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RESuUMO

As enzimas da via do acido chiquimico constituem um excelente alvo para o
desenho de novos agentes antibacterianos. Esta rota € encontrada em bactérias,
fungos, plantas e parasitas do filo apicomplexa, mas esta ausente em mamiferos. A
Corismato sintase (CS) catalisa o ultimo passo desta rota, produto que € utilizado em
outras reacfes biossintéticas, como biossintese de aminoacidos aromaticos, folato,
vitamina K e ubiquinona. Esta reacdo € a mais incomum de toda rota e € unica na
natureza. Ela converte 5-enolpiruvil-chigiuimato-3-fosfato (EPSP) em corismato na
presenca de uma flavina mononucleotideo reduzida (FMNH,) como coenzima. A
predicdo da estrutura tridimensional (3D) da enzima CS de Mycobacterium
tuberculosis (Mtb) foi feita pela técnica de modelagem comparativa por homologia,
utilizando a estrutura cristalogréfica de CS de Streptococcus pneumoniae (PDB ID:
1QX0) como molde (» 42% de identidade), e o programa MODELLERG6vV2.
Adicionalmente, com o intuito de entender as possiveis formas de ligacdo do
substrato e da coenzima a enzima EPSP e flavina mononucleotideo (FMN),
repectivamente, foi feito um docking geométrico. A minimizacao de energia de todo o
complexo mostrou, como esperado, que a maioria das interacdes ocorridas no molde
sdo preservadas na estrutura de Mitb, exceto pela Hisll, Argl39 e GIn255.
Entretanto, novas interagbes envolvendo Arglll, Glil1l3 e Ser317 também foram
observadas. Este conhecimento podera facilitar na busca por novos inibidores para

esta enzima como farmacos alternativos no tratamento da tuberculose (Tb).



ABSTRACT

The enzymes of the shikimate pathway constitute an excellent target for the design of
new antibacterial agents. This pathway is found in bacteria, fungi, plants and
apicomplexan parasites but is absent in mammals. Chorismate synthase (CS)
catalyzes the last step of this pathway, the product of which is utilized in other
enzymatic transformations like the biosynthesis of aromatic amino acids, folate,
vitamin K and ubiquinone. This reaction is the most unusual of the entire pathway
and is unigue in nature. It converts EPSP to chorismate in the presence of a reduced
FMN coenzime. Structure prediction used the comparative protein structure modeling
methodology. The three-dimensional (3D) structure prediction of the enzyme CS of
Mycobacterium tuberculosis was performed using the crystal structure (PDB ID:
1QXO0) of CS from Streptococcus pneumoniae as template (= 42% identity), and the
MODELLERG6v2 package. Additionally, in order to understand the possible binding
modes of substrate and coenzime to the enzyme, EPSP and FMN, respectively, were
geometrically docked to CS. Energy minimization of the whole complex showed, as
expected, that most of the template interactions are preserved in the Mtb structure,
except for His1ll, Arg139 and GIn255. However, novel interactions involving Arg111,
Gly113 and Ser317 were also observed. This knowledge should facilitate the search

for inhibitors of this enzyme as alternative agents to treat tuberculosis.



LISTA DE ABREVIACOES

3D — Tridimensional

CS - Corismato sintase
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MS — Ministério da saude

Mtb - Mycobacterium tuberculosis

NADPH — Nicotinamida adenina dinocleotideo-fosfato reduzida
PDB — Protein Data Bank

PEP — Fosfoenolpiruvato

OMS - Organizacdo Mundial da Saude
RMSD - Desvio médio quadratico

Tb — tuberculose



1 INTRODUGAO

1.1 A Tuberculose

Dentre as doencas infecto-contagiosas a Tb requer um estudo mais
aprofundado. A Th, através do seu agente etiolégico, o Mtb, é a responsavel pelo

maior nimero de mortes por um unico agente infeccioso no mundo (Garble, 1991).

Os numeros desta epidemia sdo alarmantes. Estima-se que um terco da
populacdo mundial esteja infectada com o Mtb e a expectativa € que 10% delas (ou
aproximadamente 200 milhdes de pessoas) desenvolvam a doenca (Daffé, 1998).
Segundo a Organizacdo Mundial de Saude (OMS), foram estimados 8,8 milhdes de

novos casos em 2003 (OMS, 2005).

No Brasil, estima-se que cerca de 50 milh6es de pessoas estejam infectadas.
Estes numeros colocam o Brasil junto com o Perl como os responsaveis por 50% de
todos os casos das Américas. Conforme dados do Ministério da Saude (MS), foram
cerca de 78.000 novos casos registrados em 2002, mantendo uma média de
aproximadamente 80.000 novos casos registrados por ano (MS, 2005). Entretanto,
de acordo com a OMS, estima-se que a média anual no Brasil seja de 90-95 mil

casos por ano entre novos e re-tratados (OMS, 2005).

A Tb é uma doenca infecciosa causada por micobactérias do complexo
Mycobacterium tuberculosis, das quais a principal € o Mtb. O Mtb é um bacilo
pequeno (1,4 um de comprimento por 0,3-0,6 um de diametro), sem flagelos com
parede celular rica em lipideos, classificado pelos métodos colorimétricos como
bacilo alcool &cido resistente (BAAR). E uma bactéria de crescimento lento,
estritamente aerdbia, mas podendo sobreviver em ambiente de micro-aerofilia e que

coloniza preferencialmente as cavidades das paredes pulmonares (Grosset, 1980),



porém a partir do pulméo a infeccdo pode se espalhar para outras partes do corpo

do hospedeiro (Russell, 2001).

A infeccado € normalmente transmitida de pessoa para pessoa por inalacdo de
pequenas particulas de aerossois expelidas por pacientes com a doenca na forma
pulmonar e que, se inaladas por um individuo sadio, se alojardo no espaco alveolar,
onde iniciam a multiplicacdo, posteriormente sendo fagocitadas por macrofagos do
hospedeiro. O acumulo de células de defesa do organismo como mondcitos,
neutréfilos e macrofagos no local da infeccdo gera uma estrutura granulomatosa

compacta, a qual € chamada de tubérculo (Hiryanna & Ramakrishnan, 1986).

A forma como o Mtb sobrevive no hospedeiro € um dos problemas no combate
a doenca. A infeccéo inicial é assintomatica e controlada facilmente na maioria dos
casos, porem o Mtb normalmente sobrevive dentro dos tecidos durante anos em
estado de dorméncia. Eventualmente, devido a um momento de deficiéncia do
sistema imunoldgico, a bactéria dormente é reativada causando o ressurgimento da
doenca, o que pode acontecer até muitas décadas apoés a infeccao inicial (Manabe &
Bishai, 2000). A existéncia destas formas dormentes dificulta o controle da doenca,
provavelmente devido a baixa atividade bactericida das drogas antituberculose
contra estes bacilos em estado dormente ou semi-dormente. Por isso, o tratamento
deve ser longo (de no minimo 6 meses) e envolve a combinacao de diversas drogas

(Coates,1998).

A prescricdo mais comum para o tratamento da Tb utiliza a combinacéo das
drogas isoniazida, rifampicina, pirazinamida e etambutol ou estreptomicina nos
primeiros dois meses, com o intuito de exercer uma acao bactericida contra o bacilo
ativo, e, posteriormente, isoniazida e rifampicina para os ultimos quatro meses.

Estas tém a funcéo de esterilizacdo contra bacilos dormentes ou semi-dormentes.
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Este tratamento, apesar de longo, é importante para o controle da doenca (Basso &
Blanchard, 1998). Deve-se ressaltar, entretanto, a importancia do tratamento. A
morte por Tb em casos ndo tratados pode chegar a 40-60% dos casos, enquanto,

com tratamento esse numero cai para 10% com o uso correto de antibidticos.

Além da quimioterapia, a vacinacdo com BCG (Bacillus Calmette-Guerin) é
usada como tratamento profilatico contra infeccdes micobacterianas. Porém este
tratamento tem resultados diversos, protegendo algumas populacdes e em outras
nao tendo a mesma eficacia (OMS, 2005). Os resultados da vacinacdo no Brasil

relatam uma cobertura de 100% da populacdo desde 1995 até 2002 (MS, 2005).

A partir da década de 40 até o inicio dos anos 80, o tratamento com estes
quimioterapicos facilitou o controle e o declinio do nimero de casos da doenca.
Entretanto, o nimero de casos comecgou a crescer novamente a partir da segunda
metade da década de 80. Alguns fatores inter-relacionados vém contribuindo para o
reaparecimento mundial da tuberculose. Entre os mais significativos estdo a
epidemia de AIDS, a diminuicdo do poder sécio-econdmico da populacdo, a
aglomeracdo em grandes cidades, o declinio das condi¢cdes de saude publica e o
abandono do tratamento (Basso et al., 1998). Aliado a isso, cepas de Mtb resistentes
as drogas antituberculose tém sido identificadas globalmente e de forma alarmante
(Heym et al., 1995; Cohn et al.,1997). Exemplos do surgimento de cepas resistentes

no Brasil também foram notificados (Telles et al., 2005; Silva et al., 2003).

No Brasil ha ainda um outro aspecto preocupante do panorama da doenca.
Segundo a OMS, taxas superiores a 45% de pacientes previamente tratados
apresentam multi-resisténcia adquirida, atestando a faléncia do atual esquema de
tratamento da Tb em nosso pais (OMS, 2005). As taxas de abandono do tratamento

no pais apresentam uma variacao constante de 10% entre 1993 e 2002, enquanto
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as taxas de cura apresentam um percentual entre 75 e 80% a partir de 1994 (MS,

2005).

Em 1998, Cole e colaboradores publicaram a sequéncia completa do genoma
do Mtb H37Rv. O genoma compreende 4.411.529 pares de bases e contém cerca
de 4.000 genes, reanotados em 2002 (Cole et al., 1998; Camus et al., 2002). Com
relacdo a prevaléncia de cada uma das bases, ha uma preferéncia para producéo de
aminoacidos com codons ricos em C e G (Ala, Gli, Pro Arg, Trp) em comparacao a
aminoacidos com codons ricos em A e T (Asn, Lis, Phe, Tir) (Cole et al., 1998). A
enzima objeto do nosso estudo € a CS, codificada pelo gene aroC, que contém

1.201 pares de bases ou 401 aminoacidos (Bentley, 1990).

Com base neste panorama, o estudo da Tb e de seu agente € mais do que
justificado. O conhecimento apropriado desta doenca e seu do agente etioldgico sdo
fundamentais para os avan¢gos em seu combate, e consequentemente para a
melhoria das condicbes de saude publica mundial. Isso possibilitara o
desenvolvimento de novos farmacos para o combate ao Mtb, tanto na sua forma

sensivel como na forma resistente as drogas atuais.

1.2 A Viado Acido Chiquimico

Na biossintese de aminoacidos aromatico, a rota inicial, ou de caminho
comum, é conhecida como via do acido chiquimico. A partir de seu produto final, o
corismato, a rota se divide para producéo de fenilalanina, tirosina e triptofano além
de outros metabdlitos que também sdo oriundos do corismato, como a ubiquinona,
menaquinona, acidos micélicos e vitamina K (Figura 1) e que sao igualmente

importantes para a viabilidade do organismo (Du et al., 2000; Pittard, 1996).



FENILALANINA
TIROSINA

T / TRIPTOFANO

~oog, coo coo
Y NH
o)

E ANTRANILATO
OH PREFENATO _
COoOo

FOLATO

+
/ i

p-AMINOBENZOATO

I 07 “coo B
. \ coo
CORISMATO
— »  UBIQUINONA
¢ ———— - (COENZIMA Q)
_ OH
coo p-HIDROXIBENZOATO
©;\OH OH
O)LCOO_ OO —
ISOCORISMATO COOH MENAQUINONAS
OH — > MICOBACTERIANAS
1,4-DIHIDROXI-2-

MICOBACTINAS CARBOXI-NAFTALENO

FIGURA 1: OS DESTINOS DO CORISMATO A PARTIR DA VIA DO ACIDO CHIQUIMICO E OS PRODUTOS FINAIS
DE CADA UMA DAS VIAS NO MTB (EM AZUL).

