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RESUMO

A toxina Binéria (Bin) é o principal fator toxiccadbactéria entomopatégehgsinibacillus
sphaericuse sua acdo erulex quinquefasciatudepende da ligagdo com receptores no
intestino das larvas. Os receptores saondgicosidases Cgml, localizadas no epitélio,
ligadas por uma ancora de glicosil-fosfatidilinokit.arvas deAedes aegypsao refratarias a
toxina, pois, ndo apresentam receptores funciomgissar de apresentarem um gene que
codifica a proteina Aaml, com alta similaridade gnC. Devido as lacunas a respeito do
espectro de acao da toxina Bin, o objetivo dedtededoi identificar epitopos de ligacéo da
toxina no receptor Cqml e determinar a base ma@edas sua acdo para estas espécies de
vetores. Os resultados obtidos a partir da anabseparativa das proteinas Cgml e Aaml
levaram a identificagdo de um epitopo da toxina mBirreceptor Cqm1l, situado uma alga na
regido N-terminal S129-A312. Este epitopo é comp@&ios aminoacidogsPATGGGsp,

ndo conservados em AamisAETGKL163), € 0s residuogdGGieo S80 criticos para a ligacao
com a Bin. A andlise da proteina ortéloga Aam1l destrou que esta é expressa em larvas de
Ae. aegypti semelhante a Cgm1, porém ela ndo é capaz deskgartoxina Bin. Uma
diferenca marcante da proteina Aaml é sua gligdsila entretanto, a remocédo de
carboidratos da proteina ndo afetou o padrdo dgda a toxina Bin. A andlise da Cgml
mostrou que os glicanos ndo sao necessarios parteracdo com a toxina Bin e que
possivelmente esta proteina ndo parece ser ghdasilO estudo mostrou que um pequeno
segmento de residuos da regido da proteina Cqmmlbaxa conservacdo em Aaml, € critica
para a ligagdo da toxina Bin e sugere que estaiposlr a causa da refratariedade das larvas
de Ae. aegypti Os resultados deste estudo séo relevantes peidagl a base molecular do
modo de acdo de. sphaericuse abrem perspectivas para a busca de outros dehertss
moleculares envolvidos neste processo.

Palavras-chave: Controle biologico de vetoresnexibacteriana§ulex Receptores da
superficie celular.
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ABSTRACT

The Bin toxin is the main toxic factor of the baaien Lysinibacillus sphaericuszhose action

in Culex quinquefasciatusarvae depends on its binding to the midgut epaheeceptors.
These receptors are the Cqgmylucosidases that are expressed on insect midguhad by

a GPI anchorAedes aegyptis refractory to the Bin toxin because larvae du have
functional receptors on the midgut, despite of ghesence of a gene that encodes the Aaml
protein, that is highly similar to Cqgm1. In view thfe lack of knowledge on the spectrum of
action of the Bin toxin action, the goal of thisidy was to identify the Bin binding epitopes
on Cgm1 receptor and to determine the moleculais lzdsts toxic action for these vectors
species. Results obtained through a comparativiysamédetween Cgml and Aaml led to
identification of a Bin toxin epitope on Cgm1 ret@mplocated in a loop at the N-terminus of
the protein, between residues S129-A312. This peitts composed by the residues
155PATGGGgq non-conserved in the Aam1sfAETGKL163), and the residuegdGGigo are
critical to Bin binding. The investigation of theal showed that this protein is expressed in
Ae. aegyptilarvae, similarly to Cgml1, however, it does novéddinding ability to Bin. A
marked difference in Aaml is its glycosylation, lewer, removal of the carbohydrates from
this protein had no effect on Bin toxin binding.@h analysis showed that glycans are not
necessary to interaction with Bin and this protoes not seen to be glycosylated. The study
showed a small segment of non-conserved residuesde Cqml and Aaml is critical for
the Bin binding and data suggest that this coulthleereason for refractoriness . egypti
larvae toL. sphaericus The results from this study are relevant to elat@ the molecular
basis of the.. sphaericusnode of action and open prospects for the sedrother molecular
determinants that could be involved in this process

Key-words: Biological control of vectors, bacteriakins,Culex Cell surface receptors.
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1 CARACTERIZACAO DO PROBLEMA

As doencas transmitidas por vetores constituengaaimje, importante causa de
morbidade no Brasil e no Mundo (TAUIL, 2002) e espondem a aproximadamente 17%
das doencas infecciosas que afetam o planeta (TGYMN& al., 2005). Culicideos dos
géneroLCulex Anopheles Aedessao vetores de patdgenos e o seu controle popudd@ de
grande importancia para interromper o ciclo de simi@esdo de doencas como filariose,
malaria e dengue, respectivamente. Apesar de $emamneia, a reducdo populacional de
insetos vetores é um desafio para os programasrdmie devido a caracteristicas bioldgicas
peculiares dos culicideos, aliadas ao desordenanuginéno e outros fatores ambientais que
propiciam o contato vetor-homem. Os programas ddrale de vetores tém integrado
diferentes estratégias capazes de reduzir a deesida populacdes de vetores e, por
conseguinte a transmissao de doencas, com o nmepacto negativo para o ambiente. Nesse
contexto, o uso de larvicidas a base de bacténtsm®patogenas € uma ferramenta eficaz
devido a sua acao inseticida seletiva para algwspécies da ordem Diptera de importancia
na saude publica, sendo in6écuo para organismoalmadLACEY, 2007).

Os biolarvicidas a base das bactéBasillus thuringiensisorovar.israelensigBti) e
Lysinibacillus sphaericugLsp) tém sido utilizados com sucesso em programeasontrole
integrado de dipteros em varias regides do munddARLES; NIELSON-LEROUX;
DELECLUSE, 1996; LACEY, 2007; REGIS et al., 200L). sphaericuspossui acao para
diversas espécies de culicideos dos gén€udsx Anophelese Aedes entretanto,Aedes
aegyptié considerado refratario a toxina, pois as comnaedés letais do Lsp para esta espécie
sao cerca de 100-1000 vezes mais elevadas do gelagtilizadas para larvas do complexo
Culex pipiengNIELSEN-LEROUX; CHARLES, 1992).

O principal fator toxico de Lsp é a toxina Binafiin) produzida na forma de
protoxina heterodimérica, no interior de um crigtadtéico durante a esporulagédo bacteriana.
A protoxina Bin € composta por polipeptideos deel®1- kDa denominados BinA e BinB,
respectivamente (BAUMANN; BROADWELL; BAUMANN, 1988CHARLES, 1987). As
principais etapas do modo de acéo de Lsp sao:tawess cristais; solubilizacdo dos cristais
em pH alcalino intestinal; ativacdo das protoxidas2- e 51- kDa em toxinas de 43- e 39-
kDa, respectivamente, pela acdo de serina-protéatesinais. Ap0s 0 processamento, as
toxinas ativas interagem com receptores especifitosepitélio intestinal das larvas
susceptiveis e promovem o efeito letal (BAUMANN ak, 1985, BROADWELL;
BAUMANN, 1987; NIELSEN-LEROUX; CHARLES, 1992). Apd&s tratamento de larvas de
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Culexcom Lsp, podem ser visualizados efeitos citopgtotis nas células intestinais, dentre
eles danos nas microvilosidades, intumescimentcacdsteis mitocondriais, fragmentacao do
reticulo endoplasmatico e vacuolizacao citoplassadiCHARLES, 1987; DE MELO et al.,
2008; SILVA-FILHA; PEIXOTO, 2003; SINGH; GILL, 1988

Os receptores da toxina Bin & quinquefasciatysC. pipiense An. gambiaesao as
a-glicosidases (E.C. 3.2.1.20" quinquefasciatumaltase” 1 (Cgm1),C. pipiensmaltase”
1 (Cpml) e Anopheles gambiamaltase” 1 (Agm3), respectivamente, com cerca d& 58
aminoacidos e 60 kDa, ligadas ao epitélio intektipar uma &ancora de glicosil-
fosfatidilinositol (GPI) (DARBOUX et al.,, 2001; OP@ et al., 2008; PAUCHET et al.,
2005; ROMAO et al., 2006; SILVA-FILHA; NIELSEN-LER@QX; CHARLES, 1999). Este
grupo dea-glicosidases € bastante conservado em dipterosegie@ncia do receptor Cgml
apresentou similaridade de 98 e 78 % com-gticosidases Cpml e Agm3, respectivamente
(ROMAO et al., 2006). Emi\e. aegyptitambém foi identificada uma-glicosidase ortéloga
ao receptor Cgml, denominadA€’ aegyptimaltase” 1 (Aaml) e que apresenta 83% de
similaridade, apesar da refratariedade dessa espétixina Bin (ROMAO et al., 2006).
Dados prévios demonstram, inclusive, que ndo odagegdo da toxina Bin ao epitélio
intestinal das larvas (NIELSEN-LEROUX; CHARLES, 299

A identificacdo da proteina ortéloga Aaml abriuspectivas para a investigacao das
caracteristicas dessa molécula, em comparacdo dogqmd, com o objetivo de identificar
epitopos de ligacdo a toxina Bin na Cgm1l, que é inmpartante lacuna no conhecimento do
modo de acdo da toxina Bin. Além disso, serd pebksiwestigar os mecanismos que
determinam a refratariedade de. aegyptia toxina Bin. Diferencas de caracteristicas e
padrées de expressao destas proteinas ortélogasmteterminar o perfil de susceptibilidade
a toxina Bin nas larvas dessas espécies. Paranilederos fatores envolvidos nas diferencas
de susceptibilidade entr€. quinquefasciatue Ae. aegyptia toxina Bin € importante
determinar se a proteina Aaml estd sendo expradsae larvaria, se estd em concentracdes
suficientes para a ligagdo com a toxina, se estitada no epitélio intestinal e se é capaz de
interagir com a toxina Bin. Além disso, € importaavaliar se modificacbes pos-traducionais,
como as glicosilacdes, podem interferir na capaedte ligacdo das proteinas, visto que esta
€ uma diferenca marcante entre Cgqm1l e Aaml. Ateeiedade dée. aegyptpode ainda ser
decorrente da perda de epitopos conformacionaifaital ou ainda, da necessidade de
atuacdo de proteinas acessorias para a ligacamira tBin que estejam ausentes nessa

espécie. Espera-se neste estudo, consideranddeximode hipdteses, identificar o epitopo de



Modo de ac¢éo do biolarvicida... FERREIRA, L. M. 19

ligacdo da toxina Bin no receptor Cgml e investayaazao da refrataridade Ae. aegypta
toxina Bin, a partir da caracterizacéo da protéiainl.
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2 REFERENCIAL TEORICO

2.1 Culicideos

Os culicideos sé&o insetos que pertencem a ordeterRip podem transmitir agentes
etiolégicos de doengcas ao homem como nematddeosyzpérios ou virus de grande
relevancia na saude publica. Espécies dos gérautex, Anophelege Aedessao vetores
destes agentes, sendo, por isso, alvos de prog@enesntrole que visam a reducdo de sua
densidade populacional. Os culicideos sdo holoroktéle apresentam um ciclo de vida curto
gue compreende as fases de ovo, quatro estadiasslgoupa e adulto (Figura 1). A fase pré-
imaginal ocorre no ambiente aquatico, e os adall@dos colonizam o ambiente terrestre. O
ciclo de vida dura cerca de dez dias, desde o t&@ @&mergéncia do adulto, entretanto,
fatores como nutricdo, temperatura, fotoperiodomedade podem causar variacbes nesse
tempo. As fémeas sdo hematodfagas e a alimentapgaisaea € necessaria para o completo
desenvolvimento dos ovos, enquanto os machos serdhm de seiva vegetal. Apos o
desenvolvimento embrionario, as larvas do 1° estéd) eclodem e passam por mais trés
estadios larvais @. L3 e L4) até chegarem a fase de pupa. A partir da pupareo@
emergéncia da forma adulta e as fémeas podem aealie quatro a cinco ciclos
gonadotroficos durante a vida. Devido ao habitodtefagico das fémeas, os mosquitos sédo
capazes de adquirir agentes etiolégicos de doeaca@iansmiti-los de um hospedeiro
vertebrado para outro (CONSOLI; OLIVEIRA, 1994).
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Figura 1 - Ciclo de vida dé\edes aegypti

Larvas

Fonte: Ferreira (2009)
Nota: ApGs o repasto sanguineo as fémeas (A) deposiamas (B) na superficie da agua. Estes eclodem e
liberam as larvas (C), que em seguida evoluemaéase de pupa (D), a partir da qual emergem dsoadu

2.2 Culex quinquefasciatus Say 1823

Culex quinquefasciatué uma espécie que pertence ao compléxtex pipiense
apresenta distribuicdo cosmopolita. Possui amplarsidade de criadouros, mas as fémeas
depositam seus ovos preferencialmente em criadautifigiais com agua rica em matéria
organica e detritos tais como os sistemas de espskas e valetas (CONSOLI; OLIVEIRA,
1994). E um mosquito altamente antropofilico e éitido e é a espécie predominante em
areas urbanas, sendo encontrado em maior abund@rximmeses quentes e chuvosos. As
fémeas realizam repasto sanguineo preferencialrmenfgeriodo crepuscular ou noturno e
depositam seu ovos agrupados em forma de jangatia.eBpécie pode transmitir doencas
como a filariose linfatica, causada pelo nematdfechereria bancroftie que é considerada
uma importante doenca transmitida por vetores.niastie que cerca de 120 milhdes de
pessoas estejam infectadas pelo parasita e quedei;4 bilhdes se encontrem sob risco em
73 paises (CHANDY et al.,, 2011). A ampla distritiricda doenca est4 associada as
condi¢cbes precarias de saneamento e ao crescintestordenado da populacdo, que
favorecem a proliferacdo do vetor. Além da filagidgS. quinquefasciatusambém pode ser
vetor priméario de alguns arbovirus de grande indpmitt na saude publica como o virus do
Nilo ocidental, Oropouche e Saint Louis (FIGUEIRED2007; GODSEY et al.,, 2005;
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MONDINI et al., 2007). E importante ressaltar dfiequinquefasciatué o vetor da filariose
linfatica na Regido Metropolitana do Recife, quedai € endémica para esta enfermidade.
Desde 2003, é realizado um programa para o cordesita doenca pela Secretaria de Saude
da cidade do Recife, visando a sua eliminacdocdeda com as diretrizes do Plano Global

de Erradicacao da Filariose, apoiado pela Orgaa®tundial de Saude.

2.3 Aedes aegypti Linnaeus 1762

Aedes aegypté principalmente encontrado em regifes tropicasulgropicais das
Américas, Africa e Asia (SCHAFFNER; MEDLOCK; VAN BRYEL, 2013). Foi
considerado erradicado da maior parte das AmédgeSul e Central por volta da década de
70, mas foi reintroduzido nestas regides (Orgadzddundial de Saude, 2007). Esta espécie
esta presente predominantemente em &reas urbanasente no domicilio ou peridomicilio
humano, e seus criadouros preferenciais sdo ratdgieartificiais, com agua pobre em
matéria organica. Essa predilecao pelo ambientead@nfacilita o contato com o homem, o
gue é necessario para que as fémeas realizem #olfegie que ocorre preferencialmente no
periodo diurno. A estratégia de oviposicacAde aegypté diferente daquela adotada @or
quinquefasciatuspois em cada postura as fémeas depositam osraliesluais em diversos
criadouros, o que favorece sua dispersdo no aneb{(&@®NSOLI; OLIVEIRA, 1994). O
habito hematofagico € uma caracteristica que, assmo para outras espécies de culicideos,
favorece a transmissao de patégenos causadoreedead. Além dissde. aegypté capaz
de realizar o repasto sanguineo em multiplas pessnaum Unico ciclo gonadotrdfico, o que
amplifica o seu papel como vetor (Organizacdo Mainde Saude, 2013Re. aegyptié o
vetor primario do virus da dengue no Brasil e enerdios paises e é também capaz de
disseminar e transmitir o virus da febre amarelaido urbano da doenca (MUTEBI et al.,
2004). Recentemente esta espécie tem assumidoeb g@mpetor do virus chikungunya em
areas endémicas da Africa e da Asia (ZAYED eal12).

2.4 Controle de culicideos

A maioria das doencgas transmitidas por vetoresapé@senta vacinas disponiveis para
a sua profilaxia, bem como medicamentos eficazea patratamento. Por esta razao, o
controle populacional de vetores é uma acao efptiva interromper o ciclo de transmissao.

Os culicideos sdo organismosstrategistas e apresentam caracteristicas hiakgiomo
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elevada taxa reprodutiva, curto ciclo biolégicaparcidade de colonizar habitats temporarios,
0 que torna a sua reducéo populacional um desafmntrole de vetores pode ser realizado
por diversas abordagens, que podem incluir métddosontrole mecanico, uso de agentes
quimicos e bioldgicos, aléem de abordagens de dergemético.

As abordagens de controle genético de mosquitoshem desde a técnica de
liberacdo em massa de machos estéreis até a Abeds; insetos transgénicos com genes
letais para o seu desenvolvimento, ou genes quedenmp a transmissao de patdégenos pelos
insetos. Em alguns casos é realizada a introdueagedes letais dominantes que quando
transmitidos para a progénie sao expressos, impediau desenvolvimento. Em outros, a
modificacdo genética do mosquito leva a expressdmaléculas efetoras no intestino que
inibem o desenvolvimento do parasita (SEIRIN LEEaét 2013; WANG; JACOBS-
LORENA, 2013; WILKE; MARRELLI, 2012).

O controle quimico vem sendo utilizado desde aatesta dos inseticidas sintéticos
de acdo residual, na década de 40 e é o princigldm utilizado até hoje. Diversas classes
de inseticidas tornaram-se disponiveis e as pamipsdao 0s organoclorados,
organofosforados, carbamatos e piretroides. Ent@etpor atuarem em sitios-alvo presentes
em varias espécies de organismos, apresentam comtacdo o mecanismo de acao
inespecifico e a agdo em organismos nao-alvo. Aliéeo, a selecdo de populagbes de insetos
resistentes, decorrentes do uso prolongado dasseticidas, tem indicado a necessidade de
substituicdo por outros agentes (HEMINGWAY; RANSQE00).

As limitagBes encontradas com os métodos de centjoimico motivaram a busca
por métodos de controle mais seletivos e o contbaddgico tornou-se uma alternativa
eficaz, visto que utiliza inseticidas com acao ritesta determinadas espécies, apresenta
seguranca para o meio ambiente e baixo custo tmefd (MITTAL, 2003). Os métodos de
controle biolégico baseiam-se na utilizacdo de migyaoS vivos, que podem ser parasitas,
predadores ou competidores, bem como suas toxarasreduzir a densidade populacional
dos insetos. Dentre eles, as bactérias entomopet®gedo consideradas os agentes de
controle biolégico mais amplamente utilizados emgprmas de controle de insetos, desde a
década de 60, e hoje representam cerca de 90% rdadueatual de biolarvicidas (REGIS et
al., 2001).
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2. 5 Bactérias entomopatdgenas

Os larvicidas a base de bactérias entomopatogeng8nraBacillus e Lysinibacillus
sdo importantes agentes de controle, pois possweatteristicas como modo de acao
especifico, seguranca para o0 meio ambiente edad#i de producdo em larga escala, que
favoreceram a utilizacdo em programas de contrBRAYVO et al.,, 2011).Bacillus
thuringiensis(Bt) e Lysinibacillus sphaericuf_sp) sdo bacilos Gram-positivos utilizados em
preparacdes comerciais de biolarvicidas e sdozeficpara o controle de insetos de diferentes
ordens, sendo utilizados em varios paises, in@usivBrasil (MITTAL, 2003; REGIS et al.,
2001; THIERY et al., 1996). Essas bactérias samopslitas saprofitas de solos e ambientes
aquaticos, sendo capazes de produzir esporos quaidoetidas a condicbes adversas. Lsp
possui acao toxica para dipteros, em especialqudicadeos, enquanto que Bt possui mais de
70 sorovariedades que possuem atividade para miésreordens de insetos (Diptera,
Lepidoptera, Coleoptera) e alguns nematodeos (CRICRE, 2014). Durante a fase de
esporulacdo, essas bactérias produzem cristalsigoetque contém protoxinas com elevado
poder inseticida, de carater seletivo para alg@émeis de insetos. O modo geral de acéo de
Bt e Lsp € semelhante e compreende as seguinfeasetiagestdo dos cristais pelas larvas;
solubilizagdo dos cristais em pH alcalino no lumetestinal, liberando as protoxinas;
ativacdo das protoxinas em toxinas por serina-gseteintestinais; ligagdo das toxinas ativas
com receptores especificos presentes no epitééstinal; efeitos citopatoldgicos nas células
epiteliais intestinais que culminam com a morteldass. A etapa de ligacdo aos receptores
€ primordial no modo de agdo desses agentes deoleprdilém de ser responsével pela
seletividade das toxinas (NIELSEN-LEROUX; CHARLE®92; VAN RIE et al., 1990). As
preparacdes comerciais de biolarvicidas contém comnmzipal componente ativo 0s cristais
contendo as protoxinas. O modo de acdo de bact@nisnopatdogenas tem sido alvo de
revisGes recentes, que mostram suas caracterjsimascomo aplicacbes para o controle de
insetos praga e vetores (LACEY, 2007; PARDO-LOPEOBERON; BRAVO, 2013;
PIGOTT; ELLAR, 2007).

2.6 Lysinibacillus sphaericus e suas toxinas inseticidas
A bactéria entomopatdégehgsinibacillus sphaericuf_sp), inicialmente denominada

Bacillus sphaericusproduz esporos com formato esférico no intermmudh esporangio em

forma de raquete (Figura 2). Posteriormente, racedbenomenclatura déysinibacillus
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sphaericuspor diferir dos outros membros do grupacillus pela presenca de lisina e
aspartato no peptidoglicano da parede celular (ABME al., 2007). Devido a essa recente
modificacdo, a literatura ainda refere-se a esgaresmo usando ambas as nomenclaturas.
Lsp apresenta atividade restrita para larvas deidabs, sobretudo dos génerGsilex
AnophelesAedes Psorophorae Mansonia A primeira linhagem de Lsp com atividade para
larvas de mosquitos foi identificada em larvasCidiseta inciden§KELLEN et al., 1965).
Posteriormente, linhagens com elevada acao laavimchm isoladas e as mais importantes
sdo a 1593 da Indonésia (SINGER, 1977), 2297 doL&nka (WICKREMESINGHE;
MENDIS, 1980), 2362 da Nigéria (WEISER, 1984) e413da China (ZHANG et al., 1987).
A descoberta destas linhagens levou ao desenvaitante biolarvicidas comerciais a base
dessa bactéria e, devido ao seu potencial paraot®le mosquitos, muitos isolados foram
caracterizados e podem ser agrupados em 49 saotyseados no antigeno flagelar H.
Andlises baseadas em homologia de DNA classificammsolados em cinco grupos (I-V) e,
destes, nove sorotipos do grupo IIA compreendeniinkagens com atividade larvicida
elevada (ALEXANDER; PRIEST, 1990). Dos 9 sorotiposnais importante € o H5a5b, que
agrupa as cepas com alto poder larvicida, tais cd®@3, 2362 e C3-41 (KARCH;
CHARLES, 1987).

Lsp produz trés classes de toxinas que apresenibadaee larvicida para culicideos,
mediante ingestdo e acdo no epitélio intestinalatass. A toxina Binéaria (Bin) é o principal
e primeiro fator inseticida identificado nas cefdaslevada atividade. Todos os biolarvicidas
produzidos a base de Lsp possuem esta toxina comoipal ingrediente ativo. Ela é
produzida na fase de esporulagéo, sob a formasteisy e suas caracteristicas serdo descritas
na secao seguinte. As toxinas mosquitocidas (Mi&9, classificadas em Mtx1 (100 kDa),
Mtx2 (31 kDa) e Mtx3 (36 kDa) (LIU et al., 1996; MNABALU; PORTER, 1995, 1996) e
foram primeiramente identificadas na linhagem 3Sdb Lsp, que apresenta baixa toxicidade
(SINGER, 1977). Tais toxinas ndo apresentam umaibaitdo significativa para a atividade
larvicida de culturas esporuladas de Lsp, poisse@icetadas na fase vegetativa e degradadas
por proteases (CHARLES et al., 1996; THANABALU; POER, 1995). Entretanto, quando
expressas sob a forma recombinanteescherichia colias toxinas Mtx possuem acao toxica
elevada para larvas de algumas espécies de diffeAdSTRIDGE; BERRY, 2002; WEI,
CAl; YUAN, 2006). Estudos sobre o0 modo de acaoatesbxinas S&0 escassos € 0S seus
receptores ainda nao foram caracterizados.

Uma nova toxina caracterizada recentemente na ¢AB&9 foi denominada

Cry48Aa/Cry49Aa e também é produzida durante arakpgio, sob a forma de cristais. A
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toxina Cry48Aa/Cry49Aa também é uma toxina bingas apresenta alta toxicidade p@ra
guinquefasciatus apenas quando ambas as subunidades Cry48Aa e Cry49Aa sao
administradas em concentracdes equimolares. Osar@ntes individuais ndo apresentam
atividade significativa. Entretanto, as cepas @atigue expressam essa toxina nao possuem
atividade elevada, pois elas apresentam um bauad dé expressao e acumulo da Cry48Aa,
0 que impede a obtencdo da toxicidade méxima, @oeare em razdo equimolar (JONES et
al., 2007; JONES et al., 2008). A grande maiormtdainas Cry caracterizadas até o presente
sao produzidas por sorovariedade®BdéhuringiensifCRICKMORE, 2014). Esta se trata da
primeira ocorréncia de uma toxina Cry em uma cepa..dsphaericus(BRAVO; GILL,
SOBERON, 2007; DE MELO et al., 2008, 2009; JONE&let2007, 2008). O espectro de
acado da Cry48A/Cry49Aa parece ser limitado paraakmdeCulex pipiens(JONES et al.,
2008) e estudos preliminares do modo de acdo desgaa indicam que ela atua em
receptores diferentes da toxina Bin (DE MELO et2009; JONES et al., 2008).

Figura 2 - Micrografia eletronica deysinibacillus sphaericusm fase de esporulacéo.

Fonte: Adaptado de Kalfon et al. (1984).
Nota: S.esporoC. cristal protéico que possui agao larvicida parsedgs

2.7 A toxina Bin e seu modo de acao

2.7.1 Caracteristicas

Como descrito, a toxina binaria (Bin) é o princifetor téxico do Lsp e também o
principio ativo de todos os produtos comerciaisigeldessa bactéria. Os estudos do modo de
acdo de Lsp estdo focados no mecanismo de acdm westa, que € um heterodimero
composto por dois polipeptideos de 42 e 51 kDa,omi@mados BIinA e BInB,
respectivamente, produzidos no interior de um alrigirotéico durante a esporulacao
bacteriana. As duas subunidades sdo requeridasi@ntidpdes equimolares para a obtencao

da toxicidade maxima sendo, por isso, consideraa@ woxina binaria (CHARLES;
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NIELSEN-LEROUX; DELECLUSE, 1996; NICOLAS et al., 93). Os genes que codificam
as subunidades estdo localizados no cromossomeribact e as sequéncias das proteinas
BinA e BinB alinhadas possuem 25% de identidadeD% 4le similaridade (CHARLES,;
NIELSEN-LEROUX; DELECLUSE, 1996). Aléem da baixa c@nvacdo entre si, essas
toxinas inseticidas ndo possuem similaridade cammur@a outra toxina ja descrita, incluindo
as toxinas Cry do Bt. A sua estrutura ainda ndondecida e, por essa razado, seus dominios
funcionais tém sido investigados através das difeseabordagens, como sera descrito no
item 2.7.3.

2.7.2 Modo de acéo

A atividade inseticida da toxina Bin € decrescepaea larvas dos géner@ulex
Anopheles Aedes Apesar de apresentar atividade para algumasiespde génerd\edes
como Aedes atropalpysas larvas dé\e aegyptisao consideradas refratarias a toxina Bin,
pois requerem concentracdes letais cerca de 10D-\1€kes mais elevadas do que aquelas
utilizadas para larvas do complegulex pipiendNIELSEN-LEROUX; CHARLES, 1992).
Apdés a ingestdo dos cristais protéicos pelas lamstes sdo solubilizados em pH alcalino
intestinal, a protoxina Bin é liberada no lumenegtinal e ativada por serina-proteases
intestinais que clivam os componentes BinA e BimBapa sua forma ativa, constituida por
polipeptideos de 39- e 43-kDa, respectivamente (MANN et al., 1985; BROADWELL;
BAUMANN, 1987). Apés a ativacao, a toxina Bin irdage com receptores especificos no
epitélio intestinal, conforme seré descrito no i@/

A acdo toxica do Lsp em espécies susceptiveis tieidaos é determinada pela
ligacdo especifica da toxina Bin a uma unica clakseeceptores, localizados no epitélio
intestinal de larvas dos génei@salexe AnophelegNIELSEN-LEROUX; CHARLES, 1992;
SILVA-FILHA; NIELSEN-LEROUX; CHARLES, 1997). A ligado especifica da toxina Bin
a receptores presentes microvilli intestinal ja foi demonstrada em larvasQlgdex pipiens
Culex quinquefasciatysAnopheles stephensi Anopheles gambiaéNIELSEN-LEROUX;
CHARLES, 1992; OPOTA et al., 2008; SILVA-FILHA; NISEN-LEROUX; CHARLES,
1997; SILVA-FILHA et al., 2004; SILVA-FILHA et al.2008). Do ponto de vista qualitativo,
em larvas do complex@ulex pipiens toxina Bin se liga aos receptores intestinaigpdaa
regionalizada, no ceco gastrico e intestino pasteemAnopheles ligacao ocorre de forma
mais difusa ao longo do intestino, enquanto que padrdo de ligacdo especifico é

praticamente inexistente eAe. aegypti (DAVIDSON, 1989). Ensaios de ligagdo vitro
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demonstraram que a afinidade de ligacao da toxaeaeceptores e a concentracédo destes no
microvilli intestinalestdo diretamente relacionadas a susceptibilidada/o das larvas. Em
espécies do complex@ulex pipiens que sao altamente susceptiveis, 0S receptores Sao
abundantes e a ligacdo € de alta afinidade e edciespmenos susceptiveis do género
Anophelesa concentracdo de receptores @finidade de ligacdo sao inferiores (SILVA-
FILHA; NIELSEN-LEROUX; CHARLES, 1997). Em larvas dée. aegypti espécie
naturalmente refrataria a Lsp, ndo € possivel teteena ligacdo significativa da toxina ao
epitélio intestinal (NIELSEN-LEROUX; CHARLES, 1992)

Apds a etapa de ligacdo com o receptor, 0 modgé@ie @nda ndo foi completamente
elucidado, apesar dos efeitos citopatoldégicos cmssgpela toxina Bin ja terem sido
claramente descritos na literatura. Apos o tratammeom o Lsp, a toxina Bin ocasiona a
producao de efeitos citopatoldgicos nas célulasiimais e os principais deles sdo danos nas
microvilosidades, intumescimento das cristas mitdoais, fragmentacdo do reticulo
endoplasmatico e vacuolizagdo citoplasmética (CHARL1987; DE MELO et al., 2008;
SILVA-FILHA; PEIXOTO, 2003; SINGH; GILL, 1988). Sgh e Gill (1988) também
mostraram danos em tecidos neurais e muscularesidssecentes demonstraram que apos a
ligacdo da toxina Bin ao receptor efulex pipiens o complexo toxina-receptor é
internalizado por endocitose e induz um processaulefagia nas células (OPOTA et al.,
2011). Os vacuolos citoplasmaticos estdo diretaeneslacionados a este processo, pois
servem como compartimento de degradacéo. Paralefarreenbém foi detectado que apos a
endocitose a toxina é direcionada para outros cdmmtos, onde pode ser reciclada.
Apesar desses achados, a causa da morte dasdaseasada a acdo da toxina Bin ainda nédo
foi completamente elucidada.

2.7.3 ldentificacdo de dominios funcionais

A funcdo do componente BinB é reconhecer e ligagspecificamente aos receptores
no epitélio intestinal, determinando a especifidelda toxina (NICOLAS et al., 1993). Esta
ligacdo com o receptor se da através da regiaorhirtal da proteina, enquanto a regido C-
terminal estda envolvida na interacdo com a BinA ARGOVAN et al.,, 2000; OEI;
HINDLEY; BERRY, 1992; ROMAO; DE-MELO-NETO; SILVA-HIHA, 2011). O
componente BinB interage com o receptor Cqm1l asraecuma regido compreendida entre
0s aminoacidos 33 e 158 da toxina, através dosvasaiiRFg; € 147QF49 (ROMAO; DE-
MELO-NETO; SILVA-FILHA, 2011). A subunidade BinAtmavés da sua por¢do C-terminal
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€ responsavel pela toxicidade as células (NICOLAS.£1993) e ambas as regides N- e C-
terminal estdo envolvidas na interagcao com o commpeBinB (Figura 3) (ELANGOVAN et
al., 2000; LIMPANAWAT; PROMDONKOY; BOONSERM, 20090El; HINDLEY;
BERRY, 1992; SANITT; PROMDONKOQY; BOONSERM, 2008)sttidos demonstraram
gue os residuos W222 e W226 do componente BinAcdfioos para a atividade larvicida,
entretanto, esses aminoacidos ndo parecem estaciorgldos a interacdo entre o0s
componentes BinA e BinB (KUNTHIC et al., 2011). @bsu-se que, quando em solucéo, 0s
componentes BIinA e BIinB sao capazes de formar ustautera oligomérica que
potencialmente interage como os receptores espeC{fERISUCHARITPANIT et al., 2012).
Tal fato foi corroborado pelos achados de que agpomentes BinA e BinB, quando ligados
covalentemente, foram mais toxicos que a mistusanemjar dos componentes ativos (KALE
et al., 2013). Outros estudos também demonstranaguieracdo da Bin com as membranas
celulares leva a modificagdes conformacionais, $fiee obtidas exclusivamente na presenca
de ambas as subunidades (BOONSERM et al., 2006).

