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RESUMO

A protease alcalina extraida do ceco pilérico do pirarucu (Arapaima gigas) foi
purificada em quatro etapas: tratamento térmico, precipitacio com sulfato de amonio,
cromatografia de gel-filtracdo em coluna Sephadex® G-75 e cromatografia de afinidade
em coluna benzamidina-agarose. Apds as etapas de purificac@o aplicou-se uma amostra
da proteina obtida em gel de eletroforese e verificou-se a presenca de tnica banda que
apresentou peso molecular aproximado de 28,0 kDa. Desta forma, apds purificagdo,
avaliaram-se as propriedades fisico-quimicas e cinéticas da enzima e o efeito de ions
metdlicos e de inibidores de proteases na atividade proteolitica da mesma, utilizando-se
benzoyl-pr-arginine-p-nitroanilide (BApNA) como substrato. O pH e a temperatura
6tima de reacdo encontrada foram 9,0 e 65°C, respectivamente. A enzima mostrou-se
estdvel, ap6s 30 min de incubag¢do, em ampla faixa de pH alcalino (pH 6,0 a 11,5). Apds
30 minutos de incubacdo a 60°C, foi detectada uma perda de 10% da atividade triptica.
Os valores encontrados para os parametros cinéticos (K, Kcur € Kea/ Kyy) foram: 0,47 £
0,042 mM, 1,33 s' and 2,82 st mM'l, respectivamente, usando BApNA como
substrato. A atividade triptica mostrou-se sensivel a alguns fons metdlicos. A atividade
triptica foi inibida, em ordem crescente, pelos fons: Mn** > Ca®* > Li* > Cd** > Cu** >
Fe’* > Hg™* > Zn®* > AI’* > Pb>". Por outro lado, os fons K*, Mg** e Ba®" ndo
promoveram nenhum efeito na atividade da protease. A enzima foi fortemente inibida
por inibidores de tripsina. Os ensaios com substrato especifico e inibidores de tripsina
forneceram evidéncias de que esta enzima € provavelmente uma tripsina-simile e suas
caracteristicas sugerem um forte potencial para ser utilizada em processos e produtos
industriais.

Palavras-chaves: Arapaima gigas; enzimas digestivas; proteases; purificacdo de

tripsina; residuo de processamento de pescado; tripsina termoestavel.



ABSTRACT

A fish alkaline protease enzyme extracted from pyloric caeca of pirarucu (Arapaima
gigas) was purified by a four-step procedure: heat treatment, ammonium sulfate
precipitation, Sephadex® G-75 filtration and benzamidine-agarose affinity
chromatografy. The effect of various metal ions and protease inhibitors on the activity
of the digestive enzyme was determined. Its physical-chemical and kinetics properties
were also determined. A single band (28.0 kDa) was observed for the sample in a
sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE, 12.5%). The
optimum pH and temperature was 9.0 and 65°C, respectively. The enzyme was stable
after incubation for 30 min in a large pH range (6.0-11.5). At 60°C the purified protease
lost of 10% of its initial activity after 30 min of incubation. This activity lost when
increased the NaCl concentration (0-30%). The kinetic parameters such as: K, K.,; and
K. ./K,, were 0.47 £ 0.042 mM, 1.33 s'and2.82 s!- mM'l, respectively using benzoyl-
pL-arginine-p-nitroanilide (BApNA) as substrate. This protease activity demonstrated to
be sensitive to some metal ions. Its activity was inhibited by the ions increasing order:
Mn** > Ca®*> Li*> Cd** > Cu**> Fe** > Hg** > Zn** > AI’* > Pb**. On the other hand,
the ions K*, Mg** and Ba®* did not promote any effect on the protease activity. The
enzyme was highly inhibited by TLCK, Benzamidine and PMSF. Specific substrate and
inhibitors for trypsin provided additional evidences that this enzyme is most likely a
trypsin-like enzyme and their feature suggests a potential for industrial application.

Key words: Arapaima gigas; Air-breathing fish; Fish processing waste; Digestive

enzymes; Proteases; Trypsin purification.
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1. INTRODUCAO
1.1 PEIXES

Existe uma grande diversidade de espécies aqudticas nas zonas tropicais. Os
peixes sdo animais ectodérmicos e possuem diversas adaptacdes morfoldgicas e
fisiolégicas como se pode observar nos habitos alimentares e caracteristicas do trato
digestério (SOUZA et al., 2007). De uma forma geral, a compreensdo da anatomia do
sistema digestério dos organismos aquéticos facilita o entendimento de sua fisiologia
digestiva.

Os orgdos digestorios dos peixes apresentam grande variagdo no tamanho sendo
classificados como pequenos e simples € como complexos como nos ruminantes. Tal
classificacdo reflete a variacdo das fontes de nutriente utilizadas por essas espécies no
seu habitat natural. O que por sua vez promove a classificdo dos peixes de acordo com
seu hdbito alimentar em quatro categorias principais: detritivoros, herbivoros, onivoros
e carnivoros.

Esses animais ndo possuem glandulas salivares e muitos ndo apresentam um
pancreas distinto, possuindo apenas células pancredticas difusas em torno do intestino
e/ou no figado (PEISONG et al., 2004). Os 6rgdos digestorios dos peixes incluem o
esofago posterior, o estdmago (nas espécies gdstricas) ou bulbo intestinal (nas
agastricas), o intestino superior e inferior e os cecos piléricos. Como 6rgios de suporte
encontram-se o pancreas, a vesicula biliar e o figado.

O estdmago tem a funcdo de iniciar a transformacio do alimento, liberando
nutrientes soliveis. Nos peixes o estdmago se divide em quatro camadas de tecido
distintas: a mucosa, a submucosa, a muscular e a serosa (RUST, 2002). O intestino € um

orgdo relativamente simples, apresentando duas partes: uma porgdo anterior superior,



denominada intestino ascendente ou delgado, e uma por¢do posterior inferior, conhecida
por intestino descendente ou grosso. E neste 6rgio onde ocorre a maior parte da
absorcdo dos nutrientes, fons e 4gua oriundos da dieta. Os cecos pildricos sdo
circundados por tecido pancredtico e sdo responsdveis pela producdo de enzimas
digestivas como proteases alcalinas, amilases e lipases e pela secrecio de hormonios
como a insulina, glucagon (RUST, 2002).

A digestdo ¢ uma acdo coordenada de atividades fisicas, quimicas e enziméticas
que tem inicio tdo logo o alimento entra na boca, e termina com a excre¢do das fezes.
Incluidos nos processos fisicos estdo a apreensdo, a trituragdo e amistura; o dcido
cloridrico produzido pelo estdmago é um processo quimico que auxilia a hidrélise e
quebra de compostos; 0s processos enzimaticos sdo mais especificos e envolvem um
grande nimero de enzimas digestivas (RUST, 2002).

Considerando a histéria evolutiva dos peixes e seus nichos ecoldgicos variados a

diversidade intestinal desses animais parece exceder a de outros vertebrados

(KROGDAHL et al., 2005).

1.1.2 pirarucu (Arapaima gigas)

O pirarucu (Arapaima gigas) & um peixe exclusivo da Bacia Amazonica e
caracteristico das dguas calmas de suas vérzeas. Representante da familia
Arapaimatidae, estd inserido na ordem dos Osteoglossiformes (FERRARIS JR., 2003)
(Tabelal). Suas caracteristicas filogenéticas, esqueleto e morfologia externa, diferem
daquelas de todas as outras espécies de peixes, inclusive seu parente africano mais
préximo, a espécie Heterotis niloticus. Foram incluidas ambas as espécies no passado
dentro da familia Osteoglossidae, mas atualmente considera-se que eles representam

uma familia distinta a Arapamatidae.



Tabela 1. Sistematica Filogenética do pirarucu, Arapaima gigas.

Reino Animalia
Filo Chordata
Classe Osteichthyes
Ordem Osteoglossiformes
Subordem Osteoglossoidei
Familia Arapaimatidae
Subfamilia Heterotidinae
Género Arapaima
Espécie Arapaima gigas

Esta espécie apresenta caracteristicas bioldgicas e ecoldgicas distintas pois sao
animais de grande porte, seus espécimes podem atingir até trés metros de comprimento
e chegam a pesar 250 quilos. A palavra pirarucu é de origem tupi, constituida pela
associacdo de pira, que significa peixe e wrucu, significando vermelho, cor
caracteristica da semente do urucum, Bixa orellana. Este nome é atribuido devido a
intensa coloracdo, dominante na orla posterior das escamas (Figura 1) em determinadas
regides do corpo. A intensidade da coloragdo que apresenta tais escamas, assim como o
nimero, varia de acordo com o sexo e o periodo de reproducdo (VENTURIERI e

BERNARDINO, 1999).

