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Sonhos determinam o que vocé quer. Ag¢oes determinam o que vocé conquista.
Aldo Novak

“Tente uma, duas, trés vezes e se possivel tente a quarta, a quinta e quantas vezes for
necessario. SO ndo desista nas primeiras tentativas, a persisténcia é amiga da conquista. Se

’

vocé quer chegar aonde a maioria ndo chega, faca o que a maioria ndo faz.’
Bill Gates

“So, carry on, there's a meaning to life which someday we may find... Carry on, it's time to
forget the remains from the past, to carry on”
Andre Matos, na musica Carry On — Angra



RESUMO

O carrapato Rhipicephalus microplus é o principal ectoparasita da bovinocultura mundial
sendo responsavel por perdas de bilhdes de dolares que afetam diretamente o retorno de tal
producdo animal. Seu controle ¢ dificil devido a resisténcia dos carrapatos a todas as bases
quimicas de acaricidas comercialmente disponiveis. A atividade acaricida de terpenos tem
sido avaliada em varios estudos que mostram resultados satisfatorios, indicando que estes
compostos sdao fontes potenciais de novos produtos acaricidas. O objetivo desse trabalho foi
selecionar terpenos com potencial atividade sobre a enzima acetilcolinesterase (AChE) de R.
microplus. As propriedades do volume molecular, os parametros geométricos e vibracionais
de terpenos foram obtidos a partir de calculos de quimica quantica no nivel da teoria do
funcional de densidade. Metodologias de bioinformatica foram aplicadas para estudar a
interacdo de terpenos identificados em Oleos essenciais de Citrus spp. € Lippia spp. com as
trés AChE de R. microplus. Como nao existem estruturas experimentais disponiveis, modelos
das trés AChE foram gerados por modelagem por homologia ¢ em seguida refinadas por
simulacoes de dindmica molecular. Logo apds, foram realizados estudos de docagem
molecular para detectar a melhor conformagdo energética de interagdo e simulagdes de
dindmica molecular desse complexo foram realizadas para estudarmos o comportamento
dessa interagdo. Os resultados sugerem que a conhecida atividade carrapaticida do carvacrol
esta associada com a sua interagdo com a AChE, enquanto que a atividade carrapaticida do
timol ndo estd associado com a inibicdo dessa mesma enzima. Além disso, como esperado,
mostrou uma excelente interacdo do carrapaticida cumafés e relata o primeiro registro da
interagdo da AChE de R. microplus com os terpenos gama-muuruleno e elemol, moléculas
com poucos estudos e que a partir de agora configuram-se como candidatos potenciais para

novos produtos acaricidas.

Palavras-chave: acetilcolinesterase, Rhipicephalus microplus, modelagem por homologia,

docagem, simulagdes por dinamica molecular.



ABSTRACT

The tick Rhipicephalus microplus is the major cattle ectoparasite of the world accounting for
losses of billions of dollars that directly affect the return of such livestock. Its control is
difficult due to the resistance of ticks to all chemical bases commercially available miticides.
Acaricidal activity of terpenes has been evaluated in several studies that show satisfactory
results, indicating these compounds are potential sources of new acaricidal products. The aim
of this work was to select terpenes with potential activity against enzyme acetylcholinesterase
(AChE) from R. microplus. Properties of the molecular volume, geometric parameters and
vibrational terpenes were obtained from quantum chemical calculations the density functional
theory level. Bioinformatic methodologies were applied to study the interaction of terpenes
identified in essential oils of Citrus spp. and Lippia spp. with three AChE R. microplus. Since
there are no available experimental structures, models of the three AChE were generated by
homology modeling and then refined by molecular dynamics simulations. Soon after, were
studies of molecular docking to detect best energy conformation of interaction and molecular
dynamics simulations of this complex were carried out to study the behavior of this
interaction. Our results suggest that the known acaricide activity of carvacrol is associated
with its interaction with AChEs, while the acaricide activity of thymol is not associated with
inhibition of that enzyme. Also, as expected, showed an excellent interaction coumafos
acaricide and reports the first record of interaction of AChE from R. microplus with gamma-
muuruleno and elemol terpenes, molecules with few studies and that now configure

themselves as candidates potential new acaricidal products.

Keywords: Acetylcholinesterase, Rhipicephalus microplus, Homology modeling, Docking,

Molecular dynamics simulations
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1.  Referencial Teorico
1.1  Rhipicephalus microplus

Dentre os principais problemas enfrentados pela pecudria bovina o carrapato Rhipicephalus
microplus (Canestrini, 1887) (Acari: Ixodidae) configura—se como o principal ectoparasito
(KLAFKE, 2011), sendo responsavel por prejuizos aos produtores como anemia, diminui¢cdo da
produgdo de leite e do ganho de peso, diminui¢do da qualidade do couro, transmissdo de patogenos
e aumento da mortalidade do rebanho, que afetam diretamente a rentabilidade da bovinocultura
(ALONSO et al., 1992; FAO, 2004; Andreotti, 2010). Em 2014, somente no Brasil, os prejuizos
diretos e indiretos ocasionados pelo R. microplus foram estimados em 3,24 bilhdes de dolares
(GRISI et al., 2014).

R. microplus provavelmente originou—se no sul da Asia adaptando—se perfeitamente as
condicdes climaticas e ambientais das dreas tropicais, as quais oferecem temperatura e umidade
favoraveis a manutenc¢do do seu ciclo biologico (POWELL & REID, 1982). Sua chegada a América
do Sul ¢ atribuida aos primeiros animais trazidos do Velho Mundo pelos colonizadores no século
XIX. E uma das espécies de carrapato com maior distribui¢do mundial, sendo encontrado nas zonas
tropicais e subtropicais da Asia, nordeste da Australia, Américas Central e do Sul, México e Caribe
entre os paralelos 32°N e 32°S (JOHNSTON; KEMP; PEARSON, 1986; ESTRADA-PENA et al.,
2000).

E um carrapato com ciclo de um hospedeiro (monoxénico), preferencialmente bovinos ou
em casos mais particulares equideos, bubalinos e pequenos ruminantes nos quais realiza todo seu
ciclo biolédgico. Seu ciclo ¢ divido em fase de vida livre (fase ndo parasitaria) quando o carrapato
estd no ambiente, o que corresponde a cerca de 95% da populacdo e, fase parasitaria quando esta
sobre o hospedeiro, que corresponde aos 5% restantes da populacdo. Os machos geralmente sdo
encontrados sob as fémeas, estas que apos fertilizacdo e ingurgitamento desprendem—se dos
hospedeiros e vao ao ambiente onde iniciam o periodo de incubacdo e postura dos ovos. Durante
este periodo uma fémea pode liberar mais de 3000 ovos originando larvas que eclodem em
aproximadamente 14 dias e apds sete dias de eclosdo, ja sdo consideradas infestantes (PEREIRA &

LABRUNA, 2008).

1.2 Controle de R. microplus
O controle de R. microplus ¢ complexo em virtude da influéncia e interagdo de varios fatores
como: raga do bovino, época do ano, condi¢cdes ambientais € manejo. A utilizagdo de carrapaticidas

quimicos sintéticos como organofosforados, piretrdides, formamidinicos, fenilpirazol, lactonas
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macrociclicas e fluazuron ¢ a principal ferramenta disponivel para controle destes parasitos (Tabela
1).

1.2.1 Organofosforados

Os organofosforados sd3o o grupo de carrapaticida mais antigo disponivel para
comercializac¢do, que se iniciou na década de 1950. Substituiram os organoclorados DDT ¢ BHC,
que apresentavam sérios problemas de contamina¢do ambiental e residual nos produtos de origem
animal, além de acao carcinogénica (GEORGE; POUND; DAVEY, 2008).

A atividade toxica dos organofosforados estd vinculada a inibicdo da enzima
acetilcolinesterase (AChE), a qual hidrolisa a acetilcolina (ACh). Essa inibicdo causada pelos
organofosforados, eleva o numero de ACh livre até niveis toxicos para os carrapatos, devido a
competi¢ao dos organofosforados com a acetilcolina pela interagdo com o sitio ativo da AChE.
Quando um ligante diferente da acetilcolina estd no sitio da acetilcolinesterase, esta se encontra
fosforilada, causando um aumento dos niveis de acetilcolina na fenda sindptica e como
consequéncia a transmissdo continua ¢ desordenada de impulsos nervosos hiperativando fibras
musculares, que pode ocasionar paralisia e morte (ESPINOZA et al., 1991). Os principais
representantes dos organofosforados utilizados no controle de carrapatos sdo: Ethion, Clorpirifos,
Clorfenvinfos e Cumafés. Os mecanismos de resisténcia a estes compostos sdo relacionados com a
insensibilidade da acetilcolinesterase, o aumento do metabolismo das esterases localizadas no
intertegumento de fémeas ingurgitadas resistentes e com a super expressao dessas enzimas em
larvas, relacionada a um gene semi—dominante (VILLARINO; WAGHELA; WAGNER, 2001;
FOIL et al., 2004).

1.2.2 Piretroides sintéticos

Os piretroides sintéticos sdo um dos grupos quimico mais utilizado para controle de
carrapatos. Foram introduzidos no mercado brasileiro na década de 1980. Atuam no sistema
nervoso central (SNC) dos artropodes, resultando na hiperexcitabilidade dos artropodes ao alterar o
equilibrio de ions Na" e CI” dos canais de sédio controlados por voltagem ao modificd—los e manté—
los abertos por mais tempo, permitindo assim mais entrada de so6dio para o interior da membrana
ocasionando convulsdes, paralisia e morte do animal (ROMA et al., 2009; MARTINS & VALLE,
2012). Os principais representantes dos piretréides sdo a Cipermetrina, Deltametrina e Permetrina.
O principal mecanismo de resisténcia a estes compostos tem sido atribuido a mutagdes que
substituem um dos nucleotideos do gene do canal de sodio, alterando a composigao polipetidica do
canal, causando assim uma insensibilidade do sitio de agdo dos piretroides. Sdo conhecidos trés

pontos de mutagdo associados a resisténcia de piretrdides no canal de soédio de R. microplus (HE et
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al., 1999, MORGAN et al., 2009; JOHNSON et al., 2010; LOVIS et al., 2012; MARTINS &
VALLE, 2012). Além do canal de s6dio, um segundo mecanismo, a detoxificacio metabdlica
mediada pela a¢ao de esterases (SINGH & RATH, 2014) e do citocromo P450 ¢ atribuida a
resisténcia dos carrapatos aos piretroides sintéticos (MILLER; DAVEEY; GEORGE, 1999)

1.2.3 Formamidinicos

O amitraz ¢ o principal carrapaticida do grupo dos amidinicos ha mais de 30 anos. Este
produto possui baixa toxicidade para bovinos e para os seres humanos pois atua em receptores
octopaminérgicos — ausentes em vertebrados, inibindo as monoaminoxidases além de ndo
apresentarem periodo residual na carne e ser rapidamente degradado no ambiente (LI et al., 2004;
JOHNSON & HOPE, 2007). No entanto, nao devem ser utilizados em felinos e em equideos, pois ¢
toxico para esses grupos (GUPTA, 2012). Pouco se sabe a respeito do que causa essa toxidade a
esses grupos, mas especula-se que o amitraz atue inibindo a liberagdo da acetilcolina das fendas
sinapticas das células do sistema nervoso parassimpatico do intestino desses animais (BOTTEON et
al., 1998). Apesar dos mecanismos de resisténcia ao amitraz ainda nao serem bem esclarecidos,
aponta—se que algumas populacdes de R. microplus resistentes demonstram aumento de atividade

enzimatica de esterases e glutationa—S—transferase (LI, 2004).

1.2.4 Fenilpirazol

O fipronil, um fenilpirazol, atua bloqueando os canais de ions cloreto, que sdo controlados
por 4acido gama—aminobutirico (GABA) presente nos neuronios do sistema nervoso central dos
insetos (BLOOMQUIST, 2003). O fipronil também bloqueia os canais de ions cloreto mediados
pelo glutamato (NARAHASHI et al., 2007) e esta caracteristica explica em parte a maior toxicidade

seletiva para os artropodes, ja que os mamiferos nao possuem este tipo de canal.

1.2.5 Lactonas macrociclicas

As lactonas macrociclicas sdo divididas em avermectinas (abamectina, doramectina e
ivermectina) e em milbemicinas (moxidectina). A atividade das avermectinas ocorre através da
interacdo com os canais de cloro mediados pelo GABA ou devido a alta afinidade do produto aos
canais Cloreto—Glutamato (GluCl) resultando em paralisia e morte dos parasitos (SHOOP;

MROZIK; FISHER, 1995).
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1.2.6 Inibidores de crescimento
Fluazuron e diflubenzuron atuam bloqueando a sintese de quitina dos artrépodes, impedindo
seu crescimento. Seu modo de agdo ainda nao ¢ conhecido, no entanto ja existe relato de populagdes

de carrapatos resistentes a este acaricida no Brasil (Reck et al, 2014).

