UNIVERSIDADE FEDERAL DE PERNAMBUCO
CENTRO DE CIENCIAS BIOLOGICAS
PROGRAMA DE POS-GRADUACAO EM BIOQUIMICA E
FISIOLOGIA

THAMARAH DE ALBUQUERQUE LIMA

ATIVIDADES ENZIMATICAS PRESENTES EM INTESTINO DE
Nasutitermes corniger: DETECCAO, CARACTERIZACAO E
MODULACAO POR LECTINAS TERMITICIDAS

RECIFE
2012



THAMARAH DE ALBUQUERQUE LIMA

ATIVIDADES ENZIMATICAS PRESENTES EM INTESTINO DE
Nasutitermes corniger: DETECCAO, CARACTERIZACAO E
MODULACAO POR LECTINAS TERMITICIDAS

Dissertacdo apresentada para o cumprimento parcial
das exigéncias para obtenc¢do do titulo de Mestre em
Bioquimica e Fisiologia pela Universidade Federal
de Pernambuco

Orientadora: Prof®. Dra. Patricia Maria Guedes Paiva

RECIFE

2012



Catalogac¢éo na Fonte
Elaine Barroso
CRB 1728

Lima, Thamarah de Albuquerque
Atividades enzimaéticas presentes em intestino de Nasutitermes

coniger: deteccéo, caracterizacdo e modulacdo por lectinas termiticidas/
Thamarah de Albuquerque Lima— Recife: O Autor, 2012.

106 folhas : il., fig., tab.

Orientadora: Patricia Maria Guedes Paiva

Dissertacdo (mestrado) - Universidade Federal de
Pernambuco, Centro de Ciéncias Bioldgicas, Bioquimica e

Fisiologia, 2012.
Inclui bibliografia

1. Cupim 2. Enzimas 3. Lectinas |. Paiva, Patricia Maria Guedes
(orientadora) Il. Titulo

595.736 CDD (22.ed.) UFPE/CCB- 2012- 232







THAMARAH DE ALBUQUERQUE LIMA

ATIVIDADES ENZIMATICAS PRESENTES EM INTESTINO DE
Nasutitermes corniger: DETECCAO, CARACTERIZACAO E
MODULACAO POR LECTINAS TERMITICIDAS

Dissertagdo apresentada para 0
cumprimento parcial das exigéncias para
obtencdo do titulo de Mestre em
Bioquimica e Fisiologia pela Universidade
Federal de Pernambuco

BANCA EXAMINADORA:

Prof®. Dra. PATRICIA MARIA GUEDES PAIVA (Orientadora)
Departamento de Bioquimica - UFPE

Prof®. Dra. LUANA CASSANDRA BREITENBACH BARROSO COELHO (Membro interno)
Departamento de Bioquimica - UFPE

Prof. Dra. VERA LUCIA DE MENEZES LIMA (Membro interno)
Departamento de Bioquimica — UFPE

Prof* Dra. MARCIA VANUSA DA SILVA (Membro externo)
Departamento de Bioquimica — UFPE

Data: 16/04 /2012

RECIFE
2012



Una Patucia e Hézia Moura por
townar meuws dias tae leves e
sawvdidentes.



AGRADECIMENTOS

Primeiramente agradeco a Deus, pela graca da vida, pelas dadivas concedidas, por todos os
momentos de alegria, tristeza e aprendizado e pela forca nos momentos de fraqueza. Agradeco
a Deus, pois Ele me d& coragem e determinagdo para enfrentar qualquer obstdculo com a
certeza de que “Eu tudo posso Naquele que me fortalece ’[Filipenses 4:13]-

Agradego aos responsaveis pelo o que hoje sou, minha familia. Meus pais, Vania e Cicero
pela educagado, pelo lar confortavel, pelo amor incondicional. Aos meus irmaos Laisa e Lucas
pelos momentos de descontragcdo, amizade e amor. E, em especial, ao meu marido Mérlon
Hiither pelo amor e apoio.

Aos meus avos, tios e primos por fazer da minha vida mais aconchegante e agradavel e por
tornar os “momentos em familia” sempre especiais. Em especial, agradeco a Tia Walmiria,
Tia Vilma e Tio Valdésio pelo apoio em qualquer situacdo, pelo exemplo de perseveranga,
dedicagdo, comprometimento, F¢é crista e pelo amor demonstrado.

A minha orientadora Dra. Patricia Paiva por acreditar na minha capacidade e confiar na minha

competéncia. Pelo incentivo a pesquisa, pelos ensinamentos e conselhos, e pelo carinho
demonstrado desde o primeiro dia que entrei para a o laboratdrio de glicoproteinas.

Ao meu brago direito e também amigo, Msc Thiago Henrique Napoledo, por sempre estar
comigo em todas as etapas do processo de investigagdo e pesquisa: montagem de projetos,
experimentos na bancada, analise estatistica dos dados e interpretacao e escrita do artigo.

Aos amigos Ana Patricia de Oliveira, Kézia Santana de Moura, Emmanuel Pontual, Leonardo
Prezzi, Afonso Agra, Igor Souza, Nataly Diniz, Lidiane Albuquerque, Claudio Alves,
Bernardo Belmonte, Poliana Karla, Pollyanna, Maiara Moura, Raiana Apolinario, Mychele
Melo e demais integrantes do Laboratorio de Glicoproteinas por fazerem do laboratério um
ambiente familiar, descontraido e agradadvel de trabalho.

Aos funcionarios do departamento de bioquimica, Djalma, Ademar, Jodo, Maria, Miron, Dona
Helena, Albérico, José Roberto e Jorge.

Ao CNPq, FACEPE, CAPES e UFPE pelo auxilio financeiro e incentivo a pesquisa.



Bom mesmo é ir a luta com determinacgio,
abragar a vida com paixdo,

perder com classe

e vencer com ousadia,

porque o mundo pertence a quem se atreve

e a vida é muito bela pra ser insignificante.

Charles Chaplin



RESUMO

Nasutitermes corniger ¢ uma espécie de cupim-praga que causa danos em diversas
construcdes. Enzimas digestivas possuem vdarias aplicacdes biotecnologicas e podem
constituir alvos para o controle de insetos. O presente trabalho descreve a deteccdo das
atividades de celulases (endoglucanase, exoglucanase e B-glicosidase), hemicelulases (B-
xilosidase, a-L-arabinofuranosidase e [-xilanase), a-amilase, e proteases (tripsina-simile,
quimotripsina-simile, calicreina-simile e do tipo queratinase) em extratos de intestino de
operarios e soldados de N. corniger. As atividades enzimaticas foram avaliadas apos
incubagao dos extratos de intestino em diferentes temperaturas e valores de pH e com lectinas
termiticidas de Myracrodruon urundeuva. A adaptabilidade desta espécie de cupins para
digerir materiais lignocelulosicos foi evidenciada pelos altos valores de atividade de
endoglucanase e B-xilanase. Zimografia para proteases do extrato de operarios revelou que
polipeptideos de 22, 30 e 43 kDa hidrolisaram caseina. Efeito de inibidores na atividade
enzimatica mostrou que serino proteases foram as principais proteases presentes no intestino
de operarios e soldados. As atividades tripsina-simile e calicreina-simile foram detectadas em
maiores niveis. Os resultados dos ensaios de estabilidade frente ao aquecimento ¢ pH revelam
a presenca de aparatos digestivos distintos entre operarios e soldados. As lectinas de M.
urundeuva afetaram diferentemente as atividades enzimadticas e sua atividade termiticida pode
estar relacionada com a modulagdo de enzimas digestivas. O presente trabalho ¢ uma etapa
inicial no estudo do aparato digestivo de N. corniger e estimula a purificagdo e avaliagao do

potencial biotecnologico dessas enzimas.

Palavras-chave: Nasutitermes corniger; amilase; celulases; hemicelulases; serino proteases;

Myracrodruon urundeuva; lectinas.



ABSTRACT

Nasutitermes corniger is a termite pest that causes damage to several buildings. Digestive
enzymes have several biotechnological applications and may consist in targets for insect
control. This work reports the detection of the activities of cellulases (endoglucanase,
exoglucanase and B-glucosidase), hemicellulases (B-xylosidase, a-L-arabinofuranosidase and
B-xylanase), a-amylase, and proteases (trypsin-like, chymotrypsin-like, kallikrein-like and
keratinase-type) in gut extracts from N. corniger workers and soldiers. The enzyme activities
were evaluated after incubation of gut extracts at different temperatures and pH values and
with termiticidal lectins from Myracrodruon urundeuva. The adaptability of this termite
species to digest lignocellulosic materials was evidenced by the high values of endoglucanase
and P-xylanase activities. Zymography for proteases of worker extract revealed that
polypeptides of 22, 30 and 43 kDa hydrolyzed casein. Effect of protease inhibitors showed
that serine proteases were the main proteases at worker and soldier gut. Trypsin-like and
kallikrein-like activities were detected at highest levels. The results from heat and pH stability
assays revealed the presence of distinct digestive apparatus between workers and soldiers. M.
urundeuva lectins distinctly affected the enzyme activities and their termiticidal activity may
be linked to modulation of digestive enzymes. This work is a first step on the study of N.
corniger digestive apparatus and stimulates their purification and evaluation of

biotechnological potential.

Keywords: Nasutitermes corniger; amylase; cellulase; hemicellulase; serine proteases;

Myracrodruon urundeuva; lectins.
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1. INTRODUCAO

Os cupins ou térmitas (Ordem Isoptera) sdo insetos que atuam como consumidores
primarios ou decompositores do ecossistema natural, tendo um papel ecoldgico primordial na
reciclagem de nutrientes através da trituracdo, decomposi¢cdo, humificagdo e mineralizacao
dos recursos celuldsicos e suas variantes (PRINS & KREULEN, 1991; TAYASU et al., 1997,
COSTA-LEONARDO, 2002). Porém, algumas espécies sdo nocivas causando danos em
madeira comercial, estruturas em edificagdes, pinturas, livros antigos € monumentos de
importancia histérica (KORB, 2007). O cupim Nasutitermes corniger (Familia Termitidae,
Subfamilia Nasutiterminae) ¢ capaz de invadir o ambiente urbano, atacando madeira
empregada em construgdes (PAES et al., 2007).

Os cupins exploram alimentos com baixo valor nutricional, se comparados com os
consumidores secundarios e tercidrios. Com o intuito de extrair o maximo de nutrientes que
sd0 necessarios a sua sobrevivéncia, esses insetos desenvolveram mecanismos digestivos
apropriados (WALLER & LA FAGE, 1986). A alimentagdo com base em materiais
lignocelulodsicos € possivel devido a presenca no intestino dos cupins de celulases com origem
enddgena, ou seja, codificadas pelo proprio genoma desses insetos (TOKUDA et al., 2002),
ou por dependéncia co-evolutiva de simbiontes (bactérias e protozoarios flagelados) presentes
no trato digestivo (CLEVELAND et al., 1934, BRESNAK & BRUNE, 1994). Enzimas
proteoliticas permitem a digestdo de componentes peptidicos da dieta e, assim, a obten¢do dos
aminoacidos essenciais.

O potencial biotecnoldgico de enzimas digestivas ¢ bastante amplo. O aparato
enzimdtico de insetos adaptados para a digestdo de biomassa lignoceluldsica tém atraido
bastante interesse, devido as aplicagdes das enzimas envolvidas na bioconversao de materiais
celuldsicos em aglicares soltiveis que podem ser utilizados para diferentes fins (MAMMA et

al., 2009), no amaciamento de jeans e no polimento de algoddo e de outras fibras celuldsicas
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(MAGALHAES, 2005), e diversas outras aplicacdes. Outras enzimas digestivas com
aplicagdes biotecnoldgicas sdo as amilases, aplicadas na industria alimenticia, téxtil e na
industria de papel (AEHLE & MISSET, 1999; GODFREY & WEST, 1996), e as proteases,
utilizadas como constituintes de detergentes, no processamento de couro, na coagulagao de
leite e na maturagao de carnes (CARVALHO, 2010). Com o avango da biologia molecular e
das técnicas de gendmica e protedmica, essas enzimas podem ser clonadas e expressas em
sistemas heterdlogos, permitindo que as mesmas possam ser produzidas em larga escala para
utilizagdo na industria.

Os processos digestivos de insetos também tém sido intensivamente estudados pelo
fato das enzimas digestivas constituirem potenciais alvos em estratégias de controle de pragas.
A adi¢ao de inibidores enzimaticos na dieta de insetos tem causado retardo no crescimento e
diminui¢do na taxa de sobrevivéncia (MCMANUS & BURGEES, 1995, DE LEO et al., 2001;
ZAVALA et al., 2004).

Lectinas (proteinas ou glicoproteinas que interagem especifica e reversivelmente com
monossacarideos e glicoconjugados) tém apresentado atividade inseticida sobre insetos de
diversas ordens, incluindo cupins (SA et al., 2008; SILVA et al., 2009; NAPOLEAO et al.,
2011; PAIVA et al., 2011b; SOUZA et al., 2011; ARAUJO et al., 2012). Tem sido sugerido
um dos mecanismos da a¢do inseticida de lectinas envolve a desestabiliza¢do do metabolismo
do inseto devido a interferéncia nas fungdes enzimaticas (PAIVA et al., 2012). As lectinas
isoladas de entrecasca (MuBL), cerne (MuHL) e folha (MuLL) de Myracrodruon urundeuva
(aroeira-do-sertdo) apresentaram atividade termiticida sobre N. corniger e foi sugerido que
seus mecanismos de agdo envolvem a propriedade ligadora de quitina, a resisténcia a digestao
por proteases intestinais dos cupins e o efeito antibacteriano sobre simbiontes do trato

digestivo desses insetos (NAPOLEAO et al., 2011).
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O presente trabalho aborda a deteccao de atividades celulolitica, hemicelulolitica,
amilolitica e proteolitica no intestino de operarios e soldados de N. corniger, a caracterizagao
parcial das enzimas envolvidas, e o efeito de lectinas termiticidas de M. urundeuva (MuBL,
MuHL e MuLL) sobre as atividades enzimaticas detectadas. Dessa forma, o trabalho constitui
um esforco para o conhecimento de enzimas que ocorrem no intestino de cupins dessa
espécie, para a exploragdo do potencial biotecnologico inerente as enzimas digestivas
detectadas, bem como para fornecer importante base para o estudo dos mecanismos de agao

de lectinas com acao termiticida.
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2. FUNDAMENTACAO TEORICA

2.1 Cupins ou térmitas

O filo Insecta é o mais bem sucedido do Reino Animal, com mais de 1 milhdo de
espécies descritas, dentro de 30 ordens (GULLAN, 2007). Na Ordem Isoptera, encontram-se
insetos conhecidos como cupins ou térmitas, que possuem um aparelho bucal bem
desenvolvido do tipo mastigador (Figura 1A), cabeca livre com formas e tamanhos variaveis
(Figura 1B) e olhos compostos, presentes nas formas aladas e nos cupins superiores. Na
cabeca, hd uma depressao chamada fontanela (Figura 1A), que possui um poro central no qual
se abre uma glandula cefalica que secreta um liquido com fun¢do de defesa. O torax (Figura
1B) ¢ achatado, com o protorax destacado. O 6rgao auditivo estd situado nas pernas, na tibia
anterior. O abdome ¢ volumoso, séssil e apresenta 10 segmentos (Figura 1B). Os dois pares
de asas sao membranosos ¢ o desenvolvimento € por paurometabolia (ovo—ninfa—adulto)

(GRASSE, 1949; GALLO et al., 1988).

