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Lista de abreviaturas

ACh: Acetilcolina

AChE: Acetilcolinesterase

ACP: Fosfatases acidas

BgAChE1L: Acetilcolinesterase 1 de Blattella germanica
BgChE2: Acetilcolinesterase 2 de Blattella germanica
CarE: Carboxilesterase

CNTX: Canatoxina

eNOS: Oxido nitrico sintase endotelial

FITC: Isotiocianato fluorescente

GMPc: Guanosina monofosfato ciclico

GPI: Glicosilfosfatidilinositol livres

GST: Glutationa S-transferase

iNOS: Oxido nitrico sintase induzivel

Jbtx: Jaburetox

JBU: Urease majoritaria de Canavalia ensiformis (do inglés Jack bean urease)
JBURE-II: Isoforma de urease de Canavalia ensiformis (do inglés Jack bean urease 1)
nNOS: Oxido nitrico sintase neuronal

NO: Oxido nitrico

NOS: Oxido nitrico sintase

PAMP: padrGes moleculares associados a patégenos
p-NPA: p-nitrofenil acetate esterase

rUAP: UAP recombinante
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SNC: Sistema nervoso central
UAP: UDP-N-acetilglicosamina pirofosforilase

UDP-GIcNac: UDP-N-acetilglicosamina
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Resumo

Jaburetox é um peptideo recombinante (~11 kDa) derivado de uma das isoformas de
ureases da planta Canavalia ensiformis, popularmente conhecida como feijao-de-porco. O
peptideo induz efeitos variados em diferentes ordens de insetos, incluindo interferéncia na
contracdo muscular em baratas da espécie Nauphoeta cinerea, ativacdo do sistema imunitario do
vetor da doenca de Chagas, Rhodnius prolixus e também, modula a atividade da enzima UDP-N-
acetilglicosamina pirofosforilase (UAP) e da dxido nitrico sintase (NOS) no sistema nervoso
central de R. prolixus e Triatoma infestans. Além disso, quando injetado, o Jaburetox é letal para
ninfas de R. prolixus e insetos adultos de T. infestans. No presente trabalho foi avaliado o efeito
inseticida do Jaburetox em baratas adultas da espécie N. cinerea, assim como, exploramos 0s
efeitos induzidos pelo peptideo no sistema nervoso central, focando na atividade enzimatica das
enzimas UAP, NOS, fosfatases &cidas (ACP) e acetilcolinesterase (AChE). Os ensaios
enzimaticos foram realizados apds tratamentos in vivo e in vitro com o Jaburetox, utilizando
homogenatos de sistema nervoso central. Técnicas espectrofotométricas foram utilizadas para
mensurar a atividade enzimatica e a expressao proteica foi avaliada através de Western blot. Para
0 ensaio inseticida, Jaburetox foi administrado via oral e via injecéo no inseto, utilizando uma
dose de 50 ug de Jaburetox por g de inseto, ou 0 mesmo volume de tampédo como controle. Em
N. cinerea, ambos os tratamentos, in vivo e in vitro, inibiram parcialmente a atividade da NOS,
sem modificar os niveis proteicos da mesma. Nenhuma alteracdo foi observada nos niveis da
ACP apds tratamentos com Jaburetox. A enzima UAP apresentou diminuicdo da atividade apos
18 h de tratamento in vivo com o Jaburetox. Além disso, em todos os tratamentos in vivo com o
peptideo foi observado um aumento da atividade da AChE, sugerindo um possivel mecanismo de
resposta aos inseticidas. Contudo, mesmo apo6s injecdo e ingestdo de Jaburetox as baratas adultas
ndo tiveram taxas de mortalidade significativas, indicando resisténcia ao efeito inseticida do
peptideo. Em suma nossos resultados sugerem que o Jaburetox afeta as vias nitrinérgica, assim
com a atividade da UAP e da AChE na barata. O fato do peptideo afetar diferentemente as
atividades enzimaticas dos R. prolixus e da N. cinerea podem explicar o porqué as baratas ndo

séo susceptiveis ao Jaburetox.
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Abstract

Jaburetox is a recombinant peptide (~11 kDa) derived from one of the Canavalia
ensiformis (Jack bean) urease isoforms. The peptide induces several effects on insects of
different orders, including the interference on muscle twitch tension in the cockroach Nauphoeta
cinerea, the activation of the immune system in the Chagas’ disease vector Rhodnius prolixus,
and the modulation of the enzyme activities of the UDP-N-acetylglucosamine pyrophosphorylase
(UAP) and nitric oxide synthase (NOS) in the central nervous system of R. prolixus and the
related triatomine Triatoma infestans. Moreover, when injected, the peptide is lethal for R.
prolixus nymphs and T. infestans adults. Here, we evaluated the insecticidal effect of Jaburetox
on N. cinerea adult cockroaches and explored the effects induced by Jaburetox on the central
nervous system, focusing on the enzymatic activities of UAP, NOS, acid phosphatases (ACP),
and acetylcholinesterase (AChE). The enzymatic experiments were performed after in vitro and
in vivo treatments with Jaburetox using central nervous system homogenates from adult
cockroaches. Spectrophotometric assays were employed to measure the enzyme activities and the
protein expression of UAP and NOS was evaluated by Western blot. The insecticidal assay was
conducted by injection and ingestion of 50 pg of Jaburetox per g of insect or the same volume of
buffer for the controls. In N. cinerea, both in vivo and in vitro treatments with the peptide
partially inhibited the activity of NOS, without modifying the protein levels. No alterations on
ACP activity were observed upon Jaburetox treatment. In addition, the enzyme activity of UAP
only had its activity affected at 18 h after injection. The peptide increased the AChE activity,
suggesting a possible mechanism involved in overcoming the toxic effects of the insecticide.
Moreover, the cockroaches did not die after Jaburetox injection and ingestion, indicating
resistance to the toxic action of the peptide. Taken together, our findings indicate that Jaburetox
alters the nitrinergic signaling as well as the AChE and UAP activities. The fact that Jaburetox
affects differently the enzyme activities in R. prolixus and N. cinerea may explain why the

cockroach is not susceptible to the lethal effect of the peptide.
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1. INTRODUCAO

1.1 Jaburetox

Jaburetox (Jbtx) € um peptideo recombinante de aproximadamente 11 kDa, constituido
por 93 aminoacidos e expresso de forma heteréloga em Escherichia coli. Esse peptideo foi
clonado a partir de uma das isoformas da urease da planta Canavalia ensiformis, conhecida
popularmente como feijdo de porco (MULINARI et al., 2007). As ureases sdo metaloenzimas
dependentes de niquel que catalisam a hidrélise da ureia em aménia e dioxido de carbono e séo
amplamente sintetizadas por plantas, fungos e bactérias, mas ndo por animais (BLAKELEY et
al., 1969; MOBLEY & HAUSINGER, 1989; HAUSINGER, 1987). Ha trés isoformas de ureases
presentes na C. ensiformis que foram descritas: Jack Bean Urease (JBU), canatoxina (CNTX) e a
JBURE-II (CARLINI & LIGABUE-BRAUN, 2016). Essas proteinas sdo caracterizadas como
moonlighting, por apresentarem propriedades independentes da sua atividade enzimatica
(LIGABUE-BRAUN & CARLINI, 2015; CARLINI & LIGABUE-BRAUN, 2016).

A CNTX foi a primeira proteina obtida a partir da C. ensiformis cujas propriedades
toxicas foram estudadas (CARLINI & GUIMARAES, 1981). Ao longo dos anos, estudos foram
realizados demonstrando os efeitos toxicos da CNTX e seu mecanismo de acdo em mamiferos.
Apenas em 1997 foi caracterizada a agdo entomotoxica dessa proteina, evidenciando que quando
administrada por via oral nos insetos era tdxica apenas para aqueles que possuiam enzimas
digestivas do tipo catepsina. Esse tipo de enzima cliva a urease em um sitio especifico, liberando
um peptideo de ~10 kDa nocivo para o inseto, denominado pepcanatox. Em 2007 foi

desenvolvido um peptideo recombinante, andlogo ao pepcanatox, chamado de Jaburetox-2Ec,
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clonado a partir da JBURE-II, resultando em um produto de 270 pares de bases (MULINARI et
al., 2007).

Estudos realizados demonstraram que o peptideo é toxico para fungos filamentosos,
bactérias de importancia clinica e para insetos que ndo eram susceptiveis a acdo entomotoxica da
CNTX, evidenciando que Jbtx tem um amplo espectro de acdo (BECKER-RITT et al., 2017).
Além disso, ensaios com ratos neonatos e camundongos demonstraram que a administragdo de
10 mg/Kg de Jbtx ndo provocou sintomas de toxicidade ou morte quando fornecido por via oral
ou intraperitoneal nesses animais (MULINARI et al., 2007). Também em ensaios realizados com
células tumorais de mamiferos o peptideo ndo apresentou efeito citotdxico, quando testado em
concentra¢fes micromolares (BECKER-RITT et al., 2017). Ensaios realizados com os tdbulos de
Malpighi de Rhodnius prolixus, inseto vetor da doenca de Chagas, demonstraram que o Jbtx
altera os niveis de guanosina monofosfato ciclico (GMPCc) nesse 6rgdo, resultando na inibi¢éo da
diurese (STANISCUASKI et al., 2009). Em 2015, Galvani e colaboradores, demonstraram pela
primeira vez a interacdo fisica do Jbtx com uma proteina do sistema nervoso central (SNC) do
triatomineo Triatoma infestans, identificada como a enzima UDP-N-acetilglicosamina
pirofosforilase (UAP). Nesse trabalho também foi demonstrado que quando o inseto é injetado
com o peptideo, Jbtx interage com uma porcédo especifica do cérebro, o lobo antenal, local com
grande atividade da enzima 6xido nitrico sintase (NOS) (GALVANI et al., 2015). Portanto neste
trabalho foi confirmada a hipotese de que o SNC é um dos alvos do peptideo, corroborando a
observacdo de que insetos injetados com Jbtx apresentavam paralisia e movimentos
descoordenados de antenas e patas (MULINARI et al., 2007).

Posteriormente, um estudo realizado pelo nosso grupo evidenciou a capacidade do Jbtx

em interagir com membranas celulares, induzindo a formacdo de poros e alterando as
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propriedades fisicas das mesmas (PIOVESAN et al., 2014). Essas caracteristicas foram
reforcadas em trabalhos seguintes, onde foi demonstrada a interacdo do peptideo com as
membranas celulares de hemacitos de R. prolixus, assim como com o cérebro do mesmo inseto e
também com o corddo nervoso da barata N. cinerea (BROLL et al., 2017; FRUTTERO et al.,
2017; MOYETTA et al., 2017). Quando Jbtx é separado em suas porcGes N e C-terminais,
ambos fragmentos do peptideo se mostraram igualmente ativos em relacdo ao peptideo intacto,
sendo capazes de interagir e romper membranas lipidicas, reduzir a forca de contracdo do
musculo coxal de barata, assim como, causar mortalidade em R. prolixus e no Hemiptero
Oncopeltus fasciatus (MARTINELLI et al., 2014).

Jbtx foi classificado como um peptideo intrinsicamente desordenado, apresentando pouca
estrutura secundaria e nenhuma conformagcédo terciaria, apenas formado por coils, exibindo cinco
conférmeros distintos em solucdo (LOPES et al., 2015 PDB 2MMB8). Essa estrutura tdo versatil e
flexivel é o que, muito provavelmente, possibilita 0 peptideo ter tantos efeitos e interagir de

forma varidvel nos sistemas biolégicos testados até 0 momento.

