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RESUMO GERAL

As doengas transmitidas por mosquitos (arboviroses) tém se tornado constantes ameagas em
regides tropicais. Enquanto ndo ha uma vacina validada contra o virus de doengas como
dengue, zika, chikungunya e febre de mayaro a Unica forma de prevencédo existente consiste
no controle dos mosquitos transmissores Aedes aegypti e/ou Aedes albopictus. A busca por
novos inseticidas, associada a eliminacdo de possiveis criadouros de A. aegypti, € de
fundamental importancia no combate a este vetor. E necesséaria a obtencdo de compostos que
apresentem maior eficacia, menor estabilidade no ambiente e menor toxicidade a humanos e
animais. Além disso, a procura por novos alvos moleculares também é essencial. Este
trabalho foi realizado em duas etapas: primeiro, foi realizado um estudo sobre a acéo larvicida
e/ou adulticida de alguns derivados das tetraidroquinolinas ja testados contra Aedes aegypti.
Neste caso, estudou-se a interacdo dessa classe de compostos no receptor de ecdisona
(AaEcR) e tambem no canal BK do mosquito. A partir de nossos achados teoricos, novos e
promissores compostos contra Aedes aegypti foram projetados. A segunda parte é dedicada a
interacdo desses mesmos compostos (ja testados e propostos) com a acetilcolinesterase
(AaAChE), analisando a seletividade desses compostos & enzima humana (HsSAChE). E
importante notar que em ambos os estudos uma metodologia tedrica foi aplicada utilizando
calculos de modelagem por homologia, calculos de ancoramento e dindmica molecular.
Nossos achados revelam que o composto JG2, proposto neste trabalho, tém acéo larvicida e
adulticida, uma vez que interage bem com o receptor de ecdisona, com ao canal BK assim
como com a acetilcolinesterase do Aedes aegypti. Alem disso, ha ainda maior seletividade a
enzima do mosquito do que a acetilcolinesterase humana, o que é importante quanto a
toxicidade a humanos. Baseados nisso, nossos resultados indicam JG2 um potencial inseticida

a ser sintetizado e testado contra 0 mosquito Aedes aegypti.

Palavras-chave: Receptor de ecdisona. Canal BK. Acetilcolinesterase. Modelagem por
homologia. Docking. Dinamica molecular.



ABSTRACT

Mosquito-borne diseases (arboviruses) have been made constant threats in tropical regions.
While there is no valid vaccine against the virus of diseases such as dengue, zika,
chikungunya and mayaro fever the only form of prevention existing is the control of the
mosquitoes transmitting Aedes aegypti and/or Aedes Albopictus. The search for new
insecticides, associated with the elimination of possible A. aegypti breeding sites, is of
fundamental importance in the fight against this vector. It is necessary to obtain compounds
that are more effective, less stable in the environment as well as less toxicity to humans. In
addition, the search for new molecular targets is also essential. This work was carried out in
two stages: first, a study was carried out on the larvicidal and/or adulticidal action of some
tetrahydroquinolines derivatives already tested against Aedes aegypti. In this case, we studied
the interaction of this class of compounds in the ecdysone receptor (AaEcR) and also in the
BK channel of the mosquito. From our theoretical findings, new and promising compounds
against Aedes aegypti have been designed. The second stage is devoted to interaction of these
same compounds (already tested and those proposed) with acetylcholinesterase (AaAChE),
analyzing the selectivity of these compounds to human enzyme (HsSAChE). It is important to
note that in both studies a theoretical methodology was applied using homology modeling,
docking calculations and molecular dynamics simulations. Our findings show that the
compound JG2, proposed in this work, has both larvicidal and adulticidal action, since it
interacts well with the ecdysone receptor, with the BK channel as well as Aedes aegypti
acetylcholinesterase. In addition, there is still greater selectivity to the mosquito enzyme than
human acetylcholinesterase, which is important for toxicity of human. In line with that, our
results indicate JG2 as a potential insecticide to be synthesized and tested against the Aedes

aegypti mosquito.

Keywords: Ecdysone receptor. BK channel. Acetylcholinesterase. Homology modeling.

Docking. Molecular dynamics.
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PRIMEIRA PARTE
INTRODUCAO GERAL E REFERENCIAL TEORICO
1 INTRODUCAO GERAL

As doencas emergentes e reemergentes sdo doencas de origem infecciosa e cuja
incidéncia em seres humanos aumentou nas duas Ultimas décadas ou ameaga aumentar no
futuro proximo (NII-TREBI, 2017; IOM, 1992). Sabe-se que 0s insetos estdo associados com
a transmissdo de diversas dessas doencas. Nesta pesquisa em particular, sera destacado o
mosquito Aedes aegypti Linnaeus 1762 e as doencas que este veicula.

Aedes aegypti ganha notdria popularidade devido a sua relagdo com diversas doencas
atuais. Este é o vetor responsavel pela transmissdo dos virus causadores da febre amarela,
dengue, chikungunya, zika e febre mayaro (BOSIRE et al., 2014; SIMOY; SIMOY;
CANZIAN; 2015; SERRA et al., 2016). Acredita-se que suas origens sdao do continente
africano e que este vetor chegou a América a partir das viagens exploradoras/colonizadoras
europeias (TORRES, 1998).

Os inseticidas utilizados para o combate a este vetor sdo classificados como
adulticidas ou larvicidas. Os adulticidas séo aqueles utilizados no combate aos insetos adultos,
entre estes, por exemplo: os piretroides, os derivados halogenados e os organofosforados
(FORATTINI, 1962; COSTA, 2007). Ja os larvicidas sdo responsaveis por combater as
formas imaturas dos insetos. Larvicidas quimicos, biologicos e os reguladores de crescimento
de insetos — IGRs (Insect Grown Regulator) sdo desenvolvidos e recomendados para o
controle das larvas de A.aegypti (MULLA et al., 2004; THAVARA et al., 2004).

Os IGRs, também conhecidos como terceira geracdo de inseticidas sdo moléculas
sintéticas, andlogas, miméticas ou de acdo semelhante aos hormdnios naturais dos insetos
(RESENDE; GAMA, 2006). Esses compostos sdo biologicamente ativos e vem amplamente
sendo estudados e
utilizados como inseticidas. Eles sdo mais seguros para a manipulacdo e possuem lenta
evolucdo de resisténcia aos inseticidas convencionais (RESENDE; GAMA, 2006; CONSOLI;
OLIVEIRA, 1994). Eles surgiram na década de 1970 como um novo grupo de acdo mais
especifica e menor toxicidade para mamiferos se comparados a outros inseticidas, pois atuam
seletivamente ao interromper o desenvolvimento e o crescimento das larvas e pupas ao invés
da intoxicacdo direta do mosquito (MARTINS; SILVA, 2004). Tais compostos regulam o

crescimento sendo agonistas de ecdisterdides, inibidores da sintese de quitina, anti-juvendides



(agem como antagonistas do hormdnio juvenil) ou juvendides (agem como agonistas do
hormaonio juvenil).

Ainda sobre os IGRs, séo dois os principais hormdnios envolvidos neste processo: o
hormdnio esterdide 20-hidroxiecdisona (20E) e o hormdnio juvenil (HJ). Qualquer
interferéncia, seja por fontes exdgenas de horménios ou de seus andlogos sintéticos, pode
resultar na interrupcdo ou até mesmo, anormalidade no desenvolvimento e reproducdo de
insetos (HOFFMANN; LORENZ, 1998; SMAGGHE et al., 2012; RIDDIFORD, 1985; CHO
et al., 1995).

Deve-se ressaltar que a ecdisona possui um receptor especifico, o receptor de ecdisona
(EcR), receptor este que desempenha um papel crucial na metamorfose e no desenvolvimento
de insetos (KOELLE et al., 1991). Novos inseticidas surgem quando compostos similares ao
horménio, os chamados agonistas da ecdisona se ligam ao receptor, do mesmo modo que a
ecdisona natural. Assim, ocorre a ativacdo da transcricdo génica e o inicio da muda prematura
prejudicando o ciclo de desenvolvimento normal do inseto (BOUDJELIDA et al., 2005;
FERREIRA, 2009).

Os compostos derivados das tetraidroquinolinas (THQs) sdo alguns exemplos de
agonista da ecdisona. Estes atuam na expressdo do gene realizada por este receptor no A.
aegypti (AaEcR) e sua ac¢do como larvicida ja é conhecida (SRIDHARAN; SURYAVANSHI;
MENENDEZ; 2011; SMITH et al., 2003).

Além disso, estudos mostram que essa classe de compostos tem acdo, embora com
funcédo diferente a exposta até aqui, no canal de potassio ativado por célcio (BK) (PONTE et
al., 2012). Estes canais sdo encontrados em diversos lugares do organismo humano e dentre
suas diversas funcdes ele é responsavel pela excitabilidade neuronal (KHAN et al., 2001;
SPROSSMAN et al., 2009), o que levanta a hipotese de que se houver a acdo das THQs isso
causaria prejuizo para o inseto mostrando uma possivel acdo adulticida destes compostos. O
estudo com este canal também € importante na busca por novos alvos moleculares.

Por fim, outro alvo das THQs é na enzima acetilcolinesterase (GATTA, et al. 1992;
FINK, et al. 1995). Esta enzima atua nos sistema nervoso central e periférico, sobre o receptor
de acetilcolina e auxiliando na transmissdo de impulsos nervosos (HORNBERG;
TUNEMALM; EKSTROM, 2007; SOREQ et al., 1990). Ja se conhece bem a acdo dos
inseticidas organofosforados sobre essa enzima (GUPTA, 2005). Neste trabalho sera estudada
a interacdo dela (acetilcolinesterase) com esta classe de compostos (THQs), almejando

mostrar novos mecanismos de inibicao.



Com base nisso, o objetivo do presente trabalho foi estudar a acdo de alguns derivados
das THQs como inseticidas e avaliar sua agdo como larvicida, em particular no receptor de
ecdisona e na AChE, e/ou adulticida, acdo no canal BK e na AChE, utilizando técnicas de
modelagem por homologia, docking e dindmica molecular. Além disso, propor um novo

composto que apresente ambas acOes, larvicida e adulticida, no controle do mosquito Aedes
aegypti.

2 REFERENCIAL TEORICO

2.1 Doencas emergentes ou reemergentes

A emergéncia e reemergéncia de doencas infecciosas ocorrem ao longo do tempo.
Antes de uma epidemia, agentes de doencas infecciosas passam por varias fases de adaptacao
a0 acesso ou ao adquirir caracteristicas patogénicas em um novo hospedeiro (NII-TREBI,
2017; CARRUTHERS; COTEER; KUMAMTO, 2007).

Processos especificos, como recombinacdo e mutacdo genética, bem como fatores que
obrigam os agentes microbianos a mudar os hospedeiros, constituem oportunidades para que
os agentes infecciosos evoluam, se adaptem a novos hospedeiros, a novos locais e se
espalhem facilmente (NII-TREBI, 2017; ALCAIS; ABEL; CASANOVA, 2009; MOUCHET;
CARNEVALE, 1997).

Historicamente, os arbovirus tém sido mais estudados pelos pesquisadores dos paises
desenvolvidos o que resultou em maior conhecimento sobre sua biologia molecular, sua
patogénese e seu potencial para ressurgir como ameacas ao mundo desenvolvido. A primeira
vista, 0s arbovirus parecem estar ja bem representados na agenda internacional de pesquisa,
particularmente sob a rubrica de doencas emergentes / re-emergentes ou patdgenos
biodefensivos (LABEAUD, 2008).

2.2 Aedes aegypti Linnaeus 1762

Os mosquitos estdo associados com varios problemas de saude publica (BOSIRE et
al., 2014; GIACOPPO, et al. 2016). O Aedes aegypti (Figura 1) é o mosquito responsavel pela
transmissdo de importantes doencas: febre amarela, dengue, chikungunya, zika e mayaro
(BOSIRE et al., 2014; SIMOY; SIMOY; CANZIAN; 2015; LI et al., 2012; ORSBORNE et
al., 2016; LONG et al., 2011; SERRA et al., 2016).



Figura 1 - Fémea adulta do Aedes aegypti.
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Fonte: Foto de James Gathany/Flickr CC BY 2.0.

Acredita-se que sua origem seja 0 continente africano e que este vetor chegou a
América a partir das viagens exploradoras/colonizadoras europeias (TORRES, 1998). Foi
identificado na Bahia em 1686, chegando ao Rio de Janeiro em 1849. Entre 1850 a 1899 se
dispersou pelo Brasil, seguindo o rumo da navegacdo maritima, sendo encontrado desde o
Amazonas até o Rio Grande do Sul (BRASIL, 1999).

Devido a sua importancia como vetor da febre amarela, este vetor foi intensamente
combatido e considerado erradicado em 1955 (MATILDE, 2013). Porém paises vizinhos
como as Guianas e a Venezuela e outros paises americanos como os Estados Unidos e Cuba
ndo erradicaram 0 mosquito. Fato este, que contribuiu com o fim do programa de erradicacéo
no ano de 1970, impediu sua eliminacdo nestes paises e resultou na re-invasdo do Brasil
(CONSOLI; OLIVEIRA, 1994: MATILDE, 2013).

Aedes aegypti, pertence ao Filo Arthropoda, a classe Insecta, a ordem Diptera, familia
Culicidae e subfamilia Culicinae (SOUZA, 2013). Sdo menores que mosquitos comuns,
medido cerca de 3-6 mm de comprimento. Porém, é importante destacar que os insetos do
sexo masculino sdo, em geral, menores do que as fémeas (SOUZA, 2013; CLEMONS et al.,
2010).

Seu corpo é dividido em segmentos chamados de metameros, 0s quais se unem e
formando a cabega, 0 térax e o abdome (SOUZA, 2013). Possuem o corpo delgado, cabeca
globosa, pernas longas, abdome cilindrico e térax comprimido lateralmente. Seus anéis
prateados na porcdo basal de cada segmento das pernas sdo caracteristicos. Além disso,
algumas partes do corpo sdo revestidas por escamas com tonalidade castanho-escura (Figura
1) (SOUZA, 2013; CLEMONS et al., 2010).



O ciclo biol6gico do mosquito compreende a fase de ovo, de larva (quatro estagios
larvais), de pupa e fase terrestre (Figura 2). Apartir da oviposi¢do o ciclo de vida até alcangar
a fase adulta é de aproximadamente 10 dias (CLEMONS et al., 2010; NUNES, 2011).

Figura 2 - Ciclo evolutivo do Aedes aegypti.
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Fonte: deleonscarlett.wordpress.com.

E um mosquito com hébitos diurno. As fémeas sdo preferencialmnete antropofilicas e
apresentam maior atividade hemat6foga ao amanhacer e pouco antes do crepusculo
(CONSOLLI; OLIVEIRA, 1994). As fémeas geralmente pdem ovos nas paredes internas dos
depdsitos que servem de criadouros, por exemplo, pneus velhos, vasos de flores, tanques de
agua e outros recipientes. Uma vez em fase embrionaria 0os ovos podem resistir a desidratacao
por um ano (JANSEN; BEEBE, 2010; NUNES 2011).

Apos a apenas um ciclo gonotréfico, multiplas oviposicGes acontecem. Para garantir a
sobrevivéncia e dispersdo da sua prole, a fémea realiza a chamada oviposi¢cdo em saltos
(Souza, 2013; Yoshioka, et al. 2012), ou seja, ela interrompe a oviposicao e sai a procura de
novos locais para realizar a postura dos ovos (SOUZA, 2013; REITER 1991, 1996, 2007). A
féma chega a pdr cerca de 100 ovos por vez (CLEMONS et al., 2010).



Os ovos do A. aegypti medem cerca de um milimetro de comprimento, tendo contorno
alongado e fusiforme (FORATTINI, 1962; BRASIL, 2001). Quando sdo postos, 0S 0vOS
possuem cor branca, a qual se torna negra nas primeiras vinte quatro horas. Em 48 horas, tém-
se formacdo do embrido, os quais podem resistir a longos periodos de dessecacao, por volta de
1 ano (BRASIL, 2001).

A eclosdo das larvas de A. aegypti é estimulada devido a reducdo do oxigénio
disponivel realizado por bactérias presentes na agua. Metabdlitos quimicos derivados de
plantas também podem estimular a eclosdo mesmo que ndo haja a diminuicdo de oxigénio
dissolvido (PONNUSAMY et al., 2011; SOUZA, 2013). Apds a eclosacdo, as larvas se
alimentam de matéria organica e dentro de dez dias completam os quatro estadios
larvaischegando a fase de pupa e emergéncia de adultos (SOUZA, 2013).

Ja na fase de pupa ndo ha alimentagéo e é nesta fase que ocorre a metamorfose a qual
marcara o inicio da fase adulta. A pupa, quando em estado inativo, se mantém flutuando na
superficie da &gua, facilitando assim a emergéncia do inseto adulto (BRASIL, 2001). Ela ¢
dividida em cefalotérax e abdémen (OLIVEIRA: CARDOSO, 2011; BRASIL, 2001). O
Torax e a cabeca sdo unidos, constituindo o cefalotérax. A pupa tem um par de tubos
respiratorios os quais atravessam a dgua permitindo assim a respiracdo (BRASIL, 2001). Esta
ultima fase do estagio aquatico (pupa), em condicdes favoraveis de temperatura, tem duracéo
de aproximadamente dois dias. A pupa raramente é afetada pela acdo de larvicidas (TELES,
2009).

Ap0s emergir 0 inseto adulto vai a busca de paredes de recipientes para pousar, local
este onde permanece por varias horas, para que haja o endurecimento das asas e do
exoesqueleto, Além disso, no caso dos machos, neste momento ocorre a rotacdo da genitalia
em 180° (BRASIL, 2001). Apds 24 horas podem acasalar, o que vale para ambos 0s sexos.
Com relacdo ao acasalamento, o A. aegypti € considerado estendgamo devido a sua
capacidade de acasalar em espacos pequenos, podendo estar pousados sobre uma superficie
ou até mesmo durante o voo (MATILDE, 2013).