Figura 1. (A) Aparelho mastigador e fontanela de cupim da espécie Coptotermes formosanus.

(B) Principais partes do corpo de um soldado de Nasutitermes.

Fotos: (A) Scheffrahn & Su (2008). (B) United Nations Environment Program (Dr. Barbara L. Thorne).
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A Ordem Isoptera compreende sete familias: Mastotermitidae, Kalotermitidae,
Termopsidae, Hodotermitidae, Serritermitidae, Rhinotermitidac e Termitidae, que estdo
subdivididas em quatorze subfamilias (GRASSE, 1986; KAMBHAMPATI & EGGLETON,
2000). Os cupins das seis primeiras familias sdo chamados “cupins inferiores”, enquanto que
os cupins da familia Termitidae sdo denominados “cupins superiores”. Essa designagdo
refere-se a presenca de protozoarios flagelados e bactérias simbiontes que auxiliam na
degradacao da celulose no trato digestivo de térmitas inferiores, enquanto nos térmitas
superiores, apenas bactérias simbiontes estdo presentes (COSTA-LEONARDO, 2002).

Aproximadamente 2.858 espécies de cupins ja foram descritas, das quais 537 sdo
encontradas na regido neotropical. No Brasil, ocorrem aproximadamente 300 espécies, que se
distribuem entre as familias Kalotermitidae (cupins primitivos que atacam madeira seca € nao
constroem ninhos; principais géneros: Cryptotermes ¢ Neotermes), Rhinotermitidae
(constroem ninhos subterraneos, atacando plantas vivas e madeira morta; principais géneros:
Coptotermes e Heterotermes), Serritermitidae (contendo apenas duas espécies, Serritermes
serrifer ¢ Glossotermes oculatus) ¢ Termitidae (principal familia dos cupins, constroem
diferentes tipos de ninhos e tém habito alimentar variado, como, por exemplo, folhas, madeira
e huamus; principais géneros: Cornitermes, Nasutitermes, Syntermes ¢ Anoplotermes)
(CONSTANTINO, 1999, PEDROSA-MACEDO et al, 1993; ZANETTI et al., 2002;
CONSTANTINO, 2007).

Os cupins sdo insetos eusociais que podem ser separados em castas morfisiologicamente
distintas: reprodutores alados, operarios, soldados e formas imaturas (Figura 2). As formas
reprodutivas representam a casta fértil e sdo de dois tipos: os primarios e complementares. Os
reprodutores primarios sdo o rei ¢ a rainha; eles sdo pigmentados, apresentam asas bem
desenvolvidas e possuem a fun¢do de produg¢do de ovos e dispersdo através de voos

colonizadores. Na maioria das colonias ha apenas um par de reprodutores primarios. Se os
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reprodutores primarios morrem, eles sao substituidos pelos reprodutores complementares, que
podem ter ou ndo asas e sdo mais pigmentados que os operarios. As castas estéreis sao
representadas por operarios e soldados, que ndo possuem asas e, geralmente, os olhos estao
ausentes. Os operarios sdao responsaveis pela busca de alimento para os jovens € os outros
membros da colonia assim como para o consumo imediato; também tém a fungdo de construir
os tuneis e galerias do ninho. Os soldados se diferem por possuirem a cabeca preta, alargada,
com quase metade do comprimento do corpo € com o maxilar bem perceptivel e sdo
responsaveis pela guarda da colonia e seus ocupantes (KRISHNA & WEESNER, 1969;

THOMPSON, 2000; PHILIP, 2004; MYLES, 2005).

Hinfas &
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Figura 2. Ciclo de vida dos cupins e diferentes castas encontradas em um cupinzeiro.

Fonte: AB Servi¢os Imunizadora

Os cupins atuam como consumidores primdrios ou decompositores (herbivoros e
detritivoros). Sendo assim, tém um papel ecoldgico primordial na reciclagem de nutrientes

através da trituracdo, decomposicao, humificacdo e mineralizacdo dos recursos celuldsicos e
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suas variantes. Cerca de 74 a 99% da celulose ingerida pelos cupins ¢ hidrolisada (PRINS &
KREULEN, 1991; TAYASU et al., 1997; COSTA-LEONARDO, 2002). Porém, os cupins
sao mais conhecidos pelos danos e prejuizos que causam em plantagdes, edificagdes e
construgdes que empreguem materiais de origem vegetal como matéria-prima. No entanto, as
espécies consideradas como praga constituem a minoria, cerca de 10% (ZORZENON &
POTENZA, 1998).

Os térmitas podem ser classificados conforme o tipo de ninho que constroem. Os
ninhos inteiramente subterraneos sao construidos no solo. Os ninhos construidos em arvores,
postes ou mourdes estdo ligados ao solo por tineis, visto que os térmitas utilizam material do
solo para construirem seus ninhos (BERTI FILHO, 1995). Os ninhos subterraneos sao os mais
dificeis de controlar tanto por estarem escondidos no subsolo como pela sua rapida

proliferagcao em ambientes urbanos (SANTINI, 1988).

2.1.1 Estratégias de alimentacio dos cupins

Evidéncias obtidas a partir da andlise de seqiiéncias de DNA sugerem que os térmitas
evoluiram a partir de baratas que se alimentavam de madeira, provavelmente durante o
Periodo Jurassico (LO et al., 2000, THORNE et al., 2000; GRIMALDI & ENGEL, 2005;
MEYER, 2005). Os cupins sdao chamados xil6fagos porque, geralmente, assume-se que todos
os cupins sdo consumidores de madeira, viva ou morta. Porém, uma grande diversidade de
material organico, em varios estdgios de decomposi¢do, pode servir de alimento para esses
insetos, incluindo gramineas, plantas herbaceas, serrapilheira, fungos, ninhos construidos por
outras espécies de cupins, excrementos e carcagas de animais, liquens e at¢ mesmo material

organico presente no solo (LIMA & COSTA-LEONARDO, 2007).
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A chave evolutiva e os elementos ecologicos da biologia dos cupins, tais como o
tamanho da colonia, a historia de vida, o desenvolvimento de castas e os habitats (ninhos),
estdo associados a disponibilidade de recursos alimentares (ABE, 1987; LENZ, 1994). Se
comparados com os consumidores secundarios e tercidrios, os térmitas exploram alimentos
com baixo valor nutricional, tendo desenvolvido mecanismos digestivos apropriados para
extrair o maximo de nutrientes que sao necessarios a sua sobrevivéncia (WALLER & LA
FAGE, 1986). Os cupins trituram os materiais celulosicos ou lignocelulosicos, mas a maior
parte da digestdo da celulose ocorre pela agdo de enzimas produzidas por microrganismos
simbiontes presentes no intestino posterior (WALLER & LA FAGE, 1986). Segundo Oliveira
et al. (1986), os térmitas que se alimentam de madeira utilizam os polimeros naturais da
parede celular como fonte de alimento e, para isso, possuem sistemas enzimaticos especificos
capazes de metabolizé-los em unidades digeriveis. Os protozodrios flagelados (Figura 3A) e
as bactérias simbiontes presentes no trato digestivo colaboram na digestao da celulose através
de trés tipos de enzimas denominadas endoglucanases, exoglucanases e [B-glicosidases
(BRESNAK & BRUNE, 1994).

Mesmo apresentando desvantagens tais como baixo contetido de nitrogénio, dureza da
madeira e potencial toxico elevado, a dieta xiléfaga ¢ mantida pela maioria dos cupins, com
destaque para a familia Termitidae. Essa ¢ a maior familia de térmitas, sendo a subfamilia
Nasutitermitinae a mais diversificada do grupo Isoptera (HIGHLEY & KIRK, 1979;
BIGNELL & EGGLETON, 2000; KAMBHAMPATI & EGGLETON, 2000). Estudos
recentes de Warnecke et al. (2007), envolvendo andlise metagenomica e funcional da
microbiota associada a um cupim da familia Termitidae, mostraram que hd um conjunto
muito diversificado de bactérias, tais como espiroquetas (Figura 3B) e fibrobactérias, que
possuem genes relacionados com a degradagdo da lignocelulose e envolvidos na hidrélise de

xilana e celulose. Dentre os cupins pertencentes a familia Termitidae, muitas espécies das
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sub-familias Macrotermitinae e Nasutitermitinae se alimentam de madeira recém-abatida

(LIMA & COSTA-LEONARDO, 2007).

Figura 3. (A) Protozoario flagelado e (B) espiroquetas simbiontes do intestino de cupins. (C)

Operario de Zootermes nevadensis e trato digestivo dissecado de operdrio da mesma espécie.

Fotos: http://www.laweekly.com/2006-04-13/columns/gut-reactions. Jared Leadbetter/Caltech.

Alguns Nasutitermitinae t€ém se especializado no consumo de humus, que consiste de
minerais organicos, carboidratos, microbios do solo, peptideos hidrolisaveis, compostos
polifenolicos e hexosaminas derivadas de restos de artropodes e fungos (COLLINS, 1983;
ANDERSON & WOOD, 1984; BIGNELL & EGGLETON, 2000; JI & BRUNE, 2005). Em
cupins, enzimas proteoliticas tém grande importancia na digestdo de proteinas e componentes
peptidicos presentes em substancias humicas do solo (JI & BRUNE, 2005). Dessa forma, os
cupins obtém muitos dos aminodcidos essenciais utilizando proteinases extracelulares que
atuam no limem do seu intestino. As proteases de insetos mais bem estudadas sdo as
serinoproteinases, muito freqiientes em varias classes e que se assemelham a tripsina e a

quimotripsina de mamiferos (APPLEBAUM et al., 1985).
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O sistema digestivo dos isopteros (Figura 3C) ¢ considerado desenvolvido e geralmente
ocupa uma ampla parte de seu abdome (KRISHNA & WEESNER, 1969), sendo composto
por trés partes: intestino anterior (estomodeum), intestino médio (mesenteron) e intestino
posterior (proctodeum). Os individuos imaturos, os soldados e todos os reprodutores sao
incapazes de se alimentar sozinhos e recebem alimentacdo estomodeal ou proctodeal dos
operarios. A alimentacdo estomodeal pode ser saliva, que € o Gnico nutriente dos reprodutores
primarios (rei e rainha) ou alimento regurgitado. Os soldados sdo, em grande parte, nutridos
com alimento regurgitado, mas em algumas espécies da Familia Termitidae eles t€ém uma
dieta exclusivamente liquida (saliva). A alimentagdo proctodeal foi descrita para os cupins
inferiores e consiste de excrecdes liquidas, ricas em simbiontes, provenientes do intestino
posterior ¢ que sdo eliminadas em resposta a estimulos tateis de outros cupins (LIMA &

COSTA-LEONARDO, 2007).

2.1.2 Nasutitermes corniger

N. corniger (Figura 4) ¢ uma espécie de cupins amplamente distribuida nas Américas
do Sul e Central (SCHEFFRAHN et al., 2005; ADAMS et al., 2007) e ocorre em quase todo
o Brasil. Os soldados sdo caracterizados pela projecdo na cabega caracteristica do género,
denominada nasuto, por terem mandibulas vestigiais ¢ pela presenca de uma glandula frontal
que contém substancias de defesa, incluindo vérios tipos de terpendides (CHUAH et al,
1989) e proteinas (HOJO et al., 2005). As coldnias sdo formadas por multiplos ninhos escuros
e de superficie rugosa, construidos em arvores ou solo e conectados por tineis (Figura 4A). A
estrutura das colonias, assim como acontece com outras espécies de cupins, varia
consideravelmente dentro de populagdes de N. corniger, sendo a maioria das colonias

composta por familias simples, com uma tUnica rainha e um unico rei (ATKINSON &
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ADAMS, 1997). Os cupins que vivem em ninhos de uma mesma colonia nao sao agressivos
entre si. Contudo, operarios e soldados de N. corniger sdao agressivos com individuos de
outras coldnias, sendo travadas longas batalhas quando cupins de coldnias vizinhas entram em
contato (ADAMS & LEVINGS, 1987).

Os cupins do género Nasutitermes tém sido favorecidos pelo desequilibrio ambiental,
demonstrando acentuados sinais de nocividade. Por isso, tém sido considerados como uma
nova ameaca aos centros urbanos. Esses cupins buscam preferencialmente as partes altas das
edificacdes, sendo visiveis em telhados e forros (FIGUEIREDO, 2004). No Semi-Arido
brasileiro, os Nasutitermes tém invadido o meio urbano, atacando moveis e estruturas de
construgdes (PAES et al., 2002). As espécies de Nasutitermes estao entre as mais abundantes

que podem se alimentar de madeiras (MIURA et al., 2000).

C1

Figura 4. Nasutitermes corniger.
(A) Ninho. (B) Rainha. (C) Soldado (C1) e operario (C2). (D) Reprodutor alado.
Fotos: (A) Michele D.C. Silva. (B) Retirado de www.chem.unep.ch. (C) Thiago H. Napoledo. (D) James P.
Cuda, University of Florida
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Grupos de N. corniger foram encontrados atacando madeiras de caucho (Micranda sp.,
Euphorbiaceae) e virola (Virola surinamensis, Myristicaceae) e descritos como tendo
preferéncia pela regido do cerne (ABREU et al., 2002). Algumas madeiras como a da aroeira
(Myracrodruon urundeuva), do louro-pardo (Cordia trichotoma), da jurema-preta (Mimosa
tenuiflora) e do sabid (Mimosa caesalpinifolia) demonstraram elevada resisténcia a acdo de
cupins de N. corniger (PAES et al., 2002, 2007). Colonias de N. corniger também foram

encontradas atacando estruturas de madeira de museus (BRAZOLIN et al., 2004).

