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APRESENTACAO

No item INTRODUCAO consta uma revisio da literatura sobre os temas
trabalhados nesta tese.

A metodologia realizada e os resultados obtidos que compdem esta tese estdo
apresentados sob a forma de artigo e manuscritos, 0s quais se encontram no item
ARTIGOS CIENTIFICOS. Neste constam as secoes: Introducdo, Materiais e Métodos,
Resultados, Discussdo e Referéncias Bibliogréficas.

Os itens DISCUSSAO E CONCLUSOES, encontradas no final desta tese,
apresentam descri¢Oes, interpretagdes e comentdrios gerais sobre os artigos cientificos
incluidos neste trabalho.

As REFERENCIAS BIBLIOGRAFICAS referem-se somente 2s citagdes que

aparecem nos itens INTRODUCAO, DISCUSSAO ¢ CONCLUSOES desta tese.



RESUMO
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A enzima acetilcolinesterase (EC 3.1.1.7, AChE) € responsavel por terminar a acdo da acetilcolina nas
jungdes das terminagdes nervosas com seus Orgaos efetores ou sitios pds-sinapticos. A atividade desta
enzima pode ser inibida por compostos organofosforados (OP), e sua inativag¢do resulta em um acimulo
de acetilcolina nos receptores colinérgicos, levando a crise colinérgica que pode levar a morte. No Brasil,
se destaca o uso do composto OP metamidofés, que é largamente utilizado no controle de pragas em
culturas agricolas e tem sido relacionado com altas taxas de intoxica¢do. Atualmente, os unicos
compostos capazes de reverter a inibicdo da AChE por OP sdo as oximas, tais compostos podem reativar
a enzima devido a seu alto poder nucleofilico, podendo atacar e retirar o grupamento fosforil da enzima
inibida. Porém, tais compostos apresentam efeitos toxicos, e tem seu uso limitado pela alta especificidade,
com cada oxima atuando na AChE inibida por apenas alguns compostos OP. Tais limita¢des criam a
necessidade do desenvolvimento de novos firmacos com potencial reativador da AChE com menores
efeitos colaterais. Neste sentido, se tem utilizado uma série de ferramentas computacionais (modelos in
silico), com o objetivo de entender as interacdes que ocorrem em nivel molecular e, desta forma,
racionalizar o desenvolvimento de novos compostos. Sendo assim, o objetivo desta tese consiste em
avaliar a atividade de trés novos compostos, em comparagdo com duas oximas ja utilizadas na clinica
(obidoxima e pralidoxima), sobre a atividade da AChE inibida por metamidofés, tanto em modelos in
silico como in vitro. Como resultados, observamos que os trés novos compostos foram capazes de reativar
a AChE de eritrécitos humanos inibida por metamidofés, contudo com menor eficiéncia que as oximas ja
utilizadas na clinica. Porém, todos os novos compostos foram capazes de reativar a enzima
butirilcolinesterase (BChE), uma enzima acesséria a AChE no sistema colinérgico, inibida por
metamidofds, enquanto nenhumas das oximas cldssicas tiveram qualquer atividade reativadora nesta
enzima. Nosso trabalho também demonstrou que a pralidoxima, que obteve a melhor constante de
reativacdo entre todos os compostos testados, ataca a ligacdo fosforo-oxigénio (formada entre o
metamidofés e o residuo Ser203, da triade catalitica da AChE) via uma regido conhecida como
“oxyanion-hole”, que compreende os residuos Gly120, Glyl121 e Ala204. Tal achado pode ajudar no
desenvolvimento de novos compostos com melhor atividade reativatéria na AChE inibida por OPs. Além
disso, mostramos aqui pela primeira vez, a contribui¢do de cada residuo de aminodcido da AChE, num
raio de 14 A do ligante, para a ligagdo das oximas no seu sitio ativo, usando métodos de quimica
quantica. Tais achados mostraram a importancia da presenca de um nitrogé€nio quaterndrio para a
estabilizag@o das oximas no sitio ativo; assim como colheu evidéncias que a forma ativa das oximas seria
a sua forma desprotonada, ao invés da forma protonada, o que tem sido alvo de algum debate no meio
cientifico. Particularmente importante, foi demonstrado a contribui¢cdo fundamental de aminodcidos que
se encontram distantes do ligante, para a estabilizacdo e conformacao adotada pelos compostos, e que até
o momento tem sido negligenciados em estudos in silico. Por fim, nosso estudo também avaliou os efeitos
téxicos do composto isatina-3-N*-benziltiosemicarbazona (IBTC) em camundongos, o qual apresentando
baixa toxicidade, com valores de dose letal mediana (LDsy) superiores a 500 mg/kg. Desta forma, este
estudo contribui para a desenvolvimento de novos firmacos capazes de reativar a AChE e que apresentem
menos efeitos toxicos.

Palavras-chave: Acetilcolinesterase. Organofosforados. Metamidofés. Oximas. Modelos computacionais.



ABSTRACT

Thesis of Doctor’s Degree
Graduate Course in Biological Sciences: Toxicological Biochemistry
Federal University of Santa Maria, RS, Brazil

EVALUATION OF NEW COMPOUNDS ON CHOLINESTERASES ACTIVITY IN
MODELS IN SILICO AND IN VITRO
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ADVISOR: Félix Alexandre Antunes Soares
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DATE AND PLACE OF THE DEFENSE: Santa Maria, June, 4w, 2012.

The enzyme acetylcholinesterase (EC 3.1.1.7, AChE) is responsible to terminate acetylcholine activity in
the terminal nervous junctions with its effector organs or post-synaptic sites. The activity of this enzyme
could be inhibited by organophosphorus (OP) compounds, and this inactivation leads to an accumulation
of acetylcholine in the cholinergic receptors, leading to a cholinergic crisis that may result in death. In this
way, the OP compound methamidophos has been related to its broad use in various agriculture cultures in
Brazil, with high intoxication rate. Actually, the only compounds able to revert the AChE inhibition by
OP, are the oxime, such compounds may reactive the enzyme activity due its high nuclephilic power,
attacking the phosphoryl group of the inhibited enzyme and displacing it. However, such compounds
show toxic effects, and its use is limited by the high specificity, with each oxime acting only in the
reactivation of AChE induced by specific OP coumponds. These limitations raise the need of
development of new compounds with AChE reactivator potency, with minor side effects. In this way,
have been utilized a series of computational tools (in silico models), with the aim of understand the
interaction occurring at a molecular level and, so, rationalize the new compounds development. Thus, the
aim of this thesis is to evaluate the activity of three new compounds in reactivate the AChE inhibited by
methamidophos, in comparison with two others oximes used in clinical (obidoxime and pralidoxime),
both in in silico and in vitro models. Our work demonstrate that the newly synthesized compounds are
able to reactivate human erythrocyte AChE, however less efficiently than pralidoxime and obidoxime,
and reactivate human plasma butyrylcholinesterase (BChE), where the classical oximes failed. We also
show that pralidoxime, which obtained the best reactivation constant among all tested compounds, attack
the phosphorus-oxygen moiety (formed between the methamidophos and the AChE catalytic triad residue
Ser203) via a region known as “oxyanion-hole”, composed by the residues Gly120, Gly121 and Ala204.
Such found may help in the development of new compounds with better reactivatory activity on AChE
inhibited by OP compounds. Furthermore, we show for the first time the individual contribution of each
amino acid of AChE, in a radii of 14 A from the ligand, to the oxime bonding to its active site, using
quantum chemistry methods. Here, we demonstrate the important of a quaternary nitrogen to the
stabilization of the oximes into the active site; as well as, we obtained evidences that the active form of
oximes should be the unprotonated one, instead the protonated, which has been target of debate in the
scientific society. Particularly important, we show the critical contribution of amino acids that lies distant
from the ligand to the adopted conformation and stabilization of the compounds into the active site of
AChE, which has been neglected until far. Finally, our study also evaluates the toxic effects of the
compound isatin-3-N4-benzilthiosemicarbazone (IBTC) in mice, which presented low toxicity, with
median lethal dose superior at 500 mg/kg. Concluding, this study contributes significantly to the
development of new drugs able to restore the AChE activity with minor toxic effects.

Keywords: Acetylcholinesterase. Organophosphorus. Methamidophos. Oximes. Computational models.



1 INTRODUCAO

A enzima acetilcolinesterase (EC 3.1.1.7, AChE) € responsavel por terminar a
acdo da acetilcolina nas jungdes das terminacdes nervosas com seus Orgaos efetores ou
sitios pos-sindpticos. A atividade desta enzima pode ser inibida por compostos
organofosforados (OP), que s@o utilizados como pesticida no controle de pragas e como
aditivo para lubrificantes, além de terem sido largamente desenvolvidos com a
finalidade de ser utilizado como armas de guerra (WHO, 1993). A inativacdo da AChE
resulta em um acimulo de acetilcolina nos receptores colinérgicos, levando a crise
colinérgica que pode levar a morte (Marrs, 1993). Logo, o principal mecanismo de
toxicidade de compostos OP em mamiferos é a progressiva inibicdo da
acetilcolinesterase (AChE) levando a uma espécie enzimatica inativa (Zayed e cols,
1984, Worek e cols, 2004).

Além disso, compostos OP também podem inibir a enzima butirilcolinesterase
(BChE), e dados da literatura mostram uma importante funcdo desta enzima na
atividade de neur6nios cardiacos intrinsecos (Darvesh e cols., 2004), sendo assim, uma
possivel reativacdo desta enzima pode ajudar a reverter os efeitos da crise colinérgica no
coracdo. Em adicdo, a inibicdo da BChE também aumenta os niveis de acetilcolina
(Giacobini, 2000; Greig e cols., 2000), sugerindo uma funcdo co-regulatéria da
butirilcolina na ac¢do da acetilcolina (Darvesh e cols., 2003). Sua inibi¢do leva a um
aumento dose-dependente nos niveis de acetilcolina (ACh) no cérebro (Darvesh e
Hopkins, 2003).

Uma deplecio de 30-50% da atividade da AChE € acompanhada por sintomas
muscarinicos (miose, sudorese, aumento das secre¢des bronquicas, salivacdo,

lacrimejamento, vOmitos, nduseas e diarréia, bradicardia e dores abdominais) de



intoxicacdo. A subseqiiente inibicdo de 50-70% da atividade enzimdtica original é
caracterizada por sintomas muscarinicos, nicotinicos (tremores e caimbras, hipertensao
arterial, fasciculacdo muscular e flacidez, eventualmente morte por parada respiratéria
ou edema pulmonar) e também no sistema nervoso central. Se a reativacdo da enzima
for considerada, um aumento na atividade enzimatica maior que 10% pode salvar a vida
de um organismo intoxicado e reduzir os sintomas toxicos (Karasova e cols., 2009).

O metamidofds € um dos organofosforados mais usados em culturas agricolas no
Brasil, sendo um problema com relagdo a intoxicagdo, seja pela ingestdo de alimentos
contaminados (Caldas e cols., 2006) seja por exposicao ocupacional (Recena e cols.,
2006a). Estudo recente de Recena e cols. (2006b) demonstrou que mais de 90% de
pequenos agricultores utilizam metamidofés com regularidade e, destes,
aproximadamente 60% exibem sintomas tipicos de intoxica¢do por organofosforados.
Trabalhos in vitro demonstraram que o metamidofés apresenta atividade anti-
colinesterase em humanos (Worek e cols., 2004 e 2007). Além disso, Tomlin (1994)
mostrou que este composto tem alta toxicidade em organismos aqudticos, configurando
também um problema ambiental.

Atualmente, o tratamento contra o envenenamento por OP consiste na
estabilizacdo do paciente, reducdo da absor¢do e o uso de altas doses de atropina e a
administracdo de oximas para reativar a AChE inativada pelo OP, e dessa maneira
reduzir a duragdo de paralisia dos musculos respiratérios (Howland e Aaron, 1999; Paris
e Rios, 2001). A pralidoxima vem sendo largamente utilizada contra o envenenamento
por OP, e é comercializada sob o nome de Contrathion (N-metil-alfa-piridilaldoxima).
A acdo das oximas € atribuida a sua habilidade de retirar o grupamento fosforil da
enzima inibida por OP, isso ocorre em virtude da alta afinidade da oxima pela enzima e

seu alto poder nucleofilico (Jokanovi¢ e Stojiljkovi¢, 2006). Além de reativar AChE, as



oximas também podem apresentar efeitos farmacoldgicos diretos como inibi¢do da
liberacao de acetilcolina (Van Helden e cols., 1998) e da sintese de neurotransmissores
(Clement, 1979), além de poderem hidrolisar diretamente acetilcolina (Zhang e cols.,
2007) e butirilcolina (Petroianu e cols., 2004), reduzindo os niveis desses
neurotransmissores na fenda sindptica, contornando os efeitos causados por compostos
OP.

A experiéncia clinica com o uso de pralidoxima no tratamento de vitimas do
ataque com gds sarin em Téquio foi extremamente favordvel (Stolijjkovic e Jokanovic,
2005). Porém, essa oxima ndo mostrou efeito satisfatorio em envenenamento por tabun
e soman (Kassa, 2005). Da mesma maneira, a obidoxima se mostrou um eficiente
protetor contra envenenamento por tabun, sarin (Inns e Leadbeater, 1983; Maksimovic e
cols., 1989) e VX (Maksimovic e cols., 1989) em modelos experimentais. Porém, se
mostrou ineficiente em envenenamento por soman (Maksimovic e cols., 1980; Hamilton
e Lundy, 1989). Além disso, a obidoxima pode apresentar alto potencial hepatotéxico
(Marrs, 1991). Com relacdo ao metamidofds, Pohanka e cols. (2008) demonstraram que
obidoxima e pralidoxima reativaram a AChE inibida por metamidofés em
aproximadamente 80% a 100 puM, contudo o protocolo experimental utilizado foi
otimizado para propdsitos analiticos, em condicdes nao fisiologicas. Além disso, Wan e
cols. (2007) mostraram efeitos positivos da administra¢do de pralidoxima em individuos
envenenados com metamidofés, e Satar e cols. (2004) demonstraram efeito
hepatoprotetor da pralidoxima contra metamidofés (30 mg/kg). A necrose do diafragma
induzido por metamidofés também € atenuado por pralidoxima em modelos in vivo
(Santos e cols., 2002).

Tendo em vista que o metamidofés pode ser um problema de saide e ambiental,

e considerando a escassez de dados a respeito das tnicas oximas disponiveis no
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mercado (pralidoxima e obidoxima) frente a intoxicacdo induzida por metamidofés,
cria-se a necessidade de novos estudos com essas oximas na intoxicacdo por
metamidofés. Além disso, o desenvolvimento de novas oximas capazes de reativar
colinesterases inibidas por organofosforados com melhores resultados experimentais
também € uma necessidade atual.

Neste sentido, uma série de novas metodologias baseadas em estudos
computacionais tem surgido com o objetivo de racionalizar a busca por novos
compostos com atividade bioldgica e explicar fendmenos ocorridos a &mbito molecular,
e que possam favorecer também o desenvolvimento de novos farmacos. Uma dessas
metodologias é o atracamento molecular (“docking”) que pretende explicar as
interagdes entre ligantes e proteinas e também servem como fungdo escore entre
diferentes possiveis farmacos. Vdrios programas tem apresentado algum sucesso em
obter o modo de ligagdo correto de um ligante no sitio ativo de enzimas (Taylor e cols.,
2002). Contudo, o cdlculo da energia livre de ligacdo tem se mostrado desafiador
(Warren e cols., 2006), uma vez que ha uma complexa inter-relagdo entre o ligante e a
proteina que interferem nesta energia. Entdo, apesar destes programas conseguirem uma
boa predicdo da conformacgdo mais provdvel de um ligante em uma proteina, as fungdes
escore sdo comprometidas, principalmente devido aos cdlculos utilizados por estes
programas serem simplistas e/ou baseados em poténcias estatisticos.

Devido as limitagdes impostas pelo método de atracamento molecular, métodos
baseados em cdlculos quanticos, como o QM/MM, estio comecando a serem
empregados para computar as afinidades de ligantes e proteinas. Alguns pesquisadores,
como Khandelwal e cols. (2005) t€ém usado uma abordagem que envolve o uso de vdrias

ferramentas computacionais para resolver problemas envolvendo a ligacdo de ligantes



em proteinas, como o uso de atracamento molecular, otimizagdo QM/MM, dinamica
molecular e célculo da energia de interacao usando QM/MM.

Por outro lado, niveis mais altos da teoria quantica, como a Teoria do Funcional
da Densidade (DFT, do inglés “Density Functional Theory”) t€ém sido usados para
calcular fungdes de onda de macromoléculas. Gao e cols. (2004) descreveram a
aplicacdo de um esquema de matriz de densidade baseado no método de Fracionamento
Molecular com Capas Conjugadas (MFCC, do inglés “Molecular Fractionation with
Conjugated Caps”), onde a matriz de densidade € calculada para fragmentos
“encapsulados” em altos niveis da teoria quantica e a energia total € considerada a soma
dos fragmentos da matriz de densidade. Recentemente, da Costa e cols. (2012)
aplicaram com sucesso um esquema baseado no método MFCC para calcular a
contribuicao individual de cada residuo de aminoécido e a energia livre de ligacdo de
diferentes estatinas no sitio ativo da enzima HMG-CoA redutase, usando calculos
baseados na teoria DFT.

Especificamente no caso de oximas, o mecanismo molecular pelo qual estes
farmacos reativam a AChE inibida por compostos OP tem sido alvo de um grande
nimero de estudos baseados no atracamento molecular. De modo geral, estes estudos
apontam para uma importante participacdo dos residuos aromaticos Tyr124, Trp286,
Tyr337 e Tyr341 na estabilizacdo de compostos bisquaternirios mono-oxima no sitio
ativo da AChE, principalmente pela ocorréncia de interacdes do tipo m- 7 e cdtion- ©
(Musilek e cols., 2011). Além disso, Ekstrom e cols (2009) aplicaram simulacido por
dindmica molecular na reativacio da AChE inibida por sarin pela oxima HI6,
encontrando que um dos anéis aromdticos desta oxima se encontra ‘“prensado” pelos
residuos Tyr124 e Trp286. Por outro lado, o anel piridina onde se encontra o grupo

oxima se mostra desordenado e poderia chegar ao residuo de serina (Ser203)



modificado pelo OP através de uma rede de interacdes de hidrogénio. Apesar destes
dados serem muito interessantes, todas as técnicas empregadas sdo muito limitadas em
quantificar a contribui¢do de cada residuo para a ligacdo de oximas no complexo AChE-
OP. O conhecimento de tais contribui¢des € essencial para o entendimento da ag¢do do
ligante no sitio ativo da enzima, e o subsequente processo de reativacdo enzimdtica, €
deve ser muito util para o desenvolvimento de novos farmacos.

Neste sentido, nosso grupo tem proposto o estudo de algumas novas oximas na
tentativa de melhorar a reverter a inibicio por OP, tais como a butano-2,3-
dionatiosemicarbazona oxima e a 3-(fenilhidrazona)butan-2-one oxima, duas novas
oximas sintetizadas pelo nosso grupo de pesquisa, € que jd mostraram satisfatorio
potencial de reativacdo na AChE inibida pelos OPs clorpirifés, diazinon e malation
(Costa e cols., 2011). Além de terem sido relacionadas com sua atividade antioxidante,
sem sinais de toxicidade apds uso in vivo e ex vivo (Puntel e cols., 2008 e 2009), com
valores de LD50 similares aos obtidos com pralidoxima e obidoxima (Arena, 1979).
Além destes compostos, nosso grupo tem testado as possiveis atividades bioldgicas de
um derivado da tiosemicarbazona, a isatina-3-N*-benziltiosemicarbazona (IBTC). Os
derivados de tiosemicarbazona apresentam ampla utilidade farmacolégica (Beraldo e
Gambino, 2004), e t€m sido relacionados a sua atividade quelante de radicais livres
(Wada e cols., 1994). Neste sentido, nosso grupo demonstrou recentemente que a IBTC

apresenta atividade antioxidante e antiarterogénida (Barcelos e cols., 2011).

