PONTIFICIA UNIVERSIDADE CATOLICA DO RIO GRANDE DO SUL
~ FACULDADE DE BIOCIENCIAS
PROGRAMA DE POS-GRADUACAO EM BIOLOGIA CELULAR E MOLECULAR

IDENTIFICACAO DE LIGANTES DA CHIQUIMATO QUINASE DE Mycobacterium
tuberculosis POR DOCKING MOLECULAR

Carolina Pasa Vianna

Porto Alegre
2011



PONTIFICIA UNIVERSIDADE CATOLICA DO RIO GRANDE DO SUL
 FACULDADE DE BIOCIENCIAS
PROGRAMA DE POS-GRADUAGAO EM BIOLOGIA CELULAR E MOLECULAR

IDENTIFICAQAO DE LIGANTES DA CHIQUIMATO QUINASE DE Mycobacterium
tuberculosis POR DOCKING MOLECULAR

Dissertacdo apresentada ao
Programa de Pos-Graduacdo em
Biologia Celular e Molecular
como requisito para obtencéo do
grau de Mestre.

P6s-Graduando:
Carolina Pasa Vianna

Orientador:
Prof. Dr. Walter Filgueira de Azevedo
Junior




A minha m&e Marlene Pasa Vianna e
ao meu pai Julio de Oliveira Vianna (in
memoriam) que tanto apoiaram e
incentivaram 0 meu crescimento

profissional.



AGRADECIMENTOS

Ao meu orientador, Prof. Dr. Walter Filgueira de Azevedo Junior, a0 me receber em

seu laboratdrio e por acreditar na minha capacidade.

As minhas amigas, Cristiane Bereta e Andréia Valim, por me acompanharem nesta

caminhada, sempre com palavras de coragem e incentivo.

Aos amigos que fiz ao longo do mestrado, em especial Mariel, Patricia e Ivani.

Aos colegas do LabioQuest, em especial Rafael e Luis, pela ajuda e paciéncia

durante a realizacédo do projeto.

A minha prima Vivian Pasa e ao meu amigo Maiko Andrade, por me receber em sua

casa, nos momentos que precisei de estadia para ficar em Porto Alegre.

A equipe diretiva da Escola Manoel Prestes, por me apoiar e me incentivar em todos

0S momentos.



SUMARIO

LISTA DE FIGURAS vi

LISTA DE SIMBOLOS E ABREVIATURAS vii

RESUMO viii
ABSTRACT IX

Capitulo 1: INTRODUGAO..........ccoieieeeeeeets eeteeteee e ettt e et eaens 1
1.1) TUDBICUIOSE ...ttt ettt ettt e e e e e e eet bbb e e e e e e eeeennnnns 1
1.2) Via do ACidO ChIiQUIMICO ......ceiieciiieis eeeeeetie e et ee e ere e 2
1.3) Chiquimato QUINASE ( SK) ...oiiiiiiiiiiiiiiis i eaaeees 3
1.4) Planejamento racional de farmacos  in SiliCO.......ooocciiiiiiiiiiiiiiees 5
1.5) Propriedades fiSICO-QUIMICAS ........cuvviiiiis i 7
1.6) OBJIETIVO ... it ettt e e e e e ettt e e e e e e e e e e eeebbb e e e e e eeeeeennnns 9
1.6.1)ODJELIVO GEIAl... oo et et aeaaaaee 9
1.6.2) ODbjetivOS €SPECITICOS ....ciiiiiiiiiiiiiiiiis s 9
Capitulo 2: Artigo CIeNtifiCO .....uuuriiiiiiiiiiiis cereiee i 10
Capitulo 3: CONSIDERACOES FINAIS.......coociiiiets eeeeieeeee e 39

REFERENCIAS BIBLIOGRAFICAS.......c.ooiiieeeieiet eeeeeeiee e, 40



LISTA DE FIGURAS

Figura 1: A via do &cido chiquimico. Fosfoenol-piruvato e eritrose 4-fosfato
(precursores) sédo convertidos em &acido corismato. Corismato é essencial para a
sintese de aminoacidos aromaticos ( Phe, Tyr e Trp), folato, ubiquinonas,
menaquinonas e entorobactium. Os sete passos sdo catalisados pelas enzimas: 3-
deoxi-D-arabino-heptulosonato 7-fosfato sintase (DAHP Sintase); 3- desidroquinato
sintase, 3- desidroquinato desidratase, chuiquimato desidrogenase, chiquimato
guinase, 5-enolpiruvil chiquimato-3-fosfato sintase (EPSP Sintase) e corismato
sintase. Figura modificada a partir de Mathews & van Holde. (MATHEWS & VAN
HOLDE, 1990).

Figura 2 : Reagé&o catalisada pela chiquimato quinase.

Figura 3 : Chiquimato quinase complexada com ADP e chiquimato (cédigo de acesso
PDB: 2DFN) (DIAS et al., 2007).

