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Resumo

A tuberculose (TB) €& uma doenga infecciosa causada principalmente pelo
Mycobacterium tuberculosis, o qual atualmente infecta um ter¢co da populagdo mundial. Apesar
da disponibilidade da vacina Bacille Calmette-Guérin e da eficaz quimioterapia de curta
duragéo, o aumento na incidéncia global da TB esta relacionado a co-infecgdo 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 viavel dentro do hospedeiro infectado por longo
periodo em uma infecgcdo assintomatica € um problema adicional para o controle da TB. As
rotas de biossintese de nucleotideos fornecem alvos moleculares promissores para o
desenvolvimento de novas vacinas e estratégias terapéuticas para controlar a incidéncia global
de TB no mundo. A uracil fosforribosil transferase (UPRT) catalisa a conversao de uracil e 5'-
fosforribosil-a-1’-pirofosfato (PRPP) a uridina 5’-monofosfato (UMP) e pirofosfato (PP;). A UPRT
tem um papel importante na rota de salvamento das pirimidinas ja que seu produto (UMP) é o
precursor comum de todos os nucleotideos pirimidicos. Este trabalho apresenta a clonagem,
expressao recombinante em E. coli, e a purificagdo da UPRT de M. tuberculosis codificada pelo
gene upp (MtUPRT). Adicionalmente, foram realizadas analises de espectrometria de massas e
sequenciamento N-terminal que confirmaram a identidade da MtUPRT homogénea. A massa
molecular da MtUPRT nativa seguiu um modelo de associagdo mondmero-tetrdmero por
ultracentrifugagao analitica. Esta enzima ndo mostrou uma regulagdo pronunciada por GTP ja
que este nucleotideo ndo afetou os parametros cinéticos da enzima, e a sua ligagao nao foi
detectada por calorimetria de titulacao isotérmica (ITC). A velocidade inicial e os estudos de ITC
sugeriram que a catalise procede através de um mecanismo ordenado sequencial, no qual o
PRPP liga primeiramente, seguido pela ligacdo de uracil, e PP; € o primeiro produto a ser
liberado, seguido pelo UMP. ITC também mostrou que a ligagdo de PRPP e UMP sao
processos termodinamicamente favoraveis. O perfil de pH indicou que grupamentos com os
valores de pK proximos de 5,7 e 8,1 sdo importantes para a atividade catalitica e um
grupamento com valor de pK préoximo a 9,45 esta envolvido na ligagdo do PRPP. Dados de
cinética no estado pré-estacionario sugeriram que a liberagdao de produto ndo é a etapa
limitante da reacdo catalisada pela MtUPRT. Estudos de fluorescéncia demonstraram a
existéncia de duas formas da enzima em solugéo, das quais apenas uma pode ligar ao PRPP.
O nocaute do gene upp demonstrou que este gene nao é essencial para o M. tuberculosis
H37Rv nas condi¢des empregadas no experimento e a auséncia do gene upp nao afetou o
crescimento micobacteriano. A UPRT mostrou ser expressa tanto em altas como em baixas
concentracdes de oxigénio. A MtUPRT foi inibida por um metabdlito ativo do isoxyl, que nao
parece inibir as enzimas RNA polimerase, adenina fosforribosil transferase e hipoxantina-
guanina fosforribosil transferase. A concentragdo inibitéria minima de isoxyl/ para as cepas de
M. tuberculosis mutante para o gene upp, complementada e tipo selvagem foi de 12,8 ug/mL, o
que significa que a auséncia do gene upp nao afetou a sensibilidade do M. tuberculosis ao
isoxyl. Assim, estes dados podem ser uteis para um melhor entendimento sobre a via de
biossintese de nucleotideos em M. ftuberculosis e podem servir como base para o
desenvolvimento de estratégias terapéuticas e preventivas eficientes para diminuir a incidéncia
global deste patdgeno.



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-o-
1'-pyrophosphate (PRPP) to uridine 5'-monophosphate (UMP) and pyrophosphate (PP;). 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 M{UPRT 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 PP; 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 pg/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.

Vi
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INTRODUGAO

1. Tuberculose

A tuberculose humana (TB) €& uma doenga infecto-contagiosa causada
principalmente pelo Mycobacterium tuberculosis. A TB é considerada a segunda
principal causa de mortalidade devido a uma doencga infecciosa no mundo, depois do
virus da imunodeficiéncia humana (HIV) que causou cerca de 1,8 milhdes de mortes no
ano de 2008 (1). No ano de 2010, estimativas da Organizagdo Mundial da Saude (OMS)
indicaram a ocorréncia de 8,5 — 9,2 milhdes de novos casos de TB, com
aproximadamente 1,5 milhdes de mortes (1). A maior parte do numero estimado de
casos em 2010 ocorreu na Asia (59 %) e na Africa (26%), e proporgdes menores de
casos ocorreram na Regidao Mediterranea Oriental (7 %), na Regido Européia (5 %) e na
Regidao das Américas (3 %) (Figura 1) (1). Aproximadamente 80 % do total de casos de
TB no mundo ocorrem em apenas 22 paises, incluindo o Brasil que ocupa o 15° lugar

entre os paises com maior numero de casos de TB.
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Figura 1. Estimativa da ocorréncia de novos casos de TB em 2010 no mundo (1).

1.1 Infecgao

A TB é transmitida principalmente pela inalacdo de aerossois contendo o M.
tuberculosis, gerados de uma pessoa infectada (2). No pulmé&o, o bacilo é internalizado
por fagocitose pelos macréfagos alveolares, iniciando a resposta inata. As células
dendriticas iniciam a resposta adaptativa mediada por células T que ativam os
macrofagos através da liberagdo de citocinas, resultando na: eliminagdo da bactéria,
estabelecimento da TB latente ou da doenga ativa (Figura 2) (2). A eliminagdo completa
do M. tuberculosis do organismo € dificil de ser atingida, uma vez que dentro do
fagossoma, o M. tuberculosis secreta proteinas que previnem a fusdo do fagossoma
com o lisossoma, impedindo assim a sua destruicdo (3). Além disto, o bacilo da TB

possui uma espessa parede celular que fornece resisténcia contra os mecanismos



microbicidas dos macrofagos (4). Deste modo, o bacilo € capaz de sobreviver dentro
dos macrofagos, controlado pelo sistema imunolégico do hospedeiro, dentro de uma
estrutura chamada de granuloma (a principal caracteristica da TB latente) (Figura 2). A
biologia do granuloma é parcialmente compreendida; acredita-se que o granuloma
contenha no seu centro macréfagos nao ativados, rodeados por macréfagos infectados
contendo o M. tuberculosis envolvidos por células do sistema imunolégico, como
linfécitos T (3). Assim, a estrutura do granuloma representa um balango entre o sistema
imunologico do hospedeiro e o patégeno.

Entretanto, se a resposta das células T for insuficiente para controlar a infecgéo
inicial, sintomas clinicos se desenvolvem dentro de 1 ano na forma de infeccéo
progressiva primaria (TB ativa) (Figura 2). A infecgdo primaria ocorre dentro de 1 ou 2
anos depois da infecgcao inicial, envolvendo a replicacdo do M. tuberculosis, a
colonizacéo dos linfonodos locais e eventual disseminagao da infec¢cao para locais mais
distantes (4, 5). A TB pds-primaria € desenvolvida mais tarde, e pode ser causada tanto
pela reativacédo de bacilos remanescentes da infecgdo inicial como pela impossibilidade
de controlar uma infecgdo subsequente (Figura 2). A TB pds-primaria gera extensivo

dano pulmonar, além de facilitar a transmissao bacilar por aerossois (4, 5).
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Figura 2. Resposta do hospedeiro a exposi¢do ao M. tuberculosis. O bacilo é internalizado por
fagocitose pelos macréfagos alveolares, iniciando a resposta inata. As células dendriticas
iniciam a resposta adaptativa mediada por células T que ativam os macrofagos através da
liberacao de citocinas, o que pode resultar na: eliminacao da bactéria, TB latente ou TB ativa. A
TB latente pode evoluir para a forma ativa da doenga apds anos ou décadas (2).

1.2 Laténcia

O M. tuberculosis pode permanecer dentro do granuloma por muito tempo sem
que o hospedeiro apresente os sintomas da doencga, enquanto o seu sistema
imunologico for capaz de manter seus macrofagos ativados e suas células T funcionais
(3). A resposta imune do hospedeiro contra o M. tuberculosis é altamente efetiva no
controle da replicagdo bacteriana, impedindo a progressao da doenga e limitando-a ao
local inicial da infecgdo. Esta condicdo é chamada de TB latente, que é a forma néao
contagiosa da doenga, onde a bactéria permanece inativa, periodo durante o qual a
pessoa infectada ndo apresenta TB clinica aparente. Isto € o que ocorre com a maioria
dos individuos saudaveis que sdo infectados com o M. tuberculosis, devido a

capacidade do bacilo em estabelecer e manter a laténcia, pois a completa eliminacéo
5



do patégeno é lenta e geralmente dificil de ser atingida. O bacilo pode permanecer
neste estado “dormente” por meses, anos ou até décadas. O mecanismo de laténcia do
bacilo causador da TB no hospedeiro ainda é desconhecido. Acredita-se que
aproximadamente dois bilhdes de individuos (um ter¢co da populagdo mundial) possuam
a TB na forma latente (6, 7). No entanto, entre 5-10% dos individuos que est&o
infectados com a TB latente desenvolvem a forma ativa da doenca (4). O
desenvolvimento da forma ativa da TB geralmente ocorre quando o sistema
imunologico do hospedeiro esta debilitado. Quando, por exemplo, a fungédo das células
T esta comprometida, o crescimento descontrolado do bacilo dentro dos macréfagos

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

1.3 Co-infecgao com HIV

Individuos co-infectados com HIV e TB tém entre 21 e 34 vezes mais chances de
desenvolver a TB ativa comparados com aqueles que sao HIV-negativos,
representando o principal risco para a progressao da TB latente para a forma ativa (8,
9). A co-infecgéo de individuos com TB e HIV afeta aproximadamente 11 milhdes de
individuos 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 milhdes de pessoas que
desenvolvem TB a cada ano é HIV-positivas, o que equivale a 1,1 milhdes de novos
casos de TB entre os individuos portadores de HIV no ano de 2010 (1). Dos novos
casos de co-infecgdo com TB e HIV no ano de 2010, 82 % concentraram-se na regiao

africana, o que representa 900.000 (39 %) dos 2,3 milhbes de pessoas que



desenvolveram TB e eram HIV-positivas, resultando em aproximadamente 0,35 milhdes
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 recomendagdes, desde 2004, quanto as intervencgdes
necessarias para prevenir, diagnosticar e tratar a TB em pacientes portadores de HIV.
As intervengbes recomendadas incluem o tratamento com antirretroviral e com
cotrimoxazol (sulfametoxazol e trimetroprima) para prevenir a pneumonia em pacientes
co-infectados, intensificacdo na busca de pacientes infectados com TB entre os
pacientes portadores de HIV, tratamento preventivo com isoniazida para individuos
portadores de HIV que ndo possuem TB ativa, e controle da infecgdo em centros de

saude (1).

1.4 Tratamento e cepas resistentes

O tratamento padréo de “curta duragdo” da TB, recomendado pela OMS (DOTS
— directly observed treatment short course strategy), consiste na combinagdao 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 ha aproximadamente 50 anos atras. No entanto, estes agentes
bactericidas sdo altamente eficientes no tratamento de novos casos de TB suscetivel a
drogas, com taxas de cura de aproximadamente 90 % em pacientes HIV-negativos. Dos

22 paises com maior numero de casos de TB, 15 alcangcaram 85 % de sucesso no



tratamento da TB, e dos 7 paises que reportaram a menor taxa de sucesso no
tratamento estdo incluidos Brasil (72 %), Etiopia (84 %), Nigéria (83 %), Federagao
Russa (55 %), Africa do Sul (77 %), Uganda (67 %) e Zimbabwe (78 %). As baixas
taxas de sucesso no tratamento da TB no Brasil e Uganda refletem a alta proporgéo de
pacientes para os quais o resultado do tratamento n&o foi avaliado (11 % e 16 %
respectivamente) (1).

Em 2009, aproximadamente 7% dos novos casos mundiais de TB foram devido a
infeccdo com TB resistente a multiplas 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 clinicos de M.
tuberculosis no periodo 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 a isoniazida e rifampicina (TB-MDR) e também a fluoroquinolonas e a pelo
menos uma das trés drogas injetaveis de segunda linha que s&do 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 séo
mais caras, mais téxicas, menos eficazes, apresentam mais efeitos adversos e sao
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 periodo entre o diagnostico e a morte geralmente

varia de 4 a 16 semanas (9).



Em 2009, cepas de M. tuberculosis totalmente resistentes a drogas (TB-TDR)
foram isoladas e demonstraram resisténcia in vitro a todas as drogas de primeira e
segunda linha testadas (12). Nestas cepas, 30% da populacgéao 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 caracteristicas ndo foram encontradas nas cepas suscetiveis a drogas ou na TB-

MDR, e assim podem estar relacionadas a resisténcia a drogas.

Agentes quimioterapicos mais eficazes e menos toxicos sd0 necessarios para
simplificar e reduzir a duracdo do tratamento atual, melhorando as possibilidades de
tratamento para a TB-MDR e TB-XDR e possibilitando o tratamento da TB-TDR. Além
disso, ha a necessidade de um tratamento mais eficaz para a TB latente, impedindo que
a doenca 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 nao interfiram com os antirretrovirais também é de grande interesse, para que
possam ser utilizadas em pacientes co-infectados com HIV. Além de novos agentes
quimioterapicos, o desenvolvimento de novas vacinas seria de fundamental importancia

na reducéao da incidéncia global da TB.

1.5 Desenvolvimento de vacinas

O desenvolvimento de novas estratégias terapéuticas profilaticas € necessario
para diminuir a incidéncia global da TB uma vez que a vacina utilizada atualmente
contra esta doenga, Mycobacterium bovis Bacille Calmette-Guérin (BCG), fornece uma
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protecao eficiente contra a TB em recém-nascidos, mas nao previne o estabelecimento
da TB latente ou a reativagdo da TB pulmonar em adultos (13). Além disso, embora a
BCG tenha sido administrada em mais de 3 bilhdes de pessoas, demonstrando
satisfatéria seguranga, ocorreram alguns casos de disseminagdo de BCG em criangas
vacinadas que desenvolveram a sindrome da imunodeficiéncia 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 producdo de uma cepa
micobacteriana atenuada obtida através da geracdo de mutantes de M. tuberculosis por
delecdo génica. A segunda abordagem consiste no melhoramento da BCG,
introduzindo antigenos importantes do M. tuberculosis ou alterando a BCG para que ela
seja mais eficiente na indugéo de respostas imunoldgicas semelhantes as geradas pelo
M. tuberculosis visando prolongar a imunidade e fornecer protegdo a populagéo adulta
(13, 15). Algumas vacinas candidatas incluindo ambas as abordagens mencionadas
acima estdao em estudos pré-clinicos e outras em estudos clinicos (15, 16, 17, 18).
Alguns aspectos importantes sobre uma vacina candidata contra TB devem ser levados
em consideragdo. Em primeiro lugar, devido a estabilidade, a genética do mutante e a
possibilidade de reversédo para a cepa selvagem de M. tuberculosis é obrigatério que
qualquer vacina viva para uso humano tenha pelo menos duas delegbes gendmicas
independentes. Em segundo lugar, a cepa atenuada deve ser absolutamente segura em
individuos imunocomprometidos, uma vez que os individuos portadores de HIV seriam

uma populacdo alvo importante (15).
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Os avancgos significativos nas ferramentas genéticas para manipulagdo de M.
tuberculosis na ultima década (19, 20) e a disponibilidade do seqliienciamento completo
do genoma da cepa de M. tuberculosis H37Rv (21) tém possibilitado o estudo e
validacdo de alvos moleculares para o desenvolvimento de novas estratégias
terapéuticas contra a TB. O conhecimento de caracteristicas estruturais e funcionais
das enzimas envolvidas em rotas metabdlicas € uma etapa importante em direcdo ao

desenvolvimento de novas estratégias profilaticas e terapéuticas seletivas contra a TB.
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2. Biossintese de Nucleotideos

Nucleotideos sao ésteres de fosfato de pentoses que possuem uma base
nitrogenada ligada covalentemente ao C1' do agucar. Nos ribonucleotideos, as
unidades monoméricas do RNA, a pentose € uma D-ribose, enquanto que nos
desoxirribonucleotideos, 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 nucleotideo 5’
ou ao C3’ para formar um nucleotideo 3’. Nos nucleotideos e nucleosideos encontrados
naturalmente, a base nitrogenada liga ao C1’ da pentose, chamada de ligagcéo
glicosidica. Existem duas familias de bases nitrogenadas: as purinas que possuem um
anel de seis atomos fusionado a um anel de cinco atomos e as pirimidinas que
possuem um anel de seis atomos. As principais purinas que compdem os acidos
nucléicos s&o os residuos de adenina e guanina enquanto que as principais pirimidinas
s&o citosina, uracil e timina (22, 23).

