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Abstract　Africanswinefevervirus (ASFV)isagiantandcomplexDNAvirusthatcausesahighly
contagiousandlethalswinediseaseforwhichthereisnovaccineavailable．Herewedescribethecryo—
electronmicroscopy(cryoＧEM)structureofASFV,thefirstvirus(toourknowledge)thathasbeenfound
tousetwolipidmembranelayersandtwoproteinshellstoencapsidateandprotectitsgenome．Usingan
optimizedimagereconstructionstrategy,wesolvedtheAFSVcapsidstructureupto４．１Ｇangstroms,which
isbuiltfrom１７,２８０proteins,includingonemajor(MCP)andfourminorcapsidproteins(M１２４９L,p１７,
p４９andH２４０R),andorganizedintopentasymmetronsandtrisymmetrons．Theatomicstructureofthe
MCPinformsputativeconformationalepitopes,whichdeterminethespecificdifferencesbetweenthevirus
types,beingvaluableforepitopeＧfocusedimmunogendesignagainstASFVinfection．Theminorcapsid
proteinsformacomplicatednetworkbelowtheoutercapsidshell,stabilizingthecapsidbyholdingadjacent
capsomerstogether．Actingascoreorganizers,１００ＧnmＧlengthM１２４９Lproteins,runningalongeachedge
ofthetrisymmetronsand bridgingtwo neighboring pentasymmtrons,form extensiveintermolecular
networkswithothercapsidproteinstoguidetheformationofcapsidframework．Thesestructuraldetails
unveilthebasisofcapsidstabilityandassembly,openingupnewavenuesforASFvaccinedevelopment．
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１ Introduction

Africanswinefever(ASF),firstdescribedinKenyain１９２１[１],isahighlycontagiousviraldiseaseof
swinewith mortalityratesapproaching１００％．Overthepastdecade,ASFhasspreadthrough many
countriesoftheCaucasus,theRussianFederation,andEasternEurope,posingaseriousriskoffurther
expansion[２]．Morerecently,theOIE (WorldOrganizationforAnimalHealth)wasnotifiedby２０
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countrieswithneworongoingoutbreaks:１２inEurope,６inAsiaand２inAfricaduringtheperiodfrom
JanuarytoJuly２０１９ (OIEReport:January１５—July１８,２０１９)．Withnovaccineortreatment,culling
pigsispresentlyadesperateyetmosteffectivemovetocontaintheoutbreaks,justinChinaandVietnam
alone,morethanfivemillionpigshavebeenculled,causingsevereeconomiclossesforswineproduction
worldwide．Ofthemostseriousconcernaretherapidandefficienttransmissionamongstpigs,relative
stabilityofthevirusintheenvironmentandthelackofan ASFvaccine．Thesefactorspresenthuge
challengesforglobalASFcontrol．

ASFiscausedbyAfricanSwineFevervirus(ASFV),thesolememberoftheAsfaviridaeandtheonly
knownDNAarbovirus．Despitesharingstructural,genomic,andreplicativecharacteristicswithother
nucleocytoplasmiclargeDNAviruses(NCLDV)[３],ASFVisuniqueinthatitpossessesamultilayered
structureandanoverallicosahedralmorphology．IthasagenomeＧcontainednucleoidsurroundedbyathick
proteinlayerreferredtoasthecoreshell,whichiswrappedbyaninnerlipidenvelope,anicosahedral
proteincapsidandanouterenvelopelayer,comprisingover５０proteins[４,５]．Largegapsinknowledge
concerningthecompositionandstructureoftheinfectiousvirionandimmunecharacteristicshindervaccine
development．