2.2. Enzimas digestivas em insetos

2.2.1. Celulases

Os carboidratos sdo nutrientes essenciais que fornecem a energia necessaria tanto para
0 6timo crescimento larval como para a manutencdo da longevidade dos adultos na maioria
dos insetos. Porém, o valor nutritivo dos carboidratos depende da disponibilidade de enzimas
capazes de digerir carboidratos complexos a monomeros adequados para sua posterior
absor¢do no intestino (DADD, 1985; TERRA et al., 1996). A celulose ¢ um polimero linear
formado exclusivamente por moléculas de D-glicopiranose unidas por ligacdes glicosidicas 3-
(1 — 4) (DE AZEVEDO & ESPOSITO, 2004). As moléculas de celulose sdo orientadas ao
acaso ¢ tém a tendéncia de formar ligagdes de hidrogénio inter e intramolecular (ROWELL et
al., 2005). Os modelos atuais da organizagdo microfibrilar sugerem que ela tem uma
subestrutura constituida de dominios altamente cristalinos unidos por ligacdes amorfas.
Regiodes cristalinas sdo formadas a partir do aumento da densidade do empacotamento (TAIZ

& ZEIGER, 2004).
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As celulases sdo enzimas responsaveis pela degradacdo de celulose ou outros celo-
oligossacarideos até glicose. Sao conhecidos trés tipos: endoglucanases (EC 3.2.1.4),
exoglucanases (EC 3.2.1.91) e B-glucosidases (EC 3.2.1.21). Embora a celulose seja a maior
fonte de alimento para muitas espécies de insetos, muitos deles ndo sdo capazes de produzir
celulases e por isso dependem de microorganismos simbiontes, os quais produzem as enzimas
celuloliticas. Porém, trabalhos recentes confirmam a produgdo de celulases pelos proprios
insetos, sendo encontrados genes que codificam celulases em Lepidoptera (BYEON et al.,
2005), Coleoptera (LEE et al., 2004) e Isoptera (TOKUDA et al., 2002).

Estudos relataram que cupins inferiores Neotermes koshunensis produzem celulase em
suas glandulas salivares (TOKUDA et al., 2002). Em cupins superiores, atividade celulolitica
tem sido detectada no intestino médio (SLAYTOR, 2000) e celulase foi purificada de cupins
Macrotermes miilleri, espécie que necessita da presenga de certos fungos para seu
crescimento (ROULAND et al., 1989).

A origem de celulases produzidas por cupins do género Nasutitermes tem sido
estudada. Endoglucanase, B-glicosidase e exoglucanases produzidas pelos proprios insetos
foram encontradas no intestino médio (90 %) e em menor quantidade nas glandulas salivares
de Nasutitermes walkeri (HOGAN et al., 1988). Em Nasutitermes takasagoensis, a expressao
de RNA mensageiros de B-glicosidases enddgenas foi detectada no epitélio do intestino médio
(TOKUDA et al., 1999).

Estudo revelou que Nasutitermes exitiosus é capaz de secretar sua propria celulase e
ndo dependente da sua flora intestinal para digerir celulose, uma vez que, mesmo apos
remo¢do da flora intestinal por alimentagdo com tetraciclina, foi detectada atividade
celulolitica no intestino anterior (19 %), intestino médio (59 %), segmento misto (14 %) e
intestino posterior (8 %) (O’BRIEN et al., 1979). Entretanto, estudos recentes tém

demonstrado que o aparato celulolitico de outras espécies de Nasutitermes ¢ formado por
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celulases enddgenas e também de origem simbiotica. Estudos de metagendmica de espécies
de Nasutitermes revelaram a presenca de diversos genes para celulases em bactérias presentes
no intestino posterior (WARNECKE et al., 2007) e a atividade celulolitica no intestino
posterior de N. takasagoensis foi reduzida significativamente apoOs tratamento com
antibidtico, sugerindo producdo de celulases pelas bactérias simbiontes (TOKUDA &
WATANABE, 2007). O envolvimento da atividade microbiana na degradacao de celulose em
N. takasagoensis pode ser atribuido a presenca de complexos celuloliticos denominados
“celulosomos”, que se encontram ancorados a parede celular bacteriana (TOKUDA et al.,

2005).

2.2.1.1. Endoglucanases

As endoglucanases clivam a cadeia de celulose no interior da molécula de celulose
(Figura 5), de forma aleatéria, criando novas extremidades (SANCHEZ, 2009). Estas enzimas
hidrolisam a celulose amorfa e celuloses modificadas quimicamente (soluveis), como
carboximetilcelulose (CMC) e hidroxietilcelulose (HEC). As regides amorfas, com menor
organizagdo estrutural, s3o mais facilmente atacadas, pois suas cadeias nao possuem ligagdes
intermoleculares de hidrogénio tdo fortes quanto as que ocorrem nas regides cristalinas.
Assim, o ataque das endoglucanases leva a uma maior exposicao das ligagdes glicosidicas
mais internas das cadeias de celulose. A celulose cristalina e o algoddo, substratos com
elevado grau de cristalinidade, s3o menos hidrolisados devido ao maior grau de organizagao

molecular que apresentam (MEDVE, 1997; ZANDONA FILHO, 2001).
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2.2.1.2. Exoglucanases

Exoglucanases atuam nas extremidades da cadeia de celulose (Figura 5), produzindo
majoritariamente celobiose (dissacarideo composto por duas moléculas de glicose), além de
glicose e celotriose (ZANDONA FILHO, 2001). O sitio ativo das exoglucanases possui a
forma de um tinel por onde a cadeia de celulose penetra e sofre hidrolise de suas ligacdes
glicosidicas terminais (HUI et al., 2002). As exoglucanases atuam sobre celulose cristalina

(Avicel), produzindo uma redugao lenta e gradual do seu grau de polimerizagao.

O Glicose O Celobiose

l Endoglucanaseﬂ Exoglucanase v B- glicosidase

Figura 5. Representagdo esquematica dos pontos de clivagem por endoglucanases,

exoglucanases e B-glicosidases na estrutura da molécula de celulose.

2.2.1.3. p-glicosidases

As B-glicosidases, também denominadas celobiases, possuem a funcdo de hidrolisar a
celobiose gerada pelas exoglucanases e endoglucanases em glicose, completando a hidrélise

da celulose (Figura 5). As B-glicosidases sdo extremamente importantes para a eficiéncia da
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hidrolise da celulose por removerem do meio reacional a celobiose, que ¢ um potente inibidor

competitivo das exoglucanases (MEDVE, 1997; MUNOZ et al., 2001).

2.2.2. Hemicelulases

A parede celular dos vegetais ¢ composta de microfibrilas de celulose que estdo
inseridas em uma matriz de polissacarideos composta de hemiceluloses, pectina e lignina
(TAIZ & ZEIGER, 2004; SANCHEZ & CARDONA, 2008). As hemiceluloses sao uma
mistura de polimeros de pentoses e hexoses (como xilose, arabinose, glicose, manose e
galactose) bem como acidos urdnicos que fazem pontes de hidrogénio com a celulose
envolvendo-a em uma rede, juntamente com a pectina (Figura 6). Esse recobrimento impede
que as fibras paralelas de celulose colapsem entre si (BUCKERIDGE et al., 2008; ROWELL,
et al., 2005).

Além da celulose, muitos insetos sdo capazes de digerir a fragdo hemiceluldsica
presente em seus alimentos. As hemicelulases sdo enzimas que hidrolisam a hemicelulose de
maneira aleatoria, produzindo oligossacarideos lineares e ramificados. Devido a grande
complexidade e heterogeneidade da rede hemicelulolitica, a sua hidrdlise completa requer a
atuacdo de varias enzimas que atuam cooperativamente.

Para degradagdo das xilanas, em geral, € necessaria a agdo combinada de um conjunto
de enzimas (Figura 7). As endo-B-1,4-D-xilanases rompem ligagdes glicosidicas ao acaso
produzindo grandes quantidades de xilo-oligossacarideos substituidos e nao-substituidos de
diversos tamanhos. As exo-B-1,4-D-xilanases rompem somente unidades de xilose a partir das
extremidades da cadeia de xilana. As B-xilosidases hidrolisam sacarideos como xilobiose e

xilo-oligossacarideos maiores até xilose (Figura 7B).
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Figura 6: Arquitetura da parede celular vegetal.

Fonte: US Department of Energy Genome Programs <http://genomics.energy.gov>).

As o-L-arabinofuranosidases hidrolisam terminais nao-redutores de polissacarideos
contendo residuos de L-arabinosil de cadeias laterais ou de arabinoxilanas, arabinana, goma
arabica e arabinogalactana (Figura 7A). As a-D-glucuronidases atuam juntamente com
manosidases, mananases ¢ outras enzimas para a degradagdo de polimeros como
arabinogalactana e galactoglicomanana. As a-D-glicuronidases hidrolisam residuos laterais de
acido glicuronico, as esterases de acetilxilana hidrolisam grupos acetil e as esterases de acido
ferulico que hidrolisam residuos de acido fertlico (SAHA, 2000; MOREIRA & FILHO,
2008).

Rouland et al. (1988) isolaram duas B-D-Xilanases de cupins operarios da espécie
Macrotermes miilleri (Termitidae, Macrotermitinae), uma a partir de extrato bruto do intestino
do inseto, com atividade de 1,16 U/mg, e outra a partir de extrato bruto de somente seu

microorganismo simbionte, o fungo Termitomyces sp., cuja atividade foi 1,68 U/mg.
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Figura 7. Mecanismo de acdo enzimdtica de hemicelulases.
(A) Enzimas xilanoliticas envolvidas na degradacao da xilana. (B) Hidroélise de xilo-

oligosacarideos pela B-xilosidase. Ac: Grupo Acetil; a- Araf: a-arabinofuranose.
Fonte: ALMEIDA, 2009.

2.2.3. o-Amilases

As o-amilases ou o-1,4-glucano-4-glucanohidrolases sao um grupo de enzimas
monomeéricas com a funcao de catalisar a hidrolise de ligagdes glicosidicas (a-1,4) presentes
no amido, glicogénio e outros carboidratos. As amilases sdo essenciais para o crescimento € o
desenvolvimento de muitos insetos; especialmente em insetos-praga que vivem em estoques
de sementes e graos ricos em amido, varias isoformas dessas enzimas sao encontradas.

Muitos estudos tém sido realizados no intuito de desvendar o funcionamento das a-
amilases (CHRISPEELS et al., 1998; GROSSI-DE-SA & CHRISPEELS, 1997; SILVA et

al., 2000; BELLINCAMPI et al., 2004; SORENSEN et al., 2004; KIM et al., 2007; DOJINOV
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et al., 2008; WANG et al, 2008). A maioria das a-amilases conhecidas sdo enzimas
extracelulares e sdo metaloproteinas que contém pelo menos um atomo de calcio por molécula
e precisam deste metal para manter sua atividade e estabilidade (FISCHER & STEIN, 1960).
Muitas delas sao proteinas glicosiladas, mas a proporcao de glicosilagdo em sua estrutura
varia consideravelmente (PLANCHOT & COLONNA, 1994). Podem ter multiplas formas,
com padrdes especificos em diferentes tecidos (DOANE et al., 1975; BUONOCORE et al.,
1977, WARCHALEWSKI & TKACHUK, 1978; BROWN & JACOBSEN, 1982;
STRUMEYER et al., 1988). A presenga de o-amilases tem sido demonstrada no sistema
digestivo de muitos insetos, incluindo membros das ordens Orthoptera, Hymenoptera,

Diptera, Lepidoptera e Coleoptera (TERRA & FERREIRA, 1994).

2.2.4. Proteases

As proteases sao enzimas que catalisam a hidroélise de ligagdes peptidicas e podem ser
classificadas de acordo com a regido da molécula sobre a qual atuam, sendo denominadas
exopeptidases quando  hidrolisam ligagdes peptidicas nas regides N-terminal
(aminopeptidases) ou C-terminal (carboxipeptidases), ou endopeptidases (ou proteinases)
quando catalisam a hidrélise de ligagdes peptidicas internas (FRANCO et al., 1999; SILVA
JUNIOR & DE SIMONE, 2001; DEVLIN, 2002). As proteases podem ser classificadas, de
acordo com a Unido Internacional de Bioquimica, em quatro grandes classes: serinoproteases,
cisteinoproteases, asparticoproteases ¢ metaloproteases. As trés primeiras classes sao
definidas de acordo com o residuo nucleofilico presente no sitio ativo que hidrolisa a ligacao
peptidica do substrato (HEDSTROM, 2002). J4 as metaloproteases sdo assim denominadas
porque seu mecanismo catalitico envolve um ion metalico (KLEINER & STETLER-

STEVENSON, 1993).
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Existem dois mecanismos importantes no controle das proteases: a sintese na forma de
precursor inativo (zimogénio) e a complexacao com inibidores de proteases apds sua ativacao
(LASKOWSKI & QASIM, 2000). As serinoproteases tripsina, quimotripsina e elastase, por
exemplo, sdo sintetizadas como os precursores tripsinogénio, quimotripsinogénio e pro-
elastase, os quais sao ativados no lumen do intestino delgado por clivagem de seqiiéncias
peptidicas da extremidade NH, terminal de suas moléculas (DEVLIN, 2002).

Para crescerem e se desenvolverem, os insetos requerem os mesmos aminoacidos
essenciais que os mamiferos, os quais sao obtidos de uma dieta protéica. Para isso eles se
alimentam dos mais diversos compostos organicos, tais como madeira, folhas, flores, tiberos,
néctar, sementes, animais vivos ou mortos, sangue, fungos e bactérias (MURDOCK e
SHADE, 2002; FORTUNATO et al, 2007). Essa plasticidade teria sido conferida pela
diversidade de enzimas digestivas, incluindo as proteases, que podem ser encontradas no
intestino médio desse grupo de organismos, conferindo-lhes as habilidades de consumir e
utilizar com eficiéncia uma grande variedade de recursos alimentares (TERRA et al., 1996).
As proteases de insetos mais bem estudadas s3o as serinoproteases, que se assemelham a
tripsina e a quimotripsina de mamiferos (APPLEBAUM et al., 1985). As cisteinoproteases
também s3o enzimas digestivas importantes para insetos da Ordem Coleoptera, como

Callosobruchus maculatus e Acanthoscelides obtectus (XAVIER-FILHO et al., 1992).

2.2.4.1. Serinoproteases

As serinoproteases sdo as enzimas mais bem estudadas, tanto em eucariotos quanto em
procariotos, € se caracterizam por apresentarem em seu sitio ativo uma triade catalitica
composta por um residuo de serina, um de histidina e um de &4cido aspartico. Entre as

representantes mais conhecidas dessa classe estdo a tripsina e a quimotripsina (MARES-
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GUIA & SHAW, 1965). De acordo com similaridades estruturais, as serinoproteases de
eucariotos e procariotos sao agrupadas em cinco familias, as quais sdo subdivididas em seis
clas de ancestrais comuns: o cla A, que agrupa enzimas que possuem origem comum com a
quimotripsina; o cla B com a subtilisina; o cla C com as carboxipeptidases; o cla E com a
peptidase D-Ala-D-Ala de Escherichia coli; o cla F com o repressor Lex A; e o cla G, que
agrupa as serinoproteases dependentes de ATP (RAWLINGS et al., 2006).