Esta via esta presente somente em fungos, bactérias, protozoarios do filo
apicomplexa e em vegetais, sendo entdo uma via ideal como alvo para o estudo de
novos farmacos e de pesticidas para a lavoura, como é o caso do glifosato
(Roundup®), um inibidor que atua sobre a 5-enolpiruvil chiquimato-3-fosfato sintase

(EPSP sintase), a sexta enzima da via do &cido chiquimico (Sikorski & Gruys,1997).
1.2.1 Aviado acido chiquimico passo-a-passo

Os precursores desta via séo a eritrose-4-fosfato (E4P) e o fosfoenolpiruvato
(PEP). No estudo das vias metabdlicas é usual se classificar uma via de acordo com
seus precursores. Aqui temos dois tipos de precursores. O PEP é um intermediario

glicolitico enquanto a E4P é um intermediario da via pentose-fosfato (Lehninger et



completa (Figura 2) possui sete reacdes, que serdo descritas a

1995). A via
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FIGURA 2: VIA DO ACIDO CHIQUIMICO. VER DESCRIGCAO DETALHADA NO TEXTO. ADAPTADO DE PITTARD, 1996

1. Condensacao do PEP com a E4P formando um intermediario aciclico com sete
carbonos, o 2-ceto-3-desoxi D-arabinoeptulosonato-7-fostato, pela acdo da

enzima 2-ceto-3-desoxi D-arabinoeptulosonato-7-fostato sintase (DAHP sintase)

liberando fosfato inorganico (Pi)
2. Ciclizacdo do substrato em 3-desidroquinato, pela desidroquinato sintase (DHQ
pela 3-desidroquinato

sintase), com a presenca de NAD" como coenzima

3. Desidratacdo do substrato a 3-desidrochiquimato
desidratase (DHS desidratase)

4. Reducao do substrato pela chiquimato desidrogenase (SHK desidrogenase), com

a coenzima NADPH se oxidando a NADP™ e formacao do chiquimato

5. Fosforilagdo do substrato através da chiquimato quinase (S3P quinase), com o

gasto de uma molécula de ATP se convertendo a ADP



6. Condensacdo de uma segunda molécula de PEP ao substrato, e liberacdo de

outro fosfato inorganico produzindo o EPSP pela acdo da EPSP sintase;

7. Perda do grupamento fosfato do substrato, liberando fosfato inorganico, e
formando corismato, pela acdo da corismato sintase (CS sintase) na presenca de

FMN na forma reduzida (FMNH,);

1.3 A coenzima FMN

A flavina mononucleotideo (FMN) faz parte da familia das flavinas. A
caracteristica comum dessa familia € a presenca do anel isoaloxazina (Figura 3).
Dentre as flavinas estéo a riboflavina (vitamina B2), com a presenca apenas de uma
ribose ligada ao anel isoaloxazina, o FMN (Figura 3), com a adicdo de um
grupamento fosfato a ribose, e a flavina adenina dinucleotideo (FAD) com uma

adenina ligada a ribose por uma ligacao fosfodiéster (Bornemann, 2002).

' Ho H H H M 2
HNs 1oN—C—(|3—(|:—C—C—O—PO3
OH OH OH
O NH

FIGURA 3: ESTRUTURA DO FMN NA FORMA REDUZIDA (FMNH,). EM VERMELHO O ANEL ISOALOXAZINA, EM
PRETO A RIBOSE E EM AZUL O GRUPAMENTO FOSFATO, QUE DIFERENCIA O FMN DAS OUTRAS FLAVINAS. OS
DOIS HIDROGENIOS RESPONSAVEIS PELO ESTADO REDUZIDO ESTAO ASSINALADOS PELAS SETAS.

A conformagdo do FMNH, induz uma modificacdo estrutural no anel
isoaloxazina dobrando-o em um angulo de 27,3° em relagdo ao eixo que passa
pelos atomos N5 e N10, enquanto na forma oxidada o anel € sempre planar
independente da protonacéo, (Figura 4) (Zheng & Ornstein, 1996). Esta modificacao
pode facilitar a entrada da coenzima no sitio ativo.
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FIGURA 4: VISTA LATERAL DO ANEL ISOALOXAZINA. NA FORMA OXIDADA (ESQUERDA) E NA FORMA REDUZIDA
(DIREITA). ADAPTADO DE ZHENG & ORNSTEIN, 1996.

1.4 A enzima Corismato Sintase (CS)

A enzima CS ou O5-(1-carboxivinil)-3-fosfochiquimato fosfato liase (EC 4.6.1.4)
cataliza a converséo do EPSP em corismato. Esta reacdo, do ponto de vista
bioquimico, é excepcional pois tanto a enzima quanto a reacdo sdo Unicas na
natureza. Esta enzima requer a presenca de um FMNH, como coenzima para

ocorréncia da reacédo (Bentley, 1990; Macheroux et al., 1999).

A reacdo da CS acrescenta a segunda de trés duplas ligacbes ao anel
benzénico do substrato, e formalmente € descrita como uma reagdo concertada de
eliminacdo anti-1,4 do grupo 3-fosfato e a perda do hidrogénio C-(6proR). Esta
reacao apresenta algumas particularidades, como o fato de ndo envolver nenhuma
alteracéo no estado redox de substrato e produto e apresentar uma estereoquimica
do tipo anti (elimina¢gdes do tipo 1-4 apresentam preferencialmente estereoquimica

do tipo syn) (Macheroux et al., 1999).

Como o mecanismo de reacdo ainda ndo foi completamente elucidado, ha
diversas alternativas propostas, mas a mais aceita sugere o envolvimento direto do
FMN na reacdo de eliminacdo, com um mecanismo radicalar com uma transferéncia
de um elétron do FMNH, para o substrato, iniciando a quebra da ligacdo C-O do
grupamento fosfato, produzindo um derivado com um radical. Como ndo ha
mudanca de estado redox na reacdo, uma transferéncia reversa do elétron doado é

necessaria para completar o ciclo catalitico (Figura 5) (Macheroux et al., 1996;
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Bornemann et al., 1996). Este mecanismo é corrobado pela resolucdo da estrutura
da CS de Streptococcus pneumoniae, onde o FMN, o EPSP e a enzima formam um
complexo ternario, onde a porcdo do anel isoaloxazina do FMN esta a uma distancia
de 3,3A do EPSP (Maclean & Ali, 2003). A formac&o deste complexo induz uma

mudanca conformacional na enzima (Macheroux et al., 1998).

COO COO
H H
' JL Cz,;:lsl:lnliio sintase > JL
2 S
OPOy I (o) coo 1 N 0~ coo
EPSP 24 POZ oH Corismato
FMNH; HPOZ FMNH,

COO

. (olelep COO,
FMNH FMNH"*
@:H ~" e
: o)Lcoo e L O
H H H

FIGURA 5: REAGAO CATALISADA PELA CORISMATO SINTASE E MECANISMO DE REAGAO MAIS ACEITO (ABAIXO),
ONDE 0 FMNH; DOA UM ELETRON PARA A QUEBRA DA LIGAGAO DO FOSFATO (3), SENDO ESTE REGENERADO
POSTERIORMENTE PELA DOAGAO DE UM ELETRON PELO SUBSTRATO (6), PARA A COENZIMA.

Ot
Ot

Embora catalisando uma reacao Unica na natureza em termos bioquimicos, a
CS, do ponto de vista catalitico, € muito diferente nos diversos organismos
estudados, apresentando diferentes propriedades, assim como diferentes tamanhos
moleculares. Desta forma foi criada uma classificacdo para a CS de acordo com a

forma com que a enzima obtém o FMNH..

Quando a CS realiza a reacao a partir do FMNH,, formado a patir de outra
reacao catalisada por alguma FMN redutase, ela é classificada como uma enzima

monofuncional. As enzimas presentes em eubactérias, plantas e parasitas do filo

apicomplexa sao essencialmente monofuncionais (Macheroux et al., 1999;

Fitzpatrick et al., 2001)
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Nas bactérias gram-positivas como o Bacillus subtilis e Staphilococcus aureus,
a CS também é monofuncional, dependendo da obtencédo de FMN ja reduzido para a
ocorréncia da reacdo. Entretanto sua estrutura quaternaria se apresenta de forma
diferente, pois forma um complexo heterotrimérico com uma enzima NADPH
dependente, responsavel pela reducdo do FMN para a ocorréncia da reacéo da CS,
e também com outra enzima da via do acido chiquimico, a desidroquinato sintase,
segunda enzima da via. Para a ocorréncia da reacdo pela CS, além da enzima
redutora do FMN e do NADPH, também é necessaria a presenca de um ion

magnésio (Mg®*) (Hassan & Nester, 1978; Horsburgh et al., 1996).

Ja em fungos, a CS apresenta uma segunda atividade catalitica, a reducéao do
FMN as custas de uma segunda coenzima, o NADPH. Este tipo especifico de CS
geralmente tem um peso molecular maior e € classificada como bifuncional.
Possivelmente este peso molecular maior esta relacionado com a presenca deste
dominio de ligacdo extra para o NADPH (Henstrand et al., 1996). Estudos
preliminares sobre o sitio de ligacdo do NADPH sugerem que este se encontra

sobreposto ao sitio do FMN (Kitzing et al., 2001).

1.4.1 A EstruturadaCS

Devido a sua natureza Unica, a primeira estrutura 3D de CS levou mais tempo
para ser determinada do que a das outras enzimas da via do &cido chiquimico. A
primeira estrutura 3D publicada data de 2003. Neste trabalho foi resolvida a estrutura
3D da CS de S. pneumoniae cristalizada junto com o substrato e a coenzima na
forma oxidada. Foi identificada uma nova topologia caracteristica desta proteina com
um dobramento f-a-f do monémero. A CS apresenta uma estrutura quaternaria na

forma de um homotetramero estabilizado por dois arranjos de fitas-#, um
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estabilizando a formacéo dos dimeros e 0 segundo estabilizando a interacdo entre
os dois dimeros anteriormente formados (Maclean & Ali, 2003).

A partir deste mesmo trabalho, também foi estudada a interacdo do substrato e
coenzima com os residuos da proteina identificando os residuos importantes para o
entendimento da reacéao.

Em relacdo ao sitio de ligacdo do FMN, fica claro que este desempenha um
papel de bloqueio para a saida do EPSP do sitio catalitico. Também foram
identificados alguns residuos que fazem interacbes com a coenzima, cOmo 0S
residuos Lis311, Ala252 e Asn251, que fazem interacbes com a porcao ribose do
FMN (Figura 3). A porcédo isoaloxazina é mais hidroféfica e faz poucas interacdes
com a proteina como, por exemplo, com os residuos conservados His110, Tre315 e
Ser338 (Maclean & Ali, 2003).

O sitio de ligacdo do EPSP é bastante hidrofilico e basico, com 6 argininas e 2
histidinas concentradas na regido de entrada do sitio. O EPSP interage com 0s
residuos Arg39, Arg45, Argl34, Arg48, Arg337, Hisl0 e His110. (Maclean & Ali,
2003). Estas duas histidinas foram identificadas como sendo residuos chave para a
atividade da enzima, pois sua mutacdo acarreta uma reducéo de atividade para 10%
(His 110) e 5% (His10) (Kitzing et al., 2004).

Também foram publicados estruturas de CS mofuncionais de Helicobacter
pylori (Ahn et al., 2003), Aquifex aeolicus (Viola et al., 2004) e recentemente a de
Mtb (Dias et al., 2006) além da bifuncional de Saccharomyces cerevisiae (Quevillon-
Cheruel et al., 2004).

