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RESUMO

Os agroquimicos possuem propriedades letais, capazes de controlar ou eliminar um organismo
vivo, ou seja, bloqueiam os processos metabolicos vitais do organismo. Causam sérios
problemas a saude humana, pois sdo altamente téxicos. Os pesticidas mais utilizados e
considerados toxicos sdo conhecidos como organofosfotioatos (OF/P=S) em sua forma
comercializada e organofosforados (OF/P=0) em sua forma ativa. Esses compostos tém sido
motivo de estudos sobre seu metabolismo e toxicologia. Segundo pesquisas realizadas, a
toxicidade desses pesticidas ¢ aumentada quando ocorrem reacdes de dessulfuracao metabodlica
oxidativa, onde os OF/P=S sdo transformados em OF/P=0. Essa toxicidade se deve a
capacidade dos OF/P=0 de inibir a enzima acetilcolinesterase humana (HssAChE). Baseado
nesse contexto, o objetivo deste trabalho foi estudar a biotransformagao oxidativa dos pesticidas
OF/P=S ¢ a inibi¢do da enzima HssAChE pelos OF/P=S e OF/P=0 utilizando a técnica de
docking molecular e calculos de QM/MM. Os resultados tedricos obtidos mostraram que no
processo de biotransformagdo oxidativa, o paration ¢ o composto com maior capacidade de
transformar de OF/P=S para OF/P=0, formando assim o metabolito ativo paraoxon. Na inibi¢ao
da enzima HssAChE pelos OF/P=S e OF/P=0, os resultados mostraram que de todos os
compostos investigados, aqueles com maior atividade inibitéria sdo o paration, paraoxon,
malation, diazoxon, clorpirifés e ometoato. Este estudo foi essencial devido a falta de
informagdes na literatura sobre o processo de biotransformacao oxidativa de pesticidas OF/P=S,
bem como a capacidade desses compostos de inibir a enzima HssAChE. Com este estudo foi
possivel observar que, na biotransformagao oxidativa, o clorpirifés e o paration possuem
maiores capacidades de se transformar em seus metabolitos ativos e na inibi¢cdo da enzima
HssAChE, foi possivel observar que nem todos os OF/P=0 sao os que tém maiores capacidades
de inibir a enzima HssAChE.

Palavras-chave: Quimica computacional. Pesticidas. Biotransformac¢ao oxidativa. Inibi¢ao da
HssAChE. Docking molecular. QM/MM.



ABSTRACT

Agrochemicals have lethal properties capable of controlling or eliminating a living organism,
that is, they block the organisms' vital metabolic processes. They cause serious problems for
human health, as they are highly toxic. The most used pesticides that are considered toxic are
known as organophosphothioates (OP/P=S) in their commercialized form and
organophosphates (OP/P=0) in their active form. These compounds have been the subject of
studies on their metabolism and toxicology. According to research carried out, the toxicity of
these pesticides is increased when oxidative metabolic desulfurization reactions occur, where
the OP/P=S are transformed into OP/P=0. This toxicity is due to the ability of OP/P=0 species
to inhibit the human acetylcholinesterase enzyme (HssAChE). Based on this context, the
objective of this work was to study the oxidative biotransformation of OP/P=S pesticides and
the inhibition of the HssAChE enzyme by OP/P=S and OP/P=0 using the molecular docking
technique and QM/MM calculations. The theoretical results obtained showed that in the
oxidative biotransformation process, parathion is the compound with the greatest ability to
transform OF/P=S into OP/P=0, thus forming the active paraoxon metabolite. In the HssAChE
enzyme inhibition by OP/P=S and OP/P=0, our results showed that of all the compounds
investigated, those with the highest inhibitory activities are parathion, paraoxon, malathion,
diazoxon, chlorpyrifos and omethoate. This study was essential due to the lack of information
in the literature about the oxidative biotransformation process of OP/P=S pesticides, as well as
the ability of these compounds to inhibit HssAChE enzyme. With this study, it was possible to
observe that, in the oxidative biotransformation, chlorpyrifos and parathion have greater
capacities to transform into their active metabolites and in the inhibition of the HssAChE
enzyme, it was possible to observe that not all OP/P=0 are the ones with the highest abilities
to inhibit the HssAChE enzyme.

Keywords: Computational chemistry. Pesticides. Oxidative biotransformation. HssAChE
inhibition. Molecular docking. QM/MM.
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PRIMEIRA PARTE

1 INTRODUCAO

Os agroquimicos sao produtos quimicos sintéticos usados na agricultura no controle de
pragas e sdo altamente toxicos para os organismos vivos (NASCIMENTO; MELNYK, 2016).
Os pesticidas mais utilizados sdo os organofosfotioatos (OF/com ligagdes P=S) em sua forma
comercializada e os organofosforados (OF/com ligacdes P=0) em sua forma ativa (BELLO-
RAMIREZ; CARREON-GARABITO; NAVA-OCAMPO, 2000). Quando os pesticidas sdo
absorvidos pelo organismo humano, eles podem atuar como potentes inibidores da enzima
acetilcolinesterase humana (HssAChE), causando hiperestimulagdo dos receptores da
acetilcolina (ACh), impedindo a contracdo muscular normal (DIKSHIT, 2007). A toxicidade
desses pesticidas ocorre devido a sua capacidade de se ligar a enzima HssAChE, por meio do
aminoacido serina (Ser203) (ARAUJO; SANTOS; GONSALVES, 2016) A inibi¢io da enzima
HssAChE leva a um aumento descontrolado na taxa do neurotransmissor ACh, causando
problemas de sinapse (ECOBICHON, 2001; TAYLOR, 2001).

De acordo com estudos anteriores, a toxicidade desses pesticidas ¢ aumentada quando
ocorrem reagoes de dessulfuracao metabolica oxidativa, onde os OF/P=S sao transformados em
OF/P=0 (COCKER et al., 2002; COSTA, 2006). A ligacdo P=0O em relacdo a ligagdo P=S,
permite maior transferéncia de elétrons do fosforo para o oxigénio devido a diferenga de
eletronegatividade, resultando em interagdes mais fortes dos OF/P=0 com o centro esterasico
da enzima HssAChE. Os compostos OF/P=S precisam passar por uma bioativacdo metabolica,
ou seja, uma dessulfuragdo oxidativa através da enzima citocromo P450 humano, resultando na
formagdo de um “oxon”, para que sua atividade biologica (inibicdo da enzima HssAChE) seja
realizada (BURATTI; TESTAI 2007). Apesar da grande importincia, ha poucos trabalhos
computacionais detalhados sobre a biotransformacdo oxidativa dos pesticidas OF/P=S.

A enzima citocromo P450 humano ¢ encontrada na bicamada lipidica do reticulo
endoplasmatico liso dos hepatédcitos. O figado € o principal local de biotransformacao
farmacoldgica no organismo humano, devido a presenca dos principais citocromos
processadores de xenobioticos, que sdo substancias quimicas estranhas ao organismo humano.
A enzima citocromo P450 humano tem a fun¢do de promover a monooxigenacao de diferentes
compostos quimicos (BIBI, 2008; GUENGERICH, 1992; LEMOS; TRINDADE, 2014;
SANTIAGO, 2003).
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Para estudar a reacdo de biotransformagdo oxidativa, é necessario ativar o sitio de
ligacdo da enzima citocromo P450 humano. Esta ativagdo ocorre na presenca de H>O> ou
elétrons (BELLO-RAMIREZ; CARREON-GARABITO; NAVA-OCAMPO, 2000;
HERNANDEZ et al., 1998). Ap6s a ativagao da enzima citocromo P450 humano, o sitio ativado
ataca o fosforo do OF/P=S realizando a biotransformagdo oxidativa, onde os OF/P=S sao
transformados em OF/P=0.

De acordo com a literatura, os pesticidas OF/P=0 sao inibidores mais efetivos da enzima
HssAChE. Essa enzima regula a neurotransmissao de impulsos nervosos nas sinapses por meio
da hidrélise da ACh. A inibicdo da enzima HssAChE pode levar a sérios problemas de satde
decorrentes da sindrome colinérgica, levando até mesmo a morte. (ALBUQUERQUE et al.,
2006; GIACOPPO et al., 2014; PATOCKA et al., 2005). Segundo o banco de dados da
PubChem, os OF/P=S também sdo capazes de inibir a enzima HssAChE (PUBCHEM, 2022).

A enzima HssAChE ¢ encontrada nos sistemas nervoso central e periférico, sendo
considerada uma das hidrolases mais eficientes (GIACOPPO et al., 2014; HORNBERG;
TUNEMALM; EKSTROM, 2007; SOREQ, 1990). Cada mondmero da enzima HssAChE
possui um centro catalitico que ¢ composto pelo subsitio catalitico, triade catalitica e subsitio
anidnico, que acomoda o nitrogénio carregado positivamente da ACh (GIACOPPO et al., 2014;
PATOCKA et al., 2005). O sitio ativo da enzima HssAChE ¢ encontrado em uma garganta e ¢
dividido em duas regides diferentes e importantes. A primeira regido € o sitio esterasico, onde
estad localizada a triade catalitica. Além disso, a segunda regido € o sitio anionico, onde ocorre
a ligacdo da ACh pela parte colina (Ch). A triade catalitica humana ¢ composta pelos residuos
de serina, histidina e glutamato (Ser203, Glu334 e His447), encontrados no fundo da garganta
do sitio ativo (DVIR, 2010; HORNBERG; TUNEMALM; EKSTROM, 2007; SOREQ;
SEIDMAN, 2001).

Para entender a inibicdo da enzima HssAChE pelos OF/P=S e OF/P=0, ¢ necessario
avaliar a reagdo Sn2 (substituicdo nucleofilica bimolecular). Essa rea¢do de inibi¢do ocorre
quando o oxigénio do aminoacido Ser203 (nucleofilo) ataca o fosforo do OF/P=0O (DOS
SANTOS; DONNICI, 2007).

