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RESUMO

Peconhas de serpentes contém enzimas que quebram ligagoes fosfaticas
(ATPases, 5'-nucleotidases, fosfatases e fosfodiesterases ou PDE) e que agem
sobre acidos nucléicos (PDE, DNase e RNase). Nesse trabalho, purificou-se e
caracterizou-se a PDE da pegonha de Bothrops alternatus. A PDE foi isolada da
pegonha, usando-se uma combinagéo de cromatografias de gel filtragso e troca
idnica. Em SDS-PAGE, a enzima é constituida de uma Unica cadeia polipeptidica
com uma massa molecular de 105 kDa, a qual foi inalterada pela presenca do B-
mercaptoetanol, indicando assim que a proteina ndo possui subunidades. A
enzima foi reconhecida por anti-soro botrépico comercial, tanto no ELISA como no
immunoblotting. A enzima purificada era desprovida de nucleotidase, fosfatase
alcalina e atividade proteolitica. O pH 6timo da PDE foi de 7.5 a 9.5, com
temperatura 6tima de 60°C. Houve perda réapida de atividade, apds 1 minuto a
>70°C. O K da enzima foi de 2.69 mM. A atividade da PDE foi potencializada
pelo cobalto e, em grau menor pelo célcio, enquanto que o cobre, manganeés,
zinco, EDTA and B-mercaptoetanol foram inibitoérios. Esses resultados mostram
que esta enzima € pertence a familia de proteinas da PDE isoladas de outras

peconhas ofidicas.
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1. INTRODUGAO

Peconhas ofidicas sdo misturas complexas, constituidas principalmente (70-
90%) por proteinas (toxinas e/ou enzimas), porém com a presenca de carboidratos,
lipideos, aminas biogénicas, nucleotideos, aminoacidos, peptideos e componentes
inorganicos (BIEBER, 1979). As principais proteinas em pegonhas de serpentes sdo
enzimas, tais como esterases, fosfatases, fosfolipases e proteases (TU, 1977;

ELLIOTT, 1978; IWANAGA & SUZUKI, 1979; BAILEY,1998: MACKESSY, 1998).

1.1 ENZIMAS QUE ATUAM SOBRE LIGAGOES ENVOLVENDO GRUPOS FOSFATOS

Muitas peconhas contém enzimas capazes de agir sobre acidos nucléicos e
sobre compostos contendo ligagdes que envolvem grupos de fosfato. Estas enzimas
incluem ADPase/ATPases, fosfomonoesterases (acida e alcalina), 5'-nucleoctidases,
desoxirribonucleases (DNase), ribonucleases (RNase) e fosfodiesterases (PDE), sendo
que estas ultimas sdo, certamente, as mais bem caracterizadas do grupo (ELLIOTT,
1978, IWANAGA & SUZUKI, 1979; MACKESSY, 1998: AIRD, 2002). Recentemente,
sugeriu-se um mecanismo integrado para explicar como as enzimas deste grupo
poderiam contribuir para os efeitos de envenenamento, principalmente através da

metabolizag&o e liberagéo de purinas , (ver segéo 1.2.; AIRD, 2002).
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1.2 FOSFODIESTERASES

1.2.1 Histérico

UZAWA (1932) foi o primeiro a demonstrar a presenca de PDE em peconha de
varias serpentes, tais como a Bothrops atrox, Bothrops asper, e Crotalus adamanteus.
Estas observagbes foram estendidas para varias outras espécies por GULLAND &
JACKSON (1938). Paralelamente, TAKAHASHI (1932) estudou a acao de pegonhas
sobre &cidos ribonucléicos, e posteriormente, COHN & VOLKIN (1953) mostraram que
a enzima era capaz de liberar o ribonucleosideo 5'-fosfato do RNA. Apesar destes
estudos iniciais, apenas na década de 1950 é que comecaram as primeiras
purificagées de PDE (HURST & BUTLER, 1951; SINSHEIMER & KOERNER, 1952:
PRIVAT DE GARILHE & LASKOWSKI, 1955; RAZZELL & KHORANA, 1959), e
somente a partir da década de 1970 é que surgiram as primeiras preparacées de PDE
homogéneas (livres de outras atividades) (EHRLICH, TORTI, BERNARDI, 1971;
DOLAPCHIEV, SULKOWSKI, LASKOWSKI, 1974, PRITCHARD, KOWALSKI,

LASKOWSKI, 1977; LASKOWSKI, 1980).

1.2.2 Classificagao e distribuigao

As PDE de peconhas s&o classificadas como exonucleases do tipo | (5-
exonuclease ou oligonucleato 5'-nucleotidohidrolase, EC 3.1.4.1) pois sao
responsaveis pela remogéo sucessiva de unidades mononucleotidicas de DNA ou RNA
a partir do terminal 3'-hidréxi livre. As exonucleases do tipo Il (EC 3.1.4.2) sdo
representadas pela PDE de bago. Numerosos estudos tém demonstrado que a PDE é

uma enzima bastante comum e amplamente distribuida em peconhas ofidicas
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(SETOGUCHI, MORISAWA, OBO, 1968; MEBS, 1970; KOCHOLATY ef a/., 1971; TAN
& TAN, 1988, TAN, ARMUGAM, TAN, 1989; TAN, POH, TAN, 1989; TAN &
PONNUDURAI, 1990a,b,c,d, 1991a,b,c,d; JORGE DA SILVA & AIRD, 2001), embora,
em algumas familias como a Elapidae e Hydrophidae, haja muito pouco ou nada desta
enzima (TAN & PONNUDURAI, 1991a). A atividade fosfodiesterasica também é
encontrada em pec¢onhas de artrépodes (SCHMIDT, BLUM, OVERAL.1986; TAN &
PONNUDURAI, 1992), especialmente formigas e vespas, porém em niveis bem

reduzidos quando comparada as ofidicas.

1.2.3 Purificagao

Muitos dos protocolos iniciais, descritos para a purificacdo de PDE, eram
baseados, em grande parte, no fracionamento de pegonhas com acetona e/ou
cromatografia em colunas de celulose (HURST & BUTLER, 1951; SINSHEIMER &
KOERNER, 1952; BUTLER, 1956; RAZZELL & KHORANA, 1959; BJORK, 1963;
RAZZELL, 1963), o que, as vezes, resultou em prepara¢des impuras (contaminadas
com 5’-nucleotidase, fosfatase alcalina e endonuclease).

A purificacdo de PDE de pegonhas ofidicas, geralmente, envolve uma
combinacao de gel filtragdo e algumas cromatografias de troca idnica (catidnica efou
anionica) e afinidade (EHRLICH et al, 1971; FRISCHAUF & ECKSTEIN, 1973;
DOLAPCHIEV et al, 1974; PHILIPPS, 1975, 1976; PRITCHARD et al, 1977;;
LASKOWSKI, 1980; SUGIHARA et al, 1986; HALIM et al, 1987; MORI, NIKAI,
SUGIHARA., 1987), esta ultima realizada em resina de Sepharose acoplada ao O-(4-

aminofenil)-O'fenil—tiofosfato (FRISCHAUF & ECKSTEIN, 1973), em resina azul de
_UNicAwmep
I« is” ECA CENTRAL

SECAC CIRCULANTF
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Sepharose (OKA, UEDA & HAYAISHI, 1978), em resina de NAD+-Sepharose
(TATSUKI, IWANAGA, SUZUKI, 1975), NADP-agarose (LASKOWSKI, 1980), ou em
resina de concavalina A -Sepharose (DOLAPCHIEV, SULKOWSKI, LASKOWSKI,
1974). A combinagdo de cromatografia por troca iénica em DEAE-celulose e
eletroforese preparativa tem sido usada para purificar a PDE da pegonha de Vipera
aspis (BALLARIO, BERGAMI, PEDONE, 1977).

