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Apresentacao



O organismo humano apresenta um conjunto de processos fisiolégicos,
denominado hemostasia. Ele é capaz de manter o sangue em estado fluido e livre
de coagulos nos vasos normais e, em caso de lesdo vascular, induz a formacao
local do tampédo hemostéatico, evitando a hemorragia. O desequilibrio nos
mecanismos de regulacdo que controlam o crescimento e o tamanho do trombo é
um dos fatores que favorecem o desenvolvimento de doengas relacionadas a
distarbios trombaticos. O infarto do miocardio e o acidente vascular cerebral séo
resultados desses disturbios e estdo entre as principais causas de morte no
ocidente.

Os disturbios trombdéticos resultam, basicamente, da mesma sequéncia de
eventos que leva a formacdo do trombo durante a hemostasia normal. E as
plaguetas, por sua vez, desempenham fungédo central nesse processo. Logo, as
pesquisas relacionadas a moléculas que interfiram na agregacédo plaquetaria sao
de grande relevancia para o estudo de novos agentes antitrombdéticos.

As peconhas ofidicas sdo conhecidas por possuirem diversas substancias
que interferem na hemostasia, inclusive na agregacdo plaquetaria. A caicaca
(Bothrops moojeni), também conhecida como jararaca, € uma das mais
importantes serpentes responsaveis por acidentes ofidicos nas areas de cerrado
da regido Sudeste. Sua peconha, ferramenta de estudo do presente trabalho,
contém uma complexa variedade de peptideos e proteinas com diversas
atividades bioldgicas, as quais apresentam potencial uso como modelos para o
desenvolvimento de novas moléculas para uso terapéutico e diagnostico.

Ha, na literatura, diversos trabalhos de caracterizagcdo bioquimica e
funcional de componentes proteicos da peconha de B. moojeni. Entretanto, pouco
se sabe a respeito dos componentes de baixa expressdo na peconha que
apresentam efeitos biolégicos significativos, principalmente devido aos desafios e
limitagbes do processo de purificagdo. Além disso, estdo caracterizadas varias
moléculas ofidicas que atuam na agregacdo plaquetaria, mas as vias e 0s
mecanismos pelos quais cada classe atua, ainda nédo estdo completamente
elucidados.

Dessa forma, as investigacbes acerca da constituicdo bioquimica da
peconha ofidica e a caracterizacdo de seus componentes proteicos, inclusive

daqueles que apresentam baixa expressao, por meio de ensaios de agregacao



plaquetaria, podem servir como ferramentas para estudos basicos de hemostasia,
principalmente relativos a funcédo das plaquetas, e como instrumentos de novas
descobertas no diagnostico e terapéutica de disfuncdes plaquetarias. Diante
disso, os trabalhos desenvolvidos durante o doutorado foram direcionados para a
busca de novas moléculas da peconha de B. moojeni com efeito significativo na
funcéo das plaquetas.

A presente tese de doutorado foi redigida de acordo com as normas
vigentes no Programa de Pdés Graduacdo em Genética e Bioquimica da
Universidade Federal de Uberlandia e esta contemplada em trés capitulos.

O capitulo | (fundamentagcdo teodrica), foi denominado "A funcdo das
plaguetas na hemostasia e a interferéncia de toxinas ofidicas". Ele apresenta uma
revisdo fundamentada em publicacbes, a qual contextualiza o estudo
desenvolvido durante o doutorado. Primeiramente é apresentada uma visédo geral
de cada etapa da fungéo das plaguetas na hemostasia, incluindo a relevancia da
interferéncia na funcdo plaquetaria, em caso de disturbios tromboéticos. Em
seguida, é feita uma breve apresentacdo das serpentes peconhentas brasileiras,
do acidente botrépico e da composicao das peconhas do género Bothrops. E por
fim, foi estabelecida a relacdo dos componentes ofidicos e a agregacéo
plaquetaria, incluindo as principais classes de toxinas proteicas caracterizadas na
literatura, as quais atuam na funcao plaquetaria.

O capitulo Il da tese apresenta o artigo "Purification and characterization of
BmooAi: a new toxin from Bothrops moojeni snake venom that inhibits platelet
aggregation”. Ele descreve a purificagdo e caracterizagdo parcial de um novo
inibidor da agregacéo plaquetaria presente e com baixa expresséo na peconha de
B. moojeni. Esse artigo foi publicado no periédico BioMed Research International
(Fator de impacto = 2,706) no ano de 2014 e pode ser localizado pelo doi (do
inglés, digital object identifier) nimero 10.1155/2014/920942. O capitulo foi escrito
de acordo com os padrfes exigidos pelo periodico.

E, por fim, a tese apresenta no capitulo Ill a Short Commmunication
"Purification of platelet aggregation activators peptides from Bothrops moojeni
venom", a qual descreve a purificacdo e a caracterizacdo parcial de uma fracéo
da peconha de B. moojeni capaz de ativar a agregacéao plaquetaria. Os resultados

séo relevantes para o estudo de novas moléculas que interferem na funcéo das



plaguetas, mas ainda precisam ser completados para fins de publicacdo. O
capitulo foi escrito de acordo com os padrdes exigidos pelo periédico Toxicon.

A sessdo Anexos, ao final da tese, contempla dois trabalhos publicados,
0S quais apresentam novas toxinas da peconha de B. moojeni que interferem na
funcdo das plaquetas. O primeiro é a versdo publicada do artigo referente ao
capitulo Il dessa tese. O segundo, um artigo, no qual a maior parte dos resultados
foi obtida durante o mestrado em Inovacdo Biofarmacéutica - Universidade
Federal de Minas Gerais (UFMG). Entretanto, o trabalho foi concluido e o artigo
"Rapid purification of a new P-I class metalloproteinase from Bothrops moojeni
venom with antiplatelet activity" publicado durante o doutorado, também no
periodico BioMed Research International (Fator de impacto = 2,706) no ano de
2014 e pode ser localizado pelo doi nimero 10.1155/2014/352420. Esse trabalho
descreve a purificagdo e a caracterizacdo de uma nova metaloprotease da

peconha de B. moojeni que inibe a agregacao plaquetaria.



Capitulo |

Fundamentacéao teorica

A funcao das plaquetas na hemostasia e a

interferéncia de toxinas ofidicas



1 Hemostasia

A hemostasia € um conjunto complexo de processos bioldgicos
responsavel pela fluidez do sangue dentro dos vasos normais e pela interrupcao
fisiolégica de hemorragias, em caso de lesdo vascular. O sistema hemostatico
humano apresenta interacdes fisiolégicas complexas que envolvem plaquetas,
proteinas sanguineas, células endoteliais e estruturas subendoteliais (GUYTON;
HALL, 2011; MARKLAND, 1998; SAJEVIC; LEONARDI; KRIZAJ, 2011).

Em condi¢cdes normais, o endotélio vascular proporciona uma superficie
antitrombdtica, a qual impede a adeséo de plaquetas, bem como a ativacédo da
cascata de coagulacdo. Sua superficie apresenta heparan sulfato, que é, tal qual
a heparina, um cofator da antitrombina Ill, um inibidor da formacdo do trombo.
Portanto, a superficie endotelial é indispensavel para manter a fluidez normal do
sangue (CARVALHO et al.,, 2001; WU; THIAGARAJAN, 1996). As células
endoteliais que revestem 0s vasos sanguineos produzem prostaciclina (PGl2) e
oxido nitrico (NO), vasodilatadores e inibidores potentes da ativacao de plaquetas
e mondcitos. O endotélio também sintetiza o ativador de plasminogénio tecidual, o
qual ativa o sistema de degradacéo da fibrina insolavel (fibrindlise). Além disso, as
células endoteliais expressam CD39 (do inglés, cluster of differentiation 39) em
sua superficie, uma ecto-adenosina difosfatase associada a membrana que
degrada adenosina difosfato (ADP) a adenosina e inibe a funcdo plaquetéria; e
trombomodulina, um receptor da trombina (a combinacdo trombomodulina-
trombina ativa a proteina C, um anticoagulante dependente da vitamina K) (WU;
THIAGARAJAN, 1996).

Apesar das caracteristicas antitrombaéticas, o endotélio vascular também
atua como uma estrutura protrombdtica quando estimulado. Ele sintetiza e
armazena varios componentes hemostaticos envolvidos na formacédo do trombo.
O fator de von Willebrand (FvW), o fator tecidual e o inibidor do ativador de
plasminogénio-1 s&o particularmente importantes. Eles estdo envolvidos,
respectivamente, na adesdo de plaquetas, na coagulacdo e estabilizagcdo do
coagulo (RANG et al., 2011).

Mecanismos importantes sdo acionados para controlar a perda de sangue

sempre gque um vaso sanguineo é lesionado, tais como: vasoconstricdo, adeséo e



ativacado das plaquetas e formacéo da rede de fibrina (KOH; KINI, 2012; RANG et
al., 2011). O trauma da propria parede vascular induz a contracao da musculatura
lisa desse vaso sanguineo imediatamente apds a lesdo. Em vasos menores, as
plaguetas também sdo responsaveis pela vasoconstricdo por liberarem um
vasoconstritor potente, o tromboxano Az (TxAz) (GUYTON; HALL, 2011).

A formagédo do coagulo de fibrina “coagulo frouxo” é resultado da
conversdo do fibrinogénio solavel em filamentos insolaveis de fibrina pela
trombina (fator Ila). A trombina, principal enzima da cascata de coagulacao, é
gerada durante a etapa final da cascata de ativacdo de componentes proteicos,
denominados fatores da coagulacdo. Esses fatores estao presentes no sangue na
forma de precursores inativos (zimogénios) de enzimas proteoliticas e cofatores.
Esses precursores sdo ativados por protedlise em uma cascata que proporciona
um mecanismo de amplificagcdo (BRAUD; BON; WISNER, 2000).

A trombina também ativa o fator Xlll, uma fibrinoligase, que estabiliza o
coagulo por reforcar as ligagcdes entre uma fibrina e outra, transformando o
“coagulo frouxo” em “coagulo denso”. Além de atuar na coagulagao, a trombina é
um agonista da agregacéao plaquetaria (MONTEIRO, 2005; RANG et al., 2011).

1.1 Funcéao das plaquetas

As plaquetas (também denominadas trombdcitos) sdo fragmentos de
megacariécitos, ceélulas muito grandes da medula 6ssea, semelhante aos
leucdcitos. Elas possuem forma de disco e medem de 1 a 4 um de diametro
(BLUTEAU et al., 2009; GUYTON; HALL, 2011; JURK; KEHREL, 2005). Apesar
de anucleadas, as plaquetas sédo estruturas com metabolismo ativo. Elas tém
muitas caracteristicas funcionais de células completas, como presenca de
moléculas contrateis (trombostenina, actina e miosina), mitocondrias e sistemas
enzimaticos no citoplasma, além de residuos do complexo golgiense e reticulo
endoplasmatico, 0s quais sintetizam enzimas e armazenam ions calcio
(GUYTON; HALL, 2011; SALUK et al., 2014).

A superficie da membrana plaquetaria possui diversas glicoproteinas que
favorecem a sua adesdo as regibes lesionadas da parede vascular. Essa

caracteristica € fundamental para que as plaquetas desempenhem seu papel na



hemostasia (GUYTON; HALL, 2011; JURK; KEHREL, 2005; NIESWANDT;
VARGA-SZABO; ELVERS, 2009). Além da sua funcdo central no sistema
hemostéatico, as plaquetas também estéo relacionadas a resposta imune inata, a
inflamacédo e a metastase tumoral (JURK; KEHREL, 2005; KAUSHANSKY, 2005).

1.1.1 Adeséo plaquetaria

As plaquetas sao recrutadas da circulagdo para a matriz subendotelial
exposta ao ocorrer lesdo de um vaso sanguineo (JURK; KEHREL, 2005;
KAMIGUTI, 2005). A adesédo plaguetaria ao vaso lesionado é um processo
complexo que requer a interacdo coordenada dos receptores presentes na
superficie das plaguetas e macromoléculas adesivas da matriz extracelular
(NIESWANDT; VARGA-SZABO; ELVERS, 2009; SAVAGE; ALMUS-
JACOBS; RUGGERI, 1998; VARGA-SZABO; PLEINES; NIESWANDT, 2008).

O processo de adesdo das plaquetas no local da lesdo vascular depende
da tensdo de cisalhamento. Quando em altas forcas de cisalhamento, tal como é
encontrado em pequenas artérias e arteriolas, o recrutamento inicial das
plaguetas ao subendotélio exposto € mediado pela interacdo do FVW com a
subunidade GPlba do complexo glicoproteico GPIb-V-IX. A ligacdo entre esse
receptor plaquetario e o FVW, imobilizado sobre a superficie ativada das
plaguetas, também é essencial para a captura das plaquetas em fluxo
(ANDREWS; BERNDT, 2004; SAVAGE; ALMUS-JACOBS; RUGGERI, 1998;
VARGA-SZABO; PLEINES; NIESWANDT, 2008). Ainda que em baixas forcas de
cisalhamento, a interacdo FVYW-GPlba também pode favorecer a interacao inicial
das plaguetas com o trombo em formacdo (KULKARNI et al., 2000).

GPIb-V-IX é um complexo de glicoproteinas codificadas por quatro genes
diferentes, expresso exclusivamente em plaquetas e megacariocitos. As
subunidades transmembranas GPlba (135 kDa) e GPIb (25 kDa) séo ligadas por
pontes dissulfeto e associadas ndo covalentemente a GPIX (22 kDa) e a GPV (88
kDa), na proporcéo de 2:2:2:1 (ANDREWS et al., 2003; ANDREWS et al., 2004,
BERNDT et al.,, 2001; VARGA-SZABO; PLEINES; NIESWANDT, 2008). A

extremidade N-terminal da GPIba contém sitios de ligagao para integrina aMp2 de



leucocitos, trombina, P-selectina, cininogénio de alto peso molecular, fator Xl da
coagulacéo e FYW (BERNDT et al., 2001; ROMO et al., 1999).

A molécula madura do FVYW é uma glicoproteina composta de um numero
variavel de subunidades idénticas, contendo 2050 residuos de aminoacidos cada,
ligadas entre si por pontes dissulfeto (TITANI et al., 1986). Caracteristicas
especificas da biossintese, armazenamento e processamento plasméatico do FVW
parecem ser direcionados para que a resposta trombogénica no local da lesao
seja maxima, e a ativacao plaquetéaria indesejada na circulacdo nao ocorra. O
grau de polimerizacdo do FVW é regulado apés sua liberagéo para a circulagdo, o
que € necesséario para prevenir a formacédo de trombo patolégico (RUGGERI,
2003). A metaloprotease ADAMTS-13 (do inglés, a disintegrin and
metalloproteinase with thrombospondin type 1 motives, member 13) cliva
especificamente a ligacdo peptidica Tyr842—-Met843 no dominio A2, modulando
as funcdes adesivas do FvW (ANDREWS; BERNDT, 2004). Os grandes
multimeros do FVW sdo mais ativos na adesdo plaguetaria que 0s pequenos
multimeros, pois oferecem varios sitios de interacdo para componentes da parede
vascular e plaquetas (RUGGERI, 2003).

O FWW ¢ sintetizado exclusivamente em megacariocitos e células
endoteliais e armazenado nos corpos de Weibel-Palade das células endoteliais e
nos a-granulos das plaquetas. Essa molécula pode seguir mais de uma via de
secrecdo a partir de células endoteliais, ou seja, uma via constitutiva, diretamente
ligada a sintese e uma via regulada, que envolve a liberacdo apés estimulo
(RUGGERI; WARE, 1993). Como nas plaguetas circulantes in vivo, ocorre apenas
a via de secrecao regulada da molécula estocada, o FYW encontrado no plasma
sanguineo tem origem principalmente nas células endoteliais (RUGGERI, 2003).

Os mondémeros do FVW exibem uma estrutura distribuida em mudltiplos
dominios (HASSAN; SAXENA; AHMAD, 2012). O dominio C1 possui a sequéncia
arginina-glicina-aspartato (RGD) que se liga as integrinas (3 plaquetarias,
denominadas avBs e aBs (GAWAZ, 2004; VARGA-SZABO; PLEINES;
NIESWANDT, 2008). Quando em altas forcas de cisalhamento, o dominio Al
pode ser ativado para se ligar a GPIba pela ligacdo do colageno fibrilar ao A3 e
mudanca conformacional do A2 (ANDREWS; BERNDT, 2004). O dominio Al se



liga exclusivamente ao colageno tipo VI, enquanto o dominio A3 se liga aos
coldgenos tipo | e lll (FARNDALE et al., 2004; HOYLAERTS et al., 1997).

A interacdo FVYW-GPIba tem uma taxa de dissociacado rapida, insuficiente
para promover uma adesao plaquetaria estavel. Entretanto, fornece a forca fisica
que mantém as plaquetas em contato intimo com a superficie, ainda que
translocando continuamente na direcdo do fluxo sanguineo (VARGA-SZABO;
PLEINES; NIESWANDT, 2008). Durante esse rolling, os receptores plaquetarios
de colageno interagem com o colageno da matriz subendotelial, induzindo sinais
intracelulares de ativagcédo (OZAKI et al., 2005).

O colageno, situado na matriz subjacente as células endoteliais vasculares,
nao esta exposto ao fluxo sanguineo. O sangue entra em contato direto com
estruturas subendoteliais, incluindo o tecido conjuntivo que possui elevada
quantidade de colageno, quando ocorre lesdo vascular. Nesse caso, as plaguetas
aderem rapidamente, s&o ativadas e iniciam a formacdo de um agregado. O
colageno é um dos principais ativadores da resposta plaquetaria apés lesédo do
vaso sanguineo (FARNDALE et al., 2004).

O genoma humano possui mais de vinte formas de coladgeno dos quais
nove identificados sdo expressos na parede vascular, denominados I, IlI, IV, V, VI,
VI, Xll, Xlll, e XIV. Os tipos fibrilares | e Ill sdo os principais constituintes da
matriz extracelular, enquanto o tipo IV é a principal forma na membrana basal
subendotelial (NIESWANDT; WATSON, 2003). A molécula do coldgeno apresenta
trés cadeias polipeptidicas, denominadas cadeias a, torcidas umas sobre as
outras. A sequéncia de aminoacidos da cadeia a geralmente € uma repeticado da
unidade tripeptidica Gly-X-Y, na qual o X normalmente € uma prolina e o Y, uma
hidroxiprolina (FARNDALE et al., 2004; NELSON; COX, 2011).

A GPVI é o principal receptor plaquetario de colageno que atua como
mediador da ativacdo das plaquetas, essencial para adesdo e agregacao
eficientes. Essa molécula é uma glicoproteina transmembrana tipo | (60—65 kDa)
que pertence a superfamilia das imunoglobulinas e estad associada a cadeia y do
receptor Fc (FCR) (NIESWANDT; WATSON, 2003).

A interagéo colageno-GPVI desencadeia sinais intracelulares que levam a
ativacdo e liberacdo de mediadores secundarios, como ADP e TXA:. Esses

agonistas, em conjunto com a trombina produzida no local, contribuem para a
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ativacdo celular por estimular receptores acoplados a proteinas G
heterotriméricas, induzindo diferentes eventos de sinalizagdo que agem
sinergicamente para induzir completa ativacdo plaquetaria (NIESWANDT et al.,
2001; VARGA-SZABO; PLEINES; NIESWANDT, 2008).

1.1.2 Ativacdo plaquetaria

As plaguetas podem ser ativadas por interacdes de adesdo, bem como
pela ligacdo de diversos agonistas plaquetarios a receptores especificos de
superficie (WALLACE; SMYTH, 2013). Quando ativadas, as plaquetas mostram
alteracdes na organizacdo das proteinas que compdem o citoesqueleto. Esse
evento esta associado a mudanca da forma discoide para irregular e ao
prolongamento de mudltiplas projecdes citoplasmaticas. Os granulos
uniformemente distribuidos nas plaquetas em repouso sofrem centralizacdo e
fusdo com a membrana plasmatica com secrecdo do conteudo por exocitose
(Figura 01) (ANDREWS; BERNDT, 2004; FOX, 1993; JURK; KEHREL, 2005). As
plaguetas contém trés formas diferentes de granulos de armazenamento: corpos

densos ou granulos densos, a-granulos e lisossomos (GAWAZ, 2004).

Figura 01. Morfologia das plaquetas humanas. A — Plaquetas ndo ativadas que apresentam
granulos distribuidos uniformemente. B — Plaquetas ativadas com formac¢&o de multiplas projecfes
citoplasmaticas e centralizacao dos granulos. DB: granulos densos; PP: pseud6podo. Fonte: Jurk
e Kehrel (2005).

Diversos produtos de secrecao, tais como ADP, serotonina, trombina, TXA:z
e epinefrina sustentam e amplificam a resposta plaquetaria inicial, além de

estimular mais plaquetas circulantes, as quais sao recrutadas para formar
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agregados (DAVI; PATRONO, 2007). Exceto a epinefrina, todos os agonistas
excitatorios das plaquetas induzem o aumento das concentracdes citosolicas de
Ca?*, tanto a partir da sua mobilizacdo dos estoques internos (sistema tubular
denso) quanto a partir do aumento do influxo de Ca?" do meio extracelular
(HOURANI; CUSACK, 1991). A maioria dos agonistas ativadores da funcao
plaguetaria atuam por meio de receptores acoplados a proteina G
(OFFERMANNS, 2006).

Cerca de 50% da molécula de ADP plaquetaria € estocada em granulos
densos e excretadas apos a ativacdo das plaguetas (JURK; KEHREL, 2005). A
ativacdo plaquetaria por ADP é mediada por dois importantes receptores
plaquetérios, P2Y1 e P2Y12. A ligacdo de ADP ao P2Y1 causa a ativacdo mediada
pela proteina Gq de isoformas B da fosfolipase C (PLC) (OFFERMANNS, 2006;
SAVAGE; CATTANEO; RUGGERI, 2001). A PLC ativa resulta na formacao dos
segundos mensageiros, inositol-trifosfato (IPs) e diacilglicerol (DAG), levando ao
aumento dos niveis citoplasmaticos de Ca?' e ativagdo da proteina-quinase C
(PKC) (DAVI; PATRONO, 2007; OFFERMANNS, 2006). P2Y1> é o principal
receptor capaz de sustentar e amplificar a ativacdo plaquetaria em resposta ao
ADP. A ativacéo desse receptor por meio da proteina Gi inibe a adenilato ciclase,
causando uma reducdo nos niveis de monofosfato ciclico de adenosina (CAMP)
(DAVI; PATRONO, 2007; OFFERMANNS, 2006).

