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Abstract

Cyclic GMP-AMP synthase (cGAS) initiates the innate immune system in response to cyto-

solic dsDNA. After binding and activation from dsDNA, cGAS uses ATP and GTP to synthe-

size 20, 30-cGAMP (cGAMP), a cyclic dinucleotide second messenger with mixed 20-50and

30-50phosphodiester bonds. Inappropriate stimulation of cGAS has been implicated in auto-

immune disease such as systemic lupus erythematosus, thus inhibition of cGAS may be of

therapeutic benefit in some diseases; however, the size and polarity of the cGAS active site

makes it a challenging target for the development of conventional substrate-competitive

inhibitors. We report here the development of a high affinity (KD = 200 nM) inhibitor from a

low affinity fragment hit with supporting biochemical and structural data showing these mole-

cules bind to the cGAS active site. We also report a new high throughput cGAS fluorescence

polarization (FP)-based assay to enable the rapid identification and optimization of cGAS

inhibitors. This FP assay uses Cy5-labelled cGAMP in combination with a novel high affinity

monoclonal antibody that specifically recognizes cGAMP with no cross reactivity to cAMP,

cGMP, ATP, or GTP. Given its role in the innate immune response, cGAS is a promising

therapeutic target for autoinflammatory disease. Our results demonstrate its druggability,

provide a high affinity tool compound, and establish a high throughput assay for the identifi-

cation of next generation cGAS inhibitors.
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Introduction
Thepresenceof nucleicacidsin thecytosolisadangersignalto mammaliancells.Thissignal
initiatesactivationof innateimmunity pathwaysresultingin theproductionof interferonsand
cytokinesthatcomprisethehostdefense[1±3].Viral andbacterialinfectionsarewell-known
sourcesof foreignRNA andDNA, but self-nucleicacidsthathaveescapedinto thecytosolalso
triggerimmuneresponses,contributing to TypeI interferonopathiessuchasAicardi-Gou-
tieressyndrome,andsystemiclupuserythematosus(SLE)[4±6].

CyclicGMP-AMPsynthase(cGAS)is themostrecentlyidentifiedmemberof thefamily
of cytosolicDNA sensors.CytosoliccGASbindsdsDNAandin thepresenceof ATP and
GTPcatalyzestheproductionof therecentlycharacterizedsecondmessenger20, 30- cyclic
AMP-GMP(cGAMP)whichthenbindsto Stimulatorof InterferonGenes(STING).The
cGAS/STINGdyadappearsto beancient,with homologsco-evolvingfrom unicellular
organismsover500million yearsdistantfrom humans;thestrengthof theconservation
pressureon thecGAS/STINGdyadmaybeillustrativeof their importanceto cellulardefense
andimmunity [7, 8]. In humans,thebinding of thecGASproductto STINGcausesaconfor-
mationalchangeresultingin recruitmentof TBK1,andinterferon-induciblegeneactivation
andinterferonproductionvia IRF3phosphorylationandnucleartranslocation[9±12].A
numberof othercytosolicDNA sensorsexist,includingAbsentin Melanoma2 (AIM2),
DNA-dependentactivatorof IRFs(DAI) andIFN-�-inducibleprotein16(IFI16) but accu-
mulatingevidencesuggestscGASis theprimary sensorin innateimmuneactivation[13±
17].

Activationof cGASis important in hostdefenseagainstpathogens,but uncontrolledactiva-
tion of thecGASpathwayhasbeenimplicatedin autoinflammatorydisease.Forexample,
gain-of-functionmutationsin STINGresultin theautoinflammatorydiseaseSAVI (STING-
associatedvasculopathywith onsetin infancy),characterizedby interferonopathyresultingin
skin lesions,interstitial lungdisease,andsystemicinflammation[18]. Self-DNAnormally is
absentfrom thecytosoldueto theprimary mammalianexonucleaseTREX1.TREX1isoneof
sevenhumangeneswhosemutationcauseAicardi-Goutieressyndrome(AGS),asevere
inflammatorydisease,andasmallpercentageof SLEpatientshaveTREX1mutations[19±21].
TREX1knockoutmicehaveelevatedlevelsof dsDNA,elevatedlevelsof cGAMP,anddisplay
multiorganinflammation(especiallymyocarditis)leadingto morbidity [22,23].Thedouble
TREX1/cGASknockoutrescuestheTREX1phenotype,demonstratingakeyrole for cGAS
stimulationin autoinflammation[24,25].Elevatedlevelsof cGAMPhavebeenreported
recentlyin asubsetof SLEpatientswith amoreseverediseasephenotype(asshownbyhigher
SLEDAIscores)comparedto SLEpatientsin whomno cGAMPwasdetected[26]. Taken
together,theseresultssupportdysregulationof thecGAS/STINGsignalingaxisin severalauto-
immunediseases.