O numero de etapas necessarias para se conseguir uma preparagao pura,
geralmente trés ou mais, embora alguns autores relataram apenas duas etapas
(BALLARIO et a/ ;1977, HALIM et al. 1987) reflete, em grande parte, uma das principais
dificuldades na purificacdo de PDE, que é a eliminagcdo de atividades contaminantes,
especialmente as de fosfatase alcalina (monofosfatase nao-especifica) (EC 3.1.3.1) e
5-nucleotidase (EC 3.1.3.5) (SULKOWSKI, BJORK, LASKOWSKI, 1963). De fato,
muitas preparacdoes de PDE de peconhas de serpentes, disponiveis comercialmente,
sdo, com frequéncia contaminadas por monofosfatase alcalina nao-especifica e 5'-
nucleotidase, sendo que estes contaminantes podem interferir com a precisdo em
andlises quantitativas dos produtos de reacédo de PDE (OKA et al., 1978).

Com a possivel excecdo do trabalho do KINI & GOWDA (1984) sobre o
isolamento de isoformas de PDE da peconha de Trimeresurus flavoviridis através de
cromatografia em resina CM-Sephadex C-25, nado existe nenhuma descrigdo de
purificacdo de PDE de peconha em uma Uunica etapa. Embora o uso de azul de
Sepharose tenha sido sugerido para isso, o produto final obtido ainda contém
atividades contaminantes, porém com baixo conteido de atividade fosfatasica (OKA et

al., 1978; LASKOWSKI, 1980). Uma possibilidade, ainda n&o pesquisada, seria o uso
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de uma coluna de imunoafinidade, em que seriam acoplados anticorpos anti-PDE
produzidos contra PDE purificada por um protocolo que inclui gel filtracdo, troca idnica.

Isso poderia ser um método bastante répido e econémico para se obter quantidades

elevadas de enzima pura.

1.2.4 Propriedades fisico-quimicas

As PDE de pegonha tem massa molecular que varia entre 98 e 150 kDa,
podendo conter ou nao carboidratos (LASKOWSKI, 1980; KINI & GOWDA, 1984; MORI
et al,, 1987; SUGIHARA et al., 1986; DOLAPCHIEV, VASSILEVA, KOUNANOV, 1980:
PHILIPPS, 1975). Na maioria dos casos, estas enzimas ndo possuem subunidades,
uma vez que o tratamento com B-mercaptoetanol ou uréia nao altera a massa
molecular da proteina ou o numero de bandas proteicas observadas em SDS-PAGE. A
unica excecao até o momento € a PDE da cascavel norte americana Crotalus ruber
ruber que existe em forma de homodimero com subunidades de 49 kDa (MORI et al.,
1987). Na maioria das pegonhas, ocorre apenas uma isoforma de PDE (HALIM ef al.,
1987; MORI et al., 1987), conforme demonstrado tanto pelos perfis cromatograficos
como por experimentos de isoeletrofocalizacdo. Entretanto, existem excec¢des, como
os venenos de Crotalus adamanteus (BOMAN & KALETTA, 1957), Trimeresurus
flavoviridis (KINI & GOWDA, 1984) e Vipera palestinae (LEVY & BDOLAH, 1976), onde
podem ocorrer varias isoformas (3 a 5) de PDE no mesmo veneno. A possibilidade de
que algumas destas poderiam ser o resultado da agdo de proteases presentes no

proprio veneno (KHORANA, 1961) ainda nao foi rigorosamente testada. O ponto
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isoelétrico (pl) das PDE varia de 7,94 a 10,5 (PHILIPPS, 1976: SUGIHARA ef al., 1986;
MORI et al., 1987).

De modo geral, as PDE de venenos mostram atividade maxima entre 50°C e
60°C (PHILIPPS, 1975, 1976; HALIM et al,, 1987), porém, em temperaturas acima de
40°C, ja pode ocorrer uma inativagdo mais rapida da enzima (BJORK, 1963; HALIM et
al., 1987). A atividade comega a se perder rapidamente acima de 55°C, embora exista
certa variagdo entre as PDE. (PHILIPPS, 1976; SUGIHARA et al., 1986; MORI et al,,
1987; BJORK, 1963). A inativacdo pelo calor pode ser influenciada pelo pH do meio,
ocorrendo em temperaturas mais baixas em pH abaixo de 7 e acima de 9 (BJORK,
1963).

Por outro lado, a atividade enzimética pode ser mantida durante meses (até um
ano) quando congelada a -20°C (PRIVAT DE GARILHE & LASKOWSKI, 1955: BJORK,
1963; RICHARDS et al., 1967) em tampao Tris-acetato, pH 8,8 contendo 0,005% Triton
X-100 e glicerol 50% (LASKOWSKI, 1980), ou quando estocada a 4°C na presenca de
NaCl 0,1 M (PRIVAT DE GARILHE & LASKOWSKI, 1955) ou de um antimicrobiano
(mertiolato 0,01%) (BUTLER, 1956), ou em glicerol 30% (BALLARIO et al., 1977) ou
acetato de magnésio 10 mM e glicerol 10% (PHILIPPS, 1976).

Procedimentos como a ultrafiltragdo, dialise e liofilizagdo frequentemente
resultam em alguma perda de atividade, especialmente em solugbes diluidas de
enzima e em pH fora da faixa de 7 a 9 (PRIVAT DE GARILHE & LASKOWSKI, 1955:
BOMAN & KALETTA, 1957; RAZZELL & KHORANA, 1959; BJORK, 1963; FRISCHAUF

& ECKSTEIN, 1973; DOLAPCHIEV et al. , 1974).
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1.2.5 Propriedades cinéticas

A PDE de pegonha atua sobre acidos nucléicos lineares de fita Unica ou dupla,
mas também é capaz de degradar DNA circular (PRITCHARD et al, 1977:
LASKOWSKI, 1980). A disponibilidade de um terminal 3'-hidroxi livre é fundamental
para a atuacdo da enzima sobre DNA linear (Figura 1), pois este grupo serve como
ancora para a ligacdo da enzima ao &acido nucléico; a presenga de um grupo 3'-
fosfomonoéster, no terminal, confere resisténcia do substrato & degradagéo enzimatica
(KHORANA, 1961).

Alem da sua atividade nucleolitica ou diesterasica, a enzima também mostra
uma acdo pirofosfatésica sobre nucleotideos trifosfaticos, onde atua, quebrando a
ligacéo fosfodiester o-B, liberando assim pirofostato (KHORANA, 1961; DOLAPCHIEV
et al., 1974). Ao contrario de 5'-nucleotidase, a PDE n&o libera fosfato inorganico dos
seus varios substratos.

A quebra da ligacdo o-f forma a base dos ensaios para a quantificacdo da
atividade de PDE através da hidrélise de uma variedade de substratos sintéticos, tais
como  bis-(p-nitrofenil)-fosfato, p-nitrofenil timidina-5"-fosfato, p-nitrofenil uridina-5'-
fosfato, oligonucleotideos de &cido timidilico, e oligonucleotideos de acido timidilico,
terminando em desoxicitidilico com um residuo 5'-fosfato no grupo final, a degradacéo
dos quais resulta em uma cor amarela em razao da liberacéo de p-nitrofenol em pH
alcalino (PRIVAT DE GARILHE & LASKOWSKI, 1955; RAZZELL & KHORANA, 1959:

KHORANA, 1961; RAZZELL, 1963; LASKOWSKI, 1980).
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Figura 1: Mecanismo de ac&o da PDE de pegonha ofidica — ponto de clivagem de
fosfodiesterase da pegonha de serpente.
(A) Clivagem sequencial de ligagdes fosfaticas em cadeia de acido nucléico. A seta
tracejada indica o ponto de quebra ( Razzel & Khorana, 1959).
(B) Clivagem da ligagéo fosfatica a-p em nucleotideos trifosfaticos (Pollack & Auld,1982)



Destes substratos, os mais sensiveis sdo ésteres de timidina e uridina, contendo
mono-p-nitrofenil na posicéo 5'; ésteres na posigao 3’ sdo resistentes & PDE (RAZZELL
& KHORANA, 1959: KHORANA, 1961; ELLIOTT, 1978). De modo geral, substratos a
base de desoxirribonucleotideos sdo mais suscetiveis a acdo da enzima de que
substratos derivados de ribonucleotideos; ndo ha variagdo na suscetibilidade de
substratos derivados de diferentes purinas ou de diferentes pirimidinas.