A serotonina (5-hidroxitriptamina, 5-HT) € um potente vasoconstritor que se
liga ao receptor acoplado a proteina Gq, S5HT2A, amplificando a resposta
plaguetéria, juntamente com o ADP. A serotonina também pode desempenhar um
papel pr6-coagulante ao aumentar a retencao de proteinas pré-coagulantes, como
o fibrinogénio, na superficie da plaqueta (DALE et al., 2002).

A ativacdo das plaquetas induz a exposicao de fosfolipideos acidos sobre a
superficie externa da plaqueta, promovendo a forma¢do de trombina a partir da
protrombina (RANG et al., 2011). Além de atuar na cascata de coagulacao, a
trombina representa 0 mais potente ativador plaquetario (LEGER; COVIC;
KULIOPULOS, 2006). A ativacdo das plaguetas pela trombina é mediada por
receptores ativados por protease (PARS), os quais sédo acoplados as proteinas G,
G12/Gi3 e, em alguns casos, a familia Gi. As plaguetas humanas expressam 0s

receptores PAR1 e PAR4. Os dados disponiveis na literatura sugerem que esses
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receptores podem mediar a sinalizacdo da trombina independentemente: PAR1 a
baixas concentracdes e PAR4 apenas a altas concentragdes do agonista (KAHN
et al., 1999).

As vias de sinalizacdo, nas quais os PARs estdo acoplados as proteinas
Gq, que ativa a PLC, e Gi, que inibe a adenilato ciclase, resultam no aumento do
Ca?* intracelular e reducdo do cAMP, respectivamente. As subunidades a das
proteinas Gi2/Gi3 se ligam aos RhoGEFs (fatores de troca do nucleotideo
guanina-Rho, os quais ativam pequenas proteinas G), promovendo respostas do
citoesqueleto dependente de Rho, as quais estdo envolvidas na mudanga de
forma das plaquetas (COUGHLIN, 2001; DAVI; PATRONO, 2007).

O TxA:z € um agonista plaquetéario potente, produzido a partir da converséo
do &cido aracdoénico pela cicloxigenase-1 (COX-1) e tromboxano sintase. Assim
como o ADP, o TxA2 atua como um mediador de feedback positivo durante a
ativacdo plaquetéria. A acao do TXA:z é restrita, pois possui uma meia vida curta.
O receptor de TxA: (TP) estda acoplado as proteinas Gq e Gi12/Gis
(OFFERMANNS, 2006). A atividade vasoconstritora do TxA: favorece a formacao
do trombo pela desaceleracao do fluxo sanguineo (GAWAZ, 2004).

A epinefrina atua como agonista da agregacdo plaquetaria ativando as
plaquetas sem a mudanca inicial na conformacgédo. Esse agonista leva a liberacédo
do acido aracdénico endégeno com formacdo de TxA:2 e secrecao plaguetaria
(BERNARDI; MOREIRA, 2004). A epinefrina sozinha ndo é capaz de ativar as
plaquetas, mas potencializa o efeito de outros estimulos. Ela age através do
receptor adrenérgico aza, 0 qual, nas plaquetas, apresenta preferéncia pela
proteina Gz a outros membros da familia Gi, expressos nas membranas
plaquetéarias (YANG et al., 2000).

1.1.3 Integrinas

As integrinas sao proteinas heterodiméricas transmembrana que medeiam
a interacdo de moléculas da matriz extracelular com o citoesqueleto da célula.
Uma molécula de integrina € composta de duas subunidades de glicoproteinas
distintas associadas nao-covalentemente, uma maior denominada a e outra

menor, a B (ALBERTS et al., 2010). Cada subunidade possui um grande dominio
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extracelular N-terminal, um dominio transmembrana simples e uma pequena
cauda C-terminal intracelular (NIESWANDT; VARGA-SZABO; ELVERS, 2009;
VARGA-SZABO; PLEINES; NIESWANDT, 2008).

O genoma de mamiferos codifica 18 subunidades a e 8 subunidades
diferentes, dimerizadas em uma ampla gama de combina¢cdes com variadas
especificidades para ligantes em varios tecidos. Cada uma das 24 integrinas
encontradas até o momento parece desempenhar uma funcdo especifica.
(ALBERTS et al., 2010; HYNES, 2002; NELSON; COX, 2011).

As plaquetas expressam trés diferentes integrinas da familia P,
denominadas a2B1 (receptor de colageno), asB1 (receptor de fibronectina) e asf:
(receptor de laminina), bem como duas integrinas da familia B3, avBs e aubBs.
Dentre as integrinas plaquetarias, a2B1 e auPs séo consideradas de grande
importancia para a adesao e agregacdo das plaquetas ao subendotélio exposto
(NIESWANDT; VARGA-SZABO; ELVERS, 2009; VARGA-SZABO; PLEINES;
NIESWANDT, 2008). Apesar de ndo ser essencial para a adesdo plaguetaria, o
receptor de colageno, integrina azP1, fortalece esse processo e ainda atua com
menor relevancia na ativacao das plaquetas (NIESWANDT et al., 2001).

De modo geral, as integrinas sdo expressas na superficie das células em
um estado inativo, no qual ndo podem se ligar a seus ligantes (HYNES, 2002).
Quando uma integrina se liga ou se dissocia de seu ligante, ocorrem mudancas
conformacionais que afetam tanto a extremidade intracelular quanto a
extremidade extracelular da molécula (ALBERTS et al., 2010). Essa caracteristica
€ importante para sua biologia funcional, principalmente tratando-se de integrinas
da superficie de plaquetas (HYNES, 2002).

A alteracdo das integrinas plaquetarias de um estado de baixa afinidade
para um estado de alta afinidade é a principal resposta celular aos eventos de
sinalizacao na ativacao das plaquetas. A ativacao das integrinas, tais como a o231
e aubPs, permite estabelecer um forte contato de adesdo seguido por crescimento
do trombo (HYNES, 2002; NIESWANDT; VARGA-SZABO; ELVERS, 2009;
VARGA-SZABO; PLEINES; NIESWANDT, 2008).

Mais de vinte proteinas que interagem com uma ou ambas caudas
citoplasmaticas ja foram identificadas, participando da sinalizacdo de dentro para

fora (inside-out) e de fora para dentro (outside-in) através de integrinas.
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Entretanto, somente em poucos casos a significancia funcional € compreendida
(NIESWANDT; VARGA-SZABO; ELVERS, 2009). Na sinalizacdo de dentro para
fora, sinais intracelulares podem favorecer uma conformacdo, na qual as
integrinas aderem firmemente a proteinas extracelulares especificas (NELSON;
COX, 2011). A sinalizacdo de fora para dentro ocorre quando os dominios
extracelulares de uma integrina passam por mudancas conformacionais,
alterando a disposicao das caudas citoplasmaticas das subunidades a e . Nesse
caso, as interacdes da integrina com proteinas intracelulares séo favorecidas
(NELSON; COX, 2011).

A figura 02 mostra um modelo de ativacdo de integrinas proposto por
Nieswandt, Varga-Szabo e Elvers (2009). O estimulo por agonistas desencadeia a
ativacdo da PLC e a formacgéo de IP3 e DAG. O IP3 induz a liberacdo das reservas
de Ca?* do reticulo endoplasmatico (ER) por meio de receptores de IP3 (IP3-R) e
subsequente ativacdo da entrada de Ca?* através das proteinas Orail, mediada
pela molécula de interacdo estromal-1 (STIM1) (NIESWANDT; VARGA-SZABO,;
ELVERS, 2009). STIM1 atua como sensor dos estoques intracelulares de Ca?*,
enquanto as proteinas Orail, presentes na membrana plasmética, representam
as subunidades que formam os canais de Ca?*. Em condicdes onde os estoques
intracelulares de Ca?* sdo depletados, STIM1 e Orail se movem de forma
coordenada, formando um complexo entre o reticulo endoplasmatico e a
membrana plasméatica (GIACHINI; WEBB; TOSTES, 2010; LUIK et al., 2006).
DAG e Ca?* ativam a PKC e o fator de troca de nucleotideos de guanina |
regulado por DAG e Ca?* (CalDAG-GEFI), levando a ativacdo e translocagdo da
proteina Rapl para a membrana plasmatica. A molécula efetora RIAM interage
com ambos Rapl-GTP e talina-1 (talin-1), uma molécula de ancoramento
intracelular, expondo o sitio de ligacdo a integrina na talina-1. A interacdo entre a
talina-1 e a integrina resulta na mudanca conformacional do dominio extracelular
de um estado de baixa afinidade para um estado de alta afinidade e na liga¢do ao
ligante da matriz extracelular. Esse passo final requer também a ligagdo da
proteina kindlin-3 a cauda B da integrina, ndo se sabe se simultaneamente ou
sequencialmente a ligacdo da talina-1 (NIESWANDT; VARGA-SZABO; ELVERS,
2009).
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| Baixa afinidade ' Alta afinidade |

Agonista

Figura 02. Modelo de ativagao de integrinas. O estimulo por agonistas ativa a PLC e a formacao
de IPz e DAG. O IP3 induz a liberagdo das reservas de Ca?" do ER por meio de IP3-R e
subsequente ativagdo da entrada de Ca?* a partir das proteinas Orail, mediada por STIM1; DAG e
Ca?* ativam a PKC e o CalDAG-GEFI, levando a ativagao e translocacéo da proteina Rapl para a
membrana plasmatica. A molécula efetora RIAM interage com ambos Rapl-GTP e talina-1,
expondo o sitio de ligacdo a integrina na talina-1. A interacdo entre a talina-1 e a integrina resulta
na mudanca conformacional do dominio extracelular para um estado de alta afinidade e na ligagédo
ao ligante da matriz. PLC -fosfolipase C; IPs - inositol-trifosfato; DAG - diacilglicerol; PKC -proteina-
quinase C; ER - reticulo endoplasmatico; IP3-R - receptores de IP3; CalDAG-GEFI - fator de troca
de nucleotideos de guanina | regulado por DAG e Ca?*; STIM1 - molécula de interagdo estromal-1;
PIP2 - Fosfatidilinositol-4,5-bisfosfato. Fonte: adaptado de Nieswandt; Varga-Szabo; Elvers,
(2009).

Outro passo importante na ativacdo plaquetaria é a exposicdo de
fosfolipidios acidos (especialmente fosfatidilserina) na superficie das plaquetas.
Esses fosfolipidios funcionam como catalisadores de superficie, participando da
ativacdo de alguns fatores de coagulacdo (RANG et al., 2011). Assim, a plaqueta
ativada participa da formacéo de trombina e, consequentemente, da formacéo de
fibrina a partir da clivagem do fibrinogénio (RANG et al.,, 2011; ROBERTS;
MONROE; ESCOBAR, 2004).

1.1.4 Agregacéo plaquetéria

A proxima fase da atividade plaquetaria € a agregacao, caracterizada pelo

acumulo de plagquetas em um tampdo hemostatico. Ela esta interligada com as
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tltimas fases da cascata de coagulacdo e se sobrepde ligeiramente a fase de
ativacédo (JURK; KEHREL, 2005; VORCHHEIMER; BECKER, 2006).

O receptor central no processo de agregacdo plaquetaria é a GPIIb/llla
(integrina aubPs), cuja mudanca conformacional de um estado de baixa para um
de alta afinidade € considerada a via final da ativacdo das plaquetas,
independente do agonista (JURK; KEHREL, 2005). GPIIb/llla é a integrina mais
abundante na membrana plaquetaria. As plaquetas em repouso apresentam cerca
de 80.000 copias dessa molécula em sua superficie, além daquelas presentes na
membrana dos a-granulos e no sistema canicular aberto (JENNINGS, 2009;
WAGNER et al., 1996).

A ligacdo do fibrinogénio ou moléculas contendo a sequéncia RGD a
integrina auipbPs ativada garante a interacdo plaqueta-plagueta. Essa ligacdo gera
sinais de fora para dentro, resultando na formacao irreversivel de agregados
plaquetarios (KAMIGUTI, 2005). O fibrinogénio é uma glicoproteina dimeérica,
formada por um par de trés cadeias polipeptidicas denominadas Aa (63,5 kDa),
BB (56 kDa) e y (47 kDa), as quais sao interconectadas por pontes dissulfeto
(KAMIGUTI et al., 1996; MARKLAND, 1998). Essa molécula contém duas
sequéncias RGD na sua cadeia Aa, uma na regido N-terminal e a outra, na C-
terminal (DAVI; PATRONO, 2007). O FvW, assim como o fibrinogénio, é uma
molécula multivalente, o que permite a ligagcéo a integrina aipf33 de duas plaquetas
diferentes simultaneamente, resultando na ligacdo entre plaquetas adjacentes
(COLLER, 1995). Estudos indicam que o FVW sozinho nao é suficiente para
garantir uma agregacao plaquetéria estavel. Ele contribui para o contato inicial
entre as plaquetas. Todavia, o fibrinogénio € necessario para assegurar a
estabilidade do agregado (DAVI; PATRONO, 2007).

A agregacdo plaquetaria in vitro é caracterizada por uma mudancga no
formato das plaquetas e por uma resposta bifasica. Ela exibe uma primeira onda
geralmente reversivel (agregacao primaria), seguida de uma onda de agregacao
irreversivel (agregacdo secundéria), que ocorre quando as plaguetas secretam o
conteudo de seus granulos (BERNARDI; MOREIRA, 2004; ZINGALI; FRATTANI,
2007).

O desequilibrio nos mecanismos de regulacdo que controlam o

crescimento do trombo e limitam seu tamanho é um dos fatores que favorecem o
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desenvolvimento de doenca trombdtica. Nesse estado patoldgico, o crescimento
descontrolado do trombo pode levar a consequéncias graves, como infarto do
miocardio, acidente vascular cerebral, trombose venosa profunda e embolia
pulmonar (CLEMETSON, 1999; RANG et al., 2011).

Uma das estratégias para o tratamento de distlrbios tromboéticos é a
interferéncia na funcéo plaquetaria (SAJEVIC; LEONARDI; KRIZAJ, 2011). Os
agentes antiplaquetarios séo utilizados principalmente em casos relacionados a
trombose arterial e geralmente interferem na formacéo do tampéo plaquetario por
diversos mecanismos (ROBERTS; MONROE; ESCOBAR, 2004). A aspirina
(acido acetilsalicilico) é o antiplaquetario mais antigo e mais usado
(VORCHHEIMER; BECKER, 2006). Ela inibe irreversivelmente a enzima COX-1,
reduzindo a formacdo de prostaglandina e, consequentemente, de TXA:2 nas
plaguetas, a partir do acido aracdénico (HANKEY; EIKELBOOM, 2006). Apesar
de ser altamente eficaz na maioria dos casos, a aspirina pode causar toxicidade
gastrointestinal, e alguns pacientes podem apresentar uma sindrome de
“resisténcia a aspirina” (GOODMAN; FERRO; SHARMA, 2008; HANKEY;
EIKELBOOM, 2006; TORUNER, 2007).

Atualmente, o clopidogrel é o principal farmaco do grupo de tienopiridinas,
uma classe potente de agentes antiplaguetarios (RANG et al., 2011;
VORCHHEIMER; BECKER, 2006). Ele ¢é inativo até ser absorvido e
biotransformado pelo figado, gerando um metabdlito ativo, antagonista irreversivel
do receptor P2Yi2. Ele contribui para a desestabilizacdo dos agregados
plaguetarios e ndo causa alteracao significativa nas etapas iniciais da agregacao
plaquetéria induzida por ADP (GACHET, 2001, 2005; SAVI et al., 1998; STOREY,
2006).

Os antagonistas do receptor GPIIb/llla sdo uma outra classe de potentes
agentes antiplaquetarios. Por agirem na via final comum da agregacdo
plaquetéria, sdo capazes de inibir a agregacdo induzida por diversos agonistas
(KAMIGUTI, 2005; VORCHHEIMER; BECKER, 2006). Uma vantagem do uso de
antagonistas da GPlIb/llla, € que apesar de impedir a ligac&o entre fibrinogénio ou
FVW ao receptor glicoproteico, a ligacdo entre as plaquetas aos elementos
subendoteliais permanece intacta, o que reduz o risco de hemorragia
(SHLANSKY-GOLDBERG, 2002; TOPOL; BYZOVA; PLOW, 1999). Trés
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antagonistas do receptor GPIIb/llla s&o disponiveis para uso terapéutico,
especialmente em caso de sindromes coronarianas agudas: o abciximab, o
eptifibatide e o tirofiban. O abciximab € um fragmento de anticorpo monoclonal de
longa acédo. O eptifibatide, por sua vez, € um peptideo ciclico baseado na
sequéncia KGD (lisina-glicina-aspartato) da desintegrina barbourin da peconha da
serpente Sistrurus miliarius barbouri. O tirofiban € um ndo peptideo sintético
derivado de tirosina, que mimetiza a sequéncia RGD, e assim como o eptifibatide,
possui efeito de curta duracao e reversivel (MARCINKIEWICZ, 2005; RANG et al.,
2011; SCARBOROUGH et al, 1991; SHLANSKY-GOLDBERG, 2002;
STAVROPOULOS; SHLANSKY-GOLDBERG, 2005; TOPOL; BYZOVA; PLOW,
1999; VORCHHEIMER; BECKER, 2006).

Basicamente a mesma sequéncia de eventos que leva a formacédo do
trombo durante a hemostasia normal, resulta em doencas tromboticas. O infarto
do miocéardio e o acidente vascular cerebral, como resultados desses disturbios,
estdo entre as principais causas de morte na sociedade ocidental (ANDREWS;
BERNDT, 2000; GAWAZ, 2004; WIDIMSKY et al., 2013). As pesquisas
relacionadas a moléculas que interfiram na agregacao plaquetéria séo de grande
relevancia, visto a importancia das plaquetas na formacéo do trombo. Elas podem
direcionar a busca por novos agentes antitromboticos (KAMIGUTI, 2005).

Como as peconhas de serpentes sdo conhecidas por possuirem diversas
substancias que interferem na hemostasia, inclusive na agregacdo plaquetaria
(SAJEVIC; LEONARDI; KRIZAJ, 2011), investigacdes sobre a constituicdo
bioguimica dessas secrecdes e a caracterizacdo de suas moléculas por meio de
ensaios de agregacdo plaquetaria podem servir como instrumento de novas

descobertas na terapéutica antiplaquetaria.

2 Serpentes peconhentas brasileiras

Até novembro de 2014, foram reconhecidas 386 espécies de serpentes
naturalmente ocorrentes no Brasil, distribuidas em 10 familias: Anomalepididae (7
espécies), Typhlopidae (6), Leptotyphlopidae (16), Aniliidae (1), Tropidophiidae
(3), Boidae (12), Colubridae (33), Dipsadidae (246), Elapidae (32) e Viperidae (30)
(COSTA; BERNILS, 2014). As serpentes peconhentas da fauna brasileira estio
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distribuidas nas familias: Viperidae (acidentes botrépico, crotalico e laquético) e
Elapidae (acidente elapidico) (MELGAREJO, 2009).

As serpentes conhecidas popularmente como corais-verdadeiras sdo as
principais representantes da familia Elapidae nas Américas (MELGAREJO, 2009).
Essas serpentes apresentam um aparelho inoculador do tipo proteréglifo. As
presas possuem um canal de peconha ndo completamente fechado, nado retrateis
e estdo posicionados na extremidade anterior da maxila (JACKSON, 2003). Além
de denticdo proterdglifa (Figura 03), as espécies dessa familia possuem cabeca
oval, recoberta por grandes placas simétricas, olhos pequenos e pretos, com
pupila eliptica vertical (MELGAREJO, 2009). A familia Elapidae apresenta dois
géneros que compdem a fauna brasileira: Leptomicrurus, representado por 3
espécies e Micrurus, por 27 espécies (COSTA; BERNILS, 2014).

o
Sad

Figura 03. Denticdo proteréglifa. As presas possuem um canal de peconha ndo completamente

fechado, nao retrateis e estdo posicionados na extremidade anterior da maxila. Fonte:
http://blogdonurof.wordpress.com/2010/09/03/sobre-o-tipo-de-denticao-das-serpentes/, acessado
em 11 de marco de 2015.

7

A familia Viperidae € constituida por trés subfamilias: Azemiopinae,
Viperinae e Crotalinae (FRANCO, 2009). Todas as espécies de viperideos
presentes na fauna brasileira sdo crotalineos (COSTA; BERNILS, 2014). Uma das
principais caracteristicas da subfamilia Crotalinae € a presenca de fosseta loreal
bem desenvolvida, 6rgdos termorreceptores presentes entre o olho e a narina
(ZUG; VITT; CALDWELL, 2001). Em geral, o aparelho inoculador dessas
serpentes € do tipo solendglifo (Figura 04). Os unicos dois dentes funcionais na
maxila, as presas, sdo muito grandes, agudos e ocos. Cada presa permanece

paralela ao cranio em repouso, mas no momento do ataque, projeta-se 90° para
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injetar a pegonha. A cabeca dos viperideos tem formato triangular, e, é recoberta
por pequenas escamas similares as do corpo (MELGAREJO, 2009).

Figura 04. Dentig&o solendglifa. As presas s&o muito desenvolvidas na regido anterior da maxila,
canaliculadas e ligadas através de ductos as glandulas de peconha. Fonte:
https://classconnection.s3.amazonaws.com/436/flashcards/2703436/png/picture121366058616449

.png, acessado em 12 de setembro de 2013.

No Brasil, a familia Viperidae é representada pelos géneros Bothrocophias
(2 espécies), Bothrops (26), Crotalus (1) e Lachesis (1) (CARRASCO et al., 2012;
COSTA; BERNILS, 2014). Os viperideos representam o grupo mais relevante
para a salde publica, pois sdo responsaveis pela maioria e pelos mais graves
acidentes ofidicos registrados no Brasil (MELGAREJO, 2009). Dentre essas
espécies, os representantes do género Bothrops provocam 73,5% do total de
casos notificados no pais, seguidos pelo crotélico (7,5%) e laquético (3,0%),
variando com a regido e a distribuicdo geogréfica das serpentes (BRASIL, 2009).

