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Resumo

As serpentes botropicas representam o grupo mais importante das
serpentes peconhentas brasileiras pois sdo responsaveis pela maioria dos
acidentes ofidicos notificados no pais. Em geral, o envenenamento botrépico é
caracterizado por dor e edema no local da picada, hemorragia local e bolhas, que
podem vir acompanhadas de necrose tecidual e muscular, principal complicacéo
local do envenenamento. Hemorragia sistémica e disturbios de coagulacao
também podem ocorrer. Nos casos mais graves, observa-se também choque e
insuficiéncia renal aguda, decorrentes, principalmente, da hemorragia ocasionada.
Cerca de 90% do peso seco da pegonha das serpentes corresponde a proteinas e
peptideos, como L-aminoacido-oxidases, fosfolipases A2, metaloproteases,
serinoproteases, 5'-nucleotidases, lectinas e desintegrinas, as quais séo
responsaveis pela maioria dos efeitos deletérios observados durante o
envenenamento. Esses componentes apresentam diferentes atividades
farmacolégicas, principalmente sobre a hemostasia. Nos ultimos anos, uma
grande quantidade de toxinas de peconha de serpentes foi identificada por
interferirem na funcédo plaquetéria, promovendo ou inibindo a agregacao das
plaquetas, devido a sua seletividade aos receptores plaquetarios, como GPIb-V-
IX, GPVI, 0281, amwPs ou aos seus respectivos ligantes, como FvW e/ou
fibrinogénio. Uma investigagdo detalhada dessas moléculas fornece informagdes
importantes para o desenvolvimento de testes de diagndsticos e novos agentes
terapéuticos para disturbios hemostaticos. O presente trabalho teve como objetivo
identificar e caracterizar novas toxinas da peconha de serpentes botrdpicas
capazes de interferirem na funcdo plaquetaria. Como resultado foram
identificados dois peptideos denominados de BaltPAi e BmooPAF isolados da
peconha de Bothrops alternatus e Bothrops moojeni, respectivamente. BaltPAi é
um peptideo capaz de inibibir a agregacao plaquetéria induzida por colageno.
Além disso, BaltPAi também apresentou efeito citotoxico sobre células de
adenocarcinoma cervical humano (HelLa) e células de adenocarcinoma de
prostata humano (PC-3). Por sua vez, BmooPAF € um peptideo capaz de induzir
a agregacao plaquetaria via GPIba. Esses pequenos peptideos tém atraido a
atencao e interesse de empresas farmacéuticas que procuram por novas drogas
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em virtude de sua simplicidade estrutural e excelente potencial terapéutico,
podendo ser sintetizados facilmente e a um custo mais baixo, comparado com
moléculas maiores. Essas propriedades tornam-os particularmente adequados

para serem utilizados no desenvolvimento de novos agentes farmacolégicos.

Palavras-chave: Peconha de serpentes; Bothrops; Agregacado plaquetaria;
Peptideos.
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Abstract

Botrophs snakes represent the most important group of Brazilian venomous
snakes because they are responsible for the majority of snake accidents reported
in the country. In general, Bothrops poisoning is characterized by pain and edema
at the site of the bite, local hemorrhage which may be accompanied by tissue and
muscular necrosis, the main local complication of poisoning. Systemic bleeding
and clotting disorders may also occur. In the most severe cases, shock and acute
renal failure are also observed, mainly due to the hemorrhage caused. About 90%
of the dry weight of snake venom corresponds to proteins and peptides, such as L-
amino acid oxidases, phospholipases A2, metalloproteases, serine proteases, 5'-
nucleotidases, lectins and disintegrins, which are responsible for most deleterious
effects observed during poisoning. These components present different
pharmacological activities, mainly on hemostasis. In recent years, a large number
of snake venom toxins have been identified as interfering in platelet function,
promoting or inhibiting platelet aggregation, due to their selectivity to platelet
receptors, such as GPIb-V-IX, GPVI, azB31, aibBs or to their respective linkers, such
as VWF and/or fibrinogen. Detailed investigation of these molecules provides
important information for the development of diagnostic tests and novel
therapeutic agents for hemostatic disorders. The present work aimed to identify
and characterize new venom toxins from Bothrops snake venom capable of
interfering in platelet function. As a result, two peptides named BaltPAi and
BmooPAF isolated from Bothrops alternatus and Bothrops moojeni snake venom,
respectively, were identified. BaltPAi is a peptide capable of inhibiting collagen-
induced platelet aggregation. In addition, BaltPAi also showed cytotoxic effect on
human cervical adenocarcinoma cells (HeLa) and human prostate
adenocarcinoma cells (PC-3). In turn, BmooPAF is a peptide capable of inducing
platelet aggregation via GPIba. These small peptides have attracted the attention
and interest of pharmaceutical companies that search for new drugs because of
their simpler structures and therapeutic potential which can be easily synthesized
and at a low cost. These properties make them particularly suitable probes for the
development of novel pharmacological drugs.
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APRESENTACAO

As peconhas de serpentes contém grande quantidade de peptideos e
proteinas farmacologicamente ativos capazes de interagir com componentes do
sistema hemostatico humano, os quais podem provocar coagulopatias,
hemorragia, choque hipovolémico, trombose, entre outros. Alguns desses
constituintes interferem na fungcdo plaquetéria, podendo induzir e/ou inibir a
agregacdao das plaquetas. Devido ao seu potencial terapéutico, esses
componentes hemostaticamente ativos tém sido isolados e utilizados como
potentes drogas antiplaquetarias para o tratamento de doencgas trombaéticas e/ou
estdo em fase de estudos pré-clinicos. Diante desse contexto, o trabalho
desenvolvido durante o doutorado teve como objetivo a descoberta e a
caracterizagdo de novas moléculas da peconha de serpentes botropicas capazes
de interferir na fungéo plaquetaria com potencial uso terapéutico.

A presente tese foi desenvolvida de acordo com as normas do Programa
de Pés-Graduacdo em Genética e Bioquimica da Universidade Federal de
Uberlandia para obtencao do titulo de Doutor, e foi subdividida em capitulos.

O capitulo | (Fundamentacdo tedrica) é constituido por uma revisao
bibliografica, demonstrando a importancia da serpente do género Bothrops no
Brasil e os principais componentes da peconha responsaveis pelos efeitos
deletérios observados durante o acidente ofidico. Além disso, demonstra a
importancia do papel das plaguetas na hemostasia e estabelece uma relagéo
entre os componentes da peconha de serpentes e sua capacidade de interferir
com o sistema hemostatico humano.

Os capitulos Il e Ill apresentam os artigos referentes ao trabalho
experimental realizado durante o doutorado, os quais foram intitulados de
"BaltPAi: A peptide platelet aggregation inhibitor from Bothrops alternatus snake
venom" e "BmooPAF: a new platelet-activating factor from Bothrops moojeni
snake venom". Ambos os artigos se referem a pequenos peptideos isolados da
peconha de serpentes botropicas com potenciais efeitos terapéuticos para
doencas do sistema hemostatico. O primeiro, trata-se de um peptideo capaz de
inibir a agregagao plaquetaria induzida por colageno, com potencial uso para
doencas trombaticas, enquanto que o segundo trata de um ativador da agregacao
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plaquetaria via glicoproteina Ib, com potencial uso para a Doenga de von
willebrand. Ambos os trabalhos foram redigidos em formato e linguagem de artigo
cientifico, de acordo com os padrdes textuais e cientificos exigidos pelo periddico
a ser submetido.

Ao final da tese, encontra-se em anexo o artigo intitulado "A new platelet-
aggregation-inhibiting factor isolated from Bothrops moojeni snake venom"
publicado no periddico BioMed Research International (fator de impacto = 2,476).
Este trabalho foi anexado a tese devido a similaridade de assunto. Esses
resultados foram obtidos durante o mestrado e finalizados durante o doutorado e
trata-se da purificacdo e caracterizacdo de uma molécula isolada da peconha de
Bothrops moojeni com efeito inibitério sobre a agregacao plaquetaria.



CAPITULO I:
FUNDAMENTACAO TEORICA

Toxinas ofidicas e sua interferéncia na funcao plaquetaria



1 Serpentes brasileiras

As serpentes sdo animais muito bem adaptados e com uma grande
diversidade fisiolégica e morfoldgica, podendo ser encontradas em diferentes
tipos de ambientes terrestres ou aquaticos (VITT; CALDWELL, 2013). Elas
pertencem ao reino Animalia, filo Chordata, subfilo Vertebrata, classe Reptilia,
ordem Squamata e subordem Serpentes. Existem, aproximadamente, 3 mil
espécies de serpentes no mundo, sendo que cerca de 10 a 14% sao
consideradas pegonhentas e despertam interesse para a saude publica
(BARRAVIERA, 1993; HICKMAN; ROBERTS; LARSON, 2004; MELGAREJO,
2009).

As serpentes peconhentas sdo aquelas capazes de inocular, através de
dentes modificados, substancias téxicas, farmacologicamente ativas, produzidas
por glandulas bucais modificadas (WARREL, 2010). Elas sdo responsaveis por
cerca de 5,5 milhdes de acidentes por ano, em todo 0 mundo, com cerca de
20.000 a 120.000 ébitos e 400.000 amputacdes. As areas mais afetadas sao os
paises tropicais e subtropicais da Africa, Sudeste Asiatico e América Latina
(BOCHNER, 2013; KASTURIRATNE et al., 2008).

O Brasil apresenta uma das mais ricas faunas de serpentes do mundo
(UETZ; FREED; HOSEK, 2015). Segundo a Sociedade Brasileira de Herpetologia,
o territério brasileiro possui, de forma catalogada, 392 espécies de serpentes,
distribuidas em 10 familias: Anomalepididae (7 espécies), Typhlopidae (6
espécies), Leptotyphlopidae (17 espécies), Anilidae (1 espécie), Tropidophiidae
(3 espécies), Boidae (12 espécies), Colubridae (35 espécies), Dipsadidae (248
espécies), Elapidae (33 espécies) e Viperidae (30 espécies) (COSTA; BERNILS,
2015). Apenas duas familias (Viperidae e Elapidae) reuinem as serpentes
peconhentas, as quais estao distribuidas em quatro géneros: Bothrops, Crotalus e
Lachesis, pertencentes a familia Viperidae; e Micrurus, pertencente a familia
Elapidae (MELGAREJO, 2009).

O principal representante de importancia médica da familia Elapidae é o
género Micrurus. As serpentes desse género sdao popularmente conhecidas por
coral, coral verdadeira ou boicora e apresentam um padrao de cor caracteristico
em anéis vermelhos, brancos e pretos em diferentes combinacdes. Sao animais
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de pequeno e médio porte, e diferentemente das demais serpentes peconhentas,
nao apresentam fosseta loreal, 6rgdao termorreceptor situado entre o olho € a
narina (BRASIL, 2001). Essas serpentes apresentam aparelho inoculador do tipo
proteréglifo, com dentes inoculadores de peconha pouco desenvolvidos, nao
retrateis e posicionados na regido anterior da maxila (figura 01) (BRASIL, 2001;
JACKSON, 2003). Essas caracteristicas, associadas ao seu habito fossorial
(vivem enterradas, habitando, preferencialmente, buracos) explicam o reduzido

namero de acidentes registrados por esse género (BRASIL, 2009).

A Olho B

Nariz X ‘L“C“"’\/*\ ‘
o\ )
e o, W

g (_/ 1Y) Presas

Figura 01: Esquema representativo de uma serpente do género Micrurus. (A) Auséncia de fosseta
loreal. (B) Dentigéo proterdglifa: presas pouco desenvolvidas, ndo retrateis e posicionadas na

regido anterior da maxila. Fonte: BRASIL, 2001.

A familia Viperidae representa o grupo de serpentes mais importante para
a saude publica brasileira, pois sdo responsaveis pela maioria dos acidentes
ofidicos registrados no pais (BRASIL, 2014). Ela €& constituida por trés
subfamilias: Azemiopinae, Viperinae e Crotalinae. Todas as espécies de
viperideos presentes no Brasil pertencem a subfamilia Crotalinae (COSTA;
BERNILS, 2015; VITT; CALDWELL, 2013). Uma das principais caracteristicas
dessa subfamilia é a presenca de fosseta loreal e aparelho inoculador do tipo
solendglifo (dentes inoculadores muito desenvolvidos, localizados na regiao
anterior da maxila, e retrateis, que se projetam para frente no momento do
ataque). Esses dentes sdo canaliculados e ligados a glandula produtora de
peconha através de ductos, o que garante maior eficiéncia durante a inoculagéao
(figura 02) (BRASIL, 2001; JACKSON, 2003; WARREL, 2010). No Brasil, a
subfamilia Crotalinae é representada pelos géneros Bothrocophias (2 espécies),
Bothrops (26 espécies), Crotalus (1 espécie) e Lachesis (1 espécie) (COSTA;
BERNILS, 2015).



Fosseta

A loreal =

Musculo Glandula
campressor

Figura 02: Representacdo de uma serpente do género Bothrops. (A) Presenca de fosseta loreal.
Fonte: <http://cobrasvenenosas.com/sistema-de-espionagem-defesa-e-ataque-das-serpentes-
peconhentas/>. Acesso em 20 nov. 2017. (B) Denticdo solendglifa: presas muito desenvolvidas,
retrateis e posicionadas na regiao anterior da maxila. Fonte:
<http://keywordsuggest.org/gallery/1050462.html>. Acesso em 20 nov. 2017.

As serpentes do género Crotalus sdo representadas no pais por uma Unica
espécie (C. durissus) (COSTA; BERNILS, 2015). Elas sdo popularmente
conhecidas por cascavel, boicininga, maracambo6ia € maracd e sua principal
caracteristica é a presenca de guizo ou chocalho na extremidade caudal (BRASIL,
2001; BRASIL, 2009). Para o género Lachesis, a espécie que se encontra no
territorio brasileiro é a L. muta (COSTA; BERNILS, 2015). Sdo popularmente
conhecidas por surucucu, surucucu-pico-de-jaca, surucutinga e malha-de-fogo e
sd0 as maiores serpentes peconhentas das Américas, podendo atingir até 4,0 m
de comprimento (BRASIL, 2001; BRASIL, 2009).

O género Bothrops representa o grupo mais importante de serpentes
peconhentas brasileiras, pois sao responsaveis pela maioria dos acidentes
ofidicos notificados no pais (BRASIL, 2014). Possui espécies distribuidas por todo
territério nacional, sendo que as mais conhecidas sao: B. atrox, encontrada,
principalmente, no Norte do Brasil; B. erythromelas, encontrada na regido
Nordeste; B. neuwiedi, distribuida em todo territorio nacional, exceto regiao Norte
do pais; B. jararaca, distribuida nas regides Sul e Sudeste; B. jararacussu,
espécie que pode alcancar maior comprimento (até 1,8 m), predominante no Sul e
Sudeste; B. alternatus, encontrada desde a regido Centro-Oeste até a Sul e B.

moojeni, principal espécie do cerrado brasileiro (BRASIL, 2009; PINHO;



PEREIRA, 2001). As serpentes deste género sao popularmente conhecidas por
jararaca, jararacugu, urutu-cruzeira, combdia e caigaca. Habitam, principalmente,
zonas rurais e periferias de grandes cidades. Tém preferéncia por ambientes
umidos e locais com facilidade para proliferacao de roedores e sdo serpentes com
habitos noturnos e crepusculares (BRASIL, 2001).

1.1 Serpente Bothrops moojeni

A serpente B. moojeni, conhecida popularmente por jararaca, jararacéo ou
caicaca, foi descrita por Hoge em 1966. E a principal espécie botrépica
encontrada no cerrado brasileiro, distribuindo-se desde o Parana até o Maranhao
(figura 03) (FRANCA; MALAQUE, 2009). Sao serpentes de médio porte (tamanho
em torno de 1,5 m de comprimento), comportamento agressivo e capazes de
adaptar-se bem a ambientes modificados (MELGAREJO, 2009). Sdo encontradas
predominantemente em &areas riparias do cerrado, como matas de galerias e
pastagens Umidas adjacentes, mas, ocasionalmente, encontram-se em &areas
interfluviais mais secas. Apresentam habitos noturnos, sdo mais ativas durante os
meses mais quentes e umidos (outubro a abril) e possuem dieta generalista,
alimentando-se de pequenos mamiferos, anfibios, lagartos, serpentes e aves
(NOGUEIRA; SAWAYA; MARTINS, 2003).

Figura 03: (A) Exemplar da espécie B. moojeni. Fonte:
<https://www.flickr.com/photos/momcilo56/4034963478/in/photostream/>. Acesso em: 1 mar. 2017.
(B) Distribuicao geografica da espécie B. moojeni no Brasil. Fonte: BRASIL, 2001.



1.2 Serpente B. alternatus

A serpente B. alternatus, conhecida popularmente por urutu, foi descrita por
Duméril, Bibron e Duméril em 1854. E uma serpente com ampla distribuicdo
geografica, podendo ser encontrada no Centro-Oeste, Sudeste e Sul do Brasil.
Apresenta porte grande (podendo atingir até 1,7 m de comprimento) e é
encontrada, predominantemente, em dreas abertas e Umidas, como brejos e
pantanos, e, ocasionalmente, em areas de campos mais secas (figura 04)
(ROCHA; FURTADO, 2005; WARREL, 2004). Ao contrario da maioria das
espécies do género (generalistas), a serpente B. alternatus &€ uma espécie
especialista em pequenos mamiferos em todas as fases da vida (MARTINS;
MARQUES; SAZIMA, 2002).

Popularmente, a peconha da serpente B. alternatus é conhecida por causar
graves acidentes, por isso foi criado o ditado "quando ndo mata, aleija". Contudo,
contrariando a crenca popular, estudos tém demonstrado que acidentes causados
por essa serpente ndo sédo tao graves, se comparado com acidentes causados
por outras serpentes botrdpicas (BAUAB et al., 1994; QUEIROZ; PETTA, 1984). A
peconha dessa espécie possui uma menor atividade enzimatica, causando
menores complicagdes (CAMPOS et al., 2013; MAMEDE et al., 2016; ROCHA;
FURTADO, 2005; SOUZA et al., 2015).

Figura 04: (A) Exemplar da espécie B. alternatus. Fonte:
<http://carnivoraforum.com/topic/10307745/1/>. Acesso em: 1 mar. 2017. (B) Distribuicdo

geogréfica da espécie B. alternatus no Brasil. Fonte: BRASIL, 2001.



2 Acidentes ofidicos

Os acidentes ofidicos constituem um grave problema de saude publica em
muitas partes do mundo, especialmente nos paises tropicais e subtropicais,
devido a frequéncia com que ocorrem e gravidade dos casos (BOCHNER, 2013;
CHIPPAUX, 2015). Apesar disso, eles recebem pouca atengéo do governo e das
agéncias de saude global. Somente em abril de 2009 essa doenca foi incluida na
lista de "doencas tropicais negligenciadas" da Organizacdo Mundial da Saude
(OMS) (HARRISON et al., 2009; WHO, 2017).

Diferentes estudos tém demonstrado que os acidentes ofidicos estao
relacionados a fatores climaticos e ao aumento da atividade dos trabalhadores em
areas rurais. Nas épocas de calor e chuva (inicio e final do ano), que coincide
com o periodo de maior atividade do homem no campo, ocorre um aumento do
numero de casos. As vitimas, geralmente, sdo homens em idade profissional ativa
(20 a 39 anos) e as regides mais acometidas sdo os membros inferiores (pés e
pernas) (BRASIL, 2001; BRASIL, 2009; BRASIL, 2017; CHIPPAUX, 2015;
SOTELO-CRUZ; GOMEZ-RIVERA, 2017; WHO, 2017).

O Brasil é o pais da América do Sul que apresenta maior numero de
acidentes por ano. As regides Centro-Oeste e Norte apresentam maior incidéncia.
No entanto, é possivel que haja uma subnotificacdo nas regides mais remotas do
pais, em especial a regiao Norte, devido a dificuldade de acesso aos servicos de
saude (BRASIL, 2001; WARREL, 2004).

