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RESUMO

ANALISE DA EXPRESSAOQO PROTEICA E DE PEPTIDASES EM FORMAS PRE-
IMAGINAIS E IMAGOS DE Aedes aegypti e Aedes albopictus

Leonardo Saboia Vahia Matilde

Orientadores: Jose Batista de Jesus

Os mosquitos Aedes albopictus (Skuse, 1894) e Aedes aegypti (Linnaeus, 1762)
apresentam significativa importancia epidemiolégica dentro da familia Culicidae por serem
0s principais vetores da febre amarela e dos quatro sorotipos do virus da dengue. As
peptidases ou proteases sdo enzimas que clivam ligacdes peptidicas. No sistema digestivo
de invertebrados as peptidases, especificamente aquelas da classe das serino-peptidases,
sdo abundantes e participam de varios processos fisioldgicos, desempenhando um papel
principal na hidrolise de proteinas destinadas a nutri¢do. Estas enzimas podem apresentar
caracteristicas espécie-especificas e essas diferencas sdo respostas adaptativas a diferentes
estilos de vida, ambientes e habilidade de sobrevivéncia entre as espécies. Neste trabalho
descreve-se a caracterizacdo das atividades proteoliticas detectadas em extratos totais das
formas pré-imaginais de A. aegypti e A. albopictus por enzimografia em uma dimensdo. A
estabilidade da expressdo de peptidases nessas espécies foi avaliada pela comparacdo do
perfil proteolitico de formas larvais obtidas de ovos de insetos recém coletados no
ambiente com ovos de insetos mantidos em colénia por longo periodo. Foram também
comparados os perfis proteoliticos das pupas com seus respectivos imagos, bem como a
estabilidade térmica das peptidases detectadas. Observaram-se complexos perfis de serino-
peptidases do tipo tripsina em ambas as espécies vetoras. Contudo esses perfis apresentam
diferencas espécie-especificas e também diferencas entre os distintos estagios evolutivos
dentro de uma mesma espécie. Também, neste trabalho, descreve-se a caracterizacdo das
atividades proteoliticas detectadas no intestino médio de fémeas de A. albopictus
alimentadas com agucar bem como o primeiro mapa proted

mico e a identificacdo de peptidases por eletroforese bi-dimensional e espectrometria de
massas neste 6rgdo. Sao discutidas aqui as estratégias usadas para analisar as peptidases
expressas nesse tecido. As proteinas expressas no intestino médio de A. albopictus foram
identificadas por similaridade com as sequencias de genoma de A. aegypti e distintas
ferramentas bioinformaticas foram usadas para obter informacdo funcional de muitas

dessas sequencias que estdo pobremente anotadas. Foram identificadas 59 proteinas entre
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as quais trés serino-peptidases, e dessas, duas do tipo tripsina e uma quimiotripsina. Os
resultados obtidos nos permitiram atribuir de maneira confiavel um local de expressao para
0s genes de tripsina, tripsina alfa e quimotripsina. Em outras palavras, podemos afirmar
gue 0s genes acima mencionados se expressam no intestino médio de fémeas adultas de A.
albopictus alimentadas com acucar. Este achado representa um pequeno, mas importante
passo, para a atribui¢do funcional, ao nivel de proteina, de genes codificantes para serino-

peptidases do tipo tripsina e quimiotripsina no género Aedes.

Palavras-chave: Aedes aegypti, Aedes albopictus, peptidases, enzimografia, serina

proteases do tipo tripsina, analise protebmica

Rio de Janeiro,
Setembro 2013
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Abstract

ABSTRACT

ANALYSIS OF PROTEIN EXPRESSION AND PEPTIDASES IN PRE-IMAGINAL
FORMS AND ADULTS OF Aedes aegypti AND Aedes albopictus

Leonardo Saboia Vahia Matilde

Orientadores: Jose Batista de Jesus

The mosquitoes Aedes albopictus (Skuse, 1894) and Aedes aegypti (Linnaeus, 1762) have
significant epidemiological importance within the family Culicidae because they are the
main vectors of the yellow fever virus and the four serotypes of Dengue virus. Peptidases
or proteases are enzymes that hydrolyze peptide bonds. In the digestive system of
invertebrates, the peptidases, specifically those from the class of serine peptidases, are
abundant and participate in various physiological processes, playing a major role in the
hydrolysis of proteins destined to nutrition. These enzymes may have species-specific
characteristics, and such differences reflect adaptive responses to different lifestyles and
environments. In this work we describe the characterization, using zymography, of the
proteolytic activities detected in total extracts of larval forms of A. aegypti and A.
albopictus. The stability of expression of peptidases in these species was evaluated by
comparing the proteolytic profile of larval forms obtained from eggs of newly collected
insects to that from eggs of insect kept in colony for a long period. We also compared the
proteolytic profiles of pupae as well as the thermal stability of the peptidases detected.
Complex profiles of trypsin-like serine peptidases were observed in both species.
However, these profiles differ between species and also differences between the different
evolutionary stages were detected within the same species. Also, in this work, we describe
the characterization of the proteolytic activities detected in the midgut of A. albopictus
females fed on sugar as well as the first proteome map and proteomic identification of
peptidases in this organ, using two-dimensional electrophoresis and mass spectrometry.
The strategies used to analyze the proteases expressed in this tissue are discussed here. The
proteins expressed in the midgut of A. albopictus were identified by similarity with the
genome sequences of A. aegypti and various bioinformatic tools were used to obtain
functional information for many of these sequences that are poorly annotated. We
identified 59 proteins including three serine peptidases, and among these, two types of

trypsin-like and one chymotrypsin. The results obtained here allowed us to reliably assign

viii
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a localization for the expression of trypsin, trypsin-alpha and chymotrypsin genes. In other
words, we can say that the above mentioned genes are expressed in the midgut of adult
females of A. albopictus fed with sugar. This finding represents a small but important step
for the functional assignment, at the protein level, of the genes coding for trypsin-like and

chymotrypsin serine peptidases of the Aedes genus.

Keywords: Aedes aegypti, Aedes albopictus, peptidases, zymography, trypsin-like serine

peptidases, proteomics
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Introdugédo

1-INTRODUCAO

1.1 - Taxonomia, biologia e epidemiologia

Os mosquitos Aedes albopictus (Skuse, 1894) e Aedes aegypti (Linnaeus, 1762)
pertencem ao filo Arthropoda, classe Hexapode, ordem Diptera, familia Culicidae, género
Aedes e sub-género Stegomyia (Theobald, 1901), o qual agrupa insetos adultos com
caracteristicas particulares, como a presenca de faixas branco-prateadas no torax

enegrecido e pernas de aspecto listrado.

1.1.1 - Aedes aegypti

E considerada a primeira espécie em importancia epidemioldgica dentro da familia
Culicidae, por ser o principal vetor da febre amarela urbana e dos quatro sorotipos do virus
da dengue (WHO, 1997). Embora oriundo do Velho Mundo, provavelmente das florestas
da regido etiopica, na Africa, o A. aegypti acompanhou 0 homem em navios negreiros e
embarcagdes comerciais dispersando-se pelo mundo entre os séculos XVI1II e XIX (Smith,
1956; Gubler, 2002). Foi introduzido no Brasil durante o periodo colonial e, devido a sua
importancia como vetor da febre amarela, foi intensamente combatido e considerado
erradicado em 1955. No entanto, paises vizinhos como as Guianas e a VVenezuela e outros
paises americanos como os Estados Unidos e Cuba ndo erradicaram o mosquito. Este
descuido, que culminou com o fim do programa de erradicagdo em 1970, impediu a
eliminacdo do A. aegypti nestes paises e acarretou na re-invasdo do Brasil (Figura 1)
(CDC, 2009; Consoli & Lourengo-de-Oliveira, 1994). Hoje esse inseto ocupa quase a
totalidade do pais (Figura 2).
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Figura 1: Distribuicdo de Aedes aegypti nas Américas em 1970, ano em que o programa de erradicagdo do
mosquito foi finalizado, e em 2002. Em vermelho: areas onde o mosquito estava presente em 1970 e em

2002. Adaptado de: (http://www.cdc.gov/ncidod/dvbid/dengue/map-ae-aegypti-distribution.htm)

I:l Seminfestacao
I infestados (29701

Figura 2. Mapa dos municipios que registraram a presenca de A. aegypti no periodo de janeiro de 1997 a

dezembro de 2008, segundo dados do Sistema de Informacéo em febre Amarela e Dengue/ FUNASA.


http://www.cdc.gov/ncidod/dvbid/dengue/map-ae-aegypti-distribution.htm
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Atualmente, A. aegypti é considerado um mosquito cosmopolita, ocorrendo nas
regides tropicais e subtropicais, compreendidas principalmente entre as latitudes 35 °N e
35 °S dentro das zonas isotermais de 10 °C. Embora o A. aegypti possa ser encontrado na
latitude de 45 °N, estas invasdes ocorrem apenas durante os periodos mais quentes do ano,
sendo gue 0s mosquitos invasores ndo sobrevivem ao inverno. A distribuicdo do A. aegypti
também ¢ limitada pela altitude. Geralmente, 0 mosquito ndo vive acima dos 1.000m,
embora tenha sido encontrado a 2.121m na india e a 2.200m na Colémbia, locais onde a
média da temperatura anual é de aproximadamente 17 °C (WHO, 1997). A
descontinuidade observada na distribuicdo geogréafica da espécie pode ser atribuida a sua
disseminacéo passiva pelo ser humano, sendo encontrada nos locais para onde o homem a
levou e onde havia condicdes favoraveis ao seu desenvolvimento (Consoli & Lourenco-de-
Oliveira, 1994).

O mosquito A. aegypti é holometabolo, apresentando metamorfose completa em seu
ciclo evolutivo. Deste modo, o inseto passa por uma fase de ovo, por quatro estagios
larvais e por uma fase pupal até atingir a forma adulta (Figuras 3 e 4). Enquanto as fases
larvais e a pupa vivem em ambiente aquético, o adulto € terrestre. Este fator beneficia a
espécie impedindo que haja competigdo entre as formas imaturas e adultas, uma vez que

elas possuem nichos e fontes de nutri¢do diferentes.
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L1,L2, 13, L4

Emersao do adulto

Figura 3. Ciclo evolutivo de A. aegypti. Fotos gentilmente cedidas por Genilton Vieira, Laboratorio de
Imagens, IOC-FIOCRUZ.

As fémeas de A. aegypti podem dispersar-se através do v6o para encontrar
parceiros, alimento ou locais de oviposi¢do. Na busca pelo hospedeiro a dispersdao é um
fator de importancia epidemioldgica, pois neste processo a fémea adquire e dissemina
patdgenos. A dispersdo para a oviposicdo também é relevante para a propagacdo de
doengas, uma vez que as fémeas de A. aegypti depositam seus ovos em varios criadouros
dentro de um mesmo ciclo gonotréfico (Reiter et al., 1995; Hondrio et al., 2003). Em areas
urbanas a atividade de oviposicdo em um unico ciclo gonotréfico pode durar varios dias e

cobrir uma érea de pelo menos 840 metros de didametro (Reiter et al., 1995).
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-

Eclosao
Larva de 1°instar
‘ 12 muda larval
Larvade 2°instar
‘ 22 muda larval
Larva de 3°instar
Hormodnio
‘ 32 muda larval . .I
juvenil
Larva de 4°instar

42 muda larval

-

Pupa

Muda pupal

-

Adulto 9 ou 6

Figura 4. Esquema do ciclo de vida do mosquito A. aegypti demonstrando as mudas larvais e pupal e a

influéncia do horménio juvenil sobre as mesmas. (Adaptado de Forratini, 1965).

Em relacdo ao acasalamento, o mosquito A. aegypti é considerado esten6gamo
devido a sua capacidade de acasalar em pequenos espacos pousados sobre uma superficie
ou durante o v6o. Outras espécies sao eurigamas, ou seja, necessitam formar enxames para
acasalar, o que depende do estado fisiologico dos mosquitos, da intensidade luminosa, da
presenca de correntes de ar e de pontos referenciais como postes e arbustos (Consoli &

Lourenco-de-Oliveira, 1994).

Ap0s a copula, os espermatozdides sdo armazenados nas espermatecas e utilizados
pouco a pouco para fecundar os ovdcitos. Neste periodo as fémeas intensificam a
voracidade pela hematofagia, ingerindo sangue para completar a maturagdo dos ovocitos
nos ovarios. Normalmente, trés dias apds a ingestdo de sangue as fémeas ja estdo gravidas,

passando entdo a procurar locais para as desovas. (Consoli & Lourenco-de-Oliveira, 1994).
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A ovogénese em mosquitos € um processo limitado de acordo com a alimentacéo,
prosseguindo apenas quando os nutrientes estdo suficientemente disponiveis (Barillas-
Mury et al., 1991; Noriega et al., 2001). As diferentes espécies de mosquitos apresentam
variagbes na necessidade de ingestdo de sangue para a iniciacdo e a manutencdo do
desenvolvimento dos ovocitos. As fémeas de mosquitos capazes de completar a primeira
ovogénese sem ingerir sangue sdo denominadas autdgenas. A autogenia pode ser
obrigatoria ou facultativa dependendo da espécie e das condi¢cGes em que ela se encontra.
Mosquitos que precisam ingerir sangue para completar tanto a primeira quanto as desovas

subsequentes sao considerados anautogenos (Attardo et al., 2005; Telang et al., 2005).

O mosquito Ochlerotatus atropalpus (Coquillet, 1902) é autdégeno obrigatério, ndo
necessitando de sangue para completar sua primeira ovogénese, utilizando reservas
acumuladas nos estagios larvais e alimentando-se apenas apds a postura de seu primeiro
lote de ovos. Outros mosquitos, como o Ochlerotatus taeniorhynchus (Wiedemann, 1821),
sdo autdgenos facultativos, ou seja, alimentam-se de sangue quando tém oportunidade, mas
podem completar a primeira ovogénese mesmo se ndo houver disponibilidade de sangue
(Attardo et al., 2005).

Geralmente, as fémeas de A. aegypti sdo anautogenas obrigatdrias, necessitando de
sangue para completar a maturacdo de seus ovocitos. (Noriega et al., 2001; Attardo et al.,
2005; Telang et al., 2005). Contudo, uma corrente autégena foi identificada na Africa em
um ambiente silvestre, onde os seres humanos nao estdo presentes em grande quantidade.
Neste caso, a autogenia possivelmente atua como um mecanismo de preservacdo de
espécies hematdfagas quando o hospedeiro esta indisponivel. A capacidade vetorial de
populacbes autdgenas de A. aegypti para a transmissdo de patogenos é substancialmente
menor do que a de popula¢des anautdgenas, devido a auséncia de repasto sanguineo para a

primeira ovogénese e a menor sobrevivéncia das fémeas (Trpis, 1977).

Apenas as fémeas do mosquito A. aegypti sdo hematdfagas, alimentando-se
preferencialmente durante o dia, com picos de atividade situados no amanhecer e pouco
antes do crepusculo. O habito diurno também é observado nos machos fitofagos que
seguem as fémeas em seus abrigos para efetuarem a copula (Consoli & Lourenco-de-
Oliveira, 1994).
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O hormonio juvenil, que controla a metamorfose em insetos imaturos e a
reproducdo em adultos, € sintetizado e liberado pela corpora alata assim que a fémea
emerge, induzindo ao crescimento pré-vitelogénico dos ovécitos (Gwadz et al., 1973). As
condigdes nutricionais que as fémeas de A. aegypti experimentam durante os estagios
larvais definem o tamanho de seus corpos quando adultas e constituem reservas que serdao
utilizadas no periodo pré-vitelogénico (Briegel, 1990). Assim que a fase pré-vitelogénica
termina, a ovogénese é interrompida até que a fémea obtenha sangue. A presenca de
sangue no intestino do inseto inicia uma cascata endocrina que resulta na maturacdo dos

ovacitos, na fecundacgéo e na oviposicao (Telang et al., 2005).

Por ser uma espécie endofilica, permanecendo no interior ou nas imedia¢Ges de
habitagdes mesmo enquanto digere o sangue, 0 A. aegypti alimenta-se, na maior parte das
vezes, de sangue humano. No entanto, pode atacar outros animais caso eles estejam
proximos aos seus criadouros e abrigos. As fémeas da espécie voam baixo, até um metro
de altura do chdo, atacando 0 homem principalmente nos pés, na parte inferior das pernas e
orientando-se em parte pela liberagcdo de acido lactico, CO, e vapores de agua presentes no
suor. A temperatura corporal também é um importante fator de atracdo que, somado aos
demais citados, auxiliam o vetor hemato6fago na localizagcdo de sua vitima (Lourengo-de-
Oliveira, 2006). Quando submetidas a escuriddo total sob condigdes experimentais, as
fémeas de A. aegypti interrompem completamente as atividades de busca pela fonte
sanguinea, sugerindo que a informacdo visual também desempenha um importante papel
no comportamento do mosquito, regulando os horarios de repouso e alimentacdo (Kawada
et al., 2005).

Ap0s a maturacdo dos ovocitos e a copula, a fémea de A. aegypti realiza a postura
preferencialmente em recipientes artificiais, tanto os abandonados pelo homem a céu
aberto e preenchidos com a agua das chuvas, como aqueles que armazenam agua para uso
domeéstico. No primeiro caso, esses criadouros sdo representados principalmente por pneus,
latas, vidros, cacos de garrafas, pratos de vasos, calhas entupidas e vasos de cemitério. No
segundo caso € comum encontrar ovos do mosquito em caixas d’agua, tonéis, latdes,
cisternas, bebedouros de animais, lagos artificiais, piscinas e aquéarios (Forratini, 1965;

Consoli & Lourengo-de-Oliveira, 1994; Souza-Santos, 1999; Honorio & Lourengo-de-
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Oliveira, 2001). Dentre os criadouros artificiais 0s pneus merecem atencdo especial da
vigilancia epidemioldgica por apresentarem criacdo relevante de A. aegypti. Esses
depdsitos conseguem armazenar grande quantidade de &gua, proporcionam baixa
evaporacao e sdo importantes artigos de comércio nacional e internacional (Souza-Santos,
1999).

Tanto no Brasil quanto em outros paises americanos o A. aegypti tem sido
observado em recipientes naturais como bromelias, buracos em arvores e escavacdes em
rocha, bambu e solo. No entanto, tais encontros sdo muito raros em comparacdo com 0S
criadouros artificiais. Em todos os criadouros citados ha proliferacdo de A. aegypti quando
a agua, acumulada em locais sombreados e dentro de recipientes escuros, contém
moderada concentracdo de sais e matéria organica em decomposicdo. (Consoli &
Lourenco-de-Oliveira, 1994; Souza-Santos, 1999).

Os ovos, que sdo escuros e medem aproximadamente 1 mm de comprimento, sdo
depositados pelas fémeas do A. aegypti nas paredes internas dos criadouros, proximos a
superficie d’agua. Em condic¢des favoraveis de umidade e temperatura o desenvolvimento
do embrido € concluido em 48 horas. O contato com a agua parece ser o principal estimulo
para a saida da larva, contudo, outros fatores como certa agitacdo do meio e presenca de

matéria organica também atuam como influéncias estimulantes (Forratini, 1962).

Se apds o amadurecimento, que resulta na formac&o da primeira larva, as condi¢oes
do ambiente forem desfavoraveis devido a dessecacdo e baixas temperaturas, essa forma
imatura pode entrar em diapausa dentro do ovo, ou seja, permanecer em estado de
quiescéncia que pode durar de seis meses a mais de um ano (Forratini, 1962). No espaco
de trés meses quase todos 0s ovos sobrevivem sem contato com a agua e a partir deste
ponto a taxa de eclosdo cai, sobretudo em climas secos (Consoli & Lourenco-de-Oliveira,
1994).

Do ovo a forma adulta, o ciclo de vida do A. aegypti varia de acordo com alguns
fatores tais como: condicGes climaticas, disponibilidade de alimentos e quantidade de
larvas existentes no mesmo criadouro, uma vez que a competicdo entre as larvas por

alimento consiste em um obstaculo ao amadurecimento do inseto para a fase adulta. Nas
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condigdes tipicas do Rio de Janeiro, esse processo geralmente leva um periodo de oito a
doze dias. A duracdo dos diferentes estagios larvais ndo é a mesma: o segundo e o terceiro
sdo mais breves do que o primeiro, € 0 quarto € o periodo mais longo, pois € nesta ultima
fase que ocorrem as transformagdes tissulares destinadas a formacdo do novo adulto
(Forratini, 1962).

Embora aquaticas, as larvas de A. aegypti respiram o oxigénio do ar, necessitando
para isso chegar até a superficie da 4gua (Forratini, 1962; Consoli & Lourenco-de-Oliveira,
1994). No entanto, quando estdo completamente submersas, estas larvas realizam
respiracdo cutdnea, podendo sobreviver até 53 dias sem ir & superficie (Consoli &
Lourenco-de-Oliveira, 1994). As larvas de insetos detritivoros, como o A. aegypti, ingerem
grande volume de detritos continuamente, fazendo pausas apenas durante as ecdises. Além
disso, apresentam grande quantidade de endopeptidases intestinais (Martin et al., 1980,
1981; Sharma et al., 1984). Provavelmente isso se deve a necessidade de uma digestao
eficiente das proteinas presentes em baixas concentracdes no grande volume de detritos

ingeridos e processados pelas larvas (Mahmood & Borovsky, 1993).

O estudo de elementos importantes para a nutricdo das larvas de A. aegypti
demonstrou que em meio livre de proteinas as larvas do mosquito ndo conseguem alcancar
0 segundo estagio de desenvolvimento. Taxas consideraveis de sobrevivéncia e
crescimento foram observadas quando o meio foi acrescido de misturas de aminoacidos.
No entanto, quando este meio foi privado de alguns aminoacidos, foi possivel estabelecer
que glicina, leucina, isoleucina, histidina, arginina, lisina, triptofano, treonina, fenilalanina
e metionina sdo indispensdveis para o desenvolvimento das larvas do mosquito. Na
auséncia de qualquer um desses aminoacidos néo foi possivel observar crescimento larval
(Golberg & De Meillon, 1948). Em meio livre de lipidios, por sua vez, o crescimento das
larvas néo se afastou da normalidade. Contudo, houve pouca producéo de pupas e adultos,
0 que sugere a utilizacdo de nutrientes desta natureza durante a metamorfose (Golberg &
De Meillon, 1948). A auséncia de carboidratos retarda o desenvolvimento larval. Dentre as
vitaminas, parecem essenciais a biotina, colina, &cido nicotinico, &cido pantoténico,
riboflavina, piridoxina e tiamina. O &cido folico parece importante no processo de pupacao
(Consoli & Lourenco-de-Oliveira, 1994).
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O estagio pupal corresponde a um periodo de transi¢do no qual ocorrem profundas
transformacgOes que acarretam na formacdo do inseto adulto e na mudanga do habitat
aquatico pelo terrestre. Nos mosquitos em geral, a duracao deste periodo € de cerca de dois
dias, sob condigfes normais. As pupas ndo se alimentam, utilizando os nutrientes
acumulados nos estagios larvais como fonte de energia durante a metamorfose. Em insetos
holometabolos muitos tecidos larvais sofrem desintegracdo durante o estdgio pupal, ao
mesmo tempo novas estruturas, inerentes ao inseto adulto, desenvolvem-se (Nakajima et
al., 1997). As pupas tendem a permanecerem imoveis, captando oxigénio do ar através do
contato entre as trompas respiratorias e a superficie liquida. No entanto, quando ocorrem
disturbios superficiais ou mudangas na iluminagdo da agua, elas conseguem se deslocar
para locais mais agradaveis através de uma movimentacdo limitada ao abdémen (Forratini,
1962).

1.1.2 - Aedes albopictus

O A. albopictus é oriundo da Asia, de onde provem a sua denominagio "Tigre
Asiatico"”. Devido ao transporte passivo dos ovos e de larvas em recipientes artificiais, o
inseto dispersou-se para outras regides como o Continente Americano, Africa, Europa
Meridional e algumas ilhas do Oceano Pacifico, como o Arquipélago do Havai.
Atualmente, a espécie esta amplamente distribuida no Continente Americano, sendo
observada, desde Chicago ao norte dos EUA, 41°55'N (Rigthor et al., 1987) até San
Antonio, norte da Argentina, 23°03'S (Rossi 1999). Apesar do inseto poder se dispersar a
partir de todas as suas formas evolutivas, a fase adulta € menos importante neste processo,
visto que a grande maioria dos adultos permanece em &rea de aproximadamente 100 m,
ndo obstante a capacidade de v6o de machos e fémeas ser estimada em 225 e 525 m
respectivamente (Estrada-Franco & Craig 1995). A distribuicdo atual do A. albopictus
deve-se também ao fato desta espécie ser boa colonizadora, capaz de se adaptar a novos
habitats com facilidade, principalmente ambientes perturbados tais como ferro velho,
depdsitos de pneus e recipientes descartados. A partir desses habitats, A. albopictus pode
vir a ocupar areas arborizadas proximas, e com o tempo, transformar-se em parte
permanente da fauna local (Rai, 1986). A existéncia de ambientes modificados pelo
homem ndo € essencial para a sobrevivéncia de A. albopictus ja que ele é capaz de

colonizar criadouros naturais, alimentando-se de néctar e sugando o sangue de animais
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silvestres (Moore 1999). Entre os criadouros naturais usados por A. albopictus encontram-
se ocos de arvores, tocos de bambus, buracos em pedras e tanques de bromélias (Schreiber
& Cuda 1994, Estrada-Franco & Craig 1995, Natal et al., 1997, Forattini et al., 1998). Na
zona urbana, os sitios de oviposi¢do preferenciais sdo pneus, latas, vidros, cacos de
garrafas, ceramicas, pratos sob vasos de xaxim, recipientes plasticos, vasos de cemitério,
caixas d &gua, tonéis, latbes (Gilotra et al., 1967, O'meara et al., 1993, Estrada-Franco &
Craig 1995). O criadouro ideal é escuro, sombreado e deve conter agua limpa, com baixa
concentracdo de sais e matéeria organica em decomposicdo (Becnel et al., 1996). Quando
comparado ao A aegypti, o A. albopictus tolera maior nivel de poluicdo da agua, sendo

capaz de ovipdr em qualquer local onde haja acimulo de dgua (Knudsen 1995).

O primeiro registro de populacdes de A. albopictus estabelecidas no Continente
Americano data de 1985 (Sprenger & Wuithiranyagool 1986). No entanto, a sua presenca
ja havia sido assinalada desde 1946 (Hughes & Porter 1956). Quanto ao Brasil, a primeira
notificacdo foi feita por Forattini (1986), em material coletado no Estado do Rio de
Janeiro. Sup@e-se que 0 mosquito entrou no pais pelo porto de Vitdria, Espirito Santo, por
meio de carga de pneus usados procedente dos EUA (Estrada-Franco & Craig 1995). Nao
obstante, outros autores sugerem que a introdugdo ocorreu pelo mesmo porto, porém vindo
do Japao, e dispersou-se, por via férrea, pelo Vale do Rio Doce (Consoli & Lourengo-De-
Oliveira, 1994). Assim, a populacdo de A. albopictus que infestou o Brasil seria diferente
da populacdo que infestou os EUA. Até 2002, a presenca do A. albopictus tinha sido
registrada em 19 estados brasileiros (Santos, 2003) (Figura 5). Posteriormente, em 2006,
verificou-se uma grande disseminacdo do inseto contabilizando-se 21 estados com 1.502

municipios infestados (Gomes et al., 2008) (Figura 6).

11



Introducéo

Figura 5. Mapa dos municipios que registraram a presenca de A. albopictus no periodo de janeiro de 1997 a

dezembro de 2002, segundo dados do Sistema de Informacéo em febre Amarela e Dengue/ FUNASA.

GO (162)
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2] Amazénia legal
[] Extraamazénica

() Nimero de municipios infestados
por Aedes albopictus

A
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—

Fonte: Ministério da Sadde, Secretaria de Vigilanda em Saide, Diretoria Técnica de Gestao, Coordenacao-Geral do Programa Nacional de (ontrole da Dengue.

Figura 6. Estados e municipios infestados com A. albopictus. Brasil, 2006.
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Quanto ao ciclo de vida, A. albopictus, assim como A. aegypti, apresenta
desenvolvimento holometéabolo, passando por fase de ovo, quatro estagios larvais e uma
fase de pupa até atingir a forma de imago (Figura 3 e 4). Nessa espécie as fases larvais
também se desenvolvem em ambientes aquaticos e 0s adultos em ambientes terrestres. No
entanto, diferencas bioldgicas e comportamentais podem ser observadas nos distintos
estagios de desenvolvimento dessas duas espécies. Por exemplo, com relagdo aos ovos, A.
aegypti deposita os ovos em grupos 10-30/criadouro, ao passo que A. albopictus deposita

0s ovos isolados.

As larvas de A. albopictus desenvolvem-se melhor em depdsitos de d&gua com baixa
turbidez, rica em aminoacidos e amdnia (alto teor de nitrogénio), pH entre 6,8 e 7,6, sendo
intolerante a valores extremos de pH (abaixo de 2,0 e acima de 12,0). Em geral, as larvas
de A. albopictus resistem melhor a poluicdo da agua do criadouro do que as de A. aegypti
(Estrada-Franco & Craig 1995).

Com relacdo aos adultos, A. aegypti é de cor marrom e apresenta faixas brancas no
torax (em forma de lira) e pernas. Ja o A. albopictus € um mosquito de cor negra, com uma
faixa estreita, longitudinal, mediana, branco-prateada e o abdome tem faixas basais brancas
e pernas marcadas de branco e preto. As fémeas de A. aegypti e A. albopictus tém habitos
hematofagos diurnos. Os picos de maior atividade desses insetos sdo geralmente ao
amanhecer e pouco antes do fim da tarde. Os machos acompanham as fémeas, portanto,
também sdo diurnos (Lourenco-De-Oliveira et al., 1994). As duas espécies sdo
antropofilicas, mas podem fazer repasto sanguineo em outros animais, como cées, bovinos
e roedores. Os mosquitos da espécie A. aegypti sdo mais adaptados ao convivio com o ser
humano. Segundo Passos (2003), existe uma predominancia de A. aegypti em relagdo ao A.
albopictus nas areas urbanas, sendo que o crescimento da populagdo do primeiro afeta a

populacédo do segundo.

Finalmente, com relacdo a participacdo de A. albopictus como vetor de doencas,
cabe destacar que esta espécie é considerada a segunda em importancia na transmissdo do
virus da dengue e febre amarela para 0 homem, além de participar como vetor de filariose.

O papel de A. aegypti e A. albopictus como vetores sera analisada na se¢éo a seguir.
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1.2 - A. aegypti e A. albopictus como vetores de doencas

A. aegypti e A. albopictus sdo mosquitos vetores de arboviroses. Mais de 200
arbovirus, dentre os 500 conhecidos, sdo transmitidos por mosquitos. Entre os mais
importantes para a saude publica, podem-se citar o virus da febre amarela, os da dengue
(tipos 1 a 4) e da encefalite japonesa, entre outros. As infec¢Bes por arbovirus podem ser
clinicas e subclinicas, manifestando-se sob a forma de encefalites, febres benignas de curta
duracdo, febres hemorragicas e poliartrite acompanhada de erupcdo cutanea. A. aegypti é o
principal vetor da febre amarela urbana, dengue e dengue hemorragica na América Latina
e Caribe. As enfermidades mais importantes vetorialmente transmitidas por A. albopictus
nas Ameéricas sdo a dengue e febre amarela, podendo também veicular helmintos, parasitos

do género dirofilaria (Borror et al., 1970).