As serpentes botropicas sdo muito diversificadas quanto a morfologia e
ecologia. Essa caracteristica permite a distribuicdo dessas espécies ao longo de
uma ampla variedade de regifes pela América do Sul, habitando extremos de
altitudes (de 3.000 m ao nivel do mar) e grande diversidade de climas e
fitofisionomias (de florestas tropicais a ambientes aridos) (CARRASCO et al.,
2012). Algumas das espécies sao raras, como a B. itapetiningae, ou restritas a
uma area geografica limitada, como a B. insularis que se restringe apenas a llha
da Queimada Grande, distante 33 km de Itanhaém, litoral sul do estado de Séao
Paulo (MELGAREJO, 2009). Entretanto, o género Bothrops possui algumas das
espécies brasileiras de maior importancia meédica. Essas serpentes sao

abundantes e possuem extensa distribuicdo geografica. Um exemplo é a principal
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espécie botrépica do Cerrado brasileiro, a serpente Bothrops moojeni, que é
encontrada desde o Parana até o Maranhdo (FRANCA; MALAQUE, 20009;
NOGUEIRA; SAWAYA; MARTINS, 2003).

A serpente B. moojeni (Caicaca) (Figura 05), descrita por Hoge em 1966, &
uma espécie que consegue se adaptar bem a ambientes modificados e que
possui comportamento agressivo. Essas caracteristicas contribuem para o
crescimento do grupo em importancia médica (MELGAREJO, 2009). Essa
serpente possui porte médio, € encontrada principalmente em &areas riparias,
incluindo a borda e o interior da mata de galerias e brejos, e permanece ativa
praticamente ao longo de todos os meses do ano, principalmente durante a noite
(SAWAYA; MARQUES; MARTINS, 2008). Essas serpentes sao viviparas e sua
reproducdo € sazonal. A espécie apresenta dieta generalista, controlando
populacdes de pequenos animais (lacraias, anuros, lagartos, serpentes, aves e
mamiferos), alguns deles considerados pragas em &areas de cultivo (MARTINS;
MARQUES; SAZIMA, 2002; NOGUEIRA; SAWAYA; MARTINS, 2003).
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Figura 05. Bothrops moojeni. Serpente de porte médio, encontrada principalmente em &areas
riparias. Observe a presenca da fosseta loreal bem desenvolvida entre o olho e a narina, 6rgédo
caracteristico das espécies da subfamilia Crotalinae. Fonte: http://www.summitpost.org/b-i-
bothrops-moojeni-b-i/809024, acessado em 12 de setembro de 2013.

3 Acidente botrépico

Os acidentes por serpentes pegonhentas constituem um problema de

salude publica nos paises tropicais, devido a frequéncia e a gravidade da maioria
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dos casos (MARTINS et al., 2012). No Brasil, a epidemiologia dos casos
registrados manteve-se inalterada no ultimo século. Geralmente, ocorrem em
areas rurais, no inicio e no final do ano, em pessoas do género masculino, na
faixa etaria produtiva, atingindo, principalmente, os membros inferiores
(BOCHNER; STRUCHINER, 2003).

Os acidentes brasileiros provocados por serpentes do género Bothrops séo
0os de maior importancia epidemiolégica (BRASIL, 2009). A gravidade desses
acidentes depende de diversos fatores, tais como: peso e idade da vitima,
localizacdo, profundidade e numero de picadas, a espécie, o comprimento, a
idade e a variabilidade da peconha da serpente envolvida, as condi¢cées das
presas e das glandulas de peconha, a quantidade de peconha inoculada, o tempo
decorrido entre o acidente e o inicio da soroterapia, e a qualidade da assisténcia
(FRANCA; MALAQUE, 2009; RUSSEL, 1973).

A inoculagéo da pegonha, na maioria dos casos, ocorre via subcutanea ou
intramuscular (FRANCA; MALAQUE, 2009; LALLOO, 2005). As manifestactes
locais surgem nas primeiras horas apds a picada, caracterizadas por edema, dor
intensa, inflamacao e equimoses. Também podem surgir hemorragias no ponto da
picada e bolhas com conteudo seroso, hemorragico ou necrético. Uma das
complicacBes locais mais relevantes € a necrose muscular, que em casos
extremos, pode levar a amputacdo de parte do membro afetado (COSTA et al.,
2010a; FRANCA; MALAQUE, 2009; GUTIERREZ et al., 2010; KOUYOUMDJIAN;
POLIZELLI, 1988; NASCIMENTO et al., 2010; QUEIROZ et al., 2011; BRASIL,
2009; SOARES et al., 2003; STABELI et al., 2006). Hemorragias, hematuria,
hematemese, alteracdes cardiovasculares e disturbios na coagulacdo sanguinea
sdo algumas manifestacdes sistémicas decorrentes de acidentes botropicos. Em
casos graves, sdo observados choque e insuficiéncia renal (COSTA et al., 2010b;
FRANCA; MALAQUE, 2009; BRASIL, 2009).

O procedimento terapéutico utilizado no tratamento de acidentes ofidicos &
a aplicacdo intravenosa do soro (antiveneno) especifico para cada tipo de
acidente, de acordo com a gravidade do mesmo (BRASIL, 2009; SILVA et al.,
2013). A producéo dos soros ocorre a partir da imunizacdo de animais de grande
porte com a peconha de uma (soro monoespecifico) ou mais espécies de

serpentes (soro poliespecifico). Os soros poliespecificos também podem ser
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produzidos pela mistura de soros monoespecificos. Em ambos os casos, a
eficiéncia dos soros poliespecificos € muito reduzida, quando comparada aos
monoespecificos (CARDOSO; YAMAGUCHI; SILVA, 2009).

As peconhas de serpentes podem apresentar variacbes na composicao
decorrentes de variagdes geograficas, sexuais, ontogenéticas e sazonais. A
escolha dos antigenos utilizados na imunizagdo € essencial para produtos ativos,
pois a neutralizacao eficiente dos efeitos da peconha depende da presenca de
anticorpos especificos dirigidos contra as principais toxinas. Por esse motivo, ndo
apenas a variabilidade da peconha entre espécies do mesmo género deve ser
considerada na escolha dos antigenos de imunizagdo, mas também a
variabilidade entre individuos da mesma espécie. Portanto, a mistura para a
imunizacdo deve incluir as toxinas de individuos de diferentes idades, coletados
em diferentes épocas do ano, nas regides onde o soro seré utilizado (CARDOSO;
YAMAGUCHI; SILVA, 2009; CHIPPAUX; WILLIAMS; WHITE, 1991;
FRANCISCHETTI et al., 1998; SILVA et al., 2013).

O soro antibotrépico produzido no Brasil € preparado a partir da imunizacao
com a peconha de cinco espécies: B. jararaca, B. jararacussu, B. alternatus, B.
moojeni e B. neuwiedi (CARDOSO; YAMAGUCHI; SILVA, 2009). Dentre as
espécies utilizadas, B. moojeni possui a mais alta atividade enziméatica (CAMPOS
et al., 2013). O soro antibotropico, assim como os demais tipos, deve ser aplicado
0 mais precocemente possivel. Isso porque 0 soro possui acdo apenas sobre a
peconha circulante, ndo regenerando os tecidos lesados (WEN, 2009). Dessa
forma, estudos recentes, especialmente de biologia molecular, visam uma

melhoria na eficacia do soro antiofidico.

4 Composicao das peconhas botropicas

As peconhas de serpentes sdo materiais biolégicos que apresentam alto
valor cientifico, principalmente farmacologico, considerando a grande variedade
de moléculas ativas biologicamente. Cerca de 90 % do peso seco das peconhas
ofidicas corresponde a moléculas proteicas, compreendendo toxinas enzimaticas
e ndo enzimaticas (FRANCA; MALAQUE, 2009; MARKLAND, 1998; RAMOS;
SELISTRE-DE-ARAUJO, 2006). Acetilcolinesterases, ADPases, ATPases,
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aminotransferases, metaloproteases (SVMPs), serinoproteases (SVSPSs),
fosfolipases Az (PLA2s), hialuronidases, 5'-nucleotidases e L-aminoacido oxidases
(LAAOs) sao enzimas encontradas. As proteinas nao enzimaticas sao
representadas por ativadores de proteina C, fatores de crescimento, lectinas,
proteinas ligantes do FVW, precursores de peptideos bioativos e desintegrinas
(ANGULO; LOMONTE, 2009; CALGAROTTO et al., 2008; COSTA et al., 2010b;
GOMES et al.,, 2009; SINGLETARY et al.,, 2005; RAMOS; SELISTRE-DE-
ARAUJO, 2006).

As demais moléculas que fazem parte da constituicdo das peconhas de
serpentes sdo representadas por carboidratos, lipidios, metais, nucleotideos,
aminoacidos livres e aminas biogénicas (FRANCA; MALAQUE, 2009; RAMOS;
SELISTRE-DE-ARAUJO, 2006).

Os componentes da peconha, geralmente, atuam sinergicamente para
induzir as atividades fisiopatolégicas da peconha botropica, tais como:
proteolitica, fosfolipasica, coagulante e hemorragica. Esses efeitos,
ocasionalmente, podem ser atribuidos a moléculas especificas ou ainda, uma
Unica toxina pode apresentar diversas atividades (CINTRA et al., 2012; FRANCA,
MALAQUE, 2009; GAY et al., 2005; GUTIERREZ et al., 2005).

Nos ultimos anos, o estudo dos componentes da peconha ofidica tem
permitido a elucidacdo de diversos mecanismos farmacolégicos, bem como o
desenvolvimento de farmacos a partir de toxinas isoladas e caracterizadas
(FRANCA; MALAQUE, 2009; KOH; KINI, 2012).

5 Constituintes das peconhas que interferem na agregacao plaquetaria

As peconhas ofidicas sdo constituidas por uma ampla variedade de
componentes enzimaticos e nao enzimaticos que interferem na agregacao
plaguetaria (ANDREWS; BERNDT, 2000; MARKLAND, 1998; MARSH,;
WILLIAMS, 2005; SAJEVIC; LEONARDI; KRIZAJ, 2011; SANO-MARTINS;
SANTORO, 2009). Os mecanismos pelos quais essas moléculas causam inibicao
ou ativacao das plaquetas sdo muito variados e complexos (SANO-MARTINS;
SANTORO, 2009). Em muitos casos, 0 mecanismo de acdo ainda nao foi

elucidado. Ha um grande nuamero de publicacdes nas quais sdo identificadas e
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caracterizadas toxinas como PLA2s, SVSPs, SVMPs, desintegrinas, LAAOSs,
lectinas tipo-C e 5'-nucleotidases capazes de afetar a agregacdo plaquetaria
(MARKLAND, 1998; SAJEVIC; LEONARDI; KRIZAJ, 2011).

5.1 Fosfolipases Az de pegonhas de serpentes

As PLA2s sdo as moléculas mais importantes das peconhas ofidicas,
quanto ao dano muscular. Essas enzimas catalisam especificamente a hidrolise
de fosfolipidios de membranas biologicas e artificiais na ligacdo éster do carbono
2, liberando quantidades equimolares de lisofosfolipidios e acidos graxos (Figura
06) (GUTIERREZ; OWNBY, 2003; KUDO; MURAKAMI, 2002). As PLA2s sdo
organizadas em 16 grupos, de acordo com sua origem, sequéncia de
aminoacidos, mecanismos cataliticos, caracteristicas bioquimicas adicionais,
funcionais e estruturais. As moléculas provenientes das peconhas ofidicas séo
classificadas nos grupos | e Il (DENNIS et al., 2011; DUNCAN et al., 2008;
SCHALOSKE; DENNIS, 2006). As PLA2s das pec¢onhas botrdpicas pertencem ao
grupo Il (DENNIS, 1994).

Q Q
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R2-C-0-CH O —— HO- CH O + R2COOH
)HzcoPOX H200POX
o} o

Figura 06. Reacao especifica catalisada por PLA2s na posi¢cdo sn-2 da cadeia de glicerol. X,
qualquer grupo compondo a cabeca polar; R! e R?, cadeias de acidos graxos. Fonte: Dennis et al.
(2011).

O grupo Il de PLA2s de peconhas de serpentes pode ser dividido em
subgrupos, dos quais o0s principais sao: (i) Asp49, que apresentam atividade
catalitica e (ii) Lys49, com nenhuma atividade enzimatica sobre fosfolipidios
(ANGULO et al.,, 2001; GHAZARYAN et al.,, 2015; OWNBY et al.,, 1999). O
residuo de aspartato na posigcédo 49 é essencial para a ligagdo do célcio com a
proteina, um cofator necessério para estabilizagdo de uma conformacéo catalitica
(LI; YU; ERIC, 1994). Nas PLA2s Lys49, a substituicdo do residuo de aspartato na
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posicao 49 pelo residuo de lisina provoca uma reducgédo drastica na associacao ao
cofator Ca?*, comprometendo sua atividade enzimatica (POLGAR et al., 1996).

As PLA2s apresentam uma ampla variedade de atividades farmacologicas,
incluindo atividades neurotéxica, cardiotoxica, miotdxica, hemolitica, de inducéo
de edema, anticoagulante e efeitos na agregacdo plaquetaria (KINI, 2003). As
PLA2s de peconhas ofidicas que afetam a funcdo das plaquetas podem ser
divididas em pelo menos trés grupos (KINI; EVANS, 1990). O primeiro, inclui
aguelas capazes de induzir a agregacdo plaquetaria, como a bothropstoxin-Ii
(Bthtx-11), uma PLA2 Asp-49 isolada da pegonha de B. jararacussu (FULY et al.,
2004). O segundo grupo, reune as PLA2s que inibem a agregacdo plaquetaria
induzida por diversos agonistas fisioldgicos, tais como as PLA2s Asp49 BmooTX-I
e BmooPLA2, purificadas da pegonha de B. moojeni (SANTOS-FILHO et al., 2008;
SILVEIRA et al., 2013) e BthA-I-PLA2 da peconha de B. jararacussu (ANDRIAO-
ESCARSO et al., 2002). Por sua vez, as PLA2s do terceiro grupo apresentam uma
resposta bifasica sobre as plaquetas - elas iniciam a agregacdo plaquetaria a
baixas concentracdes ou apds um curto periodo de incubacdo, mas inibem sua
agregacdo a altas concentracbes ou apos um periodo prolongado de incubacao
(MARKLAND, 1998). A acdo de uma PLA: da pegonha de Vipera russellii
exemplifica esse perfil bifasico (TENG; CHEN; OUYANG, 1984). Em termos de
mecanismo de acdo, as atividades conhecidas das PLA2s sobre a agregacao
plaguetaria ndo sdo bem compreendidas (SAJEVIC; LEONARDI; KRIZAJ, 2011).
A interferéncia sobre a agregacédo plaquetaria pode estar relacionada a regiao C-
terminal da toxina, bem como a formacao de metabdlitos do &cido araquiddnico,
como o TXAz (KINI; EVANS, 1990; MARKLAND, 1998; Teixeira et al., 2011).

Os efeitos sobre as plaquetas também podem ser parcialmente
independentes da atividade enzimética, como ocorre com a PLA2 da peconha de
Ophiophagus hannah, OHV A-PLA.. Estudos indicam que a atividade
antiplaquetaria dessa toxina é causada, pelo menos em parte, por alteracdes
morfologicas relevantes induzidas no citoesqueleto das plaquetas (HUANG et al.,
1987; MARKLAND, 1998).
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5.2 Serinoproteases de pegonhas de serpentes

As SVSPs constituem um grupo amplamente estudado de toxinas que
afetam principalmente o sistema hemostatico. Elas agem sobre componentes da
cascata de coagulacao, sobre os sistemas fibrinolitico e calicreina-cinina e sobre
as plaquetas, levando a um desequilibrio do sistema hemostatico (SERRANO;
MAROUN, 2005; SERRANO, 2013).

O mecanismo catalitico das SVSPs inclui um residuo de serina altamente
reativo (Serl95, seguindo a numeragdo do quimotripsinogénio), que exerce um
papel critico na formacdo de um complexo acil-enzima transitorio, estabilizado
pela presenca de residuos de histidina e aspartato dentro do sitio ativo
(BARRETT; RAWLINGS, 1995). Logo, essas enzimas sdo sensiveis a compostos
que reagem com o residuo de serina do sitio ativo. As SVSPs sado inibidas
competitivamente por benzamidina e por p-aminobenzamidina e irreversivelmente
por fluoreto de fenilmetilsulfonilo (PMSF) e por diisopropilfluorofosfato (DFP)
(MATSUI; FUJIMURA; TITANI, 2000; SERRANO; MAROUN, 2005; SERRANO,
2013).

Algumas SVSPs ativam a agregacdo plaguetaria por um mecanismo
semelhante a trombina, por clivagem proteolitica dos PARs, especialmente PAR1
e PAR4. As SVSPs PA-BJ e thrombocytin, purificadas das peconhas de B.
jararaca e de B. atrox, respectivamente, sdo enzimas que atuam dessa maneira
(SANTOS et al., 2000). Por outro lado, a bothrombin (NISHIDA et al., 1994) e a
cerastotin (MARRAKCHI et al., 1997) das peconhas de B. jararaca e de Cerastes
cerastes, respectivamente, ativam as plaguetas por interagcdo com o receptor
GPlba, 0 qual também tem sido indicado por alguns trabalhos como receptor
funcional da trombina (OKAMURA; HASITZ; JAMIESON, 1978; VILCA-QUISPE et
al., 2010).

Na literatura estdo disponiveis outros exemplos de SVSPs que induzem a
agregacao plaquetaria. No entanto, as vias de ativacdo das plaquetas por muitas
dessas toxinas ainda ndo foram completamente elucidadas. Exemplos disso séo a
BpirSP27 e a BpirSP41 da peconha de B. pirajai (MENALDO et al., 2012), a
TLBm de B. marajoensis (VILCA-QUISPE et al.,, 2010) e a cerastocytin de C.
cerastes (MARRAKCHI et al., 1995).
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5.3 Metaloproteases de peconhas de serpentes

As SVMPs constituem um grupo de proteases dependentes de metais, 0S
quais desempenham um papel critico nas atividades proteolitica e bioldgica
dessas enzimas (FOX; SERRANO, 2009). As SVMPs dependentes de zinco
pertencem a familia metzincina. Elas possuem em comum um dominio de ligacéo
de zinco com estruturas muito semelhantes entre si (GUTIERREZ; RUCAVADO,
2000). O sitio ligante de zinco dessa familia tem a sequéncia de aminoacidos
HEBXHXBGBXHZ, comum em todas as subfamilias, onde H representa a
histidina; E, o glutamato; G, a glicina; B, um residuo hidrofébico; X, um
aminoacido qualquer e Z, um aminoacido diferente entre as subfamilias, mas
conservado dentro das mesmas (MARKLAND, 1998).

As SVMPs séo classificadas em trés classes (PI, Pll e Plll) de acordo com
a organizacao de seus multidominios, considerando a presenca ou auséncia de
dominios néo proteoliticos observados nos transcritos de mMRNA e nas proteinas
isoladas da peconha (Figura 07) (FOX; SERRANO, 2008). A classe PI
compreende SVMPs compostas somente de um dominio metaloprotease. As
toxinas da classe PII, por sua vez, apresentam o dominio metaloprotease,
seguido de um dominio desintegrina, os quais frequentemente sao separados por
um processo proteolitico pés-traducional. Ambos os produtos proteoliticos sao
estaveis (FOX; SERRANO, 2008; SHIMOKAWA et al., 1996). E por fim, as
SVMPs classe Pl possuem um dominio rico em cisteina (cys-rich) em adicdo aos
dominios metaloprotese e semelhante a desintegrina (dis-like). A classificacdo
das subclasses de PII (Plla, Plib, Plic, Plid e Plle) e PllI (Pllla, Plllb, Pllic e PIlid)
reflete o potencial de processamento proteolitico, bem como a formacédo de
estruturas diméricas (FOX; SERRANO, 2008, 2009).
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processado, mas nao identificado na pegconha. Fonte: Fox e Serrano (2008).

Diversas atividades bioldgicas sao atribuidas as SVMPs, incluindo
hemorragia, edema, inflamacdo e necrose (GOMES et al., 2009; GUTIERREZ;
RUCAVADO, 2000; ZYCHAR et al, 2010). O desequilibrio do sistema
hemostatico é o efeito biolégico mais estudado causado por essas toxinas
(MARKLAND JR.; SWENSON, 2013; RAMOS; SELISTRE-DE-ARAUJO, 2006;
TAKEDA; TAKEYA; IWANAGA, 2012). Elas podem interferir na agregagao
plaguetaria e na cascata de coagulagéo, exercendo efeitos pro ou anticoagulantes
(CAMACHO et al., 2014; GUTIERREZ; RUCAVADO, 2000; QUEIROZ et al.,
2014a; SAJEVIC; LEONARDI; KRIZAJ, 2011; TAKEDA; TAKEYA; IWANAGA,
2012).

A maioria das SVMPs sdo enzimas fibrinogenoliticas assim como as
SVSPs, clivando preferencialmente a cadeia Aa e mais lentamente a cadeia Bf
do fibrinogénio. As proteases botropicas neuwiedase (RODRIGUES et al., 2000),
BlaH1 (STROKA et al., 2005), BjussuMP-II (MARCUSSI et al., 2007), BmooMPa-I
(BERNARDES et al., 2008) e BleucMP (GOMES et al., 2011) sao algumas das a-
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fibrinogenases descritas na literatura. A inibicdo da agregacdo plaquetaria por
SVMPs poderia ser atribuida a degradacéo do fibrinogénio, principal ligante da
integrina aubPs. Entretanto, € a cadeia y que contém o mais importante sitio de
ligacdo as plaquetas. Assim, a clivagem das cadeias Aa e BB pelas a-
fibrinogenases nao afeta a agregacéao plaquetaria (KAMIGUTI, 2005).

As SVMPs que afetam a funcdo das plaguetas apresentam uma ampla
diversidade de mecanismos de acdo. Elas podem atuar por meio de acado
especifica estrutural ou enzimatica sobre receptores das plaquetas ou sobre
proteinas adesivas envolvidas na hemostasia, ativando ou inibindo a agregacao
plaguetaria (KAMIGUTI, 2005; MARKLAND, 1998; PINYACHAT et al.,, 2011,
SAJEVIC; LEONARDI; KRIZAJ, 2011). A alborhagin, por exemplo, € uma SVMP
isolada da peconha de Trimeresurus albolabris que atua como um potente
ativador da funcéo plaquetéaria, porque interage com o receptor GPVI (ANDREWS
et al., 2001).