Os nucleotideos tém fungdes essenciais em muitos processos bioquimicos. Eles
sdo os precursores dos acidos nucleicos, moléculas essenciais na replicagdo do
genoma e na transcrigdo da informagéo genética em RNA. Os nucleotideos adenosina
trifosfato (ATP) e guanosina trifosfato (GTP) sdo moléculas fundamentais que servem
como fonte de energia em processos biologicos. Além disso, o ATP funciona como
doador do grupo fosforil transferido pelas proteinas quinases. Derivados de
nucleotideos como UDP-glicose, participam de processos biossintéticos como a
formacédo de glicogénio. Os nucleotideos também s&o componentes essenciais nas

rotas de transdugdo de sinais, como os nucleotideos ciclicos que sdo os segundo
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mensageiros adenosina monofosfato ciclico (AMPc) e guanosina monofosfato ciclico
(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 nucleotideos e rotas
relacionadas. Ha duas principais rotas para a sintese de nucleotideos de purinas e
pirimidinas: a sintese de novo e a rota de salvamento. Na rota de novo, a sintese de
nucleotideos inicia a partir de precursores simples, enquanto na rota de salvamento, os
nucleosideos e bases livres s&o diretamente utilizados na sintese de ribonucleotideos e
desoxirribonucleotideos (25). A sintese de novo de nucleotideos requer mais energia do
que a rota de salvamento (26). Assim, as rotas biossintéticas de nucleotideos séo
tremendamente importantes como pontos de intervengdo para agentes terapéuticos.
Muitas das drogas mais utilizadas no tratamento do cancer atuam inibindo a biossintese
de nucleotideos, 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 nucleotideos puricos e pirimidicos sao alvos atrativos para o
desenvolvimento de agentes quimioterapicos para o tratamento de doengas infecciosas

(28, 29).

21 Sintese de novo de pirimidinas

A rota biossintética de novo de pirimidinas resulta na formag¢ao do produto final
2’-desoxitimidina 5’-trifosfato (dTTP) e dos intermediarios obrigatorios uridina 5’-

trifosfato (UTP), citidina 5’-trifosfato (CTP) e 2’-desoxicitidina 5’-trifosfato (dCTP) (30). A
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primeira reagdo quimica 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 inorgénico. A
terceira reagao da via é uma condensacgao intramolecular catalisada pela diidroorotase
(gene pyrC, Rv1381) que resulta na formagdo de diidroorotato. A quarta reagcéo é
catalisada pela diidroorotato desidrogenase (gene pyrD, Rv2139) formando orotato. A
enzima orotato fosforribosil transferase (OPRT) (gene pyrE, Rv0382c) catalisa a
conversdo do grupo fosforribosil do 5-fosforribosil-o-1-pirofosfato (PRPP) para a base
pirimidica do orotato formando orotidina 5’-monofosfato (OMP) a qual é descarboxilada,
em uma reacgdo catalisada pela enzima OMP descarboxilase (gene pyrfF, Rv1385),
formando uridina 5’-monofosfato (UMP), o primeiro nucleotideo pirimidico (Figura 3).
UMP ¢é fosforilado a uridina 5’-difosfato (UDP) e, posteriormente, a UTP pela agao
sequencial das enzimas UMP quinase (gene pyrH, Rv2883c) e nucleosideo difosfato
(NDP) quinase (gene ndkA, Rv2445c). A transferéncia do grupo amino da glutamina
para o UTP pela CTP sintase (gene pyrG, Rv1699) leva a sintese de CTP (26). Na
maioria dos organismos eucariotos, as trés primeiras enzimas envolvidas na sintese de
novo estao localizadas em um unico polipeptideo, assim como as atividades de OPRT e
OMP descarboxilases sao encontradas na proteina bifuncional UMP sintase (32).
Comparadas com as proteinas monofuncionais bacterianas, as proteinas eucariéticas

tem uma organizagao funcional mais complexa e um controle mais sofisticado, a rota é
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submetida a diversos mecanismos regulatérios incluindo inibicdo e ativagao alostérica,

fosforilagc&o e alteragcbes na localizag&o intracelular (32).

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

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

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

auxotrofica para uracil e completamente avirulenta (33).

2ATP + HCOj5 + Glutamine + H,O o
carbamoyl phosphate NH
2ADP + Glutamate synthetase |
+ Pi (carA, Rv1383; carB, Rv1384) /K
o N~ o
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NH, o—h—o )
o L
— H H
0 ¢ OH OH
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Aspartat €0,
aspartate transcarbamoylase OMP decarboxylase
(pyrB, Rv1380) (pyrF, Rv1385)
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[o}
I
OH—C
NH, \(|:Hz
CH
)\N/ coo
° |
H
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dihydroorotase PPi tate phosphorvbosyl
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i I
H Ll H3 ¢ /H
\N/ \CH \N/ \C
2
| Lo
C CH \1/ A
0/ \T/ coo o/ T coo
H H
dihydroorotate orotate
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(pyrD, Rv2139)

quinone reduced quinone

Figura 3. Rota de sintese de novo de pirimidinas.
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2.2 Rota de Salvamento de pirimidinas

A rota de salvamento das pirimidinas tem como funcéo a reutilizagao de bases e
nucleosideos livres tanto exdégenos quanto os produzidos no meio intracelular a partir
da reciclagem de nucleotideos. Os nucleosideos s&o predominantemente
metabolizados a bases livres antes de serem utilizados na sintese de nucleotideos.
Quantidades significativas de ribonucleotideos sdo degradadas durante o crescimento
normal, e a reutilizacdo dessas bases e nucleosideos livres requer enzimas da rota de
salvamento. Além disso, a rota de salvamento tem o papel de manter disponiveis as
pentoses dos nucleosideos exdégenos como fonte de carbono e energia e os
grupamentos amino dos compostos de citosina disponiveis como fonte de nitrogénio
(30). A reciclagem de bases pirimidicas pela rota de salvamento é preferencialmente

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

Algumas enzimas da rota de salvamento foram identificadas por homologia de
sequéncia no genoma do M. tuberculosis (21): dCTP deaminase (gene dcd, Rv0321),
que catalisa a conversdo de dCTP a 2’-desoxiuridina 5’-trifosfato (dUTP); desoxiuridina
trifosfatase (dUTPase) (gene dut, Rv2697c), que converte dUTP a 2’-desoxiuridina 5'-
monofosfato (AUMP); timidilato sintase (gene thyA, Rv2764c), que converte dUMP a 2'-
desoxitimidina 5’-monofosfato (dTMP); a dTMP kinase (gene tmk, Rv3247c) catalisa a
conversao 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 nucleosideo fosforilase (PyNP) (gene deoA,
Rv3314c) que recicla o nucleosideo timidina ou uridina a desoxiribose-1-fosfato e timina
ou uracil; a enzima uracil fosforribosil transferase (UPRT) (gene upp, Rv3309c) catalisa
a conversao de uracil e PRPP a UMP e pirofosfato (PP;); citidina 5’-monofosfato (CMP)
quinase (gene cmk, Rv1712) e UMP quinase (gene pyrH, Rv2883c), que catalisam a
conversao reversivel do grupamento y-fosforil do nucleosideo 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 estdo 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
0s 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
(ded), 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 Pl =
4,73) catalisa a conversao de uracil e PRPP em UMP e PP; (Figura 5). A UPRT € uma
enzima chave da rota de salvamento de pirimidinas, ja que o produto desta reagao
(UMP) é o precursor dos outros nucleotideos pirimidicos. A uridina nucleosidase e a
uridina fosforilase, que catalisam a conversdao de uracil para uridina, ndo foram
encontradas por homologia de sequéncia no genoma do M. tuberculosis (21). Além
disso, a uridina quinase e a uridina monofosfatase, que convertem a uridina a UMP,
também nao foram identificadas no genoma do M. tuberculosis (21). Assim, a UPRT
parece ter um papel importante na rota de salvamento das pirimidinas, ja que ela € a

unica enzima que converte bases pirimidicas pré-formadas em nucleotideos.

(0]
I
NH
i |
Q - U 0 O\
O0—P-0 - N fe) 0
|| | (0] uPRT O—P—0 N © o 1 -
‘ NH + O (IDI (I)| —_— 6_ (0] + o_ﬁ>_o_|7_o
o Mg ; .
N 0—P—0—P—0 O o0
NH ~O OH OH I - -
© © OH OH
Uracil PRPP UMP PP.

Figura 5. Reacdo quimica catalisada pela UPRT.

Em M. tuberculosis H37Rv, dois genes foram identificados por homologia de
sequéncia por possuirem provavel atividade de UPRT (EC 2.4.2.9): upp (Rv3309c) e
pyrR (Rv1379) (21). Apesar das proteinas pyrR serem evolutivamente relacionadas com
as UPRTs como demonstrado por similaridades de sequéncia e estrutural, pyrR de M.

tuberculosis mostrou ter atividade catalitica 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 familia das fosforribosil transferases tipo |, que
apresentam um dobramento caracteristico. Este dobramento consiste em uma regido
central que compreende 5 folhas B paralelas e pelo menos 3 hélices o com uma alca
flexivel e um subdominio conhecido por “capa” (36, 37). A “capa” contém os residuos
requeridos para a ligagao da nucleobase (uracil para UPRTs) e é também formada por
residuos da porgao C-terminal (36). O sitio ativo esta localizado entre a capa e a regiao
central, abrigando o motivo de ligagcdo ao PRPP, e os residuos cataliticos da alga
flexivel cobrem o sitio ativo, protegendo o estado de transigédo da hidrolise (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 (codigo de depdsito no PDB: 1V9S, a ser publicado),
Bacillus caldolyticus (codigo de depdsito no PDB: 1I5E) (36), Thermotoga maritime
(codigo de depdsito no PDB: 1050, a ser publicado), Escherichia coli (cédigo de
depdsito no PDB: 2EHJ, a ser publicado), Aquifex aeolicus (codigo de depdsito no PDB:
2E55, a ser publicado), S. solfataricus (codigo de depdsito no PDB: 1XTT) (39), e
Toxoplasma gondii (codigo de depodsito no PDB: 1UPU) (40). As sequéncias de
aminoacidos das UPRTs destas espécies foram alinhadas com a sequéncia da enzima
de M. tuberculosis (Figura 6) e foi encontrada identidade total entre 47 % e 35 %, o que
confirma que todas estas enzimas pertencem a familia das fosforribosil transferases do
tipo I. As regides destacadas em vermelho na Figura 6 sido regibes altamente

conservadas entre as UPRTs que sédo importantes para o reconhecimento do substrato
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e catalise. A identidade encontrada entre as sequéncias de aminoacidos das UPRTs de
outras espécies com a de M. tuberculosis sugere uma possivel semelhanga tanto nas
posicdes dos sitios cataliticos e de ligagado, quanto na estrutura secundaria da UPRT de
M. tuberculosis. Assim, analisando e comparando mais detalhadamente a estrutura e a
sequéncia de aminoacidos da UPRT do B. caldolyticus com a enzima do M.
tuberculosis, que apresentam uma identidade de 45 %, pode-se observar que a
sequéncia de aminoacidos da UPRT de M. tuberculosis possui os residuos Asp131-
Ser139, identificados na UPRT de B. caldolyticus por ser a sequéncia consenso do
motivo de ligagdo de PRPP e ligagcéo a ribose-5'-fosfato do UMP (36). Este motivo de
ligacdo de PRPP esta presente em todas as fosforribosil transferases do tipo | (36, 37).
O segmento Tyr193-Ala201, presente nas sequéncias de aminoacidos da UPRT de B.
caldolyticus e de M. tuberculosis, liga ao uracil do UMP, e é especifico para as UPRTs
(36).

As UPRTSs de algumas espécies sao 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).
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Figura 6. Alinhamento da sequéncia de aminoacidos da UPRT de M. tuberculosis e seus
homodlogos que apresentam estrutura depositada no PDB. As sequéncias estdo indicadas pela
espécie: UPRT de B. caldolyticus (codigo de depdsito no PDB: 1I5E); UPRT de T. termophilus
(coédigo de depdsito no PDB: 1V9S); UPRT de T. maritima (codigo de depdsito no PDB: 1050);
UPRT de E. coli (cédigo de depdsito no PDB: 2EHJ); UPRT de A. aeolicus (codigo de depdsito
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no PDB: 2E55); UPRT de S. solfataricus (cédigo de depdsito no PDB: 1XTT) e UPRT de T.
gondii (cédigo de depdsito no PDB: 1UPU).

Em T. gondii, o nocaute do gene upp nao afetou o crescimento e mostrou n&o
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 nao essencial pela mutagénese mediada por transposon e baseada em Himar-1

na cepa H37Rv (45).

Diferentemente das enzimas da sintese 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 comparagdo de sequéncia de aminoacidos
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 expresséo e
purificacdo da proteina resultou em uma cadeia polipeptidica que nao apresentou
atividade catalitica (46). A demonstracdo definitiva de que uma determinada cadeia
polipeptidica possui atividade de UPRT deve necessariamente demonstrar o consumo
do substrato (uracil ou PRPP) e/ou produgdo do produto (UMP), isto €, que a cadeia
polipeptidica catalisa a reagdo quimica. Portanto, ainda n&o ha evidéncia experimental

da presenca da UPRT em humanos.
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HIPOTESE DO TRABALHO

As vias de biossintese de nucleotideos de pirimidina sdo 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 laténcia do M.
tuberculosis, ja que o bacilo possivelmente necessite reciclar bases e/ou nucleosideos
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 ndo essencial para a viabilidade da

micobactéria, € 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 biolégico e determinar a sua relevancia na rota de salvamento das pirimidinas

e no metabolismo do M. tuberculosis, visando a obtencéo de cepas atenuadas.

OBJETIVOS ESPECIFICOS

1. Amplificar e clonar o gene upp de M. tuberculosis; expressar, purificar e
caracterizar a proteina recombinante UPRT de M. tuberculosis.

2. Determinar as constantes cinéticas aparentes e verdadeiras da reagao
catalisada pela enzima, as constantes termodinamicas envolvidas na ligacéo
de substratos e produtos e estabelecer o mecanismo cinético.

3. Analisar a importancia da enzima UPRT na rota de salvamento das
pirimidinas e no metabolismo do M. tuberculosis através de nocaute do gene
upp e da analise da expressao da proteina em diferentes condigdes de

crescimento da micobactéria.
Os capitulos estdo organizados da seguinte forma:
No Capitulo 2 consta um artigo de revisdo sobre as enzimas envolvidas na rota

de salvamento das pirimidinas em M. tuberculosis.
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O Capitulo 3 consiste em um artigo cientifico onde sdo apresentados os
seguintes resultados: a amplificagdo do gene upp a partir do DNA gendmico de M.
tuberculosis H37Rv, clonagem em pET23a(+), expressao na cepa E. coli BL21(DE3),
purificagdo utilizando cromatografia liquida de rapida performance, confirmagdo da
identidade da proteina homogénea por espectrometria de massas e sequenciamento N-
terminal (Objetivo Especifico 1); teste de atividade da enzima UPRT, determinacao da
massa molecular da proteina por ultracentrifugacdo analitica, determinagdo dos
parametros termodindmicos para a ligacdo de substratos e produtos a enzima livre
utilizando calorimetria de titulacdo isotérmica, determinacdo das constantes cinéticas
aparentes e verdadeiras da reagao catalisada pela enzima, determinacdo do
mecanismo cinético e do perfil de pH (Objetivo Especifico 2).

