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RESUMO

O sistema colinérgico desempenha papel fundamental tanto na neurotoxicidade causada por
compostos organofosforados (OPs, do inglés organophosphorus) quanto na fisiopatologia da
Doenga de Alzheimer (AD, do inglés Alzheimer’s disease). As colinesterases (ChEs, do inglés
cholinesterases) surgem como importantes alvos moleculares para o desenvolvimento de
antidotos contra agentes quimicos neurotdxicos e de novas estratégias terapéuticas para a AD.
Este trabalho teve como objetivo investigar, por meio de abordagens in silico, mecanismos de
modula¢do de colinesterases humanas (HssChEs) associados a reativacdo e a inibi¢ao
enzimatica. Para isso, foram empregadas técnicas computacionais como o docking molecular,
calculos hibridos de mecanica quantica/mecanica molecular (QM/MM) e dinamica molecular
(MD, do inglés Molecular Dynamics) visando a avaliacdo estrutural, energética e mecanistica
de diferentes compostos bioativos. Os resultados permitiram identificar oximas com potencial
para a reativacdo de enzimas inibidas por OPs, bem como candidatos promissores para a
inibi¢do da acetilcolinesterase (AChE, do inglés acetylcholinesterase) no contexto terapéutico
da AD. As andlises tedricas revelaram interagdes favordveis com os alvos biologicos,
estabilidade conformacional e perfis energéticos compativeis com a atividade bioldgica
esperada. Dessa forma, os resultados reforcam a importancia de aplicar métodos
computacionais no planejamento racional de compostos direcionados ao sistema colinérgico,

contribuindo para o desenvolvimento de estratégias mais eficazes e seguras.

Palavras-chave: Sistema colinérgico. Colinesterases. Organofosforados. Oximas. Doenca de

alzheimer. Quimica computacional.



ABSTRACT

The cholinergic system plays a central role in both the neurotoxicity induced by
organophosphorus compounds (OPs) and the pathophysiology of Alzheimer's disease (AD).
Cholinesterases (ChEs) have emerged as important molecular targets for the development of
antidotes against neurotoxic chemical agents as well as novel therapeutic strategies for AD.
This study aimed to investigate, through in silico approaches, the mechanisms underlying the
modulation of human cholinesterases (HssChEs) associated with enzyme reactivation and
inhibition. To this end, computational techniques including molecular docking, hybrid quantum
mechanics/molecular mechanics (QM/MM) calculations, and molecular dynamics (MD)
simulations were employed to evaluate the structural, energetic, and mechanistic properties of
different bioactive compounds. The results identified oximes with potential to reactivate OP-
inhibited enzymes, as well as promising candidates for acetylcholinesterase (AChE) inhibition
in the therapeutic context of AD. Theoretical analyses revealed favorable interactions with the
biological targets, conformational stability, and energetic profiles consistent with the expected
biological activity. Overall, these findings highlight the value of computational approaches in
the rational design of compounds targeting the cholinergic system, contributing to the

development of more effective and safer therapeutic and protective strategies.

Keywords: Cholinergic system. Cholinesterases. Organophosphorus. Oximes. Alzheimer’s

disease. Computational chemistry.



INDICADORES DE IMPACTO

Os resultados obtidos nesta tese apresentam impactos diretos nas esferas cientifica e
tecnologica, com potenciais desdobramentos nas areas de satde, toxicologia, defesa quimica e
desenvolvimento de novos candidatos a farmacos. A pesquisa contribui para o avango do
conhecimento sobre o sistema colinérgico por meio da aplicacdo de métodos de quimica
computacional na investigacdo dos mecanismos de interagdo entre compostos bioativos e
enzimas colinesterases (ChEs).

Impacto cientifico e tecnoldgico: A pesquisa contribuiu para o avango do conhecimento
cientifico na area de quimica computacional, com a investigacdo de estratégias moleculares
voltadas a reativacdo de ChEs inibidas por agentes organofosforados (OPs) e a prospecc¢ao de
novos compostos com potencial aplicagdo terapéutica na doenga de Alzheimer (AD).

Desenvolvimento de candidatos a antidotos contra agentes OPS: O estudo de oximas
como potenciais reativadores de ChEs contribui para a compreensdo dos mecanismos
moleculares envolvidos na reativagdo enzimatica ap6s a inibi¢ao por agentes neurotoxicos OPs.
Os resultados obtidos fornecem informagdes relevantes para o direcionamento racional de
novos candidatos a antidotos, com potencial contribui¢do para as areas de toxicologia e defesa
quimica.

Prospeccao de novos candidatos a farmacos para a AD: a investigagdo de compostos
OPs como potenciais inibidores da acetilcolinesterase (AChE) contribui para a identificagdo e
caracterizagdo de candidatos promissores para o desenvolvimento de estratégias terapéuticas
relacionadas a AD. A utilizacdo de abordagens computacionais permitiu avaliar aspectos
estruturais, energéticos, farmacoldgicos e toxicologicos dos compostos investigados,
contribuindo para a sele¢do racional de moléculas com caracteristicas potencialmente
favoraveis ao desenvolvimento de novos agentes terapéuticos.

Impacto na saiude: os resultados apresentam impacto potencial na area da satde ao
contribuir para a compreensao de mecanismos moleculares relacionados a intoxicagao por
agentes OPs e a modulagdo do sistema colinérgico no contexto da AD. Embora os resultados
obtidos sejam de natureza predominantemente computacional e ainda demandem validagdo
experimental, as informacdes geradas podem subsidiar estudos futuros voltados ao
desenvolvimento de novos antidotos e candidatos a farmacos.

Contribui¢do para a inovagao cientifica: A aplicagdo de técnicas computacionais como
o docking molecular, calculos de QM/MM, simulagdes de dinamica molecular e avalia¢des in

silico de propriedades farmacoldgicas e toxicologicas demonstra o potencial da quimica



computacional como ferramenta para a investigagao e o direcionamento racional de moléculas
bioativas. Essa abordagem contribui para a redu¢do do numero de candidatos a serem avaliados
experimentalmente e para a priorizagdo de compostos com caracteristicas moleculares
potencialmente mais adequadas as aplicagdes investigadas.

Alinhamento com os Objetivos de Desenvolvimento Sustentavel (ODS) da ONU: Os

resultados desta pesquisa apresentam alinhamento com os seguintes objetivos:

e ODS 3 (Saude e Bem-Estar): contribui para a investigacao de estratégias relacionadas
ao tratamento da AD e para o desenvolvimento de potenciais antidotos contra
intoxicacdes por agentes neurotdxicos;

e ODS 9 (Industria, Inovagdo e Infraestrutura): contribui para o desenvolvimento e a
aplicagdo de estratégias computacionais voltadas a descoberta e ao desenvolvimento

racional de novas moléculas de interesse farmacéutico e toxicoldgico.

Areas tematicas da politica nacional de extensdo: os impactos potenciais da pesquisa
relacionam-se principalmente as areas de saude, tecnologia e producdo, considerando sua
contribuicdo para a investigacdo de doencas neurodegenerativas, para a compreensdo dos
mecanismos de intoxicagdo por agentes OPS e para o desenvolvimento racional de novos
candidatos a antidotos e farmacos. No ambito cientifico e tecnologico, os resultados também
contribuem para o fortalecimento da pesquisa em quimica computacional e para a formagao de

recursos humanos qualificados na pds-graduagao Stricto sensu da UFLA.



IMPACT INDICATORS

The results obtained in this thesis have direct impacts in the scientific and technological
spheres, with potential implications for healthcare, toxicology, chemical defense, and the
development of new drug candidates. This research contributes to advancing knowledge of the
cholinergic system through the application of computational chemistry methods to investigate
the interaction mechanisms between bioactive compounds and cholinesterase enzymes (ChEs).

Scientific and technological impact: The research contributed to advancing scientific
knowledge in the field of computational chemistry by investigating molecular strategies aimed
at the reactivation of ChEs inhibited by organophosphorus (OP) agents and at the screening of
new compounds with potential therapeutic applications in Alzheimer's disease (AD).

Development of antidote candidates against OP agents: The study of oximes as potential
ChE reactivators contributes to understanding the molecular mechanisms involved in enzymatic
reactivation following inhibition by neurotoxic OP agents. The results obtained provide relevant
information to support the rational design of new antidote candidates, with potential
contributions to the fields of toxicology and chemical defense.

Screening of new drug candidates for AD: The investigation of OP compounds as
potential acetylcholinesterase (AChE) inhibitors contributes to the identification and
characterization of promising candidates for the development of therapeutic strategies related
to AD. The use of computational approaches enabled the evaluation of structural, energetic,
pharmacological, and toxicological aspects of the investigated compounds, contributing to the
rational selection of molecules with potentially favorable characteristics for the development
of new therapeutic agents.

Impact on health: The results have potential impacts in the healthcare field by
contributing to the understanding of molecular mechanisms related to OP agent poisoning and
the modulation of the cholinergic system in the context of AD. Although the results obtained
are predominantly computational in nature and still require experimental validation, the
information generated may support future studies aimed at developing new antidotes and drug
candidates.

Contribution to scientific innovation: The application of computational techniques, such
as molecular docking, QM/MM calculations, molecular dynamics simulations, and in silico
assessments of pharmacological and toxicological properties, demonstrates the potential of
computational chemistry as a tool for the investigation and rational prioritization of bioactive

molecules. This approach contributes to reducing the number of candidates to be experimentally



evaluated and to prioritizing compounds with molecular characteristics that may be more
suitable for the investigated applications.
Alignment with the United Nations Sustainable Development Goals (SDGs): The results

of this research are aligned with the following goals:

e SDG 3 (Good Health and Well-Being): contributes to the investigation of
strategies related to the treatment of AD and to the development of potential antidotes
against poisoning by neurotoxic agents;

e SDG 9 (Industry, Innovation and Infrastructure): contributes to the
development and application of computational strategies aimed at the discovery and

rational development of new molecules of pharmaceutical and toxicological interest.

Thematic areas of the National Extension Policy: The potential impacts of this research
are primarily related to the areas of health, technology, and production, considering its
contribution to the investigation of neurodegenerative diseases, the understanding of the
mechanisms underlying poisoning by OP agents, and the rational development of new antidote
and drug candidates. Within the scientific and technological spheres, the results also contribute
to strengthening research in computational chemistry and to the training of highly qualified

human resources in stricto sensu graduate education at UFLA.
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1 INTRODUCAO

O sistema colinérgico ¢ um dos principais sistemas de neurotransmissao do organismo,
exercendo papel fundamental na comunicagdo neuronal e na regulagdo de fungdes fisiologicas
no sistema nervoso central (SNC) e no sistema nervoso periférico (SNP) (ANANTH et al.,
2023; BERTRAND; WALLACE, 2020; FERREIRA-VIEIRA et al., 2016; GEULA et al., 2021;
WOOLF, 1991). A neurotransmissao colinérgica ¢ mediada pela acetilcolina (ACh, do inglés
acetylcholine), sintetizada no terminal pré-sinaptico pela colina acetiltransferase (ChAT, do
inglés choline acetyltransferase) (BERTRAND; WALLACE, 2020; FERREIRA-VIEIRA et al.,
2016; GEULA et al., 2021; SWIT et al., 2023; WOOLPF, 1991). Sua agdo ¢é rapidamente
interrompida pela hidrdlise catalisada pelas colinesterases (ChEs, do inglés cholinesterases),
representadas pela enzima acetilcolinesterase (AChE, do inglés acetylcholinesterase) e, em
menor grau, pela butirilcolinesterase (BChE, do inglés butyrylcholinesterase). Estas enzimas
sdo essenciais para a manutengdo da homeostase colinérgica e do equilibrio sinaptico
(BERTRAND; WALLACE, 2020; DIRAK; CHAN; KOLEMEN, 2024; FERREIRA-VIEIRA
etal., 2016).

A acetilcolinesterase humana (HssAChE) apresenta elevada eficiéncia catalitica e
estrutura altamente organizada, com sitio ativo responsavel pelo reconhecimento e hidrolise da
ACh (RADIC, 2024; SOREQ et al., 1990; SOREQ; SEIDMAN, 2001; DVIR et al., 2010). Essa
eficiéncia, embora essencial para a fisiologia neuronal, também a torna um alvo sensivel a
compostos capazes de interferir em sua atividade enzimética (DVIR et al., 2010; HORNBERG;
TUNEMALM; EKSTROM, 2007; RADIC, 2024). A butirilcolinesterase humana (HssBChE),
por sua vez, apresenta maior plasticidade estrutural e ampla especificidade de substratos,
desempenhando papel complementar na regulacdo colinérgica e em processos farmacoldgicos
e toxicologicos (CHATONNET; LOCKRIDGE, 1989; DIRAK; CHAN; KOLEMEN, 2024;
GIACOPPO et al., 2014; MACK; ROBITZKI, 2000; PATOCKA et al., 2005; SVOBODOVA;
SOUKUP; KORABECNY, 2026).

Os compostos organofosforados (OPs, do inglés organophosphorus) constituem uma
classe quimica amplamente utilizada na agricultura, pecuaria e no controle de pragas devido a
sua elevada eficacia biologica (CHU et al., 2026; COSTA, 2018; GUPTA 2020; MALI et al.,
2023). Além dos OPs serem empregados como pesticidas, eles também sdo utilizados como
agentes neurotoxicos de guerra, incluindo o sarin, o ciclosarin € o VX, compostos capazes de
provocar intoxicagdes graves devido a sua elevada toxicidade e potente agdo anticolinesterasica

(MERCEY et al., 2012; ROBB; REGINA; BAKER, 2023). Entretanto, sua toxicidade esta
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diretamente relacionada a capacidade de inibir ChEs por fosforilagdo do sitio ativo enzimaético,
levando a disfungdo da neurotransmissdo colinérgica (COSTA, 2018; IYER; IKEN; LEON,
2015; ROBB; REGINA; BAKER, 2023). Essa inibi¢do resulta em acumulo de ACh nas
sinapses, hiperestimulacao de receptores colinérgicos ¢ manifestagdes clinicas da sindrome
colinérgica, podendo evoluir para quadros graves e potencialmente fatais (COSTA, 2018;
ROBB; REGINA; BAKER, 2023). Em alguns casos, o complexo enzima—organofosforado
sofre o processo de envelhecimento, tornando a inibigao irreversivel e dificultando a reativagao
da enzima por agentes terapéuticos convencionais. Sendo assim, a intervengao terapéutica antes
da ocorréncia do envelhecimento ¢ fundamental para aumentar as possibilidades de reativagao
das ChEs (KUCA et al., 2004; MASSON; NACHON, 2017; MERCEY et al.,2012; MILLARD
etal., 1999; WOREK et al., 2016).

No tratamento das intoxicag¢des por OPs, uma das principais estratégias terapéuticas
consiste no uso de oximas, que sao compostos nucleofilicos capazes de promover a reativagao
das ChEs por meio da desfosforilacdo do sitio ativo enzimatico (CHAMBERS et al., 2020;
EDDLESTON et al., 2008; KUCA et al., 2004; MERCEY et al., 2012). A eficacia desses
agentes depende fortemente de fatores como a estrutura quimica da oxima, a natureza do OP
envolvido, o grau de envelhecimento do complexo enzima—inibidor e a afinidade pelo alvo
molecular (CHAMBERS et al., 2020; FIGUEROA-VILLAR et al., 2021; KOVARIK et al.,
2019; MASSON; NACHON, 2017; MERCEY et al., 2012; MILLARD et al., 1999;
RAMALHO et al., 2023).

A Doenca de Alzheimer (AD, do inglés Alzheimer’s disease) ¢ uma enfermidade
neurodegenerativa progressiva e irreversivel, caracterizada pelo declinio cognitivo e pela perda
neuronal em regides como hipocampo e cortex cerebral. A doenga € associada a presenca de
placas B-amiloide e emaranhados neurofibrilares formados pela proteina tau hiperfosforilada
(BRUNEAU; AKAABOUNE, 2006; KNOPMAN et al., 2021; LONG; HOLTZMAN, 2019;
VENTURA et al., 2010). Evidéncias indicam que a disfuncdo do sistema colinérgico
desempenha papel central nos sintomas da doenca, fundamentando a hipodtese colinérgica.
Segundo esta hipdtese, a redugdo da neurotransmissdo mediada por ACh contribui
significativamente para os déficits cognitivos observados nos pacientes (ANANTH et al., 2023;
FERREIRA-VIEIRA et al., 2016).

Os farmacos anticolinesterdsicos constituem a principal abordagem terapéutica
sintomadtica da AD. A funcdo destes farmacos € promover o aumento da disponibilidade de ACh
na fenda sinéptica por meio da inibicdo da AChE. Embora nio interrompam a progressao da

doenga, esses medicamentos podem promover melhora temporaria das fungdes cognitivas e da
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capacidade funcional dos pacientes (COLOVIC et al.,2013; FERREIRA-VIEIRA et al., 2016;
KANDY et al., 2026; KNOPMAN et al., 2021; PEREIRA; RODRIGUES, 2015; TAN et al.,
2014; TAYLOR, 2018).

Além dos seus efeitos neurotoxicos, os OPs apresentam grande importancia
farmacoldgica, pois contribuem para o entendimento dos mecanismos de inibi¢ao das ChEs e
do papel da AChE na neurotransmissdo colinérgica (IYER; IKEN; LEON, 2015). O
conhecimento obtido a partir dessas investigagdes impulsionou o desenvolvimento racional de
novos inibidores da AChE, com maior seletividade e menor toxicidade, além de favorecer o
desenvolvimento de candidatos terapéuticos capazes de modular a neurotransmissiao
colinérgica, particularmente em doencas neurodegenerativas associadas ao déficit de ACh,
como a AD (COLOVIC et al., 2013; SINGH et al., 2013; SORIN et al., 2021). A investigacao
dos mecanismos moleculares envolvidos tanto na inibi¢do quanto na reativagdo das ChEs ¢
fundamental para compreender os efeitos dos compostos OPs e orientar o desenvolvimento de
estratégias terapéuticas mais eficazes. A abordagem computacional, por permitir a analise das
interacdes moleculares ¢ dos mecanismos envolvidos nesses processos, constitui uma
ferramenta relevante (BRAUN et al., 2019; CARVALHO, 2003; GONCALVES et al., 2014).

No primeiro estudo desenvolvido nesta tese, foram empregadas técnicas computacionais
para investigar, em nivel molecular, a interagdo de OPs, com énfase nos agentes neurotoxicos
sarin, ciclosarin ¢ VX, com as HssChEs (BRAUN et al., 2019; CARVALHO, 2003;
GONCALVES et al., 2014). Foram avaliadas diferentes oximas quanto a sua capacidade de
promover a reativacdo da HssAChE e da HssBChE previamente inibidas por OPs, utilizando
métodos de docking molecular para elucidar os modos de interagdo, bem como calculos hibridos
QM/MM (em inglés, Quantum Mechanics/Molecular Mechanics) para investigar os
mecanismos moleculares envolvidos no processo de desfosforilacdo enzimatica (YU et al.,
2026).

No segundo estudo desenvolvido nesta tese, foram empregadas técnicas computacionais
para investigar o potencial de diferentes compostos OPs como inibidores da HssAChE, visando
sua aplicagdo terapéutica no tratamento da AD (KANDY et al., 2026). Inicialmente, foram
avaliadas as caracteristicas estruturais, eletronicas e toxicoldgicas dos compostos, utilizando
abordagens estatisticas e quimiométricas para auxiliar na selecdo dos candidatos.
Posteriormente, foram investigadas as interagdes dos compostos selecionados com a HssAChE
por meio de docking molecular, calculos hibridos QM/MM e simulagdes de Dinamica

Molecular (MD, do inglés Molecular Dynamics), além da avaliagdo de suas propriedades
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farmacoldgicas e toxicoldgicas, com o objetivo de identificar candidatos mais eficientes e de
menor toxicidade (YU et al., 2026).

Em conjunto, os estudos desenvolvidos nesta tese contribuiram para ampliar a
compreensao das interagdes entre compostos OPs e as ChEs, abordando diferentes perspectivas
de interesse cientifico e farmacoldgico. A realizagdo desses estudos justifica-se pela relevancia
de compreender, em nivel molecular, os mecanismos de interacdo entre OPs e ChEs,
considerando tanto os efeitos associados a exposi¢ao a agentes neurotdxicos quanto o potencial
de determinados compostos dessa classe para aplicacdes terapéuticas. O emprego de
abordagens computacionais possibilita a investigagdo detalhada das interagdes moleculares e
dos mecanismos envolvidos nesses processos, contribuindo para o direcionamento racional da
busca por estratégias de reativagdo enzimatica e por candidatos com potencial terapéutico e
perfil de toxicidade mais favoravel. Diante desse contexto, foram estabelecidos os objetivos
desta tese, apresentados a seguir, com o propoésito de investigar, por meio de abordagens
computacionais, os mecanismos moleculares envolvidos na modulagdo das ChEs por
compostos OPs, contemplando tanto a reativagdo enzimatica quanto a prospec¢do de potenciais

agentes terapéuticos.

2 OBJETIVOS

2.1 Objetivos gerais:

Investigar, por meio de abordagens computacionais, os mecanismos moleculares de
modulacdo das HssChEs envolvidos nos processos de reativagao e inibi¢do enzimatica, visando
a identificagdo e avaliagdo de compostos bioativos com potencial aplicagdo no tratamento da

intoxicagdo causada por OPs, bem como no tratamento da AD.

2.2 Objetivos especificos:

1) Analisar as interagdes intermoleculares entre oximas e os sitios ativos das HssChEs por
meio de técnicas de docking molecular;

2) Investigar os mecanismos reacionais envolvidos na reativacao das HssChEs por oximas,
utilizando calculos hibridos QM/MM para a estimativa das barreiras energéticas

associadas ao processo de desfosforilagdo;
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3) Estimar parametros tedricos de toxicidade das oximas, incluindo valores de LDso com
o objetivo de avaliar sua seguranca potencial;

4) Avaliar propriedades farmacocinéticas e toxicologicas das oximas por meio de analises
de ADME, visando a avaliacao de seu perfil farmacologico;

5) Identificar e selecionar oximas com potencial de agdo universal para a reativagdo de
HssChEs inibidas por diferentes agentes OPs;

6) Investigar a relagdo entre estrutura quimica e atividade inibitéria dos compostos OPs
por meio de calculos quanticos e tratamentos estatisticos, visando identificar
caracteristicas  estruturais associadas a maior eficicia como inibidores
anticolinesterasicos;

7) Analisar as interagdes intermoleculares entre agentes anticolinesterasicos OPs e a
enzima HssAChE por meio de técnicas de docking molecular;

8) Avaliar o potencial de inibi¢do da HssAChE por diferentes compostos OPs, com base
em parametros de afinidade de ligagao e reconhecimento molecular por meio de técnicas
de MD;

9) Comparar a eficicia e toxicidade de novos compostos OPs com o composto de
referéncia triclorfon (metrifonato), quanto a afinidade e padrio de interacdo com a
HssAChE;

10) Comparar os padrdes farmacoldgicos dos compostos OPs selecionados com o farmaco
de referéncia rivastigmina;

11) Selecionar compostos OPs com maior potencial de inibi¢do seletiva da HssAChE e
menor toxicidade relativa, visando sua aplicagdo como candidatos promissores no

tratamento da AD.

3 REFERENCIAL TEORICO
3. 1 Sistema colinérgico

O sistema colinérgico constitui um dos principais sistemas de neurotransmissdo do
organismo e desempenha papel fundamental na comunicagao entre neuronios e células efetoras.
Esse sistema ¢ composto pela ACh, seus receptores e o aparato enzimatico responsavel por sua
sintese e degradagdo (BERTRAND; WALLACE, 2020; GEULA et al.,2021; VENTURA et al.,
2010). Sua atuacdo estende-se por todo o SNC e SNP, participando da regulacdo de diversas

fungdes fisioldgicas essenciais. No SNC, a neurotransmissdo colinérgica estd envolvida em
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processos cognitivos como aprendizagem, memoria, atengdo e processamento de informagdes.
No SNP, desempenha papel central na transmissao neuromuscular e na regulagdo das fungdes
autonOmicas, incluindo o controle da atividade cardiovascular, respiratéria, gastrointestinal e
glandular. Assim, a integridade do sistema colinérgico ¢ indispensavel para a manutencao da
homeostase e do adequado funcionamento do organismo (ANANTH et al., 2023; BERTRAND;
WALLACE, 2020; FERREIRA-VIEIRA et al., 2016; GEULA et al., 2021; WOOLF, 1991).

A ACh ¢ o principal neurotransmissor do sistema colinérgico ¢ desempenha papel
fundamental na transmissao de sinais nervosos. Sua sintese ocorre no terminal pré-sindptico por
acao da ChAT, que catalisa a reacdo entre colina (Ch, do inglés choline) e acetil-coenzima A.
Ap6s sua formacgao, a ACh ¢ transportada para o interior das vesiculas sinapticas pelo VAChT,
onde permanece armazenada até a chegada de um potencial de a¢do. A despolarizagcdo da
membrana pré-sindptica promove a liberacdo da ACh por exocitose na fenda sindptica,
permitindo sua interagdo com receptores colinérgicos localizados nas membranas pré- e pos-
sinapticas. A ativacdo desses receptores desencadeia respostas celulares responsaveis pela
propagacao do sinal nervoso e pela regulagdo de diversas fungdes fisiologicas (BERTRAND;
WALLACE, 2020; FERREIRA-VIEIRA et al., 2016; GEULA et al., 2021; SWIT et al., 2023;
WOOLF, 1991).

A neurotransmissao colinérgica depende nao apenas da liberagao da ACh, mas também
da répida interrupgao de sua acdo na fenda sindptica (FIGURA 1). Esse processo ocorre por
meio da hidrdlise da ACh em Ch e acetato, catalisada principalmente pela AChE
(PETRONILHO et al., 2011). Além da AChE, outra enzima pertencente a essa familia ¢ a
BChE, amplamente distribuida nos tecidos e capaz de hidrolisar diferentes ésteres de Ch. A
elevada eficiéncia catalitica dessas enzimas garante o término adequado do estimulo colinérgico
e a manuten¢do da homeostase do sistema nervoso. Em razdo de seu papel central na regulagao
da neurotransmissdo, as ChEs constituem importantes alvos moleculares tanto para o
desenvolvimento de antidotos contra intoxicagdes por compostos OPs quanto para estratégias
terapéuticas voltadas ao tratamento de doencas neurodegenerativas, como a AD (COLOVIC et

al.,2013; SOREQ; SEIDMAN, 2001; SUN et al., 2024).
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Figura 1- Neurotransmissao colinérgica mediada pela AChE.
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Fonte: Petronilho ef al. (2011).

A modulacdo da atividade das ChEs pode produzir efeitos fisiologicos distintos,
dependendo do grau e da natureza da interacdo com essas enzimas. A inibi¢ao quase irreversivel
causada por compostos OPs promove o acimulo excessivo de ACh nas sinapses € jungdes
neuromusculares, resultando na hiperestimulacdo dos receptores colinérgicos e em graves
quadros de neurotoxicidade (CHEN et al., 2024; EDDLESTON et al., 2008; IYER; IKEN;
LEON, 2015). Por outro lado, a inibi¢do controlada da AChE tem sido empregada como
estratégia terapéutica para aumentar a disponibilidade de ACh em doengas caracterizadas por
déficit colinérgico, como a AD (BARTUS ef al., 1982; COLOVIC et al., 2013; HAMPEL et
al., 2018). Dessa forma, tanto a reativacao quanto a inibi¢do das ChEs representam abordagens
de grande interesse cientifico e farmacologico para o desenvolvimento de antidotos contra
intoxicagdes por compostos OPs e de novos agentes terapéuticos (CHAMBERS et al. 2020;
COLOVIC et al., 2013; WOREK et al., 2016).