1.2 Enzimas

1.2.1 UDP-N-Acetilglicosamina pirofosforilase

A UAP, (E.C. 2.7.7.23) é uma proteina amplamente distribuida entre eucariontes e
procariontes. Essa enzima é responsdvel pela metabolizacdo da molécula UDP-N-
acetilglicosamina (UDP-GIcNACc), que por sua vez € um substrato envolvido em muitos
processos fisiologicos dos seres vivos. O UDP-GIcNAC é necessario para a formacao das ancoras

de glicosilfosfatidilinositol (GPI), glicosilagdo de proteinas extracelulares, sintese de quitina e
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também possui participacao na estrutura e funcdo de matrizes celulares (ARAKANE et al., 2011;
COHEN, 2001; MIO et al., 1998).

A quitina € um componente essencial da parede celular de fungos, na cuticula e trato
intestinal dos insetos funcionando como revestimento protetor (HEGEDUS et al., 2009). Os
insetos tém a necessidade constante de sintetizar e degradar quitina, a fim de permitir a ecdise e a
regeneracdo da cuticula, acomodando assim o novo tamanho do corpo. A rota da formacédo da
quitina é complexa e envolve vérias enzimas, no entanto a quitina sintase e a UAP sdo duas
enzimas muito importantes nesse processo (MERZENDORFER, 2003). A via da formacéao da
quitina pode iniciar com a trealose, glicose ou glicogénio seguido por sucessivas
biotransformac6es, incluindo fosforilacdo e aminacdo até chegar no produto UDP-GIcNAc (Fig.
1), catabolizado pela enzima UAP, seguindo pela posterior conversdo desse agucar em polimeros

de quitina, pela quitina sintase (COHEN, 2001).

Trealose

Glicogénio e Quitina (Poli-N-acetilglicosamina)
A\
CIANS S aa
~ Glicose-1-P !
_ \ / 10
Glicose ~L ) / (10)

\
/
\—)\ Glicose-6-P ! UDP-N-acetilglicosamina

(3) v
PPi
(5) N-acetilglicosamina (9)
uTpP

Frutose-6-P \ N-acetilglicosamina-1-P (1) Glicogénio fosforilase
’ \ (2) Trealase
Glutamina \ \ (3) Hexoguinase
6 \ (4) Fosfoglicomutase
, .. <_/ ( ) N\ (8) (5) Glicose-6-fosfato iIsomerase
Acido glutdmico A M e (8) Glutamina-frutose-6-fosfato
: . > o . amidotransferase
Glicosamina-6-P N-acetilglicosamina-6-P (7) Glicosamina-6-fosfato acetiltransferase
/ (8) Fosfoacetilglicosamina mutase
T (3) (9) UDP-N-acetilglicosamina pirofosforilase
. iti int;
Acetil CoA (10) Quitina sintase

CoA (11) Quitinase

Glicosamina (12) N-acefilglicosaminidase

Figura 1. A rota da sintese de quitina. A imagem apresenta os metabdlitos produzidos pelas
enzimas, representadas por numeros, e ao lado da rota hd& o nome de cada enzima. Figura
adaptada de MERZENDORFER, 2011.
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Devido ao fato do produto da UAP estar intimamente relacionado com funcgdes vitais de
fungos, bactérias e insetos, houve o aumento de estudos sobre essa via metabdlica envolvendo a
tentativa de se desenvolver inibidores, visando o controle de pragas e de organismos causadores
de doengas (FANG et al., 2013; LIU et al., 2018; RANI & KHAN, 2016). Os estudos realizados
visam o bloqueio da enzima UAP, inviabilizando as funcdes fisiologicas da enzima, acarretando
na mortalidade do organismo alvo.

Ancoras de GPIs sdo moléculas compostas por fosfato de etanolamina, trimanosideo,
glicosamina e um inositol. Estdo anexadas na membrana plasmatica e covalentemente ligadas as
proteinas pelas suas por¢des carboxi-terminais, sendo um mediador entre essas duas estruturas
(FERGUSON & WILLIAMS, 1988). A grande maioria das proteinas ancoradas por GPI
encontram-se na superficie externa da membrana celular, no entanto também podem existir
algumas na porcdo interna (FERGUSON & WILLIAMS, 1988). As ancoras de GPIs séo
amplamente encontradas em protozoarios, leveduras, fungos, plantas, insetos e nos vertebrados,
no entanto ndo estdo presentes nas bactérias (IKEZAWA, 2002). As funcbes das proteinas
ancoradas por GPI séo as mais variadas, desempenhando papel na transducédo de sinal, resposta
imune, invasdo e metastase de células tumorais e na patofisiologia de parasitas (NOSJEAN et al.,
1997). Relatos na literatura evidenciaram que GPIs de Plasmodium falciparum, agente causador
da malaria, tem funcdo de padrbes moleculares associados a patdgenos (do inglés pathogen-
associated molecular pattern — PAMP) e toxina durante o processo de infeccdo do patdgeno
(SCHOFIELD & GRAU, 2005; SCHOFIELD & HACKETT, 1993). Também ha evidéncias que
as proteinas ancoradas por GPI podem ser utilizadas pelos patdgenos como receptores para a
invasdo do hospedeiro, como observado em Streptococcus agalactiae, Clostridium septicum e

também em virus (BREINIG et al., 2002; GORDON et al., 1999; LANG & PALMER, 2003).
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A glicosilagdo é uma das modificacbes de biomoléculas mais frequentes, realizada
através da adicdo de sacarideos em sitios especificos de proteinas e lipideos. Este processo é
essencial para a formacdo das proteinas de membrana, secretdrias, e também é responsavel pelo
dobramento correto das mesmas (ZHANG et al., 2012). Os tipos mais comuns de glicosilagéo
sdo nitrogénio-glicosilacdo (N-glicosilacdo), que ocorre no nitrogénio da amida de cadeias
laterais de asparagina, e a oxigénio-glicosilagdo (O- glicosilagdo), que ocorre no hidréxi oxigénio
da serina, tirosina e treonina (SPIRO, 2002). Além das funcBes basicas da glicosilacdo, ha
trabalhos demonstrando que esse processo também esta envolvido na resposta imune dos insetos
(HERRERO et al., 2007; MORTIMER et al., 2012), bem como no funcionamento do sistema

nervoso (SN) e no controle dos movimentos (REPNIKOVA et al. 2010; SARKAR et al. 2006).

1.2.2 Acetilcolinesterase

Presente nos invertebrados e nos vertebrados, a acetilcolinesterase (AChE, E.C. 3.1.1.7) é
uma enzima do grupo das serina hidrolases, essencial para o0 bom funcionamento dos terminais
sinapticos (CYGLER et al., 1993). Tem como funcdo a hidrdlise da acetilcolina em acetato e
colina, resultando na finalizagdo do estimulo sinaptico (FOURNIER et al., 1992).

Muitos estudos delineavam que 0s insetos possuiam apenas um tipo de AChE
(TOUTANT, 1989), no entanto estudos mais recentes demonstraram que alguns insetos possuem
duas enzimas, dentre eles o pulgdo do algod&o, Aphis gossyppii, 0 pulgdo dos cereais, Schizaphis
graminum, a traca-das-cruciferas, Plutella xylostella e a barata Blatella germéanica (KIM et al.,
2006). Na barata, as enzimas sdo nomeadas BgAChEl e BgChE2, sendo a BgChE1l mais

abundante e associada a sinalizacdo sinaptica e a BgChE2 coexistindo com a forma 1, no entanto
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sua funcdo fisioldgica ndo foi bem caracterizada. Sabe-se também que a localizagdo
predominante dessas enzimas é o0 SNC, especificamente nos ganglios da cabeca e toréacicos (KIM
et al., 2006; TAYLOR & NEWBURGH, 1979).

Pelo fato de desempenhar um papel fundamental no SNC dos insetos, muitos inseticidas
anticolinesterasicos vém sendo utilizados, dentre eles os organofosforados e os carbamatos. O
mecanismo de ac¢do de agroguimicos se baseia na interacdo com a enzima como um substrato,
ligando-se covalentemente e carbamilando ou fosforilando a serina do sitio ativo, resultando no
bloqueio irreversivel da enzima, acarretando na morte do inseto (ALDRIDGE, 1950; COLOVIC
et al., 2013). No entanto, muitos estudos relatam a relagdo intima entre a AChE com a resisténcia
de alguns insetos em relacdo aos pesticidas organicos (CHEN et al., 2001; HSU et al., 2008;
ZHANG et al., 2011), uma vez que a AChE faz parte do grupo das enzimas conhecidas como
detoxificadoras, as quais ajudam a minimizar ou neutralizar as alteracfes fisioldgicas causadas
pelos compostos nocivos. Algumas das enzimas detoxificadoras conhecidas sdo a AChE,
glutationa S-transferase (GST), carboxilesterase (CarE) e p-nitrofenil acetate esterase (p-NPA)
dentre outras (LI et al., 2016; LIAO et al., 2016; MOHAMED et al., 2016).

Estudos que correlacionam essas enzimas com a resisténcia aos pesticidas, demonstram
gue o aumento da atividade das GSTs, CarE, e da AChE sdo os grandes responsaveis por essa
resposta (BARRIOS et al., 2010; PETHUAN et al., 2007). Também ha estudos que evidenciam a
existéncia de AChEs insensiveis aos organofosforados e carbamatos, inviabilizando o bloqueio
da enzima por esses pesticidas (YANG et al., 2008; YU, 2006). Kim e colaboradores (2012),
evidenciaram a presenca de duas isoformas de AChEs em Apis mellifera com fungdes diferentes,
uma envolvida na transmissdo sinaptica e a outra forma nas fun¢des ndo neuronais, incluindo

defesa contra agentes toxicos (KIM et al., 2012).
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1.2.3 Oxido nitrico sintase

A NOS (E.C. 1.14.13.39) é a enzima envolvida na produgdo do oxido nitrico (NO), o
qual esta envolvido em diferentes processos, como mediador no SN e da resposta imunoldgica
dos insetos (ELPHICK et al., 1993; STEFANO & OTTAVIANI, 2002). O NO ¢ sintetizado na
reacao catalitica, na qual a L-arginina é convertida em NO e L-citrulina, com o auxilio do cofator
NADPH e O, como doador de oxigénio. Trés tipos de NOS em mamiferos estdo descritas na
literatura: neuronal (NNOS ou tipo 1), induzivel (iNOS ou tipo 2) e endotelial (eNOS ou tipo 3),
sendo os tipos 1 e 3 constitutivos. Em insetos, essa subdivisdo néo é feita (DAVIES, 2000). Nos
insetos a NOS foi descrita no cérebro da abelha A. mellifera, na Drosophila melanogaster e no
gafanhoto Schistocerca gregaria (ELPHICK et al., 1995, 1993; MULLER, 1994), bem como nas
glandulas salivares de R. prolixus (RIBEIRO & NUSSENZVEIG, 1993), entre outras espécies
ndo mencionadas acima.

Quando uma infeccdo é detectada no organismo dos mamiferos, o sistema imunitério é
logo ativado para o combate e remocdo desses corpos estranhos. Nos insetos isso ndo é diferente,
havendo um sistema responsavel por esse trabalho, ativado por véarias formas de mediadores,
como aminas biogénicas, citocinas, eicosanoides e NO (BAINES & DOWNER, 1994; GEUN et
al., 2009; SADEKUZZAMAN et al., 2018; STANLEY et al., 2009). Sadekuzzaman e
colaboradores evidenciaram a relacdo direta entre a infeccdo por bactéria em larvas de
Spodoptera exigua e 0 aumento da concentracdo de NO nos hemacitos e no corpo gorduroso do
inseto. Esse processo resulta na ativacdo da fosfolipase A, (PLA,) e biossintese de eicosanoides,
desencadeando assim a resposta imune (SADEKUZZAMAN et al., 2018). Além de desencadear

a resposta imunitaria o NO por si, tem agdo contra patdgenos, induzindo a oxidacdo e a
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nitrosilacdo de residuos de amino&cidos, resultando na alteragdo da estrutura secundaria das
proteinas, culminando na inviabilidade do parasita (RADI, 2004).