Embora os ensaios usados para a quantificagdo de PDE sejam, geraimente,
colorimétricos, © uso de substratos fluorogénicos, baseados em nucleotideos
trifosfaticos acoplados ao 1-aminonaftaleno-5-acido sulfonico (1 ,5-ANS) (POLLACK &
AULD, 1982) ou em mononucleotideos acoplados a 4-metilumbeliferil (LO et al., 1972)
também tem sido sugerido. Com substratos como o acido poliadenilato, a atividade
enzimatica pode ser acompanhada, monitorando-se 0 aumento na absorbancia a 260
nm (PHILIPPS, 1976).

O pH étimo para a atividade PDE varia entre 8.0 e 9,2 (BJORK, 1963; PHILIPPS,
1976; HALIM et al., 1987). A estabilidade da enzima em solug@o € influenciada pelo
pH, sendo que valores de pH entre 6 a 9 conservam melhor a enzima de B. atrox,
especialmente em temperaturas acima de 37°C: a atividade cai rapidamente em pH <6
e >9 (BJORK, 1963; PHILIPPS,1975).

Com a excecdo da PDE de C. adamanteus (RAZZELL & KHORANA, 1958;
KHORANA. 1961), pouco se sabe dos parametros cinéticos destas enzimas de
peconhas. O Kn de PDE varia da faixa micromolar (RAZZELL & KHORANA, 1959) a

milimolar (SUGIHARA et al., 1986; MORI et al., 1987), e € influenciado pelo substrato.



1.2.6 Ativadores e inibidores de PDE

As PDE dé peconhas sao metaloenzimas, contendo 1 mole de zinco por mole de
proteina (DOLAPCHIEV et al., 1980; MORI et al., 1987). Mesmo com a presenca de
zinco, algumas PDE dependem de outros metais, como o Mg* (PHILIPPS, 1975, 1976)
para atividade plena. DOLAPCHIEV et al.,(1980) sugeriram que o zinco da PDE
serviria para a atividade catalitica, enquanto que o Ca** e Mg servem para ligagdo do
substrato. Sendo assim, ndo & supreendente que a atividade destas enzimas possa
ser inibida por quelantes de metais tais como EDTA, EGTA, e o-fenantrolina (RAZZEL
& KHORANA, 1959; PHILIPPS, 1975, 1976; KINI & GOWDA, 1984; SUGIHARA ef al.,
1986; HALIM et al., 1987; MORI et al., 1987).

A inibicdo observada com cisteina, DTT, e acido cloro p-mercuribenzoico
(PCMB) sugere a importancia de liga¢des S-S ou grupos -SH na atividade da enzima. A
PDE de C. adamanteus contém sete pontes sulfidricas (DOLAPCHIEV et al., 1980).
Por outro lado, residuos de histidina contribuem pouco para a atividade enzimatica,
uma vez que a iodoacetamida n&o influencia a mesma (HALIM et a/.,, 1987). De modo
semelhante, a serina parece pouco importante, uma vez que o inibidor de tripsina,
derivado de soja (SBTI), e a benzamidina nao afetam a atividade enzimatica (BUTLER,
1956; SUGIHARA et al., 1986; MORI et al., 1987). Estas observagbes estdo de acordo
com os achados de CULP & BUTLER (1986), mostrando que o aminoacido chave para
a atividade catalitica no sitio ativo € a treonina.

Compostos como o ADP, AMP, acido ascoérbico, acido tioglicélico, cadmio, e
glutationa também inibem a PDE (RAZZELL & KHORANA , 1959; PHILLIPS, 1975;

SUGIHARA et al.,, 1986; HALIM et al., 1987; MORI et al., 1987), enquanto que outros,
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como o arsenato de sddio, citrato de sédio, B-mercaptoetanol e sulfato de berilio
exercem pouco efeito inibitério (BUTLER, 1956; HALIM et al., 1987).

Do ponto de vista cinético, SUGIHARA et al. (1986) determinaram uma
constante de inibicdo (Ki) de 0.76 mM para a inibicdo da PDE de Trimeresurus
mucrosquamatus pela PCMB, usando-se como substrato o p-nitrofenil timidina-5'-
fosfato. Por outro lado, um K; maior (12 mM) foi obtido para inibicdo da PDE de C. r.
ruber pelo PCMB (MORI ef al., 1987). No caso da PDE da pegonha de C. cerastes, a
cisteina produz inibicdo ndo competitiva com K; de 3,35 mM, enquanto que o ADP
produz inibicdo competitiva com K; de 0,47 mM, ambas na presenca de bis(p-nitrofenil)
fosfato como substrato, (HALIM, et al. 1987). [RAZZELL & KHORANA 1959 para outros

valores de K; com inibidores diferentes].

1.2.7 Propriedades imunogénicas

Apesar de numerosos estudos sobre a purificacdo e caracterizacdo de PDE de
peconhas ofidicas, sabe-se muito pouco sobre as relagées imunoldgicas entre estas
enzimas. Alguns estudos tém usado a PDE purificada para produzir anti-soros (LEVY
& BDOLAH, 1976), ou tem usado antivenenos comerciais (SUGIHARA et al., 1986)
para avaliar a pureza da enzima obtida apds separac¢do por métodos cromatograficos,

porém nao ha relato de algum estudo comparativo entre PDE ofidicas.

1.2.8 Fungoes bioldgicas
O grande interesse que se tem demonstrado na purificacdo e caracterizagéo de

PDE, nos ultimos 50 anos, deve-se, principalmente, a larga utilidade desta enzima
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como ferramenta para degradar &cidos nucléicos em estudos estruturais destas
moléculas e de outras, como a poli(ADP-ribose) e seus derivados (EHRLICH et al.,
1971: HO & GILHAM, 1973; OKA et al.,, 1978). Por outro lado, a fung@o de PDE em
peconhas ofidicas ainda n&o esta muito bem esclarecida. O papel mais obvio € o
digestivo, onde estas enzimas poderiam contribuir para a degradagdo de &cidos
nucléicos em células lesadas por outros componentes da peconha. De fato, varios
autores ja sugeriram que, além da sua toxicidade, muitas enzimas encontradas em
peconhas exercem um papel digestivo (ZELLER, 1948, 1977, THOMAS & POUGH,
1979: GANS, 1978; IVANOV & IVANOV, 1979, KARDONG, 1980; KOCHVA, NAKAR,
OVADIA., 1983).

O Unico trabalho que investigou um papel fisiologico para a PDE € o do
RUSSELL, BUESS, WOO (1963), em que demonstraram que a DLso intraperitoneal da
PDE preparada da pegonha de diversas espécies de Crotalus e de Vipera russelli, varia
de 3,08 a 4,65 mg/kg em ratos. A injec@o intravenosa causou hipotensao arterial em
doses de 1 a 6 pg/kg. Entretanto, a interpretagao destas observacbes & complicada
pelo fato das PDE usadas apresentarem multiplas bandas eletroforéticas, o que
poderia indicar contaminagdo por outros componentes do veneno que seriam
responsaveis pelos efeitos observados (MEBS, 1978).

Baseado, em parte, sobre o estudo de RUSSELL et al. (1963) acima, e também
em outras evidéncias, sugeriu-se recentemente (AIRD, 2002; ZELLER, 1977) que a
PDE poderia atuar no sistema cardiovascular através da sua capacidade de liberar 5'-
mononucleotideos de DNA, RNA, rRNA e tRNA, (PETROVA, PHILIPPSEN, ZACHAU,

1975: KELLER, 1964; PHILIPPS & CHIEMPRASERT, 1976), os quais serviriam como
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substrato para a 5-nucleotidase do veneno (e a enzima enddgena correspondente da
presa), levando a formacao de purinas, que seriam os mediadores finais da resposta a
esta enzima em nivel da vasculatura e 6rgdos como o coragao (Figura 2). Poderia
também haver a formacao de purinas, mediante a atuacao inicial de PDE sobre uma
série de outros substratos, tais como o ATP, ADP, adenosina 5'-tetrafosfato, dCDP-
colina, TDP-ramnose, UDP-glicose, GDP-mannose, e outros. Esta hipotese

interessante ainda precisa ser confirmada com estudos farmaco-fisiologicos.

