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Resumo

A Doenca de Parkinson (DP) ¢ uma doenga neurologica intrigante que afeta a
populacdo em geral, atacando principalmente nos paises em desenvolvimento. Com isso, cria-
se a necessidade da descoberta de agentes terapéuticos para o tratamento da DP. A
monoamina oxidase (MAQO) ¢ uma enzima de grande importidncia na neuroquimica, pois
catalisa a desaminagdo oxidativa de aminas biogénicas, como monoaminas
neurotransmissoras ¢ neuromoduladoras, assim como monoaminas bioativas exégenas. Com
base na especificidade a substrato e inibidores, sdo descritas duas isoformas da MAO (A e B).
Devido aos seus papéis no metabolismo das catecolaminas neurotransmissoras, MAO-A e
MAO-B sdo consideradas farmacologicamente interessantes, e inibidores reversiveis e
irreversiveis destas isoformas s3o usados clinicamente para tratar doencas neuroldgicas
incluindo a DP. Nos ultimos 15 anos, desde a demonstragdo que sitios 12 estdo associados
com fragdes da membrana mitocondrial, muitos estudos provem evidéncias de que estes sitios
representam regides da MAO. Além disso, alguns estudos tém demonstrado que derivados
imidazolinicos sdo capazes de inibir a atividade da MAO. Este efeito tem sido atribuido a
sitios I, de alta afinidade na MAO-B (I;g) € a um sitio similar de baixa afinidade na MAO-A
(Iza). Estudos cristalograficos identificaram o dominio da ligacdo imidazolinica sobre
monoamina oxidase B (MAO-B), que abre a possibilidade de estudos de docking molecular
voltadas para este sitio de ligagdo. Assim, este estudo teve como objetivo identificar novos
potenciais inibidores da MAO-B. Também estamos interessados em estabelecer uma
metodologia computacional rdpida e confidvel para futuras simula¢des de docking molecular
focadas no sitio imidazolinico de ligagdo desta enzima. Foi utilizado o programa ‘Molegro
Virtual Docker’ (MVD) em todas as simula¢des aqui descritas. Todos os resultados indicaram
que o algoritmo simplex evolution ¢ capaz de simular com sucesso as interagdes proteina-
ligante para MAO-B; e que uma funcdo de escore (MOLDOCK score) implementada no

programa MVD apresenta alto coeficiente de correlagdo com a atividade experimental.

Palavras Chaves: Depressio, Doenca de Parkinson, MAO-A e MAO-B, sitios

imidazolinicos, docking molecular, Virtual Screening.
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Abstract

Parkinson's disease (PD) is a intriguing neurological disorder that affects the general
population, attacking mainly in developing countries. This, it creates the need for discovery of
therapeutic agents for the treatment of PD. Monoamine Oxidase (MAQO) is an enzyme of
major importance in neurochemistry, it catalyzes the oxidative deamination of biogenic
amines, such as monoamine neurotransmitters and neuromodulators, as well as exogenous
bioactive monoamines. On the basis of their substrate and inhibitor specificities, two isoforms
of MAO have been described (A and B). Due to their role in the metabolism of
catecholamines neurotransmitters, MAO-A and MAO-B have long been of pharmacological
interest, and reversible and irreversible inhibitors of these isoforms are used clinically to treat
neurological diseases including PD. Since the demonstration that 12-imidazoline sites are
associated with mitochondrial membranes 15 years ago, several studies have provided
evidence that these sites represent regions on MAOs. In line with this view, it has been
demonstrated that imidazoline derivatives inhibit MAO activity. This effect has been
attributed to a high affinity 12 binding site on MAO-B (I2B) and to a similar lower affinity
site on MAO-A (I2A). Crystallographic studies have identified the field of imidazoline
binding on monoamine oxidase B (MAO-B), which opens the possibility of molecular
docking studies devoted to this binding site. Thus, this study aimed to identify new potential
inhibitors of MAO-B. We are also interested in establishing a fast and reliable computational
methodology for future molecular docking simulations focused on the imidazoline binding
site of this enzyme. We used the program 'Molegro Virtual Docker' (MVD) in all simulations
described here. All results indicated that the simplex algorithm evolution is able to
successfully simulate the protein-ligand for MAO-B, and a function score (score
MOLDOCK) implemented in the program MVD has a high correlation coefficient with the

experimental activity.

Keywords: Depression, Parkinson's disease, MAO-A and MAO-B, imidazoline sites, docking

molecular, virtual screening.
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1. INTRODUCAO

1.1 Doenca de Parkinson

A Doenga de Parkinson (DP), descrita por James Parkinson em 1817, ¢ uma das
doencas neurologicas mais comuns e intrigantes dos dias de hoje. E uma doenca
neurodegenerativa com uma etiologia complexa e multifatorial, de distribui¢do universal e
atinge todos os grupos étnicos e classes socio-econdmicas. Estima-se uma prevaléncia de 100
a 200 casos por 100.000 habitantes. Sua incidéncia e prevaléncia aumentam com a idade. A
prevaléncia da DP no Brasil ndo é conhecida (Farrer, 2006).

Do ponto de vista patologico, a DP ¢ uma doenga degenerativa caracterizada por morte
de neurdnios dopaminérgicos da substincia nigra e por inclusdes intracitoplasmaticas destes
neurdnios, conhecidas como corpusculos de Lewy. As manifestagdes clinicas da DP incluem
tremor de repouso, bradicinesia, rigidez roda denteada e anormalidades posturais (Paulson ef
al., 1996). Como ¢ uma doenga progressiva, que usualmente acarreta incapacidade severa
apos 10 a 15 anos, o impacto social e financeiro ¢ elevado, particularmente na populacdo mais
idosa (Bennett et al., 1996). E estimado que o custo anual mundial com medicamentos
antiparkinsonianos esteja em torno de 11 bilhdes de dolares, sendo cerca de 3 a 4 vezes mais
caro para os pacientes na fase avangada da doenga (Dodel ez al., 1998; Siderowf et al., 2000).

Foi somente na década de 1960, apés a identificacdo das alteracdes patologicas e
bioquimicas no cérebro de pacientes com DP, que surgiu o primeiro tratamento com sucesso,
abrindo caminho para o desenvolvimento de novas terapias efetivas. A introdugdo da
levodopa representou o maior avango terapéutico na DP, produzindo beneficios clinicos para
praticamente todos os pacientes e reduzindo a mortalidade por esta doenga. No entanto, logo
apos a introdugdo da mesma, se tornou evidente que o tratamento por longo prazo era
complicado pelo desenvolvimento de efeitos adversos que incluem flutuagdes motoras,
discinesia e complica¢des neuropsiquiatricas (Lang et al., 1998).

Inibidores da monoamina oxidade (IMAOs), sdo alvos promissores para a descoberta
de novos agentes terapéuticos para o tratamento da DP, porque devido aos seus papéis no
metabolismo das catecolaminas neurotransmissoras, Monoamina Oxidase A (MAO-A) e
Monoamina Oxidase B (MAO-B) sdo consideradas farmacologicamente interessantes; sendo
que seus inibidores reversiveis e irreversiveis sdo utilizados clinicamente para tratar doencas

neuroldgicas incluindo também a depressdo (Binda et al., 2003).
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Neste Trabalho enfocamos a Monoamina Oxidase (MAQO), uma enzima que contém
Flavina-Adenina-Dinucleotideo (FAD) e se constitui em um importante alvo molecular. Aqui
sdo discutidos os aspectos estruturais e moleculares desta proteina, bem como de possiveis
compostos inibidores identificados e analisados por técnicas computacionais como o Docking
Molecular, Re-docking, Cross-docking e Virtual Screening (VS) ou triagem virtual de

ligantes.

1.2 Monoamina Oxidase

Monoamina oxidase (MAO) (E.C: 1.4.3.4) ¢ uma enzima que contém Flavina-
Adenina-Dinucleotideo (FAD) e esta localizada na membrana externa da mitocondria em
neurdnios, glia e outras células. Ela catalisa a desaminagdo oxidativa de aminas biogénicas,
como monoaminas neurotransmissoras (serotonina, norepinefrina, dopamina) e
neuromoduladoras (B-feniletilamina), assim como monoaminas bioativas exdgenas (tiramina)
(Shih et al., 1999). Em tecidos neuronais, a MAO participa na regulacdo dos niveis de
neurotransmissores monoaminérgicos e regula os estoques intracelulares de monoaminas. Em
tecidos periféricos, como intestino, figado, pulmao e placenta, a MAO protege o organismo
oxidando aminas provenientes do sangue ou prevenindo sua entrada na circulagdo sanguinea.
Em microvasos da barreira-hemato-encefalica (BHE), por exemplo, a MAO possui fun¢ao
protetora agindo como barreira metabodlica (Youdim et al., 2006a). Além disso, esta enzima ¢é
responsavel pela biotransformacdo de 1-metil-4-fenil-1,2,3,6-tetraidropiridina (MPTP) em 1-
metil-4-fenilpirinium (MPP+), uma neurotoxina que causa Parkinson (Tipton et al., 1986;
Fritz et al., 1985). Outros estudos mostram que a MAO participa em processos apoptoticos
sendo que a inibicdo da sua atividade pode suprimir a morte neuronal (De Zutter et al.,
2001).

A reacdo catalisada pela MAO envolve a desaminagdo de monoaminas em aldeido e
amonia (no caso de aminas primdrias) e em aminas substituidas (no caso de aminas
secundarias), com geracdo de peroxido de hidrogénio (H,O). O H,0O,, formado quando o
cofator FAD ¢ reoxidado pelo oxigénio, geralmente ¢ inativado por enzimas como catalase e
glutationa peroxidase. Entretanto, quando ha um aumento na atividade ou expressao da MAO,
o H,0, em alta quantidade pode ser convertido por ions Fe** em radicais hidroxilas (OHe)
altamente reativos (Figura 1). Estes radicais sdo capazes de provocar efeitos deletérios que
podem causar dano e morte neuronal. Ja o aldeido formado ¢ rapidamente metabolizado pela

enzima aldeido desidrogenase a metabolitos acidos. Estes metabolitos acidos (acido 5-hidroxi-
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3-indol acético a partir de 5-HT (5-hidroxitriptamina ou serotonina), ou acido 3,5-
diidroxifenil acético a partir de DA (dopamina) podem ser utilizados para medidas da

atividade da MAO in vitro e in vivo (Youdim et al., 2006b).

Figura 1 — Mecanismo de neurotoxicidade induzido por ferro e perdxido de hidrogénio, via
reacdo de Fenton.

R

eage com

Proteinas
DNA
Aumenta o stress

HO, > one _ oxidativo

GSH ﬂ
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GSSG Neuronal

H,0,

Fonte: Adaptado de Youdim et al., 2006a.

Com base nas evidéncias de estudos conduzidos com varios inibidores, Jonhston
(1968), concluiu que a MAO consiste de um sistema binario de enzimas, designadas MAO-A
e MAO-B. Estas duas formas da MAO distinguem-se pela sua seletividade a substratos e
inibidores, e distribuicao tecidual. MAO-A ¢ inibida irreversivelmente por baixas
concentragdes de clorgilina e catalisa preferencialmente a oxidacdo de serotonina (Fowler et
al., 1982), enquanto MAO-B ¢ inativada irreversivelmente por baixas concentragcdes de
selegilina (L-Deprenil) e preferencialmente oxida fB-feniletilamina e benzilamina (Knoll &
Magyar, 1972). A tiramina, a triptamina e a dopamina sdo igualmente metabolizadas por
ambas as formas da enzima (Youdim ez al., 2006a). Entretanto, em humanos a dopamina ¢

oxidada preferencialmente por MAO-B (Glover, 1977) e em roedores ¢ oxidada pela MAO-A
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(Johnston 1968; Neff & Yang 1974), mas na maioria das espécies ela pode ser metabolizada
por ambas isoformas da enzima (O Carrol, 1983).

Contudo, h4a numerosas excecdes a essa regra pelo fato de a especificidade da MAO
aos substratos depender da concentracdo, afinidade e renovagdo dos substratos, além de
depender da concentracdo da enzima (Tipton et al., 1987).

A distribuicdo da MAO no cérebro apresenta pequenas variagdes entre as espécies.
MAO-A ¢, predominantemente, encontrada em regides com alta densidade de neurdnios
catecolaminérgicos como locus ceruleus, substancia negra e regides periventriculares do
hipotdlamo. Além disso, MAO-A estd co-localizada com a enzima dopamina-beta-
hidroxilase, que converte dopamina em noradrenalina. Em contraste, estudos
imunohistoquimicos mostram que neurdnios serotoninérgicos (células do nticleo dorsal da
rafe) e astrocitos contém predominantemente MAO-B (Westlund ef al., 1985; Saura et al.,
1996; Jahng et al., 1997). Em relacdo a sua distribui¢do em tecidos periféricos, a MAO varia
dentro de um mesmo organismo. Alguns tecidos como plaquetas de humanos ou rim e figado
de bovinos, apresentam maior quantidade de MAO-B (Grimsby et al., 1990). J4 outros, como
o intestino e a placenta humana e a tiredide de bovinos predomina MAO-A
(Sivasubramaniam et al., 2003; Nagatsu, 2004).

As isoformas da MAO, MAO-A e MAO-B ( Figura 2) sdo codificadas por dois genes
diferentes, localizados no cromossomo X (Xp11.23), cada um compreendendo 15 éxons com
idéntica organizacdo introns-exons (Grimsby et al., 1991), sugerindo que as isoformas sao
derivadas a partir de uma duplicagdo de um mesmo gene ancestral. MAO-A ¢ MAO-B
humanas sdo formadas por 527 e 520 aminoacidos, respectivamente, e apresentam 70% da
seqiiéncia de aminoécidos idéntica (Bach et al., 1988). A MAO-B tem um cofator, a FAD (
Figura 3). Cofatores sdo substancias ndo-proteicas que tomam parte das reagdes enzimaticas e
sdo regeneradas para serem utilizadas em reagdes futuras (Campbell, 2000). A seqiiéncia de
aminoacidos da MAO-A de humanos (Bach et al., 1988; Hsu et al., 1988), bovinos (Powell
et al., 1989) ¢ ratos (Kuwahara et al., 1990) ¢é altamente conservada (>87% idénticas). A
seqiiéncia de aminoacidos da MAO-B de humanos (Bach et al., 1988) ¢ ratos (Ito et al.,
1988) também ¢ altamente conservada (88 % idénticas).

A partir da obtencdo de formas cristalizadas das isoformas da enzima (Binda et al.,
2003; Ma et al., 2004; De Colibus et al., 2005; Son et al., 2008) foi possivel estabelecer a
estrutura tridimensional das isoformas da MAO de ratos e de humanos, bem como predizer
residuos importantes para a formacdo do sitio ativo e os responsaveis pela especificidade a

substratos e inibidores. A MAO-A de rato ¢ a MAO-B humana cristalizam como dimeros,
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com similar interagdo mondmero-mondmero. No entanto, a MAO-A humana cristaliza como
um mondmero. Isto reflete a diferenca de aminoacidos na posi¢do 151 (a MAO-A de rato
possui um residuo de acido glutdmico, enquanto a MAO-A humana possui uma lisina).
Devido a esta mudanga, a MAO-A humana resulta em um estado de mondémero, pois este
residuo estd presente na interface do dimero em MAO-A de rato ¢ MAO-B de humanos
(Andrés, 2004). Na figura 4, ¢ apresentada a visdo estereoscopica da estrutura tridimensional

da MAO-B.

Figura 2- Estrutura da MAO-A (A) e da MAO-B (B) humanas.

A ;Jter

Fonte:Moraes (2011).

Figura 3- Estrutura do cofator FAD em 3D, presente no sitio ativo da MAO-B. A FAD
participa do processo de deaminagdo oxidativa das monoaminas

Fonte: Moraes (2011).
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Figura 4 — Visao estereoscopica da estrutura tridimensional da MAO-B.

Fonte: Moraes (2011).

Monoamina Oxidase nos tecidos periféricos, como o intestino, figado, pulmio e
placenta parece proteger o organismo da oxida¢do de aminas provenientes do sangue ou
impedir a sua entrada na circulagdo. MAO-B nos microvasos da BHE presumivelmente, tem
uma fun¢do similar de protecdo, agindo como uma barreira metabolica. Tem sido sugerido
que no Sistema Nervoso Periférico (SNP) e Sistema Nervoso Central (SNC) intraneural,
MAO-A e MAO-B protegem os neurdnios a partir de aminas exogenas, limitam as a¢des dos
neurotransmissores amininicos e regulam o conteudo da reserva de amina intracelular
(Youdim et al., 2006a).

O baixo nivel de MAO-A em neur6nios serotoninérgicos sugere que as células da glia
pode ter um papel importante na degradacdo de neurotransmissores 5-HT. Na verdade, os
inibidores da MAQO, mas ndo MAO-B tem demonstrado que o aumento do 5-HT cerebral tem
atividade antidepressiva. Em contrapartida, o principal papel da MAO-B nos neurdnios
serotoninérgicos pode ser a de eliminar aminas externas € minimizar o seu acesso a vesiculas
sinapticas. Em conjunto com a membrana da vesicula e os sistemas de captacdo de 5-HT, o
que poderia contribuir para a pureza do 5-HT entregue a fenda sindptica (Youdim et al.,

2006a).
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Neurdnios noradrenérgicos contem MAO-A e MAO-B, e noradrenalina ¢ um
substrato razoavelmente bom para ambas as formas da enzima. No entanto, devido a afinidade
do mecanismo de captagdo vesicular de noradrenalina ¢ muito superior ao seu K,, de MAO, a
captacdo de noradrenalina em vesiculas sindpticas devem ser fortemente favorecida em
relagdo a degradacdo por MAO-A ou MAO-B. Um papel importante para MAO-A na
desaminag¢do de noradrenalina e dopamina em synaptosome do hipotdlamo e corpo estriado,
respectivamente, tenha sido relatado (Youdim et al., 2006a).

Fungdes extraneuronais da MAO na inativagcdo de aminas captada pelas células gliais
e astrocitos ( Figura 5). Os resultados dos estudos sobre o fluxo de dopamina e AMP ciclico
induzida por D-anfetamina mostram que o metabolismo da dopamina extraneuronal por
MAO-B pode ser importante quando a captacdo neuronal ¢ prejudicada (Youdim ez al.,

20062).

Figura 5 - Vias de sintese de dopamina nos neurdnios dopaminérgicos ¢ metabolismo pela
MAO-A e B no cérebro.
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Fonte: Adaptado de Youdim et al., 2006b.

Como visto na figura 5, a tirosina atravessa a barreira hematoencefilica e ¢ hidroxilada

pela tirosina hidroxilase (TH) para DOPA e, em seguida descarboxilada por DOPA
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descarboxilase (DDC) a dopamina (DA) dentro do neurénio. A dopamina ¢ retomada em
vesiculas sindpticas ou metabolizada pelo MAO-A na mitocondria neuronal. Apds o
langamento do terminal, a dopamina extracelular ¢ desmarcada por captacdo em astrocitos e
células gliais também contendo MAO-A ¢ MAO-B. Inibi¢do seletiva de uma isoforma da
MAO permite que a outra metabolize dopamina de forma eficaz e ndo altera os niveis de
dopamina no nucleo estriado. Por outro lado, a inibicdo ndo-seletiva de ambas as isoformas
induz aumento altamente significativo de dopamina no estriado e em outras regides do
cérebro. Receptores de dopamina: D1 e D2 (Youdim et al., 2006b).

Embora os papéis da MAO-A e MAO-B no encerramento das acdes dos
neurotransmissores € aminas da dieta t€ém sido estudadas extensivamente, menos atencao tem
sido dada as fungdes dos produtos da atividade da MAO. O perdxido de hidrogénio formado
durante a reagdo pode ter importantes fungdes metabdlicas e de sinalizagdo no cérebro, e os
aldeidos derivados da desamina¢do da 5-HT e da noradrenalina podem estar envolvidos na
regulacdo do sono. No entanto, em concentracdes mais elevadas, os produtos da amonia e
perdxido de hidrogénio sdo toxicos. O aldeido derivado da dopamina, o que ndo parece se
acumular no cérebro saudavel, € citotoxico. Isso pode ser importante na doenga de Parkinson,
em que os niveis de aldeido desidrogenase na substincia negra sdo muito reduzidos. Poderia
também formar adutos com grupos amina para produzir compostos toxicos, como
tetrahidropapaveroline que tém sido associados com parkinsonismo e anormalidades do
alcool. Desta maneira aldeidos podem também formar adutos com grupos amina para produzir
compostos toxicos, como tetrahydropapaveroline que tém sido associados com parkinson e
anormalidades relacionadas ao alcool (Youdim et al., 2006a).