1.2.1 - Dengue

A dengue é uma enfermidade causada por arbovirus da familia Flaviviridae, género
Flavivirus, e engloba quatro tipos soroldgicos: DEN 1, 2, 3 e 4. O virus infecta
hospedeiros vertebrados, como 0 homem e outros primatas, mas somente a espécie humana
apresenta manifestacéo clinica com um periodo de viremia de aproximadamente sete dias.
O virus da dengue é responsavel pelas taxas mais altas de doenca e mortalidade entre os
membros do género Flavivirus. Epidemias de dengue tém ocorrido nas ultimas décadas,
em parte, devido a diminuicdo dos esforcos para controlar os mosquitos. Mais de 200
milhGes de casos de dengue ocorrem anualmente (Gubler, 2012; WHO, 2002). Infec¢bes
sequenciais por multiplos sorotipos do virus podem levar a sindrome hemorragica, cuja
estimativa anual é de ~500.000 casos no mundo (WHO, 2002). No Brasil, 0 nimero de
casos entre 1981 e 2006 chegou a 4.243.049, dentre eles 5.817 casos de dengue
hemorrégica e 338 casos fatais (Nogueira et al., 2007), sendo os sorotipos mais frequientes
0 DENV-1, DENV-2, DENV-3 e um alto risco de transmissdo em mais de 15 estados da
federacdo, sendo a maioria da regido norte e nordeste (Figura 7 e 8). A infeccdo de
humanos por um sorotipo produz imunidade permanente contra 0 mesmo sorotipo. No
entanto, contra outros sorotipos a imunidade é temporaria e parcial (WHO, 1997; CDC,
2009).
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Figura 7. Sorotipos do virus Dengue circulantes no Brasil, 2006. Fonte: Secretaria de vigilancia em Salde

do Ministério da Satde.
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Figura 8. Risco de transmissdo do virus Dengue no Brasil, 2011. Fonte: Secretaria de vigilancia em Salde

do Ministério da Saude.
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O DENV-4 foi reportado no Brasil em 1982, na regido nordeste da Amazonia
brasileira como uma epidemia focal, sem saber-se de mais relatos até 2008, quando foram
registrados casos autdctones em Manaus (Melo et al., 2009). Este sorotipo re-emergiu no
pais em 2010 no estado de Roraima e dispersou-se para outros estados no Norte, Nordeste
e Sudeste do pais (Tempordo et al., 2011; Ministério da Saude 2011; de Souza et al.,
2011). Contudo a sua presenca no pais pode estar subestimada devido a baixa sensibilidade

dos testes diagnosticos usados no programa de controle (Sea et al., 2013).

A dengue pode apresentar-se clinicamente sob quatro formas distintas: infecgédo
inaparente, dengue classica, dengue hemorragica e sindrome de choque da dengue. A
dengue classica caracteriza-se pela presenca de febre aguda, dores de cabeca, dores
musculares e nas articulagdes, manchas vermelhas na pele, leucopenia e cansaco. A dengue
hemorragica apresenta sintomas como febre alta e hemorragias em funcdo do sangramento
de pequenos vasos na pele e nos érgdos internos. O paciente acometido pela sindrome do
choque da dengue apresenta choque hipovolémico resultante das hemorragias (WHO,
1997).

A transmissdo da dengue é feita através da picada de fémeas do género Aedes
infectadas com o virus. As principais espécies vetoras do virus sdo: A. aegypti, A.
albopictus, A. scutellaris, A. africanus e A. luteocephalus. A transmissdo do virus pode ser
classificada com relacéo aos locais onde ela ocorre. Nesse sentido, os ciclos de transmissédo
podem ser silvestre, rural/suburbano e urbano. O ciclo silvestre envolve primatas nédo
humanos e mosquitos de habitos silvestres, que habitam o dossel das florestas. Na Asia, 0s
principais mosquitos envolvidos sdo dos subgéneros Finlaya e Stegomyia, como A. niveus,
do qual foi isolado DENV-4 na Malasia e DENV de sorotipo desconhecido no Vietna. Na
Africa, as espécies envolvidas foram o A. africanus, o A. luteocephalus, o A. opok, 0 A.
taylory e A. furcifer. Por outro lado, nas Américas, o ciclo silvestre tem sido pouco
estudado. N&o obstante, humanos podem participar do ciclo silvestre, como ja foi
observado na Bolivia, onde se observou pessoas com anticorpos anti-DENV-2 mesmo em
localidades em que o A. aegypti ndo estdo presentes (Gubler, 1988). No Brasil, o A.
albopictus tem sido encontrado em florestas (Forattini et al., 1998a; Gomes et al., 1999),

possibilitando o inicio do ciclo silvestre da dengue.
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O ciclo rural/suburbano envolve os humanos e os mosquitos A. albopictus, A.
polynesiensis, A. aegypti e A. mediovitatus (Gubler, 1988). O A. albopictus é um vetor
tipicamente rural, podendo desempenhar papel secundario no ciclo urbano. Na Asia, 0
ciclo rural ocorre em pequenos surtos esporadicos e dispersos. Na América, embora o A.
albopictus seja encontrado em zona rural, ndo ha notificagdes de surtos rurais, acontecendo
surtos, em geral, na periferia de centros urbanos. O ciclo urbano nas Américas é mediado
exclusivamente por A. aegypti, mesmo em regides onde coexistem o A. albopictus e o0 A.
aegypti (Pontes & Ruffino-Netto 1994, Cardoso Janior et al., 1997).

O ciclo de vida do virus ocorre com um periodo intrinseco de incubagcdo no
hospedeiro vertebrado, que vai de um dia antes do aparecimento da febre até o sexto dia da
doenca, e um periodo extrinseco de incubagdo no mosquito, no qual o virus se multiplica,
por periodo de oito a doze dias e, a seguir, migra para as glandulas salivares. Assim, o
vetor torna-se competente para transmitir a doenca pelo resto da sua vida, a qual € de seis a
oito semanas para o A. aegypti (MS, 1996). A. aegypti € um mosquito altamente
antropofilico e endofilico além de apresentar larga distribui¢do geografica, o que o torna o
principal vetor da dengue em paises tropicais e subtropicais (Consoli & Lourengo-de-
Oliveira, 1994; Honorio et al., 2003; de Lima-Camara et al., 2006; Vasilakis et al., 2008;
Troyo et al., 2008; Maidana & Yang, 2008). A infeccdo de uma fémea de A. aegypti com o
virus da dengue ocorre através da ingestdo de sangue contendo particulas virais. O sucesso
da infeccdo dependerd da magnitude da viremia, ou seja, do titulo viral no repasto
sanguineo e da duracdo da viremia no vertebrado (WHO, 1997; Lourenco-de-Oliveira,
2006). Em mosquitos suscetiveis, a proliferacdo dos virus ocorre inicialmente nas células
do epitélio do estbmago. Posteriormente, 0s virus alcangam a hemolinfa sendo distribuidos
para o tecido nervoso, 0 corpo gorduroso, os ovarios e as glandulas salivares, a partir de

onde sdo inoculados em um préximo hospedeiro vertebrado (Lourengo-de-Oliveira, 2006).

O virus da dengue também pode ser transmitido entre mosquitos por via vertical,
infectando 0s ovocitos ou 0s ovos, resultando em larvas que ja eclodem infectadas
(Gunther et al., 2007). Os ovos de A. aegypti, por sua vez, podem permanecer em diapausa
por longos periodos, 0 que aumenta ainda mais a capacidade vetorial do mosquito
(Forratini, 1965; Consoli & Lourenco-de-Oliveira, 1994; Lourengo-de-Oliveira, 2006).
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Mudancas sociais e demograficas como o crescimento da populacdo, a urbanizacéo
descontrolada e a utilizagdo de meios de transporte modernos contribuem para 0 aumento
da incidéncia e da distribuicdo geogréafica da dengue. A falta de recursos da salde publica

para pesquisa, prevencdo, vigilancia e controle é outro fator agravante (Gubler, 2002).

1.2.2 - Febre Amarela

A febre amarela é uma doenca infecciosa aguda, de curta duracdo e gravidade
variavel, causada por um arbovirus do género Flavivirus, da familia Flaviviridae que
ocorre na América do Sul e na Africa. Os casos mais benignos tém sintomas e sinais
indefinidos; os tipicos tém sintomatologia semelhante a da dengue, com inicio subito,
febre, cefaléia, prostracdo, nauseas e vomitos. Apesar da existéncia de vacina usando virus
atenuados, a febre amarela ainda constitui um grande problema no mundo (Lindenbach &
Rice, 2001). A OMS estima que cada ano ocorrem 200.000 casos de febre amarela, com
aproximadamente 30.000 mortes no mundo (WHO, 2001). O periodo de incubacgdo
intrinseco é de 3 a 6 dias e 0 extrinseco, de 9 a 12 dias. O vetor, uma vez infectado,
permanece transmissor até o fim de sua vida. Existem trés ciclos de transmissdo para a
febre amarela: silvestre, intermediario e urbano. Os trés ciclos coexistem na Africa, mas na
América do Sul apenas o silvestre e o urbano estdo presentes (WHO, 2009). Na febre
amarela urbana, o hospedeiro € o homem e o vetor é o A. aegypti. Nas Américas ndo ha
surtos de febre amarela urbana desde 1942, com excecdo de raros casos, notificados em
Trinidad, em 1954 (Estrada-Franco & Craig, 1995). A febre amarela silvestre, que é a
forma epidemioldgica que persiste no Brasil, € veiculada na floresta por mosquitos
silvestres como o Haemagogus janthinomys (Dyar, 1921) — vetor primario na maior parte
do pais — e o Haemagogus leucocelaenus (Dyar & Shannon, 1924) — vetor primario
essencialmente nos limites sul dessa arbovirose. Estes mosquitos mantém o ciclo da febre
amarela entre macacos e saguis dentro das florestas e matas de galeria, sendo 0 homem um
hospedeiro acidental, infectado principalmente quando invade esses ambientes (Figura 9)
(Consoli & Lourenco-de-Oliveira, 1994; Lourengo-de-Oliveira, 2006). Eventos epizodtico-
epidémicos de febre amarela em primatas e humanos em regiGes onde convivem mosquitos
do género Haemagogus e A. albopictus tém sido relatados em varios estados Brasileiros
(Figura 10) (Gomes et al., 2008). Quando individuos infectados a partir do ciclo silvestre

migram para 0 ambiente urbano, o mosquito A. aegypti, devido a sua endofilia, antropofilia
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e suscetibilidade ao virus da febre amarela passa a atuar como vetor da forma urbana da
doenca. A partir de entdo o virus é transmitido somente para humanos, sem a necessidade
de macacos para a manutencao do ciclo. A febre amarela urbana € considerada extinta do
Brasil desde 1942, quando os ultimos casos ocorreram no Acre (Consoli & Lourengo-de-
Oliveira, 1994; Lourenco-de-Oliveira, 2006).

O ciclo de transmisséo intermediaria da febre amarela ocorre nas savanas africanas,
e pode originar pequenas epidemias em vilarejos rurais. Mosquitos semidomésticos
infectam tanto seres humanos quanto macacos sendo que a proximidade entre homens e

mosquitos infectados acarreta no estabelecimento a doenga (WHO, 2009).

Ciclo Silvestre

Macacos
e saguis

Humanos

Ciclo '\\ //

Intermediario

Mosquitos semi-
(Savanas africanas) domiciliares v
» Humanos
Ciclo Urbano \ Aedes

aegypti

Figura 9. Esquema dos trés ciclos de transmissdo da febre amarela. Adaptado de: WHO
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Fonte: Ministério da Satde, Secretaria de Vigilincia em Sadde, Departamenta de Vigilancia Epidemioldgica, Coordenacdo-Geral de Doencas Transmissiveis, Grupo de Trabalho da Febra Amarela.

Figura 10. Distribuicéo de casos de febre amarela silvestre e mortes de primatas. Brasil, 2005

1.3 — Intestino dos Culicidae

O processo de digestdo mediado pelas enzimas proteoliticas acontece no canal
digestivo dos insetos. Este canal é formado por uma camada de epitélio simples (uma
célula de espessura) com uma camada acelular de lamina basal voltada para a hemocele.
Este canal se divide em trés regides: (1) intestino anterior, geralmente envolvido com a
ingestdo, conducdo e estoque de alimento; (2) intestino medio (estbmago), onde ocorre a
sintese de enzimas e componentes da membrana peritréfica, a digestdo e absorcdo dos
nutrientes; (3) intestino posterior, envolvido na regulacdo da composi¢do da hemolinfa e
na excre¢do e eliminacdo do material ndo digerido proveniente do intestino médio e
tubulos de Malpighi (Romoser, 1996) (Figura 11). O néctar ingerido pelos adultos machos
e fémeas é estocado no intestino anterior em uma regido impermeavel (diverticulos = papo)
e € liberado para o intestino médio, quando necessario, para ser digerido e absorvido,
sendo que nesses casos O processo ocorre na regido anterior do intestino médio. Este

processo provavelmente é regulado de acordo com as necessidades da hemolinfa,
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protegendo o0 mosquito de um choque osmotico. Apesar do intestino medio ser o principal
orgdo responsavel pela digestdo, alguns dissacarideos contidos no néctar sdo, em parte,
hidrolisados no papo por enzimas salivares. O destino e o estoque do sangue ingerido
variam entre 0s grupos de hematdfagos. Na maioria dos casos (incluindo mosquitos), o
sangue ingerido somente pelas fémeas vai direto para o intestino médio onde ocorre na
regido posterior deste, a digestdo e absor¢do do alimento (Romoser, 1996; Terra &
Ferreira, 1994). Alem da agua, as proteinas sdo os constituintes predominantes do sangue,
portanto o intestino médio dos mosquitos secreta grande quantidade de enzimas
proteoliticas. Entretanto, as proteinas do sangue contém moléculas de carboidratos e
lipidios as quais sdo liberadas durante a digestdo e sdo hidrolisadas pela acdo de

carboidrases e esterases (Clements, 2000).

(@)

Intestino médio anterior Intestino médio posterior

Diverticulo
Tubos de Malpighi

(b)
/ / (©

Adaptado de Clements 1992

Ceco gastrico  Intestino médio

Intestino posterior

Figura 11. Esquema ilustrativo geral do intestino de Culicideos. Orgdos envolvidos na alimentagio: em (a)
mosquito adulto; (b) tubo digestivo em um embrido formado; (c) tubo digestivo em larvas. Adaptado de

Clements 2000. The Biology of Mosquitoes.
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O intestino meédio da grande maioria dos insetos € revestido internamente por uma
membrana que envolve o alimento, separando-o do epitélio de modo a formar dois
compartimentos digestivos, a membrana ou matriz peritréfica (MP), fazendo da digestéo
um processo compartimentalizado. A MP é uma camada acelular composta por quitina,
proteinas e proteoglicanas, envolvendo o bolo alimentar separando-o do epitélio do
intestino médio (Jacobs-Lorena & Oo, 1996). Assim a MP evita que particulas abrasivas
de alimento e micro-organismos patogénicos cheguem ao epitélio do intestino médio, bem
como permite 0 movimento de fluidos durante o peristaltismo e digestdo (Clements, 2000).
A maioria dos insetos possui MP tanto no estagio larvar quanto no adulto, mas esta pode
ser encontrada em apenas um dos dois estagios. Em alguns casos a MP esta intimamente
associada as microvilosidades do intestino médio (MP tipo 1), ndo possui limites bem
definidos e pode ter um aspecto de gel. Em larvas de Diptera, por exemplo, cuja MP é do
tipo Il esta estrutura € mais bem organizada, definida, possui aspecto membranoso e €
capaz de formar um compartimento bem definido entre si e o epitélio (Jordao et al, 1996;
Terra, 2001). Atividades de tripsinas e quimiotripsinas foram detectadas na MP e intestino
de larvas de Ae. aegypti e Ae. albopictus, e sugeriu-se seu papel no processamento de
nutrientes (Ho et al., 1992). As larvas do flebotomineo Lutzomyia longipalpis (Lutz &
Neiva, 1912), principal vetor de Leishmania infantum (Killick-Kendrick, 1985), agente
etioldgico da leishmaniose visceral americana, apresentam serino peptidases do tipo
tripsina e quimiotripsina além de aminopeptidases que atuam na digestdo das proteinas

contidas nos detritos presentes no meio aquatico (Fazito-do-Vale et al., 2007).

A regido no interior da membrana peritréfica € chamada de espaco endoperitrofico,
e 0 exiguo compartimento entre a membrana peritrofica e as células epiteliais é chamado
de espaco ectoperitrofico. As moléculas de proteinas adquiridas durante a alimentacéo séo
clivadas inicialmente em peptideos grandes pela acdo de endopeptidases, 0s grandes
peptideos por sua vez sdo progressivamente reduzidos pela acdo de exopeptidases e
dipeptidases, que removem peptideos Unicos ou dipeptideos das regides extremas das
cadeias polipeptidicas (Clements, 2000). As endopeptidases atuam, geralmente, no espaco
endoperitrofico e possuem um papel importante na fase inicial de digestdo, devendo
apresentar um tamanho suficientemente pequeno para possibilitar a passagem através da
membrana peritréfica e atuar no espaco endoperitdéfico. Enquanto as exopeptidases e

dipeptidases atuam no espaco ectoperitrofico, disponibilizando os aminoacidos para serem
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absorvidos pelas células epiteliais. Assim as enzimas envolvidas na digestao intermediaria
atuam livres no fluido contido no espaco ectoperitréfico, enquanto que as enzimas
responsaveis pela fase final da digestdo séo ligadas as células da microvilli do intestino
médio (Terra & Ferreira, 1994) (Figura 12).

CELULAS
COLUNARES
DOINTESTINO
MEDIO

INTESTINO

ANTERIOR .
H : INTESTINO MEDIO

INTESTINO
5 POSTERIOR

PERITROFICA |

MEMBRANA ENZIMAS
ADERIDAS AO
GLICOCALIX
BICAMADA
LIPIDICA
PROTEINA
INTEGRAL DE
MEMBRANA

Figura 12. Esquema ilustrativo geral do intestino médio de Culicideos. Adaptado de Terra & Ferreira
(1994).

Os mecanismos de controle da biossintese e secre¢do de enzimas digestivas sao
pouco conhecidos. Em insetos que se alimentam continuamente, (larvas de dipteros), a
sintese e secrecdo de peptidases parece ser constitutiva, ao passo que em insetos que nao se
alimentam continuamente, (predadores ou hematofagos), a sintese parece ser finamente
regulada (Lehane et al., 1996). As enzimas digestivas, assim como as demais proteinas
animais, sdo sintetizadas no reticulo endoplasmatico rugoso, processadas no complexo de
Golgi e empacotadas em vesiculas secretérias. De maneira geral, € aceito que as variagdes
de curto prazo nas atividades enzimaticas sao controladas por mecanismos secretorios, ao

passo que as alteracdes de longo prazo sao reguladas hormonalmente (Lehane et al., 1996).

23



Introdugédo

Algumas informacGes a respeito dos fatores de transcricdo que regulam a inducéo
dos genes tém sido reportadas, o que tem ajudado a esclarecer os mecanismos de regulacéo
da sintese dessas biomoléculas. Entretanto todos os hormoénios e fatores que séo
responsaveis pela inducdo da biossintese de tripsinas ndo sdo conhecidos (Borovsky et al,
1988; Borovsky et al, 1995). A distensdo do epitélio intestinal, a presenca de alimento no
intestino, pressdo osmética e diferentes hormdnios (ecdisona, hormonio juvenil,
neuroendocrinos) sdo alguns dos fatores apontados como responsaveis pela inducdo da
sintese de tripsinas pelas células epiteliais no intestino médio (estdmago) dos mosquitos. A
inducdo da biossintese de tripsina nas células epiteliais do intestino médio é um processo
que apresenta duas etapas envolvendo a producdo imediata e tardia de tripsinas. A primeira
etapa da biossintese dessas hidrolases é estimulada por proteinas solUveis de variados
pesos moleculares logo apos a alimentagdo e envolve a traducdo de transcritos de RNAm
que ja estavam estocados nas células epiteliais prontos para produzirem as “early-trypsin”
(tripsinas imediatas). A segunda etapa ocorre aproximadamente as 7-9 horas apés a
alimentacdo, sendo ativada por peptideos de baixo peso molecular provenientes da
digestdo iniciada pelas tripsinas imediatas, que por sua vez, irdo estimular a sintese de
novos transcritos RNAm que codificardo para “late trypsin” (tripsinas tardias) as quais
otimizardo a digestdo (Felix & Freyvogel, 1991; Noriega & Wells, 1999). Tal nivel de
regulacdo evita o gasto energético com a producdo de enzimas digestivas quando o
intestino esta vazio, sendo que grandes quantidades dessas enzimas sdo produzidas apenas

se houverem alimentos a serem digeridos (Borovsky et al, 1994).

Outro mecanismo de regulacdo da biossintese de peptidases intestinais esta
relacionado com um decapeptideo conhecido como fator oostatico modulador de tripsinas
(TMOF), que foi isolado de ovarios de Ae. aegypti. Tal fator € um sinal ovariano que, ndo
induz ou estimula, e sim reprime e finaliza a biossintese de tripsina nas células do intestino
médio apds o sangue ter sido digerido e seus aminoacidos utilizados na sintese de proteinas
do ovo, sendo este horménio importante no fim de cada ciclo gonadotrofico e o seu pico de
sintese coincide com o rapido declinio na biossintese de tripsinas (Borovsky et al., 1994;
Borovsky et al, 2004). Um fator tipo TMOF foi também encontrado na hemolinfa de H.
virescens que parece deprimir a sintese de tripsinas no final de cada instar larval (Nauen et
al., 2001).
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Semelhancas na conformacdo tridimensional das tripsinas em distintas espécies de
insetos indicam que o mecanismo de controle da biossintese dessas enzimas € comum para
estes organismos (Borovsky et al, 1996; Yan et al, 1999). Contudo, de acordo com o
processo de digestdo e a qualidade do alimento ingerido, diferentes isoenzimas de tripsinas
devem ser expressas em cada espécie e em cada fase do ciclo de vida. Estudos que
abordem as questfes supracitadas sdo necessarios para entender a expressao de tripsinas
nos distintos estagios e tecidos dos insetos, bem como as variagdes quantitativas e/ou
qualitativas desta expressdo. O papel fundamental destas biomoléculas as postulam como

importantes alvos para o desenvolvimento de estratégias de controle de insetos vetores.

1.4 - Peptidases

As peptidases desempenham funcdes centrais durante o desenvolvimento dos
insetos tais como: digestdo de nutrientes, ovogénese, metamorfose e defesa (Nakajima et
al., 1997; Terra & Ferreira, 1994; Borowsky & Mahmood, 1995), tendo sido identificadas

tanto em adultos quanto em formas imaturas da ordem Diptera.

Peptidases ou proteases sdo enzimas que clivam ligagdes peptidicas. Estas enzimas
podem atuar como exopeptidases, removendo um ou mais aminoacidos das extremidades
protéicas, ou endopeptidases, clivando ligaces no interior de cadeias polipeptidicas. As
exopeptidases podem ser classificadas como aminopeptidases ou carboxipeptidases,
dependendo em qual extremidade da cadeia acontece a clivagem. As endopeptidases,
também chamadas de proteases, sdo subdivididas de acordo com seus mecanismos de
catalise em: aspartico-proteases, serino-proteases, cisteino-proteases e metaloproteases
(Barret et al., 1998).

A classe serino peptidase € subdividida em duas superfamilias que apresentam
mecanismos cataliticos similares que evoluiram de forma independente. A superfamilia de
tripsina inclui tripsina e quimiotripsina, que sdo encontradas abundantemente em animais,
enquanto a superfamilia de subtilisinas est& presente nas bactérias e fungos estudados até o
momento (Hu & Leger 2004, Page & Di Cera, 2008). As tripsinas possuem uma triade
catalitica composta pelos residuos de aminoacidos His, Asp e Ser (que caracterizam todas

as serino peptidases), a qual cliva ligacbes peptidicas no lado carboxilico de L-
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aminoacidos basicos, com maior preferéncia para Arg (2- a 10-vezes) em relagdo a Lys
(Craik et al., 1985; Terra & Ferreira, 1994; Barrett et al., 2004). Além disso, possuem
habilidade de ativacdo de outras formas inativas (zimogénios) pancreaticas (De
Albuquerque et al., 2001).

No sistema digestivo de invertebrados a tripsina (EC 3.4.21.4) é a mais abundante,
estando presente em diversas formas (isoenzimas). Participa de wvarios processos
fisiolégicos, desempenhando um papel principal na hidrdlise de proteinas destinadas a
nutricdo (Muhlia-Almazan et al.,, 2008). Esta enzima pode apresentar caracteristicas
espécie-especificas desde que haja diferencas significativas em habitos alimentares,
composicao do alimento ingerido e no processo de digestdo protéica. Essas diferencas séo
respostas adaptativas a diferentes estilos de vida, ambientes e habilidade de sobrevivéncia
entre as especies (Muhlia-Almazan et al., 2008). Os primeiros dados sobre tripsinas de
invertebrados relataram a secrecdo de enzimas digestivas responsaveis pela hidrélise de
nutrientes no alimento (Davie & Neurath 1955; KEIL et al., 1968; Arnon & Neurath, 1969;
Pxeiderer et al., 1970; Yang & Davies, 1971; Gooding, 1975; Gibson & Barker, 1979).

Em fémeas adultas de A. aegypti a tripsina esta relacionada a digestdo da maior parte
das proteinas presentes no sangue. Em poucos segundos as fémeas do mosquito sédo
capazes de ingerir grande quantidade de sangue, ao passo que gastam pelo menos 36 horas
no processo de conversdo dos aminoacidos, resultantes da protedlise do sangue, em
componentes de seus ovos (Graf et al., 1986; Noriega & Wells, 1999). Aminopeptidases,
carboxipeptidase A e carboxipeptidase B tém sua acdo estimulada pela ingestdo de sangue,
apresentando maior atividade durante o pico de protedlise da tripsina, que ocorre entre 20 e
24 horas ap0s a ingestdo de sangue pelas fémeas de A. aegypti (Noriega et al., 1996;
Noriega et al., 2002).

Cisteino proteases relacionadas a vitelogénese também foram descritas em A.
aegypti. Elas sdo sintetizadas no corpo gorduroso do inseto, um 6rgdo analogo ao figado
dos vertebrados, e armazenadas nos ovécitos em desenvolvimento, desempenhando um
importante papel na degradacdo da vitelina, principal proteina presente no vitelo dos
embrides do mosquito (Cho et al., 1999). Em Anopheles stephensi (Liston, 1901) e

Anopheles darlingi (Root, 1926) serino proteases e aminopeptidases identificadas na
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hemolinfa e no intestino de mosquitos adultos provavelmente também estéo relacionadas a
digestdo das proteinas do sangue (Rosenfeld & Vandenberg, 1998; Okuda et al., 2005). Em
Anopheles gambiae (Giles, 1926), Anopheles dirus (Peyton & Harrisson, 1979) e
Anopheles culifacies (Giles, 1901) serino proteases isoladas dos hemdcitos e da hemolinfa
estdo envolvidas na regulacdo da resposta imune inata, sendo responsaveis por processos
como coagulacdo da hemolinfa, melanizacdo e sintese de peptideos antimicrobianos que
atuam na supressao da infec¢do por protozoarios do género Plasmodium (Marchiafava &
Celli, 1885), causadores da malaria (Volz et al., 2005; Xu et al., 2006; Rodrigues et al.,
2007). Atividades de tripsinas e quimiotripsinas foram detectadas na matriz peritréfica e
intestino larvas de A. aegypti e A. albopictus, e sugeriu-se seu papel no processamento de
nutrientes (Ho et al., 1992). As larvas do flebotomineo Lutzomyia longipalpis (Lutz &
Neiva, 1912), vetor de Leishmania infantum (Killick & Kendrick, 1985), agente etiolégico
da leishmaniose visceral americana, apresentam serino proteases do tipo tripsina e
quimiotripsina além de aminopeptidases que atuam na digestdo das proteinas contidas nos
detritos presentes no meio aquatico (Fazito-do-Vale et al., 2007). As larvas de Oestrus ovis
(Linnaeus, 1761) sdo parasitas da cavidade nasal de ovelhas e cabras enquanto as larvas de
Dermatobia hominis (Linnaeus Jr, 1781) parasitam diversos tecidos de animais domésticos
e do homem causando miiase. Nas duas espécies as serino proteases degradam o tecido do
hospedeiro, facilitando a migracdo das larvas para outras areas bem como a aquisicdo de
nutrientes necessarios para o desenvolvimento larval. (Tabouret et al., 2003; Pires et al.,
2007). Larvas de primeiro instar de Oxysarcodexia thornax (Walker, 1849), uma mosca
saprofaga, expressam de forma constitutiva serino proteases do tipo quimiotripsina as
quais poderiam estar associadas com metamorfose do inseto (Cuervo et al., 2008). Em
Dermatobia hominis enzimas pertencentes a classe das cisteino proteases também estéo
relacionadas a protedlise dos tecidos do hospedeiro, contribuindo para a ocorréncia das
miiases (Pires et al., 2007). Em larvas de Drosophila melanogaster (Meigen, 1830) duas
metaloproteases foram identificadas. A metaloprotease de matriz 1 (MMP 1) ¢ essencial
para que o crescimento das células da traquéia acompanhe a sintese do novo exoesqueleto
durante a muda ou ecdise. A metaloprotease de matriz 2 (MMP 2), por outro lado, atua na
protedlise de tecidos larvais durante a metamorfose (Glasheen et al., 2009; Page-McCaw,
2008).

1.5 — Analise protedmica em Aedes spp.
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Durante o repasto sanguineo, as fémeas de Aedes spp. adquirem 0s nutrientes
necessarios para a maduracdo e producdo das proteinas do ovo (Raikhel & Dhadialla,
1992). Contudo, durante tal alimentacdo, as fémeas podem ser infectadas também com
varios patdgenos, tais como o virus da Dengue, os quais devem cruzar as células epiteliais
do intestino médio para finalmente alcancar as glandulas salivares e garantir a sua
transmissdo a um novo hospedeiro durante o préximo repasto sanguineo. Por esta razéo
varios estudos prévios tém focado nas glandulas salivares com o objetivo de identificar e
descobrir novas moléculas envolvidas na interacdo das células do hospedeiro com o0s
patdgenos e identificar moléculas envolvidas na resposta imune no momento do repasto
sanguineo do inseto (Ribeiro, 1995; Ribeiro & Francischetti, 2003; Wasinpiyamongkol et
al., 2010; Fontaine et al., 2011; Juhn et al., 2011). Nao obstante, o intestino médio ¢ a
primeira barreira que 0s patdgenos devem atravessar para estabelecer a infeccdo e
representa um dos principais locais imunologicamente ativos do inseto (Sanchez-Vargas et
al., 2009).