Este estudo ¢ muito importante devido a falta na literatura de trabalhos produzidos a
nivel molecular sobre a biotransformagdo oxidativa dos pesticidas OF/P=S pela enzima
citocromo P450 humano, bem como a inibi¢do da enzima HssAChE pelos pesticidas OF/P=S.
Um estudo detalhado das interagdes e das reagdes € necessario para avaliar o grau de toxicidade

dos OF/P=S e dos OF/P=0, para que futuramente possa desenvolver novos compostos com um
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grau de toxicidade menor e também servir como alerta dos maleficios que esses compostos
podem causar.

O objetivo deste trabalho foi utilizar técnicas de quimica computacional, como docking
molecular, para obter informagdes importantes sobre os modos de interacdo dos compostos
OF/P=S (clorpirifés, diazinon, dimetoato, malation e paration) no sitio ativo da enzima
citocromo P450 humano e a interagao dos compostos OF/P=S (clorpirifés, diazinon, dimetoato,
malation e paration) e dos OF/P=0O (clorpirifés oxon, diazoxon, ometoato, malaoxon e
paraoxon) no sitio ativo da enzima HssAChE. Também, através da abordagem de célculo
QM/MM avaliar o mecanismo de reagdo para a biotransformacdo oxidativa dos pesticidas
OF/P=S pela enzima citocromo P450 humano, e¢ para a inibi¢do da enzima HssAChE pelos

OF/P=S e pelos OF/P=O0.

2 REFERENCIAL TEORICO

2. 1 Contaminacao dos ecossistemas

Os pesticidas sdo considerados um dos maiores poluentes do meio ambiente, pois sao
utilizados de forma intensiva na agricultura. Os residuos desses produtos quimicos podem estar
presentes nos alimentos, na atmosfera, nas precipitagdes secas e umidas e nas aguas superficiais
e subterraneas (DELLAMATRICE; MONTEIRO, 2014; RIBEIRO et al., 2008; VIANNA,
2015).

Cada dia mais, os corpos d’agua vem perdendo sua qualidade devido ao grande aumento
da poluicdo por efluentes agricolas. Na producdo de alimentos, estdo sendo utilizados
desconhecidas misturas de classes de poluentes, onde os mesmos causam graves impactos no
meio hidrico. Os pesticidas sdo um dos grupos de poluentes que mais representam a
contaminagdo ambiental, isso ocorre, devido ao seu grande uso na agricultura mundial,
principalmente em paises em desenvolvimento (SALVO; SANTIAGO; DE ASSIS, 2018;
SANCHES et al., 2003).

O manejo inadequado do solo e a retirada da mata ciliar causa o transporte dos pesticidas
do solo para a agua, devido ao escoamento superficial promovido pela chuva ou irrigagdo da
cultura. (LARSON; CAPEL; MAJEWSKI, 2002; LOURENCATO, 2010). A agua doce vem

sendo ameacada por extingdo de sua qualidade e biodiversidade, devido a contaminac¢do por
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pesticidas. Os pesticidas podem causar grandes efeitos na agua doce, impedindo importantes
funcdes das espécies e afetando o funcionamento do ecossistema (SCHAFER et al., 2012).
Técnicas agricolas podem ser utilizadas a fim de diminuir a contaminagao dos solos e
rios, como terraceamento que ¢ implantada em areas vertentes muito inclinadas para barrar o
avanco de processos erosivos pelo escoamento acelerado das aguas das chuvas sobre o solo;
curvas de nivel que ajudam a verificar a altitude de um terreno e representar todo tipo de
irregularidade em sua superficie; plantio direto que coloca a semente no solo nao revolvido
usando semeadeiras especiais que diminui o impacto da agricultura e das maquinas agricolas
sobre 0 mesmo; rotagdo de culturas que diminui a exaustio do solo trocando as culturas a cada
novo plantio de modo que as necessidades de adubagdo sejam diferentes a cada ciclo; entre
outras. O manejo do solo e culturas e o gerenciamento dos recursos hidricos sdo alternativas
capazes de controlar a contaminagao por pesticidas, porém, um estudo sobre os pesticidas ¢ de
suma relevancia para garantir uma maior protecdo ao ecossistema e a populagdo

(BERTOLUZZI et al, 2006; DELLAMATRICE; MONTEIRO, 2014; SILVA et al., 2011).

2. 2 Pesticidas

Os pesticidas sdo bastante utilizados na agricultura e tem a funcdo de impedir,
incapacitar ou matar as pragas. Quando os pesticidas sao utilizados de forma inadequada, eles
contaminam os alimentos e poluem o meio ambiente, como o solo, as dguas subterraneas e os
cursos de aguas naturais. Quando a dgua e os alimentos contaminados por pesticidas sdo
consumidos tanto pelo ser humano, quanto por outras espécies, os mesmos sao intoxicados
(MLADENOVIC et al., 2018).

Os pesticidas podem ser classificados como bactericidas, fungicidas, inseticidas,
herbicidas, reguladores de crescimento de insetos, nematicidas, moluscicidas, piscicidas,
avicidas, rodenticidas, entre outros repelentes. Os pesticidas mais utilizados sdo os fungicidas,
os inseticidas e os herbicidas de uso agricola (BUMBACILA; PUTZ, 2020).

A atmosfera pode ser contaminada pelos pesticidas durante sua aplicagdo feita por avido
ou pulverizacao terrestre. A quantidade de pesticida que vai para a atmosfera varia de 30 a 50%
devido a processo de deriva de pulverizacdo, que ¢ quando a trajetéria da gota € desviada no
processo de aplicagdo do pesticida, ndo atingindo o alvo desejado (DA CUNHA, 2008; YERA
et al., 2020).
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A contaminagdo por pesticidas ocorre por diferentes vias, como dérmica, oral e por
inalagdo. Quando o ser humano ¢ contaminado por pesticidas, especialmente as lactentes e as
criancas, 0os mesmos apresentam efeitos cronicos como perda de coordenagdo e memoria
relacionadas as doengas de Parkinson e Alzheimer. Portanto, ¢ necessario avaliar o risco dos
pesticidas a exposicao didria a inalacdo e quocientes de risco em todas as populacdes (DE
MEDEIROS; ACAYABA; MONTAGNER, 2021; VASCONCELLOS et al., 2020; YERA et
al., 2020).

Para identificar a eficacia dos pesticidas, € necessario compreender suas caracteristicas
fisicas e quimicas. Uma das caracteristicas quimicas de interesse sdo a solubilidade em agua e
a volatilidade, ou seja, quanto mais solivel for um pesticida, maior o seu potencial de
escoamento e lixiviacdo e, portanto, sua ineficdcia. Os pesticidas que sdo soliiveis em dgua tém
maior potencial de propagacao, através do solo e do fluxo de 4gua contaminando rios e lagos
préximos, principalmente apds o aumento das precipitagdoes (BUMBACILA; PUTZ, 2020;
CABRERA; PINHO; PRIMEL, 2008).

Os pesticidas sdo capazes de envenenar os seres humanos, isso ocorre, quando os
compostos dos pesticidas afetam os 6rgdos ou a funcionalidade dos sistemas dentro do corpo.
Os efeitos nocivos por envenenamento pelos pesticidas podem ser de leves a graves,
dependendo do tipo de pesticida, da quantidade do composto e do tempo de exposicao
(BUMBACILA; PUTZ, 2020).

Segundo a Organizacdo das Nagdes Unidas para a Alimentagdo e a Agricultura (FAO),
26 paises em desenvolvimento subsidiavam o uso de agroquimicos, servindo o Estado como
uma espécie de “adubo” para o crescimento do uso destes produtos (CUNHA; SOARES, 2020).

Desde 2008, o Brasil é considerado como um dos maiores consumidores mundiais de
agroquimicos. De acordo com a Agéncia Publica e Reporter Brasil, no periodo de 2019 a margo
de 2022, 14.549 mil pessoas foram intoxicadas por agroquimicos no Brasil, sendo que 439 mil
pessoas morreram intoxicadas por esses pesticidas. Nesse periodo, houve um recorde de
aprovacoes de pesticidas, cerca de 1800 novos pesticidas foram registrados e também houve
um avango na tramitacdo do Projeto de Lei 1459/2022, que recebeu o nome de “Pacote do
Veneno”, que modifica as regras de aprovacao e comercializagdo, prejudicando a saide humana
e animal. As principais vitimas intoxicadas pelos pesticidas foram os homens negros. As
circunstancias que levaram as intoxicagdes foram as tentativas de suicidio, onde 5 mil pessoas
tentaram suicidar ingerindo os pesticidas, acidentais, uso habitual dos pesticidas e as
contaminagdes ambientais. As plantacdes onde ocorreram mais intoxicagdes foram as lavouras

de soja, fumo e milho. E as regido onde ocorreu mais intoxicagdes foi a regido sul, sendo que
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4.2 mil pessoas foram intoxicadas no estado de Parand, Santa Catarina e Rio Grande do Sul

(FONSECA; ROHDEN, 2022; SALVO; SANTIAGO; DE ASSIS, 2018).

2. 3 Organofosfotioatos e organofosforados

Como ja mencionado, os organofosfotioatos (OF/P=S) (FIGURA 1) sao a forma
comercializada dos pesticidas e os organofosforados (OF/P=0) (FIGURA 2) sdo a forma ativa
dos pesticidas, os quais serdo objeto de estudos do seu metabolismo e toxicologia. Como a

forma ativa ¢ utilizada para fins de estudo, nesse trabalho, de forma geral, sera mencionado os

OF/P=O0.

Figura 1 - Estruturas dos OF/P=S: Clorpirifos, Diazinon, Dimetoato, Malation e Paration.
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Fonte: Adaptado de PubChem (2022).
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Figura 2 - Estruturas dos OF/P=0O: Clorpirifés oxon, Diazoxon, Ometoato, Malaoxon e
Paraoxon.
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Fonte: Adaptado de PubChem (2022).

