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Resumo 
 

A tuberculose (TB) é uma doença infecciosa causada principalmente pelo 
Mycobacterium tuberculosis, o qual atualmente infecta um terço da população mundial. Apesar 
da disponibilidade da vacina Bacille Calmette-Guérin e da eficaz quimioterapia de curta 
duração, o aumento na incidência global da TB está relacionado à co-infecção com o HIV e ao 
surgimento de cepas multi, extensivamente e agora totalmente resistente a drogas. Além disto, 
a capacidade do M. tuberculosis de permanecer viável dentro do hospedeiro infectado por longo 
período em uma infecção assintomática é um problema adicional para o controle da TB. As 
rotas de biossíntese de nucleotídeos fornecem alvos moleculares promissores para o 
desenvolvimento de novas vacinas e estratégias terapêuticas para controlar a incidência global 
de TB no mundo. A uracil fosforribosil transferase (UPRT) catalisa a conversão de uracil e 5’-
fosforribosil-α-1’-pirofosfato (PRPP) a uridina 5’-monofosfato (UMP) e pirofosfato (PPi). A UPRT 
tem um papel importante na rota de salvamento das pirimidinas já que seu produto (UMP) é o 
precursor comum de todos os nucleotídeos pirimídicos. Este trabalho apresenta a clonagem, 
expressão recombinante em E. coli, e a purificação da UPRT de M. tuberculosis codificada pelo 
gene upp (MtUPRT). Adicionalmente, foram realizadas análises de espectrometria de massas e 
sequenciamento N-terminal que confirmaram a identidade da MtUPRT homogênea. A massa 
molecular da MtUPRT nativa seguiu um modelo de associação monômero-tetrâmero por 
ultracentrifugação analítica. Esta enzima não mostrou uma regulação pronunciada por GTP já 
que este nucleotídeo não afetou os parâmetros cinéticos da enzima, e a sua ligação não foi 
detectada por calorimetria de titulação isotérmica (ITC). A velocidade inicial e os estudos de ITC 
sugeriram que a catálise procede através de um mecanismo ordenado sequencial, no qual o 
PRPP liga primeiramente, seguido pela ligação de uracil, e PPi é o primeiro produto a ser 
liberado, seguido pelo UMP. ITC também mostrou que a ligação de PRPP e UMP são 
processos termodinamicamente favoráveis. O perfil de pH indicou que grupamentos com os 
valores de pK próximos de 5,7 e 8,1 são importantes para a atividade catalítica e um 
grupamento com valor de pK próximo a 9,45 está envolvido na ligação do PRPP. Dados de 
cinética no estado pré-estacionário sugeriram que a liberação de produto não é a etapa 
limitante da reação catalisada pela MtUPRT. Estudos de fluorescência demonstraram a 
existência de duas formas da enzima em solução, das quais apenas uma pode ligar ao PRPP. 
O nocaute do gene upp demonstrou que este gene não é essencial para o M. tuberculosis 
H37Rv nas condições empregadas no experimento e a ausência do gene upp não afetou o 
crescimento micobacteriano. A UPRT mostrou ser expressa tanto em altas como em baixas 
concentrações de oxigênio. A MtUPRT foi inibida por um metabólito ativo do isoxyl, que não 
parece inibir as enzimas RNA polimerase, adenina fosforribosil transferase e hipoxantina-
guanina fosforribosil transferase. A concentração inibitória mínima de isoxyl para as cepas de 
M. tuberculosis mutante para o gene upp, complementada e tipo selvagem foi de 12,8 µg/mL, o 
que significa que a ausência do gene upp não afetou a sensibilidade do M. tuberculosis ao 
isoxyl. Assim, estes dados podem ser úteis para um melhor entendimento sobre a via de 
biossíntese de nucleotídeos em M. tuberculosis e podem servir como base para o 
desenvolvimento de estratégias terapêuticas e preventivas eficientes para diminuir a incidência 
global deste patógeno. 
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Abstract 
 

Tuberculosis (TB) is an infectious disease mainly caused by Mycobacterium tuberculosis, 
which currently infects one-third of the world’s population. Despite the availability of the Bacille 
Calmette-Guérin vaccine and effective short-course chemotherapy, the increasing global burden 
of TB has been linked to the co-infection with HIV, the emergence of multi, extensively and now 
totally drug-resistant strains. Furthermore, the capacity of M. tuberculosis to remain viable within 
infected hosts in a long-term asymptomatic infection is an additional problem for the control of 
TB. Nucleotides biosynthesis pathways provide promising molecular targets for the development 
of new vaccines and therapeutic strategies to control the global incidence of TB. Uracil 
phosphoribosyltransferase (UPRT) catalyzes the conversion of uracil and 5'-phosphoribosyl-α-
1'-pyrophosphate (PRPP) to uridine 5'-monophosphate (UMP) and pyrophosphate (PPi). UPRT 
plays an important role in the pyrimidine salvage pathway since its product (UMP) is a common 
precursor of all pyrimidine nucleotides. This work presents cloning, recombinant expression in 
Escherichia coli, and purification of the upp-encoded M. tuberculosis UPRT (MtUPRT). Mass 
spectrometry analysis and N-terminal amino acid sequencing confirmed the identity of 
homogeneous MtUPRT. The molecular mass of the native MtUPRT was shown to follow a 
monomer-tetramer association model by analytical ultracentrifugation. This enzyme did not show 
a pronounced regulation by GTP as this nucleotide did not affect enzyme kinetic parameters, 
and its binding was not detected by isothermal titration calorimetry (ITC). Initial velocity and ITC 
studies suggested that catalysis proceeds through a sequential ordered mechanism, in which 
PRPP binds first, followed by uracil binding, and PPi is the first product to be released, followed 
by UMP. ITC also showed that PRPP and UMP binding are thermodynamically favorable 
processes. The pH-rate profiles indicated that groups with pK values of 5.7 and 8.1 are 
important for catalytic activity and a group with a pK value of 9.45 is involved in PRPP binding. 
Pre-steady-state kinetic data suggested that product release is not the rate-limiting step of the 
reaction catalyzed by MtUPRT. Kinetic fluorescence studies demonstrated two forms of enzyme 
in solution of which only one can bind to PRPP. Knockout of the upp gene showed that this gene 
is not essential for M. tuberculosis H37Rv in the employed experimental conditions and the 
absence of upp gene did not affect the mycobacterium growth. UPRT is expressed in both high 
and low oxygen conditions of M. tuberculosis H37Ra growth. MtUPRT is inhibited by an active 
metabolite of isoxyl, which does not seem to inhibit RNA polymerase, adenine 
phosphoribosyltransferase and hypoxanthine-guanine phosphoribosyltransferase. Minimum 
inhibitory concentration of isoxyl for M. tuberculosis mutant for upp gene, complemented and 
wild type strains was 12.8 µg/mL, meaning that the absence of the upp gene did not affect M. 
tuberculosis sensitivity to isoxyl. Altogether, these data may be useful for a better understanding 
about the nucleotide biosynthesis pathway in M. tuberculosis and as a framework on which to 
base efforts towards the development of efficient prophylactic and therapeutic strategies to 
decrease the global incidence of this pathogen. 
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INTRODUÇÃO 

 

1. Tuberculose 

A tuberculose humana (TB) é uma doença infecto-contagiosa causada 

principalmente pelo Mycobacterium tuberculosis. A TB é considerada a segunda 

principal causa de mortalidade devido a uma doença infecciosa no mundo, depois do 

vírus da imunodeficiência humana (HIV) que causou cerca de 1,8 milhões de mortes no 

ano de 2008 (1). No ano de 2010, estimativas da Organização Mundial da Saúde (OMS) 

indicaram a ocorrência de 8,5 – 9,2 milhões de novos casos de TB, com 

aproximadamente 1,5 milhões de mortes (1). A maior parte do número estimado de 

casos em 2010 ocorreu na Ásia (59 %) e na África (26%), e proporções menores de 

casos ocorreram na Região Mediterrânea Oriental (7 %), na Região Européia (5 %) e na 

Região das Américas (3 %) (Figura 1) (1). Aproximadamente 80 % do total de casos de 

TB no mundo ocorrem em apenas 22 países, incluindo o Brasil que ocupa o 15° lugar 

entre os países com maior número de casos de TB. 
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Figura 1. Estimativa da ocorrência de novos casos de TB em 2010 no mundo (1). 

 

1.1 Infecção 

 

A TB é transmitida principalmente pela inalação de aerossóis contendo o M. 

tuberculosis, gerados de uma pessoa infectada (2). No pulmão, o bacilo é internalizado 

por fagocitose pelos macrófagos alveolares, iniciando a resposta inata. As células 

dendríticas iniciam a resposta adaptativa mediada por células T que ativam os 

macrófagos através da liberação de citocinas, resultando na: eliminação da bactéria, 

estabelecimento da TB latente ou da doença ativa (Figura 2) (2). A eliminação completa 

do M. tuberculosis do organismo é difícil de ser atingida, uma vez que dentro do 

fagossoma, o M. tuberculosis secreta proteínas que previnem a fusão do fagossoma 

com o lisossoma, impedindo assim a sua destruição (3). Além disto, o bacilo da TB 

possui uma espessa parede celular que fornece resistência contra os mecanismos 
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microbicidas dos macrófagos (4). Deste modo, o bacilo é capaz de sobreviver dentro 

dos macrófagos, controlado pelo sistema imunológico do hospedeiro, dentro de uma 

estrutura chamada de granuloma (a principal característica da TB latente) (Figura 2). A 

biologia do granuloma é parcialmente compreendida; acredita-se que o granuloma 

contenha no seu centro macrófagos não ativados, rodeados por macrófagos infectados 

contendo o M. tuberculosis envolvidos por células do sistema imunológico, como 

linfócitos T (3). Assim, a estrutura do granuloma representa um balanço entre o sistema 

imunológico do hospedeiro e o patógeno. 

Entretanto, se a resposta das células T for insuficiente para controlar a infecção 

inicial, sintomas clínicos se desenvolvem dentro de 1 ano na forma de infecção 

progressiva primária (TB ativa) (Figura 2). A infecção primária ocorre dentro de 1 ou 2 

anos depois da infecção inicial, envolvendo a replicação do M. tuberculosis, a 

colonização dos linfonodos locais e eventual disseminação da infecção para locais mais 

distantes (4, 5). A TB pós-primária é desenvolvida mais tarde, e pode ser causada tanto 

pela reativação de bacilos remanescentes da infecção inicial como pela impossibilidade 

de controlar uma infecção subseqüente (Figura 2). A TB pós-primária gera extensivo 

dano pulmonar, além de facilitar a transmissão bacilar por aerossóis (4, 5). 
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Figura 2. Resposta do hospedeiro à exposição ao M. tuberculosis. O bacilo é internalizado por 
fagocitose pelos macrófagos alveolares, iniciando a resposta inata. As células dendríticas 
iniciam a resposta adaptativa mediada por células T que ativam os macrófagos através da 
liberação de citocinas, o que pode resultar na: eliminação da bactéria, TB latente ou TB ativa. A 
TB latente pode evoluir para a forma ativa da doença após anos ou décadas (2). 
 

