
 
UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL 

PROGRAMA DE PÓS-GRADUAÇÃO EM CIÊNCIAS BIOLÓGICAS: 
BIOQUÍMICA 

 

 

 

 

Chiquimato Desidrogenase de Mycobacterium 

tuberculosis: mecanismos cinético e químico da enzima 
recombinante 

 

 
Isabel Osorio da Fonseca 

 

Orientador: Prof. Dr. Luiz Augusto Basso 
 

 

 

Tese apresentada ao Programa de Pós-Graduação em Ciências 

Biológicas: Bioquímica da Universidade Federal do Rio Grande do Sul 

como pré-requisito para obtenção do grau de Doutor. 

 

 

Porto Alegre, agosto de 2006. 

 



Esta tese foi julgada e aprovada para a obtenção do grau de 
doutor em Ciências Biológicas: Bioquímica pelo orientador e pela 
comissão examinadora no programa de Pós – Graduação em 
Ciências Biológicas: Bioquímica. 
 
Orientador:  
 

Prof. Dr. Luiz Augusto Basso 
Faculdade de Biociências 

Pontifícia Universidade Católica do Rio Grande do Sul 

 
Comissão Examinadora: 
 

Dr. Carlos Alberto Saraiva Gonçalves 
Membro do Programa de Pós-Graduação em Ciências Biológicas: 

Bioquímica 

Universidade Federal do Rio Grande do Sul 

 
Dr. Arthur Germano Fett-Neto 

Membro do Programa de Pós-Graduação em Biologia Celular e 

Molecular 

Universidade Federal do Rio Grande do Sul 

 
Dr. Walter Filgueira de Azevedo Jr. 

Departamento de Ciências Fisiológicas da Faculdade de Biociências 

Pontifícia Universidade Católica do Rio Grande do Sul 

 

 ii



 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Este trabalho foi realizado no Centro de Pesquisas em Biologia 
Molecular e Funcional, Instituto de Pesquisas Biomédicas, 
TECNOPUC, Pontifícia Universidade Católica do Rio Grande do Sul, 
sob orientação do Prof. Dr. Luiz Augusto Basso. 

 iii



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Este trabalho é dedicado... 
 

ao meu marido, Kiko, por todo o amor, compreensão, força, 
carinho e apoio incondicional. 
ao meu filho, Jota, pela compreensão, carinho, paciência e apoio 
que me deram forças para vencer mais essa etapa. 
 
A eles, meu MMMUUUUIIIIITTTTOOOO OBRIGADO por me 
amarem e estarem ao meu lado... 

 iv



Agradecimentos 

 
Ao meu orientador Dr. Luiz Augusto Basso, pelos ensinamentos, pela 

confiança... sinceramente... MUITO OBRIGADO!!! 

 

Ao Dr. Diógenes Santiago Santos, pela oportunidade, pela confiança, pelos 

ensinamentos, pelo exemplo... MUITO OBRIGADO POR TUDO!!! 

 

Ao meu colega Rafael pela enorme força para o desenho dos experimentos, 

análise dos resultados, por todos os ensinamentos... MMUUIIITTTTOOOOO 

OBRIGADO!!! 

 

A colega Cláudia pelos ensinamentos em bioinformática... MUITO OBRIGADA!!! 

 

Aos meus pais pela força, pelo exemplo, pelo amor, por acreditarem em mim... 

AMO MMUUIIITTTTOOOOO VOCÊS!!! 

 

Aos meus colegas, Cristopher, Clarissa, Jotinha, Bruna, Raquel, Zé, Fer, 
Isabelinha... pela amizade, pelas contribuições, pelo apoio, pelas brincadeiras, 

pelas conversas... que tornaram ainda mais agradáveis meus dias... MUITO 

OBRIGADO!!! 

 

À Clotilde, Renilda e Gleci pela dedicação zelando sempre a manutenção e 

funcionamento do laboratório... MUITO OBRIGADO!!! 

 

Ao Programa de Pós-Graduação em Ciências Biológicas: Bioquímica da 

Universidade Federal do Rio Grande do Sul pela oportunidade que me foi dada. 

 

À CAPES pelo apoio financeiro que me auxiliou nesse período. 

 

 v



Índice 

Parte I             1 

Resumo            2 

Abstract             3 
Lista de Abreviaturas          4 

Introdução           5 
  Tuberculose           5 

  Via do Chiquimato e Chiquimato desidrogenase   11 
Objetivo          19 

Parte II           21 

Capítulo I:          22 
Functional shikimate dehydrogenase from Mycobacterium tuberculosis 

H37Rv: purification and characterization.      

Capítulo II:         23 

Shikimate Dehydrogenase from Mycobacterium tuberculosis H37Rv: 

Kinetic and Chemical Mechanisms. 

  

Parte III           24 
Discussão 
Capítulo I:          25 
Functional shikimate dehydrogenase from Mycobacterium tuberculosis 

H37Rv: purification and characterization.    

Capítulo II:         35 

Shikimate Dehydrogenase from Mycobacterium tuberculosis H37Rv: 

Kinetic and Chemical Mechanisms. 

Conclusão         50 
Referências         51 

 

 vi



Anexos 
 

Anexo I           55 
1. AZEVEDO, WF; SILVA, RG; FONSECA, IO; RENARD, G; BASSO, LA; 

SANTOS, DS. (2003) Docking and small angle X-ray scattering studies of 
purine nucleoside phosphorylase. Biochemical and Biophysical Research 

Communications 309, 928-933.  

Anexo II           56 
2. POLETTO, SS; FONSECA, IO; CARVALHO, LP; BASSO, LA; SANTOS, DS. 

(2004) Selection of an Escherichia coli host that expresses mutant forms 
of Mycobacterium tuberculosis 2-trans enoyl-ACP(CoA) reductase and 3-
Ketoacyl-ACP (CoA) reductase enzymes. Protein Expression and Purification 

34, 118-125.  

Anexo III            57 
3. RIZZI, C; FONSECA, I.O.; GALLAS, M; WEBER, P; FRAZZON, J; SANTOS, 

DS; BASSO, LA. (2005) DAHP synthase of Mycobacterium tuberculosis 
H37Rv: Cloning, overexpression, and purification of the functional 
enzyme. Protein Expression and Purification 40, 23-30. 

Anexo IV            58 
4. PATENTE (2005) SANTOS, D. S.; BASSO, L.A.; RENARD, G.; FONSECA, 
I.O.; CHIES, J.M. Método de Obtenção de Seqüências Nucleotídicas 
Quiméricas e Seqüência Nucleotídica Quimérica - INPI Registro PI0506047-

8.  
Anexo V            59 

5. LEOPOLDINO, A.M.; CANDURI, F.; CABRAL, H.; JUNQUEIRA, M.; 

MARQUI, A.B.T.; APPONI, L.H.; FONSECA, I.O.; DOMONT, G.B.; SANTOS, 

D. S.; VALENTINI, S. (2006) Expression, purification, and circular 
dichroism analysis of human CDK9. Protein Expression and Purification 47, 

614-620. 

 vii



 

 

 

PARTE I

 1



Resumo 

O aumento na prevalência da tuberculose (TB), a emergência de cepas resistentes a múltiplas 

drogas de Mycobacterium tuberculosis, o agente etiológico da TB, e o efeito devastador da co-

infecção pelo HIV têm enfatizado a urgente necessidade no desenvolvimento de novos agentes 

antimicobacterianos. A análise completa da seqüência genômica do M. tuberculosis H37Rv 

mostrou a existência de genes envolvidos na via de biossíntese de aminoácidos aromáticos, a 

via do chiquimato, e evidências experimentais indicam que esta via é essencial para o M. 

tuberculosis e apresenta-se ausente no homem. Os produtos dos genes que são essenciais 

para o crescimento dos microrganismos fazem deles alvos atrativos para a ação de drogas, 

pois a inibição de sua função pode matar o bacilo. Previamente, nosso grupo relatou a 

clonagem do gene aroE de M. tuberculosis e a expressão do seu produto na forma solúvel, a 

enzima chiquimato desidrogenase (MtbSD), que catalisa o quarto passo na via do chiquimato. 

Neste trabalho apresentamos, no primeiro artigo, intitulado “Functional shikimate 

dehydrogenase from Mycobacterium tuberculosis H37Rv: purification and characterization”, a 

purificação da MtbSD solúvel e ativa por cromatografia líquida, o seqüenciamento do N-

terminal, a espectrometria de massas, a determinação do estado oligomérico por cromatografia 

em gel filtração, a estabilidade térmica, a determinação de parâmetros cinéticos aparentes em 

estado estacionário para as reações direta e reversa, a constante de equilíbrio aparente e 

energia de ativação para a reação química catalisada pela MtbSD. No segundo artigo, intitulado 

“Shikimate Dehydrogenase from Mycobacterium tuberculosis H37Rv: Kinetic and Chemical 

Mechanisms”, descrevemos os parâmetros de velocidade inicial na reação direta, os estudos de 

inibição pelos produtos, os efeitos isotópicos cinéticos primários do deutério, os efeitos 

isotópicos cinéticos do solvente, os efeitos isotópicos cinéticos múltiplos, proton inventory, o 

efeito de pH na química ácido/base para a ligação e catálise dos substratos, e a estrutura 3D da 

MtbSD obtida in silicon pela modelagem por homologia. Esses resultados servem como base 

para os estudos cinéticos e estruturais que podem auxiliar no desenho racional de inibidores a 

serem testados como agentes antimicobacterianos.  
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Abstract 
 

The increasing prevalence of tuberculosis (TB), the emergence of multidrug-resistant strains of 

Mycobacterium tuberculosis, the causative agent of TB, and the devastating effect of co-

infection with HIV have highlighted the urgent need for the development of new 

antimycobacterial agents. Analysis of the complete genome sequence of M. tuberculosis H37Rv 

shows the presence of genes involved in the aromatic amino acid biosynthetic pathway, the 

shikimate pathway, and experimental evidence showed that this pathway is essential for M. 

tuberculosis and it is absent in humans. The gene products that are essential for the growth of 

the microorganisms make them attractive drug targets since inhibiting their function may kill the 

bacilli. Our group has previously reported the cloning of M. tuberculosis aroE gene and the 

expression of the product in the soluble form, the shikimate dehydrogenase (MtbSD) enzyme, 

that catalysis the fourth reaction in the shikimate pathway. Currently, in the first manuscript 

“Functional shikimate dehydrogenase from Mycobacterium tuberculosis H37Rv: purification and 

characterization”, we present the purification of soluble and active MtbSD, N-terminal 

sequencing, mass spectrometry, assessment of the oligomeric state by gel filtration 

chromatography, thermal stability, determination of apparent steady-state kinetic parameters for 

both forward and reverse directions, apparent equilibrium constant, and energy of activation for 

the enzyme-catalyzed chemical reaction. In the second manuscript “Shikimate Dehydrogenase 

from Mycobacterium tuberculosis H37Rv: Kinetic and Chemical Mechanisms”, we describe the 

kinetic mechanism, initial velocity patterns in the forward direction, product inhibition studies, 

primary deuterium kinetic isotope effects, solvent kinetic isotope effects, multiple isotope effects, 

proton inventory, pH rate profile and the MtbSD 3D structure obtained in silicon by homology 

modeling. These results should be useful as a solid base for structural and kinetic studies, which 

can aid in the rational design of inhibitors to be tested as antimycobacterial agents. 
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Lista de Abreviaturas 
 

DAHP  3-desoxi-D-arabinoheptulosonato-7-fosfato 
DHS   3-desidrochiquimato 

EcoliQSD  quinato-chiquimato desidrogenase de Escherichia coli 

EcoliSD  chiquimato desidrogenase de Escherichia coli 

EPSP  5-enolpiruvilchiquimato-3-fosfato 

E4P   eritrose-4-fosfato 

HinflSD  chiquimato desidrogenase de Haemophilus influenzae 

IPTG   β-D-tiogalactopiranosídeo 

MjanSD  chiquimato desidrogenase de Methanacoccus jannaschii 

MtbSD  chiquimato desidrogenase de Mycobacterium tuberculosis 

PEP   Fosfoenolpiruvato 

PsatSD  chiquimato desidrogenase de Pisum sativum 

SD    chiquimato desidrogenase 
SHK   chiquimato ou ácido chiquímico 

TB   tuberculose 
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Introdução 
Tuberculose 

A tuberculose (TB) é a doença infecto-contagiosa responsável pela maior parte 

da mortalidade humana causada por um único agente infeccioso, o Mycobacterium 

tuberculosis (ENARSON & MURRAY, 1996).  

No século XIX, a TB já era uma doença devastadora, com taxa de transmissão e 

índice de morbidade altíssimos; período que corresponde ao começo da revolução 

industrial, que trouxe como conseqüência a formação de aglomerados urbanos com 

péssimas condições de higiene e habitação (DORMANDY, 2000).  

A infecção ocorre por meio da inalação do bacilo, presente em partículas 

infectivas, expelidas por pacientes com tuberculose ativa através da tosse ou espirro. 

Elas apresentam dimensão suficiente para permanecerem suspensas no ar de 

ambientes fechados e assim alcançar os alvéolos pulmonares de outros indivíduos 

(DUNLAP e cols., 2000; GLICKMAN & JACOBS, 2001).  

Após a infecção, a doença é regulada fundamentalmente pelo sistema imune do 

hospedeiro, que determina se o microrganismo é eliminado, condicionado a um estado 

de latência, ou se está propenso a desenvolver a doença ativa no seu hospedeiro. 

Assim que a micobactéria chega aos bronquíolos e alvéolos, os macrófagos 

fagocitam o invasor. A partir daí, a infecção irá ou não se estabelecer dependendo da 

virulência bacteriana e da capacidade bactericida dos macrófagos do hospedeiro. Caso 

a micobactéria não seja eliminada pela primeira linha de defesa do organismo, a 

erosão da bactéria no interstício pulmonar estabelecerá uma inflamação local; logo, o 

dano tissular, a formação dos granulomas e a agregação destes formarão o tubérculo - 
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a característica nodular da lesão de TB (MILBURN, 2001). Aproximadamente 4 meses 

após a infecção, ocorre a eliminação da maior parte dos bacilos e cessa a infecção 

primária.  

A tuberculose conhecida como tuberculose extra-pulmonar ou miliar, representa 

15% dos pacientes com a infecção ativa. Ela é causada pelo crescimento bacteriano 

excessivo no granuloma, que atinge então a corrente sangüínea e disseminando-se 

para a pleura, linfonodos, fígado, baço, ossos e articulações, coração, cérebro, sistema 

genito-urinário, meninges, peritônio ou na pele. 

Uma outra possibilidade é a coexistência pacífica entre invasor e hospedeiro 

humano, que recebe a denominação de infecção latente. Nesse caso se estabelece um 

reservatório bacteriano no indivíduo infectado, onde o metabolismo bacteriano está 

reduzido como conseqüência da ação do sistema imunológico do hospedeiro. No 

momento em que o sistema imune do hospedeiro apresentar falhas, como subnutrição, 

câncer, diabetes, quimioterapia, entre outros, pode ocorrer a reativação do bacilo, 

levando o indivíduo a desenvolver TB ativa (PARRISH e col., 1998).  

O M. tuberculosis adapta-se a uma variedade de condições ambientais, dentro e 

fora do hospedeiro, sendo então considerado o patógeno de maior sucesso da história. 

Esta característica peculiar do bacilo faz com que a TB permaneça como uma das 

principais causas de morte no mundo (ENSERINK, 2001). A exata forma como o 

microrganismo permanece silencioso no corpo humano, em trégua com o sistema 

imune, tem sido um longo mistério (WICKELGREN, 2000). 

A TB começou a ser esclarecida no meio científico em 1882, quando no IV 

Congresso Mundial de TB, o médico e bacteriologista alemão Robert Koch tornou 
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pública a identificação do agente etiológico da doença. Este marco da história científica 

tornou possível a procura de terapias eficazes no tratamento de pacientes com TB.  

A descoberta da estreptomicina, em 1944, marcou a era de ouro no 

desenvolvimento de drogas para TB. Outras drogas, ainda hoje utilizadas para o 

tratamento da doença, foram sendo introduzidas: o ácido p-aminosalicílico (1946), 

isoniazida (1952), ciclosserina (1955), canamicina (1957), rifampicina (1965), 

etionamida (1966), etambutol (1968) e pirazinamida (1970) (DUNCAN, 2003). A 

administração de estreptomicina, isoniazida e ácido para-amino-salicílico contra a 

doença ativa reduziu consideravelmente a mortalidade por TB (BLOOM & MURRAY, 

1992; DANIEL, 1997). Essas drogas e as vacinas de prevenção da infecção trouxeram 

um período de relativa tranqüilidade com respeito à doença.  

Em 1993, a TB foi declarada “emergência de saúde global” pela Organização 

Mundial da Saúde (OMS). Estima-se que anualmente ocorram 8 milhões de novos 

casos e 3 milhões de mortes devido a esta doença (DUNLAP e cols., 2000). Em torno 

de um terço da população mundial está hoje infectada pelo M. tuberculosis e 10% 

deste número desenvolverá a doença ao longo da vida (ENSERINK, 2001). Além disso, 

a OMS e o Centro de Controle e Prevenção de Doenças dos Estados Unidos indicam a 

TB como responsável por 27% de todas as mortes evitáveis em todo o mundo 

(SEPKOWITZ e cols., 1995). Estima-se que até 2020, um bilhão de pessoas se 

tornarão infectadas, 200 milhões de pessoas desenvolverão a doença e 70 milhões 

morrerão devido à TB se a atual tendência permanecer inalterada (PASQUALOTO & 

FERREIRA, 2001).  
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A argumentação de que a tuberculose é uma doença reemergente é válida 

apenas para alguns países europeus e para os Estados Unidos; pois no Brasil, a TB 

não é um problema reemergente e sim um problema persistente (RUFFINO-NETTO, 

2002).  

Os fatores responsáveis pelo ressurgimento da TB, até então considerada 

vencida em países desenvolvidos são: (1) advento da Síndrome da Imunodeficiência 

Adquirida (AIDS); (2) deterioração dos programas de saúde pública visando o controle 

da TB; (3) aumento da transmissão do M. tuberculosis em hospitais e prisões; e (4) 

surgimento de cepas resistentes a múltiplas drogas (MDR, resistentes a pelo menos 

isoniazida e rifampicina) (ESPINAL, 2003). 

A TB e a AIDS são referenciadas como co-epidemia, visto que nesta situação a 

probabilidade de desenvolvimento da doença aumenta até 30 vezes. A taxa de 

reativação de TB latente em pacientes HIV-positivos é de 2,3 a 13,3%, dependendo do 

nível de imunossupressão, contra 0,2% em pessoas imunocompetentes (KNIGGE e 

cols., 2000). Pacientes HIV-positivos infectados com M. tuberculosis progridem para TB 

ativa em uma taxa de 37% nos primeiros 6 meses, ao contrário de pacientes 

imunocompetentes cuja taxa é de 2 a 5% nos primeiros dois anos (SEPKOWITZ, 

1995). Esse aumento considerável na probabilidade leva a uma aceleração da 

transmissão do agente etiológico (KNIGGE e cols., 2000) e, portanto, a co-infecção TB 

- HIV representa um problema de efeito devastador tanto para pacientes infectados 

como para a população em geral. 

O aumento da transmissão do M. tuberculosis em hospitais e prisões ocorre 

devido aos aglomerados humanos com condições de higiene e habitação péssimas. 
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Um agravante deste quadro decorre da deterioração dos sistemas de saúde visando o 

controle da TB (FÄTKENHEUER e col., 1999). 

A TB resistente a múltiplas drogas (MDR-TB – “multidrug-resistant tuberculosis”) 

está relacionada à resistência aos medicamentos para combater a doença, visto que 

ocorre a resistência à pelo menos rifampicina e isoniazida. Em 2000 foi estimado que 

3,2% dos novos casos são de MDR-TB (Espinal, 2003). Segundo a OMS, ocorrem 

300.000 novos casos de MDR-TB anualmente, onde 79% são de “super cepas”, que se 

refere às cepas resistentes a pelo menos três das quatro principais drogas usadas no 

tratamento de TB (WHO, 2004).  

Através de um estudo realizado em 35 países pela OMS e a União Internacional 

Contra a Tuberculose e Doenças Pulmonares (IUATLD – “International Union Against 

Tuberculosis and Lung Disease”) foi demonstrado que a doença consiste em um 

problema global, pois todas as regiões analisadas apresentaram linhagens de M. 

tuberculosis com resistência à pelo menos uma das drogas antituberculose, sendo 

normalmente a isoniazida ou estreptomicina (PABLOS-MENDEZ e col., 1998).  

O MDR-TB surge sob pressão seletiva da quimioterapia inapropriada ou da não 

adesão ao tratamento (RILEY, 1993).  Terapia inadequada compreende o uso de uma 

única droga, combinações inadequadas de drogas, má-absorção de drogas 

administradas, etc. Nesses casos o M. tuberculosis estará exposto a concentrações 

sub-letais de compostos bactericidas, quando as cepas mais resistentes na população 

bacteriana sobreviverão e superarão a cepa sensível (PETRINI & HOFFNER, 1999). 

No caso da co-epidemia de HIV-TB, o aparecimento das linhagens MDR-TB foi 

favorecido pelo maior índice de abandono do tratamento (BRENNAN, 1997).   
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Atualmente o tratamento recomendado pela OMS consiste na administração 

combinada dos antibióticos isoniazida, rifampicina, pirazinamida e estreptomicina (ou 

etambutol) durante 2 meses, seguida pela combinação de isoniazida e rifampicina por 

pelo menos mais 4 meses.  

Mesmo com um tratamento bem estabelecido, a eficácia do tratamento contra o 

bacilo de Koch através da utilização de antibióticos tem sido dificultada, em parte, 

principalmente pela oposição do paciente em cumprir com o tratamento de 6 meses 

(YOUNG, 1998). A longa duração e os desagradáveis efeitos colaterais do tratamento 

levaram a OMS ao desenvolvimento de um programa conhecido como DOTS (directly 

observed treatment short-course) que visa acompanhar a adesão dos pacientes ao 

tratamento, monitorar seu progresso e observar a ingestão de cada dose da medicação 

(NSB Editorial comment, 2000).  

O programa DOTS combina cinco elementos: compromisso político, serviços de 

microscopia, suprimento de medicação, sistemas de monitoramento e observação 

direta do tratamento (PASQUALOTO & FERREIRA, 2001). Entretanto, em alguns 

países super populosos o programa não consegue alcançar 100% dos indivíduos 

infectados, não chegando aos objetivos primeiramente propostos. Uma alternativa é a 

obtenção de drogas que simplifiquem o tratamento da TB facilitando a execução do 

programa DOTS (DUNCAN, 2003). 

Desenvolvimento de Agentes anti-TB 

Frente a essa exposição de fatos que envolvem a TB, faz-se necessária à 

introdução de novas drogas anti-TB, pois desde a metade da década de 70 não houve 

a descoberta, nem tampouco o desenvolvimento de novas drogas de primeira linha que 
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possam ser utilizadas no combate ao bacilo causador da TB (PETRINI & HOFFNER, 

1999). 

As novas drogas teriam como objetivo a efetividade no tratamento de MDR-TB e 

TB latente, além da redução no tempo do tratamento (O´BRIEN & NUNN, 2001). Isto 

representaria vantagem significativa em relação às drogas atualmente utilizadas. 

DUNCAN (2003) estima que o desenvolvimento completo de uma nova droga anti-TB 

custe de 100 a 800 milhões de dólares. Considerando-se que 95% dos novos casos de 

TB ocorram em países em desenvolvimento, poucos pacientes poderiam pagar os altos 

custos necessários para o lucro da indústria farmacêutica (O´BRIEN & NUNN, 2001). O 

provável retorno financeiro é baixo e, conseqüentemente, o interesse neste setor 

também é baixo (DUNCAN, 2003). 

 Mais de um século após a descoberta de Robert Koch, está disponível uma nova 

perspectiva para o desenvolvimento de novas drogas, em decorrência da seqüência 

completa do genoma do M. tuberculosis, marcando uma nova era na batalha contra 

esse patógeno (COLE e cols., 1998). 

Utilizando a análise de homologia de seqüências, foi possível a identificação de 

genes estruturais envolvidos em rotas metabólicas. A identificação e validação de rotas 

essenciais ao microrganismo, ausentes no hospedeiro, são o primeiro passo no 

desenvolvimento de inibidores específicos de baixa toxicidade (DUNCAN, 2003). 

Alguns genes expressos na infecção latente foram descritos, e suas proteínas podem 

ser bons alvos para o desenvolvimento de drogas para o tratamento da TB latente 

(WICKELGREN, 2000). 
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Uma possibilidade para a obtenção de novas drogas é o desenho racional que 

pode ser alcançado quando existe informação detalhada sobre a interação entre 

proteína alvo - ligante, fornecida pela estrutura tridimensional do alvo (DUNCAN, 2003). 

Com a obtenção da estrutura 3D do alvo é possível fazer uma triagem em biblioteca 

virtual de compostos químicos que possam ser utilizados como drogas naturais ou que 

sirvam como base para o desenho racional de novas drogas sintéticas. As informações 

sobre os mecanismos cinético e químico também são importantes para o desenho 

racional de inibidores.  

 Uma alternativa atraente para obter novos inibidores específicos para alvos 

definidos é a busca desses compostos na biodiversidade brasileira, e para isso é 

necessária à obtenção de um alvo isolado e funcional. Utilizando a tecnologia de 

detecção através da Ressonância Plasmônica de Superfície (SPR), imobiliza-se o alvo 

e após faz-se a triagem de ligantes (possíveis inibidores) presentes em extratos de 

plantas oriundos da biodiversidade brasileira e/ou seus compostos purificados. Essa 

tecnologia monitora as interações bimoleculares entre compostos e o alvo de interesse 

em tempo real, detectando a ligação de compostos ao alvo pelo aumento de massa em 

relação ao estado inicial. Esse tipo de análise e metodologia é ideal para a descoberta 

de novas drogas por ter alta sensibilidade, e pelo fato de que os compostos químicos 

analisados não necessitam de marcação radioativa nem de fluorescência. Em posse 

dos possíveis inibidores, segue-se para a determinação das constantes de inibição (Ki) 

para a caracterização da natureza da inibição (BASSO e col., 2005). 

  Dentre as vias metabólicas identificadas no genoma do M. tuberculosis está a 

via do chiquimato (Figura 1) que representa um alvo validado para o desenvolvimento 
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de herbicidas e agentes antimicrobianos, pois estão presentes em algas, vegetais, 

bactérias, fungos (BENTLEY, 1990) e parasitas do filo Apicomplexa (ROBERTS e cols., 

1998), mas ausente em vertebrados. Foi sugerido que esta via é essencial para o 

crescimento do M. tuberculosis mesmo na presença de suplementos exógenos 

(PARISH & STOKER, 2002). Com isso, inibidores específicos das enzimas presentes 

nessa via apresentam potencial como agentes terapêuticos no tratamento da TB.  

A via do chiquimato é composta de uma seqüência de sete reações que vão 

desde a condensação da D-eritrose 4-fosfato (E4P) e do fosfoenolpiruvato (PEP) até a 

formação do corismato. O corismato leva à biossíntese de precursores de aminoácidos 

aromáticos, vitaminas E e K, ácido fólico (BENTLEY, 1990), naftoquinonas, 

menaquinonas e micobactinas (em micobatérias) (Figura 2) (RATLEDGE, 1982).  
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Figura 1: A Via do Chiquimato. Esta via é composta por sete etapas enzimáticas que 
culminam com a formação do corismato, o precursor chave para formação de 
compostos aromáticos essenciais aos microrganismos.  
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Figura 2: Importância da Via do Chiquimato. O produto da via do chiquimato, 
corismato e os compostos essenciais sintetizados a partir dele. 
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O trabalho aqui descrito mostra o estudo sobre os mecanismos cinético e químico 

feito com um alvo enzimático, a chiquimato desidrogenase de M. tuberculosis (MtbSD), 

presente na quarta etapa  de catálise da via do chiquimato (Figura 1). A MtbSD catalisa 

a redução reversível do 3-desidrochiquimato (DHS) a chiquimato (SHK), utilizando 

especificamente o cofator NADPH (Figura 3) (BENTLEY, 1990; CHAUDHURI e cols., 

1985).   

 

 

chiquimato 
desidrogenase 

 

Figura 3: Reação enzimática catalisada pela enzima chiquimato desidrogenase. A 
redução do 3-desidrochiquimato dependente de NADPH leva à formação do D-
chiquimato. 
 

A proteína MtbSD, codificada pelo gene aroE (Rv2552c), possui 269 

aminoácidos e pertence à superfamília das oxiredutases dependentes de NAD(P)H, 

que atuam em rotas anabólicas e catabólicas (BENACH e cols., 2003).  

Em 2002, a primeira descrição sobre a enzima MtbSD foi publicada 

(MAGALHÃES e cols.). O artigo trata da clonagem do gene aroE da cepa M. 

tuberculosis H37Rv em vetor para expressão de proteínas heterólogas pET23a(+) 

(Novagen®) e expressão da enzima recombinante em E. coli BL21(DE3). O trabalho 
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relatou que o sistema pET23a(+)-aroE em E. coli BL21(DE3) é excelente para a 

expressão do alvo MtbSD recombinante sem adição do indutor IPTG e a obtenção da 

MtbSD recombinante solúvel e funcional foi feita por meio da utilização do 

procedimento de congelamento e descongelamento em ciclos repetidos da E. coli 

BL21(DE3) com pET23a(+)-aroE para o extravasamento do conteúdo celular 

(MAGALHÃES e cols.). 

A expressão da MtbSD também foi obtida em vetor de expressão pET28b 

(Novagen®). A purificação da MtbSD foi feita em coluna de níquel por meio de ligação 

da cauda de histidina da proteína recombinante. Os valores de Km aparente para os 

substratos ácido chiquímico e NADP+ foram de 0,030 mM e 0,063 mM, 

respectivamente, e o kcat foi de 399 s-1. Esses valores foram determinados sem retirar 

da cauda de histina da MtbSD recombinante, o que pode influenciar os dados obtidos 

(ZHANG e cols., 2005). 