Na fase adulta, os mosquitos ja formados alimentam-se de néctar e sucos vegetais até a
fase de acasalamento. A partir dai, é necessario que a fémea se alimente de sangue para que
haja a maturacdo dos ovos (TELES, 2009). Estas restrigem seus habitos hematdfagos aos
horéarios diurnos sendo seus picos de maior atividade ao amanhecer (7:00 as 10:00h) e pouco
antes do crepusculo vespertino, 16:00 as 19:00h (BRASIL, et al., 2001; MS, 2009). Elas se
alimentam frequentemente no homem e em animais domésticos (BRASIL, et al., 2001). E

interessante ressaltar que uma Unica inseminacéo é suficiente para fecundar todos os ovos que



a fémea venha a produzir durante sua vida e que um mosquito adulto vive por até 45 dias
(FARRAR, et al., 2014).
A transmissdo de diferentes doencas causadas por este mosquito serd detalhada a

sequir:

2.2.1 Febre amarela (FA)

O virus da febre amarela (VFA) pertence ao género Flavivirus e a familia Flaviviridae
(do latim flavus = amarelo) (JORGE, et al. 2017). Apresenta capsideo icosaédrico, envolto
por um envelope viral. O genoma viral é composto de RNA de fita simples e polaridade
positiva, com cerca de 11 kilobases (CHAMBERS et al., 1990).

O virus da febre amarela originou-se em Africa e foi trazido ao hemisfério ocidental
durante a era do comércio de escravos, com a primeira epidemia relatada em 1648 no Yucatan
(STAPLES; MONATH, 2008; CARTER, 1931) Durante os 200 anos seguintes, 0s surtos
ocorreram extensamente na Ameérica tropical, nas cidades litorais norte-americanas e na
Europa (STAPLES; MONATH, 2008; STRODE, 1951).

A FA é uma doenca viral febril, aguda, ndo contagiosa, transmitida por mosquitos
infectados e de gravidade variavel (VASCONCELOS, 2003). O VFA mantém-se em dois
ciclos basicos: um ciclo urbano simples do tipo homem-mosquito, no qual o Aedes aegypti €
responsavel pela disseminag@o da doenca e outro silvestre complexo, onde varias espécies de
mosquitos responsaveis pela transmissdo diferem: na Africa, os mosquitos Aedes e na
América 0s mosquitos dos géneros Haemagogus e Sabethes (VASCONCELOS, 2003;
SMITH, 1951).

Antes da introducdo da vacina contra a febre amarela, o controle dos mosquitos A.
aegypti era o Unico procedimento para prevenir a ocorréncia da doenca. A vacinacdo é agora a
maneira mais pratica e confiavel de prevenir a FA em pessoas que vivem e viajam para areas
onde é endémica (WHO, 2016).

2.2.2 Dengue

Dengue é uma doenca infecciosa, febril, causada por virus da familia Flaviviridae. E
um virus de RNA de cadeia simples. Cinco sorotipos foram identificados, DENV-1, DENV-2,
DENV-3, DENV-4 e DENV-5 (MUSTAFA et al. 2015; MS, 2009). Todos 0s sorotipos sao

transmitidos aos humanos pela picada de mosquitos do género Aedes infectados,



principalmente o A. aegypti no Brasil (MS, 2009). A infeccdo por um deles confere protecédo
permanente para 0 mesmo sorotipo e imunidade parcial e temporaria contra 0s outros tipos
(DEGALLIER et al., 2001).

As primeiras epidemias suspeitas de dengue nas Américas foram relatadas em 1635 na
Martinica e Guadalupe e em 1699 no Panama. Entretanto, é dificil atribuir esses surtos a
dengue sem um quadro clinico detalhado (DICK et al., 2012;GLUBER, 1997).

Apos a picada e ingestdo de sangue pela fémea do A. aegypti contendo o virus, ocorre
uma infecgdo das células epiteliais do intestino do mosquito que se propaga através da lamina
basal para a circulacdo, infectando assim as glandulas salivares do vetor. E importante
observar que o virus é obtido a partir de um hospedeiro vertebrado virémico (fase de viremia
4 a 12 dias. O mosquito fica possibilitado de transmitir o virus apds o periodo de incubagdo
extrinseco, periodo este com duragéo de 8 a 12 dias. Cada mosquito A. aegypti vive em média
45 dias e, nesse periodo, um unico mosquito pode infectar até 300 pessoas (McBRIDE;
BIELEFELDT-OHMANN, 2000; NUNES, 2011).

Ao picar o hospedeiro, a fémea do mosquito regurgita a saliva, na qual substancias
anticoagulantes sdo encontradas, e, dessa forma, o virus € introduzido dentro da corrente
sanguinea da vitima (PICINATO, et al. 2015). Apés o humano ser infectado, o virus fica
incubado em seu organismo de 2 a 15 dias, apenas apds esse periodo € que 0s primeiros
sintomas da doenca surgirdo (McBRIDE; BIELEFELDT-OHMANN, 2000; MURRAY, 2006;
NUNES, 2011).

O periodo em que o mosquito pode ser infectado ao picar um humano infectado vai
desde um dia antes de aparecer febre no homem até seis dias depois da manifestacdo desta
(PICINATO, et al. 2015). Apbs o periodo de incubacdo extrinseco, o A. aegypti podera
transmiti-lo para os humanos até o fim da sua vida (PICINATO, et al. 2015).

Em alguns paises ja estd disponivel a vacina contra dengue chamada Dengvaxia®.
Produzina pela Sanofi Pasteur’s, esta € a primeira vacina do mundo licenciada para prevencao
do dengue causada pelos 4 sorotipos em individuos entre 9 e 45 anos de idade. Foram
necessarios mais de 20 anos de investigacdo e desenvolvimento, incluindo dois ensaios
clinicos de Fase 3 envolvendo mais de 35.000 participantes com idade entre 2-16 anos, para
desenvolver a vacina. Ela esta disponivel no México, nas Filipinas, no Brasil, em EIl Salvador
e conta com VAarios outros paises no processo de revisao regulatéria (HALSTEAD; AGUIAR
2016).

Embora seja crescente o nimero de pesquisas, a ndo existéncia de vacinas validadas na

maior parte do mundo, para o uso contra dengue, faz com que o melhor método de controle



seja a prevencao, ou seja, o ataque ao vetor A.aegypti (GUY; JACKSON, 2016). Esse controle
é feito eliminando os locais propicios a oviposicdo ou combatendo as larvas desse mosquito.
No caso especifico do dengue, a maior dificuldade é de se obter uma vacina que seja capaz de
imunizar contra os quatro (4) tipos de dengue, com alta eficiéncia, para evitar 0 mecanismo

fisiopatoldgico que desencadeia o dengue hemorrégico (FIGUEIREDO, 1999).

2.2.3 Febre chikungunya

Chikungunya é uma doenca infecciosa emergente causada por um virus do género
Alphavirus, da familia Togaviridae (HORWOOD; BUCHY, 2015; BURNETT, 2014). Esta
infeccdo € tipicamente transmitida pela picada de mosquitos A. aegypti e A. albopictus
infectados (BURNETT, 2014).

Chikungunya foi descrita pela primeira vez em um surto de 1952, na regido Makonde,
onde é agora a Tanzania. Seu nome incomum vem da lingua Makonde kungunyala, que
significa "tornar-se contorcido”, "andar debrucado sobre”, ou "o que se inclina para cima”
uma descricdo vivida do desconforto articular que comumente ocorre com a doenca
(BURNETT, 2014; BURT et al., 2012).

Trés gendtipos distintos de chikungunya virus (CHIKV) foram relatados: na Africa
Ocidental, Africa Oriental/Central/Sul e genétipos asiaticos. A distribuicio geografica destes
genotipos é tradicionalmente restrita as regides implicadas pelos seus nomes (HORWOOD;
BUCHY, 2015).

A infeccdo por CHIKV tem vérias semelhancas com a infec¢cdo causada pelo virus da
dengue (BURT et al., 2012). O periodo de incubacéo varia de 1 a 12 dias, com uma média de
2 a 4 dias e é seguido pelo inicio subito da febre chikungunya, que € caracterizada por febre
alta, artralgia grave e mialgia, juntamente com dores de cabeca, fotofobia e erupcdo cutanea
(BURT et al., 2012; HORWOOD; BUCHY, 2015; REZZA et al., 2007; QUEYRIAUX et al.,
2008; LEMANT et al., 2008). As infeccBes assintomaticas sdo raras. Em particular, cerca de 3
a 25% das pessoas com provas sorologicas de infeccdo ndo tém sintomas 6bvios (BURT et
al., 2012).

A maioria dos pacientes tem melhora parcial na artralgia em 1 a 2 semanas apos 0
inicio agudo da doenca. Nesta fase, alguns pacientes se recuperam completamente, no
entanto, muitos pacientes tém artralgia persistente que dura meses ou até mesmo anos (BURT
et al., 2012; HORWOOD; BUCHY, 2015).



Como ndo ha tratamento especifico disponivel, o tratamento de suporte dos sintomas,
incluindo repouso, ingestdo de liquidos, antipiréticos e analgésicos, é a Unica opg¢do
(POWERS, 2010). Varias drogas antivirais foram testadas contra a febre chikungunya. Entre
estas temos a ribavirina, polissacaridos sulfatados, acido micofendlico, harringtonina,
interferon, corticosterdides, 6-azauridina, cloroquina, entre outros (POWERS, 2010;
PRETELL; SERRANIO; SALGUEDO, 2016).

Embora haja alguma evidéncia de que essas opg¢des podem proporcionar algum alivio,
existem efeitos colaterais e 0s beneficios a longo prazo, bem como, a relagdo custo-beneficio
ndo sdo claros. No entanto, os resultados preliminares sdo encorajadores e sugerem que testes
adicionais devem ser realizados possibilitando o desenvolvimento de tratamentos mais
eficientes (POWERS, 2010).

2.2.4 Zika

O Zika (ZIKV) é um virus de RNA de cadeia simples pertencente ao género Flavivirus
da familia Flaviviridae (KUNO et al., 1998; KUNO; CHANG, 2007; HAYES, 2009; LI et al.,
2012). O virus foi isolado pela primeira vez em 1947 a partir de um macaco Rhesus febril na
floresta Zika de Uganda (LI et al., 2012; DICK et al., 1952).

Em ambientes urbanos e suburbanos, o virus Zika é transmitido num ciclo de
transmissdo humano-mosquito-humano. Duas espécies do subgénero Stegomyia de Aedes
(A. aegypti e em menor grau, A. albopictus) foram associadas a quase todos 0s surtos de virus
Zika conhecidos, embora duas outras espécies, A. hensilli e A. polynesiensis tenham sido
considerados vetores nos surtos de Yap e Polinésia Francesa, respectivamente. A. aegypti e
A. albopictus sdo as Unicas espécies conhecidas de Aedes (Stegomyia) nas Américas
(LEDERMANN et al., 2014; LI et al., 2012; PETERSEN et al., 2016).

O periodo de incubacdo, isto é, o tempo que decorre desde a exposicdo até o
aparecimento dos sintomas, da doenca do virus Zika ndo esta bem estabelecido, mas é
provavelmente de alguns dias. Os sintomas sdo semelhantes aos de outras infeccGes por
arbovirus, incluindo a dengue, e sdo a febre, erupcdes na pele, conjuntivite, mialgia, artralgia,
mal-estar e cefaleias. Estes sintomas duram, normalmente de 2 a 7 dias (WHO, 2016).

Evidéncias substanciais indicam que o virus Zika pode ser transmitido da mée para o
feto durante a gravidez (PETERSEN et al., 2016). O virus Zika foi identificado no liquido

amniotico das mdes cujos fetos apresentaram anormalidades cerebrais detectadas por



ultrassonografia, sendo identificados antigenos virais e RNA no tecido cerebral e placentas de
criancas que nasceram com microcefalia e morreram logo ap6s o nascimento, bem como nos
tecidos de abortos espontaneos (PETERSEN et al., 2016; CALVET et al., 2016; OLIVEIRA
MELO et al., 2016; JOUANNIC et al., 2016).

Nas Ultimas décadas, foi feito um esforco significativo no sentido da descoberta de
terapias para infecgdes por flavivirus. Devido a semelhanca entre ZIKV e virus da dengue, o
conhecimento derivado da descoberta de drogas para tratar a dengue poderia ser aplicado no
tratamento de infeccBpes por Zika. Segundo Weaver et al. (2016) ndo é razoavel especular
que poderiam ser encontrados inibidores ativos tanto contra o virus ZIKV como contra o virus
da dengue. PrecaucGes devem ser tomadas ao extrapolar a experiéncia de dengue para
descoberta de potenciais farmacos contra ZIKV. 1sso ocorre porque a biologia dos dois virus
pode ser muito diferente (WEAVER et al. 2016).

Enguanto as vacinas e a terapéutica permanecam indisponiveis, provavelmente
durante pelo menos alguns anos, as melhores perspectivas para o controle do virus Zika esta
relacionada a reducdo do contato entre o vetor, provavelmente A. aegypti na maioria das
regides, e os seres humanos (WEAVER et al., 2016).

2.2.5 Febre de Mayaro

Mayaro virus (MAYYV) é o agente etiolégico da febre de Mayaro. Pertence a familia
Togaviridae, género Alphavirus assim como o virus Chikungunya (CHIKV). S&o virus
pequenos, icosaédricos, medindo 65 a 70 nm de diametro (KING et al., 2011; MOTA et al.,
2015).

MAYV foi isolado pela primeira vez de trabalhadores florestais doentes em
Trinidade em 1954 (ANDERSON et al., 1957; TESH et al., 1999). Posteriormente, o virus foi
isolado de humanos, vertebrados selvagens e mosquitos na Colémbia, no Brasil, em
Suriname, na Guiana, na Guiana Francesa, no Peru e na Bolivia (TESH et al., 1999).

A febre de Mayaro é uma doenca febril aguda como o dengue, com duracdo de 3 a5
dias, caracterizada por dores frontais, dor epigastrica, mialgias, artralgia incapacitante,
erupcdo maculopapular, calafrios, nduseas, fotofobia e vertigem. A dor articular pode persistir
por varios meses assim como acontece na chikungunya (PINHEIRO, 1981; COIMBRA et al.,
2007).



Os surtos da doenca causada por MAYV sdo geralmente limitados a &reas rurais
dentro ou perto de florestas tropicais onde 0 mosquito vetor Haemagogus janthinomys é
abundante. Porém o MAYV pode ser potencialmente transmitido em ambiente urbano pelos
mosquitos Aedes aegypti e Aedes albopictus, os quais sdo amplamente encontrados nas
cidades (SPINDOLA et al. 2014; TERZIAN et al., 2015).

E importante destacar que o virus de mayaro tem uma distribuicio sobreposta ao
virus dengue (DENV) e a doenga tem similaridade aos sinais iniciais e sintomas (MOTA et
al., 2015), o que torna esta doenca facilmente confundida com outras febres virais,
principalmente dengue (ZUCHI et al., 2014; MOTA et al., 2015). Também vale lembrar que
a vacina contra dengue pode estar prontamente disponivel e a prevaléncia real da doenca
causada pela MAYYV pode afetar futuros estudos sobre esta vacina (MOTA et al., 2015).

Finalmente, é importante ressaltar que o mosquito Aedes aegypti € 0 inseto

associado com a transmissdo destas diversas doencas.

2.3 Inseticidas utilizados no combate ao Aedes aegypti

A utilizacdo de inseticidas para controle de populacbes de mosquitos adultos
(adulticidas) e na sua forma larvaria (larvicidas) é feita por meio do tratamento focal e
perifocal e da aspersdo aeroespacial de inseticidas em ultra baixo volume (UBV) (ZARA et
al., 2016). O tratamento focal ocorre aplicando um produto larvicida, que pode ser quimico ou
biologico, nos depositos onde se encontram as larvas que ndo possam ser eliminadas
mecanicamente (MS, 2009; ZARA et al., 2016).

Ja o tratamento perifocal se baseia na aplicacdo de uma camada de adulticida de acao
residual, utilizando-se um aspersor manual, nas paredes externas dos criadouros situados em
pontos estratégicos (ZARA et al., 2016). Esse tratamento estd indicado para localidades
recém-infestadas com o objetivo de complementar o tratamento focal em pontos estratégicos
(MS, 2009; ZARA et al., 2016).

Por fim, temos a aspersdo aeroespacial de inseticidas em UBV, a qual é feita com
equipamento portatil costal ou acoplado a veiculos e tem como fungdo especifica eliminar
formas adultas de A. aegypti. Esse tipo de tratamento deve ser utilizado somente para
bloqueio de transmissdo e para controle de surtos ou epidemias. E importante lembrar que
essa nebulizacdo ndo é seletiva, eliminando qualquer mosquito que esteja no ambiente, e seu
uso indiscriminado para combate de outros insetos ndo é recomendado (MS, 2009; ZARA et
al., 2016).



Nos quadros 1, 2 e 3 estdo apresentados os inseticidas recomendados pela OMS para

controle de mosquitos.

Quadro 1. Inseticidas recomendados pela OMS para aplicagdo residual

Produto Grupo
Alfacipermetrina Piretroide
Bendiocarb Carbamato
Bifentrina Piretroide
Ciflutrina Piretroide
Deltametrina Piretroide
DDT Organoclorado
Etofenprox Piretroide
Fenitrothion Organofosforado
Lambdacialotrina Piretrdide
Malathion Organofosforado
Pririmifésmetil Organofosforado
Propoxur Carbamato

Fonte: WHO, 2007 (http://www.who.int/whopes/Insecticides IRS Malaria_ok.pdf)

Quadro 2. Inseticidas recomendados pela OMS para aplicacdo espacial a UBV para espacos

abertos
Produto Grupo
Deltametrina Piretrdide
Lambdacialotrina Piretrdide
Malathion Organofosforado
dd, transcifenotrina Piretrdide

Fonte: WHO, 2012a (http://www.who.int/whopes/Insecticides_for_space spraying Jul _2012.pdf)

Quadro 3. Larvicidas recomendados pela OMS para uso em agua potéavel

Produto Grupo
Bacillus thuringiensis israelensis Larvicida bacteriano
Diflubenzuron Benzoilureas
Novaluron Benzoilureas
Piriproxifen Anéalogo de hormonio juvenil
Espinosade Espinosinas
Temefos Organofosforado

Fonte: WHO, 2012b (http://www.who.int/whopes/Mosquito_Larvicides_Sept_2012.pdf)


http://www.who.int/whopes/Insecticides_IRS_Malaria_ok.pdf
http://www.who.int/whopes/Insecticides_for_space_spraying_Jul_2012.pdf

Os adulticidas sdo aqueles utilizados no combate aos insetos adultos e os larvicidas

que atuam sobre as formas imaturas (larvas e pupa) dos insetos.
2.3.1 Adulticidas

Neste grupo encontram-se 0s organoclorados, os piretréides, os organofosforados e os
carbamatos (FORATTINI, 1962; COSTA, 2007).