As serinoproteases sao geralmente ativas em pH neutro e alcalino, com pH 6timo entre
7,0 e 11,0 (RAO et al., 1998). A massa molecular, em geral, estd na faixa de 18 a 35 kDa,;
entretanto, serinoproteases maiores foram encontradas em alguns organismos, como € o caso
da bactéria Serratia marcescens, que apresenta uma serinoprotease de massa molecular 53
kDa (ROMERO et al., 2001).

As serinoproteases participam de varios processos fisioldgicos nos insetos, incluindo a
digestdo e a resposta a defesa das plantas, bem como na resposta imunologica, na sinalizagao
e amplificacao de sinais, na ativacao de cascatas, na inducao de peptideos antimicrobianos, na
atividade antimicrobiana e na ativagdo de mecanismos especificos de melanizagdo e
coagulacdo (NAKAJIMA et al., 1997, GORMAN et al., 2000a, 2000b; MA & KANOST,
2000; GORMAN & PASKEWITZ, 2001; LEVY et al., 2004).

As tripsinas s3o serinoproteases da familia da quimotripsina (cla A) e estdo
envolvidas na fase inicial da digestdo protéica, clivando ligacdes peptidicas internas
preferencialmente envolvendo aminoacidos basicos, com uma preferéncia para Arg sobre Lys
de 2 a 10 vezes (CRAIK et al., 1985; BARRETT et al., 2004; RAWLINGS et al., 2006).

As tripsinas de insetos estudadas sdo semelhantes aquelas dos vertebrados no que diz
respeito ao sitio catalitico e especificidade, apresentando seqiiéncias homologas nas regides
do sitio catalitico (DAVIS et al., 1985; KALHOK et al, 1993; MULLER et al, 1993).

Porém, as tripsinas desses dois grupos diferem em algumas outras propriedades. Por exemplo,
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as tripsina de insetos geralmente nao sao afetadas por ions calcio (LEMOS & TERRA, 1992),
sdao freqiientemente instdveis em pH acido (MILLER et al., 1974; JANY et al., 1978) e
tipicamente contém menos pares de cisteina em suas seqiiéncias que as tripsinas de
vertebrados (MULLER et al., 1993).

As tripsinas de todos os insetos possuem especificidade primaria semelhante, com
excecao daquelas de lepidopteras. Geralmente, essas proteases hidrolisam mais eficientemente
substratos que contenham Arg do que Lys na posicdo P; mas as tripsinas de Lepidoptera
possuem maior especificidade por substratos que contenham Lys (LOPES et al., 2004, 2006).
Inibidores de proteases produzidos por plantas apresentam uma regido denominada sitio
reativo, a qual interage com o sitio ativo da enzima-alvo. O alinhamento de seqiiéncias de
varios inibidores de proteases de plantas indicou que os sitios reativos da maior parte desses
inibidores possuem um residuo Lys na posi¢do P;. A presenga de Lys na posi¢do P; no sitio
reativo ¢ considerada uma estratégia de sobrevivéncia das plantas, pois esses inibidores
seriam resistentes a hidrolise pelas tripsinas de insetos, que hidrolisam preferencialmente Arg
nessa posi¢ao (LOPES et al., 2004).

Outras similaridades entre tripsina de insetos e tripsina bovina estdo relacionadas com
0 mecanismo catalitico. Entretanto, a comparagao de tripsinas de pancreas bovino e tripsinas
de insetos tem apontado diferencas nos valores de pH 6timo ¢ massa molecular (PURCELL et
al., 1992) e na sensibilidade a inibidores de proteases de plantas (CHRISTELLER & SHAW,
1989).

As calicreinas constituem um grupo de serinoproteases que possuem sitio ativo
semelhante ao da tripsina, ou seja, constituido de um subsitio anidnico, responsavel pela
ligacdo do substrato através da atragdo eletrostatica ao seu nitrogénio carregado
positivamente, um subsitio hidrofébico, que liga a cadeia lateral carbonada dos residuos

arginil ou lisil, e o sitio catalitico propriamente dito, que contém um residuo seril e histidil
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(MARES-GUIA & DINIZ, 1967). Apesar da semelhanca com tripsinas, as calicreinas ndo tém
sido reportadas em sistemas digestivos de insetos e outros animais. As calicreinas estdo
geralmente implicadas na via intrinseca da coagulacdo e na vasodilatagao direta e indireta,
pois agem sobre o bradicinogénio clivando-o em plasmacininas, principalmente bradicinina e
calidina, que sdo potentes vasodilatadores.

As quimotripsinas clivam preferencialmente as cadeias polipeptidicas do lado da
carboxila de aminoacidos aromaticos, como fenilalanina, triptofano e tirosina (BARRETT et
al., 2004). Enzimas quimotripsina-simile sdo compostas por dois dominios p-barril
justapostos, com os residuos cataliticos formando pontes entre os barris (BAZAN &
FLETTERICK, 1990). As quimotripsinas sao bem descritas e purificadas de diversas
espécies de insetos das ordens Diptera (VIZIOLI et al., 2001; RAMALHO-ORTIGAO et al.,
2003), Hymenoptera (JANY et al., 1974; WHITWORTH et al., 1998), Orthoptera (SAKAL et
al., 1988), Dictyoptera (BAUMANN, 1990), Coleoptera (ALARCO'N et al., 2002;
OLIVEIRA-NETO et al., 2004; ELPIDINA et al., 2005) e Lepidoptera (PETERSON et al.,
1995; HEGEDUS et al., 2003; VOLPICELLA et al., 2006).

A queratina ndo ¢ degradada por enzimas proteoliticas comuns, como tripsina e
pepsina, por conter uma grande quantidade de pontes dissulfeto ¢ de hidrogénio, e de
interagdes hidrofobicas, e para isso existem enzimas especificas chamadas queratinases
capazes de hidrolisar as ligagdes peptidicas da queratina (SAID & PIETRO, 2004; RIFFEL et
al., 2007). Certos microorganismos e insetos sintetizam queratinases para digerir a queratina

proveniente da dieta alimentar (LIN et al., 1992).
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2.2.5. Aplicacoes biotecnologicas de enzimas digestivas

Enzimas envolvidas no processo de digestdo de diversos organismos apresentam as
mais diversas aplicagdes biotecnologicas. Com o avango da biologia molecular e técnicas de
gendmica e protedmica, essas enzimas podem ser isoladas e seqlienciadas, o que permite a
clonagem e expressdao em sistemas heterdlogos, permitindo que as mesmas possam ser
utilizadas em larga escala na industria.

O uso de celulases na induastria comegou em 1980 como um aditivo na alimentacao de
animais (CHESSON, 1987). Posteriormente, essas enzimas passaram a ser utilizadas na
industria téxtil, bem como nas industrias de celulose e papel (GODFREY & WEST, 1996).
As celulases tém atraido bastante interesse comercial devido as suas varias aplicacdes em
areas como: bioconversao de materiais celulosicos em acgucares soluveis, producao de
farmacos, producdao de detergentes, tratamento de efluentes e processamento de frutas e
vegetais (MAMMA et al., 2009). Na reciclagem de papel, essas enzimas atuam
eficientemente removendo tintas de impressdo da superficie de fibras reciclaveis (JEFFRIES
et al., 1994). Na industria téxtil, elas vém sendo utilizadas com éxito no amaciamento (“bio-
stoning”) de jeans e no polimento (“bio-polishing”) de algodao e de outras fibras celuldsicas
(KUHAD et al, 1997, ANDREAUS et al., 2000; MAGALHAES, 2005). Nas industrias
citadas, a sacarificagdo extensiva da celulose ndo é desejada, mas sim uma agdo superficial
suficiente para gerar o efeito desejado (MARTINS, 2005).

Atualmente, os biocombustiveis gerados a partir de biomassa lignocelulosica tém
recebido bastante atencdo da industria e de comunidades académicas de todo o mundo, em
consonancia com o objetivo atual de promover economias sustentaveis e a preservacao do
meio ambiente. Assim, a utilizagdo desses biocombustiveis ¢ uma alternativa para reduzir a

dependéncia por combustiveis fosseis. Nesse esforco, as industrias tém encontrado um grande
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desafio na conversdao de biomassa em combustivel, ainda de alto custo e pouco eficiente para
producdo em larga escala; dessa forma, tem crescido a busca por novas tecnologias viaveis e
de baixo custo. Os sistemas lignoceluloliticos naturais, como, por exemplo, o de cupins e
outros insetos que se alimentam de madeira, apresentam alta eficiéncia e sdo altamente
especializados no processamento de biomassa lignocelulolésica, sendo considerados
verdadeiros biorreatores naturais. Esses sistemas tém sido considerados importantes modelos
a serem estudados para aplicacdo na tecnologia de producdo de biocombustiveis e sdo
compostos por celulases e hemicelulases. A descoberta dessas enzimas e seus genes
correspondentes sdo importantes para que se possa entender o sistema celulolitico do inseto e
avaliar seu potencial biotecnologico em aplicagdes industriais (SUN & SCHARF, 2010). Os
avangos de ferramentas na pesquisa gendmica e protedmica permitirdo novos estudos sobre os
mecanismos de degradacdo de madeira por insetos que se alimentam de celulose, bem como
facilitar a descoberta de novas enzimas celuloliticas a partir de uma vasta gama de sistemas
celuloliticos.

As amilases estdo entre as mais importantes enzimas hidroliticas para as industrias que
trabalham com amido. As amilases foram primeiramente utilizadas como remédio para
desordens digestivas, em 1984. No cenario atual, as amilases sdo aplicadas na industria
alimenticia, de detergentes, téxtil e na industria de papel para hidrdlise do amido. Diferentes
preparacdes de amilase sdo disponibilizadas pelos fabricantes de enzimas para uso especifico
em industrias variadas (GODFREY & WEST, 1996; AEHLE & MISSET, 1999).

As proteases apresentam diversas aplicagdes biotecnologicas, sendo utilizadas como
constituintes de detergentes, no processamento de couro, na producdo de plasticos
biodegradaveis, na industria farmacéutica, no processo de coagulacao de leite, na maturacao
de carnes e na sintese enzimatica de adogantes (CARVALHO, 2010). As tripsinas possuem

muitas aplicagdes bioquimicas e industriais, por possuirem alta especificidade, permitindo
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uma proteolise controlada. As proteases apresentam diversas vantagens em relacdo aos
catalisadores quimicos convencionais, pois possuem alta atividade catalitica, alto grau de
especificidade pelo substrato, podem ser produzidas em larga escala e s3o economicamente

viaveis e biodegradaveis (ANWAR & SALEEMUDDIN, 1998; ESPOSITO, 2006).

2.2.6. Enzimas digestivas como alvos para controle de insetos

Com o objetivo de controlar a populagdo de insetos-praga, tem crescido a busca por
novos métodos que utilizem compostos naturais em lugar dos agroquimicos sintéticos que sao
largamente utilizados. Uma das fontes desses compostos sdo plantas resistentes ao ataque de
insetos. As plantas, diferentemente dos animais, ndo possuem sistemas imunologicos para
enfrentar certas situagcdes adversas. Esse fato, associado a sua imobilidade, fez com que elas
desenvolvessem, ao longo do tempo, estratégias de defesa tanto pré-formadas quanto
induzidas (HAMMOND-KOSACK & JONES, 2000). Para minimizar o efeito dos ataques de
insetos, as plantas desenvolveram diferentes mecanismos de defesa incluindo barreiras fisicas,
tais como espinhos, aculeos e caules rigidos (KENNEDY & BARBOUR, 1992), e barreiras
quimicas como: substincias volateis para a atragdo de predadores de insetos herbivoros,
metabolitos secundarios e proteinas defensivas, como lectinas, inibidores de proteinases,
inibidores de o-amilase, proteinas inativadoras de ribossomos, canatoxina, quitinases e
arcelinas.

A ingestdo de inibidores de proteases de origem vegetal por insetos leva a inibi¢do de
enzimas proteoliticas, o que interfere na biodisponibilidade de aminoacidos para a biossintese
de proteinas necessarias ao crescimento, desenvolvimento e reproducdo do inseto; inibidores
de tripsina s3o capazes de induzir a morte de insetos por prejudicarem a digestdo e absor¢ao

de nutrientes (CARLINI & GROSSI-DE-SA, 2002; BHATTACHARYYA et al., 2007).
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Extrato de flores de Moringa oleifera com atividade larvicida sobre larvas de Aedes aegypti e
contendo inibidor de tripsina foi capaz de reduzir em 98% a atividade de tripsina no intestino
das larvas apds aproximadamente 5 horas de incubacao (PONTUAL et al., 2012).

Os inibidores de a-amilase de natureza protéica sdo encontrados em microorganismos,
plantas e animais (RYAN, 1990; IULEK et al, 2000). Inibidores de o-amilase,
principalmente aqueles isolados de cereais, inibem as a-amilases dos tratos intestinais dos
insetos (GRANT et al., 1995; VALENCIA et al., 2000), o que permite supor que os
inibidores dessas enzimas digestivas possam desempenhar um papel protetor diante o ataque
de insetos (MENDIOLA-OLAYA et al., 2000). Os inibidores de a-amilases sdo altamente
especificos para suas enzimas alvo, portanto a validade das a-amilases como alvo do controle
de insetos ¢ dependente do entendimento claro da expressao das diferentes isoformas dessas
enzimas no trato intestinal do inseto (FRANCO et al.,, 2002).

Lectinas de plantas com atividade inseticida podem interferir na atividade de enzimas
digestivas, por se ligarem a regides glicosiladas da enzima, por se ligarem aos substratos ou
por se ligarem ao complexo enzima-substrato (MACEDO et al., 2007).

Nesse sentido ¢ importante conhecer a fisiologia dos insetos-alvo, bem como da
microbiota associada ao trato digestivo, uma vez que o conhecimento do aparato enzimatico
presente no trato digestivo do inseto pode direcionar a utilizagdo de inseticidas naturais
especificos, bem como contribui para a elucidagdo dos mecanismos de acdo inseticida

(FRANCO et al., 2002).

2.3. Lectinas inseticidas

As lectinas sdo definidas como proteinas ou glicoproteinas de origem nao imunoldgica

que apresentam um ou mais dominios ligantes a carboidratos, os quais podem interagir
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especifica e reversivelmente com monossacarideos e glicoconjugados através de pontes de
hidrogénio e ligagdes de van der Walls (PAIVA et al., 2012). Em geral, as lectinas podem ser
encontradas e isoladas dos mais diversos tecidos de uma planta, tais como folhas
(NAPOLEAO et al., 2011), raizes (SOUZA et al., 2011), rizomas (SANTANA et al., 2012),
entrecascas (SA et al., 2009; VAZ et al., 2010; ARAUJO et al., 2012) e flores (SANTOS et
al., 2009); porém, a maior parte ¢ encontrada em sementes (SANTOS et al., 2009). Nas
plantas, as lectinas tém um papel fisiologico que tem atraido a atencdo de muitos
pesquisadores. Hoje ja se conhece alguns desses papéis como: (1) ativagdo de enzimas
(KESTWAL et al., 2007), (2) participagdo no mecanismo de nodulacdo em leguminosas
(LIMPENS & BESSELING 2003) e (3) defesa contra microorganismos € insetos
(PEUMANS & VAN DAMME, 1995).