A estrutura da chiquimato desidrogenase codificada pelo gene aroE de E. coli 

(EcoliSD) foi determinada com resolução de 1,5 Å. A enzima apresenta uma arquitetura 

com dois domínios α/β separados por um sulco grande que corresponde ao sítio 

catalítico da enzima (MICHEL e col., 2003). O sítio ativo da EcoliSD foi identificado 

pelos resíduos Ser14, Ser16, Lys65, Asn86, Thr101, Asp102 e Gln244, conservados na 

família das chiquimato desidrogenase. A caracterização cinética aparente da proteína 

EcoliSD, determinação de Km e kcat, foi feita utilizando a reação reversa que 

corresponde à catálise de oxidação do ácido chiquímico. A EcoliSD trata-se de um 

monômero em solução (CHAUDURI & COGGINS, 1985). 
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Um estudo semelhante foi feito com a chiquimato desidrogenase codificada pelo 

gene aroE de Methanococcus jannaschii (MjanSD). A estrutura foi determinada em 

2,35 Å e a arquitetura descrita é semelhante à EcoliSD. A proteína MjanSD apresenta-

se na forma dimérica em solução (PADYANA e BURLEY, 2003). 
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Objetivo 
Considerando que a tuberculose é problema de saúde pública global, o quadro 

alarmante com o advento da AIDS, a inexistência de programas eficazes de saúde 

publica com relação à TB, o surgimento de cepas resistentes, o interesse na obtenção 

de novos antimicobacterianos, a via do chiquimato é um alvo promissor, e que 

inibidores específicos das enzimas presentes nessa via apresentam potencial como 

agentes terapêuticos no tratamento da TB, “o presente trabalho visa elucidar os 

mecanismos cinético e químico da enzima chiquimato desidrogenase de M. 

tuberculosis (MtbSD), que servirão como base para o alcance de um inibidor 

específico com possível utilização no tratamento da tuberculose.” 

Para atingir tal objetivo foram feitas: 

 Caracterização da MtbSD 

Determinação dos parâmetros cinéticos aparentes em ambas as direções da 

reação, da constante de equilíbrio da reação, da estabilidade térmica da enzima 

recombinante e da energia de ativação para a reação química. 

 Determinação dos mecanismos cinético e químico para a MtbSD 

Com o intuito de investigar os mecanismos cinético e químico foram feitos 

experimentos de velocidade inicial em estado estacionário, de estudos de 

inibição pelos produtos, de efeitos isotópicos cinéticos primário, de efeitos 

isotópicos cinéticos de solvente, de efeitos isotópicos cinéticos múltiplos, de 

“proton inventory” e de efeito de pH na química ácido/base na reação.  
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 Estudos estruturais da MtbSD utilizando modelagem por homologia 

Os estudos estruturais in silicon da MtbSD são úteis na interpretação dos 

resultados obtidos nos experimentos cinéticos e possibilita a identificação dos 

possíveis resíduos envolvidos na ligação e catálise dos substratos. Para tal foi 

modelada a estrutura 3D para a MtbSD em silicon utilizando como molde a 

chiquimato desidrogenase de E. coli.  
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Abstract

Tuberculosis (TB) poses a major worldwide public health problem. The increasing prevalence of TB, the emergence of multi-drug-
resistant strains of Mycobacterium tuberculosis, the causative agent of TB, and the devastating effect of co-infection with HIV have
highlighted the urgent need for the development of new antimycobacterial agents. Analysis of the complete genome sequence of M. tuber-

culosis shows the presence of genes involved in the aromatic amino acid biosynthetic pathway. Experimental evidence that this pathway is
essential for M. tuberculosis has been reported. The genes and pathways that are essential for the growth of the microorganisms make
them attractive drug targets since inhibiting their function may kill the bacilli. We have previously cloned and expressed in the soluble
form the fourth shikimate pathway enzyme of the M. tuberculosis, the aroE-encoded shikimate dehydrogenase (mtSD). Here, we present
the purification of active recombinant aroE-encoded M. tuberculosis shikimate dehydrogenase (mtSD) to homogeneity, N-terminal
sequencing, mass spectrometry, assessment of the oligomeric state by gel filtration chromatography, determination of apparent
steady-state kinetic parameters for both the forward and reverse directions, apparent equilibrium constant, thermal stability, and energy
of activation for the enzyme-catalyzed chemical reaction. These results pave the way for structural and kinetic studies, which should aid
in the rational design of mtSD inhibitors to be tested as antimycobacterial agents.
� 2005 Elsevier Inc. All rights reserved.
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The causative agent of tuberculosis (TB),1 Mycobacteri-

um tuberculosis, infects approximately 32% of the world�s
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human population. TB remains the leading cause of mor-
tality due to a bacterial pathogen. Currently, there are 8
million new cases and 2 million deaths annually from
tuberculosis, and it is predicted that a total of 225 million
new cases and 79 million deaths will occur between 1998
and 2030 [1]. Approximately 2 billion individuals are
believed to harbor latent TB based on tuberculin skin test
surveys [2], which represents a considerable reservoir of
bacilli. Possible factors underlying the resurgence of TB
worldwide include the HIV epidemic, increase in the home-
less population, and decline in health care structures and
national surveillance [3]. The pandemic of AIDS has had
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a major impact on the TB problem, owing not only to
increased reactivation of latent TB but also to acceleration
of transmission in HIV/TB co-infected patients following
the increase in the number of smear-positive infectious pul-
monary TB cases [4]. Another contributing factor is the
evolution of multi-drug TB (MDR-TB), defined as resis-
tant to isoniazid and rifampicin, which are the most effec-
tive first-line drugs [5]. MDR-TB is more difficult and
more expensive to treat, and more likely to be fatal [6].
According to the 2004 Global TB Control Report of the
World Health Organization, there are 300,000 new cases
per year of MDR-TB worldwide, and 79% of MDR-TB
cases are now ‘‘super-strains,’’ resistant to at least three
of the four main drugs used to treat TB [7]. The factors that
most influence the emergence of MDR-TB strains include
inappropriate treatment regimens, and patient non-compli-
ance in completing the prescribed courses of therapy due to
the lengthy standard ‘‘short-course’’ treatment or when the
side effects become unbearable [8]. Thus, there is a need for
the development of new antimycobacterial agents to both
treat M. tuberculosis strains resistant to existing drugs
and shorten the duration of short-course treatment to
improve patient compliance [9].

The shikimate pathway is an attractive target for the
development of herbicides and antimicrobial agents
because it is essential in algae, higher plants, bacteria,
and fungi, but absent from mammals [10]. The mycobacte-
rial shikimate pathway leads to the biosynthesis of choris-
mic acid, which is a precursor of aromatic amino acids,
naphthoquinones, menaquinones, and mycobactins [11].
The salicylate-derived mycobactin siderophores have been
shown to be essential for M. tuberculosis growth in macro-
phages [12]. In addition, the shikimate pathway has more
recently been shown to be essential for the viability of
M. tuberculosis [13]. Accordingly, the essentiality of myco-
bacterial shikimate pathway and its absence from human
host indicate that any enzyme of this pathway represents
a promising target for the development of non-toxic anti-
mycobacterial agents.

Analysis of the complete genome sequence of M. tuber-

culosis shows the presence of seven aro genes predicted to
be involved in the shikimate pathway [14]. Amongst them,
the aroE-encoded shikimate dehydrogenase (SD) has been
predicted by DNA sequence homology to be present in
M. tuberculosis H37Rv strain. Shikimate dehydrogenase
(EC 1.1.1.25) catalyzes the fourth reaction in the shikimate
pathway. We have previously reported the cloning and
expression of M. tuberculosis SD (mtSD) [15]. In addition,
measurements of the NADPH-dependent reduction of
3-dehydroshikimate to shikimate catalyzed by mtSD con-
firmed the correct assignment to the structural gene encod-
ing SD in M. tuberculosis [15]. Here, we report the
purification to homogeneity of recombinant and functional
mtSD. The purification protocol yielded approximately
11 mg of homogeneous recombinant mtSD from 14 L of
Escherichia coli cell culture. We also present N-terminal
amino acid sequencing and electrospray ionization mass
spectrometry (ESI-MS) data that unambiguously demon-
strate the identity and purity of homogenous recombinant
mtSD protein. The estimated molecular mass of native
homogeneous recombinant protein determined by gel fil-
tration indicates that mtSD enzyme is a dimer in solution
with a subunit molecular mass value of 27,207 Da deter-
mined by ESI-MS. The apparent kinetic parameters for
mtSD were determined for all substrates in both forward
and reverse reactions. The mtSD thermal stability was eval-
uated, and an estimate for the activation energy (Ea) was
obtained from a linear plot of logk versus 1/T (K�1). A
comparison of polypeptide sequences of SDs from
M. tuberculosis, E. coli, Haemophilus influenzae, and
Methanococcus jannaschii allowed identification of amino
acid residues that are likely to be involved in 3-dehydros-
hikimate/shikimate binding.

The results presented here will pave the way for structur-
al and functional efforts currently underway in our labora-
tory. It is hoped that these studies will provide a framework
on which to base the design of new agents with antituber-
cular activity and low toxicity to humans.

Materials and methods

Overexpression and release of mtSD

The recombinant plasmid pET23a(+)::aroE was trans-
formed into E. coli BL21 (DE3) host cells by electropor-
ation, and selected on LB agar plates containing
50 lg mL�1 carbenicillin. Single colonies were used to
inoculate 14 L of LB medium containing 50 lg mL�1 car-
benicillin with no addition of isopropyl b-D-thiogalacto-
pyranoside (IPTG), and grown for 24 h at 37 �C at
180 rpm as described elsewhere [15]. Cells (49 g) were
harvested by centrifugation at 14,900g, for 30 min at
4 �C, and stored at �20 �C. Cells expressing recombinant
mtSD were placed into metal containers to allow fast
temperature equilibrium to be reached, which is neces-
sary for increased efficiency of cell disruption by the
freeze–thaw method [15]. Cell paste was placed into a
dry-ice/ethanol bath for 2 min and immediately trans-
ferred to an ice-water bath for no longer than 8 min; this
cycle was repeated 10 times. The cells were dissolved in
196 mL of 50 mM Tris–HCl, pH 7.8 (buffer A). After
incubating the mixture for 30 min on ice, cell debris
was removed by centrifugation (48,000g for 1 h) and
the supernatant containing soluble mtSD was collected.

Purification of recombinant mtSD

All steps of the purification protocol of recombinant
mtSD were performed on ice or at 4 �C. The supernatant
containing soluble mtSD was incubated with 1% (w/v) of
streptomycin sulfate for 30 min and centrifuged at
48,000g for 30 min. The supernatant was dialyzed twice
against buffer A, using a dialysis tubing with molecular
weight exclusion limit of 6000–8000 Da. This sample was
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clarified by centrifugation (48,000g for 30 min) and loaded
on a Q-Sepharose fast flow (26 cm · 9.5 cm) column
(Amersham Biosciences) pre-equilibrated with the same
buffer. The column was washed with 5 column volumes
of buffer A and the absorbed material was eluted with a lin-
ear gradient (0–100%) of 20 column volumes of 50 mM
Tris–HCl, pH 7.8, 0.5 M NaCl (buffer B) at 1 mL min�1.
The fractions containing mtSD were pooled (55 mL) and
ammonium sulfate was added to a final concentration of
1 M, and clarified by centrifugation (48,000g for 30 min).
The supernatant was loaded on a Phenyl-Sepharose High
Performance (Amersham Biosciences) column pre-equili-
brated with 50 mM Tris–HCl, pH 7.8, 1 M (NH4)2SO4

(buffer C). The column was washed with 5 column volumes
of buffer C and the bound proteins were eluted with a 20-
column volume linear gradient (0–100%) of buffer A at
1 mL min�1. The mtSD-containing fractions were pooled
(43 mL), concentrated to less than 4 mL using an Amicon
ultrafiltration cell (MWCO 10,000 Da), and loaded on a
Sephacryl S-200 (26 cm · 60 cm) (Amersham Biosciences)
column pre-equilibrated with buffer A. The recombinant
mtSD protein was eluted in a total volume of 29 mL at a
flow rate of 0.5 mL min�1, and loaded on an anion-ex-
change Mono-Q column (Amersham Biosciences) pre-
equilibrated with buffer A. The column was washed with
5 column volumes of buffer A and the absorbed material
was eluted with a 20-column volume linear gradient
(0–100%) of buffer B at 1 mL min�1. Elution profiles were
followed at 280 and 215 nm. Homogeneous mtSD was elut-
ed in a total volume of 12.5 mL and stored at �20 �C. Pro-
tein purification was monitored by SDS–PAGE [16], and
the protein concentration was determined by the method
of Bradford et al. [17] using the Bio-Rad protein assay
kit (Bio-Rad) and bovine serum albumin as standard.

Enzyme activity assay of mtSD

The screening of fractions of the purification protocol
containing shikimate dehydrogenase was performed by
assaying enzyme activity in the reverse direction in
100 mM Tris–HCl, pH 9.0, at 25 �C. The 500 lL assay
mixture contained 2 mM NADP+ and 4 mM D-shikimate
(SHK) [18], and the reaction was initiated with addition
of 1 lL of the chromatographic fractions. Measurement
of the NADP+-dependent oxidation of SHK to form
NADPH and 3-dehydroshikimate (DHS) catalyzed by
mtSD was continuously monitored by the increase in
absorbance at 340 nm (eNADPH = 6.18 · 103 M�1 cm�1).
One unit of enzyme activity (U) is defined as the amount
of enzyme catalyzing the conversion of 1 lmol of NADP+

per minute at 25 �C.

Determination of apparent kinetic parameters

Determination of the apparent steady-state kinetics
parameters, Vmax and Km, for DHS and NADPH in the
forward reaction, was carried out at varying concentration
of one substrate (5, 10, 20, 30, 50, 100, and 200 lM) while
the other was maintained at constant saturation level. The
reverse reaction was performed in the same conditions of
pH (100 mM Tris–HCl buffer, pH 7.0), temperature
(25 �C) and range of concentrations of substrates. The
reaction was initiated with addition of 6 pmol of homoge-
neous M. tuberculosis SD enzyme and was monitored for
1 min. The kinetic data were analyzed by double reciprocal
plots.

Shikimate dehydrogenase activity measurements were
based on decreasing concentration of NADPH upon
DHS reduction or on increasing concentration of NADPH
upon SHK oxidation. The reaction catalyzed by mtSD was
continuously monitored by measuring change in absor-
bance at 340 nm (eNADPH = 6.18 · 103 M�1 cm�1).

Determination of the energy of activation and thermo

stability of recombinant mtSD

The energy of activation (Ea) was estimated for recom-
binant mtDS by the following Arrhenius equation:
k ¼ Ae�Ea=RT , where k is the rate constant of the reaction
at temperature T (in Kelvin), A is a pre-exponential factor
(related to collision frequency and a steric factor); Ea is the
activation energy; R is universal gas constant
(8.3145 J K�1 mol�1) and e�Ea=RT is the fraction of molecu-
lar collisions that have energy equal to or greater than the
measured energy of activation (Ea) of the system at a par-
ticular temperature T. The Ea value was calculated from
the slope of the linear plot logk versus 1/T (K�1) fitting
the data to the following equation: logk = (Ea/
2.3RT) + logA. Measurements of mtSD enzyme activity
were in triplicates and performed in 100 mM Tris–HCl
buffer, pH 7.0, in the presence of saturating concentrations
of SHK (200 lM) and NADP+ (100 lM) at the following
temperatures: 15, 20, 25, 30, and 37 �C.

For thermal stability determination, mtSD was incubated
at 15, 25, 37, and 55 �C and the remaining enzyme activity
was measured at different times of incubation up to 1 h,
monitoring the mtSD reverse reaction in an assay mixture
containing saturating concentrations of substrates (200 lM
SHK and 100 lM NADP+) in 100 mM Tris–HCl, pH 7.0,
at 25 �C.

Mass spectrometry analysis

The homogeneity of recombinant protein preparation
was assessed by mass spectrometry (MS), employing some
adaptations made to the system described by Chassaigne
and Lobinski [19]. Samples were analyzed on a triple quad-
rupole mass spectrometer, model QUATTRO II, equipped
with a standard electrospray (ESI) probe (Micromass,
Altrinchan), adjusted to ca. 250 lL min�1. The source of
temperature (80 �C) and needle voltage (3.6 kV) were main-
tained constant throughout the experimental data
collection, applying a drying gas flow (nitrogen) of
200 L h�1 and a nebulizer gas flow of 20 L h�1. The mass



Fig. 1. SDS–PAGE (12.5%) analysis of pooled fractions from the various
steps of the purification protocol of mtSD. Lane 1, crude extract (50 lg);
lane 2, Q-Sepharose fast flow ion exchange (30 lg); lane 3, Phenyl-
Sepharose hydrophobic interaction (10 lg); lane 4, Sephacryl S-200 gel
permeation (10 lg); lane 5, Mono-Q ion exchange (17 lg); lane 6, MW
marker High Range (Gibco).
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spectrometer was calibrated with intact horse heart myo-
globin and its typical cone-voltage induced fragments.
The subunit molecular mass of M. tuberculosis SD was
determined by ESI-MS, adjusting the mass spectrometer
to give a peak width at half-height of 1 mass unit, and
the cone sample to skimmer lens voltage controlling the
ion transfer to mass analyzer was set to 38 V. About
50 pmol sample was injected into electrospray transport
solvent. The ESI spectrum was obtained in the multi-chan-
nel acquisition mode, scanning from m/z 500 to 2000 at
scan time of 7 s. The mass spectrometer is equipped with
MassLynx and Transform softwares for data acquisition
and spectra handling.

N-terminal amino acid sequencing

The N-terminal amino acid residues of purified recombi-
nant mtSD were identified by automated Edman degrada-
tion sequencing using a PPSQ 21A gas-phase sequencer
(Shimadzu).

Determination of native mtSD molecular mass

The molecular mass of native mtSD homogenous pro-
tein was estimated by gel-permeation chromatography on
a Superdex 200 HR column (1.0 cm · 30 cm) (Amersham
Biosciences). The column was eluted with 50 mM Tris–
HCl containing 0.2 M NaCl, pH 7.8, at a flow rate of
0.4 mL min�1. The eluate was monitored at 215 and
280 nm and the column was calibrated with the following
protein standards (Amersham Biosciences): ribonuclease
A (13,700 Da) from bovine pancreas, chymotrypsinogen
(25,000 Da) from bovine pancreas, ovalbumin
(43,000 Da) from hen egg, and albumin (67,000 Da) from
bovine serum. Blue Dextran 2000 was used to determine
the void volume (V0). The Kav value was calculated for
each protein using the equation (Ve � V0)/(Vt � V0), where
Ve is the elution volume for the protein and Vt is the total
bed volume, and Kav was plotted against the logarithm of
standard molecular weights.

Results and discussion

Expression in E. coli BL21 (DE3) of recombinant
M. tuberculosis shikimate dehydrogenase (mtSD) and the
method of disruption of transformed host cells were as
Table 1
Purification of M. tuberculosis shikimate dehydrogenase from E. coli BL21 (D

Purification step Total protein (mg) Total activity (U)

Crude extract 1040.4 475.3
Q-Sepharose 82.5 110.0
Phenyl-Sepharose 24.1 69.2
Sephacryl S-200 17.4 65.3
Mono-Q 10.8 42.1

The results presented are for a typical purification protocol from 49 g of E. co
a U mL�1 mg.�1
described elsewhere [15]. Recombinant mtSD was purified
as described under Materials and methods and the samples
of each chromatographic step were analyzed by SDS–
PAGE with Coomassie blue staining and assayed for
enzyme activity in the reverse direction, following the
increase in absorbance at 340 nm due to the NADP+-de-
pendent oxidation of D-shikimate to form NADPH and
3-dehydroshikimate. The recombinant protein was purified
8.5-fold (Table 1) to electrophoretic homogeneity (Fig. 1).
The relative mobility of the polypeptide chain in SDS–
PAGE indicates a homogeneous protein with a subunit
molecular mass value of approximately 27 kDa (Fig. 1).
Even though a large amount of cells were needed for recov-
ery of homogeneous target protein in quantities necessary
for kinetic and structural studies, the freeze–thaw method
[20] was previously shown to be, amongst a number of
experimental protocols tested to reduce insoluble protein
production, the method of choice to obtain soluble mtSD
in its active form [15]. Approximately 11 mg of homoge-
neous recombinant mtSD could be obtained from 49 g of
E. coli BL21 (DE3) host cells following the purification
protocol presented in Table 1, which required four chroma-
tographic steps to obtain homogeneous mtSD. The recom-
binant protein eluted with approximately 50% of 50 mM
Tris–HCl, pH 7.8, containing 0.5 M NaCl (buffer B), con-
sistent with the theoretical value of 5.11 for the mtSD iso-
electric point. Since the theoretical isoelectric point values
for mtSD and E. coli SD (5.12) are quite similar, the
anion-exchange chromatographic step using Q-Sepharose
Fast Flow resin is unlikely to have separated these
E3) [pET23a(+)::aroE] cells

Specific activitya (U mg�1) Purification (fold) Yield (%)

0.46 1.0 100.0
1.33 2.9 23.1
2.87 6.2 14.6
3.75 8.2 13.7
3.90 8.5 8.9

li host cells.



Fig. 2. Linear dependence of mtSD activity on homogeneous protein
volume. The rates of mtSD enzyme activity were followed in the reverse
reaction by continuously monitoring the increase of NADPH concentra-
tion at 340 nm. Reactions were started by addition of varying volumes of
homogeneous mtSD protein solution.

Table 2
Apparent kinetic parameters for M. tuberculosis shikimate
dehydrogenasea

Substrates Vmax (U mg�1) Km (lM) kcat (s�1) kcat/Km (M�1 s�1)

DHS 108 ± 5 31 ± 2 49 ± 2 1.6 (±0.1) · 106

NADPH 100 ± 5 10 ± 1 45 ± 2 4.5 (±0.5) · 106

SHK 18 ± 1 50.18 ± 0.01 8.2 ± 0.5 1.63 (±0.01) · 105

NADP+ 12.9 ± 0.7 22 ± 2 5.9 ± 0.3 2.68 (±0.03) · 105

a All constants were measured in Tris–HCl 100 mM (pH 7.0) at 25 �C.
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enzymes. Nevertheless, this chromatographic step resulted
in 2.9-fold protein purification (Table 1) and removal of
some noticeable contaminants with subunit molecular
weight values larger than 29 kDa (Fig. 1). The recombinant
mtSD protein in 50 mM Tris–HCl, pH 7.8, containing 1 M
(NH4)2SO4 adsorbed to a Phenyl-Sepharose High Perfor-
mance column and was eluted with approximately 57% of
50 mM Tris–HCl, pH 7.8, buffer resulting in a 6.2-fold
purification with removal of substantial amount of con-
taminants (Fig. 1). Gel filtration on Sephacryl S-200 resin
was performed to desalt and further purify the recombi-
nant protein. Elution of fractions containing mtSD from
an anion-exchange Mono-Q column with approximately
50% of 50 mM Tris–HCl, pH 7.8, buffer containing 0.5 M
NaCl resulted in homogeneous mtSD, with a protein yield
of approximately 9% (Table 1). It is noteworthy that there
was no need for elution with coenzyme from an affinity col-
umn as described for E. coli shikimate dehydrogenase [21].
Accordingly, the purification protocol here described rep-
resents an efficient and low-cost method to obtain homoge-
neous mtSD. The purification of M. jannaschii shikimate
dehydrogenase by glutathione and Sepharose Q chroma-
tography yielded, after proteolytic removal of the affinity
tag, a protein with five N-terminal residues resulting from
cloning artifact [22]. The strategy followed to obtain homo-
geneous H. influenzae shikimate dehydrogenase provided a
protein with a C-terminal hexahistidine tag [23]. It has been
shown that N- and C-terminal hexahistidine tags have a
noticeable negative effect on protein solubility of recombi-
nant proteins expressed in E. coli [24]. In addition,
His-tagged proteins may have different structure [25] or
biological activity [26] as compared to their native form.
The mtSD cloning strategy we described elsewhere [15]
and protein purification we presented here yielded homoge-
neous polypeptide chain with no extra amino acid residues.

The subunit molecular mass of active mtSD was deter-
mined to be 27,076 Da by electrospray ionization mass
spectrometry (ESI-MS), indicating removal of the N-ter-
minal methionine residue (predicted molecular mass:
27,207 Da). The ESI-MS result also revealed a peak at
54,150 Da, indicating that the enzyme could have a
dimeric form. No peak could be detected at the expected
molecular mass for E. coli SD (29,413 Da) and a degree
of purity of 98% could be estimated by ESI-MS, thus
providing evidence for the identity and purity of the
recombinant protein. The first 11 N-terminal amino acid
residues of mtSD were identified as SEGPKKAGVLG
by the Edman degradation method. This result unambig-
uously identifies the homogeneous recombinant protein
as mtSD and confirms removal of the N-terminal methi-
onine. Modification at the N-termini is a common type
of co-/post-translational alteration of proteins synthe-
sized in prokaryotic cells. Methionine aminopeptidase-
catalyzed cleavage of initiator methionine is usually
directed by the penultimate amino acid residues with
the smallest side chain radii of gyration (glycine, alanine,
serine, threonine, proline, valine, and cysteine) [27].
Removal of N-terminal methionine from mtSD polypep-
tide chain conforms to this rule since serine is the penul-
timate amino acid residue.

The enzymatic activity of homogeneous recombinant
mtSD purified was assayed in the reverse direction by con-
tinuously monitoring the increase in absorbance at 340 nm
upon NADP+-dependent oxidation of D-shikimate to form
NADPH and 3-dehydroshikimate. The activity of mtSD
was linearly dependent on sample volume added to the
reaction mixture (Fig. 2), thereby showing that the initial
velocity is proportional to total enzyme concentration
and that true initial velocities are being measured. The
M. tuberculosis SD was stable at �20 �C for at least 1 year.

A value of 58,367 Da for the molecular mass of
homogeneous mtSD protein was estimated by gel filtra-
tion (data not shown). This result suggests that mtSD
is a dimer in solution, in agreement with the ESI-MS
results. Shikimate dehydrogenase from M. jannaschii

has recently been shown to be a dimer in solution [22].
Whereas dehydrogenases usually form oligomers, shikim-
ate dehydrogenase is present as a monomer in both
E. coli [18] and H. influenzae [23].

The apparent kinetics parameters obtained are present-
ed in Table 2. The plots fitted to a hyperbolic equation,
indicating that the recombinant enzyme-catalyzed chemical
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reaction obeys Michaelis–Menten kinetics for all substrates
(Fig. 3). The Km and Vmax values for DHS were found to
be, respectively, 31 lM and 108 U mg�1; and for NADPH
they were 10 lM and 100 U mg�1. The kcat for DHS at
saturating NADPH was 49 s�1 yielding a kcat/Km of
1.6 · 106 M�1 s�1. The Km value for DHS is lower than
the value for SD purified from Pisum sativum (340 lM);
but the Km value for NADPH is in agreement with the val-
ue of 4.3 lM determined at pH 7.4 [28]. For the reverse
reaction, the Km and Vmax values for SHK were found to
be, respectively, 50.18 lM and 18 U mg�1; and for NADP+

they were 22 lM and 12.9 U mg�1. The kcat for SHK at
saturating NADP+ was 8.2 s�1 yielding a kcat/Km of
1.63 · 105 M�1 s�1. For the reverse reaction catalyzed by
P. sativum SD, the Km values were 10.3 lM for NADP+

and 600 lM for SHK [28]. The Km value for SHK is thus
10 times larger for P. sativum SD than for mtSD. A com-
parison of the SHK and NADP+ Km values for E. coli

SD [29] with those obtained for mtSD shows that these
two enzymes catalyze the reverse reaction with similar
kinetic constants. A value of 19.6 for the apparent
equilibrium constant (Keq) under the experimental
Fig. 3. Reciprocal plots with 3-dehydroshikimate (DHS), NADP+, D-shikim
200 lM) while the concentration of the other substrate was maintained at co
activity was assayed at 25 �C in 100 mM Tris–HCl buffer, pH 7.0. The reacti
340 nm (eNADPH = 6.18 · 103 M�1 cm�1). The kinetics data were analyzed by l
variable substrate (5, 10, 20, 30, 50, 100, and 200 lM) while the NADPH was m
NADPH as variable substrate (5, 10, 20, 30, 50, 100, and 200 lM) while 3-deh
forward reaction. (C) Shikimate as variable substrate (5, 10, 20, 30, 50, 100,
(100 lM) in the forward reaction. (D) NADP+ as variable substrate (5, 10, 20,
saturation level (100 lM) in the forward reaction.
conditions given in the Materials and methods section
was estimated by the Haldane equation using the apparent
steady-state kinetic parameters for mtSD. An apparent
equilibrium constant value of 10.3 for the reaction at pH
7.4 has been determined by finding a mixture of substrate
concentrations that showed no measurable change in
optical density at 340 nm [28]. However, it should be
pointed out that the Haldane equation we used here is
the kinetic relationship for rapid-equilibrium random Bi
Bi system, and it was implicitly assumed that the dissocia-
tion constant value for a substrate binding second is not
changed by the substrate binding first [30].

The temperature effects on recombinant homogeneous
mtSD stability are presented in Fig. 5. Aliquots were removed
for assay of residual enzyme activity after heating for 1, 5, 10,
15, 30, 45, and 60 min at temperature values of 15, 25, 37, and
55 �C. The homogeneous mtSD is very stable, maintaining
the specific activity, measured at 25 �C, unchanged in the
reverse reaction up to 37 �C for at least 1 h of incubation
(Fig. 4). However, at 55 �C, there is a gradual loss of recombi-
nant mtSD biological activity, with only 20% of the initial
enzyme activity remaining after 1 h of incubation.
ate (SHK) or NADPH as variable substrate (5, 10, 20, 30, 50, 100, and
nstant saturation level in the forward and reverse reaction. The enzyme

on catalyzed by mtSD was continuously monitored by the absorbance at
inear regression fit Michaelis–Menten kinetics. (A) 3-dehydroshikimate as
aintained at constant saturation level (200 lM) in the forward reaction. (B)
ydroshikimate was maintained at constant saturation level (200 lM) in the
and 200 lM) while NADP+ was maintained at constant saturation level

30, 50, 100, and 200 lM) while shikimate was maintained at constant near-



Fig. 5. The activation energy (Ea) estimated for homogeneous
M. tuberculosis SD enzyme by the Arrhenius equation. All data were
obtained in the reverse reaction in 100 mM Tris–HCl, pH 7.0, containing
200 lM SHK, 100 lM NADP+, and 0.24 nM of homogeneous
M. tuberculosis SD enzyme and the reaction was monitored for 1 min at
the following temperatures: 288, 293, 298, 303, and 310 K.

Fig. 4. Heat stability of mtSD activity as a function of time (minutes) of
incubation at different temperatures. Incubation temperatures were as
follows: 15 �C (d), 25 �C (m), 37 �C (.), and 55 �C (n). All reactions were
carried out in 100 mM Tris–HCl, pH 7.0, assay mixture containing
200 lM SHK, 100 lM NADP+, and 0.24 nM of homogeneous
M. tuberculosis SD enzyme and the reaction was measured for 1 min at
25 �C.
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From the linear plots of logk versus 1/T (K�1), a val-
ue of 35.2 kJ mol�1 for Ea was obtained for mtSD
(Fig. 5). It should be pointed out that the Ea value cal-
culated from the Arrhenius plot is an apparent or ‘‘aver-
age value,’’ and that the pre-exponential factor (A) was
considered as temperature-independent in the tempera-
ture range used in our experiments. Keeping that in
mind, 35.2 kJ mol�1 can be considered as the minimal
amount of energy required to initiate the mtSD-catalyzed
chemical reaction, since we measured the enzyme activity
at saturating concentrations of substrates (200 lM SHK
and 100 lM NADP+). Interestingly, the Arrhenius plot
is linear indicating no change in the rate-limiting step
of the mtSD-catalyzed chemical reaction at different tem-
peratures. In addition, there was no sudden drop in the
Arrhenius plot at low 1/T (high T) values that could
indicate protein denaturation, which is consistent with
mtSD thermal stability up to 55 �C.