Tabela 1 — Classe de carrapaticidas, seus compostos ativos e alvo de atuacao

Classe Compostos ativo Principal alvo de atuagao
Piretroides Sintéticos Cipermetrina, De} tametrina ¢ Canal de Sodio
Permetrina
Organofosforados Ethion, ClorpirifSs, (Elorfenvmfos © Acetilcolinesterase
Coumafos
Formamidinicos Amitraz Receptores octopaminérgicos
Acido gama—aminobutirico
Fenilpirazois Fipronil (GABA) / Canais Cloreto—
Glutamato (GluCl)
Avermectinas (abamectina, Acido gama—aminobutirico
Lactonas Macrociclicas doramectina e ivermectina) e (GABA) / Canais Cloreto—
Milbemicinas (moxidectina) Glutamato (GluCl)
Inibidor de Crescimento Fluazuron, Diflubenzuron Blogueio da sm:cese de quitina dos
artropodes

No entanto, ja existem na literatura registros de populagdes destes carrapatos resistentes a
todas essas bases quimicas (GRAF et al., 2004; ROSARIO-CRUZ et al., 2009; ANDREOTTI,
2010; FERNANDEZ-SALAS; RODRIGUEZ-VIVAS; ALONSO-DIAZ, 2012; CORLEY et al.,
2013; LOVIS et al.,, 2013; RECK et al.,, 2014). A troca constante de formula¢des, o manejo
inadequado dos banhos carrapaticidas, o uso excessivo do carrapaticida, a falta do conhecimento da
ecologia e epidemiologia do carrapato e o alto nimero de tratamentos dos animais realizados ao ano
pelos produtores contribuem para a selegdo de populagdes de carrapatos resistentes aos grupos
quimicos (LEITE et al.,1995; SPAGNOL; PARANHOS, ALBUQUERQUE, 2010). Segundo a
FAO (2004) consideram—se resistentes as populagdes de carrapatos expostas aos carrapaticidas que
mantém seu potencial de sobrevivéncia e reprodugdo preservados, aumentando assim o numero de

carrapatos tolerantes aos carrapaticidas.

Além da resisténcia, o uso de carrapaticidas quimicos sintéticos apresentam prejuizos como
o impacto ambiental, alto custo econdomico e inducdo téxica para os hospedeiros vertebrados,
ocasionando um aumento na procura de novas alternativas com boa eficiéncia carrapaticida e baixo
impacto ambiental (BORGES et al., 2007; CHAGAS et al., 2012), sendo fatores determinantes para
a busca de novos compostos em plantas de uso medicinal (CAMPELO, 2011).
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1.3 Plantas de uso medicinal

Ha muitos séculos as plantas sao utilizadas no tratamento de doengas, sendo até hoje objeto
de pesquisas que visam desenvolvimento de medicamentos humanos e veterinarios (HAMMOND;
FIELDING; BISHOP, 1997) e estima-se que cerca de 30% dos medicamentos recentemente
introduzidos no mercado sao direta ou indiretamente de origem vegetal (WILLCOX et al., 2001).

Muitas plantas sdo reportadas como detentoras de propriedades medicinais para uso
veterinario. No entanto, evidéncias cientificas sobre a eficacia da maioria dos produtos vegetais sao
limitadas, independentemente de sua ampla utilizacdo. A validagdo cientifica da eficdcia da planta e
avaliacdo de possiveis efeitos colaterais ¢ necessaria antes da sua ado¢do como um novo método de
tratamento (GITHIORI; ATHANASIADOU; THAMSBORG, 2006). Para a maioria das plantas
com propriedades bioativas, pouco se sabe quais sdo os compostos envolvidos, pois, em geral, a
composi¢do quimica ¢ complexa, o que dificulta a total identificagdo destes metabolitos que em sua
maioria sdo resultados do metabolismo secundario dos vegetais.

O metabolismo vegetal ¢ tradicionalmente dividido em primario e secundario. O primario
esta associado com a formagdo, manutencdo e reproducdo das plantas envolvendo proteinas,
carboidratos e lipidios. O secundario ¢ derivado biologicamente dos metabolitos primarios. As
plantas produzem uma série de compostos como alcaloides, terpendides, lectinas, polifenois entre
outros, que ndo estdo diretamente relacionados com crescimento ou reprodugdo, mas sio
sintetizados pela planta para exercerem atividades como atracdo de polinizadores, adaptacao
ambiental e mecanismos de defesa contra nematddeos fitopatogénicos, insetos ou aves (PEUMANS
& VAN DAMME, 1995; TAIZ & ZEIGHER, 2004).

O uso de produtos de origem vegetal tem como vantagens o suprimento sustentavel, baixo
custo, biodegradabilidade, biodiversidade da flora nacional e facil aceitacdo pela populagdo. Desta
maneira, a utilizagdo de produtos naturais ¢ um dos caminhos para descoberta de novas substancias
bioativas que mais evoluiu nos ultimos anos (BRUHN, 1989; PRANCE, 1991; DEWITT, 1994;
MACIEL; PINTO; VEIGA-JUNIOR, 2002). Dentre essas substancias uma classe que vem sendo

alvo de inimeras pesquisas s3o os terpenos.

1.3.1 Terpenos e atividade carrapaticida

Terpernos s@o os principais constituintes dos 6leos essenciais de diversas espécies vegetais e
jé sdo utilizados na industria alimenticia, farmacéutica e cosmética. Representam um dos maiores
grupos de metabolitos vegetais e sdo os principais constituintes dos Oleos essenciais (RATTAN,
2010). Esses compostos hidrofobicos comumente armazenados nos dutos de resina, células de 6leos

ou tricomas glandulares (WINK & SCHIMMER, 1999) sao formados por moléculas de isopreno (5
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C) e sdo descritos com diversas atividades bioldgicas como agdo antimicrobiana, fungicida,
antiviral, anti—hiperglicémica, antiinflamatodria e atividade antiparasitaria (PADUCH et al., 2007). O
efeito toxico de terpenos em artropodes ¢ comumente mediado por alteracdes nos mecanismos
nervosos, atuando principalmente nos receptores de acetilcolinesterase, 4&cido gama—aminobutirico,
octopamina e tiromina (BLENAU, RADEMACHER; BAUMANN, 2012).

A atividade carrapaticida de terpenos ja foi avaliada por diversos trabalhos (DAEMON et
al., 2009; MONTEIRO et al., 2009; CHAGAS et al., 2012; CRUZ et al., 2013; ARAUJO et al.,
2015; ASSIS-LAGE et al., 2015; PEIXOTO et al., 2015) que mostram resultados satisfatorios,
indicando que esses compostos sdo potenciais fontes para novos produtos carrapaticidas. Dentre as
principais formas de atuagdo de terpenos em artropodes, os receptores de acetilcolinesterase sdo os
mais comumente reportados e alvos de diversas pesquisas que visam obter novos farmacos

inibidores desta enzima, devido também a participac¢do desta enzima na doenca de Alzheimer.

1.4 Acetilcolina e Acetilcolinesterase

Acetilcolina (ACh) ¢ um neurotransmissor, que fica armazenado em vesiculas sindpticas
neuronais, sendo liberada na fenda sinaptica que apo6s despolarizacdo das vesiculas. Apds a
liberacdo a ACh pode se ligar aos receptores muscarinicos, nicotinicos e posteriormente a AChE
que faz a reciclagem dessa ACh. Existem dois tipos de colinesterases: a AChE e a
butirilcolinesterase (BChE), que possuem estruturas semelhantes mas diferem em relagdao a
distribuicdo, substrato e funcdes. Ambas pertencem a classe das serino-hidrolases, que englobam
muitas proteinas. Enquanto a AChE possui grande especificidade para a ACh, estando associada a
fungdes colinérgicas e fisiologicas bem determinadas, a BChE nio apresenta grande especificidade
e ndo ¢ associada a fungdes colinérgicas além de ndo existir consenso quanto sua funcao fisiologica
(RANG et al., 2012).

A AChE ¢ uma enzima da membrana plasmatica dos neurdnios pos-ganglionares, localizada
proximo dos receptores muscarinicos € nicotinicos, formada por quatro subunidades, sendo que
cada subunidade possui seu sitio ativo e é responsavel pela reciclagem da AChE que foi utilizada
nas sinapses colinérgicas. Essa reciclagem ocorre pela rapida hidrélise do neurotransmissor ACh,
onde cada um dos quatro sitio ativos hidrolisa 10.000 moléculas de ACh por segundo e obtém—se
como produto colina e acetato, com liberagdo de um proton (ROSENBERRY, 1975; ROMANI et
al., 2003; RANG et al., 2012). A hidrodlise da ACh pela AChE ocorre apos a ACh se ligar aos
receptores muscarinico ou nicotinico da membrana, ocasionando despolarizagdo da membrana que

proporciona um potencial de a¢do difundindo o impulso (LI et al., 2004).
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A AChE desempenha um papel essencial na transmissdo colinérgica que ¢ fundamental na
manutengdo das atividades vitais dos artropodes e animais superiores (FOURNIER; MUTERO;
RUNGGER, 1992). Ao ser inibida, a AChE provoca o acumulo da acetilcolina nas sinapses, de
modo que a membrana pds—sindptica permanece em estado de estimulagdo permanente,
ocasionando um estado de ataxia, falta de coordenagdo no sistema neuromuscular e eventual morte
(SINGH & SINGH, 2000; AYGUN et al, 2002).

Devido ao papel crucial da AChE, esta tem servido como alvo para uma ampla gama de
agentes quimicos naturais e sintéticos (MILLARD & BROOMFIELD 1995), sendo reportado que
quase todos os efeitos farmacoldgicos dos agentes anticolinesterdsicos sdo em respostas a inibicao
da AChE (GOODMAN & GILMAN, 2003).

O gene Ace (gene da acetilcolinesterase), segundo RUSSEL e colaboradores, (2004) sofreu
pelo menos quatro eventos de duplicagdo e pelo menos um de delecdo durante sua evolucdo dos
nematodeos até os vertebrados. A primeira duplicacdo ocorreu na segregagdo de nematddeos,
artropodes e vertebrados, dando origem aos genes Acel e Ace2. As trés outras duplicagdes restantes
ocorreram apenas em nematodeos e em vertebrados. A dele¢dao ocorreu em dipteros, que perderam o
gene Acel que ¢ presente em humanos e nematddeos. Entre os cordados, observa—se grande
heterogeneidade entre o nimero de copias do gene Ace onde os cefalocordados apresentam duas
copias do gene e os urocordados apenas uma (SUTHERLAND et al., 1997). Vertebrados, além da
AChE, possuem a enzima BChE que apresenta propriedades cataliticas diferentes da AChE
(TOUTAN, 1989).

Em carrapatos da familia Ixodidae, outro evento de duplicagdo gerou uma terceira copia do
gene Ace (TEMEYER, DAVEY, CHEN, 2004). Esses trés genes geram trés enzimas — RmAChE 1
(BAXTER & BARKER 1998), RmAChE 2 (HERNANDEZ et al. 1999) e RmAChE 3 (TEMEYER,
DAVEY, CHEN, 2004) distintas uma das outras, dividindo apenas poucas por¢des homologas
(TEMEYER, DAVEY, CHEN, 2004). O conhecimento da estrutura da AChE permite que pesquisas
que visem o planejamento de fArmacos possam se desenvolver de forma mais rapida ao possibilitar

verificacdo de estruturas com atividade anti-AChE.

1.5 Planejamento de Farmacos

O desenvolvimento de novos farmacos ¢ um processo longo, de alto custo e que envolve
diversas areas do conhecimento (WILLIAMS & HONG, 2011). Nessa perspectiva, a quimica
computacional aliada a bioinformadtica, vem se destacando nesse processo por utilizar bases de
ciéncias como bioquimica, farmacologia, biologia molecular, imunologia, farmacocinética,

toxicologia, fisico—quimica, cristalografia de raios—X e métodos de modelagem. Essas andlises
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apresentam como objeto de estudo o planejamento e desenvolvimento de compostos bioativos, que
podem ser usados para prevencao, tratamento ou cura de enfermidades humanas e animais. Além
disso, também podem envolver investigagdes com os farmacos ja existentes, avaliando suas
propriedades farmacoldgicas e as relagdes entre a estrutura quimica e suas atividades biologicas
(WERMUTH, 2003). Essas ciéncias tém fornecido um notdvel direcionamento no estudo e
planejamento de farmacos com inimeros casos de sucesso, envolvendo o emprego de simulagdes
computacionais (OPREA, 2005).

Cada vez mais o conceito de desenvolvimento de novos agentes que se baseiam em um alvo
especifico vem sendo utilizado (SELZER et al., 2000). De acordo com GASTEIGER (2006) para a
descoberta de um composto ativo s3o necessarios cinco passos: i) identificagdo e ii) posterior
validacdo do alvo, na maioria das vezes uma proteina, iii) identificagdo e iv) otimizagao de
estruturas quimicas; e v) testes in vitro das estruturas otimizadas. O primeiro passo envolve a
pesquisas de alvos dos agentes antiparasitarios, enquanto os passos iii e iv utilizam métodos de
quimioinformatica como modelagem por homologia e docagem molecular.

Ao selecionar um alvo, recomenda—se que ele possua duas caracteristicas em especial: que
seja responsavel por executar ou atuar de forma essencial no metabolismo do organismo alvo, como
¢ o caso da acetilcolinesterase, cuja sua ativacdo ou inativacdo ocasiona danos ao alvo e que
apresente diferengas significativas ao homoélogo do hospedeiro ou preferencialmente seja ausente
neste (BARRET; MOTTRAM; COOMBS, 1999; LINARES; RAVASCHINO; RODRIGUEZ,
2006). Em relagdo aos candidatos a farmacos, os mesmos podem ser selecionados a partir de
triagens in vitro (biologicas, bioquimicas) ou in silico (computacionais) de produtos naturais,
compostos sintéticos ou cole¢cdes combinatdrias, ou ainda mediante planejamento racional (GUIDO,
ANDRICOPULO, OLIVA, 2010).