NaturaltargetcellsofASFVaremacrophages,monocytesmainlypresentinthebloodandbonemarrow
[６]．Hereweisolatedporcinebonemarrow(PBM)cellsfrom３０—４０ＧdayＧoldspecificpathogenＧfree(SPF)
pigs,propagatedASFV(genotypeII)inprimaryPBMcellsandpurifiedextracellularASFVparticlesfrom
thecellsupernatants,theninactivatedtheviralparticleswithformaldehyde．Thepurifiedvirionswere
examinedbyelectronmicroscopy(EM)．TheextracellularASFVparticleisonaverage２６０—３００nmin
diameter,significantlylargerthanpreviousobservations(~２００nm)[７]．

２ ArchitectureoftheASFVvirion

The３DreconstructionofASFVreportedhereclearlyshowsstructuresofallfivelayers,amongstwhich
thecapsidhasa maximum diameterof２５００Å,whilethe middlelayerisa７０ＧÅＧthicklipidＧbilayer
membranethatenvelopesa１８００ＧÅＧdiametercoreshell．Allthreeaforementionedlayersadoptanoverall
icosahedralmorphologythatroughlyfollowsthecontourdefinedbythecapsid(Fig．１A)．However,the
outermostenvelopeandinnermostnucleoidpresentweakdensitiesduetothelossofsomestructural
featuresresultingfromicosahedralaveraging．

Byusinganoptimized “blockＧbased”reconstructionapproachcombined withthegradientdefocus
correction,theresolutionofthecapsidreconstructionwasimprovedto４．８Å (Fig．１)．Thecapsidis
constructedof２７７２capsomersarrangedinaT＝２７７icosahedrallattice(h＝７,k＝１２)(Fig．１B)．Inthis
lattice,thereare１２pentasymmetrons (containing３０pseudoＧhexamericcapsomersandapentameric
capsomer)and２０trisymmetrons(containing１２０capsomers)．Asimilarorganizationhasbeenobservedin
otherNCLDVs [８—１０]．Notablycapsomers withinatrisymmetronallpackinessentiallythesame
orientation,rotatingby ~６０°fromthecapsomersinneighboringtrisymmetrons,creating３０zippers
(cleavagelines)onthecapsid．Additionally,thecoreshellseparatelyreconstructedto９Åshows１８０６Ｇ
bladepropellerswithacentralchannel(３０Åindiameter)and１２starfishＧlikepentonssurroundedby１０
antennae(Fig．１B)．Assumingthatthe６Ｇbladepropellerrepresentsonehexamericcapsomer,thecore
shellwouldhaveT＝１９quasiＧicosahedralsymmetry,withh＝２andk＝３．

ThecryoＧEM mapsforthepseudoＧhexamericcapsomerofcapsidcouldbeimprovedfurtherbylocal
averagingofequivalentcopiespresentinthetrisymmetronandaresolutionof４．１Å wasattained．The
outercapsidshelliscomposedof８２８０MCPsand６０pentonproteins,while manyoftheremaining
uninterpreteddensitiesdecoratingtheinnercapsidsurfacerepresentminorcapsidproteins (Fig．１C),
presumablyfacilitatingcapsidassemblyandmaintainingthestabilityofthecapsidshell．Minorcapsid
proteinsshouldbeamongthem．Thecombinationoftheproteomicanalysis,proteinabundancelevelinthe
ASFVparticleandsimilarityofthecryoＧEM mapwithpredictedstructuralfeaturesoftargetproteins,
includingproteinsequence,proteinsecondarystructureandproteintopology,ledtotheidentificationof
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thepentonprotein(H２４０R)andthreeminorcapsidproteins(p１７,p４９andM１２４９L)(Fig．１C)．Each
icosahedralasymmetricunitoftheoutercapsidshellcontains４６pseudoＧhexamericcapsomerswith６of
theseinthepentasymmetron(a,b,c,d,e,andf)and４０inthetrisymmetron(A,B,C,D,E,F,G,
H,I,J,K,L,M,N,O,P,Q,R,S,T,U,V,W,X,Y,Z,A′,B′,C′D′,E′,F′,G′,H′,I′,J′,K′,L′,
M′andN′)(Fig．１D)．Thepentonandminorcapsidproteins(p１７,p４９and M１２４９L)formacomplicated
networkthatisimmediatelybelowtheoutercapsidshell,stabilizingthewholecapsid(Fig．１CandD)．