1.1 AChE

A enzima acetilcolinesterase (AChE, EC 3.1.1.7) é membro da familia das

hidrolases (Frobert e cols., 1997) e exerce uma func¢ao vital no sistema colinérgico por



hidrolisar o neurotransmissor ACh (Figura 1) em colina e acetato, e portanto terminando
o impulso elétrico. A ACh foi o primeiro agente quimico conhecido por estabelecer uma
comunicacdo entre duas células distintas em mamiferos, e age por propagar um estimulo
elétrico através da juncao sindptica. Neste contexto, a acdo da AChE pode ser resumida
de seguinte forma: a ACh € liberada pelo neur6nio pré-sindptico em resposta a um
potencial de a¢do e difunde através da sinapse e se ligando a receptores de ACh (os
quais controlam a entrada de fons K* para o neurdnio pés-sinéptico ou célula muscular,
entre outras fungdes). Apds esta ligacdo, ocorrem vérios eventos que resultam no
comeco do potencial de acdo na célula pds-sindptica. Neste momento, a AChE
rapidamente hidrolisa a ACh, terminando a entrada de fons, mediada pela ACh, através
do receptor e interrompendo a transmissdo do impulso nervoso (Quinn, 1987). A
transmissdo do impulso quimico leva ao redor de 1 ms e demanda uma integragdo
precisa entre os componentes estruturais e funcionais na sinapse (Aldunate e cols.,
2004). Consequentemente, a AChE € uma das enzimas mais eficientes conhecidas,
hidrolisando a ACh a uma taxa proxima da taxa de difusdo de ACh na fenda sinéptica
(Bazelyansky e cols., 1986). Os valores de turnover da AChE € aproximadamente de
7,4 x 10° a 3 x 10" moléculas de ACh por minuto por molécula de enzima (Rothenberg
e Nachamnsohn, 1947; Wilson e Harrison, 1961), esta alta taxa catalitica é a base da

resposta rapida e repetitiva que ocorre na neurotransmissao colinérgica.
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Figura 1 — Estrutura molecular da acetilcolina.
A neuro-transmissao mediada pela ACh é um processo vital para sobrevivéncia,

sendo que sua interrupcao € letal e sua reducdo gradual € associada a deterioracdo



progressiva das funcdes cognitivas e neuromusculares, como no caso da doenga de
Alzheimer. Contudo, a AChE parece estar envolvida em outros processos bioldgicos,
tais como neurogenese, adesdo e diferenciacdo celular, dentre outros (Shen, 2008). Da
mesma maneira, a ACh também tem outras funcdes além do correto funcionamento do
sistema nervoso central e periférico, estudos recentes indicam que este neurotransmissor
pode ter parte na regulacdo de vdrios outros processos como, crescimento celular,
locomocgao e apoptose (Shen, 2008).

A AChE de vertebrados tem sido classificada baseado em varios critérios, a
nomenclatura, segundo Bon e cols. (1979), é baseada na estrutura quaterndria € no
nimero de subunidades cataliticas de atividade similar. Neste caso, formas globulares
sdo nomeadas como G1, G2 e G4 que contém uma, duas ou quatro subunidades
cataliticas, respectivamente, enquanto as formas assimétricas sdo nomeadas como A4,
A8 e Al2 e sdo caracterizadas pela presenga de uma “cauda” associada com um, dois ou
trés tetrimeros (Bon e cols., 1979; Aldunate e cols., 2004). Além disso, as formas
globulares da AChE podem ser distinguidos em anfifilicas ou ndo-anfifilicas, devido a
presenca, ou ndo, de um dominio hidrofébico responsdvel por ancorar a enzima em
membranas (Aldunate e cols., 2004). Em vertebrados, as diferentes AChE serem
codificadas por um udnico gene, sendo que as vdrias formas moleculares existentes sao
geradas por splicing alternativo e modificagdes pds-translacionais (Frobert e cols.,
1997). As modificagdes geradas por splicing formam regides C-terminal distintas e sdo
caracterizadas como dominios R (“read-through”), H (hidrofébico), T (caudado) e S
(solavel).

A estrutura molecular da AChE (Figura 2) € bastante similar a das lipases e
serina hidrolases, e pertence a familia das o/f hidrolases, onde uma estrutura em folhas-

B e rodeada por a-hélices. Ela possui uma plataforma de folhas f que comporta a



maquinaria catalitica e, nas suas caracteristicas gerais, € bastante similar em todos os
membros da familia. De fato, os trés membros da triade catalitica, Ser200, Glu327 e
His440 (para a AChE da espécie de arraia Torpedo californica, em AChE de humanos a
sequéncia € Ser203, Glu334 e His447; as explicacdoes abaixo se referem a AChE
proveniente da 7. californica, devido a grande similaridade estrutural e funcional entre
as AChEs das duas espécies, e ao maior nimero de estudos envolvendo a AChE de T.
californica) aparecem na mesma ordem ao longo da cadeia polipeptidica em todas as
enzimas da familia o/f hidrolases. As a-hélices e os “loops” tem suas func¢des atribuidas
a manipulag@o de elementos especificos, como os substratos dos diferentes membros da
familia que sdo muito variados. A caracteristica mais interessante da AChE € a presenca
de uma “fenda” estreita e profunda, de aproximadamente 20 A e que penetra
praticamente até o meio da enzima, que possui um didmetro aproximado de 40 A. Isto
pode resultar numa dificuldade de entrada do substrato, e a explicacdo mais aceita para
a importancia de um sitio tdo profundo foi provida por Harel e cols., (1996), onde ele
sugere que se o sitio ativo é muito profundo, o substrato vai estar rodeado em quase
360° pela proteina, permitindo multiplas interacdes enzima/substrato que, por sua vez,

pode gerar um estado de transi¢do mais efetivo.
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Figura 2 — Estrutura molecular da AChE com o substrato ACh dentro do sitio ativo.
Figura retirada de Siman e Joel (2008).

O sitio no qual se encontra a triade catalitica € delineado por 14 residuos
aromadticos e dois residuos dcidos, Asp285 e Glu273 que se encontram no topo e um,
Glu199, na base. Os residuos aromdticos representam os elementos mais importantes do
sitio anidnico da AChE, sendo que dois deles, Trp84 e Phe300 contribuem para o sitio
catalitico anidnico (CAS) e, os residuos Tyr70, Tyr121 e Trp279 para o sitio anidnico
periférico (PAS), localizado no lado oposto a entrada do sitio (Barak e cols., 1994). A
superficie aromdtica da fenda pode servir como uma coluna de afinidade através da qual
o substrato pode “pular” e “deslizar” pelo sitio ativo por sucessivas interacdes do tipo
cation-m, ou m-n no caso de ligantes artificiais com anéis aromaticos. A AChE possui
um amplo momento dipolo, orientado ao longo do sitio ativo (Figura 3), e que pode
servir para atrair o substrato positivamente carregado para dentro do sitio ativo.

Também foi demonstrada a presenga de um gradiente potencial ao longo de todo
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comprimento do sitio ativo, o qual “empurra” o substrato para o centro do sitio, uma vez
que a triade catalitica esta “enterrada” praticamente no centro da enzima (Felder e cols.,
1997). Este potencial pode afetar também ligantes ndo carregados, e parece ser formado
primariamente pelo residuo Asp72 presente no meio da fenda, e pelos residuos Glu199
e Glu443 proximos a base. A fraca hidratacdo da ACh favorece as interagdes cation-m
com os residuos aromdticos, inicialmente no topo do sitio e subsequentemente
interagdes através da fenda até a triade catalitica. A ACh interage, inicialmente, com os
residuos do PAS, aumentando a probabilidade de interagdo com os residuos do CAS,

sugerindo um efeito alostérico da liga¢do do substrato ao PAS (Johnson e cols., 2005).
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Figura 3 — Potencial eletrostatico da AChE de Torpedo californica, onde a superficie
vermelha representa o contorno iso-potencial negativo e a superficie azul, o positivo. A

flecha indica a direcao do dipolo. Figura retirada de Ripoll e cols., (1993).
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Outras regides importantes para o processo catalitico também estdo presentes na
AChE. Os residuos Trp84, Glu199 e Phe330 sdo os principais componentes do subsitio
anidnico (também conhecido como sitio de ligacdo da colina), e sd@o responsdveis pela
ligacdo da colina ao sitio ativo via, principalmente, interacdes cation-t. H4 uma forte
interagdo entre o grupo amonia quaterndrio da ACh (Fuxreiter e Warshel, 1998;
Ordentlich e cols., 2004) e os anéis aromaticos dos residuos Phe330 e, principalmente, o
residuo Trp84, o qual se encontra a apenas 3,7 A de distancia do grupo amonia (Ma e
Dougherty, 1997). Além destes, os residuos Phe288 e Phe290 (os quais correspondem
aos residuos Phe295 e Phe297 na AChE humana) sdao importantes na delimitacdo do
espaco onde o grupamento acil da ACh se acomoda, sendo designado como “acyl
pocket”. Tais residuos sdo responsdveis pela alta especificidade da AChE quando
comparada com a BChE, pois o grande volume da cadeia lateral destes residuos limitam
o espaco disponivel no “acyl pocket”, impedindo que substratos maiores, como a
butirilcolina, acessem o fundo do sitio ativo (Vellon e cols., 1993; Hosea e cols., 1995).
Outros dois residuos completam esta regido, Trp233 e Phe331, os quais estdo
envolvidos na manutencao da correta orientagdo do residuo His440 para que o processo
catalitico ocorra (Barak e cols., 2002; Kaplan e cols., 2004).

Uma vez que o substrato, ACh, consiga chegar ao fundo do sitio ativo, onde se
encontra a triade catalitica, ocorre a catalise em si. Este processo de conversdo da ACh
em colina e acetato ocorre em dois estigios, o estigio de alquilacdo e o de
desalquilacdo, onde ocorrem dois ataques nucleofilicos e duas transferéncias de prétons.
Estes processos estdo esquematizados na figura 4. No caso da AChE de T. californica,
os residuos Ser200 e His440 estdao envolvidos na reagdo com o substrato ACh durante a
catalise, e o residuo Glu327 age como um estabilizador da carga da His440. A reacdo

procede ap0s a transferéncia de um préton da Ser200 para o anel imidazol da His400 e a
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subsequente adi¢do nucleofilica do d&tomo de oxigénio da Ser200 (na forma Ser-O°) ao
substrato ACh e formacado de um estado de transi¢do tetraédrico. A His440 protonada é
estabilizada pela carga negativa da Glu327. A estabilizacdo das cargas existentes no
estado de transi¢do resulta no excepcional poder catalitico da AChE (Sant’anna e cols.,
2006; Nemukhin e cols., 2008). Vale ressaltar que o residuo His440 apresenta alta
mobilidade durante o processo catalitico (Millard e cols., 1999a), e seu correto
posicionamento € fundamental para obter uma atividade -catalitica Otima. Este
posicionamento € obtido pelo impedimento estérico pela Phe288 e pelas interagdes m
com a Phe332 (Barak e cols., 2002; Kaplan e cols., 2004). O processo de alquilacio é
rapidamente seguido pela desalquilacdo, onde a acil-enzima formada € hidrolisada de

volta a sua forma original, com a duracdo da acil-enzima formada sendo de

aproximadamente 10 ps.
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Figura 4 — Mecanismo da hidrélise da ACh pela AChE. Figura retirada de Delfino e
cols., (2009).

Durante o processo catalitico, um intermedidrio acil-enzima € formado onde
ocorre a presenca de um grupamento carbonil (na forma C-O") com carga negativa que
precisa ser estabilizada. A presenca de doadores de interacdes de hidrogénio ocorre em
uma regido contigua a triade catalitica, chamada de ‘“oxyanion hole” e contém os
residuos Glyl118, Glyl19 e Ala201, os quais formam interagdes de hidrogénio com o
grupo carbonil (Harel e cols., 1996; Ordentlich e cols., 2004). Desta forma, estes
residuos contribuem para a estabilizacao do intermedidrio sem a necessidade de grandes

modifica¢des conformacionais, aumentando a eficiéncia catalitica da enzima.
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1.2 Organofosforados

Os compostos organofosforados (OP) sdo compostos organicos, derivados
principalmente de ésteres de fosfato, os quais apresentam uma ligacao fosforil (P=0) ou
tiofosforil (P=S) (Gupta, 2006). A classificacdo de OPs é bastante complexa, pois
apresenta grande variedade de cadeias laterais que podem ser ligadas ao atomo de
fosforo, nao havendo sistema de nomenclatura largamente aceito. O modo de
classificacdo de OPs mais comum é baseado nos dtomos e radicais ligados ao dtomo
central de fosforo e, de acordo com Gupta (2006), podem ser divididos em 13 diferentes

subclasses, de acordo com a figura 5.

0 0 o] ;
I [l I
RO—IID—OR RO—IT—R R—ll’—R RO —FT —OR
OR OR OR OR
Phosphates Phosphonates Phosphinates Phosphorothioates
T
I I
RO—P—R RS—P—OR RS—P—R RS~ —SR
or OR OR OR
. Phosphorothioates Phosphonothioates Phosphorodithioates
f
P S S-substituted S-substituted
S S
Il f|3 |(|) /R I /R
RS—P—OR RS—P—SR RO—P—N_ RO—P—N_
OR SR or R or R

Phosphorodithioates Phosphorotrithioates Phosphoroamidates Phosphoroamidethioates

S o ) 0

Il / I I
RS—P—N RO—p—F RO—P—F

or R OR R

Phosphoroamidethioates Phosphorofluoridates Phosphonofluorid ates

Figura 5 — Subclasses de compostos OPs, de acordo com Gupta (2006).

A descoberta dos efeitos toxicos de OPs em insetos é do ano de 1937, cinco anos
apés o primeiro relato de toxicidade destes compostos em humanos. Em 1940, foi
comprovado que a enzima AChE € o alvo principal de OPs em humanos, sendo

posteriormente confirmado o mesmo mecanismo em insetos (Casida e Quistad, 2005).
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Ja na década de 1940, foi iniciado o uso de OPs como inseticidas, com uma grande
expansdo entre os anos de 1960 e 1980, quando gradualmente foram substituindo os
inseticidas organoclorados (mais nocivos ao meio ambiente) (Santos e cols., 2007).
Outros usos foram dados para tal classe de compostos, na segunda guerra mundial a
Alemanha nazista desenvolveu uma série de compostos OPs para fins bélicos
(Ecobichon, 1996). Alguns destes compostos inclusive chegaram a ser utilizados para
tal fim, como no ataque aos Curdos no Iraque, em 1988 e no atentado terrorista a um
metro em Téquio no ano de 1995, nos quais foram utilizados o gds sarin (Ferrer e
Cabral, 1995).

O mecanismo de acdo dos compostos OPs envolve primariamente a inibi¢do da
AChE, reduzindo a hidrdlise do neurotransmissor ACh. A acumula¢do de ACh nos
receptores colinérgicos, resultante desta inibicdo enzimadtica, leva a super-estimulacio
de neurdnios pds-sindpticos ou fibras musculares, que resulta em uma série de sintomas
que podem ser divididos de acordo com o grau de envenenamento: em intoxicagoes
leves a moderadas miose, sudorese, aumento das secrecdes bronquicas, salivacdo,
lacrimejamento, vomitos, nduseas e diarréia, bradicardia e dores abdominais; no caso de
intoxicagdes severas Os principais sintomas sdo tremores e caimbras, hipertensio
arterial, fasciculacdo e flacidez muscular que pode, eventualmente, resultar no 6bito da
vitima por parada respiratdéria ou edema pulmonar (Karasova e cols., 2009).

O tratamento médico dado a vitimas de envenenamento por OPs sdo
praticamente os mesmo aplicados na intoxicagdo por outras substancias toxicas.
Procura-se, inicialmente, terminar a exposi¢do ao agente toxico, seguido pela
estabilizacdo do paciente e administracdo dos antidotos adequados. No caso de
contaminacdo por OPs, as drogas mais utilizadas sdo: a atropina, um agente

anticolinérgico que antagoniza os efeitos da acumulacio da ACh nos receptores
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colinérgicos muscarinicos, porém sem atividade antagonista em receptores colinérgicos
nicotinicos; o diazepam, depressor do sistema nervoso central que age como
anticonvulsivante e reduz espasmos musculares frequentes em intoxicacdes com OPs; e
uma oxima, como um reativador da enzima AChE (Jokanocic e Stojiljkovic, 2006).

Em nivel molecular, a inibi¢do da AChE por OPs envolve o ataque nucleofilico
do residuo de serina da triade catalitica (Ser200 em T. californica, Ser203 na maioria
dos mamiferos) ao dtomo de fosforo do OP. Apds a ligacao do OP a Ser200, forma-se a
enzima fosforilada que, ao contrario da AChE acetilada que rapidamente se converte em
acido acético, esta espécie enzima € bastante estivel. A falta de atividade enzimatica
ocorre devido a serina da triade catalitica se encontrar impedida de hidrolisar a ACh
(Worek e cols., 2004; Majundar e cols., 2006). A figura 6 mostra um esquema geral da
inibicdo da AChE por compostos OPs, que envolve inicialmente a forma¢do de um
complexo enzima-OP, seguida pela fosforilacdo e inativacdo da enzima, com a
substituicdo de um dos grupos R do OP, chamado de grupo de saida, pelo oxigénio da
serina da triade catalitica. Tal complexo € estdvel, porém pode sofrer dois processos
diferentes. Uma das possibilidades € a reativacdo espontinea devido ao potencial
nucleofilico da dgua, com eliminacdo do OP. Tal tipo de reativagdo € lenta e pouco
significativa em quadros clinicos de intoxicacdo aguda por OP, mas pode ser acelerado
com o uso de outros nucledfilos tais como as oximas (Worek e cols., 2005). Outra
possibilidade € que ocorra um processo chamado ‘“aging” (figura 6), onde ocorre a
quebra de uma ligacdo PO-C da enzima fosforilada, com a perda de um grupo alquila
(Marrs, 2007). Apos tal fendmeno a inibig¢@o se torna virtualmente irreversivel, pois tal
complexo passa a possuir uma carga negativa no sitio ativo, impedindo o ataque de
nucledfilos a ligacdo O-P. Além disso, forgas ndo-covalentes passam a estabilizar mais

fortemente o complexo OP-AChE (Shafferman e cols., 1996; Millard e cols., 1999b).
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Figura 6 — Esquema da inibi¢cdo da AChE por OPs. Figura retirada de Delfino e cols.,
(2009).

Dados mais recentes demostram que o uso de OPs ja representam cerca de 40%
do mercado mundial de pesticidas (Santos e cols., 2007), sendo que a exposicao
acidental ou tentativas de suicidio usando OPs representam um sério problema de saide
publica, principalmente nos paises de terceiro mundo. Relatério da Organizagdo
Mundial da Sadde (OMS) (Carlton e cols., 1998) estimou em aproximadamente 3
milhdes de casos de intoxicagdo por ano com mais de 220.000 casos 6bitos em
decorréncia da exposi¢do a compostos OPs. Dentre estes compostos, destaca-se o uso
indiscriminado do pesticida Tamaron (Moreira, 1995), cujo principio ativo é o OP

metamidofés, o qual tem sido relacionado com alta taxa de intoxicacdo em humanos

(Recena e cols., 2006a e 2006b).
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O metamidofés (O,S-dimetilfosforamidotioato; C,HgNO,PS) (figura 7), € um
pesticida de largo espectro de agdo, e € obtido como subproduto do acefato. Este
pesticida tem ampla aplicagdo no controle de pragas, sendo utilizado em culturas
agricolas muitos variadas, tais como: algodao, batata, feijao, tomate, tabaco, pimentao,
milho, brécolis, couve-flor, repolho, morango, péssego e soja (Hassal, 1990; ILSE,
1995). Tal composto € altamente téxico, tanto na exposi¢cdo por via oral e respiratdria
como por via cutanea. A dose letal mediana (LDsg) pela via oral é de 21 mg/kg em ratos
e de 10-30 mg/kg em coelhos, gatos e cachorros. A LDsy para a via inalatéria é de 9
mg/kg em ratos e 19 mg/kg em camundongos. Outros animais da fauna, ndo
considerados pragas, também sdo muito suscetiveis a intoxicagdo, tais como espécies de
abelhas e passaros (Gary e Lorenzen, 1989). A concentracdo letal mediana (LCsg) € de
aproximadamente 35 mg/L em trutas, 46 mg/L em peixes do tipo guppies e 100 mg/L
para carpas. Os crustdceos, em especial, apresentam alta suscetibilidade a intoxicacao
por metamidofds, sendo que concentracdes de aproximadamente 2,2 x 107 mg/L sdo

letais a larvas destas espécies (Chan e cols., 1996).

|
CH,0—F—NH,
SCH,

Figura 7 — Estrutura molecular do metamidof6s.

