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Figuraȱ 3:ȱ Viaȱ anticoagulanteȱ daȱ proteínaȱ C.ȱ Acima:ȱ viaȱ alternativaȱ iniciadaȱ porȱ
protac®.ȱAbaixo:ȱviaȱfisiológicaȱiniciadaȱpeloȱcomplexoȱFIIa/Trombomodulina.ȱ
ȱ
Figuraȱ 4:ȱ Sobreposiçãoȱ dasȱ estruturasȱ deȱ CVXȱ (cinza)ȱ sobreȱ aȱ botrocetinȱ (azul)ȱ
complexadaȱcomȱfatorȱvonȱWillebrandȱ(laranja).ȱAsȱdiferençasȱestruturasȱnoȱsítioȱ
deȱinteraçãoȱcomȱfatorȱvonȱWillebrandȱestáȱevidenciadoȱemȱvermelho.ȱ
ȱ
Figuraȱ5:ȱModeloȱmosaicoȱfluidoȱdeȱmembranasȱbiológicas.ȱ
ȱ
Figuraȱ 6:ȱ Representaçãoȱ esquemáticaȱ deȱ umȱ fosfolipídioȱ (esquerda)ȱ eȱ umȱ
esfingolipídioȱ(direita).ȱ
ȱ
Figuraȱ7:ȱModoȱpropostoȱdeȱinteraçãoȱdeȱLys49ȱPLA2ȱ(verde)ȱcomȱreceptorȱKDRȱ
(superfícieȱeletrostática)ȱdaȱangiogênese.ȱ
ȱ
Figuraȱ 8:ȱ Representaçãoȱ esquemáticaȱ daȱ estruturaȱ deȱ umaȱ xilanaseȱ G/11ȱ comȱ
setasȱindicandoȱosȱresíduosȱrelevantesȱparaȱaȱatividadeȱcatalítica.ȱ
ȱ
Figuraȱ 9:ȱ Cristalȱ deȱ proteínaȱ irradiadoȱ comȱ luzȱ brancaȱ (esquerda,ȱ acima)ȱ eȱ luzȱ
ultravioletaȱ aȱ 280ȱ nmȱ (direita,ȱ acima).ȱ Cristalȱ deȱ salȱ irradiadoȱ comȱ luzȱ brancaȱ
(esquerdaȱabaixo)ȱeȱluzȱultravioletaȱ(direita,ȱabaixo).ȱ
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RESUMOȱ
ȱ
Oȱ presenteȱ trabalhoȱ abordaȱ algunsȱ aspectosȱ deȱ processosȱ biológicosȱ
essenciaisȱ àȱ vida,ȱ comoȱ oȱ sistemaȱ hemostático,ȱ integridadeȱ deȱ membranasȱ
biológicasȱ eȱ aȱ termoestabilidadeȱ deȱ proteínas.ȱ Ferramentasȱ cristalográficasȱ
combinadasȱcomȱestudosȱinȱsilicoȱeȱcaracterizaçõesȱbioquímicasȱeȱespectroscópicasȱ
permitiramȱ acessarȱ informaçõesȱ aȱ nívelȱ molecularȱ dosȱ mecanismosȱ eȱ viasȱ deȱ
ativaçãoȱouȱinibiçãoȱdessesȱprocessosȱbiológicos.ȱBaseadoȱemȱestudosȱcomȱtoxinasȱ
isoladasȱ deȱ vermes,ȱ serpentes,ȱ carrapatos,ȱ sanguessugas,ȱ aranhasȱ eȱ outrosȱ
animaisȱ peçonhentosȱ foiȱ caracterizadaȱ umaȱ novaȱ moléculaȱ antiȬdermonecróticaȱ
noȱtratamentoȱdeȱacidentesȱofídicos,ȱqueȱnãoȱapresentaȱefeitosȱtóxicosȱsecundáriosȱ
eȱ revelouȱ umȱ papelȱ chaveȱ doȱ sítioȱ ativoȱ nominalȱ noȱ enigmáticoȱ mecanismoȱ deȱ
açãoȱ dasȱ Lys49ȱ fosfolipasesȱ A2.ȱ Estudosȱ comȱ asȱ proteínasȱ anticoagulantesȱ doȱ
vermeȱhematófagoȱAncylostomaȱcaninumȱNAPc2ȱeȱNAP5ȱdemonstraramȱumȱnovoȱ
sítioȱ doȱ fatorȱ Xa,ȱ queȱ éȱ importanteȱ paraȱ oȱ reconhecimentoȱ deȱ substratosȱ
macromolecularesȱ eȱ inibição,ȱ queȱ serveȱ comoȱ umaȱ novaȱ plataformaȱ paraȱ oȱ
desenhoȱ deȱ drogas.ȱ Outraȱ toxinaȱ hemostaticamenteȱ ativaȱ estudadaȱ foiȱ protac,ȱ
queȱtemȱhabilidadeȱdeȱativarȱaȱproteínaȱCȱporȱumaȱviaȱalternativa,ȱindependenteȱ
doȱ cofatorȱ fisiológicoȱ trombomodulina,ȱ ondeȱ oȱ perfilȱ eletrostáticoȱ (básico)ȱ emȱ
tornoȱ doȱ sítioȱ ativoȱ eȱ oȱ posicionamentoȱ estratégicoȱ dosȱ trêsȱ gruposȱ deȱ
carboidratosȱ naȱ regiãoȱ interfacialȱ sãoȱ essenciaisȱ noȱ reconhecimento,ȱ interaçãoȱ eȱ
ativaçãoȱ daȱ proteínaȱ C.ȱ Alémȱ disso,ȱ foiȱ determinadaȱ aȱ primeiraȱ estruturaȱ
tridimensionalȱ aȱ resoluçãoȱ deȱ 1.75ȱ Åȱ usandoȱ oȱ métodoȱ “quickȱ cryoȬsoaking”ȱ deȱ
umaȱenzimaȱpertencenteȱàȱfamíliaȱdasȱesfingomielinasesȱD,ȱsomenteȱencontradasȱ
noȱ venenoȱ deȱ aranhasȱ doȱ gêneroȱ Loxoscelesȱ eȱ algumasȱ bactériasȱ patogênicasȱ doȱ
gêneroȱCorynebacterium.ȱBaseadosȱnessesȱresultadosȱeȱcomȱestudosȱcomparativosȱ
comȱfosfolipaseȱDȱeȱDNaseȱI,ȱfoiȱpropostoȱoȱmecanismoȱdeȱaçãoȱdaȱenzima,ȱoȱqualȱ
foiȱposteriormenteȱconfirmadoȱporȱestudosȱdeȱmutaçãoȱsítioȬdirigida.ȱȱ
ȱ
ȱ
PalavrasȬchave:ȱDifraçãoȱdeȱraiosȱX,ȱprocessosȱbiológicos,ȱmecanismosȱdeȱaçãoȱeȱ
inibição.ȱ
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ȱ
ABSTRACTȱ
ȱ
ȱ
Thisȱworkȱpresentsȱsomeȱfeaturesȱofȱessentialȱbiologicalȱprocessesȱsuchȱasȱ
theȱhaemostaticȱsystem,ȱintegrityȱofȱbiologicalȱmembranesȱandȱthermostabilityȱofȱ
proteins.ȱ Crystallographic,ȱ spectroscopicȱ andȱ inȱ silicoȱ toolsȱ haveȱ beenȱ usedȱ toȱ
obtainȱ informationȱ atȱ theȱ molecularȱ levelȱ ofȱ macromolecularȱ complexes,ȱ actionȱ
mechanismsȱandȱinhibitionȱpathways.ȱWorms,ȱsnakes,ȱticks,ȱleechesȱandȱspidersȱ
produceȱaȱvarietyȱofȱproteins,ȱwhichȱinterfereȱinȱtheȱregulationȱofȱtheseȱsystems.ȱ
Differentȱ toxinsȱ isolatedȱ fromȱ theseȱ organismsȱ wereȱ characterizedȱ providingȱ
necessaryȱ informationȱ forȱ theȱ developmentȱ ofȱ aȱ newȱ antiȬmyonecroticȱ moleculeȱ
andȱ revealȱ aȱ newȱ factorȱ Xaȱ exositeȱ thatȱ isȱ importantȱ forȱ macromolecularȱ
substratesȱ recognitionȱ andȱ inhibition.ȱ Theȱ firstȱ crystalȱ structureȱ ofȱ aȱ memberȱ ofȱ
theȱ sphingomyelinasesȱ Dȱ familyȱ wasȱ determinedȱ byȱ theȱ ‘quickȱ cryoȬsoaking’ȱ
techniqueȱ andȱ theȱ catalyticȱ mechanismȱ wasȱ proposed,ȱ whichȱ involvesȱ aȱ
magnesiumȬbindingȱsiteȱandȱtwoȱcatalyticȱhistidines.ȱAnȱalternativeȱactivationȱofȱ
theȱ proteinȱ Cȱ pathwayȱ thatȱ doesȱ notȱ requireȱ thrombomodulinȱ wasȱ structurallyȱ
characterizedȱandȱrevealedȱtheȱdualȱroleȱofȱtheȱelestrotaticȱsurfaceȱchargeȱaroundȱ
theȱactiveȱsiteȱandȱtheȱthreeȱstrategicallyȱpositionedȱcarbohydrateȱmoietiesȱinȱtheȱ
approach,ȱrecognitionȱandȱactivationȱofȱproteinȱC.ȱ
ȱ
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Keywords:ȱ XȬrayȱ diffraction,ȱ biologicalȱ processes,ȱ actionȱ mechanismsȱ andȱ
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1)ȱOverviewȱ
ȱ
Aȱ genômicaȱ noȱ inícioȱ dosȱ anosȱ 90ȱ recebeuȱ grandesȱ incentivosȱ sendoȱ aȱ
promessaȱ deȱ curaȱ deȱ diversasȱ moléstiasȱ congênitasȱ eȱ adquiridas.ȱ Porém,ȱ apósȱ aȱ
corridaȱ doȱmapeamentoȱ doȱgenomaȱ humano,ȱasȱ perguntasȱ aȱ seremȱ respondidasȱ
continuaramȱ semȱ soluçãoȱ eȱ serviramȱ comoȱ berçoȱ paraȱ aȱ proteômica,ȱ istoȱ é,ȱ oȱ
estudoȱ dasȱ moléculasȱ queȱ expressamȱ asȱ informaçõesȱ contidasȱ noȱ materialȱ
genético,ȱasȱproteínas.ȱAsȱproteínasȱnaȱnaturezaȱestãoȱdestinadas,ȱatravésȱdeȱumaȱ
pressãoȱ seletiva,ȱ aȱ exercerȱ funçõesȱ específicasȱ numaȱ enormeȱ gamaȱ deȱ
bioprocessosȱ eȱ suasȱ propriedadesȱ funcionaisȱ dependemȱ deȱ suasȱ estruturasȱ
tridimensionais.ȱ Comȱ aȱ técnicaȱ doȱ DNAȱ recombinante,ȱ oȱ númeroȱ deȱ seqüênciasȱ
protéicasȱaumentouȱexponencialmenteȱeȱpermitiuȱumȱgrandeȱavançoȱnosȱestudosȱ
estruturaisȱ deȱ proteínas.ȱ Atualmente,ȱ maisȱ deȱ 40.000ȱ estruturasȱ protéicasȱ foramȱ
determinadasȱ principalmenteȱ porȱ métodosȱ cristalográficos,ȱ queȱ teveȱ umȱ incrívelȱ
avançoȱ tecnológicoȱ eȱ metodológico,ȱ principalmenteȱ nosȱ últimosȱ dezȱ anos,ȱ queȱ
impulsionouȱ aȱ biologiaȱ estrutural.ȱ Hojeȱ estamosȱ emȱ maisȱ umaȱ novaȱ faseȱ naȱ
ciência,ȱ ondeȱ nãoȱ bastaȱ estudarȱ estasȱ biomoléculasȱ deȱ formaȱ isolada,ȱ masȱ simȱ
inseridaȱ noȱ seuȱ sistemaȱ biológicoȱ (systemsȱ biology)ȱ oȱ queȱ requerȱ umaȱ grandeȱ
interatividadeȱentreȱpesquisadoresȱeȱaȱpalavraȱchaveȱéȱaȱmultiȬdisciplinaridade.ȱ
Nestaȱ tese,ȱ trêsȱ sistemasȱ biológicosȱ foramȱ abordados,ȱ oȱ hemostático,ȱ aȱ
integridadeȱ deȱ membranasȱ biológicasȱ eȱ aȱ termoestabilidadeȱ deȱ proteínas,ȱ porȱ
métodosȱ cristalográficos,ȱ inȱ silico,ȱ bioquímicosȱ eȱ fisiológicosȱ utilizandoȱ infraȬ
estruturaȱ eȱ colaboraçãoȱ intelectualȱ deȱ diversosȱ gruposȱ deȱ pesquisaȱ daȱ USP/RB,ȱ
USP/SC,ȱ Centroȱ deȱ Toxinologiaȱ Aplicadaȱ –ȱ CEPID,ȱ SMOLBNet,ȱ Institutoȱ
ButantanȱeȱLNLS.ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
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2)ȱSistemasȱAbordadosȱ
ȱ
a.ȱ Hemostasiaȱ
ȱ
Aȱhemostasiaȱéȱoȱconjuntoȱdeȱmecanismosȱdesencadeadosȱpeloȱorganismoȱ
paraȱ manterȱ oȱ sangueȱ fluídoȱ noȱ interiorȱ dosȱ vasos,ȱ impedindoȱ aȱ formaçãoȱ deȱ
trombosȱ emȱ vasosȱ intactosȱ eȱ desencadeandoȱ umaȱ sérieȱ deȱ reaçõesȱ queȱ resultamȱ
noȱfechamentoȱdeȱlesõesȱnaȱparedeȱvascularȱimpedindo,ȱassim,ȱumaȱhemorragiaȱ
prolongadaȱ(Colmanȱetȱal.ȱ1994).ȱOȱmecanismoȱenvolvidoȱparaȱessaȱmanutençãoȱ
dependeȱdeȱinúmerosȱfatores,ȱtaisȱcomoȱplaquetas,ȱplasmaȱeȱvasosȱsangüíneos.ȱAȱ
integridadeȱdosȱvasosȱsangüíneosȱgaranteȱaȱliberaçãoȱdeȱcomponentesȱinibidoresȱ
daȱcoagulaçãoȱeȱagregaçãoȱplaquetária.ȱȱ
Quandoȱocorreȱinjúriaȱvascular,ȱaȱhemostasiaȱprimáriaȱéȱrealizadaȱporȱumaȱ
combinaçãoȱ deȱ vasoconstricção,ȱ adesãoȱ eȱ agregaçãoȱ plaquetária.ȱ Naȱ açãoȱ
primária,ȱ asȱ plaquetasȱ aderemȬseȱ áȱ superfícieȱ lesadaȱ liberandoȱ componentesȱ
essenciaisȱ paraȱ oȱ desenvolvimentoȱ daȱ hemostasia.ȱ Alémȱ disso,ȱ suasȱ membranasȱ
sãoȱimportantesȱparaȱadsorçãoȱeȱconcentraçãoȱdosȱfatoresȱplasmáticos,ȱacelerandoȱ
aȱ coagulação,ȱ comȱ aȱ formaçãoȱ deȱ fibrina,ȱ queȱ reforçaȱ oȱ tampãoȱ plaquetário.ȱ Aȱ
hemostasiaȱ secundáriaȱ éȱ marcadaȱ pelaȱ formaçãoȱ deȱ fibrina,ȱ queȱ resultaȱ naȱ
coagulaçãoȱ sangüíneaȱ iniciadaȱ porȱ doisȱ mecanismosȱ diferentes,ȱ oȱ processoȱ deȱ
ativaçãoȱporȱcontatoȱeȱaȱaçãoȱdoȱfatorȱtissularȱ(TF).ȱEssesȱdoisȱprocessos,ȱtambémȱ
chamadosȱdeȱviasȱintrínsecaȱeȱextrínsecaȱdaȱcoagulaçãoȱrespectivamente,ȱativamȱ
umaȱoutraȱviaȱconhecidaȱporȱviaȱcomumȱouȱviaȱdoȱFXȱ(Colmanȱetȱal.ȱ1994).ȱ
Noȱ plasmaȱ sangüíneo,ȱ existemȱ osȱ fatoresȱ deȱ coagulaçãoȱ naȱ formaȱ deȱ
zimogêniosȱ queȱ sãoȱ ativadosȱ duranteȱ oȱ desenvolvimentoȱ doȱ sistemaȱ deȱ
coagulação.ȱEssesȱfatores,ȱquandoȱativados,ȱconvertemȱoȱprecursorȱnaȱsuaȱformaȱ
ativa.ȱEssasȱseqüênciasȱdeȱtransformaçõesȱzimogênioȬàȬenzimaȱsãoȱrepresentadasȱ
pelaȱcascataȱdaȱcoagulaçãoȱ(figuraȱ1)ȱ(Neurath,ȱ1984).ȱ
Oȱ eventoȱ iniciadorȱ paraȱ aȱ coagulaçãoȱ sangüíneaȱ éȱ aȱ exposiçãoȱ doȱ TFȱ
provocadoȱporȱalgumȱtraumaȱvascular.ȱOȱTF,ȱnaȱ“viaȱextrínseca”,ȱemȱcombinaçãoȱ
comȱFVIIaȱeȱfosfolipídiosȱ(PL)ȱativamȱosȱfatoresȱIXȱeȱX.ȱAȱ“viaȱintrínseca”ȱincluiȱaȱ
ativaçãoȱ doȱ fatorȱ XIȱ peloȱ complexoȱ cininogênioȱ deȱ altoȱ pesoȱ molecularȱ
(HMWK)/FXIIa.ȱ Oȱ FXIaȱ tambémȱ ativaȱ oȱ FIX,ȱ queȱ porȱ suaȱ vez,ȱ emȱ combinaçãoȱ
comȱ FVIIIa,ȱ PLȱ eȱ íonsȱ cálcioȱ (complexoȱ tenase)ȱ converteȱ FXȱ emȱ FXa.ȱ Porém,ȱ inȱ
vivo,ȱessaȱdivisãoȱnãoȱocorre,ȱpoisȱoȱcomplexoȱTF/FVIIaȱéȱumȱpotenteȱativadorȱdeȱ
FIXȱeȱFXȱ,ȱfazendoȱcomȱqueȱaȱcoagulaçãoȱseȱdesenvolvaȱrapidamenteȱ(Colmanȱetȱ
al.,ȱ1994;ȱMann,ȱ1999).ȱ
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ȱ
Figuraȱ 1:ȱ Esquemaȱ daȱ cascataȱ deȱ coagulaçãoȱ sangüínea.ȱ Desencadeamentoȱ pelaȱ
viaȱextrínsecaȱ(vermelho),ȱviaȱintrínsecaȱ(azul),ȱviaȱalternativaȱ(verde).ȱAtividadeȱ
proteolíticaȱdaȱtrombinaȱ(roxo);ȱproteóliseȱ(preto);ȱsistemaȱfibrinolíticoȱ(marrom)ȱ
eȱinibiçãoȱpelaȱproteínaȱCȱ(pretoȱtracejado).ȱȱ
ȱ
Naȱ viaȱ comum,ȱ FXaȱ maisȱ oȱ FVa,ȱ PLȱ eȱ íonsȱ cálcioȱ formamȱ oȱ complexoȱ
protrombinase,ȱ queȱ converteȱ aȱ protrombinaȱ emȱ trombinaȱ (FIIa).ȱ Esseȱ FIIaȱ
formado,ȱhidrolisaȱoȱfibrinogênioȱliberandoȱosȱfibrinopeptídeoȱAȱeȱBȱeȱmudandoȱ
suasȱcargas,ȱpermitindoȱaȱligaçãoȱentreȱasȱmoléculasȱeȱformandoȱaȱfibrinaȱsolúvel.ȱ
Oȱ FXIII,ȱ ativadoȱ peloȱ FIIa,ȱ estabilizaȱ oȱ coáguloȱ deȱ fibrinaȱ atravésȱ daȱ reaçãoȱ deȱ
transaminação,ȱformandoȱligaçõesȱcruzadasȱdeȱdímerosȱdeȱfibrinaȱqueȱéȱinsolúvelȱ
eȱmaisȱresistenteȱaȱdegradaçãoȱpeloȱsistemaȱfibrinolíticoȱ(BithellȱTC,ȱ1998).ȱȱ
ȱ
ȱ
ȱ
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Paraȱ queȱ sejamȱ recanalizadosȱ osȱ vasosȱ sangüíneosȱ lesados,ȱ oȱ sistemaȱ
fibrinolíticoȱ éȱ oȱ principalȱ meioȱ fisiológicoȱ deȱ descartarȱ aȱ fibrinaȱ formada.ȱ Aȱ
fibrinóliseȱresultaȱdaȱconversãoȱdoȱplasminogênioȱplasmático,ȱemȱplasmina.ȱEssaȱ
conversãoȱ éȱ feitaȱ pelaȱ liberaçãoȱ doȱ ativadorȱ tissularȱ deȱ plasminogênioȱ (tȬPA)ȱ
presenteȱnoȱendotélio.ȱEstímulosȱvasoativosȱfisiológicosȱeȱpatológicosȱ(exercícios,ȱ
choqueȱelétrico,ȱestresse,ȱadrenalina,ȱhistamina,ȱpirógenosȱbacterianos,ȱisquemia,ȱ
hipóxia,ȱtrombina,ȱFXaȱeȱsubstânciasȱliberadasȱdeȱplaquetas)ȱlevamȱaȱliberaçãoȱdeȱ
ativadoresȱ endoteliaisȱ queȱ provocamȱ aȱ liberaçãoȱ dosȱ ativadoresȱ deȱ
plasminogênio.ȱAȱplasminaȱformadaȱpodeȱseguirȱquatroȱviasȱpossíveisȱdeȱreação:ȱ
(a)ȱ serȱ inibidaȱ pelaȱ ΅2ȬAPȱ inibindoȱ aȱ fibrinólise,ȱ (b)ȱ ativarȱ proȬuroquinaseȱ aȱ
uroquinaseȱ (uȬPA)ȱ eȱ (c)ȱ ativarȱ tȬPAȱ reforçandoȱ oȱ sistemaȱ fibrinolíticoȱ eȱ (d)ȱ
degradarȱ oȱ coáguloȱ deȱ fibrinaȱ restabelecendoȱ aȱ fluídezȱ doȱ sangue.ȱ Aȱ uȬPAȱ
liberadaȱpeloȱendotélio,ȱcélulasȱrenaisȱeȱváriosȱtumores,ȱeȱaȱestreptoquinaseȱ(SK)ȱ
presenteȱ noȱ extratoȱ deȱ estreptococosȱ ΆȬhemolíticos,ȱ tambémȱ sãoȱ ativadoresȱ deȱ
plasminogênio.ȱ Atividadesȱ doȱ tȬPAȱ eȱ doȱ uȬPA,ȱ sãoȱ inibidasȱ peloȱ inibidorȱ deȱ
ativadorȱ deȱ plasminogênioȱ (PAI)ȱ (Halkier,ȱ 1991).ȱ Aȱ plasminaȱ clivaȱ ligaçõesȱ deȱ
argininaȱ eȱ lisinaȱ dosȱ hormônios,ȱ componentesȱ doȱ complemento,ȱ cininas,ȱ váriosȱ
fatoresȱ deȱ coagulaçãoȱ eȱ fibrinogênio.ȱ Aȱ açãoȱ proteolíticaȱ daȱ plasminaȱ sobreȱ aȱ
fibrinaȱouȱfibrinogênioȱlevaȱàȱformaçãoȱdeȱfragmentosȱprotéicosȱsolúveis.ȱQuandoȱ
aȱ fibrinaȱ insolúvelȱ éȱ lisadaȱ pelaȱ plasminaȱ produzȱ umȱ produtoȱ deȱ degradaçãoȱ
específicoȱdeȱfibrina,ȱchamadoȱdeȱdímeroȬDȱ(Halkier,ȱ1991),ȱterminando,ȱassim,ȱoȱ
processoȱdeȱcoagulaçãoȱeȱseuȱsistemaȱdeȱautoȬregulação.ȱ
Váriasȱ proteínasȱ agemȱ comoȱ inibidoresȱ naturaisȱ retardandoȱ aȱ coagulaçãoȱ
comoȱ inibidorȱ C1ȱ doȱ sistemaȱ deȱ complemento,ȱ queȱ tambémȱ neutralizaȱ osȱ FXIa,ȱ
FXIIa,ȱ plasminaȱ eȱ calicreínaȱ eȱ oȱ inibidorȱ daȱ viaȱ doȱ fatorȱ tissularȱ (TFPI)ȱ queȱ
bloqueiaȱ oȱ complexoȱ TF/FVIIa.ȱ Diversasȱ proteínasȱ exógenasȱ produzidasȱ porȱ
carrapatos,ȱ vermes,ȱ sanguessugas,ȱ serpentes,ȱ lagartosȱ eȱ insetosȱ tambémȱ sãoȱ
potentesȱ inibidoresȱ daȱ coagulaçãoȱ sangüíneaȱ eȱ vemȱ sendoȱ extensivamenteȱ
estudadosȱ paraȱ aplicaçõesȱ clinicasȱ emȱ doençasȱ cardiovascularesȱ (Colmanȱ etȱ al.,ȱ
1994;ȱ Halkier,ȱ 1991).ȱ Nesseȱ capítulo,ȱ serãoȱ abordadosȱ diferentesȱ aspectosȱ
estruturaisȱ dosȱ mecanismosȱ deȱ inibiçãoȱ ouȱ ativaçãoȱ deȱ viasȱ doȱ sistemaȱ
hemostático.ȱȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
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i.ȱ NAPsȱ
ȱ
OsȱvermesȱhematófagosȱAncylostomaȱcaninumȱproduzemȱumaȱvariedadeȱdeȱ
pequenasȱ proteínasȱ anticoagulantes.ȱ Duasȱ dasȱ quaisȱ despertamȱ interesseȱ devidoȱ
seusȱ aspectosȱ funcionais.ȱ Umaȱ delasȱ éȱ NAPc2ȱ queȱ apresentaȱ umȱ potenteȱ efeitoȱ
inibitórioȱ(Kiȱ=ȱ8,4ȱpM)ȱsobreȱoȱcomplexoȱFVIIa/TF.ȱNAPc2ȱpossuiȱumȱmecanismoȱ
emȱ duasȱ etapasȱ ondeȱ primariamenteȱ formaȱ umȱ complexoȱ binárioȱ comȱ FX/FXaȱ
usandoȱ umȱ exositeȱ distanteȱ eȱ remotoȱ doȱ sítioȱ ativoȱ e,ȱ então,ȱ atingindoȱ seuȱ alvoȱ
principalȱqueȱéȱoȱcomplexoȱFVIIa/TF,ȱbloqueandoȱsítioȱativoȱdoȱFVIIaȱ(Stanssens,ȱ
1996)ȱ (esquemaȱ ilustrativoȱ daȱ inibiçãoȱ naȱ Figuraȱ 2).ȱ Oȱ complexoȱ FVIIa/TFȱ éȱ aȱ
essencialȱnaȱativaçãoȱdaȱviaȱextrínsecaȱdaȱcoagulaçãoȱsangüíneaȱalémȱdeȱacelerarȱ
aȱ viaȱ intrínseca.ȱ Outraȱ NAP5ȱ seȱ ligaȱ diretamenteȱ noȱ sítioȱ ativoȱ doȱ FXaȱ comȱ umȱ
constanteȱdeȱinibiçãoȱ43ȱpM,ȱoȱmaisȱpotenteȱinibidorȱnaturalȱdeȱFXaȱconhecidoȱatéȱ
então.ȱAmbasȱcompartilhamȱosȱmesmosȱelementosȱestruturaisȱeȱapresentamȱaltaȱ
homologiaȱseqüencial,ȱapesarȱdosȱdiferentesȱmecanismosȱdeȱinibiçãoȱdaȱformaçãoȱ
deȱtrombina.ȱ
ȱ
AsȱestruturasȱcristalográficasȱdeȱNAPc2ȱeȱNAP5ȱcomplexadaȱcomȱFXaȱsemȱ
oȱdomínioȱricoȱemȱresíduosȱmodificadosȱJȬcarboxiȬglumáticoȱforamȱdeterminadasȱ
aȱresoluçãoȱdeȱ2.2ȱÅȱeȱ3.1ȱÅ,ȱrespectivamente,ȱoȱqueȱrevelouȱumȱnovoȱexosítioȱnoȱ
FXaȱ importanteȱ paraȱ reconhecimentoȱ macromolecularȱ eȱ formaçãoȱ deȱ trombina.ȱ
EsseȱnovoȱexosítioȱdoȱFXaȱéȱfisiologicamenteȱrelevanteȱparaȱoȱreconhecimentoȱdeȱ
substratosȱmacromolecularesȱeȱinibiçãoȱdoȱFXa,ȱfornecendoȱumȱmotivoȱestruturalȱ
inéditoȱ paraȱ oȱ desenvolvimentoȱ deȱ umaȱ novaȱ classeȱ deȱ inibidoresȱ paraȱ oȱ
tratamentoȱdeȱdoençasȱtrombóticas.ȱȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
Figuraȱ 2:ȱ Esquemaȱ daȱ inibiçãoȱ daȱ viaȱ extrínsecaȱ daȱ coagulaçãoȱ sangüíneaȱ pelaȱ
NAPc2.ȱ Nesteȱ modeloȱ FXaȱ (verde)ȱ éȱ inibidoȱ porȱ NAPc2ȱ (azul)ȱ eȱ posteriormenteȱ
formaȱumȱcomplexoȱquaternárioȱcomȱTFȱeȱFVIIa.ȱ
ȱ

ARTICLE IN PRESS

6

YJMBI-58884; No. of pages: 9; 4C: 3, 4, 5, 6
J. Mol. Biol. (2006) xx, xxx–xxx

doi:10.1016/j.jmb.2006.11.040

7
8
920
10
21
11
22
12
23
13
24
14
25
15
26
16
27
17
28
18
29
19
30
31
32
33
34
35
36
37
38
39
41
40
42
43
44

OO
F

6

M. T. Murakami 1 , J. Rios-Steiner 2 , S. E. Weaver 2 , A. Tulinsky 2
J. H. Geiger 2 ⁎ and R. K. Arni 1,3 ⁎

PR

5

1

Department of Physics,
IBILCE/UNESP, São José do
Rio Preto, SP, Brazil
2

Department of Chemistry,
Michigan State University,
East Lansing, MI, USA
3

Center for Applied Toxinology,
CAT-CEPID, São Paulo,
SP, Brazil

NAPc2, an anticoagulant protein from the hematophagous nematode
Ancylostoma caninum evaluated in phase-II/IIa clinical trials, inhibits the
extrinsic blood coagulation pathway by a two step mechanism, initially
interacting with the hitherto uncharacterized factor Xa exosite involved in
macromolecular recognition and subsequently inhibiting factor VIIa
(Ki = 8.4 pM) of the factor VIIa/tissue factor complex. NAPc2 is highly
flexible, becoming partially ordered and undergoing significant structural
changes in the C terminus upon binding to the factor Xa exosite. In the
crystal structure of the ternary factor Xa/NAPc2/selectide complex, the
binding interface consists of an intermolecular antiparallel β-sheet formed
by the segment of the polypeptide chain consisting of residues 74–80 of
the NAPc2 with the residues 86–93 of factor Xa that is additional
maintained by contacts between the short helical segment (residues 67–73)
and a turn (residues 26–29) of NAPc2 with the short C-terminal helix of
factor Xa (residues 233–243). This exosite is physiologically highly relevant
for the recognition and inhibition of factor X/Xa by macromolecular
substrates and provides a structural motif for the development of a new
class of inhibitors for the treatment of deep vein thrombosis and
angioplasty.
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Vascular injuries prompt the activation of an
intricate and balanced cascade of reactions that
involve a number of serine proteases and macromolecular cofactors ultimately culminating in the
formation of a stable, cross-linked clot to stem blood
loss. Factor Xa (fXa) plays a pivotal and central role
in the coagulation cascade by uniting the intrinsic
and extrinsic pathways and also by participating in
the formation of the prothrombinase complex
(prothrombin/fXa/factor Va/cellular surface/Ca+2)
that converts prothrombin to thrombin by limited
proteolysis.1 Thrombin subsequently reacts with
fibrinogen to produce the fibrin network. The factor
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luate their utility as anticoagulants. NAPc2 is in
Phase II clinical trials for the treatment and
prevention of deep vein thrombosis following
orthopedic surgery and in Phase IIa trials in
angioplasty patients.
The crystal structure of human Gla-domainless
fXa (des-fXa) complexed with recombinant NAPc2
determined at 2.2 Å resolution demonstrates that
NAPc2 binds in a shallow surface depression at the
COOH terminus of fXa that is parallel to the βstrand (β5) of the barrel, extending to the 60s-loop.
This novel exosite on fXa could serve as a platform
for the design of new drugs for the treatment of
haemostatic disorders.

Overall structure of the ternary complex

137

RO

136

Crystallographic refinement of the ternary complex fXa-NAPc2-selectide at 2.2 Å resolution converged to a crystallographic residual of 22.1%
(Rfree = 26.7%). The asymmetric unit contains one
des-fXa molecule (catalytic and EGF2 domains), one
NAPc2 molecule, a selectide inhibitor (TyrD-Ile-ArgLeu-PrN), one Na+, three acetate and six PO4 2– ions.
Analysis of the stereochemistry of the final model
indicates that the main-chain dihedral angles for all
residues are located in the permitted regions of the
Ramachandran diagram and that the root mean
square deviations (r.m.s.d.) from ideal values are
distributed within the expected ranges for wellrefined structures (Table 1). Except for a few sidechains, which are present on the surface, the Cterminal EGF2 domain and the catalytic domain of
des-fXa are well defined in the final (2Fo–Fc) electron
density map. The entire N-terminal EGF1 domain,
and its leading pentapeptide, which is flexibly
disordered in other des-fXa structures10–12 was not
located in the electron density maps. As observed in
other inhibited fXa structures,11–13 there are no
apparent cleavages in the autolysis loop region of
the ternary complex (His145–Thr153) as reported for
the native structure.10 Optimal superpositioning of
the Cα positions of the catalytic and EGF2 domains
of the ternary complex on those of the native fXa
(PDB code 1HCG) results in a r.m.s.d. of 0.46 Å for
256 of a total of 292 Cα atoms; a shift is observed in
the 72–80 loop and additional deviations are
principally located in the autolysis loop region.
The sodium-binding site first characterized in
fXa14 was subsequently identified in thrombin15
and activated protein C.16 In the structures of fXa
and thrombin, the Na+ is sandwiched between the
184–189 and 221–225 loops.17 Similarly, the Na+ in
the ternary complex structure is penta-coordinated
by the carbonyl oxygen atoms of Tyr184 (3.05 Å),
Lys186 (3.22 Å), Arg222 (2.94 Å), Lys224 (3.09 Å) and
a water molecule, 43W (2.89 Å). Interestingly, each
of the opposite faces of the 184–189 and 221–225
loops are coordinated by a PO4 2– (Figure 1(a)). In the
184–189 loop, the PO4 2– is coordinated by main-
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X (fX) light chain consists of an N-terminal Gla
domain (post-translationally modified γ-carboxyglutamate residues)2 and two epidermal-growthfactor-like (EGF) domains.3,4 The heavy chain, which
harbors the serine protease catalytic domain, shares
extensive structural and sequential homology with
other vitamin K-dependent serine proteases.5
Thrombosis, abnormal blood coagulation, occurs
in a variety of cardiac disorders including angina,
pulmonary embolism, atrial fibrillation, post myocardial infarction, and stroke. Nematode anticoagulant proteins (NAPs) from the hematophagous
nematode Ancylostoma caninum inhibit blood coagulation and have been targeted as potential
therapeutic agents for the control and regulation of
thrombosis.6,7 The NAPs, specifically NAP5, NAP6
and NAPc2, are small (75–84 amino acid residues)
disulfide linked proteins that preferentially inhibit
fXa and factor VIIa (fVIIa). NAP5 inhibits the
amidolytic activity of fXa with a Ki = 43 pM; the
only other natural inhibitor of fXa comparable to
NAP5 is tick anticoagulant peptide (TAP) (Ki = 59
pM).8 NAP6, a highly homologous member of the
family, inhibits the catalytic activity of fXa with a Ki
∼1.0 nM. TAP, NAP5 and NAP6, inhibit thrombin
formation by direct association at the catalytic site of
fXa. NAPc2 only partially inhibits the amidolytic
activity of fXa and prevents the formation of αthrombin by binding to a site distinct and remote
from the active site, thus representing the basis for
the development of a promising new class of fXa
exosite inhibitors. The resultant binary complex
inactivates the tissue factor (TF)-fVIIa complex
with a Ki = 8.4 pM.7 Isothermal titration calorimetry
and fluorescence experiments indicate that the
COOH terminus of the heavy chain of human fXa
contributes to the high affinity interaction with
NAPc2 however; the structural details of this
interaction have not been characterized.9 NMR
results of NAPc2 indicate that the core is principally
stabilized by five-disulfide bridges and two β
sheets, each composed of two short antiparallel
strands and that the molecule is highly flexible,
exhibiting large amplitude structural variations at
both the N and C termini and in the reactive-site
binding loop.
Current clinical strategies for the control of blood
coagulation are primarily based on molecules
derived from coumarins that inhibit the posttranslational γ-carboxylation of glutamate residues
on vitamin K-dependent coagulations factors and
heparin analogues that enhance inhibition of
thrombin and fXa by antithrombin III. These
anticoagulants drugs are non-selective and display
therapeutic limitations in their ability to maintain
the balance of the haemostatic system, thus
providing the impetus for the search and development of new exosite anticoagulants with high
macromolecular selectivity and low harmful side
effects. NAPc2 represents a new class of the TF/
fVIIa pathway inhibitors that is significantly more
potent and specific than low molecular weight
heparins and it is undergoing clinical trials to eva-
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t1:1
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Table 1. Data collection and refinement statistics

t1:3
t1:4
t1:5
t1:6
t1:7
t1:8
t1:9
t1:10
t1:11

Crystal preparation
Cryoprotectant solution
Soaking time

t1:34
t1:35
t1:36
t1:37
t1:38
t1:39
t1:40
t1:41
t1:42
t1:43
t1:44

Space group
Unit cell parameters (Å)
Resolution (Å)
N° molecules in the
asymmetric unit
Solvent content (%)
VM (Å3Da− 1)
N° reflections
N° unique reflections
I/σ<I>
Multiplicity
Completeness (%)
Rmergea (%)

Ramachandran plot Analysis
Residues in most favored
regions (%)
Residues in allowed regions (%)
Residues in generously allowed
regions (%)
Residues in disallowed regions (%)
Number of non-glycine residues
Final model
Number of amino acid residues
Number of modeled water
molecules
Number of phosphate ions
Number of acetate ions
Number of sodium ions

21.9
26.9
0.024
2.14
45.4
81.4
14.7
3.9
0
285

326
260
6
3
1

181
182
183
184
185
186
187
188
189
190
191
192
193
194
195

chain amide N–H groups of residues Asp185A
(phosphate O1 atom, 2.69 Å), Thr185B (phosphate
O3 atom, 2.53 Å), Lys186 (phosphate O2 atom,
2.94 Å) and a water molecule 57W (phosphate O4
atom, 3.22 Å) (Figure 1(a)). In the 221–225 loop, the
PO4 2– occludes the entrance to the sodium-binding
site by interacting with Glu187NE2 (phosphate O3
atom, 3.12 Å), Lys223 (phosphate O3 atom, 2.47 Å)
and solvent molecules 146W and 415W (phosphate
O4 atom, 2.89 and 2.63 Å, respectively). As in
fVIIa,18 factor IXa19 and trypsin,20 fXa also possesses
a calcium-binding site in the catalytic domain
formed by the 70–80 loop, however, no electron
density that could be attributed to the presence of
the Ca2+ was observed in this region.

UN

CO
R

t1:46

Statistical values for the highest resolution shells are given in
parentheses.
a
Rmerge = Σ∣I(h)I–{I(h)}|/Σ{I(h)}, where Ih is the observed
intensity of the ith measurement of reflection h and {I(h)} is the
mean intensity of reflection h calculated after scaling.

t1:45

198
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200
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204
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206
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PR

Structure refinement statistics
Rfactor (%)
Rfree (%)
r.m.s.d. bond distances (Å)
r.m.s.d. bond angles (°)
Average B-factors (Å2)

The selectide inhibitor represents a new class of
fXa inhibitors and is formed by a penta-peptide
containing a N-terminal D-tyrosine, followed by
isoleucine, arginine, leucine and terminates with a
modified proline possessing a carboxamide group
instead of a carboxyl group. The selectide inhibitor
binds in the active-site cleft occupying the S1, S2 and
acyl binding sites. Despite the high specificity of fXa
for arginine residues in the S1 specificity pocket,
TyrD1 occupies this sub-site and the hydroxyl group
of TyrD1 interacts via a water molecule with the
carbonyl oxygen of Ile227 and the side-chain
carboxylate oxygen of Asp189OD1 (Figure 1(b)).
Additionally, TyrD1N is hydrogen bonded to the

OO
F

66.9
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498,336
32,280 (2.27)
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6.8 (22.2)
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Interactions between fXa and the selectide
inhibitor

RE
CT

t1:12
t1:13
t1:14
t1:15

20% glycerol
20 s

Data collection
Wavelength (Å)
Temperature (K)
Detector
Synchrotron radiation source

8

Figure 1. Interactions formed in: (a) the sodiumbinding site (carbon in gray; sodium in green; phosphate
in pink and red); and (b) the active-site pocket of fXa
(carbon in gray) by the selectide inhibitor (carbon in
yellow).
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carbonyl oxygen of Ser214 and interacts with
His57NE2 and Ser195OH via a water molecule
(Figure 1(b)). Arg3NH2 of the selectide inhibitor
also participates in a water-mediated interaction
with the carbonyl oxygen of Ile174. The plane of the
positively charged guanidinium group of Arg3
stacks parallel to the π-electron face of Phe174 of
fXa (contacts < 3.5 Å) leading to a cation-π electronmediated interaction or ion-quadrupole attraction,21–24 which appears to be unique to fXa (Figure
1(b)).11,12,25,26 The phenyl group of Phe174 is slightly
displaced by the encroaching guanidinium group of
Arg3 of selectide compared to native fXa. Two other
aromatic residues in the vicinity (Tyr99, Trp215)
have also been implicated to play a role in the cation
recognition interaction by fXa.11,24,26 Additional
contacts that occur between fXa and the selectide
inhibitor are presented in Table 2.
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NMR results indicate that NAPc2 is extremely
flexible and it has been suggested that it is likely to
become structured upon binding to fXa.27 The βstrands and the two turns of α-helix are fairly welldefined in all 18 different NMR structures of NAPc2.
Our crystallographic results indicate that NAPc2
only becomes partially structured after binding to
fXa. Based on the electron density maps, we were
able to construct the 6–13 and 21–30 regions and the
C-terminal extension (50–83 residues) of NAPc2
(Figure 2(a) and (b)). The rest of the molecule is
highly disordered and the electron density maps are

t2:1
t2:2

Table 2. Hydrogen bond interactions formed between
NAPc2 and fXa, and selectide and fXa

t2:3

NAPc2

t2:4
t2:5
t2:6
t2:7
t2:8
t2:9
t2:10
t2:11
t2:12
t2:13
t2:14
t2:15
t2:16
t2:17
t2:18
t2:19
t2:20
t2:21
t2:22
t2:23
t2:24
t2:25

Asp27OD1
Asp27OD2
Asp27OD2
Asp27OD2
Asp27OD2
Gly28O
Glu68OE2
Asp69OD2
Asp73O
Asn74OD1
Asn74O
Asn74O
Asp76N
Asp76O
Ile78N
Ile78O
Gly81O
Thr82N
Arg83N
Arg83N
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t2:28
t2:29
t2:30
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Distance (Å)

RR

fXa

2.38
3.02
3.28
2.94
2.96
2.86
2.79
3.07
2.99
3.35
2.86
3.18
3.31
2.90
3.25
2.66
2.65
2.52
2.97
2.54

Selectide

fXa

Distance (Å)

TyrD1N
TyrD1N
TyrD1O
Arg3N
Arg3NH1

Ser214O
His57NE2
Gly216N
Gly216O
Glu97O

3.10
3.16
3.24
2.79
2.85

CO

Arg125NH2
Trp237N
Leu235N
Lys236N
Arg125NH2
Asn178ND2
Lys243NZ
Arg240NH1
Asn9ND2
Arg93NE
Asn92N
Trp237NE1
Lys90O
Lys90N
Val88O
Val88N
Lys62O
Lys62O
Ala61O
Tyr60O

UN

Figure 2. Overlays of the NAPc2 crystallographic
structure (red) on (a) the NMR-derived average structure
(gray); and (b) crystallographic structure of NAP5 (gray;
J.R.S. and A.T., unpublished results).

characterized by diffuse electron density. The first
residue observed is Cys6 that forms a disulfide
bridge with Cys50. The next disordered region
encompasses Cys14 to Glu20. Cys15 forms a
disulfide bridge with Cys46; Cys46 is also part of a
large, disordered region of NAPc2, which encompasses residues Glu31 to Asp49. The C-terminal
region is mostly ordered and a dramatic conformational change occurs at the C terminus of NAPc2
when bound to fXa compared to the relative
orientation of the C terminus observed in the NMR
structure of NAPc2 (Figure 2(a)). The binding interface consists of an intermolecular antiparallel β-sheet
formed between the segments comprised of residues
86–93 of fXa (residue numbering based on
chymotrypsinogen)28 and the C terminus (residues
74–80) of NAPc2 (Figure 3(c)) and additionally
involves interactions between the 61–65 segment of
fXa and the C-terminal extension (residues 81–83) of
NAPc2. Other important contacts forming hydrogen
bonds involve the 26–29 turn and the 67–73 helix
from NAPc2 with the short C-terminal helix of fXa (a
complete list of contacts is presented in Table 2). The
interactions formed between NAPc2 and fXa are
principally restricted to the well-ordered regions
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Figure 3. (a) Surface representation of the model of the complex TF (green), fVIIa (catalytic domain in pink and
EGF1, EGF2 and Gla domains in yellow), fX (catalytic domain in gray and EGF1, EGF2 and Gla domains in blue).
NAPc2 is in red (ribbon representation), yellow circle and arrow indicate the position of the insertion-loop
containing the P1 (Arg44) residue. (b) Same as (a) but with the fXa re-positioned to permit the simultaneous binding
of NAPc2 to the fXa exosite and the fVIIa active site. (c) Ribbon representation of the fXa-NAPc2 complex. The
yellow circle indicates the antiparallel β-strand interactions between NAPc2 (red) and fXa (dark blue). (d) Surface
charge of fVIIa with the modeled peptide fragment of the NAPc2 insertion-loop containing Arg44 in the active site
cavity.
268
269
270
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274

observed in the NMR structures and the C-terminal
region of NAPc2.
Despite the high sequential (> 54%) and structural
homology between NAPc2 and NAP5 the mechanism of inhibition of fXa is different for NAP5 (active
site inhibition, Figure 4(c)) and NAPc2 (Figure 4(a)
and (c)).7 Analogous to the reactive-site NAP5 P1

residue Arg40, NAPc2 contains an arginine at
position 44 that likely interacts with the active site
of fVIIa.
Interestingly, in the crystal structure of the binary
complex of fXa/NAP5, a similar interaction is
observed with relation to a symmetry-related fXa
molecule, wherein the C terminus of NAP5 inter-
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Figure 4. Active and exosite interactions: fXa (gray), EGF2 (green), selectide (yellow), NAPc2 (red) and NAP5 (blue).
(a) The model of the fXa-NAPc2-selectide complex indicating the relative position of the exosite in relation to the active
site. (b) The similar interaction of NAP5 with a symmetry-related fXa molecule at the exosite (J.R.S. and A.T., unpublished
results). (c) Exosite binding of NAPc2 and active site binding of NAP5.
282 acts with this exosite (Figure 4(b)) (unpublished
283 results).

Bovine fXa versus human fXa

351
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The ternary complexes TF/fVII/fXa, TF/fVIIa/
fX, and TF/fVIIa/fXa are of interest as targets for
the inhibition of both the coagulation and cellsignaling pathways that are pivotal in cardiovascular disease and inflammation. In order to elucidate
the mode of inhibition of TF/fVIIa by NAPc2 bound
to fXa, the missing regions of NAPc2 were completed using the diffuse electron density and the
NMR models as guides, since the important insertion-loop (31–49 loop) that contains the scissile bond
Arg44–Val45 is disordered in the fXa-NAPc2-selectide complex. The interaction of NAPc2 with the
catalytic site of fVIIa results in the insertion of the
31–49 loop that contains the cleavage site formed by
Arg44. This loop region of the inhibitor was
predicted to form the reactive sequence based on
the sequence of analogous domains in similar small
protein inhibitors of serine proteases7 and compared
with the structure of the NAP5-fXa complex (J.R.S.
and A.T., unpublished results).
The proposed theoretical model of the TF/fVIIa/
fXa complex built based on the available structures
of the TF/fVIIa complex and fXa by protein–protein
docking calculations and site-directed mutagenesis
indicates that the fXa model adopts an extended
conformation, similar to that of fVIIa in the TF/fVIIa
complex, forming extensive interactions with TF
and the protease domain of fVIIa. All four domains
of fXa are involved in the interaction and the
residues Glu51 and Asn57 in the EGF1 domain,
Asp92 and Asp95 in the EGF2 domain and Asp185,
Lys186, and Lys134 in the serine protease domain of
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285 complex

fXa participate in the interaction with TF/fVIIa
(PDB entry: 1NL8).29
Superpositioning the atomic coordinates of the
NAPc2/fXa complex on the coordinates of the
theoretical model of the TF/fVIIa/fXa complex
indicates that the position of the NAPc2 insertionloop containing the P1 (Arg44) residue is located
more than 20 Å from the active-site pocket of fVIIa,
thus being unable to simultaneously inhibit fVIIa
and fX/Xa (Figure 3(a)). In order to obtain a more
compatible model, the serine protease domain of fXa
was re-positioned to permit the simultaneous interaction of NAPc2 with both the exosite of fXa and the
active site of fVIIa (Figure 3(b)) without altering the
interactions formed between the EGF and Gla
domains of fXa with TF. In the absence of the crystal
structure of the ternary complex fXa/fVIIa/TF that
would precisely delineate the interface involved, the
insertion-loop containing the P1 (Arg44) residue
was modeled at the active site of fVIIa based on the
crystal structure of the binary complex fXa-NAP5
( J.R.S. and A.T., unpublished results; Figure 3(d)). In
this model, the side-chain of Arg44 occupies the S1
specificity site of fVIIa adopting an extended
conformation and forming a N–O salt-bridge
through its guanidium group and carboxylate
oxygen atoms of Asp189. Val43, the P2 residue, is
in close proximity to His57 and Lys60. Additionally,
Leu42 is positioned optimally at the P3 position of
the substrate forming hydrophobic contacts with
Trp215 of fVIIa. Another valine residue (Val45)
occupies the P1′ position followed by Cys46 at the
P2′ position.

A weaker interaction (Kd = 260–500 nM) has been 352
reported for the binding of NAPc2 with bovine fXa, 353
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Preparation and crystallization of the ternary complex 432
Human des-fXa30 was purchased from Haematologic
Technologies, Inc. Recombinant NAPc231 and the selectide
inhibitor (TyrD-Ile-Arg-Leu-Prn; SEL2060) were provided
by Corvas International, Inc and Selectide Corp., respectively. A molar ratio of 1.2:1.2:1 of NAPc2 and selectide to
des-fXa was equilibrated overnight at 4 °C, dialyzed to
remove excess ligands and concentrated to 10 mg/ml in
50 mM Tris-HCl, 20 mM NaCl buffer (pH 7.5). Single
crystals of the ternary complex were obtained by the
hanging-drop vapour-diffusion crystallization method
where 1 μl of the complex was mixed with an equal
volume of the reservoir solution containing 0.05 M
potassium dihydrogen phosphate, 0.1 M sodium acetate
(pH 5.6) and 16% (w/v) polyethylene glycol 8000.
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395 Functional implications and concluding remarks

The fVIIa/TF complex is an attractive target for
the development of new anticoagulant drugs due to
its strategic position in the blood coagulation
cascade. Since NAPc2 binds to catalytically active,
inhibited and a mutant of zymogen fX with similar
affinities it represents a new class of fX/Xa and
fVIIa/TF complex inhibitors with potential applications in the prevention and treatment of venous and
arterial thrombosis and in the control of disseminated intravascular coagulopathies.
The crystal structure of the ternary fXa-NAPc2selectide complex in conjunction with the biochemical results currently available; provide further
insights in understanding its unique mechanism
for fVIIa/TF inhibition. NMR and crystallographic
results indicate that NAPc2 is extremely flexible
even after binding to fXa, however, the C-terminal
region becomes structured after binding to fXa and a
large conformational change occurs resulting in the
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formation of an antiparallel β-sheet formed by
residues 87–93 in the C-terminal region of fXa and
residues 74–80 of NAPc2.
Despite the high specificity of fXa for arginine
residues in the S1 specificity pocket, TyrD1 and not
Arg3 occupies this position in the selectide inhibitor.
TyrD1 does not directly interact with Asp189 but
occludes the entrance of the S1 specificity pocket
maintained by water-mediated interactions between
the hydroxyl group of TyrD1 with the carbonyl
oxygen of Ile227 and the carboxylate group of
Asp189OD1.
These structural results and the delineation of the
till now elusive exosite shed light on the direct
inhibition of fXa and suggest modes for the indirect
inhibition of VIIa.