No Capitulo 4 sdo apresentados os resultados obtidos na construgcado da cepa de
M. tuberculosis H37Rv mutante para o gene upp através de nocaute génico utilizando o
vetor suicida pPR27xylE, construgao da cepa de M. tuberculosis H37Rv mutante para o
gene upp e complementada com uma cépia extra do gene upp, curva de crescimento
das cepas M. tuberculosis H37Rv mutante para o gene upp, complementada e tipo
selvagem; analise da expressdo da UPRT em diferentes condi¢ées de crescimento de
M. tuberculosis H37Ra; os resultados do metabdlito ativo do isoxyl como inibidor da
MtUPRT, a analise da incorporacdo de bases e nucleosideos marcados com tritio em
culturas de M. tuberculosis H37Ra, o ensaio de atividade da MtUPRT e a reacao de
ativacdo do isoxyl para analise da inibicdo da enzima UPRT in vitro utilizando
espectrofotdmetro, a determinagdo da concentragao inibitéria minima de isoxyl/ para as

cepas de M. tuberculosis mutante para o gene upp, complementada e tipo selvagem
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(Objetivo especifico 3). Estes experimentos foram realizados durante o doutorado
sanduiche no laboratério coordenado pela Dra. Mary Jackson, que esta localizado na
Colorado State University em Fort Collins, Estados Unidos da América.

No Capitulo 5 sdo apresentadas as consideracgdes finais.
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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. fuber-
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.

© 2011 Bentham Science Publishers Ltd.
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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).

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, S-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-
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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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Fig. (3). Chemical reaction catalyzed by dUTPase (dut). The enzyme catalyzes the triphosphate hydrolysis reaction producing dUMP.

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-o-1’-pyrophosphate  (PRPP) to uridine 5°-
monophosphate (UMP) and pyrophosphate (PP;); and cytidine mo-
nophosphate (CMP) kinase and uridine monophosphate (UMP)
kinase, which catalyze the reversible y-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 o-phosphoryl group
and is likely involved in stabilization of the transition state by with-
drawing electrons from the o-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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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/ATTP) [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, o,B-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
o,pf-imino dUTP involve motifs I, I, 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 (CH,H, folate) to produce dTMP and
dihydrofolate (H, 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 FAUMP. 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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donor. MTB dTMP kinase uses both dUMP and dTMP as substrate.

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].
FAUMP was shown to inhibit this enzyme with a K; of 2 nM, and
1843U89 inhibited the same enzyme with a K; 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 K; 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 FAUMP
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 y-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 y-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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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 A 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 K; values of 19 pM and 10 uM, 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 MgZJr 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 K; value of 2.3 pM; it also displays in-
hibitory potency against the growth of MTB cultures [62]. In addi-
tion, a 5’-arylthiorea o-thymidine analogue (compound 15) [63]
inhibited MTB dTMP kinase activity with a K; value of 0.6 pM 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 K; value of 0.27 uM [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:
ICKE) resembles those of other NMP kinases sharing common
features such as a central five-stranded B-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 ANTPs/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 A 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 aff
sandwich or ferredoxin fold [87, 89]. Ferredoxin fold has three
specific features: a surface o-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
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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: 31JF) 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 Rv331l4c, 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 deoxvnucleoside in the presence of inorganic
phosphate (P;) leads to the production of free pvyrimidine
base and D-2-deoxyribose-1-phosphate (ARP; 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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Fig. (10). Chemical reaction catalyzed by PyNP (deoA). The enzyme catalyzes the reversible phosphorolysis of pyrimidine nucleosides, thymidine or deoxyu-
ridine, in the presence of P; to form the free pyrimidine base, thymine or uracil, respectively, and deoxyribose-1-phosphate.
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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, Serl11, Lys 136, Serl138,
and Thr148; and residues that interact with the pyrimidine nucleo-
side moiety include Argl196, 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-a.-1'-pyrophosphate  (PRPP) to UMP and PP;
(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
B-strands and at least 3 a-helices [121]. The hood provides the resi-
dues required for binding of the uracil formed by C-terminal resi-
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Fig. (12). Chemical reaction catalyzed by UPRTase (upp). The enzyme catalyzes the conversion of uracil and PRPP to UMP and PP;.

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: 115E) [120], Thermotoga maritime (PDB access
code: 1050, to be published), E. coli (PDB access code: 2EHJ, to
be published), Aquifex aeolicus (PDB access code: 2ES55, 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 FAUMP, 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 pathways, 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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Abstract

Uracil phosphoribosyltransferase (UPRT) catalyzes the conversion of uracil and 5-
phosphoribosyl-a-1-pyrophosphate (PRPP) to uridine 5'-monophosphate (UMP) and
pyrophosphate (PP;). UPRT plays an important role in the pyrimidine salvage pathway since
UMP is a common precursor of all pyrimidine nucleotides. Here we describe cloning,
expression and purification to homogeneity of upp-encoded UPRT from Mycobacterium
tuberculosis (MfUPRT). Mass spectrometry and N-terminal amino acid sequencing
unambiguously identified the homogeneous protein as MfUPRT. Analytical
ultracentrifugation showed that native MfUPRT follows a monomer-tetramer association
model. MfUPRT is specific for uracil. GTP is not a modulator of MfUPRT ativity. Mf{UPRT
was not significantly activated or inhibited by ATP, UTP, and CTP. Initial velocity and
isothermal titration calorimetry studies suggest that catalysis follows a sequential ordered
mechanism, in which PRPP binding is followed by uracil, and PP; product is released first
followed by UMP. The pH-rate profiles indicated that groups with pK values of 5.7 and 8.1
are important for catalysis, and a group with a pK value of 9.5 is involved in PRPP binding.
Pre-steady-state kinetic data suggested that product release is likely to have no contribution to
rate-limiting step of MfUPRT-catalyzed chemical reaction. Stopped-flow measurements of
changes in intrinsic protein fluorescence upon PRPP binding to MfUPRT suggested that there
appears to be a slow pre-existing equilibrium process between two forms of free enzyme in
solution followed by a fast bimolecular association process. The results here described
provide a solid foundation on which to base upp gene knockout aiming at the development of

strategies to prevent tuberculosis.
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Introduction

The major etiological agent of human tuberculosis (TB), Mycobacterium tuberculosis,
currently infects one-third of the world’s population. This pathogen was responsible for 8.5 —
9.2 million new TB cases in 2010, resulting in 1.5 million deaths worldwide.' Despite the
availability of the Bacille Calmette-Guérin (BCG) vaccine and effective short-course
chemotherapy, the increasing global burden of TB has been associated with co-infection with
HIV,' emergence of multi, extensively” and totally drug-resistant strains.’ Furthermore, the
ability of M. tuberculosis to remain viable within infected hosts in a long-term asymptomatic
infection is an additional problem for the control of TB, since roughly 10% of people infected
with latent TB develop the active form of the disease.** There is thus a need for the
development of new therapeutic strategies to control TB.°

The complete genome sequencing of M. tuberculosis H37Rv has been an important
progress towards a better understanding of the biology of bacilli and validation of molecular
targets as candidates for rational drug design.’” The knowledge of functional and structural
features of enzymes involved in fundamental metabolic pathways is an important step for the
target-based development of selective chemotherapeutic agents to treat TB.*'* Enzymes
involved in pyrimidine biosynthesis have important roles in cellular metabolism, as they
provide pyrimidine nucleosides that are essential components of a number of biomolecules."*
Uridine 5'-monophosphate (UMP) is a common precursor of all pyrimidine nucleotides and
can be synthesized either de novo from simple molecules or by the salvage pathway of
preformed pyrimidine bases or nucleosides.'>'® Cells use the salvage pathway to reutilize
pyrimidine bases and nucleosides because it represents a significant energy saving as the de
novo synthesis is energy demanding.'>'® Uracil phosphoribosyltransferase (UPRT) is a key

enzyme in the pyrimidine salvage pathway as it allows direct reutilization of uracil bases.
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Enzymes that catalyze the interconversion of uracil and uridine (uridine nucleosidase or
uridine phosphorylase) and of uridine and UMP (uridine kinase or uridine monophosphatase)
have not been identified by sequence homology in the M. tuberculosis genome.” Thus, UPRT
appears to be the only operative enzyme that converts preformed pyrimidine bases to the
nucleotide level *

UPRTs catalyze the conversion of uracil and 5-phosphoribosyl-o-1-pyrophosphate
(PRPP) to UMP and pyrophosphate (PP;) (Fig. 1). In M. tuberculosis H37Rv, two genes have
been identified by sequence homology to likely encode proteins with UPRT activity (EC
2.4.2.9):" upp (Rv3309c) and pyrR (Rv1379). Even though pyrR proteins are evolutionarily
related to UPRTs as demonstrated by sequence and structural similarities, M. tuberculosis
pyrR was shown to encode a protein with weak UPRT catalytic activity.'” Thus, most of the
UPRT activity and uracil salvage in M. tuberculosis probably arises from the upp gene
product. Unlike enzymes from the de novo synthesis of UMP, UPRTs have mostly been
characterized in lower organisms. Human UPRT has been isolated from the human fetal brain
cDNA library."® However cloning, expression, and purification yielded a recombinant protein
with no detectable UPRT catalytic activity.'® Therefore, there is no solid experimental
evidence for the presence of UPRT in humans. Although the upp gene has been predicted to
be non-essential by Himar 1-based transposon mutagenesis in the H37Rv strain'’, M.
tuberculosis UPRT (MtUPRT) might be an attractive target for the development of specific
inhibitors due to its absence from the host. In addition, the apparently pivotal role of MfUPRT
in pyrimidine salvage pathway suggests that it may have a key role in the latent state and/or
virulence of the tubercle bacilli. Thus, biochemical studies on MfUPRT seem to be worth
pursuing.

In this work, we present PCR amplification of M. tuberculosis upp gene, cloning, and

purification to homogeneity of recombinant MfUPRT. Mass spectrometry analysis and N-
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terminal amino acid sequencing confirmed the identity of recombinant MfUPRT protein.
Results on initial velocity measurements and isothermal titration calorimetry (ITC) data on
substrate(s)/product(s) binding suggest that MfUPRT follows a sequential ordered
mechanism, in which PRPP binding is followed by uracil, and PP; dissociation is followed by
UMP release into solution. Pre-steady state kinetics suggests that product release appears not
to contribute to the rate-limiting step for catalysis. In addition, stopped-flow measurements of
enhancements in protein fluorescence upon PRPP binding to free MfUPRT suggest a
bimolecular process in which there are two forms of free enzyme in solution and only one can
bind the ligand. The latter is consistent with analytical centrifugation results suggesting a
monomer-tetramer equilibrium process of MfUPRT. pH-rate profiles provided the apparent
pK values of amino acid residues involved in catalysis and substrate binding. The results
described here may contribute to functional efforts towards a better understanding of M.

tuberculosis biology, and provide a solid support on which to base gene replacement efforts.

Results and Discussion

PCR amplification and cloning of M. tuberculosis upp gene, and expression and
purification of recombinant MfUPRT
The 624 bp upp gene was amplified from M. tuberculosis H37Rv genomic DNA, cloned into
the pCR-Blunt cloning vector, and subcloned into the pET-23a(+) expression vector between
the Ndel and BamHI restriction sites. Automatic DNA sequencing of the recombinant plasmid
confirmed both identity and integrity of the upp gene, showing that no mutations were
introduced during the PCR amplification steps.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of

BL21(DE3) Escherichia coli electrocompetent host cells transformed with recombinant pET-
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23a(+)::upp plasmid revealed that cell extracts contained a protein in the soluble fraction with
an apparent molecular mass of 22 kDa (Fig. 2, lane 2). This is in agreement with the expected
mass (21.898 kDa) of MfUPRT (Expasy - compute pI/Mw programme kDa). Among the
protocols tested, in our hands, the best experimental protocol for recombinant MfUPRT
protein expression was the following: BL21(DE3) E. coli electrocompetent host cells grown
in Luria-Bertani (LB) medium at 37°C for 18 hours after cell culture reaching an ODgyp nm of
0.4 without isopropyl-p-D-thiogalactopyranoside (IPTG) induction. The pET expression
vector system has a strong [PTG-inducible bacteriophage T7 lacUV5 late promoter that
controls the T7 RNA polymerase to transcribe cloned target genes.”’ However, lac-controlled
systems could have high level protein expression in the absence of inducer due to
derepression of the system when cells approach stationary phase in complex medium, as
previously reported for other enzymes.*' ™’

M{UPRT was purified to homogeneity by three steps of liquid chromatography. The
purification protocol included an anion-exchange column (DEAE Sepharose CL6B), a gel
filtration column (Sephacryl S-300), followed by desorption of homogeneous MfUPRT
protein from a strong anion-exchange column (Mono Q) as assessed by SDS-PAGE (Fig. 2).
This 2.1-fold purification protocol yielded 20 mg of homogeneous MfUPRT from 2 g of wet
cells, indicating a 31% protein yield (Table 1). Enzyme activity assays confirmed that
recombinant MfUPRT catalyses the conversion of uracil and PRPP to UMP and PP;.

Homogeneous MfUPRT was stored at —80°C with no loss of activity for up to 1 year.

Mass spectrometry analysis and N-terminal amino acid sequencing.
The MfUPRT subunit molecular mass was determined by mass spectrometry analysis to be
21,898.1 Da, consistent with the expected molecular mass of 21,898.2 Da (Expasy - compute

pl/Mw programme). The predicted subunit molecular mass of E. co/i UPRT is 23,500 Da. The
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first 51 N-terminal MfUPRT amino acid residues identified by the Edman degradation method
correspond to those predicted for the upp gene protein product. These results unambiguously

identify the homogeneous recombinant protein as MfUPRT.

Determination of oligomeric state of MfUPRT in solution
The molecular mass of native MfUPRT was determined by the sedimentation equilibrium
(SE) method of analytical ultracentrifugation (AUC). The molecular mass of a sedimenting
particle was derived independently of sedimentation and diffusion coefficients and obtained
from fitting the concentration distribution of macromolecules at equilibrium. The experiment
was carried out with protein concentrations ranging from 0.5 to 1.5 mg mL™" and rotor speed
from 3,000 to 11,000 rpm at 4°C with scan data acquisition at 275 nm. Data analysis involved
fitting a model of absorbance versus cell radius data by applying nonlinear regression using
Origin software. The best results were obtained with 1.5 mg mL™" of protein at 9,000 and
11,000 rpm which were determined by the distribution randomness of residuals and by the
minimization of variance (3.8 x 107). Variances for single species were: monomer, 1.8 X 10~
*. dimer, 9.2 x 107; trimer, 4.7 x 10~; and tetramer, 4.1 x 10~. The random distribution of
residuals (Fig. 3) indicates appropriate fitting and is in agreement with the monomer-tetramer
association model, with an estimated equilibrium dissociation constant of approximately 2.8 X
10> M.

Different oligomeric states were found for UPRTSs from several organisms. The
Toxoplasma gondii UPRT behaved as a dimer in solution, whereas in the presence of
guanosine 5'-triphosphate (GTP), the enzyme is a tetramer.”® Sulfolobus solfataricus and

2930 \whereas both Giardia

Sulfolobus shibatae UPRTs present tetrameric oligomeric states,
intestinalis®' and Bacillus caldolyticus32 enzymes are dimeric proteins. E. coli UPRT was

shown to be a dimer or trimer in the absence of ligands, while in the presence of PRPP and
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GTP it was shown to be a pentamer or hexamer with both forms existing in a dynamic

O 4
equilibrium.**”

Even though MfUPRT was shown to be present in a monomer-tetramer
equilibrium model by AUC, the tetramer seems to be more abundant as no monomer could be

detected by size exclusion chromatography (data not shown).

Substrate specificity, apparent steady-state Kinetic parameters, and evaluation of
nucleotides as allosteric effectors

Prior to embarking on determination of the true steady-state kinetic parameters and
M{UPRT enzyme mechanism, studies on substrate specificity, assessment of apparent
steady-state kinetic parameters, and evaluation of nucleotides as possible allosteric

effectors were carried out.