Figure１　ArchitectureoftheASFVvirion．

３ Structureandorganizationofp７２

Thep７２,oneofthekeyprotectiveantigens,formsahomotrimerwitheachmonomeradoptingadouble
jellyＧrollstructurethatmakesuppseudoＧhexamericcapsomers[１１,１２]．DoublejellyＧrollfoldcanbefound
inmanyotherviralcapsidproteins,includingadenovirus[１３],thephagePRDＧ１[１４]andvacciniavirus
[１５],whilethejellyＧrollstructureitselfconsistingofeightantiparallelβＧstrands(from BtoI)widely
existsinmoreviralcapsidproteins,indicativeofcommonancestry．AsisthecasefordoublejellyＧroll
capsidproteins,fourinsertions(namedER,exposedregion)withinD１E１,D２E２,F１G１andH１I１loops,
beingthemostexposed,togetherwiththeNＧterminalbasedomain,determinethespecificdifferences
betweenthevirustypes．ThesefourERsprobablyactingastheneutralizingepitopes,couldbeusedto
guideASFvaccinedesign．DeepprofilingofhumanoranimalBcellsoftenrevealspotentneutralizing
antibodiesthatemergefromnaturalinfection,butthesespecificitiesaregenerallysubdominant(i．e．,are
presentinlow titers)．Recently developed epitopeＧfocusedimmunogen vaccination strategies have
demonstratedgreatsuccessinboostingsubdominantneutralizingantibodyresponsesagainst HIV or
respiratorysyncytialvirus(RSV)infection [１６,１７],whichmightbegoodsolutionsforASFvaccine
development．

Whilesurroundingthepentontofillthepentasymmetron,p７２capsomersalsopackthemselvestogether
toformthetrisymmetronandzipper(Fig．１CandD)．Giventhefactthatp７２capsomersexhibitthree
distinctassemblypatternsaccordingtotheirlocations,theyhavetoadoptdifferentarrangementstoallow
threedistinctinteractions:“headtoback”,“headtohead”and “backtoback”．The “headtohead”
interactionsinthezipperarestraightandtightwithafourＧstrandedβＧsheetcontributedfromtwoadjacent
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ER１s,whilethecounterpartinteractionsinthepentasymmetronsignificantlydecreaseduetotherelative
rotationofp７２capsomerscausedbyhighercurvatureinthepentasymmetron．Overall,the“backtoback”
contactsinthezipperandallthreemodesofcontactsinthepentasymmetronseeminsufficienttofacilitate
theassemblyofhigherＧorderstructures,whichsuggeststhatminorcapsidproteinsareneededtobuildup
thenetworks,triggeringtheassemblyofthewholecapsid．

４ Extensiveintermolecularnetworksfromminorcapsidproteinsunderpincapsidstability

Correlatedwithfewercontactsamongcapsomers,allthreeminorcapsidproteinsandthepentonare
includedtostrengthentheinteractionsinthepentasymmetron．Thedensitythatformsthepentonatthe
fivefoldverticesoftheoutercapsidexhibitsasinglejellyＧrollandaglobularcap．Thisindicatesthepenton
proteinisdifferentfromyethomologouswiththep７２,whichisconsistentwithstructuralobservationsin
someknownlargedsDNAviruses(e．g．,PBCVＧ１,Mavirus,PRDＧ１andmore)．Coincidentally,H２４０R,
２４０Ｇresiduesinlengthenrichedwithβstrands,ispredictedtopossessasinglejellyＧrollfoldandan~７０Ｇ
aminoＧacidNＧterminalextension,whichfurtherverifiestheidentityofthepentoninASFV．Underneath
thepentons,weaklanternＧlikedensities(~９Å)thatconnectthepentontoinnermembraneandassociate
withfiveneighboringcapsomers (a)areobserved,presumablyplayingrolesintheassemblyofthe
vertices．Previousstudiesreportedthattheputativecapsidproteinp４９ (B４３８L)isrequiredforthe
formationofthecapsidvertices [１８]andislocatedincloseproximitytothecapsidvertices (５)．
Additionally,p４９behavingasanintegralmembraneprotein,isnotinvolvedinparticletransportationfrom
thevirusassemblysitestotheplasmamembrane[１８],suggestingthatp４９mightbepositionedatthe
innershellofcapsid．Togetherwithfunctionalinvestigationsandourstructuralanalysis,itallowsusto
proposethatlanternＧlikedensitiesarefivecopiesofp４９．