1.2 Latência 

 

O M. tuberculosis pode permanecer dentro do granuloma por muito tempo sem 

que o hospedeiro apresente os sintomas da doença, enquanto o seu sistema 

imunológico for capaz de manter seus macrófagos ativados e suas células T funcionais 

(3). A resposta imune do hospedeiro contra o M. tuberculosis é altamente efetiva no 

controle da replicação bacteriana, impedindo a progressão da doença e limitando-a ao 

local inicial da infecção. Esta condição é chamada de TB latente, que é a forma não 

contagiosa da doença, onde a bactéria permanece inativa, período durante o qual a 

pessoa infectada não apresenta TB clínica aparente. Isto é o que ocorre com a maioria 

dos indivíduos saudáveis que são infectados com o M. tuberculosis, devido à 

capacidade do bacilo em estabelecer e manter a latência, pois a completa eliminação 
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do patógeno é lenta e geralmente difícil de ser atingida. O bacilo pode permanecer 

neste estado “dormente” por meses, anos ou até décadas. O mecanismo de latência do 

bacilo causador da TB no hospedeiro ainda é desconhecido. Acredita-se que 

aproximadamente dois bilhões de indivíduos (um terço da população mundial) possuam 

a TB na forma latente (6, 7). No entanto, entre 5-10% dos indivíduos que estão 

infectados com a TB latente desenvolvem a forma ativa da doença (4). O 

desenvolvimento da forma ativa da TB geralmente ocorre quando o sistema 

imunológico do hospedeiro está debilitado. Quando, por exemplo, a função das células 

T está comprometida, o crescimento descontrolado do bacilo dentro dos macrófagos 

causa a disseminação do M. tuberculosis pelo rompimento do granuloma (2, 3).  

 

1.3 Co-infecção com HIV 

 

Indivíduos co-infectados com HIV e TB têm entre 21 e 34 vezes mais chances de 

desenvolver a TB ativa comparados com aqueles que são HIV-negativos, 

representando o principal risco para a progressão da TB latente para a forma ativa (8, 

9). A co-infecção de indivíduos com TB e HIV afeta aproximadamente 11 milhões de 

indivíduos no mundo e resultou na morte de cerca de 200.000 pessoas no ano de 2005 

(10). Mundialmente, uma em cada dez das quase 9 milhões de pessoas que 

desenvolvem TB a cada ano é HIV-positivas, o que equivale a 1,1 milhões de novos 

casos de TB entre os indivíduos portadores de HIV no ano de 2010 (1). Dos novos 

casos de co-infecção com TB e HIV no ano de 2010, 82 % concentraram-se na região 

africana, o que representa 900.000 (39 %) dos 2,3 milhões de pessoas que 
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desenvolveram TB e eram HIV-positivas, resultando em aproximadamente 0,35 milhões 

de mortes no mundo (1). No Brasil, a percentagem de pacientes tuberculosos co-

infectados com HIV foi de 23% em 2010 (1). 

A OMS fornece recomendações, desde 2004, quanto às intervenções 

necessárias para prevenir, diagnosticar e tratar a TB em pacientes portadores de HIV. 

As intervenções recomendadas incluem o tratamento com antirretroviral e com 

cotrimoxazol (sulfametoxazol e trimetroprima) para prevenir a pneumonia em pacientes 

co-infectados, intensificação na busca de pacientes infectados com TB entre os 

pacientes portadores de HIV, tratamento preventivo com isoniazida para indivíduos 

portadores de HIV que não possuem TB ativa, e controle da infecção em centros de 

saúde (1). 

 

1.4 Tratamento e cepas resistentes 

 

O tratamento padrão de “curta duração” da TB, recomendado pela OMS (DOTS 

– directly observed treatment short course strategy), consiste na combinação de 

potentes agentes bactericidas como a isoniazida, rifampicina, pirazinamida e etambutol 

por dois meses, seguido do tratamento com isoniazida e rifampicina por mais quatro 

meses (9). Estes medicamentos de primeira linha utilizados no tratamento da TB foram 

desenvolvidos há aproximadamente 50 anos atrás. No entanto, estes agentes 

bactericidas são altamente eficientes no tratamento de novos casos de TB suscetível a 

drogas, com taxas de cura de aproximadamente 90 % em pacientes HIV-negativos. Dos 

22 países com maior número de casos de TB, 15 alcançaram 85 % de sucesso no 
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tratamento da TB, e dos 7 países que reportaram a menor taxa de sucesso no 

tratamento estão incluídos Brasil (72 %), Etiópia (84 %), Nigéria (83 %), Federação 

Russa (55 %), África do Sul (77 %), Uganda (67 %) e Zimbabwe (78 %). As baixas 

taxas de sucesso no tratamento da TB no Brasil e Uganda refletem a alta proporção de 

pacientes para os quais o resultado do tratamento não foi avaliado (11 % e 16 % 

respectivamente) (1). 

Em 2009, aproximadamente 7% dos novos casos mundiais de TB foram devido à 

infecção com TB resistente a múltiplas drogas (TB-MDR), sendo que a taxa de sucesso 

no tratamento dos casos confirmados de TB-MDR foi de 60% (1). A TB-MDR ocorre 

quando uma cepa de M. tuberculosis é resistente a isoniazida e a rifampicina, duas das 

mais potentes drogas de primeira linha. O CDC (Centers for Disease Control and 

Prevention) dos Estados Unidos relatou que dos 17.690 isolados clínicos de M. 

tuberculosis no período de 2000 a 2004, 20% eram de cepas MDR e 2% eram de cepas 

extensivamente resistentes a drogas (TB-XDR) (11). Cepas XDR foram definidas como 

resistentes à isoniazida e rifampicina (TB-MDR) e também a fluoroquinolonas e a pelo 

menos uma das três drogas injetáveis de segunda linha que são usualmente utilizadas 

no tratamento de TB-MDR (capreomicina, canamicina e amicacina) (10). Portanto, o 

tratamento da TB-MDR e da TB-XDR consiste em drogas de segunda linha, que são 

mais caras, mais tóxicas, menos eficazes, apresentam mais efeitos adversos e são 

utilizadas por mais tempo (pelo menos 20 meses de tratamento) do que as drogas de 

primeira linha (10). As taxas de mortalidade entre pacientes infectados com HIV e TB-

MDR frequentemente excede 80% e o período entre o diagnóstico e a morte geralmente 

varia de 4 a 16 semanas (9). 
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Em 2009, cepas de M. tuberculosis totalmente resistentes a drogas (TB-TDR) 

foram isoladas e demonstraram resistência in vitro a todas as drogas de primeira e 

segunda linha testadas (12). Nestas cepas, 30% da população total de M. tuberculosis 

se transformou em formas adaptadas, produzindo bacilos com formas arredondadas ou 

ovais (15 – 20%), ou tendo uma parede celular extremamente espessa (5 – 7%) (12). 

Essas características não foram encontradas nas cepas suscetíveis a drogas ou na TB-

MDR, e assim podem estar relacionadas à resistência a drogas. 

Agentes quimioterápicos mais eficazes e menos tóxicos são necessários para 

simplificar e reduzir a duração do tratamento atual, melhorando as possibilidades de 

tratamento para a TB-MDR e TB-XDR e possibilitando o tratamento da TB-TDR. Além 

disso, há a necessidade de um tratamento mais eficaz para a TB latente, impedindo que 

a doença evolua para a forma ativa, uma vez que o tratamento preventivo atual consiste 

em 6 a 9 meses com isoniazida. O desenvolvimento de novas drogas para tratar a TB 

que não interfiram com os antirretrovirais também é de grande interesse, para que 

possam ser utilizadas em pacientes co-infectados com HIV. Além de novos agentes 

quimioterápicos, o desenvolvimento de novas vacinas seria de fundamental importância 

na redução da incidência global da TB. 

 

1.5 Desenvolvimento de vacinas 

 

O desenvolvimento de novas estratégias terapêuticas profiláticas é necessário 

para diminuir a incidência global da TB uma vez que a vacina utilizada atualmente 

contra esta doença, Mycobacterium bovis Bacille Calmette-Guérin (BCG), fornece uma 
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proteção eficiente contra a TB em recém-nascidos, mas não previne o estabelecimento 

da TB latente ou a reativação da TB pulmonar em adultos (13). Além disso, embora a 

BCG tenha sido administrada em mais de 3 bilhões de pessoas, demonstrando 

satisfatória segurança, ocorreram alguns casos de disseminação de BCG em crianças 

vacinadas que desenvolveram a síndrome da imunodeficiência adquirida (AIDS) (14).  

As principais estratégias atuais para o desenvolvimento de melhores vacinas 

contra a TB podem ser divididas em duas abordagens. A primeira abordagem visa 

substituir a BCG por uma vacina mais eficaz, como a produção de uma cepa 

micobacteriana atenuada obtida através da geração de mutantes de M. tuberculosis por 

deleção gênica. A segunda abordagem consiste no melhoramento da BCG, 

introduzindo antígenos importantes do M. tuberculosis ou alterando a BCG para que ela 

seja mais eficiente na indução de respostas imunológicas semelhantes às geradas pelo 

M. tuberculosis visando prolongar a imunidade e fornecer proteção à população adulta 

(13, 15). Algumas vacinas candidatas incluindo ambas as abordagens mencionadas 

acima estão em estudos pré-clínicos e outras em estudos clínicos (15, 16, 17, 18). 

Alguns aspectos importantes sobre uma vacina candidata contra TB devem ser levados 

em consideração. Em primeiro lugar, devido a estabilidade, a genética do mutante e a 

possibilidade de reversão para a cepa selvagem de M. tuberculosis é obrigatório que 

qualquer vacina viva para uso humano tenha pelo menos duas deleções genômicas 

independentes. Em segundo lugar, a cepa atenuada deve ser absolutamente segura em 

indivíduos imunocomprometidos, uma vez que os indivíduos portadores de HIV seriam 

uma população alvo importante (15). 
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Os avanços significativos nas ferramentas genéticas para manipulação de M. 

tuberculosis na última década (19, 20) e a disponibilidade do seqüenciamento completo 

do genoma da cepa de M. tuberculosis H37Rv (21) têm possibilitado o estudo e 

validação de alvos moleculares para o desenvolvimento de novas estratégias 

terapêuticas contra a TB. O conhecimento de características estruturais e funcionais 

das enzimas envolvidas em rotas metabólicas é uma etapa importante em direção ao 

desenvolvimento de novas estratégias profiláticas e terapêuticas seletivas contra a TB. 
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2. Biossíntese de Nucleotídeos  

 

Nucleotídeos são ésteres de fosfato de pentoses que possuem uma base 

nitrogenada ligada covalentemente ao C1’ do açúcar. Nos ribonucleotídeos, as 

unidades monoméricas do RNA, a pentose é uma D-ribose, enquanto que nos 

desoxirribonucleotídeos, as unidades monoméricas do DNA, a pentose é uma 2’-desoxi-

D-ribose. O grupo fosfato pode ligar ao C5’ da pentose para formar um nucleotídeo 5’ 

ou ao C3’ para formar um nucleotídeo 3’. Nos nucleotídeos e nucleosídeos encontrados 

naturalmente, a base nitrogenada liga ao C1’ da pentose, chamada de ligação 

glicosídica. Existem duas famílias de bases nitrogenadas: as purinas que possuem um 

anel de seis átomos fusionado a um anel de cinco átomos e as pirimidinas que 

possuem um anel de seis átomos. As principais purinas que compõem os ácidos 

nucléicos são os resíduos de adenina e guanina enquanto que as principais pirimidinas 

são citosina, uracil e timina (22, 23). 

Os nucleotídeos têm funções essenciais em muitos processos bioquímicos. Eles 

são os precursores dos ácidos nucleicos, moléculas essenciais na replicação do 

genoma e na transcrição da informação genética em RNA.  Os nucleotídeos adenosina 

trifosfato (ATP) e guanosina trifosfato (GTP) são moléculas fundamentais que servem 

como fonte de energia em processos biológicos. Além disso, o ATP funciona como 

doador do grupo fosforil transferido pelas proteínas quinases. Derivados de 

nucleotídeos como UDP-glicose, participam de processos biossintéticos como a 

formação de glicogênio. Os nucleotídeos também são componentes essenciais nas 

rotas de transdução de sinais, como os nucleotídeos cíclicos que são os segundo 
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mensageiros adenosina monofosfato cíclico (AMPc) e guanosina monofosfato cíclico 

(GMPc) que transmitem sinais tanto dentro das células como entre as células (24). 

