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Resumo

A enzima indol-3-glicerol fosfato sintase (IGPS) catalisa a formacgéo irreversivel do anel do
composto 1-o-carboxifenilamino desoxiribulose-5-fosfato (CdRP), através de uma
decarboxilagao e de uma desidratagao, liberando o composto indol-3-glicerol fosfato (IGP),
0 quinto passo na via de biossintese do triptofano. Neste trabalho, é descrita a clonagem,
expressao, purificacdo e caracterizacao cinética da IGPS, além da identificagdo de um
intermediario reacional. Para a realizagao destes estudos, o substrato da enzima (CdRP)
foi sintetizado quimicamente, purificado e caracterizado espectroscopicamente e
espectrometricamente. A fluorescéncia do CdRP mostrou-se dependente de pH,
possivelmente devido ao efeito de transferéncia intramolecular de prétons no estado
excitado (ESIPT). Efeitos de temperatura foram analisados, indicando uma energia de
ativacdo de 8.4 kcal mol” para a reacdo catalisada pela IGPS. Efeitos isotdpicos de
solvente mostraram que a transferéncia de préton é apenas modestamente limitante para
a reacao, e estudos de inventario de prétons demonstraram que apenas um proton é
responsavel pelo efeito isotépico de solvente observado. Perfis de pH foram realizados
para avaliar a presencga de catalise acido-base, mostrando que um residuo desprotonado
de pK, aparente igual a 6.0 é necessario para a catélise e que um residuo com pK,
aparente igual a 6.8 é necessario para a ligagdo do CdRP. Sugerimos que ambos os pKj,
estejam reportando para um mesmo residuo, que poderia ser um glutamato conservado
em todas as IGPS caracterizadas até o presente. Um modelo é proposto para explicar o
ESIPT, assim como uma seqiiéncia cinética baseada nos perfis de pH. Para identificar
possiveis intermediarios reacionais, a técnica de ESI-MS foi empregada para estudar a

reacao catalisada pela IGPS, e um intermediario quimico foi interceptado e caracterizado.



Abstract

The enzyme indole-3-glycerol phosphate synthase (IGPS) catalyzes the irreversible ring
closure of 1-o-carboxyphenylamino deoxyribulose-5-phosphate (CdRP), through a
decarboxylation and a dehydration, releasing indole-3-glycerol phosphate (IGP), the fifth
step in the biosynthesis of tryptophan. In the present work, we describe cloning,
expression, purification, and kinetic characterization of IGPS. In order to perform kinetic
studies, CdRP was chemically synthesized, purified, and espectroscopically and
spectrometrically characterized. CdRP fluorescence was pH-dependent, probably owing to
excited-state intramolecular proton transfer (ESIPT) effect. Temperature effects were
analyzed, indicating an activation energy of 8.4 kcal mol™ for the IGPS catalyzed reaction.
Solvent isotope effects showed that a proton transfer is only modestly limiting for the
reaction, and proton inventory studies pointed to a single proton responsible for the
observed solvent isotope effect. pH-rate profiles were carried out to probe for acid/base
catalysis, showing that a deprotonated residue with an apparent pK, of 6.0 is required for
catalysis and a deprotonated residue with an apparent pK, of 6.8 is necessary for CdRP
binding. It was suggested that both apparent pK, report on the same residue, which might
be a glutamate conserved amongst all IGPS characterized so far. A model is proposed to
explain the ESIPT, and a kinetic sequence is suggested based on the pH-rate profiles. ESI-
MS was employed to identify possible chemical intermediates of the IGPS catalyzed

reaction, and one chemical intermediate was intercepted and characterized.
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Introducao

"The Earth is suffocating... Swear to
make them cut me open, so that | won't
be buried alive."

- Frederic Chopin (1810-1849), compositor e pianista polonés, antes de sua morte

causada pela tuberculose.

Esta frase dita no leito de morte por Frederic Chopin ilustra o sofrimento de
experimentar algo semelhante a “morte em vida”: sentir-se permanentemente sufocado
pela tosse prolongada e hemoptise, além de sentir-se fraco e consumido pela dor no peito
e pelo cansacgo facil, apenas alguns dos males a que uma pessoa com tuberculose esta
sujeita.

Esta doenca também vitimou outros personagens famosos de nossa histéria, e
Simon Bolivar, Edgar Allan Poe, Eleanor Roosevelt, George Orwell, Vivien Leigh, Niccolo
Paganini, Alexander Graham Bell, Erwin Schrédinger, sdo apenas alguns exemplos.
Porém, simplesmente considerar personalidades mortas, muitas ainda em tenra idade,
subestima em muito a extensdo da quantidade de vidas que a tuberculose ja ceifou. De
acordo com estimativas da Organizacao mundial de saude (OMS), apenas no periodo de
1990 a 2005, aproximadamente 26 milhdes pessoas vieram a ébito devido a tuberculose,
nos 208 paises monitorados pela OMS (TB, incidéncia global,

http://www.who.int/mediacentre/factsheets/fs104/en/index.html).



Historico

A tuberculose nao foi identificada como doencga até a segunda década do século 19
e foi nomeada por Schoenlein em 1839. Apesar desta identificacao bastante tardia, alguns
relatos demonstram que a tuberculose ja havia sido identificada em humanos desde a
antiguidade, ja que as origens da doencga coincidem com o inicio da domesticacao do
gado. Alguns esqueletos de humanos pré-histéricos, que datam em torno de 4000 a.C., ja
tinham tuberculose, assim como algumas mumias egipcias (Nerlich et. al, 1997). Os
primeiros trabalhos que identificaram a tuberculose nas Américas utilizaram muamias
peruvianas de 1000 anos de idade, identificando um caso de tuberculose pulmonar (Salo
et. al, 1994)

Apesar de possuir uma sintomatologia que ja era amplamente conhecida, o bacilo
causador da doenga, Mycobacterium tuberculosis foi descrito apenas em 24 de marco de
1882 por Robert Koch, descoberta que foi agraciada em 1905 por um Prémio Nobel de
medicina. Além de descobrir 0 bacilo causador da TB, Koch sugeriu um extrato de glicerina
com o bacilo da tuberculose como um "remédio" para a doenga em 1890, que recebeu o
nome de tuberculina. Este “remédio” ndo teve eficacia, sendo posteriormente adaptado por
von Pirquet para um teste para tuberculose pré-sintomética, realizado até os dias atuais
(Daniel, 2006).

Foi apenas em 1921 que o primeiro sucesso na prevengdo da tuberculose foi
atingido. Uma vacina utilizando cepas atenuadas de tuberculose bovina foi elaborada,
sendo nomeada vacina BCG (Bacilo de Calmette e Guérin), honrando os pesquisadores

que a desenvolveram. A BCG foi administrada em humanos pela primeira vez em julho de



1921 na Franga, mas diversas questées impediram sua disseminagcao nos EUA, Reino
Unido ou Alemanha até o final da Segunda Guerra Mundial.

Em 1946, com a descoberta do antibidtico estreptomicina, o tratamento, e nao
apenas a prevengcao da TB, tornou-se possivel. Antes disso, somente a intervencao
cirurgica apresentava-se como tratamento (além dos sanatérios), incluindo a técnica do
pneumotoérax: provocar o colapso de um pulmao infectado para deixa-lo "descansar" e
permitir a cicatrizacdo das lesdes, técnica muito habitual, porém pouco benéfica, sendo
posta de lado apds 1946.

Durante o século 19 e inicio do século 20, a TB foi um motivo de grande
preocupacao publica, principalmente entre as classes menos favorecidas. Desta forma,
apoés ter ficado claro que a TB era uma doenca contagiosa, diversas medidas foram
tomadas, essencialmente por paises europeus e nos Estados Unidos, para que a TB fosse
notificada e mesmo para que pessoas doentes fossem isolados, evitando a disseminagéao
da doenca. Com essas medidas, juntamente com uma melhoria na saude publica, as
mortes por TB diminuiram significativamente nestes paises, mesmo antes do surgimento
de antibidticos.

Apesar da doenga nunca ter sido controlada nos paises em desenvolvimento,
principalmente devido a precariedade dos sistemas de saude e a imunodepressédo
causada tanto pelo virus da imunodeficiéncia adquirida (HIV) quanto por subnutricao,
esperava-se que a doenca pudesse ser controlada nos paises desenvolvidos. Entretanto,
as elevadas taxas de cepas resistentes a drogas, a co-infeccao com o HIV, as praticas
precarias de controle de infeccdes e os problemas causados por imigracées frustraram
esta expectativa (Fatkenheuer et al., 1999). Por exemplo, os casos de TB no Reino Unido,

que beiravam os 50.000 em 1955, cairam para cerca de 5.500 em 1987, mas, em 2001,



havia mais de 7.000 casos confirmados. Além disso, inUmeros pacientes interrompem seu
tratamento, originando ainda mais cepas resistentes a muitas das drogas normalmente
usadas. Devido a chamada “ressurgéncia” da doenga, em 1993, a OMS declarou a TB
uma doenca de emergéncia global.

Além das cepas multirresistentes a drogas (MDR-TB), o surgimento das cepas
extensivamente resistentes (XDR-TB), aumentou ainda mais a preocupagdo com a
disseminacao desta doenca, ja que a infeccao por XDR-TB é virtualmente incuravel e tais
cepas ja foram identificadas em 41 paises, uma progressao bastante acelerada se
considerarmos que as primeiras notificagbes de XDR-TB ocorreram na década de 90

(CDC report 2000-2004).

Surgimento e evolucao

Os membros do complexo do M. tuberculosis (espécies M. tuberculosis, M. bovis,
M. microti, M. africanum, M. pinnipedii, e M. caprae), causadores da TB, estdo entre os
patégenos humanos mais bem sucedidos. Ainda que os membros da MTBC possuam
caracteristicas diversas e hospedeiros variaveis, eles possuem uma homogeneidade
genética surpreendente, com nenhum trago significante de troca génica entre eles. Devido
a isto, acredita-se que os membros da MTBC sejam resultantes de um Unico ancestral
(Brosch, 2002).

Através da analise filogenética de alguns genes constitutivamente expressos,
estima-se que o M. tuberculosis tenha surgido ha aproximadamente 3 milhdes de anos, na
Africa, sofrendo uma expansao clonal posterior. Apds esta primeira expansao, acredita-se
que um clone mais adaptado do bacilo tenha colonizado o resto do mundo, possivelmente

devido as ondas de migracdo humana para fora da Africa (Gutierrez et.al, 2005).



A doenca

Transmisséo e patogenicidade

A TB é uma doenca contagiosa que se espalha pelo ar, quando individuos
contaminados manifestando a doenca na sua forma ativa espirram, tossem ou falam, e, ao
fazé-lo, emitem aerossois que contém o bacilo. Estima-se que cada pessoa com TB ativa
possa contaminar 10 a 15 pessoas sadias a cada ano (OMS).

A probabilidade de transmissao depende do quao doente esta o individuo com TB,
quantos bacilos foram expelidos, do grau de viruléncia do bacilo infectante e do tempo de
exposicao ao contagio. De cada 10 pessoas que entram em contato com o bacilo, apenas
1 ira desenvolver a doenga ativa durante sua vida, ainda que estes numeros variem
consideravelmente para individuos portadores de HIV, podendo chegar a 1 individuo
soropositivo desenvolvendo a TB a cada 10 infectados por ano (OMS; Gémez e McKinney,
2004). O bacilo também pode infectar o hospedeiro e ficar em uma condi¢cao de laténcia,
na qual o hospedeiro ndo desenvolve os sintomas da doenga, mas ela permanece em seu
corpo, podendo, ou ndo, ser ativada ao longo da vida.