O grupo dos organoclorados é o mais antigo. Ele inclui o diclorodifeniltricloroetano
(DDT), talvez a substancia quimica mais notdria do século passado (BRAIBANTE; ZAPPE,
2012; ARAUJO, et al. 2015). Em 1948, Paul Muller recebeu o Prémio Nobel de Medicina
pela descoberta da utilidade do DDT no controle dos diversos vetores de doengas como a
malaria, febre amarela, etc. (BRAGA; VALLE, 2007). Os inseticidas desse grupo agem nos
canais de sodio dos insetos, mantendo-os abertos por um periodo mais longo. Sendo assim,
acOes repetitivas sdo desencadeadas, uma vez que ocorre transmissao continua do impulso
nervoso. Os insetos eventualmente morrem devido a hiperexcitacdo (GUEDES, 1999).

Os piretroides s@o pesticidas artificiais, com estruturas derivadas de piretrinas
naturais encontradas em flores de Chrysanthemum cineraraefolum (YU et al. 2017). Sao
geralmente ésteres carboxilicos e podem ser classificados em dois grupos: Tipo | e Tipo II,
diferenciados pela auséncia (Tipo 1) ou presenca (Tipo 1) de um grupo ciano na porc¢éo alcool
(BLANKSON et al. 2016; YU et al. 2017). A adicdo do substituinte ciano melhora
grandemente a capacidade dos piretroides como inseticidas (ESTEVE-TURRILLAS;
PASTOR; de la GUARDIA, 2005; YU et al. 2017). Sua melhor fotoestabilidade e persisténcia
ambiental sobre os seus congéneres naturais contribuem para a sua enorme popularidade nos
campos agricolas (KODBA; VONCINA, 2007;YU et al. 2017). Esses compostos agem sob a
membrana dos neurdnios afetando o mecanismo da bomba de sédio e potassio impedindo
assim a transmissdo dos impulsos nervosos, levando o inseto a uma morte rapida (“rapid
knokdown ”) (BRASIL, 2001).

Os compostos organofosforados, por outro lado, agem por inibicdo da
acetilcolinesterase no mecanismo da juncdo neuromuscular, provocando um estado de
paralisia no inseto seguido de uma morte lenta (“low knokdown”) (BRASIL, 2001).
Apresentam vantagens, e desvantagens se comparados aos organoclorados. Trazem como
vantagens serem biodegradaveis e ndo se acumularem nos tecidos e como desvantagens maior
toxicidade para os vertebrados mesmo em baixas doses (BRAGA; VALLE, 2007;

PALCHICK, 1996). Outra desvantagem é que por apresentar instabilidade quimica, seu uso



frequente e em doses cada vez maiores, tem desenvolvido resisténcia pelo mosquito aos
pesticidas comumente utilizados, dificultando o trabalho de controle do vetor por esta classe
de inseticidas (LIMA, et al., 2003; BRAGA et al., 2004).

Os carbamatos, assim como os organofosforados, apresentam agdo letal rapida sobre
0s insetos, apesar de um curto poder residual. Da mesma forma que os organofosforados,
estes inibem a AChE através da reagdo de carbamilacdo (BRAGA; VALLE, 2007). Embora
atuem de forma semelhante nos sistemas bioldgicos, os carbamatos apresentam duas
principais diferencas em relacdo aos organofosforados: alguns carbamatos sdo potentes
inibidores da Aliesterase e apresentam seletividade pronunciada contra as AChE de certas
espécies. A segunda diferenca é que a inibicdo da AChE pelos carbamatos € um processo
reversivel (BRAGA; VALLE, 2007).

Vale ressaltar que a aplicacdo de inseticidas sobre os mosquitos adultos somente é
recomendada em casos de surtos epidémicos ou em locais onde haja grande infestacdo do
vetor, com o objetivo que diminuir rapidamente sua densidade em situacdes de emergéncia
(RANSON et al., 2010).

2.3.2 Larvicidas

Outro tipo de inseticidas amplamente utilizados e estudados sdo os larvicidas.
Larvicidas quimicos e biologicos como o Temefos, o Bti (Bacillus thuringiensis israelenses) e
os reguladores de crescimento de insetos (IGRs), tém sido desenvolvidos e recomendados
para o controle da larva de A. aegypti (MULLA et al , 2004; THAVARA et al, 2004).

O organofosforado Temefos foi introduzido no mercado em 1965 (MELO et al. 2008;
da SILVA et al., 2015), sendo o Unico larvicida do grupo com uso generalizado no controle de
larvas de mosquito, por mais de 40 anos (da SILVA et al., 2015). Ele é o Unico do grupo
aprovado pela OMS para uso em agua de consumo humano, por ser de baixa toxicidade aguda
e apresentar pouca persisténcia no ambiente (WHO, 1997; WHO, 2007; da SILVA et al.,
2015).

O Bti é uma bactéria gram positiva, aerobica facultativa, cosmopolita, esporulante e
formadora de inclusdes cristalinas (DE BARJAC; FRACHON, 1990; BECKER et al., 2010;
OLMO et al., 2016). Sua atividade como inseticida é devida a estrutura cristalina das
proteinas associadas a sua esporulacdo. Estas proteinas cristalinas, se ingeridas, encontram pH
adequadamente alcalino no intestino médio das larvas de mosquito para ativar as suas toxinas

(6-endotoxinas) (OLMO et al., 2016). Endotoxinas matam as larvas por ligacédo a receptores


http://link-springer-com.ez26.periodicos.capes.gov.br/article/10.1007%2Fs10646-016-1708-9#CR10

especificos no epitélio intestinal. As células perdem permeabilidade e as larvas acabam por
morrer devido a perfuragdes intestinais (BOISVERT; BOISVERT, 2000; OLMO et al., 2016).

Os reguladores de crescimento também conhecidos como terceira geracdo de
inseticidas sdo moléculas sintéticas, analogas, miméticas ou de acdo semelhante aos
horménios naturais dos insetos (RESENDE; GAMA, 2006). Estes inseticidas apresenta
maior seguranca para a manipulacdo, além de possuem lenta evolucdo de resisténcia aos
inseticidas convencionais (RESENDE; GAMA, 2006; CONSOLI; OLIVEIRA, 1994).

Estes inseticidas surgiram na década de 1970, sendo novo grupo de acdo mais
especifica e de menor toxicidade para os mamiferos quando comparados a outros inseticidas,
pois ao invés da intoxicacdo direta eles atuam ao interromper o desenvolvimento e o
crescimento dos insetos (SILVA; MENDES, 2002; MARTINS; SILVA, 2004).

Tais compostos em particular, regulam o crescimento, sendo agonistas de ecdisteroides,
inibidores da sintese de quitina, anti-juvenoides (agem como antagonistas do hormdnio
juvenil) ou juvendides (agem como agonistas do horménio juvenil) (SILVA; MENDES,
2002).

Um exemplo de regulador de crescimento é o Piriproxifem (Sumilarv®), um éter
piridiloxipropilico, andlogo ao horménio juvenil. Este tem atuacdo no inseto inibindo o
desenvolvimento das caracteristicas adultas e causando esterilidade do mesmo (BASTOS et
al., 2016; KOYAMA et al., 1989).

A acdo de diferentes larvicidas tem sido estudada, como exemplo, a acdo do flavondide
rutina (GUARDA et al. 2016), do 6leo essencial de Citrus sinensis (FERREIRA et al. 2015),
do spinosad (PAZ-SOLDAN et al. 2016) e dos derivados das THQs (KITAMURA et al.
2014), entre outros.

Neste trabalho, compostos derivados das THQs com possivel acdo inseticida

(adulticidas e/ou larvicida) serdo estudados.

2.4 Resisténcia a inseticidas

A resisténcia é um fendmeno genético, que se caracteriza por ocorrer mutacdes que
afetam as proteinas alvos dos inseticidas e/ou o seu metabolismo (LI; SCHULER,;
BERENBAUM, 2007; MOREIRA; MANSUR; MANSUR, 2012).

O ciclo de vida dos insetos é curto e estes apresentam prole abundante, fatos estes que
favorecem o surgimento de populagdes com caracteristicas genéticas diferentes. A frequéncia

da utilizacdo de inseticidas resulta na propagacdo de resisténcia dos insetos. Esta resisténcia é



resultante ndo apenas da pressdo seletiva desses compostos toxicos sobre estas populacdes,
mas também das caracteristicas herdadas das espécies de insetos envolvidas (HEMINGWAY:
RANSON, 2000; MOREIRA; MANSUR; MANSUR, 2012).

E importante notar que a resisténcia tem sido detectada para todas as classes de
inseticidas, apresentando efeitos diretos e profundos na re-emergéncia das doencas
transmitidas por vetores (BROGDON; McALLISTER, 1998; BRAGA; VALLE, 2007).

Nesse sentido, é necessario que se faca 0 monitoramento e 0 manejo da resisténcia.
Além disso, é imprescindivel também a busca por novas substancias com modos de acéo
diferentes dos inseticidas quimicos convencionais. Estes fatores sdo importantes em qualquer
programa de controle de vetores (BRAGA; VALLE, 2007, FERRARI, 1996).

2.5 Compostos estudados

2.5.1 Tetraidroquinolinas (THQSs)

Os compostos heterociclicos, especialmente heterociclicos de azoto, séo a classe mais
importante dos compostos nas industrias farmacéutica e de agroquimicos compreendendo
cerca de 60% de todas as substancias medicamentosas (SRIDHARAN; SURYAVANSHI;
MENENDEZ; 2011).

THQ (Figura 3) € um composto organico com a formula quimica CgHj;N. Classificado
como uma amina secundaria, ele é derivado de isoquinolina por hidrogenacdo. E um liquido
viscoso incolor que é miscivel com a maior parte dos solventes organicos (MITCHINSON;
NADIN, 2000).

Figura 3 - Estrutura da tetraidroquinolina.
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As THQs tém sido alvos importantes para 0s quimicos sintéticos, devido a sua ampla
distribuicdo em produtos naturais e agentes medicinais (NAMMALWAR; BUNCE, 2014,
KATRITZKY; RACHWAL; RACHWAL, 1996). Devido a sua importancia estrutural em um

grande nimero de compostos biologicamente ativos, diversas estratégicas sintéticas para sua



obtencdo tém sido desenvolvidas (NAMMALWAR; BUNCE, 2014; SRIDHARAN;
SURYAVANSHI; MENENDEZ, 2011).

Os compostos derivados das THQs sdo conhecidos por sua ampla aplicabilidade.
Pode-se citar sua acdo sobre os receptores de neurotransmissores, de membrana e de
hormdnios esterdides; no tratamento quimioterdpico, como agonista do receptor de
estrogénio, antagonista do receptor de progesterona, anti-HIV, antibacterial, entre varios
outros (SRIDHARAN; SURYAVANSHI; MENENDEZ; 2011). Além disso, ja é conhecida
sua agdo como inseticida atuando no receptor de ecdisona (KUZNETSOV et al. 1995; SOIN
et al. 2010; PALLI et al. 2005; SMITH et al, 2003; SRIDHARAN; SURYAVANSHI,
MENENDEZ; 2011).

Sabe-se também que alguns derivados da THQs apresentam atividade nos canais
ibnicos, como por exemplo, derivados preparados via reacdo de Povarov foram identificados
como agonistas do canal de larga-condutdncia de potéssio ativado por calcio (BK)
(SRIDHARAN; SURYAVANSHI; MENENDEZ; 2011). Ponte et al. (2012) também relatam
compostos tetraidroquinolinicos que ativam o canal BK.

Além disso, muitos derivados das quinolinas tém demonstrado atividade anti-
colinesterase (ISOMAE et al., 2002; SZYMANSKI et al., 2012; GUTIERREZ et al., 2015).
Por exemplo, Gatta et al. (1992) relataram a sintese de derivados das THQs e Fink et al.
(1995) relataram a sintese e avaliagdo de 5-amino-5,6,7,8-tetraidroquinolinona, ambos como
inibidores da AChE.

2.6 Alvos moleculares do mosquito Aedes aegypti

2.6.1 Receptor de ecdisona

Os dois principais hormdnios que regulam o crescimento de insetos, desenvolvimento e
reproducdo sdo o horménio esterdide 20-hidroxiecdisona (20E) e o hormdnio juvenil (HJ).
Qualquer interferéncia nestes horménios ou nos mecanismos pelos quais estes manifestam
suas acOes resulta em anormal ou prejudicial crescimento, desenvolvimento e reproducao dos
insetos (SMAGGHE; GOMEZ; DHADIALLA, 2012; RIDDIFORD, 1985; CHO et al., 1995).

Os ecdisterdides juntamente com o horménio HJ, desempenham um importante papel
na regulacdo do desenvolvimento e reproducdo em insetos (KUMAR; THOMPSON, 2004),
pois iniciam e coordenam a muda nesses organismos (KOTHAPALLI et al, 1995;
RIDDIFORD, 1996). O HJ modula o processo de muda afetando a acdo da ecdisona de forma

que altos titulos de HJ promovam a muda de um instar larval para outro, enquanto que 0s



baixos niveis ou sua auséncia estimulam a ecdisona a promover a muda para adultos
(HARTFELDER, 2000).

A ecdisona (Figura 4) foi o primeiro composto quimico identificado como um horménio
de inseto; este composto é um pré-hormdnio inativo que se converte a sua forma ativa (20-
hidroxiecdisona (20E)) (Figura 4), pelo corpo gorduroso e células epidérmicas (HORN et al.,
1966; NIJHOUT, 1994; GILBERT, 1994; TELES, 2009).

Figura 4 - Estruturas quimicas da a-ecdisona (Esquerda) ¢ B-Ecdisona ou 20-hidroxiecdisona
(Direita).
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Com relacdo ao Aedes aegypti, 0s hormonios ecdisteroides possuem papel
fundamental em sua reproducdo. A ecdisona é produzida pelos ovarios, durante a fase adulta,
secretada para a hemolinfa, hidrolisada no corpo gorduroso na forma de 20-hidroxiecdisona
(20E) e passa a agir como ativadora indireta da sintese de proteinas de vitelo. As proteinas
vitelogénicas sintetizadas nos corpos gordurosos sdo secretadas para a hemolinfa e
endocitadas pelas celulas ovarianas (RAIKHEL; DHADIALLA, 1992; BRAGA; VALLE,
2007).

Vale ressaltar que a ecdisona possui um receptor especifico, chamado de receptor de
ecdisona (EcR) (Figura 5). Este pertence a familia de receptores nucleares e pode ser
encontrado amplamente pelo organismo dos insetos, em embrides e em varios tecidos pré-
pupais como corpo gorduroso, discos imaginais, glandulas salivares, traqueia, sistema nervoso
central, intestino e células associadas com estruturas cuticulares (KOELLE et al., 1991;
TELES, 2009).



Figura 5. Receptor de ecdisona.
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Fonte: Nature Reviews. Molecular Cell Biology.

Este receptor tem sido utilizado no desenvolvimento de inseticidas e interruptores de
genes para a regulacdo genética (Figura 5) (PALLI et al., 2005; SOIN et al., 2010;
YOGINDRAN; RAJAM, 2016; MALIK, et al. 2016). Ele ¢é dividido em dominios, possui
blocos de aminoacidos conservados, ativa ou reprime a transcrigdo de genes (KOELLE et al.,
1991; TELES, 2009).

Este receptor € um heterodimero composto pelo produto do gene EcR e pelo produto
de um outro gene, o usp (ultraspiracle), um ortélogo do receptor de &cido retindico (RXR) de
vertebrados (YAO et al., 1992, 1993; TELES, 2009). Esse heterodimero se liga a
ecdisterdides e a seus elementos de resposta regulando sua expressdo (PATRICK et al., 2001;
PALLI et al., 2005).

Ele desempenha um papel crucial na metamorfose e no desenvolvimento de insetos.
Apesar da semelhanca e homologia dos dominios com os receptores nucleares dos mamiferos,
0 receptor de ecdisona e seus ligantes sdo ortogonais aos receptores dos mamiferos. Esta
propriedade torna 0 ECR um alvo atraente para inseticidas ambientalmente benignos e, mais
recentemente, para uso em sistemas para controlar a expressdao de genes em organismos
transgénicos (KOELLE et al., 1991; YOGINDRAN; RAJAM, 2016; MALIK, et al. 2016;
SUGAHARA, et al. 2017).

Alguns receptores de ecdisteroides foram caracterizados em outros artrépodes como
Aedes aegypti (CHO et al.,, 1995) e Chironomus tentans (IMHOF et al.,, 1993), em
lepidopteros, Manduca sexta (FUJIWARA et al., 1995), Heliothis virescens (MARTINEZ et
al., 1999), Bombyx mori (SWEVERS et al., 1995), entre outras espécies.



Sabe-se que alguns compostos, os derivados das THQs, atuam na expressédo do gene
realizada por este receptor no Aedes aegypti (AaEcR) e sua acdo como larvicida é conhecida
(SRIDHARAN; SURYAVANSHI; MENENDEZ; 2011; SMITH et al 2003).

2.6.2 Canal de potassio ativado por calcio (BK)

Os canais idnicos sdo definidos como poros proteicos presentes em diversas
membranas bioldgicas e que desempenham importantes funcdes em uma ampla variedade de
mecanismos celulares ao permitirem a passagem de ions ou pequenas moléculas de
compartimentos celulares (RESTREPO-ANGULO; DE VIZCAYA-RUIZ; CAMACHO,
2010; HILLE, 1992). Estes canais estdo envolvidos com a contragdo muscular e a
excitabilidade de neur6nios, a secre¢do de hormodnios, a ativacdo de linfocitos T e a funcéo
renal, dentre muitas outras (HILLE, 1992).

As grandes familias e subfamilias de canais diferem pelo tipo de ion que carreiam,
como por exemplo, célcio e potassio; da forma como séo regulados por ligantes, como o ATP,
o calcio intracelular e algumas proteinas da familia G; e/ou, pelo potencial de membrana (V)
das células (NICHOLLS et al., 1992).

De todos os tipos de canais i6nicos conhecidos, os canais de potéssio sdo 0s que
apresentam maior grupo e maior diversificacdo, representando cerca de 70 locus no genoma
dos mamiferos (GUTMAN et al., 2005; VIEIRA, 2011). Dentre estes temos: o canal de
potassio retificador de entrada (Kir), o canal de potassio de 2 poros, o canal de potassio
dependente da voltagem e o canal de potassio ativado por célcio (LEVITAN et al., 2010;
NASCIMENTO, 2011; VIEIRA, 2011).