ED

but the high affinity was restored to a recombinant
chimeric bovine fX derivative containing 25 residues
from the COOH terminus of the serine proteinase
domain of human fX, suggesting that this region is
responsible for species selectivity. 9 The lower
affinity interaction between NAPc2 and bovine fXa
is correlated with a more rapid elimination half-life
of ∼87 min in this species versus days in humans.
Significant differences between the C terminus of
bovine and human fXa are observed in the
C-terminal region (244 to 251), which is structurally
highly flexible in human fXa. This motif is ordered
in only one structure of human fXa10 (PDB entry:
1HCG) that is similar to bovine fXa. Upon NAPc2
binding to human fXa, the C-terminal region of fXa
adopts a different conformation, by moving outwards as observed in the crystal structure (1HCG).
Superpositioning the structures of bovine and
human fXa (PDB entry: 1HGC) with the structure
of human fXa bound to NAPc2 indicates the
presence of several short contacts between the
C-terminal regions (244–251) of bovine fXa and
human fXa and the C-terminal extension of NAPc2.
Sequence alignments of both bovine and human fXa
indicate a high degree of sequence homology in the
region 237 to 244, the exception being Ile241 in the
bovine enzyme that is changed to Ser241 in the human enzyme. Ser241 does not participate in the
binding of NAPc2 to human fXa, but the substitution of serine by isoleucine would prevent the
approach and binding of NAPc2, resulting in steric
clashes with Leu72, Met75 and Phe77. Another
significant difference is observed in the 245–251
region of the C terminus; human fXa possesses
predominantly positively charged residues (GlyLeu-Pro-Lys-Ala-Lys), whereas this region in bovine
fXa is mainly hydrophobic (Ala-Gly-Ala-Ala-GlySer). Since this region does not participate in the
binding of NAPc2 and is flexible, it likely does not
play an important role in the binding of NAPc2 in
either human or bovine fXa.
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Data collection, processing, structure determination 447
and refinement
448

X-ray diffraction data were collected from cryo-protected crystals at 100 K at the Advanced Photon Source
(IMCA-CAT beamline, Argonne National Laboratory)
where the wavelength was set to 1.0 Å, a MAR-CCD
detector was used to record the diffraction intensities and
the data were reduced and scaled using the DENZO/
SCALEPACK suite of programs.32 The crystals belong to
the orthorhombic space group P212121 with cell dimensions a = 48.94, b = 86.41 and c = 145.89 Å. The orientation
and position of the catalytic and EGF2 domains of des-fXa
were determined with the program AMoRe33 using the
coordinates of the same modules of native des-fXa10 (PDB
code 1HCG) stripped of solvent molecules. Examination
of the (2Fo–Fc) and (Fo–Fc) difference electron density
maps revealed density corresponding to segments of the
NAPc2 molecule bound to the C terminus and β-strand
(B5) of fXa and the selectide inhibitor bound at the activesite cleft. However, no electron density was present to
account for the EGF1 domain as reported previously for
both the native10 and inhibited des-fXa structures.12,13 The
NAPc2 structure was determined by manual iterative
interpretation of the electron density maps. The residues
1–5, 15–20 and 34–49 are highly disordered and were not
included in the model during the refinement. In the final
stages, the complete structure of NAPc2 was modeled
based on the NMR structures using regions characterized
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482 Protein Data Bank accession code
The atomic coordinates and structure factors of human
Gla-domainless factor Xa complexed with the anticoagulant protein NAPc2 from the hematophagous nematode Ancylostoma caninum and selectide inhibitor have
been deposited with the RCSB Protein Data Bank, entry
code 2H9E, Research Collaboration for Structural Bioinformatics, Rutgers University, New Brunswick, NJ†.
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ii.ȱ

SerinoȱProteasesȱdeȱVenenosȱdeȱSerpentesȱ

ȱ
ȱ
Serinoȱ proteasesȱ deȱ venenosȱ deȱ serpentesȱ pertencemȱ àȱ subfamíliaȱ dasȱ
tripsinas/quimotripsinas,ȱ queȱ apresentamȱ altaȱ identidadeȱ seqüencialȱ eȱ estruturalȱ
(50Ȭ70%),ȱ apesarȱ deȱ seremȱ altamenteȱ específicasȱ eȱ seletivasȱ paraȱ substratosȱ
macromoleculares,ȱ taisȱ comoȱosȱfatoresȱ daȱcoagulaçãoȱsangüínea.ȱEssasȱenzimasȱ
interferemȱ noȱ controleȱ eȱ regulaçãoȱ doȱ sistemaȱ hemostáticoȱ emȱ diferentesȱ níveisȱ
desdeȱ aȱ cascataȱ deȱ coagulaçãoȱ sanguíneaȱ atéȱ oȱ sistemaȱ anticoagulanteȱ eȱ
fibrinolíticoȱ (Tu,ȱ 1991),ȱ sendoȱ caracterizadasȱ comoȱ ativadorasȱ doȱ sistemaȱ
fibrinolítico,ȱprocoagulantes,ȱanticoagulantesȱeȱagregadorasȱdeȱplaquetasȱ(Marshȱ
eȱ Willian,ȱ 2005).ȱ Aȱ proteínaȱ ativadoraȱ deȱ plasminogênioȱ isoladaȱ doȱ venenoȱ deȱ
Trimeresurusȱ stejnegeriȱ (TSVȬPA)ȱ converteȱ plasminogênioȱ emȱ plasminaȱ pelaȱ
clivagemȱdaȱligaçãoȱpeptidicaȱArg561ȬVal562ȱcomȱaltaȱespecificidadeȱeȱresistênciaȱ
deȱ inibiçãoȱ (Zhang,ȱ etȱ al.,ȱ 1997).ȱ Batroxobin,ȱ umaȱ trombinaȬsímileȱ isoladoȱ doȱ
venenoȱ deȱ Bothropsȱ atrox,ȱ usadaȱ paraȱ oȱ tratamentoȱ deȱ doençasȱ trombóticas,ȱ
converteȱfibrinogênioȱemȱfibrinaȱpelaȱclivagemȱdoȱfibrinopeptídeoȱDȱnaȱregiãoȱNȬ
terminalȱ daȱ cadeiaȱ Aȱ doȱ fibrinogênio.ȱ Esseȱ processoȱ resultaȱ naȱ formaçãoȱ deȱ umȱ
coáguloȱ fracoȱ queȱ éȱ rapidamenteȱ removidoȱ doȱ sistemaȱ circulatórioȱ peloȱ
mecanismoȱ fibrinolíticoȱ resultandoȱ numȱ efeitoȱ defibrinogenante.ȱ Aȱ ativadoraȱ deȱ
proteínaȱ Cȱ (PC)ȱ isoladaȱ doȱ venenoȱ deȱ Agkistrodonȱ contortrixȱ contortrix,ȱ
comercialmenteȱreferidaȱcomoȱprotac®,ȱȱespecificamenteȱconverteȱoȱzimogênioȱdeȱ
PCȱ emȱ PCȱ ativadaȱ pelaȱ clivagemȱ daȱ ligaçãoȱ peptídicaȱ Arg169ȬLeu170,ȱ
independenteȱ deȱ trombomodulinaȱ (Kisielȱ etȱ al.,ȱ 1987)ȱ (Figuraȱ 3).ȱ Protac®ȱ éȱ
clinicamenteȱ usadoȱ emȱ ensaiosȱ deȱ quantificaçãoȱ deȱ proteínaȱ Sȱ eȱ testesȱ deȱ
funcionalidadeȱ deȱ PCȱ inȱ vivoȱ (GemplerȬMessinaȱ etȱ al.,ȱ 2001).ȱ Nesseȱ trabalho,ȱ
resolvemosȱ àȱ estruturaȱ deȱ protac®ȱ noȱ estadoȱ nativoȱ eȱ inibidoȱ eȱ foiȱ observadoȱ oȱ
fatorȱ duploȱ deȱ cargasȱ positivasȱ emȱ tornoȱ doȱ sítioȱ ativoȱ eȱ doȱ posicionamentoȱ
estratégicoȱdeȱtrêsȱgruposȱdeȱcarboidratosȱnaȱregiãoȱinterfacialȱnoȱreconhecimentoȱ
eȱativaçãoȱdaȱPC.ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
Figuraȱ 3:ȱ Viaȱ anticoagulanteȱ daȱ proteínaȱ C.ȱ Acima:ȱ viaȱ alternativaȱ iniciadaȱ porȱ
protac®.ȱAbaixo:ȱviaȱfisiológicaȱiniciadaȱpeloȱcomplexoȱFIIa/Trombomodulina.ȱ

16

Toxicon 40 (2002) 1307–1312
www.elsevier.com/locate/toxicon
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Abstract
A ﬁbrinogen-clotting enzyme, Jararacussin-I, was puriﬁed from the venom of Bothrops jararacussu by a combination of ion
exchange chromatography using Resource 15S resin and afﬁnity chromatography using Benzamidine Sepharose 6B resin.
Jararacussin-I displays a molecular mass of 28 kDa as estimated by sodium dodecyl sulphate – PAGE and possesses an
isoelectric point of 5.0. The coagulant speciﬁc activity of the enzyme was determined to be 45.8 NIH U/mg using bovine
ﬁbrinogen as the substrate and the esterase speciﬁc activity was determined to be 258.7 U/mg. The protease inhibitors,
benzamidine and DTT inhibited the esterase speciﬁc activity by 72.4 and 69.7%, respectively. The optimal temperature and pH
for the degradation of both chains of ﬁbrinogen and esterase speciﬁc activity were determined to be 37 8C and 7.4– 8.0,
respectively. The enzyme was inactivated at both 4 and 75 8C. Single crystals of Jararacussin-I were obtained and complete
three-dimensional X-ray diffraction data was collected at the Brazilian National Synchrotron Source (LNLS) to a resolution of
2.4 Å. q 2002 Published by Elsevier Science Ltd.
Keywords: Bothrops jararacussu snake venom; Thrombin-like enzyme; Fibrinogen-clotting enzyme; Puriﬁcation; Characterization and
crystallization

1. Introduction
Snake venoms are rich sources of serine and metalloproteases and many of these proteases have been puriﬁed
and characterized (Markland, 1991, 1998; Pirkle, 1998;
Matsui et al., 2000). The complete amino acid sequences of
approximately 40 of these proteases have been determined
by protein sequencing or deduced from their cDNA. Some
Abbreviations: TLEs, thrombin-like enzymes; SERPINs, serine
protease inhibitors; SDS, sodium dodecyl sulphate; PMSF,
phenylmethylsulfonyl ﬂuoride; DFP, diisopropyl ﬂuorophosphate;
DTT, ditiothreitol; EDTA, ethylene diaminetetraacetic acid; EGTA,
ethylene-glycol-bis(b-amino ethyl ether)tetra acetic acid; TAME,
Na-P-tosyl-L -arginine-methyl ester.
* Corresponding author. Tel.: þ 55-17-221-2707; fax: þ 55-17221-2247.
E-mail address: arni@df.ibilce.unesp.br (R.K. Arni).

of these proteases are particularly interesting since they
interfere with the control and regulation of the haemostatic
systems of their prey and activate or inactivate various
enzymes which participate in the blood coagulation cascade.
Recently, the three-dimensional structures of ﬁve venom
proteases, four of which are metalloproteases (Matsui et al.,
2000) and one serine protease (Parry et al., 1998) have been
determined at high resolution by X-ray crystallography
providing us with a structural basis for understanding the
steric requirements for the activities of these enzymes.
A number of serine proteases have been identiﬁed in
snake venoms, for example, Calloselasma rodhostoma
Ancrod (Burkhart et al., 1992), Bothrops atrox moojeni
Batroxobin (Itoh et al., 1987), Bothrops jararaca Bothrombin (Nishida et al., 1994), Crotalus atrox Calobin (Halton,
1973), Crotalus adamanteus Crotalase (Henschen-Edman
et al., 1999), Trimeresurus ﬂavoviridis Flavoxobin (Shieh

0041-0101/02/$ - see front matter q 2002 Published by Elsevier Science Ltd.
PII: S 0 0 4 1 - 0 1 0 1 ( 0 2 ) 0 0 1 4 0 - X
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et al., 1988) and have been shown to share high sequence
identity with each other and to a lesser degree with
mammalian serine proteases such as trypsin and thrombin.
These venom proteases are often referred to as thrombinlike enzymes due to their ability to cleave ﬁbrinogen,
releasing ﬁbrinopeptide A, ﬁbrinopeptide B or both. Some
of these venom serine proteases also participate in diverse
biological processes such as activation of plasminogen,
protein C, factors V and X, ﬁbrinolysis, blood coagulation
and platelet aggregation. They serve as important tools and
are used clinically for clotting assays, diagnosis, determination of protein C, protein S, plasma ﬁbrinogen, study of
platelet function, as deﬁbrinogenating agents, to investigate
desﬁbrinogenemias, test the contractile system of platelets
and for deﬁbrinogenation of plasma.
Alignments of the amino acid sequence of these serine
proteases indicate that the residues forming the catalytic
triad His57, Asp102 and Ser195 are conserved in analagous
positions as in the mammalian serine proteases (Matsui
et al., 2000, 1998; Burkhart et al., 1992). Venom serine
protease are inhibited by many of the commonly used serine
protease inhibitors such diisopropyl ﬂuorophosphate (DFP)
and phenylmethylsulfonyl ﬂuoride (PMSF). The venom
thrombin-like serine proteases preferentially release either
ﬁbrinopeptide A or B from ﬁbrinogen to produce abnormal
ﬁbrin clots composed of short polymers, thus interfering
with the blood coagulation system of their prey (Markland,
1998; Pirkle, 1998; Ouyang et al., 1992; Tu, 1996).
This communication describes the isolation, biochemical
and structural characterization of Jararacussin-I, a clotting
factor of the thrombin-like enzymes (TLE) type from
Bothrops jararacussu snake venom. Elucidation of the
three-dimensional structure by X-ray diffraction techniques
is currently in progress and will provide information which
will be useful to understand the structure-function relationship of this enzyme.

of 0.02 M pH 7.8 phosphate buffer and centrifuged at
20,000 g to remove insoluble materials. A Pharmacia FPLC
system was used for the chromatographic experiments. The
clear supernatant was ﬁltered and applied to a column
packed with Resource 15S resin which had been preequilibrated with a 0.02 M phosphate buffer (pH 7.8). The
column was washed at a ﬂow rate of 3 ml/min with the
aforementioned phosphate buffer and the unbound protein
fractions were collected. The bound fractions were eluted
using a linear NaCl gradient which ranged from 0 to 1.0 M
in the above buffer (total elution volume was 250 ml) at a
ﬂow rate of 3 ml/min. Bovine ﬁbrinogen was used as a
substrate to test the fractions for their clotting activity. Only
the fraction that did not bind to the column demonstrated
clotting activity. This fraction was subsequently applied to a
Benzamidine Sepharose 6B afﬁnity column which had been
pre-equilibrated with a 0.02 M phosphate buffer (pH 7.8).
Unspeciﬁcally bound protein was eluted by washing with
the above buffer which additionally contained 0.5 M NaCl.
Once the baseline had stabilized, the tightly bound
Jararacussin-I was eluted by rapidly changing the pH to
3.2 using a 0.02 M glycine– HCl buffer. The protein was
immediately dialyzed against the 0.02 M phosphate buffer
(pH 7.8), concentrated and stored at 280 8C.
2.3. Biochemical characterization
The molecular mass estimation was carried out by SDS–
PAGE both with and without the inclusion of a reducing
agent (Laemmli, 1970). Isoelectric focusing was carried out
according to method of Vesterberg (1972). Buffalyte, pH
range 3.5 – 9.5 (Pierce, IL) was used to generate the pH
gradient. Neutral carbohydrate analysis was performed as
previously described (Dubois et al., 1956). Protein concentration was determined by the method of Bradford (1976)
using lysozyme as the standard.
2.4. Enzyme assay

2. Materials and methods

Desiccated B. jararacussu venom was obtained from a
local serpentarium. Benzamidine Sepharose 6B (Amersham
Pharmacia Biotech), Resource 15S (Amersham Pharmacia
Biotech) and bovine ﬁbrinogen were purchased from Sigma
Chemical Co. Molecular mass standards (Amersham
Pharmacia Biotech) were bovine serum albumin (66 kDa);
ovoalbumin (44 kDa), carbonic anhydrase (30 kDa), soybean trypsin inhibitor (20.1 kDa) and a-lactalbumin
(14.4 kDa).

Esterase activity was determined using 0.01 M Na-Ptosyl-L -arginine-methyl ester (TAME) as the substrate in a
solution containing 0.15 M KCl at pH 8.0 and 37 8C as
described by Ehrempreis and Scheraga (1957). For the
potentiometric titration, a 0.0448N KOH solution was
dispensed from a Gilmont microburet. One unit of esterase
activity was deﬁned as the amount of enzyme capable of
releasing 0.1 mmol of acid per 10 min at 37 8C. Clotting
activity, was carried out using puriﬁed bovine ﬁbrinogen
(Sigma Chem. Co.) and was determined according to the
method of Ware and Seegers (1949). One unit of coagulant
activity was considered to be equivalent to one NIH
thrombin unit.

2.2. Puriﬁcation

2.5. Fibrinogenolytic activity

2.1. Materials

Crude desiccated venom (400 mg) was dissolved in 3 ml

The method of Rodrigues et al. (2000) was used with

18

R.K. Bortoleto et al. / Toxicon 40 (2002) 1307–1312

1309

Table 1
Effects of variation of temperature, pH and the addition of inhibitors on the esterase activity of Jararacussin-I (B. jararacussu )
Temperature (8C)

Esterase activity (U/mg)

pH

Esterase activity (U/mg)

Inhibitors

Esterase activity (U/mg)

Control
4
28
37
45
75

258.72 ^ 7.88
65.87 ^ 2.13
255.67 ^ 6.45
259.91 ^ 6.21
198.34 ^ 9.84
38.25 ^ 4.67

Control
3.5
5.5
7.4
8.0
9.5

258.72 ^ 7.88
167.34 ^ 9.23
189.45 ^ 5.76
241.89 ^ 4.68
260.34 ^ 7.12
202.85 ^ 8.16

Control
PMSF
Benzamidine
Aprotinin
b-mercaptoethanol
DTT
EDTA
EGTA
Heparin

258.72 ^ 7.88
179.55 ^ 5.89
78.42 ^ 2.35
255.98 ^ 6.77
114.57 ^ 3.98
71.22 ^ 2.61
261.22 ^ 6.85
259.13 ^ 5.76
258.93 ^ 7.09

some modiﬁcations. Samples of 50 ml of bovine ﬁbrinogen
(1 mg/ml PBS) were incubated with different amounts of
enzyme (0.1– 4.0 mg) at 37 8C for 24 h, pH 8.0. The reaction
was terminated with 25 ml of 0.05 M, pH 8.8, Tris – HCl
buffer containing 10% (v/v) 2-mercaptoethanol, 2% (v/v)
SDS, and 0.05% (w/v) bromophenol blue. The samples were
then analyzed by SDS– PAGE gels (13.5%, w/v). Analogously, 1.0 mg of enzyme was incubated with 50 mg of
ﬁbrinogen for different periods of time (60 min to 48 h).
2.6. Heat, pH stability and enzyme inhibitors
Enzyme (2 mg) in 0.1 M Tris – HCl buffer, pH 8.0 was
incubated for 60 min at different temperatures (4, 28, 37, 45
and 75 8C) and pHs (3.5, 5.0, 7.4, 8.0 and 9.5). Inhibition of
esterase and ﬁbrinogenolytic activities were assayed after
preincubation of 2 mg of enzyme in 0.1 M Tris – HCl buffer,
pH 8.0 for 30 min at 37 8C containing one of the following
inhibitors: 10 mM PMSF, 10 mM Aprotinin, 10 mM bmercaptoethanol, 10 mM ditiothreitol (DTT), 10 mM ethylene diaminetetraacetic acid (EDTA), 10 mM ethyleneglycol-bis(b-amino ethyl ether)tetra acetic acid (EGTA) and
100 IU/ml Heparin, as previously described.
2.7. Crystallization
The serine protease sample was concentrated to
16 mg ml21 in micro concentrators, (Amicon, Centripep)
and stored in a 0.02 M pH 7.8 phosphate buffer at 280 8C.
Crystallization was performed by the hanging-drop vapordiffusion method using 24-well tissue-culture plates (Jancarik
and Kim, 1991). Typically, 1 ml drops of protein solution
were mixed with an equal volume of the screening solution
and equilibrated over a reservoir containing 1 ml of the latter
solution. Once initial crystallization conditions had been
determined, they were optimized and large single crystals
(,0.2 mm in each dimension) were obtained when a 2 ml
protein droplet was mixed with an equal volume of reservoir
solution consisting of 0.1 M sodium cacodylate (pH 6.5),
0.2 M calcium acetate and 12% polyethylene glycol 8000.
The crystals were ﬂash frozen after being transferred to a
solution containing 20% glycerol. X-ray diffraction data was

collected at the Brazilian National Synchrotron Source
(LNLS, Campinas-Brazil) (Polikarpov et al., 1998). The
wavelength of the radiation source was set to 1.54 Å and a
total of 90 images with an oscillation range of 18 were
collected using a MAR 345 imaging plate detector (Mar
Research). The raw intensities were scaled and reduced
using the HKL suite of programs (Otwinowski and Minor,
1997).

3. Results
The protein fractions of B. jararacussu venom which
were eluted from the Resource 15S column (results not
shown) were concentrated and the fractions which possessed
clotting activity were further puriﬁed on a Benzamidine
Sepharose column. Fig. 1(A) presents the elution proﬁle of
Jararacussin-I which was carried out by rapidly changing the
pH to 3.2. On SDS– PAGE gels under reduced conditions,
the puriﬁed Jararacussin-I migrated as a single protein band
corresponding to a molecular mass of ,28 kDa (Fig. 1(B)).
In isoelectric focusing gels the enzyme migrated as a
diffuse protein band corresponding to a pI , 5.0. Neutral
sugar determination revealed that the enzyme was glycosylated with 5.4 mg carbohydrate/100 mg enzyme (5.4%
carbohydrate content) (results not shown).
Jararacussin-I presented a coagulant speciﬁc activity of
45.8 NIH U/mg using bovine ﬁbrinogen as the substrate,
whereas the esterase speciﬁc activity was 258.7 U/mg
(Table 1).
The puriﬁed enzyme degraded the Aa and Bb chains of
ﬁbrinogen, in a dose-time-dependent manner (Fig. 2). The
optimal temperature and pH for the degradation of both
chains of ﬁbrinogen (results not shown) and esterase speciﬁc
activity were determined to be 37 8C and 7.4 – 8.0,
respectively (Table 1). The enzyme was inactivated at
both 4 and 75 8C.
Table 1 presents the effects of protease inhibitors on the
esterase activity of Jararacussin-I. The serine protease
inhibitors PMSF and benzamidine inhibited the esterase
activity of the enzyme by 29.2 and 76.7%, respectively. The
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Fig. 1. (A) Chromatographic proﬁle of Jararacussin-I on a Benzamidine Sepharose 6B afﬁnity column. Unbound protein fractions were eluted
by washing with 0.02 M, pH 7.8 phosphate buffer. Initial elution was performed by including 0.5 M NaCl in the same buffer (arrow 1).
Jararacussin-I was eluted by using a 0.02 M, pH 3.2 glycine–HCl buffer (arrow 2). (B) SDS–PAGE: Lane A—molecular mass standards were
bovine serum albumin (66 kDa); ovoalbumin (44 kDa), carbonic anhydrase (30 kDa), soybean trypsin inhibitor (20 kDa) and lactalbumin
(14.4 kDa): Lane B—Jararacussin-I.

esterase activity of the enzyme was also inhibited by bmercaptoethanol (45.1%) and DTT (66.5%). As expected,
the enzymatic activity was not affected by EDTA, EGTA,
aprotinin and heparin.
Large single crystals which were suitable for X-ray
diffraction analysis were obtained from a solution containing 0.1 M sodium cacodylate (pH 6.5), 0.2 M calcium
acetate and 12% PEG 8000 (Fig. 3). Processing of the
579,596 observations to 2.28 Å, resulted in an Rmerge of
5.9% for 65,695 independent reﬂections. Examination of the
systematic absences indicated that the crystals belong to the
space group P21 21 21 with unit cell parameters of
a ¼ 94.63 Å, b ¼ 116.04 Å and c ¼ 155.78 Å. Calculation
of the Matthews coefﬁcient resulted in a VM of 2.54 Da21

assuming the existence of six molecules of Jararacussin-I
(molecular mass ¼ 28 kDa) in the asymmetric unit, this
represents a solvent content of 51%.

4. Discussion
Reports describing TLEs from snake venoms indicate
that some of them display thrombin-like coagulant activity,
whereas others possess a wide range of activities (Markland,
1991, 1998; Pirkle, 1998; Matsui et al., 2000) and sequence
alignments demonstrate that these enzymes are highly
homologous.

Fig. 2. SDS– PAGE at 13.5% (w/v) of bovine ﬁbrinogen after incubation with Jararacussin-I. Samples of 50 ml ﬁbrinogen (1 mg/ml) were
incubated with the enzyme in different conditions as follows: (A) varying enzyme concentration (incubation time, 24 h). Lanes: (1) Fibrinogen
control, (2) 0.1 mg, (3) 0.25 mg, (4) 0.5 mg, (5) 1.0 mg, (6) 2.0 mg, (7) 3.0 mg and (8) 4 mg; and (B) varying incubation time (enzyme
concentration, 1 mg, pH 8.0). Lanes: (1) ﬁbrinogen control, (2) 1 h, (3) 4 h, (4) 6 h, (5) 12 h, (6) 24 h, (7) 30 h and (8) 48 h.

20

R.K. Bortoleto et al. / Toxicon 40 (2002) 1307–1312

1311

unique snake venom proteases should also provide useful
information for the rational design of drugs that could be
applied in the medical and pharmacological ﬁelds of
homeostasis and thrombosis.
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Fig. 3. Photomicrograph of single crystals of Jararacussin-I (B.
jararacussu ). Approximate maximum dimension 0.2 mm.

Jararacussin-I, a serine protease with ﬁbrinogen converting and clotting activities was isolated and puriﬁed from
the snake venom of B. jararacussu by a combination of ionexchange and afﬁnity chromatography. The enzyme was
pure as indicated by PAGE and additionally by the fact that
the protein readily formed single crystals. The heterogeneity
of puriﬁed Jararacussin-I as observed by isoelectric focusing
can probably be attributed to different levels glycosylation.
Some physiological and biochemical properties of the
proteases were similar to those of TLEs puriﬁed from the
venoms of other snake species such as Trimeresurus
ﬂavaviridis (Shieh et al., 1985), Lachesis muta (Aragon-Ortiz and Gubensek, 1993; Aguiar et al., 1996), B. jararacussu
(Zaganelli et al., 1996; Andriao-Escarso et al., 1997) and
Agkistrodon acutus (Huang et al., 1983).
Like the TLEs from the venoms of Bitis gabonica
(Gaffney et al., 1973) and Cerastes vipera (Farid and Tu,
1989), Jararacussin-I was able to cleave ﬁbrinogen releasing
both FPA and FPB in vitro, and its proteolytic activity was
inhibited by PMSF, benzamidine, 2-mercaptoethanol and
DTT, but not by heparin, EDTA or EGTA. The inability of
heparin to inhibit the esterase activity of Jararacussin-I is
interesting and indicates that signiﬁcant structural differences exist between this enzyme and thrombin.
The crystal structures of many mammalian and bacterial
serine proteases both in the native state and with bound
inhibitors, substrates and substrate analogs have been
determined. However, the only crystal structure of a
venom serine protease currently available is that of the
snake venom plasminogen activator TSV-PA (Parry et al.,
1998).
Results of our structural study of Jararacussin-I isolated
from the venom B. jararacussu should provide us with an
insight into the mechanism by which this enzyme converts
ﬁbrinogen into ﬁbrin and its ability to produce abnormal
ﬁbrin clots. This ability of these enzymes to form ﬁbrin clots
made up of short polymers has potential therapeutic
application for the treatment of patients with occlusive
arterial or venous thrombotic diseases without stimulating
the endogenous ﬁbrinolysis system (Markland, 1998;
Ouyang et al., 1992; Farid and Tu, 1989).
Detailed high resolution structural information of these
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Abstract
The protein C pathway plays an important role in the control and regulation of the blood coagulation cascade and prevents the propagation
of the clotting process on the endothelium surface. In physiological systems, protein C activation is catalyzed by thrombin, which requires
thrombomodulin as a cofactor. The protein C activator from Agkistrodon contortrix contortrix acts directly on the zymogen of protein C
converting it into the active form, independently of thrombomodulin. Suitable crystals of the protein C activator from Agkistrodon contortrix
contortrix were obtained from a solution containing 2 M ammonium sulfate as the precipitant and these crystals diffracted to 1.95 Å
resolution at a synchrotron beamline. The crystalline array belongs to the monoclinic space group C2 with unit cell dimensions a = 80.4,
b = 63.3 and c = 48.2 Å, a = c = 90.0- and b = 90.8-.
D 2005 Elsevier B.V. All rights reserved.
Keywords: Protein C activator; Serine proteinase; Agkistrodon contortrix contortrix venom; X-ray diffraction analysis

The protein C (PC) pathway comprises the major
physiological anticoagulant mechanism that regulates and
controls blood coagulation. Protein C, a vitamin K-dependent glycoprotein, circulates in the plasma as an inactive
zymogen and is activated on the surface of endothelial cells
by the thrombin– thrombomodulin complex [1], a process
that can be further enhanced when protein C binds to its
membrane receptor, the endothelial-cell protein C receptor
[2]. The activated protein C (APC) subsequently binds
protein S and inhibits the propagation of blood coagulation
by degrading FVIIIa and FVa on the surface of negatively
charged phospholipid membranes and by stimulating
fibrinolytic activity [3,4]. Deficiencies or defects in the PC
anticoagulant pathway are associated with the increased risk
of venous thromboembolism (VTE) [5]. The PC pathway
also plays an important role in inflammatory processes and
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1570-9639/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbapap.2005.08.003

APC has been implicated in anti-apoptotic and neuroprotective activities [6].
Several PC activators have been purified from snake
venoms, mainly from Agkistrodon ssp. [7 –12]. The snake
venom PC activators, unlike the activators present in the
physiological system, act directly on the zymogen of PC
releasing APC independently of additional co-factors such
as thrombomodulin. The PC activators can be divided in
two groups: low molecular weight (<40 kDa) PC activators
from new world species of the genus Agkistrodon with
optimal activity at basic pH, and high molecular weight
(>40 kDA) PC activators from old world species of the genus
Agkistrodon with optimal activity at acid pH [11]. Several
types of assays have been established with snake venoms PC
activators, such as immunological assays for total protein S
(PS), immunological assays for free PS and PS functional
assays [13 – 18]. The most widely used PC activator is
Protac\, a commercial preparation of PC activator isolated
from Agkistrodon contortrix contortrix venom [19 –21]. The
pharmacological activities and amino acid sequence have
been determined, however, the structural determinants for
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specificity is unknown, since the three-dimensional structure
has not yet been determined.
Dynamic light scattering (DLS) experiments were
performed using a broad range of pH for Protac\ that
indicates a monodispersive state in the pH range between
6.0 and 8.0. The hydrodynamic radius at pH 7.0 extrapoled
from the diffusion coefficient using the Stokes – Einstein
equation was determined to be 3.2 T 0.01 nm with a
corresponding molecular weight of 28.3 kDa, estimated
using a calibration curve based on the diffusion coefficients
of globular proteins. However, the protein is composed of
231 amino acids with a calculated molecular weight of
25,095 Da. This discrepancy can be attributed to the high
carbohydrate content (approximately 20%). Similar effects
are observed in the electrophoresis experiments, which
indicates an estimated molecular weight of 37 kDa [20].
Crystallization experiments were carried out with Protac\
purified from crude venom without treatment for the
removal of carbohydrate groups.
Crystallization trials were performed by the hangingdrop vapor diffusion method at 20 -C. Micro crystals were
initially obtained from a solution containing 2.4 M
ammonium sulfate and 0.1 M sodium cacodylate buffer at
pH 6.5. Screening in the monodispersive range of pH
observed in the DLS experiments lead to the formation of
single crystals after 7 days by mixing 1 AL of the protein (10
mg/ml) and 1 AL of the solution containing 2.0 M
ammonium sulfate and 0.1 M HEPES buffer at pH 7.3
(Fig. 1).
X-ray diffraction data were collected at the CPr beam
line at the Laboratório Nacional de Luz Sı́ncrotron (LNLS,
Brazil). A single crystal with a maximum dimension of 0.3
mm was flash-frozen in the crystallization solution to
which was added 15% glycerol (v/v). The data were
integrated with the program DENZO and scaled with
SCALEPACK at 1.95 Å resolution [22]. The crystal
belongs to the monoclinic space group C 2 with unit cell
parameters of a = 80.4, b = 63.3 and c = 48.2 Å, a = c = 90.0

Fig. 1. Microphotograph of a Protac\ crystal. Maximum dimensions:
0.3  0.2  0.1mm.
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Table 1
Data collection and structure determination statistics
Data collection
Temperature (K)
Synchrotron source

Resolution range (Å)
No. of observed reflections
Data completeness (%)
No. of unique reflections
I/sigma(I)
*R merge (%)
V m (Å3Da1)
Solvent content (%)
Molecules per asymmetric unit

100
Laboratório Nacional de Luz
Sı́ncrotron Campinas, Brazil
1.438
MARCCD
C2
a = 80.4, b = 63.3 and c = 48.2;
a = c = 90.0 and b = 99.8
40.0 – 1.95
107,105
97.8 (95.7)
17,060
26.8 (11.4)
5.6 (13.5)
2.2
43.8
1

Molecular replacement
Correlation coeffecients (%)
Rotation
Translation
Rigid body refinement
Rigid body refinement R-factor (%)

31.2
49.4
63.7
43.7

Wavelength used (Å)
Detector
Space group
Unit cell parameters (Å, -)

Values in parentheses are for the high-resolution bin (1.97 – 1.95 Å).
*R merge = ~|I(h)I  {I(h)}|/~{I(h)}, where I h is the observed intensity of
the i-th measurement of reflection h and {I(h)} is the mean intensity of
reflection h calculated after scaling.

and b = 99.8-. The calculation of the Matthew’s coefficient
based on the molecular weight of 25,095 kDa results in a
V M of 2.2 Å3Da1 and a solvent content of 43.8%, which
corresponds to the presence of one molecule in the
asymmetric unit [23]. The statistics of the data processing
are summarized in Table 1.
Molecular replacement (MR) was carried out with the
program AMoRe [24] using the atomic coordinates of
Trimeresurus stejnejeri venom plasminogen activator
(TSV-PA, PDB code: 1BQY) [25] as a search model.
Rigid-body refinement of the best MR solution in the
resolution range of 40.0 to 3.0 Å resulted in a correlation
coefficient of 63.7% and an R-factor of 43.7%. Isotropic
and restrained refinement with REFMAC5 [26] and
manual model building using TURBO FRODO [27] is
currently in progress. Similar to the TSV-PA and others
trypsin-like serine proteinases, the structure of ACC-C
consists of two domains, each containing a six-stranded hbarrel, various surface turns, loops and two short a-helices.
The two h-barrel domains are inter-connected by three
trans segments, and the catalytic site is situated in a cleft
located at the junction between these two domains with the
catalytic triad conserved. This work represents the first
crystallization report of a protein C activator from snake
venom and the determination of the three-dimensional
structure of the Protac\ should be useful for structurebased drug design of inhibitors which should be useful for
the treatment of venous thromboembolism and other
disorders in the PC pathway.
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Protein C activation initiated by the thrombin-thrombomodulin
complex forms the major physiological anticoagulant pathway.
Agkistrodon contortrix contortrix protein C activator, a glycosylated
single-chain serine proteinase, activates protein C without relying
on thrombomodulin. The crystal structures of native and inhibited
Agkistrodon contortrix contortrix protein C activator determined at
1.65 and 1.54 Å resolutions, respectively, indicate the pivotal roles
played by the positively charged belt and the strategic positioning of
the three carbohydrate moieties surrounding the catalytic site in
protein C recognition, binding, and activation. Structural changes
in the benzamidine-inhibited enzyme suggest a probable function
in allosteric regulation for the anion-binding site located in the
C-terminal extension, which is fully conserved in snake venom serine proteinases, that preferentially binds Cl1ⴚ instead of SO2ⴚ
4 .

Hemostasis, a complex system responsible for maintaining the fluidity of blood under physiological conditions, is primed to react rapidly to
vascular injury, stemming blood loss by locally sealing the injured vessel
wall (1). The highly regulated hemostatic system functions in equilibrium between two extremes: coagulation and fibrinolysis (2). On one
hand by initiating the coagulation cascade, which comprises a network
of highly, correlated and controlled reactions and is triggered either by
the extrinsic (tissue factor) or the intrinsic pathways (Factor XIa), activating thrombin to generate cross-linked fibrin polymers (1). On the
other hand, in the fibrinolytic system, the protein C pathway comprises
the major physiological anticoagulant mechanism and is activated on
the surface of endothelial cells by the thrombin-thrombomodulin complex (3). Activated protein C subsequently binds protein S and inhibits
coagulation by degrading FVIIIa and FVa on the surface of negatively
charged membranes by stimulating fibrinolytic activity (4, 5). Deficiencies or defects in the protein C (PC)3 anticoagulant pathway are associ-
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ated with the increased risk of venous thromboembolism (6). The PC
pathway also plays an important role in inflammatory processes and
activated PC has been implicated in anti-apoptotic and neuroprotective
activities (7).
Snake venom serine proteinases belong to the trypsin subfamily of
enzymes, share significant sequence identity (50 –70%), and display high
specificity toward macromolecular substrates. These enzymes interfere
in the control and regulation of the hemostatic system at different key
points ranging from the coagulation cascade to the fibrinolytic feedback
system (8) and are characterized as activators of the fibrinolytic system
(plasminogen activators), procoagulant (thrombin-like enzymes), anticoagulant (PC activators), and platelet-aggregating enzymes (9). Trimeresurus stejnegeri venom plasminogen activator converts plasminogen
to plasmin by cleavage of the peptide bond Arg561–Val562 with high
substrate specificity and is resistant to inhibition (10, 11). Batroxobin, a
thrombin-like enzyme from Bothrops atrox venom used for the treatment of thrombotic diseases (12), converts fibrinogen to fibrin by cleaving fibrinopeptide A (A␣ 1–16) at the N-terminal portion of the
A␣-chain forming a non-cross-linked “soft clot” that is rapidly removed
from the circulatory system by the fibrinolytic mechanism resulting in a
defibrinogenerating effect. The PC activator from Agkistrodon contortrix contortrix venom, commercially referred to as Protac威, specifically
converts PC to activated PC by hydrolyzing the Arg169–Leu170 bond,
functioning independently of plasmatic factors in comparison to the
physiological activation of PC by thrombin which is dependent on the
participation of thrombomodulin (13). The PC activator, from A. contortrix contortrix venom, induced zymogen activation is clinically used
in assays of functional PC determination, total protein S content, and
other protein S functional assays (14) in plasma, since catalytically active
PC can easily be detected by coagulation tests or by utilizing chromogenic substrates.
We present the first crystal structures of the PC activator from the
venom of the copperhead snake A. contortrix contortrix (ACC-C), a
single-chain glycosylated serine proteinase that is a fast-acting PC activator, both in the native and inhibited states at 1.65 and 1.54 Å resolutions, respectively. These results provide information at the molecular
level concerning the alternative PC activation pathway that is independent of thrombomodulin, the central physiological barrier against
thrombosis and could serve as a basis for the structure-based design of
clinically useful molecules and in the treatment of thromboembolism.
minogen activator; ACC-C, protein C activator from Agkistrodon contortrix contortrix
venom; cmk, chloromethyl ketone; TME45, thrombomodulin epidermal growth factor-like domains 4 and 5; NAP5, nematode anticoagulant protein 5 from Ancylostoma
caninium; dansyl, 5-dimethylaminonaphthalene-1-sulfonyl; r.m.s., root mean square.
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TABLE ONE

Data collection and refinement statistics
Statistical values for the highest resolution shells are indicated in parentheses. LNLS, Laboratório Nacional de Luz Sı́ncrotron.
Native state
Crystal preparation
Cryoprotectant solution
Soaking time
Data collection
Wavelength (Å)
Temperature (K)
Detector
Synchrotron radiation source
Space group
Unit cell parameters (Å, °)
Number of molecules in the asymmetric unit
Solvent content (%)
VM (Å3/Da)
Number of reflections
Number of unique reflections
具I/(I)典
Multiplicity
Completeness (%)
Rmergea (%)
Refinement statistics
Rfactor (%)
Rfree (%)
r.m.s. deviation bond distances (Å)
r.m.s. deviation bond angles (°)
Average B-factors (Å2)
Ramachandran plot analysis
Most favored regions (%)
Allowed regions (%)
Generously allowed regions (%)
a

Mother liquor ⫹ 20% glycerol
30 s
1.438
100
MARCCD
CPr beamline/LNLS-Brazil
C2
a ⫽ 79.87, b ⫽ 63.30, and c ⫽ 48.24; ␤ ⫽ 99.80

Inhibited state
Mother liquor ⫹ 20% glycerol ⫹ 50 mM
benzamidine
45 s

1
42.4
2.15
487,208
28,664 (2835)
20.0 (2.9)
7.8 (7.5)
99.8 (99.6)
9.0 (64.5)

1.438
100
MARCCD
CPr beamline/LNLS-Brazil
C2
a ⫽ 80.52, b ⫽ 63.46, and c ⫽ 48.22; ␤ ⫽
99.85
1
41.7
2.12
409,068
35,447 (5817)
18.3 (3.5)
6.4 (5.8)
99.9 (99.8)
8.4 (49.2)

16.7
19.6
0.011
1.492
21.2

16.7
19.1
0.010
1.453
17.3

83.9
15.1
1.0

82.8
16.1
1.0

Rmerge ⫽ 兺兩I(h)I ⫺ {I(h)}兩/兺{I(h)}, where Ih is the observed intensity of the ih measurement of reflection h, and {I(h)} is the mean intensity of reflection h calculated after scaling.

MATERIALS AND METHODS
ACC-C, provided by Pentapharm (Basel, Switzerland), was dissolved
to a concentration of 10 mg/ml in a 20 mM Hepes (pH 7.5) buffer that
also contained 10 mM sodium chloride and 1 mM dithiothreitol. Crystals
were obtained at 18 °C by equilibration of the protein solution (1 l)
against a reservoir solution containing 2.0 M ammonium sulfate and 100
mM sodium acetate (pH 4.6) utilizing the hanging-drop vapor diffusion
method. The benzamidine-inhibited ACC-C complex was obtained by
soaking crystals for 45 s in a cryo-protectant solution (20% (v/v) glycerol) that additionally contained 50 mM benzamidine. Dose-dependent
x-ray diffraction data were collected from cryo-protected crystals at
100 K at a synchrotron radiation source (CPr Beamline-Laboratório
Nacional de Luz Sı́ncrotron, Campinas, Brazil) where the wavelength
was fixed at 1.438 Å, diffraction intensities were measured utilizing a
Mar CCD165 detector (Mar Inc.), and the diffraction intensities were
reduced and scaled using the DENZO/SCALEPACK suite of programs
(15). Both the native and benzamidine-inhibited crystals are isomorphous, belong to the monoclinic space group C2, and contain one protein molecule in the asymmetric unit. The crystal structure of ACC-C
was solved by molecular replacement (AMoRe) (16) initially using the
atomic coordinates of T. stejnegeri venom plasminogen activator (Protein Data Bank entry: 1BQY) (11) as a search model. Positional and
restrained isotropic B-factor refinements were performed using REF-
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MAC5 (17), all model building was carried out utilizing TURBOFRODO (18), and PROCHECK (19) was utilized to evaluate the stereochemistry of the final models. The data collection, processing, and
refinement statistics are presented in TABLE ONE.

RESULTS
The crystal structures of both native and benzamidine-inhibited
ACC-C have been refined at 1.65 and 1.54 Å resolutions to crystallographic residuals of 16.7% (Rfree ⫽ 19.6%) and 16.7% (Rfree ⫽ 19.1%),
respectively. An analysis of the stereochemistry of the final models indicates that the main-chain dihedral angles for all residues are located in
the permitted regions of the Ramachandran diagram and that the root
mean square (r.m.s.) deviations from ideal values are distributed within
the expected ranges for well refined structures (TABLE ONE).
In analogy to the structures of trypsin-like serine proteinases, the
structure of ACC-C consists of two domains (S and S⬘) each containing
a six-stranded ␤-barrel and two short ␣-helices (residues: 165–173 and
235–244, sequence numbering is based on chymotrypsinogen) (20) (Fig.
1, A and B). The catalytic triad (His57, Asp102, and Ser195) is located at the
junction of both barrels and is surrounded by the conserved 70-, 148-,
and 218-loops, and the non-conserved 37-, 60-, 99-, and 174-loops (Fig.
1, A and B).
ACC-C contains 16% carbohydrate, including glucosamine, neura-

VOLUME 280 • NUMBER 47 • NOVEMBER 25, 2005

Thrombomodulin-independent Activation of the Protein C Pathway

FIGURE 1. Ribbon representations of the superimposed crystal structures of ACC-C and TSV-PA (A), highliting the loops that are different in ACC-C (red) and TSV-PA (blue), the amino
acids that form the catalytic triad are atom color-coded (white, carbon; red, oxygen; and blue, nitrogen). B, the superimposed structures of ACC-C in the native and benzamidineinhibited states. The carbohydrate moieties are color-coded (yellow, carbon; red, oxygen; and blue, nitrogen) and the catalytic triad, sulfate ion, and benzamidine molecule are
color-coded as described for A. The structural changes between native and inhibited ACC-C are colored in blue and red, respectively.

minic acid, and neutral hexose (13, 21), the consensus signal sequence
for the attachment of carbohydrate moieties to asparagines (Asn-XThr/Ser, where X represents any amino acid) was identified at positions
38, 96A, and 148. In both the structures, clear electron density was
observed for the N-acetyl-D-glucosamine monosaccharide, which is
N-linked to Asn96a and Asn148; however, the moiety linked to Asn38 was
inserted based on the presence of diffuse electron density (Fig. 1B). The
three carbohydrate moieties are strategically positioned at the tips of the
37-, 99-, and 148-loops, which form the entrance to the active-site
pocket (Fig. 1B) and modulate the selectivity toward macromolecular
substrates (discussed below). Two snake venom serine proteinase isoforms, AaV-SP-I and AaV-SP-II, from Agkistrodon acutus, also posses
an N-linked carbohydrate group (Asn35) that is considered to interfere
with the binding of macromolecular inhibitors (22). In contrast, T. stejnegeri venom plasminogen activator (TSV-PA) has a unique glycosylation site at Asn178 located on the opposite face (23) and apparently does
not play a role in the binding macromolecular substrates at the interfacial site.
The electron density (2  level) for the benzamidine molecule bound
to the carboxylate oxygen atoms of Asp189 is clearly defined (Fig. 2A)
and indicates a mode of interaction similar to that observed in the structures of benzamidine-inhibited trypsin-like enzymes (24). A sulfate ion
is coordinated by His57, Arg60, Gly193, Ser195, and two water molecules
both in the native state and benzamidine-inhibited states (Fig. 2B),
which suggests that the catalytic triad is unaffected by benzamidine
binding and could account for the residual amidolytic activity observed
in benzamidine-inhibited ACC-C toward small substrates (25).
The binding of benzamidine at the S1 subsite results in significant,
structural modifications in the C-terminal extension (244 –245e),
99-loop (Cys91, Leu92, and Asn93), 174-loop, and in the 37-loop (r.m.s.
deviations up 2.97 Å) (Figs. 1B and 3). The anion-binding pocket formed
between the highly conserved C-terminal extension and the 99-loop,
stabilized by a disulfide bridge (Cys91–Cys245e) and a salt bridge
1⫺
(between Pro245g and Lys101), binds either SO2⫺
ions depending
4 or Cl
on the presence or absence of a benzamidine molecule at the active site
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(Figs. 1B and 3). In native ACC-C, Arg82# (# indicates amino acids from
a symmetry equivalent molecule) also participates in the coordination
of the sulfate ion by forming a hydrophilic pocket (between Arg82#,
Arg83#, and Phe84#, Fig. 3) and binds a water molecule. In benzamidineinhibited ACC-C, Arg82# also coordinates the Cl1⫺ ion but adopts a
different conformation thereby modifying the Arg82#, Arg83#, Phe84#
loop. The phenyl ring of Phe84# functioning as a lid moves inwards
creating a local hydrophobic environment that prevents the binding of
the fore mentioned water molecule. These structural changes suggest
the possible existence of an allosteric mechanism functioning between
the active-site pocket and the C-terminal extension that preferentially
binds Cl1⫺ instead of SO2⫺
4 in response to substrate or inhibitor binding
at the S1 subsite.
Superpositioning of the structure of ACC-C with TSV-PA results in
179 topologically equivalent C␣ positions with r.m.s. deviations of 0.54
Å, indicating a high degree of structural similarity in agreement with the
observed sequence identity of 75% (Fig. 1A). The S domain is highly
conserved and the notable structural differences are in the surface loops
surrounding the active-site pocket, mainly, the 37-, 60-, and 99-loops
which form the S⬘ domain (Fig. 4). The 37-loop located at southeast
corner of the S⬘ domain, is stabilized by a disulfide bridge (Cys42–Cys58),
presents a single deletion at position 37 and a N-linked Asn at position
38, which results in the formation of a truncated loop when compared
with TSV-PA (r.m.s. deviation up 5.5 Å). The 60-loop is positively
charged in ACC-C due to Arg60 and Arg64, whereas in TSV-PA it is
negatively charged (Fig. 4). The positioning of Arg60 and Asp189 creates
a polar environment between the S and S⬘ domains (Fig. 5). Thus, zwitterzonic inhibitors, such as 4-(4-amidinephenyl)butanoic acid, that
contain a guanidine head group and a carboxylic tail could bind simultaneously to Asp189 and Arg60 blocking the S1 subsite and restricting
access to the catalytic triad.
Dansyl-Glu-Gly-Arg-chloromethyl ketone (dansyl-EGR-cmk) and
D-Phe-Pro-Arg-cmk rapidly inhibit both the amidolytic and anticoagulant activities of ACC-C (13). The structure of ACC-C was superimposed on the structure of the human single-chain tissue plasminogen
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FIGURE 2. Electron densities and interactions observed for the benzamidine molecule (A) and the sulfate ion at the S1 subsite and the catalytic site (B), respectively. The
electron densities (blue cages) are contoured at the 1  level in the 2Fo ⫺ Fc map; interrupted lines and numbers indicate hydrogen bonds and distances, respectively.

FIGURE 3. Stereo view of the anion-binding site for the superimposed native (white,
carbon) and inhibited (yellow, carbon) states. The sulfate ion is color-coded (red, oxygen and orange, sulfur), and the chloride ion is represented by a green sphere. The hydrogen bonds (broken lines) formed between the sulfate ion and the amino acids residues in
native-ACC are colored red, and the hydrogen bonds between the chloride ion and the
amino acid residues in inhibited ACC-C are in black. Atoms belonging to a symmetry
equivalent molecule are indicated by a # following the number.

complexed with dansyl-EGR-cmk (Protein Data Bank entry: 1BDA)
(26), and the relative position of dansyl-Glu-Gly-Arg-cmk was subjected to energy minimization. This indicates that the interaction
between Arg4 from dansyl-Glu-Gly-Arg-cmk and Asp189 at the S1 subsite is maintained by hydrogen bonds formed between the carbonyl
oxygen of Gly3, Lys192Ne, and the carboxylate group of Glu2 and
Asn218N␦2. The dansyl naphthalene ring forms hydrophobic interactions with the side chains of Trp99, Leu172, and Val215. These interactions could account for the efficient inactivation of ACC-C by Argchloromethyl ketone derivatives.
Binding of natural macromolecular inhibitors (bovine pancreatic
trypsin inhibitor and soybean trypsin inhibitor) would be prevented by
the steric clash caused by the indole ring of Trp99 in ACC-C and by the
phenyl ring of Phe193 in TSV-PA (Fig. 5). Interactions of these inhibitors
would also be restricted by the carbohydrate moieties present on the
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interfacial surface of ACC-C (Fig. 1B) and AaV-SP-I/II from Agkistrodon acutus venom (22).
Another significant feature of ACC-C, apart from the three carbohydrate moieties distributed strategically around the active-site pocket, is
the significant positive charge present on the interfacial surface (Fig. 6A)
due to the presence of several arginine residues exposed to the bulk
solvent that could bind polyanionic compounds. The amidolytic activity
of ACC-C is almost completely (98%) inhibited by heparin (13) probably
as a result of binding at this site. This site is negatively charged in
TSV-PA (Fig. 6B) and may account for the role of electrostatic interactions in the selectivity of snake venom serine proteinases.
Under physiological conditions, the primary binding site of the 37and 70-loops of PC zymogen in the thrombin-thrombomodulin complex is formed by a number of polar and charged side chains, which form
an extended solvent-exposed region on thrombomodulin epidermal
growth factor-like domains 4 and 5 (TME45) (27). The negatively
charged activation peptide (sequence QVDPRLIDGK) of PC was modeled based on the crystal structure of Gla-domainless activated PC (Protein Data Bank entry: 1AUT) (28) and the interactions formed by nematode anticoagulant protein 5 from Ancylostoma caninium (NAP5) with
factor Xa. In this model, electrostatic interactions formed between the
positively charged surface of ACC-C created by the eight arginine residues (at positions 56, 60, 65, 82, 83, 107, 110, and 113) and the acidic
residues of the activation peptide and the interaction of Arg60 (discussed
above) that forms the P3⬘ subsite with Asp172 (P3⬘) are crucial (Fig. 6, C
and D).
Additionally, the three carbohydrate moieties that form prongs on
the interfacial surface of ACC-C are probably important in the recognition and orientation of PC zymogen during activation. In physiological PC activation, the carbohydrate moieties are not considered to be
important and are not required either for thrombin binding or for cofactor activity as indicated by the activity of thrombomodulin expressed
in Escherichia coli (29, 30).