Desta forma, muitos elementos convergem no intestino incluindo o sangue dos
vertebrados a ser processado, os patdgenos e as moléculas da resposta imune do vetor,
entre outros. Entretanto, pouco se sabe sobre as proteinas envolvidas no processamento do
sangue nem sobre aquelas que tém um papel na detoxificacdo de metabdlitos produzidos
durante este processo. Além do mais, tampouco se conhecem as proteinas envolvidas na
defesa contra patdgenos nem aquelas expressas durante os intervalos de alimentacdo do
mosquito. A descricdo dessas moléculas pode ajudar a entender os fendmenos que

controlam o desenvolvimento dos patdgenos e sua subseqiiente transmissao pelo inseto.

A caracterizacdo do perfil de proteinas do intestino médio de fémeas é um dos
primeiros passos para entender a complexa fisiologia deste tecido. As abordagens
protedmicas possibilitam a completa definicdo do perfil protéico de um tecido ou célula

bem como permitem identificar as proteinas expressas sob diferentes condiciones.
O proteoma € definido como o conjunto das proteinas expressas pelo genoma de uma
célula em um determinado momento ou sob determinado estimulo (Ashton et al., 2001).

Os estudos protedbmicos em insetos e em outros organismos vém sendo facilitados e
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estimulados gracas ao seqiienciamento dos genomas de diversas espécies (Ribeiro et al.,
2007). As técnicas protedmicas, além de permitirem inferéncias sobre a expressdo génica
diferencial em grande escala também se prestam para a definicdo do mapa protéico global
dos organismos e, a partir deste, para o estudo especifico da regulacdo protéica tanto em

orgaos como em celulas individualizadas.

Uma das técnicas mais usadas para definir o proteoma de uma célula ou tecido tem
sido a eletroforese bidimensional (2DE). A 2DE acopla focalizacdo isoelétrica (IEF) na
primeira dimensdo com eletroforese em géis de poliacrilamida-SDS (SDS-PAGE) na
segunda dimensé&o (Scheele, 1975; O’Farrell, 1975), possibilitando a separacdo de misturas
complexas de proteinas de acordo com o ponto isoelétrico (pl), com a massa molecular
(Mr), com a solubilidade e a abundancia relativa. Dependendo do tamanho do gel e do
gradiente de pH usado, a 2DE pode resolver milhares de proteinas simultaneamente e pode

detectar menos de 1 ng de proteina por “spot” (Gorg et al., 2004).

Analises transcriptomicas tém contribuido para o entendimento da biologia de Aedes
spp, mas poucos estudos protedmicos tém sido desenvolvidos neste género. Contudo,
distintas técnicas protebmicas tém sido usadas para caracterizar sub-proteomas de A.
aegypti tais como a membrana do intestino médio de larvas, a glandula salivar, as vesiculas
de membrana de borda em escova do intestino, os tabulos de Malpigi e 0 sémen de adultos
(Bayyareddy et al., 2009; Popova-Butler & Dean, 2009; Beyenbach et al., 2009; Sirot et
al., 2011; Tchankouo-Nguetcheu et al., 2012; Tetreau et al., 2012). Ademais, foi reportada
uma analise protedmica de uma linha celular de A. albopictus infectada com os sorotipos 1

e 3 do Dengue (Patramool et al., 2011).

29



Justificativa

2 - JUSTIFICATIVA

Apesar da existéncia de valiosa informagdo sobre a presenca de peptidases em
tecidos especificos de distintas espécies de insetos, nada tem sido reportado sobre o perfil e
0 papel de peptidases ativas expressas pelas formas larvais, pupa e adultos das espécies a
serem investigadas neste estudo. Nesse sentido, a aplicacdo de técnicas enzimograficas e
de tecnologias protedmicas pode ser Gtil para mapear e identificar peptidases expressas
durante as diferentes fases evolutivas desses insetos. Assim, o racional deste trabalho
assenta-se na (1) analise comparativa do perfil proteolitico dos estadios larvais e das pupas
de Aedes aegypti e Aedes albopictus e (2) analise do mapa proteémico parcial do intestino
médio da fémeas de Aedes albopictus alimentadas com agucar, com foco na identificacao
de proteases nesse 6rgdo. Pretendeu-se com tal proposta elaborar o perfil proteolitico
global dos diferentes estagios evolutivos das espécies estudadas bem como identificar as
peptidases expressas no intestino médio de fémeas adultas. Com tal abordagem, também
foi possivel identificar as mudancas na expressdo de peptidases durante 0s estagios

evolutivos das duas espécies investigadas.
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3 - OBJETIVOS

3.1 — Caracterizar e comparar o perfil proteolitico dos estadios larvais e das pupas de

Aedes aegypti e Aedes albopictus;

3.2 - Obter 0 mapa proteomico parcial do intestino médio da fémeas de Aedes albopictus

alimentadas com acucar, com foco na identificacdo de proteases expressas nesse 0rgao.

4 - METAS

4.1 — ldentificar e caracterizar, por enzimografia em SDS-PAGE co-polimerizado com
substrato gelatina, as atividades proteoliticas dos quatro estadios larvais e dos estagios de

pupas de Aedes aegypti e Aedes albopictus;
4.2 — Verificar, através da comparacdo dos perfis enzimograficos, a ocorréncia de
expressdo diferencial de peptidases nos quatro estadios larvais e pupa de Aedes aegypti e

Aedes albopictus;

4.3 — ldentificar e caracterizar o perfil enzimografico do intestino médio das fémeas de

Aedes albopictus;

4.4 — Corroborar a expressao de peptidases em formas pré-imaginais e intestino médio,

usando ensaios de degradacdo de substrato em solucéo;

4.5 — Andlise da expressao proteica global, usando técnicas protedmicas, do intestino

medio de fémeas de Aedes albopictus alimentadas com agucar.
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5 - RESULTADOS

Os resultados desta tese sdo apresentados em forma de trés artigos ja publicados e um
artigo submetido, os quais condensam os dados obtidos de acordo com o0s objetivos

propostos:

Artigo 1:

Expression of trypsin-like serine peptidases in pre-imaginal stages of Aedes aegypti
(Diptera: Culicidae).

Mesquita-Rodrigues C, Saboia-Vahia L, Cuervo P, Levy CM, Honorio NA, Domont GB,
de Jesus JB.

Arch Insect Biochem Physiol. 2011 Apr;76(4):223-35. doi: 10.1002/arch.20412.

Artigo 2:

Trypsin-like serine peptidase profiles in the egg, larval, and pupal stages of Aedes
albopictus.

Saboia-Vahia L, Borges-Veloso A, Mesquita-Rodrigues C, Cuervo P, Dias-Lopes G,
Britto C, Silva AP, De Jesus JB.

Parasit Vectors. 2013 Feb 27;6:50. doi: 10.1186/1756-3305-6-50.

Artigo 3:

Protein expression in the midgut of sugar-fed Aedes albopictus females.

Saboia-Vahia L, Borges-Veloso A, Cuervo P, Junqueira M, Mesquita-Rodrigues C, Britto
C, Domont GB, De Jesus JB.

Parasit Vectors. 2012 Dec 11;5:290. doi: 10.1186/1756-3305-5-290.

Artigo 4:

Midgut of Aedes albopictus females expresses active trypsin-like serine peptidases
Leonardo Saboia-Vahia; Andre Borges-Veloso; Patricia Cuervo; Constanca Britto; José
Batista De Jesus

Submetido
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5.1 - Artigo 1

EXPRESSION OF TRYPSIN-LIKE
SERINE PEPTIDASES IN PRE-
IMAGINAL STAGES OF Aedes
aegypti (DIPTERA: CULICIDAE)

Camila Mesquirafiodrigues and Leonardo Saboia-Vahia

Laboratorio de Biologia Molecular ¢ Doengas Endémicas, Instituto
Oswaldo Cruz, Rio de Janeiro, Brazil

Paricia Cuenvo

Laboratorio de Pesquisa em Leshmaniose, Institulo Oswaldo Cruz,
Fiocruz, Rio de Janeiro, Brazil

Claudia Masini dAvila Levy

Laboratorio de Biologia Molecular ¢ Doengas Endémicas, Instituto
Oswaldo Cruz, Rio de Janeiro, Brazil

Nildimar Alves Honcrio
Laboratorio de Transmissores de Hematozoarios, Istibuto Oswaldo
Cruz, Rio de Janeiro, Brazl

Gilberro Barbosa Domonr
Innersidade Federal do Rio de Janemo, Instituto de Quuamica, Departamento
de Biogusinica, Laboratonio de Quinica de Protethas, Rio de Janeim, Brazl

lose Bansra de Jesus

Laboratorio de Biologia Molecular ¢ Doengas Endémicas, Instituto
Oswaldo Cruz, Rio de faneiro, Brazil; Departamento de Engenharia de
Biossistemas, Universidade Federal de Sao fJodo del Rei, MG, Brazl

This siudy reports the biochemical characterization and comparatiwe
analyses ﬂf highly actrve serine proteases m the larval and

pupal developmental stages of Aedes aegypti (Linnaeus) usmg
substrate-SDS-PAGE. Zymographic analysis of larval stadia detected
prroteolytic activity m 6-8 bands with afparent molecular masses ranging
from 20 to 250 kDa, with activity observed from pH 5.5 to 10.0.

The pupal stage showed a complex proteolytic activity in ai least
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11 bands with apparent Mr ranging from 25 to 250 kDa, and pH
optmnum at 10.0. The proteolytic activities of both larval and prupal
stages were strongly inhibited by phenyl-methyl sulfonyl-fluoride and
N-a-Tosyl-1-lysine chloromethyl ketone hydrochloride, indicating

that the main proteases expressed by these developmental stages

are !r}ﬁ.ﬁmfﬁkg serine proleases. The Enzymes were aclive al emperatures
ranging from 4 to 85°C, with optimal activity between 37 and 60°C,
and low actvity at 85°C. Comparative analysss between the
prroteolytic enzymes expressed by larvae and pupae showed that
substantial changes in the expression of active trypsin-like serine
frroteases occur durmg the developmental cycle of A. aegypts. © 2011
Wiley Periodicals, Inc.

Keywords: Aedes aegypti; protease; trypsin-like serine protease; zymo-
graphic analysis.

INTRODUCTION

Aedes aegypii 15 the main vector for dengue and yellow fever in ropical and subtropical
regions of the world (Honorio et al, 2003; de Lima-Camara et al., 2006; Kaur et al.,
2008; Maidana and Yang, 2008; Troyo et al., 2008; Vasilakis and Weaver, 2008). These
viral human diseases have become major international public health concerns because
of the geographical spread of mosquitoes that readily vector dengue and yellow fever
viruses (Shope, 1991; Gubler, 2002; Lourengo-de-Oliveira et al., 2004; Maciel-de-
Freitas et al, 2006; Wilder-Smith and Gubler, 2008). Dengue is the most common
mosquito-borne viral disease of humans; globally 2.5 billion people live in areas where
dengue viruses can be transmitted (WHO, 2008). In 2007, over 830,000 cases of
dengue were reported in the American contment alone (PAHO, 2008). A. aegypti 1s
widespread in Brazil transmitting three of the four dengue virus serotypes (Nogueira
et al., 2000; Rios-Velisquez et al., 2007).

During insect development, proteases play central roles in numerous processes,
such as digestion, oogenesis, and metamorphosis (Terra and Ferreira, 1994; Borovsky
and Mahmood, 1995; Nakajima et al, 1997). A number of proteases have been
identified in both adults and larvae of the order Diptera. Senine proteases have been
described in A, aegypii (Yang and Davies, 1971; Graf et al., 1986; Graf and Briegel,
1989; Ho et al., 1992; Borovsky and Meola, 2004), Anopheles (Han et al, 1997;
Rosenfeld and Vanderberg, 1998; Abraham et al., 2005; Okuda et al., 2005; Rodngues
etal., 2007), Oestrus ovis (Tabouret et al., 2003), Culex pipiens pallens (Gong et al., 2005),
Lutzomyia longipalpis (Fazito do Vale et al., 2007), and Dermatobia hominis (Pires et al.,
2007). In addition, cysteine peptidases, leucine-aminoprotease, carboxypeptidase A,
and arboxypeptidase B have also been described in A, aegypii (Cho et al, 1999;
Noriega et al., 2002) and metalloproteases have been reported in Anopheles stephensi,
Drosophila melanogaster, and D. hommis (Rosenfeld and Vanderberg, 1998; Vierstraete
et al, 2005%; Pires et al.,, 2007).

Despite the existence of valuable information about the presence of proteases in
specific tissues of A, aegypti, as far as we know, no data have been reported on the
proteolytic enzyme profile of whole extracts of pre-imaginal stages of this speaes. This
study employed zymographic analyses (gelatin-SDS-PAGE) to characerize and
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compare the proteolytic expression patterns in the four larval stadia and pupae of

A. asgyfis.
MATERIALS AND METHODS

Chemicals

Stock solutions of 1,10-phenantroline (200mM) and pepstatin A (1 mg/ml) were
prepared in ethanol, whereas trans-epoxysuccnyl L-leucylamido-(4-guanidino ) butane
(E-64, 1 mM) was prepared in water. Phenyl-methyl sulfonyl-fluoride (PMSE, 250 mM)
was diluted in sopropanol, and N-x-Tosyl-L-lysine chloromethyl ketone hydrochloride
(TLCK, 100mM) and N--Tosyl-L-phenylalanine dhloromethyl ketone (TPCK,
100 mM) were prepared in methanol. All protease inhibitors were maintained at
—20°C.

Insects and Collecting Methods

All experiments were conducted using larvae (L1, L2, L3, and 1L4) and pupae of
A. aegypti obtained from a colony originating from insects captured in the Brazlian
state of Rio de Janeiro and maintained in the Laboratdrio de Transmissores de
Hematozodrios, Instituto Oswaldo Cruz, Rio de Janeiro.

Zymographic Analysis

Larvae and pupae were washed twice with phosphate-butfered saline (PBS), pH 7.2,
and homogenized in lysis buffer containing 10% glycerol, 0.6% Triton X-100, 100 mM
Tris-HCI pH 6.8, and 150mM NaCl The homogenates were centrifuged at 14,000g
for 40min at 4°C to remove msoluble material, and proteins were resolved as
previously described (Cuervo et al., 2008). Briefly, the supernatants were mixed with
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer (125 mM 'Tris, pH 6.8, 4% SDS, 20% glycerol, 0.002% bromophenol blue) and
resolved in 12% SDS-PAGE co-polymerized with 0.1% porcne gelatin. The gels were
loaded with 20 pg of protein per well. After electrophoresis at a constant voltage of
110V and at 4°C, the gels were washed twice for 30min at 4°C in either 100 mM
sodium acetate buffer pH 3.5 or 5.5 contaimng 2.5% Trniton X-100 or 100 mM Tns-HCI
buffer pH 7.5 or 10.0 plus 2.5% Triton X-100. Protease activities were detected by
mncubating the gels in a reaction buffer containing 100 mM sodium acetate (pH 3.5 or
5.5) or 100 mM Tris-HCI buffer (pH 7.5 or 10.0) at 37°C for 30, 60, and 120 min for
larvae, and 24h for pupae homogenates. Bands of hydrolyzed gelatin were visualized
by staining the gels with 0.2% Coomassie blue R-250, 40% methanol, 105 acetic acid,
and destaining them with 10% acetic acid. The molecular masses of the proteases were
estimated by comparison with the mobility of molecular mass standards (Fermentas
Life Science, Hanover). The results are representative of five independent expen-
ments carried out in triplicate.

Thermal Stability

After electrophoresis, gels of larvae extracts were incubated at 4, 10, 37, 50, 60, or
85°C for 60 min in preheated 100 mM Tris-HCI pH 7.5 reaction buffer.
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Protease Inhibition Assays

Larvae and pupa homogenates were pre-incubated (before electrophoresis) for 30 min
at 37°C with one of the following protease inhibitors: 10 pM E-64, 1 mM PMSE, 100 pM
TLCK, 100pM TPCK, 10 pM pepstatin-A, or 10mM 1,10-phenanthroline. Inhibitor
was also added to the reaction buffer at the same concentration. Samples were then
resolved as described above.

RESULTS

Zymographic Profiles and Time-Courses of Proteolytic Activities From Larval Instars

The zymographic profile from L1, 12, L3, and L4 larval mstars was first analyzed after
a 1-h reaction at pH 7.5. The protease actvities resulted in the appearance of six to
eight bands ranging in molecular masses from 20 to 250kDa (Fig. 1). Qualitative
differences in the proteolytic profiles were observed between the larval instars. Time-
course assays were performed to evaluate how the length of the maibation time
mpacted the enzymatic acovity (Fig. 2). The intensity of proteclysis increased
progressively during incubation from 30 to 120min. Although enzymatic activities
were detected in all experimental condinons, the protease composition of all larval
mstars was clearly pronounced in gels that were allowed to mcubate for 60 min. Thus,
a reaction time of 60 min was used for all subsequent larval enzymatic assays.
Influence of pH on the Proteolytic Activities of Larval Instars

To investigate the pH dependence of the protease activities, the gels were incubated
for 1 hin buffers ranging from pH 3.5 to 10.0. Proteolytic activities were detected at all
pHs in each of the four larval instars (Fig. 3). However, the intensities of the proteolytic

profiles at pH 3.5 and 5.5 were drastically reduced when compared to those obtained
at pH 7.5 and 10.0. At pH 10.0, some of the proteolytic zones overlapped in L3 and 14

kDa L1 L2 L3 L4

130

17

Figure 1. Celatin-SDS-PAGE profiles of active peptidases detected in homogenates from the four larval mstars
of A aegyptr. Peptidase activities were detected after monbation of the gek for 1h at 37°C in 100 mM Tris-HCI
buffer pH 7.5. L1, first mstar larva: 12, serond instar larva: L3, third instar larva: L4, fourth insar larva. The
numbers on the left indicate the apparent molen:lar masses of the acttve bands expressed in kiloDakons (kDa).
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kia L2 L3 L4 L2 L3 Ld- L2 L3 L4

20 min, 60 min, 120 min.

Figure 2. Time<course of proteolytc activities exhibited by the four hrval instars of A, asgpes Protease
actvities were detected after incubaton of the gelsat 37°C in reaction buffer at pH 7.5 for 30, 60, and 120 min.
L1, first mstar larva; L2, second instar larva; L3, third instar larva; L4, fourth instar larva. The numbers on the
left indite the apparent moleqilar masses of the adive bands expressed in kiloDaltons (kDa).
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Figure 3. Effect of pH on the proteolytic patern from the four larval instars of A, asgypt. Enzymatic
actvites were evahmted after mcubatdon of the gels for 1h at 37°C in reacton buffer containing 104 mM
sodinm acetate at pH 3.5 or 55 or 10 mM Tris-HClar pH 7.5 or 1000, L1, first instar larva: L2, second instar
larva: L3, third instar larva; L4, fourth instar larva. The numbers on the left indicte the apparemt molecular
masses of the adive bands expressed in kiloDaltons (kia).

mstars, whereas some bands with molecular masses between 55 and 95 kDa were more
pronounced in L1 and L2 mstars.

Effect of Temperature on the Proteolytic Activity From Larval Instars

The effect of temperature on the proteolysis was followed at 4-85°C (Fig. 4). Low
enzymatic activity was observed at 4 and 10°C when compared with the standard assay
at 37°C. Proteolytic activities reached a maximum at 50 and 60°C, and decreased at
H3°C to a lower level that observed at 37°C.

Enzymatic Inhibition Assays in Larval Instars
The effect of a number of protease inhibitors on larval proteclytic activities was

determined (Fig. 5). Enzymatic activities in the larval homogenates were not affected
by 10 uM E-64, 10 pM pepstatin A, 100 pM TPCK, or 10 mM 1,10-phenanthroline. On
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L1 L2 L3 L4 L1 L2 L1 L2 L3 Da
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Figure 4. Effect of temperature on the pmrmlj'l:ir adivities from larvac of 4. aegyps. Enzymatc activities
were deteded after incubation of the gels for B0min at 4, 10, 37, 50, 60, or 85°C in reaction buffer 4'n.n|;.1injn\;ﬁr
LmM Tris-HC at pH 7.5, The numbers on the left indicate the apparent molecular masses of the active
bands expressed in kllﬂl].-l“ﬂni {kDa).

the contrary, 100pM TLCK and 1mM PMSF strongly inhibited the enzymatic
activities in all larval instars.

Effect of pH and Inhibitors on the Proteolytic Activity Profile of the Pupa

The proteolytic profile during the pupa stage was evaluated after incubation of the gels
in buffers at pH 3.5-10.0 for 24 h (Fig. 6A). Protease activities were detected at a pH
range of 5.5-10.0, with no pr(:tu:hu'{' bands detected at pH 3.5. Differences in the
number and intensity of the activity bands were observed across pH 5.5, 7.5, and 10.0.
The most complex pr{:lu:hu-[ pr{:ﬁIL from the pupal stage was observed at pH 100,
with at least 11 bands mnging from 25 to ~200kDa resolved. The activity of a
prmu:uh'ti{' band appearing to have a molecular mass of 200kDa was strongly
ncreased at pH 7.5 and 10.0, while strong pr{:lu:htu activity exhibited by an enzyme
of dppr{:}umdn_h 40kDa was uniformly intense m a pH range of 5.5-10.0. The
minimum incubation time to detect protease activities from the pupal BldEL was fxed
at 24 h, as no enzymatic activity was detected when I!{!III{!ELIHIL‘% were iIncubated for
30, 60, or 120 min (data not show n), indicating very low activity. The enzymatic profile
L}.hlhll{_l'.l by pupa homogenates was strongly inhibited by 1mM PMSF or 100 pM
TLCK (Fig. 6B). Proteolytic activities were not affected by 10 pM E-64, 100pM TPCK,
10 uM pepstatin A, or 10mM 1,10-phenanthroline (data not shown).
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& L1 L2 L3 L4 L2 L3 L2 L3 L4

d

A0

1

.

Ti—

54—

o
H—
§7

1,10 - Phenantroline TLCK PMSF

Figure 5. Effea of protease inhibitors on the proteolytic profiles of the four larval instars of 4. asryp.
Peptidase actvities were detected after incubation of the gels for 1h at 37°C in 100 mM Trs-HC pH 7.5.
Proteolytic assays were performed in the absence (montrol) or presence of each of the following protcase
inhibitors: 10pM E-44: ImM PMSE 100pM TLCK: 100pM TPCK: 10pM pepstatin-A, and [0mM 1,10-
phenanthroline. L1, first instar larva: 12, second instar larva: L3, third instar larva: L4, fourth instar larva. The
numbers on the left indi@te the apparemt moleqilar masses of the active bands expressed in kiloDaltons (kDa).

DISCUSSION

This study reports the biochemical characterization and comparative analysis of
diverse serine proteases in larvae and pupae of A. aegypti at different developmental
stages using gelann-SDS-PAGE. The detection of larval protease activities 1s ime and
pH dependent. Although a time-course experiment demonstrated that activities
increased with longer incubation time, no additional bands were observed after 1h of
incubation. In addition, even though all activines were strongly detected at pH 10.0
and some proteolytic bands from L1 and L2 instars were better visualized at this pH
{when compared to pH 7.5), the hyperactivity of the proteases at pH 10.0 produced
overlapping zones and smears in several regions of the gel, precluding an accurate
analysis of the proteolytic profile expressed by different larval instars. Therefore, the
optimal experimental conditions to detect proteolytic activities in different larval
instars were incubation for 1 hat pH 7.5. Protease inhibitors PMSF and TLCK strongly
mhibited the proteolytic activities during different larval stadia. The inhibition of the
proteolytic pattern by PMSF (an inhibitor of chymotrypsin and trypsin), and TLCK
{a specific mhibitor of trypsin), indicates that the main proteolytic enzymes of larval of
A. aegypti are trypsin-ike serine proteases. These results agree with previous
descriptions of the presence of trypsin in larval stages of A. aggypti, which have been
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Figure 6. Celatin-SDS-PAGE profiles demonstrating peptidase activity at a range of pH valees and the
effects of the serine peptidase inhibitors TLCK and PMSF on peptdase activities in the pupal stage of
A. aegypti. (A) Peptidase activities were detected after incubation of the gels for 24 h at 37°C in reaction buffer
containing 100mM sodum acetate at pH 3.5 or 5.5 or 100mM Trs-HCl at pH 7.5 or 1000, The numbers on
the kefi indicate the apparent molecular masses of the active bands expressed in kiloDaltons (kDa).
B} Proteolytc assays were performed in the absence of inhibitors (a), the presence of 1 mM PMSF (bj, and
the presence of 100 pM TLCK (c). Peptidase activities were detected after incubation of the gek for 24h m
37°Cin reacton buffer conaining 100 mM Tris-HCl pH 10L0. The mimbers on the left indicate the apparemt
molecilar masses of the active bands expressed in kiloDaltons (kDa).

detected using other biochemical methods (Yang and Davies, 1971; Ho et al., 1992;
Borovsky and Meola, 2004). In fact, it has been reported that the gut of larval stages of
A. aegypti synthesizes mostly trypsin-like enzymes (~90%) and also other proteases in a
lesser extent (Borovsky and f'i-'lf_{lld, 2004). The experimental conditions used here
were ntended for the detection of proteases from whole larvae and pupa extracts.
Using dissected guts from pre-imaginal stages of A. aegypti and other Diptera species,
other authors have also detected trypsin and chymotrypsin-like enzymes (Mahmood
and Borovsky, 1992; Tabouret et al, 2003; Borovsky and Meola, 2004; Fazito do Vale
et al.,, 2007; Pires et al., 2007).

Due to the fact that SDS-substrate-gel electrophoresis detects actve proteases,
proteins are not completely denatured and reduced. Theretore, the molecular wcibht
calculated for pr{:lf_{:hm activities is only an estimated. Here we detect trypsin-like
serine proteases ranging from 20 to 250 kDa whereas g genome data revealed molecular
masses between 24 and 35 kDa (Nene et al,, 2007). Becuse the protein samples are
not boiled in the presence of SDS and f-mercaptoethanol, the proteolytic activities of
high molecular masses detected here could be due to protein aggregates or to
proteases still bound to some membranes that precipitated at the top of the gels or
migrated very slowly. In addition, it 15 possible that binding of the proteases to the
substrate also impeded the migration on the gel. Such factors may slow the migration
of the proteases, giving an illusion of a higher molecular mass (Nauen et al., 2001).
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Differences in the observed intensities of the proteclytic banding patterns in the
mira- and inter-stadmm samples may indicate that some proteases are differentally
expressed and/or exist in distinct 1soforms with specific catalytic features. Supporting
this hypothesis, quantitative differences i trypsin biosynthesis in the gut of A. aegypii
larvae were previously reported (Borovsky and Meola, 2004). Such quanttative
differences could correspond to our observation of differences in proteolytic band
intensity in distinct larval instars. Additionally, the expression of functionally different
proteases may be associated with distinet processes such as nutrition, development,
and defense (Ho et al., 1992; Yano et al., 1995, Nakajima et al., 1997; Borovsky and
Meola, 2004; Philip et al., 2007).

Comparison of protease activiies from pupae and larvae show that both
developmental stages e xpress trypsin-like serine proteases that exhibit optimal activities
at alkaline pH. However, the larval proteases exhibit a broader pH range of activity
than that of the pupal enzymes. Enhanced resolition of proteolytic bands from pupa
was obtained at pH 10.0; on the other hand, larval instars were resolved adequately at
pH 7.5. Additionally, the composition of the proteolytic profile from pupae is
qualitatively different from that exhibited by larval stadia. Although the pupa presents
at least 11 main bands at pH 10.0, the larval stadia present only eight proteolytic bands.
Also, the incubation time required for detecting proteolytic activities differs greatly
between the stages as proteases of larval stadia can be detected after just 1h of
incubation, while detection of pupal protease activities requires 24 h of incubation. This
observation could indicate the presence of highly actuve digestive proteases in larvae,
the expression of which diminishes after larval-pupal ecdysis. It has been previously
suggested (Yang and Davies, 1971) that highly active serine proteases at the larval stage
may be necessary to accomphsh the digeston of food particles at the low temperatures
of the aquatic environment, and that the production of these enzymes would dearease
upon the termination of active digestion, i.e., when larval-pupal ecdysis is complete. On
the contrary, other authors have shown that the level of trypsin-like enzymes in the gut
of pupae 1s similar to that found in the fourth mstar larva (Borovsky and Meola, 2004).
These differences between our work and these previous results could be due to: (1) the
activities detected here are from whole larvae and pupae extracts, whereas the other
authors used dissected guts; (i) proteases detected in larval instars and pupae displayed
different kinetics; (1) the previous work was a quantitative comparison of total trypsin
synthesis (active and mactive) in the gut of larvae and pupae, whereas in this study we
detected only active proteases; and (iv) an endogenous serine protease inhibitor
synthesized by pupae may be released when this stage is homogenized.

Despite notable differences in proteolytic profiles between pupae and larval stadia,
common features, such as a band migranng at ~40 kDa, were present in both the four
larval stadia and in the pupa stage. These results suggest that both developmental
stages constitutively express a trypsin-like serine protease that could perform similar
functions throughout the life cyde of the insect. Thermal stability experiments
illustrated that despite decreases in enzymatic activity at 4 and 10°C, the proteolytic
profile of the four larval instars could sull be observed. Enzymatic activity increased
between 37 and 60°C, and decreased at 85°C, indicating that serine proteases of
A. aegypti larvae are well adapted to extreme temperature conditions. Similar results
were described for serine proteases of 0. ovis (Angulo-Valadez et al., 2007), and Tenebrio
molitor (Elpidina et al.,, 2005; Tsybina et al., 2005).

Trypsin and chymotrypsin serine proteases have been identified in specific organs
from different stages of A. aegypii (Yang and Davies, 1971, 1972; Terra and Ferreira,
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1994; Noriega et al., 1996; Noriega and Wells, 1999; Borovsky and Meola, 2004);
however, to our knowledge, the applicaton of zymography to the hiodhemical
characterization and comparative study of the expression of proteases from the whole
extracts of this hFI-ELIIE'i has not been reported. Our fndings demonstrate that
zymographic anal}'\.l.t. is a praf_tlf_al and reliable meth{}dulug} that could be applied to
study changes in the expression of active proteases in species that progress through
several developmental stages during their hfe cycle. In addition, this method also
allows: (1) the study of the effect of pH, temperature, and reaction time on the protease
profile, (11) the detection of protease 1soforms, and (m) the 1solaton of speafic active
proteases (Zhao and Russell, 2003; Cuervo et al., 2008). Finally, this methodology
together with other protein identification methods, such as mass spectrometry, could

be a powerful approach for the analysis of active forms of proteases compared to
traditional biochemiml methods (Zhao et al., 2004; De Jesus et al., 2009).
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Abstract

Background: Aedes albopictus, a ubiquitous mosquito, is one of the main vectors of dengue and vyellow fever,
representing an important threat to public health worldwide. Peptidases play key roles in processes such as
digestion, oogenesis, and metamarphosis of insects. However, most of the information on the proteolytic enzymes
of mosquitoes is derived from insects in the adult stages and is often directed towards the understanding of blood
digestion. The aim of this study was to investigate the expression of active peptidases from the preimaginal stages
of Ae. albopictus.

Methods: Ae. albopictus eqggs, larvae, and pupae were analyzed using zymography with susbtrate-SDS-PAGE. The
pH, temperature and peptidase inhibitor sensitivity was evaluated. In addition, the proteolytic activities of larval
instars were assayed using the fluorogenic substrate 7-Phe-Arg-AMC.