Vi



LISTA DE SIMBOLOS E ABREVIATURAS

AIDS Acquired immune deficiency syndrome ou Sindrome da

Imunodeficiéncia Adquirida

ADMET Absorcéo, distribuicdo, metabolismo, excrecao e toxicidade

ADP Adenosina - difosfato

ATP Adenosine - triphosphate

BCG Bacille Calmette-Guérin ou vacina contra a tuberculose

HIV Human immunodeficiency virus ou Virus da imunodeficiéncia
humana

MOLDOCK Molegro Virtual Docker

MtSK Mycobacterium Tuberculosis Shikimate Kinase

PDB Protein Data Bank ou Banco de Dados de Proteinas

RMSD Raiz do desvio médio quadratico

SK Shikimate kinase

SKM Shikimate

VS Virtual Screening ou Triagem virtual

WHO World Health Organization ou Organizacdo Mundial da Saude

vii



RESUMO

Entre as doencas infecciosas, a tuberculose se destaca, como sendo a principal
causa de morte humana, principalmente em paises em desenvolvimento. Entre os
alvos identificados no genoma de Mycobacterium tuberculosis, as enzimas da via do
chiquimato merecem atencdo especial, pois sdo essenciais para a sobrevivéncia dos
microorganismos e ausente em mamiferos. O objeto do nosso estudo € a quinta
enzima desta via, a Chiguimato Quinase (SK). Foram aplicados métodos de virtual
screening, a fim de identificar novos potenciais inibidores para esta enzima. Neste
trabalho nés empregamos o programa MOLDOCK em todas as simulagcbes de
docking molecular. A precisdao do docking enzima-ligante foi validada em um
conjunto de 12 complexos de SK- ligante, para aquelas estruturas cristalograficas
que estavam disponiveis, gerando um RMSD abaixo de 2,0 A. A aplicacdo deste
protocolo em um banco de dados comercialmente disponivel permitiu a identificacao
de novas moléculas com potencial para se tornar drogas contra tuberculose. Além
disso, foram identificados os residuos da cavidade de ligacdo que sédo essenciais

para as interacdes intermoleculares desta enzima.

Palavras chave: Tuberculose - Via do Chiquimato - Chiquimato Quinase - Docking
Molecular - Moldock - Virtual Screening
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ABSTRACT

Tuberculosis (TB) is the major cause of human mortality from a curable infectious
disease, attacking mainly in developing countries. Among targets identified in
Mycobacterium tuberculosis genome, enzymes of the shikimate pathway deserve
special attention, since they are essential to the survival of the microorganism and
absent in mammals. The object of our study is shikimate kinase (SK), the fifth
enzyme of this pathway. We applied virtual screening methods in order to identify
new potential inhibitors for this enzyme. In this work we employed MOLDOCK
program in all molecular docking simulations. Accuracy of enzyme-ligand docking
was validated on a set of 12 SK-ligand complexes for which crystallographic
structures were available, generating root-mean square deviations below 2.0 A.
Application of this protocol against a commercially available database allowed
identification of new molecules with potential to become drugs against TB. Besides,
we have identified the binding cavity residues that are essential to intermolecular

interactions of this enzyme.

Keywords: Tuberculosis - Shikimate pathway - Shikimate Kinase - Docking

Molecular - Moldock - Virtual Screening






Capitulo 1

INTRODUCAO

1.1) Tuberculose

As doengas infecciosas sdo a causa de sofrimento e morte de centenas de
milhdes de pessoas, especialmente em areas tropicais e subtropicais do mundo,
local onde ocorre cerca de 90% das mortes causadas por esse tipo de enfermidade.
Entre as doencas infecciosas a tuberculose destaca-se, sendo a principal causa
infecciosa de morte em humanos e estd rapidamente tornando-se uma epidemia
global. E estimado que em todo o mundo cem milhdes de pessoas sdo infectadas
anualmente. Aproximadamente dez milhdes desenvolvem a doenca, com cinco
milhdes destes progredindo para um estagio infeccioso, culminando com trés
milhdes de mortes. De acordo com a Organizacdo Mundial de Saude (WHO Report
2009), a taxa global de incidéncia da tuberculose vem crescendo aproximadamente
0,3% ao ano.

A incidéncia de tuberculose teve um declinio rapido no inicio do século vinte nos
paises em desenvolvimento, devido a melhora nas condi¢cdes sanitarias e de
moradias. Essa tendéncia foi acelerada inicialmente pela introducdo da vacinagao
BCG e da descoberta de antibidticos como a estreptomicina e, posteriormente, com
a descoberta do acido p-aminosalisilico (1946), isoniazida (1952) e rifampicina
(1965). Mas esta ocorrendo um ressurgimento dos casos de tuberculose nos paises
em desenvolvimento. O aumento no numero de casos de tuberculose atualmente
esta relacionado a dois principais fatores. O primeiro € a ocorréncia da tuberculose
em pacientes co-infectados com o virus HIV. Pacientes com AIDS, cujo sistema
imunoldgico enfraquecido ndo pode controlar o crescimento do bacilo, apresentam
um risco cem vezes maior de desenvolver a doenca. O outro fator € a emergéncia
de cepas resistentes aos antimicrobianos de primeira linha (isoniazida e rifampicina)
utilizados no tratamento, devido as terapias inadequadas e o0 uso indiscriminado
destes antibidticos (BASSO et al., 2005).

Os mecanismos de resisténcia identificados até o momento séo resultantes de

mutacdes pontuais em genes codificadores das proteinas que sdo os alvos destes



agentes anti-tuberculose (BASSO et al,1998). Cepas de M. tuberculosis resistentes
as drogas anti-tuberculose de primeira linha tém sido identificadas globalmente. Um

aspecto preocupante da situacdo brasileira é que taxas superiores a 45% dos
pacientes, previamente tratados, apresentam multi-resisténcia (definida como

resistente a isoniazida e rifampicina) adquirida.

1.2) Via da Acido chiquimico

Uma via sintética que tem levado a um grande interesse como alvo para
desenho de novas drogas contra varias bactérias, outros organismos patogénicos e
herbicidas, é a via do &cido chiquimico (ALIBHAI & STALLINGS, 2001,
SCHONBRUNN et al., 2001; PARK et al, 2004). Esta via leva a sintese de
aminoacidos aromaticos e outros compostos desta classe em bactérias, fungos,
algas e plantas, porém ela é ausente em mamiferos. Ja existem alguns herbicidas
(Roundup® - MONSANTO - ALIBHAI & STALLINGS, 2001) que inibem fortemente,
de maneira reversivel, enzimas desta via sintética, 0 que a torna ainda mais
interessante para o desenho de farmacos direcionados a inibi-la (BENTLEY, 1990).
A via sintética do acido chiquimico foi identificada em M. tuberculosis (RATLEDGE,
1982; ROBERTS et al., 1998; COLE, 1998), sendo composta por sete passos
enzimaticos que catalisam sequencialmente a conversdo da eritrose-4-fosfato e
fosfoenolpiruvato em corismato (Figura 1). O corismato é o principal precursor para a
biossintese de PABA (acido p-aminobenzdico, precursor do tetrahidrofolato), acido
p-hidroxibenzoico (precursor da coenzima Q ou ubiquinona), micobactinas e dos
aminoacidos aromaticos essenciais (HERRMANN & WEAVER, 1999). Os
intermediarios da via do acido chiquimico sdo ainda considerados como pontos de
ramificac@o para outras vias metabdlicas (HERRMANN & WEAVER, 1999). Algumas
dessas enzimas de M. tuberculosis, como a 3-deoxi-D-arabino-heptulosonato 7-
fosfato sintase (MtDAHPS); corismato sintase (MtCS); a 5-enolpiruvilchiquimato-3-
fosfato sintase (MtEPSPS) e chiquimato quinase (MtSK), estdo com seus cDNAs
clonados, as proteinas foram expressas e purificadas com as respectivas atividades
(OLIVEIRA et al., 2001; 2003; RIZZI et al., 2005). Algumas destas enzimas de M.
tuberculosis ja foram cristalizadas e as estruturas em alta resolugdo determinadas;