DISCUSSION
The vitamin K-dependent enzyme PC (31) is physiologically activated
by cleavage of the Arg169–Leu170 bond by the thrombin/thrombomodu-
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FIGURE 4. Multiple sequence alignment of
ACC-C (A. contortrix contortrix protein C activator, GenBankTM accession code P33588), bothrombin (thrombin-like enzyme from Bothrops
jararaca, GenBankTM accession code P81661),
batroxobin (thrombin-like enzyme from B.
atrox, GenBankTM accession code CAA31240),
TSV-PA (T. stejnegeri venom plasminogen activator, GenBankTM accession code Q91516),
and GHV-PA (Gloydius halys venom plasminogen activator, GenBankTM accession code
AAD01624). The numbering scheme refers to
chymotrypsinogen. Residues colored in light gray
are identities and in dark gray are highly conserved, and the loops discussed in the text are
boxed.

FIGURE 5. Stereo view of the active-site pocket
for the superimposed structures of ACC-C
(white, carbon) and TSV-PA (yellow, carbon).

lin complex and functions as an anticoagulant enzyme by deactivating
factors Va and VIIIa (32). Functional assays of PC activation are complicated either by incomplete activation by thrombin or by the interference of thrombin in chromogenic assays. The ACC-C commercialized
by Pentapharm as Protac® does not rely on other plasmatic factors and is
clinically used for PC assays by the direct chromogenic method, by the
indirect chromogenic method based on activated partial thromboplastin time, or by a functional clotting assay (13, 14). Since the activation
product of ACC-C is not influenced by the inhibitory effect of PC inhibitors, time-consuming adsorption steps to separate PC are not required
(14).
Analysis of the crystal structures of native and inhibited ACC-C indicates that binding of benzamidine does not involve the residues of the

NOVEMBER 25, 2005 • VOLUME 280 • NUMBER 47

catalytic triad, which could account for the residual amidolytic activity
observed when benzamidine and benzamidine derivatives are used as
inhibitors (25). However, benzamidine binding induces significant
structural changes: (i) the 37-loop adopts a different conformation, (ii)
the anion-binding site located at the extended C terminus formed by
Cys91, Leu92, Asn93, Cys245e, Thr245d, and Arg82# (from a symmetry
equivalent molecule) preferentially binds Cl1⫺ instead of SO2⫺
4 , and (iii)
when the N⑀ and N2 atoms of Arg82# coordinate the SO2⫺
ion, the
4
phenyl ring of Phe84# shields the hydrophobic micro-environment
formed between Arg82# and Phe84#. However, when the N1 and N2
atoms of Arg82# coordinate the Cl1⫺ ion, the phenyl ring of Phe84# flips
out and the resulting altered geometry at this site creates a hydrophilic
microenvironment, which permits the binding of a water molecule.
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FIGURE 6. Surface charge distribution of the channel leading to the catalytic site in ACC-C (A) and TSV-PA (B) in the same relative orientation. The S1 subsites are indicated by yellow
arrows. C, surface charge of protein C zymogen; the yellow ring indicates the position of the modeled activation peptide. D, stereo view of the proposed interactions of the modeled
activation peptide of protein C (stick model) in the active site cleft (charged surface).

These structural changes indicate the possible existence of an allosteric
mechanism.
The polar character of the ends of the active site observed in the
crystal structure of ACC-C indicates that zwitterzonic inhibitors such
as 4-(4-amidinephenyl)butanoic acid would bind optimally with the
guanidine and carboxylic sections interacting with Asp189 and Arg60,
respectively, thus contributing to substrate specificity. The potent
inhibitory effects on both amidolytic and anticoagulant activities
induced by D-Phe-Pro-Arg-cmk and derivatives such as dansyl-GluGly-Arg-cmk and dansyl-Gly-Gly-Arg-cmk are mainly due to the
hydrogen bonds formed to Lys192 and Asn218 and hydrophobic interactions with Trp99, Leu172, and Val215, which simultaneously occupy the
S1 subsite and modulate access to the catalytic site.
The two significant differences between ACC-C and TSV-PA are: (i)
the positively charged surface surrounding the catalytic site and (ii) the
three carbohydrate moieties that protrude on the surface of ACC-C,
which probably play a pivotal role in macromolecular substrate recognition or specificity. Both ACC-C and TSV-PA share a long circulating
half-life and demonstrate high resistance to protein-type macromolecular inhibitors, making them interesting targets for drug design. Macromolecular substrates such as bovine pancreatic trypsin and soybean
trypsin inhibitors are unable to bind to TSV-PA due the positioning of
the phenyl ring of Phe193 and in AaV-SP-I/II due to the presence of
extended N-linked carbohydrate groups in the 37-loop. In ACC-C, both
these strategies are utilized simultaneously, whereas position 193 is
occupied by a glycine, the indole of Trp99 and the N-linked oligosaccharides are positioned to prevent interaction with these macromolecular
inhibitors.

39314 JOURNAL OF BIOLOGICAL CHEMISTRY

Under physiological conditions, thrombin depends on thrombomodulin to switch between functioning as a coagulant or anticoagulant
enzyme and the TME45 domains form the primary binding site of the
PC zymogen, permitting the hydrolysis of the scissile bond between
Arg169 and Leu170. In the thrombomodulin-independent activation of
PC by ACC-C the positive charge present on the interfacial surface and
carbohydrate moieties are important features that could play crucial
roles in PC recognition/binding/activation.
Acknowledgment—We are grateful to Dr. T. Schreier (Pentapharm, Basel) for
providing the samples of ACC-C (Protac威).
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iii.ȱ

Convulxinaȱ

ȱ
ȱ
Convulxinaȱ (CVX),ȱ umaȱ lectinaȱ tipoȱ C,ȱ isoladaȱ doȱ venenoȱ daȱ serpenteȱ
Crotalusȱ durissusȱ terrificus,ȱ causaȱ distúrbiosȱ cardiovascularesȱ eȱ respiratóriosȱ eȱ éȱ
umaȱpotenteȱativadoraȱdeȱplaquetasȱviaȱinteraçãoȱcomȱglicoproteínaȱVIȱ(Vargaftigȱ
etȱal.,ȱ1980).ȱAȱestruturaȱcristalinaȱdeȱCVXȱmostrouȱqueȱsuaȱestruturaȱquaternáriaȱ
éȱformadaȱporȱ4ȱheterodímerosȱ(DE)4ȱligadosȱporȱpontesȱdisulfetoȱformandoȱumaȱ
estruturaȱcíclica,ȱoȱqueȱexplicaȱseuȱcomportamentoȱhidrodinâmicoȱatípico.ȱOutraȱ
peculiaridadeȱ daȱ CVXȱ éȱ nãoȱ serȱ capazȱ deȱ ligarȱ cálcioȱ comoȱ nasȱ proteínasȱ deȱ
ligaçãoȱ deȱ FIXȱ eȱ flavocetinaȱ Aȱ devidasȱ mutaçõesȱ locaisȱ queȱ interferemȱ noȱ perfilȱ
eletrostáticoȱ doȱ sítioȱ deȱ ligaçãoȱ deȱ cálcio.ȱ Aȱ sobreposiçãoȱ daȱ CVXȱ sobreȱ outrasȱ
lectinasȱ tipoȱ Cȱ doȱ venenoȱ deȱ serpentesȱ estruturalmenteȱ homólogas,ȱ mostraȱ queȱ
CVXȱunicamenteȱnãoȱinterageȱcomȱfatorȱvonȱWillebrand,ȱpoisȱapresentaȱdeleçõesȱ
noȱlaçoȱdeȱinteraçãoȱcomȱfatorȱvonȱWillebrand,ȱqueȱestáȱlocalizadoȱnaȱregiãoȱentreȱ
asȱcadeiasȱDȱeȱEȱdaȱestruturaȱheterodimérica.ȱOutrasȱlectinasȱtipoȱCȱdeȱvenenosȱdeȱ
serpentesȱ tambémȱ ativamȱ aȱ agregaçãoȱ plaquetária,ȱ porémȱ dependemȱ daȱ préviaȱ
complexaçãoȱ comȱ fatorȱ vonȱ Willebrandȱ eȱ posteriorȱ interaçãoȱ comȱ glicoproteinaȱ
IbDEstesȱ estudosȱ comparativosȱ eȱ espalhamentoȱ deȱ raiosȱ Xȱ aȱ baixosȱ ângulosȱ
estãoȱatualmenteȱsendoȱusadosȱparaȱcompreenderȱseuȱmodoȱdeȱfuncionamento.ȱȱ
ȱ

ȱ
Figuraȱ 4:ȱ Sobreposiçãoȱ dasȱ estruturasȱ deȱ CVXȱ (cinza)ȱ sobreȱ aȱ botrocetinȱ (azul)ȱ
complexadaȱcomȱfatorȱvonȱWillebrandȱ(laranja).ȱAsȱdiferençasȱestruturasȱnoȱsítioȱ
deȱinteraçãoȱcomȱfatorȱvonȱWillebrandȱestáȱevidenciadoȱemȱvermelho.ȱȱ
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Crystal structure of the platelet activator convulxin,
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Abstract
Convulxin (CVX), a C-type lectin, isolated from the venom of the South American rattlesnake Crotalus durissus terriﬁcus, causes
cardiovascular and respiratory disturbances and is a potent platelet activator which binds to platelet glycoprotein GPVI. The
 resolution to a crystallographic residual of 18.6% (Rfree ¼ 26.4%). CVX is a disulﬁde
structure of CVX has been solved at 2.4 A
linked heterodimer consisting of homologous a and b chains. The heterodimers are additionally linked by disulﬁde bridges to form
cyclic a4 b4 heterotetramers. These domains exhibit signiﬁcant homology to the carbohydrate-binding domains of C-type lectins, to
the factor IX-binding protein (IX-bp), and to ﬂavocetin-A (Fl-A) but sequence and structural diﬀerences are observed in both the
domains in the putative Ca2þ and carbohydrate binding regions.
 2003 Elsevier Inc. All rights reserved.
Keywords: C-type lectin; Platelet activation factor; Snake venom; Crotalus durissus terriﬁcus; Crystal structure; Cyclic a4 b4 heterotetramer

Convulxin (CVX), a glycosylated C-type lectin isolated from the venom of the South American rattlesnake
Crotalus durissus terriﬁcus [1], does not display phospholipase, esterolytic or amidolytic activities and does
not interfere with the plasmatic factors. CVX is a potent
platelet activation factor (PAF) [1–5] which causes cardiovascular and respiratory disturbances. CVX stimulates thrombocytes resulting in aggregation and the
release of ADP, and interacts with the platelet glycoprotein GPVI [6]. CVX activates mammalian platelets
through a mechanism that involves binding and clustering of GPVI receptors [4]. This clustering of GPVI
receptors results in the activation of Src kinases [7],
phosphorylation of the Fc receptor, and activation of
p72SYK which are considered to play a role in downstream activation of platelets [4]. CVX functions via a
Ca2þ dependent mechanism which is independent of
*
Corresponding author. Fax: +55-17-221-22-47.
E-mail address: arni@df.ibilce.unesp.br (R.K. Arni).

0006-291X/$ - see front matter  2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2003.09.032

galactose or mannose, ﬁbrinogen, and ADP [2]. Aspirin
(100 lM) does not interfere with activity, indicating that
thromboxane A2 synthesis which is stimulated by
CVX is independent of cyclooxygenase. Fibrinogen,
a-thrombin, RGDS peptides [8], and adrenaline do not
inhibit the high aﬃnity (Kd ¼ 30 pM) binding of CVX to
the collagen receptor GPVI [9]. CVX activity can be
reversed by the inclusion of EDTA or protacyclin and
prostaglandins are strong inhibitors of CVX-induced
aggregation. Doses of 0.001–0.1 lg/mL result in about
50% activation of washed platelets [10]. Small doses of
CVX do not cause lysis of the platelet membrane,
whereas intravenously administered larger doses (3 lg/
kg) may be cytolytic as evidenced by the liberation of
serotonin and biogenic amines [11].
CVX is a disulﬁde linked heterodimer composed of
two homologous subunits CVXa (13.9 kDa) and
CVXb (12.6 kDa) [12] which also display signiﬁcant
homology to the carbohydrate recognition domain
(CRD) of the C-type lectin family [13], but lack the
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consensus sequence for both carbohydrate and Ca2þ
binding [12].
We present here the crystal structure of CVX which is
the ﬁrst structure of a protein isolated from the venom
of C. d. terriﬁcus using high-resolution X-ray crystallographic techniques.

Materials and methods
CVX was puriﬁed and crystallized as described previously [14].
Brieﬂy, crude lyophilized venom was obtained from a local serpentarium and 250 mg was dissolved in 5 ml of a 20 mM Tris–HCl (pH 8.0)
buﬀer. This solution was then applied on a benzamidine–Sepharose
(CL6B) aﬃnity column to remove the thrombin-like enzyme giroxin.
The unbound fraction which contained CVX was pooled and further
puriﬁed on a Sephacryl S300 column. The sample was then concentrated to 10 mg ml1 in Centricon micro-concentrators (Amicon).
Silver stained SDS gels (9%) indicated the presence of a ladder-like
distribution attributed to various states of aggregation of the a and b
chains. However, dynamic light scattering (Dynapro 801) conducted at
18 C indicated the presence of a single mono-dispersive population
with an estimated molecular mass of 100,000 kDa.
Crystals were obtained when a 10 mg ml1 protein solution of CVX
was equilibrated against a reservoir solution of 100 mM sodium acetate
buﬀer containing 200 mM CaCl2 , pH 4.6, and 14% of 2-methyl-2,4pentanediol [14].
X-ray diﬀraction data were collected using a Rigaku RU300 rotating anode generator operating at 50 kV and 80 mA equipped with
osmic mirrors and a MAR345 (MAR Research) imaging plate detector. A single crystal with a maximum dimension of 0.1 mm was
transferred to a cryoprotectant solution which contained 20% glycerol
and ﬂash-frozen and diﬀraction data were collected at 100 K. The
crystals belong to the space group I4 with unit cell parameters
 and c ¼ 112:91 A
 and diﬀraction was observed to a
a ¼ b ¼ 131:55 A
; however, data beyond 2.4 A
 were weak
maximum resolution of 2.2 A
and were not used. The data were indexed and reduced using the
DENZO/SCALEPACK [15] suite of programs (Table 1).

Table 1
Data collection and reﬁnement statistics
Data collection
Space group
)
Unit cell dimensions (A
Þ
Max. resolution (A
No. of unique reﬂections
Rmerge (%) (last shell)
Completeness (%) (last shell)
I/rI (last shell)

I4
a ¼ b ¼ 131:55; c ¼ 112:91
2.4
36,900
6.1 (40.4)
97.6 (98.8)
12.1 (1.9)

Reﬁnement
)
Resolution range (A
R (%)
Rfree (%)
No. of non-hydrogen atoms
No. of solvent molecules
2 )
Mean B-value protein atoms (A
2 )
Mean B-value solvent atoms (A

30.0–2.4
18.4
25.7
4318
197
47.3
45.9

r.m.s. deviations from ideal values
)
Bond lengths (A
Bond angles ()
Torsion angles ()

0.032
2.639
8.429
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The molecular masses of the a- and b-subunits of CVX are 13.9 and
12.6 kDa, respectively, resulting in a combined molecular mass of
26.5 kDa for the ab-heterodimer. Matthews parameter values [16] of
4.8 and 3.2 were obtained for the presence of two or three heterodimers
in the asymmetric unit which correspond to solvent contents of 73.2%
and 59.8%, respectively.
The crystal structure was solved using the atomic coordinates of the
C-type lectin Fl-A [17; PDB Code 1C3A] stripped of solvent molecules.
Molecular replacement using the program AMoRe [18] provided a
clear solution for the two ab-heterodimers in the asymmetric unit using
, conﬁrming the existence of two
data in the resolution range 30.0–3.0 A
heterodimers in the asymmetric unit with a corresponding solvent
content of 73.2%. Rigid body reﬁnement of this solution resulted in a
correlation coeﬃcient of 41.5% and an R-factor of 50.3%. Reﬁnement
was carried out imposing non-crystallographic symmetry restraints
and following the simulated annealing (3000 K) and positional reﬁnement procedures as incorporated in the program CNS [19]. The reﬁnement was interspersed with successive rounds of model building
using TURBO FRODO (Biographics, Marseille, France) and resulted
in an R-factor of 27.3% (Rfree ¼ 33.1%). TLS and restrained reﬁnement
was carried out with Refmac5 [20] as implemented in the CCP4
package [21] and the reﬁnement converged to a R-factor of 18.4%
 without utilizing
(Rfree ¼ 25.7%) for all data between 30.0 and 2.4 A
either a r or an intensity cutoﬀ (Table 1).
The stereochemistry of the ﬁnal model was examined using PROCHECK [22] (Table 1) and indicated that the model possessed excellent stereochemistry. As much as 99.1% of the residues are located in
the favoured region in the Ramachandran plot [23]. The only exceptions are amino acids Asp12a and Asp12b in both molecules in the
asymmetric unit which form a turn.

Results
Sequence alignments of the a- and b-subunits of CVX
with the corresponding subunits of IX-bp and Fl-A
from the venom of Trimeresurus ﬂavoviridis indicate
high sequence homology (Fig. 1). The disulﬁde bonding
pattern is highly conserved except that counterparts of
the C-terminal cysteine (Cys135) of the a-subunit and
N-terminal cysteine (Cys3) of the b-subunit in CVX are
present in Fl-A but are absent in IX-bp.
Quatenary structure
The a- and b-subunits of CVX are linked by a
disulﬁde bridge formed between Cys81a and Cys77b
(Fig. 2) and these ab-heterodimers are structurally
similar to the heterodimers reported in the crystal
structures of the IX-bp [24] and Fl-A [17] from
T. ﬂavoviridis.
A number of studies have indicated that CVX exists
as an a3 b3 protein based on its hydrodynamic behaviour. However, the presence of an additional disulﬁde
bridge formed between neighbouring ab-heterodimers
(Cys135a and Cys3bÞ results in the generation of a
cyclic a4 b4 tetramer in the structures of CVX (Fig. 3)
and Fl-A [17]. The crystal structure of Fl-A contains a
single disulﬁde linked cyclic a4 b4 tetramer in the
asymmetric unit [17]. In CVX, two ab-heterodimers are
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Fig. 1. Sequence alignment of the a and b chains of CVX, Fl-A, and IX-bp. This ﬁgure was produced using MULTIALIGN [25].

Putative Ca2+-binding site

Fig. 2. Ribbon representation of the CVX a4 b4 cyclic tetramer. The a
and b chains are presented in blue and green, respectively. Inter-chain
and intra-chain disulﬁde bonds (Ca, Cb, and ScÞ are in pink. Figure
generated using RIBBONS [26]. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version
of this paper.)

present in the asymmetric unit each forming cyclic a4 b4
tetramers which are stacked on each other and reﬂect
the I4 space group symmetry (Fig. 2). Thus, the
anomalous behaviour of CVX in size exclusion chromatography and in native gels suggesting that it is an
a3 b3 can be attributed to the presence of the large
solvent channel with a mean diameter of approximately
 (Fig. 2).
70 A

In the a-subunit of IX-bp, the calcium ion is coordinated by Ser43, Glu45, Glu49, and Glu130 (amino
acid numbering based on homology with CVX). In
CVXa, the sequence in this region is Ser43, Lys45,
Glu49, and Lys130. In both Fl-A and CVX, the substitution of Glu130 by Lys results in the Nf atom occupying the position of the calcium ion in IX-bp
(Fig. 3A). In the b-subunit of IX-bp, the Ca2þ ion is
coordinated by Ser43, His45, Glu49, and Glu122. In FlA and CVX, this site contains Ser43, His45, Glu49, and
Lys122 (Fig. 3B). Thus, the a- and b-subunits of Fl-A
and CVX do not bind Ca2þ .
CVX is a potent inducer of platelet aggregation
that binds to and acts predominantly via p62/GPVI
[4]. Binding to GP receptors by oligomeric proteins
which consist of four copies of the ab-heterodimer has
been suggested to be more eﬃcient than proteins made
up of single copies of the ab-heterodimer due to
cooperative binding utilizing the multiple binding
sites [17].

The crystal structure of CVX determined at 2.4 A
demonstrates that the a- and b-subunits are linked
by a disulﬁde bond to form a heterotetramer which
is linked by an additional disulﬁde bond to form a
cyclical a4 b4 heterotetramer as in the structure of FlA [17]. The subunits of CVX do not bind Ca2þ due
to amino acid sequence and structural changes in
the putative calcium binding loop. The unique
structure and properties of CVX reported here
should be useful to further our understanding of the
mechanism of platelet aggregation and activation via
the p62/GPVI component of the platelet collagen
receptor.
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Fig. 3. Results of the superpositioning of the amino acids in IX-bp
(grey), Fl-A (red) ,and CVX (atom colors) for the a (A) and b (B)
chains. The amino acid labels and numbering are based on the sequence of CVX. The bound calcium from the structure of IX-bp is in
yellow. Figure produced using PyMOL [27]. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the
web version of this paper.)
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b.ȱ DisrupçãoȱdeȱMembranasȱBiológicasȱ
ȱ
ȱ
Asȱ membranasȱ biológicasȱ sãoȱ conjuntosȱ deȱ proteínas,ȱ lipídiosȱ eȱ glicídios,ȱ
dispostosȱ emȱ umaȱ bicamada,ȱ queȱ circundamȱ asȱ células,ȱ suasȱ organelasȱ eȱ seusȱ
produtosȱ deȱ secreçãoȱ (Figuraȱ 5).ȱ Altamenteȱ reativasȱ eȱ comȱ umaȱ capacidadeȱ
enormeȱ deȱ adquirirȱ asȱ maisȱ diversasȱ conformaçõesȱ espaciais,ȱ asȱ membranasȱ
celularesȱ constituemȱ osȱ limitesȱ dasȱ diversasȱ organelasȱ noȱ interiorȱ celularȱ eȱ daȱ
própriaȱcélula,ȱcabendoȱàȱmembranaȱplasmáticaȱessaȱúltimaȱfunção.ȱAȱmembranaȱ
plasmáticaȱ podeȱ serȱ consideradaȱ comoȱ aȱ entidadeȱ reveladoraȱ dosȱ estadosȱ
metabólicosȱcelulares,ȱumaȱvezȱqueȱéȱresponsávelȱpelasȱrelaçõesȱintercelularesȱouȱ
aquelasȱ realizadasȱ entreȱ aȱ célulaȱ eȱoȱseuȱmeio.ȱSeuȱfuncionamentoȱeȱintegridadeȱ
dependemȱ fundamentalmenteȱ daȱ reposiçãoȱ deȱ seusȱ elementosȱ constituintes,ȱ
principalmenteȱdeȱproteínasȱeȱlipídios.ȱQualquerȱalteração,ȱportanto,ȱdosȱsistemasȱ
celularesȱdeȱproduçãoȱdeȱlipídiosȱouȱdeȱproteínasȱafetaȱaȱmembranaȱcelularȱpelaȱ
mudançaȱemȱsuaȱcomposiçãoȱbioquímica.ȱDesseȱmodo,ȱasȱfunçõesȱdaȱmembranaȱ
plasmáticaȱ ficamȱ comprometidas,ȱ fatoȱ extremamenteȱ críticoȱ paraȱ aȱ manutençãoȱ
daȱvitalidadeȱcelular.ȱ
ȱ
Nesseȱ capítulo,ȱ diversasȱ toxinasȱ responsáveisȱ pelaȱ hidróliseȱ deȱ diferentesȱ
componentesȱ lipídicosȱ deȱ membranasȱ biológicasȱ foramȱ caracterizadasȱ
estruturalmente,ȱ taisȱ comoȱ esfingomielinasesȱ Dȱ eȱ fosfolipasesȱ A2ȱ sãoȱ
apresentadas.ȱ
ȱȱ

ȱ
Figuraȱ5:ȱModeloȱmosaicoȱfluidoȱdeȱmembranasȱbiológicas.ȱ
ȱ
ȱ

42

i.ȱ EsfingomielinaseȱDȱ
ȱ
EsfingomielinaseȱDȱéȱoȱprincipalȱcomponenteȱtóxicoȱdoȱvenenoȱdeȱaranhasȱdoȱ
gêneroȱ Loxoscelesȱ responsáveisȱ pelaȱ manifestaçãoȱ deȱ dermonecrose,ȱ hemóliseȱ
intravascularȱ eȱ falhaȱ renalȱ aguda,ȱ sendoȱ queȱ algunsȱ casosȱ podemȱ resultarȱ emȱ
morte.ȱ Essasȱ enzimasȱ catalisamȱ aȱ hidróliseȱ deȱ esfingomielinaȱ (Figuraȱ 6),ȱ umȱ
componenteȱ deȱ membranasȱ biológicasȱ semelhanteȱ aosȱ fosfolipídiosȱ (Figuraȱ 6)ȱ
resultandoȱ naȱ formaçãoȱ deȱ ceramidaȬ1Ȭfosfatoȱ eȱ colinaȱ ouȱ naȱ hidróliseȱ deȱ
lisofosfatidilȱcolinaȱgerandoȱacidoȱlisofosfatídico.ȱ
Nesseȱtrabalho,ȱaȱprimeiraȱestruturaȱcristalinaȱdeȱumȱmembroȱdaȱfamíliaȱdasȱ
esfingomielinasesȱDȱfoiȱresolvidaȱpeloȱmétodoȱdeȱ“quickȱcryoȬsoaking”ȱ(Dauterȱetȱ
al.,ȱ2000),ȱsendoȱasȱfasesȱobtidasȱaȱpartirȱdeȱumȱúnicoȱderivadoȱdeȱiodoȱeȱosȱdadosȱ
coletadosȱ emȱ umȱ anodoȱ rotatório.ȱ Asȱ esfingomielinasesȱ Dȱ têmȱ umaȱ estruturaȱ
(D/E)8ȱ eȱ umȱ sítioȱ ativoȱ conjugadoȱ aȱ umȱ sítioȱ deȱ ligaçãoȱ deȱ magnésio.ȱ Baseadosȱ
nessesȱ dadosȱ estruturais,ȱ oȱ mecanismoȱ deȱ açãoȱ ácidoȬbaseȱ foiȱ propostoȱ e,ȱ
posteriormente,ȱconfirmadoȱporȱLeeȱ&ȱLynchȱ(2005).ȱOutroȱresultadoȱinteressanteȱ
foiȱ encontrarȱ oȱ mesmoȱ sítioȱ ativoȱ naȱ enzimaȱ glicerofosfodiesterȱ fosfodiesterase,ȱ
consideradaȱ enzimaȱ chaveȱ noȱ metabolismoȱ doȱ glicerolȱ emȱ mamíferos.ȱ Estudosȱ
comparativos,ȱ análisesȱ estruturaisȱ eȱ mecanismoȱ deȱ açãoȱ estãoȱ detalhadosȱ nosȱ
trabalhosȱaȱseguir.ȱ
ȱ ȱȱ
ȱ
ȱ
ȱ
ȱ

ȱ
ȱ
ȱ
ȱ
Figuraȱ 6:ȱ Representaçãoȱ esquemáticaȱ deȱ umȱ fosfolipídioȱ (esquerda)ȱ eȱ umȱ
esfingolipídioȱ(direita).ȱ
ȱ
ȱ
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Sphingomyelinases D (SMases D) from Loxosceles spider venom are the principal toxins responsible for the
manifestation of dermonecrosis, intravascular hemolysis, and acute renal failure, which can result in death.
These enzymes catalyze the hydrolysis of sphingomyelin, resulting in the formation of ceramide 1-phosphate
and choline or the hydrolysis of lysophosphatidyl choline, generating the lipid mediator lysophosphatidic
acid. This report represents the first crystal structure of
a member of the sphingomyelinase D family from Loxosceles laeta (SMase I), which has been determined at
1.75-Å resolution using the “quick cryo-soaking” technique and phases obtained from a single iodine derivative and data collected from a conventional rotating
anode x-ray source. SMase I folds as an (␣/␤)8 barrel, the
interfacial and catalytic sites encompass hydrophobic
loops and a negatively charged surface. Substrate binding and/or the transition state are stabilized by a Mg2ⴙ
ion, which is coordinated by Glu32, Asp34, Asp91, and
solvent molecules. In the proposed acid base catalytic
mechanism, His12 and His47 play key roles and are supported by a network of hydrogen bonds between Asp34,
Asp52, Trp230, Asp233, and Asn252.

Envenomation by arachnids of the genus Loxosceles (brown
spider), endemic to temperate and tropical regions of the Americas, Africa, and Europe, leads to local dermonecrosis and also
to serious systemic toxicity. Three principal Loxosceles species
of medical importance are encountered in Brazil (Loxosceles
laeta, Loxosceles intermedia, Loxosceles gaucho), and more
than 2,000 cases of envenomation by L. intermedia alone are
reported each year. In the United States, six Loxosceles species
(including Loxosceles reclusa, brown recluse) are responsible
for numerous incidents (1). L. laeta, possibly the most toxic and
dangerous of all the species, is widely distributed and is encountered as far north as Canada (2, 3) and is endemic primarily in South and Central America.
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The atomic coordinates and structure factors (code 1XX1) have been
deposited in the Protein Data Bank, Research Collaboratory for Structural Bioinformatics, Rutgers University, New Brunswick, NJ
(http://www.rcsb.org/).
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arni@df.ibilce.unesp.br.

The site of envenomation, which initially causes only minor
discomfort, begins as an expanding area of erythema and
edema. A centrally located necrotic ulcer often forms 8 –24 h
after envenomation (4, 5). Extensive tissue destruction follows,
with the ulcer taking many months to heal, and in extreme
cases requires debridement or skin grafting. The lesions are
remarkable considering that Loxosceles spiders inject only a
few tenths of a microliter of venom containing no more than 30
g of protein.
Mild systemic effects induced by envenomation, such as fever, malaise, pruritus, and exanthema are common, whereas
intravascular hemolysis and coagulation, sometimes accompanied by thrombocytopenia and renal failure, occur in ⬃16% of the
victims (1, 6 –11). Although systemic loxoscelism is less common
than the cutaneous form, it is the main cause of death associated
with Loxosceles envenomation. Most of the deaths occur in children and are related to the South American species L. laeta (1).
Due to our limited understanding of the venom’s mechanism of
action, effective treatment is currently not available.
The recombinant sphingomyelinases (SMases)1 D of L. laeta
and L. intermedia retain all the local and systemic effects
observed in the whole venom, inducing dermonecrosis in rabbits and rendering human erythrocytes susceptible to lysis by
complement (12–15). In a mouse model of Loxosceles envenomation, they also induce intravascular hemolysis and provoke a cytokine response, which resembles that observed in
endotoxic shock (16). SMases facilitate activation of the alternative pathway of complement on human erythrocytes by
removal of glycophorins as a consequence of the activation of
an endogenous metalloproteinase (17) and activation of the
classical pathway of complement, possibly by disruption of
the membrane asymmetry (18). SMases D are not encountered elsewhere in the animal kingdom; however, a similar
enzyme is produced as an exotoxin by some pathogenic bacteria, notably Corynebacterium pseudotuberculosis, Corynebacterium ulcerans, and Arcanobacterium (formerly Corynebacterium) hemolyticum (19 –21). C. pseudotuberculosis
causes lymphadenitis in animals and is also pathogenic to
humans, whereas C. ulcerans and A. hemolyticum are pathogens of pharyngitis and other human infections (22). The
SMase D from C. pseudotuberculosis, also named sphingomyelin (SM)-specific phospholipase D (PLD), is an essential
virulence determinant that contributes to the persistence
and spread of the bacteria within the host (23).
The Loxosceles and bacterial SMases D possess similar molecular masses (31–35 kDa) but share only limited sequence
homology (13, 24). In model systems, the Loxosceles and
1
The abbreviations used are: SMase, sphingomyelinase; SM, sphingomyelin; PLD, phospholipase D.
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FIG. 1.Stereo ribbon representation of the structure of L. laeta SMase I viewed along the axis of the (␣/␤)8 barrel. The N and C
termini are labeled, and the functionally important His12, Glu32, Asp34, His47, Asp91, and the Mg2⫹ ion (green sphere) are included. The catalytic
loop B (blue), the variable loop E (green), and the flexible loop F (red) are indicated. The ␤-strands and ␣-helices are labeled as in Fig. 3. Figs. 1,
2A, 4, and 6 were generated using Pymol (DeLano, www.pymol.org).

FIG. 2. A, stereo view of the amino acids
and hydrogen bonding in the catalytic and
metal ion binding (green sphere) sites; the
electron density (blue) in the 2Fo ⫺ Fc
map is contoured at 2.0. B, schematic
representation of the principal hydrogen
bonds to the sulfate and metal ion.

C. pseudotuberculosis enzymes provoke similar pathophysiological effects, including platelet aggregation, endothelial hyperpermeability, complement-dependent hemolysis, and neutrophil recruitment (13–15, 25–28).
Of the four major phospholipids present in the outer leaflet of
the mammalian plasma membranes, only sphingomyelin is
hydrolyzed by bacterial PLD and spider toxins, resulting in the
formation of ceramide-1-phosphate (Cer-1-P or N-acyl-sphingosine-1-phosphate) (13, 25, 26).
In the presence of Mg2⫹, spider and bacterial SMases D catalyze the release of choline from lysophosphatidylcholine but not
from phosphatidylcholine (24). Plasma lysophosphatidylcholine
is tightly bound to albumin, and removal of its choline headgroup
yields lysophosphatidic acid, a potent lipid mediator with numer-

ous biological activities in many different cell types (29, 30). The
crystal structure of SMase I (sphingomyelin phosphodiesterase;
E.C. 3.1.4.12), one of the sphingomyelinase D isoforms from
L. laeta venom (determined at 1.75 Å), provides a structural basis
for understanding the role of the metal ion binding and the
acid-base catalytic mechanism.
EXPERIMENTAL PROCEDURES

Sphingomyelinase Expression—L. laeta SMase I (GenBankTM accession number AY093599) was expressed in Escherichia coli strain BL21
(DE3) as a fusion protein composed of the mature SMase with an
N-terminal extension containing a His6 tag (15). Recombinant SMase I
was purified from the soluble fraction of cell lysates on a Ni(II)-chelating-Sepharose Fast Flow column (Amersham Biosciences). Recombinant protein was eluted (elution buffer: 100 mM Tris-HCl, pH 8.0, 300
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TABLE I
Data collection and refinement statistics of SMase I
Native-SMase I

Crystal preparation
Cryprotectant solution
Soaking time
Data collection
Wavelength (Å)
Space group
Unit cell parameters (Å)
Resolution (Å)
No. of molecules in arbitrary units
Solvent content (%)
Vm (Å3Da⫺1)
No. of reflections
No. of unique reflectionsa
I/(I)
Multiplicity
Completeness (%)
Rmergeb (%)
Structure refinement statistics
Rfactor (%)
Rfree (%)
Root mean square deviation bond distances (Å)
Root mean square deviation bond angles (°)
Average B-factors (Å2)

Mother liquor ⫹ 20% glycerol
60 s
1.43
P65
a ⫽ b ⫽ 139.82, c ⫽ 113.46
30.0–1.75 (1.79–1.75)
4
52
2.6
2,578,417
125,875
22.0 (3.4)c
20.5 (6.5)
99.5 (99.5)
6.4 (43.9)

Iodine-SMase I

Mother liquor ⫹ 20% glycerol ⫹ 0.5
20 min

M

NaI

1.54
P65
a ⫽ b ⫽ 142.59, c ⫽ 115.36
30.0–2.10 (2.15–2.10)

1,580,276
151,663
11.3 (2.4)c
10.4 (3.5)
99.0 (98.2)
10.8 (48.3)

18.6
22.5
0.013
1.549
24.2

a
Multiplicities of the derivative data sets were calculated with the Friedel-related reflections treated separately. Multiplicity of the native data
set was calculated with the Friedel pairs treated as equivalent.
b
Rmerge ⫽ ⌺兩I(h)I ⫺ {I(h)}兩/⌺{I(h)}, where Ih is the observed intensity of the ith measurement of reflection h and {I(h)} is the mean intensity of
reflection h calculated after scaling.
c
Statistical values for the highest resolution shells are given in parentheses.

mM NaCl, 0.8 M imidazole) at ⬎95% purity and dialyzed against phosphate-buffered saline, pH 7.2 (10 mM sodium phosphate, 150 mM NaCl).
Dynamic light-scattering experiments carried out in the above buffer at
293 K (DynaPro 801-Protein Solutions) indicated that the protein was
monomeric in solution.
Crystallization, Heavy Atom Derivative, and Data Collection—Initial
crystals of L. laeta SMase I were obtained by the hanging drop vapor
diffusion method in which 2-l drops containing 1 l of the protein
solution (5 mg ml⫺1 in 25 mM Hepes, pH 7.5) were equilibrated against
a reservoir solution containing 8 mM Hepes and 0.9 M trisodium citrate
(pH 7.5) (31). Subsequently, crystals obtained from 2.7 M ammonium
sulfate (pH 5.6) were easier to reproduce and were used for structure
determination. Cryo-conditions included the addition of 20% (w/v) glycerol to the reservoir solution. The native crystals belong to the space
group P65 with cell parameters of a ⫽ b ⫽ 139.82 Å and c ⫽ 113.46 Å,
and the asymmetric unit contains four molecules with a solvent content
of 52% (VM ⫽ 2.6 Å3 Da⫺1). The iodine derivative for the “quick cryosoaking” method was prepared by soaking a single crystal in the cryosolution, which additionally contained 0.5 M iodine chloride, for 20 min.
Diffraction intensities for the native crystal were measured by a
MARCCD detector at the protein crystallography beam line at the
Brazilian National Synchrotron Light Source (LNLS, Campinas,
Brazil), and the derivative diffraction data were collected using x-rays
generated by a Rigaku RU300 rotating anode source equipped with
Osmic confocal mirrors. Diffraction intensities were measured using a
MAR 345 imaging plate detector. Data were scaled and reduced using
DENZO/SCALEPACK (32); the data collection and processing statistics
are presented in Table I.
Structure Determination and Refinement—The quick cryo-soaking
method (33, 34) was used for derivatization and phasing. The structure
was determined at 1.95 Å using the single isomorphous replacement
anomalous dispersion method, and the anomalous differences were
used to locate 41 iodine sites with the SHELXD program (35) by integrated-direct and Patterson methods. These heavy atom positions were
used without further refinement to estimate phases that were subsequently extended to 1.75-Å resolution applying the sphere of influence
algorithm as incorporated in the SHELXE program (35), and the electron density was improved by solvent flattening with SOLOMON (36).
The deduced amino acid sequence based on the L. laeta SMase I gene
(GenBankTM accession number AAM21154) was utilized for automatic
model building into the 1.75-Å resolution electron density map with the
ARP/wARP program (37), which was able to trace 97% of the molecule.
The refinement was initiated at a 2.0-Å resolution with an R-factor of
22.2% (Rfree ⫽ 26.4%). Initial cycles of refinement involved translation,
libration, and screw rotation, a restrained and overall B-factor refinement that was carried out by REFMAC5 (38) with the inclusion of

FIG. 3. Topology schematic of L. laeta SMase I. The ␤-strands
(arrows) and ␣-helices (cylinders) forming the (␣/␤)8 barrel are labeled
A–H and 1– 8 respectively. The ␤-strands and ␣-helices not belonging to
the core are primed. The positions of the catalytic loop B (blue), variable
loop E (green), flexible loop F (red), and the disulfide bridge (S–S) are
indicated. The approximate relative positions of the amino acids involved in catalysis and Mg2⫹ ion binding are indicated.
non-crystallographic restraints. After each cycle of refinement, the
model was inspected and manually adjusted to correspond to the computed A-weighted (2Fo ⫺ Fc)- and (Fo ⫺ Fc)-type electron density maps
using the program TURBO FRODO (Biographics, Marseille, France). In
the later cycles, the non-crystallographic restraints were relaxed, and
individual isotropic B-factors were refined. Solvent water molecules
were added manually at the position of positive peaks (⬎3) in the
difference Fourier maps, taking into consideration hydrogen bonding
potential. In the final cycles of refinement, additional density was
observed in the difference electron density maps, which was attributed
to the presence of Mg2⫹, sulfate ions, and Hepes molecules.
RESULTS

The refinement of the structure of SMase I from L. laeta converged to a crystallographic residual of 18.6% (Rfree ⫽ 22.5% for 5%
of the data) for all data between 30.0 and 1.75 Å (no  or intensity
cutoff; 99.5% data completeness). The residual electron density that
was observed was attributed to the presence of a Mg2⫹ ion based on
the temperature factor (B-factor ⫽ 7.5 Å2) and coordination (Figs. 1
and 2A). Because the concentration of the phosphate in the dialysis
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FIG. 4. Ribbon representation of
the dimer. The amino acids His12, Glu32,
Asp34, His47, and Asp91 are represented
by balls and sticks, and the Mg2⫹ ion is
represented as a green sphere. Residues in
the catalytic (loop B), variable (loop E),
and the flexible (loop F) loops are blue,
green, and red, respectively. The N and C
termini are labeled and are brown.

buffer (10 mM) was lower than the sulfate concentration (2.6 M)
used in crystallization, the tetrahedrally shaped residual density
observed in close proximity to the Mg2⫹ binding site was considered
to represent an SO4⫺ ion (Fig. 2A). Although hydrolytic activity is
Mg2⫹-dependent and this site is surrounded by highly conserved
amino acids, it is considered to represent the active site, and the
SO4⫺ ion likely mimics the binding of the phosphate group of the
substrate.
The refined model of SMase I contains 1140 amino acid
residues, 4 Mg2⫹ ions, 23 sulfate ions, 3 Hepes, and 1018
solvent water molecules. An analysis of the stereochemistry
(PROCHECK) (39) of the final model indicates that the mainchain dihedral angles for all residues are located in the permitted
regions of the Ramachandran diagram and that the root mean
square deviations from ideal values are distributed within the
expected ranges for a well refined structure (Table I).
The fundamental structural unit of SMase I is formed by a
distorted triose phosphate isomerase or (␣/␤)8 barrel (surface
area ⫽ 11,254 Å2) with the insertion of additional ␤-strands
and ␣-helices (Figs. 1 and 3). The N and C termini flank one
side of the barrel, and the N terminus leads directly to the first
␤-strand, whereas the C terminus contains a short helix (8⬘)
and a ␤-strand (H⬘) and caps the torus of the barrel (Figs. 1 and
3). The asymmetric unit contains four molecules and can be
considered to be made up of two dimers. The monomers forming
the dimer are related by a 2-fold axis of rotation perpendicular
to the barrel (Fig. 4) and results in 3402 Å2 (or 33%) of the
surface area of each monomer being buried. Dimerization is
likely an artifact of the crystal packing interactions, because
the dynamic light-scattering experiments indicate that the protein is monomeric in solution.
The opposite face of the barrel is surrounded by a ring of
negatively charged amino acids and hydrophobic loops (Fig. 1).
The active site pocket contains His12, Glu32, Asp34, Asp91,
His47, Asp52, Trp230, Asp233, and Asn252, which are fully conserved in the Loxosceles species SMases D isoforms (Fig. 5).
Mutagenesis studies of Mg2⫹-dependent neutral SMase (40)
and the crystal structure of phospholipase D (41) indicate the
involvement of two histidine residues that are in close proximity to the metal ion binding site in the acid-base catalytic
mechanism. Based on the structural results, His12 and His47 of
SMase D have been identified as the key residues for catalysis
and are assisted by a hydrogen bond network that involves
Asp52, Asn252, and Asp233. The metal ion is coordinated by
Glu32, Asp34, Asp91, and solvent molecules.
His12 is located at the tip of the first ␤-strand (strand A, Figs.
1 and 3), and N⑀2 forms a hydrogen bond to O2 of the bound
sulfate ion. His12N␦1 is hydrogen bonded to Asn252O␦1 and

Asn252N␦2 is further hydrogen bonded to Asp52O␦2, and
Asp233O␦2 (Fig. 2).
The catalytic loop (loop B, residues 46 – 60) is stabilized at
the tip by a disulfide bridge (Cys51-Cys57, Figs. 3 and 6), which
is a conserved feature of all spider SMases D (Fig. 5), and His47
is located at the base of the loop. Multiple hydrogen bonds are
formed between Arg55NH1 and the main-chain carbonyl oxygen
of His12 and Arg55NH2 and Met13O (Fig. 6), and additionally
Arg55NH1 also bonds Asp252O␦1. A structural sulfate ion binds
via O1 to Arg55N⑀ and the main chain amide nitrogen of Asp56.
O4 of the sulfate ion binds two solvent molecules, both of which
are hydrogen bonded to Arg59NH1. Arg59N⑀ binds a molecule of
Hepes, the latter interacting with the indole of Trp60 located at
the base of the catalytic loop (loop B) on the external surface of
the barrel. This network of bonds ensures the orientation of the
catalytic loop in relation to the active site. His47N⑀2 is hydrogen
bonded to O1 and O3 of the sulfate ion located in the catalytic
site, and His47N␦1 interacts with the carbonyl oxygen atom of
Gly48 (Fig. 2B).
The bound Mg2⫹ ion (Fig. 2) is octahedrally coordinated
(mean Mg2⫹–O distance of 1.98 Å), equatorially by carboxylate
oxygens from the side chains of Glu32, Asp34, and two water
molecules and apically by the side-chain carboxylate oxygen
atoms of Asp91 and a water molecule, which is additionally
hydrogen bonded to Glu32O⑀1. The sulfate ion is coordinated by
three solvent molecules, two of which also coordinate the Mg2⫹
ion, His12N⑀2, His47N⑀2, and Trp230N⑀1. Trp230 is located in loop
G (Fig. 1), which is structurally adjacent to the flexible loop
(loop F) and is strictly conserved in bacterial and spider
SMases D. The indole ring is partially disordered in three of the
four molecules in the asymmetric unit, is aligned along the axis
of the barrel, and could be involved in stabilizing the choline
headgroup of the substrate.
DISCUSSION

The branching pathways of sphingolipid metabolism mediate
either apoptotic or mitogenic responses, depending on the cell
type and the nature of the stimulus (42). Events involving SM
metabolites include proliferation, differentiation, and growth
arrest, as well as the induction of apoptosis.
Loxosceles spiders and Corynebacteria SMases D catalyze the
hydrolysis of sphingomyelin in a Mg2⫹-dependent manner,
with the concerted action of two histidines producing ceramide
1-phosphate and choline, and also display intrinsic lysophospholipase D activity toward lysophosphatidylcholine producing
lysophosphatidic acid, a known inducer of platelet aggregation,
endothelial hyperpermeability, and pro-inflammatory responses. However, sequence alignments indicate that SMases
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FIG. 5. Structure-based multiple sequence alignments of the SMases D isoforms performed using three-dimensional Coffee 2004
(49). L. laeta: SMase I, H10, and H13 (GenBankTM accession numbers AY093599, AY093600 and AY093601, respectively) (15); L. intermedia: P1
and P2 (accession numbers AY304471 and AY304472, respectively) (14); L. reclusa: Lr1 and Lr2 (accession numbers AY559846 and AY559847,
respectively) (19); Loxosceles boneti: Lb1 and Lb3 (accession numbers AY559844 and AY559845, respectively) (50) and C. pseudotuberculosis: PLD
(accession number L16586) (21). Residues involved in catalysis or metal ion coordination are shaded gray. Amino acids in loops B, E, and F are
boxed. Sequence numbers indicated are for L. laeta SMase I.