As SVMPs também sdo moléculas muito versateis quanto a inibicdo da
agregacdo plaquetaria. O dominio dis-like das SVMPs é o principal componente
que interage com as plaquetas (PINYACHAT et al., 2011). A jararhagin (52 kDa),
uma SVMP PIlII hemorragica isolada da peconha de B. jararaca, inibe a
agregacao plaquetaria induzida pela ristocetina e pelo coladgeno. Essa acao sobre
as plaquetas pode ser atribuida, respectivamente, a hidrélise do FVYW e a acao
direta sobre a integrina azp1 (LAING; MOURA-DA-SILVA, 2005). Essa enzima se
liga a subunidade a2 da integrina na superficie das plaquetas e cliva a subunidade
B1. Além disso, estudos mostram que a jararhagin se liga fortemente ao colageno
e essa ligacdo pode manter a inibicdo da agregacao plaguetaria induzida por esse
agonista, mesmo quando a enzima esta inativa ou na auséncia do dominio
metaloprotease (KAMIGUTI, 2005; LAING; MOURA-DA-SILVA, 2005). A
catrocollastatin (50 kDa), purificada da peconha de Crotalus atrox, € outra SVMP
gue se liga ao colageno e, consequentemente, inibe a agregacdo plaquetaria.
Essa ligagdo parece ser mediada pelo dominio dis-like dessa toxina, o qual é
muito semelhante ao dominio correspondente da jararhagin (ZHOU,;
DANGELMAIER; SMITH, 1996).

Os dominios desintegrina e dis-like das SVMPs nem sempre conferem a

molécula a atividade de inibicdo da agregacdo plaquetaria. Um exemplo é a
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BlatH1, uma SVMP PII purificada da peconha de Bothriechis lateralis (CAMACHO
et al., 2014). Nessa molécula, a sequéncia treonina-aspartato-asparagina (TDN)
substitui a RGD tipica das desintegrinas, que é capaz de bloquear integrinas
plaguetarias (CAMACHO et al., 2014). Esses mesmos autores sugerem gque a
BlatH1 inibe a agregacgéo plaquetaria induzida por ADP e colageno por meio de
um mecanismo exclusivamente dependente da sua atividade proteolitica.

Algumas SVMPs desprovidas do dominio dis-like, como a BjussuMPII
(MARCUSSI et al., 2007) e a atroxlysin-l (SANCHEZ et al., 2010) também séo
descritas na literatura como inibidores da fungcdo plaquetédria. A atividade
enzimatica dessas SVMPs PI é fundamental para a inibi¢cdo significativa da funcéo
das plaquetas.

Outra SVMP que inibe a agregacdo plaquetaria devido a sua atividade
proteolitica € a mocarhagin (55kDa), isolada da peconha de Naja mocambique
mocambique (WARD et al.,, 1996). Ela inibe a agregacdo das plaquetas
dependente do FVYW por remover especificamente o fragmento His1-Glu282 do
receptor GPIba (DU et al., 2006; WARD et al., 1996; WIJEYEWICKREMA,;
BERNDT; ANDREWS, 2005). O grupo de SVMPs semelhantes a mocarhagin
(mocarhagin-like) parece ser amplamente distribuido em peconhas de viperideos
(MATSUI; FUJIMURA,; TITANI, 2000).

5.4 Desintegrinas de peconhas de serpentes

As desintegrinas sdo uma familia de pequenos polipeptideos (40-100
aminoécidos) ndo enzimaticos e ricos em cisteina (BRAUD; BON; WISNER, 2000;
EBLE, 2010; KAMIGUTI; ZUZEL; THEAKSTON, 1998). A primeira desintegrina
descrita na literatura, trigramin, isolada da peconha de Trimeresurus gramineus,
foi caracterizada como inibidor competitivo da integrina aipf3s € como um potente
inibidor da agregacdo plaquetaria (HUANG et al., 1987). Apenas mais tarde,
foram isoladas e caracterizadas desintegrinas que nao inibem a agregacéo
plaguetéaria. Isso foi possivel gracas ao desenvolvimento de ensaios de adesao
celular usando linhagens de células que expressavam determinadas integrinas
(MARCINKIEWICZ et al., 1999a,b).
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As desintegrinas podem ser divididas em cinco grupos diferentes de acordo
com o comprimento e o numero de pontes dissulfeto dos polipeptideos (CALVETE
et al., 2003). O primeiro grupo inclui desintegrinas curtas contendo de 41 a 51
residuos de aminoacidos e quatro pontes dissulfeto. O segundo grupo € formado
por desintegrinas de tamanho médio que contém cerca de 70 residuos e seis
pontes dissulfeto. As desintegrinas com aproximadamente 84 residuos de
aminoacidos e sete pontes dissulfeto formam o terceiro grupo (CALVETE et al.,
2005; MARCINKIEWICZ, 2005). Os dominios dis-like derivados das SVMPs da
classe PIIl formam o quarto grupo das desintegrinas. Eles apresentam
aproximadamente 100 residuos e oito pontes dissulfeto. E o quinto, diferente dos
demais grupos, € composto por desintegrinas homo e heterodiméricas (CALVETE
et al., 2005). Cada subunidade possui cerca de 67 residuos, dentre os quais 10
sdo de cisteina, envolvidos na formacéo de quatro pontes dissulfeto intracadeia e
duas intercadeia (CALVETE et al., 2000; MARCINKIEWICZ, 2005). A maioria das
desintegrinas € liberada de precursores das SVMPs PIl (RAMOS; SELISTRE-DE-
ARAUJO, 2006).

A atividade de inibicdo de integrinas pelas desintegrinas depende do
pareamento adequado dos residuos de cisteina que determinam a conformacao
da alca inibitéria, cujo apice contém uma sequéncia RGD (Figura 08) ou
sequéncias homodlogas, como MLD (metionina-leucina-aspartato), MGD
(metionina-glicina-aspartato), VGD (valina-glicina-aspartato), KGD, WGD
(triptofano-glicina-aspartato) ou RTS/KTS (arginina-treonina-serina/ lisina-treonina-
serina) (CALVETE et al, 2003; EBLE, 2010). A sequéncia C-terminal da
desintegrina, junto a sequéncia de aminoacidos dentro da alca inibitoria (Figura

09), determina a especificidade de ligacdo a integrina (EBLE, 2010).
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Figura 08. Estrutura molecular da desintegrina rhodostomin da peconha de Calloselasma
rhodostoma, que possui a sequéncia RGD na alca de ligacao a integrina. Essa sequéncia se liga a

integrina plaquetaria aipfs. Fonte: figura modificada de Eble (2010).

RTS
KIS MLD Be
I = B 3 l'-(1|\: I/(_:lh\' Bb
| Lectinas tipo C e iy Y RGD l
| =2 . SN
o N ATs) /
MLp(e) — B —— (@, } By =y
- |\ e RED
MUD @) | . ML o RGD
: S o Qe WG ‘wep
S22 T\ MLD KGD
RGD \ By
VGD
B, Yob g,

Figura 09. Diagrama da familia das integrinas e os diferentes motivos tripeptidicos que blogueiam

especificamente interacdes entre integrina e molécula ligante. Integrinas heterodiméricas

antagonizadas por desintegrinas de peconhas de serpentes estdo circuladas. Fonte: figura
modificada de Calvete (2013).

As desintegrinas também podem ser classificadas quanto a sua fungéo, de
acordo com a especificidade de interacdo com integrinas. Segundo Marcinkiewicz
(2005), podem ser diferenciados trés grupos (Figura 10): as desintegrinas que
interagem com integrinas RGD-dependentes, as que se ligam a integrinas de
leucdcitos e aquelas que se ligam a integrina aif1. O primeiro grupo inclui a
maioria das desintegrinas monoméricas que contém o motivo RGD, bem como
outras desintegrinas que apresentam sequéncias diferentes, mas que tém
atividade inibitéria contra inclui

integrinas RGD-dependentes. Esse grupo

desintegrinas monoméricas MVD (metionina-valina-aspartato) ou KGD, bem como
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diméricas MGD, KGD ou WGD (MARCINKIEWICZ, 2005). O segundo grupo €&
representado por desintegrinas MLD, as quais interagem com as integrinas aafu,
a4f37, asP1, asP1, a7fie asfi (CALVETE, 2013; MARCINKIEWICZ, 2005). E por sua
vez, as desintegrinas KTS, bem como as RTS, pertencem ao terceiro grupo. Elas
séo inibidores potentes e seletivos da integrina ai1f31, um receptor especifico do
colageno IV (CALVETE, 2013; MARCINKIEWICZ, 2005).

Desintegrinas

KTS-
desintegrinas

MLD-
desintegrinas

RGD-
desintegrinas

_ ayBs . 0437
B3 dsf3 a4+ Ogf34

Figura 10. Classificagdo funcional das desintegrinas de pegonhas de serpentes. O esquema

exemplifica a especificidade de ligacdo a integrinas de cada grupo. Fonte: figura modificada de

Marcinkiewicz (2005).

Em geral, a poténcia de inibicdo da agregacdo plaquetaria pelas
desintegrinas de peconhas de serpentes depende da sua capacidade de interagir
com a integrina anpBs (MARCINKIEWICZ, 2013). Considerando a eficicia da sua
inibicdo no tratamento de disturbios tromboéticos, as pesquisas relacionadas a
estrutura e funcdo das desintegrinas RGD sdo, na maioria das vezes,
direcionadas para o bloqueio da integrina aunfs. Esses esforcos resultaram em
drogas disponiveis no mercado que mimetizam sua acdo, como o eptifibatide e
tirofiban. Ambos compostos sdo aprovados para uso na terapia de sindrome
coronariana aguda e prevencado de complicacées trombdticas (GOMES et al.,
2000; MARCINKIEWICZ, 2005; RANG et al., 2011; TOPOL; BYZOVA; PLOW,
1999).
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As plaquetas contribuem para o crescimento de tumores, angiogénese e
metéstase (TRIKHA; NAKADA, 2002). Elas facilitam a adesdo e retencdo das
células tumorais na parede do vaso sanguineo em forcas de cisalhamento
relativamente altas. Essas interacoes sdo mediadas pelas integrinas aibPBs € av,
amplamente expressas em uma variedade de células tumorais (DARDIK et al.,
1997; FELDING-HABERMANN, 2003). As desintegrinas RGD de peconhas de
serpentes sdo moléculas de interesse de muitos laboratérios que investigam a
integrina avBs como um alvo potencial na supressdo do cancer
(MARCINKIEWICZ, 2005). O bloqueio dessa integrina sobre células tumorais
inibe a adesdo a matriz extracelular, reduz significativamente sua motilidade e
resulta na inibicdo de metastase (MARCINKIEWICZ, 2005).

As desintegrinas RGD jerdonin (7.483 Da e 71 residuos de aminoéacidos)
(ZHOU et al., 2004a) e jerdonatin (8.011Da e 72 residuos de aminoacidos) (ZHOU
et al., 2004b) da peconha de Trimeresurus jerdonii, ambas com 12 cisteinas,
inibbem a agregacdo plaquetaria induzida por ADP e colageno, e ainda o
crescimento tumoral (ZHOU et al., 2004a,b). A insularin (14.000Da), por sua vez,
€ uma desintegrina RGD da peconha de B. insularis que possui 73 residuos de
aminoacidos e 12 cisteinas (DELLA-CASA et al., 2011). Ela inibe a agregacao
plaguetaria induzida por ADP e a adesado de células endoteliais ao fibrinogénio
imobilizado. Os autores do trabalho sugerem que a insularin pode ser usada como
uma ferramenta nos estudos de patologias envolvendo adesdo de plaquetas e
células endoteliais dependentes das integrinas avf3s e aibBs (DELLA-CASA et al.,
2011).

As desintegrinas de peconhas de serpentes também podem se ligar a
receptores expressos em leucocitos e em células endoteliais. A interacdo de
desintegrinas RGD monoméricas com neutrofilos parece estar associada com a
ligacdo a integrina amPz; e entre desintegrinas RGD e células T, com as integrinas
avBs e asfi1 (MARCINKIEWICZ, 2013).

As pesquisas com os grupos de desintegrinas MLD e KTS, por sua vez,
sdo direcionadas também para sistemas experimentais de terapia de cancer,
assim como de doencgas autoimune. Elas exibem novos motivos biologicamente
ativos que podem ser usados como modelo para o desenvolvimento de

compostos sintéticos para aplicacdo clinica (MARCINKIEWICZ, 2005).
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5.5 L-aminoacido oxidases de peconhas de serpentes

As LAAOs séo flavoenzimas que catalisam a desaminacdo oxidativa
estereoespecifica de um substrato -aminodcido, produzindo um a-cetoacido,
amonia e perdxido de hidrogénio (H202) (DU; CLEMETSON, 2002; FOX, 2013;
GUO et al., 2012). Os elétrons retirados durante a reacao catalisada pela LAAO
reduzem o grupo prostético flavina adenina dinucleotideo (FAD) da enzima,
convertendo-o a FADHz, que posteriormente reduz oxigénio molecular a H20z,
oxidando novamente FADHz, o que resulta na regeneracao da enzima. Na figura
11 é possivel observar que a reacdo tem um iminoacido como intermediario, o
qual sofre uma hidrélise espontanea, gerando um a-cetoacido e amadnia
(MOUSTAFA et al., 2006).

H:0, 0
FAD,, FADH
COOH COOH  H.0 COOH
H \_//
R . - R B + MH3
NH; LAAO NH o

Figura 11. Reacdo quimica catalisada pelas LAAOs. O iminoacido gerado como produto
intermediério sofre uma hidrélise espontanea, gerando um a-cetodcido e amoénia. Os elétrons
retirados durante a reacdo catalisada pela LAAO reduzem o grupo prostético FAD da enzima,
convertendo-o a FADH2, que posteriormente reduz oxigénio molecular a H202, oxidando
novamente FADH:. Fonte: Guo et al. (2012).

Essa enzima é amplamente distribuida em muitos organismos diferentes,
eucariotos e procariotos, mas as LAAOs de peconhas de serpentes (SV-LAAOS)
sdo 0os membros mais bem estudados dessa familia (DU; CLEMETSON, 2002;
IZIDORO et al., 2014). Em serpentes botropicas, essas toxinas representam cerca
de 2% do peso total da peconha bruta dessecada. A coloracdo amarela dessas
peconhas esta relacionada com a presenca da riboflavina que faz parte do grupo
prostético FAD ou nicotinamida adenina dinucleotideo (NAD) das LAAOs (SOUZA
et al., 2005; ULLAH et al. 2012).
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Essas enzimas sdo geralmente glicoproteinas homodiméricas ligadas ao
FAD e quando analisadas em condi¢bes ndo desnaturantes apresentam massas
moleculares de aproximadamente 110-150 kDa. Nessas condicdes, a CC-LAAO
da peconha de Cerastes cerastes, por exemplo, apresenta 115 kDa (ABDELKAFI-
KOUBAA et al., 2014) e a BmooLAAO-I da peconha de B. moojeni, 130,779 kDa
(STABELI et al., 2007). Em condi¢des desnaturantes, analisadas por SDS-PAGE,
ou por espectometria de massa (MALDI-TOF), a massa de cada monémero das
SV-LAAOs esta em torno de 50-70 kDa (DU; CLEMETSON, 2002). A CC-LAAO
apresenta 58 kDa (ABDELKAFI-KOUBAA et al., 2014) e a BmooLAAO-| 64,889
kDa (STABELI et al., 2007), em condi¢cdes desnaturantes.

O papel fisioldgico das SV-LAAOs ainda é desconhecido. Especula-se que
estocada nas glandulas de peconha, pode estar relacionada com a conservacao e
estabilizacdo da peconha e das proprias glandulas, em virtude de suas
propriedades antibacterianas (FOX, 2013). Apesar dos mecanismos de acao
dessas enzimas serem pouco conhecidos, muitos trabalhos descrevem uma
ampla variedade de efeitos farmacolégicos, como inducdo de apoptose, edema,
hemolise, hemorragia e efeito bactericida, citotoxico, microbicida, antiparasitario,
antitumoral, na agregacéao plaquetéria, dentre outros (CISCOTTO et al., 2009; DU;
CLEMETSON, 2002; GUO et al., 2012; IZIDORO et al., 2006; 2014; NAUMANN et
al., 2011; RODRIGUES et al., 2009; STABELI et al., 2004, 2007; TEMPONE et al.,
2001). Muitos desses efeitos parecem estar relacionados, ao menos em parte,
com o H20:2 produzido durante a reacdo quimica catalisada pelas LAAOs, o que
contribui para a toxicidade do envenenamento através do estresse oxidativo
decorrente (FOX, 2013; GUO et al., 2012; NAUMANN et al., 2011; RODRIGUES
et al., 2009; STABELI et al., 2007; WEI et al., 2003).

As SV-LAAOs podem atuar como inibidores ou indutores da agregacao
plaguetaria, embora o seu mecanismo de acdo, ndo esteja bem esclarecido.
Essas enzimas podem afetar a agregacao plaquetaria ndo somente por meio da
producdo de H202, mas também por mecanismos ainda desconhecidos (GUO et
al., 2012).

TMLAO (WEI et al., 2003), BpirLAAO-I (IZIDORO et al., 2006), BmooLAAO-
| (STABELI et al., 2007) e Bp-LAAO (RODRIGUES et al., 2009) sdo algumas das

SV-LAAOs capazes de induzir a agregacdo das plaquetas. Em todos esses
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casos, a catalase inibe essa atividade, sugerindo que esse efeito é mediado pela
producdo de H202, durante a catalise enzimatica. Segundo Li, Yu e Eric (1994), o
H20: liberado poderia promover a sintese de TXA2 0 qual induz a agregacao
plaquetéaria. Entretanto, a producdo de H20:2 por si s é insuficiente para explicar a
ativacdo da agregacédo, o que sugere a atuacao de outros fatores (LI et al., 2008;
SAJEVIC; LEONARDI; KRIZAJ, 2011). Tanto a produgcdo do H202, quanto a
ligacdo a proteinas da membrana plaquetaria podem estar envolvidas na inducao
da agregacao pela NA-LAAO da peconha de Naja atra (LI et al., 2008). O estudo
de Li et al. (2008) sugere que a enzima se liga a membrana plaquetéria,
aumentando a sensibilidade das plaquetas ao H202, e, a0 mesmo tempo, ativando
as plaguetas por um mecanismo néao conhecido.

Outras SV-LAAOs, como M-LAO (TAKATSUKA et al.,, 2001), ABU-LAO
(WEI et al., 2007) e BI-LAAO (NAUMANN et al., 2011) inibem a agregacao
plaquetaria. A importancia do H202 produzido nesse efeito biologico é observado,
mais uma vez, considerando que a atividade normalmente é inibida pela catalase.
O efeito inibitério pode estar relacionado a interferéncia do H202 na interacdo
entre a integrina plaquetaria ativada aipPs e o fibrinogénio, ou a reducdo da
ligacdo do ADP nas plaquetas expostas ao H202 (BELISARIO et al., 2000; DU,
CLEMETSON, 2002; TAKATSUKA et al., 2001).

Diante desse quadro, observa-se que estudos adicionais da acédo das SV-
LAAOs sobre a agregacéo plaquetaria e uma melhor compreenséo das atividades
biol6gicas associadas a essas enzimas, especialmente seus mecanismos de
acao, podem contribuir para o desenvolvimento de novos agentes para a terapia

de doencas cardiovasculares (GUO et al., 2012).

5.6 Lectinas tipo C de peconhas de serpentes

As lectinas tipo C sao proteinas ndo enzimaticas que se ligam a mono e
oligossacarideos, e sdo dependentes de pontes dissulfeto em sua estrutura e da
presenca de ifons Ca?" no meio para sua atividade (DRICKAMER, 1988;
KILPATRICK, 2002; SAJEVIC; LEONARDI; KRIZAJ, 2011). As lectinas tipo C sédo
compostas de homodimeros ou homo-oligbmeros e normalmente possuem

propriedades de ligacdo a galactose. Essas moléculas fazem parte da
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constituicdo das pecgonhas ofidicas (CLEMETSON, 2010). Tais peconhas também
contém lectinas tipo C-like, proteinas que sao heterodimeros ou complexos
oligoméricos de heterodimeros, chamadas snaclecs (do inglés, snake C-type
lectins). Sua estrutura basica inclui duas subunidades homdélogas: subunidade a
(cadeia A), de 14-15 kDa, e subunidade B (cadeia B), de 13-14 kDa
(CLEMETSON, 2010; MORITA, 2005). As snaclecs sdo mais frequentemente
encontradas em peconhas de serpentes do que as lectinas tipo C (ZELENSKY;
GREADY, 2005).

As snaclecs apresentam varias atividades bioldgicas, incluindo atividade
anticoagulante e de interferéncia na funcédo plaquetaria (CLEMETSON; MORITA;
KINI, 2009; SAJEVIC; LEONARDI; KRIZAJ, 2011). A acao das snaclecs sobre as
plaquetas pode ser utilizada como ferramenta para investigacao de receptores de
membrana e vias de sinalizagdo (ANDREWS; BERNDT, 2000; CLEMETSON,;
POLGAR; CLEMETSON, 1998; CLEMETSON et al., 2001).

Algumas snhaclecs agem como inibidores da funcdo plaquetaria, enquanto
outras ativam as plaquetas (CLEMETSON; LU; CLEMETSON, 2005;
CLEMENTSON, 2010). Como representado na figura 12, GPIb, GPVI e integrina
021 S&0 0s principais receptores aos quais as snaclecs se ligam (CLEMENTSON,
2010; JAKUBOWSKI et al., 2013). As snaclecs EMS16 de Echis multisquamatus e
echicetin de E. carinatus atuam como inibidores plaquetarios por meio da acéo
sobre a integrina azp1 e a GPIb, respectivamente (Figura 12) (CLEMETSON; LU;
CLEMETSON, 2005). Outro exemplo de antagonista plaquetario € a sochicetin-A,
uma shaclec da peconha de E. sochureki com estrutura quaternaria (ap)s. Ela
interage com a integrina a2Bf1 e inibe a agregacdo plaquetéria induzida por
colageno (JAKUBOWSKI et al., 2013). Por sua vez, a acdo das demais snaclecs
representadas na figura 12 sobre seus respectivos receptores resulta na ativacao
da funcdo plaquetaria (CHUNG; PENG; HUANG, 2001; CLEMETSON; LU;
CLEMETSON, 2005). A jerdonuxin da peconha de Trimeresurus jerdonii com
estrutura heterodimeérica (ap)s, também € um agonista plaquetario. Nesse caso, a
GPIb parece, mais uma vez, ser o receptor envolvido na atividade sobre as
plaguetas (CHEN et al., 2011).
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Figura 12. Lectinas tipo C interagindo com receptores plaguetarios. Setas pontilhadas e continuas
indicam inibidores e ativadores da funcdo plaquetarias, respectivamente. Fonte: figura modificada
de Clemetson; Lu e Clemetson (2005).