As rotas biossintéticas para as moléculas de purina e pirimidina constroem a 

base para todos os demais passos do metabolismo de nucleotídeos e rotas 

relacionadas. Há duas principais rotas para a síntese de nucleotídeos de purinas e 

pirimidinas: a síntese de novo e a rota de salvamento. Na rota de novo, a síntese de 

nucleotídeos inicia a partir de precursores simples, enquanto na rota de salvamento, os 

nucleosídeos e bases livres são diretamente utilizados na síntese de ribonucleotídeos e 

desoxirribonucleotídeos (25). A síntese de novo de nucleotídeos requer mais energia do 

que a rota de salvamento (26). Assim, as rotas biossintéticas de nucleotídeos são 

tremendamente importantes como pontos de intervenção para agentes terapêuticos. 

Muitas das drogas mais utilizadas no tratamento do câncer atuam inibindo a biossíntese 

de nucleotídeos, como é o caso do Raltitrexed (ZD1694, Tomudex) e do 5-fluorouracil, 

inibidores da timidilato sintase (27). Além disso, as enzimas envolvidas na rota de 

salvamento de nucleotídeos púricos e pirimídicos são alvos atrativos para o 

desenvolvimento de agentes quimioterápicos para o tratamento de doenças infecciosas 

(28, 29). 

 

2.1 Síntese de novo de pirimidinas 

 

A rota biossintética de novo de pirimidinas resulta na formação do produto final 

2’-desoxitimidina 5’-trifosfato (dTTP) e dos intermediários obrigatórios uridina 5’-

trifosfato (UTP), citidina 5’-trifosfato (CTP) e 2’-desoxicitidina 5’-trifosfato (dCTP) (30). A 



14 

 

primeira reação química desta rota biossintética é catalisada pela carbamoil fosfato 

sintase (genes carA, Rv1383 e carB, Rv1384) utilizando ATP, glutamina e carbonato 

como substratos e formando carbamoil fosfato (Figura 3) (31). A etapa seguinte é 

catalisada pela aspartato transcarbamilase (gene pyrB, Rv1380) utilizando aspartato e 

carbamoil fosfato para sintetizar carbamoil aspartato e liberar fosfato inorgânico. A 

terceira reação da via é uma condensação intramolecular catalisada pela diidroorotase 

(gene pyrC, Rv1381) que resulta na formação de diidroorotato. A quarta reação é 

catalisada pela diidroorotato desidrogenase (gene pyrD, Rv2139) formando orotato. A 

enzima orotato fosforribosil transferase (OPRT) (gene pyrE, Rv0382c) catalisa a 

conversão do grupo fosforribosil do 5-fosforribosil-α-1-pirofosfato (PRPP) para a base 

pirimídica do orotato formando orotidina 5’-monofosfato (OMP) a qual é descarboxilada, 

em uma reação catalisada pela enzima OMP descarboxilase (gene pyrF, Rv1385), 

formando uridina 5’-monofosfato (UMP), o primeiro nucleotídeo pirimídico (Figura 3). 

UMP é fosforilado a uridina 5’-difosfato (UDP) e, posteriormente, a UTP pela ação 

sequencial das enzimas UMP quinase (gene pyrH, Rv2883c) e nucleosídeo difosfato 

(NDP) quinase (gene ndkA, Rv2445c). A transferência do grupo amino da glutamina 

para o UTP pela CTP sintase (gene pyrG, Rv1699) leva a síntese de CTP (26). Na 

maioria dos organismos eucariotos, as três primeiras enzimas envolvidas na síntese de 

novo estão localizadas em um único polipeptídeo, assim como as atividades de OPRT e 

OMP descarboxilases são encontradas na proteína bifuncional UMP sintase (32). 

Comparadas com as proteínas monofuncionais bacterianas, as proteínas eucarióticas 

tem uma organização funcional mais complexa e um controle mais sofisticado, a rota é 
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submetida a diversos mecanismos regulatórios incluindo inibição e ativação alostérica, 

fosforilação e alterações na localização intracelular (32). 

O parasita Toxoplasma gondii mostrou ter uma dependência estrita pela via de 

síntese de novo de pirimidinas, uma vez que o nocaute do gene que codifica para a 

primeira enzima da rota, a carbamoil fosfato sintase II, resultou em uma cepa 

auxotrófica para uracil e completamente avirulenta (33). 
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Figura 3. Rota de síntese de novo de pirimidinas. 
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2.2 Rota de Salvamento de pirimidinas 

 

A rota de salvamento das pirimidinas tem como função a reutilização de bases e 

nucleosídeos livres tanto exógenos quanto os produzidos no meio intracelular a partir 

da reciclagem de nucleotídeos. Os nucleosídeos são predominantemente 

metabolizados a bases livres antes de serem utilizados na síntese de nucleotídeos. 

Quantidades significativas de ribonucleotídeos são degradadas durante o crescimento 

normal, e a reutilização dessas bases e nucleosídeos livres requer enzimas da rota de 

salvamento. Além disso, a rota de salvamento tem o papel de manter disponíveis as 

pentoses dos nucleosídeos exógenos como fonte de carbono e energia e os 

grupamentos amino dos compostos de citosina disponíveis como fonte de nitrogênio 

(30). A reciclagem de bases pirimídicas pela rota de salvamento é preferencialmente 

utilizada, pois demanda menos energia do que a síntese de novo (26). 

Algumas enzimas da rota de salvamento foram identificadas por homologia de 

sequência no genoma do M. tuberculosis (21): dCTP deaminase (gene dcd, Rv0321), 

que catalisa a conversão de dCTP a 2’-desoxiuridina 5’-trifosfato (dUTP); desoxiuridina 

trifosfatase (dUTPase) (gene dut, Rv2697c), que converte dUTP a 2’-desoxiuridina 5`-

monofosfato (dUMP); timidilato sintase (gene thyA, Rv2764c), que converte dUMP a 2’-

desoxitimidina 5’-monofosfato (dTMP); a dTMP kinase (gene tmk, Rv3247c) catalisa a 

conversão de dTMP a 2’-desoxitimidina 5’-difosfato (dTDP) seguida pela NDP quinase 

(gene ndkA, Rv2445c), que converte dTDP a dTTP (Figura 4). Outros genes que 

codificam enzimas da rota de salvamento das pirimidinas incluem: citidina deaminase 
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(CDA) (gene cdd, Rv3315c) converte citidina ou desoxicitidina a uridina ou 

desoxiuridina, respectivamente; pirimidina nucleosídeo fosforilase (PyNP) (gene deoA, 

Rv3314c) que recicla o nucleosídeo timidina ou uridina a desoxiribose-1-fosfato e timina 

ou uracil; a enzima uracil fosforribosil transferase (UPRT) (gene upp, Rv3309c) catalisa 

a conversão de uracil e PRPP a UMP e pirofosfato (PPi); citidina 5’-monofosfato (CMP) 

quinase (gene cmk, Rv1712) e UMP quinase (gene pyrH, Rv2883c), que catalisam a 

conversão reversível do grupamento γ-fosforil do nucleosídeo trifosfato para a CMP e 

UMP, respectivamente, para gerar citidina 5’-difosfato (CDP) e UDP, respectivamente 

(Figura 4). A uridina fosforilase, uridina quinase e timidina quinase estão descritas 

como membros da rota de salvamento de Escherichia coli e Salmonella typhimurium 

(34). Entretanto, nenhuma homologia foi encontrada no genoma do M. tuberculosis para 

os genes que codificam as seguintes enzimas: uridina nucleosidase, uridina fosforilase, 

uridina quinase, uridina monofosfatase, 2’-desoxicitidina 5`-monofosfato deaminase e 

timidina quinase (21). 
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Figura 4. Rota de salvamento de pirimidinas. Enzimas envolvidas na rota: dCTP deaminase 
(dcd), dUTPase (dut), timidilato sintase (thyA), dTMP quinase (tmk), NDP quinase (ndkA), UPRT 
(upp), UMP quinase (pyrH), CMP quinase (cmk), CDA (cdd), e PyNP (deoA) (29). 
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3. Uracil Fosforribosil Transferase de M. tuberculosis 

 

A UPRT, também conhecida como UMP pirofosforilase e UMP difosforilase 

(codificada pelo gene upp, 624 pb, Rv3309c, EC 2.4.2.9, 207 aa, 21.866,1 Da, e PI = 

4,73) catalisa a conversão de uracil e PRPP em UMP e PPi (Figura 5). A UPRT é uma 

enzima chave da rota de salvamento de pirimidinas, já que o produto desta reação 

(UMP) é o precursor dos outros nucleotídeos pirimídicos. A uridina nucleosidase e a 

uridina fosforilase, que catalisam a conversão de uracil para uridina, não foram 

encontradas por homologia de sequência no genoma do M. tuberculosis (21). Além 

disso, a uridina quinase e a uridina monofosfatase, que convertem a uridina a UMP, 

também não foram identificadas no genoma do M. tuberculosis (21). Assim, a UPRT 

parece ter um papel importante na rota de salvamento das pirimidinas, já que ela é a 

única enzima que converte bases pirimídicas pré-formadas em nucleotídeos.  

 

Figura 5. Reação química catalisada pela UPRT. 

 

Em M. tuberculosis H37Rv, dois genes foram identificados por homologia de 

sequência por possuírem provável atividade de UPRT (EC 2.4.2.9): upp (Rv3309c) e 

pyrR (Rv1379) (21). Apesar das proteínas pyrR serem evolutivamente relacionadas com 

as UPRTs como demonstrado por similaridades de sequência e estrutural, pyrR de M. 

tuberculosis mostrou ter atividade catalítica fraca de UPRT (35). Assim, a maior parte 
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de atividade de UPRT e salvamento de uracil em M. tuberculosis dependem do gene 

upp.  

A UPRT é um membro da família das fosforribosil transferases tipo I, que 

apresentam um dobramento característico. Este dobramento consiste em uma região 

central que compreende 5 folhas β paralelas e pelo menos 3 hélices α com uma alça 

flexível e um subdomínio conhecido por “capa” (36, 37). A “capa” contém os resíduos 

requeridos para a ligação da nucleobase (uracil para UPRTs) e é também formada por 

resíduos da porção C-terminal (36). O sítio ativo está localizado entre a capa e a região 

central, abrigando o motivo de ligação ao PRPP, e os resíduos catalíticos da alça 

flexível cobrem o sítio ativo, protegendo o estado de transição da hidrólise (36, 38). 

As estruturas tridimensionais das UPRTs de algumas espécies foram 

determinadas e encontram-se depositadas no Protein Data Bank (PDB), incluindo as 

enzimas do Thermus termophilus (código de depósito no PDB: 1V9S, a ser publicado), 

Bacillus caldolyticus (código de depósito no PDB: 1I5E) (36), Thermotoga maritime 

(código de depósito no PDB: 1O5O, a ser publicado), Escherichia coli (código de 

depósito no PDB: 2EHJ, a ser publicado), Aquifex aeolicus (código de depósito no PDB: 

2E55, a ser publicado), S. solfataricus (código de depósito no PDB: 1XTT) (39), e 

Toxoplasma gondii (código de depósito no PDB: 1UPU) (40). As sequências de 

aminoácidos das UPRTs destas espécies foram alinhadas com a sequência da enzima 

de M. tuberculosis (Figura 6) e foi encontrada identidade total entre 47 % e 35 %, o que 

confirma que todas estas enzimas pertencem à família das fosforribosil transferases do 

tipo I. As regiões destacadas em vermelho na Figura 6 são regiões altamente 

conservadas entre as UPRTs que são importantes para o reconhecimento do substrato 
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e catálise. A identidade encontrada entre as sequências de aminoácidos das UPRTs de 

outras espécies com a de M. tuberculosis sugere uma possível semelhança tanto nas 

posições dos sítios catalíticos e de ligação, quanto na estrutura secundária da UPRT de 

M. tuberculosis. Assim, analisando e comparando mais detalhadamente a estrutura e a 

sequência de aminoácidos da UPRT do B. caldolyticus com a enzima do M. 

tuberculosis, que apresentam uma identidade de 45 %, pode-se observar que a 

sequência de aminoácidos da UPRT de M. tuberculosis possui os resíduos Asp131-

Ser139, identificados na UPRT de B. caldolyticus por ser a sequência consenso do 

motivo de ligação de PRPP e ligação à ribose-5’-fosfato do UMP (36). Este motivo de 

ligação de PRPP está presente em todas as fosforribosil transferases do tipo I (36, 37). 