Os OF/P=0 sao utilizados na agricultura e na induastria como pesticidas, plastificantes,
componentes de medicamentos, materiais poliméricos e como armas quimicas. Devido ao
grande uso desses produtos, muitas pessoas sdo intoxicadas por eles, pois o principal
mecanismo dos OF/P=0O ¢ a inibicdo da enzima acetilcolinesterase humana (HssAChE)
(BELINSKAIA et al., 2019; LIMA, 2008; VINHAL; SOARES, 2018).

O envenenamento pelos OF/P=0 podem causar consequéncias fisioldgicas nos sistemas
nervosos central e periférico, e com isso, podendo ocorrer diferentes sintomas. Dentre os
sintomas estdo a broncorréia, que ¢ a produgao de mais de 100 ml por dia de escarro aquoso;
broncoconstri¢gdo ou broncoespasmo, que consiste na contracado da musculatura dos bronquios
dificultando a passagem do ar pelas vias aéreas; bradicardia, que € o ritmo cardiaco irregular
ou lento; émese ou vomito, que consiste na expulsdo peroral forcada do contetido géstrico;
contragdo do musculo esquelético; taquicardia; convulsdes; parada respiratéria; entre outros,

podendo levar a 6bito (DE PAULA et al., 2018).



20

Segundo pesquisas realizadas sobre a intoxicacdo pelos OF/P=0, os trabalhadores
agricolas da América Latina, Europa e EUA que vivem em areas agricolas e que estdo expostos
a estes pesticidas, apresentaram depressdo e sintomas depressivos (SUAREZ-LOPEZ et al.,
2019).

O tratamento para pessoas intoxicadas pelos OF/P=0 podem ser por meio da terapia
antidotal, sintomatica e preventiva existente, onde o mesmo ¢ capaz de aumentar a
desintoxicacao dos OF/P=0 no primeiro estdgio de entrada do veneno na corrente sanguinea,
reduzindo o efeito toxico na enzima HssAChE de sinapses neuromusculares e neuronais
(BELINSKAIA et al., 2019). O tratamento por envenenamento pelos OF/P=0 podem também
ser com o uso de medicamentos baseado na administracdo de um agente anticolinérgico, um
medicamento anticonvulsivante e um reativador da enzima HssAChE mono ou bispiridinio (DE
PAULA et al., 2018).

Hoje em dia, o uso de armas quimicas ¢ uma das maiores ameacas do mundo, pois esses
agentes sdo substancias com alta toxicidade e capacidade de promover destruicdo em massa,
podendo matar ou causar varios danos as suas vitimas, bem como produzir efeitos ambientais
negativos. Os OF/P=0 sdo utilizados como armas quimicas com o intuito de assassinar pessoas
em todo o mundo devido ao seu custo mais baixo em compara¢do com outras diferentes armas
(FIGUEROA-VILLAR et al., 2021).

Em 1854, foi sintetizado o primeiro OF/P=0, conhecido como TEPP
(tetraetilpirofosfato). A formula geral dos OF/P=0 foi desenvolvida no ano de 1937, e nesse
mesmo ano foi sintetizado o sarin (GB), tabun (GA) e outros agentes neurotdéxicos (CHAUHAN
et al., 2008). Esses agentes sao conhecidos como agentes da série G, onde essa letra provém
de Germany (Alemanha), onde foi neste pais que desenvolveram estes agentes. E a segunda
letra apds o G, corresponde a sequéncia na qual estes compostos surgiram (TUCKER, 2006).

Em 1950, apds a sintese de O-etil S- [2- (diisopropil amina) etil] metil fosforotioato
(batizado como VX)), na Inglaterra, realizada por Ranajit e Newman que estavam em busca de
um novo pesticida, foi descoberta uma familia mais toxica de OF/P=0, conhecida como a série
V (de venenosos). Essa série, passou a ser considerada como a mais toxica e ambientalmente
persistente quando comparado com a série G, e por isso, se tornou a arma quimica mais toxica
conhecida at¢ a década de 1970, ou seja, até quando os neurotoxicos da série A foram
sintetizados pela primeira vez por cientistas russos no programa foliant e, em seguida, foram
usados no desenvolvimento das armas quimicas russa conhecida como novichok, segundo o
cientista dissidente russo Vil Mirzayanov (FIGUEROA-VILLAR et al., 2021; TORRES;
COLASSO, 2018).
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Mesmo os OF/P=0 terem sido sintetizados pela primeira vez antes da Segunda Guerra
Mundial, eles nao foram usados até a década de 1980. Apos isso, Saddam Hussein langou GA
e GB contra o exército iraniano e também contra os rebeldes curdos, durante a guerra Ira-Iraque,
ocasionando muitas mortes de militares e civis, incluindo muitas criancas. Devido a isso, em
1993, a maioria dos paises do mundo aceitou e assinou a Convengao sobre as Armas Quimicas,
um acordo internacional que proibe o uso, desenvolvimento e manuten¢do de armas quimicas,
sendo preparado pela OPCW (em inglés, Organisation for the Prohibition of Chemical
Weapons. A atuacao da OPCW na implantagdo e fiscalizagao das armas quimicas, contribuiu
significativamente na eliminagdo da producdo e estocagem no mundo todo, rendendo a essa
organizagdo o prémio Nobel da paz em 2014 (BUSTANI, 2000; FIGUEROA-VILLAR et al.,
2021).

Posteriormente, os agentes neurotoxicos OF/P=0O foram novamente usados em guerras
terroristas, como no atentado ocorrido no metré de Toquio, em 1995, sendo utilizado o gas
Sarin (MUNRO et al., 1999; SHIH; KAN; MCDONOUGH, 2005). Esse mesmo gas foi
utilizado em 2013, em ataques terroristas ocorrido nos arredores de Damasco na Siria
(WOREK; THIERMANN; WILLE, 2016).

O principal problema relacionado aos OF/P=0 quando sao utilizados como armas
quimicas, sdo devido aos baixos custos de fabricacao e a facilidade de sua produgdo. Isso faz
com que essas armas sejam intensamente utilizadas em agdes terroristas, guerras periféricas e
assassinatos politicos (FIGUEROA-VILLAR et al., 2021).

Como os OF/P=0 possuem elevada lipossolubilidade, eles podem ser absorvidos pelo
organismo humano por diversas vias, como oral, nasal, cutanea e pela via ocular (RADOSTITIS
et al., 2000). Apos a absorcdo, os OF/P=0 se depositam no tecido adiposo, figado, rins,
glandulas salivares, pancreas, pulmdes, sistema nervoso central, musculos, paredes do
estomago e do intestino. Eles se tornam mais téxicos quando ocorrem reagdes de dessulfuragao
metabolica oxidativa, ou seja, quando sdo transformados de OF/P=S para OF/P=0 (ALMEIDA,
2010).

Os OF/P=0 sao ésteres fosforicos, sdo compostos por um atomo de fosforo polarizavel,
pentavalente, o R1 e R2 (FIGURA 3) podem ser metil ou etil, e o X pode ser diferentes grupos,
como halogénios, alifaticos, aromaticos, entre outros, ligados diretamente ao atomo de fosforo
central. Esse X ¢ liberado do 4tomo de fosforo quando o pesticida OF/P=0O ¢ hidrolisado. O
atomo central de fosforo esta ligado a um 4atomo de oxigénio mediante dupla liga¢do

(KANEKAR et al., 2004).
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Figura 3 - Estrutura geral dos OF/P=S e dos OF/P=0.
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Fonte: Adaptado de Stoddart (1979).

A Organizacdo Mundial da Saude (OMS) e o Conselho das Comunidades promovem
periodicamente reunides para mostrar a gravidade das intoxicagdes por pesticidas e assim
propor agdes para encontrar solugdes para esse grande desafio. E essa preocupacdo abrange as
autoridades de diversos paises e as organizagdes internacionais (WORLD HEALTH
ORGANIZATION, 2003).

No mundo, aproximadamente milhdes de agricultores sdo intoxicados anualmente e
devido a falta de estatisticas oficiais, sdo responsabilizadas as pessoas que ndo cumprirem
medidas eficazes de controle da producao, distribuicdo e a venda dos pesticidas. Ainda ndo se
sabe o numero de tentativas de suicidio por ingestdo dos OF/P=0 (SEMENOV et al., 2020;
WORLD HEALTH ORGANIZATION, 2003).

Os sintomas causados pela intoxicacdo pelos OF/P=0 podem ser dores de cabega,
tremores, nauseas, caimbras abdominais, diarréias, suores, falta de clareza e escurecimento da
visdo, confusdo, tensdo no térax e tosse, podendo ocorrer também edema pulmonar. Quando os
sintomas incluem descontrole, falta de consciéncia e convulsdes, sdo indicios de grave

envenenamento (COUTINHO et al., 2005).

2. 4 Enzima citocromo P450 humano

O citocromo P450 ¢ uma enzima que pertence a familia das monooxigenases envolvida
no metabolismo de medicamentos (DOAN et al., 2013). O citocromo P450 esta envolvido nas
biotransformacdes de diversos compostos de origem endogena e exdgena. Essa enzima
modifica quimicamente diferentes moléculas exdgenas lipofilicas, tornando-se mais soluveis e
de facil excregao pelo organismo humano. Porém, varias moléculas que foram modificadas pela
enzima citocromo P450, ou seja, sofreram a biotransformagdo, tornan-se muito reativas, que

podem causar danos teciduais (LEMOS; TRINDADE, 2014).
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2.5 Enzima HssAChE

A acetilcolinesterase humana (HssAChE) ¢ uma enzima essencial para o funcionamento
béasico do ser humano e dos animais. E uma enzima importante no processo de hidrolise
catalitica de neurotransmissores colinérgicos. E ainda essa enzima apresenta alguns novos
papéis ndo-colinérgicos, como seu envolvimento na adesdo, diferenciagdo e proliferagdo celular
(LAZAREVIC-PASTI et al., 2017).