Os canais de potassio ativado por céalcio sdo divididos em trés grupos: canais de
potassio de baixa condutancia (SK, KCa2), canais de potassio de condutancia intermediaria
(IK, KCa3.1) e canais de potéassio de grande condutancia (BK, Slack, KCal.1, maxi-K ou Slo)
(SALKOFF et al., 2006; VIEIRA, 2011).

O canal de potassio de alta condutancia, ativado por calcio, denominado classicamente
como BK (“Big” K*) ou Maxi-K e recentemente como SLO1 da familia Slowpoke de canais
de potassio de alta condutancia € codificado nos humanos pelo gene KCNMAL, que da
origem a subunidade a, localizado no cromossomo 10g22 (SALKOFF et al., 2006).

E mais abundante no cérebro e nos 6rgéos que contém musculo liso, mas também tem
sido detectado em uma ampla variedade de outros tipos de tecidos, incluindo os 6rgaos

reprodutores (ovario, testiculos), pancreas e glandulas supra-renais, e nas membranas



plasméticas de midcitos cardiacos (ventriculares) (WU; MARX, 2010). Este desempenha
também diversas funcdes, tais como, regulacdo do tdénus do musculo liso, excitabilidade
neuronal, atua nas atividades das glandulas secretoras de salivas e eletrolitos (KHAN et al.,
2001; SPROSSMAN et al., 2009; PERRY; SANDLE, 2009; NASCIMENTO, 2011).

Como podemos ver na Figura 6, o canal € um homo-tetramero e cada subunidade
apresenta seis dominios transmembrana (S1-S6), onde a porcdo S4 apresenta 0s residuos
carregados positivamente e responsaveis pela sensibilidade a voltagem (SALKOFF et al.,
2006).

Entre as porcdes S5 e S6 existe uma volta (loop) que da origem ao poro seletivo ao
potassio e de alta condutancia (100-270 pS) (SALKOFF et al., 2006). A por¢do carboxi-
terminal é intracelular e apresenta as regides de regulacdo da condutancia ao potassio (RCK 1
e 2) e o sitio de ligacdo do calcio. Existem ainda 4 subunidades B descritas (KCNMBI a
KCNMB4) que podem modular a sensibilidade ao célcio e a voltagem da subunidade a.
Outros mecanismos de regulacdo aumentam a diversidade de fun¢bes do BK em diferentes
tecidos, como o splicing alternativo, sitios de fosforilacéo e a formacao de heterodimeros com
SLO2 (SALKOFF et al., 2006; LATORRE; BRAUCHI, 2006).

Estudos mostram que a porcdo SO é responsavel pela expressao e funcdo do canal
(LIU et al., 2008). Também é importante notar que a por¢cdo S4 mostra os residuos carregados
positivamente que sdo responsaveis pela sensibilidade a tensdo (YU et al., 2016). As
subunidades B (B1- p4) podem modular a sensibilidade ao célcio e a tensdao da subunidade o

(CONTRERAS et al., 2013).



Figura 6 — A) Diagrama esquematico da subunidade o do canal BK inserida na membrana
celular com seis dominios (S1-S6), onde o dominio S4 é o sensor de voltagem (carregado
positivamente). Entre os dominios S5 e S6 esta a al¢a que forma o poro (P). RCK 1 e 2 séo as
regides intracelulares de controle da condutancia ao potéssio e a Gtima porcdo com residuos
de carga negativa onde se liga o célcio antes do carboxi-terminal. B) BK formado por quatro
subunidades a e a seta indica a interagdo entre as regides que regulam o canal.

Fonte: Adaptado de Salkoff et al. (2006).

Diversas patologias envolvem a hiper-reatividade do tecido muscular liso, como a
hipertensdo arterial, incontinéncia urinaria, algumas disfuncdes eréteis e da motilidade
gastrica. Neste contexto, o canal BK tornou-se um alvo terapéutico conhecido para compostos
capazes de ativa-los, a fim de reduzir a hiper-reatividade muscular e reverter clinicamente
estas patologias (BUTERA et al., 2005; HOLLAND et al., 1996). Além disso, Gunning et al.
(2008) em sua pesquisa com atracotoxinas Janus-faced em insetos sugere que o canal BK

pode ser um potencial alvo inseticida.

2.6.3 Acetilcolinesterase (AChE)

A acetilcolina acetil-hidrolase, ou acetilcolinesterase (AChE), é um componente chave
das sinapses colinérgicas cerebrais e juncdes neuromusculares (GUPTA, et al. 2015). O
principal papel bioldgico da enzima € a terminacdo da transmissdo dos impulsos nervosos por
hidrélise rapida do neurotransmissor catidnico, acetilcolina (ACh) (TOUGU, 2001;
MOHAMED ASATH et al., 2017).

O papel central na neurotransmissdo ndo € a Unica razdo pela qual a AChE atraiu muita
atencdo dos pesquisadores. Ela esta também entre as enzimas mais eficientes, sendo capaz de
rapidamente hidrolisar a ACh (QUINN, 1987; TAYLOR et al., 1994; TOUGU, 2001; SOREQ
et al., 1990). AChE é considerada como uma enzima evolutiva perfeita, porque todos os
passos de transformacdo no substrato: associacdo de substrato, transformacfes quimicas e
dissociacdo do produto procedem a taxas semelhantes (QUINN, 1987; TOUGU, 2001).

Ela esta presente nos sistemas nervoso central e periférico, sobre o receptor de

acetilcolina atuando na transmissdo de impulsos nervosos, por meio das sinapses



neuromusculares (HORNBERG; TUNEMALM; EKSTROM, 2007; SOREQ et al., 1990).
Cada mondémero da AChE contém um centro catalitico, o qual é composto por dois
compartimentos: o subsitio catalitico que contém a triade catalitica e o subsitio aniénico o
qual acomoda o compartimento quaternario positivo de ACh (Figura 7) (GONCALVES,
2009; PATOCKA et al., 2005).

Figura 7 - Sitio ativo da AChE.

Sitio
periférico

Sitio
"garganta"

Triade
catalitica

Fonte: Obregon (2006).

Nessas regides existem quatro dominios:

e Dominio 1: Localizam os residuos de serina e histidina da triade catalitica (Ser203 e
His447), a qual ¢ encontrada no fundo da “garganta” do sitio ativo (GONCALVES, 2009;
HORNBERG; TUNEMALM; EKSTROM, 2007; MATOS et al., 2012).

e Dominio 2: E o subsitio anibnico, localizado a uma distancia igual ou superior a
4,7A da hidroxila do residuo serina. Este subsitio é carregado negativamente, em que 0 grupo
amonio quaternario da ACh interage, eletrostaticamente, com o0 Glu334. Seu papel € orientar a
parte carregada do substrato que entra no centro ativo (PATOCKA et al., 2005; MATOS et
al., 2012; GONCALVES, 2009; QUINN, 1987).

e Dominio 3: Constitui-se por uma regido hidrofobica importante para a ligacdo com
substratos ciclicos (MATOS et al., 2012; GONCALVES, 2009; QUINN, 1987).



e Dominio 4: Local onde interagem ligantes catibnicos e alguns outros ligantes
neutros. Esse dominio se localiza a mais de 20 A do sitio ativo e, por isso, é denominado sitio
anibnico periférico, consistindo dos residuos de Asp74 e Trp286 como um nucleo comum
(MATOS et al., 2012).

Vale ressaltar que a complexacdo de ligantes com o sitio periférico frequentemente
provoca alteracbes conformacionais no sitio ativo. As interacdes de ligantes com esses
residuos podem ser o ponto de partida para a modulacdo alostérica da atividade catalitica da
AChE (BOURNE et al., 2009; GONCALVES, 2009; PATOCKA et al., 2005).

A inibicdo da AChE destaca-se como um método promissor de controle de insetos.
Portanto, a descoberta de novos inibidores e mecanismos de inibicdo da AChE é uma tarefa
importante (CASANOVA et al., 2002).

Vale lembrar que o tipo de inibicdo mais comum € aquele que ocorre pelos
organofosforados e carbamatos, os quais afetam a transmissdo de impulsos nervosos
resultando no acimulo da acetilcolina no tecido neuromuscular de insetos causando paralisia
e em seguida, a morte (OTERO et al., 2014; PLANCHE et al., 2012; BUSIC et al., 2016).

A AChE se torna um dos alvos moleculares mais vulneraveis a agentes neurotdxicos,
pesticidas e venenos de cobras, e também a farmacos voltados para o tratamento das doencas,
como o mal de Parkinson e a doenca de Alzheimer (GONCALVES, 2009; QUINN, 1987).

2.7 Métodos tedricos empregados
2.7.1 Modelagem por homologia

Os métodos computacionais sdo utilizados atualmente com sucesso no estudo e no
planejamento de novos compostos bioativos. Estes métodos que podem ser usados como
ferramentas do planejamento racional de compostos ativos (SANT’ANNA, 2009;
BARREIRO; FRAGA, 2001).

Os bancos de dados em rede e a crescente disponibilidade de programas
computacionais relacionados a quimica sdo ferramentas fundamentais para a descoberta e
planejamento de novas drogas. Estas informacdes permitem uma andlise rapida da atividade
biolégica versus propriedades fisico-quimicas de uma série de moléculas de interesse
(CARVALHO et al., 2003).



Tratando-se de predicdo de estruturas tridimensionais de proteinas, uma ferramenta
utilizada com sucesso é a modelagem por homologia, também chamada de modelagem
comparativa. Esta metodologia baseia-se em alguns padrdes gerais, que tem sido observados
em nivel molecular, no processo de evolugdo biolégica sdo citados por Santos Filho e
Alencastro (2003): (a) homologia entre seqliéncias de aminoacidos implica em semelhanca
estrutural e funcional; (b) proteinas homdlogas apresentam regides internas conservadas
(principalmente constituidas de elementos de estrutura secundaria: hélices-a e folhas-p); (¢) as
regides externas sdo as responsaveis pelas principais diferencas estruturais entre proteinas
homologas, constituidas principalmente por algas (“loops”), que ligam os elementos de
estruturas secundarias (SANTOS FILHO; ALENCASTRO, 2003).

A modelagem por homologia esta baseada na ideia de que a semelhanca de sequéncia
acima de um determinado limiar implica similaridade estrutural (SANTOS FILHO;
ALENCASTRO, 2003; CHOTHIA; LESK, 1986; D’ALFONSO; TRAMONTANO; LAHM,;
2001). Assim, uma proteina de estrutura conhecida e cuja sequéncia é semelhante a da
proteina alvo pode ser utilizada como um molde para construir um modelo tri-dimensional da
altima.

Deane e Blundell (2003) relatam o primeiro passo na modelagem comparativa:
identificar as estruturas tridimensionais resolvidas, que possam ser utilizadas como uma base
estrutural para a modelagem da sequéncia-alvo (proteina-alvo). Esta identificacdo pode ser
realizada seguindo diferentes aspectos, como: similaridade de funcdo, conhecimento
estrutural, expressdo pelo mesmo grupo de genes, similaridade sequencial ou até correlacao
evolutiva (DEANE; BLUNDELL, 2003).

Apos definido o molde, alinha-se as duas sequéncias em estudo (a problema e a molde)
com o objetivo de alinhar os residuos estruturalmente equivalentes considerando as
caracteristicas estruturais comuns, como por exemplo, residuos cataliticos e elementos de
estrutura secundaria. Durante este processo, surgem alguns espacos vazios, também chamos
de “gaps”, 0s quais sdo representados no alinhamento por linhas tracejadas (SANTOS
FILHO; ALENCASTRO, 2003; SANTOS FILHO, 2000)

Logo apds é realizada a constru¢cdo do modelo, ou seja, a geracdo das coordenadas
cartesianas. Para se construir a parte interna da proteina-problema usa-se a ideia de que a
conformacdo da cadeia principal da estrutura-molde pode ser transferida para a proteina-
problema. Existem varios métodos de modelagem dessas regides conservadas (SANTOS
FILHO; ALENCASTRO, 2003).



Por fim, 0 modelo gerado é validado. A validacdo é uma etapa muito importante que
pode ser realizada em diferentes niveis de organizacdo estrutural. E necesséario avaliar os
parametros estereoquimicos, a qualidade do empacotamento global da proteina e os possiveis
erros estruturais (SANTOS FILHO; ALENCASTRO, 2003).

Uma vez que a qualidade do modelo esta relacionada diretamente com a estrutura da
proteina-molde utilizada, é necessario que esta a proteina-molde tenha sido obtida com boa
resolucdo e com um fator-R satisfatorio. Prefere-se a escolha de modelos estruturais cujo
fator-R seja inferior a 20% e a resoluco seja igual ou superior a 2A (SANTOS FILHO;
ALENCASTRO, 2003; SANTOS FILHO, 2000).

Um importante indicador da qualidade estereoquimica de uma proteina é a distribuicéo
dos angulos torcionais ®@ ¢ W da cadeia principal. A distribui¢ao de todos estes angulos pode
ser examinada através do grafico de Ramachandran (RAMACHANDRAN;
SASISEKHARAN, 1968). Se houver residuos de aminoacidos com problemas
estereoquimicos, eles estardo em regides ndo-permitidas neste grafico. Através deste grafico
também se pode ver a porcentagem de residuos que ocupam regides favoraveis, sendo uma
das melhores maneiras de avaliar a qualidade e stereoquimica de um modelo de proteina
(HOLTJE; FOLKERS, 1997). De acordo com a literatura, um modelo ideal deve apresentar
mais de 90% de residuos nessas regides (JOHNSON et al., 1994; MANCINI, et al.2012).

2.7.2 Ancoramento molecular (docking)

Estudar as interacGes proteina-ligante tem sido um dos objetivos da quimica
computacional por anos. A predicdo destas interacdes sdo tarefas essencias se 0 objetivo for o
desenho de novas drogas (ABEL et al., 2016).

O ancoramento molecular ou docking € uma das mais importantes técnicas de
investigacdo das interacdes intermoleculares entre uma proteina e um ligante, nos casos em
que a estrutura 3D da proteina ja foi elucidada (SILVEIRA, 2003). O processo de
ancoramento envolve dois passos basicos: a previsdo da conformacédo do ligante, bem como a
sua posicao e orientacdo dentro da proteina (normalmente chamado de pose) e a avaliacdo da
afinidade de ligacdo (MENG et al., 2011).

As simulacdes de docking podem ser utilizadas para reproduzir dados experimentais
através de algoritmos de validacdes de ancoragem, onde as conformac@es proteina-ligante ou
proteina-proteina sdo obtidas in silico e comparadas com estruturas obtidas a partir de

cristalografia de raios-X ou ressonancia magnética nuclear. Além disso, docking é uma das



principais ferramentas para os procedimentos de triagem virtual, onde uma biblioteca de
Varios compostos é "ancorado" contra um alvo de drogas e assim seleciona-se os melhores
resultados (DIAS; AZEVEDO Jr.; 2008).

Os valores da funcdo de desempenho do ancoramento Egoe S840 definidos pelas
Equacdes 1 e 2 (THOMSEN; CHRISTENSEN, 2006; SOUZA et al., 2008; RAMALHO et
al., 2009; OGUNGBE; SETZER, 2009).

Escore = Einter + Eintra

1)
Onde

Einter = | z | Z |:EPLP(rij) +332.0 Z:]ZJ:I
ieligante jeproteina ij

)

e Einer =€nergia de interacdo ligante-proteina.

e Ep p = energia potencial do inibidor por partes. Baseia-se em dois conjuntos diferentes de
parametros: um para a aproximacdo do termo estérico (van der Waals) entre atomos, e
outro potencial para a ligacdo hidrogénio.

e O segundo termo descreve as interaces eletrostaticas entre atomos carregados. E um

potencial de Coulomb com uma constante dielétrica dependente da distancia (D(r) = 4r).

e 332,0 = fixa as unidades de energia eletrostatica para kcal mol™
Eintra € @ energia interna do ligante (Equacéo 3):

Eintra = Zieligame Zjengame Epue(ri) + z”gacéesmxiveisA[l— cos(M.6 — 0:)] + Epenalizace 3)

e As duas primeiras somas contidas na equacdo estdo relacionadas a todos os pares de
atomos do ligante excluindo os pares de &tomos conectados por duas ligacdes.

e O segundo termo esta relacionado a energia de tor¢do, onde 6 é o angulo de tor¢do da
ligacéo.

e O Ultimo termo, Epenalizada (Chamado de termo de correcéo), atribui uma penalidade de
1.000 se a distancia entre dois 4tomos pesados for menor que 2,0A. Isso aplica uma

penalidade nas conformaces inexistentes do ligante.



e Em resumo, essas fun¢Bes sdo usadas para ancorar automaticamente uma molécula flexivel
em uma molécula molde (proteina) (THOMSEN; CHRISTENSEN, 2006).

Em suma, o docking molecular encontra uma media de estruturas estaveis do ligante na
proteina e calcula essa estabilidade relativa. E necessario analisar todos os modos de interacio
para encontrar a estrutura de menor energia, considerando a flexibilidade conformacional do
ligante o qual serd introduzido no sitio ativo da proteina. Como esses dois problemas estdo
interligados, eles podem ser resolvidos ao mesmo tempo. Contudo, o nimero de combinagdes
envolvidas é muito grande (MIZUTANI et al., 1994).

2.7.3 Dinamica molecular

A simulacdo de Dinamica Molecular (DM) é uma das técnicas computacionais mais
versateis para o estudo de macromoléculas biologicas (HANSSON et al., 2002; ALONSO et
al., 2006). Seus calculos sdo fundamentados nos principios da Mecénica Classica e fornecem
informacGes sobre o comportamento dinamico na escala microscopica, dependente do tempo,
dos atomos individuais que compdem o sistema (BURKERT; ALLINGER, 1982; NAMBA et
al., 2008). E uma simulac&o na qual, &tomos e moléculas se movem sob a influéncia de forcas
fisicas, como a gravidade. A fim de obter uma visdo do movimento dos atomos e moléculas,
eles sdo autorizados a interagir por um periodo de tempo (FENG et al., 2015).

Fornecem informacdes detalhadas sobre as flutuacGes e mudancgas conformacional de
macromoléculas, tais como proteinas e acidos nucléicos (HAILE, 1992). Este método tem
sido utilizado para investigar a estrutura, a dinamica e termodinamica de moléculas biologicas
e de seus complexos (RAPAPORT, 2004).