Results: The proteolytic profile of the larval stage was composed of 8 bands ranging from 17 to 130 kDa. These
enzymes displayed activity in a broad range of pH values, from 5.5 to 10.0. The enzymatic profile of the eggs was
similar to that of the larvae, although the proteolytic bands of the eggs showed lower intensities. The pupal stage
showed a complex proteolytic pattern, with at least 6 bands with apparent molecular masses ranging from 30 ta
150 kDa and optimal activity at pH 7.5. Peptidases from larval instars were active from 10°C to 60°C, with optimal
activity at temperatures between 37°C and 50°C. The proteolytic profile of both the larval and pupal stages was
inhibited by phenyl-methyl sulfonyl-fluoride (PMSF) and Na-Tosyl L-lysine chloromethyl ketone hydrochloride
(TLCK), indicating that the main peptidases expressed during these developmental stages are trypsin-like serine
peptidases.

Conclusion: The preimaginal stages of Ae. albopictus exhibited a complex profile of trypsin-like serine peptidase
activities. A comparative analysis of the active peptidase profiles revealed differential expression of trypsin-like
isoforms among the preimaginal stages, suggesting that some of these enzymes are stage specific. Additionally, a
comparison of the peptidase expression between larvae from eggs collected in the natural environment and larvae
obtained from the eggs of female mosquitoes maintained in colonies for a long period of time demonstrated that
the proteolytic profile is invariable under such conditions.
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Background

During the last three decades, the mosquito Aedes
(Stegomyia) albopictus has spread from Southeast Asia
to Africa, the Middle East, Europe and America. This
species has demonstrated a strong ecological plasticity
that allows for rapid adaptation to diversified habitats,
including urban environments [1-6]. Female oviposition
occurs in both natural conditions and in artificial
containers, and it has been reported that Ae albopictus
successfully compete against other container-breeding
mosquitoes, including Ae aegypti [5,7). Ae. albopictus is
a competent vector for at least 22 arboviruses and plays
significant role in the transmission of all four serotypes
of the dengue virus as well as in the transmission of
nematodes, such as Dirofilaria immitis and Dirofilaria
repens [5,8-12].

The secretion of serine peptidases responsible for the
hydrolysis of nutrients from food was first reported for
Ae aegypti in the early 1970s [13]. Furthermore, serine
peptidases have been implicated in the regulation of im-
munity in Amopheles sp. [14-16]. Within the serine pep-
tidase family, trypsin and chymotrypsin are the most
abundant digestive enzymes in the midgut of several in-
sect species [17]. These enzymes are characterized as
having a His-Asp-Ser catalytic triad and the same basic
tridimensional structure, consisting of two six-stranded
B-barrels that contain the active site, the substrate recog-
nition region and the zymogen activation domain [18].
Despite the high similarity of serine peptidases among
mosquito species, each enzyme has a unique set of
accessory catalytic residues that are thought to be im-
portant for determining substrate specificity [19,20].

Previous studies have reported the proteolytic activity
of both trypsin and chymotrypsin in the peritrophic
matrix and gut of Ae aegypti, Ae. albopictus and Culex
guinguefasciatus larvae [21-23]. These enzymes have
also been associated with the digestion of nutrients by
larvae of other diptera species, such as Dermatobia
hominis, Lutzomya longipalpis, Musca domestica, and
Oxysarcodexia thormax [24-27]. In addition, trypsins
secreted in the lumen of the gut have been implicated in
the process of pathogen establishment in vector mosqui-
toes. For example, trypsins secreted by the mosquito for
food digestion are involved in the activation of the pro-
enzyme form of a chitinase from the Plasmodium species
[28-32]. Moreover, arboviruses such as the La Crosse virus
(LACV; Bunyaviridae), blue tongue virus (BTV; Reoviridae)
and dengue virus serotype 2 (DENV-2, Flaviviridae) use
vector midgut peptidases for the proteolytic processing of
viral proteins to increase viral infectivity [33-35).

The current study aims to characterize and compare
the serine-peptidase proteolytic profiles of the egg, four
larval instars and the pupal stage of Ae albopictus using
substrate SDS-PAGE zymographic analysis.
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Methods

Chemicals

All chemicals were purchased from Sigma Chemical
Company (USA). Stock solutions of Na-Tosyl-L-lysine
chloromethyl ketone hydrochloride (TLCK, 100 mM)
and N-p-Tosyl-L-phenylalanine chloromethyl ketone
(TPCK, 100 mM) were prepared in methanol. Phenyl-
methyl sulfonyl-fluoride (PMSE, 250 mM) was diluted
in isopropanol, whereas 1,10-phenantroline (200 mM)
and pepstatin A {1 mg/ml) were dissolved in ethanol.
Trans-epoxysuccinyl L-leucylamido-(4-guanidino) bu-
tane (E-64, 10 pM) was prepared in water. The stock
solution of Z-carbobenzoxy-L-phenylalanyl-L-arginine-
(7-amino-4-methvicoumarin) [Z-Phe-Arg-AMC] (3 mM)
was prepared in dimethylsulfoxide (DMSO).

Insects

Pre-imaginal stages (eggs, larvae and pupae) of Ae
albopictus used in the present study came from two
sources: (i) a closed continuous colony (Laboratério de
Transmissores de Hematozodrios, Instituto Oswaldo
Cruz, FIOCRUZ, Rio de Janeiro) originated from insects
captured in the Brazilian state of Rio de Janeiro, and (ii)
F1 generation of larvae hatched from eggs collected by
ovitraps in the natural environment in endemic areas of
Rio de Janeiro. In the closed colony, eggs (two days old),
larvae (first larval instar, L1; second larval instar, L2;
third larval instar, L3 and forth larval instar, 1L4) and
pupae (16=20 h old) were reared at 28 +1°C under
B0+ 10% relative humidity, with a photoperiod of
12:12 h (LD). The larvae were kept in plastic basins con-
taining dechlorinated water and were fed with fish food
{Tetramin™). The F1 generation of larvae hatched from
eggs collected by ovitraps in the natural environment in
endemic areas of Rio de Janeiro was used to compare
with larvae obtained from the eggs of female mosquitoes
maintained for a long period of time in the closed con-
tinuous colony. The ovitrap consist in a plastic vase with
a wooden oviposition paddle and hay infusion as
described previously [36]. The paddles with eggs from
the field were placed in plastic basins to hatch and the
larvae were reared up until the fourth instar for identifi-
cation using the key by Consoli & Lourenco-de-Oliveira
[37]. The L4 larvae were separated from the others and
reared up until imaginal stages for F1 eggs collection. F,
larvae were reared in the same conditions as mentioned

above.

Protein extraction and quantification

The larvae and pupa of Ae albopictus were washed
twice in PBS buffer (pH 7.2). Then, they were mechanic-
ally disrupted in lysis buffer containing 10% glycerol,
0.6% Triton X-100, 100 mM Tris-HCl and 150 mM
NaCl. Protein was extracted from the eggs by five cydes
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of freezing and thawing in liquid nitrogen, followed by
mechanical disruption in the same lysis buffer. The
extracts were then centrifuged at 14000 = g for 10 minutes
at 4°C to remove insoluble material Total protein was
quantified using a commercial kit {Pierce Protein assay),
according to the manufacturer’s instructions.

Zymographic assays

To investigate the proteolytic profile of total extracts,
30 pg of protein were subject to electrophoresis (110 V
at 4°C) on 12% SDS-PAGE gels copolymerized with 0.1%
porcine gelatin. After electrophoresis, the resulting gels
were washed twice for 30 minutes at 4°C in 0.1 M
sodium acetate buffer (pH 3.5 or 5.5) containing 2.5%
Triton X-100, or in 0.1 M Tris-HCl buffer (pH 7.5
or 10) containing 25% Triton X-100. Proteolytic activity
was detected after incubating the gels at 37°C in reaction
buffer containing 0.1 M sodium acetate (pH 3.5 or 55),
or in 0.1 M Tris—-HCI buffer (pH 7.5 or 10). Gels loaded
with egg protein were incubated for 120 minutes,
whereas gels loaded with larvae protein were incubated
for 30, 60, 120 or 180 minutes. Pupal enzymes were
incubated for 3, 6, 12, 24, 36 or 48 h. Bands of gelatin
degradation were visualized by staining the gels with
025% Coomassie blue R-250 and subsequent destaining
with 10 % acetic acid. The molecular mass of the
proteases was calculated by comparison with the mobil-
ity of a commercial molecular mass standard. All results
are derived from five independent experiments carried
out in triplicate.

Effect of temperature on the proteolytic activities of
larvae

The thermal sensitivity of larval peptidase activities was
evaluated by incubating gels at 4°C, 10°C, 37°C, 50°C,
and 60°C in 0.1 M Tris—HCl buffer (pH 7.5). Prior to gel
electrophoresis, the protease extracts were incubated
until they reached the proper temperature for the assay.
In addition, after electrophoresis, the gels were in-
cubated in reaction buffer that was adjusted to each
temperature.

Zymographic analysis of peptidase profiles of larvae from
eggs collected from the natural environment vs. larvae
from eggs of a colony maintained for a long period

For this assay, two different types of Ae. albopictus lar-
vae were used: (i) larvae from eggs collected in the nat-
ural environment in endemic areas of Rio de Janeiro and
(i} larvae obtained from the eggs of female mosquitoes
maintained for a long period of time in a closed con-
tinuous colony. Larvae hatched from both types of
eggs (i and ii) were prepared for zymography as pre-
viously described.
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Protease inhibition assays

Larvae and pupa homogenates were pre-incubated (before
electrophoresis) for 30 min at 4°C with one of the fol-
lowing peptidase inhibitors: 10 pM E-64, 1 mM PMSF,
100 pM TLCK, 100 pM TPCK, 10 pM pepstatin-A or
10 mM 110-phenanthroline. After electrophoresis, each
inhibitor, at the same concentration, was also added to the
reaction buffer. Peptidase activities were then resolved as
described previously.

In-solution enzy matic assays

Peptidase activity from larval homogenates was deter-
mined by in-solution assays using the fluorogenic sub-
strate Z-Phe-Arg-AMC in the presence or absence of
TLCK. One hundred micromolar of substrate was used as
a working solution for each assay. The reactions were
initiated by diluting 10 pg of protein from the larvae of
each instar in 100 mM sodium phosphate buffer (pH 7.5).
The fluorescence intensity was measured every 5 min
during 60 min by spectrophotofluorometry (SpectraMax
Gemini XPS, Molecular Devices, CA) using excitation and
emission wavelengths of 380 and 460 nm, respectively. All
assays were performed at 37°C and pH 7.5. Controls
lacking either the enzyme or the substrate were also
included. All results are derived from thres independent
experiments performed in triplicate.

Results

Time course of proteolytic activities from larval instars
and influence of pH and temperature on the zymographic
profile

The zymographic profile from L1, 12, L3 and L4 larval
instars was analyzed after 30, 60, 120 and 180 minutes
of incubation at 37°C and pH 7.5 to evaluate the influ-
ence of time on their enzymatic activities (Figure 1A).
We found that the intensity of proteolytic activities
increased progressively from 30 to 180 minutes of incu-
bation. The proteolytic profile was composed of at least
eight bands ranging in size from 17 to 130 kDa. The in-
fluence of pH on the proteolytic activities of larval
instars was evaluated after incubation of the gels for two
hours in different reaction buffers ranging from pH 3.5
to 10 (Figure 1B). Although enzymatic activities were
detected at all pH condition, the intensity of peptidase
activities was reduced at pH 3.5 and 55. The thermal
sensitivity of peptidases from larval homogenates was
measured at pH 75 and temperatures of 4#°C, 10°C,
37°C, 50°C and 60°C. At 4°C little activity was observed
(data not shown) whereas at 10°C the proteolytic activ-
ities were less intense compared to those visualized at
the standard temperature 37°C. At 50°C, the enzymatic
activities were strongly increased to the extent that some
of the proteolytic halos overlapped in the L2, L3 and L4
instars. Conversely, some bands between 40 kDa and
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Figure 1 Time course of the proteolytic activities exhibited by the four larval instars of Ae. albapictus and influence of pH and
temperature on the proteclytic profiles. A. Protechtic activities were evaluated after 30 min, 60 min, 120 min and 180 min of incubation in
0.1 M Tris-HCl buffer (pH 7.5). B. The effea of pH on the proteclytic activities was evaluated by incubation at 37°C for two hours in 0.1 M sodium
acotate buffer pH 35, 55 or 01 M Tris-HC buffer pH 75, 1000, €. Eneyme activities were detactad after incubating the gels for 2 hours a0 10°C,
37C 500C, and 60°C in 0.1 M Tris-HC buffer pH 751 L1, first larval instar; L2, second larval stage; L3, third larval instar; and L4, fourth lanval instar.
The numbers on the right indicate the apparent makscular masses of the peptidases (kDa).

"

130 kDa were more visible at 50°C in the L1 instar. At
6(rC, the enzymatic activities were reduced compared to
the standard condition (Figure 1C).

Peptidase inhibition assays in larval instars and in-
solution detection of proteolytic activity

The proteolytic activities of all larval instars were in-
hibited by 1 mM PMSF and 100 pM TLCK (Figure 2A).
The zymographic profile was not affected by 10 pM
E-64 (Figure 2A), 100 pM TPCE, 10 pM pepstatin A
or 10 mM 1,10-phenanthroline (data not shown). Pro-
tein extracts from larval instars were used to determine
in-solution peptidase activities using the fluorogenic
substrate Z-Phe-Arg-AMC in the presence or absence
of TLCK, a specific inhibitor of trypsin-like serine

peptidases. The enzymatic activities increased progres-
sively from L1 to L4, and each instar displayed differ-
ent velocities of substrate degradation. All enzymatic
activities were strongly inhibited by TLCK (Figure 2B).

Comparative analysis of the peptidase profiles of larvae
from eggs collected from the natural environment vs.
larvae from eggs collected from a colony maintained for
a long period of time

To evaluate the stability of the peptidase activities
detected by zymography, the proteolytic profile from lar-
val instars was verified by comparing the enzymatic ac-
tivities of larvae from eggs collected in the natural
environment and larvae obtained from eggs collected
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Figure 2 Effect of peptidase inhibitors on the proteclytic profiles of the four larval instars of Ae. albopictus, and quantitative in-
solution assays of the proteolytic activities. A. Samples were pre-incubated for 30 min in the presence of T mM PMSF, 100 uM TLCK and
10 pM E-64. The proteclytic activities werne detected aft ating the geks for 2 hours at 37°C in Tris—HO buffer {pH 75). T trol was
processed under the same conditions but in the absence of inhibitors. B. The in-solution assas were parformed using the flusregenic substrate
ZPhe-Arg-AMC in the abse lconitrol) or presence of 100 pM TLCK in 100 mM sodium phosphate {pH 75) L1, first lanal instar; L2, second
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from female mosguitoes maintained in colonies for a
long period of time. The larval instars obtained from
eges under both conditions exhibited similar proteclytic
profiles (Figure 3).

Comparison of peptidase profiles from eggs and larval
instars

The proteclytic profile displayed by eggs exhibited bands
between 17 and 130 kDa. The intensity of the proteolytic
activities from egps was lower than those from larvae;
however, bands ranging from 72 to 130 kDa were better
visualized in the egg extracts compared to the larval
extracts. The high molecular weight bands were not well
resolved in the proteolytic profiles of the larval instars,
likely due to the extremely high enzymatic activity in
this area (Figure 4).

Time course of proteolytic activities from the pupal stage
and influence of pH on the zymographic profile

Proteolytic activity from the pupal stage was assessed
after 3, 6, 12, 24, 36 and 48 h of incubation at 37°C and
pH 7.5 Enzymatic activity was not detected after 3, 6
or 12 h of incubation (data not shown and Figure 5A).
In contrast, the intensity of the proteolytic activity in-
creased progressively from 24 to 48 h (Figure 5A). The
peptidase profile was well-resolved after 36 h of reaction,
with nearly six evident bands of activity detected be-
tween 30 and 200 kDa. The proteolytic profile from the
pupal stage was analyzed after 36 h of incubation in dif-
ferent buffers at pH 3.5, 5.5, 7.5 and 10 (Figure 5B). No
enzymatic activity was observed at pH 3.5, while weak
proteolytic activity was detected at pH 5.5 The pep-
tidase profile was best resolved at pH 7.5 At pH 10,
the proteolytic halos of gelatin degradation overlapped,
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Figure 3 Comparative analysis of the proteclytic profile of Ae. albopictus larvae from (A) eggs obtained from the natural environment
in endemic regions of Rio de Janeiro and (B) eggs obtained from colonies maintained for a long time period. Proteclyic activities weare
detected after incubating the geks for 2 hours at 37°C in 01 M Tris—HC bufler (pH 7.5). The numbers on the right indicate the apparent molecular

making it impossible to visualize defined bands, except
for one band migrating at 30 kDa.

Peptidase inhibition assays in the pupal stage
The enzymatic profile exhibited by pupal homogenates
was strongly inhibited by 1 mM PMSF and 100 pM
TLCK (Figure 6). Proteolytic activities were not affected
by 10 pM E-64, 100 pM TPCE, 10 pM pepstatin A, or
10 mM 1,10-phenantroline (data not shown).

Discussion

Most of the information on the proteolytic enzymes of
mosquitoes is comprised from data collected at the adult
stages and is often directed towards the understanding of

kDa

L1 L2 L3 L4 Eag
250
130
a5
T2
55
36

Figure 4 Comparison between the proteclytic profiles of eggs
and larvae of Ae. albopictis. Piotechtic activities were detectad
by incubating the gels for 2 howrs at 37°Cin 01 M Tris=HO buffer
{pH 7.5). The numbers on the kel indicate the approxmate
mclecular masses of the peptidases (kDa).

blood digestion [38-40]. The aim of this study was to in-
vestigate the expression of active peptidases from the
preimaginal stages of Ae albopictus. To this end, we
characterized the proteolytic profile from whole extracts of
egps, larvae and pupae using SDS-substrate gel. The pep-
tidase activities were dependent on the time, pH and
temperature of incubation. The proteolytic profile from all
of the analyzed stages was composed primarily of trypsin-
like serine peptidases, and each stage exhibited a spedfic
and complex profile of these enzymes. Additionally, a
comparison of the peptidase expression between the larvae
from eggs collected from a natural environment and larvae
obtained from eggs of fermale mosquitoes maintained in
colonies for a long period of time showed that the proteo-
lytic profile is invariable under these conditions.

Although the genome of Ae albopictus has not yet
been completely sequenced, the expression of multiples
genes coding for trypsin-like serine peptidases has been
reported in the genome of different mosquitoes species,
such as Anopheles gambiae, Ae. aegypti and Culex
guinguefasciatus, accounting for 345, 380 and 403 puta-
tive genes, respectively [41-44). Compared to other dip-
tera species, such as Drosophila melanogaster, which has
260 genes encoding trypsin-like serine peptidases, the
maosquito genome exhibits a larger genetic repertoire of
these genes, likely due to gene expansion events [4546].
The maintenance of a variety of trypsin-like coding
genes may be related to their key role in numerous
physiological processes of the insect, such as digestion,
immunity, reproduction, development, signal transduc-
tion and wound healing [47-52]. However, the characte-
rization of active trypsin-like peptidases is scarce, and
little is known about the biochemical nature of these
enzymes in the preimaginal stages.

In the present study, we observed that Ae. albopictus
larval instars displayed a clear proteclytic pattern that
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was detected after 2 hours of reaction. In contrast, it has
been reported that Ae aegypti exhibits a zymographic
profile after only 1 hour of reaction [22]. These results
suggest that the larval peptidases in these species
present (i) distinct kinetic activities or (i) differential
quantitative expression. Such differences could also be
related to species-specific nutritional characteristics of
the larvae. In this regard, the larvae of Ae albopictus
feed more slowly and eat smaller amounts of nutrients
at one time compared to the larvae of Ae aqemypti [21].
This slower intake of food could lead to slower or
reduced activation/expression of peptidases involved in
nutrient digestion. Post-feeding induction of peptidase
expression has been observed, particularly in adults of
Ae aegypti [53-55]. Here, zymographic analyses revealed
that the expression of peptidases increases at each larval
instar. This result was corroborated by the guantitative
in-solution assays using the fluorogenic substrate Z-
Phe-Arg-AMC. Quantitative differential expression in
larval instars has also been observed by other authors,
specifically in the intestine, using alternative methods
[21,39,56]. In the present study, the proteolytic classes of
the enzymes were characterized using different inhibi-
tors, revealing that peptidases from the four larval in-
stars were inhibited by PMSE an inhibitor of trypsin
and chymotrypsin, and TLCK, an inhibitor of trypsin.
These results indicate that the enzymes were predomin-
antly trypsin-like serine peptidases in larval instars of
Ae albopictus, which is in agreement with previous
descriptions that suggest the occurrence of trypsin in
other species from diptera [13,21,24,25,57]. Although no
other peptidase classes were detected under the condi-
tions used here, we cannot rule out the possibility that

other classes of peptidases could be detected under dif-
ferent experimental conditions.

The four larval instars of Ae. albopicius showed pro-
teolytic activity in a broad range of pH values, with
optimal activity between pH 7.5 and 10. Accordingly,
the larvae of Ae. aegypti, An stephensi and Cx. guin-
quefasciatus displayed high enzymatic activities at an
alkaline pH [22,23,58]. These strong proteolytic acti-
vities may be associated with larval nutriion because
these stages are highly detritivorous and need to eat
large amounts of food to obtain their basic nutrients. In-
deed, the main peptidases expressed by larvae are
thought to be involved in the processing of nutrients
and have optimal activity at an alkaline pH [13,58]. In
addition, we demonstrated that larval instars exhibit a
complex profile of active peptidases composed by at
least eight bands of trypsin-like serine peptidases. These
results are in agreement with a recent transcriptome
study showing that 12 serine peptidases-like genes were
preferential expressed in the larvae of Ae aegypti
[39,59]. The broad spectrum of enzymatic activities
detected in the larvae of Ae albopictus could be related
to their survival in aquatic environments that are lacking
nutrients [13,58].

In addition, the zymographic patterns of larvae from
Ae. albopictus and Ae. aegypti [22] share a band of pro-
teolytic activity with the same intensity at approxdimately
28 kDa Additionally, several bands between 36 and
72 kDa observed in the enzymatic profile of Ae.
albopictus match those of Ae. aegypti, although with dif-
ferent intensities. These data could indicate that (i) the
expression of genes coding for some active trypsin-like
serine peptidases isoforms is conserved among Aedes
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Figure 6 Effect of TLCK and PMSF on the profile of the
proteclytic extracts from Ae. albopictus pupae. Frotechtic
activities were deteded after incubating the gels for 36 hours at
37°C in Tris—HC buffer (pH 7.5). Enzymatic assays were performed in
the awence of peptidase inhibiters (&), in the presence of 100 pM
TLCK B} and in the presence of 1 mi PMSF (C). The numbers on
the left indicate the approximate molecular masses of the
peptidaces (kDa).

species and (ii) that other isoforms are species-specific.
In fact, this conservation is expected given the import-
ance of these enzymes for the life cycle of these mosqui-
toes [21,56,59]. On the other hand, bands of proteolytic
activities with different intensities within the same stage
of development, among distinct stages and between the
two species may indicate that some genes coding for
trypsin are differentially expressed or that some isoforms
with specific catalytic features are differentially regulated
during the life cycle of the insect. Complex mechanisms
regulating the expression of trypsin in insects have been
previously described [39,53-56,60).

We next sought to investigate the stability of the pro-
teolytic profile in larvae obtained from the eggs of
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females reared in a colony for long time periods
compared with larvae hatched from eggs collected in the
natural environment. Our results demonstrate that the
enzymatic pattern did not change, suggesting that the
qualitative expression of peptidases is stable under the
experimental conditions used here. In other words, such
stability suggests that the genes coding for these
enzymes could be under strong selective pressure so that
the proteolytic profile is maintained in both natural and
colony conditions. These results indicate that inbreeding
during prolonged maintenance of the colony does not
alter the expression of the genes coding for the trypsin-
like serine peptidases detected in zymographic assays of
the larvae. In addition, such observations suggest that
trypsin-like serine peptidases of Ae. albopictus could be
constitutively expressed during all developmental stages.

The proteolytic profile of Ae albopictus eggs was simi-
lar to that exhibited by the larval instars, specifically the
L1 instar, in the number and intensity of bands. Three
bands of enzymatic activity between 17 and 28 kDa were
observed in both the eggs and larvae, although they
displayed different intensities. The similarity of the active
peptidase profile observed between the eggs and L1 may
be explained by the fact that the eggs were assayed at
the final stage of maturation when the embryo is very
similar to the young L1. In addition, the proteolytic ac-
tivities from the eggs likely had lower intensity because
before they hatched, the larvae were lethargic, presenting
low metabolism inside the eggs.

The pupal stage exhibited a complex and stage-s pecific
proteolytic profile, composed of six bands of activity.
Compared to the larval profile, which showed activities
in a wide pH range (3.5 — 10}, the pupal stage presented
activities exclusively between pH 7.5 and 10. Peptidases
from the larval extracts could be observed after 2 hours
of incubation, whereas peptidases from the pupal stage
were detected only after 24 hours of reaction. These
observations indicate a redudtion in the expression of
active digestive peptidases after the last larval molt [13].
However, although pupae do not feed, serine peptidase
activities could be related to the proteolysis of the
remaining larval tissue during metamorphosis. In sup-
port of this idea, in Sarcophaga peregrina, a 26 kDa tryp-
sin protein was isolated from the corpus luteum, an
organ that develops temporarily in the pupae and serves
to disintegrate the gut of immature stages and reshape it
to form the adult insect's gut [50,61-63].

The effect of temperature on trypsin-like serine pep-
tidase activities from larvae was also tested. When
compared to the control condition (37°C), the proteo-
lytic activities of all larval instars were susceptible to low
temperatures (4°C and 10°C) and highly stimulated at
high temperatures (50°C). Although enzymatic activity
decayed at 60°C, a clear profile could still be observed at
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this temperature. The strong decrease of proteolytic ac-
tivity could be due to the thermal denaturation of
the enzymes. Similar results were described for trypsin
and chymotrypsin from the larvae of Tenebrio molitor
[64,65] and for serine peptidases from Oestrus ovis [66]
and Ae. aegypti [22]. Because temperature is one of the
most important environmental conditions for sustaining
life on earth, the adaptation of an organism to extreme
environments requires the optimization of its enzymatic
repertoire. In this sense, the investigation of thermo-
stable proteins, which are highly conserved in phylogen-
etically related groups of organisms, could help to
identify changes in amino acid sequences that could be
associated with thermal adaptation [67]. Because Ae
aegypti and Ae albopictus are related species that ori-
ginated from different environments, a detailed study
comparing the sequence and structure of the trypsin
isoforms could provide important information on the mo-
lecular basis of the thermal stability of these enzymes.

Conclusion

The zymographic profiles of the preimaginal stages of
Ae albopictus are composed of a complex combination
of trypsin-like serine peptidase activities that exhibit
stage-specific characteristics. A comparison of the pro-
teolytic activities during different developmental stages
allowed for the detection of both qualitative and quantita-
tive differences in trypsin activities, indicating that the
serine peptidases are expressed in a stage-specific manner.
In addition, we demonstrate that the proteolytic profile in
larval instars is stable because larvae from the natural en-
vironment and larvae from a colony exhibited identical
trypsin-like peptidase patterns. Such a phenotypic charac-
teristic could be exploited for the characterization of other
Culiddae insects.
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Abstract

Background: Aedss albopictus is a vector for several fatal arboviruses in tropical and sub-tropical regions of the
world. The midgut of the mosquito is the first barrier that pathogens must overcome to establish infection and
represents one of the main immunoclogically active sites of the insect. Nevertheless, little is known about the
proteins involved in the defense against pathogens, and even in the processing of food, and the detoxification of
metabolites. The identification of proteins exclusively expressed in the midgut is the first step in underganding the
complex physiclogy of this tissue and can provide insight into the mechanisms of pathogen-vector interaction.
Howevwer, identification of the lo@lly expressed proteins presents a challenge because the Ae. albopictus genome
has not been seguenced.

Methods: In this study, two-dimensional electrophoresis (2DE) was combined with liguid chromatography in line
with tandem mass spectrometry (LC-M5/MS) and data mining to identify the major proteins in the midgut of
sugar-fed Ae. albopictus fermnales.

Results: Fifty-six proteins were identified by sequence similarity to entries from the Ae gegypti genome. In addition,
two hypothetical proteins were experimenitally confirmed. According to the gene ontology analysis, the identified
proteins were classified into 16 clusters of biclogical processes. Use of the STRING database to investigate protein
functional associations revealed five functional networks among the identified proteins, including a network for
carbohydrate and amino acid metabolism, a group assodated with ATP production and a network of proteins that
interact during detoxification of toxic free radicals, among others. This analysis allowed the assignment of a
potential role for proteins with unknown fundion based on their functional association with other characterized
proteins.

Conclusion: Our findings represent the first proteome map of the Ae. albapictus midgut and denctas the first steps
towards the description of a comprehensive proteome map of this vector. In addition, the data contributes 1o the
functional annotation of Aades spp. genomes using mass spectrometry-based proteomics data combined with
complementary gene prediction methods.

Keywords: Aades albopictus, Culicidae, Midgut, Proteomics, Proteome, Two-dimensional electrophoresis, Mass
spedrometry
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Background

The mosquito Aedes albopictus is a vector of fatal arbo-
viruses such as yellow fever, Chikungunya and Dengue,
which, according to estimates made by the World Health
Organization (WHO) can reach over 50 million cases
worldwide each vear [1-3]. In Brazil, Ae albopictus has
been reported in 21 states with 1,502 municipalities
infested [4]. This distribution is consistent with the fact
that this species is able to adapt easily to new habitats,
particularly those disturbed by man, such as wooded
areas occupied by new settlements, and over time,
becomes a permanent part of the local fauna [5]. During
blood feeding females of Ae. albopicfus acquire the
nutrients necessary for egg maturation and production
of yolk proteins [6]. However, during such feeding,
females can also be infected with various pathogens,
such as Dengue virus, which must cross the midgut epi-
thelial cells to finally reach the salivary glands and en-
sure their transmission to a new host during the next
blood meal. For this reason, many previous studies have
focused on the salivary glands with the aim of discover-
ing biomarkers involved in the interaction of tissue cells
with the virus or parasite and identifying molecules
involved in immune responses at the time of the insect
blood meal [7-11]). However, the midgut is the first bar-
rier that pathogens must overcome to establish infection
and represents one of the main immunologically active
sites of the insect [12]. Thus, many elements including
the blood of the vertebrate to be processed, pathogens
and the molecules of the vector immune response,
among others, converge on the midgut. Nevertheless, lit-
tle is known about the proteins involved in processing
the blood or detoxifying the metabolites from this
process. Furthermore, the extent of the proteins involved
in defense against pathogens and which are expressed
during the mosquito feeding intervals are also unknown.
A description of these molecules may help to understand
the phenomena that control the development of patho-
gens and subsequent transmission by the insect. Charac-
terizing the profile of proteins in the midgut of females
is one of the first steps to comprehend the complex
physiology of this tissue. Proteomic approaches enable
the protein profile of a tissue or cell to be fully defined
and the proteins expressed under different conditions to
be identified. Transcriptomic analyses have made im-
portant contributions to understanding the biology of
Aedes spp., but few proteomic studies have been con-
ducted in this genus. However, proteomic techniques
have been used to characterize Ae aegypti subpro-
teomes, such as membrane from larval midgut, adult sal-
ivary gland, Malpighian tubules and semen [13-16]. In
addition, a proteomic analysis of an Ae. albopictus cell
line infected by Dengue serotypes 1 and 3 has been
reported [17]. In the present study, using an approach
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that combines two-dimensional electrophoresis, mass
spectrometry and data mining, we describe the prote-
omic map of the midgut from Ae. albopicius females.