O NO esté envolvido em diversos mecanismos de sinalizagdo do SN como no processo
da memoria, visdo, olfato, sistema mecanossensorial e quimiossensorial, assim como na
orientacdo axonal (BICKER, 2001; DAVIES, 2000; MULLER & HILDEBRANDT, 1995; OTT
& BURROWS, 1998). Também é importante durante o desenvolvimento do inseto, regulando a
proliferacdo celular, crescimento axonal e maturacdo sinaptica, sendo a presenca do NO
juntamente com o cGMP essencial para a boa formagcdo do SNC do inseto durante o
desenvolvimento (SEIDEL & BICKER, 2000; WANG et al., 1995; WILDEMANN & BICKER,
1999). Wright e colaboradores (1998), demonstraram que a inibicdo da NOS e guanilato ciclase
soltvel (sGC) durante o desenvolvimento de larvas de Manduca sexta tem efeitos significativos
na maturacdo de vérias classes de neurénios do SN entérico. Um dos efeitos apresentados é a
diminuicdo da formacdo dos dendritos sinapticos em uma populacdo de neurénios migratorios e
também a reducdo do crescimento de sinapses maduras pelos neurdnios pds-migratérios no

mausculo visceral adjacente (WRIGHT et al., 1998).

1.2.4 Fosfatases acidas

A fosforilacdo/desfosforilacdo € um dos principais mecanismos de regulacao da atividade
proteica. Nesse processo a enzima quinase desempenha um papel fundamental no processo, no
entanto as fosfatases acidas (ACP, E.C.3.1.3.2) também s@o importantes. ACP sdo enzimas que
preferencialmente trabalham em pH &cido (pH 4-7), dai vem a referéncia a nomenclatura

(VINCENT et al., 1992). Sdo amplamente presentes nos seres vivos e realizam a hidrolise de
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uma gama de monoésteres fosforilados, liberando uma molécula de fosfato (PANARA et al.,
1989). Relatos na literatura evidenciam que a fosforilacdo de residuos especificos (serina) da
NOS, podem resultar na regulagdo da atividade dessa enzima (ALDERTON et al., 2001).
Estudos prévios demonstraram que as ACP podem estar envolvidas no processo de
regulacdo da atividade da NOS (GAZOS-LOPES et al., 2012; PATEL et al., 2006). No trabalho
realizado por Gazos-Lopes e colaboradores, realizado com as glandulas salivares de R. prolixus,
foi demonstrado que no mesmo periodo que houve o aumento da atividade das ACP
correspondeu com o aumento do NO (GAZOS-LOPES et al., 2012). Lalitha e colaboradores,
descreveram que apds a infeccdo das larvas de Spodoptera litura por um nematoide os niveis de
ACP sdo alterados, indicando resposta do hospedeiro ao patégeno (LALITHA et al., 2018).
Também ha relatos que a atividade das ACP é alterada em resposta a exposicao do inseto aos

xenobidticos (SALEEM & SHAKOORI, 1996).

1.3 Nauphoeta cinerea

N. cinerea sdo insetos da ordem Blattodea e familia Blaberidae. Assim como 0s outros
insetos da sua ordem, sdo encontradas em todas as partes do planeta, em diversos habitats. As
baratas sdo hemimetabolas, passam pelos estagios de ovo, ninfa e adulto. A maioria das baratas
sdo oviparas (depositam seus ovos no ambiente), como é o caso da Periplaneta americana, e 0s
ovos sdo envolvidos por uma ooteca, que os protege do ambiente. No entanto, também ha
espécies ovoviviparas, como a Battella germanica, que tem a formacdo de uma carioteca
membranosa envolvendo os ovos. A fémea carrega 0s ovos até 0 momento da ecloséo, contudo a

membrana isola os ovos da mée, ndo havendo troca de nutrientes. E por fim as espécies que séo
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viviparas, possuem a carioteca membranosa incompleta, permitindo assim a troca de nutrientes
entre a fémea e 0s ovos, grupo ao qual pertence a barata utilizada nesse trabalho, N. cinerea (Fig.
2) (BELL et al., 2008).

O corpo das baratas € dividido em cabeca, térax e abdémen, possuem trés pares de pernas
saindo do térax. As pernas sdo compostas por coxa, fémur, tibia e tarso, recobertas por pelos
sensoriais. Assim como nas pernas as baratas possuem no fim do abdémen estruturas sensoriais
tateis, chamadas de cerco, sensiveis a vibragdo e deslocamento de ar, alertando o inseto da
possivel presenca de predadores, e necessidade de fuga. Como um artropode, as baratas possuem
0 corpo recoberto por quitina, formando uma cuticula protetora (MONGEAU et al., 2015;

WEIHMANN et al., 2015).

Figura 2. Foto ilustrativa do organismo modelo utilizado nos experimentos, barata adulta da
espécie Nauphoeta cinerea. Fonte: Do autor.

As baratas sdo pragas urbanas preocupantes a saude publica, pelo fato de transmitir
agentes causadores de doengas, como bactérias, protozoarios e virus, também podendo causar
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reacOes alérgicas em alguns individuos (GOVINDARAJ et al., 2016). No entanto, por mais
peculiar que pareca, no oriente, especificamente na China, o extrato de baratas da espécie P.
americana é utilizado na medicina alternativa, aplicado especialmente para a cicatrizacdo de
feridas e Ulceras (WANG et al., 2011; YAN et al., 2017, 2018). Na ciéncia, a utilizacdo de
baratas como organismo modelo j& € bem estabelecida, amplamente aplicada em estudos de
toxicologia e neurobiologia, devido ao seu SN ser relativamente simples e bem caracterizado.
Também a ndo necessidade de fatores éticos para a utilizacdo dos invertebrados nos ensaios
laboratoriais € um fator estimulante. No campo da toxinologia, a utilizacdo das baratas como
organismo modelo é vantajoso, pois a gama de possibilidades de investigar a acdo desses
compostos no organismo sdo grandes (HUBER et al., 1990). As possibilidades variam, desde
ensaios bioguimicos, para avaliacdo das atividades enziméticas, ensaios eletrofisioldgicos, como
as preparacdes nervo-musculares que nesses casos podem ser realizadas in vivo, in situ ou in
vitro, como também os ensaios comportamentais, conhecido como grooming. Focando
especificamente nos estudos neurobiolédgicos, a simplicidade do SN das baratas e o fato de
possuirem axénios gigantes é a combinacdo desejada que facilita as preparacdes de ensaios nessa
area, assim como a resposta desse sistema aos tratamentos testados (STANKIEWICZ et al.,

2012).

1.3.1 Sistema nervoso central de baratas

O funcionamento adequado do SN requer um isolamento distinto dos sinais elétricos
demandando um alto nivel de regulacdo. O controle dessa complexa funcéo inicia-se no nivel

dos canais i6nicos e € mantido posteriormente pelo efeito desses canais sobre a atividade de
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redes neurais altamente organizadas (CAVALHEIRO et al., 1991). O SNC das baratas é formado
basicamente por dois elementos morfoldgicos, ganglios e conectivos, sendo ganglios agregados
de neurdnios e 0s conectivos estruturas que unem um ganglio ao outro, constituindo assim o
caminho neural. Esse sistema é composto por onze ganglios sendo dois ganglios presentes na
cabeca (0 supra e subesofagico), trés ganglios no térax (o pré-, meso- e metatoracico) e por fim
os seis ultimos ganglios localizados no abdémen (Fig. 3) (FOURTNER & KAARS, 1990). O
ganglio supraesofagico é o local de recebimento das informacdes sensoriais, compreendendo a
interacdo sinaptica sensorial-motora, iniciacdo dos comandos para a acao locomotora e também
integracdo dos reflexos neuroenddcrinos. Esse ganglio € composto por trés regides, o
protocérebro, deutocérebro e o tritocérebro, sendo cada porcdo responsavel pelo controle de
diversas partes do inseto, como por exemplo, pela parte sensorial e motora das antenas, parte
motora dos corpos cardiacos e sensorial dos ocelos e componentes oculares. Em contribuicdo
para o controle motor do inseto, o ganglio subesofagico tem por funcdo controlar os musculos do
aparelho bucal do animal (mandibula, maxila e labio) e o controle locomotor comportamental.
Os trés ganglios toréacicos sdo responsaveis pelo controle motor e sensorial da musculatura do
pescoco, toracica, coxal, femoral e das asas. Os seis Ultimos ganglios abdominais inervam os
espiraculos e a musculatura abdominal (OSBOURE, 1996; FOURTNER & KAARS, 1990). As
ramificacbes que partem principalmente do ganglio mesotoracico e inervam as regides
periféricas constituem o sistema nervoso periférico (SNP) do inseto (FOURTNER & KAARS,
1990).

Para o efetivo funcionamento do SN 0s neurotransmissores sdo importantes assim como
as enzimas envolvidas nesse processo, seja na producdo ou hidrolise do neurotransmissor. Como

o principal neurotransmissor do SNC dos insetos é a ACh, a enzima AChE é igualmente
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importante. Um estudo feito com B. germanica demonstrou a caracterizacdo histologica de duas

AChEs. Varios tecidos do corpo da barata foram ensaiados, confirmando a presenca da AChE

em todo o SNC do inseto, em altas concentra¢des, seguido pela cabeca (excluindo o cérebro).

Também foi demonstrada a auséncia dessa enzima na hemolinfa e intestino do inseto (KIM et

al., 2006). Assim com a ACh, o NO também estd muito presente no SNC dos insetos sendo

responsavel pela mediacdo dos sinais recebidos (SATTELLE & BREERT, 1990; ELPHICK et

al., 1995).
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Figura 3. Desenho esquematico do sistema nervoso central da barata. Fonte: modificado de

LEARN ZOOLOGY, 2013.
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2. OBJETIVO GERAL

O objetivo geral do trabalho é determinar o efeito inseticida do Jaburetox, bem como a

acdo do mesmo sobre a atividade das enzimas presentes no sistema nervoso central de N.

cinerea.

2.1 Objetivos especificos

e Avaliar a mortalidade de N. cinerea adultas injetadas e alimentadas com Jaburetox.

e Avaliar o efeito do tratamento in vivo com Jaburetox sobre a atividade enzimatica da

UAP, AChE, ACP e NOS;

e Avaliar o efeito do tratamento in vitro com Jaburetox sobre a atividade enzimatica da

UAP, AChE, ACP e NOS;

e Avaliar a expressao proteica das enzimas UAP e NOS pds - tratamento com Jaburetox;
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3. MANUSCRITO

Os Materiais, métodos e Resultados dessa dissertacdo estdo dispostos na forma de
manuscrito, o qual serd submetido para o Periddico Toxicology (ISSN: 0300-483X) intitulado
“Jaburetox, an Urease-derived peptide: Effects on enzymatic pathways of the cockroach

Nauphoeta cinerea”.
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Abstract

Jaburetox is a recombinant peptide derived from one of the Canavalia ensiformis (Jack bean)
urease isoforms. The peptide induces several toxic effects on insects of different orders,
including the interference on muscle contractility in the cockroach Nauphoeta cinerea, activation
of the immune system in Rhodnius prolixus, and modulates the enzyme activities of the UDP-N-
acetylglucosamine pyrophosphorylase (UAP) and nitric oxide synthase (NOS) in the central
nervous system of R. prolixus and Triatoma infestans. When injected, the peptide is lethal for R.
prolixus nymphs and T. infestans adults. Here, we evaluated the insecticidal effect of Jaburetox
on N. cinerea adult cockroaches. To explore the effects induced by Jaburetox on the central
nervous system, we investigated the enzymatic activities of UAP, NOS, acid phosphatases
(ACP), and acetylcholinesterase (AChE). The enzymatic experiments were performed after in
vitro and in vivo treatments with Jaburetox. Spectrophotometric assays were employed to
measure the enzyme activities. The protein expression of UAP and NOS was evaluated by
Western blot. The insecticidal assay was conducted by injection and ingestion of Jaburetox. In
result, N. cinerea is not susceptible to the lethal effect of the peptide. Moreover, both in vivo and
in vitro treatments with the peptide inhibited the activity of NOS, without modifying the protein
levels. No alterations on ACP activity were observed. In addition, the enzyme activity of UAP

only had its activity affected at 18 h after injection. The peptide increased the AChE activity,
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suggesting a possible mechanism involved in overcoming the toxic effects of insecticides. Our
findings indicate that Jaburetox affects the nitrinergic signaling as well as the AChE and UAP

activities.