Baseada na Mecanica Molecular (MM), as moléculas sdo tratadas como uma cole¢édo
de atomos as quais sdo descritas por forcas newtonianas, isto €, sdo tratadas como uma
colecdo de particulas que estdo unidas por forcas harménicas ou elasticas (NAMBA et al.,
2008; van GUNSTEREN; BERENDSEN, 1990).

Os calculos de dindmica molecular se baseiam na solucdo passo a passo da equacéo de
movimento de Newton, que para um sistema atdmico simples, pode ser descrita pelas

EquacOes 4 e 5.

Fi(t) = miay (4)



oV (ri)
rt

Fi(t) = (5)

Onde:

Fi = Forca que atua sobre cada particula do sistema em um instante de tempo t.
ai = Aceleracdo do dtomo i de massa m;.

Apo6s a definicdo do campo de forgas, € possivel determinar a forca que atua sobre
cada atomo através do célculo da primeira derivada da energia potencial obtida do campo de
forcas escolhido com relacéo a posicéo dos nucleos (Equacdo 5) (NAMBA et al., 2008). Essas
equacOes sdo resolvidas simultaneamente em um pequeno espacgo de tempo, assim tém-se a
trajetoria de cada &tomo do sistema com relacdo ao tempo.

Existem alguns pontos importantes para se realizar um calculo de DM. Primeiro,
especificar as posicdes iniciais das particulas que compdem o sistema, onde para evitar
sobreposicOes indesejaveis geralmente elas sdo situadas na posicdo de uma rede cristalina,
entre elas (NAMBA et al., 2008).

Entdo, o sistema € montado dentro de uma caixa que pode adotar diferentes
geometrias. Em seguida, no caso de sistemas biomoleculares, sdo adicionadas moléculas de
agua dentro do sistema, e na caixa e aplicado o0 modelo de condicao periddica de contorno,
evitando que as moléculas de dgua escapem do meio (NAMBA et al., 2008).

Ainda, antes de se iniciar as simulagdes, deve-se realizar a minimizacdo do sistema
objetivando evitar maus contatos entre os atomos (NAMBA et al., 2008). Essa minimizagéo
ou otimizacdo do sistema é feita com a intengdo de se obter a energia préxima do minimo
local. Os algoritmos de minimizacdo mais utilizados sd@o: o método do maximo declive, o
método dos gradientes conjugados e 0 método quasi Newton Raphson.

O método do maximo declive (FRANCA et al., 2004; WIBERG et al. 1965) € um
método de primeira derivada que converge vagarosamente nas proximidades do minimo, mas
¢ poderoso para configuracdes distantes de um minimo de energia (FRANCA, 2004).

O método “gradientes conjugados” permite em geral uma convergéncia mais rapida
que o método do maximo declive que utiliza somente a informacdo do gradiente na
coordenada atualizada. Em se tratando na busca do minimo da funcéo de energia, este método
tem sido considerado o mais sofisticado, além de utilizar a informacdo sobre a primeira
derivada (gradiente), leva em conta o caminho ja percorrido na busca do minimo. Este método
utiliza para a determinacdo do passo seguinte, além do valor do gradiente no ponto atual, o
valor do gradiente obtido no passo anterior (FRANCA, 2004).



O método Newton-Raphson utiliza tanto as derivadas primeiras quanto as derivadas
segundas da fungdo. Assim, além de usar as informacdes do gradiente, utiliza a curvatura para
predizer onde a fungdo mudaré a direcdo ao longo do gradiente (NAMBA et al., 2008).

Apb6s a minimizagdo, o sistema é aquecido gradualmente para a temperatura de
interesse To, nesse momento sdo atribuidas as velocidades iniciais de todas as particulas
utilizando a distribuicdo de Maxwell-Boltzmann (NAMBA et al., 2008). Dessa forma, esses
primeiros passos descritos acima, constituem o periodo de equilibracdo. Esse periodo se da
por finalizado quando o equilibrio termodindmico € alcangcado. Apds esse periodo é possivel
gerar as trajetorias da DM e realizar o célculo das diferentes propriedades para o sistema em
estudo (NAMBA et al., 2008).

2.7.4 Associagéo dos calculos de Docking e Dinamica Molecular

A fim de obter um estudo mais confidvel entre o complexo proteina/ligante, as
simulacbes de Dinamica Molecular e Docking podem ser combinadas. A forca desta
associagdo encontra-se em seus complementares pontos fortes e fracos.

O docking ¢ usado paraexplorar um vasto espaco conformacional de ligantes,
permitindo examinar grandes bibliotecas de drogas semelhantes a um custo computacional
baixo. As principais dificuldades apresentadas por este método é a pouca ou até mesmo a
falta de flexibilidade de toda proteina e a auséncia de uma funcdo de pontuacgdo Unica
e amplamente aplicavel (ALONSO et al., 2006).

Ja adindmica molecular trata tanto o ligante quanto proteina de forma flexivel,
permitindo um ajuste dos receptores no sitio ativo. Além disso, na simulacdo de dindmica é
possivel analisar o efeito de &gua explicita. No entanto, as principais desvantagens da
dinamica é que os célculos sdo demorados e que o sistema pode ficar preso em minimos
locais (ALONSO et al., 2006).

Assim, com a combinacdo destas duas técnicas, utiliza-se o docking para
a triagem rapida de grandes bibliotecas de drogas semelhantes e as simulacdes de DM para
explorar conformac6es do receptor de proteina, otimizar as estruturas do complexo final e
calcular as energias mais precisas. Baseado no exposto, esta associacao tem contribuido de

forma eficaz na melhora do processo de design de drogas (ALONSO et al., 2006).



OBJETIVOS

Nosso objetivo principal é estudar a acdo de alguns derivados das THQs como
inseticidas. Como objetivos secundarios tém-se:

1)  Avaliar a agdo das tetraidroquinolinas no receptor de ecdisona (AaEcR), na

acetilcolinesterase (AaAChE) e no canal BK do Aedes aegypti.

2) Estudar a seletividade destes compostos analisando também sua acdo na

acetilcolinesterase humana (HsSAChE).

3)  Propor um novo composto que apresente ambas agdes, larvicida e adulticida,

auxiliando assim no controle do mosquito Aedes aegypti.

Para tal pesquisa técnicas de modelagem por homologia, docking e dindmica
molecular serdo utilizadas para fornecer uma interpretacdo estrutural, bem como, um
entendimento destes processos a nivel molecular, contribuindo para o desenvolvimento de
novas drogas.
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Toward the understanding of tetrahydroquinolines action in Aedes aegypti:

larvicide or adulticide?

Aedes aegypti is an important vector of arboviruses such as dengue, yellow fever, chikungunya and
Zika. Among the various types of insecticides used to combat this vector, the insect growth regulators
(IGRs) have been developed and recommended for control of their larvae. In this work compounds
with proven regulatory action, tetrahydroquinolines will be studied. These regulators act on the
hormones responsible for the insect development. Ecdysone, one of the main hormones involved in
this process has a specific receptor (EcR), where tetrahydroquinolines derivatives can bind, disrupting
the normal action of this hormone, because they have structure similar to hormone 20-
hydroxyecdysone (20E). In addition, studies show that this class of compounds interacts strongly in
the potassium channel activated by calcium (BK channel). Thus, the goal is to study the action of
compounds (tetrahydroquinolines) as insecticides and evaluate their larvicidal action (action on the
ecdysone receptor) or adulticide (action on the BK channel) through homology modeling techniques,
molecular docking and molecular dynamics simulations and aiming to propose a compound that

presents both actions (larvicide / adulticide).

Keywords: Aedes aegypti; Ecdysone receptor; Potassium channel activated by calcium (BK

channel); Docking; Molecular dynamics.

1. Introduction

Mosquitoes are associated with various health problems. These include yellow fever,
malaria, dengue, filariasis, chikungunya, Japanese encephalitis, among others, causing
millions of deaths each year. [1,2] Aedes aegypti (Linnaeus 1762) (Diptera: Culicidae), in
turn, is the vector responsible for transmitting four major diseases: yellow fever, dengue,
chikungunya and zika. [2,3]

There are two types of insecticides that are used to combat this vector: adulticides
and larvicides. Adulticides are the insecticides used in the fight against adult insects, among
these, the pyrethroid Allethrin, the halogenated BHC and Dieltrin, the Malathion phosphide
and organochlorine DDT. [4] On the other hand, larvicides can combat immature stages of
insects. [4] Chemical and biological larvicides containing a variety of active ingredients like
Temephos, BTI and Insect Growth Regulators (IGRs) have been developed and recommended

for the control of Aedes aegypti larvae. [5,6]



Regarding insect growth regulators, the two main hormones involved in this process,
development and reproduction are the 20-hydroxyecdysone steroid hormone (20E) (Figure 1)
and juvenile hormone (J ). Interference with these hormones or mechanisms by which they
manifest their action results in abnormal development or detrimental growth and
reproduction. [7-9]
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Figure 1. Tetrahydroquinolines studied (1-6) (Palli et al** and Smith et al*®). Chemical
structure of p-Ecdysone or 20-hydroxyecdysone (20E) and structure of compound
Z[(3aR,4S,9bS)-4-(Naphthalen-1-yl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-
carboxylic acid] (Ponte et al. [14]).

Thus, any influence on the action of hormones involved in the change and
development processes, either by exogenous sources of hormones or their synthetic
analogues, could result in the interruption or even abnormality in the development of insects.
[10]



Note that ecdysone has a specific receptor (ECR), belonging to the family of nuclear
receptors, which are widely distributed throughout the body, in embryos, and several pre-
pupal tissues such as imaginal discs, body fat, the trachea, salivary glands, the central nervous
system, the intestine and cells associated with cuticular structures. [11]

This receptor plays a critical role in metamorphosis, and development in insects.
Despite the similarity, and homologous domains of the nuclear receptors in mammals, the
ecdysone receptor and its ligands are orthogonal to receptors of mammals. This property has
made ECR an attractive target for environmentally benign insecticides. [11]

It is known that some compounds derived from tetrahydroquinoline work in gene
expression performed by this receptor in Aedes aegypti (AaEcR) and its action as a larvicide is
known. [12,13] Namely, these compounds have structure similar to the 20E hormone (20-
hydroxyecdysone), thus affecting its action mechanism. In contrast, studies show that these
types of compounds also activate [14] or block [15] the potassium channel activated by
calcium (BK channel), which raises the question whether there is thus a possible adulticide
action of tetrahydroquinolines.

The BK channel is found throughout the brain. [16,17] It is responsible for regulating
smooth muscle tone, neuronal excitability and expertise in the activities of the secretory
glands of saliva and electrolytes, among others. [18] It is a homo-tetramer composed of four
a subunits, alone or linked to auxiliary B subunits. In contrast to other voltage dependent
potassium channel which have six transmembrane helices (S1-S6), the a subunit of BK
channels has an additional transmembrane domain (SO at the N -terminus) and a single tail
length, intracellular, the C-terminal. [19-21]

Studies show that SO is responsible for expression and function of the channel. [22] It
is also important to note that the S4 portion shows the positively charged residues that are
responsible for sensitivity to voltage. [15] The B subunits (B1- p4) can modulate the
sensitivity to calcium and the voltage of the a subunit. [23]

Based on this, our goal is to study the action of some tetrahydroquinolines
derivatives as insecticides and evaluate their larvicidal (action on the ecdysone receptor)
and/or adulticidal action (action on the BK channel) using homology modeling techniques,
molecular docking and molecular dynamics simulations. In addition, a new compound has

been proposed with both actions, larvicidal and adulticidal, to control the Aedes aegypti.

2. Methodology



2.1 Biological data

We conducted a literature search of some tetrahydroquinoline derivatives, which are
insecticides acting on the ecdysone receptor and presenting experimental values. These
compounds were synthesized and studied by Palli et al [24] and Smith et al. [25] Their

respective experimental data are shown in Figure 1 and Table 1.

Table 1. Experimental values of ECso (half maximal effective concentration) and pECsg
(pEC5o = —|OgEC5o(M))

Compound ECso(LM) PECso
12 0.45 6.34
2° 2.15 5.67
3 3.19 5.50
4° 5.01 5.30
5 5.95 5.22
6° 8.71 5.06

% Based on Palli et al. [24]
® Based on Smith et al. [25]

2.2 Homology modeling

2.2.1 Aedes aegypti Ecdysone receptor (AaEcCR)

The 3D structure of the Aedes aegypti ecdysone receptor (AaECR) was constructed by
homology modeling techniques. The receptor modeling began with the request for templates
in the Protein Data Bank (PDB) [26] using the BLAST [26,27] as search engine. The template
sequence selected to build AaEcR was 1R1K with resolution of 2.90A and factor R=0.243 and
bound to ligand, indicating the binding spot

The validation of the generated models was performed through the Ramachandran
[28] chart in which it was possible to analyze the distribution of torsional angles of the
backbone ¢ and y responsible for the stereochemical quality of the studied protein.

The assembly of complex [EcR ligand (hormone 20E)], after the model construction,
was performed using the overlay in the Swiss-PdbViewer program [29]. In this procedure, the
coordinates of the crystal structure of the ligand format (.pdb) are copied to the .pdb file

template, forming the complex (model-ligand).

2.2.2 BK channel



The three-dimensional structure of the interaction model between the BK channel
subunits (SO, S3 and S4) was modeled by our group in a previous study starting from the
crystal structure deposited in the PDB (code-3EB3). The SO portion was introduced through
modeling. The literature suggests that this portion is essential for the function of the channel.

It is noteworthy that this target has as active ligand compound Z [(3aR,4S,9bS)-4-
(Naphthalen-1-yl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-carboxylic acid]
synthesized and studied by Ponte et al [14] (Figure 1).

2.3 Molecular Docking of the compounds

The structures of the tetrahydroquinoline derivatives shown in Figure 1 were
constructed by the PC Spartan Pro program. [30] For the molecular anchoring procedure was
used the Molegro Virtual docker program (MVD) [31-35], through which the most probable
conformation of the ligand receptor/channel was determined. The conformation of the ligand
is identified through energy prediction of its interaction with the receptor/channel.

The binding sites were restricted to spheres with 8A of radius for the receptor and 7A
for the BK channel. For best results, the residue flexibility was kept at 11A in the docking
procedure for both protein and BK channel.

Because of the stochastic nature of the docking algorithm, there were around 20 runs
for each compound, resulting in 30 poses each (binder conformation and orientation) that
were used to the analysis of receptor/channel-ligand interactions and overlaps with the
binding spot into each target.

The best conformation of each ligand was selected according to their position in the
active site and the energy value. Selected conformations were used for the analysis of

interactions with residues of the active site.

2.4 Molecular dynamics of the compounds

The molecular dynamic simulations were carried out using AMBER [36] package with
the FFO3 non-polarized force field. [37]

Analysis of solvatation in explicit solvent was performed using the model TIP3P
(Transferable Intermolecular Potentials) for water [38] with addition of a cubic box of 7A

distant from the border of the molecule and Na* counter ions for neutralization.



These systems were minimized using Steepest Descent method, unrestricted position
at first, to relieve highly unfavorable comparisons, followed by minimization by conjugate
gradient, which is significantly slower, however most effective in achieving a minimum of
energy after the serious clashes were relieved.

System optimization then took place by minimizing energy, conducted with 25000
steps, aiming to reduce unwanted contacts between atoms, minimizing the potential energy of
the system. [39] Subsequently the gradual heating from OK to 310K in six steps was
performed for the studied system in order to avoid the formation of "hot spots”, that is,
regions of the system with higly unstable atoms.

In Steps 1-5, there was an increase in temperature of 50k each and the last step 60k,
totaling 310K. Each heating was performed with 25000 steps of 0.0008 ps of time step.
Equilibration was then performed with 500000 steps of 0.0008 ps to balance the system at the
new temperature using the NVT ensemble. Finally the production of molecular dynamics in 6
series was held, with a time step of 0.0008, totaling 16 ns, using the NPT ensemble.

After the further molecular dynamics analysis for each system, total energy graphics,
temporal and spatial standard deviation and hydrogen bonds formed and maintained along the
dynamics will be generated. In addition, frames were extracted at set intervals along the

dynamics to analyze and compare the dynamic behavior of each ligand in each active site.
3. Results and discussion
3.1 Homology modeling
The sequences of the monomeric primary AaEcR and template were aligned using
the BLAST server. [40, 41] After alignment (Figure 2), we observed that the target receptor

showed 74.8% sequence identity with the template receptor. These results are valid, since

according to the literature [42], reliable models have identical values greater than 25%.
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100% of receptor amino acid residues in favorable patterned regions (Figure 3) which is
suitable for models generated by homology. Regarding the properties of the main chain of the
modeled receptor, bad contacts or alpha carbon distortions or problems involving the
hydrogen bond energies were not found. In addition, distortions of torsion angles of the side
chains were not observed. The results of all other tests on the link to validate structures

available in PDB (http://www.rcsb.org/pdb) were consistent with the expected values for a
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Figure 2. Simple alignment between AaEcR and 1R1K

The Ramachandran plot generated during validation of the AaEcR model showed

good model by homology.

Figure 3. Ramachandran Graph of AaEcR. The most favorable regions are shown in red,
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After the overlay target receptor with the template receptor (Figure 1S-
Supplementary Material), it was possible to observe a RMSD (Root Mean Square Deviation)
value equal to 0.84A, showing the major sequence similarity between target and template
receptor.

3.2 Docking validation

The redocking results for hormone 20E in the AaEcR active site and compound Z in
the BK channel active site are shown in Figure 2S (see Supplementary Material). The RMSD
found was 1.08A and 1.26A, respectively. Whereas the literature reports that RMSD values
under 2.00A values are acceptable [43-45], these results validate the docking protocol that

was used for the calculations.

3.3 Molecular docking in the ecdysone receptor

Figure 3S (See Supplementary Material) shows the three dimensional structure of the
ecdysone receptor obtained by homology modeling, where the a-helices are shown in red, the
ligand (hormone 20E) in yellow and the loops are represented in gray.

The volume of the AaECR active site cavity calculated by MVD [31] was 74.59A. The
theoretical results of the molecular docking of the ecdysone receptor were evaluated and
compared to the experimental data described by Palli et al. [24] and Smith et al. [25] The
poses generated by docking were compared to the 20E hormone from the crystal structure
deposited in the PDB. The energies of the intermolecular interaction, the ligand-receptor

interaction and hydrogen binding were estimated are reported in Table 2.