Figura 1: Exemplar de pirarucu, Arapaima gigas (SCHINZ, 1822).
Fonte: http://www.brasilsabor.com.br/img/artigos/gd/1188653017.jpg



O pirarucu tem corpo subcilindrico e alargado que se afina em forma progressiva
a partir da origem dorsal, cabeca pequena com espaco interorbital plano e com
numerosas placas Osseas. A boca superior é grande e obliqua, com prognatismo da
mandibula inferior e o maxilar alcanca na vertical o limite anterior da pupila. O pré-
maxilar apresenta 20 pequenos dentes cérneo, o maxilar 32 e a mandibula de 35-36
dentes, essas estruturas também sido observadas em menor tamanho na lingua. O corpo
do pirarucu é revestido com grandes e espessas escamas cicldides, estriadas e
granulosas (ROMERO, 1960).

A nadadeira dorsal tem origem no terco posterior do corpo e seus Ultimos raios
mais longos passam da origem da cauda. A nadadeira anal inicia-se préximo as duas
fileiras de escamas atrds da dorsal. A nadadeira caudal é arredondada. As nadadeiras
ventrais e abdominais sdo bem posteriores. A cor do peixe é castanho-claro a partir do
oitavo més de idade (FONTENELE, 1952; BARD e IMBIRIBA, 1986; IMBIRIBA,
2001; VENTURIERI e BERNARDINO, 1999).

Além da lingua dssea, a espécie apresenta duas placas Osseas laterais e uma
platina na boca, que funcionam como verdadeiros dentes, os quais retém a presa,
matando-a antes da degluticdo. O sistema digestério € curto, uma caracteristica de
peixes com hdébito alimentar carnivoro. Possuem dois aparelhos respiratdrios, as
branquias, utilizadas para a respiracdo aqudtica e a bexiga natatéria modificada,
(fiséstomo) que se comunica com o sistema digestério, funcionando como um pseudo-
pulmao (CASTELLO, 2004). Desta forma, o pirarucu vem a superficie em intervalos de
tempo regulares para tomar golfadas de ar que é direcionado para o interior da bexiga
natatéria. Neste processo respiratorio a difusdo do oxigénio para o sangue ocorre através
da extensa rede de capilares sangiiineos presente na bexiga natatéria (ONO et al, 2008).

Brauner e Val (1996) sugerem que o pirarucu apresenta respiragdo aérea obrigatéria e



que 78% do oxigénio consumido provém do ar, enquanto 63 a 85% do gds carbonico é
excretado diretamente na dgua através das branquias.

Quanto a reprodugdo esses animais apresentam comportamento Unico. Nos
periodos de seca os peixes formam casais, procuram ambientes calmos e preparam seus
ninhos, reproduzindo durante a enchente. Nesta espécie os machos protegem a prole por
cerca de seis meses. Os filhotes apresentam hébito gregirio, e durante as primeiras
semanas de vida, nadam sempre em tomo da cabeca do pai, que os mantém préximos a
superficie, facilitando-lhes o exercicio da respiracdo aérea. Apesar de ser uma espécie
resistente, essas caracteristicas ecoldgicas e biolégicas tornam o pirarucu bastante
vulnerdvel a acdo dos pescadores. Os cuidados com os ninhos, apds as desovas expdem
os reprodutores a facil captura com malhadeiras ou a fisga com haste e arpdo. Durante o
longo periodo de cuidados parentais, a necessidade fisiologica de emergir para captar ar
ocorre em intervalos menores, ocasido em que os peixes sdo arpoados. O abate dos
machos, apdés as desovas, expde os filhotes a predacdo por peixes carnivoros,
especialmente as piranhas. Outro fator que prejudica o desenvolvimento da prole € a
longa fase de imaturidade sexual (3-5 anos) que propicia a captura de espécies juvenis
que nessa fase apresentam peso variando entre 30 e 40 quilos (Ono et al, 2008).

Segundo Liiling (1964), o Arapaima gigas distribui-se no Amazonas desde o
Orinoco — Guiana até Ucayali — Peru, no entanto na drea da Guiana e Guiana Francesa.
Bard e Imbiriba (1986) dizem ndo haver registros na bacia do Orinoco, sendo
encontrado apenas na parte inferior do rio Amazonas e afluentes, também nas vastas
dreas de varzea e igap0s ligadas a eles. Ainda assim, sdo pouco conhecidos os limites de
ocorréncia desta espécie nos cursos superiores do rio Amazonas e de seus afluentes.

Dentre os paises onde é encontrado o Arapaima gigas, destacam-se: Brasil,

Coldombia, Guiana, Peru, sendo questiondvel no Equador, onde ocorre como espécie



nativa. Sua distribui¢do € referenciada para a América do Sul, principalmente, na Bacia
Amazonica e rios da Guiana.

O habitat desta espécie sdo dguas pretas e tranqiiilas da Amazodnia, ndo sendo
encontrado, portanto, nas zonas de forte correnteza e nas dguas ricas em sedimentos. O
pirarucu torna-se com este comportamento, uma exce¢do entre as espécies que habitam
as dguas pretas do continente, ja que estas, em geral, ndo acusam a presenca de peixes
de grande porte e com valor similar ao pirarucu. Vivem, portanto, em dguas com pouca
correnteza, ligeiramente alcalinas (pH entre 7,5 — 7,8) e com temperaturas que oscilam
entre 26° ¢ 31° C, que algumas vezes podem chegar a 37°C nas superficies dos lagos
(BARD e IMBIRIBA, 1986).

Segundo Bard e Imbira (1986) A. gigas pode ser cultivado em sistema intensivo,
em viveiros de diferentes tamanhos, com uma produtividade de 1,7 a 11
toneladas/hectare x ano, e acreditam que a espécie pode ser criada em sistema
extensivo, tendo como alimento peixes forrageiros (piaba, matupiri, tamuatd, etc.), que
se reproduzem naturalmente em cativeiro.

Além de ser o maior peixe da AmazoOnia, o pirarucu € considerado uma espécie
de alto interesse comercial e um dos peixes mais valorizados no mercado. Entretanto,
uma diminui¢do exacerbada nos estoques naturais, fez com que o governo através do
IBAMA passasse a controlar e regulamentar a sua pesca devido ao risco de extin¢do da
espécie. De acordo com dados do IBAMA (2008), no ano de 2006 foram capturados
1.237 t de pirarucu. O risco de extin¢do aliado as caracteristicas zootécnicas peculiares,
como a excelente qualidade da carne desprovida de espinhos, o que gera grande
aceitacdo no mercado consumidor, rusticidade para o manejo (CAVERO et al., 2003),
respiragdo aérea e elevada taxa de crescimento, que pode alcancar de 7-10 Kg no

primeiro ano de criagdo (IMBIRIBA, 2001; PEREIRA-FILHO et al., 2003), fez desta



espécie uma das mais promissoras para o desenvolvimento da criagdo de peixes

carnivoros em regime intensivo na Regido Amazonica.

1.2 ENZIMAS

As enzimas s@o proteinas, com exce¢do das ribozimas que sdo RNAs com
atividade catalitica, que, atuando como catalisadores nas reacdes bioquimicas diminuem
a energia de ativacdo necessdria para que ocorra a reagdo quimica. Por serem
catalisadores eficientes, sdo aproveitadas para aplica¢des industriais, como na industria
farmacéutica ou na alimentar. As enzimas nio reagem quimicamente com as substancias
sobre as quais atuam, nem alteram o equilibrio das rea¢Ges. Estruturalmente, as enzimas
possuem todas as caracteristicas das protefnas, tendo regides da sua estrutura
responsdveis pela catdlise. A efici€éncia das enzimas em catalisar reacdes é tal que a
velocidade de uma reacdo pode ser aumentada em até 10* vezes (CAMPBELL e
FARRELL, 2007).

De uma maneira geral, uma enzima liga-se ao seu substrato formando um
complexo Enzima-Substrato (ES) de cardter transitorio (Fig. 2). Essa ligacdo ocorre em
uma regido especifica da enzima denominada sitio ou centro ativo, localizada em uma
fenda ou bolsdo tridimensional formado por grupamentos que vém de diferentes partes
da sequéncia linear de aminodcidos da enzima. Podem existir também outras regides da
cadeia polipeptidica que s@o sensiveis a presenca de determinadas espécies quimicas,
modulando a atividade da enzima. Tais regides sdo denominadas centros alostéricos e

essa modulacdo de alosteria (BERG et al., 2004).
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Figura 2. Reacdo de catdlise enzimatica. Enzima (E), Substrato (S), Produto (P), constante de velocidade
k).

A manuten¢@o da estrutura de uma enzima € de extrema importincia para a sua
atividade e pode sofrer modificacdes e até mesmo ser perdida caso a enzima se depare
com um meio em que fatores como o pH ou a temperatura ndo favorecam a estabilidade
estrutural de sua cadeia polipeptidica. Algumas enzimas necessitam também da
presenca de outras estruturas, genericamente denominadas cofatores, para efetuar a
catdlise. A natureza quimica dos cofatores ¢ muito diversa, estes podem ser fons
metdlicos, como o Mg2+, 0 Zn" ou o Fe**, moléculas organicas, como o piridoxal fosfato
ou a coenzima A. Outros grupos como moléculas organicas contendo metais, como o
grupo hemi (uma porfirina contendo ferro) ou a vitamina B, (5-
desoxiadenosilcobalamina) também podem ser classificados como um cofator
(NELSON e COX, 2005).