A atividade inseticida de lectinas de plantas contra diversas espécies de insetos de
diferentes ordens, tem sido descrita tais como Coleoptera, Diptera, Homoptera, Lepidoptera e
Isoptera (PAIVA et al., 2011a). Esta propriedade estimula a avaliagdo do uso das lectinas de
plantas como agentes inseticidas naturais contra pestes que causam prejuizos a produgdo
agricola e danos a saude humana (MACEDO et al., 2007; COELHO et al., 2009; SA et al.
2009; OLIVEIRA et al., 2011; NAPOLEAO et al., 2012).

O mecanismo de acgdo inseticida das lectinas de plantas ndo estd completamente
elucidado. Tem sido sugerido que a resisténcia a degradagdo por proteases ¢ a ligagdo a
glicoconjugados da superficie de células epiteliais do intestino do inseto sejam dois pré-
requisitos basicos para as lectinas exercerem seus efeitos deletérios, interferindo nas fungdes
digestivas, protetoras ou secretorias do intestino (PUSZTAI & BARDOCZ, 1996). Outro
efeito descrito ¢ a desestabilizacdo do metabolismo do inseto devido a interferéncia das
lectinas nas fungdes enzimaticas pela ligacao as porcdes glicosiladas das enzimas digestivas

dos insetos (PAIVA et al., 2012). As lectinas de Galanthus nivalis (GNA) e Canavalia
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ensiformes (Con A) afetaram as atividades das enzimas soluveis e de membrana do intestino
médio de larvas de Lacanobia oleraceaa. Além disso, ocorreu o aumento da atividade das
enzimas aminopeptidase e a-glicosidase (FITCHES & GATEHOUSE, 1998). Zhu-Salzman et
al. (1998) analisaram, por mutagénese sitio-dirigida, a estrutura/fun¢do da lectina de Griffonia
simplicifolia (GSII) e suas formas mutantes, ¢ concluiram que a atividade inseticida dessas
proteinas contra larvas no terceiro e quarto instar de Callosobruchus maculatus (Coleoptera)
esta correlacionada com a resisténcia a degradagdo proteolitica pelas enzimas do intestino
médio e ligagdo ao trato digestivo

Lectinas ligadoras de quitina tém sido estudadas como agentes inseticidas, ¢ essa
atividade tem sido atribuida a ligacao desta lectina a matriz peritréfica. Lectinas que se ligam
a quitina podem afetar indiretamente o mecanismo regulatorio das enzimas por perturbarem a
sintese e integridade da matriz peritrofica (FITCHES & GATEHOUSE, 1998). A matriz
peritrofica (MP) ¢ um finissimo envelope membranoso que recobre o bolo alimentar no
intestino da maioria dos insetos. Ela estd organizada num arranjo de quitina (4-13%) em uma
matriz de proteina (21-51%) e carboidratos (RICHARDS & RICHARDS, 1997). As proteinas
estruturais da MP estdo principalmente associadas com as fibras de quitina por ligagdes nao
covalentes via dominios de ligacdo a quitina. A presenga de multiplos dominios ligantes de
quitina nas proteinas da MP torna possivel a formag¢do de uma estrutura membranosa
semelhante a um gel sustentado pelas fibras de quitina. Os dominios ligantes de quitina sao
ricos em cisteina ¢ a presenca de ligagdes dissulfeto contribui para a estabilidade (WANG et
al., 2001). Dentre as principais funcdes atribuidas a esta estrutura estdo a prote¢do mecanica
contra injurias; a formac¢do de uma barreira fisica contra microorganismos; o funcionamento
como uma barreira de seletividade para as enzimas digestivas ¢ produtos da digestdo; ¢ a

atuacdo no mecanismo e conservagdo das enzimas digestivas (TERRA, 2001).
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Lectinas isoladas da entrecasca (MuBL), cerne (MuHL) e folha (MuLL) de M.
urundeuva, do liquen Cladonia verticillaris (ClaveLL), das raizes secundarias de Bauhinia
monandra (BmoRoL), de cladddios de Opuntia ficus-indica (OfiL) e da entrecasca de
Crataeva tapia (CrataBL) apresentaram atividade inseticida contra operarios e soldados de N.
corniger (SA et al., 2008; SILVA et al., 2009; NAPOLEAO et al., 2011; PAIVA et al.,

2011b; SOUZA et al., 2011; ARAUJO et al., 2012).

2.3.1. Lectinas de Myracroduon urundeuva

A aroeira-do-sertao (M. urundeuva), que esta inclusa na familia Anacardiaceae, ¢ uma
espécie arborea tropical de ampla distribuigdo geografica, ocorrendo de 3°30°S (Brasil) a
25°S (Argentina), sendo também encontrada na Bolivia e no Paraguai. Do ponto de vista
medicinal, todas as partes da planta aparecem com vérias indicagdes. A infusdao da casca do
caule ¢ um dos remédios vegetais mais utilizados na medicina popular, com indica¢des para
febres, hemoptises, bem como processos inflamatérios e infecciosos (ulceras, gastrites e
diarréias). Os metabolitos secundéarios do cerne da madeira de M. urundeuva apresentam
propriedades antioxidante, antifingica, e repelente de térmitas. Por causa de suas diversas
qualidades, ¢ muito explorada e tornou-se escassa em todas as areas de ocorréncia (LEITE,
2002; SA et al., 2008).

As lectinas isoladas de M. urundeuva (MuBL, MuHL e MuLL) s3o lectinas com
afinidade por N-acetilglicosamina e ligadoras de quitina. Em SDS-PAGE, MuBL, MuHL e
MuLL apresentaram massas moleculares de 14,0 kDa, 14,4 kDa, 14,2 kDa, respectivamente.
As trés lectinas apresentam diferentes caracteristicas fisico-quimicas, tais como estabilidade
em diferentes valores de pH e frente ao aquecimento a 100 °C, e interagem diferencialmente

com glicoproteinas e monossacarideos. Todas apresentaram carater basico e glicoprotéico,



Lima, T. A Atividades enzimaticas presentes em intestino de Nasutitermes... 43

porém com diferentes teores de carboidratos: 33% para MuLL, 16,6% para MuBL e 21% para
MuHL (SA et al., 2009; NAPOLEAO et al., 2011).

As lectinas de M. urundeuva também diferentes quanto a potencialidade de suas
atividades biologicas. MuBL, MuHL e MuLL apresentaram atividade larvicida contra larvas
de Aedes aegypti no quarto estagio, sendo as concentracdes letais necessarias para matar 50%
das larvas de 0,125, 0,04 ¢ 0,202 mg/ml, respectivamente (SA et al., 2009; NAPOLEAO et
al.,2012).

Quanto a atividade termiticida contra N. corniger, MuLL induziu a mortalidade total
de operarios e soldados em 7 e 9 dias, com CLsy para 4 dias de 0,374 ¢ 0,432 mg/ml,
respectivamente. MuBL, a uma concentragdo de 0,8 mg/ml promoveu a mortalidade de 100%
de operarios e soldados em 8 e 9 dias, com CLsy (4 dias) de 0,974 e 0,787 mg/ml,
respectivamente. Para MuHL, a CLsy foi de 0,248 mg/ml para operarios e de 0,199 mg/ml
para soldados, apos 4 dias. Ensaios conduzidos para avaliar a resisténcia das lectinas de M.
urundeuva ao ambiente proteolitico do intestino dos cupins demonstraram que as atividades
hemaglutinantes de MuBL, MuHL e MuLL ndo foram afetadas pela incubacdo com extratos
de intestino de N. corniger contendo atividade de tripsina; adicionalmente, as lectinas de M.
urundeuva apresentaram efeitos bacteriostatico e bactericida sobre simbiontes do intestino das

térmitas (NAPOLEAO et al., 2011).
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3. OBJETIVOS

3.1. Geral

Detectar e caracterizar as atividades de celulases (endoglucanase, exoglucanase e [-
glucosidase), hemicelulases (pB-D-xilanase, a-L-arabinofuranosidade e [-xilosidase) o-
amilase, proteases totais e serinoproteases (tripsina-simile, quimotripsina-simile, calicreina-
simile e tipo queratinase) em extratos de intestino de operarios e soldados de N. corniger, bem
como avaliar o efeito de lectinas termiticidas isoladas de M. urundeuva sobre as atividades

enzimaticas detectadas.

3.2. Especificos

e Obter extratos de intestino de operarios e soldados de N. corniger.

e Determinar as atividades de celulases dos tipos endoglucanase, exoglucanase e -
glucosidase nos extratos, utilizando carboximetilcelulose (CMC), Avicel e p-
nitrofenil-glicopiranosideo (pNPG) como substratos, respectivamente.

e Detectar a presenga de atividade hemicelulolitica dos tipos P-xilosidase, o-L-
arabinofuranosidase e f-D-xilanase nos extratos, utilizando p-nitrofeniil-p-D-
xilopiranosideo (pNPX), p-nitrofenil-a-L-arabinofuranosideo (pNAraf) e xilana como
substratos, respectivamente.

e Avaliar a presenca de atividade de o-amilase nos extratos utilizando amido soltvel
como substrato.

e (Quantificar a atividade de proteases totais nos extratos utilizando azocaseina como

substrato.
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e Avaliar o efeito de inibidores (PMSF, E-64, pepstatina A ¢ EDTA) na atividade de
proteases totais.

e Determinar as massas moleculares de proteases presentes nos extratos enzimaticos
através de eletroforese em gel de poliacrilamida e zimografia.

e Avaliar a presenca da atividade de serinoproteases dos tipos tripsina-simile, calicreina-
simile, tipo queratinase e quimotripsina-simile nos extratos, utilizando N-a-benzoil-
DL-arginil-p-nitroanilida, H-D-prolil-phenilalanil-arginina-p-nitroanilida, N-succinil-
alanil-alanil-alanil-p-nitroanilida e N-succinil-L-fenil-alanil-p-nitroanilida como
substratos, respectivamente.

e Determinar o efeito da temperatura e do pH nas atividades enzimaticas detectadas.

e [solar as lectinas de entrecasca (MuBL), cerne (MuHL) e folha (MuLL) de M.
urundeuva através de fracionamento salino e cromatografia em colunas de quitina,
seguindo protocolos previamente estabelecidos.

e Avaliar os efeitos de MuBL, MuHL e¢ MuLL sobre as atividades enzimaticas

detectadas.
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Abstract

Nasutitermes corniger is a termite pest that causes damage to several buildings. Digestive
enzymes have several biotechnological applications and may consist in targets for insect
control. This work reports the detection of cellulases (endoglucanase, exoglucanase and [-
glucosidase), hemicellulases (pB-xylosidase, o-L-arabinofuranosidase and B-xylanase), o-
amylase, and proteases (trypsin-like, chymotrypsin-like, kallikrein-like and keratinase-type) in
gut extracts from N. corniger workers and soldiers. Enzyme activities were evaluated after
incubation of gut extracts at different temperatures and pH values and with termiticidal lectins
from Myracrodruon urundeuva. The adaptability of this termite species to digest
lignocellulosic materials was evidenced by the high values of endoglucanase and B-xylanase
activities. Zymography for proteases of worker extract revealed that polypeptides of 22, 30
and 43 kDa hydrolyzed caseina. Effect of protease inhibitors showed that serine proteases
were the main proteases at worker and soldier gut. Trypsin-like and kallikrein-like activities
were detected at highest levels. The results from heat and pH stability assays revealed the
presence of distinct digestive apparatus between workers and soldiers. M. urundeuva lectins
distinctly affected the enzyme activities and their termiticidal activity may be linked to
modulation of digestive enzymes. This work is a first step on the study of N. corniger
digestive enzymes and stimulates their purification and evaluation of biotechnological

potential.

Keywords: Nasutitermes corniger; amylase; lignocelluloytic enzymes; serine proteases;

Myracrodruon urundeuva; lectins.
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1. Introduction

Termites (Order Isoptera) are eusocial insects that can be classified in the morpho-
physiologically distinct castes queens, kings, alate forms (reproductives), workers, soldiers
and immature individuals. They act as primary consumers or decomposers acting in nutrient
recycling by grinding, decomposition, humification, and mineralization of cellulosic resources
and their variants (Prins and Kreulen, 1991; Tayasu et al., 1997; Costa-Leonardo, 2002).

Termites are able to feed on wood using appropriate digestive mechanisms capable of
metabolizing cell wall polymers into absorbable units. Several lignocellulosic materials can
be degraded by termites due to the presence in their gut of cellulases and hemicellulases.
Starch and glycogen can be hydrolyzed by amylases while protein and peptide components
present in soil humic substances are hydrolyzed by proteases (Waller and La Fage, 1986; Ji
and Brune, 2005). In higher termites (Termitidaec family), these digestive enzymes are
encoded by termite genome or produced by gut symbiotic bacteria, such as spirochetes and
fibrobacters (Warnecke et al., 2007).

The knowledge of the enzymatic apparatus found in the gut of a termite species has
biological and biotechnological importances. The high efficiency of lignocellulolytic natural
systems found in termite gut makes them important models to be studied for use in the
processing of lignocellulosic biomass for biofuel production (Sun and Scharf, 2010). Amino
acid sequencing, cloning and expression of enzymes in heterologous systems allow their
production in large scale by genetic engineering techniques (Olempska-Beer et al., 2006).

Apart from the biotechnological potential, the detection and further characterization of
digestive enzymes from termites contributes to expand the panel of digestive processes in
these insects and for directing the search, isolation and characterization of natural insecticides
that can act interfering in enzymatic activities, such as enzyme inhibitors, lectins and

secondary metabolites from plants. In addition, the modern computational biology techniques



Lima, T. A Atividades enzimaticas presentes em intestino de Nasutitermes... 70

may allow the modeling and synthesis of new compounds targeting insect enzymes with high
specificity.

Lectins are carbohydrate-binding proteins able to agglutinate cells by recognition of
glycoconjugates in cell surfaces (Correia et al., 2008). Plant lectins have been shown to
interfere in feeding, development, and survival of insects (Paiva et al., 2011a, 2012). Several
mechanisms of action have been suggested for insecticidal lectins, such as: interaction with
cell membrane glycoconjugates along the digestive tract affecting signaling pathways and
transport processes (Fitches et al., 2008); binding to chitin and N-acetylglucosamine residues
of peritrophic membrane interfering with its integrity and affecting digestion and absorption
of nutrients (Carlini and Grossi-de-S4a, 2002; Macedo et al., 2007); and destabilizing of insect
metabolism by interfering in enzymatic functions (Macedo et al., 2007; Napoledo et al., 2012;
Paiva et al., 2012). Lectins have been reported as termiticidal agents (Sa et al., 2008; Silva et
al. 2009; Napoledo et al., 2011; Paiva et al., 2011b; Souza et al., 2011; Aragjo et al., 2012).

