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RESUMO

No Brasil a espécie predominante de serpente peconhenta do género Crotalus ¢
a Crotalus durissus, que € composta por varias subespécies encontradas em todo
territorio nacional, as subespécies alvos de nosso estudo sdo a Crotalus durissus
ruruima e a Crotalus durissus cumanenses, presentes na regido amazonica € na
Venezuela respectivamente, mas que ainda ndo foram tdo bem estudadas quanto a
Crotalus durissus terrificus.

As principais fragcdes ja caracterizadas para o veneno total de Crotalus sdo:
convulxina, giroxina, crotoxina e crotamina. Através de uma combinacdo de varias
metodologias em HPLC como exclusdao molecular e em fase reversa conseguimos
1solar os principais constituintes da crotoxina (PLA, crotapotina e as proteinas
“trombina-like”) dos venenos totais. Durante o fracionamento do veneno total em
coluna de HPLC de exclusao molecular foi detectado com atividade fosfolipasica
nas fragdes crotoxinicas de Crotalus durissus ruruima e Crotalus durissus
cumanenses sendo confirmado através de eletroforese PAGE-SDS e espectrometria
de massa MALDI-TOF. As PLA, das duas subespécies alvo apresentaram alta
homegeneidade com massa molecular de aproximadamente 14kDa e mostraram uma
maior quantidade de aminoacidos basicos; lisina e arginina para um total de 122
aminoacidos. O N-terminal da seqiiéncia de aminoacidos de PLA, mostrou
homologia com outras proteinas PLA, do género crotalico.
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A fosfolipase (PLA;) constitui 0 maior componente presente no veneno de
serpente e tem sido extensivamente investigado ndo s6 por ser mais abundante, mas
por exibir uma ampla gama de efeitos bioldgicos, incluindo neurotoxidade,
miotoxicidade, citotoxidade, efeito edematogénico, anti-coagulante, agregacao
plaquetaria, hipotensivo, bactericida, anti-HIV, anti- tumor e anti-parasitario.
Devido a esta diversidade funcional, estas proteinas estruturalmente semelhantes
despertaram o interesse de muitos pesquisadores como modelos moleculares para o
estudo das relagdes estrutura-funcgao.

No presente trabalho foi nosso propoésito purificar o veneno total de Crotalus
dirussus ruruima ¢ Crotalus durissus cumanenses, isolar a fracado fosfolipasica e
verificar que as atividades bioldgicas e bioquimicas foram afetadas apds prévias
modificacdes estruturais com p-bromofenacil brometo e cumarinas sintéticas.

Os resultados apresentados neste trabalho proporcionam a obtengdo de uma
ferramenta bioquimica util para acrescentar novos conhecimentos a relacdo entre

sitios farmacologicos, regido catalitica nas fosfolipases A2 e fungdo.
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ABSTRACT

In Brazil the predominant species of poisonous snake of the genus Crotalus is
the Crotalus durissus, which is composed of several subspecies found throughout
the country. The sub-targets of our study is the Crotalus durissus ruruima and
Crotalus durissus cumanensis present in the Amazon region and Venezuela
respectively, that haven’t been as well studied as the Crotalus durissus terrificus.

The main fractions we know for the total of Crotalus poison were convulxin,
giroxin, crotoxin and crotalin. Through a combination of many methodologies such
as HPLC molecular exclusion and in a reverse phase we managed isolate the
principal components of crotoxin (PLA2, crotapotin and proteins "thrombin-like") of
the total poison. During the division of the total poison in column HPLC the
molecular exclusion was detected a phospholipase activity in the fractions crotoxin
Crotalus durissus ruruima and Crotalus durissus cumanensis that confirmed
through SDS-PAGE and electrophoresis of the mass MALDI-TOF. The two
subspecies of PLA2 show us they are highly homogeneous with the molecular mass
of almost 14kDa and a great amount of basic amino acids, lysine and arginine for a
total of 122 amino acids. The N-terminal amino acid sequence of PLA, showed

homology with other proteins of the kind Crotalus PLA,.
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The phospholipase (PLA2) is the major component present in snake poison
and has been extensively investigated not only because it is more abundant, but it
shows a wide range of biological effects, including neurotoxicity, myotoxicity,
cytotoxicity, edematogenic effect, anti-coagulant, platelet aggregation, hypotensive,
bactericidal, anti-HIV, anti-tumor and anti-parasitic. Because of this functional
diversity, these proteins structurally similar aroused the interest of many researchers
as molecular models for the study of structure-function relationships.

In this study our purpose was to purify the total poison of Crotalus durissus
ruruima and Crotalus durissus cumanensis and isolate the fraction of phospholipase
and found that the biochemical and biological activities were affected after previous
structural changes with p-bromofenacil bromide and synthetic coumarins.

The results presented in this work allow them to obtain a useful biochemical
tool to add new knowledge to the relation between pharmacological sites, the

catalytic region in phospholipases A2 and function.
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1. INTRODUCAO

1.1. Ofidismo

As serpentes sdo répteis que pertencem ao mesmo Filo Chordata das tartarugas, dos
crocodilos e dos jacarés e a linhagem Sauropsida. Evoluiram dos lagartos ha mais de 130
milhdes de anos e exercem importante fun¢do no ecossistema terrestre, uma vez que,
controlam naturalmente a populacdo de roedores que além de serem transmissores de
diversas patologias também atacam os produtos armazenados gerando grandes perdas
economicas (de Oliveira, 1999).

Evolutivamente, as serpentes alteraram suas caracteristicas morfologicas e
fisiologicas propiciando sua adaptacdo aos mais variados ambientes, como, as arvores, as
aguas e as superficies superiores e inferiores do solo. Dificilmente sdo encontradas em
algumas ilhas, devido ao isolamento, ¢ em locais de alta latitude (as calotas polares) ou
acima de 3000 m de altitude, devido ao frio intenso. A quantidade de espécies ¢ maior nas
regides tropicais e reduz-se conforme aumenta a distdncia a linha do equador, pois a
temperatura ambiente ideal para as serpentes ¢ de 30 graus centigrados. (Matsui et al.,
2000).

Segundo a literatura vigente foram catalogadas aproximadamente 3.315 espécies de
serpentes sendo que 200 sdo consideradas pegonhentas. As serpentes dividem-se em vinte-
uma familias sendo que no Brasil s3o encontradas apenas dez: Anomalepididae,
Leptotyphopidae, Typhlopidae, Analiidae, Boidae, Colubridae, Dpsadidae, Tropidophiidae,
Elapidae e Viperidae. No Brasil ocorrem 371 espécies de serpentes (SBH 2008), dessas 55
sdo peconhentas. S3o quatro grupos de serpentes que podem causar acidentes ofidicos no
Brasil (Melgarejo, 2003): Grupo I: Bothrops (Viperidae); Grupo II: Crotalus (Viperidae);

Grupo III: Lachesis (Viperidae); Grupo IV: Micrurus e Leptomicrurus (Elapidade).
1



1.2 Epidemiologia

Estimativas mundiais demonstraram que a incidéncia de acidentes ofidicos é maior
no continente asiatico ¢ em diversas regides da América Latina, enquanto que, na
América do Sul, os paises com maiores episodios anuais foram Brasil (20.000 casos),
Peru (4.500 casos), Venezuela (3.000 casos), Colombia (2.675 casos), Equador
(aproximadamente 1.300 casos) e Argentina (aproximadamente 1.200 casos) (Warrel,
2002).

Apesar das estimativas, acredita-se que esses indices estejam desatualizados, uma
vez que, em regides pobres como nos paises tropicais e subtropicais, este fato ndo
recebe a devida atencdo e muitas vezes ndo sdo registrados, notificados ou informados
adequadamente aos 6rgaos competentes (Pinho et al., 2001).

No Brasil no ano de 2002, foram registrados pela FUNASA (Fundacdo Nacional de
Satde — Ministério da Saude) 158.495 casos de acidentes ofidicos. O género Bothrops
apresenta os maiores indices de noticagdo, porém o género que apresenta maior taxa de
letalidade ¢ o género Crotalus (Tabela 1). Desta maneira, o veneno produzido pelas
serpentes do género Crotalus, por ser mais letal, torna-se importante

epidemiologicamente e ¢ o principal foco de estudo deste trabalho.

Tabela 1: Letalidade dos acidentes ofidicos, divididos por género (FUNASA 2002)

Género N Casos N  Obitos Letalidade (%)
Bothrops 119.238 369 0,31
Crotalus 10.143 189 1,87
Lachesis 1878 18 0,95
Micrurus 558 6 0,36
Nao 26.678 138 0,52
informado
Total 158.495 720 0,45




1.3  Crotalus durissus sp.

Para o género Crotalus ¢ descrita apenas uma espécie Crotalus durissus que se

subdivide em 7 subespécies sendo encontrada em toda América Latina (Tabela 2)

(Sorensen, 1990)

Tabela 2: Principais subspécies de Crotalus encontradas na América Latina e sua

localizagao geografica.

Subspécie de Crotalus

Nome Popular

Localizagdao Geografica
na América Latina

Regioes altas e secas desde Minas

] j | A
Crotalus durissus terrificus Cascave Gerais até Rio Grande do Sul
Areas de Caatinga do Nordeste,
Crotalus durissus cascavella Maracamboéia desde Maranh3o até norte do

estado de Minas Gerais

Crotalus durissus collilineatus

Regides secas do Centro-Oeste,
desde Mato Grosso do Sul, Goias
e Minas Gerais até Norte do
Estado de Sao Paulo

Crotalus durissus marajoensis

Ilha de Maraj6 e em toda a
América Equatorial

Crotalus durissus ruruima

Algumas regides de Roraima,
Amapa, Para, Amazonas e
Rondoénia, assim como também
na América Equatorial

Crotalus durissus trigonicus

Roraima

Crotalus durissus cumaneneses

Todo territorio venezuelano
Regido de contatocom a espécie
Crotalus durissus ruruima

De forma geral, as viperideas medem aproximadamente 180 centimetros de

comprimento e possuem caracteristicas em comum como, presenga de pequenas escamas

em forma de quilha, fosseta loreal ¢ glandulas produtoras de veneno localizadas na cabega

(Figura 1A). Na ponta da cauda um guizo ou chocalho alerta sua presa de seu bote.

Alimentam-se principalmente de mamiferos e répteis menores (Alves, 1991).




As serpentes da familia Viperidae apresentam denticao solendglifa. Nesta denti¢cdo
encontramos presas que possuem um canal central que se comunica com o canal excretor
da glandula de veneno (Figura 1B) (Guimaraes, 1974; Leitao-de-Aratijo & Alves, 1976;
Rosenfeld, 1961). Durante o mecanismo do bote, quando a serpente abre a boca, estas
presas se deslocam para frente e no ato da mordida inoculam o veneno em sua vitima

(Buononato, 2001).
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Figura 1: A) Denticdo solenodglifa. B) Tipo de aparato venenoso das serpentes

(Guimaraes, B, 1974).

As serpentes pertencentes a espécie Crotalus sp. sdo responsaveis por

aproximadamente 9% do nimero total de acidentes ofidicos e, sua picada ¢ caracterizada

por um discreto edema local seguido ou ndo por dor acentuada. A discreta reagdo local ndo
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espelha a gravidade do acidente crotalico, uma vez que, o veneno possui acdo neurotoxica e

hemolitica que desencadeia o quadro clinico descrito na Tabela 3 (Amaral et al., 1991).

Tabela 3: Provavel Quadro Clinico apresentado por paciente envenenado por

picada de cobra Crotalus sp (Caderno Técnico Escola Medicina Veterinaria UFMG, 1999)

Aciio do Veneno Sintomas e sinais precoces Sintomas e sinais tard@os
(até 6 horas ap0s o acidente) (de 6 a 12 horas ap0s o acidente)
Ptose palpebral (faceis miasténicas), diplopia, oftalmoplegia e
Neurotoxica visdo turva por dificuldade de acomodacao visual.
Relatos de insuficiéncia respiratoria aguda, em casos graves
Dor muscular generalizada, Urina avermelhada ou marrom
Miotoxica Urina avermelhada ou marrom. escura
Edema discreto no local da picada | (hemoglobinuria e miobintria).
Hemolitica Urina avermelhada Insuficiéncia Renal aguda
Coagulante Aumento do tempo de coagulagﬁo.
Raramente ocorrem hemorragias

Apesar do grande numero de subespécies de Crotalus durissus a mais bem estudada
¢ a Crotalus durissus terrificus (C. d. terrificus). Embora seja a mais estudada, este trabalho
tem como foco principal o estudo das serpentes Crotalus durissus cumanensis (C. d.
cumanensis) e Crotalus durissus ruruima (C. d. ruruima) pois ambas sdo endémicas do
territério nacional e seus venenos possuem diversos tipos de atividades que nunca antes
foram estudados para os objetivos propostos (Toyama et al., 2003).

Desta maneira, a C. d. cumanensis ¢ uma das espécies mais comuns da Venezuela
sendo encontrada em todo territdrio venezuelano desde o nivel do mar até 2.500 metros de
altitude (Kornacker, 1999). E responsavel pela maioria dos casos de envenenamento por
cobras neste pais (Roze, 1966). Embora seja uma serpente endémica da Venezuela, ela
também ¢ encontrada em uma regido no estado de Roraima onde a C.d. ruruima também

habita. Seu veneno ¢ composto principalmente por um complexo protéico de atividade




neurotdxica denominado crotoxina. Este complexo protéico possui atividade hemolitica,
proteolitica, esterolitica e miotdxica.

Enquanto que, a C. d. ruruima ¢ comumente encontrada nos limites entre Brasil,
Venezuela e Guiana (Hoge, 1965; Hoge & Romano, 1972; Dos-Santos, 2005; do
Nascimento, 2000).

Assim como, a C. d. terrificus, o veneno da C. d. ruruima ¢ classificado de
acordo com a sua coloragdo em branco ou amarelo (Dos-Santos et al.,1993). Desta maneira,
encontramos diferencgas bioquimicas e bioldgicas nos diferentes tipos de veneno produzidos
por um Unico animal, sendo que, o veneno branco mostrou atividades letal, coagulante,
miotdxica, edematogénica e hemolitica, enquanto que, a variedade amarela, além destas,

também apresenta atividades hemorragica, necrotizante e caseinolitica (Dos-Santos, 1993).

1.4 O veneno crotalico

O veneno crotalico apresenta como principal fun¢do imobilizar e matar as presas
(Karlsson, 1979). Ele ¢ composto por uma mistura complexa de carboidratos, lipidios e
ions metalicos. Além disso, possui proteinas e peptideos que representam aproximadamente
90% de veneno total seco (Bieber, 1979). Quando fracionado encontramos como proteinas
principais a convulxina, giroxina, crotamina e crotoxina, sendo que, a crotoxina representa
aproximadamente 47% a 55% de todo o veneno em massa seca (Martins et al., 2002;

Toyama et al., 2003).

1.4.1 Crotoxina
A crotoxina foi primeiramente isolada, com o uso de técnicas de precipitagdo em

sulfato de amonio, em 1938 por Slotta e Frankel-Conrat. Ela tem sido descrita como uma
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proteina heterodimérica, constituida de duas cadeias polipeptidicas: uma PLA,,
(subunidade basica), componente fracamente neurotdxico, quando usado de forma isolada
em preparagdes de juncdo neuromuscular de ratos ou camundongos, com massa molecular
ao redor de 14-15 kDa, com um ponto isoelétrico de 7,8-8,6. E a crotapotina (subunidade
acida), um polipeptideo constituido por trés cadeias denominadas de cadeias A, B e C,
unidas tanto por pontes dissulfeto intracadeia como intercadeia, com massas moleculares ao
redor de 4,0, 3,5 e 1,5 kDa, respectivamente (Toyama et al., 2003; Oliveira et al., 2003),
que ndao mostra nenhuma atividade neurotdxica, com uma massa molecular ao redor de
9kDa.

Experimentos conduzidos por Hendon & Frankel-Conrat (1971) e Hawgood &
Santana (1979), mostraram que, quando as duas fracdes sdo colocadas juntas em uma
propor¢do eqiiimolar, observam-se dois resultados: diminuicdo da atividade enzimatica
PLA; do componente bésico e aumento da atividade farmacologica.

Experimentos realizados por Riibsamen et al. (1971) e por Breithaupt (1976), foram
os primeiros a mostrar este efeito sinergista. A funcdo da crotapotina parece ser a de
impedir a ligacdo de fosfolipase A, em vdrias estruturas, orientado-a principalmente para as
membranas pré e pos-sinapticas da jungdo neuromuscular (Bon et al., 1979 e Vital Brazil,
1982). Nakazone (1978) mostrou que a propor¢do de crotapotina para fosfolipase A, ¢ de
1:1 em relacdo molar: uma molécula de PLA, para uma de crotapotina.

A crotoxina ¢ a principal fracdo do veneno de Crotalus durissus terrificus e
bloqueia a transmissao de impulsos nervosos na jun¢ao neuromuscular (Vital-Brazil, 1966)
da qual decorrem as paralisias motoras apresentadas pelos pacientes. A jun¢do
neuromuscular é uma regido especializada da fibra muscular, onde o impulso nervoso, ao

atingir a terminagdo nervosa pré-sinaptica, determina a sua despolarizacdo e liberacdo do

7



neurotransmissor acetilcolina. A acetilcolina liberada combina-se com os receptores
nicotinicos pds-sindpticos. Esta ligacdo esta relacionada ao potencial da placa terminal, que
induz a contragdo muscular, ao atingir o limiar de excitabilidade, desencadeia o potencial
de acdo muscular que se propaga ao longo dos tibulos “T”. Para explicar a inibi¢cdo da
contracdo muscular pela crotoxina tem sido proposto um mecanismo de acdo molecular
envolvendo atividade pré-sinaptica (Vital Brazil, 1966) e pds-sinaptica (Bon et al., 1979).
Na acdo pré-sindptica, a crotoxina genericamente inibe a liberagdo do neurotransmissor
acetilcolina (Vital Brazil & Excell, 1971; Chang & Lee, 1977). Na acdo pos-sinaptica atua
bloqueando a resposta a acetilcolina através da estabilizacdo do receptor de acetilcolina a
um estado inativo (Bon et al., 1979). Existem atualmente dois modelos para explicar a
interagdo da crotoxina com membranas pré-sindpticas: o modelo da dissociacdo e o do
complexo terndrio transiente. No primeiro modelo, quando a crotoxina se aproxima do seu
receptor na membrana celular, a crotopatina se dissocia da PLA; e esta tltima se liga entdo
ao receptor. No segundo modelo, a crotoxina primeiramente se liga ao seu receptor de
membrana e s6 entdo ocorre a dissociagdo de seus componentes com liberacdo da
crotapotina, enquanto a PLA, permanece ligada ao receptor (Deldt & Bon, 1993). O termo
“molécula chaperone” ou simplesmente “chaperon” foi primeiramente empregado por
Faure & Bon. (1988). Para eles a crotapotina teria a funcdo de prevenir a ligacdo ndo
especifica da PLA; com outros receptores biologicamente importantes € que nio estdo
envolvidas em suas atividades fisiologicas bem como farmacolédgicas (Bon et al., 1979).

A crotoxina isolada por Slotta & Fraenkel-Conrat (1938), apesar de mostrar-se
homogénea e constituida por uma mistura de PLA, e crotopatina €, na realidade, composta
por uma mistura de vdrias isoformas, as quais estdo presentes em diferentes lotes de

venenos coletados de vérias serpentes. A presenca destas isoformas de crotoxina resulta das
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diferentes combinagdes de suas subunidades. Estudos eletroforéticos e cromatograficos
demonstraram a existéncia de muitas isoformas de crotoxina. A presenca de varias
isoformas no veneno de uma Unica espécie indica a existéncia de varios genes codificantes
para essas fosfolipases neurotoxicas. Essas isoformas parecem ser resultantes ou de
modificagdes pos-traducionais, que ocorrem sobre uma unica forma de RNA mensageiro,
ou na expressao de diferentes RNAs mensageiros (Faure & Bon, 1988; Faure et al., 1994).

Recentemente com uso de técnicas de purificagdo mais eficientes, Oliveira et al.
(2003) e Toyama et al. (2003) mostraram que as crotoxinas de Crotalus durissus terrificus
sdo constituidas por uma mistura de duas ou mais isoformas de crotapotinas e trés a quatro
isoformas de PLA,, que foram identificadas por técnicas enzimadticas e de seqlienciamento
de proteinas. Andlises mais acuradas destes resultados mostraram que, além das
crotapotinas e PLA,, a crotoxina ¢ constituida por uma mistura heterogénea de fragdes, que
devido a sua baixa concentracdo na fra¢do crotoxinica, ainda ndo foram caracterizadas.
Toyama et al. (2003) também mostraram que a PLA; isolada da crotapotina ¢ capaz
experimentalmente de induzir uma atividade neurotoxica em preparagdes isoladas de
junc¢ao neuromuscular de “biventer cervis” de pintainho. Desta forma, a PLA, de fato ¢ o
componente responsavel pela atividade neurotoxica da crotoxina, mas a crotapotina nao
teria neste caso nenhuma atividade, uma vez que, tanto na presenga como na auséncia da
crotapotina a resposta neurotdxica ¢ a mesma (Toyama et al., 2003).

Landucci et al. (1995) mostraram que, em condigdes experimentais, de aplicacdo in
vivo através da injecdo intrapertitoneal ou por via oral, a crotopatina também possui
atividade antiinflamatoria. Embora esta ndo aconteca devido a liberacao de corticosteroides
enddgenos ou inibicdo da atividade de ciclo-oxigenase. Acredita-se que a crotapotina

poderia interagir com PLA; extracelulares gerados durante o processo inflamatdrio, levando
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a uma reducao da atividade hidrolitica destes tltimos. Além de ter um efeito neurotdxico, a
crotoxina ¢ também miotdxica e afeta diretamente as células do musculo esquelético
(Gopalakrishnakone et al., 1981). Evidéncias clinicas claramente indicam que o
envenenamento por Crotalus durissus terrificus € caracterizado por uma miotoxicidade
sistémica, demonstrada pela presenca de mioglobinuria, mioglobinemia e por um drastico
aumento no nivel sérico de creatina quinase, lactato desidrogenase e aspartato
aminotransferase (Azevedo-Marques et al., 1982). Os sinais clinicos evidentes da acdo
miotdxica sdo dores musculares generalizadas (mialgias), urina que apresenta uma cor
avermelhada ou de tonalidade mais escura (mioglobindria) - manifestacdo clinica mais
evidente da necrose de musculatura esquelética (rabdomiodlise) - Desde que a crotoxina
representa uma grande porcentagem deste veneno, ¢ provavel que essa miotoxicidade se dé
pela agdo da crotoxina nas células musculares. A PLA; induz danos nos musculos de ratos,
enquanto a crotapotina ¢ destituida de efeito miotdxico (Kouyoumdjian et al., 1986), mas
ela potencializa a atividade miotdxica da PLA, A patogénese do dano causado ao musculo
esquelético depois da inje¢do intramuscular de crotoxina foi estudada por
Gopalakrishnakone et al. (1981), que constataram que, quatro horas depois da
administracdo da toxina, ha evidéncias histologicas e ultraestruturais de mionecroses; entre
24 e 48 horas, hd um proeminente infiltrado inflamatério composto principalmente de
macrofagos localizados dentro do espago demarcado pela membrana das células musculares
necrosadas.

A crotoxina (15 a 50 pg/ml) produz agregacdo de plaquetas humanas lavadas de
modo dose-dependente e irreversivel, e induz a liberagdo de tromoboxano B, (Laducci et

al., 1994), Cardoso & Mota (1997).
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Estudando o efeito da crotoxina no sistema imune, verificaram que o veneno da
Crotalus durissus terrificus bem como seu componente crotoxina tem um efeito inibitério
na resposta humoral, mas ndo na resposta celular imune. Pouco se sabe sobre o efeito do
veneno de serpentes no sistema imune. Estudos estdo sendo feitos para verificar como o
veneno total ou seu principal componente poderiam modular a supressdo da resposta
imune.

Apesar de bem caracterizada, a crotoxina apresenta-se como uma fracdo de natureza

polifuncional, constituida por vérias fracdes biologicamente ativas e por varias isoformas.

1.4.1.1 Fosfolipase A ,

Sdo enzimas largamente distribuidas na natureza, podendo ser encontradas em
bactéria, plantas, tecidos de mamiferos (pulmao, figado, baco, coragdo, eritrdcitos,
plaquetas e leucocitos polimorfonucleares). No entanto, as mais conhecidas e estudadas sao
aquelas encontradas nos tecidos pancreaticos de mamiferos € nos venenos de serpentes e
insetos (Verheij, et al (1980); Van der Bosch, 1980). Todas as PLA; de venenos contém
cerca de 120-135 aminoacidos, varias pontes de sulfeto e uma alta conservacao da estrutura
tridimensional, sendo extremamente estaveis ao tratamento com calor e acidos,
apresentando uma homologia seqiiencial entre si e especialmente na regido do sitio
catalitico (Chang et al., 1977). Além disso, a maioria dessas PLA ; tém atividade catalitica,
mas a caracterizagao sistemdtica destas tem conduzido para a identificacdo de varias
variantes de PLA, como as PLA,-like que sdo cataliticamente inativas (Gutierrez et al.,

1995)
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A unidade catalitica das fosfolipases (PLA,) ¢ constituida pelos residuos His-48,
Asp-99 e uma molécula de agua. No mecanismo de catalise proposto (Verheij et al., 1980)
um proéton na posicao 3 do anel imidazolico do aminoacido His-48 esta envolvido em uma
forte interacdo com o grupo carboxilico da Asp-99, impedindo que ocorra uma rotagdo no
anel imidazol (que esta envolvido com a catalise), deixando o nitrogénio da posi¢ao 1 deste
anel na posic¢do espacial propria.

Uma molécula de agua promove um ataque nucleofilico ao carbono do grupo éster
do substrato e nesse momento o anel imidazol da His-48 recebe um proton da molécula de
agua facilitando a reagdo. Logo ap6s ocorre a hidroélise da unido acil-éster na posi¢ao Sn-2
do fosfoglicerideo (substrato), este proton ¢ doado pelo anel imidazol para o oxigénio que
forma entdo um grupo alcool de lisofosfolipideo a ser liberado (Verheij et al., 1980).

O sitio para unido do célcio, importante para a catalise, apresenta um cation ligado
pelo oxigénio do grupo carbdnico dos residuos Tyr-28, Gly-30, Gly-32 e por oxigénio da
cadeia lateral do residuo Asp - 49. No mecanismo de catalise, o célcio tem dupla fun¢do:
primeiro: fixar o fosfato e segundo: estabilizar a carga negativa do oxigénio do grupo
carbonico da ligagdo éster na posicdo Sn-2 do substrato (Yang, 1994).

As fosfolipases A, (EC 3.1.1.4) portanto s@o enzimas que catalisam especificamente
a hidrolise da ligagdo acil-éster na posi¢do Sn-2 do 1,2-diacil-3-sn fosfoglicerideo em uma
reacdo dependente de célcio (Ami & Ward, 1996). Consistindo em uma superfamilia de
proteinas que tém sido caracterizadas como uma importante familia de enzimas
transdutoras de sinal, atuando como proteinas que interagem de forma especifica com
receptores denominados do tipo M e N ou como efetores de atividades biologicas

intracelulares (Dennis, 1997). (Figura 2).
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Figura 2: Sitio de hidrélise (Kini, 1997).

Classificacao das Fosfolipases

As fosfolipases sdo classificadas dependendo de sua estrutura e de seu mecanismo
de catélise. De acordo com seu sitio de hidrélise sobre o triacilglicerol se dividem: em
fosfolipase A;, fosfolipase A, (PLA,), fosfolipase B, fosfolipase C, e fosfolipase D. As
PLA;s sdo as mais abundantes lipases do nosso organismo e sdo capazes de metabolizar
varios tipos de lipidios tais como: fosfatidilcolina, fosfatidileatolamina, fosfatidilinositol,
fosfatidilglicerol, plasminogénio.

As fosfolipases A, foram as primeiras fosfolipases a serem reconhecidas, sua
descoberta foi baseada na observacdo da a¢do do suco pancreatico e do veneno elapidico na
hidrolise da fosfatidilcolina (Wittcoff, 1951).

As fosfolipases A, (PLA;) também podem ser classificadas de acordo com a sua
estrutura em dois grupos: um de alta massa molecular, intracelular ¢ um de baixa massa

molecular, extracelular. As PLA; de alto peso molecular estdo bem caracterizadas e podem
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ser subdivididas do ponto de vista catalitico, em dois grandes subgrupos: as que necessitam
de célcio para sua atividade, com uma massa molecular que vai de 140 a 400 KDa, e as que
nao necessitam, apresentando massa molecular que vai de 85 a 100 KDa (Kini, 1997).

De acordo com Kini (1997) as PLA, de baixa massa molecular relativa podem ser
subdivididas em quatro subgrupos: Grupo I, Grupo II, Grupo III e Grupo IV (Figura 3).

As PLA; do grupo I englobam as isoladas dos venenos elapidicos, hidrofilidicos
(Grupo IA) e a isolada do pancreas de mamifero (Grupo IB). Estas enzimas contém cerca
de 115-120 residuos de aminodacidos e sete pontes dissulfeto.