Theevidencelinking activationof thecGASpathwayto autoimmunediseasesuggeststhat
cGASinhibitors mayhavetherapeuticefficacy.Fewinhibitors havebeenidentified,hampered
in partby thelackof sensitive,high throughputscreeningassays.AlthoughDNA-binding
compoundsmayindirectly inhibit cGASactivity,to our knowledgeno inhibitor shownto
bind directlyto thecGASactivesitehasbeenreported.To discovercGASactivesiteinhibitors
weusedNMR screeningof afragmentlibrary andidentifiedacompoundthatbindscompeti-
tivelywith cGAMP.Structure-baseddrugdesignandchemicaloptimizationof theoriginal
fragmenthit resultedin ahighaffinity leadthatbindsin thenucleotidebinding siteandinhib-
its cGASactivity.To addresstheneedfor screeningassaysweproducedanovelcGAMPmAb
anddevelopedahigh throughputFPassaywhichcandetectcGAMPproducedbycGAScon-
centrationsat levelsaslow as10nM. Takentogetherour resultsdemonstratethedruggability
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of cGAS,provideahighaffinity activesiteinhibitor andestablishasensitivescreeningassay
with broadutility for cGASdrugdiscovery.

Materials and methods
Additional detailsof theMethodsareprovidedin theSupportingInformation.PF-06928215
wassynthesizedin houseaccordingto proceduresin theMethodssection;PF-06928215is
commerciallyavailableviaSigma-Aldrich(catalognumberPZ038).ThecGAMPmonoclonal
antibody80±2(PF-07043030)will becommerciallyavailablefrom Sigma.

ISDDNA (catalognumbertlrl-isdn), ATP,GTP,cAMP,cGMP,cGAMPwerepurchased
from Invivogen,Donkeyanti mouse-IgG-HRPfrom JacksonImmunoResearch,BD OptEIA
SubstrateReagentSetCy5monoNHSesterfrom GEHealthcareLifeSciences,N,N-diisopro-
pylethylaminefrom AppliedBiosystems,N-methyl-2-pyrrolidonefrom AppliedBiosystems,
trifluoroaceticacid(TFA) from AppliedBiosystemsandacetonitrile(HPLCgrade)from
FisherScientific.PPDwaspurchasedfrom CambridgeResearchBiomolecules,BSAfrom
ThermoFisherScientific,Streptavidinfrom ThermoFisherScientific,sodiumbicarbonate
from Sigma-Aldrich,dimethylsulfoxidefrom Sigma-AldrichandSlide-A-lyzercassettesfrom
ThermoFisherScientific.

cGAS activity mass spectrometry assay
cGASactivitywasmeasuredin buffer(10mM Hepes,140mM NaCl,0.01%Tween-20,5 mM
MgCl2,pH 7.5)containing1 mM ATP,0.3mM GTP,100nM ISDDNA (45bpdsDNA),and
100nM cGASin thepresenceor absenceof testcompounds.ForKm determinations,thecon-
ditionsweremodifiedto 1mM ATPandvaryingamountsof GTPor 0.3mM GTPandvarying
amountsof ATP.Thereactionwasincubatedfor 30minutesat37ÊCandstoppedwith the
additionof 50mM EDTA.2'3'-cGAMPwasmeasuredbymassspectrometryanalysis.An ear-
lier versionof theassayutilizedthesamebufferandnucleotideconditionsbut wasconducted
in thepresenceof 1 nM cGAS,1 nM ISDDNA andcarriedout for 6 h at37ÊCbeforebeing
processedasdescribedabove.

Mass spectrometry analysis
50�l of H2O wasaddedto each25�l cGASreaction(384well format).Thesampleswere
mixedbybriefly vortexingfollowedbya10min, 3000gcentrifugationat room temperature.
2,3cGAMPwasmonitoredusing1290AgilentUPLCin conjunctionaSciex5500triple-quad-
rupolemassspectrometerin MRM mode.10�l of samplewasinjectedon to a2x30mm hyper-
carbcolumn(ThermoScientific)keptat60ÊCwith aflow rateof 0.8ml/min andaloopsweep
time of 20s.Mobile phaseA consistedof 10mM Ammonium Acetate,pH 10,andMobile
phaseBconsistedof 90:10(Acetonitrile:Acetone1:1):10mM Ammonium AcetatepH 10
+ 0.1%formic acid.TheLC gradientusedto separate2,3cGAMPisasfollows:initial condi-
tions:85%A, 15%B;Time0.1:85%A, 15%B;Time0.2:30%A, 70%B;Time0.3:30%A, 70%
B;Time0.35:85%A, 15%B;Time0.4:85%A, 15%B.TheLC cycletime (time/samplerun)
equaled30s.TheLC eluentwasdivertedto wastefor theinitial 12sbeforemonitoring 2,3
cGAMPviaMS-MRM.2,3cGAMPwasmonitoredusing3 MRM transitions:675.1±506.1m/z
(primary),675.1±524.3m/z (secondary),675.1±136.2m/z (secondary)with theoptimized
parameters:MRM parameters:dp 99ep10ce36cxp10for the506.1transitionanddp 99ep
10ce64cxp10for the524.3and136.2m/z transitions.ThesubstratesATPandGTPwere
monitoredasloadingcontrolswith thefollowingMRM transitions:508.1±136.2(ATP) and
524.0±152.0(GTP),respectively.ATPandGTPhadthefollowingoptimizedparameters:dp 99
ep10ce64cxp10.Themassspectrometerwassetwith thefollowingparameters:time/MRM:
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50msec,cycletime:0.2750s,delaytime:0,resolution:unit/unit, pausebetweenmassrange:
5.007msec,curtaingas:35,collisiongas:10,ion sprayvoltage:5500temp:600ÊC,ion source
gas1:60,ion sourcegas2:60.ThedatawasprocessedusingSciex'sMultiquant 3.0.