Keywords
Central nervous system, action mechanism, UDP-N-acetylglucosamine pyrophosphorylase, nitric

oxide synthase, acetylcholinesterase.

1. Introduction

Ureases are enzymes that catalyze the hydrolysis of urea into carbon dioxide and
ammonia, and they are widespread in plants, fungi and bacteria but are not synthesized by
animals (Ligabue-Braun et al., 2013; Mobley and Hausinger, 1989). The ureases from Canavalia
ensiformis have been described as moonlighting proteins, presenting fungi- and entomotoxic
properties that are not related with their enzymatic functions (Carlini and Ligabue-Braun, 2016).
The entomotoxic effects of the C. ensiformis ureases are explained in part by the release of a
specific peptide upon enzymatic hydrolysis by cathepsin-like peptidases present in the digestive
system of some insect species (Carlini et al., 1997; Ferreira-DaSilva et al., 2000). This urease-
derived peptide, called pepcanatox, has been isolated and expressed in Escherichia coli. This
recombinant peptide, named Jaburetox (Jbtx) was also reported as toxic for filamentous fungi
and yeasts (Mulinari et al., 2007; Postal et al., 2012). In addition, Jbtx induces several toxic
effects on insects from different orders, including those not affected by the whole urease
(Mulinari et al., 2007; Stanisguaski and Carlini, 2012). The effects include the interference on

muscle contractility in the cockroach Nauphoeta cinerea (Martinelli et al., 2014), the activation
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of the immune system (Fruttero et al., 2016) and the inhibition of diuresis in the Chagas’ disease
vector Rhodnius prolixus (Stanisguaski et al., 2009). Moreover, when injected, the peptide is
lethal to R. prolixus nymphs (Martinelli et al., 2014). Previous data from our group demonstrated
that the central nervous system (CNS) of the triatomines Triatoma infestans and R. prolixus is a
target organ for Jbtx, and a recent work reported that Jbtx interacts with the CNS of N. cinerea
upon in vitro incubation (Broll et al., 2017). Using an immunoproteomic approach with the CNS
of T. infestans, Galvani et al., (2015) demonstrated a physical interaction between Jbtx and the
enzyme UDP-N-acetylglucosamine pyrophosphorylase (UAP). This enzyme produces the sugar
nucleotide UDP-N-acetylglucosamine (UDP-GIcNAC), essential for chitin synthesis, protein
glycosylation and production of glycophosphatidylinositol (GPI) anchors (Merzendorfer, 2011;
Moussian, 2008). Similarly, when Jbtx was injected in T. infestans, the peptide was detected at
the antennal lobe and the subesophageal ganglion, sites where nitric oxide synthase (NOS) is
present (Galvani et al., 2015). This enzyme is involved in nitrinergic signaling, immune
response, sense of location and search for food (Muller, 1997; Stefano and Ottaviani, 2002). In
addition, Fruttero et al. (2017) reported in R. prolixus’ CNS that Jbtx modulates the enzyme
activities of UAP and NOS. Acetylcholine (ACh) is an important neurotransmitter essential for
the function of the insects’ CNS (Wiéchtler, 1988), and acetylcholinesterase (AChE) is the
enzyme responsible for the breakdown of ACh into choline and acetate. The reaction is
necessary to reduce the ACh concentration in the junction, preventing continuous stimulation of
the nerve endings (Sattelle and Breert, 1990; Lionetto et al., 2013). The enzyme is the target of
some organophosphate and carbamate insecticides, and the signs of intoxication include
restlessness, hyperexcitability, tremors and paralysis leading to death (Fukuto, 1990; Lionetto et

al., 2013).
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Cockroaches are being used more frequently as alternative model organisms for
physiological and neurobiological experiments (Blankenburg et al., 2015), being a great non-
mammalian complementary model for tests involving toxic agents (Stankiewicz et al., 2012;
Zemolin et al., 2014). This species has already shown resistance to Jack bean urease (JBU), an
isoform of urease from C. ensiformis, when administrated by injection (Carrazoni et al., 2016).

High doses of Jbtx, administered to mice and neonate rats by oral route and
intraperitoneal injection, did not induce any symptoms of intoxication (Mulinari et al., 2007).
This characteristic reinforces the biotechnological application of Jbtx as a potential
bioinsecticide. Since the Jbtx mechanism of action is not widely studied in cockroaches nor even
completely understood in other models, we employed N. cinerea cockroaches to explore the
effects induced by the peptide on the CNS, focusing on the enzymatic pathways. In addition, we

evaluated the insecticidal effect of Jbtx on N. cinerea adult cockroaches.

2. Materials and methods

2.1. Chemicals

Rabbit polyclonal universal nitric oxide synthase (UNOS) antibody (Thermo Scientific -
Pierce, IL, USA); rabbit polyclonal anti-UDP-N-acetylglucosamine pyrophosphorylase (UAP)
antibody (the antibody was produced against R. prolixus’ rUAP by Célula B — Servigo de
Producdo de Anticorpos, Porto Alegre, Brazil, http://www.ufrgs.br/celulab/index.htm); anti-
rabbit antibody conjugated to horseradish peroxidase (HRP) (GE Healthcare, Buckinghamshire,
UK); enhanced chemiluminescence (ECL) Luminata Classico Western HRP substrate (Merck,

Darmstadt, Germany) were obtained from the indicated commercial sources. The rabbit
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polyclonal anti-actin antibody and all the remaining reagents were from Sigma-Aldrich (St.

Louis, MO, USA).

2.2. Animals

The experiments were performed on N. cinerea adult cockroaches. The animals were kept
under laboratory conditions with controlled temperature (22—25 °C) on a 12:12 h L:D cycle. The
cockroaches were provided with water and food ad libitum (Birbo Premium Meat & Vegetables:
Crude protein 210g/kg (21%), crude fat 100g/kg (10%), crude fiber 40g/kg (4%), ash 100g/kg
(10%), calcium 10g/kg (1,0%), phosphorus 8000mg/kg (0,8%), sodium 2000mg/kg (0,2%),

omega 3 1000mg/kg (0,1%), omega 6 10g/kg (1%), moisture 100g/kg (10%)).

2.3. Jaburetox production

Escherichia coli BL21(DE3) RIL (Novagen, Madison, WI, USA) cells were transformed
by heat shock with the pET23a-Jaburetox vector that expressed a protein containing a Six-
histidine tag at the C terminus as described in Postal et al., (2012). The recombinant peptide used
in this study was expressed and purified as described by Lopes et al., (2015) with modifications.
E. coli BL21 (DE3) RIL cells were cultured in 20 mL LB (Luria Bertani) Broth, with 100 pg/mL
ampicillin and 40 pg/mL chloramphenicol. The culture was grown overnight at 37 °C under
agitation (180 rpm). All the content was inoculated in 1 L of auto induction medium (10 g/L
tryptone, 5 g/L yeast extract, 5 g/L glycerol, 3.3 g/L (NH,4),SO,, 6.8 g/L KH,PO,, 7.1 g/L
Na;HPO,4, 0.5 g/L glucose and 2 g/L lactose, with 100 pg/mL ampicillin and 40 pg/mL

chloramphenicol) and cultured at 37 °C, 180 rpm, until the culture absorbance (Asoo) reached 0.6.

35



The induction conditions were overnight, at 20 °C, 180 rpm and a reinforced dose of 200 pg/mL
ampicillin was added before the induction period. Then, the culture was centrifuged at 8,000 x g
for 10 min at 4 °C. The cells were resuspended in 50 mL buffer A (50 mM Tris-HCI, pH 7.5, 500
mM NaCl and 20 mM imidazole) and sonicated (20 cycles of 1 min, 20 kHz frequency). The
final cell lysate was centrifuged at 14,000 x g for 40 min at 4 °C, to removal the cell debris. The
supernatant was submitted onto a Ni(ll)-loaded 5 mL Chelating Sepharose (GE Healthcare, Little
Chalfont, UK) previously equilibrated in buffer A. The supernatant was subjected to three
passages through the column and then, the affinity resin was washed more than 20 column
volumes with buffer A. After that, to remove weakly bound contaminants, the imidazole
concentration was increased up to 70 mM (50 mM Tris-HCI, pH 7.5, 500 mM NaCl and 70 mM
imidazole) and the column was washed exhaustively. Elution of Jaburetox was performed using
500 mM imidazole (50 mM Tris-HCI, pH 7.5, 500 mM NaCl and 500 mM imidazole) and in this
step the flow through was collected in fractions of 5 mL. Then, the protein content was measured
in each fraction by Bradford (1976), the fractions with more protein were pooled and submitted
to a size exclusion chromatography. The eluted protein was loaded onto a HiLoad Superdex 200
pg 26/600 column (GE Healthcare, Little Chalfont, UK),) pre-equilibrated with buffer B (50 mM
phosphate pH 7.5, 1 mM EDTA and 1 mM TCEP (tris (2-carboxyethyl) phosphine)). The protein
eluted in each fraction were measured and the sample purity was assessed by SDS-PAGE 12 %
(Laemmli, 1970). Fractions containing Jbtx were pooled, concentrated using 3 kDa Amicon
Ultra Centrifugal Filters (Merk Milllipore, Darmstadt, Germany) and stored at -20 or -80 °C.
After the purification, Jbtx was extensively dialyzed against Tris buffer (500 mM Tris-HCI 100

mM MgCl,, 0.02 % sodium azide), pH 7.5.
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2.4. Dissection and tissue collection

The CNS (composed by ganglia and connective tissues) were dissected from treated
(injected with Jbtx in buffer B or Tris-HCI buffer) or non-treated insects (non-injected), under
cold phosphate buffer (137 mM NaCl, 2.7 mM KCI, 10 mM Na;HPQO4, 2 mM KH,PO,) pH 7.5
or Tris buffer, plus protease inhibitor cocktail (Sigma-Aldrich). Tissues were stored at —20 °C
until use. The tissues that were used to essay that detect phosphate, the tris buffer were used to

avoid phosphate contamination.

2.5. Jbtx insecticidal assay

2.5.1. Feeding experiment

Adult cockroaches were separated from the colony and for three days before the assay
they only receive dog food and no water. The treated group, each cockroach received a solution
drop with 25 pg of Jbtx (dose 50 pg of Jbtx per g of body weight), the control group received the
same volume of vehicle saline (buffer B) and the positive control group received a 2 % azide
solution drop. Each group had five insects and the experiments were performed in triplicate.
After the treatment, the insects received food and water as stated in 2.2. Survival rate was

followed up for 10 days.
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2.5.2. Injection experiment

Adult cockroaches, weighting an average of 500 mg, received abdominal injections of 50
pg of Jbtx per g of body weight or the same volume of buffer B for the controls. Five groups
with four insects were used to test each condition. The insects received water and food

throughout the experiment and the survival rate was followed up for 10 days.