A acetilcolinesterase (AChE) pertence a familia das colinesterases, e ¢ responsavel pela
finalizagdo da transmissdo dos impulsos nervosos nas sinapses colinérgicas por meio da
hidrolise do neurotransmissor acetilcolina (ACh). A AChE encontra-se no sistema nervoso
central e periférico (RANG; DALE; RITTER, 2001). No sistema nervoso central, a AChE atua
no controle motor, na cogni¢cdo e na memoria. Ja no sistema nervoso periférico, a AChE modula
os impulsos nervosos que controlam os batimentos cardiacos através da dilatagdo dos vasos
sanguineos e na contracdo dos musculos lisos (PATRICK, 2001; PETRONILHO et al., 2011).

A ACh ¢ um neurotransmissor, encontrada no axénio terminal, regido terminal dos
neurdnios. A ACh ¢ armazenada em vesiculas sinapticas, mas quando um impulso nervoso
chega no axdnio terminal, a ACh ¢ liberada pelo neurdnio para a regido sinaptica, sendo atraida
pelos receptores colinérgicos que encontram-se no proximo neurdnio. Quando a interagao da
ACh ocorre com os receptores, o impulso nervoso no neurénio ¢ regenerado, dando
continuidade a transmissdo (PATRICK, 2001; PETRONILHO et al., 2011; RANG; DALE;
RITTER, 2001; VENTURA, 2010).

Ap0s a transmissao do impulso nervoso, o processo de interacao da ACh com o receptor
precisa ser interrompido, evitando assim, o excesso de transmissao nervosa, que pode causar
problemas de funcionamento do corpo (PATRICK, 2001).

A enzima AChE esta presente no nosso organismo, ela recolhe o neurotransmissor ACh,
modificando sua estrutura molecular e transformando em colina (Ch), sendo reabsorvida pelo
primeiro neurdnio para ser reconvertida em ACh, para ser reutilizada na transmissdo de
impulsos nervosos. Na figura 4, tem-se a transmissdo neuronal da ACh pela AChE
(PETRONILHO et al.,, 2011). Na Figura 5, encontra-se a modificagdo da ACh, que ¢
considerado um processo de hidrolise (DOS SANTOS et al., 2007).
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Figura 4 - Transmissao neuronal da ACh pela AChE.
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Fonte: Petronilho et al. (2011).

Figura 5 - Hidrélise da ACh pela AChE.
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Fonte: Adaptado de Dos Santos et al. (2007).

O principal residuo de aminodcido do sitio ativo da AChE envolvido no processo de
hidrolise da ACh ¢ a Serina203, na qual sua agdo ¢ ajudada pelos aminoacidos histidina 447 e

acido glutamico 334 (FIGURA 6) (KWONG, 2002; PETRONILHO et al., 2011).

Figura 6 - Mecanismo de hidrolise da ACh no sitio ativo da HssAChE.

Fonte: Petronilho et al. (2011).

Como podemos observar, o produto importante da hidrolise da ACh ¢ a Ch, que ¢
reabsorvida pelo terminal do axonio para reagir com o Acetilcoenzima para regenerar a ACh, a
qual ¢ transportada para a vesicula sindptica e entdo reutilizada como neurotransmissor. Quando
a AChE interage com os organofosforados (OF/P=0), sua inibi¢ao ¢ basicamente permanente,

levando a morte. Esta inibi¢do ocorre por fosforilagio do aminoacido serina do sitio ativo,
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processo que dificulta a hidrdlise da ACh, tornando a enzima inativa. Em seguida, o grupo
fosfato ¢ hidrolisado pela agua, levando a sua forma anionica ap6s algum tempo (variando de
minutos a dia), dependendo do tipo de OF/P=0 utilizado (FIGUEROA-VILLAR et al., 2021).

Hé também um segundo sitio anidnico periférico, o qual pode estar presente na agao de
alguns inibidores da enzima ou na inibi¢do por excesso de substrato (NUNES- TAVARES,
2002; SILMAN, 2005). A conformacdo do sitio ativo, a afinidade ou configuragdo dos
compostos ligados ao centro ativo ¢ influenciada pela ocupacao do sitio ativo periférico. Outro
sitio ativo que existe e que pode ser alvo de inibidores, ¢ o sitio de ligacdo a Ch, o qual possui
residuos de triptofano hidrofobicos e grupos aniénicos (PETRONILHO et al., 2011).

A estrutura cristalina da AChE humana tem um desfiladeiro hidrofobico estreito e longo
de aproximadamente 20 A de profundidade. No fundo do desfiladeiro, uma triade catalitica
(Ser203, His447 e Glu334) encontra-se no sitio ativo catalitico. O sitio anionico periférico esta
localizado proximo a entrada do desfiladeiro. O sitio anidnico periférico pode acelerar a
montagem de AP nas fibrilas amildides. Os inibidores de ligagdo dupla podem interagir
simultaneamente com o sitio ativo catalitico € com o sitio anionico periférico e aliviar o déficit
cognitivo em vitimas de doenga de Alzheimer. Esta ¢ uma nova forma de retardar o progresso
neurodegenerativo, estabelecendo a base para decifrar os mecanismos moleculares de inibi¢cao
(LIU; YE; CHEN, 2017).

Para entender o grau de toxicidade dos compostos OF/P=S e dos compostos OF/P=0, ¢
necessario utilizar ferramentas computacionais eficientes e capazes de contribuir para a
resolucdo de problemas em quimica. Nesse trabalho, foi utilizado métodos computacionais para
estudar as interagdes intermoleculares que ocorrem entre os compostos OF/P=S e os OF/P=0 e

o sitio ativo das enzimas, e a reagao inibitdria dos OF/P=S e dos OF/P=0 e as enzimas.

2. 6 Métodos computacionais

A disponibilidade de programas computacionais de quimica e os bancos de dados em
rede sdo, atualmente, ferramentas fundamentais para a descoberta e o design de novos farmacos.
Essas informagdes permitem uma analise rapida da atividade bioldgica versus propriedades
fisico-quimicas de uma série de moléculas de interesse, especificamente neste trabalho, os
compostos organofosfotioatos (OF/P=S) (clorpirifés, diazinon, dimetoato, malation e paration)
(FIGURA 1) e os compostos organofosforados (OF/P=0) (clorpirifés oxon, diazoxon,

ometoato, malaoxon e paraoxon) (FIGURA 2). Os modelos moleculares gerados pelo
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computador sdo resultantes de equagdes matematicas que estimam as posi¢des e propriedades
dos elétrons e nucleos; os calculos realizados exploram, de forma experimental, as
caracteristicas de uma estrutura, fornecendo uma molécula sob nova perspectiva. Dentre as
inimeras ferramentas computacionais, destaca-se o docking e os célculos de QM/MM que sdo

métodos bem versateis para a andlise (CARVALHO et al., 2003; MANCINI, 2011).

2. 6.1 Ancoramento molecular

O ancoramento molecular (em inglés, molecular docking) ¢ um processo que indica a
conformacao do ligante e a sua orientacdo dentro do sitio ativo da enzima. Para compreender o
mecanismo de interacao dos pesticidas, € preciso saber qual a sua posi¢ao tridimensional na
interagdo molecular com a enzima, ou seja, a sua geometria e a energia de interacdo (IWATA et
al., 2000; MANCINI, 2011; MIZUTANI; NIWA; TANAKA, 1994).

A simulagdo computacional do ancoramento molecular ¢ uma técnica muito utilizada e
de grande importancia para investigar as interagdes moleculares entre a enzima e o ligante apos
a clucidagdo da estrutura tridimensional da enzima. Por meio dessa simulacao, encontra-se a
estrutura que apresenta maior estabilidade do complexo enzima-ligante e essa estabilidade
relativa € calculada. As conformacgdes estruturais que apresentam maior confiabilidade sao
obtidas por meio da analise de raios-X de cristais do complexo ou RMN, porém hd uma grande
dificuldade em obter os dados experimentais de todos os inibidores de interesse
(GUIMARAES, 2010; MANCINI, 2011; SILVEIRA, 2003).

Os valores da funcao utilizada no ancoramento (Docking Scoring Function), Escore, 20

definidos pela equagao 1:

Escore = Einter + Eintra (1)

O termo FEiner, € a energia de interagdo ligante-enzima e ¢ definido de acordo com a equacgao 2:

Einter = Z Z ErLp (rij) + 332.0 % (2)

ieligante je proteina rij

Na equagdo 2, o primeiro termo Eprp, € 0 de energia potencial inibidor por partes que utiliza
dois conjuntos diferentes de parametros, um para a aproximagao do termo estérico (Van de

Waals) entre atomos e o outro para o potencial para a ligacao de hidrogénio. Ja o segundo termo
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descreve as interacdes eletrostaticas entre atomo carregados, ou seja, ¢ um potencial de
Coulomb com uma constante dielétrica dependente da distancia (D(r) = 4r). O valor numérico
de 332,0 fixa as unidade de energia eletrostatica para Kcal mol! (MANCINI, 2011;
RAMALHO et al., 2009; THOMSEN; CHRISTENSEN, 2006).

O termo Einwa € a energia interna do ligante e ¢ definido de acordo com a equacao 3:

Eintra= Z Z EPLP(rij) + Z A[l - cos(m 0 - 90)] + Epenalizada (3)

ieligante jeligante ligacoes flexiveis

As duas primeiras somas referem-se a todos os pares de atomos do ligante, exceto os pares de
atomos conectados por duas ligagdes. Ja o segundo termo refere-se a energia de tor¢ao, onde o
0 ¢ o angulo de tor¢do da ligacdo. Para determinar diversas tor¢des, ¢ utilizada a média da
contribuicdo de torcdo da ligacdo da energia. O Ultimo termo, Epenalizada (termo de corregdo),
atribui uma penalidade de 1.000 se a distancia entre dois &tomos pesados (mais de duas ligagdes
distantes) for menor que 2,0 A, punindo conformagdes inexistentes do ligante. Todas essas
funcdes sdo usadas para ancorar automaticamente uma molécula flexivel em uma molécula
molde (enzima) (MANCINI, 2011; THOMSEN; CHRISTENSEN, 2006).