As fosfolipases A, do grupo II s3o encontradas nos venenos de serpentes crotalicas e
viperidicas e em células humanas como as plaquetas. Estas enzimas possuem cerca de 120
a 125 residuos de aminoacidos e sete pontes dissulfeto. Fazem parte deste grupo as enzimas
PLA; miotdoxicas Asp 49 (D49) e Lys 49 (K49), que possuem uma atividade enzimatica
baixa ou residual.

As PLA; do grupo III englobam aquelas isoladas de abelhas, diferentemente das
outras classes de PLA, estas sdo glicoproteinas, contendo de 130 a 135 residuos de
aminoacidos. Estas possuem uma baixa homologia com as outras PLA;

As PLA; do grupo IV podem ser consideradas as mais recentes dentro da familia das
PLA,, do ponto de vista estrutural, ¢ expressa por quase todas as células de mamiferos
(Dennis, 1994). Estas PLA ; t€ém duas cadeias polipeptidicas: uma longa com 77 residuos de
aminoacidos e uma curta com 42 residuos de aminodacidos, ligados por pontes dissulfeto
intercadeias. Estas enzimas mostram dependéncia de calcio para sua atividade (Mclntosh,

1995).
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Figura 3: Classificagdo das PLA; (Kini, 1997).

Segundo Dennis (1994) as PLA, também podem ser classificadas de acordo com sua
funcgdo, localizacao, regulagdo, mecanismo, seqiiéncia de aminoacidos, estrutura e papel
dos ions bivalentes.

Dentro do grupo de PLA, de alta massa molecular intracelular (Kini, 1997)
podemos colocar as fosfolipases A, da classe IV assim como da classe V isolada do
musculo cardiaco de caes, classificadas por Dennis, (1994).

Estudos subseqilientes mostraram que as fosfolipases A, sdo abundantemente
encontradas em venenos de varias serpentes, € estas enzimas tém um papel importante na
digestdo de lipidios (Wittcoff, 1951, Dennis, 1994 e Harris, 1991).

Nestes ultimos anos as pesquisas sobre fosfolipases A; t€ém sido impulsionadas
principalmente pela acdo destas em varias atividades biologicas: Neurotoxicidade
(neurotoxinas pré-sinapticas € neurotoxinas pds-sinapticas); Miotoxicidade (mionecrose
local e miotoxicidade sistémica); Cardiotoxicidade; Efeito anticoagulante; Iniciador da

agregacao plaquetaria; Inibidor da agregacio plaquetaria; Atividade hemolitica;
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Hemorragia interna; Atividade anti-hemorragica; Atividade convulsionante;
Atividade hipotensiva; Atividade edematogénica; Lesao de orgaos e tecidos.

As fosfolipases A, também tém grande importancia nos processos de fertilizagdo
(Frey et al., 1992); proliferacao celular (Arita et al., 1991); contragdo da musculatura lisa
(Nakajima et al., 1992; Vadas et al., 1993); hipersensibilizagdo e processos inflamatérios
cronicos (Vadas et al., 1986 ¢ Vadas et al., 1993).

As fosfolipases tém um papel fundamental no metabolismo de lipideos e estdo
intimamente relacionados com a liberagdo de acido araquidonico que é um precursor
comum de uma série de lipidios bioativos pertencentes a familia dos eicosanoides tais como
prostaglandinas, leucotrienos e tromboxanos e prostaciclinas, compostos de vida média
curta, embora de resposta fisiolégica importante.

Os efeitos farmacologicos, observados pela agdo das fosfolipases A, (PLA;) ndo sdo
necessariamente gerados pela quebra de fosfolipideos e pela ruptura das membranas
biologicas. As fosfolipases A, parecem apresentar além do sitio catalitico caracteristico,
sitio (s) farmacolégico (s) distinto (s) do catalitico (Yang, 1994) e sdo, portanto,
mecanismos dependentes da atividade catalitica (Gutiérrez & Lomonte, 1995).

A presenca do sitio especifico distinguiria uma célula alvo de uma célula nado alvo,
isso determinaria a unido de uma enzima com sua célula alvo (presenca do sitio com alta
especificidade) e da unido com a célula nao alvo (auséncia do sitio e baixa especificidade,
ocorrendo apenas quando hd um excesso de enzima).

Os diferentes efeitos farmacologicos promovidos pelas fosfolipases A, podem ser
explicados também pela presenca de sitios alvos especificos, que estdo localizados na
superficie das células ou do tecido alvo. Estes sitios alvos seriam reconhecidos por sitios

farmacoldgicos localizados na superficie das PLA, que de forma geral sdo independentes,
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mas algumas vezes estes se sobrepdoem com o catalitico (Kini, 1989). De acordo com esta
hipdtese haveria uma necessidade de complementaridade entre o (s) sitio (s) farmacoldgico
(s) e o(s) sitio(s) alvo(s) em termos de equilibrio de cargas, interagdes hidrofobicas e
interagdes de Van der Walls.

Segundo Kini & Evans (1989) a natureza quimica deste sitio de ligagdo entre as
PLA; ¢ as células ou tecidos alvos poderia estar entre as PLA; e um lipidio ou uma proteina
(glicoproteinas). Devido a alta especificidade das interacdes pode-se supor que as
glicoproteinas podem estar diretamente relacionadas com o reconhecimento, contudo
lipidios proximos ao sitio de ligacdo também podem contribuir para o aumento da
especificidade. Muitos dos receptores para estas PLA, ja foram identificados e
caracterizados tanto funcionalmente como estruturalmente. Um dos mais bem
caracterizados e conhecidos ¢ a proteina do canal de potassio (Kini, 1997).

Trabalhos recentes tém mostrado que algumas PLA; cataliticamente ativas podem
ter um papel importante na morte de células bacterianas gram positivas, como a
Staphylococcus aureus (Harwig, et al., 1995). Recentemente, um efeito bactericida de PLA;
humanas ndo pancredticas foi demonstrado sobre linhagens de S.aureus. De acordo com
estes resultados, esta agdo bactericida parece estar diretamente relacionada com a atividade

catalitica das PLA, (Weinrauch, et al., 1996).

Modificacées quimicas
Virias metodologias, tais como modificagdes quimicas, mutagdes sitio dirigidas,
técnicas cristalograficas, espectrofotométricas e fluorométricas, assim como ressonancia

magnética nuclear e estudos da a¢do de inibidores e substratos naturais ou artificiais tém
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sido utilizadas com objetivo de elucidar estruturalmente os sitios responsaveis pela
toxicidade de varias PLA, provenientes de venenos de serpente.
As modificagcdes quimicas tradicionais tém sido uma das principais estratégias

usadas para estudar suas relagdes estrutura-funcao (Tabela 4).

Tabela 4: Estratégias para modificagdes quimicas de residuos de aminoacidos
especificos em PLAs de venenos de serpentes (Soares e Giglio, 2003)

Residuo de Reagente/reacdo
Aminodcido

His p-bromofenacil bromide/alquilagao
Metil-p-nitrobenzenosulfonato/metilagao

Lys Cianeto de potassio /carbamilacao
o-metilisourea/guanidinagao

Anidro acético/acetilagdo
Trinitrobenzenosulfonato(TNBS)/trinitrofenilagao

Tyr Nitrobenzenosulfonil fluoride (NBSF)/sulfonagao

Trp Cloreto de nitrofenilsulfonil (NPSC)/sulfonagao
2-Hidroxi-5-nitrobenzil bromide/alquilagdo

Met Cloramine T/oxidagao
Acido iodoacético/carboximetilagao.

Quase todos os grupos funcionais presentes nas PLAs sdo modificados por uma
variedade de reagentes muito especificos, a finalidade destes estudos é apontar com

precisdo os residuos do sitio ativo para obter uma visao do mecanismo de agdo da PLA,.
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As PLAjs de veneno de serpente mostraram uma ampla variedade de atividades
farmacolodgicas, tal diversidade funcional dentro desse grupo de proteinas estruturalmente
similares cria interrogagdes referentes a relacdo entre sua estrutura e seu efeito. Tenta-se
esclarecer a rela¢do entre a atividade enzimatica ¢ a toxicidade através dos estudos de
modificacdo seletiva ou preferencial dos grupos de cadeia lateral de aminoacidos na
molécula de enzima PLA; e também comparam-se os efeitos destas modificagdes nestes
dois parametros (Yang, 1997; Verheij, 1981).

Ao estudar a relagdo entre as propriedades enzimaticas e farmacoldgicas, verifica-se
que as modificagdes quimicas de certos residuos de aminoacidos na PLA; podem diminuir
seletivamente a atividade enzimatica ou propriedades farmacologicas e letais.

Em algumas destas modificagdes concluiu-se que ha perda quase total de atividade
enzimadtica para o substrato presente, uma vez que o residuo modificado participa do sitio
ativo e também na poténcia letal intraventricular em ratas (Rosenberg, 1986).

A perda da atividade enzimatica para os substratos agregados pode-se atribuir a
incapacidade da PLA modificada em unir-se a interface lipidio-dgua ou alternativamente
ndo se unir especificamente e assim evitar a formagao de produtos, nestes casos os residuos
modificados sdo denominados de “residuos do sitio ativo”, tais residuos diretamente
envolvidos na ligagido de substrato monomérico, envolvidos com o ion Ca*" que ¢ essencial
e também aos residuos que realizam o fracionamento real do enlace com o éster (Verheij,

1981)

Modificacées quimicas do residuo de histidina.
Karlsson demonstrou através de um procedimento amplamente utilizado para

avaliar a fun¢do da atividade enzimatica na toxicidade que a fosfolipase pancreatica de
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porco pode ser completamente inativada por alquilagdo de um residuo de histidina no sitio
ativo com p-bromofenacil brometo (p-BPB). (Karlsson, 1980). Somente um residuo de
histidina foi modificado e o residuo modificado era identificado como His-48 na seqiiéncia
segundo a analise de aminoacidos (Yang, 1980 a, b; Yang, 1991). Através dos estudos de
modificagdes quimicas de enzimas PLA, de diversas fontes verificou-se que o residuo de
histidina ¢ crucial e foi potencialmente reagente para p-BPB, esta histidina foi localizada na
mesma posi¢do homologa a outras fosfolipases. (Yang, 1980; Volwerk et al., 1974; Halpert
et al., 1976; Viljoen et al., 1977). Assim, o residuo His é conservado, pois participa na
catalise (Verheij et al., 1980, Verheij et al, 1981 e Scott et al., 1992). A alquilagdo do
residuo induz a perda da atividade hidrolitica e a diminuigdo de alguns efeitos
farmacolédgicos (Yang & King, 1980a, Yang & King, 1980b, Diaz-Oreiro & Gutiérrez,
1997, Melo & Ownby, 1999 e Andrido-Escarso et al., 2000). A primeira PLA, alquilada foi
de pancreas de mamifero com p-bromofenacil brometo, perdendo a sua atividade
enzimdtica (Volwerk et al., 1974), desde entdo a alquilagdo do residuo His48 de PLA;
procedentes de veneno de serpentes tem sido usado a fim de estudar a relagdo da atividade
enzimadtica-toxica (Halpert et al., 1976, Roberts et al., 1977, Yang & King, 1980a,
Rosenberg, 1986 e Yang, 1994).

Durante os ultimos 30 anos o reagente p-bromofenacil brometo (p-BPB) tem sido
utilizado para os estudos de modificacdes quimicas de PLA2 procedentes de veneno de
serpentes tais como: Naja sp. (Roberts et al., 1977, Yang & King, 1980a, Condrea et al.,
1981a, Condrea et al., 1983a, Babu & Gowda, 1994), Vipera sp. (Babu & Gowda, 1994),
Bitis sp. (Viljoen et al., 1977), Hemachatus sp. (Yang & King, 1980b e Condrea et al.,
1981a), Bungarus sp. (Abe et al., 1977 e Kondo et al., 1978), Calloselasma sp. (Tsai et al.,

2000), Trimeresurus sp. (Wang & Teng, 1990), Agkistrodon sp. (Zhao et al., 1998 e Melo
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& Ownby, 1999), Crotalus sp. (Ownby et al., 1999, Melo & Ownby, 1999), Bothrops sp.
(Nisenbon et al., 1988, Diaz et al., 1993, Bultron et al., 1993, Diaz-Oreiro & Gutiérrez,
1997 e Andrido-Escarso et al., 2000) e Lachesis sp. (Fuly et al., 1997, Fuly et al., 2000 e
Fuly et al., 2003).

As PLA; acidas e basicas isoladas de Naja nigricollis, perderam suas atividades
enzimaticas e toxicas depois da modificagdio com p-BPB. As andlises de aminoacidos
mostram que um so6 residuo, His48, foi modificado (Yang & King, 1980a ¢ Yang et al.,
1981). A diminuicdo da atividade enzimatica levou a uma diminui¢cdo da hemolise direta
para a PLA, basica de Naja nigricollis, a hidrolise de fosfolipidios e o bloqueio dos
potenciais de agdo em enguia (Condrea et al., 1981a), a fosfolipase A, histidina modificada
perdeu atividade enzimatica. O Kq para Ca>" das enzimas PLA, histidina modificadas foi
similar a aquela da PLA; nativa, sugerindo que a modificagdo do His-48 ndo altera a
interagdo fon-proteina. E interessante notar que o Ca*" tem um pronunciado efeito protetor
no processo de inativagdo por p-BPB. Verheij et al (1980), observaram que a His-48
metilada em PLA, pancreatica mostrou uma perda total da atividade enzimatica, entretanto
a unido do Ca*" permanece intacta. Assim His-48 ndo esta diretamente envolvida na unifo
para o Ca®". A unido a Ca*" pode induzir a mudanca conformacional que capacita a enzima
a estar mais acessivel ao substrato. (Verheij ef al., 1980 e Yang, 1997)

As PLAjs dos venenos de viperideos compreendem dois grandes grupos de
proteinas, basicamente as Asp49 com uma alta atividade catalitica em substratos artificiais
e as PLA; Lys49 com uma baixa ou nenhuma atividade enzimadtica (Gutiérrez & Lomonte,
1995 e Ownby et al., 1999).

A primeira PLA, de Bothrops modificada quimicamente com p-BPB foi uma PLA,

acida de Bothrops alternatus (Nisenbon, et al., 1988). Estes autores observaram dissociacao
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entre suas atividades enzimaticas e toxicas desde que a PLA, foi alquilada, no entanto
conservaram a sua atividade letal consideravel. De outro lado a PLA, Asp49 4cida de
Bothrops jararaca, Bothrops jararacussu, € Lachesis muta, foram capazes de perder suas
atividades enzimaticas e farmacoldgicas depois de serem alquiladas com p-BPB, mostrando
que os efeitos bioldgicos sdo dependentes da integridade catalitica (Serrano et al., 1999,
Fuly et al., 2000 e Fuly et al., 2003).

A alquilagcdo de His48 da PLA, basica de Bothrops asper Basp-Ill, BthTX-II de
atividade catalitica, anticoagulante, miotoxica e citotdxica (Diaz-Oreiro & Gutiérrez, 1997,
Andrido-Escarso et al., 2000 e Soares et al, 2001b), mostrando que a hidrdlise de
fosfolipidios nos efeitos farmacoldgicos sdo dependentes da atividade catalitica. No
entanto, a indu¢do de edema s6 estava reduzida em 50% e a ruptura de liposomas em 20%,
levando a considerar a dissociacdo parcial de sitios cataliticos e farmacologicos. A
substancia p-BPB inibe a indu¢do de edema e a degranulacdo de mastdcitos in vitro da
BthTX-I e II (Landucci et al., 1998). Foi observado que o edema induzido pela BthTX-II
foi abolido em 50% depois de ser alquilada , no entanto a PLA; Lys49 BthTX-I foi em
menor grau. Foram informados também resultados para PrTX-1 e PrTX-III de Bothrops
pirajai, e crotoxina B Asp49 e Crotalus durissus terrificus (Soares et al., 2001a e Soares et
al., 2001b). Alquilagdo de PLA2 miotoxicas Lys49 de Botrhosp asper, Bothrops moojeni,
Bothrops pirajai e Bothrops neuwiedi, reduziram a miotoxicidade em 40 a 50% e a
citotoxicidade em 80 a 85% sendo o edema induzido em 15 a 20%, sem anular a
capacidade de destruir liposomas carregados negativamente (Diaz et al., 1993, Rodrigues et
al., 1998, Toyama et al., 1998). Estes resultados sugerem a presenca de regides moleculares

distintas do sitio ativo, responsavel pelo menos parcialmente, pelas atividades
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farmacolodgicas destas toxinas foi proposta algumas hipdteses para explicar as mudangas
das atividades farmacologicas das PLA; pela alquilacio de His48 com p-BPB: a) A
alquilagdo especifica do residuo no sitio ativo diminui a atividade farmacoldgica induzindo
mudangas conformacionais nas regides moleculares distinta do sitio ativo. b) O efeito
toxico das PLA, Asp49, pode se associar com a atividade catalitica. Nenhuma mudanca
conformacional significativa tem sido encontrada na PLA, 4cida de Agkristodon halys
depois de ser alquilada com p-BPB, a excecdo de modificacdes no sitio catalitico onde a
His-48 liga-se com o p-BPB covalentemente (Zhao, et al., 1998). No entanto as miotoxinas
PLA; basicas classificadas no grupo II tém uma regido C terminal estendida. Nao se sabe se
o p-BPB induz uma mudanga conformacional destas proteinas que poderiam afetar seu
perfil farmacologico. O mecanismo exato pelo qual o p-BPB altera as propriedades toxicas
e farmacologicas das miotoxinas PLA; Lys49 permanece ainda indeterminado.

Além disso, o p-BPB ndo pode ser considerado um inibidor de PLA, especificas
devido ao fato de agir reciprocamente de forma irreversivel com outras enzimas, como
também pode se ligar a grupos tioles livres (Blackwell & Flower, 1983).

Recentemente Zieler, et al., (2001) demonstraram que PLA, de venenos crotalicos
da Crotalus adamanteus e de outras Crotalus e de abelha, bloqueiam o desenvolvimento do
intestino médio do mosquito parasita da maléria, inibindo a associacdo do oocinete com a
superficie do intestino médio.

A inibi¢do ainda ocorre na presenca de p-BPB, indicando que a atividade hidrolitica
da enzima ndo ¢ necessaria para o efeito antiparasitario, este ¢ um grande exemplo da
utilidade da alquilagdo de PLA; no estudo entre as atividades enzimaticas e farmacologicas
no veneno crotalico. Fenard. et al., (1999) mostraram que as PLA, da classe II inibida

cataliticamente, atuam como um potente inibidor gerando um processo de citotoxicidade na
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propagacdo do virus de HIV através de um mecanismo totalmente independente da

atividade catalitica.

Modificacées quimicas do residuo de lisina.

A maioria das PLA;s toxicas sdo proteinas basicas que levam conteudos altos de
aminoacidos hidrofobicos e cationicos. Foram reportados varios estudos em modificagdes
quimicas de residuos Lys e foram deduzidas as relagdes de suas atividades enzimaticas e
farmacolodgicas (Yang & Chang, 1989; Takasaki et al., 1990; Babu & Gowda, 1994; Yang,
1997). A carbamilagdo de 9 dos 10 residuos de Lys da PLA, de Naja nigricollis e 3 dos 5
em Naja naja atra, drasticamente foram reduzidos ou completamente anulados em sua
letalidade, assim como os efeitos anticoagulante, hemolitico e neurotoxico, sem ter um
efeito pronunciado em sua atividade enzimatica; sugerindo que a toxicidade destas PLA; ¢
devido principalmente a um efeito especifico ndo mediado pela hidrdlise de fosfolipidios.
Diaz-Oreiro & Gutierrez (1997) mostraram acetilagdo de residuos de Lys das PLAs Asp49
miotoxina [ e Il de B. godmani e B. asper, respectivamente, causando uma reducido ao
redor de 75% na atividade enzimatica e uma perda total das atividades anti-coagulante e
miotdxica. As miotoxinas acetiladas retiveram uma significativa atividade de quebra de
liposomas, mostrando que esta PLA;s podem ainda romper as bicamadas mesmo depois da
modificacdo extensa das lisinas. Além disso, estes resultados com miotoxinas acetiladas
demonstraram uma dissociacdo parcial entre atividades enzimdticas e farmacolodgicas
(miotéxicas e anti-coagulantes), de acordo com estudos prévios com outras PLA;s.
(Condrea et al., 1981a—c, 1983a,b; Babu & Gowda, 1994). Estes estudos podem ser
interpretados como evidéncias da existéncia de regides moleculares, distintas do local

catalitico que podem ser responsdveis por pelo menos algumas das propriedades
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farmacolodgicas delas (Rosenberg, 1986; Kini & Evans, 1989; Diaz-Oreiro e Gutiérrez,
1997; Soares et al., 2000a, 2001a,b). Tem sido proposto que as regides basicas de PLA;
neurotdxicas e miotoxicas poderiam fornecer a interagio destas enzimas com as membranas
musculares e neuronais carregadas negativamente (Karlsson & Pongsawasdi, 1980 e
Gutiérrez & Lomonte, 1995). A guanidinagdo de PLA, basicas de Vipera russelli (VRV-
PL-VIIla) ndo reduz a sua atividade enzimatica, mas diminui significativamente a
letalidade, a indugdo de edema e a atividade anticoagulante, sugerindo uma dissociacao

entre sitios enzimaticos e farmacologicos (Babu & Godwa, 1994).

Modificacées quimicas do residuo de tirosina.

A seqiiéncia completa de aminoacidos de PLA;, de veneno de serpente evidencia
que todos os venenos de serpente apresentam nove residuos de Tyr conservados na mesma
posicdo ou posi¢des homologas, sugerindo sua importancia dentro deste grupo de proteinas
(Verjeij et al., 1981; Soons et al,. 1986 e Andrido-Escarso et al., 2000). Este carater
altamente invaridvel sugere que eles cumpram alguma funcdo crucial para a atividade
enzimatica, por conseguinte a funcdo da tirosina foi comprometida na esperanga de abrigar
alguma luz no mecanismo catalitico de PLA; e a relagdo entre toxicidade e atividade
enzimatica. O p-nitrobenzenosulfonil fluoride (NBSF) ¢ um reagente especifico para a
modificacdo quimica de residuos Tyr nas proteinas. A Tyr69 em PLA, pancredtica
(homologa a Tyr62 ou 63 de veneno de serpentes) ¢ considerada parte do sitio de
reconhecimento interfacial e se encontra envolvida na ligagdo micelar. A presenca de dois
residuos Tyr de uma PLA, de Naja nigricollis e Naja naja atra, dos nove; sdo p-
nitrobenzenosulfonados por NBSF e os outros sete se encontram dentro da estrutura

conformacional da molécula. Tyr 3 e Tyr62 (63) de ambas enzimas, poderiam estar
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envolvidas na ligagdo ao substrato no canal hidrofébico da PLA,. O Tyr3 e Tyr62(63) nao
sdo essenciais para o desenvolvimento das propriedades farmacologicas, assim sendo
modificadas, as atividades farmacoldgicas permanecem, no entanto na maioria dos casos
diminuem (Soons et al., 1986).

A modificacdo quimica da Notexina de Notechis scutatus scutatus, com NBSF,
permitiu isolar e identificar trés derivados por HPLC (Yang & Chang, 1991). A seqiiéncia
de aminoacidos revelou que s6 Tyr7, Tyr70 e Tyr77 foram modificados. Quando a Tyr7 foi
modificada perdeu de 30 a 80% de sua atividade enzimatica e toxica. Embora a
modificacdo de Tyr77 induzisse um aumento de 80% na atividade enzimatica, a letalidade
diminuiu até 50%. Quando ambos residuos foram modificados simultaneamente perderam
56 e 98% das atividades enzimaticas e toxicas respectivamente. Estes dados mostram que
as modificagdes dos residuos Tyr de Notexina, poderiam causar efeitos diferentes em suas
atividades enzimaticas e bioldgicas (Yang & Chang 1991). A modificagdo de Tyr de
miotoxinas bothrépicas, afeta a letalidade, miotoxicidade, citotoxicidade e o efeito de
bloqueio neuromuscular induzido por estas toxinas (Soares ef al., 2000 e Andrido-Escarso
et al., 2000). Além da funcdo da Tyr na catdlise, também encontram-se 3-4 residuos Tyr
entre os residuos 112 e 121, sendo caracteristicos das PLA, miotdxicas. Assim desde que as
miotoxinas PLA, Lys49 MjTX-I e II, BthTX-I, PrTX-I e II e BnSP-7, exibem estes
residuos Tyr, pode-se inferir que as modificacdes quimicas nestas regides, podem afetar
suas propriedades farmacoldgicas. Os residuos de Tyr52 e Tyr73 participam indiretamente
na estabilizacdo do sitio catalitico das PLA2 Asp49 e estes residuos poderiam ser afetados
pelo tratamento com NBSF, onde uma diminui¢do da atividade catalitica foi observada,

sem a reducdo da atividade anticoagulante (Andrido-Escarso et al., 2000).
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Modificac¢ées quimicas e benzopiranos.

Benzopiranos e seus principais metabolitos (cromenos) estdo entre os mais
importantes metabdlitos secundarios e sdo importantes para a producdo de flavonoides,
cumarinas e outros compostos polifenolicos encontrados na natureza. Novos derivados
benzopiranos como dihidroquinolina, benzotiopiran e dihydronapthalene tém mostrado
promissores efeitos antiinflamatérios e estes compostos parecem preferencialmente e
seletivamente inibir a ciclooxigenase-2 sobre a ciclooxigenase-1 (Watzl, 2008). Entre os
benzopiranos mais comuns estdo os flavondides que sdo compostos derivados, que foram
caracterizados como inibidores de enzimas, incluindo oxidases, xantina redutase,
fosfodiesterase, Ca (+2)-ATPase, lipoxigenase, ciclooxigenase, etc (Rathee et al., 2009) As
atividades precisas destes compostos envolvem antioxidante de alguns residuos de
aminoacidos hidrofobicos e a formagao da ligacdo de hidrogénio ou de reacdes quimicas de
alguns aminoacidos (Rathee et al., 2009).

Alguns derivados cromeno podem ser intermediarios Uteis para a sintese de certas
substancias naturais com atividades bioldgicas e farmacoldgicas, tais como antimicrobianos
(Conti & Desideri, 2009), antiinflamatorios (Chen et al., 2008) e agentes antifingicos
(Vasanthanathan et al., 2006). Alguns derivados cromeno inibem a produgdo e a secre¢ao
do Fator de Necrose Tumoral o em mondcitos e macréfagos em resposta a estimulos
inflamatorios (Cheng et al., 2003). Apesar da sua importancia no metabolismo secundério,
o efeito destes compostos sobre certas enzimas permanecem obscuros quando relacionadas
a outros compostos.

Os efeitos de flavonoides e cumarinas contra sSPLLA2 do veneno de serpente revelam
que cada um destes compostos diminui fortemente a atividade enzimadtica da Crotalus

durissus sp. Cumarinas inibem fortemente o efeito farmacoldgico da sPLA2 enquanto

27



flavonodides nao tem qualquer efeito (Iglesias et al. 2005, e Toyama et al., 2005). Além
disso, ha alguma evidéncia de que cumarinas sintéticas podem inibir o metabolismo do
acido araquidonico. Clorocromeno (8 monocloros dietilaminoetil-3-beta--4-metil-7-etoxi-
cumarina carbonilmetoxi), um antitrombético derivado dos cumarinicos, inibe a func¢ao das
plaquetas e leucocitos e suprime a liberacdo do 4acido araquidonico por interferir na
ativacao da PLA, (Ribaldi et al. 1996), embora o modo especifico de acdo ainda nao ter
sido determinado. Cumarinicos também pode reduzir o edema ¢ a inflamagao inibindo a
sintese da prostaglandinas, pois envolvem 4cidos graxos intermediarios como
hidroperéxidos (Hadjipavlou-litina et al., 2007). E possivel que cromenos e seus derivados
sintéticos possam inibir tanto PLA, secretorias quanto intracelulares, bem como outras
enzimas da cascata do acido araquidonico. Compostos naturais polifendlicos desempenham
um papel importante na adaptagdo de plantas ao seu ambiente e sdo também uma fonte

importante de produtos farmacéuticos.

1.5 Venenos de serpentes e Homeostase sangiiinea.

Plaquetas ou trombdcitos constituintes do sangue sdo células sanguineas sem nucleo
produzidas na medula dssea através de diversas divisdes celulares e que sdo originadas a
partir da fragmentagdo do citoplasma de um megacaridcito (Sixma et al., 1995). Essas
plaquetas sdo fragmentos celulares encontrados no sangue circulante, apresentando forma
discéide com 2 a 3 pum de didmetro por litro de sangue sendo sua vida média de
aproximadamente 10 dias (Hawiger, 1992).

Quando um vaso sanguineo sofre injuria, ocorre a exposi¢do das fibras de colageno,
que combinadas com receptores especificos localizados na membrana plaquetaria,

. ~ , + . ~
provocam a liberagio de fons Ca™. Isto faz com que haja uma mudanga na conformagio da
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plaqueta, que adota um formato esférico (Sherry, 1992). O resultado desse mecanismo ¢ a
exposicdo da GPIb, que atua como uma proteina de adesdo plaquetaria ao endotélio lesado.
O processo consiste na cobertura da regido injuriada por uma camada de plaquetas ¢
chamado de adesdo plaquetdria (Caen & Rosa, 1995). Os sangramentos ativam dois
processos homeostaticos: o de coagulagdo do sangue e o de agregagdo plaquetaria. Em

suma, a homeostase mantém as propriedades hemodinamicas do sangue.