The three-dimensional structures of shikimate dehydro-
genase from E. coli [29,31], H. influenzae [23,32], and
M. jannaschii [22] have been determined. Sequence align-
ment of shikimate dehydrogenase from M. tuberculosis

H37Rv strain, E. coli, H. influenzae, M. jannaschii was car-
ried out using ClustalW [33,34]. The identity between the
SD sequences from M. tuberculosis and E. coli is 24%. The
substrate-binding site in the E. coli SD has been identified
by the position of the nicotinamide ring of the cofactor and
was delineated almost entirely by residues from the N-termi-
nal domain [29]. This binding site is in a pocket where most of
the residues absolutely conserved in the shikimate dehydro-
genase (SDH) family are located, i.e., Ser14, Ser16, Lys65,
Asn86, Thr101, Asp102, and Gln244 (E. coli SD numbering).
These residues are conserved in the mtSD polypeptide
sequence (Fig. 6) corresponding to the following residues:
Ser18, Ser20, Lys69, Asn90, Thr104, Asp105, and Gln243
(M. tuberculosis SD numbering). However, the 3-dehydros-
hikimate-binding site has not unambiguously been shown
for E. coli shikimate dehydrogenase since it was inferred
from DTT and sulfate ions bound to the crystal and position
of the nicotinamide ring of NADP+ [29]. The sequence
identity (24%) between mtSD and M. jannaschii SD is similar
to the identity between the sequences of M. tuberculosis and
E. coli SDs. The N-terminal domain (domain I) of M. jann-
aschii SD is responsible for 3-dehydroshikimate substrate
binding [22]. The putative active site residues within domain
I that are likely to be involved with substrate binding are
invariant polar residues include Lys70, Asn91, and Asp106
(M. jannaschii SD numbering). Further examination of the
active site cleft of M. jannaschii SD revealed another strictly
conserved residue, Gln254. These residues correspond to
Lys69, Asn90, Asp105, and Gln244 in M. tuberculosis SD.
It has been proposed that these residues are likely to be
involved in catalytic reduction of DHS to SHK catalyzed
by M. jannaschii SD [22]. The amino acids Ser14, Ser16,
Lys65, Asn85, Asp102, and Gln245 (H. influenzae SD
numbering) have been suggested as some of the potential
residues involved in 3-dehydroshikimate-binding site in
H. influenzae SD [23]. All these residues are conserved in
the mtSD polypeptide sequence (Fig. 6), and correspond to
the same residues observed in the E. coli SD sequence. More
recently, the crystal structure of a newly characterized
shikimate dehydrogenase-like protein (HI0607) from
H. influenzae has been determined [32], and the conserved
residues Lys67, Asn88, Asp103, and Gln242 have been
proposed to be involved in either catalysis or substrate bind-
ing. It should be pointed out that the three-dimensional
structures of shikimate dehydrogenases determined were
in complex with the cofactor and no three-dimensional
structure in complex with 3-dehydroshikimate/shikimate
molecules have been reported to date.



Fig. 6. Multiple sequence alignment of SD from M. tuberculosis using ClustalW. The boxes denote residues conserved in the SDH family involved in
catalytic reduction of DHS to SHK. This sequence alignment was constructed using the following sequences from GenBank: E. coli K12 AroE
(NP_417740, residues 1–172), H. influenzae AroE (YP_248346, residues 1–268), M. jannaschii AroE (NP_248077, residues 1–282), and M. tuberculosis

AroE (CAB06186, residues 1–269). The symbols are as follows: * = identity, : = strong similarity, . = week similarity. These nomenclature is based on the
properties of aminoacids using the substitution matrix BLOSUM [34].
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The work presented here describes, to the best of our
knowledge, the first purification protocol of recombinant
M. tuberculosis SD to homogeneity and determination of
its oligomeric state. In addition, here we present a detailed
characterization of the homogeneous mtSD. It should be
pointed out that expression of mtSD in soluble and active
form proved to be laborious to achieve [15]. Protein pro-
duction and crystallization must be optimized if structural
genomics will ever reach its goal of solving the three-di-
mensional structure of the whole proteome encoded by a
given genome [35]. Unfortunately, even when a genome
can be sequenced, only up to 20% of the protein targets
can produce soluble proteins under very basic experimental
conditions [36]. Thus, expression of proteins in soluble
form has been identified as an important bottleneck in
efforts to determine biological activity and crystal structure
of M. tuberculosis proteins [37].

The protocol for mtSD purification presented here
should provide protein in quantities necessary for further
enzymological studies and three-dimensional structure
determination efforts. Determination of mtSD kinetic
mechanism by steady-state and pre-steady-state kinetics,
and isotope effects, site-directed mutagenesis, and chemical
rescue will allow elucidation of its chemical and catalytic
mechanism. The three-dimensional structures of shikimate
dehydrogenases from E. coli [29,31], H. influenzae [23,32],
and M. jannaschii [22] should facilitate screening of exper-
imental conditions to obtain crystals of mtSD protein and
may provide templates for mtSD structure determination
by molecular replacement. All of the enzymes that make
up the shikimate pathway are potential targets for the
design of novel drugs directed against pathogenic bacteria.
The structure of M. tuberculosis shikimate dehydrogenase
and the understanding of the enzyme mode of action will
be used as a platform for the design of effective inhibitors
of this pathway aiming at the development of antitubercu-
lar agents.
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ABSTRACT 
 
Mycobacterium tuberculosis shikimate dehydrogenase (MtbSD) catalyzes the fourth 

reaction in the shikimate pathway, the NADPH-dependent reduction of 3-

dehydroshikimate. To gather information on the kinetic mechanism, initial velocity 

patterns, product inhibition, and primary deuterium kinetic isotope effect studies were 

performed and the results suggested a steady-state ordered bi-bi kinetic mechanism. The 

magnitudes of both primary and solvent kinetic isotope effects indicated that the hydride 

transferred from NADPH and protons transferred from the solvent in the catalytic cycle are 

not significantly rate limiting in the overall reaction. Proton inventory analysis indicates 

that one proton gives rise to solvent isotope effects. Multiple isotope effect studies indicate 

that both hydride and proton transfers are concerted. The pH profiles revealed that 

acid/base chemistry takes place in catalysis and substrate binding. The MtbSD 3D model 

was obtained in silico by homology modeling. Kinetic and chemical mechanisms for 

MtbSD are proposed on the basis of experimental data. 

 

Keywords: shikimate dehydrogenase, tuberculosis, drug target, 3-dehydroshikimate, 

shikimate, kinetic mechanism, chemical mechanism, Mycobacterium tuberculosis. 
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Introduction 

Tuberculosis1 (TB) is a pandemic, which even today, remains a major global health 

concern. Its causative agent, Mycobacterium tuberculosis, is one of the most prolific 

infectious agents affecting humans. A third of the world’s population is thought to host M. 

tuberculosis and approximately 30 million people have died from the disease in the past 

decade [1]. The treatment of multidrug-resistant TB (MDR-TB), defined as resistant to at 

least isoniazid and rifampicin [2], requires the administration of second-line drugs that are 

more toxic and less effective, and are given for at least three times as long as, and 100 times 

as expensive as basic chemotherapy regimens [3]. More recently, a survey of the frequency 

and distribution of extensively drug-resistant (XDR) TB cases, which are defined as cases 

in persons with TB whose isolates were resistant to isoniazid and rifampicin and at least 

three of the six main classes of second-line drugs, showed that during 2000-2004, of 17,690 

TB isolates, 20% were MDR and 2% were XDR, and that XDR-TB has a wide geographic 

distribution [4]. New antimycobacterial agents are thus needed to improve the treatment of 

MDR- and XDR-TB, and to provide more effective treatment of latent tuberculosis 

infection [5]. 

The availability of the complete genome sequence of M. tuberculosis allowed the 

identification of molecular targets against which new therapeutical agents may be 

developed [6]. Homologues to the seven enzymes of the shikimate pathway were identified 

in the genome sequence of M. tuberculosis. This pathway has been shown to be essential 

for the viability of M. tuberculosis [7]. Accordingly, the essentiality of the mycobacterial 

shikimate pathway and its absence from human host indicate that any enzyme of this 

pathway represents a promising target for the development of non-toxic antimycobacterial 
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agents. However, an understanding of the kinetic mechanism and availability of structural 

models are needed to help the rational inhibitor design to progress more rapidly [8].  

Shikimate dehydrogenase (EC 1.1.1.25), the fourth enzyme in the shikimate 

biosynthesis pathway, catalyzes the NADPH-dependent reduction of 3-dehydroshikimate 

(DHS) to shikimate (SHK) (Fig. 1). We have previously reported cloning and expression of 

M. tuberculosis SD (MtbSD) [9]. In addition, measurements of the NADP+-dependent 

oxidation of shikimate to 3-dehydroshikimate catalyzed by recombinant MtbSD confirmed 

the correct assignment to the structural gene encoding SD in M. tuberculosis [9]. More 

recently, we have reported purification to homogeneity of recombinant functional MtbSD, 

N-terminal amino acid sequencing, electrospray ionization mass spectrometry analysis, 

chromatographic size exclusion, and enzyme activity measurements that unambiguously 

demonstrated the identity of recombinant MtbSD, its oligomeric state, the apparent kinetic 

parameters for all substrates, the thermal stability, and the activation energy for the 

enzyme-catalyzed chemical reaction [10]. 

In the present work, initial velocity patterns in the forward direction, product 

inhibition studies, primary deuterium kinetic isotope effects, solvent kinetic isotope effects, 

proton inventory, multiple kinetic isotope effects, pH rate profiles, and homology modeling 

were performed to investigate the MtbSD kinetic and chemical mechanisms. The data here 

presented provide a framework on which to base the rational design of inhibitors with 

possible antitubercular activity. 
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Materials and Methods 
 
Enzymatic Assay for MtbSD - All enzyme activity assays were carried out at 25°C in 100 

mM potassium phosphate (pH 7.3) by monitoring the decrease in absorbance at 340 nm (ε 

= 6220 M-1 cm-1) accompanying the conversion of NADPH to NADP+ in the presence of 

DHS and MtbSD. The final enzyme concentration was 1.8 nM. To obtain initial velocity 

measurements, rate values were determined under experimental conditions in which less 

than 5% of substrate was consumed.  

 

Initial Velocity and Product Inhibition - To determine the steady-state kinetic parameters 

and initial velocity patterns, MtbSD activity was measured in the presence of varying 

concentrations of one substrate and several fixed-varied concentrations of the other. 

Product inhibition patterns were determined by measuring initial rates at five 

concentrations of one substrate, fixed non-saturating concentration of the co-substrate, and 

fixed-varying levels of product (either NADP+ or SHK). 

 

Kinetic Isotope Effects and Proton Inventory - The synthesis of [4S-2H]NADPH was 

performed as described by Ottolina et al. (1989) [11]. Both NADPH and NADPD 

substrates were purified on an FPLC Mono-Q column (GE Healthcare) as previously 

described, and the fractions with absorbance ratios A260nm/A340nm ≤ 2.3 were pooled [12]. 

All measurements were performed in duplicate. Primary deuterium kinetic isotope effects 

were determined by measuring initial rates in the presence of varying concentrations of one 

substrate and five fixed concentrations of the other, with either NADPH or NADPD. 

Solvent kinetic isotope effects were determined by measuring initial velocities using a 
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saturating level of one substrate and varying concentrations of the other in either H2O or 90 

atom % D2O. Multiple kinetic isotope effects were obtained by determining the primary 

isotope effects using D2O as solvent. The proton inventory was determined using saturating 

concentrations of DHS and NADPH at various mole fractions of D2O. Each proton 

inventory individual initial rate datum is the average of triplicate measurements.  

 

pH-Rate Profiles - To determinate the pH dependence of kcat and kcat/Km, initial velocities 

were measured in the presence of varying concentrations of one substrate and a saturating 

level of the other at different pHs in a mixture of potassium phosphate and boric acid. The 

mixed buffers were used over the following pH values: 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 

9.5, and 10.0. The MtbSD enzyme had been incubated in buffers at all the pH values 

mentioned above and assayed under standard conditions to ensure enzyme stability at the 

tested pHs.  

 

Data Analysis - Initial velocity kinetic data were fitted to appropriate equations by using the 

nonlinear regression function of SigmaPlot 2000 (SPSS, Inc.). Substrate hyperbolic 

saturation curves at a single concentration of the fixed substrate and varying concentrations 

of the other substrate were fitted to equation 1. Intersecting initial velocity patterns were 

fitted to equation 2, which describes a sequential mechanism. For equations 1 and 2, v is the 

measured reaction velocity, V is the maximal velocity, A and B are the concentrations of 

substrates (DHS and NADPH), Ka, and Kb are the corresponding Michaelis- Menten 

constants, and Kia is the dissociation constant for substrate A. 

v = VA / (Ka + A)    (Eq. 1) 

v = VAB / (KaB + KbA + KiaKb + AB)  (Eq. 2) 
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Competitive and noncompetitive inhibition data were fitted to, respectively, 

equation 3 and 4. For equations 3 and 4, I represent the inhibitor concentration, and Kis and 

Kii are the slope and intercept inhibition constants, respectively. 

v = VA / [Ka (1 + I/Kis) + A]   (Eq. 3) 

v = VA / [Ka (1 + I/Kis) + A (1 + I/Kii)] (Eq. 4) 

The kinetic isotope effect data were fitted to equations 5 or 6, which describe, 

respectively, effects on both V and V/K and on V only, where Fi represents the fraction of 

isotopic label, and EVK is the isotope effect on V/K minus one and EV is the isotope effect on 

V minus one. 

v = VA / [K (1 + FiEV/K) + A (1 + FiEV)] (Eq. 5) 

v = VA / [K + A (1 + FiEV)]    (Eq. 6) 

Data for pH profiles data that showed a decrease in logkcat and logkcat/Km with a 

slope of -1 as the pH values increased were fitted to equation 7, where y is the apparent 

kinetic parameter, C is the pH-independent plateau value of y, H is the hydrogen ion 

concentration, and Kb is the apparent base dissociation constant for ionizing groups. 

log y = log [C/(1 + Kb/H)]   (Eq. 7) 

 

Homology Modeling - Primarily, homology modeling is the identification and selection of 

template proteins from the Protein Data Bank (PDB) [13] that are related to the target 

sequence. The program Blastp [14] was used to search for templates. Multiple sequence 

alignment comparisons were carried out to improve the sensitivity of the search and to find 

regions with high similarity using ClustalW [15]. The program MODELLER6v2 [16] was 

used to build the protein models, using the standard protocol of the comparative protein 

structure modeling methodology [17]. The best model of each enzyme was evaluated and 
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selected according to their stereochemical quality analyzed with PROCHECK [18]. 

Validation of the 3D profiles of the models was performed with VERIFY 3D [19]. Here, 

the structure prediction of MtbSD was based on 3D structure for the homologous SD from 

Escherichia coli (E. coli) (PDB ID: 1NYT), experimentally determined by X-ray 

diffraction at 1.5Å resolution [20]. Root-mean square deviation (RMSD) between template 

and model structures was calculated using SwissPdbViewer [21]. Drawing of protein 

structures were performed with the program SwissPdbViewer [21]. 
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Results 
 
Initial Velocity and Product Inhibition Patterns - The constants for steady-state 

kinetics of MtbSD were determined under initial velocity experimental conditions. When 

DHS was varied at fixed-varied NADPH concentrations, the lines intersected on the x-axis 

and on the left of the y-axis (Fig. 2A); when NADPH was varied with fixed-varied DHS 

concentrations, the lines intersected below the x-axis and on the left of the y-axis (Fig. 2B). 

The data were fitted to equation 2, and yielded the following values: KDHS = 44 ± 3 μM, 

KiaDHS= 30 ± 9, KNADPH = 34 ± 2 μM, kcat = 78 ± 2 s-1, kcat/KDHS = 1.8 x 106 M-1 s-1, and 

kcat/KNADPH = 2.3 x 106 M-1 s-1. 

 Product inhibition experiments were performed and the data fitted to equation 3 or 

4. The results are given in Table 1. NADP+ is a competitive inhibitor (C) and a 

noncompetitive inhibitor (NC) versus NADPH and DHS, respectively. For SHK product, 

the inhibition pattern is C and NC versus, respectively, DHS and NADPH.  

 

Kinetic Isotope Effects and Proton Inventory - The primary deuterium kinetic 

isotope effects on V/K and V for both substrates are presented in Table 2. The primary 

kinetic isotope effect values of 1.8 for DVDHS and 1.5 for DVNADPH using [4S-2H]NADPH 

indicate that the C4-proS hydride (B side) is transferred to DHS in the oxy-reduction 

reaction catalyzed by MtbSD.  

The D(V/Kapp)DHS values decreased to a limiting value of 1.0 ± 0.03 as the 

concentrations of either NADPH or NADPD increased (Fig. 3), whereas D(V/Kapp)NADPH 

(1.4 ± 0.3) was independent of fixed-varied concentrations of DHS (Fig. 3 - inset).  
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Solvent kinetic deuterium isotope effects were determined at pH 7.3 (Fig. 4A and 

Fig. 4B), a pH region in which the kinetic parameters are independent of small changes in 

pH. Small solvent kinetic isotope effects on V were observed for DHS (1.5 ± 0.3) and 

NADPH (1.3 ± 0.2), whereas no solvent effects on V/K were observed (Table 2). The 

proton inventory, a relationship between V and the mole fraction of D2O, was linear for 

MtbSD (Fig. 4A - inset). 

In order to distinguish between stepwise and concerted mechanisms, multiple 

isotope effects were evaluated measuring the primary isotope effects for both substrates in 

either D2O (Fig. 5A and 5B) or H2O (Fig. 5A and 5B - insets), and the results are 

summarized in Table 2. The DV/KNADPH value in H2O (1.4 ± 0.3) was within standard error 

of the DV/KNADPH value in D2O (1.5 ± 0.1), whereas DVNADPH in D2O (2.5) increased as 

compared to the value obtained in H2O (1.5). The magnitude of the DVDHS value in D2O 

(2.6) also increased, and, most important, running the reaction in D2O allowed the 

observation of a small, but significant, DV/KDHS, (1.3 ± 0.1) in contrast to the unity obtained 

in H2O. 

 

pH Rate Profiles - To probe the role of acid/base chemistry in the mechanism of 

MtbSD, the pH dependence of kcat and kcat/Km for DHS and NADPH was determined over 

the pH range of 5.5 ≤ pH ≤ 10.0. The pH profiles of kcat for both substrates are very similar 

and decrease at high pHs with a slope of -1 (Fig. 6A), demonstrating that deprotonation of a 

single residue with apparent pKa value of 8.9 ± 0.1 abolishes MtbSD catalytic activity. The 

kcat/Km profiles for DHS and NADPH show a decrease at high pH values with a slope of -1 
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(Fig. 6B and Fig. 6C), suggesting that deprotonation of a single ionizable group with pKa 

value of 9.1 ± 0.1 diminishes DHS and NADPH binding.  

 

Homology Modeling -In the search for templates to perform the homology modeling 

we found three candidate structures, namely, E. coli SD (PDB ID: 1NYT) [20], E. coli 

YdiB (PDB ID: 109B) [20] and Methanococcus jannaschii SD (PDB ID: 1NVT) [22]. The 

Blastp results listed M. jannaschii SD (PDB ID: 1NVT) as the best template for MtbSD. 

However, the structure coordinates were not available at the time of this modeling work. 

The second best result was YdiB (PDB ID: 109B), although its function is different from 

that of MtbSD. YdiB was characterized as a dual specificity quinate/shikimate 

dehydrogenase that utilizes either NAD+ or NADP+ as cofactor. Multiple sequence 

alignment, with the insertion of two gap regions into the MtbSD sequence, illustrates this 

difference (Fig. 7). Segments of the target sequence which have no equivalent in the 

template are the most difficult regions to model. Hence, the E. coli SD (PDB ID: 1NYT), 

solved experimentally by X-ray diffraction at 1.5Å resolution [20], was used as a template 

to model the 3D structure of MtbSD. They both have the same function and a sequence 

identity of approximately 25%, the limit usually allowed for comparative protein structure 

modeling [14]. 

Ten models of the enzyme were built, and evaluated by PROCHECK [18] and 

VERIFY 3D [19] to choose the best one. MtbSD contains 269 amino acid residues. Out of 

220 non-glycine and non-proline residues, 199 or 90.5% were located in the most favored 

regions of the Ramachandran plot. The best model of MtbSD is illustrated in Figure 8. The 

backbone RMSD between template and model structures is 1.93 Å. Considering the 
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sequence divergence between these ortholog sequences, approximately 25% sequence 

identity, this RMSD value is expected and the modeling results, overall, demonstrate that 

the MtbSD model obtained is highly satisfactory and can thus be used to infer structure-

activity relationships for this enzyme (Fig. 8). 

 

Discussion 

Kinetic Mechanism of MtbSD -  The families of intersecting double-reciprocal plots 

observed in the initial velocity for the forward direction for both substrates are consistent 

with a sequential mechanism and thus both substrates must attach to the enzyme forming a 

ternary complex before any product is released. Accordingly, a ping-pong mechanism 

could be discarded. In addition, a rapid equilibrium ordered mechanism was ruled out 

because the families of double reciprocal plots obtained intersect on the left of the y-axis 

(Fig. 2A and Fig. 2B). 

The steady-state kinetic constant values given here are larger than the apparent 

kinetic parameters we have previously reported [10], whose data were collected in Tris-HCl 

100mM, pH 7.0. We verified a significant reduction in the catalytic rate for this enzyme 

when the assay mix was buffered using Tris-HCl instead of potassium phosphate (data not 

show). In addition, here we report true steady-state kinetic parameters instead of apparent 

kinetic parameters. 

Determination of steady-state kinetic parameters for Pisum sativum SD [23] in 100 

mM potassium phosphate, pH 7.4, yielded values of 340 ± 40 μM for KDHS, which is 

approximately 8-fold larger than the value for MtbSD (44 μM), and 4.3 ± 0.5 μM for 
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KNADPH, which is approximately 8-fold smaller than the value here reported for MtbSD (34 

μM). 

The first step in determining the mechanism of action of an enzyme is to establish 

its kinetic mechanism, the order of substrate binding and release of products. This is most 

commonly achieved by product inhibition studies in which we observe the patterns 

obtained when substrate concentrations are varied at fixed levels of other substrate(s) in the 

presence of products, yielding information not available from initial velocity studies. 

Product inhibition data for MtbSD (Table 1) were similar to those for P. sativum 

SD. For the reaction of P. sativum SD [23], NADPH was found to give linear competitive 

inhibition with NADP+ as variable substrate, and NADPH was a noncompetitive inhibitor 

versus SHK at low NADP+ concentrations. The results for SHK inhibition versus DHS 

indicated slightly noncompetitive inhibition, thereby suggesting that the mechanism is 

ordered [23]. Product inhibition data presented here suggest two possible kinetic 

mechanisms for MtbSD, steady-state ordered and rapid equilibrium random with two dead-

end ternary complexes (MtbSD-NADPH-SHK and MtbSD-NADP+-DHS). An application 

of primary deuterium isotope effects is to distinguish among possible kinetic mechanisms. 

Accordingly, to differentiate between steady-state ordered and rapid equilibrium random, 

analysis of primary kinetic isotope effects was carried out. 

Measurements of the steady-state primary deuterium kinetic isotope effects on 

apparent V/K for one substrate were carried out at various cosubstrate concentrations (Fig. 

3). Based on the mechanistic deductions from isotope effects for multireactant enzymes 

developed by Cook and Cleland [24], the primary isotope effect on D(V/Kapp)B is 

independent of the concentration of A and D(V/Kapp)A decreases as the concentration of B 
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increases and reaches a limiting value of 1.0 at infinite concentration of B for a steady-state 

ordered mechanism. A and B refer to, respectively, the first and second substrates to bind to 

the enzyme. The kinetic isotope effects on V/K results (Fig. 3) are in agreement with a 

steady-state ordered bi-bi mechanism with DHS binding first followed by NADPH binding 

to MtbSD active site (Fig. 9). In addition, the DHS substrate is sticky, hence it reacts to 

give SHK as fast as, or faster than, it dissociates from the enzyme [24]. Based on initial 

velocity patterns, product inhibition, analysis of Haldane relationships and isotope-

exchange studies, an ordered kinetic mechanism with NADPH binding first has been 

proposed for P. sativum SD [23]. Initial velocity and dead-end inhibition studies showed 

that the kinetic mechanism is ordered bi-bi for mouse class II alcohol dehydrogenase with 

coenzyme binding first [25]. The NAD-dependent mouse class II alcohol dehydrogenase is 

structurally homologous to E. coli SD dinucleotide-binding domain [20]. 

Stereospecificity and Rate-limiting Steps - The primary deuterium kinetic isotope 

effects indicate that the C4-proS hydride (B side) is transferred to DHS in the oxy-reduction 

reaction catalyzed by MtbSD. In contrast, E. coli SD has been shown to transfer the C4-

proR hydride (A-side) of NADPH [26], in agreement with the crystal structure of the 

enzyme [20]. Isotope effects on V report on events following formation of the ternary 

complex capable of undergoing catalysis, which include the chemical steps, possible 

enzyme conformational changes, and product release [27]. Isotope effects on V/K report on 

steps in the reaction mechanism from the binding of the isotopically labeled substrate to the 

first irreversible step, usually the release of the first product. The apparent classical limit for 

primary deuterium kinetic isotope effects on the maximal velocity is around 8 if carbon-

hydrogen bond cleavage is the rate-determining step, even though values as small as 2 have 

been used, in a less rigorous practice, as evidence for rate-limiting steps [27]. The primary 
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kinetic isotope effect values of 1.8 for DVDHS and 1.5 for DVNADPH using [4S-2H]NADPH as 

reductant indicate that the hydride transfer is only partly rate limiting for MtbSD enzyme 

catalysis. Isotope-insensitive steps such as enzyme isomerization and/or product release are 

probably contributing to the rate-limiting steps of the MtbSD reaction. The D(V/Kapp)NADPH 

and D(V/Kapp)DHS values indicate that substrate binding steps make a small contribution to 

the rate-limiting steps. 

Steady-state solvent isotope effects were evaluated to assess the contribution of 

solvent proton transfer to a step in the enzymatic mechanism. The effect on V arises from 

solvent-exchangeable protons being transferred during catalysis. The values for solvent 

isotope effect on V for DHS (1.5) and NADPH (1.3) indicate that solvent-exchangeable 

protons being transferred during catalysis is only partly rate limiting in the overall reaction. 

No solvent isotope effect on V/K was observed for DHS and NADPH.  

The number of protons transferred during the oxy-reduction reaction catalyzed by 

MtbSD was determined by the proton inventory technique. Measurements of V in different 

isotopic solvent mixtures (V relative versus mol fraction of D2O) showed a linear 

relationship (Fig. 4A – inset), suggesting that a single proton is transferred in the step that 

exhibits the solvent isotope effect [28]. A similar result was observed for the M. 

tuberculosis NADPH-dependent mycothione reductase [29].  

 

Chemical Mechanism of MtbSD -  Double isotope effect studies are able to 

distinguish whether two different isotopic substitutions affect the same or different 

chemical steps. Assuming that the primary deuterium kinetic isotope effect is expressed 

only on the hydride transfer reaction (Fig. 5A and 5B – insets) and solvent isotope effects 

affect only the alkoxide protonation, double isotope effects can distinguish whether these 
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isotopic substitutions affect the same or different chemical steps (Fig. 5A and 5B). Theory 

predicts that if protonation and hydride transfer occur in the same transition state, the 

primary isotope effects will be larger or unchanged with D2O as compared to H2O. On the 

other hand, if hydride transfer and protonation occur in distinct steps, the primary isotope 

effects will be smaller with D2O as solvent, as proton transfer will become more rate 

limiting [30, 31]. The increased values for the primary isotope effects on V/K measured in 

D2O (DV/KDHS(D2O) = 1.3 and DV/KNADPH(D2O) = 1.5) as compared to values measured in H2O 

(DV/KDHS = 1.0 and DV/KNADPH
 = 1.4) are in agreement with both hydride and proton 

transfer taking place in the same step (concerted mechanism), thus implying a single 

transition state. It should be pointed out that use of D2O allowed the observation of a 

significant value for DV/KDHS (1.3), even though this substrate is sticky and reaction 

proceeds through a steady-state ordered kinetic mechanism. 

 The β-elimination catalyzed by bovine liver crotonase is concerted [32], as well as 

are the reactions catalyzed by pig liver acyl-CoA dehydrogenase [33] and isocitrate 

dehydrogenase [34]. Concerted reactions are a common strategy utilized by enzymes to 

avoid unstable intermediates, such as some enolate anions [35, 36].  

The role of acid/base chemistry in the mechanism of MtbSD was determined using 

the pH dependence of kcat and kcat/Km for DHS and NADPH in pH range of 5.5 ≤ pH ≤ 10.0 

(Fig. 6). In this experiment the kcat for both substrates are very similar and decrease at high 

pHs with a slope of -1 (Fig. 6A), indicating that deprotonation of a single residue with 

apparent pKa value of 8.9 ± 0.1 abolishes MtbSD catalytic activity. The kcat/Km profiles for 

DHS and NADPH show that deprotonation of a single ionizable group with pKa value of 

9.1 ± 0.1 abolishes DHS and NADPH binding (Fig. 6B and 6C). It is likely that the 
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ionization behavior of the same group is being observed in the pH profiles for kcat and 

kcat/Km, and the difference in the pK values may reflect perturbation of the pK value upon 

substrate(s) binding to MtbSD. The pK values for kcat and kcat/Km lie in the normal pK range 

for ε-amino of lysine, thiol of cysteines and phenolic hydroxyl of tyrosine amino acids. The 

pH-rate profiles of H. influenzae SD for the reverse reaction indicated that a group with pK 

value of ~ 8.1 needs to be deprotonated for activity, and site-directed mutagenesis results 

were consistent with Lys-67 playing a key role in catalysis [37]. 

Based on the double isotope effects and pH-rate profiles, we propose a chemical 

mechanism for MtbSD (Fig. 10), in which hydride transfer and solvent proton transfer are 

concerted, and an amino acid residue with pKa value of 8.9 is involved in catalysis. 