cGAMP mAb
All animalwork, care,andhousingwasprovidedbyProSciIncorporatedMicewereprovided
dailyveterinarysupervisionandcare;bleedingswereperformedwithout analgesics,Fatal-Plus
wasusedfor euthanasia.Micewere8weekold at immunization,5A/Jmiceand5 SJL/Jmice
(TheJacksonLaboratory)wereinjectedwith a2:1mixtureof thecGAMPcompoundslinked
at theadenineNH2, PPD-cGAMPandStreptavidin-cGAMP,andCompleteFreud'sAdjuvant,
subcutaneously,for thefirst immunizationonly.Themiceweresubsequentlyboostedthree
moretimesasabove,exceptwith IncompleteFreund'sAdjuvant,spacedeverythreeweeks.
Mouseseratitersweredeterminedbyscreeningfor binding to cGAMP-BSAderivativescoated
on aplatein aDELFIA immunoassay(PerkinElmer).Onceahigh titer wasdetectedthe
mouseselectedfor fusionwasgivenanintraperitonealfinal boostwith a2:1mixture of thetwo
cGAMPanaloguesabove,no adjuvant,four daysprior to thefusion.Hybridomaswerederived
byafusionof mousesplenocytesfrom ahigh titer mousewith themousemyelomacellNS-1
(ATCC).Mousespleencellswereisolated,theredbloodcellswerelysedin RedBloodCell lys-
ing buffer(Sigma),andthesplenocytesweredepletedof BcellsexpressingsurfaceIgM by
usingmagneticallylabeledanti-mouseIgM micro beads(MAC Miltenyl Biotec).Thecells
werewashedtwicein IMDM media(Gibco)andpelletedwith theNS-1cellsata4:1ratio.A
solutionof 50%PEG(Sigma)wasaddedto thepelletwith gentleshaking.Thecellswereplated
in 96wellplatesin IMDM mediacontainingHAT for oneweekbeforethehybridomaswere
screened.

cGAMP antibody production and purification
Hybridomasupernatantswerescreenedfor binding to BSA-cGAMPderivativesbyDELFIA
immunoassay.Specificityfor cGAMPovercAMPandcGMPwasdeterminedbyDELFIA
usingbiotin-cAMP (Biotium) andbiotin-cGMP(Biotium) on streptavidinassayplates
(Pierce).Hybridomasspecificfor cGAMPwereclonedonetime by limiting dilution and
expandedfor antibodyproduction.Thehybridomasweregrownin IMDM culturemediacon-
taining low IgGfetalbovineserum(Hyclone).Antibodieswerepurified from conditioned
hybridomamediabyproteinA/G chromatographyfollowedbysize-exclusionchromatogra-
phy.Sampleswereconcentratedto approximately5mg/mLanddialyzedagainst20mM
HEPES,150mM NaCl,pH 7.Finalsampleswereanalyzedfor percentmonomer,percent
purity, concentrationandstabilityafteronefreeze-thaw.

cGAMP ELISA assays
Costarhighbinding plateswerecoatedwith BSA-cGAMP(50ng/well) in PBS(without cal-
cium or magnesium)andincubatedovernightat4ÊC.Plateswerewashedwith buffer(TBS
containing0.05%Tween-20)andblockedfor 2 hr at room temperaturewith Assaybuffer
(TBScontaining0.05%Tween20and1%BSA)followedbywashing.cGAMPmAb (diluted in
assaybuffer)wasaddedto platesfor 1hr, followedbywashingandincubationwith donkey
anti-mouseIgG-HRPfor anadditionalhr. After washing,platesweredevelopedwith sub-
strate,thereactionwasstoppedwith 2 N H2SO4 andOD wasreadat450nm. Thecompetition
ELISAassaysfollowedthesameprocedure,with theexceptionthat40ng/ml anti-cGAMP
mAb waspreincubatedwith variousconcentrationsof cGAMP,ATPor GTPfor 1hr prior to
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addition to theBSA-cGAMPassayplates.After incubationfor 1hr, plateswerewashed,incu-
batedwith secondaryantibody,anddevelopedasdescribedabove.