Com relacdo a exposicdo humana ao metamidofds, véarios dados na literatura
indicam que ele talvez seja o OP mais utilizado pela comunidade rural. Aradjo e cols.
(2007) demonstraram que 90% dos agricultores da comunidade rural de Cérrego de Sao
Lourenco — RIJ, utilizam tal composto, e alguns relataram sinais claros de

envenenamento por OPs. No municipio de Paty do Alferes — RJ, o metamidofés €
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utilizado em 53% das lavouras (Delgado e Paumgartten, 2004), e a maioria dos
agricultores admitiram ndo usar qualquer tipo de protecdo. Em longo estudo de Soares e
cols. (2003), que durou de 1991 até 2000, foi verificado que o metamidofés foi o
agrotoxico mais utilizado, correspondendo a 39,61% dos trabalhadores rurais. Também
foi feita a dosagem de colinesterases, que revelou que cerca de 50% destas pessoas se

mostravam intoxicadas.

1.3 Oximas

A terminacdo oxima foi definida no século XIX, e provem dos termos oxigénio e
imida (oxigénio+imida = oxima). Tais compostos sdo caracterizados pela presenca de
um grupo C=N-OH, e tem por férmula geral R;R,CNOH, podendo ser classificadas
como aldoximas ou cetoximas, de acordo com os grupos R presentes na molécula. As
aldoximas provém da condensacio de um aldeido com uma porcdo hidroxilamida
(NH,OH) e sdo caraterizadas pela presenca de uma cadeia lateral organica e outra com a
presenca de somente um hidrogénio. As cetoximas, por sua vez, derivam da
condensacdo de uma por¢do hidroxilamida com uma cetona, e apresentam as duas
cadeias laterais organicas ligadas ao carbono do grupo oxima (Arena, 1979).

As oximas sdo compostos utilizados farmacologicamente no tratamento de
intoxicacdo por pesticidas OPs. Sua acdo antidoto se deve primariamente a sua
habilidade de reativar a AChE fosforilada (Wilson, 1992). De maneira geral, o processo
de reativagdo consiste de dois passos: primeiro, ocorre a formag¢do de um complexo OP-
AChE-oxima, seguido da retirada da ligacao oxima-fosfato deste complexo (figura 8). O
oxigénio do grupo oxima € capaz de atacar a ligacdo do dtomo de fosfato ao oxigénio

Ser200, devido ao seu alto poder nucledfilo, sendo este ataque pode ser facilitado pela
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polarizacao da ligacdo fosforil, que se encontra aumentada pela influéncia dos residuos
Gly120, Glyl121 e Ala204 (na AChE humana) que constituem a regido chamada de

“oxyanion hole” (Wong e cols., 2000).
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Figura 8 — Reativacdo da AChE fosforilada por oximas. Figura retirada de Delfino e

cols., (2009).

Usualmente, é considerado que a oxima reage na sua forma desprotonada
(oximato) no processo de reativacdo. Porém, Castro e Figueroa-Villar (2002)
demonstraram que, ao menos para a pralidoxima, a forma protonada apresenta maior
densidade eletronica ao redor do oxigénio do grupo oxima, levantando, entdo, a hip6tese
que as formas protonadas destes compostos podem ser as formas mais vantajosas no
processo de reativagao.

O processo de reativacdo s6 ocorre se um dos substituintes ligados ao d&tomo de
fosforo ndo foram hidrolisados, ou seja, se ndo ocorreu o processo de “aging”. A taxa de
reativacdo das diferentes oximas depende de varios fatores, sendo os principais: da
concentracdo e da estrutura molecular da oxima, da estrutura da ligacao fosforil ligado a
enzima, e da taxa de desalquilacdo (“aging”). Outro fator que pode afetar o processo de
reativacdo € a excessiva formacgao de fosforil-oximas estdveis, as quais sdo produzidas
como produto do processo de reativacdo e, muitas vezes, tem atividade
anticolinesterdsica superior ao proprio inibidor inicial (Harvey e cols., 1986). Contudo,
em situacdes fisioldgicas, fosforil-oximas sdo usualmente instaveis, dependendo de qual

oxima e OP estd envolvido no processo de inibi¢do e reativacdo da AChE. Além disso,
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tais produtos da reativagdo podem ser hidrolisados por enzimas hidrolases,
principalmente a paraoxonase (PON) (Luo e cols., 1999).

Duas das principais oximas disponiveis na clinica atualmente sdo, a pralidoxima
e a obidoxima (figura 9). A pralidoxima foi primeiramente sintetizada nos Estados
Unidos em 1955 (Wilson e Gisnburg, 1955), e foi demonstrada ser eficiente na
reativacio da AChE inibida pelos OPs sarin e VX (O-ethyl S-[2-
(diisopropylamine)ethyl]-methyl-phosphonothioate), dois dos principais OPs
desenvolvidos com propdsitos homicidas (Harris e Stitcher, 1983, Mesic e cols., 1991;
Masuda e cols., 1995; Nozaki e cols., 1995), porém se mostrou inefetivo na reativacao
da enzima inibida pelos OPs tabun e soman (Inns e Leadbeater, 1983; Boskovic e cols.,
1984). Uma das principais limitacdes desta oxima, como um sal de piridina quaterndrio,
€ ndo penetrar a barreira cérebro-sangue (BBB) e, portanto, ndo atuar diretamente no
sistema nervoso central. Para reverter tal situacdo, foi tentado sintetizar a pralidoxima
numa forma de pré-droga, que atravessaria a barreira cérebro-sangue e seria
metabolizada, e ativada, diretamente no cérebro. Surpreendentemente, tal composto se
mostrou menos efetivo em combater o envenenamento com paraoxon do que a propria
pralidoxima (Boskovic e cols., 1980). Evidéncias apontam que a pralidoxima poderia,
ao menos em parte, passar a BBB quando aplicada com atropina (Stojilkovic e cols.,
2001) e o proprio processo de envenenamento pode causar danos a BBB, diminuindo
sua seletividade e, desta maneira, aumento o acesso de oximas ao sistema nervoso
central (Shrot e cols., 2009). Por fim, a experiéncia clinica com o uso da pralidoxima,
no tratamento das vitimas do ataque de Téquio com gés sarin, se mostrou extremamente
favoravel (Stojilkovic e Jokanovic, 2005), sendo uma das drogas indicadas no caso de
envenenamento por OPs, mesmo ndo apresentando amplo espectro de agdo contra

diferentes OPs.
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A obidoxima, também conhecida pelo nome LiiH-6 em homenagem a
Liittringhaus e Hagedor que pela primeira vez sintetizaram tal composto (Liittringhaus e
Hagedorn, 1964), apresenta um significante efeito protetor em experimentos com
animais contra a intoxica¢cdo induzida pelos OPs tabun (Inns e Leadbeater, 1983;
Maksimovic e cols., 1989), sarin (Inns e Leadbearter, 1983) e VX (Maksimovic e cols.,
1989). Porém, tal como a pralidoxima, ndo apresentou efeito antidoto contra a
intoxica¢do com soman em camundongos (Heilbronn e Tolagen, 1965), porcos da india

(Inns e Leadbeater, 1983) e primatas (Hamilton e Lundy, 1989).

O~ N NNy OH
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Figura 9 — Estrutura molecular da pralidoxima e obidoxima.

Recentemente, nosso grupo de pesquisa tem estudado os efeitos bioldgicos de
novas oximas. Dentre as moléculas estudadas até o momento, se destaca a atividade dos
compostos butano-2,3-dionatiosemicarbazona oxima e a 3-(fenilhidrazona)butan-2-one
oxima, em reativar a AChE inibida pelos OPs clorpirifés, diazinon e malation (Costa e
cols., 2011). Além de terem sido relacionadas com sua atividade antioxidante, ¢ nio

apresentarem sinais de toxicidade apds uso in vivo e ex vivo (Puntel e cols., 2008 e
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2009), com valores de LD50 similares aos obtidos com pralidoxima e obidoxima

(Arena, 1979).

1.4 Justificativas

H4 uma forte correlacdo entre a inibicdo da AChE e os efeitos toxicos de
compostos OPs, sendo as oximas os tunicos reativadores da AChE disponiveis na
clinica. Neste sentido, o metamidofds tem sido relatado como o OP mais utilizado em
cultivos agricolas no Brasil, com alta taxa de intoxicag¢do tanto por via ocupacional
como alimentar. As oximas usadas atualmente no combate ao envenenamento do OPs
apresentam a desvantagem de ndo apresentarem amplo espectro de a¢do, sendo efetivas
com apenas alguns OPs, e apresentarem efeitos toxicos significantes. Desta maneira,
faz-se vital a procura por novos compostos com potencial reativador sobre a atividade
da AChE e com baixa toxicidade. Para tal, tem-se empregado uma série de modelos
computacionais que visam prever e quantificar a conformagao e as energias de interagao
entre um ligante e uma enzima. Tais métodos tem a vantagem de poderem triar grande
quantidade de compostos em tempo, € com custo, muito menores que os tradicionais
testes experimentais, além de detalharem relagdes estruturais que ocorrem no processo
de ligacdo do ligante a enzima, informacdes que podem ser usadas para a racionaliza¢ao
da sintese de novas moléculas. Desta forma, este trabalho visa a aplicacdo de
ferramentas computacionais e experimentos in vitro para determinar a efetividade de
novos compostos - butano-2,3-dionatiosemicarbazona oxima, 3-(fenilhidrazona)butan-
2-one oxima e isatina-3-N*-benziltiosemicarbazona - em reativar a AChE e relacionar a
estrutura molecular destes compostos a sua atividade reativadora, buscando novos

parametros para o desenho de novas moléculas com atividade sobre a AChE. Além
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disso, este trabalho também objetiva testar os efeitos toxicos de um novo composto, que

apresentou potencial farmacoldgico, em camundongos.

1.5 Objetivos

1.5.1 Objetivo Geral

O objetivo geral desta tese consiste em avaliar a atividade dos novos compostos
sobre a atividade da AChE inibida por metamidofds, tanto em modelos in vitro como in
silico. Bem como avaliar parAmetros toxicoldgicos da  isatina-3-N*-

benziltiosemicarbazona composto com potencial farmacoldgico.

1.5.2 Objetivos Especificos

Analises in vitro

- Avaliar a capacidade dos compostos butano-2,3-dionatiosemicarbazona oxima,
3-(fenilhidrazona)butan-2-one oxima e isatina-3-N*-benziltiosemicarbazona em
reativar a AChE inibida por metamidofés, em comparacao com a obidoxima e a
pralidoxima.

- Avaliar os efeitos reativadores dos novos compostos na enzima BChE inibida

por metamidofds, em comparagdo com a obidoxima e a pralidoxima.

Analises in silico
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- Analisar a conformac¢do mais provavel adotada pelos compostos no sitio ativo
da AChE inibida por metamidof6s.
- Avaliar as contribui¢des especificas de cada residuo de aminodcido da AChE

para a ligacdo das oximas no sitio ativo da enzima inibida por metamidofos.

Anadlises ex vivo
- Analisar parametros bioquimicos de toxicidade do novo composto isatina-3-

N*-benziltiosemicarbazona (IBTC).
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2 ARTIGOS CIENTIFICOS

Os resultados que fazem parte desta tese estdo apresentados sob a forma de artigos
cientificos (2) e manuscritos (1). Os itens Materiais ¢ Métodos, Resultados, Discussao e
Referéncias Bibliogrificas, encontram-se nos proprios artigos e manuscritos. Um dos
artigos estd disposto na forma com que foi publicado na revista Toxicology in Vitro,
enquanto o segundo trabalho encontra-se na forma como foi submetido a revista Basic and
Clinical Pharmacology and Toxicology. O manuscrito estd disposto na forma em que

normalmente se submete para publicagdo.



28

2.1 Artigo I: “Isatina-3-N*-benziltiosemicarbazona, um derivato ndo-téxico da
tiosemicarbazona, protege e reativa colinesterases de ratos e humanos inibidas por

metamidofds in vitro e in silico.”
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Organophosphates (OPs), which are widely used as pesticides, are acetyicholinesterase (AChE) and butyr-
ylcholinesterase (BChE) inhibitors. The inactivation of AChE results in the accumulation of acetylcholine
at cholinergic receptor sites, causing a cholinergic crisis that can lead to death. The classical treatment for
OP poisoning is administration of oximes, but these compounds are ineffective in some cases. Here we
determined whether the new compound isatin-3-N*-benzilthiosemicarbazone (IBTC), which in our pre-

K"'?"”',"" vious study proved to be an antioxidant and antiatherogenic molecule, could protect and reactivate AChE
'c\:oh”:::;”s and BChE. Toxicity of IBTC after subcutaneous injection in mice was measured using assays for oxidized
Molecular docking diclorofluoresceine (DCF), thiobarbituric acid reactive substances (TBARS), non-protein thiol (NPSH)
Thiosemicarbazones levels, and catalase (CAT), sodium potassium (Na‘/K') ATPase, delta-aminolevulinic acid dehydratase
Methamidophos (ALA-D), and glutathione peroxidases (GPx) enzyme activities. The cytotoxicity was evaluated and the
enzymatic activity of cholinesterase was measured in human blood samples. Molecular docking was used
to predict the mechanism of IBTC interactions with the AChE active site. We found that IBTC did not
increase the amount of DCF-RS or TBARS, did not reduce NPSH levels, and did not increase CAT, (Na*/
K') ATPase, ALA-D, or GPx activities. IBTC protected and reactivated both AChE and BChE activities.
Molecular docking predicted that IBTC is positioned at the peripheral anionic site and in the acyl binding
pocket of AChE and can interact with methamidophos, releasing the enzyme's active site. Our results sug-
gest that IBTC, besides being an antioxidant and a promising antiatherogenic agent, is a non-toxic mol-

ecule for methamidophos poisoning treatment.
© 2012 Elsevier Ltd. All rights reserved.
1. Introduction cerebral respiratory center depression and excessive bronchial

Organophosphates (OPs), which inhibit cholinesterase, have
been widely used as pesticides and additives for lubricants and
have been developed as warfare nerve agents (WHO, 1993). The
toxic action of OPs is related to the binding of these compounds
to the active site of the acetylcholinesterase enzyme (AChE; EC
3.1.1.7), thus inhibiting hydrolysis of the acetylcholine neurotrans-
mitter (ACh) at central and peripheral synapses (Holmstedt, 1959;
Taylor et al., 1995). The inactivation of AChE results in an accumu-
lation of acetylcholine at cholinergic receptor sites and a choliner-
gic crisis that can lead to death, usually via respiratory failure due
to paralysis of the diaphragm and intercostals muscles, as well as

* Corresponding author. Tel.: +55 55 3220 9522.
E-mail addresses: felix_antunes_soares@yahoo.combr, felix@ufsmbr (FAA
Soares).

0887-2333/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.tiv.2012.04.008

secretion (Marrs, 1993).

The enzymes associated with antioxidant defense mechanisms
are altered under the influence of pesticides, leading to an imbal-
ance between generation of oxidant molecules and intracellular
antioxidant systems (Banerjee et al., 1999), which may induce oxi-
dative stress in rats (Gultekin et al., 2000; Gupta et al., 2001), mice
(da Silva et al., 2006, 2008), and humans (Banerjee et al., 1999).
Moreover, OPs cause lipid peroxidation in rat brains (Verma and
Srivastava, 2001) and human erythrocytes (Gultekin et al., 2000).
However, the exact mechanism by which OPs induce oxidative
damage is not fully understood (Abdollahi et al., 2004).

Methamidophos (MAP) is an OP and a potent AChE inhibitor
used to control insects that plague a variety of crops such as bras-
sica, cotton, tobacco, sugar beet, lettuce, potatoes, and tree fruits
(WHO, 1993). MAP is highly toxic to aquatic organisms (Tomlin,
1994) and mice (Zayed et al., 1984). It also has anticholinesterase
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activity in humans (Worek et al., 2007, 2004). Acetylcholinesterase
(AchE) inhibition by OPs can generally be reversed by treatment
with oximes (Worek et al., 2004). However, there is a need for
more efficient compounds with broader reactivation activity after
exposure to different OPs and that are less toxic to humans.

The crystal structure of AChE (Bourne et al., 1995; Ekstrom
et al., 2006; Kryger et al., 1998; Sussman et al., 1991) allows for de-
tailed structural studies on ligand access to the enzyme's active
center gorge and the steric constraints within the active center
gorge that govern selectivity during reactivation (Ashani et al.,
1995; Grosfeld et al., 1996; Kovarik et al., 2004; Wong et al.,
2000). The orientation of the compound within the narrow con-
fines of the gorge when the active serine is phosphorylated is an
important determinant of the reactivation mechanism (Musilek
et al., 2011). There are several in silico studies that illustrate the
ability of this structural model to reliably predict molecular
interactions.

There is considerable interest in thiosemicarbazones due to
their wide pharmacological utility (Beraldo and Gambino, 2004)
and versatility as ligands. They have recently been investigated
as radical scavengers (Wada et al., 1994) and our previous study
(Barcelos et al., 2011) revealed that a thiosemicarbazone derivate,
isatin-3-N*-benzilthiosemicarbazone (IBTC), is also effective as an
antioxidant and antiatherogenic molecule. Although the use of thi-
osemicarbazone as an antiatherogenic molecule has been sug-
gested previously (Barcelos et al., 2011), in vitro and in vivo
toxicological screening is still needed.

Therefore, the aim of this study was to test the toxicological ef-
fects of IBTC, a thiosemicarbazone derivate, and to identify the
effective concentration of IBTC for protecting and reactivating cho-
linesterases after exposure to MAP. In addition, any possible inhib-
itory effects of IBTC on the thiol-containing enzymes from the
blood/liver and brain, namely delta-aminolevulinic acid dehydra-
tase (ALA-D) and Na'/K*-ATPase, respectively, were also evaluated.
Docking studies were carried out in silico to evaluate the minimal
energy IBTC conformations in the active site of human AChE when
the active site serine is phosphorylated by MAP.

2. Materials and methods
2.1. Synthesis of isatin-3-N*-benzilthiosemicarbazone

The synthesis of isatin-3-N*-benzilthiosemicarbazone (IBTC)
was performed as described previously (Fonseca et al., 2010) and
the chemical structure of IBTC is depicted in Fig. 1.

2.2. Chemical reagents

The reagents thiobarbituric acid (TBA), dicloroflouresceine diace-
tate (DCFH-DA), methyltetrazolium (MTT), ethylene glycol tetraace-
tic acid (EGTA), Ellman’s reagent (5,5'-dithiobis-(2-nitrobenzoic
acid) or DTNB), NN NN -tetramethylbenzidine and ouabaine were
supplied by Sigma-Aldrich Chemical Co. (St. Louis, MO); acetylthi-
ocholine iodide supplied by Merck. The other used reagents were ob-
tained from local suppliers.

Fig. 1. Chemical structure of IBTC.

2.3. Separation of human red blood cells

Human red blood cells (RBC) were separated from heparinized
blood that was drawn from a healthy donor. The blood was centri-
fuged at 2000 rpm for 10 min to separated the RBCs from plasma,
then the RBCs were washed three times with phosphate-buffered
saline (PBS) at pH 7.4.

2.4. Isolation of lymphocytes from human blood

Lymphocytes were isolated from human blood collected from a
healthy donor with EDTA and separated on Ficoll-Histopaque den-
sity gradients as described previously (Béyum, 1968).