Ha vérios relatos de inibidores endogenos da MAO no liquido cefalorraquidiano e no
cérebro, mas a maioria permaneceu inconclusivo. Por exemplo, o peptideo neurocatin tém
sido relatado como inibidor da MAO-A (molécula intacta). Moléculas de baixo peso
molecular que podem atuar como inibidores da MAO endogena incluem derivados da
isoquinolina, Harman, isatina, fosfatidilserina e o 4cido quinolinico. No entanto, o significado
fisioloégico dos seus efeitos inibitoérios permanece obscuro. Houve também vérios relatos
conflitantes sobre um inibidor enddégeno de plaquetas MAO-B que ¢ elevada em pacientes

com esquizofrenia (Youdim ez al., 2006a ).
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1.3 Desenvolvimento de Inibidores da MAO

O primeiro inibidor da MAO introduzido na clinica foi a iproniazida (Figura 6). Ela
foi sintetizada em 1951 como um anédlogo da isoniazida, uma droga usada no tratamento da
tuberculose (Selikoff er al., 1952). Mudancas no humor foram observadas durante o
tratamento cronico de pacientes com tuberculose que recebiam a iproniazida. Estes efeitos de
elevagdo do humor conduziram a uma triagem clinica em pacientes depressivos, que mostrou
uma utilidade clinica da iproniazida como um farmaco antidepressivo (Crane, 1956).

A partir deste achado, durante os anos 1950 passou-se a desenvolver outros derivados
hidrazinicos como inibidores da MAO para o tratamento da depressdo, como a fenelzina e a
isocarboxazida. Contudo, os relatos de toxicidade hepatica, crises hipertensivas, de
hemorragia e, em alguns casos, de morte, resultaram na retirada do mercado de muitos
farmacos da primeira gera¢do de inibidores da MAO. A toxicidade hepdtica, associada
especificamente com inibidores derivados hidrazinicos, foi evitada pelo desenvolvimento de

inibidores ndo-hidrazinicos, como tranicilpromina e pargilina (Figura 6) (Robinson, 2002).



Figura 6 — Estruturas quimicas de inibidores irreversiveis da MAO.
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Entretanto, as crises hipertensivas continuaram a ocorrer. Este efeito colateral,
chamado de “reag¢do do queijo”, ocorre quando a tiramina e outras aminas simpatomiméticas,
que sdo encontradas em alimentos fermentados como queijo (Da Prada et al., 1988), entram
na circulacdo, e potencializam a atividade cardiovascular simpatica pela liberacdo de
noradrenalina (Figura 7). Normalmente, estas aminas sdo metabolizadas pela MAO-A
presente no intestino e no figado. No entanto, com o uso de inibidores irreversiveis, a MAO-A
fica constantemente inibida, inviabilizando o metabolismo destas aminas exogenas (Youdim

& Weinstock, 2004).

Figura 7 — A "reacdo do queijo" - potencializacdo dos efeitos cardiovasculares da tiramina
por inibidores irreversiveis da MAO.
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Fonte: Adaptado de Youdim et al., 2006b.

Como visto na figura acima, normalmente, a tiramina na dieta sofre extensa inativacao

de “primeira passagem” pelas isoformas da MAO na parede intestinal e depois no figado. A
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tiramina que sobrevive entra na circulagdo sistémica ¢ ainda mais atenuada pela MAO em
células endoteliais vasculares e pulmonares. No neuronio adrenérgico, a captagao de tiramina
inicia na liberacdo de noradrenalina, que representa os efeitos simpaticomiméticos de
tiramina. Inibi¢do irreversivel da MAO-A, a isoforma predominante na periferia, permite que
uma quantidade muito maior de tiramina entre na circula¢do sist€émica e, a partir dai, os
neurdnios adrenérgicos, conseqiientemente aumentam a liberagdo de noradrenalina e seu
efeito. Por outro lado, inibidores reversiveis da MAO-A sdo deslocados da enzima por
tiramina, que ¢ entdo metabolizada pela enzima normalmente. Assim, a tiramina circunlante,
nunca atinge os niveis elevados resultantes da inibi¢do irreversivel da MAO (Youdim et al.,
2006b).

A segunda geragdo de inibidores da MAO emergiu com a descoberta de inibidores
seletivos para as formas A e B da enzima. Neste momento, surgiram dois importantes
inibidores que auxiliam até hoje os estudos de inibicdo da MAO. Estes inibidores sdo a
clorgilina e a selegilina (Figura 6), inibidores seletivos da MAO-A (Johnston, 1968) ¢ MAO-
B (Knoll et al., 1965), respectivamente. A clorgilina foi bastante utilizada como
antidepressivo e ansiolitico (Zisook, 1985). Ja a selegilina ainda ¢ amplamente estudada e
utilizada como adjuvante no tratamento da doenca de Parkinson, em combinag¢do com a L-
DOPA (Tetrud & Langston, 1989; Waters et al., 2004). Diferentemente dos inibidores nao-
seletivos da MAO, os inibidores seletivos de MAO-B nao apresentam efeitos colaterais como
a reacao do queijo, em razdo do intestino conter pouco MAO-B e a tiramina ser efetivamente
metabolizada pela MAO-A intestinal. No entanto a selegilina, por ser um andlogo estrutural
da anfetamina, ¢ metabolizada in vivo em L-anfetamina e L-metanfetamina (Reynolds et al.,
1978), metabolitos potencialmente toxicos, possuindo a¢des simpatomiméticas semelhantes a
anfetamina (Simpson, 1978; Finberg ef al., 1981). A rasagilina (Azilect®, Industrias
Farmacéuticas Teva, Israel) (Figura 6) ¢ também um inibidor seletivo e irreversivel da MAO-
B (Youdim et al., 2001; Sterling et al., 1998), pertencente a segunda geragdo de inibidores e,
diferente da selegilina, ¢ um derivado aminoindol que ndo gera metabolitos anfetaminicos
(Finberg & Youdim, 2002). Muitos estudos tém comprovado a eficacia da rasagilina no
tratamento da doenga de Parkison, sendo aprovada desde 2005, em alguns paises, como
monoterapia ou como terapia adjuvante com L-DOPA (Fernandez et al., 2007).

Todos os inibidores da MAO originais, da primeira e segunda geragdo, sdo inibidores
enzimaticos irreversiveis. Estas substancias ligam-se a MAO formando uma ligag¢do covalente
com o sitio ativo da enzima, destruindo definitivamente a fun¢do desta enzima (Kearney et

al., 1971; Bach et al., 1988). A atividade enzimatica s6 ¢ restabelecida apds a sintese de
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novas moléculas de MAO. Algumas vezes estes inibidores sao chamados "suicidas", porque,
uma vez a enzima liga-se ao inibidor, este, em esséncia, comete suicidio, pois ndo mais
exercera sua fungdo até que uma nova molécula da enzima seja sintetizada pela célula. Além
disso, estes inibidores da MAO tendem a perder a seletividade inicial com doses maiores ou
com administracdes repetidas. Dessa forma, as agdes produzidas pelo uso destes compostos
podem ter limitagdes importantes na terapia, como efeitos nervosos centrais (insonia,
irritabilidade, agitagdo, hipomania, supressdo do sono REM), disfunc¢des cardiovasculares
(hipotensdo ortostatica), reacdes hipertensivas graves e disturbios sexuais (Cesura et al.,
1992).

Durante os anos 80, uma terceira geragdo de inibidores da MAO foi desenvolvida: os
inibidores seletivos reversiveis. A partir de consideragdes teoricas, esperou-se que estes
inibidores possuissem alta seletividade ao longo de uma vasta faixa de doses e durante o uso
cronico, induzindo minimos efeitos adversos. O desenvolvimento de inibidores seletivos ¢
reversiveis da MAO propiciou a perda de muitos efeitos colaterais, de nivel central e
periférico. Alguns inibidores da MAO-B reversiveis, como lazabemida (Figura 8) foram
desenvolvidos (Saura et al., 1994).

A lazabemida ¢ um inibidor altamente seletivo da MAO-B, e diferente da selegilina,
ndo ¢ metabolizado em compostos ativos (Cesura et al., 1996). Além disso, os inibidores da
MAO-B sao alvos de grandes pesquisas para o tratamento de doengas como Parkinson. Isto ¢
devido a MAO-B, primeiramente, corresponder a 80% da atividade da MAO total em cérebro
de humanos. Ainda, a MAO-B ¢ a principal responsavel pela degradagdo da B- feniletilamina,
uma amina endégena que estimula a liberagdo de dopamina e inibe sua recaptagdo. Assim, a
inibicdo da MAO-B possibilita um aumento nos niveis de dopamina, melhorando a
transmissdo dopaminérgica, tdo prejudicada na doenga e Parkinson (Chen & Swope, 2005).

Alguns inibidores reversiveis da MAO-A também foram desenvolvidos como a
moclobemina, a toloxatona, a befloxatona, a cimoxatona e a brofaromida (Figura 8). Estes
inibidores conseguem bloquear MAO-A no sistema nervoso central (SNC) suficientemente
para obter efeitos antidepressivos, enquanto a tiramina provinda da dieta ¢ capaz de deslocar o
inibidor da MAO-A periférica, permitindo seu metabolismo (Anderson ef al., 1993). No
entanto, estes inibidores ainda desenvolvem outros tipos de reagdes adversas. No caso da
moclobemida, por exemplo, estes efeitos adversos incluem: disturbios do sono, aumento da

ansiedade, agitacdo e dor de cabeca (Yamada & Yasuhara, 2004).



Figura 8 — Estruturas quimicas de inibidores reversiveis da MAO.
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1.4 Sitios Imidazolicos

A proposta da existéncia de sitios imidazolinicos surgiu a partir de estudos realizados
para entender as acdes da clonidina (Figura 9), um agente antihipertensivo de ag¢do central e
quimicamente uma imidazolina. E descrito na literatura que vérios compostos com nucleo
imidazolinico (Figura 9) ou guanidinicos podem possuir efeitos farmacoldgicos via interagao
com op-adrenoceptores e sistemas de transporte de ions (Timmermans & Van Zwieten,
1982; Cantiello & Lanier, 1989). Entretanto, dados provenientes de uma série de abordagens
diferentes, indicam a existéncia de proteinas de ligagdo que reconhecem seletivamente
ligantes desta classe quimica e que podem contribuir para alguns efeitos farmacoldgicos

obtidos por estes compostos.

Figura 9 — Estrutura quimica do nucleo imidazolinico e da clonidina.
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Uma das primeiras demonstracdes da funcionalidade de sitios imidazolinicos foi
proposta por Bousquet e colaboradores em 1984 (Bousquet et al., 1984). Neste estudo, os
pesquisadores compararam as agdes hipotensivas produzidas por microinje¢des de uma série
de agentes, entre eles a clonidina, que diferiam na estrutura quimica e/ou nas agdes em
receptores op-adrenérgicos, no cérebro de gatos anestesiados. O local da injecdo, a medula
rostral ventrolateral (RVL), foi importante, pois esta regido é o principal sitio de acdo da
clonidina na pressdo arterial (Reis, 1995). Através de uma cuidadosa andlise de estrutura-
atividade, os autores concluiram que a hipotensdo induzida pelas drogas ndo estava
relacionada as acdes dos agentes como agonistas de receptores o-adrenérgicos, mas sim a
estruturas imidazolinicas. Isto os levou a sugerir que deveria existir alguma forma de relagao
estrutura-atividade que indicaria a existéncia, nesta regido do bulbo raquidiano, de sitios com

preferéncia por estruturas imidazolinicas (Bousquet ef al., 1984).
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Nos anos subseqiientes, a caracterizagdo farmacoldgica, através de ensaios de ligagao
especifica, veio corroborar o proposto por Bousquet. Em 1987, Ernsberger e colaboradores
(Ernsberger et al., 1987) usando o radioligante ['H]- para-aminoclonidina ([*H]-PAC)
revelou sitios, em cérebro de bovinos, que sdo operacionalmente diferentes de a2-
adrenoceptores. No mesmo ano, Boyajian e colaboradores (Boyajian et al., 1987), em um
estudo auto-radiografico, reportaram que sitios marcados, no cérebro, por [*H]-idazoxan, um
antagonista imidazolinico de receptores op-adrenérgicos, foram mais abundantes que aqueles
marcados por [’H]- rauwolscina, um antagonista ndo-imidazolinico altamente seletivo a2-
adrenérgico. Dois anos depois, em 1989, Wikberg (1989) mostrou a presenca de sitios de
ligagdo ndo-adrenérgicos para ['H]-idazoxan em cérebro de porquinho-da-india.

Entretanto, os sitios marcados por ['H]-idazoxan ou [H]-PAC ndo reconhecem
catecolaminas ou outros ligantes seletivos para receptores a2- adrenérgicos, possuindo
propriedades farmacologicas distintas. Por exemplo, a clonidina e a fentolamina ligam com
alta afinidade a sitios marcados por [’H]-PAC (Ernsberger et al., 1987), mas com baixa
afinidade & sitios reconhecidos por [*H]-idazoxan (Wikberg et al., 1990). Em contraste,
cirazolina, um composto imidazolinico, possui um perfil oposto. Embora se acredite que sitios
reconhecidos por [*H]-clonidina ou [H]-PAC e [’H]-idazoxan representem diferentes
receptores, o consenso geral presente ¢ de que estes sitios de ligacdo ndo-adrenérgicos estao
estreitamente relacionados e sdo denominados genericamente como receptores imidazolinicos
(Atlas, 1991), sitios com preferéncia a imidazolinas (Bricca et al., 1989), receptores
imidazois (Ernsberger et al., 1987) ou sitios receptivos a substincias imidazolinicas e
guanidinicas (IGRSs) (Coupry et al., 1990). Todavia, ndo se deve assumir que estes sitios
representem receptores, mas sim que eles possam representar proteinas com outras fungoes,
que também possuam regides de reconhecimento para ligantes imidazolinicos.

Um exame cuidadoso destes sitios sugere que eles sdo formados por pelo menos trés
populacdes, denominadas sitios imidazolinicos I;, I, e I3 (Michel & Ernsberger, 1992;
Morgan et al., 1995). Cada familia difere nas propriedades de reconhecimento de seus
ligantes, na distribui¢do tecidual, e possivelmente na sua localizagdo dentro da célula. Os
sitios I;, classicamente reconhecidos por clonidina, foram primariamente localizados no
cérebro, em membranas plasmaticas celulares, e parecem estar associados com a regulagdo da
pressdo sanguinea (Bousquet, 2001). Os sitios I, apresentam uma maior distribuicdo, e estdao
associados com diversos papéis funcionais. Algumas evidéncias suportam uma associa¢ao
com a enzima monoamina oxidase, creatina quinase e enzimas amina oxidases sensiveis a

semicarbazida soluveis (Tesson et al., 1995; Kimura et al., 2003; Holt et al., 2004). Ja a
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terceira familia destes sitios, os sitios imidazolinicos I3, estdo localizados nas células beta do
pancreas e estudos mostram que estes sitios parecem modular a secrecdo de insulina
dependente de glicose (Chan et al., 1991), provavelmente via uma interacdo com canais de
potassio sensiveis a ATP.

A identificagdo das trés familias de sitios imidazolinicos levanta questdes sobre a
existéncia de ligantes endogenos para estes novos sitios. Em 1984, Atlas e Burstein
purificaram parcialmente uma substincia do cérebro que deslocava [*H]- clonidina
competitivamente, com alta afinidade. O material de estrutura desconhecida foi chamado de
substancia deslocadora de clonidina (CDS). Meeley e colaboradores (1986) confirmaram a
presenca de material semelhante a clonidina em cérebro de bovinos e foram os primeiros a
demonstrar que o material pode ligar-se com alta afinidade ndo apenas a a2-adrenoceptores,
mas também em sitios imidazolinicos, agindo dessa forma como a “clonidina propria do
cérebro”. Em 1994, uma molécula de estrutura conhecida com propriedades de ligacao
semelhantes a uma CDS foi isolada a partir de cérebro de bovinos. Esta molécula foi
identificada sendo a agmatina (Figura 10) (Li et al., 1994).

No entanto, a agmatina ¢ apenas uma das varias moléculas nativas que podem interagir
com sitios imidazolinicos e que sdo tratadas como possiveis ligantes enddgenos dos sitios
imidazolinicos. Estudos mostraram que certas substancias chamadas B-carbolinas exibem alta
afinidade para sitios de ligacdo imidazolinicos I; e I, (Hudson ef al., 1999; Husbands et al.,
2001). Estes achados aliam-se ao fato de que algumas [B-carbolinas que apresentam alta
afinidade também sdo encontradas endogenamente em tecidos de mamiferos (Airaksinen &
Kari, 1981),criando a possibilidade que elas possam representar ligantes endégenos para estes

sitios.

Figura 10 — Estrutura dos possiveis ligantes endogenos dos sitios imidazolinicos.

Agmatina Harmana
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Fonte: Moraes (2011).
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Além disso, nos ultimos anos, muitos estudos vém mostrando agdes funcionais das f3-
carbolinas e sua relagdo com sitios imidazolinicos. Entre estes estudos, destacam-se suas
acoes sobre a modulagdo da temperatura corporal (Robinson et al., 2003), capacidade de
induzir respostas hipotensivas (Musgrave ef al., 2000), modulagdo dos niveis de monoaminas
em regides cerebrais especificas (Adell et al., 1996; Hudson et al., 1999), capacidade de
reduzir pardmetros associados com sindrome de retirada da morfina (Hudson et al., 1999;
Cappendikj er al., 1994), modulagdo da secrecdo de insulina e consumo de comida

(Edwards, 2003; Rommelspacher et al., 1977).

1.5 Sitios Imidazolinicos I,

O avanco na descoberta de novos ligantes seletivos para sitios imidazolinicos I,
proporcionou maior entendimento sobre a fun¢do, localizagdo e distribui¢do destas proteinas.
Um destes ligantes ¢ o 2-BFI (Figura 11), que possui alta afinidade para sitios I, e tem sido
usado para caracteriza-los em varias espécies incluindo humanos (Lione et al., 1996;

Hosseini et al., 1997).

Figura 11 — Estrutura quimica do 2-BFI

O
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Fonte: Moraes (2011).

Os sitios I, foram identificados em muitos 6rgdos, tecidos e tipos celulares, como
cortex cerebral (Wikberg et al., 1990), astrécitos (Regunathan ez al., 1993a), rim (Coupry
et al., 1990), figado (Zonnenchein et al., 1990), medula adrenal (Regunathan et al., 1993b),
plaquetas (Michel ez al., 1989), adipdcitos (Mackinnon et al., 1989), células pancreaticas
(Chan et al., 1995), prostata (Regunathan et al., 1996), placenta (Diamant ez al., 1992),
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uretra (Yablonsky et al., 1991), células vasculares (Regunathan et al., 1996). Além disso,
estudos realizados com compostos guanidinicos, amilorida e guanabenzo, demonstram que ha
dois subtipos de sitios L: Ia, sensivel a amilorida; I, insensivel a amilorida (Diamant et al.,
1992; Miralles et al., 1993; Regunathan et al., 1993a; Olmos et al., 1999).

No nivel sub-celular, os sitios imidazolinicos I, estdo associados a membrana da
mitocondria (Tesson et al., 1991a; Limon-Boulez er al., 1992). Esta localizagdo nao ¢
comum, sendo compartilhada apenas por receptores benzodiazepinicos do tipo periférico.
Entretanto, sitios I, e receptores benzodiazepinicos diferem, pois o composto PK11195,
ligante com alta afinidade pelo Gltimo, ndo se liga a sitios I, (Tesson et al., 1991a). Embora
muito bem distribuido, tanto no cérebro como em tecidos periféricos, os sitios I, ndo sdo
expressos em todos os tecidos (Tesson et al., 1992), mesmo aqueles ricos em mitocondrias.
Assim, nem todas as mitocondrias dos tecidos expressam sitios I, indicando a variabilidade
de alguns 6rgios com respeito a localizagdo subcelular.