Thomas e colaboradores (Thomas et al., 2003) identificaram inibidores para a
CS do grupo benzilideno-diidroxifuranonas, porém estes estudos de inibicdo nao

apresentaram dados estruturais.
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2 OBJETIVOS

Este trabalho tem por objetivo a modelagem molecular da enzima CS de Mtb
e, posteriormente, a construcdo da estrutura quaterndria da mesma para o
entendimento dos eventos moleculares na interagcdo com o substrato EPSP e com a
coenzima da reacdo, o FMN, visando compreender quais residuos sdo importantes
para a interacdo intermolecular.
Para a realizacéo deste trabalho foram propostas as seguintes etapas:
= Estudo da sequéncia de CS de Mtb, visando conhecer os possiveis pontos
criticos na construcdo do modelo;
= Procura de moldes para uso na técnica de Modelagem Molecular por
Homologia;
= Construcéo e avaliagcdo de um modelo 3D da CS de Mtb;
= Docking manual do substrato e coenzima no sitio catalitico da enzima
modelada;
= Uso de técnicas de minimizacdo de energia para melhor representar o
comportamento dos ligantes no sitio catalitico;
= Avaliagdo e comparacéo das interagdes encontradas nos modelos de docking
em relacdo ao molde cristalogréafico da enzima de CS de Streptococcus
pneumoniae (Maclean & Ali, 2003);
O conhecimento da forma de ligacdo da enzima-substrato-coenzima facilitara
a procura por novos inibidores que ajam sobre esta enzima e que poderdo ser

candidatos a novos farmacos no combate a Tb.
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Abstract

The enzymes of the shikimate pathway constitute an excellent target for the design of new antibacterial agents; chorismate synthase (CS)
catalyzes the last step of this pathway. The prediction of Mycobacterium tuberculosis (MTB) CS three-dimensional structure and the geometric
docking of the coenzyme FMN and the substrate EPSP were performed using the crystal structure of CS from Streptococcus pneumoniae as
template. Energy minimization of the whole complex showed, as expected, that most of the template interactions are preserved in the MTB
structure, except for HIS11, ARG139 and GLN255. However, novel interactions involving ARG111, GLY113 and SER317 were also observed.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The shikimate pathway is the common way for the pro-
duction of various products including folic acid, vitamin K,
ubiquinone and the three aromatic amino acids, tryptophan,
phenylalanine and tyrosine. In bacteria, fungi, plants and api-
complexan parasites, chorismate, the final product of the shiki-
mate pathway, is the branch point in the biosynthesis for all
these products that are essential for these species. The ab-
sence of the shikimate pathway in all other species makes it
an attractive target for the development of new antibacterial
agents [1,2].

Chorismate synthase (CS), the seventh and final step
of the shikimate pathway, catalyzes the conversion of 5-
enolpyruvylshikimate 3-phosphate (EPSP) to chorismate in the
presence of a reduced flavin mononucleotide (FMN) as a coen-
zyme [3]. The reaction mechanism of the shikimate pathway

* Corresponding author.
E-mail address: osmarns@inf.pucrs.br (Osmar Norberto de Souza).

0010-4825/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compbiomed.2006.01.001

has been studied extensively and revealed that the reaction of
CS is unique in nature. The reaction involves a 1, 4 elimination
of phosphate and the loss of a proton of the C-6 hydrogen. This
consists in the formation of the second out of three necessary
double bonds to build an aromatic ring (Fig. 1). The enzyme
activity requires a reduced FMN molecule which is not con-
sumed during the reaction [4].

The function of the reduced FMN in catalysis was extensively
studied. The most accepted mechanism suggests a direct role
of reduced FMN in the elimination reaction. FMN transfers the
electron transiently to phosphate and the substrate donates an
electron to regenerate the FMN. This reaction does not involve
an overall change in the redox state [3,5].

Recently, with the first high-resolution X-ray structure of
CS from Streptococcus pneumoniae (SPN) with the sub-
strate and the coenzyme in the oxidized form [6], the struc-
ture of CS from Saccharomyces cerevisiae [7], and the
structure of CS from Helicobacter pylori with the coen-
zyme in the reduced form [§], studies on the binding mode
of substrate and coenzyme in the active site has been
started.


http://www.intl.elsevierhealth.com/journals/cobm
mailto:osmarns@inf.pucrs.br

How reduced FMN is obtained divides the CS into two
classes, monofunctional and bifunctional. Bifunctional CS has
an intrinsic ability to reduce flavin (specifically FMN) using
NADPH. In monofunctional CS this catalytic activity is not
present. The bifunctional enzyme is present in fungi and the
monofunctional form in plants and bacteria [3].

C.L. Fernandes et al. / Computers in Biology and Medicine 111 (1111) 111111

The active site of SPN CS is very hydrophilic and extremely
basic, with six arginine and two histidine residues. The two
histidines in the active site, HIS10 and HIS110, are present in
both classes of CS and across all known species, being HIS10
part of a characteristic CS signature sequence [6]. HIS110
is involved in FMN binding while HIS10 protonates the

COO"
H Chorismate
Synthase
FMNred
o & CO0"
OPO4 Z HPO4 é
OH OH

Fig. 1. Reaction catalyzed by CS. The elimination of the 3-phosphate and the loss of a proton in C-6 introduce a second double bond in the ring.
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TARGET MLRWITAGESHGRALVAVVEGMVAGVHVTSADIADQLARRRLGYGRGARMTFERDAVTVLSGIRHGSTLG
TEMPLATE -MRYLTAGESHGPRLTATIIEGIPAGLPLTAEDINEDLRRROGGYGRGGRMKIENDQVVFTSGVRHGKTTG
:*::******* *_*::**: **: :*: * % .:* **: *****_**.:*_* *._ ‘k*:***_* *
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'k* *.: * k 'k * 'k ‘k*‘k‘k**‘k _* 'k'k *k*x x *kk o ****k
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TARGET TAARVAAGTVARAFLRQALGVEVLSHVISIGASAPYEGPPPRAEDLPATIDASPVRAYDKAAEADMIAQIE
TEMPLATE TTMRVAVGAVAKRLLAELDMEIANHVVVFGGKEIDVPENLTVAEIKQRAAQSEVSIVNQEREQEIKDYID
*: ***.* ** :* *: * * * * *
220 230 240 250 260 270 280
TARGET AAKKDGDTLGGVVEAVALGLPVGLGSFTSGDHRLDSQLAAAVMGIQATKGVEIGDGFQTARRRGSRAHDE
TEMPLATE QIKRDGDTIGGVVETVVGGVPVGLGSYVQWDRKLDARLAQAVVSINAFKGVEFGLGFEAGYRKGSQVMDE
*:****:*****:*. *:******:_. *::**::** **:'*:*:****:* **::. *:'k*:' * %
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TARGET MYPG-PDGVVRSTNRAGGLEGGMTNGQPLRVRAAMKPISTVPRALATVDLATGDEAVAIHQRSDVCAVPA
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Identity (*): 172 is 42.79 %
Strongly similar (:): 77 is 19.15 %
Weakly similar (.): 33 is 8.21 %
Different: 120 is 29.85 %

Fig. 2. CLUSTAL W pairwise sequence alignment between the target (MTB CS) and template (1QXO). The amino acid residues of the CS sig-
natures (G-[DES]-S-H-[GC]-x(2)-[LIVM]-[GTIV]-x-[LIVT]-[LIV]-[DEST]-[GH]-x-[PV], [GE]-x(2)-S-[AG]-R-x-[ST]-x(3)-[VT]-x(2)-[ GA]-[STAVY]-[LIVMF],
R-[SHF]-D-[PSV]-[CSAVT]-x(4)-[SGAIVM]-x-[IVGSTAPM]-[LIVM]-x-E-[STAHNCG]-[LIVMAY]) are underlined.
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leaving phosphate group of EPSP. (The numbering of histi-
dine residues corresponds to the alignment shown in Fig. 2;
HIS10 and HIS110 match HIS17 and HIS106, respectively, in
the SPN CS original sequence [9].) Site-directed mutagenesis
studies indicated that mutation of HIS110 to an alanine reduces
CS activity to 10%; and, in changing HIS10 to an alanine only
5% of the original activity can be observed, demonstrating the
importance of these histidines in the CS reaction. These re-
sults are the same for both bifunctional and monofunctional CS
enzymes [9].

The FMN coenzyme is deeply buried into the active site with
EPSP blocking any possible exit. FMN makes one hydrogen
bond to EPSP and a few polar interactions with the protein.
On the other hand, EPSP makes several polar interactions and
a few hydrophobic contacts with the protein [6].

Mpycobacterium tuberculosis (MTB), the etiological agent of
tuberculosis, is responsible for widespread human morbidity
and mortality. The development of new effective chemotherapy
should aid in the treatment and control of the disease. The
World Health Organization (WHO) estimates that there were
8.8 million new cases of tuberculosis in 2002 and 4.4 million
new cases in 2003. The global incidence rate of tuberculosis is
growing at ~ 1.1% per year and the number of cases at 2.4%
per year. Through the years 1980-2004, a total of 81 million
cases were reported to the WHO [10].

Sequencing of the MTB genome [11] has revealed a large
number of individual enzymes potentially useful in drug de-
sign, including CS. Understanding the structure of MTB CS,
together with its coenzyme and substrate binding modes, should
facilitate the search for inhibitors of this enzyme as possible
alternative agents to treat tuberculosis.

In this work, we present three-dimensional (3D) structural
models for CS from MTB and evaluate their interactions with
the substrate EPSP and the coenzyme FMN by geometric dock-
ing and energy minimization studies.

2. Materials and methods

The starting point of homology modeling is the identifica-
tion of proteins in the protein data bank (PDB) [12] that are
related to the target sequence and then select the templates. In
this case, the structure prediction of CS from MTB was based
on 3D structures for the homologous SPN CS protein (PDB
ID: 1QXO0), experimentally determined by X-ray diffraction at
2.0 A resolution [6]. Blastp [13] was used to search for tem-
plates.

The next step is the multiple sequence alignment comparison.
The objective of this alignment is to improve the sensitivity
of the search and to find regions with high similarity. Possible
templates and target sequences alignments were performed with
CLUSTAL W [14] and required a small gap of four residues
(insertions and/or deletions).

The program MODELLERG6v2 [15] was used to build the
protein models, using the standard protocol of the comparative
protein structure modeling methodology [16]. The best model
of each enzyme was evaluated and selected according to their
stereochemical quality analyzed with PROCHECK [17]. Val-

idation of the models 3D profiles was performed with VER-
IFY 3D [18]. CS quaternary structure was built using other
known CS structures [6-8,19], by structure fitting with Swiss-
PdbViewer v3.7 [20].

The structures of EPSP and FMN were geometrically docked
to the CS model of MTB using Swiss-PdbViewer v3.7 [20].
The topology of the CS-FMN-EPSP ternary complex, the FMN
and EPSP charges and energy minimization, using the all-atom
force field [21], were performed with the Leap, Antechamber
and Sander modules, respectively, of AMBER 7 [22]. Hydro-
gen atom addition to the ligands and their optimization were
performed with PRODRG?2 server [23].

The ternary complex structure refinement (relaxation and
optimization) was performed by two runs of energy mini-
mization, each of 4000 steps, and a cutoff radius of 12 A for
the evaluation of non-bonded interactions, with decreasing
force restraints. In the first run the coenzyme and substrate
molecules were constrained to their initial positions (called
herein constrained model) whilst the enzyme was allowed to
move. In the second run the enzyme, coenzyme and substrate
were allowed to move by slowly decreasing the restraining
force constant (called herein unrestrained model). Both mini-
mized models have the N-terminal amino acid residue missing.
All calculations were carried out on a 2.4 GHz Pentium IV PC.

MTB CS structures (geometrically docked model, con-
strained and unrestrained models) were compared to the tem-
plate by an evaluation of their root mean-square deviation
(RMSD). Protein-ligand interactions were analyzed with LIG-
PLOT [24]. All protein figures were prepared with the PyMOL
v0.98 graphics package [25].

3. Results and discussion
3.1. Homology modeling

CS is a protein of about 360—400 amino acid residues, except
in apicomplexan parasites, where it has about 500 amino acids.
It has a high degree of sequence conservation among species.
The protein has three signature patterns (Fig. 2) from conserved
regions rich in basic residues (mostly arginines) [26].

