP1, 1 nm [**P]cGAMP and 350 nm
cGAMP were incubated in the presence or absence of 10 nm
ENPP1 overnight in DMEM supplemented with ENPP1 buffer
(100 mm Tris, pH 8, 150 mm NaCl, 2 mm CaCl,, 200 um ZnCl,).
As described previously (30), a 2-ul volume from the reaction
was spotted on a silica TLC plate (Millipore Sigma) and allowed
to dry for a minimum of 15 min. The TLC was developed in a
solvent containing 85% ethanol and 5 mm NH,HCO, Plates
were dried and exposed to a Storage Phosphor Screen (Molec-
ular Dynamics) overnight before being imaged with a Typhoon
9400 Imager (Molecular Dynamics).

Quantitation of ATP

ATP (Sigma—Aldrich) was dissolved in water to a concentra-
tion of 10 mm. Concentration was verified by UV-visible spec-
troscopy on a Nanodrop 2000 spectrophotometer according to
extinction coefficient € = 15.4 X 10° M~ 'cm ™ 'at A, 260 nm.
A serial dilution of ATP was performed in water. To generate
the standard curve, 20 ul of CellTiter-Glo® solution (Promega)
was added to 20 ul of each ATP standard in a 384-well flat white
plate (Corning). After a 10-min benchtop incubation at room
temperature, luminescence was quantitated on a Spark® mul-
timode microplate reader (Tecan) with an integration time of
1 s. Default settings on GraphPad Prism 8.0.0 were used to plot
standard curves. For limits of detection and quantitation calcu-
lations, see “cGAMP-Luc.”

Quantitation of AMP

For standard curves, AMP (Sigma—Aldrich) was dissolved in
50 mm Tris, pH 7.5, to a concentration of 20 mMm. Concentration
was verified by UV-visible spectroscopy on a Nanodrop 2000
spectrophotometer according to extinction coefficient € =
154 X 10°Mm ' em™ ' at A, 260 nm.

AMP-Glo™ —The AMP-Glo™ assay (Promega) was per-
formed as advised by the manufacturer.

AMP-Luc—A solution of 145 uM PAP, 0.2 units of myokinase
(Sigma), 80 mm Tris, pH 7.5, 100 pg/ml Prionex, 10 mm MgCl,,
and 40 puMm polyphosphate was made immediately before per-
forming the assay. 10 ul of this solution was added to 10 ul of
each sample of AMP and incubated for 3 h at room temperature
in a 384-well flat white plate. Following this incubation, 20 ul of
CellTiter-Glo® solution was added. After a 10-min incubation
at room temperature with no shaking, luminescence was quan-
titated on a Spark® Multimode Microplate Reader with an inte-
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gration time of 1 s. Prior to plotting the standard curves, lumi-
nescence signals from controls containing no AMP were
averaged and subtracted from luminescence signals of all other
samples. Default settings on GraphPad Prism 8.0.0 were used to
plot standard curves.

Quantitation of cGAMP

For standard curves, 2',3'-cGAMP was synthesized accord-
ing to protocols described previously (18, 30). Concentration
was verified by UV-visible spectroscopy on a Nanodrop 2000
spectrophotometer according to extinction coefficient € =
25.1 X 10>M ' ecm ™' at A, 256 nm.

cGAMP ELISA—cGAMP ELISA was purchased from Cay-
man and performed as recommended by the manufacturer.
Default settings on Prism 8.0.0 were used to fit data to four-
parameter logistic curves.

LC-MS/MS—LC-MS/MS was performed as described (17) to
quantitate cGAMDP.

c¢GAMP-Luc—20X solutions of ENPP1 buffer (2 m Tris, pH
8.0, 3 M NaCl, 40 mm CaCl,, 4 M ZnCl,) or minimal ENPP1
buffer (1 m Tris, pH 8.0, 2.75 M NaCl, 20 um ZnCl,) were for-
mulated. In a 384-well PCR plate (USA Scientific), 12 ul of each
cGAMP sample was supplemented with 0.7 ul of ENPP1 buffer
and 0.12 ul of 1 um ENPP1 or 0.12 ul of ENPP1 dilution buffer
(0.1% Nonidet P-40 and 1X TBS, pH 7.5) to a final volume of
13.25 pl. After overnight incubation at room temperature, the
reaction was terminated at 90 °C for 10 min in an Applied Bio-
systems ViiA 7 real-time PCR system. 10 ul of this solution was
quantitated according to the AMP-Luc protocol described
above. Prior to plotting the standard curves, luminescence sig-
nals from samples not subjected to ENPP1 digestion were sub-
tracted from luminescence signals from samples subjected to
ENPP1 digestion prior to plotting standard curves. The result-
ing luminescence values for control samples containing no
cGAMP were then averaged and subtracted from all other sam-
ples. Default settings in GraphPad Prism 8.0.0 were used to plot
standard curves unless otherwise specified. By literature prec-
edent, standard curves spanning 3 or more orders of magnitude
were weighted by 1/x” in the determination of the best-fit line
(31). The error in cGAMP measurement increases proportion-
ally as the concentration of cGAMP increases. The best fit is
therefore obtained by using a linear regression that weights the
points by the inverse-squared values (1/x°) so that the increased
error of the assay at the highest concentrations of cGAMP does
not dominate the determination of the best-fit line.