Pouco se sabe a respeito dos mecanismos de transducdo de sinal acoplados aos sitios
L. O fato de que a ligag@o aos sitios ndo ¢ modificada por GTP (Guanosina trifosfato) ou seus
anéalogos (De Vos et al., 1994; Bricca et al., 1993), que os sitios estdo na mitocondria, e que a
exposi¢do de tecidos a ligantes dos sitios falha em aumentar a acumulacdo de segundos
mensageiros como nucleotideos ciclicos ou fosfatos de inositol (Regunathan et al., 1991)
indicam que este sitio ndo est4 acoplado a proteina G. Estudos mostram que o tratamento de
células adrenais cromafins com ligantes dos sitios produz um lento aumento dose-dependente
do influxo de cdlcio (Regunathan et al., 1991), associado a liberacdo de catecolaminas,
sugerindo que sitios I, possam regular calcio intracelular, possivelmente por influenciar os
estoques mitocondriais. Acredita-se, também, que outros ions possam estar envolvidos.
Estudos com células tubulares proximais renais indicam que o idazoxan e a cirazolina inibem
a reabsor¢do de sddio por mecanismos ndo-adrenérgicos (Bidet et al., 1990). Além disso, a
ligacdo a sitios I, € sensivel ao ion potdssio ou a drogas que agem em canais de potassio
(Atlas, 1991) sugerindo alguma associacdo com canais de potassio. Corroborando esta
hipotese, estudos mostram que compostos imidazolinicos sdo capazes de regular canais de
potassio sensiveis a ATP (KATP) em células pancreaticas (Dunne, 1991; Ibbotson et al.,
1993).

Embora ndo esteja clara a funcdo fisioldgica destes sitios, alguns efeitos dos ligantes
seletivos I, sdo relatados. Entre estes, destacam-se: indu¢do de hiperplasia astrocitica em
cérebro de ratos adultos (Alemany et al., 1995b), redugdo da penumbra apds isquemia

cerebral global ou focal (Gustafson ef al., 1989; Maiese ef al., 1992); atenuagdo da tolerancia
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a antinocicepg¢ao induzida por opiodides (Boronat et al., 1998); papel neuroprotetor (Boronat

et al., 1998), aumento do consumo de alimento; entre outros.

1.5.1 Relagdo Funcional entre Sitios I, e MAO

A partir da demonstra¢do que sitios de ligagdo imidazolinicos I, estdo presentes na
membrana mitocondrial externa (Tesson ef al., 1991b), muitos estudos geraram evidéncias de
que estes sitios estdo relacionados com a enzima monoamina oxidase. Entre as evidéncias
destacam-se as seguintes: 1) o peso molecular aparente dos dois subtipos de sitios I (60-61 e
55 kDa) correspondem aos observados para MAO-A e MAO-B (Lanier et al., 1993); 2) as
duas entidades sdo co-purificadas usando diferentes procedimentos cromatograficos (Tesson
et al., 1991a); 3) a purificagdo parcial da seqiiéncia de aminodcidos dos sitios I, indica
homologia com a MAO (Tesson et al., 1995); 4) a expressao da MAO em cultura resulta na
geracdo de sitios I, (Tesson et al., 1995); 5) proteinas de ligacdo imidazolinica I, foto-
marcadas podem ser imunoprecipitadas com anticorpo monoclonal para MAO-A e MAO-B
(Raddatz et al., 1995); 6) o inibidor irreversivel da MAO, clorgilina, desloca com alta
afinidade e irreversivelmente os sitios I,z mas ndo o subtipo 1,4 (Olmos et al., 1993; 1996);
7) tratamento cronico com varios inibidores irreversiveis da MAO causam uma diminui¢do na
densidade (downregulation) de sitios I, em cérebro de ratos (Olmos et al., 1993; Alemany et
al., 1995a); 8) a distribuicdo regional de sitios I, em cérebro de ratos e humanos,
correlaciona-se com a de MAO-B, mas ndo com a de MAO-A, ¢ a densidade de sitios I, ¢
MAO-B, mas ndo MAO-A, aumenta em cérebro humano durante o processo de
envelhecimento (Sastre & Garcia-Ssevilla, 1993; 1997).

Outro fato que mostra a relagdo importante entre sitios I, e MAO, ¢ a capacidade de
ligantes I, inibirem de forma reversivel a enzima (Carpené ef al., 1995; Ozaita et al., 1997;
Lalies et al., 1999; Raasch et al., 1999). Entretanto, concentragdes relativamente altas de
ligantes imidazolinicos sdo necessdrias para provocar efeitos na atividade da enzima. Certos
compostos imidazolinicos inibem de maneira ndo-competitiva a enzima, em concentragdes de
100 a 1000 vezes mais alta que os valores de Ki determinados em estudos de radioligacao
para sitios imidazolinicos. (Tesson et al., 1995; Carpené et al., 1995). Embora esteja
estabelecida uma importante associagdo dos sitios [, com MAO-A e MAO-B, a natureza exata
desta interagdo ainda ndo esta bem esclarecida (Tesson & Parini, 1991b; Tesson et al.,
1991a, 1995; Raddatz et al., 1995; Raddatz & Lanier, 1997a). No entanto, a conclusao

comum destes estudos propde que cada subtipo de sitios I, encontra-se em determinada
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isoforma da MAQO. Sendo assim, os sitios Ig representariam sitios de alta afinidade
encontrados na MAO-B, entre os aminoacidos K149 e M222; enquanto, sitios de baixa
afinidade, sitios I»a, estariam presentes na MAO-A (Raddatz et al., 1995, 2000; Remaury et
al., 1999; 2000).

Além disso, estudos mostram que os compostos imidazolinicos ndo agem como
substratos da enzima e ndo competem com inibidores radio-marcados pela ligacdo na enzima
(Sastre & Garcia-Ssevilla, 1993). Por esta razdo, os autores sugerem que o dominio de
ligacdao I, na MAO nio esta localizado no sitio ativo da enzima, no grupo prostético FAD, ou
no dominio de liga¢do de inibidores classicos da MAO (Raddatz et al., 1995; Limon-Boulez
et al., 1996; Raddatz & Lanier, 1997a). Acredita-se que os sitios I> na enzima representam
sitios regulatdrios ainda desconhecidos capazes de modular a atividade enzimatica através de
mecanismos inibitérios alostéricos (Parini ef al., 1996). Mais recentemente, foi relatado, que
a maioria dos residuos de aminoacidos identificados como I, na MAO-B foram obtidos na
entrada da cavidade do sitio ativo da enzima, concordando com estudos cristalograficos
(Binda et al., 2002; Ma et al., 2004). No entanto, ha varias explanacdes possiveis para a
observacdo que os sitios I, ndo sdo detectados igualmente em todos os tecidos que expressam
a enzima MAO: 1) a existéncia de isoformas adicionais de monoamina oxidase, gerada por
variantes de edicdo de RNAm (“splicing”), que diferem no dominio da enzima que
reconhecem ligantes imidazolinicos; 2) modificagcdes pos-traducionais da enzima em células
especificas onde os sitios I, sdo seletivamente mascarados; 3) a existéncia de proteinas tecido-
especificas que de forma alostérica influenciam a acessibilidade dos sitios I»; e 4) a ocupagao
de sitios I, por ligantes endogenos que estdo presentes em determinados tecidos (Raddatz et
al., 1995). Assim, ainda ndo esta claramente estabelecida a relagdo entre a MAO e os sitios
imidazolinicos. Contudo, acredita-se que de fato os sitios I, estdo presentes em determinadas
sub-populagdes da enzima (Cesura et al., 1996; Raddatz et al., 1995, 1997a). Portanto,
sabendo que a localizacdo dos sitios I, parece ser uma regido critica para a atividade da
enzima, a manipulagdo especifica da MAO, através destes sitios, representa um novo alvo
terapéutico, dado o papel da enzima em varias doencas neurodegenerativas, do humor e

comportamentais (Foley et al., 2000).
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1.6 Desenvolvimento de Drogas e Computacio Bio-Inspirada

O desenvolvimento racional de novas drogas baseia-se no conhecimento detalhado da
estrutura tridimensional da proteina alvo, no entendimento de sua intera¢do com ligante e na
racionalizacdo de como o farmaco em potencial podera interagir neste processo. Por esta
razdo, a analise da interacdo proteina-ligante torna-se fundamental para este processo e para a
otimizacdo de um farmaco lider, que deverd aliar as caracteristicas de alta
seletividade/especificidade e propriedades farmacocinéticas adequadas (Thomsen &
Christensen, 2006).

A necessidade de predizer a conformag¢ao de um inibidor no sitio ativo de uma enzima ¢
preponderante para a compreensdo das for¢as que guiam e estabilizam esta interacdo. Este
processo pode ser simulado computacionalmente, sendo, dentre os métodos existentes, o
docking molecular um dos mais utlizados. Esta simulag@o pode ser realizada utilizando-se um
algoritmo capaz de prever o modo ideal de ligacdo de uma molécula pequena (ligante) ao sitio
ativo de uma macromolécula alvo. No docagem (docking) molecular, a estrutura do alvo
molecular (as coordenadas atomicas da enzima) permanece fixa e diversas posicdes de
encaixe possiveis para o ligante sdo identificadas computacionalmente. A predi¢ao do ligante
mais adequado pode ser feita a partir da aplicacdo de fungdes escores empiricas, que analisam
a interagdo do complexo (Shoichet, 2004). Essa abordagem computacional permite a triagem
in silico de grandes bibliotecas de compostos, avaliando afinidade e a especificidade a partir
de propriedades estruturais e quimicas, como tamanho, geometria, distribuicdo de cargas,
polaridade e potencial de interagdes hidrofobicas e ligagdes de hidrogénio. Assim, o objetivo
da triagem de bancos de possiveis ligantes ¢ identificar compostos que se ligam mais
fortemente a uma proteina alvo em relagdo ao seu substrato natural. Ao fazer isso, a reacao
bioquimica que a proteina alvo catalisa pode ser alterada ou impedida (inibi¢do), agindo
assim, como potenciais inibidores e conseqlientemente, possiveis fAirmacos.

Mesmo ainda com algumas limita¢gdes computacionais, atualmente o acesso via internet
a banco de dados de estruturas cristalograficas, como PDB (Berman et al., 2002), e de vastas
bibliotecas de pequenas moléculas comercialmente acessiveis, como o ZINC database (Irwin
& Shoichet, 2005) fornecem um grande ntimero de possiveis novos inibidores, os quais
podem ser comprados ou sintetizados, e entdo testados in vitro, agilizando desta forma a

pesquisa farmacéutica (Shoichet, 2004).
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Esta abordagem ¢ denominada de Virtual Screening (VS) e é executada através de
softwares de simulacdo de docking molecular, como o Molegro Virtual Dock (Thomsen &
Christensen, 2006).

Computacdo biologicamente inspirada (bio-inspirada) ¢ uma abordagem de
desenvolvimento de algoritmos usando modelos bioldgicos como inspiragdo para a solugdo de
problemas de otimizagdo, ndo necessariamente bioldgicos. Entre os principais exemplos de
computacdo bio-inspirada podemos citar redes neurais (Wasserman, 1989) algoritmos
genéticos (Koza et al., 1999) e algoritmos evoluciondrios (Layton, 2008). Um problema de
otimizac¢do, que pode ser abordado por tal metodologia, ¢ a simulagdo computacional da
interacdo proteina-ligante. A simula¢do da interacdo proteina-ligante, onde as coordenadas
atdmicas dos ligantes sdo obtidas computacionalmente, ¢ chamada de simulagdo de docking.
Nesta simulag¢do o ligante pode ser considerado um corpo rigido, sem liberdade de girar os
angulos de tor¢ao (dock rigido), ou o ligante pode girar seus angulos de torcdo durante a
simulagao (dock flexivel) (Dias & De Azevedo, 2008).

Neste trabalho usamos a implementa¢do de um variante do algoritmo evolucionério
implementado no programa MOLDOCK (Thomsen & Christensen, 2006). O algoritmo
evolucionario ¢ uma técnica de otimizagdo computacional iterativa, inspirada levemente na
evolucdo darwiniana; contudo, no algoritmo evoluciondrio, a idéia de evolugdo ¢ simplificada,
guardando pouca semelhanga com a evolucao darwiniana propriamente dita. Na simulacdo de
docking, baseada em algoritmos evolucionarios, sdo geradas as posi¢des iniciais do ligante,
candidatas a solugdo (pais), estas posicdes sdo geradas aleatoriamente por meio de operadores
de variagdo, como mutagdo e recombinagdo. Os individuos sendo alterados sdo os pais e os
novos individuos gerados sdo chamados descendentes (ou filhos).

O MOLDOCK usa o algoritmo guiado de evolucdo diferencial (Guided Differential
Evolution Algorithm), que emprega uma abordagem alternativa para selecionar e modificar
candidatos a solucdo (individuos). A principal inovacdo desse algoritmo ¢ a idéia de criar
descendentes a partir de uma diferenga ponderada dos pais.

Na primeira etapa do algoritmo do MOLDOCK todos os individuos sdo incialmente
posicionados aleatoriamente por meio de operadores de variagdo, como mutacdo e
recombinagdo, dentro do espaco conformacional delimitado (sitio ativo) e avaliados segundo
um critério de ajuste (fungdo escore). Na proxima etapa, para cada individuo da populacao
anterior, um descendente ¢ gerado, adicionando-se uma diferenca ponderada das solugdes
“pais”, que sdo aleatoriamente selecionados a partir da populagdo. Posteriormente, se o

descendente for mais apto (segundo o critério de ajuste), substitui o “pai”, caso contrario o
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pai” continua e passa para proxima geracdo. Este procedimento ¢é repetido vérias vezes, até
que o critério de parada seja satisfeito (nimero maximo de itera¢des atingido ou se a variancia
da populacdo estd abaixo de um valor de corte, 0,01, por exemplo). O MOLDOCK usa as
cavidades previstas na estrutura da proteina para restringir o processo de busca as cavidades
proteicas. A aplicag¢do do algoritmo de previsdo de cavidades na estrutura da MAO-B, cédigo
de acesso: 2XCG (Bonivento et al., 2010) identificou 5 cavidades principais. O algoritmo de
evolucdo diferencial tem mostrado sucesso na previsdo da interacdo proteina-ligante devido
ao fato da populagdo inicial, que ¢ aleatoriamente gerada, ser grande, permitindo uma
explora¢do ampla das possibilidades de complexos proteina-ligante. Esta itera¢do restringe o
niamero de solugdes que, em casos favoraveis, leva a solucdo certa, ou bem préxima da
posicao cristalografica. A funcdo escore (energia) usada para avaliar a interagdo proteina-
ligante e como critério de selecdo dos individuos da populagdo usa a seguinte equagdo:
Escore=E inter+E intra, onde E inter leva em conta a energia intermolecular e E intra a
energia do ligante (Thomsen & Christensen, 2006). A conforma¢do final docada ¢
selecionada de acordo com seu escore de energia, sendo que a hipotese geral € que os escores
mais baixos de energia representam as melhores interagdes proteina-ligante. Além da fungao
escore intriseca do programa MolDock, outro critério que pode ser utilizado para estimar a
afinidade de ligacdo de um complexo ¢ através do coeficiente de dissociacdo, ou pKd,
calculado através de uma fungdo polinomial com o programa POLSCORE (De Azevedo &
Dias, 2008; Dias et al., 2008).

Em resumo, o docking molecular pode ser formulado como um problema de
otimizagdo, onde a tarefa ¢ encontrar o modo de fixacdo do ligando com a menor energia de
ligacdo. Além disso, outros pardmetro podem ser analisados para avaliar a qualidade de um
possivel farmaco, como as regras de Lipinski (Lipinski ef al, 2001) e ADMETox (Miteva et
al., 2006). As regras de Lipinski sdo baseadas nas propriedades fisico-quimicas de compostos
que passaram na fase 1 de testes clinicos que envolvem determinacdo de aspectos
relacionados a toxidade e farmacocinética. Os critérios analisam o nimero de doadores e
aceitadores de hidrogénio, a massa molecular e coeficiente de parti¢ao (logP) ou lipofilicidade
da molécula. Ja os critérios de avaliacgio ADMETox (Absor¢ao, Distribuigdo, Metabolismo,
Excrecdo e Toxicidade) podem ser empregados em pequenas moléculas através de web
server, como o FAF-drugs (Miteva et al., 2006), ¢ possuem além dos parametros das regras
de Lipinski, outros que avaliam propriedades como area de superficie polar, nimero de
ligagdes rigidas e flexiveis, nimero e tamanho de anéis, nimero de atomos de carbono e ndo-

carbono, carga total, entre outros.
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2. JUSTIFICATIVA

Neste contexto segundo a Organizacdo Mundial da Satde (OMS), atualmente mais de
450 milhdes de pessoas sdo afetadas diretamente por transtornos mentais, a maioria delas nos
paises em desenvolvimento, com isso, cria-se a necessidade da descoberta de novos agentes
terapéuticos para o tratamento da depressao.

Inibidores da Monoamina oxidase (MAQ), uma enzima mitocondrial que degrada os
neurotransmissores, incluindo a serotonina e a norepinefrina, sdo comumente utilizados para
tratar doencas neurologicas, incluindo a depressao e doenga de Parkinson (Binda et al., 2003).
O presente trabalho buscou identificar novos potenciais inibidores da enzima Monoamina
Oxidase (MAO) utilizando ferramentas de bioinformatica, através da técnica de virtual
screening.

Além disso, ha trés critérios importantes que foram satisfeitos pela nossa proposta: 1)
a aplicabilidade dos métodos propostos, 2) a originalidade da nossa abordagem, 3) o potencial
de gerar conhecimento novo.

O presente projeto contibuiu na geragdo de uma grande quantidade de dados
estruturais sobre proteinas alvos para o desenho de drogas, bem como sua interagdo com
diferentes ligantes. Tais dados foram de grande utilidade na proposi¢do de novas moléculas
que, poderdo ser submetidas a testes in vitro para a determinacao da sua especificidade. Estes,
serdo disponibilizados na forma de banco de dados estruturais, conforme outros ja
desenvolvidos pelo coordenador do projeto. Também contribuiu para o desenvolvimento de
produtos estratégicos para o ministério da saude ( Linha de acdo 9 do Ministério da Ciéncia e

Tecnologia).
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3. OBJETIVOS

3.1 Objetivo geral:

Identificar potenciais inibidores para a Monoamina Oxidase B.

3.2 Objetivos especificos:

Este projeto de pesquisa visa identificar novas drogas em potencial usando
abordagens in silico. O presente projeto de pesquisa realizard a avaliagdo de diferentes
protocolos de simulagdo computacional de docking e virtual screening, objetivando identificar
os melhores protocolos para simulacdo de interagdo proteina-ligante, focados na enzima
Monoamina Oxidase. Usaremos computacdo biologicamente inspirada, especificamente,
algoritmos evoluciondrios, para simular computacionalmente a interagdo proteina-ligante. A
aplicacdo das metodologias computacionais permitird a identificagdo de novas drogas
potenciais. Esperamos neste projeto atingir as seguintes metas:

1) Simular computacionalmente a interagdo proteina-ligante por meio de algoritmos

de docking molecular;

2) Identificar aspectos estruturais determinantes para a especificidade do ligante pela

proteina;

3) Otimizar protocolos de docking molecular
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4. MATERIAIS E METODOS

4.1 Docking molecular

Uma metodologia que se mostra eficiente para identificacdo de novos inibidores ¢ a
abordagem computacional de simulagdo do encaixe de um ligante no sitio ativo de uma
enzima. Esta metodologia ¢ chamada de docking molecular (De Azevedo et al., 2002).

Esta simulacdo pode ser realizada utilizando-se um algoritmo capaz de prever o modo
ideal de ligacao de uma molécula pequena (ligante) ao sitio ativo de uma macromolécula alvo.
No docking molecular a estrutura do alvo molecular (as coordenadas atomicas da enzima)
permanece fixa. Diversas posi¢cdes possiveis para o ligante sdo identificadas
computacionalmente. Neste processo, normalmente sdo geradas varias possibilidades de
encaixe proteina-ligante. A predicdo do ligante mais adequado pode ser feita a partir da
aplicacdo da fungdo escore empirica, que analisa a interagdo do complexo (Shoichet, 2004).
Essas abordagens computacionais permitem a triagem in silico de bibliotecas de compostos,
avaliando afinidade e a especificidade a partir de propriedades estruturais e quimicas, como
tamanho, geometria, distribuicdo de cargas, polaridade e potencial de interagcdes hidrofobicas
e ligagdes de hidrogénio. Assim, o objetivo da triagem de bancos de possiveis ligantes ¢
identificar compostos que se ligam mais fortemente a uma proteina alvo em relagdo ao seu
substrato natural. Ao fazer isso, a rea¢do bioquimica que a proteina alvo catalisa pode ser
alterada ou impedida (inibi¢cao) (De Azevedo et al., 1997).