Cy5-cGAMP fluorescence polarization assay
cGASactivitywasmeasuredin buffer(10mM Hepes,140mM NaCl,0.01%Tween-20,5 mM
MgCl2,pH 7.5)containing1 mM ATP,0.3mM GTP,100nM ISDDNA (45bpdsDNA),and
100nM cGAS.For inhibition assays,compoundswereincludedin thereaction,andafterincu-
bationfor 1 h at room temperature,reactionswerestoppedwith 50mM EDTA followedby
additionof Cy5-labeledcGAMP(2 nM) and16nM cGAMPantibody.After incubationfor 1
h at room temperature,plateswerereadon anEnvisionplatereader(excitation:620nm; emis-
sion:688nm). Determinationof theKi of cGAMPfor mAb 80±2wasconductedwith thefol-
lowingequation,specificallyderivedfor fluorescencepolarizationassays[27].

�� ˆ ‰�Š50=…‰�Š50=�� ‡ ‰�Š0=�� ‡ 1†

Results and discussion

Characterization of cGAS enzymatic activity
In thepresenceof ATP,GTPanddsDNA,cGAScatalyzestheproductionof thenovelsecond
messengercGAMP.cGAMPlevelscanbemeasureddirectlyviamassspectrometry,andwe
initially usedthis medium-throughputformat to establishenzymeassayconditionsafter
optimizing incubationtime,andtheconcentrationof DNA, substratesandenzyme(Fig1A±
1C).Briefly,cGAMPwasseparatedfrom enzymaticassayreactionusingliquid chromatogra-
phyandits levelsmeasuredusingmassspectrometry.HumancGAS(aa2±522)produced
andpurified from Sf9cellsdisplayedconcentration-dependent increasesin cGAMPproduc-
tion. cGASactivitywastypicallymeasuredusing100nM enzymethoughconcentrationsas
low as1 nM resultedin detectablelevelsof cGAMP.Theassaywaslinearfor over6 hr at
37ÊCanda30min reactiontime wasusedroutinely for testingcompoundsat the100nM
enzymeconcentration.Asexpected,cGASactivitywasdependenton dsDNA;with 1 nM
cGAS,anEC50valueof 1 nM wasobtainedfor dsDNAsuggestingahighaffinity interaction.
HighercGASconcentrationsrequiredstoichiometricallyhigherDNA concentrationsfor
maximalactivation(datanot shown).Wegenerallyusedthe100nM cGASassayaswefound
the1 nM versionwasproneto ahigh falsepositiverate.For example,the1 nM cGASassay
conductedwith 1 nM dsDNAwasverysensitiveto inhibition by metals(including copper
andpalladium)commonlyusedascatalystsin chemicalsynthesiswhilezincaddition leadto
increasedenzymaticactivity(Fig1D andS1Fig).Thishigh falsepositiveratewassignifi-
cantlyreducedusing100nM cGASwith 100nM dsDNAthoughhit re-purificationor re-
synthesiswasessentialfor validation.

cGASrequiresbothATPandGTPfor catalysisbut theKm valuesfor thenucleotideshave
not beenreportedto date.ApparentKm valuesweredeterminedbyvaryingtheconcentration
of onenucleotidein theassaywhilekeepingtheothernucleotidefixed(S2Fig).Thefixedcon-
centrationsof ATPandGTProughlyapproximatedphysiologicallevelsat1mM and300�M,
respectively.Enzymaticactivityincreasedsharplywith increasingnucleotideconcentrations,
whileconcentrationsgreaterthan1 mM resultedin decreasedcGAMPproduction,consistent
with substrateinhibition. Under theseconditionstheapparentKm valuesweresimilar,30�M
for GTPand35�M for ATP.Wehavecarriedout adeeperkineticstudyof thecGASmecha-
nismusingmultipleassayformatswhichwereport in detailelsewhere(manuscriptsubmitted),
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andour generalresultsarein agreementwith theapparentKm andsubstrateinhibition effects
wedescribehere.

Development of a high throughput cGAS fluorescence polarization
assay
Themassspectrometryassayhastheadvantageof directlymeasuringthecGAMPproduct,but
it isgenerallyaslowerandmoreresource-intensivemedium-throughput assay.Therefore,to
enablehigh throughputscreeningcapabilitiesof largercompoundsetswedevelopedafluores-
cence-basedassaythatcouldbeutilizedto screenfor cGASinhibitors.TheFPassayrequires
anantibodyspecificfor cGAMPaswellasafluorescentlylabelledcGAMPanalog.Assuch,an
ethylenediamine-cGAMPanalog(Compound11)wassynthesizedasaversatileintermediate
thatenabledantibodygeneration(S3Fig).