Methods

Chemicals

All reagents were purchased from Sigma (5t. Louis, MO,
USA) or Merck (Sdo Paulo, SP, Brazil). MilliQ-purified
water (Millipore Corp., Bedford, MA, USA) was used to
make all of the solutions.

Insects

Experiments were carried out using female adults (2-5
days old) of Ae albopictus caught in the Brazilian state of
Rio de Janeiro and reared in a closed colony in the
Laboratdrio de Transmissores de Hematozodrios - Instituto
Oswaldo Cruz, FIDCRUZ, Rio de Janeiro. Mosquitoes used
in this study had been maintained for near 100 generations
in the closed colony. Laboratory maintenance conditions
were a temperature of 2521°C, relative humidity 60+10%
and a light:dark photoperiod of 14:10 h. The mosquitoes
were maintained on a 10% sucose diet.

Gut dissection

The mosquitoes were cold-anesthetized on ice and decapi-
tated. Dissection was performed in cold, sterilized PBS
buffer, pH 7.4 (150 mM NaCl, 10 mM Na,HPO,). The
thorax was held with forceps (#5), and the intestine, Mal-
pighian tubules and ovary were dissected by gently pulling
at the rectum with another pair of forceps. In order to
guarantee the integrity and cleanliness of the midguts, the
Malpighian tubules and ovaries were cut out, and the mid-
guts were cut by a longitudinal indsion and thoroughly
rinsed with PBS to remove the gut contents, induding
bacteria present as general microbiota Midguts were then
transferred to a microcentrifuge tube. The isolated mid-
guts were digitally imaged using optic microscopy with
differential interference contrast.

Protein extraction

A pool of 50 midguts was lysed in IEF buffer containing
9 M urea, 4% CHAPS, 65 mM dithiothreitol (DTT), and
1% ampholytes (pH 3-10) plus 5 mM PMSF and a cock-
tail of protease inhibitors. The samples were mechanic-
ally lysed using a plastic pestle in combination with 10
cycles of freezing in liquid nitrogen and thawing. The
lysate was centrifuged at 10,000 x g for 10 min at 4°C,
and the proteins in the resulting supernatant were preci-
pitated with methanol:chloroform (3:1). Finally, the pel-
let was resuspended in IEF buffer (9 M urea, 4%
CHAPS, 65 mM dithiothreitol (DTT) and 1% ampho-
lytes, pH 3-10) for 1 h at room temperature. The pro-
tein concentration was determined using the 2-D Quant
Kit (GE Healthcare).
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2DE electrophoresis, protein visualization and image
analysis

For the first dimension, 100 pg of the protein was
diluted to a final volume of 125 pl in a rehydration solu-
tion (8 M urea, 2% CHAPS, 65 mM DTT, 1.5% ampho-
ytes, pH 3-10, and 0.001% bromophenol blue). This
solution was applied to IEF strips (7 cm, pH 3-10 non-
linear; GE Healthcare) and submitted to isoelectric focudng
on an Ettan [PGphor 3 (GE Healthcare) at 30°C with a
maximum current of 50 pA/strip. The focusing parameters
were set as previoudy described [18]. Reduced (10 mg/mL
DTT) and alkylated (25 mg/ml iodoacetamide) proteins
were separated on 12% SDS-PAGE gels (30% acrylamide,
0.8% bis-acrylamide) using a vertical system (Bio-Rad) and
standard Tris/glycine/SDS buffer. The gels were stained
with colloidal Coomassie Brilliant Blue G-250 [19]. Images
of the gels were acquired using a G5-800™ calibrated im-
aging dendtometer (Bio-Rad), and image analysis was per-
formed using PDQuest™ software (Bio-Rad). Three gels
from three independent gut suspensions were compared.
To assign experimental pf and Mr coordinates for each sin-
gle spot, 2DE gels were calibrated using a select set of reli-
able identification landmarks distributed throughout the
entire gel.

Protein digestion, peptide extraction and analysis by

mass spectrometry

The protein spots were manually excised and digested
following previously described protocols [18,20]. Briefly,
the gel pieces were washed with 50% (v/v) acetonitrile in
25 mM ammonium bicarbonate, dehydrated in 100%
acetonitrile, dried and further rehydrated in 50 mM am-
monium bicarbonate with 200 ng of trypsin (Promega).
The tryptic digestion was performed overnight at 37°C.
The peptides were extracted using 0.1% formic acid in
50% (v/v) acetonitrile, concentrated under vacuum and
desalted using C18 tips. The eluted peptides were loaded
in a nanolLC (Mano-LC Ultra 2D Plus, Eksigent), run-
ning a 50 minute gradient. Peptides were fractionated
using a gradient from 95% phase A (95% water, 5%
Acetonitrile, 0.1% formic acid added to the total) to 40%
phase B (85% Acetonitrile, 15% water, 0.1% formic acid
added to the total) for 42 min, 40% to 90% phase B dur-
ing 4 minutes and sustaining 90% phase B for another 4
minutes (total of 50 min at a flow rate of 200 nl/min).
Analytical column consisted of ReproSIL Gold c18 3 um
diameter beads (Dr Maisch GmbH, Germany) packed
in-house inside a 75 um ID silica tip with metalic coat-
ing, 12 cm length. The nanol.C was in-ine with a hybrid
LT XL-Orbitrap mass spectrometer, running a Data
Dependent Acquisition method, where MS1 was performed
on the FTMS at 60000 resolution, followed by CID frag-
mentation (35 nomalized collisional energy) of the 5 most
intense jon analyzed on the ITMS with a dynamic exclusion
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of 90 seconds to prevent re-fragmentation of the same ion.
The mass spectra were searched against the non-redundant
database of the Mational Center for Biotechnology (NCBI)
using the program Mascot MS/MS ion search (www.
matrixscience.com/search_form_selecthtml, Matrix  Sci-
ence, Onford, UK, free online version). The search para-
meters were lack of taxonomic restrictions; one tryptic
miscleavage; carbamidomethylation of cysteine residues as
fixed and oxidation of methionine and acetylation as vari-
able modifimtions; 10 ppm mass tolerance for the MS
mode and 06 Da tolerance for its corresponding fragments
in MS/MS.

Bioinformatics analyses of identified proteins

Gene Ontology (GO) annotations of biological process
of Ae. albopictus proteins were assigned according to
those reported in the VectorBase database (http://www.
vectorbase.org/) and confirmed at the AmiGO database
( http:/ /amigo.geneontology.org/cgi-bin/amigo/search.
cgi). The putative function of hypothetical proteins was
inferred using the InterProScan Sequence Search (http://
www.ebi.acuk/Tools/pfa/iprscan/). Identified proteins
were also analyzed in terms of putative functional associ-
ation networks according to the STRING 9.0 Server
[21,22] (hitp://www string-db.org).

Results and discussion

Two-dimensional gel separation and identification of Ae.
albopictus gut proteins

The gut proteins were fractionated by 2DE in a non-linear
gradient pH 3-10. Image analysis of 2DE gels obtained
from three independent experiments showed that the pro-
tein spot profiles were highly reproducible in terms of
both the total number of protein spots and their relative
positions and intensities. Approximately 340 protein spots,
distributed in a molecular mass range between ~17
and ~110 kDa and a pJ range between ~3.5 and ~9.5, were
detected in the Coomassie blue G-stained gels (Figure 1).
These results agree with previously reported proteomic
maps of Ae aegypti midgut where a similar number of
spots were resolved [13,14]). In the absence of reported
Ae. albopictus genome sequences, the proteins were iden-
tified based on their similarity with the available Ae.
aeqypti sequences. Automatic search of tandem mass
spectra allowed the identification of 56 proteins from 26
protein spots (Table 1, Figure 1). Forty different protein
entries were found among the 56 identifications (Tables 1
and 2). The spot numbers in Table 1 correspond to the
midgut proteins shown in Figure 1.

By comparing our data to the previously reported pro-
tein profiles of the midgut and midgut brush border
membrane vesicles 2D maps of Ae aegypti [14,23], we
identified approximately 60% (25/40) and 47% (19/40) of
the proteins, respectively, for the first time in the midgut
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Figure 1 2DE map of soluble proteins from the midgut of Ae. albopictus females. Proteins were separated in the first dimension aooss a
nor:linear pH range of 3-10 NL, and in the second dimersion in a 12% SD5-PAGE. The proteins were detected after staining by colloidal
Coomassia Briliant Blue G250, The protein spots identified by nLC-MS/MS (LTQ-Orbitrap) are numbsered, and their identities are provided in
Table 1. The numbers on the right side indicate the molecular mass standards expressed in kDa. In the left, optical micrography obtained with
camera attached to stersoscope.

2D map of an Aedes spp. The presence of protein disul-
fide isomerase, chaperonin-60 and enolase among the
most abundant proteins was in good agreement with the
midgut proteome analysis of Ae aegypfi [14.23]. The
congruence between the theoretical molecular mass and
experimental MW of the identified proteins (Table 1)
indicates that primarily full-length proteins were present
in the midgut extract.

Biological processes of the identified proteins and
potential functional assodations

Ae albopictus proteins could be classified in 15 categor-
ies according to GO annotation of biological processes
at the VectorBaseDE (Table 2, Figure 2). The most abun-
dant groups correspond to proteins involved in amino
acid metabolism, proteins with unknown biological
process and proteins involved in the cell redox homeo-
stasis (Figure 2). Other proteins were dustered into cat-
egories of those participating in the response to
oxidative stress, (catalase and superoxide dismutase);
phosphorylation (pyridoxine kinase); proteolysis (leucine
aminopeptidase) and iron transport (transferrin), among
others.

Further information about the role of Ae. albopictus
midgut proteins was obtained analyzing the potential
functional associations among the identified proteins
using the STRING 9.0 server, a database that provides
information about known and predicted protein-protein
interactions. This analysis revealed 5 consistent groups
of functional associations (Figure 3). The first one is com-
posed of proteins involved in glycolysis (pyruvate kinase,
enolase, fructose-bisphosphate aldolase), protein folding
(chaperonin-60, ch&), eledtron arrier (electron transport
oxidoreductase), and ketone body catabolism (succinyl-
CoA:3-ketoacid-coenzyme A transferase) (Figure 3, green
cluster). The second functional association group includes
proteins from carbohydrate and amino add metabolism
such as cystathionine beta-lyase, malate dehydmogenase,
glutamate dehydrogenase and aspartate aminotransferase
(Figure 3, red cluster). The repertoire of amino acid metab-
olism associated proteins identified in the midgut of the
insects could be correlated to several factors: (i) constitutive
expression of this group of proteins for the maintenance of
basal metabolisn, induding protein turnover of midgut
structural proteins; (ii) eady after metamorphosis, females
are fertilized and start to suffer changes in their metabolic
machinery as preparation for the blood feeding; (iii) as
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Table 1 Proteins automatically identified using the Mascot software ER
Spot Protein name NCBI accesion VectorBase  Theor/Exp Theor/Exp  Matching pep/ Peptide sequence Error + Protain = lon ﬁ g
code No. DE No. MW pl  Pep. identified ppm  score score =
by MS/MS g z
1 aspartate il 1571 28621 AAELOOZIO0 476455 a.1/82 14(7) KHNLGUGAYRD 4 &0 § 5
aminotranderase ® B
[Aedes aegypti] g §
KINLGVGAYRD 4 48 § g
KEYSPIEGTAEFCKH 4 50 2
RVGGAFLNGFFRGTKD 4 7 g g
KDIYLPTPSWGNHGPIFRH 5 16 g. E
RYYDPSTCGFDRCG 4 62 2 E
KGALEDLSK 4 52 2 E
KDGHQALAQSFAKN 4 49 38
RAGAFSLICSDKEEAART 4 78 8
KILIRPMYSNPPIHGARL 4 42
RLVSEILGDAMLKQ 4 EL]
KLMADR 2 23
RLSMAGVTTEN 4 44
KNVDYLAEAMAVTE. 4 a0
KNVDYLAEAMAVTH. 5 45
1 ATP synthase alpha gil157131648 AAELOI2I7S  595/455 9082 43 RVVDALGNAIDGLG 4 81 34
smuibil.o-l(t‘}:londrial [Aedes
aeqypti]
KTALAIDTINOORF 4 57
KHALIVDDLSKQ 5 &6
KALLSQIATDGK] 4 6
2 o3 gil157109536 AAELODSI36  357/328 80/78 1266) KSVLVCDAVDNSCVEL 1 17 44
phasphoghycerate
dehydrogenase
[Aedes asgypti]
KLLODHGKY 1 19
KLLODHGK YV 3 £l
KGYDAVIVRS 1 33
KITAEILDAGSGKL 3 a8 -
RAGAGVONIDMAATRN 2 50 'E
RLKLYSGRELYGRT 3 a8 5
wn
Table 1 Proteins automatically identified using the Mascot software (Continued) EX4
KLYSGSELY T 2 68 g g
AMMAFGMAY 4 32 § §
KIWATPHLGASTSEAQURY 2 50 E ;
RVAVEVAEQFIALTGKS 3 29 'é' g
RVAVEVAEQFIALTGKS 4 121 % g
2 frudose gil1571 11184 AAELOOSTEE  399/328 84/78 5(2) KOVOEELARI 2 50 37 ]
bisphesphate g ﬁ
aldolase [Aedes 5
aegypti] § g
KGILAADESTATCGKA 3 51 E‘ E
RFADIGVENNEDNRR 3 19 g =
KNTPSYQAILENANVLARY 4 28 a8
KATETVLAAVYIA a 16 §
3 fructese gil157111184 AAELOOSTEE  399/328 84/75 19(14) KOVOEELARI 3 547 56
bisphogphate
aldolase [Aedes
aeqypti]
KGILAADESTATCGKR 4 12
RFADIGVENMEDNRR 3 79
ROLLFTADDARL 4 36
RLQENISGVILFHETLYCH A 4 53
FADDGTPLAAMLEK 3 34
KGWDLMGSEGECTTQGLDDLGARC 3 74
KGWDLMGSEGECTTQGLDDLGARC 3 127
RCAQYKK 4 19
KHDGCDFAKW 2 51
KNTPSYQAILENANVLARY 3 127
KNTPSYQAILENANVARY 4 ]
RMPNVEPEILPDGDHDLERC 1 EL)
RMPNVEPEILPDGDHDLERC 2 75
KATETVLAAVYIA 3 87
KALNDHHVFLEGTLLKPNMVTAGCSCAKK 2 69
KKPSAQEIALATVLALRR 4 34 -
KKPSAQEALATVLALRR 4 4 &
KAAQDELIKR 4 68 2
[
&
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Table 1 Proteins automatically identified using the Mascot software (Continued) Z P
3 d3 gil1571 09536 AAELDOS336  357/328 BO/7S5 2(2) KSVLVCDAVDNSCVEL 3 49 92 g §
phasphoglycerate § =
dehydragenase g
[Aedes aagypti] g %
RAGAGVDNIDNAATRN 3 104 & ;
3 (Chain A, Crystal gi[116667854 AAELDOOGA0 4347328 71/15 1 KLLMGPGPSMAP QR 3 48 48 g
Siructure OF Aedes §' ES
Aegypti Mlanine a-
Glyoxylate : Z
Aminotransferase g g
4 AThPusy_mham alpha gil1571 31648 AELOTZITS  595/531 a4 1807} RVLSIGDGEARY 2 05 41 B ;
itochandal [fedes § IS
aegypt] 2 E
RVLSIGDGIARY 3 68 g °
KNIQA DEMVEFSSGLKG 5 5 8
KNIQADEMVEFSSGLKG o 18
KNIQADEMVEFSSGLKG 1 37
KNIQA DEMVEFSSGLKG 3 101
KAPGIPRY 2 41
REPMQTGIKA 3 28
KAVDSLVPIGRG 3 57
REUIGDRQ 3 38
KTALAIDTINQORF 2 ag
KRSTVAQIVICR 1 38
KHALIYDDLSKQ 1 21
REAYPGDVFYLHSRL 3 89
KGIRPAINVGLSVERY 2 22
KLELAQYRE 1 40
RLTELLKQ 1 b3
KITAFER E 2 31
4 abnine gil1571 24459 AAELDONETZ  604/531 86/74 A1) RILWINFGNPTGVLSRD 3 49 49
aminatranderase
[Redes aagypti]
RTTILPCPAKL 3 42 -
4 ATP synthase alpha gil1571 31648 AAELDIZITS  595/531 a4 s KNIQADEMVEFSSGLKG 5 24 25 &
smuih!uj(l:‘r:lendrial [Aedes E
aegypti] b
Table 1 Proteins automatically identified using the Mascot software (Continued) EE
K GMALNLEPDNVGVAFGNDKL 5 83 g §
K GMALNLEPDNVGVWFGNDKL 4 24 § g
KGMALNLEPDNVEVVVFGNDKL 3 2 E g
KGMALNLEPDNVGVAWFGNDKL 3 86 'ﬁ' 5
REVAAFAQFCSDLDAATQOLLNAG 4 149 ’j-%’ H
REVAAFAQFGSDLDAATOOLLNAG 4 58 g =
5 fuace gijis7111188 AMELODSTEE  309/512 84472 503 RLQENISGVILFHETLY QKA a 8o 47 g
bisphogphate § g
aldolase [Aedes a
aegypt] E 8
KOMDLMESEGECTTQGLODLGART 3 78 g B
KGWDLMGSEGECTTQGLODLGARC 4 76 g
RAPVEPEILPDGDHDLERC 4 45 E
KATETVLAAVYKA 4 61
6 catalase [Aedes gifoaaBs02 AAELOT3407  488/584 72471 2014 K KTPLAVRF 3 484 30
aeqypt]
RFSTVGEESGSADTARD 2 1o
KFYTDDGWDLVGNNTPIFFIRD 2 100
RDPILFPSFIMTCKR 2 55
RFMNGYGSHTRKL 1 26
RFMNGYGSHTFKL 1 29
RFMNGYGSHTFKL 3 27
KLVNADGKPVYICKF 2 37
KRADELAGADPOYSRD 1 36
KRADELAGADPOYSRD 3 61
RADELAGADPDYSIRD a7
KGEYPSWILK] 0 31
KICMMTFEQAEKL 4 83
KIWPQAEFPLIFVGRM 2 64
KNYFAEVECIAFDP SSMVPGIEASP DKM 3 75
RLFAYTDTHRH 4 70
RLGANYTOLPVNCPYRY 1 89
KHSVSGDIDR F 3 48 5
KHEVSEDI DRFESGDEENFAQASVFYR A 2 33 =
RFESGDEENFAQASVFYRR 5 74 é
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Table 1 Proteins automatically identified using the Mascot software (Continued) Z P
R MENLVNHMSNASPFIQERA 2 0 g §
KNEAEVDADFGRQ 1 75 § g
6 catalase [Aedes i[1571 35803 AAELOT3407  57.1/584 T 8(4) RINPAENQLNLFKE 1 196 60 g ;
aegypt] 98
KKTPLAVRF 3 30 g g
RFSTVGGESGSADTARD 2 10 § g
KFYTODGMWDLYGNNTRIEFRD 2 100 g %
ROPILFPSFIMTCKA 2 55 g g
REMNGYGSHTFKL 1 26 g5
RFMNGYGSHTFKL 1 29 § s
REMNGYGSHTFKL 3 27 ] g
& AT'I;sy_mhase alpha gil1571 31648 AAELOTZI7S  59.5/584 20/7.1 4(4) KNIQADEMVEFSSGLKG 3 45 85 g =
itochondiil Aedes
aegypt]
KTALADTINGQRE 2 60
REVAAFAQFGSDLDAATQOLLNAG 1 75
ABVAAFAQFGSDLDAATOOLLNRG 13 82
[ catalase [Aades gysm&aﬁoz AAELO13407 488/584 727 214) KKTPLAVRF 3 484 30
aegypti]
RFSTVGGESGSADTARD 2 1o
KEYTODGMDLVENNTRIEFR D 2 100
RDPILFRSEIHTOKS 2 55
REMNGYGSHTFKL 1 2
REMNGYGSHTEKL 1 29
RUEMNGYGSHTFKL 3 27
KLVNADGKIYCIF 2 ET
KRADELAGADPDYSRD 1 ES
KRADELAGADPDYSRD 3 &1
RADELAGADPDYSIRD 2 a7
KGEYPSWTLKI 1] 3
KIQVMTREQAEKL 4 83
KIWPCAEEPLIPUGA M 2 e =
K NYEAEVEQUAFDPSSMVPGIEASPIKM 3 75 'E
RLFAYTDTHRH 4 70 &
wn
Table 1 Proteins automatically identified using the Mascot software (Continued) ER
RLGANYTQLPVNCRYRY 1 89 g §
KHEVSGDIDA F 3 e g g
K HSVSGDIDRFESGOEENF AQA SVFYR R 2 EE) E Z
RFESGDEENFAQASVFYRS 5 74 & ;
R MISNLWNHMSNASPFIQERA 2 60 ’§' g
KNEAEVDADFGRO 1 75 23
[ catalse [Aedes il 157135803 AAELOIA07  57.1/584 LRl 8(4) RNPAENQLNLFKE 1 196 60 g e
aeqypt] § §
KKTPLAVRS 3 EY R
RFSTVGGESGSADTARD 2 1o E &
KEFYTDDG/WDLYGNNTP FFRD 2 100 R
ROPILFPSFIHTQKR 2 55 B °
REMNGYGSHTFKL 1 26 s
REMNGYGSHTFKL 1 29
REMNGYGSHTFKL 3 27
& ATP eynthase alpha gil1571 31648 MELOIZITS  505/584 20/71 4(4) KNIQADEMVEFSSGLKG 3 146 86
smum‘r:i}ndnal [Aedes
asgypti]
KTALAIDTINQORF 2 a0
REVAAFAQFGSOLDAATQOLLNAG 1 75
REVAAFAQFGSDLDAATOOLLNRG 13 a2
& glutamate gi|1571 26232 AAELOTME4  616/584 B3/71 52 RDSGDYEMITGYRA 0 52 43
dehydiogenase
[Pedes asgypti]
RGVFHGLONFIKE 1 27
RAGATCIGIEHDESIRNPQGIDPK A 1 2
KDIVHSGLOYTMERS 3 24
KYNLE DLRS 2 57
7 catalase [Aedes gifoa468602 AAELOTMO7  48.8/584 72470 22(16) KKTPLAVRF [ 61 37
asgypti]
RESTVGGESGSADTARD 2 a9
KEYTODGWOLVGNNTPIEFRD 1 66
KFYTODGMWOLVGNNTPIFFRD 2 92 »‘{
RDPILFPSFIHTOKR 2 5 =
ADPILFPSFIHTORA 2 62 é
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Table 1 Proteins automatically identified using the Mascot software (Continued) EN
RFMNGY GSHTFKL 1 26 ﬁ g
RFMNGYGSHTFKL 3 38 § g
KLVNADGKRVYCKE 0 45 B g
KRADELAGADPDYSRD 1 56 & 5
KRADELAGADPOYSRD 1 40 ’§' g
RADELAGADPDYSIRD 2 86 ae
KICHMTFEQAEKL 1 74 2 ;
KIWPQAEFPLIPVGAM 2 40 § E
KNYFAEVEQIAFDPSSMVPGIEASP DKM 3 37 S 8
RLFAYTOTHRH a 70 g e
RLFAYTOTHAH 1 52 g
RLGANYTQLPVNCPYRY 1 80 B
KHSVSGDIDRF 2 56
RFESGDEENFAQASVFYRA 1 n
RMISNLYNHMSNASPFIQERA 28
KNFAEVDADFGRQ 2 73
7 catalase [Aedes gil1571 35803 AAELOI3407  57.1/584 73470 EG ANPAENQLNLFKE g 21 59
aeqypii]
KKTPLAVRF 0 37
RFSTVGEESGESADTARD 2 a9
KFYTDDGWDLVGNNTPIFFRD 1 66
KFYTDDGMDLVGNNTRIFFIRD 2 a2
ROPILFPSFIMTQKR 2 25
ROPILFPSFIHTQKR 2 62
RFMNGY GSHTFKL 1 26
RFMNGY GSHTFKL 3 38
7 pyruvate Knase gil157107887 AAELOI4913  5B0/584 7170 126} RLSGICTIGRASVAPEMLEKM 0 139 59
[Medes aagyptil
K MMATGMMIARL 2 18
KENQOGMONLDAIAASDGINVARG 2 &7
RAGKPVICATOMLESMIKK 0 16
RAEISOVANAIDGADOMLSGETAK G 3 27 g
RAESDVANAIDGADOWLSGETAK G 3 51 =
KEAEAALWHRN 1 19 g
I
Table 1 Proteins automatically identified using the Mascot software (Continued) e
RAAAVIMTTSGRS 1 65 g E
ROCHLYRG 1 9 § £
RGLPVVEQUALEDWLKD 1 7 E E
RVQYGMOFGKE 2 18 4 5
RGFLPGNPWWIGWKG 3 22 fé H
7 leucine gi157121025 AAELOOIES9  S66/584 65170 53 RECLFASGCAVARA 1 134 46 2 &
aminopeptidase g ﬁ
[Aedes asgypti] § §
KAAADPPALAVLSY EPEGATETVAVWGK G 3 50 a
KAAADPPALAVLSYEPEGATETVAWGK G 3 13 g %
KVILDMATLTGAQGATGKY a 13 ?U-? E
KYHGAILTNSGSWENKA 5 42 28
7 gluamate gil1571 26232 AAELOIOM64  616/584 83170 126} RFFDMVEYFFHRA 1 ni 43 8
dehydrogenase
[Aedes asgypti]
RDSGDYEMITGYRA 1 58
KGRIGPGIDVPAPDMGTGER E 3 46
RGVFHGLDNFIKE 3 6
KEANYMAMIGTTPGWGGKT 3 32
RAGATCIGIEHDGS NPQGIDPK A 2 23
KIAEAANGPTTPAADK | 3 83
KIPVTPSEAFQIKR 1 28
KDIVHSGLDYTMERS 2 34
KYNLGDLRS 0 a4
RSAAYWNSIEK 2 ES
KIFQTYRD 1 21
8 enolase [Aedes gi[157121051 AAELOOIEES  468/512 62/67 32 RGNPTVEVDLVIDLGLFR A 2 56 17
aegypti]
KEALNLIQDAIAKA 0 54
KOFPISIEDPFDODHWDAWAKM B 42
9 dihydrdlipoamide gi[1571 14623 AAELODEG2B  54.1/550 6362 s KNDTLGGTCLNVECPSKA 1 86 120
dehydrogenase
[Aedes asgypti] F
RLDLOVLMDQKT & 64 g
KMADGSEEVWNAKN 2 18 ™
KMADGSEEVWNAKN 1 a2 é
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Table 1 Proteins automatically identified using the Mascot software (Continued) ER
KFLLGTKY 1 31 LS E
RAPYTECLGLENVGIKD 3 100 § g
RVCHAHFTCAEALRE 0 39 E E,
9 thioredoxin reductase gi||5?'| 32842 AAELDOZBEG 54455 aifaz 1048} KDAHNWAVMEN 0 255 57 I[% ;
[Aedes asgypti] g g
KDAHNWAVMEKN o 19 § F
KGFGYDATVMVRLS 1] 75 g ﬁ
RGEDOOMATMVGDAMVEKG 1 74 § 3
RGFDOOMATMVGDAMVEKG 4 &1 ERe
KLDQAGWTAEGGEKS 2 101 ? s
KRPELTPVAHAGRL 3 &5 ;u'? o
RYOYLKA 1 19 B °
KAVALLEGDOKN 1 82 8
K S5GLDPTRATCCS. 4 54
9 suingleoa3 qil1571 28846 AAELOTIT37 9855 6162 ) KAHIADEAGNLIFNKS 0 62 &2
katoaddeoenzyrmea a
transferase [Aedes
aegypti]
10 thioredaxin reductase gi||57'| 32842 AAELDO2BRE 544/584 A2/60 1412} MAPINGENFDY DUMGGEESGELACAKE 0 389 83
[Aedes aegypti]
MAPINGENFDY DUVGGGSGGLACAKE 3 P
FLMHOASLL GEAIHDAQPYGWICE 1 40
KLMHQASLLGEAIHDAQPYGWKF 0 45
KLMHQASLLGEAHDAQPYGWKE 2 73
KVEWNGLGYFKD 2 a7
KDAHNWAVMEN 0 29
KDAHNWAVMEN 2 53
RGFDOOMATMVGDAMVEKG 1 ag
RGEDOOMATMYGDAMVEK G 3 25
KADQAGWTAEGGKS 2 103
KAVALLEGDOKNY 1 78
KNTVGHPTVAEEETAL 2 65
KSSGLOPTPATECS. 3 52 ,g
10 dihydraipoamide gi|1571 14623 AAFLO0BO2S 541/584 63/60 7 KNDTLGGTOLNVGCIPSKA 1 285 127 =
dehydrogenase e
[fedes asgypti] r
Table 1 Proteins automatically identified using the Mascot software (Continued) ER4
KALLNNSHYY HWAHSGDLASLG n 51 g §
KMADGSEEVWNAKN 2 95 § §
KMADGSEEVVNAKN 2 89 g ;,
RRPYTEGLGLENVGIKD 0 54 & s
RVCHAHFTCAEALRE 3 12 ’j—é g
RMCHAHPTCAEALRE 4 58 a2
10 thioredowin reductase  gi[157132842 AAELOO2BBE  544/584 6260 5(5) KILWGAGYGLECAGFLKG 1 244 N5 gz
[Aedes asgypti] g §
RSODGTEGSOVYDTVLEAKAT 3 115 H ;
KSOKLOVISFETTNVPNIFAVGOVLYKR 1 80 £
KLOVOSFETTNVENIFAVGOVLY KR 2 43 § 8
KMLGLHPLGPVAGEVIQGR AR ALKS 1 0 2 °
10 dibydrlipsarmide gi[1571 14623 AAFLODGO28  541/584 6360 33 RLGARTAIFFL SSIGGAG DORSK S 0 56 57 8
dehydrogenase
[Aedes aegypti]
RVPVNSVRTIVPSIVAIGDCHGPMLAHKA 4 a
RVLGVHIGPAAGELINEAVLAMEYGASAEDVARLY 6
1 tansferin [Aedes gi|1571 29886 AAELOTIGAT  B7.1/669 4954 16{11} KFSEQOLOLORG 1 a1 53
aeqypti]
REGNPEWCVIVQDSECAQRI o 121
REWDFRS 1 17
RSVAVESQHOGGVDGLAN 1 77
KKECHPGLHYGRQ 4 26
KKECHPGLHYGRQ 1 46
KFCHPGLHYGRQ 1 s
KFCHPGLHYGR.Q 2 30
ROLPIPSDLCQTTSRW 0 s
RWCTTSPEEK D 0 EL
RTAALTTGIFRTIECVDRTTSAM 1 107
RADFTGIDSNFGYLARH 2 %
KYSSVWLVELA 0 65
RFENLRN 2 26 ]
RGIFDOHECDYGRL 1 Ell Q2
RGIFDOHECDYGRL 0 74 i
12 gil157120785 AAELOTISE4  BLI/GIE 54753 106) KLVODVANNTNEEAGDGTTTATVLARA 2 4 69 §
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Table 1 Proteins automatically identified using the Mascot software (Continued) Z L
chaperonin-G0kD, E g
chél [Aedes asgypti] g g
KLVODVANNTNEEAGDGTTTATVLARA o 48 Y
KGANPVERR 0 24 e
RRGYMLAVDAVD 1 40 g g
KAPGFGONAK 2 34 § 2
KLEDVOMSDLGOVGEITITKD 1 125 g %
KIGGSSEVEVNEKK 0 85 § §
KTLENLKG 1 3 B ;
RALHOPCTQIAKN 1 43 E ™~
KNAGVDEEWWAKY 1 79 § g
12 chaperonin 60D, gil1571 29785 AAELOTIS84  6L1/618 54/53 16} RALMLOGVIVLADAVAVTMEPKG 0 41 78 8°
chéd [Aedes asgypti] 2
RALMLOGVDVLADAVAVTMGPKG 2 1
RALMLOGVDVLADAVAVTMEPKG 2 30
RALMLOGVIVLADAVAVTMEKG 4 34
RALMLOGVDVLADAVAVTMGPKG 4 7
RALMLOGVIVLADAVAVTMEPKG 4 103
KTLHDELEIEGMKF 1 2
AKPLVIAEDVDGEALSTUWHNAL & 43
REPLVIAEDVDGEALSTUWNRL 1 40
RKPLVIAEDVDGEALSTUWNRL 2 7
RKPLVIAEDVDGEALSTUWNAL 3 m
KSTLSDMAISTGENFGDDANLVEL 2 a9
KSTLSDMAISTCGMFGDDAMLVEL 5 52
KSTLSDMAISTGGENFGDDANLVEL 1 104
KSTLSDMAISTGENFGDDANLVEL 2 47
KLEDVOMSDLGOVGEITITKD 1 114
12 dihydrdlipoamide gil157114623 AAELODRO28  541/618 63/53 1 AMGLIGACVIGLELGSWWGAL 2 03103
dehydrogenase
[Aedes asgypti]
13 anterior fat body gil1sm 0227 AAELODO7ST  397/344 61/54 2A1) KRVEQFDKY 3 73 44
protein [Aedes '
aeqypt] %
KEYYADTGAYDVKY 3 73 a
o
wn
Table 1 Proteins automatically identified using the Mascot software (Continued) Z P
14 cytochrome bs, gil1571 08002 AAELOT4935 1170181 49/50 7i4) KTFSLAEIKA 0 94 25 g §
putative [Aedes § s
aeqgypt] H £
KDATEAFEDVGHSTDARE 0 77 g ;
KDATEAFEDVGHSTDARE [1] 38 g b
KVGELIESERK 0 62 § %
RKOVPVKE 1 23 8 -
KKEPDWSTEQKD 1 35 g 5
KEPDWSTEQKD 0 14 H
M eedion uanspart gil157137180 AAELOTIZ39  344/181 a4/50 2A1) KEDLTERVSQELTKS 4 &6 66 g %
ovidoreductase 3
[hedes aegypti § g
KSDRPSLTAAK] 17 12 2 °
15 605 acidic ribosomal  gi157105859 AAELOI4583  113/170 45/48 3(2) KILSSVGIEADSTR Y 3 05 &7 8
protein P2 [Aedes
aegypt]
KSVEELIASGRE 4 449
K LSSMPAGGRAA PAAGA A AAGGAAA APAEEKK 4 a2
15 hypothetical protein gil157109287 AAELOOS270° 155/170 45/48 4(3) KWV TNAHGPY PPNMVSGEQDSDEALLYVGRA 3 03 77
AaclAAELOOS2T0
[Aedes asgypti]
FELMWDSATGGNIPPDAWGGNTADGEPLYIGR A 4 11
RAYHEGSQTGKY 19 26
RAYHEGSOTGKY & 54
RSHGCCYIPY GGABVSVPTYDVLCER 3 46
15 ap2f3 complex 16 gil1571 20584 AAELOOIOSS  169/17.0 47/45 21) KNTSSSAFRK 4 5113
kd subunit (P16-anc)
[Aedes asgypti]
KVVLOMAPLLCKN 3 51
16 superowide gil157107594 AAELOOAE3  246/258 83/69 5(2) KHTLPDLPYDFGALEROCRE 5 153 35
dismutase, Mn
[#edes asgypti]
REMEVHHOKH 3 45
KCHHNAYTNUNA AEEQLAEAVAK K. 3 122
RSDPSAELKEL 4 30