D lack the conserved HKD sequence motif characteristic of the
PLD superfamily (43), indicating different catalytic site
architectures.
The Mg2⫹ binding site is strictly conserved in spider and
C. pseudotuberculosis SMases D (Fig. 5), and enzymatic activity is absolutely dependent on Mg2⫹. In the crystal structure,
the Mg2⫹ ion is octahedrally coordinated by the carboxyl oxygens of Glu32, Asp34, Asp91, and three solvent molecules. The
Mg2⫹ ion positions the two equatorial solvent molecules, which
in turn could orient the phosphate group of the substrate or
could participate in the stabilization of the reaction intermediate. Trp230, which is fully conserved in SMases D, could also
play a role in orienting the phosphate moiety, permitting nucleophilic attack, and also in stabilizing the transition state.
Lys93, located in the catalytic pocket, is also highly conserved
and may play a crucial role in balancing the charge during
catalysis or in orienting the bound substrate.
Although mammalian desoxyribonuclease I and bacterial
SMases C share ⬍10% sequence identity, the two enzymes are
considered to be evolutionarily related, and the structure of
desoxyribonuclease I (44, 45) (Protein Data Bank code 3DNI)
has been used as a template to model the structure of Bacillus
cereus SMase C (46). Based on the results of modeling and
site-directed mutagenesis, an acid-base mechanism has been
suggested for bacterial and mammalian Mg2⫹-dependent neutral sphingomyelinases (40, 46), where His296 activates a
neighboring water molecule, which in turn attacks the scissile
phosphodiester bond of SM. The electron then transfers to the
general acid (His151) through the penta-covalent intermediate,
resulting in the release of ceramide from SM. The intermediate
is then stabilized by Mg2⫹ liganded by Glu53, Asp195, and
Asp295, which suggests that the latter play dual roles by maintaining the appropriate pKa and relative orientation of His151
and His296. Mutation of either His136 or His272 in rat neutral

FIG. 6. Network of hydrogen bonds (dashed red lines) participating in the stabilization of the catalytic loop (loop B). The
structural SO4⫺ ion, disulfide bridge (yellow bond), and solvent molecules (red spheres) are also included.

sphingomyelinase or Asp195 and His296 in B. cereus (40) sphingomyelinase entirely abolished hydrolytic activity. The
His1513 Ala and His1513 Gln mutants of the B. cereus enzyme
retained partial activity (40).
We are now able to infer the catalytic mechanism of SMase
D, which is based on the direct nucleophilic attack of water in
a fashion analogous to the mechanisms proposed for desoxyribonuclease I (44, 45, 47), PLD (41– 48), and for B. cereus
SMase C (46). In this model (Fig. 7), the concerted action of two
histidines (His12 and His47) is required for catalysis. His12
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FIG. 7. The proposed mechanism for the catalytic hydrolysis of the sphingomyelin substrate by SMase I, His12, and His47
participate in the reaction as the acid and base. R and R⬘ represent ceramide 1-phosphate and choline, respectively. The figure was generated
using ChemSketch (www.acdlabs.com).

functions as the nucleophile that initiates the attack on the
scissile phosphodiester bond of the SM substrate. This is followed by the formation of a short-lived penta-coordinated covalent intermediate, which is subsequently destabilized by the
donation of a hydrogen atom by His47 to produce choline. The
resulting tetrahedral reaction intermediate is stabilized by a
covalent bond formed to His12N⑀2. Because His47 donates a
proton to the group first to leave, it is now able to (partially)
deprotonate a nearby water molecule that initiates a nucleophilic attack on the stable covalent histidine intermediate,
thereby resulting in the formation of the second product, ceramide 1-phosphate, which also proceeds via the formation of a
short-lived, penta-coordinated phosphorus intermediate, culminating in a second inversion of the configuration of the
phosphorus atom and a return to the initial state.
In this proposed model, His12 functions as the nucleophile,
which is assisted by a network of hydrogen bonds formed to the
carboxylate oxygen of Asn252, which in turn is hydrogen bonded
through N␦2 to Asp52O␦2 and Asp233O␦2. Additionally, His12N␦1
is also hydrogen bonded to Asp52O␦2. His47N␦1 is hydrogen
bonded to the carbonyl oxygen atom of Gly48 (distance ⫽ 2.7 Å)
and thus cannot serve as a proton donor in this orientation
(Fig. 2B). To overcome this, a rotation of the imidazole ring
around 1 and 2 would be required and would permit
His47N␦1 to interact with the only possible proton donor in the
vicinity, which is Asp34O␦2. Asp34 could exist in the protonated
state because of its configuration around the metal ion binding
site, transferring the proton to His47 during catalysis.
Loxosceles spider venom SMases D share high sequence ho-

mology, and the amino acids considered to be involved in catalysis are strictly conserved. Structure-based alignment (Fig.
5) and modeling indicate that the five deletions in all other
Loxosceles sp. SMases D, except in SMase I from L. laeta
venom, result in a shortened surface loop (variable loop or loop
E). Additionally, the disulfide bond formed between Cys53 (located in the catalytic loop B) and Cys201 (located in the flexible
loop F), present in other Loxosceles sp. SMases D, probably
serve as a bridge and bring loops B and F closer together (Figs.
1, 3, and 5).
In conclusion, in bacterial and spider SMases D, interfacial
catalysis is mediated by metal ion binding, and two histidine
residues are involved in hydrolyzing sphingomyelin and lysophosphatidylcholine via acid base catalysis. Mg2⫹-dependent
SMases probably share a common catalytic mechanism regardless of the species. These results provide structural data important in further dissecting the mechanism of SMases D, in
particular, and Mg2⫹-dependent neutral SMases, in general.
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Magnoli, F. C., Songer, J. G., and van den Berg, C. W. (2002) Immunology
107, 93–101
19. Soucek, A., Michalec, C., and Souckova, A. (1967) Biochim. Biophys. Acta 144,
180 –182
20. Truett, A. P., and King, L. E., Jr. (1993) Adv. Lipid Res. 26, 275–291
21. McNamara, P. J., Cuevas, W. A., and Songer, J. G. (1995) Gene 156, 113–118
22. Songer, J. G. (1997) Trends Microbiol. 5, 156 –161
23. McNamara, P. J., Bradley, G. A., and Songer, J. G. (1994) Mol. Microbiol. 12,
921–930
24. van Meeteren, L. A., Frederiks, F., Giepmans, B. N., Fernandes-Pedrosa,
M. F., Billington, S. J., Jost, B. H., Tambourgi, D. V., and Moolenaar, W. H.
(2004) J. Biol. Chem. 279, 10833–10836
25. Forrester, L. J., Barrett, J. T., and Campbell, B. J. (1978) Arch. Biochem.
Biophys. 187, 355–365
26. Kurpiewski, G., Forrester, L. J., Barrett, J. T., and Campbell, B. J. (1981)

Biochim. Biophys. Acta 678, 467– 476
27. Carne, H. R., and Onon, E. O. (1978) Nature 271, 246 –248
28. Bernheimer, A. W., Campbell, B. J., and Forrester, L. J. (1985) Science 228,
590 –591
29. Moolenaar, W. H. (1999) Exp. Cell Res. 253, 230 –238
30. Chun, J., Goetzl, E. J., Hla, T., Igarashi, Y., Lynch, K. R., Moolenaar, W., Pyne,
S., and Tigyi, G. (2002) Pharmacol. Rev. 54, 265–269
31. Zela, S. P., Fernandes-Pedrosa, M. F., Murakami, M. T., De Andrade, S. A.,
Arni, R. K., and Tambourgi, D. V. (2004) Acta Crystallogr. Sect. D Biol.
Crystallogr. 60, 1112–1114
32. Otwinowski, Z., and Minor, W. (1997) Methods Enzymol. 276, 307–326
33. Dauter, Z., Dauter, M., and Rajashankar, K. R. (2000) Acta Crystallogr. Sect.
D Biol. Crystallogr. 56, 232–237
34. Nagem, R. A., Dauter, Z., and Polikarpov, I. (2001) Acta Crystallogr. Sect. D
Biol. Crystallogr. 57, 996 –1002
35. Schneider, T. R., and Sheldrick, G. M. (2002) Acta Crystallogr. Sect. D Biol.
Crystallogr. 58, 1772–1779
36. Abrahams, J. P., and Leslie, A. J. W. (1996) Acta Crystallogr. Sect. D 52, 30 – 42
37. Perrakis, A., Morris, R. J. H., and Lamzin, V. (1999) Nat. Struct. Biol. 6,
458 – 463
38. Murshudov, G. N., Vagin, A. A., and Dodson, E. J. (1997) Acta Crystallogr.
Sect. D 53, 240 –255
39. Laskowski, R. A., MacArthur, M. W., Moss, D. S., and Thornton, J. M. (1993)
J. Appl. Crystallogr. 26, 283–291
40. Obama, T., Fujii, S., Ikezawa, H., Ikeda, K., Imagawa, M., and Tsukamoto, K.
(2003) Biol. Pharm. Bull. 26, 920 –926
41. Stuckey, J. A., and Dixon, J. E. (1999) Nat. Struct. Biol. 6, 278 –284
42. Claus, R., Russwurm, S., Meisner, M., Kinscherf, R., and Deigner, H. P. (2000)
Curr. Drug Targets 1, 185–205
43. Exton, J. H. (2002) FEBS Lett. 531, 58 – 61
44. Suck, D., and Oefner, C. (1986) Nature 321, 620 – 625
45. Suck, D., Lahm, A., and Oefner, C. (1988) Nature 332, 464 – 468
46. Matsuo, Y. O., Yamada, A., Tsukamoto, K., Tamura, H-O., Ikezawa, H., Nakamura, H., and Nishikawa, K. (1996) Protein Sci. 5, 2459 –2467
47. Jones, S. J., Worrall, A. F., and Connolly, B. A. (1996) J. Mol. Biol. 264,
1154 –1163
48. Leiros, I., McSweeney, S., and Hough, E. (2004) J. Mol. Biol. 339, 805– 820
49. O⬘Sullivan, O., Suhre, K., Abergel, C., Higgins, D. G., and Notredam, C. (2004)
J. Mol. Biol., 340, 385–395
50. Ramos-Cerrillo, B., Olivera, A., Odell, G. V., Zamudio, F., Paniagua-Solis, J.,
Alagon, A., and Stock, R. P. (2004) Toxicon 44, 507–514

52

53

Biochemical and Biophysical Research Communications 342 (2006) 323–329

BBRC
www.elsevier.com/locate/ybbrc

Structural insights into the catalytic mechanism of sphingomyelinases
D and evolutionary relationship to glycerophosphodiester
phosphodiesterases
Mário T. Murakami a, Matheus Freitas Fernandes-Pedrosa b, Sonia A. de Andrade b,
Azat Gabdoulkhakov c, Christian Betzel d, Denise V. Tambourgi b,e,*, Raghuvir K. Arni a,e,*
a

d

Department of Physics, IBILCE/UNESP, São José do Rio Preto-SP, Brazil
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Abstract
Spider venom sphingomyelinases D catalyze the hydrolysis of sphingomyelin via an Mg2+ ion-dependent acid–base catalytic mechanism which involves two histidines. In the crystal structure of the sulfate free enzyme determined at 1.85 Å resolution, the metal ion is
tetrahedrally coordinated instead of the trigonal–bipyramidal coordination observed in the sulfate bound form. The observed hyperpolarized state of His47 requires a revision of the previously suggested catalytic mechanism. Molecular modeling indicates that the fundamental structural features important for catalysis are fully conserved in both classes of SMases D and that the Class II SMases D contain
an additional intra-chain disulphide bridge (Cys53–Cys201). Structural analysis suggests that the highly homologous enzyme from Loxosceles bonetti is unable to hydrolyze sphingomyelin due to the 95Gly ﬁ Asn and 134Pro ﬁ Glu mutations that modify the local charge
and hydrophobicity of the interfacial face. Structural and sequence comparisons conﬁrm the evolutionary relationship between sphingomyelinases D and the glicerophosphodiester phosphoesterases which utilize a similar catalytic mechanism.
 2006 Elsevier Inc. All rights reserved.
Keywords: Sphingomyelinase D; Catalytic mechanism; Mg2+-binding site; Hydrodynamic behavior; Crystal structure; Glycerophosphodiester phosphodiesterases

Sphingomyelinases D (SMases D) (sphingomyelin phosphodiesterase D; E.C. 3.1.4.41) catalyze the hydrolysis of
sphingomyelin resulting in the formation of ceramide
1-phosphate (C1P) and choline or the hydrolysis of lysophosphatidyl choline, generating the lipid mediator lysophosphatidic acid (LPA) [1]. C1P is implicated in the
stimulation of cell proliferation via a pathway that involves
inhibition of acid sphingomyelinase and the simultaneous
blocking of ceramide synthesis [2]. LPA is known to induce
*
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various biological and pathological responses such as
platelet aggregation, endothelial hyperpermeability, and
pro-inﬂammatory responses by signaling through three
G-protein-coupled receptors [3,4]. SMases D, the main
components of spider venoms of the genus Loxosceles,
induce severe local dermonecrosis, acute renal failure,
thrombocytopenia, platelet aggregation, and systemic
intravascular haemolysis, which, in rare cases, lead to
death [5].
Surprisingly, SMase D activity is not encountered elsewhere in the animal kingdom, but is present in strains of
pathogenic Corynebacterium. The bacterial and spider
venom SMases D possess similar molecular masses
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(31–35 kDa) but display low sequence identity and are considered to have originated from a common ancestor, the
glycerophosphodiester phosphodiesterases (GDPD; E.C.
3.1.4.46). GDPDs are ubiquitous enzymes, encountered
in bacteria and eukaryotes, display a wide speciﬁcity and
are involved in glycerol metabolism since they catalyze
the reaction of glycerophosphodiester and water to alcohol
and sn-glycerol-3-phosphate.
We have recently reported the results of the ﬁrst crystal
structure of a SMase D from Loxosceles laeta (SMase I) in
the presence of a bound sulfate ion [6] and described the
acid–base catalytic mechanism involving two histidine residues, His12 and His47, and the role of the Mg2+ ion. We
now report the crystal structure of SMase I determined in
the absence of the sulfate ion. In the light of which, the previously suggested mechanism has been revised and we
extend this mechanism to encompass the structurally related GDPDs that also utilize a similar catalytic mechanism.
Materials and methods
Protein expression and puriﬁcation. SMase I (GenBank Accession No.
AY093599) was expressed in Escherichia coli strain BL21 as a fusion
protein of SMase I with an N-terminal extension containing a His6 tag [7].
Recombinant SMase I was puriﬁed from the soluble fraction of cell lysates
on a Ni(II)-chelating-Sepharose Fast Flow column (Amersham Biosciences). Recombinant protein was eluted with a buﬀer solution containing
100 mM Tris–HCl, pH 8.0, 300 mM NaCl, and 0.8 M imidazole and
dialyzed against phosphate-buﬀered saline, pH 7.2 (10 mM sodium
phosphate, 150 mM NaCl).
Dynamic light scattering. Dynamic light scattering (DLS) measurements were performed using a DynaPro-801 Instrument (Protein Solutions, Inc., Charlottesville, VA) equipped with a 25 mW, 780 nm solidstate lazer and a peltier cell. The protein samples were prepared at a
concentration of 5 mg/mL in 5 mM Hepes buﬀer, containing 0.02 M
NaCl, pH 7.0, at 20 C and were loaded in a 20 lL quartz ﬂow cell. The
scattered photons were detected by an avalanche photodiode at a ﬁxed
scattering angle of 90 and 30 measurements were carried out in a time
interval of 30 s. The hydrodynamic radii of gyration, molecular masses,
and degree of sample polydispersity were calculated based on the autocorrelation function using the manufacturer’s software wherein the radius
of gyration (Rg) is extrapolated via the Stokes–Einstein equation. The
apparent molecular mass was derived from a standard curve of molecular
weights versus measured values of the translational diﬀusion coeﬃcient
obtained from a set of calibrated standard values.
Small angle X-ray scattering. Small angle X-ray scattering (SAXS)
experiments were performed at the SAS1 beamline, Laboratório Nacional
de Luz Sı´ncrotron (LNLS, Campinas, Brazil). To minimize aggregation
eﬀects, the protein concentration used was 2 mg/mL and all experiments
were conducted at 20 C. The wavelength was set to 1.48 Å and the
sample-to-detector distance was ﬁxed at 1.07 m. The vertical linear-sensitive position detector was translated upwards in relation to the incident
beam so that the scattered intensities for higher scattering angles could be
measured and three frames with exposure times of 600 s were recorded.
Background scattering was measured before and after each protein sample
using the corresponding buﬀer solution (50 mM Hepes, pH 7.0, 150 mM
sodium chloride) and this contribution was subsequently subtracted from
the protein scattering patterns after normalization and correction. The Rg
and intensity values were obtained by utilizing the Guinier approximations
and the theoretical Rg values were calculated based on the atomic coordinates of the model using the program CRYSOL [8].
Crystallization and data collection. Crystals of sulfate ion free SMase I
were obtained by the hanging-drop vapour-diﬀusion method. Equal
volumes (1 lL) of protein and mother solution were mixed over wells

containing 2.4 M trisodium citrate that was titrated to pH 9.0, using a
0.1 M sodium hydroxide solution. Crystals were soaked in the mother
solution which additionally contained 25% glycerol as a cryoprotectant
and were cooled to 100 K in a nitrogen-gas stream (Oxford Cryosystems).
Diﬀraction intensities were recorded at the Consortium Beamline X13 at
HASYLAB/DESY–Hamburg equipped with an imaging plate detector
(MAR345). Integration, scaling and merging of the intensities were carried
out using DENZO and SCALEPACK [9]. Analysis of the structure factors
using SFCHECK [10] indicated a twinning fraction of 0.373. The twinrelated reﬂections (h, hk, l) were treated using DETWIN [11] and the
detwinned data display residual twinning of 0.035 with an overall
completeness of 83.5%.
Structure determination and reﬁnement. The crystal structure of the
sulfate free form of SMase I was solved by molecular replacement using
the atomic coordinates of the sulfate bound form (PDB entry: 1XX1) [6] as
a search model and the program AMoRe [12] as implemented in the CCP4
suite of programs. Initial cycles of restrained reﬁnement were carried out
by REFMAC5 [13] and non-crystallographic restraints were imposed. The
model was inspected and manually adjusted based on the 2FoFc and
FoFc electron density maps using the programs TURBO FRODO [14]
and COOT [15]. In the later cycles, the non-crystallographic restraints
were relaxed and individual isotropic Bfactors were reﬁned. Solvent molecules, added automatically using ARP/wARP [16], were checked by visual
inspection and retained by taking hydrogen bonding potential into consideration. The quality of the model was assessed using PROCHECK [17],
data collection and reﬁnement statistics are presented in Table 1. The
structure factors and atomic coordinates have been deposited with the
Protein Data Bank and have been assigned the code 2F9R.

Table 1
Data collection and reﬁnement statistics
PDB code

2F9R

Data-collection statistics
Space group
Unit-cell parameters (Å)
Resolution range (Å)
Unique reﬂections
Redundancy
Completeness (%)
I/r (I)
Rmerge (%)a
VM (Å3 Da1)
Solvent content (%)

P65
a = b = 140.5, and c = 113.6
20.0  1.85 (1.89  1.85)
101,876
6.1 (5.8)
93.9 (96.6)
25.5 (5.2)
5.7 (27.9)
2.34
47.04

Reﬁnement statistics
Rfactor (%)b
Rfree value (%)c
No. of protein atoms
No. of solvent molecules
No. of Hepes molecules
Mean temperature factor (Å2)d
r.m.s.d. bond lengths (Å)
r.m.s.d. bond angles ()

18.7
23.4
9380 (4 · 285 amino acid residues)
510
3
24.2
0.011
1.340

Ramachandran plot
Most favored region (%)
Additionally allowed regions (%)
Generously allowed regions (%)
Disallowed regions (%)

89.7
10.3
0.0
0.0

Values in parentheses are for the highest resolution shell.
P
P
a
Rmerge = 100 · |I (h)  ÆI (h)æ|/ I (h), where I (h) is observed intensity
and ÆI (h)æ is mean intensity of reﬂection h over all measurements of I (h).
P
P
b
Rfactor = 100 · |Fo  Fc|/ (Fo) the sums being taken over all
reﬂections with F/r (F) > 2 cutoﬀ.
c
Rfree = Rfactor for 5% of the data, which were not included during
crystallographic reﬁnement.
d
B values are average B values for all non-hydrogen atoms.
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Molecular modeling. The atomic coordinates of SMase I (PDB
Accession code: 1XX1) [6] served as the template for generating
structural models of both the active and inactive SMases D from L.
bonetti by restraint-based modeling as implemented in the MODELLER program [18]. The overall model was improved enforcing
the proper stereochemistry using spatial restraints and CHARMM
energy terms, followed by conjugate gradient simulation based on
the variable target function method [18]. The loops were optimized
using ModLoop [19] taking into consideration the satisfaction of
spatial restraints, without relying on a database of known protein
structures.

Results and discussion
Hydrodynamic behavior of SMases D
DLS experiments indicate that SMase I (Class I) posses a hydrodynamic radius of 3.43 ± 0.03 nm with a corresponding molecular weight of the monomer of
approximately 34.2 kDa in solution. The SAXS experiments carried out with the P1 enzyme (Class II) at low
protein concentrations in the presence of 150 mM sodium chloride indicate a Rg of 17.4 Å that is in good
agreement with the theoretical Rg calculated from the
atomic coordinates of the modeled structure using CRYSOL [8] of 17.7 Å. These results indicate that both the
enzymes are monomeric in solution and that the dimeric
form encountered in the crystal structure of SMase I
could represent an artifact as a result of the high protein
and salt concentrations used in the crystallization
experiments.

325

Crystal structure of SMase I
The reﬁnement converged to a crystallographic residual
of 18.7% (Rfree = 23.4%), the asymmetric unit comprises of
two dimers (285 residues in each monomer), 3 Hepes (4-(2hydroxyethyl)-1-piperazineethanesulfonic acid) molecules,
4 Mg2+ ions, and 510 solvent water molecules. The quality
of the model assessed by PROCHECK [17] indicates that
all the stereochemical parameters lie within the expected
range (Table 1). The Ramachandran diagram [20] indicates
that 89.7% of the main-chain dihedral angles of all non-glycine and non-proline residues are located in the energetically most favored regions and only 10.3% lie in the permitted
region. Superpositioning of the atomic coordinates of the
sulfate free and sulfate bound forms indicates that the ﬂexible loop regions (residues 198–210), which are disordered
and are characterized by diﬀuse electron densities, adopt
diﬀerent conformations.
Overall structure of SMases D
SMase D folds to form a distorted (a/b)8 barrel with the
insertion of additional b-strands, a-helices, and several
connecting loops [6]. The catalytic loop (blue), variable
loop (green), and ﬂexible loop (red) along with other short
hydrophobic loops form the interfacial face (i-face) of the
enzyme where the active site is located in a shallow cleft
(Fig. 1A). The catalytic loop (residues 46–60) which contains the catalytically important residue, His47, is fully

Fig. 1. (A) Ribbon representation of SMase I. The amino acids involved in metal-ion binding and catalysis are presented in atom colors (PDB code:
1XX1, chain A). The catalytic, ﬂexible, and variable loops are colored blue, red, and green, respectively. (B) Diﬀerences in the catalytic, ﬂexible, and
variable loops in class I (blue), IIa (red), and IIb (green) SMases D. The disulphide bridges are presented by yellow ball and sticks. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of this paper.)
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Fig. 2. Coordination sphere of the Mg2+ ion (A) in the presence of sulfate ion and (B) in the absence of sulfate ion.

conserved in all SMases D, forms a hairpin due to the presence of a disulphide bridge (Cys51–Cys57) and a network
of hydrogen bonds ensures the correct relative orientation
of the hairpin with respect to the core of the protein.
Mg2+-binding site
The Mg2+-binding site residues along with Trp230,
Ly93, and the two catalytic histidine residues (His12 and
His47) form the active-site pocket that is strictly conserved
in both spider and bacterial SMases D [6]. In the structure
of the sulfate bound SMase I determined at pH 5.5, the
Mg2+ ion (Bfactor of 7.5 Å2 and a mean Mg–O bond distance of 2.01 Å) is hexacoordinated by a trigonal–bipyramid formed by the carboxyl oxygens of Glu32, Asp34,
Asp91, and three water molecules (Fig. 2A). The latter bind
the sulfate ion that is considered to represent the phosphate
head group of the sphingomyelin substrate, suggesting a
key role for the Mg2+ ion in the coordination and stabilization of the phosphonate of sphingomyelin during hydrolysis. In the crystal structure of the sulfate free SMase I
determined at pH 9.0, the Mg2+ ion is coordinated tetrahedrally by the same three residues (Glu32, Asp34, and
Asp91) and a single water molecule (Fig. 2B).
Catalytic mechanism of SMases D
The catalytic mechanism proposed for SMases D based
on an acid–base reaction combined with metal ion stabilization [6] involves two histidines, His12 and His47, the
former assisted by a hydrogen bond network formed
between the carboxylate oxygens of Asp52, Asp233, and
Asn252 and the latter by a short bond to Gly48O (distance = 2.7 Å, Figs. 3A and B). In the earlier model, we
suggested that His12 functions as the nucleophile that initiates the attack on the scissile phosphodiester bond of
the sphingomyelin substrate and His47, after undergoing
a rotation of 180 around j2, functions as the proton

donor destabilization a short-lived penta-coordinated
covalent intermediate to produce choline [6].
In the structure of SMase I determined in the absence of
SO4, the position previously occupied by a tetrahedral ion
is now occupied by a single water molecule which is simultaneously bound to His12 (His12NE2–O = 3.3 Å) and His
47 (His47NE2–O = 2.7 Å) (Fig. 3B). The shorter bond distance observed between His47NE2 and the water molecule
indicates that His47 is present in a hyperpolarized state due
to the short bond formed between His47ND1 and Gly48O.
Thus, indicating that the roles of the two histidines are
reversed, i.e., His47 behaves as the nucleophile which initiates the process of hydrolysis by attacking the scissile phosphodiester bond of the substrate, that is subsequently
followed by the formation of a short-lived penta-coordinated intermediate. Donation of a hydrogen atom by His12
leads to the formation of choline and the resulting tetrahedral reaction intermediate is stabilized by a covalent bond
formed to His47NE2. The previously deprotonated His12
is now able to abstract a proton from a solvent water molecule that initiates a nucleophilic attack on the reaction
intermediate, thus resulting in the formation and release
of ceramide 1-phosphate followed by a return to the initial
state (Fig. 4). In this modiﬁed schematic, the energetically
highly unfavorable rotation of His47 around j2 would
not be a prerequisite.
Structural classiﬁcation of SMases D
All spider venom SMases D sequenced to date [8,21,22]
display a signiﬁcant level of sequence homology and thus
likely possess the same (a/b)8 or TIM barrel fold (Figs.
1A and B). In this family of enzymes, the amino acids
essential for metal-ion binding and catalysis are strictly
conserved (Fig. 5), however, minor sequence diﬀerences
result in decreased activity levels or, in the complete
absence of hydrolytic activity upon sphingomyelin. Based
on the sequence alignment, biochemical and structural
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Fig. 3. Network of hydrogen bonds in the active-site pockets of (A) sulfate bound form of SMase I, (B) sulfate free form of SMase I, and (C) GDPD from
Escherichia coli (PDB code: 1YDY).

Fig. 4. Catalytic mechanism of SMases D.

data, we propose a classiﬁcation of spider venom SMases
D. The class I enzymes represented by SMase I, a SMase
D from L. laeta and the H13 isoform possess a single disulphide bridge and contain an extended hydrophobic loop
(Fig. 1B; green, amino acid sequence Pro-Tyr-Leu-ProSer). All other SMases D belong to class II, which contains
an additional intra-chain disulphide bridge that links the
shortened ﬂexible loop (red) with the catalytic loop (blue)
(Figs. 1B and 5), and the shortened ﬂexible loop unwinds
partially and is involved in dislocating the catalytic loop
thus, further shielding the catalytic site.
The class II enzymes can be further subdivided into class
IIa and class IIb depending on whether they are capable of
hydrolyzing sphingomyelin or not, respectively. In both the

class IIa and class IIb SMases D, all the structural elements
for metal-ion coordination and catalytic activity are fully
conserved, which do not clarify the observed lack of activity of the Class IIb SMases D on sphingomyelin. A detailed
structural analysis of a sphere with a radius of 10Å positioned around the active site reveals that all residues important for catalysis are conserved in both sub-classes, except
for the dual substitutions at positions 95 (Gly ﬁ Asn) and
134 (Pro ﬁ Glu), which result in the generation of a hydrophilic environment at the entrance to the active site (Fig. 6)
and the presence of a carboxylate group near the active site
results in a modiﬁcation of the local charges maintained
mainly by the Mg2+ ion. The former region is important
in modulating and controlling the approach and also in
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Fig. 5. Multiple alignment of SMase I (GenBank Accession No. AY093599 and PDB code: 1XX1), Lb1, and Lb3 SMases D from Loxosceles bonetti
(Accession Nos. AY559844 and AY559845, respectively) and GDPD from Thermotoga maritima (PDB code: 1O1Z). Amino acids involved in metal-ion
binding and catalysis are boxed in light gray and cysteines are boxed in yellow. The numbers represent the SMase I sequence. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this paper.)

Fig. 6. Amino acid diﬀerences at the entrance to the active-site pocket of
SMase D Class IIa (carbon atoms in white) and IIb (carbon atoms in
yellow). (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this paper.)

the stabilization of the substrate hydrocarbon tail during
the catalysis event. Thus, the modiﬁcations of the local
charge and hydrophobicity on the i-face, in the vicinity of
the entrance to the active site could account for the
observed lack of activity upon sphingomyelin by class IIb
SMases D.
Common features of the catalytic mechanisms of SMases D
and GDPDs
GDPDs encountered in bacteria, higher eukaryotes, and
humans are involved in glycerol metabolism and catalyze
the reaction of glicerophosphodiester and water to alcohol
and sn-glycerol-3-phosphate. Structure based sequence

Fig. 7. Amino acid diﬀerences in the metal-ion binding and active sites of
SMases I (carbon atoms in white; three letter code) and in GDPD from
Escherichia coli (PDB code:1YDY) (carbon atoms in yellow; one-letter
code). Yellow-orange and green spheres represent the Ca2+ and Mg2+
ions, respectively. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this paper.)

alignments indicate that the SMases D and GDPDs are
structurally related as pointed out earlier [23] and that
the catalytic sites are highly conserved, suggesting that they
evolved from a common ancestor and share a similar catalytic mechanism. SMases D are Mg2+-dependent enzymes
whereas GDPDs are Ca2+-dependent enzymes due to the
substitution of Asp91 by Glu in the latter enzymes
(Fig. 7). SMases D bind Mg2+ both in the presence and
absence of substrate analogues, however, the GDPDs only
bind the metal ion simultaneously with the substrate as in
the case of the bacterial neutral SMase C [24]. The catalytic
mechanism of GDPDs also depend on the acid–base
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reactions of two His residues (His6 and His48, based on the
numbering of PDB code: 1O1Z) which are assisted by a
network of hydrogen bonds in a fashion similar to that
observed in the SMases D (Fig. 3C). His47 in the SMase
D is hyperpolarized by a short bond to the carbonyl oxygen atom of Gly48, whereas, His48 in GDPD is hyperpolarized by an analogous bond to Asp49 OD1 (Fig. 3C).
The proton donor His12 in SMase D is supported by
hydrogen bonds to Asp233 and Asn252, whereas His6 in
GDPD is hydrogen bonded to Asn195 and Asp213
(Fig. 3C). Additionally, the residues surrounding the catalytic site are conserved between the two enzymes except for
the substitution of Met13 by Arg7 which occupies the same
relative position (Fig. 7).
Conclusion
SMases D are the principal components responsible for
the signiﬁcant toxicity exhibited by spider venoms of the
genus Loxosceles. These enzymes belong to the family of
phosphodiesterases and serve as structural models to
understand lysosomal acid and plasma membrane-bound
neutral sphingomyelinases that are encountered in mammalian cells. These two important classes of phosphodiesterases form the principal pathway for sphingomyelin
degradation following a reaction analogous to the reaction
catalyzed by phospholipases C that yields ceramides and
phosphocholine. Whereas SMases D are encountered only
in spider venoms and in some bacteria being conspicuously
absent in the animal kingdom, the GDPDs are widely distributed in both prokaryotes and eukaryotes and these two
functionally diﬀerent enzymes use the same basic structural
and catalytic motifs to hydrolyze diﬀerent substrates.
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Abstract
Envenomation by arachnids of the genus Loxosceles leads to local dermonecrosis and serious systemic toxicity mainly
induced by sphingomyelinases D (SMase D). These enzymes catalyze the hydrolysis of sphingomyelin resulting in the
formation of ceramide–phosphate and choline as well as the cleavage of lysophosphatidyl choline generating the lipid mediator
lysophosphatidic acid. We have, previously, cloned and expressed two functional SMase D isoforms, named P1 and P2, from
Loxosceles intermedia venom and comparative protein sequence analysis revealed that they are highly homologous to SMase I
from Loxosceles laeta which folds to form an (a/b)8 barrel. In order to further characterize these proteins, pH dependence
kinetic experiments and chemical modiﬁcation of the two active SMases D isoforms were performed. We show here that the
amino acids involved in catalysis and in the metal ion binding sites are strictly conserved in the SMase D isoforms from L.
intermedia. However, the kinetic studies indicate that SMase P1 hydrolyzes sphingomyelin less efﬁciently than P2, which can
be attributed to a substitution at position 203 (Pro–Leu) and local amino acid substitutions in the hydrophobic channel that could
probably play a role in the substrate recognition and binding.
q 2005 Elsevier Ltd. All rights reserved.
Keywords: Loxosceles venoms; Sphingomyelinase D; Sphingomyelin; Kinetic parameters; Structure

1. Introduction
Envenomation by spiders belonging to the genus
Loxosceles commonly results in impressive local necrotic
skin lesions and more rarely causes systemic effects,
including profound intravascular hemolysis (Barreto et al.,
1985; Schenone et al., 1989, Ginsburg and Weinberg, 1988;
Sezerino et al., 1998; Gendron, 1990; Futrell, 1992; White
et al., 1995; Bey et al., 1997). The predominant clinical sign
is a cutaneous reaction characterized by the appearance of
* Corresponding author. Tel.: C55 11 3726 7222x2231; fax:
C55 11 3726 1505.
E-mail address: dvtambourgi@butantan.gov.br (D.V.
Tambourgi).

0041-0101/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.toxicon.2005.12.005

necrosis around the wound, resulting in ulceration. Mild
systemic effects induced by envenomation, such as fever,
malaise, pruritus and exanthema are common, while
intravascular haemolyses and coagulation, sometimes
accompanied by thrombocytopenia and renal failure, occur
in approximately 16% of the victims (Barreto et al., 1985;
Schenone et al., 1989; Ginsburg and Weinberg, 1988;
Sezerino et al., 1998; Gendron, 1990; Futrell, 1992; White
et al., 1995; Bey et al., 1997).
We have recently puriﬁed, characterized, cloned and
expressed the toxins from Loxosceles intermedia venom that
are responsible for all the local and systemic effects induced
by whole venom (Tambourgi et al., 1995, 1998, 2004). Two
highly homologous proteins, termed P1 and P2, with Mr
35 kDa, endowed with sphingomyelinase activity, were both
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able to induce dermonecrosis in rabbits, and rendered
human erythrocytes susceptible to lysis by complement (C)
(Tambourgi et al., 1998, 2000).
Comparative analysis of the P1 and P2 translated protein
sequences reveals approximately 85% identity at the level of
amino acid and DNA sequence (Tambourgi et al., 2004).
Additional comparative analysis between L. intermedia P1
and P2 proteins with the SMase I from Loxosceles laeta
spider venom (Accession number: AY093599; Fernandes
Pedrosa et al., 2002), ‘sphingomyelinase like proteins H13
and H10’ (Accession numbers: AY093600 and AY093601;
Fernandes Pedrosa et al., 2002), ‘sphingomyelinase D
dermonecrotic enzyme precursor’ from Loxosceles arizonica (Accession number: AF512953; unpublished) and
SMase D isoforms from Loxosceles reclusa (referred to as
Lr1 and Lr2) and Loxosceles bonetti venoms (referred to as
Lb1 and Lb3; Acession numbers: AAT66075 and
AAT66074, respectively; Ramos-Cerrillo et al., 2004)
revealed percentages of identity at the amino acid level of
40–85% between and within species.
Spider SMases D catalyze the hydrolysis of sphingomyelin (the major constituent in the outer leaﬂet of the lipid
bilayer of plasma membranes) to yield choline and ceramide
1-phosphate (N-acylsphingosine 1-phosphate) (Forrester
et al., 1978; Kurpiewski et al., 1981) while mammalian
sphingomyelinases converts sphingomyelin (SM) in phosphocholine and ceramide. Previous studies also demonstrated that Loxosceles SMase D has an intrinsic
lysophospholipase D activity toward lysophosphatidyl choline (LPC). LPC hydrolysis yields the lipid mediator
lysophosphatidic acid (LPA), a known inducer of platelet
aggregation, endothelial hyperpermeability and proinﬂammatory responses (van Meeteren et al., 2004).
The crystal structure of a member of the sphingomyelinase D family from L. laeta (SMase I: accession number
AY093599) has been solved recently and this protein shown
to belong to the (a/b)8 barrel class of enzymes (Murakami
et al., 2005). Structural results indicate that interfacial
catalysis is mediated by metal ion binding and that two
histidine residues are involved in the stabilization and
hydrolysis of sphingomyelin and lysophosphatidyl choline
via an acid–base catalytic mechanism.
In the present study, we report the substrate speciﬁcity,
the kinetic parameters of sphingomyelin hydrolysis and the
involvement of histidines residues in the catalytic function
of active SMases D isoforms from L. intermedia spider
venom.
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(St Louis, MO, USA). Diethylpyrocarbonate (DEPC) was
from Aldrich (St Louis, MO, USA). The BCA kit was from
Pierce (Rockford, IL, USA). Buffers were: PBS (phosphate
buffered-saline) pH 7.2, 10 mM Na Phosphate, 150 mM
NaCl; HBS (HEPES buffered saline) pH 7.4, 140 mM NaCl,
5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM Hepes; TBS
(Tris-buffered saline) pH 7.4, 20 mM Tris, 0.15 M NaCl.
2.2. Recombinant protein expression and puriﬁcation
Recombinant proteins were produced as described
previously (Tambourgi et al., 2004). In brief: pRSETB-L.
intermedia P1 or P2 cDNAs transformed Escherichia coli
BL21 (DE3) (Invitrogen, Carlsbad, California, USA) cells
were inoculated in 50 mL of 2YT/amp and grown overnight
at 37 8C and induced with IPTG. Recombinant proteins (rP1
and rP2) were harvested from the pellet by French pressure
and puriﬁed on a Ni (II) Chelating Sepharose Fast Flow
column (Pharmacia, Sweden, 1.0!6.4 cm). The fractions
containing rP1 or rP2 were pooled and concentrated using
Centricon-10 (10,000-mw cutoff; Amicon, Inc., Beverly,
MA, USA) and rechromatographed on a Superose 12 HR
column (HR 10/30, Pharmacia), equilibrated and eluted with
TBS at ﬂow rate of 0.4 mL/min. The protein content of the
samples was evaluated by the BCA protein kit assay,
following the manufacturer’s protocol (Pierce, Rockford,
USA).
2.3. Sphingomyelinase activity
The SMase enzymatic activity was estimated by
determining choline liberated from lipid substrates, using
a modiﬁed ﬂuorimetric assay (Tokumura et al., 2002). In the
standard assay, the lipids were diluted in HEPES-buffered
saline (HBS; 140 mM NaCl, 5 mM KCl, 1 mM CaCl2,
1 mM MgCl2, 10 mM Hepes, pH 7.4). SM and PC substrates
(50 mM) were applied as liposomes. After SMase D
addition, the reaction was developed for 20 min at 37 8C.
After incubation, a mixture composed by 1 unit/mL choline
oxidase, 0.06-unit/mL of horseradish peroxidase and 50-mM
of 3-(4-hydroxy-phenyl) propionic acid in HBS was added
and incubated for 10 min. The choline liberated was
oxidised to betaine and H2O2 and this product determined
by ﬂuorimetry at emZ405 nm and exZ320 nm, using a
Perkin–Elmer Spectroﬂuorimeter. Calculations of Km and
kcat were performed using the Michaelis–Menten equation
with GraFit Data Analysis Software.
2.4. pH dependence of the recombinant SMases D

2. Material and methods
2.1. Chemicals, reagents and buffers
Bovine sphingomyelin, bovine phosphatidylcholine,
choline oxidase, horseradish peroxidase, 3-(4-hydroxyphenyl propionic acid) were purchased from Sigma

The pH-dependence of the sphingomyelinase activity of
rP1 and rP2 was determined at 37 8C over a range of pH
from 4.5 to 9.5 (in 20 mM citrate buffer for pH 4.5–5.0; in
20 mM phosphate buffer for pH 5.5–7.5 and in Tris buffer
for pH 8.0–9.0). The pH dependent ionizations were
determined by a ﬁt of the steady-state parameters according
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Fig. 1. Choline release from phospholipids induced by recombinant SMase D isoforms from Loxosceles intermedia. Choline release was
determined ﬂuorimetrically in HEPES-buffered saline, pH 7.4 at 37 8C (see Section 2). SMases rP1 and rP2 were used at 16 nM. ‘Control’
denotes no enzyme addition. Hydrolysis was determined using 50 mM of PC or SM as multilamellar vesicles (liposomes). Data points are the
mean of two independent experiments each performed in triplicate. Error bars represent SD values.

to Eq. (1), where v is the observed rate of the reactions, C is
the pH-independent rate, [H] is the concentration of
hydrogen ions, and Ka and Kb reﬂect the ionization constants
of the acid and base species, respectively.
v Z C=ð1 C ½H=Ka C Kb =½HÞ

(1)

2.5. Treatment of rP1 and rP2 with diethylpyrocarbonate
(DEPC)
In order to inactivate the sphingomyelinase activity, rP1
and rP2 (16 nM) were incubated with increasing concentrations of DEPC in 50 mM sodium phosphate (20–100 mM
from a DEPC stock solution diluted in 3% ethanol) at pH 7.4
and room temperature. DEPC was quenched from the
samples by using imidazole (250 mM). Control mixtures
contained an equivalent amount of ethanol; the amount of
ethanol added was less than 3% of the total volume and did
not signiﬁcantly affect the enzymatic activity of rP1 and rP2.
The time course of inactivation was determined by
monitoring the enzymatic activity retained after determined
time interval. Alternatively, rP1 and rP2 (16 nM) were
incubated with DEPC (100 mM) in the presence of
increasing concentrations of PC and SM (0–2.5 mM) for
20 min at 37 8C. DEPC was quenched and the samples were
additionally incubated with SM (50 mM) for 10 min at
37 8C, and the remained sphingomyelinase activity estimated by the ﬂuorimetric method of Tokumura et al. (2002).
2.6. Sequence alignment and structure analysis
Sequences were aligned using Clustal program
(Thompson et al., 1994). The rP1 and rP2 structural models
were obtained using the webbased utility SWISSMODEL
(http://www.expasy.ch/swissmod/SWISS-MODEL.html)
and the structure of SMase I from L. laeta (PBD 1XX1) as
template. The models were selected based on the overall
stereochemical quality and subjected to relaxation and

energy minimization of the structures using GROMACS
molecular dynamics (Lindahl et al., 2001).

3. Results and discussion
3.1. Sphingomyelinase activity
The recombinant sphingomyelinases P1 and P2 were
puriﬁed from the soluble fraction of cell lysates by Ni2C
chelating chromatography and eluted from the resin in an
extraction buffer containing 0.8 M imidazole as the initial
puriﬁcation step. The enzymes were further puriﬁed by gel
ﬁltration and eluted using a Tris buffer pH 7.4, NaCl 0.15 M.
As shown in Fig. 1, the puriﬁed recombinant proteins P1
and P2 catalyze choline release from SM, but not from PC.
The recombinant SMases P1 and P2 were assayed at various
substrate concentrations to determine the kinetic parameters
kcat and Km. As presented in Table 1, the Km value
determined for rP1 are 1.76 times higher than rP2 and the
kcat was two times lower than rP2, thus demonstrating that
rP2 hydrolyzes sphingomyelin with higher catalytic
efﬁciency than rP1.
Table 1
Comparison of kinetic parameters for rP1 and rP2 sphingomyelinases from Loxosceles intermedia
SMases
rP1
rP2

Sphingomyelin
kcat (minK1)

Km (mM)

Kcat/Km (minK1 mMK1)

3.50
7.10

113G0.03
64G3.0

30097.4
110937.8

Rates of choline release from SM are plotted against increasing
concentration of the substrate. Data were ﬁtted to the Michaelis–
Menten equation, yielding the indicated apparent Km values. Data
points are the mean of two independent experiments each performed
in triplicate. Error bars represent SD values.
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FSPLGDMARLKEAIKSRDSANGFINKIYYWSVDKVSTTKAALDVGVDGIMTNYPNVLIGVLKESGYNDKYRLATYDDNPWETFKN
CLPRG-LSRVNAAVANRDSANGFINKVYYWTVDKRSTTRDALDAGVDGIMTNYPDVITDVLNEAAYKKKFRVATYDDNPWVTFKK
CLLRG-LDRVKQATANRDSANGFINKVYYWTVDKRATTRDALDAGVDGVMTNYPDVITDVLNESAYKNKFRVASYEDNPWETFKK

L.laeta SMase I
L.intermedia P1
L.intermedia P2

Fig. 2. Alignment of the complete deduced aminoacid sequences of Loxosceles SMases D. The N-terminal amino acid position of the mature toxins P1 and P2 from L. intermedia and SMase I
from Loxosceles laeta (Accession numbers: AY304471, AY304472 and AY093599, respectively), is located at position C1. Histidine and cysteine residues are indicated in gray and underlined,
respectively.
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AGNRRPIWIMGHMVNAIGQIDEFVNLGANSIETDVSFDDNANPEYTYHGIPCDCGRNCKKYENFNDFLKGLRSATTPGNSKYQEKLVLVVFDLKTGSLYDN
ADKRRPIWIMGHMVNAIAQIDEFVNLGANSIETDVSFDDNANPEYTYHGIPCDCGRSCLKWENFNDFLKGLRSATTPGNAKYQAKLILVVFDLKTGSLYDN
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3.2. Alignment and prediction of SMase structure
The primary sequence comparison indicates that residues
involved in the SMase I catalysis mechanism are completely
conserved in L. intermedia SMase isoforms (Fig. 2).
Previous studies of the secondary structure of the Loxosceles
SMases D suggest that under physiological conditions the
secondary structure elements of rP1, rP2 and SMase I
measured by circular dichroism are very similar (Andrade et
al., 2005) and agree fairly well with the tertiary structure of
SMase I, recently solved by X-crystallography (Murakami
et al., 2005). Given the high degree of sequence identity and
secondary structure, rP1 and rP2 could adopt a tertiary
structure similar to that of SMase I and, therefore, the
structures of the rP1 and rP2 were modeled using the SMase
I structure as template. Stereochemical parameters of the
modeled structure were at or higher than 95% conﬁdence
level and no residues were found in the disallowed regions
of the Ramachandran plot.
As shown in Fig. 3, rP1 and rP2 also display the (a/b)8
barrel fold as described for SMase I (Murakami et al., 2005)
with the active site formed by two histidines and the amino
acid residues involved in the metal ion coordination and
several connecting loops, which support a part of the active
site and form the entrance to the catalytic pocket. The major
loops are the catalytic loop (which contains the catalytic
residue His47-numbering from SMase I), and the ﬂexible
loop. However, in this region, rP1 and rP2 have an
additional disulﬁde bridge formed between the tip of
catalytic loop and the ﬂexible loop. In the ﬁrst model the
residues Cys53 and Cys201 (numbering from SMase I), were
initially 15 Å apart from each other. After energy
minimization and molecular dynamics calculations, the
ﬂexible loop region containing Cys53 and Cys201 was
conformationally modiﬁed to allow the disulﬁde bond
formation in the catalytic loop at 2.03 Å of the distance in
our ﬁnal model.
The superpositioning of the predicted structures of rP1
and rP2 result in 265 topologically equivalent Ca positions
with root mean square (rms) deviation of 0.27 Å, which
indicates high structural identity. The major deviations are
observed in the ﬂexible loop, which contains a substitution
of Pro (rP1) by Leu (rP2) at position 203. The rigidity
induced by the presence of an additional disulphide bridge at
tip of the loop and the presence of a proline residue at
position 203 reduces the accessibility to the active site and
could destabilize the enzyme–substrate complex, which
could be account for our kinetic results. Additionally, in rP1,
the substitution Leu/Lys and Trp/Tyr at positions 58
and 60 reduces the hydrophobicity in the channel composed
by Tyr44, Tyr46, Leu58 and Trp60 (numbering from SMase I).
Thus, minor structural modiﬁcations, such as substitutions
on the surface loops, can affect the hydrolytic activity upon
sphingomyelin, suggesting that besides of the active site,
these SMases have other structural regions that participate
in the recognition, binding and hydrolysis of the substrate.
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Fig. 3. Stereo-ribbon representation of the overlapped structures of L. intermedia active SMase D isoforms, P1 and P2, viewed along the axis of
the (a/b)8 barrel. The super positioning of the predicted structures of rP1 and rP2 indicates high structural identity. (A) The functionally
important His12, Glu32, Asp34, His47 and Asp91 are included. The major deviations are observed in the ﬂexible loop, which contains a
substitution of Pro (rP1) by Leu (rP2) at position 203. (B) Additionally, in rP1, the substitution Leu/Lys and Trp/Tyr at positions 58 and 60
reduces the hydrophobicity in the channel (gray area) composed by Tyr44, Tyr46, Leu58 and Trp60.

The parameters of the sphingomyelin hydrolysis by rP1
and rP2 and the assessment of the role of histidine residues
in the substrate binding and catalysis were studied by
chemical modiﬁcation and pH dependence to validate the
predictions made from the structural homology.
3.3. Effects of pH on kinetic parameters of sphingomyelin
hydrolysis by rP1 and rP2
An acid–base mechanism dependent of Mg2C ion has
been proposed for the SMase I from L. laeta (Murakami et
al., 2005). The SMase I mechanism involves two histidines,
His12 and His47, where His12 functions as the nucleophile
that initiates the attack on the scissile phosphodiester bond
of the sphingomyelin substrate and the His47 acts as proton
donor destabilizating a shortlived penta-coordinated
covalent intermediate to produce choline.
To understand the role of these residues in the
interaction of L. intermedia SMases rP1 and rP2 to the
substrate (SM), the kinetic pH dependent analysis was
performed at 37 8C using the substrate at a concentration
equivalent to twice the Km value of the toxins. Based on
the acidic limb of the proﬁles, pK1 of 6.2G1.2 and 5.8G
0.5 to rP1 and rP2 were determined and the basic limb of
the proﬁles shows an ionization pK2 of 9.5G1.0 and 9.6G
0.7. These results indicate that the pK values where the
enzymes are inactive are similar to the ionization values
for histidine groups (Table 2), which agrees with the
catalytic mechanism proposed previously for SMase I
(Murakami et al., 2005).

3.4. Chemical modiﬁcation of the histidines
The kinetic pH dependence of the sphingomyelinases
rP1 and rP2 indicates the involvement of histidines residues
in their catalytic function. To conﬁrm the functional
signiﬁcance of the histidine(s) for rP1 and rP2, the speciﬁc
modiﬁcation of these residues by Diethylpyrocarbonate
(DEPC) was accomplished. As shown in Fig. 4(A) and (B)
the enzymes were fully inhibited by DEPC at concentrations
ranging from 20 to 100 mM. These results indicate that
chemical modiﬁcation of the accessible reactive histidine
residues may alter the conformation of both proteins or
blocked substrate access to the active site and, thereby,
affecting SM hydrolysis.
Since the constant rate of inactivation with DEPC is
similar for both rP1 and rP2, it can be suggested that the
same histidines are involved in sphingomyelin hydrolysis.
However, as both recombinant proteins contain seven
Table 2
pH dependent ionizations of rP1 and rP2 enzymes
Parameter

Measured
value

rP1

rP2

Vmax

pK1
pK2

6.2G1.2
9.5G1.0

5.8G0.5
9.6G0.7

The sphingomyelinasic activities of rP1 and rP2 were determined at
37 8C, using the substrate at a concentration equivalent to twice the
Km value of the toxins, over a range of pH from 4.5 to 9.5 (in 20 mM
citrate buffer for pH 4.5–5.0; in 20 mM phosphate buffer for pH 5.
5–7.5 and in Tris buffer for pH 8.0–9.0). Data points are the mean of
two independent experiments each performed in triplicate.
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Fig. 4. Effect of chemical modiﬁcation of histidine on the enzyme activity. SMase D isoforms rP1 and rP2 (16 nM) were preincubated with
increased concentrations of DEPC for 20 min at 37 8C and the remaining sphingomyelinase activity was determined ﬂuorimetrically using SM
as substrate. Control tubes were prepared in the absence of DEPC or enzyme. Data points are the mean of two independent experiments each
performed in triplicate. Error bars represent SD values.
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Fig. 5. Substrate protection against the inactivation by DEPC treatment. SMase D isoforms rP1 and rP2 (16 nM) were incubated with DEPC
(100 mM) in the presence of increasing concentrations of SM or PC, for 20 min at 37 8C. After this period, SM (50 mM) was added and the
remaining sphingomyelinase activity was determined ﬂuorimetrically. Control tubes were prepared in the absence of DEPC or enzyme. Data
points are the mean of two independent experiments each performed in triplicate. Error bars represent SD values.

histidine residues, it is also possible that the reactive
histidines are not the histidines present in the active site and
that they might be necessary for stability. To conﬁrm that
essential catalytic histidine residues are within the active
site of rP1 and rP2, both proteins were preincubated with
DEPC in the presence of increasing concentrations of SM
and PC (Fig. 5). In the presence of SM substrate, protection
of the enzyme against DEPC inactivation was observed, but
under the same condition, no protection was obtained with
PC, which is not a substrate for this enzyme as demonstrated
in this work.
These results demonstrate that the essential DEPCsensitive histidine residues are present in the active site. Our
structural studies indicate that at least two histidines (His12
and His47) are close to the active site(s) and the kinetic pH
dependence studies demonstrate that the pK values, where
the enzymes lose their activity, are similar to the ionization
values for histidine groups. These results suggest that these
histidine residues are essential for rP1 and rP2

sphingomyelinase activity. The importance of histidine
residues was also, recently, demonstrated by Lee and Lynch
(2005) through site-directed mutagenesis of a L. reclusa
recombinant SMase D isoform.
In conclusion, we show here that the amino acids
involved in the catalysis and in the metal ion binding sites
are strictly conserved in the SMase D isoforms from
L. intermedia and that SMase P1 hydrolyzes sphingomyelin
less efﬁciently than P2, which can be attributed to a
substitution at position 203 (Pro–Leu) and local amino acid
substitutions in the hydrophobic channel which could
probably play a role in the substrate recognition and
binding.
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ii.ȱ
FosfolipasesȱA2
ȱ
Asȱ fosfolipasesȱ A2ȱ (PLA2s)ȱ aindaȱ representamȱ umȱ paradigmaȱ paraȱ osȱ
toxinologistas,ȱ apesarȱ daȱ vastaȱ caracterizaçãoȱ bioquímicaȱ eȱ estrutural,ȱ devidoȱ aȱ
suaȱgamaȱdeȱpropriedadesȱfarmacológicasȱcontidasȱnoȱmesmoȱmotivoȱestrutural.ȱ
Recentemente,ȱ estudosȱ demonstraramȱ queȱ asȱ Lys49ȱ PLA2sȱ sãoȱ potentesȱ
supressoresȱ doȱ fatorȱ deȱ crescimentoȱ doȱ endotélioȱ vascularȱ eȱ seuȱ receptorȱ KDRȱ
(kinaseȱdomainȬcontainingȱreceptor),ȱumȱsistemaȱchaveȱnaȱregulaçãoȱeȱformaçãoȱ
deȱvasosȱsanguíneosȱ(Yamazakiȱetȱal.,ȱ2005)ȱ(Figuraȱ7).ȱ
Oȱalvoȱdesseȱprojetoȱfoiȱdelinearȱosȱdeterminantesȱestruturaisȱdaȱatividadeȱ
miotóxicaȱ deȱ Lys49ȱ PLA2sȱ atravésȱ deȱ estudosȱ bioquímicosȱ inȱ vitroȱ eȱ inȱ vivoȱ eȱ
resoluçãoȱ deȱ estruturasȱ tridimensionaisȱ deȱ complexosȱ deȱ Lys49ȱ PLA2sȱ comȱ
substânciasȱ polianiônicasȱ comoȱ suramina,ȱ derivadosȱ deȱ heparinaȱ eȱ extratosȱ deȱ
plantas,ȱ asȱ quaisȱ sãoȱ efetivasȱ naȱ inibiçãoȱ daȱ atividadeȱ miotóxica.ȱ Esseȱ projetoȱ
envolveuȱ aȱ atuaçãoȱ deȱ diversosȱ colaboradoresȱ comoȱ Prof.ȱ Dr.ȱ Christianȱ Betzelȱ
(UniversityȱofȱHamburgȱ/ȱEuropeanȱMolecularȱBiologyȱLaboratory,ȱAlemanha)ȱeȱoȱProf.ȱ
Dr.ȱ Pauloȱ A.ȱ Meloȱ (Universidadeȱ Federalȱ doȱ Rioȱ deȱ Janeiro).ȱ Osȱ resultadosȱ
provenientesȱ dessesȱ estudosȱ estãoȱ detalhadosȱ emȱ umȱ artigoȱ deȱ revisãoȱ eȱ outrosȱ
manuscritosȱ tratandoȱ deȱ diversosȱ aspectosȱ daȱ multiȬfuncionalidadeȱ dessasȱ
proteínas.ȱȱ
ȱ
Comoȱ resultadoȱ finalȱ desseȱ trabalho,ȱ foiȱ caracterizadaȱ umaȱ potenteȱ
moléculaȱantiȬdermonecróticaȱqueȱtemȱaplicaçãoȱcomoȱtratamentoȱcomplementarȱ
ouȱalternativoȱparaȱacidentesȱofídicosȱcomȱserpentesȱdoȱgêneroȱBothrops.ȱ

Figuraȱ7:ȱModoȱpropostoȱdeȱinteraçãoȱdeȱLys49ȱPLA2ȱ(verde)ȱcomȱreceptorȱKDRȱ
(superfícieȱeletrostática)ȱdaȱangiogênese.ȱ
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A structure based model for liposome disruption and the role
of catalytic activity in myotoxic phospholipase A2s
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Abstract
Venom phospholipase A2s (PLA2s) display a wide spectrum of pharmacological activities and, based on the wealth of
biochemical and structural data currently available for PLA2s, mechanistic models can now be inferred to account for some of
these activities. A structural model is presented for the role played by the distribution of surface electrostatic potential in the
ability of myotoxic D49/K49 PLA2s to disrupt multilamellar vesicles containing negatively charged natural and nonhydrolyzable phospholipids. Structural evidence is provided for the ability of K49 PLA2s to bind phospholipid analogues and
for the existence of catalytic activity in K49 PLA2s. The importance of the existence of catalytic activity of D49 and K49 PLA2s
in myotoxicity is presented.
q 2003 Elsevier Ltd. All rights reserved.
Keywords: Phospholipase A2; Lys49 PLA2; Asp49 PLA2; Liposomes; Surface electrostatic potential; Catalytic activity

1. Introduction
Phospholipases A2s (PLA2, EC 3.1.1.4) are small
(,14 kDa), stable, soluble enzymes that are found in a
variety of biological ﬂuids and cells, such as synovial ﬂuid,
macrophages, platelets, pancreatic secretion, spleen, smooth
muscle and placenta. Additional rich sources of PLA2s are
saliva and the venoms of bees, lizards and snakes. The
interest in these enzymes stems from the fact that they
catalyze the hydrolysis of the sn-2 ester bonds of
phospholipids, liberating free fatty acids and lysophospholipids (van Deenen and de Haas, 1963) which
subsequently serve as second messengers or as precursors
in a variety of inﬂammatory reactions (Kudo et al., 1993;
Dennis, 1994).
The pharmacological activities exhibited by snake
venom PLA2s vary widely and include neurotoxic, cardiotoxic, haemolytic, myotoxic, anticoagulant, convulsant,
hypotensive and oedema-inducing effects (Harris, 1991;
Mukherjee et al., 1994). The ability of these proteins to
exhibit such a diverse spectrum of activities is intriguing
since they share signiﬁcant sequence and structural
* Corresponding author. Tel.: þ55-1722-12460; fax: þ 55-172212247.
E-mail address: arni@df.ibilce.unesp.br (R.K. Arni).
0041-0101/$ - see front matter q 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.toxicon.2003.11.014

homology and since these activities originate from a single
structural scaffold (Arni and Ward, 1996).
Structure – function relationships of PLA2s are important
to further our understanding of the stereochemical determinants that are involved in the expression of these activities.
There have been a number of attempts to delineate the
region or regions critical for the expression of these
activities, especially regarding neurotoxicity and myotoxicity. These efforts have been based on sequence homology
(Krizaj et al., 1989; Heinrickson, 1991; Ward et al, 1998;
Selistre de Araujo et al., 1996), charge distribution (Kini and
Iwanaga, 1986; Kini and Evans, 1989; Lomonte et al.,
1994b), hydropathy proﬁles (Kini and Iwanaga, 1986),
chemical modiﬁcation (Dijkstra et al., 1984; Dı́az-Oreiro
and Gutiérrez, 1997; Andrião-Escarso et al., 2000), peptide
synthesis (Lomonte et al., 1999; Núnez et al., 2001), sitedirected mutagenesis (Chioato et al., 2002) and structural
(Scott and Sigler, 1994) studies.
The catalytic mechanism of PLA2s have been elucidated
based on structural analyses of class I, II and III enzymes in
the native state and complexed with transition state
analogues (Verheij et al., 1980; Scott et al., 1990). The
enzymatic activity of PLA2s can be inhibited by the addition
of chelating agents such as EDTA or p-bromophenacylbromide (BPB), which alkylates His48 (Volwerk et al.,
1974; Renetseder et al., 1988; Soares et al., 2000).