2.5. Cell culture

Cell culture Murine J774 macrophage-like cells were obtained
from the American Type Culture Collection (ATCC, Rockville, MD,
USA). These cells were maintained with Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 2 mM glutamine, 10 mM
HEPES, 100 U/mL penicillin, 100 pg/mL streptomycin and 10% fetal
bovine serum (FBS) in a 5% CO, humidified atmosphere at 37 °C.

2.6. Experimental animals

Untreated adult male swiss albino mice (25-30g) were ob-
tained from our own breeding colony. The animals were main-
tained in an air conditioned room (20-25°C) under a 12 h light/
dark cycle, and with water and food ad libitum. All the experimen-
tal procedures performed were conducted according to the guide-
lines of the Committee of Ethics in Research of the Federal
University of Santa Maria, Brazil.

2.7. Animal treatment

Adult male swiss albino mice received a single subcutaneous
injection of the IBTC dissolved in DMSO in different doses (1, 10,
50, 100, 250 or 500 mg/kg) (n=4 animals/dose). Control animals
received DMSO at 5mL/kg. To determine the potential lethality
of the IBTC, animals were observed for up to 24 h after compound
administration. LDs, was calculated using “GraphPad Software”
(GraphPad Software, San Diego, CA). After this period, animals
were euthanized by cervical dislocation. The liver, kidney, heart
and brain were quickly removed, placed on ice, and homogenized
within 10 min, in 10 volumes of cold Tris 10 mM (pH 7.4). The
homogenates were centrifuged at 4000g at 4 °C for 10 min to yield
a low-speed supernatant fraction (S1) for each tissue that was used
for ex vivo analysis.

2.8. Whole blood and blood components

Mice were euthanized and the whole blood was collected (car-
diac puncture) in previously heparinized tubes and kept under
refrigeration. Whole blood samples were precipitated with TCA
40% (1:1) and centrifuged (4000g at 4 °C for 10 min) in order to ob-
tain the supernatant fraction that was used for non protein thiol
measurement determination. Other heparinized blood samples
were used for Delta Aminolevulinate Dehydratase (5-ALA-D) activ-
ity measurement and other were centrifuged at 1000g at 4 °C for
10 min in order to obtain cellular blood fractions which were used
for oxidized diclorofluoresceine and Delta Aminolevulinate Dehy-
dratase (35-ALA-D) activity measurement (Puntel et al., 2011).
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2.9. Oxidized diclorofluoresceine (DCF-RS) levels

DCF-RS levels were determined as an index of the peroxide pro-
duction by the cellular components (Myhre et al., 2003). Aliquots
cellular blood fraction (10 pL) or liver, kidney, heart and brain S1
(50 L) were added to a medium containing Tris-HCl buffer
(0.01 mM; pH 7.4) and DCFH-DA (7 uM). After DCFH-DA addition,
the medium was incubated in the dark for 1h until fluorescence
measurement procedure (excitation at 488 nm and emission at
525 nm and both slit widths used were at 5nm). DCF-RS levels
were determined using a standard curve of DCF and the results
were corrected by the protein content (Pérez-Severiano et al.,
2004).

2.10. Thiobarbituric acid reactive substances (TBARS) levels

Analyses were performed in liver, kidney, heart and brain S1
samples according to the method described previously (Pérez-
Severiano et al., 2004). Aliquots of 200 puL of liver, kidney, heart
and brain S1 were added to color reaction. TBARS levels were mea-
sured at 532 nm using a standard curve of MDA and corrected by
the protein content (Ohkawa et al., 1979).

2.11. Catalase (CAT)

The CAT enzyme activity was determined in liver, kidney and
heart S1 according to the method proposed by Aebi H (Aebi,
1984). Briefly, S1 aliquot (50 pL) was added to a medium contain-
ing potassium phosphate buffer (50 mM; pH 7.4) and H,0, (1 mM).
The kinetic analysis of CAT was started after H,0, addition and the
color reaction was measured at 240 nm. One unit of the enzyme is
considered as the amount which decomposes 1 pumol H,0,/min at
pH 7.

2.12. Sodium potassium (Na'/K") ATPase

The cerebral Na'/K'ATPase enzyme activity was determined in
brain S1 samples according to the method proposed by Muszbek
etal. (1977), with some modifications. Briefly, the aliquots of skel-
etal muscle S1 (20 pL) were added to a reaction medium contain-
ing NaCl (115 mM), MgCl, (2.5 mM), KCI (18 mM) and Tris-HCl
buffer (45 mM and pH 7.4), with or without the Na'/K" ATPase en-
zyme inhibitor ouabaine (5 uM). The method for ATPase activity
measurement was based on the determination of the inorganic
phosphate (Pi) released to the reaction medium by the hydrolysis
of the ATP according to the method proposed by Atkinson A (Atkin-
son et al., 1973). The reaction was initiated with the addition of the
substrate ATP (1.5 mM) to the reaction medium and was finished
by the addition of the color reagent (1 mL) containing ammonium
molibdate (2%), Triton-X 100 (5%) and H2SO4 1.8 M (10%) after
15 min of incubation at 37 °C. The formed molibdate-Pi complexes
were measured spectrophotometrically at 405 nm. Values were
calculated in relation to a standard curve constructed with Pi at
known concentrations and corrected by the protein content.

2.13. Delta Aminolevulinate Dehydratase (5-ALA-D) activity assay

The enzyme was assayed as described previously (Sassa, 1982)
by measuring the rate of product porphobilinogen (PBG) forma-
tion. After 10 min of pre-incubation with homogenized liver or to-
tal blood from treated mice at 37 °C, in a medium containing
100 mM potassium phosphate buffer, pH 6.8, the enzymatic reac-
tion was initiated by adding the substrate aminolevulinic acid
(ALA) to a final concentration of 2.5 mM. The incubation was car-
ried out for 1 h, at 37 °C, and was stopped by adding 10% TCA con-
taining 10 mM HgCl,. The reaction product was determined using a

modified Ehrlich’s reagent at 555 nm, with a molar absorption
coefficient of 6.1 x 10* for the Ehrlich porphobilinogen salt. The
enzyme activity was expressed in percent of the control.

2.14. Glutathione peroxidases (GPx) assay.

GPx was determined as described previously (Paglia and Valen-
tine, 1967). Tissue supernatants (200-400 pg protein) were added
to the assay mixture consisting of 1 mM sodium azide, 1 mM GSH,
50 mM potassium phosphate (pH 7.0), and 0.1 unit of glutathione
reductase. Reaction was started by the addition of hydrogen perox-
ide (H,0,) to give a final concentration of 0.4 mM. Conversion of
NADPH to nicotinamide adenine dinucleotide phosphate (NADP*)
was monitored continuously at 340 nm for 2 min. GPx activity
was expressed as nmol of NADPH oxidized per minute per milli-
gram of protein, using an extinction coefficient 6.22 x 10°
M "cm ! for NADPH.

2.15. Non protein thiol measurement (NPSH)

To estimate GSH content we determined NPSH as follows:
500 pL of 10% TCA was added to 500 pL of either the S1 homoge-
nates of liver, or kidney, or heart or brain. After centrifugation
(4000g at 4 °C for 10 min), the protein pellet was discarded and
free -SH were determined in the clear supernatant (which was
previously neutralized with 0.1 M NaOH) according to Ellman
(1959).

2.16. Cytotoxicity assays

2.16.1. Percent of hemolysis in human red blood cells

The 5% suspension RBCs in PBS (pH 7.4) was incubated under air
atmosphere at 37 °C for 240 min, into IBTC concentrations from 10
to 200 pM were added to the medium. The reaction mixture was
shaken gently while being incubated at 37 °C. The extent of hemo-
lysis was determined spectrophotometrically as described previ-
ously (Kuang et al., 1994). Briefly, aliquots of the reaction
mixture were taken out at appropriate time intervals, diluted with
NaCl (0.15 M), and centrifuged at 2000 rpm for 10 min to separate
the RBCs. The percentage hemolysis was determined by measuring
the absorbance of the supernatant at 540 nm and compared with
that of complete hemolysis by treating the same RBC suspension
with distilled water.

2.16.2. MTT assay

Percent cytotoxicity of IBTC was assessed using the 3-(4,5-
dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT)
assay as described previously (Mosmann, 1983). Briefly, Murine
J774 macrophage-like cells (1 x 10*) were allowed to adhere for
24 h under high humid environment in 5% CO, at 37 °C in 96 well
culture plates. Also human lymphocytes were freshly isolated as
described previously (Boyum, 1968) and plated in 96-well flat bot-
tom tissue culture plate at a concentration of 1 x 10° cells/well
containing 200 pl of RPMI-1640 supplemented with 10% FCS tissue
culture medium. Then, for the both type of cells, IBTC concentra-
tions from 10 to 200 uM were added to the medium and incubated
for 24 h. After the respective exposure, MTT (5 mg/ml of stock in
PBS)was added (10 pl/well in 100 pl of cell suspension), and plates
were incubated for 4 h. At the end of incubation period, 200 pul of
DMSO was added to each well. The plates were kept on shaker
for 5min at room temperature and then read at 550 nm using
FisherBiotech Microkinetics Reader BT 2000. Untreated sets were
also run under identical conditions and served as basal control.
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2.17. Cholinesterase’s activity

2.17.1. Preparation of erythrocyte ghosts and plasma

Hemoglobin-free erythrocyte ghosts were prepared as previ-
ously described (Worek et al., 2002) with minor modifications.
Briefly, blood of non-fasted healthy voluntary donors was col-
lected. Heparinised human blood was centrifuged (3000g,
10 min) and the plasma removed and kept to test butyrylcholinest-
erase activity. Erythrocytes were washed three times with two vol-
umes of sodium/potassium phosphate buffer (0.1 M, pH 7.4). Then,
the packed erythrocytes were diluted in 20 volumes of hypotonic
sodium/potassium phosphate buffer (6.7 mM, pH 7.4) to facilitate
the hemolysis, followed by centrifugation at 30,000g (30 min,
4 °C). The supernatant was removed and the pellet resuspended
in hypotonic phosphate buffer. After two additional washing cy-
cles, the pellet was resuspended in sodium/potassium phosphate
buffer (0.1 M, pH 7.4), passed through one more centrifugation at
30,000g (30 min, 4°C) and were kindly removed. Next, the AChE
activity was adjusted to the original activity by appropriate dilu-
tion with phosphate buffer (0.1 M, pH 7.4). Aliquots of the erythro-
cyte ghosts were stored at 20 °C until use.

Hemoglobin content present in ghost membranes was mea-
sured at 540 nm as the cyano-met-Hb form, but no hemoglobin
was detected.

2.17.2. Measure of cholinesterases activity

Ghost erythrocyte acetylcholinesterase and human plasma
butyrylcholinesterase activities were estimated by Ellman method
(Ellman et al., 1961), using acetylthiocholine iodide as substrate.
The rate of hydrolysis of acetylthiocholine iodide is measured at
412 nm through the release of the thiol compound that, when re-
acted with DTNB, produces the color-forming compound TNB.
Whole blood AChE was measured by Ellman method (Ellman
et al., 1961) with modifications (Worek et al., 1999a,b). For butyr-
ylcholinesterase activity, the same protocol was used, but butyr-
ylthiocoline iodide was used as the substrate.

2.17.3. Reactivation/protection of OP-inhibited cholinesterase

Ghost erythrocyte acetylcholinesterase and human plasma
butyrylcholinesterase were exposed to IBTC in two different assay
conditions in order to identify a possible protective or a reactiva-
tion capacity of IBTC:

(a) Protection: the enzyme was exposed to methamidophos
(MAP) 25 uM and IBTC (10-100 uM) at the same time into
a total incubation period of 60 min.

(b) Reactivation: the enzyme was firstly exposed to MAP 25 uM
by 10 min (estimated time before aging). After this, the IBTC
(10-100 uM) tested was added into the medium and the
incubation followed by 50 min (to perform an equal total
incubation time period of 60 min). Enzyme activities were
referred to control activity.

The different protocols aim to test the prophylactic and thera-
peutic effect of IBTC on MAP-induced AChE inhibition.

2.18. Protein determination

The protein content was determined as described previously
(Lowry et al., 1951) using bovine serum albumin (BSA) as standard.

2.19. Molecular docking

Docking simulations of the oximes with Mus musculus AChE
were carried out using AutoDock Vina 1.1.1 (Trott and Olson,

2010), followed by redocking with Autodock 4.0.1. The non-aged
MAP-inhibited Mus musculus AChE obtained from the RCSB Protein
Data Bank (http://www.rcsb.org/pdb/) was used as macromolecule
(PDB code 2jge). IBTC was constructed using the program Avogadro
0.9 and their geometry were optimized with the MMFF 94 force
field. Both ligand and macromolecule are previously prepared
using AutoDock Tools (Morris et al., 2009) and Chimera 1.5 (Petter-
sen et al., 2004). All rotatable bonds within the ligands were al-
lowed to rotate freely, and the receptor was considered rigid. The
grid was centered on the active site of from AChE and the dimen-
sions of the grid box were consisted of 30 A x 22 A x 30 A points,
with spacing of 1 A. The exhaustiveness was set to 50. All other
parameters were used as defaults. For the ligand docked, the con-
formation from the lowest binding free energy with inferred inhib-
itory reactivity was accepted as the best affinity model. The
redocking calculation were carried out using Autodock 4.0.1, fol-
lowing method of Musilek et al. (2011). Briefly, a Lamarckian ge-
netic algorithm (Amber force field) was used, and a population of
150 individuals and 2500,000 function evaluations were applied.
The structure optimization was performed for 27,000 generations.
Docking calculations were set to 100 runs. At the end of calcula-
tion, Autodock performed cluster analysis. The 3D affinity grid
box was designed to include the full active and peripheral site of
AChE. The number of grid points in the x-, y- and z-axes was 60,
60 and 60 with grid points separated by 0.253 A. The conforma-
tions and interactions were analyzed using the programs Accelrys
Discovery Studio Visualizer 2.5 and PyMOL (Seeliger and de Groot,
2010).

2.20. Statistical analysis

Data are expressed as means + SEM. Statistical analysis was per-
formed using one-way analysis of variance (ANOVA), followed by
Student-Newman-Keuls test when appropriate. In addition, linear
regression was performed to identify a possible dose dependent ef-
fect. Values of p <0.05 were considered significant.

3. Results
3.1. Ex vivo toxicology screening

Table 1 shows that IBTC did not significantly affect DCF-RS lev-
els in tissue homogenates. In addition, lipid peroxidation, indicated
by TBARS levels (Table 2), did not change significantly in liver,
kidney, or brain homogenates after treatment with any concentra-
tion of IBTC. However, there was a significant reduction in TBARS
level in heart homogenates after treatment with most of the con-
centrations of IBTC. NPSH levels did not change in liver, kidney,

Table 1
Effect of IBTC treatment on DCF-RS levels on liver, kidney, heart and brain
homogenates.

DCF-RS levels (Mean = SEM)

Liver Kidney Heart Brain
Control 10000£095 10000+ 1.13 10000£226 100.00+ 1.08
1 mg/kg 11573563 109412072 88.4+5.02 9526+ 6.21
10 mg/kg 114102498 10491£213  9352:6.15 92042194
50 mg/kg 10724+369 10286+132 11008+1.25 10339:254
100mg/kg 11516568 10141154 89031451 80.10£ 6.20
250mg/kg  121.09:764 103.71£337 9982+ 4.26 81.74:5.76
500mg/kg 112032497 100.14+343 10226+549 91.20% 1.49

Data are expressed as percentage of the control. The values are expressed as
mean + SEM of four independent experiments in duplicate. Data were analyzed by
analysis of variance (ANOVA), followed by Student-Newman-Keuls post hoc test.
Values of p < 0.05 were considered significant.
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Table 2

Effect of IBTC treatment on TBARS levels on liver, kidney, heart and brain homogenates.

TBARS levels (Mean £ SEM)

Liver Kidney Heart Brain
Control 100.00 £ 4.35 10000+ 1.18 100.00 £ 1.74 100.00 £ 486
1 mg/kg 99.75£17.49 9566 £ 752 67.96 +8.93" 111.17£103
10 mg/kg 84.10£6.54 7598 £ 695 58.41+9.10 114.54 £590
50 mg/kg 106.45+12.08 69.07 £ 11.57 69.55£1025" 80.48 £+ 7.82
100 mg/kg 12095+ 11.09 9660+ 12.91 61.24£267" 86.30+783
250 mg/kg 11583 £7.76 94.09£10.21 65.99 £9.99 76.64£1053
500 mg/kg 11891 £1.27 8991:329 81.65£8.06 9244593

Data are expressed as percentage of the control. The values are expressed as mean  SEM of four independent experiments in duplicate. Data were

analyzed by analysis of variance (ANOVA), foll
" Indicates statistical difference from control group (p < 0.05).

Table 3

d by Student-Newman-Keuls post hoc test. Values of p < 0.05 were considered significant.

Effect of IBTC treatment on NPSH levels on liver, kidney, heart, brain homogenates.

NPSH levels (Mean £ SEM)

Liver Kidney Heart Brain
Control 100.00 £ 0.61 100.00 £ 4.44 100.00 £ 2.92 100.00 £ 1.55
1 mg/kg 91.09:522 133.30£1522 9044 £5.67 12579+ 1.01
10 mg/kg 9190+15.14 111.93 £ 1246 86.15£7.00 10461+ 145
50 mg/kg 95.78 £2.25 154.59 £ 1439 1003521138 108,69+ 767
100 mg/kg 83.00:833 131.2126.53 9749£1359 159.13£ 14.13°
250 mg/kg 96.67 £13.73 133.16£9.94 96.81£10.75 186.15+ 28.37"
500 mg/kg 98.75+227 135.65+ 1661 11322 +£8.56 17634+ 12.24°

Data are expressed as percentage of the control. The values are expressed as mean + SEM of four independent experiments in duplicate. Data were
analyzed by analysis of variance (ANOVA), followed by Student-Newman-Keuls post hoc test. Values of p < 0.05 were considered significant.

* Indicates statistical difference from control group (p < 0.05).
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Fig. 2. Effect of IBTC treatment on Na'/K" ATPase activity on brain homogenate.
Na'/K* ATPase activity is expressed as nmol Pi/min/mg protein. The values are
expressed as mean £ SEM of four independent experiments in duplicate. Data were
analyzed by analysis of variance (ANOVA), followed by Student-Newman-Keuls
post hoc test. Values of p < 0.05 were considered significant.

or heart homogenates, but increased significantly in brain homog-
enates after treatment with IBTC (Table 3). Catalase and GPx activ-
ities did not change significantly (data not shown). In addition,
Na’/K* ATPase activity in the brain (Fig. 2) and ALA-D activity in li-
ver and blood (Fig. 3A and B) did not change significantly. In addi-
tion, LDs, was considered higher than 500 mg/kg.

3.2. Cell viability

3.2.1. Percent of hemolysis

The percent of hemolysis in RBCs in the presence of various con-
centrations (10-200 uM) of IBTC did not change significantly
compared to controls (data not shown).

3.2.2. MTT assay

Murine J774 macrophage-like cells and isolated human lym-
phocytes were used to test the cytotoxicity of IBTC. Fig. 4 shows
the MTT levels in these cell types. Concentrations of 50 uM of IBTC
and above significantly reduced MTT levels compared to controls
in J774 macrophage-like cells (Fig. 4A). The MTT levels did not
change significantly compared to controls in isolated human lym-
phocytes (Fig. 4B).

3.3. Cholinesterase activity

MAP exposure at a concentration of 25 uM inhibited AChE and
BChE activity in all samples. None of the IBTC concentrations tested
had a significant effect on AChE or BChE activity (data not shown).
No direct hydrolytic effect of IBTC on acetylthiocholine or butyryl-
thiocholine was observed (data not shown).

IBTC protected against MAP-inhibition of AChE and BChE in hu-
man erythrocyte ghosts (Fig. 5A and B). Treatment with MAP plus
IBTC (at 10, 25, 50, and 100 uM) resulted in significantly increased
cholinesterase activity compared to MAP alone (Fig. 5A and B).
IBTC also significantly (p < 0.05) reactivated the AChE and BChE en-
zyme activities at concentrations of 10, 25,50, and 100 uM (Fig. 6A
and B) compared to MAP alone.