1.5.1 Agregacao Plaquetaria e Venenos de Serpentes:

A agregacdo plaquetdria propriamente dita consiste na formagdo de pontes
intracelulares entre proteinas soluveis, consiste na formagdo de pontes intracelulares entre
proteinas soliveis, principalmente fibrinogénio e fator VIII e as glicoproteinas insoluveis
GP-Ib e GP-Illa presentes na membrana plasmatica. Esse processo ¢ desencadeado quando
a concentracdo de fibras expostas de coldgeno ¢ muito alta ou quando ha presenca de
agonistas no local lesado (Matos, 1993; Weiss & Lages, 1997).

Estes agonistas podem ser compostos de baixo peso molecular tais como: ADP; acido
araquidonico (AA); serotonina e epinefrina; podem ser enzimas ion6foros como A23187.
Eles iniciam uma série de eventos celulares, comprometendo as propriedades e funcdes das
plaquetas pela formagdo de peseuddpodes, mudanga da forma discoide para esferocitica,
aderéncia de uma célula a outra (agregacdo) ou pela liberagdo de varias substincias
(secrecao) (Zucher, 1989).

Mudangas da funcdo normal das plaquetas podem causar desordens tromboticas ou
hemorréagicas. Na trombose, causas desconhecidas podem resultar na formagao espontanea
de agregados e suficientemente grandes para bloquear a circulagdo (Deranleau, 1987). Esse

distirbio pode ser evitado pela inibicdo da agregacdo plaquetaria, seja pela diminuicdo da
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sintese de agonistas ou pela agdo de desintegrinas (Coller et al,, 1995; London et al., 1996).
As plaquetas se agregam sob condi¢des adversas ou dano vascular “in vivo’, ou por
agregacao controlada “in vitro”. As plaquetas sdo excelentes modelos para analise de
interagdes célula-célula e célula-substrato (Kawasaki et al., 1996).

Os processos desencadeados pelos agonistas sdo acompanhados pela exposi¢do de
receptores a moléculas adesivas presentes na circulagdo sanguinea, tais como o fibrinogénio
e o fator de von Willebrand (vWF). Estas podem levar a formac¢ao do tampao plaquetario,
conhecido como trombo, reduzindo ou interrompendo a perda de sangue no local de injuria.
As plaquetas contribuem significativamente para manter a integridade da parede vascular e
ajudam no processo de recuperacdo da lesdo vascular (Jamieson, 1998; Hawiger, 1989).
Trombo e plaquetas, uma vez ativados, facilitam a a¢do dos fatores de coagulacdo. As
plaquetas também constituem uma superficie necessaria aos varios passos de ativacdo das
redes de agregagdo (Tracy & Mann 1966 a/b; Ganz et al., 1986).

Venenos de serpentes contém uma grande variedade de proteinas que afetam a
homeostase. Metaloproteinases sdo exemplos deste tipo de proteinas com uma desintegrina
e/ou um dominio rico em cisteina e/ou um dominio lectinico tipo C (Bjarnason & Fox,
1994 e Kamiguti et al., (1998). Em alguns casos, o efeito de enzimas presentes nos venenos
sobre a homeostase ¢ claro. Como exemplo nos temos as nucleotidases, que hidrolisam
ADP para produzir adenosina e que se torna um seqiiestrador de ADP e sdo potentes
inibidores da agregagdo plaquetdria (Ouyang & Teng, 1979 e Huang, 1999). De forma
similar, algumas PLA,, enzimas de venenos de serpentes que hidrolisam os fosfolipidios da
membrana e que atua como um cofator do complexo proteinase e protrombinase (Kini &

Evans, 1990), agem também como anticoagulantes (Boffa & Boffa, 1976).
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Outras PLA; hidrolisam fosfolipidios da membrana de plaquetas e induzem a
agregacao plaquetaria pela liberagdo de acido araquidonico (AA) e/ou fator de agregacao
plaquetaria. Muitas metaloproteases e serinoproteases do veneno de serpentes também tém
mostrado serem capazes de afetar a homeostase sangiiinea. Varias delas atuam degradando
fatores de coagulagdo ou células do endotélio. Contudo, em outros casos, estas proteases,
ativando fatores especificos da cascata de coagulagdo sangiiinea ou na fibrindlise atuam
seletivamente como as enzimas fisiologicamente envolvidas no processo de controle da
homeostase. No veneno das serpentes as proteinas cataliticamente nao ativas que afetam a
homeostase sdo principalmente desintegrinas e lectinas tipo C. Desintegrinas sao
polipeptideos de baixo peso molecular que inibem a agregacdo plaquetaria. Estas proteinas
possuem uma seqiiéncia RGD e competem especificamente com integrinas endogenas, em
particular os receptores GPIIb/IIla de plaquetas (Niewiarowski et al., 1994).

Por outro lado, lectinas tipo C ligam-se seletivamente a proteinas da membrana de
plaquetas ou fatores de coagulacdo (Kini & Evans, 1990). Estas proteinas t€ém mostrado
serem boas ferramentas para investigacdo dos mecanismos de coagulacdo sangiiinea, uma
vez que muitas delas presentes no veneno de serpentes possuem uma estrutura muito
parecida com as proteinas fisiologicamente envolvidas (Braud, et al., 2000). Além destas
aplicagdes estas proteinas purificadas de venenos de serpentes também estdo sendo
investigadas quanto ao seu potencial no desenvolvimento de novos agentes terapéuticos e

novas drogas e desenvolvimento de testes diagnosticos.
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1.6 Fatores protéicos do veneno de serpentes e a Agregacio Plaquetaria

Os venenos de serpentes possuem um grande numero de proteinas que podem afetar

o processo normal de coagulacdo, bem como a agregacao plaquetaria. Estes componentes

podem ser classificados nos seguintes grupos:

I
II.

I1I.
IV.

VI.
VII.

VIIIL

VIII.

Componentes que coagulam fibrinogénio

Enzimas Fibrino(geno)liticas:

(1) a-Fibrinogenase, que especificamente digerem a cadeia a(A) do
mondmero de fibrinegénio.

(2) PB-Fibrinogenase, que especificamente digerem a cadeia [(B) do
mondmero de fibrinogénio.

(3) y-fibrinogenase, que especificamente atacam a cadeia y do mondmero de
fibrinogénio.

Ativador de Plasminogénio

Atividor de Protrombina

Inibidor do complexo protrombinase

(1) inibidores sem atividade enzimatica ndo reconhecivel

(2) Fosfolipase A..

Ativadores de fator X.

Indutores de agregacdo plaquetaria

(1) Indutores de agregacdo sem atividade coagulante

(2) Indutores de agregagdo com atividade coagulante

Inibidores de agregagao plaquetaria

(1) a-fibrinogenase que digere especificamente a cadeia a da cadeia do
mondmero de fibrinogénio.

(2) 5’nucleotidase ou ADPase

(3) Antagonista do receptor de fibrinogénio

Fator de von Willebrand
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1.7 Efeito Edematizante

Brain & Whittle (1977) mostraram que PLAjs isoladas a partir de venenos de
Vipera russeli e Crotalus durissus terrifucus induziam edema em patas de camundongos e
liberavam histamina dos mastdcitos in vitro comprovando a possibilidade de se administrar
PLA, exogenamente para gerar resposta inflamatdria local. Estudos sugeriram que além de
histamina e serotonina, substancias vasoativas tais como prostaglandinas poderiam mediar
a formagdo de edema local em resposta a PLA, de veneno de serpente (Bonta et al., 1979).

A atividade edematizante e a liberagdo de histamina induzida por fosfolipases A, de
venenos de Naja naja e Crotalus durissus terrificus foram correlacionadas com a atividade
enzimatica através de mecanismos calcio dependentes, suportando entdo o papel da
atividade catalitica e a liberacdo de mediadores lipidicos no desenvolvimento de reacdes
inflamatorias locais induzidas por essas proteinas (Gutiérrez & Lomonte, 1995).

Também tem sido mostrado que PLA; homologa K49 procedente de Bothrops atrox,
¢ capaz de induzir tanto efeito edematizante quanto aumento de niveis de IL-6 (Nufez et
al., 2004).

A BthTX, uma PLA, Asp-49, isolada a partir de veneno de Bothrops jararacussu
tem sido evidenciada por induzir edema de pata e de pele em camundongos bem como a
liberacao in vitro de serotonina a partir de mastocitos peritoniais (Landucci et al.,2000).
Sugerindo que em algumas PLA;s a atividade catalitica possui um papel importante, mas
ndo determinante no efeito edematizante. Todavia a PLA; isolada de veneno de Bothrops
neuwiedi induziu edema de pata na auséncia de atividade catalitica, descartando o papel da

atividade enzimatica na formacao de edema (Ownby et al., 1999).
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Kini et al., (2003) estabeleceram que PLA, apresentam sitios farmacologicos além

de regido catalitica.
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2.  OBJETIVOS
Desta maneira, este trabalho tem como objetivo
1. Isolar e caracterizar bioquimicamente a PLA; presente na crotoxina do veneno
total de Crotalus durissus ruruima e Crotalus durissus cumanenses responsavel pela
inducdo da agregacao plaquetaria e do efeito edematogénico.
2. Modificar quimicamente a PLA; isoladas do veneno total purificado de Crotalus
durissus ruruima e Crotalus durissus cumanenses com:
2.1. p-bromofenacil
2.2. cumarina sintética
3. Analisar a acdo de PLA; nativa e PLA; quimicamente modificada
3.1. Na inducdo da agregacao de plasma rico em plaquetas (PRP)
3.2. No efeito edematogénico
3.3. No dicroismo circular
3.4. Na atividade miotdxica
3.5. Na atividade antibacteriana contra
3.5.1. Xanthomonas axonopodis pv. passiflorae

3.5.2. Michiganensis michiganensis
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3. JUSTICATIVA

As serpentes pertencentes a espécie Crotalus sp. sdao responsaveis por
aproximadamente 9% do nimero total de acidentes ofidicos, sendo epidemiologicamente
importantes devido a sua letalidade (Amaral et al., 1991).

O envenenamento crotalico caracteriza-se por uma discreta reag¢ao local, o que nao
espelha a sua gravidade, uma vez que possui, além da acdo neurotdxica, também acao
hemolitica.

Dentre as subespécies crotalineas a Crotalus durissus terrificus € a mais bem
estudada, mas neste trabalho o foco principal foi o estudo das serpentes Crotalus durissus
cumanensis (C. d. cumanensis) e Crotalus durissus ruruima (C. d. ruruima), ambas sao
endémicas do territorio nacional e seus venenos possuem diversos tipos de atividades que
nunca antes foram estudadas (Toyama et al., 2003).

Segundo a literatura o veneno crotdlico total quando fracionado apresenta como
proteinas principais: a convulxina, a giroxina, a crotamina e a crotoxina, sendo que, a
crotoxina representa aproximadamente 47% a 55% de toda a massa seca (Martins et al.,
2002; Toyama et al., 2003).

A crotoxina foi descrita como uma proteina heterodimérica, constituida de duas
cadeias polipeptidicas: uma PLA,, (subunidade basica) e a crotapotina (subunidade é4cida).
Apesar de bem caracterizada, a crotoxina apresenta uma fracdo de natureza polifuncional,
constituida por vdrias fracdes biologicamente ativas e por vérias isoformas (Toyama et al.,
2003; Oliveira et al., 2003),

Neste trabalho isolamos a PLA,, uma enzima largamente distribuida na natureza,

que pode ser encontrada tanto em bactérias, plantas, tecidos de mamiferos (pulmao, figado,
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baco, coracdo, eritrocitos, plaquetas e leucocitos polimorfonucleares) quanto em tecidos
pancreaticos de mamiferos e nos venenos de serpentes e insetos.

As ultimas pesquisas com fosfolipases foram impulsionadas principalmente devido
a acdo destas em varias atividades bioldgicas tais como: neurotoxicidade (neurotoxinas pré-
sinapticas e neurotoxinas pos-sinapticas); miotoxicidade (mionecrose local e miotoxicidade
sistémica); cardiotoxicidade; efeito anticoagulante; iniciador da agregacdo plaquetaria;
inibidor da agregacdo plaquetaria; atividade hemolitica; hemorragia interna; atividade anti-
hemorragica; atividade convulsionante; atividade hipotensiva; atividade edematogénica;
lesdo de orgdos e tecidos e as tentativas para elucidar estruturalmente os sitios responsaveis
pela toxicidade das PLA, provenientes do veneno de serpentes envolvem desde
metodologias como as modificagdes quimicas, mutacdes sitio dirigidas, técnicas
cristalograficas, espectrofotométricas e fluorométricas, ressonancia magnética nuclear até a
acdo de inibidores e substratos naturais ou artificiais (Soares e Giglio, 2003).

No presente trabalho a modificacdo quimica da PLA, com p-bromofenacil, uma
substancia que promove alquilacdo seletiva ou preferencial do grupo histidina na cadeia
lateral de aminoécidos da enzima PLA; e com a cumarina sintética, um polifendlico, foram
as principais estratégias adotadas para elucidar as relagdes estrutura-funcao.

A relagdo entre a modificagcdo estrutural, a atividade enzimatica, a toxicidade e a
variagdo dos efeitos biologicos tais como: agregacdo plaquetaria, efeito edematogénico,
miotoxicidade e atividade antibacteriana foram analisados. A reducdo dos efeitos
biologicos apos a prévia modificacdo quimica da PLA; servem de base para novos estudos
na tentativa de promover um melhor estudo do mecanismo estrutura-fungdo das PLA, E
ainda, a utilizacdo de compostos polifendlicos sintéticos em agdes bioldgicas podem ter

seus efeitos medicamentosos melhor explorados.
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4. MATERIAIS E METODOS
4.1. Animais
Os animais utilizados foram ratos machos Wistar (120-150g), adultos (45 dias)

cedidos pelo Centro Multidisciplinar para Investigagdo Biologica Universidade Estadual de

Campinas (CEMIB-UNICAMP).

4.2. Venenos e reagentes

O veneno total de serpentes crotalicas foi adquirido junto ao Nucleo Regional de
Ofidismo — UFCE. Todos os solventes, produtos quimicos e reagentes utilizados foram de
grau HPLC, grau seqiiéncia ou de alto grau de pureza, obtidos do SIGMA, Aldrich

Chemicals, Applied Biosystem, Pierce, Merk e Bio Rad.

4.3. Purificacao do veneno de Crotalus durissus ruruima e Crotalus durissus
cumanenses

4.3.1. Cromatografia de exclusao molecular em HPLC

Aproximadamente 20 mg de veneno de Crotalus durissus ruruima e Crotalus
durissus cumanenses foram dissolvidos em tampao Bicarbonato de aménio 1,0 M, pH 7,9
até a sua completa homogeneizagdo, seguido pelo processo de clarificagdo em uma
centrifuga (4500 x g por 2 min). O sobrenadante obtido foi coletado e aplicado em coluna
de exclusao molecular Superdex 75 (1,0 x 60 cm, Pharmacia) acoplada em sistema HPLC
(1 x 60 cm, Waters) previamente equilibrado com o mesmo tampao utilizado para a elui¢ao
do veneno. A principal fracdo do veneno foi purificada em fluxo constante de 0,2 ml/min.
Fragdes foram coletadas em intervalos constantes de 2 min para cada tubo. Uma aliquota de

20 pl de cada tubo foi retirada para ensaios enzimaticos (PLA;). O monitoramento da
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corrida cromatografica foi realizado a 280 nm e a crotoxina-like eluida foi coletada,

liofilizada e armazenada a -20 °C para posterior utilizagdo.

4.3.2. Cromatografia de fase reversa em HPLC
A fracdo crotoxina foi submetida a um segundo passo de purificagdo usando coluna
u-bondapack C-18 (0,78 x 30 cm). A crotoxina (5,5 mg) foi dissolvida em 200 ul de
solugdo aquosa de TFA 0,1% (tampao A) até completa dissolucdo. A solugdo obtida
resultante foi clarificada por centrifugacao a 4500 x g por 3 min. O sobrenadante foi
aplicado na coluna de fase reversa em sistema HPLC e a eluicdo de PLA,, crotapotina ou
fragdo “trombina-like” foi realizada em gradiente linear (C.d.ru) e ndo-linear (C.d.cu) de
tampao B (67% de acetonitrila em 0,2% de bicarbonato de amdnio) com fluxo constante de
2,0 ml /min. O monitoramento da corrida cromatografica foi realizado a 214 nm para C.d
ruruima e 280 nm para C.d cumanenses e as fragdes obtidas foram liofilizadas a - 20 C.
As amostras de PLA, foram incubadas com p-bromofenacil brometo e cumarina
sintética (3,0 mg dissolvidos em 1 ml de DMSO) e repurificadas em fase reversa coluna p-

bondapack C-18 (0,78 x 30 cm).

4.3.3. Eletroforese em PAGE-SDS

A eletroforese em gel de poliacrilamida foi realizada seguindo-se a metodologia
descrita por Laemmli (1970). As placas de poliacrilamida foram feitas de modo
descontinuo, apresentando um gel de concentragdo de 5% e um gel de corrida de 12,5%. As
placas foram preparadas utilizando-se uma solucao de acrilamida estoque (30%T, 0,8%C).

O gel de concentracdo a 5% foi preparado utilizando-se o tampao Tris-HCI 0,5M, pH 6,8 ¢
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o gel de corrida foi feito utilizando-se o tampao Tris-HCI 1,0M, pH 8,8. Em ambos os géis
foram acrescentados 0,1% (v/v) de SDS 207%.

A eletroforese PAGE-SDS foi realizada em um sistema duplo de mini placas SE
250 Mighty Small II (Hoefer Scientific Instruments). As amostras e os marcadores de peso
molecular foram dissolvidos em tampao de amostra (Tris-HCI, 0,075M, pH 6,8; 10% de
glicerol; 4% de SDS; 0,001% de Azul de Bromofenol). A corrida eletroforética foi
realizada a 40 mA. Os géis foram corados com solu¢do de Coomassie Blue 0,05% a 37°C e

0 excesso de corante foi removido com acido acético 7%.

4.3.4. Analise por Espectrometria de Massas por Maldi-Tof (MS)

A. massa molecular da amostra de PLA2 foi analisada por Espectrometria de Massa,
utilizando-se um Voyager DE PRO MALDI TOF mass spectrometry (Applied Biosystems,
Foster City, CA, USA). 1ul da amostra em TFA 0,1% foi misturada em 2 ul da matriz. A matriz
foi preparada com acido a-ciano-4-hidroxi-cinamico (Sigma), 60% acetonitrila e 0,1% v/v TFA.
E a massa foi analisada sob as seguintes condi¢des: aceleracdo de voltagem 25KV, laser

ajustado a 2890mJ/com® em 300ns e 0 modo de anélise foi linear.

4.4. Caracterizacao Bioquimica

4.4.1. Ensaios enzimaticos - Atividade PLA,

A medida da atividade enzimatica foi efetuada de acordo com o método descrito por
Holzer e Mackessy (1996) adaptado para placa de ELISA com 96 pogos. A curva padrdo do
ensaio foi composta da adi¢do de 200 pl de tampao (Tris-HCI 10 mM, CaCl, 10 mM, NaCl
100 mM, pH 8,0), 20 pul de substrato (adcido 4-nitro-3-octanoyloxy-benzoico; 4N;OBA), 20

ul de agua e 20 pl de amostra para um volume final de 260 pl. No ensaio, a solugdo padrao
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sem PLA; e a solugdo com PLA, foram incubadas separadamente por 20 minutos a uma
temperatura constante de 37 °C. Apos este prévio tempo de incubagdo, aproximadamente
20 pl da solugdo padrio foram incubados na presenca de um substrato para o
monitoramento da velocidade enzimatica (Vo) que foi efetuada a 425 nm a intervalos de 10
min, durante 30 min. Todos os ensaios foram conduzidos em triplicata e a absorbancia foi
mensurada a 425 nm, usando um multileitor de placas SpectraMax 340 (Molecular Devices,
Sunnyvale, CA) e a atividade enzimatica foi calculada baseada nas diferengas dos valores

da absorbancia apds 20 min do tempo de incubagao.

4.4.2. Analise de aminoacidos

A andlise de aminodcidos foi realizada no analisador automéatico de aminoacidos
PICO TAG (Sistema Waters) seguindo a metodologia descrita por Henrikson e Meredith
(1984). Um ou dois nmol das amostras purificadas foram hidrolizados com HCI a 106°C
por 24 horas. As amostras hidrolisadas foram posteriormente derivatizadas com PTC
(Fenilisotiocianato) por uma hora a temperatura ambiente. Ap6s a derivatizagdo pré-coluna
das amostras os aminodcidos derivatizados (PTC aminoacidos) foram identificados, em
uma coluna de fase reversa, de acordo com o tempo de retencdo dos PTC-aminoécido
padrdo. Para a quantificagdo de cisteina e metionina, as amostras foram previamente
oxidadas com &cido performico. A hidrolise e a derivatizagdo das amostras oxidadas
seguiram a metodologia descrita acima.

A determinagdo do triptofano foi de acordo com metodologia descrita pela Waters.
A hidrolise foi realizada com 4M de Acido Metilsulfonico ao invés de HCl 6M e a
temperatura de hidrolise foi de 110 °C por 20 horas. A derivatizacdo e a andlise dos

hidrolisados seguiram os procedimentos anteriormente descritos.

41



4.4.3. Determinacao da seqiiéncia N-terminal

Dois miligramas da proteina purificada de acordo com a metodologia anteriormente
descrita foram dissolvidas em 6M de guanidina contendo 0,4M de Tris ¢ 2 mM de EDTA,
com pH final de 8,15, reduzida com DTT (14M) e carboximetilada com acido iodoacético,
marcado como descrito por Marangoni et al., 1995. Apos a redugdo e alquilagdo radioativa
as amostras foram dessalificadas por meio de uma coluna de exclusdo molecular em G25,
usando o acido acético 1M como eluente. A dessalificagcdo ocorreu a temperatura ambiente
com fluxo livre, sendo coletadas amostras de 1 ml por tubo, o monitoramento da corrida foi
realizado a 280 nm.

A proteina reduzida e carboximetilada, RC Proteina, foi processada na regido N-
terminal da proteina com um seqiienciador automatico de aminoacidos (Applied Biosystem
modelo Procise f). A identificagdo dos PTH aminoacidos foi realizada com um PTH
Analyzer 120 A da Applied Biosystem. A identificacdo dos residuos de Cys foi realizada

como PTH "*Cys e confirmada por contagem radioativa.

4.4.4. Dicroismo Circular

A alteracdo das estruturas secunddrias foi monitorada pelo dicroismo circular. O
dicroismo circular (CD) ¢ particularmente util para o estudo de moléculas quirais,
macromoléculas, sejam elas ou ndo de origem biologica, tais como proteinas, carboidratos,
etc., compostos esses, que possuem unidades opticamente ativas, ou seja, podem exibir
sinal na espectroscopia de dicroismo circular. Quando tais moléculas interagem com a luz
circularmente polarizada provocam uma altera¢do nessa luz incidente. A técnica de CD

detecta exatamente a alteracdo através da medida da diferenca da absor¢do da luz
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circularmente polarizada a esquerda e a direita, apds a luz passar pela amostra. O CD pode

ser utilizado para detectar:

e Mudancas conformacionais de macromoléculas;
e Composicao de misturas quirais;
e Interagdo dessas macromoléculas com outras moléculas menores, especialmente

aquirais.

O aparelho utilizado foi o Jasco J 720 espectropolarimetro (Tdokio — Japao),
equipado com um IBM PC-AT PS/2 com monitor multiscan CNS-3436 e com uma
impressora Hewlett Packard 7465. As amostras protéicas foram dissolvidas em fosfato de
sodio 10 mM pH 7,4 com concentragdo de 0,Img/mL a temperatura ambiente. Utilizou-se
uma cela de 1 mm e monitoragdo realizada a 195-250 nm. Esta técnica foi realizada no
Laboratorio de Biologia Estrutural e Cristalogrfia — Prof. Dr. Ricardo Aparicio - Instituto

de Quimica da Unicamp.

4.5. Atividade bioldgica

4.5.1. Atividade de agregacao plaquetaria.

A) Preparo da soluciao de plaquetas

Para este ensaio foram coletados sangue de voluntarios sadios, que ndo tomaram
medicamentos por 15 dias. O sangue foi colocado em tubos plasticos contendo citrato de
sodio 3,8% (1:10 v/v), e centrifugado a 200 x g por 15 minutos a 25°C para obtengdo do
plasma rico em plaquetas (PRP); o plasma pobre em plaquetas (PPP) foi obtido
centrifugando-se o sangue remanescente a 800 x g por 15 min a 25°C. Para preparar as

plaquetas lavadas, o PRP foi centrifugado a 800 x g por 12 min na presenca de 9ul de
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iloprost (8 nM), um andlago da prostaciclina. O sobrenadante foi desprezado e o
precipitado de plaquetas foi ressuspenso em solugdo de Krebs livres de Ca®* e centrifugado
a 200 x g. O processo foi repetido por mais duas vezes (Radomski & Moncada, 1983).
Ap6s a lavagem, as plaquetas (50ul) foram incubadas em tudos tipo eppendorf, com 950 ul
de oxalato de amonia 1% por 10 min. e a contagem de plaquetas foi feita em Camara de
Neubauer, ajustada para 3 x 10® plaquetas/ ml. Cloreto de calcio (1 mM) foi adicionado a
suspensdo final das plaquetas. O sangue para obtencdo das PL contém ACD-C (124

mmol/L Nas-citrato, 130 mmol/L 4cido citrico e 110 mmol/L glicose) (1:10, v/v).

B) Medida da Agregacao plaquetaria.

A medida de agregacdo foi realizada, usando-se um agregometro de dois canais
(Payton Scientif Instruments, Inc, Buffalo, NY). O PRP representa 0% de agregacao,
determinando-se uma linha de base para o PRP o aparelho foi calibrado contra PPP, que
apresenta 100% de agregagdo, determinando-se um pico méaximo. Com isso foi possivel
determinar uma amplitude para o registro de agregacdo deste plasma. Para as PL (0%) a
calibracao foi realizada contra solucao de Krebs (NaCl 118mM, NaHCO; 25mM, d glicose
anidra 5,6mM e KCIl 74g/L) (100%). Uma suspensdo de PRP (400 pl) foi mantida sob
agitacdo constante (900 rpm) no agregdmetro em cuvetas a 37°C. Os experimentos de
agregacdo foram realizados em ftriplicatas utilizando-se concentra¢des crescentes das
proteinas purificadas nativas e modificadas do veneno total de C. d. ruruima e C.d.
cumanenses. Como controles positivos para a agregacdo foram utilizados ADP (PRP) e

trombina (PL).
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4.5.2 Experimento de Edema em pata de rato

De acordo com Antunes et al (1990), ratos machos Wistar (120-150g) foram
anestesiados com halotano (inalagdo), o edema de pata foi induzido por uma tnica injecao
subplantar de PLA, nativa ou tratadas com p-bromofenacil e cumarina (5-30 ug/pata). O
volume da pata foi medido 5 minutos apds a inje¢do da amostra e nos intervalos de tempo
de 15, 30, 60, 120 e 240 minutos, utilizando um hidropletismometro (modelo 7150, Ugo
Basile, Italia). Todas as amostras foram dissolvidas em solucdo salina estéril 0,9% e o
volume injetado na pata foi sempre de 0,1 mL. Os resultados foram expressos em volume
de pata (mL) calculado pela subtragdo do volume basal pelo volume final. A area sobre a
curva (AUC) foi também calculada (regra trapezoidal) e os resultados expressos como

volume total do edema (mL/pata).

4.5.3 Ensaio Antibacteriano

Foram empregadas a bactéria Gram negativa Xanthomonas axonopodis pv.
Passiflorae (Xap) (IBSBF1445) e a bactéria Gram positiva Clavibacter michiganensis
subsp. michiganesis (Cmm) (IBSBF979). Ambas as bactérias sobrevivem em aerobiose,
meio nutriente dgar (extrato de carne 3%, peptona 5%, NaCl 5% e agar 16%) em estufa a
28°C.

As bactérias (3x10°UFCs) foram incubadas com a PLA, de Crotalus durissus
ruruima na concentracao de 1mg/mL durante 30 minutos a temperatura ambiente, apos esse
periodo foram semeados 100 L da suspensdo em meio de cultura nutriente agar. A fracdo
da PLA, também foi semeada em meio nutriente 4gar para confirmar sua pureza. As placas

foram incubadas por 48 horas em estufa a 28°C.
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Nas placas controle em meio agar nutriente foram semeadas as bactérias na mesma
concentracio de 3x10° UFCs, determinada por espectrofotometria, na absorbancia de 0,063

para a Xap e de 0,080 para a Cmm, em comprimento de onda de 600A.

4.5.4 Atividade miotoxica

Foi avaliada a liberagdo da creatina quinase no plasma de camundongos em células
musculares danificadas. Trés grupos de animais (18-22 g) foram divididos e foi injetado no
musculo gastrocnémio direito 50 mL de 0,5 mg / mL sPLA2, em amostras nao tratadas ou
tratadas com cumarina sintética ou p-BPB (n = 4), enquanto o grupo controle recebeu PBS.
Camundongos foram sangrados na cauda 3 h apds a inje¢do e sangue foi coletado em tubos
com heparina, uma aliquota foi utilizada para a determinagdo de creatina quinase. A
atividade da creatina quinase sobre plasma foi deterimanda usando o kit 47-UV (Sigma

Chemical Co). A atividade foi expressa em unidades por litro a 30 ° C.