Analysis of the structure of E. coli SD shows that DHS is positioned for 

stereospecific reduction to SHK and the side chain of Lys65 has been proposed to hydrogen 

bond to the C-4 hydroxyl group of DHS/SHK (E.coli SD numbering) [20]. This amino acid 

residue has been proposed to be the acid/base catalytic group that donates a proton to the 

carbonyl of DHS during reduction and that removes a proton during oxidation of SHK [20]. 

In agreement, previous studies of P. sativum SD showed that substrate-like inhibitors of the 

enzyme require a C-4 hydroxyl, whereas either a C-5 hydroxyl or carboxylate group is 

needed for strong binding [38]. Analogs of DHS substrate that lack the C-4 and C-5 

hydroxyls were used to demonstrate the role of both C-5 hydroxyl and C-4 hydroxyl on the 

substrate specificity for the E. coli SD, and the results showed that the C-4 hydroxyl has a 

very significant effect on the specificity of the substrate [39]. It has been suggested that the 

C-4 hydroxyl group hydrogen bonds to a charged group in the E. coli SD active site based 

on an estimation of the binding energy given by kcat/Km [39]. However, it should be kept in 
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mind that participation of a lysine side chain residue in the chemical reaction catalyzed by 

E. coli SD is based on a molecular model, since the crystal structure is for E. coli SD-

NADP+ binary complex, and E. coli SD transfers the C4-proR hydride (A-side) of NADPH. 

Based on pH rate profiles of P. sativum SD, it has been postulated that a group with pKa 

value of 9.4, possibly or an ε-amino group of lysine, binds the carboxylate ion of the 

substrate, while a group of pKa 8.6, possibly a sulphydryl residue, interacts with the C-4 

hydroxyl group of DHS/SHK [40]. The crystal structure of M. jannaschii SD has been 

determined and the residues involved in DHS binding and its catalytic reduction were 

identified, amongst them Lys70 (M. jannaschii SD numbering) [22]. The side chain of 

Asp102 of E. coli SD has also been suggested to form a hydrogen bond to C-4 hydroxyl 

group of the substrate [20]. In addition, analysis of the crystal structure of H. influenzae SD 

and site-directed mutagenesis studies have shown that Asp103 and Lys67 (H. influenzae 

SD numbering) may function as a catalytic pair involved in acid/base catalysis for this 

enzyme [37]. However, the pH-rate profiles for MtbSD did not show any residue whose 

protonation would abolish enzyme activity at low pH values. However, it could be argued 

that the lowest pH value (5.0) of the pH-rate profiles presented here would not allow 

detection of carboxylic groups of aspartate side chains since its pK value is approximately 

4. Notwithstanding, the pK for the carboxylate group of DHQ/SHK is approximately 4.1 

and would be a difficult task to discriminate between substrate and/or amino acid ionizing 

groups. We have previously shown by analysis of multiple sequence alignment of MtbSD, 

E. coli SD, H. influenzae SD-like, and M. jannaschii SD that Lys69 and Asp105 (M. 

tuberculosis numbering) are conserved [10]. The pH-rate profiles described here show 

participation of a group whose deprotonation abolishes binding (pKa = 9.1) and catalytic 
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activity (pKa = 8.9), consistent with participation of Lys69. At any rate, site directed 

mutagenesis of these residues and measurements of the steady-state kinetic parameters for 

MtbSD enzyme reaction are currently underway to evaluate the role, if any, of Lys69 and 

Asp105 may play in binding and/or catalysis. 

 

MtbSD Structure - The MtbSD structure belongs to the homologous superfamily 

denominated NAD(P)-binding Rossmann-fold domain [41]. The SDH family provides a 

new example of a protein family displaying the dinucleotide binding-fold, without 

significant sequence homology with other Rossmann-fold families [20]. The structure has 

an elongated shape with two domains (Fig. 8). Each domain has an α/β architecture. The 

domains are linked by an α-helix and a turn that keep them together and form a deep groove 

into which the NADP cofactor binds. The NADP-binding domain, in the C-terminus, 

adopts a nearly canonical Rossmann fold, a six-stranded parallel β-sheet with six α-helices, 

three on each side of the β-sheet. The N-terminus consists of a six-stranded β-sheet and six 

α-helices, however the arrangement is irregular, since the near central β5 strand is in an 

antiparallel orientation with respect to the other strands [20]. 

In the analysis of the E. coli SD structure utilized as template, the substrate-binding 

site was identified by the position of the nicotinamide ring of the cofactor [20]. The 

following residues conserved in the SD family were identified: Ser14, Ser16, Lys65, 

Asn86, Thr101, Asp102, and Gln244 [20]. Both carboxyl oxygens from DHS form two 

hydrogen bonds to the protein using probably the conserved serine residues at positions 14 

and 16 [20]. These residues were identified in the MtbSD model (Ser18, Ser20, Lys69, 

Asn90, Thr104, Asp105, and Gln243; MtbSD numbering), and they are present in 
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equivalent positions as showed in Fig. 11. The conserved residues Ser14, Ser16 and Tyr215 

have been suggested to be involved in substrate carboxylate binding for E. coli SD [20]. 

These residues were found in the MtbSD model (Fig. 11) to be in equivalent positions and 

appear to play a role in binding of the carboxylate group of DHS/SKH.  

In the multiple sequence alignment between the target (MtbSD) and templates (E. 

coli YdiB and E. coli SD) we identified the sequence Gly124-Ser125-Gly126-Gly127-

Thr128-Ala129 as MtbSD sequence pattern (G [A,s,g] G G [A,t] [A,S,g]), corresponding to 

the diphosphate-binding loop, which is conserved in the entire SDH family [20] (Fig. 7). 

Interaction between the diphosphate-binding loop and the active site in the E. coli SD 

occurs through Gly129 and Ala130 residues, which correspond to, respectively, Thr128 and 

Ala129 in MtbSD (Fig. 7). For the binding of the nicotinamide in E. coli SD it was verified 

that the amide group N-7 of the nicotinamide ring is hydrogen-bonded to the carbonyl 

group of Met213 and of the invariant Gly237 [20]. In the MtbSD model, the Gly236 (the 

correspondent position for Gly237) is hydrogen-bonded to the amide group N-7. On the 

other hand, the MtbSD model presents Ala213 residue in equivalent position of the E. coli 

Met213. Notwithstanding, an equivalent bond with the amide group N-7 of nicotinamide 

ring is maintained with MtbSD Ala213. The E. coli SD Arg150 and Arg154 play a crucial 

role in adenine phosphate binding as they form an “electrostatic clamp” that sandwiches the 

phosphate substituent of NADP+ [20]. In the MtbSD model it was found that Arg149 and 

Lys153 residues occupy equivalent positions, and it is thus tempting to suggest that these 

residues play a role in adenine phosphate binding in MtbSD.  

It has been suggested that NAD+ binding in E. coli YdiB is favored by the 

substitution of residues Thr151 and Arg154 of E. coli SD (E. coli SD numbering) by 

Asp158 and Phe160 (E. coli YdiB numbering), respectively [20]. The hydrophobic residue 
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Phe160 creates a neutral environment, which is less discriminating than the basic binding 

pocket with Arg154 from the SD structure. The Asn157 and Lys160 residues of NADP+-

dependent MtbSD, which correspond to Thr151 and Arg154 of NADP+-dependent E. coli 

SD [20], occupy equivalent positions and appear to play a similar role in creating a more 

discriminating environment in favor of NADP+ substrate.  

 The work here presented is, to the best of our knowledge, the first detailed report on 

the steady-state velocity patterns, product inhibition, primary deuterium kinetic isotope 

effects, solvent kinetic isotope effects, proton inventory, double isotope effects, pH-rate 

profiles, and molecular modeling of MtbSD. Initial velocity patterns in the forward 

reaction, product inhibition studies, and primary deuterium kinetic isotope effects allowed 

us to propose a steady-state ordered bi-bi kinetic mechanism for catalysis, with DHS 

binding first followed by NADPH binding to the MtbSD enzyme catalytic site. The primary 

deuterium kinetic isotope effects indicated that the C4-proS hydride is transferred from the 

NADPH co-substrate in a step that is only partly rate limiting. Solvent kinetic isotope 

effects demonstrated that proton transfer from the solvent is only partly rate limiting. 

Proton inventory results indicated that a single proton is transferred in the solvent-sensitive 

step. Double isotope effects showed that transfer of hydride and proton occur in concert. 

The pH-rate profiles revealed that a charged group, probably the ε-amino group of Lys69 

plays an important role in catalysis and substrate binding. The homology 3D model for 

MtbSD identified the probable residues in the substrate binding site, amongst them Lys69, 

in agreement with pH studies, and Asp105. These results allowed us to propose a kinetic 

and chemical mechanism for MtbSD. The enzyme kinetics and modeling studies provide a 

framework on which to base the design of enzyme inhibitors with potential use as 
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antitubercular agents. Site-directed mutagenesis, equilibrium binding spectrofluorimetry, 

and pre-steady state experiments are currently underway to improve our understanding of 

the mechanism of action of MtbSD. 
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Figure Legends 

 

Fig. 1. Shikimate dehydrogenase-catalyzed reaction. 

 

Fig. 2. Initial velocity patterns for MtbSD with both substrates DHS (A) and NADPH (B) as 

variable substrate. Each curve represents varied-fixed levels of the cosubstrate. Both DHS 

and NADPH concentrations varied from 5 to 200 μM.  One unit of enzyme activity (U) is 

defined as the amount of enzyme catalyzing the conversion of 1 μmol of NADP+ per 

minute at 25 °C. 

 

Fig. 3. Dependence of the apparent DV/KDHS values on the concentration of the cosubstrate. 

The data were fitted to an equation describing a hyperbolic decay, which yielded a limiting 
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value of 1.0 ± 0.03 for the DV/KDHS. The inset shows that DV/KNADPH values do not depend 

on the concentration of the cosubstrate. 

 

Fig. 4. Solvent isotope effects for MtbSD. (A) DHS as varied substrate, with saturating 

concentration of the cosubstrate. Reaction mix contained either 0 (●) or 90 (▼) atom % 

D2O. Inset represents the proton inventory on MtbSD, with both substrates at saturating 

concentrations. (B) NADPH as varied substrate, with saturating concentration of the 

cosubstrate. Reaction mix contained either 0 (●) or 90 (▼) atom % D2O. 

 

Fig. 5. Multiple isotope effects for MtbSD. (A) NADPD as varied substrate, with saturating 

concentration of DHS. Reaction mix contained either 0 (•) or 90 (▼) atom % D2O. Inset 

represents the primary isotope effect, NADPH (•) or NADPD (▼) as varied substrate with 

saturating concentration of the DHS. (B)  DHS as varied substrate, with saturating 

concentration of NADPD. Reaction mix contained either 0 (•) or 90 (▼) atom % D2O. 

Inset represents the primary isotope effect, DHS as varied substrate with saturating 

concentration of NADPH (•) or NADPD (▼). 

 

Fig. 6. Dependence of MtbSD kinetics parameters on pH. (A) pH dependence of log kcat, 

(B) pH dependence of log kcat/KDHS, and (C) pH dependence of log kcat/KNADPH. 

Experimental data were fitted to equation 7.  

 

Fig. 7. ClustalW multiple sequence alignment between the target (MtbSD) and templates 

(E. coli YdiB and E. coli SD). YdiB is more similar to MtbSD than to E. coli SD and 

optimal alignment between the three sequences requires the insertion of two gap regions in 
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the C-terminus of MtbSD and E. coli SD sequences (underlined in YdiB). α-helices and β-

strands are represented as H and S, respectively. This sequence alignment was created 

using the following sequences from GeneBankTM: M. tuberculosis SD (CAB06186, 

residues 1–269), E. coli K12 YdiB (NP 416207, residues 1-288), and E. coli K12 SD 

(NP_417740, residues 1-272). 

 

Fig. 8. Stereo ribbon representation of the MtbSD structure. The MtbSD structure is 

characterized by a nearly canonical Rossmann fold with a six-stranded parallel β sheet (C-

terminal domain on top), and a α/β N-terminal domain (bottom) with an antiparallel β-

strand (β5). The α-helices are shown in light gray and the β-strands in black. 

 

Fig. 9. Proposed kinetic mechanism for M. tuberculosis shikimate dehydrogenase. 

 

Fig. 10. Proposed chemical mechanism for M. tuberculosis shikimate dehydrogenase-

catalyzed reaction. R represents ribose, adenosine diphosphate, and 2’-phosphate moieties 

of NADPH. 

 

Fig. 11. The conserved residues in the nicotinamine ring pocket current in the structures of 

both E. coli SD (black) and in the MtbSD (gray). The tyrosine and serine residues involved 

in hydrogen-bond with the DHS carboxylate group are in equivalent positions in both E. 

coli SD (Tyr215, Ser14, and Ser16; black) and in the MtbSD (Tyr215, Ser18, and Ser20; 

gray). 
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Table1: Product Inhibition Patterns for M. tuberculosis Shikimate Dehydrogenase a

Varied 

substrate 

Product 

inhibition 

Inhibition type b Kis (μM) c Kii (μM) d

DHS SHK C 62.9 ± 10.5  

NADPH SHK NC 256.3 ± 35.4 142.5 ± 74.0 

DHS NADP+ NC 30.4 ± 1.3 28.3 ± 7.6 

NADPH NADP+ C 8.3 ± 1.3  

a At 25°C and 100 mM potassium phosphate, pH 7.3. b C = competitive, NC-MT = 

noncompetitive mixed-type. c Kis is the slope inhibition constant. d Kii is the intercept 

inhibition constant. 
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Table 2: Kinetic Isotope Effects for M. tuberculosis Shikimate Dehydrogenase 

Parameter Isotope Effect* 

DV/KDHS 1.0 ± 0.03 

DVDHS 1.8 ± 0.09 

DV/KNADPH 1.4 ± 0.3 

DVNADPH 1.5 ± 0.1 

D2OV/KDHS 1.0 ± 0.01 

D2OVDHS 1.5 ± 0.3 

D2OV/KNADPH 1.0 ± 0.03 

D2OVNADPH 1.3 ± 0.2 

DV/KDHS(D2O) 1.3 ± 0.1 

DVDHS(D2O) 2.6 ± 0.01 

DV/KNADPH(D2O) 1.5 ± 0.1 

DVNADPH(D2O) 2.5 ± 0.1 

* value ± standard error obtained from fitting the data to 

the appropriated equation  
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1Abbreviations used: DHS, 3-dehydroshikimate; MDR-TB, multidrug-resistant 

tuberculosis; MtbSD, Mycobacterium tuberculosis shikimate dehydrogenase; NADP+, 

oxidized β-nicotinamide adenine dinucleotide phosphate; NADPH, reduced β-nicotinamide 

adenine dinucleotide phosphate; NADPD, deuterated β-nicotinamide adenine dinucleotide 

phosphate; SD, shikimate dehydrogenase; SHK, D-shikimate; TB, tuberculosis; XDR-TB, 

extensively drug-resistant tuberculosis. 
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Resultados e Discussão 
 
ARTIGO 1: “Functional shikimate dehydrogenase from 

Mycobacterium tuberculosis H37Rv: Purification and 

characterization” 

 
Obs.: As figuras e tabelas em negrito, mencionadas na discussão a seguir, 

estão identificadas de acordo com o artigo a que se referem.  

 
Purificação e Análise da enzima recombinante MtbSD 

 
No artigo intitulado “Functional shikimate dehydrogenase from 

Mycobacterium tuberculosis H37Rv: Purification and characterization”, o 

protocolo de purificação para a enzima MtbSD utiliza quatro etapas 

cromatográficas, onde a proteína recombinante MtbSD foi purificada 8,5 vezes. 

Foram necessárias 49g de células E. coli BL21(DE3) com vetor de expressão 

pET23a(+) contendo o gene aroE de M. tuberculosis para obtenção de ~ 10 mg 

de MtbSD pura. Esse protocolo de purificação e a análise da proteína 

recombinante pura foram feitos na dissertação de mestrado da Maria de 

Lourdes Borba Magalhães pelo Programa de Pós-Graduação em Biologia 

Molecular e Celular da Universidade Federal do Rio Grande do Sul.  

Neste protocolo a primeira etapa cromatográfica, utilizando-se da Q-

Sepharose Fast Flow, resultou na maior perda de todo o processo. Apesar 

disso, essa etapa foi interessante por possibilitar a redução da quantidade das 

proteínas totais em 90% e concentrar a proteína de interesse. Na etapa 

subseqüente utilizou-se uma coluna de interação hidrofóbica, a Phenyl 

Sepharose High Performance, que resultou em uma taxa de purificação de 

quatro vezes e um rendimento de 60% em relação à etapa anterior. A terceira 
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etapa foi feita em gel filtração, através da matriz Sephacryl High Resolution S-

200 e por fim, a coluna de troca aniônica, Mono Q-HR, foi necessária para o 

refinamento da purificação da MtbSD (Tabela 1 e Figura1). 

A proteína purificada foi ensaiada monitorando a absorbância (340 nm) 

da redução do cofator NADP+ a NADPH por meio da oxidação do D-chiquimato 

(SHK) que leva a formação do 3-desidrochiquimato (DHS) (Figura 3). É 

possível verificar que a atividade enzimática da proteína purificada foi 

linearmente dependente do volume de proteína homogênea à mistura de 

reação, mostrando que a velocidade inicial é proporcional à concentração total 

de enzima (Figura 2).  

A análise do produto da purificação, por espectrometria de massas em 

ESI-MS, mostra dois picos (Figura 4). Um pico em 27.207 Da que corresponde 

à massa molecular da seqüência primária prevista para a MtbSD, com a perda 

da metionina N-terminal; e o segundo pico em 54.150 Da que corresponde à 

presença da forma dimérica da MtbSD. O grau de pureza obtido da proteína 

pura foi de 98%. A ausência de um pico em 29.413 Da no espectro de massas 

confirma que a MtbSD foi separada da enzima EcoliSD (CHAUDURI & 

COGGINS, 1985), hospedeiro utilizado na expressão da proteína alvo. 

 

 

Figura 4: Espectro de massas da MtbSD. O espectro mostra a massa molecular da enzima 
na forma monomérica e dimérica. O eixo de valores x representa a massa molecular e o eixo 
de valores y a intensidade do pico. 
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A comprovação da natureza dimérica da enzima em solução foi feita por 

meio da cromatografia líquida em gel filtração utilizando-se a coluna Superdex-

200 e uma curva de calibração (Figura 5). As SDs de E. coli (MICHEL e cols., 

2003) e H. influenzae (YE e col., 2003) apresentam-se na forma monomérica 

em solução, em contrapartida a MjanSD é dimérica (PADYANA & BURLEY, 

2003). 

 

FIGURE 5: Determinação da massa molecular da MtbSD em solução. A amostra foi 
aplicada na coluna Superdex 200 HR 10/30 e a corrida foi feita em um fluxo de 0.4 mL min-1 em 
FPLC. Os padrões de massa molecular foram Ribonuclease A (13.700 Da), Chymotrypsinogen 
(25.000 Da), Ovalbumin (43.000 Da) e Albumin (67.000 Da). 

 

A seqüência dos resíduos de aminoácidos no N-terminal da proteína 

purificada, SEGPKKAGVLG, foi determinada pelo método de química 

degradativa de Edman, confirmando assim que a proteína pura trata-se da 

MtbSD e que realmente ocorre a remoção da metionina N-terminal, um tipo 

comum de modificação pós-traducional de proteínas sintetizadas em sistemas 

procariotos.  

Posteriormente este protocolo de purificação foi otimizado, reduzindo-se 

a purificação para três etapas cromatográficas. Em torno de 5 g de células 

 27



foram necessárias para obtenção de 130,3 mg de proteínas totais, cujo 

rendimento de 13,5 % resultou em 1,5 mg de MtbSD pura. Essa preparação 

protéica foi utilizada para todos os ensaios de caracterização e de cinética. 

 

 
 
Figura 6: Análise por SDS-PAGE das frações oriundas das etapas cromatográficas da 
purificação da MtbSD. Canaleta 1: marcador de peso molecular Perfect Marker (GIBCO); 
canaleta 2: extrato bruto (40 μg de proteínas); canaleta 3: pool das frações da Phenyl 
Sepharose FF (40 μg de proteínas), canaleta 4: pool das frações da Sephacryl-S200 (20 μg de 
proteína), canaleta 5: pool das frações da Mono-Q (10 μg de proteína). 
 
 
 
Tabela1: Purificação da enzima chiquimato desidrogenase de M. tuberculosis H37Rv. 
 

Etapa de 
Purificação 

Proteínas 
totais (mg) 

Unidades 
totais (U) 

Atividade 
específica 

(U/mg) 
Taxa de 

purificação 
Rendimento 

(%) 

Extrato bruto 130,3 156,5 1,2 1 100 

Phenyl 
Sepharose FF 

25,1 113,0 4,5 3,8 72,2 

Sephacryl 
S200 

8,9 81,9 9,2 7,7 52,3 

MonoQ 1,5 21,2 14,1 11,8 13,5 

 

Analisando a tabela acima de purificação, a otimização da purificação 

ocorreu pela mudança da primeira etapa cromatográfica, onde a coluna de 

troca iônica, a Q-Sepharose Fast Flow foi substituida pela coluna de interação 

hidrofóbica Phenyl Sepharose Fast Flow, visto que a coluna cromatográfica de 

interação hidrofóbica foi bem sucedida no primeiro protocolo de purificação 
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proposto e a coluna Q-Sepharose Fast Flow resultou na maior perda do 

processo anterior. Este novo protocolo de purificação reduz uma etapa na 

purificação da MtbSD recombinante, melhorando os valores de rendimento e 

taxa de purificação. 

Os protocolos de purificação estabelecidos aqui, não usam a adição de 

seqüências extras para o alcance da proteína purificada; como é o caso da 

HinfluSD que utiliza uma cauda de histidinas (YE e cols., 2003). Já foi 

demonstrado que esse tipo de artefato pode exercer um efeito negativo em 

posteriores estudos da proteína recombinante, alterando à nível de atividade 

biológica ou até mesmo alterações estruturais (WOESTENENK e cols., 2004).  

Na purificação da enzima MjanSD utilizaram duas etapas cromatográficas e 

após mais uma etapa de remoção proteolítica da cauda (PADYANA & 

BURLEY, 2003).  

Caracterização e Determinação dos Parâmetros Cinéticos Aparentes 

O artigo em questão também descreve os parâmetros cinéticos 

aparentes no sentido direto e reverso da reação catalisada pela enzima MtbSD 

recombinante. É interessante ressaltar que esses resultados para a reação 

direta foram os primeiros descritos na literatura para a família das SDs de 

procariotos. 

Os dados foram coletados e analisados em equação hiperbólica, 

indicando que a reação catalisada pela MtbSD segue a cinética de Michaelis-

Menten para todos os substratos (Figura 3). Os valores de Km e Vmax 

encontrados para 3-desidrochiquimato (DHS) foram de 31 μM e 108 U mg-1, 

respectivamente; e para o cofator NADPH foram de 10 μM e 100 U mg-1 

(Tabela 2). O valor de Km para o substrato DHS é bastante inferior ao valor 
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encontrado para a SD purificada de Pisum sativum (PsatSD), cujo valor 

descrito é de 340 μM (BALINSKY e cols., 1971). Entretanto, o valor de Km 

encontrado para o cofator NADPH é próximo ao determinado para a enzima 

PsatSD em condições semelhantes de pH (4,3 μM). Na reação reversa, os 

valores aparentes de Km e Vmax para os substratos SHK e NADP+ foram de 

50,18 μM e 18 U mg-1; e de 22 μM e 12,9 U mg-1, respectivamente (Tabela 2). 

O valor de Km para o SHK é 10 vezes maior para PsatSD em relação ao de 

MtbSD. No entanto, os valores de Km para os substratos SHK e NADP+ das 

enzimas MtbSD e EcoliSD são bastante próximos, indicando que as duas 

enzimas catalisam a reação reversa com constantes cinéticas semelhantes. 

Os valores de Vmax para os substratos DHS e SHK rederam kcat e kcat/Km 

para esses substratos de 49 s-1 e 1,6 x 106 M-1 s-1, e 8,2 s-1 e 1,63 x 105 M-1 s-1, 

respectivamente (Tabela 2). 

A constante de equilíbrio aparente (Keq) também foi estimada utilizando 

os parâmetros cinéticos aparentes em estado estacionário. Por meio da 

equação de Haldane o valor de 19,6 foi alcançado para Keq. A Keq determinada 

em pH 7.4 para PsatSD foi de 10,3. É importante ressaltar que a metodologia 

utilizada para essa determinação considera o mecanismo cinético como sendo 

aleatório em rápido equilíbrio. Nesse caso é assumido que a constante de 

dissociação para o segundo substrato não é alterado pela ligação do primeiro 

substrato. 

O efeito da temperatura na estabilidade da proteína MtbSD foi verificado. 

Foram incubadas amostras da proteína recombinante em temperaturas 

diferentes (15, 25, 37 e 55°C) e alíquotas foram retiradas em tempos diferentes 

de incubação para realização da atividade enzimática (25°C). A MtbSD se 
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mostra uma proteína bastante estável nas temperaturas de 15, 25 e 37°C 

durante 1 hora de incubação (Figura 4). Entretanto, a atividade enzimática foi 

reduzida gradativamente em 1 hora de incubação a 55°C, chegando a 20% da 

atividade inicial no último ponto analisado. A estabilidade da MtbSD também é 

constatada a temperatura de -20°C, onde a proteína mantém sua atividade 

enzimática por pelo menos 1 ano. 

Pela análise do gráfico logk verso 1/T (K-1), chegou-se a um valor de 

35,2 kJ mol-1 de energia de ativação (Ea) para MtbSD (Figura 5). É importante 

ressaltar que a Ea calculada pelo gráfico de Arrhenius é um valor aparente e 

que o fator pré-exponencial (A) foi considerado como independente da 

temperatura no intervalo de temperatura utilizado nos experimentos. Logo, 

esse valor para a Ea pode ser considerado a quantidade mínima de energia 

necessária para iniciar a reação química catalisada pela MtbSD em 

concentrações de saturação de SHK e NADP+ testadas. Outra observação feita 

foi que o gráfico se apresenta linear, indicando que a etapa limitante de 

velocidade não altera quando a temperatura é mudada. É importante ressaltar 

que a veracidade dos dados sobre a Ea da MtbSD é constatada pela 

inexistência de queda repentina do gráfico que indicaria uma possível 

desnaturação da enzima, consistente com os dados de estabilidade da 

proteína. 

Análise da Seqüência Proteica da MtbSD 

Através de um alinhamento múltiplo de seqüências, a seqüência de 

resíduos de aminoácidos da MtbSD foi comparada com outras três seqüências 

de SDs, a de E. coli (MICHEL e col., 2003), a de H. influenzae (YE e col., 2003) 
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e M. jannaschii (PADYANA & BURLEY, 2003), cujas estruturas tridimensionais 

já foram determinadas por cristalografia (Figura 6). 

A maior identidade encontrada foi de 24% entre as seqüências de 

MtbSD e EcoliSD, e entre MtbSD e MjanSD. Apesar desse valor baixo, 

considerado o limite para realizar estudos de modelagem molecular, vários 

resíduos conservados da família das SDs foram encontrados nas seqüências 

analisadas. 

O sítio de ligação do substrato na EcoliSD, localizado no domínio N-

terminal, foi identificado pelo posicionamento do anel nicotinamida do cofator 

NADPH na estrutura resolvida. Este sítio está em um sulco encontrada na 

estrutura da EcoliSD, onde a maior parte dos resíduos altamente conservados 

da família das SDs estão presentes, como por exemplo, Ser14, Ser16, Lys65, 

Asn86, Thr101, Asp102 e Gln244 (numeração pela seqüência de EcoliSD) 

(MICHEL e col., 2003). Esses resíduos estão conservados na seqüência 

polipeptídica de MtbSD, correspondendo a Ser18, Ser20, Lys69, Asn90, 

Thr104, Asp105 e Gln243 (numeração pela seqüência de MtbSD). 

O domínio N-terminal (domínio I) da estrutura da MjanSD é responsável 

pela ligação do substrato DHS e os resíduos presentes neste sítio, 

aparentemente envolvidos nessa ligação, Lys70, Asn91 e Asp106 (numeração 

pela seqüência de MjanSD), são resíduos polares invariáveis em SD. Outra 

revelação feita pela estrutura da MjanSD, foi o resíduo Gln254 (numeração 

pela seqüência de MjanSD), que também aparece fazendo parte da estrutura 

deste sítio e está conservado na família das SDs. Foi proposto que esses 

resíduos estão envolvidos com a redução catalítica de DHS a SHK pela 

MjanSD (PADYANA & BURLEY, 2003). Pelo alinhamento estes resíduos na 
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seqüência da MtbSD correspondem a Lys69, Asn90, Asp105 e Gln244 

(numeração pela seqüência MtbSD).  

Pelo estudo estrutural da HinflSD, foi sugerido que os aminoácidos 

Ser14, Ser16, Lys65, Asn85, Asp102 e Gln245 (numeração pela seqüência de 

HinflSD) estão envolvidos no sítio de ligação do DHS (YE e cols., 2003). Pelo 

alinhamento múltiplo esses resíduos correspondem aos resíduos mencionados 

anteriormente. Na enzima SD-like de H. influenzae foi proposto que os resíduos 

conservados Lys67, Asn88, Asp103 e Gln242 estão envolvidos tanto na 

catálise quanto na ligação do substrato (SINGH e cols., 2005). Todos os 

resíduos mencionados nos trabalhos da HinfluSD e da SD-like de H. influenzae 

estão conservados na seqüência de MtbSD e estão presentes nas demais 

seqüências analisadas. 

Este primeiro trabalho descreve o primeiro protocolo de purificação para 

a enzima MtbSD, que é capaz de obter quantidade suficiente de enzima pura 

para fazer experimentos de cinética e de cristalografia. Além disso, apresenta 

uma caracterização detalhada informando o estado oligomérico e as 

constantes cinéticas aparentes para ambas reações, direta e reversa, entre 

outras. As constantes cinéticas da reação direta foram as primeiras descritas 

na literatura para as SDs de procariotos. Como perspectiva tem-se a 

determinação do mecanismo cinético em estado estacionário e pré-

estacionário, os efeitos isotópicos, a mutagênese sítio direcionada e 

“salvamento químico” que permitirão a elucidação dos mecanismos cinético e 

químico. A estrutura e o conhecimento do modo de ação da MtbSD serão 

utilizados como “conhecimento base” para o desenho de inibidores efetivos da 
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via do chiquimato, pela inibição específica da SD. Esses inibidores serão 

potenciais agentes anti-TB. 
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ARTIGO 2: “Shikimate Dehydrogenase from Mycobacterium 

tuberculosis H37Rv: Kinetic and Chemical Mechanisms” 

 

Obs.: As figuras e tabelas em negrito, mencionadas na discussão a seguir, 

estão identificadas de acordo com o artigo a que se referem.  