3. 2 Colinesterases humanas

As HssChEs constituem uma familia de enzimas fundamentais para o funcionamento
do sistema colinérgico, atuando na regulacao da neurotransmissao por meio da hidrolise da ACh
e de outros ésteres de Ch. Essas enzimas sdo amplamente distribuidas no organismo e
desempenham papel essencial na manutencdo da homeostase colinérgica. A fun¢do dessas
enzimas ¢ promover o término adequado da transmissao sinédptica, evitando assim a estimulag¢ao
excessiva dos receptores colinérgicos. Em humanos, as ChEs s3o classificadas em duas
subclasses principais: a acetilcolinesterase (AChE, EC 3.1.1.7) e a butirilcolinesterase (BChE,
EC 3.1.1.8). A AChE ¢ a principal enzima responsavel pela hidrolise da ACh nas sinapses

colinérgicas, estando presente em elevadas concentracdes nas jungdes neuromusculares, nos
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eritrocitos e em diversas regidoes do SNC e SNP (CHATONNET e LOCKDRIDE, 1989;
COLOVIC et al., 2013; KUTTY, 1980; LUSHCHEKINA; MASSON, 2018; SUN et al., 2024).

Diferentemente da AChE, a BChE apresenta maior versatilidade quanto aos substratos
que pode hidrolisar, atuando nao apenas sobre a ACh, mas também sobre outros ésteres de Ch,
como a butirilcolina (BCh) (COLOVIC et al., 2013; DIRAK; CHAN; KOLEMEN, 2024;
LOCKRIDGE, 2015). Em fungao de sua ampla distribuicdo tecidual e de seu perfil catalitico,
a BChE participa de diversos processos fisioldgicos relacionados a modulagao da
neurotransmissao colinérgica (COLOVIC etal.,2013; DARVESH; HOPKINS; GEULA, 2003;
LOCKRIDGE, 2015; MESULAM et al., 2002). Dessa forma, a AChE e a BChE constituem
importantes alvos farmacologicos e toxicoldgicos, despertando crescente interesse no
desenvolvimento de novos agentes terapéuticos e reativadores enzimaticos (COLOVIC et al.,
2013; LOCKRIDGE, 2015; MERCEY et al., 2012; SVOBODOVA; SOUKUP;
KORABECNY, 2026). Entre essas enzimas, a AChE destaca-se por seu papel central na
neurotransmissdo colinérgica e por sua relevancia em processos patologicos e terapéuticos

(COLOVIC et al., 2013; FERREIRA-VIEIRA et al., 2016; YU; LANE; LIN, 2021).

3. 2.1 Acetilcolinesterase

A HssAChE ¢ uma hidrolase de serina cujo papel biologico principal € interromper
rapidamente a transmissdo do impulso nervoso nas sinapses colinérgicas, através da hidrdlise
da ACh em Ch e acetato (FIGURA 2) (COLOVIC et al., 2013; DOS SANTOS et al., 2007,
QUINN, 1987; SILMAN; SUSSMAN, 2005; TAYLOR; BROWN, 1994).

Figura 2- Hidrolise da ACh pela AChE.
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Fonte: Adaptado de Dos Santos et al. (2007).

Além de sua funcdo cladssica na neurotransmissdo, evidéncias indicam que a AChE
também desempenha fungdes ndo colinérgicas, participando de processos biologicos
importantes, como adesdo celular, diferenciacdo celular, proliferacao celular e desenvolvimento

tecidual. Essas funcdes adicionais sugerem que a enzima exerce papéis fisioldgicos mais
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amplos do que aqueles tradicionalmente associados a neurotransmissao colinérgica (LUO et al.,
2021; SILMAN, 2021; SOREQ; SEIDMAN, 2001; TSIM; SOREQ, 2013).

A AChE possui uma estrutura de formato elipsoidal (FIGURA 3), com dimensdes
aproximadas de 45 A x 60 A x 65 A. Seu mondomero pertence ao tipo o/p, apresentando uma
folha B central mista composta por 12 fitas B, que € circundada por 14 hélices a. Um aspecto
estrutural bastante caracteristico € a presenga de um “gorge” profundo e estreito, com cerca de
20 A de extensdo, que se projeta para o interior da enzima até cerca de metade de sua
profundidade e se amplia na regido mais basal (COLOVIC et al., 2013; HUNG et al., 2025;
MANAVALAN; TAYLOR; JOHNSON Jr, 1985). O sitio catalitico localiza-se
aproximadamente a 4 A do fundo dessa cavidade e é organizado em dois subsitios principais: o
subsitio anionico e o subsitio esterasico (COLOVIC et al., 2013; HUNG et al., 2025;
NACHMANSOHN; WILSON, 1951). O primeiro ¢ responsavel pelo reconhecimento de
substratos cationicos, por meio de multiplas interagdes com um conjunto de 14 residuos
aromaticos que revestem o gorge, todos altamente conservados evolutivamente; entre eles, o
triptofano 84 (Trp84) se destaca por sua importancia funcional, j4 que sua mutacdo para alanina
pode provocar uma queda de cerca de 3000 vezes na atividade enzimatica (COLOVIC et al.,
2013; HUNG et al., 2025; ORDENTLICH et al., 1995; TOUGU, 2001). O subsitio esterasico,
por sua vez, ¢ onde ocorre a hidrolise da ACh, e contém a triade catalitica formada pelos
residuos serina (Ser203), histidina (His447) e glutamato (Glu334). Essa organizacao estrutural
¢ responsavel por sua notavel eficiéncia catalitica na hidrélise da ACh, bem como por sua
elevada suscetibilidade a a¢do de inibidores e agentes neurotoxicos (COLOVIC et al., 2013;

HUNG et al., 2025).
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Figura 3- Estrutura tridimensional da HssAChE.

Fonte: Do autor (2026).

Durante o processo catalitico, a Ser203 atua como nucleéfilo, promovendo o ataque ao
grupo éster do substrato, enquanto a His447 e a Glu334 participam de uma rede de transferéncia
de protons que estabiliza e favorece a reagdo. A acao coordenada desses residuos confere a
enzima sua elevada eficiéncia catalitica, permitindo a rapida degradac¢do da ACh e o término da
neurotransmissao colinérgica (FIGURA 4) (HUNG et al., 2025; PETRONILHO et al., 2011;
SILMAN; SUSSMAN, 2005).

Figura 4- Mecanismo de hidrolise da ACh no sitio ativo da HssAChE.

Fonte: Petronilho ef al. (2011).

Embora a AChE seja a principal enzima responsavel pela hidrolise da ACh nas sinapses
colinérgicas, outra ChE de relevancia fisiologica e farmacologica ¢ a BChE. Apesar de

compartilhar caracteristicas estruturais e mecanisticas com a AChE, a BChE apresenta
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diferengas quanto a distribuicdo tecidual, especificidade por substratos e fungdes bioldgicas

(HUNG et al., 2025; LOCKRIDGE, 2015; SILMAN, 2021).

3. 2. 2 Butirilcolinesterase

A HssBChE esta amplamente distribuida nos tecidos humanos, mas suas fungdes
fisiologicas ainda ndo estao completamente elucidadas. A enzima contribui para a transmissao
colinérgica e participa do metabolismo de lipidios e da grelina. Ela apresenta grande
importancia farmacoldgica e toxicoldgica devido a sua capacidade de hidrolisar diversos ésteres
e neutralizar compostos toxicos. Evidéncias indicam que a HssBChE pode atuar como enzima
acessoria no metabolismo de colinésteres, apresentando contribui¢do varidvel dependendo do
tecido e do contexto fisiologico, o que reforca seu potencial envolvimento em diferentes
processos bioldgicos (DARVESH et al., 2003; HAJIMOHAMMADI; LOCKRIDGE;
MASSON, 2025; LOCKRIDGE, 2016; SILMAN, 2021).

A BChE apresenta atividade hidrolitica sobre a ACh e outros ésteres de Ch, contribuindo
para a modulagdo da sinalizag@o colinérgica em diferentes contextos fisiologicos. Embora a
AChE seja a principal enzima responsavel pela degradacdo da ACh nas sinapses colinérgicas,
a BChE pode atuar como uma enzima acessoria, apresentando participagdo variavel na
regulagdo dos niveis de ACh de acordo com o tecido e o estado fisiologico. Essa capacidade de
atuar sobre diferentes substratos colinérgicos confere a BChE relevancia funcional em
processos neuroquimicos e periféricos, ainda que seu papel fisioldgico exato permanega menos
definido quando comparado ao da AChE (FREITAS; PAZ; CASTILHO, 2009; GOULART et
al.,2021; HAJIMOHAMMADI; LOCKRIDGE; MASSON, 2025; SILMAN, 2021).

Uma caracteristica relevante das HssChEs ¢ a presenca de diferengas estruturais entre a
AChE e a BChE, especialmente em relagdo a composicao dos residuos de aminoacidos e ao
volume da cavidade catalitica. Essas diferencas determinam a especificidade por substratos, a
afinidade por inibidores e a cinética enzimatica, além de desempenharem papel fundamental no
planejamento racional de compostos bioativos em estudos de modelagem molecular (NICOLET
et al.,2003; SUN et al., 2024; SUSSMAN et al., 1991; ROSENBERRY et al., 2017).

A HssBChE, também denominada ChE sérica ou pseudocolinesterase, ¢ uma esterase
sintetizada principalmente no figado e liberada na corrente sanguinea. Apresenta meia-vida
plasmatica relativamente longa, variando entre 12 e 14 dias, o que contribui para sua
estabilidade na circulagcdo. No organismo humano, essa enzima possui ampla distribuicao

tecidual, sendo detectada em diferentes 6rgdos e tecidos, incluindo pele, pancreas, substancia
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branca cerebral, coragdao, musculos lisos e tecido adiposo (FREITAS; PAZ; CASTILHO, 2009;
GOULART et al., 2021; LOCKRIDGE, 2015; SUN et al., 2024).

A BChE ¢ uma enzima tetramérica com massa molecular aproximada de 340 kDa, sendo
constituida por quatro subunidades idénticas de cerca de 85 kDa cada. Estruturalmente,
apresenta uma conformagdo tridimensional muito semelhante a da AChE, com um
enovelamento do tipo o/B-hidrolase e um sitio ativo localizado no fundo de um gorge profundo
e estreito. No entanto, diferengas na composi¢do dos aminoacidos que revestem o gorge
conferem a BChE uma cavidade catalitica mais ampla, permitindo a acomodagao ¢ a hidrolise
de substratos de maior volume em comparagao com a AChE. O sitio catalitico ¢ organizado em
diferentes subsitios funcionais. O centro catalitico ¢ composto pela triade catalitica formada
pelos residuos Ser198, His438 e Glu325, responsavel pela hidrdlise de ésteres de Ch. Na regiao
de ligacdo do substrato, destaca-se o sitio anidnico, onde ocorre a interacdo com o grupo
quaternario de amonio da Ch por meio de interagdes do tipo cation—m. Além disso, o sitio de
acilacdo contribui para a formag¢ao do intermedidrio acil-enzima durante o processo catalitico,
enquanto o sitio acil, predominantemente hidrofébico, modula o acesso do substrato ao sitio
ativo e influencia a especificidade enzimatica (FIGURA 5) (GIACOBINI, 2003; NICOLET et
al., 2003; ROSENBERRY et al., 2017; SUN et al., 2024).

Figura 5- Estrutura tridimensional da HssBChE.

Fonte: Do autor (2026).
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Em razao de suas caracteristicas estruturais e cataliticas, a BChE também constitui um
importante alvo dos agentes OPs. A inibi¢do dessa enzima, juntamente com a da AChE,
contribui para altera¢des na neurotransmissao colinérgica. A interagdo dos OPs com as ChEs
apresenta relevancia tanto para a compreensao dos mecanismos envolvidos na toxicidade desses
compostos quanto para o desenvolvimento de estratégias destinadas a prevengdo e ao
tratamento da intoxicagdo. Assim, a compreensdo das caracteristicas dos OPs e de seus
mecanismos de acdo ¢ fundamental para elucidar os efeitos decorrentes da exposi¢ao a esses
agentes (DARVESH et al, 2003; GIACOBINI, 2003; MASSON; NACHON, 2017;
ROSENBERRY et al., 2017; SUN et al., 2024; WANG et al., 2026).

3. 3 Organofosforados como agentes toxicos

Os compostos OPs constituem uma classe de substancias reconhecida por sua elevada
toxicidade ao sistema nervoso. Estes compostos sdo amplamente utilizados na agricultura, na
indastria ¢ em outros setores, como na fabricagdo de plastificantes, componentes de
medicamentos e materiais poliméricos. Na agricultura, destacam-se pelo controle eficiente de
pragas, contribuindo para o aumento da produtividade e da qualidade dos produtos. Entretanto,
seu uso extensivo estd associado a riscos significativos a saiide humana e ao meio ambiente
(BIGLEY; RAUSHEL, 2019; CHU et al., 2026, EDDLESTON et al.; 2008; RAJAK et al.,
2021). Além das aplicagdes civis, alguns OPs foram desenvolvidos e utilizados como agentes
de guerra quimica devido ao seu elevado potencial neurotoxico (MARRS; MAYNARD;
SIDELL, 2007; NOGA; MICHALSKA; JUROWSKI, 2023; WOREK et al., 2020). Em razéo
de sua ampla utilizagdo, o risco de intoxicagado ¢ elevado, tornando essencial compreender seus
efeitos toxicos e sua participagdo no desenvolvimento e agravamento de condi¢des patologicas
(BELINSKAIA et al., 2019; CHU et al., 2026; LIMA, 2008; RAJAK et al., 2021; VINHAL,;
SOARES, 2018).

Entre os principais agentes de guerra quimica, destacam-se o sarin, o ciclosarin e 0 VX
(TABELA 1), que representam importantes ameagas a saude publica e a seguranga devido a sua
elevada toxicidade. A compreensdo detalhada dos mecanismos de acdo desses agentes ¢
essencial para o desenvolvimento de terapias eficazes e estratégias que possam minimizar seus
efeitos toxicos. Um dos principais alvos dessas substancias sdo as ChEs, enzimas essenciais
para a transmissao nervosa (MARRS; MAYNARD; SIDELL, 2007; NOGA; MICHALSKA;
JUROWSKI, 2023; SILVA; JR; FIGUEROA-VILLAR, 2012; WOREK et al., 2020).
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Tabela 1. Estruturas quimicas dos agentes de guerra quimica: sarin, ciclosarin ¢ VX.

Agentes Estruturas 2D
o
Sarin l |
-L..HO - l .JII'."-'C H3
F
R 0
Ciclosarin H l |F!
T g | TieH,
I

VX .

Fonte: Do autor (2026).

A toxicidade dos OPs decorre principalmente da inibicdo quase irreversivel das ChEs,
especialmente da AChE. Esses agentes ligam-se covalentemente ao residuo de serina presente
no sitio ativo da enzima, promovendo sua fosforilacdo e impedindo a hidrolise da ACh. Como
a reativagao espontanea da AChE ¢ extremamente lenta, ocorre acimulo de ACh na fenda
sinaptica, resultando em hiperestimulacdo dos receptores colinérgicos. Esse processo
desencadeia manifestacdes clinicas como agitacdo, fraqueza muscular, fasciculagdes, miose,
hipersalivacao e sudorese. Nos casos mais graves, podem ocorrer insuficiéncia respiratoria,
confusdo mental, convulsoes, perda da consciéncia e evolucdo para oObito (ALDRIDGE;
REINER, 1972; BELINSKAIA ef al., 2019; BOUBLIK et al., 2002; COLOVIC et al., 2013;
EDDLESTON et al.; 2008; WOREK et al., 2020).

Os compostos OPs sdo ésteres ou tioésteres derivados dos acidos fosforico, fosfonico,
fosfinico ou fosforamidico. Em sua estrutura geral, o atomo de fosforo encontra-se ligado a dois
substituintes organicos, denominados R1 e R2, frequentemente representados por grupos
alquila ou arila, como metil ou etil (FIGURA 6). Além disso, apresenta um grupo de saida (X),

que pode corresponder a diferentes substituintes quimicos, incluindo halogénios, grupos
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alifaticos ou aromadticos, o qual pode ser liberado durante reagdes de hidrolise. O fosforo
também esta ligado a um atomo de oxigénio por meio de uma ligacdo dupla (P=0),
caracteristica estrutural que contribui de forma significativa para a elevada reatividade quimica
dessa classe de compostos (BAJGAR, 2004; BELINSKAIA et al., 2019; COLOVIC et al.,
2013; KANEKAR et al., 2004; SOGORB; VILANOVA, 2002; SMULDERS et al., 2004;
STODDART, 1979; WOREK et al., 2020).

Figura 6- Representagao estrutural geral dos compostos OPs.

ﬁ
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RZ
Fonte: Adaptado de Stoddart (1979).

3. 3.1 Mecanismo de inibico das colinesterases por organofosforados

Como descrito anteriormente, os compostos OPs exercem sua principal agdo toxica por
meio da inibicdo das enzimas ChEs. Este processo estd associado a elevada reatividade do
atomo de fosforo presente em sua estrutura. Essa interagdo com enzimas-chave do sistema
colinérgico resulta em alteracdes significativas na neurotransmissdo mediada pela ACh,
comprometendo a comunica¢do sinaptica. Como consequéncia, esses compostos estdo
diretamente relacionados ao desenvolvimento de quadros de neurotoxicidade, devido ao
desequilibrio funcional do sistema colinérgico (ABOU-DONIA, 2003; BELINSKAIA et al.,
2019; COLOVIC et al., 2013; LIMA, 2008; RAJAK et al., 2021; WOREK et al., 2020).

O mecanismo de inibicdo (FIGURA 7) inicia-se com o ataque nucleofilico do oxigénio
do grupo hidroxila do residuo de serina catalitica (Ser203), que se liga ao atomo de fosforo
eletrofilico do OP. Essa interacao resulta na formac¢ao de um complexo fosforilado covalente
entre o OP e a enzima, estabelecendo a ligagao OP e a AChE ou BChE e promovendo o bloqueio
do sitio ativo (COLOVIC et al., 2013; GUPTA et al. 2023; WOREK et al., 2020). Como
consequéncia imediata desse processo, ocorre a perda da atividade catalitica das ChEs,
impedindo a hidrélise da ACh. Esse bloqueio enzimdtico leva ao comprometimento da
terminacao da sinalizagdo colinérgica, caracterizando o efeito toxico inicial dos OPs sobre o
sistema nervoso (ARONIADOU-ANDERJASKA et al., 2023; CAVALCANTI et al., 2016;
COLOVIC et al., 2013; EDDLESTON et al., 2008).
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Figura 7- Mecanismo geral de inibicdo da HssAChE por compostos OPs.
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Fonte: Adaptado de Colovic¢ et al. (2013).

3. 3. 2 Processo de envelhecimento

O processo de envelhecimento (em inglés, aging) corresponde a uma modifica¢do
quimica progressiva do complexo enzima—OP ap0s a inibicdo das ChEs. Nesse processo, ocorre
a desalquilagdo de um dos grupos alquila ligados ao atomo de foésforo, resultando em uma
reorganizagao estrutural que aumenta significativamente a estabilidade da ligagdo covalente
entre o fosforo do OP e o oxigénio do residuo de serina presente no sitio catalitico (MASSON;
NACHON, 2017; MILLARD et al., 1999; WOREK et al., 2016). Como consequéncia, a
reativacdo da enzima por oximas torna-se invidvel, tornando a inibicao irreversivel e fazendo
com que a recuperagdo da atividade enzimatica dependa da sintese de novas moléculas de ChE
(QUINN, 1987; SAXENA et al., 2009; WOREK et al., 2016). Dessa forma, o processo de
envelhecimento representa um fator determinante na perda da capacidade de reativacao das
ChEs, constituindo uma etapa critica na toxicidade dos compostos OPs. Como a reativagao ¢
possivel apenas antes da ocorréncia desse processo, o conhecimento dos mecanismos
envolvidos na reativacdo das ChEs ¢ essencial para o desenvolvimento de estratégias
terapéuticas eficazes (EDDLESTON et al., 2008; MASSON; NACHON, 2017; MILLARD et
al., 1999; WOREK et al., 2016).
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3. 3. 3 Reativacio das colinesterases por oximas

As oximas sao agentes nucleofilicos capazes de reativar as ChEs inibidas por compostos
OPs, desde que o processo de envelhecimento do complexo enzima—OP ainda nao tenha
ocorrido. Nessa condi¢do, o complexo permanece suscetivel ao ataque nucleofilico da oxima,
que promove a clivagem da liga¢do entre o grupo fosforilado e o residuo de serina presente no
sitio ativo da enzima, restaurando sua atividade catalitica (CHAMBERS; MEEK, 2021;
MASSON; NACHON, 2017; MATOS, 2012; MILLARD et al., 1999; WOREK et al., 2016).
Esse mecanismo permite a recuperagdo da atividade das ChEs e, consequentemente, contribui
para o restabelecimento da neurotransmissdo colinérgica. Entretanto, a eficacia das oximas
depende da estrutura quimica do OP responsavel pela inibicdo, uma vez que determinados
reativadores apresentam elevada atividade frente a alguns agentes, mas baixa ou nenhuma
eficacia contra outros. Essa especificidade limita sua aplicagdo clinica e refor¢a a necessidade
do desenvolvimento de oximas de amplo espectro, capazes de reativar as ChEs inibidas por
diferentes compostos OPs (CHAMBERS; DAIL; MEEK, 2020; MATOS, 2012; WOREK;
THIERMANN; WILLE, 2020).

Figura 8- Mecanismo de reativacdo da AChE.
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Fonte: Adaptado de Delfino; Figueroa-Villar (2009).

Na Figura 8, ilustra-se o mecanismo geral de reativagdo da AChE mediado por oximas.

Inicialmente, a enzima encontra-se fosforilada em decorréncia da reagdo entre um composto
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OP e o grupo hidroxila da serina presente no sitio catalitico, formando uma ligagdo covalente
estavel do tipo fosforo—oxigénio. Essa modificagdo impede que a serina participe da hidrolise
da ACh, levando ao acimulo do neurotransmissor na fenda sinaptica e a hiperestimulagao dos
receptores colinérgicos (CHAMBERS; DAIL; MEEK, 2020; DELFINO; FIGUEROA-
VILLAR, 2009; WONG et al., 2000; WOREK ef al.,2007).

Como ja mencionado, as oximas atuam como agentes nucleofilicos devido a presenca
do grupo funcional oxima (CHAMBERS; MEEK, 2021; MATOS, 2012). Em pH fisiologico,
uma fra¢ao dessas moléculas encontra-se na forma desprotonada, espécie que apresenta elevada
densidade eletronica sobre o atomo de oxigénio e, consequentemente, maior nucleofilicidade.
Apb6s o reconhecimento do complexo enzima—OP, a oxima posiciona-se no interior do sitio
ativo da AChE, aproximando o oxigénio nucleofilico do centro eletrofilico representado pelo
atomo de fosforo do grupo fosforila (CHAMBERS; DAIL; MEEK, 2020; DELFINO;
FIGUEROA-VILLAR, 2009; WONG et al., 2000; WOREK ef al.,2007).

O mecanismo de reativagdo ocorre por meio de uma reagao de substituigdo nucleofilica
bimolecular (Sn2). O anion oximato realiza um ataque ao atomo de fésforo, formando um
intermediario pentacoordenado, caracteristico das reagdes de substitui¢do em compostos OPs.
Esse intermediario ¢ instavel e sofre colapso com a clivagem da ligagdo fosforo—oxigénio
estabelecida entre o OP e o residuo de serina da enzima. Como consequéncia, a serina recupera
seu grupo hidroxila livre, restaurando o sitio catalitico da AChE, enquanto o grupo fosforila
permanece ligado a oxima, originando um complexo fosforil-oxima, que posteriormente pode
sofrer hidrélise ou ser eliminado do organismo. A eficiéncia desse processo depende de diversos
fatores estruturais e cinéticos, incluindo a nucleofilicidade da oxima, sua capacidade de alcancar
o sitio ativo da enzima, a orientag¢do espacial adequada para o ataque nucleofilico e a natureza
quimica do OP responsavel pela inibicato (CHAMBERS; DAIL; MEEK, 2020; DELFINO;
FIGUEROA-VILLAR, 2009; WONG et al., 2000; WOREK et al., 2007).

Diversas oximas tém sido desenvolvidas e avaliadas como reativadores das ChEs
inibidas por compostos OPs, como o sarin, ciclosarin e VX, apresentando diferencas estruturais
que influenciam sua afinidade pela enzima, capacidade de reativagao e espectro de acao frente
a diferentes agentes anticolinesterasicos (WOREK et al., 2020). Na tabela 2, estdo as estruturas
quimicas das oximas que serviram como base para os estudos de interagdo molecular e

reativacao das ChEs.
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Tabela 2. Estruturas quimicas das oximas.

Estruturas 2D Féormula Molecular
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Fonte: Do autor (2026).
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3.4 Organofosforados como agentes terapéuticos

Embora os compostos OPs sejam amplamente reconhecidos por sua toxicidade e
frequentemente associados a pesticidas e agentes neurotdxicos, diversos representantes dessa
classe quimica também apresentam potencial terapéutico (BIGLEY; RAUSHEL, 2019;
CHANG et al., 2017; DEMKOWICZ et al., 2016; RAJAK et al., 2021). Estudos recentes
destacam que alguns OPs tém sido utilizados no tratamento de diferentes patologias e que,
quando racionalmente projetados, administrados e avaliados, podem constituir importantes
ferramentas farmacoldgicas. Na AD, a hipotese colinérgica sugere que o aumento dos niveis de
ACh no SNC pode melhorar a fungio cognitiva (ATTA et al., 2025; CONTESTABILE, 2011;
FRANCIS et al., 1999; SAHA et al., 2024; SINGH; PRASAD; KUMAR, 2024). Os compostos
OPs capazes de promover uma inibi¢ao parcial da AChE vém sendo investigados como
potenciais agentes terapéuticos, uma vez que a redugdo da atividade dessa enzima aumenta a
disponibilidade de ACh nas sinapses, favorecendo a neurotransmissao colinérgica e podendo
contribuir para a melhora dos sintomas cognitivos. Apesar da conhecida toxicidade associada a
essa classe de compostos, evidéncias demonstram que os compostos OPs também podem
desempenhar papel relevante na quimica medicinal, desde que seu desenvolvimento e aplicagao
sejam cuidadosamente controlados (AHLMANN; HEMPEL, 2016; DELFINO; FIGUEROA-
VILLAR, 2009; EMADI; JONES; BRODSKY, 2009; GARDINER et al., 2019; SCHMIDT et
al., 2010).

3.4.1 Doenca de Alzheimer

A AD ¢ uma enfermidade neurodegenerativa progressiva e irreversivel de instalagao
insidiosa. Esta ¢ a principal causa de deméncia, predominante na populagdo idosa (SAMPAIO
et al., 2025, SMITH, 1999). Caracteriza-se por um declinio gradual das func¢des cognitivas,
incluindo memoria, reconhecimento de pessoas e espagos, além de prejuizos na realizacao de
atividades diarias, afetando de forma significativa a autonomia e a qualidade de vida do paciente
(HUO et al., 2022; SAMPAIO et al., 2025).

Do ponto de vista neuropatologico, a doenga ¢ marcada por alteragdes estruturais
especificas no SNC. Entre as principais caracteristicas estdo a deposi¢do extracelular de placas
senis compostas por peptideo B-amiloide (AP) e a formagdo intracelular de emaranhados
neurofibrilares constituidos por proteina tau hiperfosforilada. Essas alteragdes estdo associadas

a disfun¢do sindptica, estresse oxidativo, neuroinflamacdo e perda progressiva de neuronios,
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especialmente em regides como o hipocampo e o cortex cerebral, dreas fundamentais para os
processos de memoria e aprendizagem (ABYADEH et al., 2024; KINNEY et al., 2018;
MACHADO; CARVALHO; SOBRINHO, 2020).