sz 4o 9| abeg
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Table 1 Proteins automatically identified using the Mascot software (Continued)

KNLRPNYVDAMECWNWED 7 B3
16 phosphatidylett L binding protein gil 04
[Medes aegypti]
AAELOTT 268 51/258 5869 A1) R. IAPVGSGPPQGSGLHRY 1 &s 27
KYNLGELVAGNFYRA 5 85
17 cydohex-1-ene-l gi[1571 04013 AAELON3993 39296 B7/73 (4 KNVALITLNRPKA 2 142 58
carbayl-CoA
hydratase, putative
[Aades asgypti]
KOTGNFINNWTSVAKA 4 28
KISTRSPLMOLCKE 4 59
KEAVNTAYETTLMEGLKF 4 08
K DRLEGMTAFVEKR 3 Ex]
17 I-hydronyisobutyrate gil 1571 37993 AAELOT3904 341/296 ania 22 KGAVTYDNVSELAK A 3 85 &7
dehydrogenase
[Aades asgypti]
KWFSDINASTGRS &9
18 pyridosine knate gi[1571 23752 AAELOD9E0T 340269 65/63 33 RVLSISHWHGYWGNKS & 15 63
[Pedes asgypti]
RVLSIOSHWHGWGNKS 3 57
KFDMCATLER T Owidation (M) 3 76
19 malate i 157116681 gif157 116681 364/258 60/63 as) KGDVFGPNORL 2 04 =
dehydiogenase AAELOOFFO7
[Pedes aegypti]
KMAVGNPANTNALYCSHYAPSIPKE [ 33
KENFTAMTRL 1 23
KENFTAMTRL Oridation (M) 2 41
K DGEYVEMGWSDGSYGTPKD 4 ns
KDGEASMEWSDESYGETPED Oxidation (M) 4 97
KMOGLSVDDRARG 4 30
K ELLEEKEEANMSVCASD. 4 42
KELLEEKEEANEVC ASDL- Onidation (M) 4 52
19 fructose gi[157111184 AAELODSTES 3997258 B4/63 A7) RFADIGVENNEDNRR 3 68 14
bisphoghate
aldolase [Aedes
aegypti]
RLQENISGVILFHETLY QK A 4 53
KNTPSYQAILENANVLARY & &3
Table 1 Proteins automatically identified using the Mascot software (Continued)
RMPVEPEILPDGDHDLERC 3 18
0 cystathionine beta gi[1571 04405 AAELO405D 4430181 60/5.1 ni) RAVVPPISMSTTFKQ 3 194 44
lyase [Aedes aegypt]
KQFGPAQHAGYEYGRS 3 21
KMNIEVDPVDCTDLAKY 5 49
KMHNIEVDRYDCTDLAKY Oxidation (M) 4 &3
KVEAAVKPNTE L 5 48
KLPWIETPTNPLLKY 5 65
KFLONAAGVPSPFDOYLVNALS 5 &6
KFLONAAGVPSPFDOYLVNRS & 34
RVLHPGLPSHPOHELAKK 2 pa)
RVLHPGLPSHPOHELAKK 3 18
REVGLEDADDLVDLED [ 1o
20 hypothetical protein gi[157108923 AAELOT5DE4 10.9/18.1 5651 32 KGSESEHINLKY 2 81 52
Aasl_AAELOT 5064
[Pedes asgypti]
RELMNAYCDRA Owidation (M) EY
RELMNAYCDRA Owidation (M) & 77
n mitochondrial FO ATP @il 157106010 AAELOM423 1967225 52451 33 RIAQSEVNWAALAER W 3 133 92
synthase D chain,
putative [Aedes
asgypii]
RIADYOSQIAALKA 3 a0
KALLPFDOMTMEDYRD 2 Oxidation (M) 3 48
n cystathionine betar gi[1571 04405 AAELO405D 443225 G051 U] RISVGLEDADDLVDLKQ 6 ns 1§
lyase [Aedes aegypti
2 lactoylglutathione gi[1571 04950 AAELON4393 07225 53751 1) KDFLFQQTMYRI 2 90 32
lyase [Aedes asgypti]
KATLELTHNWGTESDPDOQK Y 3 35
RGYGHIGIMVPDVER A Oxidation (M) 1 ET)
KDOPDGYWEFNASKY [ a0
23 glutathione s gi[1571 30284 AAELONT741 200258 52451 7i6) RFLLSYGNLPFDDIR 5 179 90
transferase [Aedes
aegypt]
REEWPALKPTMPMGOMPVLSVDGEKK 4 54
FRVHQSVAMSRY Cridation (M) 3 19
FOMGLAGADDWENLMIDTWDTINDFRL 8 64

06Z/1/5,/UaU03) WX siopanpuesays ered s,y
06Z§ 7107 0123/ F SAUSRIDY [0 13 BYEA-RIOGES

Sz jo L) abeg

067/ 1/SAUEN0% W0y SIoDapuesals eied maum /zdiny
06T:§ 7107 H0I337 F SAUSDID 0 13 BYEA-RIOGES

sz jo gL abeg
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Table 1 Proteins automatically identified using the Mascot software (Continued) ER
KIAVWVSYEPDDDVKEKK. 2 49 £ §
KLVTLNSEVPEYLEKL 3 e § g
RWDNYTSIDSK A 3 82 E g
s ‘rjhoguanine gil157134192 AAELOI2996  230/258 50/5.1 0 KEALLGEAQSEK] 3 67 67 I['k% g
issociation factor & g
[Aedes asgypti] § %
24 anterior fat body gil157110227 AAELOOO7ST  39.7/352 a1/55 21 KPVEQFDKY 1 83 49 2
protein [Aedes Q=
aegypt] § 3
KFYYADTGAYDVKY 5 83 g
2% aliphatic nitrlase, i 157125650 AAELDIOZB4  43.9/474 60/59 62 RAHIPPEELRE & 50 13 7 E
putative [Aedes 2w
aegypti a8
RMIPPEELRE 3 14 2
KQYNMVISPILERD Oxidation (M) 7 51
RENHIPRY 1 6
KNHIPRY 1 36
KOPWGFPMTCAL Oxidation (M) 4 16
% ATP synthse beta gil 157132308 AAELOO2E27  538/531 50/49 34(27) ALV EVAQHLGENTVRT 1 6893 47
subunit [Aedes
aegypti]
RTMDGTEGLVRG 1 65
RTIAMDGTEGLVRG Oxidation (M) 1 ]
RVLDTGSPIRI 2 56
RIPVGAETLGRI Q 63
RUNVIGERIDERG 2 80
RGAIETNLSAPIHA EAPEFIDMSVEQEILVTGIKY 8 17
REGAIETNLSAPIHAEAPEFIDMSVEQEILVTGIKY 5 51
Cidation (M)
EMVDLLAPYAKG 1 36
KIGLFGGAGIGCT 1 20
KTVLIMELINNVAK A 3 9
REGNDLYNEMIEGG/ISLKD 2 80
REGNDLYNEMIEGG/SLKD 4 95 7
RLEGNDLYMEMIEGG/ISLKD Oridation (M) 5 100 2
KVALWYGOMNEPPGARA Orication M) 3 89 g‘
RVALTGLTVAEYFRD a 75 &
Table 1 Proteins automatically identified using the Mascot software (Continued) ER
RDQEGQOVLLFIDNIFRF B 0 g §
RETQAGSEVSALLGRI 3 a0 § g
RIPSAVGYQETLATD MGSMGER) 4 7 E ;
RIPSAVGYQPTLATOMCGSMQERI Oxidation (M) 3 a1 § s
RIPSAVGYQPTLATOMCGSMQERI Oxidation (M) B 5 '§' g
RIPSAVGYQPTLATDMGSMOER | 2 Osication 4 78 23
o =
RAIAELGIYPAVDPLDSTSA 3 30 g 3
RAIAELGIYRAVDRLDSTSI 5 54 R
RIMDPNIGAEHYNIARG Cridation (M) 2 20 § s
KILODYKS 0 35 § E
KSLQDIAILGMDELSEEDKL Onidation (M) 10 75 8°
KSLQDIAILGMDELSEEDKL TVAR A 5 N s
KSLQDI AL GMDELSEEDKLTVARA Oxidation 5 89
M)
KSLODI AL GMDELSEEDKLTVARA Oxidation 7 a7
M)
RFLSQPFQVAEVETGHAGKL 3 42
RFLSQPFQVAEVETGHAGKL 5 Ln
KILNGELDHLP EVAFYMWVGP IEEVVER A (] 55
26 protein dsdfide i 157107430 AAELOODBAT 562531 49/49 9(4) KEEDGVLVLTKD 2 11
isomerase [Aedes
aegypti
KAVFDGEYTEEALKK 3 66
KAVEDGEYTEEALKKE 4 62
KMNHLLFFISKE 2 32
KILFVTIDADQEDHGR 4 75
KKDEVPSMRI 1 29
KXDEVPSMRI Osidation (M) 3 39
RIHLEEDMAKY Oxichation (M 2 22
FMDATANELEHTE 0 28
&
|
o
2
&
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Table 2 Biological process categories of the identified

proteins

Categories *

Number of
identified spots

Amino add Metabolism

Aspartate aminotranskrass
d-3-phasphaghycerate delydrogenase
Alanine aminotransferase

Glutarmate dehydragenasa
F-hydrawyisobutyrate dehydrogenase
Cystathionine bota-lyase

Chain A, Alanine Ghyoeylate
aminotransfer aa

Response to oxidative stress
Catalase

Superoxde dismutase, Mn

Cell redox homeostasis
Thioradasin reduct asa

Pratein disulfide isormerase
Dihydrolipoamide dehydrogenase
Glycolysis
Fruatesa-bisphosphate aldolasa
Pyruvate kinasa

Enolase

Proteolysis

Leudine aminopeptidas

ATP biosynthetic process

ATP synthase alpha subunit mitochondrial

Mitadhondrial FO ATP synthase D chain,
putative

ATP synthase beta subunit

Electron arrier activity

Cytochrome b5, putative

Electron trarspornt axidoreductase

Protein folding /chaperons
Chaperonine60kD, chad

Carbohydrate metabolic process
Malate dehydrogenase

Nitrogen compound metabolic process
Aliphatic nitril ase, put ative

Actin filament polymerization/
Cytoskeleton associated

arp23 complex 16 kd subunit (P16-arc)

Translational elongation [ DNA
synthesis

605 acidic ribosomal protein P2

Ketone body catabolic process

Succinyl-coad ketoacid-coenzyrme a
transferase

10
1
2

E ]

ol

o o = B - O SR

L

LU
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Table 2 Biological process categories of the identified
proteins (Continued)

Iren jon Transport
Transferrin

Phosphorylation

Pyridoxine kinase

Unknown biological process
Antarion Bt body protein

[N

Conserved hypothatical protein
Aasl AAELOOS2TO (MF: trarsferase acivity)

Phasphatidyle thanolamine-binding protein 1
{Irrrrwine responss)

Cyelohay-1-ene- 1-carbaxyl-Cob vdratase 1
(MF: eataltic activity)

Conserved hypothatical protein 1
Aael_AAELD15064 (MF: protein binding)

Lactoydglutathione hrase (MF: 1
Lactoykglutathione hrase activity)

rha guanine dissociation factor (MF: Rho 1
GDOP-dissociation inhibitor activity)

Glutathione s-transkrase (MF: protein 1

binding)

* Categonies were taken from Gene Ontology annotations of blcloglcal process
at VectorBaseDE. MF: Molecular function.

midguts used in this study are from 2-5 day old females,
they can present with proteins still remaining from the
pupa. Such proteins would serve as substrate for metabolic
activities detected, and (iv) given that before midgut dis-
section the microbiota was present in the midguts, bac-
teria and proteins produced by them could have induced
the activation of insect midgut enzymes involved in amino
acid metabolism.

In the third functional association network, the alpha
and beta subunits of mitochondrial ATP synthase, dihy-
drolipoamide dehydrogenase and mitochondrial FO ATP
synthase D chain, which are functionally associated for
ATP production, demonstrated consistent interactions
(Figure 3, brown cluster). In addition, functional associa-
tions among these three groups were observed (Figure 3),
revealing the complexity of the interactions required for
the energetic metabolism of midgut cells.

The clusters indicated in green and brown both
interact independently with a fourth group of func-
tional association that includes the enzymes cyclohex-1-
ene-1-carboxyl-CoA hydratase and 3-hydroxyisobutyrate
dehydrogenase (Figure 3, blue cluster). Although the Vec-
torBase DB did not assign the biological process in which
the cyclohex-1-ene-1-catboxyl-CoA  hydmtase partid-
pates, the STRING analysis indicates that this enzyme
could play a role in the interaction between glycolysis and
the mitochondrial ATP production pathways. In our work,
the enzymes cyclohex-1-ene-1-carboxyl-CoA hydratase
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Figure 2 Classification of the identified proteins in biological processes. Categories were obitained from the gene ontology annatations of
biclegical process at VectorBase DB,

o

s

AMELDL14913-PA

AAELDOTTOF -

_ AAELDL1641
=

L

LOB1B68 @ME.OGSEEE
N .
Q‘W‘W“ 1 gnmum
e

o %:ELD] 158 ﬂnm 14393
AAELOOGOTE \ e
t \ o
1
AAELODS 270
\ £
1 L —_
\ ASELDLO2 84

e g asmmarie 8
AAELOODEAD -
= ] AAELD11137

@MELDISDEQ—PB ?MELMG?S? 6)’1’-‘5.003993 SoD1 @MEL&H&JS
- - i 0

(

S | —
ARELDL13E8-PA
— BAELODSE? 2 AAELOOSE0T ABELDI9NSS
£y L £y
- | - S
o MELI14583 QME"DRHE ABELDL 3407
-, | :
o e,
AAELDY 3004 .
@ \
R
@MH.DI}ZESB
K

Figure 3 Predicted functional assodations among proteins identified in the midgut of sugarfed Ae. albopictus females. The proteins wene
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Figure 4 Predicted functional interactions of the conserved
hypothetical protein AAELD15064 as displayed by STRING. The
partners in this pradicted interaction network potentially paridpate in
the SUMO madification of prowins. The predicted fundional interadicn
networks ane shown in the confidence view where the stronger
amociations ane represented by thicker lines. AAELD10641: Ubiquitin
adivating enzyrne E1; AAELODTESE: ran GTPae-adtivating protein;
AAEL000091: surna-T-activating engyme Ela; AAROT5099: surmo ligase;
AAFL 008952 sentrindsumo-spedfic protesse; PONA: proliferating cell
nuckear antigen; AAB 012584 DNA topoisomensy/gylas.

and 3-hydroxyisobutyrate dehydrogenase were identified
in the same spot (spot 18), and these two enzymes have
also been identified together in the proteomic analysis of
the midgut brush border membrane vesides of Ae aegypti
[14], supporting the potential functional interaction of

b

AAELODOS42

AAELOD3564

F=

AAELO14393

Figure 5 Predicted functional interactions of the enzyme
lactoyiglutathione lyase (AAELO14393). The proteins asociated in
this network panicipate in pyruvate metabolism. The predicted
functional interaction netwaorks are shown in the confidence view
where the stronger associations are represented by thicker lines.
AAELOD9462: hydrowyacykylutathione hydrolase; AAELO03568:
threonine dehydratase/deaminase; AAELDD0542: conserved
hypothetical protein.

®MENGQTE2

AAELOOGTE6

o]

Figure 6 Predicted functional interactions of the rho guanine
dissociation factor (AAELDT2996). The proteins associated in this
network may partidpate in various signaling pathways The
predictad funcicna interaction networks are shown in the
aonfidence view whene the stronger assaciations are represented by
thicker lines. Cde42, AAELOD9732, AAELO15271: rac GTPases;

AAELDT 2904 rab (DP-dissodation inhibitor, AAELO01853: rac-GTP
binding protein; AAELO131349, AAELOD6786: GTPase_rhao.

these enzymes. Finally, the enzyme cyclohex-1-ene-1-carb-
oxyl-CoA hydratase has been recently proposed as part of
the lipid metabolism pathway in Ae albopictus [24].

The fifth network involves the functional interaction
of superoxide dismutase, catalase and thioredoxin reduc-
tase, which interact in the detoxification of free radicals
(Figure 3, yellow cluster). These enzymes play a key role
in detoxification during carbohydrate meals, and it is
expected that female midgut constitutively exhibits a
substantial repertoire of these enzymes to deal with the
intense oxidative stress induced during the digestion and
absorption of a blood meal. In fact, it has been demon-
strated that the expression of the genes coding for thior-
edoxin reductase and catalase in Ae aepypti increase
after blood feeding [25]. In addition, the expression of
thioredoxin reductase and catalase in Chironemus ripar-
ius during stress by environmental pollutants, such as
cadmium chloride, has been proposed as a biomarker of
exposition to such contaminants [26,27]. All the other
proteins identified in the 2D map appeared as isolated
components in the functional association network
(Figure 3).

The proteins classified under the “unknown biological
process” category were individually submitted to func-
tional association analysis in order to obtain insight into
their potential fundion. No predided associations were
found for AAELOO0757, AAELOOS270, AAELO11268 and
AAEL011741. On the other hand, for the conserved hypo-
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thetical protein AAEL015064, STRING predicted con-
fident association with proteins involved in the potential
SUMO  modificaion of proteins, such as ubiguitin-
activating enzyme E1 (AAELO10641), ran GTPase-activating
protein  (AAELO0O7858), sumo-l-activating enzyme Ela
(AAELOODO91), sumo ligase (AAELD15099), sentrin/
sumo-specific protease (AAEL008952), proliferating cell
nuclear antigen (PCNA) and DNA topoisomerase/gyrase
(AAEL012584) (Figure 4). The SUMO pathway affects
several cellular processes such as transport, apoptosis, and
transcriptional regulation, among others [28]. Thus, in this
work, we have identified a conserved protein that hypo-
thetically plays a role in the SUMOvylation pathway.

The enzyme lactoylglutathione lyase (AAELO014393)
exhibited predicted functional associations with hydro-
wyacylglutathione hydrolase (AAEL009462), threonine
dehydratase/deaminase (A AEL0O03568) and with the con-
served hypothetical protein (AAELO00542) (Figure 5).
According to the KEGG, lactoylglutathione lyase and
hydroxyacylglutathione hydrolase participate in the pyru-
vate metabolism pathway. In addition, lactoylghitathione
Iyase is involved in the metabolism of threonine.

The rho guanine dissociation factor (AAEL01299)
exhibited predicted functional association with rac
GTPases (Cded2, AAELOD9732, AAELD15271), rab GDP-
dissociation inhibitor (AAEL012904), rac-GTP binding
protein (AAELO01853) and GTPase rho (AAEL013139,
AAEL006786) (Figure 6). The GTPases of the Rho sub-
family are involved in various signaling pathways that
regulate the cell cycle progression and tissue morphogen-
esis [29,30]. It has also been demonstrated that rac
GTPases participate in the Drosophila anti-parasitoid im-
mune response [31].

Finally, although no predicted associations were found for
phosphatidylethanolamine-binding protein (AAEL011268),
this protein was shown to be assodated with a protective ef-
fect against bacterial infection in Drosophila [32].

Conclusion

In this study, we used 2DE combined with LC-MS/MS
and data mining for mapping and identifying proteins
expressed in the midgut of Ae. albopictus females fed ex-
clusively on sugar. Analyses of subproteomes such as the
one performed here, permit proteins with unknown
function to be assigned to specific anatomical locations.
In addition, data mining allowed us to assign potential
functions to these proteins based on the fanctional asso-
ciation predictions. Our results also provided, for the
first time, evidence on the expression and localization of
proteins that were primarily assigned as hypothetical,
thereby validating previous genome sequence predic-
tions made in Ae. aegypti. This preliminary map of the
Ae albopictus midgut proteins will allow future compar-
isons of gene expression from the midgut of females fed
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with blood, making possible the identification of proteins
that are exclusively expressed under a specific feeding

condition.
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Abstract

Background: Aedes albopictus is widely distributed across tropical and sub-tropical
regions and is associated with the transmission of several arboviruses. Although this
species 1s increasingly relevant to public health due 1ts ability to successfully colomze both
urban and rural habitats, favoring the dispersion of viral infections, little is known about its
biochemical traits, with all assumptions made based on studies of A. aegypti. In previous
studies we characterized the peptidase profile of pre-imaginal stages of A. albopictus and
we reported the first proteomic analysis of the nudgut from sugar-fed females of this msect
species.

Methods: In the present work, we further analyzed peptidase expression in the nudgut of
sugar-fed females using 1DE-substrate gel zymography, two-dimensional electrophoresis
(2DE). mass spectrometry. and protein identification based on similarity.

Results: This mult-methodological approach allowed us to identify the active serine
peptidase “fingerprint” in the midgut of A. albopictus females. The proteolytic profile is
composed of at least 10 bands of trypsin-like serine peptidases ranging ~25 to 130 kDa. In
addition, trypsin-like serine peptidases and chymotrypsin were identified in the 2DE map
of the A. albopictus female nudgut by similarity to the A. aegypti sequences.

Conclusion: These results allowed us to detect, identify and characterize the expression of
active trypsin-like serine peptidases in the mmdgut of sugar-fed A. albopictus females. In
addition, proteomic analysis allowed us to confidently assign the expression of two trypsin
genes and one chymotrypsin gene to the mudgut of this mosquito. These results contribute
to the gene annotation in this species of unknown genome and represent a small but
important step toward the protein-level functional and localization assignment of trypsin-

like serine peptidase genes in the Aedes genus.
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Background

Aedes (Stegomvia) albopictus (Skuse) has a wide geograpuc distribution, covering
all tropical and subtropical regions of the world, and is a vector for the viruses responsible
for yellow fever and dengue. The World Health Organization estimates that more than 50-
100 mullion cases of these two diseases can occur per year throughout the world (1-3). In
Brazil, A. albopictus has been reported in 21 states and 1.502 municipalities (4). In recent
years, the relevance of this species to public health has increased because it 13 able to
successfully colomze both urban and rural habitats, favoring the dispersion and
interchange of the virus from one area to another. and thereby enabling the emergence of
new areas of disease i small and large cities.

The hydrolysis of proteins to amino acid residues by proteolytic enzymes is an
important step in food digestion, protein turnover and proteostasis in eukaryotes (5, 6).
Proteolytic enzymes are divided into endopeptidases and exopeptidases. Endopeptidases
are relatively small molecules (~25-30 kDa) that can pass through peritrophic membrane
pores and endopentrophic spaces in insects, where they cleave large protein complexes.
Exopeptidases are large enzymes (=100 kDa) that are usually linked to the plasma
membrane of the epithelium and hydrolyze the ends of small proteins and peptides (N-
termunus or C-termmnus) (7). Among endopeptidases, trypsin-like and chymotrypsin-like
serine peptidases are the most important enzymes for most insects, except for some species
of coleoptera and henuptera (8-13).

Serine peptidases are divided into families and subfanulies. The subfamily S1
consists of trypsins. chymotrypsins and elastases. and some serine collagenases were also
recently included. The catalytic triad of serine peptidases 1s typically characterized by
serine, histidine and aspartic acid residues (14, 15). This tniad hydrolyzes peptide bonds at

the carboxylic ends of basic amino acids, with a 2-10-fold preference for Arg over Lys

78



Resultados

(16-18). The A. aegypti genome contams 369 genes coding for serine peptidases, among
which 66 are putative trypsins (19), but only 5 (three trypsins and two chymotrypsins) are
well characterized in the midgut of females of this mnsect (10-13, 20). The expansion of
trypsin-like serine peptidase genes m mosquitoes has been shown to comcide with the
development of the hematophagous trait (21). Trypsin-like serine peptidases in these
insects play pivotal roles in ocogenesis, immmunity, metamorphosis, modulation of
embryonic development and nutrition (22, 23). These enzymes are mostly located in the
insect midgut so that they can provide energy and essential amino acids for development
(17. 24). Furthermore, secretion of trypsin-like serine peptidases into the lumen of the
midgut 1s involved in defense against pathogens (25, 26). However, in the insect vector
Anopheles gambiae, trypsin-like enzymes are exploited by pathogens such as Plasmodium
sp. to activate their own peptidases, thus allowing the parasite to cross the pentrophic
membrane and continue 1ts developmental hife eyele (27).

The plasticity exhibited by trypsin-like serine peptidases enables these enzymes to
modulate various biological processes in vector insects. Because of this characteristic,
serine peptidases have been proposed as potential targets for insect control approaches.
The biochemical characterization of these enzymes may thus support the development of
new control strategies, enabling their appropriate use as targets and sugpesting ways to
interfere with the production of these enzymes or with the metabolic pathways in which
they particapate (28, 29).

In previous studies, we charactenized the peptidase profile of the pre-imaginal
stages of A. albopictus (30) and reported the first proteomuc analysiz of the mmdgut of
sugar-fed females of this insect species (30). In the present work, we further analyze the
peptidase expression 1n the mudgut of sugar-fed females using two-dimensional

electrophoresis (2DE), mass spectrometry, 1DE-substrate gel. and data mining. This multi-
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methodological approach allowed us to identify the active serine peptidase “fingerprint” m

the midgut of A. albopictus females.

Methods

Chemicals

To prepare the phenylmethylsulfonylfluonde (PMSF) stock solution, 250 mM of the
reagent was diluted m isopropanol. No-tosyl-L-lysine chloromethyl ketone hydrochlonide
(TLCK) and N-p-tosyl-L-phenylalanine chloromethyl ketone (TPCK) were dissolved m
methanol, both at 100 mM. Stock solutions of 1,10-phenanthroline (200 mM) and pepstatin
A (1 mg/ml) were prepared in ethanol, and trans-epoxysuccinyl L-leucylanmdo-(4-
guanidino) butane (E-64, 10 mM) was prepared in water. Stock and working solutions
were maintained at —20 °C. All chemicals were purchased from Sigma Chem. Co. (USA).

vnless otherwise specified.

Insect rearing and gut dissection

Aedes albopictus specimens reared 1 a closed colony (Laboratonio de Transmuissores de
Hematozoanos, Instituto Oswaldo Cruz, FIOCRUZ, Rio de Janeiro) were kindly provided
by Dr. Nildimar A. Honorio. Mosquitoes were maintained on a 10% sucrose diet at 25+1
°C. with a relative humidity of 60+10% and a light:dark photoperiod of 14:10 h. For each
experiment. 50 female adults (2-5 days old) were cold-anesthetized on ice and decapitated.