Algumas situagdes que aumentam a chance de desenvolver a doenga ou de retirar
o bacilo de seu estado de laténcia sao infeccdes recentes de tuberculose (Ultimos 2 anos),
lesGes fibroticas e nddulos nos pulmdes; diabetes mellitus, silicose, terapia prolongada
com corticosterdides e outras terapias imunossupressivas, cancer na cabega ou pescoco,
doengas no sangue ou reticuloendoteliais (leucemia e doenga de Hodgkin), doencga renal
em estagio avancado, gastrectomia, sindromes cronicas de mal-absor¢cao, ou baixo peso

corporal (10% ou mais de peso abaixo do ideal). Alguns estudos tém demonstrado a



importancia de fatores genéticos no desenvolvimento da doenga, sendo que a
susceptibilidade a TB é claramente poligénica (Rengarajan et. al, 2001; Marquet et. al,

2001; Meya e McAdam, 2007).

Infeccéo

A infeccao pela TB ocorre quando o bacilo atinge os alvéolos pulmonares, de onde
ele pode se espalhar para os nédulos linfaticos e, conseqientemente, para a corrente
sanguinea. Se penetrar na corrente sanguinea, o bacilo pode colonizar tecidos mais
distantes do pulmao, como a pleura, o sistema nervoso central (meninges), o sistema
linfatico, o sistema genitourinario, 0ossos e juntas, ou pode ser disseminada pelo corpo
(tuberculose miliar - assim chamada porque as lesdes que se formam parecem pequenas
sementes). Estas formas da doenga sdo mais comuns em pessoas COm Supressao
imunoldgica e em criangas. Na maioria dos casos, porém, a tuberculose fica restrita aos

pulmdes, sendo chamada tuberculose pulmonar (Myers, 2007; Meya e McAdam, 2007).

Os sintomas da doenca incluem tosse prolongada com duracdo de mais de trés
semanas, dor no peito e sangue no escarro (hemoptise). Outros sintomas sao febre,
calafrios, suores noturnos, perda de apetite e de peso, e cansaco facil. A palavra
consungdo (consumpg¢do, em Portugal) surgiu porque os doentes pareciam ter sido

"consumidos por dentro" pela doenga (Daniel, 2006).

Na maior parte dos casos, ao entrar em contato com a doenga, o bacilo sera
eliminado pelo préprio sistema imune do hospedeiro, ocasionando a formagdo de um
granuloma. Os "tubérculos", ou nédulos de tuberculose sdo pequenas lesdes que podem

consistir de tecidos mortos de cor acinzentada contendo a bactéria da tuberculose. No
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entanto, tém-se um conhecimento restrito acerca do tipo de metabolismo o bacilo adota

neste microambiente particular.

Tratamento

O tratamento atualmente administrado para a tuberculose é longo e apresenta
diversos efeitos colaterais. As chamadas drogas de primeira linha s&o utilizadas em
pacientes que foram diagnosticados com TB pela primeira vez e que nao estejam
infectados por cepas resistentes. Estas drogas anti-tuberculose possuem trés
propriedades principais, que tém expressao variavel em cada um dos diferentes farmacos:
atividade bactericida, atividade esterilizante e capacidade de reduzir o surgimento da
resisténcia quando utilizadas em combinacdo. Mitchison (1985) sugeriu a existéncia de
quatro populagdes do bacilo da tuberculose para explicar a necessidade de um tratamento
quimioterapico prolongado. A primeira populagdo encontra-se em crescimento rapido que
€ alvo da agao da isoniazida, rifampicina, estreptomicina e etambutol. As popula¢des semi-
dormentes podem ser subdivididas em duas subpopulagdes: aquelas que tém episddios
rapidos de atividade metabdlica que s&o alvo da rifampicina, e aquelas em meio acido que
sdo alvo da pirazinamida. A utilizacdo da pirazinamida para as populagdes semi-
dormentes que ndo sao afetadas pelas outras drogas anti-tuberculose reduz o tratamento
de nove para seis meses. A quarta populagao é a de micobactérias dormentes, para a qual
nenhuma droga do tratamento atual é eficaz. Assim, a OMS recomenda que o tratamento
consista de duas fases, uma fase inicial para conter o bacilo e uma fase de continuacéo,
geralmente mais longa, para impedir o surgimento de cepas resistentes (Mitchison, 1985).

Porém, quando o paciente esta infectado por uma MDR-TB, o tratamento deve fazer

uso das drogas de segunda linha, que sdo mais toxicas e precisam ser usadas por um
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tempo prolongado. As drogas anti-tuberculose de segunda linha s&o o ultimo recurso no
tratamento da TB cronica e MDR-TB.

O tratamento para casos de MDR-TB varia de acordo com o tipo de resisténcia que
0 paciente possui, podendo chegar a seis meses de fase inicial com administracao diaria
de uma droga injetavel, ciprofloxacina ou ofloxacina e mais 2 destas 3 drogas por via oral:
acido p-aminosalicilico, etionamida, cicloserina. A fase de continuagdo consiste na
administracdo das mesmas drogas, exceto a injetavel, por até 18 meses, totalizando um

tratamento de dois anos (Meya e McAdam, 2007).

Mycobacterium tuberculosis

O bacilo é um aerdbio obrigatério, motivo pelo qual o pulméo € preferencialmente
atacado e as infec¢des secundarias tém inicio nos apices destes. O M. tuberculosis possui
um tempo de crescimento lento (proximo de 20 horas), e suas coldnias sé podem ser
visualizadas apoés varias semanas de crescimento.

Outra caracteristica peculiar deste bacilo é a presenca de lipideos celulares unicos.
A parede celular do M. tuberculosis é Unica entre os procariotos e grande determinante de
sua viruléncia. Além de peptideoglicanos, a parede celular contém lipideos complexos, o
que faz com que o bacilo seja resistente a muitos antibiéticos e também a oxidacdes letais,
facilitando sua sobrevivéncia dentro de macréfagos (Keep, 2006).

O M. Tuberculosis é um patdgeno intracelular facultativo, j& que neutrofilos ou
macrofagos ndo sao capazes de extermina-lo. O bacilo previne a acidificacdo dos
fagolisossomos, resistindo aos mecanismos intracelulares de eliminacdo de micrébios

destas células. Porém, uma vez confinado ao fagossomo, o bacilo deve obter seus
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nutrientes a partir deste, modificando seu préprio ambiente vacuolar para permitir a
aquisicao de nutrientes (Desai et.al, 1993). O vacuolo das micobactérias parece ser um
compartimento relativamente pobre em nutrientes, no qual a disponibilidade de ferro,
magnésio, fosfato, purinas, cofatores e aminoacidos € limitada (Boshoff e Barry, 2005).

O sequenciamento completo do genoma do M. tuberculosis (Cole et. al, 1998),
possibilitou identificar ORFs importantes para o crescimento e viruléncia do bacilo. O
acesso a esta informacao facilitou o estudo de varios genes e proteinas de interesse,
assim como comparar a expressao e funcionalidade de diversas proteinas in vitro e in vivo.
Assim, alguns trabalhos realizados com camundongos infectados com M. tuberculosis
mutantes que eram incapazes de sintetizar certos nutrientes, como aminoacidos, purinas e
pantotenato, demonstraram que estas bactérias mutantes eram menos virulentas, e em
alguns casos avirulentas, em camundongos (Boshoff e Barry, 2005; Sampson et. al, 2004).
Para o presente trabalho, é particularmente relevante um estudo (Smith et. al, 2001) que
demonstrou que camundongos infectados com cepas de M. tuberculosis nocauteadas para
o gene trpD (que codifica a enzima PRAT, da via de biossintese do triptofano) nao
desenvolveram a doencga. Este estudo foi extremamente importante, j& que anteriormente
existia um impasse acerca de quao essencial para o bacilo, in vivo, seriam alguns
aminoacidos, ja que o préprio macréfago infectado poderia fornecé-los para o M.
tuberculosis. Com este estudo, ficou evidente que, apesar da existéncia de concentragbes
basais de certos nutrientes no fagossoma, a via de biossintese do triptofano era essencial
para a viruléncia do bacilo. Até a data, esta via biossintética foi alvo de poucos estudos e

nao se sabe ainda o porqué desta importancia para a viruléncia.
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Biossintese de aminoacidos aromaticos

A via de biossintese de aminoacidos aromaticos esta presente em plantas, fungos,
bactérias e organismos do filo apicomplexa, estando ausente em mamiferos. Assim,
humanos necessitam ingerir os aminoacidos triptofano e fenilalanina para que possam
obté-los e utiliza-los para a sintese protéica. A biossintese destes aminoacidos tem inicio
com o precursor corismato, que € entdo convertido ou a prefenato (para iniciar a
biossintese de fenilalanina e tirosina) ou a antranilato (para que o triptofano seja

sintetizado). (FIGURA 1)

Biossintese do triptofano

A via de biossintese do triptofano converte o precursor corismato em triptofano
através de cinco passos enzimaticos. Existem poucos estudos disponiveis sobre as
enzimas desta via enzimatica, principalmente devido ao fato de que a maioria das enzimas
s6 é ativa quando faz parte de complexos com outras proteinas. Outra dificuldade para o
estudo desta via é a indisponibilidade comercial dos substratos das reagdes. O Unico
composto disponivel no mercado é o antranilato, de modo que todos os outros
intermediarios da via necessitam ser sintetizados quimica ou enzimaticamente. Assim,
quase todos os trabalhos realizados até a data sobre estas enzimas sao estruturais, ja

que, para realiza-los, nao é necessario ter as enzimas em sua forma cataliticamente ativa.
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Figura 1: Via de biossintese dos aminoacidos aromaticos. O precursor comum corismato €
convertido a prefenato para dar origem aos aminoacidos tirosina e fenilalanina ou a
antranilato, dando origem ao triptofano. Modificada a partir de Pittard, 1996. 1, Antranilato
sintase; 2, Fosforibosil antranilato transferase; 3, Fosforibosil antranilato isomerase; 4,
Indol-3-glicerol fosfato sintase; 5, Triptofano sintase; 6, Corismato mutase; 7, Prefenato

desidrogenase; 8, Prefenato desidratase; 9, Transaminase; 10, Fenilalanina hidroxilase.

Indol-3-glicerol fosfato sintase (IGPS)
A quarta reacdo da via de biossintese do triptofano € catalisada pela enzima IGPS

(Creighton e Yanofsky, 1966).

HO 0
0 OH - \
0
H OH e o
N 0 t
\"/ IGPS 4 7N
/ R ; OH
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Figura 2: Reacgéao catalisada pela enzima IGPS.

Esta reagcédo consiste de uma condensacao intramolecular, liberando agua e gas
carbdnico, originando a porcao pirrdlica do triptofano. Em M. tuberculosis, esta proteina é
codificada pelo gene trpC, com 819 pb, no operon do triptofano, que codifica apenas a
cadeia polipeptidica da IGPS, com 272 aminoacidos por subunidade, diferentemente do
gue ocorre em outros organismos. Por exemplo, em Escherichia coli, o gene trpC codifica
as cadeias polipeptidicas das enzimas PRAI e IGPS; em Archaeoglobus fulgidus, a

proteina IGPS e a proteina PRAT séo codificadas pelo mesmo gene; em Aspergillus niger,

16



o gene trpC codifica as proteinas glutamina amidotransferase (componente 2 da
antranilato sintase), IGPS e PRAI.