In the search for templates we found four candidates for
modeling, CS of SPN (PDB ID: 1QXO0) [6], Aquifex aeolicus
(PDB ID: 1Q1L) [19], S. cerevisiae (PDB ID: 1R53) [7] and
H. pylori (PDB ID: 1UMF) [8]. The CS from SPN was used as
template to model the 3D structure of MTB CS. 1QXO0 turned to
be a very attractive template for its structure contained not only
the enzyme, but the coenzyme FMN in the oxidized form and
the EPSP substrate. In addition, as in MTB, CS from SPN is
monofunctional. Fig. 2 shows a pairwise alignment between the
target and template sequences, whose identity is over 40%, well
above the 30% limit usually required for comparative protein
structure modeling [16].

Ten models of the enzyme were built. They were evalu-
ated by PROCHECK [17] and VERIFY 3D [18] in order to
choose the best one. Out of 335 non-glycine and non-proline
residues, 318 or 94.9% are located in the most favored regions
of the Ramachandran plot, while for the SPN CS template this
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Fig. 3. Ramachandran plot for the best model of MTB CS (A) and for the SPN CS template (B).

Table 1
Ramachandran plot statistics for the best model of CS MTB and for the
template

Ramachandran plot statistics

Model Template

Residues in most favored regions [A,B,L] 318 94.9% 309 93.1%
Residues in additional allowed regions [a,b,l,p] 15 45% 23 6.9%
Residues in generously allowed regions I 03% O 0%
[~a,~b,~1, ~p]

Residues in disallowed regions I 03% 0 0%
Number of non-glycine and non-proline residues 335 100.0% 332 100%
Number of end-residues (excl. Gly and Pro) 1 2
Number of glycine residues (shown as triangles) 43 38
Number of proline residues 22 15

Total number of residues 401 387

value is 93.1% (Figs. 3A and B, and Table 1). The root mean
square (RMS) of planar atoms from best-fit plane are less than
0.02 for rings and 0.01 otherwise. The PROCHECK results are
given in Table 2. The best model of MTB CS is illustrated in
Fig. 4. These results attest to the quality of the MTB CS model
as good and appropriate for docking studies.

3.2. Docking studies

The coenzyme FMN and the EPSP substrate were geomet-
rically docked into the active site of MTB CS. Based on the
assumption that the binding is similar to SPN, we were able to
geometrically place FMN and EPSP in their respective binding
sites [6] and minimize the complex under two different condi-
tions, thus producing the constrained and unrestrained models,
as describe in the methods section. The backbone RMSD be-
tween the template, the geometrically docked model, and the

refined models (constrained and unrestrained) were 1.51, 1.57
and 1.58 A, respectively. Both the refined models and the ge-
ometrically docked model were analyzed regarding their inter-
actions with FMN and EPSP.

3.3. FMN interactions analysis

FMN interactions were calculated with LIGPLOT [24] for
each of the models generated: geometrically docked, con-
strained and unrestrained, and compared to those observed in
SPN CS (Table 3 and Fig. 5B).

Geometrically docked model: The interactions observed were
similar to SPN, except one missing contact to GLN256 which in
SPN corresponds to ASN251. The longer side chains of the non-
conserved GLN256 and the conserved LYS315 are too close
to FMN and thus need a conformational change to be properly
accommodated. However, GLN256 makes an H bond with the
FMN phosphate. LYS315 in MTB made an H bond with O3 in
the aliphatic portion of FMN which was not present in SPN. All
H bonds to FMN in SPN are also present in MTB, including the
H bond with EPSP. Although this model presented some extra
hydrophobic contacts, ILE255, ALA314 and AL A349, and one
missing contact due to amino acid substitution, PRO314 in
SPN corresponds to SER317 in MTB. Comparatively, MTB
has more hydrophobic contacts (six) then the SPN (four).

Constrained model: There was no change in the hydropho-
bic contacts involving amino acids ALA137, MET313, ILE316,
ALA345 and ALA348. Hydrogen bonding to ALA256 and
HIS114 as well as to EPSP did not change. LYS314 overlap
with FMN was removed while keeping its H bonding intact.
THR318 which had only one H bond to FMN, now has two
extra H bonds. A new H bond is observed with amino acid
GLY 113, which had not been seen even in SPN; this residue
is not part of CS signature, and is in a coil region at the active
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Table 2

Quality of main-chain and side-chain parameters of modeled MTB CS. The model is verified at 2.0A resolution

Comparison values

Stereochemical parameters Number of Parameter value Typical value Band width Number of
data pts bandwidths from mean

Stereochemistry of main-chain

9o-tage residues in A, B, L 335 94.9 83.8 10.0 1.1
Omega angle st. dev. 400 3.8 6.0 3.0 —-0.7

Bad contacts 100 residues 3 0.7 4.2 10.0 —0.3

Zeta angle st. dev. 358 1.3 3.1 1.6 —1.1
H-bond energy st. dev. 238 0.7 0.8 0.2 -0.5
Overall G-factor 401 0.0 —-0.4 0.3 1.2
Stereochemistry of side-chain

Chi-1 gauche minus st. dev. 56 5.1 18.1 6.5 -2.0

Chi-1 trans st. dev. 89 9.1 19.0 53 —-1.9

Chi-1 gauche plus st. dev. 121 6.2 17.5 4.9 23

Chi-1 pooled st. dev. 266 7.0 18.2 4.8 —-23
Chi-2 trans st. dev. 72 11.8 20.4 5.0 —-1.7

Fig. 4. Ribbon representation of MTB CS 3D structure. The structure contains
9 o-helices and 15 f-strands in a f-o-f8 secondary structure arrangement,
an uncommon architecture. The o-helices are shown in light gray and the
p strands in black. Ligands are represented as spheres; EPSP in black and
FMN in gray.

site. GLN255 no longer overlaps with FMN, but lost its only
H bond. Indeed, now this residue makes only a hydrophobic
contact with FMN.

Unrestrained model: The best model for CS—-FMN interac-
tions was the unrestrained, which reproduces very well the in-
teractions observed at SPN CS. All H bonds previously ob-
served are present in this model, except for changes at LYS314,
with an extra H bond, and for a loss of one of the THR318
H bonds. The hydrophobic contact at ALA348 observed in the
constrained model is lost, however it was also not observed in
SPN (Fig. 5A).

3.4. EPSP interactions analysis

Substrate—protein interactions were calculated with LIG-
PLOT [24] for each of the models generated: geometrically
docked, constrained and unrestrained, and compared to those
observed in SPN CS, as done for FMN (Table 4 and Fig. 6B).

Table 3
Protein—coenzyme (CS-FMN) interactions observed in each of the MTB
models and SPN

Amino SPN Geometrically ~ Constrained  Unrestrained
acids docked

EPSP 4001 403 402 402

GLY — — 113 113

HIS 110 115 114 114
ALA 133 138 137 137

ILE — 255 — —
GLN/ASN  ASN251 (2)  GLN256* GLN255 GLN255
ALA 252 257 256 256
MET — 314 313 313

LYS 311 3152 314 314 (2)
ILE 313 317 316 316
SER/PRO PRO314 — SER317 SER317
THR 315 (2) 319 318 (3) 318 (2)
ALA 342 346 345 345
ALA — 349 348 —
Number of  7/4 6/6* 9/6 9/5
interactions

The first column indicates the ligand and amino acids involved in the inter-
actions while the others indicate amino acid position. Residues GLN/ASN
and SER/PRO are the only differences observed in the active site. Residues
involved in H bond interactions and hydrophobic contacts are in italics and
bold, respectively. Numbers in brackets correspond to the number of inter-
actions made by the residue when different from 1.

4Residues overlapped with FMN atoms.

Geometrically docked model: The H bonds to EPSP in MTB
CS are also very similar to those found in SPN. Three H bonds,
involving amino acids HIS11, ARG49 and ARG139 were miss-
ing (HIS10, ARG48 and ARG134 in SPN), although ARG49
now makes a hydrophobic contact to EPSP. Furthermore, while
ARG45 makes three H bonds to EPSP in SPN, in MTB ARG46
makes only one H bond. ARG40 changed from two to three
H bonds, and ALA138 interaction remains the same. No hy-
drophobic contacts were observed in SPN while there are two
in MTB, ARG49 (H bond interaction in SPN) and METS50.
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Fig. 5. LIGPLOT representation of FMN binding pattern to MTB CS (A) and for the SPN CS template (B). Dotted lines represent the hydrogen bonds and
the half circles the hydrophobic contacts.
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Table 4
Protein—substrate (CS—EPSP) interactions observed in each of the MTB mod-
els and SPN

Amino SPN Geometrically Constrained Unrestrained
acids docked

FMN 5001 402 401 401
HIS 10 — — —
ARG 39 (2) 40 (3) 39 (3) 39 (2)
ARG 45 (3) 46 45 45
ARG 48 49 — —
MET — 50 — —
ARG — — — 111
SER — — — 136
ALA 133 138 137 137
ARG 134 — — —
Number of 9/0 6/2 6/0 6/1

interactions

The first column indicates the ligand and amino acids involved in the inter-
actions while the others indicate amino acid position. Residues involved in
H bonds interactions and hydrophobic contacts are in italic and bold, respec-
tively. Numbers in brackets correspond to the number of interactions made
by the residue when different from 1.

Constrained model: All H bonds to amino acids ARG39,
ARG45 and ALA137 were preserved. However, two hydropho-
bic contacts observed previously were missing.

Unrestrained model: The best model for CS—EPSP interac-
tions was again the unrestrained; which reproduces very well
the interactions observed in the SPN CS template. Differently
from the constrained model, there are only two H bonds to
ARG39, as observed in SPN CS. H bonds to ARG45 and
ALA137 are maintained while a new H bond interaction is ob-
served to the amino acid ARGI111. This interaction was not
seen in SPN CS; this residue is not part of the signature region
as seen before for the FMN interaction to GLY 113, which is
also in a coil region at the active site. In addition, one new hy-
drophobic contact was observed at SER136, a coil residue in
active site and part of the second signature region (Fig. 6).

Evaluating structural differences of FMN and EPSP of
each model with respect to the crystal structure, it can be
observed that energy minimization of FMN did not alter its
structure significantly; the ring portion of the unrestrained
model is only slightly different. The EPSP structure, however,
shows conformational changes after energy minimization.
Its phosphate portion moved 1.2 A away from the crystallo-
graphic structure, which could explain the missing interactions
to HIS11.

3.5. Quaternary structure

The quaternary structure of MTB CS (Fig. 7) was built
using other known CS structures by structure fitting with
Swiss-PdbViewer v3.7 [20]. As expected, the major subunit
contacts that are involved in structure stabilization are very
similar to those observed in SPN CS. The main feature of
CS subunit interface stabilization is a f sandwich formed
by adjacent antiparallel f sheets from two adjacent subunits

(Fig. 71). Another key element that has correspondence in the
MTB model is the interface formed by the extension of f3 sheets
from each monomer, bridging them through hydrogen bonds [6]
(Fig. 71I).

4. Conclusions

We have obtained a 3D structural model of MTB CS based
on the crystal structure of an orthologous enzyme from SPN.

In addition, we modeled the interactions of the coenzyme
FMN and the EPSP substrate with the enzyme using a sim-
ple, geometric docking approach. After docking studies we per-
formed refinement with energy minimization using two differ-
ent protocols. The minimized structures showed improvements
when compared to the geometrically docked one; amino acids
that were overlapping with FMN were then better accommo-
dated in the active site, thus rescuing an interaction between
SER317 (PRO314 in SPN CS) and FMN. Another residue ex-
change occurs at GLN255 (ASN251 in SPN CS). Although
two hydrogen bonds are lost, the overall number of H bonds is
greater than in the SPN CS.

The major difference in protein—substrate, CS—EPSP, inter-
actions was the loss of HIS11 H bond, an interaction not seen
in any of the models. This could be due to the fact that HIS11
is involved in neutralizing the departing phosphate group from
ESPS by proton donation one step after FMN binding [6]. The
FMN used in our studies is in the oxidized form, different
from the redox state necessary for the reaction to take place.
This may be the reason why the interaction was not observed
here. Another possibility is that the phosphate portion to which
HIS11 H bonds is very different from its crystallographic con-
formation (1.2 A).