4.6. Analise estatistica
Os resultados foram expressos como média +/- erro padrdo da média. A
significancia das diferencas observadas foi determinada pelo teste ndo pareado 7-Student,

com valor P< 0,05 considerado significante.

46



5. RESULTADOS

5.1 Cromatografia em exclusdo molecular dos venenos de Crotalus durissus
ruruima e Crotalus durissus cumanenses em HPLC (Superdex 75)

Os venenos totais de Crotalus durissus ruruima (Figura 4) e de Crotalus durissus
cumanenses (Figura 5) foram fracionados por cromatografia de exclusdo molecular a um
fluxo de 0,2ml/min e as amostras foram coletadas em tubos de 400ul. O monitoramento das
corridas cromatograficas foi realizado a 280 nm. e resultaram na eluicdo de 5 fragdes
principais para o veneno de Crotalus durissus ruruima nomeadas e identificadas como
crotacetina, convulxina (I), giroxina (II), crotoxina (II) e crotamina (IV) e 3 fragdes
principais que o veneno de Crotalus durissus cumanenses nomeadas e identificadas como
giroxina (II), crotoxina (III) e crotamina (IV). A atividade enzimatica foi monitorada a
intervalos de 75- 92 minutos aproximadamente.

A andlise cromatografica dos venenos de Crotalus durissus ruruima e Crotalus
durissus cumaneneses revelou diferengas significativas do ponto de vista quantitativo e
qualitativo. Comparando os perfis cromatograficos de Crotalus durissus ruruima e
Crotalus durissus cumanenses notou-se a auséncia das fragdes crotacetina e convulxina

para C.d.cumanenses e a presenca majoritaria de crotoxina para os dois venenos.
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Figura 4. Perfil cromatografico da purificagdo do veneno de Crotalus durissus ruruima
obtido por cromatografia de exclusao molecular (Superdex 75) usando tampao bicarbonato
de amodnio. A primeira corrida cromatografica isocratica com fluxo constante de 0,2ml/min
foi monitorada a 280 nm. As fragdes em nlimeros romanos correspondem a: I (convulxina),
IT (giroxina), III (crotoxina) e IV (crotamina) e a fracdo Ctn € a crotacetina. A atividade

PLA; foi encontrada no pico III e foi monitorada a 425nm.
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Figura 5. Perfil cromatografico da purificagdo do veneno de Crotalus durissus cumanenses
obtido por cromatografia de exclusdo molecular (Superdex 75) usando tampao bicarbonato
de amonio. A primeira corrida cromatografica isocratica com fluxo constante de 0,2ml/min
foi monitorada a 280 nm. As fragdes em numeros romanos correspondem a: II (giroxina),

III (crotoxina) e IV (crotamina).
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5.2 Purificacdo da crotoxina em HPLC de fase reversa do veneno de Crotalus
durissus ruruima e Crotalus durissus cumanenses

As fragdes crotoxina do veneno de Crotalus durissus ruruima (Figura 6) e Crotalus
durissus cumanenses (Figura 7) apdés o isolamento por exclusdo molecular foram entio
submetidas a um segundo passo de purificagdo por coluna preparativa de fase reversa
usando coluna p-bondapack C-18 (0,78 x 30 cm).

As condigdes cromatograficas em que ambas crotoxinas foram fracionadas
permitiram caracterizar as principais isoformas de PLA, e crotapotina. Na figura 6,
observamos que o fracionamento por cromatografia de fase reversa da crotoxina de
Crotalus durissus ruruima (C.d.ru) mostrou a presenga de trés isoformas principais de
crotapotina (Crtp) e 2 isoformas de PLA, (PLA; iso 1 e iso 2), que foram eluidas aos 30,6
min e 34,3 min respectivamente da corrida cromatografica.

O fracionamento da crotoxina do veneno de Crotalus durissus cumanenses (C.d.cu)
em cromatografia de fase reversa (figura 7) mostrou a presenga de uma forma majoritaria
de crotapotina e 2 isoformas de PLA,, uma mais hidrofilica (PLA; iso 1) e uma mais
hidroféobica (PLA; iso 2), que foram eluidas aos 30,2 min e 36,0 min respectivamente.

A andlise comparativa das duas crotoxinas em HPLC de fase reversa mostra que
quantitativamente a crotoxina de Crotalus durissus ruruima apresenta uma concentragao

menor de PLA; e crotapotina em comparacao com as de Crotalus durissus cumanenses.
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Figura 6. Perfil cromatografico da fragdo crotoxina de Crotalus durissus ruruima obtida
por coluna preparativa de fase reversa em HPLC resultando em 3 isoformas de crotapotina
e 2 isoformas de PLA,. A corrida cromatografica foi monitorada a 214nm com fluxo
constante de 2,0 mL/min usando gradiente ndo-linear de acetonitrila em presenca de

bicarbonato de amonio.

51



] Cdcu l: Crotoxina ]I
2.07 : » 100
1 PLA2 iso 1
; / 7E
1.6§ - 380
127 60 |
do e
= C o
- 5 G o
%O8-_— -40 §
oY ] C —
< -~
0.4 =20
0.0- 00
T I T T S I 1 A e
0.0 10.0 20.0 30.0 40.0 50.0
Tempo { minutos )

Figura 7. Perfil cromatografico em HPLC de fase reversa da crotoxina purificada do
veneno total de Crotalus durissus cumanenses. A corrida cromatografica foi conduzida em
fluxo constante de 2,0 mL/min com gradiente linear de acetonitrila e monitorada a 280 nm.
Nessas condi¢des, obteve-se a partir do veneno total de Crotalus durissus cumanenses uma
fragdo crotapotina principal (Crtp) e duas fragdes PLA, nomeadas como PLA, iso 1

(isoforma principal) e PLA, iso 2 (isoforma menor).
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5.3 Eletroforese em PAGE-SDS

O veneno total e sua fracdo PLA, foram submetidos a analise em PAGE-SDS para
verificar o grau de pureza. Os marcadores de massa molecular utilizados foram: fosforilase
b (94KDa), BSA (67 KDa), ovoalbumina (43 KDa), anidrase carbonica (30 KDa), inibidor
de tripsina de soja (20,1 KDa) e a-lactoalbumina (14,4 KDa). Na figura 8 sao mostrados os
perfis de massa molecular em PAGE-SDS a 12,5% dos venenos de C.d. ruruima e C.d.
cumanenses ¢ suas fracoes PLA,. As PLA, mostraram neste estudo eletroforético a

presenca de uma Unica banda ao redor de 15 KDa sugerindo alto grau de homologia

I7kda
bbkda

45kda
J0kda

20 kda—

144 kda—— - [ X —

V.Total Pla? y.Total Pla2
c107 C107 C102 c102
¥ 5

Figura 8. Perfis eletroforéticos dos venenos totais e das fosfolipases A, de C.d ruruima (C

102) e C.d. cumanenses (C 107) em PAGE-SDS 12,5% com voltagem constante de 70 V
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5.4 Espectrometria de massa

As amostras de PLA; de Crotalus durissus ruruima (Figura 9a) e Crotalus durissus
cumanenses (Figura 9b) mostraram a partir da andlise espectométrica das massas
moleculares de 14599,5 Da e 13989,14 Da respectivamente. A analise também revelou o

grau de pureza da amostra que apresentou um unico pico detectado.
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Figura 9. a) Determinagdo das massas moleculares das PLA; de C.d.ruruima no eixo das

abscissas x 10°. As massas no eixo x representam as massas moleculares x 1000.
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Figura 9. b) Determinacao das massas moleculares das PLA; C.d.cumanenses no eixo das

. 3 .
abscissas x 10°. As massas no eixo x representam as massas moleculares x 1000.
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Figura 10. a) A principal isoforma de PLA, de C.d ruruima purificada foi analisada com
espectometria de massa em MALDI-TOF, revelando uma massa molecular de 14.299,34
Da. b) A massa molecular de sPLA, tratada com cumarina sintética (EOCC) foi analisada
com espectrometria de massa MALDI-TOF, revelando uma massa molecular de Da

14,736.22. Este resultado sugere que duas moléculas de EOCC foram adicionados a cada

molécula de sPLA,.
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5.5 Atividade fosfolipasica nos venenos de C.d. ruruima e C.d.cumanenses

A medida da atividade fosfolipasica foi examinada usando o substrato cromogénico
sintético e laminar 4-nitro-3-(octanoyloxy)-benzoico (NOBA) e o monitoramento da
velocidade enzimatica (Vo) para a PLA, nativa e tratada foi realizado no espectofotometro
com absorbancia de 425 nm. Como podemos observar no grafico da figura 1la
constatamos redugdo da atividade fosfolipasica apds prévia incubagdo da PLA, com
cumarina sintética e p-bromofenacil brometo. Sob estas condi¢des a SPLA; apresentou apos
20 min Vo de 2,5 nmoles/min, entretanto a PLA, pré-incubada com cumarina sintética
(EOCC) apresentou uma redugdo de Vo de 0,5 nmoles/min e a PLA, pré-incubada com p-
bromofenacil apresentou uma reducio de Vo de 0,4 nmoles/min.

As comparagdes do efeito inibitério de EOCC (cumarina sintética) sobre outras fontes
de PLA, apdés 20 min foram apresentadas no grafico da figura 11b, para a PLA, de
plaqueta quando nativa o Vo foi de 2,3 nmoles/min e ap6s prévia incubacdo com EOCC o
Vo foi de 0,8 nmoles/min, portanto a redugdo variou em torno de 1,5 nmoles/min, para a
PLA; bovina quando nativa o Vo foi de 4,2 nmoles/min e apds prévia incubagdo com
EOCC o Vo foi de 2,3 nmoles/min, portanto a redugdo variou em torno de 1,9 nmoles/min,
para a PLA, de Apis mellifera quando nativa o Vo foi de 5,3 nmoles/min e apo6s prévia
incubacdo com EOCC o Vo foi de 0,6 nmoles/min, portanto a redugdo variou em torno de
4,7 nmoles/min e para PLA, de murinos GXII quando nativa o Vo foi de 4,2 nmoles/min e
apos prévia incubagdo com EOCC o Vo foi de 2,8 nmoles/min, portanto a redugdo variou

em torno de 1,4 nmoles/min.
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Figura 11. a) Comparacao da velocidade enzimatica (nmoles/min) das amostras de sPLA;
nativa e sPLA, tratada de Crotalus durissus ruruima com cumarina sintética e p-
bromofenacil p(BPB). Redug¢do da atividade fosfolipasica apds a prévia incubagdo. Leitura
monitorada a 425nm de absorbancia, (n = 12). *p < 0.05. b) Comparagao do efeito
inibitorio de EOCC (cumarina sintética) contra outras fontes de PLA, Em todos os ensaios,
10 nmol EOCC foi previamente incubado com a solu¢do sPLA2 (1 mg / mL) por 30 min
antes do ensaio enzimatico. Cada ponto representa a média + EPM (n = 12). * P <0,05. Os
efeitos da EOCC em PLA; de plaquetas, PLA; bovina, PLA, de abelha e PLA; de murinos
GXII foram avaliados e comparados com as PLA,. nativas das respectivas fontes. Neste
experimento observou-se que EOCC inibiu fortemente sPLA, de Apis mellifera e inibiu
moderamente o efeito enzimdtico das PLA, de plaquetas ¢ das PLA, proveniente de

murinos GXII.
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5.6 Anilise da composicao de aminoacidos de PLA; dos venenos de Crotalus
durissus ruruima e Crotalus durissus cumenenses

A analise de aminoacidos (Figura 12) mostra que as PLA, de C.d.ruruima e
C.d.cumanenses possuem alto conteido de aminoacido basico (Lys) e a presenca de 7

residuos de '2 cisteina para a PLA, de C.d.ruruima e 8 residuos de '4 cisteina para a

C.d.cumanenses.

Mw Amino | PLA2 Mw/AA | PLA2 Mw/AA
acido ru cum
133 Asp 13 1729 11 1463
147 Glu 9 1323 10 1470
105 Ser 6 630 5 525
75 Gly 14 1050 16 1200
155 His 2 310 4 620
174 Arg 7 1218 10 1740
119 Thr 6 714 5 595
89 Ala 7 623 5 445
115 Pro 6 690 5 575
181 Tyr 9 1029 10 1810
117 Val 4 468 5 585
149 Met 1 149 1 149
242 Cys 7 1694 8 1936
131 lle 5 655 5 655
131 Leu 8 1048 7 917
165 Phe 4 660 2 330
148 Lys 13 1924 12 1776
204 Trp 1 204 1 204
Total 122 122

Figura 12. Analise composi¢ao de aminoacidos (PTC derivatizacao)
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5.7 Analise da regido N-terminal das PLA, dos venenos de Crotalus durissus
ruruima e Crotalus durissus cumenenses

A partir do alinhamento das seqiiéncias N-terminal dos residuos de aminoacidos de
PLA; de C.d ruruima e C.d.cumanenses com seqiiéncias de PLA; de diferentes espécies e
subespécies de serpentes verificou-se alto grau de homogeneidade com as demais PLA; de
serpentes do género Crotalus (Figura 13 a ¢ b). Nota-se que a sequéncia N-terminal dos
residuos de aminoacidos para Crotalus durissus ruruima e Crotalus durissus cumanenses

diferem nas posicoes 1, 14 e 15 e sdo semelhantes nas demais posigoes.

lII:I 2|D 3|D
Crotalus durissus cumanenses HLLOQOFNEMIEFETEERNALAIPFTY
Croatlus durissus ruruima g . .RE. AFYGCYCOGW
Crotalus durissus cascavella . R LAFYGLCYCOGW
Crotalus durissus collilineatus B AFYTGCOCYCOGRU
Crotalus durissus terrificus F17 -REL OV CAFYGECTYTCGW
Crotalus durissus terrificus F15 - -RE..¥V. . . AFYGCYCOGTH
Crotalus durissus terrificus F16 3. LREE L LV AFYGCYCOCGW
Crotalus durissus terrificus 3. . RE. LT L AFTGCTYCOCGW
Crotalus viridis viridis N.....v...HM. . .EKE..F...TSYGCYCGTW
Crotalus atrox 5.%..ETL.HMKTAG.36LLT. S4AYGCYCGW
Crotalus scutel atus . e awl R E T

Figura 13. a) Comparagdo da seqiiéncia N-terminal dos residuos de aminoacidos de PLA,
de C.d.ruruima e C.d. cumanenses com PLA, de outras subespécies crotélicas. Os pontos

indicam similariedade.
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Figura 13. b) Comparacao da seqiiéncia N-terminal dos residuos de aminoacidos de PLA;

de C.d.ruruima e C.d. cumanenses com PLA, de outros géneros de serpentes. Diferencas

visiveis nas posi¢des de 1 a 23.
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5.8 Dicroismo Circular

Observa-se na PLA, do veneno de Crotalus durissus cumanenses a presenca de

grande concentracdo de a-hélice, seguida pela presenca de folhas beta e uma significativa

presenga de “random coils”. Porém a incorporagdo de p-bromofenacil e cumarina a

estrutura fosfolipasica ocasionou uma modificagdo estrutural. (Figura 14)

20

cD

—— PLA,
PLA,+ pBPB
— — PLA,+ Cumarina

20

Figura 14. Perfil espectral - Dicroismo Circular de PLA; nativa e PLA; tratada previamente

com p-bromofenacil e cumarina monitorados em intervalo de 3 nm entre os 180 ¢ 250 nm.
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5.9 Agregacio plaquetaria

No plasma rico em plaquetas (PRP), a PLA, de Crotalus durissus ruruima e

Crotalus durissus cumanenses induziram uma forte e evidente agregagdo plaquetéria para

doses de 15 pg; enquanto as amostras de PLA; previamente incubadas com cumarina e p-

BPB evidenciaram a redugdo no percentual de agregagdo plaquetaria (Figura 15 a e b).
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Porcentagem

2 8 38 8
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)
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Tempo (min)

PLA: (15ug) + pBPB

wf PLA: (151g) + Cumarina

| PLA2 (15p0)

Figura 15. a) Percentual de agregacdo plaquetaria para amostras de PLA; nativa (79%) e

PLA, previamente incubadas com cumarina (22%) e p-BPB (8%) de Crotalus durissus

ruruima monitorada por 6 minutos.
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Figura 15. b) Percentual de agregacdo plaquetaria para amostras de PLA; nativa (72%) e
PLA, previamente incubadas com cumarina (8%) e p-BPB (54%) de Crotalus durissus

cumanenses monitorada por 6 minutos.
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Sob condi¢des experimentais similares, a PLA; induziu a agregagao plaquetaria dose-
dependente a diferentes concentragdes (1 pg, 3 pg, 5 pg, 10 pg, 15 pg e 30 ug) (Figura

16). A minima dose que PLA; induziu a agrega¢ao plaquetaria foi estimada em 3 pg.

0 L 7597 J0ug
1 T4 10ug
10 3% 15ugq
S =
g 40
=
E 50
o
0. /O
20 | 65 Suy
i 2o Jug
80 0% Tuyg
90
100
1:00 200 300 4:00 500 6:00
Tempo (min)

Figura 16. Curva de dose-resposta da fragdo PLA, purificada da fracdo Crotoxina do
veneno total de C. d. cumanenses na agregagao plaquetaria usando sistema de plasma rico

em plaquetas (PRP)
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4.10 Edema em pata de rato

Ratos machos Wistar machos (120-150g) foram anestesiados com halotano
(inalagdo) e em seguida o efeito edematogénico foi induzido por injecdo subplantar de
100ul da amostra na concentragdo de Sug/pata. O volume da pata foi mensurado
imediatamente apos a aplicagdo a intervalos regulares (15, 30, 60, 90 ¢ 120 minutos)
utilizando hidropletismémetro (modelo 7150, Ugo Basile, Italy).

A PLA, do veneno de Crotalus durissus ruruima e de Crotalus durissus
cumanenses causou grande edema, ¢ na mesma condi¢do experimental a PLA, incubada
com cumarina ¢ p-BPB exibiu valores edematogénicos menores quando comparados com a

PLA; nativa (Figura 17 ae b).
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Figura 17. a) Edema em pata de rato — Crotalus durissus ruruima
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Figura 17. b) Edema em pata de rato — Crotalus durissus cumanenses

67




Sob condi¢des experimentais similares, a PLA, de Crotalus durissus cumanenses
induziu edema de pata em diferentes concentragdes (1 pg, 3 pg, 10 pg e 30 pg), sendo o

valor maximo de efeito edematogénico verificado no intervalo de tempo de 30 min.

(Figura 18).
0.5 -=-PLA; C.d.cumanenses (30ug/pata)
-8-PLA: C.d cumanens==< (10ng/pata)
04 —4—-PLA: C.d.cumanenses (3pg/pata)
g -&-PLA: C.d.cumanenses (1ug/pata)
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Figura 18. Curva dose-resposta para o efeito edematogénico da fragdo PLA, do veneno

total de C. d. cumanenses.
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A area sobre a curva foi calculada a fim de determinar a significincia dos
resultados. Como podemos observar na Figura 19, neste experimento de edema em pata de
rato, a PLA; de Crotalus durissus cumanenses causou uma atividade edematogénica menor

para dose 1pg/pata. (Figura 19).

0.75

0.50

0.25

Area sobre a curva

r

0.00

Salina __| 3 10 30

PLAZ Cumanenses
ugipata

Figura 19. Grafico da rea sobre a curva do experimento de edema em pata de rato baseado
na curva dose-resposta para a atividade edematogénica. Ocorreu aumento da area sobre a

curva de acordo com o aumento da dosagem inoculada na pata de rato. (n=5, p<0,05)

69



5.11 Ensaio antibacteriano

As Dbactérias Xanthomonas axonopodis pv. passiflorae (Gram-negativas) e
Clavilobacter michiganensis michiganensis (Gram-positivas) foram colhidas em placas de
agar e suspenso em agua destilada esterilizada (A650 nm = 0.3/cc; 1x10° UFC / ml).
Aliquotas da suspensdo bacteriana foram diluidas até 10-5 UFC/mL e incubadas com
sPLA; nativas ou SPLA; + EOCC (125 pg/ mL) por 1 h a 37 C. Apds a incubagdo, a
sobrevivéncia foi avaliada em nutriente (Difco) placas (n = 5), como descrito por Oliveira
et al. (2002). (Figura 20).

O ensaio da atividade antibacteriana de sPLA2 contra Xanthomonas axonopodis pv
passiflorae e Clavibacter michiganensis michiganensis corroborou o efeito de EOCC sobre
a atividade enzimatica da sPLA2 de Crotalus durissus ruruima. Este efeito foi
particularmente evidente para a atividade da sPLA2 contra Clavibacter michiganensis
michiganensis. Uma vez que a atividade antibacteriana de alguns componentes do veneno
de serpente, como sPLA2 ou LAAO, ¢ parcialmente ou completamente dependente de sua
atividade enzimatica, ¢ possivel que a inibi¢do ou a diminui¢do na sua atividade enzimatica

inibe sua atividade antibacteriana (Braga et AL, 2008).
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Figura 20. Comparagdo da atividade antibacteriana de PLA; nativa de Crotalus durissus
ruruima ¢ PLA; de C.d ruruima tratada com EOCC (cumarina sintética). As suspensoes

bacterianas que foram Gram negativas (Xant) e Gram positivas (Clav), (p<0,05)
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5.12 Atividade Miotoxica

A dosagem para creatina quinase (CK) verificada apés injecdo de sPLA; nativa foi
2195,45 £42,34 (n = 4, p<0,005), enquanto sPLA, tratada com EOCC apresentou apenas
aumento dos niveis de CK em torno de 421,34 24,56 (n = 4, p<0,05), ja o p-BPB inibiu
fortemente a mionecrose, como mostrado pelo aumento no nivel de CK de apenas 383,87 +
28,23 (n = 4, P <0,05). Foi utilizado como controle negativo o PBS cujos niveis de CK

ficaram em torno de 81,84 £37,70 (n = 4, p<0,05).

PBS sPLA2 sPLAZ sPLAZ
+EQCC +pBPB

Figura 21. Medida da atividade da creatina quinase no soro de animais tratados com sPLA;
nativa de Crotalus durissus ruruima ¢ PLA; de C.d ruruima tratada com EOCC ¢ p-BPB.
Os resultados dos niveis de creatina quinase foram expressos em unidades de atividade

enzimadtica por mililitro (U mL™). PBS foi utilizado como controle negativo. (p<0,05).
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6. DISCUSSAO

As crotoxinas crotalicas sdo consideradas proteinas heterodiméricas (Breithaupt,

1976), sendo composta por uma subunidade basica com atividade catalitica (PLAZ) € uma

subunidade 4cida sem atividade catalitica denominada crotapotina. A crotapotina

potencializa a toxicidade e inibe a atividade enzimatica das fosfolipases A2 crotalicas

(Rubsamen et al, 1971).

As PLA2 presentes nos venenos de serpentes exibem ampla variedade de efeitos

farmacoldgicos. No estudo da relagdo estrutura-fungdo, ¢ importante analisar seus efeitos
farmacoldgicos in vivo, ao invés de in vitro. Os estudos in vitro as vezes evidenciam efeitos
ndo especificos devido a atividade enzimatica inerente, levando a conclusdes erroneas. SO
em alguns casos os efeitos farmacologicos podem ser analisados em sistemas in vifro como,
por exemplo, em cultura celular (Lomonte, et al., 2003).

As PLAzs provenientes de veneno de serpente tem sido largamente empregadas

como ferramentas farmacologicas para investigar seu papel em diversos processos

fisiopatologicos. Segundo proposto por Gutierrez ¢ Ownby (2003), as PLA2 sd0 os

componentes miotoxicos mais importantes nos venenos de serpentes, induzindo eventos de

degeneracdo muscular. As PLAZS miotdxicas ligam-se aos aceptores da membrana

plasmatica, os quais poderiam se tratar de lipideos ou proteinas, podendo diferir de sua

afinidade pelas PLA2.

A Fosfolipase A, ¢ uma enzima importante no metabolismo celular e sua agao
envolve a hidrélise de fosfolipidios especificos dentro de uma complexa rede de vias de

sinalizacdo, ligando-agonistas, oxidantes e citocinas pré-inflamatorias para a liberagdo do
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acido araquidonico e sintese de eicosanodides (Sun et al. 2004 ). Eicosandides incluem as
prostaglandinas, tromboxanos, prostaciclinas e leucotrienos (Granstrom, 1984), que atuam
como mediadores inflamatorios. Além disso, no metabolismo oxidativo do acido
araquidonico e na interrup¢do da cadeia respiratéria mitocondrial, que sdo mediadas por
fosfolipase A, (PLA;) e hidrolise da cardiolipina, podem contribuir para a geracdo de
espécies reativas de oxigénio (ROS) e estresse oxidativo (Adibhatla Hatcher et al., 2006).
Os efeitos farmacolégicos da sPLA, do veneno das serpentes pode agir por meio da
mobilizagdo do acido araquidénico ou por interagdo com um receptor especifico, em ambos
os casos, sSPLA; provocaria a ativagdo de vias de sinalizacdo da rede e liberacdo de acido
araquidonico e promover a sintese de eicosandides (Valentin e Lambeau , 2000; Fuentes et

al., 2002; Oliveira et al., 2008, Toyama et al., 2009).

Variados efeitos farmacologicos desencadeados pelas PLA; podem ser explicados
também pela presenca de receptores alvos especificos, que estdo localizados na superficie
das células ou do tecido alvo. Estes receptores alvos seriam reconhecidos por sitios
farmacoldgicos localizados na superficie das PLA; que de forma geral sdo independentes,
mas algumas vezes estes se sobrepdem com o catalitico. (Kini & Evans, 1989). De acordo
com esta hipotese haveria uma necessidade de complementaridade entre o(s) receptor (es)
farmacolégico(s) e possiveis receptores das células alvos em termos de equilibrio de cargas,

interacao hidrofobica e interagdes de Van der Walls (Kini, 2003).

Relagdes estrutura-fungdo de varios homologos de PLA, miotéxica de veneno de
serpente tém sido amplamente investigadas (Soares & Giglio, 2003). Visando a elucidagao
dos determinantes estruturais da toxicidade, varias metodologias tém sido exploradas, a

saber: modificacdo quimica dos residuos de aminoacidos especificos, mutagénese sitio-
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dirigida, cristalografia, espectrofotometria e técnicas fluorimétricas, bem como ressonancia
magnética nuclear e os estudos sobre a ligacdo dos inibidores e substratos naturais ou
artificiais. A tradicional modificagcdo quimica especifica de aminoacidos e os conseqiientes
efeitos sobre as atividades enzimaticas e farmacologicas da PLA, miotoxica tem sido uma
das principais estratégias utilizadas para explorar as relagdes estrutura-fungao.

A PLA; de veneno de serpente tem um sitio ativo localizado perto da His-48 ¢ a
enzima pode ser inativada por modificagdo quimica do residuo com pBPB. Alquilagdo de
His-48 com pBPB tem sido amplamente utilizado para avaliar o papel da atividade
enzimatica na agdo farmacolégica da PLA, do veneno de serpente. O conhecimento da
mudanga conformacional induzida pelo pBPB pode ser util para compreender os resultados
experimentais (Zhao et al, 1980).

Foi demonstrado segundo a literatura que a modificacdo na PLA, de bovinos por
pBPB levou a mudangas conformacionais significativas em algumas partes da molécula da
enzima. Conseguimos constatar que este inibidor induziu alteragdes na conformacgdo de
PLA; do veneno de serpentes.

Benzopiranos e seus principais metabdlitos (cromenos) estdo entre os mais
importantes metabdlitos secundarios e sdo importantes para a producdo de flavonoides,
cumarinas e outros compostos polifendlicos encontrados na natureza. Novos derivados
benzopiranos como dihidroquinolina, benzotiopiran e dihydronapthalene tém mostrado
efeito anti-inflamatorio promissor e estes compostos parecem preferencialmente e
seletivamente inibir a ciclooxigenase-2 a ciclooxigenase-1 (Watzl, 2008). Entre os
benzopiranos mais comuns estdo os compostos derivados de flavonoides, que foram
caracterizados como inibidores de varias enzimas, incluindo oxidase, xantina redutase,

fosfodiesterase, Ca (+2)-ATPase, lipoxigenase, ciclooxigenase, etc (Rathee et al., 2009) .
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As atividades destes compostos envolvem antioxidantes de alguns residuos de aminoacidos
hidrofobicos e formacgdo da ligacdo de hidrogénio ou reagdes quimicas com alguns
aminoacidos (Rathee et al., 2009).