Innermembraneproteinp１７(D１１７L)isanessentialandabundantprotein,requiredfortheassemblyof
thecapsidandicosahedralmorphogenesis[１９]．ThesnakeＧshapedstructureconsistingofthreecontinuous
alphaＧhelicesmatcheswellwiththesecondarystructurepredictionoftheectodomainofp１７,togetherwith
proteinabundancelevelanalysis,suggestingitsidentitytobep１７．Interestingly,tightinterdigitationsof
threep１７sfromthreeadjacentp７２capsomersmediateinteractionsamongstthreecapsomersunderthetype
１ microenvironment,along withspontaneousinteractionsamongthreecapsomersunderthetype１′
microenvironment,guidinganorderedpackingofthecapsomersformostpartsonthecapsid,mainly
withinthetrisymmetron．

Microenvironmentswithinpentasymmetronsandzippersare morecomplicated,wheretheskeleton
proteinM１２４９Lemergestohold３４capsomerstogether,notonlyfixingonepentasymmetron,butalso
linkingtwoneighboringpentasymmetrons(Fig．１D)．The１２４９Ｇaminoacid—longM１２４９L,predictedto
befullofcoils,essentiallyexistsinthevirionandexhibitsafiberＧlikeconfigurationwithtwoterminal
lobes(~１５０residues/lobe),thefiberpartisabout１００nminlengthandpossesses３０extendedhelices(~
３０residues/helix)(Fig．１D)．ThecapsomerＧpairs(bandc,BandC),whichnormallyshowtheweakest
interactions(~１５０Å２)inthemodeof“backtoback”(types３′and３),arenowheldtogetherbythetwo
lobesofM１２４９L,whichfunctionastwoboatanchors．

５ TheproposedassemblypathwayfortheASFVcapsid

ASFVassemblybeginswiththeappearanceofviralinnermembraneprecursors,whichpresumably
derivefromtheendoplasmicreticulum (ER)andthenevolveintoicosahedralintermediatesandicosahedral
particlesbytheprogressiveassemblyofthecapsidlayer[１９,２０]．Takingtogetherpreviousobservations
onviralmorphogenesisprocessandourstructuralanalysis,wecouldproposeacapsidassemblymodelfor
ASFV．Firstly,theabilityofp４９toassociatewithmembranemediatesthedockingofthepentoncomplex
totheinnermembrane,thenthepentoncomplexrecruitscapsomers(a)toformthepentoncore(Fig．２),
initiatingtheassembly．Secondly,theskeletonunitM１２４９L withtwocapsomerpairs (bＧcandBＧC)
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attachestothepentoncore,meanwhile,skeletonunits,pentoncoresandp１７couldmoveontheinner
membranes,makingitpossibletoform highorderassemblies (Fig．２)．Undertheguideofp１７,
capsomers,skeletonproteinsM１２４９Landp１７contributetotheformationofthezippers,whichconnect
neighboringpentoncoresandgraduallyconstructapolyhedralframework (Fig．２)．Accompanyingthe
formationofthepolyhedralframework,capsomersfillinthetrisymmetronstocompletethecapsid
assembly(Fig．２)．Inourmodel,skeletonproteinM１２４９Lservesasthebackbonefortheconstructionof
thecapsidframeworkanddeterminesthesizeofcapsid．