Another important interaction that has been lost, that of
ARG139 to the pyruvyl portion, could also be a consequence of
conformational changes to ESPS after refinement. The pyruvyl
portion where this interaction takes place moved during min-
imization (1.7 and 1.4 A for the constrained and unrestrained
models), thus placing its atoms far from the active site ARG139.

Despite the differences reported here, MTB CS interactions
with its coenzyme and substrate, best revealed by the unre-
strained model, reproduces well the interaction patterns ob-
served in the SPN CS template. This should be expected, to
a certain degree, for CS have very similar physico-chemical
properties (3) and, additionally, in the study reported here, both
enzymes are monofunctional. Hence, we do not expect the ac-
tivity or the catalytic cycle of MTB CS to be very different
from that of SPN CS.

Future work will consider molecular dynamics and docking
simulations with the reduced FMN to further investigate MTB
CS-FMN-EPSP interactions so as to improve our understand-
ing about these interactions.

Understanding the structure of MTB CS, together with its
coenzyme and substrate binding modes, should provide ligand,
as well as receptor-based pharmacophoric models to be used
in high throughput virtual screening of small-molecule public
libraries in order to accelerate the search for inhibitors of this
enzyme as alternative agents to treat tuberculosis.
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(A)

(B)

Fig. 6. LIGPLOT representation of EPSP (Eps) binding pattern to MTB CS (A) and for the SPN CS template (B). Dotted lines represent the hydrogen bonds
and the half circles the hydrophobic contacts.

5. Summary way is found in bacteria, fungi, plants and apicomplexan par-
asites but is absent in mammals. CS catalyzes the last step of
The enzymes of the shikimate pathway constitute an excel- this pathway, the product of which is utilized in other enzy-

lent target for the design of new antibacterial agents. This path- matic transformations like the biosynthesis of aromatic amino
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Fig. 7. The tetrameric conformation of MTB CS quaternary structure repre-
sented as ribbons. The arrow is pointing towards the FMN coenzyme and the
EPSP substrate, both represented as spheres, in the active site of each sub-
unit. I: the f# sandwich interactions. II: the f§ sheet that bridges two subunits,
fundamental to holding them together.

acids, folate, vitamin K and ubiquinone. This reaction is the
most unusual of the entire pathway and is unique in nature. It
converts EPSP to chorismate in the presence of a reduced FMN
coenzyme. Structure prediction used the comparative protein
structure modeling methodology. The 3D structure prediction
of the enzyme was performed using the crystal structure (PDB
ID: 1QXO0) of CS from SPN as template (=~ 42% identity), and
the MODELLERG6V2 package. Additionally, in order to under-
stand the possible binding modes of coenzyme and substrate to
the enzyme, FMN and EPSP, respectively, were geometrically
docked to CS. Three different MTB CS models were produced
and analyzed. The starting homology model indicated that the
quality of the MTB CS structure is good enough and appropri-
ate for docking studies. Despite its quality this initial model had
some overlapping atoms between CS (GLN256 and LYS315)
and FMN, hence further energy minimizations were performed
to allow ligand and enzyme to relax in order to obtain a binding
pattern as close as possible to that of SPN CS. Therefore, two
minimized models were generated under different restraining
(constrained and unrestrained) conditions, both showing struc-
tural improvements, such as amino acids rearrangements, that
removed the overlapping. The unrestrained model turned to be
best one, since it not only reproduced in MTB CS the binding
pattern of FMN and EPSP observed in the template SPN CS,
but also revealed novel interactions in the MTB ternary com-
plex. This knowledge should facilitate the search for inhibitors
of this enzyme as alternative agents to treat tuberculosis.
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Abstract. The enzymes of the shikimate pathway constitute an excel-
lent target for the design of new antibacterial agents. This pathway is
found in bacteria, fungi, plants and apicomplexan parasites but is absent
in mammals. Chorismate Synthase (CS) catalyzes the last step of this
pathway, the product of which is utilized in other enzymatic transfor-
mations like the biosynthesis of aromatic amino acids, folate, vitamin K
and ubiquinone. This reaction is the most unusual of the entire path-
way and is unique in nature. It converts EPSP to chorismate in the
presence of a reduced FMN cofactor. Structure prediction used the com-
parative protein structure modeling methodology. The three-dimensional
(3D) structure prediction of the enzyme was performed using the crys-
tal structure (PDB ID: 1QXO0) of CS from Streptococcus pneumoniae as
template (=~ 42% identity), and the MODELLERG6v2 package. Addition-
ally, in order to understand the possible binding modes of substrate and
cofactor to the enzyme EPSP and FMN, respectively, were geometrically
docked to CS. FMN binding to CS of M. tuberculosis (MTB) is similar
to that of the S. pneumoniae template despite the change of Asn251 in
S. pneumoniae to GIn256 in MTB. The longer side chain of GIn256 is
overlapping with the FMN cofactor and a small conformational change is
needed in order to properly accommodate this interaction. EPSP binding
mode is also very similar to that of the template with three hydrogen
bonds missing. This could be due to artifacts from the simple geometric
docking we performed. Refinement with energy-based docking algorithms
should relax the enzyme and substrates, thus promoting the expected
interactions between them. Understanding the structure of MTB CS to-
gether with its cofactor and substrate binding modes should facilitate
the search for inhibitors of this enzyme as alternative agents to treat
tuberculosis.
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1 Introduction

The shikimate pathway is the common way for the production of various prod-
ucts including folic acid, vitamin K, ubiquinone and the three aromatic amino
acids. In bacteria, fungi, plants and apicomplexan parasites, chorismate, the final
product of the shikimate pathway, is the branch point in the biosynthesis for all
these products that are essential for these species. The absence of the shikimate
pathway in all other species makes it an attractive target for the development
of new antibacterial agents [3, 16].

Chorismate Synthase, the seventh and final step of the shikimate pathway,
catalyses the conversion of 5-enolpyruvylshikimate 3-phosphate (EPSP) to cho-
rismate in the presence of a reduced flavin mononucleotide (FMN) as a cofactor
[12]. The reaction mechanism of the shikimate pathway has been studied ex-
tensively and revealed that the reaction of CS is unique in nature. The reaction
involves a 1,4 elimination of phosphate and the loss of a proton of the C-6 hydro-
gen. This consists in the formation of the second out of three necessary double
bonds to build an aromatic ring (Fig. 1). The enzyme activity requires a reduced
FMN molecule which is not consumed during the reaction [3, 11].

coo coo”
H Chorismate
Synthase
)k  FMN O\ )k
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HPO;

&
>0pPO;
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Fig. 1. Reaction catalyzed by Chorismate Synthase. The elimination of the 3-phosphate
and the loss of a proton in C-6 introducing a second double bound in the ring

The function of the reduced FMN in catalysis was extensively studied. The
most accepted mechanism suggests a direct role of reduced FMN in the elim-
ination reaction. FMN transfer the electron transiently to phosphate and the
substrate donates an electron to regenerate the FMN. This reaction does not
involve an overall change in the redox state [5, 12].

Recently, with the first high-resolution X-ray structure of CS from S. pneumo-
niae with the substrate and the cofactor in the oxidized form, [13] the structure
of CS from Saccharomyces cerevisiae [15], and the structure of CS from Heli-
cobacter pylori with the cofactor in the reduced form [1], studies on the binding
mode of substrate and cofactor in the active site has started.

How reduced FMN is obtained divides the CS into two classes, monofunc-
tional and bifunctional. Bifunctional CS has an intrinsic ability to reduce flavin
(specifically FMN) using NADPH. In monofunctional CS this catalytic activity is
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not present. The bifunctional enzyme is present in fungi and the monofunctional
form in plants and bacteria [12].

The active site of S. pneumoniae CS is very hydrophobic and extremely
basic, with six arginine and two histidine residues. The FMN cofactor is deeply
buried into the active site with EPSP blocking any possible exit. FMN makes
one hydrogen bond with EPSP and a few polar interactions with the protein. On
the other hand, EPSP makes several polar interactions and a few hydrophobic
contacts with the protein [13]. The two histidines are present in both classes of
CS and mutation of these residues to two alanines reduces the activity of both
bifunctional and monofuctional enzymes to 5% [§].

M. tuberculosis, the etiological agent of tuberculosis, is responsible for
widespread human morbidity and mortality. The development of new effective
chemotherapy should aid in the treatment and control of the disease [21].

Sequencing of the MTB genome has revealed a large number of individual
enzymes potentially useful in drug design [6], including CS. Understanding the
structure of MTB CS, together with its cofactor and substrate binding modes,
should facilitate the search for inhibitors of this enzyme as possible alternative
agents to treat tuberculosis.

In this work we present 3D structural models for CS from MTB and evaluate
their interactions with the substrate EPSP and the cofactor FMN by docking
simulations.

2 Materials and Methods

The starting point of homology modelling is the identification of proteins in the
Protein Data Bank (PDB) [4] that are related to the target sequence and then
select the templates. In this case, the structure prediction of CS from MTB was
based on 3D structures for the homologous S. pneumoniae CS protein (PDB ID:
1QXO0) [13] found using Blastp [2].

The next step is the multiple sequence alignment comparisons. The objective
of this alignment is to improve the sensitivity of the search and to find the
regions with high similarity. Possible templates and target sequences alignments
were performed with ClustalW [18] and required a small gap, of four residues
(insertions and/or deletions).

The program MODELLERGv2 [19] was used to build the protein models, us-
ing the standard protocol for comparative protein structure modelling method-
ology [14]. The best model of each enzyme was evaluated and selected according
to their stereochemical quality analyzed with PROCHECK [9]. Validation of the
models 3D profiles was performed with VERIFY 3D [10].

The structures of EPSP and FMN were geometrically and manually docked
to the CS model of MTB using SwisPdbViewer [7].

The schematic diagrams of protein-ligand interactions of the best docking
results were performed with LIGPLOT [20]. All figures were prepared with Swis-
sPdbViewer [7].
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3 Results

3.1 Homology Modelling

Corismate Synthase is a protein of about 360 to 400 amino acid residues, ex-
cept in apicomplexan parasites, where it has about 500 amino acids. It has a
high degree of sequence conservation among species. The protein has three sig-
nature patterns (Fig. 2) from conserved regions rich in basic residues (mostly
arginines) [17].

In the search for templates, CS from Aquifex aeolicus (PDB ID: 1Q1L) had
the best score. However, some residues were missing from the crystal structure
which then had to be discarded. Therefore, the second highest score structure,
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Identity (*) : 172 is 42.79 %
Strongly similar (:) : 77 is 19.15 %
Weakly similar (.) : 33 is 8.21 %
Different : 120 is 29.85 %

Fig. 2. ClustalW pairwise sequence alignment between the target (M. tuberculo-
sis CS) and template (1QXO). The amino acid residues of the CS signatures (G-
[DES]-S-H-[GCJ-x(2)-[LIVM]-[GTIV]-x-[LIVT]-[LIV]-[DEST]-[GH]-x-[PV], [GEJ-x(2)-
S-[AG]-R-x-[ST]-x(3)-[VT]-x(2)-[GA]-[STAVY]-[LIVMF], R-[SHF]-D-[PSV]-[CSAVT]-
x(4)-[SGAIVM]-x-[IVGSTAPM]-[LIVM]-x-E-[STAHNCG]-[LIVMA]) are underlined
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Pi (degrees)

180 135 90 45 0 45 90 135 180

Phi (degress)
Plot Results
Residues in most favoured regions (red) 318 94.9%
Residues in additional allowed regions (dark yellow) 15 4.5%
Residues in generously allowed regions (light yellow) 1 0.3%
Residues in disallowed regions (white) 1 0.3%
Number of non-glycine and non-proline residues 335 100.0%
Number of end-residues (excl. Gly and Pro) 1
Number of glycine residues (shown as triangles) 43
Number of proline residues 22
Total number of residues 401

Fig. 3. Ramachandran plot for the best model of MTB CS

CS from S. pneumoniae (PDB ID: 1QX0), was used as template to model the
3D structure of MTB CS. 1QX0 turned to be a very attractive template for its
structure contained not only the enzyme, but the cofactor FMN in the oxidized
form and the EPSP substrate. In addition, as in MTB, CS from S. pneumoniae
is monofunctional.