Neste estudo, observou-se que EOCC diminuiu fortemente a atividade enzimatica
da sPLA,, semelhante ao efeito induzido pelo p-BPB (p- bromofenacil brometo). Além
disso, a espectrometria de massa sugeriu que EOCC formou um complexo estavel com
sPLA; em uma relacdo estequiométrica de 2 moléculas de EOCC para 1 molécula de
sPLA,. Assim, o0 modo de a¢do de EOCC sobre sPLA2 ¢ semelhante ao de umbelliferone
(Toyama et al., 2009). A mudang¢a no tempo de retencdo de sPLA2 antes e apds incubagao
com EOCC também indica uma forte interacdo entre essas moléculas. O mecanismo de
inibi¢do da cumarina envolve o ataque nucleofilico de alguns residuos de aminoacidos, bem
como a presenca de grande quantidade de quimiotripsina no bolsdo hidrofobico. Esses
recursos tém sido caracterizados como necessarios para a adequada interacdo deste
composto com proteinas (Ghani et al. 2001, e Hyun et al., 2004), o bloqueio da estrutura
benzopirano cumarina, assim como mudancas estruturais significativas da estrutura de
proteinas observadas apds a reagdo quimica entre certos residuos de aminodcidos e 7-
hidroxicumarina (7-HOC). E possivel que EOCC use um mecanismo de a¢do semelhante.
No caso de EOCC, observou-se que duas moléculas reagem com o inibidor da bolsa
hidrofobica desta sPLA,, semelhante ao que tem sido observado por outras sPLA; (Toyama
et al., 2009).

A perda da integridade da bolsa hidrofobica induziu uma perda irreversivel da
atividade enzimatica, conseqiientemente, todas as atividades biologicas que envolvem a
atividade catalitica da sPLA, foram praticamente abolidas. Uma vez que a estabilidade da

alfa hélice na cavidade hidrofébica deve ter sido afetada pela estabilidade das estruturas,
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tais como o calcio obrigatéorio no loop ou folhas beta, ¢ possivel que os efeitos
farmacolodgicos induzidos pela interagdo de sPLA; com o receptor devem ser igualmente
afetados, como observado por Valentin e Lambeau (2000), Oliveira et al. (2008) e Toyama
et al. (2009). Esta hipotese foi fortemente apoiada pelos resultados de Iglesias et al. (2005)
e Toyama et al. (2009) para sPLA2 modificado por compostos polifenolicos, assim como
outros (Harper & Power, 1985 e Liu et al., 2008).

Aqui mostramos que a estrutura da PLA, covalentemente modificada pela pBPB ¢
por cumarina quando comparada com a estrutura nativa apresentou tanto para agregacao
plaquetaria quanto para atividade fosfolipasica e edema de pata uma reducdo na indugao

destes efeitos bioldgicos.
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7. CONCLUSOES

¢ A purificagdo total do veneno de Crotalus durissus ruruima e Crotalus durissus
cumanenses objetivando a obtencdo de PLA2 ¢ baseado em 2  passos
cromatograficos. A utiliza¢ao de apenas um método de purificagdo ndo € capaz de
isolar o complexo crotoxinico.

¢ A comparac¢do da purificacao do veneno de C.d.ruruima e C.d cumanenses revelou
que ambos apresentaram isoformas de crotapotina e PLA2, porém em diferentes
quantidades.

e A analise da espectrometria de massa da crotoxina demonstra através da presenga
de mais de uma banda a natureza instavel do complexo crotoxinico.

e A comparacao das seqiiéncias n-terminal das PLA,s de Crotalus durissus ruruima
a aproximaram de C.d ferrificus enquanto que a PLA, de Crotalus durissus
cumanenses a aproximaram de C.d cascavella e C.d collilineatus.

e A andlise dos resultados de dicroismo circular para a PLA, de C.d cumanenses
apresentou alta concentracdo de estruturas rigidas, folhas B e a-hélices, sugerindo
que a conservagao destas estruturas mantém sua atividade fosfolipasica.

e A modificagdo quimica induzida nas PLA;s nativas confirmaram que as regioes
tanto N-terminal como C-terminal destas isoformas crotélicas em estudo ¢ crucial

para sua toxicidade letal.
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¢EOCC apresentou uma oportunidade para melhorar a aplicacao terapéutica de 2H-
1-Benzopiranos (2H-cromenos) como nova droga anti-trombotica ou anti-

inflamatoria especifica para combater a acao fosfolipasica de diferentes fontes.
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Abstract

We show that ethyl 2-oxo-2H-chromene-3-carboxylate (EOCC), a synthetic
coumarin, irreversibly inhibits phospholipase A, (sSPLA2) from Crotalus durissus ruruima
venom (SPLA2r) with an ICsy of 3.1 £ 0.06 nmol. EOCC strongly decreased the Vmax and
Km, and it virtually abolished the enzyme activity of SPLA2r as well as sSPLA2s from other
sources. The edema induced by sPLA2r+EOCC was less than that induced by sPLA2r
treated with p-bromophenacyl bromide, which was more efficient at neutralizing the
platelet aggregation activity of native SPLA2r. Native SPLA2r induced platelet aggregation
of 91.54 + 9.3%, and sPLA2r+EOCC induced a platelet aggregation of 18.56 £ 6.5%.
EOCC treatment also decreased the myotoxic effect of sPLA2r. Mass spectrometry
showed that EOCC formed a stable complex with sPLA2r, which increased the mass of
native SPLA2r from 14,299.34 Da to 14,736.22 Da. Moreover, the formation of this
complex appeared to be involved in the loss of sPLA2r activity. Our results strongly
suggest that EOCC can be used as a pharmacological agent against the SPLA2 in Crotalus

durissus sp. venom as well as other sSPLA2s.

Keywords: Crotalus durissus ruruima, edema, myonecrosis, platelet, sSPLA2, synthetic

coumarin
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'2H-1-benzopyrans (2H-chromenes) are important intermediates in the synthesis of many
natural products and medicinal agents (Ashwood et al., 1986; Kim et al., 2002) including
flavonoids, coumarin, and derivatives of these compounds. 2-H chromenes have been used
experimentally as anti-inflammatory and anti-thrombotic therapeutics. Related to their
anti-inflammatory activity, synthetic coumarins are known to inhibit arachidonic acid
metabolism. Crotalus durissus sp. venom has several pharmacological effects that appear
dependent, at least in part, on the enzymatic activity of secretory phospholipase A,
(sPLA2). The aim of this work was to evaluate the effect of ethyl 2-oxo-2H-chromene-3-
carboxylate (EOCC), a synthetic coumarin derivative, on the enzymatic activity of sPLA2
from Crotalus durissus ruruima venom (sPLA2r) as well as on sPLA2r-induced edema,
myotoxicity, and platelet aggregation.

Secretory PLA2r was fractionated in two steps as described by Diz Filho et al.
(2009). Whole venom (45 mg) was first fractionated by size exclusion HPLC (Superdex
75, 1 x 60 cm, GE Healthcare), and the crotoxin fraction was purified by monitoring
phospholipase A, (PLA2) activity (Fig. 1a). Crotoxin was then subjected to reverse-phase
HPLC, which led to the identification of one main sPLA2 isoform (Fig. 1b). The
molecular mass of purified sSPLA2r was 14,299.34 Da, measured as described by Toyama et
al. (2005).

Purified sPLA2r was chemically modified with EOCC using the procedure
described by Iglesias et al. (2005). EOCC (100 nmol in 10 pL dimethyl sulfoxide) was

incubated with sPLA2r (100 nmol in 1000 pL water) for 60 min at 37°C. The products

' Abbreviations: CK, creatine kinase; EOCC, ethyl 2-oxo-2H-chromene-3-carboxylate; 7-HOC, 7-
hydroxycoumarin; pBPB, p-bromophenacyl bromide; PLA2, phospholipase A,; sPLA2, secretory
phosholipase A,; sSPLA2r, secretory phospholipase A, from Crotalus durissus ruruima.
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were fractionated by analytical reverse-phase HPLC (C5 large pore column, Supelco). The
resulting SPLA2r had a molecular mass of 14,736.22 Da. This, taken with the 14,299.34
Da mass of native sPLA2r, suggests that two molecules of EOCC (218.21 Da) were
complexed to sSPLA2r.

Amino acid analysis of native or treated sPLA2r samples was performed using the
PICO-TAG system (Waters). Samples were hydrolyzed with 6N HCI in the presence of
1% of phenol over 24 h and derivatized with PITC. PTC-amino acids were then analyzed
by reverse-phase HPLC. The global amino acid analysis revealed no significant differences
between native SPLA2r and EOCC-treated sPLA2r (sPLA2+EOCC).

PLA2 activity was measured using a chromogenic substrate (4-nitro-3-octanoyloxy-
benzoic acid, BIOMOL, USA) as described by Lima et al. (2008). The enzymatic activity,
expressed as the initial velocity of the reaction (Vo), was calculated based on the increase
in absorbance at 425 nm after 20 min. Absorbance was measured using a Spectramax 340
multiwell plate reader (Molecular Devices, Sunnyvale, CA, USA). Native sPLA2r had a
Vo of 2.51 £ 0.34 nmol/min (n = 12). The chemical modification of sSPLA2r with pBPB
was done as described by de Casto et al. (2000). The Vo decreased to 0.48 = 0.13 nmol/min
(n = 12, p < 0.05) in the presence of the SPLA2 inhibitor, p-bromophenacyl bromide
(pBPB). Similar to pPBPB, EOCC decreased the Vo of sPLA2r to 0.38 + 0.08 nmol/min (n
=12, p < 0.05). These results strongly suggest that EOCC and pBPB have comparable
inhibitory potency against SPLA2r. To compare the half maximal inhibitory concentration
(ICsp) of EOCC and pBPB, we used a substrate concentration of 10 mM and incubated
sPLA2r with increasing amounts of each inhibitor (0 to 14 nmol in 10 pL) for 60 min prior
to enzymatic evaluation. EOCC inhibited enzymatic activity in a dose-dependent manner,

with maximal inhibition occurring in the presence of 8 nmol and no significant further
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inhibitory effect being seen with doses of 10 to 14 nmol (Fig. 2a). The inhibitory effect of
EOCC was significantly higher than that observed for pBPB at lower doses (2 to 8 nmol),
but both showed similar inhibitory effects above 10 nmol. Next, we evaluated the effect of
the substrate concentration on sPLA2r activity following the protocol described by Toyama
et al. (2003). At different substrate concentrations, sPLA2r exhibited moderate allosteric
behaviour. The addition of EOCC or pBPB to the enzyme strongly and irreversibly
decreased the Vmax and Km (Fig. 2b). The enzymatic assay was performed as already
described and in all cases, 1 mg/mL sPLA?2 solution was incubated with 10 nmol EOCC for
30 min before the enzymatic assay. A comparison EOCC-induced inhibition of sPLA2r
and sPLA2 from other sources produced the following results (listed without and with
EOCC): 7.83 £ 0.56 and 0.98 + 0.32 nmol/min for bovine sPLA2; 6.53 + 0.28 and 2.32 +
0.17 nmol/min for honey bee sPLA2; 11.43 + 0.47 and 1.83 + 0.53 nmol/min for Naja
mossambica mossambica sPLA2 (Sigma-Aldrich, V1627); 8.78 £ 0.62 and 0.56 £+ 0.12
nmol/min for PrTx-III sSPLA2 from Bothrops pirajai venom; 10.4 £ 0.31 and 1.83 £ 0.35
nmol/min for sSPLA2r (n = 12, Fig. 2¢).

Next, we analyzed the effect of EOCC on sPLA2r-induced edema. Male Wistar rats
(120 — 150 g) were anaesthetized with inhaled halothane, and hind paw edema was induced
by a single subplantar injection of native or modified sSPLA2 (10 pg dissolved in sterile
0.9% saline solution per paw). Paw volume was measured using a hydroplethysmometer
(model 7150, Ugo Basile, Italy) immediately before the injection and at selected times
thereafter (30, 60, 90, 120, 180 and 240 min). Results were expressed as the increase in the
paw volume (in mL) from the basal volume. Native sPLA2r induced maximum edema at

30 min after injection (0.63 £+ 0.03 mL, n =4). Incubation of sSPLA2r with EOCC virtually
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abolished edema formation at this time (0.18 = 0.05 mL, n = 4, p < 0.05). Similar results
were seen with pBPB (0.24 £ 0.04 mL, n =4, p <0.05) (Fig. 3a).

Liberation of creatine kinase (CK) from damaged muscle cells was assessed by
measuring CK enzyme activity in the plasma of mice. Four groups of four animals (18 —
22 g) were injected in the right gastrocnemius muscle with 50 uL. of 0.5 mg/mL native
sPLA2r, sSPLA2r -treated EOCC, EOCC alone, or PBS (as a control). Three hours later, tail
blood was collected into heparinized tubes for analysis of plasma CK activity (expressed as
units per liter at 30°C) using a commercially available kit (47-UV, Sigma Aldrich). After
injection of native sSPLA2r, CK activity was 2195.45 +42.34 U/L (n =4, p < 0.05), whereas
EOCC-treated sPLA2r increased CK levels only to 421.34 + 24.56 (n = 4, p < 0.05).
Myonecrosis was also strongly inhibited by pBPB, as shown by a comparable increase in
CK activity to 383.87 + 28.23 U/L (n =4, p <0.05).

Finally, platelet aggregation was measured following the method described by
Fonseca et al. (2006) and Oliveira et al. (2008). The washed platelet solution (400 puL) was
kept at 37°C with constant stirring, and aggregation was recorded for 5 — 10 min with an
aggregometer (Payton Scientific Instruments, Inc, Buffalo, NY). Aggregation experiments
were performed using 10 pg sPLA2r or sSPLA2r+EOCC in a final volume of 20 uL.. Native
sPLAZ2r induced irreversible platelet aggregation (91.54 £ 9.3%, n = 4, p < 0.05). On the
other hand, sPLA2r+EOCC and sPLAr+pBPB induced platelet aggregation of only 18.56 +
6.5% (n =4, p <0.05) and 6.4% £ 3.4 (n =4, p <0.05), respectively (Fig. 3c).

Our data show that, similar to pBPB, EOCC strongly decreases the enzyme activity
of sPLA2r. Moreover, mass spectrometry suggests that EOCC forms a stable complex with
sPLA2r. The stoichiometry of two molecules of EOCC per molecule of sPLA2r is similar

to that of umbelliferone (Toyama et al., 2009). The shift in the retention time of sSPLA2r
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after incubation with EOCC also indicates a strong interaction. The inhibitory mechanism
of coumarin involves nucleophilic attack of amino acid residues and binding to the large
hydrophobic pocket of chymotrypsin. These features were shown to be necessary for the
interaction of this compound with proteins (Ghani et al., 2001; Hyun et al., 2004).
Blockade of the coumarin benzopyran structure and significant structural changes in the
protein have been shown to occur after treatment with 7-hydroxycoumarin (7-HOC).
EOCC may work by a similar mechanism of action. Two molecules of EOCC react with
the hydrophobic pocket of SPLA2r, similar to what has been observed for 7-HOC (Toyama
et al.,, 2009). The loss of hydrophobic pocket integrity induces an irreversible loss of
enzyme activity. Consequently, all biological effects that depend on the catalytic activity
of sPLA2 are virtually abolished. Since the stability of the alpha helix in the hydrophobic
cavity should be affected by the stability of other structures such as the calcium-binding
loop or beta wing, it is possible that pharmacological effects induced by sPLA2 interaction
with the receptor are similarly affected, as observed by Valentin and Lambeau (2000),
Oliveira et al. (2008), and Toyama et al. (2009). This hypothesis is strongly supported by
studies of sPLA2 modified with other polyphenolic compounds (Iglesias et al., 2005;
Toyama et al., 2009) as well as by other studies (Harper and Power, 1985; Liu et al., 2008).
In conclusion, EOCC is a useful tool for advancing our knowledge of the structure
and function of sPLA2 as well as the pharmacological effects of related plant-derived

polyphenolic compounds such as coumarins, flavonoids, terpenoids, and alkaloids.
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Figure captions

Fig 1. (a) Chromatographic profile of Crotalus durissus ruruima whole-venom
fractionation by size-exclusion chromatography (Superdex 75, 1 x 60 cm). Clarified, dried
venom (45 mg) was dissolved in the mobile phase (0.2 M ammonium bicarbonate buffer,
pH 8.0) and separated using a flow rate of 0.2 mL/min. Fractions were eluted by
monitoring absorbance at 280 nm. Enzyme activity was monitored in 10 — 20 pl samples
from each fraction corresponding to crotacetin, convulxin, giroxin, crotoxin, and crotamine.
PLA2 activity was detected in the crotoxin fraction and monitored spectrophotometrically
at 425 nm. (b) Fractionation of crotoxin from Crotalus durissus ruruima by reverse-phase
HPLC (C18 p-Bondapack) using a non-linear gradient of acetonitrile (66% in 0.1% of
TFA) and monitoring at Azjanm. The purity of the resulting fractions, termed sPLA2rul and
sPLA2ru2, was evaluated by tricine SDS-PAGE and mass spectrometry on a MALDI-TOF

instrument. The main sPLA?2 fraction used in this work was designated sPLAZ2r.

Fig 2. (a) The effect of increasing concentrations of EOCC or pBPB (0 — 14 nmol/L) on
the activity of sPLA2r (10 nmol/mL). Each compound was incubated with sPLA2r for 60
min, and sPLA2r was then added to the reaction well. sPLA2 activity was measured using
4-nitro-3-octanoyloxy-benzoic acid as a substrate. Enzyme activity, expressed as the initial
velocity of the reaction (Vo), was calculated based on the increase in absorbance at 425 nm
after 20 min. (b) The effect of varying substrate concentrations (0 — 16 mM) on the
enzymatic activity of sPLA2r, which exhibited discrete allosteric behaviour. Using the
same conditions, we also evaluated the effect of 10 nmol pBPB or EOCC on sPLA2r
kinetics. (c) Comparison of the inhibitory effect of EOCC against sSPLA2 from other

sources. In all assays, 10 nmol EOCC was incubated with the sPLLA2 solution (1 mg/mL)
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for 30 min before the enzymatic assay. Each point represents mean = SEM (n = 12). *p <

0.05.

Fig 3. (a) Effect of EOCC on sPLA2r-induced edema in the rat paw. Paw volume was
measured prior to injection of the drugs and at selected times thereafter using a
hydroplethysmometer. All drugs were dissolved in sterile 0.9% saline solution. Results
were expressed as the increase in paw volume (mL) calculated by subtracting the basal
volume. Maximal edema was observed at 30 min (approximately 0.6 mL for native
aPLA2r), with edema being decreased by pBPB or EOCC co-incubation. Each point
represents the mean = SEM (n = 4). *p < 0.05. (b) Comparison of platelet aggregation
induction in platelet-rich plasma (PRP). Aggregation experiments were performed with 10
pg sPLA2r or sSPLA2r+EOCC in a final volume of 20 pL, and aggregation was recorded for
5 — 10 min with an aggregometer. Native sPLA2r induced 91.54 + 9.3% platelet
aggregation, while co-incubation of sSPLA2r with pBPB or EOCC reduced the aggregation

to 6.4 + 3.4% and 18.56 £ 6.5%, respectively.
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Abstract

Background: An interaction between lectins from marine algze and PLA; from rattlesnake was
suggested some years ago. We, herein, studied the effects elicited by a small isolectin (BTL-2),
isolated from Brysthamnion triguetrum, on the pharmacological and biological activities of a PLA,
isolated from rattlesnake venom (Crotgbrs durisss coscovells), to bater understand the erzymatic
and pharmacological mechanisms of the PLA, and its complet.

Results: This PLA; consisted of 122 amino acids (approximate molecular mass of 14 kDa), its pl
was estimated to be 8.3, and its amino 2cid sequence shared a high degree of similarity with that of
other neurctoxic and emzymatically-zctve PLA,s. BTL-2 had a2 molecular mass estimated in
approcgmately 9 kDa and was characterized as a basic protein. [n addition, BTL-2 did not exhibic
any enzymatic activity.

The PLA, and BTL-2 formed a stable heterodimer with & molecular mass of approdmately 24-26
kD, estimated by molecular exclusion HPLC. in the presence of BTL-2, we observed a significant
increasa in PLA, activity, 23% higher than that of PLA; alone. BTL-2 demonstrated an inhibition of
98% in the growth of the Gram-positve bacterial strain, Clovibodter michipmnenss michiganensis
{Cmm), but only 98% inhibition of the Gram-negative bacterial strain, Xanthomonas axonopodis py
passiforos (Maph PLA, decreased bacterial growth by 27.3% and 98.5% for Xap and Cmm,
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respectively, while incubating these two proteins with PLA,-BTL-2 inhibited their growths by 36.2%
for Xap and 98.5% for Cmm.

PLA, significantly induced platelet aggregation in washed platelets, whereas BTL-2 did not induce
significant platelet aggregation in any assay. However, BTL-2 significantly inhibited platelet
aggregation induced by PLA,. In addition, PLA,; exhibited strong ced ygenic activity, which was
decreased in the presence of BTL-2. BTL-2 alene did not induce cedema and did not decrease or
abolish the oedema induced by the 48/80 compound.

Conclusion: The unexpected results observed for the PLA,-BTL-2 complex strongly suggest that
the pharmacolagical activity of this PLA, is not solely dependent on the presence of enzymatic
activity, and that other pharmacological regions may also be involved. In addition, we describe for
the first time an interaction between two different molecules, which form a stable complex with
significant changes in their original biological action. This opens new possibilities for understanding
the function and action of crude venom, an extremely complex mixture of different molecules.

hitp:/iwww.biomedcentral.com/1471-2091/9/16

Background

lLecting are carbohydrate-binding proteins of non-
immune origin found in a wide variety of living organ-
isms that decipher glycocodes in the structure of glycans
attached to soluble and integral cell membrane glycocon-
jugates |1]. Mechanisms for sugar recognition in microor-
ganisms, plants, and animals are independently involved
in several protein frameworks |2]. Protein-carbohydrate
interactions play biological roles in many cellular proc-
esses, such as cell communication, host defence, fertiliza-
tion, development, parasitic infection and tumour
metastasis. Although, in many instances, their exact bio-
logical roles remain unknown, many lectins have been
extensively studied as biochemical tools in biotechnology
and biomedical research. Marine algal lectins, however,
have been described at a low pace, since the first report on
their haemagglutinating activity 40 years ago |3]. Marine
organisms are recognized as rich sources of diverse and
biologically-active molecules, many lecting from red and
green marine algae have been isolated and characterised
to date from more than 40 species. Amongst activities of
potential therapeutic and diagnostic interest are the inhi-
bition of fungal growth [4], induction and inhibition of
human lymphocyte transformation [5], identification of
methacillin-resistant Streplococcus aureus |6}, induction of
mitogenic activity |7], antibiotic activity against marine
vibrios [8], endothelium-dependent relaxation of the rat
aorta |9], inhibition of platelet aggregation [10), and as an
anti-HIV protein [11].

In each family of lectins, the structure of their carbohy-
drate recognition domains (CRDs) is essentially con-
served, Similar domains have been found in some
phospholipase A, (PLA,) receptors named M and N-type
and play an important role in the pharmacological activ-
ity of PLA, [12]. Phospholipases A, (PLA,) (EC 3.1.1.4)
from snake venom are very small proteins that catalyse the
hydrolysis of glycerophospholipids at the sn-2 position in

a Ca*?-dependent reaction, releasing lysophospholipids
and fatty acids |13]. Snake PLA;s have many pharmaco-
logical effects, such as: neurotoxicity, myotoxicity, haemo-
Iytic activity, haemorrhagic and oedematogenic activities
[13,14]. PLA,s that have lysine at the position 49 (Lys 49
or K49) [15] structurally keep the same motifs of PLAs
that have aspartate at the position 49 (Asp 49 or D49, cat-
alytically active), but their enzymatic activity is lost.
Despite this, these proteins display many biological activ-
ities, regardless of arachidonic acid release [16-18].

In 2000, Hori et al [19] developed the haemagglutinating
activity assay, combining algal lectins (hypnin A) and
PLAs from the snakes, Naja naja and Crotalus adamanteus,
and found an interaction between proteins, demonstrated
by the inhibition of haemagglutination at a relatively low
concentration [19]; it was suggested that this effect proba-
bly was dependent on a protein-recognition site present in
the lectin surface where the PLA, would bind. Thus, some
algae lectin-like proteins may play other important bio-
logical functions, such as providing an alternative source
of 2 navel class of PLA, inhibitors. In this article, we inves-
tigate the effects induced by a new isolectin from the red
marine alga, Bryothamnion triquetrum, on some of the bio-
logical activities of PLA, and the interaction with catalyti-
cally-active PLA, from snake venom,

Results

After the first purification step, on a preparative DEAE col-
umn, the main fraction, named Bryothamnion triguetrum
lectin (BTL), was obtained and then dialyzed and
lyophilised. The chromatography of BTL showed the pres-
ence of two main fractions, further named BTL-1 and BTL-
2, which is the most abundant isofarm isolated (Fig. 1a).
After Reverse Phase HPLC, lectins were obtained with a
high degree of purity (Fig, 1b). SDS-PAGE of BIL-2
revealed the presence of one main protein band with an
estimated molecular mass of 9.0 kDa (Fig. 1c). The N-ter-
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2a) BTL-1 and BTL-2 were previously reduced and
carboxymethylated and later sequenced in an auto-
matic gas-liquid sequencer Procise f (Applied Bio-
sytem). 2b) The CD spectra were obtined using a J715
spectropolarimeter (Jarco Cop., Japan). BTL-2 was dissolved
in water and the solution was adjusted to a final concentra-
tion of 10 mM of protein.

was p with a final of 12% in
the samples and the molecular mmmmu-d«d-sm.r
run was conducted ac 40 mA. The were

P
blue £-250. Tna SDE-PAGE profile of BTL-2 showud hlm malecu-l-r hunxmmrp ina
single band with estimated molecular mass of approximacely 8.0

minal sequences of both lectins were deduced and
showed a high homelogy with BTL |20} and hypnins [19]
(Fig. 2a). In addition, BTL-1 and BTL-2 had a pl of around
8,6. Circular dichroism spectra of BTL-2 were obtained in
the wavelength region of 190 - 250 nm, revealing mostly
random coil structures and a low content of o-helices or
B-sheets (Fig. 2b).

PLA, was purified to high molecular homogeneity by
reverse phase HPLC (Figure 3a), which resulted in only
one electraphoretic band (Figure 3b). The estimated pl
value of this purified protein was 8.3 (Figure 3¢). Molecu-
lar exclusion chromatography indicated a molecular mass
of approximately 10.0 kDa for the isolated BT1-2; 15.0

kDa for the isolated PLA;, while the PLA; and BTL-2, when
incubated for 30 minutes, had a single peak with a molec-
ular mass of approximately 24.0 — 26.0 kDa (Figure 3d).

The PLA, was characterized as an enzymaticaiiy-active
D49 PLA, with moderate enzymatic activity in compari-
son with PLA, from Naja naja. In the presence of BT1-2, we
ohserved a significant increase of 23% in the enzymatic
activity of PLA,, when compared with the PLA, alone (Fig-
ure 4a).

BTL-2 demonstrated an inhibition of 98% in the growth
of the Gram-positive bacterial strain, Clavibacter michigan-
ensis sublsp. michiganensis (Cmm), but only a 9.8% inhibi-
tion of the Gram-negative bacterial strain, Xanthomonas
axenopodis pv passiflorae (Xap). PLA, decreased Xap bacte-
rial growth by 28.3% and Cmm growth by 98.5%, whilst
incubation of these two proteins PLA,-BTL-2 inhibited
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their growths by 36.2% for Xap and 98.5% for Cmm (Fig-
ures 4b and 4c).

The PLA, isolated from Crotalus durissus cascavella showed
a strong platelet aggregation activity in washed platelets
(Figures 5 and 6). The aggregation induced by PLA; was
very effective (Figure 5b), while BTL-2, at same concentra-
tion, did not produce any effect (Figure 5a). When PLA,
was incubated with BTL-2, we observed a significant
decrease in the effect of PLA; on platelet aggregation in the
concentrations of 1 pug and 3 pg, respectivaly, 72.7% and
48.8%, when compared to PLA, alone (Figure 5c). The
averaged platelet aggregation assay data is depicted in Fig-
ure 6.

BTL-2, injected in the paw of rats, did not induce an evi-
dent inflammation and its cedematogenic effect was sim-
ilar to that of the saline control (Figure 7a). PLA, from C.
durissus cascavella venom induced a strong oedema
response at 15 minutes following injection. The maxi-
mum inflammatory response was observed at 30 min fol-
lowing injection of PLA,. Under the same experimental
conditions, PLA, incubated with BT1-2, exhibited a lower
oedematogenic effect, compared to non-incubated PLA;
(Figure 7a). In addition, BTL-2 did not inhibit the vedema
induced by compound 48/80 (C48/80), a potent oedema-
togenic agent that induces the release of inflammatory
mediators (Figure 7b).

PLA, from Crotalus durissus cascavella shared a high degree
of amino acid similarity with other rattlesnake venom
PLAs, such as the PLAs isolated from Crotalus durissus ter-
rificus isoforms 15, 16 and 17 (Cdt F15, F16 and F17),
CROTOX B and MOJAVE B (Figure 8). Furthermore, the
amino acid sequence of PLA, was highly conserved at the
N-terminal region, calcium-binding region, active site, a-
helical and p-wing. Based on its three dimensional struc-
ture, Crotalus durissus cascavella PLA, exhibited a high
number of random coil structures, mainly in the calcium
binding and the C-terminal loops (Figure 9a and 9b). The
3D model also suggests the presence of an extensive loop
that connects helix 1 to helix 2 and other significantly
long random coil structures on the C-terminal region (Fig-
ure %a) in this PLA,.