Além das modificagdes estruturais, as enzimas podem ainda ter sua atividade
alterada pela presenca de inibidores. Existem diversos tipos e mecanismos de inibigdo.
Entretanto os livros diddticos priorizam alguns, que apresentados de uma forma
resumida, demonstram com clareza o efeito de inibidores. A inibi¢do enzimatica pode
ser reversivel ou irreversivel, quando o inibidor se liga ao sitio ativo da enzima
causando desastrosas alteragdes estruturais. Quanto a inibicdo reversivel podemos
classificd-la em competitiva e ndo competitiva. Na primeira, o inibidor apresenta
semelhanga estrutural com o substrato e se liga ao sitio ativo do mesmo, formando o

complexo enzima-inibidor e impedindo que a enzima se ligue ao substrato. Entretanto,



diferentemente do inibidor irreversivel, nao hd alteracdo na estrutura desta enzima.
Quanto ao inibidor ndo competitivo, este se liga a outra regido da enzima provocando
uma alteragdo em sua estrutura principalmente em torno do sitio ativo, impedindo a
reacdo de catélise mesmo quando o substrato estd ligado a ela (VOET et al., 2006).

A atividade catalitica de uma enzima se constitui em um meio sensivel e
especifico para sua mensuragdo. Assim, para se medir a quantidade de uma enzima em
uma amostra, mede-se a velocidade de reagdo catalisada pela enzima. Os resultados sdo
geralmente expressos em unidades enzimdticas e as quantidades relativas de enzima em
diferentes amostras podem ser entdo comparadas. Uma unidade de enzima pode ser
definida como a quantidade de substrato que reage ou do produto formado por tempo de
reacdo (MURRAY et al., 2002). As enzimas sdo divididas em seis grupos pela NC-
IUBMB de acordo com a reacdo especifica que catalisa (Tabela 2) (NELSON e COX,

2005).

Tabela 2: Classificacdo das enzimas segundo a [UBMB.

CLASSE REACOES QUE CATALISAM
1. Oxidorredutases Reagdes de oxidagdo-reducdo
2. Transferases Reagdes de grupos contendo C, N ou P-
3. Hidrolases Clivagem das reagdes adicionando dgua
4. Liases Clivagem de C-C, C-S e certas liga¢des de C-N
5. Isomerases Racemizacdo de isdmeros pticos ou geométricos

Formacao de pontes entre C e O, S, N acoplados a

6. Ligases
hidrélise de fosfatos de alta energia.

C, carbono; N, nitrogénio; P’, fon fosfato; S, enxofre; O, oxigénio. Fonte: NELSON e COX, 2005.

Dentro do grupo das hidrolases (3), encontram-se as proteases, que sao as enzimas
responsdveis pela hidrélise de ligagcdes peptidicas (NC-IUBMB, 2009). As proteases sdo
essenciais para a sobrevivéncia dos seres vivos, atuando na ativacdo de zimogénios,

digestdo de proteinas provenientes da dieta e do préprio organismo, coagulacdo
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sanguinea etc. (RAO et al, 1998). As proteases sdo subdivididas em dois grandes
grupos, as exoproteases que clivam ligacdes peptidicas proximas as extremidades amino
e carboxiterminais do substrato e as endoproteases queclivam as ligagdes peptidicas

internas das cadeias polipeptidicas do substrato.

1.3 PROTEASES DIGESTIVAS DE PEIXES

O aumento na demanda por produtos pesqueiros para consumo humano tem
resultado em um constante crescimento da produgdo aqiiicola mundial, que no perido
entre1997 a 2006 teve um aumento de aproximadamente 21,6%. S6 em 2006, foram
produzidas cerca de 159 milhdes de toneladas de pescado, das quais 93 milhdes foram
oriundas da pesca e 66 milhdes, da aquicultura (FAO, 2008). Com o aumento da
produgdo pesqueira e, conseqiientemente, do volume de pescado processado
mundialmente, grande quantidade de residuos e de subprodutos tem sido gerada. Tal
fato representa um grande desafio para empresdrios e comunidade cientifica
interessados em buscar estratégias para que a produgdo de organismos aquéticos, seja
oriunda do extrativismo, seja da aquicultura, torne-se uma atividade sustentavel.

Segundo Arruda (2004), cerca de 50% do pescado mundial produzido em 2000
transformou-se em residuo. Supondo que esse percentual tenha-se mantido ao longo dos
anos, as 159 milhdes de toneladas de pescado produzidas em 2006 geraram milhdes de
toneladas de subprodutos, constituindo-se em uma fonte significativa de desperdicio de
recursos e de contaminagdo ambiental. Assim, preocupados com problemas ambientais,
pesquisadores em todo o mundo, vem desenvolvendo diversos esforcos para obtencio
de métodos que possibilitem a transformacgdo desses residuos em produtos passiveis de

utilizag@o tanto na nutricdo humana quanto na animal (Martone et al., 2005).
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Stom e Eggum (1981) relataram que os 6rgdos internos e as cabecas de peixe
podem ser convertidos em farinha de peixe e ser utilizada em racdo animal. Esses
residuos podem também ser utilizados para os hidrolisados de proteinas de peixe (HPP)
(BENJAKUL e MORRISSEY, 1997). Os hidrolisados t€ém uma ampla gama de
potenciais aplicac¢des, por exemplo, como ingredientes na alimentagdo animal (FAID et
al., 1997) ou alimentos (FROKJAER, 1994), como peptona para meios de cultura
microbiano (VECHT-LIFSHITZ et al., 1990), ou como fertilizante (KURBANOGLU ¢
ALGUR, 2002).

Entre os subprodutos, as visceras sdo reconhecidas como uma potencial e
importante fonte de enzimas digestivas, principalmente proteases, com alta atividade e
que atuam em uma ampla faixa de pH e condi¢des de temperatura (CANCRE et al,,
1999; GILDBERG, 1992; SHAHIDI JANAK e KAMIL, 2001). A recuperacdo de
proteases de subprodutos da pesca é de grande importincia uma vez que proteases de
baixo custo poderiam promover novas aplicagdes dessas enzimas na industria
(KLOMKLAO et al, 2004), além de reduzir o descarte desses subprodutos
minimizando assim o 6nus ambiental.

Proteases constituem o grupo mais importante de enzimas industriais utilizadas
no mundo, representando cerca de 50% do mercado industrial total de enzimas (RAO et
al., 1998). Elas possuem diversas aplicagdes em uma ampla variedade de industrias,
como detergentes, alimentos, agroquimicos e farmac€utica (GUPTA et al., 2002;
ZUKOWSKI, 1992). Essas proteases industriais sd@o obtidas principalmente de origem
animal, vegetal e fontes microbianas.

Proteinases digestivas de organismos aqudticos podem ser classificadas pelos
mesmos critérios utilizados para proteases de outros animais, plantas ou

microorganismos, com base na sua similaridade com outras proteases ja bastante
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caracterizadas como tripsina-simile, quimiotripsina-simile, quimosina-simile ou
catepsina-simile. Elas podem ser classificadas em funcdo da sua sensibilidade ao pH,
como proteases dcidas, neutras e alcalinas. Elas também sdo classificadas por nomes
comuns e nomes comerciais, especificidade preferencial e resposta a inibidores
(KLOMKLAU, 2008). No sistema de nomenclatura de enzimas (EC), todas as proteases
(peptideo hidrolases) pertencem a subclasse 3.4, que é dividido em 3.4.11-19, para
exopeptidases e 3.4.21-24 para endopeptidases (NISSEN, 1993). As endopeptidases
clivam a cadeia polipeptidica nas liga¢cdes peptidicas no interior da cadeia, enquanto as
exopeptidases clivam ligacdes pepditicas localizadas a partir das extremidades N-
terminal (aminopeptidases) e C-terminal (carboxipeptidases) (Fig. 3) (KLOMKLAU,
2008).