Figura 3 - Representacdo da interacdo do receptor Canflutex quinquefasciatusom a subunidade BinB da
toxina Bin.

Toxina Bin
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i
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Membrana plasmatica

Fonte: Elaborada pela autora
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2.8 Receptores da toxina Bin

Os receptores da toxina Bin foram caracterizados l&was deC. pipiens C.
quinquefasciatu® An. gambiaes sdoa-glicosidases (E.C. 3.2.1.20) localizadas no apitél
intestinal, ligadas através de uma ancora de ghfasgatidilinositol (GPI). Estas proteinas
foram denominadasC' pipiensmaltase” 1 (Cpm1),C. quinquefasciatumaltase” 1 (Cgm1l)

e “An. gambiaemaltase” 3 (Agm3), respectivamente. (DARBOUX et 2001; OPOTA et
al., 2008; PAUCHET et al., 2005; ROMAO et al., 200BILVA-FILHA; NIELSEN-
LEROUX; CHARLES, 1999).

A primeira sequéncia descrita foi do garmnlde C. pipiense este gene apresenta
1871 nt e umadpen reading franfe(ORF) de 1743 nt, que codifica uma proteina c@a 5
aminodacidos e peso molecular predito aproximad@ldeDa. A proteina Cpm1 apresenta trés
sitios preditos de N-glicosilacdo e aminoacidos gumalizam uma sequéncia sinal e a
insercdo de uma ancora GPI (DARBOUX et al., 2081¢m disso, apresenta quatro sitios
cataliticos, caracteristicos dagjlicosidases, que sédo conservados entre 0s reegffigura
4).

A sequéncia completa do geogml obtida deC. quinquefasciatygpossui 0 mesmo
namero de nucleotideos e organizagdo do gpnele esta disponivel no GenBank, sob o
ndmero de acesso DQ333335 (Figura 4). A proteinaniCcppresenta as mesmas
caracteristicas da proteina Cpm1 (ROMAO et al.6200

O geneagm3de An. gambiaeapresenta uma ORF de 1767 nt, que codifica a peotei
Agma3, que apresenta 588 aminoacidos e um peso ulaiquredito aproximado de 67 kDa.
Esta proteina também apresenta um peptideo simmirgdo N-terminal, os aminoacidos que
sinalizam uma ancora GPI e trés sitios de N-gli@pdo. A Agm3 apresenta uma distribuicao
no epitélio intestinal das larvas predominantememas células do intestino posterior
(OPOTA et al., 2008).

As a-glicosidases desempenham um importante papelldigcm na digestdo de
carboidratos, pois sao responsaveis pela hidrdéskgacdesi-1-4 entre residuos de glicose
(KRAZIKOV; KARELOV; FIRSOV, 2001; TERRA; FERREIRA1994). As proteinas
Cgml, Cpml e Agm3 apresentam quatro sitios cataitresponsaveis pela sua atividade
enziméatica, entretanto, os epitopos de ligacdxiaddin e as respectivas estruturas nao sao
conhecidos. Asi-glicosidases de diversos organismos apresentafesegonservadas na sua

estrutura primaria e dois dominios estruturaisapmpdem a estrutura terciaria. O dominio A
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possui uma organizacdo composta por uma sequérciital folhasf3 e oito a-hélices,
conhecida como [}{a)s barril, enquanto o dominio B possui folhBsantiparalelas que
compdem uma estrutura chama@ssanduiche (Figura 5) (KRAZIKOV; KARELOV;
FIRSOV, 2001). No presente estudo, foi feita umalia@ de modelagem para as proteinas
Cgm1l e Aaml, devido a auséncia de dados estrutigsiasi-glicosidases.

Em Aedes aegyptitambém foi identificado um gene que codifica uprateina
ortéloga (‘Ae. aegyptmaltase” 1 — Aaml) com 83% de similaridade emcéalaa Cgm1l nas
analises de sequéncias deduzidas (Figura 4). O aggnéapresenta uma ORF de 1749 nt,
que codifica uma proteina de 582 aminoacidos, pestdito de 67 kDa e sinalizacdo para a
insercao no epitélio, também através de uma ar@BiaOs dados prévios demonstram que
ndo ocorre ligacdo da toxina Bin ao epitélio intedtdas larvas (NIELSEN-LEROUX;
CHARLES, 1992) e, por esta razdo, a identificac&sd gene ortdlogo possibilita a
investigacdo das caracteristicas da proteina Aamlrelacdo a Cgml. Esta analise
comparativa sera utilizada para a identificacdoegn®wpos de ligacdo a toxina Bin na Cgm1l
e a investigacdo dos mecanismos que determinarfradareedade ddAe. aegyptia toxina
Bin.
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Figura 4 - Alinhamento multiplo no programa Clustal W das sewias de aminoacidos do receptor da toxina Bin
do Lysinibacillus sphaericus em Culex pipiens (Cpm1l) e seus ortdlogos efalex quinquefasciatus (Cgmil),
Anophel es gambiae (Agm3) eAedes aegypti (Aaml).
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Figura 5 - Estrutura terciaria de un@amilase (Taka-amilase A), demonstrando a orgaaaaga-hélices
(circulos) e folha$ (retdngulos) na cadeia polipeptidica.

Dominio B Dominio A

Fonte: Adaptado de Krazikov; Karelov; Firsov (2001).

Nota: Direita. Estrutura em [{/a)g barril do dominio A.Esquerda Estrutura de folhaf antiparalelas -
sanduiche) do dominio B.

2.9 O receptor Cqgml e a resisténcia a toxina Bin

O receptor Cgml € o unico sitio alvo para a acadogima Bin em larvas d€.
guinquefasciatus e sua a integralidade e funcionalidade séo fundemserpois uma falha na
ligacdo da toxina a esta molécula, ocasiona atéesia das larvas ao Lsp. Atualmente a
resisténcia é considerada um dos maiores obstapatasa eficacia de larvicidas usados em
programas de controle. A avaliacdo do mecanismoedssténcia a Lsp, em colbnias ou
populacdes d€ulex, mostrou que mutagdes nos geqasl e cgml podem levar a producéo
de receptores nao funcionais ou ausentes do epitgéstinal, o que confere resisténcia a
toxina Bin.

Foram descritos seis alelogpiinlceo, cqmlrec, COMlgrecis, CQMlreczs, CpMlgp.
cgmlR), cujas mutacdes levam a producdo de proteinasadas e desprovidas de ancora
GPI e, portanto, incapazes de interagir com a fopior ndo estarem disponiveis no epitélio
intestinal (DARBOUX et al., 2007; DARBOUX et al.p@2; ROMAO et al., 2006). Outro
alelo, denominad@pmlgpe-del, codifica uma proteina ligada a membrana poa @mcora
GPI, no entanto, a mutagdo é responsavel por utegédede 66 aminoacidos que torna a
proteina incapaz de ligar-se a toxina, provavelmelgvido a perda do sitio de ligacdo a
toxina ou alteracdes da estrutura protéica (DARBGa4I., 2007). E importante mencionar

que existem dois relatos de populacbes resistémtdbllS e SPHAE) em que as larvas
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apresentam receptores funcionais miarovilli intestinal, indicando que outras vias estdo
envolvidas na resisténcia (NIELSEN-LEROUX et al997; NIELSEN-LEROUX et al.,
2002).

A caracterizacdo dos alelos de resisténcia dossgegmel e cgml nao trouxe
informacgdes Uteis para 0 mapeamento dos epitopdigaigio a toxina Bin, pois a principal
causa da resisténcia € decorrente simplesmenteuséEn@a dos receptores no epitélio
intestinal devido & perda da ancora GPI (DARBOUXalet 2002, ROMAO et al., 2006).
Nesse caso, a molécula esta ausente como um to@pitdio, ndo havendo indicios de
regibes especificas que teriam sofrido alterac&w. datro lado, a proteina Cpapidel,
codificada pelo alelepmlgpdel, é produzida na forma de membrana, ancorad&pér o
que pode fornecer evidéncias acerca dos motivdgjagdo a toxina. A regido deletada na
Cpmlgp-del, V393-Q458, pode conter os sitios de ligacdioxaa ou ser importante para o

enovelamento e a conformacao da proteina (DARBOLA 2007).

2.10 Outros receptores de toxinas microbianas emptéros

A interacdo da toxina Bin com os receptores esigesiEm larvas de culicideos ainda
tem sido pouco investigada. Por outo lado, o moelcacbo das toxinas produzidas pelo
Bacillus thuringiensis (Bt), com agcdo em larvas de lepidopteros e dipteiem sido bem
estudado, o que tem produzido avancos em relabaseimolecular da interacao entre estas
toxinas e os receptores do intestino. Como Lspr&iuz durante a esporulacéo as toxinas do
cristal (Cry), que interagem com receptores noéépitintestinal das larvas e levam a
formacao de poros na membrana. As sorovariedadBs cem acdo para dipteros produzem
além das toxinas Cry a toxina citolitica (Cyt), queapaz de inserir-se ha membrana sem a
atuacao de receptores ou exercer uma acao tipmeete (BRAVO et al., 2007). A estrutura
dessas toxinas ja foi elucidada e a maioria damdexCry é constituida por trés dominios
funcionais, sendo o primeiro composto de sefeelices, o segundo por trés folhfis
antiparalelas e o terceiro utrsanduiche. Os dominios Il e Ill estdo envolvidasnieracéo
com o receptor e o dominio | na insercdo na memab@igomerizacéo e formacao de poros.
Vaérios epitopos de interagdo com receptores fordentificados nas toxinas Cry e,
frequentemente, estdo localizados em regides @edalg dominios Il e Il (GOMEZ et al.,
2001, 2002; XIE et al., 2005). A toxina Cyt € umalécula que apresenta um unico dominio
a-B que apresenta estrutura semelhante a outras saénpatdégenos como bactérias e fungos
(SOBERON; LOPEZ-DIAZ; BRAVO, 2013). Esta toxina taém possui epitopos para a
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ligacdo de outras toxinas Cry, que tem sua acauzada através dessa interacdo (CANTON
et al., 2011).

Varios receptores para as toxinas Cry, sobretudo lepiddpteros ja foram
identificados, entre eles enzimas digestivas tamsaccaderinas (CADR), aminopeptidases-N
(APN), fosfatases alcalinas (ALPJ-glicosidases, além de glicoconjugados, ADAM-
metaloproteases (JURAT-FUENTES; ADANG, 2004; JURAJENTES et al.,, 2004;
KNIGHT; CRICKMORE; ELLAR, 1994; OCHOA-CAMPUZANO etal.,, 2007,
VADLAMUDI et al., 1995; VALAITIS et al., 2001; YAMASUCHI; BANDO; ASANO,
2013). Os receptores também sdo criticos para oonued acdo das toxinas Cry em
lepidopteros e vérios estudos demonstraram quecGeganos genes que codificam os
receptores podem ocasionar resisténcia (BRAVO.g2@l1; FERRE et al., 1995; JURAT-
FUENTES; ADANG, 2004).

Dentre as sorovariedades de BtBaxillus thuringiensis sorovar.israelensis possui
acao para culicideos e simulideos e vem sendo umaddiversos programas de controle
desde 1980 (BECKER, 1997; LACEY, 2007; REGIS et2001). A atividade larvicida do
Bti para dipteros € devida a presenca das toximseticidas do cristal Cry4Aa, Cry4Ba,
Cryl1Aa e da toxina citolitica CytlAa (CRICKMOREa®adt, 1995). Os receptores das toxinas
Cry do Bti tem sido caracterizadas em culicideoab(T1l). EmAe. aegypti, as APNs
AaeAPN1 (140 kDa) e AaeAPN2 (104 kDa), expressasniooovilli intestinal das larvas
atuam como receptores da toxina CryllAa e estaécolak ligam-se com alta afinidade
(CHEN et al., 2009b; CHEN et al., 2013). CADSs atla como receptores das toxinas
CryllAa e Cry4Ba também foram identificadas Am aegypti (AaeCad) eAn. gambiae
(AgCADL1 e BT-R3), respectivamente. Neste caso,pi®eos de ligacdo das toxinas foram
identificados em regides repetitivas do ectodom{@R) da caderina, localizadas entre as
regides CR8-CR11 (CHEN et al., 2009a; HUA et a00& IBRAHIM; GRIKO; BULLA,
2013).

ALPs também demonstraram estar envolvidas na ttadel do Bti para larvas de
culicideos. EmAe. aegypti a ALP1 de 65 kDa foi caracterizada como recepsas toxinas
Cry4Ba e CryllAa. Os epitopos de ligacdo da togind1Aa a ALP1 foram identificados e
se encontram em duas regides compreendidas enaminsacidos R59-G102 e N257-1296
(CHEN et al., 2009b; DECHKLAR et al., 2011; FERNAHD et al., 2006, 2009). Para a
toxina Cry4Ba também foi identificada como receutoira fosfatase alcalina de 58 k&a{
MALP) emAe. aegypti (DECHKLAR et al., 2011). As toxinas Cry4Ba e Cryldfambém
possuem uma-amilase de 70 kDa (Aamyl) como receptor em comamAer. albimanus
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(FERNANDEZ-LUNA et al., 2010). A familia das-amilases também alberga as
glicosidases identificadas como receptores da #&oRim del. sphaericus (OPOTA et al.,
2008; ROMAO et al., 2006; SILVA-FILHA; NIELSEN-LERQX; CHARLES, 1999). No
contexto dos estudos de interacdo das toxinas denBtinsetos, a identificacdo destas
moléculas e de seus epitopos permitiu 0 desenvehtilnde toxinas modificadas com maior
afinidade aos respectivos receptores (FUJII eR@l3; PORTA et al., 2011).

2.11 Papel das glicosilacdes na interacéo toxinaeeptor

Estudos prévios do modo de acdo das toxinas Crybéiammostraram que
modificacdes pos-traducionais nos receptores, aglivasilacées, podem ser essenciais como
epitopos para as toxinas (JURAT-FUENTES; ADANG, #00As glicosilacbes sao
modificacdes pos-traducionais importantes que eowrr principalmente, em células
eucarioticas e podem afetar a estrutura protéarmlitacdo, solubilidade, antigenicidade,
atividade biologica, meia-vida e interacfes entédulas (VARKI, 1993). Quando uma
proteina € glicosilada sdo adicionados carboidrateisa cadeia polipeptidica, que podem ser
de quatro tipos: N-glicosilacdo, O-glicosilagcdo, m@nosilagdo e ancoragem por
glicosilfosfatidilinositol (GPI). Nas N-glicosilag8, os oligossacarideos sdo adicionados no
grupo amino (NH) de residuos de asparagina, enquanto nas O-¢dipdss os glicanos séo
adicionados ao grupo hidroxila (QHle residuos de serina ou treonina (BLOM et 8042.

As N-glicosilagBes sédo inseridas no reticulo enagphktico e influenciam o dobramento das
proteinas, enquanto as O-glicosilacbes ocorremcipatimente no complexo de Golgi
(BLOM et al., 2004).

Os estudos de interacdo de toxinas Cry ativas [ep@odpteros e nematddeos
mostraram que os glicanos de receptores tém un pajogal para a interacdo. A ligacao da
toxina CrylAc a ALP que funciona como receptor eldiothis virescens depende de
glicanos, que s&o epitopos para a interacdo (JURAHNTES; ADANG, 2004). No
nematodedCaenorhabditis elegans a ligacado da toxina Cry5B com glicolipidios quaaah
como receptores € dependente de carboidratos (GRIBFet al., 2005). Envlanduca sexta
demonstrou-se que glicanos também constituem siodigacdo da toxina CrylAc ao
microvilli intestinal (KNOWLES; KNIGHT; ELLAR, 1991). Em camatpartida, a ligacédo da
toxina CryllAa a APN que atua como receptorAsmaegypti € independente de glicanos
(CHEN et al., 2009b). No modelo de acdo da toxiira én culicideos, aa-glicosidases

Cgml deC. quinquefasciatus e a proteina ortdloga Aaml de. aegypti possuem sitios
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preditos de glicosilacdo, no entanto, a presengapapel dos glicanos destas proteinas na

interagdo com a toxina Bin ndo sdo conhecidos.

2.12 Espectro de acdo da toxina Bin para larvas d€ulex quinquefasciatus e Aedes

aegypti

Neste estudo as caracteristicas odglicosidases ortdlogas, especificamente dos
culicideosC. quinquefasciatus e Ae. aegypti, serdo comparadas para investigar seu papel na
susceptibilidade destas espécies a lGpquinquefasciatus é susceptivel a Lsp gracas a
presenca da-glicosidase Cgml, que também funciona como makaldo da toxina Bin.
Ae. aegypti € uma espécie taxonomicamente relacionada quagmiteente expressa uma
proteina ortdloga (Aaml), cuja sequéncia preditsspio83% de similaridade em relacédo a
Cgml, entretanto, € refratario a toxina Bin.

A hipétese central deste trabalho é que ha difaeentre estas proteinas ortdlogas
gue determinam o perfil de susceptibilidade a t@Bim nas larvas dessas espécies. A toxina
Bin é processada de forma similar no intestincadak deC. quinquefasciatus e Ae. aegypti,
no entanto, liga-se com alta afinidade-glicosidase Cqm1 em larvas @equinquefasciatus,
porém ndo apresenta ligacdo especifica a proteimapitélio intestinal das larvas d@e.
aegypti. A razdo pela qual a toxina ndo tem capacidadgjagdo ao epitélio € desconhecida,
apesar da identificacdo do gene ortél@gml em Ae. aegypti que, teoricamente, poderia
codificar a proteina Aaml, um potencial receptarapa toxina Bin (NENE et al., 2007;
ROMAO et al., 2006). Além disso, a similaridadeAEm1 em relacdo a Cgm1 é superior a
Agm3, que também funciona como receptor da toxinanBs larvas dén. gambiae (Quadro
1). Do ponto de vista taxondmice. aegypti estd mais proximo de. quinquefasciatus, pois
ambos pertencem a familia Culicinae, enquémogambiae pertence a familia Anophelinae.
As seguintes hipoteses podem ser investigadasegpliaar a refratariedade das larvashge
agypti a toxina Bin: a auséncia de transcricdo do gemel; a auséncia de expressao da
proteina Aam1 na fase larvaria; a expresséo daipeopode ndo ser em quantidade suficiente
para a ligacdo com a toxina; a expressao da peosein a forma sollvel ou mesmo a auséncia
de epitopos para interagir com a toxina; a infligge glicosilacao diferencial na capacidade
de ligacdo; a necessidade de proteinas acessaraspigacao a toxina Bin. Considerando
este contexto, o objetivo deste trabalho é ideatifo epitopo de ligacdo da toxina Bin no
receptor Cgm1 e, em paralelo, investigar a razaefdataridade dée. aegypti a toxina Bin,

subsidiado pelo estudo da proteina Aam1.
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Tabela 1 -Receptores de toxinas inseticidasLglsinibacillus sphaericus (Lsp) eBacillus thuringiensis sorovar.israelensis (Bti) identificados no epitélio intestinal de las/

de culicideos

Receptores

Entomopatdégeno Toxinas Espécie Referéncias
Classe Peso (kDa)
a-Gli*- Cpm1 Culex pipiens
_ _ _ _ (DARBOUX et al., 2001; OPOTA et
Lsp Bin a-Gli - Cgm1l 66 Culex quinquefasciatus
_ _ al., 2008; SILVA-FILHA et al., 1999)
a-Gli - Agm3 Anopheles gambiae
CAD (AaeCad) 250 Aedes aegypti (CHEN et al., 2009a)
(FERNANDEZ et al., 2006;
ALP (ALP1) 65 Ae. aegypti FERNANDEZ et al., 2009;
CryllAa FERNANDEZ et al., 2005)
APN’ (AaeAPN1) 140 Ae. aegypti (CHEN et al., 2009Db)
Bti APN (AaeAPN2) 104 Ae. aegypti (CHEN et al., 2013)
AMY > (Aamy1) 70 Ae. aegypti (FERNANDEZ-LUNA et al., 2010)
CAD? (AgCad1) 200 An. gambiae (HUA et al., 2008)
CrvAB ALP? (Aa-mALP) 58 Ae. aegypti (DECHKLAR et al., 2011)
rydBa
ALP (ALP1) 65 Ae. aegypti (JIMENEZ et al., 2012)
CAD (BT-R3) An. gambiae (IBRAHIM et al., 2013)

Fonte: Elaborada pela autora
Nota : 'a-Gli - a-Glicosidase;2CAD — CaderinaALP - Fosfatase alcalin8PN — Aminopeptidas€Amy
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Quadro 1 - Anélise comparativa entf@ quinguefasciatus, An. gambiae e Ae. aegypti.

FERREIRA, L. M

Caracteristicas C. quinquefasciatus ~ An. gambiae Ae. aegypti
Susceptibilidade a Lsp Elevada Moderada Baixa
Proteina Cgml Agm3 Aaml
Ligacdo a toxina Bin Sim Sim N&o
Sitios de glicosilacéo preditos Trés Trés Seis
Presenca de glicosilactes N&o ND Sim

Fonte: Elaborado pela autora
Nota: ND. Nao determinado
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3 OBJETIVOS
3.1 Objetivo geral
Produzir conhecimentos acerca do mecanismo moledelacdo do biolarvicida Lsp,
a fim de subsidiar o seu aperfeicoamento e a agdgialo seu espectro de acdo para o
controle de insetos até entao refratarios ou ezt a esse agente.

3.20bjetivos especificos

a) Avaliar a expressdo dasglicosidases Cgml e Aaml no epitélio intestinalateas

deC. quinquefasciatus e Ae. aegypti;

b) Avaliar o papel das glicosilacbes na capacidadiggdedo do receptor Cgm1 a toxina
Bin;

c) Delimitar regibes da proteina Cgml e aminoacidgsegdos para a ligacéo a toxina
Bin;

b) Caracterizar a base da refratariedade de larvé®.deegypti a toxina Bin, a partir da

comparacao entre as proteinas Cgml e Aaml.
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4 APRESENTACAO DA TESE

Esta tese trata do modo de acdo da toxina Binarididlarvicida Lysinibacillus
sphaericus em larvas de culicideos, mais especificamente sfode da interacdo toxina-
receptor e da identificagcdo de epitopos para egégdo no receptor Cgml. A tese sera
apresentada no formato de coletanea de artigotifides e esta dividida em trés partes, cada
uma delas compreendida por um artigo cientificewes sespectivos dados complementares,
guando necessario. A primeira parte contém umaadigntifico publicado que apresenta os
resultados da investigacdo da expressdo da profeimd nas larvas dée. aegypti e sua
caracterizacdo. A segunda parte consiste em ugoatibmetido, referente ao mapeamento
de regides da proteina Cgml requeridas para agétercom a toxina Bin, e a identificacao
dos residuos de aminoacidos criticos para estagde. A terceira parte apresenta uma mini-
revisao publicada sobre o0 modo de ac&o dos bioldagLysinibacillus sphaericus e Bacillus
thuringiensis israelensis.
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5 PROCEDIMENTOS METODOLOGICOS

Nesta secdo serdo descritos os procedimentos ni@jacis ndo contemplados nos
artigos e que foram realizados, para complememstalados apresentados nestes artigos. Foi
realizada uma analise silico das sequéncias das proteinas Cqml e Aaml parandeteéo
do padrdo de modificagBes poOs-traducionais, nexs® &l- e O-glicosilacdes e fosforilagdes.
Apoés essa analise, as proteinas Cgml e Aaml foldidas sob a forma recombinante,
selvagem ou mutante em sitios de glicosilacédo, paatiacédo do papel dessas modificacdes

na capacidade de interacdo com a toxina Bin (Figura

Figura 6 - Etapas dos procedimentos experimentais
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5.1 Colénias de insetos

Foram utilizadas amostras de larvagGdiex quinquefasciatus da colénia CqSF e de
Aedes aegypti da coldnia RecL, mantidas no insetario do Depantonde Entomologia do
CPgAM, sob as seguintes condi¢Oes: temperatug26del °C, umidade relativa de 70% e

fotoperiodo de 12:12h (claro:escuro). As larvasarformantidas em agua declorada e
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alimentadas com racdo para gatos. Os adultos faliamntados com solucdo de sacarose a

10% e as fémeas também fizeram o repasto sangerimgalinhas.

5.2 Andlises insilico de modificagcdes pos-traducionais

Foram feitas andlisea silico de modificac6es poOs-traducionais das proteinas Ggml
Aaml para avaliar a presenca de N-glicosilacdeglid@silacOes e fosforilacdes, através dos
preditores NetNGlyc 1.0, NetOGlyc 3.0 e NetPhos 2eBpectivamenteOs sitios de N-
glicosilacdo correspondem a trincas de aminoacfdoradas pelos aminoacidos Asn-X-
Ser/Thr, onde o0 aminoacido X ndo pode ser a prolisto que a presenca desse aminoacido
apos a asparagina pode torna-la inacessivel e impe@flicosilacdo. Embora essa sequéncia
consenso seja requerida, nem sempre € suficiendeqo@ haja a insercdo de carboidratos,
tornando necessaéria a avaliagdo de outros par&mnefos preditores. Cada sitio possui um
potencial de glicosilagédo, que é baseado em resgitde parametros de nove redes neurais.
Quanto mais parametros derem suporte a predicdor maonfiabilidade do resultado. O
preditor utiliza como critério para considerar utiogpotencial de glicosilagéo o valor de uma
linha de base othreshold igual a 0,5. Este potencial pode ser consideradornda acordo
com a concordancia com nove redes neurais estatadepelo preditor. Os potenciais de
glicosilacdes séo representados por sinais (+/-potencial maior que 0,5; ++. potencial
maior que 0,5 e concordancia de 9 redes para su@opredi¢cdo ou potencial maior que 0,75;
+++. potencial maior que 0,75 e concordancia dedgs para suportar a predicdo; ++++.
potencial maior que 0,9 e concordéancia de 9 redesguportar a predi¢cao; -. potencial menor
que 0,5; --. potencial menor que 0,5 e concordatei@ redes para suportar a predicdo menor

que 0,5; ---. potencial menor que 0,32 e concolidéhe 9 redes para suportar a predicéo.

5.3 Clonagem e expresséao dos gerogmsl eaaml

As proteinas Aam1l e Cgm1l recombinantes foram piddszm células eucarioticas
Sf9, sob as formas selvagens ou modificadas. Riras respectivos genes foram clonados
em vetores plasmidiais de expressao e foram sutbmsedi mutagénese sitio-dirigida, no caso
da producdo de proteinas mutantes. Nesta secdun fibtidas proteinas contendo mutacdes

em sitios de glicosilacdo, baseado na analiserddg;pesn silico.
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5.3.1 Extracdo de RNA, RT-PCR e PCR

O RNA necessario a producao do cDNA do gagesl e aaml foi obtido de um pool
de 40 larvas ou adultos @ quinquefasciatus e Ae. aegypti, segundo Romao et al. (2006). O
RNA total obtido foi submetido a purificagdo comrmdécloroformio e quantificado por
espectrofotometria a 260 e 280 nm. Para a obtethg&DNA foram realizadas reacdes de
transcricdo reversa (RT-PCR), utilizandgromer oligo DT20 (Invitrogen), que é capaz de
anelar a cauda poli-A de todos os mMRNAs na amadtraRNA total extraido. Foram
utilizados em cada reacédo: 13 ug do RNA total abfid5 U de transcriptase reversa AMV®
(GIBCO), 2 mM do primer Oligo DTZ®" e dNTPs, durante 1 h a 37°C, segundo informacdes
do fabricante. As reacdes de PCR foram realizatiizando o cDNA obtido eprimers
especificos. As reacfes de amplificacdo foram za&ddis em um termociclador
BIOMETRA® nas seguintes condicfes: uma etapa deatescdo a 94 °C por 3 min,
seguida de 35 ciclos a 94 °C por 50 seq, 55 °Gpaseg, 72 °C por 120 seg e uma etapa final
a 72 °C por 10 min. As amostras foram separadaslptpforese em gel de agarose 1% em
tampéo TBE (Tris 89 mM, &cido bdérico 8.9 mM, EDTArM) 0.5X. O gel foi corado com

brometo de etideo e visualizado em um transilunondd luz UV.

5.3.2 Clonagem e sequenciamento

Os produtos amplificados dos gergal e aaml, obtidos nas reacdes de PCR, foram
submetidos a purificacdo com o kit GFX DNA and 8ehd Purification® (GE Healthcare) e
em seguida, os fragmentos foram inseridos no \w@é&smidial pGEM®-T Easy (Promega),
segundo as instru¢cdes do fabricante. Os plasmigeosnbinantes obtidos foram utilizados
na transformacao de células Hecherichia coli TOP10 quimiocompetentes (Invitrogen),
segundo as instru¢cdes do fabricante. Apds o crestom bacteriano, foram obtidas
preparacdes de DNA plasmidial através do kit QlAapBpin Miniprep Kit (Qiagen) para a
obtencéo dos clones de interesse. As preparacdeblAglasmidial foram digeridas com as
endonucleases de restrigdpn | e Xba | a 37 °C e os fragmentos liberados foram purificados
e subclonados no vetor plasmidial plZT/V5-His (tmyjen), para a expressao protéica em
células eucaridticas Sf9. Esse vetor apresenta rtenges caracteristicas tais como um
promotor constitutivo, uma marca de resisténciamtibidtico zeocina® para a selecdo de

células transfectadas, um gene da GBERedn Fluorescent Protein) para a visualizacdo das
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células transfectadas e uma sequéncia codificamtanth cauda de poli-histidinas para a
purificacdo protéica.

Os plasmideos contendo o fragmento dos geged e aaml foram enviados para
sequenciamento automatico no ABI Prism 3100 Gerfstialyzer (Applied Biosytems) do
Nucleo de Plataformas Tecnoldgicas (NPT) do CPqAM.“contigs’ foram montados no
programa SeqMan (DNAStar), a partir dos eletrofeaogs obtidos nas reacdes de
sequenciamento e as sequéncias foram editadas ograpra EditSeq (DNAStar). A
identidade dos fragmentos foi confirmada pela coag@o das sequéncias obtidas com
aquelas disponiveis no GenBank, através da fertam®bASTp doNational Center for
Biotechnology Information (NCBI) (www.ncbi.nlm.nih.gov). A etapa de obtengdms genes
cgml e aaml selvagens clonados nos vetor de expressao plZRIY5dnvitrogen) foi
realizada pela Dra. Tatiany Romdao, pesquisadorabochdora do Departamento de

Entomologia.

5.3.3 Mutagénese sitio-dirigida para modificacdasséios de N-glicosilacao

Apés a analisén silico foram feitas modificacfes em sitios preditos dglibbsilacdo
dos genexgml e aaml, utilizando o procedimento de mutagénese sitigida descrito a
seguir. Para investigar se o padrao de N-glicasilaem influéncia na capacidade de ligacéo
com a toxina Bin, foram realizadas duas abordadéagrimeira, os sitios de glicosilacdo da
Aaml foram substituidos pelos aminoacidos corredgaies da Cgml, que nao sinalizam
glicosilagc&o, ou por trincas de alaninas, com @tblg de produzir uma proteina desprovida
de carboidratos na cadeia. Na segunda abordageamineacidos da Cgm1, em posi¢des que
sao sitios de glicosilacdo na Aaml, foram subdbiipelos aminoacidos da Aaml para
verificar a insercédo de carboidratos.