1.3. Bothrops alternatus

1.3.1 Biologia

A serpente B. alternatus (Figura 3) é encontrada no Centro, Norte e Nordeste da
Argentina, Sul do Paraguai, Uruguai, e nas regides Sul, Sudeste e parte do Centro-
Qeste do Brasil, ocorrendo em altitudes até 700 m acima do nivel do mar (CAMPBELL
& LAMAR, 1989). Em termos de habitat, a B. alternatus € encontrada em regides
Umidas de florestas tropicais, subtropicais e temperadas, sendo comum também em
canaviais. O tamanho médio é em torno de 1 m de comprimento, podendo chegar perto
de 2 m. Este porte elevado significa que entre as Bothrops brasileiras, a B. alternatus é
uma das poucas espécies com rendimento maximo de pegonha acima de 200 mg (peso
seco) por espécime (as outras sao B. atrox, B. insularis, B. moojeni, e B. jararacussu
(ROSENFELD, 1971; FURTADO et al., 1991; DE ROODT et al., 1998b). A quantidade
elevada de pegonha que dispde esta espécie explica, em parte, a gravidade de

envenenamentos por esta serpente.
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Figura 2. Mecanismo hipotético para a acéo de PDE de pegonha de serpente.
A lise de células leva a liberacdo de DNA que serviria de substrato para a PDE

e endonuclease (DNase), com subseqliente formagao de nucleotideos. Estes,
por sua vez, sdo degradados por 5’-nucleotidase para formar purinas que entéo
desencadeam respostas fisiolégicas. +, ativagdo. (Modificado de AIRD, 2002).
Azul - cadeia de respostas biologicas

Verde — enzimas de pegonha

Vermelho — substratos ou ativadores. PL - fosfolipases
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Figura 3. Bothrops alternatus- (urutu).
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1.3.2 Toxinologia
1.3.2.1 Composi¢do da pegconha

Apesar de ser uma espécie bastante agressiva e perigosa, a toxinologia de B.
alternatus é muito menos estudada quando comparada a de B. jararaca, talvez por esta
ultima ser a espécie de maior importancia clinica, causando o maior nimero de
acidentes em humanos (MINISTERIO DA SAUDE, 1998), e, portanto, ser a mais
estudada entre as Bothrops brasileiras.

Em comum com outras peconhas botrépicas, a pegonha de B. alternatus contém
uma variedade de proteinas e enzimas (MEBS, 1970, TAN & PONNUDURA,1991b),
algumas das quais ja foram isoladas e caracterizadas, incluindo fosfolipase A;
(NISENBOM, SEKI, VIDAL, 1986% NISEMBOM et al.,1986b, 1988), uma enzima tipo-
trombina - a balterobina (SMOLKA et al, 1998), um inibidor da trombina - a
botroalternina - parecida com a botrojararacina de B. jararaca (CASTRO ef al., 1998),
uma metaloprotease com um dominio tipo desintegrina capaz de inibir a ades&o celular
(SOUZA et al., 2000), e 5-nucleotidase (CORRADINI & HYSLOP, resultados n&o
publicados).

Varios estudos ja demonstraram que a pegonha de B. alternatus compartilha
diversos antigenos com outras peconhas botrépicas, e que suas atividades biologicas
(ver secdo 1.3.2.2) podem ser efetivamente neutralizadas por antivenenos polivalentes
comerciais (SILES VILLARROEL et al, 1974, 1976/1977, 1978/1979; ANTUNES,
RODRIGUES-SIMIONI, PRADO-FRANCESCHI, 1989; DIAS DA SILVA et al., 1989,

MOURA-DA-SILVA et al., 1990b; de ROODT et al., 1998a, 1999; HENEINE ef a/., 1999;
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ESTEVAO-COSTA et al, 2000; FERNANDES et al,, 2000), e também por soro do

gamba Didelphis albiventris (SOARES et al., 1997).

1.3.2.2 Atividades biolégicas

Os principais efeitos locais observados em envenenamento experimental e
clinico (BAUAB et al., 1994) com peconha de B. Alternatus séo edema (FLORES,
ZAPELLINI, PRADO-FRANCESCHI, 1993; MARUNAK et al, 1999), hemorragia
(PEREZ et al, 1997b, 1998; MARUNAK et al, 1999; DE ROODT et al, 2000) e
necrose (QUEIROZ & PETTA, 1984; MARUNAK ef al., 1999). Em humanos, bolhas,
hemorragia e necrose ocorrem no local da picada em 22%, 41% e 9,4% dos casos,
respectivamente (BAUAB et al, 1994). Este quadro se assemelha muito a outras
peconhas botrépicas (GUTIERREZ & LOMONTE, 1989; WATT, 1989; JORGE &
RIBEIRO, 1990; FAN & CARDOSO, 1995). Curiosamente, esta peconha parece néo
conter as miotoxinas basicas (MOURA-DA-SILVA, CARDOSO, TANIZAKI, 1990g;
MOURA-DA-SILVA et al., 1990a, 1991; ANDRIAO-ESCARSO et al., 2000) comuns a
varios outras pegonhas botrépicas (GUTIERREZ & LOMONTE 1995, 1997). Alguns dos
efeitos locais da pegonha, especialmente o edema e a resposta inflamatéria poderiam
ser mediadas por metaloproteinases (GUTIERREZ & RUCAVADO, 2000), pela
formacdo de metabdlitos de &cido araquidénico, liberado pela acdo da PLA; da
peconha (NISENBOM et al, 1986ab; 1988) e, posteriormente, convertidos em
leucotrienos pela via lipoxigenase (FLORES et al, 1993), ou pela liberagdo de
mediadores endogenos como a histamina (ANTUNES et al., 1989) e citocinas como o

TNFo (MOURA-DA-SILVA et al., 1996; PETRICEVICH et al., 2000).




A letalidade (LDso) da pegonha de espécimes adultas de B. alternatus, embora
semelhante & de outras Bothrops sul-americanas, varia consideravelmente (2.2 a 11.5
mg/kg, i.p.), dependendo da origem geogréfica ( SANCHEZ et al., 1992), e também da
idade da serpente, com exemplares jovens possuindo uma peconha mais potente que
adultos, tanto na letalidade (FURTADO et al, 1991) como nas atividades
edematogénica e hemorragica (MARUNAK et al., 1999).

As peconhas botrépicas exercem vérias agdes sobre a hemostasia e cascata de
coagulacdo (ROSENFELD, 1971; KAMIGUTI & CARDOSO, 1989; FAN & CARDOSO,
1995: KAMIGUTI & SANO-MARTINS, 1995), e o envenenamento por B. alternatus em
humanos (BAUAB et al., 1994) e animais (caes) (PEREZ et al., 1997a) leva a disturbios
de coagulagdo. No caso de humanos, quase todos os pacientes (97%) apresentam
alteragdo no tempo de coagulagdo (BAUAB et al., 1994). Esta peconha ndo possui
atividade pro-agregante , mas tem baixa atividade anti-agregante (FRANCISCHETTI et
al., 1998), a qual € mediada por um inibidor de trombina (CASTRO et al,, 1998). O
sangue incoagulavel pode agravar a severidade da hemorragia interna causada por
proteases da pegonha. Embora tenha sido relatado a presengca de uma
metaloproteinase na pegonha de B. alternatus (SOUZA et al., 2000), pouco se sabe da
sua contribuicdo & hemorragia sistémica, quando comparada a hemorraginas como a
jararagina de B. jararaca (KAMIGUTI et al, 1996; KAMIGUTI, ZUZEL, THEAKSTON,
1998). A hemorragia interna extensa pode resultar em hipovolemia e choque
circulatério, o qual, em conjunto com a IRA provocada pela pegonha, leva a morte do
paciente (ROSENFELD, 1971; WATT, 1989; FAN & CARDOSO, 1995; RUSSELL et al,