Para realizar estudos computacionais, ¢ necessario conhecer a estrutura tridimensional do
alvo. Entretanto diversos organismos ainda ndo possuem suas possiveis estruturas alvo de pesquisas
em formato tridimensional, fazendo com que alvos de individuos modelos como Caenorhabditis
elegans (GEARY; THOMPSON; KLEIN, 1999) e Drosophila melanogaster (GILLEARD;
WOODS; DOW, 2005) sejam comumente utilizados como bases para avaliagdes de eficiéncia de
novos produtos antiparasitdrios. Homologias de alvos de outros parasitos sdo entdo utilizadas para
as pesquisas a partir dos receptores desses organismos modelo (KRASKY et al., 2007). Desse
modo, a bioinformatica representa a principal ferramenta para a obtencdo dessas estruturas

tridimensionais.
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1.6 Bioinformatica Estrutural

A utilizagdo de conhecimentos das ciéncias exatas somadas a biologia molecular permitiu o
desenvolvimento de um novo campo da biologia, conhecido como bioinformatica. Ao ser aplicada
em protocolos de andlise de sequéncias, estudo de interacdes moleculares e sistemas avancados de
simulagdo computacional, a bioinformatica vem apresentando grande sucesso. O desenvolvimento
de ferramentas computacionais eficazes depende do conhecimento gerado a partir dessas diversas
areas de conhecimento (HAMMAMI & FLISS, 2010).

A Dbioinformatica fornece ferramentas para analise de dados biologicos, permitindo a
comparagdo e a correlacdo dos resultados da pesquisa tedrica com a pesquisa experimental. Dentre
estas ferramentas destacam-se os bancos de dados on—line UniProt (WU et al., 2006) e Protein Data
Bank (PDB) (BERMAN et al., 2000), além de ferramentas de bio e quimioinformatica, que contém
informagdes geradas a partir de projetos de gendmica e protedmica sdo essenciais para a pesquisa e
desenvolvimento de novos farmacos (HAMMAMI & FLISS, 2010).

Em resposta aos avangos obtidos pela protedmica, as relagdes estrutura—fungao de proteinas
estdo sendo cada vez mais bem compreendidas, devido principalmente ao elevado aumento da
quantidade de estruturas tridimensionais de macromoléculas bioldgicas disponiveis em bancos de
dados publicos como o PDB (BERMAN et al., 2000). Por sua vez, as particularidades envolvidas na
analise estrutural das macromoléculas bioldgicas levaram ao desenvolvimento de uma subarea da
bioinformatica: a bioinformatica estrutural (CHOU, 2004).

A determinacdo estrutural em trés dimensdes de uma macromolécula bioldgica na maioria
das vezes uma proteina, representa uma das principais etapas para o entendimento de sua fungdo e
de seu mecanismo de acgdo. Cristalografia de raios—X, ressonancia magnética nuclear (RMN) e
microscopia eletronica sdo as principais técnicas empregadas para obtengdo dessas estruturas
(HUANG et al., 2010). Tais métodos, contudo, normalmente requerem grandes recursos estruturais
e financeiros. A modelagem por homologia (ou comparativa) ¢ um dos meios alternativos
desenvolvidos para reverter este entrave. A rapidez e o custo pequeno comparado aos demais
métodos, sdo as principais vantagens do uso emprego de métodos computacionais na determinagao
estrutural de macromoléculas biologicas (TAKEDA-SHITAKA et al., 2004; XIANG, 2006).

A estrutura 3D de uma proteina ¢ de grande importancia pois com essa informagdo torna—se
mais facil e confidvel atribuir uma fun¢do a uma proteina desconhecida (WATSON et al., 2007).
Além disso, quando a proteina caracteriza-se como um potencial alvo farmacoldgico, essa estrutura
pode ser utilizada para o planejamento de agentes terapéuticos mais seletivos e eficientes (PANG,

2003; LUNDSTROM, 2006). O conhecimento das estruturas de alvos macromoleculares ou de
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complexos do tipo ligante—receptor permite a aplicacdo de estratégias como docagem molecular e
planejamento de fairmacos baseado na estrutura do receptor (GUIDO et al., 2010).

Os métodos de planejamento de fairmacos que se concentram na estrutura do receptor se
baseiam no conhecimento do arranjo topologico dos alvos biologicos, utilizando como base os
dados em 3D da macromolécula em estudo. Essa informacao pode ser obtida mediante a analise de
estruturas cristalograficas por RMN ou modelagem por homologia (GUIDO et al., 2010). Avangos
na capacidade computacional e na tecnologia t€ém impulsionado pesquisas in silico e técnicas de

modelagem como frente de descoberta e desenvolvimento de novos farmacos (MA et al., 2011).

1.6.1 Modelagem por homologia

Embora os projetos de gendmica estrutural apresentem grande sucesso € que o avango
tecnologico dos métodos de cristalografia de raios—X e RMN estejam em plena expansdo, a
maiorias das estruturas experimentais de alvos com potencial terapéutico ndo estardo disponiveis
em um futuro préoximo (DEANE & BLUNDELL, 2003; WATSON et al., 2007).

Quando a estrutura tridimensional do receptor ja esta elucidada em um ou mais banco de
dados ¢ possivel seguir com estudos de docagem e dindmica molecular através do método direto.
Caso a estrutura tridimensional ndo esteja resolvida na literatura, uma etapa extra ¢ realizada para a
obtencdo de um modelo homologo. Para tal, pode—se utilizar a técnica de modelagem por
homologia onde uma nova estrutura tridimensional ¢ gerada com base em uma ou mais estruturas ja
conhecidas.

A modelagem por homologia esta fundamentalmente baseada na observacdo geral de que
proteinas com sequéncias similares tém estruturas semelhantes. Utilizando-se de estruturas
estabelecidas experimentalmente, chamadas de moldes, modelos 3D de alvos podem ser obtidos
para uma sequéncia homodloga desde que esta tltima compartilhe similaridade de sequéncia minima
de 30% com a estrutura molde. A regra geral que relaciona o percentual de similaridade entre o
modelo e o alvo a ser modelado com a aplicabilidade da estrutura 3D gerada ¢ considerada a seguir
(CAVASOTTO & PHATAK, 2009):

* acima de 50% de similaridade: o modelo gerado ¢ considerado preciso o suficiente para
aplicagdes de descoberta de compostos biologicamente ativos;

» entre 25 ¢ 50% de similaridade: o modelo gerado pode ser usado para avaliar alvos
farmacoldgicos potenciais e para o planejamento de experimentos de mutagénese;

» entre 10 e 25% de similaridade: o modelo gerado pode ser usado somente de forma

especulativa.
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Os fundamentos da modelagem por homologia estdo presentes em uma variedade de
softwares, podendo ser livres, de codigo aberto e proprietarios. Quando modelos obtidos por
softwares livres e pago foram comparados, observou-se que quando a similaridade entre a sequéncia
alvo e a sequéncia do molde ¢ de pelo menos 40%, ndo sdo verificadas diferengas significativas em
relagdo ao nivel de exatidao entre as estruturas (NAYEEM; SITKOFF; JUNIOR, 2006).

A modelagem por homologia foi utilizada com sucesso para desenvolver um modelo de
cisteino—proteinases de Plasmodium falciparum que foi utilizado para identificar novas drogas
antimaldricas (RING et al, 1993). KARSKY e colaboradores (2007) também fizeram uso de
modelagem por homologia para avaliar novas drogas antiparasitarias, onde utilizou-se como alvo
S—Adenosil L-Metionina sintetase (SAMS) de parasitos como Ascaris suum (nematédeo que causa
a ascaridiase em suinos), Brugia malayi (nematodeo parasito de mamiferos, incluindo humanos
causador da dirofilariose linfatica), Haemonchus contortus (nematddeo parasito de ruminantes),
Rhipicephalus appendiculatus (carrapato de ruminantes na Africa) e Rhipicephalus microplus
(carrapato bovino no Brasil) sendo que os resultados obtidos forneceram importantes informagoes
para o desenvolvimento de novos inibidores especificos de SAMS de invertebrados. O’REILLY e
colaboradores (2013) utilizaram modelos homoélogos do canal de s6dio de importantes parasitos da
agropecuaria como Tetranychus urticae (4caro rajado parasito de varias culturas com algodoeiro,
morangueiro, roseira, tomateiro, feijoeiro, soja, pessegueiro etc), Varroa destructor (4caro parasito
de colméias) e R. microplus, obtidos a partir da estrutura tridimensional do canal de s6dio de Musca
domestica, para avaliar a interagdo de analogos de acaricidas comerciais, obtendo resultados que
contribuiram para o entendimento da interagdo inseticida versus alvo.

Nesse contexto, a modelagem por homologia ¢ o método mais bem sucedido de predicao de
estruturas de proteinas ainda ndo cristalografadas, sendo uma alternativa versatil e rapida para gerar
modelos estruturais confiaveis os quais sao utilizados tanto para o estudo da func¢do de proteinas
quanto para a descoberta, planejamento e otimizagdo de novos farmacos (DEANE & BLUNDELL,
2003; WATSON et al., 2007; CAVASOTTO & PHATAK, 2009). As estruturas cristalografadas e
os modelos gerados por modelagem por homologia sdo posteriormente utilizados em ensaios de

docagem molecular para avaliar a interagdo destes receptores com os candidatos a farmacos.

1.7 Docagem Molecular

Os sitios ativos das enzimas exibem alta seletividade no reconhecimento de pequenas
moléculas o que acaba direcionando as pesquisas para a busca de novos compostos que ativem ou
bloqueiem determinada via bioquimica, exercendo assim um efeito farmacologico. Dentre as

metodologias computacionais mais empregadas no estudo e planejamento de farmacos podemos
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destacar o docking ou docagem molecular que busca auxiliar o entendimento da atividade biologica
explicando e prevendo as interagdes entre o ligante e a macromolécula alvo de interesse terapéutico
(TERAMOTO & FUKUNISHI, 2007).

A docagem molecular consiste na predicdo do posicionamento (orientacdo e conformagdo)
de um ligante (farmaco ou candidato a fArmaco) dentro de um sitio de interagdo alvo (KITCHEN et
al., 2004). Com o aumento de demandas no campo da biologia molecular estrutural e na area de
planejamento de farmacos baseado na estrutura do receptor, a docagem ganhou grande importancia,
especialmente nas trés ultimas décadas. O rapido aumento na capacidade de calculo dos
processadores modernos e maior facilidade de acesso as estruturas de pequenas moléculas (ligantes)
em bancos de estruturas foram determinantes para isso (MORRIS & LIM-WILBY, 2008).

A docagem necessita das informagdes quimicas do ligante e do receptor o mais detalhado
possivel. A complementaridade estrutural e quimica desempenha um papel fundamental em decidir
quais partes do ligante podem interagir com quais partes da proteina para formar um complexo
funcional (KORTAGERE & EKINS, 2010). Para avaliar os resultados da docagem utilizam-se os
valores da energia de interagdo do complexo ligante—proteina, da energia intramolecular do ligante
ou constante de inibicdo (MAGALHAES; BARBOSA; DARDENNE, 2004).

Para a realiza¢do das docagens os softwares mais utilizados sdao o GOLD, o AutoDock, o
DOCK ¢ o EADock, que realizam a docagem automatica de um ligante flexivel no sitio ativo de
uma macromolécula rigida (MORRIS et al., 1998; ZOETE; GROSDIDIER; MICHIELIN, 2009).
Durante a interacdo biologica, tanto o ligante quanto o receptor adaptam suas conformacdes um
com o outro. Esse fendmeno ¢ chamado de encaixe induzido. Como consequéncia, algoritmos de
docagem molecular devem trabalhar com a flexibilidade de ambas as moléculas. No entanto,
levando em conta os graus de liberdade existentes no espaco conformacional, isso levaria a uma
explosao combinatoria de solugdes, fazendo da docagem molecular uma operagdo extremamente
demorada. Em decorréncia disso, os softwares de docagem molecular trabalham atribuindo
flexibilidade apenas ao ligante enquanto que o receptor ¢ mantido rigido. Uma forma de resolver a
limitacdo da rigidez da estrutura do alvo ¢ combinar a estratégia de docagem molecular com
simulagdes por dindmica molecular (MORRIS & LIM-WILBY, 2008).

A simulacdo computacional faz uma busca dos diferentes modos de ligagdo adquiridos pelas
multiplas conformacdes do ligante dentro do sitio ativo do receptor e a afinidade de cada modo de
ligagdo adquirida por cada conformagdo ¢ feita por uma funcdo matematica denominada de
algoritmico genético, que faz a busca conformacional de encaixe e interacao do ligante dentro do

receptor (MORRIS et al., 1998; HUEY et al., 2007).
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Os algoritmos genéticos, também conhecidos como evolucionarios, sdo programados para
usar o mesmo principio da evolugdo bioldgica, tendo como base a explicagdo de Darwin para o
processo de evolugao natural das espécies. Um ser vivo € a unidade principal e fundamental de um
algoritmo genético, pois estes podem codificar possiveis solugcdes para um determinado problema a
ser analisado e solucionado na manipulagdo de suas caracteristicas, através da transmissdo genética
(teoria da evolucdo) para seus descendentes. Dentro da simulacdo computacional de docagem, o
arranjo de um ligante dentro de um receptor protéico pode ser definido por um conjunto de valores
que descrevem a tradugado, a orientacdo e a conformagdo do ligante com os residuos de aminoacidos

que interagem diretamente com o ligante no sitio ativo do receptor (KASTRITIS et al., 2013).