5.7 5'-nucleotidases

As 5'-nucleotidases catalisam a hidrélise de um nucleotideo a um
nucleosideo e a um fosfato (SAJEVIC; LEONARDI; KRIZAJ, 2011). Essas
moléculas causam a degradacdo do ADP, indutor da agregacdo plaquetaria
liberado dos granulos densos por estimulo de varios agonistas (MARKLAND,
1998; SAJEVIC; LEONARDI; KRIZAJ, 2011). A subsequente geracdo de
adenosina exerce, ainda, efeitos inibitérios sobre a agregacédo das plaguetas in
vivo, provavelmente pelo aumento dos niveis intraplaquetarios de CcAMP
(SODERBACK; SOLLEVI; FREDHOLM, 1987). O cAMP inibe a ativacéo
plaquetaria por diminuir os niveis citosélicos de Ca?*, inibindo a liberacdo de
granulos, cujo conteddo deveria ampliar a ativacdo plaquetaria (SAJEVIC;
LEONARDI; KRIZAJ, 2011).

A peconha da serpente Vipera lebetina possui um exemplo de 5'-
nucleotidase, a VL5'NT, que inibe a agregacéo plaguetaria induzida por colageno
ou ADP. Essa isoforma é homodimérica, consistindo de monémeros com massa
molecular de 60 kDa (TRUMMAL et al., 2015). Embora as 5'-nucleotidases sejam
amplamente distribuidas entre os tdxons de serpentes peconhentas, h& poucas
informacdes a repeito de suas atividades biolégicas (DHANANJAYA; D'SOUZA,
2010).
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6 Peconha de B. moojeni e agregacéo plaquetaria

Assim como para outras peconhas ofidicas, os efeitos da peconha de B.
moojeni sobre a hemostasia despertam o interesse de pesquisadores, seja pela
possibilidade de aplicacdo terapéutica e diagnostica, seja pela relevancia nos
acidentes (SANO-MARTINS; SANTORO, 2009). O quadro 1 reune toxinas da

peconha de B. moojeni que interferem na funcéo plaquetaria, descritas até 2014.

Quadro 1. Moléculas da peconha de B. moojeni que ativam (+) ou inibem (-) a agregacéo

plaquetaria, descritas até 2014.

Nome Classe Acdo sobre a Referéncia
agregacdo plaquetaria
MSP 1 SVSP + Serrano et al., 1993
BmooLAAO-I| LAAO + Stabeli et al., 2007
BmooTX-I PLA: - Santos-Filho et al,
2008
BmLec lectina tipo C-like + Barbosa et al., 2010
BmooPLA:-I| PLA2 - Salvador et al., 2011
BmooPLA: PLA - Silveira et al., 2013
BmooMPa-II SVMP - Queiroz et al., 2014a
BmooAi ? - Queiroz et al., 2014b

Fonte: do autor (2015)

Considerando a ampla variedade de moléculas presentes na peconha de
B. moojeni, o quadro 1 mostra que um numero muito pequeno de toxinas que
interferem na funcdo das plaquetas foi descrito. Certamente, muitas moléculas
ativas sobre as plaguetas ainda sédo desconhecidas. Além disso, pouco se
conhece a respeito dos mecanismos de acdo sobre a agregacdo plaquetéria
dessas toxinas. Esses fatores instigam as pesquisas na area, incluindo o estudo
dos efeitos da peconha botrépica no acidente ofidico, a funcéo das plaquetas e a

busca por novos modelos para diagnéstico e para farmacos antiplaquetarios.
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Resumo

Neste trabalho, descrevemos a purificacdo e a caracterizagdo de BmooAi, uma
nova toxina de Bothrops moojeni que inibe a agregacao plaquetaria. A purificacao
de BmooAi foi realizada por meio de trés passos cromatograficos (troca ibnica em
resina DEAE-Sephacel, exclusdo molecular em resina Sephadex G-75 e fase
reversa em coluna C2/C18). A andlise por SDS-PAGE mostrou que a BmooAi
possui uma Unica banda proteica de 15,000 Da. A BmooAi também foi analisada
por espectrometria MALDI-TOF, a qual revelou dois componentes principais com
massas moleculares de 7824,4 e 7409,2 Da, bem como, tracos de proteina com
massa molecular de 15.237,4 Da. O sequenciamento por degradacdo de Edman
mostrou duas sequéncias de aminoacidos, a IRDFDPLTNAPENTA e a
ETEEGAEEGTQ, as quais ndo apresentaram homologia com nenhuma classe
conhecida de peconhas de serpentes. BmooAi mostrou um efeito inibidor
especifico sobre a agregacdo plaquetaria induzida por colageno, difosfato de
adenosina ou epinefrina, em plasma humano rico em plaquetas, dose-
dependente. Entretanto, a nova toxina teve um pequeno ou nenhum efeito sobre a
agregacdo induzida por ristocetina. O efeito inibitorio da BmooAi sobre a
agregacao plaquetaria permaneceu 0 mesmo quando a amostra foi aquecida a
100 °C. A BmooAi pode ser uma nova ferramenta de interesse médico para o
desenvolvimento de novos agentes terapéuticos para prevencao e tratamento de

desordens tromboticas.

Palavras-chave: peconha de serpente; Bothrops moojeni; agregacao plaquetaria.
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Abstract

In this paper, we describe the purification/characterization of BmooAi, a new toxin
from Bothrops moojeni that inhibits platelet aggregation. The purification of
BmooAi was carried out through three chromatographic steps (ion-exchange on a
DEAE-Sephacel column, molecular exclusion on a Sephadex G-75 column, and
reverse-phase HPLC chromatography on a C2/C18 column). BmooAi was
homogeneous by SDS-PAGE and shown to be a single-chain protein of 15,000
Da. BmooAi was analysed by MALDI-TOF Spectrometry and revealed two major
components with molecular masses 7824.4 and 7409.2 as well as a trace of
protein with a molecular mass of 15,237.4 Da. Sequencing of BmooAi by Edman
degradation showed two amino acid sequences: IRDFDPLTNAPENTA and
ETEEGAEEGTQ, which revealed no homology to any known toxin from snake
venom. BmooAi showed a rather specific inhibitory effect on platelet aggregation
induced by collagen, adenosine diphosphate, or epinephrine in human platelet-rich
plasma in a dose-dependent manner, whereas it had little or no effect on platelet
aggregation induced by ristocetin. The effect on platelet aggregation induced by
BmooAi remained active even when heated to 100°C. BmooAi could be of medical
interest as a new tool for the development of novel therapeutic agents for the

prevention and treatment of thrombotic disorders.

Word Keys: snake venom; Bothrops moojeni; platelet aggregation.
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1. Introduction

Snake venoms are a complex mixture of various proteins, enzymes, and
other substances with toxic properties. Among the complex pool of proteins (more
than 90% of the dry weight) are included enzymes such as acetylcholinesterases,
aminotransferases, phosphoesterases, ADPases, phospholipases,
hyaluronidases, L-amino acid oxidases (LAAOs), and proteases
(metalloproteinases and serinoproteases) [1-5]. Protein C activators, growth
factors (NGF, VEGF), lectins, precursors of bioactive peptides, von Willebrand
factor binding proteins, disintegrins, and bradykinin potentiators are some
representatives of nonenzymatic components from snake venom [2, 6].

Snake venoms contain a wide variety of nonenzymatic and enzymatic
components that have very specific effects on platelet aggregation [7]. Some
phospholipases Az (PLA2) can affect platelet function usually due to phospholipid
hydrolysis and the formation of metabolites of arachidonic acid [8-10].
Serinoproteases can activate platelet aggregation directly by proteolytic cleavage
of protease-activated receptors (PARs) or by binding to the GPIb receptor
[6, 9, 11]. Several snake venom metalloproteinases (SVMPSs) have been shown to
interfere with platelet function through specific structural or enzymatic effects on
platelet receptors or their ligands [6—8]. The effects on platelet aggregation caused
by LAAOs are generally related to platelet exposure to hydrogen peroxide which is
generated by the enzymatic activity of the toxin [9, 12, 13]. Disintegrins are usually
nonenzymatic inhibitors of platelet aggregation, which typically inhibit 81, 83
and Bs integrins. A common feature of disintegrins is the presence of the arginine-
glycine-aspartate tripeptide sequence (RGD) or a homologous, non-RGD
sequence, in their integrin-binding sites. Due to their binding to the fibrinogen
receptor GPIIb/llla (aupB3), disintegrins inhibit platelet aggregation induced by a
wide range of agonists [14-17]. Snake venom C-type lectins are also able to affect
platelet function by binding to von Willebrand factor (vWF) or receptors such as
GPIb, a2B1, and GPVI [18, 19]. In contrast, inhibitory effects of 5'-nucleotidases on
platelet aggregation probably occur via catalytic activity that causes the

degradation of ADP, a platelet aggregation agonist [6].
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In this paper, we describe the purification of BmooAi from B.
moojeni venom and its characterization as a new toxin that inhibits platelet

aggregation.

2. Materials and Methods
2.1. Material

Desiccated B. moojeni venom was purchased from Bioagents Serpentarium
(Batatais, SP, Brazil). Acetonitrile, acrylamide, ammonium bicarbonate,
ammonium persulphate, bromophenol blue, bovine fibrinogen, glycine, G-
mercaptoethanol, N, N'-methylene-bis-acrylamide, sodium dodecyl sulphate
(SDS), N,N, N, N'-tetramethylethylenediamine (TEMED), trifluoroacetic acid, and
Tris were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Molecular
mass markers for electrophoresis and all chromatographic media (DEAE-
Sephacel, Sephadex G-75, and C2/C18 columns) were purchased from GE
Healthcare Technologies (Uppsala, Sweden). All the agonists used in the platelet
aggregation assays (collagen, adenosine diphosphate, epinephrine, and ristocetin)
were purchased from Helena Laboratories (Beaumont, Texas, USA). All other

reagents used were of analytical grade.

2.2. Blood collection

Human blood was obtained from volunteer-donors. The experiments
reported here follow the guidelines established by the Human Research Ethics
Committees of Universidade Federal de Uberlandia (CEP/UFU), Minas Gerais,
Brazil (Protocol number 055/11).

2.3. Purification of BmooAi

BmooAi was first purified using the methodology previously described [20]
with modifications. Crude venom from the B. moojeni snake (400 mg) was
dissolved in 50 mmol/L ammonium bicarbonate buffer (pH = 7.8) and clarified by
centrifugation at 10,000 xg for 10 minutes. The supernatant solution was
fractionated in a DEAE-Sephacel column (2.5 x 20.0 cm) previously equilibrated
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with 50 mmol/L ammonium bicarbonate (AMBIC), pH = 7.8. Elution was carried out
at a flow rate of 20 mL/h with a concentration gradient (50 mmol/L—0.6 mol/L) of
the same buffer. Fractions with 3.0 mL/tube were collected and their absorbance
was recorded at a wavelength of 280 nm. Fractions corresponding to peak DS4
were pooled, lyophilized, dissolved in 50 mmol/L AMBIC, pH 7.8, and then applied
to a Sephadex G-75 column (1.0 x 100.0 cm) previously equilibrated with the
same buffer. The flow rate was 20 mL/hour, fractions of 3.0 mL were collected, and
their absorbance was recorded at a wavelength of 280 nm. Fraction DS4G2,
showing antiplatelet activity, was pooled, lyophilized, dissolved in solvent A (0.1%
trifluoroacetic acid), and then subjected to reverse-phase chromatography in a
C2/C18 column (4.6 x 100 mm) using the AKTApurifier HPLC system. The column
was equilibrated with solvent A and eluted applying a concentration gradient
toward solvent B (0.1% trifluoroacetic acid containing 80% acetonitrile) from O to
100% for column volume at a flow rate of 0.5 mL/min at room temperature.
Absorbance was monitored at wavelengths of 214 and 280 nm and 1 mL fractions

were collected.

2.4. Estimation of protein concentration

The protein concentration of the fractions was determined using a UV
absorption method that calculates concentration from absorbance at 214 nm, using

a BioSpec-mini spectrophotometer (Shimadzu Biotech, Japan).

2.5. Electrophoretic analysis

Electrophoresis using polyacrylamide gel (SDS-PAGE) was performed as
previously described [21] using 14% gels. Electrophoresis was carried out at
20 mA/gel in Tris-glycine buffer, pH 8.3, containing 0.01% SDS. The molecular
mass standard proteins used were phosphorylase b (97,000), bovine serum
albumin (66,000), ovalbumin (45,000), carbonic anhydrase (30,000), soybean
trypsin inhibitor (20,000), and a-lactalbumin (14,000). Gels were stained with
Coomassie blue R-250, 0.2% (w/v).
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2.6. MALDI-TOF mass spectrometry analysis

The molecular mass of BmooAi was analyzed by MALDI-TOF mass
spectrometry using a 4800 MALDI TOF/TOF mass spectrometer (Applied
Biosystems, Foster City, California, USA) as previously described [22] with

modifications.

2.7. N-terminal sequence determination

The N-terminal sequence of BmooAi was determined by Edman
degradation [23] performed on an automated sequencer (Procise model 494,
Applied Biosystems). The identity of the primary sequence of BmooAi was
compared with other proteins using BLAST (Basic Local Alignment Search)

(http://blast.ncbi.nim.nih.gov/Blast.cgi).

2.8. Peptide synthesis of N-terminal sequences

Both the lle-Arg-Asp-Phe-Asp-Pro-Leu-Thr-Asn-Ala-Pro-Glu-Asn-Thr-Ala
and Glu-Thr-Glu-Glu-Gly-Ala-Glu-Glu-Gly-Thr-GIn sequences were synthesized
using GenScript (Piscataway, New Jersey, USA).

2.9. Proteolytic activity on fibrinogen

Fibrinogenolytic activity was assayed as previously described [24] with
modifications. Fibrinogen (1.5mg/mL) and samples (5pug) were mixed 1:100
(w/w) and the mixture was incubated at 37°C for 120 min. The reaction was
stopped by the addition of an equal volume of a denaturing buffer containing 2%
sodium dodecyl sulphate (SDS) and 10% B-mercaptoethanol. Reaction products
were analyzed using 14% (w/v) SDS-PAGE.

2.10. Platelet Aggregation

Platelet aggregation assays were performed in human platelet-rich plasma
(PRP) and measured using an automated 4-channel Aggregometer (AggRAM
version 1.1, Helena Laboratories, USA). Human blood collected in sodium citrate

(3.2%) was centrifuged at 100 xg for 12 min at room temperature to obtain PRP.
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Platelet-poor plasma (PPP) was obtained from the residue by centrifugation of
citrated blood at 1,000 xg for 15 min. Assays were carried out using 200 uL of PRP
maintained at 37°C under continuous stirring in siliconized glass cuvettes.
Aggregation was triggered with collagen (10 yg/mL), ADP (20 uM), ristocetin
(1.5 mg/mL), or epinephrine (300 uM) after the incubation of platelets with different
doses of BmooAi (0.6, 1.0, and 1.4 ug). One hundred percent (100%) aggregation
was expressed as the percentage absorbance relative to PPP aggregation.
Control experiments were performed using only platelet agonists. All experiments

were carried out in triplicate.

3. Results and discussion

In this study, we describe the purification and partial characterization of a
new toxin from B. moojeni venom that inhibits platelet aggregation. The
fractionation of the B. moojeni venom was carried out by three chromatographic
steps involving ion-exchange chromatography on a DEAE-Sepharose column,
molecular exclusion chromatography on a Sephadex G-75 column, and reverse-
phase HPLC chromatography on a C2/C18 column. The fractionation of B.
moojeni venom by ion-exchange chromatography resulted in five major protein
fractions named DS1 through DS5 (Figure 1(a)). Fraction DS4 was further
fractionated by size exclusion chromatography (Sephadex G-75) and three
fractions were collected (DS4G1 through DS4G3) (Figure 1(b)). All fractions were
tested on collagen-, ristocetin-, epinephrine-, or ADP-induced platelet aggregation
in human plasma. Fraction DS4G2 (80 ug) inhibited around 85% of collagen-
induced and around 75% of ADP-induced platelet aggregation; it was also able to
degrade both the Aa and Bf chains of bovine fibrinogen (results not shown). Even
when preincubated at 100°C, fraction DS4G2 maintained its inhibitory effect on
platelet aggregation, but lost its fibrinogenolytic activity (results not shown). These
results suggest that the effect on aggregation induced by fraction DS4G2 is not
dependent on enzymatic action, since the proteins present in this fraction were
denatured by a high temperature. Fraction DS4G2 was lyophilized and subjected
to reverse-phase HPLC chromatography on a C2C18 column (Figure 1(c)). This

procedure resulted in four major protein fractions at 214 nm but only two at
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280 nm. These results suggest that the first two peaks at 214 nm are composed of
proteins poor in aromatic amino acids. The first peak at 214 nm was also analyzed
by SDS-PAGE and showed a single polypeptide chain around 15kDa (Figure
1(d)). This peak was able to interfere with platelet aggregation and was named
BmooAi (Bothrops moojeni platelet aggregation inhibitor). BmooAi showed no
fibrinogenolytic activity.

BmooAi seems to have low expression in B. moojeni snake venom, since it
represented ~0.005% (w/w) of the initial crude venom. It is not advantageous
when compared to the overall yield of other protein molecules with inhibitory
effects on platelet aggregation such as atroxlysin-lI from B. atrox [25] or BI-LAAO
from B. leucurus [26], which represent around 5.1 and 3.7% (w/w) of their crude
venoms, respectively. In this study, we had to repeat the purification steps several
times in order to obtain sufficient material for an initial characterization of this new
toxin. For this reason, BmooAi concentration determinations were performed by a
UV absorption method; thus, there was no sample waste from using traditional
methods to determine protein concentration. The low recovery of BmooAi likely
discouraged other researchers from investigating this protein, mainly due to the
challenges of its purification. In spite of the disadvantages, BmooAi has high
antiplatelet activity that may contribute significantly to the overall effects of
envenomation by B. moojeni.

Mass spectrometry analysis of BmooAi indicated two major components
with molecular masses (M + H) 7824.4 and 7409.2 (Figure 2(a)). These two
compounds are also seen as doubly charged ions (M/Z = 3910.5 and 3703.4,
resp.). Figure 2(b) shows traces of a protein with a molecular mass (15237.4)
similar to that found via SDS-PAGE (Figure 1(d)). Based on the analysis by SDS-
PAGE (single band) and reverse-phase chromatography (symmetric peak), we
suggest that BmooAi is a unique protein that undergoes autolysis/proteolysis,
releasing two peptides of molecular mass around 7.5 kDa. Indeed, some snake
venom toxins can undergo proteolysis/autolysis under nonphysiological
conditions in vitro, such as in the presence of reducing agents, alkaline pH, or low
calcium concentration [27]. Additionally, the presence of two peptides composed

of different amino acids corroborates the suggestion that they originate from the
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autolysis/hydrolysis of BmooAi, since peptides that differ in hydrophobicity should
elute in different peaks in reverse-phase chromatography.

BmooAi was subjected to N-terminal sequencing by Edman degradation and
revealed two amino-acid sequences: IRDFDPLTNAPENTA and ETEEGAEEGTQ.
Both N-terminal sequences were submitted to BLAST but neither shared
homology with other snake venom protein. Interestingly, the primary sequence of
BmooAi has the sequence APEN in the same position (residues 10—13) occupied
by the identical sequence in Insularin, a disintegrin from B. insularis venom that
inhibits platelet aggregation induced by ADP [28]. This finding deserves attention,
but more studies are needed to elucidate the importance of this sequence for
inhibition of platelet aggregation.

Platelets play an essential role in hemostasis. Alterations in normal platelet
function are involved in various thrombotic and cardiovascular disorders [29, 30].
Modulation of platelet activation and aggregation are currently applied to treat and
prevent cardiovascular disorders and stroke [6, 29, 31, 32].

In this study, we characterized the interference of BmooAi with agonist-
induced platelet aggregation (collagen, ADP, epinephrine, and ristocetin). Our
results showed that BmooAi inhibited collagen-induced (10 ug/mL) platelet
aggregation in a concentration-dependent manner. Complete inhibition of
collagen-induced platelet aggregation was obtained with only 1.4 ug of BmooAi
(Figure 3). Even after heating to 100°C, BmooAi maintained its inhibitory activity,
supporting the hypothesis that its inhibition of platelet aggregation is nonenzymatic
in nature (data not shown). The assays of inhibition of ADP-, epinephrine-, and
ristocetin-induced platelet aggregation were performed using a dose of 0.6 ug, due
to the low amount obtained from purification. BmooAi inhibited over 80% of
epinephrine-induced (300 uM) platelet aggregation and around 30% of ADP-
induced aggregation (20 uM) (Figure 4). Under the same conditions, BmooAi did
not show any inhibitory effect on ristocetin-induced (1 mg/mL) aggregation.

Platelet aggregation is characterized by the accumulation of platelets into a
hemostatic plug. The GPIIb/llla receptor plays a central role in linking activated
platelets. Independent of the initial stimulus, blocking integrin aubB3 prevents
platelet aggregation and subsequent thrombus formation by preventing binding to

fibrinogen. The participation of integrin aupBs3 in platelet aggregation, whatever the
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initiating event or agonist, justifies the interest in the therapeutic blockade of this
receptor, since all routes of platelet activation converge on to this final common
pathway [7, 31, 33—-35]. Here, we show that BmooAi can inhibit ADP-, epinephrine-
, and collagen-induced platelet aggregation at low concentrations, which suggests
that this toxin may act on integrin aip33. On the other hand, the lack of an inhibitory
effect on ristocetin-induced platelet aggregation suggests that BmooAi does not
interfere with von Willebrand factor.

Disintegrins are a family of cysteine-rich low-molecular-mass polypeptides
(40-100 amino acids) present in viperid venoms that are usually nonenzymatic
inhibitors of platelet aggregation [6, 14, 15, 17]. They typically have an RGD
sequence that binds to integrin aub8s and other integrins inhibiting their functions
[15, 28, 36]. The RGD sequence presents inhibitory activity on platelet aggregation
induced by several agonists [6]. However, the Gly position can be occupied by
other individual amino acid residues or even by two residues in conformationally
restrained peptides and still retain integrin-binding activity [36]. In the venom of the
same snake species there are disintegrins that exhibit a conserved RGD-motif and
disintegrins with variable non-RGD sequences, such MLD, MGD, VGD, KGD,
WGD, or RTS/KTS [16, 17]. However, the short N-terminal sequence of the
BmooAi, obtained in this work was not sufficient to show the presence or absence
of RGD or variable non-RGD sequences.