 
Parâmetros de Velocidade Inicial e Inibição pelos Produtos  

O primeiro passo para esclarecer o mecanismo de ação de uma enzima 

é estabelecer seu mecanismo cinético, determinando assim a ordem de ligação 

dos substratos ao sítio ativo da enzima e posteriormente de liberação dos 

produtos. O inicio dessa caracterização foi feita pela determinação das 

velocidades iniciais e posteriormente plotando esses valores no gráfico de 

Lineweaver-Burk para visualização do perfil das famílias de retas alcançadas. 

Para determinar os parâmetros cinéticos em estado estacionário e os 

padrões de velocidade inicial, a atividade da  MtbSD foi determinada variando a 

concentração de um dos substratos em algumas concentrações fixas do outro 

substrato e vice-versa.  

Esses dados foram plotados no gráfico de Lineweaver-Burk, e as 

famílias de retas observadas na reação direta para os dois substratos são 

consistentes com o mecanismo seqüencial e como conseqüência ocorrendo a 

formação de um complexo ternário no decorrer da reação. Com isso foi 

descartada a possibilidade do mecanismo ping-pong para a MtbSD, que 

apresenta no plote de Lineweaver-Burk uma família de retas paralelas. Nos 

ensaios onde DHS foi variado em sete concentrações fixas de NADPH (10, 25, 

50, 100 e 200 μM), as retas se interceptaram sobre o eixo x e a esquerda do 

eixo y (Figura 2A). Quando o substrato NADPH foi variado, seguindo as 
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mesmas condições de ensaio para DHS, as retas se interceptaram abaixo do 

eixo x e a esquerda do eixo y (Figura 2B). Com estes gráficos foi descartado 

também o mecanismo ordenado em equilíbrio rápido, pois nesse mecanismo 

se espera uma família de retas que se interceptam no eixo y. 

Os dados coletados foram ajustados na equação geral para mecanismo 

seqüencial v = VAB / (KaB + KbA + KiaKb + AB), onde v é a velocidade medida 

da reação, V é a velocidade máxima, A e B são as concentrações dos 

substratos, Ka e Kb são as constantes de Michaelis-Menten dos substratos A e 

B e Kia é a constante de dissociação para o substrato A. Os valores para as 

constantes de Michaelis-Menten dos substratos DHS e NADPH é de 44 ± 2,8 

μM e 34 ± 2,2 μM, respectivamente. A constante catalítica (kcat) foi de 77,8 ± 

2,3 s-1, alcançando então as constantes de especificidade de 1,8 x 106 M-1 s-1 

(kcat/KDHS) e de 2,3 x 106 M-1 s-1 (kcat/KNADPH). Esses valores são maiores que os 

parâmetros cinéticos aparentes apresentados no artigo “Functional shikimate 

dehydrogenase from Mycobacterium tuberculosis H37Rv: Purification and 

characterization”, onde os dados foram coletados em tampão Tris HCl 100 mM 

pH 9,0. Foi verificado um aumento significativo na velocidade catalítica da 

MtbSD quando no ensaio de reação utilizou-se tampão fosfato de potássio 100 

mM pH 7,3 ao invés de tampão Tris HCl 100 mM pH 9,0. Os parâmetros 

cinéticos em estado estacionário para a PsatSD, em tampão fosfato de 

potássio 100 mM pH 7,3, são: KDHS 340 ± 40 μM e KNADPH 4.3 ± 0.5 μM 

(BALINSKY e col., 1971). Observando esses valores, se constata que KDHS 

para PsatSD é 8 vezes maior e que KNADPH é 8 vezes menor em relação aos 

valores determinados para MtbSD. 
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 O estudo de inibição pelos produtos foi o segundo passo para a 

determinação do mecanismo cinético da MtbSD. Os dados coletados foram 

ajustados nas seguintes equações: v = VA / [Ka (1 + I/Kis) + A] ou v = VA / [Ka (1 

+ I/Kis) + A (1 + I/Kii)], onde v é a velocidade medida da reação, V é a 

velocidade máxima, A é a concentração do substrato, Ka é a constante de 

Michaelis-Menten do substrato A, Kis é a constante de inibição angular,  Kii é a 

constante de inibição linear e I é a concentração do inibidor.  

 O substrato NADP+ mostrou-se um inibidor competitivo para NADPH e 

não competitivo para DHS. O produto SHK é um inibidor competitivo e não 

competitivo para os substratos DHS e NADPH, respectivamente (Tabela 1). 

Esse perfil de inibição pelos produtos é compatível com os mecanismos 

cinéticos ordenado em estado-estacionário e aleatório em rápido equilíbrio. 

Dados similares para a inibição pelos produtos foram descritos para a PsatSD 

(BALINSKY e col., 1971). 

Esses dados de inibição pelos produtos indicam que no decorrer da 

reação dois possíveis complexos não produtivos podem ser formados, o 

complexo MtbSD-NADPH-SHK e o complexo MtbSD-NADP+-DHS, caso o 

mecanismo cinético tratar-se de aleatório em rápido equilíbrio.  

Efeitos Cinéticos Isotópicos Primário do Deutério 

A diferenciação entre os dois possíveis mecanismos para a MtbSD foi 

feita através de experimentos de efeitos cinéticos isotópicos primário. Para isso 

foram determinados os parâmetros cinéticos em velocidade inicial variando um 

dos substratos em cinco concentrações fixas do outro substrato, utilizando 

NADPH ou β-nicotinamida adenina dinucleotídeo fosfato deuterado ([4S-
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2H]NADPH /NADPD). Os efeitos isotópicos cinéticos primário foram observados 

sobre o V/K e o V em relação à reação não marcada. 

O efeito isotópico sobre V/K descreve o efeito a partir da ligação do 

substrato marcado até a primeira etapa irreversível da reação, que geralmente 

está representada pela liberação do primeiro produto. O efeito isotópico sobre 

V exibe o efeito nos eventos seguintes após a formação do complexo ternário 

produtivo, incluindo as etapas químicas, possíveis isomerizações da enzima 

até a liberação dos produtos (NORTHROP, 1975).  

Os valores coletados foram ajustados nas seguintes equações: v = VA / 

[K (1 + FiEV/K) + A (1 + FiEV) ou v = VA / [K + A (1 + FiEV)], as quais descrevem 

o efeito sobre o V e V/K, e apenas sobre V, respectivamente. Os termos Fi 

representa a fração isotópica marcada, Evk o efeito isotópico sobre V/K menos 

1 e Ev o efeito isotópico sobre V menos 1 (Tabela 2). 

O valor do efeito isotópico cinético primário de 1,8 para DVDHS e de 1,5 

para DVNADPH utilizando [4S-2H]NADPH como redutor, indica que a etapa de 

transferência do hidreto, que compreende parte da etapa química é 

parcialmente limitante para a velocidade catalítica da MtbSD. Isso sugere que 

outras etapas insensíveis ao efeito isotópico, tais como isomerização da 

enzima e/ou liberação dos produtos, estão envolvidas com as etapas limitantes 

de velocidade da reação catalisada pela MtbSD. Os valores baixos para 

DV/KNADPH e DV/KDHS indicam que a etapa de ligação dos substratos até a 

formação do complexo irreversível tem uma pequena contribuição na 

velocidade de catalise pela MtbSD.  

A magnitude dos efeitos isotópicos cinéticos utilizando o [4S-2H]NADPH 

indica que o hidrogênio proS do C4 (lado B) do cofator é transferido na forma 
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de hidreto para o substrato DHS na reação de catálise pela MtbSD. Estudo 

similar feito com a EcoliSD demonstrou que o hidreto transferido na mesma 

reação de oxiredução é o proR do C4 (lado A) do NADPH (DANSETTE & 

AZERAD, 1974), dado que confere com o estudo da estrutura 3D da proteína 

EcoliSD (MICHEL e col., 2003).  

A dedução de mecanismo cinético utilizando os efeitos isotópicos para 

enzimas com multireagentes foi desenvolvida por Cook & Cleland (1981), 

utilizando os valores dos efeitos isotópicos cinéticos aparentes sobre V/K para 

um substrato em várias concentrações do cosubstrato.  

Os valores do D(V/Kapp)NADPH (1,4 ± 0,3) são independentes da 

concentração de DHS, entretanto os valores de D(V/Kapp)DHS diminuem até o 

valor de 1,0 ± 0,03 quando a concentração de NADPH ou NADPD é 

aumentada (Figura 3). Segundo as deduções mecanísticas de Cook & Cleland 

quando o efeito isotópico primário D(V/Kapp)B é independente da concentração 

de A e o efeito isotópico primário D(V/Kapp)A diminui com o aumento da 

concentração de B, chegando a 1,0 em concentração infinita de B, o 

mecanismo cinético da reação em estudo é ordenado em estado estacionário. 

A e B refere-se ao primeiro e ao segundo substrato, respectivamente, que se 

liga a enzima. Frente a esses dados chega-se a conclusão de que o 

mecanismo cinético para a MtbSD é o mecanismo ordenado em estado 

estacionário, e que a ordem de ligação ao sítio catalítico da enzima é DHS 

primeiro, seguida da ligação do cofator NADPH (Figura 10).  

Utilizando os dados dos parâmetros de velocidade inicial, de inibição 

pelos produtos, da análise da relação de Haldane e dos estudos isotope-

exchange, o mecanismo cinético ordenado com NADPH ligando primeiro foi 
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proposto para a PsatSD (BALINSKY e col., 1971). A enzima álcool 

desidrogenase NAD-dependente (classe II) de camundongo, estruturalmente 

homóloga ao domínio de ligação do cofator da EcoliSD (MICHEL e col., 2003), 

apresenta o mecanismo seqüencial ordenado bi-bi com o cofator NADPH 

ligando antes do outro substrato (Strömberg e col., 2004).  

Efeito Isotópico Cinético do Solvente e “Proton Inventory”.  

Para analisar a contribuição da etapa de transferência de próton pelo 

solvente na velocidade da reação enzimática e para determinar o número de 

prótons que são transferidos pelo solvente foram feitos experimentos de efeito 

isotópico cinético do solvente e “próton inventory”, respectivamente.  

O efeito isotópico cinético do solvente foi determinado medindo as 

velocidades iniciais usando concentrações saturantes de um substrato variando 

a concentração do outro em H2O e em 90% de D2O (Figura 4A e 4B). Os 

valores coletados foram ajustados nas equações utilizadas para determinação 

dos efeitos isotópicos primário. Os efeitos cinéticos isotópicos do solvente 

observados sobre o V/K e o V estão mostrados na Tabela 2. 

Os valores dos efeitos isotópicos do solvente sobre V (D2OV) foram 

pequenos, atingindo para DHS a magnitude de 1,5 ± 0,3 e para NADPH de 1,3 

± 0,2. O efeito sobre V/K (D2OV/K) não foi observado. Esses dados sugerem 

que a transferência de próton pelo solvente não se trata da etapa limitante de 

velocidade, e sim um contribuinte parcial para a velocidade da reação 

catalisada pela MtbSD.  

“Proton inventory” foi determinado utilizando a relação entre a velocidade 

inicial em concentrações saturantes de NADPH e DHS e várias concentrações 

de D2O (20, 40, 60, 80 e 90%). Esta relação foi linear, sugerindo que ocorra a 
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transferência de um único próton pelo solvente na reação de oxiredução 

catalisada pela MtbSD (QUINN & SUTTON, 1991). Um resultado similar foi 

observado para a enzima micotiona redutase dependente de NADPH de M. 

tuberculosis (PATEL & BLANCHARD, 2001) (Figura inserida 4A) 

Efeitos Isotópicos Cinéticos Múltiplos 

 A fim de caracterizar o mecanismo químico da reação catalisada pela 

MtbSD, foram feitos os efeitos isotópicos cinéticos múltiplos através da 

determinação dos efeitos isotópicos cinéticos do solvente utilizando NADPD 

como substrato variado. Deste modo distingui-se entre o mecanismo químico 

concertado, onde a transferência do próton e do hidreto ocorrem na mesma 

etapa e o mecanismo químico stepwise, onde a transferência do próton e do 

hidreto ocorrem em etapas distintas.  

A teoria diz que, se caso a protonação e a transferência de hidreto 

ocorrerem na mesma etapa de transição, o efeito isotópico primário será maior 

ou igual com o uso de D2O como solvente quando comparado com a H2O. Por 

outro lado, se caso a transferência de hidreto e a protonação ocorrerem em 

etapas distintas, o efeito isotópico primário será menor com o uso de D2O como 

solvente, visto que a transferência de próton se tornará limitante na velocidade 

da reação (HERMES e col., 1984 e BELASCO e col., 1983).  

Os resultados dos efeitos isotópicos cinéticos múltiplos estão mostrados 

na tabela 2. O aumento nos valores de todos os efeitos isotópicos primários 

medidos em D2O indicam o mecanismo químico concertado para a MtbSD 

(Figura 5A e 5B). Um dado importante é o efeito isotópico sobre DV/KDHS , que 

não era observado pelo efeito isotópico cinético primário e passou para 1,3 ± 

0,1 quando foi determinado em D2O como solvente. 
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 O mecanismo concertado é uma estratégia comum utilizada pelas 

enzimas para evitar a formação de intermediários instáveis (COOK & 

CLELAND, 1981 e THIBBLIN & JENCKS, 1979). A β-eliminação catalisada pela 

crotonase é do tipo concertado (GERLT, 1998), bem como as reações 

catalisadas pela acil-CoA desidrogenase (BAHNSON & ANDERSON, 1991) e a 

isocitrato desidrogenase (POHL e col., 1986) de fígado suíno. 

Estudos de pH  

O papel da química ácido/base no mecanismo da MtbSD foi determinado 

através das constantes kcat e kcat/Km em diferentes pHs (5,5 – 10,0). 

Previamente foi verificada a estabilidade da enzima MtbSD em cada um dos 

pHs testados, para a certificação da veracidade dos dados coletados. Em cada 

pH testado, as velocidades iniciais foram medidas variando a concentração de 

um dos substratos mantendo o outro em concentração saturante. Os dados 

coletados foram ajustados na equação log y = log [C/(1 + Kb/H)] onde y é o 

parâmetro cinético aparente, C é valor de y no platô independente do pH, H é a 

concentração de H+ e Kb é a constante de dissociação aparente para os grupos 

ionizados. 

Os efeitos do pH na kcat para os substratos DHS e NADPH são similares, 

diminuindo os valores em pHs elevados com uma inclinação de -1 (Figura 6A). 

Isso demonstra que a deprotonação de um único resíduo com pKa aparente de 

8,9 ± 0,1 anula a atividade catalítica da MtbSD.  

A constante kcat/Km para ambos os substratos sofreu um decréscimo em 

altos pHs com uma inclinação de -1, sugerindo que um único grupo 

deprotonado com valor de pKa  aparente igual a 9,1 ± 0,1, reduz a ligação entre 

substrato-enzima (Figura 6B e 6C).  
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Provavelmente é a ionização do mesmo grupo que esta sendo 

observado pelo efeito do aumento de pH sobre as constantes analisadas. O 

valor de pKa para as constantes kcat e kcat/Km encontra-se na faixa normal de 

pKa para os grupos ε-amino da lisina, tiol da cisteína e hidroxila fenólica da 

tirosina. Frente aos resultados de efeitos isotópicos cinéticos múltiplos e 

estudos de pH foi proposto um mecanismo químico para a MtbSD mostrado na 

figura 11. 

A análise da estrutura da EcoliSD propõe que a cadeia lateral do resíduo 

Lys65 estabelece uma ponte de hidrogênio ao grupo hidroxila do C-4 do 

DHS/SHK (MICHEL e col., 2003). Os autores propuseram ainda que tal resíduo 

seja o grupo catalítico ácido/base que doa um próton para o grupo carbonil do 

substrato DHS durante a sua redução (MICHEL e col., 2003). Compostos 

análogos ao substrato DHS que não continham as hidroxilas no C-4 e C-5 

foram utilizadas para demonstrar o papel dessas hidroxilas na especificidade 

da enzima EcoliSD pelo substrato. Os resultados mostraram que a hidroxila do 

C-4 tem um efeito bastante significativo na especificidade da enzima pelo 

substrato (BUGG e col., 1983). A avaliação feita na energia de ligação através 

do kcat/Km sugere que a hidroxila no C-4 estabelece uma ponte de hidrogênio 

com um grupo carregado no sítio ativo da EcoliSD (BUGG e col., 1983). É 

interessante ressaltar que a participação da cadeia lateral da lisina na reação 

química catalisada pela EcoliSD está baseada em um modelo molecular, e a 

estrutura determinada para EcoliSD por cristalografia é o complexo binário 

enzima-NADP+ e que a transferência do hidreto nessa reação é dada pelo 

hidrogênio proR do C-4 do cofator. A cadeia lateral do resíduo Asp102 da 

 43



EcoliSD se propõe que também esteja envolvida com a hidroxila no C-4 do 

DHS por meio de uma ponte de hidrogênio (MICHEL e col., 2003). 

Estudos prévios da PsatSD mostraram que inibidores do tipo substrato-

like necessitam da hidroxila no C-4, ao passo que tanto uma hidroxila quanto 

um grupo carboxila no C-5 é necessário para uma ligação forte entre inibidor-

enzima (BALINSKY & DAVIES, 1961). Os efeitos de pH sobre a velocidade da 

PsatSD sugerem que uma cisteína ou um grupo ε-amino está protonado para 

interagir com o grupo hidroxila no C-4 do DHS/SHK (DENNIS & BALINSKY, 

1972).  

A estrutura da MjanSD foi determinada e os resíduos envolvidos na 

ligação e na sua redução catalítica do DHS foram identificados, dentre eles 

está a Lys 70 (PADYANA & BURLEY, 2003). A HinflSD tem sua estrutura 

resolvida pela análise cristalográfica e estudos de mutagênese sítio direcionada 

mostrou que o par Asp103 - Lys67 pode estar envolvido no mecanismo de 

catálise desta enzima (SINGH e col., 2005).  

Em nossos estudos de efeitos de pH na reação catalisada pela MtbSD 

não foi identificado qualquer resíduo cuja protonação anule a atividade 

enzimática em pH baixo. Entretanto, os efeitos dos pHs abaixo de 5,5 não 

foram testados e com isso não foi permitida a detecção do grupo carboxila 

presente na cadeia lateral do aspartato, visto que o valor de pKa para esse 

grupo é de aproximadamente 4. Os testes em pHs inferiores a 5,5 foram 

evitados pelo fato de que o pK do grupo carboxila do DHS/SHK é ~ 4,1 e isso 

dificultaria a interpretação dos resultados.  

Anteriormente foi feita uma análise da seqüência de MtbSD através do 

alinhamento múltiplo de seqüências utilizando: a EcoliSD, a HinflSD-like e a 
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MjanSD, cujas estruturas já foram determinadas (FONSECA e col., 2006). 

Dentre os resíduos identificados como conservados para a família das SDs 

foram identificados os resíduos Lys69 e Asp105 da MtbSD que correspondem 

aos resíduos discutidos nas demais estruturas (FONSECA e col., 2006). Os 

dados descritos aqui no estudo de pH para MtbSD mostrou a participação de 

um grupo cuja deprotonação desfavorece a ligação da MtbSD ao substrato 

(pKa = 9.1) e reduz a atividade catalítica (pKa = 8.9), que é consistente com a 

participação da Lys69 identificada na seqüência primária da enzima alvo.  

Modelagem por Homologia 

O primeiro passo para execução da técnica de modelagem por 

homologia é buscar um molde para os estudos. Foram encontrados três 

candidatos: a EcoliSD de (PDB ID: 1NYT) (MICHEL e col., 2003), a 

quinato/chiquimato desidrogenase (QSD) de E. coli (PDB ID: 109B) (MICHEL e 

col., 2003) and a MjanSD (PDB ID: 1NVT) (PADYANA & BURLEY, 2003). O 

resultado do “BLASTp” identificou a MjanSD (PDB ID: 1NVT) como melhor 

modelo para a MtbSD. Entretanto, as coordenadas da estrutura não estavam 

disponíveis para o estudo. O segundo candidato pelos dados obtidos no 

“Blastp” foi a QSD de E. coli (PDB ID: 109B), entretanto sua função é diferente 

da exercida pela MtbSD e além disso a QSD tem a capacidade de utilizar como 

cofator tanto o NADH quanto o NADPH. Outro ponto desfavorável em relação 

ao molde QSD é a inserção de dois gaps na seqüência da MtbSD observados 

no alinhamento múltiplo de seqüências (Figura 7). Esses segmentos que não 

apresentam equivalência no molde são regiões difíceis de resolver na estrutura 

a ser modelada.  
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Frente a essas justificativas, a EcoliSD (PDB ID: 1NYT) foi eleita como 

molde para a MtbSD, pois apresentam a mesma função biológica, a sua 

estrutura foi resolvida em 1,5Å (MICHEL e col., 2003) e a identidade entre as 

duas seqüências é de 25%, limite permitido para os estudos de modelagem 

estrutural de proteínas sejam feitos (ALTSCHUL e col., 1997).  

Partindo desse molde, dez modelos foram construídos para a MtbSD. 

Todos os modelos foram avaliados pelos programas PROCHECK 

(LASKOWSKI e col. 1993) (Tabela 4) e VERIFY 3D (LUTHY e col., 1992) para 

eleger o melhor modelo. Dos 269 resíduos de aminoácidos da MtbSD na 

melhor estrutura modelada, 90,5% dos resíduos estão localizados na região 

mais favorável no gráfico de Ramachandran (Figura 8 e Tabela 3). O RMSD 

da cadeia principal entre as estruturas do molde e da modelada é de 1,93 Å. 

Considerando as divergências entre as duas seqüências utilizadas no estudo, o 

valor para RMSD é plausível e os resultados gerais da estrutura modelada 

mostram que o molde eleito é bastante satisfatório e pode ser utilizado para 

analisar a relação estrutural e funcional da MtbSD. 

 A estrutura da MtbSD pertence a superfamília denominada domínio 

“Rossmann-fold“ de ligação a NAD(P) (MURZIN e col., 1995). A estrutura 

apresenta uma forma alongada com dois domínios, que apresentam uma 

arquitetura α/β (Figura 9).  Esses domínios estão ligados por uma α-hélice e 

uma volta que os mantém juntos e formando um sulco onde o cofator NADPH 

liga-se.  O domínio de ligação do cofator NADPH, localizado na porção C-

terminal, apresenta uma estrutura do tipo “Rossmann-fold“, que compreende 

em seis fitas β paralelas e seis α hélices, onde cada três α hélices estão 

dispostas sobre cada lado do leque central de fitas β. A porção N-terminal é 
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bastante semelhante ao domínio C-terminal descrito, entretanto ocorre um 

arranjo irregular que compreende a orientação antiparalela da fita β-5 em 

relação às demais fitas (MICHEL e col., 2003). 

Na análise da estrutura da EcoliSD, utilizada como molde, foi identificado 

o sítio de ligação dos substratos pela posição do anel nicotinamida do cofator, 

e neste sulco os resíduos de aminoácidos, Ser14, Ser16, Lys65, Asn86, 

Thr101, Asp102 e Gln244 foram identificados. Ambos os oxigênios carboxil do 

substrato DHS formam pontes de hidrogênio com o sítio ativo da proteína, 

provavelmente pelos resíduos conservados de serina nas posições 14 e 16 

(MICHEL e col., 2003). Tais resíduos foram identificados no modelo para 

MtbSD, Ser18, Ser20, Lys70, Asn91, Thr106, Asp107 e Gln263, em posições 

estruturalmente equivalentes (Figura 12). Na estrutura da EcoliSD foi 

identificado o resíduo Tyr215 que também está envolvido na ligação do 

substrato DHS no sítio ativo da enzima através de ponte de hidrogênio. No 

modelo da MtbSD o resíduo equivalente é Tyr215 (Figura 12).  

No alinhamento múltiplo de seqüências entre o alvo (MtbSD) e os 

moldes (EcoliQSD and EcoliSD) foi identificada a seqüência Gly124-Ser125-

Gly126-Gly127-Thr128-Ala129 como a seqüência padrão da MtbSD (G [A,s,g] 

G G [A,t] [A,S,g]), correspondendo ao loop de ligação ao difosfato, que está 

conservado na família das SDs (MICHEL e col., 2003) (Figura 7).  

Para a ligação da nicotinamida na EcoliSD foi verificado que o N-7 do 

grupo amida do anel nicotinamida é ligado por pontes de hidrogênio ao grupo 

carbonil da Met213 e da Gly237 (MICHEL e col., 2003). A Gly236 (posição 

correspondente para a Gly237) é conservada no modelo da MtbSD, 

estabelecendo o mesmo tipo de interação com o cofator; em contrapartida na 
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posição equivalente a Met213 encontra-se a Ala213 que mantém a mesma 

natureza de ligação com o N-7 do anel (Figura 7). 

As argininas 150 e 154 na EcoliSD têm um papel crucial na ligação do 

sítio ativo ao fosfato da adenine pela formação de um “grampo eletrostático” 

(electrostatic clamp) que envolve o fosfato (MICHEL e col., 2003). No modelo 

da MtbSD são encontrados os resíduos correspondentes Arg149 e Lys153. 

Provavelmente no modelo em estudo estes resíduos têm o mesmo papel, visto 

que aparecem pontes de hidrogênio entre eles e o fosfato da adenina (Figura 

7). 

O resíduo de Ser189 na EcoliSD é ligado ao oxigênio do anel da ribose 

fosfato do cofator por ponte de hidrogênio. Analisando o modelo MtbSD essa 

interação é dada pelo resíduo de Val189. A interação entre o grupo fosfato da 

ribose e o sítio ativo está sendo feito por ponte de hidrogênio com Asn149 e 

Asn150 na Ecoli SD e na MtbSD, respectivamente (Figura 7).  

A interação entre a porção difosfato do cofator e o sítio ativo da EcoliSD 

ocorre através da Gly129 e da Ala130, que corresponde a Thr128 e a Ala129 

no modelo em estudo, respectivamente. 

Michel e col. (2003) mostraram que a ligação do NAD+ na EcoliQSD é 

favorecida pela substituição dos resíduos Thr151 e Arg154, presentes na 

EcoliSD, pelos resíduos Asp158 e Phe160, respectivamente. A explicação para 

tal, é o ambiente hidrofóbico criado pelo resíduo apolar Phe160, que reduz a 

especificidade pelo NADPH e permitindo assim, que tanto NADH quanto 

NADPH sejam utilizados como cofatores pela EcoliQSD. Em posição 

equivalente aos resíduos Thr151 e Arg154 na estrutura da EcoliSD estão os 

resíduos Asn157 e Lys160 na estrutura modelada da MtbSD. Tanto no molde 
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quanto na estrutura modelada, esses resíduos estabelecem ponte de 

hidrogênio e é essa interação que resulta em uma orientação similar das 

cadeias laterais e como conseqüência um ambiente equivalente para a ligação 

do NADPH (Figura 13). 

O trabalho apresentado é a primeira descrição detalhada sobre os 

mecanismos cinético e químico para a MtbSD, propondo um resíduo envolvido 

na catálise e na etapa de ligação dos substratos. 

Como perspectivas próximas há os estudos de mutagênese sítio 

direcionada para confirmar a importância do resíduo Lys69 na ligação dos 

substratos e na velocidade de catálise pela MtbSD e os estudos de 

fluorescência de proteína que fornecerão as constantes de associação e 

dissociação em equilíbrio para ambos substratos. A etapa subseqüente será a 

cinética em estado pré-estacionário que possibilitará a determinação de 

constantes de velocidade de primeira e segunda ordens o que possibilitará um 

melhor detalhando do mecanismo cinético.  

Estes estudos juntamente com os estudos estruturais do sítio ativo da 

enzima fornecerão a base sólida para o desenho racional de inibidores para a 

MtbSD, que poderão representar possíveis agentes quimioterápicos para 

tratamento da tuberculose. 
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Conclusões 

 A proteína recombinante purificada é a MtbSD na forma dimérica; 

  A reação catalisada é reversível, com uma Keq de 19,6, uma Ea = 35,2 

kJ mol-1 e segue a cinética de Michaelis-Menten; 

  O mecanismo cinético é ordenado em estado estacionário, com DHS 

ligando primeiro à enzima; 

  As transferências de hidreto e próton contribuem modestamente para 

determinação da velocidade da reação e ocorrem de forma concertada; 

  Há catálise ácido/base na reação e a protonação de um grupo é 

essencial para a catálise e a ligação dos substratos; 

  Todos os resíduos sugeridos importantes para catálise na SD de E. coli 

estão conservados e em posições semelhantes no sítio ativo da MtbSD. 
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Abstract

Docking simulations have been used to assess protein complexes with some success. Small angle X-ray scattering (SAXS) is a

well-established technique to investigate protein spatial configuration. This work describes the integration of geometric docking with

SAXS to investigate the quaternary structure of recombinant human purine nucleoside phosphorylase (PNP). This enzyme catalyzes

the reversible phosphorolysis of N-ribosidic bonds of purine nucleosides and deoxynucleosides. A genetic deficiency due to mu-

tations in the gene encoding for PNP causes gradual decrease in T-cell immunity. Inappropriate activation of T-cells has been

implicated in several clinically relevant human conditions such as transplant rejection, rheumatoid arthritis, lupus, and T-cell

lymphomas. PNP is therefore a target for inhibitor development aiming at T-cell immune response modulation and has been

submitted to extensive structure-based drug design. The present analysis confirms the trimeric structure observed in the crystal. The

potential application of the present procedure to other systems is discussed.

� 2003 Elsevier Inc. All rights reserved.

Keywords: Geometric docking; SAXS; Purine nucleoside phosphorylase; Bioinformatics
Recent developments in the algorithm for protein

docking allowed the prediction of the conformation of

quaternary structures of several proteins. Among all

available algorithms for docking of biological macro-

molecules the geometric docking has been proved to

generate reasonable models of several macromolecular
assemblies [1,2]. Small angle X-ray scattering (SAXS)

technique provides information on the structural char-

acteristics of macromolecules in solution at a super-

atomic scale. One of the procedures to obtain structural

information from SAXS results is based on the

comparison between structure functions of proposed

models with different configurations of monomers or
* Corresponding author. Fax: +55-17-221-2247.

E-mail address: walterfa@df.ibilce.unesp.br (W.F. de Azevedo Jr.).
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subdomains with those determined from experiments.