1.8 Dinamica Molecular

Simulagdes por dindmica molecular (DM) comegaram a se popularizar na década de 1980
com os crescentes avangos na capacidade de processamento dos computadores. Sua principal
aplicagdo ¢ no estudo do movimento de proteinas e biopolimeros (SALSBURY JR, 2010).
Fundamentada em principios de mecanica classica, a DM fornece informagdes sobre o
comportamento dindmico microscopico, dependente do tempo, dos atomos individuais que
compdem o sistema (NAMBA et al., 2008).

O principal objetivo da DM ¢ permitir correlacionar um sistema microscopico simulado com
um sistema macroscopico real, tornando-se assim uma ferramenta util no estudo das relagdes
estrutura-atividade de macromoléculas biologicas, sistemas bioldgicos de interesse biomédico e
planejamento racional de farmacos (ANDRUSIER et al., 2008; SALSBURY JR, 2010).

Apenas o resultado da conformagdo de menor energia livre de ligagdo obtido em um calculo
de docagem ndo nos da informagdes suficientes sobre como esta interagdo se comporta, pois nao
nos traz nenhuma informacao sobre sua dindmica no meio bioloégico. Modelos em trés dimensoes
nos trazem informacdes importantes a respeito de estruturas biologicas, porém quando sdo
consideradas as possiveis interagdes com ligantes, a importante informagdo sobre a dinamica dessa
interagdo fica ausente, pois em um meio biolégico quando um farmaco encontra seu alvo, este se
encontra em constante movimento possuindo infinitas alteragdes conformacionais (DURRANT &
MCCAMMON, 2011).

Em simula¢des de DM, a flexibilidade ¢ atribuida também ao receptor, possibilitando uma
amostragem das interagdes e da complementaridade ligante-receptor. Além disso, a incorporagdo de
ions e moléculas de solvente nas simulacdes de sistemas receptor-ligante € essencial para uma

caracterizacdo mais aproximada do ambiente fisiologico (NAMBA et al., 2008).



28

1.9 Bioinformatica e o desenvolvimento de novos alvos antiparasitarios

A utilizagdo de bioinformatica para pesquisas de novos agentes antiparasitarios ja apresenta
exemplos de sucesso. Nathan e colaboradores (2005) desenvolveram o modelo estrutural da
glutationa-S-transferase (GST) de Wuchereria bancrofti, nematédeo causador da filariose em
humanos, por modelagem por homologia e em seguida executaram a docagem molecular de
metabolitos vegetais como curcumina ¢ plumbagina. As docagens indicaram que estes compostos
possuiam grande interagdo com os aminoacidos do sitio ativo da GST. Baseados nos resultados
desse trabalho, Srinivasan e colaboradores (2009) testaram esses mesmos compostos sobre a GST
isolada de Setaria digitata, como também avaliaram seu potencial antifilarial in vitro, onde os
resultados obtidos nas docagens foram confirmados pelos testes, verificando-se inibi¢cdo da GST e
atividade antifilarial desses metabolitos sobre S. digitata, organismo modelo utilizado em ensaios
que visam desenvolvimento de novos fAirmacos para filariose devido suas semelhangas bioldgicas
com Wuchereria bancroffti.

Do mesmo modo, novos inibidores da enzima diidroorotato desidrogenase de 7. cruzi foram
identificados em testes de screening em bancos de dados on line e cuja interagdo foi verificada por
docagem molecular e em seguida sua atividade biologica confirmada em testes in vitro (Cheleski et
al., 2010). Rocha (2010) também utilizou docagem molecular para identificar novos inibidores da
enzima Gliceraldeido-3-fosfato desidrogenase de 7. cruzi, onde as moléculas selecionadas na
docagem apresentaram excelente efeito de inibigdo in vitro.

Quinonas foram avaliadas por docagem molecular para sele¢do de novos inibidores da
enzima tripanotiona redutase de 7. cruzi e validadas por dindmica molecular, onde foi observado
que as quinonas mantiveram—se interagindo com os aminodcidos do sitio ativo durante toda a
simulagdo, dando embasamento para novos farmacos de origem vegetal contra 7. cruzi (Molfetta et
al., 2010).

As estruturas das AChEs do acaro Varroa destructor (VAAChE), parasito de colméias de
abelhas e da abelha Apis melifera (AmAChE) foram desenvolvidos por modelagem por homologia.
Verificou—se que as estruturas possuiam diferencas considerdveis e os resultados da docagem
demonstraram forte interacdo da molécula candidata a acaricida com a VAAChE e pouca interacao
com AmAChE. Em seguida, testes in vitro demonstraram inibi¢do da atividade da VdAChE e
nenhum efeito sobre a AmAChE, como também 100% de mortalidade do acaro nos testes in vivo,
sendo inofensivo as abelhas (Dulin et al., 2014). Todos esses dados reforcam a grande relagdo entre
ensaios in silico, in vitro € in vivo para a identificacdo e desenvolvimento de novos pesticidas.

No presente trabalho empregamos ferramentas de bioinformatica para avaliar a interacdo de

terpenos identificados como constituintes dos dleos essenciais de Citrus spp. € Lippia spp. que
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possuem conhecida atividade carrapaticida sobre a acetilcolinesterase do carrapato bovino R.

microplus.
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2. Objetivos
2.1 — Objetivo Geral
Selecionar terpenos com potencial atividade sobre o rmodelo da acetilcolinesterase de

Rhipicephalus microplus.

2.2 — Objetivos Especificos

* Identificar as propriedades quimicas e fisico—quimicas dos terpenos que possam ser mais
eficazes no receptor da acetilcolinesterase do carrapato R. microplus através de quimica quantica;

* Desenvolver anélise quimiométrica dos terpenos selecionados;

* Realizar célculos de docagem molecular dos terpenos para verificar quais destes podem ser
considerados potenciais produtos carrapaticidas;

» Realizar simulagdes de dindmica molecular das interagdes obtidas nas docagens para

verificar como essas interagdes se comportam.
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Abstract

The tick Rhipicephalus microplus is the major cattle ectoparasite of the world. Control is difficult due to development
of tick resistance to all available chemical acaricides. Acaricide activity of terpenes has been evaluated by several
studies indicating that these compounds are potential sources for new acaricide products, but have not elucidated the
mode of action of these compounds. We have applied homology modeling, molecular docking, molecular dynamics
(MD) simulations and DFT calculation to study the interaction of 27 terpenes and coumaphos in models of
acetylcholinesterase (AChE) 1, 2 and 3 from R. microplus. The results showed that gamma-muurolene exhibits better
binding energies in three models of RmAChHE evaluated, being higher than the acaricide coumaphos in RmAChE 2 and
3. Elemol also showed that good binding energy results compared to other terpenes. Carvacrol and thymol isomers have
known acaricidal activity and showed close values of binding energy, but carvacrol performed a higher number of
hydrophobic interactions and was more solvated in DMSO. The simulation indicated that thymol moved away from the
active site region in RmAChE 1 and 3 models, while other compounds continued performing interactions with the same
amino acids identified in docking. Gamma-muurolene and elemol are predicted in this study as potential new acaricides.
Further, activity of the terpene carvacrol appears to be associated with its interaction with RmAChEs, while isomers of

thymol are not predicted to inhibit these same enzymes.

Keywords: Acetylcholinesterase, Rhipicephalus microplus, terpenes, Docking, Molecular dynamics simulations,

quantum chemical descriptors

Introduction

The southern cattle tick Rhipicephalus microplus (Canestrini, 1887) (Acari: Ixodidae), is considered the most harmful
ectoparasite of livestock globally having its most significant economic impact on cattle production in tropical and
subtropical regions directly as an obligate blood feeder and indirectly as the vector of Anasplama marginale that causes
anaplasmosis, and Babesia bovis and B. bigemina, which cause bovine babesiosis.'” Synthetic chemicals with acaricidal
properties have been developed in commercial formulations that farmers use intensively for R. microplus control.
However, the prevalence of resistance to all synthetic compounds commercially available continues to expand among R.
microplus populations.*"?

Major mechanisms involved in the resistance to acaricides in R. microplus populations include target site insensitivity
and metabolism/detoxification processes. Phenotypic resistance in the R. microplus to organophosphate acaricides
appears to involve target site insensitivity and metabolic processes. '*'"*'*"** Efforts to ascertain the mode of action and
selectivity of candidate acaricidal compounds, including the analysis of natural products or other chemical entities

through computational approaches,'®"'®

as early as possible will help optimize the product development process, among
other things, by minimizing the risk for cross-resistance with commercially available classes of acaricides used for R.
microplus control.

A particularity of the R. microplus is the multiple isoforms of acetylcholinesterase (AChE) detected thus far. Five AChE
isoforms were documented biochemically," transcriptomic sequences for seven putative AChEs were reported® and
three recombinant and biochemically active AChEs from R. microplus (RmAChE) have been produced.”’ Acaricidal
organophosphates, such as coumaphos, compete with acetylcholine for binding at the active site of AChE in the R.

microplus, which decreases neurotransmitter hydrolysis and results in the accumulation of acetylcholine at toxic levels

that cause tick paralysis and death. **** Research involving computational approaches offer the possibility to identify
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and prioritize safer substances to a specific target,”**> such RmAChE, which might identify and enable novel modes of
AChE inhibition to overcome organophosphate resistance and mitigate the toxicity of organophosphates on non-target

organisms.

Natural products are a cornucopia of chemical entities that can be utilized to discover new bioactive substances,
including those with acaricidal activity.”**° Several plant species are the source of essential oils, where the terpenes are
major constituents that are used in the food, pharmaceutical and cosmetic industries.’’ Research results have

documented the acaricidal activity of terpenes'®**¢

and have indicated that computational and medicinal chemistry
approaches can be applied to this class of chemicals to accelerate the discovery and prioritization of candidate
compounds that could be developed’’** and commercialized as safer and more specific products for R. microplus
control. Essential oils containing terpenes have shown acaricidal effects, apparently mediating changes in neural
mechanisms by acting on AChE, gamma-aminobutyric acid and glutamate-gated chloride channels, the voltage-gated

sodium channel and octopamine or tyramine receptors.***” However, the specific mode of action of terpenes in several

essential oils against R. microplus remains unclear.

The essential oils of Lippia spp. and Citrus spp. were shown to have acaricidal properties.*****' Here, we applied
computational protocols including quantum chemistry calculations, homology modeling, molecular docking, and
molecular dynamics (MD) simulations to analyze the chemical and biological interactions of terpenes found in Lippia
spp. and Citrus spp. essential oils against R. microplus AChE models. We hypothesized that this approach cound
identify terpenes with acaricidal potencial against R. microplus to inform the identification of drug-like terpenes and

their analogues to rationalize prioritization of candidate acaricides for in vitro and in vivo tests.

Methods

Terpene selection

Terpenes comprising > 2% of the chemical composition of essential oils from Lippia spp. or Citrus spp. were identified
based on previous studies.’****' Terpene isomers were classified into two categories according to the number of carbon
atoms present in the molecular formula: (Category A) terpene isomers with 12 or 15 carbon atoms and (Category B)
terpene isomers with 10 or 11 carbon atoms.

Predictive models and theoretical calculations

Terpene geometry, electronic and vibrational properties were studied using the program Gaussian 09.* The program
GaussView 5.0.8" was used to obtain 3D structural models. Geometric optimization calculations were performed
according to the method of Density Functional Theory (DFT) by combining the B3LYP functional hybrid and the base
set 6-31 ++ G (d, p). Frequency calculations were performed to obtain thermodynamic properties and to verify that each
optimization achieved an energy minimum.

The quantum chemical descriptors extracted directly from the Guassian output file were ChelpG charge, molecular
volume (Mv), the energy of the highest occupied molecular orbital (Egomo) and the energy of the lowest unoccupied
molecular orbital (Epyyo). From these two orbital energies, the following descriptors were calculated: hardness, # =
Erumo — Enomo; chemical potential, 4 = —(Egomo + ErLumo)/2; electrophilicity, @ = u 2/(27); ionization potential, [=
—Enomo, electron affinity, A= —E;ymo, and the electronegativity, y=(1 + E)/2. (44,45). All calculations were performed
in the gas phase and incorporated solvent effects dimethyl sulfoxide (DMSO) using the polarizable continuum model
(PCM). 4648
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The Gibbs energy of solvation (AG,,) for coumaphos and some terpenes were determined using continuum solvation
models (SMD) (49). The solvation Gibbs energy in SMD is calculated by equation (1)

AGsoiy = (Esoty T Ges) = Egas (1)

where E,, and Eg, are the respective electronic energies of the solute in the presence and absence of the solvent field
and G, is the sum of non-electrostatic contributions to the solvation Gibbs energy such as cavitation and
dispersion—repulsion interactions. The output of an SMD solvent-phase calculation encompasses E,, + Gpes such that
AG.,, is defined at the reference state of 1 mol L™ (standard liquid reference state).