Dados do Sistema de Informacdo de Agravos de Notificacdo (Sinan)
mostraram que no ano de 2015 foram notificados 18.741 acidentes ofidicos no
Brasil. Destes acidentes, 13.490 foram provocados por serpentes do género
Bothrops (71,98%), 1.438 por serpentes do género Crotalus (7,67%), 529 por
serpentes do género Lachesis (2,82%), 139 por serpentes do género Micrurus
(0,74%) e 908 por serpentes nao peconhentas (4,85%). Em 2.237 casos
(11,94%), o género da serpente nao foi identificado (BRASIL, 2017). Varios
estudos apontam para uma média de 20.000 acidentes por ano, sendo o género
Bothrops o principal agente causador. Isso demonstra a importancia
epidemioldgica do acidente botropico para o Brasil (BOCHNER; STRUCHINER,
2003; CHIPPAUX, 2015; RIBEIRO; JORGE, 1997).



A maioria dos acidentes ofidicos é clinicamente classificada como leve,
entretanto alguns fatores podem aumentar consideravelmente sua gravidade,
como a quantidade de peconha inoculada, profundidade e nimero de picadas,
presenca de patégenos na boca da serpente, idade e tamanho da vitima, regidao
acometida, tratamento recebido e tempo decorrido entre o0 acidente e o
atendimento. Além disso, tamanho e espécie da serpente envolvida sdo fatores
determinantes (BRASIL, 2009; FRANCA; MALAQUE, 2009; RUSSEL, 1973).
Dentre os acidentes ofidicos registrados pelo Sinan em 2015, 85 casos (0,45%)
evoluiram para oObito (BRASIL, 2017). Em geral, o maior indice de letalidade
corresponde ao género Crotalus (1,87%), seguido do género Lachesis (0,95%),
Micrurus (0,36%) e Bothrops (0,31%) (BOCHNER; STRUCHINER; 2003; BRASIL,
2001).

O elevado indice de letalidade atribuido ao acidente crotalico deve-se as
suas fragbes neurotdxica, miotdxica e hemolitica, que podem provocar paralisia
motora, lesées nas fibras musculares e incoagulabilidade sanguinea, os quais
podem evoluir para insuficiéncia renal aguda, principal causa de 6bito. O acidente
crotalico, geralmente, € grave e quase sempre fatal na auséncia de tratamento
especifico e adequado (AZEVEDO-MARQUES et al, 1985; AZEVEDO-
MARQUES; HERING; CUPO, 1987; BANCHER; ROSA; FURLANETTO, 1973;
BRASIL, 2001; TOKARNIA; PEIXOTO, 2006). O acidente laquético ¢é
caracterizado, principalmente, por destruicao tecidual na regido da picada, devido
a sua fragdo proteolitica, acompanhado de incoagulabilidade sanguinea,
hemorragia e sindrome vagal (BRASIL, 2001; PINHO; PEREIRA, 2001;
TOKARNIA; PEIXOTO, 2006). Por sua vez, o acidente elapidico, provocado,
principalmente, por serpentes do género Micrurus, apresenta um quadro clinico
semelhante ao acidente crotalico, com fraqueza muscular progressiva devido a
acado de neurotoxinas que blogueiam e/ou competem com acetilcolina. Essa
fraqgueza muscular pode evoluir para insuficiéncia respiratéria aguda, principal
causa de 6bito (BRASIL, 2001; TOKARNIA; PEIXOTO, 2006).

O acidente botrépico, apesar de apresentar baixo indice de letalidade,
corresponde ao acidente ofidico de maior importancia epidemioldgica do pais,
devido a frequéncia com que ocorre. Isso explica a necessidade de conhecer sua
fisiopatologia para padronizacédo de um tratamento adequado (BRASIL, 2009). Em
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geral, o envenenamento por serpentes botrépicas manifesta-se por dor e edema
no local da picada, de intensidade variavel, e geralmente, de instalagéo precoce e
carater progressivo. Podem surgir também reacdes inflamatérias graves,
equimose, hemorragia local e bolhas, que podem vir acompanhadas ou nao de
necrose tecidual e muscular, principal complicacdo local do envenenamento. A
necrose pode resultar em perda irreversivel da funcado ou do tecido, havendo
possibilidade de amputacdo do membro afetado (BRASIL, 2014; GUTIERREZ et
al., 2009; GUTIERREZ; LOMONTE; 1989; PINHO; PEREIRA, 2001; STABELLI et
al., 2006; TOKARNIA; PEIXOTO, 2006; WARREL, 2004).

O envenenamento botrdpico pode desencadear também alteragdes
sistémicas, como nauseas, vomitos, sudorese, hipotensdo arterial, alteracdes
cardiovasculares e disturbios de coagulacdo. Hemorragias sistémicas também
podem ocorrer, como gengivorragias, epistaxes, hematémese e hematuria. A
hemorragia pode afetar também pulmdes e rins, e, as vezes, o sistema nervoso
central, geralmente letal. Nos casos mais graves, observa-se também choque e
insuficiéncia renal aguda, decorrentes, principalmente, da hemorragia ocasionada
(ALBUQUERQUE et al., 2013; BRASIL, 2014; GUTIERREZ; ESCALANTE;
RUCAVADO, 2009; HERRERA et al., 2012; MACHADO et al.,, 2010; PINHO;
PEREIRA, 2001; TOKARNIA; PEIXOTO, 2006; WARREL, 2004).

O procedimento terapéutico mais utilizado para o tratamento de acidentes
ofidicos € a soroterapia, que consiste na administracdo endovenosa, 0 mais
precoce possivel, do soro (antiveneno) especifico para cada tipo de
envenenamento, de acordo com a sua gravidade (BRASIL, 2014). O antiveneno
consiste em imunoglobulinas ou fragmentos de imunoglobulinas gerados a partir
do fracionamento do plasma de animais de grande porte (equinos e ovinos)
previamente sensibilizados com aplicagées sucessivas de pequenas quantidades
de peconha de uma (soro monoespecifico) ou mais espécies de serpentes (soro
poliespecifico) (SLAGBOOM et al., 2017; WHO, 2010). Dessa forma, a presenca
de titulos elevados de anticorpos capazes de neutralizar as toxinas presentes na
peconha impede o agravamento do envenenamento (BRASIL, 2001). Soros
poliespecificos possuem uma eficiéncia inferior quando comparado aos
monoespecificos (CARDOSO; YAMAGUCHI; SILVA, 2009).
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No caso do acidente botropico deve-se utilizar prioritariamente o soro
antibotropico (SAB) mas, na auséncia deste ou impossibilidade de diferenciagao
do tipo de serpente, utiliza-se a associacdo dos soros antibotrépico-crotalico
(SABC) ou antibotropico-laquético (SABL) (BRASIL, 2014). No Brasil, o SAB ¢é
fabricado no Instituto Butantan, em Sao Paulo, e, geralmente, é preparado a partir
da imunizacdo com a pegonha de B. alternatus, B. jararaca, B. jararacussu, B
moojeni e B. neuwiedi, espécies responsaveis pela maioria dos acidentes ofidicos
desse género no Brasil (CAMEY; VELARDE; SANCHEZ, 2002; FRANCA;
MALAQUE, 2009; FURTADO et al., 2010).

A soroterapia reverte grande parte dos efeitos provocados pelo
envenenamento, desempenhando um papel crucial para reduzir a mortalidade e
morbidade do acidente ofidico, entretanto, apresenta algumas deficiéncias (WHO,
2010). A administracdo do antiveneno pode causar reagdes de hipersensibilidade
tardia ou precoce, como urticarias, nauseas, broncoespasmo e hipotensao. Por
esse motivo, é necessario um monitoramento rigoroso do paciente durante a
administracdo do soro para detectar precocemente a ocorréncia dessas reacoes
(BRASIL, 2014; CARON et al., 2009; WARREL, 2010). Variacdes inter e intra-
especificas na composicao da pegonha interferem nos efeitos patolégicos e na
eficiente neutralizagdo dos efeitos da pegonha pelo soro antiofidico. Assim, para
que haja uma neutralizagdo eficiente, deve-se incluir toxinas de serpentes de
diferentes idades, coletadas em diferentes épocas do ano e em diferentes regides
(CALVETE et al., 2009; CARDOSO; YAMAGUCHI; SILVA, 2009; CHIPPAUX;
WILLIAMS; WHITE,1991; SILVA et al.,, 2013; TAN et al.,, 2016). Além disso,
embora a soroterapia seja eficaz contra a toxicidade sistémica, ela é ineficaz
contra a toxicidade local induzida pelo envenenamento (GIRISH; KEMPARAJU,
2011; GUTIERREZ et al., 2009; WEN, 2009).

Em virtude dessas limitacbes e complicacdes, o tratamento dos acidentes
ofidicos ainda € um problema de saude publica. H4 uma necessidade urgente de
estudos e incentivos politicos a fim de melhorar a producéao e distribuicido desses
antivenenos, bem como o treinamento da equipe médica para utilizacao do soro e
outros medicamentos envolvidos durante o tratamento (GUTIERREZ et al., 2010;
WARREL, 2010; WHO, 2010).
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3 Componentes da peconha ofidica

A peconha ofidica consiste em um complexo de substancias
biologicamente ativas produzidas por glandulas bucais diretamente ligadas as
presas através de ductos (KERKKAMP; CASEWELL; VONK, 2015). Ela tem como
funcdo a imobilizacdo, morte e digestdo da presa, além de contribuir para a
defesa contra predadores (HARDY; COCHRANE; ALLAVENA, 2014). A
composicao da peconha pode diferenciar-se de acordo com a familia, género,
espécie e subespécie. Variagdes intraespecificas também podem ocorrer, uma
vez que sua composicao € influenciada pela origem geogréfica, dieta, idade,
dimorfismo sexual e habitat (CHIPPAUX; WILLIAMS; WHITE, 1991; MENEZES et
al., 2006).

Cerca de 90% do seu peso seco corresponde a proteinas e peptideos,
enzimaticos e nao enzimaticos. Aminotransferases, acetilcolinesterases,
ADPases, ATPases, hialuronidases, L-aminoacido-oxidases, fosfolipases A2,
metaloproteases, serinoproteases e 5'-nucleotidases sao exemplos de enzimas
encontradas na pegonha, as quais sao responsaveis pela maioria dos efeitos
deletérios observados durante o envenenamento. Os constituintes néo-
enzimaticos incluem as lectinas, os ativadores de proteina C, proteinas ligantes
ao fator de Von Willebrand (FvW), fatores de crescimento do endotélio vascular
(VEGF) e neuronal (NGF), precursores de peptideos bioativos e desintegrinas
(ANGULO; LOMONTE, 2009; BRAUD; BON; WISNER, 2000; FRANCA;
MALAQUE, 2009; KANG et al., 2011; KINI, 2006; MARLAND, 1998; RAMOS;
SELISTRE-DE-ARAUJO, 2006).

Uma fracdo nao proteica também faz parte da constituicio da peconha
ofidica, sendo representada por compostos organicos de baixo peso molecular,
como carboidratos, lipidios, aminoacidos livres, nucleosideos, aminas biogénicas
e citrato; e compostos inorganicos, como calcio, ferro, fésforo, potassio,
magnésio, manganés, cobalto, sédio e zinco (BJARNASON; FOX, 1994;
FRANCA; MALAQUE, 2009; KOH; ARMUGAM; JEYASEELAN, 2006; MARLAND,
1998; MATSUI; FUJIMURA; TITANI, 2000; RAMOS; SELISTRE-DE-ARAUJO,
2006). O caélcio, manganés e magnésio sao importantes para estabilizacao
estrutural de algumas proteinas. O zinco, cobre, ferro e cobalto atuam nos
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mecanismos cataliticos de alguns componentes enzimaticos, como as
metaloproteases (BJARNASON; FOX, 1994).

Os componentes da peconha ofidica apresentam diferentes atividades
farmacolégicas e o estudo dessas toxinas isoladas tem contribuido para a
elucidacdo de mecanismos moleculares envolvidos na fisiologia do
envenenamento, desenvolvimento de poderosas ferramentas de pesquisa,
técnicas de diagnéstico e de novos agentes terapéuticos, como agentes
antiplaquetarios, anticoagulantes, antitumorais, antivirais, antimicrobianos,
analgésicos, entre outros (CHAN et al., 2016; CUNHA; MARTINS, 2012;
MCCLEARY; KINI, 2012).

3.1 Metaloproteases

As metaloproteases da peconha de serpentes (do inglés: Snake Venom
Metalloproteinases - SVMPs) sdo enzimas que dependem da ligacdo de um metal
(Zn?+, Ca?* ou Mg?*) em seu sitio catalitico para a manifestacdo de suas
atividades biolégicas (FOX; SERRANO, 2009). Em geral, as SVMPs sao zinco
dependentes, pertencentes a familia metzincina e possuem uma sequéncia
peptidica conservada de ligagdo de zinco, HEBXHXBGBXHZ, constituindo o
dominio catalitico metaloprotease; onde H representa a histidina, E &acido
glutdmico, G glicina, B um residuo hidrofébico, X um aminoéacido qualquer € Z um
aminoacido diferente entre as subfamilias, mas conservado dentro das mesmas
(BODE; GOMIS-RUTH; STOCKLER, 1993). Agentes quelantes de Zn?+, tais como
acido etilenodiaminotetracético (EDTA) e 1,10-fenantrolina inibem completamente
a atividade das SVMPs (MATSUI; FUJIMURA; TITANI, 2000).

As SVMPs sao classificadas em trés classes (P-I, P-1l e P-lll), conforme
suas massas moleculares e organizacao de seus dominios estruturais. As toxinas
da classe P-l apresentam massas moleculares entre 20 - 30 KDa e séo
constituidas apenas pelo dominio metaloprotease. A classe P-Il apresenta toxinas
com massa molecular entre 30 - 60 KDa e possuem, além do dominio
metaloprotease, um dominio desintegrina, os quais sdo frequentemente
separados por um processo proteolitico pés-traducional. Ambos os produtos séo
estaveis apds o processamento. As toxinas da classe P-lll possuem massas
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moleculares entre 60 - 100 KDa e apresentam um dominio semelhante ao
desintegrina (Dis-like) e um dominio rico em cisteina (Cys-rich) adicionais ao
dominio catalitico (FOX; SERRANO, 2008). A principal diferenca entre os
dominios desintegrina e dis-like é a auséncia do motivo RGD, caracteristico de
desintegrinas de classe P-1l (CALVETE et al., 2005; GUTIERREZ; RUCAVADO,
2000).

As classes P-Il (P-1la, P-lIb, P-llc, P-lid e P-lle) e P-lll (P-llla, P-lllb, P-llic e
P-llld) foram subdivididas de acordo com o processamento proteolitico poés-
traducional para liberacdo dos dominios adicionais e formacao de estruturas
diméricas. Em especial, a subclasse P-llld possui um dominio semelhante a
lectina (Lectin-like) ligada por pontes dissulfeto aos demais dominios
caracteristicos de SVMPs P-lll (FOX; SERRANO, 2008). A figura 05 mostra um

esquema representativo da classificacdo das SVMPs.

P4

| | B

Figura 05: Esquema representativo da classificacdo das SVMPs, antes e ap6s 0 processamento
proteolitico pos-traducional. P: peptideo sinal; PRO: pré-dominio, removido durante sua ativagao;
CAT: dominio catalitico ou metaloprotease; DIS: dominio desintegrina; DL: dominio semelhante a
desintegrina (Dis-like); CR: dominio rico em cisteina (Cys-rich); LEC: dominio semelhante a lectina
(Lectin-like). Fonte: adaptado de MOURA-DA-SILVA et al., 2016.
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Estima-se que cerca de 32% da peconha de viperideos seja constituida por
SVMPs, o que sugere seu papel significativo nas patologias associadas ao
envenenamento por essas serpentes (FOX; SERRANO, 2009).

As SVMPs sao uma das principais enzimas responsaveis pelo
aparecimento de hemorragia, uma vez que apresentam afinidade especifica sobre
a membrana basal de capilares, provocando ruptura da integridade vascular,
principal mecanismo indutor de hemorragia (BJARNASON; TU, 1978;
GUTIERREZ; RUCAVADO, 2000; MOREIRA et al, 1994). A habilidade de causar
hemorragia pode ser atribuida a todas classes de SVMPs. Entretanto, as enzimas
da classe P-lll sdo as mais hemorragicas (FOX; SERRANO, 2005). A presenca
dos dominios nao cataliticos favorece a fixacdo e direcionamento aos
componentes especificos da microvasculatura (ESCALANTE et al., 2011). Além
da hemorragia, as SVMPs induzem mionecrose, que parece ser secundaria a
isquemia que ocorre no tecido muscular em decorréncia da hemorragia
(GUTIERREZ et al., 1995; GUTIERREZ; RUCAVADO, 2000).

Outras atividades comumente associadas as SVMPs sdo: atividades
fibrin(ogen)olitica e apoptodtica, ativagdo de protrombina e do fator X da cascata
de coagulagéo e inibicdo da agregacao plaquetaria; a maioria delas relacionadas
a distarbios hemostaticos. As SVMPs também causam reacdes inflamatérias e
edemas (FOX; SERRANO, 2005, 2009). A presenca dos dominios nao cataliticos
facilita, também, a interacdo das SVMPs com os receptores plaquetarios
(MATSUI; FUJIMURA; TITANI, 2000).

3.2 Serinoproteases

As serinoproteases da pegonha de serpentes (do inglés: Snake Venom
Serine Proteinase - SVSPs) sdo enzimas que contém em seu sitio ativo um
residuo de serina altamente reativo, estabilizado pela presenca de um residuo de
histidina e aspartato. A organizagao desses residuos gera um sitio catalitico muito
bem caracterizado, que define esse grupo de proteases (BARRETT; RAWLINGS,
1995). Essas enzimas sao inibidas por compostos que reagem com o residuo de
serina, como fluoreto de fenilmetilsulfonilo (PMSF) e diisopropilfluorofosfato
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(DFP), e também sé&o inibidas competitivamente por benzamidina e por p-
aminobenzamidina (SERRANO; MAROUN, 2005).

Apesar de possuirem uma caracteristica estrutural homogénea, as SVSPs
apresentam diversos efeitos farmacolégicos. Elas sao caracterizadas como
enzimas que tém atividade semelhante a trombina (thrombin-like). Podem afetar a
cascata de coagulagéo pela ativacdo de componentes sanguineos envolvidos na
coagulacao (fator V, proteina C e plasminogénio) e acdo sobre o sistema
fibrinolitico, calicreina-cinina (kallikrein-like) e sobre a agregacao plaquetéria,
causando um desequilibrio no sistema hemostatico. As SVSPs calicreina-simile
(Kallikrein-like) liberam bradicinina a partir da protedlise do cininogénio plasmatico
provocando hipotensdo, quadro comum do acidente ofidico (COSTA et al., 2010;
MATSUI; FUJIMURA; TITANI, 2000; OLIVEIRA et al., 2016; SERRANO, 2013;
SERRANO; MAROUN, 2005).

As SVSPs com atividade trombina-simile (thrombin-like) clivam o
fibrinogénio  plasmatico, semelhantemente a trombina, liberando os
fibrinopeptideos A e B. Todavia, essas enzimas nao ativam outros fatores da
coagulacdo, como o fator Xlll. Por esse motivo, elas formam apenas um coagulo
de fibrina frouxo, o qual é rapidamente degradado pelo sistema fibrinolitico
(CASTRO et al., 2004; KINI, 2006; MATSUI; FUJIMURA; TITANI, 2000). Por esse
motivo, essas enzimas tém sido amplamente utilizadas como agentes
desfibrinogenantes em vérias condi¢gdes trombdticas e em coagulopatias. Um
exemplo é a Batroxobin, uma SVSP thrombin-like isolada de pegonha da serpente
B. atrox, que atua como um desfibrinogenante devido a sua especifica agéo sobre
o fibrinogénio (SERRANO, 2013).