estudos de bioinformatica para modelagem estrutural por homologia também foram
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realizados (DE AZEVEDO et al., 2002a; PEREIRA et al., 2003; 2004; DIAS et al.,
2004, 2006, 2007; OLIVEIRA et al., 2006). Pretendemos avancar nesses estudos
usando a experiéncia ja acumulada, para identificarmos novos inibidores, bem como
estabelecer as bases estruturais para a acao dos inibidores ja identificados, aliando-

se estudos cristalograficos e docking molecular.
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Figura 1: A via do &cido chiquimico. Fosfoenol-piruvato e eritrose 4-fosfato
(precursores) sao convertidos em acido corismato. Corismato € essencial para a
sintese de aminoacidos aromaticos ( Phe, Tyr e Trp), folato, ubiquinonas,
menaquinonas e entorobactium. Os sete passos sao catalisados pelas enzimas: 3-
deoxi-D-arabino-heptulosonato 7-fosfato sintase (DAHP Sintase); 3- desidroquinato
sintase, 3- desidroquinato desidratase, chuiquimato desidrogenase, chiquimato
quinase, 5-enolpiruvil chiguimato-3-fosfato sintase (EPSP Sintase) e corismato
sintase. Figura modificada a partir de Mathews & van Holde. (MATHEWS & VAN
HOLDE, 1990).

1.3) Chiguimato Quinase ( SK)

A chiquimato quinase € a quinta enzima da via metabdlica do &cido
chiquimico (Figura 2), catalisa a fosforilagdo especifica do grupo 3-hidroxil do acido
chiguimico usando Adenosina Trifosfato (ATP) como um co-substrato e o
chiguimato como substrato especifico (KRELL et al., 1998; PEREIRA et al., 2004).
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Figura 2: Reacao catalisada pela chiqguimato quinase.

A chiquimato quinase pertence a familia estrutural das Nucleosideo
Monofosfato Quinases (NMP). Ela é uma proteina da classe a/B, consistindo de uma
folha B central, formada por 5 fitas B paralelas circundadas por hélices-a, tendo uma
topologia geral muito semelhante a adenilato quinase (PEREIRA et al.,, 2004 ;
KRELL et al., 1998, 2001). Uma caracteristica das NMP quinases é que elas sofrem
grandes mudancas conformacionais durante a catalise (VONRHEIN et al., 1995 ). As
NMP quinases sdo compostas por trés dominios: 1) CORE, que contém um loop de
ligacdo ao fosfato altamente conservado (P-loop); 2) o dominio LID, que sofre
mudang¢as conformacionais substanciais devido a ligacdo ao substrato; e, 3) o
dominio de ligagdo NMP, responsavel pelo reconhecimento e ligacdo de um
substrato especifico (GU et al.,2002 ).

Com o objetivo de demonstrar a importancia da via do acido chiquimico em
Mycobacterium tuberculosis, foi realizado a disrrupcédo do gene aroK, que codifica a
chiguimato quinase. Os resultados obtidos através destes experimentos confirmaram
que esta enzima € essencial para viabilidade do bacilo (PARISH & STOKER, 2002).
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Figura 3: Chiquimato quinase complexada com ADP e chiquimato (cédigo de acesso
PDB: 2DFN) (DIAS et al., 2007).

1.4) Planejamento racional de farmacos in silico

O desenvolvimento racional de novas drogas, direcionado pela estrutura,
baseia-se no conhecimento detalhado da estrutura tridimensional em alta resolucao
da proteina alvo, no entendimento da interagcdo do alvo com o ligante natural e na
racionalizacdo de como o alvo podera interagir com um farmaco potencial. Assim, o
processo de interacdo proteina-ligante é fundamental para o desenho de novos
farmacos e na otimizagdo de um farmaco lider, aliando caracteristicas de alta
seletividade/especificidade e propriedades farmacocinéticas adequadas. Interacdes
proteina-ligante participam da regulacdo da atividade protéica, por exemplo, a
catalise enzimatica € dependente da interacdo entre a enzima com seu substrato. O
transporte de moléculas por proteinas é diretamente influenciado pelas propriedades
da interacdo entre a proteina transportadora e a molécula transportada. A interacéo

entre um ligante e a proteina receptora pode ocasionar mudancas conformacionais
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nesta que transporta a sinalizacdo celular tanto por membranas quanto no meio
intracelular (SILVA, 2008). Portanto, é grande o interesse em compreender as forcas
que estabilizam uma determinada interacdo proteina-ligante para o desenvolvimento
racional de novos farmacos. As principais forcas moleculares que governam a
interacdo proteina-ligante séo: ligacdes de hidrogénio, interagbes hidrofébicas e de
Van der Walls.