O segmento Tyr193-Ala201, presente nas sequências de aminoácidos da UPRT de B. 

caldolyticus e de M. tuberculosis, liga ao uracil do UMP, e é especifico para as UPRTs 

(36). 

As UPRTs de algumas espécies são alostericamente ativadas por GTP, como as 

enzimas de T. gondii (41), Giardia intestinalis (42), E. coli (43), e S. solfataricus (38, 39). 

Além disso, a enzima de S. solfataricus mostrou ser alostericamente inibida por CTP 

(38, 39). 



22 

 

 

Figura 6. Alinhamento da sequência de aminoácidos da UPRT de M. tuberculosis e seus 
homólogos que apresentam estrutura depositada no PDB. As sequências estão indicadas pela 
espécie: UPRT de B. caldolyticus (código de depósito no PDB: 1I5E); UPRT de T. termophilus 
(código de depósito no PDB: 1V9S); UPRT de T. maritima (código de depósito no PDB: 1O5O); 
UPRT de E. coli (código de depósito no PDB: 2EHJ); UPRT de A. aeolicus (código de depósito 
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no PDB: 2E55); UPRT de S. solfataricus (código de depósito no PDB: 1XTT) e UPRT de T. 
gondii (código de depósito no PDB: 1UPU). 

 

 Em T. gondii, o nocaute do gene upp não afetou o crescimento e mostrou não 

ser essencial para a viabilidade do parasita, mas a habilidade do parasita de incorporar 

uracil foi completamente abolida (44). O gene upp de M. tuberculosis foi predito como 

gene não essencial pela mutagênese mediada por transposon e baseada em Himar-1 

na cepa H37Rv (45). 

Diferentemente das enzimas da síntese de novo de UMP, as UPRTs foram 

caracterizadas apenas em organismos menos complexos. Esta enzima foi parcialmente 

caracterizada em eubactéria, archaea, eucariotos menores e também foi encontrada em 

plantas (36). Recentemente, com base na comparação de sequência de aminoácidos 

foi proposta uma fase de leitura aberta que codifica a UPRT em humanos (46). No 

entanto, a clonagem a partir de uma biblioteca de cDNA humano, a expressão e 

purificação da proteína resultou em uma cadeia polipeptídica que não apresentou 

atividade catalítica (46). A demonstração definitiva de que uma determinada cadeia 

polipeptídica possui atividade de UPRT deve necessariamente demonstrar o consumo 

do substrato (uracil ou PRPP) e/ou produção do produto (UMP), isto é, que a cadeia 

polipeptídica catalisa a reação química. Portanto, ainda não há evidência experimental 

da presença da UPRT em humanos. 
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HIPÓTESE DO TRABALHO 

 

As vias de biossíntese de nucleotídeos de pirimidina são alvos atrativos para o 

desenho racional de drogas contra a TB pois é composta por enzimas 

consideravelmente diferentes daquelas presentes em humanos. As enzimas da rota de 

salvamento de pirimidinas talvez tenham um papel importante na latência do M. 

tuberculosis, já que o bacilo possivelmente necessite reciclar bases e/ou nucleosídeos 

para sobreviver no ambiente hostil imposto pelo hospedeiro. Assim, as enzimas dessa 

rota podem ser alvos importantes para o desenvolvimento de novas vacinas. Entre as 

enzimas da rota de salvamento que foram identificadas em M. tuberculosis, a enzima 

uracil fosforribosil transferase, predita como sendo não essencial para a viabilidade da 

micobactéria, é um alvo molecular atrativo para o desenvolvimento de cepas atenuadas. 
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OBJETIVOS GERAIS 

 

 Caracterizar a enzima UPRT de M. tuberculosis codificada pelo gene upp, validar 

seu papel biológico e determinar a sua relevância na rota de salvamento das pirimidinas 

e no metabolismo do M. tuberculosis, visando à obtenção de cepas atenuadas. 

 

 

OBJETIVOS ESPECÍFICOS 

 

1. Amplificar e clonar o gene upp de M. tuberculosis; expressar, purificar e 

caracterizar a proteína recombinante UPRT de M. tuberculosis. 

2. Determinar as constantes cinéticas aparentes e verdadeiras da reação 

catalisada pela enzima, as constantes termodinâmicas envolvidas na ligação 

de substratos e produtos e estabelecer o mecanismo cinético. 

3. Analisar a importância da enzima UPRT na rota de salvamento das 

pirimidinas e no metabolismo do M. tuberculosis através de nocaute do gene 

upp e da análise da expressão da proteína em diferentes condições de 

crescimento da micobactéria.  

 

Os capítulos estão organizados da seguinte forma: 

No Capítulo 2 consta um artigo de revisão sobre as enzimas envolvidas na rota 

de salvamento das pirimidinas em M. tuberculosis. 
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O Capítulo 3 consiste em um artigo científico onde são apresentados os 

seguintes resultados: a amplificação do gene upp a partir do DNA genômico de M. 

tuberculosis H37Rv, clonagem em pET23a(+), expressão na cepa E. coli BL21(DE3), 

purificação utilizando cromatografia líquida de rápida performance, confirmação da 

identidade da proteína homogênea por espectrometria de massas e sequenciamento N-

terminal (Objetivo Específico 1); teste de atividade da enzima UPRT, determinação da 

massa molecular da proteína por ultracentrifugação analítica, determinação dos 

parâmetros termodinâmicos para a ligação de substratos e produtos á enzima livre 

utilizando calorimetria de titulação isotérmica, determinação das constantes cinéticas 

aparentes e verdadeiras da reação catalisada pela enzima, determinação do 

mecanismo cinético e do perfil de pH (Objetivo Específico 2). 

No Capítulo 4 são apresentados os resultados obtidos na construção da cepa de 

M. tuberculosis H37Rv mutante para o gene upp através de nocaute gênico utilizando o 

vetor suicida pPR27xylE, construção da cepa de M. tuberculosis H37Rv mutante para o 

gene upp e complementada com uma cópia extra do gene upp, curva de crescimento 

das cepas M. tuberculosis H37Rv mutante para o gene upp, complementada e tipo 

selvagem; análise da expressão da UPRT em diferentes condições de crescimento de 

M. tuberculosis H37Ra; os resultados do metabólito ativo do isoxyl como inibidor da 

MtUPRT, a análise da incorporação de bases e nucleosídeos marcados com trítio em 

culturas de M. tuberculosis H37Ra, o ensaio de atividade da MtUPRT e a reação de 

ativação do isoxyl para análise da inibição da enzima UPRT in vitro utilizando 

espectrofotômetro, a determinação da concentração inibitória mínima de isoxyl para as 

cepas de M. tuberculosis mutante para o gene upp, complementada e tipo selvagem 
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(Objetivo específico 3). Estes experimentos foram realizados durante o doutorado 

sanduíche no laboratório coordenado pela Dra. Mary Jackson, que está localizado na 

Colorado State University em Fort Collins, Estados Unidos da América. 

No Capítulo 5 são apresentadas as considerações finais. 
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Pyrimidine Salvage Pathway in Mycobacterium tuberculosis
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Abstract: The causative agent of tuberculosis (TB), Mycobacterium tuberculosis, infects one-third of the world population. TB remains 
the leading cause of mortality due to a single bacterial pathogen. The worldwide increase in incidence of M. tuberculosis has been attrib-
uted to the high proliferation rates of multi and extensively drug-resistant strains, and to co-infection with the human immunodeficiency 
virus. There is thus a continuous requirement for studies on mycobacterial metabolism to identify promising targets for the development 
of new agents to combat TB. Singular characteristics of this pathogen, such as functional and structural features of enzymes involved in 
fundamental metabolic pathways, can be evaluated to identify possible targets for drug development. Enzymes involved in the pyrimidine 
salvage pathway might be attractive targets for rational drug design against TB, since this pathway is vital for all bacterial cells, and is 
composed of enzymes considerably different from those present in humans. Moreover, the enzymes of the pyrimidine salvage pathway 
might have an important role in the mycobacterial latent state, since M. tuberculosis has to recycle bases and/or nucleosides to survive in 
the hostile environment imposed by the host. The present review describes the enzymes of M. tuberculosis pyrimidine salvage pathway 
as attractive targets for the development of new antimycobacterial agents. Enzyme functional and structural data have been included to 
provide a broader knowledge on which to base the search for compounds with selective biological activity. 

Keywords: Enzyme functional features, enzyme structural features, Mycobacterium tuberculosis, pyrimidine salvage pathway, rational drug 
design, tuberculosis. 

1. INTRODUCTION 

The causative agent of tuberculosis (TB), Mycobacterium tu-

berculosis (MTB), infects one-third of the world population. The 
World Health Organization (WHO) estimates that approximately 10 
million new TB cases occurred in 2008, resulting in 2 million 
deaths worldwide [1]. TB remains the major cause of mortality in 
the world caused by a single infectious agent. This is especially true 
in developing countries, considering that the highest levels of TB 
deaths in the world occur in these nations [2]. 

Progression of TB infection may proceed either through micro-
bial immediate elimination or latency conditioning; whereas host 
immunological failure facilitates the development of active disease 
[3]. The term “dormancy” has been coined for the latent state of 
TB, and strongly associated with the in vitro model of MTB growth 
under laboratorial limiting oxygen conditions [4], in which the ba-
cillus remains quiescent within infected macrophages, and may 
reflect a metabolic shutdown, as a result of the action of a cell-
mediated immune response capable of containing, but not eradicate, 
the infection [3]. Rougly 10% of individuals with latent TB infec-
tion might, after years, or even decades, develop the active disease 
[5], owing to failure of the host immune defense system to maintain 
MTB in check, leading to progressive disease and active transmis-
sion of the pathogen [6]. The probability to develop active TB is 
significantly increased by 10% annually in human immunodefi-
ciency virus (HIV) infected individuals [7]. 

The ability of MTB to persist in the human host for long peri-
ods in a latent state makes TB control even more difficult, since the 
direct identification of latent TB infection is not possible. The  
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diagnostic procedure used to identify individuals infected with 
MTB is the tuberculin skin test, which was designed to identify an 
adaptive immune response against a pathogen. However, it cannot 
distinguish if the infection is latent or active. The prophylatic vac-
cine currently in use, Mycobacterium bovis bacille Calmette-Guérin 
(BCG), which was introduced more than 60 years ago, is the most 
widely used vaccine in the world. Although BCG vaccination con-
fers protection against TB in certain populations, mainly the severe 
disease manifestation in children [8], it has modest protective effect 
against the adult form of the disease, and does not prevent the es-
tablishment of latent TB or reactivation of the pulmonary disease in 
adult life [9, 10]. Latent TB infection represents a large reservoir of 
the TB bacilli, from which most cases of active disease arise; as 
previously mentioned, it represents a major obstacle in achieving 
worldwide control of TB [7]. Accordingly, TB was declared a 
global emergency by the WHO a decade ago. 