3.3 Fosfolipases A2

As fosfolipases A2 (PLA2s) sdo enzimas dependentes de Ca?* que
catalisam a hidrélise especifica da ligacao éster do carbono 2 de fosfolipidios,
liberando acidos graxos, como o &cido araquiddnico (AA), e lisofosfolipidios. O AA
liberado é precursor de prostaglandinas, tromboxanos e leucotrienos, mediadores
quimicos que iniciam uma série de reagdes inflamatérias (ARNI; WARD, 1996;
KINI, 2003).
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Essas enzimas podem ser classificadas em PLA2s secretadas (sPLA2s),
citosdlicas (cPLAzs), independentes de Ca?* (iPLAzs), acetil-hidrolases do fator
ativador de plaquetas (PAH-AH), PLA2s lisossomais e PLA2s tecido adiposo-
especifica. As PLA2s encontradas em pegonha de serpentes sao do tipo sPLA:s.
As PLA2s também foram divididas em 15 grupos (I a XV) de acordo com
localizagdo celular, peso, dependéncia de Ca?*, entre outros. As PLA2s de
peconha de serpente pertencem aos grupos | e |l e apresentam baixa massa
molecular (cerca de 14 - 18 KDa), cinco a oito pontes dissulfeto, possuem em seu
sitio ativo um residuo de histidina e aspartato e necessitam de Ca?* para suas
atividades enzimaticas (DENNIS et al., 2011; VALENTIN; LAMBEAU, 2000).
Aquelas do grupo | correspondem as PLA2s da familia Elapidae, enquanto que as
do grupo Il correspondem as PLA2s da familia Viperidae (BURKE; DENNIS,
2009; DENNIS et al., 2011).

As PLAz2s do grupo Il sdo subdivididas em dois subgrupos principais: as
PLA2s Asp49, assim denominadas por possuirem um residuo de aspartato na
posicao 49, enzimaticamente ativas; e as PLAzs Lys49, nas quais o residuo de
aspartato € substituido por um residuo de lisina na mesma posicdo, com
nenhuma atividade catalitica sobre os fosfolipidios. A substituicdo do residuo
Asp49 por Lys49 altera a ligagdo do Ca2* as PLAzs, comprometendo sua atividade
enzimatica (ARNI; WARD, 1996; OWNBY et al., 1999; SOARES; FONTES;
GIGLIO, 2004).

Apesar de apresentarem significante similaridade estrutural, as PLA2s
compreendem um dos componentes mais relevantes da pegonha, sendo
responsaveis por diversos efeitos provocados pelo envenenamento, como:
neurotoxicidade, miotoxicidade, cardiotoxicidade, hipotensdo, hemorragia,
inducédo de edema, reacao inflamatéria, hemolise, acdo anticoagulante e sobre a
atividade plaquetaria (DUTTA; GOGOI; MUKHERJEE, 2015; FAURE; GOWDA,;
MAROUN, 2007; KINI, 2003; SANTOS-FILHO et al., 2008; SILVEIRA et al., 2013;
TEIXEIRA et al.,, 2011). Sugere-se que a grande diversidade de efeitos
farmacolégicos induzidos pelas PLA2s esteja relacionada com sua alta afinidade
a receptores endogenos especificos, as quais podem atuar enzimaticamente ou
por mecanismos nao enzimaticos (KINI, 2003; SAJEVIC; LEONARDI; KRIZAJ,
2011).
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3.4 L-aminoacido-oxidases

As L-aminoacido-oxidases de peconha de serpentes (do inglés: Snake
Venom L-amino acid oxidases - SV-LAAQOs) sdo enzimas amplamente distribuidas
em peconhas ofidicas, que catalisam a desaminac¢do oxidativa estereoespecifica
de L-aminoacidos, produzindo o alfa-ceto acido correspondente, perdxido de
hidrogénio (H202) e aménia (IZIDORO et al., 2014; KOMMOJU; MACHEROUX;
GHISLA, 2007; MOUSTAFA et al., 2006; RODRIGUES et al., 2009; SUN et al.,
2010). Em geral, as SV-LAAOs sao estruturas homodiméricas, unidas por
ligagbes ndo covalente e com massa molecular de aproximadamente 110 - 150
KDa em condicbes ndo desnaturantes, e 50 - 70 KDa em sua forma monomérica
(DU; CLEMETSON, 2002; IZIDORO et al., 2014; SOUZA et al., 1999). Elas sao
consideradas flavoenzimas, uma vez que cada subunidade apresenta um cofator
flavina mononucleotideo (FMN) ou flavina adenina dinucleotideo (FAD) ligado
covalentemente a sua estrutura quimica. A cor amarela da peconha esta
relacionada a presenca do pigmento riboflavina presente nesses cofatores
(COSTA et al.,, 2014; GUO et al., 2012; JOHNSON; KARDONG; OWNBY, 1987).

Embora o papel fisiolégico das SV-LAAOs ainda seja pouco conhecido,
acredita-se que sua presencga esteja relacionada com a protecdo contra agentes
naturais, parasitas e bactérias (FOX, 2013; VARGAS et al., 2013). Estudos tém
mostrado que elas apresentam uma variedade de efeitos farmacolégicos, como:
inducdo ou inibicdo da agregacdo plaquetaria; atividades antimicrobiana,
antibacteriana e antitumoral; citotoxicidade; inducdo de edema e atividade
apoptotica, inclusive de células endoteliais vasculares, contribuindo para o
sangramento prolongado ap6s o acidente (ANDE et al., 2008; CISCOTTO et al.,
2009; IZIDORO et al.,, 2014; NAUMANN et al.,, 2011; SAMEL et al., 2006;
TONISMAGI et al., 2006; TORRES et al., 2010). Varios estudos tém mostrado
que o principal metabdlito responsavel por essas atividades € o H20:2 liberado
durante a reagcdo quimica catalisada pelas SV-LAAOs, o qual contribui para a
acao citotdéxica da enzima (DU; CLEMETSON, 2002; FOX, 2013).
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3.5 Desintegrinas

As desintegrinas presentes na pec¢onha de serpentes compreendem uma
familia de pequenos polipeptideos (40 - 100 amino4cidos) ndo enzimaticos ricos
em cisteina, liberados pelo processamento proteolitico de SVMPs classe P-Il e P-
I (KINI; EVANS, 1992) ou sintetizados diretamente a partir de mRNAs (OKUDA,;
KOIKE; MORITA, 2002).

As desintegrinas sao divididas em cinco grupos de acordo com seu
tamanho e numero de pontes dissulfeto (CALVETE et al., 2003). O primeiro grupo
inclui desintegrinas curtas, com 41 a 51 residuos de aminoacidos e quatro pontes
dissulfeto. O segundo grupo é formado por desintegrinas de tamanho médio com,
aproximadamente, 70 aminoacidos e seis pontes dissulfeto. O terceiro grupo inclui
desintegrinas longas, com 84 residuos e sete pontes dissulfeto. No quarto grupo
estdo as disintegrins-like derivadas do processamento proteolitico das SVMPs da
classe P-lll. Essas moléculas contém, aproximadamente, 100 aminoacidos e oito
pontes dissulfeto (CALVETE et al., 2000a; CALVETE et al., 2003). Diferentemente
das desintegrinas ja citadas, que sao moléculas de cadeia simples, o quinto grupo
é formado por desintegrinas diméricas. Cada subunidade contém cerca de 67
residuos, dentre os quais 10 s&o de cisteina, envolvidos na formacao de quatro
pontes dissulfeto intracadeia e duas intercadeia (BILGRAMI et al., 2004;
CALVETE et al., 2000b; CALVETE et al., 2003).

Apesar de serem considerados pequenos polipeptideos, as desintegrinas
apresentam grande versatilidade funcional. Elas sdo capazes de se ligar
especificamente a integrinas presentes na superficie celular, especialmente
integrinas B1 e Bs, bloqueando sua atividade (CALVETE et al., 2005; CALVETE,
2013; SANZ et al., 2006). Por esse motivo, elas podem ser utilizadas na terapia
de diversas patologias nas quais bloqueadores de integrinas desempenham papel
relevante, incluindo isquemia coronariana aguda e trombose (aubfs), metastase
tumoral, osteoporose, reestenose e artrite reumatoéide (av3s), infecgdo bacteriana
e doengas vasculares (asB1), inflamagao e doengas autoimunes (041, azp1, asf1)
e angiogénese tumoral (ai1B1, avBs) (CALVETE et al.,, 2005; CALVETE, 2013;
MARCINKIEWICZ, 2007).
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A inibicdo das integrinas pelas desintegrinas depende do pareamento
adequado dos residuos de cisteina que determinam a conformagdo da alga
inibitéria, cujo apice contém uma sequéncia tripeptidica especifica (CALVETE et
al., 2003; CALVETE et al., 2005). Em geral, nas desintegrinas derivadas das
SVMPs da classe P-ll, a sequéncia ativa € o tripeptideo RGD (arginina-glicina-
aspartato) (MCLANE et al., 1998). Entretanto, estudos recentes mostraram a
presenga de outros motivos, como KGD (lisina-glicina-aspartato), MVD
(metionina-valina-aspartato), MLD (metionina-leucina-aspartato), VGD (valina-
glicina-aspartato) e KTS (lisina-treonina-serina) (CALVETE et al., 2005; HITE et
al., 1992; KOH; KINI, 2012; OSHIKAWA; TERADA, 1999; SCARBOROUGH et al.,
1991). Nas disintegrins-like, o0 motivo RGD é substituido pela sequéncia XXCD (x-
x-cisteina-aspartato) (CALVETE et al., 2005). Em geral, motivos RGD bloqueiam
integrinas asP1, asB1, avB1, avBs e aibBs; KGD e MVD bloqueiam a integrina ainfs;
MLD visa principalmente as integrinas a1, asB1, asp1, azB1, asB1; VGD prejudica
a funcgao da integrina asB1 e KTS é um inibidor de a1+ (CALVETE, 2013).

A sequéncia C-terminal da desintegrina, junto a sequéncia de aminoacidos
dentro da alga inibitéria, determina a especificidade de ligacdo a integrina (EBLE,
2010). Isso explica o fato de que diferentes desintegrinas contendo um mesmo
motivo de ligagdo apresentam afinidade e seletividade de ligagéo diferentes para
as integrinas (CALVETE et al., 2005).

3.6 Lectinas tipo C

As lectinas tipo C sao proteinas diméricas nao enzimaticas, capazes de se
ligar a mono e oligossacarideos de forma reversivel, ndo-covalente e Ca?
dependentes. Essa capacidade de se ligar a carboidratos se deve a presenca de
uma regido designada de dominio de reconhecimento ao carboidrato (CRD)
presente na regiao C-terminal de cada subunidade da proteina, o qual € formado
por uma sequéncia de trés aminodcidos (glutamina-prolina-aspartato) (DODD;
DRICKAMER, 2001; DRICKAMER, 1988). Esses dominios interagem com os
acucares presentes nas células por meio de pontes de hidrogénio e interacdes de
van der Waals, estabelecidas entre o sitio ativo da proteina e os carboidratos de
superficie celular (WEIS; DRICKAMER, 1996). Esses dominios sao responsaveis
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pela principal funcdo dessa classe de proteinas, a aglutinagdo de eritrécitos in
vitro (GARTNER; STOCKER; WILLIAMS, 1980; LAM; NG, 2011).

A principal forma de lectina encontrada em peconha de serpentes sao as
lectinas tipo C-like, também denominadas de Snaclecs, as quais sdo Ca?
independentes e possuem um dominio CRD incompleto ou ausente, e
consequentemente ndo se ligam a agucares (CLEMETSON, 2010; MORITA,
2005; ZELENSKY; GREADY, 2005).

As lectinas tipo C-like estao envolvidas, principalmente, com as alteracdes
hemostaticas decorrentes do envenenamento ofidico, interagindo com receptores
plaquetarios ou fatores da cascata de coagulagdo sanguinea. Essas moléculas
podem apresentar acao anticoagulante devido a sua ligacdo aos fatores IX e X,
inibindo a conversao de protrombina em trombina ou ligando-se diretamente a
trombina (AROCAS et al.,, 1996; ATODA; HYUGA; MORITA, 1991). Podem,
ainda, apresentar agdo coagulante devido a ativacdo do fator X e protrombina
(TAKEYA et al., 1992; YAMADA; MORITA, 1997) e podem atuar como agonistas
ou antagonistas plaquetarios devido a sua afinidade por receptores plaquetarios,
como GPIlb, FYW e receptores de colageno (GPVI e az2B1) (BERGMEIER et al.,
2001; HAMAKO et al.,, 1996; KANAJI et al, 2003; LU et al., 2005;
MARCINKIEWICZ et al., 2000; POLGAR et al., 1997; USAMI et al., 1993). Outros
efeitos, também, atribuidos as lectinas de peconha de serpentes séo: inducao de
edema, hipotensao, aumento de atividade de neutréfilos e atividades anti-tumoral,
anti-bacteriana e anti-microbiana (BARBOSA et al., 2010; LOMONTE et al., 1990;
NUNES et al, 2011; PANUNTO et al., 2006; PEREIRA-BITTENCOURT;
GAGLIARDI; COLLINS, 1999).

4 Hemostasia

A hemostasia é definida como uma série complexa de processos
fisiologicos que tem a funcdo de formar um tampdo hemostatico sobre uma
superficie danificada do endotélio vascular, enquanto mantém o fluxo sanguineo
normal em outra parte da circulacdo. Dessa forma, a hemostasia minimiza a
perda sanguinea e promove a restauracao da arquitetura vascular (GALE, 2011;
STASSEN; ARNOUT; DECKMYN; 2004).
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O sistema hemostatico € constituido principalmente pelas células
endoteliais, plaquetas, fatores de coagulacdo e fatores fibrinoliticos. As células
endoteliais sdo as células que revestem os vasos sanguineos. No estado normal
contribuem para a manutencdo do fluxo sanguineo em uma superficie nao-
trombogénica, enquanto que mediante uma injaria vascular estimulam a sintese
de varios fatores pré-trombéticos. Esses fatores pro-tromboticos, juntamente com
a exposicao das moléculas adesivas do subendotélio, permitem que as plaquetas
interajam com as paredes do vaso, favorecendo a formacdo do tampéao
plaquetario. Simultaneamente, fatores de coagulacdo (pré-enzimas) produzidos
pelo figado s&o ativados através de uma cascata de coagulacao que irdo resultar
na formacado de fibrina, a qual sera depositada sobre o tampao plaquetario,
transformando-o em um tampao hemostatico sélido. Apds a cobertura da area
lesada pelo tamp&o hemostatico, o endotélio libera um ativador de plasminogénio
tecidual que converte plasminogénio em plasmina. A plasmina formada promove
protedlise das fibras de fibrina e outras proteinas coagulantes, dissolvendo o
coagulo a fim de controlar sua extensao e restabelecendo o fluxo sanguineo no
interior do vaso restaurado (CASTRO et al., 2006; COLLER et al., 2010; ISRAELS
et al.,, 2011; QUEIROZ et al., 2017; STASSEN; ARNOUT; DECKMYN, 2004).

Os processos de formacao do tampao plaquetario, ativagdo dos fatores de
coagulacdo e sistema fibrinolitico também sao conhecidos por hemostasia
primaria, secundaria e terciaria, respectivamente (STASSEN; ARNOUT;
DECKMYN, 2004).

4.1 Hemostasia primaria

A hemostasia primaria compreende mecanismos dependentes de
plaquetas. As plaquetas sdo pequenos fragmentos citoplasmaticos anucleados
produzidos na medula 6ssea a partir dos megacariécitos. Elas sdo capazes de
aderirem a vasos sanguineos danificados e a outras plaquetas, a fim de formarem
o tampao plaquetario (COLLER et al., 2010; SCHULE; SHIVDASANI, 2005).

Receptores de superficie presentes na membrana plaquetaria regulam as
interacbes plaqueta-plaqueta ou plaqueta-matriz sendo essenciais para a
formacao do tampao plaquetario. As glicoproteinas (GP) Ib-V-IX, GPVI, 5HT2a,
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TP, receptores ativados por proteases (PARs), P2Yi, P2Y12 e as integrinas
plaquetarias sdo alguns exemplos desses receptores envolvidos na hemostasia
(COLLER et al., 2010). As integrinas sdo complexos heterodiméricos compostos
por duas subunidades de glicoproteinas transmembrana (a e ) associadas por
ligagbes nao-covalentes. Elas estdo amplamente distribuidas em diferentes tipos
de células, e cada integrina demonstra propriedades unicas de ligagdo ao ligando.
Cinco tipos de subunidades a (az, aib, av, as, as) € dois tipos de subunidades 3 (B1
e Bs) formam as integrinas plaquetarias: aibPs (receptor de fibrinogénio), avfs
(receptor de vitronectina), a2B1 (receptor de colageno), asB1 (receptor de
fibronectina) e aesB1 (receptor de laminina) (BENNETT; BERGER; BILLINGS,
2009; CALVETE et al., 2005; KAMIGUTI, 2005).

Sob condicdes fisioldgicas, as plaquetas fluem pelos vasos sanguineos
sem interagir com o endotélio vascular. Quando a integridade do sistema vascular
€ rompida, as plaquetas sédo recrutadas da circulagcao para a matriz subendotelial
e submetidas a uma resposta em série, altamente regulada que inclui: adesao das
plaguetas as moléculas adesivas do subendotélio (adesao plaquetaria), ativacao
das plaquetas e amplificacdo da resposta plaquetaria (ativacdo plaquetaria) e
interacdo plaqueta-plaqueta (agregacdo plaquetaria). Estas respostas sao
mediadas pelos receptores presentes na superficie das plaquetas e resultam na
formacao do tampao plaquetario (CASTRO et al., 2006; JURK; KEHREL, 2005).

4.1.1 Adesao plaquetaria

A adesdo plaquetaria a matriz subendotelial é a primeira etapa da
hemostasia que envolve as plaquetas (ANDREWS; BERND, 2004; STASSEN;
ARNOUT; DECKMYN, 2004). Ap6s o rompimento da integridade do sistema
vascular as plaquetas sao recrutadas da circulacdo para a matriz subendotelial,
as quais interagem com os componentes da matriz expostos na parede do vaso
(JURK; KEHREL, 2005). Este é um processo complexo que depende da tensao
de cisalhamento. Sob altas forgas de cisalhamento, como ocorre em pequenas
artérias e arteriolas, as plaquetas interagem com o FvW através do complexo
plaquetario GPIb-V-IX. Em seguida, as plaquetas podem interagir diretamente
com o colageno através de seus principais receptores de colageno, GPVI e azf31.

24



Por sua vez, sob baixas forcas de cisalhamento, as plaquetas aderem
principalmente ao coladgeno, fibronectina e laminina, através de integrinas [1
(KAMIGUTI, 2005).

O FVW ¢é uma glicoproteina plasmatica multimérica de alto peso molecular
sintetizado pelas células endoteliais. Os multiplos sitios de ligacdo do FVW
permitem a ligagdo a integrina plaquetaria aipfs (também conhecida por GPlIb-
[lla), assim como a subunidade GPlba do complexo GPIb-V-IX (JURK; KEHREL,
2005; MATSUI; HMAMAKO, 2005). O FYW desempenha um papel critico na
adesao plaquetaria uma vez que ele permite o primeiro contato das plaquetas
com os componentes expostos no subendotélio (JURK; KEHREL, 2005). Ele atua
como uma ponte molecular entre os receptores plaquetarios, principalmente a
subunidade GPIlba, e o colageno do subendotélio. A afinidade do FvW circulante
com a GPlba plaquetaria é baixa, mas &€ aumentada em condigdes de alto
cisalhamento, devido as alteragdes conformacionais ocasionadas no FVW
(OBERT et al.,, 2006; RUGGERI; MENDOLICCHIO, 2015). Por isso, sob
condicOes estaticas, a ligacdo FYW-GPIba nao ocorre. Indutores néo fisiolégicos,
tais como o antibidtico ristocetina sdo utilizados para reproduzir esse evento in
vitro (MATSUI et al., 2002; NAVDAEYV et al., 2014).

A ligacdo FYW-GPIba, apesar de desempenhar um papel critico na adeséo
plaquetaria, apresenta uma taxa de dissociacdo rapida, ndo sendo capaz de
induzir uma adesédo plaquetaria estavel (RUGGERI, 2002). Entretanto, essa
interacao facilita a ligacdo direta das plaguetas com o coldgeno subendotelial
através da GPVI, que, por sua vez, gera sinais intracelulares que medeiam a
ativacao de outros receptores necessarios para uma adesao plaqguetaria estavel e
irreversivel na superficie do subendotélio, como az2B1 e amwPs (NIESWANDT;
WATSON, 2003). Enquanto a integrina azB1 liga-se diretamente ao colageno,
aibPBs medeia uma adesao irreversivel por se ligar a sequéncia RGD do FvW
(GAWAZ, 2004).