Evaluation of pyrimidine bases as substrates
Uracil, thymine and cytosine pyrimidine bases were evaluated as possible MfUPRT
substrates. The bases were added to MfUPRT reaction mixtures and protein separated by
ultrafiltration, and product formation analyzed by HPLC monitoring absorbance at 254, 260,
and 280 nm. The results show that MfUPRT is specific for uracil, as no product formation
could be detected for both cytosine and thymine bases (data not shown). This result was
confirmed using liquid chromatography coupled to electrospray ionization tandem mass
spectrometry (LC-ESI-MS/MS).* UPRT from several organisms were also shown to be
specific for uracil and some uracil analogues.’® ** The MfUPRT enzyme activity
measurements henceforth described were carried out using uracil as substrate and a

continuous spectrophotometric assay.
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Apparent steady-state Kinetic parameters
The dependence of initial velocity on PRPP as a variable substrate at fixed-saturating uracil
concentration (10 uM) followed hyperbolic Michaelis-Menten®® kinetics (Fig. 4A).
Accordingly, the data were fitted to the Michaelis-Menten equation v="V,__ [S]/(K,, +[S]),
in which v is the steady-state velocity, Vimax is the maximal rate, [S] is the substrate
concentration, and Ky is the Michaelis-Menten constant. This analysis yielded the following
values for the apparent constants: Ky =34 £2 uM and Vi =2.6 £0.1 U rngl (keat = 0.96 £
0.04 s™). The saturation curve for uracil at a fixed-saturating PRPP concentration (100 M)
was sigmoidal (Fig. 4B). These data were thus fitted to the Hill equation
v=V_ [ST"/(K,s+[S]"), in which v is the measured reaction velocity, Vimax is the maximal
velocity, S is the substrate concentration, # is the Hill coefficient (indicating the cooperative
index), and K s is the substrate concentration in which v = 0.5V},.x. Data fitting to the Hill
equation yielded the following values for uracil: Ko5s=3.5+ 0.2 UM, Vpax =2.0£0.1 U mgf1
(keat = 0.74 £0.04 sfl), and n =2.4 + 0.2. The positive value for » indicates positive
homotropic cooperativity for uracil. The Ky value for PRPP is similar to one reported for B.
caldolyticus UPRT (50 uM).>* Although B. caldolyticus UPRT displayed hyperbolic
saturation curve,’” the Ky value for uracil (2 uM) is similar to the K 5 here reported.

Apparent steady-state kinetic parameters were also determined in the presence of 100
UM GTP (Fig. 4C and D). The values were Ky =26 + 3 uM and Ve =2.2 0.1 U mg ™" (kear
=0.81 £ 0.04 s ') for hyperbolic saturation curve for PRPP as the variable substrate at fixed-
saturating uracil concentration (10 uM); and Kos=1.9+ 0.1 pM, Vpax=1.7£0.1 U mgl (keat
=0.63+0.04s "), and n=2.8 + 0.2 for sigmoidal saturation curve for uracil as the variable

substrate at fixed-saturating PRPP concentration (100 uM).
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In contrast to reports on UPRTs from E. coli,33 Ay solfataricus,29 and S. shibatae,3 0
the kinetic parameters for MfUPRT were not affected by GTP (Fig. 4C and D). GTP lowered
the Ky value for PRPP, changing saturation curves from slightly sigmoidal to strictly
hyperbolic without affecting Vimax for E. coli UPRT.** GTP was also shown to cause a
dramatic increase in the activity of G. intestinalis UPRT.>! The enzyme from 7. gondii was
shown to be activated by GTP, which also stabilizes the more active tetrameric form of the
enzyrne.28 GTP was shown to increase k., and Ky values for PRPP and uracil of S.
solfataricus UPRT, whereas cytidine 5'-triphosphate (CTP) inhibited the enzyme in the
presence of UMP.?’ UPRTs whose enzyme activity are regulated by GTP and CTP are
truncated with a conserved C-terminal glycine residue.’” It has been shown that extending the
polypeptide chain from the C-terminal glycine by adding a threonine and methionine of S.
solfataricus UPRT resulted in an endogenously activated mutant protein since high activity
was detected in the absence of GTP.” This result is in agreement with UPRT enzymes from
other organisms whose activity are not regulated by GTP, and that have the conserved C-
terminal glycine residue followed by one or a few more amino acid residues.’” B. caldolyticus
UPRT and MfUPRT, which possess an amino acid sequence identity of approximately 45%,
have 2 amino acid residues after the conserved glycine, which might be the reason for GTP

not having any effect on the activity of these enzymes.

Evaluation of nucleotides as allosteric effectors
UPRTs from several organisms are allosterically regulated by nucleotides. Accordingly, a
number of nucleotides were evaluated as possible allosteric effectors of MfUPRT by
monitoring the enzyme-catalyzed chemical reaction for 500 s (Fig. 5). The absorbance was
converted to UMP concentration using the following equation: C = 4/Ag b, where C is the

UMP concentration, 4 is the absorbance at 280 nm, Ae is the molar absorptivity based on
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differential absorption between uracil and UMP (Ae=2.5 x 10° M ecm™), and b is the optical
path (0.5 cm). MfUPRT was not significantly activated or inhibited by 500 UM of any of the
following nucleotides: adenosine 5'-triphosphate (ATP), uridine 5'-triphosphate (UTP), GTP,
and CTP. As expected, enzyme inhibition was observed in the presence of 100 uM of the
product UMP. However, no increase in UMP inhibition occurred in the presence of CTP, as

has been reported for S. solfataricus UPRT.”

Determination of MfUPRT Kkinetic mechanism
Initial velocity patterns and isothermal titration calorimetry (ITC) of ligand binding to

MtUPRT were employed to assess the enzyme mechanism.

Initial velocity pattern
The initial velocity pattern for the MfUPRT catalyzed reaction at varying concentrations of
PRPP at fixed-varying uracil concentrations is shown in Fig. 6, as a double-reciprocal plot
(Lineweaver-Burk plot). A pattern of intersecting lines to the left of y-axis (Fig. 6) was
observed for PRPP, which is consistent with ternary complex formation and a sequential
mechanism.*® The plots of MfUPRT activity versus uracil concentration in the presence of
different PRPP concentrations were all sigmoidal (data not shown), thereby giving non-linear
double-reciprocal plots that precluded the analysis based on patterns of lines. Accordingly, the
only enzyme mechanism that could be ruled out is the ping-pong (double-displacement) that
gives a parallel pattern of lines. At any rate, the pattern of intersecting line given in Fig. 6
indicates that productive catalysis only occurs when both substrates are bound to the enzyme
active site.”” The data (Fig. 6) were fitted to v=VAB/(K;,KB+K,B+K,A+AB), yielding the

following true steady-state kinetic parameters: kg, = 0.58 = 0.02 sfl, Kprpp = 14 £ 1 UM, Kijracil
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=2.6+ 0.4 UM, keo/Kprpp = 4.1 (£ 0.2) x 10° M 57", and kea/Kuracit = 2.2 (£ 0.3) x 10° M s~

1

Equilibrium binding of ligands to MfUPRT assessed by ITC
To try to ascertain whether or not there is an order of substrate addition to MfUPRT, ITC
experiments were carried out. ITC was also employed to evaluate the relative affinity of
ligand binding to free MfUPRT enzyme. ITC measures the heat that is transferred upon
formation of a ligand-macromolecule complex at a constant temperature and pressure. The
measure of the heat released upon binding of the ligand allows determination of the
association constant (K,) and the binding enthalpy (AH) of the process. The dissociation
constant at equilibrium (Ky) is calculated as the inverse of K, (K4 = 1/K,). Moreover, the
entropy of the binding reaction (AS) and the Gibbs free energy (AG) are obtained from the
equation: AG = —RTInK, = AH-TAS, where R is the gas constant (8.314 J K™' mol™") and T'is
the temperature in Kelvin (7= °C+273.15).*° The heat change upon binding for each
individual injection was plotted as a function of the molar ligand-to-protein ratio. To derive
the thermodynamic parameters, the binding isotherms were fitted to a four sequential binding
sites model, which was the best fit obtained for ITC data, which is also consistent with the
native molecular mass of MfUPRT determined by AUC. PRPP (Fig. 7A) and UMP (Fig. 7C)
binding isotherms to free MfUPRT showed significant heat changes, providing a
thermodynamic signature of non-covalent interactions for each ligand and allowing the
determination of the thermodynamic parameters for each binding site (Table 2). Direct and
reverse titrations with PRPP and UMP were conducted to check the stoichiometry and the
suitability of the model.*! Since the direct titrations generated large standard errors for the
thermodynamic parameters, only the reverse titrations for PRPP (Fig. 7A) and UMP (Fig. 7C)

are presented here. The binding of PRPP to free MfUPRT enzyme generated both exothermic
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and endothermic profiles, exhibiting a biphasic behavior (Fig. 7A), while the binding of UMP
exhibited an exothermic binding process (Fig. 7C). Notwithstanding, the affinity of binding
for both PRPP and UMP among MfUPRT subunits were similar, except subunit 2 bound to
PRPP (Table 2). The thermodynamic analysis revealed different types of interactions between
the ligand and enzyme subunits. Negative enthalpy suggests favorable hydrogen bond
contacts or van der Waals interactions. Negative entropy implies conformational changes,
whereas positive entropy indicates that the reaction is dominated by solvent rearrangement
and hydrophobic forces.*® The signature of non-covalent interactions leading to
MtUPRT:PRPP binary formation suggests that the first and second binding processes are
guided by the release of “bound” water molecules. The third and fourth binding processes
suggest that there may be favorable hydrogen bond formation or van der Waals interactions
(negative AH), followed by an unfavorable redistribution of the hydrogen bond network
between the reacting species (positive AH). In addition, the third process of PRPP binding
appears to be associated with conformational changes in either the ligand or protein (negative
AS), and the fourth process appears to be dominated by the release of water molecules to the
bulk solvent (positive AS).** The non-covalent signatures of MfUPRT:UMP complex
formation processes are somewhat similar to PRPP. At any rate, the AG values are similar and
all binding processes are favorable (negative AG) for PRPP and UMP.

The ligand binding isotherms showed no significant heat changes upon either uracil
(Fig. 7B) or PP; (Fig. 7D) interaction with free MfUPRT enzyme. These data suggest that both
uracil and PP; cannot bind to free enzyme. Furthermore, no binding of GTP either to the free
enzyme or to the enzyme bound to PRPP was detected by ITC (data not shown). The
incubation of PRPP with MfUPRT prior to the titration of GTP was tested to determine
whether the binding of PRPP to MfUPRT generates conformational changes on the enzyme

that could enable GTP binding. However, no binding of GTP to MfUPRT:PRPP binary
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complex could be detected (data now shown). These results are in agreement with the steady-
state kinetic results showing that GTP does not have any effect on MfUPRT enzyme activity,

and therefore MfUPRT is not allosterically regulated by this nucleotide.

Proposed kinetic mechanism
The initial velocity pattern of intersecting lines (Fig. 6) suggested a sequential mechanism
(either random or ordered). On the other hand, the ITC data allowed determination of order of
substrate addition and product release (Fig. 7). Accordingly, the MfUPRT enzyme mechanism
consistent with these results is ordered addition of substrate, in which binding of PRPP
precedes the binding of uracil, and ordered product release, PP; release from
MtUPRT:UMP:PP; ternary complex is followed by UMP release to yield free enzyme for the
next round of catalysis (Fig. 8). Ordered sequential mechanisms of substrate binding have

been reported for E. coli**, S. solfataricus™, G. intestinalis,”* and B. caldolyticus'® UPRTs.

pH-rate profiles

The pH dependence of the kinetic parameters was evaluated to probe acid-base catalysis in
the MfUPRT mode of action. The pH-rate profile for k.,; was best fitted to an equation for
bell-shaped curve: logy = log[ C/(1+H/K,+K/H)], where y is the kinetic parameter (kcy), C is
the pH independent value of y, H is the proton concentration, and K, and Ky are, respectively,
the apparent acid and base dissociation constants for the ionizing groups. The bell-shaped pH
profile for k., indicates participation of a single ionizing group in the acidic limb (slope value
of +1) that must be unprotonated for catalysis, and participation of a single ionizing group for
the basic limb (slope value of —1) that must be protonated for catalysis. Data fitting yielded
pK values of 5.7 (£ 0.5) and 8.1 (£ 0.8). This result indicates that probably Asp198 and

Argl02 of MfUPRT are involved in catalysis (Fig. 9A). A catalytic mechanism has been
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proposed for UPRT from B. caldolyticus in which the O2 of the tautomeric enol form of
uracil donates a hydrogen forming a hydrogen bond with the carboxylate group of aspartate
(Asp200 for B. caldolyticus UPRT) and the ai-phosphate group of PRPP, thereby
simultaneously activating uracil as a nucleophile and PP; as a leaving group.'® It is just
tempting to suggest that Asp198 in M. tuberculosis UPRT plays the role of Asp200 in B.
caldolyticus UPRT. The role played by Argl102 of MfUPRT in catalysis will have to await
site-directed mutagenesis to provide solid experimental data.

The kca/ Ky data for PRPP (Fig. 9B) were fitted to the following equation: logy =
log[C/(1+Ky/H)]. This equation describes pH-rate profiles that show a decrease in logy with a
slope of -1 as the pH values increase, in which y is the apparent kinetic parameter, C is the
pH-independent plateau value of y, H is the hydrogen ion concentration, and K, is the
apparent base dissociation constant for ionizing groups. Data fitting of pH dependence of log
kea/ Ky for PRPP to this equation yielded a single ionizing group with a pK value of 9.5 (+
1.1) that must be protonated for substrate binding (Fig. 9B). This result indicates that either
Arg77 or Argl02 of MfUPRT may play a role in PRPP binding. These residues were
previously shown to be conserved among UPRTs from different organisms, such as 7. gondii,
B caldolyticus and E. coli® Although there is a high conservation of residues involved in
ligand binding and catalysis, amino acid sequences of different UPRT species are fairly
dissimilar with identities ranging from 20 to 45%.**

The dependence of k.,/Ky for uracil on different pHs could not be analyzed because
the saturation curves for uracil at pH values ranging from 7.0 to 8.5 fitted to a sigmoidal
curve. Since the enzyme-catalyzed chemical reaction at these pH values does not obey

Michaelis-Menten kinetics, it was not possible to determined Ky values.
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Pre-steady-state Kinetics

Stopped-flow measurements in absorbance mode were carried out to ascertain whether or not
product release contributes to the rate-limiting step. In addition, stopped-flow measurements
in fluorescence mode were carried out to determine the kinetics of MfUPRT:PRPP binary

complex formation.

Absorbance mode
Pre-steady-state kinetic measurements of product formation by MfUPRT were carried out to
determine whether the enzyme displays burst kinetics, in which the products are released
more slowly than they are formed. Substrate concentrations above their Ky values (250 uM of
both PRPP and uracil, mixing chamber concentrations) were used to discard any possible
binding effect on enzyme activity. In addition, these concentrations are in excess over enzyme
concentration (25 UM, mixing chamber concentration), so as to reliably detect any burst in
product formation.*’ The pre-steady-state trace was fitted to a single exponential equation: S =
Ae ™+ E, in which S is the absorbance signal at time ¢, 4 is the amplitude, £ is the first-order
rate constant for product formation, and £ is the floating endpoint. This analysis yielded
values for the first-order rate constants for product formation of, respectively, 0.94 (= 0.02) s~
' (Fig. 10A) and 0.58 = 0.01 s~ (Fig. 10B) in the absence and presence of 1 mM of GTP (0.1
cm pathlength). These results are in agreement with the catalytic rate constant values obtained
from steady-state kinetics (kca), and showed negligible GTP effect on MfUPRT enzyme
activity in accordance with steady-state kinetic data (Fig. 4C, Fig. 4D, and Fig. 5).
Considering the portion of the signal that could not be detected due to the dead time of the
equipment (1.37 ms), the change in absorbance lost corresponds to roughly 154 uM and 264
UM of product formation in, respectively, the absence and in the presence of GTP. These

values indicate that there were multiple turnovers that occurred in the dead time of the
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equipment, since the enzyme concentration in the mixing chamber is 25 uM. Although these
results do not unequivocally rule out burst formation in the dead time of the equipment, there

appears to be no burst in product formation.