Embora sua etiologia ndo seja totalmente compreendida, a AD ¢ uma patologia
multifatorial e de causa idiopatica, e fatores genéticos e ambientais podem influenciar na sua
progressdo (BREIJ'YEH; KARAMAN, 2020; CAMARA, 2019; LANE; HARDY; SCHOTT,
2018). Entre as principais hipoteses fisiopatologicas, destaca-se a hipodtese colinérgica, que
relaciona parte dos sintomas cognitivos a reducao da neurotransmissao colinérgica no cérebro,
especialmente devido a morte ou comprometimento da fungdo dos neurdnios liberadores e
produtores da ACh. Esse neurotransmissor possui papel fundamental nos processos de
memoria, concentragdo, aprendizagem e demais fungdes cognitivas (DALMAGRO;
CAZARIN; ZENAIDE, 2020; FALCO et al., 2016; FERREIRA-VIEIRA et al., 2016).

Atualmente, os tratamentos disponiveis ndo sdo capazes de reverter a doenca. Os
mesmos sdo voltados principalmente para o controle sintomdtico e tentativa de retardar a
progressdo da doenca (LANE; HARDY; SCHOTT, 2018). O entendimento dos mecanismos
neuropatoldgicos da AD ¢ fundamental para o desenvolvimento de novas abordagens
terapéuticas, especialmente aquelas voltadas a modulagdo do sistema colinérgico (COELHO

FILHO; BARBOSA, 2023; KANDY et al., 2026; SREE et al., 2025; YU; LANE; LIN, 2021).

3.4.2 Sistema colinérgico e doenca de Alzheimer

O sistema de neurotransmissdo colinérgica ¢ constituido pela ACh, seus receptores e o
aparato enzimatico responsavel por sua sintese e degradagdo. A ACh ¢ um mediador quimico
de sinapses no SNC, bem como no SNP e jun¢do neuromuscular (BRUNEAU; AKAABOUNE,
2006; VENTURA et al., 2010). Esse sistema ¢ constituido por neurdnios colinérgicos
amplamente distribuidos no cérebro humano e desempenham papel fundamental nos processos
cognitivos. A transmissao dos sinais colinérgicos envolvidos na memoria e na aprendizagem
depende da acao da ACh. Por meio da ativacdo de receptores nicotinicos € muscarinicos, esse
neurotransmissor participa da modulagdo da atividade neuronal e da comunicagdo entre
diferentes circuitos cerebrais (FUJII; TAKADA-TAKATORI;, KAWASHIMA, 2008;
FUKUNAGA; YABUKI, 2018; LI ef al., 2020; MING; WANG; GENTILE, 2024).

Na AD, alteracdes no sistema colinérgico estdo entre os principais mecanismos
associados ao comprometimento cognitivo. A perda progressiva de neurdnios colinérgicos do

prosencéfalo basal, especialmente daqueles que compdem o nucleo basal de Meynert, leva a
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reducdo da neurotransmissdo colinérgica em regides cerebrais envolvidas com memoria e
aten¢do. Como consequéncia, ocorre diminui¢do da disponibilidade de ACh, contribuindo para
os déficits cognitivos caracteristicos da doenga. Embora a AD seja marcada pelo acimulo de
placas amiloides e emaranhados neurofibrilares, evidéncias indicam que a perda sindptica e a
disfuncdo colinérgica apresentam forte associacdo com a progressdo do declinio cognitivo
observado nos pacientes (BARTUS et al., 1982; FERREIRA-VIEIRA et al., 2016).

A disfung¢do do sistema colinérgico desempenha papel central na fisiopatologia da AD,
justificando o emprego de estratégias farmacoldgicas voltadas ao aumento da neurotransmissao
colinérgica. Entre essas, destacam-se os inibidores da AChE, que elevam os niveis cerebrais de
ACh e promovem melhora temporaria dos sintomas cognitivos, sem modificar a evolucdo da

doenga (KANDY et al., 2026; VENTURA et al., 2010).

3.4.3 Farmacos anticolinesterasicos no tratamento da doenca de Alzheimer

Os anticolinesterasicos ou inibidores das ChEs sdo farmacos que constituem a principal
classe terapéutica utilizada no tratamento sintomatico da AD em estagios leves a moderados.
Esses medicamentos estimulam a transmissao colinérgica indiretamente inibindo a AChE, que
hidrolisa e inativa a ACh nas fendas sinapticas do SNC. Assim, os agentes dessa classe
prolongam a permanéncia da ACh na fenda sinaptica, aumentando sua disponibilidade para
interagdo com os receptores poOs-sindpticos e, consequentemente, melhorando a
neurotransmissao colinérgica (COLOVIC etal., 2013; KANDY et al., 2026; TAYLOR, 2018).

Os anticolinesterasicos podem ser classificados em inibidores reversiveis e irreversiveis
das ChEs, de acordo com o mecanismo de interacdo com a enzima. Os inibidores reversiveis
incluem compostos que se ligam ao sitio ativo da AChE por meio de interagdes nao covalentes,
como a donepezila e a galantamina, bem como carbamatos, como a fisostigmina, a neostigmina
e arivastigmina, que promovem a carbamilagdo reversivel da enzima. Nesses casos, a atividade
enzimatica ¢ restabelecida ap6s a dissociagdo do complexo enzima-inibidor ou pela hidrélise
espontanea do grupo carbamilado. Em contrapartida, os inibidores irreversiveis, representados
principalmente pelos compostos OPs, promovem a fosforilagcdo do residuo de serina presente
no sitio catalitico da AChE, formando um complexo covalente altamente estavel. Essa ligagao
pode tornar-se progressivamente mais resistente a hidrolise em decorréncia do processo de
envelhecimento, resultando em inibi¢ao prolongada ou permanente da atividade enzimatica
(COLOVIC et al.,2013; MASSON; NACHON, 2017; MILLARD et al., 1999; TAYLOR, 2018;
WOREK et al., 2016).
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Os principais farmacos anticolinesterasicos utilizados clinicamente incluem a
donepezila, a rivastigmina e a galantamina (BOND et al., 2012; COLOVIC et al., 2013;
HANSEN et al., 2008). A donepezila atua como um inibidor da AChE de agdo central, rapida e
reversivel. A rivastigmina, por sua vez, inibe tanto a AChE quanto a BChE, atuando como um
inibidor ndo competitivo e apresentando acdo pseudoirreversivel (de reversao lenta). Ja a
galantamina ¢ um inibidor seletivo, competitivo e reversivel da AChE, atuando também como
potencializador alostérico dos receptores nicotinicos de ACh (KANDIAH et al., 2017; RATHI,
2021; SELTZER, 2005).

Os anticolinesterasicos atuam na disfuncdo neuronal secundaria a patologia e ajudam a
estabilizar ou a retardar o declinio cognitivo, funcional e comportamental. Nao existem
estratégias capazes de reverter o declinio cognitivo ou impedir a progressdao da doenca; os
recursos atualmente disponiveis sdao medicamentos sintomaticos que visam retardar sua
evolucdo (PEREIRA; RODRIGUES, 2015; TAN et al., 2014). As evidéncias sobre a eficacia
dos anticolinesterasicos a longo prazo s3o escassas, € os resultados ainda ndo sao suficientes
para esclarecer, de forma definitiva, o uso ou nao desses medicamentos em fases avangadas da
doenca (OLAZARAN et al., 2013; PEREIRA; RODRIGUES, 2015). Dessa forma, os
anticolinesterasicos permanecem como uma terapia consolidada, porém de eficacia limitada, o
que justifica a busca por novas opgdes terap€uticas com maior seletividade, melhor perfil de
seguranca e potencial para modificar a progressao da doenca (PEREIRA; RODRIGUES, 2015;
TAN et al., 2014).

Baseado na hipdtese colinérgica, alguns compostos OPs de baixa toxicidade sao
investigados como potenciais agentes terapéuticos devido a sua capacidade de inibir a AChE
de forma prolongada. Estudos mostram que o metrifonato destaca-se por apresentar resultados
promissores em estudos clinicos, com melhora modesta da fungdo cognitiva em pacientes com
AD. Entretanto, preocupagdes relacionadas a seguranga e aos efeitos colinérgicos adversos
impedem sua utilizacdo clinica. Apesar dessas limitagdes, esses estudos contribuem para
ampliar a compreensdo da relacdo entre estrutura quimica, inibicdo enzimatica e atividade
farmacoldgica, fornecendo subsidios para o desenvolvimento de novos inibidores da AChE com
maior seletividade e melhor perfil de seguranca (COLOVIC et al., 2013; GIOVANNINI et al.,
1998; LOPEZ-ARRIETA; SCHNEIDER, 2006; SINGH et al., 2013). Sendo assim, a aplicagcdo
de métodos computacionais tem se mostrado uma estratégia relevante para investigar, em nivel
molecular, as interagdes entre compostos bioativos e seus alvos enzimaticos, permitindo avaliar

propriedades estruturais, eletronicas, energéticas e farmacoldgicas e, assim, auxiliar na
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identificacdo e no direcionamento racional de potenciais candidatos a farmacos (KANDY et

al., 2026).

3.5 Métodos computacionais

A disponibilidade dos 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 ferramentas permitem avaliar, de forma rapida e econdmica, propriedades estruturais e
fisico-quimicas de uma série de moléculas de interesse, contribuindo para a compreensdo de
suas interagdes com alvos terapéuticos especificos. Os modelos moleculares gerados pelo
computador sdo resultantes de equagdes matematicas que estimam as posi¢des e propriedades
dos elétrons e nucleos. Os calculos realizados exploram as caracteristicas de uma estrutura,
fornecendo uma molécula sob nova perspectiva. Entre as diversas ferramentas computacionais
disponiveis, destacam-se o docking molecular, os calculos QM/MM e as simulagdes de MD,
que permitem avaliar os modos de interacdo entre ligantes e biomoléculas, investigar
mecanismos de reagdo e analisar a estabilidade estrutural e dindmica dos complexos formados.
Essas abordagens sdo fundamentadas em diferentes niveis de descricdo molecular, sendo a
Mecanica Molecular (MM, do inglés Molecular Mechanics) particularmente importante para a
investigacdo de sistemas biomoleculares, uma vez que permite descrever a estrutura e as
interagdes moleculares por meio de modelos baseados em campos de forca (CARVALHO et

al., 2003; MANCINI, 2011; SLIWOSKI et al., 2014; YU et al., 2026).

3.5.1 Mecanica Molecular

A modelagem molecular consiste em um conjunto de métodos computacionais
destinados a representar e prever o comportamento de moléculas e sistemas moleculares. Com
o avanco dos recursos computacionais, essas técnicas passaram a desempenhar um papel
fundamental na quimica, permitindo a investiga¢do de estruturas, propriedades e interagdes
moleculares. Entre essas abordagens, destaca-se a MM, que utiliza modelos baseados na
mecanica classica para descrever sistemas moleculares por meio de fungdes matematicas
capazes de representar as interagdes entre os atomos (CRAMER 2013; JENSEN 2017; LEACH,
2001).

Devido ao menor custo computacional em comparagdo aos métodos baseados na

mecanica quantica, a MM permite o estudo de sistemas contendo um grande niumero de atomos,
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sendo amplamente empregada em quimica computacional, bioquimica e ciéncia dos materiais.
Entre suas principais aplicacdes estdo a otimizagdo geométrica de moléculas, estudos
conformacionais, simulagdes de MD e investigacao de interagdes intermoleculares. Entretanto,
por utilizar uma descri¢ao cldssica dos atomos, essa metodologia apresenta limitagdes em
processos que envolvem alteragdes na estrutura eletronica, como formagao e quebra de ligagdes
quimicas, sendo frequentemente combinada com métodos quanticos em abordagens hibridas,
como QM/MM. No contexto da investigagdo das interacdes intermoleculares, os métodos
baseados em MM também fundamentam abordagens de docking molecular, utilizadas para
predizer os modos de ligacdo e avaliar a afinidade de ligantes em sitios especificos de proteinas,
constituindo uma importante ferramenta na investigacdo computacional de sistemas

biomoleculares (CRAMER 2013; JENSEN 2017; LEACH, 2001).

3.5.1.1 Docking molecular

A MM ¢ uma das principais abordagens dos métodos classicos tedricos (COELHO et
al., 1999). Esse método permite modificar os angulos ¢ comprimentos das ligagdes entre os
atomos de uma molécula, gerando novas conformagdes e calculando as energias associadas a
essas alteragdes. No contexto do docking molecular, a MM ¢ utilizada para investigar as
interacdes entre um ligante e um receptor, identificando conformagdes energeticamente
favoraveis e as principais interagdes intermoleculares envolvidas. O docking molecular explora
diferentes orientacdes e conformagdes do ligante no sitio de ligagdo, buscando arranjos
estruturais mais estaveis e com menor energia de interacdo. O objetivo do docking molecular,
associado aos métodos de MM, ¢ predizer os modos de interacdo entre o ligante e o alvo
molecular, fornecendo informagdes sobre a orientacdo do ligante no sitio ativo da enzima, as
interacdes intermoleculares envolvidas e a estabilidade relativa dos complexos formados
(CARVALHO, 2003; PATRICK; FLANAGAN, 2001).

O ancoramento molecular (em inglés, molecular docking) ¢ um processo que indica a
conformagdo do ligante e a sua orientacao dentro do sitio ativo da enzima. Para compreender
os mecanismos de inibigdo ou reativacdo enzimadtica, € necessdrio conhecer a posi¢cao
tridimensional do ligante durante a interagdo molecular com a enzima, bem como sua geometria
e as principais interagdes envolvidas no reconhecimento molecular (IWATA et al., 2000;
MANCINI, 2011; MIZUTANI; NIWA; TANAKA, 1994).

A simulagdo computacional por docking molecular ¢ uma técnica muito utilizada para

investigar as interagdes entre ligantes e enzimas a partir de suas estruturas tridimensionais. Por
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meio dessa abordagem, diferentes conformagdes e orientacdes do ligante sdo geradas e
avaliadas, permitindo identificar os modos de interacao mais favoraveis e os principais residuos
envolvidos no reconhecimento molecular. As estruturas experimentais utilizadas nesses estudos
sao geralmente obtidas por técnicas como difracao de raios x ou espectroscopia de ressonancia
magnética nuclear (RMN). Devido as dificuldades experimentais associadas a determinagao
estrutural de todos os complexos de interesse, o docking molecular constitui uma ferramenta
valiosa para a investigagdo preliminar das interacdes entre ligantes e proteinas (GUIMARAES,
2010; MANCINI, 2011; SILVEIRA, 2003).

Os valores da fun¢do utilizada no docking (Docking Scoring Function), Escore, $20

definidos pela equagdo 1:

Escore — Einter =+ Eintra (1)

O termo Einer, € a energia de interagdo ligante-enzima e € definido de acordo com a equagao 2:

Ewer= Y > | Err(ry) +332.0 Z"qj @)

ieligante  je proteina ij

Na equagdo 2, o primeiro termo EpLp € um potencial linear por partes que utiliza dois
conjuntos diferentes de pardmetros, um para a aproximagao do termo estérico (Van de Waals)
entre 4&tomos e o outro para o potencial para a ligagdo de hidrogénio. J& o segundo termo
descreve as interagdes 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 unidades de energia eletrostitica 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 equacgdo 3:

Eintra = Z Z EPLP(]”[]) + Z A[l - COS(m .0— 90)] + Epenal[zada (3)

i€ligante jeligante ligagoes flexiveis

As duas primeiras somas referem-se a todos os pares de atomos do ligante, exceto os
pares de atomos conectados por duas ligacdes. Ja o segundo termo refere-se a energia de tor¢ao,
onde o 0 ¢ o angulo de tor¢do da ligagdo. Para determinar diversas tor¢des, ¢ utilizada a média
da contribuigdo de tor¢do da ligagdo da energia. O Ultimo termo, Epenalizada (termo de corre¢do),
atribui uma penalidade de 1.000 se a distancia entre dois a&tomos pesados (mais de duas ligacdes

distantes) for menor que 2,0 A, punindo conformagdes inexistentes do ligante. Todas essas
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funcdes sdo usadas para ancorar automaticamente uma molécula flexivel em uma molécula
molde (enzima) (MANCINI, 2011; THOMSEN; CHRISTENSEN, 2006).

A técnica de docking molecular gera diferentes poses para o ligante no sitio de ligagao
da enzima e as classifica por meio de func¢des de pontuagdo, permitindo identificar as
conformagdes energeticamente mais favoraveis e os principais residuos envolvidos na intera¢ao
entre o ligante e a enzima. Apds a andlise dos diferentes modos de interag¢do, considerando a
flexibilidade conformacional do ligante a ser introduzido no sitio de ligagdo da enzima, sdao
identificadas as conformagdes mais favoraveis (MANCINI, 2011; MIZUTANI et al., 1994). No
entanto, por representar, em geral, uma abordagem de natureza essencialmente estatica, o
docking molecular ndo permite avaliar de forma abrangente a estabilidade ¢ a evolugdo
temporal do complexo ligante—enzima. As simula¢des de MD constituem uma abordagem
complementar, possibilitando investigar o comportamento dindmico do sistema e a estabilidade
das interagcdes ao longo do tempo, considerando a flexibilidade conformacional dos
componentes do complexo (LEACH, 2001; MARTINEZ; BORIN; SKAF, 2007; SLIWOSKI
etal., 2014).

3.5.1.2 Dinamica Molecular

A MD ¢ uma técnica computacional baseada nos principios da mecanica classica que
permite investigar o comportamento € a evolugcdo de sistemas moleculares por meio da
simulacdo do movimento dos dtomos ao longo do tempo. Essa abordagem possibilita a analise
detalhada das interagdes intermoleculares, das mudangas conformacionais e da estabilidade
estrutural de biomoléculas em condi¢des proximas as fisioldgicas. A técnica pode ser
empregada no estudo de sistemas com diferentes niveis de complexidade, desde pequenas
moléculas até grandes sistemas macromoleculares. Devido a sua capacidade de descrever
fendomenos dependentes do tempo em escala atdmica, a MD tornou-se uma das ferramentas
mais amplamente utilizadas para compreender e prever propriedades estruturais, dindmicas e
funcionais de macromoléculas bioldgicas em fun¢ao do tempo (BRAUN ez al., 2019; DE VIVO
etal., 2016).

Nas simulagdes de MD classica, os atomos sdo representados como particulas pontuais
interagindo por meio de potenciais empiricos descritos pelos campos de forga. Nesse
formalismo, as ligagdes quimicas sdo geralmente modeladas como oscilagdes harmdnicas em
torno de posi¢des de equilibrio, permitindo a descri¢ao eficiente da dindmica conformacional

de sistemas moleculares. Como os elétrons ndo sdo tratados explicitamente, fendmenos
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eletronicos, tais como formacdo e ruptura de ligagdes quimicas, transferéncia de carga,
polarizacdo eletronica e interagdes entre orbitais moleculares, ndo podem ser adequadamente
representados por essa abordagem (BRAUN et al., 2019; DE VIVO et al., 2016).

Os programas de MD utilizam algoritmos de integragdo numérica para resolver as
equacdes de movimento dos 4&tomos ao longo do tempo, gerando uma trajetdria que descreve a
evolucdo temporal do sistema em estudo por meio de suas coordenadas € momentos. A analise
dessas trajetérias permite a obtengdo de diversas propriedades estruturais, dinamicas e
energéticas, fornecendo informacdes detalhadas sobre o comportamento molecular do sistema.
Entre os parametros mais frequentemente avaliados estdo a energia do sistema, o nimero médio
de ligagdes de hidrogénio formadas durante a simulagdo, o desvio quadratico médio da raiz
(RMSD), a flutuacdo quadratica média da raiz (RMSF), as distincias intermoleculares e o raio
de giro, entre outros (VAN DER SPOEL et al., 2005).

Em simulagdes de sistemas biomoleculares, como proteinas, o sistema ¢ geralmente
inserido em uma caixa de solvatacdo contendo moléculas de dgua explicitas (water box). Essa
estratégia minimiza os efeitos de borda e reproduz um ambiente semelhante ao encontrado em
sistemas macroscopicos. Nesse modelo, réplicas da caixa de simulagdo sao distribuidas ao redor
da célula principal, formando um sistema periddico que busca representar o limite
termodindmico. Nesse limite, o nimero de moléculas (N) e o volume (V) tendem ao infinito,
enquanto a densidade numérica (N/V) permanece constante. Como consequéncia, 0 movimento
das particulas nao ¢ artificialmente restringido pelas paredes da caixa de simula¢do, uma vez
que as réplicas periodicas garantem a continuidade do sistema em todas as direcdes (MARK et
al., 2000; MARTINEZ, 2007).

A descricao classica da energia de um sistema molecular ¢ realizada por meio do
Hamiltoniano (H), definido como a soma das contribuicdes cinética (K) e potencial (V) de todas
as particulas do sistema. Esse formalismo ¢ expresso em fun¢ao das coordenadas generalizadas
gl e dos momentos generalizados pl dos N atomos presentes no sistema (TUCKERMAN;

MARTYNA, 2000):

H({q'L p 1) =K({p 1) +V({q'l})  (Eq.4)

onde:

q1=9"1,92,973,...,4N e pl=p1,p2,p3,..,pN
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O termo de energia potencial V({q’1}), representa as interagdes intra e intermoleculares de curto
e longo alcance presentes no sistema. J4 a energia cinética ¢ expressa pela Equacdo 5, na qual

mi corresponde a massa do atomo i:

K({p'1}) =Z(i=1-N) p’i2/2mi  (Eq.5)

A dinamica das particulas que compdem o sistema pode ser descrita por equagdes de movimento
derivadas do formalismo Hamiltoniano, cujas derivadas conduzem as equagdes de movimento

de Newton:

gl=6H/opiepl = -0H/0qi  (Eq. 6)

fi=pi/mi=vi  (Eq.7)

pi=mifi=-0V({ri)eri=F  (Eq 8)

O termo ti representa a aceleragdo do atomo i, enquanto Fi corresponde a forca resultante que
atua sobre esse atomo (NAMBA et al., 2008).

A técnica de MD baseia-se na resolu¢do numérica das Equacdes 7 e 8, seguida de sua
integragao sucessiva ao longo do tempo por meio de algoritmos computacionais eficientes. Esse
procedimento possibilita acompanhar a evolu¢do temporal das posi¢des e velocidades das
particulas que compdem o sistema, gerando trajetorias que descrevem seu comportamento
dinamico em nivel atdmico. A partir dessas trajetdrias, podem ser obtidas diversas propriedades
estruturais, dindmicas e termodinamicas, permitindo a andlise do comportamento macroscopico
do sistema com base nos principios da MM classica (NAMBA et al., 2008).

Embora o docking molecular e a MD sejam ferramentas poderosas para a analise de
interacdes proteina-ligante, as mesmas nao descrevem adequadamente processos quimicos
envolvendo formacdo e ruptura de ligagdes covalentes. Dessa forma, a elucidacdo de
mecanismos de reacdo em sistemas enzimaticos requer métodos complementares, como 0s
calculos hibridos QM/MM. Dessa forma, a investiga¢do detalhada de mecanismos de reacao
em sistemas enzimaticos requer métodos capazes de descrever explicitamente a estrutura
eletronica das espécies envolvidas. A Mecanica Quantica (QM, do inglés Quantum Mechanics)

permite uma descricdo mais detalhada das propriedades eletronicas e dos processos quimicos,
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sendo frequentemente empregada em combinagdo com métodos de MM por meio de

abordagens hibridas QM/MM (GONCALVES et al., 2014).

3.5.2 Mecanica Quantica

Em 1926, o fisico austriaco Erwin Schrédinger, inspirado pela tese de De Broglie e pela
teoria de Hamilton-Jacobi (uma formulagdo da mecanica classica), desenvolveu a equagdo de
onda da mecanica ondulatoéria. Essa equacdo foi aplicada ao modelo atomico de Bohr, permi-
tindo demonstrar que os valores das energias quantizadas obtidos estavam em concordancia
com os resultados experimentais e eram exatamente equivalentes aos determinados por um mé-
todo mais abstrato proposto, um ano antes, por Werner Heisenberg. Atualmente conhecida
como equagao de Schrodinger, essa formulagdo constitui a base dos calculos de energia de ato-
mos ¢ moléculas, sendo um dos pilares fundamentais da QM (ALCACER, 2007; CRAMER,
2013; JENSEN, 2017).

A equagdo de Schrodinger independente do tempo pode ser generalizada para as trés

dimensdes do espago:

h2 [ 92 92 92
[— — (—+ ﬁ-l_ ﬁ) +V(x,y, z)] Y(x,y,z) =EW¥(x,y,z) (Eq9)

2m \0x?2

Sabendo que esse termo representa o operador laplaciano, normalmente denotado por V? ou A,

a equagado de Schrodinger pode ser expressa da seguinte maneira:

[— 5 V: +V(x,y, Z)] Y(x,y,z) = EW¥(x,y,z) (Eq.10)

Na realidade, todo o termo entre colchetes corresponde a um operador matematico denominado
Hamiltoniano, geralmente representado pela letra H. Dessa forma, a equagdo de Schrodinger
pode ser escrita de maneira mais simplificada, conforme apresentado na Equacdo 11, em que r
representa o conjunto das trés coordenadas espaciais, r = (X, y, z). Na maioria dos problemas
da quimica, o objetivo ¢ calcular os possiveis valores de energia do sistema, representados por

E (ALCACER, 2007; CRAMER, 2013; JENSEN, 2017).

() = EY(r) (Eq.11)

Essa equacao descreve as fungdes de onda (ou estados quanticos) das particulas quando suas

energias estdo bem definidas, ou seja, quando descreve estados estacionarios. Por meio dela, ¢
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possivel obter a maioria dos resultados da QM nao relativistica, como o espectro de energia do
atomo de hidrogénio. A equagdo de Schrodinger possui uma importancia fundamental nos
calculos de quimica quantica, abrangendo diversos métodos computacionais. Nesse contexto,
destaca-se a Teoria do Funcional da Densidade (DFT, do inglés Density Functional Theory),
uma técnica amplamente utilizada (ALCACER, 2007; CRAMER, 2013; JENSEN, 2017). A
aplica¢dao de métodos quanticos a sistemas biomoleculares de grande dimensao pode apresentar
elevado custo computacional. Nesse contexto, os métodos hibridos QM/MM combinam a
descricdo quantica da regido de interesse quimico com a descri¢ao classica do restante do
sistema, permitindo investigar processos quimicos complexos em sistemas biomoleculares com

maior eficiéncia computacional (SENN; THIEL, 2009; GONCALVES et al., 2014).

3.5.3 Métodos Hibridos QM/MM

As técnicas hibridas QM/MM sao amplamente utilizadas na modelagem computacional
para grandes sistemas moleculares, que combinam a descricdo eletronica da QM com a
eficiéncia computacional da MM (GONCALVES et al., 2014). A integragdo dessas abordagens
amplia significativamente a aplicagdo de métodos computacionais a sistemas quimicos e
biolégicos complexos (BORMAN, 2004). Nessa metodologia, o sistema ¢ dividido em dois
subsistemas: uma regido tratada por QM, onde sdo considerados explicitamente os elétrons e
os nucleos atomicos, € uma regido tratada por MM, descrita por potenciais classicos. Em geral,
a regido QM engloba os atomos diretamente envolvidos no processo quimico de interesse,
enquanto a regido MM representa o ambiente molecular circundante. Os calculos quanticos sdo
normalmente baseados na aproxima¢do de Born—Oppenheimer, que permite tratar
separadamente os movimentos dos nucleos e dos elétrons, simplificando a determinagdo da
energia e das propriedades do sistema molecular (WARSHEL; LEVITT, 1976; SZABO;
OSTLUND, 1996).