Midgut dissection was performed as previously desenibed (30).
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Zymography and peptidase inhibition assays

For proteolytic assessment, midguts were washed twice with PBS pH 7.2 and lysed as
previously descrbed (30). Briefly, mudguts were lysed with a cell disruption motor drive
and pestle mn a tube containing 10% glycerol, 0.6% Tnton X-100, 100 mM Tns-HCI pH
6.8 and 150 mM NaCl (31). The concentration of the resulting extracts was determined
using the Pierce 660 nm Protein assay (Thermo Scientific). For protein separation, 30 pg of
protein were loaded 1 12% polyacrylamide gels copolymenzed with 0.1% porcine gelatin
as the substrate. Electrophoreses were performed at 4 °C with a constant voltage of 110 V.
Peptidase activity was detected as previously reported (30) with few modifications. The
gels were incubated at 37 °C for 2,4, 6, 12 or 24 h n reaction buffer contamming 100 mM
sodium acetate (at pH 3.5 or 5.5) or 100 mM Tns-HC1 (pH 7.5 or 10.0). Substrate
degradation was visualized as clear bands after staining the gels with 0.2% Coomassie blue
R-250 in methanol/acetic acid (40:10) and destaiming in 10% acetic acid. The relative
molecular masses of the activity bands were estimated by companison with the mobility of
a commercial molecular mass standard (PageRuler™ Protein Ladder, Fermentas). To
determune the classes of peptidases detected by zymography, peptidase inlubition assays
were conducted. Midgut homogenates were pre-incubated (before electrophoresis) for 30
min at 4 °C with one of the following peptidase inhibitors: 20 uM E-64, 5 mM PMSE, 100
uM TLCK, 100 uM TPCK. 10 puM pepstatin-A or 10 mM 1.10-phenanthroline. After
electrophoresis. inhibitors were added to the reaction buffer at the same concentration, and
the peptidases were resolved as described above. The results were denived from three

independent experiments carried out in triplicate.
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In-solution enzymatic assays

The effects of pH and peptidase inlubitors on the proteolytic activities of mudgut
homogenates were also evaluated by in-solution assays using the fluorogenic substrate Z-
Phe-Arg-AMC. For both assays, 100 pM of substrate was used. The reactions were
initiated by diluting 10 ug of protein from the midgut in 100 mM sodium acetate (at pH 35
or 5.5) or 100 mM Tns—HCI (pH 7.5 or 10.0) for pH evaluation or 100 mM Tns-HCI pH
7.5 with or without 100 uM TLCK, 100 uM TPCE, 20 uM E-64 or 5 mM PMSF. The
fluorescence intensity was measured by spectrophotofluorometry every 5 min for a 60 mun
period (SpectraMax Gemum XPS, Molecular Devices, CA) using excitation and emission
wavelengths of 380 and 460 nm, respectively. All assays were performed at 37 °C. The

results were denived from three independent experiments performed in triplicate.

2DE electrophoresis and protein identification

Protein extraction, separation and identification were performed as previously described
(30). Briefly, 50 pooled midguts were mechanically disrupted with a pestle and a motor
drive 1 a tube contaimng lysis buffer (9 M urea, 4% CHAPS, 65 mM dithiothrestol, DTT,
and 1% ampholytes, pH 3-10, with 5 mM PMSF and a protease imlubitor cocktail).
Proteins were precipitated and resuspended in 9 M urea, 4% CHAPS, 65 mM DTT and 1%
ampholytes, pH 3-10 NL. The protein concentration was determuned using the 2D Quant
Eit (GE Healtheare). and 100 pg were subjected to 1soelectnic focusing over a nonlinear
pH gradient of 3-10 on a 7 cm strip (GE Healtheare) on an Ettan IPGphor 3 mstrument
(GE Healthcare). The focusing parameters were set as previously descrmibed (30). After
reduction and alkylation. proteins were separated vertically across 12% SDS5-PAGE gels
using standard Trs/glycine/SDS buffer. Gels were stammed with colloidal Coomassie

Brlliant Blue G-250. documented using a GS5-800™ calibrated imaging densitometer
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(Bio-Rad) and analyzed using PDQuest™ software (Bio-Rad). Experimental pl and Mr
were calibrated using a select set of reliable identification landmarks distributed

throughout the entire gel.

Protein digestion, peptide extraction and analysis by mass spectrometry were performed as
previously deseribed (30). Raw MS files were converted to MGF format using Mass

Matrix MS Data File converter V. 3.9 http-//www massmatrix net/mm-cei/downloads pv.

To maximmze search sensitivity and peptidase identification, the data were searched using
OMSSA (32) within the Proteomatic platform 121 (33)

http://www proteomatic.org/download html and the Mascot MS/MS 1on search engine

(www matrixscience com/search_form_select html, Matrix Science, O=xford, UK, free
online version). As the genome sequences of A. albopictus are not available, mass spectra
were searched in OMSSA against an A. aegypti database downloaded (May 2013) from

UmRef100 (34) http://www uniprot.org/, and in MASCOT against the non-redundant

database of the National Center for Biotechnology (NCBI). Searches were performed with
one mussed cleavage, with carbamidomethylation of cysteine residues as a fixed
modification, methionine oxidation as a vanable modification and mass tolerances of 20
and 0.8 Da in OMSSA and 10 ppm and 0.4 Da in MASCOT for precursor and fragment

i1ons, respectively. The Vectorbase database (www vectorbase.org) was used to search for

sequence information about the identified peptidases.

Results and discussion
The A. albopictus female midgut exhibits a complex profile of active peptidases
To evaluate the influence of time on the peptidase activities of the midguts of sugar-fed

females. we evaluated the proteclytic profiles after 2. 4, 6 12 and 24 h of incubation at 37

°C in pH 7.5 using 1D zymography (Figure 1). The proteolytic profile is composed of at
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least 10 bands displaying progressive increases in intensity from 2 to 24 h of incubation.
However, the proteolytic bands overlapped at 24 h, and for this reason, 12 h was chosen
for subsequent analyses. The band size range from ~25 to 130 kDa. Zymography of the A.
albopictus midgut allowed for the visualization of active proteolytic enzymes and for the
characterization of their relative electrophoretic mobility. The proteolytic activities of this
mosquito have received liftle study, focusing mainly on larval activities and on
comparisons with A. aegypti (35). Comparisons between the previously reported peptidase
profiles from the larval and pupal stages of A. albopictus (30) with the profile from the
adult nudgut obtaned here reveals a simmlar banding pattern of enzymatic activity,
suggesting that the peptidases expressed as part of the adult proteolytic machinery are
already expressed in the pre-imaginal stages, where they mainly seem to play roles in
digestion. Given that thus work studied sugar-fed females, the proteolytic profile detected
here 13 likely constitutively expressed by the mosquito throughout its life eycle. The
enzymatic activity profile of the adult mudgut was more complex after 12 h of reaction
compared with the profile previously described for larvae (30) detected after 2 h of
reaction, suggesting that these enzymes are expressed at lower levels in the adult stage of
this insect. In fact, a reduction in the expression of active peptidases involved in digestion
after the last larval ecdysis has been reported for A. aegypti and A. albopictus using in-
solution assays and total protein extracts (36, 37). In sugar-fed females of A. aegypti, the
expression of trypsin-like serine peptidases at the transcriptional level (“early trypsin”™) has
been associated with the activation of other digestive enzymes or other trypsin isoforms
that will only be expressed after the ingestion of a blood meal (20, 24, 38). In addition,
although transcriptomic analysis of A. aegypti revealed that adults exclusively express 15
trypsin genes while larvae express 12, both stages share the expression of 39 trypsm

coding genes, and the genes expressed by larvae should be more active than those of adults
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because larvae are constantly feeding (19). Given the taxonomic proximity between A.
albopictus and A. aegypti. trypsimn expression in adults of A. albopictus 1s likely similar to

the expression pattern in larvae.

Peptidases from the A. albopictus female midgut have optimal activities between pH
7.5 and 10.0

We observed that the proteclytic activities of the midgut are modulated by the pH of the
reaction buffer. While peptidase activities were detected as low as pH 5.5, the intensity of
these activities was increased at alkaline pH between 75 and 10.0. Little activity was
detected at pH 3.5 (Figure 2A). Although the activities seem to be optimal at pH 100,
several bands overlap, preventing accurate analysis. For this reason. all subsequent assays
were conducted at pH 7.5. The effect of pH on peptidase activity was corroborated by in-
solution assays using fluorogemic substrates (Figure 2B). Sinular to data obtained
previously for larvae instars and pupae (30), peptidases from the A. albopictus adult
midgut exhibited optimal activities at alkaline pH. This charactenstic has also been
observed for other Diptera such as Culex quinguefasciatus (5) and L. longipalpis (39)
using both in-gel and in-solution assays. According to previous reports, the activities of
enzymes involved in digestion processes are optimal at alkaline pH (35, 36, 37). Therefore,
the data obtained here suggest that the proteolytic activities observed in the midgut are

mainly involved in nutrient processing.

Proteolytic activities in the A. albopictus female midgut mainly arise from trypsin-like
serine peptidases
Inhibition assays were conducted using specific peptidase inlibitors to ascertain the classes

of peptidase activities detected in the nudgut of A. albopictus females. The proteolytic
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activities were inlibited by 1 mM PMSF and 100 yM TLCK (Figure 3A). The
zymographic profile was not affected by 100 uM TPCK. 10 pM E-64 (Figure 3A), 10 pM
pepstatin A or 10 mM 1.10-phenanthroline (data not shown). As PMSF and TLCK are
inhibitors of serine peptidases and trypsin-like serine peptidases, respectively, these results
indicate that the main peptidases detected by zymography in the female nudgut are trypsin-
like serine peptidases. Protein extracts from the female nudgut were also reacted with the
fluorogenic substrate Z-Phe-Arpg-AMC in the presence or absence of 5 mM PMSEF. 100 uM
TLCK, 100 uM TPCK or 20 uM E-64. These activities were again strongly inhibited by
PMSF and TLCK, but not by TPCK., (Figure 3B) corroborating the in-gel results. A shight
but insigmificant mhibition by E-64 was also observed (Figure 3C). The occumrence of
trypsin-like serine peptidases has been described in the larvae of A. aegypti and A.
albopictus using both in-solution assays (35, 36) and zymographie analysis (30, 40). The
main peptidases detected in other Diptera species also belong to the serine peptidase class

(39,41, 42).

Trypsin-like serine peptidases and chymotrypsin were identified in the 2DE map of
the A. albopictus female midgut

With the aim of identifying the peptidases detected in the zymographic assays, several
protein spots resolved in the alkaline region of 2D gels from the A. albopictus female
midgut were excised and analyzed by MS5. Two protein spots corresponding to trypsin
alpha (AAELO008079) and trypsin (AAELO06425), respectively. and ome spot
corresponding to chymotrypsin (AAELO09680) were identified by their similarity to the A.
aegypti sequences through the two search engines used for protein identification (Figure 4,
Table 1). When the protein spots identified in the 2ZDE gel were compared to the

proteolytic profile by 1D zymography. we observed that the molecular masses of

86



Resultados

13

peptidases identified by 2DE correspond to the apparent molecular masses of some of the
proteolytic bands. The sequence alignment of both trypsin genes demonstrates very little
sinularity among the sequences. In addition, the peptide sequences identified by MS/MS
for each gene are also different (Figure 5). Interestingly, while a chymotrypsin gene was
identified by MS5/MS m the midgut 2DE map, we did not observe this peptidase activity in
the zymographic assays. This result may indicate that (1) this enzyme 1s expressed m the
midgut of sugar-fed females but is not active under these conditions, or (i) that the
experimental conditions used in the zymographic assays such as the substrate, time, pH,
and co-factors. are not appropriate for the detection of chymotrypsin activity. Therefore,
new experimental conditions should be tested for the detection of the activity of thus
enzyme.

Although the A. aegypti genome has been reported to code for 380 trypsmn-like serine
peptidases, constituting one of the largest gene famulies in mosquitoes (21), the
interrogation of the Vectorbase database using the words “trypsin” or “chymotrypsin™
reveals only 80 coding genes for trypsin and 5 coding genes for chymotrypsin i the A.
aegypti genome, among which are the genes identified here. As these peptidases are
members of large gene fanulies, it 1s difficult to ascertain which protein i1z expressed and
active in a specific life eyele stage. in a specific tissue, under a specific condition. Our
study shows the potential value of proteomuc approaches combined with zymographic

analysis for the identification and localization assignment of specific gene products.

Conclusion
The results obtamed in this work allowed us to detect, identify and charactenize the
expression of active trypsin-like serine peptidases in the midgut of sugar-fed A. albopictus

females. In addition, proteomic analysis allowed us to confidently assign the expression of
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two trypsin genes and one chymotrypsin gene to the midgut of this mosquito. These results
contribute to the gene annotation in this species of an unknown genome and represent a
small but mmportant step toward the protein-level functional assignment of trypsin-like
serine peptidase genes in the Aedes genus. As peptidases exert crucial roles duning host-
pathogen interactions and the midgut 1s the main setting for these interactions in blood
feeding vector mosquitoes, the mapping and identification of the constitutively expressed
peptidase profile in this tissue may allow for the companson of the regulation of such
enzymes in infected mnsects and/or mosquitoes fed on blood. Such approaches may produce

valuable information on the roles of peptidases during host-pathogen interactions.
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Figure Legends

Figure 1. Time course of the proteolytic activities exhibited by the A. albopictus midgut.
Proteolytic activities were evaluated after 2,4, 6 12 and 24 h of mcubation in 0.1 M Tris-

HCI1 buffer (pH 7.5). The numbers on the left indicate the apparent molecular masses of the

peptidases (kDa).

Figure 2. Influence of pH and temperature on the proteolytic profiles of the A. albopictus
mudgut. The effect of pH on the proteclytic activities was evaluated by the incubation of
protein extracts in 0.1 M sodium acetate buffer pH 3.5 or 5.5 or 0.1 M Tns-HCI buffer pH
75 or 100. (A) Zymographic gels incubated at 37 °C for 12 h. The numbers on the left
indicate the apparent molecular masses of the peptidases (kDa). (B) In-solution assays

performed using the fluorogenic substrate Z-Phe-Arg-AMC.

Figure 3. Effects of peptidase mhibitors on the proteolytic profiles of the A. albopictus
mudgut and quantitative in-solution assays for the proteolytic activities. (A) Samples were
pre-incubated for 30 mun in the presence of 1 mM PMSF, 100 uM TLCK, 100 pM TPCK
and 10 pM E-64. The proteolytic activities were detected after incubating the gels for 12 h
at 37 °C 1n Tnis-HC1 buffer, pH 7.5. The control samples were processed in the same way
but in the absence of inlibitors. The numbers on the left indicate the apparent molecular
masses of the peptidases (kDa). (B) The in-solution assays were performed using the
fluorogenic substrate Z-Phe-Arg-AMC in the absence (control) or presence of 5 mM
PMSF, 100 uM TLCK, 100 uM TPCK and 20 M E-64 in 100 mM Tris-HCI buffer, pH

1.5.(C) Percentage inhibition exerted by each inhibitor on the proteolytic activities.
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Figure 4. Alkaline region of a 2ZDE map of soluble protems from the midgut of Ae.
albopictus females. Proteins were separated in the first dimension across a non-lhinear pH
range of 3-10 NL, and in the second dimension by 12% SD5-PAGE. Protein spot numbers
correspond to: (2) trypsin-alpha. (17) trypsin, and (27) chymotrypsin. Details of the
identification are provided in Table 1. The numbers on the right side indicate the molecular

mass standards in kDa.

Figure 5. Sequence alignment of trypsin-alpha and trypsin genes detected in the midgut of
A. albopictus. Identical residues are marked with an asterisk; residues with strongly similar
properties are marked with a colon; residues with slightly similar properties are indicated
with a period. Peptides identified in each protein by mass spectrometry are highlighted in

gray-
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Table 1. Aedes albopictus midgut peptidases automatically identified using the Mascot software.

Spot  Protein Name NCBI Accesion VectorBase DB Theor/Exp  TheorExp Matching pep./ Peptide Sequence Error + Protein lon
Code No. No. MW pl Pep. identified by ppm  Score Score

MSMS

a7 chymatrypsin, putative [Aedes aegypt] Q157123854  AAELO09680  26.5/25.8 9.0/9.3 (1) RENELQTLYOK.T 3 64 64
2 trypsin-alpha, putative [Aedes aegypt] gil157117906 AAELO0B0TY 3211408 8.0/88 (1) KGACNGDLGGPLVCDARL 3 78 78
17 rypsin [Aedes asgypi] gil157113343 AAELO06425 29.6/29.6 86/8.2 1(1) AIVGGFEIDITDAPHOVSLOSAG 4 106 106

Spot codes correspond to spot numbers in figure 4. MW molecular weight. pl isoelectric point. ppm: parts per million.
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Discussao

6 — DISCUSSAO

Nessa secdo serdo discutidos, em dois blocos, os resultados apresentados nos artigos 1 e 2

e aqueles apresentados nos artigos 3 e 4.

o Artigosle?2

1- Expression of trypsin-like serine peptidases in pre-imaginal stages of Aedes
aegypti (Diptera: Culicidae).

2 - Trypsin-like serine peptidase profiles in the egg, larval, and pupal stages of
Aedes albopictus.

Nestes artigos reporta-se a caracterizacao das atividades proteoliticas detectadas em
extratos totais das formas larvais de A. aegypti e A. albopictus, por enzimografia em uma
dimensdo. A estabilidade da expressdo de peptidases nessas espécies foi avaliada pela
comparacao do perfil proteolitico de formas larvais obtidas de ovos de insetos recém
coletados no ambiente com ovos de insetos mantidos em coldnia por longo periodo. Foram
também comparados os perfis proteoliticos das pupas com seus respectivos imagos.

Finalmente, as possiveis funcdes dessas enzimas nestes insetos sdo aqui discutidas.

Apesar da existéncia de trabalhos abordando a presenca de peptidases em tecidos
especificos de A. aegypti (Yang & Davies 1971, Graf & Briegel 1982, Graf et al., 1986,
Noriega & Wells, 1999; Noriega et al., 2002, Borovsky & Meola 2004), a maioria deles
refere-se a forma adulta dos mosquitos e pouco enfoque tem sido dado a caracterizacao
bioquimica de peptidases ativas em larvas. Com relacdo ao estudo dessas enzimas em A.
albopictus, até onde se sabe, apenas um trabalho reporta a presenca destas proteases no
inseto (Ho et al., 1992). No presente trabalho, foi observado que extratos totais de todos 0s
instars larvais de A. aegypti e A. albopictus apresentam altos niveis de atividade
proteolitica, identificados pela intensidade das bandas. Estas atividades foram
influenciadas pelo tempo de reacdo, sendo que ambas mostraram atividades a partir de 30
minutos de reacdo. No entanto, A. aegypti exigiu um menor tempo de reacdo para o
estabelecimento do seu perfil enziméatico (1 hora), ao passo que A. albopictus exibe um
perfil claro a partir de duas horas de reacdo. Tais resultados sugerem que as peptidases

larvais dessas espécies apresentariam (i) distintas cinéticas de atividade, ou (ii) expressao
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quantitativa diferencial. Ndo pode ser descartada a hipotese de que essas diferencas no
curso temporal de atividade proteolitica possam estar relacionadas as caracteristicas
nutricionais e de obtencdo de alimento por parte das larvas dessas duas espécies. A
propdsito disso, foi observado que larvas de A. albopictus se alimentam mais lentamente e
ingerem menos quantidade de alimento por vez do que as larvas de A. aegypti (Ho et al.,
1992). Essa ingestdo mais lenta poderia levar a uma também lenta ou menor
expressao/ativacdo das peptidases envolvidas na digestdo de nutrientes. Inducdo da
expressdo de peptidases pds-alimentacdo tem sido observada particularmente em adultos
de A. aegypti (Felix et al., 1991; Noriega et al., 1996; Noriega & Wells, 1999; Noriega et
al., 2002). Foi observado aqui também que a expressdo de peptidases em larvas de ambas
as espécies parece aumentar a cada instar. Esta expressdo quantitativa diferencial nos
diferentes instars também tem sido observada por outros autores, especificamente no
intestino, utilizando metodologias diferentes da enzimografia em SDS-PAGE (Ho et al.,
1992; Borowsky & Meola, 2004).

Quanto a sensibilidade ao pH do meio de reagdo, as atividades proteoliticas larvais
de ambas as espécies foram Otimas a pH alcalino (entre pH 7,5 e 10). Larvas de A. aegypti,
An. Stephensi e Culex pipiens demonstram alta atividade proteolitica a pH alcalino (Dadd,
1975). Adicionalmente, no diptero L. longipalpis, atividades proteoliticas em intestino de
L4 tem sido detectadas numa ampla faixa de pH alcalino, usando tanto substrato em
solugdo como SDS-PAGE co-polimerisada com gelatina (Fazito-do-Vale et al., 2007). O
amplo espectro de atividade proteolitica aqui detectado nas larvas de A. aegypti e A.
albopictus poderia estar relacionado a sobrevivéncia dessas formas evolutivas em distintos
ambientes aquéticos pobres em nutrientes. As fortes atividades proteoliticas podem estar
associadas a nutricdo larval, visto que estes estagios sdo altamente detritivoros e
necessitam ingerir uma grande quantidade de alimentos para obter os nutrientes béasicos.
De fato, tem sido indicado que as principais peptidases expressas pelas larvas estdo
envolvidas no processamento de nutrientes e apresentam atividade 6tima em pH alcalino
(Yang & Davies, 1971). Esta hipdtese também pode ser suportada pela observacgéo de alta
atividade proteolitica no intestino de larvas de ambas as espécies, ndo obstante essas
atividades terem sido detectadas usando substrato em solucéo (Yang & Davies, 1971; Ho
et al., 1992; Borovsky & Meola 2004).
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Com respeito a sensibilidade a inibidores, as peptidases dos quatro estagios larvais
de ambas as espécies foram inibidas por PMSF, um inibidor de tripsina e quimiotripsina
(enzimas que pertencem a classe das serino proteases) e por TLCK, um inibidor especifico
de tripsina e de enzimas tripsina-similares. Estes resultados indicam uma expresséo
predominante destas enzimas nos estagios larvais, 0s quais estdo de acordo com descri¢des
prévias que relatam (usando outros métodos bioguimicos) a sua ocorréncia em larvas de A.
aegypti e A. albopictus (Yang & Davies, 1971; Ho et al., 1992). As principais peptidases
detectadas em outras espécies da ordem Diptera também pertencem a classe das serino
proteases (Tabouret et al., 2003; Fazito-do-Vale et al., 2007; Pires et al., 2007).

Comparac0es entre as peptidases de larvas e pupas, das duas espéecies, demonstraram
que ambos os estagios de desenvolvimento exibem serino proteases do tipo tripsina com
atividade 6tima em pH alcalino. No entanto, as peptidases larvais apresentaram uma faixa
de pH 6timo mais ampla (variando desde 3,5 até 10) do que aquelas exibidas pelas
peptidases de pupa de A. aegypti (entre 5,5 e 10) e de A. albopictus (entre 7,5 e 10). As
bandas de atividade proteolitica do estagio pupal de A. aegypti apresentaram maior
resolucdo em pH 10, enquanto que nos estagios larvais as atividades enzimaticas foram
melhor visualizadas pH 7,5. Para A. albopictus, tanto pupa quanto larvas apresentaram
melhor resolucdo a pH 7,5, apesar de apresentarem maior atividade a pH 10. Os estagios
pupais expressaram um perfil proteolitico complexo, com bandas de atividade de
diferentes intensidades distribuidas em uma ampla faixa de massas moleculares. Enquanto
a pupa de A. aegypti apresentou pelo menos onze bandas de atividade enzimatica em pH
10, as larvas desta espécie exibiram apenas oito bandas no mesmo pH. Por sua vez, a pupa
de A. albopictus apresentou oito bandas de atividade e as larvas nove bandas. Visto que a
pupa é um estagio evolutivo intermediario entre larvas e adultos, as diferencas no perfil
proteolitico entre larvas e pupa sugerem uma regulacdo da expressao de peptidases entre
esses estagios evolutivos, que acarretaria a diminuicdo e/ou repressao da expressdo de
peptidases, como, por exemplo, aquelas envolvidas em alimentacédo larval, e aumento e/ou
inducdo da expressdo de peptidases que teriam fungbes para o adulto ou para a propria
pupa, como pode ser deduzido a partir da observacdo de bandas compartilhadas entre pupa
e adultos (fémea). Comparando o tempo de incubacdo para a deteccdo das atividades
proteoliticas entre larvas e pupas, observou-se que as peptidases das larvas foram

visualizadas depois de uma e duas horas de reacdo, para A. aegypti e A. albopictus,
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respectivamente, ao passo que as peptidases do estagio pupal foram visualizadas somente
apos 24 e 36 horas de incubacdo para A. aegypti e A. albopictus, respectivamente. Estas
observacdes poderiam indicar reducdo na expressao de peptidases digestivas ativas em
larvas ap6s a Ultima ecdise larval. Serino proteases fortemente ativas em larvas podem ser
necessarias para maximizar a digestdo de particulas de nutrientes, como microorganismos
e leveduras, nas baixas temperaturas do ambiente aquatico (Yang & Davies, 1971). A
expressao destas peptidases € reduzida quando ndo ha mais digestdo ativa, ou seja, quando
a ecdise larval-pupal esta completa (Yang & Davies, 1971). Embora a pupa ndo se
alimente, foi demonstrado que a pupa apresenta atividades de serino proteases (Borowsky
& Meola, 2004). A tripsina em pupas pode estar relacionada a protedlise dos tecidos
larvais remanescentes durante a metamorfose. Em Sarcophaga peregrina, uma tripsina de
26 kDa foi isolada do corpo amarelo, um érgdo que se desenvolve temporariamente nas
pupas e envolve o intestino larval enquanto o desintegra e o remodela para formar o
intestino do inseto adulto (Nakajima et al., 1997). Embora existam diferencas notaveis
entre os perfis proteoliticos de larvas e pupas (de ambas as espécies), eles compartilham
uma banda de atividade enzimatica de aproximadamente 40 kDa, a qual também parece
estar presente em fémea e macho de A. aegypti. Esta observacéo sugere que os distintos
estagios de desenvolvimento expressam isoformas da tripsina, que podem exercer fungdes
similares em cada forma evolutiva durante o ciclo de vida dos insetos. Além disso, em
fémeas, a tripsina pode estar associada a ativacdo de outras enzimas digestivas ou a
ativacdo de suas isoformas (Noriega et al., 1996; Noriega & Wells, 1999; Muhlia-Almazan
et al., 2008). Na comparacdo do perfil proteolitico de pupa com a fémea alimentada com
acucar observam-se também outras bandas compartilhadas em ambas as espécies enquanto
que 0s machos apresentam baixa ou nenhuma atividade enzimatica nas mesmas condicgdes
experimentais que fémeas e pupas. O perfil proteolitico mais complexo observado para as
fémeas, quando comparado ao perfil do macho, pode indicar que algumas peptidases
envolvidas no processamento de proteinas do sangue sejam expressas constitutivamente de
forma basal ao passo que os machos, que ndo fazem repasto sanguineo, ndo expressam tais
enzimas. Regulacdo pds-transcricional e pos-traducional da expressdo de peptidases tem
sido bem descrita em fémeas adultas ap6s ingestdo de sangue (Felix et al., 1991; Noriega
et al., 1996; Noriega & Wells, 1999). A sintese e secrecdo de tripsina em adultos podem
ser afetadas por fatores externos, como alimentacdo, ou por fatores internos, como

liberacdo de hormdnios (Borovsky & Schlein, 1988). Foi demonstrado em A. aegypti que
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(i) hormbnios secretados pelos ovarios aumentam a secrecdo de peptidases e que (ii)
células neurosecretoras contém fatores que aumentam a secrecdo de tripsina (Briegel &
Lea, 1977). A decapitacédo e/ou retirada dos ovarios reduz pela metade a sintese de tripsina,
comprovando a influéncia dos horménios sobre a taxa de sintese dessa enzima (Graf et al.,
1998). Adicionalmente, foi observado que o horménio juvenil (HJ) regula a sintese de uma
tripsina expressa em adultos denominada “early trypsin” (Noriega et al., 1996, 1997,
Noriega & Wells, 1999). “Early trypsin” € uma das formas de tripsina sintetizada pelo
intestino de fémeas de A. aegypti (Noriega & Wells, 1999). Esta enzima é sintetizada em
baixa quantidade, aparece no intestino apds uma hora de ingestdo de sangue e desaparece
6-8 horas apo6s. A “late trypsin” é produzida em grandes quantidades, comeca a aparecer 8-
10 horas ap0s a ingestdo de sangue e responde pela atividade proteolitica presente no
intestino durante a digestdo do sangue ingerido (Graf et al., 1988; Barillas-Mury et al.,
1991). A transcricdo do gene da “early trypsin” faz parte da matura¢do normal do intestino
da fémea adulta pos-emergéncia, i.e., apds a metamorfose, e é controlada pelo HJ (Noriega
& Wells, 1999). Foi demonstrado que a expressao de “early trypsin” pode ser induzida em
pupa, na presenca de analogos do HJ (Noriega & Wells, 1999), muito embora a pupa nédo
se alimente, como ja foi comentado. Expressdo de “early trypsin” ndo tem sido detectada
em machos, pupa nem larvas de A. aegypti (Noriega et al., 1996). Quanto a atividade
proteolitica no macho, ndo pode ser descartado aqui que um perfil de peptidases mais
complexo poderia ser observado se outras condigdes experimentais, que ndo as avaliadas
neste trabalho, como por exemplo, outras condi¢cdes de pH, tempo de incubacdo, fossem
testadas. Quanto a banda de 40 kDa observada também no macho de A. aegypti,
mencionada acima, poderia ter outras fun¢Ges que ndo o processamento de nutrientes.
Evidencias sobre a expressdo estagio-especifica de tripsinas com distintas fungdes durante
o ciclo evolutivo de A. aegypti, foram recentemente relatadas (Venancio et al., 2009).
Analise do transcritoma de A. aegypti revelou que ha expressdo preferencial de 12 genes
codificantes para tripsina em larva e 15 em adultos, ao passo que 39 genes S0 expressos
tanto em larva como em adultos. Analise filogenética desses 66 genes mostra que A.
aegypti tem pelo menos trés grupos principais de tripsinas: o primeiro grupo contém
peptidases exclusivas de larvas e algumas peptidases que sdo compartilhadas por larvas e
adultos, (as peptidases de larvas provavelmente adaptadas ao Iimen do intestino ou outro
ambiente proteolitico); o segundo grupo inclui tripsinas exclusivas de adultos, algumas

exclusivas de larvas e umas poucas compartilhadas por larvas e adultos (grupo apresentado
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homologia com tripsinas histoliticas, i.e., tripsinas envolvidas na degradacdo de tecidos), e
por fim, o terceiro grupo inclui tripsinas induzidas por alimentagdo com sangue (Venancio
et al., 2009).