A numberof differentcGAMPconjugatesweresynthesizedfor mouseimmunizationsand
antibodyscreening(S4FigandSupportingInformation). Micewereimmunizedwith amix-
tureof cGAMP-PPDandcGAMP-SA,andserumwastestedin aDELFIA immunoassayfor
reactivityagainstafurther analog,cGAMP-BSA.Thisscreeningandimmunizationstrategy
allowedfor theselectionof mAbsthatspecificallyrecognizedcGAMPwhileexcludingmAbs
againsteitherthePPDandbiotin-streptavidinconjugates,or thePEGlinkers.

Hybridomaswerederivedfrom micewith positivetiters,andsupernatantswerescreened
againstcGAMP-BSA.Selectivityfor cGAMPwasanimportant requirementfor thefinal mAb
andthereforepositivesupernatantswerecounterscreenedagainstbiotin-cAMP andbiotin-

Fig 1. Character ization of cGAS enzyme activity. Measurement of cGAMP production was conducted by
LC-MS as described in Methods. (A) Time course of cGAS (15 nM) activity; (B) titration of dsDNA activation of
cGAS (1nM) activity; (C) cGAS enzyme titration; (D) inhibition of cGAS (1 nM) activity by CuBr.

https://doi.org/10.1371/journal.pone.0184843.g001
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cGMP.Hybridomasspecificfor cGAMPwereclonedby limiting dilution, andmAb 80±2was
selectedfor further characterizationandFPassaydevelopment.In anELISAassayagainst
BSA-cGAMP,mAb 80±2displayedanEC50valueof 40pM andwasspecificfor cGAMPas
demonstratedin competitionexperimentswith ATP,GTP,cAMPandcGAMP(S5Figand
datanot shown).

For theFPcompetitionassay,theethylenediamine-cGAMP(11)waslabelledthroughthe
primary aminewith Cy5,alongwavelengthfluorescentdye.Titration of mAb 80±2with 2 nM
Cy5-cGAMPdemonstratedanEC50of ~8 nM; 2 nM Cy5-cGAMPand16nM mAb 80±2were
chosenastheoptimalconcentrationsfor thecGASassay(Fig2A).Cy5-cGAMPbinding to
mAb 80±2wasspecific,andwascompetedbycGAMP,but not byATP,GTP,cAMPor cGMP
(Fig2B).Thisdemonstrationof specificitywascritical to establishsinceATPandGTPare
highconcentrationsubstratesin thecGASenzymeassayandcouldpotentiallyinterferewith
theFPsignal.Thefluorescencepolarizationdatadoessuggestthat thesignificantlyhigher
affinity observedin theELISAassay(40pM) is likely anoverestimationof antibodyaffinity.
Additionally,ascGAMPdisplayedaKi of 76nM (Fig2B)for mAb 80±2in competitionmode,
wecannotruleout that thisantibodymayrecognizethelinker regionin addition to cGAMP
itself.Nonetheless,theassaywasestablishedandoptimizedin 384-wellformat,with aZ0of
>0.5 andarobustsignal/backgroundof >80 mP(Fig2C).A screenof forty thousandcom-
poundsatafinal concentrationof 100�M displayedanormaldistribution for thefrequencyof
compoundinhibition (Fig2D).Additionally,atestsetof approximately40compoundsinclud-
ing initial fragmenthitsandrelatedcompoundsthatshowedactivityin themassspectrometry
assaywasusedto validatetheFPassay;therewaslessthan3-foldvariationin theIC50values
obtainedbetweenthemassspectrometrymethodandtheFPassay(datanot shown).TheFP
assayhasseveraladvantagescomparedto themoreresourceintensivemassspectrometry
approachandprovedto beahigh throughput,rapidandrobustassayfor detectingcGAS
inhibitors in anenzymeassay.Recently,ariboswitchcGAMPbiosensorhasbeenreported
thatwasproposedto besuitablefor high throughputscreening(HTS)andusedto quantify
micromolarcellularcGAMPlevelsin cellsoverexpressingcGAS[28]. Weattemptedto utilize
theFPassayformat to detectcGAMPlevelsin dsDNA-stimulatedTHP-1cells,but werenot
ableto reproduciblymeasurecellularcGAMPusingthisapproach(datanot shown).Overall,
theseresultsdemonstratetheutility of mAb 80±2andtheFPassayfor HTSpurposeswhile
theyalsohighlight their limitations in termsof measurementof endogenouscGAMPlevelsin
primary humancells.