O procedimento de mutagénese foi realizado nos mptens plZT/V5-His
(Invitrogen), contendo os genegml e aaml previamente clonados, utilizando o kit de
mutagénese sitio-dirigida QuikChaygStratagene), segundo instru¢cdes do fabricante. O
produto da mutagénese foi utilizado na transformagé ceélulas deE. coli XL1Blue
eletrocompetentes e elas foram utilizadas na oétede preparacoes de DNA plasmidial,
conforme descrito na se¢éo anterior. A eficacimmdéagénese foi avaliada através da analise
de sequéncias dos genes contidos nos plasmidgasdseo item 4.3.2.
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5.4 Producéo de proteinas recombinantes em célul8§

Para a producao das proteinas recombinantes fohehie 0 sistema de expressao em
células eucariodticas Sf9. Essa estratégia foizatila, pois dados preliminares (FERREIRA,
2009) demonstraram que a utilizacdo do sistemxpiegsdo em células @scherichia coli
nao € indicado, visto que a maquinaria disponiwelcélula procariética ndo é capaz de
propiciar o correto dobramento protéico ou a irseie modificacdes pos-traducionais como
as glicosilacdes. Os genaaml e cgml selvagens ou mutantes foram clonados no plasmideo
pIZT/V5-His® (Invitrogen), e os plasmideos recombinantes foratiizados para a
transfeccdo e producdo das proteinas no sistemexmtessdo heterdlogo de linhagem de

células de tecido ovariano pupal do lepidopt&aadoptera frugiperda (Sf9).

5.4.1 Transfec¢do de células Sf9

Para a realizacdo da transfeccdo foi utilizado © IKsectSeleectnGlow System
(Invitrogen), segundo as recomendacfes do fabdcafits plasmideos plZT/V5-His
(Invitrogen), foram introduzidos nas células Sfé@aés de transfeccdo mediada por lipideos
utilizando o reagente Celfectinll® (Invitrogen) ecaltivo celular em confluéncia. Para a
realizacdo da transfeccdo, 1Xb@lulas foram acondicionadas em placas de Pdizianido o
meio de cultura Sf900 Il SFM® (Invitrogen) e acidas do DNA plasmidial (5 pug) e do
reagente Cellfectin II® a 4%. ApOs esta etapa,lasag foram incubadas a TA durante 4 h
sob agitacdo lenta e, em seguida, foram incubadasesufa a 28°C. Ap6s 48 h da
transfecgdo, as linhagens celulares transfectanl@snf selecionadas em meio de cultura

suplementado com o antibiético zeocina® (150-3@nl), segundo as instrucdes do kit.

5.4.2 Andlise da expressao de proteinas recomleimant

As proteinas recombinantes foram produzidas sobnaaf de proteina sollvel, ou seja,
desprovidas de ancora GPI. A por¢cao do gene clonadifica uma proteina truncada com
561 e 563 aminoacidos para Cgml e Aaml, respectivian Para avaliar a expressao
protéica das linhagens transfectadas, o meio divewelular em confluéncia foi coletado e
as proteinas precipitadas pelo acido tricloroacéfitcCA) ou purificadas com a resina de
niquel Ni-NTA® (QIAGEN). As amostras foram submetidas a SDS-PAG® para avaliar a
presenca das proteinas. O meio contendo as proteénateresse foi utilizado, diretamente
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ou sob a forma purificada, em ensaios de interalggsas proteinas com a toxina Bin,
segundo o item 4.6. O conteudo protéico das ansofdiranensurado segundo o método de
Bradford (BRADFORD, 1976), utilizando uma curvaaleumina sérica bovina (BSA) como

padréo.

5.5 Padréo de glicosilagBes de proteinas

A glicosilacdo das proteinas Cqgml e Aaml recommb@zafoi investigado através do
tratamento das amostras com a endoglicosidase RNBG#&blew England Biolabs), que é
capaz de remover carboidratos presentes na caolgeqiidica de glicoproteinas. A PNGase
F cliva ligacdes entre residuos de N-acetilglicdeanme asparagina em oligossacarideos
complexos e com elevado teor de manose (Figuranidetanto, ndo é capaz de clivar N-
glicanos quando ha residuos @k-3 fucose ligados a N-acetilglicosamina, o que utan
comum em algumas glicoproteinas de insetos e glaA& proteinas foram submetidas ao
tratamento com a enzima, segundo instru¢cdes daaibe. Dados prévios ja demonstraram
que grande parte ou a totalidade de carboidratsdeakes na proteina Aaml podem ser
removidos pela enzima PNGase F (FERREIRA et allDP00 que permitiu a avaliagcao de
modificacdes feitas nos sitios de glicosilacéo gre¢endia-se abolir.
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Figura 7 - Especificidade da PNGase F
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Fonte: www.neb.com/products/p0704-pngase-f

Nota: A. A PNGase nao cliva quando ha uma fuaok& no core GIcNAc. B. A PNGase cliva quando ha uma
fucoseal-6 no core GIcNAc. Circulo verde: manose; Quadald: N-acetilglicosamina; Triangulo vermelho:
fucose.
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5.6 Ensaios de funcionalidade das proteinas CqgmlAaml1

Nesta etapa, as proteinas recombinantes, selvagenstantes, tratadas ou ndo com a
PNGase, foram submetidas a ensaios de funcionalidach investigar a sua capacidade de
ligagdo a toxina Bin. As proteinas foram avaliadas ensaios deull-down utilizando a
subunidade BinB da toxina, produzida Encoli, segundo Romao et al. (2011) e imobilizada
em resina glutationa sefarose®4@&S) (Amersham) (DHALIA et al., 2005). A toxinartB
imobilizada (Bin-GS) foi incubada com as proteiteste a 4 °C, durante 2 h, sob agitacao. A
especificidade da ligacao foi avaliada utilizandais controle negativo, no qual as proteinas
testadas foram incubadas com a proteina glutaeimansferase (GST), imobilizada sobre a
resina (GST-GS). Apds a incubacgdo, as amostrasnf@entrifugadas a 4C a 12.000,
durante 2 min. O sedimento de resina obtido foiretilo a SDS-PAGE e as proteinas do gel
transferidas para uma membrana de nitrocelulose.m@mbrana foi submetida a
imunodeteccdo com anticorpo anti-Cqml, capaz dentexcer as proteinas Cgml e Aaml
testadas, conforme descrito previamente (FERREIRA ,€2010; ROMAO et al., 2006).
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6 ARTIGO 1 - The orthologue to the Cpm1/Cgm1l receptoA@des aegypti is expressed as a
midgut GPI-anchored-glucosidase, which does not bind to the insedidihary toxin

6.1 Apresentacao e objetivos

Lysinibacillus sphaericus (Lsp) possui um espectro de acdo para larvas lagdaos
com toxicidade decrescente para espécies dos gdhdex, Anopheles e Aedes. O principal
fator inseticida de Lsp € a toxina binaria (Binjlegage através de receptores que ¢sdo
glicosidases localizadas no epitélio intestinal kdagas. O receptor er@. quinquefasciatus
foi caracterizado e denominado Cqn&llex quinquefasciatus maltase 1), uma-glicosidase
com 580 aminoacidos, ancorada a membrana do egiédstinal por uma molécula de GPI.
Lsp possui toxicidade variavel para espéciesAddes e Ae. aegypti, em particular, é
considerado uma espécie refrataria, pois a corasgttrietal da toxina Bin é entre 100 e 1000
vezes superior aquela para larvas@epipiens, o grupo mais susceptivel a Lsp. Estudos
prévios mostraram que a toxina Bin ndo apresegégdio especifica a proteinas do epitélio
intestinal de larvas d&e. aegypti.

Por ser produzida na forma de protoxina, a toxima@ecisa sofrer processamento
proteolitico no lumen intestinal das larvas, quedéepela acdo de serina-proteases, para
atingir a sua forma ativa. Estudos prévios demaretn que tal processamento &m
aegypti ocorre de maneira semelhante ao que ocorr€.ajninquefasciatus, corroborando a
hipotese de que a refratariedade ndo esta relaidonam as etapas de processamento
proteolitico e sim devido a uma falha da ligacadaana Bin aomicrovilli intestinal das
larvas. Apesar deAe. aegypti ser considerado refratario a Lsp, esta espécie é
taxonomicamente muito préximaQ pipiens e a andlise do seu genoma mostrou um gene
que codifica uma proteina ortéloga (Aaml) a prateédyml deC. quinquefasciatus e dois
genes que codificam proteinas pardlogas a AamlsaDEsma surgiu a necessidade de
investigar se a proteina ortdloga Aaml € expressapitélio intestinal das larvas de.
aegypti e, caso tal hipotese se confirme, quais seriamatmsels que impossibilitam a sua
ligacdo com a toxina Bin.

A primeira parte desta secdo consiste em um actegdifico publicado, que apresenta
0s resultados relativos a investigagdo da presdaocgeneaaml, a expressao da proteina
Aaml, bem como sua especificidade de interacdoactorina Bin. Na segunda parte, serao
apresentados dados complementares referentes stigagdo da presenca de modificacbes

pods-traducionais nas proteinas Cgml e Aaml e airdluncia na capacidade dessas
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moléculas interagirem com a toxina Bin. Nesta sesg@oapresentados seis objetivos, sendo
0s trés primeiros abordados no artigo Ferreira let 2010 e os demais nos dados
complementares ao artigo, que estdo em fase darpgdw para publicacdo. Os objetivos

foram os seguintes:

a) Analisar a presenca de transcritos do geamel, que codifica a proteina ortéloga

Aaml, e de genes que codificam proteinas parakgdarvas dée. aegypti;

b) Avaliar a expressdo da proteina Aamlmiarovilli intestinal de larvas dée.
aegypti;

c) Caracterizar a proteina Aaml em relacédo a locg@zao epitélio, a capacidade
de ligacdo a toxina Bin e a presenca de glicosisico

d) Avaliarin silico os sitios preditos de glicosilacdo e fosforilagdse sequéncias das
proteinas Cgml e Aaml;

e) Avaliarinvivo o padrdo de glicosilacdo das proteinas Cgqm1l e Aseidagens ou
mutantes em sitios de glicosilacdo, produzidas adbrma recombinante em

células Sf9;

f) Avaliar o papel das glicosilagBes na funcionaliddde proteinas Aaml e Cgml

recombinantes.
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Aedes aegypti larvae are refractory to the insecticidal binary (Bin) toxin from Bacillus sphaericus, which is
not able to bind to its target tissue in the larval midgut. In contrast, Culex pipiens larvae are highly
susceptible to that toxin, which targets its midgut brush border membranes (BBMF) through the binding
of the BinB subunit to specific receptors, the Cpm1/Cqm1 membrane-bound a-glucosidases. The iden-
tification of an Ae. aegypti gene encoding a Cpm1/Cqm1 orthologue, here named Aam]1, led to the major
goal of this study which was to investigate its expression. The aam1 transcript was found in larvae and
adults from Ae. aegypti and a =73-kDa protein was recognized by an anti-Cqm1 antibody in midgut
BBMF. The Aam1 protein displayed a-glucosidase activity and localized to the midgut epithelium, bound
through a GPI anchor, similarly to Cpm1/Cqm1. However, no binding of native Aam1 was observed to
the recombinant BinB subunit. Treatment of both proteins with endoglycosidase led to changes in the
molecular weight of Aam1, but not Cqm1, implying that the former was glycosylated. The findings from
this work rule out lack of receptors in larval stages, or its expression as soluble proteins, as a reason for

Ae. aegypti refractoriness to Bin toxin.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Aedes aegypti is the major vector responsible for the trans-
mission of dengue in the Americas, a disease which constitutes
a major health problem in a number of different countries. So far,
interruption of disease transmission relies on vector control actions
and biolarvicides based on the bacteria Bacillus thuringiensis
svar. israelensis (Bti) have been used as effective tools to reduce the
population density of Ae. aegypti (Armengol et al., 2006; Lee and
Zairi, 2006; Regis et al., 2008). Toxicity of Bti depends on the
Cry4Aa, Cry4Ba, Cry11Aa and Cytl1Aa insecticidal proteins, which
act synergistically and display specific action against species of
Aedes, Culex and Anopheles. B. sphaericus is another commercially
available biolarvicide used to control culicide larvae whose activity
is associated with a single heterodimeric crystal protein, the binary
(Bin) toxin (Baumann et al., 1985; Broadwell and Baumann, 1987;
Baumann et al., 1988). This insecticidal protein displays high
toxicity against Culex, Anopheles and Aedes larvae, however Ae.

* Corresponding author. Tel.: +55 81 21012553; fax: +55 81 21012516.
E-mail address: mhneves@cpqam.fiocruz.br (M.H.NevesL. Silva-Filha).

0965-1748/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ibmb.2010.05.007

aegypti is considered a refractory species since the lethal concen-
tration of Bin toxin is about 100-fold higher than that for C. pipiens
larvae (Nielsen-LeRoux and Charles, 1992). The mode of action
of Bti and B. sphaericus insecticidal proteins is similar and involves
ingestion of crystals, dissolution under alkaline pH, proteolytic
processing of protoxins into toxins and specific binding of active
toxins to membrane-bound midgut receptors, the later a critical
step which determines the spectra of action of these toxins (Regis
et al,, 2001; Lacey, 2007). Bin toxin binding to the receptors trig-
gers a set of cytopathological events in the midgut epithelium
which result in larval death (Charles, 1987; Singh and Gill, 1988; de
Melo et al., 2008). Action of Bin toxin on larvae midgut depends on
the processing of the 51- (BinB) and 42-kDa (BinA) subunits into
43- and 39-kDa active fragments, respectively, which act in synergy
and present optimal toxicity at equimolar concentration (Nicolas
et al, 1993; Charles et al., 1997). Bin toxin, through its BinB
subunit, recognizes and binds to a 66-kDa glycosylphosphatidyl-
inositol (GPI) membrane bound a- glucosidase which acts as
a receptor in C. pipiens (Cpm1), C. quinquefasciatus (Cqm1) and An.
gambie (Agm3) larvae, all B. sphaericus susceptible species (Silva-
Filha et al.,, 1997, 1999; Darboux et al., 2001; Pauchet et al., 2005;
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Romado et al., 2006; Opota et al., 2008). Ae. aegypti, despite its close
taxonomic position to the highly susceptible species from the
C. pipiens complex, is refractory to B. sphaericus. Previous studies
demonstrated that this condition is not related to the capacity of
proteolytic processing of insect midgut, but rather to the failure of
active Bin toxin to bind to brush border membranes (BBMF)
(Nielsen-LeRoux and Charles, 1992).

In silico analysis of Ae. aegypti genome revealed a gene which
encodes an orthologue of the Bin toxin receptor, here named Aam]1.
This orthologue displays 74% identity to the Cqm1 a-glucosidase,
which is higher than the 66% identity found between Cqm1 and
Agm3, the functional Bin toxin receptor in An. gambiae (Romao et al.,
2006; Nene et al., 2007; Opota et al, 2008). The high level of
conservation between the Aam1 and Cqm1 sequences highlights the
need to investigate the mechanisms behind the refractoriness of Ae.
aegypti larvae to the Bin toxin, since the lack of Bin toxin binding
to BBMF could result from inadequate expression of a potential
receptor, or, to its inability to bind to the toxin. The major goal of this
study was to investigate Aam1 expression in Ae. aegypti in order
to understand factors involved in its refractoriness and to provide
knowledge on the molecular basis of the Bin toxin interaction with
cell receptors in the midgut of culicide larvae.

2. Materials and methods
2.1. Mosquito colonies

Aedes aegypti (RecL) and Culex quinquefasciatus (CqSF) colonies
maintained for more than 10 years in the insectarium of the
Department of Entomology/Centro de Pesquisas Aggeu Magalhdes-
FIOCRUZ were used in this work. Insects were reared at 26 +1 °C,
70% relative humidity and photoperiod of 12:12 h light/darkness.
Larvae were maintained in deionised water and fed with cat
biscuits. Adults were maintained on 10% sucrose solution and the
females were also fed with chicken blood.

2.2. Sequence analysis

Blast searches were carried out to identify Cqm1 orthologue and
paralogues in Ae. aegypti genome available at GenBank databases
(http://www.ncbi.nlm.nih.gov). Sequence alignment was performed
with ClustalW (http://www.cmbi.kun.nl/bioinf/tools/clustalw.shtml)
and manual refinement was done, when needed. NetNGlyc 1.0
predictor was used to identify potential putative N-glycosylation sites.

2.3. Reverse transcription

Ae. aegypti RNA extraction was carried out from pools of 4th
instar larvae or adults from RecL colony using Trizol reagent, as
previously described (Romdo et al., 2006). Reverse transcription
was performed at 37 °C, for 1 h using 13 pg of total RNA, 7.5U of
AMV®reverse transcriptase (Gibco, Gaithersburg, MD, USA) and
2 uM of the Oligo DT20® primer (Invitrogen, Carslbad, CA, USA).
PCR reactions were performed to amplify the aam1 cDNA using
specific primers designed based on the gene sequence (GenBank
accession no. XP_001660909) Fwd (5’-GCA CTG CAG AGT TCG GCT
GAC GAG ATG-3') and Rev (5'-GAA AAG CTT CTA CAC TAA GAA ATA
CT-3’). Forward and reverse primers contain restrictions sites for
the Pstl and HindlIll enzymes, respectively (underlined). Specific
primers were used to amplify the cDNA from two aam1 paralogue
sequences. P1 (GenBank accession no. EAT45278) Fwd (5'-GCA GGA
TCC ACT TCG AAA TGG TAT TAA CG-3') and Rev (5-GAG AAG CTT
AAG CCT CGA TTA CTG CTC- 3'); P2 (GenBank accession no.
EAT48295) Fwd (5'-CAA GGATCC CAA CTG CTT ACT GCA ACATG-3')
and Rev (5'-GAG GAA TTC TTC TAT GAC TCA TAC TCC-3'). Forward

and reverse P1 primers contain restrictions sites for the BamHI and
HindlIll enzymes and P2 primers contain restrictions sites for the
BamHI and EcoRI enzymes, respectively (underlined).

2.4. Cloning and expression of Aam1 and Cqm1 in Escherichia coli

Amplified fragments from cqm1 and aam1 genes were purified
using GFX DNA and Gel Band Purification® kit (GE Healthcare) and
transferred to the plasmid vector pRSETc® (Invitrogen) for protein
expression in E. coli. Recombinant plasmids containing fragments
of the aaml and cqml genes were sequenced to confirm their
identities and used for the expression of the 45-kDa truncated
recombinant protein in competent cells of strain BL21 star. The
Aam1 truncated protein was produced and purified, as described
previously for Cqm1 (Romao et al., 2006).

2.5. Protein samples

Whole crude extracts of Ae. aegypti and C. quinquefasciatus
were obtained from 1st to 4th instar larvae and adults, which were
homogenized in 20 pl of PBS pH 7.4, supplemented with 0.02% of
sodium azide and 10 mM PMSF (Sigma, St Louis, MO, USA), used as
protease inhibitor. Samples were centrifuged at 1.500 g for 2 min at
4°C and the supernatant was collected to be used as crude extract
samples. Brush border membrane fractions (BBMF) from 4th instar
whole larvae and CHAPS-solubilized proteins from BBMF (CHAPS-
extracts) were obtained as previously described (Silva-Filha et al., 1997,
1999). Crude extracts, BBMF and CHAPS-extracts were stored at —70 °C
until use. Protein contents were determined by the Bio-Rad protein
assay® (Biorad, Hercules, CA, USA) using a bovine serum albumine
(BSA) standard curve. Enrichment of BBMF and CHAPS-extracts was
evaluated through the detection of a-glucosidase activity (EC 3.2.1.20),
a marker for proteins from apical cell membranes. Samples were
incubated in 0.1 M sodium citrate-phosphate buffer pH 6.5 with 2 mM
of p-nitrophenyl-a-p-glucanopyranoside (Sigma, St Louis, MO, USA) at
37 °Cfor 1 h, and the absorbance was recorded at 405 nm.

2.6. SDS-PAGE and immunobloting

Protein samples were separated on 10% SDS-PAGE and trans-
ferred to nitrocellulose ECL® membranes (Amersham Biosciences,
Little Chalfont, UK). Membranes were blocked in 50 mM Tris—HCI/
150 mM NaCl/0.1% Tween 20 pH 7.6, containing 5% nonfat dry milk.
Cgm1/Aam1 detection was carried out through incubation with anti-
Cgm1 antibodies, affinity purified from a rabbit polyclonal serum, at
a 1:200 dilution, followed by incubation with the secondary serum,
goat anti-rabbit antibodies conjugated to horseradish peroxidase, at
a 1:20,000 dilution. The blots were developed using the Immobi-
lonWestern HRP Substrate® (Millipore, Billerica, MA, USA).

2.7. PI-PLC treatment

Ae. aegypti BBMF (100 pg) was incubated with 1 unit of B. cereus
PI-PLC (Sigma) for 90 min at 30°C in 200 pl of sodium phosphate
buffered saline (2.1 mM NaH;P04/14 mM Nay;HPO4/150 mM Nadl, pH
7.4). Protein samples were centrifuged at 18.000 g for 30 min, pellet
and supernatant were assayed for a-glucosidase activity and used in
immunoblotting with anti-Cqm1 antiserum. Negative control
samples were incubated without PI-PLC under the same conditions.

2.8. a-glucosidase assays
BBMF samples (15 pg) from C. quinquefasciatus and Ae. aegypti

solubilized in SDS-PAGE sample buffer, without beta-mercaptoe-
thanol and without being heated, were separated on 8% SDS-PAGE at
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4 °C and submitted to enzymatic detection as previously described
(Romdo et al., 2006). Gels were also submitted to immunodetection
as described in section 2.6. PI-PLC treated Ae. aegypti BBMF samples,
pellets and proteins from supernatants, were submitted to a-
glucosidase activity assay by incubating at 37 °C in 100 mM of
citrate-phosphate buffer pH 6.5 with 2 mM p-nitrophenyl-o-p-glu-
copyranoside (Sigma) as the substrate. Non treated samples,
submitted to the same incubation conditions described above, were
used as a negative control.

2.9. Bin toxin

The gene encoding the BinB subunit from B. sphaericus Bin toxin
was amplified from a B. thuringiensis recombinant strain containing
the pGSP10 plasmid (Bourgouin et al., 1990). Specific primers
Fwd (5'-CACGGATCCATGTGCGATTCAAAAGACAATTC-3')and Rev (5'-
CACCTCGAGCTGGTTAATTTTAGGTATTAATTC-3'), containing BamHI
and Xhol restriction sites (underlined) were used in the amplification
of the gene which was subsequently cloned into the expression
vector pGEX 4T3. Selected PCR products were subjected to automatic
sequencing to confirm their identity and integrity. Recombinant
BinB subunit was expressed in E. coli BLR cells fused to glutathione S-
transferase (BinB-GST) and purified as described previously (de Melo
Neto et al., 1995).

2.10. Pull-down assays

Pull down assays were carried out as previously described (Dhalia
etal., 2005). Briefly, CHAPS-extracts (20 pg) samples were incubated
with BinB-GST (2 pg) immobilized on glutathione-sepharose 4B®
(GE Healthcare) beads (10 pl) (BinB-beads), for 2 h at 4°C in BB3
buffer (100 mM KCl/1 mM MgCl,/50 mM HEPES/0.2% NP40/5%
glycerol), under agitation. Non-specific binding was determined by
incubating CHAPS-extract with glutathione-S-transferase immobi-
lized on glutathione-sepharose (GST-beads). After incubation with
CHAPS-extracts, BinB- or GST-beads were collected by centrifugation
at 1.500 g, for 2 min at 4 °C and washed three times with BB3 buffer.
Samples were solubilized in sample buffer, boiled for 5 min and
separated on 10% SDS-PAGE. Protein samples were submitted to
immunoblotting as described in section 2.6.

2.11. Enzyme deglycosylation

Deglycosylation of Aam1 and Cqm1 proteins was carried out
using N-glycosidase F (PNGase F) and Endoglycosidase H (Endo H)
(New England Biolabs, Beverly, MA, USA). Native or denatured C.
quinquefasciatus and Ae. aegypti CHAPS-extracts were treated
according to manufacturer’s instructions. Briefly 10—20 pg of
proteins from CHAPS-extracts and 2U of PNGase F or Endo H were

A aam1i pi p2 B

bp + - + - + - bp
5000

2000
1650

1000
850

incubated at 37 °C for 1 h, in duplicates. CHAPS-extracts incubated
under the same conditions in the absence of the enzyme, were used
as untreated control. Samples were submitted to pull down assays,
SDS-PAGE and immunoblotting as described in sections 2.10 and
2.6, respectively, in order to evaluate deglycosylation of proteins
as well as their ability to bind BinB after treatment.

3. Results
3.1. Comparative analysis of sequences

The Cgm1, Agm3 and Aam1 orthologues (GenBank accessions no.
ABC59609, no. ABW98683 and no. XP_001660909, respectively) share
extensive segments identical in sequence spread out throughout their
length. N- and C-terminal ends are more diverged in sequence but
all are rich in hydrophobic residues and compatible with similar
roles in protein secretion and GPI anchoring (Supplementary Fig. 1).
No features within the Aam1 sequence, such as elements conserved
in Cqm1 and Agm3 but missing from this orthologue, are observed
through sequence analysis alone which could explain its lack of
binding to the Bin toxin, although it cannot be discarded that single
amino acid residues which differ between the three proteins could be
critical for the interaction with the toxin.

3.2. Expression analysis of the aam1 transcript

To investigate the possibility that Bin toxin binding failure to
BBMF might be due to lack of expression of a potential receptor
in larval stages, the presence of aam1 transcript was first assayed
through RT-PCR using RNA samples from different Ae. aegypti
developmental stages. A single PCR band of the expected size for the
aam1 cDNA (~1.8 kb) was detected in samples from larvae and
adult (Fig. 1A and B). In contrast, RT-PCR of two aam1 paralogue
a-glucosidases genes only produced the expected band in samples
from adult tissues (Fig. 1B). This result is consistent with the aam1
gene being constitutively transcribed throughout the insect life
cycle. Presence of the aam1 RNA does not necessarily mean that the
mature polypeptide is being expressed in insect life stages. To
analyze the expression of Aam1 native protein, a polyclonal serum
raised against an N-terminal 45-kDa recombinant fragment of Cqm1
(Romao et al., 2006) was evaluated. Anti-Cqm1 serum recognized,
with similar intensity, an equivalent Aam1 45-kDa recombinant
fragment produced in E. coli (Fig. 1C), and therefore was used for
further studies of native Ae. aegypti samples.

3.3. Expression of Aam1 in larvae midgut

Immunoblotting of whole crude extracts from Ae. aegypti using
anti-Cqm1 allowed the detection of a =73-kDa candidate protein
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Fig. 1. Detection of aam1 mRNA from Aedes aegypti and the respective Aam1 recombinant protein. (A) RT-PCR to detect aam1 mRNA and two paralogues (p1, p2) mRNA from larvae,
reactions were carried out in the presence (+) or absence (—) of the reverse transcriptase enzyme. (B) RT-PCR to detected mRNA described in A, using adults samples. Molecular
weight markers in base pairs (bp). (C) Immunoblotting of Cqm1 (Cq) and Aam1 (Aa) 45-kDa recombinant proteins produced in Escherichia coli. Two pg of proteins were separated on
10% SDS-PAGE, transferred to nitrocellulose membrane and submitted to immunodetection with an anti-Cqm1 antibody. MW, molecular weight markers in kDa.
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Fig. 2. Immunoblotting of midgut brush border proteins from Culex quinquefasciatus
(Cq) and Aedes aegypti (Aa) larvae. Proteins samples (2.5 to 20 ug) were separated on
10% SDS-PAGE, transferred to nitrocellulose membrane and submitted to immunode-
tection with an anti-Cqm1 antibody. MW, molecular weight markers in kDa.

which is present in all larval stages, as well as in female and male
adults (data not shown). This analysis was further performed
in BBMF samples and a protein of the same size was detected,
confirming its localization to the midgut of Ae. aegypti larvae (Fig. 2,
Aa). In equivalent samples from C. quinquefasciastus, used as
a control, the 66-kDa protein corresponding to Cqm1 was recog-
nized (Fig. 2, Cq). Considering that anti-Cqm1 antibody recognizes
both Cqm1 and Aam1 with roughly similar intensities, based on
the preliminary assays using the recombinant proteins (Fig. 1C),
and since equivalent loads of BBMF samples were used for the blots
(Fig. 2), these results are consistent with Aam1 being expressed at
equivalent or increased levels, compared to Cqm1.

3.4. «-glucosidase assays

In gel enzymatic assays were performed to evaluate the pres-
ence of a-glucosidase catalytic bands in BBMF samples. Under
semi-denaturing conditions Ae. aegypti BBMF resolved into four
main catalytic bands while the same pattern was observed for C.
quinquefasciatus BBMF samples, with the difference that Ae. aegypti
proteins seemed to migrate with slower mobility (Fig. 3A). Immu-
noblotting of these proteins revealed a single Ae. aegypti catalytic
band recognized by the anti-Cqm1 antiserum, as observed for
C. quinquefasciatus, indicating that this band corresponded to the
Aam1 orthologue (Fig. 3B). Migration of Cqm1 showed an apparent
molecular weight of 82-kDa under semi-denaturing conditions,
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Fig. 3. In gel a-glucosidase assay of midgut brush border proteins from Culex quinque-
fasciatus (Cq) and Aedes aegypti (Aa) larvae separated on 8% semi-denaturing SDS-PAGE.
(A) In gel a-glucosidase assay with bands indicating substrate cleavage, visualized under
a UV transilluminator. (B) Immunoblotting of the samples shown in (A) with an anti-
Cgm1 antibody. Arrows indicate the Aam1 protein. MW, molecular markers in kDa.

instead of the 66-kDa observed in denaturing SDS-PAGE which was
in agreement with the weight predicted according to its sequence.
In contrast, Aam1 has a predicted sequence of 66.8 kDa and
migrates as a =73-kDa protein in SDS-PAGE, while it is smaller
than Cqm1 under semi-denaturing conditions.

3.5. Detection of Aam1 GPI anchor

Ae. aegypti BBMF samples were then treated with PI-PLC to
determine if Aam1 is a GPI-anchored protein. Following treatment,
the BBMF-bound (pellet) or released proteins (supernatant)
were assayed for a-glucosidase activity. Whilst most a-glucosidase
activity remained bound to the membrane fraction prior to treat-
ment, a significant part of this activity was solubilized upon incu-
bation with the enzyme and displaced to the supernatant (Fig. 4A).
Immunoblotting showed that in untreated samples most of Aam1
was found to be present in membrane fractions, while after treat-
ment it was displaced to the supernatant (Fig. 4B), confirming that
it is a GPI-anchored protein.

3.6. Interaction assay between Aam1 and BinB

The presence of the putative Aam1 receptor as a midgut
membrane bound «-glucosidase in Ae. aegypti larvae raised the
question of whether it is able to bind to BinB subunit of Bin toxin.
To address this, solubilized protein samples from Ae. aegypti and
C. quinquefasciatus BBMF's (CHAPS-extracts) were evaluated
through pull-down assays using the BinB-GST subunit expressed
and purified from E. coli. Native Cqm1 from C. quinquefasciatus
CHAPS-extracts specifically bound to BinB, as expected, whilst no
protein bound to the GST control only (Fig. 5A). In contrast, no
specific binding of Aam1 to the BinB was detected, despite its
availability within the Ae. aegypti CHAPS-extract (Fig 5B). Cqm1
45-kDa protein produced in E. coli was also evaluated through
pull down assays, however, it did not provide conclusive data
since this protein did not show a pattern of specific binding to
BinB subunit (data not shown). It is possible that the truncated
proteins from E. coli did not display adequate folding to be
evaluated in terms of functionality to bind to Bin toxin.
Complementary assays performed in this study showed that
native Cqm1 protein loses its ability to bind to BinB toxin after
being denaturated by thermal inactivation, reinforcing the role of
protein folding for this feature (Supplementary Fig. 2).

3.7. Effect of deglycosylation on Aam1 and Cqm1

The molecular weight observed for native Aam1 contrasts with
the predicted weight based on its sequence and is indicative of
post-translation modifications, such as glycosylation. To investigate
this possibility, Ae. aegypti and C. quinquefasciatus CHAPS-extracts
were submitted to treatment with two endoglycosidases. After
incubation with PNGase F, Cqm1 resulted in a 66-kDa-protein
identical in size to the non-treated control, indicating a lack of
carbohydrate removal from the native protein (Fig. 6A, T).
In contrast, PNGase F treatment of Aam1 resulted in a protein about
5-kDa smaller, consistent with the removal of oligosaccharides
from the polypeptide chain (Fig. 6B. T). A similar treatment with the
Endo H endoglycosidase did not display any effect on either Cqm1
or Aam1 proteins from CHAPS-extracts (data not shown). Results
are consistent with Aam1, but not Cqm1 being specifically glyco-
sylated. A search for possible glycosylation sites present in the
Aam1 but missing from its orthologues in Culex identified a single
site, between residues 310 and 312 (*'°NRT?'?)), which could be
the target for the glycosylation observed. Treated CHAPS-extracts
were then used in pull down assays to investigate any effect of the
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Fig. 4. Analysis of midgut brush border proteins from Aedes aegypti larvae after PI-PLC treatment. (A) Release of a-glucosidase activity in pellets (P) and supernatants (S) of PI-PLC-
treated and non-treated samples. (B) Inmunoblotting of pellets and supernatants from samples showed in A with an anti-Cqm1 antibody. B. Non-treated sample of midgut brush

border proteins. MW, molecular markers in kDa.

deglycosylation on the interaction with the Bin toxin. No changes of
binding properties to BinB were observed, Cqm1 still bound
specifically to this subunit (Fig. 6A, T1) whilst no binding was
observed for Aam1, before or after PNGase treatment (Fig. 6B, T1).