Fig. 2 shows a pairwise alignment between the target and template sequences,
whose identity is over 40%, well above the 30% limit usually required for com-
parative protein structure modelling [14].

Ten models of the enzyme were built. They were evaluated by PROCHECK
[9] and VERIFY 3D [10] in order to choose the best one. Out of 335 non-
glycine and non-proline residues, 318 or 94,9%, were located in the most favored
regions of the Ramachandran plot (Fig. 3). The root mean-square (RMS) of
planar atoms from best-fit plane are less than 0.02 for rings and 0.01 otherwise.
The PROCHECK results are given in Table 1. The best model of MTB CS is
illustrated in Fig. 4.

3.2  Docking Studies

The cofactor FMN and the EPSP substrate were geometrically and manually
docked into the active site of MTB CS. Based on the assumption that the binding
is similar to S. pneumoniae, we were able to manually place FMN and EPSP in
their respective binding sites [13].
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Table 1. Quality of main-chain and side-chain parameters of modelled MTB CS. The
model is verified at 2 A resolution

Comparison Values

Number of
Number of Parameter Typical bandwidths
Stereochemical parameters data pts value value Band width from mean

Stereochemistry of main-chain

%-tage residues in A, B, L 335 94.9 83.8 10.0 1.1
Omega anglest dev 400 3.8 6.0 3.0 -0.7
Bad contacts 100 residues 3 0.7 4.2 10.0 -0.3
Zeta angle st dev 358 1.3 3.1 1.6 -1.1
H-bond energy st dev 238 0.7 0.8 0.2 -0.5
Overall G-factor 401 0.0 -0.4 0.3 1.2
Stereochemistry of side-chain

Chi-1 gauche minus st dev 56 5.1 18.1 6.5 -2.0
Chi-1 trans st dev 89 9.1 19.0 5.3 -1.9
Chi-1 gauche plus st dev 121 6.2 17.5 4.9 -2.3
Chi-1 pooled st dev 266 7.0 18.2 4.8 -2.3
Chi-2 trans st dev 72 11.8 20.4 5.0 -1.7

Fig. 4. Stereoview of M. tuberculosis CS three-dimensional structure (ribbon repre-
sentation) looking across the active site. The structure contains 9 a-helices (red) and
15 B-strands (yellow). The secondary structures making up the active site are colored
green

Thus, we have similar interactions except one missing contact to Gln256
which in S. pneumoniae corresponds to Asn251. The longer side chains of the
non-conserved GIn256 and the conserved Lys315 are too close to FMN and thus
need a conformational change to be properly accommodated.

All H bonds to FMN in S. pneumoniae, with exception of that involving
Thr315, are present in MTB, including the H bond with EPSP. The H bonds
to FMN involving Asn251 in S. pneumoniae were not reproduced in the MTB
model for its structural equivalent in MTB, GIn256, is far too close to the FMN
molecule. However, GIn256 makes a H bond with the FMN phosphate. Lys315 in
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Fig. 5. Ligplot representation of the FMN binding pattern to CS from MTB (Left,
Fmn 402) and S. pneumoniae (Right, Fmn 4001)

Fig. 6. Ligplot representation of the binding pattern of EPSP to MTB CS (Left, Eps
403) and S. pneumoniae (Right, Eps 5001)

M. tuberculosis made a H bond with O3 in the aliphatic portion of FMN which
was not present in S. pneumoniae. MTB has more hydrophobic contacts (six)
then the S. pneumoniae (four) (Fig. 5).

The H bonds to EPSP in MTB CS are also very similar to those found in
S. pneumoniae. Two H bonds, involving amino acids His11 and Argl39, were
missing. They correspond to His10 and Argl34, respectively, in the S. pneumo-
niae. Furthermore, while Arg45 makes two H bonds to EPS in S. pneumoniae, in
MTRB, its equivalent, Arg46, makes only one H bond. The hydrophobic contacts
were very similar, only one in the S. pneumoniae (Argd8) and two in MTB,
Arg49 and Met50 (Fig. 6).
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.

Fig. 7. Molecular surface representation of MTB CS colored by amino acid type. Ap-
olar, gray; polar, yellow; acidic or negatively charged, red; and basic or positively
charged, blue. (Left) The enzyme subunit looking into the active site. (Right) A close-
up view of the active site entrance. The binding site entrance is composed mainly of
arginines (blue). The cofactor FMN (green) and substrate EPSP (pink) are bound deep
inside

The molecular surface of MTB CS (Fig. 7) shows that the active site entrance
is very hydrophilic with many basic amino acids that are involved in EPSP
binding.

4 Discussion and Conclusions

We have obtained the 3D structure of MTB CS based on the crystal structure
of an orthologous enzyme from S. pneumoniae. In addition, we modelled the
interactions of the cofactor FMN and the EPSP substrate with the enzyme
using a simple, geometric, docking approach.

The quality of the MTB CS model is good and appropriate for docking
studies.

The geometric docking we used is adequate for an initial study only. As
observed, the side chains of GIn256 and Lys315 need to undergo some confor-
mational changes to better accommodate the FMN cofactor in its binding site.
Nonetheless, our docking analysis showed that the binding mode of EPSP and
FMN is similar in both S. pneumoniae and MTB CS, as we should expect based
on sequence homology.

The hydrophilic amino acids making up the binding site of EPSP are con-
served, but the interactions between enzyme and substrate need some addi-
tional studies. Hisll and Argl39 are important for enzyme activity, but the
H bonds their side chains make to the EPSP substrate are missing in MTB.
Further docking refinements with energy-based docking algorithms should relax
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the enzyme and substrates, hence promoting the expected interactions between
them.

Understanding the structure of M. tuberculosis Chorismate Synthase, to-
gether with its cofactor and substrate binding modes, should provide a working
model to be used in high throughput virtual screening of small-molecule public
libraries so as to accelerate the search for inhibitors of this enzyme as alternative
agents to treat tuberculosis.
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5 Resultados e Discussao

5.1 Estudo da sequéncia de CS de Mtb

A proteina CS de diferentes organismos conhecidos tem entre 360 e 400
aminoacidos, exceto em parasitas do filo apicomplexa e em vegetais superiores.

A andlise da CS de Mtb, via Scan prosite (Sigrist et al., 2002) que identifica os
residuos funcionais presentes na sequéncia, localizou trés regies de assinatura da
proteina altamente conservadas entre as diferentes espécies.

e Primeira regido: GESHGRALVAVVEGM

Assinatura; G-[DES]-S-H-[GC]-x(2)-[LIVM]-[GTIV]-x-[LIVT]-[LIV]-[DEST]-[GH]-x-
[PV];

e Segunda regidao: ERASARETAARVAAGTV

Assinatura: [GE]-x(2)-S-[AG]-R-x-[ST]-x(3)-[VT]-x(2)-[GA]-[STAVY]-[LIVMF];

e Terceira regidao: RSDVCAVPAAGVVVETM

Assinatura: R-[SHF]-D-[PSV]-[CSAVT]-x(4)-[SGAIVM]-x-[IVGSTAPM]-[LIVM]-x-E-
[STAHNCG]-[LIVMA].

Dentre o0s residuos encontrados nas assinaturas encontram-se Varios
correspondentes aos citados anteriormente nos estudos da estrutura cristalografica
(Maclean & Ali, 2003), e também a His10, citada como importante para a funcionalidade
da enzima de S. pneumoniae (Kitzing et al., 2004). Este residuo (destacado em
vermelho) encontra-se na primeira regido de assinatura, e € um dos residuos
conservados entre todas as espécies.

Na andlise da composi¢édo de aminoécidos da enzima, realizada com o programa

Protparam (Gasteiger et al., 2005), observou-se 0 alto conteddo de residuos arginina
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(36) e a predominancia de residuos carregados positivamente (Arg + His + Lis) em

relacdo aos residuos carregados negativamente (Asp + Glu): 52 a 48, respectivamente,

0 gue era esperado visto que o substrato EPSP é uma molécula com carga efetiva

negativa.

TABELAL: COMPOSICAO DE AMINOACIDOS (AA) DA PROTEINA CS DE MTB.

AA | total % AA | total % AA | total % AA | total %

Ala | 70 175% | GIn | 10 2,5% Leu | 28 | 7,0% | Ser | 19 | 4,7%
Arg 36 9,0% Glu 23 5,7% Lis 8 2,0% Tre 20 5,0%
Asn 5 1,2% Gli 43 10,7% Met 11 2,7% Trp 3 0,7%
Asp 25 6,2% His 8 2,0% Phe 6 1,5% Tir 7 1,7%
Cis 1 0,2% lle 17 4,2% Pro 22 5,5% Val 39 9,7%

A partir de uma busca no BLASTp (Altschul et al., 1997) por sequéncias similares

a sequéncia alvo, o programa ClustalX (Thompson et al., 1997) foi utilizado para o

alinhamento mdltiplo da CS de Mtb com as demais espécies de CS, visando a

observarcdo da conservacdo dos residuos entre estas enzimas, assim como a

avaliacdo da semelhanca da CS de Mtb com as enzimas reconhecidamente mono ou

bifuncionais (Anexo 1). Observou-se que o que melhor se conserva entre todas as

sequéncias é realmente a regido das assinaturas. Ainda a partir deste alinhamento foi

realizado um cladograma, onde se observou que a CS de Mtbh se

evolutivamente mais proxima as proteinas monofuncionais (Figura 7).

localiza
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FIGURA 7: CLADOGRAMA GERADO A PARTIR DO ALINHAMENTO MULTIPLO DE CS DE VARIAS ESPECIES (MTB NO
CIRCULO VERMELHO)(ANEXO 1). AQUELAS ESPECIES QUE POSSUEM ESTRUTURA 3D ESTAO INDICADAS PELO COM
O CcODIGO PDB DE SUA ESTRUTURA APOS O NOME. AS UNICAS ESPECIES RECONHECIDAMENTE BIFUNCIONAIS
ESTAO INDICADAS PELO CIRCULO VERDE.

5.2 Modelagem Molecular por Homologia

Conforme os resultados encontrados no BLASTp (Altschul et al., 1997), foram
encontradas 5 estruturas de CS de outros organismos que poderiam ser utilizadas
como moldes para a modelagem da CS de Mtb. Por ainda né&o ter sido publicado o
artigo da estrutura de Campylobacter jejuni (1SQ1) ela ndo foi considerada como um

candidato a molde.
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TABELA 2: RESULTADOS DO BLASTP PARA SEQUENCIAS COM ESTRUTURA 3D.

PDB ID Espécie Score(Bits) E value
1QX0 Streptococcus pneumoniae 256 7e-69
1Q1L Aquifex aeolicus 253 6e-68
1R53 Saccharomyces cerevisiae 139 7e-34 _
1UMF Helicobacter pylori 119 le-27
1SQ1 Campylobacter jejuni 111 2e-25

A partir destes resultados foram feitos alinhamentos par-a-par com cada uma das
sequéncias selecionadas, para avaliar qual seria o0 melhor candidato a molde para a
modelagem. Este alinhamento avalia a quantidade de residuos idénticos entre a
sequéncia do molde e a do modelo (identidades), bem como os residuos similares,
além de possiveis regibes de baixa identidade, que poderiam causar problemas no

processo de modelagem.

TABELA 3. RESULTADOS DOS ALINHAMENTOS PAR-A-PAR DA SEQUENCIA DE CS DE MTB COM OS CANDIDATOS A
MOLDES.