Discovery and optimization of an active site inhibitor
Thecatalyticmechanismof cGAMPformationbycGAShasbeenreportedpreviously.Briefly,
ATPandGTParesimultaneouslybound,dsDNAactivatescGASandselectivelyorientssub-
stratesthroughThr211andArg376(���� �����	� numbering)at theguaninebase[29] andthe
adenineribosethroughAsp227[30] whilepriming catalysisat theATP ��-phosphateandthe2
Â-OHof theguanineriboseto form thelinearGTP-2Â-3Â-AMPintermediate.Theintermedi-
atemustflip overto allowasimilarcatalyticeventto occurbetweentheguanine5Â-��-phos-
phateandthe3Â-OHof theadenineribose,makingthefinal cyclicdinucleotide2Â,3Â-cGAMP
[31]. cGAScanaccommodatetherearrangementsof theintermediatesbecausetheactivesite
isboth largeandpolar,whichcanpresentchallengesto theidentificationandoptimizationof
highaffinity smallmoleculeligandsandinhibitors.Consistentwith thisobservation,computa-
tional scoringof thecGASactivesiteusingseveraldifferentmethods[32±34]suggeststhis
pocketismarginallydruggable(datanot shown).
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Nonetheless,despiteits relativelyopenandpolarcharacter,thecGASactivesiteiscalcu-
latedto bethemostdruggablepocketon theprotein.In aneffort to identify cGASligandswe
undertookasaturationtransferdifference(STD)1H NMR screenof thePfizerfragmentlibrary
againstapreviouslycrystalizedcGASconstructbeginningat residue161(cGAS161) (�. �����	�
numbering);detailsof thelibrary andgeneralstrategyhavebeendescribedpreviously[35]. To
identify theactivesiteligandswesubsequentlyrescreenedtheinitial bindersin thepresenceof
2Â,3Â-cGAMPandprioritized thosethatdisplacedtheenzymaticproduct.Theresultingfrag-
mentswerethentestedfor binding affinity to cGASbySPRin theabsenceof activating
dsDNA.Finally,weattemptedto obtainstructuresof thetightestbindersto cGAS161. Com-
pound15wasidentifiedviatheNMR screen,andSPRdemonstratedthat it bounddirectlyto
cGAS,althoughwith low affinity (KD = 171�M) (Figs3,4A and4B).In theFPassay,com-
pound15wasdetectedasaweakinhibitor, with anIC50of 78�M againstcGASenzymatic
activity.

TheX-raystructureof compound15confirmedthat it bindsin theactivesiteof cGAS(Fig
4CandS1Tablefor crystallographicstatistics).Thebinding siteof 15is formedbetweenthe
planeof thephenylring of Tyr436andtheguanidylgroupof Arg376. Basedon publishedX-ray
structuresof cGAS,compound15isoccupyingasimilar regionof theadeninebasebinding
siteof ATP [30] or 2Â,3Â-cGAMP(seePDB4K9B[31] and4O67[36]).

Thetetrazole-containingbiaryl ring of compound15accountsfor themajority of theinter-
actionwith Tyr436andArg376, yetmodificationor deletionof thephenylring of compound15
resultedin completeablationof binding suggestinganimportant role for thephenylmoietyin
compoundaffinity (datanot shown).Therequirementof thephenylof compound15maybe

Fig 2. Character ization of cGAMP FP assay. (A) mAb titration with Cy5-cGAMP (2 nM); (B) competition of
Cy5-cGAMP (2 nM) binding to mAb 80±2 with: cGAMP, cAMP, cGMP, ATP or GTP; (C) Z' results of FP assay
in subset screen; (D) Distribution of compound activity from subset screen.

https://doi.org/10.1371/journal.pone.0184843.g002
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theresultof anedge-faceinteractionof thephenylwith theside-chainof Phe488(
� 3.35AÊÂ). In
fact,theelectrondensityof 15suggeststhephenyliscoplanarwith thetetrazolopyrimidine
aromaticcore.In orderto maintainareasonabletorsionalstrainof thisco-planaritythephe-
nolic tautomerof 15(OH) is likely thepreferredtautomerin theboundstate(Fig4D,15a).

Compound15waspursuedfurther dueto its high ligandefficiencyandcompetitionwith 2
Â,3Â-cGAMP.However,it wasdiscovereduponattemptedresynthesisthat thiscompoundis
not chemicallystableandreadilyisomerizesviaanopen-ringazidopyrimidine(S5Fig) [37].
Fromachemicaloptimizationperspectivethiswasnot attractiveandthusseveralchemically
stable[6,5] ring systemsweresynthesizedin anattemptto find acorethatwouldrecapitulate
theactivepharmacophoreandnot isomerize.In thisprocesswefound theoriginal tetrazolo-
pyrimidine coreof 15couldbesubstitutedfor apyrazolopyrimidine(16)whichmaintained
comparableaffinity (KD = 78�M, andinhibition of cGASfunctionalactivity(IC50= 69±
125�M) astheoriginal fragmenthit (Fig3).TheX-raystructureof thepyrazolopyrimidine16
wassolvedandit boundin asimilarmannerto theoriginal fragmenthit 15.Notably,the
regioisomericanalog16wasalsopreparedandit did not demonstratebinding affinity to

Fig 3. Binding affinities and in vitro activities of cGAS inhibi tors.