3.4. Molecular docking results

Since different enantiomers of methamidophos can bind to
Ser203, Sp and Rp we performed docking studies with both Sp
(SGX) and Rp (SGR) enantiomers of MAP-inhibited AChE from
Mus musculus (PDB code: 2jge) (Fig. 7). In the Rp conformation of
methamidophos, IBTC was located in the active site between the
peripheral anionic site (PAS) (Tyr124) and the internal anionic site
(Tyr341). The binding energy was —9.2 kcal/mol for the Rp enan-
tiomer. The thiocarbonyl group was 7.707 angstroms from the
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Fig. 3. Effect of IBTC treatment on Delta Aminolevulinate Dehydratase (35-ALA-D)
activity on liver (A) homogenate and on total blood (B). Data are expressed as
percentage of the control. The values are expressed as mean :SEM of four
independent experiments in duplicate. Data were analyzed by analysis of variance
(ANOVA), followed by Student-Newman-Keuls post hoc test. Values of p <005
were considered significant.

phosphate of SGR203, and the hydrazinic nitrogen of the thiosem-
icarbazone function was 2.873 A from the carboxylic oxygen of res-
idue Asp74 and 3.305 A from the oxygen of residue Tyr341. The
terminal thioamidic nitrogen hydrogen bonded with residue
Tyr124 of the peripheral anionic site. The other fragment of the
molecule was located close to the internal anionic site and stabi-
lized by hydrogen bonds with residues Thr83 (nitrogen of the in-
dole group) and Tyr337 (hydrogen bond with the amidic oxygen
and the iminic nitrogen present on the thiosemicarbazone func-
tion). Only one cation-Pi interaction occurred between IBTC and
the enzyme active site, which was between the aromatic ring from
the terminal thioamidic function and phosphate of the SER203.

In the Sp conformation of methamidophos, similar to the Rp
enantiomer of the serine modified by MAP, IBTC was stabilized in
the active site between the peripheral anionic site (PAS) (Tyr124)
and the internal anionic site (Tyr341). The binding energy was

8.95 kcal/mol. The thiocarbonyl group was 6.311A from the
phosphate of SGX203 and the hydrazinic nitrogen of the thiosem-
icarbazone function was 2.818 A from the carboxylic oxygen of res-
idue Asp74 and 3.271 A from the oxygen of residue Tyr341. In this
conformation (SGX), the sulfur group was closer to the phosphate
of the modified serine than in the SGR conformation. The aromatic
ring from the terminal thioamidic function was stabilized in a
hydrophobic region between the PAS (Tyr337 and Tyr341) and
the acyl binding pocket (Phe338). The amidic oxygen formed a
hydrogen bond with residue Tyr337 as well as with the iminic
nitrogen. There was also a hydrogen bond between residue Thr87

Fig. 4. Effect of IBTC on percent cytotoxicity (MTT assay) in Murine J774
macrophage-like cells (A) and in human isolated lymphocytes (B). Both types of
cells were exposed to various concentrations of IBTC for 24 h prior to the addition of
MIT for 4 h. The values are expressed as mean £ SEM of three independent
experiments in triplicate. Data were analyzed by analysis of variance (ANOVA),
followed by Student-Newman-Keuls post hoc test. Values of p<005 were
considered significant. + indicates statistical difference from control group
(p <0.05).

and the iminic nitrogen. Pi interactions did not directly occur with
the molecule.

4. Discussion

One purpose of our study was to investigate the potential toxic
properties of IBTC, a compound that has been investigated in many
biological models of oxidative stress. In our previous study (Barce-
los et al., 2011) we demonstrated that this compound has high
antiatherogenic potential. However, its toxicity to organisms as
well as its possible action on cholinesterases had not been yet elu-
cidated. In the present study we showed that subcutaneous injec-
tion of IBTC did not increase oxidative stress, had no impact on
enzymes usually affected by pesticide compounds (Banerjee
et al., 1999; Gultekin et al., 2000; Gupta et al., 2001), and did not
induce alterations in several antioxidant enzymes (Tables 1-3;
Figs. 2 and 3). In addition, our study clearly demonstrates that IBTC
can protect and reactivate AChE and BChE inhibited by MAP (Figs. 5
and 6).

We investigated IBTC in vivo in order to determine whether it
had any toxic effects in mice. We found that IBTC has low toxicity
when administered by subcutaneous (s.c.) injection, with an LDs,
of higher than 500 mg/kg. and had no effect on body weight (data
not shown). No cytotoxicity was detected in isolated human lym-
phocytes and only concentrations of 50 uM and higher lowered
MTT levels in murine J774 macrophage-like cells. Moreover, the
presence of IBTC did not change the percent of hemolysis in RBCs

Please cite this article in press as: Barcelos, RP., et al. Isatin-3-N*-benzilthiosemicarbazone, a non-toxic thiosemicarbazone derivative, protects
rat and human cholinesterases inhibited by methamidophos in vitro and in silico. Toxicol in Vitro (2012), http://dx.doi.org/10.1016/
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Fig. 5. Protective effect of IBTC on AChE activity from ghost erythrocytes (A) and
BChE from plasma (B) on methamidophos (MAP) inhibition. IBTC was added to the
reaction medium at the same time of methamidophos. The data are expressed as
percentage from control group (100%) of five independent experiments in duplicate.
Data were analyzed by analysis of variance (ANOVA), followed by Student-
Newman-Keuls post hoc test. Values of p <0.05 were considered significant. «
indicates statistical difference from control group (p < 0.05) # indicates statistical
difference from methamidophos 25 uM group (p < 0.05).

compared to controls. These results corroborate those of Puntel
et al. (2009) who found that thiosemicarbazone-derived com-
pounds have low toxicity.

Although we did not specifically measure RS formation, it is
well known that excessive RS could not only induce DCF-RS forma-
tion but also contribute to the initiation of a complex cascade of
reactions that culminates with lipid peroxidation (increase in
TBARS levels). We demonstrated that IBTC did not change DFC-
RS levels and did not increase lipid peroxidation, indicating that
IBTC does not produce excessive RS itself or disrupt the cellular
environment such that RS production increases. In addition, we
found that there was no depletion in NPSH levels and no changes
in catalase and GPx activities, indicating that there was no deple-
tion or alteration of these antioxidant systems.

8-ALA-D is an enzyme that catalyzes the condensation of two -
aminolevulinic acid (ALA) molecules into porphobilinogen. Conse-
quently, 5-ALA-D inhibition may impair heme biosynthesis (Jaffe,

% of Control

Fig. 6. Reactivation effect of IBTC on AChE activity from ghost erythrocytes (A) and
BChE from plasma (B) on methamidophos (MAP) inhibition. IBTC was added 10 min
after methamidophos in the reaction medium. The data are expressed as percentage
from control group (100%) of five independent experiments in duplicate. Data were
analyzed by analysis of variance (ANOVA), followed by Student-Newman-Keuls
post hoc test. Values of p <0.05 were considered significant. « indicates statistical
difference from control group (p<0.05) # indicates statistical difference from
methamidophos 25 uM group (p < 0.05).

1995) and can result in the accumulation of 5-ALA, which may af-
fect aerobic metabolism and have some prooxidant activity (Bec-
hara et al., 1993). Moreover, 5-ALA-D activity is a good marker of
oxidative stress (Maciel et al., 2000) and can be inhibited by thiol
oxidized radicals (Farina et al., 2001; Folmer et al., 2003). Here
we demonstrated that there were no significant effects on 5-ALA-
D activity, indicating that IBTC does not affect the essential -SH
groups on the active site of the enzyme or increase oxidative stress.

Na*/K'-ATPase, a sulfhydryl-containing enzyme, is embedded in
the cell membrane and is responsible for the active transport of so-
dium and potassium ions in the nervous system. Since Na*/K'-ATP-
ase is crucial for maintaining ionic gradients in neurons (Xiong and
Stringer, 2000), a reduction in the activity of this enzyme may af-
fect neural activity and memory storage (Balk et al., 2010). Our
study demonstrated that the Na*/K'-ATPase activity was not mod-
ified by IBTC at any of the concentrations tested, indicating that
IBTC has no toxic properties to neurons. Previous reports have

Please cite this article in press as: Barcelos, R.P., et al. Isatin-3-N*-benzilthiosemicarbazone, a non-toxic thiosemicarbazone derivative, protects
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Fig. 7. Representative molecular models of IBTC binding the active site of Mus musculus AChE in the two different enantiomers for the methamidophos-modified Ser203: SGX
(left panel) and SGR (right panel). Ligand is shown in ball-and-stick drawing the carbons of the ligand is shown in yellow. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

demonstrated the importance of thiol groups for Na'/K'-ATPase
catalysis and -SH groups of this enzyme are highly susceptible to
oxidizing agents (Bavaresco et al., 2003; de Assis et al., 2003).
The unchanged NPSH levels found here are in agreement with
the unchanged activities of ALA-D and Na'/K'-ATPase.

We also demonstrate that IBTC did not alter the activity of AChE
and BChE, enzymes related to dysfunctions in the cholinergic neu-
rotransmission (Mukherjee et al., 2007) and to systemic inflamma-
tory conditions, such as diabetes mellitus, hypertension, insulin
resistance, and hyperlipidemia (Das, 2007).

AChE and BChE are strongly related to the intoxications caused
by pesticides and the implications of pesticides residues on human
health have yet to be comprehensively documented. Pesticides
may induce oxidative stress, leading to generation of free radicals
and alterations in antioxidants, oxygen free radicals, scavenging
enzyme systems, and lipid peroxidation. This way, after verifying
that IBTC does not alter antioxidant systems and has no toxic ef-
fects, we tested the capacity of IBTC to protect and reactivate the
activity of AChE and BChE after inhibition with MAP. In human
erythrocyte ghost and in human plasma BChE, IBTC was able to
protect and reactivate both enzymes from MAP inhibition at all
concentrations tested (Figs. 5 and 6). The protective activity for
AChE and BChE against MAP inhibition works via competitive
inhibition.

Molecular docking results indicate that IBTC can enter the ac-
tive site of AChE by binding to the peripheral anionic site
(Trp134 and Tyr124) and internal anionic site (Thr83 and
Tyr337), thus preventing MAP from accessing the catalytic residue
Ser203 and protecting AChE and BChE from inhibition, and proving
that IBTC cannot itself inhibit AChE or BChE, since in vitro tests
demonstrate that the presence of IBTC on these sites do not affect
AChE and BChE activities.

Our most interesting result is that IBTC can reactivate AChE and
BChE after inhibition by MAP. As far as we know, there are few
compounds that are not oximes that can reactivate AChE and BChE
inhibited by OPs and there is no literature concerning the use of
thiosemicarbazones against OP intoxication. In that way, our study
demonstrates for the first time that a thiosemicarbazone derivate
can protect and reactivate AChE and BChE from OP inhibition.
The use of many different oximes, the classical therapy for OPs poi-
soning, is controversial since metabolic degradation of oximes can
have deleterious effects, such as formation of toxic products such
as hydrogen cyanide, and numerous side effects, including nausea,
vomiting, dizziness, loss of consciousness, visual alterations,
confusion, headache, tachycardia, neuromuscular blockage, and
muscular weakness (Bardin et al., 1994; Carlton et al., 1998;
Hardman et al., 1996). New and more effective drugs with fewer
toxicological effects are necessary for cholinesterases reactivation.
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Scheme 1. Possible mechanism of IBTC reactivation on methamidophos-inhibited AChE.

Please cite this article in press as: Barcelos, RP., et al. Isatin-3-N"-benzilthiosemicarbazone, a non-toxic thiosemicarbazone derivative, protects and reac-
tivates rat and human cholinesterases inhibited by methamidophos in vitro and in silico. Toxicol in Vitro (2012), http://dx.doi.org/10.1016/

1iv.2012.04.008




37

RP. Barcelos et al./Toxicology in Vitro xox (2012) xx-xx 9

In addition, oximes are weaker reactivators of BChE (Worek
etal., 1999a,b), and IBTC can reactivate both AChE and BChE activ-
ities. The reactivation of BChE is very important, since BChE is a co-
regulator of acetylcholine in brain (Giacobini, 2000) and replaces
AChE in the maintenance of the structure and physiological integ-
rity of the cholinergic system (Mesulam et al., 2002). Darvesh et al.
(2004) also showed that BChE is highly active in the synaptic cleft
in intrinsic cardiac neurons, helping to reduce high acetylcholine
levels (Darvesh et al., 2004). IBTC seems to reactivate cholinester-
ases via its position at the peripheral anionic site and the acyl bind-
ing pocket, which is in agreement with previous results obtained
for mono-oxime bisquaternary acetylcholinesterase reactivators
(Musilek et al., 2011).

Asillustrated in Scheme 1, we observed that the imino hydrogen
(A) from IBTC can react with a carboxylate group (RCOO ) of the
Asp74 residue (the distance of the imino hydrogen of the IBTC and
the RCOO ™ group of the enzyme is about 2.8 A), which could lead
to IBTC deprotonation and formation of an anionic intermediate
(B). Then, a nucleophilic attack by the thiolate on the electrophilic
center of methamidophos (B) can occur, which is the site of inhibi-
tion of the enzyme AChE (OR’). This intermediate has the phosphate
group (P) penta coordinated (C), which causes methamidophos to
leave the active site of the enzyme (OR’), reactivating the enzyme
and releasing the phosphate group, which returns to the tetrahedral
geometry bound only to IBTC (D). Based in this mechanism, the SGX,
not the SGR, conformation of the MAP-inhibited AChE seems to be
the more likely conformation to be reactivated since the sulfur
group is positioned closer to the electrophilic attack site (OP moiety
in the modified Ser203). This is in agreement with previous work
that showed that Sp enantiomers (SGX conformation) of methyl-
phosphonate esters are more reactive in forming the conjugate with
the enzyme and the rates of reactivation by oximes also indicate a
preference of Sp over Rp (Wong et al., 2000).

5. Conclusion

The thiosemicarbazone derived compound, IBTC, besides acting
like an antioxidant and antiatherogenic (Barcelos et al., 2011), has
low toxicity and does not alter the antioxidant system. We have
demonstrated for the first time that a thiosemicarbazone derivate
can protect AChE and BChE from MAP intoxication by preventing
MAP binding at the active site of the enzymes and can also reacti-
vate AChE and BChE activities by interacting with MAP and releas-
ing the active site. Future studies are needed to test IBTC against
intoxication by other OPs and also evaluate its efficacy after
long-term exposure to MAP. However, our work indicates that IBTC
may be a useful therapeutic compound for MAP intoxication.
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Abstract: Methamidophos is one of the most toxic organophosph (OP) compounds. It acts via phosphorylation of a serine
residue in the active site of acetylcholinesterase (AChE) and butyrylcholi (BChE), leading to enzyme inactivation. Dif-
ferent oximes have been developed to reverse this inhibition. Thus, our work aimed to test the protective or reactivation capabil-
ity of pralidoxime and obidoxime, as well as two new oximes synthesised in our laboratory, on human and rat cholinesterases
inhibited by hamidophos. In addition, we performed molecular docking studies in non-aged methamidophos-inhibited AChE
to understand the mechanisms involved. Our results suggested that pralidoxime protected and reactivated methamidophos-inhib-
ited rat brain AChE. Regarding human erythrocyte AChE, all oximes tested protected and reactivated the enzyme, with the best
reactivation index observed at the concentration of 50 uM. Concerning BChE, butane-2,3-dionethiosemicarbazone oxime (oxime
1) was able to protect and reactivate the methamidophos-inhibited BChE by 45% at 50 uM, whereas 2(3<(phenylhydrazono)
butan-2-one oxime (oxime 2) reactivated 28% of BChE activity at 100 uM. The two classical oximes failed to reactivate BChE.
The molecular docking study demonstrated that pralidoxime appears to be better positioned in the active site to attack the O-P
moiety of the inhibited enzyme, being near the oxyanion hole, whereas our new oximes were stably positioned in the active site
in a manner similar to that of obidoxime. In conclusion, our work demonstrated that the newly synthesised oximes were able to
reactivate not only human erythrocyte AChE but also human plasma BChE, which could represent an advantage in the treatment

of OP compounds poisoning.

Acetylcholinesterase (EC 3.1.1.7, AChE) is an enzyme that
catalyses the hydrolysis of acetylcholine to choline and ace-
tate. The biological function of this enzyme is to terminate
acetylcholine activity in the terminal nervous junction with its
effector organs or post-synaptic sites [1]. The mechanism of
action of organophosphorus (OP) compounds with anticholin-
esterase activity involves the phosphorylation of the serine
hydroxyl group in the active site of AChE, leading to an inac-
tive enzyme (AChE-OP) [2]. The inactivation of AChE results
in the accumulation of acetylcholine at cholinergic receptor
sites, causing a cholinergic crisis that can lead to death [3].
Methamidophos is a potent AChE inhibitor used to control
plague of insects on a variety of crops [4] and may present
anticholinesterase activity against human cholinesterases [5,6].
In Brazil in particular, methamidophos is commonly used on
many crops, including cotton, soybeans and wheat, resulting
in food [7] and occupational exposure [8]. A recent study
demonstrated that over 90% of small farmers use methamido-
phos and nearly 60% of them exhibit typical OP intoxication
symptoms [9]. Mechanistically, methamidophos may inhibit
AChE by covalently binding a serine residue (Ser203) in the

Author for correspondence: Félix Alexandre Antunes Soares, Depart-
ment of Chemistry, Federal University of Santa Maria, Santa
Maria, RS CEP 97105-900, Brazil (fax + 55 55 3220 8978, e-mail
felix@ufsm.br)

active site, and this moiety could form two different enantio-
mers, S, and R,. The S, enantiomer is more likely to occur
and is more easily reactivated by oximes [10].

Currently, treatment for OP poisoning consists of patient
stabilisation, reduction of OP absorption, the use of an anti-
muscarinic agent, an oxime reactivator (e.g. pralidoxime and
obidoxime) and an anti-convulsant. The mechanism of oxime
action is based on displacing the phosphoryl group of the
AChE-OP complex, owing to the fact that oxime having a
higher affinity for the enzyme than OP does, and the high
nucleophilic power of the oxime [2]. Furthermore, no oxime
can restore AChE activity in structurally different OP moieties.
Thus, the structure of the oxime determines its capacity to
restore the function of AChE [11].

Despite various positive experimental evidence, the clinical
trials with oximes have been controversial [12-14]. As
pralidoxime and obidoxime are the most common reactivators
available for clinical use, and considering the scarcity of litera-
ture data conceming the use of oximes in cases of methamido-
phos poisoning in physiological conditions, further studies are
required to clarify the efficacy of oximes against methamido-
phos for different cholinesterases and develop new oximes
capable of acting as cholinesterase reactivators against differ-
ent OPs with better results. Furthermore, several in silico
studies exemplified the capacity of simulation models to

© 2012 The Authors
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predict the molecular interactions with relative reliability.
Therefore, the aim of our work was to study the effectiveness
of the newly synthesised oximes in reactivating methamido-
phos-inhibited AChE in comparison with the effectiveness of
the classical oximes (pralidoxime and obidoxime) and perform
a molecular docking study to clarify the possible interaction
between the oximes and the active site of AChE.

Materials and Methods

Chemicals. 2, 2-dinito-5, S-ditobenzoic acid (DTNB) and
acetylthiocholine iodide were purchased from Merck; pralidoxime chloride
(2-hydroxyiminomethyl-1-methyl-pyndinium),  obidoxime  dichloride
(1,1'{Oxydimethylene )bis( pyridini ide) and
methamidophos (O,S-Dimethyl phosph idothioate) were h
from Sigma-Aldrich. The newly synlhesmd oximes were dsngmnd as
oxime 1 (butane-2,3-dionethiosemicarbazone oxime) and oxime 2 (3-
(phenylhydrazono)butan-2-one oxime) (fig. 1). All other chemicals were
of the highest grade available commercially.