Discussion and Concl

The interaction between a marine alga lectin and a PLA,
from a rattlesnake was first detected by Hori et al 2000
|19]. Herein, we repori the marine alga extract purifica-
tion of BT1-2, one of the lectin isoforms isolated from the
red marine alga Bryothamnion triguetrum. Lectins from B.
triguetrum, with low molecular weight, share similar struc-
tural features with other low molecular weight lectins iso-
lated from red algae, such as Hypnea japonica [19]. These
structural similarities found suggest the importance of this
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The washed platelets assay was performed with
venous blood collected from healthy volunteers. The
blood was centrifuged in 3.8% trisodium-citrate for 10 min-
utes at 200 * g and the residue was centrifuged again for 20
minutes at 1500 % g. Aggregations were performed in | ug
and 3 ug concentrations in 20 pL of BTL-2, PLA, and the two
proteins (v/v). 5a) BTL-2 induced low aggregation, however
the PLA, induced high aggregation at these concentrations,
and both proteins induced a lower aggregation when com-
pared with the PLA; alone.
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6a) For the concentrations | ug and 3 ng, the PLA,
induced high aggregations. When PLA, was incubated for
30 minutes with BTL-2 at the same concentrations of | pgfl
pgand 3 pgf3 pg (vAv) in 20 pl volume it was possible to
observe that the PLA, induced a lower aggregation when
compared to the PLA; alone {n = 5; p < 0.05).

protein for the development of these organisms and
define a low molecular weight class of lectin.

Hori et al (2000) [19] suggested that the interaction
between marine alga lectin and PLA, was correlated to the
presence of a specific interaction domain. Experiments
conducted by these authors showed that the haemaggluti-
nation activity of hypnins was strongly inhibited by the
addition of PLA,, which strongly suggests that the interac-
tion between hypnins and PLA, involves specific malecu-
lar recognition. Accordingly [19], hypnins have two
distinct binding sites; a carbohydrate-recognition site(s)
(probably containing a C-type CRD motif) and a protein-
recognition site(s) (phospholipase A,-binding site). Inter-
estingly, the interaction between PLA, with hypnins did
not affect the hemolytic activity induced by PLA,.

The N-terminal amino acid sequence of BTL-2 has a high
homology with the lectins of Hypmea japonica, which prob-
ably possess the C-type CDR motif [19], as such BTL-2
probably possesses these same sites in its structure. The
CD spectra analysis revealed that both BTL-2 and BTL-1
have a predominance of random coils, stabilized by
disulfide bridges, conferring some interesting properties
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Male Wistar rats (120 g-150 g) were anaesthetised
with halothane (inhaled). The paw cedema was induced
by a single subplantar injection of 100 pL of sample 100 pg/
paw). Paw volume was measured immediately before the
injection and the intervals thereafter (15, 30, 60 and 120 min-
utes) using a hydroplethysmometer (model 7150, Ugo Basile,
Italy). 7a) BTL-2 induced similar oedema simihat of the saline
control. PLA, showed the highest cedema at 30 minutes
before the injection. The presence of BTL-2 decreased the
oedema induced by the 7b) The compound 48/80
(C48/80) was used, incubated with BTL-2, to show that the
lectin was not acting on the tissues to decrease the action =
PLA,, but was probably binding to the enzyme. Thus, the lec-
tin did not decrease the action of C48/80 act.

to these proteins such as resistance to high temperatures,
very similar to hypnins which possess thermostability
[19].

The catalysis of enzymatically-active PLA; can be affected
by Factors such as substrate, and PLA, activity is strongly
enhanced by aggregated substrates that include micelles
or monolayers [21]. Another important factor is substrate
concentration, when the Critical Micelle Concentration
(CMC) is reached, this enhances the enzym atic activity by
several orders of magnitude |22,23]. Conformational
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Amino acid seq e of PLA; i

lated from Crotalus durissus cascovella and its estimated secondary structure.

The calcium binding loop, active site and C-terminal region are present in the sequence. Mote the highly conserved calcium
binding loop and active site, and an extensive portion of basic amine acid residues, such as Arg and Lys, in the C-terminal. Thi>
PLA, showed high homology with other PLAs, such as the isoforms from Crotalus durissus terrificus (Cdt F15, F16 and FI7).
Crotoxin B (cloned basic subunit of crotaxin) and mojave b (PLA, subunit of Crotalus scutulatus scutulatus).

changes in the structure of PLA, are also an important fac-
tors that increase enzymatic activity [24]; these changes
are located in the N-terminal residue and in the surface
binding loop in which the calcium binding loop is
located, The main conformation change, located in the N-
terminal helix, has a small shift towards the calcium ion
of PLA,. The role and structural relevance of the N-termi-
nal region have also been reported [25-27]. In addition,
the suppression or the chemical modification of the N-ter-
minal region results in a strong reduction in the enzymatic
activity of catalytically-active PLA,.

It has been reported that highly-purified heparin sodium
salt is able to increase the enzymatic activity of catalyti-
cally-isolated PLA, from Crotalus durissus terrificus venom
128,29]. The potentialization of the enzymatic activity of
heparin has been observed in the treatment of some vas-
cular disorders in clinical trials. On the other hand, the
inhibitory effects of the neurotoxic or other pharmacolog-
ical activities of PLA, are well known. The mechanism of
action of PLA, towards heparin invalves inducible confor-
mation changes to the active site, the N-terminal region,
and strong binding with the cationic site located in the C-
terminal region [30-32], which leads to the modifications
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PLA;. Thus, our results show that some pharmacological
activities, induced by PLA, isolated from Crotalus durissus
cascavella, did not involve its solely enzymatic activity,
indicating that the specific actions induced by this PLA,
are due to the presence of pharmacological sites on the
protein surface, which are distinct from catalytic sites,
allowing PLA, to bind specifically to soluble proteins or
membrane-bound proteins that participate in the mecha-
nism of action and this is not an isolated case, as observed
for other PLA, from other sources [33,34]. The antibacte-
rial activity, however, is very dependent on the ability of
this PLA, to destroy the bacterial membrane. These facts
are supported by the results of the bacterial growth rate of
Xap, which was strongly inhibited by a complex formed
by PLA, and BTL-2.

Conversely, the platelet aggregation assay showed that the
presence of the lectin significantly decreased the PLA;
aggregation effect, showing that the pharmacological
activity of the enzyme was affected by BTL-2, This same
effect occurred in the oedema assay, where in the presence
of the lectin, the pharmacological activity of the PLA; was
decreased, inducing a lower oedema. The hydrolysis of
arachidonic acid (AA) by the PLA, generates free AA and
lysophospholipids that are the precursors of eicosanoids
and platelet-activating factor, respectively |35]. At first, it
was thought that secretory PLAs served to provide sub-
strates for the biosynthesis of proinflammatory lipid
mediators; however, it was found that not all PLA, hydro-
lyze AA from intact mammalian cells, suggesting that the
generation of lipid mediators is not a general function of
this enzyme [36,37]. A great breakthrough was the identi-
fication of ather biological effects of PLA, in cells involved
in infl yry and ir responses. As such, these

Figure 9

The three dimensional model of PLA, from Crotalus
Juri cascavella was determined by com-

parative homology modelling using BLASTP in Pro-

tein Data Bank. The model shows the B-wing, a-helix,

calcium binding loop, and C-terminal loop.

in the biclogical effects induced by the catalytically-active
PLA,.

Our results showed that this novel basic hypnin-like lec-
tin, isolated from Bryothamnion triquetrum, seems to form
a heterodimeric structure with PLA, from the Crotalus
durissus cascavella venom and that its molecular binding
strongly increases the enzymatic activity of PLA,. Further-
more, our data suggest that the complex that is established
between PLA,, from Crotalus durissus cascavella, and lectin,
from Bryothamnion triguetrum, probably involves a hydro-
phobic contact and indirectly affects the catalytic site of

results support the idea of the presence of another phar-
macological site in the PLA,, isolated from the Crotalus
durissus terrificus, which is distinct from the enzymatic site.
Something similar is observed in some other PLA, that
interact with target cells via membrane peptidoglycans
and with specific or promiscuous receptors [11] and, in
some cases, lead to activation of some intracellular cyto-
plasmic PLA, and several proteins including PKA and 7o
[37-39|. Some specific mutation studies carried out with
PLA, showed that the binding of secretory PLA, to the
receptor involves a specific recognition of the CRD region
of this receptor |34,36,37], which is located near the cata-
Ivtic site of PLA,. Our results, however, suggest that the
PLA, region involved in the binding with BTL-2 produces
a structural change that results in the reduction of its phar-
macological action, compared to untreated PLA,. The
C48/80 experiment supports this argument, since it shows
that the lectin was not binding to the tissues to hinder the
C48/80 or PLA, activity, but that it was acting in the PLA,.
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Class 1 and 11 secretory PLA,s possess an antiparallel,
poorly conserved f-wing. The structural conformation,
though variable in relation to the rest of the enzyme, is
internally consistent across species. The wing extends out-
wards into the solvent, and the ‘wingtip’ is poorly
anchored. It has been suggested that biological properties
such as neurotoxicity, myotoxicity or anticoagulation may
be associated with the B-wing [40-42]. The presence of a
similar p-wing motif in the 3D model of the PLA,, isolated
from Crotalus durissus cascavella venom, may explain its
remaining pharmacological activity, which probably has
two distinct pharmacological sites, one located in the ran-
dom coil that links the N-terminal helix with the helix 2
and the f-wing.

The main conclusions of this study are that; 1) the phar-
macological activity of PLA, from Crotalus durissus cascav-
ella is completely dissociated [rom its enzymatic activity
and also some of its biological activity, 2) The PLA; model
revealed that the presence of an extensive hydrophobic
random coiled region may be involved in the interaction
with BLT-2, forming a random-coil based structure.

Methods

Source of algoe

Specimens of the red marine alga Bryothamnion triguetrum
were collected from the Atlantic Coast of Brazil (Pacheco
Beach, Ceard) and kept in plastic bags at -20° C until proc-
essed.

Lectin purification

Algae were thawed, rinsed with distilled water, cleaned of
epiphytes, and ground to a fine powder under liquid
nitrogen. The powder was stirred for 4 hours with 0.02 M
phosphate buffer (pH 7.0), with 0.15 M NaCl, filtered
through nylon tissue, and then centrifuged at 7,000 x g,
for 30 min, at 4°C. The supernatant was acidified and
remained under refrigeration for 4 hours. The precipitated
pigments wete removed by centrifugation and the super-
natant (crude extract) was adjusted to pH 7.0, followed by
ammonium sulphate precipitation (0-60%). Precipitated
proteins were recovered by centrifugation, dialyzed in dis-
tilled water and applied onto a DEAE-cellulose column,
equilibrated and eluted with 0.02 M phosphate buffer
(pH 7.6), followed by elution with 1.0 M NaCl solution
in the same buffer, at a flow rate of 30 mL/h. The unab-
sorbed fractions with haemagglutinating activity were
pooled and rechromatographed in the same column.
Active [ractions containing lectins were dialyzed and
lyophilised (DEAE fraction).

After that, approximately 5 mg of freeze-dried DEAE-frac-
tion was dissolved in 250 pl of ammonium bicarbonate
buffer (0.05 M; pH 7.9) and homogenised until complete
dissolution, followed by clarification by centrifugation

hittp:/hwww.biomedcentral.com/1471-2091/9/16

(4,500 x g for 2 min, at 27 °C). The supernatant was recov-
ered and injected onto an ion exchange HPLC column
(Protein Pack SP 5PW, 0.75 = 10 cm, Waters), previously
equilibrated with the same buffer used for dissolving the
fraction. The elution was conducted using a discontinu-
ous linear gradient of ammonium bicarbonate at a con-
centration of 1.0 M, pH 8.0, at constant flow rate of 1 mL/
min,

‘The chromatography was monitored at 280 nm and the
peaks were collected and the two fractions containing hae-
magglutinanting activity were lyophilised and than sub-
jected to the final chromatographic steps of the Reverse
Phase (RP-HPLC). The elution of samples was carried out
using a linear gradient concentration of an aqueous solu-
tion of 66% acetonitrile. Samples were previously dis-
solved in buffer A of RP-HPLC (0.1% TFA) that was used
to equilibrate the column. The fractions were immediately
concentrated by ultrafiltration (AMICON), followed by
dialysis with 5.0 mM ammonium bicarbonate solution
(pH 7.8), sterilized by microfiltration (0.22 pm) and
stored at 4°C for further use.

Electrophoresis

The electrophoresis was carried out following the Lae-
mmli method [43]. The degree of purity of fractions was
assessed by discontinuous electrophoresis using a final
acrylamide concentration of 12% in the running gels (1.0
M Tris-HCI, pH 8.8) and 5% in the stack gel (0.5 M Tris-
HCI, pH 6.8). The electrophoretic un was carried out
using a BIORAD electrophoretic system for SDS-PAGE. All
samples and the molecular marker were treated with SD5
and 1.0 M DTT and the run was conducted at 40 mA for
both plates. After electrophoresis, samples were stained
with Coomassie brilliant blue R-250.

Circular dichroism

The purified BTL-2 was dissolved in water and the solu-
tion was adjusted to a final concentration of 10 mM of
protein. The sample was transferred to a 1 mm path-
length quartz cuvette. Circular dichroism spectra in the
wavelength range of 185-300 nm were obtained using a
J715 spectropolarimeter (Jasco Corp., Japan) using a
bandwidth of 1 nm and a response time of 1s. Data col-
lection was performed at room temperature with a scan-
ning speed of 100 nm/min; a total of nine scans were
accumulated for the sample.

PLA, purification

PLA, from the rattlesnake, Crotalus duri casvella, was
purified by a combination of chromatographic proce-
dures and its molecular homogeneity was determined by
$DS-PAGE. The whole venom was fractionated by HPLC
molecular exclusion chromatography using a Superdex 75
column (1 x 60 cm). The active PLA, fraction was then
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subjected to Reverse Phase HPLC in a C18 p-Bondapack
column (0.78 cm = 30 cm) (Waters 991-PDA system ). The
column was eluted with a linear gradient (0-66.5%, v{v)
of acetonitrile (solvent B) at a flow rate of 2 mL/min, and
absorbance was monitored at 280 nm. The fractions were
collected manually, lyophilized and stored at -20°C.

Amino acid sequence

‘Three milligrams of purified protein were dissolved in 200
ul of 6 M guanidine chloride (Merck, Darmstadt, Ger-
many) containing 0.4 mM Tris-HCl and 2 mM EDTA
(final pH 8.15). Nitrogen was flushed over the top of the
protein solution for 15 min, which was then reduced with
DTT (6 M, 200 ul) and carboxymethylated with MC-
iodoacetic acid and cold iodoacetic acid. Nitrogen was
again flushed over the surface of the solution and the reac-
tion tube sealed. This solution was incubated in the dark
at 37°C for 1 h and desalting was performed on a Sepha-
dex G 25 column (0.7 = 12 cm) in 1 mM acetic acid buffer.
The eluted reduced and carboxymethylated (RC) protein
was lyophilised and stored at -20°C. The RC lectins were
then purified and the N-terminal region sequenced.

For the RC-PLA,, we determined the complete amino acid
sequence of the protein by sequencing the N-terminal
region and the peptides from enzyme-treated PLA,. One
sample of RC-protein was digested with Staphylocaccus
aureus protease V8 for 16 hours at 37°C, using an enzyme
-substrate ratio of 1:30. The reaction was stopped by
Iyophilisation. A second sample of RC-PLA, was digested
with Clostripain for 8 hours at 37°C and then lyophilised
|44]; the products were separated by Reverse Phase HPLC
using a Waters PDA 991 system with a C-18 p-Bondapack
column.

Peptide peaks were isolated using a linear gradient (0-
100% of acetonitrile in 0.1% TFA (V/V)). A third sample
(2 mg) was cleaved with a 15-fold molar excess of cyano-
gens bromide (CNBr) over methionine residues in 70%
formic acid (4 ml) under nitrogen for 24 hours at room
temperature. The reaction mixiure was then diluted with
40 ml. of water and lyophilised. Excess reagents were
removed by gel filtration on a Sephadex G-25 column (1
« 20 cm) equilibrated with 10% acetic acid. The CNBr
peptide fragments were separated by Reverse Phase HPLC,
using an analytical p-Bondapack C18 column (0.39 = 30
cm; Waters) with 0.1% TFA as solvent A and acetonitrile
containing 30% of solvent A (solvent B). The elution pro-
file was monitored at 214 nm. Analysis of the amino acid
sequence of the RC-protein, as well as that of the enzymat-
ically-digested fragments were performed with an Applied
Biosystems model Procise f gas-liquid protein sequencer.
‘The phenylthiohydantoin (PTH) derivatives of the amino
acids were identified with an Applied Biosystems model
450 microgradient FTH ly

http:/iwww.biomedcentral.com/1471-2091/9/16

PLA, activity

PLA, activity was measured |45, The standard assay mix-
ture contained 200 pL of buffer (10 mM Tris-HCI, 10 mM
CaCl,, 100 mM NaCl, pH 8.0), 20 L of 2.98 mM sub-
strate (4-nitro-3-octanoyloxy-benzoic acid; 4N;0BA), 20
uL of water, and 20 pL of PLA, (1 mg/mL) in a final vol-
ume of 260 uL. After the addition of PLA,, the mixture was
incubated for 20 min at 37 °C. The increase in absorbance
at 425 nm, due to product formation, was monitored dur-
ing this period and the activity was expressed as nmols of
product formed nmols/min/mg. The inhibitory effect of
BTL-2 (1 mg/mL) on PLA, activity was investigated by
incubating the two proteins at 37°C for 30 min prior to
assaying the enzyme activity using the SpectraMax 340
multiwell plate reader (Molecular Devices).

HPLC molecul lusi F
andBTL-2-PLA,

One milligram of PLA, from C. d. cascavella was dissolved
in 0.5 mL of 0.05 M phosphate buffer, pH 7.5, and
applied to a Protein-Pack TSK gel 3000 column (0.8 cm =
30 cm), previously equilibrated with the same buffer
before use. BI1-2 and PLA, (1:1) were preincubated
together for 30 minutes in phosphate buffer. Separately,
molecular mass markers (bovine serum albumin, 66 kDa;
egg album, 45 kDa; carbonic anhydrase, 29 kDa, and lys-
ozyme 14 kDa) were used to estimate the molecular
weight of PLA, BTL-2 and PLA;BTL2. All molecular
weight markers were dissolved in phosphate buffer at a
concentration of 2 mg/mL. The proteins were eluted at a
flow rate of 0.2 ml/min and the absorbance profile was
monitored at 214 nm.

graphy of BTL-2

Platelet aggregation studies

Sample collection and aggregation studies

Venous blood was collected with informed consent from
healthy volunteers who denied taking any medication in
the previous 14 days. Blood was collected by a two-syringe
technique using polypropylene syringes and 19-gauge
needles, and immediately transferred into polypropylene
tubes containing 1/10 of final volume of 3.8% trisodium
citrate.

After removing the platelet-rich plasma (PRP), the
remaining blood was prepared by centrifugation of dit-
rated blood at 200 = g for 10 min and washed platelets
{WP) were obtained from the residue by centrifugation of
citrated blood at 1500 = g for 20 min. The platelets were
left for 1 h at room temperature to recover their sensitivity
1o aggregating agents. Platelet counts were performed an
a Coulter § Plus (Coulter Electronics, Hialeah, FL) or by
phase-contrast microscopy. Platelet aggregation was car-
ried out using 400 uL of the washed platelets solution in
a cuvette and kept at 37°C with constant stirring.

Page 100f 12
(page number not for cifation purposes)

108



BMC Biochemistry 2008, 916

The desired concentration of protein was added 3 minutes
prior to the addition of platelet aggregation inducers
(thrombin for washed platelets). Subsequently, the aggre-
gation was recorded for 5-10 min by using an aggregom-
eter (Payton Scientific Instruments, Inc, Buffalo, NY).
Aggregation experiments were performed in two concen-
trations (1 pg and 3 pg) of BTL-2, PLA,, and PLA; incu-
bated with BTL-2 (v/v) in a final volume of 20 uL, which
was previously incubated (30 min) at room temperature,

Pow oedema assay

Male Wistar rats (120-150 g) were anaesthetised with
halothane (inhaled). The rat paw cedema was induced by
a single subplantar injection of 100 pL of BTL-2 (10 pg/
paw), PLA, (10 pg/paw), and PLA, incubated with BTL-2
{¥/v). Paw volume was measured immediately before the
injection of the samples and at selected time intervals
thereafter (15, 30, 60, and 120 minutes) using a hydrop-
lethysmometer {model 7150, Ugo Basile, Italy). The com-
pound 48/80 (C48/80) was incubated with BTL-D2 1o
show that the lectin was not acting on the tissues to
decrease the action of the PLA,. All samples were dis-
solved in sterile saline solution (0.9%). Results were
expressed as the increase in paw volume (mlL) and calcu-
lated by subtracting the basal volume.

Antibacterial assay

Xanthomonas axonopodis pv.passiflorae (Xap) and Clavi-
Dbacter michig is subsp. michig is (Cmm) were har-
vested from fresh agar plates and suspended in distilled
and sterilized water (AG00 nm = absorbance, correspond-
ing to 3 x 108 CFU/mL). Aliquots of this suspension were
diluted to 3 » 103 CFU/mL and incubated with 100 pl. of
BTL-2 (1 mg/mL) for 30 min at 37°C. We then deter-
mined the survival on Agar Nutrient (Difco) Plate (n = 5).

Predi of the three-di ional of PLA,
Amina acid sequence similarity and alignment searches
were carried out to compare the PLA, isolated from Cro-
talus durissus cascavella venom against the Protein Data
Bank using BLASTP. The 3D structure of PLA, was deter-
mined by comparative homalogy modelling. Using com-
puter graphics, the amino acid sequence of PLA; was fitted
to the high-resolution X-ray structure of the homologous
1BJ]_A. This allowed the construction of a model, which
was then subjected o energy minimization and molecular
dynamic simulations.

Statistical analyses

The results were reported as the means + SEM of n experi-
ments, The significance of differences between means was
assessed by analysis of variance, followed by a Dunnett’s
test when several experimental groups were compared
with the control group. ‘The confidence limit for signifi-
cance was 5% (p > 0.05).
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ARTICLE INFO ABSTRACT
Article history: This work reports the structural and enzymatic characterization of a new sPLA2 from the
Received 15 July 2008 white venom of Crotalus durissus ruruima, nominated PLA2A. The homogeneity of rhe
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Accepred 22 October 2008
Mvailable enline 26 October 2008

PLAZA fraction and irs molecular mass were initially evaluated by SDS-PAGE and
confirmed by MALDI-TOF spectrometry, indicating a molecular mass of 14.299.34 Da.
Structural investigation, through circular dichroism spectroscopy, revealed that PLAZA has
a high content of alpha helix and beta-turn structures, 45.7% and 35.6% respectively. Its

'é::mm”u‘ i amino acid sequence, determined by Fdman degradation and “de novo amino acid
Calchim binding sequencing”, exhibited high identity to PLAZ Cdt FI5 from Crotalus durissus terrificus. The
Venom enzymatic investigation, conducted using the synthetic substrate 4-nitro-3-(octanoyloxy -
PLAZ benzoic acid, determined its Vi (7.56 nmoles/min) and Ky (2.76 mM).

Calcium binding loop Moreover, PLAZA showed an allosteric behavior and its enzymalic activity was dependent

on Ca®*, Intrinsic fluorescence measurements suggested that Ca®' induced a significant
increase of PLAZA flucrescence, whereas its replacement for Mg2*, Mn®%, Sn** and Cd?*
apparently induced no structural modifications. The optimal pH and temperature for the
enzymatic activity of PLAZA were 8.4 and 40°C, respectively, and the minimal concen-
tration of p-BPB and crotapotin that significantly inhibited such activity was 0.75 mM and
0.4 M, respectively. In addition, PLA2A showed a significant antibacterial effect that was
not strictly dependent on the enzymatic activity of such sPLAZ.

4 2008 Elsevier Ltd. All rights reserved.

1. Introduction samples of Crotalus durissus terrificus from several parts of
Brazil and found three different types of electrophoretic

Crotalus durissus venom is a complex mixture of profiles. His study allowed him to divide these snakes

L es, such as¢r ine, gyroxin, crotoxin (a complex according to their origin into northern, central, and
formed by phospholipase A2 and crotapotin), tissue southern populations, He reported thar the venom of
Kallikrein-like activity, trombine-like enzyme, phoesphodi- specimens collected in southern Brazil differed from others
esterase, 5'-nuclectidase, L-amino oxidase, convulsin, and on the presence of crotamine (Barrio, 1954). Gongalves and

peptides (Bercovici et al, 1987). Barrio (1954) analyzed Vieira (1950) also showed variation in C. d. terrificus venom
composition related to geographical origin of specimens. In

——— : issus, int i tabili been de ted
* Cormesponding author. Campus Experimental do Literial Paulista - C. durissus, interspecific variability has bee HHonstd

UNESP. Praca Infante DOM Menrique sin, Campus do Litoral Paulista, for L' d ren'zﬁ::m. Crotalus durissus cascavella and Crofalus
13070770 Sao Vicente, Brazil. Tel: +55 19 3521 6132, durissus collilineatus rattlesnakes (Santoro et al., 1999).
E-mail address: eduardodizfilho@gmall.com (E.B.5. Diz Fitho). Interspecific variations have been also reported in pools of

0041-01015 - see front matter © 2008 Elsevier Led. All rights reserved.
doi: 10.1016]] toxicon 2008.10.021

111



EBS. Diz Filho et al. / Towicon 53 (2008) 104-114 105

venoms from adult specimens of C. d. terrificus and Crotalus
durissus ruruima (Dos Santos et al, 1993), a rattlesnake
subspecies commonly found in cultivated lands in the
northern Brazilian state of Roraima and in savannas in
southern Venezuela. Venoms of C. d. ruruima may belong to
one of two varieties, designated white or yellow venom,
according to their appearance. By other side, some studies
performed with these venoms indicated evidently different
pharmacological properties, as reported by Dos Santos et al.
(1993, 2005). A pool of white venoms of C. d. ruruima was
shown to display lethal, coagulant, myotoxic, edematogenic
and hemolytic activities very similar to C d. terrificus
venoms {Dos Santos et al,, 1993). In addition, hemorrhage,
necrosis, caseinolytic and crotamine activities were present
in a pool of C. d. ruruima yellow venom (Dos Santos et al,,
1993, 2005) from which Ponce-Soto et al. (2007) have
recently isolated and characterized the biological activity of
a PLA2.

Crotoxin accounts for approximately 40-50% of whole
dried venom and is involved in the main symptoms caused
by C. durissus bites. Crotoxin has neurotoxic, myotoxic,
hemolytic, and platelet aggregating activities (Bon et al.,
1989: Faure et al.,, 1994). This protein is primarily constituted
of a reversible heterodimeric association of a basic and
weakly neurctoxic compound (basic phospholipase A2 or
PLAZ) and an acidic compound, devoid of toxic effects
(crotapotin or Crtp) (Faure and Bon, 1988). Crotapotin has
been reported to p in vivo anti-infl tory activity

from Sigma-Aldrich, Merk, BioRad, GE Healthcare or
Applied Biosystems.

2.2, Isolation of PLA2A

The PLA2 from C. d. ruruima white venom was purified
by a combination of two chromatographic procedures.
A molecular exclusion chromatographic step was initially
performed, followed by a second step in a reverse phase
(RP) HPLC. This procedure has been previously described by
Oliveira et al. (2002). For the molecular exclusion chro-
matographic step, 10 mg of whole dried venom were dis-
solved in a 1 M ammonium bicarbonate {AMBIC) solution,
pH 7.8 until complete homogenization, and then clarified
by centrifugation at 4500 =g for 4min. The resulting
supernatant was applied onto a Superdex 75 column
(1 £m x 60 cm Waters) previously equilibrated with 0.2 M
AMBIC, pH 7.8, Elution of fractions of the venom was con-
ducted at a flow rate of 0.2 mlfmin and the elution profile
was monitored at 280nm (Waters LCG50 system). All
fractions were collected at the absorbance peak and then
lyophilized and stored at —20 °C. The whole crotoxin was
afterward purified by reverse phase HPLC. Approximately
5 mg of whole crotoxin were dissolved in 200 pl of HPLC
buffer A (0.1%TFA), also used for the equilibration of the
chromatographic column. After homogenization, the
sample was centrifuged at 4500 = g for 5 min, for clarifi-
cation. The resulting supernatant was recovered and

as demonstrated by the inhibition of carr. induced
rat paw edema (Landucci et al,, 1995, 2000). It was demon-
strated that part of this immunosuppressive effect is due to
an increase in the production of prostaglandin E2, by
macrophages previously stimulated with crotapotin (Garcia
etal., 2003). Furthermore, this compound also showed other
activities such as a moderate antimicrobial activity and it
was able to induce significant changes in isolated kidneys
(Oliveira et al., 2003). Moreover the presence of different
PLA2 isoforms in snake venoms may show significant
changes in induced pharmacological activities in view of
neurotoxicity, for example (Oliveira et al., 2003). Intraspe-
cific variation in phospholipase A2 activity, as reported in
Bothrops asper, Bothrop fedii, Crotalus ruber, and
Daboia russelli, may be also found for C. d. ruruima venorm.