Figure２　TheproposedassemblypathwayfortheASFVcapsid．

６ Conclusionsandperspectives

ThefirstASFV architectureatnearＧatomicresolutionreportedhereallowsthefirststepstoward
understandingwhatdrivestheassemblyofthecapsidandthebasisforitsstability．Inaddition,the
structuraldetails,p７２atomicstructureinparticular,canguidetherationaldesignofanepitopeＧfocused
immunogen,which willhave profoundimpactsonthe developmentofnew strategiesforvaccine
interventionagainstASFVinfections．Thestudyhighlightstheabilityofthesubunitsandtheroleoftheir
intermolecularinteractionsinoverridingconstraintsimposedbysymmetryduringformationofthecapsid．
Localperturbationsinsymmetryseemtobewelltoleratedandprobablyplayaroleintheassemblyofthe
capsids．Thecapsidactingasaresearchplatformtogetherwiththeatomicmodelscanbeutilizedtofurther
explorethemolecularmechanismsunderlyingtheinfectivecycle,unveilingthespaceＧtimecomplexityin
theASFVlifecycleandmayultimatelyinformfuturepreventionandtherapeuticinvention．

Acknowledgments

WethankProf．ZhijieLiu,Prof．GeJiang,Dr．QianqianSun,Dr．YanGao,Dr．ShangCao,Dr．Yan
Gao,Dr．Xiaojun Huang,Dr．BolingZhuandDr．GangJiforcryoＧEM datacollection,theＧElectron
MicroscopyFacilityofShanghaiTech UniversityandtheCenterforBiologicalimaging (CBI)inthe



•Review•

８４　　　 Vol．２８,No．２,２０２０　　SCIENCEFOUNDATIONINCHINA

InstituteofBiophysicsforEMwork．ThisworkwassupportedbytheStrategicPriorityResearchProgram
(XDB０８０２０２００),theKeyProgramsoftheChineseAcademyofScience(KJZDＧSWＧL０５),theNational
Key Research and Development Program (２０１７YFC０８４０３００),and the National Natural Science
FoundationofChina(３１８００１４５and３１５７０７１７)．XiangxiWangwassupportedbyTenThousandTalent
Program．

References

[１]MontgomeryRE．OnaformofswinefeveroccurringinBritishEastAfrica (KenyaColony)．JournalofComparativePathologyand
Therapeutics,１９２１,３４:１５９—９１．

[２]SanchezＧCordonPJ,Montoya M,ReisAL,DixonLK．Africanswinefever:AreＧemergingviraldiseasethreateningtheglobalpig
industry．VetJ,２０１８,２３３:４１—８．

[３]IyerLM,AravindL,KooninEV．CommonoriginoffourdiversefamiliesoflargeeukaryoticDNAviruses．JournalofVirology,２００１,７５:
１１７２０—３４．

[４]SalasML,AndresG．Africanswinefevervirusmorphogenesis．VirusResearch２０１３,１７３:２９—４１．
[５]AlejoA,MatamorosT,Guerra M,AndresG．A proteomicatlasoftheAfricanSwineFeverVirusparticle．JournalofVirology,

２０１８,９２．
[６]MunozＧMorenoR,GalindoI,CuestaＧGeijoMA,BarradoＧGilL,AlonsoC．HostcelltargetsforAfricanswinefevervirus．VirusResearch,

２０１５,２０９:１１８—２７．
[７]CarrascosaJL,CarazoJM,CarrascosaAL,GarciaN,SantistebanA,VinuelaE．GeneralmorphologyandcapsidfineＧstructureofAfrican

SwineFeverVirusＧparticles．Virology,１９８４,１３２:１６０—７２．
[８]ZhangXZ,XiangY,DuniganDD,etal．ThreeＧdimensionalstructureandfunctionoftheParameciumbursariachlorellaviruscapsid．