1997).
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OBJETIVO

O objetivo do presente trabalho foi purificar e caracterizar a fosfodiesterase
(PDE) presente na peconha de B. alternatus:
- Purificar a enzima através de métodos cromatograficos
- Caracterizar a PDE através da cinética enzimatica e propriedades fisico-
quimicas
- Caracterizar a enzima com as propriedades imunogénicas

Comparar suas propriedades com as PDE de outras peconhas ofidicas.
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Abstract

A phosphodiesterase was purified from the venom of the snake Bothrops alternatus by a
combination of gel filtration and ion exchange chromatographies. In SDS-PAGE, the enzyme gave
a single band with a molecular mass of 105 kDa which was unaltered in the presence of B-
mercaptoethanol, indicating that the protein contained no subunits. There were no contaminating
5’_nucleotidase, alkaline phosphatase and protease activities. The enzyme was recognized by
commercial bothropic antiserum and gave a single band in immunoblotting. The enzyme had a pH
optimum in the range of 7.5-9.5 and the optimum temperature was 60°C, with activity being
rapidly lost within 1 min at >70°C. The Ky of the enzyme was 2.69 mM. PDE activity was
potentiated by cobalt and, to a lesser extent, by calcium, whereas copper, manganese, zinc, EDTA
and B-mercaptoethanol were inhibitory. These properties show that this enzyme is very similar to

that isolated frpm qther snake venoms.

KEY WORDS: Bothrops alternatus;, enzyme; phosphodiesterase; purification; venom
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Footnote:

'Abbreviations: DNase, deoxyribonuclease; PDE, phosphodiesterase; PLA,, phospholipase A,
RNase, ribonuclease.
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1. INTRODUCTION

Snake venoms are a rich source of enzymes, including peptidases, (metallo)proteases,
phospholipases A, (PLA,)", nucleases (DNase and RNase), nucleotidases, phosphatases and
phosphodiesterases (Elliott, 1978; Suzuki and Iwanaga, 1979; Bailey, 1998). Compared to
(metallo)proteases and PLA,, venom enzymes active on nucleic acids and phosphate bonds are still
poorly characterized, both biochemically and in terms of their biological activities and contribution
to the local and systemic effects of envenomation (see Mackessy, 1998). Of this group of
enzymes, the best characterized are the phosphodiesterases (PDE) (exonuclease I, EC 3.1.4.1)
which are abundant in venoms of the Crotalidae (Tan et al., 1989; Tan and Ponnudurai, 1990b,
1991b,d) and Viperidae (Tan and Ponnudurai, 1990c), whereas venoms of the Elapidae and
Hydrophidae generally have low levels of this enzyme (Tan and Tan, 1988; Tan and Ponnudurai,
1990a,d, 1991a,c). Recently, Aird (2002) suggested that, in addition a digestive function, these
enzymes could contribute to envenomation through their ability to release or form purines from
endogenous sources in the envenomed animal.

The snake Bothrops alternatus occurs in southeastern and southern Brazil, Paraguay,
Uruguay and northern Argentina (Campbell and Lamar, 1989). Most of the enzymes characterized
so far from the venom of B. alternatus are related directly to the effects observed following
clinical or experimental envenomation (coagulopathy, hemorrhage and lethality) (Bauab ef al.,
1994), and include a thrombin-like enzyme (Smolka ef al., 1998) and a non-enzymatic thrombin
inhibitor (Castro ef al, 1998), a metalloproteinase (Souza ef al., 2000) and phospholipase
(Nisenbom ef al., 1986a,b, 1988). Little is known of enzymes which have no immediately
apparent involvement in the local and systemic effects of envenomation. In this report, we describe

the purification and characterization of a phosphodiesterase from this venom.
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2. MATERIALS AND METHODS
2.1. Reagents

Acrylamide, adenosine 5’-monophosphate (5’-AMP), ammonium persulfate, bovine casein,
bovine serum albumin, bromophenol blue, 4-chloro-1-naphthol, ethylenediaminetetraacetic acid
(EDTA, sodium salt), S-mercaptoethanol, N,N-methylene-bis-acrylamide, molecular weight
markers for electrophoresis, nitrocellulose membrane (0.45 pm), p-nitrophenyl phosphate, bis(p-
nitrophenyl)-phosphate, O-phenylenediamine, rabbit anti-horse IgG-peroxidase conjugate, sodium
dodecyl sulfate, N,N,N’,N’-tetramethylethylenediamine (TEMED) and Tween 20 were from
Sigma Chemical Co. (St. Louis, MO, USA). Glycine, rainbow molecular weight markers for
hlotting, Tris and all chromatographic media were from Amersham-Pharmacia Biotech
(Piscataway, NJ, USA). All other reagents were of analytical grade. Ninety-six well microtiter

plates were from Labsystems (Labsystems Oy, Helsinki, Finland).

2.2. Venom and antivenom

B. alternatus venom was purchased from a private supplier (Ribeirdo Preto, Sdo Paulo,
Brazil). Commercial antivenom raised against a pool of Bothrops venoms (B. alternatus, B.
Jjararaca, B. jararacussu, B. moojeni, B. neuwiedi) was obtained from the Instituto Butantan (S3o

Paulo, SP, Brazil).

2.3. Purification of PDE
2.3.1. Gel filtration chromatography on Superdex 75
B. alternatus venom (100-200 mg) was dissolved in 0.05 M Tris-HCI buffer, pH 7.0 and

applied to a column (1.6 cm x 60 cm column) of Superdex 75 equilibrated with the above buffer at
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20°C. The venom was eluted with the same buffer at a flow rate of 30 ml/h and the elution profile
was monitored at 280 nm using an AKTAprime chromatography system (Amersham Pharmacia
Biotech, Psicataway, NJ, USA). Fractions of 2 ml were collected and screened for PDE activity.

The active fractions were pooled for the next step.

2.3.2. Anionic ion-exchange chromatography on DEAE-Sephadex A25

The PDE pool from gel filtration was fractionated on a column (1.6 ¢cm x 10 cm) of
DEAE-Sephadex A25 equilibrated with 0.05 Tris-HCl, pH 7.0. After washing the column with
this buffer to remove unbound material, the enzyme was eluted (30 ml/h) with a linear gradient (O-
1.0 M) of NaCl in Tris buffer. The elution profile was monitored at 280 nm and 2 ml fractions
were collected and screened for enzyme activity. Active fractions were pooled for the next step.
2.3.3. ‘Affinity’ chromatography on Blue Sepharose®

The PDE pool from the previous step was loaded onto a 5 ml HiTrap column of Blue-
Sepharose® equilibrated with 0.05 Tris-HCI, pH 7.0. After washing with this buffer to remove
unbound material, PDE was eluted (30 ml/h) with a linear gradient (0-1.0 M) of NaCl in Tris
buffer. The elution profile was monitored at 280 nm and 1 ml fractions were collected and
screened for enzyme activity. Active fractions were again pooled and dialyzed against Tris buffer

without NaClL

2.3.4. Cationic ion-exchange chromatography on SP-Sepharose
The PDE pool from the previous step was loaded onto a 5 ml HiTrap column of SP-

Sepharose equilibrated with 0.05 Tris-HCl, pH 7.0. After washing with this buffer to remove

36



unbound proteins, PDE was eluted with a linear gradient (0-1.0 M) of NaCl in Tris buffer at a
flow rate of 30 ml/h. The elution profile was monitored at 280 nm and 1 ml fractions were
collected and screened for enzyme activity. Active fractions were pooled and concentrated by

centrifugation prior to the final chromatographic step.