Além disso, o contato inicial da GPIba e da GPVI com componentes do
subendotélio inicia uma transducdo de sinais que resultam na ativagcdo das
plaguetas aderentes induzindo o aumento da concentragdo de Ca?* citosélico,
que, por sua vez, promove a secrecao de agonistas plaguetarios, aumentando a
afinidade da integrina aibBs pelo FYW. Esses eventos intensificam a adesao
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plaquetaria e contribuem para a posterior formagdo de um agregado plaquetario
(CASTRO et al., 2006; KAMIGUTI, 2005; ISRAELS et al., 2011).

4.1.2 Ativacao plaquetaria

A adeséo plaquetéria, seja induzida pelo colageno ou por outros agonistas,
como ADP ou trombina, induz uma rapida transducgéo de sinais, desencadeando
uma série de eventos que sustentardo a adesao e a subsequente agregacao
plaquetaria (CASTRO et al., 2006).

As plaquetas aderentes sofrem uma reorganizagdo das proteinas do
citoesqueleto que resulta em mudanga conformacional, passando da forma
discoide para o formato de esferas irregulares, com projecdo de pseudodpodes
provenientes da membrana plasmatica. Os pseuddpodes formados facilitam a
adesao das plaquetas a parede do vaso lesado, permitindo uma vedacgéo efetiva
(GAWAZ, 2004; ISRAELS et al., 2011; JURK; KEHREL, 2005). Além disso, os
granulos internos homogeneamente distribuidos nas plaquetas em repouso
sofrem centralizagdo e fusdo com a membrana plasmatica, resultando em
secrecao de seu conteudo via exocitose (JURK; KEHREL, 2005).

O aumento dos niveis de Ca?* citosolico, tanto a partir dos estoques de
armazenamento de Ca?* dentro das plaquetas, conhecido como sistema tubular
denso, como a partir do influxo de Ca?* no citoplasma, permite uma série de
processos, como: secrecdo do conteudo dos granulos, ativacdo das PLA2s
plaquetarias, reorganizacao da bicamada de fosfolipidos e ativacao de integrinas
plaquetarias (STASSEN; ARNOUT; DECKMYN, 2004).

As plaquetas possuem dois tipos de granulos de armazenamento, 0s
granulos a e os granulos densos. Os granulos a contém varias proteinas adesivas
que atuam na interacdo das plaquetas com a parede do vaso lesado, como FVW,
vitronectina e fibronectina, além de fatores de coagulacao (fator V, VII, XI e XllI),
fatores de crescimento derivados de plaquetas (PDGF) e fibrinogénio. Os
granulos densos contém ADP, ATP, serotonina e Ca?* (JURK; KEHREL, 2005;
STASSEN; ARNOUT; DECKMYN, 2004). Esses componentes quando secretados
apds a ativacao plaquetaria modulam as funcbes das plaquetas aderentes e
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estimulam o recrutamento de plaquetas adicionais para formagdo de agregados
na parede do vaso lesado (JURK; KEHREL, 2005).

Acredita-se que o ADP secretado pelos granulos densos seja o principal
amplificador da ativacdo plaquetaria inicial. Ele atua via dois receptores
plaquetarios, P2Y1 e P2Y12. O receptor P2Y+1 medeia a alteracdo conformacional
das plaquetas e 0 aumento dos niveis de Ca?* citosdlico, o qual desempenha um
papel central na ativacdo e atracdo plaquetaria. Por sua vez, o receptor P2Y12
potencializa a secre¢ao plaquetaria sustentando a ativacao das plaquetas, e ativa
a integrina aubPs. A relacao entre esses dois receptores plaquetarios € que P2Y+
inicia a resposta plaquetéaria, enquanto que P2Y12 atua reforcando-a (ANDREWS;
BERND, 2004; DORSAM; KUNAPULI, 2004; GACHET, 2001; JURK; KEHREL,
2005).

A serotonina (5-hidroxitriptamina ou 5-HT), um potente vasoconstritor, atua
sobre o receptor 5HT2a e amplifica, juntamente com o ADP, a resposta
plaquetaria. Além disso, a serotonina pode desempenhar um papel pré-
coagulante devido a retencao de proteinas pro-coagulantes na superficie das
plaquetas, como fibrinogénio (DALE et al., 2002; JURK; KEHREL, 2005).

O aumento dos niveis de Ca?* citosélico resultam na ativagdo das PLA:2s
plaquetarias. Essas enzimas clivam os fosfolipideos, resultando na liberacdo de
AA que por sua vez é convertido em tromboxano A2 (TXAz). Ao ligar ao seu
receptor (TP), o TXA:z libera mais Ca?* para o citosol, amplificando a resposta
plaquetaria. Dessa forma, assim como o ADP, o TXA2 atua como um mediador de
feedback positivo na resposta plaquetaria (STASSEN; ARNOUT; DECKMYN,
2004). Além disso, o TXA2 tem uma atividade vasoconstritora e, portanto,
favorece a formagao do trombo pela redugéo do fluxo sanguineo (GAWAZ, 2004).

Quando as plaquetas sao ativadas, ocorre uma remodelagdo na
distribuicdo dos fosfolipideos da membrana, de forma que aqueles carregados
negativamente ficam expostos na superficie externa das plaquetas. Estes se
complexam com Ca?*, que entdo formam uma ponte com alguns fatores de
coagulacdo. A colocalizacdo desses fatores de coagulacdo na superficie das
plaquetas ativadas facilita a propagacao da coagulacéo e formacao de trombina a
partir de protrombina, culminando com intensa deposicao de fibrina que reforcara
o tampao plaquetéario. A trombina, além de seu papel na coagulacao, € um dos
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mais poderosos agonistas plaquetarios. Ela amplifica a ativagdo plaquetaria ao
interagir com seus receptores plaquetarios GPIba e clivgem de receptores
ativados por proteases (PARs), PAR1 e PAR4 (COLLER et al., 2010; STASSEN;
ARNOUT; DECKMYN, 2004).

4.1.3 Agregacao plaquetaria

A adeséo das plaquetas, reorganizacéo de seu citoesqueleto e secreg¢ao do
conteudo de seus granulos sdo passos fundamentais para a formagéo do tampao
plaquetario, porém o passo final € a interacdo plagueta-plaqueta (STASSEN;
ARNOUT; DECKMYN, 2004). O receptor central desse processo € a integrina
aibBs (também conhecida por GPIIb-1lla) (JURK; KEHREL, 2005).

Cerca de 40.000 - 80.000 receptores aubPs estdo presentes por plaqueta.
Nas plaquetas em repouso, esses receptores apresentam-se em um estado de
baixa afinidade, os quais precisam ser ativados para ligarem-se aos seus ligantes
(STASSEN; ARNOUT; DECKMYN, 2004). Todos os agonistas plaquetarios,
incluindo ADP, TXA2 e trombina, ao interagirem com seus receptores de
membrana especificos, iniciam uma via de sinalizagdo desencadeando mudanca
na conformagdo da integrina aibBs, convertendo-a de seu estado de baixa
afinidade para um estado ativado de alta afinidade a seus ligantes, devido a
exposicao de seus sitios de ligagdo. Assim, a integrina aibBs ativada liga-se ao
fibrinogénio e/ou FvW, através de suas sequéncias RGD (arginina-glicina-
aspartato), os quais funcionam como uma ponte entre integrinas aipBs de
plaquetas adjacentes ativadas, resultando na interacao plaqueta-plaqueta, e por
fim, na formacdo do tampao plaquetario sobre a superficie do vaso lesado
(GAWAZ, 2004; ISRAELS et al., 2011).

Apés a formacdo do tampao plaquetario, o processo de coagulagdo é
acelerado na superficie das plaquetas ativadas, levando a estabilizagdo do
tampao devido a deposicao de fibrina, formando um tampao hemostatico sélido
sobre a superficie danificada do endotélio vascular (YIP et al., 2005). A figura 06
mostra um esquema simplificado dos processos de adesao, ativacao e agregagao

plaquetaria.
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Figura 06: Esquema representatvo do processo de hemostasia primaria. A lesao vascular resulta
na exposicéao de colageno e outras proteinas subendoteliais. A adeséo plaguetaria inicia-se com a
ligacdo do complexo GPIb-V-IX ao FWV e ligacdo direta do coldgeno a GPVI e azB1. A adesao das
plaguetas induz sinalizacdo intracelular e ativagdo das plaquetas, resultando em degranulagéo
com liberacdo de ADP, serotonina e Ca?*, sintese de TXAz, exposicdo de fosfolipideos acidos
(fosfatidilserina), gerando uma superficie pré-coagulante e ativacédo da integrina aiBs (GPIIb-Illa).
Esses eventos facilitam o recrutamento de outras plaquetas resultando na agregacéo plaquetaria
mediada pela ligagéo de fibrinogénio e FYW com a3 ativada de plaquetas adjacentes. A geragéo
de uma superficie pré-coagulante acelera a geragdo de trombina e deposicdo de fibrina,
resultando em estabilizacdo do tampao plaquetario. Fonte: adaptado de HARRISON, 2005.

A mesma sequéncia de eventos que resulta na formagdo de trombos
durante a hemostasia normal, resulta em doencas trombéticas, como o infarto do
miocardio ou acidente vascular cerebral, duas das principais causas de
mortalidade no mundo ocidental (ANDREWS; BERND, 2004; HARRISON, 2005).
A ruptura de uma placa aterosclerética expde a matriz trombogénica subjacente
as plaquetas circulantes e inicia o recrutamento de outras plaquetas em um
processo semelhante a hemostasia primaria (GAWAZ, 2004). Além disso, a alta
tensdo de cisalhamento em uma artéria ocluida pode induzir a formacao de
trombos mediada pelas interacoes FYW-GPIba (ANDREWS; BERND, 2004). O
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trombo resultante pode resultar em bloqueio do suprimento de sangue ao coragéo
ou ao cérebro (YIP et al., 2005).

A terapia antiplaquetaria pode, portanto, ser benéfica no tratamento e
profilaxia de doencas trombéticas, devendo ser cuidadosamente administrada
sem aumentar o risco de hemorragia (HARRISON, 2005). O agente
antiplaquetario mais utilizado € o acido acetilsalicilico (aspirina), embora existam
também outros agentes, como clopidogrel, abciximab, eptifibatide e/ou tirofibana.
Cada agente afeta as plaguetas de um modo diferente, podendo apresentar
diferentes efeitos colaterais. Entretanto, todos interferem nos processos de
adesao, ativacdo e/ou agregacao plaquetaria (CASTRO et al., 2006; GEIGER,
2001).

O clopidogrel atua como um antiplaquetario por se ligar de maneira
irreversivel aos receptores P2Y12. Apesar de demonstrar eficacia, ndo pode ser
considerado o antiagregante ideal devido a inibi¢cdo irreversivel dos receptores,
aumentando o risco de sangramentos, a sua capacidade de apresentar
resisténcia e a sua laténcia para atingir o pico de acdo, o que reduz o seu
beneficio nos pacientes com sindrome coronariana aguda (FALCAO et al., 2013).
Abciximab, eptifibatide e tirofibana inibem a agregacdo plaquetaria por serem
antagonistas da integrina aiwPs (GPIIb-llla). Apesar de demonstrarem eficacia na
reducdo do risco de complicacbes em pacientes com sindrome coronariana
aguda, ainda apresentam possiveis efeitos adversos como hemorragia e
trombocitopenia (GIORDANO et al., 2016; IBBOTSON; MCGAVIN; GOA, 2003;
SHAH et al., 2009; WEI et al., 2016).

A aspirina inibe a agregacao plaquetaria por inibir o metabolismo do AA
gerado a partir dos fosfolipideos, através da inativacao da cicloxigenase-1 (COX-
1) (CLELAND, 2002). Esse medicamento pode ser utilizado de forma preventiva
nos eventos tromboticos cardiovasculares, entretanto seu uso para prevengdo em
pacientes de baixo risco é controverso devido ao risco de episédios hemorragicos,
toxicidade gastrica e sindrome de "resisténcia a aspirina" (ALTMAN et al., 2004;
BATES; LAU, 2005; GRAEME; HANKEY; EIKELBOOM, 2006).

Diante desse contexto, novos agentes antiplaquetarios com maior
eficiéncia e menores efeitos colaterais estdo sendo investigados para serem
utilizados no desenho de novos medicamentos na prevencao e tratamento de
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doencgas tromboticas. Sabendo-se que componentes presentes na peconha de
serpentes sdo capazes de interferir na hemostasia, inclusive na funcao
plaquetaria, uma investigacdo detalhada dessas moléculas pode fornecer
informacgdes para a descoberta de novas drogas que possam ser utilizadas como

alvos anti-trombéticos.

4.2 Acao de diferentes toxinas ofidicas sobre a funcao plaquetaria

Nos ultimos anos, uma grande quantidade de toxinas de peconha de
serpentes foram identificadas por interferirem na fungdo plaquetaria, promovendo
ou inibindo a agregacao das plaquetas, devido a sua seletividade aos receptores
plaquetarios, como GPIb-V-I1X, GPVI, a2+, aibBs ou aos seus respectivos ligantes,
como FVW e/ou fibrinogénio. Geralmente, essas moléculas pertencem a familia
das SVMPs, SVSPs, PLAzs, SV-LAAOs, desintegrinas e lectinas tipo C-like
(ANDREWS; BERND, 2000; BRAUD; BON; WISNER, 2000; CLEMETSON; LU;
CLEMETSON, 2007; KINI, 2004; KOH; KINI, 2012; MARSH; WILLIAMS, 2005). A
tabela 01 mostra como, geralmente, os principais compostos, enzimaticos ou néo,

isolados de peconha de serpentes interferem na fungéo plaquetaria.

Tabela 01: Efeito de diferentes classes de toxinas ofidicas sobre a fungéo plaquetaria.

Classes Efeito sobre a agregacao
plaquearia
SVMPs Inibe
SVSPs Ativa
PLAzs Inibe e ativa
SV-LAAOs Inibe e ativa
Desintegrinas Inibe
Lectinas tipo C-like Inibe e ativa

Fonte: adaptado de SAJEVIC; LEONARDI; KRIZAJ, 2011.

Varios estudos mostram que as SVMPs, geralmente, estdo relacionadas a
inibicdo da agregagdo plaquetaria (KAMIGUTI, 2005; MOURA-DA-SILVA;
BUTERA; TANJONI, 2007; SAJEVIC; LEONARDI; KRIZAJ, 2011). Essas enzimas

podem interagir com proteinas adesivas enolvidas na hemostasia, como o
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colageno e FYW e também com receptores plaquetarios, como ainBs, a281 € GPlb-
V-IX (KAMIGUTI, 2005; MOURA-DA-SILVA; BUTERA; TANJONI, 2007).

A acdo das SVMPs sobre a integrina aibfs geralmente esta relacionada a
SVMPs classe P-ll, devido a presenca do dominio desintegrina. A presenca do
motivo RGD no dominio desintegrina facilita a interagdo dessas enzimas com a
integrina aibBs (MATSUI; FUJIMURA; TITANI, 2000). Elas ligam-se com alta
afinidade a essa integrina e inibem a agregacédo por bloquear a ligagdo do
fibrinogénio com seu receptor. Como esta é uma etapa final e essencial para a
agregacao plaquetaria, essas enzimas inibem a resposta plaquetaria por todos os
agonistas e sao considerados potentes inibidores enzimaticos (MATSUI;
FUJIMURA; TITANI, 2000; NIEWIAROWSKI et al., 1994).

Por sua vez, o efeito das SVMPs sobre a agregacao plaquetaria induzida
por colageno geralmente estd relacionada a SVMPs classe P-lll, devido a
presenca dos dominios dis-like e cys-rich. Essas enzimas, por possuirem um
motivo alternativo no dominio dis-cys, ndao bloqueiam a interacao entre a integrina
aibPs € o fibrinogénio. Sua acao sobre a fungcao plaquetaria esta concentrada no
bloqueio da interagdo do colageno com seu receptor (CALVETE et al., 2005;
MOURA-DA-SILVA; BUTERA; TANJONI, 2007). A maioria das SVMPs classe P-
lll parecem interferir com a integrina az2p1 (KAMIGUTI, 2005). A Jararhagin (SVMP
classe P-lll isolada de B. jararaca) inibe a agregacédo plaquetaria induzida por
colageno devido a clivagem da subunidade (1 da integrina azB31, resultando em
plaquetas incapazes de responder ao estimulo de coldgeno (DE LUCA et al.,
1995; KAMIGUTI; HAY; ZUZEL, 1996). Outro ponto importante envolvendo a agéo
das SVMPs na inibicdo da agregacao plaquetaria induzida por colageno é a
habilidade dessas enzimas de ligarem-se ao colageno, como foi observado pela
Jararhagin, Catrocollastatin (SVMP classe P-lll isolada de C. atrox) e Crovidisin
(SVMP classe P-lll isolada de C. viridis). Essas enzimas se ligam as fibras de
colageno bloqueando sua acao com as plaquetas (LIU; HUANG, 1997; ZHOU;
DANGELMAIER; SMITH, 1996).

A acao das SVMPs sobre o FYW é observada em ensaios de agregacao
plaquetaria induzidos por ristocetina. Em geral, nesses estudos, a inibicdo da
agregacao plaquetaria é atribuida a um efeito direto da enzima sobre o FvW.
Alguns exemplos sao: Jararhagin, Kaouthiagin (SVMP classe P-lll isolada de Naja
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Kaouthia), Acurhagin (SVMP classe P-lll isolada de Agkistrodon acutus) e Crotalin
(SVMP classe P-l isolada de C. atrox). Essas enzimas sao capazes de hidrolisar o
FVW tornando-o incapaz de desencadear as respostas necessdrias para a
agregacao das plaguetas (HAMAKO et al., 1998; LAING; MOURA-DA-SILVA,
2005; WANG; HUANG, 2002; WU; PENG; HUANG, 2001). Efeitos sobre o
receptor de FVW, a GPIb-V-IX, também ja foram relatados por algumas SVMPs,
como Kistomin (SVMP classe P-lll isolada de Calloselasma rhodostoma),
Mocarhagin (SVMP classe P-lll isolada de Naja mocambique mocambique) e
Crotalin (HUANG; CHANG; TENG, 1993; WARD et al.,, 1996; WU; PENG;
HUANG, 2001).

A atividade catalitica das SVMPs parece ser responsavel pela maioria de
suas atividades bioldgicas, entretanto algumas SVMPs enzimaticamente inativas
ou dominios dis-like/cys-rich isolados, como encontrado na Jararhagin-C e na
Catrocollastatina-C, também interferem na fungdo da integrina azB1, sugerindo
que a atividade catalitica ndo desempenha um papel crucial nesse efeito
(SHIMOKAWA et al., 1997; USAMI et al.,, 1994). Os dominios adicionais ao
dominio cataitico direcionam a enzima para seus alvos (KAMIGUTI, 2005).

A figura 07 mostra os possiveis alvos plaquetarios das SVMPs de acordo

com cada classe.
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Figura 07: Acdo das SVMPs sobre os receptores plaquetarios: SVMPs classe P-Il sdo capazes de
inibir a ligagéo do fibrinogénio com a integrina aiwPs. SVMPs classe P-l podem hidrolizar o FvW e
seu receptor GPIb-V-IX, enquanto que SVMPs classe P-lll podem interferir com a agregacao
paquetaria dependente de colageno e FYW. Fonte: adaptado de MOURA-DA-SILVA; BUTERA,;
TANJONI, 2007.