4. Discussion

Identification within the genome of Ae. aegypti, of a gene
encoding an orthologue highly similar in sequence to the Bin toxin
receptor from Culex sp. and An. gambiae (Darboux et al., 2001;
Romado et al., 2006; Opota et al., 2008) contrasts with the failure
of Bin toxin to specifically bind to the midgut of larvae from this
species. Appropriate midgut proteolytic processing of the toxin and
availability of functional binding sites has been claimed as key
aspects for insect susceptibility to such toxins, but failure of midgut
processing has been ruled out as the reason for the refractoriness of
Ae. aegypti larvae to Bin, as well as to the Cry48Aa/Cry49Aa toxin
from B. sphaericus strain IAB59, whose activity is also restricted
to Culex (Nielsen-LeRoux and Charles, 1992; Jones et al., 2008).
This study shows that a closely related orthologue to the Bin toxin
receptors previously described from C. pipiens (Cpm1), C. quinque-
fasciatus (Cqm1) and An. gambiae (Agm3) (Darboux et al., 2001;
Romado et al., 2006; Opota et al., 2008) is expressed in Ae. aegypti
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midgut larvae as a GPI-anchored protein. Previous studies reported
a-glucosidases that can be stage-specific or expressed as soluble,
instead of membrane-bound proteins (Darboux et al., 2002; Romdo
et al., 2006; Souza-Neto et al., 2007). The finding from our study
rules out lack of expression of the receptor in larval stages, or its
expression as a soluble protein, as a possible reason behind the
refractoriness observed in Ae. aegypti.

a-glucosidases belong to the larger family of a-amylases which
are responsible for catalyzing the hydrolysis of glycosidic linkage of
oligosaccharides (Terra and Ferreira, 1994; Janecek, 1997). Aam1
is part of the set of membrane-bound a-glucosidases that play
essential physiologycal roles for carbohydrate digestion in A.
aegypti larvae. Cpm1, Cqm1 and Agm3, orthologues from C. pipiens,
C. quinquefasciatus and An. gambie larva respectively, have been
shown to be highly conserved and constitutively expressed in
larvae and, as well as performing their enzymatic role essential
for the insect survival, also act as specific receptors for the Bin toxin
(Silva-Filha et al., 1999; Romado et al., 2006; Opota et al., 2008).
Expression at adequate concentrations and life stages and locali-
zation on the epithelium surface are features which Aam1 shares
with Cpm1, Cqm1 and Agm3, nevertheless, affinity assays have
previously demonstrated that Bin toxin does not bind to Ae. aegypti
BBMF (Nielsen-LeRoux and Charles, 1992), which is corroborated by
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Fig. 5. Interaction of solubilized midgut brush border proteins (CHAPS-extracts) from Culex quinquefasciatus (A) and Aedes aegypti (B) larvae with the BinB toxin subunit, evaluated
through pull down assay. CHAPS-extracts were incubated with GST (1) or BinB-GST (2) immobilized on beads. Bound proteins were separated on 10% SDS-PAGE, transferred to
nitrocellulose membrane and submitted to immunodetection with an anti-Cqm1 antibody. Ext: CHAPS-extracts sample without incubation with GST or BinB-GST beads. (C) GST (1)
and BinB-GST (2) proteins immobilized on beads are shown in a Coomassie-stained gel. MW, molecular weight markers in kDa.
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Fig. 6. Effect of PNGase F endoglycosidase treatment on midgut proteins (CHAPS-extracts) from Culex quinquefasciatus (A) and Aedes aegypti (B) larvae and on their capacity to interact
with the BinB toxin subunit, through pull down assay. Native CHAPS-extracts were treated with PNGase and incubated with BinB-GST (1) or GST (2) immobilized on beads. Bound
proteins were separated on 10% SDS-PAGE, transferred to nitrocellulose membrane and immunodetected with an anti-Cqm1 antibody. Ext: native CHAPS-extracts; C: non treated CHAPS-
extracts; T: treated CHAPS-extracts; BinB-GST and GST proteins immobilized on beads in Coomassie-stained gels are shown in Fig. 5C. MW, molecular weight markers in kDa.

this work in which native Aam1 did not bind to recombinant BinB
subunit in pull-down assays.

Protein glycosylation was investigated since this is one of the most
abundant post-translational modification of eukaryotic proteins and
one which can affect features such as enzyme activity, receptor
recognition and protein stability and structure (Varki, 1993). N-linked
oligosaccharides, in particular N-acetylgalactosamine (GalNac) from
aminopeptidases and alkaline phosphatases that act as receptors
in lepidopteran species, are needed for the binding of some Cry toxins
(Knowles et al., 1991; Denolf et al., 1997; Jurat-Fuentes et al., 2004;
Pardo-Lopez et al,, 2006). Cases of insect and nematode resistance
to Cry toxins were found to be related to altered glycosylation of
microvillar proteins involved in binding (Griffitts et al.,, 2001, 2003,
2005). Here, we have shown that Aam1 is glycosylated, unlike
Cgm1 and despite of the two N-glycosylation signals predicted in
the Culex sequences (Darboux et al., 2001; Romdo et al., 2006; Opota
et al.,, 2008). Carbohydrate removal from Aam1 did not affect its
binding properties suggesting that differential glycosylation of this
protein is not interfering with potential toxin binding sites. Never-
theless, it is still possible that changes in protein folding originally
induced by the glycosylation event, and which would presumably
interfere with the Bin toxin binding epitope, are maintained after
deglycosylation (Shental-Bechor and Levy, 2008). This would also
explain why deglycosylated Aam1 still did not bind to the BinB. As
described, glycosylation of insect midgut microvillar proteins seems
to have a relevant role to determine susceptibility to Cry toxins,
however, while N-glycosylations of some receptors are crucial for the
binding and consequently to their susceptibility to certain toxins,
there are cases in which toxin binding to receptors do not depend on
those linked sugars (Jurat-Fuentes and Adang, 2004; Perera et al.,
2009). Regarding the binding of functional receptors to the Bin
toxin in culicid species, data from this study suggest that N-linked
sugars are not involved in receptor recognition. Although speculative,
it could not be excluded that Aam1 glycosylation could prevent the
access to Bin toxin epitopes in Aam1. Previous studies of pathogen-
eses processes have show that glycosylation motifs can hide epitopes,
in receptor molecules which are recognized by pathogen (Varki,
1993; Chabot et al., 2000).

The possibility remains that discrete differences in amino
acid sequence between Aam1 and related orthologues, which would
supposedly change the sequence of the not yet identified toxin
binding or conformational epitope, might be the sole reason behind
the lack of binding of Bin toxin to this a-glucosidase. Nevertheless
differences in folding, which, as stated above, could be induced by the
glycosylation event or another factor, might still be the major reason
behind the binding differences. The apparent molecular weight of
80-kDa displayed by Cqgm1 under semi-denaturing conditions,

higher than observed when the protein is denatured, associated with
evidence that denatured Cqm1 lacks functionality to bind to BinB,
suggest substantial conformational differences between Cqm1 and
Aam1 or differential binding to a yet undescribed protein partner.
Binding of BtR175 cadherin from Bombix mori to CrylAc toxin,
similarly to Cqm1, was shown to be disrupted by denaturation, while
the characterization of most receptors by ligand-blot assays is based
on binding to denatured BBMF proteins (Nagamatsu et al., 1998).
Further investigation of Cqm1 and Aam1 proteins produced in
appropriate expression system needs to be performed to clarify
this aspect. The results presented here confirm that this group of
orthologue proteins constitutes an interesting model to understand
the molecular determinants that allow midgut surface proteins to be
target sites for insecticides, a knowledge which could help develop
approaches to improve those and other molecules in the future.
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6.2 Resultados complementares ao artigo 1

Dentre as diferencas existentes entre as prot€igqal e Aaml, Ferreira et al. (2010)
demonstraram que ambas apresentam sitios preditsgticosilacdo, no entanto, somente a
primeira demonstrou ser glicosiladia vivo. Tal fato foi verificado pelo tratamento das
proteinas com a endoglicosidase PNGase F, que démiora presenca de carboidratos na
Aaml, mas ndo na proteina Cgml. ApGs a remocaarfleidratos da Aam1l pelo tratamento
com a PNGase F, esta proteina permaneceu incapaiedgir com a toxina Bin. No estudo
de Ferreira et al. (2010) a remocédo das glicos#iagbi feita a partir de proteinas nativas ja
processadas, apos o correto dobramento durantdac#io da proteina. E possivel que a
remocao de carboidratos, sob estas condi¢cdesntérfira na funcionalidade das proteinas,
pois a estrutura protéica seria mantida. Para figegstal hipotese foi necessario produzir
proteinas sem glicosilacdes desde a traducgdogatdey producdo de proteinas mutantes em
sitios de glicosilacdo. A avaliagcdo das glicosiée;é de grande relevancia no contexto desse
estudo, visto que essa foi a diferenca mais maocamtontrada entre as proteinas Cgml e
Aaml. Os dados apresentados nesta secéo, relatarodise de proteinas mutantes em sitios
de glicosilacdo, fazem parte da monografia de csdd de curso da bidloga Nathaly
Alexandre do Nascimento, que esta inserida no andleiste projeto de doutorado.

6.2.1 Andlises iilico de modificacbes pos-traducionais

A andlisein silico de modificacbes poés-traducionais das proteinas Cgniaml
mostrou que a proteina Cgml apresenta em sua ®bgu@és sitios preditos de N-
glicosilacdo, enquanto a Aaml apresenta seis, dfarentes potenciais. Dois desses sitios
sdo comuns para as duas proteinas, um sitio ésaxxcina Cqml e quatro sao exclusivos da
Aaml (Tabela 2). As andlises ndo revelaram sit@®eglicosilacdo nestas proteinas. Na
andlise dos sitios de fosforilagcao verificou-se guaml possui 30 sitios e a Aaml 34, sendo
sete sitios exclusivos da Cgm1 e quatro da Aamhle[@a3).0s dados prévios demonstraram
diferencas marcantes em termos de glicosilacae astproteinas nativas Cgml e Aaml e,
como tais modificagbes podem estar intimamenteitgiadas a funcionalidade de proteinas,
foi realizada uma andlise vitro das glicosilagBes nas proteinas Cqml e Aaml, pidas
sob a forma recombinante. Devido ao tempo requepdm a producdo de proteinas

recombinantes néo foi possivel analisar os sitd®sforilacao diferenciais destas proteinas.
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Tabela 2 - Sitios potenciais de N-glicosilacao das pro®i@gml e Aaml, determinados através do programa
NetNGly 1.0.

Cgml Aaml
Sitio Posicéo Pqtenplal de Sitio Posicéo Pqtenp|al de
glicosilacao glicosilacao
1 126\ <128 +
1 102 T 104 it
2 142\ £ 144 -
3 310N RT312 ++
2 127\ S0 4
4 MNRTHS T
5 431NAT433 -
3 MO RTH2 .
6 SONST® :

Fonte: Elaborada pela autora.
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Tabela 3 -Sitios potenciais de fosforilagdo das proteinas Cgmiaml, determinados através do programa
NetPhos 2.0.

Cgml Aaml
Posicao Aminoacido Posicao Aminoacido
27* S 42 S
47 S 46 S
113* S 62 S
129 S 80 S
241 S 128 S
278 S 138 S
293 S 245 S
294 S 282 S
335* S 297 S
351 S 298 S
356 S 355 S
360* S 429 S
364 S 466 S
419* S 560 S
59 T 58 T
207 T 144 T
349 T 179 T
508* T 261 T
31 Y 353 T
88 Y 407 T
94 Y 465 T
100 Y 30 Y
146 Y 87 Y
150 Y 93 Y
197 Y 145 Y
249 Y 149 Y
277 Y 201 Y
302 Y 253 Y
438 Y 268 Y
474* Y 281 Y
296 Y
306 Y
402 Y
442 Y

Fonte: Elaborada pela autora
Nota: * Sitios exclusivos
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6.2.2 Padréo de glicosilagédo das proteinas rec@mtas

O padrao de glicosilacéo foi avaliado a partir ohestras de proteinas Cqgml e Aaml
purificadas em resina de niquel e tratadas conzmmanPNGase F. As proteinas Cgm1l (61
kDa) e Aam1l (77 kDa) selvagens apresentaram peslecufares estimados de 61 e 64 kDa,
respectivamente, apés o tratamento com a PNGaBiglird 8). Esse resultado corrobora os
dados obtidos para as proteinas nativas, que mosti@uséncia aparente de glicosilacdes na
Cgml, enquanto a Aaml apresenta carboidratos nasequ#ncia, visto que houve uma
reducdo no peso molecular da Aaml tratada (64 kbDajelacdo a proteina nédo tratada (77
kDa).

Figura 8 - Tratamento das proteinas recombinantes Cqgml e Aamla endoglicosidase PNGase F.

80— v
70— ——— e
60— ey T W —— 60 — | BN

r !
50 — 50 —

e

Fonte: Elaborada pela autora.

Nota: As amostras foram incubadas a 37 °C, separada®&#PBGE 10%, transferidas para uma membrana de
nitrocelulose e submetidas a imunodetecgao comicogpo anti-Cqml, que reconhece ambas as protearas

a mesma eficiéncia. P. Proteina controle sem i@dyaC. Controle negativo incubado a 37°C sem PBIGas

T. Proteina tratada com PNGase F; Seta indicaw@eddo peso molecular da Aaml apds o tratameMo. P
Marcador de peso molecular em kDa.

6.2.3 Andlise das proteinas Aam1 modificadas eimsgie N-glicosilagdo

Foram produzidas proteinas Aaml modificadas naessie glicosilacdoeNHS:2s
(Aam1l_MutNHS), 140NET144 (Aam1l_MutNET) e 3:0NRT32 (Aam1l_MutNRT). Nestas foi
feita a substituicdo por uma trinca de alaninagelos aminoécidos presentes na posi¢ao
correspondente da Cgml, respectivamente. A profeanal MutNHS néo foi expressa nas

células Sf9, apds inimeras tentativas, por razéssothhecidas. As proteinas Aaml_MutNET



Modo de ac¢éo do biolarvicida... FERREIRA,L.M 63

e Aaml_MutNRT apresentaram massas molecularés7@eel174 kDa, respectivamente, 0
que representa uma reducdo aproximada de 5 e Jd&pectivamente, em relagdo a proteina
selvagem, que posslui77 kDa (Figura 9). Apos o tratamento destas pratemutantes com a
enzima PNGase F, houve uma reducdo de peso malemd&cando que ainda existem
carboidratos remanescentes em outros sitios destgicdo em cada proteina analisada (dados
nao apresentados). A avaliacdo da funcionalidadelae que, apesar da remocdo de
carboidratos, as proteinas mutantes nestes si&imsapecem incapazes de interagir com a
toxina Bin (Figura 10). Os dados obtidos demonstgam® ocorre a insercao de carboidratos
nos sitios avaliados da proteina Aaml, entretapgies ndo exercem um papel na

funcionalidade.

Figura 9 - Perfil eletroforético das proteinas Aam1, Aam1_M&ilNe Aam1l_MutNRT produzidas em células
Sf9.

Aam1 Aaml
PM Aam1 MutMNET PM  Aam1 MutNRT
Hﬂq‘ = e
T | B
80 — B 80 —
o 70—
70 ——  — i
E[l - o R
60 —— .. Sk
50 —
50 — M.

Fonte: Elaborada pela autora.
Nota: As proteinas foram separadas em SDS-PAGE a 10%adas com azul de Coomassie. PM. Marcador de

peso molecular em kDa.
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Figura 10 - Ensaios dgull-down para avaliar a ligacdo das proteinas Cqm1, AamINKUte Aam1l_MutNRT
com a toxina BinB (BinB).

Cygmi1 Aam1_MutNET Aam1_MutNRT
PM -~ - ~ PM ~ - ~ PM ~ - ~
P BinB GST P BinB GST P BinB GS5T
80 —— / 80 — —
0 — . 33 -
- —_—
| n—— in — o L
60 —— 60 ——
60 —
50 —— a0 ——
50 — .

Fonte: Elaborada pela autora.

Nota: As amostras foram incubadas com a BinB ou a pratglutationa-S-transferase (GST, controle neggtivo
imobilizadas em resina, separadas em SDS-PAGE 1@¥sferidas para uma membrana de nitrocelulose e
submetida a imunodeteccao com anticorpo anti-CémProteina controle ndo incubada com as resimds &i
GST. Seta indica a ligacdo especifica da protegralCcom a subunidade BinB da toxina. PM. Marcador d
peso molecular em kDa.

O efeito da associacdo da mutagénese desses feitiosrificado. Foi produzida uma
proteina mutante em ambos os sitios de glicosil#é@aml_ Mut2), que apresentou uma
reducdo do peso molecular para 70 kDa, em relagéot@ina Aaml selvagem (Figura 11). A
associacdo das mutacdes nao influenciou a capactkathteracdo com a toxina Bin, pois a
Aaml_Mut2 nédo foi capaz de ligar a este compon@geira 12). Os dados indicam que uma
maior remocédo de carboidratos da Aaml também réderniu na capacidade de ligacdo a
toxina Bin. O tratamento deste mutante com a PNGasanfirmou que apds a modificacdo

desses dois sitios, ainda restaram carboidratositecula (dados nédo apresentados).
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Figura 11 - Perfil eletroforético das proteinas Aaml selvagehaml_Mut2 produzidas em células Sf9

A B
Aam1 Aam1
PM Aam1 Mut? PM Mut?
80 —
a0 i —
70 60 -
60
50—
a0

Fonte: Elaborada pela autora.

Nota: As proteinas foram separadas em SDS-PAGE a 10%radas com azul de Coomassie (A) ou
imunodetectada com o anticorpo anti-Cgml/Aaml (8gta indica a banda correspondente a proteina
Aaml_Mut2. PM. Marcador de peso molecular em kDa.

Figura 12 - Ensaios deull-down para avaliar a ligacao das proteinas Cgml e Aami2 bum a toxina BinB

Cqm1 Aam1_MutZ2
P K, 5 i BV o =
PM P BinB  GST
80
70
60
50

Fonte: Elaborada pela autora.

Nota: As amostras foram incubadas com a BinB ou a pratglitationa-S-transferase (GST, controle negativo)
imobilizadas em resina, separadas em SDS-PAGE 1@dtsferidas para uma membrana de nitrocelulose e
submetida a imunodeteccdo com anticorpo anti-CémProteina controle ndo incubada com as resinds &i
GST. Seta indica a ligacdo especifica da proteffrmlCcom a subunidade BinB da toxina. BinB. Subuteda
BinB da toxina. PM. Marcador de peso molecular &a.k

6.2.4 Analise das proteinas Cqm1 modificadas d@ossie N-glicosilacéo

Apesar da Aaml possuir seis sitios de glicosilagfenas dois deles foram analisados
devido a dificuldades de expressar as proteinasmotacdes em todos os sitios preditos. A
producédo de proteinas em quantidade abundantesteonsi Sf9 € um processo relativamente

lento. Diante disso, foi realizada uma abordagem cpnsistiu na obtencédo de proteinas
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Cgml mutantes nas posi¢des correspondentes aws Sii 6, que ndo foram analisados na
Aaml: Cgml_MutNTN e Cgml_MutNSK. Como a Cgml sedvagtem capacidade de
ligacdo a toxina Bin, os resultados de interven¢éiss diretamente nesta proteina poderiam
ser mais elucidativos. Naquelas posi¢cfes foranride® os aminoacidos que sinalizam os
sitios de glicosilacdo na Aam1.

As proteinas Cgml_MutNTN e Cgml_MutNSK apresentanamaumento de cerca
de 3 kDa no peso molecular (Figura 13), indicang® estes sitios de glicosilacéo preditos de
Aaml, quando inseridos na proteina Cqml, sinalzaansercéo de glicanos. O tratamento
das proteinas mutantes com a enzima PNGase F,rmoaofique houve a insercdo de
carboidratos, pois observou-se uma reducéo de der8&Da nas proteinas mutantes tratadas
(dados ndo apresentados). A avaliacdo da capadigddagacao a toxina Bin revelou que apos
a adicdo de carboidratos na Cgm1l, as proteinas Qoutdntes permaneceram capazes de
interagir com a toxina Bin (Figura 14). Esses daglagerem fortemente que na Aaml esses
sitios possuem carboidratos.

Figura 13 - Perfil eletroforético das proteinas mutantes Cq@Gn{l mutante que apresenta 0 mesmo peso
molecular da Cgm1 selvagem), Cgqm1l_MutNTN e Cqgm1 N@#, produzida em células Sf9.

Cgm1  Cgmi1

PM  Cgm1 MutNTH MutNSK
—
-——
il
-
70— S

ﬁﬂ—“ - S

y B
S -a pe

Fonte: Elaborada pela autora.
Nota: As proteinas foram separadas em SDS-PAGE a 10%adacom azul de Coomassie. PM. Marcador de
peso molecular em kDa.
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Figura 14 - Ensaios deull-down para avaliar a ligacédo das proteinas Cqm1, CgmINWte Cgm1l_MutNSK
com a toxina BinB (BinB).

Cqmi1 Cgm1_MutNTN Cgm1_MutNSK
PM P BinB GST PM P  BinB GST PM P BinB  GST
L - / - . : 80
= e 70
o N 60 — 60
50 — a0 — 50

'h

Fonte: Elaborada pela autora.

Nota: As amostras foram incubadas com a BinB ou a pratglitationa-S-transferase (GST, controle negativo)
imobilizadas em resina, separadas em SDS-PAGE 1@dtsferidas para uma membrana de nitrocelulose e
submetida a imunodeteccdo com anticorpo anti-CémProteina controle ndo incubada com as resinds &i
GST. Seta indica a ligacdo especifica da protegralCcom a subunidade BinB da toxina. PM. Marcador d
peso molecular em kDa.

6.3 Sumaério do artigo 1 e resultados complementares

a)

b)

d)

A proteina Aaml € expressa microvilli intestinal das larvas d& aegypti, de forma
similar a proteina Cqgml de. quinquefasciatus, e foi detectada nas fases larvaria e
adulta. Duas proteinas paralogas também foram tddte e apresentam expressao

estagio-especifica na fase adulta;

A refratariedade dée. aegypti a toxina Bin parece ser decorrente da presenca de
diferencas entre as proteinas Aaml e Cgm1, quartoenAaml incapaz de interagir

com a toxina Bin;

As proteinas Cgml e Aaml possuem uma diferencaam&rcle glicosilagdes, visto
gue a Cgml ndo parece ser glicosilada e a Aamlseaqee glicanos inseridos na
cadeia polipeptidica. Uma analise preliminar dasogilagbes ndo foi conclusiva a

respeito da sua influéncia na capacidade de ligdg&@roteinas a toxina Bin;

A interacdo da Cgml com a toxina Bin depende daoocmacido nativa, nao
requerendo somente a sequéncia primaria de amilusacé as proteinas Cgmil e

Aaml apresentam diferencas no seu enovelamento;
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e) A Cgml e a Aaml apresentam sitios de N-glicosilacBsforilagdo preditos nas suas

sequéncias;

f) As proteinas Cgml e Aaml foram corretamente pradassno sistema de células
Sf9, pois a Cgm1l apresentou capacidade de liga¢éxira Bin, indicando o correto
enovelamento, e a Aaml apresenta glicosilacfesgasmdo que modificacbes pos-

traducionais foram inseridas corretamente;

g) A proteina Cgml, apesar de possuir sitios preditodN-glicosilacdo, ndo possui

glicanos inseridos na sua cadeia e a ligacado aadin ndo depende deste fator;

h) A proteina Aaml possui seis sitios preditos deogiiacdo e € glicosilada em pelo
menos quatro deles. A presenca destes carboidndimsparece ser a razédo desta

proteina ndo interagir com a toxina Bin;

i) O papel da glicosilagdo da proteina Aam1l aindaséatiecido e uma hipotese a ser
investigada seria sua influéncia na atividade itetal
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7 ARTIGO 2 - Non conserved residues between Cgml and Aaml mosggiucosidases
are critical for the capacity of Cqml to bind then@®y (Bin) toxin from Lysinibacillus

sphaericus

7.1 Apresentacéo e objetivos

Os resultados obtidos no artigo 1 revelaram quen-glicosidase Aaml é
abundantemente expressamiarovilli intestinal das larvas d&e. aegypti mas ndo possui
capacidade de ligacdo a toxina Bin, confirmand® ess&ento como base da refratariedade
dessa espécie a Lsp (FERREIRA et al., 2010). Qidtael®s complementares obtidos também
revelaram que as diferencas no padréo de glicésilagtre Cgm1 e Aam1l possivelmente ndo
estdo implicadas na diferenca de afinidade dagimad pela toxina Bin. Dessa forma, surgiu
a necessidade de investigar regides e aminoacé@osanservados entre Cgml e Aaml, com
0 objetivo de identificar o epitopo de ligacdo dgnm@ a toxina Bin e tentar elucidar a
refratariedade dae. aegypti.

A primeira parte desta secao consiste no artigoREHRA et al., (submetido), no qual
foi realizado um mapeamento de regifes e de amiasda proteina Cgml que poderiam
estar implicados na capacidade de interagdo coomximat Bin. Foram produzidas proteinas
guiméricas (Cgml1/Aaml) e Cgml mutantes, em pordcsedquéncia que diferem da Aaml,
para determinar os epitopos de ligacdo da Cgmgidad®in. A investigacao teve como base
a analise das sequéncias das proteinas, dadosbtdanalise das proteinas mutantes em
sitios de glicosilacdo, além da abordagem de mgeeiadas estruturas destas proteinas. Na
segunda parte desta secdo serdo apresentadosadesultomplementares relativos a
modelagem das proteinas Cgml e Aaml selvagens ant@sit na regido correspondente a
identificada como critica para a interagcdo da Cqratn a toxina Bin. Além disso, foi
realizada a modelagem da proteina Cgml com umaadelie 66 aminoacidos, assim como
ocorre para a proteina Cpgpllel que, devido a delecdo, ndo funciona como recets
toxina Bin. A modelagem destas proteinas poderiaefer informacées em relacdo as
estruturas das moléculas, bem como as diferen¢sterbes entre elas.

Esta secdo apresenta trés objetivos, sendo quaieis/os 1 e 2 se referem ao artigo
FERREIRA et al. (2014) e o objetivos 3 se refepadie complementar, que esta em fase de

preparacao. Os objetivos sé@o os seguintes:
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a) Delimitar regides da proteina Cgm1 responsavessipgtracdo da toxina Bin;

b) Identificar grupos especificos de aminoacidos quepdem os epitopos de

ligacdo a toxina Bin;

c) Realizar uma andlise de modelagersilico das proteinas Cgm1l e Aaml;
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ABSTRACT

The Binary (Bin) toxin from the entomopathogenicteaium Lysinibacillus sphaericus acts
on larvae of the culici€Culex quinquefasciatus through its binding to Cgm1, a midgut-bound
a-glucosidase. Specific binding by the BIinB subunitthe Cgm1 receptor is essential for
toxicity however the toxin is unable to bind to figm1 ortholog from the refractory species
Aedes aegypti (Aam1l). Here, to investigate the molecular basistlie interaction between
Cgm1l and BinB, recombinant Cqm1l and Aam1l were &rgressed as soluble forms in Sf9
cells. The two proteins were found to display tlaene glycosilation patterns and BinB
binding properties as the natiweglucosidases. Chimeric constructs were then géstera
through the exchange of reciprocal fragments betvwbhe correspondin@gml and Aaml
cDNAs. Subsequent expression and binding expersnatdgfined a Cgml segment
encompassing residues S129 and A312 as criticahéomteraction with BinB. Through site
directed mutagenesis experiments, replacing spexdfis of residues from Cgml with those
of Aaml, the;5¢GGie0 doublet was required for this interaction. Molesuinodeling mapped
these residues to an exposed loop within the Cgstiteture, compatible with a target site

for BinB and providing a possible explanation fisrlack of binding to Aam1.

Key words. Culex quinquefasciatus; Aedes aegypti; biolarvicides; orthologs; receptor; binding

sites.
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1. Introduction

The entomopathogenic bacteriubysinibacillus sphaericus is a commonly used
biolarvicide which exhibits high larvicidal actiyitagainst culicid mosquito species and has
been used worldwide to contr@ulex and Anopheles spp., major vectors of a number of
human pathogens (Lacey, 2007). The bacterium’s miagecticidal factor is the Binary (Bin)
toxin, composed by the BinB and BinA subunits, whis produced as a protoxin inside
crystals during the bacterial sporulati@aumann et al., 1988).. sphaericus mode of action
Is based on the ingestion of crystals by the aliliarvae, and subsequent midgut processing
of the BinA and B protoxins into active toxins whiact in synergy in order to perform their
larvicidal activity (Baumann et al., 1985; Broadinatd Baumann, 1987; Charles et al., 1997;
Nicolas et al., 1993). Once activated, the BinBusutspecifically binds to receptors located
on the surface of the midgut microvilli of larvaehile BinA is responsible for the toxicity to
these cells (Charles et al., 1997; Nicolas etl&93). The Bin activity again§ulex pipiens
larvae is correlated with the high affinity bindingf the BIinB subunit to specific
glycosylphosphatidylinositol (GPI) anchoredglucosidases, named Cpml and Cgml from
Culex pipiens andCulex quinquefasciatus, respectively (Darboux et al., 2001; Nielsen-Lerou
and Charles, 1992; Roméo et al., 2006; Silva-Fdhal., 1999). The availability of these
receptors is essential for Bin toxicity and mutasidound within theegml gene which disrupt
the integrity and/or location of the Cgml receptorthe midgut are behind the major
resistance events reported to date (Chalegre, &(l2; Darboux et al., 2007; Darboux et al.,
2002; Guo et al., 2013; Romao et al., 2006).

Currently, the molecular basis of the Bin-Cgm1 iatgion is only partially known. In
most studied cases the resistance alleles frorqging gene harbor mutations which prevent
the expression of the full-length, GPIl-anchored Ceeceptor. Mapping of these mutations
did not reveal specific regions within the recepttrch are responsible for its recognition by
the BinB subunit. In contrast, motifs within BinBsponsible for the binding interaction were
mapped to the N-terminus (N33 to L158) of this 448mnoacid long protein and specific
residuessiRFg7, 147QF149 (ROméo et al., 2011) and Y150 (Singkhamanan g@lL0) were
found to be essential for the binding. Identifyitige binding regions within Cgml is
nevertheless critical for understanding the seldgtof the Bin toxin towards culicid larvae.
Indeed, it has been observed that species with migllerate or lovin vivo susceptibility to
L. sphaericus, for instance, can express highly simidaglucosidases orthologs. @ pipiens
and C. quinquefasciatus, the most susceptible species, the Cgm1/Cpm1lipsoshare 97%
identity and both bind with high affinity to the Btoxin (Nielsen-Leroux and Charles, 1992;
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Silva-Filha et al., 2004; Silva-Filha et al., 2008hopheles gambiae larvae are moderately
susceptible, and the Cgm1/Cpm1 ortholog (Agm3)Ildigp67% identity and 78% similarity
to Cgml, and it was also characterized as a Bigptec in this species. The toxin binds to the
midgut of An. gambiae, but its affinity is lower than that seen fGr pipiens (Opota et al.,
2008; Silva-Filha et al., 1997Medes aegypti is taxonomically closer t€. pipiens thanAn.
gambiae, but is refractory td.. sphaericus. The lethal concentration of Bin toxin to this
species is between 100 and 1000-fold higher thainsiien foC. pipiens, and the Bin toxin is
unable to display significant specific binding tadgut microvilli proteins (Ferreira et al.,
2010; Nielsen-Leroux and Charles, 1992). Never#wlea Cgml1/Cpml ortholog, named
Aaml, was found irAe. aegypti larvae which displays 74% identity and 83% sinijato
Cgm1 (Ferreira et al., 2010).

The refractoriness ofe. aegypti to L. sphaericus was first investigated by Nielsen-
LeRoux & Charles (1992) which ruled out the crygtiacessing as the reason behind the lack
of susceptibility to this bacterium. Aam1 was disond to be abundantly expressed as a GPI-
anchored protein in the insect’s larval stage,visas unable to bind to Bin toxin, suggesting
that differences between the Cgm1/Cpml and Aanglucosidases could be important in
determining the species’ susceptibility to the Baxin (Ferreira et al., 2010). The current
work carried out a comparative analysis of Cgml akainl with the purpose of
characterizing the molecular basis for the diffét@nding affinities of the Bin toxin to these
two proteins. This approach led to the identificatiof critical residuesesponsible for the
binding of the Bin toxin to Cqgm1 which are absenti Aam1. The results generated provide
a framework which contributes to the understandihthe molecular basis of the Bin action

on culicid larvae.