2.3.5. Gel filtration on Sephacryl $200 HR

PDE from the preceding step was applied to a column (1 cm x 30 cm) of Sephacryl S200
HR equilibrated with 0.05 Tris-HCl, pH 7.0, containing 0.2 M NaCl. The sample was eluted with
the same buffer at a flow rate of 30 ml/h and the elution profile was monitored at 280 nm. One
milliliter fractions were collected and screened for PDE activity. Active fractions were pooled,

concentrated by centrifugation and stored at —20°C.

2.4. Enzyme assays

PDE activity was assayed as described by Bjork (1963), but modified for 96-well plates.
The reaction mixture contained 100 ul of substrate (1 mM bis(p-nitrophenyl)-phosphate in 0.1 M
glycine-NaOH buffer, pH 8.9), 75 pl of glycine-NaOH buffer, 25 ul of 30 mM MgSO, and 50 ul
of venom or chromatographic fraction in a final reaction volume of 250 pl. After incubation at
37°C for the desired time, the reaction was terminated by adding 50 ul of 0.05 M NaOH and the
resulting absorbance read at 400 nm using a SpectraMax 340 microplate reader (Molecular
Devices, Sunnyvale, CA, USA). In some cases, the original incubation volumes were used (final
volume after stopping the reaction = 3 ml) and the absorbance of 300 pl of this solution then read

in the microplate reader as above. In either case, one unit of activity corresponded to an increase

of 1.0 Asgo/min.
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Alkaline phosphatase activity was assayed as described by Sulkowski et al. (1963) using
glycine-NaOH buffer and p-nitrophenyl phosphate as substrate. 5’-Nucleotidase was assayed using
5’-AMP as substrate (Sinsheimer and Koerner, 1952) with the released phosphate being
determined as described by Ames (1966). Proteolytic activity was assayed by the method of

Kunitz (1947) using casein as substrate.

2.4. Protein concentrations
The protein content of the venom solutions and chromatographic fractions was determined

at 280 nm, assuming that an absorbance of 1.0 at 280 nm = 1 mg/ml.

2.5. Electrophoresis

The purity of the enzyme obtained was checked by SDS-PAGE in 10% gels (Laemmli,
1970). Samples were prepared in 0.05 M Tris-HCI, pH 6.8, containing 10% SDS, 10% glycerol
and 0.1% bromophenol blue and then boiled for 5 min before applying to the gels. In some cases,
B-mercaptoethanol (final concentration, 10%) was added to the samples. After electrophoresis at
100 V constant (Mighty Small SE260 apparatus, Hoefer-Pharmacia, San Francisco, CA, USA),
the gels were silver stained and documented. Protein markers were run in parallel with the

samples.

2.6. Immunological studies
Following electrophoresis as described above, proteins were transferred to nitrocellulose
membranes (Towbin ef al., 1979) in a Mighty Small TE22 transfer chamber (Hoefer-Pharmacia).

The efficiency of transfer was confirmed by staining the gel with silver and the membrane with
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Ponceau S 0.2%. Molecular mass markers were included in the runs. After transfer, non-specific
sites on the membranes were blocked overnight by incubating with phosphate-buffered saline
(PBS, pH 7.4) containing 5% non-fat milk and 0.05% Tween 20. Subsequent to six washes with
PBS, the membranes were incubated with commercial bothropic antivenom diluted 1:1000 in PBS
for 12 h at room temperature. Following a further six washes, the membranes were incubated
with a rabbit anti-horse IgG-peroxidase conjugate diluted 1:1500 in PBS. At the end of 2 h, the
membranes were washed and the immunoreactive bands were detected with a solution of 4-
chloro-1-naphthol + H,0, after incubation for 10-30 min at room temperature and then
documented.

The cross-reactivity of commercial bothropic antiserum with PDE was examined by
ELISA. Wells of microtiter plates were coated with 100 ul of antiserum (diluted 1:1000 in 0.1 M
ammonium carbonate, pH 8.9; coating buffer) overnight at 4°C. The wells were subsequently
washed five times with PBS and various amounts of venom and PDE (in 100 ul) then added
followed by incubation for 1 h at room temperature. After further washes, the wells were
incubated for 1 h at room temperature with 100 pul of an equine anti-bothropic IgG-peroxidase
conjugate prepared as described elsewhere (Catty and Raykundalia, 1989). The IgG was initially
isolated from commercial bothropic antiserum by affinity chromatograpy on protein G-Sepharose
as described by the manufacturer (Amersham-Pharmacia). Following a final series of washes,
substrate solution (100 pl of 0.2 mg of O-phenylenediamine/ml and 0.05% H,0, in 0.15 M citrate
buffer, pH-5.0) was added and the plate incubated in the dark at room temperature for up to 30
min. The reaction was terminated by adding 50 ul of 5% M H,SOy and the final absorbance was

read at 492 nm in a SpectraMax 340 plate reader.
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2.7. Enzymatic properties

The K., of the PDE was determined from a Lineweaver-Burk plot (Segel, 1975) obtained
using a fixed amount of enzyme (~1 ng) and varying amounts of substrate. The K, was calculated
using the GraphPad Prism software package, version 2.01 (GraphPad Software Inc., San Diego,
CA, USA).

The pH optimum of the enzyme was determined by measuring the enzymatic activity in
0.05 M Hepes and Tris, and 0.1 M glycine buffer at different pH values using the standard assay
described above. The heat stability of the PDE was examined initially by measuring the enzyme
activity after a fixed period (30 min) at different temperatures in 0.1 M glycine-NaOH, pH 8.9.
The time-dependent inactivation of the enzyme was subsequently studied at selected temperatures
in this same buffer. In both of these assays, the activity was expressed as the increase in
absorbance at 400 nm.

The influence of various metals, EDTA and B-mercaptoethanol on PDE activity was
investigated by co-incubating enzyme in 0.1 M glycine-NaOH buffer, pH 8.9, with different

concentrations (1, 10 and 100 mM) of these substances and assaying the residual activity.

3. RESULTS
3.1. Purification of PDE

Fractionation of B. alternatus venom by gel filtration on Superdex 75 resulted in four main
peaks, the first of which contained PDE, 5’-nucleotidase and alkaline phosphatase activities (the
latter two not shown in the figure) (Fig. 1A). The active fractions of peak I were pooled and

chromatographed on a column of DEAE-Sephadex A25. All of the PDE activity eluted in the



unbound fraction of protein before the linear salt gradient (Fig. 1B). The active fractions were
again pooled and chromatographed on Blue Sepharose® (Fig. 1C); this step was fundamental for
removing 5’-nucleotidase activity which eluted in two peaks, one before the gradient and the other
after the PDE. The active fractions containing PDE were pooled and chromatographed on SP-
Sepharose, with PDE eluting as a single peak with the salt gradient. The active fractions were
concentrated and chromatographed on Sephacryl S200 HR to yield pure enzyme. The specific
activity of the purified enzyme was 148.8 units/mg (activity of venom = 0.21 units/mg; 709-fold
purification) with a protein yield of 0.17%. The purified enzyme showed no contamination with

alkaline phosphatase, 5’-nucleotidase or protease activities.

3.2. Molecular mass determination
SDS-PAGE of the purified enzyme yielded a single band following silver staining, and had
an estimated molecular mass of 105 kDa (Fig. 2A). This result was not altered by treatment with

B-mercaptoethanol (not shown), indicating that the enzyme was a single chain polypeptide.

3.3. Immunological characterization

Immunoblotting of B. alternatus PDE with commercial bothropic antiserum and
subsequent detection with a rabbit anti-horse IgG-peroxidase conjugate gave a single
immunoreactive band with a molecular mass equal to that of the native protein (Fig. 2B).
Sandwich (direct) ELISA of the purified enzyme yielded an immunoreactivity which paralleled that

of the venom, but with a shift to the right (Fig. 3).
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3.4. Enzymatic properties

The Kn, of B. alternatus PDE calculated from a Lineweaver-Burk plot was 2.69 mM (Fig.
4). In glycine-NaOH buffer, the pH optimum for PDE activity was 8.0, whereas in Hepes and Tris
buffers maximum activity was obtained over the pH range 7.5-9.0. (Fig. 5A). Enzyme activity in
the latter two buffers was slightly higher than in glycine-NaOH. The optimum temperature for
PDE activity was 60°C, with activity decreasing at >65°C (Fig. 5B). The loss of activity at
elevated temperatures (>70°C) occurred within 1 min (Fig. 5C). Although PDE retained activity
for up to 72 h at 4°C, 25°C and 37°C in 0.1 M glycine-NaOH, pH 8.9, repeated feeze-thaw cycles
lead to loss of enzyme activity (data not shown).