A técnica de ancoramento molecular encontra a média das estruturas que possuem
estabilidade do ligante na enzima e essa estabilidade relativa € calculada. Apds analisar todos
os modos de interagdo considerando a flexibilidade conformacional do ligante a ser introduzido
no sitio ativo da enzima, encontra-se a estrutura mais estavel (MANCINI, 2011; MIZUTANI et
al., 1994).

2. 6. 2 Calculos de QM/MM

As técnicas de QM/MM (em inglés, Quantum Mechanics/Molecular Mechanics) sao
utilizadas para a modelagem computacional para grandes sistemas, que combinam os graus
eletronicos da quimica quantica com os métodos da mecanica molecular para aumentar o
desempenho e diminuir a demanda computacional (GONCALVES et al., 2014).

QM ¢ uma técnica que permite os rearranjos eletronicos relacionados com a quebra e
formacgao de ligacdes quimicas. Nos mecanismos de reacao enzimatica, a regido QM consiste
no sitio ativo da enzima, onde sdo envolvidos atomos da enzima, substratos e cofatores da
reacdo. A maior parte do sistema, que nao estd envolvida na reagdo, ¢ tratada por meio das

técnicas empiricas MM, o qual um campo de forga previamente escolhido deve ser utilizado.
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Uma caracteristica importante ¢ que existem varias formas de acoplamento das regides
QM/MM. A forma mais simples de acoplamento faz uso de cargas pontuais na regido QM que
interagem com o restante da regido MM (LONSDALE; RANAGHAN; MULHOILLAND,
2010). No desempenho desse célculo, a energia QM/MM do sistema total ¢ calculado como

mostrado na equagao 4:

QM/MM _ oMM oM MM
Erorar = Etorar + Equmregizo - EqMregizo (4)

oM

Onde EJor 4. ¢ a energia MM de todo o sistema, E QM regiio

¢ a energia QM da regido QM e

Elgﬂregiéo ¢ a energia MM da regido QM isolada. Diferentes métodos QM/MM incluem

também o efeito de polarizacdo na regido QM pelo ambiente MM, tal efeito ¢ importante para
varias enzimas (SENTHILKUMAR et al., 2008). Esses métodos estdo relacionados com as
interagdes eletrostaticas entre as regides QM ¢ MM no calculo (LONSDALE; RANAGHAN;
MULHOILLAND, 2010, MULHOLLAND, 2007; VAN DER KAMP; MULHOLLAND,
2013).

A energia total do sistema ndo pode ser escrita apenas como a soma das energias
calculadas para cada subsistema (SENN; THIEL, 2009). As condi¢gdes de acoplamento no limite
QM/MM deve ser também considerado. De acordo com o tipo de QM/MM, ¢ necessario uma
regido de fronteira (parte entre regides QM e MM), 4tomos adicionais que fazem somente parte
do subsistema QM ou ligagdes de d&tomos com caracteristicas que apresentam nos calculos QM
e MM (HEYDEN; LIN; TRUHLAR, 2007; SENN; THIEL, 2009).

Os métodos QM de alto nivel sdo utilizados no estudo de reacdes enzimadticas, que
permitem o calculo das barreiras energéticas para o processo da reacdo, e os efeitos de grandes
sistemas em uma regido QM podem ser estimados, devido ao uso da técnica de empregar
métodos hibridos QM/MM (BRAUN-SAND et al., 2005; MULHOLLAND, 2007). A
abordagem QM/MM ¢ constantemente utilizada, pois proporciona conhecimento dos
mecanismos envolvidos em uma catalise enzimatica (LONSDALE; RANAGHAN;
MULHOILLAND, 2010).

A abordagem QM/MM ¢ considerada como uma ferramenta de grande valia, pois além
de ser utilizada para a modelagem de sistemas biomoleculares, ¢ também usados na
investigacdo de sistemas inorganicos/organometalicos, de estado so6lido e no estudo de

processos em solvente explicito (SENN; THIEL, 2009).
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Abstract: Background: Pesticides have lethal properties, capable of controlling or eliminating
a living organism, that is, they block the organisms' vital metabolic processes. They cause
serious problems for human health, as they are highly toxic. The most used pesticides that are
considered toxic are known as organophosphothioates (OP/P=S) in their commercialized form
and organophosphates (OP/P=0) in their active form. These compounds have been the subject
of studies on their metabolism and toxicology. According to research carried out, the toxicity
of these pesticides is increased when oxidative metabolic desulfurization reactions occur, with
the P=S bond being transformed into a P=0 bond. This toxicity is due to the ability of OP/P=0

species to inhibit the human acetylcholinesterase enzyme (HssAChE).

Methods: To study the oxidative biotransformation of OP/P=S pesticides and the inhibition of
the HssAChE enzyme by OP/P=S and OP/P=0 using the molecular docking technique and
QM/MM calculations.

Results: The theoretical results obtained showed that in the oxidative biotransformation
process, parathion is the compound with the greatest capacity to transform its P=S bonds into
P=0 bonds, thus forming the active paraoxon metabolite. In the HssAChE inhibition by OP/P=S
and OP/P=0, our results showed that of all the compounds investigated, those with the highest

inhibitory activities are parathion, paraoxon, malathion, diazoxon, chlorpyrifos and omethoate.

Conclusion: This study was essential due to the lack of information in the literature about the
oxidative biotransformation process of OP/P=S pesticides, as well as the ability of these
compounds to inhibit HssAChE. With this study, it was possible to observe that, in the oxidative
biotransformation, chlorpyrifos and parathion have greater capacities to transform into their
active metabolites and in the inhibition of the HssAChE enzyme, it was possible to observe that

not all OF/P=0 are the ones with the highest abilities to inhibit the HssAChE enzyme.

Keywords: Computational chemistry, Pesticides, Oxidative biotransformation, HssAChE

inhibition, Molecular docking, QM/MM.

1. INTRODUCTION

Pesticides are highly toxic to living organisms [1]. The most used pesticides that are
considered toxic are known as organophosphothioates (OP/with P=S bonds) in their

commercialized form and organophosphates (OP/with P=O bonds) in their active form [2].
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When pesticides are absorbed by the human body, they can act as potent inhibitors of the human
acetylcholinesterase (HssAChE) enzyme, causing hyperstimulation of acetylcholine (ACh)
receptors, preventing normal muscle contraction [3]. The toxicity of these pesticides occurs due
to their ability to bind to HssAChE, through the serine amino acid (Ser203) [4]. The HssAChE
inhibition leads to an uncontrolled increase in the ACh neurotransmitter rate, causing synapse
problems [5, 6]. Fig. 1 shows the OP/P=S structures and Fig. 2 shows the OP/P=0 structures,

which will be the subject of studies on their metabolism and toxicology.
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Fig. (1). OP/P=S structures: Chlorpyrifos, Diazinon, Dimethoate, Malathion and Parathion.
Source: Adapted from PubChem (2022).
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Fig. (2). OP/P=O0 structures: Chlorpyrifos oxon, Diazoxon, Omethoate, Malaoxon, Paraoxon.
Source: Adapted from PubChem (2022).

According to previous studies, the toxicity of these pesticides is increased when
oxidative metabolic desulfurization reactions occur, with the P=S bond being transformed into
a P=0 bond [7, 8]. The P=0 bond, in relation to the P=S bond, allows more electron transfer
from phosphorus to oxygen due to the electronegativity difference. Thus, more intense charges
are generated in the two elements, resulting in stronger interactions of OP/P=0 with the
esterasic center of the HssAChE enzyme. The OP/P=S compounds need to undergo a metabolic
bioactivation, that is, an oxidative desulfurization through the human cytochrome P450,
resulting in the formation of an “oxon”, so that its biological activity (HssAChE inhibition) is
carried out [9]. In spite of the great importance, surprisingly little detailed computational work
on the subject of oxidative biotransformation of OP/P=S pesticides has appeared. In addition,
the interpretation of this data is not straightforward, as finding a motional model to describe
this data is challenging.

The human cytochrome P450 is found in the lipid bilayer of the smooth endoplasmic
reticulum of hepatocytes. The liver is the main site of pharmacological biotransformation in the

human body, due to the presence of the main xenobiotic-processing cytochromes. This enzyme
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has the function of promoting the monooxygenation of different chemical compounds [10, 11,

12, 13].
To study the oxidative biotransformation reaction, it is necessary to activate the human

cytochrome P450 binding site. This activation takes place in the presence of H>O» and electrons

(Fig. 3) [2, 14].
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Fig. (3). Activation of the cytochrome P450 active site in the presence of H>O; and electrons.
Source: Adapted from Bello-Ramirez; Carreon-Garabito; Nava-Ocampo (2000).

Fig. 4 shows the oxidative biotransformation reaction of OP/P=S pesticides after the
human cytochrome P450 binding site activation. The activated site of cytochrome P450 attacks

the phosphorus of the OP/P=S, performing the oxidative biotransformation, wherein the P=S

bond is transformed into a P=0 bond.
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Fig. (4). Oxidative biotransformation reaction of OP/P=S pesticides. Source: Adapted from
Bello-Ramirez; Carreon-Garabito; Nava-Ocampo (2000).

According to the literature, OP/P=0 pesticides are more effective inhibitors of the
HssAChE enzyme. Note that this enzyme regulates the neurotransmission of nerve impulses in
the synapses through the ACh hydrolysis. The HssAChE inhibition can lead to serious health
problems arising from the cholinergic syndrome, even leading to death. [15, 16, 17]. In the
literature, a few studies have addressed the role of OP/P=S pesticides are also capable of
inhibiting the HssAChE enzyme.

The HssAChE enzyme is found in the central and peripheral nervous systems, and it is
considered to be one of the most efficient hydrolases, which is able to rapidly hydrolyze ACh
at the neuromuscular junctions and control the cholinergic synapses in the brain [16, 18, 19].
Each HssAChE monomer has a catalytic center that is composed of the catalytic subsite,
catalytic triad and anionic subsite, which accommodates the positively charged nitrogen of ACh
[16, 17]. The HssAChE active site is found in a “throat”, and it is divided into two different and
important regions. The first region is the “steratic” site, where the catalytic triad is located. In

addition, the second region is the anionic site, where it occurs the binding of ACh by the choline
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part (Ch). The catalytic triad is composed of serine, histidine and glutamate residues (Ser203,
Glu334 and His447), found at the bottom of the “throat” of the active site [18, 20, 21].