O substrato da IGPS, 1-o-carboxifenilamino desoxiribulose 5-fosfato (CdRP), apesar
de sintetizado quimicamente por diversos grupos de pesquisa (Smith e Yanofsky, 1960;
Smith e Yanofsky, 1962; Doy, 1966; Kirschner et. al, 1987), ndo foi ainda caracterizado. A
unica informacao disponivel é seu espectro de absorgao (Kirschner et. al, 1987). Porém,
os protocolos sintéticos disponiveis possuem um rendimento relativamente baixo (10 % -
60 %), e a estabilidade do CdRP é bastante reduzida, o que dificulta ensaios enzimaticos.

Uma breve caracterizacdo cinética aparente desta enzima foi recentemente
publicada, porém utilizando CdRP nao purificado (Yang et. al, 2006). Além disto, os
estudos relatados por Yang et al. (2006) ndo possuem a profundidade experimental e
andlise criteriosa apresentada nesta dissertacdo. Neste trabalho, uma caracterizacao
cinética mais ampla da IGPS de M. tuberculosis é descrita, bem como a identificagao de
um intermediario reacional. Os resultados aqui descritos contribuem para a ampliacdo do
conhecimento desta via biossintética e, de forma mais ampla, a cerca da biologia do

bacilo, um passo importante para entender e conter a TB.
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Objetivos

Os principais objetivos do presente trabalho dizem respeito a ampliar o
conhecimento existente sobre a enzima IGPS, que faz parte de uma via metabdlica pouco
estudada em micobactérias, importante para a viruléncia do patégeno. A clonagem do
gene trpC de M. tuberculosis H37Rv e sua expressdao em células de E. coli foram
realizadas durante meu trabalho de concluséo do curso de bacharel em Ciéncias
Bioldgicas. Os objetivos especificos deste trabalho consistem na purificacao da enzima na
sua forma ativa, a determinacdo do Ky e kcat da enzima, na obtencédo de perfis de pH e
temperatura, na analise de efeitos isotépicos de solvente e identificacdo de possiveis
intermediarios da reacao.

Para que fosse possivel realizar este trabalho com a enzima IGPS, seu substrato,
CdRP, foi sintetizado e caracterizado espectrometricamente e espectroscopicamente.
Foram utilizadas técnicas de UV-vis, espectrofluorimetria, titulagdo &acido-base,
espectrometria de massas, infravermelho e ressonancia magnética nuclear para

caracterizar o composto.
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Abstract

Indol-3-glycerol phosphate synthase (IGPS) catalyzes the irreversible ring closure of 1-(o-
carboxyphenylamino)-1-deoxyribulose  5-phosphate (CdRP), through decarboxylation and
dehydration steps, releasing indol-3-glycerol phosphate (IGP), the fourth step in the biosynthesis of
tryptophan. Here we describe the cloning, expression, purification, and kinetic characterization of
IGPS from Mpycobacterium tuberdulosis. To perform kinetic studies, CdRP was chemically
synthesized, purified, and espectroscopically and spectrometrically characterized. CdRP
fluorescence was pH-dependent, probably owing to excited-state intramolecular proton transfer. The
activation energy was calculated, and solvent isotope effects and proton inventory studies were
performed. pH-rate profiles were carried out to probe for acid/base catalysis, showing that a
deprotonated residue is necessary for CdRP binding and conversion to IGP. A glutamate conserved
in all IGPS characterized so far was proposed to play a role as a general base. A model is proposed
to explain the excited-state intramolecular proton transfer, and a kinetic sequence is suggested based

on the pH-rate profiles.

Keywords:  Indole-3-glycerol =~ phosphate  synthase,  kinetic  characterization,  1-(o-
carboxyphenylamino)-1-deoxyribulose 5-phosphate, excited-state intramolecular proton transfer,

pH-rate profiles, solvent-kinetic isotope effects.



Introduction

Mycobacterium tuberculosis, the causative agent of tuberculosis (TB)', is the most lethal
pathogen among all bacteria [1]. It is estimated that TB kills a person every 16 seconds around the
world. Although significant progress has been made to fight all types of bacterial diseases, TB
remains a challenge. For example, we still employ a one-hundred-year-old diagnostic test, a vaccine
invented 80 years ago, and drugs that are unspecific and remain unchanged for the past 40 years [2].
Even developed countries are now facing the threat of TB [3]. Our knowledge about TB’s
biochemical pathways need to be expanded so we can consider novel approaches to halt the growing
spreading of this disease.

The complete genome sequence determination of M. tuberculosis H37Rv (Cole et al., 1998)
allowed the identification by sequence homology of genes involved in metabolic pathways of the
pathogen. Accordingly, a number of pathways are being studied as promising new targets for TB
drugs and vaccines. More specifically, Smith et al. [4] demonstrated that the tryptophan biosynthesis
pathway is essential for the virulence of M. tuberculosis. Unfortunately, only a few studies on the M.
tuberculosis tryptophan biosynthesis pathway have been reported [5-7]. The biosynthesis of
tryptophan begins with chorismate, a common metabolic precursor, and, after five steps, generates
tryptophan. This work focuses on the fourth step of this pathway, catalyzed by the enzyme indol-3-
glycerol phosphate synthase (IGPS). IGPS catalyzes the irreversible ring closure of 1-(o-
carboxyphenylamino)-deoxyribulose 5-phosphate (CdRP), through decarboxylation and dehydration
steps, releasing indol-3-glycerol phosphate (IGP), which contains the indolic ring of tryptophan (Fig.
1) [8].

In this article, we describe the cloning, expression and purification of trpC-encoded MtIGPS.

In addition, we describe a modified protocol for the chemical synthesis and purification of CdRP,



and its characterization employing mass spectrometry, infra-red and '"H NMR spectroscopy, UV-vis
and spectrofluorimetry. The M#GPS-catalyzed reaction was characterized by initial velocity
experiments, pH-rate profiles, temperature effects, solvent kinetic isotope effects, and proton
inventory. It is hoped that the data presented here will contribute to further the knowledge on the

tryptophan biosynthesis pathway in M. tuberculosis.

Materials and Methods

Materials - All chemicals were of analytical or reagent grade and were used without further
purification. Deuterium oxide (99.9 atom % D) was purchased from Cambridge Isotope
Laboratories. Pfu DNA Polymerase was purchased from Stratagene. Restriction enzymes and T4
DNA ligase were purchased from Invitrogen.

Cloning, Expression, and Purification of MtIGPS - The forward primer sequence for
amplification of the trpC coding region was 5-
CACATATGAGTCCGGCAACCGTGCTCGACTC-3’, having an Ndel restriction site (bold) at the
N-terminal end. The reverse primer sequence was 5-
TGGATCCTCAGCGAGCCGGTTTCGGACAG- 3’, which introduced a BamH]I restriction site
(bold) at the C-terminal end. All PCR reactions were carried out using pfu DNA polymerase
(Stratagene), using conditions recommended by the manufacturer, and were supplemented by the
addition of 10% (v/v) DMSO. The resultant PCR product, corresponding to 819 bp, was ligated into
the pCR®-Blunt (Invitrogen) vector, and transformed into E. coli DHI10B. The recombinant plasmid
purified from these cells was cleaved with Ndel and BamHI restriction enzymes, and the resulting
fragment subcloned into the pET-23a(+) vector (Novagen) previously digested with the same

restriction enzymes. The plasmid was then transformed by electroporation into E.coli BL21(DE3)



STAR host cells (Novagen). Cells were grown in 4YT containing 50 pug mL" carbenicillin, at 37°C
and after the ODg( reached 0.4-0.6, cells were allowed to grow for additional 9 hours and harvested
by centrifugation at 20,800g for 30 min. All purification procedures were carried out at 4 °C. Cells
were resuspended in 50 mM Tris-HC1 pH 7.3 containing 200 mM NaCl, 1mM EDTA and 0.1 mM
DTT (buffer A), incubated with 0.2 mg mL™' lysozyme, disrupted by sonication, and centrifuged at
48,000g for 30 min to remove cell debris. The supernatant was incubated with 20% (v/v) of
streptomycin sulphate for 30 min and cetrifugated at 48,000g for 30 min. After dialysis against
buffer A, a buffer containing 50 mM Tris-HCI pH 7.3, 200 mM NaCl, ImM EDTA, 0.1 mM DTT
and 2 M (NH4),SO, (buffer B) was used to bring the (NH4),SO,4 concentration to 1 M, required for
the first chromatographic purification step. The resulting preparation was loaded on a Phenyl
Sepharose High Sub FF column (GE Healthcare) previously equilibrated with 50 mM Tris-HCI pH
7.3 containing 200 mM NaCl, ImM EDTA, 0.1 mM DTT and 1 M of (NH4),SO,. (buffer C). The
column was washed with 10 column volumes of buffer C, and the adsorbed material was removed
with a linear gradient of 0-100% of buffer A. The fractions containing MfIGPS were pooled and
concentrated in an Amicon ultrafiltration membrane [molecular weight cutoff (MWCO) of 10,000
Da], and loaded on a Sephacryl S-100 column (GE Healthcare) pre-equilibrated with buffer A. The
fractions containing MtIGPS were pooled and precipitated with buffer B (50% v/v). The pellet
(homogeneous MtIGPS) was removed by centrifugation at at 48,000g for 30 min and resuspended in
buffer A. To remove any residual traces of (NH4),SO,, homogeneous MIGPS was dialyzed against
buffer A prior to storage at -20°C. Protein concentrations were determined by the method of
Bradford et al. [9] using the Bio-Rad protein assay kit and bovine serum albumin as standard.
Oligomeric state determination - The molecular mass of purified MIGPS was estimated by

gel-filtration chromatography employing a Superdex 200 HR column (1.0 cm x 30 cm) (GE



Healthcare). All runs were at 0.4 mL min’ in buffer A, and the eluate was monitored at 215, 254 and
280 nm. Molecular mass standards (GE Healthcare) were used for a calibration curve [ribonuclease
A (13,700 Da) from bovine pancreas, chymotrypsinogen (25,000 Da) from bovine pancreas,
ovalbumin (43,000 Da) from hen egg, albumin (67,000 Da) from bovine serum, aldolase (158,000
Da) from rabbit muscle, catalase (232,000 Da) from bovine liver, and ferritin (440,000 Da) from
equine spleen]. Blue Dextran 2000 was used to calculate the void volume (Vj).