Homology modeling

The Protein Data Bank (PDB)™ was searched for homologous protein structures using amino acid sequences publicly
available in NCBI for RmAChE1, RmAChE2 and RmAChE3 (amino-acids sequences access code: CAA11702,
ADM35952 and AAP92139, respectively). Structural models for RmAChEs were generated by homology modeling
using the MODELLER 9.14°"* (http://salilab.org/modeller/). The quality of homology models was evaluated using the

355 and Z-Score.”®” An additional stage of model

programs according to the methodology described in the literature
refinement of generated models was carried out using molecular dynamics (MD) simulations.

MD simulations of uncomplexed RmAChEs

MD simulations were done using GROMOS96 53a6 force field®® implemented in GROMACS package,”® version 4.6.7.
All systems were simulated according to the methodology described in the literature.®**® Systems charge totaled -21 for
RmAChKEL, -4 for RmAChE2, and 6 for RmAChE3. Sodium ions were added to neutralize the negative charges of
systems for RmAChEl and RmAChE2, and chloride ions were added to neutralize the positive charges in the
RmAChAE3 system. Simulations were performed for 60 nanoseconds (ns).

Docking protocol

All docking procedures utilized the Autodock 4.2 package.®”® RmAChE], RmAChE2 and RmAChE3 models and
ligands were prepared for docking simulations with AutoDock Tools (ADT), version 1.5.6.”° The docking methodology
described in the literature were used.®*”'"® The grid box was centered on Trp97 for RmAChE]1, Trp94 for RmAChE2,
and Trpl03 for RmAChHE3. Initial coordinates of RmAChEs complexes for MD simulations were chosen using the
criterion of lowest docking conformation of cluster with lowest energy combined with visual inspection. Thymol and
carvacrol, two terpenes previously shown to be acaricidal®* and the control compound coumaphos were subjected to
MD simulations.

MD simulations of complexed RmAChEs

RmAChHE-ligand complexes were subjected to MD simulations using GROMACS package, version 5.0.4. All MD
simulations were run for 10 ns, the first 6 ns of each simulation was considered as part of the heating (0.025 ns) and the
equilibration (5.975 ns) steps and were not used for data analysis. MD simulations between uncomplexed RmAChEs
described above and RmAChE-ligand complexes were similar except that with the complexed enzyme systems: 1) each
system was submitted to a maximum of 50.000 steps of steepest descent energy minimization; 2) the temperature of the
system was based on two coupling groups (Protein ligand and Water and ions) using V-rescale thermostat; 3)
electrostatic interactions among non-ligand atoms were evaluated by the PME method with a charge grid spacing of 1.6
A; and 4) pressure in the systems was weakly coupled to a pressure bath of 1 atm applying an isotropic scaling and 2 ps
of relaxation time using the Parrinello-Rahman barostat.

To increase sampling, all RmAChE-ligand complex MD simulations were run thrice for 10 ns using different starting

atomic velocities assuming a Maxwellian distribution. A total of forty-five simulations were performed. Data generated
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during the last 4 nanoseconds of each simulation system, the period defined as the production stage, were used for
analysis. A total of 123 snapshots, each taken every 100 ps, were obtained for each complex during the production
stage. Where applicable, detailed interactions were calculated using the LigPlot+ program.”* A minimum binding of
50% of contacts to hydrophobic interactions in the analyzed frames was established as the criterion for binding

efficiency.®

Results

Twenty-seven terpenes comprising at least 2% of the Lippia spp. or Citrus spp. essential oils were selected. The
chemical structures of these terpenes and coumaphos are depicted in Figure 1. As shown in Figure 1, the terpenes
exhibit different conformations, functional groups and several molecular formulas, C;,H4, CioHj6, CioHpo, Ci5sHag,
C1oH140, CoH50, CiH30,, C;1H;60, C1,H 40, CsH»4,0, while coumaphos has the molecular formula C,4H;¢PSCls.
We classified the isomers in two categories: Category A, the isomers C,sHy;, C1,Hi60, C;sH,40; Category B, the
isomers CjoH4, CioHi6, C1oHag, C10H 140, C19H150, C1oH;30,, C11H ;60 and coumaphos acaricide.

The calculated total electronic energies (E), relative energies (AE) and quantum chemical descriptors obtained by
B3LYP method with 6-31++G** basis set for the compound of category A and B are shown in Table 1. The stability of
a conformer is determined by its relative energy (AE) with respect to the most stable isomer. Four isomers have the
molecular formula C;sH,4, of these, gamma-muurolene is more stable than beta-elemene, bicyclogermacrene and beta-
caryophyllene with higher relative energies of 22.87, 28.20 and 28.59 kcal/mol, respectively. The relative energy
difference between spathulenol and caryophyllene oxide is 19.27 kcal/mol. Elemol and thymol acetate no have
conformational isomer (Table 1).

Carvone, carvacrol and thymol have the molecular formula C,(H;4O. The AFE values are very close with only 0.38
kcal/mol between carvone and carvacrol and 1.88 kcal/mol between carvone and thymol. The greatest AE for the
isomers of category B were observed between alpha-terpinene and mircene (19.83 kcal/mol), alpha-terpinene and beta-
pinene (21.14 kcal/mol), 1,8-cionele and cis-sabinenehidrate (13.32 kcal/mol), 1,8-cineole and linalool of 20.62
kcal/mol. The differences of energies are computed based on chemical structures observed in Figure 1.

Previous studies”™”’

showed that the quantum chemical calculation could be helpful in evaluating the reaction activity
of functional groups, so calculated the general molecular and geometrical descriptors of the terpenes and coumaphos
(Table 1). These descriptors were very informative in this case, because according to the nucleophilic addition
mechanism of the Schiff base, higher reactivity should match higher E;ymo, lower ionization potential, and lower
electronegativity (x).”

The molecular volume (Mv) was computed for the terpenes and coumaphos because that is an important
physicochemical property that influences pharmacological interactions between small molecules and biological
systems.”® Ochoa et al.,”” used this descriptor to suggest that the mechanism of action of terpenes and phenylpropanes
might be related to an effect on the mycobacterial cell wall. In this work, the molecular volume of the coumaphos and
terpenes show that in Table 1. The molecular volume of coumaphos was calculated at 264.944 cm’/mol, and is greater
than all of the terpenes. The molecular volume of the terpenes in category A are more close to that of coumaphos than
those terpenes in category B. The larger volumes were calculated for bicyclogermacrene, beta-caryophyllene, beta-
elemene, caryophyllene oxide, gamma-muurolene, and elemol with 203.58, 192.477, 188.185, 187.800, 186.421 and
184.896 cm’/mol, respectively. The terpenes in category B have a lower molecular volume than the terpenes in category

A. Alpha-terpineneol (173.011 cm*/mol), linalool (162.556 cm®/mol), thymol methyl ether (161.075 cm®*/mol), carvone
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(152.265 cm’/mol). For isomers carvacrol and thymol the molecular volume calculated were 147.677 and 127.340
cm’/mol, respectively.

The HOMO energy calculated for coumaphos was -0.24477 (Hartree) and for terpenes the values obtained were
between -0.20127 (hartree) higher energy for a-terpene and -0.26147 (hartree) lower energy for cis-sabinene hidrate.
The Electron Affinity of the terpenes were computed between 0.27 eV (beta-pinene) and 1.83 eV (neral). These values
were calculated as A= —E;ymo. The hardness descriptor corresponds to the HOMO-LUMO gap. It is related to stability:
a large hardness implies high stability for the molecule and thus low reactivity. The other quantum chemical descriptors
are listed in Table 1.

The alignment between RmAChE 1, 2, and 3 showed a relatively low rate of conserved residues and similarity (Fig. S1
in Support Information section). Table S1 shows a low sequence identity of AChEs (42 to 46% for RmAChEI, 33 to
44% for RmAChE2 and 34 to 36% for RmAChE3) with crystallographic structures and information about the template
structures used to construct models. In Table S2, the values of the analyzed parameters show good quality of the
homology models. In order to avoid potential artifacts, an additional stage of model refinement was carried out using
molecular dynamics simulation. One MD simulation with duration of 60 ns was carried out for RmAChE1, RmAChE2
and RmAChE3 with starting atomic velocities from a Maxwellian distribution. To ensure that the simulations were
stable, some structural parameters were monitored during the course of the MD simulations, specifically, the atom-
positional root-mean-square deviation (RMSD), the radius of gyration (Rg) and the total number of intramolecular
hydrogen bonds (NHb-intra) (Fig S2). The stability of the systems was reached during the last 10 ns of the simulations.
To facilitate the analysis and the comparison, the average values of these parameters in each system are shown in Table
S3. The data show that considering each parameter independently, no significant variations were observed among the
simulations.

The three RmAChEs structures (models refined through molecular dynamics simulations) have large structural and
energy differences (Table S4). Fig. 2 shows the schematic representations of models after refinament for simulation
DM. The structure with the lowest potential energy for each MD simulation was chosen for molecular docking and
molecular dynamics simulations.

Docking studies yielded crucial information concerning the orientation of the molecule in the binding pocket of the
enzyme and the interaction between the target (enzyme) and the small molecules (ligands) at the molecular level. Table
2 shows the results of docking of the terpenes and coumaphos with RmAChEs models. The lowest binding energy
(AGying) between coumaphos and RmAChEs were observed in RmAChE1 (-7.55 Kcal/mol) and RmAChE2 (-7.76
Kcal/mol), while in RmAChE3 the binding energy calculated was -5.71 Kcal/mol. The inhibition constant (Ki)
calculated for the complexes of coumaphos and RmAChE1, RmAChE2 and RmAChE3 were 2.94, 2.04 and 65.17 nM,
respectively.

The molecular docking simulations of the 27 terpenes selected with RmAChEs shows greater selectivity for compounds
of group A. In all systems, the gamma-muurolene has the lowest binding energy. The lowest energy to this ligand is -
8.82 (RmAChE2), a difference of 1.94 Kcal/mol (RmAChEl), and 2.46 Kcal/mol (RmAChE3). In the
RmAChE1docking model, elemol, caryophyllene oxide, thymol acetato, beta-elemene and beta-caryophyllene, category
A terpenes have affinity parameters of binding energy (AGy;q) calculated at -6.75, -6.57, -6.43, -6.38, -6.29 Kcal/mol,
respectively, and inhibition constant (Ki) 8.98, 11.27, 15.35, 19.47, 20.98 and 24.4 nM, respectively. For RmAChE2,
the affinity parameters are gamma-muurolene (-8.82 Kcal/mol), beta-elemene (-8.09 Kcal/mol) and elemol (-7.68

Kcal/mol). We can see that gamma-muurolene and beta-clemene have binding energy and inhibition constant lower that
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coumaphos. The RmAChE3 docking model shows the lowest binding energy for all studied molecules. However, the
lower affinity parameters were gamma-muurolene, beta-caryophyllene and elemol, respectively.

In RmAChE], the terpenes in category A have higher affinity parameters when compared to the terpenes in category B,
except for carvone, alpha-terpinenol, geranial and alpha-terpinene in RmAChE2, and terpinolene in RmAChE3. It can
be seen that the lower binding energy and affinity constant values were obtained in RmAChE2. It is also noticed that
gamma-muurolene, elemol, beta-elemene, thymol acetate and beta-caryophyllene ranked consistently among the top
five terpenes according to the results of affinity docking simulations for binding energy and inhibition constant.
However, for molecular dynamics simulations we chose gamma-muurolene to exhibit the lowest free energy values and
elemol also to generally exhibit relatively good binding energy in all three RmAChE models, thymol and carvacrol
because these terpenes were previously shown to be acaricidal,’* and coumaphos for the control compound.

Table S5 lists interactions to the conformations on molecular docking of carvacrol, thymol, elemol, gamma-muurolene
and coumaphos in all RmAChE models. In RmAChE]1 the ligand-receptor interaction analyses suggest that carvacrol
makes hydrophobic interactions with amino acids (GIn82, Val83, Leu84, Ser94, Thr95, Met96, Trp97, Asn98, Ala99,
Ser139 and Thr141) and one hydrogen bond with Asp85. Thymol makes hydrophobic interactions with amino acids
(Met96, Trp97, Vall46, Tyrl47, Glnd43, Asnd44, Gly463, Glu464 and Tyr472) and one hydrogen bond with Pro459.
Gamma-muurolene and elemol have very similar interactions with amino acids (Ser94, Trp97, Ser139, Tyr147, Glu215,
Pro459 and Phe462), however, elemol shows one interaction hydrogen bond with Thr141. This amino acid shows
hydrophobic interaction in gamma-muurolene. The hydrophobic interactions observed in the coumaphos were (Gly93,
Ser94, Thr95, Met96, Trp97, Gly135, Thr141, Glu215, Trp446, Gly455, Val458 and Pro459) and one hydrogen bond
with Tyrl47. In RmAChE2 hydrogen bonds is not observed for carvacrol and elemol, but is observed for thymol
(Argl61) and coumaphos (Ser338, Asn339 and Tyr543). The hydrophobic interactions that are most repeated in
terpenes are (Tyrl60, Argl6l, Glyl166, Phel67, Asnl177, Gly179, Leul80, GInl183, Ser215 and Leu313), and for
coumaphos (Phel32, Ser210, 1le214, GIn235, Arg244, Gly300, Ser301, Thr333, Glu336, Gly337, 11e340, His456 and
Glu459). In RmAChE3 the five ligand molecules make hydrophobic interactions with amino acids (Leul83, Met186,
Lys187, Lys190, Ile215, His218, Gly226 and Phe228), and hydrogen bond with Leu227 (Carvacrol, thymol and
coumaphos), His218 (Elemol) and Lys187 (coumaphos). Figure 3 shows the region of interaction inside of the active
site and the main interaction of molecules with amino acid residues in the RmAChEs models. In RmAChEI the elemol
and gamma-muurolene are very near to the coumaphos region, however, carvacrol and thymol are in opposition region
inside of the active site (Figure 3A and 3B). The Figure 3C and 3D shows that carvacrol, thymol, elemol and gamma-
muurolene are in different regions in the active site compared to coumaphos in RmAChE2. Carvacrol, thymol, elemol,
gamma-muurolene and coumaphos are in the same region of the active site of the RmAChE3 (Figure 3E and 3F).