Com base na natureza do sitio catalitico, proteases digestivas de organismos
aqudticos sdo classificadas em quatro categorias como 4cidas ou aspartato proteases,
serinoproteases, tiolproteases ou cisteinoproteases, ou metaloproteases (SIMPSON,
2000). As enzimas nas diferentes classes sdo diferenciadas por vérios critérios, tais
como a natureza do grupos em seus sitios cataliticos, sua especificidade ao substrato, a
sua resposta aos inibidores ou por sua atividade / estabilidade em 4cido ou condi¢des
alcalinas (NISSEN, 1993)

N as -+
Endopeptidase i

d-f

""-—\_.__\_‘_\_H_\_h

Exopeptidase x +

Figura 3. Acdo das endopeptidases e exopeptidases sobre a estrutura da proteina.
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Proteases digestivas foram estudadas em vdrias espécies de peixes (DE VECCHI
E COPPES, 1996). As proteases encontradas nos 6rgaos digestivos de peixes incluem a
pepsina, gastricsina, tripsina, quimotripsina, colagenase, elastase, carboxipeptidase e
carboxilesterase (HAARD, 1994; SIMPSON, 2000). Pepsina e tripsina sdo os dois
principais grupos de proteases encontradas em visceras de peixes. Pepsina esta
localizada no estdmago dos peixes (GILDBERG et al. 1990), enquanto a tripsina
encontra-se concentrada no cecos pildricos e no intestino (KISHIMURA et al., 2006b).
A distribuicdo das proteases varia, dependendo da espécie e da morfologia do trato
digestdrio. Para o peixe disco (Symphysodon aequifasciata), a atividade proteolitica no
intestino foi maior do que no estomago (CHONG et al., 2002). Torrissen (1984)
observou que a atividade proteolitica do intestino da truta arco-iris (Salmo gairdneri) foi
maior do que a do Salm@o do Atlantico (Salmo salar). O cecos pildricos do Salmdo Rei
(Oncorhynchus tschawytscha) apresentou maior atividade proteolitica que o da truta
arco-iris (DIMES et al., 1994). Este fato é reflexo da grande diversidade existente de
espécies de peixe, as quais muitas vezes apresentam hdbitos alimentares e dietas
distintas.

Proteases digestivas de peixes podem ser ferramentas muito tteis na industria de
alimentos devido a propriedades importantes como, a estabilidade térmica e a alta
atividade em baixa temperatura de processamento. Atualmente, hd uma crescente
demanda por proteases digestivas de peixes no processamento de alimentos
(BOUGATEEF et al., 2007). A industria de alimentos usa proteases como adjuvantes
para muitos produtos, incluindo produtos de padaria, cerveja, vinho, cereais, leite,
produtos de peixe, leguminosas e na producao de hidrolisados proteicos e aromatizantes

(Tabela 3).
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Tabela 3. Aplicag@o de proteases na industria alimenticia (HAARD, 1992).

Produto Aplicacao

Aumentar a velocidade de secagem de proteinas;
Pées e Bolos melhorar o manuseio do produto; diminuir o tempo de
mistura da massa; melhorar a textura e volume do pao.

Ovo e produtos a base de ovo Melhora a qualidade de produtos secos.

Tenderizagdo; recuperagdo de proteina dos 0ssos;

Carne hidrélise de proteinas do sangue.

Hidrolisados de proteinas de peixe; reducdo da
Peixe viscosidade no processamento de produtos; remocio de
pele; processamento de caviar.

. Tofu; molho de soja; hidrolisado protéico de soja;

Soja - . . .
remocgao do sabor ruim do leite de soja.

Fabricacio de queijo qualho; pudins; acelerar o

Laticinios . ..
envelhecimento de queijos.

Auxiliar na Fermentacio e filtracdo; Promove
Bebidas clarificacdo a frio; diminui a formagdo de espuma;
promove a fermentacdo maloldatica.

Chocolate Facilitar a fermentacgdo para a produgédo do chocolate.

1.4 TRIPSINA

Uma variedade de enzimas proteoliticas digestivas tem sido isoladas de 6rgaos
de peixes. As enzimas proteoliticas mais importantes sdo a protease aspdrtica pepsina e
as serinoproteases tripsina, quimotripsina e elastase. Proteases digestivas écidas do
estobmago dos peixes possuem atividade elevada em meio ondo o pH encontra-se entre
2,0 e 4,0, enquanto proteases digestivas alcalinas, como tripsina, sdo mais ativos em pH
entre 8,0 e 10,0 (KLOMKLAO, 2008).

Recentemente, o uso de proteases alcalinas digestivas de organismos aquaéticos,
principalmente tripsina, aumentou notavelmente, dado que muitas s@o estdveis e ativas
em condicdes adversas, tais como temperaturas de 50 a 60 °C, pH elevado e na presenca
de agentes surfactantes ou oxidantes (KLOMKLAO et al., 2005).

A tripsina (Fig. 4) é uma enzima chave na digestdo protéica que apresenta

atividade de endopeptidase, responsdvel também pela ativacdo do tripsinogénio e de

14



outros zimogénios, como por exemplo, o quimotripsinogénio (WHITAKER, 1994;
KLOMKLAO et al., 2007). Estdo presentes em peixes como isoenzimas, apresentando
essencialmente a mesma especificidade (CASTILLO-YANEZ et al., 2005). Ela € um
membro da familia das serinoproteases, as quais sdo caracterizadas por um mecanismo
catalitico comum, envolvendo a presenca de uma triade catalitica composta de residuos

especificos: serina, histidina e acido aspdrtico (Fig. 5) (KLEIN et al., 1996).

M . .‘-_ ¥ Cles
Serine* 'y
5 e s | "l gt

histidine \ SN

4 g
- \
P ..» X

Figura 4. Estrutura tercidria da tripsina. Figura 5. Centro ativo de uma serinoprotease
Fonte: www.icp.csic.es/biocatalisis Fonte: www.proteopedia.org

A tripsina cliva liga¢des peptidicas no lado carboxila de residuos de aminoacidos
carregados positivamente como lisina e arginina (Fig. 6) (KOMKLAO et al., 2006). Ela
apresenta maiores niveis de atividade nos valores de pH entre 8,0 e 11,0 e em
temperaturas de 35°- 45°C, inibicdo ou instabilidade em pH abaixo de 5,0 e acima de
11,0 e inibicdo por diisopropil-fluorfosfato (DFP), fluoreto fenil-metil-sulfonil (PMSF),
inibidor de tripsina de soja (SBTI) e aprotinina. A tripsina hidrolisa substratos sintéticos
como: N-a-benzoil-L-arginina-p-nitoanilida (BApNA) e tosil-arginina-metil-éster
(TAME) (WHITAKER, 1994; SIMPSON, 2000). Vale também destacar sua ampla

aplicabilidade industrial (KLEIN et al., 1996).
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Figura 6. Sitio de hidrdlise da tripsina.
Fonte: BERG et al., 2004.

A Tripsina é uma enzima muito importante na inddstria alimenticia e pode ser
empregada em processos citados anteriormente, como na maturagdo e aromatizagcdo do
queijo, producdo de hidrolisado protéico (preparacdes contendo alta qualidade de
aminodcidos e peptideos), produ¢do de molho de soja, amaciamento da carne e
produgdo de aromatizantes. Estas proteinas também sdo utilizadas para recuperar a
proteina a partir de carcacas de peixes que de outra forma iriam para o lixo apds a
filetagem (HAARD, 1992; MACKIE, 1982). Tais fatos t€m feito destas enzimas as mais

estudadas em organismos aquéticos.

1.5 PURIFICACAO E CARACTERIZACAO DE TRIPSINAS

Com o objetivo de purificar tripsinas, se utilizam técnicas comuns a processos de
isolamento de proteinas, onde a primeira etapa € o preparo de extratos em solucdo salina
ou tampdo, seguido de fracionamento salino com sulfato de amdnio e didlise das
preparacdes protéicas obtidas. O tratamento com o sal, salting-out, é capaz de precipitar
protefnas por retirar a camada de solvatacdo que as tornam soludveis, este método é
eficiente uma vez que separa moléculas de acordo com sua solubilidade (VOET et al.,

2006; BRACHT e ISHII-IWAMOTO, 2002). Tripsinas de peixes tropicais t€ém sido
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parcialmente purificadas através deste procedimento (BEZERRA et al., 2001, 2005;
BOUGATEEF et al., 2007; SOUZA et al., 2007).

Técnicas cromatograficas convencionais (Fig. 7) como, cromatografia de troca i6nica
(SIRINGAN et al., 2007) e de gel filtracio (BEZERRA et al., 2001, 2005; BOUGATEF
et al.,, 2007; SOUZA et al., 2007) que separam as tripsinas de acordo com a carga
liquida da molécula ou por sua massa molecular, respectivamente, podem ser utilizadas.
Além destas, a cromatografia de afinidade desenvolvida por Cuatrecasas et al. (1968)
isola as tripsinas de acordo com a especificidade de interacdo via sitio ativo. Nesta
técnica, as proteinas ligam-se ao suporte inerte para uma posterior dessor¢cao, seja por
competicao bioespecifica pelo sitio protéico com o inibidor, seja por alteracdo do pH

e/ou da forga idnica (CASTILLO-YANEZ et al., 2005; KURTOVIC et al., 2006).
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Figura 7. Técnicas cromatograficas. (A) Gel Filtragdo; (B) Interagdo Hidrofébica; (C) Troca
I6nica; (D) Afinidade; (E) Fase Reversa. Fonte: Amersham Bioscience Handbook. Gel
Filtration. Principles and Methods.