Chemical Synthesis, purification, spectrometric and spectrophotometric characterization of
CdRP - Modifications to previously reported chemical synthesis protocols [10-13] were made, and
the protocol employed for CdRP synthesis is as follows: 2.11 mmols of anthranilic acid (AA)
(Sigma) were dissolved in 264 pL isopropanol (Merck) and mixed with 1.06 mmols of ribose-5-
phosphate (R5P) (Acros Organics) dissolved in 1.32 mL of water plus 2.64 mL of isopropanol. The
reaction mixture was kept in the dark, at room temperature overnight. Reaction was then cooled (4
°C) for 10 minutes, after which two layers were formed. The aqueous phase, containing unreacted
AA and R5P, was removed, and the remnant dark yellow oil washed with isopropanol and ethyl
acetate. After the addition of 4 mmols of barium acetate (from a 2 M solution), CdRP precipitated as
a barium salt, being isolated by centrifugation. This precipitate was washed with water, isopropanol
and ethyl acetate. After desiccation, CdRP was kept at -20 °C, protected from light. The stability of
the compound was estimated by UV-visible spectra measured at different times after the
solubilization of CdRP in water pH 4.8 [13], observing the maximum absorption peaks of CdRP
(350 and 254 nm) as compared with the absorption peaks of AA (maxima at 323 and 240 nm). For
these measurements, CARP was kept on ice up to 4 hours, and spectra were evaluated at 30-min
intervals. Owing to CdRP barium salt low solubility in D,0, a solution of Na,SO4 was added to

exchange the CdRP counterion from barium to sodium, which renders the compound a higher



solubility in D,O. '"H NMR spectrum was recorded on a Varian Inova 300 MHz. Infrared spectrum
(KBr) was registered on a Bomem B-102 spectrometer. Electrospray mass and tandem mass spectra
were recorded on a Q-Tof mass spectrometer (Micromass) with a scanning quadrupole (Q), an
hexapole collision-cell and a high-resolution orthogonal time of flight (o-TOF) analyzer.
Spectrofluorimetric titration using water at different pHs (0.5 pH units of difference between each
pH, from 1.0 to 7.5) employed excitation wavelength of 350 nm and a slit of 1.5 nm. The emission
spectra were recorded from 380-600 nm, with a slit of 3 nm.

Enzymatic Assay for MHIGPS - Assays were performed under initial rate conditions at 25 °C
and 100 mM PIPES pH(D) 7.5, unless stated otherwise, and measurements were at least in triplicate.
The reaction was started with the addition of 36 mmols of MfIGPS, and the increase in absorbance
due to IGP formation was measured at 278 nm, at 25° for 1 min. A molar extinction coefficient value
of 5,500 M' ecm™ was used for IGP [13].

Initial Velocity - For Ky and k., determination, initial rate measurements were carried out
with CdRP concentrations ranging from 10 to 400 uM.

Temperature effects - To assess the activation energy of the reaction, initial velocities were
measured in the presence of varying concentrations of CdRP, in the temperature range of 15-35 °C.
MHGPS was incubated for several minutes in all the temperatures tested and assayed under standard
conditions to ensure enzyme stability under all conditions.

pH-Rate Profiles - To determine the pH-dependence of the kinetic parameters, we measured
initial velocities at varying concentrations of CdRP at different pH values employing a mixed buffer
system [14] with 100 mM Citrate and 100 mM HEPES with pH values in the range 4.5-8.0. Each
buffer was adjusted to the desired pH with either NaOH or HCI. The stability of the enzyme at
different pH values was previously determined, by dialyzing the enzyme against a buffer in the

desired pH and performing the standard reaction assay.



Solvent kinetic isotope effects and proton inventory - Solvent kinetic isotope effects were
determined by measuring initial velocities with varying CdRP concentrations in either H,O or 87
atom% D,0. Solvent kinetic isotope effects were performed at pH(D) 8.0 because of the pH plateau
found in the pH-rate profiles, preventing the occurrence of any variations in velocity due to pH
fluctuations. To determine the number of protons responsible for the observed solvent kinetic isotope
effect, we conducted proton inventory studies with 0, 20, 40, 60 and 87 atom% D;O.

Data analysis - All data were fitted to the appropriate equations using the nonlinear
regression function of SigmaPlot 2000 (SPSS, Inc).

For the oligomeric state determination, the K,, value was calculated for each protein using eq

Kav= (Ve=V0)/(Vi=V0) (1
where V. is the elution volume for the protein, V; is the total bed volume. K,, was plotted against the
logarithm of standard molecular weights.

Initial velocity kinetic data for the hyperbolic increase upon substrate concentration was
fitted to eq 2.

v =VA/K+A (2)

The data for temperature effects were fitted to eq 3, where k is the maximal reaction rate, E,
is the energy of activation, 7 is the temperature in Kelvin, R is the gas constant (1.98 cal mol'l), and
A is a pre-exponential factor that correlates collision frequency and the probability of the reaction
occurring when reactant molecules collide.

log k= (-E/2.3R)(1/T) + log A 3)



pH-rate profiles were fitted to eq 4, where y is the kinetic parameter, C is the pH-independent
value of y, H is the proton concentration, and K, is the apparent acid dissociation constants for

ionizing groups.

logy = log[C/(1+H/K,)] 4)

The kinetic isotope effect data were fitted to eq 5, which describes the effects on both V/K
and on V. F; represents the fraction of isotopic label, and Eyxk and Ey are the isotope effects minus
one on V/K and on V, respectively.

v = VA/[K(1+FEyk) + A(1+FEy) (5)
For eqs 2 and 5, A is the concentration of CdRP, K is the Michaelis constant for CdRP, and V

is the maximum velocity. The notation utilized to express isotope effects is that of Northrop [15].



Results and Discussion

Cloning, expression, purification and biophysical characterization of MtIGPS - A fragment
of the expected length for the trpC gene was amplified and successfully cloned into pET-23a(+).
Sequencing of the coding region of trpC proved the identity of the cloned fragment and that no
mutations were introduced by the amplification steps. MfIGPS was expressed in BL21(DE3) STAR,
after 9 hours of growth at 37 °C without IPTG induction. Homogeneously purified MAIGPS was
obtained in three purification steps, yielding 5 mg of protein from 25 g of cell paste. The MtIGPS
obtained here lacks a His-tag, distinguishing it from the one previously reported [7]. N-terminal
sequencing confirmed the identity of purified Mt IGPS, showing that the initial methionine was not
removed. A value of approximately 30,000 Da was estimated by gel-filtration, thereby showing that
MHGPS is a monomer in solution, as all other monofunctionals IGPS characterized up to date [16-
18].

Chemical Synthesis, purification, spectrometric and spectroscopic properties of CdRP - The
chemical synthesis yielded 76 % CdRP, the best reported so far. To improve CdRP yield, we focused
on solving the instability of CdRP and the incomplete reaction of R5P. To achieve this goal, AA in
excess was used, since the limiting reagent is R5P. Also, only the amount of water needed to
solubilize R5P in the reaction mixture was utilized, since water was a too reactive medium for CdRP
prior to the formation of its barium salt. Instead of ethanol [13], isopropanol was used to solubilize
AA. As described by Doy [12], the stability of CdRP is increased when a CdRP barium salt is
formed. The formation of the barium salt is also the most effective form of purifying CdRP, since
AA and RSP do not precipitate in the presence of barium acetate, and the longer the compound
remains in aqueous solution the more it hydrolyzes generating contaminants, consequently lowering

the yield of the reaction. Washings with three different solvents were employed to remove remaining
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contaminants in the precipitate. When stored at -20 °C, in the dark, CdRP showed no decomposition
for at least one year (tested by UV-vis scannings), attesting the stability of the barium salt. In
addition, spectrophotometric scannings showed that no significant decomposition up to 3 hours of
CdRP solubilized in water at pH 4.8 was observed, demonstrating that this chemical compound can
be employed during this time frame. Solutions of CdRP that were not used up to 3 hours were
discarded and fresh solutions were prepared.

Spectrometric studies using electrospray ionization tandem mass at pH 5 (HCI solution)
showed that [CdRP-H]" has a molecular mass of 350.0796, in agreement with the predicted
molecular mass of 349.0563 for CdRP, with characteristic fragmentation pattern of m/z of 234, 216,
198, 172, 150, 132. Solid state infrared spectrum showed a large band at 3412 cm'l, owing to
hydroxyl groups present in the molecule, and a very weak band at 1714 cm™, indicating that the
more abundant tautomeric form in solid state is the enol rather than the keto form. This finding was
corroborated by the '"H NMR spectrum recorded in D,0, which shows higher values of integration to
signs related to enol form. Hence, the enol tautomer might be considered the major isomeric form of
CdRP in solution under the tested conditions (D,O). The presence of an electronic delocalization
among the C-C double bond of the enol, the lone electron pair on the nitrogen and the benzoic ring
may account for this increased stability as compared with the keto tautomer, which has only the
benzoic ring under electronic delocalization (Fig. 2).

A previous work suggested that the CdRP undergoes an enzyme independent tautomerization
from the enol form to the more stable keto form, and this was the foundation for a proposed kinetic
sequence of E. coli phosphoribosyl anthranilate isomerase (PRAI) [19]. Those data should thus be
interpreted with caution, since the results presented here indicate that the enol form is favored in

solution.
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To expand our knowledge on CdRP properties, spectrofluorimetric experiments were carried
out. Scannings of CdRP in water at different pH values (1.0 - 8.0) demonstrate that CdRP exhibits a
pH-dependent fluorescence change (Fig. 3). Not only the intensity of fluorescence varied, but also its
maximum wavelength emission showed a small hypsochromic shift. CdRP displayed an increasing
fluorescence intensity from pH 1.0 to 2.5 with Ay, = 434 (Fig. 3A), and reached a plateau from pH
2.5 to 3.5. At pH values larger than 4.0 the fluorescence intensity decreased with a hypsochromic
shift, showing a Ama.x = 422 nm (Fig. 3B). Suspecting that this behavior of CdRP could be explained
by a change in intramolecular hydrogen bond among the carboxyl group and the hydrogen of the
secondary amine, we investigated the behavior of AA moiety of CdRP, conducting the same
spectrofluorimetric experiment with AA. According to these experiments, AA presented an increase
in fluorescence emission from pH 1.0 to 5.0, at which the fluorescence signal reached a plateau.
Southern et al. [20] demonstrated that AA exhibits excited state intramolecular proton transfer
(ESIPT), which could account for the change in fluorescence emission. Molecules that have acidic
and basic groups in close proximity (usually five and six members) and with a suitable geometry
may undergo ESIPT from the acidic moiety to the basic one as a result of a modification on the
acidity/basicity acquired by these groups in excited states [21, 22]. It is thus tempting to suggest that
the ESIPT observed occurs in the AA moiety of CdRP. Fig. 4 proposes a mechanism for CdRP
ESIPT. In more acidic pH (1.0 - 3.5), Ey (fundamental state) is excited to E; (excited state 1), which
undergoes ESIPT generating E, (excited state 2), emitting fluorescence and returning to Eg, which
tautomerizes to generate the ESIPT-sensitive molecule. In E;, the acidic character of nitrogen and
the basic character of carboxyl increase, facilitating the proton transfer that characterizes ESIPT
process. In more basic pH (> 3.5), protons are donated to the medium, leading to E," (a new ground

state), and ESIPT no longer takes place. The primary amine on the ortho position of AA, on the
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other hand, does not donate its protons to the medium under the pH range analyzed, so the ESIPT
persists. Indeed, it is a common sense that the hydrogen of the secondary amine of CdRP displays an
acid character much higher than the related ones of the primary amine of AA.