In the present study, a2 new PLA2 isoform from C, d.
ruruima white venom was identified and its primary
structure was determined by combination of Edman
degradation and mass spectrometry. In addition, we
compared its amino acid sequence to other sPLA2s and
determined several of its kinetic properties. Furthermore,
the antibacterial activity of this new PLA2 and Ca®~ effect
on its activity was investigated.

2. Materials and methods
2.1. Venom and reagents

The venom of C d. ruruima was gently donated by
Regional Ophidism Nucleus (NUROF/Federal University of
CearafFortaleza-CE), The reagents and chemicals used in
this study were ACS, HPLC or sequencing grade, purchased

pplied on the reverse phase HPLC column (p-Bondapack
€18, 0.39 = 30 cm). Fractions were eluted using a linear
concentration range 0-100% of buffer B (acetonitrile 66% in
buffer A) at flow rate of 1 mlfmin. The chromatographic run
was monitored at 280 nm and each fraction was recovered
and Iyophilized. The degree of purity of the isolated PLAZ
was evaluated by Tricine SDS-PAGE according to Schagger
and von Jagow (1987) and MALDI-TOF mass spectrometry.
PLAZ activity was monitored after each chromatographic
step.

2.3. PLA2 activity

PLA2 activity assay was conducted following the protocol
described by Lee et al, (1999) and adapted by Toyama et al.
(2003) for 96-well plates. The standard assay mixture con-
tained 200 pl of buffer (10 mM Tris-HCl, 10 mM CaCls,
100 mM NacCl, pH 7.8), 20 pl of substrate (4-nitro-3-octa-
noyloxy-benzoic acid (NOBA, BIOMOL, USA)), 20 pl of water
and 20 ul of PLA2 sample, adding to a final volume of 260 pl.
After the addition of PLA2 ple (20 pg), the mi was
incubated for up to 40 min at 37 *C, its absorbance at 425 nm
being read at 10-min intervals. Enzyme activity was calcu-
lated based on the increase in absorbance after 20 min.
The pH and temperature optima of PLA2 were determined
by incubating the enzyme in buffers of different pHs (4.0~
10.0), and at different temperatures in Tris-HCl, pH 8.0 in
the presence of calcium. The effect of substrate concentra-
tion on enzyme activity was determined by measuring the
increase in absorbance after 20 min of incubation in Tris-
HCI buffer, pH 8.0, at 37 *C. The effect of temperature on the
PLA2A was investigated following the protocol described
by Toyama et al. (2003), over a temperature range from 20 to
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60 °C and with temperature increments of 5 °C. Moreover,
we examined the effect of p-bromophenacyl bromide (p-
BPB) and crotapotin on the enzymatic activity. In order to do
so, we performed a chemical modification of PLA2 with p-
BPB according to the protocol described by Toyama et al.
(2005). The effect of crotapotin was determined by mixing
different molar concentrations of this compound, ranging
from 0 to 0.8 pM, with 1.5 pM of PLAZ. All assays were
conducted in triplicate and absorbances were measured at
425 nm using a SpectraMax 340 multiwell plate reader
(Molecular Devices, Sunnyvale, CA, USA). The effect of
different ions, such asggzy‘. Mn?', 502" and Cd?* on the
PLAZ activity and the Ca*" concentration for the optimal
activity were determined by incubating the enzyme in Tris-
HCl buffer pH 8,0 with each cation (10 mM)and diverse Ca®*
concentrations, respectively.

2.4. Spectroscopic analyses

2.4.1. Circular dichroism spectroscopy

The purified enzyme was dissolved in 10 mM sodium
phosphate buffer pH 7.4 and the solution was adjusted to
a final concentration of 8.7 pM of protein. After centrifu-
gation at 4000 = g for 5 min for clarification, samples were

Applied Biosystems model 450 microgradient PTH-
analyzer. The N-terminal amino acid sequencing was done
up to the 25th amino acid residue.

The remaining undisclosed amino acid sequence was
determined by “de nove” sequencing of tryptic peptides,
All mass spectra were acquired using a quadrupole-time of
flight (Q-TOF) hybrid mass spectrometer Q-TOF Ultima
(Micromass, Manchester, UK) equipped with a nano
Z-spray source, operating in a positive ion mode. The
ionization conditions were: capillary voltage of 2.3 kV, cone
voltage of 30V, RF1 lens voltage of 100V, and collision
energy of 10 eV. Source temperature was 70 °C and cone
gas, N3, at a flow of 80 I/h. Nebulizing gas was not used to
obtain the sprays. Argon was used for cooling and ion
fragmentation in the collision cell. External calibration with
sodium iodide was made over a mass range from 50 to
3000 mjz. Alkylated tryptic peptides fractionated by RP-
HPLC were lyophilized and resuspended in 20% acetonitrile
in 0.1% TFA prior injection into the mass spectrometry
source at a flow rate of 500 nlfmin. Before performing
a tandem mass spectrum, an ESI/MS mass spectrum (TOF
MS mode) was acquired for each HPLC fraction over the
mass range of 400-2000 m/z, in order to select the ion of

rransferred to a 1 mm path-length quartz cuvette, Circular
dichroism spectra in the wavelength range 185-300 nm
were acquired in house on a J720 spectropolarimeter (Jasco
Corp., Japan) using a bandwidth of 1 nm and a response
time of 1s Data collection was performed at room
temperature. With a scanning speed of 100 nm/min, a total
of nine scans were accumulated for each sample and all the
spectra were corrected by subtraction of buffer blanks.

24.2. Intrinsic fluorescence

‘The relative intrinsic fluorescence intensity of native
PLAZ was monitored with Shimadzu spectrofluorimeter.
A reaction mixture of 2.0 ml in 1cm path-length quartz
cuvette contained 100 mM Tris-HC! buffer (pH 7.4), PLAZ
(200 pg/ml) in presence or absence of 10 mM of Ca** or in
presence of 10 mM of Mn®*, Mg?*, Sn®* and Cd?". Fluo-
rescence spectra were acquired over the wavelength range
from 300 to 450 nm after excitation at 280 nm.

2.5. Primary structure

Five mg of the purified PLAZ were dissolved in 200 pl of
6M pguanidine chloride (Merck, Darmstadr, Germany)
containing 0.4 mM Tris-HCl and 2 mM EDTA {final pH 8.15).
Nitrogen was flushed over the top of the protein solution
for 15 min, which was then reduced with DTT (6 M, 200 pl)
and carboxymethylated with " and cold jodeacetic acid.
Nitrogen was again flushed over the surface of the solution
and the reaction tube sealed. This solution was incubated in
the dark at 37 °C for 1 h and desalting was done on a C5
reverse phase HPLC column with 30% acetonitrile in 0.1%

TFA as elution buffer. The fraction desi d as

o ly, these ions were fragmented in the
collision cell {TOF MS/MS mode). Different collision ener-
gies were used, depending on the mass and charge state of
the ions. The resulting product-ion spectra were acquired
in the TOF analyzer and processed using the Masslynx-
MaxEnt 3 algorithm. Single charge spectra were processed
manually using the PepSeq application including the
Masslynx. In addition we used the MASCOT software
package for determination of final amino acid sequence.

We also digest this protein with highly purified V&
protease from Staphylococcus aureus (Promega) in phos-
phate buffer pH 4.5 that allowed the enzyme to cut the
polypeptide sequence in D and E. Briefly, HPLC-purified
RC-protein was digested with the V8 protease using a pro-
teinzenzyme ratio of 1:30. After 12 h the resulting peptides
from the enzymatic cleavage were purified by reverse
phase HPLC (C18 columns). The peptides were used to
confirm PLA2A amino acid sequence through comparison
of sequencing data of these peptides to data of peptides
derived from trypsin digestion of PLA2A, acquired by
means of mass spectrometry.

2.6. Antibacterial activity

Xanthomonas axonopodis pv. passiflorae (Gram-negative)
bacteria were harvested from fresh agar plates and sus-
pended in distilled sterilized water (AG50 nm=03/cc
103 CFU/ml). Aliguots of the bacterial suspension were
diluted to 10-5CFUfml and incubated with PLA2A
(75 pg/ml) or saline buffer for 1 h at 37 °C. After incubation,
survival was assayed on nutrient (Difco) plates (n=35) as
described by Oliveira et al. (2002). Electron microscapic
for observation of morphological alterations of

RC-protein was then lyophilized. For the N-terminal amino
acid determination, 1nmol of this RC-protein was
sequenced in an Applied Biosystems model Procise f gas—
liquid protein sequencer. Phenylthiohydantoin (PTH)
derivatives of the amino acids were identified with an

X. a. pv. passiflorae were made for both the control samples
and samples containing PLA2A-treated  bacteria
{AG50 nm = 0.3/cc; 103 CFU/ml). Samples were fixed with
4% glutaraldehyde in buffer A (0.1 M cacodylate buffer, pH
74) for 1h at 4°C, embedded in 3% low-melting
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temperature agarose (Sea Plaque, FMC Corp.), and stored
for 12 h in fixative at 4 °C.

Agarose pellets were immersed in fixative for 2 hat 25 °C,
washed three times for 10 min with buffer A, and fixed with
1% osmium tetroxide (Agar Scientific Ltcl.) in buffer A, for 2 h
at 25°C. Sections were washed three times, dehydrated
in increasing concentrations of ethanol and propylene oxide,
and embedded in Epon resin (Agar Scientific). Polymerisation
was performed at 60°C for 48 h, and ultra-thin sections
were prepared with a Sorvall MT2 ultra microtome. The
sections were placed on 5% collodion-coated 100-mesh grids,
and stained with 4% uranyl acetate (Agar Scientific) for
15 min, followed by staining with 2.6% lead citrate (Agar
Scientific) for 15 min. Samples were observed under a Hitachi
1100 transmission electron microscope (Hitachi Scientific
Instruments) operating at 100 kV.

2.7. Statistical analysis

The results are reported as the means+SEM of n
experiments, when appropriate. The significance of differ-
ences between means was evaluated by analysis of variance
followed by Student's t-test when various experimental
groups were compared with the control group. The confi-
dence limit for significance was 5%,

3. Results
3.1, Structural characterization

The purification of the whole white variety venom
from C. d. ruruima resulted in two main fractions, named
as IV and V, and four minor fractions, named as I, I, Il
and VL. Fraction IV was positively identified as crotoxin by
pharmacological and biochemical assays as shown in
Fig. la. Positive characterization of each fraction was
performed by means of specific assays for some protein
groups. In the case of ¢ ine, convulxin and ¢ i
we used specific assays for each one as described by
Toyama et al. (2000, 2001) and Passero et al. (2007). After
purification, crotoxin was subjected to a new chromato-
graphic procedure on a reverse phase column. In this
condition, we purified two crotapotins and two new PLA2
isoforms (Fig. 1b) named as PLA2A and PLA2B. PLA2A
accounted for approximately 26% of the whole crotoxin
whereas PLAZB represented only 7%. Thus, we conducted
most of the subsequent experiments with the PLA2A
isoform. The investigation conducted with PLA2B was
only enzymatic, especially in comparison with PLAZA.
After the HPLC fractionation of crotoxin, both PLAZ2s
(PLA2A and PLA2B) were subjected to Tricine SDS-PAGE
that revealed the presence of only one electrophoretic
band with molecular mass of approximately 14 kDa. Mass
spectrometry analysis determined a molecular mass of
14,200.34 Da for PLAZA (Fig. 2a) and a molecular mass
of 14,756.45 Da for PLA2E (data not shown). Examination
of PLAZA by CD spectroscopy indicated a high content of
alpha-helical structures (46.7%), beta-turns (35.6%), and
random coils (17.6%). This result suggested that the
predominant secondary structure of this PLAZA consisted
of alpha-helices (Fig. 2b).
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Fig. 1. a) Purification of whole venom of Crotalus durtssus ruruma o i
molecular exclusion chromatography. 10 mg of whole venom were dissolved
in 400l of 1M i solution, h jzed and then
centrifuged. The resulting supernatant was filtered and apolied onto the
chramatographic column (AP 1 = 80 cm - Waters, completed with Superdex
75 - GE h ). This first hic mun was isocratic with
constant flow rate of 0.2 mil/min and monitored at 280 nm. In this figure, the
chromatograms of Crotalus durissus ruruima white venom and yellow venom
are represented as black continuous line and light gray line, respectively. b)
Chromatographic profile of reverse phase HPLC of crotoxin purified from the
whole venom. Approximately 3 mg of this fraction were dissolved in 200 pl
of buffer A. Crotexin was fractionated in a linear gradient of concentration of
buffer B. The chromatographic run was conducted at constant flow rate of
1,0 mifmin and monitored at 280 nm. In this condition, we purified from the
whole venom of Crofalus durissus ruruima one main crotapotin fraction
(Crip) and two PLAZ fracrions named as PLAZA (major isoform) and PLAZE
(miner isoform}

PLA2A amino acid sequence was determined by
N-terminal amino acid sequencing up to the 25th amino
acid residue. "De novo” sequencing by mass spectrometry
was performed in order to complete the remaining
sequence determination. Alkylated PLA2A was digested
with trypsin and the resulting peptides were fractionated
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Fig. 2. The main purified PLAZ isoform, PLA2A, was subjected to Tricine SDS-
PAGE electrophoresis in which only one electrophoretic band was observed
(data not shown). a) Second aliquot of PLAZA was analyzed in the MALDI-
TOFF mass spectrometry resulting in 2 molecular mass of 14,299.34 Da for
PLAZA. b) CD spectra of native PLAZA. Datz over the range 185-250 nm are
shown, The CD spectra are expressed in theta machine units in millidegrees.

by RP-HPLC (Fig. 3a). Peaks were numbered from 1 to 13
and manually collected, lyophilized and “de novo"
sequenced by ESI-Q-TOF/MS/MS. Isoleucine and leucine
residues were not discriminated in the reported sequence
since they were indistinguishable in the low-energy CID
spectra. Due to the external calibration applied to all
spectra, it was also not possible to resolve the 0.036 Da
difference between glutamine and lysine residues, except
for the lysine that was deduced based on cleavage and
missed cleavage of the protein by trypsin, The deduced
sequence and d of alkylated peptides of
PLAZ2A are summarized in Fig. 3b. The sequence of each
peptide was then independently compared to the NCBI
dundant protein d using the search algo-
rithm BLAST-P. Using the position matches of the “de novo"
sequenced peptides to homologous proteins present in the
database, it was possible to deduce their original position in
PLA2A (Fig. 4a).
Primary structure of PLA2A revealed some amino acid
replacements in comparison with Cdr=12 (C. d. ruruima)
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ue WDIYPYSLE 11683. 64
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09 [HLLOFNE 90376
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13 CRGESETC B26. 45

Fig. 3. a) RP-HPLC of the peprides obtained by tryplic digestion of the
alkylated PLAZA eluted using a linear gradient of acetonitrile 6% in aqueous
solution of TFA (0.1%), Each digest was designated as 1-13. All fractions were
Iyophilized and stored for g amine acid ing in Mass
spectrometer. b) Summarized table of the [M -+ H] " jons of peptides resulted
from trypsin digestion purified in the reverse phase HPLC (fractions 1-13),
The mass of the jons ineid by mass spec L A5 WET
as the related amino acid sequence, is presented.

such as H(1)—S(1}: R{33)— Q(33): F(45) — {45}
1(63) — F(63); E(83) — Q{83); K{104) — R(104); G(107) —
E(107). In relation to Cdr-13 (C. d. ruruima), PLA2A showed
other distinct replacements H(1)—S(1}: L(3)— V(3):
N(6) — E(6):; R(5) — G(5); I(18)— V(18); F(45)— I(45);
A(55) — V(55): 1(63) — F(63): 1(73)— F(73) K(104) —
R(104) and G(107) — E(107) (Fig. 4a). The computational
analysis of the primary structure of PLA2A showed a high
amino acid sequence identity to PLAZ Cdt F15, isolated from
C d. terrificus, Cdr-12 and MOJAVE PLA2, from Crotalus
scutulatus scutulatus (Fig. 4a). The amino acid sequence
analysis revealed that PLA2A had a strong evolutionary
relationship with Cdt F15 (Fig. 4b). The tandem mass
spectra shown in Fig. 5, relative to the peptide eluted in
fraction 4 (Fig. 3b), uncovered the sequence
CCFVHDCCYGK, which allowed us to classify both enzymes
as D49 PLAZ. In addition, in Fig. 4a, the N-terminal amino
acid sequencing of PLA2B up to the 30th amino acid residue
is also presented.

The amino acid sequence analysis of PLAZA catalytic
domain indicated high sequence identity with thar of other
sPLAZs, as shown in Fig. 4b. Thus, although not a good
methad for such purpose, we initially deduced this short
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Fig. 4. ) Amino acid sequences of PLAZA (primary structure), PLAZB (N-terminal amino acid sequence at 30th residue). The primary structure of FLA2A was
obtained by Edman degradation (N-terminal sequencing) and “de novo sequencing” by ESI-Q-TOF/MS/MS. The protocol used for this purpose followed the
methodology described by Dal Bello et al, (2005). N-terminal sequence of PLA2A was determined up to the 25th residue and the remaining sequence was
deduced by analysis of the results of [M + H]™ ions of peptides. The PLAZB was submitted to the same treatment of PLAZA and its N-terminal was determined up
to the 30th amino acid residue, Clustal X was employed for the comparison of PLA2ZA and PLAZE sequences with ather PLA2 isoforms from the Crotalus durissus
ruruima yellow venom {Cdr-12; and Cdr-13; Ponce-Soto et al, 2007), PLA2 isoform from Crotalus durissus terrificus (Cdt F15; Toyama et al, 2003}, PLA2 from
Crotalus scutulatus scutulatis [MOJAVE; MOJAVE toxin: John et al., 1994); PLA2 isoform from Sistrurus catenalus catenaius (SccPLAZ; Gibbs et al, 1997) and PLAZ
isoform from Sistrurus catenatus fergeminus (SctPLA2; Chen et al, 2004). b) Phylogeny relationship of PLA2A to ather PLAZ isoforms statistically evaluated by

Bootstrap method. PLAZB was excluded from rhis ananvs..

)

sequence by comparison with other sPLA2s. Sut

t ic acid (NOBA), PLA2A displayed a discrete sigmoidal

we digested PLA2A with highly purified V8 protease from
5. aureus (Promega) obtaining 13 different peptides, named
fractions 01-13 that were purified by HPLC and sequenced.
Fraction 10 as well as fraction 13 confirmed the presence of
' AK in the catalvtic domain. Other obtained peptides also
confirmed the rest of PLAZA amino acid sequence, thus
providing a verification of data from the first mass
spectrometry sequencing.

32. Enzymatic studies

The PLAZ activity of PLAZA and PLA2B was examined
using the synthetic substrate 4-nitro-3-{octanoyloxy)-

behavior (Fig. 6a), especially at low substrate concentration
(Fig. 6b). On the other hand, the PLA2B had an evident
Michaelis-M: behavior, as shown in Fig. 6a and b. Vinax
of the PLA2A and PLA2B were calculated to be 7.54 nmoles/
min and 5.33 nmoles/min, respectively. These data also
evoked that the Ky of PLAZA and PLA2B were 2.3 mM and
172 mM, respectively. Both PLAZA and PLA2B showed
a maximum enzymatic activity at pH 80, the optimal
temp for the enzymatic activity was 40 °C (data not
showed) and the PLA2B enzymatic activity was virtually
abolished at temperatures higher than 60°C, whereas
PLAZA enzymatic activity was more resistant to higher
temperatures, We also investigated the effect of different
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Fig. 5. ESI-Q-TOF/MS/MS spectrum of the 11-residue-long 127645 Da tryptic peptide eluted in fraction 4 of the RP-HPLC elution profile of PLAZA digest shown in
Flg. 3a, containing the aspartic acid residue at position 48 in the amino acid sequence.
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Fig. 6, a) Effect of sub jon on the enzy activity of

PLAZA and PLAZB. the enzymatic activity was estimated by increase in
absorbance of chromogenic product (p-anilide), the measurement of
product was carried our using an ELISA system and wavelength at 425 nm,
each point represent the mean of o = 12 experiment (p < 0.05). b) Detail of
the curve shapes at low substrate concentrations.

p-bromophenacyl  bromide (p-BPB), or crotapotin,
concentrations on the enzymatic activity of PLAZA and
PLA2B. The results shown in Fig. 7a suggested a significant
difference between PLAZA and PLAZB in presence of
different concentrations of p-BPB.

. The minimal p-BPB concentration that virtually abol-
ished the enzymatic effect of PLAZA was 0.75 mM. Yet the
p-BPB concentration to completely inhibit PLAZB was
higher than 3 mM (Fig. 7a). Fig. 7b shows the effect of
different concentrations of cr in on the ymatic
activity of both PLA2A and PLAZB, indicating that the
minimum concentration of such protein to inhibit the
enzymatic activity of both PLA2A and PLA2E was 0.4 pM for
1 pM of each enzyme.

Both PLA2A and PLAZE showed a strict de}pendenae on
calcium ions. Complete replacement of Ca** for Mg”",
Mn?*, Sn?* or Cd2* strongly reduced the enzymatic activity
of PLAZA to the same level as that in the absence of calcium
(Fig. 8a). Fluorescence analyses suggested that calcium ions
were effective to induce significant changes in the structure
of PLAZA. However, the replacement for other divalent
cations such as Mg2*, Mn®*, Cd%* and Sn** did not induced
the same modification of PLAZA structure (Fig, 8b).

3.3. Aniibacterial activity

‘We evaluated the antibacterial properties of PLA2A on
the Xanthomonas axopodis pv passifiorae that is commonly
used as model. PLA2A displayed a notable antibacterial
activity under the experimental conditions used, in which
75 ug of protein were capable of inhibiting about 96% of the
bacterial growth rate (Fig. 9a). This antibacterial effect was
strongly affected by EDTA (2mM) or p-BPB (1 mM).
Furthermore, incubation of PLA2ZA with heparin also
strongly decreased this effect. Bacteria treated with PLAZA
(75 ug/ml) exhibited massive and evident membrane
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Fig. 8. a) Effect of different jons on the enzymatic activity of PLAZA, enzy-
‘matic activity was measured as described in Section 2. The measurement of
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Fig. 7. a) Effect of different o i ip | bromide ii-
BPE) on the phospholipase A2 activity of PLAZA and PLA2B. b) Effect of
different concentrations of crotapotin (Crip) purified by reverse phase HPLC
on the enzymatic activity of PLAZA and PLAZB. The measurement of chro-
mogenic product (p-anilide) was carried out at 423 nm, each point repre-
senting the mean of n = 12 experiments (p < 0.05),

perfusion foliowed by loss of their integrity. Membrane
vesiculation and highly electron-dense structures in
bacterial cells were observed probably due to the pene-
tration of the fixative solution in cells (Fig. 5b).

4. Discussion

The presence of PLAZ isoforms in crotalinae snake
venoms has been demonstrated by several authors and
discussed by Valiente et al. (1992) and Fuly et al. (2002)
reported in Lochesis muto venom the occurrence of
a complex pattern of proteins that eluted at different ionic
strengths from a DEAE-cellulose column, some of which
displayed indirect hemolytic activity. Recently a compar-
ison of the structures of 127 snake venom PLA2 enzymes
indicated that the presence of mutational hat spots on the
surface of such proteins (Kini and Chan, 1999). Natural
substitutions occur about 2.6-3.5 timés more in fully
exposed residues than in buried residues: Surface residues
are important in molecular recognition of target proteins.

PLAZA

Thus, natural substitutions in such residues of an enzyme
contribute directly towards modifying molecular surface
and interactions, and consequently its specificity.

Several studies have shown that exons in PLAZ genes
mutate faster than introns (Ogawa et al., 1992; Nakashima
et al,, 1995; Ohno et al., 2003). Such an accelerated evolu-
tion is proposed to result in the acquisition of diverse
pharmacological properties (Ogawa et al., 1996). The
surface substitutions and the accelerated evolution of
exons play a significant role in the emergence of new
isoenzymes by altering the target specificity. Through these
mechanisms, nature appears to experiment with and
modify the molecular surface to afford distinct and novel
targeting to cells or tissues.

In this article we reported that the PLAZ fraction puri-
fied from the white venom of C. d. ruruima presented two
distinct PLA2s (PLAZA and PLA2B), PLA2A being the main
component,

The structural information and enzymatic studies on
PLAZS from C. d. ruruima are not as detailed as those from
C. d. cascavella or C. d. terrificus venoms, The structural
characterization of PLA2A indicated that it was, at the
primary structure level, very similar to Cdr-12 and Cdr-13,
which were previously described by Ponce-Soto et al.
(2007). These results suggest that C. d. ruruima venom has
a large number of PLA2 isoforms with particular
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Fig. 9. a) Effect of EDTA, p-BPE and heparin on the antibacterial activity of PLAZA. b) Observed structural modifications induced by PLA2A on the Xanthomanas

monopodis pv passifiorae,

pharmacological characteristics as shown by Dos Santos
et al. (1993, 2005).

The amino acid sequence of PLA2A compared with other
isoforms of PLAZ from C. d. ruruima shows a histidine as the
N-terminal of this protein. The N-terminal region of PLA2s
displays important roles for catalysis as well as for phar-
macological activities. The amino-terminal nitrogen lies at
the centre of a hydrogen bond network that links it to the
B-wing (residues 74-84) and Asp99 at the active site.
Transaminating the N-terminal amino group of the bovine
pancreatic enzyme induces structural change and reduces
its catalytic ability on micellar, but not monomeric
substrates (Scott and Sigler, 1994). It also helps to appro-
priately close the hydrophobic pocket of the PLA2. Thus
mutations or chemical modifications in some of amino acid
residues of such region strongly modified both enzymatic
and pharmacological effect of these enzymes (Liu et al,
1995; Chang et al., 1994), The importance of the alpha helix
for PLAZA is shown by CD spectra analysis.

The comparison of the amino acid sequence of PLA2A
with that of PLA2B also revealed a slight modification.
PLA2B N-terminal amino acids showed high amino acid

similarity to Cdr-12 and Cdr-13. Probably such alteration
affected the enzymatic activity of PLA2B, since PLA2A
presented an allosteric behavior whereas PLA2B displavec
a Michaelis-M behavior. The experimental results
also showed significant differences between these two
isoforms for optimal pH and temperature and for inhibition
with crotapotin or p-BPB. Thus, it is possible to suggest that
structural modifications found in the N-terminal region of
PLAZA and PLA2B are responsible for each specifically
observed enzymatic behavior, considering that the
N-terminal octapeptide moiety of PLA2 possibly plays a rale
in maintaining the optimally arranged active site structure
of the molecule, Comparison of data suggested that the
N-terminal moieties of PLAZs from snakes of an elapid
family and from mammalian pancreas were essential for
catalysis of a micellar substrate, whereas those PLA2s from
snakes of a viperid family, such as T. flavoviridis, were not
(Oda et al., 1986).

The dependence on Ca®* fons for full enzymatic activity
of PLA2 was previously described by Oliveira et al. (2002)
and Toyama et al. (2005). Accordingly, our experimental
results showed that intrinsic fluorescence of PLA2ZA was
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greatly enhanced upon the addition of Ca®*, In class L and Il
enzymes, the Ca2*-binding loop runs from positions 25-33,
and contains four glycine residues which confer flexibility
to the loop, allowing three carbonyl oxygen to coordinate
the primary Ca®* ion. In the substrate unbound form, the
Ca’" ion is also coordinated by the carboxy moiety of
residue Asp 49 and two water molecules to result in
(Chang et al., 1994).
Smt_‘e the lnax nf tryptophan fluorescence in proteins varies
over a 40-nm range, depending upon the polarity and
rigidity of local environment (Ladokhin et al., 2000), the
results obtained for PLA2A indicated that calcium, Ca®*,
ions induced a strong structural shift whereas its replace-
ment of calcium for other divalent cations had no effect on
the structure of PLAZA. In agreement to this fact, Chang
et al. (2004) and Chu et al. (2005) proposed that the
binding of Ca®" induced a conformational change which
activates the enzyme towards its toxic function, implying
a role for the Ca**-binding loop in m g\:mxi:im

Since PLA2 enzymes require Ca** for their activity,
chelators such as EDTA inhibit their enzymatic activity
(Kini and Evans, 1989). The removal of Ca** ions sometimes
affects normal functions of the PLA2 enzymatic system
(Georgieva et al., 2000). Nonenzymatic mechanisms are not
affected by EDTA or other metal ions, whereas the enzy-
matic contributions to the effect are compromised signifi-
cantly. On the other hand, although alkylation does not
strongly affect the conformation of PLA2 enzymes and its
ability to bind to phospholipids, it could alter the ability of
the enzyme to interact with specific proteins or ligands
(Zhao et al., 1998). In our experiments, neither EDTA nor p-
BPB abolished the antibacterial activity of PLA2A, only
heparin significantly inhibited this activity (Fig. Sa). This
result suggested that the enzymatic activity of PLA2A had
asecondary role on the antibacterial activity, though the C-
terminal region of PLAZA, or the positively charge amino
acid located in this region, was probably determinant for
this effect. Therefore the antibacterial activity of PLA2A is
not strongly dependent on enzymatic activity of this
enzyme.
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As polyphenolic compounds isolated from plants extracts, flavonoids have been applied to various phar-
maceutical uses in recent decades due to their anti-inflammatory, cancer preventive, and cardiovascular
protective activities, In this study, we evaluated the effects of the flavonoid quercetin on Crotalus durissus
terrificus secretory phospholipase A2 {sPLA2), an important protein involved in the release of arachidonic
acid from phospholipid membranes. The protein was chemically modified by treatment with guercetin,
which resulted in modifications in the secondary structure as evidenced through circular dichroism. In

g{:”ms" addition, quercetin was able to inhibit the enzymatic activity and some pharmacological activities of
Ot disrisns v SPLAZ, including its antibacterial activity, its ability to induce platelet aggregation, and its myotoxicity
Quercetin ) by approximately 40%, but was not able to reduce the inflammatory and neurotoxic activities of sPLAZ,

These results suggest the existence of two pharmacological sites in the protein, one that is correlated
with the enzymatic site and another that is distinct from it. We also performed molecular docking to
better understand the possible interactions between quercetin and sPLAZ, Our docking data showed the
existence of hydrogen-bonded, polar interactions and hydrophobic interactions, suggesting that other
flavonoids with similar structures could bind to sPLA2, Further research is warranted to investigate the
potential use of flavonoids as sPLAZ inhibitors,

Pharmacological sites
Molecular docking

2010 Elsevier Ireland Ltd, All rights reserved,

1. Introduction ity to mammalian phospholipases [4,5]. However, in contrast to

their mammalian counterparts, several snake venomPLA2s are tox-

Phospholipases A2 {PLA2, EC 3.1.1.4) are small proteins that
catalyze the hydrolysis of glycerophospholipids at the sn-2 posi-
tion in & Ca?*-dependent reaction, releasing lysophospholipids and
fatty acids [1-3] These enzymes are the main component of snake
wvenom and have been investigated not only because they have
a wide range of biological effects, but also due to their similar-
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ins that induce pharmacological effects [6] through arachidonic
acid metabolism leading to the production of various lipid pro-
inflammatory mediators such as prostaglandins, thromboxanes
and leukotrienes [7]. Recent studies have shown that inhibition of
cytosolic PLA2 (cPLA2 ) leads to a decrease in eicosanoid levels and,
reduced inflammation [8].