Uma fun¢do escore ¢ normalmente utilizada para identificar a conformagao do ligante
mais energeticamente favoravel quando ligado ao alvo. A hipdtese geral € que os escores mais
baixos de energia, podem representar condigdes mais favoraveis para uma intera¢ao proteina-
ligante, em comparagdo com os valores mais altos. Portanto, o docking molecular pode ser
formulado como um problema de otimizagao, onde a tarefa ¢ encontrar o ligante e 0 modo de
ligagdo com os valores mais baixos de energia (De Azevedo et al., 1997).

Para simular a interacdo da MAO com uma biblioteca de ligantes foi utilizado o
programa Molegro Virtual Docker (MVD) (Thomsen & Christensen, 2006), uma
implementagdo de uma variacdo do algoritmo evoluciondrio (AE), uma técnica de otimizacao
iterativa inspirada levemente na evolu¢do darwiniana, contudo, neste algoritmo a idéia de
evolucdo ¢ simplificada, guardando pouca semelhanca com a evolugdo darwiniana

propriamente dita. Recente avaliagdo do MVD indica que ele ¢ capaz de encontrar a posi¢ao
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correta de um ligante. Além disso, MVD, apresenta melhor desemprenho global comparado
com AUTODOCK, SURFLEX, FLEXX e GOLD (Thomsen & Christensen, 2006; Araujo
et al., 2011). No presente trabalho todas as simulagdes foram realizadas em um Dell ( Intel
Processador Core 2 Duo, 1.86 GHz, 2GB). MVD traz a implementagdo de quatro algoritmos
de busca para encontrar a posi¢do e orientagdo do ligante. Sdo eles: MOLDOCK Optimizer
(implementacgdo do algoritmo de evolugdo diferencial), MOLDOCK Simplex Evolution (SE),
Iterated Simplex e Iterated Simplex com otimizacdo de colonias de formigas (Thomsen &
Christensen, 2006; De Azevedo, 2010a). Neste estudo, antes das simula¢des de docking
molecular todos os tipos de atomos e ligacdes foram corrigidas para ambos os ligantes e a
estrutura da monoamina oxidase B usando a funcdo de preparagdo automatica para as
simula¢des (Thomsen & Christensen, 2006). Para cada complexo, os 4&tomos de hidrogénio
foram adicionados e as simulag¢des de docking molecular foram atribuidas. Esta preparagao
automatica das estruturas foi também aplicada a todos os ligantes utilizados no conjunto de
teste para Virtual Screening(VS) (descritas abaixo). Cavidades moleculares foram detectadss
usando a ‘esfera de docking’ baseada em algoritmo de predicdo da cavidade. Todas as
moléculas de dgua foram retiradas dos arquivos originais PDB para as simulacdes de re-

docking e cross-docking.

4.2 Re-docking e Cross-Docking

As simulacdes de docking foram realizadas utilizando o MOLDOCK (Thomsen &
Christensen, 2006). Em simula¢des de docking molecular, o melhor complexo binario
(proteina-ligante) ¢ a posicdo mais proxima da estrutura cristalografica. Por essa razdo,
devemos estabelecer uma metodologia que avalia a distdncia da solugdo gerada por
computador (pose) a estrutura cristalografica. Esta distdncia pode ser calculada usando o
Desvio Médio Quadratico (RMSD), que ¢ uma medida das diferencas entre os valores
previstos pelo modelo e os valores efetivamente observados a partir do objeto a ser modelado
ou estimado (complexo de proteina-ligante). O RMSD ¢ calculado entre dois conjuntos de
coordenadas atomicas, neste caso, um para a estrutura cristalografica (xctal, yctal, zctal;o
objeto que esta sendo modelado) e outra para coordenadas atomicas obtidas das simula¢des de
encaixe (Xpose, ypose, zpose; previsto pelo modelo). A somatoria ¢ sobre todos os dtomos de

N que estdo sendo comparados, utilizando a seguinte equagao:
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Nas simulagdes de docking espera-se que os melhores resultados gerem um valor de
RMSD inferior a 2A, comparado com a estrutura cristalografica (Friesner et al., 2004). Este
procedimento de obter a estrutura cristalografica do ligante ¢ freqiientemente chamado de “re-
docking”, que ¢ fundamentalmente um método de validagdo que determina se o algoritimo de
docking molecular é capaz de recuperar a posicdo cristalografica utilizando simulacao
computacional.Simulacdes de Re-docking do ligante 2-BFI contra o sitio de ligagdo
imidazolinico na MAO-B foram realizados utilizando as coordenadas atdmicas do 2XCG
(Bonivento et al.,2010).

Além do re-docking, um procedimento chamado "cross-docking" também pode ser
usado para validar ainda mais um protocolo de docking. Considerando que varias estruturas
cristalograficas estdo disponiveis para a mesma proteina, cross-docking pode ser aplicado.
Este procedimento envolve uma série de dockings de ligantes encontrados em uma variedade
de estruturas cristalinas de uma proteina idéntica para uma conformacdo cristalografica de
uma unica proteina rigida (Friesner et al., 2004). Quando um alvo da proteina apresenta
grandes mudancas conformacionais sobre ligagdo do ligante, uma diferenca significativa ¢é
esperada entre as estruturas cristalograficas e a estrutura “docada”. Nas simulag¢des de cross-
docking foram utilizados 10 estruturas cristalograficas (codigos de acesso PDB: 10J9, 2VRL,
2VZ2, 2XFN, 2XFO, 2XFP, 2XFQ, 2XFU, 3PO7, 2VRM). Este procedimento de validacao
re-docking e cross-docking é o estagio inicial do protocolo de Virtual Screening (phase 1)

descrito nas proximas etapas.
4.3 Virtual Screening

O Virtual Screening (VS) ¢ uma abordagem computacional executada através de
softwares de simulagdo de docking molecular, como MVD (Thomsen & Christensen, 2006).
Noés usamos o protocolo de VS que ¢ dividido em 4 fases, conforme mostrado na (Figura 12).
A fase 1 esta focada na sele¢do e validagdo de um protocolo de docking, conforme descrito
anteriormente na se¢do de re-docking e cross-docking. Esta fase termina quando um protocolo
adequado ¢ encontrado (critério de selegio RMSD< 2,0 A). Deve ser salientado que o critério

RMSD ¢ dependente do nimero de angulos de tor¢cdo e um critério menos exigente pode ser
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adotado para re-docking de um ligante com um numero de angulos de tor¢ao superior a 10 (
Thomsen & Christensen, 2006). Depois que o protocolo de docking ¢ escolhido,
selecionamos um banco de dados de pequenas moléculas para ser usado no virtual screening
(fase 2). Além de bases de dados comercialmente orientadas, o banco de dados ZINC também
fornece uma interface para a construcdo de pequenas moléculas com base na similaridade
molecular, tais como coeficiente de Tanimoto (De Azevedo, 2010b; Timmers et al., 2008).
Na fase 3, comecamos com simulac¢des de docking para cada ligante presente no banco de
dados selecionado. O programa MOLDOCK ¢ o “carro-chefe” do presente protocolo.
Durante uma simulagdo de docking diversas orientacdes podem ser obtidas para cada ligante.
Aqui nos selecionamos aqueles que tiveram menor fun¢do score. A fungdo escore utilizada
pelo MOLDOCK melhora a precisdo de fungdes escores com uma nova ligacdo de
hidrogénio e novos sistemas de carga. Quatro fungdes scores sdo implementadas no
MOLDOCK, incluindo MOLDOCK Score e PLANTS Score (De Azevedo, 2010a; Thomsen
& Christensen, 2006). Estas duas fungdes oferecem versdes baseadas em grid, em que a
direcionalidade da ligagdo de hidrogénio ndo ¢ considerada.

Para melhorar ainda mais a precisdo de docking, uma funcdo score, a re-rank score, &
introduzida; esta identifica a solugdo de docking mais promissora a partir das solugdes obtidas
pelo algoritmo de docking (Thomsen & Christensen, 2006). Re-rank score inclui ao docking
em termos de fungdo score, como um termo de tor¢ao sp2-sp2 e um potencial Lennard-Jones
12-6. A fungdo re-rank score € computacionalmente mais cara do que as fungdes
(MOLDOCK e PLANTS scores) usadas durante a simulacdo de docking, mas geralmente ¢
melhor do que a fun¢do docking score na determinacdo das melhores ‘poses’ entre diversas
provenientes do mesmo ligante e também para a avaliacdo da afinidade de ligagdo ao ligante.
Além disso, devido a natureza estocastica do algoritmo de busca, foi aplicado o mesmo
protocolo de VS 16 vezes, executando o mesmo em 16 computadores em paralelo, sendo
considerado um composto de maior afinidade aquele que estivesse presente na maioria dos
resultados de VS.

Apos a identifica¢do dos potenciais inibidores para simulagdes de docking molecular, os
ligantes com melhor score foram submetidos ao servidor FAF-Drugs (Miteva et al., 2006), a
fim de avaliar as propriedades fisico-quimicas (fase 4). Estas sdo as propriedades
fundamentais que precisam ser consideradas nas fases iniciais do processo de descoberta de
drogas e FAF-Drugs permite ao usudrio filtrar moléculas através de regras simples, como
peso molecular, area de superficie polar, LogP e niimero de ligagdes rotaveis. Os ligantes

podem ser filtrados apos passarem pelas regras de Lipinski dos cinco (ROS). Para passar pela
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ROS5, as drogas devem apresentar os seguintes critérios de biodisponibilidade oral: peso
molecular menor ou igual a 500, LogP menor ou igual a 5, grupos de ligacdo de hidrogénio
doador menor ou igual a 5 e nimero de grupos de ligacdo de hidrogénio aceitador menor ou
igual a 10 (Eiben & Smith, 2003).

Para confirmar a capacidade do programa MVD, foi avaliado a atividade inibitdria de
um ligante ligado a MAO-B onde foram selecionados 13 inibidores da MAO-B para os quais
dados experimentais para a sua atividade de inibicdo (IC50) encontrava-se disponivel. Esta
informacgao foi retirado do BRENDA (Scheer et al., 2011). A partir de agora este conjunto de
estruturas sera referida como conjunto de teste.

A fim de identificar novos inibidores comercialmente disponiveis da MAO-B nos
focamos nossos esfor¢cos de VS na biblioteca SIGMA. Esta biblioteca de pequenas moléculas
apresenta 15.186 compostos, todos disponiveis comercialmente para testes in vitro. O arquivo
que contém as coordenadas tridimensionais atomicas destes compostos, pode ser obtido no
formato .sdf, através do banco de compostos para virtual screening, o ZINC ( Irwin &
Shoichet, 2005; Shoichet, 2004) também de acesso publico (http://zinc.docking.org). As
coordenadas atomicas para a estrutura 2XCG (Bonivento et al., 2010) foi usado como alvo
para VS e estudos de conjunto de teste. As moléculas de 4gua e ligantes foram suprimidos da
estrutura. NoOs usamos o melhor protocolo de docking com a funcdo re-rank score

identificados na fase 1 para avaliar a afinidade de ligagdo.



Figura 12 — Fluxograma do Virtual Screening.
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Fonte: Moraes (2011).
4.4. Coeficiente de Spearman
Afim de validar ainda mais o protocolo de VS foi calculado o Coeficiente de

Spearman (p), que leva em conta a relacdo entre atividade e energia de interagdo. O

Coeficiente de spearman pode ser definido pelaseguinte equacao:

63 ) -1
-

p= 3
N°-N

Onde n ¢ o nuimero de pares ( n=13 no nosso caso), r(xi) e r(yi) sdo a classificagdo do pIC50
e do re-rank score da amostra J no conjunto de dados. O coeficiente p de Spearman varia entre
-1 e 1. Quanto mais proximo estiver destes extremos, maior serd a associagdo entre as

variaveis. O sinal negativo da correlagdo significa que as varidveis variam em sentido
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contrario, isto ¢, as categorias mais elevadas de uma variavel estdo associadas a categorias

mais baixas da outra varidvel ( Otyepka et al., 2000).
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5. RESULTADOS E DISCUSSAO

5.1 Re-docking e Cross-docking

Um dos resultados mais importantes derivados da varias aplicagdes do programa
MVD ¢ a comparacdo de simulagdes de re-docking entre os programas de docking, MVD e
outros, como o GOLD, FLEXX, GLIDE ¢ AUTODOCK (Thomsen & Christensen, 2006;
Araujo et al., 2011). Estas comparacdes indicam fortemente que o MVD ¢ capaz de obter
menores RMSDs na grande maioria das estruturas cristalograficas analisadas (simula¢des de
re-docking). Além disso, MVD ndo s6 apresenta um melhor desempenho global nas
simulagdes de re-docking como também ¢ mais rapido do que AUTODOCK (Araujo et al.,
2011), um dos primeiros programas de simulacdo de docking molecular. Estes resultados
demonstram que MVD ¢ confidvel e, portanto, ele foi usado no presente trabalho.

Inicialmente, uma busca para o melhor protocolo de docking molecular foi realizada.
A estrutura do 2-BFI no complexo MAO-B:tranilcipromina, foi usado para simulacdes de re-
docking. O critério fundamental que descreve a qualidade de uma simula¢do de docking
molecular ¢ o RMSD. Em aplica¢des de docking molecular, o complexo binario melhor ¢ a
aproximacgado a estrutura determinada por cristalografia de raio-X. Andlise dos resultados de
re-docking para a combinacdo de quatro algoritmos de busca e quatro fungdes scores (um
total de 16 protocolos diferentes de docking) geraram um RMSD variando de 0,2-12,08 A. A
tabela 1 mostra o RMSD para todos os 16 protocolos de docking. Os melhores resultados
foram obtidos para os algoritimos de busca a seguir: MOLDOCK SE, MOLDOCK Optimizer,
e Iterated Simplex. Iterated simplex com a otimiza¢do de colonias de formigas gerou o pior
RMSD (12,08 A). Os pardmetros para o docking, especialmente as caracteristicas do
algoritimo de busca, foram otimizados executando vérias simula¢des de docking molecular no
complexo da estrutura. Os seguintes pardmetros € suas combinagdes foram variados: raio da
esfera docking, nimero de séries, nimero maximo de interacdes e tamanho da populacao

maxima. Os pardmetros otimizados para o docking sdo os seguintes:

Preparation (arquivo de entrada proteina/ligantes)
Assign all below: always
Assign bonds: always

Assign bonds orders and hybridization: always



54

Create explicit hydrogens: always

Assign charges (calculated by MVD): always
Detect flexible torsions in ligands: always
Assign Tripos atom types: always

Scoring fuction

Score: Re-rank Score

Grid resolution (A): 0.30

Binding site

Origin — Center:

X:50.63 Y:161.17 Z:31.34 Radius: 10
Search algorithm

Algorithm: MolDock SE

Number of runs: 10
Constrain poses to cavity
After docking: Optimize H-Bonds

Parameter settings

Population size: 50

Max iterations: 1500

Pose generation

Energy threshold: 100.00

Tries: Min: 10 Quick: 10 Max: 30

Simplex evolution

Max steps: 300

Neighbour distance factor: 1.00

Poses Clustering

Return multiple poses for each run

Max number of poses returned: 5

Cluster similar poses. RMSD threshold: 1.00

Ignore similar poses (for multiple runs only). RMSD threshold: 1.00

A figura 13 mostra a esfera de docking utilizada nas simulagdes de re-docking. A
combinagio do MOLDOCK SE e re-rank score gerou um RMSD muito baixo (0,2 A), por
este motivo, escolhemos este protocolo de docking, que ¢ usado em todas as outras

simulacdes de docking molecular. Simulagdes de cross-docking foram feitas para 10
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complexos da MAO-B, usando este protocolo; gerando um RMSD que varia entre 1,45-

1,80A, validando ainda mais o presente protocolo.

Tabela 1: RMSD para todos os 16 protocolos de docking.

Protocolo | Scoring Search RMSD (A) | RMSD (A) | RMSD | RMSD
functions | algorithm A) A)
Sorting criteria MolDock Rerank HBond RMSD
Score Score
1 MolDock MolDock 1,61 0,20 1,61 0,20
Score Optimizer
2 MolDock MolDock 1,61 0,20 1,61 0,20
Score (Simplex
Evolution)
SE
3 MolDock | Iterated 1,61 0,20 1,61 0,20
Score Simplex
4 MolDock Iterated 1,61 0,20 1,61 0,20
Score Simplex (Ant
Colony
Optimization)
5 MolDock | MolDock 1,56 1,56 1,56 0,27
Score Optimizer
[GRID]
6 MolDock MolDock 12,08 12,08 12,08 11,54
Score (Simplex
[GRID] Evolution)
SE
7 MolDock | Iterated 1,56 1,56 1,56 0,28
Score Simplex
[GRID]
8 MolDock | Iterated 1,56 1,56 1,56 0,27
Score Simplex (Ant
[GRID] Colony
Optimization)
Protocol | Scoring Search RMSD (A) | RMSD (A) | RMSD | RMSD
functions | algorithm A) A)
Sorting criteria Plants Score | MolDock Rerank RMSD
Score Score
9 PLANTS | MolDock 1,60 1,60 0,23 0,23
Score Optimizer
10 PLANTS | MolDock 1,60 1,60 0,23 0,23
Score (Simplex
Evolution)
SE
11 PLANTS Iterated 1,60 1,60 0,23 0,23
Score Simplex
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12 PLANTS | Iterated 1,60 1,60 0,23 0,23
Score Simplex (Ant
Colony
Optimization)
13 PLANTS | MolDock 1,54 1,54 0,21 0,21
Score Optimizer
[GRID]
14 PLANTS | MolDock 1,54 1,54 0,21 0,21
Score (Simplex
[GRID] Evolution)
SE
15 PLANTS | Iterated 1,54 1,54 0,21 0,21
Score Simplex
[GRID]
16 PLANTS | Iterated 1,54 1,54 0,21 0,21
Score Simplex (Ant
[GRID] Colony
Optimization)

Fonte: De Azevedo (2011).

Figura 13 — Esfera de docking utilizada nas simulac¢des de re-docking

Fonte: Moraes (2011).
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5.2 Virtual Screening

Virtual Screening ¢ uma abordagem computacional usada para identificar novos
potenciais inibidores para uma proteina alvo para o qual a estrutura 3D esta disponivel. Tem
sido aplicado com sucesso para identificar uma infinidade de inibidores (Heberlé et al., 2011;
De Azevedo, 2010a, De Azevedo, 2010b). Permite a triagem in silico de vastas bibliotecas
de pequenas moléculas para a selecdo de potenciais inibidores de enzimas alvo e
conseqiientemente, possiveis farmacos (Silveira et al., 2005; da Silveira et al., 2006). Duas
metodologias principais sdo usadas no VS. Métodos que buscam semelhancas com ligantes
validados e métodos de docking molecular que requerem o uso de informacao cristalografica
do alvo. Aqui nosso foco ¢ sobre a identificacdo de novos potenciais inibidores de MAO-B.
Embora estudos anteriores de VS tenham sido realizados sobre a MAO-B (Gaspar et al.,
2011; Shelke et al., 2011), ndo ha estudos utilizando a combinacdo do algoritimo de busca
MOLDOCK SE e MOLDOCK score. Além disso, este ¢ o primeiro estudo de VS focado no
sitio de ligacdo imidazolinico sobre MAO-B.

Aplicagao do protocolo de docking descrito anteriormente para um banco de dados com
15.186 compostos retornou como os melhores resultados 11 compostos, com re-rank score
abaixo de -100. Entre estes 11 compostos, 2 destacaram-se, uma vez que foram encontrados
entre os melhores. Sao eles: ZINC00154386, denominado pela IUPAC como 3-(1,3-
benzodioxol-5-yl)-5-piperidin-1-ium-4-yl-1,2,4-oxadiazole ~ estava  presente em 14
computadores e ZINC02387301, denominado pela IUPAC como 5-[5-(5-formylthiophen-2-
yl)thiophen-2-yl]thiophene-2 carbaldehyde), estava presente em 15 computadores (Grafico 1).
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Gragico 1 — Avaliacdo do Virtual screening comparando os ligantes e suas freqiiéncias
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Fonte: Moraes (2011).