69

904

M.T. Murakami, R.K. Arni / Toxicon 42 (2003) 903–913

Based on structural data of non-myotoxic D49 PLA2s
and myotoxic D49/K49 PLA2s, we have calculated the
surface electrostatic charge distribution of PLA2s and
suggest that this plays an important role in the ability of
myotoxic PLA2s to disrupt the integrity of liposomes
containing negatively charged phospholipids without concomitant hydrolysis. Based on structural data, we propose
that myotoxic K49 PLA2s are catalytically active and that
hydrolytic activity is important for the expression of
myotoxicity by venom class II PLA2s.

(1)

2. Venom myotoxic proteins

Basic, enzymatically inactive short peptides with 42–
45 amino acids, exempliﬁed by crotamine from
Crotalus durissus terriﬁcus and myotoxin a from
Crotalus viridis viridis.
(2) Longer chain (60 – 62 amino acid) cardiotoxins and
cytotoxins from some elapid venoms, particularly of
Naja species.
(3a) Highly toxic, presynaptic PLA2s that either consist of a
single chain or are complexed with other domains or
subunits.
(3b) Less toxic PLA2s which hydrolyze (D49 PLA2s) or do
not hydrolyze (K49 PLA2 homologues) natural
phospholipids.

2.1. Myotoxic proteins in snake venoms

2.2. Classiﬁcation of PLA2s

Myotoxicity has been deﬁned as the ability of proteins to
induce skeletal muscle necrosis (myonecrosis) in vivo, upon
intramuscular injection, or in vitro, upon incubation with
differentiated skeletal muscle (Gutiérrez and Lomonte,
1997). Three distinct groups of proteins are responsible
for myotoxic activity in snake venoms (Mebs and Ownby,
1990; Mebs, 1998):

A number of schemes have been proposed to classify the
PLA2s (Renetseder et al., 1985; Dufton and Hider, 1983;
Dennis, 1994). From the point of view of studying secretory
PLA2s, venom PLA2s belong to one of the three principal
classes based on amino acid sequence, secondary structure,
insertions, deletions and disulﬁde bonding pattern (Renetseder et al., 1985; Arni and Ward, 1996; Kini, 1997) (Fig. 1).

Fig. 1. Ribbon representation of the Class IIA PLA2, SIISIIB from Bothrops jararacussu (unpublished results). Included in the ﬁgure are the
amino acids important for catalysis (His48, Asp49, Tyr52 and Asp99). The shaded sphere represents the bound calcium ion and thin lines
represent disulﬁde bridges. Sections of the loop (E1 and E2) and ‘calcium binding’ loop (C1, C2 and C3) are labelled and presented in the
discussion.
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The discussion in this manuscript is restricted to Class IIA
myotoxic PLA2s found in snake venoms.

2.3. The basic structural motif of class II PLA2s
The structural aspects of PLA2s have been reviewed
thoroughly (Scott et al., 1990; Arni and Ward, 1996; Scott,
1997) and the following presentation is a brief summary of
the principal structural features. Class II PLA2s contain
seven disulﬁde bridges and between 120 and 125 amino
acids. The principal structural feature of class II PLA2s is a
platform formed by the two long anti-parallel disulﬁde
linked a-helices (helices 2 and 3, residues 37 –54 and 90 –
109) with a mean distance of 10 Å between the helical axes
(Arni and Ward, 1996). These helices do not display a clear
amphiphatic character, as the hydrophilic amino acids are
exposed and the hydrophobic amino acids are shielded from
the solvent. The amino acids considered important for
hydrolysis (His48, Asp49, Tyr52 and Asp99) are located on
this structural feature. This structural motif is highly
conserved in all class I/II PLA2s and superpositioning of
this region results in a root mean square deviation of only
about 0.4 Å.
Other conserved structural features which, however,
adopt different relative orientations are the N-terminal helix
and reverse turn, the b-wing region, the calcium binding
loop, the ‘elapid’ or ‘pancreatic loop’ (E-loop), the short
helix and the C-terminal extension which is stabilized by a
disulﬁde bond to helix 2.
Class II PLA2s can be further subdivided into at least
two subclasses depending on whether they are D49-PLA2s
or K49-PLA2 analogues (Ownby et al., 1999). The most
abundant protein in some Viperidae snake venoms is a
natural mutant where Asp49 previously considered
invariant and essential is changed either to Lys (Maraganore and Heinrickson, 1986; Francis et al., 1991;
Homsi-Brandenburgo et al., 1988), Ser (Krizaj et al.,
1991) or Ala (Liu et al., 1991). The Ser49 PLA2s have
been shown to retain their ability to bind calcium (Polgar
et al., 1996). The Asp49 to Lys mutation prevents calcium
binding (Maraganore and Heinrickson, 1986); however,
the His48/Asp99 diad and the residues Tyr 52 and Tyr73,
which form hydrogen bonds to Asp99 and ensure its
proper orientation, are considered to form the catalytic
network, being strictly conserved (Arni et al., 1999; de
Azevedo et al., 1999). These K49 mutants are capable of
destroying the integrity of membranes and provoke marker
release from liposomes in the absence of calcium without
detectable lipid hydrolysis (Ruﬁni et al., 1992) and there
exists controversy as to whether these enzymes possess
hydrolytic activity (Maraganore and Heinrickson, 1986;
Ward et al., 2002).
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3. Myotoxicity
A number of reports have attempted to correlate
biochemical and biophysical characteristics such as
sequence homology (Krizaj et al., 1989; Selistre de Araujo
et al., 1996; Ward et al, 1998), charge distribution (Kini and
Iwanaga, 1986; Kini and Evans, 1989; Lomonte et al.,
1994a,b), hydrophobicity proﬁles (Kini and Iwanaga, 1986),
results of chemical modiﬁcation (Dı́az-Oreiro and Gutiérrez, 1997; Andrião-Escarso et al., 2000; Soares et al., 2001)
and structural aspects (Arni and Ward, 1996) of PLA2s that
induce myotoxicity. We brieﬂy summarize the conclusions
arrived at in these studies and present details of these
structural features.
3.1. N-terminus and reverse turn
The N-terminus of PLA2s, which includes the short helix
and the reverse turn (residues 1 – 17), forms part of the
hydrophobic collar surrounding the hydrophobic channel
which provides access to the active site in classes I and II
PLA2s. This region, speciﬁcally amino acids at positions
7 and 10 in class I PLA2s, form the interfacial recognition
site and are considered to be involved in substrate binding
(Scott and Sigler, 1994; Han et al., 1997).
In the myotoxic K49 PLA2s, this region is highly
conserved with the sequence SLFELGKMILQETGKN.
However, some degree of substitution is observed, for
example F3Y, E4Q and G6W in myotoxin I (Bothrops
godmani) (de Sousa et al., 1998). Lys7, Glu12, Thr13 and
Lys15 have been suggested to play a role in myotoxicity
(Selistre de Araujo et al., 1996).
Cleavage of the N-terminal octapeptide of B. asper MTII
with cyanogen bromide reduces the myotoxic activity to a
third (Dı́az et al., 1994; Soares et al., 2001). This region is
important for the maintenance of a functional catalytic site
(Yang, 1997). As pointed out by Fletcher et al. (1997),
the effect of this cleavage on the structural integrity of the
protein was not reported (Dı́az et al., 1994). Cleavage of the
N-terminal octapeptide in B. pirajai PrTX-1, a K49 PLA2,
resulted in a wavelength shift in the ﬁrst minimum to
207 nm and a decreased minimum value at 222 nm in the
circular dichroism spectra (Soares et al., 2001), which
indicates that structural modiﬁcation is associated with this
cleavage. Cleavage of this octapeptide would expose the
amino acids located on helix 3, especially Asp99, which is
shielded from the solvent. The short helix would probably
not be held in position since class II PLA2s lack a disulﬁde
bridge in this region. Additionally, loop E2 (Fig. 1) would
be destabilized since the hydrogen bonds formed between
this region and the N-terminus would be absent. Thus,
cleavage of the N-terminal octapeptide could result in a
drastic structural re-organization, which may account for its
reduced myotoxic activity.
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3.2. The short helix

3.6. C-terminus

The short helix (Fig. 1), which differs considerably in its
relative orientation, is a structurally conserved feature in
class II PLA2s (Arni and Ward, 1996). Except for Tyr21,
which is fully conserved and forms a hydrogen bond with
the amino acids at the C-terminus of helix 3, there is no
charge or sequence pattern that is the exclusive premise of
myotoxic PLA2s and no role in myotoxicity has been
attributed to this region.

The C-terminal region (residues 115– 134) of myotoxic
K49 PLA2s forms a cationic site which has been implicated
in the mediation of electrostatic interactions with negatively
charged lipids, forming a cytolytic motif (Lomonte et al.,
1994b; Gutiérrez and Lomonte, 1997). Synthetic peptides
corresponding to residues 115– 129 of B. asper MTII induce
cytolysis and interfere with the interaction between heparin
and B. asper MTII (Lomonte et al., 1994b). However,
intramuscular injection of 250 mg of this peptide failed to
induce myotoxicity in mice (Gutiérrez and Lomonte, 1997).
It has been suggested that along with other sites, this could
form the molecular region that penetrates and disorganizes
membranes (Gutiérrez and Lomonte, 1997; Lomonte et al.,
1999; Núnez et al., 2001; Angulo et al., 2002). Selistre de
Araujo et al. (1996) also proposed that Lys115 and Lys116
form part of the myotoxic site in K49 PLA2s. Site directed
mutagenesis speciﬁcally of cationic and aromatic residues in
the C-terminal region (positions 115–129) and substitution
of lysines and arginines in the region 117– 122 with alanine,
except for Lys122, resulted in a signiﬁcant reduction in
myotoxicity (Chioato et al., 2002).

3.3. The calcium binding loop
Calcium binding is considered to be essential for
catalytic activity in D49 PLA2s, since the calcium ion
forms bonds to the bound phospholipid and stabilizes the
transition state intermediate (Scott et al., 1990). In the D49
PLA2s, this region is invariant with the consensus sequence
Y25-G-C-Y/F-C-G-X-G-G33. In the K49 PLA2s, this region
does not bind calcium, has a different sequence, and has
been observed to adopt different conformations (Scott et al.,
1992; Arni et al., 1995, 1999; Arni and Ward, 1996; de
Azevedo et al., 1998, 1999; ). No role in myotoxic activity
has been attributed to this region.

4. Discussion
3.4. b-Wing region
The b-wing region (residues 74 – 84) is structurally
conserved and its relative orientation is preserved by two
disulﬁde bridges in class I PLA2s and only one disulﬁde
bridge in class II PLA2s. This region adopts different
conformations and participates in the formation of dimers in
the class II K49 PLA2s (Arni et al., 1995; da Silva Giotto
et al., 1998).
Lys78 and Lys80 in class II myotoxic K49 PLA2s are
conserved and are spatially close to the N-terminal region.
Based on molecular modeling of ACL myotoxin (from the
venom of Agkistrodon contortrix laticinctus), it has been
proposed that the amino acids Lys7, Glu12 and Thr13 in
myotoxic K49 PLA2s, which are clustered on the surface of
the molecule and are in close proximity to the conserved
residues Lys78, Lys80, Lys115 and Lys116, could play a
role in determining myotoxicity (Selistre de Araujo et al.,
1996).
3.5. Helix 3
Kini and Iwanaga (1986) compared the sequences of a
number of neurotoxic and myotoxic PLA2s with neurotoxic/
non-myotoxic PLA2s. They reported that approximately 15
amino acids in the region between the b-wing and helix 3
were strongly cationic in myotoxic PLA2s and suggested
that this region could form the myotoxic site.

As presented, various attempts have been made to
correlate sequence and structural aspects with myotoxicity
in snake venom PLA2s. However, some of these results
contradict each other and no clear picture has emerged
concerning the structural basis for the disruption of
negatively charged liposomes, the role of hydrolytic activity
and the region or regions responsible for myotoxicity in both
K49 and D49 PLA2s.
4.1. Surface charge distribution
The results of the electrostatic surface charge distribution calculations using GRASP (Nicholls, 1993) and
potentials in the kT range 2 4.0 to 4.0 are shown in Fig.
2(a)– (f), with the molecule positioned in the same relative
orientation as in Fig. 1. The surface principally encompasses
the N-terminal helix, the short helix, the calcium binding
loop (C1, C2 and C3), the elapid loop (E1 and E2), the bwing region, the C-terminal extension and the area around
the active site cleft which together form the interfacial
activation face or i-face.
Calculations performed in the absence of the calcium ion
for the non-myotoxic D49 PLA2 (PDB ID: 1UMV,
Murakami et al., unpublished results of this laboratory)
indicate that a large part of the surface is uncharged in this
PLA2 and isolated positive regions are observed at the tip of
the b-wing and at the end of the C-terminus (Fig. 2(a)). The
area around the active site forms a deep channel that is
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Fig. 2. Electrostatic surface potentials calculated in the same orientation as in Fig. 1 using GRASP (Nicholls, 1993) in the kT range 24.0
to þ 4.0. Non-myotoxic D49 PLA2 from B. jararacussu (PDB ID: 1UMV, unpublished results) in the absence (a) and presence (b) of the bound
calcium ion. Myotoxic D49 PLA2 from A. p. piscivorus (PDB ID:1VAP) in the absence (c) and presence (d) of the bound calcium ion. Monomer
(e) and dimer (f) of B. asper MTII K49 PLA2 (PDB ID:1CLP).

negatively charged. An additional highly charged pocket is
observed to the left of this region, in the vicinity of the
calcium-binding loop. When the calcium ion, which is
coordinated by Asp49 and the putative calcium binding loop

(Arni et al., 1995), is included in the calculation, the
positively charged region spreads to include the surface of
the calcium-binding loop and the region around the active
site (Fig. 2(b)).
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Similar calculations performed in the absence of the
calcium ion with a myotoxic D49 PLA2 (PDB ID: 1VAP;
Han et al., 1997) indicate the presence of a broad positively
charged surface in the b-wing region and more noticeably in
the loop following the short helix (loop C1), in the calcium
binding loop (loop C2) and in loop C3. The negative charge
is restricted to the region around the active site cleft.
Inclusion of the calcium ion in the calculation (Fig. 2b)
dramatically increases the area of the positively charged
region, which now spreads to include the major part of the iface. Correspondingly, the negatively charged region
shrinks to include, principally, the interior of the active site.
The charge distributions of the K49 PLA2s from B. asper,
B. jararacussu and B. nummifer are strikingly different
when compared to the D49 PLA2s. The positive charge
presented for B. asper MTII (PDB ID:1CLP; Arni et al.,
1995) encompasses the entire i-face of the molecule (Fig.
2(e)). Negative charges are not present on the i-face and are
limited to part of the loop that connects helix 3 to the b-wing
region. Formation of the dimer results in a dramatic increase
in the area of the positively charged surface (Fig. 2(f)).
Calculations performed based on the crystal structures of
other myotoxic K49 PLA2s (Arni et al., 1999; de Azevedo
et al., 1999) result in a similar pattern of charge distribution.
In the non-myotoxic D49 PLA2, access to the active site
is through a narrow channel. This channel is much wider in
the myotoxic D49 PLA2, and Trp31 is positioned to enable it
to function as a ﬂap to modulate access. In the myotoxic
K49 PLA2, this function is carried out by Phe3 and the
amino acids located in loop E2 or Phe102 (Liu et al., 2003)
which restricts access to the catalytic site.
These electrostatic potential calculations indicate that in
the case of non-myotoxic D49 PLA2s the predominantly
neutral and negatively charged surfaces present on the i-face
do not permit the approach to negatively charged membranes. However, the myotoxic D49 PLA2s possess a
relatively large positively charged surface, whose area
increases signiﬁcantly with the inclusion of the calcium ion.
In the K49 myotoxic PLA2s, the i-face is almost completely
positively charged. The large positive surface charge
distribution in myotoxic PLA2s probably plays an important
role in the recognition of the muscle membranes and,
consequently, in the expression of myotoxic activity.
Similar electrostatic surface analysis have been conducted
on viperid mytoxins (Falconi et al., 2000).
Liposomes have been used as model systems for the
interaction of myotoxins with membranes and the ability of
PLA2s to disrupt negatively charged liposomes that contain
markers has been reported (Dı́az et al., 1991; Ruﬁni et al.,
1992). Catalytically active D49 non-myotoxic PLA2s
hydrolyze lipids only in the presence of calcium with
concomitant marker release, and inclusion of EDTA inhibits
this activity (Ruﬁni et al., 1992). Myotoxic D49 PLA2s also
require calcium, and the inclusion of EDTA results in a
reduction of liposome disrupting activity (Dı́az et al., 1991).
The myotoxic K49 PLA2s, on the other hand, disrupt

the integrity of liposome in the absence of calcium without
concomitant phospholipid hydrolysis (Dı́az et al., 1991;
Ruﬁni et al., 1992). B. asper MTII is also capable of
releasing entrapped dyes from liposomes comprised of
nonhydrolyzable analogues of phospholipids (Pedersen
et al., 1994), and enzymatic activity has been considered
non-essential for some myotoxic D49 PLA2s to lyse
liposomes, although it does enhance lytic activity (Dı́az
et al., 1991; Bultrón et al., 1993).
This liposome disrupting effect by K49 PLA2s has been
observed predominantly for negatively charged phospholipids (Dı́az et al., 1991; Ruﬁni et al., 1992; Gutiérrez and
Lomonte, 1997). The charge distribution analysis presented
above supports the hypothesis that electrostatic interaction
between positively charged surfaces on the protein and the
negatively charged phospholipids play a crucial role in the
disruption of liposomes (Gutiérrez and Lomonte, 1997;
Falconi et al., 2000). This would also explain the fact that
B. asper MTII is capable of disrupting liposomes comprised
of negatively charged, nonhydrolyzable phospholipd analogues (Pedersen et al., 1994; Gutiérrez and Lomonte,
1997).
4.2. Is catalytic activity important for myotoxicity?
Based on BPB modiﬁcation of His48, it has been
demonstrated that hydrolytic activity is important for the
expression of myotoxicity in D49 PLA2s (Dı́az-Oreiro and
Gutiérrez, 1997). In the crystal structure of the acidic class
IIA PLA2 from Agkistrodon halys pallas (i.e. Agkistrodon
blomhofﬁi brevicaudus) (Zhao et al., 1998; PDB ID: 1BK9),
BPB binds to His48 Nd1 in an analogous manner to that of
bovine pancreatic PLA2 (Renetseder et al., 1988). However,
the speciﬁc interactions vary considerably (Zhao et al.,
1998). In the pancreatic PLA2, upon inhibitor binding, the
‘pancreatic loop’ adopts a signiﬁcantly different conformation and Tyr69 forms extensive contacts while Leu31
does not form contacts with the inhibitor. In the class IIA
structure, the shortened, more rigid loop does not change
conformation upon BPB binding, and Lys69 does not form
contacts whereas Trp31 interacts extensively with the
inhibitor.
In the model for catalytic activity of D49 PLA2s, the
calcium ion is essential for the stereospeciﬁc orientation of
the substrate and it also serves as an electrophile (Scott and
Sigler, 1994; Scott, 1997). Exclusion of the calcium ion in
D49 PLA2s results in absence of lipid hydrolysis. There
exists considerable controversy as to whether myotoxic K49
PLA2s possess catalytic activity, since the substitution of
Asp49 by Lys prevents Ca2þbinding.
In primary cultures of human skeletal muscle, under
conditions relevant to myotoxicity, K49 PLA2s have been
shown to be enzymatically active (Rodrigues-Simioni et al.,
1995; Fletcher et al., 1996). Highly puriﬁed ACLMT was
shown to possess signiﬁcant PLA2 activity at concentrations
relevant to cytotoxicity (Fletcher et al., 1997). It has been
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reported that myotoxic K49 PLA2s are active for barachidonoyl phospholipid bilayers (Yamaguchi et al.,
1997). However, it cannot be conclusively ruled out that
this enzymatic activity is due to trace contamination by D49
PLA2s or, in the case of cell culture experiments, to the
action of intracellular PLA2s.
Molecular modeling (Fig. 3) of the myotoxic K49 PLA2
myotoxin II from B. asper (Arni et al., 1995, PDB ID:1CLP)
with BPB indicates that a covalent bond is formed with
His48 Nd1, as in the structure of the class IIA acidic D49
PLA2 from Agkistrodon halys pallas (i.e. Agkistrodon
blomhofﬁi brevicaudus) (Zhao et al., 1998; PDB
ID:1BK9). The substitutions Phe5Leu, Trp31/Val, Ala102/
Val and Phe106/Leu in the structure of the D49 PLA2 (PDB
ID: 1BK9) when compared with the myotoxic K49 PLA2
from B. asper (PDB ID: 1CLP) result in a modiﬁcation of
the hydrophobic pocket and in a signiﬁcant perturbation of
the stabilizing interactions (Zhao et al., 1998) (Fig. 3).
D49 PLA2s are less susceptible to inactivation by BPB in
the presence of the Ca2þ ion due to the position of the
equatorial ligand water molecule which would form close
contacts with the phenacyl group of the inhibitor (Renetseder et al., 1988; Zhao et al., 1998). In the K49 PLA2s, Lys49
Nz occupies the position of the Ca2þion in D49 PLA2s (Fig.
3) and is coordinated by two main chain carbonyl oxygen
atoms and a solvent water molecule.
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Depletion of Ca2þ, addition of EDTA or binding of an
active site inhibitor such as BPB in D49 PLA2s abolishes
hydrolytic and myotoxic activities. Alkylation of His48 in
B. asper mytoxin III (D49 PLA2) with BPB results in
reduced enzymatic and myotoxic activities (Bultrón et al.,
1993; Dı́az-Oreiro and Gutiérrez, 1997). Interestingly, only
30% of the myotoxic activity is retained upon binding of
BPB to myotoxic K49 PLA2s (Soares et al., 2000),
indicating that, as in the case of D49 PLA2s, K49 PLA2s
also require a fully accessible and functional catalytic site
for myotoxicity. The absence of stabilizing hydrophobic and
aromatic– aromatic interactions in K49 PLA2s (Fig. 3)
results in a weak and partial BPB binding. This reduced
binding of BPB could explain the existence of residual
myotoxicity in BPB-modiﬁed K49 PLA2s.
Structural studies of the complexes of K49 PLA2s with
phospholipids and fatty acids indicate that these molecules
bind at the active site in a manner analogous to the binding
of phospholipids in D49 PLA2s. In the crystal structure of
the dimeric myotoxic K49 PLA2 from B. moojeni
complexed with stearic acid (unpublished results), two
stearic acid molecules are bound in the active site. Based on
the structural superpositioning with phospholipd analogues,
the two stearic acid molecules can be considered to mimick
this binding by occupying the fatty acid and lysophospholipid binding sites. The stearic acid molecules are

Fig. 3. Details of p-bromophenacylbromide (BPB) binding in the structure of A. h. pallas (PDB ID:1BK9) in blue. The bound calcium ion is
represented in blue and is highlighted by an enclosing mesh. In red, the results of modeling of the binding of BPB in the structure of B. asper
myotoxin II (PDB ID:1CLP). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article).
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Fig. 4. Ribbon representation of the structure of B. asper MTII (PDB ID:1CLP) including His48, Lys49 and the two stearic acid molecules
bound in the active site (green). The transition state analogue (L-1-O-octyl-2-heptylphosphonyl-sn-glycero-3-phosphoethanolamine) and His48
and Asp49 of the class IIA human synovial ﬂuid PLA2 (PDB ID:1POE) are superimposed in light gray.

hydrogen bonded to the carbonyl oxygen atom of Asn28, the
amide nitrogen of Gly30 and His48 Nd1. The stearic acid
molecules occupying the lysophospholipid binding site form
only few hydrogen bonds. However, both the fatty acid and
lysophospholipid molecules form numerous hydrophobic–
hydrophobic and hydrophobic – hydrophilic interactions.
Superpositioning of these two stearic acid molecules with
the transition state analogue (L-1-O-octyl-2-heptylphosphonyl-sn-glycero-3-phosphoethanolamine) bound to a catalytically active class II human synovial PLA2 (Scott et al.,
1991; PDB ID:1POE) indicates that the stearic acid
molecules occupy a position similar to that of the
phospholipid analogue (Fig. 4). Stearic acid is an analogue
for arachidonic acid and modeling of the binding of barachidonoyl indicates productive mode binding, suggesting
that hydrolysis could be possible. Ongoing unpublished
structural studies of the binding of dimyristoylphosphatidylcholine (DMPC) also support these results. This
indicates that, as in the case of D49 PLA2s, K49 PLA2s
are catalytically active and such activity is likely to
determine myotoxicity.
Rosenberg (1979, 1986, 1997) has pointed out that PLA2
activity has to be deﬁned against a range of substrates to
obtain a clear understanding of the relationship between
phospholipid hydrolysis and pharmacological activities.
Thus, further studies of K49 PLA2s have to be conducted
and the catalytic activity of K49 PLA2s has to be determined
against different substrates, including phospholipids located
in cellular membranes.

In conclusion, we suggest that catalytic activity is
essential for myotoxicity in both D49 and K49 PLA2s and
that the surface distribution of charges is important for
interaction with membranes and for the disruption of
liposomes consisting of negatively charged phospholipids
and phospholipid analogues.
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Abstract
Acidic phospholipase A2 (PLA2) isoforms in snake venoms, particularly those from Bothrops jararacussu, have not been characterized.
This article reports the isolation and partial biochemical, functional and structural characterization of four acidic PLA2s (designated
SIIISPIIA, SIIISPIIB, SIIISPIIIA and SIIISPIIIB) from this venom. The single chain puriﬁed proteins contained 122 amino acid residues and
seven disulﬁde bonds with approximate molecular masses of 15 kDa and isoelectric points of 5.3. The respective N-terminal sequences were:
SIIISPIIA–SLWQFGKMIDYVMGEEGAKS; SIIISPIIB–SLWQFGKMIFYTGKNEPVLS; SIIISPIIIA–SLWQFGKMILYVMGGEGVKQ
and SIIISPIIIB–SLWQFGKMIFYEMTGEGVL. Crystals of the acidic protein SIIISPIIB diffracted beyond 1.8 Å resolution. These crystals
are monoclinic with unit cell dimensions of a = 40.1 Å, b = 54.2 Å and c = 90.7 Å. The crystal structure has been reﬁned to a crystallographic
residual of 16.1% (Rfree = 22.9%). Speciﬁc catalytic activity (U/mg) of the isolated acidic PLA2s were SIIISPIIA = 290.3 U/mg;
SIIISPIIB = 279.0 U/mg; SIIISPIIIA = 270.7 U/mg and SIIISPIIIB = 96.5 U/mg. Although their myotoxic activity was low, SIIISPIIA,
SIIISPIIB and SIIISPIIIA showed signiﬁcant anticoagulant activity. However, there was no indirect hemolytic activity. SIIISPIIIB revealed no
anticoagulant, but presented indirect hemolytic activity. With the exception of SIIISPIIB, which inhibited platelet aggregation, all the others
were capable of inducing time-independent edema. Chemical modiﬁcation with 4-bromophenacyl bromide did not inhibit the induction of
edema, but did suppress other activities.
© 2003 Éditions scientiﬁques et médicales Elsevier SAS. All rights reserved.
Keywords: Acidic PLA2s; Bothrops jararacussu; N-terminal sequence; Platelet aggregation inhibition; X-ray crystallography

1. Introduction
Extracellular and intracellular phospholipases A2 (PLA2s)
have been extensively investigated during the last 10 years
since they induce a range of important biological effects,
some of them showing to be independent of catalytic activity.
Extracellular PLA2s are found in pancreatic tissue, as well as
in snake, bee and scorpion venoms. Catalytically active
PLA2s hydrolyze the 2-acyl ester bond of three snphospholipids releasing fatty acids and lysophosphatides.
These PLA2s display molecular masses from 14 to 21 kDa

* Corresponding author. Tel.: +55-16-602-4287; fax: +55-16-633-1936.
E-mail address: suvilela@fcfrp.usp.br (S.V. Sampaio).
© 2003 Éditions scientiﬁques et médicales Elsevier SAS. All rights reserved.
doi:10.1016/j.biochi.2003.09.011

and have been classiﬁed as types I, II or III according to their
source, chain length and disulﬁde bond patterns [1]. Snake
venoms are rich in type I and II PLA2s.
The various pharmacological effects induced by PLA2s
include edema, hemorrhage and inhibition of platelet aggregation, as well as neurotoxic, anticoagulant and myotoxic
effects.
It has been shown that myotoxic PLA2 homologues
which, although showing low or no enzymatic activity upon
artiﬁcial substrates, are able to produce extensive muscle
necrosis [2–4]. Experiments using endothelial and skeletal
muscle cells in vitro have revealed a cytolytic effect [5].
These myotoxins have an Asp residue at position 49 (D49)
showing catalytic activity, or Lys residue (K49), with low or
no apparent detectable activity upon artiﬁcial substrates.
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The presence of several PLA2 isoforms in the venom of a
single snake species has been shown to be a common feature
[6]. The presence of basic and acidic PLA2s was ﬁrst reported
in the venom of Bothrops jararacussu in 1988 by HomsiBrandeburgo et al. [2], who isolated and partially characterized two of them, later referred to as bothropstoxin-I
(BthTX-I) and bothropstoxin-II (BthTX-II). These two basic
myotoxic PLA2s have been sequenced and were shown to be
K49 and D49, respectively [7,8]. An acidic platelet aggregation inhibitor and hypotensive PLA2 has also been isolated
from the same venom and sequenced up to the 51st amino
acid residue [9].
This article reports the isolation, N-terminal sequencing
and partial characterization of four new acidic PLA2s from
B. jararacussu snake venom, as well as structural details of
one of them (SIIISPIIB).
2. Materials and methods
2.1. Material

(v/v) gradient of solvent A [0.05% TFA/acetonitrile (9:1)]
and solvent B [0.05% TFA/acetonitrile (4:6) (v/v)] at a ﬂow
rate of 1.0 ml/min. All steps of the puriﬁcation procedure
were carried out at room temperature (25 °C).
2.3. Biochemical characterization
Polyacrylamide gel electrophoresis (PAGE) for acidic
proteins and sodium dodecyl sulfate PAGE (SDS-PAGE)
followed the methods of Davis [10] and Laemmli [11], respectively. Isoelectric focusing was performed according to
Vesterberg [12]. Buffalyte, pH range 5.0–8.5 (Pierce), was
used to generate the pH gradient. The following pI standards
were used: methyl-red pI 3.8; trypsin inhibitor pI 4.6; myoglobin pI 6.8 and 7.2, lecithin pI 8.2, 8.6 and 8.8.
Sequencing of the N-terminal amino acid residues of the
toxins was performed using an Applied Biosystem sequencer, model C 477A.
For protein determination, the micro-biuret method developed by Itzhaki and Gill [13] was followed.
2.4. Crystallization of SIIISPIIB

The B. jararacussu venom was purchased from Instituto
Butantan (São Paulo, SP, Brazil). Sephadex G-75, SPSephadex C-25 and molecular weight markers were obtained
from Pharmacia Fine Chemical Company (St. Louis, USA).
All other chemicals and solvents were of analytical grade.
4-Bromophenacyl bromide (BPB) was obtained from Sigma
Chemical Company (St. Louis, USA). Male Swiss Wistar
mice were used for biological assays.
2.2. Puriﬁcation procedure
Lyophilized crude venom from B. jararacussu (500 mg)
was extracted with 5 ml of 0.05 M ammonium bicarbonate
buffer, pH 8.0. It was then cleared by centrifugation for 5 min
at 480 × g and subjected to gel ﬁltration on a Sephadex G-75
column (4.0 × 110.0 cm), which was previously equilibrated
and then eluted with the same buffer. Fractions of 5 ml/tube
were collected at a ﬂow rate of 30 ml/h.
Fraction SIII (200 mg) from the gel ﬁltration step was
dissolved in 3 ml of 0.1 M ammonium acetate buffer, pH 5.0,
then cleared by centrifugation as before. Subsequently, this
fraction was applied on a 3.0 × 60.0 cm column of SPSephadex C-25 with a continuous buffer concentration gradient up to 2.0 M at pH 5.0. Fractions of 5.0 ml were
collected at 18 ml/h. Absorbance was monitored at 280 nm
and conductivities were measured with a CD-20 (Digimed)
conductimeter and converted to concentration values by
means of a standard curve.
Pools were collected, dialyzed against water at 5 °C and
lyophilized. When necessary, pooled fractions were rechromatographed under the same conditions. Samples of 1 mg
were then dissolved in 0.05% (v/v) triﬂuoroacetic acid (TFA)
and rechromatographed on a Shimadzu C18 reversed-phase
(ODP-50) high performance liquid chromatography (RPHPLC) column (6.0 × 15.0 cm). Elution followed a 0–100%

A lyophilized sample of SIIISPIIB was dissolved in bidistilled water at a concentration of 10 mg/ml. Crystallization
was performed by the hanging-drop vapor diffusion method
using 24 well tissue culture plates. Initial trials were carried
out with a screen similar to the one described by Jancarik and
Kim [14]. Typically, 1 µl drops of protein solution were
mixed with an equal volume of the screening solution and
equilibrated over 1 ml of the latter as reservoir solution.
Large single crystals were obtained when a 2 µl protein
droplet was mixed with an equal volume of reservoir solution
consisting of 0.1 M sodium acetate (pH 4.6) and 28% polyethylene glycol (PEG) 4000.
2.4.1. X-ray diffraction data collection and structure
determination
The crystals were ﬂash frozen (15% glycerol) and diffraction data was collected at the Laboratório Nacional de Luz
Síncroton (Campinas, Brazil). Diffraction intensities were
measured using a MAR 345 imaging-plate detector and were
reduced and processed using the HKL suite of programs [15].
The crystal diffracted X-rays to a maximum resolution of
1.8 Å. Data-processing statistics are presented in Table 2.
The crystal structure was solved by molecular replacement techniques using the atomic coordinates of the D49
PLA2 from Agkistron piscivorus piscivorus (PDB code
1VAP) [16] and the program AmoRe [17]. Reﬁnement was
carried out using CNS [18] and REFMAC 5.0 as implemented in the CCP4 package [19]. Model building and map
interpretation was performed using TurboFrodo.
2.5. Chemical modiﬁcation
Modiﬁcation of His48 with BPB from Sigma Chemical
Company was carried out as previously described by Díaz-
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Table 1
Enzymatic and biological activity of crude B. jararacussu venom and isolated acidic PLA2 isoforms compared with myotoxins BthTX-I and -II
Sample

Crude venom
SIIISPIIA
SIIISPIIB
SIIISPIIIA
SIIISPIIIB
BthTX-I
BthTX-II

Activity
Indirect hemolytic
(%) a
Native
Modiﬁed
23.0
–
–
–
–
–
–
–
95.4
–
–
ND
98.6
–

Catalytic
(U/mg) b
Native
290.3
279.0
270.7
254.0
96.5
–
79.9

Modiﬁed
–
–
–
–
–
ND
–

Anticoagulant
(min) c
Native
Modiﬁed
–
–
21 min 10 s –
26 min 13 s –
30 min 10 s –
10 min 15 s –
>45 min
–
>45 min
–

Platelet aggregation inhibition
(%) d
Native
Modiﬁed
ND
ND
–
–
100
–
–
–
–
–
–
ND
–
ND

ND, not determined. –, no activity.
Percentage hemolysis by 200 µg toxin incubated with rat erythrocytes (11 300 cells/ml).Control: 100% hemolysis, A540 nm = 0.470.
b
Speciﬁc activity deﬁned as µmol of acid released/min/mg of protein.
c
To 250 µl of platelet poor plasma + 50 µl saline or toxin (1 mg/ml), incubated for 10 min at 37 °C, 50 µl of 0.25 M CaCl2 were added and time for clotting was
measured up to 45 min.
d
Native and modiﬁed PLA2s were assayed for inhibitory effect on ADP induced aggregation by 50 µg of PLA2.
a

Table 2
Data collection and processing statistics
Space group
Unit cell parameters (Å)
Maximum resolution (Å)
Resolution of data set (Å)
Number of observations
Number of unique reﬂections
Rmerge (%) a
Completeness (%) (1.85–1.79 Å)
VM (Å3/Da)
Number of molecules per
asymmetric unit
Reﬁnement R-factor (%)
Reﬁnement R-free (%)
Bond length deviation (Å)
Bond angle deviation (°)

C2221
a = 40.1, b = 54.2 and c = 90.7
1.8
19.6–1.8
28 979
8959
4.9
92.9 (74.2)
1.8
1
16.1
22.9
0.02
2.0

a

Rmerge = 兺|I(h)i – {I(h)}|/兺{I(h)}; I(h) is the observed intensity of the ı
measurement of reﬂection h and ı{I(h)} is the mean intensity of reﬂection h
calculated after scaling.

Oreiro and Gutiérrez [20]. Approximately 3 mg of the protein
was dissolved in 1 ml of 0.1 M ammonium bicarbonate buffer
containing 0.7 mM EDTA, pH 8.0, and then 150 µl of BPB
(1.5 mg/ml ethanol) was added. The mixture was incubated
for 24 h at 25 °C.
Excess reagent was removed from toxin preparations by
chromatography on a Shimadzu C18 reversed-phase (CLCODS) RP-HPLC column (6.0 × 25.0 cm). Elution followed a
0–100% (v/v) gradient of solvent A (0.1% TFA, v/v) and
solvent B (60% acetonitrile, v/v) at a ﬂow rate of 1.0 ml/min,
followed by lyophylization.
2.6. Phospholipase A2 activity
Phospholipase A2 activity was determined as described by
de Haas et al. [21], at pH 8.0 and 25 °C, using a lecithin
source of an emulsion of one chicken egg yolk/300 ml distilled water containing 3 mM sodium cholate and 6 mM
calcium cholate. Fatty acids were potentiometrically titrated

with 0.0818 N NaOH, using a Gilmont micro-biuret assembled with an expanded scale pH meter (Digimed). Phospholipase activity was expressed as the number of microequivalents of fatty acids released/min at 25 °C.
2.7. Hemolytic activity
Indirect hemolytic activity was assayed as described by
Jeng et al. [22]. Red blood cells from freshly collected rat
blood were used for the assays. Activity was expressed as
percentage of hemolysis.
2.8. Anticoagulant activity
Sheep citrated plasma was centrifuged at 1000 × g at 4 °C
and the anticoagulant effect was assessed as described by
Gutiérrez et al. [23]. Subsequently, 0.25 ml aliquots of
plasma were incubated with the toxins dissolved in phosphate buffered saline (PBS, pH 7.5) for 10 min at 37 °C.
Then, 0.05 ml of a solution of 0.25 M CaCl2 was added and
the clotting time determined. Control tubes contained only
PBS incubated plasma, while CaCl2 was added as described
above.
2.9. In vivo myotoxicity
Groups of ﬁve Swiss mice (25–30 g body weight) received
an injection of 50 µg PLA2/50 µl PBS, in the right gastrocnemius muscle. Three hours later, blood was collected from the
inferior vena cava and centrifuged. The resulting plasma was
submitted to creatine kinase (CK) assay.
Control animals received injections of PBS. Activity was
expressed in U/l, 1 U deﬁned as the amount of enzyme that
produces 1 µmol of NADH/min at 30 °C.
2.10. In vitro myotoxicity
Swiss mice were sacriﬁced by cervical dislocation and the
soleus muscle (red muscle) of each leg was immediately and
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carefully removed. Using a previously described technique,
the muscles were then ﬁxed on an aluminum support by their
tendons so that their resting length was maintained and the
catabolic effect and alterations characteristic of anoxia occurring in central muscle ﬁbers were prevented [24]. The
Krebs–Ringer bicarbonate buffer incubation medium containing 0.120 mol/l NaCl; 0.025 mol/l NaHCO3; 4.83 mol/l
KCl; 1.2 mol/l MgSO4; 1.2 mol/l KH2PO4 and 2.4 mol/l
CaCl2 was aerated for 20 min with 95% O2–5% CO2 (pH
7.3–7.4). The medium (3 ml) was then transferred to 25 ml
Erlenmeyer ﬂasks and the isolated muscles were added. This
was followed by another 1-min aeration with 95% O2–5%
CO2 in a water bath at 37 °C for 1 h under constant agitation.
After an 1-h equilibrium period, the medium was changed
and the muscles were incubated for 2 h with either Krebs
(control) or toxins (20 µg/ml). Following the incubation
period, aliquots were refrigerated for 12 h for later CK
activity determination.

considered as 100% in order to obtain the level of edematogenic activity inhibition after BPB treatment.
2.12. Platelet aggregation inhibition effect
The following experiments are identical to those carried
out and described by Fuly et al. [25]. Platelet-rich plasma
(PRP) was prepared from citrated human blood (0.31% w/v)
by centrifugation (360 × g for 12 min) at room temperature.
PRP samples obtained as above were centrifuged at 1370 × g
for 20 min, and the platelet pellets were suspended in a
calcium free Tyrode solution containing 0.35% (w/v) bovine
serum albumin (BSA) and 0.1 mM EDTA (ﬁnal concentration), pH 6.5, and washed twice by centrifugation (1370 × g
for 20 min at 0 °C).
The ﬁnal pellet was then suspended in Tyrode–BSA, pH
7.5, without EDTA. The suspension was adjusted to give
3–4 × 105 platelets/µl. Platelet aggregation was measured
turbidimetrically using a whole blood Lumi-aggregometer
(Chrono-log Corp.). Assays were performed at 37 °C in
siliconized glass cuvettes using 400 µl of PRP with stirring,
and aggregation was triggered after pre-incubation for 5 min
with 50 µl (50 µg) of the acidic PLA2 isoforms (native or
modiﬁed). Control experiments were performed using platelets against ADP alone (50 µl).

2.11. Edema-inducing activity
Groups of ﬁve Swiss mice (18–22 g) received, in the
subplantar region, injections of 50 µg/50 µl PBS containing
either native or treated PLA2. Control animals received PBS
injections only. At 0.5, 1, 2, 4, 24 and 48 h, the progression of
edema was evaluated with a low-pressure pachymeter (Mitutoyo, Japan).
The increase paw volume induced by PBS was considered
as 0% and the edema induced by toxins at 30 min was

Percentage of inhibition was evaluated considering the
control ADP (50 µl) as 100% aggregation and control PRP
(400 µl) as 0%.
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Fig. 1. (A) (Insert) Gel ﬁltration of B. jararacussu venom (500 mg) on a 4 × 110 cm column of Sephadex G-75 equilibrated and eluted with 0.05 M ammonium
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2.13. Statistical analysis
Results were expressed as the arithmetic mean ± standard
deviation (S.D.). Differences between two groups in the
same experiment were analyzed by the Student’s t-test using
the Statsoft statistic, version 4.5. The level of signiﬁcance
was P < 0.05.
3. Results
Fig. 1A (insert) presents the gel ﬁltration proﬁle of the
crude venom on Sephadex G-75. Fraction SIII, which
showed PLA2 activity, was further fractionated into ﬁve
subfractions on SP-Sephadex C-25 (Fig. 1B), which were
designated SIIISPI through SIIISPV. In subfractions SIIISPIIA to SIIISPIIIB (horizontal bar), PLA2 catalytic activity was detected. Subfractions SIIISPIIB and SIIISPIIIC
were shown to be platelet aggregation inhibitors, while SIIISPIV and SIIISPV were identiﬁed as BthTX-II and
BthTX-I, respectively, both known to be potent basic myotoxins [2,7,8]. Table 1 displays enzymatic and biological
activity data related to the four isolated acidic PLA2 isoforms
compared with myotoxins BthTX-I and -II. Subfractions
SIIISPIIA, SIIISPIIB and SIIISPIIIA showed very high
PLA2 catalytic activities when compared with BthTX-II,
namely: 279.0, 270.7 and 254.0 versus 79.9 U/mg, respectively. The exception was SIIISPIIIB (96.5 U/mg).
In Fig. 2, PAGE and SDS-PAGE of SIII and the subsequent subfractions are presented. Evaluation of these subfractions was performed after re-puriﬁcation by reverse
phase chromatography on C18 HPLC column. All subfractions electrofocused at a pH of approximately 5.3. Their
homogeneity was further demonstrated by native-PAGE
(Fig. 2A), SDS-PAGE (Fig. 2B) and N-terminal sequencing
(Table 3).
SIIISPIIB crystals belong to space group C2221, with
unit-cell parameters a = 40.1 Å, b = 54.2 Å and c = 90.7 Å.
Assuming the presence of one molecule of SIIISPIIB in the
asymmetric unit, a Matthews parameter value [26] of
1.8 Å3/Da was obtained, with a corresponding solvent content of 30.6%. Processing of the 28 979 measured reﬂections
led to 8959 unique reﬂections with an Rmerge of 4.9% for the
data to 1.8 Å resolution (Table 2). The crystallographic
reﬁnement converged to a residual of 16.1% (Rfree = 22.9%)
with excellent stereochemistry (Table 2) and no outliers in
the Ramachandran diagram. The structure presented in Fig. 3
where the disulﬁde bridges are drawn in thin lines demonstrates that this protein is a group IIa PLA2 with Asp at
position 49 which coordinates the bound calcium ion.
The corresponding N-terminal sequences are presented in
Table 3. When compared with basic PLA2s (BthTX-I and -II)
from the same venom, the four isolated PLA2s showed low
myotoxic activity both in vivo and in vitro (Fig. 4A,B).
Compared to PBS-injected animals, those which received
subplantar injections of the native PLA2s (50 µg/paw) presented marked paw edema, with no visible hemorrhage

Fig. 2. (A) PAGE for acidic proteins on a 10% (w/v) gel, pH 8.3, 15 mA,
87 V for 3 h 10 min. Lane (1) SIII; (2) SIIISPIIA–HPLC; (3) SIIISPIIB; (4)
SIIISPIIB–HPLC; (5) SIIISPIIIA; (6) SIIISPIIIA–HPLC; (7) SIIISPIIIB;
(8) SIIISPIIIB–HPLC. Staining was performed with 0.2% (w/w) Coomassie
brilliant blue R-250 and destaining with 7% (v/v) acetic acid. (B) SDSPAGE on a 13.5% (w/v) gel polyacrylamide, containing 0.1% SDS. Lane (1)
Mr markers (phosphorylase b, 94 000; BSA 67 000; ovalbumin 43 000;
carbonic anhydrase 30 000; soybean trypsin inhibitor 20 100; a-lactalbumin
14 400). (2) SIIISPIIA; (3) SIIISPIIB; (4) SIIISPIIIA; (5) SIIISPIIIB.
Approximate Mr of the isolated toxins was 15 000.

(Fig. 5). Maximal response was attained 30 min after injection and receded to normal levels after 4 h, with exception of
SIIISPIIB, whose response returned to normal levels after
48 h.
The results obtained with 50 µg/paw demonstrated that,
30 min after administration, SIIISPIIA, SIIISPIIB, SIIISPIIIA and SIIISPIIIB induced edema of 29.91%, 80.89%,
29.91% and 34.58%, respectively. After alkylation of His
48 with BPB, there was a reduction of edema: for SIIISPIIA
(29.91–23.11%); for SIIISPIIB (80.89–39.30%); for SIIISPIIIA (29.91–15.11%) and for SIIISPIIIB (34.58–
27.79%).
All of the PLA2 isoforms (with the exception of SIIISPIIIB) exhibited high PLA2 speciﬁc activity and low anticoagulant activity on platelet-poor plasma. In addition, none
(with exception of SIIISPIIIB) revealed any indirect
hemolytic activity. SIIISPIIB (50 µg/ml) inhibited 100% of
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Table 3
Amino terminal protein sequence of PLA2 acidic isoforms from B. jararacussu venom and comparison with PLA2 and myotoxins from various sources
PLA2
SIIISPIIA a
SIIISPIIB a
SIIISPIIIA a
SIIISPIIIB a
BthTX-I
BthTX-II
(a)
(b)
(c)
LM-PLA2-I
LM-PLA2-II

N-terminal sequence
1
S
L
W
S
L
W
S
L
W
S
L
W
S
L
F
D
L
W
G
L
W
G
L
W
G
L
W
H
L
L
H
L
L

Q
Q
Q
Q
E
Q
Q
Q
Q
Q
Q

F
F
F
F
L
W
F
F
F
F
F

G
G
G
G
G
G
E
E
E
E
G

K
K
K
K
K
Q
N
N
N
Q
D

M
M
M
M
M
M
M
M
M
L
L

I
I
I
I
I
I
I
I
I
I
I

10
D
F
L
F
L
L
I
I
I
R
D

Y
Y
Y
Y
Q
K
K
K
K
K
K

V
T
V
E
E
E
V
V
V
I
I

↓
M
G
M
M
T
Y
V
V
V
A
I

G
K
G
T
G
G
K
K
K
G
A

E
N
G
G
K
K
K
K
K
R
G

E
E
E
E
N
L
S
S
S
G
R

G
P
G
G
P
P
G
G
G
F
S

A
V
V
V
A
F
I
I
I
R
G

K
L
K
L
K
P
L
L
L
Y
F

20
S
S
Q
S
Y
S
S
S
Y
W

BthTX-I and -II: B. jararacussu myotoxins I and II. (a, b, c): Trimeresurus ﬂavoviridis isoforms of PLA2s. LM-PLA2-I and -II: PLA2 isoenzymes isolated from
Lachesis muta snake venom [35] and platelet aggregation inhibitors. Note: For homology studies, it is usual to introduce a gap between residues 13 and 14
(arrow). Therefore, numbering from this point is one unit higher and the last residue becomes 21.
a
N-terminal sequence of PLA2 acidic isoforms as determined in this work.

Fig. 3. Ribbon representation of the structure of B. jararacussu SIIISPIIB. The amino acids considered important for catalysis and calcium ion binding (H48,
D49, Y52 and D99) are included. The large gray sphere represents the calcium ion. The disulﬁde bonds are drawn as thin lines.

ADP-induced platelet aggregation. After alkylation with
BPB, no catalytic activity or indirect hemolytic activity was
observed in any of the four isolated PLA2s (Table 1).
4. Discussion
A previous study has shown that the occurrence of multiple PLA2 isoforms in snake venom is a common event [27].
This article reports the puriﬁcation of four acidic PLA2s
isoforms, isolated from B. jararacussu venom using a combination of gel ﬁltration, ion-exchange chromatography and
HPLC. Evidence pointing to the presence of isoforms is

supported by high similarities in N-terminal sequences
(20 ﬁrst aminoacid residues), molecular masses and pIs,
although signiﬁcant differences were detected in their pharmacological activities. Differences related to the chromatographic behavior may be partially due to variances in the
distribution of aromatic residues on the isoform surfaces [28]
as well as probable extra charges provided by differences in
aminoacid composition.
Venom PLA2s usually show indirect hemolytic activity
because they promote hydrolysis of lecithins to lysolecithins
able to lyze red blood cell membranes. Only SIIISPIIIB
revealed indirect hemolytic activity, although its catalytic
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artiﬁcial phospholipids. Acidic PLA2s are, as a rule, less
myotoxic despite being enzymatically more active than basic
PLA2s [29].