A QM permite descrever rearranjos eletronicos associados a quebra e a formagao de
ligacdes quimicas. Em mecanismos de rea¢do enzimatica, a regido QM consiste no sitio ativo
da enzima, incluindo os 4tomos diretamente envolvidos no processo quimico, como residuos
cataliticos, substratos e cofatores. A parte restante do sistema, que ndo participa diretamente da
reagdo, ¢ descrita por MM, utilizando um campo de forca previamente parametrizado. Uma
caracteristica importante dos métodos hibridos QM/MM ¢ a existéncia de diferentes formas de
acoplamento entre as regides quantica e classica. A forma mais simples de acoplamento faz uso

de cargas pontuais na regido QM que interagem com o restante da regido MM (LONSDALE;
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RANAGHAN; MULHOLLAND, 2010). No desempenho desse célculo, a energia QM/MM do

sistema total ¢ calculado como mostrado na equagdo 12:

QM/MM _ MM oM MM
Etorar =~ Etorar T E QM regiio ~ EgM regizo (EqQ. 12)

oM

Onde EYM.., é 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 polariza¢do na regiao QM pelo ambiente MM, tal efeito ¢ importante no
contexto de varias enzimas (SENTHILKUMAR et al., 2008). Esses métodos estdo relacionados
com as interacdes eletrostaticas entre as regides QM e MM no calculo (LONSDALE;
RANAGHAN; MULHOILLAND, 2010; MULHOLLAND, 2007; VAN DER KAMP;
MULHOLLAND, 2013).

A energia total de um sistema tratado por métodos QM/MM nao pode ser descrita apenas
pela soma das energias calculadas separadamente para as regides QM e MM, uma vez que as
interagdes entre esses subsistemas também devem ser consideradas (SENN; THIEL, 2009).
Dessa forma, as condi¢des de acoplamento na interface QM/MM desempenham papel
fundamental na descricdo adequada do sistema. Dependendo da estratégia de acoplamento
adotada, pode ser necessaria a definicdo de uma regido de fronteira entre as partes quantica e
classica, incluindo 4tomos de ligacdo ou outros procedimentos destinados a representar
corretamente as ligagdes quimicas que atravessam a interface (HEYDEN; LIN; TRUHLAR,
2007; SENN; THIEL, 2009).

Os métodos de QM de alto nivel sdo amplamente utilizados no estudo de reagdes
enzimaticas, e permitem o calculo das barreiras energéticas para o processo da reagdo. Além
disso, os efeitos exercidos por grandes sistemas moleculares sobre a regido reativa, podem ser
considerados por meio da utilizagdo de métodos hibridos QM/MM (BRAUN-SAND et al.,
2005; MULHOLLAND, 2007). Dessa forma, a abordagem QM/MM tem sido constantemente
aplicada na investigagdo de mecanismos de catalise enzimatica, possibilitando a anélise de
intermediarios reacionais, estados de transi¢ao e barreiras energéticas envolvidas nos processos
quimicos (LONSDALE; RANAGHAN; MULHOILLAND, 2010).

A abordagem QM/MM ¢ considerada uma ferramenta de grande relevancia, pois além
de ser utilizada na modelagem de sistemas biomoleculares, também encontra aplica¢cdes no
estudo de sistemas inorganicos e organometalicos, materiais de estado sélido e processos em

solvente explicito (SENN; THIEL, 2009). Em sistemas bioldgicos, essa metodologia tem se
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mostrado particularmente 1util para a investigagdo de mecanismos de reagdo, permitindo
descrever, em nivel molecular, etapas fundamentais como formacdo e ruptura de ligacdes
quimicas, estados de transi¢ao e barreiras energéticas. Assim, os métodos hibridos QM/MM
constituem uma abordagem robusta para o estudo de processos enzimaticos complexos,
complementando as informagdes obtidas por técnicas como o docking molecular e contribuindo
para a compreensdo detalhada dos mecanismos de reacdo em sistemas biologicos
(GONCALVES et al., 2014). Embora a compreensao dos mecanismos moleculares e da
interacdo com os alvos bioldgicos seja fundamental para a prospeccdo de potenciais agentes
terapéuticos, a avaliagdo de sua seguranca também constitui uma etapa essencial no processo
de desenvolvimento de candidatos a farmacos. A investigacao da toxicidade dos compostos
permite estimar seus possiveis efeitos adversos e contribui para a selecdo de moléculas com
maior potencial terapéutico e perfil de seguranga mais favoravel (FOWLER et al., 2022; LUO
etal., 2021).

3.5.4 Testes de Toxicidade e ADME

3.5.4.1 Teste de Toxicidade

Os testes de toxicidade in silico representam uma etapa importante no processo de
descoberta e desenvolvimento de novos compostos bioativos. Essas abordagens permitem a
avaliacdo preliminar dos possiveis efeitos toxicos de uma molécula por meio de modelos
computacionais, contribuindo para a sele¢do de candidatos mais seguros e reduzindo custos
associados as etapas experimentais. Entre os pardmetros mais utilizados destaca-se a dose letal
média (LDso), definida como a quantidade de uma substancia capaz de causar a morte de 50%
de uma populagdo experimental, sendo amplamente empregada como indicador de toxicidade
aguda. Dessa forma, a predi¢cdo computacional da toxicidade constitui uma ferramenta valiosa
para a avaliacdo inicial da seguranca de potenciais candidatos terapéuticos (LUO et al., 2021,

ZWICKL et al., 2022).

3.5.4.2 Teste de Absorcao, Distribuicio, Metabolismo e Excrecio (ADME)

A andlise das propriedades de absorc¢ao, distribui¢ao, metabolismo e excregao (ADME)
desempenha papel fundamental no desenvolvimento de novos farmacos, uma vez que a

atividade biologica de um composto depende ndo apenas de sua interagdo com o alvo molecular,
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mas também de seu comportamento farmacocinético no organismo. Essas propriedades
influenciam diretamente parametros como biodisponibilidade, distribui¢do tecidual,
biotransformacao e elimina¢ao do composto. Dessa forma, a avaliacdo in silico de parametros
ADME permite identificar precocemente limitagdes farmacocinéticas e selecionar moléculas
com maior potencial para desenvolvimento teraputico. Em conjunto com as demais
abordagens computacionais, a avaliagdo de propriedades ADME contribui para uma
caracterizacdo mais abrangente dos compostos candidatos, permitindo integrar aspectos
estruturais, energéticos, farmacoldgicos e toxicoldgicos no processo de selecdo racional de
moléculas com potencial terapéutico. A aplicagdo integrada dessas estratégias constitui uma
ferramenta relevante para a investigacdo e o direcionamento de novos candidatos a farmacos,
especialmente diante da necessidade de identificar compostos que apresentem nao apenas
atividade bioldgica, mas também propriedades farmacologicas e perfil de seguranca adequados

(FOWLER et al., 2022; LUO et al., 2021).
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ABSTRACT

Introduction: Neurotoxic agents are potent inhibitors of cholinesterase enzymes. Inhibited
cholinesterases can be reactivated using oximes. In this line, computational techniques were
used to study the reactivation of the human acetylcholinesterase (HssAChE) and

butyrylcholinesterase (HssBChE) enzymes.

Methods: The 3D structures of the oximes were built in the GaussView® program and
optimized in Gaussian 09W®, at the Density Functional Theory level, with the 6-31g (d, p)
basis set and B3LYP density functional. In the molecular docking software, the oximes were
docked in the active site of the HssAChE and HssBChE enzymes, regarding the residues within
a 12 A radius around the active ligand as flexible. The most stable conformation of the oximes
was selected for the quantum mechanics / molecular mechanics (QM/MM) calculations,
wherein QM calculations were conducted using density functional theory (DFT) with the

Gaussian 09 software package.

Results: Our theoretical results obtained from molecular docking showed that oximes 2, 4, and
5 exhibit the lowest intermolecular interaction energies. In the reaction mechanism simulation,
the most effective compounds for reactivating cholinesterases inhibited by VX (the most toxic
chemical agent) are oximes 3 and 6. The activation energy analyses align with the experimental
findings of Kr for the reference oxime K868. The LD50 value of oxime 3 (2.936) exceeds that
of oxime K868 (2.836), indicating lower toxicity, while oxime 6 (2.833) exhibits similar
toxicity to K868 (2.836).

Conclusion: Through this theoretical study, it was possible to investigate new oximes with the
potential to effectively reactivate cholinesterases, aiming to identify oximes suitable for

universal applications.

Keywords: Theoretical study, Neurotoxic agents, Oximes, Cholinesterases, Molecular docking,

QM/MM
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1. INTRODUCTION

Chemical warfare agents (CWAs) were developed to be used by governments during
times of war, causing mass casualties and, consequently, severe damage to the environment.
These agents are considered toxic when they cause serious injuries or death, and can even be
incapacitating when they produce only temporary effects and do not lead to death, depending
on the dose used [1,2]. CWAs are classified as neurotoxic due to their high toxicity to the
nervous system. These agents are widely used by both military forces and terrorist groups due
to their low production cost [3,4]. Among neurotoxic agents, organophosphorus compounds
(OPs) are among the most commonly used chemical weapons, designed to cause mass
destruction. This means these weapons are frequently used in terrorist attacks, peripheral
conflicts, and political assassinations [1,5]. Due to the widespread use of OPs, many people are
poisoned by them, as their primary mechanism of action is the inhibition of human
cholinesterase enzymes (HssChEs) [6-8].

Among the OPs, the agents sarin, cyclosarin, and VX have been extensively investigated
due to their wide use and high toxicity. Sarin (methyl-isopropoxyfluorophosphine oxide),
cyclosarin (fluoromethylphosphoryloxycyclohexane), and VX (ethyl-S-2-
diisopropylaminoethylmethylphosphonothiolate) are synthetic compounds used as chemical
weapons. These compounds bind very strongly and stably to the esteratic site of cholinesterases
(ChEs), thereby inhibiting their activity [1,9].

The ChEs, human acetylcholinesterase (HssAChE) and human butyrylcholinesterase
(HssBChE), are enzymes responsible for hydrolyzing acetylcholine (ACh). These enzymes are
found in the nervous system, where they work together to catalyze the hydrolysis of ACh,
reducing its levels and interrupting communication between nerve cells [10]. ACh is a
neurotransmitter located in the axon terminal, the region at the end of neurons. It is stored in
synaptic vesicles, but when a nerve impulse reaches the terminal axon, ACh is released into the
synaptic cleft, where it binds to cholinergic receptors on the next neuron. This interaction
regenerates the nerve impulse in the next neuron, continuing the transmission of the signal [11-
14]. After transmission, the interaction of ACh with its receptors must be interrupted to prevent
excess nerve stimulation, which could disrupt normal bodily functions [11]. HssAChE
facilitates the breakdown of ACh into choline (Ch) and acetate. However, in the case of
poisoning, the inhibition of HssAChE can lead to serious health problems, including cholinergic

syndrome and even death [9,15,16].
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HssAChE is located in both the central and peripheral nervous systems and is renowned
for its exceptional hydrolytic efficiency [9, 17, 18]. Each monomer of the HssAChE enzyme
contains a catalytic center, which includes the catalytic subsite, the catalytic triad, and the
anionic subsite, where the positively charged nitrogen of ACh binds [9, 16]. The enzyme's
active site, located in the "throat" region, can be divided into two distinct and significant areas.
The first is the esterase site, which contains the catalytic triad. The second is the anionic site,
where ACh interacts with the Ch component. The human catalytic triad consists of serine,
glutamate, and histidine residues (Ser203, Glu334, and His447), which are situated at the
posterior region of the active site's "throat" [17, 19, 20]. Inhibition of HssAChE by OPs occurs
via the Sn2 (bimolecular nucleophilic substitution) reaction. This inhibitory process occurs
when the oxygen atom of the Ser203 residue (nucleophile) attacks the phosphorus center of the
OP [21].

When comparing HssAChE with HssBChE, it is important to note that HssBChE has a
lower interaction with ACh, but it becomes essential when ACh levels are high [22]. The
physiological role of HssBChE is not fully understood. HssBChE can degrade a wide range of
ester-containing compounds, performing important pharmacological and toxicological
functions, such as in the metabolism of lipoproteins and drugs [23, 24].

In cases of poisoning by OPs, oximes are chemical agents used to reactivate ChEs. For
example, the oxime K868 (Figure 1), proposed by Zorbaz (2018), is a potent dichlorinated
analogue of oxime K027 (Figure 1). Oxime K868 has demonstrated significantly improved
efficiency in reactivating both HssAChE and HssBChE, thanks to its enhanced interaction and

molecular recognition [25,26].
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Figure 1. Chemical structures of the oximes K868 and K027.

In this study, oxime K868 and its derivatives (oximes 1-6; Table 1), as well as oxime
K027 (oxime 7; Table 1) and its derivatives (oximes 8 and 9; Table 1), were used to assess their
ability to reactivate the HssAChE and HssBChE enzymes, which had been inhibited by OPs.
Computational methods, such as molecular docking, were employed to gain insights into the

interaction modes of these oximes within the active site of both enzymes. Additionally, the
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QM/MM approach was used to investigate the reaction mechanisms involved in reactivating

the inhibited HssAChE and HssBChE enzymes using different oximes.

2. METHODS
2.1. Molecular docking

To determine the initial conformation of the oximes, their three-dimensional structures
were generated using GaussView® software and optimized in Gaussian 09W® at the DFT level,
with the 6-31G(d,p) basis set and the B3LYP density functional [27]. The atomic partial charges
were calculated using the same level of theory [28-30].

After constructing the 3D structures of the oximes, the molecules were imported into
the Molegro Virtual Docker (MVD) program [31, 32], where the oximes were docked in the
crystallographic structure of the HssAChE enzyme (PBD code 6U37; resolution = 2.25 A;
active ligand = RS194B) [33, 34]. In addition, the oximes were also docked in the HssBChE
active site (PDB code 1POI; resolution = 2.00 A) [33, 34], following the same procedures used
in prior studies [29, 30, 35-37]. The structures of HssAChE and HssBChE taken from the
Protein Data Bank (PDB) were modeled, being inhibited by sarin, cyclosarin and VX. In the
docking procedure, the identification of the ligand interaction modes is an iterative process that
involves evaluating different ligand conformations and orientations, as well as estimating their
interaction energies with the protein. The most favorable solutions are selected for further
analysis [38].

To achieve optimal results, residues within a 12 A radius around the active ligand were
treated as flexible. The most favorable conformation of the oximes was chosen based on its
highest degree of spatial similarity to the active ligand. Due to the nature of docking methods,
the calculations were carried out generating 30 poses (conformation and orientation) for each
ligand. For docking validation processes, the re-docking calculations were used. Re-docking is
a crucial step in validating the docking protocol and assessing the reliability of the docking
results. It involves docking a ligand back into the binding site of its target protein, typically
using its experimentally known binding pose (e.g., from X-ray crystallography or NMR). The
re-docking results are then compared to the experimentally observed structure to evaluate the
accuracy of the docking algorithm and parameters [39].

The MolDock scoring function employed in the MVD program comes from the

piecewise linear potential (PLP), a simplified potential whose parameters are fitted to protein-
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ligand structures, binding data scoring functions and further extended in Generic Evolutionary
Method for molecular docking with a new hydrogen bonding term and new charge schemes

[40]. The docking scoring function values, Escore, are defined by Eq. 1:

Escore=Einter+Eintra ( 1 )
Wherein:
i
Ejper— z Z lEPLP(rij)+332.o% )

igligand jeprotein L

EpLp represents ““‘piecewise linear potential”, which consists of the use of two different
parameter sets, as described forward: one for approximation of the steric term (Van der Waals)
among atoms, and the other potential for the hydrogen bonding. The second term is related to
the electrostatic interactions among overloaded atoms. It is a Coulomb potential with a
dielectric constant dependent on the distance (D) = 4r). The numerical value of 332.0 is
responsible for the electrostatic energy unit to be given in kilocalories per molecule [34]. Einra

is the internal energy of the ligand:

Eintra= z z Eprp(r;) + Z A[1-cos(m.0-6p)] +Egjash (3)

ieligand jeligand flexiblebonds

The first part of the equation (double summation) is among all pairs of atoms in the
ligand, taking off those which are connected by two bonds. The second one characterizes the
torsional energy, wherein 0 is the torsional angle of the bond. If several torsions could be
determined, each torsional energy is considered and there is the use of an average among them.
The last term, Eciash, assigns a penalty of 1,000 if the distance between two heavy atoms (more
than two bonds apart) is smaller than 2.0 A, not taking into account infeasible ligand
conformations [34]. The docking search algorithm that is applied in the MVD program
considers an evolutionary algorithm, interactive optimization techniques which are inspired by
Darwinian evolution theory, and a new hybrid search algorithm called guided differential
evolution. This hybrid combines the differential evolution optimization technique with a cavity
prediction algorithm during the search process, allowing that way a fast and accurate
identification of potential binding modes (poses) [34, 38, 41].

The most stable conformation of the oximes in the active sites of HssAChE and

HssBChE was determined and chosen for the QM/MM calculations. Prior to this, the toxicities
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of the proposed oximes were investigated. In our study, we selected molecular docking and
QM/MM as the primary computational methods due to their ability to provide both a detailed
and efficient analysis of the interactions between our compounds and their targets [42].
Molecular docking is an established and widely used tool for predicting the binding modes and
interactions of ligands to proteins, making it ideal for the initial stages of our investigation. This
method allows for high-throughput screening of potential compounds in a computationally
feasible manner [43].

For more precise modeling of key interactions, particularly in cases where electronic
effects are important, we employed QM/MM. This hybrid approach combines the
computational efficiency of molecular mechanics for the bulk of the system with the accuracy
of quantum mechanics for the critical active site, allowing us to capture detailed information
that is crucial for understanding the binding mechanism at the atomic level [44]. More details
about this method are displayed ahead. These methods have been successfully applied in similar
studies [45, 46], and their combination allows for a more comprehensive and accurate
assessment of molecular interactions and reaction mechanisms. Therefore, docking and
QM/MM were chosen as the most appropriate tools for achieving both computational efficiency

and the required level of detail for this study.

2.2. Toxicity Prediction

2.2.1.LD50

The website (https://biosig.lab.uq.edu.au/pkesm/prediction) allows for the safe
measurement of compound toxicity based on computational methods. In this case, the pkCSM
server was used to determine the toxic effects of the 10 reactivators with the best interaction
energy and best overlap selected in the molecular docking [36]. The server in question measures

the mean lethal dose (LDso) [40, 47].

2.2.2. Absorption, Distribution, Metabolism and Excretion Test (ADME)

Using the Swiss-ADME server (www.swissadme.ch/index.php), the solubility and
pharmacokinetics of the 10 reactivators suggested as pharmaceuticals for the treatment of OP’s
poisoning were analyzed [48]. ADME analysis is an important test performed on molecules

with the potential to become therapeutic agents [40]. Diverse compounds with the potential to
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become pharmaceuticals do not come close to testing due to the lack of their pharmacokinetic

properties [48].
2.3. QM/MM approach

Highly correlated QM methods are not suitable for treating large systems like proteins
due to their significant computational requirements. In this study, a QM/MM approach was
employed, integrating quantum mechanics (QM) with molecular mechanics (MM) methods to
investigate the reactivation reactions of HssAChE and HssBChE enzymes by oximes. To
achieve more precise results and assess electronic effects, QM calculations were carried out
using density functional theory (DFT) with the Gaussian 09 software package (DFT) level with
the Gaussian 09 package [29, 30, 49]. DFT methods are widely used and demonstrate
satisfactory performance when applied to large systems, including biomolecules [29, 30, 49,
50].

Calculations were carried out based on the generalized gradient approximation [36, 51].
Final geometries were obtained using DFT, Becke's three-parameter method, and Lee, Yang,
and Paar's corrected gradient functional (B3LYP) [28], with a 6-31g (d, p) basis set. The QM
system for reactivation of the HssAChE enzyme by oximes included Ser203, along with the
organophosphorus compound, oximes and amino acid residues within a radius of 5 A, while the
QM system for reactivation of the HssBChE consisted of Ser198 of the catalytic triad, the
organophosphorus compound, oximes and amino acid residues, also within a radius of 5 A. This
radius covers a region capable of simulating the mechanism pathway with the essential species

that directly or indirectly participate in the reaction.

3. RESULTS AND DISCUSSION
3.1. Molecular Docking
3.1.1. Docking study between oximes and the HssAChE enzyme inhibited by sarin

The molecular docking technique is crucial in toxicity assessment because it provides
an ethical alternative to animal testing in research, allowing for the computational prediction of
chemical interactions with biological targets. By simulating how a molecule binds to a receptor

or enzyme, docking predicts intermolecular interactions that may indicate toxic effects, such as
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the inhibition of essential biological processes. This reduces the need for in vivo experiments,
promoting a more efficient and ethical study [52-54].

Furthermore, molecular docking-based toxicity evaluation can identify potential toxins
before their actual exposure to the organism, allowing for the assessment of substances at
different stages of development or industrial use. This becomes a valuable tool in chemical
safety, helping toxicologists predict and assess the risks of new substances or those in contact
with the environment. Thus, the combination of docking and toxicity analysis offers a faster,
cheaper, and more ethical way to study the impacts of chemicals on human and environmental
health [53-55].

The use of ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity)
evaluation is fundamental in this context because it allows for a more comprehensive analysis
of the feasibility of compounds for therapeutic use. ADMET provides essential information
about how compounds may behave within the human body, including their ability to be
absorbed, effectively distributed, metabolized safely, and excreted without causing toxic
accumulation [56, 57].

The binding site of the HssAChE enzyme inhibited by sarin was identified using
Molegro Virtual Docker (MVD) [34]. A cavity prediction algorithm was employed, utilizing a
three-dimensional box with a cavity volume of 89.6 A>. To validate this method, the Root Mean
Square Deviation (RMSD) of the re-docking results was computed. After superimposing the
structures of two molecules, their atomic coordinates were compared. This is the most common
and effective method for evaluating structural and positional differences in in silico studies [58].

In the re-docking calculation, the co-crystallized ligand from the enzyme (PDB: 6U37)
was subjected to molecular docking. After extracting the best pose with the lowest interaction
energy from the 30 poses generated, it was superimposed onto the initial structure of the co-
crystallized ligand. The RMSD was then calculated based on the differences in atomic positions
[59]. Re-docking serves as an essential quality control step in molecular docking studies,
ensuring that the computational approach is reliable and appropriately parameterized for the
system under study. By verifying the protocol with experimentally validated complexes,
researchers can confidently extend their predictions to novel ligands, improving the reliability
of the docking outcomes [39].

When the structure of the RS194B reactivator (active ligand) was overlaid onto the
HssAChE active site, the RMSD for the alignment was 1.26 A. Literature indicates that RMSD
values below 2.00 A are considered satisfactory [60-62]. This result validates the theoretical

method used for the molecular docking calculations. The intermolecular interaction energy
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obtained from re-docking was -101.46 kcal mol™'. The active ligand formed a hydrogen bond
with the Tyr72 residue, with the interaction occurring between the oxygen atom of the amino
acid and the hydroxyl group of the active ligand.

Once the molecular docking method was validated, the oximes listed in Table 1 were
docked into the active site of the sarin-inhibited HssAChE enzyme. To understand the
differences in interaction modes among the oximes within the enzyme's active site and identify
the factors influencing each compound's activity, intermolecular interactions, including ligand-
protein hydrogen bonds, were assessed (see Table 2). The interaction of the ligand with the
receptor was measured by predicting the preferred orientation and minimum binding energy
[63]. The docking process can predict various types of intermolecular interactions, such as

hydrogen bonds, Van der Waals forces, hydrophobic interactions, and electrostatic forces [64].



Table 1. Chemical structures of the K868 oxime analogues studied in this work.
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Table 2. Values of intermolecular interaction energy (kcal mol™), hydrogen bond energy (kcal mol™)
and the amino acid residues of HssAChE inhibited by sarin, obtained by molecular docking.

Interactions between sarin-inhibited HssAChE and oximes

Oximes Intermolecular Hydrogen Amino acid residues
interaction energy bond energy
(kcal mol ™) (kcal mol™)
2 -160.42 -7.57 Glu202, Gly120, Phe295,
Tyr124, Tyr133
K868 -157.51 -10.15 Glu202, Gly120, Phe295,
Tyr124, Tyr133, Arg296
6 -152.60 -6.53 Gly120, Tyr124
3 -150.58 -12.36 Glu202, Gly120, Phe295,
Tyr124, Tyr337
4 -150.18 -10.64 Gly120, Tyr124
5 -149.82 -10.41 Glu202, Gly120, Tyr124,
Tyr337
1 -147.20 -8.29 Glu202, Gly120, Phe295,
Tyrl124
8 -138.89 -10.80 Phe295, Tyr124, Serl125
9 -135.48 -9.05 Glu202, Phe295, Tyr124,
Arg296, Ser203, His447
7 (K027) -134.32 -8.55 Glu202, Gly120, Tyr337

*Values of intermolecular interaction energy (kcal mol™) refer to the forces that bind the molecule to the
enzyme's active site, influencing the stability of the interactions. Hydrogen bond energy (kcal mol™')
measures the strength of interactions between hydrogen atoms and electronegative atoms in the enzyme's
amino acid residues and the oximes. The amino acid residues of HssAChE, inhibited by sarin, interact
with the oximes as obtained through molecular docking. These parameters enable the evaluation of
interaction stability, contributing to the understanding of the enzyme's reactivation potential by the

studied oximes.

As shown in Table 2, oxime 2 exhibited the highest stability in terms of intermolecular
interaction energy, with a value of -160.42 kcal mol™!, indicating that it has the most stabilizing
interaction within the HssAChE active site. Additionally, the molecular docking calculations

revealed the hydrogen bonds formed between each oxime and the enzyme, facilitating the



84

identification of which amino acid residues interact most strongly with the ligands considered
in this study. Regarding the intermolecular interactions, oxime 2 displayed a hydrogen bond
energy value of -7.57 kcal mol™! and interacted through hydrogen bonding in the active site with
the glutamate, glycine, phenylalanine, and tyrosine residues (Figure 2). The interaction with
tyrosine is particularly relevant, as this amino acid is often associated with the stabilization of
ligands in the active site of enzymes due to its aromatic properties, which facilitate the
formation of =-m interactions and other non-covalent interactions. The presence of
phenylalanine may be important for modulating enzyme specificity, as the aromatic chain of
this residue can help orient the oxime in an optimized manner for enzyme reactivation.

The second compound with the highest interaction with the active site is oxime K868,
which serves as the reference compound in these studies, with an interaction energy value of -
157.51 kcal mol'!. The energy difference between oxime K868 and oxime 2 is 2.91 kcal mol ™.
Oxime K868 showed a hydrogen bond energy of -10.15 kcal mol! and interacted with the
glutamate, glycine, phenylalanine, tyrosine, and arginine residues (Figure 3). The interaction
with arginine is intriguing, as the side chain of the guanidine group can form strong ionic bonds,
potentially providing additional stability to the interaction in the active site. The third compound
with the most stabilizing intermolecular interaction energy is oxime 6, with an energy of -
152.60 kcal mol™'. The energy difference between oxime 6 and oxime K868 is 4.91 kcal mol ™.
Oxime 6 displayed a hydrogen bond energy of -6.53 kcal mol™! and interacted with glycine and
tyrosine. Although oxime 6 exhibits a less stable interaction compared to the previous ones, the
interaction with tyrosine remains relevant for the stability of the complex. The fourth compound
with the most stabilizing energy is oxime 3, which showed an interaction energy of -150.58
kcal mol™. The energy difference between oxime 3 and oxime K868 is 6.93 kcal mol™!. Oxime
3 exhibited a hydrogen bond energy of -12.36 kcal mol™! and interacted with glutamate, glycine,
phenylalanine, and tyrosine.