Estes 11 potenciais inibidores foram submetidos a testes de filtro, disponivel no
servidor FAF-Drugs (Miteva et al., 20006), para excluir aqueles que teriam indesejaveis
caracteristicas fisico-quimicas como a biodisponibilidade oral.

Os parametros FAF-Drugs (Miteva et al., 2006), utilizados foram baseados nas regras
de Lipinski's. A partir do conjunto dos 11 ligantes selecionados, 8 passaram nas regras,
incluindo o ZINC00154386 ¢ o ZINC02387301. A figura 14 mostra as estruturas moleculares
para os 8 ligantes. Os ligantes selecionados sdo apresentados na ( Tabela 2). O re-rank Score

para essas 8 moléculas vao desde -116.958 a -100.029.
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Tabela 2 — Propriedades fisico-quimicas dos ligantes que passaram pela Regra de Lipinski

apos a analise por FAFDrugs.

Ligante Cadigo Peso Numero de Numero de  XLogP
ZINC Molecular hidrogénios  hidrogénios
aceitadores doadores
(Da)
1 2387301 3044 2 0 4
2 154386 274,2 3 1 1,8
3 2169849 3473 5 4 0,2
4 644889 3553 4 3 0,2
5 56610 3373 5 4 -0,1
6 2565373 2923 4 1 3,2
7 1724292 279,3 5 0 3,7
8 57128 267,3 1 2 2

Fonte: Moraes (2011).

5.3 Coeficiente de Spearman

O VS foi validado comparando os valores de IC50 para varios derivados da MAO
testados com interacdo de energia para o docking experimental (Tabela 3), onde obtivemos
um coeficiente de Spearman de 0, 80 (p = 0,80), que seria 0 mesmo que o valor critico a nivel
de significancia de 0,002. Com isso, pode-se dizer que os experimentos de docking rigido
podem ser usados para predizer a atividade qualitativa. Publicagdes anteriores para docking
molecular de quinases exibiu um coeficiente de spearman de 0,643 (Otyepka et al., 2000);
indicando, com isso, que o protocolo de VS atual ¢ adequado para o nosso proposito.

Além disso, a aplicacdo do protocolo de melhor docking para simular a interagdo do 2-
BFI com a estrutura do Ile199Ala mutante de MAO-B humana (c6digo de acesso PDB:
2XFO) gerou um re-rank score de -72,06, superior a re-rank para 2-BFI no complexo com
tranilcipromina:MAO-B (-86,57). Um estudo publicado anteriormente (Boniventoet al.,
2010), indicou que o 2-BFI se liga a enzima mutante fracamente com um Ki de

aproximadamente 58 uM, enquanto que 2-BFI liga a tranilcipromina de MAO-B humana com
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um valor de Kd de 9 nM, que ¢ um aumento de quase mil vezes na afinidade de liga¢do para
2-BFI na inibig¢@o tranilcipromina especificamente observada em MAO-B humanas. Estes
resultados experimentais estdo de acordo com re-rank score estimada com MVD. Em
conjunto, estes resultados indicam que este protocolo de docking também pode ser aplicado

para avaliar a afinidade de ligagdo de compostos identificados em um estudo VS.

Tabela 3 — Comparagdo de valores de IC50 de varios derivados da MAO testados com

energia de interagdo para docking experimental.

Moldock Rerank

Ligante Score Score HBond IC50 Log(IC50)
Clorgyline -106,717  -85,5701 -1,6474 0,00042 -6,3767
cis-2,4,5-

trimethoxypropenylbenzene -84,506  -50,7948 0 0,362 -3,4412
Eugenol Methyl Ether -78,6633  -66,0726 0 0,269 -3,57024
Deprenyl -69,503  -23,0131 0 0,0023 -5,6382
Isatin -60,6128  -51,2535 -2,5 0,008566  -5,0672
Eugenol -58,33 -11,279  -2.499 0,288 -3,5406
(1S,2S)-(+)-psi-ephedrine -56,2415  -28,2115 3,42698 234 -0,6307
O-eugenol -53,8414  -19,5025 -0,9745 0,5 -3,301
4-Hydroxy-3- -

methoxybenzylamine -53,6122 729.994 2,49674 0,382 -3,4179
(1R,2R)-(+)-psi-ephedrine -50,0494 12,047 -2,5 88 -1,0555
2-(aminooxy)-1-phenylethanol -48,1304  -14,2979 -1,9337 0,25 -3,602
2,6-dimethoxyphenol -46,6543  -9,57545 -0,6459 0,5 -3,301
2-methoxyphenol -45,5002  -37,1172 -6,0724 0,5 -3,301

Fonte: Moraes (2011).

5.4 Interacdes moleculares
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A fim de melhor compreender as interagdes destas 8 moléculas com a MAO-B,
usamos o programa LIGPLOT (Wallace ef al., 1995) para acessar os atomos de ambos,
pequenas moléculas e as proteinas que sdo responsaveis para fazer ligagdes de hidrogénio e
contatos de Van de Waals. Na figura 15 estd demonstrado o ligplot para o ZINC0015386 e na
figura 16 o ligplot do ZINC02387301.

Andlise da interacdo intermolecular indica ‘residuos chaves’ responsaveis pela
especificidade de ligagdo ligante. Ligacdo do 2 - (2-benzofuranyl)-2-imidazoline a MAO-B ¢
mostrada na figura 17. Ligagdes de hidrogénio intermoleculares envolvendo residuos Tyr326
e Prol02. Contatos de Van der Waals estdo presentes entre o ligante e os residuos Phe 168,
Leu 164,11316, 11 199, Leu 171, e Leu 88.

Informacgdes sobre as interagdes moleculares para os 8 compostos estdo na tabela 4
Analise da ligagdo do 2-(2-benzofuranyl)-2-imidazoline na cavidade , indicou que todos os 8
compostos apresentam interacdes com os residuos: Ile316, Ile199 e Leu88. Dos 8 compostos
6 apresentaram interagdescom os residuos: Leul71, Leul67, Leul71. O residuo Tyr326 ¢
encontrado nas interagdes com os ligantes 1, 2, 3, 4, 5, 6 e 7, que indica fortemente a
importancia desses residuos para a especificidade do ligante, como tem sido sugerido a partir
da analise da estrutura cristalografica do 2-BFI em complexo com tranilcipromina:MAO-B

(Bonivento et al., 2010).
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Figura 15- Ligplot do ZINC00154386 demonstrando as ligagdes de hidrogénio e os contatos
hidrofébicos feitos pelo ligante 2BFI com a enzima MAO-B.
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Figura 16 — Ligplot do ZINC02387301 demonstrando as liga¢gdes de hidrogénio e os contatos
hidrofobicos feitos pelo ligante 2BFI com a enzima MAO-B.
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Figura 17 - Ligacdo do 2-(2-benzofuranyl)-2-imidazoline com residuos principais
encontrados em interagdes intermoleculares com o 2-(2-benzofuranyl)-2-imidazoline.

Leu164
lle316
Phe16 Tyr 326
Leu88
11e199
Pro102

Fonte: Moraes (2011).

Tabela 4 — Interagdes intermoleculares para os ligantes selecionados com melhor score no
processo de VS. A presenca de um X indica que a interagdo ocorre. HB significa pontes de
hidrogénio e VDW significa contatos de Van der Waals.

Residuos Ligantes
HB ZINCO02387301 ZINCO00154386 ZINC02169849 ZINC00644889

Ser200 X X X
Tyr326 X X X

Ala325 X

Pro102 X
Thr201

Glug4

GIn206 X
Gly101

Leul64

e
s

VDW

Prol102 X X
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Phel68
lle316
Ile199
Leul67
Leul71
Leu88
Gly101
Phe103
Trpl19
Thr201
Ser200
Pro104
Thr314 X
Tyr326 X
Leul64

Glug4

Ala325

Leu345

Thr202

e

T T B
s

T I B

T T B B

T T
s s

s
s

Residuos Ligantes

HB ZINC00056610 ZINC02565373 ZINC01724292 ZINC00057128

Ser200 X

Tyr326 X

Ala325 X
Pro102
Thr201
Glu84 X

GIn206

Gly101 X

Leul64 X

e
e

VDW

Prol102 X X X
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Fonte: Moraes (2011).
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6. CONCLUSAO

A pesquisa e o desenvolvimento de compostos mais efetivos contra a doenca de
Parkinson representa uma necessidade a satde publica mundial. Inibidores da monoamina
oxidase, uma enzima que catalisa a desaminagdo oxidativa de aminas biogénicas, como
monoaminas neurotransmissoras (serotonina, norepinefrina, dopamina) ¢ neuromoduladoras
(B-feniletilamina), assim como monoaminas bioativas exdgenas (tiramina); sdo considerados
alvos promissores para o desenvolvimento de drogas contra parkinson. Alguns estudos tém
demonstrado que derivados imidazolinicos sdo capazes de inibir a atividade da MAO. Os
sitios imidazolinicos I, s3o encontrados na membrana mitocondrial externa e possuem como
caracteristica importante a sua alta afinidade para uma série de compostos imidazolinicos e
guanidinicos. Além disso, os sitios I, tém sido subdivididos conforme sua capacidade de
reconhecer o composto guanidinico, amilorida. Sitios sensiveis & amilorida sdo designados
LA, € provavelmente estejam localizados na MAO-A. Os sitios I, sdo insensiveis a amilorida
estando presentes na MAO-B. Porém, ainda ndo se sabe o mecanismo de interagdo entre os
sitios I, e as isoformas da MAO. Acredita-se que este sitio seja distinto do sitio catalitico da
enzima, e independente do grupo prostético FAD, ou dos dominios de ligagdo a inibidores
classicos da MAO. De fato, estudos demonstram que a maioria dos residuos de aminoacidos
(149-222) identificados como sitios I, na MAO-B sdo encontrados na cavidade de entrada do
sitio catalitico da enzima. Neste estudo nds focamos na MAO-B.

Com o avanco dos estudos de algoritmos de docking molecular, disponiveis hoje em
dia, torna-se possivel realizar maiores estudos de Virtual Screening focados em bibliotecas de
pequenas moléculas com milhdes de compostos. O estudo da computacao biologicamente
inspirada aplicada ao estudo da interacdo da monoamina oxidase e inibidores demostrou que o
protocolo de docking molecular foi capaz de recuperar a posicao cristalografica de um ligante
presente no sitio ativo da MAO-B. Nos utilizamos o algoritmo de busca simplex evolution
para realizar pesquisa de docking flexivel para a predi¢do das atividades inibitérias da MAO-
B. Os parametros para o docking flexivel foram otimizados, para permitir-nos o trabalho de
rotina. Depois disso, simulagdes de cross-docking foram realizadas com o sitio de ligacao
imidazolinico. Calculamos a correlagdo entre o escore de classificacio MOLDOCK do
programa MVD e a atividade inibitdria respectiva da MAO-B. Os coeficientes de correlagao
calculados mostram que o docking usando a combinacdo do algoritmo simplex evolution e
MOLDOCK score ¢ uma técnica adequada para fazer previsdes qualitativas sobre a atividade.

Ao mesmo tempo, os resultados confirmam a suposicdo de que existe uma relacdo
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consideravel entre o ICsy e re-rank score. Estudamos também a influéncia de ‘residuos
chaves’ na interagdo ligante com MAO-B e tentamos prever novos compostos possivelmente
ativos. NoOs identificamos dois compostos (ZINC00154386 e ZINC02387301) com
MOLDOCK score baixo. Ambos 0s compostos apresentam interagdes que envolvem residuos
Tyr326 e Prol02, como observado para a estrutura cristalografica 2XCG. As informacdes
obtidas neste estudo serdo utilizadas para a concepg¢do de novos inibidores da MAO-B e para

o trabalho adicional na area de simulagdes de docking molecular.
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Abstract

Monoamine Oxidase (MAO) is an enzyme of major importance in neurochemistry, because it
catalyzes the inactivation pathway for the catecholamine neurotransmitters, noradrenaline,
adrenaline and dopamine. In the last decade it was demonstrated that imidazoline derivatives
were able to inhibit MAO activity. Furthermore, crystallographic studies identified the
imidazoline-binding domain on monoamine oxidase B (MAO-B), which opens the possibility
of molecular docking studies focused on this binding site. The goal of the present study is

to identify new potential inhibitors for MAO-B. In addition, we are also interested in
establishing a fast and reliable computation methodology to pave the way for future molecular
docking simulations focused on the imidazoline-binding site of this enzyme. We used the
program ‘molegro virtual docker’ (MVD) in all simulations described here. All results
indicate that simplex evolution algorithm is able to succesfully simulate the protein-ligand
interactions for MAO-B. In addition, a scoring function implemented in the program MVD
presents high correlation coefficient with experimental activity of MAO-B inhibitors. Taken
together, our results identified a new family of potential MAO-B inhibitors and mapped

important residues for intermolecular interactions between this enzyme and ligands.

Keywords: Monoamine Oxidase, imidazoline sites, molecular docking, virtual screening.
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Introduction

Monoamine oxidase (monoamine: oxygen oxidoreductase (deaminating), EC 1.3.3.4,
MAO) is a flavindependent enzyme that catalyzes the oxidative deamination of important
amine neurotransmitters, such as dopamine, noradrenaline, and serotonine. For a recent
review see [1]. These important protein targets are found in the external mitochondrial
membrane as two isoenzymes, MAO-A and MAO-B, that exhibit differing substrate and
inhibitor specificities [2-8]. MAO-B is selective for dopamine whereas MAO-A is selective
for serotonin and noradrenaline. MAOs are the most important enzymes in metabolizing
monoamine neurotransmitters and an essential factor in the etiology of age-regulated
neurodegenerative diseases, such as such as Alzheimer’s and Parkinson’s diseases [7-8].
Inhibition of MAO-A and B causes amplification of the existing amounts of monoamine
neurotransmitters in the brain for the therapy of psycho-neurological disorders. Several MAO-
B inhibitors are currently useful in Parkinson’s disease [5, 9, 10].

Several molecular docking studies have been performed on MAOs [11-21], none of
them was focused on the imidazoline binding site on MAO-B, also known as 12 binding site
[22-26]. Although experimental evidence suggested the importance of this binding site for
inhibitory activity against MAO-B [27-30], that could be used for molecular docking studies.
Recent X-ray crystallographic and biochemical studies [31] revealed the structural basis for
an interesting potentiation of MAO-B inhibition due to the presence of a ligand in the
substrate binding site and 2-(2-Benzofuranyl)-2-imidazoline (2-BFI) in the imidazoline site.
Analysis of the structure of the 2-BFI complex with tranylcypromine-inhibited MAO-B
showed that the presence of tranylcypromine modifies the positioning of Leul99 in the
entrance of the active site, generating a closed conformation for MAO-B. This form allows
tight binding of the reversible inhibitor 2-BFI with 1000 fold increase in the affinity [31].
Furthermore, this study suggested that a new generation of MAO-B inhibitors could be
obtained focusing on the entrance of the active site, the imidazoline binding site, which
motivated the present study.

MAO-B is composed of three structural domains, as shown in Figure 1. Briefly, the
substrate domain is composed of residues Phe 103, Pro 104, Trp 119, Leu 164, Leu 167, Leu
171, Phe 168, Ile 199, Ile 316 and Tyr 326. The flavin domain is composed of the flavin

group covalently bound to Cys397. There is also a transmembrane domain, composed by
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alpha helices. The substrate entrace is close to the intersection of the enzyme with
mitocondrial surface [9, 31].

Molecular docking simulation (MDS) is a computational methodology that provides
automatic means to determine the conformation of a proteins-ligand complex. Considering
protein-ligand interactions, it is possible to visualize that this computer simulation is
equivalent to the key-and-lock problem, where the lock is the protein and the key the ligand.
The main objective of the MDS is to adjust the position of the ligand (key) in the protein
(lock). In a typical MDS it is generated many potential positions for the ligand in the protein,
known as poses. Consequently, it is necessary to have a model, which will allow evaluation of
all several possible positions for the ligand, and then choose the best position. This model of
selection could be expressed as an energy function [32] or a scoring function [33-38] not
necessarily related to an energy function.

Here we applied molecular docking search engines and empirical scoring functions
implemented in the program molegro virtual docker [39-41] to evaluate the interaction of
MAO-B with ligands. The goals of the present paper are the following: 1) To establish a fast
and reliable molecular docking protocol to identify ligand position in the imidazole-binding
site on MAO-B. 2) To apply this docking protocol to predict ligand-binding affinity, and 3) to
identify new potential MAO-B inhibitors, with focus on the imidazoline-binding site. We
describe an optimized molecular docking protocol that was able to predict ligand position
with RMSD lower than 0.3 A when compared with the crystallographic structure. This
docking protocol was able to predict inhibitory activity, further validating this docking
protocol. Application of this reliable protocol was able to identify new potencial MAO-B

inhibitors. Their intermolecular interactions and structural features are discussed.

Materials and Methods

Re-docking and cross-Docking

MVD [39-41] is one of the available commercial programs for docking simulations
based on evolutionary algorithms. Recent evaluation of MVD strongly indicates that it is
capable of superior overall performance when compared with AUTODOCK, SURFLEX,
FLEXX and GOLD [39-42]. MVD brings implementation of four search algorithms to find
ligand position and orientation. They are: MOLDOCK optimizer (implementation of

differential evolution algorithm), MOLDOCK simplex evolution (implementation of downhill
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simplex method), iterated simplex, and iterated simplex (with ant colony optimization) [39-
41].

In this study, prior to MDS, all atom types and the bond orders were corrected to both
ligand and monoamine oxidase B structures using the MVD automatic preparation function
[39]. For each complex, the hydrogen atoms were added and the MVD default charges were
assigned. This automatic preparation of the structures was also applied to all ligands used in
the test set and virtual screening (VS) (described below). Molecular cavities were detected
using the grid-based cavity prediction algorithm. All water molecules were deleted from the
original PDB files for re-docking and cross-docking (described below) simulations. Re-
docking simulations of the ligand 2-BFI against the imidazoline binding site on MAO-B were
carried out using the atomic coordinates of 2XCG [31].

In addition to re-docking, a procedure called "cross-docking" can also be used to
further validate a docking protocol. Considering that several crystallographic structures are
available for the same protein, cross-docking can be applied. This procedure involves docking
a number of ligands found in a variety of crystal structures of a protein identical to a single
rigid protein crystallographic conformation [43]. When a protein target presents major
conformational changes upon ligand binding, a significant difference is expected between the
crystallographic and docked structures. In the cross-docking simulations we used 10
crystallographic structures (PDB access codes: 10J9, 2VRL, 2VZ2, 2XFN, 2XFO, 2XFP,
2XFQ, 2XFU, 3PO7, 2VRM). Re-docking and cross-docking are the initial stages of all VS
projects. The overall scheme is shown in Figure 2, and it has been fully described elsewhere
[44]. Briefly, Phase 1 is focused on selection and validation of a docking protocol, as
described above. Phase 1 ends when an adequate protocol is found (selection criterion RMSD
< 2.0 A). It should be pointed out that the RMSD criterion is dependent on the number of
torsion angles, and a less demanding criterion may be adopted for re-docking of a ligand with
a number of torsion angles higher than 10 [40, 41]. Once a docking protocol is chosen we
select a small-molecule database to be used in the screening (phase 2). In phase 3, we start
docking simulations for each ligand present in the selected database. During a typical docking
simulation several orientations can be obtained for each ligand. Here we selected the one with
the lowest scoring function. The scoring function used by MVD improves accuracy of scoring
functions with a new hydrogen bonding term and new charge schemes. Four scoring functions
are implemented in the MVD, including MOLDOCK score and PLANTS score [39]. These
two functions offer grid-based versions, in which hydrogen bond directionality is not

considered.
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To further improve docking accuracy, a re-ranking scoring function was used. This
function identifies the most promising docking solution from the solutions obtained by the
docking algorithm [39]. Re-rank score includes to the docking scoring function terms, such as
a sp2-sp2 torsion term and a Lennard-Jones 12-6 potential. The reranking score function is
computationally more expensive than the scoring functions (MOLDOCK and PLANTS
scores) used during the docking simulation but it is usually better than the docking score
function at determining the best pose among several poses originating from the same ligand
and also for evaluating ligand-binding affinity. Furthermore, due to stochastic nature of the
search algorithm, we applied the same VS protocol 16 times, running the best docking
protocol in 16 computers in parallel (coarse-grain parallelism) and only considered a
compound as a hit if it is present in the majority of the VS results. In the present work, all
simulations were performed in 16 iMac computers (Intel Processor Core 2 Duo, 2.66 GHz, 2
GB SDRAM DDR3 1066 MHz).