2.6. Determination of enzymatic activities

2.6.1. Determination of NOS activity

For the in vivo treatment, adult cockroaches received abdominal injections of Jbtx (4, 8
and 16 ug of Jbtx per g of body weight) or the same volume of buffer B. Then, 2, 6 and 18 h
after injection, CNSs were dissected and the organs were homogenized in 20 mM Tris-HCI, pH
7.4, containing 0.32 M sucrose, 2 mM Na; EDTA, 2 mM dithiothreitol (DTT) and protease
inhibitors. The homogenates were centrifuged at 10,000 x g for 10 min at 4 °C and the protein
concentration was measured in the supernatant according to Bradford (1976). NOS activity was
determined as described in Galvani et al. (2015) with a reaction mixture containing 50 mM
phosphate buffer (PB) pH 7.0, 1 mM CaCl,, 1 mM L-arginine, 100 uM NADPH, 10 uM DTT,
0.1 uM catalase, 4 UM superoxide dismutase (SOD), 5 uM oxyhemoglobin and 15 pg of protein,
at 37 °C. The formation of methemoglobin was registered at 401 nm in a SpectraMax®M3 Multi-
Mode Microplate Reader (Molecular Devices, Sunnyvale, CA, USA). In order to confirm that
the oxidation occurred only by NO production, reaction controls were carried out using the

specific NOS inhibitor, NG-methyl-L-arginine (L-NMMA, 1 mM). The experiments designed to
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evaluate the in vitro effect of Jotx on NOS activity were conducted preincubating the supernatant
of tissues from non-treated insects (pools of 3 organs) with 1, 50 and 100 nM Jbtx or with the
same volume of vehicle buffer (controls) for 1 h at 4 °C. Afterwards, the NOS activity was

determined as described above.

2.6.2. Determination of acid phosphatase activity

The in vivo effect of Jbtx upon ACP activity was carried out with adult cockroaches by
abdominal injections of Jbtx (4, 8 and 16 g of Jbtx per g of body weight) or the same volume of
buffer B. Then, 2, 6 and 18 h after injection, CNS were dissected. The organs were
homogenized in 20 mM sodium acetate buffer pH 4.0 containing 10 mM DTT, 10 mM
Na,EDTA with protease inhibitors and centrifuged at 14,000 x g for 5 min at 4 °C. The ACP
activity was measured following the hydrolysis of p-nitrophenyl phosphate (pNPP) to p-
nitrophenol (pNP) as described previously (Leyria et al., 2015). The assays were conducted
incubating 5 mM pNPP as substrate and 2.5 pg of protein homogenates as enzyme source for 30
min at 37 °C. The reaction was stopped with 1 M NaOH and the amount of pNP released into the
medium was registered at 405 nm. Specific activity was expressed as nmol of pNP/mg
protein/min. The in vitro effect of Jbtx on AP activity was carried out preincubating the
supernatant of non-treated insects (pools of 3 organs) with different concentrations of Jbtx (1, 50
and 100 nM) or with the same volume of buffer B (controls) for 1 h at room temperature.

Afterwards, the AP activity was determined as described above.
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2.6.3. Determination of UAP activity

The in vivo treatment was performed with adult cockroaches by abdominal injection of
different doses of Jbtx (4, 8 and 16 pg of Jbtx per g of body weight) or the same volume of Tris
buffer. After, 2, 6 and 18 h of injection, CNS were dissected. The organs were homogenized in
50 mM Tris—HCI, 10 mM MgCl,, 1 mM DTT (pH 7.5) with protease inhibitors and centrifuged
(10,000 % g, 10 min, 4 °C). The UAP activity was determined following the methodology
described by Mio et al. (1998) with slight modifications (Galvani et al., 2015). The assays were
carried out in 50 mM Tris—HCI (pH 7.5), 10 mM MgCl,, 25 pM UTP, 20 uM N-acetyl-a-d -
glucosamine 1-phosphate, 10 % (v/v) glycerol, 1 mM dithiothreitol, 0.4 units/mL
pyrophosphatase and 5 pg of supernatant protein as enzyme source. The reaction mixture was
incubated for 15 min at 37 °C and 100 pL of color reagent comprising 0.03 % (w/v) malachite
green, 0.2 % (w/v) ammonium molybdate, 0.05 % (v/v) Triton X-100 in 0.7 M HCI were added.
The color was developed for 5 min at 37 °C and then absorbance readings were registered at 655
nm. Specific activity was expressed as the absorbance (Agss) per mg of protein. The experiments
designed to assess the in vitro effect of Jbtx on UAP activity were carried out preincubating the
supernatant of non-treated insects (pools of 3 organs) with different concentrations of Jbtx (1, 50
and 100 nM) or with the same volume of Tris buffer (controls) for 1 h at room temperature.

Afterwards, the UAP activity was determined as above.

2.6.4. Determination of acetylcholinesterase activity

To assess the effect of the in vivo treatment, different doses of Jbtx (4, 8 and 16 pg of

Jbtx per g of body weight) or the same volume of buffer B were administrated by abdominal
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injections in adult cockroaches. Then, 2, 6 and 18 h after injection, CNSs were dissected, the
organs homogenized in 50 mM Tris—HCI, 10 mM MgCl;, 1 mM DTT (pH 7.5) with protease
inhibitors and centrifuged (1,000 x g, 5 min, 4 °C). AChE activity was determined following the
methodology described by Ellman et al. (1961) and Stirmer et al. (2014) with some
modifications. Briefly, the assays were carried out in 200 pL potassium phosphate (KPi) buffer
pH 8.0 (0.1 M KH,PO4, 0.1 M K,HPO,), 20 uL of a 5 mM DTNB (5,5°-Dithiobis (2-
nitrobenzoic acid)), 25 pL of a 7.25 mM acetylthiocholine iodide and 15 pg of protein
homogenates. The rate of the hydrolysis was measured through the release of thiocholine, whose
free sulphydryl group reacted with DTNB to produce the yellow compound thionitro-benzoic
acid (TNB). The reaction was followed at room temperature during 2 min at 412 nm. The results
were expressed as milliunits of AChE per milligram of protein (mU/mg protein). One milliunit
of AChE was defined as the amount of enzyme able to produce 1 nmol of TNB per min under

the specified conditions.

2.7. NOS protein expression

CNS from control and Jbtx-injected insects (pools of 3 insects each) were collected 6 h
post-injection in PB and protease inhibitors, homogenized and centrifuged at 10,000 x g for 10
min at 4 °C. Forty pg of protein samples were subjected to 8 % SDS-PAGE and then transferred
to nitrocellulose membranes, blocked and incubated with the anti-uNOS antibody overnight
(1:1000) followed by the incubation with the anti-rabbit HRP-conjugated antibody (1:5000)
(Galvani et al., 2015). The bands were detected by enhanced chemiluminescence (ECL) and

loading control was evaluated using a polyclonal anti-actin antibody (1:500).
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2.8. UAP protein expression

CNS from control and Jbtx -injected insects (pools of 3 insects each) were collected 6 h
post-injection in PB and protease inhibitors, homogenized and centrifuged at 10,000 x g for 10
min at 4 °C. Twenty pug of protein samples were subjected to 12 % SDS-PAGE and then
transferred to nitrocellulose membranes, blocked and incubated with the anti-UAP antibody
(1:30,000) 1 h at room temperature (25 °C), followed by the incubation with the anti-rabbit HRP-
conjugated antibody (1:15,000) (Galvani et al., 2015). The bands were detected by ECL as

described and the loading control performed as described in 2.7.

2.9. Statistical Analysis

The results were expressed as mean * standard error of the mean (SEM). For comparison
between two different experimental groups, the Student “t” test was employed. ANOVA
followed by Dunnett as post hoc test was employed when data from more than two experimental
groups were analyzed. All the experiments were performed at least four times in triplicates. The
statistical analyses were carried out using the Graphpad Prism 6.0 (San Diego, CA, USA)

software. The data was considered statistically significant when P value < 0.05.
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3. Results

3.1. Insecticidal effect of Jbtx on adult cockroaches

We tested the insecticidal effect of Jbtx by injection into N. cinerea adult. Jbtx (50 pg/g
of insect weight) did not cause a significant mortality after ten days (Fig. 1A). Moreover, after
the feeding assay with adult cockroaches, no mortality was detected on Jbtx group (50 pg/g), on
the other hand after the ingestion of 2 % of azide all the insects died (Fig. 1B). The azide control
was performed to attest that they, in fact, ingested the drop that we gave to them. These results
indicate that N. cinerea is not susceptible to insecticidal effects of the peptide, at least in the

conditions tested.
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Figure 1. Insecticidal effect of Jbtx on adult N. cinerea. (A) The insects were injected with 50 pg
per g of body weight of Jbtx or the same volume of vehicle buffer for the controls. (B) The
treated group received a solution drop with 25 pg of Jbtx (dose 50 pg of Jbtx per g of body
weight), the control group received the same volume of vehicle saline (buffer B) and the positive
control group receive a 2 % azide solution drop. Both treatments the mortality was recorded after
10 days. Each group had five insects and the experiments were performed in triplicate. Results
shown are the means = SEM (n = 5). Student’s t-test.
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3.2. Jbtx affects the nitrinergic pathway

After in vitro and in vivo treatment with Jbtx it was observed that Jbtx partially inhibited
NOS activity. Regarding the in vitro treatment, the enzyme activity was significantly diminished
when 1 and 50 nM of Jbtx were assayed (Fig. 2A). In vivo, a significant decrease occurred after 2
and 6 h of treatment with Jbtx (Fig. 2B and C). After 18 h no significant changes were observed
(Fig. 2D). However, the protein expression was not significantly modified after Jbtx injection

(Fig. 2E).

>
w

In vivo (2 h)

In vitro (1 h)
121

-
1

—]

IS 2
L L

w
*

*%

nmol NO/min. mg protein

nmol NO/min. mg protein

[
1

o

44



In vivo (6 h) D In vivo (18 h)

12 71
= T £
< 10 264 T
o o
a 5
o 81 o 5
£ E ,
= 6 *kk k=
g *kkk g 3-
O 44 o)
z *kkk Z 2
[<) J —
g ? g 11
< c

0 L] 0 L]

N > S S S
& \O A > «° \ A \
N wY X N Q N N Ny
> © Q ™ Rl ©
o & + < & & ~
o <Y < 0 L
D D NY ) N Y

Figure 2. Effect of Jaburetox on Nitric Oxide Synthase (NOS) activity after in vitro and in vivo
treatments. (A) NOS activity in the CNS of N. cinerea cockroaches after 1 h of in vitro
incubation with Jbtx. NOS activity in the CNS, after (B) 2 h, (C) 6 h, (D) 18 h of in vivo
treatment with Jbtx (injection). Results are expressed as nmol of NO produced/min.mg protein
and are means + SEM (n= 4-8). One-way parametric ANOVA, Dunnett. *P < 0.05, ** < 0.01,
*** < (0.005. CNS: central nervous system. (E) Effect of the in vivo Jbtx treatment on NOS
protein expression as determined by Western blot. The samples were processed as described in
materials and methods and subjected to SDS-PAGE and Western blot employing an anti-uNOS
antibody and an anti-actin antibody as loading control. The immunoreactive bands for NOS and
actin presented the expected molecular weights (~132 kDa and ~40 kDa, respectively).
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3.3. Jbtx has no effects on ACP activity

Since protein phosphorylation-dephosphorylation is an important mechanism of
regulation of NOS activity (Alderton et al., 2001), we evaluated if Jbtx would induce
modifications on ACP activity. As shown in Fig. 3, the in vitro and in vivo treatment did not

significantly affect the enzyme(s) activity.
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Figure 3. Effect of Jaburetox on Acid Phosphatases (ACP) activity after in vitro and in vivo
treatments. (A) ACP activity in the CNS of N. cinerea cockroach after in vitro incubation of
homogenates with the toxin. ACP activity in the CNS, after (B) 2 h, (C) 6 h, (D) 18 h of in vivo
treatment (Jbtx injections). Results are expressed as nmol of pNP/mg protein/min and are means
+ SEM (n= 5-6). One-way parametric ANOVA, Dunnett. CNS: central nervous system.