Fluorescence mode
The kinetics of PRPP binding to MfUPRT was investigated by stopped-flow spectroscopy in
the fluorescence mode. The binary complex formation measured was characterized by a
monophasic enhancement in fluorescence. Accordingly, all data sets were fitted to a single
exponential function, yielding values for observed apparent rate constants (kops) and
observable amplitude (A4qbs)- A plot of ko values against increasing PRPP concentrations (c)
showed a hyperbolic decrease in the apparent rate constant (Fig. 11). These results are
consistent with a model of a slow pre-existing equilibrium process between two forms of free
MIUPRT enzyme in solution followed by a fast bimolecular association process (Fig. 12).%
This model predicts that the rate constant of association of PRPP to MfUPRT is limited by the
first-order isomerization rate constant (k;) from MfUPRT* to MfUPRT when PRPP
concentration is brought to infinite, since only MfUPRT binds PRPP considerably (Fig. 12).
The isomerization process is assumed to be slower than the bimolecular interaction
(ki [PRPPJ+k_; >> ky+k_;). The data were thus fitted to the following equation: kops =
[(k_»Kq)/([PRPP]+K4)]+ks, where Kqis the dissociation constant (Kq = k_i/k;), and k, and &,
are, respectively, the limiting forward and reverse first-order rate constants for the
isomerization process of free enzyme that occur before substrate binding. This analysis
yielded the following values: ky=1.4+0.7s ', k,=43+23 s, and K4=0.42 + 0.35 uM.
These values allow determination of the overall dissociation constant of the whole process
(Kp(overalty)- To calculate Kp(overany, it is assumed that [MfUPRT:PRPP] is much larger than

[MfUPRT*:PRPP] as binding of PRPP to the latter form is negligible. Accordingly, the
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overall dissociation constant (Kpoveral) 1S given by the following equation: Kpoverall) =
K4[(1/K3)+1], where is the equilibrium constant for the isomerization process (K; =
[MfUPRT]/[MfUPRT*] = ky/k_,). This analysis yielded a value of 13 =7 uM for Kp(overall),
which is in agreement with the ITC data (Table 2) and amplitude analysis of stopped-flow
signal (Fig. 11 — inset) described in the next paragraph. It is tempting to suggest that the
isomerization process may be related to the monomer-tetramer association model proposed by
the AUC experiment for MfUPRT. In addition, GTP has been shown to stabilize the more
active tetrameric form of 7. gondii UPRT enzyme.”® However, whether or not the pre-existing
equilibrium process of two forms of MfUPRT in solution can be ascribed the monomer (less
active) and tetramer (more active) equilibrium in solution needs more experimental evidence.
At any rate, the model of a pre-existing equilibrium proposed to explain the stopped-flow data
on the kinetics of PRPP binding to MfUPRT is consistent with the positive homotropic
cooperativity for uracil (Fig. 4B) as PRPP is the first substrate to bind to free enzyme.

The observed amplitude changes of the stopped-flow signal lost in the dead time of the
equipment were corrected to obtain the total amplitude of the signal using the following
equation: In4 = kqpstgtIndops, where 4 is the corrected amplitude change, kops is the observed
apparent association rate constant, #4 is the stopped-flow dead time, and 4y is the observable
signal amplitude. The corrected total amplitudes were plotted against increasing PRPP
concentrations. This plot displayed a hyperbolic curve (Fig. 11, inset), and the data were
accordingly fitted to the following equation: F' = F,,4/(K+A), where F is the observed
fluorescence signal, Fi,.x is the maximal fluorescence, A4 is the substrate concentration, and K
is the dissociation constant that gives half the maximal response. This analysis for the
amplitude of fluorescence signal yielded a value of 8.2 + 3.9 uM for the dissociation constant

(K). This value is in agreement with the dissociation constant values derived from ITC
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measurements (Table 2) and the overall dissociation constant described in the previous

paragraph.

Experimental procedures

Materials

All chemicals were of analytical or reagent grade and were used without further purification,
unless stated otherwise. Pfu DNA polymerase was from Stratagene. Restriction enzymes were
from New England Biolabs. T4 DNA ligase and pCR-Blunt cloning vector were from
Invitrogen, and pET-23a(+) expression vector and E. coli BL21(DE3) electrocompetent cells
were from Novagen. FPLC and HPLC were carried out using an Akta Purifier system from
GE Healthcare; all chromatographic columns and the low molecular weight and high
molecular weight gel filtration calibration kits were also from GE Healthcare. Amicon
ultrafiltration membranes and Centricon (centrifugal filter devices) were purchased from
Millipore. Bovine serum albumin and Bradford reagent were from Bio-Rad Laboratories.
Mass spectrometry analysis (MALDI-TOF/TOF) was performed using an ABI 4700
Proteomics Analyzer from Applied Biosystems, an Ultraflex II from Bruker Daltonics, and a
Q-TOF Ultima API from Micromass. N-terminal sequencing was carried out using a PPSQ 23
protein peptide sequencer from Shimadzu. AUC experiments were performed with a
Beckman Optima XL-A analytical ultracentrifuge using an AN-60Ti rotor. LC-ESI-MS/MS
and Eclipse plus C18 4.6/150 column were purchased from Agilent, and LC detector was an
ESI coupled to the 3200 Q-Trap from Applied Biosystems MDS SCIEX. Uracil, PRPP, UMP,
PP;, GTP, CTP, ATP, and UTP, along with lysozyme and streptomycin sulfate, were all
purchased from Sigma-Aldrich. Dithiothreitol (DTT) was from Acros Organics. All steady-

state activity assays were performed in a Shimadzu UV-2550 UV/Visible spectrophotometer.
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ITC was performed with an iTC,¢9 Microcalorimeter from MicroCal Inc and the respective
experimental data were evaluated using the Origin 7 SR4 software from MicroCal. Pre-
steady-state measurements were carried out using an Applied Photophysics SX.18MV-R

stopped-flow spectrofluorimeter in either absorbance or fluorescence mode.

Amplification and cloning of the M. tuberculosis upp gene

Two oligonucleotides (5’-ACCATATGCAGGTCCATGTCGTTGACCA-3’ and 5°-
GTGGATCCTCAGCGCGGGCCGAACTG-3’) complementary to the amino-terminal coding
and carboxy-terminal noncoding strands of M. tuberculosis upp gene were designed to,
respectively, contain Ndel and BamHI restriction sites (underlined). These primers were used
to PCR amplify the upp gene from M. tuberculosis H37Rv genomic DNA. The PCR product,
in agreement with the expected size (624 bp), was cloned into the pCR-Blunt cloning vector
and subcloned into the pET-23a(+) expression vector. The recombinant plasmid (pET-

23a(+)::upp) was analyzed by automatic DNA sequencing.

Expression and purification of recombinant MfUPRT

The pET-23a(+)::upp recombinant plasmid was transformed into BL21(DE3) E. coli
electrocompetent host cells and selected on LB agar plates containing 50 pg mL ™" ampicillin.
A single colony was used to inoculate 50 mL LB medium containing 50 pg mL ™" ampicillin
and grown overnight at 37°C. This liquid culture was used to inoculate 500 mL of LB medium
(in a 2 L flask) containing 50 pg mL™" ampicillin and grown at 37°C and 180 rpm up to an
ODg00 nm 0f 0.4. Cells were grown for an additional period of eighteen hours (with no IPTG
induction), harvested by centrifugation at 15,900g for 30 min at 4°C, and stored at —20°C. The

same protocol was employed for BL21(DE3) E. coli electrocompetent host cells transformed
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with empty pET-23a(+) expression vector, as control. The expression of MfUPRT was
analyzed by 12% SDS-PAGE stained with Coomassie Brilliant Blue.*’

The cell pellet (2 g of wet cells) was suspended in 20 mL of 50 mM Tris pH 7.6
(buffer A) containing lysozyme (0.2 mg mLﬁl) and incubated for 30 min at 4°C. Cells were
disrupted by sonication and cell debris was removed by centrifugation (48,000g 30 min 4°C).
The supernatant was treated with 1% (wt/vol) streptomycin sulfate, stirred for 30 min, and
centrifuged (48,000g 30 min 4°C). The resulting supernatant, containing soluble MfUPRT,
was dialyzed against buffer A. An FPLC Akta Purifier system was utilized in all purification
steps at 4°C. The dialyzed crude extract was loaded on a DEAE Sepharose CL6B anion
exchange column previously equilibrated with buffer A and the adsorbed material eluted with
a linear gradient from 0 to 350 mM NaCl in buffer A ata 1 mL min ' flow rate. Fractions
containing the target protein were pooled (157.5 mL), concentrated (8.0 mL) using an Amicon
ultrafiltration membrane (10,000 Da molecular weight cut off), and loaded on a HiPrep 26/60
Sephacryl S-300 gel filtration column. The target protein was isocratically eluted with buffer
A at 0.25 mL min' flow rate. Pooled fractions (26 mL) were loaded on a Mono Q 16/10
anion exchange column and protein elution was achieved with a linear gradient from 0 to 350
mM NaCl in buffer A. The pooled sample was dialyzed against buffer A and concentrated
using an Amicon ultrafiltration membrane (10,000 Da molecular weight cut off).
Homogeneous recombinant MfUPRT protein was immediately frozen in liquid nitrogen and
stored at —80°C. All protein purification steps were analyzed by 12% SDS-PAGE stained with
Coomassie Brilliant Blue*” and protein concentration was determined by the method of

Bradford using the Bio-Rad protein assay kit and bovine serum albumin as standard.*®
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Mass spectrometry analysis and N-terminal amino acid sequencing

The subunit molecular mass of homogeneous recombinant MfUPRT protein was assessed by
mass spectrometry, using a MALDI-TOF/TOF on an ABI 4700 Proteomics Analyzer, an
Ultraflex 11, and a Q-TOF Ultima API as described elsewhere.*’ The N-terminal amino acid
residues of homogeneous MfUPRT were identified by automated Edman degradation

sequencing using a PPSQ 23 protein peptide sequencer.

Determination of MfUPRT molecular mass

Analytical ultracentrifugation (AUC) experiments were performed at 20°C and analyzed as
described elsewhere.”’*. Experiments were carried out from 3,000 to 11,000 rpm at 4°C with
scan data acquisition at 275 nm and protein concentration from 500 to 1,500 g mL™ in 100
mM Hepes pH 7.5 containing 10 mM MgCl, and 150 mM NaCl. Sedimentation equilibrium
(SE) analysis involved fitting a model of absorbance versus cell radius data by nonlinear
regression using the Origin software package. The self-association method was used to
analyze the experiments with several models of association for UPRT. The distribution of the
protein along the cell was fitted to the following equation: C=Coexp[M(1—Vbarp)0)2(r2—
75)/2RT], in which C is the protein concentration at radial position 7, C, is the protein
concentration at radial position r,, M is the molecular mass, V4, is the protein partial specific
volume, p is the buffer density, ® is the centrifugal angular velocity, R is the gas constant, and
T is the absolute temperature. The Sednterp software was used to estimate protein partial

specific volume and buffer density at 4°C.

Evaluation of pyrimidine bases as substrates using a discontinuous assay
Reaction mixtures containing 50 mM Tris pH 7.8, 10 mM MgCl,, 1 mM PRPP, and 0.1 mM

of the pyrimidine base to be tested (uracil, cytosine, or thymine) were initiated by the addition
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of 54 nM of homogeneous MfUPRT. The reactions were incubated at 37°C for 30 min and
then boiled for 3 min to stop the reaction. The mixtures were passed through a Centricon
(10,000 Da molecular weight cut off) to remove the protein content prior to analysis. The
nucleotide contents of the samples were analyzed using an HPLC Akta Purifier system and a
Sephasil peptide C18 5 pm ST 4.6/250 column. A 500 pL aliquot of each sample was loaded
on the column and adsorbed material isocratically eluted with 5 mM potassium phosphate pH
4.0 containing 5% acetonitrile for 10 min at 1 mL min 'flow rate. Nucleotides and bases were
monitored at 254, 260, and 280 nm.

Another method used to analyze the nucleotide content was the LC-ESI-MS/MS. This
experiment was employed to confirm results obtained in the analysis described above. The
chromatography was carried out with an Eclipse plus C18 4.6/150 column. The injected
sample volume was 20 pL, which was eluted isocratically with 10 mM ammonium acetate
containing 40% acetonitrile at 0.8 ml min"' flow rate. The LC detector was an ESI coupled to
the 3200 Q-Trap, employing the ESI-MS/MS parameters as described by others.* During the
chromatography run, precursor ion scan (Prec) and enhance product ion scan (EPI) were
monitored. Prec monitored precursors of mass over charge ratio (m/z) of compounds
containing a phosphate group (H,PO4 ", m/z 97) and EPI gave the fragmentation spectra of the

nucleotides m/z.>

Initial velocity measurements of recombinant MfUPRT by a continuous assay

MtUPRT enzyme activity was determined spectrophotometrically by measuring the
conversion of uracil into UMP essentially as described by others™ with a few changes.
Enzyme activity measurements were performed using a UV-2550 UV/Vis Spectrophotometer
at 25°C, and reactions initiated by the addition of enzyme to assay mixtures containing 10 uM

uracil, 100 uM PRPP, 5 mM MgCl,, 100 mM Hepes pH 7.5, and 10 mM DTT in a final
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volume of 0.5 mL, and time courses followed for 60 s. This assay was based on the
differential molar absorption between uracil and UMP at 280 nm (Ae= 2.5 x 10°M ' em™), in
which an increase in absorbance is observed due to the formation of UMP. One unit of
MtUPRT is defined as the amount of enzyme that catalyses the conversion of 1 umol of uracil

in UMP per min.

Evaluation of nucleotides as allosteric effectors

M¢tUPRT activation or inhibition by allosteric effectors was evaluated and the following
nucleotides were tested: 500 uM GTP, 500 uM CTP, 500 uM ATP, 500 uM UTP, and 100
UM UMP. The experimental conditions were 10 uM uracil, 100 uM PRPP, 5 mM MgCl,, 10
mM DTT, 100 mM Hepes pH 7.5, and 108 nM MfUPRT, using 0.5 cm pathlength quartz

cuvettes. Enzyme activity was measured for 500 s as described for the standard reaction.

Kinetic parameters and initial velocity pattern

Determination of the steady-state kinetic parameters, kc,s and Ky, was carried out at varying
concentrations of one substrate while the concentration of the other substrate was fixed at
constant saturating level. The concentrations of uracil were 2, 3, 6, 8, 10, 12 ,and 20 pM at a
fixed PRPP concentration of 100 uM, while the concentrations of PRPP were 6, 20, 40, 60,
80, and 100 pM at a fixed uracil concentration of 10 pM. The reaction was initiated by adding
108 nM MfUPRT and monitoring the change in absorbance at 280 nm for 60 s. Steady-state
kinetic parameters were also determined in the presence of 100 uM GTP. Initial velocity
patterns were also determined from measurements of MfUPRT activity in the presence of

varying concentrations of PRPP (6 - 100 uM) at several fixed-varied concentrations of uracil

(2 - 10 uM).
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Isothermal titration calorimetry (ITC)

ITC experiments were carried out using an iTC,9 Microcalorimeter. Ligands and enzyme
were prepared in 100 mM Hepes pH 7.5 containing 10 mM MgCl,. For direct titrations the
sample cell was filled with 139 uM of MfUPRT (200 uL) and titrated (39.7 uL) with different
concentrations of either substrates or products: 200 UM of uracil, 500 uM of PRPP, 500 uM
of UMP, and 350 uM of PP;. In addition, titration was performed with 10 mM of GTP and the
sample cell was filled with either free MfUPRT (139 uM) or MfUPRT (139 uM) incubated
with 100 uM PRPP for 1 hour before starting the measurements. Reverse titrations were also
carried out where the sample cell was filled with either 90 uM of PRPP or 150 uM of UMP
and titrated with 633 uM of UPRT.

A stirring speed of 500 rpm and a temperature of 25°C were employed for all ITC
experiments. For direct titrations, the first injection (0.5 pL) was not used in data analysis and
it was followed by either 17 injections (2.2 uL) for uracil, PRPP, PP;, and GTP or 21
injections (1.85 L) for UMP. For the reverse titrations, the first injection (0.5 pL) was not
used in data analysis and it was followed by either 30 injections (1.3 puL) for PRPP or 24
injections (1.6 uL) for UMP. The corresponding heat of dilution of each ligand (direct
titrations) or UPRT (reverse titrations) titrated into buffer was used to correct data. The

experimental data were evaluated using the Origin 7 SR4 software.

pH-rate profiles

The pH dependence of the kinetic parameters was determined by measuring initial velocities
in the presence of varying concentrations of one substrate and a saturating level of the other,
in a buffer mixture of Mes/Hepes/Ches over the following pH values: 6.0, 6.5, 7.0, 7.5, 8.0,

8.5, and 9.0.>* Prior to performing the pH-rate profile determinations, the enzyme was
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incubated over this pH range and assayed under standard conditions to identify denaturing pH
values and to ensure enzyme stability at the tested pH range. The pH-rate data were plotted as

the dependence of either logk.,; or logkc./Ky on pH values.

Pre-steady-state kinetics in absorbance mode

The increase in absorbance upon uracil conversion to UMP was monitored at 280 nm (1 mm
slit width = 4.65 nm spectral band), at 25°C, using a split time base (50-500 s; 200 data points
for each time base), and 0.1 cm pathlength. The experimental conditions were 25 UM
MUPRT, 250 uM PRPP, and 250 uM uracil in 100 mM Hepes pH 7.5 containing 10 mM
MgCl, (mixing chamber concentrations). Experiments were initiated by mixing enzyme with
substrates, and, when present, | mM GTP was included in both solutions. The dead time of

the stopped-flow equipment is 1.37 ms.