In order to determine the influence of the N-terminal region of the peptides
found, we synthesized the two peptides and evaluated their effect on aggregation.
Neither synthesized peptides (50.0 ug) showed any inhibitory effect on ADP-,
epinephrine-, ristocetin-, or collagen-induced platelet aggregation. These results
suggest that the antiplatelet action of BmooAi depends not only on its N-terminal
but also on other regions formed by adjacent amino acids and the C-terminal may
be essential for its activity [16, 17, 37].

4. Conclusion

In conclusion, we describe a new toxin from snake venom that inhibits
platelet aggregation. The reported toxin, BmooAi, has a molecular mass around

15,000 Da and showed no homology with any other snake venom toxin. BmooAi
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has great potential for pharmacological studies due to the low dose used to inhibit
platelet aggregation and can be of medical interest as a new tool for the
development of novel therapeutic agents to prevent and treat patients with

thrombotic disorders.
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Figure 1. Sequential purification steps of BmooAi from Bothrops moojeni venom.
(&) lon-exchange chromatography on a DEAE-Sephacel column: crude venom
(400 mg) was applied to the column (2.5 x 20 cm) and elution was carried out at a
flow rate of 20mL/h with ammonium bicarbonate gradient buffer (50 mmol/L—
0.6 mol/L). Fractions of 3.0 mL/tube were collected and their absorbance read at
280 nm. (b) Molecular exclusion on a Sephadex G-75 column: the active fraction
(DS4) was applied to the column and eluted with 50 mmol/L ammonium
bicarbonate buffer at pH 7.8 with a flow rate of 20 mL/hour. (c) Reverse-phase
HPLC chromatography on a 2.0 x 2.5cm C2/C18 column (GE Health Care),
equilibrated with solvent A (0.1% trifluoroacetic acid) and eluted with a
concentration gradient of solvent B (80% acetonitrile and 0.1% trifluoroacetic acid)
from 0 to 100% at a flow rate of 0.5 mL/min at room temperature. (d) SDS-PAGE in
a 14% (w/v) gel. Lanes: 1: standard proteins; 2: reduced BmooAi fraction; 3:

nonreduced BmooAi fraction. The gel was stained with Coomassie blue R-250.
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Figure 2. Mass determination of BmooAi by MALDI-TOF mass spectrometry. (a)
The fraction consisted of two major components with molecular masses (M + H) of
7824.4 and 7409.2. These two compounds are also seen as doubly charged ions
(M/Zz = 3910.5 and 3703.4, resp.). (b) Expansion of the area around 15kDa to

better visualize the presence of a trace of this protein.
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Figure 3. Effect of BmooAi (0.6, 1.0, and 1.4 ug) on collagen-induced platelet
aggregation. Human PRP was preincubated with the indicated doses of BmooAi
for 8 min at 37°C before adding collagen (10 ug/mL). Platelet aggregation was
recorded for 10 min in an AQgRAM platelet aggregation system with four-channel
laser optics (Helena Laboratories, EUA). Results were expressed as an increase
in light transmission, where PPP represents the maximum response (100%).

Control experiments were performed in the absence of BmooAi.
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Figure 4. Effect of BmooAi (0.6 ug) on ADP- and epinephrine-induced platelet
aggregation. Human PRP was preincubated with the indicated dose of BmooAi for

8 min at 37°C before adding ADP (20 umol/L) or epinephrine (300 umol/L). Platelet

aggregation was recorded for 10 min in an AQgRAM platelet aggregation system
with four-channel laser optics (Helena Laboratories, EUA). Results are expressed

as an increase in light transmission, where PPP represents the maximum

response (100%). Control experiments were performed in the absence of BmooAI.
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Capitulo I

Purification of platelet aggregation activators peptides

from Bothrops moojeni venom

(Short communication)
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Resumo

As peconhas ofidicas contém uma mistura complexa de compostos enziméticos e
ndo enzimaticas que interferem na agregacdo das plaquetas. Peptideos que
ativam a agregacao plaquetaria foram purificados a partir da peconha de Bothrops
moojeni por dois passos cromatogréaficos (de troca ibnica e exclusdo molecular). A
agregacdo induzida por esses peptideos foi inibida pelos anticorpos monoclonais
anti-integrina a2b (CD41) e anticorpos anti-GP1BA. Estes resultados indicam que
estes peptideos podem ativar as plaquetas por interagcdo com a GPIlb ou VWF e

essa ativacdo culmina na ativacéo de integrina cinpPs.

Palavras-chave: peconha de serpente; Bothrops moojeni; agregacao plaguetaria
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Abstract

Snake venoms contain complex mixture of nonenzymatic and enzymatic
compounds which interfere in platelet aggregation. Peptides that actives platelet
aggregation were purified from Bothrops moojeni venom by two chromatographic
steps (ion-exchange and molecular exclusion). Peptides-induced platelet
aggregation was inhibited by monoclonal anti-integrin a2b (CD41) and anti-GP1BA
antibodies. These results indicate that these peptides may activate platelets by

interaction with GPIb or vWF and culminates in activation of aubBs integrin.

Word Keys: snake venom; Bothrops moojeni; platelet aggregation
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When a blood vessel is injured, important mechanisms for controlling blood
loss are triggered: vasoconstriction, activation and platelets aggregation and blood
coagulation (Koh and Kini, 2012). Platelets play an essential role in thrombus
formation, closing the leak in the vessel wall. The first step involves immobilization
of platelets at sites of vascular injury through specific platelet receptors-exposed
subendothelial ligands interactions (adhesion) (Jurk and Kehrel, 2005; Kamiguti,
2005). Under low shear forces, platelets adhere to collagen, fibronectin and
laminin, via B1 integrins. In contrast, under high shear forces, platelets adhere to
subendothelial-bound von Willebrand factor (VWWF) through GPIba (Kulkarni et al.,
2000; Nieswandt et al., 2001). FvW-GPIb binding is insufficient for stable adhesion
for its rapid dissociation rate. However, it is important to recruit platelets to the site
of damage and to enable the interaction of other receptors with the thrombogenic
surface, as the binding of GPVI, major signaling receptor, to collagen. This
interaction triggers intracellular signals that activate platelets, which change their
shape and release different mediators, e.g. adenosine diphosphate (ADP) and
thromboxane Az (TXA2) and start to synthesize prostaglandins. Released
molecules, together with locally produced thrombin, amplify activation and mediate
recruitment of additional platelets (Jurk and Kehrel, 2005; Nieswandt et al., 2001,
Offermanns, 2006; Varga-Szabo et al., 2008). Regardless of the activation via, the
final common pathway to platelet aggregation is the aubfs receptor. This receptor
binds platelet-to-platelet through fibrinogen or vWf and forms the plug
(Stavropoulos and Shlansky-Goldberg, 2005; Vorchheimer and Becker, 2006).

Snake venoms contain a complex mixture of nonenzymatic and enzymatic
compounds that selectively modulate platelet adhesion, activation and aggregation
through a specific effect on adhesion receptors or their ligands (Andrews and
Berndt, 2000). The components that interfere with platelet function are divided into
two main categories: those which inhibit platelet aggregation (Della-Casa et al.,
2011; Jakubowski et al., 2013; Naumann et al.,, 2011; Queiroz et al., 2014a,b;
Silveira et al., 2013) and those that activate it (Andrews et al., 2001; Fully et al.,
2004; Rodrigues et al., 2009; Vilca-Quispe et al., 2010). Both attract researchers,
the first by medical interest, as a tool for the development of novel therapeutic
agents to prevent and treat thrombotic disorders and the latter as a tool for
diagnosis (Hutton and Warrell, 1993).
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Platelets can be activated by adhesive interactions as well as diverse
soluble agonists, such as ADP, arachidonate, serotonin, epinephrine, and
thrombin (Wallace and Smyth, 2013). Among the large range of enzymatic
components that compose snake venoms, there are many classes described in
literature as platelet aggregation inductor, such as phospholipases A2 (PLA2S),
serine proteinases, metalloproteinases (SVMPSs), L-amino acid oxidases (LAAOS)
and C-type lectins. Until now, there are no published reports about low molecular
weight peptides able to activate platelet aggregation. In this work we report, for the
first time, new peptides from B. moojeni venom that induce the platelet
aggregation.

Desiccated B. moojeni venom was purchased from Bioagents Serpentarium
(Batatais, SP, Brazil). Crude venom from the B. moojeni snake was fractionated
using the methodology previously described by Bernardes et al. (2008) with
modifications. Crude venom was dissolved in 50 mmol/L ammonium bicarbonate
buffer (AMBIC), (pH = 7.8) and clarified by centrifugation at 10,000 xg for 10
minutes. The supernatant solution was fractionated in a DEAE-Sephacel column
with a concentration gradient (50 mmol/L-0.8 mol/L) of AMBIC. The third fraction
of this chromatography was applied to a Sephadex G-75 column and eluted with
50 mmol/L AMBIC. The flow rate was 20 mL/hour, fractions with 3.0 mL/tube were
collected and absorbance was recorded at a wavelength of 280 nm in both steps.
The protein concentration of the fractions was determined using a UV absorption
method that calculates concentration from absorbance at 280 nm, using a
BioSpec-mini spectrophotometer (Shimadzu Biotech, Japan). Electrophoresis
using polyacrylamide gel (SDS-PAGE) was performed as previously described by
Laemmli (1970) using 20% gels.

Platelet aggregation assays were performed in human platelet-rich plasma
(PRP) and measured using an automated four-channel Aggregometer (AggRAM
version 1.1, Helena Laboratories, USA). Human blood from volunteer-donors
collected in sodium citrate (3.2%) was centrifuged at 100 x g for 12 min at room
temperature to obtain PRP. Platelet-poor plasma (PPP) was obtained by
centrifugation from the residue of citrated blood at 1,000 x g for 15 min. Assays
were carried out using 200 pyL of PRP maintained at 37°C under continuous stirring

in siliconized glass cuvettes. Aggregation was triggered with collagen (10 pg/mL)
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or peptides (10, 30 and 50 ug). Platelet aggregation inhibition by antibodies
(25 pg/mL) was analyzed by pretreatment of PRP with monoclonal anti-GP1BA,
anti-GPVI (ab1) and monoclonal anti-integrin a2b (CD41) (Sigma-Aldrich Co.) for 5
min and then activated with the peptides (50 ug). One hundred percent (100%)
aggregation was expressed as the percentage absorbance relative to PPP
aggregation. All experiments were carried out in triplicate and ANOVA were used
to measure the different between maximum percentages of each group.

The fractionation of B. moojeni venom by ion-exchange chromatography
resulted in six major fractions named D1 to D6 (Fig. 1A). Fraction D3 was further
fractionated by size exclusion chromatography (Sephadex G-75) and four fractions
were collected (D3G1 to D3G4) (Fig. 1B). Electrophoretic analysis (SDS-PAGE
20%) under reducing and nonreducing conditions showed that D3G4 fraction is
composed of small peptides, which do not appeared on the electrophoresis due to
their low molecular weight (results not shown). Purified peptides represented ~2%
(w/w) of the initial B. moojeni crude venom.

Peptides were tested on human PRP and activated platelet aggregation in a
dose-dependent manner (F3s=38.22, p<0.001) (Fig. 2A). These peptides (50 ug)-
induced platelet aggregation not differ significantly from that induced by collagen
(10 pg/mL) (Fig. 2A). When preincubated for 15 minutes at 100° C, peptides lose
their activity on platelet aggregation (results not shown). These results indicate
that the changing of the three-dimensional structure of the peptides by heat leads
to loss of activity on platelet aggregation.

Antibodies (25 pg/mL) were used to identify the platelet membrane
receptors involved in platelet aggregation induced by peptides (Fig. 2B). GPVI is
the major signaling receptor for the collagen on platelets (Nieswandt and Watson,
2003). Our results showed that the anti-GPVI (abl) antibody did not inhibit platelet
function. Interesting, the blockade of final pathway of platelet aggregation, aunPs
integrin (Jurk and Kehrel, 2005), by monoclonal anti-integrin a2b (CD41) inhibited
the peptides effect on platelets. This peptides-induced platelet aggregation was
also inhibited by monoclonal anti-GP1BA antibody. These findings suggest that
the peptides may activate platelets by interacting with GPIb or vVWF and
culminates in activation of aipPs integrin. GPlba represents the major functional

subunit of the GPIb-V-IX receptor complex. The VvWf-GPIba interaction is
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indispensable for platelet tethering at arterial shear rates. This binding initiates
signaling that results in aupPs activation and platelet aggregation (Gawaz, 2004,
Jurk and Kehrel, 2005; Kulkarni et al., 2000; Ruggeri, 2003).

A number of snake venom proteins that specifically modulate VWF-GPIba
interaction have been isolated (Markland, 1998). An example is the serine
proteinase bothrombin from B. jararaca venom, which activate platelet aggregation
by binding to the GPIba receptor (Nishida et al., 1994; Serrano and Maroun,
2005). These snake venom proteins are suitable probes for basic research on
platelet plug formation mediated by vWF and GPIb-V-IX receptor and for
subsidiary diagnostic use for some platelet disorders (Matsui and Hamako, 2005).
C-type lectin alboaggregin-B from Trimeresurus albolabris venom, also binds to
platelet GPlba receptor and has been used to quantitate VWF receptors on
platelets (Kowalska et al., 1998; Peng et al., 1991; Yoshida et al., 1993, 1995).
Other C-type lectin, botrocetin from B. jararaca venom, even as antibiotic
ristocetin, is used to induce VWF-GPIba interaction in vitro (Jurk and Kehrel, 2005;
Scott et al., 1991). Botrocetin (Pentapharm) is used for assaying the concentration
of VWWF in plasma and for detecting VWF-GPIba-dependent disorders (Andrews et
al., 1989; Sajevic et al., 2011; Schmugge et al., 2003).

In summary, we describe, for first time, the purification of activators
peptides with low molecular weight from B. moojeni venom that induces the
platelet aggregation. These peptides-induced platelet aggregation was inhibited by
monoclonal anti-integrin a2b (CD41) and anti-GP1BA antibodies. We suggest that
the peptides may activate platelets by interacting with GPIb or vVWF and
culminates in activation of aubB3 integrin. These peptides could be of interest as a
new tool for basic research on platelet plug formation and diagnostic use for some
platelet disorders. Anyway, more investigations about these peptides are needed
to detail the mechanisms of activation and elucidate molecular characteristics of

these activators.
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Fig. 1: Sequential purification steps of D3G4 fraction from B. moojeni venom. (A)

lon-exchange chromatography on a DEAE-Sephacel column: crude venom was
elution was carried out at a flow rate of 20 mL/h with AMBIC buffer (50 mmol/L—
0.8 mol/L). (B) Molecular exclusion on a Sephadex G-75 column: fraction D3 was
eluted with 50 mmol/L AMBIC buffer at pH 7.8 with a flow rate of 20 mL/hour.
Fractions of 3.0 mL/tube were collected and their absorbance read at 280 nm.

Pooled fractions of interest are indicated by the closed circle.
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Fig. 2: Peptides-induced platelet aggregation assay and effect of antibodies. (A)
D3G4 (10, 30 and 50 ug) -induced platelet aggregation. Aggregation was triggered
with collagen (10 ug/mL) or peptides (10, 30 and 50 pg) on PRP. Mean+SD of
maximum percentages of platelet aggregation of each group. (B) Inhibition by
antibodies (25 ug/mL) was analyzed by pretreatment of PRP with monoclonal anti-
GP1BA, anti-GPVI (abl) and monoclonal anti-integrin a2b (CD41) for 5 min and
then activated with peptides. Control experiment was performed using only the
peptides (50 pg). Results were expressed as an increase in light transmission,
where PPP represents the maximum response (100%). Different letters indicate

statistically significant difference among groups (p<0.001).
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Anexos

Artigos publicados relacionados ao tema da tese:

"Purification and characterization of BmooAi: a new toxin from Bothrops

moojeni snake venom that inhibits platelet aggregation.”

"Rapid purification of a new P-I class metalloproteinase from Bothrops

moojeni venom with antiplatelet activity."
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In this paper, we describe the purification/characterization of BmooAi, a new toxin from Bothrops moojeni that inhibits platelet
aggregation. The purification of BmooAi was carried out through three chromatographic steps (ion-exchange on a DEAE-Sephacel
column, molecular exclusion on a Sephadex G-75 column, and reverse-phase HPLC chromatography on a C2/C18 column).
BmooAi was homogeneous by SDS-PAGE and shown to be a single-chain protein of 15,000 Da. BmooAi was analysed by
MALDI-TOF Spectrometry and revealed two major components with molecular masses 7824.4 and 7409.2 as well as a trace of
protein with a molecular mass of 15,2374 Da. Sequencing of BmooAi by Edman degradation showed two amino acid sequences:
IRDFDPLTNAPENTA and ETEEGAEEGTQ, which revealed no homology to any known toxin from snake venom. BmooAi
showed a rather specific inhibitory effect on platelet aggregation induced by collagen, adenosine diphosphate, or epinephrine in
human platelet-rich plasma in a dose-dependent manner, whereas it had little or no effect on platelet aggregation induced by
ristocetin. The effect on platelet aggregation induced by BmooAi remained active even when heated to 100°C. BmooAi could be
of medical interest as a new tool for the development of novel therapeutic agents for the prevention and treatment of thrombotic
disorders.

1. Introduction

Snake venoms are a complex mixture of various proteins,
enzymes, and other substances with toxic properties. Among
the complex pool of proteins (more than 90% of the dry
weight) are included enzymes such as acetylcholinesterases,
aminotransferases, phosphoesterases, ADPases, phospholi-
pases, hyaluronidases, L-amino acid oxidases (LAAOs), and
proteases (metalloproteinases and serinoproteases) [1-5].

Protein C activators, growth factors (NGE, VEGF), lectins,
precursors of bioactive peptides, von Willebrand factor bind-
ing proteins, disintegrins, and bradykinin potentiators are
some representatives of nonenzymatic components from
snake venom [2, 6].

Snake venoms contain a wide variety of nonenzymatic
and enzymatic components that have very specific effects on
platelet aggregation [7]. Some phospholipases A, (PLA,) can
affect platelet function usually due to phospholipid hydrolysis
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and the formation of metabolites of arachidonic acid [8-10].
Serinoproteases can activate platelet aggregation directly by
proteolytic cleavage of protease-activated receptors (PARSs)
or by binding to the GPIb receptor [6, 9, 11]. Several snake
venom metalloproteinases (SVMPs) have been shown to
interfere with platelet function through specific structural or
enzymatic effects on platelet receptors or their ligands [6-
8]. The effects on platelet aggregation caused by LAAOs are
generally related to platelet exposure to hydrogen peroxide
which is generated by the enzymatic activity of the toxin
[9, 12, 13]. Disintegrins are usually nonenzymatic inhibitors
of platelet aggregation, which typically inhibit 3;, 35, and S35
integrins. A common feature of disintegrins is the presence
of the arginine-glycine-aspartate tripeptide sequence (RGD)
or a homologous, non-RGD sequence, in their integrin-
binding sites. Due to their binding to the fibrinogen receptor
GPIIb/IIa (eyy,35), disintegrins inhibit platelet aggregation
induced by a wide range of agonists [14-17]. Snake venom C-
type lectins are also able to affect platelet function by binding
to Von Willebrand factor (vWF) or receptors such as GPIb,
o, f3;, and GPVI [18, 19]. In contrast, inhibitory effects of
5'-nucleotidases on platelet aggregation probably occur via
catalytic activity that causes the degradation of ADP, a platelet
aggregation agonist [6].

In this paper, we describe the purification of BmooAi
from B. moojeni venom and its characterization as a new toxin
that inhibits platelet aggregation.

2. Materials and Methods

2.1. Material. Desiccated B. moojeni venom was purchased
from Bioagents Serpentarium (Batatais, SP, Brazil). Acetoni-
trile, acrylamide, ammonium bicarbonate, ammonium per-
sulphate, bromophenol blue, bovine fibrinogen, glycine, f3-
mercaptoethanol, N, N'-methylene-bis-acrylamide, sodium
dodecyl sulphate (SDS), N, N, N, N'-tetramethylethylene-
diamine (TEMED), trifluoroacetic acid, and Tris were pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA).
Molecular mass markers for electrophoresis and all chro-
matographic media (DEAE-Sephacel, Sephadex G-75, and
C2/CI18 columns) were purchased from GE Healthcare Tech-
nologies (Uppsala, Sweden). All the agonists used in the
platelet aggregation assays (collagen, adenosine diphosphate,
epinephrine, and ristocetin) were purchased from Helena
Laboratories (Beaumont, Texas, USA). All other reagents
used were of analytical grade.

2.2.  Blood Collection. Human blood was obtained from
volunteer-donors. The experiments reported here follow the
guidelines established by the Human Research Ethics Com-
mittees of Universidade Federal de Uberlandia (CEP/UFU),
Minas Gerais, Brazil (Protocol number 055/11).

2.3. Purification of BmooAi. BmooAi was first purified using
the methodology previously described [20] with modifica-
tions. Crude venom from the B. moojeni snake (400 mg)
was dissolved in 50 mmol/L ammonium bicarbonate buffer
(pH = 7.8) and clarified by centrifugation at 10,000 xg for
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10 minutes. The supernatant solution was fractionated in a
DEAE-Sephacel column (2.5 x 20.0 cm) previously equili-
brated with 50 mmol/L ammonium bicarbonate (AMBIC),
pH = 7.8. Elution was carried out at a flow rate of 20 mL/h
with a concentration gradient (50 mmol/L-0.6 mol/L) of
the same buffer. Fractions with 3.0 mL/tube were collected
and their absorbance was recorded at a wavelength of
280 nm. Fractions corresponding to peak DS4 were pooled,
lyophilized, dissolved in 50 mmol/L AMBIC, pH 7.8, and
then applied to a Sephadex G-75 column (1.0 x 100.0 cm)
previously equilibrated with the same buffer. The flow rate
was 20 mL/hour, fractions of 3.0 mL were collected, and their
absorbance was recorded at a wavelength of 280 nm. Fraction
DS4G2, showing antiplatelet activity, was pooled, lyophilized,
dissolved in solvent A (0.1% trifluoroacetic acid), and then
subjected to reverse-phase chromatography in a C2/C18 col-
umn (4.6 x 100 mm) using the AKTApuriﬁer HPLC system.
The column was equilibrated with solvent A and eluted
applying a concentration gradient toward solvent B (0.1%
trifluoroacetic acid containing 80% acetonitrile) from 0 to
100% for column volume at a flow rate of 0.5 mL/min at room
temperature. Absorbance was monitored at wavelengths of
214 and 280 nm and 1 mL fractions were collected.