As tripsinas podem ser caracterizadas por eletroforese; um método comumente
utilizado para a determinag¢io da pureza e da massa molecular de subunidades protéicas
faz uso do detergente sulfato sédico de dodecila (SDS). Depois de realizada a

eletroforese as proteinas sdo visualizadas pela adicdo de um corante, o azul de
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Coomassie (LAEMMLI, 1970). Eletroforese em gel de poliacrilamida para proteinas
sob condi¢des ndo desnaturantes é uma poderosa técnica de andlise de pureza de
estruturas moleculares nativas (NEMOTO e SATO, 1998), baseando-se em suas cargas
resultantes totais positivas ou negativas (conteidos relativos &dcidos e bdsicos,
respectivamente).

Tripsinas tém sido extraidas, purificadas e caracterizadas a partir de visceras de
peixes, incluindo: Mallotus villosus (HHELMELAND e RAA, 1982), Gadus ogac
(SIMPSON e HAARD, 1984), Colossoma macropomum (BEZERRA et al., 2001),
Engraulis japonica (KISHIMURA et al., 2005), Sardinops sagax caerulea
(CASTILLO-YANEZ et al., 2005), Oreochromis niloticus (BEZERRA et al., 2005),
Sardinops melanostictus e Pleurogrammus azonus (KISHIMURA et al., 2006a),
Stolephorus spp. (SIRINGAN et al., 2007), Sebastes schlegelii e Alcichthys alcicornis
(KISHIMURA et al.,, 2007), Sardina pilchardus (BOUGATEF et al.,, 2007),
Katsuwonus pelamis (KLOMKLAO et al., 2007) e Pseudupeneus maculatus (SOUZA
et al., 2007).

Estas enzimas demonstraram caracteristicas importantes como
termoestabilidade, alta atividade em pH alcalino e s@o sensiveis a metais pesados,
propriedades importantes que contribuem para sua purificacdo através do uso de
tratamento térmico como etapas de purificacio (BEZERRA et al., 2001, 2005;

BOUGATEEF et al., 2007; SOUZA et al., 2007).
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2. OBJETIVOS

Objetivo Geral
Extrair, purificar e caracterizar uma protease digestiva alcalina (tripsina simile)

presente no ceco pildrico do pirarucu (Arapaima gigas).

Objetivos Especificos

v' Purificar a protease alcalina através de metodologia previamente descrita por
BEZERRA et al., 2001 e através de cromatografia de afinidade;

v' Caracterizar os parAmetros fisico-quimicos e cinéticos da enzima purificada do
ceco pildrico de A. gigas;

v Determinar o peso molecular aparente da proteina purificada através de SDS-
PAGE;

v Avaliar a sensibilidade da atividade da enzima purificada a fons metdlicos,

inibidores especificos e inespecificos.
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Abstract

Alkaline protease from pyloric caeca of pirarucu (Arapaima gigas) was purified. The
effect of metal ions and protease inhibitors on its activity and its physical-chemical and
kinetics properties were determined. A single band (28.0 kDa) was observed in a SDS-
PAGE. The optimum pH and temperature was 9.0 and 65°C, respectively. The enzyme
was stable after incubation for 30 min in a large pH range (6.0-11.5) and at temperature
of 60°C. The kinetic parameters such as: K, K., and K ./K,, were 0.47 = 0.042 mM,
1.33 s and 2.82 s' - mM™, respectively using BApNA as substrate. This protease
activity demonstrated to be very sensitive to some metal ions in the increasing order:
Fe”*>Hg’*>Zn**>AI’*>Pb**, and was highly inhibited by trypsin inhibitors. Specific
substrate and inhibitors for trypsin provided additional evidences that this enzyme is
most likely a trypsin-like enzyme and their feature suggests a potential for industrial

application.

Key words: Arapaima gigas; Air-breathing fish; Fish processing waste; Digestive

enzymes; Proteases; Trypsin purification.
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Introduction

Protease is a class of industrial enzymes widely consumed in the world,
accounting for about 60% of the world of enzymes (Gupta, Beg & Larenz, 2002; Rao,
Tanksale, Ghatge & Deshpande, 1998). This fact is due to the diversity of applications
that these proteins, mainly alkaline proteases, have in various industrial segments such
as: food, detergents, pharmaceuticals, textiles, among others (Espdsito, Amaral,
Buarque, Oliveira, Carvalho Jr. & Bezerra, 2009; Klomklao, Benjakul, Visessanguan,
Simpson & Kishimura, 2005; Zukowski, 1992). Several studies report that fish viscera
can be used as an important source of digestive enzymes. These residues, which are
usually discarded, have a great potential for extraction of digestive enzymes. The use of
alkaline digestive proteases of aquatic organisms, especially trypsin, increased
markedly, as some are stable and active under harsh conditions such as temperatures
from 50 to 60°C, high pH and in the presence of surfactants or oxidizing agents
(Esp6sito, Amaral, Marcuschi, Carvalho Jr & Bezerra (in press); Klomklao et al. 2005).
Furthermore, the recovery of proteolytic enzymes from fish’s viscera is an alternative to
minimize the economical and ecological onus caused by this processing waste (Shahidi
& Janaka Kamil, 2001; Bezerra et al. 2001, 2005; Klomklao et al. 2005; Bougatef,
Souissi, Fakhfakh, Ellouz-Triki, & Nasri, 2007; Souza, Amaral, Espirito Santo,
Carvalho Jr & Bezerra, 2007; Kishimura, Tokuda, Yabe, Klomklao, Benjakul & Ando,
2007).

Trypsin (EC 3.4.21.4) is one of the most studied fish digestive proteases. Studies
based on the use of commercial protease substrates and inhibitors have shown that fish
trypsins are present as isoenzymes along the digestive tract, and have essentially the
same specificity as the mammalians (Castillo-Yafiez, Pacheco-Aguilar, Garcia-Carrefio

& Toro, 2005). This enzyme belongs to the serinoproteases family, which are
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characterized by a common catalytic mechanism involving the presence of a catalytic
triad composed by specific residues: serine, histidine and aspartic acid (Klomklao,
2008; Klein, Le Moullac, Sellos & van Wormhoudt, 1996). This protease cleaves the
peptide bonds on the carboxyl side from positively charged amino acids residues
(Klomklao, Benjakul, Visessanguan, Kishimura & Simpson, 2007a), being responsible
for many biological processes such as: protein digestion itself, zymogen activation and
mediation between the ingestion of food and assimilation of nutrients (Klomklao,
Benjakul, Visessanguan, Kishimura & Simpson, 2007b; Sainz, Garcia-Carrefio &
Hernandez-Cortés, 2004).

This enzyme has been extracted, purified and characterized from the viscera of
important commercial fish, including: Mallotus villosus (Hjelmeland & Raa, 1982),
Gadus ogac (Simpson & Haard, 1984), Colossoma macropomum (Bezerra et al. 2001),
Engraulis japonica (Kishimura, Hayashi, Miyashita & Nonami, 2005), Sardinops sagax
caerulea (Castillo-Yanez et al. 2005), Oreochromis niloticus (Bezerra et al. 2005),
Sardinops melanostictus and Pleurogrammus azonus (Kishimura, Tokuda, Klomklao,
Benjakul & Ando, 2006), Stolephorus spp. (Siringan, Raksakulthai & Yongsawatdigul,
2007), Sebastes schlegelii and Alcichthys alcicornis (Kishimura et al. 2007), Sardina
pilchardus (Bougatef et al. 2007), Pseudupeneus maculatus (Souza et al. 2007),
Katsuwonus pelamis (Klomklao, Kishimura, Nonami & Benjakul, 2009a) and Lutjanus
vitta (Khantaphant & Benjakul, 2010).

In fact, there is a great diversity of fish species, mainly in tropical areas, with
diet and various feeding habits, which reflects in enzymes with different features. The
pirarucu (Arapaima gigas) is the largest freshwater scale fish in the world, attaining
weight over 200 kg and up to three meters in length, being distributed predominantly in

the Amazon basin (Liiling, 1964; Saint-Paul, 1986; Nelson, 1994). This fish is
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considered a species of high commercial interest and one of the most prized fish in the
Brazilian market. In Amazonia, A. gigas is marketed salted and dried as a substitute for
cod, being known as the Amazon cod. Its fishery is predominantly artisanal, performed
by fishing communities that lives in areas of occurrence of this species (IBAMA, 2008).
According to IBAMA (2008), in 2006, about 1,237 t of this fish was caught in Brazilian
waters. Although the culture of pirarucu is still in development, it has shown great
potential because of its peculiar characteristics, such as: excellent quality of meat
devoid of thorns, large consumer acceptance, rusticity, air-breathing capacity and high
rate of growth, which can range from 7-10 kg in the first year of establishment
(Imbiriba, 2001; Pereira-Filho, Cavero, Roubach, Ituassi, Gandra & Crescéncio, 2003;
Cavero, Pereira-Filho, Roubach, Ituassi & Gandra, 2003).