Figure 6 shows that cobalt stimulated the activity of PDE; a high concentration of calcium
(100 mM) and a low concentration of zinc (1 mM) also stimulated the enzyme, but to a much
lesser extent than did cobalt. Copper, manganese, and concentrations of zinc >10 mM were
inhibitory. Sodium sulfate and magnesium chloride had little effect on enzyme activity whereas
magnesium sulfate produced about 40% inhibition at the highest concentration (100 mM). EDTA

inhibited PDE activity by >90%; [B-mercaptoethanol was also inhibitory, but to a lesser extent.

4. DISCUSSION

Snake venom PDE has been isolated from numerous species, including Agkistrodon acutus
(Sugihara et al, 1984), Agkistrodon halys blomhoffii (Tatsuki et al., 1975), Agkistrodon
piscivorus (Butler, 1956), Bothrops atrox (Bjork, 1963; Frischauf and Eckstein, 1973; Philipps,
1979), Cerastes cerastes (Halim et al., 1987), Crotalus atrox (Oka et al, 1978), Crotalus
adamanteus (Sinsheimer and Koerner, 1952; Privat de Garilhe and Laskowski, 1955; Razzell and

Khorana, 1959; Razzell, 1963; Richards et al., 1967; Tatsuki et al., 1975; Philipps, 1975; Oka et
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al., 1978; Laskowski, 1980), Crotalus durissus terrificus (Philipps, 1975) Crotalus ruber ruber
(Mori et al., 1987), Trimeresurus flavoviridis (Kini and Gowda, 1984), Trimeresurus
mucroquamatus (Sugihara et al., 1986), Vipera aspis (Ballario et al., 1977) and Vipera palestinae
(Levy and Bdolah, 1976). However, the purity of PDE obtained by the methods described in the
above reports varied considerably, especially in early attempts at purification, mainly because of
the difficulty in removing contaminating alkaline phosphatase (EC 3.1.3.1) and 5’-nucleotidase
(EC 3.1.3.5) activities. The purification protocol described here apparently provided PDE free of
these contaminants as shown by the single protein following SDS-PAGE and immunoblotting, and
by the absence of 5’-nucleotidase and alkaline phosphatase in the enzyme preparation. The yield of
protein (0.17%) was within the range (0.04%-0.53%) reported for many other venom PDE
purified by a variety of procedures (Felix e al, 1960; Williams ez al, 1961; Bjork, 1963;
Frischauf and Eckstein, 1973; Dolapchiev ef al., 1974; Philipps, 1976; Laskowski, 1980; Sugihara
ef al., 1986: Mori et al., 1987). The high protein yields reported with some protocols (Ehrlich et
al., 1971; Kini and Gowda, 1984; Halim ef al., 1987) probably reflect peculiarities of the venoms
in question.

PDE are generally high molecular mass (>90 kDa) glycoproteins consisting of a single
polypeptide chain with isoelectric points between 7.5 and 10.5 (Philipps, 1975, 1976; Laskowski,
1980; Kini and Gowda, 1984; Sugihara ef al., 1986; Mori et al., 1987). The molecular mass of B.
alternatus PDE (105 kDa) thus agrees with that of other PDE; the lack of effect of B-
mercaptoethanol on the molecular mass indicates that the protein is a single chain polypeptide, as
is generally the case for venom PDE. An exception to this rule appears to be the PDE from
Crotalus ruber ruber venom which exists as a homodimer with subunits of 49 kDa (Mori et al.,

1987). Throughout the purification protocol and in SDS-PAGE, only one peak of activity and one
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protein band were obtained for B. alternatus PDE, indicating that this enzyme probably does not
occur in isoforms, unlike those of 7. flavoviridis (Kimi and Gowda, 1984) and Vipera palestinae
(Levy and Bdolah, 1976).

The pH optimum of B. alternatus PDE was similar to other venom PDE (pH 8-9.8;
Razzell and Khorana, 1959, Bjork, 1963; Philipps, 1976; Halim ef al., 1987), but varied with the
buffer, being broader with Hepes and Tris than with glycine-NaOH. An influence of buffer type on
the pH optimum has also been reported for PDE from C. adamanteus venom (Privat de Garilhe
and Laskowski, 1955). In this case, whereas the pH optimum in glycine-NaOH buffer was 8, the
pH optimum in borate buffer covered a broader range (7-8.5) and enzyme activity was also lower
in borate buffer than in Tris-NaOH.

The temperature optimum of PDE is between 55-60°C, and many of these enzymes rapidly
lose activity (within 1-4 min) at temperatures >65-70°C (Bjork, 1963; Philipps, 1975, 1976;
Sugihara et al., 1986; Halim et al, 1987, Mori et al., 1987), both of these characteristics were
also confirmed here for B. alternatus PDE.

The K., of B. alternatus PDE (2.69 mM) was lower than that of 4.33 mM for C. cerastes
PDE using the same substrate and also less than the 5.6 mM for I. mucrosquamatous (Sugihara et
al., 1986) and 8.3 mM for C. r. ruber (Mori et al., 1987), the latter two values being obtamed
with p-nitrophenyl thymidine-5’-phosphate as substrate.

B. alternatus PDE was inhibited by EDTA, a finding which agrees with observations that
metal chelators such as EDTA, EGTA and o-phenanthroline generally inhibit PDE activity
(Razzell and Khorana, 1959; Philipps, 1976; Kini and Gowda, 1984; Sugihara ef al., 1986; Halim
et al., 1987; Mori et al., 1987), and indicates that these proteins are metalloenzymes. In the case of

C. r. ruber (Mori et al, 1987) venom PDE, the metal involved is zinc whereas calcium,
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magnesium and zinc have been found in C. adamanteus PDE (Dolapchiev et al., 1980). The latter
authors proposed that zinc was necessary for catalysis whereas calcium and magnesium were
involved in substrate binding. Curiously, zinc also inhibits PDE activity (Sugihara ef al., 1986;
Mori et al., 1987), and this was clearly seen for the B. alternatus enzyme. The influence of other
ions on the activity of B. alternatus PDE generally agreed with that for venom PDE. Whilst Mg*"
has been reported to stimulate venom PDE (Philipps, 1975, 1976; Halim ef al., 1987), this effect is
not consistent (Razzell and Khorana, 1959) and, as shown here, the B. alternatus enzyme was not
dependent on Mg®* (indeed, when tested as Mg,SO,, Mg”" was inhibitory at high concentrations).
Copper inhibits C. adamanteus PDE (Razzell and Khorana, 1959) and this was also the case for B.
alternatus PDE.

Although numerous PDE have been isolated from venoms, very little is known of their
immunological properties. Levy and Bdolah (1976) used rabbits to produce antiserum to PDE
purified from V. palestinae venom and Sugihara ef al. (1986) used commercial polyvalent
antivenom to 7. gramineus and I. mucrosquamatous venoms to assess the purity of 7.
mucrosquamatous PDE by immunodiffusion. However, there are still no comparative
immunological studies of venom PDE. As shown here, commercial bothropic antivenom reacted
with B. alternatus PDE both in immunoblotting and in ELISA, indicating that the enzyme is
immunogenic and that antivenom may neutralize the activity of the enzyme in vivo.

In conclusion, the properties of B. alternatus PDE isolated in this work were similar to
those of other snake venom PDE. The purification protocol described here should prove useful in
providing pure protein for investigations into the contribution of this enzyme to the biological

activities of B. alternatus venom, and of venom PDE in general (Aird, 2002).
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Figure legends

Figure 1. Purification of PDE from B. alternatus venom.