https://doi.org/10.1371/journal.pone.0184843.g003
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Fig 4. Charac terization of compound 15 binding to cGAS. (A) 1D 1H spectra of 2Â,3Â-cGAMP (top) and 1H
STD of 2Â,3Â-cGAMP interacting with cGAS (bottom). (B) 1D 1H spectra of 2Â,3Â-cGAMP (orange) and
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cGAS(datanot shown).Thestructureof compound16showstheamidesubstituenton the
pyrazoleaffordedanattractivevectorto exploreotherregionsof theactivesite.Wefound that
amidescappedwith polarfunctionalitieswerefavoredanddemonstratedsignificantincreases
in both theSPRaffinity andthefunctionalactivityof theseinhibitors.Compounds17and18
inhibited cGASactivitywith IC50valuesbelow20�M (Fig3).Notably,compound19andPF-
06928215havebinding affinitiesof 2.7and0.2�M, respectively,with acorrespondingincrease
in inhibitory potencyin thecGASassay;PF-06928215inhibited cGASactivitywith anIC50

valueof 4.9�M (Fig5A).Aswith our othercompounds,thereisgoodagreementbetween
binding andinhibition, thoughactivitymeasurementsoccurin thepresencesof competing
nucleotideswhichwouldcausetheIC50to appearweakerthanKD measurementsconducted
without nucleotides.Comparedto compound15,PF-06928215hasimprovedin potencyand
displayslongeroff ratekineticsthananyothercompoundin thisseries(Figs4Cand5B).

Despitetheprogressin biochemicalpotency,PF-06928215displayedno activityin cellular
cGASassaysmeasuringdsDNA-inducedIFN-betaexpressionviaaluciferasereporter(Panel
A in S7Fig).Compounds17±19alsohadno effecton IFN-�� induction.Notably,theTBK1
inhibitor BX-395wasusedasapositivecontrol,andinhibited induction with anIC50valueof
~ 60nM. Thelackof inhibitory activityof thePF-06928215andrelatedcompoundswasnot
theresultof cytotoxicity,asthecompoundshadminimal effecton cellviability (PanelB in S7
Fig).Thereason(s)for thecompounds'inability to inhibit IFN induction isnot knownbut
consideringthehigh levelsof ATPandGTP,it is likely that further improvementsin potency
arerequiredfor inhibition of cellularcGASactivity.Additionally, to improvethisclassof bio-
chemicalinhibitors improvementsto their passivepermeabilityandplasmaproteinbinding
profilesarerequired.Replacementof thecarboxylicacidwith anisosterethathasahigher
pKa,thusloweringthepolarsurfacearea,andreducingthenumberhydrogenbonddonors
aretwo possibleapproaches.

SubsequentX-raystructuresof PF-06928215showthealkylchaininteractingwith asmall
hydrophobicpocketformedbetweenTyr436andHis437while thepolarheadgroupspreferto
interactwith thepolarresiduesArg376andLys362abovethebiaryl core(Fig5C).In PF-
06928215thehydrophobicinteractionsextendto Leu495andthecarboxylateheadpiecealso
interactswith apartiallyorderedLys362. Interestingly,whencomparingtheinteractionsof
compoundPF-06928215with reportedstructuresof cGAS,wefound that theLys362interac-
tion of PF-06928215closelymimicsaninteractionwith Lys350(���. ���
��� numbering)in
thelinear5Â-pG(2Â-5Â)pApseudo-intermediatereportedby thePatellab[31] (PDB4K9A).In
4K9A,Lys350interactswith anoxygenof the2Â-5Âphosphodiesterbond,howeverin noneof
thecyclicdinucleotidestructuresis thisLysinducedto reachthephosphodiesterbond.Thus
wespeculatethat this interactionisparticularto howcGASholdsthelinearintermediatedur-
ing thecatalyticprocess.PF-06928215might bemimicking this interactionin theactivesite
(Fig5C).

ThenewlyreporteddsDNAsensingenzymecGAShasemergedasanewplayerin the
innateimmunity pathway.Direct geneticlinks of cGASto humandiseasehavenot been
shown,but geneknockoutsin animalmodelshavedemonstratedtheimportanceof cGASin
controlling immuneactivation.Theseresultshaveimportant implicationssuggestingaroleof
cGASin immunediseasesandhighlight theneedfor pharmacologicaltoolsto probecGAS

compound 15 (green) (top) and 1H STD of a mixture of 2Â,3Â-cGAMP and compound 15 showing compound
15 has out competed 2Â,3Â-cGAMP for interacting with cGAS (bottom). (C) SPR sensorgram of compound 15
with binding fit inset. (D) Compound 15 in either its hydroxyl (15a) or keto (15b) tautomeric forms. (E) cGAS
active site showing residues that interact with compound 15; Fo-Fc electron density omit map (green) for
compound 15 (brown) is contoured at 3 Sigma and shows all density within 4 �cof compound 15.

https://doi.org/10.1371/journal.pone.0184843.g004
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Fig 5. PF-06928215 is a high affinit y cGAS inhibitor . (A) Concentration-dependent inhibition in cGAMP FP
assay. (B) SPR sensorgram of PF-06928215 binding to cGAS, 2-fold variations in the concentration of PF-
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function in cellsandanimalmodels.Despitealargeandpolaractivesite,our resultsdemon-
stratethatactivesiteinhibitors canbeidentifiedandchemistryoptimizationresultedin an
inhibitor with nM binding affinity and�M functionalactivity.Thedevelopmentof thehigh
throughputFPassayto measurecGASactivitycanbereadilyutilizedfor screeninglargecom-
poundsetsandshouldbeenablingfor thefurther discoveryof potent,cGASinhibitors with
cellularactivitywhichwouldbeusefulin further elucidatingtheroleof thisenzymein disease.