Espécies Identidade % Similaridade Similaridade Diferentes % Gaps
forte % fraca %
1QX0 42,79 19,15 8,21 29,85 5
1Q1L 41,73 17,27 10,55 30,46 16
1R53 31,18 17,27 11,99 39,57 40
1UMF 29,54 19,85 7,26 43,34 45

A estrutura de CS de S. pneumoniae (1QXO0) foi, entdo, escolhida como molde
para a construcdo do modelo 3D de CS de Mth. Esta estrutura possui uma maior

identidade em comparag¢do as outras, e também apresenta a menor quantidade de
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gaps (regides de insercdes ou delecbes) em relacdo a sequéncia de Mtb, o que é muito
importante na construcdo de um modelo pela técnica de modelagem molecular por
homologia (Marti-Renon et al., 2000). A estrutura 1QX0 tem resolucdo de 2,0 A e, além
de ser o melhor candidato a modelo, ainda apresenta a vantagem de ter sido
cristalizada com o EPSP e o FMN, o que facilitara o estudo posterior do docking destes
no sitio ativo, uma vez que a cavidade do sitio serda modelada ja aberta para receber os
ligantes.

Foram produzidos 10 modelos com o protocolo padrdo do programa
MODELLERG6v2 (Sali & Blundell, 1993), que posteriormente foram avaliados com os
programas PROCHECK (Laskowski et al., 1993), para avaliar a estereoquimica do

modelo, e Verify 3D (Luthy et al., 1992), que produz uma validac&o tedrica da estrutura.

5.2.1 Resultados do PROCHECK

PROCHECK é um pacote de analise para validacdo estereoquimica da estrutura
3D. A primeira analise feita pelo programa é o grafico de Ramachandran (Figura 7),
onde sao medidos os angulos de rotacdo ¢ e . Conforme estudos em 118 estruturas
cristalograficas com resolucéo de pelo menos 2 A (Engh & Huber, 1991), sabe-se que
estes angulos tendem a ficar em regides especificas deste grafico, classificadas como
regides favoraveis (vermelho), adicionalmente favoraveis (amarelo), generosamente
permitidas (amarelo claro) e desvaroraveis (branco). Sabe-se que para um modelo ter
boa qualidade ele deve ter pelo menos 90% dos residuos na regido favoravel
(Laskowski et al., 1993). Adicionalmente a analise do modelo é feita também a anélise

do molde como controle.
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FIGURA 7: GRAFICOS DE RAMACHANDRAN DO MODELO (ESQUERDA) E DO MOLDE (DIREITA).

TABELA 4: RESULTADOS DO GRAFICO DE RAMACHANDRAN DO MODELO (ESQUERDA) E MOLDE (DIREITA).

Estatisticas do grafico de Ramachandran

Residuos nas regifes mais favoraveis [A,B,L]

Residuos nas regides adicionalmente favoraveis
[a,b,1,p]

Residuos nas regides generosamente permitidas
[~a,~b,~,~p]

Residuos nas regides desfavoraveis

No. de residuos nao-glicina e ndo-prolina

No. de residuos terminais (exceto. Gly e Pro)
No. de residuos de glicina (triangulos)

No. de residuos de prolina

No. total de residuos

Modelo Molde
318 94,90% | 309 93,10%
15 4,50% 23 6,90%
1 0,30% 0 0%
1 0,30% 0 0%
335 100.0% | 332 100%
1 2
43 38
22 15
401 387

Além desta analise, foram realizadas analises para a cadeia principal e lateral,

separadamente (Parte Il, Artigo 1, Tabela 2). Estas analises foram expressas em

graficos, com um intervalo de confianca conforme os parametros do programa. Caso
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estas andlises ficassem abaixo do intervalo de confianca, o modelo necessitaria de
revisdo. Todos os parametros analisados do modelo apresentaram-se dentro da média

ou melhores.

5.2.2 Resultados do Verify 3D

O programa Verify 3D faz uma andlise tedrica da estrutura 3D de cada
aminoacido (perfil 3D) dentro da estrutura da proteina. Esta andlise é feita comparando
a estrutura do aminodcido a um banco de conformagcdes possiveis para este
aminoacido (perfil 1D). Para a comparacdo € computado um escore, indicando a
viabilidade da conformacdo encontrada (escore 3D-1D). Quanto maior este escore

melhor sera a estrutura (Figura 8).

Verify 3D

valores 3D-1D

(0] 50 100 150 200 250 300 350 400

aminoacidos

——CS_Mtb —— 1QX0 ‘

FIGURA 7: GRAFICO DO VERIFY 3D DO MODELO DA ESTRUTURA DE CS DE MTB (VERMELHO) E DO MOLDE 1QX0
(VERDE), INDICANDO A QUALIDADE SEMELHANTE ENTRE AMBOS.

A partir destes resultados foi escolhido um entre os dez modelos construidos
para a continuacdo dos estudos da estrutura quaternaria da proteina, e também os

estudos de docking do substrato e da coenzima.
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A estrutura modelada da CS de Mtb possui topologia semelhante a do molde.
Sua topologia é do tipo f-a-f, uma arquitetura tipica de CS, apresentando 9 a-hélices e

15 fitas-4.

FIGURA 8. REPRESENTAGCAO DE FITAS DA ESTRUTURA 3D DA CS DE MTB MODELADA A PARTIR DA 1QXO.
COLORIDA DE ACORDO COM A ESTRUTURA SECUNDARIA: a-HELICES (VERMEMLHO) E FITAS-£ (AMARELO) VOLTAS E
ALCAS (CINZA).

5.3 Estrutura quaternéria

A construcdo da estrutura quaternéria da CS de Mtb foi feita a partir da estrutura
molde, com a sobreposi¢do das unidades modeladas com cada uma das cadeias do
molde. A partir deste modelo foi realizada uma minimizagéo de energia com o programa
AMBER?7 (Cornel et al., 1995; Case et al., 2002) para corrigir 0s possiveis contatos
desfavoraveis entre os residuos dos monémeros da enzima. Apos a minimizacdo de
energia, foi possivel observar os arranjos de fitas-£ na interface das subunidades, que

estabilizam a formacao do tetramero (Figura 9), semelhante ao observado no molde.
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FIGURA 9: (A) TETRAMERO DA CS DE MTB. AS INTERAGOES QUE ESTABILIZAM O TETRAMERO, ISTO E, OS DOIS
ARRANJOS DE FITAS-3 ESTAO REPRESENTADOS SEPARADAMENTE NOS DIMEROS EM CORES MAIS CLARAS. (B)
VISTA LATERAL EM RELAGAO A (A) E (C) VISTA INFERIOR EM RELAGAO A (A).

5.4 Estudos de Docking

O primeiro passo no estudo das interacdes entre os ligantes e a enzima é a
colocacao da coenzima e do substrato no local do sitio ativo. Para tanto foi feito um
docking geométrico manual, baseado na localizacdo ja conhecida do sitio ativo da
estrutura molde (Maclean & Ali, 2003). A cavidade do sitio esta localizada entre um dos
arranjos de fitas e duas grandes alcas da enzima, que devem ter a funcdo de abertura
do sitio para a entrada dos ligantes. O FMN e o EPSP ocupam sitios de ligacao
adjacentes na enzima. Conforme estudos anteriores, o0 FMN seria 0 primeiro a entrar no
sitio ativo (Macheroux et al., 1996), seguido pelo EPSP. No docking manual, se observa

gue o sitio ativo € uma cavidade realmente estreita, com uma grande quantidade de
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residuos carregados positivamente na parte externa. Assim como observado no molde,
a enzima de Mtb também apresenta seis argininas e 2 histidinas nesta regido (Figura

10).

FIGURA 10: REPRESENTACAO UTILIZANDO AS ESFERAS ATOMICAS DA CS DE MTB, COLORIDAS DE ACORDO COM A
NATUREZA DOS AMINOACIDOS: APOLAR (CINZA), POLAR (AMARELO), POSITIVO (AZUL) E NEGATIVO (VERMELHO). A
DIREITA, VISTA APROXIMADA DO SiTIO ATIVO COM O EPSP (ROSA) E 0 FMN (VERDE) NO SITIO DE LIGAGAO. NOTA-
SE A PRESENCA DE VARIOS RESIDUOS POSITIVOS NESTA REGIAO.

Em uma primeira analise do docking geométrico observou-se que as interacdes
gue ocorrem entre os ligantes e a enzima CS de Mtb sdo bem semelhantes as ocorridas
na enzima de S. pneumoniae. As exceg¢des ficam por conta do residuo GIn256 (que no
molde é a Asn251, um residuo menor e que faz 2 pontes de hidrogénio com a porgao
ribose do FMN). No Mtb, a GIn256, mais volumosa, aproxima-se muito do FMN. Ha
ainda outro residuo que, embora esteja conservado, também se encontra muito proximo
ao ligante: a Lis315, proxima ao grupamento fosfato do FMN (Figura 5 do Artigo 2). Nas
interag6es com o EPSP ndo ha nenhum caso onde os residuos da enzima e os ligantes
estejam muito proximos, porém algumas interacdes entre o EPSP e alguns residuos

ndo se conservam (Figura 6 do Artigo 2). Como o modelo de docking geométrico
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manual ndo se mostrou suficiente para entender as interacfes entre a enzima e 0s
ligantes, foram propostos dois protocolos de minimizacdo de energia, para melhor
acomodar os ligantes dentro do sitio ativo. No primeiro, a enzima foi submetida a
minimizacdo de energia mas os ligantes foram mantidos rigidos (modelo com restricdo).
No segundo, os ligantes também foram minimizados, sendo permitido a estes também
se acomodar na cavidade (modelo sem restricdo). Em ambos modelos minimizados, o
primeiro aminoacido N-terminal foi retirado.

Para analisar o deslocamento dos modelos durante a minimizagéao foi medido o
RMSD (desvio médio quadratico) da cadeia principal do modelo original (utilizado no
docking manual) e os modelos minimizados com e sem restricdo, em relacdo a
estrutura do molde 1QX0. Os valores de RMSD foram 1,51 A (original), 1,57 A (com
restricio) e 1,58 A (sem restricdo), indicando as oscilagdes ocorridas apés a

minimizacao.

5.4.1 Interacbes com o FMN

As interacdes do FMN com os trés modelos e o molde encontram-se descritas na
Tabela 3 e na Figura 5 do Artigo 1.

Dentre os residuos e a molécula de EPSP envolvidos nas interacdes com o
FMN, tanto o EPSP como a Hisl1l0 e a Ala252 tém suas pontes de hidrogénio
conservadas nos trés modelos. Quanto as interacdes hidrofobicas, trés sao
completamente conservadas: Alal33, 1le313 e Ala342 (nameros correspondentes a CS
de S. pneumoniae).

Ha apenas dois residuos diferentes entre os sitios ativos da CS de S.
pneumoniae e Mtb: a ja& mencionada substituicdo de Asn251 para GIn256 e a

substituicdo da Pro314 para Ser318. No S. pneumoniae, a Asn251 realiza duas pontes
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de hidrogénio com a porc¢éao ribose do FMN. No modelo original do Mtb, a GIn256 esta
muito proxima ao FMN, mas nos modelos minimizados este residuo passou a fazer
contatos hidrofébicos com o FMN. J4 a Pro314 da CS de S. pneumoniae realiza um
contato hidrofébico com o FMN enquanto nos modelos minimizados do Mtb, o residuo
Ser317 equivalente realiza uma ponte de hidrogénio com a porc¢ao ribose.

O residuo Tre315, embora sempre interaja com a por¢ao isoaloxazina do FMN,
apresenta uma variagcdo no numero de pontes de hidrogénio formadas nos diversos
modelos. A interacdo hidrofébica do FMN com a 1le255 da CS de Mtb s6 foi observada
no modelo original, provavelmente devido a limitacdo do processo de docking manual.
A interacao hidrofobica da Ala349 s6 apareceu em dois dos modelos (original e com
restricdo), ndo sendo detectada no modelo de minimizado sem restricdes.

Foram observadas duas interacbes novas entre a CS de Mtb e o FMN, em
relacdo a S. pneumoniae: uma ponte de hidrogénio com a Glil1l3 (numeracdo dos
modelos minimizados) que apareceu nos dois modelos minimizados, e um contato
hidrofobico com a Met314 (numeracdo do modelo original) que ocorreu nos trés
modelos de Mtb.

As observacdes acima indicam que, provavelmente, estes residuos tenham uma

participacdo importante na associacao da CS de Mtb com a molécula de FMN.