O planejamento racional baseado em estrutura e no mecanismo de acdo de
enzimas especificas é a estratégia mais eficiente no desenvolvimento de novos
farmacos, capaz de contribuir em todos os estagios do processo, desde a
descoberta de protétipos, sua otimizacdo, até a elaboracdo de compostos
candidatos a testes clinicos. Esta estratégia é baseada no bloqueio ou estimulacao
da atividade de macromoléculas, como proteinas ou acidos nucléicos, associados a
diferentes processos patologicos. A informacdo estrutural do ligante permite a
descoberta e sintese de compostos com complementariedade geomeétrica,
hidrofobica e eletrostatica ao seu sitio de ligacdo, podendo vir a se tornar potenciais
inibidores e futuros farmacos (SILVA, 2008). Essa abordagem caracteriza o
planejamento racional de farmacos baseados em estrutura. O que a torna ainda
mais atrativa, quando utilizada em proteinas, € o conhecimento de que 78% dos
farmacos atuais tém como alvo receptor esse tipo de biomacromolécula
(MARSHALL, 2004)

Desde a concepcédo do alvo biologico até a descoberta de um novo farmaco,
um processo que pode levar em média 11 anos ou até mais, a bioinformatica,
juntamente com a quimica computacional, vem oferecendo um excelente
direcionamento ao planejamento racional de farmacos, ja que ha inimeros casos de
sucesso envolvendo o emprego de simulacdes computacionais (MARSHALL, 2004),
citando como exemplo os importantes farmacos: losartan, atorvastatina e celecoxib.

No planejamento racional de farmacos, destaca-se o docking molecular como
um dos métodos mais empregados. No docking, sdo investigadas as possiveis
orientacdes que determinada molécula assume no interior do sitio ativo de uma
proteina. Os métodos de docking, em geral, envolvem uma funcdo de energia
contendo parametros eletrostaticos, van der Waals, ligacdes de hidrogénio, e

algumas vezes, hidrofébicos, os quais geram modelos matematicos que predizem as



melhores orientagbes do ligante, segundo uma lista escore de energia (SILVA,
2008).

O screening virtual vem complementar o processo de descoberta de novos
farmacos. Um dos mais recentes programas, Moldock (THOMSEN E
CHRISTENSEN, 2006) considera a flexibilidade do ligante e € baseado em evolugéo
diferencial dirigida e uma fungcéo escore baseada em campos de forgca. A partir
dessa estratégia € possivel selecionar por screening virtual compostos de bases de
dados contendo tipicamente milhares de estruturas, eliminando assim ligantes nao
promissores antes que sejam sintetizados.

Ha diversos casos de sucesso com 0 uso da abordagem de screening virtual,
tal como a descoberta de isoflavonoides, como inibidores ndo-esteroidais da 501 —
redutase (BRENK et. al., 2003; CHEN et al., 2001). Porém o sucesso do screening
dito in silico, e em geral das técnicas de docking, depende do conhecimento de
detalhes estruturais do sitio de reconhecimento da biomacromolécula (CARLSON
et.al 1999).

1.5) Propriedades fisico-quimicas

Nos ultimos anos, percebeu-se um avanco consideravel no desenvolvimento
de técnicas de modelagem molecular que elevaram o poder de predicdo do
comportamento dos ligantes em sistemas bioldgicos,que sédo aplicadas no estudo de
diversas propriedades, como: absorcdo, distribuicdo, metabolismo, excrecdo e
toxicidade ( ERINS; ROSE, 2002).

Na busca de inovacdo e desenvolvimento de novos farmacos, € evidente a
pressdo do mercado sobre a otimizacdo dos recursos financeiros. Pode-se destacar
também a restricdo, ou crescente dificuldade, com relacdo ao uso de animais para
utilizacéo dos testes de toxicidade. A maioria dos farmacos retirados do mercado
ocorreram devido a estes farmacos causarem efeitos toxicos indesejaveis como o
antiinflamatorio Vioxx® (REVISTA EPOCA,2005). Dessa forma, os métodos de
predicdo de toxicidade in silico surgem como um importante e alternativa ferramenta
na selecdo ou priorizacdo de moléculas promissoras a serem avaliadas com maior
cautela em testes de toxicidade, reduzindo assim, 0s custos financeiros inerentes ao

processo, o uso indiscriminado de animais e satisfazendo as precaucdes em relacéo
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a toxicidade desde a fases iniciais do processo de desenvolvimento de farmacos
(SILVA, 2008).

Para o desenvolvimento de novos farmacos, jA é possivel estimar
propriedades farmacocinéticas de ligantes com potencial a se tornar farmacos.
Como exemplo mais simples, a * Regra dos Cinco’ (RO5), de Lipinski, preconiza que
os farmacos que apresentam biodisponibilidade por via oral, seguem, a saber: peso
molecular menor ou igual a 500, log P menor ou igual a 5, numero de grupo de
doadores de ligacdes de hidrogénio menor ou igual 5 e nimero de grupos de
aceptores de ligagdes de hidrogénio menor ou igual a 10 (LIPINSKI et. al., 1997).

O Laboratério de Bioquimica Estrutural (LabBiogEst) da Faculdade de
Biociéncias-PUCRS tem como objeto de estudo a interacéo proteina-ligante em nivel
molecular. A principal intencdo é a determinacdo da estrutura tridimensional em alta
resolucdo de proteinas nativas e em complexos com ligantes, para o posterior
desenho racional de ligantes que possam interagir especificamente com as
proteinas alvo. Estas informacdes serdo importantes para ampliar a capacidade do
grupo LabBiogEst-PUCRS em compreender o mecanismo de acdo, a relacao
estrutura-funcdo das proteinas alvo e auxiliar no desenho racional de novos

farmacos.



1.6) OBJETIVO

1.6.1) Objetivo Geral

Este projeto de pesquisa pretende realizar estudos estruturais focados na interacao

proteina-ligante, focado na Chiquimato Quinase de Mycobacterium tuberculosis.

1.6.2) Objetivos especificos

1) Simular a interacdo proteina-ligante por meio de algoritmos de docking

molecular;

2) ldentificar aspectos estruturais determinantes para a especificidade do ligante

pela enzima;

3) Propor novos ligantes que apresentem indicativos estruturais que mostrem

aumento da especificidade deste pela enzima.