After identification of potential inhibitors by MDSs, the best scored ligands can be
submitted to the web server FAF-Drugs [45] in order to assess physical-chemical properties
(phase 4). These are key properties that need to be considered in early stages of the drug
discovery process, and FAF-Drugs allows users to filter molecules via simple rules such as
molecular weight, polar surface area, logP and number of rotatable bonds. The ligands were
filtered following the Lipinski’s rule of five (ROS5). ROS5 advocates that drugs which present
oral bioavailability, in general, follow: molecular weight less or equal to 500, LogP less or
equal to 5, number of hydrogen bond donor groups less or equal to 5 and number of hydrogen
bond acceptor groups less or equal to 10 [46].

To confirm the ability of the MVD program to evaluate the inhibitory activity of a
ligand bound to MAO-B we selected 13 MAO-B inhibitors for which experimental
information for their inhibition activity (IC50) was available. This information was retrieved
from the BRENDA [47]. We used the program ACD/ChemSketch from Advanced Chemistry
Development (Toronto, Canada)(http://www.acdlabs.com/products/draw_nom/) to generate
inhibitor structures and submitted them to the automatic preparation of the structures of MVD
(described above). From now on this ensemble of structures will be referred as test set.

In order to identify new commercial available MAO-B inhibitors we focused our VS
efforts on the SIGMA library. This small-molecule library presents 15,186 compounds. We
downloaded these compounds in the structure-data file (SDF) format from the ZINC database
[48-50]. The atomic coordinates for the structure 2XCG [31] was used as target for VS and
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test set studies, water molecules and ligands were deleted from the structure. We used the best
docking protocol with re-ranking score function identified in the phase 1 to evaluate binding
affinity.

Results and discussion

Re-docking and cross-docking

One of the most important results derived from the several applications of MVD
program is the comparison of re-docking simulations between MVD and other docking
programs, such as GOLD, FLEXX, GLIDE, and AUTODOCK [39-42]. These comparisons
strongly indicated that the MVD is able to obtain lower RMSDs in the great majority of the
analyzed crystallographic structures (re-docking simulations). In addition, MVD not only
presents a better overall performance in re-docking simulations, but it is also faster than
AUTODOCK [42], one of the first MDS program. These results demonstrate that MVD is
reliable; therefore, we used it in the present work.

Initially, a search for the best molecular docking protocol was performed. The
structure of 2-BFI in complex with tranylcypromine-inhibited MAO-B was used for re-
docking simulations. The key criterion describing the quality of a MDS is the RMSD. In
molecular docking applications, the best binary complex is the one closer to the structure
determined by x-ray crystallography. Analysis of the re-docking results for the combination
of 4 search algorithms and 4 scoring functions (a total of 16 different docking protocols)
generated RMSD from 0.2 to 12.08 A. Table 1 shows the RMDS for all docking protocols.
The best results were obtained for the following search engines: MOLDOCK SE,
MOLDOCK optimizer, and iterated simplex. Iterated simplex with ant colony optimization
generated the worst RMSD (12.08 A). The parameters for docking, especially the search
engine features, were optimized by running several MDSs on the complex structure. The
following parameters and their combinations were varied: radius of the docking sphere,
number of runs, maximum number of iterations, and maximum population size. The

optimized parameters for the docking are the following:

Scoring function

Empirical scoring function: Re-rank score (used for ranking the MDS results)
Binding site

Origin: x=50.63; y=161.17 and z= 31.34 A

Radius: 10 A
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Search algorithm

Algorithm: MOLDOCK SE

Number of runs: 10

Constrain poses to cavity: Enabled
Parameter settings

Max iterations: 1500

Max population size = 50
Pose generation

Energy threshold: 100.00
Simplex evolution

Max steps: 300

Neighbour distance factor: 1.00 .

Figure 3 shows the docking sphere used in the re-docking simulations. Since the
combination of MOLDOCK SE and re-rank score, generated very low RMSD (0.2 A) we
chose this docking protocol and used it in all further MDSs. Cross-docking simulations for 10
MAO-B complexes using this protocol generated RMDS from 1.45 to 1.80 A, further

validating the present docking protocol.

Relationships between the MAO-B inhibition and re-rank score

Predicting the ligand-binding affinity based on a static conformation of the ligand is a
complex task. For example, energetic contributions from solvent interactions and entropy
contributions are complicated to handle in the simplified models used in MDS. While the re-
rank score in MVD provides an approximation of the potency of the intermolecular
interaction, it is not calibrated in physical-chemical units and it does not take intricate
contributions (such as entropy) into account. Even though the re-rank score might be
successful in ranking different poses of the same ligand, it might be less successful in ranking
poses of different ligands. So, to test whether re-ranking score is able to predict ligand-
binding affinity we applied the best docking protocol to a test set of 13 ligands for which
experimental information was available.

It is expected that scoring functions show a correlation with inhibitory activity (IC50).
To carry out comparisons we used pIC50, which is the log (IC50), as shown on Table 2. Since
there is no direct significant relationship between the two datasets, we have to calculate the

Spearman’s rank order correlation coefficient to evaluate the statistical significance of the
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relationship between these two independent variables (re-rank score and pIC50). The equation

for this correlation coefficient is as follows,

6§j ey -y ) ]
_1-37

g N’ -N
where N is the number of pairs, 13 in our case, the variables r(xj) and r(yj) are the rank of the
pIC50 and the rerank score of the jth sample in the dataset. [22].

Analysis of the Spearman’s rank correlation coefficient for this dataset (table 2)
generated a p = 0.8, which is higher than the critical value at the 0.002 level of significance. It
implies that the re-rank score of MVD can be applied for activity prediction.

Furthermore, application of the best docking protocol to simulate the interaction of 2-
BFI with the structure of Ile199Ala mutant of human MAO B (PDB access code: 2XFO)
generated a re-rank score of -72.06, higher than the re-rerank for 2-BFI in complex with
tranylcypromine-inhibited MAO-B (-86.57). Previously published study [31] indicated that 2-
BFI binds to the mutant enzyme weakly with a Ki of approximately 58 uM, whereas 2-BFI
binds to tranylcypromine inhibited human MAO B with a Kd value of 9 nM, which is nearly
1000-fold increase in binding affinity for 2- BFI on tranylcypromine inhibition specifically
observed in human MAO B. These experimental results are in agreement with re-rank scores
estimated with MVD. Taken together these results indicate that this docking protocol can also

be applied to evaluate the binding-affinity of compounds identified in a VS study.

Virtual screening

VS is a computational approach used to identify potential new inhibitors for a protein
target for which the 3D structure is available. It has been successfully applied to identify a
plethora of inhibitors [40-41, 50]. Our focus here is on the identification of new potential
inhibitors for MAO-B. Allthough previous VS studies have been perfomed on the MAO-B
[13-15]. There is no docking studies using the combination of simplex evolution search
algorithm and MOLDOCK score. Furthermore, this is the first VS study focused on the
imidazoline-binding site on MAO-B.

Application of the previously described docking protocol to a database with 15,186
compounds retuned as best results 11 compounds, with re-rank score below -100. Among

these 11 compounds, 2 stands out, since they were found among the best hits in 14 out 16
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simulations. They are: ZINC00154386 ( 3-(1,3-benzodioxol-5-yl)-5-piperidin-1-ium-4-yl-
1,2,4-oxadiazole) and ZINC02387301 (5-[5-(5-formylthiophen-2-yl)thiophen-2-yl]thiophene-
2-carbaldehyde)).

We used filtering options of FAF-Drugs [45] to this set of 11 compounds, based on
Lipinski’s rules [46]. A total of 8 compounds passed to this filter (table 3) (Figures 4A-4H),
among them the molecules ZINC00154386 and ZINC02387301. Re-rank scores for these 8
compounds range from -116.958 to -100.029.

Intermolecular interactions

In order to assess intermolecular contacts between the compounds identified in the VS
and the MAO-B we used the program LIGPLOT [51]. Analysis of the intermolecular
interaction indicates key residues responsible for ligand binding specificity. Binding of 2-(2-
benzofuranyl)-2-imidazoline to MAO-B is shown in Fig. 5. Intermolecular hydrogen bonds
involving residues Tyr326 and Pro102. Van der Waals contacts are present between the ligand
and the residues Phe 168, Leu 164, 11316, 11 199, Leu 171, and Leu 88.

Table 4 shows intermolecular interactions for all eight compounds indetified in the
VS. All eight compounds present interactions with residues Ile316, 1le199 and Leu88. Out of
8 compounds, 6 show intermolecular interactions with residues Leul71, Leul67, and Leul71.
The residue Tyr326 is found in interactions with ligands 1, 2, 3, 4, 5, 6 and 7, which strongly
indicates the importance of these residues for ligand specificity, as has been suggested from
the analysis of the crystallographic structure of 2-BFI in complex with tranylcypromine-

inhibited MAO-B [31].

Conclusions

We have used simplex evolution algorithm to carry out flexible docking search for
prediction of MAO-B inhibitory activities. The parameters for the flexible docking were
optimized to allow us routine work. After that, cross-docking simulations were performed
with the imidazole-binding site. We have calculated the rank correlation between the
MOLDOCK score of the program MVD and the respective MAO-B inhibitory activity. The
calculated correlation coefficients imply that the docking using the combination of simplex

evolution algorithm and MOLDOCK score is a suitable technique for making qualitative
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predictions about activity. At the same time, the results confirm the assumption that there is a
considerable relationship between the IC50 and rerank scores.

We have studied also the influence of key residues on ligand interaction with MAO-B
and attempted to predict new possibly active compounds. We have identified two compounds
(ZINC00154386 and ZINC02387301) with low re-rank score. Both compounds present
intermolecular interactions involving residues Tyr326 and Prol02, as observed for the
crystallographic structure 2XCG [31]. Information obtained in this study will be used for
designing new MAO-B inhibitors and for additional work in the area of molecular docking

simulations.
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List of abbreviations:

PD: Parkinson's disease

IMAO: Inhibitor of Monoamine Oxidase
MAO: Monoamine Oxidase

MAO-A: Monoamine Oxidase A
MAO-B: Monoamine Oxidase B

FAD: Flavin —Adenine - Dinucleotide;
VS: Virtual Screening

2-BFI: 2-(2-benzofuranyl)-2-imidazoline
RMSD: Root Mean Square Deviation
PDB: Protein Data Bank

EA: Evolutionary algorithm

PLP: Piecewise Linear Potencial

E intermol: energia intermolecular

E intramol: energia intramolecular

ROS: Lipinski’s rule of five

p: Coeficiente de Spearman

IUPAC: International Union of Pure and Applied Chemistry

IC50: half maximal inhibitory concentration

Figure Legends

Fig. 1 The crystal structure of human MAO-B. Structure of Monoamine Oxidase in complex
with FAD and 2-(2-enzofuranyl)-2-imidazoline (PDB access code: 2XCG).

Fig. 2 Flowchart of virtual screening process.

Fig. 3 Search space sphere (green) defined for molecular docking simulations.

Fig. 4 Molecular structures of the top-scoring compounds identified in the VS protocol. A)
ZINC02387301. B)ZINCO00154386. C) ZINC02169849. D) ZINC00644889. E)
ZINC00056610 F) ZINC02565373 G) ZINCO01724292 H) ZINC00057128.

Fig.5 2-(2-benzofuranyl)-2-imidazoline-binding pocket with main residues found in

intermolecular interactions with 2-(2-benzofuranyl)-2-imidazoline.
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Table captions

Table 1 RMDS for all docking protocols implemented in the MVD program.

Table 2 Comparison of IC50 values for various derivatives of MAO-tested with interaction
energy for docking experiment.

Table 3 Physical-chemical properties of ligands that fitted the Lipinki's role of five after
analysis by FAF-Drugs.

Table 4 Intermolecular interactions for the top-scoring ligands selected in the VS procedure.
The presence of an X indicates that the interaction occurs. HB means hydrogen bonds and

VDW means van der Waals contacts.
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Table 1
Protocol | Scoring Search RMSD (A) |RMSD (A) | RMSD | RMSD
functions | algorithm A) A)
Sorting criteria MolDock Rerank HBond RMSD
Score Score
1 MolDock | MolDock 1.61 0.20 1.61 0.20
Score Optimizer
2 MolDock | MolDock 1.61 0.20 1.61 0.20
Score (Simplex
Evolution)
SE
3 MolDock | Iterated 1.61 0.20 1.61 0.20
Score Simplex
4 MolDock | Iterated 1.61 0.20 1.61 0.20
Score Simplex (Ant
Colony
Optimization)
5 MolDock | MolDock 1.56 1.56 1.56 0.27
Score Optimizer
[GRID]
6 MolDock | MolDock 12.08 12.08 12.08 11.54
Score (Simplex
[GRID] Evolution)
SE
7 MolDock | Iterated 1.56 1.56 1.56 0.28
Score Simplex
[GRID]
8 MolDock | Iterated 1.56 1.56 1.56 0.27
Score Simplex (Ant
[GRID] Colony
Optimization)
Protocol | Scoring Search RMSD (A) |RMSD (A) | RMSD | RMSD
functions | algorithm A) A)
Sorting criteria Plants Score | MolDock Rerank RMSD
Score Score
9 PLANTS | MolDock 1.60 1.60 0.23 0.23
Score Optimizer
10 PLANTS | MolDock 1.60 1.60 0.23 0.23
Score (Simplex
Evolution)
SE
11 PLANTS | Iterated 1.60 1.60 0.23 0.23
Score Simplex
12 PLANTS | Iterated 1.60 1.60 0.23 0.23
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Score Simplex (Ant
Colony
Optimization)
13 PLANTS | MolDock 1.54 1.54 0.21 0.21
Score Optimizer
[GRID]
14 PLANTS | MolDock 1.54 1.54 0.21 0.21
Score (Simplex
[GRID] Evolution)
SE
15 PLANTS Iterated 1.54 1.54 0.21 0.21
Score Simplex
[GRID]
16 PLANTS Iterated 1.54 1.54 0.21 0.21
Score Simplex (Ant
[GRID] Colony

Optimization)




114

Table 2
Moldock Rerank

Ligante Score Score H Bond IC50 Log(IC50)
Clorgyline -106,717  -85,5701 -1,6474 0,00042  -6,3767
cis-2,4,5-

trimethoxypropenylbenzene -84,506  -50,7948 0 0,362 -3,4412
Eugenol Methyl Ether -78,6633  -66,0726 0 0,269 -3,57024
Deprenyl -69,503  -23,0131 0 0,0023 -5,6382
Isatin -60,6128  -51,2535 -2,5 0,008566  -5,0672
Eugenol -58,33 -11,279  -2.499 0,288  -3,5406
(1S,2S)-(+)-psi-ephedrine -56,2415  -28,2115 3,42698 234 -0,6307
O-eugenol -53,8414  -19,5025 -0,9745 0,5 -3,301
4-Hydroxy-3- -

methoxybenzylamine -53,6122 729.994 2,49674 0,382  -3,4179
(1R,2R)-(+)-psi-ephedrine -50,0494 12,047 -2,5 88  -1,0555
2-(aminooxy)-1-phenylethanol -48,1304  -14,2979 -1,9337 0,25 -3,602
2,6-dimethoxyphenol -46,6543  -9,57545 -0,6459 0,5 -3,301

2-methoxyphenol -45,5002  -37,1172 -6,0724 0,5 -3,301




Table 3

Ligand ZINC Number of Number of  XLogP
Code  Molecular HB HB
Weight acceptors donnors
(Da)
1 2387301 304.4 2 0 4
2 154386 274.2 3 1 1,8
3 2169849 347.3 5 4 0,2
4 644889 355.3 4 3 0,2
5 56610 337.3 5 4 -0,1
6 2565373 292.3 4 1 3,2
7 1724292 279.3 5 0 3,7
8 57128 267.3 1 2 2
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Table 4

Residuos Ligantes
HB ZINCO02387301 ZINCO00154386 ZINC02169849 ZINC00644889

Ser200 X X X
Tyr326 X X X

Ala325 X

Pro102 X
Thr201

Glug4

GIn206 X
Gly101

Leul64

oA
s

VDW

Pro102
Phel68
lle316
Ile199
Leul67
Leul71
Leu88
Gly101
Phe103
Trpl19
Thr201
Ser200
Pro104
Thr314 X
Tyr326 X
Leul64

Glug4

Ala325
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Abstract

In order to obtain structural information about intermolecular interactions between a
protein target and a drug we could either solve the structure by experimental techniques
(protein crystallography or nuclear magnetic resonance), or simulate the protein-drug complex
computationally. Molecular docking is a computer simulation methodology that can predict
the conformation of a protein-drug complex, with relatively high accuracy when compared
with experimental structures. Although a plethora of algorithms has been applied to the
problem of molecular docking simulation, recent results show that the most successful
approaches are those based on evolutionary algorithms. Evolution as a source of inspiration
has been shown to have a great positive impact on the progress of new computational
methodologies. In this scenario, analyses of the interactions between a protein target and a
drug can be simulated by these evolutionary algorithms. These algorithms mimic evolution to
create new paradigms for computation. This review provides a description of evolutionary
algorithms and applications to molecular docking simulation. Special attention is dedicated to
differential evolutionary algorithm and its implementation in the program molegro virtual
docker. Recent applications of these methodologies to protein targets such as
acetylcholinesterese, cyclin-dependent kinase 2, purine nucleoside phosphorylase, and

shikimate kinase are described.

Keywords: Evolutionary algorithms, differential evolution, molecular docking, structure-

based virtual screening, protein-drug.
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Introduction

Molecular docking simulation (MDS) is a computational methodology that provides
automatic means to determine the conformation of a proteins-ligand complex. Although
computational methods for protein-protein and DNA-protein docking simulations have been
undergoing rapid development in the last decades, the focus of the present review is
exclusively on protein-ligand docking simulations. For recent results about these
macromolecular docking simulations see [1-4]. Considering protein-ligand interactions, it is
possible to visualize that this computer simulation is equivalent to the key-and-lock problem,
where the lock is the protein and the key the ligand. The main objective of the MDS is to
adjust the position of the ligand (key) in the protein (lock). In a typical MDS it is generated
many potential positions for the ligand in the protein. Consequently, it is necessary to have a
model, which will allow evaluation of all several possible positions for the ligand, and then
choose the best position. This model of selection could be expressed as an energy function [5]
or a scoring function [6-11] not necessarily related to an energy function. Most of the times,
these terms (scoring function and energy function) are regarded as being synonymous with
each other. In addition to these two forms of evaluating protein-ligand interactions, there are
three other methods: knowledge-based scoring functions [12-15], consensus scoring [16-19]
and clustering-based scoring methods [20-22]. These methods have been recently reviewed
[23] and will not be considered in the present review.

From the computational view, molecular docking can be seen as an optimization
problem, where it is desired to find the best solution (right position for the ligand) from a set
of possible positions [24]. Another classical example of optimization problem is the travelling
salesman problem. In this problem we have to find the shortest tour around a number of cities,
where we have an equation for calculation of the length of the tour. The desired output
property is optimality, that is, minimal length. The major difficulty in the simulation of a
protein-ligand complex is in part due to the fact that it involves many degrees of freedom.
Combination of rotation and translation of one molecule relative to another involves six
degrees of freedom. In addition, we have also torsion angles for both, protein and ligand [25-
27]. The inclusion of solvent molecules or ions may also play an important role in the
simulation and CPU time.

MDSs often make use of one or more of the following computational methodologies:
Monte Carlo (MC) [28], Lamarckian genetic algorithm (LGA)[29, 30], fast shape matching
(SM) [31], incremental construction (IC) [32, 33], distance geometry (DG) [34], simulated
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annealing (SA) [35, 36] and tabu search (TS) [37]. All these computational methodologies
have been recently reviewed [24]. Although intense research has been carried out on the
application of the above mentioned algorithms to the problem of MDSs, recent results
strongly indicate that the most successful approaches are those based on evolutionary
algorithms (EAs) [26]. EAs can be employed to carry out protein-ligand docking [38-44]. In
these algorithms each chromosome in a population encodes one conformation of the ligand
and its orientation in the protein-binding pocket. A scoring function (also known as fitness
function) is employed to assess the fitness of each individual of the population. This fitness
function is used to select the members of the population, which will be kept in the next
iteration. The process is repeated until a termination condition is reached. Among the plethora
of computational methods classified as EAs, one has been shown to be particularly well-
suited for MDS [45.46], this method is known as differential evolution algorithm (DEA). This
revolutionary algorithm was first described in a publication in 1997 [47]. In this breakthrough
paper, it was introduced the algorithm of differential evolution to a significant worldwide
community and demonstrated the advantages of DEA over the other global optimization
methods. Excellent results had been shown on an ample diversity of benchmarks and
applications [45-47], including MDS [48].