Fig. 4. Determination of blood plasma levels of CK released by PLA2s. (A)
In vivo assay, i.m., 50 µg PLA2/30 g body weight in 50 µl PBS, 3 h after
injection. 1, PBS; 2, SIIISPIIA; 3, SIIISPIIB; 4, SIIISPIIIA; 5, SIIISPIIIB;
6, BthTX-I; 7, BthTX-II. Control animals received buffer alone. (B) In vitro
assay in soleus muscle incubated with 20 µg PLA2/ml for 2 h. Same letters
were used for statistically equal groups (P < 0.05). (1) Krebs; (2) SIIISPIIA;
(3) SIIISPIIB; (4) SIIISPIIIA; (5) SIIISPIIIB; (6) BthTX-I; (7) BthTX-II.

activity was relatively low. Lack of direct hemolytic activity
(not shown) is probably due to the inability of SIIISPIIIB to
hydrolyze erythrocyte membrane phospholipids. The fact
that SIIISPIIA, SIIISPIIB and SIIISPIIIA show high PLA2
activity upon artiﬁcial substrates, although deprived of indirect hemolytic activity, suggests that phospholipids were not
hydrolyzed. Therefore, catalytic activity upon artiﬁcial substrates is apparently not correlated with indirect hemolytic
activity.
In order to conﬁrm this hypothesis, we assayed BthTX-I
and -II for indirect hemolytic activity. No catalytic or
hemolytic activity was observed in BthTX-I, thus simulating
an eventual dependence, but BthTX-II presented high
hemolytic activity and low catalytic activity, both of them
approximating those of SIIISPIIIB.
The four isolated PLA2s showed low myotoxic activity,
both in vivo and in vitro. Once again, this effect was not
correlated with the observed high catalytic activity. This
observation favors the hypothesis that myotoxicity is an
indirect consequence of the perturbing action of PLA2s,
which leads to increased permeability to Ca2+ ions and activation of extracellular proteases. This could explain why B.
jararacussu acidic PLA2s are less myotoxic than basic
PLA2s (BthTX-I and -II) although much more active on

The four isolated PLA2s also induced edema, an activity
known to be characteristic of other venom PLA2s [30–32].
Development of edema is a common feature of the cutaneous
inﬂammatory response and is dependent on a synergism
between mediators that increase vascular permeability and
those that increase blood ﬂow. This activity was timedependent and the most active were SIIISPIIB and SIIISPIIIB (the least catalytically active), suggesting that this
effect is again not correlated with catalytic activity. This
observation was conﬁrmed by alkylation of His from the
active site, which completely suppressed PLA2 activity with
no signiﬁcant change in the edema-inducing effect. Since
these four PLA2s showed low myotoxic activity, the possibility that edema appears in response to muscle ﬁber necrosis
seems improbable.
Daniele et al. [32] demonstrated that the inﬂammatory
response elicited by P3, one of the PLA2 isoforms from B.
neuwiedi venom, involves release of heparin and histamine
from mast cells. Heparin is known to interact in a noncovalent way with basic PLA2s, provoking inhibition of their
enzymatic and biological activities, such as that caused by
bee venom or myotoxin II, a K49 PLA2 from B. asper, or
even by a neutral pancreatic PLA2 [33]. Since this is a charge
rather than a covalent type of interaction, it is not surprising
that acidic PLA2s lack this ability to be complexed by an
acidic polysaccharide such as heparin and this fact may, at
least in part, explain why acidic PLA2s have higher levels of
catalytic activity.
In addition to the potential role that snake venom PLA2
enzymes play in the digestion of prey, they exhibit a wide
variety of pharmacological effects, including platelet aggregation.
Several platelet aggregation inhibitors have been puriﬁed
and characterized from the venom of various snakes, but data
on Bothrops snake venom with respect to platelet aggregation inhibitors are still scant. The acidic PLA2 SIIISPIIB is a
new antiplatelet agent. Its N-terminal sequence analysis
showed substitutions in the hydrophobic channel where
Trp18 (which is also reported to be part of the interfacial
binding surface) is replaced by a Val18 residue [34]. A
comparison of the N-terminal sequence of SIIISPIIB with
other snake venom class II PLA2s exhibiting plateletinhibiting activity showed a moderate degree of similarity
(68–72%).
In conclusion, isolation and N-terminal sequencing of,
four acidic PLA2s homologues from B. jararacussu snake
venom, in addition to the evaluation of their catalytic, indirect hemolytic, edema inducing, anticoagulant and myotoxic
activities, made their partial characterization possible. These
results show that neither the hemolytic nor the myotoxic
effects can be correlated with the catalytic activity.
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Fig. 5. Time-course of paw edema induced by PLA2s in 18–22 g male Swiss mice. PBS was used as a control. Each bar represents median values for ﬁve mice.
SIIISPIIA*, SIIISPIIB*, SIIISPIIIA* and SIIISPIIIB* represent the modiﬁed toxins. (A) Edema induced by native (&nsupseteqq;) or modiﬁed (h) SIIISPIIA,
(B) edema induced by native (●) or modiﬁed (C) SIIISPIIB, (C) edema induced by native (m) or modiﬁed (n) SIIISPIIIA and (D) edema induced by native (◆)
or modiﬁed (e) SIIISPIIIB.
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Abstract
Snake venom PLA2s have been extensively studied due to their role in mediating and disrupting physiological processes such as
coagulation, platelet aggregation and myotoxicity. The Ca2+ ion bound to the putative calcium-binding loop is essential for hydrolytic
activity. We report the crystallization in the presence and absence of Ca2+ and X-ray diffraction data collection at 1.60 2 (with Ca2+) and 1.36
2 (without Ca2+) of an Asp49 PLA2 from Bothrops jararacussu venom. The crystals belong to orthorhombic space group C2221. Initial
refinement and electron density analysis indicate significant conformational changes upon Ca2+ binding.
D 2004 Elsevier B.V. All rights reserved.
Keywords: Calcium-binding loop; Asp49 PLA2; Crystallization; X-ray diffraction

Class II snake venom PLA2s have been the focus of
research due to their important role in several pharmacological effects such as anticoagulant, hypotensive, haemolytic, platelet aggregation, convulsant, myotoxic, neurotoxic
and oedema-inducing effects [1,2]. Class II PLA2s can be
subdivided in two groups based on their activity: (i) Asp49
PLA2s, which specifically hydrolyze the sn-2 ester bond of
phospholipids releasing lysophospholipids and fatty acids
[3], and (ii) natural Lys49 PLA2s mutants, which display low
or no apparent hydrolytic activity. Calcium is an essential
cofactor in Asp49 PLA2s and residues 26–34 and 49 form
the calcium-binding loop. Amino acids Tyr28, Gly30, Gly32
and Asp49, which are directly involved in calcium binding,
are highly conserved in PLA2s [4–6]. Substitutions of Ca2+
for other divalent ions such as Mg2+, Sr2+ and Ba2+ cause a

* Corresponding author. Tel.: +55 17 221 2247; fax: +55 17 221 2247.
E-mail address: arni@df.ibilce.unesp.br (R.K. Arni).
1570-9639/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbapap.2004.08.008

decrease in PLA2 activity [7]. These results indicate that the
binding of Ca2+ to PLA2s induces a conformational change
at the active and substrate-binding sites [8,9]. However, the
smaller atomic radius of Mg2+ or the larger atomic radius of
Sr2+ and Ba2+ could result in a significantly altered
conformation of this region, thus modifying the binding of
phospholipids to PLA2s [7]. Structural analysis of the same
Asp49 PLA2 in the presence and absence of Ca2+ should be
extremely useful in clarifying the conformational changes in
the catalytic site induced upon Ca2+ ion binding. We report
the crystallization of an acidic isoform (pI=5.3) of an Asp49
PLA2 from Bothrops jararacussu venom in the presence and
absence (with EDTA) of Ca2+ and the preliminary high
resolution X-ray diffraction analysis.
A lyophilized sample was dissolved in 20 mM Tris–HCl
(pH 8.0) at 10 mg ml1. The protein was crystallized by the
hanging-drop vapor diffusion method at 18 8C. Small
crystals appeared in the initials crystallization trials with
the well solution containing 30% (w/v) PEG4000, 0.1 M
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Tris–HCl (pH 8.0), 0.2 M CaCl2. Significant improvement
in the crystal quality was obtained by lowering the
molecular weight of the precipitant to PEG3350. The best
crystals were obtained from a solution containing 25% (w/v)
PEG3350, 100 mM Tris–HCl (pH 8.0), 200 mM CaCl2
(Fig. 1). The crystals grew to maximum dimensions of 0.1–
0.2 mm within 3 days. Calcium-free crystals were obtained
when CaCl2 was substituted by NaCl and 5 mM EDTA was
included in the well solution.
The diffraction data were collected at a synchrotron
source (Laboratório Nacional de Luz Sı́ncrotron, Brazil)
where the wavelength was set to 1.427 2. Diffraction
intensities were recorded at 100 K using a MAR CCD
detector. X-ray diffraction data were collected at 1.6 2 (with
Ca2+) and at 1.36 2 (Ca2+-free). Data were processed and
scaled with the programs DENZO and SCALEPACK [10].
The crystals belong to the orthorhombic space group C2221
with unit cell dimensions a=39.09, b=53.05 and c=89.79 2
(with Ca2+) and a=39.61, b=53.21 and c=88.99 2 (Ca2+free). The asymmetric unit contains one molecule corresponding to a V M [11] of 1.7 23 Da1 (solvent content of
26.0%) in the presence of Ca2+ and 1.7 23 Da1 (solvent
content of 25.4%) in the absence of Ca2+. The crystallographic parameters and data processing statistics are
summarized in Table 1. The crystal structures of this acidic
isoform of an Asp49 PLA2 were determined by molecular
replacement with the program AMoRe [12] and using the
atomic coordinates of the hypotensive PLA2 from B.
jararacussu (Murakami et al., unpublished data, PDB code
1UMR) as a search model. The rotation and translation
functions indicated the clear orientation of the molecules in

Table 1
X-ray data collection and processing statistics
Isoform acidic PLA2
Data collection
Temperature (K)
Wavelength used (2)
Detector
Space group
Unit cell parameters (2)
Resolution range (2)
No. of observed reflections
Data completeness (%)
No. of unique reflections
I/sigma(I)
R merge (%)a
Molecule per
asymmetric unit
V M (23 Da1)
Solvent content (%)

Presence of Ca2+

Absence of Ca2+

100
1.427
MARCCD
C2221
a=39.09, b=53.05
and c=89.79
30.00–1.60
85,819
99.4 (98.4)
12,658
29.1 (3.3)
4.3 (37.9)
1

100
1.427
MARCCD
C2221
a=39.61, b=53.21
and c=88.99
30.00–1.36
215,134
97.9 (95.7)
20,197
21.05 (6.4)
7.3 (28.1)
1

1.7
25.4

1.7
26.0

Values in parentheses are for the high-resolution bin.
a
R merge=A(AjI(h)i –{I(h)})|/A{I(h)}, where I(h)i is the observed
intensity of the ith measurement of reflection h and {I(h)} is the mean
intensity of reflection h calculated after scaling.

the asymmetric units. The positioning of the molecules was
improved by rigid body refinement that resulted in
correlation coefficients of 81.2 (80.4, Ca2+-free) and R factor
28.4% (29.5%, Ca2+-free) for data between 30.0 and 1.6 2
(30.0 and 1.36 2, without Ca2+). The crystallographic
refinement of both the structures is currently in progress.
The results of this study should provide detailed information
of the conformational changes induced upon Ca2+ ion
binding in Asp49 PLA2s.
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Abstract
Suramin is a highly charged polysulfonated napthylurea that interferes in a number of physiologically relevant processes such as
myotoxicity, blood coagulation and several kinds of cancers. This synthetic compound was complexed with a myotoxic Lys49 PLA2
from Bothrops asper venom and crystallized by the hanging-drop vapor diffusion method at 18 8C. The crystals belong to the
orthorhombic space group P212121, with unit cell parameters a=49.05, b=63.84 and c=85.67 2. Diffraction data was collected to
1.78 2.
D 2004 Elsevier B.V. All rights reserved.
Keywords: Suramin; Myotoxicity; Snake venom; Lys49 PLA2s; X-ray diffraction

Suramin (Fig. 1) is a highly charged polysulfonated
napthylurea that was originally developed for the treatment
of African trypanosomiasis and onchocerciasis. It is
capable of binding a number of proteins such as plateletderived growth factors [1,2], fibroblast growth factors [3]
and other cellular receptors. Suramin also plays a role in
follicular lymphoma [4], angiogenesis [5], AIDS [6] and
several kinds of cancers such as prostate [7], renal cells [8]
and breast [9]. Suramin has received much attention
because of its ability to inhibit the myotoxic activity of
different Crotalidae venoms [10,11]. Basic Lys49 phospholipases A2 (PLA2) induce skeletal muscle necrosis
(myonecrosis) in vivo, upon intramuscular injection, or in
vitro, upon incubation [12]. These Lys49 PLA2s exhibit a
wide spectrum of pharmacological activities such as
* Corresponding author. Tel./fax: +55 17 221 2247.
E-mail address: arni@df.ibilce.unesp.br (R.K. Arni).
1570-9639/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbapap.2004.08.009

anticoagulant, hypotensive, haemolytic and oedema-inducing effects [13,14]. There have been a number of attempts
to delineate the region or regions critical for the expression
of these activities based on sequence homology [15,16],
charge distribution [17,18], hydropathy profiles [17],
chemical modification [19,20], peptide synthesis [21,22],
site-directed mutagenesis [23] and structural [24,25]
studies. However, the mechanisms involved in the expression of these pharmacological activities are unclear,
particularly the myotoxic effect. The structural results of
the suramin-Lys49 PLA2 complex will serve as a model to
improve our understanding of the mechanism involved in
the expression and inhibition of myotoxicity. We report the
crystallization and X-ray diffraction data collection of the
complex of suramin with a myotoxic Lys49 PLA2 from
Bothrops asper venom.
The purified Lys49 PLA2 from B. asper at 10 mg ml1 in
0.02 M HEPES at pH 7.5 was complexed with suramin at a
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Fig. 1. Structure of suramin, a polysulfonated naphthylurea (molecular weight 1429).

molar ratio of 1:1.2. Crystallization trials were performed by
the hanging-drop vapor diffusion method at 18 8C.
Optimized crystallization conditions led to the formation
of a single crystal after 6 months when 2 Al of the complex
was mixed with 2 Al of a reservoir solution containing 0.1 M
sodium acetate at pH 4.6, 15% PEG 3350 and 20%
isopropanol (Fig. 2). In comparison, the native protein
was crystallized from a solution containing 0.1 M sodium
citrate (pH 5.6), 20% isopropanol, 20% PEG 4000 and 1
mM sodium azide.
X-ray diffraction data were collected at the protein
crystallography beamline (CPR) at the Laboratório Nacional
de Luz Sı́ncrotron, Brazil (Fig. 2). A single crystal with a
maximum dimension of 0.5 mm was transferred to a
solution containing 20% glycerol and flash-frozen at 100
K. The data were integrated with DENZO and scaled with
SCALEPACK [26] to a resolution of 1.78 2. The crystal
belongs to the orthorhombic space group P212121 with unit
cell parameters of a=49.05, b=63.84 and c=85.67 2.
Packing considerations based on the molecular weight of
14 kDa and the self-rotation function indicate the presence
of two monomers in the crystallographic asymmetric unit.

This corresponds to a Matthews’s coefficient Vm of 2.4 23
Da1 and a solvent content of 48.2% [27]. The statistics of
the data processing are summarized in Table 1. Molecular
replacement was carried out with the program AmoRe [28].
A model based on the atomic coordinates of Myotoxin-II, a
Lys49 PLA2 from B. asper venom [29] (PDB code 1CLP)
and stripped of solvent molecules, was used for molecular
replacement. A clear solution was obtained for the
orientation of the two molecules present in the asymmetric
unit.
Rigid-body refinement of the solution using data in the
resolution range of 30.0–1.78 2 resulted in a correlation
coefficient of 80.1% and an R factor of 27.5%. An examination of the electron density maps indicated clear density for
the bound suramin molecule. Restrained refinement with
REFMAC5 [30] and model building using TURBO
FRODO (Biographics, Marseille, France) are currently in
progress.
This work presents the first structure of suramin
complexed with a protein as determined by X-ray crystallography. The three-dimensional structure of the suramin–
PLA2 complex should be useful for structure-based drug
design and to understand the mechanism of inhibition of
myotoxicity in snake venom Lys49 PLA2s.

Table 1
Data collection and processing statistics
Data collection
Temperature (K)
Wavelength used (2)
Detector
Space group
Unit cell parameters (2)
Resolution range (2)
No. of observed reflections
Data completeness (%)
No. of unique reflections
I/sigma(I)
R merge (%)a
Molecule per asymmetric unit
Vm (23 Da1)
Solvent content (%)
Fig. 2. X-ray diffraction pattern obtained at the Laboratório Nacional de
Luz Sı́ncrotron using a MARCCD detector of the PLA2–suramin complex
crystal. Photomicrograph of the crystal (inset).

100
1.427
MARCCD
P212121
a=49.05, b=63.84 and c=85.67
30.00–1.78
297,425
99.7 (99.7)
26,395
28.5 (5.1)
4.8 (31.7)
2
2.4
48.2

Values in parentheses are for the high-resolution bin.
a
R merge=A(A|I(h)I {I(h)})|/A{I(h)}, where I(h)i is the observed
intensity of the ith measurement of reflection h and {I(h)} is the mean
intensity of reflection h calculated after scaling.
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Abstract
Phospholipases A2 belong to the superfamily of proteins which hydrolyzes the sn-2 acyl groups of membrane phospholipids to
release arachidonic acid and lysophospholipids. An acidic phospholipase A2 isolated from Bothrops jararacussu snake venom presents a high catalytic, platelet aggregation inhibition and hypotensive activities. This protein was crystallized in two oligomeric
states: monomeric and dimeric. The crystal structures were solved at 1.79 and 1.90 Å resolution, respectively, for the two states.
It was identiﬁed a Na+ ion at the center of Ca2+-binding site of the monomeric form. A novel dimeric conformation with the active
sites exposed to the solvent was observed. Conformational states of the molecule may be due to the physicochemical conditions used
in the crystallization experiments. We suggest dimeric state is one found in vivo.
 2004 Elsevier Inc. All rights reserved.
Keywords: X-ray crystallography; Acidic phospholipase A2; Bothrops jararacussu venom; Platelet aggregation and hypotensive eﬀects; Crystal
structure; Oligomeric state; Dimeric phospholipase A2

Phospholipases A2 (PLA2, EC 3.1.1.4) belong to the
superfamily of proteins which hydrolyzes the sn-2 acyl
groups of membrane phospholipids to release arachidonic acid and lysophospholipids. The superfamily of
PLA2s is divided into 11 classes [1], of which ﬁve (I,
II, III, V, and X) are abundant in a variety of biological
ﬂuids, particularly pancreatic secretions, inﬂammatory

q
Abbreviations: PLA2, phospholipase A2; BthA-I, acidic phospholipase A2 from Bothrops jararacussu venom; m-BthA-I, monomeric
acidic phospholipase A2 from Bothrops jararacussu venom; d-BthA-I,
dimeric acidic phospholipase A2 from Bothrops jararacussu venom.
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exudates, and reptile and arthropod venoms [2]. PLA2s
are the major components of snake venoms, being those
of group IIA predominant in Bothrops venoms. In addition to their primary catalytic role, snake venoms PLA2s
show other important toxic/pharmacological eﬀects
including myonecrosis, neurotoxicity, cardiotoxicity,
and hemolytic, hemorrhagic, hypotensive, anticoagulant, platelet aggregation inhibition, and edema-inducing activities [3–5]. Some of these activities correlate
with the enzymatic activity and others are completely
independent [6,7].
PLA2s are also one of the enzymes involved in the
production of eicosanoids. These molecules have physiological eﬀects at very low concentrations; however, the
increasing of their concentration can lead to the state of
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inﬂammation [8]. Then, the study of speciﬁc PLA2s
inhibitors can be important in the production of structure-based anti-inﬂammatory agents.
A group of myotoxic Phospholipases A2 homologues
present in the venoms of some species of Agkistrodon,
Bothrops, and Trimeresurus (family Viperidae) is characterized by a Lys to Asp substitution of residue 49 [9,10].
The coordination of the Ca2+ ion in the PLA2 calciumbinding loop includes an Asp at position 49 which plays
a crucial role in the stabilization of the tetrahedral transition state intermediate in catalytically active phospholipases A2 [11]. Therefore, the Asp49 to Lys substitution
drastically aﬀects the calcium-binding ability of these
Lys49-PLA2 homologues and, as a consequence, they
present a very limited catalytic activity.
Many basic Lys49-PLA2s have been puriﬁed from
Bothrops snake venoms and structurally and functionally characterized [12–18]. However, little is known
about the bothropic Asp49-PLA2s [19–21]. Two basic
myotoxic phospholipases A2, the bothropstoxin-I
(Lys49-BthTX-I—catalytic inactive) and II (Asp49-
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BthTX-II—low catalytic activity), have been isolated
from Bothrops jararacussu venom and characterized
[15,18,22,23]. BthA-I is three to four times more active catalytically than BthTX-II and other basic
Asp49 PLA2 from Bothrops venoms, however, it is
not myotoxic, cytotoxic or lethal. Although it showed
no toxic activity, it was able to induce time-independent edema. In addition, BthA-I caused a hypotensive
response in rats and inhibited platelet aggregation
[24]. Catalytic, desintegrin, and pharmacological activities were abolished by chemical modiﬁcation with
p-bromophenacyl bromide, which covalently binds to
His48 of the catalytic site [24]. In order to better
understand the structure–function relationship of
these bothropic proteins, the cDNA sequence cloning,
functional expression crystallization, and X-ray diffraction data of BthA-I-PLA2 were recently described
[24–26].
In this paper, we described the high resolution crystal
structures of BthA-I-PLA2 in two oligomeric states:
monomeric and dimeric.

Table 1
X-ray data collection and reﬁnement statistics

Unit cell (Å)
Space group
Resolution (Å)
Unique reﬂections
Completeness (%)
Rmergeb (%)
I/r (I)
Redundancy
RCrystc (%)
Rfreed (%)
Number of non-hydrogen atoms:
Protein
Water
Mean B factor (Å2)e
Overall
Main chain atoms
Side chain atoms
Water molecules
Na+ ion
R.m.s deviations from ideal valuese
Bond lengths (Å)
Bond angles ()
Ramachandran plotf (%)
Residues in most favored region
Residues in additional allowed region
Residues in generously/disallowed regions
Coordinate error (Å)e
Luzzati plot (cross-validated Luzzati plot)
SIGMAA (cross-validated SIGMAA)
a

d-BthA-I

m-BthA-I

a = 33.19 b = 63.14 c = 47.40 b = 102.3
P21
29.7–1.9 (2.02–1.9)a
14,151 (2084)a
93.3 (87.7)a
4.5 (29.3)a
20.1 (5.0)a
3.5 (3.4)a
19.0 (23.8)a
24.7 (28.5)a

a = 39.98 b = 53.99 c = 90.46
C2221
30.0–1.79 (1.84–1.79)a
9034 (507)a
94.3 (80.1)a
4.6 (15.3)a
22.1 (6.0)a
5.7(1.2)a
18.6 (24.6)a
25.5 (33.8)a

1900
381

949
144

27.8
34.6
35.6
49.0
38.1

23.2
17.4
19.4
27.9
—

0.005
1.3

0.018
1.9

90.7
9.3
0.0

92.2
7.8
0.0

0.20 (0.28)
0.22 (0.22)

0.18 (0.38)
0.11 (0.11)

Numbers in parentheses are for the highest resolution shell.
P P
P
Rmerge ¼ hkl ð i ðjI hkl;i hI hkl ijÞÞ= hkl;i hI hkl i, where Ihkl, i is the intensity of an individual measurement of the reﬂection with Miller indices h, k,
æ is the mean intensity of that reﬂection. Calculated for I > 3r (I).
and l, and ÆIhkl
P
c
Rcryst ¼
hkl ðkFobshkl j  jFcalchkl kÞ=jFobshkl j, where |Fobshkl| and |Fcalchkl| are the observed and calculated structure factor amplitudes.
d
Rfree is equivalent to Rcryst but calculated with reﬂections (5%) omitted from the reﬁnement process.
e
Calculated with the program CNS [30].
f
Calculated with the program PROCHECK [34].
b
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Materials and methods
Isolation, cDNA cloning, and sequencing. BthA-I-PLA2 was isolated
from B. jararacussu snake venom by ion-exchange chromatography on
CM-Sepharose followed by reverse phase chromatography on a RPHPLC C-18 column [24]. The amino acid sequence of BthA-I-PLA2
was deduced from the cDNA sequence and deposited in GenBank
(AY145836) [25,26].
Crystallization and data collection. BthA-I-PLA2 was crystallized in
two diﬀerent conditions: 0.2 M ammonium sulfate and 22% (w/v)
polyethylene glycol 6000 (d-BthA-I) [24]; and 0.1 M sodium acetate
(pH 4.6) and 28% polyethylene glycol 4000 (m-BthA-I). Lyophilized
sample of BthA-I-PLA2 was dissolved in ultra-pure water at a concentration of 10 and 12 mg/mL, respectively, for crystals of m-BthA-I
and d-BthA-I. The crystals were ﬂash-frozen (15% glycerol for mBthA-I) and diﬀraction data were collected at a wavelength of 1.38 Å
(at 100 K) using a Synchrotron Radiation Source (LNLS, Campinas,
Brazil). Diﬀraction intensities were measured using a MAR 345
imaging-plate detector and were reduced and processed using the HKL
suite [27]. The data sets are 94.3% and 93.3% complete at 1.79 and
1.9 Å resolution with Rmerge = 4.6% and 4.5% for m-BthA-I and dBthA-I, respectively. The m-BthA-I crystals belong to the space group
C2221 and for m-BthA-I to the space group P21. Data processing
statistics are presented in Table 1.
Structure determination and reﬁnement. The crystal structures of mBthA-I and d-BthA-I were solved by the Molecular Replacement
Method using the program AMoRe [28] and the coordinates of the
Lys49-PLA2 from Agkistron piscivorus piscivorus (PDB code 1VAP)
[29]. The model choice was based on the best results of correlation and
R factor from the AMoRe program. After a cycle of simulated
annealing reﬁnement using the CNS program [30], the electron densities were inspected and the amino acid sequence as obtained from the
cDNA of BthA-I [25,26] was inserted for both m-BthA-I and d-BthAI. The modeling process was always performed by manually rebuilding
with the ‘‘O’’ program [31]. Electron density maps calculated with
coeﬃcients 3|Fobs|  2|Fcalc| and simulated annealing omit maps calculated with analogous coeﬃcients were generally used. The model was
improved, as judged by the free R factor [32], through rounds of
crystallographic reﬁnement (positional and restrained isotropic individual B factor reﬁnement, with an overall anisotropic temperature
factor and bulk solvent correction) using the CNS program [30], and
manual rebuilding with the ‘‘O’’ program [31]. Solvent molecules were
added and reﬁned also with the program CNS [30]. In the last stages of
reﬁnement of m-BthA-I the program REFMAC 5.0 was used [33].
The reﬁnement converged to R and free R factors of 18.3% and
24.3%; 19.0% and 24.7%, respectively, for m-BthA-I and d-BthA-I (see
Table 1 for explanation of R factors). The ﬁnal models comprise 950
protein atoms and 144 water molecules for m-BthA-I, and 1900 protein atoms and 381 water molecules for d-BthA-I. The reﬁnement
statistics are shown in Table 1. For molecular comparisons of the
Lys49-PLA2 structures, the ‘‘O’’ program [31] was used with only
the Ca coordinates. The quality of the model was checked with the
PROCHECK program [34]. The coordinates have been deposited in
the RCSB Protein Data Bank with ID code 1UMV and 1U73,
respectively, for m-BthA-I and d-BthA-I.

The m-BthA-I and d-BthA-I monomers are very similar to other class IIA PLA2 structures. As is usual for
other proteins of this class, there are seven disulﬁde
bridges and the main secondary structural elements are
conserved. The structure is composed of: (i) N-terminal
a-helix 1, (ii) Ca2+-binding loop, (iii) two anti-parallel
a-helixes 2 and 3, (iv) short two-stranded anti-parallel
b-sheet (b-wing), and (v) C-terminal loop (Fig. 1A).
The monomers of m-BthA-I and d-BthA-I are essentially identical, where the r.m.s. deviation of Ca atoms is
0.49 Å for both superposition of d-BthA-I monomer A
and m-BthA-I, and d-BthA-I monomer B and mBthA-I. The average B factors for m-BthA-I and dBthA-I are 25.6 and 18.6 Å2, respectively (calculated
without solvent molecules).
In the active site for both structures, there is just a
water molecule bound to His48 and Lys49 residues.

Results
The structures showed overall stereochemistry better
than expected for an average structure at the same resolution, where no residue was found in the disallowed or
generously allowed regions of Ramachandran plot, and
with the overall Procheck G factor of 0.4 and 0.1 for
d-BthA-I and m-BthA-I, respectively [34].

Fig. 1. Structures of (A) m-BthA-I and (B) d-BthA-I are showed as a
ribbon diagram [35]. The residues Thr104, Asp108, and Lys93 of
interface of monomers of d-BthA-I are shown in a ball-stick
representation.
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Fig. 2. Ca2+-binding loop interactions with Na+ ion in the m-BthA-I structure [31].

The electron density map for m-BthA-I structure
shows a single prominent peak at the center of
Ca2+-binding site, which was identiﬁed as Na+ ion
rather than Ca2+ ion for three main reasons. (i) The
protein was crystallized in the presence of sodium acetate. (ii) The B factor of Na+ is 38.1 Å2, which is reasonably close to the value of the average B factor
(23.2 Å2). If the position was occupied by Ca2+ ion,
its B factor would be 60.3 Å2. (iii) All PLA2s solved
to this time with the presence of Ca2+ present this
ion coordinated by carboxyl group of residues 28,
30, 32, and Asp49 and two (or one) water molecules
[36]. However, the Na+ ion of m-BthA-I just interacts
with the Tyr28 carboxyl group (2.47 Å), Gly32 N
(2.88 Å), and Asp49 Od1 and Od2 (2.67 and 2.51 Å,
respectively) (Fig. 2). Additionally, the distance between the closest water molecule and the Na+ ion is
about 4 Å, which makes impossible the essential
role of a water molecule presence in the catalytic
mechanism [37].
No strong densities were found at the center of
Ca2+-binding loops of d-BthA-I monomers. However,
water molecules were found in both sites of d-BthA-I
in the similar position to the Na+ ion of m-BthA-I
(B factors are 33.9 and 43.5 Å2 which are comparable
with the average value of 40.9 Å2 for water molecules).
Despite the lack of Na+ ion in the d-BthA-I, the conformations of Ca2+-binding loops are similar with mBthA-I molecule (superposition between the m-BthA-I

Fig. 3. Superposition of Ca atoms of Ca2+-binding loop of each one
monomer of d-BthA-I (red, monomer A; blue, monomer B) and mBthA-I. Na+ ion is shown like a white sphere [31]. (For interpretation
of the references to color, the reader is referred to the web version of
this paper.)
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loop and d-BthA-I monomers A and B loops resulted
in Ca atom r.m.s. deviation of 0.26 and 0.46 Å, respectively) (Fig. 3).

The monomers of d-BthA-I are related by twofold
axis perpendicular to h3 a-helix (Fig. 1B). Hydrophobic
contacts, one intermolecular hydrogen bond, and one

Fig. 4. Amino acid sequence alignments of Asp49-PLA2s monomers A from B. jararacussu (1u73), A. p. piscivorus (1vap) [29], D. acutus (1ijl) [39], C.
atrox (1pp2) [40], A. h. pallas (1jia) [41], D. r. pulchella (1fb2) [42], and N. n. sagittifera (1mh2—monomer B) [43]. The sequences have been numbered
according to Renetseder et al. [44]. Identity values related to BthA-I are shown at the right column. Produced by the FASTA program [45]. PDB ID
codes are shown in parentheses.

Fig. 5. Superposition of monomers A Asp49-PLA2s from B. jararacussu (1u73), A. p. piscivorus (1vap) [29], D. acutus (1ijl) [39], C. atrox (1pp2) [40],
A. h. pallas (1jia) [41], D. r. pulchella (1fb2) [42], and N. n. sagittifera (1mh2—monomer B) [43]—performed using only Ca atoms from h1, h2, and h3
a-helixes [31]. Asp49-PLA2 from the N. n. sagittifera venom belongs to group I while the others to the group IIA. Drawn using RIBBONS [35]. PDB
ID codes are shown in parentheses.
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salt-bridge contribute to the stabilization of the dimer.
All contacts involve the residues of h3 a-helix, including
the salt bridge between the Ne atom of Lys83 (monomer
A) and Od2 of Glu98 (monomer B) (2.56 Å).

Discussion
It was identiﬁed to be a Na+ ion rather of a Ca2+ ion
for m-BthA-I at the center of Ca2+-binding site. Similar
fact was observed in the acidic PLA2 structure from
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Agkistrodon halys pallas complexed with p-bromophenacyl (BPB) [38], which was crystallized in the
presence of Na+ ions. Zhao et al. [38] noted the strong
interaction of Na+ ion with three carbonyl oxygen atoms
of residues Tyr28, Gly 30, and Gly32 while for Asp49
Od1 and Od2 these interactions are longer than usual.
In the case of m-BthA-I, Na+ ion interacts with Tyr28
carboxyl, Gly32 N, and Asp49 Od1 and Od2. These differences are likely to be due to the p-bromo-phenacyl
group interacting with Gly30 and Asp49 in the PLA2
structure from A. h. pallas complexed with BPB [38].

Fig. 6. Structure of dimeric PLA2s: (A) Bothrops neuwiedi pauloensis (1pa0) [12]; (B) Deinagkistrodon acutus (1ijl) [39]; (C) Agkistrodon halys pallas
(1jia) [41]; (D) Daboia russeli pulchella (1fb2) [42]; and (E) Naja naja sagittifera (1mh2) [43]. Drawn using RIBBONS [35]. PDB ID codes are shown in
parentheses.
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The d-BthA-I structure shows the lack of Ca2+ or
Na+ ions at the Ca2+-binding loops, however, a water
molecule was found in similar position for both monomers. The Ca2+-binding loops do not show important
structural diﬀerences by occupation of this site by water
or Na+ ion (Fig. 3).
Fig. 4 shows the alignment of the class I or IIA Asp49PLA2s from diﬀerent species (B. jararacussu, A. p. piscivorus [29], Deinagkistrodon acutus [39], Crotalus atrox [40],
A. h. pallas [41], Daboia russeli pulchella [42], and Naja
naja sagittifera [43]) produced using only the secondary
structure residues. The sequence identity related to
BthA-I varies from 71.5% (A. p. piscivorus) to 41.8% (N.
n. sagittifera). In contrast, the Ca atomÕs superposition
of secondary structure elements between monomers
(Fig. 5) shows conformations to be very similar. As seen
in Fig. 5, the main structural diﬀerences are in the Ca2+binding loop and b-wing regions. BthA-I presents these
regions as slightly altered compared to other class IIA
PLA2 (all structures of Fig. 5, except the class I Asp49PLA2 from the N. n. sagittifera). In contrast, in the
Asp49-PLA2 piratoxin III structure [18], Ca2+-binding
loop presents high structural distortion when compared
with other PLA2s due to an extreme diversion taken by
the main chain of residues 30–31 associated with a change
in the backbone dihedral angles of Cys29. The authors
support this distortion may be due to an alternative conformation of enzyme (T-state). In that case, the structures
of BthA-I and other PLA2s presented here should be in
the R-state conformation.
The oligomeric state is an important issue for many
of phospholipase A2 structures solved [12,37,46–49]. A
comparison of d-BthA-I with all class IIA PLA2 structures available at the RCSB Protein Data Bank reveals
this structure adopts a novel oligomeric conformation
whereas the active site of both monomers can be reached
by a hydrophobic channel exposed to the solvent. Fig. 6
shows some examples of oligomeric conformations of
PLA2s.
BthA-I was crystallized in two conformational states:
monomeric and dimeric. This is likely to be due to the
physicochemical conditions used in the crystallization
experiments. The crystals of m-BthA-I were grown at
pH 4.6 and those of d-BthA-I were grown at pH 3.5.
Then, the m-BthA-I molecules are in the condition very
close to their pI  5.0 [24], whereas the molecules are in
charge equilibrium leading to their dissociation. Consequently, we suggest dimeric state of BthA-I could be
that found predominately in vivo.
It has been shown dimeric is the most favorable or active state for Lys49-PLA2 [12,46] and for outer membrane phospholipases (OMPLA) [47,48]. However,
C. atrox PLA2 is dimeric in the absence of lipids and
monomeric when interacting with lipids [49]. Then,
clearly, deep structural studies must be done to better
understanding of oligomeric mechanism Asp49-PLA2s.
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de São Paulo (FAPESP), Conselho Nacional de Desenvolvimento Cientı́ﬁco e Tecnológico (CNPq), Fundação
para o Desenvolvimento da UNESP (FUNDUNESP),
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Preto, SP, Brazil
2

Departamento de Farmacologia
Básica e Clínica, IBC/UFRJ
Rio de Janeiro, RJ, Brazil
3
Instituto Clodomiro Picado
Facultad de Microbiología
Universidad de Costa Rica
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Suramin, a synthetic polysulfonated compound, developed initially for the
treatment of African trypanosomiasis and onchocerciasis, is currently used
for the treatment of several medically relevant disorders. Suramin, heparin,
and other polyanions inhibit the myotoxic activity of Lys49 phospholipase
A2 analogues both in vitro and in vivo, and are thus of potential importance
as therapeutic agents in the treatment of viperid snake bites. Due to its
conformational ﬂexibility around the single bonds that link the central
phenyl rings to the secondary amide backbone, the symmetrical suramin
molecule binds by an induced-ﬁt mechanism complementing the
hydrophobic surfaces of the dimer and adopts a novel conformation that
lacks C2 symmetry in the dimeric crystal structure of the suramin–Bothrops
asper myotoxin II complex. The simultaneous binding of suramin at the
surfaces of the two monomers partially restricts access to the nominal
active sites and signiﬁcantly changes the overall charge of the interfacial
recognition face of the protein, resulting in the inhibition of myotoxicity.
q 2005 Elsevier Ltd. All rights reserved.
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Introduction
Suramin (8,8 0 -[carbonylbis [imino-3,1-phenylenecarbonylimino (4-methyl-3,1-phenylene) carbonylimino]]
bis-1,3,5-naphtalenetrisulfonic
acid
hexasodium salt), a highly charged polysulfonated
compound, is one of the ﬁrst successful synthetic
therapeutic agents developed and is used clinically
in the treatment of African trypanosomiasis and
onchocerciasis.1–4 The spectrum of suramin applications now includes the clinical treatment of
angiogenesis, carcinomas of the kidney and prostate gland, breast cancer, inhibition of growth
factor/receptor interactions, inhibition of human
Abbreviations used: Basp-II, Bothrops asper myotoxin II;
PLA2s, phospholipases A2; suramin, 8,8 0 -[carbonylbis
[imino-3,1-phenylenecarbonylimino (4-methyl-3,1-phenylene) carbonylimino]] bis-1,3,5-naphtalenetrisulfonic
acid hexasodium salt; CK, creatine kinase; PEG, polyethylene glycol; i-face, interfacial recognition face; EDL,
extensor digitorum longus; PSS, physiological saline
solution; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; i.m., intramuscular.
E-mail address of the corresponding author:
arni@df.ibilce.unesp.br

a-thrombin, protein-tyrosine phosphatases, G proteins, merozoite surface protein-1, and acidic and
basic ﬁbroblast growth factors.5–14 Suramin prevents the development of muscle necrosis induced
by some snake venoms, since it inhibits the
myotoxic and in vitro neuromuscular blocking
activities of Lys49 phospholipases A2 from Bothrops
species.15,16
Phospholipases A2 (PLA2s: EC 3.1.1.4) are key
enzymes in the control, regulation, production and
release of lipid mediator precursors that serve as
messengers in fundamental, highly regulated processes such as growth, adhesion, apoptosis,
secretion, hemostasis and immune regulation. The
group II PLA2s encountered in viperid snake
venoms and mammalian ﬂuids share signiﬁcant
sequence homology, and are based on a single
structural motif or scaffold.17 Snake venom PLA2s
exhibit a wide spectrum of activities including
myotoxic, neurotoxic, cardiotoxic, anticoagulant,
platelet-aggregating, hypotensive and inﬂammatory
effects.18 On the basis of sequence and structural
similarities, the snake venom group II PLA2s can be
subdivided into (a) the catalytically active Asp49
enzymes and (b) the basic, myotoxic Lys49 proteins,
which possess no catalytic activity.17 Myotoxicity
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affects only muscle ﬁbers without damaging other
tissue structures such as connective tissue, nerves
and vessels,19 and can lead to permanent tissue loss,
disability, amputation and death.20
Suramin binds to a surprisingly wide variety of
proteins of different function, structure and size due
to its torsional ﬂexibility and ability to stretch or
compress itself, which results in the two naphthyl
rings with the sulfonate groups being able to
interact simultaneously with a number of structurally distinct sites. Due to a lack of structural
information, the target sites, conformational ﬂexibility and mode of binding of suramin to proteins
are still unclear at the atomic level.
The crystal structure of the complex between
suramin and Bothrops asper myotoxin II represents
the ﬁrst crystal structure of suramin bound to a
protein. The structural details presented here
should be of relevance in understanding the steric
requirements of suramin binding to proteins, and
should shed light on the mechanism of myotoxicity
displayed by Lys49 phospholipases A2 and their
inhibition by polyanionic compounds.

Results
In vitro myotoxicity
As illustrated in Figure 1(a), B. asper myotoxin II
caused a time-dependent increase in the rate of
creatine kinase release from isolated extensor
digitorum longus muscles. A more pronounced
effect is observed after 90 minutes with 25 mg/ml of
B. asper myotoxin II alone. The presence of suramin
(10 mM) together with the toxin markedly inhibits
the creatine kinase release induced by the B. asper
myotoxin II (Basp-II). After 90 minutes of exposure
to the toxin, in the presence of suramin, the creatine
kinase release was less than 15% of the value
measured in the absence of suramin.
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In vivo myotoxicity
Intramuscular (i.m.) injections of Basp-II alone
increased plasma creatine kinase (CK) activity in a
dose and time-dependent fashion. Figure 1(b)
indicates that an i.m. injection of Basp-II (2.0 mg/
g) induced a signiﬁcant increase in plasma CK
activity compared to physiological saline solution.
CK levels increased from 65(G42) units/l (meanG
SEM, nZ4) to 1368(G386) units/l (nZ4) after two
hours. These values of plasma CK activity are in
agreement with previously reported observations.21
Preincubation with suramin signiﬁcantly (p!0.05)
inhibits the increase in plasma CK activity induced
by Basp-II. Experiments performed following protocol B (see Materials and Methods) indicate that
suramin also signiﬁcantly inhibits (p!0.05) the
plasma CK activity increment induced by Basp-II.
However, under these conditions, suramin was less
effective in antagonizing myotoxicity than when
incubated with Basp-II prior to injection. Figure 2
presents light micrographs of extensor digitorum
longus muscle exposed to either Basp-II (Figure 2(b)
and (b 0 )), Basp-II pre-incubated with suramin
(1 mg/kg) (Figure 2(c) and (c 0 )) or post-treated
with suramin (1 mg/kg) 15 minutes after Basp-II
injection. In all samples, normal muscle cells were
observed in the central region of the muscle,
whereas the peripheral ﬁbers were in different
stages of necrosis, characterized by densely
clumped myoﬁbrils and swollen cells. Pre-incubation or post-treatment with suramin resulted in a
reduction in the number of necrotic ﬁbers
(Figure 2(c) and (d)).
Crystal structure
Data collection and processing statistics are
presented in Table 1. Molecular replacement using
a single molecule of native Basp-II (PDB ID, 1CLP)
as the search model resulted in clear rotation and
translation solutions for the two molecules in the
asymmetric unit, with a correlation coefﬁcient of

Figure 1. In vitro and in vivo
inhibition of myotoxicity of Basp-II
by suramin. (a) Experiments performed on isolated EDL mouse
muscle exposed to Basp-II (25 mg/
ml) alone or with 10 mM suramin.
The toxin was applied at time zero in
the absence (ﬁlled circles) or in the
presence of suramin (ﬁlled squares).
(b) The effect of i.m. injection of BaspII alone (2.0 mg/g), pre-incubated
with suramin (1.0 mg/kg), or posttreated with the same dose of
suramin (1.0 mg/kg; intraperitoneal
route), 15 minutes after the venom
i.m. injection. In (a) and (b), the
data represent the mean valuesG
SEM (nZ4).
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Figure 2. Light micrographs of cross-sections of mouse EDL muscle 24 hours after the injection of PSS or Basp-II.
(a) and (a 0 ) Panoramic and close-up views of the control muscle showing normal muscle cells (star) and muscle
structure, respectively. (b) and (b 0 ) Intense degeneration of the peripheral muscle cells (asterisk), and the details of
the lesion induced by the Basp-II 24 hours after injection, respectively. Swollen cells (arrowhead) and clumped
myoﬁbrils (arrow) are indicated. (c) A section of muscle from the group that received Basp-II pre-incubated with
suramin (1 mg/kg). (d) Tissue from the group treated with suramin (1 mg/kg) 15 minutes after injection of Basp-II.
There are normal muscle cells in the central region (star) and an inﬂammatory reaction at the periphery (asterisk).
Swollen cells (arrowhead) and clumped myoﬁbrils (arrow) are shown in detail in (c 0 ) and (d 0 ). Scale bars represent:
(a), (b) and (c) 200 mm; (a 0 ), (b 0 ) and (c 0 ) 50 mm.

75.8% and an R-factor of 30.5% after rigid-body
reﬁnement. After four cycles of reﬁnement and
model building, the electron density peaks above
2s in the Fourier difference maps were examined

and the additional electron density present in the
vicinity of the calcium-binding loop was identiﬁed
as belonging to the trisulphonate naphthalene ring
of the suramin molecule. At all stages of the
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Table 1. Data collection, reﬁnement statistics and
hydrogen bond distances between Basp-II and suramin
(atom numbering scheme based on the deposited atomic
coordinates 1Y4L)
Basp-IICsuramin
A. Crystal preparation
Cryoprotectant solution
Soaking time
B. Data collection
Wavelength (Å)
Temperature (K)
Detector
Synchrotron radiation source
Space group
Unit cell parameters
a (Å)
b (Å)
c (Å)
Resolution (Å)
No. molecules in the asymmetric unit
Solvent content (%, v/v)
VM (Å3 DaK1)
No. reﬂections
No. unique reﬂectionsa
I/s(I)
Multiplicity
Completeness (%)
Rmergeb (%)
C. Structure reﬁnement statistics
Rfactor (%)
Rfree (%)
rmsd from ideal
Bond distances (Å)
Bond angles (deg.)
Average B-factors (Å2)
Ramachandran plot analysis
Most favoured regions (%)
Additional allowed regions
(%)
Generously allowed regions
(%)
Hydrogen bonds
Protein
Residue
Atom
Arg34 (A)
N
Arg34 (A)
N3
Arg34 (A)
NH2
Lys53 (A)
Nz
Lys53 (A)
Nz
Arg34 (B)
NH1
Lys53 (B)
Nz
Lys53 (B)
Nz
Lys69 (B)
Nz

Mother liquorC25% glycerol
30 seconds
1.437
100
MARCCD
CPr beamline/LNLS-Brazil
P212121
49.20
64.04
85.99
30.0–1.70 (1.74–1.70)
2
56
2.8
253,143
15,224 (907)
26.0 (2.8)
6.5 (5.5)
99.3 (97.4)
4.9 (50.7)
20.6
24.0
0.012
1.663
26.0
91.5
7.5
1.0
Suramin
Atom
O29
O30
O30
O28
O30
O82
O80
O82
O54

Distance (Å)
2.97
2.53
3.33
3.00
3.15
3.06
2.64
3.34
2.75

Statistical values for the highest-resolution shells are given in
parentheses.
a
Multiplicities of the derivative data sets were calculated with
the Friedel-related reﬂections treated separately. Multiplicity of
the native data set was calculated with the Friedel-pairs treated
as equivalent.
b
Rmerge Z SjIðhÞI K fIðhÞgj=SfIðhÞg, where Ih is the observed
intensity of the ith measurement of reﬂection h and {I(h)} is the
mean intensity of reﬂection h calculated after scaling.

reﬁnement, the electron density maps indicated the
presence of a bound polyethylene glycol (PEG)
molecule in both the monomers in the hydrophobic
channels that leads to the active sites. As in the
crystal structure of the highly homologous Bothropstoxin-I, a Lys49 phospholipase A2 (PLA2) from the
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venom of Bothrops jararacussu, the hydroxyl groups
of PEG form hydrogen bonds to His48 Nd1 (Figure 3)
and the extended tails of the bound PEG molecules
occupy the positions of the fatty acids (Figure 4(a))
of the phospholipid analogue (PDB ID, 1POE).22
The reﬁnement converged to a crystallographic
residual of 20.5% (RfreeZ24.0%) for all data between
30.0 Å and 1.70 Å (Table 1). The ﬁnal model consists
of the 242 amino acid residues, 170 solvent
molecules, ﬁve isopropanol molecules, two fragments of PEG 3350 and a suramin molecule. The
crystal structure is characterized by excellent
stereochemistry, as indicated by an analysis of the
deviations from ideal values of the bond lengths,
bond angles, planarity and non-bonded contacts
(Table 1). The two molecules in the asymmetric unit
are related by a 2-fold axis of rotation, and the
hydrophobic surfaces surrounding the entrance to
the active sites form the dimer interface, resulting in
the burial of 3446 Å2 of the surface area of each
molecule (30.9%).
The structure of group IIA PLA2s has been
reviewed extensively,17,23 and consists of three
a-helices, a short b-wing and connecting loops
(Figure 3). The principal, highly conserved structural feature is a platform formed by the two long
anti-parallel disulﬁde-linked (Cys29-Cys45 and
Cys51-Cys98) a-helices (helices 2 and 3, residues
37–54 and 90–109) on which are located the amino
acid residues considered important for catalytic
activity (His48, Asp49, Tyr52, Tyr73 and Asp99).
The interfacial recognition surface contains a wide
hydrophobic collar and provides access to the
catalytic site. In the case of catalytically active
Asp49 PLA2s, His48 and Asp99 together with a
structurally conserved water molecule (hydrogen
bonded to His48 Nd1) participate in the nucleophilic
attack at the sn-2 position of the phospholipid
substrate. The tetrahedral transition state intermediate is stabilized by a calcium ion and is
coordinated by Asp49 and the main-chain atoms
located in the calcium-binding loop. In the subgroup of Lys49 PLA2 analogues, substitution of
Asp49 by Lys results in the Nz atom of Lys49
occupying the position of the calcium ion in Asp49
PLA2s.17,24 These Lys49 PLA2s are capable of
binding fatty acids,25 stearic acid26 and PEG. The
controversy as to whether these enzymes possess
catalytic activity27–29 has been clariﬁed, since no
substrate hydrolysis was detected with the wildtype recombinant protein.30
Suramin-binding site
NMR experiments indicate that the conformational ﬂexibility at a3/a3 0 and a4/a4 0 and the
C2 symmetry enable suramin to adopt multiple
conformations wherein the two sulfonated
naphthyl rings are separated by distances
between 16 Å and 30 Å in the compact and fully
extended conformations, respectively (Figure 5).9
In this structure, suramin adopts a novel conformation that lacks C2 symmetry, with an overall

106
420

Inhibition of B. asper Mytotoxin II by Suramin

Figure 3. Ribbon representation
of the Basp-II dimer, suramin and
PEG (atom colors) bound to His48.
Figures 3 and 4 were generated
using PYMOL (http://www.
pymol.org).

length of 24.7 Å and dihedral angles of a1Z22.88,
a2ZK4.08, a3Z91.58, a4Z148.88, a5Z136.98, a1 0 Z
24.38, a2 0 Z53.38, a3 0 ZK93.28, a4 0 ZK128.98 and
a5 0 Z177.28.

In the protein molecule A, the hydrophobic
naphthalene ring is very clearly deﬁned in the
electron density maps (Figure 6), aligns itself in
relation to the putative calcium-binding loop

Figure 4. Speciﬁc interactions in the putative catalytic and calcium binding sites. (a) Binding of PEG molecules in the
active-site cleft, molecule A (grey/red) and molecule B (yellow/red). The transition-state analogue (PDB ID, 1POE)
presented with the carbon atoms in cyan. Thin lines indicate the positions of the sulfate ions (PDB ID, 1S8H and
1S8I). (b) Suramin binding near the putative calcium-binding loop. The carbon atoms from the naphthalene rings
of suramin bound to molecules A and B are presented in grey and yellow, respectively. The position of the phosphate
moiety of the transition-state inhibitor is presented in magenta (PDB ID, 1POE) and the sulfate ions encountered in the
crystal structures of ACL myotoxin (PDB ID, 1S8G, 1S8H and 1S8I) are presented in green.
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Figure 5. Chemical structure and torsion angles of suramin. This Figure was generated using ChemSketch version 5.0
(http://www.acdlabs.com/).

(residues 27–35) and is additionally stabilized by
hydrogen bonds to Arg34 and Lys53 (Figures 4(b)
and 6; and Table 1). The adjacent phenyl ring
interacts with hydrophobic amino acid residues in
the loop that links helix 2 with the b-wing (residues
65–71), whereas the central phenyl ring is stabilized
by hydrophobic interactions with residues surrounding the active site and the N terminus. The
distal or second naphthalene ring of suramin,
which is less well deﬁned in the electron density
maps, binds in a similar fashion between loops C

and E to the second protein molecule interacting
with Arg34B and Lys53B (Table 1).

Discussion
Myonecrosis is a major event in envenomation by
snakes and compounds such as suramin, heparin,
heparin-like glycosaminoglycans and related polyanions inhibit the activity of myotoxic PLA2s both
in vitro and in vivo.31–35 A number of studies have

Figure 6. Electron density contoured at 1.5s around the suramin
molecule.
Hydrogen
bonds
between suramin and Arg34 and
Lys53 are in red (broken lines).
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attempted to identify and to delineate the region or
regions important for the expression of myotoxicity
in PLA2s,23 on the basis of sequence homology,36–38
charge distribution,39–41 hydrophobicity proﬁles,39
chemical modiﬁcation,42,43 use of synthetic peptides,34,44,45 and site-directed mutagenesis.30,46
With the biochemical and structural information
currently available we are now able to probe the
structure–function relationship, and the mode of
action and inhibition of Lys49 PLA2 analogues by
addressing the roles of the C-terminal region and
the nominal active site in myotoxicity.

1XMN). This leads us to speculate that this highly
conserved sulfate-binding site could represent the
primary heparin-binding site in Basp-II. In this
orientation, the heparin molecule could extend
towards the C-terminal region, interacting with
residues 115–129, which contain the motif B–B–X–B
(where B denotes a basic amino acid) and a total of
six basic residues out of 13.34 This is analogous to
the interaction in the suramin–bFGF complex
model, where the induced-ﬁt binding of suramin
sterically blocks the receptor-binding region of
bFGF and competes for the binding of heparin.47

Suramin and its inhibitory effects

The role of the C terminus

Since the conformational ﬂexibility of suramin is
restricted to rotations around the single bonds, the
simultaneous binding of the naphthalene rings to
the two protein molecules perturbs the putative
calcium-binding loop and the C-terminal extensions.
The interfacial recognition face (i-face) of myotoxic Lys49 PLA2s contains a high density of
positive charges, a structural feature that has been
associated with the ability of these proteins to
interact with phospholipid bilayers.23,41 The
induced-ﬁt binding of suramin results in the burial
of 102.1 Å 2 (total surface area of suraminZ
335.1 Å2), does not directly involve amino acid
residues in the putative catalytic site but modiﬁes
the surface charge signiﬁcantly (Figure 7). This
change in the charge on the i-face plays a crucial
role in the inhibition of myotoxicity, since Basp-II
would now be unable to bind to the negatively
charged membrane target in muscle cells.