Moreover, the energy differences between the oximes and K868 were as follows: 7.33
kcal mol™! for oxime 4, 7.69 kcal mol™! for oxime 5, 10.31 kcal mol™' for oxime 1, 18.62 kcal
mol™! for oxime 8, 22.03 kcal mol™! for oxime 9, and 23.19 kcal mol™! for oxime 7 (K027). These
values highlight the varying degrees of stability and interaction strength of each oxime
compared to the reference compound K868. The greatest energy difference occurred between
oximes 7 (K027) and K868, with a value of 23.19 kcal mol'. Among the compounds
investigated, oxime 7 (K027) exhibited the lowest stability in the HssAChE active site, with an
energetic value of -134.32 kcal mol™.. It also displayed a hydrogen bond energy of -8.55 kcal

mol !, interacting with the residues glutamate, glycine, and tyrosine.
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An important aspect to mention is that all oximes, including K868, interacted with the
tyrosine residue. Additionally, oxime 2, when compared to oxime K868, commonly interacted
with the residues glutamate, glycine, phenylalanine, and tyrosine. These interactions reveal not
only the importance of tyrosine as a key residue but also the relevance of other interactions,

such as glutamate and phenylalanine, for the stability of the complex.
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Figure 2. Hydrogen bonds (green dashed lines) between oxime 2 and the residues of the active site of
HssAChE inhibited by sarin (PDB code 6U37; resolution = 2.25 A; active ligand = RS194B) are shown.
These interactions demonstrate the conformational stability of the oxime in the active site of HssAChE,
highlighting the specific residues involved in the hydrogen bonds: Glutamic Acid 202, Glycine 120,
Phenylalanine 295, and Tyrosines 124 and 133 [36, 37].
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Figure 3. Hydrogen bonds (green dashed lines) between oxime K868 and the residues of the active site
of HssAChE inhibited by sarin (PDB code 6U37; resolution = 2.25 A; active ligand = RS194B) are
shown. These interactions demonstrate the conformational stability of the oxime in the active site of
HssAChE, highlighting the specific residues involved in the hydrogen bonds: Arginine 296, Glutamic
Acid 202, Glycine 120, Phenylalanine 295, and Tyrosines 124 and 133 [36, 37].

Through molecular docking calculations, the conformation assumed by each of the
reactivators was observed. Among the oximes investigated, oxime 2 demonstrated the highest
interaction within the HssAChE active site, suggesting that this compound likely adopts a more

favorable conformation for reactivating the HssAChE enzyme inhibited by sarin.

3.1.2. Docking study between oximes and the HssAChE enzyme inhibited by cyclosarin

The oximes listed in Table 3 were docked into the active site of the cyclosarin-inhibited
HssAChE enzyme. Intermolecular interactions, including ligand-protein hydrogen bonds, were
analyzed to assess the differences in interaction modes among the oximes within the enzyme's

active site and to identify the factors contributing to the activity of each compound.
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Table 3. Values of intermolecular interaction energy (kcal mol™), hydrogen bond energy (kcal mol™)
and amino acid residues of HssAChE inhibited by cyclosarin, obtained by molecular docking.

Interactions between cyclosarin-inhibited HssAChE and oximes

Oximes Intermolecular Hydrogen Amino acid residues
interaction energy bond energy
(kcal mol™) (kcal mol™)
4 -165.99 -10.01 Glu202, Gly120, Tyr124,
Tyrl33
3 -159.67 -12.76 Glu202, Gly120, Phe295,
Tyrl124, Tyr337
2 -159.37 -11.22 Glu202, Gly120, Tyr124,
Tyr337
5 -152.19 -8.34 Phe295, Tyr124, Arg296
9 -150.63 -8.32 Glu202, Gly120, Tyr124,
Asp74
7 -145.46 -11.36 Phe295, Tyr124, Trp86,
(K027) Arg296
8 -145.05 -9.08 Glu202, Gly120, Phe295,
Tyrl24
K868 -143.15 -6.29 Phe295, Tyr133, Tyr337
6 -140.10 -8.20 Phe295, Tyr124, Arg296
1 -130.82 -7.13 Gly120, Phe295, Arg296

*Values of intermolecular interaction energy (kcal mol™) refer to the forces that bind the molecule to the
enzyme's active site, influencing the stability of the interactions. Hydrogen bond energy (kcal mol™)
measures the strength of interactions between hydrogen atoms and electronegative atoms in the enzyme's
amino acid residues and the oximes. The amino acid residues of HssAChE, inhibited by cyclosarin,
interact with the oximes as obtained through molecular docking. These parameters enable the evaluation
of interaction stability, contributing to the understanding of the enzyme's reactivation potential by the

studied oximes.

As shown in Table 3, from most stable to least stable, oxime 4 exhibited the most
stabilizing intermolecular interaction energy (-165.99 kcal mol'). The energy difference
between oximes 4 and K868 was 22.84 kcal mol!. Regarding hydrogen bonds, oxime 4 had a
hydrogen bond interaction energy of -10.01 kcal mol™! and interacted through hydrogen bonding
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with the amino acid residues glutamate, glycine, and tyrosine (Figure 4). Tyrosine helps to
stabilize ligands in the active site of enzymes through non-covalent interactions, such as n-n
bonds, which are crucial for the stabilization of the complex.

The compound with the second most favorable interaction energy is oxime 3, with a
value of -159.67 kcal mol™!. This represents a 16.52 kcal mol™! energy difference compared to
the reference compound, oxime K868, indicating greater stabilization. Oxime 3 exhibited a
hydrogen bond energy of -12.76 kcal mol! and interacted with the amino acid residues
glutamate, glycine, phenylalanine, and tyrosine The presence of phenylalanine, an aromatic
residue, contributes to the stabilization of the interaction through m-m interactions with the
ligand. The third most favorable compound is oxime 2, with an interaction energy of -159.37
kcal mol, 16.22 kcal mol! lower than that of oxime K868. Oxime 2 showed a hydrogen bond
energy of -11.22 kcal mol! and formed interactions with glutamate, glycine, and tyrosine
residues. Oxime 2, like oxime 3, interacted with tyrosine, a residue important for the formation
of stable interactions in the active site of HssAChE. Overall, the majority of the oximes
investigated demonstrated more stabilizing interaction energies compared to the reference
compound, oxime K868.

The energy differences relative to oxime K868 were as follows: 9.04 kcal mol™ for
oxime 5, 7.48 kcal mol™! for oxime 9, 2.31 kcal mol™! for oxime 7 (K027), 1.90 kcal mol™! for
oxime 8, 3.05 kcal mol™! for oxime 6, and 12.33 kcal mol™! for oxime 1. The largest energy
difference was observed for oxime 4, with a value of 22.84 kcal mol™.

The reference compound, oxime K868, exhibited an interaction energy of -159.37 kcal
mol! and a hydrogen bond energy of -6.29 kcal mol!, forming interactions with phenylalanine
and tyrosine (Figure 5). In contrast, oxime 1 was the least stable compound in the group, with
an interaction energy of -130.82 kcal mol! and a hydrogen bond energy of -6.29 kcal mol™,
also interacting with phenylalanine and tyrosine.

Oximes 2, 3, and 4 demonstrated greater stability within the HssAChE active site
compared to the reference oxime, K868. These oximes consistently interacted with the tyrosine
residue via hydrogen bonding. Notably, oxime 3 also interacted with phenylalanine, similar to
the reference oxime. Among all the proposed oximes, those that shared a common interaction
with tyrosine were oximes 2, 3, 4, 5, 6, 7, 8, and 9. In contrast, the reactivators that interacted
with phenylalanine were oximes 1, 3, 5, 6, 7, and 8. These interactions provide valuable insights
into the mechanisms of complex stabilization, where tyrosine stands out as a crucial residue for

the formation of stable interactions.
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Figure 4. Hydrogen bonds (green dashed lines) between oxime 4 and the residues of the active site of
HssAChE inhibited by cyclosarin (PDB code 6U37; resolution = 2.25 A; active ligand = RS194B) are
shown. These interactions demonstrate the conformational stability of the oxime in the active site of
HssAChE, highlighting the specific residues involved in the hydrogen bonds: Glutamic Acid 202,
Glycine 120, and Tyrosines 124 and 133 [36, 37].
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Figure 5. Hydrogen bonds (green dashed lines) between oxime K868 and the residues of the active site
of HssAChE inhibited by cyclosarin (PDB code 6U37; resolution = 2.25 A; active ligand = RS194B)
are shown. These interactions demonstrate the conformational stability of the oxime in the active site of
HssAChE, highlighting the specific residues involved in the hydrogen bonds: Phenylalanine 295, and
Tyrosines 133 and 337 [36, 37].

Molecular docking calculations revealed that, among the reactivators investigated,
oxime 4 exhibited the greatest stability within the HssAChE active site. These findings suggest
that oxime 4 provides a more favorable conformation for reactivating the inhibited HssAChE

enzyme.
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3.1.3. Docking study between oximes and the HssAChE enzyme inhibited by VX

The oximes listed in Table 4 were docked into the active site of VX-inhibited HssAChE.
The table presents the intermolecular interaction energies, hydrogen bond energies, and the

corresponding interacting amino acid residues.

Table 4. Values of intermolecular interaction energy (kcal mol™), hydrogen bond energy (kcal mol™)
and amino acid residues of HssAChE inhibited by VX, obtained by molecular docking.

Interactions between VX-inhibited HssAChE and oximes

Oximes Intermolecular Hydrogen Amino acid residues
interaction energy bond energy
(kcal mol™) (kcal mol™)
4 -159.94 -9.28 Glu202, Gly120, Phe295,
Tyrl124, Tyr133, Tyr337
3 -152.87 -8.96 Glu202, Gly120, Tyr337
K868 -152.30 -12.32 Arg296, Phe295, Ser293,
Tyrl124, Tyr133
5 -150.67 -9.22 Arg296, Phe295
1 -148.41 -5.89 Phe295, Tyr124
8 -147.50 -11.36 Arg296, Phe295, Trp8§6,
Tyr124
2 -146.95 -14.37 Arg296, Phe295, Trp86,
Tyrl124
7 -140.25 -11.67 Arg296, Phe295, Serl25,
(K027) Trp86, Tyr124
6 -139.73 -5.75 Phe295, Tyr337
9 -138.30 -7.92 Phe295, Ser125, Trp86

*Values of intermolecular interaction energy (kcal mol™) refer to the forces that bind the molecule to the
enzyme's active site, influencing the stability of the interactions. Hydrogen bond energy (kcal mol™")
measures the strength of interactions between hydrogen atoms and electronegative atoms in the enzyme's
amino acid residues and the oximes. The amino acid residues of HssAChE, inhibited by VX, interact
with the oximes as obtained through molecular docking. These parameters enable the evaluation of
interaction stability, contributing to the understanding of the enzyme's reactivation potential by the

studied oximes.
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As shown in Table 4, oxime 4 was the most stable reactivator in terms of intermolecular
interaction energy, with a value of -159.94 kcal mol™'. The energy difference between oxime 4
and the reference oxime, K868, was 7.64 kcal mol!. Regarding hydrogen bonds, oxime 4
exhibited an energy value of -9.28 kcal mol™! and interacted with key amino acid residues in the
active site, including glutamate, glycine, phenylalanine, and tyrosine (Figure 6). The presence
of phenylalanine and tyrosine, both aromatic residues, is crucial for the stability of the
interaction through m-m bonds, suggesting that oxime 4 has the potential to form strong non-
covalent interactions.

The second most favorable reactivator in terms of interaction energy is oxime 3, with a
value of -152.87 kcal mol™'. The energy difference between oxime 3 and the reference oxime,
K868, was 0.57 kcal mol!. Oxime 3 exhibited a hydrogen bond energy of -8.96 kcal mol™! and
interacted with the amino acid residues glutamate, glycine, and tyrosine. Although oxime 3
shows a slightly weaker interaction than oxime 4, the interaction with tyrosine remains an
important factor for its stability in the active site, as tyrosine plays a key role in stabilizing
enzyme complexes. The third most stable compound is the reference oxime, K868, with an
interaction energy of -152.30 kcal mol™'. Oxime K868 had a hydrogen bond energy of -12.32
kcal mol! and interacted with the amino acid residues arginine, phenylalanine, serine, and
tyrosine (Figure 7). The interaction with arginine, a residue with a charged side chain, may
promote the formation of additional ionic interactions, which is relevant for the stabilization of
the enzyme complex and could contribute to the reactivation efficacy of the oxime. The fourth
reactivator with the most stabilizing interaction energy is oxime 5, with a value of -150.67 kcal
mol™'. The energy difference between oxime 5 and oxime K868 was 1.63 kcal mol™!. Oxime 5
exhibited a hydrogen bond energy of -9.22 kcal mol! and interacted with the residues arginine
and phenylalanine. The interaction with arginine is particularly relevant, as this residue can
form electrostatic interactions that stabilize the oxime in the active site of HssAChE.

The energy differences between oximes and the reference oxime, K868, were as follows:
3.89 kcal mol! for oxime 1, 4.80 kcal mol™!' for oxime 8, 5.35 kcal mol™ for oxime 2, 12.05
kcal mol™! for oxime 7 (K027), 12.57 kcal mol™! for oxime 6, and 14.00 kcal mol™! for oxime 9.
The largest energy difference occurred between oxime 9 and K868, with a difference of 14.00
kcal mol™!. Furthermore, oxime 9 was the least stable compound in the HssAChE active site,
with an interaction energy of -138.30 kcal mol™!. It exhibited a hydrogen bond energy of -7.92
kcal mol™! and interacted with the amino acid residues phenylalanine, serine, and tryptophan.
Although the interaction with phenylalanine and serine is advantageous for the stabilization of

the oxime, the lack of a strong interaction with tyrosine may explain its lower stability.
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Oxime 4, compared to oxime K868, shared hydrogen bond interactions with
phenylalanine and tyrosine. Among the proposed oximes, oximes 2, 5, 7, and 8 commonly
interacted with arginine, while oximes 1, 2, 4, 5, 6, 7, 8, and 9 commonly interacted with
phenylalanine. Additionally, oximes 1, 2, 3, 4, 6, 7, and 8 commonly interacted with tyrosine.
Tyrosine, in particular, appears as a critical residue for the formation of stabilizing hydrogen

bonds, while arginine and phenylalanine may contribute to electrostatic and n-n stabilization.
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Figure 6. Hydrogen bonds (dashed in green) between oxime 4 and the residues of the active site of
HssAChE inhibited by VX (PDB code 6U37; resolution = 2.25 A; active ligand = RS194B) are shown.
These interactions demonstrate the conformational stability of the oxime in the active site of HssAChE,
highlighting the specific residues involved in the hydrogen bonds: Glutamic Acid 202, Glycine 120,
Phenylalanine 295, and Tyrosines 124, 133 and 337 [36, 37].
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Figure 7. Hydrogen bonds (green dashed lines) between oxime K868 and the residues of the active site
of HssAChE inhibited by VX (PDB code 6U37; resolution = 2.25 A; active ligand = RS194B) are
shown. These interactions demonstrate the conformational stability of the oxime in the active site of
HssAChE, highlighting the specific residues involved in the hydrogen bonds: Arginine 296,
Phenylalanine 295, Serine 293, and Tyrosines 124 and 133 [36, 37].

These studies revealed that, among the oximes examined, oxime 4 exhibited the highest
stability within the HssAChE active site, offering the most favorable conformation for

reactivating the inhibited HssAChE enzyme.

3.1.4 Docking study between oximes and the HssBChE enzyme inhibited by sarin

The binding site of the sarin-inhibited HssBChE enzyme was modeled using the
Molegro Virtual Docker (MVD) program [34], which employs a three-dimensional cavity
prediction algorithm. This approach identified a cavity with a volume of 62.464 A*. The oximes
were then docked into the active site of the sarin-inhibited HssBChE enzyme. To investigate
the differences in interaction modes of the compounds within the enzyme's active site,
intermolecular interactions, including ligand-protein hydrogen bonds, were analyzed. This

analysis aimed to identify the factors influencing the compounds' activity.
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Table 5. Values of intermolecular interaction energy (kcal mol™), hydrogen bond energy (kcal mol™)
and the amino acid residues of HssBChE inhibited by sarin, obtained by molecular docking.

Interactions between sarin-inhibited HssBChE and oximes

Oximes Intermolecular Hydrogen Amino acid residues
interaction energy bond energy
(kcal mol™) (kcal mol™)
4 -143.15 -14.48 Ala229, Asp395, Pro230,
Tyr396, Val 233
6 -120.54 -4.08 Asp395, Tyr396
1 -118.08 -4.75 Cys400, Pro230, Thr523,
Val233
2 -114.16 -2.50 Tyr396
5 -112.22 -5.01 Cys400, Thr523, Val233
3 -109.68 -6.68 Cys400, Pro401, Thr523,
Val233
K868 -108.68 -3.00 Tyr396, Val233
8 -106.78 0.00 -
9 -105.35 -2.50 Asp304
7 -104.63 -2.93 Pro401, Thr523
(K027)

*Values of intermolecular interaction energy (kcal mol™) refer to the forces that bind the molecule to the
enzyme's active site, influencing the stability of the interactions. Hydrogen bond energy (kcal mol ™)
measures the strength of interactions between hydrogen atoms and electronegative atoms in the enzyme's
amino acid residues and the oximes. The amino acid residues of HssBChE, inhibited by sarin, interact
with the oximes as obtained through molecular docking. These parameters enable the evaluation of
interaction stability, contributing to the understanding of the enzyme's reactivation potential by the

studied oximes.

As shown in Table 5, oxime 4 exhibited the highest stability, with an intermolecular
interaction energy of -143.15 kcal mol™!, indicating the most substantial interaction within the
HssBChE active site. The energy difference between oxime 4 and the reference oxime K868
was 34.47 kcal mol™!. Regarding hydrogen bonds, oxime 4 demonstrated a stable hydrogen
bond energy of -14.48 kcal mol™! and interacted with the amino acid residues alanine, aspartate,

proline, tyrosine, and valine (Figure 8). Tyrosine, being an aromatic amino acid, has a phenolic
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hydroxyl group, which allows hydrogen bonding with carbonyl or amine groups, enhancing the
stability of oxime 4 in the enzyme's active site. Additionally, valine, a nonpolar amino acid,
contributes to hydrophobic stabilization.

The second most effective reactivator in terms of interaction energy is oxime 6, with a
value of -120.54 kcal mol™!. The energy difference between oxime 6 and oxime K868 is 11.86
kcal mol™'. Oxime 6 exhibited a hydrogen bond energy of -4.08 kcal mol™! and interacted with
aspartate and tyrosine residues. The interaction with tyrosine is relevant, as this interaction may
be important for stabilizing oxime 6 in the active site, as observed with oxime 4. The third most
stable oxime is oxime 1, with an interaction energy of -118.08 kcal mol™'. The energy difference
between oxime 1 and oxime K868 is 9.40 kcal mol™!. Oxime 1 showed a hydrogen bond energy
of -4.75 kcal mol! and interacted with cysteine, proline, threonine, and valine residues.
Cysteine is an essential amino acid for enzymatic function due to its reactive thiol group, which
can form hydrogen bonds and interact with specific groups in the enzyme's active site. The
interaction with valine, which is nonpolar, also suggests that oxime 1 may bind favorably to the
hydrophobic region of the active site, which could be relevant for enhancing the stability of the
complex.

The energy differences between the oximes and the reference oxime K868 were as
follows: 5.48 kcal mol™! for oxime 2, 3.54 kcal mol™!' for oxime 5, 1.00 kcal mol™! for oxime 3,
1.90 kcal mol™! for oxime 8, 3.33 kcal mol™! for oxime 9, and 4.05 kcal mol™! for oxime 7 (K027).
The largest energy difference occurred between oxime 4 and oxime K868, with a difference of
34.47 kcal mol!l. On the other hand, oxime 7 (K027) showed the lowest stability in the
HssBChE active site, with an energy value of -104.63 kcal mol™!'. Oxime 7 (K027) exhibited a
hydrogen bond energy of -2.93 kcal mol! and interacted with proline and threonine. These
interactions are also relevant, as both proline and threonine play important roles in stabilizing
protein structures. The reference oxime K868 had an energy value of -108.68 kcal mol™! and a
hydrogen bond energy of -3.00 kcal mol!, interacting with tyrosine and valine (Figure 9). An
interesting observation is that, compared to K868, oxime 4 commonly interacted with valine,
and oximes 1, 3, and 5 also interacted with this amino acid residue. This comparison suggests
that the presence of tyrosine in the interactions contributes to the stability of the complex. The
interactions of the oximes with residues such as tyrosine, valine, and cysteine play an important
role in reactivation efficacy. Tyrosine, due to its aromatic hydroxyl group, facilitates the
formation of hydrogen bonds, while hydrophobic residues like valine enhance the stability of

the oximes in the active site of HssBChE.



96

Figure 8. Hydrogen bonds (green dashed lines) between oxime 4 and the residues of the active site of
HssBChE inhibited by sarin (PDB code 1POI; resolution = 2.00 A) are shown. These interactions
demonstrate the conformational stability of the oxime in the active site of HssBChE, highlighting the
specific residues involved in the hydrogen bonds: Alanine 229, Aspartic Acid 395, Proline 230, Tyrosine
396, and Valine 233 [36, 37].
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Figure 9. Hydrogen bonds (green dashed lines) between oxime K868 and the residues of the active site
of HssBChE inhibited by sarin (PDB code 1POI; resolution = 2.00 A) are shown. These interactions
demonstrate the conformational stability of the oxime in the active site of HssBChE, highlighting the
specific residues involved in the hydrogen bonds: Tyrosine 396 and Valine 233 [36, 37].

Among the oximes studied, oxime 4 exhibited the highest stability within the HssBChE
active site, suggesting that it likely adopts a more favorable conformation for reactivating the

inhibited HssBChE enzyme.
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3.1.5. Docking study between oximes and the HssBChE enzyme inhibited by cyclosarin

The binding site of the HssBChE enzyme inhibited by cyclosarin was identified using
the MVD program, which revealed a cavity volume of 452.608 A*. Oximes were subsequently
docked into the active site of the cyclosarin-inhibited HssBChE, with the results detailed in the

corresponding table.

Table 6. Values of intermolecular interaction energy (kcal mol™), hydrogen bond energy (kcal mol™)
and the amino acid residues of HssBChE inhibited by cyclosarin, obtained by molecular docking.

Interactions between cyclosarin-inhibited HssBChE and oximes

Oximes Intermolecular Hydrogen Amino acid residues
interaction energy bond energy
(kcal mol™) (kcal mol™)
5 -130.74 -15.78 Alal199, Asn68, GInl119,
Glu197, Glu276, Gly116,
Glyl17
4 -129.84 -6.81 Ala328, GIn67, Gly121,
Trp82
8 -129.68 -12.19 Asn68, Glu276, Glyl16,
Glyl17
2 -128.29 -1.52 Asp70, Phell8
K868 -126.38 -5.00 Tyr128
6 -126.10 -8.55 I1e69, Tyr128
1 -124.63 -7.49 Glul97, Glyl116, Gly117
7 -124.43 -5.87 Ala328, Thr122, Tyr128
(K027)
9 -119.75 -2.68 Asp70, Trp82
3 -119.22 -11.70 GIn71, Gly78, 11e69, Trp82,
Trp430, Tyr440

*Values of intermolecular interaction energy (kcal mol™) refer to the forces that bind the molecule to the
enzyme's active site, influencing the stability of the interactions. Hydrogen bond energy (kcal mol™")
measures the strength of interactions between hydrogen atoms and electronegative atoms in the enzyme's
amino acid residues and the oximes. The amino acid residues of HssBChE, inhibited by cyclosarin,

interact with the oximes as obtained through molecular docking. These parameters enable the evaluation
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of interaction stability, contributing to the understanding of the enzyme's reactivation potential by the

studied oximes.

As shown in Table 6, oxime 5 exhibited a more stable intermolecular interaction energy
(-130.74 kcal mol™!). The energy difference between oxime 5 and the reference oxime K868
was 4.36 kcal mol!. Regarding the hydrogen bonds, oxime 5 displayed a hydrogen bond energy
of -15.78 kcal mol™! and interacted with the amino acid residues alanine, asparagine, glutamine,
glutamate, and glycine (Figure 10). The interaction with alanine and glycine, which are small
and hydrophobic amino acids, may promote the stabilization of the oximes in the hydrophobic
region of the active site. On the other hand, interactions with asparagine, glutamine, and
glutamate, which have polar groups, can facilitate the formation of hydrogen bonds, increasing
oxime 5's affinity for the active site.

Additionally, the second oxime with the highest interaction energy is oxime 4, with an
energy value of -129.84 kcal mol™!. The energy difference between oxime 4 and the reference
oxime K868 is 3.46 kcal mol!. Oxime 4 exhibited a hydrogen bond energy of -6.81 kcal mol™,
interacting with the amino acid residues alanine, glutamine, glycine, and tryptophan.
Tryptophan, with its aromatic structure and indole group, can form hydrophobic and n-m
interactions with the oxime, contributing to stability in the active site. Additionally, the
interaction with glutamine, a polar amino acid, also favors the formation of hydrogen bonds,
which can help stabilize the complex. The third most stabilized oxime is oxime 8, which has an
energy value of -129.68 kcal mol™'. The energy difference between oxime 8 and oxime K868 is
3.30 kcal mol™!. Oxime 8 showed a hydrogen bond energy of -12.19 kcal mol! and interacted
with asparagine, glutamate, and glycine. Asparagine, being a polar amino acid, can form
hydrogen bonds, further stabilizing the oxime in the active site. Glutamate, with its carboxyl
group, can also aid in stabilization due to its ability to form ionic interactions or hydrogen bonds
with the oxime.

The energy differences between the oximes and K868 were as follows: 1.91 kcal mol™!
for oxime 2, 0.28 kcal mol™! for oxime 6, 1.75 kcal mol™! for oxime 1, 1.95 kcal mol™! for oxime
7 (K027), 6.63 kcal mol™! for oxime 9, and 7.16 kcal mol™! for oxime 3. The greatest energy
difference was observed between oxime 3 and K868, with a value of 7.16 kcal mol™'.

Among the proposed oximes, oxime 3 demonstrated the least stability in the HssBChE
active site, with an energy value of -119.22 kcal mol™'. Oxime 3 exhibited a hydrogen bond
energy of -11.70 kcal mol™! and interacted with the amino acid residues glutamine, glycine,

isoleucine, tryptophan, and tyrosine. Although oxime 3 showed a relatively weaker interaction
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compared to the other oximes, the presence of tyrosine, an aromatic amino acid with a hydroxyl
group, suggests an important interaction for stabilizing the oxime in the active site. The
reference oxime K868 showed an energy value of -126.38 kcal mol™!, with a hydrogen bond
energy of -5.00 kcal mol™'. Oxime K868 interacted only with the tyrosine residue (Figure 11).
Comparing all oximes with the reference compound, it is noteworthy that oximes 3, 6, and 7
consistently formed hydrogen bonds with tyrosine. Interactions with amino acids such as
tyrosine, glutamine, glycine, and tryptophan are crucial for the stability of the oximes in the
active site of HssBChE. Tyrosine plays a central role, promoting the formation of hydrogen

bonds and contributing to the enhanced stability of the complex.
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Figure 10. Hydrogen bonds (green dashed lines) between oxime 5 and the residues of the active site of
HssBChE inhibited by cyclosarin (PDB code 1POI; resolution = 2.00 A) are shown. These interactions
demonstrate the conformational stability of the oxime in the active site of HssBChE, highlighting the
specific residues involved in the hydrogen bonds: Alanine 199, Asparagine 68, Glutamine 119,
Glutamates 197 and 276, and Glycines 116 and 117 [36, 37].
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Figure 11. Hydrogen bonds (green dashed lines) between oxime K868 and the residues of the active site
of HssBChE inhibited by cyclosarin (PDB code 1P0I; resolution = 2.00 A) are shown. These interactions
demonstrate the conformational stability of the oxime in the active site of HssBChE, highlighting the
specific residues involved in the hydrogen bonds: Tyrosine 128 [36, 37].

Molecular docking calculations revealed that, among the oximes studied, oxime 5
exhibited the highest stability within the HssBChE active site. This suggests that oxime 5 likely

adopts a more favorable conformation for reactivating the inhibited HssBChE enzyme.