2.4. Estimation of Protein Concentration. The protein concen-
tration of the fractions was determined using a UV absorp-
tion method that calculates concentration from absorbance at
214 nm, using a BioSpec-mini spectrophotometer (Shimadzu
Biotech, Japan).

2.5. Electrophoretic Analysis. Electrophoresis using poly-
acrylamide gel (SDS-PAGE) was performed as previously
described [21] using 14% gels. Electrophoresis was carried
out at 20 mA/gel in Tris-glycine buffer, pH 8.3, containing
0.01% SDS. The molecular mass standard proteins used were
phosphorylase b (97,000), bovine serum albumin (66,000),
ovalbumin (45,000), carbonic anhydrase (30,000), soybean
trypsin inhibitor (20,000), and a-lactalbumin (14,000). Gels
were stained with Coomassie blue R-250, 0.2% (w/v).

2.6. MALDI-TOF Mass Spectrometry Analysis. The molecular
mass of BmooAi was analyzed by MALDI-TOF mass spec-
trometry using a 4800 MALDI TOF/TOF mass spectrometer
(Applied Biosystems, Foster City, California, USA) as previ-
ously described [22] with modifications.

2.7. N-Terminal Sequence Determination. The N-terminal
sequence of BmooAi was determined by Edman degrada-
tion [23] performed on an automated sequencer (Procise
model 494, Applied Biosystems). The identity of the primary
sequence of BmooAi was compared with other proteins using
BLAST (Basic Local Alignment Search) (http://blast.ncbi
.nlm.nih.gov/Blast.cgi).

2.8. Peptide Synthesis of N-Terminal Sequences. Both the Ile-
Arg-Asp-Phe-Asp-Pro-Leu-Thr-Asn-Ala-Pro-Glu-Asn-Thr-
Ala and Glu-Thr-Glu-Glu-Gly-Ala-Glu-Glu-Gly-Thr-Gln
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sequences were synthesized using GenScript (Piscataway,
New Jersey, USA).

2.9. Proteolytic Activity on Fibrinogen. Fibrinogenolytic ac-
tivity was assayed as previously described [24] with mod-
ifications. Fibrinogen (1.5 mg/mL) and samples (5 pg) were
mixed 1:100 (w/w) and the mixture was incubated at 37°C for
120 min. The reaction was stopped by the addition of an equal
volume of a denaturing buffer containing 2% sodium dodecyl
sulphate (SDS) and 10% f3-mercaptoethanol. Reaction prod-
ucts were analyzed using 14% (w/v) SDS-PAGE.

2.10. Platelet Aggregation. Platelet aggregation assays were
performed in human platelet-rich plasma (PRP) and meas-
ured using an automated 4-channel Aggregometer (AggRAM
version 1.1, Helena Laboratories, USA). Human blood col-
lected in sodium citrate (3.2%) was centrifuged at 100 xg
for 12 min at room temperature to obtain PRP. Platelet-poor
plasma (PPP) was obtained from the residue by centrifu-
gation of citrated blood at 1,000 xg for 15 min. Assays were
carried out using 200 yL of PRP maintained at 37°C under
continuous stirring in siliconized glass cuvettes. Aggrega-
tion was triggered with collagen (10 ug/mL), ADP (20 uM),
ristocetin (1.5mg/mL), or epinephrine (300 uM) after the
incubation of platelets with different doses of BmooAi (0.6,
1.0, and 1.4 ug). One hundred percent (100%) aggregation
was expressed as the percentage absorbance relative to PPP
aggregation. Control experiments were performed using only
platelet agonists. All experiments were carried out in tripli-
cate.

3. Results and Discussion

In this study, we describe the purification and partial
characterization of a new toxin from B. moojeni venom
that inhibits platelet aggregation. The fractionation of the
B. moojeni venom was carried out by three chromato-
graphic steps involving ion-exchange chromatography on a
DEAE-Sepharose column, molecular exclusion chromatog-
raphy on a Sephadex G-75 column, and reverse-phase
HPLC chromatography on a C2/C18 column. The fraction-
ation of B. moojeni venom by ion-exchange chromatog-
raphy resulted in five major protein fractions named DS1
through DS5 (Figure 1(a)). Fraction DS4 was further frac-
tionated by size exclusion chromatography (Sephadex G-
75) and three fractions were collected (DS4Gl through
DS4G3) (Figure 1(b)). All fractions were tested on collagen-
, ristocetin-, epinephrine-, or ADP-induced platelet aggre-
gation in human plasma. Fraction DS4G2 (80 ug) inhibited
around 85% of collagen-induced and around 75% of ADP-
induced platelet aggregation; it was also able to degrade
both the Ax and B3 chains of bovine fibrinogen (results not
shown). Even when preincubated at 100°C, fraction DS4G2
maintained its inhibitory effect on platelet aggregation, but
lost its fibrinogenolytic activity (results not shown). These
results suggest that the effect on aggregation induced by
fraction DS4G2 is not dependent on enzymatic action, since
the proteins present in this fraction were denatured by a high

temperature. Fraction DS4G2 was lyophilized and subjected
to reverse-phase HPLC chromatography on a C2C18 column
(Figure 1(c)). This procedure resulted in four major protein
fractions at 214 nm but only two at 280 nm. These results
suggest that the first two peaks at 214 nm are composed of
proteins poor in aromatic amino acids. The first peak at
214 nm was also analyzed by SDS-PAGE and showed a single
polypeptide chain around 15 kDa (Figure 1(d)). This peak was
able to interfere with platelet aggregation and was named
BmooAi (Bothrops moojeni platelet aggregation inhibitor).
BmooAi showed no fibrinogenolytic activity.

BmooAi seems to have low expression in B. moojeni
snake venom, since it represented ~0.005% (w/w) of the
initial crude venom. It is not advantageous when compared
to the overall yield of other protein molecules with in-
hibitory effects on platelet aggregation such as atroxlysin-
I from B. atrox [25] or BI-LAAO from B. leucurus [26],
which represent around 5.1 and 3.7% (w/w) of their crude
venoms, respectively. In this study, we had to repeat the pu-
rification steps several times in order to obtain sufficient
material for an initial characterization of this new toxin.
For this reason, BmooAi concentration determinations were
performed by a UV absorption method; thus, there was no
sample waste from using traditional methods to determine
protein concentration. The low recovery of BmooAi likely
discouraged other researchers from investigating this protein,
mainly due to the challenges of its purification. In spite of the
disadvantages, BmooAi has high antiplatelet activity that may
contribute significantly to the overall effects of envenomation
by B. moojeni.

Mass spectrometry analysis of BmooAi indicated two
major components with molecular masses (M + H) 7824.4
and 7409.2 (Figure 2(a)). These two compounds are also
seen as doubly charged ions (M/Z = 3910.5 and 3703.4,
resp.). Figure 2(b) shows traces of a protein with a molec-
ular mass (15237.4) similar to that found via SDS-PAGE
(Figure 1(d)). Based on the analysis by SDS-PAGE (single
band) and reverse-phase chromatography (symmetric peak),
we suggest that BmooAi is a unique protein that undergoes
autolysis/proteolysis, releasing two peptides of molecular
mass around 75kDa. Indeed, some snake venom toxins
can undergo proteolysis/autolysis under nonphysiological
conditions in vitro, such as in the presence of reducing agents,
alkaline pH, or low calcium concentration [27]. Additionally,
the presence of two peptides composed of different amino
acids corroborates the suggestion that they originate from
the autolysis/hydrolysis of BmooAi, since peptides that differ
in hydrophobicity should elute in different peaks in reverse-
phase chromatography.

BmooAi was subjected to N-terminal sequencing by
Edman degradation and revealed two amino-acid sequences:
IRDFDPLTNAPENTA and ETEEGAEEGTQ. Both N-termi-
nal sequences were submitted to BLAST but neither shared
homology with other snake venom protein. Interestingly, the
primary sequence of BmooAi has the sequence APEN in
the same position (residues 10-13) occupied by the identical
sequence in Insularin, a disintegrin from B. insularis venom
that inhibits platelet aggregation induced by ADP [28]. This
finding deserves attention, but more studies are needed to
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FIGURE 1: Sequential purification steps of BmooAi from Bothrops moojeni venom. (a) Ion-exchange chromatography on a DEAE-Sephacel
column: crude venom (400 mg) was applied to the column (2.5%20 cm) and elution was carried out at a flow rate of 20 mL/h with ammonium
bicarbonate gradient buffer (50 mmol/L-0.6 mol/L). Fractions of 3.0 mL/tube were collected and their absorbance read at 280 nm. (b)
Molecular exclusion on a Sephadex G-75 column: the active fraction (DS4) was applied to the column and eluted with 50 mmol/L ammonium
bicarbonate buffer at pH 7.8 with a flow rate of 20 mL/hour. (c) Reverse-phase HPLC chromatography on a 2.0 x 2.5 cm C2/Cl18 column (GE
Health Care), equilibrated with solvent A (0.1% trifluoroacetic acid) and eluted with a concentration gradient of solvent B (80% acetonitrile
and 0.1% trifluoroacetic acid) from 0 to 100% at a flow rate of 0.5 mL/min at room temperature. (d) SDS-PAGE in a 14% (w/v) gel. Lanes: I:
standard proteins; 2: reduced BmooAi fraction; 3: nonreduced BmooAi fraction. The gel was stained with Coomassie blue R-250.

elucidate the importance of this sequence for inhibition of
platelet aggregation.

Platelets play an essential role in hemostasis. Alterations
in normal platelet function are involved in various throm-
botic and cardiovascular disorders [29, 30]. Modulation of
platelet activation and aggregation are currently applied to
treat and prevent cardiovascular disorders and stroke [6, 29,
31, 32].

In this study, we characterized the interference of
BmooAi with agonist-induced platelet aggregation (colla-
gen, ADP, epinephrine, and ristocetin). Our results showed
that BmooAi inhibited collagen-induced (10 pg/mL) platelet
aggregation in a concentration-dependent manner. Com-
plete inhibition of collagen-induced platelet aggregation was
obtained with only 1.4 ug of BmooAi (Figure 3). Even after
heating to 100°C, BmooAi maintained its inhibitory activity,
supporting the hypothesis that its inhibition of platelet aggre-
gation is nonenzymatic in nature (data not shown). The assays

of inhibition of ADP-, epinephrine-, and ristocetin-induced
platelet aggregation were performed using a dose of 0.6 g,
due to the low amount obtained from purification. BmooAi
inhibited over 80% of epinephrine-induced (300 M) platelet
aggregation and around 30% of ADP-induced aggregation
(20 uM) (Figure 4). Under the same conditions, BmooAi
did not show any inhibitory effect on ristocetin-induced
(1mg/mL) aggregation.

Platelet aggregation is characterized by the accumulation
of platelets into a hemostatic plug. The GPIIb/IIIa receptor
plays a central role in linking activated platelets. Independent
of the initial stimulus, blocking integrin «y[3; prevents
platelet aggregation and subsequent thrombus formation
by preventing binding to fibrinogen. The participation of
integrin oy 5 in platelet aggregation, whatever the initiating
event or agonist, justifies the interest in the therapeutic
blockade of this receptor, since all routes of platelet activation
converge on to this final common pathway [7, 31, 33-35].
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FIGURE 3: Effect of BmooAi (0.6, 1.0, and 1.4 ug) on collagen-
induced platelet aggregation. Human PRP was preincubated with
the indicated doses of BmooAi for 8 min at 37°C before adding
collagen (10 ug/mL). Platelet aggregation was recorded for 10 min
in an AggRAM platelet aggregation system with four-channel laser
optics (Helena Laboratories, EUA). Results were expressed as an
increase in light transmission, where PPP represents the maximum
response (100%). Control experiments were performed in the
absence of BmooAi.

Here, we show that BmooAi can inhibit ADP-, epinephrine-,
and collagen-induced platelet aggregation at low concentra-
tions, which suggests that this toxin may act on integrin
oy B5- On the other hand, the lack of an inhibitory effect on
ristocetin-induced platelet aggregation suggests that BmooAi
does not interfere with von Willebrand factor.

Disintegrins are a family of cysteine-rich low-molecular-
mass polypeptides (40-100 amino acids) present in viperid
venoms that are usually nonenzymatic inhibitors of platelet
aggregation [6, 14, 15, 17]. They typically have an RGD
sequence that binds to integrin oy, f3; and other integrins
inhibiting their functions [15, 28, 36]. The RGD sequence
presents inhibitory activity on platelet aggregation induced
by several agonists [6]. However, the Gly position can be
occupied by other individual amino acid residues or even
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FIGURE 4: Effect of BmooAi (0.6 ug) on ADP- and epinephrine-
induced platelet aggregation. Human PRP was preincubated with
the indicated dose of BmooAi for 8 min at 37°C before adding ADP
(20 ymol/L) or epinephrine (300 ymol/L). Platelet aggregation was
recorded for 10min in an AggRAM platelet aggregation system
with four-channel laser optics (Helena Laboratories, EUA). Results
are expressed as an increase in light transmission, where PPP
represents the maximum response (100%). Control experiments
were performed in the absence of BmooAi.

by two residues in conformationally restrained peptides and
still retain integrin-binding activity [36]. In the venom of
the same snake species there are disintegrins that exhibit a
conserved RGD-motif and disintegrins with variable non-
RGD sequences, such MLD, MGD, VGD, KGD, WGD, or
RTS/KTS [16, 17]. However, the short N-terminal sequence
of the BmooAl, obtained in this work was not sufficient to
show the presence or absence of RGD or variable non-RGD
sequences.

In order to determine the influence of the N-terminal
region of the peptides found, we synthesized the two peptides
and evaluated their effect on aggregation. Neither synthesized
peptides (50.0 pg) showed any inhibitory effect on ADP-,
epinephrine-, ristocetin-, or collagen-induced platelet aggre-
gation. These results suggest that the antiplatelet action of



BmooAi depends not only on its N-terminal but also on other
regions formed by adjacent amino acids and the C-terminal
may be essential for its activity [16, 17, 37].

4. Conclusion

In conclusion, we describe a new toxin from snake venom
that inhibits platelet aggregation. The reported toxin,
BmooAi, has a molecular mass around 15,000 Da and
showed no homology with any other snake venom toxin.
BmooAi has great potential for pharmacological studies due
to the low dose used to inhibit platelet aggregation and can
be of medical interest as a new tool for the development of
novel therapeutic agents to prevent and treat patients with
thrombotic disorders.
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The present study aimed to evaluate the proteolytic and biological activities of a new metalloproteinase from B. moojeni venom.
The purification of BmooMPa-II was carried out through two chromatographic steps (ion-exchange and affinity). BmooMPa«-
IT is a monomeric protein with an apparent molecular mass of 22.5kDa on SDS-PAGE 14% under nonreducing conditions. The
N-terminal sequence (FSPRYIELVVVADHGMFTKYKSNLN) revealed homology with other snake venom metalloproteinases,
mainly among P-I class. BmooMP«-II cleaves Aa-chain of fibrinogen followed by B3-chain, and does not show any effect on the y-
chain. Its optimum temperature and pH for the fibrinogenolytic activity were 30-50°C and pH 8, respectively. The inhibitory effects
of EDTA and 1,10-phenantroline on the fibrinogenolytic activity suggest that BmooMP«-II is a metalloproteinase. This proteinase
was devoid of haemorrhagic, coagulant, or anticoagulant activities. BmooMPa-II caused morphological alterations in liver, lung,
kidney, and muscle of Swiss mice. The enzymatically active protein yet inhibited collagen, ADP, and ristocetin-induced platelet
aggregation in a concentration-dependent manner. Our results suggest that BmooMPa-II contributes to the toxic effect of the
envenomation and that more investigations to elucidate the mechanisms of inhibition of platelet aggregation may contribute to the

studies of snake venom on thrombotic disorders.

1. Introduction

Snake venoms comprise a complex mixture of proteins,
organic compounds with low molecular mass, and inor-
ganic compounds [1-3]. The biologically active proteins and
peptides induce a wide variety of effects on preys and
human victims [4]. Viperid venoms contain powerful enzy-
matic and nonenzymatic components that affect haemostatic
mechanism, such as proteinases, phospholipases A,, and
disintegrins [5-14].

Snake Venom Metalloproteinases (SVMPs) play a key
role in local tissue damage and systemic alterations result-
ing from viperid snake envenomations. These enzymes can
induce haemorrhage, necrosis, oedema, skin damage, and

inflammation, and degrade extracellular matrix components
and impair the regeneration of affected skeletal muscle [6,
9, 15-17]. SVMPs can also affect platelet function through
specific structural or enzymatic effects on platelet receptors
or their ligands and the coagulation cascade by multiple
mechanisms [2, 13, 15, 18].

In Brazil, Bothrops snakes are responsible for more than
90% of all snakebites in which the species was identified,
representing a serious medical problem [19]. B. moojeni
is a snake that occurs in central and southeastern Brazil
and adjacent countries including Paraguay and Argentina.
B. moojeni are predominantly found in riparian vegetation
in the central Brazilian savannahs, such as gallery forests
and adjacent wet grasslands, although they are occasionally
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found in drier interfluvial areas [20]. This snake is responsible
for the majority of snakebite accidents that occurred in the
Triangulo Mineiro region and were registered in the Hospital
of Clinics of the Federal University of Uberldndia-MG. In
this work, we describe the purification, determination of N-
terminal amino acid sequence, and functional characterisa-
tion of BmooMPa-II, a metalloproteinase from B. moojeni
snake venom with antiplatelet activity.

2. Materials and Methods

2.1. Materials. Desiccated B. moojeni venom was purchased
from Bioagents Serpentarium (Batatais, SP, Brazil). Acryl-
amide, ammonium Dbicarbonate, ammonium persul-
phate, aprotinin, benzamidine, bromophenol blue, ethylene-
diaminetetraacetic acid (EDTA), bovine fibrinogen, 3-mer-
captoethanol, leupeptin, N,N'-methylene—bis-acrylamide,
sodium dodecyl sulphate (SDS), N,N,N’,N’-tetramethyl-
ethylenediamine (TEMED), L10-phenanthroline, and
DEAE-Sephacel column were from Sigma Chemical Co. (St.
Louis, MO, USA). Glycine, tris, molecular weight markers
for electrophoresis, and benzamidine-sepharose column
were purchased from GE Healthcare (Uppsala, Sweden). All
the agonists used in the platelet aggregation assays (collagen,
adenosine diphosphate and ristocetin) were purchased from
Helena Laboratories (Beaumont, Texas, USA). All other
reagents used were of analytical grade.

2.2. Animals. Swiss male mice (20-25 g) and Wistar male rats
(200-250 g) were maintained under controlled temperature
(2242°C), humidity (60-70%), and light/dark cycle (12 hours)
with free access to food and water. The experiments were
carried out in accordance with the current guidelines estab-
lished by Ethical Committee in Animals Experimentation
of Federal University of Uberlandia (Minas Gerais, Brazil;
protocol 108/12).

2.3. Blood Collection. Human blood was obtained through
donation from volunteers. The experiments reported here
followed the guidelines established by the Human Research
Ethics Committees of Universidade Federal de Uberlandia
(CEP/UFU), Minas Gerais, Brazil (Protocol n° 055/11).

2.4. Isolation of BmooMP«-II. Crude venom of B. moojeni
(400 mg) was dissolved in 50 mmol/L ammonium bicarbon-
ate buffer, pH 7.8, and clarified by centrifugation at 10,000 xg
for 10 min. The supernatant solution was chromatographed
on a DEAE-Sephacel column (2.5 x 20 cm) previously equi-
librated with 50 mmol/L ammonium bicarbonate buffer, pH
7.8, and eluted with a concentration gradient (50 mmol/L-
0.6 mol/L) of the same buffer. Elution was carried out at
a flow rate of 20 mL/h and fractions of 3.0 mL/tube were
collected. The fibrinogenolytic fraction (peak DS7) was
pooled, lyophilised, and applied on a benzamidine-sepharose
column, previously equilibrated with 50 mmol/L Tris-HCI
and 500 mmol/L NaCl buffer (pH 74). The samples were
eluted with 50 mmol/L glycine buffer, pH 3.0. Elution was
carried out at a flow rate of 30 mL/h; fractions of 3.0 mL/tube
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were collected and their absorbances at 280 nm were read.
The enzyme that was not absorbed by the column was named
BmooMPux-II.

2.5. Estimation of Protein Concentration. Protein concentra-
tion was determined by the microbiuret method of Itzhaki
and Gill [21], using bovine serum albumin as standard.

2.6. Electrophoretic Analysis. Polyacrylamide gel electro-
phoresis in the presence of sodium dodecyl sulphate (SDS-
PAGE) was performed by the method of Laemmli [22] using
14% (w/v) gels. Electrophoresis was carried out at 20 mA/gel
in Tris-glycine buffer, pH 8.3, containing 0.01% SDS. The
molecular mass standard proteins used were phosphorylase
b (97kDa), bovine serum albumin (66kDa), ovalbumin
(45kDa), carbonic anhydrase (30kDa), soybean trypsin
inhibitor (20.1kDa), and a-lactalbumin (14.4 kDa). Gels were
stained with Coomassie blue R-250, 0.2% (w/v). The relative
molecular mass of BmooMP«-II was estimated by Kodak 1D
image analysis software.

2.7. N-Terminal Sequencing. The N-terminal sequence of
BmooMP«-II was determined by Edman degradation, per-
formed on an automated sequenator model PPSQ-33A
(Shimadzu Co., Kyoto, Japan). The identity of the pri-
mary sequence of BmooMP«-II compared with other pro-
teins was evaluated using BLAST (http://blast.ncbi.nlm.nih
.gov/Blast.cgi).