The C-terminal region (residues 115–134) of
myotoxic Lys49 PLA2s forms a cationic/hydrophobic site that has been suggested to play a role
in the mediation of electrostatic interactions with
negatively charged acceptors, acting as a cytolytic
motif.34,44,45,48 A synthetic peptide corresponding to
residues 115–129 of Basp-II induces cytolysis,
interferes with the interaction between heparin
and Basp-II, and binds directly to radiolabeled
heparin in solution.34 Although the i.m. injection
of this peptide failed to induce myotoxicity in
mice,28,49 the corresponding analogous peptides of
related Lys49 PLA2s from Agkistrodon piscivorus
piscivorus45 and Agkistrodon contortrix laticinctus28
venoms are myonecrotic. Site-directed mutagenesis
has further demonstrated the importance of speciﬁc
residues in the C-terminal region for the development of myotoxic activity in another Lys49 PLA2
from B. jararacussu venom, bothropstoxin-I.46 Substitution of Lys and Arg residues with Ala in the C
terminus results in a signiﬁcant loss of myotoxic
activity of the recombinant bothropstoxin-I.46
The crystal structure of Basp-II (PDB code, 1CLP)
determined in the absence of a ligand results in the
exposure of the hydrophobic residues in the
C-terminal region, which are referred to collectively

The heparin-binding site
The positions of the sulfonate groups of suramin
and the sulfate ions encountered in the crystal
structure of Lys49 PLA2s25 were used as a guide to
overlay the atomic coordinates of heparin (PDB ID,

Figure 7. Surface charge distribution (red negative and blue positive) of the monomers, (a) of Basp-II and (b) of the
Basp-IICsuramin complex in the same orientation.
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as the hydrophobic knuckle (residues Leu121 and
Leu124), due to the interaction of Lys122 with the
peptide bond formed between Cys29 and Gly30.25
Superpositioning the structures of this protein in
the ligand-free state and when bound to suramin
results in an overall rmsd of 0.6 Å. The largest
deviations are observed in the putative calciumbinding loop (rmsd 0.9 Å for residues 28–35), at the
base of the b-wing, which is generally disordered
(rmsd greater than 1.5 Å for residues 86–87) and in
the C-terminal region (rmsd between 0.9 Å and
1.8 Å for residues 120–129). An analysis of these
deviations indicates that the binding of suramin
does not alter the interactions that are responsible
for maintaining the conformation of the hydrophobic knuckle but results in a rigid-body shift of
the motif formed by the putative calcium-binding
loop and C terminus.
In our X-ray model, the C-terminal region does
not form part of the suramin-binding site of the
dimer, but contributes signiﬁcantly to the maintenance of the positive charge on the i-face, which is
important for the binding of the myotoxin to the
phospholipid bilayers. Thus, the C terminus,
besides being involved in the development of
myonecrosis, also likely plays a dual role by
maintaining the positive charge on the i-face and
interacting with the putative calcium-binding loop.
The putative active site
Lys49 PLA 2s are capable of binding fatty
acids,25,50 stearic acid,26 and PEG at the nominal
catalytic site. The induced-ﬁt binding of suramin at
the surface does not completely block access to the
nominal active site. Thus, the active site is still
accessible to fatty acids, as evidenced by the
presence of PEG molecules bound to His48, which
occupy positions analogous to lysophospholipids in
the structure of human group IIA PLA2 (PDB ID,
1POE; Figure 4(a)) complexed with the transition-state
analogue (L1-O-octyl-2-heptylphosphonyl-sn-glycero-3-phosphoethanolamine). A direct relationship
between the active site and the C terminus in a
Lys49 PLA2 has been proposed by the hyperpolarization of the hydrogen bond formed by Lys122 NE
and the peptide bond between residues Cys29 and
Gly30.25
Concluding remarks
These results suggest strongly that suramin is a
potentially useful drug in the prevention of acute
muscle toxicity associated with Bothrops sp. snakebite envenomation, since it is highly effective in
inhibiting the myotoxic activity of Basp-II in vitro
and in vivo, pre-incubated or administered alone
after injection of the toxin. The structural results
indicate that the relative orientation of the putative
calcium-binding loop and C-terminal regions
together with the maintenance of the charge pattern
on the i-face could be important for myotoxicity in
Lys49 PLA2s. Due to the diversity of proteins that
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suramin can bind to, it is tempting to speculate that
it may interact with other PLA2s from venoms and
other sources including mammalian group IIA
PLA2s, thus suggesting a wider pharmacological
potential for this inhibitor and these structural
results should serve as the basis for the development of novel naphthalene sulfonate derivatives.

Materials and Methods
Basp-II and suramin
Basp-II was isolated by two cycles of cation-exchange
chromatography on CM-Sephadex C-25, as described.51
Suramin was obtained from Sigma Chemical Co.
(St. Louis, MO, USA). All other reagents were of
analytical grade.
In vitro myotoxicity
In vitro myotoxicity experiments were performed at
room temperature.31,32 The extensor digitorum longus
muscles from mice were removed, blotted, weighed
immediately and then transferred to sample-collecting
units of 2.5 ml capacity, where they were superfused
continuously at a ﬂow-rate of 3.0 ml/minute with a
physiological saline solution equilibrated with 95% (v/v)
O2, 5% (v/v) CO2. Perfusing physiological saline solution
contained 135 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM
MgCl2, 15 mM NaHCO3, 1 mM NaH2PO4, 11 mM glucose. The ﬁnal pH was adjusted to 7.3 after physiological
saline solution (PSS) equilibration with the gaseous
mixture. After 60 minutes equilibration, Basp-II alone
(25 mg/ml) or the Basp-II plus suramin (10 mM) were
added to the solution containing the extensor digitorum
longus (EDL) muscles and then the perfusates were
collected and replaced with fresh PSS. The collected
samples were stored at 4 8C. CK activity was determined
by using a diagnostic kit (Sigma Chemical Co., USA). The
rate of CK release from the isolated muscles was
expressed as the increase in CK release compared to
control values. Basal release rate refers to the enzyme loss
from the muscles into the PSS medium during the
equilibration period of perfusion (one hour), starting
immediately after the preparation had been mounted in
the sample-collection unit. The CK activity was expressed
in international units (U), where 1 U is the amount that
catalyzes the transformation of 1 mmol of substrate at
25 8C. The rate of CK release from the isolated muscle was
expressed as enzyme units released into the medium per
gram per one hour of collection (U gK1 hK1).31,32
In vivo myotoxicity
Changes in plasma CK activity
Basp-II was dissolved in 0.1 ml of PSS and injected by
the i.m. route into the thighs of Swiss mice (20–25 g body
weight). The amounts of toxin or suramin administered
were adjusted taking into account the weight of each
animal and injected in doses of 2.0 mg/g for the toxin and
1.0 mg/g for suramin. Previous studies indicate that i.m.
injection of 0.1 ml of PSS has no effect on plasma CK
activity.21,32 Two different experimental protocols were
used; in protocol A, Basp-II and suramin were incubated
for 15 minutes at 37 8C, and then injected i.m. into each
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animal. In protocol B, Basp-II was administered i.m. to the
animals 15 minutes before the intraperitoneal injection of
suramin (1.0 mg/g). In both protocols, the ﬁnal volume of
toxin injected, either alone or with suramin, was 0.1 ml.
The animals were anesthetized lightly with diethyl ether
immediately before and two hours after the injection of
the toxin for blood collection, in accordance with
guidelines for care and use of laboratory animals.52
Plasma was separated by centrifugation and stored at
4 8C for subsequent determination of CK activity as
described above.
Histological alterations
Mice, weighing 25.0(G5.0) g, were assembled into four
groups of three mice each. Animals were anesthetized
with ether, and subsequently injected with Basp-II
(2.5 mg/g in 50 ml of PSS). Injection was performed just
over the EDL muscle of the right limb, as described.53 The
control group was injected only with PSS in the right paw
(50 ml). Two different experimental protocols were used
for the study of suramin antimyotoxic effect. In the ﬁrst
protocol, the Basp-II was incubated with suramin (1 mg/
kg) for 15 minutes prior to the injection of the mixture. In
the second protocol, suramin (1 mg/kg) was injected i.v.
15 minutes after the injection of Basp-II. The mice were
anesthetized with ether and sacriﬁced by cervical
dislocation 24 hours after the injection of the toxin. The
EDL muscles were dissected and ﬁxed for two to three
hours in 2.5% (v/v) glutaraldehyde, 4% (v/v) paraformaldehyde in 0.1 M sodium cacodylate (pH 7.4). They
were subsequently washed thrice in the same buffer and
post-ﬁxed for one hour in 1% (w/v) osmium tetroxide.
The tissue was then dehydrated in increasing concentrations of acetone (30–100%, v/v) and embedded in
Polybed 812 resin. Sections (400–600 nm) for light
microscopic examination were obtained using an RMC
ultramicrotome and stained with 1% (w/v) toluidine
blue dye.
Crystallization and X-ray diffraction data collection
Basp-II was dissolved at a concentration of 10 mg/ml
in 0.02 M Hepes (pH 7.5) and suramin was added at a
molar ratio of 1:1.2. This complex was crystallized from a
solution containing 0.1 M sodium acetate (pH 4.6), 15%
(w/v) PEG 3350, 20% (v/v) isopropanol at 291 K by the
hanging-drop, vapor-diffusion method as described.54
X-ray diffraction data were collected at 100 K from a
single crystal at a synchrotron radiation source (PCr
beamline, Laboratório Nacional de Luz Sincrotron, LNLS,
Campinas, Brazil) where the wavelength was set to
1.427 Å. Diffraction intensities were measured using a
MARCCD detector (MAR Research), and the diffraction
data were integrated, reduced and processed using the
DENZO/SCALEPACK suite of programs.55
Structure determination and reﬁnement
The atomic coordinates of Basp-II24 (PDB ID, 1CLP)
were utilized to solve the structure by molecular
replacement with the program package AMoRe.56 Noncrystallographic symmetry restraints were imposed in the
early cycles of reﬁnement and the translation-librationscrew, positional and restrained isotropic B-factor reﬁnements were carried out using REFMAC5,57 and the electron
density maps were examined after each round of
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reﬁnement with TURBO-FRODO.58 The stereochemistry
of the ﬁnal structure was evaluated using PROCHECK.59
Protein Data Bank accession code
The atomic coordinates and structure factors of the
Basp-IICsuramin complex have been deposited with the
Protein Data Bank (accession code: 1Y4L).
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Abstract
The electrophile Ca2+ is an essential multifunctional co-factor in the phospholipase A2 mediated hydrolysis of phospholipids. Crystal structures of an acidic phospholipase A2 from the venom of Bothrops jararacussu have been determined both in the Ca2+ free and bound states at 0.97
and 1.60 Å resolutions, respectively. In the Ca2+ bound state, the Ca2+ ion is penta-coordinated by a distorted pyramidal cage of oxygen and
nitrogen atoms that is significantly different to that observed in structures of other Group I/II phospholipases A2. In the absence of Ca2+, a water
molecule occupies the position of the Ca2+ ion and the side chain of Asp49 and the calcium-binding loop adopts a different conformation.
© 2005 Elsevier SAS. All rights reserved.
Keywords: Snake venom; Phospholipases A2; Ca2+ coordination; Anticoagulant activity; X-ray analysis

1. Introduction
Phospholipases A2s (PLA2s; E.C. 3.1.1.4) constitute a large
class of intracellular and extracellular enzymes that hydrolyze
the 2-acyl ester bond of 1,2-diacyl-3-sn-phosphoglycerides.
The most well studied enzymes of this group are the small
(~14 kDa), stable, calcium-dependent enzymes encountered in
a wide range of biological fluids, such as saliva, venom, synovial fluid, macrophages, platelets, pancreas, spleen and placenta [1,2] that are involved in phospholipid digestion and metabolism, host defense, signal transduction [3] and play
important roles in inflammatory diseases [4] since the hydrolysis products may subsequently be utilized for the synthesis of
eicosanoids, which serve as secondary messengers, or as metabolic precursors in a variety of inflammatory reactions. Snake
venom PLA2s display a wide spectrum of additional pharma*
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cological activities such as neurotoxicity, myotoxicity, cardiotoxicity, anti-platelet aggregation, hypotensive, haemolytic,
coagulant, anticoagulant and edema-inducing effects [5].
The mechanism of lipid hydrolysis by these enzymes was
initially proposed by Verheij et al., and subsequently modified
based on the crystal structure of the PLA2 from Naja naja atra
venom complexed with a transition state analogue [6,7]. In this
model, His48 and Asp99 function in conjunction to abstract a
proton from a structurally conserved solvent water molecule
thus facilitating the nucleophilic attack on the sn-2 bond of
the bound phospholipid substrate to form a tetrahedral oxyanion reaction intermediate. Alternate mechanisms have been
proposed wherein two solvent water molecules participate in
the formation and subsequent breakdown of the tetrahedral intermediate [8,9]. In both these mechanisms Ca2+ is coordinated
by the carboxyl oxygen atoms of Asp49 and the carbonyl main
chain oxygen atoms of the calcium-binding loop and serves as
an electrophile during catalysis by polarizing the scissile bond
and stabilizing the transition state during phospholipid hydro-
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lysis [10]. Catalysis by secretory PLA2s can be considered to
involve four basic steps: (i) binding of Ca2+ and substrate, (ii)
general base-mediated catalysis, (iii) formation and collapse of
the tetrahedral intermediate and (iv) release of the reaction products. The bound Ca2+ ion also supports the interactions of
secreted PLA2s with aggregated micelles, vesicles, monolayers
and membranes since electrostatic forces play critical roles in
the binding of these substrates [11].
A number of basic and acidic PLA2s have been isolated
from the venom of Bothrops sp. [12,13] and references therein,
whereas the basic enzymes are well characterized, little is
known about the structure and calcium binding to their acidic
counterparts. In order to clarify the structural changes induced
by Ca2+ ion, we determined the crystal structures of an acidic
Group II PLA2 from the venom of Bothrops jararacussu
(BthA-I-PLA2), in the Ca2+ bound and free states at high-resolution (1.60 Å) and at atomic resolution (0.97 Å), respectively.
BthA-I-PLA2 is acidic (pI ~ 4.5), catalytically active, and lacks
myotoxic, neurotoxic or cytotoxic activities, but, induces oedema, inhibits platelet aggregation and possesses hypotensive as
well as anticoagulant activities [12]. Additionally, new insights
into the anticoagulant site and hydrophobic channel are presented based on the atomic resolution data.
2. Materials and methods

structure of the Ca2+ bound state was refined at 1.60 Å and
inspection of the difference electron-density maps indicated
an alternate conformation for the backbone between Cys29
and Gly32. The clear electron density (> 3σ) in the Fo–Fc
map around the active site was considered to represent a glycerol molecule and the density observed in the calcium-binding
loop was attributed to the presence of a Ca2+ ion. The structure
of the Ca2+ free state was initially refined at 1.50 Å by anisotropic and restrained refinement, solvent water molecules were
added using the program ARP/wARP [20] and the resolution
was extended stepwise to 0.97 Å. Clear signs of anisotropy
present in the electron density for several residues suggested
possible alternate side chain conformations. The side chains
of Gln21, Asp49, Thr56, Lys69 and Thr103 were modeled
with more than one side chain position. The conjugate-gradient
least-squares minimization against an intensity based residual
target function that includes distance, planarity, chiral restraints
and bulk solvent correction (SWAT) was applied using
SHELXL [21]. New ordered solvent molecules were located
in the difference Fourier map. 2Fo–Fc and Fo–Fc electron-density maps were calculated after each step, and the model was
checked and rebuilt. The final model has been analyzed using
the program PROCHECK [22] and the stereochemical parameters of the two structures are presented in Table 1.

2.1. Purification, crystallization and data collection

2.3. Protein Data Bank accession number

BthA-I-PLA2 was purified from the crude venom of
B. jararacussu by gel filtration, followed by anionic exchange
chromatography as previously described [13]. The protein was
crystallized by the hanging-drop vapor diffusion method at
18 °C both in the presence and absence of Ca2+ ions [14]. The
crystals of the Ca2+ free and bound states belong to the same
space group, C2221, with similar unit cell dimensions of
a = 39.21 Å, b = 53.21 Å and c = 90.05 Å (Ca2+ bound state),
and a = 39.96 Å, b = 53.79 Å and c = 89.82 Å (Ca2+ free
state). Diffraction data for the Ca2+ bound PLA2 were collected
to 1.60 Å at the synchrotron Beamline CPr (Laboratório Nacional de Luz Síncrotron, Brazil). The X-ray data for the Ca2+ free
state were collected at atomic resolution of 0.97 Å at the consortium’s Beamline X13 at HASYLAB/DESY–Hamburg. Data
were processed and scaled with the programs DENZO and
SCALEPACK [15]. X-ray data collection and refinement statistics are presented in Table 1.

The atomic coordinates and structure factors for the structures of Ca2+ bound and free states of the BthA-I-PLA2 have

2.2. Structure determination and refinement
The crystal structures were solved by the molecular replacement technique using the program AMoRe [16] and the atomic
coordinates of the phospholipase A2 from the venom of
B. jararacussu refined at 1.79 Å (PDB code 1UMV) [17].
The isotropic and restrained refinements for both the crystal
structures were carried out by using the program REFMAC5
[18] and were interspersed with cycles of manual model building using the program TURBO FRODO [19]. The crystal

Table 1
Data collection and refinement statistics. Values in parentheses are for the
highest resolution shell
Parameter
Data collection
Space group
Unit-cell dimensions (Å, °)
VM (Å3 Da–1)
Solvent content (%)
Resolution range (Å)
Number of observations
Number of unique reflections
Completeness (%)
Rmerge (%)
I/σ(I)
Redundancy
Refinement
Protein atoms
Water O atoms
Calcium ions
Glycerol atoms
R factor (%)
Rfree (%)
r.m.s.d. in bond length (Å)
r.m.s.d. in bond angles (°)

Ca2+ bound BthA-IPLA2

Ca2+ free BthA-I-PLA2

C2221
a = 39.21, b = 53.21,
c = 90.05
α = β = γ = 90.00
1.56
21.01
30.00–1.60 (1.63–
160)
128986
12748 (793)

C2221
a = 39.96, b = 53.79,
c = 89.82
α = β = γ = 90.00
1.52
19.2
10.00–0.97 (0.99–0.97)

99.2 (98.9)
4.7 (48.2)
23.07 (3.37)
8.0 (7.0)

99.3 (97.8)
6.8 (47.7)
17.09 (2.61)
7.5 (4.5)

962
106
1
6
17.62
23.21
0.016
1.731

962
262
0
0
15.07
20.11
0.014
0.040

784618
57413 (2818)
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been deposited with the RCSB Protein Data Bank and have
assigned accession codes of 1ZL7 and 1ZLB, respectively.
3. Results and discussion
3.1. Overall structure
Both the structures contain one protein molecule (122 amino acids; 963 non-H atoms) in the asymmetric unit. The final
model of the Ca2+ bound state additionally contains one calcium ion, one glycerol molecule and 106 solvent water molecules whereas, the Ca2+ free state contains 262 water molecules. The final R-factor and Rfree values are 17.62% and
23.21% for the structure containing Ca2+ (resolution range
30.00 Å–1.60 Å) and 15.07% and 20.11% for the Ca2+ free
state (resolution range 10.00 Å–0.97 Å), respectively. The data
reduction, refinement statistics and the stereochemical parameters of the final model are presented in Table 1.
The overall fold of the BthA-I-PLA2 in the Ca2+ free and
bound states is similar to that of other Group II PLA2s
(Fig. 1A, B) and has been extensively reviewed [23,24].
Briefly, the principal structural features include an N-terminal
α-helix, Leu2–Met14, two antiparallel α-helices, Ala40–Gly53
and Pro90–Asp108, one small α-helix, Gly18–Leu23, three 310
helices (Lys110–Thr112, Ile115–Tyr117 and Ala122–Asn125),
and a section of antiparallel β-sheet (β-wing, Tyr75–Cys84). A
disulfide bridge formed between Cys43 and Cys95 links the
two antiparallel helices. The structures are stabilized by six additional disulfide bonds: Cys25–Cys115, Cys28–Cys44,

Fig. 1. Ribbon representations of the overall structures of the BthA-I-PLA2 in
the absence (A, resolution of 1.60 Å) and presence (B, resolution of 0.97 Å) of
the Ca2+ ion. C: superpositioning of the Ca2+ bound (in gray) and free (in black)
structures of BthA-I-PLA2. The major difference is in the region of the calciumbinding loop.
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Cys49–Cys122, Cys50–Cys88, Cys57–Cys81 and Cys75–
Cys86. Three salt bridges that are formed between Glu87–
Arg90, Glu120–Arg42 and Asp104–Lys106 further stabilize
the Ca2+ bound state. However, the third salt bridge is absent
in the Ca2+ free state due to minor changes in the mutual orientation of the charged residues. The N-terminal helix includes residues Leu2, Phe5, Met8 and Ile9, forms one face of
the hydrophobic channel, which is occupied by the substrate
during catalysis and leads to the catalytic site. The channel is
also lined with the side chains of Tyr22, Cys29, Cys45,
Ala102, Thr103 and Phe106. The catalytic site which is located
at the base of this hydrophobic channel is conserved in the
Group I/II PLA2s and consists of His48, Asp99, Tyr52 and
Tyr73.
A comparison between the structures in the Ca2+ free and
bound states (Fig. 1C) indicates that the two structures are very
similar (r.m.s. deviation of 0.40 Å) and the salient differences
are limited to the region of the calcium-binding loop (r.m.s.
deviation of 1.1–1.9 Å; Fig. 2). The side chains of Arg106,
Glu16, Lys77 and Asp88 adopt different conformations. Thus,

Fig. 2. The r.m.s. deviation of the Cα atoms (in blue) and the side chains (in red)
between the Ca2+ bound and free structures of the BthA-I-PLA2 versus the
surface accessibility. The major Cα r.m.s. deviations are in the region of the
calcium-binding loop. The surface accessibility was calculated using the
program WHAT IF [39]. On the x axis the α-helices, calcium-binding loop and
β-wing are indicated by arrows.
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the binding of the Ca2+ ion to BthA-I-PLA2 results in structural
changes principally in the region of the metal-binding site.
A glycerol molecule, which is the basic structural element
of the natural substrates of PLA2s, was observed bound at the
surface of the protein in the Ca2+ bound state, close to the metal-binding site and in van der Waals contact with Phe46. The
three oxygen atoms of glycerol are involved in a system of Hbonds: Glycerol O1 ··· OD1 of Asp49 = 2.69 Å, Glycerol O2 ···
HOH = 2.72 Å, Glycerol O2 ··· HOH = 2.83 Å and Glycerol
O3 ··· HO-Tyr28 = 2.56 Å.
3.2. Ca2+ ion coordination
Ca2+ is a functionally important co-factor, stabilizing the
oxy-anion of the tetrahedral intermediate during PLA2 catalyzed hydrolytic reactions [25]. Substrate binding to Group II
PLA2s is facilitated more than 10-fold by the binding of Ca2+
to the enzyme [26]. Fig. 3A illustrates the Ca2+ coordination by
five ligands in BthA-I-PLA2, the positive charge of Ca2+ enhances the interactions between PLA2 and negatively charged
substrates [11], which are particularly important in acidic
PLA2s. The backbone carbonyl oxygen of Tyr28, OD1 and
OD2 atoms of Asp49, and the main chain nitrogen atoms of
Gly32 and Gly33, respectively, form a pyramidal coordination
cage for Ca2+. The latter two ligands are unique in comparison
to other Ca2+ bound PLA2 structures since the coordination of
Ca2+ by amide nitrogen atoms has not previously been observed in the crystal structures of PLA2s [10,27,28]. In contrast, a bi-pyramidal coordination of the metal ion by seven
ligands, formed by the backbone carbonyl oxygen atoms of
Tyr28, Gly30 and Gly32, the carboxylate group of Asp49
and two water molecules is observed for both, basic and acidic
PLA2, exemplified by the pancreatic enzyme (Fig. 3B) [27].
However, in the Ca2+ bound state the carbonyl oxygen atoms
of Gly30 and Gly32 are oriented away from the carboxylic
group of Asp49 and the conformation is thus, not optimized
for coordination of the metal ion by these ligands. The two
water molecules are absent in the coordination sphere of Ca2+

in the BthA-I-PLA2, which was observed in the structure of the
human secretory enzyme [29].
In Fig. 4 the catalytic and metal-binding sites in the Ca2+
bound and free states are compared and the effect of the absence of Ca2+ on the geometry of this region, which is critical
for catalytic activity, is illustrated. The active site residues
His48, Asp99, Tyr52 and Tyr73 participate in the formation
of the “catalytic” H-bonding network. The principal ligand of
Ca2+, the Asp49 side chain, is connected to this network via a
hydrogen bond formed between the OD1 atom of the carboxylic group and the water molecule bound to His48
(Fig. 4B). In the Ca2+ free structure the co-factor is replaced
by a water molecule, OW18, which is hydrogen bonded to the
two nitrogen ligands and the carbonyl oxygen of Tyr28. The
catalytically important water molecule, which is H-bonded to
the active site His48 and upon activation to the couple His48–
Asp99 serves as a nucleophile during catalysis, is located in
exactly the same position in the two structures. This molecule
is labeled as OW37 in the structure containing Ca2+ and as
OW13 in that lacking metal ion. Absence of Ca2+ does not
disturb the “catalytic” H-bonding network and only the relative
orientation of the Asp49 side chain is slightly changed and no
changes in the orientation of the imidazol and phenolic rings in
the catalytic site are observed.
The conformation of the calcium-binding loop in the BthAI-PLA2 is only marginally altered in the absence of the metal
ion, and the backbone conformations of the loop in the two
structures are virtually identical (Fig. 5). The observed network
of hydrogen bonds formed between the water molecule replacing the metal ion and protein ligands play a role in the stabilization. In the Ca2+ free state, the loop adopts an open conformation based on the solvent accessibility of the respective
residues (Fig. 2). This loop forms part of the opposite wall of
the hydrophobic channel where the substrate binds. This small
conformational change can likely influence the substrate binding, based on the considerably increased substrate affinity of
the channel in Group II PLA2s upon Ca2+ binding [26]. In
the majority of the structures determined in the absence of
Ca2+, this loop is destabilized [30,31]. Comparisons of the cal-

Fig. 3. Ca2+ coordination of the BthA-I-PLA2 (A) compared to the bovine pancreatic PLA2 (B; PDB code: 1G4I). In BthA-I-PLA2, Ca2+ is pentacoordinated in a
pyramidal cage by two main chain nitrogen atoms, a carbonyl oxygen and a carboxylate group. The coordination of the Ca2+ in the pancreatic PLA2 is bipyramidal
with seven ligands: three carbonyl oxygens, a carboxylate group and two water molecules.
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PLA2s can block the formation of coagulation complexes
through interactions with procoagulant phospholipids [32].
This mechanism is non-enzymatic and the respective pharmacological site in the Group I/II PLA2s has been identified as a
region located between residues 54 and 77 [33]. This region is
positively charged in the strongly anticoagulant enzymes and a
pair of lysine residues is present at both ends of the site. BthAI-PLA2 exhibits significant anticoagulant activity and the part
of the polypeptide chain, located between the fore-mentioned
residues, fulfill these requirements. There are four lysine residues in the region, Lys54, Lys69, Lys77 and Lys78, two of
them located at either end of the polypeptide segment. In this
case the anticoagulant site can be considered to include one
more residue, to include Lys78. All four lysine residues are
located on the protein surface and can interact with phospholipids (Fig. 6).
It has been suggested that the anticoagulant site of Group I/
II PLA2s is negatively charged due to the presence of Glu53
[34] but in the BthA-I-PLA2 structure, a glycine residue occupies this position. The same residue is encountered at position
53 in the Daboia russelli pulcella PLA2, which also induces
anticoagulant reactions in experimental models [35,36]. These
findings refute the suggestion that glutamic acid at position 53
is an essential requirement for anticoagulant activity.

Fig. 4. Hydrogen bonding networks at the catalytic and calcium-binding sites of
the BthA-I-PLA2 in the absence (A) and presence (B) of Ca2+ ion. The
“catalytic” network and the catalytically important water molecule, bound to
the active site His48, are preserved in both states. The co-factor is replaced by a
water molecule in the Ca2+ free state.

3.4. Region of high aromaticity in the vicinity of the entrance
of the hydrophobic channel: a possible functional role
The PLA2 substrate-binding site is a hydrophobic channel
that binds alkyl substituents of phospholipids. In BthA-IPLA2 this channel includes the residues Leu2, Phe5, Met8,

Fig. 5. Superposition of the calcium-binding loops of the Ca2+ bound (blue) and
free (yellow) states of BthA-I-PLA2, and of Vipoxin (red). In contrast to BthAI-PLA2, the loop of the Vipoxin is considerably destabilized in the absence of
the co-factor.

cium-binding loop of BthA-I-PLA2 with Vipoxin, a basic Ca2+
free PLA2 from the venom of Vipera ammodytes meridionalis,
indicate that this region of Vipoxin is considerably less well
stabilized in the absence of the co-factor (Fig. 5).
3.3. Anticoagulant site
Coagulation is a rapid response of the organism to the loss
of blood. This process includes a cascade of zymogen activations with the participation of serine proteinases. Snake venom

Fig. 6. Surface representation of the anticoagulant site in the BthA-I-PLA2.
There is a pair of lysyl residues at the both ends of the anticoagulant site.
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Fig. 7. Region of high aromaticity in the vicinity of the BthA-I-PLA2 substratebinding site. Aromatic side chains can interact with a target membrane during
catalysis.

Ile9, Tyr22, Cys29, Cys45, Ala102, Thr103 and Phe106, and
extends approximately 14 Å from the surface to the catalytic
site. Side chains of residues, surrounding the entrance of the
channel, form the interfacial-binding surface, which is necessary for interfacial catalysis [37]. Inspection of the BthA-IPLA2 model indicates a region with a significant number of
aromatic residues (Tyr113, Tyr117, Trp118, Phe119 and
Tyr120; Fig. 7) in the vicinity of the entrance to the substrate-binding site. Aromatic residues have been implicated in
contributing significantly to interfacial catalysis [38] and the
couples Tyr117 – Tyr120 and Trp118 – Phe119 are involved
in the formation of van der Waals contacts.
4. Conclusions
A novel coordination for Ca2+ ion in Group I/II phospholipases A2 formed by a distorted pyramidal cage of oxygen and
nitrogen atoms was observed in the BthA-I-PLA2 crystal structure. Ca2+ binding induces local structural modifications limited to the calcium-binding site, which demonstrates that binding of the catalytically essential ion does not result in
significant changes in others regions of the molecule, excluding possible communication or allosteric effects due to the
Ca2+ binding. Since BthA-I-PLA2 displays anticoagulant activity and has a glycine at position 53, the essential requirement
of Glu53 for anticoagulant activity is refuted.
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Structure of myotoxin II, a catalytically inactive
Lys49 phospholipase A2 homologue from
Atropoides nummifer venom
Lys49 snake-venom phospholipase A2 (PLA2) homologues are highly myotoxic
proteins which, although lacking catalytic activity, possess the ability to disrupt
biological membranes, inducing signiﬁcant muscle-tissue loss and permanent
disability in severely envenomed patients. Since the structural basis for their
toxic activity is still only partially understood, the structure of myotoxin II, a
monomeric Lys49 PLA2 homologue from Atropoides nummifer, has been
determined at 2.08 Å resolution and the anion-binding site has been
characterized.

1. Introduction
Skeletal muscle necrosis is a frequent consequence of envenomation
by snakes of the family Crotalidae and may lead to signiﬁcant tissue
loss and permanent disability (Mebs & Ownby, 1990; Nishioka &
Silveira, 1992). The venoms of these snakes contain a number of basic
phospholipases A2 (PLA2s; EC 3.1.1.4) that play prominent roles in
the pathogenesis of myonecrosis (Gutiérrez & Lomonte, 1995). These
myotoxic proteins are classiﬁed as belonging to the group IIA PLA2s
on the basis of their primary structure and disulﬁde-bonding pattern
(Six & Dennis, 2000). A subgroup of catalytically inactive variants or
PLA2 homologues was initially characterized from the venom of the
North American water mocassin Agkistrodon piscivorus piscivorus,
in which the conserved Asp at position 49 is replaced by Lys
(Maraganore et al., 1984; Scott et al., 1992; Arni & Ward, 1996).
Homologous ‘Lys49 PLA2 myotoxins’ have now been encountered in
the venoms of a wide variety of crotalid species (reviewed by
Lomonte et al., 2003) and have attracted attention since they serve as
models for the investigation of the structural basis of the catalytically
independent mechanisms of membrane damage. Recently, it has been
demonstrated that these basic Lys49 PLA2s bind to the extracellular
domain of the vascular endothelial growth factor (VEGF165) receptor
with a sub-nanomolar afﬁnity (Yamazaki et al., 2005).
Two Lys49 PLA2 homologues have previously been isolated from
the venom of Atropoides nummifer, a crotalid snake distributed along
the Central American isthmus (Taylor et al., 1974; Solórzano, 1989).
A. nummifer myotoxin I (Gutiérrez et al., 1986) has been crystallized
and its structure has been reported at 2.4 Å resolution (Arni &
Gutiérrez, 1993; de Azevedo et al., 1999); however, since its aminoacid sequence has not been determined, accurate structural data is as
yet unavailable. On the other hand, A. nummifer myotoxin II
(Anum-II) has been well characterized in terms of its biological
activities (Angulo et al., 2000) and its complete amino-acid sequence
has been determined (SwissProt code P82950; Angulo et al., 2002).
This protein has recently been crystallized (Watanabe et al., 2004) and
the present report presents a detailed analysis of its threedimensional structure, which has been determined at 2.08 Å
resolution.

2. Materials and methods
2.1. Purification, crystallization and data collection
# 2006 International Union of Crystallography
All rights reserved
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A. nummifer venom was obtained from more than 15 specimens
collected in Costa Rica. Anum-II was puriﬁed by cation-exchange
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Table 1
Data-collection and reﬁnement statistics of the Anum-II crystal structure.
Values in parentheses are for the highest resolution shell.
Data collection
Space group
Unit-cell parameters (Å)
VM (Å3 Da1)
Solvent content (%)
Resolution range (Å)
No. of unique reﬂections
Completeness (%)
Rmerge† (%)
I/(I)
Reﬁnement
R factor‡ (%)
Rfree§ (%)
B values} (Å2)
Overall
Main chain
Side chain
R.m.s.d. in bond length (Å)
R.m.s.d. in bond angles ( )

P43212
a = b = 68.94, c = 64.07
2.66
53.40
30.36–2.08 (2.19–2.08)
9671
99.3 (94.1)
8.9 (48.1)
6.7 (2.3)

Anum-II were ﬂash-cooled in crystallization solution to which
15%(v/v) glycerol had been added. Diffraction data were collected
from a single cryoprotected Anum-II crystal utilizing a wavelength of
1.427 Å (at 100 K) at a synchrotron-radiation source (Laboratório
Nacional de Luz Sı́ncrotron, Campinas, Brazil). Intensity data were
reduced and processed at 2.08 Å using the program MOSFLM
(Leslie, 1992). The crystals of Anum-II belong to space group P43212
and are compatible with the presence of one protein molecule in the
asymmetric unit. The data-collection and processing statistics are
summarized in Table 1.

21.9
27.0
30.48
28.64
29.2
0.021
1.868

PP
P
† Rmerge = 100  ½ jIðhÞ  hIðhÞij = IðhÞ, where I(h) is the observed intensity and
hI(h)i isPthe mean intensity
of
reﬂection
h over all measurements of I(h). ‡ R factor =
P
100  ðjFo  Fc jÞ= ðFo Þ, the sums being taken over all reﬂections with F/(F) > 2
cutoff. § Rfree = R factor for 5% of the data which were not included during
crystallographic reﬁnement. } B values are average B values for all non-H atoms.

chromatography on carboxymethyl-Sephadex C-25 (Pharmacia)
(Angulo et al., 2000) and reverse-phase high-performance liquid
chromatography (RP-HPLC) on a C4 column (Vydac) which was
eluted at a ﬂow rate of 1.0 ml min1 with a gradient ranging from 0 to
60% acetonitrile in 0.1% triﬂuoroacetic acid, using a Waters 600E
instrument (Watanabe et al., 2004).
The Anum-II sample was dissolved in water at a concentration of
10 mg ml1. Crystallization experiments were carried out by the
hanging-drop vapour-diffusion method. Single crystals were obtained
when a 2 ml protein droplet was mixed with an equal volume of a
solution consisting of 0.1 M sodium acetate pH 4.6, 20% PEG 3350
and 0.2 M ammonium sulfate and subsequently equilibrated over
1 ml of the latter solution at 291 K (Watanabe et al., 2004). Crystals of

2.2. Structure determination and crystallographic refinement

The crystal structure of Anum-II was determined by molecular
replacement using the program MOLREP (Vagin & Teplyakov,
1997). The atomic coordinates of a Lys49 PLA2 isolated from the
venom of Ag. acutus (PDB code 1mc2), stripped of solvent and ligand
atoms, were used to generate the search model. The cross-rotation
and translation functions were calculated over the resolution range
20.0–3.0 Å and the rotation angles which produced the peak with the
highest correlation and the lowest R factor were applied to the search
model for the translation search. The searches were performed for
both enantiomorphic space groups (P43212 and P41212) and the
correct solution was selected based on the crystallographic residual
and the correlation coefﬁcient. The model was subjected to isotropic
restrained reﬁnement using the program REFMAC5 (Murshudov et
al., 1997) and the structural model was improved based on 2Fo  Fc
and Fo  Fc electron-density maps, which were examined using the
graphics program TURBO-FRODO (Roussel & Cambillau, 1991).
During the reﬁnement, residual density observed near Arg34 was
attributed to a sulfate ion based on the tetrahedral shape of the
density and the possible interactions. The reﬁnement converged to an
R factor of 22% and an Rfree of 27% (Table 1).

Figure 2
Figure 1
Cartoon representation of the A. nummifer myotoxin II (Anum-II) crystal
structure. The residues which form the nominal active-site are presented in atom
colours. CBL: putative calcium-binding loop.
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Superpositioning of Anum-II on the structures of B. godmani (PDB code 1god),
B. asper (1clp, chain A), Ag. piscivorus piscivorus (1ppa), B. pirajai (1qll) and
Ag. acutus (1mc2) Lys49 PLA2s. The structural differences are highighted by
utilizing different colours.
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rigid platform. The positions of the amino-acid residues that form the
catalytic apparatus (His48, Tyr52, Tyr73 and Asp99, including the
catalytic water molecule) are conserved except for Asp49, which is
substituted by Lys (Fig. 1). Superpositioning the Anum-II structure
onto the structures of other Lys49 PLA2s indicates that all structural
features are conserved, with inherent ﬂexibility observed in the
C-terminus, putative calcium-binding loop, -wing connecting loop
and the tip of the -wing (Fig. 2).
3.2. Anion-binding site

Figure 3
Interactions of the sulfate ion with Arg34 and Lys53 of Anum-II.

3. Results and discussion
3.1. Overall structure

The asymmetric unit of the Anum-II crystals consists of one
protein molecule (121 amino-acid residues), one sulfate ion and 71
solvent water molecules. The quality of the model assessed by
PROCHECK (Laskowski et al., 1993) indicates that the stereochemical parameters lie within the expected range and the overall
deviations from ideal stereochemistry are presented in Table 1. The
Ramachandran diagram (Ramachandran et al., 1963) indicates that
87% of the main-chain dihedral angles of all non-glycine and nonproline residues are located in the energetically most favoured
regions, 12% are located in the additional permitted regions and only
1% lie in the generously permitted region. Based on the nomenclature and numbering scheme suggested by Renetseder et al. (1985),
Anum-II can be classiﬁed as a class II PLA2 enzyme and is stabilized
by seven disulﬁde bridges (between residues 27 and 125, 29 and 45, 44
and 105, 50 and 133, 51 and 98, 61 and 91, and 84 and 96). The
structures of PLA2s have been extensively reviewed (Arni & Ward,
1996); brieﬂy, the Anum-II structure can be considered to be formed
of a short N-terminal -helix (residues 2–12), a putative Ca2+-binding
loop (residues 25–35), a second -helix (residues 40–55), a twostranded antiparallel sheet referred to as the -wing (residues 74–85)
and a third -helix (residues 90–107) that is antiparallel to the second;
these two long helices are linked by two disulﬁde bridges to form a

Clear density for a tetrahedral molecule was observed close to
Arg34 in both the 2Fo  Fc and Fo  Fc electron-density maps. Since
the mother solution contains 0.2 M ammonium sulfate, this electron
density was considered to represent a sulfate ion based on the
geometry and possible hydrogen bonds. In this model, the O1 atom of
the sulfate ion is anchored by hydrogen bonds to Arg34 N" (2.90 Å),
Lys53 N (3.13 Å) and a solvent water molecule (2.45 Å). The O2
atom interacts with the main-chain NH group of Arg34 (3.02 Å) and
the O4 atom with Lys53 N (3.38 Å) and Arg34 N2 (2.68 Å) (Fig. 3).
The crystal structure of Ag. contortrix laticinctus myotoxin also
indicated the presence of a sulfate ion bound to Arg34 and Lys53
(Ambrosio et al., 2005) and the sulfonyl group of the suramin
molecule was shown to interact with Arg34 in Bothrops asper
myotoxin II (Murakami et al., 2005). This indicates that Arg34, which
is strictly conserved in all Lys49 PLA2s (Fig. 4), is likely to play a
crucial role in the binding of negatively charged substrates or inhibitors.
3.3. Oligomeric state

The dimerization of Lys49 PLA2s has been suggested to play an
important role in their ability to damage membranes (de Oliveira et
al., 2001) and in the expression of cytolytic and myotoxic activities
(Angulo et al., 2005). Previous crystallographic results on the Lys49
PLA2s B. asper myotoxin II (Arni et al., 1995), B. pirajai piratoxin I
(de Azevedo et al., 1998) and B. jararacussu bothropstoxin I (Giotto
et al., 1998) suggested that the monomers present in the asymmetric
unit are related by a twofold axis and that the dimer is stabilized by
reciprocal interactions formed at the interface of the N-terminal and
-wing regions that encompass the conserved interfacial residues
Glu12, Trp77 and Lys80 (Ward et al., 1998; Ruller et al., 2005). This
quaternary arrangement stabilized by the Glu12–Lys80 salt bridge
has been considered to represent the biologically relevant form
(Ward et al., 1998) and has been shown to be very stable.

Figure 4
Sequence alignment of Anum-II with other Lys49 PLA2s from Cerrophidion (Bothrops) godmani (PDB code 1god), B. asper (1clp), Ag. piscivorus piscivorus (1ppa),
B. pirajai (1qll, chain A) and Ag. acutus (1mc2).
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However, a Lys49 PLA2 from Deinagkistrodon acutus (PDB code
1mg6; Huang et al., unpublished work), myotoxin from Ag. contortrix
laticinctus (PDB code 1s8g; Ambrosio et al., 2005), myotoxin II from
Cerrophidion (Bothrops) godmani (Arni et al., 1999) and Anum-II
(this work) exist as monomers in the crystalline state. Anum-II is
present as a dimer in solution at physiological pH (Angulo et al.,
2000). Thus, the monomeric Anum II observed in the asymmetric unit
may be an artifact of the crystallization process and the low pH of the
solution (pH 5). In the case of bothropstoxin I (BthTX-I), the effect
of pH on the monomer–dimer equilibrium was examined based on
the ﬂuorescent properties of the single Trp77 and it was shown that
the monomeric form of the protein is predominant at acidic pH
(de Oliveira et al., 2001). Small-angle X-ray scattering studies
currently in progress will be useful in clarifying the parameters that
inﬂuence the equilibrium between monomers and dimers.
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b
Associated Researchers, São Carlos, SP, Brazil
c
Department of Toxicology, USP, Ribeirão Preto, SP, Brazil
d
Department of Basic and Clinical Pharmacology, ICB, CCS, UFRJ, Rio de Janeiro, RJ, Brazil
e
Center for Applied Toxinology, Butantan Institute, São Paulo, SP, Brazil

O

a

O

7

PR

19
21

Received 14 August 2006; received in revised form 19 October 2006; accepted 23 October 2006

D

23
25

TE

Abstract

27

37
39
41
43
45
47
49
51

EC

R
R

35

O

33

N
C

31

Lys49 phospholipase A2 homologues are highly myotoxic and cause extensive tissue damage but do not display
hydrolytic activity towards natural phospholipids. The binding of heparin, heparin derivatives and polyanionic
compounds such as suramin result in partial inhibition (up to 60%) of the myotoxic effects due to a change in the overall
charge of the interfacial surface. In vivo experiments demonstrate that polyethylene glycol inhibits more than 90% of the
myotoxic effects without exhibiting secondary toxic effects. The crystal structure of bothropstoxin-I complexed with
polyethylene glycol reveals that this inhibition is due to steric hindrance of the access to the PLA2-active site-like region.
These two inhibitory pathways indicate the roles of the overall surface charge and free accessibility to the PLA2-active sitelike region in the functioning of Lys49 phospholipases A2 homologues. Molecular dynamics simulations, small angle X-ray
scattering and structural analysis indicate that the oligomeric states both in solution and in the crystalline states of Lys49
phospholipases A2 are principally mediated by hydrophobic contacts formed between the interfacial surfaces. These results
provide the framework for the potential application of both clinically approved drugs for the treatment of Viperidae
snakebites.
r 2006 Published by Elsevier Ltd.
Keywords: Lys49 phospholipases A2 homologues; Myonecrosis; Suramin; Polyethylene glycol; Small angle scattering; Crystal structure
and molecular dynamics
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2. Materials and methods
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2.1. Puriﬁcation and biochemical characterization
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Crude dessicated B. jararacussu venom was
obtained from a local serpentarium and BthTX-I
was puriﬁed with minor modiﬁcations following the
published protocol (Spencer et al., 1998). The purity
of the samples was conﬁrmed by SDS-PAGE
(Laemmli, 1970) and the protein concentrations
were determined by the Bradford method (Bradford, 1976).
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Envenomation by Viperidae snakes results in
acute myonecrosis that provokes permanent tissue
loss resulting in disability, amputation and in some
cases, death (Gutiérrez and Lomonte, 1995). Myonecrosis is mainly caused by the direct action of
catalytically inactive Lys49 phospholipases A2
(PLA2) homologues upon the plasma membrane
of muscle cells and by the indirect action of
metalloproteinases and serine proteinases on the
haemostatic system (Gutiérrez and Lomonte, 1995;
Ownby et al., 1999). Since the widely used antivenom serum therapy does not address myonecrosis, the inclusion of a supplementary agent for the
treatment of Viperidae snakebites is therapeutically
relevant.
Heparin and related polyanions are able to inhibit
myonecrosis induced by snake venoms that contains
myotoxins such as Bothrops jararacussu bothropstoxin-I (BthTX-I) (Homsi-Branderburgo et al.,
1988), Agkistrodon contortrix laticinctus myotoxin
(ACL myotoxin) (Johnson and Ownby, 1993) and
Bothrops asper myotoxin II (Basp-II), both in vivo
and in vitro (Lomonte and Gutiérrez, 1989).
Suramin, a polysulphonated naphthyl urea derivative used clinically in the treatment of onchocerciasis (Burch and Ashburn, 1951), African
trypanosomiasis (Williamson and Desowitz, 1956)
and several kinds of cancers (LaRocca et al., 1993;
van Oosterom et al., 1991), is also a potential
inhibitor of myotoxins both in vivo and in vitro and
represents an important therapeutic agent for the
treatment of Viperidae snakebites (Arruda et al.,
2002; Murakami et al., 2005).
Catalytically inactive Lys49 PLA2s homologues
cause membrane leakage in the absence of Ca2+
ions, without concomitant hydrolysis when tested
against negatively charged liposomes (Gutiérrez and
Lomonte, 1995; Ownby et al., 1999). A number of
studies involving different techniques, such as
chemical modiﬁcation, sequence comparison analyses, interaction with neutralizing molecules, synthetic peptide studies, and site-directed mutagenesis,
have been used in an attempt to elucidate the
structural determinants for myotoxicity of Lys49
PLA2s homologues (Ownby et al., 1999; Murakami
et al., 2005).
Our studies combining small angle X-ray scattering, crystallography, molecular dynamics simulations, inhibition by suramin and polyethylene glycol
and in vivo tests, reveal new features of the action
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mechanism of myotoxins, suggesting a promising
supplement of the current serum treatment by the
inclusion of potent inhibitors that simultaneously
bind both in the putative catalytic and at the
interfacial recognition sites.
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2.2. In vivo myotoxic assay

PR

1. Introduction

In vivo myotoxic assays were carried out as
previously described in Murakami et al. (2005) with
minor modiﬁcations. In accordance with each
protocol, the quantity of toxin (50 mg/g) administered was adjusted taking into consideration the
individual weight of each animal and different ratios
of suramin and polyethylene glycol (1:0.25, 1:0.50,
1:1, 1:2.5, 1:5.0; BthTX-I:inhibitor). Enzyme activity was expressed as international Units per liter (U/
L), where 1 U is deﬁned as the amount that
catalyzes the transformation of 1 mmol of substrate
at 25 1C.
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2.3. Scattering data acquisition and analysis
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Small angle X-ray scattering (SAXS) measure- 89
ments were conducted at room temperature utilizing
the D11A-SAXS beamline at the Brazilian National 91
Synchrotron Light Source where the wavelength
was set to 1.488 Å. A sample concentration of 93
4–10 mg/mL in a 20 mM, pH 7.0 Tris–HCl buffer
was used and serial dilutions were prepared to 95
permit the extrapolation of the SAXS curves to zero
concentration. Data acquisitions were performed by 97
taking several 600 s frames of each sample. Data
ﬁtting was performed using the GNOM program 99
(Semenyuk and Svergun, 1991) and the radius of
gyration (Rg) of the protein in solution was 101
determined from the lowest q values using the
Guinier approximation (Guinier and Fournet, 103
1955). The ab initio shape determination was
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2.4. Crystallization, data collection, structure
determination and reﬁnement
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Crystallization was performed by the hangingdrop vapour diffusion method and large single
crystals (0.4 mm in each dimension) were obtained
when a 2-mL protein droplet (protein concentration
12 mg/mL) was mixed with an equal volume of
reservoir solution consisting of 0.1 M Hepes (pH
7.5), 2.0 M ammonium sulphate and 20% polyethylene glycol 400 (PEG-400). The crystals were
transferred to a cryo-protectant solution containing
20% glycerol and were ﬂash frozen, diffraction
intensities were recorded utilizing a MAR-CCD
detector at the D03B/MX1 Beamline at the Brazilian National Synchrotron Light Source where the
wavelength of the incident radiation was set to
1.47 Å. The diffraction intensities were integrated,
scaled and merged using the HKL suite of programs
(Otwinowski and Minor, 1997).
The crystal structure of the BthTX-I was solved
by molecular replacement techniques with the
AMoRe package (Navaza, 1994) using the atomic
coordinates of the Basp-II (PDB code 1Y4L)
(Murakami et al., 2005) as the search model.
Positional and individual isotropic thermal factor
reﬁnements were carried out using REFMAC5
(Murshudov et al., 1997) as incorporated in the
CCP4 suite. The 2Fo–Fc and Fo–Fc electron density
maps were examined, the protein model was
manually adjusted after each reﬁnement cycle using
TURBO FRODO (Jones, 1985) and COOT (Emsley
and Cowtan, 2004) and the stereochemistry of the
ﬁnal model was analyzed using PROCHECK

U

23

59
Explicit solvent molecular dynamics (MD) simulations were performed using the GROMACS 3.2
software package and the GROMOS-96 (43a1)
force ﬁeld (Lindahl et al., 2001). Two different
systems were simulated, (i) the BthTX-I dimer and
(ii) BthTX-I complexed with suramin. The topology
of suramin was obtained from the Dundee
PRODRG Server (http://davapc1.bioch.dundee.ac.uk/cgi-bin/prodrg_beta). All MD simulations
were performed in an isothermal–isobaric ensemble,
using the ‘‘leapfrog’’ algorithm (Hockney and Goel,
1974) and the temperature and pressure were
controlled using the Berendsen method (Berendsen
et al., 1981). The long-range interactions were
treated using the particle-mesh Ewald sum method
(Darden et al., 1993). The LINCS algorithm (Hess
et al., 1997) was used to constrain protein covalent
bonds involving hydrogen atoms, and the SETTLE
algorithm (Miyamoto and Kollman, 1992) was used
to constrain water molecules. The BthTX-I/suramin
complex simulations were performed in three
phases. In the ﬁrst phase (Phase I) a short
simulation was performed with BthTX-I by imposing restraints on atomic positions during 100 ps in
order to equilibrate the system. In the second phase
(Phase II), the atomic positions of BthTX-I atoms
were not restrained in order to relax the protein
structure, enabling the determination of the relaxed
solution structure. In the ﬁnal phase (Phase III), the
complete system was simulated without imposing
positional restraints. The root mean square deviations (RMSD) and intermolecular interaction potential (IIP) were monitored.
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2.5. Molecular dynamics
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(Laskowski et al., 1993). The atomic coordinates
and structure factors of BthTX-I have been
deposited with the Protein Data Bank (acession
code 2H8I).
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performed by the dummy atom model method,
using the program DAMMIN (Svergun, 1999) and
the independent ab initio reconstructions were
averaged with program DAMAVER. The shape
reconstruction and the crystallographic atomic
coordinates were superimposed (SUPCOMB 2.0)
(Kozin and Svergun, 2001). The superpositioning
was assessed by normalized spatial discrepancy
(NSD or parameter d), which estimates the similarity between two different three-dimensional objects.
NSD valueso1.5 indicate high correlation of the
surface complementarity and is typical for the
comparisons between an atomic model and the
corresponding DAMMIN model. The theoretical
SAXS pattern based on the atomic coordinates was
calculated using the program CRYSOL (Svergun et
al., 1995).
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3. Results
95
3.1. Effect of suramin or/and polyethylene glycol on
myotoxicity in vivo

97

Intramuscular injections of BthTX-I (50 mg/g) 99
increased plasma CK activity from 85741 to
39507248 U/L after 2 h (Figs. 1A and B). Pre- 101
incubation of BthTX-I with suramin for 15 min
signiﬁcantly inhibits the increase in plasma CK 103
activity in a dose-dependent fashion with maximum
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inhibition observed when the ratio is 1:1 (w/w;
BthTX-I:suramin) (Fig. 2A). These values of plasma
CK activity are in agreement with previously
reported values for other homologous Lys49 PLA2s
such as ACL myotoxin (Melo et al., 1994) and
Basp-II (Murakami et al., 2005). Experiments with
PEG-400 were conducted under the same conditions
(Fig. 2B). PEG-400 proved to be 30% more potent
than suramin resulting in approximately 92%
inhibition of myotoxicity, whereas the maximum
inhibition by suramin is 40% (Figs. 1A and B). The
effect of the simultaneous inclusion of both
compounds was tested in vivo (Fig. 2) and displayed
enhanced inhibition, dramatically decreasing the
CK activity to insigniﬁcant levels.
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Fig. 2. In vivo dose-dependent effect of suramin (A) or PEG-400 (B) on CK release.
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87
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3.2. Crystal structure of BthTX-I complexed with
PEG-400

91

The ﬁnal model consists of two molecules of 93
BthTX-I forming a homodimer, two PEG-400
fragments and 86 solvent water molecules. The 95
reﬁnement converged to a crystallographic residual
of 22.5% (Rfree ¼ 27.6%) for 18,722 reﬂections in 97
the resolution range of 10.0–1.9 Å. The electron
density in the 2Fo–Fc Fourier maps was continuous 99
and well deﬁned for both monomers in the
asymmetric unit, except for the C-terminii, which 101
are typically disordered as in other structures. The
model displays good overall stereochemistry with 103
RMSD values of 0.02 Å and 2.11 for bond lengths
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Table 1
Data collection and reﬁnement statistics

21
PDB code

33
35
37
39
41
43
45
47
49
51

In both monomers, the electron density maps
indicated the presence of a PEG-400 molecule
bound in the hydrophobic channels that lead to
the PLA2-active site-like regions (Fig. 3A). The
PEG-400 molecules interact with the putative
calcium-binding loop and the residues considered
important for catalysis. The O1 atoms from the tails
of the PEG-400 fragments simultaneously interact
with the amide bonds between Cys29–Gly30 and
His48ND1 atom via a water molecule (Fig. 3B).
Similar interactions were observed in the crystal
structure of piratoxin II, a Lys49 PLA2 from
Bothrops pirajai, which contains a fatty acid bound
at the entrance to the active-site cavity (Lee et al.,
2001) and in the crystal structure of Basp-II
complexed with stearic acid (Watanabe et al.,
2005). The crystal structure of Basp-II complexed
with suramin also contains a PEG molecule bound
at the active-site cavity concomitantly with suramin
(Murakami et al., 2005) bound at the interfacial
recognition face.