Due to the role of PLA2s in the inflammatory process, there is
pharmacological interest in PLAZ inhibitors, and among these, the
flavonoids have been successfully studied, Flavonoids are widely
produced in plants tissues making them suitable targets for phar-
maceutical extraction and chemical synthesis [8,9], The inhibitory
effect of flavonoids on secretory PLA2 (sPLA2) was reported by Gil
et al. [10], and Lindahl and Tagesson [11}], Their results showed
that inhibition of sPLA2 from different sources following incu-
bation with various flavonoids is dependent on the 5-hydroxyl
group as well as the double bond and the double-bonded oxygen
in the oxane ring, and that the hydroxyl groups at the 3'- and 4'-
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position are required for selective inhibition of PLA2 [11]. However,
the exact mechanism by which flavonoids inhibit PLA2 remains
unclear. Iglesias et al. [12] showed that morin modifies the sec-
ondary structure of sPLA2 from Grotalus durissus coscavella venom,
but did not significantly affect its pharmacological activities.

Although there are studies of flavonoids as PLA2 inhibitors, the
mode of binding of flavonoids to PLA2 as well as their inhibitory
mechanism is still not clear. The aims of this article are to inves-
tigate the effect of quercetin, a widely spread flavonoid, on the
structure and function of a sPLA2 isolated from Crotalus duris-
sus terrificus, to increase our understanding of the mode action
of polyphenolic compounds on the snake venoms, and to evalu-
ate therapeutic application against the symptoms caused by snake
bites. In the last decades the action of guercetin on the PLAZ has
been studied. In 1993 Lindah! and Tagesson [13] showed that
quercetin is a potent inhibitor of PLA2 (group Il) from Vipera russuli.
In addition, Lattig et al. [8] showed through computational stud-
ies chemical interactions between humans' sPLA2 and quercetin.
Due to these characteristics, quercetin has been chosen as flavonoid
model, Moreover we also propose, through high-resolution three-
dimensional (3D) data {molecular docking), a structural model
for understanding the molecular interactions between sPLA2 and
guercetin,and how itcaninfluence enzymatic and pharmacological
activities of sSPLA2.

2. Materials and methods
2.1. Venom, animals and reagents

C durissus terrificus venom was purchased from Bio-Agents
Serpentarium (Batatais, Sdo Paulo, Brazil), Analytical HPLC- and
sequencing-grade solutes and solvents were purchased from vari-
ous suppliers (Bio Rad, Sigma Aldrich, Boehringer Mannheim, and
Applied Biosystems). Female Swiss mice (18-20g) used in the
pharmacological assays were obtained from the Multidisciplinary
Center of Biological Investigations {CEMIB-UNICAMP) and male
chicks were obtained from ltu farm in Campinas City. All animal
experiments were approved by the Ethics Committee of State Uni-
versity of Campinas (S3o Paulo, Brazil} under the number 1916-1.

2.2, Purification of sSPLA2

Whole C. durissus terrificus venom was first fractioned as previ-
ously described by Toyama et al. [14]. Dried venom (45 mg) was
dissolved in ammonium bicarbonate buffer (1.0M; pH 8.0) and
clarified by centrifugation (4500 x g for 1 min). The sPLA2 from C.
durissus terrificus was eluted using a non-linear gradient of ace-
tonitrile 66% in 0.1% of trifluoroacetic acid {TFA) by reverse-phase
chromatography using a Supelco C5 column {0,10 cm x 25 cm) with
flow rate of 1 mL/min with absorbance monitoring atr 280 nm. The
resulting PLA2 was termed sPLA2 and its purity was evaluated by
SDS-PAGE.

2.3, Incubation of sPLA2 with quercetin and purification of
modified sPLAZ

The incubation of sPLA2 with quercetin {mol:mol) was accord-
ing to the procedure described by Zhao et al. [15]. Quercetin
was dissolved in dimethy] sulfoxide (DMSO), and its concentra-
tion never exceeded 1% during incubation. Quercetin (400 plL of a
0.1 mM solution) was added to 400 L of a homogenized, purified
sPLAZ solution (1 mg/mL). The mixture was incubated for 90 min
at room temperature, and 200-pL samples of this mixture were
loaded onto a preparative reverse-phase column to separate the
treated enzyme (SPLA2:Q) from quercetin, After column equilibra-
tion with HPLC buffer A (agueous 0.1% TFA), samples were eluted

using a discontinuous gradient of HPLC buffer B (66.6% of ace-
tonitrile in 0.1% TFA) at a constant flow rate of 1.0mL/min. The
chromatographic run was monitored at 280 nm.

2.4, Electrophoresis

Electrophoresis was carried out following the Laemmli method
[16]. The degree of purity of fractions was assessed by discontinu-
ous electrophoresis using a final acrylamide concentration of 12.5%
in the resolving gels (1.0 M Tris-HCI, pH 8.8) and 5% in the stacking
gel (0.5 M Tris—HCl, pH 6.8), Electrophoretic separation was carried
out in a 250 Mighty Small {Hoefer Scientific Instruments) for SDS-
PAGE. All samples and the molecular marker were treated with SDS
and 1,0 M dithiothreitol (DTT), and the run was conducted at 60 mA
for stacking gel and 90 mA for running gel. After electrophoresis,
samples were stained with Coomassie brilliant blue R-250.

25, Circular dichroism spectroscopy

sPLA2 and sPLA2:Q (sPLA2 + quercetin) were dissolved in 10 mM
sodium phosphate buffer (pH 7.4 ) and final protein concentrations
were adjusted to 8.7 mM. After centrifugation at 4000 x g for 5 min,
samples were transferred to a 1-mm path length guartz cuvette,
Circular dichroism spectra in the wavelength range 185-300 nm
were acquired in-house with a |720 spectropolarimeter (Jasco
Corp., Japan) using a bandwidth of 1nm and a response time of
1s. Data collection was performed at room temperature, with a
scanning speed of 100 nm/min. Nine scans were obtained for each
sample, and all spectra were corrected by subtracting buffer blanks.

26. Intrinsic fluorescence.

The relative intrinsic fluorescence intensities of sPLA2 and
SPLAZ:Q were monitored with a Varian Cary Eclipse. The proteins
were solubilized in water at room temperature, The measurements
were performed in a 1,5-mL 1-cm path length quartz cuvette, Flu-
orescence was measured between 300 and 450 nm after excitation
at 280 nm.

2.7. Mass spectrometry

The molecular mass of sSPLA2 and sPLA2:Q were determined by
matrix-assisted laser desorption ionization-time-of-flight (MALDI-
TOF) mass spectrometry using a Voyager-DE PRO MALDI-TOF mass
spectrometer {Applied Biosystems), One microliter of samples
(sPLA2 andsPLA2:Q}in 0.1% TFA was mixed with 2 pl of the matrix
o-cyano-4-hydroxycinnamic acid, 50% acetonitrile, and 0.1% TFA
(v{v). The matrix was prepared with 30% acetonitrile and 0.1% TFA
(vjv). lon masses were determined with an acceleration voltage of
25kV, the laser operated at 2890 p)/com2, a 300-ns delay, and the
linear analysis mode.

2.8, Measurement of sPLAZ activity

sPLA2 activity was measured following the protocol described
by Lee et al. [17] and modified by Toyama et al. [14] in 96-
well plates, using 4-nitro-3-octanoyloxy-benzoic acid (4N30BA,
BIOMOL, USA) as substrate, Enzyme activity, expressed as the ini-
tal velocity of the reaction (Vo), was calculated based on the
increase in absorbance after 20 min. All assays were performed
with absorbance at 425 nm using a SpectraMax 340 multiwell plate
reader (Molecular Devices, Sunnyvale, CA). After the addition of
native or treated sPLA2 (20 p.g), the reaction mixture was incubated
forup to 40 minat 37 *Cand the absorbance read at 5-minintervals.
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2.9, Antibacterial activity

The antibacterial activity was assayed as described by Santi-
Gadelha et al. [18] and the structural modification was done
following the method of Toyama et al. [19]. Clavibacter michiga-
nensis michiganensis cells were harvested from fresh agar plates
and suspended in sterile distilled water {Agggm =3 x 108 CFU/mL).
Aliquots of bacterial suspension were diluted to 10° clony-
forming units/mL (CFU/mL) and incubated with sPLA2 or sPLA2:Q
samples (75 pg/mL) for 60 min at 28 *C, Survival was assayed on
nutrient agar (Difco) plates (n=5). For both antibacterial assays,
electron microscopy assessments of morphologic alterations were
performed in the presence of saline (negative control}, quercetin
(100 uM, guercetin control), sPLA2, and sPLA2:Q.

2.10. Paw edema assay

Paw edema assays were performed with the aim of evaluate
the inflammatory activity induced by sPLA2, For this assay female
Swiss mice were used, since they show a lower aggressive behavior
than male mice. Paw edema was induced by a single subplan-
tar injection of 25pLsPLA2 or sPLA2:Q (25 pg/paw). Paw volume
was measured immediately before the injection and at selected
time intervals thereafter (30, 60, 120, 180, and 360 min) using a
hydroplethysmometer (model 7150, Ugo Basile, ltaly). All sam-
ples were dissolved in sterile saline solution [0.9%), Results were
expressed as the increase in paw volume (pl) and calculated by
subtracting the basal volume from the volume following treatment.

2.11. Neurotoxic effect assay

Male chicks (4-8 days old) were killed with ether, and the
biventer cervicis muscle was removed [20] and mounted under a
resting tension of 1g in a 4 mL organ bath containing aerated (95%
05 +5% CO; ) Krebs solution (118,7 mM NaCl, 4.7 mM K, 1,88 mM
CaCly, 1.17 mM KH3PO4, 1.17 mM MgSO4, 25.0mM NaHCO; and
11.65mM glucose, pH 7.5) at 37°C. A bipolar platinum ring elec-
trode was placed around the tendon, which ran the length of
the nerve trunk supplying the muscle. Indirect stimulation was
applied with a Grass 54 stimulator (0.1 Hz, 0.2 ms, 3-4 mV), Mus-
cle contractions and contractures were recorded by connecting the
preparation to a force displacement transducer [ Narco Biosystems
Inc.) coupled to a Gould RS 3400 recorder. Contractures to exoge-
nous acetylcholine (ACh, 55 or 110 pM for 605s) and KCl {5 mM for
120-130s) were obtained in the absence of nerve stimulation prior
to the addition of sPLA2 or sPLA2:0 (10 w.g/mL) and at the end of the
experiment. The preparations were allowed to stabilize for at least
20 min before the addition of Ach, KCl, or a single concentration
{10 p.g/mL} of the compounds.

2,12, Platelet aggregation studies

Plateler aggregation activities were assayed as described by
Toyama et al. [19], Briefly, venous blood was collected with
informed consent from healthy volunteers who denied taking any
medication in the previous 14 days, Collected blood was immedi-
ately transferred into polypropylene tubes containing one-tenth
of final volume of acid citrate dextrose {ACD-C; citric acid 3%,
trisodium citrate 4%, glucose 2%; 1:9 vfv). Platelet-rich plasma
(PRP} was obtained by centrifuging whole blood at 200 x g for
15 min. PRP was washed in a wash buffer solution {NaCl 140 mM,
KCl 5mM, sodium citrate 12 mM, glucose 10mM and saccharose
12 mM; pH6; 5:7 v/v)and centrifuged at 800 x g for 12minat20°C.
The platelet pellet was gently resuspended in Krebs-Ringer solu-
tion and counts were performed on a Neubauer chamber. The final
plateletsuspension was adjusted to 1,2 x 108 platelets/mL. Platelet
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aggregation was carried out using 400.L of the washed platelet
solution in a cuvette and incubated at 37 *C with constant stirring.
The desired concentration of protein was added 3 min prior to the
addition of a platelet aggregation inducer (thrombin), Aggregation
was subsequently recorded for 5-10min with an aggregometer
(Chrono-log Lumi-Aggregometer model 560-Ca, Havertown, PA,
USA). Aggregation experiments were performed with a concentra-
tion of 15 pg/ml of sPLA2 and sPLA2:Q.

2.13. Myotoxic activity

The liberation of creatine kinase (CK) from damaged muscle
cells was followed by use of the CK-NAc kit (Laborlab) to mea-
sure the enzyme activity in mice plasma. Five groups of animals
(18-22 g} were injected in the right gastrocnemius muscle with
25.L of 1.0mg/mL of sPLA2, sPLA2:Q, or quercetin (n=4) while
the control group received an equal volume of 0.15 M NaCl. Blood
was collected from the tail after 1h into tubes containing heparin.
The amount of CK was determined using 4 pL plasma, which was
incubated for 3 min at 37 =C with 1.0 mL of the reagent according
to the kit protocol, Activity was expressed in units per liter (U/L).

2.14. Moleculor modeling (docking)

The structural optimization of the quercetin ligand was initially
achieved using the quantum chemical AM1 method [21] imple-
mented in the BioMedCache program (BioMedCache, 1989) with
default values for the convergence criteria, Docking calculations
were performed with the GOLD 4.0 program [22] to obtain the in
silico affinity of quercetin to the Crotoxin B target, a basic sPLAZ
from C. durissus terrificus venom, This sPLA2 structure was taken
from the RCSB Protein Data Bank [FDB] under the PDB code 2Q0G.
The structure of the B chain was chosen for calculations, maintain-
ing the Ca%* ion and the water molecule number 188, located 3.16 A
from Ca?*,

Docking calculations were performed to consider the flexibility
of the quercetin ligand in such a way that torsions were consid-
ered active during the calculation, The active site was defined as
all atoms within a 10-A radius from His48, an important residue
according to the literature [23,24],

215, Statistical analyses

Results were reported as means =SEM of replicate experiments.
The significance of differences between means was assessed by
an analysis of variance, followed by a Dunnett's test when sev-
eral experimental groups were compared to the control group. The
confidence limit for significance was 5%.

3. Results
3.1. Purification of sPLA2 and Incubation of sPLA2 with guercetin

sPLAZ was isolated from C durissus terrificus venom through
reverse-phase chromatography {Fig. 1a) and its enzymatic activity
was evaluated using 4-nitro-3-octanoyloxy-benzoicacid (AN30BA)
as asubstrate, SDS-PAGE revealed the presence of one protein band
with a molecular mass of 14 kDa (Fig. 1c), corresponding to sPLAZ.
After incubation with guercetin, sPLA2:Q (sPLAZ2+guercetin)
eluted at 23.7 min whereas sPLA2 had a retention time of 24,3 min
(Fig. 1b), This difference indicates an interaction between sPLA2
and guercetin, which changed the hydrophobicity of sPLA2,
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Fig. 1. Pwification and chemical modification of secretory phospholipase A2
(sPLA2). {a} Fractionation of whole venom was performed by reverse-phase HPLC
(C5 column 0.10 cm = 25 cm) using a non-linear cencentration gradient of buffer to
obtain 2 high purity protein. (b} Reverse phase HFLC profile of sSPLA2 before and after
modification with quercetin. {c) Tricine SDS-PAGE of sPLA2 from Croralus durissus
retrificus,

3.2, Circular dichroism spectroscopy

The effect of quercetin on the sPLA2 structure was evaluated
by absorption spectra of sPLA2 and sPLA2:Q, drcular dichroism,
and fluorescence spectroscopy. As shown in Hg. 23, few modi-
fications were observed in the 270-280nm wavelength region.
However, some changes were observed on CD and fluorescence
spectra after treatment with quercetin, CD spectraanalysis showed
modifications mainly in the region corresponding to the a-helices,
suggesting that quercetrinis able to induce changes in the secondary
structure of this enzyme (Fig. 2b),

3.3, Intrinsic fluorescence

The presence of aromatic amino acids such as tryptophan and
tyrosinein the protein chain allows the use of fluorescence spectra,
which issensitive for the investigation of protein conformation and
ligand binding, Fig, 3a shows an increase in the intensity of fluores-
cence emission spectra after treatment with quercetin, suggesting
that this flavonoid is able to change the structure of the protein
at the tertiary structure level, however, fluorescence spectrum of
quercetin has shown that this compound has a peak of fluores-
cence near the region of the tryptophan and possibly contributes
to increase the fluorescence observed.

3.4. Mass spectrometry

Mass spectrometry by MALDI-TOF indicated that the exact
molecular mass of the native protein is 14,425.56 Da while that

of sSPLA2:Q is 14,727.79 (Fig. 3b), anincrease of 302.23 Da in sPLA2
treated with quercetin, suggesting that one molecule of quercetin
is bound to the protein structure.

3.5 Measurement of sPLA2 activity and antibacterial activity

The effect of quercetin on sPLAZ2 enzymatic activity was evalu-
ated, Both enzymes, sPLA2 and sPLA2:Q exhibit allosteric behavior
(Fig. 4a), and quercetin strongly inhibits sPLA2 activity. The max-
imum wvelocity after 20min for sPLA2 was 0.330=0.04 vo/mol
whereas for sPLA2:Q was 0.196 = 0,02 vo/mol, showing a signif-
icant decrease of 40%. To analyze possible correlations between
the enzymatic activity of sSPLA2 and its antibacterial activity, bacte-
ral viability was tested by CFU counting, The assay was performed
using C michiganensis michiganensis { Gram-positive}. As shown in
Fig. 4b, sPLA2 has a higher inhibitory potential on bacterial growth
than sPLA2:Q, since sPLA2 decreased CFU levels to 9.8%(90.2% inhi-
bition) compared to 63.5% (only 36.5% inhibition) for sPLA2:Q.
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Fig. 2, UV\vis absorption and circular dichreism {CD) spectra. {a) Absorpticn spec-
trum of sPLA2 and sPLA2 after treatment with guercertin {sPLA2:Q at wavelength
intervals 200-300nm. The proteins were analyzed at 280 nm. (k) CD spectra of
mative sPLA2 and sPLA2:Q. Data over the range 185-280nm are shown, The CD
spectra are expressed in theta machine units in millidegrees
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Fig. 3. Intrinsic fluorescence and mass spectrometry, {a) Intrinsic flucrescence of
rative sPLA2 and sPLA2:Q was measured with excitation at 280 nm and emission
maonitoring berween 300 and 450 nm. (b} MALDI-TOF mass spectromerry analysis
of pative sPLA2 and sPLA2:Q shows a difference between the molecular masses
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3.6. Paw edema assay

Since flavonoids have shown a good capacity to inhibit sPLA2
and consequently decrease its pro-inflammatory activity [13,25],
the effect of quercetin on sPLA2 was evaluated. Following subplan-
tar injections on Swiss mice, sSPLA2 had a huge potential to induce
edema after 60 min (Fig. 5a), Under the same experimental con-
ditions, sPLA2:Q did not show a decrease in edema effect, but the
maximum edema was observed after 30 min.

3.7. Neurotoxic effect assay

When the neurotoxic acrivity was evaluated, both sPLAZ and
sPLA2:0 induced neuromuscular blockage, but sPLAZ induced a
faster effect at 80 min, whereas sPLA2:0Q had a similar behavior at
100 min (Fig, 5b), suggesting that quercetin changed the velocity of
native sPLA2 binding to the neurctoxic site of chick biventer mus-
cle. However, this change is notable to abolish the neurotoxic effect
of sPLA2,

3.8. Platelet aggregation studies

In order to evaluate the anti-coagulant potential induced by
sPLA2 were performed plateletageregation assays. The results have
shown that sPLA2 from C. durissus terrificus has a moderate abil-
ity to cause aggregation of washed platelets, While sPLA2 from
C durissus cascavella induces aboutr 85% aggregation at 3 pg/ul
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[26], sPLA2 from C. durissus terrificus induced 70% aggregation at
a concentration of 20 pg/pl. Treatment with quercetin decrease
this effect, with 32% aggregation induced by sPLA2:Q at the same
concentration (Fig. 5c).

3.9, Myotoxic activity

The ability of sPLA2 to cause myonecrosis was also evaluated
through measurement of released creatine kinase, Fig. 5d shows
that sPLA2 induces an increase in plasma creatine kinase levels
of 821.39= 107 .8 U/L, indicating its ability to cause muscle dam-
age. Treatment with quercetin significantly decreased the creatine
kinase levels measured to 492,28 =71.5 U/L, a 40% decrease.

3.10. Molecular modeling (docking)

In order to analyze possible intermolecular interactions
between sPLA2 and quercetin, we performed in silico studies using
molecular modeling {docking). The best docking solution for the
quercetin ligand is shown in Fig. 6a The GOLD score for this result
was 43.94, showing good affinity for the target, The presence of
several important intermolecular interactions such as (i) hydrogen
bonds with residues Cys45 and His48 at 2,69 and 3.00 A, respec-
tively; (ii) hydrogen bond with water molecule 188 at 316 A; (iii)
one polar contact with Ca®* ion at 3,19A; and (iv) hydrophobic
interactions with residue Phe5 can account for the stability of the
quercetin-sPLA2 complex (Fig. 6a and b).

4. Discussion and conclusions

In this study, sPLA2 from C. durissus terrificus was modified
by quercetin, a flavonoid known for its anti-inflammatory activ-
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Fig. 4. Enzymaric and antibacterial assays.{a)Enzymatic activity wasanalyzed using
AM30BA as substrate and monitored at wavelength 425 nm, sPLA2:Q) shows 2 sig-
nificant decrease compared to native sPLA2. (b} Effect of native sPLA2 and sPLA2:Q
against Gram-positive bacteria. Quercetin decreases the ability of sPLA2 to inhibit
Gram-positive bacteria. Error bars indicare SEM *P <0.05 compared to saline control,
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Fig. 5. Pharmacological assays. (a) Paw edema induced after the injection of sSPLA2
and sPLA2:Q {25 pg/paw) into the right paw of Swiss mice. Measurements were
done after 30, 60, 120, 180 and 240 min, with no differences observed after treat-
ment with guercetin. {b) Neurotoxic effect of sPLA2 and sPLA2:Q on chick biventer
cervicis muscle, Results were expressed as the percentage change in twitch tension,
(o) Percent platelet aggregation caused by native sPLA2 and sPLA2:Q). The washed
platelets assay was performed with venous blood collected from healchy volun-
teers and the concentration of both preteins was 15pg/ml (d) Myenecrosis was
assayed based on the creatine kinase levels in Swiss mice. Twenty-five micrograms
of narive sPLA2, sPLA2:Q, and pure quercetin were injected inte the gastrocnemius
muscle. Results were expressed as units of enzymatic activity per liter {U/LL Ervor
bars indicate the SEM, *P<0.05 compared to sPLA2 activity.

ities. Treatment with guercetin resulted in modification of the
protein secondary structure as observed in circular dichroism
assay (Fig. 2b). Similar results were observed by lglesias et al.
[12]with sPLA2 from C. durissus cascavella after modification with
the flavonoid morin, Although a secondary structure modification
could be observed, the results do not allow concluding about ter-
tiary structure modification, once the fluorescence spectrum of
quercetin has shown that this compound has a fluorescent peak
near the region of the tryptophan, suggesting that the increase in
the total fluorescence of the protein might be caused due to the
bonding of quercetin.

Treatment with quercetin led to a decrease of about 40% in sPLA2
enzymatic activity, similar to p-bromophenacyl bromide {p-BFB),
a PLA2 inhibitor, Docking studies suggest that quercetin binds in

the vicinity of the His48 residue, leading to inhibition of enzymatic
activity. As shown by Verheij et al. [23], and Scott and Sigler [24],
these amino acids are fundamental to enzymatic activity; His48 is
involved in the first step of the enzymatic mechanism, and Asp49
is important for binding to Ca?*, a cofactor, It seems that quercetin
bound tosPLA2 interferes with the binding between the protein and
its substrate, Soares et al. [27 ] suggested that enzymatic activity is
not required for antibacterial activity after chemical modification
with BPB and EDTA in a C. durissus terrificus sPLA2 isoform, and
the same was observed by Diz Filho et al. [28] for Grotalus durissus
ruruima, However, our results show correlation between the enzy-
matic and antibacterial activities against Gram-positive bacteria.
Treatment of sSPLA2 with quercetin decreased both these activities.
According to Buckland and Wilton [29], mammalian PLA2 phos-
pholipid hydrolysis is correlated with antibacterial activity because
both are calcium dependent. We believe this isoform behaves as a
mammalian PLA2 in this respect.

Several studies have investigated the anti-inflammatory effects
of flavonoids as well as their effect on both catalytic and phar-
macological activities of PLA2 [8,11,12,30,31]. According to these
models, quercetin molecules would interact with the enzymatic
site thus affecting enzymatic and pharmacological activities, Our
results have showed that some pharmacological activities such as
inflammatory and neurotoxicity were not inhibited after treatment
with quercetin. This result corroborates the proposal by Ohnoet al.
[32], who suggested the existence of a distinct pharmacological site

Fg. 6. Molecular docking. {a) Bestdocking solution for quercetin {stick model} and
important interacting residues of the Crotoxin B target, besides Ca®* jon and water
oxygen, (b) Detailed view, with hydrogen bonds {distances in A} shown as lines not
involving the Ca® jon, Hydrogen atoms were omitted for clarity and the lines linked
o the Ca®* ion represent the coordination polyhedron.
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near the C-terminal region of PLAZ away from the catalytic site,
After modifications with 7-hydroxycoumarin, Toyama et al. [31]
observed thatdecreasing the enzymatic activity had not suppressed
the pharmacological effect of PLA2, suggesting the presence of a
distinct site. Although the inflammatory and neurotoxic effects
were unchanged after treatment with quercetin, the myotoxic and
plateletaggregation effects were decreased by 40%and 55%, respec-
tively, indicating dependency on the enzymatic activity, We believe
that perhaps both the myotoxic and the platelet aggregation sites
are located in a second pharmacological site near the calcium bind-
ing loop as proposed by Valentin and Lambeau [33], Thus, after
binding to the protein near that region, quercetin affects this site
more directly leading to considerable changes in these activities,

Molecular docking has been used during the last decades due to
its importance in elucidating, through computational approaches,
the best matches for protein-ligand interactions [34]. In this study,
molecular docking was an important tool in evaluating the inter-
actions between sPLA2 and guercetin. Our result agrees with that
observed by mass spectrometry, showing that one molecule of
quercetin is binding to the protein. Additionally, molecular dock-
ing was useful in elucidating some important interactions between
sPLA2 and guercetin, which allowed better understanding of the
molecular reasons for the effects of quercetin as well as other struc-
turally similar flavonoids that could be studied in the future.

The results shown here led us to conclude that quercetin binding
to the protein decreased the catalytic activity of sSPLA2 from C. duris-
sus terrificus. This sPLA2 probably has two distinct pharmacological
sites: one responsible for effects such as platelet aggregation,
myotoxicity, and antibacterial activities; and another responsible
for inflammatory and neurotoxic effects, We believe the first one
is located near the calcium-binding loop region and consequently
near the catalytic site where quercetin binds to the protein, thus
leading to 2 loss of activities dependent on this site. The second
one, we believe is located near C-terminalregion, away from where
quercetin binds, and is not directly or indirectly affected by the
quercetin binding to the catalytic site. Other flavonoids with very
similar chemical structures have a potential to interact with sPLA2
from serpents, Further docking studies with new molecules of this
dass could be useful in predicting how potent these compounds
wuld be as sPLA2 inhibitors. Although our study clarifies some
aspects of the chemical and pharmacological interactions between
a flavonoid and a sPLA2, further studies are necessary to better
understand the action of flavonoids on sPLA2 activities.
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