Since it is a large fish, its process generates a considerable amount of waste,
mainly viscera. With this in mind, the objective of this study was to establish a
purification protocol for a isoform of pirarucu alkaline protease, characterize it and
evaluate the viability of using the digestive tract (pyloric caeca) of this species as a

potencial source of trypsin.

Material and Methods

Materials

All reagents were of analytical grade and purchased from Sigma (St. Louis, MO, USA),
Merck (Darmstadt, Germany) and Bio-Rad Laboratories (Ontario, Canada). The
Universidade Federal Rural de Pernambuco (Recife-PE, Brazil) kindly donated

cultivated juveniles specimens of A. gigas for this study.
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Enzyme extraction

Three specimens (with a total length of 74.7 + 5.3) were sacrificed in an ice bath
for biometric measurements and tissue removal, according to standard methodology of
Bezerra et al. (2001). The pyloric caeca was dissected, carefully cleaned with deionized
water, and kept at 4°C during transportation to the laboratory (~30 min). After this, the
tissue (12 g) were homogenized in 0.1 M Tris-HCI pH 8.0 (200 mg of tissue/mL buffer)
by using a tissue homogenizer (4°C) (IKA RW 20D S32, China). The homogenate was
then centrifuged (Sorvall RC-6 Superspeed Centrifuge — North Carolina, USA) at
10,000g for 20 min at 4°C. The supernatant (crude extract) was stored at —25°C and

used for further purification steps.

Enzyme purification

The alkaline protease was purified with a four-step procedure: heat treatment,
ammonium sulfate precipitation, Sephadex® G-75 filtration and benzamidine-agarose
affinity chromatografy. Crude extract (60 mL) was incubated at 45°C for 30 min and
centrifuged at 10,000g for 10 min at 4°C. The supernatant was collected and
fractionated in three fractions with ammonium sulfate (F1, 0-30%, F2, 30-100% of
saturation and SF, final supernatant) for 2h at 4°C. Afterwards, the precipitate
containing trypsin activity was collected by centrifugation and dialyzed against 0.1 M
Tris-HCI pH 8.0. A dialyzed sample (bmg of protein) was applied on a Sephadex® G75
column (1.2 x 42 cm), which was eluted with 0.1 M Tris-HCI pH 8.0 at a flow rate of
0.34 mL.min"". Each fraction was tested for tryptic activity. The protein peaks with high
specific proteolytic activity were pooled and applied on a benzamidine-agarose column

(1mL of packed volumn), which was eluted first with Tris-HC1 0.1 M pH 8.0 containing
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NaCl 1M. Than, was eluted with KCI-HCI1 0.5M pH 2.0 and collected in the presence of
40 uL of Tris-HCI buffer 1.5 M pH 9.0. Both benzamidine-agarose steps was carried in
the same flow rate (0.5 mL.min™). Each fraction was tested for tryptic activity. The
protein peak with higher specific proteolytic activity was pooled and after two dialysis
against 2 L. 0.01 M of Tris-HCI buffer pH 8.0 it was stored at —25°C to be used in the

characterization experiments.

Specific activity

30 pL of 8mM N-a-benzoyl-pp-arginine-p-nitroanilide (BApNA) prepared in
dimethylsulphoxide (DMSO) was incubated in microtiter wells with the enzyme (30
puL) and 0.1M Tris-HCI pH 8.0 (140 pL). The release of p-nitroaniline was followed by
an increase in absorbance at 405 nm in a microplate reader (BioRad Model X—MarkTM,

USA). Controls were performed without enzyme (Bezerra et al. 2005).

Protein determination

The protein content was estimated by measuring sample absorbance at 280 nm
and 260 nm, using the following equation: [protein] mg/mL = 1.5 X Asg nn— 0.75 X Azeo

am (Warburg & Christian, 1941).

Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS—-PAGE)

SDS-PAGE was carried out according to Laemmli (1970) method, using a 4%
(w/v) stacking gel and a 12.5% (w/v) separating gel. Liofilizated samples from the
affinity chromatography pool (50 pg of protein) and a molecular mass standard were
mixed with a solution containing 10 mM Tris-HCI (pH 8.0), 2.5% SDS, 10% glycerol,

5% b-mercaptoethanol and 0.002% bromophenol blue, heated at 100°C for 3 min and
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applied in the electrophoresis gel. After running, the gel was stained for protein
overnight in a solution containing 0.25% (w/v) Coomassie Brilliant Blue, 10% (v/v)
acetic acid and 25% methanol. The background of the gel was destained by washing in a
solution containing 10% (v/v) acetic acid and 25% methanol (v/v). The molecular
weight of the protein bands were estimated using the 198-6.8 kDa molecular mass

protein standards (Bio-Rad laboratories).

Kinetic parameters

BApNA prepared in DMSO was used as substrate (final concentration from 0.3
mM to 3 mM). The assay was carried at pH 8.0 (0.1M Tris-HCI) in a 96-well microtiter
plate. The reaction (triplicates) was initiated by adding 30 uL of purified enzyme
solution (45.8 pg protein/mL) and the release of p-nitroaniline was followed at 405 nm
by using a microtiter plate reader. Blanks were similarly prepared without enzymes. The
reaction rates were fitted to Michaelis-Menten kinetics using Origin 6.0 Professional

(Bezerra et al. 2001).

Effect of protease inhibitors

Purified A. gigas enzyme (30 pL) was incubated during 30 min with protease
inhibitors (30 uL, 8mM): phenylmethylsulphonyl fluoride (PMSF), a serine-protease
inhibitor; N-p-fosyl-L-lysin chloromethyl ketone (TLCK), a trypsin-specific inhibitor;
Benzamidine, a trypsin inhibitor; N-tosil-1-phenylalanine chloromethyl ketone (TPCK),
a chimotrypsin-specific inhibitor; Ethylenediamine tetraacetic acid (EDTA), a chelating
compound; B-Mercaptoethanol, a reducing agent. After incubation 8mM BApNA was
added and the release of p-nitroaniline was followed by increasing absorbance at 405

nm. The enzyme and substrate blank were similarly assayed without enzyme and
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substrate solution, respectively. The 100% values of activities were those established in

the absence of the inhibitors (Bezerra et al. 2001).

Physical-chemical properties

The influence of both temperature and pH on the trypsin activity of the A. gigas
purified protein was studied as follows: the purified enzyme was assayed
(quadruplicates), at temperatures ranging from 25°C to 80°C and pH values from 5.0 to
11.5, with various buffers (Phosphate-citrate buffer for pH 5.0 to 7.0, Tris-HCI buffer
for pH 7.5 to 9.0 and Glicine-NaOH buffer for pH 9.5 to 11.5), using 8mM BApNA
prepared in DMSO as substrate, as previously described. The thermal stability of the
enzyme was determined by assaying (quadruplicates) its activity (25°C) after pre-
incubation for 30 min at temperatures ranging from 25°C to 70°C (Souza et al., 2007).
The pH stability of the enzyme was determinate after pre-incubation for 30 min at

various buffers in the range of pH 6-11.5.

Effect of metal ions

Samples of the purified enzyme (30 uL) were added to a 96-well microtiter plate
with 2 mM solution (30 pL) of MnCl,, MgCl,, BaCl,, LiCl, KCI, CuCl,, CdCl,, ZnCl,,
CaCl,, HgCl,, AICl;, FeCl, and PbCl,. Deionised water was used to prepare these
solutions. After 30 min of incubation, 0.1M Tris-HCI buffer (110 uL) pH 8.0 and 8 mM
BApNA (30 puL) were added. The p-nitroaniline produced was measured in a microplate

reader at 405 nm after 15 min of reaction (Bezerra et al. 2005).
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Effect of NaCl
The effect of NaCl on the activity of alkaline protease was studied, using
BAPNA as a substrate, at pH 8.0 and 25°C by the addition at a final concentration of 0—

30% (w/v) NaCl to the reaction mixture according Komklao et al. (2009a) modified.

Statistical analysis

All values are presented as mean + standard deviations. These data were
statistically analyzed by ANOVA, followed by a post-hoc (Tukey—Kramer) test, when
indicated. Differences were accepted as significant at the 95% confidence level (p <

0.05).

Results and Discussion

The purification of alkaline protease from pyloric caeca of pirarucu is
summarized in Table 1. A purification factor of 1.2-fold was obtained with the yield of
35.4, when ammonium sulfate at 30 to 100% saturation (F2) was used. A insignificant
activity was detected in F1 fraction (0 to 30% of saturation) and no activity was
observed in the final supernatant fraction (SF). Than fraction F2 was chosen to be
applied on a Sephadex® G75 column. After this step, it was observed an increase of 7.7-
fold in the specific activity, and it was obtained a yield of 33.2%. The chromatogram of
the protein elution and the tryptic activity profiles are shown in Fig. 1A. The higher
tryptic activity was found in the second protein peak. Therefore, this peak was pooled
and applied on a benzamidine-agarose affinity chromatography column. Only one peak
with trypsin activity was observed (Fig. 1B). An increase of 24.9-fold was seen in the
specific activity with a yield of 17.4%. It is known that one of the most important

limiting factor for the commercial use of fish processing waste as a source of proteases
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is the protein purification strategies. In fact, these are generally of high cost and time
consuming (Bezerra et al. 2001). However, the procedures as well as the raw material
(fish viscera) used in the present study are of relatively low cost, being therefore easily
adapted to industrial scale. Furthermore, the use of these proteases in some segments of
industry such as food and detergent require a lower degree of purity which makes the
process more economically viable. Espdsito et al. (in press) using ammonium sulphate
precipitation processes followed by ethanolic precipitation in brute extract of intestine
from Cyprinus carpio reported a large potential of one fraction as coadjuvant detergent.