3.1.6. Docking study between oximes and the HssBChE enzyme inhibited by VX

The binding site of the VX-inhibited HssBChE enzyme was identified using the MVD
program, revealing a cavity volume of 451.072 A3. The oximes were docked into the active site

of the VX-inhibited HssBChE. The molecular docking results are summarized in Table 7.
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Table 7. Values of intermolecular interaction energy (kcal mol™), hydrogen bond energy (kcal mol™)
and the amino acid residues of HssBChE inhibited by VX, obtained by molecular docking.

Interactions between VX-inhibited HssBChE and oximes

Oximes Intermolecular Hydrogen Amino acid residues
interaction energy bond energy
(kcal mol™) (kcal mol™)
5 -141.64 -5.94 Glyl16, Gly121, His438,
Leu286, Thr120
4 -140.27 -4.82 Tyrl28
8 -138.92 -10.45 His438, Thr122, Trp82,
Tyrl128
1 -135.05 -7.82 Thr122, Tyr128
9 -134.89 -12.40 Glul97, Gly11e, Gly117,
Tyrl128
3 -132.44 -14.76 Ala201, Asn68, Asn289,
Glul97, Glu276, Gly116,
Glyl17
6 -132.07 -11.14 Glyl15, His438, Thr122,
Trp82, Tyr128, Tyr440
K868 -128.17 -7.92 Alal99, Glul97, Glyl16,
Glyl17
2 -121.74 -4.45 Tyrl28
7 -117.78 -2.33 Asn68, Asp70, GIn67,
(K027) Glyll6

*Values of intermolecular interaction energy (kcal mol™) refer to the forces that bind the molecule to the
enzyme's active site, influencing the stability of the interactions. Hydrogen bond energy (kcal mol™")
measures the strength of interactions between hydrogen atoms and electronegative atoms in the enzyme's
amino acid residues and the oximes. The amino acid residues of HssBChE, inhibited by VX, interact
with the oximes as obtained through molecular docking. These parameters enable the evaluation of
interaction stability, contributing to the understanding of the enzyme's reactivation potential by the

studied oximes.

As shown in Table 7, oxime 5 exhibited the most stable intermolecular interaction

energy value of -141.64 kcal mol!, indicating the strongest interaction within the HssBChE
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active site. The energy difference between oxime 5 and oxime K868 was 13.47 kcal mol™.
Regarding hydrogen bonds, oxime 5 displayed a hydrogen bond energy of -5.94 kcal mol™ and
interacted with the amino acid residues glycine, histidine, leucine, and threonine in the active
site (Figure 12). The interaction with glycine and threonine, which are small amino acids, may
promote the stability of the complex. Additionally, histidine, a basic amino acid, plays a crucial
role in the stability of the complex.

The second oxime with the most favorable interaction energy is oxime 4, with an energy
value of -140.27 kcal mol™. The energy difference between oxime 4 and the reference oxime
K868 is 12.10 kcal mol™'. Oxime 4 exhibited a hydrogen bond energy of -4.82 kcal mol™! and
interacted only with the tyrosine amino acid residue. The third most stabilized oxime is oxime
8, which has an energy value of -138.92 kcal mol™!. The energy difference between oxime 8 and
oxime K868 is 10.75 kcal mol!. Oxime 8 displayed a hydrogen bond energy of -10.45 kcal
mol! and interacted with the amino acid residues histidine, threonine, tryptophan, and tyrosine.
The interaction with tryptophan and tyrosine, two aromatic amino acids, may indicate the
formation of hydrophobic and n-w interactions, enhancing the stability of the oxime in the active
site.

The energy differences between the oximes and K868 were as follows: 6.88 kcal mol™!
for oxime 1, 6.72 kcal mol™! for oxime 9, 4.27 kcal mol™! for oxime 3, 3.90 kcal mol™! for oxime
6, 6.43 kcal mol™! for oxime 2, and 10.39 kcal mol™! for oxime 7 (K027). The largest energy
difference was observed between oxime 5 and K868, with a value of 13.47 kcal mol™'.

Oxime 7 (K027) exhibited the lowest stability in the HssBChE active site, with an
interaction energy value of -117.78 kcal mol™. It displayed a hydrogen bond energy of -3.99
kcal mol™! and interacted with the amino acid residues asparagine, aspartate, glutamine, and
glycine. Despite the interaction with polar amino acids such as glutamine and asparagine, the
overall stability was lower than that of the other oximes, indicating that these interactions may
not be sufficient to ensure a strong binding in the active site. The reference oxime K868 had an
interaction energy value of -128.17 kcal mol™! and a hydrogen bond energy of -7.92 kcal mol™,
interacting with alanine, glutamate, and glycine residues (Figure 13).

Compared to oxime K868, oxime 5 predominantly interacted through hydrogen bonding
with the glycine residue. Oximes 3, 6, and 7 frequently interacted with glycine, while oximes 3
and 9 commonly interacted with the glutamine residue. These results reinforce that residues
such as tyrosine, glycine, and histidine play critical roles in the stability of the oximes in the

active site of HssBChE. Tyrosine, with its aromatic interactions, appears to be particularly
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important for the stability of the complex. Smaller residues, such as glycine and alanine, also

contribute to the stability of the complex.

Figure 12. Hydrogen bonds (green dashed lines) between oxime 5 and the residues of the active site of
HssBChE inhibited by VX (PDB code 1POI; resolution = 2.00 A) are shown. These interactions
demonstrate the conformational stability of the oxime in the active site of HssBChE, highlighting the

specific residues involved in the hydrogen bonds: Glycines 116 and 121, Histidine 438, Leucine 286,
and Threonine 120 [36, 37].

Figure 13. Hydrogen bonds (green dashed lines) between oxime K868 and the residues of the active
site of HssBChE inhibited by VX (PDB code 1P0I; resolution = 2.00 A) are shown. These interactions
demonstrate the conformational stability of the oxime in the active site of HssBChE, highlighting the

specific residues involved in the hydrogen bonds: Alanine 199, Glutamate 197, and Glycines 116 and
117 [36, 37].
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Molecular docking studies revealed that, among the oximes analyzed, oxime 5
demonstrated the highest stability within the HssBChE active site. These findings suggest that
oxime 5 likely adopts a more favorable conformation for reactivating the inhibited HssBChE
enzyme. Additionally, reaction mechanism simulations were performed. Initially, the toxicity
of the oximes, along with other relevant parameters, was assessed. The evaluation of these

parameters was a fundamental prerequisite for advancing the study.

3.2. Toxicity Prediction

A chemical compound must undergo a toxicity prediction before it can progress to
further studies. This prediction is crucial for ensuring that a promising drug with the potential
to treat a disease can ultimately be developed into a safe and effective medicine [50, 65]. The
prediction of LDso (lethal dose for 50% of the population) is a common subject in scientific
literature, particularly in the fields of pharmacology, toxicology, and environmental health.
Researchers and toxicologists often predict or estimate the LDso to evaluate the potential
toxicity of chemicals, drugs, or environmental agents. These methods are interesting because
they use various machine learning techniques, molecular descriptors, and data from existing

toxicological studies to estimate toxicity [66].

3.2.1. LD50

Table 8 presents the theoretical LDso results obtained using pkCSM
(https://biosig.lab.uqg.edu.au/pkcsm/prediction), which are indicative of the toxicity levels of the

oximes reported in this study.
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Table 8. LDs values obtained from pkCSM.

Oximes Tox. (LDso)
HI-6 2.298
7 (K027) 2.169
8 2.197
5 2.239
9 2311
6 2.833
K868 2.836
2 2.853
1 2.862
3 2.936
4 2.937

As shown, many proposed derivatives exhibited LDso values higher than that of the
reference oxime K868, suggesting lower toxicity. To validate the theoretical LDso results, the
known oximes HI-6 and K027 were also analyzed. Oxime HI-6 has an experimental LDso value
of 671.3 mg/kg, while oxime K027 has an experimental value of 577.0 mg/kg [67]. These
experimental LDso results align with the theoretical LDso values for HI-6 (2.298 mol/kg) and
K027 (2.169 mol/kg). The theoretical results indicate that oxime HI-6 has lower toxicity than

oxime K027, a trend that is consistent with the experimental data.

3.2.2. Absorption, Distribution, Metabolism and Excretion Test (ADME)

Swiss-ADME is a platform that provides key parameters such as lipophilicity (WLOGP,
TPSA), water solubility (ESOL Log S), drug similarity rules, and medicinal chemistry
properties [68]. The ADME prediction study offers physicochemical properties of potential oral
drug candidates based on the combined criteria of Lipinski, Veber, Ghose, Egan, and Muegge

[69-70].
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Table 9. ADME properties of the molecules, including molecular weight (MW), number of rotatable
bonds, hydrogen bond acceptors, hydrogen bond donors, solubility prediction (ESOL LogS), topological
polar surface area (TPSA), and lipophilicity (WLOGP).

Molecule MW Rotable | H-bonds | H-bonds | ESOL | TPSA | WLOGP
(g/mol) | Bonds | acceptors | donors | LogS (A2
K868 357.24 6 3 2 -2.55 | 82.16 1.20
1 357.24 6 3 2 -3.10 | 82.16 1.20
2 357.24 6 3 2 -2.86 | 82.16 1.20
3 357.24 6 4 2 -3.08 | 71.66 2.18
4 426.13 6 4 2 -3.94 | 71.66 3.31
5 324.33 6 5 2 -1.68 | 82.16 1.51
6 446.14 6 3 2 -3.18 | 82.16 1.52
7 (K027) | 288.34 6 3 2 -1.69 | 82.16 0.07
8 288.34 6 3 2 -1.69 | 82.16 0.07
9 288.34 6 3 2 -1.99 | 82.16 0.07

The ADME results (Table 9) show that, in terms of molecular mass, all ligands fall
within the range necessary to be considered potential drugs, as per Muegge's Rule, which states
that molecular weight (MW) values should be between 200 and 600 g/mol. Regarding rotational
bonds, all oximes adhere to the guidelines proposed by Scholars, who recommend that for
pharmacological potential, the number of rotational bonds should not exceed 15. Additionally,
the number of hydrogen bond acceptors should not be greater than 10, and all oximes meet this
criterion. The number of hydrogen bond donors should not exceed 5, which all oximes also
comply with.

For solubility, the higher the log S value, the more soluble the compound. In this regard,
oximes 5, 7, and 8 are the most soluble. The TPSA value should be less than or equal to 140
A?, and all ligands meet this requirement. The WlogP value should be less than or equal to 5.88,
and all oximes also satisfy this condition. To be a good medicine, a drug candidate should
possess both water and lipid solubility. In this study, the most hydrophobic ligands are oximes
K868, 1, 2, 3, 4, and 6, while the most hydrophilic ligands, with greater solubility in water, are
oximes 5, 7, 8, and 9 [68, 71]. Overall, the ADME results indicate that all ligands comply with

the proposed rules for drug-like molecules.
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The Swiss-ADME platform was also used to evaluate other relevant parameters of
oximes, such as GI absorption (gastrointestinal tract absorption), BBB permeant (blood-brain
barrier permeability), Lipinski #violations (violations of Lipinski's rule), Ghose #violations
(violations of Ghose's rule), Veber #violations (violations of Veber's rule) and PAINS #alerts

(PAINS alerts) [72].

Table 10. ADME properties of the molecules, including gastrointestinal absorption (GI absorption),
blood-brain barrier permeability (BBB permeant), the number of violations of Lipinski, Ghose, and
Veber rules, as well as PAINS.

Molecule GI BBB Lipinski Ghose Veber PAINS
absorption | permeant | #violations | #violations | #violations | #alerts

K868 High No 0 0 0 0

1 High No 0 0 0 0

2 High No 0 0 0 0

3 High Yes 0 0 0 0

4 High Yes 0 0 0 0

5 High No 0 0 0 0

6 High No 0 0 0 0

7 (K027) High No 0 0 0 0

8 High No 0 0 0 0

9 High No 0 0 0 0

According to Table 10, all oximes exhibited high gastrointestinal absorption (GI
absorption), highlighting favorable characteristics for oral absorption. This result underscores
the potential of these compounds as viable candidates for orally administered drugs. Regarding
blood-brain barrier permeability (BBB permeant), only oximes 3 and 4 demonstrated the ability
to cross this barrier, indicating their potential usefulness in the development of drugs targeting
the central nervous system.

Concerning the Lipinski, Ghose, and Veber criteria, all oximes showed results without
violations, suggesting a high likelihood of good oral bioavailability. For PAINS (Pan-Assay
Interference Compounds) parameters, the oximes yielded zero alerts, being considered

structurally clean and with a low risk of producing false positives in biochemical assays.



108

Incorporating a detailed discussion on ADME and LDso values, along with their
implications for clinical use, can transform a purely scientific study into one that provides
holistic insights into the drug’s real-world potential. This discussion bridges the gap between
laboratory data and clinical practice, allowing researchers to make more informed decisions
regarding a drug's feasibility, safety, and effectiveness in diverse patient populations.
Ultimately, by emphasizing the practical implications of these key pharmacological metrics, the
study can guide drug development toward more personalized treatments, safer therapeutic

options, and more equitable access to innovative medications [73, 74].

3.3. QM/MM
3.3.1. QM/MM study between oximes and the HssAChE inhibited by OP’s

To develop new and more selective reactivators, it is essential to understand how
oximes facilitate reactivation. Hybrid quantum mechanics/molecular mechanics (QM/MM)
simulations are especially effective for this purpose, as they combine the accuracy of quantum
mechanics (QM) with the efficiency of molecular mechanics (MM). This approach allows for
a detailed study of chemical processes within solutions and proteins [75]. In the quantum
framework of these simulations, the computations focus on the electronic structure, energy, and
related derivatives.

The reaction mechanism is evaluated by examining the activation energy, a critical
factor determining whether a reaction will proceed. Activation energy represents the minimum
energy required for reactants to initiate a chemical reaction [76]. Table 11 presents the relative
activation energy values (AAE") for the reactivation of HssAChE inhibited by sarin, cyclosarin,

and VX.
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Table 11. Relative activation energy values (AAE?) for reactivation of the HssAChE inhibited by OP’s.

Sarin Cyclosarin VX
Oximes AAE? (kcal mol)) AAE# (kcal mol!) AAE? (kcal mol™!)
K868 0.43 0.00 11.19
1 0.03 1.61 2.65
2 0.05 3.12 1.37
3 0.02 1.60 1.00
4 2.99 1.57 1.59
5 0.01 1.56 1.27
6 0.00 1.59 0.00
7 (K027) 4.21 1.60 1.22
8 0.06 1.62 1.39
9 0.01 1.51 3.60

The reaction mechanism results for the reactivation of HssAChE inhibited by sarin
(Table 11) show that oxime 6 exhibited the lowest relative activation energy. Oximes 5 and 9
displayed activation barriers very close to that of oxime 6, with a minimal energy difference of
just 0.01 kcal mol™!, followed by oximes 3 and 1, and so on. Oxime 7 (K027) presented the
highest activation barrier (4.21 kcal mol!) compared to the more stabilized oxime 6. This trend
suggests that oxime 7 (K027) is less stable within the HssAChE active site, which limits its
ability to effectively reactivate the inhibited enzyme.

According to Zorbaz (2018), oxime K868 is considered a potent dichlorinated analogue
of oxime K027, which has shown satisfactory results in reactivating the HssAChE enzyme
[25,26]. As observed, oximes 1,2, 3, 5, 6, 8, and 9 exhibited lower activation energies compared
to the reference oxime K868. These results suggest that these oximes are capable of effectively
reactivating the inhibited HssAChE enzyme. Among the reactivators studied, oxime 6
demonstrated the highest potential, as it exhibited the lowest relative activation energy.
Therefore, oxime 6 can be considered a potent analogue of oxime K868, with strong efficacy
in reactivating HssAChE inhibited by sarin.

Table 11 also presents the relative activation energy values (AAE”) for the reactivation
of HssAChE inhibited by cyclosarin. The results from the reaction mechanism for reactivating

HssAChE inhibited by cyclosarin (Table 11) show that the reference oxime K868 exhibited the
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lowest relative activation energy. This finding aligns with the work of Zorbaz (2018), thereby
validating the calculation method employed in this study.

Oxime 9 exhibited a higher relative activation energy compared to oxime K868, with an
energy difference of 1.51 kcal mol ™. As a result, oxime 9 was the second most stabilizing
compound in terms of energy barrier and can be considered a potent analogue of oxime K868,
with strong potential to reactivate the inhibited HssAChE enzyme.

Oxime 5 exhibited a higher relative activation energy, with an energy difference of 1.56
kcal mol!' compared to oxime K868, while oxime 4 also showed a slightly higher relative
activation energy (1.57 kcal mol ™), followed by oxime 6 (1.59 kcal mol™!), and so on. Oxime 2
had the highest relative activation energy (3.12 kcal mol™!) compared to oxime K868. This result
suggests that oxime 2 is less stable within the HssAChE active site, which reduces its
effectiveness in reactivating the inhibited HssAChE enzyme.

Among the reactivators investigated, the reference oxime K868 demonstrated the
greatest potential to reactivate the inhibited HssAChE, as it exhibited the lowest relative
activation energy. According to Zorbaz (2018), oxime K868 is a potent dichlorinated analogue
of oxime K027 and has shown satisfactory results in reactivating the inhibited HssAChE
enzyme [25,26].

Additionally, Table 11 presents the relative activation energy values (AAE") for the
reactivation of HssAChE inhibited by VX. The results indicate that oxime 6 exhibited the lowest
relative activation energy, making it the most stabilized compound in this context. Oxime 3
showed a slightly higher energy barrier compared to oxime 6, with an energy difference of 1.00
kcal mol!, followed by oxime 7 (K027), with a difference of 1.22 kcal mol™!. Similarly, oxime
5 displayed a higher relative activation energy (1.27 kcal mol!") compared to oxime 6, and so
forth. Notably, the reference oxime K868 exhibited the highest relative activation energy (11.19
kcal mol ™) compared to the most stabilized oxime 6. This result suggests that oxime K868 is
less stable within the HssAChE active site, which reduces its effectiveness in reactivating the
inhibited enzyme.

The results show that all oximes exhibited lower relative activation energy compared to
oxime K868 [25,26]. This suggests that all the tested oximes have the potential to reactivate the
HssAChE inhibited by VX. Among the analyzed compounds, oxime 6 demonstrated the lowest

relative activation energy, positioning it as a highly potent analogue of oxime K868.
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3.3.2. QM/MM study between oximes and the HssBChE inhibited by OP’s

The reactivation mechanism of HssBChE inhibited by sarin, cyclosarin, and VX was
evaluated. Table 12 presents the computed relative activation energy values (AAE*) obtained

from these simulations.

Table 12. Relative activation energy values (AAE") for reactivation of the HssBChE inhibited by OP’s.

Sarin Cyclosarin VX
Oximes AAE* (kcal mol'')  AAE” (kcal mol')  AAE* (kcal mol )
K868 1.12 6.97 9.80
1 0.08 0.00 0.61
2 0.62 37.79 0.56
3 3.54 9.76 0.00
4 0.02 10.16 1.14
5 2.94 16.57 0.36
6 0.04 14.43 0.60
7 (K027) 0.00 6.48 043
8 0.04 1.35 0.93
9 0.02 18.59 0.36

The results of the reaction mechanism for reactivating HssBChE inhibited by sarin
(Table 12) reveal that oxime 7 (K027) exhibited the lowest relative activation energy. Oximes
4 and 9 demonstrated very similar activation energies to oxime 7 (K027), with an energy
difference of only 0.02 kcal mol™!. In contrast, oxime 3 showed the highest relative activation
energy (3.54 kcal mol ') compared to oxime 7 (K027). This indicates that oxime 3 is less
stabilized within the HssBChE active site, reducing its effectiveness in reactivating the inhibited
enzyme.

According to Zorbaz (2018), oxime K868 has also demonstrated satisfactory results in
reactivating the inhibited HssBChE enzyme. Our findings indicate that oximes 1, 2, 4, 6, 7, 8,
and 9 exhibit significant potential for reactivating HssBChE, as they achieved lower relative
activation energy values compared to the reference oxime K868. Among the compounds
analyzed, oxime 7 (K027) stands out as the most promising candidate for reactivating HssBChE

inhibited by sarin [25,26].
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Table 12 also presents the relative activation energy values (AAE") for the reactivation
of HssBChE inhibited by cyclosarin. The results indicate that oxime 1 exhibited the lowest
energy barrier, making it the most promising candidate for reactivating HssBChE inhibited by
cyclosarin. Oxime 8 displayed a slightly higher relative activation energy compared to oxime
1, with a difference of 1.35 kcal mol™!. Oxime 7 (K027) had a higher relative activation energy
than oxime 1, with a difference of 6.48 kcal mol™!. Conversely, oxime 2 presented the highest
relative activation energy (37.79 kcal mol™') among the oximes, indicating that it is the least
stabilized within the HssBChE active site, which significantly impairs its ability to facilitate
reactivation.

According to these results, oximes 1 and 8 exhibit strong potential for reactivating
HssBChE inhibited by cyclosarin, as they demonstrated lower relative activation energy values
compared to the reference oxime K868 [25,26].

In addition, Table 12 presents the relative activation energy values (AAE") for the
reactivation of HssBChE inhibited by VX. The results related to the reaction mechanism for
reactivating VX-inhibited HssBChE (Table 12) reveal that oxime 3 exhibited the lowest relative
activation energy. Oximes 5 and 9 showed slightly higher relative activation energies compared
to oxime 3, with an energy difference of 0.36 kcal mol™!. On the other hand, the reference oxime
K868 displayed the highest relative activation energy (9.80 kcal mol™!) among the compounds
investigated. This suggests that oxime K868 is less stabilized within the HssBChE active site
than the other reactivators, potentially limiting its effectiveness.

In comparison to oxime 7 (K027), oximes 1, 2, 3, 4, 5, 6, 8, and 9 demonstrate a greater
potential for reactivating the inhibited HssBChE enzyme, as indicated by their lower relative
activation energy values when compared to the reference oxime K868. Among these, oxime 3
stands out as the most effective reactivator for HssBChE inhibited by VX, showcasing the
greatest efficacy [25,26].

3.4. Experimental values of oxime K868

Table 13 presents the experimental values of K for oxime K868 in the reactivation of

HssAChE and HssBChE inhibited by cyclosarin, sarin, and VX.
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Table 13. Values of K; for oxime K868 in the HssAChE and HssBChE active sites.

HssAChE HssBChE
Experimental result of K; (M~ | Experimental result of K, (M
min ") min")
Cyclosarin 25900 + 6400 [26] 240 + 70 [25]
Sarin 12000 £ 2500 [26] 360 + 20 [25]
VX 7660 + 1280 [26] 150 + 40 [25]

From these data, it is possible to observe that the trends obtained from the theoretical
results are consistent with those observed in the experimental data. According to Table 11, the
reference oxime K868 presented the best mechanistic result for the reactivation of HssAChE
inhibited by cyclosarin, with the lowest reaction barrier compared to the other oximes. This
trend aligns with the best experimental result for the reactivation of HssAChE inhibited by
cyclosarin (Table 13). Additionally, for the enzyme inhibited by sarin, which still shows a good
experimental K; value, the reference oxime remained more promising than most of the oximes
investigated (Table 11). For the reactivation of HssAChE inhibited by VX, the experimental
result for K868 showed the least promising trend. This experimental trend for VX also
corroborates the theoretical results, where the reference oxime K868 shows the highest reaction
barrier compared to the other oximes analyzed, indicating decreased efficiency. On the other
hand, Table 13 also presents the experimental values of K; for oxime K868 in the reactivation
of HssBChE inhibited by sarin, cyclosarin, and VX.

For the reactivation process of the HssBChE enzyme, we can observe that the trends
obtained from the theoretical results also align with those observed in the experimental data.
Regarding the reference oxime K868, the best result is observed for sarin (Tables 12, 13),
followed by cyclosarin (Tables 12, 13). The least promising trend is found for the enzyme
inhibited by VX (Tables 12, 13), likely due to the high toxicity of this warfare nerve agent. In
this case, the reference oxime K868 showed the highest reaction barrier compared to the other
oximes investigated. Zorbaz et al. (2019) demonstrated in their work that the reference oxime
K868 (Table 13) is more efficient in the reactivation of sarin (Kr = 360 £ 20 M"' min '),
followed by cyclosarin (Kr =240 + 70 M min™!) and VX (Kr = 150 + 40 M min ') [25].

According to Kovarik et al. (2010), HssBChE exhibited lower affinities for nearly all
tested oximes compared to HssAChE, with the exception of TMB-4, where both enzymes
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displayed similar interaction levels. In experiments with the HssAChE enzyme, oxime 9,
described in the literature as ICD-585, showed a slightly better affinity (K; = 0.028 = 0.002
mmol dm™) than oxime K027 (Ki=0.073 £+ 0.01 mmol dm™) and oxime HI-6 (Ki =0.031 mmol
dm™). Note that ICD-585 is an analogue of oxime HI-6. These experimental results were very
close, indicating the good affinity of these oximes for the HssAChE active site, which
corroborates the stabilizing interaction energies obtained from molecular docking techniques.
Additionally, in experiments with the HssBChE enzyme, oxime HI-6 (K; = 0.23 + 0.02 mmol
dm™) showed greater affinity than K027 (K; = 0.66 = 0.11 mmol dm™) in the HssBChE active
site. The experimental results also show that oximes HI-6 and K027 exhibit better affinity for
HssAChE compared to HssBChE. This trend aligns well with the theoretical results from
molecular docking [77].

In their study, Zorbaz et al. (2018) demonstrated that oxime HI-6 exhibits greater
efficacy in reactivating HssAChE and HssBChE inhibited by cyclosarin, compared to those
inhibited by sarin and VX. This finding was detailed in their paper entitled 'Potent 3-hydroxy-
2-pyridine aldoxime reactivators of organophosphate-inhibited cholinesterases with predicted
blood-brain barrier penetration' [78]. Additionally, another study by Zorbaz et al. (2018)
provided experimental evidence indicating that oxime K027 displays higher affinity towards
HssAChE compared to HssBChE. This work also showed that oxime K027 achieves a maximal
reactivation percentage of 100% for HssAChE inhibited by cyclosarin, sarin, and VX [26].

4. CONCLUSIONS

The molecular docking results indicated that oxime 2 exhibited greater stability when
HssAChE was inhibited by sarin, while oxime 4 showed more stable intermolecular interactions
with HssAChE inhibited by cyclosarin and VX. Similarly, oxime 4 had lower intermolecular
interaction energy when HssBChE was inhibited by sarin, whereas oxime 5 demonstrated
greater stability when HssBChE was inhibited by cyclosarin and VX. In the reaction mechanism
simulation, oximes 6, 9, and 6 presented the lowest activation energies for reactions with
HssAChE inhibited by sarin, cyclosarin, and VX, respectively. Likewise, oximes 7, 1, and 3
demonstrated a more favorable conformation in the active site of HssBChE inhibited by sarin,
cyclosarin, and VX, respectively. We considered the results related to cholinesterases inhibited
by VX, as it is regarded as the most toxic chemical agent among those studied. In this context,
we observed that, among the studied oximes, oximes 3 and 6 demonstrated the highest

reactivation potential due to specific structural features, such as the presence of two oximates
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in oxime 3 and bromine in oxime 6. The LDso values indicated that oxime 3 has lower toxicity
compared to the reference oxime K868, while oxime 6 exhibits toxicity similar to K868. This
study revealed the potential of novel oximes in reactivating cholinesterases, providing valuable

insights for the development of more efficient universal compounds against neurotoxic agents.
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ABSTRACT

Background: Alzheimer’s disease (AD) is the most prevalent form of dementia in the elderly
and is characterized by a progressive decline in cognitive function. Therapeutic strategies for
AD have largely been guided by the cholinergic hypothesis, which has driven the
investigation of acetylcholinesterase inhibitors, including trichlorfon, as potential therapeutic
agents. Objectives: This study aims to propose novel organophosphorus (OP) compounds as
HssAChE inhibitors, based on the cholinergic hypothesis. Methods: A diverse array of OP
compounds was systematically evaluated using advanced computational approaches, along
with rigorous statistical analyses. The most promising candidates were further investigated
through drug-likeness assessments, binding interaction analyses, and mechanistic
simulations. Results: In particular, inhibitors 12, 13, 20, and 28 emerged as promising
candidates for the treatment of AD. However, following a detailed safety analysis, inhibitor
12 was identified as the least toxic inhibitor, exhibiting favorable interactions with the
molecular target. Molecular dynamics simulations indicated that inhibitor 12 is more
energetically stabilized in the HssAChE active site than the reference compound trichlorfon.
QM/MM calculations further revealed a lower energy barrier for the HssAChE inhibition
mechanism. Conclusions: These findings may facilitate the development of more effective

and safer therapeutic options for the treatment of AD derived from this class of compounds.