To understand the HssAChE inhibition by OP/P=S and OP/P=0, it is necessary to
evaluate Sn2 reactions (bimolecular nucleophilic substitution). Fig. 5 shows the HssAChE
inhibition reaction by OP/P=0. This inhibition takes place when the oxygen of the Ser203
amino acid (nucleophile) attacks the phosphorus of OP/P=0, expelling the leaving group
represented by X [22].
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Fig. (5). HssAChE enzyme inhibition reaction. Source: Adapted from Dos Santos et al.
(2007).

This study is very important due to the lack in the literature of works produced at the
molecular level on the oxidative biotransformation of OP/P=S pesticides by the human

cytochrome P450 enzyme, as well as the inhibition of the HssAChE enzyme by OP/P=S



43

pesticides. A detailed study of interactions and reactions is necessary to assess the degree of
toxicity of OP/P=S and OP/P=0, so that in the future new compounds with a lower degree of
toxicity can be developed and also serve as a warning of the harm that these compounds can
cause.

The objective of this work was to use computational chemistry techniques, such as
molecular docking, to obtain important information on the interaction modes of OP/P=S
compounds (chlorpyrifos, diazinon, dimethoate, malathion and parathion) in the cytochrome
P450 active site and the interaction of OP/P=S and OP/P=0O compounds (chlorpyrifos oxon,
diazoxon, omethoate, malaoxon and paraoxon) in the HssAChE active site. Also, through the
QM/MM calculation approach, it was possible to evaluate the reaction mechanism for the
oxidative biotransformation of OP/P=S pesticides by the human cytochrome P450, and for the
inhibition of the HssAChE enzyme by the OP/P=S and OP/P=0 pesticides.

2. METHODS

2.1. Molecular docking

To obtain the initial conformation of organophosphothioates (OP/P=S) and
organophosphates (OP/P=0), the three-dimensional structures of these compounds were
constructed using the GaussView program and their atomic partial charges were calculated in
Gaussian program [23] at the Density Functional Theory (DFT) level, with 6-31G (d, p) basis
set and B3LYP density functional [24, 25]. This procedure was necessary to obtain the initial
conformation of the OP/P=S and OP/P=0O compounds, which were important to perform the
molecular docking calculations.

After the construction of the 3D structures of the OP/P=S and OP/P=0 species, they
were transferred to the Molegro Virtual Docker (MVD) program [26], where the OP/P=S
compounds were docked into the human cytochrome P450 active site (PBD code 10GS5;
resolution = 2.55 A; active ligand = warfarin) [27]. On the other hand, the OP/P=S and OP/P=0
compounds were docked into the human acetylcholinesterase (HssAChE) enzyme active site
(PBD code 4EY7; resolution = 2.35 A; active ligand = donepezil) [27], taking into account the
same procedures performed in previous works [25, 28, 29, 30]. In this step, the identification
of the ligand interaction modes is interactive by evaluating a number of solutions (ligand
conformation and orientation) and estimating the energy of their interactions with the protein.
The best solutions are returned for further analysis [31]. For better results, we considered the
residues at a 12 A radius centered on the active ligand as flexible. The conformation of the

OP/P=S and OP/P=0 compounds was selected using their highest degree of spatial similarity
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to the active ligand. The human cytochrome P450 underwent an active site activation process
before using the MVD program. For this, the Discovery Studio program [32] was used to build
the active species from the original structure obtained in the PDB [27].

The most stable conformation of the OP/P=S compounds in the human cytochrome
P450 active site and of the OP/P=S and OP/P=0 compounds in the HssAChE active site were
selected for the QM/MM calculations.

2.2 QM/MM Calculations

Large systems, such as proteins, cannot be treated exclusively by QM methods with
high electronic correlation due to high computational demands. Thus, in this work, we used the
QM/MM approach, which combines quantum mechanics (QM) with molecular mechanics
(MM) techniques to study the oxidative biotransformation reaction of organophosphothioates
(OP/P=S) compounds in the human cytochrome P450 active site and the human
acetylcholinesterase (HssAChE) enzyme inhibition by OP/P=S and organophosphates
(OP/P=0) compounds. In an attempt to obtain more accurate results and evaluate electronic
effects, QM calculations were performed at the density functional theory (DFT) level with the
Gaussian 09 package [25, 33]. DFT methods have been widespread, showing good performance
for large systems such as biomolecules [25, 33, 34].

The calculations were performed based on the generalized gradient approximation [29,
36]. The final geometries were obtained using DFT, Becke's three-parameter method and Lee,
Yang and Paar's gradient-corrected functional (B3LYP) [24], with 6-31G (d, p) basis set. The
QM system of oxidative biotransformation consisted of the HEME group of the cytochrome
P450 enzyme, OP/P=S and amino acid residues within a radius of 5 A, while the QM systems
of HssAChE enzymatic inhibition consisted of Ser203 of the catalytic triad, OP/P =S or OP/P=0
and amino acid residues within a radius of 5 A. These systems were considered within a sphere
of 5 A in the active site. This radius covers a region capable of simulating the mechanism

pathway with the essential species that directly participate in the reaction.

3. RESULTS AND DISCUSSION

3.1 Docking study between OP/P=S compounds and cytochrome P450

The cytochrome P450 binding site was generated in the Molegro Virtual Docker (MVD)
program [26], using a cavity prediction algorithm based on a three-dimensional box, with a

cavity volume of 640 A.
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Fig. 6 shows the result of re-docking for the structure of the warfarin inhibitor (active
ligand) at the cytochrome P450 active site. It is important to notice that the RMSD (Root Mean
Square Deviation) for the overlap was 0.563 A. According to the literature, an RMSD value
lower than 2.00 A is considered satisfactory [37, 38], thus validating the theoretical

methodology used for the molecular docking calculations.

Fig. (6). Re-docking of the warfarin inhibitor within cytochrome P450. Crystal structure is
shown in yellow and re-docking conformation in red. For better visualization, the protein was
omitted. Source: MVD Program.

The intermolecular interaction energy obtained in the re-docking was -141.52 kcal mol
!, The active ligand presented two hydrogen bonds with amino acid residues in the active site
(Fig. 7), being one interaction with the Alal03 residue, which occurred between NH of the
amino acid and the oxygen of the active ligand and one interaction with the Phe100 residue,

which occurred between NH of the amino acid and the oxygen of the active ligand.
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Fig. (7). Hydrogen bonds (blue dashed) between the active ligand and the active site residues.
Source: MVD Program.

Once the molecular docking method was validated, the organophosphothioates
(OP/P=S) compounds shown in Table 1 were docked into the human cytochrome P450 active
site. The intermolecular interactions, such as the ligand-protein hydrogen bonds, were
calculated to understand the variations between the interaction modes of the compounds in the
enzyme active site, and to verify the factors that are responsible for the compound's activity.
Table 1. Intermolecular interaction energy values (kcal mol-1) and hydrogen bond (kcal mol

1) between the human cytochrome P450 and the OP/P=S compounds obtained from molecular
docking.

P=S Bond

Interaction Energy (kcal Hydrogen Bond

mol ™) Energy (kcal mol ™)
Paration -102.93 0.00
Malathion -100.72 -5.00
Diazinon -97.11 -2.50
Chlorpyrifos -94.19 -1.83
Dimethoate -68.95 -0.35

As can be seen in Table 1, parathion was the compound that thermodynamically
presented a more stabilizing value of intermolecular interaction energy (-102.93 kcal mol™),

that is, it has a greater interaction within the human cytochrome P450 active site. Such
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interaction occurred between the oxygen of the active ligand and the phosphorus of the OP/P=S.
Another important aspect analyzed in the molecular docking study was the hydrogen bonds that
each compound performed within the enzyme. Thus, it became easier to visualize which amino
acid residues are interacting more strongly with the OP/P=S pesticides considered in the present
work. Regarding the hydrogen bonds, the parathion showed no hydrogen bond with the amino
acid residues in the enzyme active site.

The second compound with the best interaction energy is malathion, with an energy
value of -100.72 kcal mol'!. The energy difference from malathion to parathion was 2.21 kcal
mol™'. Malathion showed two hydrogen bonds with the amino acid residues in the active site.
One with the Ser209 residue and one with Thr301. The third compound with the most
stabilizing energy is diazinon, with an energy value of -97.11 kcal mol™'. The energy difference
between diazinon and malathion was 3.61 kcal mol™!. Diazinon showed a hydrogen bond with
the Thr301 residue. The fourth most stable compound is chlorpyrifos, which presented an
energy value of -94.19 kcal mol™!. The energy difference between chlorpyrifos and diazinon
was 2.92 kcal mol!. Chlorpyrifos had one hydrogen bond with the Thr301 residue. Finally,
dimethoate had an energy value of -68.95 kcal mol!, that is, the least stable compound in
relation to the others. A greater energy difference occurred between dimethoate and
chlorpyrifos, being this difference equal to 25.24 kcal mol™!. Dimethoate did not show any
hydrogen bond interactions.

When parathion is absorbed by the human organism, it undergoes oxidative
biotransformation, originating the active metabolite called paraoxon, which is the most potent
inhibitor of the human acetylcholinesterase (HssAChE) enzyme, due to its high toxicity [39,
40].