3.4. Jbtx alters UAP activity

In order to study the effects of Jbtx upon UAP activity, we performed in vitro and in vivo
treatments with the peptide. The results demonstrated that Jbtx promoted no significant effects
upon the enzyme activity after in vitro incubation of CNS homogenates (Fig. 4A) and at 2 and 6
h after injection (Fig. 4B e C). However, 18 h after the in vivo treatment with Jbtx, the activity
significantly diminished for 8 and 16 pg of Jbtx/g doses (Fig. 4D). Regarding protein expression,
no significant alterations were noticed when Jbtx-treated and control tissues were compared (Fig.

4E).
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Figure 4. Effect of Jaburetox on UDP-N-acetylglucosamine pyrophosphorylase (UAP) activity
after in vitro and in vivo treatments. (A) UAP activity in the CNS of N. cinerea cockroach after
in vitro incubation with the toxic peptide. UAP activity in the CNS, after (B) 2 h, (C) 6 h, (D) 18
h after Jbtx injection. Results are expressed as specific activity (Asss nm/mg protein) and are
means £ SEM (n= 4-7). One-way parametric ANOVA, Dunnett. *P < 0.05, ** < 0.01. CNS:
central nervous system. (E) Effect of the in vivo Jbtx treatment on UAP protein expression as
determined by Western blot. The samples were processed as described in materials and methods
and subjected to SDS-PAGE and Western blot employing an anti-UAP antibody and an anti-
actin antibody as loading control. The immunoreactive bands for UAP and actin presented the
expected molecular weights (~54 kDa and ~40 kDa, respectively).

3.5. Jbtx modulates AChE activity

The analysis of AChE activity on the CNS of the adult N. cinerea after in vitro treatment
revealed no effects on the enzyme activity. On the other hand, the enzyme activity increased

after 2, 6 and 18 h after Jbtx injections, at the dose of 16 pg/g (Fig. 5).
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Figure 5. Effect of Jaburetox on Acetylcholinesterase (AChE) activity after in vitro and in vivo
treatments. (A) AChE activity in the CNS of N. cinerea cockroach after in vitro incubation with
Jbtx. AChE in the CNS, after (B) 2 h, (C) 6 h, (D) 18 h of in vivo treatment with Jbtx. Results are
expressed as moles of substrate hydrolyzed/min/mg protein and are means + SEM (n = 5-6).
One-way parametric ANOVA, Dunnett. *P < 0.05, ** < 0.01, *** < 0.005. CNS: central nervous
system.
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4. Discussion

A number of reports from our group have shown that Jbtx display entomotoxic effects on
several insect species, while it is not toxic to mammalians (Carlini and Ligabue-Braun, 2016), a
desirable characteristic for a potential bioinsecticide. To boost such applications, it is important
to have a comprehensive knowledge of its toxic mechanism in different animal models, including
different insect orders. In this work, we have evaluated the insecticidal properties of Jbtx upon N.
cinerea, as well as its effects on the enzymatic pathways in the CNS of those insects.

Our findings demonstrated that after ingestion and injection of 50ug of Jbtx the
cockroaches did not show signs of intoxication or mortality (Fig. 1A, B). These data is in line
with a previous report demonstrating that abdominal injections of JBU did not cause the death of
adult cockroaches (Carrazoni et al., 2016). On the contrary, when R. prolixus and T. infestans
were tested under similar doses, the triatomines had 100 % of mortality after 72 h or less
(Fruttero et al., 2016, Galvani et al., 2015), confirming that they are susceptible to the Jbtx
effects and N. cinerea is resistant. Jbtx causes harmful effects and death on several insect
species, belonging to the orders Hemiptera (Oncopeltus fasciatus, Dysdercus peruvianus),
Diptera (Aedes aegypti), Lepidoptera (Spodoptera frugiperda and Helicoverpa armigera)
(Becker-Ritt et al., 2017) and Blattodea (B. germanica) (Carlini and Ligabue-Braun, 2016).
Species-specific selectivity effects within the Blattodea order were already described for the
spider venom tested on B. germanica and P. americana (Bende et al., 2015; Herzig et al., 2016).
In addition, different reports showed higher resistance of N. cinerea against nematode infection
and spider venom when compared to other cockroach species, including B. germanica (Cutler et

al., 2017; Wullschleger and Nentwig, 2002).
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In relation to the effect of Jbtx upon enzymatic activity, our data evidenced that both
treatment conditions (in vivo and in vitro) partially inhibited the activity of NOS (Fig. 2A-C) and
a similar inhibition profile was previously observed in the triatomines R. prolixus and T.
infestans (Fruttero et al., 2017; Galvani et al., 2015). These data show that the inhibition of
nitrinergic pathway as a consequence of Jbtx treatment is not restricted to the Hemiptera order.
Taking into account the in vitro incubation with Jbtx resulted in enzymatic inhibition (Fig. 2A)
together with the fact that the protein expression of NOS after treatment was not altered (Fig.
2E), indicate a possible direct effect of the peptide on the enzyme. Since NOS had its activity
affected, and considering that this enzyme could be regulated by phosphorylation and
dephosphorylation (Gazos-Lopes et al., 2012), we decided to investigate the effect of the toxic
peptide on activity of ACP. However, after in vivo and in vitro treatments with Jbtx, no
significant alterations in the enzymatic activity were observed (Fig. 3A-D), at least in our
experimental conditions. Similar findings were reported by Fruttero et al. (2017) in the CNS of
R. prolixus after in vivo and in vitro treatments with Jbtx.

The present work demonstrated a significant increase in AChE activity after the in vivo
treatment with Jbtx (Fig. 5B-D). Since the in vitro incubation with Jbtx did not modify the
enzyme activity (Fig. 5A), it supports the idea of an indirect mechanism of action, i.e., the
peptide could be acting on the protein or the transcript expression levels. Previous works have
demonstrated a connection between increased AChE activity and insect resistance to organic
pesticides (Chen et al., 2001; Hsu et al., 2008; Zhang et al., 2011). In addition, this enzyme was
described as part of the detoxifying enzymes group, which are responsible for metabolizing and
reducing the effects of toxic compounds (Li et al., 2016; Liao et al., 2016). In view of this data, it

is plausible that the cockroaches are responding to Jbtx with a higher enzyme activity in order to
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reduce its toxic effects. This result was not expected, since generally insecticides have an
inhibitory effect on AChE activity (Fukuto, 1990; Jankowska et al., 2018; Sarkar et al., 2018).
After the injection, the cockroaches did not show signs of AChE inhibition such as restlessness,
hyperexcitability, tremors and paralysis leading frequently to death (Fukuto, 1990; Lionetto et
al., 2013), so the phenotypic characteristics observed are compatible with the enzyme activity
levels observed. Nevertheless, when the cockroaches were injected with JBU, the AChE
enzymatic activity on the whole head of the insect decreased (Carrazoni et al., 2016). Since the
authors did not use CNS, the results are not completely comparable with those of the present
work, however, a differential response on AChE activity upon JBU and Jbtx cannot be ruled out.
JBU and Jbtx have different mechanisms of action on other tissues, such as the Malpighian
tubules of R. prolixus (Stanisguaski et al., 2009).

A previous work with T. infestans demonstrated the physical interaction between Jbtx
and the enzyme UAP, concomitant with an increment in the activity of the enzyme (Galvani et
al., 2015). This enzyme activation was similarly observed in the CNS of R. prolixus upon in vivo
(feeding) and in vitro treatments with Jbtx. However, when the recombinant UAP (rUAP) of R.
prolixus was tested in vitro, the activity of rUAP treated with Jbtx remained at the same levels of
the control (only vehicle buffer) (Fruttero et al., 2017). These results suggest that there are
another component(s) present in the R. prolixus’ CNS homogenates, which are not included in
the rUAP reaction mix, that are required to activate this enzyme. When the UAP of N. cinerea
was tested, no activation or inhibition was observed after in vivo (2 and 6 h) (Fig. 4B,C) and in
vitro treatments (Fig. 4A). However, 18 h after injection, an inhibition in the activity was

displayed for the doses 8 and 16 pg Jbtx/g of body weight (Fig. 4D). Thus, compared to the
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triatomines, an inverse profile of activity was observed in N. cinerea indicating a species-specific
effect.

Furthermore, it is important to highlight that cockroaches are insects that live in
unsanitary areas, which makes them more resistant to several stressors. In these places, insects
are in contact with many microbes and pathogens, forcing their immune system to be more
developed to fight against infections (Li et al., 2018). Also, in response to these extreme
conditions in which cockroaches usually live, it was evidenced the upregulation of several genes
in the CYP3 and CYP4 clans, which can be induced by xenobiotics (David et al., 2010; Ffrench-
Constant, 2013). The work that sequenced the American cockroach (P. americana) genome
identified 178 cytochrome P450s, 90 carboxyl/choline esterases, 39 glutathione transferases, and
115 ATP-binding cassette transporters (Li et al., 2018). Those genes are likely part of the
detoxification system and are crucial for insects to overcome the deleterious effects of numerous
toxins. Further experiments are needed to affirm that Jbtx activates this system in the N. cinerea
cockroach, although the activation of AChE (Fig. 5B-D) points to that direction. The differences
of life style and environments could make the cockroach prepared to withstand the effects of

Jbtx, in contrast to the other insects tested.

5. Conclusion

In this work, we have provided evidence that the ingestion and the injection of Jbtx in
adult cockroaches did not resulted in mortality, showing that the toxin is not lethal to this insect.
On the other hand, our data shows that Jbtx affects the nitrinergic signaling in a non-hemipteran

species, altering enzyme activity without modifying the protein expression. Also, we
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demonstrated for the first time that a urease-derived peptide increases AChE activity.
Additionally, Jbtx diminished UAP activity and exerted no effect on ACP. These data establish
the N. cinerea cockroach as a Jbtx-resistant model that can be employed in future comparative

studies to elucidate Jaburetox’s entomotoxic mechanism of action.
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4. DISCUSSAO GERAL

Ao longo dos anos que 0 nosso grupo vem trabalhando com a caracterizacgao do efeito do
Jbtx, os dados obtidos demonstram que esse peptideo possui propriedades de carater
entomotdxico para muitas espécies de insetos. Contudo, quando administrado em mamiferos,
esses animais ndo apresentaram sinais de toxicidade, ponto muito favoravel que reforca a
possivel utilizacdo do peptideo como um bioinseticida ou na constru¢do de uma planta
transgénica (CARLINI & LIGABUE-BRAUN, 2016). Para uma completa compreensdo dos
efeitos desse peptideo e possivel utilizagdo do mesmo para o controle racional de insetos, faz-se

necessario o entendimento dos mecanismos de acdo do peptideo em diferentes modelos de
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animais, incluindo insetos de diferentes ordens. Nesse trabalho, foi avaliado o efeito inseticida do
Jbtx nas baratas da espécie N. cinerea, assim como os efeitos do mesmo sobre a atividade
enzimaética de enzimas presentes no SNC do inseto.