The gamma-muurolene, elemol, carvacrol, thymol and coumaphos were chosen for more detailed analysis of interaction
with the RmAChEs through molecular dynamics simulations. The lowest docking-energy conformation of the cluster
with lowest energy was chosen as initial structure for the molecular dynamics simulations of the RmAChEs_ligands
(terpenes or coumaphos) complexes. Figures S3, S4 and S5 shows the frequency of contacts of the ligands with the
RmAChE1, RmAChE2 e RmAChES3, respectively.

Tight interactions where observed between coumaphos and RmAChE!1 through hydrogen bonds and hydrophobic
contacts (Trp97 - 89% probably residue of active site) (Fig. S3A). Thymol has hydrophobic interactions with frequency
less than 50% (Lys477 - 13%, Glud74 - 11%, Serd42 - 10%, Cys471 - 9%, Argd40 - 9% and Thrl6 - 8%), and the
frequency of hydrogen bonds is also low (Vall4 - 8% and Lys477 - 4%) (data not shown). Carvacrol interacted with
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Trp97 (probable residue of the active site) with both hydrophobic contacts (65%) and hydrogen bonds (4.8%) (Fig.
S3B). Elemol exhibited interaction through hydrophobic contacts (Tyr147 - 74%, Thr141 - 67%, Trp97 - 54%, Val458 -
52%, Pro459 - 52% and Ser139 - 51%) and hydrogen bonds (Tyr147 - 7%) (Fig. S3C). Compared to elemol, gamma-
muurolene (Figure S3D) showed far less hydrophobic contacts (Trp97 - 89% probable active site residue) and no
hydrogen bonds.

Coumaphos also interacted with RmAChE2 (Figure S4A). Thymol showed results for RmAChE2 different from those
noted above with RmAChE1 (Figure S4B), which may be due to structural and energetic changes between these
isozymes, making hydrophobic contacts (including the Tyr160 with 100% frequency) and by hydrogen bonding
(Argl61l - 89%). Both types of interactions were noted for carvacrol (Figure S4C). Elemol presented several
hydrophobic interactions (His219 - 58%, probable residue of the active site) and two interactions by hydrogen bonds
(His219 - Gly183 and 11% - 7%) (Figure S4D). As compared to its interaction with RmAChE1, Gamma-muurolene
exhibited to a greater number of hydrophobic interactions with RmAChE2 (Figure S4E).

Coumaphos interacted with RmAChE3 in fewer occasions as compared to the other two RmAChEs (Figure S5A).
Thymol interacted with RmAChE3 through hydrophobic contacts, but all these occurred with a frequency of less than
50% (data not shown), and no hydrogen bonds were detected. Carvacrol (His218 and probable residue of the active site)
and elemol exhibited hydrophobic and hydrogen bond interactions (Figure S5B and S5C, respectively), gamma-
muurolene exhibited hydrophobic interactions with RmAChE3 (Figure S5D). In general, with the exception of thymol,
after 10 ns molecular dynamics simulation, gamma-muurolene, elemol, carvacrol and coumaphos continued performing
interactions with most of the amino acids identified in the molecular docking (Table S5).

Discussion

Dulin et al.,”® found with use of computational protocols that the insecticide pirimicarb showed low affinity parameters
with the AChE model from Apis mellifera bee, but showed high affinity parameters against AChE model from Varroa
destructor acari, a parasite of colony bees. This finding was confirmed by authors using in vitro and in vivo tests, where
pirimicarb proved to be efficient against V. destructor acari and inoffensive to 4. mellifera bee.

Computational protocols were used to successfully select some molecules like tirofiban, a fibrinogen antagonist,”
saquinavir, ritonavir and indinavir, drugs for the treatment of HIV,¥ dorzolamide, a carbonic anhydrase inhibitor® and
the antihypertensive drug, captopril.** Results from these previous studies strongly support that computational protocols
can be used to select molecules with pharmaceutical potential.

Terpenes are constituents of essential oils from several plant species that are known to have insecticidal and acaricidal
activities, including biocidal properties against livestock pests.'®*?¢ Acetylcholinesterase inhibition in the nervous
system of arthropods and mammals is one of the possible modes of action reported for terpenes.® However, the results
of attempts to correlate the toxicity of terpenes for insects and ticks with acetylcholinesterase inhibition are
inconclusive.***

This gap in our knowledge was addressed in the reported series of experiments, and here where we integrated
computational methods to try to understand the chemical biology of interactions between RmAChEs and terpenes, some
of which were shown by our research group to be new acaricidal sources.*****' The inclusion of the organophosphate
acaricide coumaphos as part of the analyses validated the approach. This strategy also allowed the identification and
prioritization of gamma-muurolene, and elemol as candidate terpenes for further in vitro and in vivo studies.
Gamma-muurolene is a sesquiterpene that forms part of various essential oils shown to have pesticidal activity against
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mosquitoes like Aedes aegypti, Anopheles stephensi, Culex quinquefasciatus, the fly Synthesiomyia nudiseta,”
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beetles like Bruchus dentipes,” and R. microplus populations resistant to several classes of acaricides.’** However, the
results presented here constitute the first report of how gamma-muurolene could exert acaricidal effects through the
apparent inhibition of RmAChEs. As a significant component of the essential oil from Cunninghamia konishii
(Taxodiaceae), gamma-muurolene may also contribute to its insecticidal properties because the efficiency of the major
compound isolated, alpha-pinene, against 4. aegypti and 4. albopictus was lower than the pure essential oil.”> Although
gamma-muurolene was reported to act as a pheromone for the beetle Scolytus multistriatus in vitro tests, this effect was
not observed under field conditions when gamma-muurolene was tested alone or in combination with other terpenes.”*
In the case of the alfalfa wasp, Bruchophagus roddi, gamma-muurolene strongly inhibited oviposition, which was
reported to be due to antagonism of the insect nervous system.”

Elemol has been shown to exhibit strong inhibition of AChE from bovine erythrocytes.”® Peixoto et al.,*® evaluated
essential oils of different chemotypes of Lippia alba for efficacy against R. microplus larvae sensitive to
organophosphate. The chemotype containing 4.33% of elemol, which represented the third most abundant compound in
L. alba oil, had a LCs, against the R. microplus that was significantly lower than that obtained with the chemotype
lacking that terpene. Both L. alba chemotypes have carvone and limonene as major components and in similar
quantities, which indicates that elemol may influence the difference in chemotype acaricidal potency. In our studies,
elemol exhibited hydrogen bond and hydrophobic interactions with the RmAChEs. The chemical composition of elemol
(Ci5H,60) includes oxygen, which allows the formation of hydrogen bonds. Results obtained from MD simulations
showed that gamma-muurolene and elemol maintained interactions with the same amino acid residues identified in
docking analyses, which indicates that these compounds bind and interact the active site and neighbors active site
residues of RmAChEs.

In our computational molecular docking study it was observed that the terpenes in category A ranked first according to
results of the affinity parameters, which qualifies candidates as RmAChEs inhibitors. These results can be understood
by analysis of quantum chemical descriptors.

The quantum chemistry descriptors lower HOMO energy, high LUMO energy and molecular volume between 185 and
188 cm’/mol are import to understand the chemical reactivity of terpene category A. the combination of these three
parameters are important for reactivity. Gamma-muurolene and elemol have a lower HOMO energy of —0.23348 a.u (-
6.35 eV) and 0,24016 a.u (-6.53 eV), respectively, while the high LUMO energy of the gamma-muurolene (-0.001186
a.u—0.32 eV) and elemol (-0.01652 a.u - -0.45 ¢V). The molecular volume for the gamma- muurolene is 186 cm’/mol)
and of the elemol 185 cm’/mol. Howerer, the molecular volume calculated for spathulenol was 169 cm®/mol. The
molecular volume below 180 cm’/mol makes the spathulenol molecule with lower affinity to the active site of
RmAChEs (see Table 1).

We also analyzed the isomeric terpenes carvacrol and thymol because they have shown potent acaricidal activity against
the R. microplus.®® Theoretical calculations suggested that carvacrol has a volume 14% greater than thymol. The
hydroxyl group (OH) in thymol is positioned in a way that decreases the area available for contact with the active site of
RmAChESs. This condition does not occur with carvacrol, which has a larger contact area because of the way its OH is
positioned. The ChelpG charge calculated for oxygen in the carvacrol and thymol were 0.689 and 0.677, respectively.
The high electronic density in carvacrol makes the hydrogen bond stronger between OH---Asp85 (-4.693 Kcal/mol).
The hydrogen bond energy calculated for thymol of the interaction OH---Pro459 was -1.517 Kcal/mol. These results

were obtained in docking calculations, thus, the carvacrol is more soluble in DMSO that the thymol.
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Another important parameter obtained in DFT calculation was solvation energy. Solvation energies were calculated for
the isomers carvacrol (7.91 Kcal/mol) and thymol (6.59 Kcal/mol). Although carvacrol and thymol are known to inhibit
the AChE from the fish Electrophorus electricus, bioassay results indicate carvacrol is the more potent inhibitor, and
this difference in efficacy is also associated with the hydroxyl group position, suggesting that position of this group has
a fundamental role in the inhibitory effect of AChE.”””® Observations from our computational analyses are in agreement
with those previous findings where greater inhibitory potency was also linked to the position of the hydroxyl group in
carvacrol.

The computational chemistry results reported here also advance our understanding of the more potent in vitro acaricidal
effects of carvacrol over thymol against the R. microplus.>* In comparison with thymol, carvacrol tended to interact
with a larger number of amino acid residues in RmAChEs. Based on docking analysis results, carvacrol exhibited better
interaction parameters when compared with thymol in RmAChEs 1 and 2. Data obtained from MD simulations,
detected that thymol undid the interactions found in molecular docking causing removal this terpene for away from the
active site of RmAChEs 1 and 3, as evidenced by the low interaction frequency in these models, and the identification
of interactions with amino acid residues located far from the catalytic site.

Beta-caryophyllene, a sesquiterpene showing a higher docking rate in our study, has been reported to be a potent
repellent, insecticide, and AChE inhibitor for the rice weevil Sitophilus oryzae.” This sesquiterpene also showed
relevant pesticidal properties against the mites Dermatophagoides farinae and D. pteronyssinus'® and Tetranychus
urticae."’" Leaf extracts of Casimiroa edulis (Rutaceae), whose major component is beta-caryophyllene, were
insecticidal against larvae of the African cotton leafworm Spodoptera littoralis (102). Beta-caryophyllene repelled the
cotton aphid Aphis gossypii and this sesquiterpene inhibited the aphid’s AChE, polyphenoloxidase, carboxylesterase,
and glutathione S-transferase in vitro.'” Various L. gracilis* and L. alba®® genotypes contain beta-caryophyllene and
their essential oils are active against the R. microplus. Data reported here and the results of previous studies indicate that
the multiplicity of biological effects associated with beta-caryophyllene could be the result of action on different pest
targets, including RmAChE.

Molecular affinity docking data reported here expands our knowledge of the pesticidal properties of caryophyllene
oxide that was reported to be acaricidal against 7. urticae'™ and insecticidal against the beetles Sitophilus zeamais and
Tribolium castaneum.'® Caryophyllene oxide was identified as the third major constituent in the essential oil of two L.
alba chemotypes, which were more efficient against the R. microplus than chemotypes lacking that terpene.*

The terpenes 1,8-cineole, beta-pinene, and gamma-terpinene were evaluated in vitro for their potential to inhibit AChE
from human erythrocytes, and 1,8-cineole showed high inhibitory activity.'” 1,8-cineole also exhibited strong
inhibition of AChE of S. oryzae, T. castaneum and Sarcopte scabiei,'”" ' and in the present study this terpene showed
binding energy and inhibition constant values consistent with those biochemical activities outranking beta-pinene and
gamma-terpinene in molecular affinity docking results for the three RmAChE models. 1,8-cineol and beta-pinene have
been shown to be acaricidal against R. microplus."” The higher interaction energy noted for beta-pinene suggests that
beta-pinene exerts its acaricidal effects by acting on target(s) other than RmAChEs. This hypothesis is supported by
previous studies where beta-pinene failed to inhibit AChEs in vitro.”® Gamma-terpinene also was demonstrated to lack
inhibitory activity of AChE in vitro.”*

The medium-low binding energy for limonene, p-cymene, and linalool would not make these terpenes a priority for

further testing of effects on AChEs. This observation is supported by in vitro results where these terpenes showed lower
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AChE inhibitory.**'% Limonene lacked in vitro efficacy against R. microplus larvae sensitive, or resistant to
commercially available acaricides.’>*® Low efficacy against R. microplus larvae and adults was reported for linalool.""