Kinetic parameters - Fitting initial velocity data to eq 2 yielded a Ky = 55.3 +9 uM, 10 times
lower than the value previously obtained for MIGPS [7]. This significant difference in the Ky value
can be attributed to the fact that, in the previous study, CdRP was not purified prior to enzymatic
assays, and the preparation may have been contaminated with enzyme inhibitors. The latter may be
derived either from unreacted substrates from the chemical synthesis or from hydrolysis of CdRP,
resulting in a larger apparent Ky value for MHIGPS. E.coli IGPS (EcIGPS) has a Ky = 1.2 uM [13],
45 times lower than the Ky determined here for MfIGPS. In spite of the fact that E. coli IGPS is
covalently bound to the previous enzyme in the pathway, PRAI, subunit interaction was not
observed for neither of these enzymes [23], which shows that the low Ky value cannot be explained
by known quaternary structure features. In agreement, Sulfolobus solfataricus IGPS (SsIGPS), which

is a monofunctional enzyme, has an even lower Ky value of 0.05 uM [24].

The k.o found for MIGPS was 0.16 + 0.008 s'l, the lower value determined for IGPS as
compared with the values for the enzymes from E. coli (3.6 s™) [23], and S. solfataricus (0.98 s™ at
60 °C, the SsIGPS optimum temperature, 0.03 s'at 37 °C) [24]. In addition, the MtIGPS k../Km
value of 2.9 x 10° M s is significantly smaller than those for EcIGPS (3.0 x10° M s™") and
SsIGPS enzymes (19.6 x 10° M s™ at 60 °C and 6.0 x 10° M' s at 37 °C).

Temperature effects - The temperature dependence of k., was evaluated, and fitting data to
equation 3 yielded an activation energy value of 8.4 kcal mol™. Also, the linearity of the Arrhenius

plot demonstrated that there was no change in the rate-limiting step in the temperature range

employed (15-35°C) (Fig. 5).
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Solvent kinetic isotope effects and proton inventory - In order to probe for the rate limiting

nature of proton transfer in the MIGPS-catalyzed reaction, solvent kinetic isotope effect analysis
was carried out (Fig. 6). The DZOV/KCdRp = 1.1 £0.1 is insignificant within experimental error, while

the value of D2OVCdRp = 1.6 £ 0.1 is significant, though small. The apparent classical limit for
primary deuterium kinetic isotope effects on the maximal velocity is around 8, although, in a less
rigorous practice, values as low as 2 have sometimes been accepted as evidence of a rate-

determining step. The value obtained here suggestes that any proton transfer occurring in the
reaction course is only modestly rate-limiting, since the DZOVCdRp is smaller than 2 [15]. In addition,

once D2OV/KCdRP is unit, any modestly rate-limiting protonation must be reporting on steps that
follow MtGPS-CdRP complex formation, which include the chemical steps, possible
isomerizations, and product release. To gather information on the number of protons giving rise to
the observed solvent isotope effetct, a proton inventory on the maximum velocity was performed.
The linear shape of the plot (Fig. 6) indicates that only one proton transfer accounts for the observed
P2%Veare.

The small solvent kinetic isotope effect observed here is in agreement with a proposed
mechanism for the IGPS reaction [17], which requires aromaticity loss in one of the chemical steps,
thought to be more rate limiting than a single proton transfer, not to mention the possible isotope-
independent steps such as enzyme conformational changes and product release. Furthermore, it
should be pointed out that the observed solvent isotope effect may have contributions from
additional secondary isotope effects, since hydrogens may be replaced by deuterons in acidic
positions of CdRP [14].

pH-Rate profiles - To probe for the role of general acid/base catalysis in the MtIGPS

catalyzed reaction, we investigated the pH-dependence of k., and kc./Kym in the pH range of 5.5 -
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8.5. Both pH-dependent parameters displayed a similar profile, with a decrease at the acidic limb
(Fig. 7). Fitting the data to eq 4 yielded an apparent pK, of 6.0 + 0.3 for k., (Fig. 7a) and 6.8 = 0.6
for kca/Km (Fig. 7b), with a slope of 1 for both curves indicating that a single group in each profile
needs to be deprotonated in order to render the enzyme with full activity and binding capacities. The
close apparent pK, values suggest that the same group may have been reported in both profiles.
Nonetheless, the apparent pK, found for the k./Ky profile is close to the value expected for the
phosphate moiety of CdRP [25]. It is unlikely that the apparent pK, found in the k., profile be
reporting on the deprotonation of the phosphate moiety of the substrate, since the phosphate group of
CdRP is not thought to play any role in the chemical mechanism of this reaction [17, 26].

Mutagenesis studies [27] carried out with EcIGPS identified amino acid residues essential for
catalysis, and crystal structure determination of EcIGPS and SsIGPS [16, 17] identified the residues
positioned to contact CdRP. One of these residues is Glu163 [27], which is also conserved in SsIGPS
(Glu159) and MfIGPS (Glul68). The deprotonated side chain of this glutamate residue has been
proposed to act as a general base in SsIGPS both for CdRP binding and its conversion to IGP [17].
According to Argyrou and Blanchard [28], the presence of some groups, such as carboxylate groups,
in close proximity may result in an increase of their pK, values. Thus, even though the calculated
apparent pK, value found in the k., profile (6.0) do not lie in the normal range for ionization of
glutamic acids in the active sites of many enzymes [29], it is tempting to suggest that the pH-rate
profiles presented here might be reflecting the ionization of Glul68 in M:IGPS. Still, more
experiments are required to unambiguously assign which amino acid plays the general base role in
the MtIGPS catalyzed reaction.

A model is proposed to describe a kinetic sequence for MtIGPS (Fig. 8), based on both
experimental data presented here and theoretical assumptions by Cook and Cleland [14], with K} =

1.65 x 107 M, representing the acid dissociation constant for E-H, and k;CdRP and k3 representing
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the pH-dependent association and catalytic rates, respectively, where k; = 2.9 x 10° M s and ks =
0.16 s™" for MfAIGPS in the steady-state conditions employed here.

Summary - In the present work, we described a more efficient chemical synthesis of CdRP, as
well as its spectroscopic and spectrometric characterization. Also, a model for ESIPT was proposed
to explain the pH-dependent fluorescence behavior of CdRP. Ky and k., values were determined for
M1GPS, and its substrate specificity was calculated. Solvent kinetic isotope effects and proton
inventory suggested that transfer of a single proton is modestly rate limiting. Accordingly, other
chemical steps, possible conformational changes or product release must account for the energy
barrier of 8.4 kcal mol™ determined by the Arrhenius plot. In addition, the existence of acid-base
catalysis was probed by pH-rate profiles on MtIGPS k., and k.,/Ky, which suggested Glul68 as a
general base that must be deprotonated for binding and catalysis. A model to describe a steady-state
kinetic sequence for MfAGPS was presented. These results are expected to contribute to the
understanding of the role of the tryptophan biosynthesis pathway in the metabolism and biology of

M. tuberculosis.
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Figure legends

Fig. 1. Mtb1GPS-catalyzed reaction
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Fig. 2. Tautomerization of CdRP.

Fig. 3. pH-dependent fluorescence of CdRP. (A) CdRP was solubilized in water from pH 1.0-3.5.
(B) CdRP was solubilized in water from pH 4.0-7.5. All samples had 480 uM of CdRP and were

excited at 350 nm.

Fig. 4. Proposed ESIPT mechanism for CdRP.

Fig. 5. Temperature-dependence of log k.. Varying concentrations of CdRP were employed to

determine k., at each temperature. The line is a fit to equation 3.

Fig. 6. : Solvent isotope effects for MtIGPS. Reaction mix contained either O (®) or 87 (m) atom %

D;O0. Inset represents the proton inventory measured with CdRP at saturating concentrations.

Fig. 7. Dependence of kinetic parameters on pH. (A) pH-dependence of log k... (B) pH-dependence

of log kea/Knm; both lines are fits to equation 4.

Fig. 8. Proposed kinetic sequence for M{IGPS

! Abbreviations: TB, tuberculosis; MDR-TB, multi-drug resistant tuberculosis; MtIGPS, indole-3-
glycerol phosphate synthase from Mycobacterium tuberculosis H37Rv; CdRP, 1-(o-
carboxyphenylamino)-1-deoxyribulose 5-phosphate; IGP, indole-3-glycerol phosphate; AA,

anthranilic acid; R5P, Ribose-5-phosphate; EcIGPS, E.coli IGPS; SsIGPS, Sulfolobus solfataricus
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IGPS; ESI-MS, electronspray-ionization mass spectrometry; ESIPT, excited-state intramolecular

proton transfer; NMR, nuclear magnetic resonance.
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Tryptophan biosynthesis: mechanism of indole ring closure promoted by indole-3-glycerol
phosphate synthase (IGPS) enzyme

Clarissa M. Czekster, Alexandre A. M. Lapis,**" Gustavo H. M. F. Souza,” Marcos N. Eberlin, Luiz A. Basso,"
*

Didgenes S. Santos,” Jairton Dupont” and Brenno A. D. Neto®

* Centro de Pesquisas em Biotecnologia Molecular e Funcional, Tecnopuc — Pharmacy Department and Pés-graduagdo em Medicina (Farmacologia

Bioquimica e Molecular) PUCRS - Porto Alegre, RS, Brazil, b Laboratory of Molecular Catalysis, [Q-UFRGS — Porto Alegre, RS, Brazil © ThoMSon
Mass Spectrometry Laboratory, IQ-UNICAMP — Campinas, SP, Brazil.

Summary. An enzymatic reaction mechanism has been monitored by on-line direct infusion electrospray ionization
(tandem) mass spectrometry. Using this fast and sensitive technique, a key and transient intermediate of Mycobacterium
tuberculosis indole-3-glycerol phosphate synthase (IGPS)-catalyzed reaction has been trapped. The reaction catalyzed by
indole-3-glycerol phosphate synthase is part of the tryptophan biosynthetic pathway, and is not present in mammals,
including humans. This peculiarity renders this enzyme a potential target for the development of biospecific agents with

potential anti-TB activity. Besides, the results indicate the presence of two intermediates instead of one.

Keywords. IGPS, tryptophan, biosynthesis, enzyme, ESI

Introduction
Tuberculosis (TB), caused by Mycobacterium tuberculosis, is the most lethal disease caused by a
bacterium, being a major threat to human health worldwide." Actually, is the most lethal pathogen
among all bacteria.” This bacillus leads to near two million deaths and over eight million cases of
tuberculosis per year.™ The only current administered vaccine, BCG, is unable to reduce the
transmission of TB and the protection conferred is in many cases ineffective.” TB chemotherapy is
also long-term and has several side-effects.” The understanding of M. tuberculosis key metabolism
by assessing the kinetic and chemical mechanism of specific enzymatic reactions is therefore
important to decipher the mechanisms of virulence and resistance of TB, and to develop new rational
vii

strategies to kill or halt the bacillus.” Enzymes involved in the biosynthetic pathways of the

bacillus, those not used by mammals and whose function is relevant for the pathogen’s life or for
their ability to cause disease, may be excellent targets to new anti-TB agents."™"

The tryptophan biosynthetic pathway was shown to be essential to the virulence of the pathogen.iii
The current work investigates the mechanism of the reaction catalyzed by indole-3-glycerol

phosphate synthase (IGPS), the fifth committed step in the biosynthesis of tryptophan in M.