DEA is an optimization methodology. And without regard to its simplicity DEA is one
of the most influential algorithms for global optimization [45, 46]. DEA shares a lot in
common with genetic algorithms (GAs), evolution strategies, or evolutionary programming.
These are three basic computational methodologies of evolutionary optimization, also well
known under the common term of evolutionary algorithms (EAs). Recently, with the
introduction of new methods in optimization, including DEA, these methodologies have been
named as artificial evolution. DEA belongs to this class of computational methodology [47,
48]. In addition, as we can figure out from the names, famous GAs is derived from the genetic
evolution of chromosomes, ant colony optimization is guided by the study of ants’ behavior,
neural network is based on the model of neurons and their connections, and so on. On the
contrary to all, DEA was derived from naturally mathematical (geometrical) influence [47,
48].

Under the light of EAs, MDS is a computational problem that may benefit from such
evolutionary computing approaches. In MDSs, the major objective is to discover the best
solution (pose) using fitness function (scoring or energy function). Darwin's theory of
evolution states that groups of organisms will experience genetic changes over time due to the

course of natural selection. Furthermore, Darwin's theory says that organisms which are most
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fit for their environment continue to exist while unsuitable organisms die, altering the genetics
of a species until that species is well adapted for its environment. In summary, Darwin’s
theory of evolution states that biological systems evolved to find the fittest solution to
complex biological challenges. Therefore evolutionary ideas showed promising results in
optimization problems, such as the molecular docking problem [49]. The present review
brings together recent applications of EAs to MDSs. Our focus is on the state-of-art docking
program Molegro virtual docker (MVD) [49, 50]. This program is an implementation of four
search algorithms to find ligand position and orientation. They are: MOLDOCK optimizer
(implementation of DEA), MOLDOCK simplex evolution (implementation of downbhill
simplex method), iterated simplex, and iterated simplex (with ant colony optimization). Our
focus here is on the discussion of the first two algorithms, since they have been extensively
applied to several MDSs with interesting results [49-90]. Furthermore, implementation
MOLDOCK optimizer in the program MVD has been shown to be faster and more reliable
than implementations of Monte Carlo simulated annealing (SA) method and the Lamarckian
genetic algorithm (LGA) present in older molecular docking programs, such as AUTODOCK
[50, 55].

Molecular docking simulations (MDSs)

The goal of any MDS is to predict the three-dimensional structure formed when one or
more molecules form an intermolecular complex. A large number of programs have been
developed for protein-ligand docking. For the authors of the present paper, the most important
molecular docking programs are: ARGUSLAB [91, 92], AUTODOCK [29, 30], DOCK [93],
FLEXX [32, 33], GEMDOCK [94-95], GLIDE [96-100], GOLD [101, 102], MVD [48], and
SURFLEX [103]. Nevertheless, this list of programs could vary from author to author, but
most users of MDS would agree with at least two of the previously mentioned programs:
AUTODOCK [29, 30] and DOCK [93]. All these programs are implementations of
algorithms developed with the purpose of obtaining a fast computational method capable to
identify a novel lead compound (in virtual screening projects). In addition, these programs can
be used to replicate experimental crystallographic structures (for validation with experimental
data) at higher accuracy as possible. In a MDS, these programs can search for best fit between
two or more molecules taking into account several intermolecular interaction parameters,
obtained from receptor and ligand atomic coordinates such as: atomic VDW radius, charge,

geometrical complementarity, hydrophobic contacts, intermolecular hydrogen bonds, and
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torsion angles [50]. As a result MDS returns the predicted orientations (poses) of a ligand in
the target’s biding site. Usually the posing procedure returns several potential conformations
and numerous positions for a key. Fitness functions (scoring or energy functions), which are
able to assess binding free energy or intermolecular binding affinity, are employed with the
aim of optimizing and categorizing results, obtaining the best orientation after the MDS, to
choose the best key position [11].

There are essentially two major components of the MDS. First, we need an algorithm
for exploring the space of possible protein-ligand geometries (poses), a search algorithm.
Second, we need to evaluate and rank these poses in order to find the best binding mode for
each ligand [27], so we need to apply scoring or energy functions to the poses. In MDSs the
best binary complex (protein target + ligand) is the one closer to the experimental structure.
For that reason, we have to establish a procedure to measure the distance from the computer
generated solution (pose) to the experimental structure. Most of the times, these experimental
structures are obtained by X-ray crystallography methods. This geometric distance can be
calculated using root mean square deviation (RMSD), which is a measure of the differences
between values predicted by a model and the values really observed from the object being
modeled or estimated (protein-ligand complex). In MDSs we expect that the best results
generate RMSD values below 2.0 A, when compared to crystallographic structures [96]. This
method of obtaining the crystallographic position of ligand is called “re-docking”, and it is
basically a validation procedure to check whether the molecular docking algorithm is able to
recuperate the crystallographic position by means of MDS. Usually, RMSDs calculations are
performed for non-hydrogen atoms, since atomic positions for hydrogen atoms are not
regularly identified in X-ray protein crystallography [104]. To identify hydrogen atoms
positions it is necessary X-ray diffraction data at high resolution, better than 1.5 A [104].

In addition to the re-docking, there is also a process called “cross-docking” that can be
used to extend validation of a docking protocol. Considering that several crystallographic
structures are available, for the same protein target, cross-docking can be applied. This
procedure involves docking a number of ligands found in a variety of crystal structures of
identical protein to a single rigid protein crystallographic conformation [105].

To illustrate the cross-docking simulation process let us consider the crystallographic
structures of 3-dehydroquinate dehydratase (dehydroquinase) from Mycobacterium
tuberculosis (MtDHQase), the third enzyme of the shikimate pathway [106]. There are
crystallographic structures for the enzyme in complex with its reaction product, 3-

dehydroshikimate, and with inhibitors (PDB access codes: 3N8N, 3N87, 3N7A, 3N76, 3N8K,
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and 3N59). Application of guided differential evolution algorithm implemented in the
program MVD (MOLDOCK optimizer) to this ensemble of structures generates RMSDs from
0.28 to 2.47 A, which indicates that this docking algorithm is able to recover the
crystallographic position with reasonable accuracy. Fig. 1 illustrates the crystallographic
position and the pose for binary complex (MtDHQase and 2,3-anhydro-quinic acid) (PDB
access code: 3N7A) [106].

In the next sections we will describe two major methods employed as search engine in
the program MVD. Finally we have several sections with recent applications of MVD to the

study of protein targets.

Downhill simplex method

Since we intend to reach a broader public in this review, we will briefly describe this
computational method, which is well known for those who work with optimization methods.
The downhill simplex method is also called the Nelder-Mead method [107]. The key concept
to understand this algorithm is the simplex, which is a geometrical object consisting in N
dimensions of N+1 points (or vertices) and all their interconnecting line segments, faces, and
higher-dimension objects [108]. For instance, in the minimization of scoring functions with
two independent variables the simplex object is a triangle, and for a scoring function with
variables X, y, z the simplex object is a tetrahedron. The idea is to use a moving simplex in the
search space to surround the optimal point and then minimize the simplex until its dimensions
reach a particular error tolerance (tol), a termination condition. The allowed moves for a
simplex are the following: reflection, reflection and expansion, contraction, and multiple
contractions.

By moving the simplex in an appropriate succession, the minimum point can be found,
surround it, and then shrink around it. The direction of a move is determined by the values the
scoring function (f(x)) to be minimized at the vertices. The vertex with the highest scoring
function is called HV and LV denotes the vertex with the lowest scoring function. The size of
a move is restricted by the distance d measured from the HV to the centroid of the opposing
face (in the case of the triangle, the middle of the opposing side).

The downbhill simplex algorithm in pseudocode is the following [109]:
BEGIN
Generate simplex object;

WHILE (d > tol ) DO



OD
END

Apply reflection to simplex object;
IF (new simplex vertex <= previous LV) then;
Accept reflection,

Apply expanding the reflection;

IF (new simplex vertex <= previous LV ) then;

Accept expansion;
ELSE;
Apply reflection again;
IF (new simplex vertex < previous LV) then,
Apply expansion,
IF ( new vertex < previous HV) then;
Accept reflection,
Start next iteration;
ELSE;
Apply contraction,
IF (new vertex < HV ) then,
Accept contraction;
Start next iteration;
ELSE;
Apply shrinkage;
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Implementation of this algorithm can be found in Python [109] and C++ [108]. Since,

this algorithm requires several function evaluations it is not very efficient when compared

with derivative methods [108]. It often works in problems where Powell’s method hangs up,

due to its robustness [109]. Nevertheless, this simple algorithm is able to solve complex

optimization problems, such as in MDS. The program MVD has an option to use a modified

version of the downhill simplex method as search engine [48].

Evolutionary algorithms (EAs)

The Darwin’s theory of evolution plays a pivotal role in the understanding of

biological evolution [49]. Although biological systems are most of the times difficult to
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model, the basic concepts behind evolution are quite simple, and they can be seen as “the
macroscopic view of evolution”, where natural selection is the most important one[110, 111].
The success of the theory of evolution gave the idea that their concepts could be used in other
fields, for instance in the computing. Application of evolution concepts to computing gives
rise to a class of algorithms called “evolutionary algorithms”.

Evolutionary algorithms (EAs) consist of a collection of computational methodologies
derived from the ideas of Darwin’s theory of evolution. The main goal of these algorithms is
to locate the most favorable solution for complex problems [112]. These algorithms are likely
to locate the best or one of the best solution, but also they can be trapped in the local optimal
solutions, incapable to locate the global best result. We can affirm that in EAs, the
evolutionary course is simplified, and consequently it has not much in common with
biological evolution. EAs are composed of a population of individuals (candidate solutions)
submitted to random variation by means of variation operators, such as mutation and
recombination (also known as crossover) [113]. The individual being altered is often referred
to as the parent and the resulting solution after variation is called the offspring. Occasionally,
more than one parent is employed to make the offspring by recombination of solutions, which
is referred to as crossover. It is worth to mention that the EAs are stochastic. Thus, although
during selection fitter individuals have a higher chance of being selected than less fit ones,
typically even the weak individuals have a chance of becoming a parent or of surviving for
the next iteration. During recombination process (crossover operator), the choice of which
pieces from the parents will be recombined is made at random. The same random character is
used in the mutation operator. The overall scheme for an EA [110] in pseudocode is shown

below.

BEGIN
INITIALIZE population with random generated individuals,
EVALUATE fitness function for each individual;
WHILE ( termination condition is NOT satisfied ) DO
APPLY SELECTION OPERATOR to parents,
APPLY CROSSOVER OPERATOR to pairs of parents;
APPLY MUTATION OPERATOR to the resulting offspring;
EVALUATE all new candidates;
APPLY SELECTION OPERATOR to individuals for the next iteration;
OD
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END

In order to explain the main ideas behind the EAs, let us consider one of the first EAs
to be applied to MDSs, a genetic algorithm [111, 112]. GAs are perhaps the most common
flavor of EAs. They were initially proposed by Holland [113]. This work has had an
enormous impact in the progress of the discipline, to the point that some portions of it were
considered nearly like dogmas (for instance use of binary strings as chromosomes). The major
characteristic of GAs is the use of a recombination (or crossover) operator as the principal
search engine [114]. A number of steps are implicated in a GA. At first, it is crucial to
generate an initial population of configurations, which is called the initial “gene pool” of N
possible solutions. Here this member of the gene pool (population) is known as a
‘chromosome’, which is frequently stored as a function of “0” and “1”. Initial gene pool is
most directly generated by randomly setting bits to 0 or 1 in the chromosomes. After decoding
each chromosome and assigning the proper values (integer, real of complex numbers), the
fitness of each member of the population can be determined. This fitness function may be an
internal potential energy function. Then we have to select some members of the gene pool to
be parents for reproduction. The operator that can mix the genes of the two parents is called
crossover, which reflects how genetics attributes are passed on. In order to create a true
offspring, each of the parent chromosomes is cut into segments that are exchanged and
attached together to generate the new chromosomes of the offspring. There is yet another
operator, called mutation operator that carry out mutations on selected chromosomes.
Subsequently it is permitted that a certain percentage of bits in the chromosome to mutate.
This completes one cycle (iteration) of the GA. The new gene pool then becomes the current
population ready for a new cycle [111]. The GA repeatedly applies this sequence for a
predetermined number of iterations and/or until it converges.

To make the concepts easier to grasp, let us consider a classical numerical example. In
this example we are going to find an integer x, that maximizes the square function (x*). This
integer is in the range from 0 to 4095. This is a kind of obvious problem, but we are going to
use it to illustrate the GAs. In the implementation of this algorithm we have to use a binary
string with the length of 12 (1111111111, =4095,0). So we have to generate random numbers
from 0 to 4095.

In this simple GA the selection operator will select the best half of the population, using the
square function as fitness function (scoring function). After the initial population has been

random generated, each individual (binary string is converted to a decimal) then square
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function is calculated. We sort the half of the best individuals and then apply the crossover
operator. The generated offspring will be then submitted to the mutation operator. We have a
new population that will go to the next generation. A termination condition should be
included here, to check whether this condition has been satisfied. A typical termination
condition is the number of iterations (number of generations). Since we want only to highlight
the basic aspects of the algorithm we will use the number of iterations as termination
condition.

In the initialization, random numbers are generated to represent each chromosome in
the population. Each line (binary string) is an individual. Now we calculate the fitness
function (f = x* ) for each chromosome (selection). These binary strings can be converted to
decimal and then we calculate the square function. We select the best half chromosomes in
the population (gene pool).

In the following phase we have the crossover operator. Only the best parents are
submitted to crossover. First the binary strings are random positioned and then a random
crossover position is chosen. This crossover position indicates where the exchange of the
chromosomes will take place, this position is called locus. The newly generated chromosomes
are now part of the population together with the best parents.

Then we have the mutation operator, which is usually applied to a bit of the binary
string, changing it from 0 to 1 or vice versa. Most applications of GAs suggest a probability
of mutation (pm) of approximately 0.001, ie for each one thousand bits one is to mutate.
There are several possible implementations of this operator, one possibility is to apply it to a
bit at position 1/pm, and generate a random number. If the random number is higher than 0.5,
mutation occurs otherwise the bit is kept unchanged.

After application of the mutation operator the individuals (chromosomes) become the
initial population of a new iteration. The cycle is repeated until a termination condition is
reached. In the present implementation of the GA, we used the number of iterations

(generations) as a termination condition. This pseudocode for this GA is shown below:

BEGIN
INITIALIZE population with random generated binary strings;
WHILE ( termination condition is NOT satisfied ) DO
CONVERT each binary string to a decimal number,
CALCULATE fitness function for each individual;
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SELECT part of the population to go to the next gemeration (selection

operator),;
GENERATE random numbers to select the parents to carry out crossover;
PICK pairs of parent strings following the random order (crossover rate);
CROSSOVER operator;
MUTATION to the offspring;
GENERATE a new population;
OD
END

This extremely simple genetic algorithm is implemented in the program esga0. The
zipped file for source (ANSI C++) and executable (windows) can be downloaded at
http://azevedolab.dominiotemporario.com/doc/esga0.zip. This program adds an option for
multiple runs, where in each run new initial population is generated. This option allows
avoiding fortuitous results, due to the stochastic character of GAs. In addition, plots can be
generated to evaluate the behavior of maximum fitness function, average fitness function and
maximum decimal number obtained for each iteration. Table 1 shows the results for the

following input data:

Population size (max = 100): 20

Maximum number of iterations (max = 100): 25
Probability of crossover (suggested range [0.4, 0.9]) : 0.6
Length of binary strings (max = 15): 12

Probability of mutation (can't be zero): 0.09

Number of runs (max = 10): 1

Analysis of the results in the table 1 indicates that after few iterations the maximum
value for the fitness function is found. In this run the program converges after iteration 19.
The multiple run option is present in several molecular docking programs, such as Molegro

virtual docker [48].



Table 1. Results for application of GA after 25 iterations.

Iteration | Maximum Average fitness | Maximum fitness function
decimal function
1 4029 6.87507. 10" 16232841
2 4029 1.02311.10"" 16232841
3 4029 1.20596.10"" 16232841
4 4069 1.38634.10"" 16556761
5 4069 1.44519.10"" 16556761
6 4069 1.49268.10"" 16556761
7 4089 1.5386.10™" 16719921
8 4089 1.53546.10"" 16719921
9 4091 1.57325.10"" 16736281
10 4091 1.59602.10"" 16736281
11 4091 1.58506.10"" 16736281
12 4091 1.57651.10"" 16736281
13 4091 1.58286.10"" 16736281
14 4091 1.65759.10"" 16736281
15 4092 1.59115.10"" 16744464
16 4092 1.62005.10"" 16744464
17 4093 1.59866.10"" 16752649
18 4093 1.63305.10"" 16752649
19 4095 1.59905.10"" 16769025
20 4095 1.65835.10"" 16769025
21 4095 1.60559.10"" 16769025
22 4095 1.66457.10"" 16769025
23 4095 1.59435.10"" 16769025
24 4095 1.63171.10"" 16769025
25 4095 1.599.10"" 16769025

132
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Molegro virtual docker (MVD)

MVD [48] is one of the available commercial programs for docking simulations based
on EAs (simplex evolution and DEA). It is the focus of this review the implementation of EA
in the program MVD, which seems to be one of the most successful MDS program. Recent
evaluation of MVD indicates that it is capable of finding the right position of ligand. In
addition, MVD shows superior overall performance when compared with AUTODOCK,
SURFLEX, FLEXX and GOLD [48, 55].

In the implementation of EA in the MVD computational approximations of an
evolution course called genetic operators, are applied to simulate the permanence of the most
positive features. In a sample space, where there is a problem or a search routine and several
dissimilar potential solutions (candidates), each alternative is ranked founded on a set of
parameters (scoring function, or fitness function), and only the best ranked solutions are kept
for the next iteration. This cycle is repeated until an optimal solution can be found, in the
MDSs the optimal solution is the one with the best scoring function, which should be the
closest to the crystallographic structure, when applied to the re-docking procedure.

The MVD presents two EAs to carry out position search in MDSs. One is called
MOLDOCK simplex evolution (MOLDOCK SE), which is based on the downhill simplex
method (Nelder-Mead algorithm). The simplex evolution algorithm implemented in the MVD
carries out a combined local/global search on the poses generated by the pose generator. The
local search is carried out by means of the Nelder-Mead local search algorithm [47] described
above, but contrasting with Nelder-Mead's initial algorithm, this implementation has been
modified to take the position of the other individuals in the population into account. In the
simplex evolution implemented in the MVD, at each iteration a random generated individual
is selected. The representation of this individual determines the first point of the simplex in
the N-dimensional search space. Then N extra individuals are selected and their
representations outline the remaining N points of the simplex (a simplex in N dimensions has
N+1 points).

The second algorithm is called guided differential evolution algorithm (GDEA) also
known as MOLDOCK optimizer [48]. Differential evolution algorithm (DEA) is possibly one
of the hottest topics in today's EA research. DEA is a population-based stochastic method for
global optimization. This algorithm is particularly successful for hard global optimization
problem, as the one found in the molecular docking problem. GDEA is based on an EA

adjustment called differential evolution (DE), which brings a distinct method to select and
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modify candidate solutions (individuals). The main innovative inspiration in DEA is to
generate offspring from a weighted difference of parent solutions. The DEA works as follows.
In the first step, all individuals are initialized and evaluated in accordance with the scoring
function (initialization). Afterward, the following process will be carried out if the termination
condition is not met. For each individual in the population, an offspring is created by adding a
weighted difference of the parent solutions, which are randomly chosen from the population.
In the classical EAs no weighted differences are applied to generate offspring. Following that,
the offspring replaces the parent, if and only if it is fitter. Otherwise, the parent survives and is
passed on to the next generation (iteration of the algorithm). The termination condition is
reached when the number of fitness (energy) evaluations performed exceeded the maximum
number of evaluations allowed (max evaluations parameter setting). In addition, early
termination was permitted if the variance of the population was below a certain threshold.