4-carbaldoxime)  dichk

Animals. Adult male Wistar rats (200-250 g) were obtained from
University of Santa Mania and maintained in an air-conditioned room
(20-25°C) under natral lighting conditions (cycle 12:12 hr) wnh
water and food (Guabi-RS, Brazil) ad libii All experi

d were  perf d according to the guidelines of the

Comm:ucconCmmdU«:ofF i I Animal R of the
Federal University of Santa Maria, anil.

Preparation of erythrocyte ghosts. Haemoglobin-free erythrocyte
ghosts were prepared according to previously described method [15)
with minor modlﬁunons Bncﬂy blood of non-fasted healthy
voluntary donors was cc Heparinised hi blood was
centrifuged (3000 x g, 10 min.) and lhc plasma removed and kept to
test butyrylcholinesterase (BChE) aawuy Erythmcyts were washed
three times with two vol of phate buffer
(0.1 M, pH 7.4). Then, the packed erydirocyts wcu' diluted in 20
volumes (w/v) of hyp ph buffer
6.7 mM, pH 74) two facilitate lhc hacmolym followed by
centrifugation at 30,000 x g (30 min., 4°C). 'lhe sup:maunt was
removed and the pellet ded in hyp buffer.

¥

SO

Pralidoxime Oxime 1

u_m.@

Oxime 2

Fig. 1. Chemical str of obid pralidoxime, butane-2,3-
dionethiosemicarbazone oxime (oxime 1) and 3-(phenylhydrazono)
butan-2-one oxime (oxime 2).

Aﬂer lwo addmonal washing cycles, the pellet was resuspended in

phosphate buffer (0.1 M, pH 7.4), passed through
one monc centrifugation at 30,000 x g (30 min., 4°C) and were
gently removed. Next, the AChE activity was adjusted to the original
activity by appropriate dilution with phosphate buffer (0.1 M, pH 7.4).

Aliquots of the erythrocyte ghosts were stored at —20°C until use.
Haemoglobin content pr in ghost b was d at
540 nm as the cyano-met-Hb form, but no h lobin was d& d

Cerebral tissue preparation. Animals were anaesthetised and killed
by dcmplauon Brain was quickly removed, placed on ice and

2 d in 10 vol of 0.1 M sodium/potassium phosphate
buffer (pH 7.4) and Triton X100. The homog was ifuged at
400 x g at 4°C for 10 min. to yield a low-speed supematant fraction
(S1) that was used in the experiments. Aliquots were stored at —20°C
until use.

Cholinesterases activity. Brain and ghost erythrocyte AChE and
human pl butyrylcholi activities were estimated by the
method of Ellman [16], using acetylthiocholine and butyrylthiocoline
iodide as substrate, respectively. The rate of hydrolysis of substrate
was measured at 412 nm through the release of the thiol compound
that, when reacted with DTNB, produces the colour-forming

compound TNB [17].

Reactivation/protection of OP-inhibited cholinesterase. Brain and
ghost erythrocyte AChE and human pl butyrylcholi were
exposed to oximes in two different assay conditions to indentify a
possible protective or a reactivation capacity of oximes:

1 Protection: the enzyme was exposed to methamidophos
and oximes at the same time making up a total incubation

period of 60 min.

2 Reactivation: the enzyme was firstly exposed to methami-
dophos for 10 min. After this, the oxime tested was added
into the medium and the incubation followed for 50 min. (to
perform an equal total incubation time period of 60 min.).
Enzyme activities were referred to control activity.

The values of the reactivation index (R) were calculated according
to the following equation:

AA, - AA;
R= T —aa| X 100(%)

The symbol AA, is absorbance provided by mixture with intact
AChE (in the final mixture, there was no organophosphate as well as
no reactivator); AA; is the absorbance of mixture with inhibited AChE
(inhibition by organophosphate, no reactivator). Absorbance provided
by mixture where AChE activity was influenced by organophosph
and consequently by ivator was p ‘bylhehstsymbolM
[18]).

For the determination of reactivation rate constants, the method
described by Worek er al. [19] was used, with some modifications.
Bricfly, an aliquot of ghosts inhibited by methamidophos (25 pM) for
10 min. was incubated with different oxime concentrations. For the
AChE activity . mixture aliq (40 uL) were transferred
to cuvettes ¢ buffer (0.1 M) at pH 74,
DTNB (0.35 mM) and acetyllh:ochohnc (0.9 mM), at various time
intervals within 2-hr incubation.

According to Aldridge and Reiner [20], the reactivation consists of
two consecutive steps, represented by the following scheme:

e 3
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Ko

[EP| + [0X] = [EPOX)[E] + [POX]

where [EP] is the phosphonylated enzyme, [Ox] the reactiva-
tor, [EPOx] the phosphonylenzyme-oxime complex, [E] the
reactivated enzyme and [POx] the phosphonylated oxime;
Kp ([EP] x [OxJ[EPOx]) is the dissociation constant which
describes the affinity of the oxime to [EP] and &, the rate con-
stant for the displacement of the phosphonyl residue from
[EPOx] by the oxime. In case of complete reactivation and
with [Ox] » [EP}y, a pseudo first-order rate equation can be
derived for the reactivation process [21]:

k. x [Ox]

ko = 0 [Ox]

kons is determined at various oxime concentrations. The
amount of Ay, is not proportional to the oxime concentration
but underlies saturation kinetics [22]. Under pseudo first-order
conditions, the observed rate constant for the reactivation of
the phosphonylated enzyme can be expressed by the following
equation [23]:

Vo — W

In—— = —kow X 1
Vo — Wi

representing the activities of the control enzyme (v,), the
inhibited enzyme (v;) and the reactivated enzyme at time 7 (v).
If [Ox] << Kp, the second-order reactivation rate constant k>
(mM/min.), describing the specific reactivity, can be derived
from the equation:

kv

ke = —

Kp

Molecular docking. Docking simulations of the oximes with Mus
musculus AChE were carried out using AutoDock Vina 1.1.1 [24),
followed by redocking with Autodock 4.0.1. The non-aged
methamidophos-inhibited Mus musculus AChE obtained from the
RCSB Protein Data Bank (http:/Avww.rcsb.org/pdb/) was used as
macromolecule (PDB  code 2jge). The oximes 1 (butane-23-
dionethiosemicarbazone oxime) and 2 (3-(phenylhydrazono)butan-2-
one oxime), as well as the two classical oximes, were constructed
using the programme Avogadro 09 and their geometry were
optimised with the MMFF 94 force field Both ligands and
macromolecule are previously prepared using AutoDock Tools [25]
and Chimera 1.5 [26]. All rotatable bonds within the ligands were
allowed to rotate freely, and the receptor was considered rigid. The
grid was centred on the active site of AChE and the dimensions of the
grid box consisted of 30 x 22 x 30 A points, with spacing of 1 A.
The exhaustiveness was set to 50. All other parameters were used as
defaults. For cach ligand docked, the conformation from the lowest
binding free energy with inferred inhibitory reactivity was accepted as
the best affinity model. The redocking calkulation was carried out
using Autodock 4.0.1, following the method of Musilek er al. [27).
Briefly, a Lamarckian genetic algorithm (Amber force field) was used,
and a population of 150 individuals and 2,500,000 function
evaluations were applied. The structure optimisation was performed
for 27,000 g i Docking calculations were set to 100 runs. At
the end of cakulation, Autodock performed cluster analysis. The 3D

affinity grid box was designed to include the full active and peripheral
site of AChE. The number of grid points in the x-, y- and z-axes was
60, 60 and 60 with grid points scparated by 0.253 A. The
conformations and interactions were analysed using the programmes
Accelrys Discovery Studio Visualizer 2.5 and PyMOL [28].

Statistical analysis. Differences between groups were evaluated by
one-way ANOVA, followed by Duncan’s multiple range tests when
appropriate. All values were presented as mean £ SEM. and the
differences were considered significant when p < 0.05. Data analysis
and calculation of kinetic constants by lincar and nonlincar regression
analysis were performed with GraphPad Prism 5.0 (GraphPad, San
Diego, CA, USA).

Results

Erythrocyte ghosts were exposed to methamidophos at various
concentrations (ranging from 1 to 250 pM) and an aliquot was
removed at different time intervals to test the AChE activity
(fig. 2). The concentration of 25 pM of methamidophos was
chosen to the next experiments, to have an inhibition of
approximately 50% of AChE activity for approximately all the
incubation period and thus, avoiding a possible re-inhibition
process by the excess of methamidophos in the oxime-induced
reactivation protocols. A spontaneous reactivation of AChE
was not observed in the time interval used at this concentra-
tion. The same protocol was used to rat brain AChE and
human plasma BChE, with similar results (data not shown).
None of the tested oximes had significant effects per se on the
activities of AChE and BChE at the tested concentrations. In
addition, no direct hydrolytic effect on acetylthiocholine or bu-
tyrylthiocholine was observed (data not shown) in the proto-
cols used.

Effects of oximes on methamidophos-inhibited rat brain AChE.
Fig. 3 shows the effects of exposure to 25 pM methamido-
phos and the protective effect of oximes on AChE from the
rat brain. Obidoxime (fig. 3A) had a slight, but significant,
protective effect on methamidophos-induced AChE inactiva-

150 -
- 1uM
3 - 10 M
§ 100 -+ 25 M
- 50 uM
k] -+ 100 uM
2 - -8 250 M
5
<
0
0 50 100 150

Time (min)

Fig. 2. Kinetics of methamidophos inhibition on AChE activity. The
activities are expressed as percentage of control. Enzyme preparations
were treated as described in the Materials and Methods section.
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B 150

idophos (MAP)-inhibited AChE activity from

rat brain homogenate. Oximes were added to the reaction medium at the same time of methamidophos. The data are expressed as percentage from
control group (100%). *Statistically different from control group (p < 0.05); #statistically different from methamidophos 25 uM group (p < 0.05).
Results are presented as the mean £ S.E. of at least three independent experiments performed in duplicate.

tion. Pralidoxime (fig. 3B) significantly protected AChE from
methamidophos-induced inhibition at all tested concentrations
(p < 0.05). Similarly, oxime 1 (fig. 3C) at concentrations of
50 uM and 100 pM significantly (p < 0.05) protected against
methamidophos-induced AChE inhibition, whereas oxime 2
was able to significantly protect the enzyme activity only at
higher concentrations (fig. 3D).

Effect of oximes on methamidophos-inhibited human
erythrocyte ghost AChE.

Fig. 4 shows the protective effects of oximes on methamido-
phos-inhibited AChE from human erythrocyte ghosts. Obidox-
ime at 50 pM (fig. 4A) plus methamidophos significantly
increased cholinesterase activity in comparison with that
observed for methamidophos alone (p < 0.05): however, it did
not restore the enzyme activity to control levels. Pralidoxime
(fig. 4B) exhibited significant protection of AChE activity at
both concentrations tested compared with the findings for the
methamidophos group (p < 0.05); however, this protective
effect did not allow the enzyme to reach control activity
levels. Oxime 1 (fig. 4C) exhibited protective activity for
AChE (p < 0.05), as AChE activity was maintained at control
levels at both concentrations of oxime 1 in the presence of
methamidophos. Oxime 2 (fig. 4D) exerted a significant
(p < 0.05) protective effect on methamidophos-induced AChE

inactivation at 100 pM, with control levels of enzyme activity
being observed at this concentration.

Effect of oximes on methamidophos-inhibited plasma BChE.

Fig. 5 shows the protective effects of oximes on methamido-
phos-inhibited BChE from human plasma. Obidoxime
(fig. SA), pralidoxime (fig. 5B) and oxime 2 (fig. 5D) exerted
no protective effects on methamidophos-induced BChE inhibi-
tion. Oxime 1 (fig. 5C) was the only oxime that significantly
(p < 0.05) protected against methamidophos-induced BChE
inhibition relative to the activity of BChE observed in the

methamidophos group.

Reactivation of methamidophos-inhibited cholinesterases

by oximes.

The results from the reactivation protocol were calculated as the
percentage of reactivation, as summarised in table 1. For AChE
from erythrocyte ghosts, obidoxime and pralidoxime had reacti-
vation rates of 67.1% and 57.77%, respectively, at 50 uM, but
this tendency was not statistically significant compared with the
protective effects of the newly synthesised oximes 1 and 2 at the
same concentration. For all tested oximes, better results were
achieved at 50 uM than at 100 pM. For rat brain AChE,
pralidoxime provided the best results regarding reactivation

© 2012 The Awthors
Basic & Clinical Pharmacology & Toxicology © 2012 Nordic Phamacological Society



44

EFFECT OF OXIMES ON METHAMIDOPHOS-INHIBITED CHOLINESTERASES 5

% of control

"e”v

'*'9fv’.¢

? 707

o
o
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human erythrocyte ghost. Oximes were added to the reaction medium at the same time that methamidophos. The data are expressed as % from con-
trol group (100%). *Statistically different from control group (p < 0.05); #statistically different from methamidophos 25 uM group (p < 0.05).
Results are presented as the mean £ S.E. of at least three independent experiments performed in duplicate.

capacity, whereas obidoxime and the two new oximes exhibited
low reactivation capacities compared with that of pralidoxime.

Conceming BChE, the two curmrently available oximes, pra-
lidoxime and obidoxime, had no reactivation effect on meth-
amidophos-inhibited BChE, whereas oximes 1 (44.98%) and 2
(28.27%) exhibited significant reactivation activity at 50 and
100 pM, respectively.

The reactivation potencies, characterised by 1/Kp (affinity)
and k, (reactivity), were calculated for reactivation of metham-
idophos-inhibited AChE and BChE. In human erythrocyte
AChE, the order of reactivity (k) and affinity (Kp) was pra-
lidoxime > obidoxime > oxime 2 > oxime 1. The comparison
of the second-order rate constants, k,, demonstrated a superior
potency of pralidoxime.

In human plasma BChE, no rate constants could be calcu-
lated for the classical oxime (obidoxime and pralidoxime),
owing to the absence of reactivation of the inhibited enzyme.
For the new oximes | and 2, the rate constant analysis shows
a higher reactivation and affinity constants for oxime 1, which
is reflected in the second-order rate constant (k).

Molecular docking results.
Molecular docking studies were performed on all tested oxi-
mes to rationalise their possible interactions with the oximes.

Pralidoxime which had the best reactivation capacity (table 1)
presented binding energies of —5.83 and —5.3 kcal/mol for the
S, and R, conformations of methamidophos, respectively. In the
R,, conformation, the oxime group of pralidoxime is stabilised
by hydrogen bonds with residues Arg296 and Phe295 in the
acyl-binding pocket region (Trp236, Phe295, Phe297 and
Phe338), and the aromatic ring is sandwiched among the periph-
eral anionic site (PAS) residues. For the S, conformation, the
oxime group of pralidoxime is stabilised by hydrogen bonds
with residues Tyr133, Alal27, and Gly120, stabilising in the
region between the oxyanion hole and the anionic subsite. The
pyridine ring is sandwiched among the residues Trp86 (anionic
subsite), Gly121 (oxyanion hole) and Ser203 (catalytic triad).

In the R, conformation of methamidophos, obidoxime
(fig. 6B) has a binding energy of —9.61 kcal/mol, and it is
stabilised by hydrogen bonds with residues Tyr72, Asn87, and
Arg296, being positioned between the acyl-binding pocket and
the PAS. The linker between the pyridine rings is sandwiched
among the residues Tyr124, Tyr337 and Tyr341 (PAS), form-
ing a hydrogen bond with Tyrl24. In the S;, conformation, the
binding energy is —9.59 kcal/mol, and obidoxime exhibits a
similar conformation to that of the R, form of methamido-
phos, with the molecule being positioned in the PAS region
among residues Asp74 and Ser125 and with hydrogen bonds

© 2012 The Authors
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Fig. 5. Protective effect of obidoxime (A), pralidoxime (B), oxime 1 (C) and oxime 2 (D) on methamidophos (MAP)-inhibited BChE activity from

human plasma. Oximes were added to the reaction medium at the same time as methamidophos. The data are expressed as percentage from control
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Table 1.
Per cent reactivation of methamidophos-inhibited AChE by oximes in human erythrocyte ghost and rat brain AChE, and BChE from human

plasma.

Obidoxime Pralidoxime Oxime 1 Oxime 2
50 uM 100 uM 50 uM 100 uM 50 uM 100 uM 50 uM 100 uM
AChEery 67.1 £ 6.53*' 2223 £9.69*' 5877 £ 30.77*' 30.57 £ 11.65*' 41.50 + 18.13*' 397 +33"' 4798 £859*' 796 + 3.03*'
AChEbra 355 £ 1.89* 095 £12%7 5274 £ 589™"  66.05 £ 470 1571 £ 6.3** 531 £51*" 636 £2.67° 589 £ 437!
BChE <0 <0 <0 <0 4498 + 8.18*' <0 571 £ 1.96™ 2827+ 16.11%

Superscript letters indicate statistical difference between oximes at the same concentrations.
Superscript numbers indicate statistical difference between the different enzymes.

AChE, acetylcholinesterase; BChE, butyrylcholinesterase.

formed with Tyr72, Asp74 and Ans87. The linker between the
pyridine rings is stabilised among residues Tyr124, Tyr337
and Tyr341 (PAS).

The oxime moiety of the newly synthesised oxime 1 (fig. 6C)
is stabilised by hydrogen bonds with residues Phe295, Arg296
and Phe338, being positioned between the PAS residues
(Trp286 and Tyr341) and the acyl-binding pocket residues
(Phe295, Phe297 and Phe338). The binding energy was
~6.01 kcal/mol for both R, and S, enantiomers, and the confor-
mation within the active site was similar. Oxime 2 (fig. 6D)
exhibited a binding energy of —7.68 kcal/mol for both R, and
S, enantiomers as well, and the oxime conformation was

practically the same for both enantiomers. Overall, the molecule
was stabilised by hydrogen bonds with residues Tyr72, Asp74,
Asn87 and Tyr124, with the aromatic ring sandwiched among
the PAS residues (Tyr337 and Tyr341), acyl-binding pocket
(Phe295, Phe297 and Phe338), and the catalytic residue Ser203,
and the oxime group is close to the PAS residue Asp74.

Discussion

The main objective of our study was to investigate methami-
dophos-induced toxicity and oxime-mediated protection/
reactivation of methamidophos-inhibited cholinesterases. We
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Fig. 6. Docking of the conformation corresponding to the oximes: oxime 1 (A), oxime 2 (B), pralidoxime (C) and obidoxime (D) inside MmAChE
active site. The left panel refers to the SGX conformation of the modified Ser203 by methamidophos, whereas the right panel refers to the SGR

conformation.

compared the effects of two classical oximes (pralidoxime and
obidoxime) and two newly synthesised oximes in protecting
or reactivating methamidophos-inhibited cholinesterases. The
two newly synthesised oximes had previously been found to
be related with a protective effect on LDL oxidation [29] and
have shown no signs of toxicity during in vivo or ex vivo use
[30,31]. In addition, these new oximes have been found to
have LDs, values similar to other oximes, including
pralidoxime and obidoxime [32]. It has also been previously
demonstrated that the oximes | and 2 reactivate AChE inhib-
ited by chlorpyrifos, diazinon and malathion with a potency
similar to that of pralidoxime, but to a lesser extent than
obidoxime [33]. The results found in this study showed that
both new oximes could reactivate AChE, although less than
the classical oximes, and, unlike the classical oximes,
reactivate BChE.

Methamidophos has become an important public health
issue, particularly in Brazl, largely because of its frequent
use on crops, resulting in high rates of occupational [8] and
food [7] exposure. In regard to oxime reactivation of
methamidophos-inhibited AChE, Pohanka er al. [34] showed
an in virro reactivation of human AChE by obidoxime and
pralidoxime; however, the experimental protocol used focused
on the qualitative analysis of contaminated water, with no
physiological conditions included in the analysis. Furthermore,
Wan er al. [35] showed a positive effect of pralidoxime in
individuals poisoned with methamidophos, and Satar er al.
[36] demonstrated a hepatoprotective effect of pralidoxime
against methamidophos-induced (30 mg/kg) toxicity in rats.
Necrosis of the diaphragm induced by methamidophos was
also found to be protected against by pralidoxime under
in vivo conditions [37]. In our work, we also observed a protection/
reactivation effect of oximes on methamidophos-inhibited
AChE, using obidoxime and pralidoxime as positive controls
for comparison with the new oximes.