Pre-steady-state Kinetics in fluorescence mode

The kinetics of PRPP binding to MfUPRT was assessed by stopped-flow measurements. The
rate of formation of MtUPRT:PRPP binary complex was determined by monitoring the rate of
enhancement in intrinsic protein fluorescence upon PRPP binding to MfUPRT at 25°C using
an SX-18MV-R stopped-flow spectrofluorimeter (Applied Photophysics) in fluorescence
mode (dead time 6 1.37 ms). Excitation wavelength was 280 nm (1 mm slit width = 4.65 nm
spectral band), and fluorescence signal captured using a cut off filter of 295 nm positioned
between the photomultiplier and the sample cell and a split time base of 0.1-1.0 s. The
experimental conditions were 6 UM MfUPRT and PRPP concentrations ranging from 0.5 to
12 uM in 100 mM Hepes pH 7.5 containing 10 mM MgCl, (mixing chamber concentrations).
An apparent rate constant and an amplitude change were obtained for each PRPP

concentration upon curve fitting to a single exponential increase equation.
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Conclusion

Efficient prophylactic strategies are urgently needed to decrease the global incidence of TB.
Live attenuated strains to be used as a vaccine offer a great promise against intracellular
pathogens.” An ideal vaccine candidate would lead to limited replication in vivo, have the
potential to induce immune response and improved safety comparing to BCG vaccine.”®
MtUPRT is a key enzyme of the pyrimidine salvage pathway that might be an attractive target
for the development of attenuated strains. Accordingly, the biochemical studies on MfUPRT
mode of action here described provide a solid support on which to base future efforts on gene
replacement towards the development of efficient prophylactic strategies to combat TB.
Moreover, attempts to ascertain the role of MfUPRT in M. tuberculosis survival in vivo during
latent TB is also worth pursuing. Understanding the mode of action of MfUPRT may also be
useful to chemical biologists interested in designing function-based chemical compounds to

elucidate the biological role of this enzyme in the context of whole M. tuberculosis cells.
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Figure legends

Fig. 1 Chemical reaction catalyzed by MfUPRT.

Fig. 2 SDS-PAGE analysis of MfUPRT purification steps. Lane 1, molecular weight protein
marker; lane 2, crude extract; lane 3, sample loaded onto DEAE Sepharose CL6B column;
lane 4, sample loaded onto Sephacryl S-300 column; lane 5, sample loaded onto Mono Q

column; lane 6, homogeneous recombinant MfUPRT eluted from the Mono Q column.

Fig. 3 Sedimentation equilibrium experiment. Data analysis involved fitting a model of
absorbance versus cell radius data by applying nonlinear regression. The experimental data
for 1.5 mg/mL of protein at 9,000 and 11,000 rpm are shown. The random distribution of the
residues (top panel) indicated a good quality fit in agreement with monomer-tetramer

equilibrium.

Fig. 4 Apparent steady-state kinetic parameters. (A) Specific activity of MfUPRT (U mg'l) as
a function of increasing PRPP concentration in the presence of constant uracil concentration
(10 uM). (B) Specific activity of MfUPRT as a function of increasing uracil concentration in
the presence of constant PRPP concentration (100 uM). (C) Specific activity of MfUPRT as a
function of increasing PRPP concentration in the presence of constant concentrations of uracil
(10 uM) and GTP (100 uM). (D) Specific activity of MfUPRT as a function of increasing
uracil concentration in the presence of constant concentrations of PRPP (100 uM) and GTP

(100 pM).
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Fig. 5 Evaluation of nucleotides as allosteric effectors. All reactions contained 100 uM PRPP
and 10 uM uracil. (®) standard reaction, (©) standard reaction containing 500 uM GTP, (o)
standard reaction containing 500 uM CTP, (A) standard reaction containing 500 uM ATP, (X)
standard reaction containing 500 uM UTP, (m) standard reaction containing 100 uM UMP,

( A )standard reaction containing both 100 uM UMP and 500 uM CTP.

Fig. 6 Initial velocity patterns for MfUPRT. Double-reciprocal plot of enzyme specific
activity! (mg U™) versus [PRPP]" (uM™). Concentrations of uracil were: 6 UM (open

circles), 8 UM (filled triangle), and 10 UM (open squares).

Fig. 7 Isothermal titration (ITC) curves of binding of ligands to MfUPRT. (A) Reverse
titration of PRPP substrate. (B) Titration of uracil substrate. (C) Reverse titration of UMP

product. (D) Titration of PP; product.

Fig. 8 Proposed kinetic mechanism for MfUPRT.

Fig. 9 Dependence of kinetic parameters on pH. (A) pH dependence of log k... (B) pH

dependence of log kca/ Kprpp.

Fig. 10 Representative stopped-flow trace for product formation. The first-order rate constant
for product formation yielded values of 0.94 = 0.02 s™ and 0.58 £ 0.01 s in the absence (A)
and presence (B) of 1 mM GTP, respectively. The bottom stopped-flow traces represent the

control experiment in the absence of MfUPRT.
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Fig. 11 Pre-steady-state kinetics of MfUPRT-PRPP binary complex formation. The
dependence of observed association rate constant on PRPP concentration is shown. Inset

presents the PRPP-dependent variation in signal amplitude.

Fig 12 Kinetics of PRPP binding to M. tuberculosis UPRT. The fast bimolecular process of

binary complex formation is preceded by a slow isomerization process of free enzyme.
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Table 1

Purification of M{UPRT from E. coli BL21(DE3) electrocompetent host cells.”

. . Total protein Total enzyme Specific activity . . . o
Purification step (mg) activity (U) R mg'l) Purification fold Yield (%)
Crude extract 132.74 100.47 0.76 1.0 100

DEAE Sepharose
CL6B 86.70 95.92 1.11 1.5 95
Sephacryl S-300 41.32 35.63 0.86 1.1 35
Mono Q 20.23 31.61 1.56 2.1 31

* Typical purification protocol starting from 2 g of wet cells.
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Table 2

Thermodynamic parameters of PRPP and UMP ligands binding to MfUPRT.?

Ligands K, (M) AH (keal mol™) AS (cal mol™ deg™) AG (keal mol™) K4 (uM)
PRPP

Subunit 1 2.0 (£3.6)x 10° 28403 3446 71 50+0.9

Subunit 2 2.1 (£0.6) x 10* 316 10+3 62 48+ 15

Subunit 3 1.6 (£ 0.5) x 10° 41432 2114 £33 T2 6+2

Subunit 4 1.1 (£0.4)x10° 58 +£22 217 +85 T+3 9+4
UMP

Subunit 1 7 (*£2)x 10* -5.1+04 5+1 T+2 14+3

Subunit 2 1.5@35)x10° 6+3 45+ 16 T2 T7£2

Subunit 3 1.2 (£0.4)x 10° 2411 -56+21 T3 8+3

Subunit 4 8 (+3)x10* 28+ 18 117+43 T2 13+5

* K,= association constant; AH = binding enthalpy; AS = binding entropy; AG = Gibbs free energy; K4 =

dissociation constant.
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Figure 1.
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Figure 2.
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Figure 5.
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Figure 6.
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Figure 7.
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Figure 8.
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Figure 9.
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Figure 10.
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Figure 11.
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4. Nocaute do gene upp

A mutagénese sitio-dirigida por substituicdo génica é uma técnica genética
importante que permite a obtencdo de mutacdes definidas em um gene especifico, onde
a substituicdo do alelo tipo selvagem do gene pelo alelo mutado é obtida por
recombinagdo homologa. A substituicdo génica visa caracterizar fungbdes de proteinas
do M. tuberculosis e identificar fatores de viruléncia, representando uma abordagem
unica para: (1) confirmar que um gene identificado por homologia de sequéncia por ter
determinada atividade biol6gica realmente tem a funcéo predita; (2) medir a importancia
qualitativa e quantitativa de determinada atividade biolégica tanto na fisiologia da
bactéria como in vivo durante a infecgéo no hospedeiro (47).

Em micobactérias, e especialmente no M. tuberculosis, a recombinacgéo
homdloga ocorre em frequéncia baixa, abaixo de 107 eventos por célula, o que dificulta
a obtencdo de mutantes definidos em M. tuberculosis (48). Assim, 0 sucesso no
isolamento de mutantes em M. tuberculosis é dependente da habilidade de técnicas
genéticas e protocolos utilizados para compensar pela baixa eficiéncia de
transformacédo e possibilitar a detecgdo eficiente ou selegcdo de mutantes de troca
alélica entre a populacao total de transformantes (47). Portanto, o uso de um vetor
replicativo e integrativo evita os problemas decorrentes da baixa eficiéncia de
transformacédo, admite que o vetor seja eficientemente perdido em determinadas
condicbes e permite a eliminagdo de clones que ainda contenham o vetor,
possibilitando assim a detecgdo de eventos genéticos muito raros (19). Um sistema

assim foi desenvolvido, que utiliza as propriedades seletivas do gene sacB, do gene
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xylE e da origem de replicagdo micobacteriana termossensivel, permitindo a selecao de
mutantes de insercao positivos (19). O protocolo utilizado esta descrito detalhadamente

abaixo.

4.1Construcao da cepa de M. tuberculosis H37Rv mutante para o gene upp:

O fragmento de DNA incluindo o gene upp (624 pb) e regides flanqueadoras
upstream (911 pb) e downstream (471 pb) ao gene (tamanho total de 2.006 pb) (Figura
7A) foi amplificado a partir do DNA gendémico de M. tuberculosis H37Rv utilizando dois
oligonucleotideos iniciadores (5-AGTCTAGAGTAGTGGCTGATGGTCT-3 e 5-
CTTCTAGAAAGCGATCGGGCACTG-3') complementares as porgdes 5 e 3’ das
regides flanqueadoras do gene upp, contendo sitios para a enzima de restricdo Xbal
(New England Biolabs) (sublinhado). Este fragmento de DNA foi clonado no vetor
pUC19 (Invitrogen) utilizando o sitio de restricdo Xbal. O sequenciamento automatico
de DNA confirmou a identidade e integridade do gene upp e das regiées flanqueadoras,
mostrando que nenhuma mutacdo ocorreu na etapa de amplificacdo. O cassete
contendo o gene que confere resisténcia & canamicina (Can®) (1252 pb, extraido do
vetor pUC4K com a enzima de restrigdao Hincll) foi inserido no gene upp utilizando o
sitio de restricdo Afel (New England Biolabs), o qual esta presente naturalmente na
sequéncia do gene (Figura 7B). O fragmento foi entdo clonado no vetor pPR27xylE

utilizando o sitio de restricao Xbal.
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Figura 7. Etapas de construgdo do nocaute do gene upp. A. Fragmento amplificado a partir do
DNA gendmico de M. tuberculosis H37Rv, mostrando o sitio para a enzima de restricao Afel
que existe naturalmente na sequéncia do gene upp (tipo selvagem). 2. O cassete contendo o
gene que confere resisténcia & canamicina (Can®) foi inserido no gene upp utilizando o sitio
para a enzima de restricdo Afel (Aupp::Can). Em cinza estdo representadas as regides que
flanqueiam o gene upp que foram incluidas na construcgéo.

O vetor pPR27xylE tem algumas caracteristicas que facilitam a selecdo positiva
de mutantes por insergcdo em M. tuberculosis, como:

- Origem de replicagao micobacteriana termossensivel: a 32°C o vetor replica e
39°C ele néo replica facilitando o evento de recombinagdo homdloga;

- Presenca do gene sacB: a expressao do gene ¢ letal na presenca de sacarose;

- Presenca do gene xylE: expressao do gene pode ser verificada com catecol,
colénias amarelas sao obtidas (19).

A construgcao pPR27xylE Aupp::can foi transformada por eletroporacdo em M.
tuberculosis H37Rv. As células foram recuperadas em 5 mL do meio de cultura
Middlebrook 7H9 tween 80 0,05%, ADC 10% (complexo contendo albumina, dextrose e
catalase), canamicina 25 pug/mL por 48 horas a 32°C, foram plaqueadas em meio de
cultura Middlebrook 7H11 OADC 10% (complexo contendo acido oleico, albumina,
dextrose e catalase), canamicina 25 pug/mL e incubadas a 32°C. Apés aproximadamente
1 més, as colbnias foram verificadas com 1 % de catecol, e as colénias amarelas (CanR
e XylE") foram inoculadas em 5 mL do meio de cultura Middlebrook 7H9 tween 80

0,05%, ADC 10%, canamicina 25 ug/mL a 32°C e incubadas por aproximadamente 1
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més. Entdo, as culturas foram diluidas (0, 107", 102, 10° e 10*) utilizando meio de
cultura e 200 pL de cada diluigdo foi plaqueado em Middlebrook 7H11 OADC 10%,
canamicina 25 pug/mL contendo sacarose 2%. As placas foram incubadas a 39 °C por
aproximadamente 1 més e entdo as colbnias foram verificadas com 1% de catecol.
Aproximadamente 90 % das col6nias apresentaram coloragdo branca (Sac®, can® e
XylE"), sugerindo que a troca alélica ocorreu. As colbénias brancas foram inoculadas em
5 mL do meio de cultura Middlebrook 7H9 Tween 80 0,05%, ADC 10%, canamicina 25
ug/mL a 37°C e incubadas por aproximadamente 1 més. O DNA gendmico das cepas
foi extraido.

Para verificar a obtencdo de mutantes, ou seja, eventos de double cross-over
(DCO), dois oligonucleotideos iniciadores (5-ACGGCGGCTAGTCGCCCCAA-3’ e 5'-
GCGCATCACGCTGCCGTGCA-3') que anelam fora da regido clonada no vetor
pPR27xylE foram utilizados na reacédo em cadeia da polimerase (PCR). Trés diferentes
eventos podem ter ocorrido (47):

1) DCO: um fragmento de 3500 pb seria obtido devido a presengca do
cassete contendo o gene que confere resisténcia a canamicina interrompendo o gene
upp.

2) Single cross-over (SCO): nenhum fragmento seria observado, uma vez
que o fragmento a ser amplificado seria muito grande (aproximadamente 15 kb) devido
a insercéo do corpo do vetor pPR27xylE no DNA genémico juntamente com a cdpia do
gene upp interrompida e a copia selvagem.

3) Recombinacgao ilegitima: um fragmento do tamanho de 2206 pb seria

observado, que é o tamanho referente a cdpia selvagem do gene upp e das regides
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flanqueadoras, uma vez que a recombinagdo do pPR27xylE Aupp::Can ocorreria de
forma ndo homologa entre qualquer parte do plasmideo e do cromossomo, sendo
inserido em qualquer regido.

Dezesseis clones foram analisados e conforme mostrado na Figura 8, todos os
clones possuiam o gene upp interrompido pelo cassete de canamicina (DCO) e a
auséncia da copia selvagem do gene. Portanto, o gene upp néo é essencial para o

crescimento de M. tuberculosis H37Rv nas condigdes empregadas no experimento.

M C 12 3 456 7 8 %1011M M C 1213141516 S

Figura 8. Eletroforese em gel de agarose do produto do PCR para verificagdo da obtencéo de
cepas de M. tuberculosis H37Rv mutantes para o gene upp. M: marcador de peso molecular; C:
controle, PCR realizado com o DNA gendmico M. tuberculosis H37Rv tipo selvagem; 1-16: PCR
realizado com DNA gendmico extraido dos mutantes.
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4.2 Construcao da cepa de M. tuberculosis H37Rv mutante para o gene upp

complementada com uma coépia extra do gene upp:

A cepa de M. tuberculosis H37Rv mutante para o gene upp foi complementada
com uma copia extra do gene upp, para ser utilizada como controle nos experimentos
subsequentes, mostrando que a estratégia de nocaute utilizada afetou apenas o gene
em questdo. Assim, dois pares de oligonucleotideos iniciadores (5-
CCCAAACATATGGTGCAGGTCCATGTCGTTGACC-3 e 5°-
CCCAAAAAGCTTTCAGCGCGGGCCGAACTGGC-3Y) contendo sitios para as enzimas
de restricdo Ndel e Hindlll (sublinhados), respectivamente, foram utilizados para
amplificar o gene upp de M. tuberculosis H37Rv. Este fragmento de DNA foi clonado no
vetor pMVHG1 utilizando os sitios de restricdo Ndel e Hindlll (pMVHG1::Mt_upp). O
sequenciamento automatico de DNA confirmou a identidade e integridade do gene upp,
mostrando que nenhuma mutagéo ocorreu na etapa de amplificacao.