2.8. Proteolytic Activity upon Fibrinogen. Fibrinogenolytic
activity was assayed as previously described by Rodrigues
et al. [23], with modifications. Samples of 25 uL of bovine
fibrinogen (3 mg/mL saline) were incubated with 10 ug of
BmooMP«-II at 37°C for different periods of time (0, 15,
30, 60, and 120 minutes). The reaction was stopped with
0.0625 mol/L Tris-HCI buffer, pH 6.8, containing 10% (v/v)
glycerol, 10% (v/v) -mercaptoethanol, 0.2% (w/v) SDS, and
0.001% (w/v) bromophenol blue. Reaction products were
analysed by 14% (w/v) SDS-PAGE. The effect of inhibitors
on the fibrinogenolytic activity was assayed after preincu-
bation of BmooMPa-II (10 ug) in saline, pH 8.0, for 15
minutes with each of following inhibitors (5 mmol/L): EDTA,
B-mercaptoethanol, 1,10-phenanthroline, benzamidine, leu-
peptin, and aprotinin. The thermal stability of BmooMPa-II
was tested by preincubating the enzyme (10 yg) in saline, pH
8.0, for 15 min at varying temperatures (30-90°C). Similarly,
10 ug of BmooMPa-II was preincubated at different pH (4.0
t010.0). The treated samples were added to bovine fibrinogen
and incubated for 60 minutes at 37°C. The reaction was
stopped and analysed by 14% (w/v) SDS-PAGE.

2.9. Haemorrhagic Activity. Haemorrhagic activity was
determined by the method of Nikai et al. [24], with slight
modifications. Test solutions of BmooMPa-II (100 ug)
were subcutaneously injected into the dorsal skin of mice
(n = 3). Control animals received the same volume of sterile
saline. After 3 hours, mice were sacrificed by overdose of
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ketamine/xylazine. The skin was removed and the diameter
of haemorrhagic spot was measured on the inside surface.

2.10. Defibrinating Activity. Defibrinating activity was tested
by the method of Gene et al. [25], with slight modifica-
tions. Groups of three Swiss male mice were injected i.p.
with BmooMP«-II (100 g/100 uL saline). Control animals
received the same volume of sterile saline. After one hour,
mice were sacrificed by overdose of ketamine/xylazine and
bled by cardiac puncture. Whole blood was placed in tubes
and kept at 25-30°C. Activity was determined by measuring
the time until blood clotting onset.

2.11. Blood Clotting Activity. Clotting activity was assayed
on platelet-rich plasma (PRP). Human blood collected in
sodium citrate (3.2%) was centrifuged at 100 xg for 12
minutes at room temperature to obtain PRP. BmooMPa-II
(10 pug/10 uL saline) or the same volume of saline (negative
control) or 0.2 mol/L calcium chloride (positive control) was
added to 200 yL of human PRP at 37°C. Clotting activity was
determined by measuring the time until fibrin clot onset.

2.12. Histological Characterisation of Pathological Effects. Sys-
temic histological alterations induced by BmooMPa-II in
various organs were assayed as described by Costa et al. [6],
with some modifications. Groups of four mice were injected
i.p. with BmooMPa-II (50 11g/100 uL saline) or B. moojeni
crude venom (50 pg/100 uL saline). Control animals received
i.p. injection of 100 L of saline under identical conditions.

Myotoxic activity was assayed as described by Rodrigues
et al. [17], with slight modifications. Groups of four mice
were injected im. in the right gastrocnemius muscle with
BmooMP«-IT (50 ug/50 uL saline) or B. moojeni crude
venom (50 pg/50 uL saline). Control animals received i.m.
injection of 50 uL of saline under identical conditions.

After 24 hours of injection, mice were sacrificed by over-
dose of ketamine/xylazine and heart, lung, liver, kidney, and
right gastrocnemius muscle were dissected out. For histolog-
ical analysis, the different tissues were then fixed in solution
containing 10% (v/v) formalin, dehydrated by increasing
concentrations of ethanol (70 a 100%), diaphanised with
xylol, and embedded in paraffin. Thick sections (5 ym) were
cut in a microtome and stained with hematoxylin-eosin to be
examined under a light microscope.

2.13. Platelet Aggregation. Platelet aggregation assays were
performed in human PRP and measured using an automated
4 channel Aggregometer (AggRAMTM version 1.1, Helena
Laboratories, USA). Human blood collected in sodium citrate
(3.2%) was centrifuged at 100 xg for 12 minutes at room
temperature to obtain PRP. Platelet-poor plasma (PPP) was
obtained from the residue by centrifugation of citrated blood
at 1,000 xg for 15 minutes. Assays were carried out using
200 pL of PRP maintained at 37°C under continuous stirring
in siliconized glass cuvettes. Aggregation was triggered with
collagen (10 ug/mL), ADP (20 uM) or ristocetin (1.5 mg/mL)
immediately after adding BmooMP«-II (20, 40 or 80 ug)
to human PRP. One hundred percent (100%) aggregation
was expressed as the percentage absorbance relative to PPP

aggregation. Control experiments were performed using
only platelet agonists. All experiments were carried out in
triplicate.

2.14. Statistical Analysis. The statistical analyses were carried
out by ANOVA using the GraphPad prism program version
5.01. Differences with P values of less than 5% (P < 0.05) were
considered significant.

3. Results and Discussion

Proteolytic enzymes from snake venoms have attracted the
interest of researchers due to their important role in enveno-
mation caused by Bothrops snakes. In this work, we describe
the purification and characterisation of a P-I SVMP from
B. moojeni venom. The proteinase was purified from crude
venom using a DEAE-Sephacel column producing eight
main protein fractions (Figure 1(a)). The proteins present in
the DS7 fraction showed substantial fibrinogenolytic activity
(data not shown). The DS7 fraction was further fractioned
using affinity chromatography on a benzamidine sepharose
column (Figure 1(b)). The nonadsorbed fraction showed a
single-band protein with great purity level, which we named
BmooMPa-II. Electrophoretic analysis (SDS-PAGE) under
reducing and nonreducing conditions indicated that the
BmooMP«-II enzyme had a molecular mass about 25.5
and 22.5kDa, respectively (Figure 1(c)). This molecular mass
is similar to other bothropic SVMPs such as BjussuMP-II
(24kDa) from B. jararacussu [26], BmooMPa-I (24.5kDa)
from B. moojeni [27], Atroxlysin-1 (23kDa) from B. atrox
[28], and BleucMP (23.5 kDa) from B. leucurus [10].

BmooMPa-II represents around 0.9% of the B. moojeni
crude venom (data not shown). This yield was similar to
the haemorrhagic metalloproteinase BlaH1 (0.8-1%) from
B. lanceolatus venom [29]. In contrast, the yield was lower
than several proteinases purified from bothropic venom by
different methodologies such as BthMP [9] and BmooMPa-
I [27] representing 2.3% and 8.7% of B. moojeni venom,
respectively; BpSP-1 represents about 3% of B. pauloensis
venom [30] and Leucurobin represents about 3.5% of B.
leucurus venom [31].

Both BmooMPa-II and BmooMP«-I (which was purified
by Bernardes et al. [27]) were purified from the same snake
venom. However, though both proteins are fibrinogenolytic
enzymes and have similar molecular mass they differ from
each other mainly because BmooMPa-II was obtained from
the DS7 fraction while BmooMPa-I was obtained from the
DS2 fraction.

BmooMPa-II was subjected to N-terminal sequencing by
Edman degradation. The first 25 amino acid residues from
N-terminal sequencing (FSPRYIELVVVADHGMFTKYK-
SNLN) were submitted to BLAST. The primary sequence
of the BmooMPa-II shared a high degree of identity with
other P-I SVMPs, such as BmooMPa-I from B. moojeni [27],
leucurolysin-a from B. leucurus [32], Bapl from B. asper [33-
35], BaTX-I from B. atrox [36], and BnP1 from Bothropoides
pauloensis [37] (Figure 2).

Fibrinogenolytic enzymes found in snake venoms may
be classified depending on the specificity of hydrolysis of
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FIGURE 1: Purification of the BmooMPa-II from B. moojeni venom. (a) Separation on DEAE-Sephacel ion-exchange chromatography: crude
venom (400 mg) was applied on the column (2.5 x 20 cm) and elution was carried out at a flow rate of 20 mL/h with ammonium bicarbonate
gradients buffer (50 mmol/L-0.6 mol/L). Fractions of 3.0 mL/tube were collected and their absorbances at 280 nm were read. (b) Separation
on benzamidine sepharose affinity chromatography: fraction DS7 was applied to the column previously equilibrated with 50 mmol/L Tris-
HCI, 500 mmol/L NaCl, pH 7.4. After elution of the unbound fraction, 50 mmol/L glycine buffer, pH 3.0, was applied to the column and the
absorbance of the fractions was monitored at 280 nm. Fractions of 3.0 mL/tube were collected at a flow rate of 30 mL/h. Pooled fractions
are indicated by the closed circle. (c) SDS-PAGE in 14% (w/v) gel. Lanes: 1-standard proteins; 2-reduced BmooMP«-II; 3-non-reduced
BmooMPa-II. The gel was stained with Coomassie blue R-250.

Identity (%)
BmooMPalpha-1I 1 -——-FSPRYIELVVVADHGMFTKYKSNLN—------ -
BmooMPalpha-I 1 EqQKFSPRYIELVVVADHGMFKKYNSNLNTIRKWV 35 92
Leuc-A 1 --QOFSPRYIELVVVADHGMFKKYNSNLNTIRKWV 33 92
Bapl 1 X--RFSPRYIELAVVADHGIFTKYNSNLNTIRTRV 33 88
Batx-1 1 YIELAVVADHGIFTKYNSNLNTIR--- 24 86
BnP1 1 SqIKFKPSYIELAVVADHGMFTKYNSNINTIR-IV 34 80

FIGURE 2: Sequence alignments of the initial N-terminal of BmooMP«-II with other metalloproteinases from P-I SVMP. BmooMPa-I from
B. moojeni (see [27], P85314.2); leucurolysin-a from B. leucurus (see [32], P84907.2); Bapl from B. asper (see [33-35], IND1_A); BaTX-I from
B. atrox (see [36], PODJEL1); BnP1 from Bothropoides pauloensis (see [37], POC6S0.1). The highly conserved residues are in bold, and those
conserved are highlighted in gray.

BmooMPa-II is able to hydrolyze bovine fibrinogen by
molecular mechanisms that are not understood. Okamoto
et al. [38] showed that the BmooMPa-I is active upon
neuro- and vasoactive peptides including angiotensin I,

the fibrinogen chains [2]. BmooMP«-II was active upon
bovine fibrinogen, preferentially hydrolysing the Ao chain
followed by the Bf chain, while apparently the y chain was
unchanged. Aa- and Bf-chain degradation was completed

after 60 min incubation (Figure 3(a)). Therefore, BmooMPa-
I1 is classified as a-fibrinogenase, similar to neuwiedase [23],
BlaH1 [29], BjussuMP-II [26], BmooMP«-I [27], BthMP [9],
and BleucMP [10].

bradykinin, neurotensin, oxytocin, and substance P. Inter-
estingly, BmooMPa«-I showed a strong bias towards hydrol-
ysis after proline residues, which is unusual for most of
characterized peptidases. Moreover, BmooMPa-I showed
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FIGURE 3: Proteolysis of bovine fibrinogen by BmooMPa-II. Line 1: negative control-fibrinogen incubated with enzyme for 0 minutes. (a)
Proteolysis of bovine fibrinogen by BmooMP«-II time-dependent. Lanes 2-5: fibrinogen incubated with enzyme for 15, 30, 60 and 120
minutes, respectively. (b) Proteolysis of bovine fibrinogen by BmooMPa-II and effect of inhibitors. Lanes 2: positive control-fibrinogen
incubated with enzyme for 60 minutes, 3-8: fibrinogen incubated with enzyme for 60 minutes after preincubation of BmooMP«-II with
5 mmol/L EDTA, 5 mmol/L 3-mercaptoethanol, 5 mmol/L 1,10-phenanthroline, 5 mmol/L benzamidine, 5 mmol/L leupeptin, and 5 mmol/L
aprotinin for 15 minutes, respectively. (c) Effect of the pH on the stability of BmooMP«-II. Lanes 2-8: fibrinogen incubated with enzyme for
60 minutes after preincubation of BmooMPa-1II in pH 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0, respectively. (d) Effect of temperature on the stability
of the BmooMPa-II. Lanes 2-8: fibrinogen incubated with enzyme for 60 minutes after preincubation of BmooMPa«-II for 15 minutes at 30,

40, 50, 60, 70, 80, and 90°C, respectively.

kininogenase activity similar to that observed in plasma and
cells by kallikrein [38].

BmooMP«-II fibrinogenolytic activity was completely
inhibited by metal-chelating agents EDTA and 1,10-phenan-
throline (Figure 3(b)), which remove metallic cofactors that
are necessary for enzymatic catalysis [39]. These results,
in addition to the sequence from the N-terminal and the
molecular mass, corroborate the suggestion that this enzyme
belongs to class P-I of the SVMPs. Moreover, the absence of
haemorrhage caused by BmooMP«-II corroborates this find-
ing. The fibrinogenolytic activity of the enzyme was also abol-
ished by the reducing agent 3-mercaptoethanol (Figure 3(b)),
indicating that disulphide bonds are fundamental to the
structural and functional integrity of BmooMP«-II. In addi-
tion, BmooMP«-II was not inhibited by benzamidine, leu-
peptin, or aprotinin (Figure 3(b)).

Stability tests upon bovine fibrinogen showed that the
optimum pH for the proteolytic activity was pH 8.0, though
the enzyme was partially active in the pH range of 5.0-10.0
(Figure 3(c)). Furthermore, BmooMPe«-II showed proteolytic

activity at temperatures of 30-50°C; however, at high tem-
peratures (>60°C), the fibrinogenolytic activity was fully lost
(Figure 3(d)).

Histological examination showed important morpholog-
ical alterations in the liver, lung, kidney, and gastrocnemius
muscle from mice caused by BmooMPa-II (Figures 4 to 7),
which seem to contribute to the toxic effect of B. moojeni
crude venom. In the heart, crude venom caused hyaline
degeneration and haemolysis, while BmooMP«-II did not
induce changes (results not shown). BmooMPa-II (Figures
4(d) and 4(e)) and crude venom (Figures 4(b) and 4(c))
induced haemorrhage in the liver evidenced by erythrocytes
between the hepatocytes and not limited by the endothelium.
Even in the liver, BmooMPa-II and venom caused necro-
sis characterised by loss of cellular boundaries, cytoplas-
mic changes, pyknosis, karyorrhexis, and karyolysis. In the
lung, crude venom (Figures 5(b) and 5(c)) and BmooMPa«-
II (Figures 5(d) and 5(e)) caused pneumonitis evidenced
by dilatation in the alveolar septa due to inflammatory
infiltrate. Moreover, B. moojeni venom induced pulmonary
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FIGURE 4: Light micrographs of section of mouse liver 24 hours after i.p. injection of B. moojeni crude venom or BmooMP«-II (50 ¢g/100 uL
saline), stained with hematoxylineosin. (a) Control: normal tissue. (b-c) and (d-e) B. moojeni crude venom and BmooMP«-II, respectively:
note necrosis and haemorrhage. Letters indicate the presence of necrosis (N) and haemorrhage (H). Scale bar =100 ym (a, b, d); scale bar =

50 ym (c, e).

hyperaemia. Figure 6 shows that BmooMPa-II (Figures 6(d)
and 6(e)) and B. moojeni crude venom (Figures 6(b) and
6(c)) induced renal tubule degeneration with formation of
cell debris and inflammatory infiltrate. Direct nephrotoxic
action of B. moojeni venom on tubule cells and glomerular
structures is the most important physiopathologic factor
in envenomation-induced renal failure [40]. Renal changes
induced by BmooMP«-II can lead to renal failure.

Local tissue damage is a relevant problem caused by
Bothrops snake envenomations, resulting from the combined
action of several components of venom [6, 9, 12, 15, 4],

42]. BmooMPa-II and B. moojeni crude venom induced
myonecrosis when compared with the control group. As
expected, histological analysis of the control group showed
the fibres intact, with clear striations and peripheral nuclei
(Figure 7(a)). Therefore, the histological changes observed
are due to action of inoculated toxins. BmooMP«-II (Figures
7(d) and 7(e)), as well as B. moojeni crude venom (Figures
7(b) and 7(c)), induced myonecrosis after 24 hours, evidenced
by loss of cellular boundaries, cytoplasmic changes, no
apparent striations, and few or absent nuclei, accompanied
by inflammatory infiltrate and haemorrhage. Bleeding found
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FIGURE 5: Light micrographs of section of mouse lung 24 hours after i.p. injection of B. moojeni crude venom or BmooMP«-II (50 ¢g/100 uL
saline), stained with hematoxylin-eosin. (a) Control: normal tissue. (b-c) and (d-e) B. moojeni crude venom and BmooMPa-II, respectively:
note pneumonitis evidenced by dilatation of the alveolar septa due to inflammatory infiltrate and hyperaemia. Letters indicate the presence
of inflammatory infiltrate (I) and hyperaemia (H). Scale bar =100 ym (a, b, d); scale bar = 50 ym (c, e).

in muscle tissue can be an indirect secondary effect of intense
necrosis or due to the action of the metalloproteinase domain
on vascular components after 24 hours of action in vivo. The
mechanism of action of SVMP-induced muscle tissue damage
is not well established. Some haemorrhagic SVMP-induced
muscle damage is a secondary effect of ischaemia. However,
others SVMPs can have a direct cytotoxic action on muscle
cells or other unknown mechanisms [15].

Although a wide range of functional activities is assigned
to SVMPs [3, 15], our results show that BmooMP«-II
was unable to induce haemorrhagic, blood clotting, and

defibrinating activities. Our results show that BmooMPa-
II hydrolysed chains of the fibrinogen in vitro but did not
cause defibrinating activity when administered i.p. to mice.
This fact can be explained by inactivation of the enzyme by
endogenous inhibitors of proteases present in the blood of
animals.

The SVMPs have broad substrate specificity and have
been shown to interfere by different mechanisms on platelet
aggregation [13, 18]. The effects of several SVMPs on platelet
aggregation are associated with the presence of disinte-
grin and disintegrin-like domains in P-IT and P-III classes,
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FIGURE 6: Light micrographs of section of mouse kidney 24 hours after i.p. injection of B. moojeni crude venom or BmooMPa-1II (50 ¢g/100 uL
saline), stained with hematoxylin-eosin. (a) Control: normal cortical region in the kidney. (b-c) and (d-e) B. moojeni crude venom and
BmooMPa-II, respectively: note renal tubular degeneration with cell debris formation and inflammatory infiltrate. Letters indicate the
presence of renal tubular degeneration (D) and inflammatory infiltrate (I). Scale bar = 100 ym (a, b, d); scale bar = 50 ym (c, e).

respectively [5, 13, 43, 44]. Many P-II and P-III SVMPs
that interfere on platelet aggregation have been purified
and characterised [45-49]. However, there are few studies
that show the action of PI SVMPs on inhibition of platelet
aggregation.

BmooMP«-II belongs to PI classes of metalloproteinases
and therefore it is devoid of disintegrin or disintegrin-
like domains. Interestingly, BmooMPa-II inhibited colla-
gen, ADP, and ristocetin-induced platelet aggregation in a
concentration-dependent manner. Our results showed that

80 ug of BmooMPa-II inhibited over 80% of agonists-
induced platelet aggregation (Figure 8). The absence of desin-
tegrin and desintegrin-like domains suggests that the enzyme
does not cause inhibition of platelet aggregation via inter-
action with membrane receptors. Furthermore, inhibition of
the platelet aggregation caused by BmooMPa-II appears to
begin after some time of start of the assay. These results
suggest that BmooMPa-II inhibits platelet aggregation due to
hydrolysis of the integrin oy, 35. This receptor plays a central
role in linking activated platelets. Independent of the initial
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FIGURE 7: Histopathological analysis of myonecrosis induced by B. moojeni or BmooMPa-II. Light micrographs of sections of mouse
gastrocnemius muscle 24 hours after i.m. injection of B. moojeni crude venom or BmooMPa-1II (50 14g/50 pL saline), stained with hematoxylin-
eosin. (a) Control: normal integer fibres are seen. (b-c) and (d-e) B. moojeni crude venom and BmooMPa-II, respectively: note myonecrosis
evidenced by loss of cellular boundaries, cytoplasmic changes, no apparent striations and low or absent nuclei, accompanied by inflammatory
infiltrate and haemorrhage. Letters indicate the presence of necrosis (N), inflammatory infiltrate (I) and haemorrhage (H). Scale bar =100 ym

(a, b, d); Scale bar = 50 ym (c, e).

stimulus, blocking or hydrolysis of integrin oy, 35 prevents
platelet aggregation and subsequent thrombus formation
by preventing binding to fibrinogen. The participation of
integrin oy 35 in platelet aggregation, whatever the initiating
event or agonist, justifies the interest in therapeutic blockade
of this receptor, since all routes of platelet activation converge
on to this final common pathway [18, 50, 51].

BmooMPa-II degrades bovine fibrinogen, the major
ligand for the platelet oy, 35 integrin. However, the hydrolysis
of Ax and B chains of fibrinogen by BmooMP«-II is not

responsible for the inhibition of platelet aggregation since
it does not hydrolyze the y chain, which contains the more
important platelet-binding site [52].

4. Conclusion

In conclusion, our results suggest that BmooMPa-II from B.
moojeni venom belongs to class P-I of SVMPs and probably is
an «-fibrinogenase. BmooMPa-II induced relevant histologi-
cal changes in the liver, lungs, kidneys, and muscle from mice,
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FIGURE 8: Effect of BmooMP«-II (20, 40, and 80 ug) from B. moojeni venom on (a) ADP, (b) collagen, and (c) ristocetin-induced platelet
aggregation. Aggregation was triggered with agonists immediately after adding the indicated doses of BmooMPa-II to human PRP at 37°C.
Platelet aggregation was recorded for 10 min in an AggRAM platelet aggregation system with four-channel laser optics (Helena Laboratories,
EUA). Results were expressed as an increase in light transmission, where PPP represents the maximum response (100%). Control experiments

were performed in the absence of BmooMPa-II.

contributing to the toxic effect of the envenomation caused by
B. moojeni venom. Moreover, the enzymatically active pro-
tein inhibited collagen, ADP, and ristocetin-induced platelet
aggregation in a concentration-dependent manner. Anyway;,
more investigations about BmooMPa-II are needed to eluci-
date the mechanisms of inhibition and may contribute to the
basic studies of B. moojeni venom of platelet function and for
the development of novel therapeutic agents to prevent and
treat thrombotic disorders.
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