Even though this technique cannot guarantee the

uniqueness of the model, it is widely used and was

demonstrated to yield useful information on the struc-

ture, on structural variations, and on the quaternary

structure of a number of macromolecules of biological
interest [3]. The Guinier analysis of SAXS intensity

provides a structural parameter, the radius of gyration

of the macromolecule in solution, which is independent

of any a priori model. The SAXS method also yields

information on the spatial configuration of the macro-

molecular subdomains but ignores internal structural

details and dynamics features such as, vibration, rota-

tion or internal conformational changes [4].
Purine nucleoside phosphorylase (PNP) catalyzes the

reversible phosphorolysis of the ribonucleosides and
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Fig. 1. Flowchart describing the overall strategy to assess protein

complex conformations.
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20-deoxyribonucleosides of guanine, hypoxanthine, and
a number of related nucleoside compounds [5], except

adenosine. Human PNP is an attractive target for drug

design and it has been submitted to extensive structure-

based design. PNP inhibitors could be used in the fol-

lowing applications: (1) treatment of T-cell leukemia;

(2) suppression of the host versus graft response in

organ transplantation recipients; (3) treatment of sec-

ondary or xanthine gout by restricting purine catabo-
lites to the more soluble nucleosides; and (4) in

combination with nucleosides to prevent their degra-

dation by PNP metabolism [6]. More recently, the

structure of human PNP has been solved using cryo-

crystallographic techniques at 2.3�AA resolution, which

allowed a redefinition of the residues involved in the

substrate binding sites [7,8]. The crystallographic

structure is a trimer, however, there is a report of di-
meric structure for the human enzyme [9], which may

change the subunit interface. Since the active site is

located near the interface of two subunits, changing the

putative interactions between enzyme and inhibitors

should have a bearing on structure-based inhibitor

design.

Here we report the combination of geometric docking

simulations and SAXS studies to assess the human PNP
quaternary structure in solution. The general procedure,

here described, may be used to study the spatial con-

figuration of the macromolecular subdomains of other

proteins in solution.
Materials and methods

Integration of geometric docking simulation and SAXS experiments.

In order to assess the quaternary structure of PNP a scheme was used

that involved both geometric docking simulations and SAXS experi-

ments. A flowchart describing the overall strategy is shown in Fig. 1.

This procedure was used to generate the dimeric models for PNP and

the trimeric structure was built using the crystallographic symmetry. In

order to speed up the geometric docking simulations, a parallel version

of the program GRAMM [10] was used to generate the dimeric models

for human PNP. Each step of the procedure is described in the

following sections.

Geometric docking simulations. In order to obtain the dimeric

structure of human PNP, docking simulation was performed using the

geometric recognition algorithm, which was developed to identify

molecular surface complementarity. The monomeric structure of hu-

man PNP (PDB access code: 1M73) [7] was docked against its own

structure. It generated a total of 100 dimers. The geometric recognition

algorithm is based on a geometrical approach and involves an auto-

mated procedure including: (i) a digital representation of the molecules

by three-dimensional discrete functions; (ii) the calculation of a cor-

relation function that assesses the degree of molecular surface overlap

and penetration upon relative shifts of the molecules in three dimen-

sions; and (iii) a scan of the relative orientations of the molecules [10].

The procedure is equivalent to a six-dimensional search but consid-

erably faster by design, and the computation time is only moderately

dependent on molecular size. This procedure has been applied to assess

protein–protein and protein–ligand interactions. The geometric rec-

ognition algorithm was implemented in the program GRAMM [10].

All geometric docking simulations were performed on a Beowulf
cluster, with 16 nodes (B16/AMD Athlon 1800+; BioComp, S~aao Jos�ee

do Rio Preto, SP, Brazil).

SAXS studies. X-ray scattering data were collected at room tem-

perature using Cu Ka X-rays radiation generated by a Rigaku RU300

rotating anode generator operated at 50 kV and 90 mA and collimated

with a block slit system [11]. The scattering intensity was measured

using a linear position sensitive detector (CBPF-Brazil).

The SAXS measurements were performed within an angular range

defined by 0:02�AA
�1
< h < 0:450�AA

�1
where h ¼ ð4p sinÞ=k, 2h being the

angle between the incident and the scattered X-ray beam and k the

X-ray wavelength. The contributions to the scattering intensity from

the solvent, capillary, and air were subtracted from the total intensity.

Recombinant human PNP was expressed and purified as previously

described [12]. The SAXS measurements were carried out using human

PNP solution, which was concentrated to 12 mg ml�1 against 10 mM

potassium phosphate buffer (pH 7.1). The counting time was 12 h. The

extrapolated experimental SAXS intensity function was desmeared to

suppress the influence from the slit collimation system yielding the

corrected intensities, IðhÞ.
A structural parameter related to the overall size of the macro-

molecule, the radius of gyration Rg, was determined by using the

Guinier equation [13]

IðhÞ ¼ Ið0Þ exp

"
�

h2R2
g

3

#
: ð1Þ

Eq. (1) applies to macromolecules in the limits of a dilute solution and

small h values. More detailed information of the molecular structure

can be obtained from the distance distribution function pðrÞ, which is

related to the SAXS desmeared (free from geometrical collimation

effects) intensity IðhÞ by
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pðrÞ ¼ 1

2p2

Z 1

0

IðhÞðhrÞ sinðhrÞdh: ð2Þ

The pðrÞ function is proportional to the number of pairs of electrons

separated by the distance r, which is encountered by combinations

between all the elements of the macromolecule. The radius of gyration

of macromolecules in solution is usually determined by applying Eq.

(1). The distance distribution function, pexpðrÞ, has been determined by

indirect Fourier transformation using the ITP program [11]. This

program was also used to determine the intensity IðhÞ, free from

smearing collimation effects. The theoretical function ptheoðrÞ was cal-

culated using the program MULTIBODY [11], modified in order to

make molecular model building easier [4]. The program MULTI-

BODY calculates the resulting function pðrÞ of the complete set of

atomic coordinates of each structural model for the macromolecule. In

the present study we calculated the ptheoðrÞ for monomer, for the

dimers, generated by geometric docking, and for the trimer, obtained

by application of crystallographic rotations.

Correlation between geometric docking simulations and SAXS

experiments. To assess the correlation between theoretical and exper-

imental distance distribution function pexpðrÞ and ptheoðrÞ, respectively,

we have calculated the linear correlation coefficient (CC), which is

defined as follows [14]:

CC ¼
Pn

i jpexp;iðrÞj2 � jpexpðrÞj2
� �

� jptheo;iðrÞj2 � jptheoðrÞj2
� �h i

Pn
i jpexp;iðrÞj2 � jpexpðrÞj2

� �2 Pn
i jptheo;iðrÞj2 � jptheoðrÞj2
� �2

� �1
2

;

ð3Þ

where jpexpðrÞj2 is the mean of the jpexp;iðrÞj2, jptheoðrÞj2 is the mean of

jptheo;iðrÞj2, and sums are made over all available pðrÞ. When a corre-

lation is known to be significant, CC is one conventional way of

summarizing its strength. The complex, which generates the highest

correlation coefficient, is considered the right macromolecular con-

formation. In the present work, we calculated the CC for all dimeric

models obtained from the geometric docking simulations and for the

monomeric and trimeric structures.
Results and discussion

Guinier plot (log IðhÞ versus h2) of the desmeared

scattering function is displayed in Fig. 2. The slope of
Fig. 2. Guinier plot of the SAXS intensities, IðhÞ, for human PNP. The

straight line was obtained by least-squares fitting in the region

h2 < 1:8:10�3 �AA2.
linear portion of this plot was determined to obtain the
radius of gyration of human PNP. The Rg value was

29.8�AA.

PNPs from most mammalian and some of the bac-

terial sources appear to be trimeric although dimeric

quaternary structures have been proposed for the

human enzyme [9]. Analysis of the crystallographic

structures of human PNP indicates a trimeric structure

(PDB access codes: 1ULA, 1ULB, 1M73, and 1PWY)
[6–8,15]. However, in a number of instances the qua-

ternary structure observed in the crystalline state is not

conserved in solution [3]. Furthermore, in the case of

human PNP the low pH used in the crystallization

condition [16] may generate differences in the spatial

configuration of the macromolecular subdomains ob-

served in the crystal when compared to the structure in

physiological pH. In addition, since the active site of the
PNP is located near the interface of two subunits within

the trimer, the precise information about the biological

unit in solution is of capital importance to guide the

structure-based design of inhibitors because its target is

a structure as close as possible to the structure found in

the physiological conditions, where the drug will act. Up

to now all structure-based designs of PNP inhibitors

have used the low-resolution structures of human PNP
(PDB access codes: 1ULA and 1ULB) and consider the

trimer as the target for molecular modeling studies.

Three families of theoretical models, based on the

high-resolution crystallographic structure (PDB access

code: 1M73) [7], were used to determine the theoretical

distance distribution function, ptheoðrÞ, using the pro-

gram MULTIBODY and then compared with the ex-

perimental function pðrÞ determined using the ITP
program from SAXS data. Figs. 3A–C show structural

models and the experimental distribution function

against the theoretical distribution function for

the monomer, dimer, and trimer, of human PNP,

respectively.

The atomic coordinates for monomeric structure

were obtained from the asymmetric unit content of the

crystallographic structure of human PNP solved at 2.3�AA
resolution [7]. Previous statistical analysis of low-reso-

lution docking indicated that gross structural features of

protein–protein interactions could be identified for a

significant percentage of protein complexes [1]. There-

fore, the low-resolution protocol of the GRAMM pro-

gram [10] was used to generate the dimeric models. A

total of 100 models for the dimeric structure were built,

only the complex, which generated the highest correla-
tion coefficient between theoretical and experimental

distance distribution function is shown in Fig. 3B. The

trimeric structure was built applying two successive

rotations of 120� along z-axis on the atomic coordinates

of the monomer. The radii of gyration for the structural

models are 18.7, 26.5, and 28.7�AA, for the monomer,

dimer, and trimer, respectively.



Fig. 3. Proposed structural models for human PNP and the corresponding theoretical (continuous line) and experimental (dotted line) distance

distribution functions, pðrÞ, for: (A) monomer, (B) dimer, and (C) trimer. The model figures were generated by MOLSCRIPT [27] and Raster3D [28].
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The value CC lies between )1 and 1. It has a value of
1, when the data points lie on a perfect straight line with

positive slope. If the data points lie on a perfect straight

line with negative slope, then CC has the value )1 [14].

The correlation coefficient between theoretical and ex-

perimental distance distribution functions ranges from

0.591 to 0.995, and the highest correlation coefficient

was obtained for the trimeric structure, which also
presented the radius of gyration closer to the experi-
mental radius of gyration.

The contact area at interface between each subunit in

the PNP trimer is 1124�AA2, which indicates that the

subunits are strongly bound to each other. Fig. 4 shows

the electrostatic potential surface at subunit interface of

the trimeric structure generated using GRASP [17].

Analysis of the electrostatic potential surface at the



Fig. 4. Electrostatic potential surface at subunit interface of human PNP, calculated with GRASP [17] and shown from )10 to +10 kT. Uncharged

regions are white.
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subunit interface indicates good shape complementarity

and some charge complementarity; however, most of the
contacts are hydrophobic and involve residues Tyr88,

Phe141, Phe159, Phe200, and Leu209.

The trimeric PNP structure has been extensively used

for structure-based studies of PNP inhibitors [5,6,18–

25]. However, the quaternary structure of human PNP

in solution and in physiological pH has not been pre-

viously investigated using low-resolution methods, such

as SAXS. The present analysis of the SAXS experiments
integrated with geometric docking simulation strongly

indicates that human PNP is a trimer in solution, the

agreement found between the experimental and theo-

retical pðrÞ functions for the trimer suggests that struc-

ture in solution adopts approximately the same

conformation identified in the high-resolution crystal-

lographic structure (PDB access code: 1M73) [7]. The

radius of gyration determined for the trimeric structure
is slightly smaller than that determined from the Guinier

plot (log IðhÞ versus h2) of the desmeared scattering

function. The possible reasons for this discrepancy may

be the cryogenic conditions used to solve the high-res-

olution structure of human PNP and the absence of

solvents in the theoretical model.

The integration of a high-efficient algorithm for

geometric docking with SAXS experiments allowed the
investigation of the possible quaternary structures not

observed in the crystalline state, such as the putative

PNP dimeric structure [9]. The procedure adopted to

analyze the interaction between PNP subunits can be

used for other protein complexes. The main applications

of the present methodology are: (1) analysis of interac-

tions between biological macromolecules using struc-

tural models obtained from crystallography or NMR,
(2) validation of structural models obtained from

molecular modeling [26] of complexes of biological

macromolecules, and (3) analysis of complexes of
biological macromolecules in conditions closer to the

biological environment.
Geometric docking simulations may be omitted from

the strategy if the atomic coordinates for the complexes

are available. We are applying the procedure, here de-

scribed, to assess the quaternary structure of a number

of protein complexes, such as hemoglobins, PNPs, and

crotoxin.
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Abstract

Tuberculosis (TB) still remains a worldwide health concern. Efforts to understand the complex biology of Mycobacterium

tuberculosis, the causative agent of TB, are important for new antitubercular drug development. Despite the completion of the

genome sequence and the development of new genetic tools to manipulate this organism, the availability of sufficient amounts

of mycobacterial proteins still remains an essential and laborious step to study the biochemical features of this pathogen. The

T7-RNA polymerase-based pET system has been largely employed to express mycobacterial proteins in Escherichia coli, but it

presents some limitations. To overcome problems with unstable expression of an M. tuberculosis inhA-encoded enoyl reductase

mutant protein and lack of expression of two mabA-encoded ketoacyl reductase mutants, a sub-population of E. coli

BL21(DE3) host cells was selected from a small-opaque colony. This empirically selected host, named BL21(DE3)NH, allowed

stable expression of these mutant proteins. Although the mechanism that led the BL21(DE3)NH host to express the re-

combinant mutant proteins remains unknown, the persistent phenotype points to a stable genetic switch. This genetic alteration

resulted in a tight control of the highly processive T7 RNA polymerase. Moreover, the absolute requirement for IPTG to

obtain protein expression in the BL21(DE3)NH host cells suggests that no inherent defect in the transcriptional activity of the

T7 promoter is present. Empirical host selection requires no further genetic manipulation of recombinant plasmids and may

represent a means of obtaining tailor-made E. coli strains that overcome toxic effects associated with heterologous protein

expression.

� 2003 Elsevier Inc. All rights reserved.
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Tuberculosis (TB), caused by Mycobacterium tuber-

culosis, remains one of the deadliest diseases in the

world. It is estimated that 8.2 million new TB cases

occurred worldwide in the year 2000, 1.8 million deaths

occurred in the same year, and more than 95% of those

were in developing countries [1]. Possible factors un-

derlying the resurgence of TB include the HIV epidemic,

increase in the homeless population, and decline in

health care structures and national surveillance [2].
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Another contributing factor is the evolution of multi-
drug-resistant strains of M. tuberculosis (MDR-TB),

defined as resistant to at least isoniazid and rifampicin,

which are the most effective first-line drugs [3]. Treat-

ment of MDR-TB requires the administration of sec-

ond-line drugs (amikacin, kanamycin, capreomycin,

cycloserine, para-aminosalicylic acid, ethionamide, and

fluoroquinolones) that are more toxic and less effective

and are given for at least three times as long and at 100
times the cost of basic short-course chemotherapy regi-

mens [4]. Hence, new antimycobacterial agents are need-

ed to improve the treatment of MDR-TB, to shorten the

treatment course to improve patient compliance, and to

mail to: labasso@dna.cbiot.ufrgs.br
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provide for more effective treatment of latent tubercu-
losis infection [5].

The study of biology, pharmacology, and host–

pathogen interactions is important for the development

of new drugs as well as vaccines against M. tuberculosis.

The completion of the genome sequence of M. tuber-

culosis [6] and availability of genetic tools to manipulate

this organism [7] have accelerated these studies. Despite

these advances, the availability of sufficient amounts of
proteins of M. tuberculosis still remains an essential and

laborious step to study the biochemical features of this

pathogen. This fact is due to (i) the slow-growth of the

bacillus whose generation time is 24 h; (ii) since aerosols

containing bacteria are the way of spread of the disease,

a P3 facility is required to grow the bacillus culture; (iii)

and the highly lipophilic envelope of mycobacteria that

represents an obstacle to protein extraction and purifi-
cation. On the other hand, the improvements in the re-

combinant DNA technology, the advances in molecular

genetic studies in mycobacteria and, as previously

pointed out, the availability of the complete genome

sequence have facilitated the cloning and heterologous

expression of mycobacterial proteins. Escherichia coli1

and Mycobacterium smegmatis (a fast-growing bacte-

rium that belongs to the same genus of M. tuberculosis)
are the first choices for hosts [8]. E. coli, in particular,

remains one of the most attractive systems for heterol-

ogous protein expression due to its ability to grow

rapidly and at high density on inexpensive substrates, its

well-characterized genetics, and the availability of an

increasingly large number of cloning vectors and mutant

host strains [9]. The pET system (Novagen) developed

by Studier and Moffat [10] has been one of the most
widely used systems for expression of mycobacterial

proteins in E. coli [11–15]. In this system, target genes

are positioned downstream of the bacteriophage T7 late

promoter on medium copy number plasmids. The highly

processive T7 RNA polymerase gene (DE3 lysogen) of

production hosts is placed under control of the IPTG-

inducible lacUV5 promoter. However, expression of

membrane proteins and proteins toxic to the host cells
[16], formation of inclusion bodies [17] or complete

absence of expression are amongst the difficulties en-

countered with mycobacterial proteins.

The inhA-encoded 2-trans enoyl-ACP (CoA) reduc-

tase (ENR) and mabA-encoded 3-ketoacyl-ACP (CoA)
1 Abbreviations used: E. coli, Escherichia coli; ENR, enoyl reduc-

tase; InhA, enoyl-ACP (CoA) reductase from Mycobacterium tuber-

culosis; KAR, 3-ketoacyl-ACP (CoA) reductase; LB, Luria–Bertani

medium; SDS–PAGE, sodium dodecyl sulfate–polyacrylamide gel

electrophoresis; IPTG, isopropyl-b-DD-thiogalactopyranoside; MabA,

3-ketoacyl-ACP (CoA) reductase from Mycobacterium tuberculosis;

PCR, polymerase chain reaction; bp, base pairs; WT, wild type; EtdBr,

ethidium bromide; SEM, scanning electron microscopy; OsO4, osmium

tetraoxide; expression plasmid names consist of the name of the parent

plasmid vector followed by the recombinant DNA insert they encode.
reductase (KAR) are enzymatic components of the
Type II fatty acid synthase (FAS-II) of mycobacteria

and are thus involved in mycolic acid biosynthesis [18].

The mycobacterial NADH-dependent ENR is the tar-

get for isoniazid [11,19], the most prescribed drug to

treat tuberculosis, making it an excellent target for TB

drug development. Another reductive step of the

mycobacterial FAS-II system is catalyzed by the

NADPH-dependent KAR enzyme [20]. The FAS-II
system enzymes have been shown to be essential for

mycobacterial growth and configured into high

throughput screening for identification of new drugs

against TB [21]. The amino acid residues tyrosine-158

and lysine-165 have been implicated in the catalytic

mechanism of M. tuberculosis ENR [11,22,23]. More-

over, the side chain of Y158 of M. tuberculosis ENR

has been shown to undergo a rotation upon binding of
triclosan, an enzyme inhibitor, to form a hydrogen

bond with the hydroxyl group of this inhibitor [18].

The mycobacterial KAR and ENR enzymes are

members of the short-chain dehydrogenase/reductase

(SDR) family and thereby display the amino acid sig-

nature of this family, S–(X)12–Y–(X)3–K [24]. As part

of our efforts to develop novel antitubercular drugs

based on rational design, we are studying the catalytic
mechanism of M. tuberculosis ENR and KAR en-

zymes, identifying amino acid residues involved in ei-

ther catalysis or substrate binding, and trying to solve

their three-dimensional structures. Accordingly, seven

mutant proteins were produced for the putative cata-

lytic amino acids (ENR: Y158F, K165A, K165Q;

KAR: S140T, S140A, Y153F, and K157A), cloned into

the pET system, and transformed into E. coli

BL21(DE3) host strain. However, the Y158F ENR

mutant failed to show stable protein expression in this

system, and no expression could be obtained for the

Y153F and K157A KAR mutant enzymes.

Miroux and Walker [16] have selected mutant hosts

derived from E. coli BL21(DE3) that allowed protein

expression at higher levels than the parent host. The

mutant host C41(DE3) has been employed to express E.
coli inner membrane enzyme acyl acyl carrier protein

synthase [25] and M. tuberculosis acyl carrier protein

(AcpM) and malonyl-CoA:AcpM transacylase [15].

Building on the strategy adopted by Miroux and Walker

[16], we selected a sub-population of E. coli BL21(DE3),

named BL21(DE3)NH, that was able to express

theY158F ENR, Y153F KAR, and K157A KAR mu-

tant proteins, which could not be expressed in the E. coli

BL21(DE3) parent strain. Here, we report site-directed

mutagenesis to obtain theY158F ENR, Y153F KAR,

and K157A KAR mutants, and selection of a host cell

that was able to express these mutant proteins in soluble

form. Scanning electron microscopy has been performed

to evaluate changes in BL21(DE3)NH morphology as

compared to the BL21(DE3) parent strain.
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Materials and methods

Materials

The pET-23d(+)::inhA recombinant plasmid was a

gift from Dr. John S. Blanchard at Albert Einstein

College of Medicine (AECOM, Bronx, NY) and pET-

3d::mabA recombinant plasmid was a gift from Dr.

William R. Jacobs Jr. at AECOM (Bronx, NY). pET-
23d(+), pET-23a(+), BL21(DE3) E. coli strain, and

Perfect Protein Marker were purchased from Novagen;

Luria–Bertani medium (LB), oligonucleotides, T4 DNA

ligase, IPTG, DH10B cells, and DNA and protein mo-

lecular weight standards were from Gibco-BRL; car-

benicillin was from Sigma; BamHI, HindIII, NcoI, and

NdeI restriction enzymes were from Boehringer–Mann-

heim and New England Biolabs; Pfu DNA polymerase
was from Stratagene; Agarose was from SEA KEM

GTG; Zero Blunt PCR Cloning Kit pCR-Blunt and

Top10 One Shot were from Invitrogen; Quantum Prep

Plasmid Miniprep kit, QIAEX II Agarose Gel Extrac-

tion kit, and QIAprep Spin Miniprep kit were from

Qiagen; Thermo Sequenase radiolabeled terminator cy-

cle sequencing kit was from Amersham Life Science; and

SDS–polyacrylamide gels and Tris–glycine running
buffer were from Bio-Rad.

Cloning of wild-type mabA gene into pET23a(+) vector

The synthetic oligonucleotide primers used in this

study are listed in Table 1. The primers mabA5, con-

taining a NdeI restriction site (bold), and mabA3, con-

taining a HindIII restriction site (bold), were used to
amplify the mabA gene from the pET-3d::mabA re-

combinant plasmid using Pfu DNA polymerase at

standard conditions. The PCR product was purified

from agarose gel using QIAEX II Kit and inserted into a

pCR-blunt vector. E. coli Top 10 One-Shot competent

cells were transformed with the recombinant plasmid.
Table 1

Primers used for amplification and mutagenesis of inhA and mabA

genes from M. tuberculosis H37Rv

Primers Restriction

sites

Sequence

P1 NcoI 50-att gaa cca tgg cag gac tgc tgc acg-30

JSB02 BamHI 50-gcg gat ccg cta gag caa ttg ggt gtg cgc-30

Y158a — 50-atg ccg gcc ttc aac tgg atg-30

Y158b — 50-cat cca gtt gaa ggc cgg ca t-30

mabA5 NdeI 50-att cat atg act gcc aca gcc act gaa gg-30

mabA3 HindIII 50-t aag ctt tca gtg gcc cat acc cat gcc-30

Y153F5 — 50-cag gcc aac ttc gca gcc tcc-30

Y153F3 — 50-gga ggc tgc gaa gtt ggc ctg-30

K157A5 — 50-gca gcc tcc gcg gcc gga gtg-30

K157A3 — 50-cac tcc ggc cgc gga ggc tgc-30

The sequences underlined correspond to degenerate codons and the

sequences in bold correspond to restriction sites.
Plasmid DNA was extracted using Quantum Prep
Plasmid Miniprep Kit (Qiagen). The insert was removed

by NdeI and HindIII double digestion and ligated into a

pET23a(+) digested with the same restriction enzymes.

The integrity of the mabA gene was confirmed by DNA

sequencing.

Site-directed mutagenesis of inhA and mabA genes

Site-directed mutations were introduced in the inhA

and mabA genes using the method described by Ho et al.

[26]. A list of the primers used for all amplification steps

is given in Table 1. It should be noted that only the

primers to obtain theY158F ENR, Y153F KAR, and

K157A KAR proteins by site-directed mutagenesis are

described here, since these were the mutants that showed

unstable or no protein expression. The experimental
protocol described here is exemplified by Y158F inhA

mutant gene production. First, two independent PCRs

using Pfu DNA polymerase were performed using

primers P1 and Y158b—reaction 1, and JSB02 and

Y158a—reaction 2, and the plasmid pET23d(+)::inhA as

template. The PCR program was as follows: one step of

98 �C for 3 min, 35 cycles at 98 �C for 1 min, 65 �C for

1 min, and 72 �C for 2 min, followed by a final extension
step at 72 �C for 2 min, using a DNA Thermal Cycler

(PTC200, MJ, USA). The PCR products of these reac-

tions were purified by electrophoresis on 1% agarose gel

and DNA was extracted using the QIAEX II Kit. A

second PCR was performed using the products of the

reactions 1 and 2 as templates and the primers P1 and

JSB02. The overlap PCR conditions were identical to

those used in the first round of amplification. The PCR-
amplified band was purified and cloned as described in

the previous section, yielding pET23d(+)::inhAY158F

recombinant plasmid. The primers used to make the

mabA mutants are listed in Table 1 and followed the

same protocol just described, yielding pET23a(+)::ma-

bAY153F and pET23a(+)::mabAK157A recombinant

plasmids. The sequence of the DNA inserts in all re-

combinant plasmids was confirmed by the dideoxynu-
cleotide chain termination method using the Thermo

Sequenase radiolabeled terminator cycle sequencing kit

(Amersham Biosciences).

Protein expression of WT and ENR mutants in

BL21(DE3)

To assess the expression of these constructs,
BL21(DE3) electrocompetent cells were transformed

with the following recombinant plasmids: pET23-

d(+)::inhA and pET23d(+)::inhAY158F and grown in

LB medium containing carbenicillin (50 lg ml�1) at

various times after induction with IPTG (1 mM) at

37 �C. Control experiments were performed under the

same experimental conditions, except that E. coli



S.S. Poletto et al. / Protein Expression and Purification 34 (2004) 118–125 121
BL21(DE3) host cells harbored the expression vector
lacking the target gene. Cells were harvested (14,000g

for 10 min) at 4, 8, 12, 16, 20, and 24 h after induction,

lysed by sonication, and cell debris was removed by

centrifugation (20,000g for 20 min). The resulting solu-

ble protein content was analyzed by 12% SDS–PAGE.

Stable host production

Escherichia coli BL21(DE3) electrocompetent cells

were transformed with pET23d(+)::inhAY158F, plated

on LB solid medium containing carbenicillin

(50 lg ml�1), and grown overnight at 37 �C, yielding sub-

populations of large-translucent and small-opaque col-

onies. These two types of colonies were examined for

their ability to express Y158F ENR protein in liquid

culture, using the protocol of IPTG induction as previ-
ously described for wild-type ENR. The degree of pro-

tein expression, as monitored by SDS–PAGE, was

dependent on colony morphology, with smaller colonies

expressing the desired protein, whereas larger colonies

did not. Since sub-culturing may eventually result in loss

of phenotype, E. coli BL21(DE3) host cells were trans-

formed with pET23d(+)::inhAY158F recombinant plas-

mid and plated on LB–carbenicillin overnight at 37 �C. A
single small colony was used to inoculate 5 ml LB–car-

benicillin medium, grown to midlog phase (0.4–0.6

OD600) at 37 �C, and induced with 1 mM IPTG for 3 h.

At midlog phase of growth, an aliquot was withdrawn to

prepare a glycerol culture stock. The remaining of cells

were harvested by centrifugation at 14,000g for 10 min.

Pelleted material was solubilized in 400 ll of 20 mM

Pipes buffer, pH 7.3, disrupted by sonication, and the
resulting crude extract was centrifuged at 14,000g for

10 min. Expression of the recombinant protein in soluble

form was confirmed by 12% SDS–PAGE. The glycerol

stock of this recombinant protein expressing host was

cured of pET-23d(+)::inhAY158F by growth in LB li-

quid medium in the absence of carbenicillin for 15 days.

Each day, a portion of the culture (5 ll) was used to in-

oculate 5 ml of LB. After 15 days, small-colony derived
BL21(DE3) cells lacking the recombinant plasmid arose,

which was verified both by its inability to grow on LB

solid medium containing carbenicillin and no recovery of

recombinant plasmid from the cells. To confirm the

ability of the new host, henceforth named

BL21(DE3)NH (NH standing for New Host), to confer

stable overexpression of Y158F ENR protein,

BL21(DE3)NH electrocompetent cells were transformed
with either pET-23d(+) plasmid as control or pET-

23d(+)::inhAY158F recombinant plasmid, plated on LB-

agar plate containing carbenicillin (50 lg ml�1), and

grown overnight at 37 �C. Seven single colonies were

separately used to inoculate 5 ml LB–carbenicillin liquid

medium, grown to an OD600 of 0.4–0.6, induced with

1 mM IPTG, and grown for 3 h at 37 �C after induction.
The cells were harvested by centrifugation at 14,000g for
10 min, pelleted material was solubilized in 400 ll of

20 mM Pipes buffer, pH 7.3, and disrupted by sonication.

Soluble proteins were analyzed by SDS–PAGE.

Protein expression of mycobacterial KAR mutants in

BL21(DE3)NH host cells

To address the ability of this new host to express pro-
teins that, in our hands, have failed to do so in the

BL21(DE3) parent host, BL21(DE3), and BL21(DE3)

NH electrocompetent cells were transformed with the

following plasmids: pET-23a(+), pET-23a(+)::mabAY

153F and pET-23a(+)::mabAK157A, plated on LB–car-

benicillin medium, and incubated overnight at 37 �C.

Single colonies were used to inoculate 5 ml LB medium

containing carbenicillin (50 lg ml�1) and 1 mM of IPTG
was added to the liquid cultures as they reached an OD600

between 0.4 and 0.6. The cultures were grown at 37 �C for

8 h as determined for the wild-type KAR protein in

BL21(DE3) (data not shown). Cells were harvested by

centrifugation (14,000g for 10 min) and pellets were sol-

ubilized in 400 ll of 50 mM Tris–HCl, pH 7.8, buffer,

disrupted by sonication, and clarified by centrifugation

(14,000g for 10 min). The soluble fraction of the cellular
extracts was analyzed by SDS–PAGE.