Keywords: Alzheimer’s disease, acetylcholinesterase, cholinergic hypothesis, trichlorfon,

pharmacology, organophosphorus compounds.
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1.0 INTRODUCTION

Alzheimer’s disease (AD) is widely regarded as a prevalent disorder, affecting over 50
million individuals globally [1]. Although there are currently no disease-modifying therapies
for AD, significant advances in understanding its molecular pathogenesis have identified two
primary therapeutic targets. The first of these is amyloid-p (AB), a peptide that aggregates to
form insoluble neuritic plaques. A variety of compounds aimed at modifying the formation,
aggregation, or clearance of AP are currently under investigation [1-3]. The formation of AB
deposits appears to play a central role in the pathogenesis of AD [3,4], making it a key target
for disease-modifying therapies. AP is generated through sequential cleavages of its precursor,
amyloid precursor protein (APP), by B-secretase (also known as BACE-1) and y-secretase [5,6].
Another promising therapeutic target in AD is neurofibrillary tangles, which result from the
aggregation and hyperphosphorylation of tau protein. One approach to targeting this pathology
involves developing mechanisms that can reduce tau phosphorylation by inhibiting specific
kinases [1,3,7].

The few drugs currently approved for clinical use, such as donepezil and rivastigmine,
offer only symptomatic relief and provide short-term benefits [8—10]. There is an urgent need
to identify novel and effective interventions capable of preventing or delaying the onset of AD,
slowing its progression and, equally important, improving the symptoms associated with its
pathological framework [11,12]. Academic research laboratories, along with biotechnology and
pharmaceutical companies, are actively exploring new therapeutic targets, identifying and
optimizing potential compounds, and advancing clinical trials to discover more promising
treatments [13—15].

With the emerging understanding of acetylcholine (ACh) in learning and memory, the
cholinergic hypothesis of AD was proposed [16,17]. This hypothesis suggests that several
factors significantly contribute to the deterioration and decline in cognitive function observed
in AD patients. Notably, the degeneration of cholinergic neurons in the basal forebrain, coupled
with the loss of cholinergic neurotransmission in the cerebral cortex and related regions, plays
a central role in this cognitive decline [16,18]. A key prediction of the cholinergic hypothesis is
that drugs designed to enhance central cholinergic function could improve cognition and
potentially alleviate behavioral issues associated with AD [17-21]. In this context, compounds
that can partially inhibit human acetylcholinesterase (HssAChE) warrant careful investigation,
as HssAChE hydrolyzes ACh. OP compounds are frequently associated with toxic side effects.

However, several members of this chemical class have been used as therapeutic agents for
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different types of pathologies [22-26]. In this regard, despite the sensitivity surrounding this
group, this chemical class can be therapeutically relevant when appropriately designed,
administered and tested. The mechanism of AChE inhibition by OP inhibitors is shown in
Figure 1. Partial inhibition of this enzyme could increase ACh levels at synapses, potentially
providing beneficial effects for AD patients by improving cholinergic neurotransmission

[19,20,27,28].
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Figure 1. Mechanism of AChE inhibition by OP inhibitors.

HssAChE adopts a typical o/f hydrolase globular fold (Figure 2). Each monomer
contains a single catalytic center, which consists of two distinct compartments: the catalytic site
and the anionic site, the latter of which accommodates the positively charged quaternary
nitrogen group of ACh [29]. Further details regarding the crystallographic structure of
HssAChE can be found in the literature [30]. For example, it has been demonstrated that the
catalytic triad (Ser203—Glu334—His447) is located at the bottom of the active site gorge,
surrounded by key structural elements essential for catalytic activity: the acyl pocket
(comprising residues Phe295, Phe297, and Phe338), the oxyanion hole (formed by Gly121,
Gly122, and Ala204), and the choline-binding site (containing Trp86 and Tyr337) [29,31].
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Figure 2. Representation of the three-dimensional structure of HssAChE (PDB code = SHF9) [32] and
its catalytic triad.

Given that AD is a global health concern, the search for novel therapies that can
significantly improve the underlying pathology is of paramount importance. Therefore, this
theoretical investigation aims to explore the therapeutic potential of a wide range of OP
compounds, identifying those that are more efficient and less toxic than trichlorfon. The

chemical structure of trichlorfon is shown next.
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Figure 3. Chemical structure of trichlorfon (metrifonate).

Trichlorfon, also known as metrifonate, inhibits both acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE) activity in rodents and has also been studied for its effects on
enzymes in the human brain cortex [33,34]. In addition to playing a key role in its
pharmacological effects through cholinesterase inhibition, this agent also inhibits other serine
enzymes, such as esterases and phosphatases. However, its use became unfeasible due to side

effects reported in several trials [35]. To date, despite the uncommon use of OP compounds for
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the treatment of AD, the literature reports potential benefits of administering compounds in this
class [36,37]. In this study, various computational tools were used to analyze a wide range of
OP compounds in an effort to identify inhibitors that are more efficient than trichlorfon and less
toxic for clinical use.

Thus, this study investigates OP compounds as potential inhibitors of cholinesterase
enzymes for the treatment of AD, based on the cholinergic hypothesis [9-11]. By developing
safer OP agents that effectively inhibit HssAChE, these compounds aim to enhance ACh
availability in the brain, potentially improving cognitive function in AD [10]. Additionally,
these compounds are expected to be more efficient than older agents like trichlorfon, while also
offering a reduced toxicity profile, making them safer candidates for clinical use. This
methodology could lead to the discovery of new drug candidates or even help understand the
underlying biological interactions that could be targeted for therapy. This approach highlights
the potential of OP compounds beyond their conventional uses, opening new avenues for

research into their neuropharmacological properties.

2.0 THEORETICAL METHODOLOGY

2.1 Computational Workflow for the Analysis of HssAChE inhibitors
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2.2 Construction of the inhibitors

The OP compounds listed in Table S1 were selected from a database available at

https://www.inchem.org/documents/pims/chemical/pimg001.htm#SectionTitle:1.1%20%20Su

bstance. This database provides a comprehensive collection of OP compounds, which are
chemicals commonly used in agricultural applications. These compounds were chosen to
explore their potential as therapeutic agents for the treatment of AD. Rather than applying a
stringent selection criterion, the compounds were selected without initial filtering. This
approach was intentionally adopted to include a diverse range of OP inhibitors in order to ensure
a broader scope for investigation. By choosing a wide variety of compounds, the study aims to
explore novel and under-investigated molecules that could demonstrate unexpected or unique
effects on AD pathology.

The chemical structures of the OP inhibitors (with the subscript index corresponding to
the phosphorus atom as the stereocenter, when applicable) used in this computational study
were constructed using PC Spartan Pro® software. These structures were then subjected to a
pre-optimization process at the semi-empirical level (PM6), followed by conformational
analysis calculations. Conformational analysis was important for identifying the lowest-energy
conformer, as many of these compounds exhibit significant rotational flexibility due to rotatable
c-bonds. Both Rp and Sp enantiomers were considered for compounds with stereocenters.

After this step, the lowest-energy conformer of each OP inhibitor was fully optimized
to the energy minimum using Density Functional Theory (DFT) with the B3LYP functional and
the 6-311+G(2df,2pd) basis set, and SCF = (direct, maxcycle=300, conver=6). Solvent effects
were incorporated using an implicit solvent model, along with empirical dispersion methods.
The optimization calculations were performed with Gaussian09 software [38]. The compounds

included in this theoretical study are listed in Table S1.

2.3 Atoms in Molecules (AIM)

AIM (Atoms in Molecules) calculations, based on Bader's Theory [39] are important for
gaining a deeper understanding of the nature of chemical bonds, such as whether the bond
exhibits covalent, partially covalent, or non-covalent character [40]. In this study, AIM
calculations were performed for all the compounds listed in Table S1, taking into account the
stereochemistry of those compounds containing stereocenters. These calculations were carried
out at the DFT level using the B3LYP functional and the 6-311+G(2df,2pd) basis set to generate

the AIM input files. Solvent effects and empirical dispersion were also incorporated at this


https://www.inchem.org/documents/pims/chemical/pimg001.htm#SectionTitle:1.1%20%20Substance
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stage. The calculations were then carried out and analyzed using the AIM program [41].

2.4 Natural Bond Orbital (NBO)

The Natural Bond Orbital (NBO) technique uses a set of mathematical algorithms
designed to analyze electronic wavefunctions in terms of localized, Lewis-like chemical bonds.
The NBO method enables in-depth analysis of electron densities using advanced wavefunction
technologies [42]. The NBO calculations were performed at the same level of theory as in the
previous calculations (B3LYP/6-311+G(2df,2pd)), incorporating solvent effects and empirical
dispersion, using Gaussian09 software [38]. In this calculation, the localized analysis of
Canonical Molecular Orbitals (CMO) was considered. CMO analysis offers an effective
alternative to the NBO molecular orbital (NBOMO) method by categorizing the primary NBO
contributions, such as bonding, nonbonding, or antibonding, and providing a concise NBO

report for each CMO [43].

2.5 Multivariate analysis of principal components (PCA)

In this statistical treatment, all compounds were included in the chemometric analysis.
The parameters analyzed consisted of those derived from AIM calculations (atomic charge,
V2p(r), G+V, —G/V) and those from NBO calculations (NBO charge, occupancy, energy). A data
matrix was constructed with the data from the AIM and NBO calculations as preprocessing.
Principal component analysis (PCA) was then applied using MATLAB software, version
R2012b [44]. The self-scaling technique was employed during the data preprocessing step.

2.6 Docking Procedure

For the docking calculations, the inhibitors selected from PCA were used. The chemical
structures of these compounds were previously constructed and individually optimized using
the calculation method described earlier. The partial charges of the atoms were determined
using the CHELPG method [45]. The OP inhibitors were individually docked into the
crystallographic structure of HssAChE (PDB code: SHF9, resolution: 2.20 A) [32], using the
Molegro Virtual Docker program (MVD®) [46]. For the docking calculations, a radius of 5 A
centered on the active site was defined, and the residues within the binding site were treated as
flexible. A total of 50 poses, each representing a distinct conformation and orientation, were
generated for each ligand. For the docking configuration, the constraint parameters were set to

X =-11.08,Y = —44.40, and Z = 31.82, and Radius = 5 A. The scoring function applied was
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the MolDock Score [GRID], and the optimization algorithm used was the MolDock Optimizer.
Water molecules were removed for calculations. In addition, the enzyme was protonated at
physiological pH (7.4). For docking replicates, the MolDock SE algorithm was additionally
evaluated. The size of the constraint region was also varied (Radius = 6 A) to assess the
reproducibility and consistency of the results.

The MolDock scoring function, used in the MVD program, is based on the piecewise
linear potential (PLP). This simplified potential was parameterized using protein-ligand
structures and binding data. The scoring function is further enhanced in the Generic
Evolutionary Method (GEM) for molecular docking, incorporating a new hydrogen bonding
term and updated charge schemes [47]. The docking scoring function values, Escore, are defined
by Eq. 1:

E E

+Eintra (D

score” ~inter

Wherein:

qiqj
E, .= Z z [1:4,Lp(rij)+332.oF 2)
;

igligand jeprotein

EpLp, or "Piecewise Linear Potential", employs two distinct parameter sets. One set
approximates the steric (Van der Waals) interactions among atoms, while the second set models
hydrogen bonding. The hydrogen bonding term is complemented by a Coulomb potential that
accounts for electrostatic interactions among charged atoms. The electrostatic term uses a
distance-dependent dielectric constant, represented as D(r)=4r, where the numerical value of
332.0 ensures that the electrostatic energy is expressed in kcal mol™! [46]. Einta is the internal

energy of the ligand:

Eintra: z z EPLP (rij) + Z A[l-cos(m.@-@o)] +Eclash (3)
ieligand jeligand flexiblebonds

The first part of the equation (the double summation) accounts for all pairs of atoms within the
ligand, excluding those that are directly connected by two bonds. The second term represents

the torsional energy, where 0 is the torsional angle of a bond. If multiple torsions are possible
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within the molecule, the torsional energies for each are calculated and averaged. The final term,
Eclash, imposes a penalty of 1,000 if the distance between two heavy atoms (more than two bonds
apart) is less than 2.0 A, effectively rejecting infeasible ligand conformations that result in steric
clashes [46]. The docking search algorithm employed in the MVD program integrates an
evolutionary algorithm and interactive optimization techniques inspired by Darwinian
evolutionary theory, along with a novel hybrid search method known as guided differential
evolution. This hybrid approach combines the differential evolution optimization technique
with a cavity prediction algorithm during the search process, enabling rapid and precise
identification of potential binding modes [46]. The docking protocol validation was performed

through redocking of co-crystallized ligand.

2.7 Toxicological Profiling and Drug-Likeness Prediction

The toxicological profiles were predicted using the ProTox 3.0 platform

(https://tox.charite.de/protox3/), an in-silico toxicity prediction framework that integrates
molecular similarity analysis, structural alert detection, and machine learning based
classification models. The methodology relies on curated experimental data from publicly
available toxicological databases and employs Random Forest and Deep Neural Network
algorithms trained on multiple molecular representations, including MACCS keys and Morgan
circular fingerprints. ProTox 3.0 evaluates toxicity across seven hierarchical levels,
encompassing acute oral toxicity (LDso), organ toxicities, toxicological endpoints, toxicity-
related biological pathways, molecular initiating events, metabolism-related targets, and
toxicity targets. Model performance was optimized using advanced data-balancing strategies
and validated through cross-validation and independent external test sets, ensuring balanced
sensitivity and specificity. For each endpoint, the platform outputs binary or multiclass
predictions accompanied by confidence scores, enabling a comprehensive, mechanism
informed assessment of chemical toxicity while supporting early-stage risk evaluation and
reduction of animal testing [48]. The ProTox 3.0 platform was also used to predict the blood-
brain barrier (BBB) permeability and hepatotoxicity of the compounds investigated. To assess
the drug-likeness of inhibitors based on Lipinski, PAINS, Brenk, and Veber, the Swiss-ADME

platform (https://www.swissadme.ch/) was employed [49].
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2.8 QM/MM approach

The integration of mixed quantum and molecular mechanics (QM/MM) methods
enables the modeling of larger systems, such as enzymes, by combining quantum chemical
methods with classical molecular mechanics. This hybrid approach enhances computational
efficiency while reducing the overall computational cost [29,50-52]. In this study, QM/MM
methods, combined with molecular docking simulations, were used to assess the most favorable
interaction mode of each inhibitor within the active site of HssAChE. This approach is essential
for simulating the inhibition reaction pathway, a critical step in identifying compounds with
great therapeutic potential for the treatment of AD. To obtain more precise results and better
capture electronic effects, QM calculations were performed at the DFT level using the
Gaussian09 software package [38].

In this study, a sequential QM/MM (S-QM/MM) approach was used [53], in which the
QM and MM subsystems were treated using separate computational programs. This method is
particularly advantageous because it prevents issues related to the boundary region between the
two subsystems. The whole enzymatic system was treated by MM calculations through
molecular docking [54—60]. The software does not use a traditional molecular mechanics force
field [46]. It uses a custom empirical scoring function built into its docking engine called
MolDock Score, which estimates the interaction energy between a ligand and a protein using
simplified potential terms [46]. On the other hand, the QM calculations were performed on the
enzyme active site to achieve a more accurate description of electronic effects [54—60].

In this method, the active site was cut off, and all atoms within a 5 A radius were treated
at the DFT level using the Gaussian09 package [38]. The calculations were performed using
B3LYP functional and 6-31G (d, p) basis set, and SCF = (direct, maxcycle=300, conver=2).
The QM system included the neighboring peptide bonds, link atoms, the catalytic triad
(Ser203—Glu334—His447), the inhibitor, and other amino acid residues within a 5 A radius. The
transition states involved were calculated and characterized by identifying imaginary

frequencies [54-60].

2.9 RESP charges fitting and molecular dynamics simulations

The structures of inhibitor 12 and trichlorfon (reference) were optimized at the DFT
level (B3LYP/6-31G*) considering a charge of +1 and multiplicity 2 using Gaussian09. Using

the same software and charge/multiplicity scheme, the optimized structures were subjected to
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electrostatic potential (ESP) calculations at the Hartree-Fock level (HF/6-31G*). The Merz-
Kollman (MK) algorithm was employed for grid generation, configured with a high density of
concentric layers (IOps 6/33=2 and 6/42=6) and strict SCF convergence (SCF=Tight),
following the standard AMBER force field parameterization philosophy [61]. The calculated
ESP was then used in the AmberTools25 [62] suite to derive partial charges via RESP fitting
(fitting statistics and dipole comparisons are available in Table S2 of the Supplementary
Material). Remaining ligand parameters were assigned according to the GAFF2 library, and the
results were converted using ACPYPE [63] to the standard GROMACS format, which was the
engine used for all molecular dynamics (MD) simulations.

The HssAChE structure was parameterized in GROMACS (v. 2023) [64] using the
AMBER14sb force field, maintaining the original protonation state from the docking stage.
Two protein-ligand complexes were built with inhibitor 12 and trichlorfon. A cubic simulation
box was defined with edges extending 1.5 nm from the complex boundaries. The system was
solvated with 38,765 TIP3P water molecules and neutralized by the addition of 8 sodium ions.

Minimization was performed in two steps using the Steepest Descent algorithm (with
and without position restraints), configured for a maximum of 20,000 steps or until the
maximum force was below 1000 kJ/(mol nm). The systems were equilibrated using NVT (310
K) and NPT (1 bar) ensembles, respectively, employing the leap-frog integrator, a 2 fs time step,
H-bond constraints, and a total duration of 500 ps per ensemble (convergence plots for
temperature, density, and potential energy are shown in Figure S1 of the Supplementary
Material). An additional 500 ps simulation was performed post-equilibration for solvent
relaxation. Finally, each system was subjected to a 200 ns MD production run with a time step
of 2 fs, temperature maintained at 310 K, pressure at 1 bar, using the leap-frog integrator. All
analyses were performed over the entire trajectory using GROMACS, and XMGRACE was
used for plotting.

2.9.1 MM-PBSA calculations

End-state Gibbs free energy calculations were performed using the Molecular
Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) method with gmx MMPBSA
software [65] (v. 1.6.4). The calculations used the final 50 ns of the production trajectories for
all complexes, totaling 1,250 frames with a sampling interval of 2 frames. The MM portion
employed the AMBER14sb force field for the protein and GAFF2 for the ligand. The solute

and solvent dielectric constants were set to 2 and 80, respectively. The linear Poisson-
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Boltzmann equation was used for the polar solvation model, while the non-polar solvation
contribution was estimated based on the solvent-accessible surface area (SASA). The
interaction entropy model was adopted for entropy estimation, and all calculations were
conducted at 310 K. Convergence was assessed using the Cumulative Averages [66] of the

binding free energy (AGgas+soiv)-

3.0 RESULTS AND DISCUSSION

3.1 Statistical treatment and Principal Components Analysis (PCA)

The first stage of the statistical analysis involved linear regression, with multiple linear
regression (MLR) used to perform this evaluation. As a predictive tool, MLR is employed to
explain the relationship between a continuous dependent variable and two or more independent
variables, which may be either continuous or categorical. This approach assumes that the
regression residuals are normally distributed, that a linear relationship exists between the
dependent and independent variables, and that multicollinearity is absent, meaning the
independent variables are not highly correlated [67—69].

Based on the model's performance evaluation, the correlation coefficient is high (R? =
0.8585), indicating a strong correlation among the samples (OP inhibitors). Additionally, the
low root mean square error (RMSE = 0.04057) suggests minimal error, which aligns with the
strong linear correlation observed. An external validation (test set) was performed, which is
important because it demonstrates how well the model performs on new data, provides a more
realistic assessment of its predictive ability, and helps confirm that the results are reliable rather
than merely fitted to the original dataset. The MLR graph, which illustrates these findings, is

presented in Figure 4.
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Figure 4. Representation of the MLR graph without outliers (blue = independent variables; red =
external validation).

It is important to note that the first seven compounds, listed in Table S1, were identified
as outliers due to their high toxicity levels. These toxic compounds were intentionally included
in the analysis to validate the methodology, and as anticipated, they showed a significant
discrepancy compared to the other compounds. As a result, they were considered outliers and
subsequently removed from the dataset. According to the multiple linear regression (MLR)
analysis, a reasonable degree of linearity is observed among the external validation samples.

The foundation of most methods for analyzing multivariate data is Principal Component
Analysis (PCA), which was used in this study. PCA involves transforming the data matrix to
reduce its dimensionality by exploiting correlations among variables. When these variables
exhibit strong similarities, they are considered collinear. High collinearity suggests that it is
possible to identify a new set of linearly independent variables that can effectively describe the
data, expressed as linear combinations of the original variables [70]. In the context of selecting
OP compounds most similar to the reference compound trichlorfon, PCA serves as an important
tool by analyzing various physicochemical and electronic properties of the compounds, which

are essential for predicting behavior, toxicity, and effectiveness [56].
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By applying PCA, one can efficiently evaluate and compare compounds across multiple
parameters, including Q (atomic charge), V2p(r) (Laplacian of electron density), V (volume), G
(Gibbs free energy), G+V (combined Gibbs free energy and volume), -G/V (negative change in
Gibbs free energy per unit volume), NBO (natural bond orbital), MO Occup (molecular orbital
occupancy), and E (energy). Each of these parameters provides valuable insight into the
molecular characteristics of the compounds, such as their stability, reactivity, and interaction
with biological systems [70]. This allows researchers to identify the most significant features
that differentiate compounds, facilitating the identification of those that exhibit structural and
electronic similarities to the reference compound. By projecting the data onto the principal
components, compounds that exhibit chemical and physical characteristics similar to the
reference compound can be identified with greater precision [56,70].

These new variables are extracted in descending order of the amount of statistical
information they capture. Specifically, the first principal component (PC1) represents the
direction of most significant data variation; the second principal component (PC2), which is
orthogonal to the first one, describes the largest remaining variation, and so on. Each principal
component thus accounts for a specific percentage of the total variance in the data. Based on
the PCA analysis, the inhibitors most similar to trichlorfon were compounds 8 (Rp), 8 (Sp), 12,
13, 20, 28, 29, 64 (Sp), and 69 (Figure 5). Consequently, these inhibitors were selected for
further analysis. This selection is important for subsequent studies on interaction modes,

reactivity, drug-likeness and toxicity levels.
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Figure 5. Chemical structures of selected inhibitors from the PCA.

As mentioned previously, in PCA, it is well-established that the percentage of variance
explained by PCI is always greater than that explained by PC2, and so on. Therefore, the
projections that best represent the dataset are typically PC1 vs. PC2 or PC1 vs. PC3, since PCN
> PCN+1. The PC1 vs. PC2 plot provides a more comprehensive representation of the original
dataset; therefore, it was selected for this study [70].

The selected compounds differ from trichlorfon in both steric and electronic properties.
Trichlorfon presents a relatively small structure containing a trichloromethyl group, while the
investigated compounds contain longer thioether chains, halogenate aromatic rings, and amide
groups. In terms of steric properties, compounds containing larger groups, such as the thioether
chains and halogenate aromatic rings tend to increase steric complexity and conformational
flexibility for interaction with the enzyme when compared to trichlorfon. On the other hand,
regarding the electronic properties, in trichlorfon, the trichloromethyl group exerts a strong
electron-withdrawing inductive effect, due to the presence of three highly electronegative

chlorine atoms bonded to a sp® carbon, generating a strongly polarized electronic environment.
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In contrast, some of the investigated compounds contain halogenated aromatic rings, in which
halogen atoms exhibit both inductive electron-withdrawing effects and resonance interactions
with the aromatic m-system, resulting in a more delocalized electronic distribution.
Furthermore, compounds with thioether chains contain the sulfur atom, which is less
electronegative but highly polarizable and contains lone electron pairs, producing a weaker

inductive effect and increased electronic polarizability.

3.2 AIM and NBO analyses

The data computed using the AIM technique are presented in Table 1. It is important to
note that for ionic character, the following conditions hold: V?p(r) >0, —-G/V > 1, and G + V >
0. For covalent character, the conditions are: V2p(r) <0, —-G/V < 1, and G + V < 0 [71]. The aim
of this study was to investigate the chemical bonds of potential inhibitors and gain a deeper
understanding of the pharmacophoric groups that contribute most to the covalent or ionic
character of the phosphorus-leaving group binding. These analyses were conducted prior to
docking the inhibitors into the HssAChE active site. It is important to note that these bond
characteristics, along with the reactivity parameters obtained from NBO calculations, are
essential for selecting inhibitors with more stable transition states and lower energetic barriers

for inhibiting HssAChE.
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Table 1. The AIM B3LYP/6-311+g (2df, 2pd) parameters, Laplacian (V2p(r)), kinetic electron energy
density (G(r)), potential electron energy density (V (r)) for bond critical point (BCP) of the phosphorus-
leaving group*, and reactivity parameters from NBO.

Inhibitor Vip(r) G+V -G/V LUMO Energy Occupancy
8(Ry) 0.13066 —0.18142 0.54129 0.09602 0.17494
8(Sp) 0.14046 —0.18226 0.54394 0.09623 0.16712

12 —0.27508 —0.13291 0.32554 0.17514 0.23347
13 —0.27480 —0.13214 0.32433 0.17595 0.23464
20 —0.22657 —0.08973 0.26936 0.10001 0.15679
28 —0.21927 —0.08709 0.27042 0.09450 0.15994
29 —0.22736 —0.08939 0.26693 0.09277 0.15753
64(S,) —0.21686 —0.08751 0.27558 0.09817 0.19069
69 —0.23355 —0.09153 0.26588 0.09787 0.15554
T —0.45142 —0.15227 0.20564 0.17655 0.15893

*Computed results were performed by using the AIM and Gaussian09 programs. T stands for trichlorfon.

After fully optimizing the OP inhibitors, AIM calculations were performed to investigate
the chemical bond character between the phosphorus atom and the leaving group of the selected
compounds from the PCA. It is important to emphasize that the greater the ionic character of
the bond, the more readily the leaving group can depart from the OP inhibitor during the
inhibition process. From the previous table, it is clear that inhibitor 8 (Rp and Sp) exhibits the
highest ionic character in the chemical bond, suggesting that the leaving group dissociates more
readily, lowering the energy barrier at the transition state. This trend is particularly evident in
the higher values of V?p(r) and —G/V compared to the other compounds. The toxicity (LDso) of
these inhibitors is discussed later in this work, providing further insight into these trends. Thus,
the results suggest that inhibitor 8 could exhibit higher inhibitory activity than trichlorfon.
Additionally, the low LUMO energy is relevant in this analysis as it suggests greater reactivity.

It should be noted that these results are preliminary, as this analysis was conducted outside the
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enzyme environment. Once the compounds are docked into the HssAChE active site, the
emergence of intermolecular interactions could modify these initial trends; however, this
provides a solid foundation for further theoretical studies.