There are few works in the literature that investigated the oxidative biotransformation
of OP/P=S pesticides, and this work shows the interaction modes of these pesticides in the
human cytochrome P450 enzyme. According to the National Library of Medicine [41], all
pesticides studied in this work already have their active metabolites (oxon form), showing that
OP/P=S compounds undergo oxidative biotransformation. With the molecular docking studies
for the OP/P=S compounds, it was possible to observe that among the compounds investigated,
parathion is the one that had the greatest stability in the active site of the human cytochrome
P450 enzyme, that is, this result suggests that this compound presents a more favorable
conformation for the oxidative biotransformation process to occur, wherein the P=S bond is

transformed into a P=0 bond.
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3.2 QM/MM study between OP/P=S compounds and cytochrome P450 enzyme

Hybrid quantum mechanics/molecular mechanics (QM/MM) is an efficient simulation
method due to its performance, which combines the strengths of ab initio QM (accuracy) and
MM (speed) calculations, allowing for the study of chemical processes in solution and in
proteins [42]. In the quantum system, during the simulation, calculations of electronic structure,
energy and their derivatives are performed.

The reaction mechanism is evaluated through the most important factor for the reaction
to occur, the activation energy. Activation energy is the minimum energy required for the
reactants to start a chemical reaction [43]. Table 2 presents the values of relative activation
energies (AAE") for the organophosphothioates (OP/P=S) in the active site of the human
cytochrome P450 enzyme.

Table 2. Values of the relative activation energy (AAE") for the OP/P=S in the active site of the
human cytochrome P450 enzyme.

Compounds AAE* (Kcal mol™)
Chlorpyrifos 0.00
Paration 7.20
Dimethoate 9.15
Diazinon 11.50
Malathion 11.51

The results of the reaction mechanism of the oxidative biotransformation of the human
cytochrome P450 enzyme by OP/P=S (Table 2) show that chlorpyrifos was the compound that
presented a lower relative activation energy, that is, the reaction intermediates are better
stabilized.

Parathion showed a greater relative activation energy compared to chlorpyrifos, with a
value of 7.20 kcal mol™!. Thus, parathion was the second compound with the lowest relative
activation energy. Dimethoate, on the other hand, presented a lower relative activation energy
of 1.95 kcal mol™! in relation to parathion, with dimethoate being the third compound with the
lowest relative activation energy (9.15 kcal mol™!). Diazinon showed a lower relative activation
energy of 2.35 kcal mol™! in relation to dimethoate. Diazinon was the fourth compound with the
lowest relative activation energy (11.50 kcal mol™). In turn, malathion showed a minimum

difference in relative activation energy in relation to diazinon, being the discrete value of 0.01
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kcal mol™'. Malathion was the compound that had the highest relative activation energy (11.51
kcal mol!) in comparison with the other compounds. This suggests that malathion is less
stabilized in the human cytochrome P450 active site, disfavoring the oxidative

biotransformation reaction.

3.3 Docking study between the compounds OP/P=S and OP/P=0 and the HssAChE
enzyme

The human acetylcholinesterase (HssAChE) enzyme binding site was also generated in
the Molegro Virtual Docker (MVD) program [26], using a cavity prediction algorithm based on
a three-dimensional box, with a cavity volume of 182.27 A. Re-docking calculations were
performed (Fig. 8) for the donepezil inhibitor within the HssAChE active site. The RMSD (Root
Mean Square Deviation) for the overlap was 0.627 A, and this value is less than 2.00 A, being
considered satisfactory according to the literature [37, 38]. The intermolecular interaction

energy obtained in the re-docking technique was -180.91 kcal mol™'.

Fig. (8). Re-docking of the donepezil inhibitor within the HssAChE active site. Crystal
structure is shown in yellow and re-docking conformation in red. For better visualization, the
protein was omitted. Source: MVD Program.

Regarding the hydrogen bonds (Fig. 9) that the active ligand performed, there was one
interaction with the Phe295 residue. This interaction occurred between NH of the amino acid

and the hydroxyl group of the active ligand.
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Fig. (9). Hydrogen bond (blue dashed) between the active ligand and the active site residue.
Source: MVD Program.

Once the docking method was validated, the organophosphothioates (OP/P=S) and
organophosphates (OP/P=0) compounds were docked at the HssAChE active site. We know
that the active metabolites are OP/P=0 compounds; however, studies with OP/P=S in the
literature are scarce. Addition, according to the National Library of Medicine [41], OP/P=S
compounds can interact at the HssAChE active site. In this aspect, theoretical chemistry
contributes significantly to a better understanding, at the molecular level, of the OP/P=S
behavior, and this study is essential from a pharmacokinetic point of view [4]. For this purpose,
docking calculations were performed for the OP/P=S and their active metabolites OP/P=0, in
order to compare the interaction modes of these compounds with HssAChE.

The OP/P=S compounds shown in Table 3 were docked into the HssAChE active site.
The intermolecular interaction and ligand-protein hydrogen bond energies were calculated to
understand the variations between the interaction modes of the compounds in the enzyme active
site, so that it is possible to verify the factors that are responsible for the activity of the

compounds.
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Table 3. Intermolecular interaction energy values (kcal mol™!) and hydrogen bond (kcal mol™)

between the HssAChE enzyme and the OP/P=S compounds obtained from molecular docking.

P=S Bond

Intermolecular Interaction =~ Hydrogen Bond

Energy (kcal mol ™) Energy (kcal mol™)

Paration -133.41 -6.79
Malathion -128.02 -7.50
Diazinon -124.08 -3.02
Chlorpyrifos -116.99 -3.07
Dimethoate -84.15 -2.01

As can be seen in Table 3, the interaction energy is in decreasing order of stability, and
from the compounds studied, parathion presented a more stable value of intermolecular
interaction energy (-133.41 kcal mol ™), that is, it has a greater interaction within the HssAChE
active site. Parathion showed three hydrogen bonds with the amino acid residues of the enzyme
active site, being one interaction with the Glu202 residue, which occurred between the hydroxyl
group of the amino acid and the nitrogen of parathion; one interaction with the Tyr133 residue,
which occurred between the hydroxyl group of the amino acid and the nitrogen of parathion;
and one interaction with the Gly120 residue, being this interaction between NH of the amino
acid and the oxygen of parathion.

The second compound with the best interaction energy is malathion, with an energy
value of -128.02 kcal mol!. Malathion compared with parathion had an intermolecular
interaction energy difference of 5.39 kcal mol'. Malathion showed three hydrogen bond
interactions with the amino acid residues of the active site, being one interaction with Tyr337,
one interaction with Tyr341 and one interaction with Tyr124. The third most stable compound
is diazinon, with an interaction energy value of -124.08 kcal mol"'. The intermolecular
interaction energy difference between diazinon and malathion was 3.94 kcal mol™!. Diazinon
showed two hydrogen bond interactions with amino acid residues, being one interaction with
Tyr337 and one interaction with Tyr341. The fourth most stable compound is chlorpyrifos,
which presented an interaction energy value of -116.99 kcal mol™!. The intermolecular
interaction energy difference between chlorpyrifos and diazinon was 7.09 kcal mol™.
Chlorpyrifos had two hydrogen bond interactions, being one interaction with Glu202 and one

interaction with Glyl121. Finally, dimethoate presented an interaction energy value of -84.15
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kcal mol !, showing to present the least stabilizing interaction. The greatest intermolecular
interaction energy difference was between dimethoate and chlorpyrifos, with a value of 32.84
kcal mol!. The dimethoate showed a hydrogen bond with the Ser203 residue.

As mentioned previously, according to the National Library of Medicine [41], OP/P=S
can also be HssAChE inhibitors. Based on the results obtained, regarding the OP/P=S
compounds studied, parathion was the one with the highest inhibitory activity of the HssAChE
enzyme, which is due to its high toxicity in relation to the other compounds.

In this work, the way in which OP/P=0 compounds interact in the HssAChE active site
was also investigated. This study will raise perspectives to help understand the inhibition
process of the HssAChE enzyme from a pharmacodynamic point of view [4]. Table 4 shows
the values of intermolecular interaction energy and hydrogen bond obtained from the molecular

docking calculations between the OP/P=0O compounds and HssAChE.

Table 4. Values of the intermolecular interaction energy (kcal mol™!) and hydrogen bond (kcal
mol!) between the HssAChE enzyme and the OP/P=0 compounds obtained from molecular
docking.

P=0O Bond
Intermolecular Hydrogen Bond
Interaction Energy Energy (kcal

(kcal mol ™) mol ™)

Paraoxon -129.74 -12.47
Diazoxon -128.30 -4.30
Malaoxon -121.11 -6.71
Chlorpyrifos -115.46 -2.62

oxon

Omethoate -87.69 -11.43

As we can see in Table 4, the interaction energy is also in decreasing order of stability,
and regarding the compounds analyzed, paraoxon presented a more stable value of
intermolecular interaction energy within the HssAChE active site.

Concerning the hydrogen bonds, paraoxon showed six hydrogen bond interactions with
amino acid residues in the enzyme active site, being one interaction with the Ser203 residue,
which occurred between the hydroxyl group of the amino acid and the oxygen of paraoxon; one

interaction with Tyr124, which also occurred between the hydroxyl group of the amino acid and
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the oxygen of paraoxon; two interactions with Tyr341, in which the first one occurred between
the hydroxyl group of the amino acid and the oxygen of paraoxon, and the second one occurred
between the hydroxyl group of the amino acid and the nitrogen of paraoxon; and two
interactions with the Tyr337 residue, in which the first one occurred between the hydroxyl group
of the amino acid and the oxygen of paraoxon, and the second one occurred between the
hydroxyl group of the amino acid and the nitrogen of paraoxon.

The second compound with the best interaction energy is diazoxon, with an interaction
energy value of -128.30 kcal mol™!. The intermolecular interaction energy difference between
diazoxon and paraoxon was 1.44 kcal mol™'. Diazoxon showed two hydrogen bond interactions
with amino acid residues in the enzyme active site, being one interaction with the Glu202
residue and one interaction with Tyr341. The third most stable compound is malaoxon, with an
interaction energy value of -121.11 kcal mol™. The intermolecular interaction energy difference
between malaoxon and diazoxon was 7.19 kcal mol™'. Malaoxon showed seven hydrogen bond
interactions with amino acid residues, being one interaction with Glu202, one interaction with
Glyl121, two interactions with Ser203, one interaction with Ser125, one interaction with Tyr337
and one interaction with Tyr124. The fourth most stable compound was chlorpyrifos oxon,
which presented an interaction energy value of -115.46 kcal mol'. The intermolecular
interaction energy difference between chlorpyrifos oxon and malaoxon was 5.65 kcal mol™.
Chlorpyrifos oxon had a hydrogen bond interaction with the Glu202 residue. The least stable
compound was omethoate, which presented an interaction energy value of -87.69 kcal mol™,
showing to be the least stable compound among them. The greatest difference in intermolecular
interaction energy occurred between omethoate and chlorpyrifos oxon, whose difference was
0f 27.77 kecal mol!. Omethoate showed seven hydrogen bond interactions, being one interaction
with the Glu202 residue, two interactions with Glyl21, one interaction with Gly122, one
interaction with His447 and one interaction with Ser203.