Scanning electronic microscopy

The procedure for scanning electronic microscopy of

E. coli was carried out as described elsewhere [27,28].

Slides of E. coli BL21(DE3) and BL21(DE3)NH were

obtained by cutting single colonies (1 mm2 and 0.5 mm of
thickness) from the LB agar plates, followed by a 2-h

immersion in Karmovisk solution at room temperature to

chemically stabilize the sample and an additional fixation

with 1% OsO4. Samples were then washed 10 times with

cacodylate buffer solution. For dehydration, samples

were washed with 30–100% ethanol and, subsequently,

with aqueous carbonic acid. The specimens were coated

with gold by the sputtering process to obtain a good sec-
ondary electron production for image formation. Mi-

crographs were taken using Zeiss DMS 940A and

operated in electron emission mode at 20 kV accelerating

voltage. Samples were observed in 3000� amplification at

12 mm distance.
Results and discussion

Site-directed mutagenesis of both inhA and mabA

genes was performed by the overlap extension method

[26] and mutations were confirmed by DNA sequencing.

The inhA mutant was cloned into pET-23d(+) and

mabA mutants were inserted into pET-23a(+) expres-

sion plasmid.
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Overexpression of mycobacterial K165A, K165Q,
and Y158F ENR mutant proteins is shown in Fig. 1.

However, mycobacterial Y158F ENR mutant protein

overexpression was not stable, that is, not all colonies

picked up at random expressed the recombinant protein.

The appearance of two types of colonies with distinct

morphologies (large and small) of BL21(DE3) trans-

formed with pET-23d(+)::inhAY158F plasmid was ob-

served on LB–carbenicillin plates incubated overnight at
37 �C. The small colonies, which have diameters ap-

proximately 30% smaller than those of large colonies,

were opaque, while the large colonies were translucent.

In addition, the small-opaque colonies expressed the

desired proteins while the large-translucent colonies did

not. Variations in colony morphology of E. coli hosts

have been associated with detection of recombinant
Fig. 1. SDS–PAGE (12%) of the soluble fraction of the cell extracts

expressing M. tuberculosis ENR proteins upon IPTG induction in E.

coli BL21(DE3) host cells. Lane M, Protein molecular weight stan-

dards (Gibco-BRL: insulin a and b chains, 3 kDa; bovine trypsin in-

hibitor, 6.2 kDa; lysozyme, 14.3 kDa; b-lactoglobulin, 18.4 kDa;

carbonic anhydrase, 29 kDa; and ovalbumin, 43 kDa); lane 1, wild-

type ENR; lane 2, pET-23d(+); lane 3, K165A ENR; lane 4, K165Q

ENR; and lane 5, Y158F ENR. The arrow points the band corre-

sponding to M. tuberculosis ENR proteins (�29 kDa).

Fig. 2. SDS–PAGE (12%) of the soluble fraction of the cell extracts of BL

23d(+)::inhAY158F recombinant plasmid. (A) Lane 1, 1 mM IPTG; lane 2, no

of IPTG; and lane M, protein molecular weight standards (same as Fig. 1). (B

standards (same as Fig. 1); and lanes 2–8, protein expression of seven colonies

upon 1 mM IPTG induction. The arrows point the band corresponding to m
colonies [29] and expression of the recombinant gene
[30]. Moreover, empirical selection has been employed

by Miroux and Walker [16] to tailor expression hosts to

overcome toxic effects associated with protein overex-

pression. Building on Miroux and Walker strategy, a

sub-population of BL21(DE3) cells having a small-

opaque phenotype that expressed the Y158F ENR

mutant protein was selected, isolated, and cured. The

selected host cell, named BL21(DE3)NH, transformed
with pET-23d(+)::inhAY158F and plated on LB–car-

benicillin solid medium, yielded a population of small

colonies only. To evaluate whether protein expression of

the recombinant protein requires IPTG induction, seven

isolated colonies were picked up at random, suspended

in 200 ll LB–carbenicillin medium and 50 ll of the re-

sulting suspension used to inoculate 5 ml LB–carbeni-

cillin medium, and the experimental protocol described
in Material and methods was followed. Fig. 2A shows a

representative result for a single colony, suggesting that

expression of Y158 ENR in the BL21(DE3)NH host can

be achieved only in the presence of the inducer. Fig. 2B

shows that all seven colonies express the recombinant

Y158F ENR mutant protein in soluble form upon IPTG

induction.

A protocol had been designed to optimize protein
expression of mycobacterial wild-type KAR, involving

addition of 1 mM IPTG to an LB–carbenicillin liquid

culture (0.4<OD600 nm < 0.6) of BL21(DE3) and further

growth for 8 h at 37 �C. The mycobacterial Y153F and

K157A KAR mutants, however, did not show any ex-

pression under these experimental conditions (Fig. 3A).

To test the ability of the empirically selected host cells to

express these mutants, BL21(DE3)NH cells were trans-
formed with pET23a(+)::mabAY153F and pE-

T23a(+)::mabAK157A recombinant plasmids, and

pET23a(+) plasmid (control). LB–carbenicillin liquid

medium was inoculated with single colonies, and cell

growth and induction was carried out as for the
21(DE3)NH transformed with either pET-23d(+) (control) or pET-

IPTG; lane 3, control with 1 mM IPTG; lane 4, control in the absence

) Lane 1, control with 1 mM IPTG; lane M, protein molecular weight

of BL21(DE3)NH transformed with pET-23d(+)::inhAY158F plasmid

ycobacterial ENR (�29 kDa).



Fig. 3. SDS–PAGE (12%) of the soluble fraction of cell extracts of either BL21(DE3) or BL21(DE3)NH transformed with either pET-23a(+)

(control), pET-23a(+)::mabAK157A, or pET-23a(+)::mabAY153F recombinant plasmids. (A) Plasmids transformed into BL21(DE3). Lane 1,

control in the absence of IPTG; lane 2, control with 1 mM IPTG; lane M, protein molecular weight standards (same as Fig. 1); lane 3, K157A KAR

in the absence of IPTG; lane 4, K157A KAR with 1 mM IPTG; lane 5, Y153F KAR in the absence of IPTG; and lane 6, Y153F KAR with 1 mM

IPTG. (B) Plasmids transformed into BL21(DE3)NH. Lane 1, control in the absence of IPTG; lane 2, control with 1 mM IPTG; lane M, protein

molecular weight standards (same as Fig. 1); lane 3, K157A KAR in the absence of IPTG; lane 4, K157A KAR with 1 mM IPTG; lane 5, Y153F

KAR in the absence of IPTG; and lane 6, Y153F KAR with 1 mM IPTG. The arrow points to the band corresponding to the expected molecular

weight of M. tuberculosis KAR proteins (25.6 kDa).
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wild-type KAR enzyme. Cells were harvested and the
resulting pellets were suspended in Tris–HCl 50 mM, pH

7.8, disrupted by sonication and the soluble fractions

were analyzed by SDS–PAGE. High level of protein

expression was observed in BL21(DE3)NH host cells

only upon IPTG induction (Fig. 3B).

The intrinsic toxicity to E. coli BL21(DE3) host cells of

pET vectors harboring no insert in the presence of IPTG

[16] has not been observed for the BL21(DE3)NH host
cells (Figs. 2 and 3B). Moreover, the BL21(DE3)NH host

phenotype was stable, since it continued to give rise to

small colonies on LB–carbenicillin agar plates upon

transformation with the recombinant plasmids tested.

Scanning electron microscopy (SEM) results show that

the E. coli BL21(DE3)NH cells have a distinct morphol-

ogy of long bacillary shape (Fig. 4A). The elongation is

evident and contrasts with the E. coli BL21(DE3) mor-
phology (Fig. 4B). The BL21(DE3)NH host cell is a

Gram-negative bacterium. Moreover, the biochemical

properties of BL21(DE3)NH host cells were determined

by standard methods for E. coli identification: urease

production, indole production, carbohydrate fermenta-

tion, b-galactosidase activity, citrate utilization, and

growth on MacConckey agar medium. All these tests

confirm that BL21(DE3)NH host cell is a strain of E. coli.
The mechanisms of translucent to opaque phenotype,

variations in colony morphology (large and small), and

alteration to the long bacillary shape of BL21(DE3)NH

cells remain unknown. It has been shown that opacity is

correlated with a robust transcription of the recombinant

gene whereas translation of recombinant RNA is not re-

quired [30]. Interestingly, uncoupling of transcription

from translation has been implicated in toxicity of re-
combinant protein expression leading to host cells pro-

ducing large amounts of the recombinant mRNA while

target proteins are maintained at rather low levels [16]. In
addition, expression of gene products that do not con-
tribute to the metabolism of bacterium, under the growth

conditions used in a particular experiment, has been

shown to result in cumulative breakdown of rRNAs and

ensuing loss of ribosomes and protein synthetic capacity

[31]. Although the mechanism that led the empirically

selected host to tolerate the recombinant mutant protein

expression is unknown, the BL21(DE3)NH cells derived

from small-opaque colonies transformed with re-
combinant plasmids resulted in small-opaque transfor-

mants, suggesting that the persistence of the phenotype

points to a stable genetic switch.

Leaky expression has been shown to occur in the pET

system [13,32,33]. The BL21(DE3)NH transformants

showed an absolute requirement for IPTG induction to

achieve expression of the recombinant proteins tested

(Figs. 2 and 3B). Accordingly, the genetic alteration of
the empirically selected host reported here appears to

have resulted in a tight control of the highly processive

T7 RNA polymerase that is under control of the IPTG-

inducible lacUV5 promoter. Moreover, the IPTG ab-

solute requirement for expression of the mycobacterial

ENR and KAR proteins in the BL21(DE3)NH host cell

suggests that no inherent defect in the transcriptional

activity of the T7 promoter is present.
It has been suggested that the mechanism responsible

for the differences in colony morphology is bacterial

growth rate [29]. Although we have also found this to be

generally true, any causal relationship between opacity

and growth rate seems to be unwarranted because it is

somewhat difficult to establish a quantitative relationship

between them based on a qualitative observation

(opacity).
Protein production and crystallization must be opti-

mized if structural genomics will ever reach its goal of

solving the three-dimensional structure of the whole



Fig. 4. Scanning electron microscopy of E. coli hosts observed at

3000� amplification. (A) E. coli BL21(DE3)NH and (B) E. coli

BL21(DE3).
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proteome encoded by a given genome [34]. Unfortu-

nately, even when a genome can be sequenced, only up to
20% of the protein targets can produce soluble proteins

under very basic experimental conditions [35]. Thus, ex-

pression of proteins in soluble form has been identified as

an important bottleneck in efforts to determine biological

activity and crystal structure of M. tuberculosis proteins

[17]. A number of strategies for optimizing the yields of

heterologous protein expression in E. coli have been de-

scribed [36,37], including the use of different types of
promoters, placement of transcription terminators up-

stream of the promoter that drives expression of the gene

of interest, reduction of potential secondary-structure

formation at the 50 end of the transcript, use of transla-

tional enhancer, positioning of specific sequences in the 50

untranslated or 30 unstranslated regions of labile heter-

ologous mRNAs to prolong their half-lives, altering rare
codons in the target gene or coexpressing genes that en-
code rare tRNAs, minimizing proteolysis by mutations to

avoid the E. coli ‘‘N-end rule’’ proteolytic pathway, and

altering fermentation conditions such as nutrient com-

position, temperature, and pH. Incidentally, although

wild-type KAR has nine rare codons (2� CCC–proline,

5� GGA–glycine, and 2� ATA–isoleucine) and wild-

type ENR has six rare codons (2� CCC–proline, 3�
GGA–glycine, and 1� AGG–arginine), they have no
adverse effect on the synthesis and yield of these re-

combinant proteins, which corroborates the conclusion

arrived by others [37] that the mere presence of rare co-

dons in a gene does not necessarily dictate poor transla-

tion of that gene.

The E. coli host reported here may represent an ad-

ditional tool to obtain mycobacterial soluble proteins

using T7-RNA polymerase-based systems as has been
the case for the C41(DE3) and C43(DE3) hosts

[15,16,25] now marketed by Avidis S.A. (France). Em-

pirical host selection requires no further genetic ma-

nipulation of recombinant plasmids and may yield

strains that overcome toxic effects associated with the

overexpression of heterologous proteins. As pointed out

by Miroux and Walker [16], even though the host se-

lection described here is empirical, it has the advantage
that it encompasses the entire complexity of the biology

of the expression system and provides a means of

modifying it. The expression of M. tuberculosis ENR

and KAR mutants will provide protein in quantities

necessary for determination of the mechanisms of action

of these enzymes by steady-state and pre-steady-state

kinetics as well as for crystallization trials aiming at X-

ray data collection. Enzymological and structural stud-
ies of M. tuberculosis ENR and KAR mutants should

help in the design of enzyme inhibitors to be tested as

new antitubercular agents.
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Abstract

Tuberculosis (TB), caused by Mycobacterium tuberculosis, remains the leading cause of mortality due to a bacterial pathogen.
According to the 2004 Global TB Control Report of the World Health Organization, there are 300,000 new cases per year of multi-
drug resistant strains (MDR-TB), deWned as resistant to isoniazid and rifampicin, and 79% of MDR-TB cases are now “super
strains,” resistant to at least three of the four main drugs used to treat TB. Thus there is a need for the development of eVective new
agents to treat TB. The shikimate pathway is an attractive target for the development of antimycobacterial agents because it has been
shown to be essential for the viability of M. tuberculosis, but absent from mammals. The M. tuberculosis aroG-encoded 3-deoxy-D-
arabino-heptulosonate 7-phosphate synthase (mtDAHPS) catalyzes the Wrst committed step in this pathway. Here we describe the
PCR ampliWcation, cloning, and sequencing of aroG structural gene from M. tuberculosis H37Rv. The expression of recombinant
mtDAHPS protein in the soluble form was obtained in Escherichia coli Rosetta-gami (DE3) host cells without IPTG induction. An
approximately threefold puriWcation protocol yielded homogeneous enzyme with a speciWc activity value of 0.47 U mg¡1 under the
experimental conditions used. Gel Wltration chromatography results demonstrate that recombinant mtDAHPS is a pentamer in solu-
tion. The availability of homogeneous mtDAHPS will allow structural and kinetics studies to be performed aiming at antitubercular
agents development.
  2004 Elsevier Inc. All rights reserved.
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from TB high-burden countries [1]. Thus, no sustainable
control of TB epidemics can be reached in any country
without properly addressing the global epidemic. It is
estimated that 8.2 million new TB cases occurred world-
wide in the year 2000, with approximately 1.8 million
deaths in the same year, and more than 95% of those
were in developing countries [2]. Approximately, 2 bil-
lion individuals are believed to harbor latent TB based
on tuberculin skin test surveys [3], which represents a
considerable reservoir of bacilli. Possible factors under-
lying the resurgence of TB worldwide include the HIV
epidemic, increase in the homeless population, and
decline in health care structures and national surveil-
lance [4]. Another contributing factor is the evolution of
multi-drug resistant strains (MDR-TB), deWned as resis-
tant to isoniazid and rifampicin, which are the most
eVective Wrst-line drugs [5]. According to the 2004
Global TB Control Report of the World Health Organi-
zation, there are 300,000 new cases per year of MDR-TB
worldwide, and 79% of MDR-TB cases are now “super
strains,” resistant to at least three of the four main drugs
used to treat TB [6]. The factors that most inXuence the
emergence of drug-resistant strains include inappropri-
ate treatment regimens, and patient noncompliance in
completing the prescribed courses of therapy due to the
lengthy standard “short-course” treatment or when the
side eVects become unbearable [7]. Hence, faster acting
and eVective new drugs to better combat TB, including
MDR-TB, are needed.

The shikimate pathway is an attractive target for the
development of herbicides and antimicrobial agents
because it is essential in algae, higher plants, bacteria,
and fungi, but absent from mammals [8]. In mycobacte-
ria, the shikimate pathway leads to the biosynthesis of
chorismic acid, which is a precursor for the synthesis of
aromatic amino acids, naphthoquinones, menaquinones,
and mycobactins [9]. The salicylate-derived mycobactin
siderophores have been shown to be essential for M.
tuberculosis growth in macrophages [10]. More recently,
the shikimate pathway has been shown by disruption of
aroK gene, which codes for the shikimate kinase enzyme,
to be essential for the viability of M. tuberculosis [11].
The absence from the human host and essentiality of
mycobacterial shikimate pathway indicate that any of its
enzymes are promising targets for the development of
potentially non-toxic antimycobacterial agents.

Homologues to enzymes in the shikimate pathway
have been identiWed in the genome sequence of M. tuber-
culosis [12]. The Wrst committed step in the shikimate
pathway is catalyzed by 3-deoxy-D-arabino-heptuloson-
ate 7-phosphate (DAHP) synthase (DAHPS; EC
4.1.2.15). DAHPS catalyzes the stereospeciWc condensa-
tion of phosphoenolpyruvate (PEP) and D-erythrose
4-phosphate (E4P), forming DAHP and inorganic phos-
phate [13]. Based on phylogenetic analysis, DAHPS has
been divided into two classes, class I and class II [14].
Escherichia coli expresses three DAHPS isoenzymes that
are representative of class II and require divalent metal
for activity [15], which play a role in catalysis and/or
structural integrity [16]. Each isoenzyme is speciWcally
inhibited by one of the three aromatic amino acids [8].
DAHPS(Phe), a homotetramer encoded by the aroG
gene, is feedback inhibited by phenylalanine; the aroH-
encoded DAHPS(Trp) and aroF-encoded DAHPS(Tyr)
are homodimers feedback inhibited by, respectively,
tryptophan and tyrosine. In M. tuberculosis genome,
however, only the aroG (Rv2178c) encoded DAHPS iso-
enzyme (mtDAHPS) has been proposed to be present by
sequence homology.

To determine the mechanism of action of mtDAHPS
by steady-state and pre-steady-state kinetics as well as
for X-ray crystal structure determination aiming at the
rational design of antimycobacterial agents, expression
of aroG encoded mtDAHPS in functional form and in
large quantity are needed. Accordingly, we here
describe the PCR ampliWcation, cloning, sequencing,
expression in E. coli Rosetta-gami (DE3) cells, puriWca-
tion to homogeneity, oligomeric state determination,
and assay of mtDAHP enzyme activity. Measurements
of enzyme activity conWrm the correct assignment to
the structural gene encoding mtDAHPS in M. tubercu-
losis. The availability of mtDAHPS will allow enzyme
kinetics and structural studies to be undertaken to pro-
vide a framework on which to base the design of new
agents with antitubercular activity with, hopefully, low
toxicity.

Materials and methods

PCR ampliWcation and cloning of M. tuberculosis aroG 
gene

The design of synthetic oligonucleotide primers used
for PCR ampliWcation of aroG gene (5�-ggacatatgaactgg
accgtcgacatac-3� and 5�-cggatcctcagtcccgcagcatctccgc-3�)
was based on the complete genome sequence of M.
tuberculosis H37Rv [12]. These primers were comple-
mentary to, respectively, the amino-terminal coding and
carboxy-terminal noncoding strands of aroG gene con-
taining 5�NdeI and 3�BamHI restrictions sites, which are
in bold. This pair of primers was used to amplify the M.
tuberculosis aroG gene (1389 bp) from genomic DNA
using standard PCR conditions and the enzyme Pfu
DNA polymerase (Stratagene), which is a thermostable
polymerase that exhibits low error rate, thus lowering
the likelihood of introducing unwanted mutations. PCR
ampliWcation required the presence of 10% of dimethyl
sulfoxide (DMSO) in the reaction mixture. The PCR
product was puriWed by electrophoresis on low melting
agarose, digested with NdeI and BamHI (Boehringer–
Mannheim), and cloned into pET-23a(+) (Novagen)



C. Rizzi et al. / Protein Expression and PuriWcation 40 (2005) 23–30 25
expression vector, which had previously been digested
with the same restriction enzymes. To both conWrm the
identity of the cloned gene and ensure that no mutations
were introduced by the PCR ampliWcation step, the
DNA sequence of the ampliWed M. tuberculosis aroG
structural gene was determined by dideoxy-chain termi-
nation method [17], using the Thermo Sequenase radio-
labeled terminator cycle sequencing kit (Amersham
Biosciences).

Expression of mtDAHPS

The recombinant plasmid pET-23a(+)::aroG was
transformed into electrocompetent E. coli Rosetta-gami
(DE3) cells (Novagen), and selected on LB agar plates
containing 50 �g mL¡1 carbenicillin, 15 �g mL¡1 kana-
mycin, 34 �g mL¡1 chloramphenicol, and 12.5 �g mL¡1

tetracycline. Single colonies were used to inoculate
500 mL LB medium, containing the same antibiotics and
concentrations of LB solid medium, and grown at 37 °C
and 180 rpm for 24 h, without addition of isopropyl �-D-
thiogalactopyranoside (IPTG). Cells were harvested by
centrifugation at 48,000g for 20 min at 4 °C, and stored
at ¡20 °C. For protein expression analysis, 10 mg of
stored cells was resuspended in 500 �L BuVer A (50 mM
Tris–HCl, pH 7.8), disrupted by soniWcation, and cell
debris was removed by centrifugation. Both soluble and
insoluble fractions were analyzed by SDS–PAGE 12%
[18]. Control experiments were performed under the
same experimental conditions except that E. coli host
cells were transformed with the expression vector lack-
ing the target gene.

PuriWcation of recombinant mtDAHPS

Approximately, 36 g of cells was collected by centri-
fugation (48,000g for 20 min) from 6 L of LB medium.
All subsequent steps were performed on ice or at 4 °C.
Frozen cells (36 g) were thawed and resuspended in
BuVer A (4 mL of buVer per gram of cell paste) contain-
ing 1 mM �-mercaptoethanol (�-ME) (Sigma) and
0.2 mg mL¡1 of lysozyme, and the mixture was stirred
for 30 min. Cells were disrupted by sonication, and cell
debris was removed by centrifugation (48,000g for
30 min). The supernatant was incubated with 1% w/v of
streptomycin sulfate for 15 min, and centrifuged
(48,000g for 30 min). Solid ammonium sulfate was
added to the supernatant fraction to a concentration of
25% saturation, incubated for 30 min, and centrifuged
as above. The resultant pellet was resuspended in 70 mL
BuVer A containing 1 mM �-ME and dialyzed against
three changes of 2 L of the same buVer using a dialysis
tubing with molecular weight cut-oV of 12,000–4000 Da.
The sample was clariWed by centrifugation and loaded
on a Q-Sepharose Fast Flow (2.6 cm£ 8.2 cm) anion
exchange column (Amersham Biosciences) previously
equilibrated with BuVer A and fractionated using a
600 mL 0.0–0.6 M NaCl linear gradient. The fractions
containing mtDAHPS (0.35–0.38 M NaCl) were pooled,
concentrated to 8.0 mL using an Amicon ultraWltration
cell (MW 30,000 Da), and loaded on a Sephacryl S-200
HR (2.6 cm£ 60 cm) gel Wltration column (Amersham
Biosciences) at 0.5 mL min¡1. The protein was eluted
with BuVer B (BuVer A containing 200 mM NaCl) at the
same Xowrate. The active fractions were loaded on a
Mono Q HR 16/10 anion exchange column (Amersham
Biosciences) equilibrated with BuVer A and eluted with
400 mL linear 0.0–0.6 M NaCl gradient. The active frac-
tions, which exhibited a single band on SDS–PAGE,
were pooled, quickly frozen in liquid nitrogen, and
stored at ¡80 °C.

Determination of protein concentration

Protein concentrations were determined using the
Bio-Rad Laboratories protein assay kit (Bradford
method) [19] and bovine serum albumin as standard.

Determination of mtDAHPS molecular mass

The molecular mass of native mtDAHPS homoge-
neous protein was determined by gel Wltration chroma-
tography using a Sephacryl S-200 (HR 10/30)
(Amersham Biosciences) equilibrated with BuVer B at a
Xowrate of 0.4 mL min¡1. Protein molecular mass stan-
dards were from Gel Filtration LMW and HMW Cali-
bration Kit from Amersham Biosciences. Protein elution
was monitored at 280 nm.

mtDAHPS enzyme assay

Enzyme activity of recombinant mtDAPHS protein
was assayed in the forward direction by a continuous
spectrophotometric method described by Shoner and
Hermann [20], monitoring the decrease in phosphoenol-
pyruvate (PEP) concentration at 232 nm
(�D2.8£ 103 M¡1 cm¡1) on a Multi-Spec 1501 photodi-
ode array spectrophotometer (Shimadzu). All reactions
were carried out at 25 °C and initiated with addition of
enzyme to a reaction mixture containing: 50 mM Tris–
HCl, pH 7.0, 400�M E4P (Sigma), 1 mM �-ME, and
200 �M PEP (Acrós Organics) in a total volume of
500 �L. One unit of enzyme activity (U) is deWned as the
amount of enzyme catalyzing the conversion of 1 �mol
PEP/min at 25 °C.

N-terminal amino acid sequencing

The N-terminal amino acid residues of homogeneous
recombinant mtDAHPS were identiWed by automated
Edman degradation sequencing using a PPSQ 21A gas-
phase sequencer (Shimadzu).
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Mass spectrometry analysis

The homogeneity of recombinant protein preparation
was assessed by mass spectrometry (MS), employing
some adaptations made to the system described by
Chassaigne and Lobinski [21]. Samples were analyzed on
a triple quadrupole mass spectrometer, model QUAT-
TRO II, equipped with standard electrospray (ESI)
probe (Micromass, Altrinchan), adjusted to ca.
250�L min¡1. The source temperature (80 °C) and needle
voltage (3.6 kV) were maintained constant throughout
the experimental data collection, applying a drying gas
Xow (nitrogen) of 200 Lh¡1 and a nebulizer gas Xow of
20 Lh¡1. The mass spectrometer was calibrated with
intact horse heart myoglobin and its typical cone-volt-
age induced fragments. The subunit molecular mass of
recombinant protein mtDAHPS was determined by ESI-
MS, adjusting the mass spectrometer to give a peak with
at half-height of 1 mass unit, and the cone sample to
skimmer lens voltage controlling the ion transfer to mass
analyzer was set to 38 V. About 50 pmol (10�L) of each
sample was injected into the electrospray transport sol-
vent. The ESI spectrum was obtained in the multi-chan-
nel acquisition mode, scanning from 500 to 1800 m/z at a
scan time of 7 s. The mass spectrometer is equipped with
MassLynx and Transform software for data acquisition
and spectra handling.

Results and discussion

The PCR ampliWcation of aroG structural gene from
M. tuberculosis H37Rv genomic DNA required the pres-
ence of 10% DMSO in the reaction mixture (data not
shown). DMSO is a cosolvent that improves GC-rich
DNA denaturation and helps to overcome the diYculties
of polymerase extension through secondary structures,
altering the structural conformation of DNA templates
[22]. This result is consistent with the 65.6% G + C con-
tent of M. tuberculosis H37Rv genome [12]. PCR frag-
ment was inserted into pET23a(+) expression vector [23]
between NdeI and BamHI restriction sites. DNA
sequencing of the entire aroG structural gene by the dide-
oxy chain termination method both conWrmed the iden-
tify of the cloned PCR product and showed that no
mutations were introduced by the DNA ampliWcation
step.

Recombinant plasmids were introduced into E. coli
BL21(DE3) host cells by electroporation. Unfortunately,
recombinant mtDAHPS remained in the insoluble frac-
tion (Fig. 1). Since one of the goals of the present work
was to conWrm the correct assignment to the structural
gene encoding mtDAHPS, eVorts were made to express
recombinant M. tuberculosis DAHPS in its soluble,
active form avoiding unfolding and refolding protocols
because they cannot guarantee that they will yield large
amounts of biologically active product [24]. In addition,
a number of protocols were tested to obtain mtDAHPS
in the soluble fraction to no avail, including buVer addi-
tives (urea, deoxycholic acid, Triton X-100, and high
NaCl concentrations) and reduced cultivation tempera-
ture (20, 25, and 30 °C). In practice, it is usually worth-
while to test several diVerent vector/host combinations
to obtain the best possible yield of protein in its desired
form. Accordingly, a number of commercially available
strains of E. coli host cells were tested in an attempt to
produce mtDAHPS in the soluble fraction. Analysis of
the relationship between codon preference and expres-
sion level led to the classiWcation of E. coli genes into
three main classes [25]. Class II genes, which correspond
to genes highly and continuously expressed during expo-
nential growth that is likely to resemble the tRNA popu-
lation available for recombinant protein expression,
have a number of avoided codons with frequencies of
less than 6%. InsuYcient tRNA pools can lead to prema-
ture translational termination, translation frameshifting
or amino acid misincorporation that might result in
expression of nonproperly folded recombinant protein
[26]. Rare codons near the N-terminus of a coding
sequence can have a severe eVect on heterologous
expression in E. coli [27]. Four rare codons for heterolo-
gous gene expression in E. coli are present near the N-
terminus of M. tuberculosis aroG structural gene
(1£AUA for isoleucine, 3£CCC for proline). To test
whether these rare codons may have any eVect on aroG
expression, E. coli Rosetta (DE3) strain harboring
tRNA genes for AGG, AGA, AUA, CUA, CCC, and

Fig. 1. SDS–PAGE (12%) of the soluble and insoluble fractions of the
cell extracts of either BL21(DE3) or Rosetta-gami (DE3) host cells
transformed with either pET-23a(+) (control) or pET-23a(+)::aroG.
Expression conditions were 24 h at 37 °C without IPTG addition. Lane
1: insoluble fraction of BL21 (DE3) transformed with pET-23(+); lane
2: insoluble fraction of BL21(DE3) transformed with pET-
23(+)::aroG; lane 3: soluble fraction of BL21(DE3) transformed with
pET-23(+); lane 4: soluble fraction of BL21(DE3) transformed with
pET-23(+)::aroG; lane 5: MW marker “High range” (Gibco-BRL);
lane 6: insoluble fraction of Rosetta-gami (DE3) transformed with
pET-23(+); lane 7: insoluble fraction of Rosetta-gami (DE3) trans-
formed with pET-23(+)::aroG; lane 8: soluble fraction of Rosetta-gami
(DE3) transformed with pET-23(+); and lane 9: soluble fraction of
Rosetta-gami (DE3) transformed with pET-23(+)::aroG. Molecular
mass of mtDAHPS is approximately 50.6 kDa.