2. Materials and methods

2.1. Mosquito colonies

Culex quinquefasciatus (CqSF) andAedes aegypti (RecL) colonies used in this study
were maintained in the insectarium of the DepartntérEntomology/Centro de Pesquisas
Aggeu Magalhdes-FIOCRUZ (CPqAM-FIOCRUZ) at 26 %1 70% relative humidity and
photoperiod of 12:12 h light/darkness. Larvae wesgt in tap water and fed with cat biscuits.
Adults were maintained on 10% sucrose solutiontardemales were also fed with chicken
blood.
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2.2. Plasmid constructs for heterologous expression in 9 cells

This investigation was performed based on reconmbipeoteins produced in the Sf9
insect cell line. The coding sequences for the Cgnd. Aamla-glucosidases were amplified
by PCR from cDNA, according to the procedure prasig described (Ferreira et al., 2010),
using specific primers fagml (forward: 5-CAGGGTACAO CTCCGGCCACCATGCGA-3
and reverse: 5-CAGTCTAGACAGCTGCCGACGAAACCGT-3) anchaml (forward: 5'-
CAGGGTACCAGTTCGGCTGCCGCCATGCGG-3 and reverse: 5'-
CAGTCTAGAGCAGCTGCCGATGAAGCTCT-3’). These primers containtrigsion sites
for theKpn | andXba | enzymes (underlined) that were used for clonimtg pIZT/V5-His™
vector (Invitrogen, Carlsbad, CA, USA). The forwasd primers annealed to regions
surrounding the proteins’ start codon, so as tcegdr wild-type N-terminal ends, but the
reverse 3’ primers were designed to anneal up $itipps 561 and 563 in Cgml and Aaml,
respectively, so as to remove from the cloned fegsi1the region encoding the GPIl-anchor
signaling sequence. Chimeric constructsgril andaaml were generated through the use of
reciprocal restriction sites within the two genelicl allowed the exchange of equivalent
DNA fragments between the corresponding expressionstructs. Naturally occurring
restriction sites were identified in tikgml gene in suitable positions and equivalent siteswer
introduced in theaaml gene with the QuickChange™ Il Site-Directed Mutsgms Kit
(Stratagene, La Jolla, CA, USA), according to threnafacturer’s instructions. Alternatively,
equivalent restriction sitawvere introduced into both genes. Restriction saeXho | andSac
| were then inserted intaaml, while aXba | site was introduced in bottgml and aaml
sequences. Nearly all the mutagenesis events Ieitetd mutations, with the exception of the
ones required for the creation of tKba | sites, which led to single residue substitutiohs
V443L and V447L in Cgml and Aaml, respectively.haligh both replaced an aliphatic
residue with another equivalent residue. The newdated sites then allowed cutting both
cloned genes as followXho | (cgml 384, Cgm1 H128aaml 381, Aam1 H127)Sac | (cgml
936, Cgm1l A312aaml 948, Aaml A316) anba | (cqml 1326, Cgm1l N442aaml 1338,
Aaml N446). The equivalent inserts from one geneewecovered and inserted in the
plasmid containing fragments from the second g&ite-directed mutagenesis was also used
to insert mutations in selected nucleotidesgml based on the existing differencesaaml
sequence. All recombinant proteins were expressedotuble proteins containing a six
histidine tag at their C-termini, encoded by th&TgV5-His™ vector.
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2.3. Transfection and protein expression

The plasmid constructs described above were intedlun Sf9 cells according to
instructions from InsectSelect™ Glow System Kit vitrogen) by a lipid mediated
transfection using the cellfectin™ Il reagent. €elVere maintained in Sf-900 II SFM™
medium (Gibco, Grand Island, NY, USA) until confhee, and each transfection was
performed using 5 pg of plasmid and 4% Cellfectilifitrogen) in 25-crh plates. Forty-
eight hours after this procedure, cell culturesensglected with Zeocin™ (150-300 pg/mL)
(Invitrogen) to obtain the recombinant cell lingSell culture media containing soluble

proteins was collected and analyzed, as describdteifollowing sections.

2.4 Preparation of Cgml and Aaml protein samples

Cgm1l and Aaml native proteins from brush border brame fractions (BBMF) of.
quinquefasciatus and Ae. aegypti larvae, respectively were obtained as previousiscdbed
(Silva-Filhaet al., 1997). Enrichment of the-glucosidase activity (EC 3.2.1.20) was used as
a marker for proteins from the apical cell membsaaad the activity in the samples was
evaluatedaccording to Ferreira et al. (2010). The respecswkible recombinant proteins
were obtained from the cell culture media sampled were used in pull-down assays.
Alternatively, recombinant proteins from the medieere purified using Ni-NTA resin
(Qiagen, Hilden, Germany) or were precipitated wiilchloroacetic acid at 10%. Protein
content was determined by the Bio-Rad protein &@sé@giorad, Hercules, CA, USA)
(Bradford, 1976) or based on a comparative gelyassiamg a standard curve of bovine serum

albumin. Samples were stored at -70° C until use.

2.5 SDS-PAGE and immunobloting

Protein samples were separated on 10% SDS-PAGHramsferred to nitrocellulose
Amershan™ Hybond™-ECLmembranes (GE Health Sciences, Freiburg, Germany).
Immunodetection was performed using SNAP idPtbtein Detection system (Millipore,
Billerica, MA, USA). Membranes were blocked in 5aMmTris-HCI/150 mM NaCl/0.1%
Tween 20 pH 7.6, containing 0.1% nonfat dry milkeTdetection of Cgqm1/Aaml proteins
was carried out through incubation with anti-Cgnniilzodies, affinity purified from a rabbit
polyclonal serum at a 1:1000 dilution, followedibgubation with the secondary serum, goat
anti-rabbit IgG antibodies conjugated to horsetagisroxidase at a 1:5000 dilution. The blots

were developed using the Lumin&faForte Western HRBubstratgMillipore). Molecular
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weights of the proteins were estimated using ttigvaoe L-PIX IMAGE EX 1.0.0 (Loccus
Biotecnologia, Cotia, SP, Brazil).

2.6 a-glucosidase assays

Protein samples were subjected tocaglucosidase activity (E.C. 3.2.1.20) assay by
incubating with 2 mM p-nitrophenyd-D-glucopyranosid€éSigma, St Louis, MO, USA) in
0.1 M sodium citrate-phosphate buffer pH 6.5 atC37Bamples were kept under the same
incubation conditions without the test protein, aveised as negative controls. Detection of
the a-glucosidase activity was also performed usingfmatisamples of recombinant Cqgml
(10 pg), previously incubated with Bin toxin (1 pfbr 2h at room temperature in a final
volume of 100 pl of PBS (2.1 mM NaPQOy,, 14 mM NaHPQ, 150 mM NaCl, pH 7.4).
Samples incubated under the same conditions wiBioutoxin, were used as controls.

2.7 Deglycosylation assays

Post-translational modifications predicted in thgn@ and Aaml sequences, in this
case glycosylation, were analyzed using NetNGIlgcahd NetOGlyc 3.0 to identify potential
putative N- and O-glycosylation sites, respectivélye presence of carbohydrates in the
proteins was analyzed through treatment with thaoglycosidase PNGase F (New England
Biolabs, Beverly, MA, USA), which is able to remogerange of oligosaccharides frdxa
linked glycoproteins. Samples of BBMF or Cgml/Aametombinant proteins (10-20q)
were incubated with PNGase F at 37°C for 1 h, iplidate, according to manufacturer’s
instructions. Samples incubated under the sameitcmmg] without the enzyme, were used as
untreated controls. All samples were subjectedD8-PAGE, immunoblotting and pull-down
assays, as described in sections 2.5 and 2.8dar ¢t evaluate protein deglycosylation and

the capacity of the Cgm1/Aam1l proteins to bind Baft@r this treatment.

2.8 Pull-down assays

These binding assays were performed as previowesdygribed (Roméo et al., 2006)
using recombinant BinB expressed Hscherichia coli fused to glutathione S-transferase
(BinB-GST). Briefly, cell culture media samples iehed with Cgm1 or Aam1 recombinant
proteins (20pg) were incubated with the recombinant BinB toxtnpg) immobilized on
glutathione-sepharose 4BGE Healthcare, Uppsala, Sweden) beadspy{PQBin-beads), for
2 h at 4C in BB3 buffer (100 mM KCI /1 mM MgGhb0 mM HEPES/0.2% Nonidet P-
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4000/5% glycerol), under agitation. Protein samplesubated with glutathione-S-transferase
immobilized on glutathione-sepharose beads (GSTd)emere used as negative control.
After the incubation, BinB- or GST-beads were atkel by centrifugation (1.50§ 2 min at
4°C) and washed three times with BB3 buffer. Samplere solubilized in Laemmli sample
buffer, boiled for 5 min, separated on 10% SDS-PAGEBd evaluated through

immunoblotting as described in section 2.5.

2.9 Protein modeling

The Cgml proteins here studied were structurallydeter by thel-TASSER (“Iterative
Threading Assembly Refinement”) tool, which candadined as an integrated platform for
automatized prediction of function and protein ctuve (Roy et al., 2010). The top template
used by this modeling tool wasMalL enzyme fromBacillus subtilis (PDB number: 4M8U;
resolution: 1.45 A), which has 51% of similarity ttee CqmZla-glucosidases analyzed by I-
TASSER in this study. I-TASSER calculates a confie score for the model and values
bigger than -1.5 can be considered an reliable madbl a correct fold according to the
parameters of this tool (Roy et al., 2010). In &ddi it calculates the RMSD (Root Mean
Square Deviation) that can be understood as theuneaf the average distance between the
atoms of superimposed proteins, in this case thmplege protein and the Cgm1l proteins.
RMSD can be used as model assessment measure odetswith RMSD lower than 1.5 A
are considered high-resolution models (Baker anig 3201). The confidence scores for the
models of the wild Cgml and the mutant MutPATGGG@HIE 1) were -0.30 and -0.23,
respectively The RMSD for these protein comparedit8U was 0.65 A and 0.63 A,
respectively. To visualize the models generated- BASSER, the UCSF Chimera software
(Pettersen et al., 2004) was used with two diffedingrams Ribbons and Atoms/Bonds.
After the modeling step, the models for mutant Cgondteins were compared against the

wild-type Cgm1 model.

3. Results

3.1. Expression of Cgmland Aamlin insect 9 cells
Cgm1l and Aam1l were expressed in Sf9 cells as sofubkeins secreted to the culture
media, since sequences encoding the GPI anchorreraieved and the last residue for Cqm1

and Aaml sequences is the alanine located at@usisic1l and 563, respectively (Fig. 1). The
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two proteins retained their-glucosidase activity, confirmed through the detectof the
enzyme activity present in samples purified frora tultures’ supernatant (Supplementary
Fig. 1), an indication of adequate processing amdirfg after secretion through the cellular
membranes. The recombinant Ni-NTA purified Aamltgiro displayed highes-glucosidase
activity than the respective sample of Cqgm1, amdattivity observed in BBMF from these
species showed the same pattern (Supplementary Fighe expression of the recombinant
proteins was also confirmed through immunoblottingh anti-Cgm1 antibodies, which
confirmed apparent molecular weights eb65- and =72-kDa for Cgml and Aaml,
respectively (Fig. 2). These sizes are compatibid Wwhose of the corresponding native
proteins, derived fronC. quinquefasciatus and Ae. aegypti midgut epithelium (BBMF),
taking into account the differences expected duth@opresence of the histidine-tag and the
absence of their extreme C-terminal ends, whichasnrthe GPI anchors.

3.2. Glycosylation and BinB binding properties of Cgml/Aaml

Recombinant Cgml and Aaml were tested to evaldatkey were subjected to
glycosilation events in the Sf9 cells, since nathaml, but not Cqml, has been previously
shown to be glycosylated (Ferreira et al., 201@thBproteins were then treated with the
endoglycosidase PNGase F prior to immunoblottind) @gm21 displayed a molecular weight
equivalent to the non treated sample, while Aandw&ll a reduction frore72- to 65- kDa.
The reduction in size detected for Aam1 confirnet this expressed as a glycosylated protein
whilst this does not seem to be the case for Caitliough this analysis is not conclusive for
Cgm1l (Fig. 2). These results are compatible witlatwhas seen for the native proteins from
the larvae BBMFand indicate that the differences in glycosylagéwents are due to changes
in the amino acid sequences of the two proteinsrarido differences in the glycosylation
apparatus of the two insect species. Inderdsilico analysis of glycosylation prediction
showed potential N-glycosylation sites for both AQgamd Aam1 respectively (Fig. 1), while
O-glycosylation sites were not detected in eithequence. Pull-down assays were then
carried out to investigate whether the Sf9 expiggeteins were able to bind the Bin toxin.
These assays used recombinant Bin toxin, expresdedcoli as a Glutathione-S-transferase
(GST) fusion protein, which has been previouslyvaindo bind native Cgm1 only. The two
ectopically expressed proteins kept the bindingufes of their native counterparts: Cgm1l
specifically bound to BinB-GST but no binding wastetted for Aam1 (Fig. 3).

As a first approach to investigate the reasonsther differences in BinB binding
between the Cgm1l and Aaml, the role of glycansv@BinB binding properties of these
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proteins was evaluated. Recombinant Cqm1l and Aamtkips were treated with PNGase
and then tested for their binding capacity to GSABEB but showed no differences when
compared to control samples which had not beerestdg to this treatment (data no shown).
To further rule out the possibility of glycans bgimvolved in the interaction between Cgm1l
and BinB, a highly predicted N-glycosilation siteofLT102) in Cgml, not conserved in

Aaml, was assessed by site-direct mutagenesismlitent MutNLT protein, where these

residues were replaced by those from the Aam1 segud LE), migrated with a size, similar

to the wild-type Cgml and its binding capacity toe tBin toxin was not affected

(Supplementary Fig. 2).

3.3 Mapping of the Cgml region involved in BinB binding

Taking advantage of the opposing binding propertesCgml and Aaml and to
broadly map within Cgm1 segments which could beuireq for the interaction with the
GST-Bin toxin, chimeric proteins were constructedtaining different portions of Cgm1 and
Aaml sequences (Fig. 4). These chimeras were nasiéallows: N1 (CqmilidAaml;g
563, C1 (Aamli_1o/Cgmlizg_s6), C2 (Aamli_s1dCamlizse) and C3 (AamilasdCamlyss-
561). The junction points of the chimeras were desilgaed introduced in segments identical
in the two proteins, so as to minimize the posisybdf introduction of potentially misfolded
segments. After expression in Sf9 cells, the chamevere tested through pull-down assays to
evaluate their ability to interact with BinB. A spic band corresponding to the C1 chimera
was immunodetected in the incubation with GST-Bwfdch did not bind to the GST protein
used as negative control (Fig 4). In contrast,heeitN1, nor C2 or C3 chimeras showed any
detectable binding to BinB. The only segment frogn@ which is present in C1 but is absent
from the N1, C2 and C3 chimeras is the one encosnmuasesidues S129 to A312, localized
to the N-terminal half of the protein. Despitehigh level of conservation between Cgm1 and
Aaml, with equivalent segments sharing 74% idergitg 83% similarity between the two
proteins (Fig. 1), this segment thsnimplicated in the specific interaction obseneEdween
Cgm1 and the BinB toxin.

Since two of four conserved motifs typical tbke a-amylase family, identified in the
Cgm1l sequence by silico analysis, are entirely located in the S129-A31ghent (Fig. 1),
a potential association between catalytic and Bnuihg activity within this segment was
investigated. On this purpose, thalucosidase activity of the wild-type recombin&gml
was tested after its incubation with Bin toxin asampared with the activity observed from

control samples in the absence of the Bin toxire dttivity detected for the Bin-bound Cgm1
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and Cgml control samples were similar suggestirag the Bin binding sites and the
conserved domains ofglucosidases might not be related (Supplementigy.y2y.

3.4 Fine mapping of BinB binding motifsin Cgml

The identification of the S129-A318gment from Cgml as being implicated in
mediating the specific binding to BinB facilitatdtke selection of specific residues within this
segment in Cgm1, non-conserved in the equivalemJAaegment, which could be involved
in this interaction. Selected residues from Cgmlreweeplaced, through site-directed
mutagenesis, with their Aam1 counterparts. A feet of eleven Cgm1 mutant proteins were
generated, containing between one and four resicystgced by their Aam1 equivalents, and
with all mapped to different positions within thelected segment (Table 1). From a total of
184 residues encompassing the S129-A312 segmented? not identical between the two
proteins (Fig. 1), and 26 of them were investigdtede.All proteins were expressed and
evaluated to test whether mutations in Cqm1 wo@dble to disrupt its binding ability to
BinB throughin vitro pull-down assays. Most of the mutant proteins yaeal maintained the
specific binding to BinB-GST observed for the wilgbe protein. The single exception was
the mutant Cgm1 MutPATGGG where the metPATGGGg0from Cgm1l was replaced by
AETGKL, the equivalent sequence in Aaml (residues umgerlare the ones which differ
between the two proteins) (Fig. 5). These residoesespond to a small but poorly conserved
spot between Cgm1l and Aam1 and this mutation inoted into Cgm1l led to the loss of its
ability to bind BinB. To better delimit the Cgmlsrdues involved in the interaction with
BinB, two other Cgm1 mutants were generated whigherethe;ssPA;560r 156GG;60 doublets
were replaced by their Aaml equivalents (AE or Késpectively). The resulting binding
assays showed that Cqgm1 containing i#3fA:s6 mutation maintained its ability to bind to
GST-BinB, whereas thgdGGigo mutant did not show detectable binding to BinBjrdéing
these as key residues involved in the Cgm1/BinBradtion (Fig. 5). It should be noted that,
apart from the indicated substitutions, the Aanmjusace also shows insertions immediately
before (45YVWHP149) and after {seD) the AETGKL motif, which are missing from Cgml1. It
is likely that in the wild-type Aam1, these inserts should also interfere with the capacity to
bind to the BinB toxin.

3.5 Evaluating further Cgm1 motifs potentially involved in the binding to BinB
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The approach used here to identify residues withan S129-A312 segment from
Cgm1l implicated in the binding to the BinB toxinesdonot rule out that other motifs localized
outside this segment might also be involved in thigraction. Indeed another segment
identified from Cpm1, which could be involved inethinteraction with BinB, is the one
missing from the Cpngb-del protein, a mutant previously implicated in the semmnce ofC.
pipiens to Bin toxin. This mutant is lacking 66 amino acitit®tween V393 and Q458, was
unable to bind to Bin toxin, despite its correadtion on the insect’s midgut epithelium by a
GPl-anchor (Darboux et al., 2007). Here, by commuathe V393-Q458 segment from Cgml
with its Aam1 counterpart, eight further mutatiomsre designed in order to evaluate the role
which any of those non conserved residues betwegnlCand Aamlmight have in the
interaction with BinB.The new Cgml mutan{§able 1) were expressed in Sf9 cells and
subjected to pull-down assays and all proteinsnethathe ability to bind BinB, indicating
that the residues targeted are not substantiaMplwed in the interaction with BinB.
Supplementary Fig. 2 shows the binding of two Caqmutants to BinB, representing all those
tested It seems plausible then that this segment doesardtin binding sites for BinB, but
its deletion, within the context of the Cpgaddelprotein, would prevent the correct folding of
the protein, as indicated by the modeling datarmlesd in the next section. Seven mutants in
residues from other Cgml regions were also evalu@fable 1), however, these mutant
proteins retained their capacity of binding to Bifdata not shown). Overall, 28 mutant
proteins replacing 58 non identical residues betwtbe Cgml and Aaml sequences were
investigated and only twgsdGGie0 doublet, were implicated in the interaction betw®&nB

and Cgm1.

3.6 Wild-type and mutant Cgm1 modeling

In order to support the results derived from thé¢agenesis experiments, and to better
understand the functional implications of the rasglidentified as relevant for the interaction
with BinB, modeling of the wild-type Cgm1 and thgr@l MutPATGGG mutant was carried
out. The predicted model for the wild-type Cgmltpnois composed of twelwehelices and
the same number @tsheets (Fig. 6). Within this model the mdfitPATGGG localizes to
an exposed loop positioned between theadd %' o-helices (Fig. 6) and compatible with a
toxin binding site. When an equivalent model wasegated using the mutant sequence,
where this motif was replaced by ABKL from the Aaml sequence, changes in

conformation were observed within this loop, whére modifications in the lateral side-
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chains of the residues are seen (Fig. 6). An atoonsls diagram representation of these same
structures, in two different views distinguished by 90°counter-clockwise turn
(Supplementary Fig. 3), highlights the S129-A31@nsent, the mutated residues and also the
V393-Q458 segment corresponding to the 66 delasidlues from the Cqgrad del mutant
described by Darboux et al. (2007). This represmmahows the modifications observed in
the loop containing the residues which are critfoathe Cgm21 binding to the Bin toxin, and
highlights its distance to the V393-Q458 segment.

4. Discussion

Previous attempts to perform this investigationpngigecombinant Cqgml and Aaml
expressed ift. coli or using the eukaryotic system based on the rabtiiulocyte lysate, led
to proteins which apparently were not correctlygessed and were not adequate for the
experiments proposed (data not shown). Using tige cgfls, however, both recombinant
proteins displayed properties similar to those st®nthe native proteins, in terms of
molecular weighta-glucosidase activity and capacity to bind the Bimin. The specific
glycosilation seen only for Aam1, equivalent tottbbserved for the native protein (Ferreira
et al., 2010), highlights the different propertasserved between these orthologs, and which
are solely derived from their amino acid sequentasgng in account the fact that both are
produced in the same expression system in paetjgriments. Our data confirm previous
studies that have successfully produced and ewaluhe functionality of these proteins using
the Sf9 cells expression system (Darboux et al072@arboux et al., 2002; Opota et al.,
2008). The lack of cell machinery to insert poansiational modifications and to promote the
proper folding are probable reasons for the failimend in alternative expression systems
(Altmann et al., 1999). The BIinB binding capacitisplayed by the recombinant Cgm1l
produced in Sf9 cells also ruled out the need foy accessory proteins which could be
required for this binding to occur within ti@alex midgut.

The comparative analysis of Cqml and Aaml revetilatl N-glycosylation, one of
the main post-translational modifications that uefices protein conformation and confers
thermal stability (Shental-Bechor and Levy, 200B),a remarkable difference existing
between these proteins (Ferreira et al., 2010). gdssibility that glycans inserted in Aam1
protein could hide or prevent the access of the tBkin to a conserved binding site was
previously considered, but the removal of carboltel from this protein by endoglycosidase
treatment did not change its non-binding statusjtasas shown using native proteins

(Ferreira et al., 2010) and the function of thigan@ost-translational modification targeting
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Aaml remain to be defined. N- and O-glycans foundaminopeptidases (APNs) from
lepidopteran were previously identified as the mgdsites for the CrylA toxins (Burton et
al., 1999; Gill et al., 1995; Jenkins et al., 2000rat-Fuentes and Adang, 2004; Knight et al.,
2004). The identification of putative N-glycosilani sites within the Cgm1 sequence, which
were absent from Aaml, raised the possibility thigtans could have a role within the
BinB/Cgm1l interaction, despite the lack of eviderfoe glycosylation of Cgml. This
possibility was also ruled out by both the treattn@nCgm21 with the glycosidase PNGaseF
and the site-directed mutagenesis targeting the hikety N-glycosylation site found only in
Cgm1l ¢oNLT104), since neither interfered in its capacity to btodhe Bin toxin. This is in
agreement with the study of Nielsen-LeRoux and [€ka1992) that showed the lack of
influence of sugars in the Bin toxin binding to ®BBMF from C. pipiens. The binding of the
mosquitocidal Cryl1Aa toxin to the APNs Aé. aegypti larvae is also glycan-independent
(Chen et al., 2009).

Preliminary evidence provided by us and others Isanggested that the BinB binding
motif was localized within the N-terminal region 6gm1 (Guo et al., 2013; Roméao et al.,
2006). These conclusions were, however, basedaami@nant proteins frori. coli, which
on a second assessment, displayed limitationsateiprfolding and in reproducibility of the
binding assays (Ferreira et al., 2010). Still, tise here of the system based on the Sf9 cells
for protein expression confirmed the localizatidntlois motif to within the protein’s N-
terminal half, and the requirement for the segnietiveen S129 and A312 for the binding to
occur. This segment displays several amino aciteréiices when the Cgml and Aaml
proteins are compared, despite the overall higkllef,conservation observed. Nevertheless,
the extensive site-directed mutagenesis carriedno@gm1 targeting the divergent positions
implicated only the;sdGGiep doublet in the interaction with BinB. It is posghthat the
replacement of two small aliphatic non-chargeddwss (GG) by a charged residue (K) and
an aliphatic residue with a distinct hydropathiofpe (L), both with long side-chains, might
create a physical blockage which prevented theimgndy BinB, even if those two residues
are not directly involved in the interaction. Théacalization within an exposed loop is
consistent with this being an important region timxin binding, especially considering that
loops anda-helices have been reported as regions commonlghiag in toxin-receptor
interactions, as recently reviewed (Bravo et aD13). Although only this one critical
mutation interfered with the BinB binding, it is w0 to notice that these amino acids are
located on a larger spot comprising other divergesidues, including the insertion of five

amino acids, which might further render Aaml inasgae to BinB. It is also possible that
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other residues, outside this region and not ingastd in this study, could be involved in the
binding.

This study confirms that the Cgm1 and Aaml orthsJdgom two closely related
mosquito species, display dramatically differenpamties to bind the Bin toxin likely
associated to the non-conserved loop describeldeirtetxt. A recent study demonstrated that
aminopeptidase isoforms from the lepidopte@sirinia nubilalis have different binding
capacities to the CrylAb and CrylFa toxins (Craval.e 2013), while APNs isoforms from
the different speciefBombyx mori andPlutella xylostella, seem to share a common binding
region for the CrylA toxins (Nakanishi et al., 2p02howing the differential roles assumed
by these molecules. In the casefef aegypti refractoriness to the Bin toxin, a previous study
has ruled out some factors that could be implicatedhis feature including the lack of
aamlgene transcription, low expression of Aaml in thielgut and lack of GPI-anchor
(Ferreira et al., 2010). Instead, the present studygests that at least the presence of the
158GG160 doublet of Cgm1, which is not conserved in Aansltaquired for binding the Bin
toxin and could explain the lack of activity of tBen toxin towardsAe. aegypti. To date, it is
still not clear if these critical residues from tldgml protein are needed for the loop
structure, making other residues that could digga#irticipate in binding more accessible, or
if they are binding sites themselves, which we @ersunlikely. Further studies based in the
evaluation of an Aaml protein modified in thoseidess will be important to better
understand their role for the binding activity.should also be taken in account that the
evaluation of Cgm1 binding in this study was basedjualitative assays and subtle effects
such as small reduction of binding could occur withbeing detected by this method. It is
important to mention that aside from the identifladding region, other residues might be
needed for the interaction between these prot&ungher studies are necessary to improve

our understanding of these interactions.
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Fig. 1. Amino acid sequence alignment of the Cgm1 and Aarmglucosidases fronCulex
quinquefasciatus (GenBank accessiomBc59609.) and Aedes aegypti (GenBank accession:
XP_001660909.1) performed with Clustal W. Amino dscithat are identical and those
defined as similar, are shown in black and grespeetively. Spaces were inserted within the
various sequences (dashes) to allow better alighméren necessary. Predicted glycosilation
sites (arrows), conservedglucosidases motifs (squares), the putative Bimglihg segment
129S-A312 (underlined) and the loop containing dess identified in the present work
involved in BinB binding (circle) are all indicate@he asterisk is shown just after the last
residue (A) kept in the Cgm1l and Aam1l recombinaatgins, since the sequences encoding
the GPI anchor were removed during the cloning gaaces for the purpose of producing
soluble polypeptides in SF9 cells.
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Fig. 2. Endoglycosidase treatment of Cgm1 and Aam1l recaambiproteins. Samples were
incubated with PNGase F at 37 °C and separated 086 $DS-PAGE, transferred to
nitrocellulosemembrane and subjected to immunodetection with @RrCgml antibody
which recognizes both proteins with the same @ficy. P. Protein load, without incubation.
C. Negative control, incubated at 37 °C without RN&F. T. Sample treated with PNGase F,
as described. The arrow highlights the decreaseolecular weight observed for Aam1l after

PNGase F treatment. MW. Molecular weight markeBak
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Fig. 3. Pull-down assay to evaluate the binding of the Caqmd Aam1 recombinant proteins
to BinB-GST. Samples were incubated with BinB-GST GST only (negative control)
immobilized on Glutathione-sepharose beads. Bountems were separated on 10% SDS-
PAGE, prior to blotting and immunodetection witte tAnti-Cqgm1 antibodyP. Protein load
equivalent to the amount incubated with the BIinBFG8 GST only samples. The arrow

shows the immunodetection of Cgm1 bound to BinB-GEW. Molecular weight markers
(kDa).
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Fig. 4. Pull-down assay to evaluate the binding of recombi chimeras of Cqm1l and Aam1
with BinB-GST. (A) Chimeras were formed consistinfy specific regions of the Cqml
(white) and Aaml (black) native proteins and thesravhamed N1, C1, C2 and C3. The
amino acid positions where the regions of eacheprovere joined are indicated by arrows
which highlight the last amino acid from each Nataral segment. (B) The Sf9 expressed
wild-type Cgml and the different chimeras were bated with recombinant BinB-GST or
GST only (negative control) immobilized on Glutathe-sepharose beads. Bound proteins
were submitted to immunodetection with the anti-Ggamtibody, as described before. The
asterisk indicates the BinB-GST band which cros&travith the polyclonal serum used for
the immunoblotting procedure that is observed imedinB lanes. MW. Molecular weight

markers (kDa).
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Fig. 5. Analysis of the interaction between different nmit&€gm21 proteins and BinB-GST,
evaluated through pull-down assay and immunoblgttMutant proteins in selected amino
acids (MutPATGGG, MutGG, MutPA) were incubated wiBinB-GST or GST only
(negative control) immobilized on Glutathione-seqise beads. Bound proteins were
submitted to immunodetection with the anti-Cgmlitsdy as described before. The arrows
show the imunodetection of Cgqm1 and Cgml MutPAgnobound to BinB. The asterisk
indicates the BinB-GST band which cross-react with polyclonal serum used for the
immunoblotting procedure that is observed in sonmeBBlanes. MW. Molecular weight

markers (kDa).
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Fig. 6. Predicted Cgm1 models using I-TASSER tool. Modélthe wild Cgm1 (A) and the
mutant Cqm1 MutPAGGG (B), are represented by ribbons diagram (lefthwaithighlighted
view of the specific residues mutated (right), loead to a single loop within the protein’s
structure.
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Supplementary Fig. 1 Detection ofa-glucosidase activity from samples of recombinant
Cgml (10 pg) and Aaml (5 pg) proteins. This agtivilas also determined from Cgm1l
samples which were pre-incubated with the BinaintgdCqm21-Bin). Equivalent protein
amounts of midgut brush border microvilli sampl&B§MF) from larvae were used as
controls.
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Supplementary Fig. 2 Analysis of the interaction between different emitCgm1 proteins
and BinB-GST, evaluated through pull-down assay mmehunoblotting. Wild-type Cgml
and mutant proteins mutated in selected amino gdd$sNLT, MutAMQDF, MutRY) were

incubated with BinB-GST or GST (negative controfpteins immobilized on Glutathione-

sepharose beads. Bound proteins were separatedO@n IDS-PAGE,

transferred to

nitrocellulosemembrane and submitted to immunodetection withatite Cgm1 antibodyP.
Protein load equivalent to the amount incubatedh whe BinB-GST or GST only samples.
The arrows show the imunodetection of Cgm1 andnallant proteins bound to BinB. MW.

Molecular weight markers (kDa).
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Supplementary Fig. 3.Predicted Cqgm1 models using I-TASSER tool, showatams/bonds
diagram. (A) Wild-type Cgml and (B) Mutant MutP&GG The models highlight the
155PATGGGis0and 156GGrgo residues (red), the S129-A312 segment (green)y 883-Q458
segment (yellow) and the protein’s C-terminus (p)p_eft and right panels of each protein
differ by a 90°counter-clockwise turn.
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Table 1
Cgm1l mutant proteins targeted by site-directed gertasis to replace the selected residues
(underlined) for those found in within the corresgimg sequence from its Aam1 ortholog.