Em geral, as SVSPs atuam promovendo a agregacdo das paquetas e
secrecao plaquetaria (SAJEVIC; LEONARDI; KRIZAJ, 2011; SERRANO;
MAROUN, 2005; SERRANO, 2013). Essas enzimas atuam de forma semelhante
a trombina ativando as plaquetas através da clivagem dos PARs (PAR1 e PAR4)
ou pela ligagao a GPIb, os mesmos receptores responsaveis pelos efeitos da
trombina nas plaquetas (CLEMETSON; LU; CLEMETSON, 2007; SANTOS et al.,
2000). Essas enzimas induzem mobilizagdo de Ca?* nas plaquetas (SERRANO,
2013). Alguns exemplos sdo a PA-BJ e Bothrombin, ambas isoladas de B.
jararaca. PA-BJ induz a agregacao das plaquetas devido a clivagem proteolitica
dos PARs, enquanto que Bothrombin se liga ao receptor GPIb (NISHIDA et al.,
1994; SANTOS et al., 2000).

As PLA2s afetam a funcdo das paquetas por trés mecanismos diferentes
(SAJEVIC; LEONARDI; KRIZAJ, 2011). Essas enzimas podem induzir a
agregacao das plaquetas devido a hidrélise dos fosfolipideos de membrana e
liberacao de AA e TXA2, que é um agonista plaquetario. Podem inibir a agregacgao
devido a hidrélise dos subprodutos do AA. E algumas fosfolipases apresentam um
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efeito bifasico sobre as plaquetas. Sob baixas concentragées ou apds um periodo
curto de incubacéo elas induzem a agregacao, entretanto em altas concentragdes
ou apds um longo periodo de incubacgao inibem a agregacao (CLEMETSON; LU;
CLEMETSON, 2007; KINI; EVANS, 1990; MOUNIER; BON; KINI, 2001; SAJEVIC;
LEONARDI; KRIZAJ, 2011; TENG; CHEN; OUYANG, 1984). Alguns exemplos de
PLAzs que interferem na fungéo plaquetéaria sao: Bthtx-ll isolada de B. jararacussu
induz a agregacao paquetaria (FULY et al., 2004), BmooPLA: isolada de B.
moojeni inibe a agregacgao induzida por colageno e ADP (SILVEIRA et al., 2013) e
uma PLA: isolada de Vipera russelii apresenta um efeito bifasico (TENG; CHEN;
OUYANG, 1984).

Algumas PLA2s inibem a agregacado plaquetaria por um mecanismo
independente de sua atividade enzimatica, como é o caso das PLA:zs isoladas de
Ophiophagus hannah e Pseudechis papuanus. A atividade anti-plaquetéaria
dessas enzimas parece estar relacionada a uma alteracdo na morfologia das
plaquetas devido a ruptura de @ seu citoesqueleto (HUANG;
GOPALAKRISHNAKONE; KINI, 1997; LAING et al., 1995).

O papel das SV-LAAOs sobre as plaquetas ainda é controverso. Elas
podem ativar ou inibir a agregacao plaquetéria. Os dois efeitos estdo associados
com a habilidade dessas enzimas produzirem H202, uma vez que a catalase
atenua seu efeito. Entretanto, seu exato mecanismo de agdo ainda nao esta
esclarecido (CLEMETSON; LU; CLEMETSON, 2007; SAJEVIC; LEONARDI;
KRIZAJ, 2011). O motivo da inibicdo da agregacao plaquetaria pode estar
relacionado com a liberagdo ezimatica de H202, o qual pode interferir com a
interacao entre receptores plaquetarios (GPllb-1lla) e o fibrinogénio, prejudicando
assim o mecanismo de agregacado (CLEMETSON; LU; CLEMETSON, 2007; DU;
CLEMETSON, 2002; SAKURAI et al., 2001). A indug&o da agregagéo plaquetaria
também esta intimamente relacionada com a formacédo de H202 e subsequente
sintese de TXA2, um agonista plaquetario (IZIDORO et al., 2014; LI; YU; LIAN,
1994). Entretanto, o papel do H202 no processo de indugdo da agregacao
permanece incerto, uma vez que é improvavel que o H202 sozinho seja
responsavel pelas atividades biologicas das SV-LAAOs. Provavelmente outros
mecanismo desencadeiam essa potente atividade bioldégica (ZHONG et al., 2009).
No caso da enzima NA-LAAO, isolada da peconha de Naja atra, a sua ligacado a
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membrana plaquetaria aumenta a sensibilidade das plaquetas ao H202 e, ao
mesmo tempo, o H202 liberado pela enzima ativa as plaquetas por um mecanismo
ainda desconhecido (LI et al., 2008).

As desintegrinas sao consideradas potentes inibidores da agregacao
plaquetaria (MARKLAND; SWENSON, 2013). Em geral, desintegrinas contendo o
motivo RGD interferem na fungao plaquetaria por bloquearem reversivelmente a
integrina aibBs (GPlIb-1lla), prevenindo a ligacao do fibrinogénio ao seu receptor
(KOH; KINI, 2012; MARSH; WILLIAMS, 2005). Antagonistas da integrina auibf3s
inlbbem a agregagédo induzida por diversos agonistas, como ADP, trombina,
colageno e AA (CLEMETSON; LU; CLEMETSON, 2007). As disintegrins-like
também sao capazes de inibir a agregacao. Entretanto, seu mecanismo de acéao
nao esta completamente esclarecido. Dados na literatura indicam que as
atividades biologicas dessas moléculas estdo atribuidas a sua habilidade de
bloquear a interacdo das plaquetas ao colageno (CALVETE et al., 2005; JIA et al.,
1997; ZHOU; SMITH; GROSSMAN, 1995). Duas drogas, Tirofibana (Aggrastat®) e
Eptifibatide (Integrillin®), foram desenvolvidas com base em desintegrinas isoladas
de peconha de serpentes e estdo disponiveis no mercado como agentes
antiplaquetarios (KOH; KINI, 2012).

As lectinas tipo C-like podem atuar como agonistas ou antagonistas
plaquetarios (SAJEVIC; LEONARDI; KRIZAJ, 2011). Em geral, promovem ou
inlbbem a agregacdo por se ligar ao FYW, GPIb e/ou receptores de colageno
(ANDREWS; BERND, 2000). Botrocetin (isolada de B. jararaca) e Bitiscetin
(isolada de Bitis arietans) induzem a agregacao plaquetaria por se ligarem ao
FVYW e a GPIb simultaneamente (FUKUDA et al., 2005; MAITA et al., 2003). As
lectinas tipo C-like, que atuam via GPlb, podem inibir a agregacao por bloquear a
ligacdo ao FVYW ou a trombina, ou entdo podem mimetizar o FVYW, ativando a
agregacao das plaquetas (CLEMETSON; LU; CLEMETSON, 2007). Echicetin
(isolada de Echis carinatus) se liga especificamente a GPIb e bloqueia a interacao
ao FYW e a trombina (NAVDAEV et al., 2001). Convulxin (isolada de C. durissus
terrificus) pode se ligar a GPVI e/ou GPIb, desempenhando papel na ativagédo
plaquetaria (HORII; BROOKS; HERR, 2009; KANAJI et al., 2003). Rhodocytin
(isolada de Calloselasma rhodostoma) induz a agregacao via o281 e GPlb
(BERGMEIER et al.,, 2001). EMS16 (isolada de E. multisquamatus) inibe a
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agregacao plaquetaria induzida por colageno por se ligar a integrina a2+
(MARCINKIEWICZ et al., 2000).

Em suma, sabendo-se que as moléculas presentes na peconha de
serpentes tém capacidade de interagir com componentes do sistema hemostatico
humano interferindo na fungédo plaquetaria, uma investigacdo detalhada dessas
moléculas pode fornecer ferramentas importantes no desenvolvimento de testes
de diagndsticos e novos agentes terapéuticos para disturbios hemostaticos. Além
disso, a grande diversidade estrutural, de especificidade e mecanismos de acao

desses componentes ampliam ainda mais o seu potencial uso terapéutico.
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Abstract

Snake venoms are complex mixtures of biologically active peptides and proteins.
A number of them interact with components of the human hemostatic system
affecting platelet aggregation and/or promoting physiological and biochemical
changes in specific tumor cells interfering with angiogenesis, proliferation, survival,
adhesion and migration of tumor cells. In this study, we identified, for the first time,
a peptide from B. alternatus snake venom that inhibits collagen-induced platelet
aggregation, which was named BaltPAi (platelet aggregation inhibitor from
Bothrops alternatus snake venom). In addition, BaltPAi also presented cytotoxic
effect on human cervix epitheloid carcinoma and human prostate adenocarcinoma
cell lines. The results presented here suggest that the BaltPAi is similar of a
protein fragment present in the C-terminal region of snake venom phospholipase
A2 enzymes. This peptide has potential clinical usefulness for the development of
novel antithrombotic drugs and in cancer therapy since peptides may be easily
synthesized via solid-phase chemistry or expressed in a recombinant form.

Keywords: Snake venom; Bothrops alternatus; Antiplatelet; Antitumor

62



1 Introduction

Snake venoms are complex mixtures of enzymatic and non-enzymatic
toxins with neurotoxic, cytotoxic, cardiotoxic, myotoxic and others activities (Chan
et al., 2016; Pal et al., 2002; Sajevic, Leonardi, Krizaj, 2011). The ability of some
snake venom toxins to cause toxicity is associated with their high specificity and
affinity for cells and tissues (Vyas et al., 2013). Because of these properties, snake
venom toxins have attracted interest of biochemists and pharmacologists as
potential pharmaceutical agents (Mccleary and Kini, 2012). Over the last few
decades, several hundreds of proteins and peptides from snake venoms have
been purified and characterized as antiplatelet (Koh and Kini, 2012; Sajevic,
Leonardi, Krizaj, 2011; Queiroz et al., 2014a; Queiroz et al., 2014b; Queiroz et al.,
2017), antitumoral (Calderon et al., 2014; Costa et al., 2017; Ebrahim et al., 2016;
Silva et al., 2015), antibacterial (Sulca et al., 2017; Wen et al., 2013), antiviral
(Muller et al., 2012; Muller et al., 2014), antiparasitic (Borges et al., 2016; Passero
et al., 2007) and antifungal agents (Cavalcante et al., 2017; Yamane et al., 2013).

Toxins from snake venoms may selectively modulate platelet function,
either promoting or inhibiting platelet aggregation by targeting GPIb-1X-V, a2,
GPVI, aibPBs and others ligands, such as von Willebrand factor (vWF) and collagen
(Andrews and Berndt, 2000; Chang et al., 2017; Chen et al. 2011; Queiroz et al.,
2017; Sajevic, Leonardi, Krizaj, 2011). Antiplatelet toxins appear to be useful tools
for investigating the mechanisms involved in hemostasis. These toxins have been
widely used as molecular tools for the development of diagnostic tests and new
therapeutic agents or drugs for the treatment of thrombotic disorders (Chan et al.,
2016; Koh and Kini, 2012; Mccleary and Kini, 2012).

Snake venom toxins can also act towards tumor cells. The ability of some of
these toxins to have an inhibitory effect on tumor cells makes them potential
candidates for the cancer treatment and this fact has been known for a long time
(DeWys, Kwaan, Bathina, 1976). These toxins show antitumor activity by directly
killing the tumor cells, inhibiting tumor angiogenesis or suppressing tumor growth
(Calderon et al., 2014; Chan et al., 2016; Jain and Kumar, 2012; Sobrinho et al.
2016).
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In the present study, we identified and characterized a peptide from
Bothrops alternatus venom that potently inhibits the platelet aggregation and the
proliferation of human cervix epitheloid carcinoma (HelLa) and human prostate
adenocarcinoma (PC-3) cells.

2 Material and Methods

2.1 Material

B. alternatus venom was purchased from Bioagents Serpentarium
(Batatais, SP, Brazil). Acrylamide, ammonium bicarbonate, ammonium
persulphate, bromophenol blue, ethylenediaminetetracetic acid (EDTA), glycine, -
mercaptoethanol, N,N-methylene-bis-acrylamide, sodium dodecyl sulphate (SDS),
N,N,N',N'-tetramethylethylenediamine (TEMED), Tris and Roswell Park Memorial
Institute-1640 (RPMI) medium were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). All chromatographic media (DEAE-Sephacel, Sephadex G-75
and source 15 RPC ST 4.6/100 columns) were purchased from GE Healthcare
Technologies (Uppsala, Sweden). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide) and dimethyl sulfoxide (DMSQO) were purchased from
Amresco. All agonists used in the platelet aggregation assays (collagen from
equine tendon and adenosine diphosphate (ADP) were purchased from Helena
Laboratories (Beaumont, Texas, USA). HeLa (human cervix epitheloid carcinoma),
PC-3 (human prostate adenocarcinoma) and VERO (african green monkey
kidney) cells line were kindly provided by Laboratory of Nanobiotechnology of the
Federal University of Uberlandia. All other reagents used were of analytical grade.

2.2 Human blood

Human blood was obtained from 10 voluntary donors aged between 18 and
65, weighing more than 50 kg, no signs and symptoms of disease, malnutrition or
dehydration, and they declared no use of any medication that interferes with
hemostasis or use of illicit drugs or alcohol in the last 24 h before the experiment.
The experiments were performed in accordance with current guidelines for human

research established by the Committee for Ethics in Human Research of the
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Federal University of Uberlandia (CEP/UFU), Minas Gerais, Brazil (Protocol
number 1.627.982/2016).

2.3 Fractionation of B. alternatus crude venom

B. alternatus crude venom was fractionated using the methodology
previously described by Bernardes et al. (2008) with modifications. Crude venom
(400 mg) was dissolved in 50 mmol/L of AMBIC (ammonium bicarbonate buffer)
(pH 7.8) and clarified by centrifugation at 10,000 g for 10 min. The supernatant
solution was applied onto a DEAE-Sephacel column (2.5 x 20 cm) previously
equilibrated with 50 mmol/L of AMBIC (pH 7.8). Elution was carried out at a flow
rate of 20 mL/h with a linear concentration gradient of AMBIC (50 mmol/L -
1.0 mol/L). Fractions with 3.0 mL/tube were collected and their absorbances were
recorded at a wavelength of 280 nm on a spectrophotometer (BioSpec-Mini
Shimadzu Biotech, Japan). Then a molecular exclusion chromatography on a
Sephadex G-75 column and a reverse-phase HPLC chromatography were
performed. The Sephadex G-75 column (1.0 x 100 cm) was previously
equilibrated with 50 mmol/L AMBIC (pH 7.8). The samples were eluted with
50 mmol/L of AMBIC at a flow rate of 20 mL/h. Fractions with 3.0 mL/tube were
collected and their absorbance was recorded at a wavelength of 280 nm. The
reverse-phase chromatography was performed in a source 15 RPC ST 4.6/100
column using the AKTApurifier™ HPLC system. The column was equilibrated with
solvent A (0.065% trifluoroacetic acid) and eluted with a linear concentration
gradient from 0 to 100% of solvent B (0.050% trifluoroacetic acid containing
acetonitrile) at a flow rate of 1.0 mL/min. Absorbance was monitored at
wavelength of 280 nm and fraction of 1.0 mL/tube were collected. This last step of
fractionation resulted a fraction capable of inhibiting the platelet aggregation,
which was denominated RP.

2.4 Protein analysis

The dosages of protein solutions were determined by the method previously
described by Bradford (1976), using bovine serum albumin as standard. The
concentration of peptide solutions was performed using a UV absorption method
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that calculates concentration from absorbance at 214 nm, using a BioSpec-mini
spectrophotometer (Shimadzu Biotech, Japan).

2.5 Platelet aggregation assay

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) as described by Queiroz et al. (2014a)
with modifications. Human blood collected in sodium citrate was centrifuged at 100
g for 12 min at room temperature to obtain PRP. Platelet-poor plasma (PPP) was
obtained from the residue by centrifugation of citrated blood at 1,000 g for 15 min.
Aggregation was triggered with collagen (10 pg/mL) or ADP (20 uM). The effect
on collagen-induced platelet aggregation was tested immediately after adding the
RP fraction (15, 10 and 5 ug) to PRP. In turn, the effect on ADP-induced platelet
aggregation was tested after incubating the RP fraction (15 ug) with PRP for 15
min at 37°C. One hundred percent aggregation was expressed as the percentage
absorbance relative to PPP aggregation. Control experiments were performed

using only agonists. All experiments were carried out in triplicate.

2.6 Cell culture

Hela, PC-3 and VERO cell lines were maintained as a monolayer culture in
RPMI 1640 supplemented with 10% bovine fetal serum (BFS), 25 mM HEPES,
100 U/mL penicillin, 100 ug streptomycin, 2 mM L-glutamine and 3 mM sodium
bicarbonate and maintained in a humidified incubator containing 5% CO:2 at 37°C.

2.7 Cytotoxicity assay

The cytotoxicity assays of RP fraction towards HelLa, PC-3 and VERO
cultures were evaluated by the colorimetric MTT assay, according to the
manufacturer's recommendations, with slight modifications. The cells (2 x 104
cells/well) were seeded into a 96-well plate for adhesion. After 24 h of incubation
(37°C) the cells were treated with B. alternatus crude venom (50 pg/mL) (positive
control) or different concentrations of RP fraction (100, 50, 25 and 12.5 pg/mL)
diluted with RPMI medium. The untreated cells served as negative control. After
24 h, MTT solution was added to each well at a final concentration of 2 mg/mL and
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the plates were incubated at 37°C for 1 h. The crystal formazan was dissolved by
addition of 100 uL of DMSO to each well. The absorbance was detected at 560 nm
in a microplate reader (Multiskan GO Microplate Spectrophotometer, Thermo
Scientific, USA). All experiments were carried out in triplicate. The cytotoxicity rate
was calculated as follows: Cytotoxicity (%) = (1 — absorbance of the treated
wells)/(absorbance of the control wells) x 100%.

2.8 Statistical Analysis

Statistical significant values were compared to controls by two-way ANOVA
followed by Bonferroni's test using the software Prism 5.0 (GraphPad Software
Inc., USA). Data are presented a mean + standard error (n 4 3). Differences with
p values of less than 5% were considered significant (p < 0.05).

2.9 Mass spectrometry analysis

RP fraction was subjected to analysis on a MALDI-TOF/TOF mass
spectrometer (ultrafleXtreme, Bruker Daltonics, Germany), in positive and reflector
mode, after external calibration using a standard mixture of peptides. All detected
ions were subjected to MS/MS fragmentation. MS/MS fragmentation was carried
out using the LIFT mode (Suckau et al., 2003). Peptides identification was
performed by manual interpretations through De novo method by identifying all
major fragmentation series. The primary structures of all sequenced peptides were
compared with the sequences of other related proteins/peptides using BLAST
(Basic Local Alignment Search) program (http://blast.ncbi.nlm.nih.gov/Blast.cqi).

3 Results and discussion

Snake venom toxins have been shown to possess a wide spectrum of
biological activities because of their high affinity and selectivity for receptors, ion
channels or plasma proteins (Calderon et al., 2014; Chan et al., 2016; McCleary
and Kini, 2012). The diversity of these toxins makes them excellent models from
which new therapeutic agents may be developed (Dhananjaya and Sivashankari,
2015; Koh and Kini, 2012; Vyas et al., 2013). Snake venom toxins with antiplatelet
or antitumor activities usually belong to metalloproteinase (DeClerck, 2000; Zhu et
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al., 2010), serine proteinase (Nishida et al., 1994; Shibuya et al., 1990),
phospholipase A2 (PLA2) (Cummings, 2007; Santos-Filho et al., 2008), L-amino
acid oxidase (SV-LAAO) (Samel et al., 2006; Sun et al., 2010), C-type lectin (Lu et
al., 2004; Nunes et al., 2012) or disintegrin (Kauskot et al., 2008; Markland et al.,
2001) families. In the present work, we identified and characterized, for the first
time, a peptide from B. alternatus snake venom with antiplatelet and cytotoxic
activities on HeLa and PC-3 cell lines.

The fractionation of the B. alternatus snake venom was carried out using
three chromatographic steps including ion-exchange chromatography on a DEAE-
Sephacel column, molecular exclusion chromatography on a Sephadex G-75
column and reverse-phase HPLC chromatography in a source 15 RPC ST 4.6/100
column, resulting in the purification of an antiplatet fraction, named RP (results not
shown). Our results showed that 10 pg of this fraction, immediately inhibited
approximately 55% of collagen-induced platelet aggregation, whereas 15 ug
completely inhibited the aggregation immediately after adding collagen (Fig. 1A).
Moreover, when this fraction was incubated with human PRP for 3 min prior to the
addition of collagen the aggregation was completely inhibited even at low doses (5
Mg), demonstrating its potent antiplatelet effect (data not shown). In addition, RP
fraction had no effect on ADP-induced platelet aggregation even when it was pre-
incubated with PRP for 15 min at 37°C (Fig. 1B).