The TB bacilli can become resistant to the drugs currently used 
in the Directly Observed Treatment Short-course, which comprises 
isoniazid, rifampicin, pyrazinamide, and ethambutol for two 
months, and isoniazid and rifampicin for an additional period of 
four months. Although chemotherapeutic agents are currently avail-
able to treat TB, drug resistance has become a dramatic problem. 
Inappropriate treatment regimens and patient noncompliance in 
completing the therapies are associated with the emergence of 
multi-drug resistant TB (MDR-TB), defined as strains of M. tuber-

culosis resistant to at least two first-line drugs (isoniazid and rifam-
picin), which are the most powerful anti-TB drugs employed in the 
standard treatment of TB. In addition, the emergence of extensively 
drug-resistant (XDR) TB cases, defined as cases in persons with TB 
whose isolates are MDR as well as resistant to any one of the 
fluoroquinolones and to at least one of the three injectable second-
line drugs [11], highlighted TB as a global threat to public health in 
2006, especially in high HIV-prevalence countries [1, 12]. Accord-
ingly, there is an urgent need for more effective and less toxic drugs 
to be introduced in TB treatment, which would act on different 
mycobacterial targets with respect to the current anti-TB drugs in 
order to provide an efficient alternative treatment for TB, including 
MDR-TB and XDR-TB infections. Moreover, there is a critical 
need for the development of vaccines to prevent initial infection, 
and of new drugs to reduce progression from latent infection to 
active disease. 
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The complete genome sequencing of MTB H37Rv [13], the 
best-characterized MTB strain, has improved research towards the 
understanding of the MTB biology and the validation of molecular 
targets to be explored for the rational design of drugs to treat TB. 
Singular features of this pathogen, such as enzymes of fundamental 
metabolic pathways can be evaluated as possible targets for drug 
development [14]. For instance, it has been shown that, although 
bovine and human purine nucleoside phosphorylase enzymes share 
87% sequence identity and have conserved active site residues, 
inhibitors with differential specificity could be designed [15]. Thus, 
the knowledge of functional and structural features of the enzymes 
involved in metabolic pathways is an important step towards target-
based development of selective chemotherapeutic agents to treat 
TB. Enzymes involved in the pyrimidine salvage pathway might be 
attractive targets for rational drug design against TB, since they 
may have an important role in the latent state of the TB bacillus and 
possess structural and functional features different from those of 
humans. 

2. PYRIMIDINE SALVAGE PATHWAY 

Enzymes responsible for pyrimidine biosynthesis have impor-
tant roles in cellular metabolism, as they provide pyrimidine nu-
cleosides that are essential components of many biomolecules [16]. 
There are two major pathways for pyrimidine nucleotide synthesis: 
de novo and salvage. Genes encoding the six enzymes involved in 
the de novo pyrimidine ribonucleotide synthesis have been identi-
fied in the MTB genome [13]. Since the de novo synthesis requires 
energy, cells use the salvage pathway to reutilize pyrimidine bases 
and nucleosides derived from preformed nucleotides [17]. 
Pyrimidine salvage pathways are vital for all bacterial cells, and 
may differ among species [18]. It was shown that the pyrimidine 
salvage pathway of Pseudomonas genus organisms possesses dif-
ferent enzymes. For instance, Pseudomonas aeruginosa possesses 
both cytosine deaminase and nonspecific ribonucleoside hydrolase 
enzymes, and does not have cytidine deaminase, uridine phosphory-
lase, and uridine/cytidine hydrolase, while Pseudomonas mendo-

cina possesses cytidine deaminase, cytosine deaminase, and uridine 

phosphorylase enzymes, and does not have nonspecific ribonucleo-
side hydrolase and uridine/cytidine hydrolase [18]. The pyrimidine 
salvage pathways of Escherichia coli and Salmonella typhimurium 
serve three physiological functions: the incorporation of exogenous 
free bases and nucleosides; the synthesis of pentose moieties from 
exogenous nucleosides to be used as carbon and energy sources as 
well as the amino groups of cytosine compounds available as a 
nitrogen source; and the reutilization of free bases and nucleosides 
produced intracellularly from nucleotide turnover [19]. 

Enzymes of the pyrimidine salvage pathway might stand as at-
tractive targets for cancer and infectious disease treatments, since 
pyrimidine analogues were found to be toxic for cell growth. There 
are three general features that most known pyrimidine analogues 
follow: first, the analogue must be converted to the nucleotide level 
in order to express toxicity; second, nucleotide analogue toxicity 
can be achieved either by inhibition of one or more enzymes of the 
pathway or can lead to the incorporation of the analogue into either 
DNA or RNA after its conversion to triphosphate; third, the under-
standing of conversions of natural bases and nucleosides is very 
important since some analogues become inhibitory only after being 
metabolized [20]. For instance, 5-fluorouracil (5-FU), a major 
pyrimidine antagonist that has been used for more than 40 years in 
cancer chemotherapies, has to be metabolized to display its inhibi-
tory effect [16]. 

A number of enzymes of the pyrimidine salvage pathway have 
been identified by sequence homology in the MTB genome [13]: 
deoxycytidine triphosphate (dCTP) deaminase, which converts 
dCTP to deoxyuridine triphosphate (dUTP); deoxyuridine triphos-
phatase (dUTPase), which converts dUTP to deoxyuridine 5’-
monophosphate (dUMP); thymidylate synthase, which takes dUMP 
to deoxythymidine monophosphate (dTMP); and makes de-
oxythymidine diphosphate (dTDP) by dTMP kinase enzyme activ-
ity followed by nucleoside diphosphate kinase, which converts 
dTDP to deoxythymidine triphosphate (dTTP) (Fig. 1). Additional 
genes encoding enzymes in the pyrimidine salvage pathway include 
cytidine deaminase, that converts cytidine or deoxycytidine to 
uridine or deoxyuridine, respectively; pyrimidine nucleoside phos-

 

Fig. (1). Overview of the pyrimidine salvage pathway in MTB. Enzymes involved in the pathway: dCTP deaminase (dcd), dUTPase (dut), thymidylate syn-
thase (thyA), dTMP kinase (tmk), NDK (ndkA), UPRTase (upp), UMP kinase (pyrH), CMP kinase (cmk), CDA (cdd), and PyNP (deoA). 
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phorylase that rescues the nucleoside back to deoxyribose-1-
phosphate (dRP) and thymine or uracil, the free base; uracil phos-
phorybosyltransferase, which catalyzes the conversion of uracil and 
5’-phosphoribosyl- -1’-pyrophosphate (PRPP) to uridine 5’-
monophosphate (UMP) and pyrophosphate (PPi); and cytidine mo-
nophosphate (CMP) kinase and uridine monophosphate (UMP) 
kinase, which catalyze the reversible -phosphoryl transfer from a 
nucleoside triphosphate to CMP and UMP, respectively, to generate 
cytidine diphosphate (CDP) and uridine diphosphate (UDP), re-
spectively (Fig. 1). Uridine phosphorylase, uridine kinase, and 
thymidine kinase are described as members of the E. coli and S. 
typhimurium salvage pathway [20]. However, no homology was 
found in MTB genome for uridine nucleosidase, uridine phosphory-
lase, uridine kinase, uridine monophosphatase, dCMP deaminase, 
and thymidine kinase encoding genes [13]. The enzymes involved 
in the MTB salvage pathway (Fig. 1) will be described subse-
quently, focusing mainly on functional and structural features of 
each enzyme aiming towards target-based development of che-
motherapeutic agents to treat TB. 

2.1. Deoxycytidine Triphosphate Deaminase 

dCTP deaminase (encoded by dcd gene, 573 bp, MTB Rv0321, 
EC 3.5.4.13, 190 aa, 20,837.5 Da, and isoelectric point (PI) = 6.35) 
catalyzes the conversion of dCTP to dUTP (Fig. 2). Recombinant 
dCTP deaminase from MTB was expressed in E. coli, and purified 
and characterized both functionally and structurally [21]. The en-
zyme proved to be bifunctional, catalyzing the deamination of 
dCTP to produce dUTP (dCTP deaminase activity) and hydrolysis 
of dUTP to dUMP and diphosphate (dUTPase activity; Fig. 3) [21]. 
This bifunctional activity had also been demonstrated previously 
for the archaean Methanocaldococcus jannaschii enzyme [22, 23]. 
The characterization of the bifunctional dCTP deaminase:dUTPase 
from MTB was the first to be confirmed outside the archaea king-
dom [21]. Although the dCTP deaminase:dUTPase from MTB and 
M. jannaschii are bifunctional, amino acid residues from the MTB 
enzyme are more similar to the monofunctional dCTP deaminase 
from E. coli than from M. jannaschii enzyme [21, 24]. The bifunc-
tional enzyme catalyses both dUTP hydrolysis and dCTP deamina-
tion, where the product of the reaction, dUMP, is synthesized at the 
same rate as dCTP is deaminated to dUTP [21]. Thus, dUMP can 

be formed from both dCTP and dUTP, since the bifunctional en-
zyme has also dUTPase activity [24]. A major function of dUTPase 
is to keep uracil out of the DNA, controlling the dUTP concentra-
tion in the nucleotide pool [25]. High amounts of dUTP can cause 
the utilization of uracil for DNA synthesis, which leads to cell death 
[26]. Then, the coupling of dCTP deaminase and dUTPase activities 
within the same active site excludes the possibility of dUTP to be 
used for DNA synthesis [26]. 

The crystal structure of dCTP deaminase:dUTPase from MTB 
was determined in the apo form (PDB access code: 2QLP) and in 
complex with dTTP (PDB access code: 2QXX), which is an inhibi-
tor of this enzyme [21]. The bifunctional dCTP deaminase:dUTPase 
enzyme is homotrimeric, with three active sites, and each site is 
located in a pocket between two subunits [21]. Binding of dTTP 
into the active site of dCTP deaminase:dUTPase leads to an inac-
tive conformation due to structural changes [21]. To accommodate 
the 5’-methyl group of the thymine moiety, a dramatic rearrange-
ment in the position of residues 110-117 has to occur, which results 
in the displacement of a water molecule (Wat 59) from the active 
site [21]. In M. tuberculosis dCTP deaminase:dUTPase enzyme, 
Wat 59 makes a hydrogen bond with O2 of the -phosphoryl group 
and is likely involved in stabilization of the transition state by with-
drawing electrons from the -phosphoryl leading to increased sus-
ceptibility to a nucleophilic attach [21]. In agreement with this pro-
posal, displacement of Wat 59 by dTTP binding would inhibit 
dUTPase enzyme catalysis. 

The monofunctional dCTP deaminase from E. coli was shown 
to be inhibited by dTTP through a similar mechanism to the bifunc-
tional enzyme from MTB, which is a nonallosteric inhibition [27, 
28]. However, the mechanism of dTTP inhibition for dCTP 
deaminase from E. coli is competitive, where an increase in sub-
strate concentration affects dTTP inhibition [27], while MTB dCTP 
deaminase:dUTPase bifunctional enzyme possesses a noncompeti-
tive mode of action [21]. Moreover a comparison of the active sites 
among the bifunctional dCTP deaminase from M. jannaschii and 
the monofunctional dCTP deaminase and dUTPase E. coli enzymes 
suggests a similar reaction mechanism and position of amino acid 
residues in the active site [24, 29]. The broader substrate specificity 
of bifunctional MTB dCTP deaminase:dUTPase enzyme may rep-
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Fig. (2). Chemical reaction catalyzed by dCTP deaminase (dcd). The enzyme catalyzes the deamination of dCTP to form dUTP. 
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resent a flexible target for specific nucleotide analogs to be used as 
therapeutic agents against TB [30]. 

2.2. Deoxyuridine Triphosphatase 

dUTPase, also known as dUTP pyrophosphatase, deoxyuridine 
5’-triphosphate nucleotidohydrolase, dUTP diphosphatase, and 
deoxyuridine 5’-triphosphatase (encoded by dut gene, 465 bp, MTB 
Rv2697c, EC 3.6.1.23, 154 aa, 15,770.9 Da, and PI = 5.99), con-
verts dUTP to dUMP (Fig. 3). The reaction product is the immedi-
ate precursor of thymidine nucleotides. dUTPase is also important 
to decrease the intracellular concentration of dUTP [26], which can 
be incorporated into DNA, affecting the genome integrity, as the 
availability of dTTP is insufficient to prevent uracil integration 
during DNA synthesis [25]. Most DNA polymerases cannot distin-
guish between thymine and uracil, so the incorporation ratios of the 
nucleotides is defined by the relative level of the respective dNTPs 
(dUTP/dTTP) [26]. It was shown by Wang and Weiss that E. coli 

dut mutants, which should accumulate dUTP, incorporate large 
amounts of uracil into DNA, which is toxic [25]. The accumulation 
of dUTP leads to the incorporation of high levels of uracil into 
DNA, which is lethal, since under high dUTP/dTTP ratio thymine-
replacing uracils will be reincorporated by repair enzymes. Moreo-
ver, this continuous uracil repair cycle leads to cell death, since the 
double-stranded DNA is subjected to degradation [26, 31, 32]. 