Cgm1 region Cgm1 mutants Original residues Mutadstues
Glycosilation site  MutNLT 102NLT 104 TLE
129S-A312 MutVVRD 140VV RD143+ AERN
MutPE 144PEy45 ET
MutPATGGG 155PATGGGi60 AETGKL
MutPA 155PAis6 AE
MutGG 15d5Gie0 KL
MutNQA 17NQA;70* HEG
MutGEY 181GEY 183 QEF
MUtEQ 23E Q34 PE
MutGQ 244G Qoss SD
MutPDVYD 261PDVYD 262 EDVYK
MutQMDK 270QMDK 276 LMDT
MutS 3049 N
MutDRK 30lDRK30s NRT
327E-D372 MutE 327E 1
Mut A 35A S
MutSV 3609R V362 ERFE
MutLDRVD 36.DRVD37 ENRVE
393V-Q458 MutAMQDF Y AMQDF*® GMLDY
MutQFDN 40dQFDN4o06 TYDG
MutSS 218519 GT
MutTNTWLR 22T NTWLR433 ATTWK
MutRY 440RY 441 SL
MutKNP 448KNPgs50 NAE
MutT 453l H
MutQH 458QH459 RA
473E-E537 MuteYV 4738EY V75 DFL
MutKS 531KSs32 TL
Mutev 537E v

* Variation observed in thegml sequence of larvae from the CqSf colony, that wsed to
perform site-direct mutagenesis, compared to tliereece sequence (GenBank accession
ABC59609.).
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7.2 Resultados complementares ao artigo 2

Além dos dados obtidos no artigo 2, outras analrsg$ico foram realizadas, a fim de
complementar as informacgdes acerca da identificdedepitopos de ligacdo a toxina Bin no
receptor Cqml. Foi realizada uma analise do peefihidropatia dos aminoacidos da regido
nao conservada, que foi identificada como epitapdodina Bin. Além disso, foi realizada a
modelagem das proteinas Cgml, Aaml e suas resgEe@ioteinas mutantes, baseado nos
dados da identificacdo do epitopo na Cgml, parbaay@ossiveis alteracdes estruturais que

interfiram na afinidade a toxina Bin.

7.2.1 Andlise do perfil de hidropatia do epitopardq

O perfil de hidropatia de uma proteina leva em icemacdo caracteristicas como
hidrofilicidade e hidrofobicidade dos aminoacidase gcompdem as moléculas e permite
determinar a tendéncia destes aminoacidos na cpdigeptidica de interagirem com outras
moléculas. Cada aminoacido apresenta um valor ncongue corresponde ao seu indice
hidropatico e assim é possivel identificar regid@proteina que se encontram mais ou menos
expostas na estrutura (KYTE; DOOLITTLE, 1982). Admalmente, alguns estudos
demonstraram que existe uma complementaridade dditica entre sequéncias de alguns
ligantes e seus receptores bioldgicos (BOQUET. £1895).

A partir da identificacdo de uma regido pouco corada entre as proteinas Cgml e
Aaml, onde foi mapeado um epitopo de ligacdo an#&oxia Cqgml, foi realizada uma
comparacao dos perfis de hidropatia nesta regi¥@ @ DOOLITTLE, 1982). O perfil de
um grupo de 16 e 21 aminoacidos das proteinas Cgnikaml, respectivamente, esta
apresentado na figura 15. As regides adjacentepitapo estdo representadas, cada uma, por
um grupo de cinco aminoacidos altamente conservé&aoslestaque esta representado o spot
nao conservado e cujo indice hidropatico é disetepantre as proteinas, sobretudo os
residuos;ssPAsss € 15§GGrg0 da Cgml em relacdo aos residubEisqe 16KL163da Aaml.
Além disso, a sequéncia de Aaml esta ladeada medacéo de cinco aminoacidos que nao

ocorrem na proteina Cgm1, e que também contribse@padrao distinto observado.
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Figura 15 - Perfil hidropatico dos aminoacidos de um spot pamwservado (sublinhado) entre Cgm1 (azul) e
Aaml (rosa).

1,
TG ©[C

H

Fonte: Elaborada pela autora.

Nota: O retangulo delimita residuos ndo conservadosimsercdo de aminoacidos encontrados apenas na
sequéncia da Aaml. Camiddy VWRPPATGGGPPNNWWgs) e Aamil
(140Y VWHPGROQNAETGKLDPPNNWgg).

7.2.2 Modelagem das proteinas Cgml e Aaml

A partir dos dados obtidos no artigo 2, acerca dosnoacidos criticos para a
interacdo da Cgml com a toxina Bin, foi realizadaalelagem da proteina Cgm1l na sua
forma selvagem e mutante nos aminoacig@BATGGG g, identificados como essenciais
para a ligacdo. Também foi realizada a modelagemroi@ina Aaml selvagem, e de sua
variante mutante, na regido correspondente aopepitientificado na Cgm1. Além disso, foi
realizada a modelagem da proteina Cgm1l contenddtegdh de 66 aminoacidos encontrada
na proteina Cpngbdel, o que pode fornecer informacdes acerca daoooafdo e das
regides criticas para a interagdo com a toxina Bimealizacdo dessas analises permitiu
comparar as proteinas Cqml e Aaml, bem como asimastselvagens e mutantes e inferir
como 0s aminoacidos estdo organizados na confootergdaria da molécula. As analises de
modelagem foram realizadas pelo Dr. Antbnio M. Reee do Departamento de
Microbiologia do CPQAM, colaborador deste projeths proteinas foram modeladas
estruturalmente através da ferramenta I-TASSEdRaive Threading Assembly Refinement)
(ROY; KUCUKURAL; ZHANG, 2010) e visualizadas, comfoe descrito em FERREIRA et
al. (2014).
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Os dados de modelagem demonstraram que a protgind @utante (Figura 16, B)
quando comparada com a proteina selvagem (FiguraA)l6apresenta diferencas na
disposicdo dos aminoacidos na regido de alca amdenfidentificados os residuos criticos
para a ligacdo com a toxina Bin. Em destaque pedelsservada a grande divergéncia das
cadeias dos aminodcidesPAsss 156GGis0 daCgml em relacdo aos aminoacidos inseridos
156AE 156 1620KL163da Aam1l (Figura 16 A e B). Além disso, verificouegee na proteina Cqgml
mutante nos aminoacidesPAsss € 15dGGrs0, OCOrrem modificacdes em areas adjacentes que
apresentam aminoacidos divergentes entre Cqml & faigura 16, C e D). A regido de alca
da proteina Aaml, onde se encontra o0 moilBETGKL163 € bem divergente da Cgml
(Figura 17, A e C), entretanto, a modelagem daeprat Aaml mutante nessa regido,
contendo os aminoacidos da Cgm1, mostra uma redigsia divergéncia (Figura 17, B e D)
e uma disposicao de aminoacidos mais semelhante.

Uma avaliacdo dos sitios de glicosilacdo na Cqnrhodetrou que o Unico sitio
exclusivo se encontra em uma regido exposta dacmialéa proteina (Figura 18, A). Esta
modelagem mostra que 0s SitiegNHS; 29 € 410NRT412 possuem um impedimento fisico para
a insercao de glicosilacdes, enquanto que o8iith T104 €Sta em uma localizacao acessivel.
No entanto, mesmo que haja glicanos, a andlisealaipa mutante Cqm1_MutNLT exclui a
sua participacdo na ligacdo a toxina. A visualinadds seis sitios de glicosilacdo da Aaml
mostra que quatro estdo em regides expostas emdissinternamente na molécula (Figura
18, B). Esses dados estdo de acordo com as analisgo que demonstraram a presenca de
carboidratos nestes quatro sitios de glicosilagiédamnl, que a modelagem mostra estarem
expostos na proteina.

A modelagem da proteina Cgml modificada, com osr@fhoacidos deletados da
proteina Cpmgp.del, demonstrou que a regido de alca onde se eacomhotivo;sdGGieo,
sofre alteracbes, bem como que a regido S129-Api&senta uma disposicdo diferente,
apesar da delecao nao ser nesse trecho (Figural)9 Mo entanto, essas mudancas podem
ser decorrentes do desenovelamento da proteina, alaggbtrda de um numero elevado de

aminoacidos.
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Figura 16 - Modelagem das proteinas Cgm1 selvagem (A, C) amteino sitigssPATGGGg, substituido
pelos aminoacidos da AamEAETGKL 163 (B, D).

Fonte: Elaborada pela autara

Nota: A e B. Representagdo ampliada da disposicdo dosoamidos na regido critica da Cqgml. C e D.
Representacdo da regido S129-A312 (verde) e domoanidos;ssPATGGGyg, (C) e 1ssAETGKL 163 (D)
(vermelho). Seta larga. Regido adjacente alterait mpodificacdo no sitigssPATGGGge A modelagem foi
realizada através da ferramenta I-TASSER e visa@dizom o programa UCSF Chimera 1.8.1.
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Figura 17 - Modelagem das proteinas Aaml selvagem (A, C) eam®itno sitio;s,GRQNAETGKLD;g,,
substituido pelos aminoéacidos da CqmiPATGGG;) (B, D).

Fonte: Elaborada pela autara

Nota: A e B. Representacdo ampliada da disposi¢do dasanidos na regiéo correspondente aos aminoacidos
criticos da Cgml. C e D. Representagdo da regiad-8312 (verde) e dos aminoacidgsAETGKL 63 (C) €
1sPATGGG4o(D) (vermelho). A modelagem foi realizada atravadatramenta I-TASSER e visualizada com o
programa UCSF Chimera 1.8.1.
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Figura 18 - Modelagem das proteinas Cqml e Aaml selvagensesentacdo dos sitios de glicosilacéo.

B

Fonte: Elaborada pela autara

Nota: A. Sitios de glicosilacdo da CqmNLT 104 (rosa); sitios;,/NHS 29 € 410NRT41- (verde). B. Sitios de
gliCOSilaQaO da AamlpNHS 28 310NRT 312, 43INAT 433 € 533N STs35 (rosa); Siti0§2d\lHS128 21 NRT 415 (Verde). A
modelagem foi realizada através da ferramenta IS e visualizada com o programa UCSF Chimera.1.8.1
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Figura 19 - Modelagem das proteinas Cqml selvagem (A, C)tarmteicom a regido V393-Q458 deletada,
semelhante a proteina Cpgpatlel (B e D).

Fonte: Elaborada pela autara

Nota: A e B. Representacao ampliada da disposicdo dasanidos na regido correspondente aos aminoacidos
criticos da Cgml. C e D. Representacdo da regi®#9-8312 (verde) e dos aminoacidesPATGGGeo
(vermelho). A modelagem foi realizada através deafeenta I-TASSER e visualizada com o programa UCSF
Chimera 1.8.1.



Modo de ac¢éo do biolarvicida... FERREIRA, L. M 107

7.3Sumario artigo 2 e resultados complementares
a) A interacdo da Cgml com a toxina Bin € independéatglicanos;

b) O sitio de ligacdo a toxina Bin e os sitios catalf da proteina Cgml ndo estdo
relacionados;

c) Um sitio de ligacdo da toxina Bin no receptor Cdoildentificado em uma regido de
alca da porcdo N-terminal da proteina e os resigg8&160S80 criticos para a ligagdo
com a toxina Bin;

d) O epitopo identificado em Cgml caracteriza-se por aonjunto de residuos nao
conservados, perfil hidropético divergente e auséthe residuos em relacdo a Aaml.
Este conjunto de caracteristicas podem ser osndegantes para a capacidade de

ligacdo destas moléculas a toxina Bin;

e) E possivel que outras regides e residuos de Cojarh seecessarios para a interacéo

com a toxina Bin, além deste epitopo;
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8 ARTIGO 3 - Bacterial larvicides for vector control: mode oftian of toxins and

implications for resistance

8.1 Apresentacéao

Esta secdo consiste em um artigo de revisdo, quelalbima analise comparativa do
modo de acdo das toxinas dos biolarvicidgsnibacillus sphaericus e Bacillus thuringiensis
israelensis em larvas de culicideos. Este artigo ndo conté&ulteelos experimentais deste
projeto e foi produzido no ambito de uma discipld@ Doutorado em Saude Publica, que

tinha como produto final um artigo de reviséo.
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Vector control can be an effective strategy to interrupt disease transmission and
biolarvicides based on the entomopathogenic bacteria Bacillus sphaericus, and
Bacillus thuringiensis serovar israelensis (Bti) have been successfully used to
control species of public health relevance from the genera Aedes, Culex, Anopheles
and Simulium. The most important feature of these agents is their ability to
produce insecticidal proteins with selective action on the larval midgut. These
protoxins are produced as crystals that, once ingested by larvae, are processed
into active toxins, interact with receptors in the midgut epithelium and trigger
cytopathological effects leading to larval death. B. sphaericus and Bti toxins share
the initial steps of the mode of action; however, they interact with different
midgut molecules. B. sphaericus presents a single larvicidal factor, the binary (Bin)
toxin, whose action relies on the binding to one class of midgut receptors, while
Bti crystals contain four protoxins (Cry4Aa, Cry4Ba, CryllAa and CytlAa),
which display interactions with multiple midgut receptors. The mode of action of
B. sphaericus displays a greater potential for resistance selection, compared to Bti,
and, to date, there is no record of insect resistance to the latter, contrarily to B.
sphaericus. The set of mosquitocidal toxins and their interaction with midgut
target sites are described in this review, as well as the implications for the potential
to select resistance amongst exposed populations. These biolarvicides have
specific mode of action that rely on unique interactions and make them the
most selective agents to control Diptera insects actually available.

Keywords: biolarvides; vectors; Bacillus sphaericus; Bti; mode of action; resis-
tance

Introduction

Vector borne diseases still represent an important burden in public health
corresponding to around 17% of infectious diseases affecting the world population
(Townson et al., 2005). Diseases transmitted by vectors are under expansion, such as
dengue, which is the most important re-emerging arbovirus in tropical and
subtropical countries (Guzman et al., 2010; Kyle & Harris, 2008). Vector control is
an effective tool for breaking the cycle of pathogen transmission to humans;
however, biological features of Culicidae such as reproductive rate, short life cycle
and high capacity to colonise temporary habitats make reduction of the population
density a difficult task. In order to overcome these factors, mosquito control

*Corresponding author. Email: mhneves@cpqam.fiocruz.br

© 2013 Taylor & Francis
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programmes have adopted the integrated use of environmentally safe strategies to
achieve sustainable impact on mosquito populations. The use of biolarvicides based
on entomopathogenic bacteria can be an effective tool in such programmes because
of their selective insecticidal action to some Diptera species.

Bacillus sphaericus and Bacillus thuringiensis serovar israelensis (Bti) have been
successfully used for controlling mosquitoes and black flies worldwide, as reviewed
by Lacey (2007). Both are Gram-positive and cosmopolitan bacteria occurring in soil
and aquatic environments, and they are characterised by the production of protein
crystals containing protoxins with high and selective action against larvae from some
species of Aedes, Anopheles, Culex and Simulium (Lacey, 2007). Their mode of action
comprises a set of sequential steps which start with the ingestion of crystals by larvae
in the aquatic environment, crystal solubilisation, release of protoxins in the alkaline
pH from the intestinal lumen, followed by their activation into toxins by serine
proteases. Toxins interact with specific receptors in midgut epithelium cells and
trigger cytopathological changes which are followed by larval death (Charles, 1987;
Charles & de Barjac, 1983). The main feature that confers the selectivity displayed by
these agents is the capacity of their insecticidal proteins to recognise and interact
with receptors located in the larval midgut. Early studies have demonstrated that
specific binding of toxins to receptors is a sine qua non condition for the larvicidal
activity of entomopathogenic bacteria (Nielsen-Leroux & Charles, 1992; Van Rie,
Jansens, Hofte, Degheele, & Van Mellaert, 1990). The set of toxins produced by
Bacillus sphaericus and Bti, as well as the midgut molecules which act as their
receptors, play essential roles in their selective mode of action.

The mosquitocidal property of B. sphaericus was first identified in Culiseta
incidens larvae (Kellen et al., 1965); however, the strain involved had low larvicidal
activity. The discovery of high-toxicity strains, isolated in the 1980s, including 1593
identified in Indonesia, 2297 from Sri Lanka, 2362 from Nigeria and C3-41 from
China, led to the large-scale production of B. sphaericus-based larvicides (Singer,
1977; Weiser, 1984; Wickremesingue & Mendis, 1980; Yuan, Zhang, & Liu, 2000).
These strains are characterised by the production of parasporal crystals which
contain binary (Bin) protoxins (Charles, Nielsen-LeRoux, & Delecluse, 1996). After
larval ingestion and midgut processing, the active Bin toxins exhibit high larvicidal
activity against some species of Culicidae, through their specific binding to a single
class of midgut receptors (Davidson, 1988, 1989; Nielsen-Leroux & Charles, 1992).

Bti was isolated from cadavers of Culex larvae in Israel in 1977, serotyped as H14
strain, and its insecticidal properties to Diptera larvae were subsequently char-
acterised (de Barjac, 1978; Goldberg & Margalit, 1978). Soon after its discovery, Bti
was introduced in 1982 for large-scale field application, in the Onchocerciasis
Control Program to fight Simulium vectors responsible for the transmission of river
blindness in many West African countries (Guillet, Kurtak, Phillipon, & Meyer,
1990; Hougard & Seketeli, 1998). Since the 1980s, it has been adopted for controlling
Simuliidae and Culicidae larvae worldwide. Bti products have been based on strains
that produce four major toxins, three from the three-domain crystal toxins
(CryllAa, Cry4Aa, Cry4Ba) and one cytolytical toxin (CytlAa) (Berry et al.,
2002; Thomas & Ellar, 1983). These toxins act in synergy and bind to multiple
receptors in order to provide maximum toxicity (Likitvivatanavong et al., 2011;
Soberdn, Fernandez, Pérez, Gill, & Bravo, 2007).
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In this article the current knowledge about the interaction of these insecticidal
toxins with midgut receptors from mosquito larvae is summarised, and it considers
the peculiarities of the mode of action of these biolarvicides and the implications for
the selection of resistance.

Bacillus sphaericus

Biolarvicides based on this bacterium have been successfully used worldwide and
their major targets are species within Culex and Anopheles (Barbazan et al., 1997;
Kumar, Sharma, Sumodan, Thavaselvam, & Kamat, 1994; Lacey, Heitzman, Meisch,
& Billodeaux, 1986; Mulla et al., 2001; Regis et al., 1995; Skovmand et al., 2009;
Skovmand & Sanogo, 1999; Yuan et al., 2000). Because of its potential for mosquito
control, many isolates have been characterized, and these can be grouped into
serotypes based on differences in flagellar antigen epitopes H. Five groups (I-V)
based on DNA homologies were identified, and nine serotypes of IIA group
correspond to the strains with larvicidal activity (Alexander & Priest, 1990). Among
these, the most important are the H5a5b that comprise 1593, 2362 and C3-41 strains,
often employed for biolarvicide production. One of the major advantages of B.
sphaericus 1is its persistence under field conditions, providing efficient control of
Culex pipiens species whose oviposition sites are often characterised by water
enriched in organic matter (Karch & Charles, 1987; Nicolas, Darriet, & Hougard,
1987). The B. sphaericus mode of action can favour the selection of resistance, if
continuously used without the introduction of other agents with a different mode of
action.

Insecticidal toxins

Three classes of toxins with mosquitocidal activity for Diptera have been identified in
B. sphaericus: the binary (Bin) toxin, the mosquitocidal toxins (Mtx’s) and a second
binary toxin formed by Cry48Aa/Cry49Aa components. These toxins are charac-
terised by their specific and narrow spectrum of action against some culicine larvae.
The Bin toxin is the first and major insecticidal factor identified to date, and its
features are described in the following section. Another class of insecticidal toxin, the
sphaericolysin (53 kDa), was recently identified in a strain lacking the known
mosquitocidal toxins (Nishiwaki, Nakashima, Ishida, Kawamura, & Matsuda, 2007).
This is a haemolytic toxin with pore-forming action and is able to show high toxicity
when injected in Blatella germanica and Spodoptera litura. The properties of B.
sphaericus as an entomopathogen were recently reviewed by Berry (2012).

Mtx’s are produced during the bacterial vegetative phase and are classified as
Mtx1 (100 kDa), Mtx2 (31 kDa) and Mtx3 (35 kDa) (Liu, Porter, Wee, & Thanabalu,
1996; Thanabalu, Hindley, Jackson-Yap, & Berry, 1991; Thanabalu & Porter, 1996).
The Mtx1 shares sequence homology with other bacterial ADP-ribosyltransferases,
and it has been the most studied. When processed by proteases from larval midgut, it
will produce fragments of 27 and 70 kDa (Thanabalu, Hindley, & Berry, 1992),
whose mechanism of action and binding to midgut receptors have not been
elucidated yet. Previous studies have demonstrated that Mtx1 and Mtx2 are active
against Cx. quinquefasciatus larvae which are resistant to Bin toxin indicating that
these toxins do not share the same target sites in the larvae (Wei, Cai, Cai, & Yuan,
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2007; Wirth, Yang, Walton, Federici, & Berry, 2007). Besides, Mtx1 and Mtx2 can
improve the action of Bti toxins indicating synergistic interaction among some toxins
(Wirth et al., 2007). In the native strains, the Mtx’s toxins do not provide an
important contribution to the larvicidal activity of sporulated cultures, since they are
secreted in the vegetative phase and are likely to be degraded by proteases (Charles et
al., 1996; Thanabalu et al., 1991). When Mtx toxins are expressed as recombinant
proteins in Escherichia coli and other bacterial hosts, they can display high toxicity
against some Diptera larvae indicating the biotechnological potential for the
development of future biolarvides (Thanabalu, Hindley, Brenner, Oci, & Berry,
1992).

A second binary toxin formed by the Cry48Aa (135 kDa) and Cry49Aa (49 kDa)
components, produced as small crystalline inclusions during sporulation, was
identified in the TABS59 strain, and this is the only report of Cry-type toxins
produced by B. sphaericus (Jones et al., 2007). Cry48Aa and Cry49Aa were classified
as binary toxins since their optimal toxicity is achieved when both components,
produced as recombinant and purified proteins, were administered at equimolar
concentrations to Cx. quinquefasciatus larvae. Under these conditions, Cry48Aa/
Cry49Aa presented an activity level comparable to the Bin toxin, while in the native
strain TAB59 the expression of these proteins is characterised by a low level of
accumulation of Cry48Aa; thus, high toxicity cannot be achieved. Studies using the
respective recombinant purified proteins showed that the Cry48Aa/Cry49Aa has a
narrow spectrum of action since bioassays failed to demonstrate susceptibility of
other culicine species like Aedes aegypti and Anopheles gambiae, and toxicity
remained restricted to Culex spp larvae (Jones, Wirth, Monnerat, & Berry, 2008).
Screening of insecticidal activity towards agricultural pests as Spodoptera frugiperda
and Anthonomus grandis were also unfruitful. Investigation of the mode of action
performed in Cx. quinquefasciatus larvae showed that the toxin requires midgut
proteolytic processing to the active form and seems to interact with a class of target
sites that are probably different from those identified for the Bin toxin, since
Cry48Aa/Cry49Aa displays toxicity against B. sphaericus-resistant larvae lacking
midgut receptors for the Bin toxin (de Melo et al., 2009; Jones et al., 2007). Similar
cytopathological effects were recorded in midgut epithelial cells of susceptible and
Bin-resistant larvae intoxicated with Cry48Aa/Cry49Aa, confirming the lack of
cross-resistance of these toxins (de Melo et al., 2009).

It is worth noting that this new Bin toxin shows a unique composition of the
Cry48Aa which is a typical three-domain Cry toxin while Cry49Aa is a Bin-like toxin
as Cry35A, Cry36A and the Bin toxin itself (Jones et al., 2007). The mode of action
of Cry48Aa/Cry49Aa is still unknown, but the cytopathological effects observed in
midgut epithelial suggested a combined action of Cry-like and Bin-like toxins, since
they were similar to those observed when larvae were experimentally exposed to a
synergistic mixture of CryllAa and Bin toxins (de Melo et al., 2009).

Bin toxin

The crystals containing the Bin toxin are the active principle of the commercial
products based on this bacterium, and its larvicidal activity has been reported for
Culex, Anopheles, Aedes, Ochlerotatus, Psorophora and Mansonia larvae. Species
from the Culex pipiens complex are considered the most susceptible group,
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anophelines as Anopheles gambiae, Anopheles stephensi and Anopheles sinensis can
also be efficiently controlled by B. sphaericus, while significant variations on the
susceptibility are found amongst Aedes spp. (Charles et al., 1996; Lacey, 2007). Aedes
atropalpus, Aedes nigromaculatis and Aedes vexans are susceptible while Aedes
aegypti is considered refractory to Bin toxin, since the lethal concentration for this
species is around 100 times higher than that for Cx. pipiens larvae (Berry et al., 1993;
Nielsen-Leroux & Charles, 1992).

Bin protoxin is produced inside large crystalline inclusions during bacterial
sporulation and is an heterodimer composed of two polypeptides BinA (42 kDa) and
BinB (51 kDa) whose optimal activity is only achieved when both components are
present, which characterises its binary nature (Broadwell, Clark, Baumann, &
Baumann, 1990; Charles, Silva-Filha, Nielsen-LeRoux, Humphreys, & Berry, 1997;
Nicolas, Nielsen-Leroux, Charles, & Delécluse, 1993). Genes encoding the subunits
are located on the bacterial chromosome, and sequence alignment of BinA and Bin
displays 25% identity and 40% similarity while they do not present similarity to any
Cry toxins from Bacillus thuringiensis (Charles et al., 1996). Sequences of both
subunits are highly conserved, and variations of few amino acids found amongst
them were used to classify four major types of Bin toxins which are: Binl (IAB59 and
1593 strains), Bin2 (2362 strain), Bin3 (2297 strain) and Bin4 (LPI1-G strain)
(Humphreys & Berry, 1998). A single substitution of an alanine by a serine at
position 93 of the BinA4 sub-unit is the most important variation since it was found
to be the reason behind the low toxicity displayed by the strain LP1-G (Yuan et al.,
2001). Binl and Bin2 are the Bin toxins produced by the strains used for industrial
production, and studies on mode of action of these specific toxins show that they
display comparable larvicidal activity and capacity to bind to midgut receptors
(Silva-Filha et al., 2004).

As described, Bin toxin action depends on equimolar amounts of each sub-unit in
order to achieve the maximum level of toxicity. In this purpose, BinA and BinB are
cleaved by serine proteases into active polypeptides of 39 and 43 kDa, respectively,
and these are able to bind to each other as well as to the midgut receptors, through
specific regions (Baumann et al., 1985; Broadwell & Baumann, 1987). The three-
dimensional structure of Bin is not available yet, and this toxin is not related to any
other whose structure has been solved. Analysis of the secondary structure, based on
circular dichroism, has indicated that Bin sub-units have mainly B-structure
(Boonserm et al., 2006; Hire, Hadapad, Dongre, & Kumar, 2009; Srisucharitpanit,
Inchana, Rungrod, Promdonkoy, & Boonserm, 2012). Investigation of functional
domains has shown that BinB recognises and binds to the midgut receptors,
determining the specificity of the toxin, while BinA plays a role in cell toxicity
(Charles et al., 1997; Nicolas et al., 1993). BinB binds to the Cqml receptors from
Cx. quinquefasciatus through its N-terminal in a region mapped between amino acids
33 and 158, and two binding motifs, 85IRF87 and 147FQF149, were found to be
critical for this interaction (Romao, de-Melo-Neto, & Silva-Filha, 2011). The C-
terminal of BinB contains regions which are needed for the interaction with BinA,
although it has been claimed that residues from the N-terminal could also be
required (Elangovan, Shanmugavelu, Rajamohan, Dean, & Jayaraman 2000; Oei,
Hindley, & Berry, 1990; Shanmugavelu et al., 1998). BinA is responsible for the toxic
action to midgut cells, whose optimal action requires the presence of BinB to
recognise and bind to the midgut receptors (Charles et al., 1997). The functional
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domains of BinA have been characterized, and toxicity seems to be associated to the
C-terminal region while, similarly to BinB, both N- and C-termini seem to be
involved in BinA—BinB interaction (Elangovan et al., 2000; Limpanawat, Promdon-
koy, & Boonserm, 2009; Oei, Hindley, & Berry, 1992; Sanitt, Promdonkoy, &
Boonserm, 2008). Undergoing studies to reveal the structure of this toxin will
certainly bring new insights to the understanding of its functional domains
(Srisucharitpanit et al., 2013).

Midgut cells from larvae treated with Bin toxin show cytopathological effects,
and the most prominent include microvilli damage, mitochondrial swelling,
reticulum fragmentation and an intense cytoplasmatic vacuolation (Charles, 1987;
de Melo, Vasconcelos, Furtado, Peixoto, & Silva-Filha, 2008; Silva Filha & Peixoto,
2003; Singh & Gill, 1988). Recent studies have shown that after Bin binds to its
Cgml receptor in Cx. pipiens midgut, the toxin—receptor complex is internalised by
endocytosis and the intense vacuolation observed in treated cells is a transient step
towards a process of cell autophagy in response to the intoxication (Opota et al.,
2011). These are important insights in the mode of action of Bin toxin, although the
complete mechanism underlying larval death has not yet been fully elucidated.

Receptors of the Bin toxin

B. sphaericus action relies on the binding of Bin toxin, through the BinB sub-unit, to
a single class of specific receptors present in midgut cells of susceptible larvae
(Nielsen-Leroux & Charles, 1992). Bin toxin binding to midgut microvilli fractions
has been demonstrated in Cx. pipiens, Cx. quinquefasciatus, An. stephensi and An.
gambiae (Nielsen-Leroux & Charles, 1992; Silva-Filha, Nielsen-Leroux, & Charles,
1997). In Cx. pipiens larvae, Bin toxin shows regionalised binding to gastric caeca
and posterior stomach, while in Anopheles, the binding showed a weaker distribution
along the entire midgut (Davidson, 1988, 1989). The binding affinity to receptors,
represented by the dissociation constant (Ky) of the toxin—receptor complex, seems
to be directly correlated with larval susceptibility. Therefore, in larvae of Cx. pipiens,
Bin binds with high affinity to a single class of receptors (K4 ~10-20 nM) while
affinity is lower in Anopheles species, which are less susceptible to B. sphaericus
(Nielsen-Leroux & Charles, 1992; Nielsen-Leroux et al., 2002; Silva-Filha et al.,
1997; Silva-Filha et al., 2004; Silva-Filha et al., 2008). In Ae. aegypti, a naturally
refractory species, the level of specific binding to midgut receptors is very low
(Nielsen-Leroux & Charles, 1992).

Bin toxin receptors in Cx. pipiens, Cx. quinquefasciatus and An. gambiae are
ortholog a-glucosidases (EC 3.2.1.20) of around 60 kDa, bound to the apical
membrane of epithelial cells by a glycosyl-phosphatidylinositol (GPI) anchor
(Darboux, Nielsen-LeRoux, Charles, & Pauron, 2001; Opota, Charles, Warot,
Pauron, & Darboux, 2008; Silva-Filha, Nielsen-LeRoux, & Charles, 1999). These
proteins named ‘Cx. pipiens maltase 1’ (Cpml), ‘Cx. quinquefasciatus maltase 1°
(Cqml) and An. gambiae maltase 3’ (Agm3) (Table 1) share a high degree of
conservation. Cpm1 and Cqm1 display 97% identity while the level in other dipteran
orthologs is 74%, 66% and 65% for Ae. aegypti, An. gambiae and Drosophila
melanogaster, respectively (Ferreira, Romao, de-Melo-Neto, & Silva-Filha, 2010;
Romdo et al., 2006). These are conserved molecules that play a major physiological
role in carbohydrate digestion, being responsible for hydrolysis of the a-1-4 links
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Table 1. Receptors of Bacillus sphaericus (Bsp) and Bacillus thuringiensis serovar israelensis
(Bti) toxins characterised in the midgut of Culicidae larvae.

Receptor
Agent Toxin Class Mass (kDa) Species References
Bsp Bin GLU (Cpml) 61 Culex pipiens Silva-Filha et al. (1999),
Darboux et al. (2001)
GLU (Cqml) 61 Culex Romaio et al. (2006)
quinquefasciatus
GLU (Agm3) 61 Anopheles Opota et al. (2008)
gambiae
Bti Cryll1Aa CADR 250 Aedes aegypti Chen et al. (2009a)
(AaeCad)
ALP (ALP1) 65 Aedes aegypti Fernandez et al. (2005,
2006, 2009)
APN 140 Aedes aegypti Chen et al. (2009b)
(AaeAPNI1)
APN 95 Aedes aegypti Chen et al. (2009b)
(AaeAPN2)
AMY 70 Anopheles Fernandez-Luna et al.
albimanus (2010)
Bti Cry4dBa CAD 200 Anopheles Hua et al. (2008)
(AgCadl) gambiae
ALP (ALP1) 65 Aedes aegypti Deckklar et al. (2011)
APN - Aedes aegypti Bayyareddy et al. (2009),
Saengwiman et al. (2011)
AMY 70 Anopheles Fernandez-Luna et al.
(Aamyl) albimanus (2010)

Note: GLU, a-glucosidase; CADR, cadherin; ALP, alkaline phosphatase; APN, aminopeptidase; AMY, a-
amylase.

between glucose residues (Krasikov, Karelov, & Firsov, 2001). Previous work has
shown that Ae. aegypti larvae produce the Aaml a-glucosidase with 80% similarity
to Cqml and is expressed as a midgut GPI-anchored protein, in a similar fashion as
Cqml from Cx. quinquefasciatus (Ferreira et al., 2010). Binding assays between Bin
toxin and midgut microvilli fraction enriched with Aaml molecules confirmed the
lack of specific receptors in Ae. aegypti larvae. Differences in these ortholog
sequences seem to be determinant for their ability to bind to the Bin toxin and
glycosylation is an important post-translational modification found between proteins
since Cqml (~61 kDa) does not seem to be glycosylated, while Aaml has an
increased molecular mass ( ~73 kDa) as a result of the presence of carbohydrates
associated to this protein. The removal of glycosylations from Aam1 did not change
its low capacity of binding to Bin toxin, and the role played by these glycans remains
to be investigated, as well as other differences in their primary sequence and folding
(Ferreira et al., 2010).