* Corresponding author. Tel.: 55 51 3320 3512; fax: 55 51 3320 3612; e-mail: brenno.ipi@gmail.com or brenno.neto@pucrs.br.



tuberculosis. 1GPS is absent in mammals, including humans; hence, this enzyme constitutes a
potential target to develop new agents against M. tuberculosis.
In the biotransformation, the ring closure promoted by IGPS involves an intramolecular enamine-

like nucleophilic addition to the keto form of 1 (Scheme 1) leading to the IGP product 2.

HO._O on OH oH
: 0-P-0
o p o IGPS \
I
H 2
enamine cyclization T/‘ H,O
Ho,c OHOM co OHOH
O- P O
OH J’
\H Int 1 Int 2

Scheme 1. Proposed biotransformation catalyzed by IGPS enzyme during indole ring formation.

Parry™ has proposed that the reaction proceeds via two logical intermediates (Intl and Int2). Bruice
et al. have studied this biotransformation using molecular dynamics calculations.” Fersht and co-
workers used the knowledge available for the biotransformation to mimic evolution strategy using
the most common fold in enzymes in order to evolve phosphoribosylanthranilate isomerase activity
from the scaffold of IGPS.* The cost to form Intl is loss of aromaticity, which is further restored
when Int2 is formed by CO, loss. All reactants, products and proposed intermediates are
considerably polar, which renders this reaction suitable for electrospray ionization (tandem) mass
spectrometry investigation. Although ESI-MS(/MS) has been successfully used to intercept and
characterize key intermediates of major chemical reactions,” "its use to study enzymatic reaction
mechanism and their transient intermediates has not yet been demonstrated.”" Therefore, the
current manuscript describes the use of ESI-MS(/MS) monitoring a major enzymatic

biotransformation.

Discussion
First, the biotransformation of reactant 1 to the IGP product 2 (indole-3-glycerol-phosphate) was
followed by UV-vis (Figure 1).
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Figure 1. (A) UV-vis of the reaction of 1 leading to 2 catalyzed by IGPS enzyme over a period of 20 min. (B) Reaction

rate for the formation of 2 (bottom) and consumption of 1 (top) after appropriate treatment.

Figure 1A shows that the absorption band at 335 nm decreases during the enzymatic experiment.
This band corresponds to the lowest energy absorption of 1 was assigned to n-w* (and/or m-7t*)
transition by virtue of their molar extinction coefficient (¢ = 3.28). Concomitant with the reduction
of the 335 nm band, a new band at 280 nm is detected at increasing intensity. This 280 nm band has
been assigned to 2.*" After the appropriated deconvolution of both Gaussians bands at 335 nm and
280 nm, the IGPS-catalyzed reaction evolution profile was obtained (Figure 1B). In the first minute
(Figure 1B, top), a single exponential decay of the enzyme substrate 1 is observed (rate: A = A0 + "
x/t)) but no absorbance owing to 2 is noted (Figure 1B, bottom). After the first minute, however, a
single exponential growth is noted for the absorbance of 2. The lack of absorbance owing to 2 and
the decrease of absorbance owing to 1 points firmly to the participation of a transient reaction
intermediate (or intermediates) connecting 1 to 2. Since 1 losses its aromaticity to form Intl, its
formation could hardly be studied by UV-vis, especially because the absorption bands would suffer
blue shift as a consequence of lack of conjugation in benzene ring. Diode array analysis would be the
natural course, though compound 1 was not light sensitive. In fact, molecule 1 is a very unstable
substrate™ and must be used freshly synthesized to allow trustable analysis.

In order to overcome all drawbacks associated with both substrate and enzyme, mass spectrometry
was our hope, especially because UV analysis could just provide us with the idea of intermediate(s)

participation(s). To guide ESI-MS monitoring, we first characterized the protonated enzyme



substrate 1 (pure and fresh synthesized compound)™’ via ESI-MS/MS from an aqueous HCI solution
at pH 5 (Figure 2).

350
OH. o}
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N. A 0—T=0-H
[é/ o OH‘|
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“HO | ~——
216
198 234
]
2
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Hz0 -CO, H,0
132 - HaPO; -
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Figure 2. ESI(+)-MS/MS of the protonated and pure fresh synthesized IGPS substrate [1+H]*. Selected ion of m/z = 350
from ESI(+)-MS experiment.

The tandem mass spectrum of [1+H]" shows that the gaseous protonated molecule dissociates by
sequential loses of H,O (m/z 332), H3PO4 (m/z 234), H,O (m/z 216) and a second H,O (m/z 198)
whereas the fragment of m/z 216 loses in turn CO, to form the ion of m/z 172. A fragment of m/z 150
attributed to [HO,C-Ph-NHCH,]" is also formed, which loses H,O to form the fragment of m/z 132.

ESI(+)-MS monitoring of the chemically mimicked intramolecular cyclization process of 1 to 2 was
then performed (Figure 3). The online monitoring shows that the reaction occurs rapidly at pH 1
(HCI addition), allowing us to try to intercept and characterize by ESI-MS the chemically promoted
Intl (Figure 3, B), despite severe degradation that was observed at this drastic condition. Above pH

1, the acid promoted reaction fails to occur or was too slow to be monitored on-line by ESI-MS.
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Figure 3. ESI(+)-MS of the chemically mimicked intramolecular cyclization process.

As labeled, the ESI-MS of the chemically mimicked reaction displays ions attributable to all four
major reaction species. Note that Int2 (Figure 3, C) was detected as a very minor ion of m/z 306,
and its ESI-MS/MS could therefore not be acquired, but such intermediate has been studied and
characterized using different techniques.* It is worth noting that the ESI-MS/MS of 1 (Figure 3, A)
gave the same fragmentation pattern as previously obtained at pH 5. Plus, additional signals could be
noted and were attributed to Intl, which is an isomers of the same m/z 350.

In the presence of IGPS catalyst, nevertheless, the biotransformation proceeds fairly rapid at pH 6
and, during the first minute of reaction, the ESI-MS/MS of the ion of m/z 350 was collected (Figure
4). This ion could be either [1+H]" or the protonated Intl, or both, since they are isomers of the
same m/z 350. We knew from the chemically promoted reaction, however, that their different
structures would lead to distinct dissociation behaviors. The difference observed in the chemical
simulation and the biotransformation was the relative intensity of the signals, but the observed
fragmentation pattern is quiet similar. As pointed out before, Intl formation could hardly be studied
by UV-vis. Nevertheless, its positive charge would allow for an on-line characterization by ESI-
MS/MS to probe that in fact Intl, formed during the enzymatic biotransformation, can be structural

characterized, despite the polarity of the molecules can turn the analyses more difficult.
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Figure 4. ESI(+)-MS/MS of Intl during the enzymatic biotransformation promoted by IGPS enzyme at pH 6. Note that

at this pH value no chemically mimicked intramolecular cyclization process take place.

Figure 4 shows the same set of fragments detected for [1+H]", that is, those of m/z 332, 234, 216,
198 (as seen in Figure 2), but new fragment ions that are now predominate, mainly those of m/z 333,
332, 255, 177 and 149. The chemically mimicked reaction showed the same predominant ions. This
drastic change in ESI-MS/MS shows that a new isomeric species is now without doubt present in the
reaction solution; that is, that 1 has been biotransformed, in the presence of IGPS enzyme (at pH 6),
to an isomeric intermediate, most likely Intl. Other important aspect is the detection of substrate 1
now at pH 6, which indicates that the enzyme environment allows easy protonation and further
detection.

The very contrasting set of fragment ions shows that a new isomeric species has been trapped. A lot
of effort trying to rationalize main fragments, particularly that of m/z 255, were performed and we
could not find a reasonable explanation for this intractable ion. It might be a component of the
enzyme preparation or reaction mixture component, however it remains elusive. A complete
rationalization of the fragmentation chemistry of these species was not straightforward, but some key
and very important fragment ions such as those of m/z 177 and 149 clearly show the presence of the
new formed indole ring (Scheme 2). The presence of the indole ring is a very consistence evidence
of Intl formation during the biotransformation. The ion of m/z 333 is not present in ESI-MS/MS of
compound 1 (Figure 2), likewise NHj loss is most likely in Int1.
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Scheme 2. Major fragments of the trapped isomeric specie of m/z 350 during the biotransformation promoted by IGPS.

Note the presence of the indole ring fragment in Figure 4.

In summary, the drastic fragmentation change observed for the protonated molecules of m/z 350 in
the enzymatic experiment points firmly to the on-line interception of the putative enzymatic
intermediate Intl or another unknown isomeric species that contains an indole ring. This evidence
indicates that the enzymatic biotransformation occurs indeed via a two step mechanism as proposed
herein (Scheme 1). For the first time, therefore, a key information for the mechanism of a major
enzymatic bioreaction has been provided by on-line ESI-MS(/MS) monitoring. As exemplified
herein, for anti-TB agents, the use of this fast and sensitive technique opens up a new avenue for
investigating the mechanism of enzymes biotransformations and hence for the more rational design
of new agents with higher biospecificity. Due to our interest in mass spectrometry™"" and biological
systems,XViii further studies aiming the elucidation of the kinetic and mechanism of the IGPS

biocatalysis are underway.

Materials and Methods

ESI mass and tandem mass spectra in positive ion modes were acquired using a Micromass
(Manchester — UK) QTof instrument of ESI-QqTof configuration with 7.000 mass resolving power
in the TOF mass analyzer. The following typical operating conditions were used: 3kV capillary
voltage, 20 V cone voltage, dessolvation gas temperature of 100 °C. UV—-vis absorption spectra were

taken on a Shimadzu Model UV-1601PC.
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Discussao

Os resultados discutidos a seguir sao relativos ao Capitulo |, que tem o titulo
“Kinetic characterization of indole-3-glycerol phosphate synthase from Mycobacterium
tuberculosis”, que trata principalmente da caracterizagao cinética da enzima IGPS e de seu

substrato, o composto CdRP.

Sintese e caracterizacao do CdRP

Conforme descrito na introdugdo, um outro grupo de pesquisa realizou uma breve
caracterizacdo da enzima em questdo (Yang et. al, 2006), utilizando o composto CdRP
sem prévia purificagdo. Desejando obter dados cinéticos com uma amostra mais estavel e
pura do substrato da enzima, iniciamos nosso trabalho pela sintese e purificagdo do
substrato. Para tanto, analisamos os protocolos de sintese organica ja publicados para
este composto e fizemos uma nova combinagédo de procedimentos. Assim, a reagdo entre
acido antranilico e ribose-5-fosfato utilizou o minimo de agua possivel, e o restante do
meio reacional foi composto de isopropanol. Apds resfriar a reacédo a 4 °C, o CdRP foi
isolado em uma fase mais densa, que foi lavada com diferentes solventes para retirar
possiveis contaminantes do meio reacional. Esta fracdo, ap6s a lavagem, foi precipitada
com acetato de bario ja que, conforme descrito por Doy (1966), o sal de bario de CdRP
possui uma estabilidade bastante elevada. Nossas andlises espectrofotométricas do sal de
bario de CdRP demonstraram que o composto apresenta uma estabilidade adequada para
a realizacdo de ensaios enzimaticos, posto que apds trés horas em solugcdo nao foi

identificada uma decomposicgao significativa do CdRP.
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Apb6s a obtencdo de um sal estavel do composto, realizamos sua caracterizacao
espectroscopica e espectrométrica. Utilizando o CdRP em po, analisamos seu espectro de
infravermelho, podendo concluir que o tautdmero mais estavel nestas condigdes € o enol

(FIGURA 3).