Furthermore, implementation GDEA in the MVD employs a cavity prediction
algorithm to limit predicted conformations (poses) during the search procedure. Before
starting the MDSs, all potential binding cavities can be located using the detect cavities option
of the program MVD. More specifically, if a candidate solution is found outside the cavity, it
is translated so that a randomly chosen ligand atom will be located within the region spanned
by the cavity. If no cavities are found, the search process does not restrict the candidate
solutions.

In application of GDEA to MDSs, only the ligand properties are represented in the
individuals since the protein remains inflexible throughout the docking simulation. As a result
a candidate solution is determined by a vector of real-valued numbers representing ligand
position, orientation, and conformation as Cartesian coordinates for the ligand translation,
four variables specifying the ligand orientation (encoded as a rotation vector and a rotation
angle), and one angle for each flexible torsion angle in the ligand (if present). For each
individual in the initial population, each of the three translational parameters (encoded as a
position relative to the crystallographic native ligand) for x, y, and z is assigned an equably
dispersed random number between -15.0 and 15.0 A, which is added to the center of the
crystallographic reference ligand. This procedure defines the docking sphere. Initializing the
orientation is performed using Shoemake’s methodology [115]. This algorithm is employed to
create uniform random quaternions and converted these quaternions to their rotation
axis/rotation angle representation. The flexible torsion angles (if present) are given a random
angle ranging from -180° to +180°. A torsion angle is calculated from the atomic coordinates

of ligand.
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MDSs usually use an energy-based scoring function to find the energetically most
promising ligand conformation when bound to the protein target. The idea is that lower
energy scores means better protein-ligand bindings compared to higher energy values. As a
result, molecular docking can be formulated as an optimization problem, where the task is to
find the ligand-binding mode with the lowest energy. Since precise methods to calculate
ligand-binding energy are usually highly CPU-demanding tasks, application of fast empirical
scoring functions should be preferred in MDSs. The empirical scoring function implemented
MVD is derived from the piecewise linear potential (PLP) scoring functions [48]. The scoring
function used by MVD improves these scoring functions with a new hydrogen bonding term
and new charge schemes [48]. There are four scoring functions implemented in the latest
version of MOLDOCK. They are: MOLDOCK score [48] and PLANTS score [116]. These
two functions offer grid-based versions, in which hydrogen bond directionality is not
considered. The grid-based scoring functions offer approximately 4 times speed up by
performing a precalculation of potential-energy values on an equally spaced cubic grid.

Recent reviews describe in detail these empirical scoring functions [11].

Recent applications

Several studies reported successful applications of MVD [49-90]. We describe here
recent results focused on protein targets submitted to molecular docking using MVD. Most
the applications of MVD to virtual screening (VS) projects follow four phases. Not every
study using MVD goes through all phases, but at least three phases are present. Briefly, Phase
1 is focused on choice and corroboration of a docking protocol. MVD is used to recover the
crystallographic position of a ligand in complex with a protein target (re-docking simulation).
Phase 1 finishes when a satisfactory docking protocol is established (selection criterion
RMSD < 2.0 A). Further validation can be carried out using more than a complex protein-
ligand, if it is available for the same protein. In this case it can be applied the same docking
protocol to more than one structure. This process is called cross-docking. In addition, it is also
possible to test whether the docking protocol is able to identify known inhibitors in a dataset
of decoys which was enriched with these inhibitors. Then it is possible to calculate the
enrichment factor (EF), which takes into account the improvement of the hit rate by a VS

protocol compared to a random selection. EF is defined by the following equation,
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ep_ Ha/H,

A/N
where H, is the number of active compounds in the H; top-ranked compounds of a total
database of N compounds of which A are active [117, 118]. Successfully VS implies EF >>1.

In Phase 2, it is selected a small-molecule database to be employed in the VS. This
database could have thousands or even millions of molecules. Nevertheless, it is also possible
to have only one molecule in the dataset [55].

In phase 3, it is carried out docking simulations for each ligand present in the selected
database. During a characteristic MDS numerous orientations can be found for each ligand. It
is selected the one with the lowest scoring function. Four scoring functions are implemented
in the MVD, including MOLDOCK score [48] and PLANTS score [116]. These two
functions offer grid-based versions, in which hydrogen bond directionality is not considered.
After identification of potential inhibitors by MDSs, the best scored ligands can be submitted
to the web server FAF-Drugs [119], in order to assess physical-chemical properties (phase 4).
These are key properties that need to be considered in early stages of the drug discovery
process, and FAF-Drugs allows users to filter molecules via simple rules such as molecular
weight, polar surface area, logP and number of rotatable bonds. The ligands can be filtered
following the Lipinski’s rule of five (RO5). RO5 advocates that drugs which present oral
bioavailability, in general, follow: molecular weight less or equal to 500, LogP less or equal
to 5, number of hydrogen bond donor groups less or equal to 5 and number of hydrogen bond
acceptor groups less or equal to 10 [120]. We have recently applied this methodology to an in

silico study of shikimate kinase from Mycobacterium tuberculosis [121].
Acetylcholinesterese (EC 3.1.1.7)

Alzheimer's disease (AD) is a neurodegenerative disease related to a low presence of
the neurotransmitter acetylcholine (ACh). ACh is hydrolyzed by acetylcholinesterase (AChE).
As a result, inhibition of AChE has shown results in the treatment of AD. Furthermore, the
physiological role of the AChE in neural transmission has been well known, therefore AChE
is also a target for development of drugs to be employed in treatments of myasthenia gravis
and glaucoma [55, 122, 123]. To discover new inhibitors of AChE, many studies have been
focused on MDSs of large compound databases against crystallographic structures of AChE
[55, 69, 72, 122]. For a recent review see [123].
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A recent publication describes re-docking and cross-docking simulation of AChE
using MVD [55]. In this work ten AChE complexes (PDB access codes: 1ACJ, 1ACL. 1DX6,
1E3Q, 1EVE, 10CE, 1U65, 1VOT, 2ACE, and 2ACK) were submitted to MDSs in order to
validate a molecular docking protocol to be used to identify the molecular-binding mode of
the alkaloid geissospermine into the AChE.

In this study, prior to MDS, all atom types and the bond orders were corrected to both
ligand and AChE structures using the MVD automatic preparation function [55]. For each
binary complex, the hydrogen atoms were added and the MVD default charges were assigned.
Molecular cavities were detected using the grid-based cavity prediction algorithm. The
parameters used in all simulations for AChE are the following:
population size = 150,
maximum interactions = 2000,
scaling factor = 0.50, and
crossover rate = 0.90.

For each binary complex, it was carried out 100 independent runs with the
MOLDOCK optimizer algorithm. The pose with the lowest scoring function were selected for
each run. RMSDs for the superposition of poses and crystallographic positions for the ligands
range from 0.51 to 4.91 A [55]. Most of the results are below 2 A. In addition, cross-docking
simulations were also carried out for the same set of structures with AUTODOCK, with
poorer results [55]. Fig. 2 shows the best MDS result for structure of AChE in complex with
tacrine (PDB access code: 1ACJ) [124] obtained using the previously described docking
protocol [55], with a reduction in the number of runs to 10. As we can see in the Fig. 2 the

pose is close to the crystallographic structure, with an RMSD of 0.68 A.

Cyclin-Dependent Kinase 2 (EC 2.7.1.37)

Cyclin-Dependent Kinase 2 is a well-established protein target for development of
anti-cancer drugs [125-127]. This enzyme is involved in cell-cycle progression, and there are
hundreds of crystallographic structures of CDK2 in complex with inhibitors [128], which
opens the possibility of carrying out cross-docking validation for docking protocols. Table 2
shows the PDB access codes for 20 CDK2 structures in complex with different inhibitors.
These structures were solved using X-ray crystallographic, and they all show clear electron

density for the inhibitors bound to the ATP-binding pocket. Cross-docking simulations for
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these structures were performed with MOLDOCK optimizer search engine and MOLDOCK
scoring function.

For each CDK2-inhibitor complex, it was performed 10 independent runs with the
MOLDOCK optimizer algorithm (GDEA). The results generated RMDS ranging from 0.43 to
2.04 A. Most of the RMSDs are below 1.5 A, 15 out of 20 complexes, and only one complex
presents RMSD higher than 2.0 (PDB access code: 2VV9). The parameters used in all MDSs
for CDK2 are the following:
population size = 50,
maximum interactions = 2000,
scaling factor =0.50 and
crossover rate = 0.90 .

Fig. 3 shows the pose and the crystallographic structure of CDK2 in complex with the
inhibitor staurosporine (PDB access code: 1AQ1) [129]. All compounds in the table 2 have
experimental information for their inhibition activity (ICso) retrieved from the BRENDA
[130]. Therefore, we can test the ability of the MOLDOCK score to predict the inhibitory
activity for these compounds. It is expected that scoring functions show a correlation with
inhibitory activity (ICsp) (Table 2). To carry out comparisons we used pICsy, which is the log
(ICs0).

Table 2. MOLDOCK scores and pICsy obtained for 20 complexes involving CDK2 and

inhibitors.

PDB MOLDOCK Score | RMSD (A) ICso(nM) pIC50 = Log(IC50)
2DUV -140.878 1.44 87 -7.06048
1KE6 -149.129 1.42 5,7 -8.24413
1AQI -169.322 0.43 6,18 -8.20901
2VTT -136.446 0.53 44 -7.35655
2WO05 -164.902 1.57 2 -8.69897
2VV9 -144.493 2.04 17 -7.76955
2R3M -147.197 0.56 10 -8

2BTR -103.666 0.62 95 -7.02228
31GG -121.503 1.37 95 -7.02228
1GS5S -165.894 1.91 48 -7.31876
1VYZ -103.625 0.75 290 -6.5376
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1P2A -138.834 0.47 12 -7.92082
IKES -130.629 0.75 560 -6.25181
2VTL -86.1241 0.49 97000 -4.01323
2VTO -123.507 0.54 140 -6.85387
IEIV -104.58 1.22 17000 -4.76955
2VTI -119.503 1.17 660 -6.18046
2A4L -133.179 2 350,3 -6,45556
1DI8 -106.951 1.37 1000 -6

1KE9 -135.566 1.79 660 -6.18046

Since there is no direct significant relationship between the two datasets, we have to
calculate the Spearman’s rank order correlation coefficient to evaluate the statistical
significance of the relationship between these two independent variables (MOLDOCK score

and pICsp). The equation for this correlation coefficient is as follows,
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where N is the number of pairs, 20 in our case, the variables r(x;) and r(y;) are the rank of the
pICsp and the MOLDOCK score of the jth sample in the dataset.

For this dataset (table 2) we obtained a correlation coefficient p = 0.82, which is
higher than the critical value at the 0.005 level of significance (0.696). It implies that the
MOLDOCK score of MVD can be applied for activity prediction. Furthermore, this result is
much better than previously published results using AUTODOCK to predict ICsy for CDK2
inhibitors [131]. Application of MOLDOCK optimizer to CDK2 is able to recover the
crystallographic position of a wide spectrum of chemical structures. Analysis of the
intermolecular interaction of all poses indicates the participation of the Leu 83 and Glu 81 in
these interactions, for all CDK2-inhibitor complexes. These residues have been identified as

of pivotal importance for the structural basis for inhibition of CDK2 [131-134].
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Purine Nucleoside Phosphorylase (EC 2.4.2.1)

Purine nucleoside phosphorylase (PNP) catalyzes the phosphorolysis of purine
nucleosides to corresponding bases and sugar 1-phosphate. This enzyme plays a central role
in purine metabolism, usually operating in the purine salvage pathway of cells. PNPs are
found in the majority prokaryotic and eukaryotic organisms. PNPs can be classified into two
classes based on their quaternary structure. Trimeric PNPs have a monomeric molecular
weight around 31 kDa and are usually specific for 6-oxopurine nucleosides. Hexameric PNPs
have a monomeric molecular weight of about 25 kDa and often accept both 6-oxo- and 6-
aminopurine nucleosides [135-137].

PNPs have been studied extensively by X-ray crystallography and atomic coordinates
for quite a few examples from each family are in the Protein Data Bank (PDB) [138-157]. We
recently described the application of MDS to PNP from Mycobacterium tuberculosis [65]. In
this study we used the default protocol of MVD (MOLDOCK SE as search engine and
MOLDOCK score). Nevertheless, similar results were obtained using MOLDOCK optimizer
as search engine. Application of the MVD to the three-dimension structure of MtPNP in
complex with 2’-deoxyguanosine was capable of correctly predicting its positioning in the
binding pocket of MtPNP. The parameters used in all MDSs for PNP are the following:
population size = 50,
maximum interactions = 2000,
scaling factor = 0.50 and
crossover rate = 0.90 .

Fig. 4 shows the superposition of the pose and crystallographic structure of 2’-
deoxyguanosine, the RMSD of superposition of non-hydrogen atoms is 0.78 A. In addition, in
this study we also applied the same docking protocol to three previously solved structures of
MtPNPs (PDB access codes: 1G20, 1180, and 1N3I), from 0.4 to 0.7 A, which further
validate the docking protocol. These altogether, strongly indicated MVD can be employed
against any of these MtPNP structures. Virtual screening using MVD and POLSCORE
scoring function was able to identify active inhibitors for PNP is a dataset with 581

molecules, which highlight the capability of this approach to identify inhibitors.
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Shikimate kinase (EC 2.7.1.71)

Our group recently published a study focused on the fifth enzyme of the shikimate
pathway, the shikimate kinase (SK) [121], which we briefly describe here. The main goal of
this docking study was to find potential inhibitors against SK from Mycobacterium
tuberculosis (MtSK) using VS. SK catalyzes the phosphorylation of the 3-hydroxy group of
shikimate using ATP as a co-substrate resulting in shikimate-3-phosphate and ADP [158-
160]. SK is an important protein target for development of anti-tubercular drugs [161]. The
MOLDOCK optimizer was employed in this study for all MDSs. The docking protocol was
validated against an ensemble of 12 crystallographic structures available for complexes of
MtSK (PDB access codes: 2DFN, 1U8A, 1WE2, 1Z2YU, 2G1K, 2IYQ, 2IYR, 2IYS, 2IYX,
2IYY, 2IYZ, and 3BAF). The parameters used in all MDSs for CDK2 are the following:
population size = 100,
maximum interactions = 2000,
scaling factor =0.50 and
crossover rate = 0.90 .

Fig. 5 shows the shikimate-binding site with superposition of the pose and
crystallographic structure for the shikimate, the RMSD of superposition of non-hydrogen
atoms is 1.25 A. Analysis of the MVD results was able to corroborate the importance of some
shikimate-active site residues as responsible to establish intermolecular interactions with the
substrate as well as with the tested ligands. The binding of shikimate to its cavity, presents
pivotal residues that make protein-ligand interactions possible. The SK residues that perform
intermolecular hydrogen bonds with the shikimate are: Gly80, Arg136 and Arg58. SK makes
van der Waals contacts with residues: Ile45, Asp34, Proll, Prol18, Gly79, Phe57, Leul19
and Gly81. Analysis of shikimate-binding site indicated that all top-scoring compounds,
identified in the VS, present interaction with residues Lys15, Serl6 and Argl17. In addition,
two previously published MDS studies focused on MtSK were able to identify intermolecular
molecular interactions with the same residues [162, 163], further corroborating the pivotal
importance of these residues for ligand-binding affinity. Especially interesting is the fact that
these previous molecular docking studies analyzed completely different molecular moieties,
such as dipeptides (arginine-aspartate/lysine-aspartate) [163] and triazole/tetrazole

heteroaromatic systems [162].
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Future works

Although MVD has been intensively used in VS projects in the last years [49-90], this
methodology retains significant weaknesses [117-118]. An evidence to this feature is the
small number of decoy studies with MVD [65, 121], where the success of a docking screen is
evaluated by its ability to enrich the small number of known inhibitors in the top ranks of a
screen from among a much greater number of decoy molecules in the database [117-118]. To
overcome this deficiency, we have been working on the development of several datasets of
decoys using MOLDOCK optimizer as docking engine. We are concerned about mounting
benchmarking sets to assess docking screening calculations.

It is worth to mention that one interesting feature of MVD, is the template docking.
Template docking can be applied when information about the 3D conformation of a ligand is
available. For example, a protein presents one or more inhibitors with crystallographic
structures. From the known conformations it is possible to generate a template with features
expected to be important for the ligand binding. This allows the MOLDOCK optimizer
(MOLDOCK score GRID as scoring function) (or any other docking search algorithm) to
focus the search on poses related to the docking template. This resource has been not been

used very often [84], but once applied it has shown overall docking performance better than

FLEXX and GLIDE [84].

Final remarks

One of the most important results from the several applications of MVD is the
comparison of re-docking simulations between MVD and other docking programs, such as
GOLD, FLEXX, GLIDE, and AUTODOCK [48, 55, 84]. These comparisons strongly
indicated that the MVD is able to obtain lower RMSDs in the great majority of the analyzed
crystallographic structures. In addition, MVD not only presents a better overall performance
in re-docking simulations, but it is also faster than AUTODOCK [55], one of the first MDS
program. This is especially true when the GRID option of the MOLDOCK score is used to
rank VS results. Furthermore, integration of MVD and a new generation empirical scoring
functions (POLSCORE) [65], opens the possibility of testing a wide spectrum of empirical
scoring functions, identifying the function that better represents the intermolecular interaction
between the protein target and a selected data set of ligands. This was the case for PNP, where

this integration was able to identify enzyme inhibitors present in a data set with decoys [65].
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The continuing development of MVD, it is in the version 4.3 (September, 2011), the
possibility of coarse-grain parallelization (Molegro virtual grid creates an infrastructure for
distributing docking runs on multiple processors), makes clear that we should expect
increasing participation of this program in virtual screening projects and a slowly substitution

of older and antiquate molecular docking programs such as AUTODOCK.
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Abbreviations

ACh = Acetylcholine

AChHE = Acetylcholinesterase

CDK2 = Cyclin-Dependent Kinase 2

DEA = Differential evolution algorithm

DG = Distance geometry

EA = Evolutionary algorithm

GA = Genetic algorithm

GDEA = Guided differential evolution algorithm
IC = Incremental construction

ICso = Inhibition activity at 50 % (ICsp). IC50 is a measure of the effectiveness of a molecule
in inhibiting biological or biochemical function.
LGA = Lamarckian genetic algorithm

MC = Monte Carlo

MDS = Molecular docking simulation

PDB = Protein data bank

PLP = Piecewise linear potential

PNP = Purine nucleoside phosphorylase

RMSD = Root mean square deviation

ROS = Lipinski’s rule of five

SA = Simulated annealing

SK = Shikimate kinase

SM = shape matching (SM)

VDW = van der Waals

VS = Virtual screening

TS = Tabu search
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Figure legends

Fig. (1). Pose (red) and crystallographic structure (light gray) of 2,3-anhydro-quinic acid in
the active site of the 3-dehydroquinate dehydratase (dehydroquinase) from Mycobacterium
tuberculosis (MtDHQase) (PDB access code: 3N7A). Docking sphere (green) with a radius of
15 A, centered at 8.90, 23.91 and 47.82 A. RMSD for superposition of the pose and
crystallographic position is 0.28 A. MDSs were performed using MOLDOCK optimizer as

search engine and MOLDOCK score [GRID] as scoring function for all structure shown here.

Fig. (2). Pose (red) and crystallographic structure (light gray) of tacrine in the active-site
gorge of acetylcholinesterase from Topedo californica (PDB access code: 1ACJ) [124].
Docking sphere (green) with a radius of 15 A, centered at 4.54, 69.93 and 65.54 A. RMSD for
superposition of the pose and crystallographic position is 0.68 A.

Fig. (3). Pose (red) and crystallographic structure of CDK2 in complex with the inhibitor
staurosporine (light gray) (PDB access code: 1AQ1) [129]. Docking sphere (green) with a
radius of 15 A, centered at 0.52, 26.60 and 9.43 A. RMSD for superposition of the pose and
crystallographic position is 0.43 A.

Fig. (4). Crystallographic (light gray) and respective pose (red) structures for complex of
MtPNP and 2’-deoxyguanosine (PDB access code: 3I0M) [65]. Docking sphere (green) with
a radius of 15 A, centered at 5.58, -49.26 and 24.04 A. RMSD for superposition of the pose
and crystallographic position is 0.78 A.

Fig. (5). Crystallographic (light gray) and respective pose (red) structures for complex of
MtSK and shikimate (PDB access code: 1Z2YU). Docking sphere (green) with a radius of 15
A, centered at -1.73, 36.86 and 53.67 A. RMSD for superposition of the pose and
crystallographic position is 1.25 A.
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