C. Rizzi et al. / Protein Expression and PuriWcation 40 (2005) 23–30 27
GGA rare codons on a chloramphenicol-resistant plas-
mid [28] was transformed with pET-23a(+)::aroG recom-
binant plasmid. Disappointingly, recombinant
mtDAHPS remained in the insoluble fraction (data not
shown), thereby discarding any eVect of the mycobacte-
rial aroG rare codons on recombinant protein expres-
sion. Although E. coli DAHPS has no disulWde bridges
despite possessing three cysteine residues, there is no
experimental evidence for the absence of disulWde
bridges in mtDAHPS, which possesses Wve cysteine resi-
dues (Cys 87, Cys 231, Cys 365, Cys 420, and Cys 440),
and a less reducing cytoplasmatic environment could
improve mtDAHPS solubility. The Origami E. coli host
strains (Novagen) have mutations in both the thiore-
doxin reductase (trxB) and glutathione reductase (gor)
genes, which greatly enhances disulWde bond formation
in the cytoplasm [29,30]. Unfortunately, none of the pro-
tocols tested yielded soluble mtDAHPS. The Rosetta-
gami (DE3) E. coli host strain (Novagen) combines the
features of Rosetta and Origami strains. SDS–PAGE
analysis showed that expression of recombinant
mtDAHPS protein in its soluble form with the expected
molecular mass (»51 kDa) could be achieved using the
Rosetta-gami (DE3) cells grown at 37 °C for 24 h with
no IPTG induction (Fig. 1). The underlying reason for
this result is unclear; however, it underscores the need
for optimization of vector/host combinations to achieve
soluble recombinant protein expression before attempt-
ing any unfolding/refolding protocols.

It should be pointed out that a screening of experi-
mental conditions was carried out to obtain high yield of
recombinant protein expression, including temperature
of growth, culture aeration, medium type, hours of
growth after IPTG induction, and hours of growth in the
absence of IPTG. The best results were obtained from
Rosetta-gami (DE3) E. coli cells grown for 24 h at 37 °C

Table 1
Measurements of recombinant DAHPS enzyme activity

a Crude cell extract in 50 mM Tris–HCl, pH 7.0.
b U mL¡1/mg mL¡1.

Cell extracta SpeciWc activityb (SA, U mg¡1) AS cloned/SA control

Control 0.0018 1
DAHPS 0.1651 92
in LB medium without IPTG induction as described
above. In the pET vector system (Novagen), target genes
are positioned downstream of the bacteriophage T7 late
promoter. Typically, production hosts contain a pro-
phage (�DE3) encoding the highly processive T7 RNA
polymerase under control of the IPTG-inducible lacUV5
promoter that would ensure tight control of recombi-
nant gene basal expression [31,32]. In agreement with the
results presented here, leaky expression has been shown
to occur in the pET system [33–37]. It has been proposed
that leaky protein expression is a property of the lac-
controlled system as cells approach stationary phase in
complex medium and that cyclic AMP, acetate, and low
pH are required to achieve high-level expression in the
absence of IPTG induction, which may be part of a gen-
eral cellular response to nutrient limitation [38].

Enzyme activity measurements demonstrated that
there was a 92-fold increase in speciWc activity for
mtDAHPS when Rosetta-gami (DE3) E. coli harboring
either pET-23a(+)::aroG or pET-23a(+) crude extracts
were compared (Table 1), indicating that mtDAHPS was
expressed in its soluble and functional form. The puriW-
cation protocol of recombinant mtDAHPS, protein
determination, enzyme assay, and SDS–PAGE analysis
were as described in Materials and methods. Recombi-
nant mtDAHPS enzyme was puriWed approximately 3-
fold (Table 2) to electrophoretic homogeneity (Fig. 2).
The puriWcation protocol yielded approximately 5 mg of
homogeneous protein. A signiWcant loss in protein yield
occurred in the 25% ammonium sulfate precipitation
step (Table 2) because some mtDAHPS remained in the
supernatant. Protein precipitations by higher ammo-
nium sulfate concentrations were also carried out, yield-
ing larger amounts of recombinant mtDAHPS in the
pellet (data not shown). However, a number of contami-
nants co-precipitated with mtDAHPS. In particular, a
contaminant that co-eluted in subsequent chromato-
graphic steps when larger than 25% ammonium sulfate
concentrations were used. Accordingly, the 25% ammo-
nium sulfate precipitation step was deemed more appro-
priate for the puriWcation protocol because a signiWcant
amount of contaminants remained in the supernatant,
while mtDAHPS with a lower protein-contaminating
background remained in the pellet thus making the
Table 2
PuriWcation of M. tuberculosis 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase expressed in E. coli Rosetta-gami(DE3) transformed with
pET-23a(+)::aroGa

a Typical puriWcation protocol starting from 36 g wet weight cells obtained from 6 L of culture.
b U mL¡1/mg mL¡1.

PuriWcation step Total protein (mg) Total enzyme activity (U) SpeciWc activityb (U mg¡1) PuriWcation fold Yield (%)

Crude extract 2442.38 403.23 0.17 1.00 100
Ammonium sulfate 136.78 44.11 0.32 1.95 11
Q-Sepharose Fast Flow 21.42 7.00 0.33 1.98 2
Sephacryl S-200 HR 17.83 4.48 0.25 1.52 1
Mono Q HR 16/10 4.77 2.24 0.47 2.84 0.6
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subsequent puriWcation steps less demanding. The
samples of each puriWcation step were assayed for
DAHPS enzyme activity and compared to control exper-
iments to demonstrate that the observed values are
actual velocities of mtDAHPS activity. Enzyme activity
of homogeneous mtDAHPS was linearly dependent on
sample volume added to the reaction mixture (Fig. 3),
thereby showing that the initial velocity is proportional
to total enzyme concentration and that true initial veloc-
ities are being measured. E. coli DAHPS(Phe) has been
shown to be sensitive to oxidation, leading to inactiva-
tion [39]. Moreover, higher mtDAHPS enzyme activity
values could be observed in the presence of �-ME (data
not shown). Accordingly, �-ME was used in all steps of
the mtDAHPS puriWcation protocol. The mtDAHPS

Fig. 2. SDS–PAGE analysis of pooled fractions from the puriWcation
steps of mtDAHPS. Lane 1, MW marker “High range” (Gibco-BRL);
lane 2, crude extract; lane 3, ammonium sulfate precipitation; lane 4,
Q-Sepharose Fast Flow ion exchange; lane 5, S-200 gel Wltration; and
lane 6, Mono Q ion exchange.

Fig. 3. Linear dependence of mtDAHPS activity on homogeneous pro-
tein volume. The rates of enzyme activity were performed in the for-
ward direction by continuously monitoring the decrease of
phosphoenolpyruvic acid at 232 nm.
speciWc activity has been found to be stable for at least
two months when stored at ¡80 °C.

The subunit molecular mass of active mtDAHPS was
determined to be 50510.38 Da by electrospray ionization
mass spectrometry (ESI-MS), consistent with the post-
translational removal of the N-terminal methionine resi-
due from the full length gene product (predicted mass:
50641.51 Da). The ESI-MS result also revealed no peak
at the expected mass for the three isoforms of E. coli
DAHPS enzymes (38804.03, 38735.18, and 38009.53 Da),
thus providing evidence for both the identity and purity
of the recombinant protein. The Wrst 11 N-terminal
amino acid residues of the recombinant protein were
identiWed as NWTVDIPIDQL by the Edman degrada-
tion chemistry protocol. This result unambiguously iden-
tiWes the homogeneous recombinant protein as
mtDAHPS and conWrms removal of the N-terminal
methionine residue from it. A common type of co-/post-
translational modiWcation of proteins synthesized in
prokaryotic cells is modiWcation at their N-termini.
Methionine aminopeptidase catalyzed cleavage of initia-
tor methionine is usually directed by the penultimate
amino acid residues with the smallest side chain radii of
gyration (glycine, alanine, serine, threonine, proline,
valine, and cysteine) [40]. The N-terminal methionine was
removed from the E. coli expressed recombinant
mtDAHPS enzyme, consistent with the Wnding that some
middle-sized penultimate amino acid residues (Asn, Asp,
Leu, and Ile) undergo N-terminal processing [41].

A value of 253§25 kDa was determined for the
molecular mass of native mtDAHPS homogeneous pro-
tein by analytical gel Wltration chromatography (data
not shown), suggesting that mtDAHPS is a pentamer in
solution. Whereas E. coli DAHPS(Phe) is a tetramer [42]
and E. coli DAHPS(Trp) is a dimer [43]. Interestingly,
more recently, recombinant DAHPS from Pyrococcus
furiosus has been shown to be a dimer in solution and
not to be inhibited by phenylalanine, tyrosine, or trypto-
phan [44].

DAHPS in most, not all, microorganisms is the target
for pathway regulation by negative feedback inhibition,
which controls carbon Xow into the shikimate pathway.
The most intensively investigated microorganism
DAHPS has been the E. coli enzyme, which possesses
three isoenzymes, each speciWcally regulated by one of
three aromatic amino acid end products, either Phe, Tyr,
or Trp [45]. The three isoforms have a common require-
ment for a metal cofactor, which can be similarly satis-
Wed by a range of divalent metal ions [46]. DAHPS
enzymes from a number of microorganisms have been
studied, such as Corynebacterium glutamicum [47], Ther-
motoga maritima [48], Bacillus subtilis [49], Saccharomy-
ces cerevisiae [50], and P. furiosus [44]. However, to the
best of our knowledge, this is the Wrst report on cloning,
expression, and puriWcation of functional DAHPS from
M. tuberculosis.
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Homogeneous mtDAHPS protein will provide pro-
tein in quantities necessary for studies on the enzyme
mechanism of action by steady-state and pre-steady-
state kinetics, its metal requirement, if any, and feedback
inhibition by Phe, Tyr, and Trp. The expression and
puriWcation of mtDAHPS reported here will also provide
protein for crystallization trials aiming at three-dimen-
sional structure determination by X-ray diVraction. The
three-dimensional structures of four forms of the Phe-
regulated isoenzyme of E. coli DAHPS have been solved
by X-ray crystallography [42,51–53], which should facili-
tate screening of experimental conditions to obtain crys-
tals of mtDAHPS in complex with its substrates,
possible metal cofactor and feedback inhibitors, if any.
Expression of functional proteins in soluble form has
been identiWed as an important bottleneck in eVorts to
determine biological activity and crystal structure of M.
tuberculosis proteins [54]. We hope that the results
reported here will contribute to eVorts towards the struc-
ture determination of potential targets in M. tuberculo-
sis. The enzymological and structural studies on
mtDAHPS should help in the design of enzyme inhibi-
tors to be tested as antimycobacterial agents.
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Abstract

The human cyclin-dependent kinase 9 (CDK9) protein was expressed in E. coli BL21 using the pET23a vector at 30 °C. Several milli-
grams of protein were puriWed from soluble fraction using ionic exchange and ATP-aYnity chromatography. The structural quality of
recombinant CDK9 and the estimation of its secondary structure were obtained by circular dichroism. Structural models of CDK9 pre-
sented 26% of helices in agreement with the spectra by circular dichroism analysis. This is the Wrst report on human CDK9 expression in
Escherichia coli and structure analysis and provides the Wrst step for the development of CDK9 inhibitors.
© 2006 Elsevier Inc. All rights reserved.
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The cyclin-dependent kinase 9 (CDK9)1 is a cdc2-related
kinase protein ubiquitously expressed in most cells [1] and
involved in many physiological processes, including cell
diVerentiation and apoptosis [2,3]. In contrast to other
CDKs with cell cycle regulatory functions, this serine–thre-
onine kinase exhibits protein levels unchanged in human
cells entering and progressing through the cell cycle [4].
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1 Abbreviations used: CDK9, cyclin-dependent kinase 9; LB, Luria–Ber-
tani medium; MALDI-TOF, matrix-assisted desorption ionization time-
of-Xight; CD, circular dichroism.
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Originally named PITALRE for its PSTAIRE-like
sequence [5,6], CDK9 is involved in transcriptional events
[7] and is regulated by the regulatory subunit, cyclin T1,
cyclin T2 or cyclin K [8,9]. Recently, a novel isoform of
CDK9 of 55 kDa [10], which originates from an alternative
upstream promoter was identiWed.

CDK9/cyclin T belongs to the multiprotein complex
P-TEFb, an elongation factor for RNA polymerase II-
directed transcription, and is responsible for the phosphor-
ylation of the C-terminal domain of the largest subunit of
RNA polymerase II [11]. It has been found that CDK9/
cyclin T1 is also required for the viral transactivator called
Tat to stimulate the processivity of RNA pol II in HIV,
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suggesting a possible involvement of this kinase in AIDS
(for references, see [12]). Ammosova et al. [13] observed
dephosphorylation of CDK9 prior to its association with
HIV-1 transcription initiation complex, which might be
important for regulating HIV-1 transcription.

Recent data have indicated that Cdk9 is a critical deter-
minant of cardiac hypertrophy, in vitro and in vivo. Sano
and Schneider [14] observed that trophic signals for
increasing cardiac mass activated Cdk9, suggesting a role in
heart disease.

The CDK inhibitor Seliciclib (CYC202, R-roscovitine)
competes for the ATP binding site on the kinase. It has
greatest activity against CDK2/cyclin E, CDK7/cyclin H,
and CDK9/cyclin T. Seliciclib induces apoptosis in tumor
cell lines, reduces tumor growth in xenografts in nude mice
and is currently in phase II clinical trials for lung cancer
and B cell malignancies [15].

The functional aspects of human CDK9 have been stud-
ied by many groups but no conformational data is known.
Since the CDK9 protein is a potential therapeutic target in
AIDS, heart disease, and cancer, data on its 3D structure
becomes an essential step in the design of new and speciWc
inhibitors which could improve the treatment of patients.

In this work, we expressed and puriWed recombinant
human CDK9 in Escherichia coli (BL21) suitable for future
structural analysis. The secondary structural data obtained
using circular dichroism was in agreement with the confor-
mation obtained by homology modeling.

Materials and methods

PCR ampliWcation and cloning of human cdk9 cDNA

For RT-PCR, the RNA total was isolated from human
tissue using Trizol reagent (Invitrogen). To obtain the full-
length cdk9 cDNA, RT-PCR was carried out using the oli-
gonucleotides primers forward CgCATATggCAAAG
CAGTACGACTCGGTG and reverse gCggATCCTCAg
AAgACgCgCTCAAACTCC designed based on the cDNA
sequence from GenBank Accession No. NM_001261. The
5� NdeI and 3� BamHI restriction sites are shown in italic.
The start and stop codons are shown in bold and were
designed to be complementary to 24 and 22 bases of the 5�
and 3� ends of the CDK9 cDNA, respectively. The cdk9
cDNA (1119 bp) was ampliWed using standard PCR condi-
tions with Pfu DNA polymerase (Stratagene). To introduce
the 5� NdeI and 3� BamHI sites the ampliWed fragments
were digested with NdeI and BamHI, puriWed using the
Qiagen Gel PuriWcation, and inserted into a pET23a(+)
expression vector (Novagen), previously digested with the
same enzymes. The correct ORF was conWrmed by restric-
tion analysis and sequencing.

Expression of recombinant human CDK9

E. coli BL21(DE3)pLys cells were transformed with the
pET23a(+)::cdk9 and recombinant colonies were selected
on LB agar plates containing carbenicillin (50�g mL¡1) and
chloramphenicol (50�g mL¡1). Following transformation,
several recombinant colonies were used to inoculate 5 mL
LB medium containing carbenicillin (50�g mL¡1) and
chloramphenicol (50 �g mL¡1). To determine the best con-
dition of human CDK9 protein expression, E. coli
BL21(DE3)pLys cells harboring pET23a(+)::cdk9 were
grown in the presence of IPTG (Wnal concentration of 1,
0.5, and 0.1 mM) at four diVerent temperatures (37, 30, 28,
and 20 °C) at 180 rpm after OD600 measurements (Abs 0.4–
0.6) [16,17]. One sample was removed at each hour after
induction. The cells were harvested by centrifugation,
stored at ¡80 °C or resuspended in hypotonic lysis buVer
(10 mM Tris–HCl, pH 7.4, 25 mM NaCl, and 1 mM
EDTA), and disrupted by sonication (three short bursts,
about 10 s each, allowing the bacterial suspension to cool
on ice between each burst). The proteins and cell debris
were separated by centrifugation at 20,800g for 30 min at
4 °C. The soluble and insoluble fractions were analyzed by
SDS–PAGE.

PuriWcation of recombinant human CDK9

Preculture (20mL) of one single colony E. coli (DE3)pLys
containing the recombinant plasmid was diluted in 500mL
of Luria–Bertani medium (LB) supplemented with appropri-
ate antibiotics [carbenicillin (50�g mL¡1) and chlorampheni-
col (50�g mL¡1)]. The culture was conducted at 30 °C at
180rpm in a shaking incubator until the cells reached mid-
log growth (OD600 measurements of 0.4–0.6). At this point,
the expression of the target protein was induced by adding
IPTG (0.1mM) and continued incubation at 30°C for 3 h.
The cells were harvested by centrifugation and resuspended
in 30mL lysis buVer (10 mM Tris–HCl, pH 7.4, 25 mM NaCl,
1mM EDTA, and 1 mM PMSF). After sonication (three
short bursts, about 30s each, allowing the bacterial suspen-
sion to cool on ice between each burst), the lysate was clari-
Wed by centrifugation for 1 h at 20,800g and 4°C. The
supernatant was loaded over a DEAE Sepharose column
(2.5£9cm) pre-equilibrated with lysis buVer. The absorbed
proteins were eluted with a linear gradient (25–500mM
NaCl, elution volume 60mL) by the use of a peristaltic pump
at 60 mL/h. After, the fractions were visualized in silver-
stained SDS gels, the selected CDK9 fractions were pooled
and dialyzed against a buVer containing 10 mM Hepes, pH
7.4, 25mM NaCl, and 1 mM EDTA. The dialyzed CDK9
were loaded onto an ATP aYnity column (Sigma; 1£2.5 cm;
2mL) pre-equilibrated with buVer A [10mM Hepes, pH 7.4,
25mM NaCl, 1 mM EDTA, 10% glycerol (v/v), and 0.5mM
dithiothreitol]. After washing, bound proteins were eluted
with a 50mL linear salt gradient (25–500 mM NaCl in buVer
A). Fractions containing CDK9 were pooled and concen-
trated (up to approximately 6mg/mL) and dialyzed using an
Amicon ultraWltration cell (MWC 10,000 Da) against 10 mM
Hepes, pH 7.4, and 1mM EDTA. The protein content was
analyzed by SDS–PAGE and visualized using the Silver
Staining kit, Protein (GE HealthCare).



616 A.M. Leopoldino et al. / Protein Expression and PuriWcation 47 (2006) 614–620
Protein determination

The protein concentration was carried out as proposed
by Bradford [18] using bovine serum albumin as standard,
and after puriWcation by direct absorbance readings at
280 nm.

Bidimensional electrophoresis

Bidimensional electrophoresis (2DE) [19] was performed
with the IPGphor IEF system and Ruby electrophoresis
unit (GE HealthCare). After sonication, the protein sample
(100 �g) was diluted in buVer containing 8 M urea, 2%
Chaps (3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
panesulfonate), 0.3% DTT (dithiothreitol), 0.5% IPG buVer,
pH 3–10, bromophenol blue trace and loaded into immobi-
lized pH gradient (IPG) gel strips. Isoelectric focusing was
run at 20 °C with 8000 V for until 16,500 Vh. The IPG strips
were subsequently either stored at ¡80 °C or equilibrated
for 15 min each at room temperature in SDS equilibration
buVer (50 mM Tris–HCl, pH 8.8, 6 M urea, 2% w/v SDS,
30% glycerol, and few grains of bromophenol blue) with 1%
w/v DTT. The strips were again incubated in SDS equili-
bration buVer with 2.5% w/v iodoacetamide instead of
DTT. The strips were sealed in 12.5% SDS–PAGE and elec-
trophoresis was conducted at 30 mA/gel for 5 h. The gels
were Wxed overnight in 50% ethanol and 10% acetic acid,
washed in destain solution (50% ethanol and 5% acetic
acid) for 3 min and stained in 0.05% Coomassie blue solu-
tion in 40% methanol and 10% acetic acid for 90 min. The
gels were soaked in destain solution for 15, 45, 120, and
120 min, respectively, and preserved in 5% acetic acid. The
gels were incubated in 10% methanol for 48 h and storage
in 50% glycerol until analysis. The 2D images were scanned
by using the ImageScanner (GE HealthCare) and analyzed
by using IMAGEMASTER 2D PLATINUM software
(GE HealthCare). The intensity of each spot was Wrst pro-
cessed by background subtraction and then normalized
between gels as a proportion of the total intensity protein
from the gel. 2DE was chosen to CDK9 validation because
it separated the proteins by charge and molecular weight
(two biochemical characteristics). Therefore, it is more
eYcient for proteomics analysis and mass spectrometry
than SDS–PAGE.

MS and protein identiWcation

The matrix-assisted desorption ionization time-of-Xight
(MALDI-TOF) mass spectrometry (MS) was used to con-
Wrm the identity of the recombinant CDK9. The protein
spot of interest identiWed by 2DE absent in control, was cut
from the gel for subsequent tryptic digestion. For MALDI-
TOF MS analysis, extracted peptides were resuspended
with 0.1% triXuoroacetic acid in 50% acetonitrile, mixed
with 1 �l of matrix (10 mg/ml �-cyano-4-hydroxycinnamic
acid) and 1 �l of this mixture was pipetted in the MALDI
plate and allowed to dry. Peptide maps were obtained using
a Voyager–DE PRO MALDI-TOF mass spectrometer
(Applied Biosystem) in positive ion reXectron mode. Pep-
tide fragment mass values were searched against the data-
base by using the MS-Fit program (http://
prospector.ucsf.edu) with the minimum parameters: Swiss-
Prot database, match with three peptides, mass tolerance of
50 ppm, and 15% coverage percentage.

Circular dichroism

Circular dichroism (CD) spectra in the UV–visible were
recorded on a Jasco J710 dichrograph operating at room
temperature, range 250–190 nm, interfaced with a PC. The
spectrum was analyzed through the self-consistent method
published by Sreerama and Wood [20], and an interactive
graphic program for calculation the secondary structures
by Deléage and Geourjon [21]. Measurements in the far UV
were carried out on 25 �m cuvettes and the proteins were
dissolved in 10 mM Hepes, pH 7.4, and 1 mM EDTA.

Molecular modeling

Homology modeling is usually the method of choice
when there is a clear relationship of homology between the
sequence of a target protein and at least one known struc-
ture. Model building of the CDK9 were carried out using
the program Parmodel [22], which is a web server for auto-
mated modeling and protein structural assessment. Par-
model runs a parallelized version of MODELLER [23].
MODELLER is an implementation of an automated
approach to comparative modeling by satisfaction of spa-
tial restraints. The modeling procedure begins with align-
ment of the sequence to be modeled (target) with the
sequence of related known three-dimensional structures
(templates). This alignment is usually the input to the
program. The output is a three-dimensional model for the
target sequence containing all mainchain and sidechain
non-hydrogen atoms [23].

Two models were built, the Wrst in the absence of
ligands, and the second in the presence of ATP. The models
of CDK9 were based on the atomic coordinates of CDK2
apoenzyme (PDB code: 1HCL) [24] and CDK2:ATP (PDB
code: 1HCK) [25].

Several slightly diVerent models can be calculated by
varying the initial structure. A total of 1000 models for each
modeling were generated by the program Parmodel [22],
the Wnal models were selected based on stereochemical
quality. All optimization process was performed on a Beo-
wulf cluster with 16 nodes (BioComp, AMD Athlon XP
2100+).

Results and discussion

CDK9 is a serine–threonine kinase involved in transcrip-
tion and responsible for the activation of RNA polymerase
II. Due to its role in these processes, it is a potential thera-
peutic target in human disease. Therefore, data on its 3D

http://prospector.ucsf.edu
http://prospector.ucsf.edu
http://prospector.ucsf.edu
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structure are essential to the development of new and spe-
ciWc inhibitors.

Studying protein 3D structure represents a challenge in
protein biochemistry. In vitro studies such as crystallization
are reliant on the solubilization, and on appropriate quan-
tity and quality of proteins. Here, we present data that led
to the successful expression and puriWcation of human
CDK9.

Overproduction of human CDK9

CDK9 protein has been produced using pET vector
system and E. coli BL21(DE)pLys (Fig. 1, lane 4). The
expression of CDK9 at 37 °C produced insoluble pro-
teins that were resuspended in denaturing buVer con-
taining 8 M urea. However, no CD spectrum was
detected when an aliquot of dialyzed CDK9 (refolding)
was analyzed by circular dichroism at a protein concen-
tration of 13 mg/mL. Others studies [16,17] reported sim-
ilar results indicating that refolding is incomplete. The
incomplete refolding of CDK9 may be due to exposition
to urea for a long period (up to 7 days) before diluting
out the denaturant.

An optimization of the expression in diVerent tempera-
tures was used to yield soluble proteins. The best condition
was by culturing the selected colonies with the plasmid
pET23a(+)::cdk9 in LB medium at 30 °C and 0.1 mM IPTG
(Fig. 1). The expression at 37 °C resulted in high amounts of
precipitated proteins; at lower temperature (28 and 20 °C),
the expression resulted in low amounts of protein (Fig. 2).
In respect to IPTG, we found that cultures with lower
IPTG concentrations produced appropriate amounts of
soluble protein. Almost 40 mg mL¡1 of total protein was
synthesized and the soluble proteins were recovered after
centrifugation (Table 1).

Fig. 1. PuriWcation of the recombinant human CDK9 protein by ion
exchange and ATP-aYnity chromatography. Lane: 1, crude extract, no
CDK9 expression (control); 2, ion exchange chromatography of total sol-
uble protein; 3, ATP-aYnity chromatography of human CDK9; 4, crude
extract with recombinant human CDK9; 5, LMW protein marker (GE
HealthCare). Silver staining. The resulting CDK9 is almost 99% pure.
By using direct absorbance readings at 280 nm, we esti-
mated that, on average, about 10 mg of pure CDK9 was
puriWed from a 500 mL culture of transformed bacteria.

Validation and puriWcation of human CDK9

The proteins before and after induction by IPTG were
analyzed by 2DE for validation. A spot with pI and molec-
ular weight close to the theoretical values calculated for
CDK9 (pI 8.97 and 42 kDa) was present in 2DE gel after
induction but absent in control. Protein spot was excised,
in-gel digested with trypsin, and identiWed by MALDI mass
spectrometry. The processed peptide mass Wngerprint data
analyzed by the MS-Fit search identiWed the human CDK9
as the Wrst hit with coverage of 82% (data not shown).

Recombinant protein was puriWed by ionic exchange
(DEAE Sepharose) and ATP-aYnity chromatography
(Table 1; Fig. 1, lane 3). The resins and elution conditions
were chosen based on our experience acquired during
CDK2 puriWcation [27]. The CDK2 puriWcation protocol
was optimized for CDK9. The fractions of puriWed CDK9
were pooled and concentrated for future analysis and

Fig. 2. SDS–PAGE of the crude extract containing recombinant human
CDK9. Lanes: 1–3, crude extract from expression at 20, 37, and 28 °C,
respectively. Coomassie blue staining.

Table 1
The optimal puriWcation

a The purities were estimated from silver-stained SDS gels and the
quantiWcation was estimated using direct absorbance readings at 280 nm.

Approximate yield (%) Approximate puritya (%)

Cell lysate 50–60 20
DEAE column 70 50

ATP-aYnity column 90 100
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maintained at 4 °C in the presence of proteases inhibitors to
avoid degradation.

Structural analysis of CDK9

Circular dichroism is an important technique to esti-
mate secondary structure content, to validate protein
quality, and for monitoring conformational changes of
proteins due to drug binding. The CDK9 deconvoluted
CD spectrum showed that it contains 30–34% helix, 33–
36% beta, and 21–29% of coil (Fig. 3). Such CD data
permitted to obtain information about the CDK9 struc-
tures of the regions not modeled. The results suggest

Fig. 3. Circular dichroism spectrum of human CDK9. The protein confor-
mation consists of 30–34% helices, 33–36% beta-strands, and 21–29% coils.
that human recombinant CDK9 maintains secondary
structures and is viable to functional and structural
studies.

Fig. 4 shows the sequence alignment of CDK9 and
CDK2. The alignment presents 38% of identity, considering
the region from residues 17 to 333. The overall stereochem-
ical quality of the Wnal CDK9 apoenzyme and CDK9:ATP
models and average G-factor were calculated by the PRO-
CHECK software [26]. Analysis of the Ramachandran
plots indicates that 89.5% of the residues are in most
favored regions, and 8.4% of the residues in additional
allowed regions for the CDK9 apoenzyme whereas 87% of
the residues are in most favored regions, and 9.9% in addi-
tional allowed regions for CDK9:ATP model. The G-factor
values were 0.14 and 0.38 for CDK9 apoenzyme and
CDK9:ATP models, respectively. Ideally, scores should be
above ¡0.5.

The models for CDK9 are folded into the typical bilo-
bal structure, with the smaller N-terminal lobe consisting
predominantly of �-sheet structure and the larger C-ter-
minal lobe consisting primarily of �-helices. The N-termi-
nal lobe of CDK has a sheet of Wve antiparallel �-strands
(�1–�5) and a single large helix (�1). The C-terminal lobe
contains a pseudo-4-helical bundle (�2, 3, 4, 6), a small �-
ribbon (�6–�8), and two additional helices (�5, 7). The
ATP molecule is found in the cleft between the two lobes.
The core (the �-sheet and the helical bundle) of the CDK9
structure is very similar to that of CDK2 [25,27,28], as
shown in Figs. 5A–C.

The diVerences between the structures of CDK2 and
CDK9 are in the N-terminal (residues 1–17) and C-termi-
nal regions (residues 333–372); the CDK9 sequence is
Fig. 4. Sequence alignment of CDK2 with CDK9 (38% identity). The alignment was performed with the program MULTIALIGN [30].
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longer than CDK2. Therefore, the N- and C-terminal were
not modeled, due to the absence of models. These regions
can provide speciWcity to CDK9, such as the diVerences in
the loops 52–55, 88–95, 182–185, and 317-322, which can be
observed in the alignment of their primary sequences
(Fig. 4). Considering the modeled region, CDK9 shows
26% of helices. Such result is consistent with CD data of the
entire CDK9 protein.

Pinhero et al. [29] established a protocol for the expres-
sion and puriWcation of the complex His6-CDK9/CycT1
using recombinant baculovirus in Spodoptera frugiperda
insect cells. On an average, from 1 L culture of infected Sf9
cells, these authors could purify about 1.2 mg of pure His6-
CDK9/CycT1. Compared to this study, our protocol in E.
coli presents some advantages in respect to yield of puriWed
protein, fusion tags, expression system, and operating costs/
complexity.

In summary, ours results show that recombinant
human CDK9 can be cloned and expressed in E. coli and
puriWed from soluble fraction in two chromatographic
steps. Mass spectrometry identiWcation validated the
expression of CDK9. Moreover, expression at a lower
temperature using 0.1 mM IPTG resulted in a secondary
structured recombinant protein as shown by CD analysis
validating its use in future structural analysis. This is the
Wrst report on human CDK9 expression in E. coli and
structure analysis and provides the Wrst step for the devel-
opment of new inhibitors for the treatment of AIDS,
heart disease, and cancer.
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