Supporting information
S1Fig.Modulation of cGASenzymeactivity by metalsin the MSassay.(A) Inhibition dose
responseof Pd(OAc)2 with cGAS(1 nM); (B) Activationdoseresponseof ZnCl2 with cGAS(1
nM) andISDdsDNA(1nM); NB: loweractivationmultipleswereobservedwith higherISD
DNA concentrations(datanot shown);(C) Resultsfrom apanelof metalsaltstestedin the
cGAS(1nM) assayin thepresenceof 1 nM ISDDNA.
(DOCX)

S2Fig.Nucleotide-dependenceof cGASenzymeactivity. (A) ApparentKm determination
for GTPin thepresenceof 1 mM ATP;(B) ApparentKm determinationfor ATP in thepres-
enceof 0.3mM GTP.
(DOCX)

S3Fig.Preparationof acGAMPanalogcontaining an ethylenediaminefunctionality. A
protectedandactivatedethylenediamineadenosineanalogwasprepared(5) andcoupledwith
aprotectedguanosineanalog(7) in acetonitrile,followedbyoxidationto thephosphate(8).
Protectinggroupmanipulation,cyclisationandfurther oxidationprovidedtheprotected
cGAMPanalog(9).Stepwiseremovalof thevariousprotectinggroupsthenprovidedthe
desiredethylenediamine-cGAMPanalog(11).Compound11provedto beahighlyuseful
intermediate,wherebytheprimary alkylaminogroupcouldbeselectivelyreactedwith various
linker groups,forming astableamidebond,followedbysubsequentconjugationor binding to
variousproteinsfor antibodygenerationor screening.
(DOCX)

S4Fig.cGAMPderivativesfor mAb production andscreening.(A) An ethylenediamine-
cGAMPanaloglinked throughPEG5to areactiveNHSester(13) for subsequentattachment
to PPD(cGAMP-PPD);(B) anethylenediamine-cGAMPanaloglinked throughPEG6to a
biotin molecule(14) for subsequentbinding to streptavidin(cGAMP-strepavidin)weresyn-
thesized.Micewereimmunizedwith amixtureof theseproteinconjugates.(C) serumwas
testedin aDELFIA immunoassayfor reactivityagainstafurther analog,ethylenediamine-
cGAMPlinked throughC6to areactiveNHSester(12)whichallowedconjugationto BSA
(cGAMP-BSA).(D) anethylenediamine-cGAMPanalogconjugatedto Cy5wassynthesizedto
beusedasthefluorescentlylabelledcGAMPanaloguein theFPassay.
(DOCX)

S5Fig.cGAMPmAb 80±2characterization.(A) titration of mAb 80±2in cGAMPELISA;
(B) mAb 80±2waspreincubatedwith cGAMP,ATPor GTPfor 1 hr prior to addition to the
cGAMP-BSAcoatedassayplates.Bindingwasinhibited in aconcentration-dependent manner

06928215 are shown in rainbow registry with kinetic association and dissociation fits in black. (C) cGAS active
site showing residues that interact with PF-06928215, Fo-Fc electron density omit map (green) for PF-
06928215 (brown) is contoured at 3 Sigma and shows all density within 4 �cof PF-06928215. Figure was
generated using Pymol.

https://doi.org/10.1371/journal.pone.0184843.g005
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bycGAMP,but neitherATPnor GTPatmM concentrationsinhibited thebinding of mAb
80±2to BSA-cGAMP.Datapointsareaverageof duplicatedeterminations;error barsrepre-
sentstandarddeviation.
(DOCX)

S6Fig.Compound15canreadily isomerizevia ring openingthrough an openazidopyri-
midine.
(DOCX)

S7Fig.Effectof cGASinhibitors on IFN�� induction. THP-1Dualcellswerepretreatedwith
variousconcentrationsof BX-795(redtriangles),Compound17(yellowsqures),Compound
18(purpletriangles),Compound19(blacktriangles)or PF-06928215(bluecircles)for 1hr fol-
lowedbystimulationwith salmonspermDNA for 12hrs.Mediawascollectedandanalyzed
for luciferasesignal(A), andcellviability (B) wasanalyzedwith CellTiterGlo,asdescribedin
Methods.
(DOCX)

S1Table.Crystallographicdataandrefinement statistics.
(DOCX)
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