Além disso, a cepa de M. tuberculosis H37Rv mutante para o gene upp foi
complementada com o vetor pNIP40 contendo o gene upp de Mycobacterium
smegmatis (Msmeg_1694, gene ortélogo ao gene upp de M. tuberculosis). Assim, dois
pares de oligonucleotideos iniciadores (5’-TGTCTAGATGCGCGTCGGCCTTG-3 e 5'-
ACTCTAGACGACGATCTGGCCGC-3’) contendo sitios para a enzima de restricao Xbal
(sublinhados), foram utilizados para amplificar o gene upp de M. smegmatis. Este
fragmento de DNA foi clonado no vetor pNIP40 utilizando o sitio de restricdo Xbal

(pNIP40::Ms_upp). O sequenciamento automatico de DNA confirmou a identidade e
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integridade do gene upp, mostrando que nenhuma mutagdo ocorreu na etapa de

amplificagéo.

4.3 Curvas de crescimento das cepas M. tuberculosis H37Rv mutante para o

gene upp, complementada e tipo selvagem:

As cepas de M. tuberculosis H37Rv mutante para o gene upp transformada com
o vetor pMVHG1 e pNIP40 ambos sem inserto, complementada (pMVHG1::Mt_upp e
pNIP40::Ms_upp) e tipo selvagem foram inoculadas em meio de cultura Middlebrook
7H9 tween 80 0,05%, ADC 10% a 37°C. Os antibiéticos canamicina 25 ug/mL e
higromicina 50 pg/mL foram adicionados nas culturas com as cepas mutante e
complementada. A densidade 6tica a 600 nm (ODggp) foi monitorada apés 8, 11, 13 e 19
dias de crescimento (Figura 9) e pode-se observar que a auséncia do gene upp nao

afetou o crescimento do M. tuberculosis H37Rv (Figura 9).

==M. tuberculosis H37Rv tipo selvagem

—e— Mutante (DCO) pNIP40

—+—Mutante complementado pNIP40 Ms_upp
—a—Mutante (DCO) pMVHG1

—a— Mutante complementado pMVHG Mt_upp

Figura 9. Curva de crescimento com as cepas M. tuberculosis H37Rv tipo selvagem, M.
tuberculosis H37Rv mutante para o gene upp (DCO) transformado com pNIP40 e pMVHG1
ambos sem inserto e M. tuberculosis H37Rv mutante complementado com pNIP40 Ms_upp e
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pMVHG1 Mt_upp. O experimento foi realizado em duplicatas e os dados apresentados sdo as
médias dos valores obtidos.

5. Analise da expressao da UPRT em diferentes condi¢g6es de crescimento de

M. tuberculosis H37Ra

A expressédo da UPRT foi analisada em diferentes condi¢gdes de crescimento de
M. tuberculosis H37Ra tipo selvagem. As condi¢cbes de altos niveis de oxigénio foram
incubadas a 37°C e 140 rpm e estédo listadas abaixo:
1) Meio de cultura Sauton com tyloxapol e adicéo de bases:
a. Controle (sem a adi¢céo de bases)
b. Adicao de 20 ug/mL de uracil
c. Adigao de 20 ug/mL de cada base uracil, timina e citosina
d. Adigao de 20 ug/mL de cada base adenina e guanina
e. Adigdo de 20 ug/mL de cada base uracil, timina, citosina, adenina e
guanina.
2) Meio de cultura Sauton com tyloxapol foi feita uma curva de crescimento e
amostras foram coletadas na ODgog de 0,7, 1,4, 2,1 e 2,4.
3) Meio de cultura Middlebrook 7H9 tween 80 0,05%, ADC 10% foi feita uma
curva de crescimento e amostras foram coletadas na ODgyo de 0,7, 1,4, 1,8
(10 dias de crescimento) e 1,8 (15 dias de crescimento).
As condigbes de baixos niveis de oxigénio que foram analisadas estdo listadas

abaixo:
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1) Meio de cultura Middlebrook 7H9 tween 80 0,05%, ADC 10% em tubos de
vidro com barra magnética para agitagdo a 37°C, mantendo 2/3 do volume do
tubo preenchido e a tampa do tubo bem fechada, para que ocorra a deplecao
gradual de oxigénio como descrito anteriormente por Wayne e Hayes (modelo
de Wayne) (49). Para observar a deplegéo de oxigénio, 1,5 ug/mL de azul de
metileno foi adicionado ao meio de cultura do tubo controle, na auséncia de
oxigénio a coloragao altera de azul para branco. Além disso, como controle,
alguns tubos foram mantidos com a tampa parcialmente aberta para que
estes contenham oxigénio durante todo o experimento, como controle do
modelo de Wayne, assim 1,5 ug/mL de azul de metileno foi adicionado ao
meio de cultura do tubo controle, o qual manteve a coloragdo azul durante
todo o experimento. Quatro diferentes tempos foram coletados, sendo que o
primeiro ponto foi 1 semana e os outros 2, 3 e 4 semanas ap6s a deplecao de
oxigénio.

2) Meio de cultura Sauton com tyloxapol, o modelo de Wayne e o controle foram
realizados como descrito acima.

3) Meio de cultura Sauton sem tyloxapol incubado a 37°C e com crescimento em
pelicula de superficie. As células foram coletadas no estagio inicial e final de

crescimento.

Para a deteccdo da expressdo da proteina nas diferentes condigdes de
crescimento listadas acima, anticorpos produzidos em camundongo contra a M{UPRT

homogénea (anticorpo primario) e western blot foram utilizados. O anticorpo primario
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(diluicdo 1:500) e o anticorpo secundario (diluicdo 1:5000), anti-lgG de camundongo
acoplado a peroxidase (Sigma-Aldrich), foram diluidos em TBS 1X (tris HCI 10 mM pH
7,4 contendo NaCl 0,9%) contendo tween 20 0,05% e leite em p6 3%. A revelagado do
western blot foi realizada utilizando o substrato Pierce ECL western blotting (Thermo
Scientific) e o filme Kodak BioMax light film (Kodak) utilizado para deteccédo por
quimiluminescéncia.

Conforme mostrado na Figura 10A e B, a proteina UPRT nao apresentou
diferengas na expressdo quando comparada com os controles, tanto nas condi¢des de
altos quanto baixos niveis de oxigénio. Isso significa que a expressao da UPRT é basal
e que a presenca de bases puricas ou pirimidicas ou também auséncia de oxigénio n&o

induzem a expresséao da proteina.

6. Metabodlito ativo do isoxyl/ como inibidor da MtUPRT

O isoxyl (tiocarlida, 4,4’-diisoamyloxydiphenylthiourea) (Figura 11) € um derivado
tiouréia que foi utilizado no tratamento clinico da TB nos anos 60 e descrito como sendo
um inibidor da sintese de acidos oléico e micdlico em M. tuberculosis (50). Isolados
clinicos de M. tuberculosis de diferentes areas geograficas e apresentando padrbes
distintos de resisténcia a drogas mostraram-se sensiveis ao isoxyl na faixa de 1 a 10
ug/mL (51).

O isoxyl € uma pro-droga ativada por reagcdes de oxidagdo no grupamento tiocarbonil
(Figura 11), catalisadas pela proteina EthA, para expressar sua atividade

antimicobacteriana. Além de ser ativadora do isoxyl, a proteina EthA foi descrita como
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sendo ativadora de drogas de segunda linha utilizadas no tratamento da TB, como a
etionamida e a tiacetazona. A proteina EthA é uma monooxigenase (codificada pelo
gene ethA, Rv3854c) que esta sobre o controle do regulador transcricional EthR
(Rv3855), um membro da familia de repressores TetR, que interage diretamente com a
regiao promotora da proteina EthA reprimindo a sua expresséao (52). Inibidores de EthR
mostraram aumentar a poténcia da etionamida em dez vezes em culturas de M.

tuberculosis (53).

1 2 3 M 4 5 B ¥ g8 M g 10 11 M 12 13 14 15 16 17 M 18 19 20 21 22 23 24 25
A
e A - SRESVINTI RS, SN
-_— g — - - ——— s — — —— — —
M 1 2 3 4 M5 6 7 8 9 101112 M 13 14 15 16 17 18 19 20
B
- -—-—u_— — — .
- e © = - — -

Figura 10. Analise da expressdo da UPRT por western blot. M: marcador de peso molecular
(precision plus protein dual color standards — Bio-Rad). A. MtUPRT homogénea utilizada como
controle do experimento nas quantidades de 20 (canaletas 1 € 9), 10 (canaletas 2,10e 17 )e 5
ng (canaletas 3 e 11); 20 ug de proteina total foi adicionado em cada canaleta; Canaletas 4 até
8: adicdo das bases no meio de cultura 48 horas antes de coletar as células; Canaletas 12 até
16: adicdo das bases desde o inicio da cultura; Canaletas 4 e 12: controle (sem adicao de
bases); Canaletas 5 e 13: adicdo de uracil; Canaletas 6 e 14: adi¢cdo de uracil, citosina e timina;
Canaletas 7 e 15: adigdo de adenina e guanina; Canaletas 8 e 16: adicdo de todas as bases;
Canaleta 18: modelo de Wayne; Canaleta 19: controle do modelo de Wayne (presenca de
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oxigénio); Canaleta 20: crescimento em pelicula de superficie estagio inicial; Canaleta 21:
crescimento em pelicula de superficie estagio tardio; Canaleta 22: curva de crescimento,
ODggo= 0,7; Canaleta 23: curva de crescimento, ODgyo= 1,4; Canaleta 24: curva de crescimento,
ODggo= 2,1; Canaleta 25: curva de crescimento, ODgy= 2,4; curva de crescimento foi feita com
meio de cultura sauton com tyloxapol. B. Canaletas 1 até 4: curva de crescimento feita com
meio de cultura Middlebrook 7H9 tween 80 0,05%, ADC 10%, canaleta 1: ODgyo= 0,7, canaleta
2: ODgoo= 1,4, canaleta 3: ODgyo= 1,8, canaleta 4: ODgyo= 1,8; Canaletas 5 até 12: modelo de
Wayne utilizando o meio de cultura Middlebrook 7H9 tween 80 0,05%, ADC 10%; Canaletas 13
até 20: modelo de Wayne utilizando o meio de cultura Sauton com tyloxapol; Canaleta 5 e 13:
coleta ap6és 1 semana de deplecdo de oxigénio; Canaleta 6 e 14: coleta do controle apoés 1
semana de deplecao de oxigénio do modelo de Wayne; Canaleta 7 e 15: coleta apds 2 semana
de deplecdo de oxigénio; Canaleta 8 e 16: coleta do controle apdés 2 semana de deplecéo de
oxigénio do modelo de Wayne; Canaleta 9 e 17: coleta apés 3 semana de deplecédo de
oxigénio; Canaleta 10 e 18: coleta do controle ap6és 3 semana de deplegdo de oxigénio do
modelo de Wayne; Canaleta 11 e 19: coleta apds 4 semana de depleg¢do de oxigénio; Canaleta
12 e 20: coleta do controle apds 4 semana de deplecéo de oxigénio do modelo de Wayne.

TR
N™°N

H H
Figura 11. Estrutura do isoxy/ (tiocarlida, 4,4’-diisoamyloxydiphenylthiourea) (54).

O processo de ativacéo do isoxyl pela proteina EthA in vitro foi proposto por
Korduldkova e colaboradores em 2007, onde dois metabolitos, a formimidamida
(composto 3, M = 368) e o derivado de uréia (composto 5, M = 384), foram encontrados
em maior quantidade por analises de cromatografica liquida acoplada a espectrometria

de massas (LC/MS) (Figura 12) (50).
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Figura 12. Processo de ativacao proposto para o isoxyl. Os metabolitos formimidamida
(composto 3, M = 368) e o derivado de uréia (composto 5, M = 384) foram encontrados
em maior quantidade por analises de LC/MS (50).

Ainda nao foi determinado como as espécies reativas derivadas do isoxy/
desempenham a sua atividade antimicobacteriana, se é via formacédo de ligagcbes
covalentes dentro dos sitios ativos dos alvos enzimaticos ou através da formacéo de
adutos dentro das células do M. tuberculosis (50). Assim, visando identificar novos
possiveis alvos das espécies reativas derivadas do isoxyl no M. tuberculosis, como a

RNA polimerase, experimentos de analise da incorporagcado de bases e nucleosideos

marcados com tritio em culturas de M. tuberculosis H37Ra foram realizados.

6.1  Analises da incorporacao de bases e nucleosideos marcados com

tritio em culturas de M. tuberculosis H37Ra:

As células de M. tuberculosis H37Ra foram crescidas em meio de cultura
Middlebrook 7H9 tween 80 0,05%, ADC 10% a 37°C até atingir ODggo entre 0,2 e 0,3.
As células foram diluidas para uma ODgyy de 0,05, utilizando o meio de cultura

mencionado acima, e incubadas a 37°C, 140 rpm por aproximadamente 16 horas.
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Entdo, aliquotas de 4 mL de cultura foram tratadas com uracil [°H] 2 uCi (63 pmol) e
uracil 200 pmol (total de 263 pmol) ou com 4 uCi de uridina [*H] (133 pmol) , guanina
[3H] (200 pmol) ou adenina [3H] (143 pmol). Além disso, 5 ug/mL de rifampicina ou 7,5
ug/mL de isoxyl foram adicionados as culturas, enquanto nenhuma droga foi adicionada
no controle. As culturas foram incubadas a 37°C, 140 rpm por 4 horas e todos os
tratamentos foram realizados em duplicatas. As culturas foram aplicadas em filtros, o
meio de cultura foi removido utilizando o vacuo e as células foram lavadas trés vezes
com 4 mL de PBS 1X (Fosfato 10 mM pH 7,4 contendo NaCl 137 mM e KCI 2,7 mM).
Os filtros foram lavados trés vezes com 2 mL de acido trifluoroacético 10% e uma vez
com 2 mL de etanol 95%. Os filtros foram removidos e transferidos para o frasco de
cintilacédo e o liquido de cintilacdo foi adicionado para detec¢do da radioatividade
incorporada pelas células.

Uma diminuicdo na incorpora¢ao de uracil [°H] de aproximadamente 60 % foi
observada em culturas tratadas com isoxyl quando comparado com o controle. Esta
diminuigdo poderia ser devido a inibicdo da RNA polimerase ou da incorporagcéo de
uracil. Para verificar essa hipdétese um experimento utilizando uridina e uracil marcados
com ftritio e tratando as culturas com 5 pg/mL de rifampicina (inibidor da RNA
polimerase) ou 7,5 ng/mL de isoxyl enquanto no controle nenhuma droga foi adicionada
(Figura 13). Os dados foram analisados estatisticamente utilizando analise de variancia
com um fator (one-way ANOVA) e o pds-teste de comparag¢des multiplas de Bonferroni.

Na cultura tratada com isoxy/ e uridina [°H] ndo foi observada redugao
significativa na incorporagao de uridina comparando com o controle, enquanto que na

cultura tratada com rifampicina, uma diminuigéo significativa de aproximadamente 40%
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na incorporacgéo de uridina foi observada em relagéo ao controle, o que sugere que o
isoxyl ndo estaria inibindo a RNA polimerase, uma vez que se tivesse, uma inibigdo
semelhante a obtida com a rifampicina seria observada (Figura 13). Por outro lado, nas
culturas tratadas com isoxyl ou rifampicina e uracil [3H] foi observada uma diminuicao
significativa de aproximadamente 60% e 70% na incorporagdao de uracil,
respectivamente, quando comparado com o controle (Figura 13). O resultado deste

experimento sugere que o isoxyl inibe a incorporagao de uracil e ndo a RNA polimerase.
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Figura 13. Incorporacdo de uridina e uracil marcados com tritio em culturas de M.
tuberculosis H37Ra. As culturas foram tratadas com 5 ug/mL de rifampicina ou 7,5

ug/mL de isoxyl e no controle nenhuma droga foi adicionada. Este resultado representa
a média de dois experimentos independentes. * p < 0,05, ** p < 0,01, comparados com
os controles uridina e uracil, respectivamente.

Para verificar se os metabdlitos ativos do isoxyl também inibem a incorporacao
das bases guanina e adenina, culturas de células de M. tuberculosis H37Ra foram
tratadas com uracil, adenina e guanina marcados com tritio e isoxyl, como descrito

acima. A incorporagédo das bases adenina e guanina nao foi inibida pelos metabdlitos
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ativos do isoxyl, uma vez que nado houve reducgdo significativa na incorporacéo das
respectivas bases quando as células foram tratadas com isoxyl, comparando com os
controles (Figura 14). Nas culturas tratadas com isoxyl e uracil marcado com tritio, uma
diminuicao significativa de aproximadamente 60% na incorporagéo de uracil pode ser
observada comparando com o controle (Figura 14), o que confirma o resultado obtido

no experimento anterior.
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Figura 14. Incorporagéo de uracil, guanina e adenina marcados com tritio em cultura de
M. tuberculosis H37Ra. As culturas foram tratadas com 7,5 ug/mL de isoxyl e no
controle nenhuma droga foi adicionada. Este resultado representa a média de dois
experimentos independentes. * p < 0,05 comparado com o controle uracil.