Calculations of limits of detection and quantitation—By lit-
erature precedent, the limit of detection (LOD) is calculated
as LOD = 3.3 X (§,/S), where S, is the S.D. of the blank
samples and S is the slope of the line of best fit (32—35). The
limit of detection calculated by this formula is typically low
but is reasonable as the S.D. of blank samples is small (e.g.
compare luminescence signals between 15 nM AMP and 0 nm
AMP in Fig. S4A).

By literature precedent, the limit of quantification (LOQ) can
be calculated similarly, as LOQ = 10 X (S,/S). However, this
method of calculating the LOQ yields a limit that is artificially
low. For example, in Fig. S4A4, this method of calculating the
LOQ yields a limit of 2.8 nM. However, at 15 nm AMP, the
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concentration of AMP back-calculated from the line of best fit
differs from the actual concentration by nearly 300%. The high
error is likely a result of the standard curve not being entirely
linear at its lowest concentrations. The LOQ is thus defined as
the lowest concentration in the standard curve that can be
quantified by the line of best fit with an error of less than 25%.
For the example in Fig. S4, this method yields an LOQ of 62.5
nM. The cutoffs recommended by the FDA are 20% for chro-
matographic assays and 25% for ligand-binding assays (36).
cGAMP-Luc is closer in nature to a ligand-binding assay, so the
cutoff of 25% was chosen.

The use of two orthogonal methods to calculate the LOD and
LOQ allows for the most information to be gleaned from the
assay. The LOD is significantly lower than the LOQ, as the low
S.D. of standards in the assay enables detection of low concen-
trations of cGAMP. The more stringent method of calculating
the LOQ simultaneously ensures accurate quantitation of
cGAMP.

Assay for inhibition of ENPP1 by small molecules

QS1, STF-1084, and STF-1623 were synthesized as described
previously (17, 26). For inhibition experiments, 10 nm ENPP1
was incubated with a serial dilution of ENPP1 inhibitor and 5
M cGAMP in a buffer containing 50 mwm Tris, pH 7.5, 250 mm
NaCl, 0.5 mm CaCl,, and 1 um ZnCl,. After 3.5 h of incubation
at room temperature, the reaction was terminated at 90 °C for
10 min in an Applied Biosystems ViiA 7 real-time PCR system.
10 wl of this solution was quantitated according to the AMP-
Luc protocol described above. Inhibition curves were fit to
obtain IC, values with GraphPad Prism 8.0.0. IC,, values were
converted to K, values using the Cheng—Prusoff equation,
K app = (IC50)/(1 + [SI/K,,,).

STING-CAP

Synthesis of [*?PJcGAMP—For all experiments involving
STING-CAP, radiolabeled [**P]cGAMP was synthesized and
purified as described previously (30).

Optimization of STING-CAP—To test the binding capacity
of STING, 1 nm [>**P]cGAMP was incubated with either 10 or
700 nM STING in 100 ul of DMEM for 2 min. The mixture was
briefly centrifuged (10,000 rcf for 10 s) through a filter with a
3-kDa molecular mass cutoff. 2 ul of the flow-through was
added to 10 ml of Bio-Safe II scintillation mixture (Research
Products International). Radioactivity of the flow-through was
measured on a LS 6500 scintillation counter (Beckman
Coulter). Samples were normalized to 0 nm STING condition.

To test the binding capacity of magnetic nickel beads,
c¢GAMP (200 nMm cold and 0.5 nm [>?P]cGAMP as a tracer) was
incubated with 700 nm STING and magnetic nickel beads for
1 hin avolume of 250 ul of DMEM. After being washed in 1 ml
of PBS, pH 8.0, with 0.1% Tween 20 (PBST) and 10 mM imidaz-
ole and 1 ml of PBST, cGAMP:STING:bead complexes were
resuspended in a volume of 100 ul of PBS and added to 10 ml of
Bio-Safe II scintillation mixture. Radioactivity of the flow-
through was measured on an LS 6500 scintillation counter.
Samples were normalized to the total radioactivity in 250 ul of
1 nm [**P]cGAMDP.
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To test the loss of cGAMP during STING-CAP, 700 nm
STING, 160 nM cGAMP, and 0.33 nm [**P]cGAMP as a tracer in
a250-ul reaction were incubated with 2.5 ul of magnetic nickel
beads for 2 h. Samples were washed with 1 ml each of TBST, pH
7.5 with 10 mMm imidazole, PBST, pH 8.0, and TBST, pH 7.5. 100
ul of each step in the procedure (flow-through, washes, final
sample of beads) was added to 10 ml of Bio-Safe II scintillation
mixture. Radioactivity of the flow-through was measured on a
LS 6500 scintillation counter.