According to the data presented in Table 1, the OP inhibitors most similar to trichlorfon
were inhibitors 12 and 13. This conclusion is primarily supported by the computed values of G
+V and LUMO energies. It is known that the LUMO energy corresponds to the virtual orbital
of the phosphorus-leaving group, and lower LUMO energy values are generally indicative of
higher reactivity, considering the HssAChE inhibition mechanism [72]. The PCA analysis
further supports this trend, showing that inhibitors 12 and 13 exhibited the least variation from
trichlorfon. Additionally, both inhibitors share similar functional groups, which may provide
favorable docking and stabilization within the HssAChE active site.

The literature reports that trichlorfon exhibited side effects in clinical trials, with
toxicity levels deemed intolerable [35,73]. In this context, the search for compounds with both

efficacy and lower toxicity levels is of significant interest.

3.3 Docking results

Molecular docking calculations were performed to position the OP inhibitors within the
HssAChE active site, yielding stable conformations and assessing their interactions with the
biomacromolecule. A cavity prediction algorithm based on a 3D box was used to identify the
binding sites, with the calculated volume of the active site cavity being 169.472 A3, Table 2
presents the intermolecular interaction energies and the hydrogen bonds formed between the
ligands and the amino acid residues within the active cavity. The docking protocol validation
was performed through redocking of co-crystallized ligand, with a value of 1.7141. Generally,
a RMSD value lower than 2 A indicates a successful binding mode prediction. To improve the
reliability and accuracy of the docking results, replicates were performed using a different
algorithm and constraint size. The correlation between the results was very high (R? = 0.9882),
demonstrating the strong performance of the method. The correlation graph is shown in Figure

S2.
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Table 2. Values of the parameters obtained from molecular docking calculations for the inhibitors within
the HssAChE active site.

Inhibitor Intermolecular H-bond H-bond Residues
Interaction Energy Strength Length
(kcal mol ™) (kcal mol ™) A)

8 (Ry) —60.57 —0.226 3.189 His447
-2.50 2.970 Ser203

8(Sy) —61.55 -2.50 2.890 His447
—2.50 2.774 Ser203

-2.20 2.799 Glyl121

—1.98 2.693 Gly122

12 =79.71 —0.86 3.145 Glyl121
—2.50 2.925 Ser203

—-1.59 3.281 Ser203

13 —90.97 —0.307 3.017 Glyl121
—2.50 2.849 Ser203

20 —89.96 —-1.11 3.340 Asp74
—0.090 2.982 Ser125

—0.456 3.136 Glyl121

—1.44 3.311 Ser203

28 —79.87 —1.84 2.703 Glyl121
—-1.78 2.854 Gly122

—2.50 3.004 Ser203

-2.30 2.831 Ser203

29 —81.96 —0.994 2.850 Glyl121
—0.453 3.062 Gly122

—2.50 2.612 Tyr337

-2.07 3.186 Ser203

64 (Sp) —44.89 —0.396 3.337 Ser203
—-1.74 3.031 Glyl121

-1.57 3.053 Gly122



-2.50

69 —61.98 —2.50
-2.03

—-1.55

—2.50

-2.50

—1.69

Trichlorfon —67.19 -1.13
-1.13

-2.50

—0.305

3.016
2.764
2.765
2.559
2.705
3.070
3.261
2.774
3.167
3.087

3.239

Ser203
Ser203
Glyl121
Gly122
Tyrl24
Ser203
Ser203
Glyl121
Gly122
Ser203

Ser203
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According to the data presented in Table 2, the inhibitors showed significant variations

in their intermolecular interaction energies. Trichlorfon, the reference compound in this study,

exhibited an interaction energy of —67.19 kcal mol™!. Inhibitor 8 (Rp and Sp) displayed close

values of —60.57 kcal mol! and —61.55 kcal mol™, respectively, which are slightly more

stabilizing than that of trichlorfon, indicating less interaction. Notably, inhibitor 69 also showed

a close interaction energy of —61.98 kcal mol™'. Inhibitor 8 (Rp and Sp) formed a stable

hydrogen bond with the catalytic residue Ser203, as detailed in Table 2 and Figure 6, and also

interacted with the catalytic residue His447.
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Figure 6. Hydrogen bonds formed by inhibitor 8 (Rp and Sp) in the HssAChE active site.

According to Figure 6, the Sp enantiomer of inhibitor 8 formed more hydrogen bonds
than the Rp enantiomer, interacting with the residues Gly121, Gly122, Ser203, and His447.
This suggests that the stereochemistry significantly altered the interaction modes of the ligand.
Additionally, inhibitor 69 formed hydrogen bonds with Gly121, Gly122, and Tyr124, along
with a stable interaction with Ser203. The formation of stable intermolecular interactions with
Ser203 is crucial for the docking and stabilization of these inhibitors in the active site, as well
as for the subsequent inhibition reaction mechanism.

From the docking calculations, a group of OP inhibitors exhibited very similar
intermolecular interaction energies. These compounds include inhibitors 12 (—=79.71 kcal mol
1), 28 (—79.87 kcal mol™!), and 29 (—81.96 kcal mol™!). These compounds shared common
interactions with Gly121 and Ser203. Additionally, inhibitors 28 and 29 formed extra hydrogen
bonds with Gly122, and inhibitor 29 also interacted with Tyr337, as detailed in Table 2. Inhibitor
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29 appears to be better stabilized in the active site, likely due to the greater variety of residues
with which it forms hydrogen bonds.

According to Table 2, one OP inhibitor stands out due to its distinct interaction energy.
Inhibitor 64 (Sp) exhibited the least stabilizing interaction energy, with a computed value of
—44.89 kcal mol™!. Although it formed hydrogen bonds with amino acid residues such as Gly121
and Glyl22, and a stable interaction with Ser203, these interactions were insufficient to
stabilize the inhibitor in the active site, resulting in a less stabilizing interaction energy. This
suggests that more effective docking requires a diverse range of intermolecular interactions,
including long-range, hydrophobic, and electrostatic interactions, which collectively influence
the binding modes of the ligands. These types of interactions are illustrated for trichlorfon in
Figure 7. The hydrophobic interaction surface of trichlorfon (Figure 7A) reveals its interaction
with both hydrophobic regions (shown in red and lilac) and hydrophilic regions (shown in blue)

within the active site.

Figure 7. Hydrophobic interactions (A) and electrostatic interactions (B) for trichlorfon in the
HssAChE active site.

The OP inhibitors that exhibited the most stable interaction energies (i.e., the lowest
energies) were inhibitors 13, 20, 29, 28, and 12, with computed values of —90.97 kcal mol™,
—89.96 kcal mol™!, —81.96 kcal mol™!, =79.87 kcal mol!, and —79.71 kcal mol’!, respectively.
Regarding intermolecular interactions, inhibitor 13 formed two hydrogen bonds with Gly121
and Ser203, demonstrating the best interaction energy within the enzyme. Inhibitor 12 also
formed hydrogen bonds with these same residues. Inhibitor 20 showed an interaction energy
very close to that of inhibitor 13 and formed a larger number of hydrogen bonds, with residues
Asp74, Ser125, Gly121, and Ser203. As expected, all these inhibitors formed stable interactions

with the catalytic Ser203 residue. The size of the inhibitor also contributed to the overall
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intermolecular interaction energy. For example, inhibitor 13, which has ethyl groups attached
to the central phosphorus, displayed a more stabilizing interaction energy than inhibitor 12,
which contains methyl groups (Figure 5, Table 2). Their intermolecular interactions within the
enzyme are shown in Figure S3. Additionally, a pharmacological analysis of the selected

inhibitors was conducted, as shown in Table 3.

Table 3. Pharmacological properties predicted for the best-ranked inhibitors.

Inhibitor Commercial name BBB Hepatotoxicity LDso
Permeability (mg kg™)
(Probability)
8 (Rp) Acephate 0.91 Inactive 233
8 (Sy) Acephate 0.91 Inactive 233
12 Bromophos 0.87 Inactive 1600
13 Bromophos-ethtyl 0.85 Inactive 52
20 Vamidothion 0.85 Inactive 40
28 Demeton-S-methyl 0.89 Inactive 10
29 Demeton-S- 0.86 Inactive 30
Methylsulphon
64 (Sp) Methamidophos 0.92 Inactive 8
69 Omethoate 0.87 Inactive 19
Trichlorfon - 0.93 Inactive 210
Rivastigmine - 0.93 Inactive 1000

Based on ProTox 3.0 predictions, Table 3 was constructed showing some of the ADMET
profiles for each inhibitor studied in this work, such as blood-brain barrier (BBB) permeability,
hepatotoxicity and LDso. All inhibitors showed high probability of BBB permeation when
compared to the reference compound trichlorfon, suggesting favorable central nervous system
accessibility. Moreover, none of the compounds exhibited hepatoxicity profile, but a variety of
LDso values was observed, ranging from 8 to 1600 mg kg™!, indicating substantial variability in
safety profiles among the inhibitors. Despite these promising results, further experimental
studies, including in vivo testing, are necessary to confirm their safety profile and therapeutic
potential in clinical applications.

The promising inhibitors 12, 13, 20, and 28 were further evaluated by comparing their

experimental acute oral toxicity (LDso) values with the theoretical LDso predictions obtained
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from the ProTox 3.0 platform, aiming to gain deeper insights into their safety profiles and
potential administration risks. The theoretical LDso values estimates acute oral toxicity in
rodents through a consensus approach combining two-dimensional chemical similarity analysis
and toxic fragment identification. Initially, the input compound is compared against a curated
database of approximately 38,000 compounds with experimentally determined rodent LDso
values, using molecular fingerprints and Tanimoto similarity metrics. The LDso prediction is
primarily derived from the median LDso values of the most structurally similar compounds. In
parallel, the presence of toxic fragments overrepresented in highly toxic compounds is assessed
through a propensity score analysis. The final LDso estimate integrates both similarity-based
predictions and fragment-based toxicity alerts, resulting in a conservative, mechanism-
informed approximation of acute oral toxicity [74—76]

Inhibitor 12 (Bromophos) exhibited an experimental LDso of 1600 mg/kg in rats [77],
which was in excellent agreement with the theoretical LDso value of 1600 mg/kg predicted.
Inhibitor 13 (Bromophos-ethyl) showed experimental LDso values ranging from 52 to 170
mg/kg in rats [78], while its predicted LDso was 52 mg/kg, corresponding to the lower bound
of the experimental range. For inhibitor 20 (Vamidothion), the experimental LDso was reported
as 64 mg/kg [79], compared with a predicted value of 40 mg/kg. Similarly, inhibitor 28
(Demeton-S-methyl) presented an experimental LDso of 30 mg/kg [80], whereas the theoretical
prediction was 10 mg/kg. From a toxicological standpoint, among the evaluated compounds,
inhibitor 12 displays the least acute toxicity profile, even when compared to the toxicity
reference compound Rivastigmine, which exhibited a LDso of 1000 mg kg™!. The experimental
and predicted LDso values showed good proximity in both magnitude and trend. The overall
trends align, indicating that the predictions were largely accurate in terms of relative toxicity.

In addition, drug-likeness analyses were performed, and the results are presented in Table 4.
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Table 4. Drug-likeness assessment of inhibitors based on Lipinski, PAINS, Brenk and Veber.

Inhibitor Lipinski PAINS Brenk Veber

#violations #alerts #alerts #violations
8 (Ry) 0 0 1 0
8(S)) : - - -
12 0 0 2 0
13 0 0 2 0
20 0 0 1 0
28 0 0 1 0
29 0 0 1 0
64 (S) 0 0 1 0
69 0 0 1 0
Trichlorfon 0 0 2 0
Rivastigmine 0 0 0 0

According to Lipinski et al., on the guideline named ‘rule of 5°, it suggests that
molecules whose properties fell inside of these boundaries would be more likely to be orally
absorbed. In other words, these rules are: molecular mass < 500; calculated octanol/water
partition coefficient (ClogP) < 5; Number of hydrogen bond donors < 5; Number of hydrogen
bond acceptors < 10. As shown in Table 4, the selected inhibitors, and the reference compound
trichlorfon as well, performed no violations, which may indicate drug-likeness [81].

Table 4 summarizes other drug-likeness criteria, such as PAINS, Brenk and Veber.
According to PAINS, none of the evaluated inhibitors or the reference compound trichlorfon
triggered any alerts, indicating a low probability of interference and nonspecific bioactivity.
Regarding the Brenk filter, most OP inhibitors presented one or two alerts, reflecting the
presence of structural motifs commonly associated with toxicity or reactivity, such as
thiophosphate, phosphate or halogenated ring. On the other hand, rivastigmine, a molecule
lacking these motifs, exhibited no alerts. Remarkably, like Lipinski and PAINS, none of the
compounds violated Veber rules, suggesting that these molecules retain acceptable drug-like
characteristics while warranting careful toxicological consideration.

Besides that, toxicity profiling also revealed that inhibitor 20, inhibitor 29, inhibitor 69,
and trichlorfon were predicted as AMES positive, indicating a potential mutagenic risk. In
contrast, inhibitors 8 (R, and Sj), 12, 13, 28, and 64, as well as Rivastigmine, were predicted

as AMES negative, suggesting no indication of mutagenic potential for these compounds.
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Furthermore, no compounds were predicted to inhibit hRERG channels, suggesting a low risk of
cardiotoxicity associated with QT interval prolongation. Together, these results highlight a
differentiated safety profile in which mutagenicity emerges as a more relevant concern than
cardiotoxicity for the evaluated OP compounds.

Pre-filtering strategies based on drug-likeness rules and toxicity prediction help
prioritize compounds with more favorable pharmacokinetic and safety profiles, aiding in
identifying viable drug candidates. Furthermore, applying the filters before QM analysis can
significantly reduce the number of compounds subjected to computationally requested

calculations, thereby improving the overall efficiency of the workflow.

3.4 Mechanistic studies: QM/MM

A comprehensive understanding of the mechanism of action of these inhibitors is
essential for the effective design of novel and potent pharmacophoric agents for therapeutic use.
In this context, it is crucial to evaluate and characterize the action of these inhibitors against
AD, which act by inhibiting the HssAChE enzyme, in line with the cholinergic hypothesis. The
Quantum Mechanics/Molecular Mechanics (QM/MM) approach offers a powerful tool to
investigate disease-related reactional systems, providing valuable data to support this
theoretical study [82,83]. The energy profile graphs for the reaction mechanisms of inhibitor 12

and trichlorfon are presented in Figure 8.
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Figure 8. Energy profiles calculated for inhibitor 12 and trichlorfon in the inhibition reaction
mechanism of HssAChE.

Based on the pharmacological parameters presented in Table 3, inhibitor 12 was
selected for the reaction mechanism simulation due to its lowest toxicity, with LDso value of
1600 mg kg!, making it a promising candidate. This compound, commonly known as
bromophos, exhibits lower toxicity than trichlorfon and has a lower energetic barrier, with a
relative value of 44 kcal mol! smaller than that of trichlorfon. This finding suggests that
inhibitor 12 is more active toward the HssAChE enzyme. Given this trend, inhibitor 12 warrants
further investigation to better assess its potential therapeutic effects in the treatment of
neurodegenerative diseases.

According to Figure 8, the calculated energy profiles along the reaction coordinate
reveal distinct mechanistic features for inhibitor 12 and trichlorfon. For inhibitor 12, the energy
profile exhibits a non-monotonic behavior, characterized by multiple fluctuations along the
reaction coordinate. After an initial decrease in energy, a well-defined local maximum is
observed, followed by additional variations before reaching the final stabilized region. These

larger oscillations in energy are also due to the bulkier group attached to the central phosphorus.
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In contrast, the trichlorfon energy profile displays a smoother and more monotonic trend after
the initial region. A pronounced decrease in energy is observed, followed by gradual
stabilization without significant oscillations. However, inhibitor 12 presented a lower energy
barrier than trichlorfon, probably due to its stronger interaction within the active site. This study
could serve as a starting point for the development of new therapies to treat AD. Experimental
assays are essential to further evaluate the pharmacological and kinetic properties of these drug
candidates.

Lower energetic barriers for inhibitor binding and stabilization of the enzyme-inhibitor
complex indicate that the compound can more readily and persistently occupy the catalytic site
of the HssAChE, reducing the energy required to form a nonproductive state of the enzyme.
This energetic favorability enhances inhibitory efficiency by limiting catalytic turnover and
slowing ACh hydrolysis. As a consequence, synaptic ACh levels increase, improving
cholinergic neurotransmission. As discussed previously, restoration of cholinergic signaling
mitigates cognitive symptoms by compensating for the neurotransmitter deficit characteristic
of the disorder. Therefore, inhibitors associated with lower energetic barriers and more stable
binding profiles are predicted to be more effective in modulating AChE activity and supporting

symptomatic treatment of AD.

3.5 Molecular dynamics simulations and MM-PBSA calculations

The molecular dynamics results confirmed the conformational stability of inhibitor 12
within the HssAChE active site. Figure 9A presents the RMSD results for the ligands
complexed with the protein. Trichlorfon exhibited stability at an RMSD of 0.125 nm
predominantly throughout the entire trajectory, displaying a single peak in the graph containing
the normalized histograms. Inhibitor 12 stabilized at an RMSD of 0.075 nm from approximately
30 ns until the end of the trajectory, exhibiting high conformational stability with average
RMSD values lower than the reference compound. This generated a single peak in the
normalized histogram, indicating the high frequency of low RMSD conformations.

Figure 9B shows the RMSD variation of the HssAChE protein complexed with the
ligands throughout the simulations. The RMSD profiles are similar across the systems, showing
low fluctuations and an absence of significant structural change, which indicates that the
binding of the different compounds does not induce relevant global conformational alterations
in the protein structure. This behavior suggests that the observed differences in complex

stability are mainly associated with the local dynamics of the ligands within the active site,
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rather than structural rearrangements of the enzyme as a whole. Overall, from 100 ns onwards,
the protein stabilized within a narrow RMSD range, encompassing values from 0.125 to 0.175

nm.
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Figure 9. Structural stability analysis of the HssAChE-ligand complexes along 200 ns molecular
dynamics simulations. (A) Time evolution of the ligand RMSD in complex with HssAChE: trichlorfon
(black, reference ligand), inhibitor 12 (red). On the right, normalized RMSD histograms are shown for
each ligand, highlighting their conformational distributions along the trajectory. (B) RMSD variation of
the HssAChE protein complexed with the two ligands, indicating the overall structural stability of the
enzyme during the simulations.

MM-PBSA calculations were performed to assess the energetic stability of the ligands.
The convergence results are displayed in Figure 10, presenting cumulative average data of
energy [84]. The values shown in the graph correspond to the free energy calculated considering
only the enthalpic, Poisson-Boltzmann solvation and SASA contributions, without entropy
correction, using frames from the last 50 ns of the molecular dynamics simulation. It was
observed that the AG values converged for all systems from approximately 170 ns onwards,

resulting in -22.06 kcal mol™! for trichlorfon and -27.48 kcal mol™! for inhibitor 12.
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Figure 10. Convergence of the binding free energy (AGgas+solv) calculated by MM-PBSA without
entropic correction for the HssAChE-trichlorfon (black) and HssAChE-inhibitor 12 (red) complexes.
Dashed lines indicate the converged mean values (AGconv) at the end of the trajectory, demonstrating
stabilization of the cumulative averages and the statistical reliability of the energy estimates.

Table 5 presents the decomposition of the binding energies calculated by MM-PBSA for
the complexes between HssAChE and the two ligands analyzed (trichlorfon — reference and
inhibitor 12), including the van der Waals terms (AE.aw), electrostatic (AE.), free energy in
vacuum added to polar/nonpolar solvation (AGgas+son), €ntropic contribution (—7AS) and final

binding free energy (AGpina).

Table 5. MM-PBSA binding energy decomposition for the HssAChE-ligand complexes: van der Waals
contribution (AE.4w), electrostatic contribution (AE.i), combined gas-phase and solvation free energy
(AGgas+solv), entropic term (—TAS), and final binding free energy (AGying) for trichlorfon and inhibitor
12.

MM-PBSA energies (kcal mol™!)

Compound
AE'de AEel AGgas + solv —TAS AGbind
Trichlorfon -22.53+0.39 -283.64+1.09 -22.06+1.62 11.01 £0.33 -11.31 £3.18
12 -34.44+0.44 -284.16+1.28 -27.48+2.35 9.55+0.41 -17.93 +£2.94

It is observed that, for all systems, the electrostatic term (AE.;) exhibits a significantly
larger magnitude (more negative) than the van der Waals term (AE,aw). This behavior may be

directly related to the chemical nature of the ligands. All compounds possess strongly polar and
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charged groups, specifically the positively charged phosphorus center (P"), in addition to
electronegative heteroatoms (O, S, N) capable of establishing intense electrostatic interactions,
such as hydrogen bonds, ion-dipole, and dipole-dipole interactions with charged and polar
residues of the active site. In particular, trichlorfon presents a phosphoryl group associated with
a highly polarized center, whereas inhibitor 12 contain multiple heteroatoms and sulfur-
phosphorus containing functional groups, favoring long-range electrostatic interactions [85].
This explains why AFE. energetically dominates over AE,sw, which represents short-range
interactions, essentially hydrophobic and steric packing forces.

However, this strong electrostatic stabilization in the bound state is partially offset by
a high solvation penalty, reflected in the less favorable AGgas+s0iv Values and, consequently, in
the final binding free energy. This effect stems from the fact that highly polar and charged
ligands are strongly stabilized by the solvent (water) in the free state through extensive solvation
networks and electrostatic interactions with the medium [86,87]. Upon complexation with the
protein, part of this stabilization is lost due to the desolvation of the ligand and, to a lesser
extent, the active site, generating a high energetic cost of solvation. Thus, although protein-
ligand electrostatic interactions are energetically very favorable in a vacuum (highly negative
AE.;), the PBSA model reintroduces this cost via the polar solvation term, resulting in
significant compensation.

From a comparative standpoint, inhibitor 12 presents the most favorable AGpina value
(—17.93 kcal mol), the result of a more efficient balance between intense electrostatic
interactions, relevant van der Waals contributions, and a solvation penalty that is relatively
compensated by the energetic gain in the complex, while trichlorfon exhibits the lowest affinity
value (—11.31 kcal mol ™), indicating lower overall binding efficiency. The entropic contribution
(=TAS), which is relatively similar among the two systems, suggests that the affinity differences
are predominantly governed by enthalpic factors, especially the competition between protein-
ligand electrostatic stabilization and the desolvation penalty. Taken together, these results
indicate that the binding of the compounds to HssAChE is entropically similar yet enthalpically
distinct, being controlled by a delicate balance between strong electrostatic interactions and
high solvation costs.

In an integrated manner, the molecular dynamics and MM-PBSA results converge to a
coherent picture of structural stability and energetic differentiation among the HssAChE-ligand
complexes. The RMSD analyses demonstrate that all systems are conformationally stable
throughout the simulations, with no global perturbations in the enzyme structure, indicating that

affinity differences do not stem from conformational rearrangements of the protein, but rather
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from local dynamics and the mode of accommodation of the ligands within the active site.
Consistent with this structural behavior, the MM-PBSA calculations reveal a binding profile
governed predominantly by enthalpic factors, marked by intense electrostatic interactions
partially offset by high desolvation costs, and by similar entropic contributions across the
systems. In this context, inhibitor 12 stands out for presenting the most favorable balance
between intermolecular stabilization and solvation penalty, reflecting the highest calculated
affinity and a more efficient interaction with HssAChE. Collectively, these findings indicate
that inhibitor 12 is the most promising candidate, providing a consistent molecular basis for its

prioritization in experimental studies and in the rational design of new HssAChE inhibitors.

CONCLUSIONS

As time progresses, AD has become an increasingly alarming global health concern.
According to the cholinergic hypothesis, partial inhibition of the HssAChE enzyme can elevate
neurotransmitters levels in synapses, thereby providing symptomatic relief and improving
cognitive function. In this context, trichlorfon emerged as a potential compound, despite its well
documented adverse effects. Consequently, a diverse set of OP compounds was evaluated in
this study to identify candidates capable of achieving the efficiency of trichlorfon while
exhibiting lower toxicity for clinical application. Among the evaluated molecules, inhibitors 12,
13, 20, and 28 emerged as promising candidates for AD treatment, based on their favorable
interaction profiles with HssAChE and their predicted safety parameters. Notably, inhibitor 12
displayed an energy barrier significantly lower than that of trichlorfon and, according to the
toxicity analysis, exhibited a more favorable LDso profile compared with the reference drug
Rivastigmine, highlighting its potential as a lead compound for AD therapy. Furthermore, the
extent of toxicity of OP compounds is strongly dependent on the molecular structure, dose, and
pharmacokinetics properties. For instance, the pharmacological effect of irreversible
acetylcholinesterase inhibitors is limited by the natural turnover and resynthesis of the enzyme,
which allows controlled levels of inhibition over time, avoiding cumulative toxicity [88,89].
Overall, this theoretical investigation provides a solid foundation for subsequent experimental
studies aimed at further elucidating the pharmacological and kinetic properties of these

inhibitors.
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CONCLUSOES GERAIS

O sistema colinérgico representa um importante alvo molecular tanto para o
desenvolvimento de antidotos contra agentes neurotoxicos quanto para a prospecc¢ao de novas
estratégias terapéuticas para o tratamento da AD. Este trabalho demonstrou a aplicabilidade de
abordagens computacionais no estudo de mecanismos de modulacdo de HssChEs, envolvendo
processos de reativagdo e inibicao enzimatica. Os resultados obtidos a partir das anélises de
docking molecular e calculos QM/MM permitiram identificar oximas com elevado potencial
para a reativagdo das enzimas AChE e BChE inibidas por compostos OPs, especialmente frente
ao agente VX, considerado um dos neurotoxicos mais letais. As analises indicaram que
caracteristicas estruturais especificas influenciam diretamente a estabilidade intermolecular, a
barreira energética das reagdes e o potencial de reativacdo das enzimas, mostrando a relevancia
do planejamento racional de moléculas para o desenvolvimento de antidotos mais eficientes e
seguros. Paralelamente, a investigagdo de OPs como inibidores da AChE revelou candidatos
promissores para aplicacao terapéutica na AD, apresentando interagdes favoraveis com o alvo
bioldgico, estabilidade conformacional e perfis toxicoldgicos compativeis com a atividade
farmacoldgica desejada. Os resultados reforcam a importdncia da relacdo entre estrutura
molecular, propriedades farmacocinéticas e toxicidade no desenvolvimento de novos
compostos bioativos. De maneira geral, os resultados demonstram que ferramentas in silico
constituem estratégias robustas e eficientes para a investigacdo de mecanismos moleculares,
avaliacdo toxicologica e planejamento racional de compostos direcionados ao sistema
colinérgico. Além disso, os resultados fornecem bases teoricas relevantes para futuros estudos
experimentais voltados ao desenvolvimento de moléculas com potencial aplicagdo em diversas

areas.
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Artigo 2

In silico studies into the therapeutic potential of organophosphorus compounds against
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Table S1. Chemical structures of the OP inhibitors investigated.
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Figure S1. Temperature (NVT), pressure and density (NPT) equilibration graphs and potential
energy minimization.
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Figure S3. Hydrogen bonds formed by trichlorfon and inhibitors 12 and 13 in the HssAChE

active site.

Table S2. Validation metrics for RESP charge parametrization.

ESP relative STD error QM dipole MM dipole Dipole
RMS (a. u) estimate (a. u.) (Debye) (Debye) error

12 0.03377 0.00335 10.2671 10.01383 0.02467
Trichlorfon 0.02505 0.00277 3.87620 4.18816 0.08048

Compound
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Figure S4. Graphs of interaction energy by molecular mechanics (Coulomb energy + Lennard-
Jones short range) (A), number of hydrogen bonds (B) and simulation’s total energy (C).



		2026-08-21T09:05:05-0300