The purified extract showed only one band on the SDS—-PAGE with a molecular
mass of approximately 28.0 kDa as seen in Fig. 2. According to the literature, fish
trypsins have molecular weights between 23 and 28 kDa, which is confirmed for other
fish species, such as: Coryphaenoides pectoralis (24 kDa) (Klomklao, Kishimura &
Benjakul, 2009b), Katsuwonus pelamis (24 kDa) (Klomklao et al. 2009a), Sardina
pilchardus (25 kDa) (Bougatef et al. 2007), Pomatomus saltatrix (29 kDa) (Klomklao,
Benjakul, Visessanguan, Kishimura & Simpson, 2007b), Pseudupeneus maculatus (24.5
kDa) (Souza et al. 2007), Oreochromis niloticus (23.5 kDa) (Bezerra et al. 2005).

The kinetic parameters such as the affinity constant (K,,), the catalytic constant
(kca) and catalytic efficiencies (K../K) of purified enzyme were determined using N-a-
benzoyl-DL-arginine-p-nitroanilide (BApNA) as shown in Table 2. The K,, is used to
assess the affinity of the enzyme to the substrate, while K., indicates the number of
enzymatic reactions catalyzed per second. The K../K, indicates the efficiency of
enzyme to catalyze the transformation of substrate into product (Fersht, 1977). The
results showed that alkaline protease from A. gigas have a similar affinity for BApNA,
when compared with other fish and mammals trypsin, except for spotted goatfish

(Pseudupeneus maculatus) (Souza et al. 2007) and Monterey sardine (Sardinops sagax
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caerulea) (Castillo-Yafiez et al. 2005). The purified enzyme also has a catalysis rate
(k.q:- enzymatic reactions catalyzed per second) close to the results found for the trypsin
from other animals, except for brownstripe red snapper (Lutjanus vitta) (Khantaphant &
Benjakul, 2010). Moreover, the efficiency of A. gigas protease to catalyze the
transformation of substrate into product (k../K.) varied to a different extent, in
comparison to the results found for trypsins from other animals (Table 2)

To obtain more evidences that the purified protein probably is a trypsin-like
enzyme, assays were carried out with specific and nonspecific inhibitors, where the
effect of other chemicals was also evaluated as shown in Table 3. The classical trypsin
inhibitors (TLCK and benzamidine) completely inhibited the proteolytic activity, wich
was also inhibited (85%) by PMSF (a serinoprotease inhibitor). The reducing agent [3-
mercaptoethanol has caused 38% inhibition on the enzyme activity. The use of EDTA
and TPCK, a chelating agent and specific chymotrypsin inhibitor, respectively, had not
shown any significant effect on the enzyme activity. The results obtained with inhibitors
TLCK, benzamidine and PMSF, make some evidence that the enzyme is a trypsin-like.
The results obtained with EDTA gives evidence that the enzyme does not require any
ion for an efficient catalysts. The P-mercaptoethanol exerts its effect by breaking
disulfide bonds, affecting mainly extracellular proteins such as digestive proteases that
are often rich in this type of bonds which improves its thermal stability. However,
Bougatef et al. (2007) reported that trypsin of Sardina pilchardus was not inhibited by
B-mercaptoethanol. Other purified fish trypsins were inhibited by classic specific trypsin
inhibitor TLCK and the serinoproteases inhibitor PMSF: Oreochromis niloticus
(Bezerra et al. 2005), Pomatomus saltatrix (Klomklao et al. 2007b), Oncorhynchus
masou (Kanno et al. 2009), Coryphaenoides pectoralis (Klomklau et al. 2009b), Seriola

quinqueradiata and Physiculus japonicus (Kishimura, Tokuda, Klomklao, Benjakul &
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Ando, 2006b) and Macruronus novaezelandiae (Shi, Marshell & Simpson. 2007). The
results suggest that the purified alkaline protease is probably a trypsin-like enzyme.

The effect of pH on pirarucu trypsin activity was evaluated and is shown in
Figure 3A and 3B. The enzyme showed maximum activity at pH 9.0, although more
than 80% of its maximum activity was observed in the range of pH 8.0 to 10.0. The lost
of enzyme activity at pH below and above the optimum pH, is probably due to protein
conformational changes caused by repulsion of charges (Klomklao et al. 2009b). The
purified protease was stable in a large range of pH from 6 to 11.5 (Figure 3B). This
indicates that the conformational change caused by the charges repulsion in this pH
range is reversible. In general, trypsins of aquatic organisms are active and stable in a
pH range from 7.5 to 10.0, being capable to hydrolyse various substrates (De Vecchi &
Coppes, 1996). According to Espésito et al. (2009), this feature of fish proteases suggest
the possibility of its use as an additive in detergents. Similar results were found for
optimum pH and stability of trypsins from other fish, such as: Coryphaenoides
pectoralis (pH 8.5 and pH6-11.0, respectively) (Klomklao et al. 2009b), Theragra
chalcogramma (pH 8.0 and pH 6-11, respectively) (Kishimura et al. 2008), Sardina
pilchardus (pH 8.0 and pH6-9.0, respectively) (Bougatef et al. 2007), Sebastes
schlegelii (pH 8.0 and pH 5-11, respectively) (Kishimura et al. 2007), Pseudupeneus
maculatus (pH 9.0) (Souza et al. 2007), Sardinops sagax caerulea (pH 8.0 and pH 7.0-
8.0, respectively) (Castillo-Yaiez et al. 2005), Oreochromis niloticus (pH 8.0) (Bezerra
et al. 2005) and Colossoma macropomum (pH 9.5) (Bezerra et al. 2001).

The effect of temperature on purified alkaline protease activity was evaluated
and is shown in Figure 3C and 3D. The purified enzyme showed maximum activity at
temperature of 65°C and was stable in the temperature range from 25°C to 55°C for 30

minutes, losing only about 10% of its activity at 60°C. According to Klomklao et al.
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(2005) most of the alkaline proteases from aquatic organisms are stable and active in
adverse conditions, i.e. temperatures of 50°C to 60°C. This and other features make
them interesting for several industrial segments like detergent or food industries. Similar
results of optimum temperature and thermostability were found for trypsins from other
tropical fish, such as: Sardina pilchardus (60°C) (Bougatef, 2007), Colossoma
macropomum (60°C and 55°C, respectively) (Bezerra et al. 2001), Oreochromis
niloticus (50°C and 50°C, respectively) (Bezerra et al. 2005) and Pseudupeneus
maculatus (55°C and 45°C, respectively) (Souza et al. 2007). Klomklao et al. (2009b)
found an optimal temperature and thermostability of 45°C and 40°C, respectively for the
trypsin of Coryphaenoides pectoralis. These results showed that even some species that
live in cold waters (4°C) have digestive proteases that present high activity at elevated
temperatures. It is not known why the digestive enzymes of fish and other aquatic
organisms present high activity at temperatures well above the physiological
temperature. Probably, the answer to this question is in the adaptations of their ancestors
to climate change through evolution.