Moreover, dUTPase enzyme activity also has an important role, 
as dUTP is an obligatory precursor for thymidylate biosynthesis in 
E. coli [25]. The hydrolysis of dUTP catalyzed by either the bifunc-
tional dcd-encoded dCTP deaminase:dUTPase enzyme or dut-
encoded dUTPase enzyme in M. tuberculosis leads to dUMP for-
mation, a precursor for thymidylate biosynthesis. Neither dCMP 
deaminase (that converts dCMP into dUMP) nor thymidine kinase 
(that catalyzes the conversion of thymidine into dTMP) enzymes 
were identified in the MTB genome [33]. Thereby, the obtainment 
of thymidylate has no alternative pathway but bifunctional dCTP 
deaminase:dUTPase and dUTPase enzymes followed by thymidy-
late synthase [26, 33]. Therefore, dUTPase is a promising drug 
target against tuberculosis. 

Recombinant dUTPase from MTB was expressed in E. coli, and 
purified and characterized both functionally and structurally [32, 
33]. The crystal structure of MTB dUTPase was determined in 
complex with magnesium ion and the non-hydrolysable substrate 
analog, , -imino dUTP (PDB access codes: 1SIX, 1SJN) [32, 33]. 
dUTPases are mostly homotrimeric enzymes with five conserved 
sequence motifs among MTB, E. coli, human, equine infectious 
anemia virus, and feline immunodeficiency virus enzymes [32]. 
The five motifs (from I to V) and all the three monomers of dUT-
Pase form each enzyme active site and also interact with the ligand 
[32, 33]. For instance, the interactions between MTB dUTPase and 

, -imino dUTP involve motifs I, II, and IV from monomer 1 that 

contribute to the triphosphate moiety binding; motif III from 
monomer 2 contributes to the nucleoside moiety binding; and motif 
V from monomer 3 is involved in a hydrogen bond between the 
phosphate moiety of the ligand and an arginine residue [32]. 

Owing to the importance of dUTPase biological role, the thera-
peutic use of its inhibitors has been proposed for cancer chemother-
apy and as antiviral, antimalarial, and anti-TB agents [32, 34, 35]. 
However, the high degree of sequence and structure similarity be-
tween dUTPases from different sources is a concern, as the thera-
peutic use of inhibitors for the pathogen dUTPase to treat human 
diseases might also inhibit the human enzyme. For instance, the 
human dUTPase shares a 34% sequence identity with MTB enzyme 
[32]. The exploitation of structural differences between the human 
and the pathogen enzymes is essential to establish selectivity in 
drug design. 

2.3. Thymidylate Synthase 

Thymidylate synthase (encoded by thyA gene, 792 bp, MTB 
Rv2764c, EC 2.1.1.45, 263 aa, 29,820.8 Da, and PI = 5.54) cata-
lyzes the reductive methylation of dUMP by 5,10-
methylenetetrahydrofolate (CH2H4 folate) to produce dTMP and 
dihydrofolate (H2 folate) (Fig. 4). This enzyme participates both in 
pyrimidines' de novo and salvage pathways. Its inhibition causes 
not only the reduction of dTTP levels but also the accumulation of 
dUMP, which leads to dUTP synthesis by dUTPase [36]. The in-
crease of dUTP concentration causes its incorporation into DNA 
and cell death, as described previously. This cytotoxic effect is 
usually decreased by thymidine kinase, which converts thymidine 
into dTMP, and helps increase dTTP levels [37]. However, 
thymidine kinase was not identified in the MTB genome by se-
quence homology, underscoring the essentiality of thymidylate 
synthase in this pathogen [38]. Thus, owing to its important role in 
DNA synthesis, thymidylate synthase is an attractive target for 
antiproliferative and infectious disease drug design. 

The enzyme is widely used either clinically or experimentally 
as a target for anticancer drugs, such as Raltitrexed (ZD1694, 
Tomudex), Nolatrexed (AG337), Pemetrexed (LY231514), and 5-
FU [37]. 5-FU is a prodrug that inhibits thymidylate synthase via 
the metabolite FdUMP. This enzyme is also a good target for drugs 
against infectious diseases [39]. However, the high conserved 
amino acid sequence among sources within the active site compli-
cates the design of a selective inhibitor for the bacterial enzyme 
within the substrate binding site. So, the strategy to find an inhibitor 
to be used against infectious diseases should take advantage of the 
different features between the bacterial and the human enzymes 
[39, 40]. As described in a few works, analogues of phenolphthalein 
were shown to be a family of folate-independent inhibitors of 
thymidylate synthase from Lactobacillus casei [41, 42]. An ana-
logue of phenolphthalein was found to inhibit only the L. casei 
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enzyme due to inhibitor interactions with the enzyme residues 
Glu84, Trp85, Glu88, and the “small domain” (residues 90-139), 
which are not present in the human enzyme [39]. This inhibitor was 
shown to be 40-fold more selective for L. casei enzyme than com-
pared to human thymidylate synthase and had 6-fold higher affinity 
than phenolphthalein [39]. Moreover, some phthalein derivatives 
from the lead compound phenolphthalein were found to have higher 
activity and specificity against thymidylate synthase from bacterial 
organisms, such as L. casei, Pneumocystis carinii or Cryptococcus 
neoformans, than to the human enzyme [40]. Accordingly, the dis-
covery of specific inhibitors of MTB thymidylate synthase enzyme 
is in the realm of possibility. With that in mind, the thyA gene from 
MTB was cloned, expressed in E. coli, the recombinant protein 
purified, and its kinetic and inhibition properties determined [43]. 
Moreover, thyA was compared by its kinetics and ligand-
preferences with the thyX gene, which encodes a flavin-dependent 
thymidylate synthase, another interesting target for drug design 
against TB, since thyX is absent in humans [43]. 

The folate analogue 1843U89 and the nucleotide analogue 
FdUMP were found to inhibit MTB thymidylate synthase [43]. 
FdUMP was shown to inhibit this enzyme with a Ki of 2 nM, and 
1843U89 inhibited the same enzyme with a Ki of 18 nM [43]. Fur-
thermore, thymidylate synthase from Plasmodium falciparum was 
also found to be inhibited by 1843U89 in a noncompetitive manner 
with a Ki of 1 nM [44]. The mammalian enzyme was also shown to 
be inhibited by 1843U89 (known as OSI-7904) within a liposomal 
formulation in combination with cisplatin, which was evaluated in 
adults with advanced solid tumors and revealed a preliminary clini-
cal activity against breast and gastric cancer [45]. The human 
thymidylate synthase is a well-established target for both FdUMP 
and 1843U89; as a result, these inhibitors are not selective agents 
for the treatment of TB. Novel inhibitors with selectivity against the 
enzyme from MTB could be found by employing a strategy similar 
to that used to find specific inhibitors to other bacterial enzymes, by 
focussing on the structural and functional differences between hu-
man and MTB enzymes. 

2.4. Nucleoside Monophosphate Kinases 

Nucleoside monophosphate kinases (NMP kinases) are key en-
zymes in the metabolism of ribo- and deoxyribonucleoside triphos-
phates, catalyzing the reversible -phosphoryl transfer from a nu-
cleoside triphosphate (usually ATP) to a specific nucleoside mono-
phosphate to generate nucleoside diphosphate and usually ADP 
[46]. The resulting nucleoside diphosphates are further phosphory-
lated (and eventually reduced) to produce nucleoside triphosphates, 
precursors of the major biological molecules: DNA, RNA, and 
phospholipids. NMP kinases are composed of three domains: the 
core, LID (that closes upon binding of the phosphate donor ATP), 
and NMP-binding (that closes the active site upon binding of the 
phosphate acceptor) domains [47]. In eukaryotes, phosphorylation 

of UMP and CMP is carried out by a single enzyme (UMP-CMP 
kinase) that phosphorylates UMP and CMP with higher efficiency 
than dCMP [48, 49]. Conversely, bacteria possess two distinct en-
zymes, uridine monophosphate kinase (UMP kinase) and cytidine 
monophosphate kinase (CMP kinase), specific to either UMP or 
CMP, respectively [50]. Moreover, bacteria have a specific enzyme 
for dTMP, deoxythymidine monophosphate kinase (dTMP kinase), 
which also uses dUMP as substrate. 

2.4.1. Deoxythymidine Monophosphate Kinase 

dTMP kinase, also known as thymidylate kinase and thymidylic 
acid kinase (encoded by tmk gene, 645 bp, MTB Rv3247c, EC 
2.7.4.9, 215 aa, 22,602.4 Da, and PI = 7.67), catalyzes the phos-
phorylation of dTMP to form dTDP using ATP as the phosphoryl 
donor (Fig. 5). It also utilizes dUMP as substrate (Fig. 5), but with 
lower affinity than dTMP [51]. dTMP kinase is involved in both de 

novo and salvage pathways of dTTP synthesis. The enzyme from 
Saccharomyces cerevisiae was shown to be essential for yeast DNA 
replication [52, 53], as maintenance of dTTP pools is crucial for 
DNA synthesis and cellular growth [54, 55]. 

Structure and catalytic properties of dTMP kinases are shown to 
be variable between different organisms. A structural model for 
dTMP kinase from MTB based on the solved three-dimensional 
structures of yeast and E. coli enzymes was proposed; it seems that 
the overall fold described is conserved among these organisms, but 
there are some differences at the level of primary and tertiary struc-
tures [56]. At the level of primary structure, a sequence comparison 
of dTMP kinase from MTB with E. coli and yeast enzymes shared 
23% of sequence identity with both [56]. Moreover, a sequence 
comparison between dTMP kinase from MTB with the human en-
zyme revealed 22% sequence identity [57]. Although the primary 
structure of dTMP kinase from MTB showed a low sequence iden-
tity when compared with yeast, E. coli or human amino acid se-
quences, dTMP kinase residues involved in substrate binding and 
catalysis are mostly conserved [56]. 

dTMP kinases possess a similar structure to the NMP kinase 
enzymes, which contain a sequence motif called the P-loop and a 
region called LID, whose functions are to bind phosphates in the 
active site [58, 59]. The differences in the P-loop and LID se-
quences led to the characterization of two types of dTMP kinases 
based on its ability to phosphorylate azidothymidine monophos-
phate (AZT-MP), which is an intermediate from 3’-azido-3’-
deoxythymidine (AZT), a prodrug used in the treatment of AIDS 
[58, 59]. Type I dTMP kinases, such as the human and yeast en-
zymes, have a basic residue in their P-loop sequence that interacts 
with the -phosphate from ATP and lack this residue in the LID 
region [59]. Type II dTMP kinases, such as E. coli enzyme, have a 
glycine residue in the P-loop and basic residues in the LID region 
that interact with ATP and stabilize the transition state [59]. On the 
other hand, MTB dTMP kinase has basic residues such as arginines 
in both P-loop and LID sequences, which suggests a “chimeric” 
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Fig. (5). Chemical reaction catalyzed by dTMP kinase (tmk). The enzyme catalyzes the phosphorylation of dTMP to form dTDP using ATP as the phosphoryl 
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nature for the MTB enzyme when compared to E. coli and yeast 
enzymes [56]. Furthermore, AZT-MP acts as a substrate for both 
dTMP kinases from yeast and E. coli, but behaves as a competitive 
inhibitor of the MTB enzyme [56, 60]. dTMP kinase is, therefore, 
an attractive target for the development of specific drugs against TB 
based on subtle structural differences among similar proteins. 