(A) Gel filtration of B. alternatus venom on a column of Superdex 75 (1.6 cm x 70 cm). The
venom (100 mg) was prepared and applied to the column as described in Methods. The column
was eluted at a flow rate of 30 ml/h and the elution profile was monitored at 280 nm. Fractions of
2 ml were collected and assayed for PDE activity. The active fractions were pooled and applied to
a column (1.6 cm x 10 cm) of DEAE-Sephadex A25 (B) equilibrated with 0.05 M Tris-HCI, pH
7.0; proteins were eluted with a linear salt gradient. The active fractions were pooled and applied
toa 5 ml column of Blue Sepharose® (C) equilibrated with 0.05 M Tris-HCI, pH 7.0; proteins
were eluted with a linear salt gradient. The active fractions were pooled, dialyzed against Tris
buffer without salt and applied to a 5 ml column of SP-Sepharose (D) equilibrated with 0.05 M
Tris-HCL, pH 7.0; proteins were eluted with a linear salt gradient. The active fractions were
pooled, concentrated and applied to a column (1 cm x 30 cm) of Sephacryl S200 HR (E)
equilibrated with 0.05 Tris-HCl, pH 7.0, containing 0.2 M NaCl; the column was eluted with this
same buffer. Active fractions were pooled and stored at —20°C. Note that in (B-D), the linear salt
gradient is indicated by the dashed line; 1 M NaCl reached at the intersection with the right

vertical axis.

Figure 2. Electrophoretic profile of venom and purified PDE
(A) and reactivity of the enzyme with commercial bothropic antivenom assessed by
immunoblotting (B). Venom (V, 50 pg) and PDE (10.6 ug) were run on 10% gels at 100 V and

the gels then either silver stained (A) or the proteins transferred to nitrocellulose membranes for
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immunoblotting with bothropic antivenom (B), as described in Methods. The molecular mass

markers (kDa) are indicated in (A). Note that in (B), the PDE migrated at the same position as a

recombinant protein (105 kDa) (not shown).

Figure 3. Immunoreactivity of commercial bothropic antivenom with PDE of B. alternatus
venom.

The wells were coated with bothropic antiserum followed by incubation with venom or PDE and
then with an anti-bothropic IgG-peroxidase conjugate. The absorbance at 492 nm was determined
after incubating with substrate and stopping the reaction with H,SO4. For further details, see

Methods.

Figure 4. Lineweaver-Burk plot for B. alternatus PDE.

The points represent the mean+SEM of 4-5 determinations, each in duplicate.

Figure 5. pH (A) and temperature (B) optima and heat stability (C) of B. alternatus PDE.
The effects of pH and temperature on enzyme activity were determined as described in Methods.

The points represent the mean+SEM of 4-5 determinations, each in duplicate.

Figure 6. Influence of metals, EDTA and -mercaptoethanol on PDE activity.
The different compounds were included in the standard enzyme assay (see Methods) to give the
final concentrations indicated. The points represent the mean+SEM of 4-5 determinations, each in

duplicate.
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4. CONCLUSOES

Fosfodiesterases tém sido isoladas da peconha de varias espécies de
serpentes, incluindo Agkistrodon acutus (SUGIHARA et al, 1986), Agkistrodon
halys blomhoffii (TATSUKI et al., 1975), Agkistrodon piscivorus (BUTLER, 1956),
Bothrops atrox (BJORK, 1963: FRISCHAUF & ECKSTEIN, 1973; PHILIPPS,
1976), Cerastes cerastes (HALIM et al., 1987), Crotalus atrox (OKA et al.,, 1978),
Crotalus adamanteus (SINSHEIMER & KOERNER, 1952; PRIVAT de GARILHE &
LASKOWSKI, 1955; RAZZELL & KHORANA, 1959; RAZZELL, 1963: RICHARDS
et al, 1967; TATSUKI et al, 1975, PHILIPPS, 1975; OKA et al, 1978:
LASKOWSKI, 1980), Crotalus durissus terrificus (PHILIPPS, 1975) Crotalus ruber
ruber (MORI et al., 1987), Trimeresurus flavoviridis (KINI & GOWDA, 1984),
Trimeresurus mucroquamatus (SUGIHARA et al., 1986), Vipera aspis (BALLARIO
et al, 1977) e Vipera palestinae (LEVY & BDOLAH, 1976), porém apenas
algumas destas ja foram caracterizadas em detalhes, principaimente a PDE de C.
adamanteus.

A Tabela 1 resume as propriedades fisico-quimicas de algumas destas
enzimas, comparando-se com a PDE de B. alfernatus. Conforme pode-se ver, as
caracteristicas destas enzimas (peso molecular alto, pH 6étimo alcalino,
temperatura étima entre 50° C e 60° C, perfil de inibicéo, etc.) se assemelham

bastante entre si
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Embora o pH étimo (8,0-9,0) das PDE esteja numa faixa acima da
fisiolégica, conforme mostrado aqui e também bor outros, ainda ha atividade
enzimatica na faixa de pH 7-7.5, o que garantiria uma atuagéo da enzima apos a
inoculagdo da pegonha.

Apesar da atividade destas enzimas ter sido bastante estudada in vitro,
pouco se sabe da sua atuagdo in vivo, e da sua contribuicio real nos efeitos no
envenenamento. A hipétese de Eller (1977) e de AIRD (2002) sobre a participacdo
de PDE na liberacdo de purinas endoégenas e a contribuicdo destas ao
envenenamento (Figura 2) ainda precisa ser confirmada.

A caracterizagdo imunogénica das PDE nd&o tem acompanhado a
caracterizagdo bioquimica, de modo que pouco se sabe da imunologia da
molécula destas enzimas. O alto peso molecular das PDE e sua natureza
glicoproteica indicam que elas devem ser bastante antigénicas/imunogénicas. De
fato, conforme demonstrado aqui, o anti-soro botropico foi capaz de reconhecer a
PDE de B. alternatus no ELISA e “immunoblot”. SUGIHARA et.al. (1986) também
observaram, através da imunodifusdo , que a PDE de T. mucrosquamantus foi
reconhecida por um anti-soro comercial produzido contra pegonha T.
mucrosquamantus e T. gramineus.

Resta saber se este reconhecimento imunolégico traduz em uma
neutralizacdo eficaz das atividades bioldgicas da enzima in vivo.

Em conclus&o, os resultados deste estudo demonstraram a semelhanca da

PDE de B. alternatus a outras PDE ofidicas. O protocolo de purificagdo
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apresentado podera fornecer enzima suficiente para estudos in vivo, e também
para determinac&o da composicdo de aminoécidos e sequienciamento.

Neste contexto vale ressaltar que a composicdo de aminoacidos &
conhecida para apenas trés PDE ofidicas [C. adamanteus (DOLAPCHIEV et.al.,
1980), C. r. ruber (MORI et al.,1987), T. mucrosquamantus (SUGIHARA et al.,

1986)], enquanto que para nenhuma é conhecida a seqiiéncia parcial ou completa

de aminoacidos.
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5. SUMMARY

A phosphodiesterase was purified from the venom of the snake Bothrops
alternatus by a combination of gel filtration and ion exchange chromatographies. In
SDS-PAGE, the enzyme gave a single band with a molecular mass of 105 kDa
which was unaltered in the presence of B-mercaptoethanol, indicating that the
protein contained no subunits. There were no contaminating 5-nucleotidase,
alkaline phosphatase and protease activities. The enzyme was recognized by
commercial bothropic antiserum and gave a single band in immunoblotting. The
enzyme had a pH optimum in the range of 7.5-9.5 and the optimum temperature
was 60°C, with activity being rapidly lost within 1 min at >70°C. The K of the
enzyme was 2.69 mM. PDE activity was potentiated by cobalt and, to a lesser
extent, by calcium, whereas copper, manganese, zinc, EDTA and 8-
mercaptoethanol were inhibitory. These properties show that this enzyme is very

similar to that isolated from other snake venoms.
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