Collagen is the most thrombogenic component of the subendothelial matrix
and plays an essential role in thrombus formation providing a substrate for platelet
adhesion (Nieswandt et al., 2001). A large number of collagen receptors have
been identified in platelets, including a2+ integrin and GPVI (Deckmyn et al.,
2012). A current model of platelet adhesion suggests that the first step in platelet
recruitment to collagen in high shear stress (e.g. stenosed arteries) occurs
indirectly by binding of platelet GPIb-IX-V to collagen-bound vWF (Savage,
Cattaneo, Ruggeri, 2001). The vWF-GPIb binding is insufficient for stable
adhesion, but it is important to recruit other platelets and facilitates the direct
binding of platelets to collagen with the major collagen receptors, GPVI
(Nieswandt and Watson, 2003). The interaction mediated by the GPVI upregulate
the activity of azB+1 integrins which in turn promotes subsequent azB1-collagen
binding (Nieswandt et al., 2001; Ozaki, Suzuki-Inoue, Inoue, 2009). The high
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affinity binding of a2f31 to collagen strengthens firm adhesion and induces platelet
activation with agonists release such as adenosine diphosphate (ADP) and
thromboxane A2 (TXA2). These secreted agonists promote the activation of aipPs
integrin (GPIIb/llla) that bind to fibrinogen and link adjacent platelets inducing
thrombus formation (Jurk and Kehrel, 2005).

Snake venom toxins that are involved in platelet aggregation inhibition could
be used to design antithrombotic agents, especially toxins targeting collagen
receptors, since they have the advantage of blocking the initial processes of the
thrombogenic reaction (Andrews and Bernt, 2000; Clemetson, Lu, Clemetson,
2007; Manon-Jensen, Kjeld, Karsdal, 2016). Several different platelet aggregation
inhibitors that interferes with the interaction between collagen and its receptors
have been isolated from snake venom (Andrews and Berndt, 2000; Markland,
1998; Wijeyewickrema, Berndt, Andrews, 2005). This inhibition may occur by
cleaving (Hsu, Wu, Huang, 2008; Sanchez et al., 2016) or binding to these ligands
(Kumar et al., 2011; Wang, Shih, Huang, 2005; Wang, 2007). Jararhagin, a well
know P-lll SVMP from B. jararaca acts as a collagen receptor antagonist. lts
platelet aggregation inhibition is mediated through its binding to platelet a2-subunit,
followed by proteolysis of the B1-subunit (Kamiguti, Hay, Zuzel, 1996; Paine et al.,
1992). Catrocollastatin is also an P-lll SVMP isolated from Crotalus atrox that
inhibits collagen-induced platelet aggregation, however it exerts its effect by
directly binding to collagen (Zhou, Smith, Grossman, 1995; Zhou, Dangelmaier,
Smith, 1996). On the other hand, the snake venom C-type lectin from Bitis
gabonica rhinoceros, Rhinocetin, targets azB1 integrin blocking its activity
(Vaiyapuri et al., 2012). Other examples are: Acurhagin (Wang, Shih, Huang,
2005), Trowaglerix (Chang et al., 2017) and AAV1 (Wang, 2007) that inhibit
collagen-induced platelet aggregation by blocking platelet GPVI; Flavocetin-A
(Arlinghaus and Eble, 2013) and NN-PF3 (Kumar et al., 2011) that bind to azf31
integrin; and Kistomin (Hsu, Wu, Huang, 2008) that inhibits platelet aggregation
through its proteolytic activity on GPVI. Our results suggest that the RP fraction
interacts with the collagen receptors (azp1 or GPVI), potentially inhibiting the
platelet aggregation. In addition, we rule out a possible cleavage of collagen or
one of its receptors since RP fraction does not exhibit proteolytic activity (data not
shown).
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A number of toxins from snake venoms also may bind specifically to cancer
cell membranes, affecting the migration, adhesion, proliferation and invasion of
these cells, suggesting their promising use as antitumor agents (Calderon et al.,
2014; Chan et al., 2016; Jain and Kumar, 2012; Vyas et al., 2013). To evaluate the
cytotoxic effect of RP fraction, MTT assays were performed using both tumor cell
lines HelLa and PC-3, and one non-tumoral cell line, VERO. Our results showed
that the RP fraction induces significant cytotoxicity toward HeLa and PC-3 cells,
both tumor cell lines, in a dose-dependent manner. RP fraction (100 pg/mL)
presented approximately 90% of cytotoxicity toward HelLa cell line 24 h after
treatment, and approximately 50% of cytotoxicity toward PC-3 cell line under the
same conditions. Surprisingly, RP fraction (100 pg/mL) showed a little cytotoxic
effect (<20%) on the non-tumoral cell line (VERO) 24 h after treatment (Fig. 2).
These results showed that the cytotoxicity induced by the RP fraction on the tumor
cell lines tested, is higher than the cytotoxicity on the non-tumoral cell line tested,
suggesting that this toxin may preferentially target these tumor cells.

Snake venom toxins may inhibit cell proliferation and promote cell death by
different means: induction of apoptosis and/or necrosis (Ali et al., 2000; Silva et
al., 2015; Torii, Naito, Tsuruo, 1997; Wu et al., 2013); generation of H202 (lijima,
Kisugi, Yamazaki, 2003; Naumann et al., 2011; Samel et al., 2006); decreasing or
increasing the expression of proteins that control cell cycle (Cura et al., 2002;
Gomes et al.,, 2007); causing damage to cell membranes (Cummings, 2007;
Dubovskii and Utkin, 2015; Sobrinho et al., 2016) or targeting specific integrins
(Chung et al.,, 2003; Kamiguti et al., 1997; Macedo, Fox, Castro, 2015;
Marcinkiewicz et al., 2003; Sarray et al. 2001; Sarray et al., 2007; Yang et al.,
2005).

Integrins imply an important class of cell surface adhesion receptors
critically involved in cell-cell and cell-matrix interactions. They contribute to
important processes such as survival, proliferation, angiogenesis, migration and
invasion (Calderon et al., 2014; Gould et al.,, 1990; Yang et al., 2005). Thus,
integrin antagonists provide a special interest as possible candidate targets for the
development of antiangiogenic and antimetastatic cancer therapies (Brooks et al.,
2010; Kamiguti, Zuzel, Theakston, 1998; Macedo, Fox, Castro, 2015; Selistre-de-
Araujo et al., 2010). Particularly the subfamilies 31 and 33 have been identified as
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major functional adhesion receptors on tumor cells playing a key role in their
proliferation and migration (Hou et al., 2016; Lundstrom et al., 1998; Marcinkiewicz
et al., 2003; Morini et al., 2000; Pluijm et al., 1997; Trikha, Clerck, Markland,
1994). Results presented in this work suggest that the RP fraction may target azp1
integrin on tumor cells interfering with the adhesion of them to the extracellular
matrix since this fraction supposedly interacts with the a2+ platelet integrin.
However, further studies are needed to better understand its mechanism of action
regarding its inhibitory activity in cancer cell proliferation.

In order to identify which peptide is responsible for the antiplatelet and
cytotoxicity activities, RP fraction was analyzed by MALDI-TOF mass spectrometry
and the ions corresponding to its peptides were fragmented by MS/MS and De
novo sequenced. MALDI-TOF mass spectrometry analysis showed that RP
fraction is composed of peptides with molecular mass range from 900 to 2,200 Da
(results not shown). The peptides were fragmented (MS/MS) to determine their
amino acid sequences and the sequences found were subject to BLAST searches.
Among them, two sequences aroused our interest. The first one, when subjected
to BLAST search, showed 100% identity to a fragment of a phospholipase Az from
snake venom already described. In turn, the second one also showed 100%
identity with the metalloprotease isolated from Bothrops moojeni venom.

Similar to the RP fraction, the phospholipase A: is also described as an
antiplatelet and cytotoxic snake venom toxin. This toxin inhibits collagen-induced
platelet aggregation in a dose-dependent manner and inhibits the proliferation of
different cell lines. Thus, we suggest that the small the sequence identified in this
work, which was named BaltPAi (platelet aggregation inhibitor from Bothrops
alternatus snake venom), is responsible for the antiplatelet and cytotoxic activities
of this phospholipase Az. In addition, previous studies performed in our laboratory
showed that the metalloprotease has no inhibitory effect on platelet aggregation
(results not shown).

Small peptides have attracted the attention and interest of pharmaceutical
companies that search for new drug leads due to their simpler structures and
therapeutic potential. Moreover, the peptides can be easily synthesized via solid-

phase chemistry or expressed in a recombinant form. These properties make them
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particularly suitable probes for the development of pharmacological drugs (Chan et
al., 2016; Duggan and Tuck, 2015; Mccleary and Kini, 2012).

In summary, in this work, we first identified a peptide from B. alternatus
snake venom with potent antiplatelet activity on collagen-induced platelet
aggregation and specific cytotoxic activity on tumor cell lines (HeLa and PC-3).
This peptide may be of great importance to medicine since it has therapeutic
potential for the development of antithrombotic drugs as well as applications in
cancer therapy.
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Fig. 1: Platelet aggregation assays. (A) Effect of RP fraction on collagen-induced
platelet aggregation: aggregation was triggered with collagen (10 ug/mL)
immediately after adding different doses of RP (15, 10 and 5 pg) to human PRP.
(B) Effect of RP on ADP-induced platelet aggregation: aggregation was triggered
with ADP (20 pM) after incubating RP fraction (15 pg) with human PRP for 15
minutes at 37°C. Platelet aggregation was recorded for 10 minutes in an
automated four-channel Aggregometer (AggRAM™ version 1.1) (Helena

Laboratories, USA). Results were expressed as an increase in light transmission,
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where PPP represents the maximum response (100%). Control experiments were
performed in the absence of the RP fraction.
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Fig. 2: Analysis of RP fraction cytotoxicity towards HelLa, PC-3 and VERO cell
lines by MTT assay. Cell lines were treated with different concentrations (100, 50,
25 and 12.5 pg/mL) of RP for 24 h. These results are representative of at least 3
independent experiments. Data show the mean + standard deviation (S. D.).

*Statistically significant difference (p<0.05) compared to control.
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Abstract

A number of snake venom proteins that interfere on platelet aggregation have
been isolated. However, there are no reports in the literature of small-mass
peptides interfering in aggregation. In the present study, we identified and
characterized, for the first time, a peptide from Bothrops moojeni snake venom,
which was named BmooPAF, that potentially induces platelet aggregation without
affecting in vitro cell viability. Monoclonal antibodies (anti-integrin a2b and anti-
GP1BA) showed a significant inhibitory effect on BmooPAF-induced platelet
aggregation. On the other hand, anti-GPVI antibody showed no effect on platelet
function. These findings, associated with molecular docking, indicate that
BmooPAF induces platelet aggregation via binding to the GPIba platelet receptor
leading to aipPs integrin activation. BmooPAF could be of interest as a new tool for
basic research on platelet plug formation and diagnostic use for some platelet
disorders.

Keywords: Bothrops moojeni; Snake venom; Platelet-activating factor
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1 Introduction

Snake venoms contain a complex mixture of non-enzymatic and enzymatic
compounds that selectively modulate platelet adhesion, activation and aggregation
through a specific effect upon the adhesion receptors or their ligands (Andrews
and Berndt, 2000; Hamako et al., 1996; Hooley et al., 2008; Horii, Brooks, Herr,
2009; Kanaji et al., 2003; Lambert et al., 2008; Lu et al., 2004; Lu et al., 2005;
Marcinkiewicz et al., 2000; Polgar et al., 1997; Serrano et al., 2006; Tanjoni et al.,
2010; Usami et al., 1993; Wang, Shih, Huang, 2005). The components that
interfere with platelet function are divided into two main categories: those that
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 components 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 the diagnosis of some
disorders including von Willebrand and Bernard-Soulier diseases (Braud, Bon,
Wisner, 2000; Hutton and Warrell, 1993; Sajevic, Leonardi, Krizaj, 2011).

The mechanism of action of snake venom toxins that induce platelet
aggregation has not been well elucidated. Some snake venom serine proteases
(SVSPs) activate platelet aggregation due to the hydrolysis of protease-activated
receptors expressed in human platelets, similar to thrombin (Santos et al., 2000).
Studies have also shown that other SVSPs, as well as some C-type lectins and
some snake venom metalloproteases (SVMPs) may activate platelet aggregation
by interacting with specific platelet receptors (Andrews et al 2001; Chen et al.,
2011; Chung, Peng, Huang, 2001; Clemetson, Lu, Clemetson, 2005; Clemetson,
2010; Du et al., 2001; Hirotsu et al., 2001; Lu et al., 2004). The L-amino acid
oxidases from snake venoms (SV-LAAOs) may act as platelet aggregation
inducers by a currently unknown mechanism. Some studies suggest that the H202
produced by the enzymatic action of this toxin may be responsible for the platelet
aggregation activation, since the released H20: leads to the synthesis of
thromboxane Az (TXA2), a platelet aggregation inducer (Abdelkafi-Koubaa et al.,
2014; Izidoro et al., 2006; Li, Yu, Lian, 1994; Rodrigues et al., 2009; Stabeli et al.
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2007; Wei et al.,, 2003). The phospholipases A2 (PLA2s) can activate platelet
aggregation by cleaving the platelet membrane phospholipids, thereby releasing
arachidonic acid and its metabolites, such as TXA2 (Markland,1998; Mounier et al.,
1994).

To date, there are no published reports about small-mass peptides from
snake venom able to activate platelet aggregation. In this study we identified and
characterized, for the first time, a peptide from Bothrops moojeni venom that
induces platelet aggregation.

2 Material and Methods

2.1 Material

B. moojeni venom was purchased from Bioagents Serpentarium (Batatais,
SP, Brazil). Acrylamide, ammonium bicarbonate, ammonium persulphate,
bromophenol blue, ethylenediaminetetracetic acid (EDTA), glycine, @G-
mercaptoethanol, N,N-methylene-bis-acrylamide, sodium dodecyl sulphate (SDS),
N,N,N',N-tetramethylethylenediamine (TEMED), Tris, monoclonal anti-GP1BA,
anti-GPVI (ab1), monoclonal anti-integrin a2b (CD41) and Roswell Park Memorial
Institute-1640 (RPMI) medium were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). All chromatographic media (DEAE-Sephacel and Sephadex G-
75) were purchased from GE Healthcare Technologies (Uppsala, Sweden). MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) and dimethyl
sulfoxide (DMSO) were purchased from Amresco. Collagen from equine tendon
used in the platelet aggregation assays was purchased from Helena Laboratories
(Beaumont, Texas, USA). HelLa (human cervix epitheloid carcinoma), PC-3
(human prostate adenocarcinoma) and VERO (african green monkey kidney) cells
line were kindly provided by Laboratory of Nanobiotechnology of the Federal
University of Uberlandia. All other reagents used were of analytical grade.

2.2 Human blood

The experiments were performed in accordance with current guidelines for
human research established by the Committee for Ethics in Human Research of
the Federal University of Uberlandia (CEP/UFU), Minas Gerais, Brazil (Protocol
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number 1.627.982/2016). Blood was obtained by blood donation from 10
individuals who were invited to participate in the research as volunteer donors.
The criteria for selection of donor volunteers included: absence of signs or
symptoms of disease, malnutrition or dehydration, aged between 18 - 65 years,
weight more than 50 kg, no use of any medication that interferes with hemostasis,
no use of illicit drugs, no alcohol consumption in the last 24 h preceding the

experiment and no hemostasis disorders.

2.3 Fractionation of B. moojeni crude venom

Crude venom from the B. moojeni snake was fractionated using the
methodology previously described by Bernardes et al. (2008) with modifications.
Crude venom (400 mg) was dissolved in 50 mmol/L AMBIC (ammonium
bicarbonate buffer) (pH 7.8) and clarified by centrifugation at 10,000 x g for 10
min. The supernatant solution was fractionated on a DEAE-Sephacel column (2.5
x 20 cm) with an increasing concentration gradient (50 mmol/L - 1.0 mol/L) of
AMBIC, and on a Sephadex G-75 column (1.0 x 100 cm). This last step of
fractionation resulted in a fraction capable of inducing the platelet aggregation,
which was named DG. Chromatographs were carried out at a flow rate of 20 mL/h
and fractions with 3.0 mL/tube were collected. All peaks were monitored by
measuring absorbance at 280 nm on a BioSpec-Mini spectrophotometer
(Shimadzu Biotech, Japan).

2.4 Protein analysis

The dosages of protein solutions were determined by the method previously
described by Bradford (1976), using bovine serum albumin as standard. The
concentration of peptide solutions was performed using a UV absorption method
that calculates concentration from absorbance at 214 nm, using a BioSpec-mini
spectrophotometer (Shimadzu Biotech, Japan).

2.5 Platelet aggregation assay

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) as described by Queiroz et al. (2014a)
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with modifications. Aggregation was triggered with collagen (10 ug/mL) or different
doses of DG fraction (10, 30 and 50 pg). The effect of DG-induced platelet
aggregation was also tested after heating the toxin (50 ug) for 15 min at 100°C
prior adding to PRP. In some assays, antibodies (monoclonal anti-GP1BA, anti-
GPVI (ab1) and monoclonal anti-integrin a2b (CD41)) at a final concentration of
25 pg/mL were pre-incubated with PRP for 5 min at 37°C prior to the addition of
the DG fraction (50 ug). One hundred percent aggregation was expressed as the
percentage absorbance relative to platelet-poor plasma (PPP) aggregation. All

experiments were carried out in triplicate.

2.6 Cell culture

HelLa, PC-3 and VERO cell lines were maintained as a monolayer culture in
RPMI 1640 medium supplemented with 10% bovine fetal serum (BFS), 25 mM
HEPES, 100 U/mL penicillin, 100 pg streptomycin, 2 mM L-glutamine and 3 mM
sodium bicarbonate and maintained in a humidified incubator containing 5% CO:
at 37°C.

2.7 Cell viability assay

Cell viability assays were evaluated by the colorimetric MTT assay,
according to the manufacturer's recommendations, with slight modifications. HelLa,
PC-3 and VERO cells (2 x 10* cells/well) were seeded into a 96-well plate for
adhesion. After 24 h of incubation (37°C) the cells were treated with B. moojeni
crude venom (100 pg/mL) (positive control) or different concentrations of DG
fraction (100, 50, 25 and 12.5 pg/mL) diluted with RPMI medium. The untreated
cells served as negative control. After 24 h MTT solution was added to each well
at a final concentration of 2 mg/mL and the plates were incubated at 37°C for 1 h.
The crystal formazan was dissolved by addition of 100 yL of DMSO to each well.
The absorbance was detected at 560 nm in a micro-plate reader (Multiskan GO
Microplate Spectrophotometer, Thermo Scientific, USA). All experiments were
carried out in triplicate. Cell survival rate was calculated as (absorbance of the
treated wells)/(absorbance of the control wells) x 100%.
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2.8 Statistical Analysis

Statistical significant values were compared to controls by two-way ANOVA
followed by Bonferroni's test using the software Prism 5.0 (GraphPad Software
Inc., USA). Data are presented a mean + standard error (n 4 3). Differences with

p values of less than 5% were considered significant (p < 0.05).

2.9 Mass spectrometry analysis

DG fraction was subjected to peptide mass fingerprinting on a MALDI-
TOF/TOF mass spectrometer (ultrafleXtreme, Bruker Daltonics, Germany), in
positive and reflector mode, after external calibration using a standard mixture of
peptides. All detected ions were subjected to MS/MS fragmentation. MS/MS
fragmentation was carried out using the LIFT mode (Suckau et al., 2003). Mass
spectra were analyzed using flexAnalysis and Biotools software (Bruker
Daltonics). Protein identification was performed using Mascot software (Perkins et
al., 1999). The searches were performed against the NCBI database (Johnson et
al., 2008) with 100 ppm mass tolerance and fragmentation mass tolerance of 0.5
Da. The search parameters were restricted to Chordata and allowed one missed
cleavage, S-pyridylethylation of cysteines as fixed modification and oxidation of

methionine as variable modification.