5.4.2 Interacbes com o EPSP

Os resultados analisados a seguir estado representados na Tabela 4 e na Figura
6 do Artigo 1.

Ha 9 residuos que fazem interacdo com o EPSP além do FMN, analisado
anteriormente. Destes, apenas a Alal33 faz uma ponte de hidrogénio com a carbonila

do EPSP tanto no molde como nos modelos (numeragdo conforme o molde). H4 trés
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pontes de hidrogénio que se formavam no molde e ndo foram observadas em nenhum
dos modelos: a His1l0 e Arg48 que interagem com a porcdo fosfato e a Argl34 que
interage com a porcao piruvil.

No modelo original foram observados dois contatos hidrofébicos desfavoraveis
que posteriormente foram corrigidos com a minimizacdo de energia, a Arg49 e Arg50.
Ainda sobre as argininas que interagem com o EPSP, a Arg39 e Arg45 fazem interacao
em todos os modelos e no molde, porém estas interagcbes tém algumas pequenas
diferencas, tanto no nimero quanto na posi¢cao das pontes de hidrogénio formadas com
o0 EPSP. Todas as interagdes sao com a porcao piruvil do substrato.

Quanto as interacdes que se formaram apenas no Mtb, temos a Argll1, fazendo
uma ponte de hidrogénio com a carbonila do EPSP no modelo sem restricdo e a Serl36
fazendo uma interacdo hidrofébica também com este modelo.

As interacdes da enzima com a porcao fosfato do EPSP néo foram detectadas
nos modelos da CS de Mtb. A porcéo fosfato destes modelos apresenta-se voltada para
fora da enzima. O deslocamento desta por¢cao do substrato, em relacdo a sua posicao
cristalogréafica, foi de 1,2 A, o que pode justificar a perda destas interacbes com

residuos tao importantes da enzima.
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6. CONCLUSAO E PERPECTIVAS

A analise da estrutura de CS de Mtb, gerada a partir deste estudo de Modelagem
Molecular por Homologia, demonstrou a boa qualidade do modelo proposto para esta
enzima e a possibilidade de sua utilizacdo nos estudos de docking.

A minimizacdo de energia do complexo ternario, formado pela CS de Mtb, o FMN
e 0 EPSP, mostrou melhorias nas estruturas propostas quando comparadas a estrutura
do complexo ternario gerada via docking geométrico manual. Entretanto, a minimizacéo
de energia sem restricdes de movimentos de enzima e ligantes levou ao modelo que
melhor descreve as intera¢cdes intermoleculares.

De acordo com os estudos realizados e com o cladograma apresentado, pode-se
concluir que, assim como a CS de S. pneumoniae (molde), a CS de Mtb é
monofuncional, e, portanto, deve apresentar um padrédo de interacdo com seus ligantes
semelhante ao molde. Estudos adicionais de docking molecular, utilizando o programa
AutoDock 3.1 (Morris et al., 1998), poderdo representar uma nova alternativa para o
estudo destas interacdes.

Simultaneamente ao nosso estudo de modelagem molecular, a estrutura
cristalogréfica da CS de Mtb foi determinada com uma resolucéo de 2,65 A (Dias et al.,
2006; PDB ID: 1ZTB). A avaliacdo comparativa demonstrou que ambas estruturas 3D
(determinada por cristalografia e modelada por homologia) apresentam um dobramento
similar. A sobreposicdo da estrutura cristalografica e do nosso modelo apresentou um
RMSD de 2,11 A (para a cadeia principal), quando medido em relacdo ao modelo
original de CS, e um RMSD de 2,14 A, quando medido em relacdo ao modelo de CS

minimizado sem restricoes.
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Como a estrutura da 1ZTB foi cristalizada sem a presenca de ligantes, ela
apresenta-se em uma conformacdo mais fechada em relacdo ao modelo proposto. A
presenca de FMN e EPSP no modelo proposto por homologia induz uma mudanca
conformacional na enzima CS para acomodacdo destes ligantes, conforme descrito
(Macheroux et al., 1998). Os RMSDs observados descrevem esta pequena diferenca.
Assim, podemos considerar que a construcdo da estrutura da CS de Mtb via
Modelagem Molecular por Homologia foi bem sucedida como representacdo da
estrutura 3D desta enzima.

A utilizacdo do modelo de CS de Mtb proposto via Modelagem Molecular por
Homologia, assim como dos estudos preliminares de sua associacdo com os ligantes
FMN e EPSP nos permitem um melhor entendimento das interacdes do complexo
enzima-substrato-coenzima (Fernandes et al., 2005; Fernandes et al., 2006), e devera,
portanto, facilitar a busca por novos inibidores desta enzima e o desenvolvimento de

novos farmacos para o tratamento da Thb.
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ANEXOS



Anexo 1

Alinhamento multiplo produzido com o programa ClustalX com uma matriz da série

BLOSUM para as sequéncias de:

Saccharomyces cerevisiae (Scerev_1R53) NUumero de acesso: gi|40889609|pdb|1R53|A

Schizosaccharomyces pombe (Spombe) NUmero de acesso:
Qi|63054453|ref[NP_588359.2|

Neurospora crassa (Ncrassa) NUumero de acesso: gi|9367484|emb|CAB97473.1|

Nostoc sp. (Nostocsp) Numero de acesso: gi[17130142|dbj|BAB72754.1].

Synechocystis sp. (Synechsp) Nimero de acesso: gi|16330007|refINP_440735.1|

Bacillus subtilis (Bsubtilis) Numero de acesso: gi|[143806|gb|AAA20859.1|

Bacillus anthracis (Banthracis). Numero de acesso: gi|l47503399|gb|AAT32075.1]

Listeria innocua (Linnocua) Numero de acesso: gi|16414543|emb|CAC97272.1|

Staphylococcus aureus (Saureus) Numero de acesso: gi|49483655|ref|[YP_040879.1|

Enterococcus faecalis (Efaecalis) NUmero de acesso: i|29343589|gb|AAOC81351.1|

Escherichia coli (Ecoli) Namero de acesso: 0i|16130264|ref[INP_416832.1|

Yersinia pestis (Ypestis) Niamero de acesso: gi|l45437065|gb|AAS62617.1]

Vibrio cholerae (Vcholerae) Niumero de acesso: gi|75824680|ref|[ZP_00754128.1|

Haemophilus influenzae (Hinfluenzae) Nimero de acesso: gi|1573154|gb|AAC21865.1|

Mycobacterium tuberculosis (Mtuberculosis) Niumero de acesso:
Qi|15609677|ref[NP_217056.1|
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Corynebacterium glutamicum (Cglutamicum) NUmero de acesso:
0i|41325843|emb|CAF21632.1|

Streptomyces coelicolor (Scoelicolor) Nimero de acesso: i|8249955|emb|CAB93376.1|

Streptococcus pneumoniae (Spneu_1QX0O) Numero de acesso:
Qi|40889471|pdb|1QXO|D

Campylobacter jejuni (Cjejunii_1SQ1) Numero de acesso: gi|47169186|pdb|1SQ1|A

Helicobacter pylori (Hpilory_ 1TUMF) NUmero de acesso: gi|49259375|pdb|1UMF|D

Aquifex aeolicus (Aaeol_1Q1L) Numero de acesso: Qi|37927759|pdb|1Q1L|D

Plasmodium falciparum (Pfalc) Namero de acesso: gi|2258447|gb|AAB63293.1|

Plasmodium vivax (Pvivax) Numero de acesso: gi|18030075|gb|AAL56611.1|

Lycopersicon esculentum (Lesculentum) Namero de acesso:
Qi|410482|emb|CAA79859.1|

Corydalis sempervirens (Csempervirens) Nimero de acesso:
0i|18256|emb|CAA43034.1|

Arabidopsis thaliana (Athaliana) NUumero de acesso: gi|53749180|gb|AAU90075.1|
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Anexo 2:

Arquivos de entrada para as minimizacdes de energia:

= Modelo sem restricao.

mini_01.1n

# Restrained Minimization.NTF=1, NTC=1. NTR=1.
&entrl  imin=1,
ntpr=50,
ntf=1,dielc=1.0, igb=1, scnb=2.0, scee=1.2,
ibelly=0, ntr=1, cut=12.0,
ntc=1, tol=0.00001, ntb=0

maxcyc=500, ncyc=100, ntmin=1, dx0=0.01, dxm=0.5, drms=0.0001,

&end

Restraining Protein
1000.000
RES 1 400

END

Restraining FMN EPS
1000.000

RES 401 402

END

END

mini_02.1n

# Restrained Minimization.NTF=1, NTC=1.NTR=1.
&entrl  imin=1,
ntpr=50,
ntf=1,dielc=1.0, igb=1, scnb=2.0, scee=1.2,
ibelly=0, ntr=1, cut=12.0,
ntc=1, tol=0.00001,ntb=0

maxcyc=500, ncyc=100, ntmin=1, dx0=0.01, dxm=0.5, drms=0.0001,

&end

Restraining Protein
500.000
RES 1 400

END

Restraining FMN EPS
1000.000

RES 401 402

END

END

mini_03.1In

# Restrained Minimization.NTF=1, NTC=1.NTR=1.
&entrl imin=1,
ntpr=50,
ntf=1,dielc=1.0, igh=1, scnb=2.0, scee=1.2,
ibelly=0, ntr=1, cut=12.0,
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ntc=1, tol=0.00001,ntb=0
maxcyc=500, ncyc=100, ntmin=1, dx0=0.01, dxm=0.5, drms=0.0001,
&end
Restraining Protein
250.000
RES 1 400
END
Restraining FMN EPS
1000.000
RES 401 402
END
END

mini_04.1n

# Restrained Minimization.NTF=1, NTC=1.NTR=1.
&entrl  Imin=1,
ntpr=50,
ntf=1,dielc=1.0, igbh=1, scnb=2.0, scee=1.2,
ibelly=0, ntr=1, cut=12.0,
ntc=1, tol=0.00001,ntb=0
maxcyc=500, ncyc=100, ntmin=1, dx0=0.01, dxm=0.5, drms=0.0001,
&end
Restraining Protein
100.000
RES 1 400
END
Restraining FMN EPS
1000.000
RES 401 402
END
END

mini_05.1n

# Restrained Minimization.NTF=1, NTC=1.NTR=1.
&entrl  imin=1,
ntpr=50,
ntf=1,dielc=1.0, igb=1, scnb=2.0, scee=1.2,
ibelly=0, ntr=1, cut=12.0,
ntc=1, tol=0.00001,ntb=0
maxcyc=500, ncyc=100, ntmin=1, dx0=0.01, dxm=0.5, drms=0.0001,
&end
Restraining Protein
50.000
RES 1 400
END
Restraining FMN EPS
1000.000
RES 401 402
END
END



# Restrained Minimization.NTF=1, NTC=1_.NTR=1.
&entrl  Imin=1,
ntpr=50,
ntf=1,dielc=1.0, igb=1, scnb=2.0, scee=1.2,
ibelly=0, ntr=1, cut=12.0,
ntc=1, tol=0.00001,ntb=0
maxcyc=500, ncyc=100, ntmin=1, dx0=0.01, dxm=0.5, drms=0.0001,
&end
Restraining Protein
10.000
RES 1 400
END
Restraining FMN EPS
1000.000
RES 401 402
END
END

mini_07.1n

# Unrestrained Minimization.NTF=1, NTC=1.
&entrl  imin=1,
ntpr=50,
ntf=1,dielc=1.0, igbh=1, scnb=2.0, scee=1.2,
ibelly=0, ntr=1, cut=12.0,
ntc=1, tol=0.00001, ntb=0
maxcyc=1000, ncyc=100, ntmin=1, dx0=0.01, dxm=0.5, drms=0.0001,
&end
Restraining FMN EPS
1000.000
RES 401 402
END
END

= Modelo com restricdo: foram usados 0s mesmos parametros para a minimizacao
de energia da proteina nos 7 estagios, porém a minimizacao dos ligantes FMN e

EPS foi mantida em 10000.000 para todos os estagios.

Restraining FMN EPS
10000.000
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