HO (o) HO (o)

CETO ENOL

Figura 3: Tautdbmeros do composto CdRP.

Para que pudéssemos obter o espectro de 1TH RMN do CdRP, foi necessario torna-
lo um sal de sédio, que possui uma solubilidade significativamente maior do que a do sal
de bario, pois era necessario obter uma solugédo bastante concentrada de CdRP em D,0.
O espectro obtido também demonstrou que a forma tautomérica predominante em solugao
€ o enol, evidenciado pela auséncia de picos caracteristicos de hidrogénios proximos a
cetonas.

A maior estabilidade do enol j& era esperada, tendo em vista que esta forma possui
uma deslocalizacdo eletrobnica mais elevada, o que Ihe confere maior estabilidade. No
enol, temos um sistema n estendido mais significativo do que no tautdmero ceto, pois o
sistema de elétrons do benzeno estd em ressonancia com o par de elétrons nao-ligantes
do nitrogénio e com a ligacdo dupla C=C do enol. Na forma ceto, no entanto, sé estao

deslocalizados os elétrons do benzeno (Vollhardt e Schore, 2005).
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A analise espectrométrica utilizando espectrometria de massas em tandem com
ionizacao por spray de elétrons (electrospray ionization tandem mass), em pH 5 (ajustado
com HCI) demonstrou que [CdRP-H]* possui um peso molecular de 350.0796, de acordo
com a massa molécula prevista de 349.0563 do CdRP, com um padrao de fragmentacoes
caracteristicas.

Com a realizacao da titulagéo acido-base do CdRP, identificamos um pK, préximo a
6.4, que pode ser atribuido a um dos hidrogénios do grupamento fosfato do CdRP
(Petrucci e Harwood, 1993).

Para expandir o conhecimento disponivel sobre o substrato da IGPS, realizamos
experimentos de espectrofluorimetria. Nossos resultados indicam que o CdRP possui uma
fluorescéncia dependente do pH (Figura 1, artigo). Esta fluorescéncia foi atribuida a
transferéncia de prétons no estado excitado, ESIPT (excited state intramolecular proton
transfer) apresentada pela molécula em pH abaixo de 4.0. Quando o ESIPT ocorre, a
molécula no estado fundamental (Eo), absorve energia, gerando o primeiro estado excitado
(E4). E4, por sua vez, sofre o ESIPT gerando o segundo estado excitado (E»), que emite
fluorescéncia. E, sofre uma tautomerizacao e regenera E4, para que o processo possa se
repetir.

Em pH mais basicos do que 3.5, a ponte de hidrogénio intramolecular existente
entre a carboxila e o hidrogénio da amina secundaria deixa de existir, de modo que o
ESIPT ndo mais ocorre (Eo*). A ndo ocorréncia do ESIPT explica a alteragdo na
intensidade e comprimento de onda de emissdo maximo da molécula. O esquema 1
apresenta uma proposi¢cao de como o ESIPT pode afetar a emissao de fluorescéncia do

CdRP.
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Esquema 1: Mecanismo do ESIPT sofrido por CdRP. Ey, estado fundamental; E4, primeiro

estado excitado; E», segundo estado excitado; Eo* molécula no estado fundamental que

nao pode sofrer ESIPT.
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Purificacao e caracterizacao biofisica da enzima

O protocolo de purificagdo utilizado aqui difere daquele ja publicado para esta
enzima (Yang et. al, 2006), e a diferenca de rendimento pode ser atribuida a auséncia de
cauda de histidina no presente estudo. A enzima purificada foi submetida ao
seqlienciamento N-terminal, que demonstrou a identidade da proteina além de mostrar
gue a metionina inicial ndo havia sido removida.

A analise do estado oligomérico indicou que a MGPS € um monémero em solucéo,
nas condi¢cdes empregadas, de forma analoga a todas as demais IGPS caracterizadas até

a data.

Parametros cinéticos

O valor de Ky encontrado neste trabalho (55 uM) difere consideravelmente daquele
disponivel na literatura (500 uM; Yang et. al, 2006), possivelmente devido ao fato de que,
naquele estudo, o substrato da enzima foi utilizado sem prévia purificacdo e contaminantes
presentes podem ter superextimado o valor do Ky.

O kcat encontrado aqui também é menor do que o das outras enzimas
caracterizadas até entdo; a constante de especificidade da MHGPS também foi menor em
comparagao a outras IGPS mostrando que a MlGPS é menos especifica para o substrato

CdRP do que estas enzimas.

Efeitos de temperatura

Para determinar a energia de ativacdo da reacdo catalisada pela MHGPS,

determinamos a dependéncia do kg, em diferentes temperaturas. Apds a elaboracao de
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um grafico de Arrhenius (Figura 2 do artigo), foi possivel calcular uma energia de ativacao
de 8.4 kcal.mol™ e verificar que ndo houve mudancga de etapa lenta da reacéo na faixa de

temperatura investigada.

Efeitos isotopicos cinéticos de solvente e inventario de prétons

Para verificar se alguma etapa de transferéncia de prétons € limitante para a
velocidade, estudos de efeitos isotopicos de solvente foram realizados. O inventario de
prétons determinou quantos prétons estavam originando o efeito isotopico encontrado.
Com estes estudos, verificamos que a transferéncia de um Unico préton do solvente é
modestamente limitante nas etapas que se seguem a formagdo do complexo MHGPS-
CdRP, que incluem a etapa quimica, possiveis isomerizacbes e liberacdo dos produtos

(Figura 3 do artigo).

Perfis de pH

Desejando investigar a presenca de catélise 4cido-base na reacao catalisada pela
IGPS, analisamos os perfis de pH para a constante catalitica (kca) € para a constante de
especificidade (kca’Knm). Nossos resultados indicam que um Unico residuo deve estar
desprotonado tanto para que a formacdao do complexo CdRP-IGPS (pKa, encontrado no
perfil de kea/Ky, Figura 4B do artigo), quanto para que a reacao ocorra (pK, encontrado
perfil de kca, Figura 4A do artigo). Como os pK, aparentes encontrados em ambos 0s
perfis sdo bastante proximos, nés sugerimos que eles sejam relativos ao mesmo residuo
de aminoacido da enzima.

Apesar do CdRP possuir um pK, préximo ao encontrado por nés (6.4) para seu

grupamento fosfato, € bastante improvavel que nossos perfis de pH sejam relativos a
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desprotonagédo do CdRP. Esta concluséo pode ser tirada se analisarmos o perfil de pH na
constante catalitica, que reflete os eventos que ocorrem apds a formagdo do complexo
binario, até a primeira etapa irreversivel (que pode ou ndo ser a liberagdo do produto,
IGP). Os trabalhos até hoje descritos sobre a reagcdo catalisada por esta enzima
corroboram esta conclusdo, pois ndo fazem nenhuma mengdo de que o grupamento
fosfato possua qualquer importancia catalitica. Assim, podemos concluir que um
grupamento da enzima deva estar desprotonado para que a enzima possua total atividade
e capacidade de ligagao.

Reunindo os dados obtidos aqui com informagdes da literatura (Darimont et.al,
1998; Hennig et.al, 2002), sugerimos que o residuo de aminoacido que deva estar
desprotonado para que a enzima possua total atividade e capacidade de ligagdo possa ser
o Glu168 da MHGPS, ja que em outros trabalhos este residuo foi apontado como agindo
como uma base geral, necessitando estar desprotonado tanto para a ligagdo do CdRP
guanto para a ocorréncia de catalise.

Propomos uma sequéncia cinética (Esquema 2) baseada nos dados experimentais

apresentados aqui e em proposicoes tedricas de Cook e Cleland (2007).

H/K, k; CARP ks
E E-CARP ————>

E-H

ky
Esquema 2: Modelo proposto para descrever uma seqliéncia cinética plausivel para
MHGPS, onde K1 = 1.65 x 10”7 M, representa a constante de dissociacdo 4cida para EH, e

kiCdRP e ks representam as taxas de associacdo e dissociacdo dependentes do pH,

respectivamente.
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Os resultados discutidos a seguir sao relativos ao Capitulo Il, que tem o titulo “The
Catalytic Mechanism of Indole-3-Glycerol Phosphate Synthase (IGPS) Investigated by
Electrospray lonization (Tandem) Mass Spectrometry”, que trata da identificagdo de um

intermediario na reacao catalisada pela MtiGPS.

Mecanismo quimico da IGPS

Os trabalhos cinéticos experimentais disponiveis sobre a reagdo catalisada pela IGPS
foram realizados em E. coli. Valendo-se de dados estruturais, um mecanismo catalitico foi
proposto para a IGPS de Sulfolobus solfataricus (Hennig et.al, 2002; Parry, 1972)
propondo a existéncia de dois intermediarios no mecanismo quimico da reacao (FIGURA 4
A). Um estudo in silico sugeriu a presenca de apenas um intermediario para a reacao
(Mazumder-Shivakumar, Kahn e Bruice, 2004; FIGURA 4 B), de modo que estabeleceu-se

um impasse sobre a natureza dos intermediarios.

CdRP
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O\/O

OH
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|
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| H

H
Intermediario 1

Co, R
H
N
H H

Intermediario 2

Intermediario 2

H,0

—

R
H,0 i: /
N
H
IGP

Figura 4: Intermediarios propostos para a reacao catalisada pela IGPS. (A) Conforme
proposto por Hennig et.al (2002), a reacao passa por dois intermediarios, sendo que para

R

IGP

OH

R= )\(\OP%

OH
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a formacao do intermediario 1 é necessaria a perda da aromaticidade da molécula
(Intermediario 1), que é restituida com a saida do CO,. Porém, de acordo com Mazumder-
Shivakumar e Bruice (B), as etapas que antecedem a perda do CO» ocorrem de forma
concertada, originando apenas o Intermediario 2.

Experimentos de espectrofotometria

Quando monitoramos a reagdo catalisada pela MHGPS realizando varreduras
compreendendo a faixa de 230 — 500 nm, no espectrofotdmetro, foi possivel visualizar o
consumo do substrato, CdRP e a formacao do produto da reacao, o IGP (Figura 1A,
artigo). Porém, ao deconvoluirmos os picos, para relacionarmos o quanto de substrato
estava sendo consumido e o quanto de IGP estava sendo formado, notou-se uma
diferenca entre as taxas (Figura 1B, artigo). Enquanto no primeiro minuto de reacédo o
substrato estava sendo consumido a uma velocidade perceptivel, ndo foi observada
formagcdo de produto. Isso nos permite sugerir que, neste intervalo de tempo, alguma
estrutura que ndo o substrato nem o produto estaria se formando, e esta poderia ser
identificada como um intermediario de reacdo. Porém, estes dados espectrofotométricos
sao apenas qualitativos, ou seja, eles indicam a existéncia de um intermediério reacional,
mas nao é possivel inferir nenhuma estrutura a partir desses dados. Para que uma
identificacdo estrutural deste possivel intermediario ocorresse, outra técnica teve de ser

utilizada: a espectrometria de massas.

Determinacao de intermediarios reacionais por espectrometria de massas

Inimeros trabalhos sobre a identificagdo de intermediarios reacionais por

espectrometria de massas estao disponiveis na literatura (Eberlin, 2007). No entanto,
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quando a reacao envolve catélise enzimatica, apenas um trabalho, realizado com a enzima
EPSP sintase foi realizado (Paiva et.al, 1997).