Capitulo 2
Artigo cientifico

Este capitulo apresenta uma copia do artigo cientifico submetido ao Journal of

Molecular Modeling, bem como cépia da confirmacgéo da submissao.

>Dear Walter

>

>We have received the referee reports for your manuscript: "Identification of new
potential Mycobacterium tuberculosis Shikimate Kinase inhibitors through molecular
Docking simulations”, which you submitted to Journal of Molecular Modeling

>

>TO VIEW REVIEWER ATTACHMENTS (should there be any), please login to the
journal site as "Author" and access "Submission Needing Revision" from the Author
Main Menu. On the next page display, navigate on the "Action Links" and select
"View Reviewer Attachments" from the selection box. This will redirect you to the
page that will allow you to "Download" and view the reviewer report attachments.
Then, proceed with revising your manusript.

>

>As you can see, the referees have requested some revisions.

>Please revise the manuscript taking the referees remarks into account.

>To avoid misunderstandings it will be helpful if you provide a detailed response to
the referee reports.

>

>| would appreciate a short receipt acknowledgement for this message.

>

>Thank you very much in advance. If you have further questions, please do not
hesitate to contact me. The editorial office is looking forward to receiving the revised
version of your manuscript.

>

>Kind regards,

>

>Andrzej Sokalski, Ph.D., D.Sc.

>Editor in Chief

>

>COMMENTS FOR THE AUTHOR:

>

>Reviewer #1:. The manuscript describes the development of a virtual screening
study for the Mycobacterium tuberculosis Shikimate Kinase.

>A lot of computational work has been done with technical diligence. The quality of
the paper is quite good and it is acceptable for publication after minor changes:

>* In order to further measure the reliability of the VS protocol, you should use an
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ABSTRACT

Tuberculosis (TB) is the major cause of human mortality from a curable infectious
disease, attacking mainly in developing countries. Among targets identified in
Mycobacterium tuberculosis genome, enzymes of the shikimate pathway deserve
special attention, since they are essential to the survival of the microorganism and
absent in mammals. The object of our study is shikimate kinase (SK), the fifth
enzyme of this pathway. We applied virtual screening methods in order to identify
new potential inhibitors for this enzyme. In this work we employed MOLDOCK
program in all molecular docking simulations. Accuracy of enzyme-ligand docking
was validated on a set of 12 SK-ligand complexes for which crystallographic
structures were available, generating root-mean square deviations below 2.0 A.
Application of this protocol against a commercially available database allowed
identification of new molecules with potential to become drugs against TB. Besides,
we have identified the binding cavity residues that are essential to intermolecular

interactions of this enzyme.

Keywords: Tuberculosis; Shikimate pathway; Shikimate Kinase; Molecular Docking;

Virtual Screening

13



Introduction

Tuberculosis (TB) is the most important cause of human death from a
curable infectious disease. It is estimated that, worldwide, one hundred million people
are infected annually and about ten million develop the disease, with five million of
those progressing to an infectious stage, culminating with approximately three million
deaths. According to the World Health Organization [1], the overall incidence of TB
increases approximately 0.3% per year. The resurgence of this health problem
occurred mainly due to the proliferation of multi (MDR-TB), extensively (XDR-TB),
and recently, totally-drug (TDR-TB) resistant Mt strains. Besides, the high
susceptibility of HIV/AIDS infected patients to TB is also a health problem. Therefore,
there is an urgent need for the discovery and development of new and better drugs
for the TB treatment [2].

Enzymes of the shikimate pathway (SP) are promising targets for the
development of antimicrobial agents [3] and herbicides [4], because they are
essential to the survival of algae, higher plants, bacteria, fungi, apicomplexan
parasites and absent in mammals [5]. It is a seven-step biosynthetic route that
converts erythrose 4-phosphate to chorismate, a precursor of aromatic amino acids
and many other essential compounds [6].

The object of our study is the fifth enzyme of the SP, shikimate kinase (SK)
(EC 2.7.1.71), which catalyzes the specific phosphorylation of the 3-hydroxy group of
shikimate using ATP as a co-substrate resulting in shikimate-3-phosphate and ADP
[7-8]. This enzyme is an established target against Mt, since Parish and Stoeker
demonstrated that the SP is essential for the viability of Mt due to the disruption of
the aroK gene, which codes for the SK enzyme [9].

SK is a member of the nucleoside monophosphate kinases (NMP kinases)
family, which suffer large conformational changes during catalyses (Fig. 1) [10]. The
enzymes of this family are composed of three domains: the CORE, which contains a
highly conserved phosphate-binding loop (P-loop), the LID domain, which undergoes
substantial structural changes upon substrate binding, and the NMP-binding domain
which is responsible for the recognition and binding of a specific substrate [11].

Drugs are usually discovered by trial and error by means of high-throughput

screening approaches that use in vitro experiments to evaluate the activity of a large
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number of compounds against a known target. This procedure is very costly and
time-consuming. If crystallographic information is available for the protein target, then
molecular docking simulations can be a helpful computational approach in the drug-
discovery process. [12]. Molecular docking is a simulation method that predicts the
conformation of a receptor-ligand complex, in which the receptor can be either a
protein or a nucleic acid, and the ligand is a small molecule. This computer
simulation can generate many possible positions for the ligand in the receptor-
binding pocket. Therefore, a criterion is necessary that will allow comparisons of all
possible positions of the ligand, and then a selection can be made for the best
position.

Our goal here is to find potential inhibitors against shikimate kinase from
Mycobacterium tuberculosis MtSK using virtual screening (VS). VS can decrease
costs and improve hits rates for lead discovery. For this, we used the MtSK structure
[13] as a target for the molecular docking simulations with MOLDOCK [14]. Our
docking protocol was validated against an ensemble of 12 crystallographic structures
available for complexes of MtSK. The VS was validated by inclusion of a known SK
inhibitor in the small-molecule database with over 4500 structures. We describe the
results obtained in terms of the MOLDOCK scores, modes of interaction and discuss
the importance of the active site residues in the ligand binding process.