Os tratamentos de 50 pg de Jbtx por g de inseto que foi administrada por via oral e por
injecdo abdominal n&do resultou em mortalidade nos insetos tratados (Fig. 1A, B). Esses dados
corroboram com estudos prévios, onde demonstram que injecdes abdominais de JBU ndo causam
a morte de N. cinerea adultas (CARRAZONI et al., 2016). Por outro lado, quando R. prolixus e
T. infestans foram testados com doses semelhantes de Jbtx, os triatomineos tiveram 100 % de
mortalidade em menos de 72 h (FRUTTERO et al., 2016, GALVANI et al., 2015), confirmando
que sdo insetos susceptiveis aos efeitos do peptideo e a N. cinerea é resistente. Trabalhos
anteriores j& demonstraram que o Jbtx causa efeitos danosos e mortalidade em outros insetos, da
ordem Hemiptera (Dysdercus peruvianus), Diptera (Aedes aegypti), Lepidoptera (Spodoptera
frugiperda e Helicoverpa armigera) (BECKER-RITT et al., 2017) e Blattodea (B. germanica)
(MULINARI et al., 2007). O curioso fato do Jbtx ter causado mortalidade em B. germanica mas
ndo em N. cinerea, pode ser explicado de duas maneiras, pela acdo seletiva do peptideo e pela
maior resisténcia da N. cinerea. O efeito da acdo seletiva espécie-especifica de venenos ja foi
descrito em trabalhos onde a peconha de aranha demonstrou perfis diferentes entre duas espécies
de baratas, B. germanica e P. americana, sendo letal para apenas uma delas (BENDE et al.,
2015; HERZIG et al., 2016). Além disso, existem trabalhos onde espécies diferentes de baratas
foram utilizadas como organismo modelo, incluindo a N. cinerea, para ensaios de infeccdo por
nematoides e com peconha de aranhas. Nesses ensaios foi evidenciado que as N. cinerea foram

mais resistentes as infeccdes e que também suportam doses mais altas de venenos de aranhas do
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que outras baratas, incluindo B. germanica (CUTLER et al., 2017; WULLSCHLEGER &
NENTWIG, 2002).

Apos realizar os tratamentos (in vivo e in vitro) com o Jbtx, demonstramos que o peptideo
tem acdo inibitéria sobre a atividade da NOS (Fig. 1A-C), efeito também observado nos
triatomineos R. prolixus e T. infestans (FRUTTERO et al., 2017; GALVANI et al., 2015),
evidenciando que a inibigdo da via nitrinérgica pelo Jbtx ndo é restrita & ordem Hemiptera.
Sendo a NOS uma enzima envolvida no sistema imunitario dos insetos, assim como nas
transmissdes nervosas que envolvem visdo, olfato, sistema mecano- e quimiossensorial, assim
como na orientagdo axonal (BICKER, 2001; DAVIES, 2000; MULLER & HILDEBRANDT,
1995; ELPHICK et al., 1993; STEFANO & OTTAVIANI, 2002), sua inibi¢do, e consequente
diminuicdo do NO, esses sistemas do inseto podem estar afetados, tornando-o um alvo facil para
predadores, bem como mais susceptivel a acdo de patdgenos e toxinas. Em decorréncia da parcial
inibicdo enzimética ocasionada pelo tratamento in vitro com Jbtx e concomitante auséncia de
alteracdes na expressdo proteica da NOS (Fig. 1E), nossos dados sugerem uma atuacgéo direta do
peptideo sobre a enzima. Tendo como base que a atividade da NOS foi alterada e considerando
que essa enzima pode ser regulada por fosforilacdo/desfosforilagdo (GAZOS-LOPES et al.,
2012), decidiu-se investigar o efeito do peptideo sobre a atividade das fosfatases acidas. No
entanto, ap0s os tratamentos in vivo e in vitro com Jbtx, nenhuma alteracdo enzimatica foi
observada nessas enzimas, nas condi¢cdes testadas nesse trabalho (Fig. 2). Achados similares
foram reportados por Fruttero e colaboradores, quando a atividade das fosfatases acidas foram
avaliadas no SNC de R. prolixus ap6s tratamentos in vivo e in vitro com Jbtx (FRUTTERO et al.,

2017).
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No presente trabalho demonstramos que a atividade da AChE aumentou apds tratamento
in vivo com Jbtx (Fig. 4B-D). Tendo em mente que a incubagdo in vitro com o Jbtx ndo resultou
em nenhuma alteracdo na atividade da enzima (Fig. 4A), essa informacé&o reforca a ideia de que o
aumento na atividade estd acontecendo por meio indireto. Informagcbes da literatura tém
demonstrado que ha conexdo entre o aumento da atividade da AChE e a resisténcias dos insetos
aos pesticidas organicos (CHEN et al., 2001; HSU et al., 2008; ZHANG et al., 2011). Também
ja foi evidenciado que a AChE faz parte do grupo de enzimas conhecidas com detoxificadoras, as
quais sdo responsaveis por metabolizar e reduzir os efeitos de compostos téxicos (LI et al., 2016;
LIAO et al., 2016). Nesse contexto, é plausivel a hipotese de que as baratas estejam respondendo
aos efeitos do Jbtx com o aumento da atividade dessa enzima, tentando reduzir os efeitos
negativos causados pelo peptideo. E valido ressaltar que esses resultados nio foram esperados,
pois geralmente compostos com propriedades inseticidas tendem a resultar na inibicdo da
atividade da AChE (FUKUTO, 1990; JANKOWSKA et al., 2018; SARKAR et al., 2018). No
entanto, apods a injecdo com o Jbtx as baratas ndo apresentaram sinais caracteristicos de inibi¢do
da AChE, como, hiperexcitabilidade, tremores nas patas, paralisia e posterior morte do inseto
(FUKUTO, 1990; LIONETTO et al., 2013). As manifestacGes assintomaticas sao compativeis
com 0s niveis da atividade enzimatica obtida. Contudo, trabalhos prévios demonstraram que
injec0es de JBU em N. cinerea resultaram na inibicdo da atividade enzimatica da AChE
(CARRAZONI et al., 2016). Levando em consideragdo que o ensaio ndo foi realizado com todo
0 SNC do inseto, os resultados ndo podem ser totalmente equiparados. Por outro lado,
divergéncias na resposta da atividade enzimatica da AChE em relagdo ao tratamento com a JBU

e 0 Jbtx ndo podem ser descartadas. Alem disso, ja foi demonstrado que a JBU e o Jbtx podem
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apresentar diferentes mecanismos de a¢do em outros tecidos, como foi o caso dos tubulos de
Malpighi em R. prolixus (STANISCUASKI et al., 2009).

Trabalhos prévios com T. infestans evidenciaram uma interagdo fisica entre o Jbtx e a
enzima UAP, concomitantemente com o aumento da atividade dessa enzima (GALVANI et al.,
2015). Ademais, essa ativacdo enzimatica também foi observada no SNC de R. prolixus apds
tratamento in vivo (alimentacdo) e in vitro com Jbtx. No entanto, quando a UAP recombinante
(UAPr) de R. prolixus foi incubada in vitro com Jbtx a atividade da enzima se manteve nos
mesmos niveis do controle (tampédo) (FRUTTERO et al., 2017). Esses resultados sugerem que
existem componentes presentes no homogenato do SNC de R. prolixus, os quais ndo estdo
presentes na reacdao enzimatica da UAPr, e sdo necessarios para a ativacdo dessa enzima na
presenca do Jbtx. Quando a UAP de N. cinerea foi testada, a atividade da enzima néo foi alterada
apos tratamento in vivo (2 e 6 h) e in vitro (Fig. 3A-C). Contudo, apés 18 h de injecdo, uma
inibicdo da atividade enzimética nas doses de 8 e 16 ug Jbtx/g de peso corporal foi detectada
(Fig. 3D). Em relacéo aos triatomineos um perfil inverso foi observado, podendo indicar um
efeito seletivo do Jbtx sobre as UAPs dos insetos. Ha evidencias na literatura da interagdo fisica
entre 0 Jbtx e a enzima UAP de T. infestans, comprovada por um ensaio de imunoprecipitagdo
(GALVANI et al., 2015). Em relacdo a UAP de R. prolixus, técnicas de atracamento molecular,
preliminarmente sugerem que o Jbtx ancora no sitio ativo da enzima (GRAHL et al., dados ndo
publicados). Tendo em vista que em N. cinerea a atividade enzimatica nas primeiras horas
ensaiadas (2 e 6 h) ndo sofreu alteracdo, mas com 18 h teve sua atividade reduzida, ha a
possibilidade de o peptideo estar se ligando em um outro sitio da enzima, ou também que nao
esteja interagindo fisicamente, apenas deturpando o sistema e provocando essa resposta

enzimatica.
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E vélido ressaltar que as baratas sdo insetos que habitam lugares com baixa sanidade, o
que propicia maior resisténcia a elas. Esses locais fazem com que o inseto esteja em contato
direto com micrdbios e patégenos, forcando o sistema imune a ser mais preparado para combater
infeccBes (LI et al., 2018). Também, em resposta as extremas condi¢gdes que as baratas vivem,
foi evidenciado que hd uma superexpressdo de genes dos clas CYP3 e CYP4, os quais sdo
induzidos por xenobioticos (DAVID et al., 2010; FFRENCH-CONSTANT, 2013). O trabalho
sobre o sequenciamento do genoma da P. americana identificou 178 citocromos P450, 90
carboxil/colina esterases, 39 glutationas transferases e 115 ATP-binding cassette transporters (LI
et al., 2018). Esses genes, muito provavelmente, fazem parte do sistema de detoxificacdo, sendo
cruciais para os insetos sobrepujarem os efeitos nocivos de inimeras toxinas. A reversdo da
inibicdo da enzima NOS pelo Jbtx, apds 18 h de tratamento in vivo (Fig. 1D), pode ser um
indicativo de que a barata consegue combater os efeitos deletérios do peptideo, adquirindo
tolerancia ou eliminando o composto do seu sistema. No entanto, mais experimentos seréo
necessarios para confirmar que o Jbtx realmente ativa esses sistemas nas baratas, contudo a
ativacdo da AChE nos indica essa direcédo (Fig. 4B-D). A diferenca de estilo de vida e ambiente
possivelmente sdo grandes influenciadores que tornam a barata mais preparada para atenuar 0s

efeitos do Jbtx, em relagdo aos outros insetos.

5. CONCLUSAO GERAL

Nesse trabalho foi evidenciado através do ensaio inseticida feito por ingestao e injecao de
Jbtx, foi evidenciado que as baratas N. cinerea ndo sdo susceptiveis ao peptideo. Também se

demonstrou que o Jbtx afeta a sinalizacdo nitrinérgica em espécies ndo-hemipteras e que esse
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bloqueio pode ser reversivel, sendo que a alteracdo da atividade enzimética ndo esta relacionada
com a modificacdo da expressdo proteica da NOS. No entanto atividade das ACP ndo sofreram
alteracfes nas condicdes testadas. Também, demonstramos pela primeira vez que o peptideo
toxico aumentou a atividade da AChE. Além disso, o Jbtx diminuiu a atividade da enzima UAP,
mas a expressao proteica néo foi alterada. Os dados obtidos nesse trabalho estabelecem que a N.

cinerea € um inseto resistente ao Jbtx e que pode ser utilizado para futuros ensaios comparativos.
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ARTICLE INFO ABSTRACT

Keywords: Jab x isar bi peptide derived from a Canavalia ensiformis urease that presents toxic effects upon
Hemocytes several species of insects, phytopathogenic fungi and yeasts of medical importance. So far, no toxicity of

Insect control Jaburetox to mammals has been shown. Previous reports have identified biochemical targets of this toxic peptide
J"""“‘f‘ . in insect models, although its mechanism of action is not completely understoed. In this work, we aimed to
"“"‘,‘““;:m’:“’“ characterize the effects of Jab in hemolymphatic insect cells. For this purpose, the model insect and
Toxicity Chagas' disease vector Rhodnius prolixus was used. In vivo and in virro experi di d that Jab