2.10 Bioinformatic analysis

2.10.1 Peptides structure prediction

The first step to evaluate the possible peptide involved in platelet activation
and GPlba interaction was to predict the peptides structure using PEP-FOLD3
(http://mobyle.rpbs.univ-paris-diderot.fr/cqi-bin/portal.py#forms::PEP-FOLD3).  In

sequence, the given structure was checked in the MolProbity platform
(http://molprobity.biochem.duke.edu/) through the construction of Ramachandran

plot. The PeptideRanker was used to evaluate the possible probability of biological
activity of the peptide.
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2.10.2 GPlIba structure

The sequence of GPIba was found in SWISS-PROT (accession number
P07359.2) and the glycoprotein structure was modelled using SWISS-MODEL
(https://swissmodel.expasy.org/). The 1P9A crystal was used as reference and the

GPIba structure was validated trough PDBsum (http://www.ebi.ac.uk/thornton-

srv/databases/cqgi-in/pdbsum/GetPage.pl?pdbcode=index.html).

2.10.3 Molecular docking
A rigid molecular docking between each peptide and the glycoprotein was
performed in Cluspro One platform (https:/cluspro.bu.edu/login.php). This

molecular docking approach utilizes FFT (Fast Fourier Transform) correlation
approach for execute the rigid body docking using the clustering of the generated
structures for identification of the largest cluster that possibly can represent the
model of the complex based on the RMSD (Root Mean Square Deviation) and the
refinement of selected structures. The only structure refining was done through
minimizing the Charm energy in the program.

Following the molecular docking, the viability of the GPlba-peptide
complexes were checked. Firstly, we checked the complex structures by PDBsum
that generates a Ramachandran plot. Secondly, the interface area average
(AASA) which indicates the changes of surface area upon protein complex
formation, and the normalized B factor average (avgZB) which is measured to
quantify the vibrational motion of an atom, were calculated by PDBePISA
(http://www.ebi.ac.uk/pdbe/pisa/) and ResQ

(http://zhanglab.ccmb.med.umich.edu/ResQ/), respectively as described by Liu, Li,

Li (2014) to distinguish true protein interactions from crystal packing contacts.
Finally, the interacting residues between the peptide and GPIba were evaluated in
LIGPLOT.

3 Results and Discussion

Snake venoms are known to contain a number of molecules that interfere
on hemostasis. Many of them, such as SVMPs, SVSPs, PLA2, SV-LAAOs, C-type
lectins and disintegrins may inhibit or activate platelet aggregation (Queiroz et al.,
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2017 for review). In the present work, we describe the identification and
characterization of a platelet-activating peptide from B. moojeni snake venom.

B. moojeni crude venom was fractionated using two-step procedure
including ion-exchange chromatography on a DEAE-Sephacel column and
molecular exclusion chromatography on a Sephadex G-75 column (results not
shown). The fraction (DG) obtained by the molecular exclusion chromatography
was subjected on platelet aggregation assays. Surprisingly, our results showed
that the DG fraction was able to activate the platelet aggregation in a dose-
dependent manner (Fig. 1A). This fraction (50 pg) activates the platelet
aggregation in human PRP similarly to collagen-induced platelet aggregation
(10 yg/mL) (approximately 100% of platelet aggregation), one of the most potent
platelet agonist (Manon-Jensen, Kjeld, Karsdal, 2016). Lower doses (10 and 30 ug
of DG fraction) activated approximately 28 and 50%, respectively, of platelet
aggregation. In addition, the three-dimensional structure of the peptide appears to
be important for the platelet aggregation activation since when preheated (for 15
min at 100°C) its effect on platelets was completely lost (Fig. 1B).

In order to identify the platelet membrane receptors involved in DG-induced
platelet aggregation, the following antibodies were used: monoclonal anti-GP1BA
(specific for GPIba), anti-GPVI (ab1) (specific for GPVI) and monoclonal anti-
integrin a2b (CD41) (specific for aip). GPIba represents the major functional
subunit of GPIb-V-IX complex and is a specific receptor for von Willebrand factor
(VWF) whereas GPVI is the major signaling receptor for collagen on platelets
(Matsui and Hamako, 2005; Nieswandt and Watson, 2003). aub integrin undergoes
proteolytic cleavage releasing two disulfide linked chains, 114 kDa (heavy) and 22
kDa (light), which associate with Bs to form the major fibrinogen receptor in
activated platelets (aibPs integrin, also known as GPlIb/llla) (Bennett, 2005). All of
these receptors are critical for platelet aggregation and defects in any them lead to
coagulation disorders (Harrison, 2005).

Our results strongly suggest that platelet aggregation induced by the DG
fraction is directly associated with vVWF and fibrinogen receptors. This fraction
loses its effect on platelets when these receptors were neutralized by their
respective antibodies (monoclonal anti-GP1BA and monoclonal anti-integrin a2b).
On the other hand, collagen receptors are not involved in the DG-induced platelet
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aggregation since the anti-GPVI antibody did not interfere with aggregation (Fig.
2C). The vVWF-GPlba complex plays an essential role in mediating the hemostatic
response of platelets to injured blood vessels, functioning as the primary binding
between platelets and the subendothelial matrix under high shear forces (e.g.
stenosed arteries) (Berndt, Metharom, Andrews, 2014; Clemetson, 2012; Gardiner
and Andrews, 2014; Kulkarni et al., 2000). This binding is insufficient for stable
adhesion because of its low affinity for interaction and rapid dissociation rate.
However, it is important to recruit platelets at the injury site and to enable the
interaction of other receptors for the thrombogenic surface, as the binding of GPVI
to collagen, resulting in an irreversible adhesion (Nieswandt et al., 2001;
Nieswandt and Watson, 2003). These interactions trigger intracellular signals that
promote platelet activation and release of different agonists (e.g. adenosine
diphosphate (ADP) and TXAz2), which in turn mediate the recruitment of additional
platelets and promote the activation of the aiwBs (GPIlIb/llla) receptor. This
receptor binds platelet-platelet through fibrinogen or VWF and, finally, forms the
platelet plug (Jurk and Kehrel, 2005; Kamiguti, 2005; Offermanns, 2006; Varga-
Szabo, Pleines, Nieswandt, 2008). As DG-induced platelet aggregation was
inhibited by anti-GP1BA and anti-integrin a2b monoclonal antibodies, we can
suggest that DG fraction have peptide(s) that acts as platelet aggregation inducers
because of its interaction with the GPlba platelet receptor, which, in turn,
culminates in the aiwPs (GPIIb/IlIa) integrin activation.

We performed some assays to test the DG fraction ability to reduce the
viability of some cells. For this, the viability of HeLa, PC-3 and VERO cell lines
were evaluated after treatment with DG fraction (100, 50, 25 and 12.5 ug/mL) by
MTT assays. Our results showed that even at high concentration (100 pg/mL) the
DG fraction did not significantly reduce the viability of the tested cell lines 24 h
after treatment (Fig. 2).

In order to identify which peptide(s) is(are) responsible for the platelet
aggregation activation, DG fraction was analyzed by MALDI-TOF mass
spectrometry. MALDI-TOF mass spectrometry analysis showed that DG fraction is
composed of peptides with molecular mass range from 650 to 2,000 Da (results
not shown). In addition, the major peptides were fragmented (MS/MS) and their
amino acid sequences were determined. All sequenced peptides were submitted
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to a molecular docking study to verify the possible interaction with GPIba. Among
them, the molecular docking demonstrated that only one peptide interacts with
GPIba, which was named BmooPAF (platelet-activating factor from Bothrops
moojeni snake venom). Furthermore, according to Mooney et al. (2012), the
Peptide Ranker analysis demonstrated that BmooPAF is the main peptide to
possess a favorable score for developing biological activity (score of 0.97 of 1).

In our study, we used the Cluspro One platform for molecular docking
studies (BmooPAF/GPIba interaction). This platform is widely used for evaluate
protein-protein, protein-DNA and protein-peptide interactions (Jiang et al., 2013;
Rakhmetov et al., 2015). As result, the molecular docking between all sequenced
peptides and GPlba resulted in the formation of 7 or 10 clusters between each
peptide and the receptor. To select the best interaction model, firstly, a
Ramachandran plot was done using PDBsum. The complex formed by BmooPAF
and GPIba presented the best G-score (average = -0.34) (Fig. 3A and B). Then,
these interactions were confirmed by measurement of AASA and avgiB. We
obtained an AASA of 11830.31 A2 (Fig. 3D) and the avg=B was bellow -10 (Fig.
3C). The Ramachandran plot of BmooPAF-GPIba interaction was compatible with
a viable structure according to the parameters established by De Beer et al.
(2014). Furthermore, the literature shows that a threshold of AASA at 856 A2 is
able to distinguish crystal packing contacts from homodimers with high accuracy
(Ponstingl, Henrick, Thornton, 2000) and a cutoff of AASA at 650 A2 has been
shown to provide low error rates to identify true protein-ligand interactions. Even
more, avgZB bellow -10 is a reasonable predictor of true complex interactions (Liu,
Li, Li, 2014). Therefore, these results suggest that BmooPAF is the possible
GPIlba linker and this interaction is not an artifact.

The LIGPLOT analysis demonstrated that the ASP79, ASP122, TYR146,
LYS148, ASP191 and GLN248 amino acid residues on GPIba are major target of
BmooPAF (results not shown). Another important point is that our analysis
demonstrated mainly non-bonded contacts and hydrogen bonds. This is in
accordance with previous studies which show that the interaction between GPlba
and VWF is formed mainly by non-bonded contacts and hydrogen bonds (Dumas
et al., 2004; Huizinga et al., 2002; Uff et al., 2002). The GPIlba residues that were

found to interact with BmooPAF are part of the binding domain between GPlba
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and VWF (Dumas et al., 2004; Uff et al., 2002). This domain is important since it
has been shown that the mutation in this interaction site changes the affinity of
GPIba-vWF complex leading to platelet-type and type 2B von Willebrand diseases
(Dumas et al., 2004; Huizinga et al., 2002). In addition, the interaction of the OS1
inhibitor, a peptide isolated from a cysteine-constrained phage display library, to
this domain has been shown to be a target for inhibit platelet aggregation and
thrombus formation (McEwan, Andrews, Emsley, 2009).

A number of snake venom proteins that activate platelet aggregation
specifically modulating the VWF-GPIba interaction have already been isolated.
Many of these proteins belong to one of two major protein families, the C-type
lectins and serine proteinases families (Andrews and Berndt, 2000; Matsui and
Hamako, 2005). An example is the serine proteinase bothrombin from B. jararaca
venom, which activates platelet aggregation by binding to the GPIba receptor.
Similar to BmooPAF, bothrombin-induced platelet activity was completely inhibited
by anti-GPIba monoclonal antibody (Nishida et al., 1994; Serrano and Maroun,
2005). Other examples are the C-type lectins aggretin, mucetin, bilinexin and
alboluxin that target specific GPIba sites leading to platelet aggregation activation
(Chung, Peng, Huang, 2001; Du et al., 2001; Du et al., 2002; Lu et al., 2004).

These snake venom proteins are suitable probes for basic research on
platelet plug formation mediated by GPIb-V-IX receptor and for subsidiary
diagnostic use for some platelet disorders (Matsui and Hamako, 2005). The C-type
lectin alboaggregin-B from T. albolabris venom, that also binds to GPlba platelet
receptor, has been used to quantitate vVWF platelet receptors and to detect VWF-
GPIba-dependent disorders (Kowalska et al., 1998; Peng, Lu, Kirby, 1991;
Yoshida et al., 1993, 1995).

Interestingly, in this work we identified a peptide, BmooPAF, that potentially
induces platelet aggregation. Among the snake venom components, peptides, in
particular, are being extensively studied after the discovery of their diverse
pharmacological properties and simpler structures. They represent a huge and
undiscovered source of new therapeutic leads (Chan et al., 2016; Kaas and Craik,
2015).

In summary, BmooPAF-induced platelet aggregation was inhibited in the
presence of anti-GP1BA and anti-integrin a2b (CD41) monoclonal antibodies.
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These results, associated with molecular docking, indicate that BmooPAF may
activate platelets by interacting with GPlba leading to aibBs integrin activation.
BmooPAF provides a potentially useful tool for studying the mechanism of plug
formation and for use as diagnostic tools of some platelet disorders. Further
investigations about this peptide are necessary to detail its platelet activation
mechanisms and molecular characteristics as well as to clarify some of the
unresolved questions concerning the role of the GPIb-V-IX complex in platelet

adhesion and activation.
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Fig. 1: Platelet aggregation assays. (A) Effect of DG fraction on platelet
aggregation: aggregation was triggered with collagen (10 pg/mL) or different doses
of DG fraction (10, 30 and 50 ug) on PRP. (B) Effect of preheated DG fraction on
platelet aggregation: aggregation was triggered with collagen (10 pg/mL) or
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preheated DG fraction (50 ug) to 100°C for 15 min before addition to PRP. (C)
Antibodies inhibition assays: monoclonal anti-GP1BA, anti-GPVI (ab1) and
monoclonal anti-integrin a2b (CD41) antibodies (25 yg/mL) were pre-incubated
with PRP for 5 min at 37°C prior to the platelet aggregation activation with DG
fraction (50 ug). Control experiment was performed using only DG fraction (50 pg).
Platelet aggregation was recorded for 10 min in an automated four-channel
Aggregometer (AggRAM™ version 1.1) (Helena Laboratories, USA). Results were
expressed as an increase in light transmission, where PPP represents the

maximum response (100%).
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Fig. 2: Viability analysis of HeLa, PC-3 and VERO cell lines treated with DG
fraction by MTT assay. Cell lines were treated with different concentrations (100,
50, 25 and 12.5 pug/mL) of DG for 24 h. The results are expressed as the
percentage of growth of the treated cells compared to the untreated control cells.
These results are representative of at least 3 independent experiments. Data show
the mean + standard deviation (S. D.). *Statistically significant difference (p<0.05)
compared to control.
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Fig. 3: Bioinformatic analysis. (A) Molecular docking between BmooPAF (in red)
and GPlba. (B) Ramachandran plot that is represented by different
colouring/shading regions according to Morris et al. (1992) where the darkest
areas (in red) correspond to the most favorable combinations of phi-psi values. (C)
avg2B through different points during interaction between BmooPAF and GPlba.
(D) AASA through different points during interaction between BmooPAF and
GPlba.
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This work reports the purification and functional characterization of BmooPAi, a platelet-aggregation-inhibiting factor from
Bothrops moojeni snake venom. The toxin was purified by a combination of three chromatographic steps (ion-exchange on DEAE-
Sephacel, molecular exclusion on Sephadex G-75, and affinity chromatography on HiTrap™ Heparin HP). BmooPAi was found to
be a single-chain protein with an apparent molecular mass of 32 kDa on 14% SDS-PAGE, under reducing conditions. Sequencing
of BmooPAi by Edman degradation revealed the amino acid sequence LGPDIVPPNELLEVM. The toxin was devoid of proteolytic,
haemorrhagic, defibrinating, or coagulant activities and induced no significant oedema or hyperalgesia. BmooPAi showed a rather
specific inhibitory effect on ristocetin-induced platelet aggregation in human platelet-rich plasma, whereas it had little or no effect
on platelet aggregation induced by collagen and adenosine diphosphate. The results presented in this work suggest that BmooPAi
is a toxin comprised of disintegrin-like and cysteine-rich domains, originating from autolysis/proteolysis of PIII SVMPs from B.
moojeni snake venom. This toxin may be of medical interest because it is a platelet aggregation inhibitor, which could potentially
be developed as a novel therapeutic agent to prevent and/or treat patients with thrombotic disorders.

1. Introduction

Snake venoms comprise pharmacologically active proteins
and peptides, both enzymatic and nonenzymatic, such as
phospholipases A,, metalloproteinases, serine proteinases,
nucleotidases, L-amino acid oxidase, disintegrins, and C-
type lectins [1-4]. Several snake venom metalloproteinases
(SVMPs) have been isolated and characterized by their bio-
logical activities. These enzymes play a key role in the promi-
nent local tissue damage and systemic alterations caused
by snake venom. SVMPs induce haemorrhage, myonecrosis,

skin damage, inflammation, and degradation of extracellular
matrix components. In addition, some SVMPs affect platelet
function, while others degrade blood clotting factors, poten-
tiating the haemorrhagic effect [4-8].

SVMPs comprise a group of zinc-dependent enzymes
of varying molecular mass, widely distributed in Viperidae
venoms. They are synthesized as multidomain precursors and
stored in the venom gland as inactive zymogens [7, 9-11].
SVMPs are classified into three major classes, PI, PII, and PIII,
according to their size (molecular mass) and domain orga-
nization. PI SVMPs include small metalloproteinases with
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only the metalloproteinase domain. PII SVMPs comprise
medium-size proteinases composed of one metalloproteinase
and one disintegrin domain. PIII SVMPs have an additional
cysteine-rich domain following the disintegrin-like domain
and, in some cases, a lectin-like domain. PII and PIII SVMPs
are divided into several subclasses based on proteolytic
processing. PII SVMPs can be processed into a metallopro-
teinase domain and a nonenzymatic disintegrin, and PIII
SVMPs can also be degraded, releasing a stable fragment
which corresponds to the disintegrin-like and cysteine-rich
domains (dis-cys domain) [12, 13].

Several studies have investigated SVMPs as platelet aggre-
gation inhibitors due to their specificity to platelet integrins
(4, 7, 10, 14-18]. The disintegrin domain usually contains
the RGD (Arg-Gly-Asp) or KGD (Lys-Gly-Asp) motifs in its
inhibitory loop, which binds with a high degree of selectivity
to the a5 platelet integrin (also known as GPIIb/IIIa),
blocking the last phase of platelet aggregation and clot
formation [18, 19]. Therefore, SVMPs are considered potent
platelet aggregation inhibitors [7]. Unlike the disintegrin
domain, whose integrin-binding motif is well characterized,
the dis-cys domain possesses the XXCD (X-X-Cys-Asp)
motif, instead of the usual RGD, and its targets are not yet
fully elucidated. The extant literature indicates that the biolo-
gical activities attributed to this domain result from its ability
to block the interaction of platelets with collagen [19].

In the present study, we describe the isolation and
functional characterization of BmooPAj, a toxin comprised
of the dis-cys domain, originating from autolysis/proteolysis
of PIII SVMPs from Bothrops moojeni snake venom, which
showed an inhibitory effect on platelet aggregation.

2. Materials and Methods

2.1. Material. Desiccated B. moojeni venom was purchased
from Bioagents Serpentarium (Batatais, SP, Brazil). Acry-
lamide, ammonium bicarbonate, ammonium persulphate,
azocasein, bromophenol blue, ethylenediaminetetracetic acid
(EDTA), bovine fibrinogen, glycine, [-mercaptoethanol,
N,N'-methylene-bis-acrylamide, sodium dodecyl sulphate
(SDS), N,N,N’,N’-tetramethylethylenediamine (TEMED),
and Tris were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). Molecular weight markers for electrophoresis and
all chromatographic media (DEAE-Sephacel, Sephadex G-75,
HiTrap Heparin HP and C2/Cl18 columns) were purchased
from GE Healthcare Technologies (Uppsala, Sweden). All the
agonists used in the platelet aggregation assays (collagen from
equine tendon, adenosine diphosphate (ADP), and risto-
cetin) were purchased from Helena Laboratories (Beaumont,
Texas, USA). All other reagents used were of analytical grade.

2.2. Animals. Male Swiss mice (20-25 g) and male Wistar rats
(200-250 g) were provided by the Centro de Bioterismo e
Experimenta¢do Animal (CEBEA) at the Federal University
of Uberlandia (Uberldndia-MG, Brazil). The animals were
maintained under conditions of controlled temperature (22 +
2°C) and light/dark cycle (12 hours) with free access to
food and water. The experimental protocol was approved
by the Committee for Ethics in Animal Experimentation of
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the Federal University of Uberldndia (CEUA/UFU), Minas
Gerais, Brazil (Protocol number 108/12).