Diversos obstaculos se apresentam quando a presenca de uma enzima faz-se
necessaria. Por exemplo, é necessario que a reacao seja realizada em agua ou em um
tampao volatil, situacdo nem sempre passivel de realizagdo. Além disso, a enzima deve
ser estavel o suficiente para permitir a realizacdo dos ensaios, € nao pode degradar-se
antes de ser injetada no aparelho. Também os intermediarios devem possuir algumas
caracteristicas, como serem carregados e estaveis o suficiente para permitirem sua
identificagao.

Assim, neste trabalho, fizemos uso da técnica de espectrometria de massas para
interceptar um dos intermediarios da reacédo catalisada pela MHGPS. De acordo com
nossa hipotese, se a reacao seguisse o caminho proposto por Hennig et.al (2002, Figura
4A), seria possivel identifcar o intermediario 1, que é carregado e, apesar de possuir a
mesma massa molecular do CdRP, possui padrbes de fragmentagcdo completamente
diferentes, tendo em vista que o intermediario 1 é ciclico e ndo aromatico, o que geraria
fragmentos de m/z diferentes daqueles obtidos para o CdRP.

Observando a Figura 5, € possivel comparar as diferencas entre os espectros
obtidos para o substrato da reacédo (CdRP, A), o produto da reagéo (IGP, B), e o possivel

intermediario identificado (Int 1 C).
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Figura 5: Espectros de ESI-MS/MS obtidos para (A) CdRP, (B) IGP, (C) Intermediario 1.

Tendo obtido estes resultados, foi possivel identificar, na figura 5C, o sinal de m/z =
177, referente a uma fragmentacao bastante caracteristica do Intermediario 1. O esquema
3 indica como as fragmentag¢des observadas tiveram origem, corroborando nossa

conclusao de que ocorreu a formagao do intermediério 1.
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00 \
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-CO, -NH-OH
m/z 333 m/z 332 » m/z 255
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Esquema 3: Seqliéncia de fragmentacdes sofridas pelo Intermediério 1.
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Com a realizagdo deste experimento, foi possivel concluir que a reacao catalisada
pela MHGPS segue o mecanismo quimico proposto por Parry (1972), que envolve a
formacéo do Intermediério 1, identificado no presente trabalho.

Os resultados apresentados e interpretados aqui possibilitaram aumentar o
conhecimento sobre a reacdo catalisada pela MHGPS, seu mecanismo quimico e
catalitico, etapas fundamentais para um entendimento mais amplo a cerca da via de
biossintese do triptofano em M. tuberculosis. Estes resultados também representam um
passo relevante para a compreensdao da biologia deste bacilo e de uma de suas vias

anapleréticas.

34



Referéncias

Boshoff, H.I.M; Barry, C.E. (2005)Tuberculosis — metabolism and respiration in the

absence of growth. Nat Rev Microbiol. 3, 70-80.

Brosch, R.; Gordon, S.V.; Marmiesse; Brodin, P.; Buchrieser, C.; Eigimeier, K.; Garnier, T.;
Gutierrez, C.; Hewinson, G.; Kremer, K.; Parsons, L.M.; Pym, A.S.; Samper, S.; van
Soolingen, D.; Cole, S.T. (2002) A new evolutionary scenario for the Mycobacterium

tuberculosis complex. Proc. Nati. Acad. Sci. USA 99, 3684-89.

Centers for Disease Control. Emergence ofMycobacterium tuberculosis with extensive

resistance to second-line drugs—worldwide, 2000-2004. MMWR 2006; 55: 301-5.

Cole S. T., Brosch R., Parkhill J., Garnier T., Churcher C., Harris D., Gordon S. V.,
Eigimeier K., Gas S., Barry C. E., Tekaia F., Badcock K., Basham D., Brown D.,
Chillingworth T., Connor R., Davies R., Devlin K., Feltwell T., Gentles S., Hamlin N.,
Holroyd S., Hornsby T., Jagels K., Krogh A., McLean J., Moule S., Murphy L., Oliver K.,
Osborne J., Quail M. A., Rajandream M. A., Rogers J., Rutter S., Seeger K., Skelton J.,
Squares R., Squares S., Sulston J. E., Taylor K., Whitehead S., Barrel B. G. (1998)
Deciphering the biology of Mycobacterium tuberculosis from the complete genome

sequence. Nature 393, 537-544

Creighton, T.E., Yanofsky, C. (1966) Indole-3-glycerol phosphate synthetase of Escherichia

coli, an enzyme of the tryptophan operon, J. Biol. Chem. 241, 4616-24.

35



Daniel, T.M. (2006) The history of tuberculosis. Resp. Medicine 100, 1862-1870.

Darimont, B., Stehlin, C., Szadkowski, H., Kirschner, K. (1998) Mutational analysis of the
active site of indoleglycerol phosphate synthase from Escherichia coli, Protein Sci. 7,

1221-32.

Desai, S.A.; Krogstad, D.J.; McCleskey, E.W. (1993) A nutrient-permeable channel on the

intraerythrocytic malaria parasite. Nature 362, 643-6.

Doy, C.H. (1966) Chemical synthesis of the tryptophan path intermediate 1-(o-

carboxyphenylamino)-1-deoxy-D-ribulose 5-phosphate, Nature 211, 736-737.

Eberlin, M.N. (2007) Electrospray ionization mass spectrometry: a major tool to investigate

reaction mechanisms in both solution and the gas phase. E.J.M.S. 13, 19-28.

Gomez, J.E.; McKinney, J.D. (2004) M. tuberculosis persistence, latency, and drug

tolerance. Tuberculosis (Edinb) 84, 29-44.

Gutierrez, M.C.; Brisse, S.; Brosch, R.; Fabre, M.; Omais, B.; Marmiesse, M.; Supply, P.;

Vincent, V. (2005) Ancient Origin and Gene Mosaicism of the Progenitor of

Mycobacterium tuberculosis. PLoS Pathog. 1,e5.

Hennig, M., Darimont, B.D., Jansonius, J.N., Kirschner, K. (2002) The catalytic mechanism

of indole-3-glycerol phosphate synthase: crystal structures of complexes of the enzyme

36



from Sulfolobus solfataricus with substrate analogue, substrate, and product, J. Mol.

Biol. 319, 757-66.

Keep NH, Ward JM, Cohen-Gonsaud M, Henderson B. (2006) Wake up! Peptidoglycan

lysis and bacterial non-growth states. Trends Microbiol. 14:271-6.

Kirschner K, Szadkowski H, Jardetzky TS, Hager V.(1987) Phosphoribosylanthranilate
isomerase-indoleglycerol-phosphate  synthase from Escherichia coli, Methods

Enzymol. 142, 386-397.

Marquet, S.; Schurr, E. (2001) Genetics of susceptibility to infectious diseases: tuberculosis

and leprosy as examples. Drug Metab Dispos 29, 479-83.

Mazumder-Shivakumar, D.; Kahn, K.; Bruice, T.C. (2004) Computational Study of the
Ground State of Thermophilic Indole Glycerol Phosphate Synthase: Structural

Alterations at the Active Site with Temperature. J. Am. Chem. Soc. 126, 5936-37.

Meya, D.B.; McAdam, K.P. (2007) The TB pandemic: an old problem seeking new

solutions. J Intern Med. 261, 309-29.

Mitchison D. A. (1985) The action of antituberculosis drugs in short-course chemotherapy.

Tubercle 66, 219-225.

Myers, J.N. (2007) Miliary, central nervous system, and genitourinary tuberculosis. Dis

Mon. 53, 22-31.

37



Nerlich, A.G.; Haas, C.J.; Zink, A.; Szeimies, U.; Hagedorn, H.G. (1997) Molecular
evidence for tuberculosis in an ancient Egyptian mummy. Lancet 350,1404.

Nicholas H.; Ward, J.M.; Cohen-Gonsaud, M.; Henderson, B. (2006) Wake up!
Peptidoglycan lysis and bacterial non-growth states. TRENDS in Microbiology 14, 271-

6.

Paiva, A.A.; Tilton, R.F. Jr; Crooks, G.P.; Huang, L.Q.; Anderson, K.S. (1997) Detection
and identification of transient enzyme intermediates using rapid mixing, pulsed-flow

electrospray mass spectrometry. Biochemistry. 36, 15472-6.

Parry, R. J. (1972). Biosynthesis of compounds containing an indole nucleus. Em The
Chemistry of Heterocyclic Compounds in Indoles (Houlihan, W. J., ed.), Wiley-

Interscience, New York.

Cook, P.F.; Cleland, W.W. (2007) pH dependence of kinetic parameters and isotope
effects, em Enzyme kinetics and mechanism. Taylor and Francis Group, LLC New

Work.

Petrucci, R.S.; Harwood, W.S. (1993) General Chemistry, 7th Edition, Prentice-Hall,

capitulo 17.

Pittard, A.J. , K.E. Biosynthesis of the Aromatic Amino Acids (1996) em Escherichia coli
and Salmonella typhimurium: Cellular and Molecular Biology, 22 Ed., Neidhardt, F.C.;

Ingraham, J.L. (eds.). American Society for Microbiology, Washington, D.C.

Ralph S. Petrucci and William S. Harwood. (1993) Acids and bases, em General

Chemistry, 7th Edition, Prentice-Hall.

38



Rengarajan, J.; Bloom, B.R.; Rubin, E.J. (2005) Genome-wide requirements for
Mpycobacterium tuberculosis adaptation and survival in macrophages. Proc. Natl. Acad.
Sci. US A. 102, 8327-32.

Salo, W.L.; Aufderheide, A.C.; Buikstrat, J.; Holcomb, T.A. (1994) Identification of
Mycobacterium tuberculosis DNA in a pre-Columbian Peruvian mummy. Proc. Nati.

Acad. Sci. USA 91, 2091-94

Sampson, S.L.; Dascher, C.C.; Sambandamurthy, V.K.; Russell, R.G.; Jacobs, W.R. Jr;
Bloom, B.R.; Hondalus, M.K. (2004) Protection elicited by a double leucine and
pantothenate auxotroph of Mycobacterium tuberculosis in guinea pigs. Infect Immun.

72, 3031-7.

Smith, D.A., Parish, T., Stoker, N.G., Bancroft, G.J. (2001) Characterization of auxotrophic
mutants of Mycobacterium tuberculosis and their potential as vaccine candidates, Infect

Immun. 69, 1142-50.
Smith, O.H., Yanofsky, C. (1960) 1-(ortho-(carboxyphenylamino)-1- deoxyribulose 5-
phosphate, a new intermediate in the biosynthesis of tryptophan, J. Biol. Chem. 235,

2051-57.

Smith, O.H.; Yanofsky, C. (1962) Enzymes involved in the biosynthesis of tryptophan,

Methods Enzymol. 5, 794-806.

39



Vollhardt, K.P.C.; Neil E. Schore, N.E. (2005) Delocalized Pi systems, em Organic

Chemistry: Structure And Function. W. H. Freeman & Co.

Yang Y., Zhang, M., Zhang, H., Lei, J., Jin, R., Xu, S., Bao, J., Zhang, L., Wang, H. (2006)
Purification and characterization of Mycobacterium tuberculosis indole-3-glycerol

phosphate synthase, Biochemistry (Mosc) 71, 38-43.

40