Regardless of the primordial role of Cqml in carbohydrate digestion, some
features of this protein are critical in order to fulfil its ‘secondary’ function as the
receptor for the Bin toxin. Firstly, Cqm1 molecules have to be located on the surface
of the midgut epithelium, a condition that is assured by the presence of C-terminal
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signalling sequences for the GPI anchor (Darboux et al., 2002). The conformational
state of Cqml1 is also an essential condition since denatured Cqm1 samples failed to
bind to Bin toxin, contrasting with some midgut receptors of B. thuringiensis toxins
whose native state is not critical for its binding ability (Ferreira et al., 2010;
Nagamatsu et al., 1998).

Resistance

Resistance has been considered one of the major obstacles to the effectiveness of
insecticides employed in control programmes. The mode of action of B. sphaericus
depends on one toxin that targets a single class of receptors, and this condition is
more favourable to resistance selection compared to Bti which has a more complex
mode of action, as described in the following section. Larval resistance has been
recorded in Cx. pipiens from selected laboratory colonies (Amorim, Oliveira, Rios,
Regis, & Silva-Filha, 2007; Pei et al., 2002; Wirth, Georghiou, Malik, & Abro, 2000)
and field-treated populations (Mulla, Thavara, Tawatsin, Chomposri, & Su, 2003;
Nielsen-Leroux et al., 2002; Rao et al., 1995; Silva-Filha, Regis, Nielsen-LeRoux, &
Charles, 1995; Yuan et al., 2000). Among some resistance cases already investigated,
the most frequent mechanism is associated with the lack of functional receptors in
midgut microvilli caused by the disruption of the GPI anchor, or loss of the integrity
of the binding epitopes (Table 2). It is important to note that two field-treated
populations (SPHAE, TUNIS), whose larvae displayed high resistance levels to B.
sphaericus, showed functional Cqm1 receptors, indicating that other pathways can be
involved in this process, although these remain unknown (Nielsen-Leroux et al.,
1997; Nielsen-Leroux et al., 2002).

Molecular approaches to elucidate the resistance associated with the lack of
midgut receptors have shown that mutations in ¢pml and cqgml genes can code
proteins that are unable to bind to the Bin toxin, conferring a status of complete
refractoriness (Table 2). These, as other alleles associated to B. thuringiensis
resistance, are recessively inherited and the characterisation of the molecular basis
of resistance becomes a crucial step for the development of molecular diagnostic
tools (Amorim et al., 2007; Oliveira et al., 2004; Tabashnik, Finson, Johnson, &
Moar, 1993; Tabashnik et al., 2002; Tabashnik et al., 2003). To date, six alleles of the
cpmllcgml genes associated to resistance have been described in Cx. pipiens larvae
from laboratory-selected colonies (cpmigro and cgmlgrpc) and field populations
(CmeBp, CmeBp-del, CqMIREC-D16 and CqMIRECD-25)- The alleles show non-sense
mutations (cpmlgro and cpmlgp) or deletions (cqmlgppc, cgmlgppc.pis and
cgml recp.2s) that originate premature stop codons in the open reading frame of
their sequences. These transcripts code truncated proteins lacking the GPI anchor,
and, as a consequence, they are unavailable on the apical membrane of the
epithelium (Chalegre et al., 2012; Darboux, Charles, Pauchet, Warot, & Pauron,
2007; Darboux et al., 2002; Romao et al., 2006). Another allele associated with
resistance (cpml gp-del) was characterised by the insertion of a transposon in the
gene sequence whose transcript codes for a protein that, although GPI anchored,
lacks 66 amino acids and is unable to bind to the toxin. Loss of this region certainly
compromises conformation and/or binding epitopes for the Bin toxin (Darboux et
al., 2007).
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Table 2. Resistance of larvae from the Culex pipiens complex to Bacillus sphaericus in laboratory selected colonies (Lab), or field-treated populations.

Bin—midgut
Sample Country Origin RR* interaction Allele #° Inheritance References
GEO USA Lab >100.000 No cpml geo A/R Wirth et al. (2001), Nielsen-LeRoux et al. (1995),
Darboux et al. (2002)
R2362 Brazil Lab >100.000 No cqml g’ A/R Pei et al. (2002), Romaio et al. (2006)
RIAB59 Brazil Lab ~40.000 No cgml gec A/R Pei et al. (2002), Amorim et al. (2007, 2010)
RLCql/C3- China Lab >100.000 No ND¢ A/R Pei et al. (2002), Oliveira et al. (2004)
41
Kochi India Field =150 ND ND ND Rao et al. (1995)
Coque Brazil Field =10 Yes ND ND Silva-Filha et al. (1995)
SPHAE France  Field >20.000 Yes ND R/S Nielsen-LeRoux et al. (1997, 2002)
RFCql China Field >20.000 ND ND ND Yuan et al. (2000)
TUNIS Tunisia Field =750 Yes ND R/S Nielsen-LeRoux et al. (2002)
BP France Field >5.000 No cpml gp R/S Darboux et al. (2007)
cpml gp-del
Wat Pikul  Thailand Field >125.000 ND ND ND Mulla et al. (2003)

Note: A/R, autosomal recessive; R/S, recessive sex-linked.

#Resistance ratio at LCoo (LCyq for larvae from a test colony/LCyq for larvae from a reference colony).

®Allele which confers resistance.
“Three alleles were found: cqgmli gpc, cqml pgc.;s and cqml ppc.ss.

9Not determined.
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Data demonstrate that the cgml gene displays polymorphisms that prevent the
expression of Cqml proteins able to function as the Bin toxin receptor. Five among
the six polymorphisms described to date were found to be located in a hot spot of
around 270 base pairs, a condition that facilitates the design of molecular monitoring
tools (Chalegre et al., 2012). DNA-screening of three resistance alleles (cgm! rgc,
cgml ppc.pis and cqml gicp.2s) carried out in Cx. quinquefasciatus populations from
Recife city showed that cgmlgpc allele had the largest distribution, and, in the
majority of the non-treated populations analysed, its frequency was in the order of
103 (Chalegre et al., 2009; Chalegre et al., 2012). Analysis of the biological cost
associated to the cgml pgc allele in individuals from a resistant colony revealed a
decrease in some biological parameters such as fecundity and developmental time
and, although significant, differences were discrete (de Oliveira, Filho, Beltran, Silva-
Filha, & Regis, 2003). Another study based on a colony established using an equal
ratio of homozygous mosquitoes for susceptible (cgml) and resistant (cgmli pgc)
alleles demonstrated that cgmli gpc frequency was stable throughout 10 generations
in the absence of selection pressure, suggesting that cgmlggc could remain in
populations after the interruption of treatments (Amorim et al., 2010). In view of the
knowledge concerning Bin toxin resistance, it is highly recommended that mosquito
control agencies adopt multiple strategies and the use of larvicides with different
modes of action. Bti is one of the most suitable candidates to be used in association
with B. sphaericus based on some features and, in particular, the lack of cross
resistance among their toxins.

Bacillus thuringiensis serovar israelensis

Bacillus thuringiensis (Bt) has been classified into more than 80 serotypes, and their
crystalline inclusions can display larvicidal activity in different insect orders
Lepidoptera, Coleoptera and Diptera as well as some nematodes (de Maagd, Bravo,
Berry, Crickmore, & Schnepf, 2003). The complete classification of Cry toxins is
available at http://www.lifesci.sussex.ac.uk/home/Neil_Crickmore/Bt. B. thuringiensis
serovar israelensis (Bti) is the most important dipteran-active serotype, and its
development and utilisation took place soon after its discovery (Becker, 1997; Guillet
et al., 1990; Margalit & Dean, 1985). Compared to B. sphaericus, Bti crystals have a
broader spectrum of action, since it is active against not only Culicidae but also some
species within the Simuliidae and Chironomidae (Goldberg & Margalit, 1978; Guillet
et al., 1990; Lacey, 2007; Rodcharoen, Mulla, & Chaney, 1991). Its crystals contain
three-domain type Cry toxins, and a cytolytic or Cyt toxin. Bti-based biolarvicides
have been successfully used for simulid and culicid larval control since 1980, and the
Ae. vexans control programme that has been carried out in the Rhine River valley in
Germany for more than 30 years is an example of sustainable use of this biolarvicide
integrated with other measures (Becker, 1997; Guillet et al., 1990; Hougard &
Seketeli, 1998; Regis, Silva-Filha, Nielsen-LeRoux, & Charles, 2001). Bti has also
been an important tool for controlling Simulium in Brazil since 1982 (Mardini,
Torres, da Silveira, & Atz, 2000), Ae. vexans in wetland areas from Switzerland since
1988 (Guidi, Patocchi, Luthy, & Tonolla, 2011), Ae. rusticus in some regions of
France (Paris et al., 2010) and other programmes worldwide. Although it has a
broader spectrum of action, Bti is more vulnerable to environmental factors
compared to B. sphaericus, and suitable formulations and application strategies are
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important factors to consider in order to achieve optimal field performance (Araujo,
Melo-Santos, Carlos, Rios, & Regis, 2007; Melo-Santos, Araujo, Rios, & Regis,
2009).

Insecticidal toxins

Bti crystal toxins are coded by genes located in the pBtoxis megaplasmid (Berry
et al., 2002). The most common protoxins found in these crystals are Cry4Aa (125
kDa), Cry4Ba (135 kDa), Cryl1Aa (68 kDa) and CytlAa (28 kDa). Some strains
can also produce Cryl0Aa (58 kDa) and Cyt2Ba (30 kDa) toxins that show activity
against Diptera (Guerchicoff, Ugalde, & Rubinstein, 1997; Thorne et al., 1986). Both
Cry and Cyt proteins are pore-forming toxins, a family of bacterial toxins that is able
to insert itself in the cell membrane of their hosts (de Maagd et al., 2003). Despite the
diversity among Cry toxins, sequence alignment showed five blocks of conserved
amino acids suggesting that these regions are important for stability and protein
function (Hofte & Whiteley, 1989). The Bti crystal has an intrinsic complexity, not
comparable to any other larvicide available. Some attributes that make Bti unique are
the number of protoxins available in the crystal, the dual composition of Cry and Cyt
toxins, the optimal ratio of protoxins in crystals, the synergistic action among toxins,
the role of Cyt as a surrogate receptor for the Cry’s toxins and the diversity of insect
midgut molecules which can act as receptors for the Cry toxins. The two families of
Bti toxins possess different modes of action; the Cry toxins interact with receptors to
attain the pre-pore oligomeric form, to insert in cell membranes and form pores,
while the Cyt toxin has a cytolytical action and can interact directly with membranes
(Soberdn et al., 2007).

The structures of some Cry toxins, including the Cry4Aa and Cry4Ba from Bti,
have been solved by X-ray crystallography, and they are characterised by three
functional domains (Boonserm, Davis, Ellar, & Li, 2005; Derbyshire, Ellar, & Li,
2001; Grochulski et al., 1995; Li, Carroll, & Ellar, 1991; Li, Koni, & Ellar, 1996).
Domain I (N-terminal) is composed of seven a-helices, domain II consists of three
anti-parallel  sheets with exposed loop regions and domain III (C-terminal) is a -
sandwich of two anti-parallel f sheets. The function of these domains has been
established, and Cry toxins interact with specific receptors on midgut epithelial cells
preferentially through loops from domains II and III, while domain I is involved in
membrane insertion, oligomerisation and pore formation (de Maagd et al., 2003;
Pigott & Ellar, 2007). Cyt toxin has a single o-f domain and displays cytolytic
activity, acting directly on cell membrane by pore formation, or through a detergent-
like action (Bravo, Gill, & Soberdn, 2007; Butko, 2003; Koni & Ellar, 1994). Crystals
containing both Cry and Cyt toxins are mainly found in B. thuringiensis serotypes
which are active for dipterans as Bti, as well as others like Bacillus thuringiensis
serovar jegathesan (Seleena, Lee, & Lecadet, 1995) and Bacillus thuringiensis serovar
medellin (Orduz, Rojas, Correa, Montoya, & de Barjac, 1992).

Toxins from Bti crystal act in synergy, and none of them, individually or in
combination, has a larvicidal activity comparable to the native crystal (Crickmore,
Bone, Wiliams, & Ellar, 1995; Poncet, Anello, Delécluse, Klier, & Rapoport, 1993). A
previous work showed that the 50% lethal concentration (LCsg) of Bti crystals for Ae.
aegypti larvae could be between 50- and 120-fold lower than the respective LCs of
individual recombinant toxins, proving that synergistic interactions among them is a
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requirement to achieve the high level of toxicity displayed by the crystal (Crickmore
et al., 1995). The initial steps of Bti mode of action involve ingestion and
solubilisation of crystals under alkaline midgut conditions, activation of protoxins
into toxins, binding to receptors and pore forming at the cell membrane that results
in a colloid—osmotic lysis (Bravo et al., 2007; Knowles & Ellar, 1987). Upon
activation by proteolytic cleavage at N- and C-termini, Cry4Aa and Cry4Ba result in
double fragments of 45 and 18 kDa; Cryl1Aa yielded 32- and 34-kDa fragments,
while CytlAa shows a single 25-kDa fragment (de Barros Moreira Beltrdo & Silva-
Filha, 2007; Hofte & Whiteley, 1989). Early studies of the Bti mode of action have
shown that each toxin has the ability to interact specifically to midgut microvilli, and
they could share binding molecules (de Barros Moreira Beltrdo & Silva-Filha, 2007;
Ravoahangimalala & Charles, 1995).

Interactions with receptors

The molecular mode of action of Bt toxins has been better studied in lepidopteran
larvae, due to its worldwide use in agriculture as a biolarvide as well as in Bt-
transgenic plants (Bravo, Likitvivatanavong, Gill, & Soberdn, 2011). Molecules such
as cadherins (CADRs), N-aminopeptidases (APNs), alkaline phosphatases (ALPs),
glycoconjugates and some metalloproteases can act as receptors for Cry toxins
(Jurat-Fuentes & Adang, 2004; Knight, Crickmore, & Ellar, 1994; Ochoa-Campu-
zano, Real, Martinez-Ramirez, Bravo, & Rausell, 2007; Vadlamudi, Weber, Ji, Ji, &
Bulla, 1995; Valaitis, Jenkins, Lee, Dean, & Garner, 2001). The decrease or absence
of Cry toxin receptors in insect midgut microvilli has been also implicated as an
important mechanism of resistance, which reinforces the importance of toxin—
receptor interaction in the mode of action (Ferré, Real, Van Rie, Jansens, &
Peferoen, 1991; Ferré & Van Rie, 2002; Heckel et al., 2007). Some models have been
proposed to explain the Cry toxin mode of action, although there is still controversy
between the hypothesis that action is based on the toxin binding to receptors
followed by pore formation, and that in which the toxins are able to activate
intracellular signalling pathways that lead to cell death (Pigott & Ellar, 2007
Vachon, Laprade, & Schwartz, 2012). The Bravo model, based on the action of
CrylA in Manduca sexta, highlights the role of receptors and the sequential
interaction of the toxin with two midgut receptors, for pore formation and
subsequent cell lysis (Bravo et al., 2004). In this model, the toxins can bind to
GPI-anchored receptors such as ALPs and APNs with relatively low affinity, but
they also bind with higher affinity to CADRs. This latter binding promotes the
cleavage of the a-helix 1 from the domain I inducing the oligomerisation, and this
conformational change enable the oligomeric toxins to bind with high affinity to a
second receptor, either APN’s or ALP’s proteins (Arenas, Bravo, Soberon, and
Goémez 2010; Bravo et al., 2004). After this binding step, the toxin can insert itself in
the membranes and provoke pore formation. The Zhang model does not support
that cytotoxicity is well correlated with pore formation, but it proposes that CrylA
toxin binding to the cadherin BT-R1 from M. sexta triggers a signalling mechanism
that activates a cell death pathway (Zhang, Candas, Griko, Taussig, & Bulla, 2006).
It has also been assumed that both mechanisms, osmotic lysis and cell signalling,
may take place simultaneously which has been suggested by studies of the CrylAc
toxin action on the lepidopteran Heliothis virescens (Jurat-Fuentes & Adang, 2006).



Downloaded by [Ministerio da Saude] at 09:03 05 February 2014

Biocontrol Science and Technology 1149

Other pathways involved in the mode of action of Bt toxins have also been revealed.
The mechanism of immune defence involving the MAPK p38 pathway, known to be
activated in response to pore forming toxins, was found to have a role in the
protection of M. sexta and Ae. aegypti larvae against the action of Cry toxins
(Cancino-Rodezno et al., 2010). Mutations on ABC transporter genes were also
found to be directly implied in the resistance of some lepidopteran species to Cryl Ab
and CrylAc toxins, although the function of these molecules in resistance is still
unknown (Atsumi et al., 2012; Gahan, Pauchet, Vogel, & Heckel, 2010). To date,
there is still controversy concerning the pathways and molecules involved in the
action of Bt toxins, and these have been analysed in recent reviews; however, there is
a consensus that the midgut molecules identified as Cry toxin receptors, besides
other recently identified, play an important role for the action of Bt toxin
(Likitvivatanavong et al., 2011; Pardo-Lopez, Soberon, and Bravo 2013; Pigott &
Ellar, 2007; Vachon et al., 2012).

The mechanism of action of Bti toxins has been investigated, and CADRs, GPI-
anchored ALPs, GPI-anchored APNs and one a-amylase (AMY) were found to be
receptors in mosquito larvae (Table 1). These proteins are mainly located in the same
section of the midgut where the respective binding toxins were found to interact, in
gastric caeca and posterior midgut, while APN’s localisation seems to be restricted to
the posterior midgut or, in some cases, only to the anterior midgut and gastric caeca
(Likitvivatanavong et al., 2011). Proteomic approaches have also identified other Bti
Cry-binding molecules from Ae. aegypti, as flotilin, prohibitin, V-ATPase and actin,
although the specific role of these in the mode of action has not been completely
analysed (Bayyareddy, Andacht, Abdullah, & Adang, 2009; Popova-Butler & Dean,
2009).

CADRs constitute a large family of transmembrane glycoproteins responsible for
intercellular adherence, although CADRs which act as receptors of Cry toxins are
different from other members from this family. The Cry-binding CADRs are
composed of a cytoplasmatic domain, a transmembrane domain, a membrane-
proximal extracellular domain and the ectodomain which is formed by the cadherin
repeats (CRs) which are presented in the cell surface and then available for
interaction with the toxins (Gémez et al., 2007). CADRs were identified as receptors
of CryllAa and Cry4Ba toxin in Ae. aegypti (Chen et al., 2009) and An. gambiae
(Hua, Zhang, Abdullah, & Adang, 2008), respectively.

Alkaline phosphatases (ALPs) from the Ae. aegypti midgut were also char-
acterised as receptors of CryllAa and Cry4Ba (Dechklar, Tiewsiri, Angsuthana-
sombat & Pootanakit, 2011; Fernandez, Aimanova, Gill, Bravo, & Soberon, 2006;
Fernandez et al., 2005). Recent studies have shown that different isoforms of ALPs
can play a role as receptors and CryllAa toxin bind them through two interaction
sites located in domains IT and 111 (Fernandez et al., 2009) while only domain II from
Cry4Ba was confirmed as responsible for this binding (Moonsom, Chaisri,
Kasinrerk, & Angsuthanasombat, 2007). Gene silencing of the ALP1 isoform
resulted in toxicity decrease of both Cry4Ba and Cryl1Aa, but the higher impact on
larval tolerance towards Cryl1Aa suggests that ALP1 may be more important as its
receptor (Jimenez et al.,, 2012). Besides the ALPs characterised as Cry toxin
receptors, these molecules are well represented among mosquitoes and could be
grouped in seven families, according to the criteria of diversity chosen (Likitviva-
tanavong et al., 2011).
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APNSs play a primary role in protein digestion-cleaving amino acids from the N-
terminus. An APN from the lepidopteran Manduca sexta was the first receptor
identified for a B. thuringiensis Cry toxin (Knight et al., 1994). In the midgut of Ae.
aegyptilarvae, an APN was also shown to be receptor of Cryl1Aa (Chen, Aimanova,
Pan & Gill, 2009) and Cry4Ba toxins (Bayyareddy et al., 2009; Saengwiman et al.,
2011). In the last study, three isoforms of APNs (APN2778, APN2783, APNS5808)
were identified by RNA interference assays as possible receptors. The APN2783 was
the most promising since its silencing resulted in the highest level of Cry4Ba toxicity
decrease observed. There is evidence that some isoforms of APNs can play a role in a
greater or lesser degree in the Cry binding, suggesting that a complex of related
molecules could be involved in this process. APNs from Anopheles quadrimaculatus
and An. gambiae larvae were also characterised as the receptor for the Cryl1Ba, a
mosquitocidal toxin produced by B. thuringiensis serovar jegathesan (Abdullah,
Valaitis, & Dean, 2006; Zhang, Hua, Andacht, & Adang, 2008). Some APNs display
post-translational modification as N-glycosylations that can be essential for Cry
toxin binding, as demonstrated in the interactions among CrylA toxins and some
APNSs from lepidopteran species (Burton, Ellar, Li, & Derbyshire, 1999; Knight et
al., 1994; Valaitis et al., 2001). On the other hand, binding of Ae. aegypti and An.
gambiae APNs to Cryl1Aa and Cryl1Ba, respectively, did not seem to depend on the
presence of glycans on these receptors (Chen, Aimanova, Pan et al., 2009; Zhang et
al., 2008). The involvement of glycosylations in the GPI-anchored proteins for its
role as receptors of bacterial toxins seems to be variable according to the model
studied.

In addition to the categories of midgut molecules already described as receptors
of Cry toxins in Lepidoptera and Diptera, an a-amylase (AMY) of 70 kDa (Aamy1)
from Anopheles albimanus midgut was identified as the receptor of Cry4Ba and
Cryl1Aa toxins (Fernandez-Luna et al., 2010). The family of a-amylases sensu lato
also comprises the a-glucosidases from Cx. pipiens and An. gambiae which are
receptors of the B. sphaericus Bin toxin (Opota et al., 2008; Romao et al., 2006; Silva-
Filha, Nielsen-LeRoux, and Charles 1999).

CytlAa is a strategic component of Bti crystal because it promotes synergy and
enhances the action of Cry toxins (Perez et al., 2005). This toxin is able to directly
insert in the cell membrane and can act as a receptor of Cry toxins by binding
through specific epitopes mapped in these molecules. The first evidence showed that
Cryl1Aa can bind specifically to CytAa, and, subsequently, Cryl1Aa binding to Ae.
aegypti midgut microvilli was greatly enhanced by the previous insertion of CytlAa
in these cell membranes (Perez et al., 2005). Cryl1Aa—CytlAa interaction induced
the formation of the pre-pore structure which is able to insert in membranes and
form pores in cells, in a similar manner as the CADR receptors from Lepidoptera
induces CrylAa oligomerisation (Bravo et al., 2007; Pérez et al., 2007). Mapping the
regions involved in binding showed that CryllAa interacted through the loop -8
from DII, the same region that it interacts with the APN. Recently it was shown that
the Cry4Ba toxin is also able to bind to CytlAa in the same regions involved in
CryllAa binding (Canton, Zanicthe Reyes, Ruiz de Escudero, Bravo, & Soberdn,
2011). Data from these studies show that CytlAa synergises Cry toxins by acting as
receptor and promoting the oligomerisation needed for the pore formation which
characterise the action of these toxins. The interaction with CytlAa seems to amplify
the binding of Cry toxins since it triggers oligomerisation and, under this state, Cry
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could bind with higher affinity to a second receptor expressed in larvae midgut, such
as APNs, ALPs and AMY already described. This could be the basis of the
synergistic action of Bti toxins and the model of two receptors proposed for Cry
toxins active to Lepidoptera (Bravo et al., 2004) could also be applied to Diptera. In
this case, the CytlAa can act as one of the receptors involved in the sequential
binding of Bti Cry toxins.

The sequence of Bti toxins binding to the receptors that were already identified is
still unknown. Based on the data available on the CrylAa toxin mode of action, a
hypothesis concerning the dynamics of these events was raised. It has been proposed
that monomeric forms of Cry toxins could bind to GPI-anchored ALPs and APNs
with moderate affinity (K4 ~100-200 nM), but also with higher affinity (K4 &1 nM)
to cadherins in order form the pre-pore oligomer and to bind again to GPI-anchored
receptors, with an increased affinity (Rodriguez-Almazan et al., 2012). As previously
described, the CytlAa could act as a surrogate receptor playing a similar role as the
CADRs. Nevertheless, evidence has indicated that Bti mode of action on mosquito is
likely to display some differences compared to the Cryl A model in Lepidoptera. For
an instance, Cryl1Ba toxin from B. thuringiensis serovar jegathesan was able to bind
with high affinity to APNs from An. gambiae and An. quadrimaculatus, contrasting
with lower toxin affinity seen for Lepidoptera APNs. Data suggest that toxin could
bind with high affinity with these GPI-anchored receptors without the need of a
previous step to improve its capacity of interaction (Likitvivatanavong et al., 2011).
Furthermore, the activated form of Cry4Ba toxin is able to form oligomers in vitro,
in the absence of the CADRs, contrarily to CryllAa toxin whose binding to the
CR7-11 of this receptor is necessary to promote oligomerisation (Rodriguéz-
Almazan et al., 2012).

Overall, the Bti mode of action is still under investigation, and data available
already revealed that a complex set of events takes place to achieve full toxicity in
larvae, and these conditions do not favour the selection of resistance, as being
observed amongst Bti-treated populations worldwide (Wirth, 2010).

Investigation of resistance

Although resistance to Bt toxins has been reported for lepidopteran species (Ferré et
al., 1991; Gahan, Gould, & Heckel, 2001; Jurat-Fuentes & Adang, 2004; Morin et
al., 2003; Tabashnik et al., 2006; Xu, Yu, & Wu, 2005; Zhang et al., 2009), there are
no reports of resistance to Bti-based biolarvicides since their introduction in control
programmes in 1982 (Becker, 1997; Guidi et al., 2011; Guillet et al., 1990). The
susceptibility levels of mosquito populations to Bti have been screened, and these can
be useful as a bascline data of variations occurring in populations, before the
introduction of this biolarvicide (Table 3). Evaluation of around 50 populations of
Culex pipiens without history of Bti exposure has shown variations of resistance
ratios (RRs) ranging from less than 3- to 12.5-fold (Vasquez, Violaris, Hadjivassilis,
& Wirth, 2009; Wirth, Ferrari, & Georghiou, 2001). Non-treated populations of Ae.
aegypti, Ae. albopictus and Ae. rusticus, from different origins, displayed variation in
RR values that were 1.1-2.8, 1.06-3.9, 1.5-2.8, respectively (Aziz et al., 2011; Boyer,
Paris, Jego, Lemperiere, & Ravanel, 2012; Kamgang et al., 2011; Lee & Zairi, 2006).
Data from these surveys indicated variations in the susceptibility of populations to
Bti and this parameter should be taken into account in evaluating the status of a



Downloaded by [Ministerio da Saude] at 09:03 05 February 2014

1152 L.M. Ferreira and M.H.N.L. Silva-Filha

Table 3. Susceptibility of mosquito field populations to Bacillus thuringiensis serovar
israelensis.

Species Country Populations Status RR* References

Culex pipiens Cyprus 7 NT 125 Wirth et al. (2001)
Cyprus 10 NT <3 Vasquez et al. (2009)
USA 31 NT 4.0 Wirth et al. (2001)
USA 2 T 6-33 Paul et al. (2005)
USA 3 T 0.7-1.0  Liu et al. (2004a)

Aedes aegypti Malaysia 4 NT 1.4-2.0 Lee and Zahiri (2006)
Cameroon 4 NT 1.1-2.8  Kamgang et al. (2011)
Saudi Arabia 1 NT 1.25 Aziz et al. (2011)
Malaysia 2 T 24 Loke et al. (2010)

Aedes albopictus Cameroon 3 NT 1.06-1.13 Kamgang et al. (2011)
Malaysia 4 NT 1.2-3.9 Lee and Zahiri (2006)
USA 2 T ~1 Liu et al. (2004b)

Aedes vexans Germany 3 T ~1] Becker and Ludwig

(1993)

Aedes rusticus France 3 NT 1.5-2.8  Boyer et al. (2012)
France 4 T 2.3-42  Boyer et al. (2012)

Anopleheles China 5 ND 1.7-5.9  Hongyu et al. (2004)

sinensis

Note: NT, non-treated population; T, treated populations; ND, not determined.
“Resistance ratio at LCqq or LCos (LC for a test colony/LC for a reference colony).

given population. Among the treated populations, variations in the RR, compared to
laboratory reference or non-treated colonies, were quite similar to those observed in
non-treated samples (Becker & Ludwig, 1993; Hongyu, Changju, Jingye, & Lin,
2004; Liu, Cupp, Guo, & Liu, 2004; Liu, Cupp, Micher, Guo, & Liu, 2004; Loke,
Andy-Tan, Benjamin, Lee, & Sofian-Azirun, 2010). The report of two C. pipiens
populations from New York State which had a history of Bti spraying and displayed
RR at LCys of 14- and 41-fold was found to be an exception in this scenario (Paul,
Harrington, Zhang, & Scott, 2005). It is likely that the analysis of a single
observation, without data from the pre-treatment period or, alternatively, from
other non-treated populations in the same area, could be insufficient to demonstrate
that the differences detected were a consequence of Bti treatments.

Artificial selection under laboratory conditions using whole Bti crystals failed to
show significant alterations, and attempts described in the literature showed a
maximum RR of around three-fold (Table 4) (Georghiou & Wirth, 1997; Goldman,
Arnold, & Carlton, 1986; Mittal, 2005; Paris et al., 2011; Saleh, EI-Meniawi, Kelada,
& Zahran, 2003). This level does not seem to be biologically meaningful, considering
the variations of susceptibility that can be found prior to the introduction of these
biolarvicides (Table 3). On the other hand, resistance can arise in colonies under
selection using single toxins or combination of Bti toxins, due to loss of synergy
among the components from native crystals (Cadavid-Restrepo, Sahaza, & Orduz,
2012; Georghiou & Wirth, 1997; Paris, David, & Després, 2011; Paris et al., 2011;
Wirth, 2010; Wirth, Walton, & Federici, 2012). In the same manner, when colonies
are subjected to whole Bti, resistance does not arise to this component, but
alterations of susceptibility to single toxins can be observed as a result of the
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Table 4. Selection of Culicine larvae with Bacillus thuringiensis serovar israelensis under
laboratory conditions.

Species Origin No. of generations RR" at LCs, References

Culex pipiens USA (CA) 28 2.0 Georghiou and Wirth (1997)
India 20 2-3 Mittal (2005)
Egypt 20 2.8 Saleh et al. (2003)

Aedes aegypti Georgia 15 1.1 Goldman et al. (1986)
Sri Lanka 15 1.1 Goldman et al. (1986)
Brazil 15 2.0 Goldman et al. (1986)
France 18 2.0 Paris et al. (2011)

“Resistance ratio at LCs, (LC for a test colony/LC for a reference colony).

selection pressure imposed. Analysis of an Ae. aegypti colony selected with Bti which
displayed RR to single toxins (68-, 9- and 9-fold for Cry4Aa, Cry4Ba and Cryl1Aa,
respectively) has shown that ALPs, APNs and V-ATPase genes were under expressed
compared to a reference colony (Tetreau et al., 2012). Once these molecules have
been characterised as binding sites of Cry toxins, it is likely that they could be
involved in mechanisms responsible for the reduction of susceptibility for individual
toxins found in this laboratory colony. Although there is a low potential for Bti
selection of resistance, possible mechanisms of resistance related to the alterations of
receptors or proteolytic processing, innate immune response and other pathways,
should be continually investigated to provide knowledge on its mode of action
(Bravo et al., 2011). Recent studies investigated defence mechanisms of Ae. aegypti
which are induced by the exposure to Bti toxins. Proteins from the unfold protein
response (UPR) pathway as well as others from different cell functions, as energy
production and cytoskeleton maintenance, were found to be involved in the cell
response to the action of CryllAa (Bedoya-Perez, Cancino-Rodezno, Flores-
Escobar, Soberdn, & Bravo, 2013; Cancino-Rodezno et al., 2012).

The low potential for Bti resistance, as discussed in the previous section, is the
result of multiple factors and, in particular, due to synergy promoted by CytlAa
being a receptor for Cry toxins that, per se, could overcome failures related to midgut
receptors. Regardless of the participation of other molecules for the Bti mode of
action, the interaction of Cry toxin with these receptors remains crucial.