There are numerous studies in the literature relating oximes
and the reactivation of organophosphate-inhibited AChE, with
a published review by Jokanovic and Stojiljkovic [2]. How-
ever, the understanding of the structure-activity relationships
for oxime reactivation of cholinesterases remains limited [11].
The mechanism of action of oxime reactivation is based on
the displacement of the phosphonyl group of the AChE-OP
complex [2]. The reactivation potency of the oximes depends
on the nucleophilicity and orientation of the oxime [38], mak-
ing molecular studies vital for the comprehension of this phe-
nomenon. Here, the two new oximes tested have only one
aldoxime group, similar to pralidoxime, while obidoxime has
two aldoxime groups. Kassa er al. [39] previously demon-
strated that the number of aldoxime groups is not that critical
to enzyme reactivation. However, Cabal er al. [40] showed
that other characteristics of the oxime could interfere with its
reactivation power, such as the number of pyridinium rings
and the position of the oxime group within the pyridinium
ring. In our case, none of the new oximes tested contained py-
ridinium rings and, to some extent, could reactivate both
AChE and BChE inhibited by methamidophos (tables 2 and
3). Additionally, the compounds showed reactivation of AChE
inhibited by chlorpyrifos, diazinon and malathion to a similar
level as pralidoxime [33], indicating that oximes not based on
pyridinium rings could be promising for further studies with
modifications to their molecular structure.

Wong et al. [10] previously demonstrated that the oxyanion
hole could be the subsite through which pralidoxime attacks
the OP bound on the tabun-modified Ser203, while Musilek
et al. [27] demonstrated that mono-bisquaternary AChE reacti-
vators appear to be positioned between the PAS and the acyl-
binding pocket. Our docking results strongly agree with these
previous works, with pralidoxime being positioned in the
oxyanion hole and obidoxime between the PAS and the acyl-
binding pocket. In this way, pralidoxime seems to be better

© 2012 The Authors
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Table 2.
Reactivation constants.

Reactivation constant

Oxime k, (/min) Kp (uM) K, (mM/min.)
Obidoxime 0.013 7129 0018
Pralidoxime 0.014 4753 0.029
Oxime 1 0.004 1008.2 0.004
Oxime 2 0.008 873.3 0.009

Human erythrocyte ghosts were incubated with methamidophos at
25 uM for 10 min. at 37°C. Inhibited acetylcholi was reacti-
vated by oximes (in six different concentrations, ranging from 0.01 to
I mM) by adding oximes to inhibited ghosts. Small aliquots were
transferred after various intervals to a cuvette for measurement of
AChE activity.

Table 3.
Reactivation constants.

Reactivation constant

Oxime k, (min~") Kp (uM) K> (mM/min.)
Obidoxime - - -
Pralidoxime - - -
Oxime 1 0.007 763.9 0.009
Oxime 2 0.004 968.3 0.004
Human pl was incubated with hamidophos at 25 uM for

10 min. at 37°C. Inhibited acetylcholi was reactivated by
oximes (in six different concentrations, ranging from 0.01 to 1 mM)
by adding oximes to inhibited ghosts. Small aliquots were transferred
after various intervals to a cuvette for measurement of butyrykcholin-
esterase activity.

positioned into the active site for the reactivation process in
the case of methamidophos-inhibited AChE. Surprisingly, the
new oximes were not positioned as deeply into the active site
as pralidoxime, but near the mouth of the gorge similar to obi-
doxime. This could explain the lesser reactivation potency of
these oximes compared with pralidoxime and the fact that the
new oximes protected AChE from inhibition to the same
degree as the classical oximes, but with less potency for the
reactivation of AChE. Furthermore, Wong er al. [10] also
demonstrated that S, enantiomers of cycloheptyl meth-
ylphosphonate-conjugated AChE are more likely to occur and
are easily reactivated by oximes. Our molecular docking sug-
gests the same behaviour for methamidophos-inhibited AChE,
while pralidoxime had the best ‘pose’ in the S, enantiomer
(SGX in fig. 6).

Butyrylcholinesterase is able to catalyse the hydrolysis of ace-
tylcholine to a lesser extent than AChE, thus regulating cholin-
ergic neurotransmission. It has been suggested that BChE could
act as a co-regulator for the action of acetylcholine (see Darvesh
et al. [41]), and its inhibition can lead to a dose-dependent
increase in the levels of acetylcholine in the brain [42]. Neuro-
anatomical data demonstrated that BChE is expressed by spe-
cific populations of central [43,44] and peripheral [45] neurons,
consistent with a co-regulatory role of BChE in cholinergic neu-
rotransmission. In AChE-null mice, BChE was suggested to
have a prominent role in the hydrolysis of acetylcholine, once

inhibition of BChE shown to be lethal [46]. This situation is
analogous to AChE inhibition by OP compounds and, as BChE
is present at 10 times higher levels in the human body than
AChE (about 680 nmol of BChE and 62 nmol of AChE) [47],
the hydrolysis of acetylcholine by the BChE may represent a
way to deal with the high levels of acetylcholine caused by
ACHhE inhibition. In this way, our results show that the new oxi-
mes reactivated BChE, while the classical oximes failed. This
fact could represent an advantage in the treatment of a choliner-
gic crisis, with a minor reactivation effect on AChE. Modifica-
tions to the oximes' molecular structure may increase AChE
reactivation, without loss of the effect on BChE.

Conclusions

Our work demonstrates that the newly synthesised oximes are
able to protect and reactivate human erythrocyte AChE, how-
ever, less efficiently than pralidoxime and obidoxime, and
reactivate human plasma BChE, where the classical oximes
failed. In addition, our work demonstrates that the attack
through the oxyanion hole of the active site of AChE appears
to be the best subsite for the nucleophilic attack of oximes on
methamidophos-inhibited AChE, which could guide the
development of new oximes.
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2.3 Manuscrito 1: “Explicando a eficicia da reativacdo de oximas na AChE

inibida pelo metamidofés por bioquimica quantica computacional”

Explaining Oximes Reactivation Effectiveness on Methamidophos-Inhibited

AChE by Quantum Biochemistry Computations

Thiago Henrique Lugokenski, Rogério de Aquino Saraiva, Roner Ferreira da
Costa, Eveline Matias Bezerra, Jo&do Batista Teixeira da Rocha, Ewerton
Wagner Santos Caetano, Valder Nogueira Freire, Felix Alexandre Antunes

Soares.



50

Explaining Oximes Reactivation Effectiveness on Methamidophos-Inhibited AChE by

Quantum Biochemistry Computations

Thiago Henrique Lugokenski, Rogério de Aquino Saraiva, Roner Ferreira da Costa,
Eveline Matias Bezerra, Jodo Batista Teixeira da Rocha, Ewerton Wagner Santos

Caetano, Valder Nogueira Freire, Felix Alexandre Antunes Soares.

T.H. Lugokenski, R.A. Saraiva, J.B.T. Rocha, F.A.A. Soares (Correspondent Author)
Departamento de Quimica,

Universidade Federal de Santa Maria,

Santa Maria — Brazil

e-mail: felix@ufsm.br

R.F. Costa, E.M. Bezerra, V.N. Freire, E.-W.S. Caetano,

Departamento de Fisica,

Universidade Federal do Ceara

Fortaleza — Brazil



51

ABSTRACT

Organophosphorus compounds (OPC), as methamidophos, are neurotoxic agents
that act by inhibiting the enzyme acetylcholinesterase (AChE), which is fundamental for
the control of transmission of nervous impulses. The main way of counteract OPC
poisoning is the administration of oximes, however none of them are efficient against
all the known OPC. By taking advantage of the crystallographic data of AChE
complexed with methamidophos, a quantum biochemistry study based on the density
functional theory were performed to estimate the interaction energy of four oximes with
individual amino acids residues of the binding pocket of the AChE. For this purpose, we
applied a density matrix (DM) scheme based on Molecular Fractionation with
Conjugated Caps (MFCC). The classical oximes, obidoxime and pralidoxime, are
shown to be the most strongly oximes bound to the AChE. A binding site, interaction
energy between residues and oximes atoms, and residues domain (BIRD) panel were
constructed, and indicating clear quantum biochemistry-based routes for the
development of new oximes. Besides, novelties about the role of distant amino acids
residues, that were neglected until far, and the mechanism of enzyme reactivation are

also demonstrated.
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INTRODUCTION

The principal biological function of acetylcholinesterase (AChE, acetylcholine
hydrolase, E.C. 3.1.1.7) is to terminate the excitatory effect of the neurotransmiter
acetylcholine (ACh) in the terminal nervous junction with its effector organs or post-
synaptic sites. This occurs by the rapid hydrolysis of ACh to choline and acetate
catalysed by AChE [1]. This reaction is particularly important since ACh participates in
a number of essential processes in a variety of peripheral organs such as heart, urinary
bladder, gastrointestinal tract and ciliary muscle. Particularly important, ACh is
responsible for muscle endplates stimulation that results in a partial depolarization
followed by Ca® release, leading to the muscle contraction. The muscle tone is
maintained by spontaneous and intermittent release of ACh in the neuromuscular
junction [2].

The catalytic site of AChE is located close to the base of a narrow active site
gorge that extends 20 A into the enzyme [1], being the enzyme diameter of
approximately 40 A. The catalytic triad (Glu334-His447-Ser203) is found at the bottom
of the active site gorge, surrounded by four structural features important for catalytic
activity: the acyl binding pocket (residues Trp236, Phe295,Phe297, and Phe338), the
oxyanion hole (main chain nitrogen from residues Glyl121, Gly122, and Ala204), the
anionic subside (residues Trp86, Tyrl133, Glu202, Gly448, and Ile451) and the
peripheral anionic site (residues Asp74, Tyr124, Ser125, Trp286, Tyr337, and Tyr341)
[1,3].

AChE is a known target for a variety of drugs, being used for treatment of
Alzheimer disease, and also for plague control in agriculture. For this purpose, several

organophosphate compounds with anti-AChE effects were developed and largely used
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in a variety of cultivations such as brassica, cotton, tobacco, sugar beet, lettuce,
potatoes, and tree fruits [4]. Besides the importance of the use of organophosphates in
agriculture, the toxic exposure to humans is a great issue, being classified by the World
Health Organization as a major problem with unknown and high dread risks [5].

Organophosphorus compounds (OPC) acts, mainly, by inhibiting AChE through
covalently binding to the catalytic residue Ser203, forming an inactive enzyme (AChE-
OP). In humans, this inhibition lead to several problems related with a cholinergic
crisis, mainly muscle paralysis and fasciculation, as the result of the increased ACh in
the synapse of the neuromuscular junction, which leads to a persistent depolarization of
the motor endplate. This paralysis affects the muscles responsible by the respiration,
mainly diaphragm and intercostal muscles, leading to respiratory failure and, eventually,
to death [2,6]. Among the organophosphate compounds, methamidophos is one of the
most common pesticides used in developing countries, with more than 90% of Brazilian
small farmers reporting its use, with nearly 60% of them exhibiting typical
organophosphate intoxication symptoms [7], being an important issue regarding food
and occupational exposure [8,9].

Currently, treatment for OP poisoning consists of patient stabilization, reduction
of OP absorption, the use of an antimuscarinic agent, an oxime reactivator (e.g.
pralidoxime and obidoxime), and an anticonvulsant. The oxime mechanism of action is
based on displacing the phosphoryl group of the AChE-OP complex, which is based on
the higher oxime affinity for the enzyme in comparison with OP, as well as the high
nucleophilic power of the oxime [4]. Furthermore, no oxime can restore AChE activity
in structurally different OP moieties. Thus, the structure of the oxime determines its

capacity to restore the function of AChE [7].
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In order to molecularly explain the interactions between ligands and proteins and
for scoring functions, several docking programs have been some success in obtain the
correct binding mode [10]. However, the calculation of the binding free energy has
proven challenging [11], once that there is a complex interplay of interactions between
the ligand and the protein that interferes in the free energy of binding. So, besides a
good prediction of the “pose” of the ligand into the protein, docking scoring functions
are compromised, been simplistic empirical or statistical potentials that relate
observables to the free energy of binding by using statistical methods. In this way,
QM/MM (quantum mechanics/molecular mechanics) methods are beginning to be used
to compute protein-ligand binding affinities. Khandelwal et al. [12] used an approach
that involves docking, QM/MM optimization, molecular dynamics and QM/MM
interaction energy calculation. On other hand, higher levels of theory, such as the
Density Functional Theory (DFT), have been used to calculate wavefunctions of
macromolecules. Gao et al. [13] have described the application of a density matrix
(DM) scheme based on Molecular Fractionation with Conjugated Caps (MFCC), where
the DM is calculated for capped fragments at high levels of theory and the total energy
is the sum of the fragment DMs. Recently, da Costa et al. [14] successfully applied a
MFCC-based scheme to calculated the individual contribution of each residue and the
binding free energy of statins bond to the active site of HMG-CoA reductase, using
DFT-based methods.

The molecular mechanisms by which oximes reactivate organophosphate-
inhibited AChE has been the target of a number of docking studies. In a general way,
these studies point out to an important participation of the aromatic residues Tyr124,
Trp286, Tyr337 and Tyr341 in the stabilization of mono-oxime bisquaternary

compounds in the active site of AChE, by forming n-n and cation-n interactions [15].
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Furthermore, Ekstrom et al. [16] employed molecular dynamics simulation in sarin-
inhibited AChE together with the oxime HI6, finding that one of the HI6 rings (the
carboxyamino-pyridinium ring) is sandwiched by the residues Tyr124 and Trp286. On
the other hand, the oxime-pyridinium ring is disordered and could reach the sarin-
modified Ser203 through a hydrogen-bond network. Delfino and Figueroa-Villar [17]
used density functional theory (DFT) to model the sarin-inhibited AChE adduct,
obtaining the reactivation potency of other nucleophiles rather than oximes. Finally,
Castro and Figueroa-Villar [18] used DFT calculations to investigate the molecular

structure, conformational analysis and charge distribution of pralidoxime.

Although these findings been very interesting, all of the employed techniques
are very limited on quantify the effectiveness of each residue to the oxime-AChE-OP
bonding. The knowledge of the individual contribution of each residue is essential to the
understanding of the ligand pathway actions leading to its bond to the AChE-OP and the
subsequent reactivation process, and should be very useful to the design of new oximes.
Quantum mechanical (QM) methods are becoming popular in computational drug
design and development mainly because high accuracy is required to estimate (relative)
binding affinities [19]. Kee et al. [20] demonstrated, using the enzyme HMG-CoA
reductase, that local density functional theory (DFT) match quantum chemistry MP2
energy values for aromatic binding better than hybrid or gradient- corrected DFT
methods, what could be applied for the studies of oximes (that frequently presents

aromatic rings) and AChE (active site rich in aromatic residues).

The purpose of this work is to present a description of the binding of four
different oximes on methamidophos-inhibited AChE, through a docking study followed
by quantum chemistry investigation of the oximes interactions with residues inside a 14

A radius region encircling the oxime binding region. We take full advantage of the



56

already published 2.6 A resolution X-ray structure of the Mus musculus AChE
crystalized with methamidophos [21]. We simulated the position of the oximes into the
ACHhE active site using docking methods, followed by the calculation of the interaction
energy between AChE and the oximes, by the Molecular Fractionation with Conjugate

Cap (MFCC) scheme, as described in the Methods section.

MATERIALS AND METHODS

The X-ray diffraction data of reference [21] provides the structures of Mus
musculus AChE complexed with methamidophos with a resolution of 2.6 °A at neutral
pH (PDB code 2jge) [21]. Methamidophos is covalently attached in the AChE binding
site, at the catalytic residue Ser203, in a non-aged form (not occur the dealkylation
process). This data were taken as an input for the subsequent steps. This
crystallographic data is very useful; however, no crystallographic data with
methamidophos plus oximes were available. For contour this limitation, we used
docking simulations to predict the best “pose” of the oximes into the AChE active site.

The docking procedure was done accordingly with Musilek et al. [15]. Briefly,
both ligands and macromolecule are prepared using AutoDock Tools [22] e Chimera 1.5
[23]. All rotatable bonds within the ligands were allowed to rotate freely, and the
receptor was considered rigid. The oximes were previously constructed using the
program Avogadro 0.9 and their geometry were optimized with the MMFF 94 force
field. In the AutoDock program, a Lamarckian genetic algorithm (Amber force field)
was used, and a population of 150 individuals and 2500000 function evaluations were
applied. The structure optimization was performed for 27000 generations. Docking

calculations were set to 100 runs. At the end of calculation, Autodock performed cluster
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analysis. The 3D affinity grid box was designed to include the full active and peripheral
site of AChE. The number of grid points in the x-, y- and z-axes was 60, 60 and 60 with
grid points separated by 0.253 A. The conformations and interactions were analyzed
using the programs Accelrys Discovery Studio Visualizer 2.5 and PyMOL [24].

The quantum mechanics methods, ab initio, were becoming popular in the study
of biological systems, for example enzymatic reactions and the structure of proteins and
their ligand binding site. Particularly, the development of improved quantum methods,
as DFT and Hartree-Fock, is allowing the application of quantum mechanics to explain
ligand-protein bound [14]. Here, we used the DFT approach to estimate the interaction
energy between the oximes and specific residues of AChE. Initially, the atomic
positions of the non-hydrogen atoms at the binding pocket (including those belonging to
the oximes molecules) were kept fixed, while the hydrogen atomic positions were
initially optimized by using the Universal force field. Afterwards, simulations within the
Density Functional Theory formalism using the Local Density Approximation for the
exchange-correlation functional (DFT/LDA) were carried out using the DMOL3 code
[25, 26]. A double numerical plus polarization (DNP) basis set was chosen to expand
the electronic Kohn-Sham orbitals taking into account all electrons. The DNP basis set
is very accurate with neglectful basis set superposition error (BSSE) [25-27]. The
orbital cutoff was global and the self consistent field convergence threshold was
adjusted to 10° Ha. Interaction energies between each oxime molecule and neighbour
amino acid residues at the binding pocket of AChE were calculated by using the MFCC
(molecular fractionation with conjugate caps) strategy [14]. The interaction (binding)
energy between the oximes molecule O and the amino acid residue Ri, is given by

E(O—R) = E(O - C"'RC*!)— E(C"'RIC™*!) +
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where the Ci cap is obtained by attaching a carboxyl or amine group to the dangling
bond of the residue Ri. At the right side of Eq. (1), E(O — C*'RiC™*! ) is the total energy

i+1

of the system formed by the statin and the capped residue; the E(C"'R'C'*') term is the

i+1

total energy of the capped residue alone; E(O — C™'C™*') is the total energy of the

system formed by the statin molecule and the caps alone. Finally, E(C™'C"™*’

) is the total
energy of the system formed only by the molecular caps. The total binding energy of

each statin is obtained by adding the binding energies with each one of the amino acid

residues taken into account within the chosen interaction radius.

RESULTS AND DISCUSSION

The oxime-based reactivators of AChE acts in a specific way, being that no
oxime with broad spectrum is available to counteract the inhibition caused by different
organophophorus compounds. Thus, the molecular structure of the oximes and the
interacting residues determines the efficacy of each oxime to reactivate the AChE. The
knowledge of which residues of the binding pocket are contributing to the oxime
binging is very useful for the development of new drugs, and is not trivial specify which
using only crystallographic data or structural docking information. For example, there is
not a simple relationship between interaction energy and statin-amino acid residue
distance on HMG-CoA reductase. However, docking studies has obtained success in
predict the exact “pose” of ligands in the binding pocket, but the free energy of binding
and the participation of each residue to the stabilization of the ligand are not accurate.
Here, we use a two-step approach to reach the information of how the oximes bind in
the active site of AChE and which are the principal residues involved in the

stabilization of the oxime; firstly we perform a docking study to predict the more stable
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conformation of oxime into the active site; next, we used the molecular fractionation
with conjugate caps (MFCC, see Materials and Methods section) scheme, that allows
one to calculate the interaction energy between a given residue and its close oxime atom
at higher levels of quantum theory [28].