Table 2. Values of pECsy [pECso=—logECso(M)] (Palli et al* and Smith et al®®),
intermolecular interaction energy (kcal mol™) receptor/ligand and hydrogen bond (kcal mol™)
obtained from the docking.

Hydrogen
Compound PECso AE.I* binding
energy *
Hormone 20E - -199.61 -18.78
1 6.34 -161.94 -4.01
2 5.65 -150.18 -5.00
3 5.50 -149.01 -5.00
4 5.30 -146.08 -5.00
5 5.22 -143.03 -3.81
6 5.06 -140.35 -5.00

* Intermolecular energy interaction

By analysing Table 2 it is possible to conclude that the theoretical results obtained
from the AaEcR docking procedure are in good agreement (R?*=0.98) (Figure 4S -
Supplementary Material) with the experimental data described by Palli et al. [24] and Smith et
al. [25]

The redocking of the 20E hormone was performed to obtain a model, since this
compound acts in the course of the ecdysone receptor. It features the most stable energy (-
199.61 kcal mol™) compared to the others. This favorable result is due to the increased
number of hydrogen interactions (Table 3) that this compound formed with the receptor site.
The Compounds 1, 2 and 3 are those that showed the most promising energy values and
Compound 6 the less favorable (-140.35 kcal mol™).



Table 3. Values of angle length (A) the hydrogen interactions, energy of hydrogen
interactions (kcal mol™) and amino acid residues with which the interactions are formed
between the compound and the receptor studied.

Compounds Connection Hydrogen Amino acid
Length bond energy residues
2.63 -2.50 Glu23
3.08 -2.50 Glu23
2.68 -2.47 Thr56
Hormone 20E 2.09 -1.84 Arg96
Re-docking 2.60 -2.50 Arg100
2.67 -2.50 Alalll
2.93 -2.01 Tyrl21
2.71 -2.07 Asn217
1 3.05 -2.50 Thr56
3.26 -1.51 Tyr121
) 2.61 -2.50 Thr56
2.96 -2.50 Tyrl21
3 2.71 -2.50 Thr56
2.83 -2.50 Tyrl21
4 2.75 -2.50 Thr56
3.08 -2.50 Tyrl21
5 2.84 -2.50 Thr56
3.35 -0.97 Tyrl21
6 2.60 -2.50 Thr56
2.84 -2.50 Tyrl21

According to the results described in Table 3, all compounds studied showed
interactions with Thr56 and Tyrl21 residues, which were also observed with the 20E
hormone (besides others: Glu23, Arg96, Argl00, Alalll and Asn217) (Figure 4). These
residues are certainly contribute to the stabilization of the compounds in the ecdysone
receptor binding site. We also verified if other interactions are present, such as electrostatic,

but none were observed with significant energy values.
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Figure 4. Hydrogen Interactions observed between the hormone 20-hydroxyecdysone (20E)
and AaEcR.

We also analyzed the accommodation of compounds within the receptor cavity.
Through Figure 5(a), it can be inferred that all of the compounds followed the same trend as
well as being accommodated inside this cavity. After that, the n-r stacking interactions were
also analysed. After analysis, it was observed that there is a possible interaction with Phe110
amino acid residue that contributes to an extra stability, which was observed with all
compounds (1 to 6) (Figure 5(b)).

Phell0

(a) (b)

Figure 5. (a) All test compounds within the cavity. (b) Possible interaction w-n stacking
between Phe110 and the compounds under study.

Our findings have highlighted Compound 1 wich presenting the most promising

results (Table 2) for both experimental and theoretical (energy values). Their interactions are

detailed in Figure 5S (Supplementary Material).



The difference in energy values could not be explained taking into account only the
docking results. It is noticeable that hydrogen interactions, alone, do not explain this
difference. Thus, the molecular dynamics (MD) results, which will be discussed later, could,
in principle, be usefull for that rationalization.

3.4 Molecular docking in the BK channel

Figure 6S shows the three-dimensional structure of the interaction model between the
BK channel subunits (SO, S3 and S4) where the a-helices are shown in red, the patterned SO
subunit (a-helix) in orange, the B-sheet in blue and the loops are represented in gray.

The volume of the cavity of the active site of the BK channel calculated by MVD [31]
was 67.07A. The theoretical results of molecular docking in the channel were evaluated and
the poses generated were compared with active ligand Z. The intermolecular interaction
energies, such as hydrogen bond and electrostatic energies in the channel were calculated and
are reported in Table 4.

Table 4. Interaction (kcal mol™), electrostatic, long-range electrostatic (kcal mol™) and
hydrogen binding energy values as well as bond length values (A) and main amino acid
residues responsible for the interaction between compounds and the channel.

Compound  AE.I* AEE'et* AEE"EQ‘O”Q* Hb%ﬂ:j?ggn CoLn nection A;;ilg ’
energy ength residue

1 -138.83 -0.36 -0.07 -2.50 2.65 SO
2 13768 200 183 044 2:13 Gln215

-2.50 3.07 SO

3 -113.12 0.16 0.14 -0.93 3.41 SO
-0.15 3.31 GIn215

4 -141.92 0.39 -0.30 250 2 76 S0

5 -139.11 -0.01 -0.18 -2.08 3.18 SO

6 -127.06 0.74 -0.53 -1.78 3.24 SO

* Energy intermolecular interaction
**E|ectrostatic Energy r<4.5A between the protein and the ligand (EElect)
*** Electrostatic Energy r>4.5A between the protein and the ligand (EElectLong)

As shown in Table 4, Compound 4 stands out with respect to the energy values,
followed by 5 and 1. Note also that all of the compounds anchored in the channel have an
interaction with an amino acid present in the SO portion (Figure 7S — Supplementary

Material). These interactions with the SO portion seem to be actively contributing to the



stabilization of compounds within the channel. Moreover, these interactions with that portion
can thereby lead to changes in channel function and damage to Aedes aegypti, since according
to the literature [22] SO is responsible for the function and expression of the BK channel.

It can also be observed in Table 4 that in most cases, lower interaction energy values
are accompanied by lower hydrogen bond energy values. In this case, it can be inferred that
the hydrogen interactions are contributing to compound stabilization in the channel active site.

We can also point out that Compounds 2 and 4 can also perform a weak interaction
with amino acid residue GIn215. This feature belongs to the S4 portion responsible for the
channel voltage. This interaction may influence the normal operation of the channel. In
addition to those mentioned, there were no significant interactions with other amino acids.

Electrostatic interactions have also been observed in the docking study and are
represented in Figure 6.
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Figure 6. In electrostatic interactions of the studied compounds. In green are the negative and
red positive interactions.

It is known that electrostatic interactions with the polarization and van der Waals force
fundamentally contribute to the intermolecular interactions [46]. These interactions observed

in our study can contribute to an extra stabilization of the compound inside the channel.

3.5 Molecular dynamics simulations on targets

After the docking studies on the ecdysone receptor, all compounds were subjected to
molecular dynamics simulation in order to analyze their behavior in the interior of the
receptor and compare it with the docking results, thereby obtaining information for proposing
a new potential insecticide.

One of the most common measures to assess the protein behavior along the simulation

is the quantification of the structural deformation compared to the initial reference point. This



assessment is done by RMSD (Root Mean Square Deviation). In this sense, RMSD analyses
were made with different focuses to make it possible to evaluate the behavior of different
regions and not just of the whole.

The RMSD graphs were generated with reference to the following groups of atoms: all
atoms; only the alpha carbon atoms; only the binder atoms; and finally the ligand atoms and
the amino acid atoms considered as belonging to the active site of the receptor (for RMSD of
alpha carbons see Supplementary Material).

Regarding the ecdysone receptor, Figure 7 reports the temporal RMSD results. These

calculations were performed on all atoms of the complex for all simulation time 16ns.
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Figure 7. DRMQ versus Time for the simulation of compounds 1, 2, 3, 4, 5, 6 and 20E
hormone / AaEcR. The receptor curve is represented in black and the compounds in red.
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Based on the analysis of RMSD binding of Figures 1, 3, 6 and the 20E hormone, it
can be concluded that they meet the requirement proposed in the literature [47] which
suggests that an ideal RMSD variation is not greater than 3A. Furthermore, there was an

abrupt variation compared to other systems. These compounds seem to be better
accommodated in the active site of the ecdysone receptor.

Among all results, Compound 3 deserves special attention. As can be seen in Figure
7, the RMSD tends to stabilize in the first nanoseconds, not exceeding 0.75A. This result
suggests that there is a good interaction between the ecdysone receptor and this compound,
which settles well in the active site cavity for the simulated time, showing system
stabilization.

It is also worth noting that Compound 3 stabilizes in less time than the 20E hormone
(model) and has less variation over time. However, the total energy (Figure 8S -
Supplementary Material) was higher than all other studied systems (around -64375 KJ mol™)
(see Figures 8S to 15S - Supplementary Material). In all other graphics (2, 4 and 5), it is
possible to see a greater variation of RMSD values resulting in a non-stabilized system during
the simulation time.

It is important to note that the active site do not show large structural modifications,
which indicate that, despite the behavior of the ligands that have major changes (compouns 2,
4 and 5), the structure of the binding spot is well defined, suggesting that the contributions to
the activity is only due to the prototype compounds itself.

By analyzing of pharmacophore maps (Figure 16S to 23S-Supplementary Material)
obtained after the dynamic, it can be inferred that the hydrogen interactions are not the only
interactions responsible for the molecule stability differences, which is consistent with the
docking results. It should be kept in mind that in the docking study we observed only
hydrogen interactions and possible -t stacking interactions. Besides these, in the MD
simulation it was also possible to observe other interactions.

From the pharmacophore map, it can be inferred that the Compounds 2, 3 and 6
show -t stacking interaction with Tyrl21 amino acid residue (Supplementary Material),
which can contribute to the stabilization of the studied compound inside the receptor. In
addition, six hydrogen interactions were observed between the 20E hormone and protein
(Figure 16S — See Supplementary Material) with the amino acids Glu23, Thr56, Alalll,
Tyr121, Asp217. Compound 3 also presents an interaction with Leu109 (Figure 8(a)). For the

other compounds no hydrogen interactions along the dynamic simulation was observed. There



were also interactions between fluorine atoms present in the Compounds 1 (Figure 8(b)) and 5

(Figure 20S - Supplementary Material) with the protein.
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Figure 8. (a) Map pharmacophore after the dynamic of compounds 3 and 1 (b).

It is noteworthy that the unavailability of the complete structure of the BK channel
and information as to its modeling resulted in non-realization of molecular dynamics studies

in this target.

4. Prototype pesticide proposal



For proposing new structures, two compounds were selected as a starting point. The
selection was promoted based on the experimental and the theoretical (dockings and
molecular dynamics) results in both the receptor and the channel. The selected compounds
were 1 and 3. These compounds have excelled in both targets and as one of the objectives of
this work is to propose a new compound with both actions, larvicidal and adulticidal, they
were chosen.

According to Tables 2 and 4, Compound 1 showed significant intermolecular
interaction energy values compared to the other compounds both on the receptor and channel.
It is noteworthy that other compounds, like 4 and 5, showed energy values even lower than
the 1 in the channel, but this difference is not as significant as the energy value for 1 in the
receptor. Thus this compound was selected as the starting point for the formulation of new
structures. DM results in the receptor suggest that this compound is well anchored (stable) in
the active site of the target.

However, Compound 3 showed a significant difference between the values observed
in the docking of the receptor and the channel. In the receptor docking it presented one of the
most favorable results, because of the less favorable channel. Thus, this compound was also
selected to be analyzed, and was verified that promotes this stability difference guiding us
also to key positions in the structure of a good insecticide. It is noteworthy that this compound
was that which stood out in the results of RMSD in MD simulations on the receptor.

Initially, a structural analysis was performed of all compounds studied (1 to 6) to
select some important information to be used in modifications of Compounds 1 and 3.

When comparing Compounds 1 and 5 (Figure 1), for example, it can be seen that their
structures differ only in the substituent at the Ry position, 1 (R=CF3) and 5 (R=CHj3) (Figure
9), but it is possible to notice a significant difference in ECsp values. [48] It is the same occurs
with Compounds 2 (R=Cl) and 4 (R = CH3). Therefore, this position was selected to carry out

the modifications aiming to develop other possible new insecticide target groups (Figure 9).



Positions 1 3
Figure 9. Important points in the structure of a derivative of tetrahydroquinoline. Adapted:
Kitamura et al. (2014) and important positions, compounds 1 and 3 and their respective points
for modification.

QSAR studies by Kitamura et al. [49] reinforce our conclusions and show valuable
information for the molecular design of new compounds derived from tetrahydroquinolines
and presenting insecticidal action (Figure 9). Among several points reported, our findings
highlight that the R4 position, is essential to promote power in larvicidal activity.

Furthermore, it was also observed that the fluorine halogen contributes strongly to the
experimental and theoretical results, which can be noticed by comparing Compounds 3 and 6
(Figure 1), for example, where 3 has the F in the R, position and Rz (Figure 9) and 6 has the
same positions in -CH3 group, and the difference in results is significant. This reinforces our
choice of 1 and 3 as initial structures for modification.

Table 5 presents the changes made and their intermolecular interaction energy values
obtained after the docking of the change made in Structures 1 and 3. The following

modifications were used in groups: -F, -CF3, -CHg, -Cl, - NH; -CH,CHs.



Table 5. Changes performed and estimated values of the intermolecular interaction energy
(kcal mol™) obtained in anchoring for the ecdysone receptor and BK channel.

Compound AaEcR R BK Channe_ll R
I.E. (kcal mol™)* I. E. (kcal mol™)*

3 -149.02 -113.12 H
JG1** -166.10 -157.28 F
JG2** -185.47 -144.20 CF;
JG3** -164.27 -106.16 CHs
JG4** -171.69 -130.53 Cl
JG5** -167.54 -106.32 NH,

1 -161.94 -138.83 CF;
JG6** -114.84 -110.01 NH,
JGT7** -106.51 -138.00 F
JG8** -148.40 -125.51 CH,CHjs
JG9** -103.34 -108.06 Cl

* |.E.: Intermolecular energy ** Novel compounds proposed.

The changes made in the structure of the compound 1 resulted in JG6 the JG9
structures. It is important to note that there was a significant increase in the energy of
interaction of these compounds in both targets under study. With this, once again it was
proven the importance of the CF3 group in position R.

The modifications made in the structure of the compound 3 resulted in compounds
JG1 to JG5. Through the study in AaEcR noted that all groups inserted in the position R
contributed to an increase in the stability of the compounds formed in the study at the
receptor, these values even lower than the compound 1 which was the most promising
experimentally and theoretically. In the anchoring in the channel, it was observed that the
modification with substituents F, Cl and CF3; promoted a significant reduction in energy
values which would certainly influence the increased stability of these compounds on BK.

Based on this, we can highlight the results of JG1 and JG2 compounds with promising
chances synthesis and subsequent biological test. Among these stands out the JG2 for further
analysis through molecular dynamics simulations, since both results presented in both the
modification of compound 1 as the 3 became evident the importance of the CF3 group at the R
position and this was confirmed by significant interaction energy values. Furthermore, as the
objective is to propose a compound with both actions, larvicide (acting in ecdysone receptor)
and adulticide (acting on BK), this compound satisfy the objective of the work.

About anchoring study in AaEcR, JG2 presented two strong hydrogen interactions.
One to Thr56 (-2.50 kcal mol™) and the other with Tyr121 (-2.50 kcal mol™) residues (Figure

24S — Supplementary Material), the same interactions observed in compounds 1 to 6. In the



BK this same compound also conducted two interactions, strong (-2.50 kcal mol™) with
Tyr203 and a weak (-0.13 kcal mol™) with the GIn215 residue. Note that these two residues,
Tyr203 and GIn215 are part of the S4 portion of the BK channel. These interactions may
influence the control channel voltage and consequently causing an abnormality in the
operation of this channel in Aedes aegypti.

It is noteworthy that the interaction with Tyr203 was not observed in any of the studies
with Compounds 1 to 6 (Table 4). Thus, this is contributing to greater stability of the
proposed compound in the BK channel. Figure 26S (Supplementary Material) presents the
RMSD graph resulting from the MD simulation in the ecdysone receptor.

One can infer that the result meet the requirement proposed in the literature. The value
is only 2.5A, but there is no stabilization in simulation time. Figure 25S (Supplementary
Material) shows the total energy value for simulation with JG2. It was observed that the
values obtained for other compounds was very close to (around -64375 KJ mol™
Supplementary Material) except Compound 3, which had a value of around -54375 KJ mol™.

After the dynamic it was possible to see that the JG2 (Figure 10) held one m-nt
interaction stacking with Phell0 amino acid, which has been indicated as a possible
interaction in the docking calculations. Surely this interaction is contributing to greater
stability of these compounds.

Furthermore, a hydrogen interaction was observed with the interaction of Arg96 and a
fluorine compound added to the amino acid Met220. So these interactions can explain the best

energy values (docking) presented in the proposed JG2 compound.
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Figure 10. Map pharmacophore after dynamic - JG2.

It is noteworthy that it was not possible to perform dynamics studies in the BK

channel due to non-availability of the full channel structure.

5. Conclusions

Due to the high sequence identity between the mold receptor and target, it was
possible to build a consistent model for the AaEcR three dimensional structure. This modeled
receptor allow the realization of the docking procedures of this study whose results showed
that Compound 1 is more stable on its site than the other compounds, which explains its best
ECso value and consequently its action as an insecticide. RMSD results of this compound
confirmed its stability within the ecdysone receptor.

In the docking results for the channel, Compound 4 stands out in theoretical results,
followed by Compounds 5 and 1. Compound 3 presents the least favorable results. However
Compounds 1 and 3 were selected as the starting point for the design of new structures,
because both compounds present good results for both targets. Compound 3 revealed a
significant difference energy values and formed the most stable complex (RMSD values) with

the protein during the simulation time.



Nine new structures were generated with that. By presenting better results from
docking on both targets the JG2 compound was selected. Dynamic studies in the receptor
show m-m stacking-type interaction with Phel110 amino acid, a interaction of the fluoride
present in the compound with amino acid Met220 and a hydrogen interaction with the Arg96
which contribute to this compound to stabilize the receptor binding site. It was not feasible to
perform dynamic studies in BK channel due to currently unavailability full channel structure,
but the docking studies show good results which can then be better assessed.

Our theoretical findings indicate this prototype to better research with promising
chances for synthesis and further biological testing.
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Supplementary on line Material

Toward the understanging of the action of tetrahydroquinolines in Aedes

aegypti: larvicide or adulticide?