Com relacdo a expressdao de peptidases em ovos, foi observado que o perfil
proteolitico do ovo de A. aegypty é composto por duas bandas principais migrando entre 36
e 55 kDa, as quais correspondem aquelas observadas nos quatro instars larvais. A
intensidade dessas bandas é bastante semelhante ao observado para L1. Ndo foram
observadas atividades abaixo de 36 kDa e nenhuma banda pdde ser resolvida na faixa
acima de 55 kDa. Em contraste, em ovos de A. albopictus, trés bandas entre 17 e 28 kDa,
com diferentes intensidades, sdo observadas e parecem corresponder aquelas dos quatro
instars larvais. Bandas de alto peso molecular, entre 55 e 250 kDa, sdo também
observadas. Esses achados sdo esperados visto que 0S 0vos usados nesses ensaios estavam
em fase final de desenvolvimento, maturos, e, portanto, as peptidases expressas
corresponderiam ao perfil de peptidases de L1. A menor intensidade na atividade poderia
ser devida a expressdo diminuida da larva no interior do ovo dado que ela encontra-se em
estado letargico e com metabolismo reduzido. Até o presente, descricdo de atividades

proteoliticas em ovos de A. aegypti e A. albopictus ndo tem sido relatada.

Para verificar a estabilidade da expressao do perfil proteolitico, larvas provenientes
de ovos de fémeas mantidas em coldnia por longo periodo foram comparadas com larvas
provenientes de ovos recém coletados no ambiente natural do inseto. Foi observada que em
ambas as espécies o perfil proteolitico ndo é alterado, sugerindo que a expressdo
qualitativa de peptidases nessas duas espécies de mosquitos € estavel, i.e., que 0s genes
que codificam para essas enzimas parecem estar sob forte pressdo de selecdo, sendo
conservados dentro de uma mesma espécie e, portanto, apresentando sempre 0 mesmo
perfil proteolitico quando sdo submetidos a uma mesma condicdo de analise. Desta forma,
a andlise desses ensaios indica que o endocruzamento ocorrido durante a manutencdo
continuada da coldnia (visto que a coldnia se origina a partir de poucos individuos de uma
populacdo) ndo altera, aparentemente, 0os genes que codificam as serino proteases que
compdem o perfil proteolitico dos mosquitos, pelo menos durante o periodo de um ano em
que se desenvolveu este estudo. O mesmo aconteceria com populagdes naturais, nas quais

0 grupo de genes codificantes para serino proteases seria conservado, apesar de sofrer

111



Discussao

maior intercambio génico. Adicionalmente, quando se comparam os perfis de atividades de
larvas de A. aegypti com A. albopictus nota-se que eles compartilham uma banda, com a
mesma intensidade de atividade, em torno de 28 kDa e compartilham outras bandas entre
36 e 72 kDa, porém detectadas com maior intensidade em A. aegypti do que em A.
albopictus. Também, pelo menos uma banda de baixo peso molecular (abaixo de 28 kDa) é
tenuamente observada em A. aegypti e parece ser semelhante aquela observada em A.
albopictus. Estes ultimos resultados (i) reforcam a idéia anterior sobre a conservagéo
génica; (i) sugerem que algumas isoformas das enzimas sdo mais expressas em uma ou
outra espécie e, por fim (iii) indicam que o perfil proteolitico € espécie-especifico. Assim,
as diferengas observadas na intensidade das bandas proteoliticas dentro do mesmo estagio,
em estagios diferentes e entre as duas espécies, podem indicar que alguns genes
codificando para tripsinas sdo expressos diferencialmente ou que isoformas com
caracteristicas cataliticas especificas sdo reguladas diferencialmente durante o ciclo
evolutivo do inseto e de forma interespecifica. A existéncia de complexos mecanismos de
regulacdo da expressdo das tripsinas em insetos poderia suportar estes dados (Kalhok et
al., 1993; Barrillas-Mury et al., 1991; Noriega et al., 1996; Venancio et al., 2009).
Adicionalmente, a expressao diferencial de peptidases desses insetos nas distintas formas
evolutivas pode estar relacionada a participagdo dessas enzimas em processos funcionais
distintos tais como nutricdo, desenvolvimento e defesa (Ho et al, 1992; Yano et al., 1995;
Nakajima et al., 1997; Borovsky & Meola, 2004; Philip et al., 2007).

Neste trabalho foi testada também a termoestabilidade das serino proteases das larvas
de ambas as espécies. Quando comparadas a condicdo controle (37 °C), foi observado que
as atividades proteoliticas de todos os estagios larvais de A. aegypti e A. albopictus sdo
susceptiveis a baixas temperaturas (4 °C e 10 °C), enquanto séo altamente estimuladas em
altas temperaturas (entre 50-60 °C). Ndo obstante a observacdo de que as atividades
enzimaticas decaem a 85 °C, um claro perfil ainda pode ser observado nesta temperatura.
Por outro lado, a baixas temperaturas ainda se pode verificar um delineamento do perfil
proteolitico, ainda que bastante reduzido. Resultados similares tém sido descritos para
serino proteases de larvas do diptero Oestrus ovis, (Angulo-Valadez et al., 2007), para
quimiotripsinas e tripsina de larvas do coledptero Tenebrio molitor (Tsybina et al., 2005;
Elpidina et al., 2005). Visto que a temperatura é uma das condi¢des ambientais mais

importantes para a sustentacdo da vida na terra, a adaptacdo de organismos a ambientes
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extremos exigiria a otimizagdo do seu repertorio enzimatico. Nesse sentido, a investigacdo
de proteinas termoestaveis, altamente conservadas em grupos de organismos
filogeneticamente relacionados, auxiliaria na identificacdo de mudancgas na sequencia de
aminoacidos, as quais estariam associadas a adaptacdo térmica (Thomas & Cavicchioli,
1998). Apesar de ndo existirem estudos a esse respeito em insetos, um interessante
exemplo é o de salmédo atlantico, o qual apresenta duas isoformas de tripsina, uma aniénica
psicrofilica (pAST, “psychrophilic Atlantic salmon trypsin”) (Smalas et al., 1994) e outra
catidnica mesofilica (mAST, “mesophilic Atlantic salmon trypsin™) (Schroder et al., 1998).
Visto que pAST e mAST tem alta similaridade de sequencias e pertencem ao mesmo
organismo, estas enzimas seriam um bom modelo para estudar a adaptacéo ao frio (Papaleo
et al., 2009). Assim, dado que A. aegypti e A. albopictus sdo espécies relacionadas e
originarias de ambientes distintos (continente africano e continente asiatico,
respectivamente), um estudo aprofundado, com relagdo as sequencias e estrutura das suas
isoformas de tripsinas, poderia fornecer importante informagéo sobre as bases moleculares
da estabilidade térmica dessas enzimas. Os estudos aqui iniciados podem ser o primeiro
para iniciar tais investigacdes. Finalmente, por apresentarem propriedades Unicas, as
enzimas adaptadas a condi¢Ges extremas de temperatura oferecem a possibilidade de novas

aplicacgdes industriais (Antranikian et al., 2005).

Ainda que as serino proteases tripsina e quimiotripsina tenham sido descritas em
orgaos isolados de alguns estagios de desenvolvimento de A. aegypti e A. albopictus (Yang
& Davies, 1971, 1972; Ho et al., 1992; Terra & Ferreira, 1994; Noriega et al., 1996;
Noriega & Wells, 1999), a enzimografia ndo foi aplicada para a caracterizacdo bioquimica
e estudo comparativo da expressdo de peptidases do extrato total destas espécies. O estudo
de peptidases por enzimografia em SDS-PAGE, uma técnica simples e de facil aplicacéo,
permite: (i) avaliar a massa molecular aparente das peptidases expressas; (ii) detectar
presenca de distintas enzimas e de suas isoformas; (iii) analisar a expressédo diferencial de
peptidases entre espécies ou estagios evolutivos; (iv) fazer analise quantitativa relativa do
perfil proteolitico; (v) verificar a estabilidade do perfil proteolitico, i. e, verificar se a
expressdo do perfil de peptidases de uma espécie é constitutiva independente das
condigdes ambientais; e (vi) observar a expressdo de peptidases ativas, i. €., 0 que esta
sendo realmente expresso e provavelmente funcional (Zhao & Russell, 2003; Cuervo et al.,

2008; De Jesus et al., 2009). Desta forma, a partir da padronizacdo de protocolos para
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analise enzimogréafica e demonstracdo que o perfil de uma determinada espécie é estavel,
como demonstrado neste estudo, essa técnica poderia entdo ser utilizada para discriminar
grupos taxondmicos indiferenciaveis por outras técnicas. Finalmente, em conjunto com
outras técnicas de identificagdo de proteinas, como espectrometria de massas, a
enzimografia oferece uma boa alternativa para a analise de formas ativas de peptidases,
guando comparada com métodos bioquimicos mais tradicionais (Zhao et al., 2004; De
Jesus et al., 2009).

e Artigos3e4

3 - Protein expression in the midgut of sugar-fed Aedes albopictus females.

4 - Midgut of Aedes albopictus females expresses active trypsin-like serine

peptidases

Nestes artigos reporta-se a caracterizacao das atividades proteoliticas detectadas no
intestino médio de fémeas de A. albopictus alimentadas com agUcar, bem como o primeiro
mapa protebmico e a identificacdo de peptidases por 2DE e MS/MS neste 6rgdo. Sao
discutidas aqui as estratégias usadas para analisar as proteases expressas nesse tecido. As
proteinas expressas no intestino de A. albopictus foram identificadas por similaridade com
as sequencias de genoma de A. aegypti. Distintas ferramentas de bioinformatica foram
usadas para obter informacdo funcional de muitas dessas sequencias, em virtude da pobre

anotacdo do genoma dessa espécie.

O mapa protedmico parcial do intestino médio de fémeas de A. albopictus
alimentadas com acucar foi obtido de forma paralela a caracterizacdo do perfil proteolitico
desse 6rgdo. Para o mapa protedmico, as proteinas do intestino médio foram fracionadas
por eletroforese bidimensional e identificadas por espectrometria de massas por
similaridade com as sequencias de genoma de A. aegypti. A analise dos géis obtidos, a
partir de trés experimentos independentes, mostrou que os perfis de proteinas eram
reprodutiveis em termos de numero de proteinas e de sua posicao relativa e intensidade.
Uma media de 340 “spots” foi detectada nos géis, resultado que esta de acordo com mapas

protedbmicos de intestino de A. aegypti previamente publicados (Bayyareddy et al, 2009;
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Popova-Butler et al, 2009). A analise dos espectros de massa mediante distintos softwares
(MASCOT e OMSSA) resultou na identificacdo de 59 proteinas provenientes de 26
“spots”; o restante dos “spots” extraidos (~100) ndo puderam ser identificados. Dentre as
59 proteinas identificadas, trés serino-peptidases foram detectadas, sendo duas tripsinas e

uma quimiotripsina.

A proposito dos “spots” ndo identificados, a dificuldade na identificacdo pode ter
origem nas diferencas intrinsecas entre as espécies A. albopictus e A. aegypti. Diferencas
na sequéncia de aminoacidos, mesmo que seja em apenas um residuo, podem impedir a
identificacdo da proteina, visto que os programas usados utilizam algoritmos muito
exigentes para realizar a correspondéncia (“match”) entre as massas teoricas obtidas a
partir dos dados de genoma e as massas experimentais obtidas no MS. Esta dificuldade
também revela que os estudos com uma espécie ndo necessariamente refletem o que
sucede com a outra, sendo, portanto, reducionista continuar assumindo que os achados em
A. aegypti séo representativos dos outros membros do género. Contudo, frente a caréncia
de dados especificos para A. albopictus, os resultados obtidos neste trabalho foram sempre
comparados aqueles reportados para A. aegypti, como ponto de referéncia. Neste sentido,
foram aqui identificadas pela primeira vez ~25 proteinas expressas no intestino deste
género, quando se compara com trabalhos prévios de proteoma do intestino de A. aegypti.
As proteinas mais abundantes, as quais sempre foram identificadas nos trabalhos prévios
(enolase, chaperonina 60 e disulfeto isomerase) (Popova-Butler et al, 2009; Tchankouo-
Nguetcheu et al, 2010), também foram detectadas no presente estudo, indicando que os
procedimentos experimentais aqui usados foram apropriados e confidveis. Da mesma
forma, a congruéncia entre as massas tedricas e experimentais das proteinas identificadas
indica que o extrato de intestino continha, principalmente, proteinas integras que nao
sofreram proteolise artificial durante a manipulacdo experimental. Isto também é relevante

pois garante resultados fidedignos durante a identificacao.

As proteinas identificadas foram classificadas em grupos funcionais de acordo com
as anotacGes de ontologia génica disponiveis para 0 genoma de A. aegypti. As categorias
mais abundantes foram aquelas que agrupam proteinas do metabolismo de aminoacidos e a
de proteinas envolvidas na homeostase redox. As proteinas classificadas como proteinas de

funcdo desconhecida também foram altamente representadas no mapa protedmico de
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intestino de A. albopictus. As duas primeiras categorias eram esperadas devido aos
processos fisioldgicos desenvolvidos no intestino. A (ltima categoria tampouco
surpreende, visto a escassa anotacdo do genoma de A. aegypti (Nene et al., 2007). Outras
proteinas identificadas foram classificadas em categorias de resposta ao estresse oxidativo,
fosforilagéo, protedlise e transporte de ferro. Todas estas categorias também condizem com

as fungdes do 6rgdo analisado.

Com o intuito de se obter mais informacdes sobre as proteinas identificadas, as
mesmas foram analisadas com o programa STRING, o qual revela as potenciais redes de
associacao funcional entre as proteinas. Este programa usa uma base de dados de
interagcdes conhecidas e preditas entre proteinas. As interacdes incluem associagdes diretas
(fisicas) e indiretas (funcionais) derivadas de distintas fontes de evidéncias, tais como: (i)
contexto genémico, (ii) experimentos de alta vazao, (iii) co-expressdo e (iv) conhecimento
prévio (descricdes na literatura) (Jensen et al, 2009; Szklarczyk et al, 2010). Esta analise
revelou 5 grupos consistentes de proteinas com interacdo funcional, sendo, o primeiro,
composto por proteinas envolvidas na glicolise, enovelamento de proteinas, transporte de
elétrons, e catabolismo de corpos cetdnicos, todas pertencentes a vias metabolicas ubiquas
e centrais na fisiologia das células e, portanto, era esperada a sua expessao no intestino do
inseto. A segunda interacdo clara reuniu proteinas do metabolismo de carboidratos e de
aminoéacidos, vias também cruciais para a homeostase celular. A expressdo destas proteinas
pode estar relacionada a distintos fatores: (i) deve ser constitutiva para a reciclagem de
proteinas estruturais no intestino e, por consequéncia, para a manutengdo do metabolismo
basal do 6rgéo; (ii) logo apds a metamorfose, as fémeas sao fertilizadas e comegam a sofrer
mudancas na sua maquinaria metabdlica como preparacao para o repasto sanguineo; (iii) ja
que os intestinos usados neste estudo provém de fémeas de 2-5 dias de idade, eles podem
apresentar ainda proteinas remanescentes da pupa, as quais serviriam como substrato para
as atividades metabdlicas detectadas; e, finalmente, (iv) dado que antes da dissec¢do dos
intestinos, a microbiota estava presente neles, bactérias e proteinas produzidas por estas
poderiam ter induzido a ativacdo de enzimas do intestino do inseto envolvidas no
metabolismo de aminodcidos. Na terceira rede de associacdo funcional, foram encontradas
proteinas mitocondriais envolvidas na producdo de ATP. Esta rede se conecta também as
duas anteriores, revelando a complexidade das interagdes requeridas para o metabolismo

energético das células intestinais. Ainda, ela estd interconectada com uma quarta rede
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funcional que inclui as enzimas ciclohex-1-ene-1-carboxil-CoA hidratase e a 3-hidroxi-
isobutirato desidrogenase. Embora o Vectorbase ndo especifique a funcdo da primeira
enzima, sendo classificada entdo como enzima de funcdo desconhecida, a analise do
STRING indica que esta pode ter um papel na interacdo entre as vias da glicOlise e da
producdo de ATP mitocondrial. Interessantemente, no presente trabalho estas enzimas
foram identificadas juntas, no mesmo “spot”, e essas mesmas enzimas foram também
identificadas num unico “spot” no mapa protedmico de vesiculas de membrana de borda
em escova do intestino de A. aegypti (Popova-Butler et al, 2009), o que apodia a provavel
interagdo funcional entre essas enzimas. Recentemente, a enzima ciclohex-1-ene-1-
carboxil-CoA hidratase foi proposta como parte da via do metabolismo de lipideos em A.
albopictus (Reynolds et al, 2012). A quinta rede de interacdo funcional engloba proteinas
envolvidas na detoxificagdo de radicais livres, como a superdxido dismutase, catalase e
tioredoxina reductase. Estas enzimas tém um papel principal na detoxificacdo durante a
ingestdo de carboidratos e, além disso, é esperado que o intestino das fémeas expresse
constitutivamente esse repertorio de enzimas para lidar com o intenso estresse oxidativo
gerado durante a digestdo e absor¢do do bolo sanguineo. De fato, em A. aegypti tem sido
demonstrado que a expressao de genes que codificam para a tioredoxina reductase e para a
catalase incrementam apds o repasto sanguineo (Sanders et al, 2003). Ademais, a
expressao destas enzimas em Chironomus riparius durante estresse por poluentes
ambientais tais como cloreto de cadmio, tem sido proposta como um biomarcador de
exposicdo para estes contaminantes (Nair et al, 2011; 2012). O restante das proteinas
identificadas no mapa de 2DE, incluindo as serino-peptidases, aparece como componentes

isolados na rede de associacgdo funcional.

As proteinas classificadas na categoria de “processo bioldgico desconhecido”
foram submetidas individualmente & analise de associacdo funcional na tentativa de obter
mais informacdo sobre a sua funcdo potencial. Contudo, ndo se obtiveram associacfes
preditas para quatro (AAEL000757, AAEL005270, AAEL011268 e AAELQ011741) das
nove proteinas classificadas nessa categoria. Ja para a proteina hipotética AAEL015064,
STRING prediz associa¢des confiaveis com proteinas da via SUMO (pela sigla em inglés
correspondente a “small ubiquitin-related modifier”), uma modificacdo pos-traducional
que regula diversos processos celulares, tais como transporte nucleo-citosol, apoptose,

transcricdo, localizacao subcelular, progressao do ciclo celular e diferenciacdo (Hay 2005).
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Entdo, neste trabalho, identificamos uma proteina conservada que tem um papel na via da
SUMOilagéo.

A proteina lactoilglutationa liase (AAEL014393) exibiu interagdes funcionais com
proteinas que participam do metabolismo do piruvato e com proteinas do metabolismo da
treonina. Por sua vez, o fator de dissociagdo de guanina rho (AAEL012996) exibiu
associacOes funcionais com GTPases da subfamilia Rho, as quais estdo envolvidas em
varias vias de sinalizacdo que regulam a progresséo do ciclo celular e a morfogénese dos
tecidos (Settleman, 2001; Pirraglia et al, 2010). Também tem sido demonstrado que
GTPases rac participam na resposta imune antiparasitaria de Drosophila sp (Xavier et al,
2011). Finalmente, embora néo tenha sido possivel predizer associa¢des para a proteina de
unido a fosfatidil-etanolamina (AAEL011268), esta proteina tem sido relacionada com um

efeito protetor contra infec¢des bacterianas em Drosophila sp (Reumer et al, 2011).

Em conjunto, os resultados obtidos aqui mostram que a analise de subproteomas
permite que se atribua localizacBes anatdbmicas especificas a proteinas de fungéo
desconhecida. Além disso, a mineracdo dos dados permitiu que se atribuisse potenciais
fungdes a essas proteinas, com base nas predicGes de interacdo funcional. Estes resultados
provéem, pela primeira vez, evidencia sobre a expressdo e a localizacdo de proteinas que
foram em principio categorizadas como hipotéticas, validando, portanto, as predi¢des feitas
previamente para as sequiéncias de genoma de A. aegypti. O mapa preliminar de proteinas
de intestino de A. albopictus permitird futuras comparacfes da expressdao génica do
intestino de fémeas alimentadas com sangue, tornando possivel a identificacao de proteinas

que sdo exclusivamente expressas sob uma condicédo especifica de alimentacéo.

Nossos achados representam o primeiro mapa protedmico do intestino médio de A.
albopictus e representa o0 primeiro passo para a completa descricdo protedmica deste
6rgdo. Além disso, nossos dados contribuiram para a anotagdo funcional dos genomas do
género Aedes usando dados protebmicos baseados em espectrometria de massas em

combinacdo com métodos complementares de predigdo génica.

Com relacdo a andlise do perfil proteolitico desse 6rgdo, o ensaio de enzimografia

permitiu a visualizacdo das peptidases ativas e a caracterizacdo da sua relativa mobilidade
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eletroforética. Estes experimentos mostraram que o intestino apresenta um complexo perfil
de peptidases ativas composto por mais de 11 bandas de atividade proteolitica. Uma
comparacdo entre o perfil de peptidases de intestino de adulto, obtido neste trabalho e
aquele de larvas e pupa de A. albopictus (Saboia-Vahia et al, 2012), revela um padrédo
similar de bandas de atividade enzimatica. Esses achados sugerem que as peptidases
expressas como parte da maquinaria proteolitica dos adultos séo ja expressas nos estadios
pré-imaginais, onde desenvolvem um papel primordial na digestdo. Dado que neste
trabalho foram usadas fémeas alimentadas com acucar, é possivel sugerir que o perfil
proteolitico detectado aqui é constitutivamente expresso pelo mosquito durante seu ciclo
de vida. Contudo, as peptidases larvais foram detectadas ap6s 2h de reacéo, indicando que
essas enzimas sao mais ativas que aquelas detectadas na fémea adulta. Uma reducdo na
expressdo de peptidases ativas envolvidas na digestdo apés a ultima ecdise larval tem sido

reportada para A. aegypti e A. albopictus (Yang et al, 1971; Borovsky et al, 2004).

Em fémeas, de A. aegypti alimentadas com acucar, a expressdo ao nivel
transcripcional de serino-peptidases do tipo tripsina (“early tripsina”) tem sido associada a
ativacdo de outras enzimas digestivas ou outras isoformas de tripsina que seriam somente
expressas apos a ingestdo de sangue (Noriega et al, 1996; Noriega et al, 1999; Muhlia-
Almazan et al, 2008). Analise transcriptdmica de A. aegypti revelou que adultos expressam
exclusivamente 15 genes de tripsina, quando comparados com larvas, e compartilham a
expressao de 39 genes codificantes para tripsina com aqueles expressos pelas formas pré-

imaginais (Venancio et al, 2009).

Foi aqui observado que as atividades proteoliticas do intestino médio sdo
moduladas pelo pH do tampéo de reacdo. Pouca ou nenhuma atividade foi detectada em
pH é&cido, de 3.5. Por outro lado, apesar das atividades terem sido detectadas a partir de pH
5.5, a intensidade destas atividades foi aumentando a pH alcalino, especificamente entre
7.5 e 10.0. Embora as atividades 6timas sejam observadas a pH 10.0, varias bandas estdo
sobrepostas nesta faixa, impedindo a correta analise do perfil proteolitico. Por essa razéo,
todos os ensaios subseqientes foram realizados a pH 7.5. O efeito do pH sobre as
atividades de peptidases foi corroborado em ensaios em solucdo usando substrato
fluorescente, observando-se que o intestino de fémea adulta tem atividades 6timas a pH

alcalino, similar ao resultado obtido previamente para larvas e pupa (Saboia-Vahia et al,
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2012). Esta caracteristica também tem sido reportada para outros Diptera, tais como Culex
quinquefasciatus (Borges-Veloso et al, 2012) e L. longipalpis (Fazito-do-Vale et al, 2007),
tanto em ensaios em gel quanto em ensaios usando substrato em solucdo. De acordo com
reportes prévios, as atividades enzimaticas envolvidas em processos de digestdo
apresentam Otimas atividades a pH alcalino (Ho et al, 1992; Yang et al,1971; Borovsky et
al, 2004).

Os ensaios de inibicdo usando inibidores especificos para distintas classes de
peptidases mostraram que as atividades proteoliticas detectadas no intestino de fémeas de
A. albopictus foram principalmente inibidas por PMSF e TLCK. PMSF inibe serino
peptidases em geral, ao passo que TLCK inibe exclusivamente as serino-peptidases do tipo
tripsina. Entéo, estes resultados mostram que as peptidases observadas sao principalmente
devidas a serino-peptidases do tipo tripsina. Extratos protéicos de intestino foram também
submetidos a ensaios de degradagdo proteolitica em solucdo usando inibidores especificos
de peptidases. Estes ensaios corroboraram os resultados obtidos em gel, mas observou-se
uma ligeira inibicdo pelo inibidor de cisteino peptidases E-64, a qual ndo foi significativa.
A ocorréncia de serino-peptidases do tipo tripsina tem sido descrita em larvas de A. aegypti
e A. albopictus usando tanto ensaios em solucdo (Ho et al, 1992; Yang et al,1971) como
analises enzimogréaficas (Saboia-Vahia et al, 2012; Mesquita-Rodrigues et al, 2011). As
principais peptidases detectadas em outras espécies da ordem Diptera também pertencem a
classe das serino-peptidases (Fazito-do-Vale et al, 2007, Tabouret et al, 2003; Pires et al,
2007).

Trés “spots” contendo serino-peptidases do tipo tripsina e quimotripsina foram
identificados por similaridade com as seqliéncias de A. aegypti no mapa 2DE de intestino
medio de A. albopictus. Estas identificacbes foram feitas usando dois motores de busca
distintos, MASCOT e OMSSA, e ambos coincidiram nas identificacdes. Uma tripsina
(AAEL006425), uma tripsina alfa (AAEL008079) e uma quimiotripsina (AAEL009680)
foram identificadas. Quando foram comparadas as massas moleculares das proteinas
identificadas por 2DE com as massas das peptidases observadas na enzimografia, vemos
que correspondem com bandas proteoliticas especificas. Contudo, ndo foi observada
atividade proteolitica de quimiotripsina nos geis enzimograficos, nem nos ensaios em

solucdo, sugerindo que a quimiotripsina identificada nos géis 2DE pode: (i) ser expressa
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neste 6rgdo, mas ter uma baixa atividade que ndo é detectada pelos ensaios aqui usados;
(if) ndo estar ativa na condicdo estudada (alimentacdo com acucar); (iii) ndo apresentar
afinidade pelos substratos usados nos ensaios; (iv) ser expressa em baixa abundancia nesse

orgdo, o que dificultaria a deteccdo de sua atividade na enzimografia.

O alinhamento das sequencias dos dois genes de tripsina identificados revela que os
genes apresentam pouquissima similaridade entre eles. Tem sido reportado que o genoma
de A. aegypti codifica para 380 serino-peptidases do tipo tripsina, constituindo uma das
maiores familias génicas em mosquitos (Wu et al, 2009). N&o obstante, a interrogacdo da
base de dados VectorBase usando as palavras “trypsin” ou “chymotrypsin” revela 80 genes
codificantes para tripsina e cinco codificantes para quimiotripsina em A. aegypti, entre 0s

quais se encontram listados os genes identificados nesta tese.

Os resultados obtidos nos permitiram atribuir de maneira confiavel um local de
expressao para 0s genes de tripsina (AAEL006425), tripsina alfa (AAEL008079) e
quimiotripsina (AAEL009680). Em outras palavras, pode-se afirmar que os genes acima
mencionados sdo expressos no intestino de fémeas adultas de A. albopictus alimentadas
com acucar. Este achado representa um pequeno, mas importante passo, para a atribuigdo
funcional, ao nivel de proteina, de genes codificantes para serino-peptidases do tipo

tripsina e quimiotripsina no género Aedes.
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6 — CONCLUSOES

6.1 — Os perfis de atividades proteoliticas dos quatro estadios larvais de Aedes aegypti e
Aedes albopictus, detectados por enzimografia em SDS-PAGE co-polimerizado com
gelatina, sdo compostos por pelo menos oito bandas de atividade que apresentam distintas
cinéticas de reacdo, sendo detectadas apds uma hora de reacdo para A. aegypti e apds duas

horas para A. albopictus.

6.2 — As peptidases dos estagios larvais de ambas as espécies sdo ativas em uma ampla

faixa de pH, de 3,5 a 10, apresentando 6timas atividades a pH alcalino.

6.3 — Ha diferencas qualitativas e quantitativas entre os perfis proteoliticos das larvas de A.
aegypti e A. albopictus, as quais provavelmente se originam a partir da expresséo

diferencial de isoformas das peptidases.

6.4 — O perfil proteolitico dos quatro estadios larvais de A. aegypti e A. albopictus é estavel
e provavelmente est4, em grande parte, relacionado a alta atividade digestiva do estagio

larval.

6.5 — As peptidases dos quatro estadios larvais de A. aegypti e A. albopictus apresentam
ampla estabilidade térmica, sendo ativas entre 10 °C — 85 °C, com atividade 6tima entre 50
°C-60 °C.

6.6 — A atividade proteolitica em pupas de ambas as espécies diminui drasticamente

quando comparada, sob mesmas condic¢des de reacdo, as atividades proteoliticas de larvas.

6.7 — Os perfis proteoliticos de pupa de A. aegypti e A. albopictus (i) apresentam cerca 11 e
oito bandas de atividade, respectivamente; (ii) exibem distintas cinéticas de reacdo, sendo
detectadas apds 24 e 36 horas, respectivamente; (iii) apresentam diferencas qualitativas e
quantitativas; e (iv) estdo relacionados a processos distintos a nutri¢cdo, provavelmente a

funcdes histoliticas.
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6.8 - As atividades proteoliticas dos quatro estadios larvais e pupas de A. aegypti e A.
albopictus sdo devidas, principalmente, a serino proteases do tipo tripsina.

6.9 — A presenca de bandas proteoliticas compartilhadas nos distintos estagios evolutivos
de cada espécie sugere a expressao de isoformas de peptidases com fungbes similares

durante o ciclo evolutivo dos mosquitos.

6.10 - A expressdo diferencial de isoformas de peptidases em larvas, pupas de A. aegypti e
A. albopictus permite distinguir fenotipicamente estas duas espécies, sugerindo que a
enzimografia € uma técnica que pode ser usada como ferramenta para analise taxondmica,

pelo menos na familia Culicidae.

6.11 — Os ovos de ambas as espécies expressam um perfil proteolitico com similaridade

qualitativa e quantitativa aquele exibido pelas larvas das respectivas espécies.

6.12 — O mapa proteico parcial do intestino médio de fémeas de A. albopictus alimentadas
com agucar, obtido por 2DE em 7 cm e pH 3-10 ndo linear, contém aproximadamente 340

“spots” proteicos.

6.13 - 59 proteinas foram identificadas por similaridade com as sequencias de genoma de

A. aegypti, incluindo trés serino-peptidases.

6.14 — As categorias mais abundantes de proteinas identificadas no intestino médio foram
aquelas que agrupam proteinas do metabolismo de aminoacidos, e proteinas envolvidas na

homeostase redox.

6.15 — Os trés “spots” contendo serino-peptidases correspondem ao gene AAEL006425 de
tripsina, o gene AAEL008079 de tripsina alfa e 0 gene AAEL009680 de quimotripsina. O

local de expressdo destes genes pbde ser atribuido ao intestino médio.
6.16 - O perfil de atividade proteolitica do intestino médio de Aedes albopictus, detectado

por enzimografia, € composto por pelo menos onze bandas de atividade com um cinética

prépria de reacdo, sendo detectadas ap6s duas horas.
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6.17 - As massas moleculares das serino-peptidases identificadas por 2DE correspondem
com as massas de algumas das bandas de atividade proteolitica observadas na

enzimografia, sugerindo que pode se tratar das mesmas enzimas.
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