With that in mind, the three-dimensional structure of MTB 
dTMP kinase was determined in complex with the substrate dTMP 
at 1.94 Å resolution [54]. MTB dTMP kinase is a homodimer with 
214 amino acids per monomer [56]. Structure determination enables 
analysis of the interactions between dTMP and the enzyme, provid-
ing information towards the development of novel inhibitors to be 
used as anti-TB agents. Thus, a series of nucleotides with modifica-
tions at the pyrimidine ring and/or at the sugar ring were analysed 
in order to find inhibitors and to establish a structure activity rela-
tionship [51, 57, 61]. Replacement of carbon-5 methyl group of the 
pyrimidine ring of dTMP by halogen atoms, such as fluorine, bro-
mine, and iodine, turned out to be substrates for MTB dTMP kinase 
[57]. On the other hand, replacement of carbon-5 methyl group by 
bulky functional groups that significantly perturb the volume at this 
position behaved as inhibitors [61]. Moreover, the sugar-modified 
dTMP analogues, resultant of the introduction of 2’-chloro or re-
placement of 3’-OH by an azido group (AZT-MP), lead to inhibi-
tion of the enzyme with Ki values of 19 M and 10 M, respec-
tively [57]. The crystal structure of MTB dTMP kinase in complex 
with AZT-MP (PDB access code: 1W2H) indicates that the pres-
ence of the azido moiety prevents the binding of Mg2+ ion, which is 
essential for catalysis [60]. Based on these findings, MTB inhibitors 
have been extensively studied. For instance, a bicyclic sugar nu-
cleoside (compound 9) [62] was shown to be a good inhibitor of 
MTB dTMP kinase, with a Ki value of 2.3 M; it also displays in-
hibitory potency against the growth of MTB cultures [62]. In addi-
tion, a 5’-arylthiorea -thymidine analogue (compound 15) [63] 
inhibited MTB dTMP kinase activity with a Ki value of 0.6 M and 
showed a selectivity index (versus human dTMP kinase) of 600 and 
low cytotoxicity [63]. An acyclic nucleoside analogue having a 
naphthosultam ring bound to a (Z)-butenyl spacer, which in turn is 
bound to N1 of the thymine base was shown to inhibit MTB dTMP 
kinase enzyme activity with a Ki value of 0.27 M [55], which was 
the most potent inhibitor of the MTB enzyme reported to date. 

2.4.2. Uridine Monophosphate Kinase 

UMP kinase, also known as uridylate kinase (encoded by pyrH 
gene, 786 bp, MTB Rv2883c, EC 2.7.4.-, 261 aa, 27,429.5 Da, and 
PI = 4.93), catalyzes the phosphorylation of UMP to form UDP 
using ATP as the phosphoryl donor (Fig. 6). Bacterial UMP kinase 
does not display significant sequence similarity with the NMP 
kinase family, such as the eukaryotic UMP-CMP kinase enzyme 
[64]. Moreover, UMP kinases of eukaryotic origin are monomeric 
proteins that possess significant structural differences when com-
pared with the overall fold of the prokaryotic UMP kinase mono-

mer [65]. Actually, UMP kinase demonstrated sequence similarity 
with aspartokinases (approximately 30% of sequence identity) and 
glutamate kinases or carbamate kinases (approximately 20% of 
sequence identity) [64, 66]; but the monomer fold of UMP kinase 
belongs to the carbamate kinase superfamily [66]. UMP kinases 
from prokaryotes such as E. coli [64], Bacillus subtilis [67], and 
Sulfolobus solfataricus [68] were shown to be hexamers and were 
inhibited by UTP, but only the E. coli and B. subtilis enzymes were 
shown to be allosterically activated by GTP. Superposition of the E. 

coli UMP kinase structure with that of archaeal UMP kinases dem-
onstrates that a loop appears to interfere with GTP binding in ar-
chaeal enzymes, such as the one from S. solfataricus [69]. 

Some differences between UMP kinase from Gram-negative 
and Gram-positive organisms were observed. First, only UMP 
kinases from Gram-positive species, such as Streptococcus pneu-

moniae, exhibited cooperative kinetics with ATP as substrate [70, 
71]. Second, in Gram-positive bacteria, inhibition of UTP is not 
sensitive to high concentrations of Mg2+ or UMP, whereas the UTP 
inhibition in Gram-negative organisms is sensitive [70]. Third, in 
Gram-positive species, GTP and UTP were found to bind at the 
same binding site, while in Gram-negative organisms the GTP 
binding site is situated at an allosteric site, whereas the UTP bind-
ing site is situated at the active site or catalytic center [72]. How-
ever, the amino acid residues involved in substrate binding and 
catalysis were shown to be conserved among all bacterial UMP 
kinases [70]. 

UMP kinase from both Gram-negative species, such as E. coli 
[73], and Gram-positive species, such as S. pneumoniae [71], were 
shown to be essential for cell growth. Furthermore, the pyrH gene, 
encoding MTB UMP kinase was shown to be essential for infection 
or growth of the TB bacilli, which is an important finding to vali-
date drug targets [74]. Thus, owing to the essentiality of pyrH, and 
the amino acid sequence and structural differences between the 
prokaryotic UMP kinase and the eukaryotic UMP-CMP kinase, the 
enzyme from MTB is a potential anti-TB drug target. Accordingly, 
we have recently cloned, expressed, purified, and kinetically char-
acterized functional MTB UMP kinase (unpublished results). 

2.4.3. Cytidine Monophosphate Kinase 

CMP kinase, also known as cytidylate kinase (encoded by cmk 
gene, 693 bp, MTB Rv1712, EC 2.7.4.14, 230 aa, 24,145.2 Da, and 
PI = 4.83), catalyzes the phosphoryl transfer from ATP to dCMP or 
CMP (Fig. 7). Although bacterial UMP kinase does not possess 
amino acid sequence and structural similarities with NMP kinase 
enzymes, residues involved in the binding of substrates and/or in 
catalysis of NMP kinase enzymes were found to be conserved 
among bacterial CMP kinases [75]. Moreover, a sequence compari-
son between CMP kinase and NMP kinase enzymes demonstrates 
conservation of the global fold found in adenylate kinases and in 
several CMP/UMP kinases [75]. 
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The crystal structure of E. coli CMP kinase (PDB access code: 
1CKE) resembles those of other NMP kinases sharing common 
features such as a central five-stranded -sheet connected by -
helices, a fingerprint sequence of Glu-X-X-Gly-X-Gly-Lys (P-
loop), and an anion hole in the central cavity for substrate binding 
[76]. Classically, NMP kinases are divided into short (including 
eukaryotic UMP-CMP kinases) and long forms. The latter group 
consists of adenylate kinases with an insertion of approximately 27 
residues into the LID domain [50]. Bacterial CMP kinases represent 
a third distinct family of NMP kinases, as they possess a short LID 
domain but have an insertion of 40 amino acid residues in the 
NMP-binding domain [76]. These structural differences could be 
exploited in the development of novel inhibitors targeted specifi-
cally towards MTB CMP kinase enzyme. 

CMP kinase has been shown to be essential for the growth of 
two Gram-positive bacteria: B. subtilis [77] and Streptococcus 

pneumoniae [78]. In addition, it has been proposed that CMP kinase 
is essential for in vitro growth of MTB, based on transposon site 
hybridization studies [79]. However, this approach is simply a 
screening tool and cmk gene replacement must be carried out to 
assign an essential role to its protein product. Accordingly, MTB 
CMP kinase was recently PCR amplified, cloned, expressed, and 
purified to homogeneity, and steady-state kinetic analysis showed 
that the enzyme preferentially phosphorylates CMP and dCMP and 
that UMP is a poor substrate [80]. Moreover, based on the tertiary 
structure of the MTB CMP kinase apoenzyme, predicted by mo-
lecular modeling using the crystallographic structure of E. coli 
CMP kinase as a template, it was suggested that the mode of action 
of the MTB enzyme may be similar to that of MTB shikimate 
kinase [81]. These structural and functional studies should aid in the 
design of chemical compounds capable of inhibiting MTB CMP 
kinase enzyme activity. 

2.5. Nucleoside Diphosphate Kinase 

Nucleoside diphosphate kinase (NDK), also known as NDP 
kinase and nucleoside-2-P kinase (encoded by ndkA gene, 411 bp, 

MTB Rv2445c, EC 2.7.4.6, 136 aa, 14,475.4 Da, and PI = 5.18) 
catalyzes the phosphorylation of nucleoside diphosphate to form 
nucleoside triphosphate, using usually ATP as the phosphoryl donor 
(Fig. 8). Besides the phosphotransferase activity of MTB NDK, it 
also possesses divalent cation-dependent autophosphorylation for 
which His117 was found to be essential and conserved between 
species [82, 83]. On the other hand, each His residue at positions 
49, 53, and 117 were shown to have phosphotransferase activity 
independently [82]. NDK has a low specificity for the utilization of 
either purine or pyrimidine ribonucleoside or deoxyribonucleoside 
diphosphates as substrates [84]. Thus, it is involved in the produc-
tion of dNTPs/NTPs, which are important for DNA/RNA synthesis, 
cell division, macromolecular metabolism, and growth [85]. 
Moreover, MTB NDK has been reported to be involved in several 
regulatory processes, such as mycobacterial survival within the 
macrophage [86] and establishment of MTB infection, as it may 
help in the dissemination of the bacilli and evasion of the host im-
mune system [82]. 

The crystal structure of the NDK from MTB (PDB access code: 
1K44) was determined at 2.6 Å resolution [87]. It was shown that 
the MTB and the human B NDK enzymes share 45% of sequence 
identity over the 135 common residues [87]. Furthermore, the 
subunit fold of MTB NDK was very similar to the human NDK B, 
the product of the nm23-H2 gene [88], which is based on the  
sandwich or ferredoxin fold [87, 89]. Ferredoxin fold has three 
specific features: a surface -helix hairpin and the Knp loop, which 
are involved in the nucleotide binding, and the C-terminal exten-
sion, which is involved in the quaternary structure [89, 90]. How-
ever, C-terminal residues 138-152 of the human B NDK are absent 
in MTB enzyme [87, 91]. Although NDK enzymes have a similar 
fold and highly conserved amino acid sequence, some bacterial 
enzymes were found to be tetramers, such as Myxococcus xanthus 
[92, 93], whereas human [89] and MTB [87] enzymes formed hex-
amers. The amino acid residues of NDK active site and the subunit 
fold are identical between species and independent of the oli-
gomeric state from bacteria to man [89]. Owing to the structural 
similarity between bacteria and human NDK enzymes, it may be 
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very difficult to find NDK specific inhibitors for the bacterial en-
zyme. 

2.6. Cytidine Deaminase 

Cytidine deaminase (CDA), also known as cytidine aminohy-
drolase and cytidine nucleoside deaminase (encoded by cdd gene, 
402 bp, MTB Rv3315c, EC 3.5.4.5, 133 aa, 14,071.1 Da, and  
PI = 6.08) belongs to a family of enzymes that catalyze the hydro-
lytic deamination of cytidine and 2´-deoxycytidine to uridine and 
2´-deoxyuridine, respectively (Fig. 9) [94]. Biochemical and struc-
tural studies of CDA from different organisms have led to the un-
derstanding of the enzyme reaction mechanism. CDA contains a 
zinc atom on the active site which possesses important functions. 
The active-site zinc ion, which is essential for catalysis, is coordi-
nated to an active-site water/hydroxide nucleophilic group [95]. A 
conserved glutamate is envisaged to promote the initial attack at C4 
of cytosine ring by protonating the adjacent N3-position and depro-
tonating the nucleophilic water, then again using general acid/base 
chemistry to facilitate breakdown of the tetrahedral intermediate 
[95]. The N-terminal core domain provides pyrimidine nucleoside 
and zinc-binding pockets, and the structurally homologous C-
terminal core domain in the other monomer covers the active-site, 
completely sequestering the ligand from solvent [96-98]. 

Different oligomeric states were observed among CDAs from 
diverse species; for instance, CDA from E. coli was shown to be a 
homodimeric enzyme that possesses two active sites per dimer 
formed in the subunit interface. On the other hand, homotetrameric 
CDA enzymes have been observed in some organisms, such as B. 

subtilis, which contains one zinc atom per enzyme subunit [99], S. 
cerevisiae [100], and human CDA, where each subunit possesses 
one active site [101]. 