ProceedingsoftheNationalAcademyofSciencesoftheUnitedStatesofAmerica,２０１１,１０８:１４８３７—４２．
[９]XiaoC,FischerMG,BolotauloDM,UlloaＧRondeauN,AvilaGA,SuttleCA．CryoＧEMreconstructionoftheCafeteriaroenbergensisvirus

capsidsuggestsnovelassemblypathwayforgiantviruses．SciRepＧUk,２０１７,７．
[１０]KloseT,RetenoDG,BenamarS,etal．Structureoffaustovirus,alargedsDNAvirus．ProceedingsoftheNationalAcademyofSciences

oftheUnitedStatesofAmerica,２０１６,１１３:６２０６—１１．
[１１]XiaoC,KuznetsovYG,SunSY,etal．StructuralStudiesoftheGiantMimivirus．PLoSBiology,２００９,７:９５８—６６．
[１２]FangQL,ZhuDJ,AgarkovaI,etal．NearＧatomicstructureofagiantvirus．NatureCommunications,２０１９,１０．
[１３]ReddyVS,NemerowGR．Structuresandorganizationofadenoviruscementproteinsprovideinsightsintotheroleofcapsidmaturationin

virusentryandinfection．ProceedingsoftheNationalAcademyofSciencesoftheUnitedStatesofAmerica,２０１４,１１１:１１７１５—２０．
[１４]AbresciaNGA,CockburnJJB,GrimesJM,etal．InsightsintoassemblyfromstructuralanalysisofbacteriophagePRD１．Nature２００４,

４３２:６８—７４．
[１５]BaharMW,GrahamSC,StuartDI,GrimesJM．Insightsintotheevolutionofacomplexvirusfromthecrystalstructureofvacciniavirus

D１３．Structure,２０１１,１９:１０１１—２０．
[１６]EscolanoA,GristickHB,Abernathy ME,etal．ImmunizationexpandsBcellsspecifictoHIVＧ１V３glycaninmiceandmacaques．

Nature,２０１９,５７０:４６８—＋．
[１７]SesterhennF,Galloux M,VollersSS,etal．Boostingsubdominantneutralizingantibodyresponseswithacomputationallydesigned

epitopeＧfocusedimmunogen．PLoSbiology,２０１９,１７．
[１８]EpifanoC,KrijnseＧLockerJ,SalasML,SalasJ,RodriguezJM．Generationoffilamentousinsteadoficosahedralparticlesbyrepressionof

AfricanswinefevervirusstructuralproteinpB４３８L．JournalofVirology,２００６,８０:１１４５６—６６．
[１９]SuarezC,GutierrezＧBerzalJ,AndresG,SalasML,RodriguezJM．AfricanSwineFeverVirusproteinp１７isessentialfortheprogression

ofviralmembraneprecursorstowardicosahedraliIntermediates．JournalofVirology,２０１０,８４:７４８４—９９．
[２０]EpifanoC,KrijnseＧLockerJ,SalasML,RodriguezJM,SalasJ．TheAfricanswinefevervirusnonstructuralproteinpB６０２Lisrequired

forformationoftheicosahedralcapsidofthevirusparticle．JournalofVirology,２００６,８０:１２２６０—７０．

WANGXiangXi

Dr．WANGXiangXiisaprofessoroftheCASKeyLaboratoryofInfectionand
Immunity,InstituteofBiophysics,ChineseAcademyofSciences．Heobtained
hisPhDfromtheInstituteofBiophysics,ChineseAcademyofSciencesin２０１４．
His mainresearchinterestfocusesoninnateimmunityand hostＧpathogen
interaction．Hisresearchaimstocompletelyunderstandthevariousstepsofthe
viruscycle,includingtheentry,replicationandassemblyusingacombinationof
structuralanalysis,cellularassays,virological,reversegeneticsandanimal
studies．In２０１９,heobtainedtenthousandtalentprogramfund．