61

TE

Reﬁnement statistics
Rfactor (%)b
Rfree value (%)c
No. of amino acid residues
No. of solvent molecules
No. of polyethylene glycol molecules
Mean temperature factor (Å2)d
R.m.s.d. bond lengths (Å)
R.m.s.d. bond angles (1)
Ramachandran plot
Most favoured region (%)
Additionally allowed regions (%)
Generously allowed regions (%)
Disallowed regions (%)

EC

31

R
R

29

P 31 2 1
a ¼ b ¼ 56.02; c ¼ 127.57
9.96–1.90
18,722
10.5 (8.5)
99.3 (98.8)
32.81 (4.33)
5.3 (41.0)
2.02
38.58
22.5
27.6
242
122
2
41.5
0.020
2.145

O

27

Data-collection statistics
Space group
Unit-cell parameters (Å)
Resolution range (Å)
Unique reﬂections
Redundancy
Completeness (%)
I/s(I)
Rmerge (%)a
VM (Å3Da1)
Solvent content (%)

N
C

25

2H8I

U

23

59

F

9

88.5
10.5
0.5
0.5

Values in parentheses are for the highest resolution shell.
a
Rmerge ¼ 100  SjI(h)/I(h)Sj/SI(h), where I(h) is observed
intensity and /I(h)S is mean intensity of reﬂection h over all
measurements of I(h).
b
Rfactor ¼ 100  SjFoFcj/S(Fo) the sums being taken over all
reﬂections with F/s(F)42 cutoff.
c
Rfree ¼ Rfactor for 5% of the data, which were not included
during crystallographic reﬁnement.
d
B-values are average B-values for all non-hydrogen atoms.
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3.3. PEG-binding site
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7
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between the two molecules was calculated to be
approximately 3598 Å2 occluding the whole hydrophobic channel and the entrance to both the activesite pockets.

PR

3

and bond angles, respectively and the average Bvalue for all atoms is 41.5 Å2 (Table 1). The
Ramachandran plot demonstrates that 88.5% of
the dihedral angles are situated in the most favored
regions, while the remaining 10.5% of residues are
in the additionally permitted regions. The molecular
topology of BthTX-I conserves all the main features
of PLA2s containing an N-terminal a-helix (H1)
(residue 2–12) and the two long anti-parallel
disulphide linked a-helices (H2 from residue 40 to
residue 55 and H3 from residue 86 to residue 103)
with a mean distance of 10 Å between the helical
axes and two short helical turns (residues 19–22;
SH4 and 108–110; SH5) (Arni and Ward, 1996).
The b-wing region (residues 74–84) is structurally
conserved and a disulphide bridge preserves its
relative orientation. The total dimeric interface area
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3.4. Suramin-binding site
85
In the MD simulations of BthTX-I with suramin,
the structural stability was monitored by the 87
RMSDs of the protein atoms in phases II and III
(Fig. 4A), which undergo small positional shifts 89
(around 1.4 Å) and a corresponding reduction in the
IIP from 145 to 233 kcal mol1 (Fig. 4B), 91
indicating that the hydrated structure of BthTX-I
is similar to the crystallographic model. The 93
resulting BthTX-I/suramin complex model obtained
from the MD simulations demonstrate a similar 95
mode of binding to that described for the crystal
structure of the Basp-II/suramin complex, where the 97
residues Arg34 and Lys53 play key roles in the
interaction with the sulphonated naphthyl rings 99
(Fig. 3C). The central phenyl rings embrace the
putative calcium-binding loop and the short helical 101
turn (SH4) shields the whole hydrophobic surface,
inducing a drastic change in the overall charge of 103
the interfacial recognition face of the protein.
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3.5. Oligomeric state
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Electrophoretic and spectroscopic techniques
indicate that a number of Lys49 PLA2s homologues
exist as dimers in solution (Arni et al., 1995).
Previous crystallographic and spectroscopic results
suggest that these molecules adopt an extended
conformation with a radius of gyration of 20.2 Å,
maintained by diad, polar interactions formed
between the b-wing and N-terminal helix regions
that involve the strictly conserved residues: Gln11,
Glu12, Trp77 and Lys80. In this conformation, the
hydrophobic channels and interfacial surfaces are
exposed to the solvent (Ward et al., 1998; da SilvaGiotto et al., 1998). Based on this, a model for the
disruption of membranes by Lys49 PLA2 homologues has been proposed (Lomonte et al., 2003).
However, the SAXS results show that the radius
of gyration (Rg) of BthTX-I is 17.5 Å indicating that
this molecule adopts a more compact dimeric
conformation as observed in the crystal structure
of the suramin/Basp-II complex (Murakami et al.,
2005) (Fig. 3A) that displays a Rg of 17.9 Å. The
proﬁles of the scattering curve and distance
distribution function p(r) are presented in Figs. 5A
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31

EC

29

67
69
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73
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79
and B, respectively. Re-examination of the molecules forming the asymmetric unit of a numerous 81
dimeric Lys49 PLA2 homologues indicates that this
conformation is equally likely depending on the 83
criteria used for the selection of the symmetry
mates. The averaged ab initio shape of BthTX-I was 85
superposed on the atomic coordinates of the
extended (Figs. 6D–F) and compact dimers (Figs. 87
6A–C), resulting in NSD values of 1.85 and 1.21,
respectively, indicating high shape complementarity 89
between the ab initio solution envelope and the
91
surface envelope of the compact dimer (Fig. 6G).
In this compact model, the interface consists of
non-polar contacts formed between the interfacial 93
surfaces connecting the PLA2-active site-like regions, shielding the whole hydrophobic faces of 95
Lys49 PLA2s homologues from the solvent. Analysis of the protein interfaces of several Lys49 PLA2s 97
homologues with the Protein, Interfaces, Surfaces
and Assemblies (PISA) software (http://www.ebi.a- 99
c.uk/msd-srv/prot_int/pistart.html) suggests that
the compact dimeric conformation is more likely. 101
Additionally, MD simulations of the compact dimer
for 9 ns indicated small increments in the RMSD 103
(Fig. 4C) and a reduction in the IIP from 45 to
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Fig. 4. (A) Simultaneous binding of suramin in the crystal structure of Basp-II (carbon atoms in yellow; PDB entry: 14YL) and in MD
simulations of BthTX-I (carbon atoms in green, this work) and PEG of Basp-II (carbon atoms in blue). (B) Interactions of PEG (carbon
atoms in blue) at the putative catalytic active of BthTX-I (this work). (C) Interactions resulting from the MD simulations between suramin
(carbon atoms in blue) and BthTX-I (carbon atoms in yellow).
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Fig. 5. Results of the MD simulations. (A) RMSD and IIP values during phases II and III of BthTX-I plus suramin and (B) RMSD and
IIP for 9 ns of the compact dimer.
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4. Discussion

31

The capacity of polyanionic compounds to
neutralize the myotoxic effects of snake venoms
PLA2s has been extensively studied, especially in
view of the limited efﬁcacy of antisera in antagonizing these effects (Melo and Suarez-Kurtz, 1988b;
Melo and Ownby, 1999; Calil-Elias et al., 2002;
Murakami et al., 2005) and the fact that they
constitute useful tools for investigating the mechanisms of action of myotoxins (Gutiérrez and Lomonte, 1995).
The mechanism of inhibition of Lys49 PLA2s
homologues by suramin, which involves an inducedﬁt binding at the hydrophobic surface of the dimer
signiﬁcantly changing the overall charge on the
interfacial recognition face and the resulting partial
blockage of the PLA2-active site-regions, has been
reported (Melo et al., 1993; Calil-Elias et al., 2002;
de Oliveira et al., 2003; Murakami et al., 2005). In
vivo experiments with polyethylene glycol, a watersoluble waxy solid that is used extensively in the
cosmetic, toiletry industry and as a medication for
osmotic laxatives, indicates that is a more potent
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inhibitor of myotoxicity induced by Lys49 PLA2s
homologues than suramin. Polyethylene glycol
inhibits more than 90% of the myotoxic activity
and does not display any secondary toxic effects. In
the crystal structure of BthTX-I complexed with
PEG, the PEG molecules are bound in the hydrophobic channels that lead to the PLA2-active sitelike region, interacting simultaneously with the
amide bonds formed between Cys29–Gly30 and
ND1 of His48 via a water molecule. This result
indicates an alternative, more efﬁcient pathway for
the inhibition of myotoxicity by blocking the PLA2active site-like region, without altering the overall
surface charge. Since both suramin and PEG use
different sites, the combination of suramin and
polyethylene glycol was tested and almost complete
inhibition of the myotoxic activity of Lys49 PLA2s
homologues was observed, thus representing a
possible utility for the complementary treatment of
Viperidae snakebites.
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125 kcal mol1 (Fig. 4D), indicating that this
conformation is stable in aqueous solution.
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5. Concluding remarks
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The action mechanism of myotoxic homologues 101
Lys49 PLA2s is a paradigm for toxinologists and a
number of different strategies, such as chemical 103
modiﬁcation, sequence comparison analyses, inter-
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action with neutralizing molecules, synthetic peptide
studies, and site-directed mutagenesis analyses have
attempted to elucidate the structural determinants
for myotoxicity of Lys49 PLA2s. Our results
indicate that (i) the molecules that bind at the
PLA2-active site-like region inhibit the myotoxic
activity of Lys49 PLA2; (ii) PEG derivatives
represent attractive targets for drug design aimed
at the treatment of Viperidae snakebites since they
are non-toxic; (iii) binding of suramin and heparin
analogues at the hydrophobic interfacial surface
also inhibit myotoxic activity albeit at a lower level
and (iv) the inclusion of molecules that bind both at
the PLA2-active site-like region and at the hydrophobic interfacial surface reduces myonecrosis to
extremely low levels.
These biochemical, physiological and structural
ﬁndings suggest a new promising therapeutic utility
for the clinically approved drugs, suramin and PEG,
which interact at two distinct sites, for the treatment
of myonecrosis induced by Viperidae snakebites.
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c.ȱ TermoestabilidadeȱdeȱProteínasȱ
ȱ
Aȱ maioriaȱ dasȱ formasȱ vivasȱ naȱ terraȱ suportamȱ temperaturasȱ menoresȱ aȱ
50ºCȱ e,ȱ acimaȱ dessaȱ temperatura,ȱ aȱ energiaȱ térmicaȱ podeȱ causarȱ oȱ
desenovelamentoȱ daȱ estruturaȱ nativaȱ dasȱ proteínasȱ deȱ formaȱ irreversível,ȱ
resultandoȱ naȱ perdaȱ deȱ suasȱ funçõesȱ biológicas.ȱ Entretanto,ȱ certosȱ organismosȱ
termofílicosȱ podemȱ suportarȱ temperaturasȱ superioresȱ aȱ 90ºCȱ eȱ suasȱ proteínasȱ
apresentamȱ diferentesȱ estratégiasȱ paraȱ garantirȱ resistênciaȱ térmicaȱ semȱ sofrerȱ
alteraçãoȱnaȱsuaȱfuncionalidade.ȱTécnicasȱinȱvitroȱsãoȱextensivamenteȱusadasȱparaȱ
gerarȱ proteínasȱ termoestáveisȱ atravésȱ deȱ adiçãoȱ deȱ pontesȱ salinas,ȱ pontesȱ
dissulfetoȱ eȱ ligaçõesȱ deȱ hidrogênioȱ permitindoȱ delinearȱ osȱ determinantesȱ
estruturaisȱdaȱtermoestabilidadeȱeȱosȱmecanismosȱenvolvidosȱemȱcatálisesȱaȱaltasȱ
temperaturas.ȱEstudosȱespectroscópicosȱeȱbioquímicosȱcombinadosȱcomȱmétodosȱ
cristalográficosȱ podemȱ fornecerȱ informaçõesȱ essenciaisȱ paraȱ compreensãoȱ daȱ
termoestabilidadeȱdeȱproteínas.ȱAsȱenzimasȱtermofílicasȱtêmȱgrandeȱimportânciaȱ
industrial,ȱ principalmenteȱ noȱ ramoȱ deȱ branqueamentoȱ deȱ papelȱ eȱ indústriasȱ
alimentícias.ȱ
Nesteȱ trabalhoȱ foramȱ estudadasȱ asȱ xilanasesȱ daȱ famíliaȱ G/11ȱ queȱ sãoȱ
excelentesȱmodelosȱdeȱestudoȱdaȱtermoestabilidade,ȱpoisȱapresentaȱaltaȱvariaçãoȱ
naȱ termoestabilidadeȱ eȱ termofilicidadeȱ porȱ meioȱ deȱ modificaçõesȱ locaisȱ numȱ
arcabouçoȱ estruturalȱ altamenteȱ conservadoȱ (Figuraȱ 9).ȱ Técnicasȱ deȱ evoluçãoȱ
molecularȱinȱvitroȱestãoȱsendoȱutilizadasȱparaȱgerarȱmutantesȱtermoestáveisȱpeloȱ
grupoȱ doȱ Prof.ȱ Richardȱ Johnȱ Wardȱ eȱ estesȱ foramȱ caracterizadasȱ porȱ métodosȱ
cristalográficos,ȱ bioquímicosȱ eȱ espectroscópicos.ȱ Detalhesȱ desseȱ trabalhoȱ sãoȱ
apresentadosȱnosȱartigosȱaȱseguir.ȱ

ȱ
ȱ
Figuraȱ 9:ȱ Representaçãoȱ esquemáticaȱ daȱ estruturaȱ deȱ umaȱ xilanaseȱ G/11ȱ comȱ
setasȱindicandoȱosȱresíduosȱrelevantesȱparaȱaȱatividadeȱcatalítica.ȱ
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Abstract The 1.7 Å resolution crystal structure of recombinant
family G/11 b-1,4-xylanase (rXynA) from Bacillus subtilis 1A1
shows a jellyroll fold in which two curved b-sheets form the active-site and substrate-binding cleft. The onset of thermal denaturation of rXynA occurs at 328 K, in excellent agreement with
the optimum catalytic temperature. Molecular dynamics simulations at temperatures of 298–328 K demonstrate that below the
optimum temperature the thumb loop and palm domain adopt
a closed conformation. However, at 328 K these two domains
separate facilitating substrate access to the active-site pocket,
thereby accounting for the optimum catalytic temperature of
the rXynA.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: Thermostable enzyme; Crystal structure; Molecular
dynamics

1. Introduction
Xylan is the most abundant hemicellulose in plant cell walls,
and is comprised of a b-(1,4)-D -xylopyranoside backbone
which is generally substituted by acetyl, arabinose and 4-Omethyl-glucuronose residues. A wide variety of microorganisms produce xylan-degrading enzymes, and the enzymatic
cleavage of b-1,4-xylosidic linkages is performed by b-1,4-xylan
xylanohydrolase (EC 3.2.1.8). Xylanases have been grouped
into families F/10 and G/11 on the basis of amino acid sequence
homology, hydrophobic cluster and three-dimensional structural analysis [1]. The structures of the family G/11 xylanases
contain an a-helix and two twisted b-sheets forming a jellyroll
fold [2,3], yet despite the high similarity of amino acid sequences and structural homology, the G/11 xylanases exhibit
a wide range of temperature optima of catalytic activity.
A common approach to address the question as to the structural basis of thermostability uses the comparison between the
crystal structures of mesophilic and thermophilic homologues.
*
Corresponding authors. Fax: +55 0 16 36338151.
E-mail address: rjward@fmrp.usp.br (R.J. Ward).

Abbreviations: rXynA, recombinant family G/11 b-1,4-xylan xylanohydrolase from Bacillus subtilis strain 1A1; RMSD, root mean square
deviation

Superposition of the crystal structures of thermostable xylanases from Thermoanaerobacterium saccharoclyticum [4] and
Clostridium thermocellum [5] reveals that an N-terminal extension forms an additional b-strand that increases the number of
hydrogen bonds in the b-sandwich ﬁnger domain, and has led
to the suggestion that the N-terminal regions of these enzymes
contribute to their thermostability. Hydrophobic interactions
and salt bridges have also been suggested to be important structural features for thermostability [6,7]. The hydrophobic core
of G/11 xylanases extends along the entire length of the internal
surface of the b-sandwich and is rich in highly conserved tyrosine and tryptophan residues, and indeed the thermostability of
family G/11 xylanases has been improved through the introduction of aromatic interactions by site-directed mutagenesis [7].
Salt bridges are distributed over the whole surface of the protein, and mutagenesis of His149 (located on the opposite side
of the active site) to Phe or Gln did not modify the catalytic
activity, but signiﬁcantly improved the thermal stability [8].
Furthermore, the thermostability of family G/11 xylanases
has been improved by the inclusion of additional surface
charges [9], arginine residues [10] and disulphide bonds [11,12].
Several experimental approaches have been used to improve
the thermostability and thermophilicity of xylanases including
chemical modiﬁcation, cross-linking, immobilization, treatment with additives and protein engineering [13], and the results
of these studies suggest that multiple factors may contribute to
the structural basis of thermostability. In an eﬀort to identify
the structural basis of thermostability, we have focused on
understanding the structural changes in the G/11 xylanases at
various temperatures leading up to the optimum temperature
for catalysis. With the aim of identifying and delineating the
structural basis for the catalytic activity at elevated temperature
of these industrially relevant enzymes, we report the crystal
structure at 1.7 Å resolution and molecular dynamics studies
in the range of temperature of a recombinant thermophilic family G/11 xylanase from Bacillus subtilis 1A1 (rXynA).

2. Materials and methods
2.1. Expression, puriﬁcation, crystallization and data collection
The gene encoding XynA was expressed in Escherichia coli strain
DH5a and the recovered protein was puriﬁed as described previously [14]. The expression system yields 26 mg L1 of culture of
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protein (7.7% total yield), and N-terminal sequencing and massspectrometry have conﬁrmed that the signal peptide has been correctly processed to give as the ﬁnal product the expected 185 amino
acid protein [14]. Crystals suitable for X-ray diﬀraction experiments
were obtained from 2 lL droplets containing 2.8 mg mL1 of protein, 1.2 M sodium tartrate and 1% dioxane [15]. The data were
collected to 1.7 Å using synchrotron radiation and a MARCCD
detector at the CPr beam line, LNLS (Laboratorio Nacional de
Luz Sincrotron, Campinas, Brazil). Intensity data were integrated,
scaled and reduced to obtain structure factor amplitudes with the
HKL package [16].
2.2. Structure solution and reﬁnement
The crystal structure of the rXynA was solved by molecular replacement techniques with the AMoRe package [17] using the atomic coordinates of the G/11 xylanase from Bacillus circulans (PDB code 1XNB,
[18]) as the search model. Positional and individual isotropic thermal
factor reﬁnements were carried out using REFMAC5 [19] as incorporated in the CCP4 suite (Collaborative Computational Project Number
4, 1994). The 2Fob  Fc and Fob  Fc electron density maps were examined and the protein model was manually adjusted after each reﬁnement cycle using the TURBO FRODO program [20]. The
stereochemistry of the ﬁnal model was analyzed using PROCHECK
[21]. The atomic coordinates and structure factors of XynA have been
deposited with the Protein Data Bank (code: 1XXN).
2.3. Thermal denaturation monitored by circular dichroism
Thermal denaturation experiments were performed using a J-810
spectropolarimeter equipped with a Peltier-type temperature controller (PTC423S-JASCO Inc., Tokyo, Japan) with a heating rate of
1 C min1 using 1 cm path-length cuvettes and a protein concentration of 100 lg mL1 in 20 mM phosphate buﬀer at pH 6.0. The
change in the ellipticity signal at 216 nm was monitored over the
temperature range of 25–75 C (298–348 K). The ﬁtting of the thermal denaturation curve assumed a two-state mechanism and used a
least squares ﬁtting routine derived from the vanÕt Hoﬀ equation as
described previously [22,23].
2.4. Sequence alignment and structural analysis
The alignment of 5 amino acid sequences from the corresponding
3D structures was performed by structure-based alignment utilizing
the 3D-coﬀee alignment tool [24]. The superpositioning and structural
analysis was performed by TURBO FRODO program [20] and the
ConSurf program was used for the identiﬁcation of functional regions
by surface-mapping using phylogenetic data [25].
2.5. Molecular dynamics simulations
Molecular dynamics calculations were performed as isothermal–
isobaric ensemble under physiological conditions at temperatures
of 298, 308, 318 and 328 K. All molecular dynamics simulations
were run with the GROMACS 3.2 software package [26] using
the GROMOS-96 (43a1) force ﬁeld [27]. The temperature and pressure were controlled using the Berendsen method [28] with coupling
time constants of 0.1 and 3.0 ps for temperature and pressure,
respectively. The LINCS algorithm [29] was used to constrain protein covalent bonds involving hydrogen atoms, and the SETTLE
algorithm [30] was used to constrain water molecules. The ‘‘leapfrog’’ algorithm [31] was used to integrate the equations of motion
with a time step of 2.0 fs over a total time of 5.0 ns. Initial velocities
were obtained from a Maxwell distribution at 298 K, and long-range
interactions were treated using the particle-mesh Ewald sum (PME)
method [32] with a cutoﬀ of 1.5 nm. The long-range electrostatic
contributions were updated every 20 fs, and the van der Waals interactions were calculated with a cutoﬀ of 1.5 nm. The edges of the cubic simulation boxes were initially ﬁxed at 8.5 nm, and contained
about 19 000 simple-point charge (SPC) water molecules [33] (concentration of 53.0 mol L1). The Cl and Na+ counter-ions were
inserted in the most electrostatically favorable positions in order
to locally neutralize the system. All simulations were equilibrated
for 100 ps restraining the positions of the protein atoms. The atomic
trajectories were analyzed by monitoring the peptide and residue
root mean square deviation (RMSDs) of atomic positions relative
to the crystal structure.
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3. Results and discussion
3.1. Crystal structure
Crystals of rXynA were obtained as previously described
[15], and belong to the orthorhombic space group P21212 with
cell parameters a = 50.90, b = 70.37 and c = 42.04 Å. The Matthews coeﬃcient (Vm = 1.68 Å3 Da1) indicates the presence of
one molecule per asymmetric unit with a corresponding solvent content of 26.15%. Table 1 presents the full reﬁnement
statistics of the ﬁnal model, which shows that rigid-body model reﬁnement using data in the resolution range of 20.0–2.5 Å
resulted in a correlation coeﬃcient of 65.4% and a Rfactor of
36.4%. Structure reﬁnement converged to a crystallographic
residual of 16.2% for all data between 42.03 and 1.75 Å (without sigma or intensity cutoﬀ, Rfree = 20.9% for 5% of the data).
The reﬁned structural model of the rXynA contains 185 amino
acid residues, 1 tartrate molecule, and 112 solvent water molecules per asymmetric unit. Stereochemical analysis of the ﬁnal
model indicates that the main-chain dihedral angles for all residues are located in the permitted regions of the Ramachandran diagram, and that the RMSD from ideal values are
within permitted ranges. Residual electron density was observed at the surface of the molecule, and was attributed to a
single tartrate molecule which is hydrogen bonded by
Thr106, Gln135, Ser136, and two solvent water molecules,
and forms additional hydrogen bonds with the Ser74 in a symmetry equivalent protein molecule.
Fig. 1A shows that the rXynA has the canonical b-sandwich
Ôright-handÕ fold of family G/11 xylanases, in which the individual b-strands thread back and forth between the two
packed b-sheets to form the ﬁnger and palm domains. ResiTable 1
Data collection and reﬁnement statistics
Data collection
Temperature (K)
Wavelength used (Å)
Detector
Space group
Unit cell parameters (Å)
Resolution range (Å)
No. of observed reﬂections
Data completeness (%)
No. of unique reﬂections
I/sigma(I)
a
Rmerge (%)
VM (Å3 Da1)
Solvent content (%)
Molecules per asymmetric unit
Molecular replacement
Correlation coeﬃcients (%)
Rotation
Translation
Rigid body reﬁnement
Rigid body reﬁnement R-factor (%)
Reﬁnement
Rfactor (%)
Rfree (%)
RMSD bond distances (Å)
RMSD bond angles ()
Average Bfactor (Å2)

100
1.427
MARCCD
P2(1)2(1)2
a = 50.90, b = 70.37
and c = 42.04
42.03–1.70
21 487
83.5 (81.3)
14 449
7.16 (2.5)
9.2 (26.9)
1.68
26.15
1
33.7
52.3
65.4
36.4

16.2
20.9
0.01
1.42
23.1

Values in parentheses are for the high-resolution bin.
a
Rmerge = RjI(h)I  {I(h)}j/R{I(h)}, where Ih is the observed intensity of
the ith measurement of reﬂection h and {I(h)} is the mean intensity of
reﬂection h calculated after scaling.
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Fig. 1. The three-dimensional structure of the rXynA. (A) Ribbon representation including the catalytic residues Glu78 and Glu 172 located at the
base of the cleft formed by the palm (P) and ﬁngers (F) domains. Access to the active site cleft is determined by the position of the thumb (T) domain.
(B) Detail of the active site region showing the network of hydrogen bonds formed by Tyr69, Glu78, Tyr80, Glu175, Tyr177 and the positionally
conserved solvent water (WAT) molecules.

dues lining the cleft formed between these two domains contribute to the substrate binding and active sites of the protein.
An extended loop between the B7 and B8 strands forms the socalled thumb domain, and a loop between the B6 and B9
strands forms a cord between the two b-sheet domains
(Fig. 1A) [34]. The active site is deﬁned by a network of hydrogen bonded residues including Glu78 and Glu175, two structurally conserved water molecules, and the neighboring
Tyr69 and Tyr80 residues that are involved in substrate binding (Fig. 1B). A two-step acid–base mechanism for xylan
hydrolysis has been proposed in which proton transfer occurs
to and from an oxygen atom in an equatorial position at the
anomeric center [35]. All the positions of the catalytic residues
involved in this mechanism are fully conserved in the rXynA
crystal structure.

3.2. Thermostability of the rXynA
Previous studies have shown that the proﬁle of the far ultraviolet circular dichroism spectra shows a minimum at 216 nm
[14], which is typical for b-sheet rich proteins and is in accord
with the secondary structure content observed in the crystal
structure. Fig. 2 presents the thermal denaturation curve of
the rXynA as monitored by the loss of secondary structure
measured at 216 nm, which reveals that the transition from
the native to the denatured enzyme starts at a temperature of
328 K. Previous results have demonstrated that the rXynA
has an optimum temperature for catalysis of 55 C (328 K)
[14], which corresponds exactly to the maximum temperature
at which the rXynA maintains a native secondary structure.
At temperatures above this value both the catalytic activity
and b-sheet secondary structure are lost. With the aim of
understanding the structural basis of the thermostability of
this protein, a series of molecular dynamics simulations were
performed at four temperatures between 298 and 328 K.
3.3. Molecular dynamics
The atomic trajectories of rXynA were analyzed by monitoring
the RMSD of protein atom positions and the mean RMSD

Fig. 2. Thermal denaturation of the rXynA as monitored by the
change in circular dichroism in the ultraviolet region between 200 and
250 nm. The fraction of unfolded protein as a function of temperature
(main panel). The inset presents the raw ellipticity data at 216 nm
measured during the experiment (for clarity only half the total number
of data points are presented). In both the main panel and insert, the
solid lines represent the curves obtained after data ﬁtting (see Section
2), which yielded a melting temperature (Tm) of 331.8 K.

per residue during a time period of 5 ns during the molecular
dynamics calculations in the isothermal–isobaric ensemble under physiological conditions at 298, 308, 318 and 328 K. Fig. 3
shows the RMSD of rXynA at diﬀerent temperatures, from
which mean RMSD values of 0.130 ± 0.016 nm (at 298 K),
0.148 ± 0.015 nm (308 K), 0.143 ± 0.014 nm (318 K) and
0.175 ± 0.030 nm (328 K) were calculated. These results demonstrate that the protein conformations are highly stable at
all temperatures used in the simulations, an overview conﬁrmed by the mean RMSD values per residue at the diﬀerent
temperatures (Fig. 4). Mean RMSD values of most positions
in the palm domain (residues 41–50, 68–81, 93–110, 126–132
and 145–168), on which are located several active site and aromatic substrate-binding residues, demonstrate low deviations
at all temperatures. The majority of positions in the ﬁnger do-
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Fig. 3. RMSD of atomic positions in the molecular dynamics
simulations of the rXynA at temperatures of 298 K (solid grey lines),
308 K (dotted black lines), 318 K (dotted grey lines) and 328 K (solid
black lines). The positions of the protein atoms in the crystallographic
structure were used as the reference for the RMSD calculations.

main (residues 1–40, 52–67, 83–87 and 169–185) also show reduced RMSD values, which suggests that the protein has a
generally high stability even at 328 K. In contrast, many regions in the vicinity of glycine residues (including positions
10–15, 20–22, 26–28, 100–104, 118–124 and 135–140) show a
higher mean RMSD per residue at all temperatures, which reﬂects the elevated mobility of the protein segments containing
these residues.
The comparison of the rXynA amino acid sequence with
four other G/11 xylanases (Fig. 5) reveals that many tyrosine
(Tyr53, Tyr69, Tyr79, Tyr80, Tyr107, Tyr130 and Tyr169)
and tryptophan residues (Trp9, Trp71 and Trp155) are highly
conserved. These residues not only play a key role in substrate
binding, but also contribute to the hydrophobic interactions
that confer rigidity and compactness to the palm domain
and active-site pocket. Other hydrophobic residues (Val37,
Val82, Pro90, Ile120 and Phe125) are also conserved, and are
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likely to be important in the stability of the secondary and tertiary structures. Fig. 5 further demonstrates that the majority
of glycine residues are also highly conserved, and occupy positions throughout the thumb and ﬁnger domains and in the
cord/connecting loops of the two packed b-sheets. The ﬂexibility of these glycine residues is generally elevated at all temperatures (see Fig. 4), although the regions around Gly12-Gly14,
Gly23, Gly28 and Gly62 show no clear pattern of temperature
dependent conformation change. In contrast, the region
around Gly122 on the b-turn in the thumb domain presents
a clear trend in which an increase in temperature results in signiﬁcantly increased conformation change.
The thumb domain is highly conserved throughout the family G/11 xylanases, and comparison of crystal structures has
suggested that the thumb loop is the most ﬂexible region of
the molecule [36]. This is supported by molecular dynamics
simulations, and has led to the suggestion that the elevated
ﬂexibility of the thumb loop is important to allow substrate access to the active site residues [37]. The distance variations in
the molecular dynamics simulations between these two domains are shown in Fig. 6, which reveals that the distance between the palm domain and thumb loop is around of 1.30 nm
at temperatures below the catalytic temperature optimum.
However, at the optimum catalytic temperature of 328 K, the
distance between the palm and thumb domains increases to
1.65 nm, and the substrate-binding cleft adopts an open conformation. These distances are signiﬁcantly greater than those
observed in previous molecular dynamics simulation studies
[37], and we speculate that the optimum temperature of catalytic activity is the consequence of the exposure of the active
site cleft by temperature dependent conformation change in
the thumb domain.
These results are in accord with previous NMR studies
which demonstrate that the conformation changes of the
xylanase A from Bacillus circulans on binding a substrate analogue are conﬁned to the substrate binding region and are relatively slight, the exception being the signiﬁcant conformation
changes observed in the thumb domain [38]. Both the NMR
study and the molecular dynamics simulation reported here

Fig. 4. RMSD per residue. The results of four separate simulations are presented, at temperatures between 298 and 328 K (as indicated on the
ﬁgure). Conserved glycine residues at positions 12, 13, 14, 21, 23, 34, 45, 62, 93, 98, 104,105, 122, 159, 164 and 181 are indicated by the solid circles.
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Fig. 5. Multiple amino acid sequence alignment of the rXynA (PDB code 1XXN) with other family G/11 xylanases. The sequences and
corresponding PDB codes are; endoxylanase 11A from Chaetomium thermophilum, (1H1A, [39]), xylanase from Paecilomyces varioti bainier (1PVX,
[40]), endo-1,4-b-xylanase from Thermomyces lanuginosus, (1YNA, [36]), and endoxylanase from Nonomuraea ﬂexuosa (1M4W, [39]). The adopted
numbering scheme starts at 10 so as to place the N-terminal alanine residue of rXynA at position 1. Glycine residues are shown with a grey
background.

Acknowledgements: This work was funded by FAPESP doctorate fellowships 01/08012-0 (R.R.), 03/13082-3 (M.T.M.), 03/01457-2 (DSV),
FAPESP SMOLBnet project 01/7537-2, CNPq and the Pro-Reitoria
de Pesquisa-USP (PRP-USP).

References

Fig. 6. Variation in the distance between the thumb and palm domains
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3)ȱSignificânciaȱBioȬFuncionalȱdosȱResultadosȱ
ȱ
ȱ
Nesseȱ trabalho,ȱ umaȱ gamaȱ deȱ técnicasȱ foiȱ aplicadaȱ naȱ abordagemȱ deȱ
distintosȱ processosȱ biológicosȱ comoȱ sistemaȱ hemostático,ȱ danificaçãoȱ deȱ
membranasȱbiológicasȱeȱtermoestabilidadeȱdeȱproteínas.ȱ
ȱ
Aȱ partirȱ deȱ estudosȱ comȱ proteínasȱ queȱ interferemȱ naȱ integridadeȱ deȱ
membranasȱbiológicas,ȱdesvendouȬseȱoȱmecanismoȱdeȱaçãoȱdaȱfamíliaȱdeȱenzimasȱ
esfingomielinasesȱ D,ȱ resultadoȱ oȱ qualȱ podeȱ servirȱ comoȱ baseȱ paraȱ oȱ
desenvolvimentoȱ deȱ umȱ tratamentoȱ eficazȱ paraȱ acidentesȱ aracnídeosȱ doȱ gêneroȱ
Loxosceles,ȱ queȱ aindaȱ nãoȱ existe.ȱ Naȱ mesmaȱ áreaȱ deȱ disrupçãoȱ deȱ membranasȱ
biológicas,ȱ descobriuȬseȱ umaȱ potenteȱ moléculaȱ antiȬdermonecróticaȱ aȱ partirȱ deȱ
estudosȱestruturaisȱeȱfisiológicos,ȱaȱqualȱpotencialmenteȱserviriaȱcomoȱtratamentoȱ
complementar/alternativoȱ paraȱ acidentesȱ ofídicosȱ botrópicos,ȱ queȱ temȱ umaȱ
ocorrênciaȱsuperiorȱaȱ30ȱ000ȱcasos/anoȱsomenteȱnoȱBrasil.ȱ
ȱ
Naȱ áreaȱ deȱ manutençãoȱ eȱ regeneraçãoȱ doȱ sistemaȱ hemostático,ȱ diversasȱ
proteínasȱ queȱ interferemȱ emȱ diferentesȱ níveis,ȱ desdeȱ aȱ coagulaçãoȱ atéȱ aȱ
fibrinólise,ȱforamȱcaracterizadas.ȱUmȱnovoȱsítioȱdeȱreconhecimentoȱdeȱsubstratosȱ
macromolecularesȱ doȱ FXaȱ foiȱ estruturalmenteȱ delineadoȱ eȱ representaȱ umȱ novoȱ
caminhoȱ paraȱ desenvolvimentoȱ racionalȱ deȱ drogasȱ antiȬtrombóticas.ȱ Umȱ
mecanismoȱ alternativoȱ deȱ ativaçãoȱ deȱ proteínaȱ Cȱ realizadaȱ pelaȱ protac,ȱ queȱ
independeȱ deȱ trombomodulinaȱ umȱ coȬfatorȱ essencialȱ naȱ ativaçãoȱ fisiológica,ȱ foiȱ
elucidadoȱeȱosȱestudosȱestruturaisȱindicaramȱumȱpossívelȱfatorȱduploȱdeȱcargasȱeȱ
carboidratosȱ noȱreconhecimento,ȱinteraçãoȱ eȱativação.ȱAȱrápidaȱ açãoȱdeȱ protacȱ
vemȱ sendoȱ usadaȱ paraȱ diversosȱ testesȱ clínicosȱ inȱ vivoȱ paraȱ quantificaçãoȱ deȱ
proteínaȱSȱeȱCȱeȱtestesȱfuncionaisȱdeȱambas.ȱȱ
ȱ
Porȱ último,ȱ osȱ estudosȱ comȱ xilanasesȱ mesoȬȱ eȱ termofilicas,ȱ queȱ servemȱ
comoȱ ótimoȱ modelosȱ deȱ estudosȱ dosȱ determinantesȱ estruturaisȱ daȱ
termoestabilidade,ȱ demonstraramȱ umȱ papelȱ essencialȱ daȱ flexibilidadeȱ dasȱ
xilanasesȱnaȱsuaȱfuncionalidadeȱaȱaltasȱtemperaturas,ȱaoȱcontrárioȱqueȱseȱpensava,ȱ
quantoȱ maiorȱ aȱ rigidezȱ daȱ moléculaȱ maiorȱ suaȱ resistênciaȱ aoȱ stressȱ
termodinâmicoȱeȱmecânico.ȱNoȱmomento,ȱmétodosȱdeȱevoluçãoȱmolecularȱinȱvitroȱ
combinadosȱ comȱ métodosȱ cristalográficosȱ eȱ dinâmicaȱ molecularȱ estãoȱ sendoȱ
usadasȱ paraȱ delinearȱ asȱ basesȱ molecularesȱ daȱ termoestabilidadeȱ dasȱ xilanasesȱ
famíliaȱG/11.ȱȱ
ȱ
ȱ
ȱȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
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5)ȱAdendosȱ
ȱ
a.ȱ Experiênciaȱ
ȱ
ȬȱBiologiaȱestruturalȱ
ȱȬȱCristalografiaȱdeȱmacromoléculasȱ(especialidade)ȱ
ȱȬȱModelagemȱeȱdockingȱmolecularȱ
ȱȬȱSimulaçãoȱdeȱdinâmicaȱmolecularȱ
ȱȬȱSAXSȱ
ȱ
ȬȱBioquímicaȱ&ȱBiologiaȱMolecularȱ
ȱȬȱExpressãoȱeȱpurificaçãoȱdeȱproteínasȱ
ȱȬȱCaracterizaçãoȱfuncionalȱeȱbioquímicaȱdeȱproteínasȱ
ȱȬȱTécnicasȱespectroscópicasȱ(UVȬvísivel,ȱCD,...)ȱ
ȱ
b.ȱ Cursosȱdeȱaprimoramentoȱ
ȱ
Automatizaçãoȱ daȱ cristalizaçãoȱ deȱ proteínas.ȱ Universityȱ ofȱ Hamburgȱ /ȱ
EMBLȱ(Hamburgo,ȱAlemanha).ȱSobȱorientaçãoȱdoȱProf.ȱDr.ȱChristianȱBetzel.ȱ
ȱ
Faseamentoȱ deȱ proteínas.ȱ IFSC/USP.ȱ Sobȱ orientaçãoȱ doȱ Prof.ȱ Dr.ȱ Igorȱ
PolikarpovȱeȱProf.ȱDr.ȱRonaldoȱA.ȱNagem.ȱ
ȱ
Expressãoȱeȱpurificaçãoȱdeȱproteínas.ȱFMRP/USP.ȱSobȱorientaçãoȱdoȱProf.ȱ
Dr.ȱRoyȱE.ȱLarson.ȱ
ȱ
Purificaçãoȱeȱcaracterizaçãoȱdeȱtoxinas.ȱInstitutoȱButantan.ȱSobȱorientaçãoȱ
daȱDra.ȱAnaȱMarisaȱChudzinskiȬTavassi.ȱ
ȱ
Sequenciamentoȱ químicoȱ deȱ proteínas.ȱ FMRP/USP.ȱ Sobȱ orientaçãoȱ doȱ
Prof.ȱDr.ȱLewisȱGreene.ȱ
ȱ
Expressãoȱ gênicaȱ eȱ clonagem.ȱ FMRP/USP.ȱ Sobȱ orientaçãoȱ doȱ Prof.ȱ Dr.ȱ
VanderleiȱRodrigues.ȱ
ȱ
Enovelamentoȱdeȱproteínasȱporȱcalorimetriaȱeȱtécnicasȱespectroscópicas.ȱ
CursoȱdeȱVerãoȱdoȱLNLS.ȱSobȱorientaçãoȱdoȱProf.ȱDr.ȱCarlosȱH.ȱI.ȱRamos.ȱ
ȱ
Purificaçãoȱ eȱ cristalizaçãoȱ deȱ macromoléculas.ȱ IBILCE/UNESP.ȱ Sobȱ
orientaçãoȱdoȱProf.ȱDr.ȱRaghuvirȱKrishnaswamyȱArni.ȱ
ȱ
ȱ
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c.ȱ Doutoradoȱsanduícheȱ–ȱEMBL/DESYȱ–ȱAlemanhaȱ
ȱ
ȱ
OȱdoutoradoȬsanduícheȱfoiȱrealizadoȱnaȱUniversidadeȱdeȱHamburgo,ȱnosȱ
trabalhosȱ comȱ expressãoȱ eȱ purificaçãoȱ deȱ proteínas,ȱ eȱ noȱ Europeanȱ Molecularȱ
Biologyȱ Laboratoryȱ /ȱ Deutschesȱ ElektronenȬSynchrotronȱ (EMBLȬDESY),ȱ nosȱ
experimentosȱ deȱ cristalização,ȱ coletaȱ deȱ dadosȱ eȱ refinamento,ȱ sobȱ orientaçãoȱ doȱ
Prof.ȱ Dr.ȱ Christianȱ Betzel.ȱ Osȱ experimentosȱ deȱ difraçãoȱ deȱ raiosȱ Xȱ foramȱ
realizadasȱ noȱ HASYLABȱ (Hamburgerȱ Synchrotronstrahlungslabor)ȱ queȱ éȱ umȱ
complexoȱvoltadoȱparaȱestudosȱemȱciênciasȱdaȱvidaȱdoȱsíncrotronȱDESY.ȱ
ȱ
NoȱgrupoȱdoȱProf.ȱChristianȱBetzelȱtiveȱaȱoportunidadeȱdeȱtrabalharȱcomȱ
aȱ últimaȱ tecnologiaȱ naȱ cristalizaçãoȱ deȱ macromoléculas,ȱ oȱ qualȱ dispunhaȱ deȱ umȱ
laboratórioȱ unicamenteȱ voltadoȱ paraȱ cristalizaçãoȱ contendoȱ umȱ robôȱ deȱ
cristalização,ȱ robôȱ deȱ preparaçãoȱ deȱ solução,ȱ espalhamentoȱ dinâmicoȱ deȱ luzȱ inȱ
situȱ eȱ robôȱ deȱ caracterizaçãoȱ deȱ cristais,ȱ queȱ automatizaȱ completamenteȱ oȱ
trabalhoȱdeȱcristalização.ȱ
ȱ
Umȱequipamentoȱ construídoȱ peloȱ grupoȱ doȱProf.ȱ Betzel,ȱ SpectroȬImagerȱ
501,ȱ completamenteȱ automatizaȱ aȱ análiseȱ deȱ experimentosȱ deȱ cristalizaçãoȱ eȱ
aquisiçãoȱdeȱimagensȱqueȱpermiteȱanalisarȱmilharesȱdeȱcondiçõesȱdeȱcristalização.ȱ
Esseȱ sistemaȱ combinaȱ espalhamentoȱ dinâmicoȱ deȱ luzȱ inȱ situȱ eȱ análiseȱ deȱ cristaisȱ
comȱluzȱbrancaȱeȱultravioletaȱqueȱpermiteȱidentificarȱeȱdiferenciarȱcristaisȱdeȱsaisȱ
comȱ cristaisȱ deȱ proteínasȱ (figuraȱ 2).ȱ Antesȱ desseȱ equipamento,ȱ oȱ métodoȱ maisȱ
confiávelȱ deȱ testarȱ seȱ umȱ cristalȱ eraȱ ouȱ nãoȱ deȱ proteína,ȱ eraȱ aȱ difraçãoȱ
propriamenteȱ dita,ȱ queȱ despendiaȱ muitoȱ tempoȱ paraȱ otimizaçãoȱ deȱ condiçõesȱ
muitasȱvezesȱduvidosas.ȱ
ȱ
ȱ

ȱ
Figuraȱ 10:ȱ Cristalȱ deȱ proteínaȱ irradiadoȱ comȱ luzȱ brancaȱ (esquerda,ȱ acima)ȱ eȱ luzȱ
ultravioletaȱ aȱ 280ȱ nmȱ (direita,ȱ acima).ȱ Cristalȱ deȱ salȱ irradiadoȱ comȱ luzȱ brancaȱ
(esquerdaȱabaixo)ȱeȱluzȱultravioletaȱ(direita,ȱabaixo).ȱ
ȱ
ȱ
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ȱ
d.ȱ Premiaçõesȱ
ȱ
Vencedorȱ doȱ Xȱ Prêmioȱ Jovemȱ Talentoȱ emȱ Ciênciasȱ daȱ Vidaȱ promovidoȱ
pelaȱ GEȱ HealthCareȱ eȱ SBBqȱ ocorridoȱ naȱ XXXVȱ Reuniãoȱ Anualȱ daȱ SBBqȱ (2006),ȱ
ÁguasȱdeȱLindóia,ȱSP.ȱ
ȱ
Oȱ trabalhoȱsobreȱesfingomielinasesȱDȱfoiȱselecionadoȱSixȱTopȱChoicesȱnoȱ
congressoȱ anualȱ deȱ 2005ȱ daȱ Americanȱ Crystallographicȱ Associationȱ comȱ Scolarshipȱ
Award.ȱ
ȱ
ȱ
e.ȱ Semináriosȱ&ȱPalestrasȱ
ȱ
Palestraȱ intituladaȱ “Structuralȱ Aspectsȱ ofȱ Toxins:ȱ Bloodȱ Coagulationȱ andȱ
Membraneȱ Disruption”ȱ noȱ Departamentoȱ deȱ Bioquímicaȱ eȱ Microbiologiaȱ daȱ
FaculdadeȱdeȱQuímicaȱ/ȱUniversidadeȱdeȱHamburgoȱnaȱAlemanhaȱ2006.ȱ
ȱ
Palestraȱ intituladoȱ “MultiȬfunctionalityȱ ofȱ Toxins”ȱ naȱ XXXVȱ Reuniãoȱ
AnualȱdaȱSBBQȱ2006.ȱ
ȱ
Seminárioȱ intituladoȱ “EstruturaȬFunçãoȱ deȱ proteínas”ȱ noȱ Departamentoȱ
deȱFísicaȱnoȱIBILCE/UNESPȱ2005.ȱ
ȱ
Seminárioȱ intituladoȱ “Faseamentoȱ deȱ proteínasȱ porȱ quickȱ cryoȬsoaking”ȱ
noȱDepartamentoȱdeȱFísicaȱ2005.ȱ
ȱ
ȱ
f.ȱ ManuscritosȱCientíficosȱCompletosȱ
ȱ
ȱ
RiosȬSteiner,ȱJ.L,ȱMurakami,ȱM.T.,ȱTulinskyȱA.,ȱArni,ȱR.K.,ȱActiveȱsiteȱandȱExositeȱ
Inhibitionȱ ofȱ Factorȱ X:ȱ Structureȱ ofȱ DesȬGlaȱ Factorȱ Xaȱ Inhibitedȱ byȱ theȱ Potentȱ
Nematodeȱ Anticoagulantȱ Proteinȱ NAP5ȱ fromȱ Ancylostomaȱ caninum.ȱ J.ȱ Mol.ȱ Biol.ȱ
(Submetido).ȱ
ȱ
Murakami,ȱM.T.,ȱSteiner,ȱJ.R.,ȱWeaver,ȱS.E.,ȱTulinsky,ȱA.,ȱȱGeiger,ȱJ.H.,ȱArni,ȱR.K.,ȱ
Intermolecularȱ Interactionsȱ andȱ Characterizationȱ ofȱ theȱ Novelȱ Factorȱ Xaȱ Exositeȱ
Involvedȱ inȱ Macromolecularȱ Recognitionȱ andȱ Inhibition:ȱ Crystalȱ Structureȱ ofȱ
Humanȱ GlaȬDomainlessȱ Factorȱ Xaȱ ȱ complexedȱ withȱ theȱ Anticoagulantȱ Proteinȱ
NAPc2ȱ fromȱ theȱ Hematophagousȱ Nematodeȱ Ancylostomaȱ caninum.ȱ J.ȱ Mol.ȱ Biol.ȱ
2006ȱ(Inȱpress).ȱ
ȱ
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Murakami,ȱM.T.,ȱViçoti,ȱM.M.,ȱAbrego,ȱJ.R.B.,ȱLourenzoni,ȱM.R.,ȱCintra,ȱA.C.O.,ȱ
Arruda,ȱE.Z.,ȱTomaz,ȱM.A.,ȱMelo,ȱP.A.,ȱArni,ȱR.K.,ȱInterfacialȱsurfaceȱchargeȱandȱ
freeȱ accessibilityȱ toȱ theȱ putativeȱ activeȱ siteȱ areȱ essentialȱ requirementsȱ forȱ theȱ
activityȱofȱLys49ȱphospholipaseȱA2ȱhomologues.ȱToxiconȱ2006ȱ(Inȱpress).ȱ
ȱ
Murakami,ȱ M.T.,ȱ ȱ FernandesȬPedrosa,ȱ M.F.,ȱ deȱ Andrade,ȱ S.A.,ȱ Gabdoulkhakov,ȱ
A.,ȱ Betzel,ȱ C.,ȱ Tambourgi,ȱ D.V.,ȱ Arni,ȱ R.K.,ȱ Structuralȱ insightsȱ intoȱ theȱ catalyticȱ
mechanismȱ ofȱ sphingomyelinasesȱ Dȱ andȱ evolutionaryȱ relationshipȱ toȱ
glycerophosphodiesterȱphosphodiesterases.ȱBiochemȱBiophysȱResȱCommun.ȱ2006ȱ
342,ȱ323Ȭ9.ȱ
ȱ
Deȱ Andrade,ȱ S.A.,ȱ Murakami,ȱ M.T.,ȱ Cavalcante,ȱ D.P.,ȱ Arni,ȱ R.K.,ȱ Tambourgi,ȱ
D.V.,ȱKineticȱandȱmechanisticȱcharacterizationȱofȱtheȱSphingomyelinasesȱDȱfromȱ
Loxoscelesȱintermediaȱspiderȱvenom.ȱToxiconȱ2006ȱ47,ȱ380Ȭ6.ȱ
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R.K.,ȱInsightsȱintoȱmetalȱionȱbindingȱinȱphospholipasesȱA2:ȱultraȱhighȬresolutionȱ
crystalȱ structuresȱ ofȱ anȱ acidicȱ phospholipaseȱ A2ȱ inȱ theȱ Ca2+ȱ freeȱ andȱ boundȱ
states.ȱBiochimieȱ2006ȱ88,ȱ543Ȭ9.ȱ
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Murakami,ȱ M.T.,ȱ Melo,ȱ C.C.,ȱ Angulo,ȱ Y.,ȱ Lomonte,ȱ B.,ȱ Arni,ȱ R.K.,ȱ Structureȱ ofȱ
myotoxinȱ II,ȱ aȱ catalyticallyȱ inactiveȱ Lys49ȱ phospholipaseȱ A2ȱ homologueȱ fromȱ
Atropoidesȱ nummiferȱ venom.ȱ Actaȱ Crystallographȱ Sectȱ Fȱ Structȱ Biolȱ Crystȱ
Commun.ȱ2006ȱ62,ȱ423Ȭ6.ȱ
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