The cdd gene was identified in the genome of the MTB H37Rv 
strain by sequence homology [13]. MTB cdd was cloned and the 
protein was expressed in E. coli, purified and kinetically character-
ized [102]. The MTB CDA characterization provided experimental 

evidence that the in silico predicted cdd gene codes for a functional 
CDA enzyme in MTB [102]. Moreover, structural studies revealed 
that MTB CDA (PDB access code: 3IJF) possesses a homo-
tetrameric structure in which each monomer comprises a single 
domain, and, as previously observed for the CDA from B. subtilis 
[99], the MTB CDA contained one zinc atom per subunit coordi-
nated by three cysteines [102]. Tetrameric CDA enzymes are found 
in both prokaryotes and eukaryotes, and according to structural 
studies, it appears that tetrameric CDAs are more widely distributed 
among species. Furthermore, the structure of the two known oli-
gomeric states of CDA suggest that tetrameric CDAs are con-
structed in the same way as dimeric CDAs, with the structural core 
formed from four identical subunits placed in relation to each other 
as in the catalytic and C-terminal domains of dimeric CDAs. 

CDA is also known as APOBEC protein which possesses a role 
in the deamination of single-stranded DNA or RNA. Thus, the acti-
vation-induced cytidine deaminase (AID) enzyme is required for 
antibody affinity maturation in active germinal B cells. AID pre-
sumably initiates somatic hypermutation by introducing deoxy-
cytidine to deoxyuridine mutations in the VDJ region of the immu-
noglobulin gene [103, 104]. Additionally, CDA plays an important 
role in the metabolism of a number of analogues of cytosine nu-
cleoside used as antitumoral and antiviral agents, leading to their 
pharmacological inactivation [105]. Thus, CDA is an interesting 
(and intriguing) target to the development of inhibitors through the 
rational drug design for therapeutic use and to the understanding of 
its role in the biology of M. tuberculosis. 

2.7. Pyrimidine Nucleoside Phosphorylase 

Pyrimidine nucleoside phosphorylase (PyNP), also known as 
pyrimidine phosphorylase and thymidine phosphorylase (encoded 
by deoA gene, 1284 bp, MTB Rv3314c, EC 2.4.2.4, 427 aa, 
44,453.9 Da, and PI = 6.96) catalyzes the reversible phosphorolysis 
of pyrimidine nucleosides. The catalysis of glycosidic bond 
cleavage between atom N1 of the pyrimidine base and atom 
C1' of sugar deoxynucleoside in the presence of inorganic 
phosphate (Pi) leads to the production of free pyrimidine 
base and D-2-deoxyribose-1-phosphate (dRP; Fig. 10) [106]. 

Some organisms, including mammals and several bacteria such 
as E. coli, have two distinct PyNPs: uridine phosphorylase (UP) and 
thymidine phosphorylase (TP). UP, a member of the nucleoside 
phosphorylase I (NP-I) family, is specific to uridine nucleosides, 
but it also accepts 2’-deoxypyrimidine nucleosides. TP, a member 
of the nucleoside phosphorylase II (NP-II) family, is highly specific 
for 2’-deoxyribonucleosides of thymidine [106-108]. TP and UP 
have been characterized from a wide variety of species and tissues, 
such as mouse liver [109], horse liver [110], E. coli [111], and L. 
casei [112]. The main difference between TP and UP enzymes was 
shown to be the high specificity of TP for the 2’-deoxyribose moi-
ety. 

On the other hand, other organisms, such as Bacillus 

stearothermophilus [113] and Haemophilus influenzae [114], pos-
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sess only one PyNP enzyme, which accepts both thymidine and 
uridine as substrates and does not have selectivity for either ribonu-
cleosides or deoxyribonucleosides. This enzyme was classified as a 
member of the NP-II family [115]. According to amino acid se-
quence alignments, MTB PyNP shares 40% of sequence identity 
with human TP and 43% with B. stearothermophilus PyNP  
(Fig. 11); the MTB enzyme also possesses high sequence homology 
with other bacteria, such as H. influenzae. The crystal structure of 
PyNP from B. stearothermophilus (PDB access code: 1BRW) dem-
onstrates that the protein is an asymmetric dimer and the enzyme 
active site is between the two subunits [116]. The amino acid se-
quence of PyNP from B. stearothermophilus shared significant 
similarity with those of human, E. coli TP, and MTB PyNP [116]. 
Structurally, the active site is composed of a phosphate binding site 
and a (deoxy)ribonucleoside binding site within the cleft region, 
which is highly conserved between TP and PyNP enzymes of the 
NP-II group [116]. Amino acid residues from the active site that 
interact with phosphate include Lys109, Ser111, Lys 136, Ser138, 
and Thr148; and residues that interact with the pyrimidine nucleo-
side moiety include Arg196, Ser211, and Lys216 [116]. According 
to the alignment shown in Fig. (11), these residues which are in-
volved in substrate binding are conserved in MTB PyNP and hu-
man TP. Sequence comparison between the active site amino acid 
residues of B. stearothermophilus and MTB enzymes reveals only 
one difference in residue 136, which has been proposed to mediate 
substrate specificity. MTB PyNP amino acid position 136 is occu-
pied by a glutamine instead of a lysine in B. stearothermophilus 

enzyme, and this replacement by similar amino acid residues keeps 
an interaction between MTB PyNP active site and ribose [117]. 

PyNP is widely studied for the design of inhibitors because it is 
considered an important chemotherapeutic target for cancer, as 
some tumor cells depend heavily on this pathway for their prolifera-
tion [118, 119]. Moreover, PyNP is an attractive target to the design 
of novel inhibitors to be used in the treatment of TB. Accordingly, 
MTB PyNP was recently cloned, expressed, purified, and character-
ized by our research group (unpublished results). 

2.8. Uracil Phosphoribosyltransferase 

Uracil phosphoribosyltransferase (UPRTase), also known as 
UMP pyrophosphorylase and UMP diphosphorylase (encoded by 
upp gene, 624 bp, MTB Rv3309c, EC 2.4.2.9, 207 aa, 21,866.1 Da, 
and PI = 4.73) catalyzes the conversion of uracil and 5'-
phosphoribosyl- -1'-pyrophosphate (PRPP) to UMP and PPi  
(Fig. 12). UPRTase is a key enzyme in the pyrimidine salvage 
pathway as it allows direct reutilization of uracil bases. Uridine 
nucleosidase and uridine phosphorylase, which catalyze the conver-
sion of uracil to uridine, were not found in the MTB genome [13]. 
In addition, uridine kinase and uridine monophosphatase, which 
convert uridine to UMP, were also not found in the MTB genome 
[13]. UPRTase appears thus to play an important role in the 
pyrimidine salvage pathway, since it is the only operative enzyme 
that converts preformed pyrimidine bases to the nucleotide level. 

UPRTase is a member of type I phosphoribosyl transferases, 
which share a characteristic fold consisting of a core region with a 
flexible loop and a hood [120]. The core region comprises 5 parallel 

-strands and at least 3 -helices [121]. The hood provides the resi-
dues required for binding of the uracil formed by C-terminal resi-

 

Fig. (11). Multiple sequence alignment of MTB PyNP with B. stearothermophilus PyNP (Bst_PyNP) and human TP (Human_TP). Identical conserved resi-
dues are identified in gray and are also indicated by asterisk below the alignment. 
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dues [120]. The active site is formed by the hood and the PRPP 
binding motif, and the catalytic residues from the flexible loop 
cover the active site, protecting the transition state from hydrolysis 
[120, 122]. The three-dimensional structure of some UPRTases 
have been determined, including enzymes from Thermus termophi-
lus (PDB access code: 1V9S, to be published), Bacillus caldolyticus 
(PDB access code: 1I5E) [120], Thermotoga maritime (PDB access 
code: 1O5O, to be published), E. coli (PDB access code: 2EHJ, to 
be published), Aquifex aeolicus (PDB access code: 2E55, to be 
published), S. solfataricus (PDB access code: 1XTT) [123], and 
Toxoplasma gondii (PDB access code: 1UPU) [124]. The amino 
acid sequence alignment of each of these UPRTase species with 
MTB sequence shows overall identities ranging from 30% to 46% 
(data not shown). Furthermore, it also demonstrates strong conser-
vation of the active site residues comprising four short regions that 
display sequence identity which are important to substrate recogni-
tion and catalysis, as described previously [124]. UPRTase from 
some species are allosterically activated by GTP such as T. gondii 
[125], Giardia intestinalis [126], E. coli [127], and S. solfataricus 
[122, 123] enzymes. Besides that, S. solfataricus enzyme was shown 
to be allosterically inhibited by CTP [122, 123]. 

It has recently been suggested that there is an UPRTase enzyme 
activity in humans due to the finding of a cDNA encoding a protein 
with a putative UPRTase domain isolated from the human fetal 
brain library [128]. However, the cloning, expression, and purifica-
tion of the putative human enzyme resulted in a protein without 
UPRTase catalytic activity [128]. Accordingly, no solid and con-
vincing experimental evidence has been presented showing the 
presence of UPRTase enzyme activity in humans. Thus, UPRTase 
is an attractive target, unless shown otherwise, for the design of 
selective chemotherapeutic agents due to the possibility of finding 
specific inhibitors against the pathogen enzyme. Accordingly, MTB 
UPRT was recently cloned, expressed, purified, and kinetically 
characterized by our research group (unpublished results). Moreo-
ver, the construction of a strain of MTB having the upp gene 
knocked out is underway, as an attempt to establish the role, if any, 
of UPRTase in mycobacterial survival and latency by the Wayne 
model [4]. 

3. CONCLUDING REMARKS 

Enzymes of the pyrimidine salvage pathway are shown to be at-
tractive targets for the development of inhibitors to be used in can-
cer and infectious disease treatments, as some pyrimidine analogues 
were already found to be toxic for cell growth. For instance, a series 
of derivates of deoxyuridine were shown to possess antimalarial 
activity in vitro, inhibiting specifically the Plasmodium enzyme 
dUTPase versus the human enzyme [35]. Several anticancer drugs 
used clinically, such as 5-FU through the metabolite FdUMP, in-
hibit thymidylate synthase. Moreover, analogues of phenolphthalein 
were found to have higher activity and specificity against thymidy-
late synthase from bacterial organisms, such as L. casei, P. carinii 
or C. neoformans, than to the human enzyme [39-42]. A series of 
nucleotide analogues with modifications at the carbon-5 of the 
pyrimidine ring and/or at the sugar ring were found to inhibit MTB 
dTMP kinase [51, 57, 61]. Thus, although humans also possess 
some enzymes of the pyrimidine salvage pathway, it is possible to 

find selective inhibitors for the MTB enzymes by exploiting differ-
ences in functional and structural features. A promising target 
should be essential for survival of a pathogen and absent from its 
host. Alternatively, a promising target may play an important role 
in adaptation of the pathogen to a particular physiological state of 
the host. An emerging drug discovery strategy is to identify and 
target protein factors essential for pathogen survival and replication 
in the host. It has been proposed that in addition to targeting viru-
lence, new antimicrobial development strategies should be ex-
panded to include targeting bacterial gene functions that are essen-
tial for in vivo viability [129]. Accordingly, an understanding of the 
role played by the enzymes of the pyrimidine salvage pathway in 
M. tuberculosis may unveil molecular targets that are pivotal to 
survival in the host context, but not necessarily essential for in vitro 
survival. In addition, the enzymes of the pyrimidine salvage path-
way might have an important role in the mycobacterial latent state 
as the bacilli have to recycle bases and/or nucleosides to survive in 
the host. Consistent with this proposal, it has recently been shown 
that inhibiting an enzymatic virulence factor secreted by M. tuber-

culosis into the host's macrophage prevented the growth of the ba-
cilli in host cells [130]. 
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