Table 5 shows the experimental LDso values for the OP/P=0O compounds in the
HssAChE enzyme, according to the IPCS INCHEM home page, whose website link is shown
next [44].
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Table 5. Experimental LD50 values for the HssAChE enzyme.
P=0 Bond

Experimental LDso (mg

kg™

Paraoxon 13
Chlorpyrifos oxon 135
Omethoate 150
Diazoxon 300
Malaoxon 2100

Source: IPCS INCHEM.

The LDso is often used as an indicator of the acute toxicity of a substance. It indicates
the amount of active ingredient in pesticides needed to kill 50% of tested animals. Note that the
lower the LDso value, the more toxic the substance is [45].

According to the experimental LDso values, paraoxon is the most toxic compound and
is classified as extremely dangerous [44]. When comparing the docking results with the LDso
experimental results, we can observe that paraoxon is the most stable and toxic compound and
has a greater inhibitory activity for the HssAChE enzyme, thus validating the calculation
methods used in this work.

Table 6 shows a comparison between the docking results of OP/P=S and OP/P=0
compounds. We can observe that all compounds with P=S and P=O bonds, that is, parathion,
malathion, diazoxon, chlorpyrifos and omethoate, were the compounds that presented the most
stable interaction energies, and therefore, they are the ones with the highest toxicity and
consequently possess greater ability to inhibit the HssAChE enzyme. The greater stability of
some OP/P=0 compounds in the enzyme active site can also be explained by the fact that
oxygen increases the number of hydrogen bonds in the active site. These results suggest that
not all OP/P=0 compounds are more toxic than OP/P=S compounds. Furthermore, these results

show that OP/P=S compounds are also capable of inhibiting the HssAChE enzyme.
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Table 6. Values of the intermolecular interaction energy (kcal mol™') between the HssAChE
enzyme and the OP/P=S and OP/P=0 compounds obtained from molecular docking.

P=S Intermolecular P=0 Intermolecular
Interaction Energy Interaction Energy
(kcal mol™) (kcal mol™)
Paration -133.41 Paraoxon -129.74
Malathion -128.02 Malaoxon -121.11
Diazinon -124.08 Diazoxon -128.30
Chlorpyrifos -116.99 Chlorpyrifos -115.46
oxon
Dimethoate -84.15 Omethoate -87.69

3.4 QM/MM study between the OP/P=S and OP/P=0 compounds and the HssAChE
enzyme

The reaction mechanism of organophosphothioates (OP/P=S) and organophosphates
(OP/P=0) with the human acetylcholinesterase (HssAChE) enzyme was also evaluated, that is,
the minimum energy necessary for the reaction to have caused between them. Table 7 presents
the values of relative activation energies (AAE) for the OP/P=S compounds and for the
OP/P=0 compounds in the HssAChE active site.

Table 7. Values of the relative activation energy (AAE") for OP/P=S and OP/P=O0 in the active
site of the HssAChE enzyme.

Compounds AAE” (kcal mol™)
Malathion(OP/P=S) 0.00
Malaoxon (OP/P=0) 41.42
Paraoxon (OP/P=0) 42.04
Diazoxon (OP/P=0) 42.67

Chlorpyrifos (OP/P=S) 42.67
Chlorpyrifos oxon (OP/P=0) 43.92
Omethoate (OP/P=0) 45.18
Dimethoate (OP/P=S) 46.43
Paration (OP/P=S) 65.89

Diazinon (OP/P=S) 77.81
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Some parameters to explain the results obtained in the HssAChE inhibition reaction by
OP/P=S and OP/P=0 may be due to the size of the substrate substituents represented by R1 and
R2, due to the leaving group represented by X and due to the difference in reactivity between

the OP/P=S and OP/P=0 (Fig. 10).
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Fig. (10). General structure of OP/P=0 compounds. Source: Adapted from Stoddart (1979).

Regarding the heights of the activation barrier, that is, the relative activation energy
(AAE") of the HssAChE inhibition reaction by the OP/P=S compounds, malathion presented
the lowest activation energy, that is, the most stabilizing energy for the HssAChE inhibition
reaction to take place. This trend can be explained by the fact that the substituents of this
inhibitor are smaller than the substituents of chlorpyrifos, parathion and diazinon. Note that,
although dimethoate has smaller substituents compared to chlorpyrifos, this compound presents
a higher energetic barrier, and this fact can be explained by the structural differences of the
leaving groups.

The results of the inhibition reaction mechanism of the HssAChE enzyme by the
OP/P=0 ligands show that, from the analyzed compounds, malaoxon was the one that obtained
the most favorable activation energy for the reaction to take place. This trend can be explained
due to the fact of its substituents being less bulky compared to paraoxon, diazoxon and
chlorpyrifos oxon. Omethoate has minor substituents, but its high energetic barrier can be
explained by the structural difference in the leaving groups.

Malathion showed the lowest relative activation energy. In addition, malaoxon presented
a greater relative activation energy difference compared to malathion, with an energy value of
41.42 kcal mol™. In this study, malaoxon was the second compound with the lowest relative
activation energy. On the other hand, paraoxon presented a relative activation energy difference
of 0.62 kcal mol™! compared to malaoxon, thus being paraoxon the third compound with the
lowest relative activation energy (42.04 kcal mol™'). Diazoxon showed a relative activation

energy difference of 0.63 kcal mol! compared to paraoxon. It is interesting to notice that
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diazoxon has the same value of relative activation energy as chlorpyrifos (42.67 kcal mol™).
Chlorpyrifos oxon showed a relative activation energy difference of 1.25 kcal mol™! compared
to diazoxon and chlorpyrifos. Regarding chlorpyrifos oxon, this was the sixth compound with
the lowest relative activation energy (43.92 kcal mol™!). Omethoate showed a relative activation
energy difference of 1.26 kcal mol! compared to chlorpyrifos oxon. We can realize that
omethoate was the fourth compound with the highest relative activation energy (45.18 kcal mol
1. Dimethoate showed a relative activation energy difference of 1.25 kcal mol! compared to
omethoate. Dimethoate was also the third compound with the highest relative activation energy
(46.43 kcal mol!). Now about parathion, this pesticide showed a relative activation energy
difference of 19.46 kcal mol!' compared to dimethoate. Parathion was the second compound
with the highest relative activation energy (65.89 kcal mol™!). Diazinon showed a relative
activation energy difference of 11.92 kcal mol! compared to parathion. At last, diazinon was
the compound with the highest relative activation energy (77.81 kcal mol™).

Comparing the values of the relative activation energies of the OP/P=S and OP/P=0
compounds (Table 7), we can observe that the compounds that have the lowest relative
activation energy are malathion, paraoxon, diazoxon, chlorpyrifos and omethoate. Among these
compounds, malathion has the lowest activation energy, the lowest energy barrier, the fastest
the reaction occurs and the highest inhibitory activity. The reactivity of some OP/P=0 can be
explained by the electronegativity difference between oxygen and sulfur, because the more
electronegative, the greater reactivity. The greater reactivity of some OP/P=S in the active site
of the enzyme can be explained by the fact that the structures of OP/P=0 have a certain rigidity
in the chemical bonds in relation to OP/P=S, expending a greater energy to reach the transition

state.

CONCLUSION

With the study of the oxidative biotransformation of OP/P=S, parathion was the
compound that has the greatest interaction with the human cytochrome P450 enzyme, that is,
the greatest ability to undergo oxidative biotransformation among the compounds studied. In
the reaction mechanism, chlorpyrifos is the compound that has the lowest activation energy,
and therefore, the highest reaction rate. As the process of oxidative biotransformation has been
little explored in the literature, this study was necessary to identify which of the compounds
studied are more prone to oxidation. Regarding the study of the interaction of pesticides in the

active site of the HssAChE enzyme, it was possible to observe that for the enzymatic inhibition,
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not all OP/P=0 presented more stable energy values of intermolecular interactions than the
compounds OP/P=S at the active site of the HssAChE enzyme. Of the compounds OP/P=S and
OP/P=0 studied in molecular anchoring, parathion showed the greatest stability, showing a
good interaction with the active site of the HssAChE enzyme. Parathion was the one that was
better positioned inside the active site, it is the compound with the highest degree of toxicity
and that easily inhibits the HssAChE enzyme. The active metabolite of parathion, paraoxon,
showed great stability, in agreement with the experimental results. Regarding the reaction
mechanism of the inhibition of the HssAChE enzyme, of the compound OP/P=S, malathion has
the lowest activation energy and of the compounds, OP/P=0, malaoxon has the lowest energy
barrier. Comparing the OP/P=S with the OP/P=0, malathion is the compound with the lowest
activation energy, the lowest energy barrier, and consequently, has a higher reaction rate.
Regarding the docking and reaction mechanism studies, the compounds with the greatest
inhibitory capacity are parathion, paraoxon, malathion, diazoxon, chlorpyrifos and omethoate.
This study is of paramount relevance, as there are few reports in the literature on oxidative
biotransformation, showing which pesticides have the greatest ability to transform from
OP/P=S to OP/P=0. And there are still few studies on the inhibition of the HssAChE enzyme
by the OP/P=S compounds, because what is known is that the OP/P=0 are the most effective
inhibitors of the HssAChE enzyme. With this study, at the molecular level, it was possible to
observe that OP/P=S can also inhibit the HssAChE enzyme.
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