To optimize cGAMP elution from STING, 750 nm STING,
12.5nM cGAMP, and 2.5 ul of magnetic nickel beads were incu-
bated in a volume of 1000 wl of DMEM for 2 h at room temper-
ature. Samples were washed with 2 X 1 ml of PBST, pH 8.0,
resuspended in a volume of 30 ul DMEM, and boiled at either
75 or 95°C in increments of 0, 5, 15, or 30 min. Beads were
collected by magnet, and supernatant was subjected to a
c¢GAMP-Luc assay.

Use of STING-CAP for extracellular cGAMP (in conditioned
medium and plasma)—Samples were supplemented to a final
concentration of 5 um STF-1084, 10 mm imidazole, pH 7.5, 75
mwm phosphate, pH 8.0, 0.05% Tween 20, 1 X cOmplete protease
inhibitor mixture, and STING. The necessary STING concen-
tration was determined by Equation 1, assuming a K, of 5 nm of
STING for cGAMP (9).

Fraction bound

([STING] + [cGAMP] + K,
— \([STING] + [cGAMP] + K,)> — 4 X [STING][cGAMP))
B 2 X [cGAMP]

(Eq. 1)

Pierce nickel-nitrilotriacetic acid magnetic agarose beads
(Thermo Scientific) were washed with 2 X 1 ml of PBS, pH 8.0,
with 0.1% Tween 20. 1 ul of settled bead volume was used for
every 6 ug of STING. Magnetic nickel beads were incubated
with STING between 4 and 16 h at 4 °C. Beads were collected a
DynaMag-2 Magnet (Thermo Fisher Scientific) and washed
with 1 ml each of 1 X PBS, 10 mm imidazole, and 1 X PBS before
transfer to a 96-well PCR plate (Thermo Scientific). Beads were
collected on a Magnetic Stand-96 (Thermo Fisher Scientific),
and the supernatant was removed. 30 wl of DMEM was added,
and beads were heated at 80 °C for 10 min to elute cGAMP.
Beads were collected by magnet, and supernatant was subjected
to cGAMP-Luc assay.

Use of STING-CAP with nonmagnetic nickel beads—Samples
were supplemented to a final concentration of 5 um STF-1084,
10 mm imidazole, pH 7.5, 75 mMm phosphate, pH 8.0, 0.05%
Tween 20, 1X cOmplete protease inhibitor mixture, and
STING. The necessary STING concentration was determined
by Equation 1, assuming a K, of 5 nm of STING for cGAMP (9).

HisPur nickel-nitrilotriacetic acid resin (Thermo Scientific)
was washed with 2 X 1 ml of PBS, pH 8.0, with 0.1% Tween 20.
1 ul of settled bead volume was used for every 0.5 ug of STING.
Beads were transferred to a Micro Bio-Spin Chromatography
Column (Bio-Rad) and centrifuged for 15 s at 200 rcf. Beads
were washed with 500 ul of PBST, pH 8.0, with 10 mm imidazole
and 2 X 500 ul of PBST, pH 8.0, and centrifuged for 30 s at 200
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rcf between each wash. To elute, beads were incubated with 35
wul of TBS, pH 7.5, with 300 mm imidazole for 15 min and spun
for 1 min at 20,000 rcf. Eluate was heated at 80 °C for 10 min to
release cGAMP from STING and subjected to a cGAMP-Luc
assay.

Use of STING-CAP for intracellular cGAMP—The standard
curve for intracellular cGAMP was generated in the WT 293T
cell line. Cells were harvested from plates with trypsin-EDTA
(Thermo Fisher Scientific), washed with PBS, and counted. 20
million cells were used per point in the standard curve. Each
aliquot of 20 million cells was lysed in 200 ul of hypotonic buffer
containing 20 mm Tris, pH 7.5, 0.05% Tween 20, 5 mm MgCl,,
0.5 mMm CaCl,, 5 um STF-1084, 3 units of Dnase I (Millipore
Sigma), and cGAMP. To calculate the necessary cGAMP con-
centrations, a volume of 60 ul was assumed for 20 million WT
293T cells. Cells were shaken at room temperature for 30 min
and boiled at 95 °C for 10 min to ensure complete lysis. Lysed
cells were spun at 20,000 rcf at room temperature for 10 min.
Supernatant was removed, supplemented with 20X TBS to cor-
rect the hypotonicity of the solution, and subjected to STING
concentration and purification as described previously.
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