Resistance management

Dipteran species have been specially affected by resistance that has spread at a
worldwide scale (Hemingway, Hawkes, McCarroll, & Ranson, 2004). Limitations
related to the use of chemical insecticides, mainly insect resistance and the effects of
conventional insecticides on non-target organisms, have raised a new paradigm of
integrated mosquito management, aiming to achieve the reduction of populations
through the association of effective and environmentally safe methods. In this way
biolarvicides can be useful tools, but resistance has to be continuously surveyed since
insects have a high capacity to adapt, and the selection of resistance could also be an
obstacle to their use. In the case of B. sphaericus and Bti, the potential of resistance
selection is distinct because of their profile of insecticidal crystals, as well as how
these toxins interact with their target sites in the midgut. B. sphaericus display a
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mode of action based on one toxin which targets a single class of receptor, and the
selection of resistance can take place if this agent is continuously used. To exploit the
beneficial features of B. sphaericus for mosquito control and avoid the continuous
selection pressure of exposed mosquito populations, the use of larvicides with
different modes of action in schemes of rotation or association is necessary. The
adoption of combined strategies can provide effectiveness on a long-term basis. Bti is
strongly recommended for this purpose since its toxins act on multiple and distinct
receptors from those binding sites of the Bin toxin, and numerous studies have
demonstrated the lack of cross-resistance to B. sphaericus (Amorim et al., 2007;
Nielsen-Leroux, Charles, Thiery, & Georghiou, 1995; Pei et al., 2002; Yuan, Pei,
Regis, Nielsen-Leroux, & Cai, 2003). The CytlAa toxin from Bti is able to synergise
the Bin toxin and overcome Bin resistance in mosquito larvae, although the
molecular mechanism underlying this interaction has not yet been elucidated (Wirth,
Federici, & Walton, 2000; Wirth, Jiannino, Federici, & Walton, 2004; Wirth, Park,
Walton, & Federici, 2005; Wirth, Walton, & Federici, 2000; Wirth et al., 2007).
Approaches to obtain recombinant bacteria able to produce a set of B. sphaericus
and Bti toxins have also been investigated, and, although the results were promising,
commercial products based on this technology are not yet available (Federici, Park,
& Bideshi, 2010; Federici et al., 2007; Park et al., 2005). On the other hand, products
based on the combined composition of B. sphaericus and Bti native crystals have
been developed, and field trials have demonstrated their effectiveness in controlling
culicid species in different habitats, with the advantage of preventing resistance
selection because of the multiple toxins available in these products (Anderson et al.,
2011; Dritz et al., 2011).

Other toxins produced by some B. sphaericus strains, such as Mtx’s and Cry48Aa/
Cry49Aa which are not related to the Bin toxin, are also a source for the
development of new compounds. These toxins are likely to act in different sites
from Bin toxins, and they can be employed to overcome resistance in Cx. pipiens (de
Melo et al., 2009; Wirth et al., 2007). B. thuringiensis serovar jegathesan and B.
thuringiensis serovar medellin produce known mosquitocidal toxins which remain to
be exploited, besides new strains under investigation. Recently a B. thuringiensis
mosquitocidal strain whose crystals display activity to Cx. quinquefasciatus and Ae.
albopictus comparable to Bti has been identified (Zhang et al., 2012). Molecular
analysis showed a profile of c¢ry genes and crystal proteins potentially different from
other related mosquitocidal strains, including Bti.

Concluding remarks

Biolarvicides based on entomopathogenic bacteria have been useful tools for
mosquito control in view of their effectiveness and safety for non-target organisms.
Bin toxin from B. sphaericus insecticidal strains is highly effective for culicid larvae
and shows long persistence under field conditions; however, its mode of action, based
on the interaction of a toxin with a single class of receptors in the gut epithelium of
larvae requires monitoring and strategies for the management of resistance. Bti, on
the other hand, has a mechanism of action based on multiple interactions of four
insecticidal toxins with a set of membrane-bound molecules from the mosquito
midgut and the particular action of CytlAa toxin. Moreover, Bti can play a strategic
role for the management of resistance to B. sphaericus and other insecticides because



Downloaded by [Ministerio da Saude] at 09:03 05 February 2014

Biocontrol Science and Technology 1155

of the singularity of its mode of action and low potential cross-resistance with other
compounds. The nature of the interaction between bacterial toxins and their target
receptors in Diptera insects is the most critical step in their mode of action, and this
feature has given to these biolarvicides the status of the most selective and
environmentally safe method of vector control. The use of insecticides with different
modes of action in the scope of integrated control programmes is essential to
overcome insecticide resistance. The availability of a new generation of biolarvicides
containing multiple insecticidal factors will be an advance for vector control in terms
of improved efficacy, selective spectrum and low risk for resistance selection.
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9 DISCUSSAO

O objetivo deste estudo foi avaliar a base moleaadanteracéo da toxina Bin com as
a-glicosidases Cgml e Aaml @lex quingquefasciatus e Aedes aegypti, respectivamente,
gue sao muito similares, mas conferem diferentedrOpa de susceptibilidade a essas
espécies. A primeira parte do estudo visou avaBataracteristicas da proteina AamlAde
aegypti e as razoes da refratariedade dessa espéciena ®ixi. A primeira hipétese para a
auséncia de ligacdo da toxina ao epitélio intestilas larvas dede. aegypti que seria a
ocorréncia de processamento proteolitico incorregxessario a ativagdo da toxina, foi
elucidada por estudos prévios. Estes demonstratearo processamento da toxina Bin em
larvas deAe. aegypti ocorre de maneira semelhante ao que ocorr€wgax quinquefasciatus,
uma espécie susceptivel a Lsp (CHARLES; DE BARJAGR1; NICOLAS; LECROISEY;
CHARLES, 1990; NIELSEN-LEROUX; CHARLES, 1992).

A expressdo da Aaml em outras fases do desenvaolionembém poderia explicar a
refratariedade dée. aegypti. No entanto, os resultados desse estudo refutErhgstese,
pois 0 geneaaml € transcrito e a proteina é expressa nas faseande ¢ adulto, o que
descarta o problema da expressédo estagio-espedificadnopheles gambiae, algumasa-
glicosidases estagio-especificas foram identifisaglasdo expressas somente na fase adulta
(ZHENG et al., 1995). No presente estudo tambémnifoencontradas proteinas parélogas a
Aaml que sdo expressas somente na fase adultangktes. Possivelmente, a expresséo
estagio especifica deglicosidases esta relacionada as diferentes dietaglcares ingeridas
(SOUZA-NETO et al., 2007).

Uma falha na expressdo dos receptores ou mesmoodugdio de receptores
desprovidos de ancora GPI e, portanto, expressésrma sollvel seria outra possibilidade.
Alguns alelos de resisténcia caracterizados emn@dbou populacbes de mosquitos do
complexoCulex pipiens causam a expressao do receptor sob a forma sotigele o torna
indisponivel no epitélio intestinal (CHALEGRE et,&012; DARBOUX et al., 2002, 2007,
GUO et al., 2013; ROMAO et al., 2006). Em estudom a-glicosidases de mosquitos,
demonstrou-se que algumas destas moléculas podeexpessas tanto sob a forma de
membrana quanto soluvel, tal como foi observadaragticosidases dénopheles aquasalis
(SOUZA-NETO et al., 2007). A expressao sob a fosmlavel seria um impedimento natural
para a acao da toxina Bin, pois ela necessitaeagireceptores de membrana nas células do
epitélio intestinal para desencadear os efeitapaiblogicos. No caso da proteina Aaml, foi

detectada a sequéncia que sinaliza a insercdo d&rad®GPl e avaliagbes bioquimicas
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mostraram que a proteina é, de fato, ligada a@liepitia GPI, confirmando a sua correta
localizagdo (FERREIRA et al., 2010).

Do ponto de vista quantitativo, os dados obtidostenestudo demonstraram que a
proteina Aaml € expressa microvilli intestinal das larvas em niveis semelhantes, ou até
superiores, aos do receptor Cgml. A disponibieddd uma concentracdo suficiente de
receptores (Biax) no epitélio € de grande relevancia, assim corafinidade de ligacdo da
toxina Bin aos receptores, que € medida pela autestde dissociacao (K do complexo
toxina-receptor. Estudos prévios demonstraram qoenaentracdo de receptores Cgml em
BBMF de C. quinquefasciatus, a espécie mais susceptivel a Lspgde ser em torno de 7-10
pmol/ mg de proteinas totais, enquanto quedanstephensi e An. gambiae, que sao espécies
moderadamente susceptiveis, o valor € inferior gniol/mg (NIELSEN-LEROUX;
CHARLES, 1992; NIELSEN-LEROUX et al., 1995; NIELSHMEROUX et al., 1997
SILVA-FILHA; NIELSEN-LEROUX; CHARLES, 1997; SILVA-H_HA et al., 2004). Os
dados de Ferreira et al. (2010) indicam que semalAavesse capacidade de ligacdo a toxina
Bin, a concentracdo de receptores poderia ser isuperde Cgml, mostrando que este
parametro também nao esta implicado na refratatéedas larvas a toxina.

A avaliacdo funcional da Aaml demonstrou que, apdsadisponivel no epitélio
intestinal das larvas, esta proteina € incapamdede a toxina Bin. Neste caso, as diferengas
existentes entre a Aam1l e a Cqml, dentre elasrdgdeé modificacdes pds-traducionais e de
suas sequéncias primarias, poderiam ocasionala@es estruturais entre as proteinas e
serem criticas para a interacdo com a toxina Biawaliacdo do padréo de migracdo de Cgm1l
e Aaml, sob condi¢cdes semi-desnaturantes, sugezeegistem diferencas estruturais
marcantes. Foi observado um aumento consideravpeslo molecular aparente da proteina
Cgml na sua forma nativa, enquanto que em conddgmsaturantes, esta proteina apresenta
menor peso aparente. Adicionalmente, a produc&ogdal em um sistema de expressdo em
lisado de reticulécitos de coelho resultou em um@efna incapaz de ligar a toxina Bin,
sugerindo que, provavelmente do ponto de vista ocordcional, a proteina néo foi
processada corretamente (FERREIRA, 2009). EstugimsacCgm1 sob a forma desnaturada
por inativacdo termal demonstraram que, nessa ¢@amda proteina é incapaz de se ligar a
toxina Bin, sugerindo que a conformacédo nativasérasal para funcionalidade (FERREIRA,
2009).

Essas evidéncias confirmam que a conformacdo ¢é esujpdivel para a
funcionalidade da Cgm1l e a dependéncia da estrdéuraolécula para sua funcionalidade €,

inclusive, um fato limitante para os estudos deadarizacdo de proteinas. Em geral, as
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analises de receptores e seus ligantes em lepidéptedipteros frequentemente envolvem
etapas de desnaturacdo e este fator ndo intedecapacidade de interacdo com as toxinas
(FERNANDEZ et al., 2006; HUA et al., 2008; YAMAGUCQCIet al., 2013). Além disso, as
proteinas a serem analisadas sdo frequentemenmtssap em células & coli e apresentam
funcionalidade nesta condicdo, o que oferece mapmdez e facilidade operacional do que os
sistemas eucariotos.

A predicdo de glicosilacdes, a partir da analisetade sequéncias de proteinas,
demonstrou que a Cgml apresenta trés sitios desigicdo, sendo que dois deles séo
semelhantes & Aam1 e um é exclusivo da Cqgm1l. Aag@al das proteinas Cqgml nativas com
uma endoglicosidase sugeriu que esta proteina ghcosilada, apesar dos sitios preditos de
glicosilacdo. A proteina Cgm1l nativa e tratada eoRNGase permaneceu capaz de ligar-se a
toxina Bin indicando que, mesmo que haja carbadraa molécula, e que a remocao destes
ndo tenha sido visualizada pelo método utilizades @do interferem na capacidade de
ligacd@o a toxina Bin. A proteina Cgm1 MutNLT, mackida em um sitio com maior potencial
de glicosilacédo e exclusivo da proteina Cgm1, tamb&nteve a sua capacidade de ligacdo a
toxina Bin, indicando mais uma vez que a interafi@oeceptor Cgml com a toxina Bin seria
glicano-independente. Esse resultado é semelhanmeservado para a APN de. aegypti,
cuja ligacdo a toxina CryllAa também ndo dependglidenos (CHEN et al., 2009b). Por
outro lado, este modelo difere de varios da liteeaem que os epitopos de ligacdo da toxina
CrylAc sao glicanos presentes em APNs e ALPs deralg espécies de insetos. Exemplos
classicos sdo a ligacdo da toxina CrylAc as ALPdHdeothis virescens e Helicoverpa
armigera, aomicrovilli intestinal deM. sexta, bem como a dos gliconjugados@eelegans a
Cry5B (GRIFFITTS et al., 2005; JURAT-FUENTES; ADAN@O004; KNOWLES et al.,
1991). Estes dados reforcam a importancia de gbod@®s em receptores-alvo em insetos
CcOmo epitopos para a interacdo com toxinas indasci

A proteina Aaml apresenta seis sitios preditoglidesilacdo na sua sequéncia e a
analise de proteinas nativas demonstrou que edsaut@é glicosilada, o que esta de acordo
com os dados de predicdo. A quantidade de glicaadsaml nativa € substantiva, visto que
a remocéao dos carboidratos resultou em uma protefica de 13 kDa menor. A remocéo das
glicosilagbes nédo alterou o padrdo de afinidadepmdeina a toxina Bin, pois a Aaml
permaneceu incapaz de interagir com a toiingtro, refutando a hipotese de que os glicanos
poderiam bloquear ou dificultar, de alguma formaaaesso ao sitio de ligagcdo a Bin.
Conforme revisado em Altman et al. (1999) a fungés glicanos € de grande importancia

durante o processamento de proteinas, mas, € @osgi® apés o correto dobramento a
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remocdo das glicosilacdes nao interfira na estaudufuncdo da molécula. EBrosophila
melanogaster, por exemplo, observou-se que as glicosilagbesséessarias durante a sintese
da proteina rodopsina, no entanto, apdés a obted@d@onformacdo correta, torna-se
dispensavel (KATANOSAKA et al., 1998).

A avaliacdo das proteinas Aaml e Cgml mutantes iims sde glicosilacdo
demonstrou que 0s SitiQgNET144, 310NRT312, 431NAT 433 € 533NSTs35 preditos na Aaml
sinalizam, de fato, a insercdo de glicanos. Ousfmeeto observado é que os potenciais de
glicosilacdo n&do correspondem ao padrdo obseruado/o, ou seja, 0S SitiogINET144,
431NAT 433 € 53N STs3s5 que possuem baixo potenciapresentam insercdo de glicanos, da
mesma forma que o sitiadNR T3, com alto potencial. A remocéo parcial destesaghs
também nao interferiu na ligacdo das proteinagiaddin, sugerindo que estes carboidratos
nao camuflam epitopos de ligacdo de Cqm1l que pderstar localizados nos préprios sitios
de glicosilacdo na Aaml1, nem parecem interferireidmpdo o0 acesso da toxina Bin a epitopos
gue poderiam estar localizados na proximidade slaftios. Os dados demonstram uma clara
diferenca de glicosilacdes entre Cgml e Aaml, mabém sugerem que esta caracteristica
n&o influencia na capacidade de ligacdo & toxima Biimportante notar que a visualizag&o
dos sitios de glicosilacdo nos modelos estrutidai€gml e Aaml revelou que os quatro
sitios onde ocorre comprovadamente a insercaoicBngb (41oNET144, 310NRT312, 431NAT 433
e 533NSTs3s), estdo localizados em regifes expostas da peotéds dois outros sitios
(126NHS128 € 414NRT416) S0 idénticos na Cgml e, na estrutura das peste@stao localizados
na regiao interna, sugerindo que ndo ha insercagichnos, conforme indicam os dadas
vitro. A glicosilagdo da Aaml provavelmente deve confaresta proteina algum atributo
ainda nédo avaliado. Os dados de Ferreira et ahmstido) apontaram que a atividade
catalitica da Aam1 é muito superior a Cgml e aipekmfluéncia dos glicanos nessa funcéo
sera investigada, em estudos futuros, nas protaintmtes nos sitios de glicosilacéo.

Devido a necessidade de obtencdo de proteinas cooessamento adequado e
insercdo de modificagbes pds-traducionais, optopet utilizacdo do sistema de expressao
eucaridtico Sf9 (FERREIRA et al., 2010). Tais ctedsticas ndo podem ser obtidas em
sistemas de expressao procaridticos, pois estedis@em da maquinaria necessaria para o
processamento protéico. Além disso, estudos uiiliaasistemas eucariéticos como o de
lisado de reticuldcitos de coelho demonstraram ajygocessamento protéico ndao ocorreu
adequadamente. Nesse sistema foi observado queteinpr Cqml foi incapaz de ligar a

toxina Bin e a Aam1 foi expressa em um tamanhaiorf@o esperado, possivelmente pela
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auséncia de glicosilagbes, visto que esse sist@imaossui a maquinaria necessaria para a
insercao desse tipo de modificacado (FERREIRA, 2009)

O sistema de expressdo em células Sf9 é amplamsglzado para a obtencdo de
proteinas recombinantes, devido a capacidade detpes processamento e dobramento das
proteinas, bem como a insercdo de modificacbesradseionais (ALTMANN et al., 1999).
As proteinas Cgml e Aaml, produzidas no sistemaexjgessdo em células Sf9,
apresentaram caracteristicas semelhantes as dis&rpara as proteinas nativas. Ambas
apresentaram atividadeglicosidase, visto que pertencem a essa claseazimas, e pesos
moleculares compativeis com o0s observados pararasinmas nativas, indicando que, a
principio, a estrutura protéica foi mantida. A pioe Aaml recombinante apresentou a
insercao de carboidratos demonstrando que o pdérgbcosilacédo é similar ao das proteinas
nativas. Cqgqml e Aaml também mantiveram os padr@eitéracdo a toxina Bin das
proteinas nativas, o que demonstra a eficiénciaistema de expressdo em células Sf9 na
obtencdo de proteinas analisadas neste estudootéina Cpm1l recombinante também foi
produzida neste sistema e avaliada funcionalmemie sucesso (DARBOUX et al., 2007;
DARBOUX et al., 2002).

Neste estudo foram investigadas diferencas reladasr ao padrdo de glicosilagcéo
entre as proteinas Cgml e Aaml e foram identifcadiéerencas entre as sequéncias
primérias, que podem interferir na estrutura dastefmas. Além disso, conforme foi
observado, o enovelamento da proteina Cgm1 € fusrtaimpara a funcionalidade. Por esta
razdo, foi importante mapear esta regiao atravgsrateinas quiméricas, contendo parte da
proteina Cgml e parte da Aaml. Esta avaliagdo mosjwe o sitio de ligacdo a toxina se
encontra na porcado N-terminal da Cgm1l, compreenelitie@ os aminoacidos S129 e A312.
Dados preliminares demonstraram que o sitio dediga toxina Bin se encontra na porcao
N-terminal da proteina Cqgm1 (GUO et al., 2013; RAMEt al., 2006), entretanto os dados
desses trabalhos foram obtidos utilizando um setéenexpressdo procarioto, o que limita a
consisténcia dos dados encontrados. A regido SBA2-Acontém um alto grau de
conservacao entre Cgml e Aaml, que inclui partesitaxs cataliticos de-glicosidase. A
avaliacdo da possivel associacao entre os sitiigafgio a toxina Bin e os sitios cataliticos
sugeriu que estes nao parecem estar relacionasiesygnhuma interferéncia na atividade
glicosidase foi observada em moléculas Cgqml ligadésxina Bin. Este aspecto tem sido
pouco estudado na literatura, apesar de parte rdésinas que agem como receptores de

toxinas apresentarem uma funcao primaria na digesta
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A partir desta regido mapeada, a busca extensivagigéuos envolvidos na ligacao
revelou que os aminoacidessGGep, localizados em uma alga de uma regido exposta na
estrutura da Cgml, séo criticos para a interac@oactoxina Bin. Apesar do elevado numero
de residuos ndo conservados entre Cgml e Aaml teidminvestigados, apenas dois
residuos 66GGigg) mostraram um papel na ligacdo. Ainda ndo se sabe toxina liga-se
especificamente a estes residuos ou se eles sadampes para a conformacao da regido de
ligacdo propriamente dita. Entretanto, os doidiess de glicina sédo, sem dlvida, essenciais
pois mutacdes nestes residuos aboliram a capacitaligacao, ilustrando que modificacdes
em poucos residuos podem ser determinantes pararadt interacdo toxina-receptor. Um
estudo recente demonstrou que a toxina Cry2AbBddhuringiensis sorovar. Kurstaki
apresenta baixa atividade para larvag\degambiae, no entantoquando modificada em um
anico aminoacido apresentou uma elevacdo da tadeidpara as larvas desta espécie
(MCNEIL; DEAN, 2011).

A localizagéo deste epitopo em uma regido de atiyFfprme os dados de modelagem,
€ consistente com os dados de caracterizacao pe@pnas toxinas Cry, que sao localizados
principalmente em regides de alca do dominio Que propicia as interacdes das moléculas
(FERNANDEZ et al., 2005; GOMEZ et al., 2003; GOME#Zal., 2001). Epitopos de ligacao
da toxina CrylAb em receptores de lepiddpterosnfoidentificados e, no caso da caderina
Bt-R1 deM. sexta, tal epitopo corresponde a uma regido de oito @acidos, localizados na
regido CR12 da molécula (GOMEZ et al.,, 2001; GRIKDal., 2007; HUA; JURAT-
FUENTES; ADANG, 2004). EnAe. aegypti, os epitopos de ligacdo da toxina CryllAa
foram mapeados nas regides R59-G102 e N257-1298n@eALP, mostrando que segmentos
independentes ou localizados em regides distarddsnp ser requeridos para a ligagao
(FERNANDEZ et al., 2009). Os residugsdGGigo €stdo inseridos em um motivo de
aminoacidos 6PATGGG) em que quatro delessPAss: 15655Gieg) sdo divergentes em
Aaml (s8AE1sg 16KL 163). Adicionalmente, a respectiva regido de alca eamA é formada
por mais cinco aminoacidos na sua sequéncia, dée assentes na Cqml e que conferem
uma disposicao espacial distinta desta alca na Alledte segmento, portanto, foi observada
uma sequéncia com baixa conservacao de aminoaeaidos,de um perfil hidropatico e uma
disposicao estrutural distinta destes residuos.

Os dados obtidos sdo consistentes com a importdesge segmento e dos residuos
158GGisopara a ligagdo da toxina Bin, no entanto, & pokgiwe outros residuos possam estar
envolvidos. A modelagem da proteina Cgml mutanteloa que a modificacdo da regido

critica para a interagdo ocasionou também altesagieoutras areas da molécula, sugerindo
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que poderia haver mais de uma regido envolvidéagagdo da Cgm1 a toxina Bin. A andlise
da proteina mutante Cqmitdel também corrobora esses dados. Essa protalaapéovida

de 66 aminoacidos (V393-Q458) e ndo possui ati@daadalitica, apesar dos sitios cataliticos
estarem localizados em outra regido da moléculaRBAUX et al., 2007). A maioria dos
aminoacidos da Cqml, divergentes da Aaml e locklzaessa regido, foi analisada nesse
estudo, porém nenhum deles interferiu na capacidadgacao. Este resultado sugere que a
delecdo tem efeito na conformacdo protéica e quees&luos desta regido ndo estédo
envolvidos na ligacdo a toxina. A modelagem dessteima de fato aponta que ocorrem
divergéncias em outras regides da proteina, in@usa regido de algca identificada como
critica para a interacdo da Cgm1 com a toxina. &stginto de dados indica que a delecéo de
66 aminoacidos afetou a estrutura e o enovelandatmolécula, influenciando os epitopos
de ligacdo a Bin e os sitios cataliticos.

A identificacdo de um epitopo critico para a ligack toxina Bin na proteina Cqm1
direcionou para uma investigacdo, que estd em atanpara elucidar a base molecular da
refratariedade das larvas dee. aegypti. Durante esse trabalho, as andlises levaram a
conclusdo de que diferencas nas proteinas Cgmln&l,Aao segmentq@ssPATGGGgy,
podem ser responséaveis pela diferenca de afinidbelkbgacdo a toxina Bin, o que acarretaria
portanto a refratariedada vivo de Ae. aegypti. Neste contexto, o significado do epitopo da
Cgm1l pode ser investigado através da modelagerdugiio e avaliacdo de proteinas Aaml
modificadas nesse sitio.

A avaliacdo funcional destas proteinas mutantesrgoglucidar se esta diferenca sera
determinante para reverter o fenotipo da Aaml. SeAanl mutante no sitio
154 GRQNAETGKLD 64 apresentar capacidade de ligacdo a toxina Bin, paséivel fazer
uma analise quantitativa da afinidade de ligac&uadproteina em relacdo a Cgm1l. Ou seja,
sera possivel avaliar se esta modificacdo podengdr umstatus de ligacao similar. Se a
modificacdo da Aaml n&o resultar na capacidadeigdgdo, outros aminoacidos seréo
avaliados. A andlise de modelagem mostrou que aglamgas no segmento
154GRQNAETGKLDyg4afetam a apresentacédo de outras regides que, aop@ge, poderiam
fazer parte deste epitopo. Serédo produzidas eaagaaliproteinas Aaml mutantes neste sitio,
associado a mudancgas em outros sitios candidatib® &specto importante € que a estrutura
da toxina Bin ainda ndo esté disponivel e sua patfio permitira a realizacdo de estudos de
modelagem da interacdo (docking) das proteinag gaterminar outros segmentos que

poderiam estar envolvidos.
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10 CONCLUSOES

a) O sitio de ligacdo da toxina Bin no receptor Cqndb ulepende de glicanos, esta
localizado em uma regido de alca da porcdo N-tednda proteina e os residuos
156GG160, NA0 conservados entre Cgml e Aaml, sdo criticas gdigacdo com a
toxina Bin. E possivel ainda que outras regibesguosestar envolvidas na interacéo

com a toxina Bin;

b) A proteina Aaml é expressa microvilli intestinal das larvas déedes aegypti nas
fases larvaria e adulta e a refratariedadé@eaegypti a toxina Bin é decorrente da
presenca de diferencas entre a proteina Aaml eceptoe Cgml. O epitopo
encontrado na Cgml é altamente divergente na Aampdde ser responsavel pela

incapacidade de ligacéo a toxina;

c) A proteina Aaml é glicosilada, ao contrario da Coqoug ndo apresenta glicanos,
apesar dos sitios preditos. A capacidade de ligag&ima Bin ndo depende da
presenca destes carboidratos e ainda ndo € clpaped das glicosilacdes na Aaml,
mas € possivel que estes glicanos estejam envsleitiooutros processos, tais como
atividade catalitica da proteina;

d) O estudo das proteinas Cgml e Aaml necessita seluzido em sistemas de
expressdo adequados devido as caracteristicaseafa@as neste trabalho. A
expressdo em células Sf9 demonstrou que esse aisipnesenta a maquinaria

necessaria para conferir o processamento adeqaadwateinas.
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Novel Mutations Associated with Resistance to Bacillus sphaericus in a
Polymorphic Region of the Culex quinguefasciatus cqml Gene
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Eitm toxin from Bactilus sphaerions st oo Culer guimguefasciamo rvae by binding to Cgmi midgoi-boond recepiors, amd dis-
rapibon of the ogm ! gene 1s the major cmse of resistance. The goal of s work was o screes fior a laboratory-selected resistance

i gar allede in fizld poplsitons tn the ey of Hecife, Braxil, ard 1o describe oiler resistan ce-associsled polymorphisms in e
el gene. The oged gy allele was delecied in the foar nontrested pogalaibons surveyed al freqeencies from 0051 1o 0007, el
seiuence analysls from these samples revealsd a povel reststant allele (ogm i pee o) displaying & 6-mncde=totide (nt} deletinm
withch ks distinct from the 19-nt deletion assoctated with cgmi g Teta third reststani allele (ogm g 00, displayving a 2521
deletlon, was ldeniled In ampdes from & brealed aren exposed to Il spharrfoes. A comparison of the three delet@on events re.
vealed thal ell are located withis the same 208-nt reghon amplihed duriog the screeming procedure. They also introdoce equive-
lent Eramesbsifis tn the segnence and generaie the same premature siop codon, keading 1o polagve mnscripls encodimg truncrisd
prodeins wiich are orable (o locate to the madgnt eplthelinm. The popolitions analyzed in tkds stady contalmed a variety of al-
ledes witth mmitatines disropting the mnoiion of the correspondieg Bin toxin receptor. Thelr locations reveal a hot spod that cam
be exploited bo assess the resistamce risk throsgh DA screenimg.
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e ntiitrstion: of bisdarvickles based on Sacdlies spheerion re-
gines monioring sraiegies which an peedict or prevent po-
tential redstance sedection among exposed mospetin populations.
The binary (Him} crystal tosim, which 1s ike major active Insecil-
cidal factor foond m commercial B sphaerioes drains, acts on
mosquio [arvas after Ingesiton, procesday and binding to-spedific
recephors ocated on the emidgm epithdium (5, 24). Mmoot dis-
plays high activity against lanae of the Culex pipien compdex and
E. sphaerioes has an exoellemt under fidd conditions,
which make this an sffective BMolarvdde for conimolling thes: gpe.
ctes tnmrhas ameas © 07 Howerer, ihe mode of action of Bin toxin
refies entirely oo Bs binding to 2 siegle class of midgez recepions
whiich are ghyoosyiphosphazidyimosttol [GP-anchored o -giao-
sldzes named Cpmil and Cgel or Culex prpteny and Coder quin-
gueiarciamns, respectively {7, 29, 300 Fathore of toxing 1o bind to
thetr midgui receptors has been deeribed, o a wide mege of tar-
gl Inzecis, as the primary resistance mechanlsm io Insectididal
peoleins from entomopathogenic bacterta (11, 16, 25). In the case
of B sphaenicas, this 12 oritical apec since resistance ses have
Mz been reported afier labomiony ssfeddon or fidd exposare (2,
25, 77 36,38, #1.
of the B resistance mechanisms has
cnfirmed the ssential role for the binding of Bin tosts in s
recepines, slnce mistions within the cpm /e gemes, which are
recsstvely Inherfied, are the major capes lradieg to the ahsemce
of functiomsl receptors tn the midgat and coms=quest high re-
risance levela (36). Restsiance cases anrelated to meceptos
bindimg fiiore were reparted; koweser, the mechaisms in-
volved were not elcidsted to date (251, On the cther hand,
malemlar charactertation of resstance Hnked to grmi fogm
pemes, performed In twn laboratory-selected colonles and ome
fisld populstion, revealed foar disting alleles asnctated with
this phemntype: cpm cep and oqm ) yer- Eboraiony. sferted aliels
in Cahfornta {CEC coleey) amd n Recte, Beaml (Cgllfzasz
iy |, respecttvely, and cpmi g, and opm gl both daracter-
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tred tm a fiedd popedation from the south of Framoe {5, 8, 290, Fach
allefle displays distint resistance- asocialed motations whidy r=-
malt In potential immscripts for tmncated sobable proieins ladeing
the GF] anchor [operl cee oym) g, gl gpd or @ tmncaled
{:Fl-anchored proteies which are siifl neahle o bind Em toxin
e o the boss of &5 amino scids [grmi ge-aell. The CoRLifTas2
coloary, dertverl frem aggs collected in the Redfe Metropalian
Are (EMA: Braztl) amd Gaboratnry selected, high levels of
resisiznce (resstance mais |[RR], = 100,000 dipe o the Sllnre of
Em toxim hinding 1o mioovilles receptors, and larvae from this
rolooy were [pued to be homooygoas br the cgm! pec allde (35,
7L Charctertzdion of ihis allele showed 3 Fo-mmdectide (o)
delenion which changes the frame of the protdn coding seqoencs
= aripinaies 8 premature sop codon. The remiing pradictad
proien coded by this allde lacks part of Hs C-terminal end, m-
chuding the CFlanchor die. As 2 consequence, ' individoals
fouwnd io be homozygows for the oymi; - allde, po mnclioeal
palvpeptide 15 presest & 3 midgnt membrane-boand receptar, a
coaditon emenital for fitn. soxin himding {299, The chamciertza-
tiom of this eimtion allowed the developmest ol 2 PCR ampiifi-
iinm asay, which upon wreesing for. mqmips- tn hoa samples
fromn RMA fidd populations, showed the presence of the assocl-
ated deleting in a frequency om the order of 10 and 0% In
nomtreted and izeated arsas, respectively (40,
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ANEXO A - Consideracées Eticas
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A Coordenaciio do Doutorado em Satide Piblica-CPgAM

Declaro parn os devidos fins que o projeto de pesquisa de doutorado intitulado “Modo de
acio do biolarvicida Lysinibacillus sphaericus: identificacio do epitopo da toxina Bindria no
receptor Cqml e base molecular da seletividade” desenvolvido pela aluna Ligin Maria Ferreira
(turma  2010-2014), nfo envolve procedimentos relacionados 4s exigéocias de conduta ica
emvolvendo seres humanos, de acordo com o Cédige de Ftica, Resolugio CNS [96/96 e

complementares.
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