R interacts with a subset of hemocytes and it can be found in various subcellular compar Ini inj d

with Jaburetox there was an increase in the gene expression of the enzymes UDP-N- acetylglucosamme pyr-
ophosphorylase (UAP), chitin synthase and nitric oxide synthase (NOS). Nevertheless, the expression of NOS
protein, the enzyme activities of UAP and acid phosphatase (a possible link between UAP and NOS) as well as the
phosphorylation state of protei d unchanged upon the in vivo Jaburetox treatment. Nitric oxide (NO)
protein, the enzyme acnvitles of UAP and add phosphatase (a possible link between UAP and NOS) as well as the
phosphorylation state of prote h d upon the in vivo Jaburetox treatment. Nitric oxide (NO)
imaging using ﬂuorescem bes sh d that Jab g d NO production in the hemocyte aggregates
when compared to conrmls. Even though Jaburetox activated the hemocytes, as demonstrated by wheat germ
agglutinin binding assays, the peptide did not lead to an increase of their phagocytic behavior. Taken together,
these findings contribute to our understanding of toxic effects of Jaburetox, a peptide with biotechnological
applications and a prospective tool for rational insect I

1. Introduction 2007), Blattodea (Mulinari et al., 2007) and Hemiptera (Defferran

et al., 2011; Martinelli et al., 2014; Galvani et al., 2015). Nevertheless,

Jaburetox is a recombinant peptide of ~ 11 kDa derived from one of
the isoforms of urease from Canavalia ensiformis, a leg plant
commonly known as jack bean (Mulinari et al., 2007). The various
biological effects of urease isoforms, independent of their enzymatic
activity, have been reviewed elsewhere (Real-Guerra et al,, 2013;
Carlini and Ligabue-Braun, 2016) and include entomo- and fungitoxi-
city, as well as exocytosis induction in several cell models. Jaburetox
was also reported as toxic for several species of phytopathogenic fila-
mentous fungi and yeasts of medical importance (Postal et al., 2012)
and to insect species from the orders Lepidoptera (Mulinan et al,

high doses of Jaburetox are not lethal nor caused symptoms of acute
toxicity in mice or neonate rats when given orally or via injection, in-
dicating that the peptide has potential as an option of a safe insecticide
(Mulinari et al., 2007). Moreover, preliminary results with maize, su-
garcane and soybean transgenic plants expressing Jaburetox indicated
that those crops present higher resistance to the attack of insect pests,
making this peptide a prospective tool for rational insect control
(Carlini and Ligabue-Braun, 2016).

Due to its physiological characteristics and ease of raising, triato-
mines (Hemiptera: Reduviidae) have been used as models for
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serum; DTT, dithiothreitol; AP, acid phosph

JBU, jack bean urease; NO, nitric oxide; PAMP, path iated molecul
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SG, salivary glands; Jbex, Jaburetox
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ARTICLE INFO ABSTRACT

Keywords:
Anuran secretion

Rhinella icterica is a poisonous toad whose toxic secretion has never been studied against entomotoxic potential.
Sublethal doses of Rhinella icterica toxic secretion (RITS) were assayed in Nauphoeta cinerea cockroaches, in order
to understand the physiological and behavioral parameters, over the insect central and peripheral nervous
system. RITS (10pg/g) injections, induced behavioral impairment as evidenced by a significant decrease
(38 £ 14%) in the distance traveled (p < .05), followed by an increase (90 * 6%) of immobile episodes
(p < .001, n = 28, respectively). In cockroaches semi-isolated heart preparations, RITS (16 pg/200 pl) induced
a significant irreversible dose-dependent negative chronotropism, reaching ~40% decrease in heart rate in
20min incubation. In in vivo cockroach neuromuscular preparations, RITS (20, 50 and 100 pg/g of animal
weight) induced a time-dependent inhibition of twitch tension that was complete for 20 ug/g, in 120 min re-
cordings. RITS (10pg/g) also induced a significant increase in the insect leg grooming activity (128 = 10%,
n =29, p < .01), but not in the antennae counterparts. The RITS increase in leg grooming activity was pre-
vented in 90% by the pretreatment of cockroaches with phentolamine (0.1 pg/g). The electrophysiological re-
cordings of spentaneous neural compound action potentials showed that RITS (20 pg/g) induced a significant
increase in the number of events, as well as in the rise time and duration of the potentials. In conclusion, RITS
showed to be entomotoxic, being the neuromuscular failure and cardiotoxic activity considered the main de-
leterious effects. The disturbance of the cockroaches' behavior together with the electrophysiological alterations,
may unveil the presence of some toxic components present in the poison with inherent biotechnological po-
tentials.

Entomotoxicity
Insect behavior
Neuromuscular blockade
Octopaminergic modulation

1. Introduction poisonous secretion, used for defense against predators and pathogens

[2]. Rhinella icterica has a fairly wide area of occurrence, being found in

Poisonous animals are present worldwide and have representatives
from many biological taxa. Animal poisons contain substances with
unique biological active molecules that have a variety of molecular
targets and biological functions [1]. Among others, anuran amphibians
are poisonous animals able to inhabit most regions of our planet,
especially tropical areas.

The Rhinella genus, which includes Rhinella icterica specie, is char-
acterized by the presence of parotoid glands located on the body sur-
face, which are mostly involved in the synthesis and release of a

central, southeastern and southern Brazil, including the Pampa Biome.
The Pampa Biome spreads to northeastern Argentina and eastern
Paraguay, at altitudes ranging from 0 to 1200 m. Due to their coverage
area, this specie is found in a great diversity of habitats, from open
forests to tropical seasonal zones such as the Cerrado biome including
areas with considerable anthropic alterations [3].

Anurans poison detains a wide variety of biological compounds such
as: biological amines, alkaloids, peptides, proteins and steroids [4].
Several studies suggest that most of the alkaloids found in amphibians

* Corresponding author at: CIPBiotec, Campus 8do Gabriel, Universidade Federal do Pampa, Av. Ant6nio Trilha, 1847, 97300000 Sao Gabriel, Brazil.

E-mail address: charistonbelo@unipampa.edu.br (C.A.D. Belo).

https://doi.org/10.1016/j.pestbp.2018.04.016
Received 9 February 2018; Received in revised form 21 April 2018; Accepted 25 April 2018
0048-3575/ © 2018 Elsevier [nc. All rights reserved.

Please cite this article as: Leal, A.P., Pesticide Biochemistry and Physiology (2018), https://doi.org/10.1016/j.pestbp.2018.04.016

75



Ana Paula Perin

Curriculum Vitae

Porto Alegre, Agosto de 2018

76



CURRICULUM VITAE

PERIN, A.P.A; PERIN, A.P

DADOS PESSOAIS

Nome: Ana Paula Perin

Local e data de nascimento: Clevelandia-PR, Brasil. 16 de junho de 1992

Endereco profissional: Universidade Federal do Rio Grande do Sul, Centro de Biotecnologia
Av. Bento Gongalves 9500 - Prédio 43.431 - Sala 209
Agronomia - Porto Alegre
91501970, RS - Brasil

E-mail: anaperin.app@gmail.com

FORMACAO ACADEMICA

2016 Mestrado em Biologia Celular e Molecular
Universidade Federal do Rio Grande do Sul, UFRGS, Porto Alegre, Brasil
Orientadora: Profé. Dra. Fernanda Staniscuaski
Co-orientador: Dr. Leonardo Luis Fruttero
Bolsista: Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico

2010 - 2016 Graduacdo em Biotecnologia
Universidade Federal do Pampa, UNIPAMPA, S&o Gabriel, Brasil
Titulo: Efeito entomotéxico da urease de Canavalia ensiformis (JBU) e do
peptideo tdxico Jaburetox sobre a jun¢do neuromuscular de baratas da espécie
Nauphoeta cinerea
Orientador: Chariston André Dal Belo
Bolsista: Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior e
Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico

FORMACAO COMPLEMENTAR

2016 — 2016 Curso em Laboratory in Invertebrate Neurophysiology. (Carga horéria: 24h).
Universidade Federal do Pampa, UNIPAMPA, S&o Gabriel, Brasil.

ESTAGIOS

2016 — 2016 Iniciacdo Cientifica, Voluntério, Carga horéria: 20, Regime: Dedicacao exclusiva.

77



2015 -2015 Iniciacdo Cientifica, Voluntério, Carga horéria: 20, Regime: Dedicacao exclusiva.

2013 - 2014 Iniciacdo Cientifica, PIBIC - CNPq, Carga horéria: 20, Regime: Dedicacao
exclusiva.

2013 - 2013 Iniciacdo Cientifica, Voluntario, Carga horaria: 12, Regime: Dedicacédo exclusiva.
2012 - 2012 Iniciacdo Cientifica, PBDA Carga horaria: 12, Regime: Dedicacdo exclusiva.

2011 - 2012 Iniciacdo Cientifica, Voluntario, Carga horaria: 12, Regime: Dedicacdo exclusiva.

ARTIGOS COMPLETOS PUBLICADQOS

LEAL, A. P.; OLIVEIRA, R. S.; PERIN, A. P. A.; BORGES, B. T.; DE BRUM
VIEIRA, P.; DOS SANTOS, T. G.; VINADE, L.; VALSECCHI, C.; DAL BELO, C. A.
Entomotoxic activity of Rhinella icterica (Spix, 1824) toad skin secretion in Nauphoeta cinerea
cockroaches: An octopamine-like modulation. Pesticide Biochemistry and Physiology, v.1, p.1
-, 2018.

MOYETTA, N. R.; BROLL, V.; PERIN, A. P. A.; UBERTI, A. F.; COSTE GRAHL, M.
V.; STANISCUASKI, F.; CARLINI, C. R.; FRUTTERO, L. L. Jaburetox-induced toxic effects
on the hemocytes of Rhodnius prolixus (Hemiptera: Reduviidae). Comparative Biochemistry
and Physiology Part - C: Toxicology and Pharmacology, v. 200, p. 17-26, 2017.

CARRAZONI, T.; DE AVILA HEBERLE, M.; PERIN, A. P. A.; ZANATTA, A. P,
RODRIGUES, P. V.; DOS SANTOS, F. D. M.; DE ALMEIDA, C. G. M.; VAZ BREDA, R.;
DOS SANTOS, D. S.; PINTO, P. M.; DA COSTA, J. C.; CARLINI, C. R.,; DAL BELO, C. A.
Central and peripheral neurotoxicity induced by the Jack Bean Urease (JBU) in Nauphoeta
cinerea cockroaches. Toxicology, v. 368-369, p. 162-171, 2016.

RESUMOS E TRABALHOS APRESENTADOS EM CONGRESSOS

1. Apresentacdo de Poster no: Il Latin American Congress of Clinical and Laboratorial
Toxicology. Jaburetox, a urease-derived peptide: effects on enzymatic pathways of a cockroach,
2018.

2. Apresentacdo de Poster no: 46° Annual Meeting of the Brazilian Society of Biochemistry
and Molecular Biology — SBBq. Neurotoxicity of Jaburetox, a Urease-Derived Peptide: Effects
on Enzymes Activities in Tissues of Two Insect Species, 2017

3. Apresentacdo de Poster no: Undergraduate Research & Creative Achievements Forum.

Toxicity of Jaburetox, a urease sub-peptide, in fruit fly (Drosophila melanogaster) development,
2015.

78



4. Apresentacdo de Poster no: 111 Simpdsio de Bioquimica e Biotecnologia. Atividade Induzida
pelo Riluzole sobre a Preparacdo Neuromuscular de Biventer Cervicis de Pintainho, 2013.

5. Apresentacdo de Poster no: IV Saldo Internacional de Ensino, Pesquisa e Extensdo.
Neuroprotecdo induzida pelo Extrato Padronizado de Hypericum brasiliense (Choisy) sobre a
Neurotoxicidade Central do Veneno de Cascavel Brasileira em Camundongos: Comparac¢do com
o flavonodide Quercetina e o anticonvulsivante Riluzole, 2012

79