2.3. Human Blood. The experiments were performed in
accordance with current guidelines for human research,
established by the Committee for Ethics in Human Research
of the Federal University of Uberldndia, Minas Gerais, Brazil
(CEP/UFU, Protocol number 1.627.982/2016). Blood was
obtained by blood donation from 10 individuals who were
invited to participate in the research as volunteer donors.
The criteria for the selection of donor volunteers included no
signs or symptoms of disease, malnutrition, or dehydration;
age between 18 and 65 years; weight more than 50 kg; no use
of any medication that interferes with haemostasis; no use
of illicit drugs; no alcohol consumption in the last 24 hours
preceding the experiment; and no haemostasis disorders.

2.4. Isolation of BmooPAi. Protein isolation was carried out
in three steps. The crude venom of B. moojeni (200 mg)
was dissolved in 2.0 mL of 0.05M ammonium bicarbonate
buffer (pH 7.8) and clarified by centrifugation at 10,000 xg
for 10 min. The supernatant was applied to a DEAE-Sephacel
column (2.5 x 20 cm) previously equilibrated with 0.05M
ammonium bicarbonate buffer (pH 7.8). Chromatography
was carried out at a flow rate of 20 mL/h, with a linear
concentration gradient of the same buffer (0.05-0.6 M),
and fractions of 3.0 mL/tube were collected. All peaks were
monitored by measuring absorbance at 280 nm on a spec-
trophotometer (BioSpec-Mini; Shimadzu Biotech, Japan).
The seventh peak, designated D7, was pooled, lyophilised,
and applied to a Sephadex G-75 column (1.0 x 100 cm)
previously equilibrated with 0.05 M ammonium bicarbonate
buffer (pH 7.8). The samples were eluted from this column
with the same buffer, at a flow rate of 20 mL/h, and fractions of
3.0 mL/tube were collected. The second fraction, designated
D782, was pooled, lyophilised, and submitted to the third step
of separation using a HiTrap Heparin HP column (5 x 1mL)
in an AKTApurifier™ HPLC system, previously equilibrated
with 20mM Tris-HCI buffer (pH 7.0) containing 5mM
calcium chloride. The samples were eluted with an increasing
concentration gradient of 20 mM Tris-HCI bufter (pH 7.0)
containing 2.0 M sodium chloride. Elution was carried out
at a flow rate of 30 mL/h; fractions of 1.0 mL/tube were
collected and the absorbance was read at 280 nm. Isolated
BmooPAi was concentrated in the major peak. To evaluate
the degree of purity, isolated BmooPAi was passed through
a reverse-phase C2/Cl18 column (4.6 x 100 mm) using the
AKTApurifier HPLC system. The column was equilibrated
with solvent A (0.1% trifluoroacetic acid) and eluted with a
linear concentration gradient from 0 to 100% of solvent B
(70% acetonitrile, 0.1% trifluoroacetic acid) at a flow rate of
0.3 mL/min. Absorbance was monitored at 280 nm.

2.5. Protein Analysis. The protein concentration was deter-
mined using the method established by Bradford [20]. Deter-
mination of the protein concentration was performed in
triplicate and the absorbance was measured at 595 nm. The
protein concentration (mg/uL) was determined from linear
regression calculations based on the values obtained from
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the standard curve. Polyacrylamide gel electrophoresis in the
presence of sodium dodecyl sulphate (SDS-PAGE) was per-
formed 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 included
phosphorylase b (97 kDa), bovine serum albumin (66 kDa),
ovalbumin (45 kDa), carbonic anhydrase (30 kDa), 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 BmooPAi was estimated using
Kodak 1D image analysis software.

2.6. N-Terminal Sequencing. The sequencing was performed
in amembrane obtained from the purified protein in solution.
The liquid sample was loaded onto an Applied Biosystems
Prosorb™ device. The protocol for sample preparation using
this device was followed, and the Prosorb membrane was
loaded onto the instrument for sequence analysis.

2.7. Proteolytic Activity upon Fibrinogen. Fibrinogenolytic
activity was assayed as previously described [21], with brief
modifications. Samples containing 25 uL of bovine fibrinogen
(3 mg/mL saline) were incubated with 20 ug of BmooPAi for
120 min at 37°C. The reaction was stopped by the addition
of a denaturing buffer containing 10% (v/v) glycerol, 10%
(v/v) B-mercaptoethanol, 0.2% (w/v) SDS, and 0.001% (w/v)
bromophenol blue (pH 6.8). Reaction products were analysed
using 14% (w/v) SDS-PAGE.

2.8. Proteolytic Activity upon Azocasein. Samples of 20 ug
BmooPAi were supplemented with 200 yL of saline and
incubated for 60 min with 800 uL of azocasein solution
(Img/mL). The reaction was stopped by the addition of
200 uL of 15% trichloroacetic acid to precipitate the unde-
graded azocasein. The mixture was left standing for 20 min
before centrifugation at 10,000 xg for 10 min. The proteolytic
activity was estimated by reading the absorbance of the clear
supernatant at 405 nm. One unit of azocaseinolytic activity
was defined as the amount of enzyme that produced an
absorbance increase of 0.01 units.

2.9. Haemorrhagic Activity. Haemorrhagic activity was deter-
mined as previously described [22], with some modifications.
Groups of three male Swiss mice were administered a dorsal
skin subcutaneous injection of 50 yg BmooPAi diluted in
25 uL of saline. After three hours, animals were euthanized
by an overdose of ketamine/xylazine, the skin was removed
and the diameter of the haemorrhagic spot was measured on
the inner surface. Control animals received the same volume
of sterile saline.

2.10. Defibrinating Activity. Defibrinating activity was car-
ried out as previously described [23], with slight modifi-
cations. Groups of three male Swiss mice were intraperi-
toneally injected with 50 ug BmooPAi (50 pg/100 L saline).
Control animals received the same volume of sterile saline.
After one hour, mice were euthanized by an 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 to the onset of blood
clotting.

2.11. Coagulant Activity. Coagulant activity was assayed
using bovine plasma. The plasma samples were mixed with
3.8% sodium citrate (9:1, v/v) and centrifuged at 2,500 xg
for 15min to obtain platelet-rich plasma (PRP). BmooPAi
(25 pg/25 pL), the same volume of saline (negative control),
or 0.2 mol/L calcium chloride (positive control) was added to
200 uL of citrated bovine PRP at 37°C. Clotting activity was
determined by measuring the time to fibrin clot onset by a
coagulometer (CLO Timer).

2.12. Evaluation of Paw Oedema Formation. Groups of
three male Wistar rats received an intraplantar injection of
BmooPAi (50 ug/100 uL saline) into the subplantar region of
one hind paw. An equal volume of sterile saline was injected
into the contralateral paw. The volume of each paw was
measured using a plethysmometer (model 7140; Ugo Basile,
Italy) before and 1, 2, 3, 4, 5, 6, and 24 h after the injection.
Results were calculated as the difference between each paw
and expressed as the percentage increase in paw volume
relative to the initial volume.

2.13. Evaluation of Hyperalgesia. Hyperalgesia was measured
according to the paw pressure test, as previously described
[24], with slight modifications. Groups of three male Wistar
rats received an intraplantar injection of BmooPAi (50 ug/
100 uL saline) into the right hind paw. An equal volume of
sterile saline was injected into the left hind paw for control.
The weight in grams (g) required to elicit a nociceptive
response, that is, paw flexion, was determined as the noci-
ceptive threshold. A cut-off value of 300 g was used to prevent
damage to the paws. The nociceptive threshold was measured
before and 1, 2, 3, 4, 5, 6, and 24 h after BmooPAi injection
using a Randall-Selitto apparatus (EFF-440 model; Insight,
Brazil). Results were calculated as the difference between each
paw and expressed as the percentage decrease in nociceptive
threshold relative to the initial threshold. To reduce stress,
the rats were habituated to the apparatus one day before the
experiment.

2.14. Platelet Aggregation Assay. Platelet aggregation assays
were performed as previously described [25] in human PRP
and measured using the automatic Aggregometer 4 channels
(AggRAM™ version 1.1; Helena Laboratories, USA). Human
blood collected in sodium citrate 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 yuL 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 BmooPAi
(10, 25 and 50 pg) to human PRP. Finally, 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 recent years, a number of snake venom proteins that
interfere with platelet function have been identified. Most of
these proteins belong to the SVMP family, and their effects
are probably due to the presence of dis-cys domains which
interact with specific protein molecules on platelet membrane
surfaces [25-29]. In this work, we report the purification
and functional characterization of BmooPAi, a platelet-
aggregation-inhibiting factor, comprised of dis-cys domains
processed from PIII SVMPs from B. moojeni snake venom.

The toxin was isolated using a three-step procedure,
including ion-exchange, gel filtration, and affinity chro-
matographies. Other toxins have been purified using similar
procedures, including BmooFIBMP-I [30] and BmooMPa-1
[31], both metalloproteinases purified from B. moojeni snake
venom. B. moojeni crude venom (200 mg) was applied to
ion-exchange chromatography on a DEAE-Sephacel column,
which produced eight main protein peaks, designated D1 to
D8 (Figure 1(a)). The D7 fraction represented around 5.5%
(w/w) of the crude venom; it was submitted to gel filtration
chromatography on a Sephadex G-75 column, resulting in
four peaks, designated D7S1 to D754 (Figure 1(b)). The D7S2
fraction (~3.3%) was further fractionated over an affinity
chromatography HiTrap Heparin HP column using the
AKTApuriﬁer HPLC system (Figure 1(c)). The nonadsorbed
fraction (~1.7%) was able to inhibit platelet aggregation and it
was designated BmooPAi (platelet aggregation inhibitor from
B. moojeni). This fraction was devoid of proteolytic, haem-
orrhagic, defibrinating, or coagulant activities. In addition,
BmooPAi did not cause hyperalgesia and oedematogenic
responses in the hind paw when rats received a 50 g intra-
plantar injection of the toxin. Thus, BmooPAi does not
contribute to the local effects caused by B. moojeni enveno-
mation.

The homogeneity of this sample was demonstrated by
SDS-PAGE, showing a single protein band around 32kDa
in the presence or absence of the reducing agent (-
mercaptoethanol (Figure 1(d)). The degree of purity of the
isolated BmooPAi was confirmed by reverse-phase HPLC
chromatography on a C2/Cl18 column, revealing a unique
major peak (Figure 1(e)).

BmooPAi was subjected to N-terminal sequencing by
Edman degradation. The first 15 amino acid residues from
N-terminal sequencing were determined to be LGPDIVPP-
NELLEVM and were submitted to BLAST. The primary
sequence of BmooPAi shared similarity with the middle
of some PIII SVMPs, skipping the catalytic domain, and
with some disintegrin or disintegrin-like proteins. Moojenin
(GI: PODKRO.1), Bothropasin (GI: 209870468), Jararhagin
(GI: P30431.1), Leucurolysin-B (GI: P86092.1), Brevilysin-
Hé6 (GI: POC7B0.2), Atrolysin-A (GI: Q92043.1), and AaH-
IV (GI: 255917952) are PIII SVMPs that showed homology
with BmooPAi; Jarastatin (GI: QONZX5.1), Jararhagin-C
(GI: P30431.1), Leucurogin (GI: P0DJ871), and Salmosin
(GI: 093518.1) are disintegrin or disintegrin-like proteins
homologous to BmooPAi (Figure 2).

PIIT SVMPs comprise high molecular mass proteinases
composed of a dis-cys domain following the proteinase
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domain. Some PIII SVMPs have an additional lectin-like
domain linked to the others through a disulphide bond [12,
13]. SVMPs play an important role in haemostatic disorders.
They are the primary factors responsible for haemorrhage
[32]. PIII SVMPs are more able to induce haemorrhage than
PI and PII classes due to the presence of the additional dis-
cys domain which contributes to the proteolytic specificity of
these enzymes, directing them to bind to critical components
of the microvasculature [28, 33]. Subclass PIIIb SVMPs
can undergo proteolysis/autolysis during secretion or under
nonphysiological conditions in vitro, such as alkaline pH,
low calcium, or the presence of reducing agents, generating
intact biologically active polypeptides of ~30kDa, which
correspond to the dis-cys domain [13, 34].

Although BmooPAi showed high homology with many
PIII SVMPs, it showed no haemorrhagic activity. These
data suggest that this toxin originated from the proteoly-
sis/autolysis of a PIIT SVMP and comprises only the noncat-
alytic dis-cys domain. For this reason, BmooPAi was not able
to induce haemorrhage due to the absence of the proteinase
domain, preventing proteolysis of the capillary components.

Some PIII SVMPs homologous to BmooPAi, such as
Bothropasin [35], Brevilysin-H6 [36], Leucurolysin-B [37],
AaH-1IV [38], and Jararhagin [39], can be cleaved through
autoproteolytic events, releasing the dis-cys domain. Accord-
ing to the characteristics of BmooPAi, we suggest that this
toxin is similar to Jararhagin-C (28 kDa) [40] and Acucetin
(30kDa) [41]. Both toxins are composed of the dis-cys
domain with a molecular mass of approximately 30kDa
released through autoproteolysis of Jararhagin from B.
jararaca [39] and AaH-IV from Agkistrodon acutus [38]. Sim-
ilar to BmooPAi, Jararhagin-C and Acucetin do not induce
haemorrhage. For this reason, we suggest that BmooPAi
originates from the class of PIII SVMPs, as proposed by
Fox and Serrano [13], in which the dis-cys domain has been
processed from the proteinase domain.

The extant literature shows that several PIII SVMPs and
processed dis-cys domains are able to interfere with platelet
aggregation, including Jararhagin [39], Jararhagin-C [40],
Alternagin-C [42], Leucurogin [43], and Leberagin-C [44].
Their targets on platelet membranes include the receptors
GPIb-IX-V, oy, B; integrin (GPIIb-IIla), «,f; integrin, and
GPVI and also their ligands, von Willebrand factor (vWE),
fibrinogen, and/or collagen [4, 45]. In this work, BmooPAi
was tested for its effect on platelet aggregation. Figure 3(a)
shows that BmooPAi inhibited platelet aggregation induced
by ristocetin in a dose-dependent manner, although it had
little or no effect on platelet aggregation induced by ADP
(Figure 3(b)) and collagen (Figure 3(c)). Our results showed
that 10 and 25 ug of BmooPAi inhibited approximately 32%
and 72% of ristocetin-induced platelet aggregation, respec-
tively, whereas 50 ug completely inhibited platelet aggrega-
tion induced by ristocetin. On the other hand, BmooPAi was
not able to inhibit the platelet aggregation induced by ADP
and collagen, even at high concentrations (50 ug).

According to Coller and Gralnick [46], ristocetin is an
antibiotic that induces vWF-GPIb binding in vitro, even at
static conditions. This interaction plays a key role in the
initial adhesion of platelets to the subendothelium, which
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FIGURE I: Purification of BmooPAi from B. moojeni snake venom. (a) Separation on DEAE-Sephacel ion-exchange chromatography: crude
venom (200 mg) was applied to the column (2.5 x 20 cm) and elution was carried out at a flow rate of 20 mL/h with ammonium bicarbonate
(Ambic) buffer gradients, pH 7.8, from 0.05 M to 0.6 M. Fractions of 3.0 mL/tube were collected and the absorbance was read at 280 nm. (b)
Separation on Sephadex G-75 molecular exclusion chromatography: fraction D7 was applied to the column (1.0 x 100 cm) and elution with
0.05 M ammonium bicarbonate was achieved at a flow rate of 20 mL/h. Fractions of 3.0 mL/tube were collected and the absorbance was read
at 280 nm. (c) Separation by affinity chromatography on a HiTrap Heparin HP column using the AKTApurifier HPLC system: fraction D752
was applied to the column (5 x 1 mL), previously equilibrated with 20 mM Tris-HCl buffer (pH 7.0) containing 5 mM calcium chloride. The
samples were eluted with an increasing concentration gradient of 20 mM Tris-HCI buffer (pH 7.0) containing 2.0 M sodium chloride, and
the absorbance of the fractions was monitored at 280 nm. Fractions of 1.0 mL/tube were collected at a flow rate of 30 mL/h. (d) SDS-PAGE
in 14% (w/v) polyacrylamide, Tris-glycine buffer, pH 8.3, and 20 mA. Lanes: 1, standard proteins; 2, reduced crude venom of B. moojeni; 3,
reduced BmooPAi; 4, nonreduced BmooPAi. The gel was stained with Coomassie blue R-250. (e) Reverse-phase HPLC on a C2C18 column
(4.6 x 100 mm) equilibrated with 0.1% trifluoroacetic acid (TFA) and eluted with a linear concentration gradient from 0 to 100% of solution
B (70% acetonitrile in 0.1% TFA).
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FIGURE 2: Sequence alignment of BmooPAi and other metalloproteinases/dis-cys proteins: Moojenin (GI: PODKRO0.1), Bothropasin (GI:
209870468), Jararhagin (GI: P30431.1), Jarastatin (GI: QONZX5.1), Jararhagin-C (GI: P30431.1), Leucurolysin-B (GI: P86092.1), Leucurogin
(GI: PODJ87.1), Brevilysin-H6 (GI: POC7B0.2), AaH-IV (GI: 255917952), Atrolysin-A (GI: Q92043.1), and Salmosin (GI: 093518.1). The
nonconserved residues are shown in black frames. The alignment and figure were generated by the MegAlign program from Lasergene

(DNAStar Inc., Madison, WI, USA).

in turn induces a complex cascade of signals which results
in platelet aggregation [47]. Since the circulating native
form of vWF does not bind to platelet GPIb under static
conditions, the antibiotic ristocetin allows the reproduction
of the platelet aggregation events in vitro [48]. The impor-
tance of vWF-GPIb binding has been demonstrated for the
clinical subsidiary diagnosis of hemostatic disorders, such as
Bernard-Soulier syndrome [49] and von Willebrand disease
[50].

A number of haemostatically active proteins that inhibit
ristocetin (or botrocetin, a snake venom protein that also pro-
motes in vitro vVWF-GPIb binding)-induced platelet aggrega-
tion have been isolated and characterized from the venom
of several snake species [3, 15]. Echicetin [51], Agkicetin
[52], Jararaca GPIb-BP [53], Tokaracetin [54], Crotalin [55],
Jararhagin [56], Kaouthiagin [57], Acurhagin [58], Kistomin
[59], and Mocarhagin [60] are some examples.

Echicetin, Agkicetin, Jararaca GPIb-BP, and Tokaracetin
toxins belong to the C-type lectin family and are able to bind
directly to GPIb, blocking the binding of vWF to GPIb [61].
Jararhagin, Kaouthiagin, Acurhagin, Kistomin, Mocarhagin,
and Crotalin belong to the SVMP family and are able to

inhibit ristocetin-induced platelet aggregation due to their
catalytic effect on GPIb and/or vWF [15]. BmooPAi also
interferes with the vWF-GPIb interaction, but since it has no
catalytic effect, we suggest that BmooPAi acts as an antagonist
of the GPIb receptor, as described in other works. It is
probable that the presence of the dis-cys domain directs the
toxin to the platelet receptor. Furthermore, as BmooPAi did
not inhibit ADP- or collagen-induced platelet aggregation, we
can rule out the possibility of activity toward «,f3;, GPVI,
P2Y1, and P2Y12 receptors. The initial findings from this
work in progress provide impetus to further investigate the
mechanism of action of BmooPAi on the platelet receptor.

4. Conclusions

In conclusion, we describe the procedures for isolation of
BmooPAi (32kDa), a toxin comprised of the dis-cys domain,
originating from autolysis/proteolysis of PIII SVMPs from
B. moojeni venom. BmooPAi may be of medical interest
because it is a platelet aggregation inhibitor that interferes
with the vWF-GPIb interaction. This toxin can be used to
better understand the mechanisms concerning haemostasis
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FIGURE 3: Effect of BmooPAi from B. moojeni venom on (a) ristocetin-, (b) ADP-, and (c) collagen-induced platelet aggregation. Aggregation
was triggered with the agonists immediately after adding the indicated doses of BmooPAI to citrated 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 are
expressed as an increase in light transmission, where PPP represents the maximum response (100%). Control experiments were performed

in the absence of BmooPAI.

and could potentially be used as a tool for the development
of novel antithrombotic agents.
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