Some enzymes require additional chemical component (cofactor) such as
inorganic ions for its full activity. On the other hand, due to their bio-accumulative and
non-biodegradable properties, some metals constitute one of the main groups of aquatic
pollutants (Ramesh, 2006). The effect of metallic ions (1 mM) on the activity of enzyme
was evaluated and is presented in Table 3. The ions K*, Mg** and Ba®* have not
promoted any significant effect on enzyme activity. On the other hand, it showed to be
sensitive to the following ions in increasing order: Mn** < Ca®* < Li* < Cd** < Cu** <
Fe’* < Hg** < Zn** < AP’* < Pb** (3%, 4%, 7%, 40%, 50%, 69%, 80%, 81%, 91% and
100%, respectively). It is known that sub-lethal concentrations of heavy metals can

disturb the digestive enzymatic activity of the exposed species (De Coen, Vangheluwe
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& Janssen, 1998). The ion Ca** has been reported in the literature as a trypsin activator
for several organisms, especially mammals. However, pirarucu alkaline protease was
slightly inhibited in the presence of low concentrations of this ion (1ImM). Results in the
literature have shown that Ca®* do not appear to be essential for the activity of alkaline
proteases from fish. The same is observed to some aquatic organisms (Saborowski,
Sahling, Navarette del Toro, Walter & Garcia-Carreiio, 2004; Souza et al., 2007;
Bezerra et al., 2005; Kishimura & Hayashi, 2002). However, other works report that the
Ca** promoted a stabilizing effect on fish trypsins (Klomklao et al. 2009a; Kishimura,
Klomklao, Benjakul & Chun, 2008; Klomklao et al. 2007b). Kishimura and Hayashi
(2002) reported that the binding of Ca™ to a specific site found in mammalian trypsins
promotes greater stabilization of the protein and increases its resistance to thermal
denaturation and autolysis. The increase of Ca®* concentration not promotes different
effect on the activity of purified protease from A. gigas (Figure 3F). Previous studies
have shown that trypsins-like of other tropical fishes also presents sensitivity to metallic
ions (Bezerra et al., 2001, 2005; Bougatef et al., 2007, Souza et al., 2007), especially
Cd**, A", Zn**, Cu®* , Pb* and Hg* (1 mM). Bougatef et al. (2007) using the ions
Cu**, Zn** and Mn*" at a concentration of 2 mM, observed 37.8%, 48.9% and 68.3% of
inhibition on the trypsin from Sardina pilchardus, in the presence of these ions,
respectively. Souza et al. (2007) found different results for sensitivity of trypsin of the
spotted goatfish (Pseudupeneus maculatus) to ions Cd*, A", Zn**, Cu®* (I mM)
(respectively, 53.15%, 97.49%, 74.4% and 69.2% of inhibition). Bezerra et al. (2005)
reported high inhibition of trypsin from Nile tilapia (Oreochromis niloticus) using the
ions Cd**, AP*, Zn**, Cu®* and Hg** (1mM) (43.2%, 39.9%, 38.4%, 37.1% and 73.35%
of inhibition, respectively).. The different results found by various authors reflect the

diversity of species, and their adaptations to the aquatic environment.
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The effect of NaCl on the activity of purified protease was evaluated and is
shown in Figure 3E. The enzyme lost activity with increasing NaCl concentration,
showing 65%, 51% and 42% of residual activity at concentrations of 5%, 10% and 15%
NaCl (w/v), respectively. This fact can be explained due to the salting-out phenomenon,
which varies for each protein. The assessment of enzyme activity under non-physiologic
osmolarity is an important factor, because most industrial processes may occur in such
conditions. Klomklao et al. (2007b) found that the trypsin from the fish Pomatomus
saltatrix has lost activity with increasing NaCl concentration. However, it retained
about 60% of its activity in the presence of 30% NaCl. Klomklao et al. (2009a) also
observed the same effect in two trypsin isoforms from the fish Katsuwonus pelamis,
where trypsin A and B have retained about 40% and 50% of its activity in the presence
of 25% NaCl, respectively. According Komklao et al (2007b), the proteolytic activity in
high concentrations of salt, suggest than possible use in the fermentation process of fish

sauce.

Conclusions

An alkaline protease was purified from the pyloric caeca of Arapaima gigas. The
characterization with specific substrate and inhibitors generates evidence that this
protease is probably a trypsin-like enzyme. The enzyme showed interesting features
such as high activity and stability on alkaline pH and thermostability. These
characteristics have confirmed that fish viscera may, in industrial conditions, be used as
a source of alkaline proteases with potential for industrial applications. It was also

observed that this protease showed a moderate sensitivity to various metal ions.
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Table 1. A summary of the purification of alkaline digestive protease from A. gigas

Purification steps Total protein Total activity Specific activity Yield Purification
P amount (mg) (U) (U/mg) (%) (folds)

Crude extract 478,8 179,1 0,37 100,0 1.0

Heath crude extract 475,5 182,3 0,38 101,8 1.0

Ammonium Sulphate 145,5 63,5 0,44 354 1,2

(30-100%)

Size exclusion 34,6 59,4 2,87 33,2 1,7
chromatography

Affinity 3,5 31,3 9,33 17.4 24,9
chromatography

pyloric caeca.

Exception of the heated crude extract (45°C for 30 min), all steps were performed at 4°C. The size
exclusion and affinity chromatographies were performed on Sephadex® G75 and benzamidine-agarose

columns, respectively.
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581  Table 2. Kinetic parameters of alkaline digestive protease from A. gigas and other
582  trypsins of fishes and mammals.
583
Species K, (mM) K. . (s'l) (S_IF ‘."‘I’l/l]lf/”f_l) References
pirarucu (Arapaima gigas) 0.47 1.37 2.83 Present work
Bovine 0.65 2.00 3.10 Asgeirsson et al. (1989)
Suine 0.82 1.55 1.89 Outzen et al. (1996)
Monterey sardine (Sardinops 0.051 212 41.0 Castillo-Ydnez et al.
sagax caerulea) (2005)
bigeye snapper (Priacanthus 0.31 1.06 3.4 Hau and Benjakul (2006)
macracanthus)
oot oz am ox Kl
(Pxeusdll);:;iilio chlicslillatux) 1.82 nd* nd* Souza et al. (2007)
Nile tilapia (Oreochromis 0.76 nd* nd* Bezerra et al. (2005)
niloticus)
584 *nd — not determinated.
585
586
587
588
589
590
591
592
593
594
595
596
597
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605

Table 3. Effects of ions and inhibitors on the activity of alkaline digestive protease from

pirarucu pyloric caeca.

Ions and inhibitors ?S;xgl Inh(i‘?/j;ion

Control* 9.33 +0.07 0

Metal ions [1 mM]

K** 9.33 £0.20 0
Mg** 9.29 +0.12 0
Ba®* 9.34 +0.14 0
Mn** 9.02£0.16 3
Ca** 8.92 +0.13 4
Li** 8.65 +0.18 7
cda* 5.58 40
Cu* 4.65 +0.02 50
Fe®* 2.88 69
Hg™* 1.86 +0.26 80
Zn** 1.77 £0.02 81
AP* 0.84+0.2 91
Pb** 0.00 100

Inhibitor [§ mM]

Control* 9.33 +£0.06 0
TPCK 9.32 +£0.08 0
TLCK 0.0 100

Benzamidine 0.19 £0.07 98
PMSF 1.4 85
-mercaptoethanol 5.72 £0.13 38
EDTA 9.34 +0.05 0

*Activity without presence of ions or inhibitors. The initial concentration

used for the assay with inhibitors was 8 mM. The final concentration used

for the assay with ions was 1 mM. phenylmethylsulphonyl fluoride (PMSF),

N-p-tosyl-L-lysin chloromethyl ketone (TLCK), N-tosil-1-phenylalanine

chloromethyl ketone (TPCK), Ethylenediamine tetraacetic acid (EDTA)
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Figure 1. (m) A =280 nm. (®) A = 405 nm (activity using BApNA). (A) Chromatogram
of Sephadex® G75 column with fractions activity. A dialyzed sample F2 (6mg of
protein) was applied on column (1.2 x 42 cm), which was eluted with 0.1 M Tris-HCI
pH 8.0 at a flow rate of 0.34 mL.min"'. Each fraction was tested for tryptic activity. (B)
Chromatogram of benzamidine-agarose column with fractions activity. The protein
peaks with high specific proteolytic activity obtained at Sephadex® G75 column were
pooled and applied on benzamidine-agarose column (1 mL of packed volumn and flow
rate 0.5 mL.min'l), which was eluted first with Tris-HCI 0.1 M pH 8.0. Than, was
eluted with KCI-HCI 0,5M pH 2.0 and collected in the presence of 40 uL of Tris-HCl
buffer 1.5 M pH 9.0. Each fraction was tested for tryptic activity using BApNA as

substrate.
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Figure 2. SDS-PAGE electrophoresis 12.5%. Lane 1 — MM standard (Myosin > [-
galactosidase > Bovine serum albumine > Ovalbumin > Carbonic anhydrase > Soybean
trypsin inhibitor > Lysozyme). Lane 2 — Sample (50 pg of protein) of activity pool from
affinity chromatography. After running, the gel was stained for protein overnight in a
solution containing 0.25% (w/v) Coomassie Brilliant Blue, 10% (v/v) acetic acid and
25% methanol. The background of the gel was destained by washing in a solution

containing 10% (v/v) acetic acid and 25% methanol (v/v).
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Figure 3. Effect of pH, temperature, NaCl and Ca®* on the alkaline digestive protease
from A. gigas. (A) pH optimum for activity of enzyme, utilizing various buffers in the
pH range 5.0-11.5. (B) pH stability of enzyme, after incubation of 30 min in the pH
range 6.0-11.5, using the pH 9.0 as a maximum activity. Effect of temperature on the
enzyme from A. gigas, utilizing a temperature range of 25 to 80°C. (C) Optimum
temperature for activity of enzyme. (D) Thermal stability of enzyme, after 30 min of

incubation in the temperature range 25-70°C. (E) Effect of addition of NaCl (0-30%;
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681  w/v), in reaction mixture, on the activity of enzyme. All assays were carried using

682  BApNA as substrate.
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