Nasutitermes corniger (Termitidae) is a soil-feeding and wood-damaging termite
species. It is considered a threat to urban centers and has been favored by environmental
imbalance (Figueiredo, 2004). However, the knowledge on digestive enzymes from this
species is dramatically scarce. Chitin-binding lectins isolated from Myracroduon urundeuva
bark (MuBL), heartwood (MuHL) and leaf (MuLL) showed termiticidal activity against N.
corniger (Sa et al. 2008; Napoledo et al., 2011). In an initial effort aiming at investigate the
mechanisms of termiticidal activity, it was demonstrated that M. urundeuva lectins exhibited
bacteriostatic and bactericidal effects on gut symbionts of N. corniger workers and soldiers as
well as the hemagglutinating activities of MuBL, MuHL and MuLL were not affected by
incubation with gut extracts from N. corniger containing trypsin-like activity, indicating the

resistance of these lectins to digestion at termite gut (Napoledo et al., 2011).
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This paper describes the assessment of cellulolytic (endoglucanase, exoglucanase and 3-
glucosidase), hemicellulolytic (B-xylosidase, a-L-arabinofuranosidase and B-D-xylanase)
amylolytic (a-amylase) and proteolytic (total proteases, trypsin-like, chymotrypsin-like,
keratinase-type and kallikrein-like enzymes) activities in gut extracts of N. corniger workers
and soldiers. Also, the enzyme activities detected in N. corniger gut were evaluated for
sensitiveness to M. urundeuva lectins, which is an additional step in the study on the

termiticidal mechanism.

2. Materials and methods

2.1. Insects

Termite colonies of N. corniger, selected according to overall integrity criteria, were
collected from Atlantic Forest fragment located at the campus of the Universidade Federal
Rural de Pernambuco, Recife, Brazil. The nests were transferred to laboratory, and

maintained at 28 + 2 °C at darkness.

2.2. Plant material

Bark, heartwood and leaves of M. urundeuva were collected in the State of Maranhao,
northeastern Brazil and a voucher specimen is archived under number 054 at the Herbarium
Aluisio Bittencourt, Centro de Estudos Superiores de Caxias, Universidade Estadual do

Maranhdo, Brazil. The tissues were air dried, powdered (40 mesh) and stored at 28 °C.

2.3. Termite gut extracts
Groups of 100 workers or soldiers of N. corniger were collected and immobilized by

placing them at -20 °C for 10—15 min. Each termite was decapitated using a needle (8§ mm in
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length; 0.3 mm caliber) and its gut was removed intact by pulling on the last abdominal
segments. The guts were stored on ice in 0.1 M sodium acetate pH 5.5 or 0.1 M Tris-HCI pH
8.0, both containing 0.15 M NacCl.

N. corniger gut extracts were obtained according to Napoledo et al. (2011). A group of
guts from 100 workers or soldiers were placed in a 2 mL glass tissue grinder and manually
homogenized with 1 mL of the buffer solution used in dissection. The homogenates were then
centrifuged at 9,000 g at 4 °C during 15 min. The collected supernatants (worker or soldier
gut extracts) were used for evaluation of enzyme activities. The extracts in sodium acetate
buffer were used in assays for cellulase, hemicellulase and a-amylase activities while extracts
in Tris buffer were used in the assays for total protease activity as well as for evaluation of

serine proteases (trypsin-like, chymotrypsin-like, kallikrein-like and keratinase-type).

2.4. Protein content
Protein concentration was evaluated according to Lowry et al. (1951) using bovine

serum albumin (31.25-500 pg/mL; Sigma-Aldrich, USA) as standard.

2.5. Cellulases

2.5.1. Endoglucanase and exoglucanase activities

Assays for endoglucanase and exoglucanase were carried out according to adaptations
of the methods described by Li et al. (2009) and Wood and Bhat (1988), respectively. The
reactions started by incubating (50 °C, 10 min) worker (330 pg of protein) or soldier (270 pg
of protein) gut extracts with 400 pL of a 1% (w/v) carboxymethylcellulose (for
endoglucanase activity; Sigma-Aldrich, USA) or 1% (w/v) Avicel (for exoglucanase activity;

Sigma-Aldrich, USA) solution in sodium acetate pH 5.5 containing 0.15 M NaCl. After



Lima, T. A Atividades enzimaticas presentes em intestino de Nasutitermes... 73

incubation, 500 pL of 3,5-dinitrosalicylic acid (DNS) were added to stop the reaction and the
mixtures were heated (100 °C, 6 min) and immediately cooled in ice (15 min). Then, the
absorbance at 540 nm was measured. The amount of reducing sugars was determined using
glucose as standard (¥=0.1261X-0.0157; Y is the absorbance at 540 nm; X is the glucose
concentration in mg/mL). One unit of enzyme activity was defined as the amount of enzyme
required to generate 1 pmol of glucose per minute. Blanks were performed submitting worker

and soldiers gut extracts to the same reaction steps in absence of substrate.

2.5.2. p-Glucosidase activity

An adaptation of the method described by Tan et al. (1987) was used to assess [-
glucosidase activity. Worker (330 ug of protein) or soldier (270 pg of protein) gut extract was
incubated (50 °C; 10 min) with 400 pL of 0.1 % (w/v) p-nitrophenyl-B-D-glucopyranoside
(pPNPG; Sigma-Aldrich, USA) solution in sodium acetate pH 5.5 containing 0.15 M NaCl.
After incubation, 500 pL of 10% (w/v) sodium bicarbonate were added to stop the reaction
and the absorbance at 410 nm was measured. The amount of p-nitrophenol (pNP) released by
hydrolysis of pNPG was determined using pNP as standard (Y=32.224X+0.0783; Y is the
absorbance at 410 nm; X is the pNP concentration in mg/mL). One unit of activity was
defined as the amount of enzyme required to generate 1 umol of pNP per minute. Reaction

blanks were performed without pNPG.

2.6. Hemicellulases

2.6.1. p-Xilosidase and a-L-arabinofuranosidase activities

The activities of B-xilosidase and a-L-arabinofuranosidase were determined according

an adaptation of Tan et al. (1987) method. The worker (330 pg of protein) or soldier (270 ug
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of protein) gut extract was incubated (50 °C; 10 min) with 400 pL of 0.1% (w/v) p-
nitrophenyl-B-D-xylopyranoside (pNPX; Sigma-Aldrich, USA) or p-nitrophenyl-a-L-
arabinofuranoside (pNPAraf; Sigma-Aldrich, USA) solutions in sodium acetate pH 5.5
containing 0.15 M NaCl. The reaction was stopped with 500 pL of 10% (w/v) sodium
bicarbonate and the absorbance at 410 nm was measured. The amount of pNP released was
determined using pNP as standard (Y=32.224X+0.0783; Y is the absorbance at 410 nm; X is
the pNP concentration in mg/mL). One unit of activity was defined as the amount of enzyme
required to generate 1 umol of pNP per minute. Reaction blanks were performed in absence

of substrates.

2.6.2. f-D-Xylanase activity

Assay for B-D-xylanase was carried out according an adaptation of Wood & Bhat
(1988) method. Initially, worker (330 pg of protein) or soldier (270 ug of protein) gut extracts
were incubated (50 °C, 10 min) with 400 pL of a 1% (w/v) xylan (Sigma-Aldrich, USA)
solution in sodium acetate pH 5.5 containing 0.15 M NaCl. Next, 500 uL of DNS were added
to stop the reaction and the mixtures were heated (100 °C, 6 min) and immediately cooled in
ice (15 min). The absorbance at 540 nm was measured and the amount of reducing sugars was
determined using xylose as standard (Y=0.1183X-0.0704; Y is the absorbance at 540 nm; X is
the glucose concentration in mg/mL). One unit of enzyme was defined as the amount of
enzyme required to generate 1 pmol of xylose per minute. Reaction blanks were performed

without xylan.

2.7. o-Amylase
The assay was carried out based on the method described by Bernfeld (1955). Worker

(330 pg of protein) or soldier (270 pg of protein) was incubated at 50 °C for 10 min with 400
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ul of a 1% (w/v) soluble starch (Merck, Germany) in 0.1 M sodium acetate pH 5.5 containing
0.02 M CaCl; and 0.15 M NaCl. The reaction was stopped by adding 500 ul of DNS. Next,
the assays were heated at 100 °C in boiling water for 6 min and immediately cooled on ice for
15 min. Then, absorbance was measured at 540 nm. The amount of reducing sugars was
determined using a standard curve of the reaction of different glucose concentrations with
DNS (Y=0.1183X-0.0704, where Y is the absorbance at 540 nm and X is the glucose
concentration in mg/ml). One unit of enzyme activity was defined as the amount of enzyme
required to generate 1 umol of glucose per minute. Reaction blanks were performed without

starch.

2.8. Proteases

2.8.1. Total protease activity

Protease activity was determined using azocasein (Sigma-Aldrich, USA) as substrate
according to Azeez et al. (2007). Worker (360 ug of protein) or soldier (245 pg of protein) gut
extracts were mixed with 300 uL of 0.1 M sodium phosphate pH 7.5 containing 50 pL of
0.6% (w/v) azocasein. The mixtures were supplemented with 100 puL of 0.1% (v/v) Triton X-
100 and incubated at 37 °C for 3 h. The reaction was stopped by adding 200 uL of 10% (v/v)
trichloroacetic acid. Following, the mixtures were incubated at 4 °C for 30 min, centrifuged at
9,000 g for 10 min and the absorbance of the supernatant at 366 nm was determined. One unit
of protease activity was defined as the amount of enzyme that gave an increase of 0.01 in

absorbance.

2.8.2. Polyacrylamide gel electrophoresis and zymography for proteases
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Electrophoresis in the presence of sodium dodecyl sulphate (SDS-PAGE) was
performed on 12 % (w/v) gel according to Laemmli (1970). Polypeptides from gut extracts
and molecular mass markers (B-galactosidase, 120,000 Da, bovine serum, 91,000 Da,
glutamate dehydrogenase, 62,000 Da, ovalbulmin, 46,000 Da, carbonic anhydrase, 38,000 Da,
myoglobin, 26,000 Da, lysozyme, 19,000 Da, aprotinin, 9,000 Da from Amresco, USA) were
stained with Coomassie Brilliant Blue in 10% acetic acid (0.02%, v/v).

Zymography for proteases was carried out according the method described by Garcia-
Carreiio et al. (1993). Sample of worker or soldier gut extract (25 pg of protein) in Tris buffer
was prepared and submitted to SDS-PAGE using a 12 % (w/v) gel. After electrophoresis at 4
°C, the gel was immersed in 2.5% Triton X-100 in 0.1 M Tris-HCI pH 8.0 to remove SDS and
incubated with 3% casein (w/v) in 0.1 M Tris-HCI pH 8.0 for 30 min at 4 °C. The temperature
was raised to 37 °C and kept for 90 min to allow the digestion of casein by the active
fractions. Finally, the gel was stained for protein using 0.02% (v/v) Coomassie Brilliant Blue
in 10% (v/v) acetic acid and the gel was washed with destaining solution (40% methanol,
10% acetic acid, and 50% distilled water). Light bands against the dark background indicated

proteolytic activity.

2.8.3. Effect of inhibitors on protease activity

The effect of inhibitors on N. corniger protease activity was investigated. Pepstatin A
(8 mM), trans-Epoxysuccinyl-L-leucyl-amido(4-guanidino)butane (E-64; 8 mM),
phenylmethylsulfonyl fluoride (PMSF, 8 mM) and ethylene-diaminetetraacetic acid (EDTA,
8 mM), all purchased from Sigma-Aldrich (USA), were added (1:1 ratio) to N. corniger gut
extracts and the mixtures were incubated at 37 °C for 30 min. Next, protease activity assay
was performed according section 2.8.1. Residual protease activity was determined in

comparison with control without inhibitors (100% of activity).
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2.8.4. Serine protease activities

Trypsin-like, chymotrypsin-like, keratinase-type and kallikrein-like enzymes were
evaluated using the synthetic substrates N-benzoyl-DL-arginyl-p-nitroanilide (8§ mM), N-
succinyl-L-phenylalanine-p-nitroanilide =~ (11 mM), N-succinyl-alanyl-alanyl-alanyl-p-
nitroanilide (11 mM) and H-D-prolyl-phenylalanyl-arginine-p-nitroanilide (5 mM),
respectively. Worker or soldier gut extracts (50 pug of protein) was incubated for 1 h at 37 °C
with Tris buffer (35 puL) and each substrate (15 pL). The enzyme reaction was stopped with
30% (v/v) acetic acid (50 pL). The substrate hydrolysis was followed by measurement of
absorbance at 405 nm. One unit of activity was defined as the amount of enzyme that

hydrolyzes 1 umol of substrate per minute.

2.9. Effect of temperature and pH on enzyme activities

Enzyme activities from N. corniger gut extracts were evaluated after heating for 30
min at 30—100 °C. The effect of pH on activities was evaluated by incubation (24 h; 4 °C) of
N. corniger gut extracts in different solutions (0.1 M citrate phosphate buffer, pH 3.0 to 6.0;
0.1 M sodium phosphate buffer pH 7.0; 0.1 M Tris-HCI buffer pH 8.0 and 9.0; NaOH

solution pH 10.0 and 11.0) before determination of enzyme activities.

2.10. Purification of MuBL, MuHL and MulL

MuBL and MuHL were isolated according to Sa et al. (2009) and MuLL was obtained
following the protocol described by Napoledo et al. (2011). Powdered bark, heartwood or
leaves (10 g) were suspended in 0.15 M NaCl (100 mL). Clear supernatants (crude extracts)
were obtained after homogenization in a magnetic stirrer (16 h at 4°C) followed by filtration
through gauze and centrifugation (3,000 g, 15 min). Soluble proteins in crude extract were

fractionated with ammonium sulphate according to Green and Hughes (1955). The 40%
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supernatant fraction from bark extract, the 40-60% precipitate from heartwood extract, and
the 60-80% from leaf extract were collected. The fractions were dialyzed (3,500 Da cut-off
membrane, 4 °C) against distilled water (4 h) followed by 0.15 M NaCl (4 h) and separately
loaded onto chitin (Sigma-Aldrich, USA) columns (7.5 x 1.5 cm) equilibrated with 0.15 M
NaCl (100 mL) at flow rate of 20 mL h”. The unabsorbed proteins were eluted with
equilibrating solution until the absorbance at 280 nm was negligible. Then the adsorbed
hemagglutinating activity (MuBL, MuHL or MuLL) was eluted with 1.0 M acetic acid and

exhaustively dialyzed against 0.15 M NaCl (1 L) for eluent elimination.