Some of the compounds with a lower ranking in molecular docking efficiency identified here should be considered for
further testing as a way to refine structure-activity relationships, and the predictive value of the computer-aided
approach to identify terpenes with selective affinity for RmAChEs, or other receptors in the nervous system of ticks
such as GABA, GluCl, octopamine and sodium channel voltage-gated which could also be the site of their action. These
possibilities are illustrated by beta-pinene that had low affinity for RmAChEs but showed high acaricidal activity in
vitro, and thymol, which is known to be active against the R. microplus but did not interact with RmAChEs. Emerging

mechanism-based screens for the R. microplus will help us test these hypotheses. '7*''"!12

Conclusion

We report here the first record of in silico interactions between RmAChEs models and the terpenes gamma-muurolene
and elemol. Our computational approach modeled chemical biology interactions that could aid in the prioritization of
terpenes in essential oils for in vitro and in vivo testing of acaricidal efficacy against R. microplus. Gamma-muurolene
and elemol are predicted in this study as potential new acaricides. Computational analyses provided additional
information on the acaricidal activity of carvacrol, which apparently involves inhibition of the three RmAChEs models.
By contrast, the computer-aided strategy indicated that the acaricidal effect of thymol, an isomer of carvacrol, is not
associated with the inhibition of RmAChEs. The in silico screening strategy described here was validated by the

interactions documented between the commercial organophosphate acaricide coumaphos and the RmAChE models.
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Figure 2. Schematic representations of the RmAChE models. RmAChE1 ribbon trace (A) and molecular surface (B),
RmAChAE2 ribbon trace (C) and molecular surface (D), RmAChE3 ribbon trace (E) and molecular surface (F). Figure
made with UCSF Chimera software (https://www.cgl.ucsf.edu/chimera/).
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Figure 3. "A", "C" and "E" shows the position of ligands to RmAChE1, RmAChE2 and RmAChE3, respectively. "B",
"D" and "F" is an enlargement of "A", "C" and "E", respectively. Purple and stick are shown the amino acid residues
that interact through hydrogen bonds with the ligands. Red and stick indicates amino acid residues of catalytic triad
(Ser216, Glu341 and His454) to RmAChEL. The ligands are represented by stick and ball (Coumaphos - orange,
Thymol - green, Carvacrol - cyan, Elemol - pink and Gamma-muurolene - yellow). Figure made with UCSF Chimera

software (https://www.cgl.ucsf.edu/chimera/)
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Table 1. Calculated Total Electronic Energies (E, Hartree), Relative Energy (AE, kcal/mol), Exomo (Hartree), ELymo
(Hartree), Hardness (#), Chemical Potential (x), and Electrophilicity (@), lonization Potential (/) and Electron Affinity
(4), electronegativity (x) in eV, Molecular volume (Mv, cm*/mol) of acaricide coumaphos and the isomers terpenes

category A and B.

Category Coumpond E AE Enomo Erumo n 1! ® I A X Mv
Acaricide Coumaphos -2.118.839812 - -0.24477  -0.08394 4.38 4.47 2.29 6.66 2.28 4.47 264.944
A Gamma-muurolene -585.730158 0.00 -0.23348 -0.01167 6.04 3.33 0.92 6.35 0.32 3.33 186.421
Beta-clemene -585.693715 22.87 -0.24381 -0.01186 6.31 3.48 096 6.63 0.32 3.48 188.185
Bicyclogermacrene -585.685214 28.20 -0.20806 -0.01146 5.35 2.99 0.83 5.66 0.31 2.99 203.583
Beta-caryophyllene -585.684590 28.59 -0.22701 -0.01110 5.88 3.24 0.89 6.18 0.30 3.24 192477
Spathulenol -660.925172 0.00 -0.23840 -0.01619 6.05 3.46 0.99 6.49 0.44 3.46 168.886
Caryophyllene oxide -660.894466 19.27 -0.24577 -0.01362 6.33 3.53 0.99 6.69 0.37 3.53 187.800
Elemol -662.121077 - -0.24016  -0.01652 6.09 3.49 1.00 6.53 0.45 3.49 184.896
Thymol acetate -617.177616 - -0.24060  -0.01706 6.08 3.51 1.10 6.55 0.46 3.51 171.318
B Carvone -464.554043 0.00 -0.24868 -0.06111 5.10 4.22 1.74 6.77 1.66 4.22 152.265
Carvacrol -464.553437 0.38  -0.22339  -0.01526 5.66 3.25 0.93 6.08 042 3.25 147.677
Thymol -464.551050 1.88  -0.22179 -0.01608 5.60 3.34 0.94 6.04 0.44 3.34 127.340
Neral -465.695551 0.00 -0.24574 -0.06715 4.86 4.26 1.87 6.69 1.83 4.26 134.408
Geranial -465.694484 0.69  -0.24509 -0.06527 4.89 422 1.82 6.67 1.78 4.22 129.050
P-cymene -389.331957 0.00 -0.23535 -0.01135 6.10 3.36 0.92 6.40 0.30 3.36 120.005
O-cymene -389.328194 236  -0.23899 -0.01067 6.21 3.40 0.93 6.50 0.29 3.40 111.795
Alpha-terpinene -390.486153 0.00 -0.20127 -0.02437 4.81 3.07 0.98 548 0.66 3.07 124.113
Gamma-terpinene -390.482193 249  -0.22448 -0.01064 5.82 3.20 0.88 6.11 0.29 3.20 125.615
Terpinolene -390.480393 3.62  -0.22345 -0.01214 5.75 3.21 0.89 6.08 0.33 3.21 127.656
Limonene -390.476774 5.89  -0.23380 -0.01084 6.07 3.33 091 6.36 0.30 3.33 123.333
Mircene -390.454556 19.83  -0.23331 -0.03830 5.31 3.37 1.29 6.35 1.04 3.37 135.890
Beta-pinene -390.452459 21.14  -0.23781 -0.00976 6.32 3.53 091 6.47 0.27 3.53 117.063
1.8 — cineole -466.908597 0.00 -0.23966 -0.01251 6.18 3.32 0.95 6.52 0.34 3.32 127.753
Alpha-terpineneol -466.903427 324  -0.22844 -0.01536 8.80 3.73 0.95 6.22 0.42 3.73 173.011
Cis-sabinene hidrate -466.887373 13.32  -0.26147 -0.01278 6.77 3.41 1.03 7.12 0.35 3.41 138.561
Linalool -466.875732 20.62 -0.23707 -0.01366 6.08 3.34 0.96 6.45 0.37 3.34 162.556
Thymol methyl ether -503.826431 - -0.21733  -0.01101 5.61 3.11 0.86 591 0.30 3.11 161.075
Trans-Linalool oxide -542.100750 - -0.25193  -0.01476 6.45 3.63 1.02 6.86 0.40 3.63 142.898




Table 2. Parameters affinity of the molecular docking.

RmAChE1 RmAChE2 RmAChE3
Ligand (kealmo)  (uhpy L0 (keabmon  uhy)  Lieond (kalimon b
Coumaphos -7.55 294  Coumaphos -1.76 2.04 Coumaphos -5.71 65.17
Gamma-muurolene -6.88 8.98 Gamma-muurolene -8.82 0.33 Gamma-muurolene -6.36 21.60
Elemol -6.75 11.27 Beta-elemene -8.09 1.18 Beta-caryophyllene -6.30 24.14
Caryophyllene oxide -6.57 15.35 Elemol -7.68 2.33 Elemol -6.28 24.88
Thymol acetate -6.43 19.47 Thymol acetate -7.14 5.88 Caryophyllene oxide -6.21 28.08
Beta-elemene -6.38 20.98 Beta-caryophyllene -7.14 5.83 Beta-elemene -6.05 36.62
Beta-caryophyllene -6.29 244  Carvone -6.55 1591 Bicyclogermacrene -5.99 40.71
Spathulenol -5.99 40.69 Alpha-terpineol -6.49 17.58  Terpinolene -5.72 64.02
Bicyclogermacrene -5.87 49.59 Geranial -6.40 20.28  Thymol acetate -5.65 72.23
Carvone -5.70 66.70 Alpha-terpinene -6.24 26.89  Spathulenol -5.57 82.96
Geranial -5.69 67.2  Spathulenol -6.21 28.24  Neral -5.54 86.24
Alpha-terpineol -5.65 72.45 Neral -6.19 29.18  Geranial -5.5 92.91
Neral -5.58 81.09 Limonene -6.17 29.89  Mircene -5.48 95.98
Carvacrol -5.55 87.06 Thymol methyl ether -6.14 31.57  Alpha-terpineol -5.36 118.36
Linalool -5.25 141.28 1.8 —cineole -6.07 35.62 1.8 —cineole -5.33 124.52
Thymol -5.24 143.25 Carvacrol -6.06 36 Carvone -5.29 132.85
Trans-Linalool oxide -5.23 145.81 Terpinolene -6.02 38.34  Thymol -5.16 166.38
1.8 — cineole -5.21 151.39 Trans-Linalool oxide -5.97 42.28  Alpha-terpinene -5.15 168.96
Thymol methyl ether -5.14 169.32 Cis-sabinene hidrate -5.93 45.31 Carvacrol -5.08 187.82
Cis-sabinene hidrate -5.13 172.75 P-cymene -5.86 50.77  Linalool -4.94 238.35
Terpinolene -5.13 173.61 Bicyclogermacrene -5.83 53.13 Limonene -4.91 252.44
Alpha-terpinene -5.06 195.44 Linalool -5.83 53.16  Thymol methyl ether -4.83 287.55
Limonene -4.97 227.71 Caryophyllene oxide -5.81 5474  P-cymene -4.83 286.86
O-cymene -4.96 230.54 Beta-pinene -5.76 60.03  Trans-Linalool oxide -4.83 289.79
Mircene -4.89 276.5 Thymol -5.76 59.78  Cis-sabinene hidrate -4.73 343.79
P-cymene -4.77 320.63 Mircene -5.71 64.75  O-cymene -4.72 34591
Beta-pinene -4.67 37491 Gamma-terpinene -5.69 67.66  Gamma-terpinene -4.69 362.15
Gamma-terpinene -4.64 402.25 O-cymene -5.67 69.53  Beta-pinene -4.63 404.24

* AGying represents the binding energy ** Ki represents the inhibition constant
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Figure S1. Amino acid sequence alignment of AChEs of R. microplus. Conserved residues are boxed with identity
shown with a red background and similarity with red lettering. The alignment was generated using CLUSTAL OMEGA
(http://www.ebi.ac.uk/Tools/msa/clustalo/) and displayed using ESPript (http://espript.ibcp.fr)
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Figure S2. Time dependence of structural parameters from MD simulations with respect to the initial structure. a: Atom-
positional root mean-square deviation (RMSD) of Ca atoms; b: Radius of gyration (Rg); c: Total number of hydrogen
bonds (Nhb). Color system: RmAChEI(black) RmAChE2(red) RmAChE3(green). Figure were generated using
Xmgrace (http://plasma-gate.weizmann.ac.il/Grace/)
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Figure S3. Indentified contacts between ligands and RmAChE] calculated for last 4.0 ns of MD simulations. A,
Coumaphos. B, Gamma-muurolene. C, Carvacrol. D, Elemol. Color system: hydrogen bonds (green), hydrophobic
contacts (gray), likely the active site amino acid residue makes hydrophobic contact (orange), likely the active site
amino acid residue is hydrophobic hydrogen bond (red). The numbers on bars indicate the percentage of contacts for
each amino acid. Contacts evaluated on snapshots taken every 100 ps of the production stage.
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Table S1. Amino acid sequences from protein database used for homology modeling of acetylcholinesterases 1, 2, and 3

from the southern cattle fever tick Rhipicephalus microplus.

Model NCBI code Quantity structures  Sequence PDB IDs of the templates*
used as template  identity %"

RmAChEl CAA11702 28 42t046 1KU6, INSM, 1Q83, 1B41, 1F8U, 1IMAA, 1C2B,
2XUD, 2CO0P, 2HA4, 2J4C, 2JGE, 2WHP, 2WID,
2W6X, 2Y1K, 2X8B, 2XUD, 2JGF, 3DL7, 3ZLT, 3LII,
4A16,4B0O0, 4AXB, 4AQD, 4BDT, 4B84

RmAChE2 ADM35952 20 33to44 1C2B, 1C71, ICLE, IMAA, 1MXI1, IN5M, 1P0I, 1Q83,
1YA4, 2COP, 2JGE, 2J4C, 2JGF, 2WHP, 2XUD, 2XUF,
2Y1K, 3ZLT, 4BDT, 4EY4

RmAChE3 AAP92139 21 34t036 1EAA, 1GQR, 1P0L, 1Q83, 1SOM, 1UT6, 2C58, 2CEK,

2DFP, 2J4C, 2PM8, 2W9I, 2WIF, 2XQF, 3GEL, 31GM,
309M, 4AQD, 4AXB, 4B00, 4BDT

ASequence identity of Rhipicephalus microplus (Rm) acetylcholinesterases (AChE) with crystallographic structures

available in the PDB.