(a) (b)

Figure 2S. Docking validation. Redocking of the 20E hormone within the AaEcR (a) and the
compound Z within the BK channel (b).

Figure 3S. AaEcR obtained by homology modeling.
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Figure 6S. The three-dimensional structure of the interaction model between the BK channel
subunits. The cavity is represented in green.

Figure 7S. Compound 4 (Green) docked inside the BK channel and SO portion (red)
introduced by modeling.
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Interaction between tetrahydroquinolines and Aedes aegypti and human
acetylcholinesterases: Design of Potential insecticides

Abstract: Mosquitoes are associated with various public health problems. This includes the
transmission of various diseases causing millions of deaths each year. The Aedes aegypti is
responsible for transmitting four major diseases: yellow fever, dengue, chikungunya and zika.
On the one hand, the importance of these synthetic insecticides for mosquito control is
known, on the other, one must consider how they are harmful to the environment and to
humans. Thus it is necessary to search for new compounds that are more effective and less
toxic. Based on this, we are committed to study a very versatile class that make up the
tetrahydroquinoline derivatives, which have shown activity in various studies, including
anticholinesterase activity (most common action of insecticides). Therefore our objective was
to study the interaction of some derivatives of the proposed tetrahydroquinolines in the
literature and others proposed by our group with the enzyme acetylcholinesterase of the Aedes
aegypti (AaAChE) and to study the selectivity of these compounds to human
acetylchonilesterase (HssAChE). For this, anchoring and molecular dynamics studies were
conducted thus seeking to collaborate with the discovery of more potent drugs to be used in
combating the mosquito A.aegypti. Our results show that Compounds 1 and JG2 are
promising to be studied more thoroughly and to be tested on AaAChE. The selectivity in the
docking studies, although the molecular dynamics studies suggest good interaction of
compounds with the active site of HsSAChE, show that these compounds are most preferred

(energy) by the A.aegypti mosquito enzyme.

Keywords: Aedes aegypti; Tetrahydroquinolines; Acetylcholinesterase; selectivity; Molecular
dynamics.

1. INTRODUCTION

Vector-borne diseases are still a major public health problem in tropical and subtropical
regions of the world [1]. Aedes aegypti Linnaeus is the main vector of arboviruses that cause
dengue, chikungunya, yellow fever and zika [2-4].

Currently, the contribution of synthetic insecticides to control mosquitoes is
undeniable. On the other hand, they are harmful to the environment and also affect other

organisms associated with it [1]. Moreover, several mosquito species have been developed
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resistance to these insecticides [5,6]. Thus, it is important to search for new compounds that
are more effective and less toxic.

A recent study by our research group has explored new molecular targets in the
search for new insecticides against A. aegypti [2]. It should be kept in mind, however that the
acetylcholinesterase (AChE) enzyme is the most widely explored insecticide target [7-10]. In
fact, it is believed that almost all organophosphorus agents and commercial carbamates have
their effects by reversible/irreversible inhibition of this enzyme [11, 12]. More recently,
researchers in this area have focused on two primary goals, 1) to study selective inhibitors of
the mammalian enzyme for effective treatment of Alzheimer's disease and 2) selective
inhibitors of insect enzymes in order to avoid problems of toxicity to humans [11].

Inhibition of insect AChE, stands out as a promising method for insect control.
Therefore, the discovery of new inhibitors and AChE inhibition mechanisms are important
tasks [13,14]. The most common type of inhibition is that which occurs for organophosphates
and carbamates, the affects the transmission of nerve impulses resulting in acetylcholine
accumulation in insect neuromuscular tissue causing paralysis and then death [15-18].

A very versatile class of compounds, which had been extensively studied due to its
high applicability, is a group of tetrahydroquinoline derivatives [19]. In addition to presenting
insecticidal action acting on the ecdysone receptor [20, 21], they also act on neurotransmitter
receptors and membranes [22-24]. They can also act at steroid hormone receptors [25, 26] and
as antiviral, antibacterial, antimalarial, and antifungal agents [19; 27-29].  Furthermore,
several tetrahydroquinoline derivatives have been found to interact with retroviral targets
relevant to anti-HIV therapy (KIMURA et al., 1996; HAYASHI et al., 1996). In addition to
the described functions there are several others (SRIDHARAN et al. 2011).

In addition, many tetrahydroquinoline derivatives have shown anticholinesterase
activity, for exemple: Gatta et al. [30] reported the synthesis of THQ derivatives as potential
inhibitors of AChE and Fink et al. [31] reported the synthesis and evaluation of 5-amino-
5,6,7,8-tetrahydroquinolinones also as AChE inhibitors.

Thus, the goal of this work is to study the interaction of some derivatives of the
proposed tetrahydroquinolines in literature and others proposed by our group, with the AChE
enzyme Aedes aegypti, in addition to studying the selectivity of these compounds to the
human enzyme (HsSAChE). For this, molecular docking and molecular dynamics studies will
be conducted seeking to contribute to the development of more potent drugs to be used in

combating the Aedes aegypti mosquito.
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2. MATERIALS AND METHOD
2.1 Compounds in study

Compounds 1 and 5 were synthesized by Palli et al [20] and Compounds 2, 3, 4 and 6 by
Smith et al. [21], their chemical structures are depicted in Figure 1A. The compounds from
JG1 to JG9 (Figure 1B) have been proposed in an earlier study by structural modification of
Compounds 1 and 3 [2]. It is important to note that in the literature there are no biological
data of these compounds acting on the enzymes under study. There are no results for this

model.
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Figure 1. (A) Structures of the tetrahydroquinoline studied. (B) Structures studied by
Giacoppo et al. (2016).

By the homology modeling technique it was possible to build the three-dimensional
structure of the enzyme acetylcholinesterase of Aedes aegypti (AaAChE). We first carried out
a search for patterns in the Protein Data Bank (PDB) [32] using the BLAST server [32, 33] as
a search tool. The template sequence selected to build AaAChE was 10DC with a resolution
of 2.2A and factor R = 0.240. The choice of this enzyme as a template was based on the fact
that it has the highest of sequence identity percentage, (48.6%), with AaAChE, than other
AChEs available in the PDB.

After defining the template monomer sequence alignment of the target enzyme was
conducted, with the following monomeric template enzyme previously in a FASTA format,
using the Expasy website (http://au.expasy.org/). The validation of the generated templates

was performed by the Ramachandran plot [34], in which it was possible to analyze the
distribution of the torsion angles of the main chain ¢ and y responsible for the stereochemical
quality of protein.

The assembly of complex [AChE-linker (tacrine)], after the model construction, was
performed using the overlap model for the crystal enzyme selected template, using Discovery
Studio software [35]. Thus, we obtained Compound C-4-quinolyl-N-9-(1,2,3,4-
tetrahydroacridine)-1,8-diaminoctane as active binder. However due to more literature
information on the inhibition of acetylcholinesterase by tacrine, this compound became our
binder reference for the docking procedure.

In this context, we also perform the overlapping of the enzymes in order to compare
the amino acid residues present in the active site and determine the degree of identity. For
this, RMSD calculation was performed by selecting all the atoms. In this case, the Discovery

Studio software was again used [35].

2.2.2 Human Acetylcholinesterase

The three dimensional structure of the human enzyme acetylcholinesterase was
downloaded from the Protein Data Bank (PDB) with the code having 4BDT resolution 3.1A
and R factor = 0.219. This enzyme was complexed with the compound (7S, 11S) - huprine W,
but for the same reason stated above this compound was replaced by the compound tacrine.

This enzyme was complexed with the compound (7S, 11S) -huprin W (PDB), however,

because it was easy to obtain data from the tacrine literature it was replaced once again with
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the active ligand. For substitution, the docking of tacrine on (7S, 11S) - huprin W was carried

out, so that the pose that was most preferred to the crystallized binder was chosen.

2.3 Molecular Docking of the studied compounds

For the Docking procedure, the Molegro Virtual Docker program (MVD) [36] was
used. The structures of the tetrahidroquinoline derivatives shown in Figure 1 were constructed
and optimized using the programPC Spartan Pro [37]. In this same program the load
correction was done using the semi-empirical PM3 method.

The binding sites were restricted within spheres of 5A radii for the study of both
enzymes. For best results, the flexibility of the amino acid residues within 11 A of the active
ligand during the anchoring procedure for both targets was considered.

Because of the stochastic nature of the anchoring algorithm, there were around 15
races for each compound, with 30 poses each (conformation and orientation of the ligand)
returned to the analysis of interactions (AaAChE/HssAChE-tacrine) and overlaps with the
binding in each target.

The best conformation of each binder was selected according to its position in the
active site, its interactions and the energy value. Selected conformations were used for the

analysis of interactions with residues of the active site.
2.4 Molecular dynamics of the compounds

The molecular dynamic simulations (MD) were performed using the package
GROMACS 5.1 [38]. Inhibitors were parameterized using Automated Topology Builder
(ATB) and Repository Version 2.2 available on site (https://atb.uq.edu.au/index.py). Through

this site, we have can parameterized the binders for the force field the force field
AMBER99SB [39] in the .pdb files and .itp which were used in the simulations.

The complexes were assembled into a cubic box of 10.87A to AaAChE system and
13.30A for the system HssAChE. The ions of Na* and CI" were added to neutralize both
systems and the explicit solvation model TIP3P (Transferable Intermolecular Potentials) was
used [40].

These systems were then minimized using the Steepest Descent method
unconstrained position, to alleviate the highly unfavorable comparisons. The minimization
was performed with 50000 steps in order to reduce unwanted contact between the atoms

thereby minimizing the potential energy of the system [41]. The complexes were minimized,
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and afterwards submitted to a MD simulation of 10000 ps at 300K applying 2fs as integration
time. In total 1000 conformations were generated during simulation.

To analyze the structures generated after optimization and dynamics calculations,
we used the program VMD [42]. The graphics of the total energy variation, the variation of
the temporal and spatial RMSD and hydrogen bonds formed along the dynamics were

generated with Origin Pro 8.0 program [43].
3. RESULTS AND DISCUSSION
3.1 Homology modeling

The alignment (Figure 2) of the monomeric primary of the AaAChE sequences and
template enzyme was performed by the BLAST server [32,33] and revealed that the target
enzyme presented 48.6% sequence identity with the template enzyme. These results are valid,
since according to the literature, reliable models have identical values above 25% [44].

The choice of this enzyme as a template was based on the fact that it has the highest of
sequence identity percentage, (48.6%), with AaAChE, than other AChEs available in the
PDB.

10DC SELLVNTKSGKVMGTRVPVLSS -HISAFLGI PFAEPPVGNMRFRRPE PKKPWSGVWNAST
AaAChE DPLLITTDKGKVRGLTLEAPSGKKVDAWLGI PYAQPPLGPLRFRHPRPVEKWT GVLNATT
*K* * kKK K * * kkkk Kk Kkk K *k*k Kk K *x kk kkx K
10DC YPNNCQQYVDEQFPGFSGSEMWNPNREMSEDCLYLNIWVPSPRPKSTTVMVIWI YGGGFYS
AaAChE PPNSCVQIVDTVFGDFPGATMWNPNTPLSEDCLY INVVVPHPRPKNSAVMLWI FGGGFYS
*k*k Kk Kk k% * * % * Kk k kK *kkkkk Kk *k kkk*k R R S S i
10DC GSSTLDVYNGKYLAYTEEVVLVSLSYRVGAFGFLALHGSQEAPGNVGLLDQRMALQWVHD
AaAChE GTATLDVYDHRTLASEENVIVVSLQYRVASLGFLFL-GTPEAPGNAGLFDONLALRWVRD
* * kKKK * % *  x *kk kkk *k*k Kk K *kkkkk K*k k% *k kkx K
10DC NIQFFGGDPKTVTIFGESAGGASVGMHILSPGSRDLFRRAILQSGSPNCPWASVSVAEGR
AaAChE NIHKFGGDPSRVTLFGEXXXXXXXXXXXXXXXXRDLFQRAILQSGSPTAPWALVSXXXXX
* % * Kk Kk k Kk * Kk kk*k *kkk Kkhkkkkkkhkkk * Kk Kk k*k
10DC RRAVELGRNLNCNLNSDE--ELIHCLREKKPQELIDVEWNVLPFDSIFRFSFVPVIDGEF
AaAChE XXXXXXXXXVNCPHDATKLTDTVECLRTKDPNVLVDNEWGTLGI - -~ CEFPFVPVVDGAF
* % *kkx k x * kK% * * kkkk kK K
10DC FPTSLESMLNSGNFKKTQILLGVNKDEGSFFLLYGAPG-FSKDSESKISREDFMSGVKLS
AaAChE LDETPQRSLASGRFKKTDILTGSNTEEGYYFIIYYLTELLRKEEGVTVSREEFLOAVREL
* kK kkkk k% K * * % * * * *kk K *
10DC VPHANDLGLDAVTLQY TDWMDDNNGIKNRDGLDDIVGDHNVICPLMHFVNKYTKEGNGTY
AaAChE NPYVNGAARQAIVFEY TDWTEPENPNSNRDALDKMVGDYHFTCNVNEFAQRYAEEGNNVY
* * * * Kk k k * *kk kK * Kk * * * * % *
10DC LYFFNHRASNLVWPEWMGVIHGYEIEFVFGLPLVKELNY TAEEEALSRRIMHYWATFAKT
AaAChE MYLYTHRSKGNPWPRWTGVMHGDE INYVFGE PLNSDLGYMEDEKDFSRKIMRYWSNFAKT
* * * kK kK kK kK k%K *kk kK * K * * Kk kk k% * Kk Kk k
10DC GNPNEPXXXXS--KWPLFTTKEQKF I DLNTE PMKVHQRLRVQOMCVFWNQFLPKLLNATA
AaAChE GXXXXXXXXXDFPEWPKHTAHGRHYLELGLNTTYVGRGPRLRQCAFWKKYLPQLVAATS
* * Kk kK * % * * * * * kK * Kk Kk * x

Figure 2. Simple alignment between AaAChE and 10DC.
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On the validation of the model AaAChE, the Ramachandran plot generated showed
99.6% of the enzyme's amino acid residues modeled in favorable regions (Figure 3A) which
is suitable for models generated by homology. Regarding the properties of the main chain
modeled enzyme, bad contacts, alpha carbon distortions or problems involving hydrogen
bonds energies were not found. In addition, there were no side chain torsion angle distortions.
The results of all other tests on the link for validation of available structures in the PDB
(http://www.rcsh.org/pdb) were consistent with the expected values for a good homology
model.

In Figure 3B, it is possible to observe the superposition of the enzymes and Figure
3C presents the comparison among the amino acids that comprise the active sites of both

enzymes.
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Figure 3. (A) Ramachandran chart of AaAChE. The most favorable regions are shown in red,
allowed in yellow, the generously allowed in light yellow and not allowed in white. (B)
Overlay of target enzymes (AaAChE) and mold (10DC).

From Figure 3C, it can be seen that from a total of 13 amino acids of the active site

TcAChE, 12 are identical to the active site of AaAChE, i.e. approximately 92% of the active

sites are retained. As there is great similarity between residues, the generated AaAChE model

can be used for the study of new inhibitors.
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3.3 Molecular docking in the AaAChE and HssAChE

For validation, redocking calculations were performed of the ligand tacrine on both
systems, AaAChE and HssAChE (Figure 4). The RMSD was found to be 0.23A and 0.62A,
respectively. The literature reports that values under 2.00A are acceptable [7, 45, 46], these
results validate the docking protocol used for the calculations.

HsSAChE enzymes were evaluated and the intermolecular interaction energies,
hydrogen interaction, electrostatic or debris carried interactions are reported in Tables 1, 2 and
1S.

Table 1. Values of energy: the intermolecular interaction (kcal mol™), hydrogen bonding,
electrostatic, and long-range electrostatic (kcal mol™).

AaAChE | HssAChE
Total AE Total H-
AE.I*  H-bond Alf* EletLong™ | AE.I*  bond AE* AE***
energy Elet * energy Elet EletLong
Tacrina | -103.68 0.00 -0.07 0.28 -99.88 0.00 0.00 0.00
1 -178.45 -2.02 -1.52 1.79 -23.85 0.00 0.00 0.00

-164.74 -0.24 -0.89 0.71 -25.50 -2.5 0.00 0.00

-152.64 -2.47 0.00 0.00 -27.21 0.00 0.00 0.00

-163.95 -1.37 0.00 0.00 -66.90 -0.40 0.00 0.00

-167.59 -2.99 -0.85 0.76 -28.62 0.00 0.00 0.00

6 -150.53 -3.40 0.00 0.00 -38.39 -1.91 0.00 0.00

JG1 -128.99 -0.31 0.82 -0.53 -43.69 0.00 0.00 0.00
JG2 -178.71 0.00 0.27 -0.50 -22.34 -2.44 0.00 0.00
JG3 -141.36 -0.13 -2.05 2.44 -3.74 -0.83 0.00 0.00
JG4 -138.62 -0.24 -0.81 0.92 -65.62 -2.26 0.00 0.00
JG5 -133.04 -2.86 -0.75 1.06 -4.81 -4.38 0.00 0.00
JG6 -154.47 -4.05 0.33 0.26 -56.70 -0.41 0.00 0.00
JG7 -149.16 -2.89 0.66 -0.29 -72.12 -2.92 0.00 0.00
JG8 -154.70 -1.83 -0.60 -1.14 -86.04 0.00 0.00 0.00
JG9 -142.07 0.00 -0.18 0.99 -58.15 0.00 0.00 0.00

* Energy intermolecular interaction (Kcal mol™)

**E|ectrostatic Energy r<4.5A between the protein and the ligand (EElect)

*** Electrostatic Energy r>4.5A between the protein and the ligand (EElectLong)

gl lwin
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Tabela 2. Hydrogen binding energy values as well as bond length values (A) and main amino acid
residues responsible for the interaction between compounds and the targets.