Materials and Methods

Molecular docking simulations

One of the fundamental questions in structural biology is the study of protein-
ligand interactions, particularly considering the pharmacological applications of such
study in the design of drugs based on structure [15]. To simulate the interaction of
MtSK with a library of ligands, we used the MOLDOCK program [14], an
implementation of a variant of the evolutionary algorithm (EA). Recent evaluation of
MOLDOCK strongly indicates that it is capable of finding the right position of a ligand.
Furthermore, MOLDOCK exhibits better overall performance compared with
SURFLEX, FLEXX, and GOLD [14]. In the present work, all simulations were
performed in an iMac (Intel Processor Core 2 Duo, 2.66 GHz, 2 GB SDRAM DDRS3

1066 MHz).
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Re-docking and cross-docking

In molecular docking simulations, the best binary complex (protein-ligand) is
the one closer to the crystallographic structure. For that reason we must establish a
methodology that assesses the distance from the computer-generated solution
(pose) to the crystallographic structure. This distance can be calculated using the
root-mean-square deviation (RMSD), which is a measure of the differences between
values predicted by a model and the values actually observed from the object being
modeled or estimated (protein-ligand complex). The RMSD is calculated between
two sets of atomic coordinates, in this case, one for the crystallographic structure
(Xctal, Yetal, Zctal; the object being modeled) and another for the atomic coordinates
obtained from the docking simulations (Xposes Ypose; Zpose; Predicted model). A
summation is then taken over all N atoms being compared, using the following

equation:

1 N
RMSD :\/NZ(Xctal,i _Xpose,i)2 +(yctal,i _ypose,i)2 +(thal,i _Zpose,i)z .
i=1

In docking simulations, it is expected that the best results generate RMSD values
less than 2.0 A compared with crystallographic structures [16]. This procedure of
obtaining the crystallographic position of the ligand is often called “re-docking,” which
is fundamentally a validation method that determines whether the molecular docking
algorithm is able to recover the crystallographic position using computer simulation.
In this work, all RMSD calculations were calculated for non-hydrogen atoms.

In order to validate our docking protocol, we used the SK crystallographic
coordinates available at the protein data bank (PDB), under the access code 2DFN
[13]. We performed the docking simulation against the active site of MtSK and
compared the docked poses with the crystallographic structure. We used the
MOLDOCK default protocol with center at coordinates x=(-15.23), y=(-14.38), and
z=(14.88) A, and a docking sphere radius of 9 A. Fig. 2 shows the docking sphere
used in the simulations.

In the implementation of EA in MOLDOCK, 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 many different possible solutions (candidates), each
option is ranked based on a set of parameters (scoring function or fithess function),
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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 molecular docking simulations,
the optimal solution is the one with the best scoring function, which should be the
closest to the crystallographic structure. MOLDOCK presents two biological inspired
algorithms to perform positional searches in docking simulations. One is called the
optimizer search algorithm (MOLDOCK Optimizer), which is based on an EA [14].
The second is a guided differential evolution algorithm (GDEA) called MOLDOCK
SE. GDEA is based on an EA adjustment called differential evolution (DE), which
provides a distinct method for selecting and modifying candidate solutions
(individuals). We used MOLDOCK Optimizer as search algorithm.

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
[17]. When a protein target presents major conformational changes upon ligand
binding, a significant difference is expected between the crystallographic and docked
structures. We identified 12 MtSK structures in PDB with ligands in the shikimate-
binding site ( PDB access codes: 2DFN, 1U8A, 1WE2, 1ZYU, 2G1K, 21YQ, 2IYR,
21YS, 2IYX, 2IYY, 21YZ, and 3BAF). This search was performed on February, 24"
2011. This validation procedures, re-docking and cross-docking, is the initial stage of

a virtual screening protocol (phase 1) described in the next sections.

Virtual screening

Our virtual screening (VS) protocol is divided in 4 phases as shown in Fig. 3.
Phase 1 is focused on selection and validation of a docking protocol, as described
earlier in the section re-docking and cross-docking. 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 [14]. Once a docking protocol is chosen we select a small-molecule
database to be used in the screening (phase 2). Here we used a ligand library

commercially obtainable at Acros Organics. The ligands (mol2 format) were
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downloaded from http://zinc.dock.org [18], with a total of 4579 small molecules. In

addition to commercially oriented databases the ZINC database also provides an
interface to build small-molecule databases based on molecular similarity, such as
Tanimoto coefficient [19, 20].

In phase 3, we start docking simulations for each ligand present in the
selected database. MOLDOCK program is the workhorse of the present protocol. It
was used in all docking simulations described here. 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 MOLDOCK
improves accuracy of scoring functions with a new hydrogen bonding term and new
charge schemes. Four scoring functions are implemented in the MOLDOCK,
including MOLDOCK score and PLANTS score [14, 21]. These two functions offer
grid-based versions, in which hydrogen bond directionality is not considered. In the
present protocol we employed grid-based MOLDOCK score since it offers
approximately four-fold greater speed by performing a precalculation of potential-
energy values on an equally spaced cubic grid.

The MOLDOCK score is based on the piecewise linear potential (PLP) scoring
functions developed by Yang et al. [22, 23]. The docking scoring function EyoLpock
score IS defined as the following:

EmoLpock score = Eintramol * Eintermol
where Einermol IS the intermolecular interaction energy:

o= 3 3 |zl e )

iCligand jOprotein Tij

1

All non-hydrogen atoms in the ligand and protein are taken in the summation. The
first term accounts for electrostatic interactions, in which the factor 332 is used to
obtain energy in kJ/mol. D represents the dielectric constant, which is the following:

D=4r;. The second term (Epp) is a PLP, described elsewhere [22, 23]. To ensure

that no energy term can be superior to the clash penalty, the electrostatic term is cut
off at a level equivalent to the distance of 2.0 A for distances less than 2.0 A.