2.11. Hemagglutinating activity

Hemagglutinating assay was carried out in microtiter plates (Kartell S.P.A., Italy)
according to Paiva and Coelho (1992) using suspension (2.5% v/v) of human (A, B, AB and
O types) or rabbit erythrocytes treated with glutaraldehyde (Bing et al., 1967). One
hemagglutinating unit (titer) was defined as the reciprocal of the highest dilution of sample
promoting full erythrocyte agglutination (Napoledo et al., 2011). Specific hemagglutinating

activity was defined as the ratio between the titer and protein concentration (mg mL™).

2.12. Effect of MuBL, MuHL and MulL on enzyme activities

The effects of MuBL, MuHL and MuLL on cellulase, hemicellulase and a-amylase
activities were evaluated by incubating (30 min at 27 °C) worker (330 pg of protein) or
soldier (270 pg of protein) gut extract in acetate buffer with the lectin (in proportion of 1 ug
for 10 pg of protein in gut extract) before determination of activity. Control assays were
performed by submitting MuBL, MuHL and MuLL in acetate buffer to the same reaction

steps.
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The effect of lectins on protease activity was evaluated by incubating (30 min at 37
°C) worker (360 pg of protein) or soldier (245 pg of protein) gut extract in Tris buffer with
lectin (in proportion of 1 pug:10 pug of protein in gut extract) before determination of protease
activity as described above. The activity of trypsin-like and from worker or soldier gut
extracts (50 pg of protein) in Tris buffer was also determined after incubation (30 min, 37 °C)
with MuBL, MuHL or MuLL (in proportion of 1 ug:10 pg of protein in gut extract). Control

assays were performed by submitting preparation of lectin to the same reaction steps.

3. Results and discussion

3.1. Cellulase and hemicellulase activities

Protein contents determined in extracts from N. corniger workers and soldiers in
acetate and Tris buffers were 7.4 and 9.1 mg/mL, respectively. Table 1 shows the results from
detection of cellulase activities. Endoglucanases were the most active celluloytic enzymes at
gut extracts from N. corniger workers and soldiers, followed by exoglucanases. The levels of
B-glucosidase were very low in comparison with the other cellulases. Gut extract of N.
corniger workers showed an endoglucanase activity more than two times higher than that
detected in soldier gut extract. Similarly, the endoglucanase activity at the midgut of
Nasutitermes takasagoensis was high in workers and low in soldiers (Fujita et al., 2008).
Nevertheless, exoglucanase and B-glucosidase activities from N. corniger were highest in
soldier gut extract (Table 1).

The results described above may reflect the different eating habits between the castes.
According to Grassé (1949) immature, alate forms and soldiers are unable to feed themselves
and receive from workers estomodeal or proctodeal food like regurgitated food, saliva or

liquid excreta rich in symbionts. Once the soldiers are nourished by partially or completely
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digested food, the presence of an endoglucanase level similar to that found in workers would
not be required in soldier’s gut. Otherwise, the enzymes exoglucanase and B-glucosidase,
which are responsible for the final digestion of cellulose components, would be present in
soldiers at higher concentrations than workers aiming to optimize the absorption since the

soldiers do not feed actively.

Table 1. Enzyme activities from gut extracts of N. corniger workers and soldiers.

Enzyme Workers Soldiers
Specific activity * Specific activity *
Cellulases (mU/mg)
Endoglucanase 4600 + 300 2100 £ 500 *
Exoglucanase 140+ 10 300 £25 *
B-glucosidase 10+ 0.0 80£1*
Hemicellulases (mU/mg)
B-xylosidase 58+1.0 6.1+0.8
a-L-arabinofuranosidade 0.72+0.3 0.63+0.1
B-D-xylanase 960 + 170 130 £ 20 **
a-Amylase (U/mg) 247+2.5 52+ 1.5 **
Proteases
Total protease (U/mg) 215+12.2 18.3 £5.3 **
Trypsin-like (mU/mg) 6.0+ 0.41 2.4+0.06 *
Chymotrypsin-like (mU/mg) 0.53+0.2 0.13+0.09 *
Kallikrein-like (mU/mg) 17+0.3 1.56 £ 0.05 **
Keratinase-type (mU/mg) 0.40 = 0.08 0.15+0.1*

* Specific enzyme activities were calculated by the ratio between the number of enzyme units
and the total amount (mg) of protein used in the assays. All data are presented as mean + SD
of three replicates. Statistical analysis using Student #-test indicates that enzyme activity from
soldier gut extract was significantly different from that of worker gut extract at p < 0.05 (*) or
p <0.01 (*%).

The effect of heating on the activity of cellulases is shown in Figure 1. Endoglucanase
and B-glucosidase activities from worker and soldier gut extracts were sensitive to high

temperatures. Heating at 60 °C reduced the worker endoglucanase activity in 88.0 % (Figure

1A) while B-glucosidase activity was reduced in 82% after heating at 50 °C (Figure 1E); these
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enzyme activities were neutralized at 80 °C and 60°C, respectively. Soldier endoglucanase
activity declined 46 % after treatment at 50 °C (Figure 1B) and B-glucosidase activity was
reduced in 90% after treatment at 40 °C (Figure 1F); endoglucanase and B-glucosidase from
soldier extract were neutralized at 60 and 50 °C, respectively. On the order hand,
exoglucanase activities from worker and soldier gut extracts enhanced after heating. The
activity from workers increased six times after heating at 100 °C (Figure 1C) and the activity
from soldiers increased about five times after heating at 90 °C, although it was neutralized

after heating at 100 °C (Figure 1D).
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Figure 1. Effect of heating on endoglucanase (A and B), exoglucanase (C and D) and B-
glucosidase (E and F) activities from N. corniger worker (A, C and E) and soldier (B, D and
F) gut extracts.
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The evaluation of the effect of temperature on cellulase activities from other insects
has demonstrated similar results. The endoglucanase activity from Tribolium castaneum
(Coleoptera) was reduced at temperatures higher than 50 °C and an endoglucanase from
Coptotermes formosanus (Isoptera) heterologously expressed in Escherichia coli were active
between 20 and 70 ° C (Inoue et al., 2005; Rehman et al., 2009). The B-glucosidases from
Neotermes koshunenis (Isoptera) showed stability from 20 °C up to 45 °C and cellulases from
actinomycetes isolated from termite species Macrotermes, Armitermes, Odontotermes and
Microcerotermes were stable until 48 °C (Pasti and Belli, 1985; Tokuda et al., 2002).

Cellulase activities were also determined after incubation of the extracts at different
pH values. These enzymes from workers and soldiers were active after incubation at a wide
range of acidic (3.0—-6.0) and basic (9.0-11.0) pH. The highest endoglucanase (8100 mU/mg),
exoglucanase (470 mU/mg) and B-glucosidase (14 mU/mg) activities from worker gut extract
were detected at pH 4.0, 3.0 and 11.0, respectively. For soldiers, the maximum endoglucanase
(5400 mU/mg), exoglucanase (620 mU/mg) and B-glucosidase (14 mU/mg) activities were
found after incubation of gut extract at pH 4.0, 7.0, and 4.0, respectively.

The detection of activity at different pH values has been reported for termite cellulases
and the pH in which they have maximum activity is variable between different species.
Similar to endoglucanase activity of N. corniger, cellulases from Macrotermes miilleri
showed highest activity at pH 4.4 (Rouland et al., 1989); otherwise, a Coptotermes
formosanus endoglucanase showed maximum activity at pH 5.8 to 6.0 (Inoue et al., 2005).
The optimum pH for B-glucosidases from Nasutitermes exitiosus ranged from 2.0 to 2.8 in
foregut, 2.8 to 3.8 in rectum, and 6.8 to 7.5 in midgut and mixed segment (McEwen et al.,
1980).

The pH affects the shape, charge properties, the correct positioning of the substrate

and the ionization of side chains of amino acids in both the active site as in whole enzyme
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(Purich, 2010). Endogenous endoglucanase with highest activity at pH 5.6 was isolated from
the higher termite Nasutitermes takasagoensis and the enzyme structure was studied by
crystallography revealing a common folding pattern for glycosyl hydrolases; the study
showed that the overall structure of the endoglucanase at pH 6.5 is similar to that at pH 5.6
but the authors observed a conformation change at catalytic site in side chain displacement of
Glu412 residue, which may decrease the enzyme activity at pH higher than 5.6 (Khademi et
al. 2002).

The three hemicellulases evaluated were detected in gut extracts of N. corniger
workers and soldiers (Table 1). The B-D-xylanase was the most active hemicellulase and the
level of a-L-arabinofuranosidase was very low. The xylans are among the main components
of lignocellulosic structures and the high level of B-D-xylanase indicated the high adaptability
of N. corniger to feed on these materials. The a-L-arabinofuranosidase act specifically
hydrolyzing non-reducing terminals containing L-arabinosil residues, which are present only
in some moieties of the polysaccharide molecules; thus, it is expected that their levels are
lower pronounced that other hemicellulases at termite gut.

The B-xylosidase and a-L-arabinofuranosidase activities showed similar levels in
workers and soldiers but -D-xylanase activity was higher in workers than soldiers. Two B-D-
xylanases from Macrotermes miilleri workers were isolated; the first was isolated from crude
extract of insects and the other was isolated from crude extract of symbiotic microorganism
Termitomyces sp. (Rouland et al., 1988).

The effect of heating on the activity of hemicellulases is shown in Figure 2. The B-
xylosidase activities from workers and soldiers were sensitive to heating and the enzymes
were inactivated at 40 °C (Figures 2A and 2B). The a-L-arabinofuranosidase and [B-D-
xylanase activities also decreased with the heating, but the a-L-arabinofuranosidase activity

from workers and soldiers was neutralized only at 100 °C (Figure 2C) and B-xylanase activity
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from workers was not abolished even after heating at 100 °C (Figure 2E). The B-xylanase

activity from soldiers was neutralized after heating at 80 °C (Figure 2F).
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Figure 2. Effect of heating on B-xylosidase (A and B), a-L-arabinofuranosidase (C and D)
and B-D-xylanase (E and F) activities from N. corniger worker (A, C and E) and soldier (B, D
and F) gut extracts.

Hemicellulase activities were also determined after incubation of the extracts at

different pH values. Hemicellulases from workers and soldiers were active after incubation at

a wide range of acidic (3.0-6.0) and basic (9.0-11.0) pH, with exception a-L-

arabinofuranosidase from soldiers, which activity was not detected at pH 4.0, 5.0, 10.0 and

11.0. The highest B-xylosidase (8.0 mU/mg), a-L-arabinofuranosidase (0.7 mU/mg) and B-D-
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xylanase (2700 mU/mg) activities from worker gut extract were detected after incubation at
pH 11.0, 6.0 and 7.0, respectively. For soldier gut extract, highest B-xylosidase (7.0 mU/mg),
a-L-arabinofuranosidase (0.4 mU/mg) and B-D-xylanase (1240 mU/mg) activities were
determined at pH 10.0/11.0, 7.0, and 8.0, respectively.

The detection of high levels of cellulase and hemicellulase activities in N. corniger gut
and the relative heat-stability of endoglucanase, exoglucanase and B-xylanase activities are
valuable stimuli for the study of digestive apparatus of this termite aiming its application in
the bioconversion of lignocellulosic biomass. Cellulases may be also used in production of
pharmaceuticals and detergents, wastewater treatment and processing of fruits and vegetables

(Mamma et al., 2009).

3.3. a-Amylase activity

Gut extracts of N. cormiger workers and soldiers were able to promote starch
hydrolysis (Table 1). The a-amylase activity from workers was higher than that detected for
soldier gut extract. The presence of a-amylase has been reported in the digestive systems of
insects of the orders Orthoptera, Hymenoptera, Diptera, Lepidoptera and Coleoptera (Terra
and Ferreira, 1994) and these enzymes are important for optimal larval growth and adult
longevity. Amylases from termites have been poorly studied. Hogan et al. (1988) reported the
presence of low levels of amylase activity in Nasutitermes walkeri in salivary glands (18%)
and midgut (73%) with traces found in the other gut sections. However, in Mastotermes
darwiniensis (lower termite) amylase activity was detected mainly in salivary glands,
constituting 81% of the total amylase activity (Veivers et al., 1982).

The a-amylase activity from worker and soldier gut extracts was sensitive to heating
(Figure 3). The activity was reduced in 80.8% after heating at 40 °C for workers and

diminished 61.5% after heating at 50 °C for soldiers. The activities of worker and soldier
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amylases were neutralized after heating at 70 and 60 °C, respectively. The amylolytic activity
from gut of coleopterans Prostephanus truncates, Morimus funereus and Rhyzopertha
dominica were abolished at 60, 70 and 80 °C, respectively (Mendiola-Olaya et al., 2000;

Dojnov et al., 2008; Priya et al., 2010).
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Figure 3. Effect of heating on a-amylase activity from N. corniger worker (A) and soldier (B)
gut extracts.

Worker and soldier gut amylases were active after incubation at a wide pH range (3.0—
11.0) and the activities were highest at pH 6.0 (24.9 and 5.4 U/mg, respectively). The pH at
which other insect amylases showed best activity is also variable. Highest activities of
coleopteran and lepidopterans a-amylases have been described at pH 5.2 (Morimus funereus),
6.0 (Prostephanus truncatus), 7.0 (Rhyzopertha dominica) and 9.0 (Chilo suppressalis and
Glyphodes pyloalis) (Mendiola-Olaya et al., 2000; Dojnov et al., 2008; Zibaee et al., 2008;
Priya et al., 2010; Yezdani et al., 2010).

Insect a-amylases have been described as targets of enzyme inhibitors involved in
defense from plants (Mendiola-Olaya et al., 2000). The o-amylase inhibitors are highly
specific for their target enzymes and their use for insect control is dependent on the clear
understanding of the expression of different a-amylase isoforms in the insect digestive tract

(Franco et al., 2002).
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3.4. Protease activity

Protein contents determined in extracts from N. corniger workers and soldiers in Tris
buffer were 11.2 and 5.3 mg/mL, respectively. Protease activity was detected in worker gut
extract but was very lower in soldier gut extract (Table 1). Ji and Brune (2000) showed that
the combined action of extreme alkalinity in the hindgut, autooxidative process and
proteolytic activity make soil-feeding termites able to use peptidic components of humic acids
as source of carbon and energy. Soil is composed of a large proportion of hydrolysable
peptides (Kelley and Stevenson, 1996) and up to 20% of the total organic carbon adsorbed on
soil particles may be from peptidic carbon (Knicker et al., 2000). Protease activity was
detected predominantly in the midgut of termites Odontotermes formosanus,
Pericaproitermes nitobei, Termes comis, N. takasagoensis and Macrotermes annandalei
(Fujita and Abe, 2002).