Figure 2 shows the dimer of AChE (fig. 2A) and the main residues involved in
the oxime bond at the AChE active site (fig. 2B). In figure 3, we may see the lowest
energy “pose” of obidoxime and pralidoxime given by the docking procedure, while in
figure 4 is possible observe the lowest energy conformation of the new oximes 1 and 2.
Here, we define the binding pocket sphere (BPS) with radius r as an imaginary sphere
centered at the ligand centroid and a binding pocket of radius r, BP (r), is defined as the
set of amino acid residues with at least one atom into the corresponding BPS. The
interactions of a oxime molecule complexed with AChE is defined as a function of r,
E(r), and is obtained by adding up the energies of all the interacting elements inside the
BP(r). So, is expected that at small r only the contributions of the neighbor residues; at
intermediate BPS sizes, the interaction energy will probably change slowly, reaching to
a convergence point at larger r values.

In figure 5, we show the interaction energy as a function of r for obidoxime
(long dashed), pralidoxime (dashed), oxime 1 (dashed — dotted) and oxime 2 (solid).
Here, is possible observe that at r larger than 12 A the total interaction energy stabilizes
(varies by less than 10%) for all oximes. Besides, there are clearly distinct patterns for
all four oximes, exhibiting a sharp decrease starting at r ~ 4 and 6.5 A, for obidoxime
and pralidoxime, respectively, and a slight decrease for oximes 1 and 2, starting at r ~
3.5 and 4 A, respectively. A total energy minimum for E(r) occur at r ~ 12 A for

obidoxime and pralidoxime, r ~ 11.5 and 10 A for oximes 1 and 2, respectively. After
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this energy range, E(r) present only small oscillations, mainly due to presence of
charged amino acid residues which weakly repel or attract the ligands.

To a better comparison of the four oximes complexed with methamidophos-
inhibited AChE, figure 6 shows the interaction energies E(r) in different radius from 4
to 14 A, varying at each 2 A. Its observable that obidoxime has the higher interaction
energy for all r showed in the figure and, presumably, the best reactivator potency on
methamidophos-inhibited AChE. Pralidoxime shows an increased affinity to the binding
pocket beyond ~ 8 A, where oximes 1 and 2 shows an increased affinity at the smallest
binding pocket (similar to pralidoxime). These data indicates that the classical oximes
(obidoxime and pralidoxime) are more stabilized into the active site than the oximes 1
and 2, and could be better reactivators than the new ones. Agreeing with that, a previous
work of our group that shows reactivity constants (k,) of 0.013 and 0.014 min” for
obidoxime and pralidoxime, respectively, and 0.04 and 0.08 min™ for oximes 1 and 2,
respectively. Besides the better interaction energy for obidoxime, pralidoxime shows
practically the same k. value than obidoxime. This is explained by the reason of that
reactivation is dynamic process, where the not just the stabilization of the ligand is
relevant, but also its position into the site. Wong et al. [29] shows that the oxyanion hole
(G120, G121 and A204), could be the subsite through which pralidoxime attacks the OP
bound on the modified S203, when Musilek et al [14] demonstrated that mono-
bisquaternary AChE reactivators (similar to obidoxime) appear to be positioned
between the peripheral anionic site and the acyl-binding pocket. In this way,
pralidoxime seems to be better positioned into the site for the reactivation process, once
it’s much more proximal of the target residue S203, where obidoxime probably pass for

an “activation” process [30] where one of the oxime groups (C=OH) become
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deprotonated, exposing a negative charge (C=0") that is attracted to P atom of the
modified S203.

The oximes residues inside 0.5 A thick spherical shells centered at each oxime
centroid are shown in Table 1. The negatively (positively) charged residues are shown
in red (blue) color. The important positively charged arginine residue R296 occurs in
the 4.5 A (for oxime 1), 8 A (obidoxime), 10.5 A (oxime 2) and 13 A shells
(pralidoxime). The negatively charged aspartic acid residue, D74, belongs to the 4 A
shells for the oxime 2, 5 A for obidoxime, 7.5 A for pralidoxime and 8.5 A for oxime 1.
The others charged residues that are beyond the 9.0 A binding pocket sphere do not
contribute to the interaction energy by a significant amount, except for the residue E202
in the case of obidoxime, that markedly contribute to the oxime bonding, and occurs at
12 A BPS.

Figures 7 and 8 are an aid to understand the results obtained for the specific
interaction between each oxime molecule and neighbor amino acid residues at the
binding pocket of AChE. These figures show the most relevant amino acid residues in
the binding of the oximes in the active site. Figure 1 also is an aid to the understand of
the results presented in Figures 9-12, it depicts the structure and relevant functional
groups of the oximes, which are the main focus of the present study. The number of the
atoms and regions presented in the figure are also shown in the Figures 9-12 to present
the possible atoms that are interaction strongly with the respective amino acid residue.

Figures 9 to 12 show graphic panels with the interaction energies between the
four oximes and the most important amino acid residues at the binding region of AChE.
These graphic panels are called BIRD, following description of da Costa et al. [14].
BIRD is an acronym of the keywords: binding site, interaction energy and residues

domain, and have the advantage of shows in just one graphic the interaction energy (in
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kcal/mol) of the residue with the drug and the region and atoms of the drug which are
interacting to each residue at the binding site. The different patterns of interaction
energy are reflex of two main characteristics: the molecular structure of each oxime and
the position at the binding pocket. First of all, these two features should be analyzed
together, once the interaction between the ligands and specific residues depends not
only of the ligand, but also of the characteristics of the residue and the relative distance
of this to the ligand.

We can see from figure 9 that the electrostatic interactions are the main forces
contributing to the stabilization of obidoxime. The residues D74 and E202 present the
main attractive forces, when the residue R296 is the main repulsive charge. This is an
expected result, once obidoxime has two positively charged nitrogen atoms; however,
the strong repulsive power of the distant residue R296 is quite surprising, and could
limit the access of the oxime group of the second pyridinium ring to the target residue
S203. This residue is neglected as a contributing force to the binding of oximes into the
AChE binding site, and is an important find of our work. The second most important
residues to the stabilization of obidoxime into the binding site are the hydrophobic ones,
the residues F338, Y72 and Y337 presumably made n-m interactions with the
pyridinium rings of obidoxime, when the residues Y124 and Y341 are most likely to
interact with the quaternary nitrogen of the pyridinium rings, by cation-n interactions.

Pralidoxime follows the same pattern of interactions than obidoxime, with the
electrostatic interaction with D74, E202 and R296 being the most contributing forces,
followed by the m-m and cation-m interactions with the residues Y72, W86 and Y133.
Furthermore, hydrogen interaction with the residues G120, G121 and ALA204 are also
important, stabilizing the pralidoxime in the oxyanion hole region, which was shown to

be the best position for this oxime attack the O-P bond of the modified S203 [29]. For
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the new oximes 1 and 2, which do not have any formal charge, the electrostatic
interactions have a secondary importance, being the hydrogen and = interactions more
evident. This lack of quaternary nitrogen is probably a limiting factor to the AChE
reactivator potency of the new oximes, as evidenced for the minor total interaction
energy show in Figures 5 and 6.

Interestingly, all oximes (except oxime 2) show repulsive energies with the
target of the reactivation process, the modified S203. This is in agreement with the
possibility of an activation process of the oximes prior of the reactivation process,
where the oximes could be un-protonated (to the oximate form) and expose a negative
charge that would be attracted by the partial positive charge of the phosphorus atom of
the organophosphate bond to the S203 [30]. However, there are indications pointing to
the possibility that the reaction occurs with the neutral oxime, instead of the oximate

form [18], raising the needed of additional studies to elucidate this question.

CONCLUSIONS

This work showed for the first time the contributions of each amino acid residue
of the AChE in the binding of oximes, using quantum chemistry methods. From our
data is possible confirm the importance of, at least, one quaternary nitrogen atom to the
stabilization of oximes into the active site and, supposedly, a better reactivation
potency, with evidences that the active form of the oximes is the un-protonated one,
instead the neutral form. Particularly important, we demonstrated the main contributions
of distant (longer than 8 A) amino acids to stabilization of oximes into the active site of
AChE, detaching the importance of the residue R296 for the geometric conformational

adopted by obidoxime.
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Figure 1 — Obidoxime, pralidoxime, oxime 1 and oxime 2 chemical structure

with the main functional groups and the protonation state as a function of the pH.
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Figure 2 — The AChE dimer (A) and binding pocket of AChE (B) detaching the

most important residues to the oxime binding.



Figure 3 — Binding sites of obidoxime and pralidoxime.
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Figure 4 — Binding sites of oxime 1 and oxime 2.
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3 DISCUSSAO

Muitos estudos tém relacionado as oximas com a reativacdo da AChE inibida
por OPs (para uma revisdo veja, Jokanovic e Sojiljkovic, 2006). Contudo, o
entendimento da relacdo estrutura-atividade das oximas no processo de reativacdo de
colinesterases ainda é muito limitado (Kuca e cols., 2006). O mecanismo molecular
envolvido no processo de reativacdo da AChE por oximas € baseado na retirada de um
grupo fosforil do complexo AChE-OP (Jokanovic e Sojiljkovic, 2006), sendo que o
potencial de uma oxima como reativador enzimdtico depende, principalmente, de seu
poder nucleofilico e orientacdo geométrica adotada no sitio ativo da AChE (Ashani e
cols., 1995). Tais pressupostos tornam vital o uso de ferramentas de modelagem
molecular para a compreensao dos mecanismos envolvidos no processo de reativacdo da
AChE, e no desenvolvimento de novas oximas. As duas novas oximas testadas neste
trabalho tem somente um grupo aldoxima, similarmente a pralidoxima, enquanto a
obidoxima apresenta dois grupos aldoxima. Kassa e cols. (2008) demonstraram que o
nimero de grupos aldoxima ndo é decisivo para o processo de reativacdo, enquanto
Cabal e cols. (2004) mostram que outras caracteristicas moleculares das oximas podem
interferir com seu poder reativador, tais como: o nimero de anéis piridina e a posi¢ao do
grupo oxima na molécula. Entre as novas moléculas testadas neste trabalho, nenhuma
delas apresenta anéis piridina, porém sao capazes de reativar a AChE e a BChE inibidas
por metamidofés (Artigos 1 e 2), e ja se mostraram bons reativadores da AChE inibida
por outros OPs, como clorpirifés, diazinon e malation (Costa e cols.,, 2011),
demonstrando que tais compostos ndo baseados em anéis piridina podem ser

promissores para estudos futuros, sendo que tais compostos foram pouco testados até o
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momento, € uma grande quantidade de modificagdes na estrutura molecular destas
novas oximas sao possiveis.

Wong e cols. (2000) demonstraram que a regido conhecida como “oxyanion
hole” (constituida pelos residuos Gly121, Gly122 e Ala204) é o sitio através do qual a
pralidoxima ataca a ligacdo O-P da Ser203 modificada por tabun, e o mesmo
comportamento ocorre quando o inibidor é o metamidofds (Figura 6, Artigo 2). Musilek
e cols. (2011) mostraram que oximas com dois anéis piridina sdo posicionados em uma
regido mais externa do sitio ativo, estando posicionado entre o sitio anidnico periférico
(PAS) e os residuos do “acyl pocket”, em um posicionamento similar ao encontrado em
nossos estudos com a obidoxima (que também apresenta dois anéis piridina). Apesar de
as principais interacdes moleculares entre os ligantes (oximas) e a enzima envolvam os
residuos de aminodcidos que circundam o sitio ativo, outros residuos que se encontram
em camadas mais internas da enzima podem contribuir para a conformacao adotada pelo
ligante e, dessa forma, no seu potencial como reativador da AChE, porém tais residuos
foram completamente negligenciados até o momento. Neste sentido, nossos dados
demonstram, pela primeira vez, que o residuo Arg296 fortemente repele as oximas
carregadas positivamente, obidoxima e pralidoxima (Manuscrito 1). No caso da
obidoxima, tal repulsdo parece impedir a aproximag¢do de um dos anéis piridina a
ligacdo O-P da Ser203 (alvo no processo de reativacdo), sendo provavel que a presenca
de um atomo de nitrogénio quaterndrio (com carga formal +1) neste anel piridina seja
desvantajosa em comparacdo a um nitrogénio tercidrio (carga forma 0). De forma geral,
no caso da AChE inibida por metamidofés, a pralidoxima parece estar melhor
posicionada para o processo de reativacdo que a obidoxima, que apresentou maior
energia de interacdo com o sitio (Manuscrito 1, Figura 5), porém com constantes de

reativacdo similares aos encontrados com a pralidoxima (Artigo 2, Tabela 1).
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Foi previamente demonstrado que a AChE possui um forte momento dipolo que
se orienta ao longo do sitio e que atrai o substrato ACh para dentro do sitio (Stojan e
cols., 2004). Além disso, os residuos Asp72, Glul99 e Glud443 (carregados
negativamente) formam um gradiente potencial no sitio ativo, e que afeta ndo s6 o
substrato como outros compostos positivamente carregados, como a obidoxima e a
pralidoxima (Delfino e cols., 2009). Tal efeito parece ser essencial para que as oximas
possam reativar a AChE com sucesso, sendo que em nosso trabalho as oximas classicas
(positivamente carregadas) foram superiores as novas oximas testadas (neutras). Apesar
de o potencial gerado dentro do sitio ativo afetar também ligantes ndo carregados,
nossos dados sugerem fortemente que este efeito € limitado no caso de oximas neutras,
uma vez que as novas oximas testadas apresentaram menor energia de ligacdo ao sitio
da AChE (Manuscrito 1, Figura 5) e menores constantes de reativacao (Artigo 2, Tabela
1).

Apesar de serem os tUnicos reativadores da AChE disponiveis clinicamente, as
oximas apresentam efeitos toxicos significantes (Bardin e cols., 1994; Carlton e cols.,
1998; Hardman e cols., 1996), tornado importante a procura por novos compostos
capazes de contornar os efeitos téxicos de OPs com menos efeitos colaterais. Nesse
sentido, nosso grupo de pesquisa tem relatado alguns efeitos farmacologicamente uteis
de tiosemicarbazonas, em especial a isatina-3-N*-benziltiosemicarbazona (IBTC), que
demonstrou efeitos antioxidantes e antiaterogénicos em estudo anterior (Barcelos e
cols., 2011), e apresentou efeito tanto protetor como reativador da AChE (Artigo 1,
Figuras 5 e 6) e ndo demonstrou significativo efeito toxico in vivo em nenhum dos
indicadores bioquimicas usualmente envolvidos com o envenenamento por OPs, e com

valores de LDs, superiores a 500 mg/kg.
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O mecanismo molecular da reativacdo da AChE pelo IBTC (Artigo 1, Esquema
1), envolve a reacdo do grupo carboxilato (RCOQO") do residuo Asp74 com o atomo de
hidrogénio ligado ao nitrogénio do grupo imino da IBTC, o que leva a desprotonagdo do
enxofre e formacdo de um tiolato. Entdo, o tiolato (com alta nucleofilicidade) pode
atacar o centro eletrofilico do metamidofés. Ha a formacao de um intermedidrio com o
fosfato penta coordenado, fazendo com que o OP deixe o sitio ativo e retorne ao seu
estado tetraédrico ligado ao IBTC e, desta forma, reative a enzima. Wong e cols. (2000)
demonstraram que a formacdo de dois enantidmeros, S, € R, sdo possiveis na inibi¢do
da AChE por metilfosfosnados, sendo que os S, enantidmeros sdo mais reativados em
formar conjugados com a enzima e apresenta maiores taxas de reativagdo por oximas
que o R;,. Baseado no mecanismo de reativacdo da AChE pelo IBTC aqui proposto, o
mesmo padrdo de reativacdo com oximas no estudo de Wong e cols. (2000) é valido
também para as tiosemicarbazonas, como o IBTC, onde a conforma¢do que melhor se
adequa ao processo de reativag@o € a conformacio S, do complexo AChE-OP, devido
ao posicionamento apical do tiolato em relagdo a Ser203 modifica pelo metamidofos.

A enzima butirilcolinesterase (BChE) é considerada uma enzima acesséria ao
sistema colinérgico, porém, tal enzima é dez vezes mais presente em humanos que a
propria AChE (cerca 680 nmol de BChE e 62 nmol de AChE) (Manoharan e cols.,
2007), o que sugere que a BChE possa ter um importante papel fisiol6gico. A BChE
consegue catalisar a hidrolise da ACh, apesar de fazé-lo com menos eficiéncia que a
AChE, e, desta forma, regular a neurotransmissdo colinérgica. Outras evidéncias
apontam que a BChE pode agir como um corregulador da acdo da ACh (Darvesh e
cols., 2003), e sua inibicdo leva a um aumento dose dependente nos niveis de ACh no
cérebro (Giacobini, 2000). Dados neuroanatomicos demonstraram que a BChE €

expressa por populagdes especificas de neurdnios nos sistemas nervoso central (Tago e
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cols., 1992; Darvesh e Hopkins, 2003) e periféricos (Darvesh e cols., 1998), consistente
com uma func¢do corregulatoria da BChE na neurotransmissdo colinérgica. Em estudo
com camundongos que ndao expressam a enzima AChE, a BChE demonstrou ter
importante fun¢do na hidrélise da ACh, uma vez que a inibi¢do da BChE, neste caso, se
mostrou letal (Mesulam e cols., 2002). Tal situacdo pode ser considerada andloga a
inibicdo da AChE por compostos OPs onde, devido a maior presenca da BChE que a
AChE em humanos, a hidrélise da ACh pela BChE pode representar um modo de lidar
com os altos niveis de ACh causada pela inibicdo da AChE. Deste modo, os resultados
desta tese mostram que as novas oximas e a IBTC foram superiores em reativar a BChE
quando comparado com os fiarmacos utilizados atualmente na clinica (obidoxima e
pralidoxima), e este fato pode representar uma vantagem em conter a crise colinérgica.
Modificacdes futuras na estrutura molecular das novas oximas testadas, que levem a
uma melhor taxa de reativacdo da AChE, sem perda do efeito sobre a BChE, seria de
grande significado para o desenvolvimento de novos farmacos capazes de conter os

efeitos do envenenamento por OPs.



85

4 CONCLUSOES

Baseando-se nos resultados aqui apresentados, pode-se concluir que:

- Analises in vitro:
- As duas novas oximas e a IBTC apresentaram capacidade de reativar a
ACHhE inibida pelo metamidofés, porém de maneira menos eficiente que
as oximas cldssicas, obidoxima e pralidoxima.
- Em relagdo a reativacdo da BChE, todos as novas drogas testadas foram
capazes de reativar esta enzima inibida pelo metamidofés, enquanto que
as oximas cldssicas falharam em reativar a BChE em todos os testes

feitos.

- Analises in silico

- Pela metodologia de atracamento molecular (“docking”) observamos
que 0S NOVOS compostos encontram-se em posi¢do similar a obidoxima,
em uma regiao mais externa do sitio ativo da AChE, entre as regides do
sitio anidnico periférico e o sitio catalitico anionico. J4 a pralidoxima
teve a sua conformacdo mais estdvel na regido do ‘“oxyanion hole”,
proximo a triade catalitica, em uma regido supostamente mais vantajosa
ao processo de reativagao.

- As principais forcas que estabilizam as oximas no sitio ativo da AChE
sdo: forcas eletrostaticas, principalmente envolvendo os residuos Asp74,
Glu202 e Arg296; e a interagdes do tipo m- © e cdtion- m, envolvendo os
residuos aromdticos do sitio ativo, destacando-se os residuos Tyr72,

Trp86, Tyr124, Trp286, Phe295, Tyr337 e Phe338.
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- Demonstramos também que, o residuo Arg296 contribui
significativamente para a estabilizacdo dos ligantes no sitio ativo da
AChE, sendo que tal residuo se encontra distante do centro dos ligantes e
foi ignorado at¢é o momento como uma forga contributiva a ligacdo de
oximas.
- Anadlises ex vivo

- O composto isatina-3-N*-benziltiosemicarbazona apresentou baixa
toxicidade em camundongos, ndo alterando os principais indicadores de

estresse oxidativo ou a atividade das enzimas delta aminolevulinato

desidratase e Na*/K* ATPase.
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