Intramolecular energy is given by the following equation:

Eintramol =Epenalty + Z ZEPLP(rij)"' ZA[l'COS(n(P'(PO)]

iOligand jOligand single bonds
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The term Epenary iS @ penalty energy to be added to Eijnyamor When two non-bonded
atoms are closer than 2 A (for non-hydrogen atoms). This term avoids unrealistic
molecular topologies for the ligands. The second term is a PLP, already mentioned
[22, 23]. The last term accounts for torsion energy, which is expressed as a periodic
function. In this term, A, n, and ¢ are empirically determined [22, 23]. MOLDOCK
defines a limiting sphere where the search is focused. If a ligand non-hydrogen atom
is positioned outside this limiting sphere (the search space sphere), then a constant
penalty of 10000 is added to the total energy (implemented for the grid-based version
of the MOLDOCK score).

After identification of potential inhibitors by molecular docking simulations, the
best scored ligands were submitted to the web server FAF-Drugs [24], 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 (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 [25].

In addition to the 4579 small molecules present in the Acros database we
added staurosporine (PubChem Compound Identification: CID 44259) to the
database to be used in the VS. This molecule has been already tested directly on
MtSK [26]. This addition allows testing whether this VS protocol is able to identify SK
inhibitors present in a database with over 4,500 ligands.

Results and Discussion
Docking and cross-docking

Re-docking simulations (phase 1 of the VS protocol) using the structure 2DFN
generated an RMSD of 1.6 A. In addition, cross-docking simulations generated
RMSD ranging from 1 to 2 A further validating the present docking protocol. These
two tests indicated that the docking simulation was successful, and that the protocol

is good enough to be used for the virtual screening process.
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Virtual Screening

VS uses computational methodologies to identify biologically active molecules
against a specific protein target. Two main methodologies are used in VS. Methods
that search for similarity to validated ligands and molecular docking methods that
require the use of crystallographic information of the target. Here we made use of the
second approach. VS studies performed by other research groups have been
previously published on the identification of MtSK inhibitors as antitubercular drugs
by similar molecular docking procedures [27, 28]. Nevertheless, very limited
information (experimental data) on the direct effect of these compounds on MtSK is
yet available. The novelty of the present work relays on the method used in the VS
and the selection of compounds according to their pharmacological properties. The
VS simulations were carried out using the MOLDOCK program, having as target the
MtSK (PDB access code 2DFN). The ligand library comprises 4580 molecules
(Across database plus staurosporine). Addition of a known SK inhibitor allows testing
the accuracy of the present protocol.

After docking simulations, we selected 20 top-scoring compounds from the
initial set of 4580 compounds (selection based on MOLDOCK score). Staurosporine
was present in the 20 top-scoring compounds obtained in the VS, with MOLDOCK
score of -144.168. Identification of a known SK inhibitor among the best VS results
gives further validation for this VS protocol. These 20 potential inhibitors were
submitted to filter tests, available at the web server FAF-Drugs [24], to exclude those
compounds that have known undesirable physical-chemical features to oral
bioavailability. We could have applied this filter analysis previous to docking
simulations, since it would reduce simulation time. Nevertheless, we kept filtering
analysis after docking simulation, since the MOLDOCK protocol was fast enough to
be run in less than a week of CPU time of an iMac (Intel Processor Core 2 Duo, 2.66
GHz, 2 GB SDRAM DDR3 1066 MHz). In addition, application of filtering analysis
previous to docking simulations could eliminate candidates that fail to filtering
analysis but present promising MOLDOCK score, which could have toxicity reduced
by small modification in the structure.

Especially interesting is the fact that staurosporine is a well-known cyclin-
dependent kinase (CDK) inhibitor that has a plethora of structural and functional

studies [29-33]. Staurosporine is non-selective and too toxic for use in therapy, but
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UCN-01, a hydroxylated form of staurosporine (7-hydroxystaurosporine), shows
greater selectivity for CDK and is currently undergoing clinical trials in the United
States and Japan [31]. This opens new possibilities to test new molecular moieties as
potential SK inhibitors, the CDK inhibitors that have already shown low toxic effects
make a promising dataset to be explored as potential SK inhibitors.

The FAF-Drugs parameters used were those of the Lipinski's role of five [25].
From the set with 20 selected molecules, 9 fit the Lipinski’'s role of five, which
includes stauorosporine. Figures 4A-41 show the molecular structures for all 9
ligands. Since staurosporine is already a known SK inhibitor we excluded it from the
rest of the analysis. Staurosporine was included only to test the VS protocol. The
selected ligands are shown in Table 1. The MOLDOCK scores for these 8 molecules
ranging from -144.208 to -151.943. All 8 ligands show MOLDOCK scores better than

staurosporine.

Intermolecular interactions

In order to better understand the interactions of these 8 molecules with MtSK,
we used the program LIGPLOT [34] to access the atoms of both, the small molecules
and the protein ones that are responsible to make hydrogen bonds and van der
Waals contacts. A comparison among the MOLDOCK score values obtained for
these ligands, is not enough yet to predict activity, since in vitro assays are
necessary to conclude this. Therefore it is not possible to say that the selected
compounds, the ones with the best MOLDOCK scores, would be the most potent
ones. We could observe, only, that among the selected compounds the best scores
mean a greater potential to interact with the shikimate-binding cavity.

The docking simulation results 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, as shown in
Fig. 5. These residues are essential to the ligand binding and, finally, to the reaction
catalyzed by the enzyme. The SK residues that perform intermolecular hydrogen
bonds (HB) with the shikimate are: Gly80, Arg136 and Arg58. SK makes van der
Waal contacts with residues: lle45, Asp34, Proll, Prol18, Gly79, Phe57, Leull9

and Gly81.
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Information about intermolecular interactions for all 8 top-scoring compounds
is summarized in Table 2. Analysis of shikimate-binding site indicated that all top-
scoring compounds present interaction with residues Lys15, Serl6 and Argll7. Fig.
6 shows the intermolecular interactions for the top-scoring compound (ligand 1,
ZINC15707201). This figure is representative of the positioning of all top-scoring
compounds in the shikimate-binding pocket. Ligands 1, 2, 4, 5, 6 and 8 highlight the
presence of residue Valll6, suggesting it is also relevant to intermolecular
interactions. Two previously published molecular docking studies focused on MtSK
were able to identify intermolecular molecular interactions with the same residues
[27, 28], 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) [28] and triazole/tetrazole heteroaromatic
systems [27]. These molecular structures were not present in the database used in

the present study.