*Identifications (IDs) of amino acid sequence templates in the PDB that matched protein sequences for RmAChE 1, 2,

and 3 registered with the respective NCBI code.
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Table S2. Structural parameters of the homology models for the southern cattle fever tick, Rhipicephalus microplus,

acetylcholinesterases 1, 2, and 3.

Model* Procheck

Core Allow. Gener. Desall. Overall G-factor”

RmAChHE1 70.8 269 2.1 0.2 -0.79 9532 88.93
RmAChE2 74.0 236 1.1 1.3 -0.73 95.58 91.99
RmAChHhE3 67.9 287 1.5 1.9 -0.73 93.01 79.96

Errat Z-Score

* Rhipicephalus microplus acetylcholinesterases 1, 2, and 3: RmAChE1, RmAChE2, and RmAChE3

?dihedral G-factor
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Table S3. Average of structural parameters analyzed in southern cattle fever tick, Rhipicephalus microplus,
acetylcholinesterases 1, 2, and 3 during the last 10 nanoseconds of the molecular dynamics simulations

Simulation* RMSD (nm)* Rg (nm?)° NHb-intra®

RmAChE1 0,53+0,01 2,37+0,008 395,5+9,6
RmAChE2 0,51+0,01 235+0,011 369,6+9,7
RmAChE3 0,50+0,01  2,37+0,008 387,8+9,4

* Rhipicephalus microplus acetylcholinesterases 1, 2, and 3: RmAChE1, RmAChE2, and RmAChE3

* Root mean square deviation of RmAChE Co atoms from starting coordinates (homology model); b Radius of gyration; ¢ Number of hydrogen
bonds (intramolecular)
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Table S4. Secondary structure models generated by homology modeling and refined through molecular dynamics
simulations (MD-RmAChEs), that were used in molecular docking and molecular dynamics simulations.

Secondary structures

Model Number of helices (residues) Number of [-strands (residues)
helices [B-strands

RmAChEI 14 al (151 -153), a2 (185 -203), a3 (218 - 17 B1 (25 - 27), B2 (38 - 42), B3 (45 - 47),
226), 04 (254 - 268), a5 (287 - 294), a6 B4 (71 - 73), B5 (79 - 81), p6 (102 -
(321 - 324), a7 (341 - 349), a8 (363 - 104), B7 (108 - 116), B8 (127 - 134), 9
373), 09 (379 - 389), al0 (398 - 412), (159 - 163), 10 (171 - 173), B11 (182 -
all (416 - 427), al2 (457 - 461), al3 184), B12 (209 - 217), P13 (236 - 241),
(474 - 492), a14 (539 - 548) B14 (332 - 337), B15 (433 - 438), Bl6

(518 -523), B17 (528 - 532)

RmAChE2 16 al (145 - 150), 02 (163 - 166), a3 (178 - 17 B1 (10 - 15), B2 (21 - 23), B3 (25 - 28),
189), a4 (193 - 197), a5 (211 - 218), a6 B4 (30 - 34), B5 (38 - 45), p6 (70 - 74),
(223 - 227), a7 (248 - 262), a8 (274 - B7 (108 - 112), B8 (122 - 130), p9 (134 -
281), 09 (286 - 293), al0 (361 - 370), 136), B10 (154 - 158), B11 (205 - 208),
all (378 - 384), al2 (402 - 410), al3 B12 (231 - 235), B13 (327 - 334), pl14
(414 - 420), a14 (459 - 464), al5 (479 - (421 - 423), B15 (430 - 439), B16 (515 -
493), a16 (532 - 540) 519), B17 (522 - 525)

RmAChHE3 16 al (143 - 144), a2 (178 - 196), a3 (211 - 18 B1 (12 - 18), B2 (21 - 27), B3 (41 - 45),

218), o4 (248 - 256), a5 (272 - 281), a6
(285 - 291), o7 (316 - 321), a8 (338 -
346), a9 (362 - 367), al0 (384 - 386),
all (397 - 411), al2 (414 - 426), al3
(454 - 459), al4 (474 - 479), al5 (485 -
490), 16 (528 - 533)

B4 (57 - 59), BS (66 - 68), B6 (98 - 103),
B7 (120 - 125), B8 (150 - 157), B9 (202 -
207), B10 (219 - 221), BI1 (229 - 234),
B12 (324 - 326), B13 (329 - 336), Bl4
(429 - 436), P15 (463 - 465), P16 (468 -
470), 17 (510 - 515), B18 (521 - 525)




Table S5. Interactions to the conformations chosen from docking.

RmAChE1 RmAChE2 RmAChE3
Ligand
Hydrogen bonds Hydrophobic interactions Hydrogen bonds Hydrophobic interactions  Hydrogen bonds = Hydrophobic interactions
GIn82, Val83, Leu84, Serd4, glyl?l%g’ 22;0’111217’ g}yigg’ Leul83, Metl86, Lysl87,
Carvacrol Asp85 Thr95, Met96, Trp97, Asn9s, - LeulSO’ GInl183 ’Ser21 5y an (i Leu227 Lys190, Ile215, His218,
Ala99, Ser139 and Thr141 ’ ’ Gly226 and Phe228
Leu313
Met96, Trp97, Vall46, Tyrl47, Alal59, Tyr160, Gly166, Leul83, Metl86, Lysl8&7,
Timol Pro459 GIn443, Asnd44, Gly463, Argl6l Phel67, Asnl77, Glyl79, Leu227 Lys190, Ile215, His218,
Glu464 and Tyr472 Leul80, Asp182 and GIn183 Gly226 and Phe228
Tyrl60, Arglé6l, Gly166,
Ser94, Trp97, Tyr133, Serl39, Phel67, Asnl77, Glyl79, Leul83, Metl86, Lysl87,
Elemol Thr141 Tyr147, Glu215, Pro459 and - Leul80, GIn183, Ser215, His218 Lys190, Tle215, Lys225,
Phe462 His219, 11e307, Phe212 and Gly226, Leu227 and Phe228
Leu313
Tyrl60, Argl6l, Glyl66, Leul83, Metl86, Lysl&7,
Gama- ) ieﬁfh Trp9(7}’1uszelr5139’ {,};ﬁgé ) Phel67, Asnl77, Glyl79, ) Lys190,  Ile215,  His218,
muurulene PZO 459’an d Phed 62, ’ Leul80, GIn183, Ser215, Lys225, Gly226, Leu227 and
Thr216, His219 and Leu313 Phe228
Phel32, Ser210, Tle214,
Gly93, Serdd, Thrd3, Metd6, GIn235, Arg244,  Gly300, Leul83, Metl86, Lys190,
Trp97, Gly135, Thr141, Ser338, Asn339 Lys187 and .
Coumaphos Tyr147 Glu215 Trod46 GIv4s55 and Tyrs43 Ser301,  Thr333, Glu336, Leu227 His218,  Lys225, Gly226,
PR, a9, Y Gly337, 1le340, His456 and Phe228 and Asp310
Val458 and Pro459

Glu459
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Abstract

The chronicity of osteoarthritis (OA), characterized by pain and inflammation in the joints, is
linked to a glutamate receptor, N-methyl-D-aspartate (NMDA). The use of plant species
such as Chenopodium ambrosioides L. (Amaranthaceae) as NMDA antagonists offers a
promising perspective. This work aims to analyze the antinociceptive and anti-inflammatory
responses of the crude hydroalcoholic extract (HCE) of C. ambrosioides leaves in an exper-
imental OA model. Wistar rats were separated into six groups (n = 24): clean (C), negative
control (CTL-), positive control (CTL+), HCE0.5, HCE5 and HCES50. The first group received
no intervention. The other groups received an intra-articular injection of sodium monoiodoa-
cetate (MIA) (8 mg/kg) on day 0. After six hours, they were orally treated with saline, Maxi-
cam plus (meloxicam + chondroitin sulfate) and HCE at doses of 0.5 mg/kg, 5 mg/kg and

50 mg/kg, respectively. After three, seven and ten days, clinical evaluations were performed
(knee diameter, mechanical allodynia, mechanical hyperalgesia and motor activity). On the
tenth day, after euthanasia, synovial fluid and draining lymph node were collected for cellu-
lar quantification, and cartilage was collected for histopathological analysis. Finally, molecu-
lar docking was performed to evaluate the compatibility of ascaridole, a monoterpene found
in HCE, with the NMDA receptor. After the third day, HCE reduced knee edema. HCE5
showed less cellular infiltrate in the cartilage and synovium and lower intensities of allodynia
from the third day and of hyperalgesia from the seventh day up to the last treatment day.
The HCE5 and HCES50 groups improved in forced walking. In relation to molecular docking,
ascaridole showed NMDA receptor binding affinity. C. ambrosioides HCE was effective in
the treatment of OA because it reduced synovial inflammation and behavioral changes due
to pain. This effect may be related to the antagonistic effect of ascaridole on the NMDA
receptor.
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respectively). After three, seven and ten days, the motor activity of the animals was measured
to evaluate the walking score using a Rotarod device. A shows the kinetics of the animals' walk-
ing score, and B shows the percentage improvement in walking on day ten compared to day
three. The data are represented as the means+ standard errors of the mean. The dashed red line
represents the Clean group (without OA and untreated). *p<0.05 compared to CTL- group.
(XLSX)

S1 Table. Histopathological analysis of the synovial membrane from animals with MIA-
induced OA and treated with Chenopodium ambrosioides HCE.
(XLSX)

S2 Table. Count of synovial and popliteal lymph node cells from animals with MIA-
induced OA and treated with Chenopodium ambrosioides HCE.
(XLSX)

Acknowledgments

We would like to thank the “Centro Nacional de Processamento de Alto Desempenho” from
Federal University of Ceara (CENAPAD-UEFC) for his help with molecular docking and quan-
tum chemistry calculation. The authors are also grateful to Arthur André Castro da Costa for
assistance in the clinical trials. This work was supported by grants from Funda¢do de Amparo
a Pesquisa e ao Desenvovilmento Cientifico e Tecnolégico do Maranhdo (FAPEMA) and Con-
selho Nacional de Desenvolvimento em Pesquisa (CNPq), Brazil.

Author Contributions

Conceived and designed the experiments: GPC MSSC FREN. Performed the experiments: GPC
AJOL FCAL LAS WSP JBSG MSSC FRFN. Analyzed the data: GPC AJOL LMCJ FCAL MSSC
FREN. Contributed reagents/materials/analysis tools: LAS FMMA JBSG MSSC FREN. Wrote
the paper: GPC AJOL LMCJ FMMA LAS JBSG MSSC FRFN.

References

1.  Kumar R, Mishra AK, Dubey NK, Tripathi YB. Evaluation of Chenopodium ambrosioides oil as a poten-
tial source of antifungal, antiaflatoxigenic and antioxidant activity. Int J Food Microbiol. 2007; 115: 159—
164. PMID: 17174000

2. LorenziH, Matos FJA. Plantas Medicinais no Brasil: nativas e exéticas. Nova Odessa, Plantarum.
2002.

3. Dembitsky V, Shkrob I, Hanus LO. Ascaridole and related peroxides from the genus Chenopodium.
Biomedical Papers of the Medical Faculty of the University Palacky, Olomouc, Czechoslovakia, 2008;
152:209-215.

4. Pinheiro Neto VF, Araujo BMA, Guerra PC, Borges MOR, Borges ACR. Efeitos do cataplasma das fol-
has de mastruz (Chenopodium ambrosioides L.) na reparagao de tecidos moles e dsseo em radio de
coelhos. J Bras Fitomed, 2005; 3(2): 62—66.

5. Nascimento FRF, Cruz GVB, Pereira PVS, Maciel MCG, Silva LA, Azevedo APS, et al. Ascitic and
solid Ehrlich tumor inhibition by Chenopodium ambrosioides L. treatment. J Life Sci. 2006; 78: 2650—
2653.

6. Patricio FJ, Costa GC, Pereira PVS, Aragao-Filho W, Sousa SM, Frazao JB,et al. Efficacy of the intrale-
sional treatment with Chenopodium ambrosioides in the murine infection by Leishmania amazonensis.
J Ethnopharmacol. 2008; 115: 313-319. PMID: 18035510

7. Monzote L, Gille L, Scull R, Setzer WN, Steinbauer S, Garcia M, et al.Combinations of ascaridole, car-
vacrol and caryophyllene oxide against Leishmania. Acta trop. 2015-17; 145: 31-38.

8. Sousa LHA, Rios CEP, Assuncdo AKM, Fialho EMS, Costa GC, Nascimento FRF. Avaliagdo da agdo

analgésica do extrato hidroalcodlico de Chenopodium ambrosioides L. em ensaios pré-clinicos. Rev
Ciénc Saude. 2012; 14 (1).

PLOS ONE | DOI:10.1371/journal.pone.0141886 November 2, 2015 16/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141886.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141886.s006
http://www.ncbi.nlm.nih.gov/pubmed/17174000
http://www.ncbi.nlm.nih.gov/pubmed/18035510

	dissertacao_final
	SI TABLE S1 TO S5
	artigo_caLADO
	Imagem
	Ficha catalografica - cdu Alberto Jorge Oliveira Lopes (1)