SDS-PAGE of worker gut extract in Tris buffer showed the presence of multiple
polypeptide bands (Figure 4A, lane 2). Zymography of worker gut extract revealed proteolytic
activity for the polypeptide bands of 22, 30 and 43 kDa and for a polypeptide of high
molecular mass (>120 kDa) observed on the top of the gel (Figure 4B). The molecular masses
of the N. corniger worker proteases detected on gel are similar to that found for other insect
proteases. Polypeptide bands of 23-24 kDa were visualized on casein zymographies of midgut
preparations from R. dominica and spectrometry mass analysis revealed trypsins from
Spodoptera littoralis of 24.3 and 24.4 kDa (Marchetti et al., 1998; Zhu and Baker, 1999).
SDS-PAGE revealed molecular masses of trypsins from Manduca sexta (Lepidoptera) larvae
of 24 kDa, Aedes aegypti (Diptera) adults ranging from 28.5 and 32.0 kDa and Locusta
migratoria (Orthoptera) adults of 23, 27 and 29 kDa (Miller et al., 1974; Graf and Briegel,
1985; Lam et al., 2000). Proteolytic activity from soldier gut extract was not detected by

zymography (Figure 4C), probably due to low concentration of enzymes in the extract.
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Figure 4. Characterization of N. corniger gut extract in Tris buffer by electrophoresis in
polyacrylamide gel. (A) SDS-PAGE of molecular mass markers (lane 1) as well as worker
(lane 2) and soldier (lane 3) gut extracts. Zymography for proteases of worker (B) and soldier
(C) gut extracts on SDS-PAGE containing casein. Arrows indicated polypeptide bands with
proteolytic activity.

N. corniger worker proteases showed a remarkable thermal stability and azocasein
hydrolysis was still detected for extract heated until 90 °C; highest activity (312 U/mg) was
detected after heating at 60 °C and the activity was neutralized only by heating at 100 °C
(Figure 5A). Increase in enzyme activity can be promoted by molecular rearrangement of
protein or may lead to a higher number of collisions and binding of enzyme to the substrate
(Campbell and Reece, 2008). Proteases in soldier gut extract were more sensitive to heating

than those in worker gut extract; soldier protease activity was neutralized after heating at 70

°C (Figure 5B).
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Figure 5. Effect of temperature on protease activities from N. corniger worker (A) and soldier
(B) gut extracts.

Worker and soldier proteases were active after incubation at a wide pH range (3.0—
11.0); highest activities were detected after incubation at pH 4.0 and 8.0 for gut extracts from
worker (248 U/mg) and soldier (40.0 U/mg), respectively.

Protease activity from N. corniger gut extracts were evaluated in presence of protease
inhibitors (Table 2). The protease activity from worker gut was reduced after incubation with
pepstatin A (inhibitor of aspartyl proteases), EDTA (inhibitor of metalloproteases), E-64
(inhibitor of cysteine proteases) and mainly PMSF (inhibitor of serine proteases). Soldier
protease activity was only affected by PMSF and inhibition of 83% was detected. In
according to these results, worker gut contains serine, aspartyl, metallo and cysteine proteases
while the protease activity of soldier gut extract was due to presence of serine proteases. Since
serine proteases were the major class of proteases detected in extracts of both castes, we
evaluated the presence of enzymes capable of cleaving substrates specific for different serine
proteases (trypsin-like, chymotrypsin-like, kallikrein-like and keratinase-type).

Trypsin-like activity was present in worker and soldier gut extracts but the worker
extract was the most active preparation; chymotrypsin level was low in both castes (Table 1).
Napoledo et al. (2011) similarly detected trypsin-like activity from worker gut higher than
soldier gut. However, to our knowledge, there are no reports involving the isolation and

characterization of termite trypsins.
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Table 2. Effect of inhibitors on protease activity from worker and soldier gut extracts.

Inhibitor Residual protease activity (%)

Worker Soldier
Pepstatin A 85.0+2.4 100
EDTA 772 +3.6 100
E-64 86.1 £1.8 100
PMSF 55.2+4.1 174+2.6

The kallikreins are a group of serine proteases which possess an active site similar to
that of trypsins but have been mainly implicated in coagulation and vasodilatation processes
in mammals (Mares-Guias and Diniz, 1967). A search performed by us using the sequence of
human plasma kallikrein on NCBI database revealed similarity regions between these
enzymes and trypsin-like enzymes from the hymenopteran Bombus terrestris (NCBI reference
sequence: XP 003400108.1), the siphonapteran Ctenocephalides felis (Dreher-Lesnick et al.,
2010), and the dipteran Drosophila simulans (Clark et al., 2007). Although kallikreins have
not been reported in digestive systems of insects and other animals, the detection of these
similarities, the high level of trypsin-like activity and the predominant presence of serine
proteases at N. corniger gut stimulated us to evaluate the presence of kallikrein-like enzymes
in worker and soldier gut extracts. Interestingly, gut extract from workers showed high levels
of kallikrein-like activity even higher than those of trypsin, evidencing that the workers serine
proteases have high affinity for the kallikrein substrate H-D-prolyl-phenylalanyl-arginine-p-
nitroanilide. In soldiers gut extract, kallikrein activity was lower than that of trypsin. The
specific role of kallikrein-like enzymes on N. corniger represents a new and interesting aspect
to be studied in the future.

Some soils are rich in keratin or keratinized materials mainly from decomposing of
materials from animal origin. Certain microrganisms and insects synthesize serine proteases
called keratinases to digest the keratin present in feeding diet (Lin et al., 1982). However, the

level of keratinase-type enzymes at N. corniger worker and soldier gut extracts was irrelevant
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(Table 1). This result may be ascribed to the absence of high keratinase level on the soil at the
forest from the termite colony was collected.

The effects of temperature and pH were evaluated on the main serine protease
activities detected (trypsin-like and kallikrein-like). Worker gut extract showed increasing in
trypsin-like activity after heating at 40 until 70 °C, with highest activity after heating at 60 °C;
the enzyme activity was neutralized by heating at 100 °C (Figure 6A). Soldier trypsin-like
activity was neutralized after heating at 50 °C (Figure 6B). A trypsin-like enzyme from
Ostrinia nubilalis larvae (Lepidoptera) also showed an increase in activity at 53 °C (Bernardi
et al., 1996). N. corniger worker trypsin was more stable than trypsins described for other
insects. Two trypsins found in Spodoptera littoralis lose their activities at 50-55°C (Marchetti
et al., 1998) and the activity of O. nubilalis larval trypsin was reduced more than 70 % at 60
°C (Bernardi et al., 1996). Kallikrein-like activities from N. corniger workers and soldiers
were also heat-stable, being almost neutralized only after heating at 70 and 80 °C,
respectively (Figure 6C and 6D).

Trypsin-like and kallikrein-like activities were also detected after incubation at pH
from 3.0 to 11.0 and highest activities were at pH 8.0 and 9.0 (workers) and 9.0 and 8.0
(soldiers) for trypsin and kallikrein-like, respectively. The results revealed the high stability of
serine proteases from N. corniger worker and soldier to different pH values. The R. dominica
(Coleoptera) trypsin was also active at pH range from 7.0 to 9.5 but trypsin-like from Vespa
orientalis and Vespa cabro (Hymenoptera) were inactive at pH 8.0 and unstable below pH 5.0
(Jany et al.,, 1978; Zhu and Baker, 1999). Trypsins from Choristoneura fumiferana
(Lepidoptera) and Lygus lineolaris (Heteroptera) showed highest activities at pH 10-12 (Zeng
et al., 2002; Wang et al., 2003).

Although trypsin-like and kallikrein-like activities showed similar responses to

changes in pH value, they were not affected by heating in a very similar manner. These results
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may indicate that N. corniger gut contains two different sets of serine proteases. The stability
of termite proteases stimulates their isolation and evaluation of potential biotechnological
applications. Proteases may be applied in leather processing, production of biodegradable
plastics, milk-clotting process, meat maturation and enzymatic synthesis of sweeteners, for
example (Naveena et al., 2004; Ogino et al., 2008; Haddar et al., 2009; Merheb-Dini et al.,

2009).

N
o
w

18
2 46 2 25
2 £
B4 B 2
T 12 | T D
52 =5 1.5
cE 8/ cE
s 4 g 05"
2 4
0 T T T T T T ] 0 T T T T e ——
30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100
Temperature (°C) Temperature (°C)
c 20 D .
2 18 2> 16 -
Z 16 g 14 |
[3) 4
g~ 14 8 ~12-
o D12 - e 2
=E 40 =E 1-
TS5 TS 4
.g £ 8- £E 0.8
2~ ¢ Q=06
= =
% 4 - % 0.4
X 2 - v 0.2
0 T T T T T T 0 T T T T T T T 1
30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100
Temperature (°C) Temperature (°C)

Figure 6. Effect of temperature on trypsin-like (A and B) and kallikrein-like (C and D)
activities from N. corniger worker (A and C) and soldier (B and D) gut extracts.
3.5. Effects of M. urundeuva lectins on enzyme activities from N. corniger gut

Plant lectins with insecticidal activity may interfere in the activity of digestive
enzymes by binding to glycosylated moiteies of enzyme molecule (Macedo et al., 2007; Paiva

et al., 2012). Thus, the investigation of the effects of lectins on insect enzymes is an important
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step to unravel the insecticidal mechanisms. We evaluated whether the enzyme activities
detected here can be modulated by termiticidal lectins from M. urundeuva.

Endoglucanase and B-glucosidase activities from workers were not significantly
affected after incubation of gut extracts with M. urundeuva lectins. Exoglucanase activity
from worker gut extract was inhibited (51%) by MuHL and neutralized by MuBL. On the
other hand, MuLL promoted an increase in about two times in this activity. MuBL, MuHL
and MuLL had no effect on the activities of endoglucanase and exoglucanase from soldier gut
extract, while the B-glucosidase activity from soldiers was slightly inhibited (28—34%) by the
three lectins. These results indicate that M. urundeuva lectins did not affect the activity of the
major cellulase (endoglucanase) found at N. corniger gut while the other cellulase activities
were susceptible to modulation by lectin; however, the response was different between
workers and soldiers. The type of activity modulation by the lectins differed only in regard to
the effect on worker exoglucanase.

The three hemicellulase activities were also distinctly affected by lectins and the
effects of MuBL, MuHL and MuLL on a same activity were more variable. The B-xylosidase
activities from workers and soldiers were not affected by lectins while the a-L-
arabinofuranosidase activity from workers was inhibited by MuHL (100%) and MuLL (66%)
and not affected by MuBL. From soldiers, a-L-arabinofuranosidases were neutralized by
MuBL and MuLL but were not affected by MuHL. The main hemicellulase (B-D-xylanase)
activity was not affected by lectins in the case of workers but this activity from soldier gut
extract was stimulated in 31% by MuBL and in 137% by MuHL, and not affected by MuLL.
Both inhibition and stimulation of enzyme activities can lead to damage on digestion since
enzymes like cellulases and hemicellulases usually act together in a balanced manner and

deregulation of one activity results in impairment of the whole process.
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MuBL, MuHL and MuLL stimulated (28%, 56% and 48%, respectively) a-amylase
activity from worker gut extract. MuHL and MuLL also promoted increase in activity from
soldier gut extract (84% and 152%, respectively), while MuBL have no effect. Similarly,
MuLL stimulated the a-amylase activity from A. aegypti larvae and the lectin from Bauhinia
monandra seeds stimulated a-amylase from Callosobruchus maculatus (Macedo et al., 2007;
Napoledo et al., 2012).

The protease activity from worker gut extract was inhibited by MuBL, MuHL and
MuLL in 40.4, 53.7 and 27.0%. The activity of trypsin-like enzymes from workers was
inhibited by MuBL (43%) and MuHL (37%) and was neutralized by MuLL, while the
kallikrein-like activity from workers was not affected by lectins. The lectins also reduced the
protease activity from soldiers in 30% (MuBL), 24% (MuHL) and 26% (MuLL) as well as
neutralized the trypsin-like and kallikrein-like activities. The ingestion of proteins that inhibit
proteolytic enzymes can interfere in the bioavailability of amino acids for biosynthesis of
proteins required to growth and development of insect (Carlini and Grossi-de-Sa, 2002).
MuLL also inhibited the trypsin-like activity from A. aegypti larvae (Napoledo et al., 2012).

In summary, MuBL, MuHL and MuLL were able to promote changes in activity of
digestive enzymes from gut of N. corniger workers and soldiers. The M. urundeuva lectins
affected distinctly the enzyme activities which may be a factor responsible for the different
LCs values determined for these lectins by Napoledo et al. (2011). Further studies aiming at

to isolate and characterize the enzymes that are recognized by these lectins are in progress.

4. Conclusion
In conclusion, the guts of N. corniger workers and soldiers contain cellulase
(endoglucanase, exoglucanase and f-glucosidase), hemicellulase (B-xylosidase, a-L-

arabinofuranosidase and B-xylanase), a-amylase, and protease (trypsin-like, chymotrypsin-
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like, and kallikrein-like) activities. Endoglucanase and B-xylanase were, respectively, the
main cellulase and hemicellulase detected, indicating the high adaptability of these termites to
digest the main components of lignocellulosic materials. Serine proteases were the main
proteolytic enzymes detected and trypsin-like and kallikrein-like activities were found in
highest levels. The patterns of the enzyme activities were different in workers and soldiers,
revealing the presence of distinct digestive apparatus in these castes, which may be linked to
their differential feeding behaviors. Termiticidal lectins from M. wrundeuva affected the
enzyme activities detected here and thus the mechanism of termiticidal activity may involve
modulation of digestive enzyme activities by lectins. This study was a first step of detection
and characterization of digestive enzymes from N. corniger and stimulates the purification

and evaluation of the biotechnological potential of these proteins.
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6. CONCLUSOES

e Extratos de intestino de operarios e soldados de N. corniger apresentaram atividades
de enzimas celuloliticas (endoglucanases, exoglucanases e [-glicosidases),
hemiceluloliticas (B-xilosidases, a-L-arabinofuranosidases e [-xilanases), amilolitica
(a-amilase) e proteoliticas (tripsina-simile, quimotripsina-simile e calicreina-simile).

e Endoglucanases e [-xilanases foram, respectivamente, as principais celulase e
hemicelulase detectadas, indicando a adaptabilidade de N. corniger para digerir os
componentes majoritarios de materiais lignocelulosicos.

e As principais enzimas proteoliticos presentes nos extratos foram serino proteases. As
atividade tripsina-simile e calicreina-simile foram detectadas em maior nivel.

e Os padroes detectados e os efeitos de temperatura e pH para as atividades enzimaticas
em operarios ¢ soldados revelam a presenca de aparatos digestivos distintos entre as
casta, o que pode estar relacionado a seus diferentes comportamentos alimentares.

e Lectinas termiticidas de M. urundeuva afetaram de formas diferentes as atividades
enzimdticas detectadas e, portanto, o mecanismo da atividade termiticida pode

envolver a modulacdo das atividades de enzimas digestivas pelas lectinas.