Conclusions

Advanced molecular docking algorithms available nowadays make possible to
undertake larger virtual screening studies focused on small-molecules libraries up to
millions of compounds. Here we described an efficient molecular docking protocol,
which was able to recover crystallographic position of a ligand present in the active
site of the SK. Re-docking and cross-docking simulations generated RMSD results
below 2 A. The virtual screening protocol was able to confirm a known SK inhibitor,
staurosporine, as a top-scoring compound. Furthermore, the present work indicates
new molecules with the potential to become drugs against TB. Besides, we identified
the MtSK binding-cavity residues that are essential to make possible the interactions
of this enzyme with a variety of molecules. Analysis of the top-scoring compounds
also indicates that MtSK has the ability to bind a variety of molecular moieties not

previously identified.
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Figure Legends

Fig. 1 Structure of shikimate kinase in complex with ADP and shikimate (PDB

access code: 2DFN).

Fig. 2 Search space sphere (green) defined for molecular docking simulations.

Fig. 3 Flowchart of virtual screening process.

Fig. 4 Molecular structures of the top-scoring compounds identified in the VS
protocol. A) Staurosporine. B) ZINC15707201. C) ZINC20462780. D)
ZINC15707234. E) ZINC15675581. F) ZINC15707188. G) ZINC22936889. H)
ZINC20464408. 1) ZINC22936937.

Fig. 5 Shikimate-binding pocket with main residues found in intermolecular

interactions with shikimate.

Fig. 6 Shikimate-binding pocket with main residues found in intermolecular
interactions with the top-scoring compound (ZINC15707201).
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Table Legends

Table 1 Physical-chemical properties of ligands that fitted the Lipinki's role of five

after analysis by FAF-Drugs.

Table 2 Detailed intermolecular interactions for the ligands selected in the VS
procedure. The presence of an X indicates that the interaction of a certain ligand with
another certain protein amino acid is observed. HB means hydrogen bonds and VDW

means van der Waals contacts.
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Figure 6
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Table 1

Molecular Number of HB Number of HB
Ligand ZINC Code weight (Da) acceptors donnors LogP
1 15707201 423.3 10 1 0.82
2 20462780 485.3 10 4 -0.3
3 15707234 428.3 8 0 2.62
4 15675581 460.3 9 2 1.57
5 15707188 490.8 10 1 2.61
6 22936889 471.3 8 3 1.27
7 20464408 373.2 9 2 15
8 22936937 469.3 7 3 2.54
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Table 2

Residues

Ligands

HB

Zinc15675581

Zinc15707188

Zinc15707201

Zinc1Y2B4

Zinc20462780

Zinc20464408

Zinc22936889

Zinc28937

Gly12
Serl3
Glyl4
Lys15
Serl6
Thrl7
Asp32
Asp34
Leu78
Argll7
Leull9

x

X X

X

X

X
X
X

X

VDW

LeulO
Gly12
Glyl4
Lys15
Serl6
Thrl7
Val35
Gly38
Phed9
Arg58
Gly80
Valll6
Argll7

x

X X

x

>

X

>

>

X

>

X

X

X

x

X

x
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Capitulo 3
CONSIDERACOES FINAIS

Ha uma grande busca por terapias mais eficientes para as doencas que
acometem a humanidade. Sempre havera a necessidade da introducdo de novos
farmacos no arsenal terapéutico, seja pela falta de eficiéncia dos farmacos atuais,
seja pelo alto nivel de toxicidade, pelo surgimento de novas doencas e de cepas
resistentes aos atuais farmacos utilizados. Alias, talvez, ndo seja so a descoberta de
novas moléculas promissoras, mas sim a descobertas de propriedades e interacdes
de moléculas ja existentes.

A tuberculose estd em destaque no que tange ao desenvolvimento racional
de drogas, devido ao aumento de casos, em conjunto com o surgimento de cepas
resistentes aos medicamentos existentes e também ao surgimento da HIV/AIDS,
aumentando assim o0s casos de tuberculose devido a baixa imunidade destes
pacientes.

Com a descoberta da sequéncia dos genes da Mycobacterium tuberculosis, o
bacilo causador da tuberculose, foram feitos nockout de alguns genes. Um deles foi
o aroK, gene codificador da enzima chiquimato quinase, e conforme estudos feitos
por Parisch et al., esta enzima mostrou-se de suma importancia, pois a sua auséncia
sozinha, € capaz de interromper a via metabdlica do acido chiquimico, inviabilizando
o bacilo, pois esta via é responsavel por sintetizar aminoacidos aromaticos e outros
compostos essenciais para a sobrevivéncia do bacilo.

A aplicagdo da quimica computacional, aliada a bioinformatica, tem oferecido
um excelente suporte para o desenvolvimento de novos farmacos. Com o poder
computacional e a tecnologia disponivel atualmente pode ser realizado um
direcionamento nos estudos, facilitado pela capacidade de predicdo virtual de
interacdes e propriedades farmacoldgicas.

A realizacdo deste trabalho foi de suma importancia para a identificacdo de
novas moléculas com potencial de se tornarem farmacos contra a Tuberculose.
Além disso, identificamos residuos do sitio ativo da Chiquimato Quinase que séo
essenciais para a interacdo da proteina com estes tipos de ligantes. Esperamos em
trabalhos futuros realizar testes in vitro com estes ligantes afim de confirmar nossas

predi¢des in silico.
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