AaAChE HssAChE
_ Connectior st?:r?g?h t _ Connectior st?eor?;h t
Compound Residue Length (kcal Compound Residue Length (keal
A mol™) A mol™)
Tacrina - - - Tacrina - - -
1 Tyr119 2.70 -2.02 1 - - -
2 Hist437 3.48 -0.24 2 Ser125 3.01 -2.5
3 Tyrl19 291 -2.47 3 - - -
4 Tyrl19 3.20 -1.37 4 Tyrl24 3.46 -0.40
Tyrl19 2.89 -1.65 5 - - -
> Hist437 3.35 -1.34 6 Tyr341 3.22 -1.91
Tyrl19 3.19 -1.62 JG1 - - -
® Hist437 3.08 -1.78 JG2 Tyrl24 3.11 -2.44
JG1 Hist437 3.47 -0.31 JG3 Tyrl24 3.43 -0.83
JG2 - - - JG4 Tyrl24 2.82 -2.26
JG3 His437 3.54 -0.13 Tyrl24 3.22 -1.91
JG4 Hist437 3.50 -0.24 JGs Ser203 2.80 -2.50
Tyr325 2.93 -2.50 JG6 Serl25 3.52 -0.41
I6s Hist437 3.44 -0.36 Gly82 3.51 -0.42
Tyr119 2.61 -1.06 Ie7 Serl25 2.84 -2.50
JG6 Tyr325 2.60 -2.50 JG8 - - -
Tyr326 3.24 -0.49 JG9 - - -
Trp82 3.01 -0.77
JG7
Tyrl19 2.71 -1.13
JG8 Tyrl19 2.74 -1.83
JG9 - - -

Our model compound, tacrine, showed no hydrogen interaction with AaAChE, but

presented the electrostatic interactions with various residues, including the Trp82 and His437
(Table 1S). Doucet-Personemi et al. [47] in study with TcAChE visualized hydrogen

interactions with the same amino acids, which shows us that although Tacrine is not of the

same class of compounds studied (tetrahydroquinolines derivatives) and is used for different

studies (Alzheimer’s Disease), its structure is similar that of to these compounds and we can

use there as a model in order to position our inhibitors and make sure that they are interacting

with the amino acids present in the active site.

In the study of Aedes aegypti acetylcholinesterase, Table 1 shows that all compounds

showed greater interaction with this enzyme than the compound tacrine, especially the
Compounds 1 and 5 and JG2, JG6 and JG8 (compounds studied by Giacoppo et al., [2]),



109

which had the lowest intermolecular interaction energy values. From Table 2 it can be
inferred that all compounds had interactions with at least one amino acid except Tacrine, JG2
and JG9 compounds that did not perform any interaction. Amino acids which interacted with
the compounds are Trp82, Tyr119, Tyr325, Tyr326 or His437. Note that in this case at least
one type of interaction was observed, either hydrogen, either electrostatic and in some cases,
both. These interactions are certainly contributing to the permanence of these compounds in
the active site of the enzyme in question. Regarding the electrostatic interactions, Table 1S
demonstrates there are various interactions of this type with most compounds.

In HssAChE, in general, the interaction energy values were all higher compared to
those found in the study of Aedes with the enzyme, which indicates that these compounds
exhibit greater selectivity to the mosquito enzyme (see Table 1). Regarding the hydrogen
interactions with amino acid residues, Table 2 shows that seven of the studied compounds
(Tacrine, 1, 3, 5, JG1, JG8 and JG9) never conducted a hydrogen interaction with the amino
acids and even showed electrostatic interactions with HsSAChE. From our results, other
compounds have performed at least one hydrogen interaction (with amino acids Gly82,
Tyrl24, Ser125, Ser203 or Tyr341) and none electrostatic interaction. These data can explain
the greater selectivity of the compounds studied in the mosquito enzyme than the human,
which is excellent in terms of selectivity and reinforces the importance of this research.

Based on previous findings, in terms of stability and selectivity, the most promissing
chemical structures, compounds 1 and JG2, as well as the reference compond were selected
for molecular dynamics simulations Figures 4 and 1S represent the three compounds and their
hydrogen and electrostatic interactions in AaAChE and hydrogen interactions in HssAChE,
respectively

It is important to notice that although during the docking study with HsSACHE no
electrostatic interaction was observed, by Figure 1S presents a possible n-m stacking
interaction with Tyr337 represented in the three compounds. It is expected that the molecular

dynamics studies gather more information about this and other possible interactions.
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Figure 4. Compounds Tacrine, 1 and JG2 and its hydrogen and electrostatic interactions with
AaAChE. Red (positive) and green (negative).

It is important to keep in mind that the Compounds 1 and JG2 also excelled in the
previous study of the ecdysone receptor and BK channel, both of Aedes aegypti (Giacoppo et
al.[2]), which reinforces the idea that these are promising compounds to advance the research

derived from tetrahydroquinoline insecticides.
3.5 Molecular dynamics simulations on targets

After docking studies, the inhibitors Tacrine, 1, and JG2 were subjected to MD
simulations in order to observe their dynamic behavior inside AaAChE and HssAChE and
compare to the docking results, obtaining additional information to support the proposition of
new potential inhibitors of AChE.

The temporal RMSD calculations were performed on all the atoms of each complex
studied to 1000 frames during the 10 ns of simulation. Figure 5A shows the results of the
temporal RMSD for systems Tacrine/1/ JG2-AaAChE and Figure 5B for the systems
Tacrine/1/JG2-HssAChE.
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From Figures 5A and 5B, it can be seen that Tacrine was the compound that

remained the most stable (less RMSD variation) during the simulation, about 0.03nm in both

systems. Compound 1, although in AaAChE stabilized only around 4ns, presented RMSD

values very similar in both systems. Compound JG2 had higher values in AaAChE, however

these values keep around 0.3nm, which is acceptable [48].

In order to confirm the structural stabilization in the simulation environment the

spatial RMSD was calculated from the average position of each amino acid residue of
AaAChE (Figure 6) and HsSAChE (Figures 2S to 4S). Higher RMSD values indicate the

residues that have undergone major changes and corresponding regions of loops. In the

residues of the active site region of the alpha helices and beta sheets, there is a lower RMSD

value, thereby revealing the increased stability of these areas.
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Figure 7 shows the average number of hydrogen bonds formed along the simulation.
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Figure 7. Number of H-bonds. Interactions between compound Tacrine, 1, JG2 and AaAChE
during the MD simulation.
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In the case of hydrogen interactions in the docking in AaAChE, for Tacrine and JG2
compounds, no interaction were observed with amino acid residues present at the active site
and Compound 1 only one interaction. From the MD calculations, the formation of up to four
amino acids of interactions with Compound 1 (Figure 7) were observed, but there was
permanence in simulated time of only one interaction, which is consistent with the docking
results. The pharmacophore map (Figure 8B), which presents the average interactions in
simulated time, presents interactions with Tyr119 and Tyr326 amino acids.

For Compounds JG2 and Tacrine, two hydrogen bonding interaction keep stable along
the simulation (Figure 7). Tacrine presented interactions with Tyr119 and Tyr330 (Figure
8A), while JG2 presented with Tyr119 and Tyr326 (Figure 8C).

Based on the map, it is possible to see other types of interactions that were formed
during the simulation. Overall interactions with Fluorine, the m-sulfur, n-n stacking, among
others were observed.

In HsSAChE during the docking procedure, only one interaction with the Tyr124 for
the JG2 compound was observed. The compounds Tacrine and 1 did not perform any
hydrogen interactions with the amino acids present in the active site of this enzyme. During
the MD simulation, interactions were observed for Tacrine (Figure 5S). In pharmacophore
map (Figure 8S), interactions with residues Asp74, Thr83 and Tyr341 are represented. For
Compound 1 4 interactions were formed, but just two interactions with Tyr337 (Figure 6S and
9S) keep stable along the simulation where the map can observe two interactions with. As for
the JG2 compound, Figure 7S presents up to three intetactions, only one continuing during
simulation, which is shown on the map (Figure 10S).

From the docking procedure, no electrostatic interaction type was detected, but from
the maps, we can see that there were interactions that are important contributors to retention

of binding in the active site, such as interactions with Fluorine and n-r stacking interactions.
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CONCLUSIONS

The tertiary structure of Aedes aegypti acetylcholinesterase was obtained by
homology modeling technique. From this 3D structure, docking simulations with all 15
studied compounds revealed that compounds 1 and JG2 are promising structures in terms of
stability for AaACHE as well as selectivity in HsSAChE. In addition, based on the docking
results, the great influence of electrostatic interactions on this stability became noticeable.

Turning now to dynamics, we can infer that the compound JG2 had greater variation
of RMSD compared to other compounds in AaAChE and presented a lower total energy value
compared to other studied compounds in HsSAChE. From the docking study, Compound 1
showed good results and selectivity, on the other hand, in MD simulations this compound
revealed similar results in both target enzymes.

Note that 1 and JG2 were previously investigated by our group, indicating both
promissing larvicide and adulticide action. Furthermore, those compounds have good

selective between insect and human enzyme.
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Supplementary Material

Table 1S. Electrostatic interactions carried out with the active site of AAAChE.

Tacrine 1 2 3 4 5 6 JG1 JG2 JG3 JG4 JG5 JG6 JG7 JG8 JGY

GIn67 X X

Val69 X X X X X

Phe73 X X X X

Ala79 X X X X X X X X X X X

Asn83 X X X X X X X X X X

Gly116 X X

Tyrll19 X X X X X X X X X

Gly121

Glu322 X X X

Gly324 X X X

Tyr326 X X X X X X X X X X X X X

Tyr330 X X X X X X X X X X X X

Thr433 X X X

Val435 X X

His437 X X X X X X X X X X X X X
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Figure 1S. Interactions observed between the compounds 1, JG2 and HssAChE.
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CONSIDERACOES FINAIS

No presente trabalho, investigou-se a agdo de compostos derivados das
tetraidroquinolinas sobre o mosquito Aedes aegypti. Notou-se no primeiro artigo que 0s
resultados tedricos corroboram com os dados experimentais para o estudo realizado com o
receptor de ecdisona (AaEcR) (acdo larvicida). Juntamente com os resultados obtidos para o
canal BK (sugere-se acdo adulticida) e a andlise das estruturas em estudo, foi possivel a
proposicdo de novas moléculas, com potencial atividade inseticida. Por apresentar melhores
resultados em ambos os alvos e como nosso objetivo era encontrar um composto com ambas
acoes (larvicida e adulticida), o composto JG2 foi selecionado.

Com relagdo ao estudo realizado entre 0s compostos ja descritos no primeiro artigo e 0s
propostos com as enzimas acetilcolinesterase do Aedes aegypti (AaAChE) e humana
(HssAChE), observou-se através dos calculos de ancoramento molecular que os compostos 1
e JG2 sdo estruturas promissoras em termos de estabilidade para AaACHE, bem como a
seletividade em HssSAChE. Embora nos estudos de dindmica molecular JG2 tenha apresentado
valores de RMSD maiores que os demais compostos, esse desvio ndo foi significativo e
mesmo que o composto 1 tenha mostrado resultados semelhantes em ambas as enzimas, 0s
resultados de ancoramento mostram que estes compostos interagem com maior facilidade,
energicamente falando, com a enzima do mosquito Aedes aegypti. E relevante lembrar que no
estudo com a acetilcolinesterase os compostos 1 e JG2 podem estar agindo com as duas a¢des
esperadas (larvicida e aduticida) uma vez que tanto larvas quanto o mosquito adulto possuem
esta enzima.

Resumindo: o composto JG2, proposto por nosso grupo, apresenta tanto acdo larvicida
quanto adulticida, uma vez que interage bem com o receptor de ecdisona, com ao canal BK e
com a acetilcolinesterase do Aedes aegypti. Baseados em tudo exposto, nossos resultados
indicam este composto como um potencial inseticida a ser sintetizado e testado contra o

mosquito Aedes aegypti.
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Abstract

Nerve agents are organophosphates acting as potent inhibitors of acetylcholinesterase (AChE), the
enzyme responsible for the hydrolysis of acetylcholine and, consequently, the termination of the
transmission of nerve impulses. The inhibition of AChE by an organophosphate can be reversed by a
nucleophilic agent able to dephosphorylate a serine residue in the active site of AChE. In this sense, the
oximes are compounds capable of removing the nerve agent and reactivate the enzyme. Here, we have
applied a methodology involving theoretical docking and Quantum Mechanics/Molecular Mechanics,
using the softwares Molegro® and Spartan®, to evaluate the kinetic constants of reactivation and the
interactions of the oxime BI-6 with AChE inhibited by different organophosphorus compounds in
comparison to in vitro data. Results confirm that this method is suitable for the prediction of kinetic and
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the mutant BaF9GIDHFR. Our result b d with

I data and allowed the proposition of

a new molecule with potential activity and better selectivity for BaDHFR.
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Bacillus anthracis, one of the most dangerous biological warfare
agents, has already been employed as a weapon by both military
and terrorist groups and is capable of causing high mortality rates,
despite the therapy available today | 1-3|. This microorganism is a
gram-positive, aerobic, spore-forming bacterium that causes
anthrax mainly in herbivorous animals but can also cause acute

MOLECULAR SIMULATION, 2016
http//dx.dolorg/10.1080/08927022.2016.1239823

these antibiotics being ini to pati before the
onset of symptoms and the current vaccination stxateg:es require
the regular administration of reinforcements over a period of 18
months in order to maintain immunity | 13.14]. This facts, together
with the menace represented by the eventual use of B. anthracis as a
biological agent. signal to the importance of the search for new
targets to the drug design against anthrax.
The enzyme DHFR plays a key role in the folate pathway,
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1. Introduction

Mosquitoes are associated with various health problems. These
include yellow fever, malaria, d filariasis, chik

Japanese encephalitis, among others, causing millions of
deaths each year.[1, 2] Aedes aegypti (Linnaeus 1762) (Diptera:
Culicidae), in turn, is the vector responsible for transmitting four

both actions (larvicide / adulticide).

Note that ecdysone has a specific receptor (EcR), belonging
to the family of nuclear receptors, which are widely distributed
throughout the body, in embryos, and several pre-pupal tissues
such as imaginal discs, body fat, the trachea, salivary glands, the
central nervous system, the intestine and cells associated with
cuticular structures.[11]

This receptor plays a critical role in metamorphosis, and
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Abstract: Mosquitoes are associated with various public health problems. This meludes
the tramsmission of various diseases cansing millions of deaths each year. The Aedes
aegypti iz responsible for tramsmitting four major disezses: vellow fever, dempue,
chilimgimya and zika On the one hand. the importance of these synthetic msecticides
for mosquite control i3 kmewn, on the other, one must consider how they are harmful o

the environment and to humans. Thus it is necessary to search for new compounds that
are more effective and less tomic. Based on this, we are committed to study 2 very
versatile class that make up the tetrahydroqumolme derivatives, which have shown
activity i various studies. includng antichelmesterase activity (most commen action of
msecticides). Therefore our objectixe was to study the mteraction of some derivatives of
the proposed tetrshydroqumolines m the literatrura and others propesed by our group
with the enzyme acetylcholinesterase of the deder aegypti (AaAChE) and to study the
selectivity of these compounds to hu.man mlchnn{lesrerase (HzsAChE). For this.

mmﬂdwmsmﬂfwrdma&mheuwd mesguity, Aede
gegypri, Our results show thet Compounds 1 and JG2 are p:mm be stdied more
thereughly and to be tested on A@ACKE. The selectrvity m the dDEk:InE studies, although

dynamics studies suggest good mteraction of mmpuu.uds with the active
site of HrsAChE, show that these compounds are most preferred (energy) by the dedes

aegypii mosquity enzyme.

Keywords: dedes degypii; Tetrhydroqumolmes; Acetylcholmesterase; selectivity; Molecular dynamics.

LINTRODUCTION

search for new compounds that are more
effective and less toxic.

In silico studies of Y and Z isomers: Searching for new insecticides

against Aedes Aegypti through research on different targets

Juliana de O. 8. Giacoppo?®, Leticia Assis®, Elaine F.F da Cunha® Teodorico C. Ramalho®”
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INTRODUCTION

Insect-bome diseases are one of the world’s most important health problems in the
tropical and subtropical regions of the world. Mosquitoes are arthropod vectors, ransmitting
receptors of several terrible pathogens and their bite causes allergies and loss of sleep (Cecilia et
al.. 2014; Muthu et al.. 2012). Thus, mosquito control plays an important role in any control of
pathogen transmission (Cecilia et al , 2014).

Mosquito control was mainly based on the synthetic insecticides, 3 knowledge, the
pyrethroids, organophosphates, organochlorines and carbamates. (Tikar et al.. 2009, Mulyamo

etal 2012 Grisales et al ). The contribution of insecticides is undeniable, but large-scale

application hasresulted in lesser effectiveness and development of resistance (Reegam etal.,
2016; Cecilia et al , 2014).
In addition to undesirable actions on other beneficial organisms, increasing the cost of

ublic concern with an environmental requirement requires a

insecticides and increasin
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Abstract Org:lmphoaphanls mmpoum:ls have been

ployed in agricul y for a long time, causing
serious public health problems. Dueiolhetrluncpmper
ties, these compounds have also been used as chemical
weapons. In view of this scenario, the catalytic degradation
and the development of bioremediation processes of orga-
nophosphorus compounds have been of wide interest.
Among several enzymes capable of degrading organopho-
sphorus compounds, the human serum paraoxonase | has
shown good potential for this purpose. To evaluate the
interaction mode between the human serum paraoxonase 1
(wild-type and mutants) enzymes and the VX compound,
one of the most toxic organophosphorus compounds
known, molecular docking calculations were conducted. In
addition, wekmg to analyze the reaction pathway and the

enantiomer in relation to the other. The cument results
indicate key points for designing new, more efficient mutant
human serum paraoxonase | enzymes for VX degradation.

Keywords Molecular - docking - HUPONIL - VX -
QM/MM - Mutation - Homology modeling

Introduction

The overuse of organophosphorus compounds (OP) in the

agriculural, domestic, and industrial applications has beena

serious problem for many decades. Different OP, such as
pesticides, are directly |mroducod into the cnvlmnmcnt
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Abstract Eight coumarin derivatives (2-8) were synthe-
sized from 7-hydroxy-4-phenylcoumarin 1 and were eval-
uated for their in vitro leishmanicidal activity against
promastigote and igote forms of Leish ia amazo-
nensis, as well their toxicity in murine macrophages.
Compounds 4 and 7 showed the most significant results
against p igote forms of L. is. They were at
least three-fold more active than 1 and Compound 4 was as
effective as Amphotericin B. Compound 4, a 7-O-pre-
nylated derivative, and 7, a tetra-O-acetyl-B-p-glucopyr-

34.93 uM, ively agai gote forms. Further-
more, they do not cause toxicity in mammalian or Leish-
mania cells in vitro. This study shows that these coumarin
derivatives are potential prototypes for the development of
novel drugs with leishmanicidal activity.

Keywords Coumarin derivatives * Leishmaniasis -
Leishmania amazonensis