6.2Ensaio de atividade da MtUPRT e reacao de ativacao do isoxyl:

O resultado do experimento descrito acima sugeriu que o isoxyl inibe a
incorporacéo de uracil, e para verificar se este fato estaria relacionado com a inibicéo

da UPRT, a atividade da enzima foi monitorada in vitro por 10 min, com a adi¢cdo da
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reacao de ativacdo do isoxyl utilizando espectrofotdbmetro. A reacdo de ativagdo do
isoxyl consistiu em 6, 3 ou 0,6 ug/mL de isoxyl, 15 ug de proteina EthA homogénea
(50), 50 mM de tris HCI pH 7,5, 200 png/mL de BSA, 100 mM de KCI, 4 mM de NADPH e
2% dimetilsulféxido (DMSO) (em um volume final de 250 uL) incubados por 1 h a 37°C
para que o isoxyl pudesse ser convertido em seus metabdlitos ativos (55). Entao 10 uL
da reacgao de ativacao do isoxyl e das reacdes controle, que consistem em reacdes de
ativacdo do isoxyl na auséncia de isoxyl ou da proteina EthA ou de ambos, foram
adicionados a reagao da MtUPRT, em um volume final de 100 pL, e esta foi monitorada
por 10 min. As reacgbes controle foram feitas para verificar se algum componente da
reacao de ativagdo do isoxyl estaria interferindo na atividade da MtUPRT. A reacao da
MtUPRT consiste em hepes NaOH 100 mM pH 7,5, MgCl, 5 mM, uracil 10 uM,
ditiotreitol 10 mM, PRPP 100 uM, DMSO 2 % e 0,5 ug de UPRT, onde a formacao do

produto UMP é monitorada a 280 nm (56).
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Figura 15. Absorbancia relativa (280 nm) em fungédo do tempo (min) da reacédo da
MtUPRT medida espectrofotometricamente. Isoxyl 6 ug/mL: reacdo de ativagdo do
isoxyl com 6 ug/mL. Isoxyl 3 ug/mL: reagéo de ativagao do isoxyl com 3 ug/mL. Isoxyl
0,6 ug/mL: reacédo de ativacédo do isoxyl/ com 0,6 ug/mL. Isoxyl Sem EthA: reacéo de
ativacdo do isoxyl com 6 ug/mL na auséncia de EthA. EthA Sem Isoxyl: reagdo de
ativacédo do isoxyl na auséncia de isoxyl. Sem EthA Sem Isoxyl: reagcédo de ativacao do
isoxyl na auséncia de isoxyl e de EthA. Branco: reagéo de ativagdo do isoxyl 6 ng/mL
adicionada a reagdo da UPRT na auséncia da enzima.

Como pode ser observado na Figura 15, algum metabolito ativo do isoxy/ obtido
com as concentragdes de 6, 3 e 0,6 ug/mL da pré-droga inibiu a MtUPRT, uma vez que
na auséncia de isoxyl ou EthA ou de ambos a atividade da M{UPRT nao foi alterada. Os
componentes da reagdo de ativacdo do isoxyl mostraram n&o interferir na reacédo da
MtUPRT (Figura 15). O isoxyl nao inibiu a MtUPRT na auséncia de EthA, mostrando
que este precisa sofrer ativacdo pela proteina EthA para desempenhar sua acgao

inibitoria, como descrito anteriormente (55). Além disso, a reducao na incorporagéo de

uracil marcado com tritio nas culturas tratadas com isoxyl (Figura 13 e 14) é
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provavelmente devido a inibicdo da enzima UPRT. Entretanto, o isoxyl n&o parece inibir
as outras fosforribosil transferases, como a adenina fosforribosil transferase (APRT) e a
hipoxantina guanina fosforribosil transferase (HGPRT), uma vez que a incorporac¢ao das
bases adenina e guanina nado foram reduzidas significativamente nas culturas tratadas

com isoxyl quando comparadas com os respectivos controles (Figura 14).

6.3 Concentragao inibitéria minima de isoxyl para as cepas de M.

tuberculosis mutante para o gene upp, complementada e tipo selvagem:

A concentragao inibitoria minima (MIC) de isoxyl foi determinada para as cepas
de M. tuberculosis H37Rv mutante para o gene upp transformada com o vetor pMVHG1
e pNIP40 (ambos sem inserto), complementada (pMVHG1::Mt_upp e pNIP40::Ms_upp)
e tipo selvagem. A MIC foi determinada utilizando o método de diluigbes sucessivas
com meio de cultura Middlebrook 7H9 tween 80 0,05 %, OADC 10 % suplementado
com casitona 0,1 % e glicerol 0,5% (Middlebrook 7H9-S). Diluigcbes seriadas de base
dois foram realizadas, obtendo concentra¢des de isoxyl nos pogos da placa de cultura
variando de 12,8 a 0,1 ug/mL. As cepas foram inoculadas em meio de cultura
Middlebrook 7H9 tween 80 0,05 %, OADC 10 %, e incubadas a 37°C, 140 rpm até
atingir uma ODggp de aproximadamente 0,5. As culturas foram diluidas para ODgg de
0,003 com meio de cultura Middlebrook 7H9-S e 200 puL das culturas foram adicionados
em cada poco da placa. As placas de cultura foram incubadas a 37°C por 11 dias e dois
critérios foram analisados para a determinac¢do da MIC: o tamanho do pellet celular no

fundo do pogo e a coloragéo obtida com a adigéo de resazurina 0,01 %. Apos a adi¢ao
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de resazurina, as placas foram re-incubadas a 37°C por dois dias. A resazurina € um
composto capaz de indicar a presenca de crescimento bacteriano por uma reagao de
oxido-redugdo, ocorrendo a passagem de coloragdo azul (resazurina) para rosa
(resofurina) interpretada como presenca de células viaveis, enquanto que nos pocos
onde a coloragcdo permanece azul interpreta-se como auséncia de células viaveis
indicando inibicdo de crescimento celular. O valor da MIC considerado foi a menor
concentracdo de isoxyl capaz de inibir visualmente o crescimento bacteriano. A
auséncia do gene upp néo afetou a sensibilidade da micobactéria ao isoxyl, uma vez
que a MIC obtida para as cepas M. tuberculosis mutante para o gene upp,
complementada (pMVHG1::Mt_upp e pNIP40::Ms_upp) e tipo selvagem foi de 12,8

ug/mL.
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Capitulo 5

Consideracgdes Finais



CONSIDERAGOES FINAIS

A TB é uma doenca infecto-contagiosa causada principalmente pelo M.
tuberculosis. Apesar da disponibilidade do tratamento padréo (DOTS) preconizado pela
OMS e da existéncia da vacina BCG, a TB continua sendo um problema global devido a
grande incidéncia de novos casos a cada ano. Isto tem ocorrido devido ao surgimento
de cepas resistentes a drogas (TB-MDR, TB-XDR e TB-TDR) e a co-infeccédo com o
HIV que dificultam as possibilidades de tratamento e resultam em uma alta taxa de
mortalidade. Assim, ha a necessidade urgente de novas estratégias terapéuticas para
controlar a TB no mundo. O desenvolvimento de novos agentes quimioterapicos mais
eficientes e menos toxicos levaria a reducdo da duracdo do tratamento da TB e a
otimizagao do tratamento da TB-MDR, TB-XDR, TB-TDR, de individuos co-infectados
com HIV e da TB latente impedindo o desenvolvimento da forma ativa da doencga. Além
disso, o desenvolvimento de uma nova vacina que previna o estabelecimento da TB
latente ou a reativacdo da TB pulmonar em adultos é fundamental para diminuir a
incidéncia global da TB. As enzimas envolvidas na biossintese de nucleotideos
pirimidicos sao consideradas alvos moleculares promissores para o desenvolvimento de
novos agentes quimioterapicos e vacinas contra a TB.

A UPRT parece ter um papel importante na rota de salvamento das pirimidinas,
uma vez que o produto (UMP) da reacdo catalisada por esta enzima é o precursor
comum de todos os nucleotideos pirimidicos. O gene upp foi amplificado a partir do
DNA génomico de M. tuberculosis H37Rv, clonado em vetor pET23a(+), e o

sequenciamento automatico de DNA confirmou a identidade e integridade do gene,
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mostrando que nenhuma mutagcdo ocorreu na etapa de amplificacdo. A proteina
recombinante MtUPRT foi expressa em células de E. coli BL21(DE3) e foi purificada
utilizando trés etapas cromatograficas. O protocolo de purificagdo desenvolvido
apresentou rendimento de 20 mg de proteina MtUPRT homogénea a partir de 2 g de
células umidas. O ensaio de atividade espectrofotométrico confirmou que a cadeia
polipeptidica possui atividade de UPRT pois a conversao de uracil e PRPP a UMP e PP;
pode ser detectada. A enzima nao utiliza as bases pirimidicas timina e citosina como
substrato, sendo especifica para uracil o que também foi demonstrado para a UPRT de
outros organismos (57, 58). A MtUPRT homogénea possui uma boa estabilidade,
podendo ser armazenada a -80 °C por pelo menos 1 ano sem perda aparente de
atividade. Além disso, analises de espectrometria de massas e sequenciamento N-
terminal confirmaram a identidade da proteina MtUPRT.

A massa molecular da M{UPRT nativa foi determinada por ultracentrifugacao
analitica (AUC) e seguiu o0 modelo de associacdo mondmero-tetramero. Os dados de
cinética no estado pré-estacionario para a analise da interagdo da enzima livre com o
substrato PRPP por fluorescéncia indicou que a MtUPRT existe em duas formas em
solucao, das quais apenas uma liga ao PRPP. Este resultado corrobora com o modelo
de associacdo mondémero-tetramero obtido por AUC. No entanto, a forma tetramérica
da MtUPRT parece ser a forma mais abundante uma vez que este foi o unico estado
oligomérico detectado por cromatografia de exclusdo por tamanho.

As constantes cinéticas aparentes para a reacéo catalisada pela MtUPRT foram
determinadas na auséncia e na presenca de GTP. O GTP foi descrito como um ativador

alésterico para as UPRTs de alguns organismos, causando um aumento na atividade,
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alterando os parametros cinéticos e o estado oligomérico de algumas enzimas (41-43,
57-59). A MtUPRT nao apresentou uma regulacdo pronunciada por GTP pois este
nucleotideo nao afetou os parédmetros cinéticos da enzima e a sua ligacao néo foi
detectada por calorimetria de titulacao isotérmica (ITC). A atividade da enzima UPRT de
S. solfataricus é altamente dependente de GTP e esta dependéncia foi comprovada ser
devido a presencga de um residuo de glicina no final da sua sequéncia de aminoacidos,
ja que quando dois residuos de aminoacidos foram adicionados na glicina C-terminal, a
enzima mostrou-se endogenamente ativada e independente de GTP (38). Como
mostrado na Figura 6 — Capitulo 1, a UPRT de M. tuberculosis, assim como a enzima
de B. caldolyticus (60) possuem dois residuos de aminoacidos apos a glicina
conservada, assim, esta talvez seja a razdo pela qual a atividade destas enzimas é
independente de GTP. Os nucleotideos ATP, UTP e CTP também foram avaliados
como efetores alostéricos da enzima MUPRT, no entanto, a enzima ndo foi
significativamente ativada ou inibida por nenhum dos nucleotideos testados.

A determinagdo das constantes cinéticas verdadeiras para a reacéo catalisada
pela MtUPRT forneceu dados para a obtencgéo do grafico duplo-reciproco e o padrao de
interseccao de retas indicou um mecanismo de reac¢ao de formagdo de um complexo
ternario, no qual ha uma ordem na sequéncia de ligacao dos substratos (61). Neste tipo
de mecanismo, a catalise ocorre apenas quando o segundo substrato liga subsequente
a ligacéo do primeiro substrato (62). A técnica de ITC foi empregada para avaliar a
interacdo de ligantes com a enzima livre e para elucidar o mecanismo cinético da
MtUPRT. A interacdo da enzima livre pode ser detectada apenas com o substrato

PRPP e com o produto UMP, sugerindo que o substrato uracil e o produto PP; n&o
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ligam na enzima livre. Os resultados de ITC também mostraram que a ligagdo de PRPP
e UMP é um processo termodinamicamente favoravel. O grafico duplo-reciproco e os
estudos de ITC sugerem que a catalise ocorre por um mecanismo sequencial ordenado,
no qual o PRPP liga primeiro, seguido pela ligagao de uracil, e PP; é o primeiro produto
a ser liberado, seguido pelo UMP.

A dependéncia do pH nos parametros cinéticos foi avaliada para analisar a
catélise acido-base no modo de acdo da MIUPRT. O perfil de pH indicou que
grupamentos com valores de pK de 5,7 e 8,1 sdo importantes para a atividade catalitica
enquanto que um grupo com valor de pK de 9,45 esta envolvido na ligacédo do PRPP. O
alinhamento da sequéncia de aminoacidos da UPRT de M. tuberculosis com enzimas
homodlogas que possuem a estrutura terciaria e quaternaria depositada no PDB (Figura
6 — Capitulo 1), mostrou que os residuos envolvidos na catélise e ligagéo de substratos
e produtos estdo conservados entre as UPRTs. Assim, analisando os resultados obtidos
com o experimento de perfil de pH e os dados do alinhamento de sequéncias, ha
evidéncias de que os aminoacidos Asp198 e Arg102 da MtUPRT estejam envolvidos na
catalise enquanto que possivelmente Arg77 ou Arg102 da MtUPRT seja importante para
a ligacado de PRPP. Estes residuos estdo conservados entre as UPRTs de T. gondii, B
caldolyticus e E. coli, como descrito anteriormente (40).

A cinética do estado pré-estacionario mostra as mudangas que ocorrem nha
molécula da enzima e permite o esclarecimento de passos elementares da reacgéo
enzimatica. Os dados de cinética no estado pré-estacionario obtidos para a reacao
catalisada pela MtUPRT sugeriram que a liberagdo de produto ndo é a etapa limitante

da reacdo catalisada pela enzima. Medidas de variagdo de absorbancia em
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milisegundos para a reacdo catalisada pela MtUPRT também foram realizadas na
presenca de GTP e a reducdo observada na constante catalitica foi de apenas 1,6
vezes comparado com a reagao na auséncia deste nucleotideo. Esta diminui¢do na
constante catalitica talvez seja apenas um artefato experimental, uma vez que, como
mencionado anteriormente, a presengca de GTP n&o altera os parametros cinéticos da
enzima e a sua ligagédo néo foi detectada por ITC. Assim, o controle do balango da
sintese de nucleosideos trifosfato de purinas versus pirimidinas em M. tuberculosis é
fornecido pela proxima enzima da via de biossintese de pirimidinas, a UMP kinase,
descrita como sendo uma enzima alostérica, ativada por GTP e inibida por UTP (63).

Estes resultados possibilitaram a caracterizagdo da enzima UPRT de M.
tuberculosis codificada pelo gene upp e a validagdo do seu papel bioquimico. Além
disso, os dados apresentados podem auxiliar no desenvolvimento de estratégias
profilaticas eficientes para reduzir a incidéncia global da TB. Os resultados obtidos com
os estudos bioquimicos da MtUPRT, apresentados no Capitulo 3, foram reunidos em
um manuscrito que sera submetido para a revista internacional Molecular BioSystems
que possui um fator de impacto de 4,02.

Visando analisar a importancia da enzima UPRT na rota de salvamento das
pirimidinas e no metabolismo do M. tuberculosis, o nocaute do gene upp em M.
tuberculosis H37Rv foi realizado, onde a substituicdo do alelo tipo selvagem do gene
pelo alelo mutado foi obtida por recombinacdo homologa. A recombinagédo homologa
em M. tuberculosis ocorre em frequéncia baixa o que dificulta a obtengcado de mutantes
definidos nessa micobactéria (48). Portanto, o sucesso no isolamento de mutantes em

M. tuberculosis é dependente da habilidade de técnicas genéticas e protocolos
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utilizados para compensar pela baixa eficiéncia de transformagdo e possibilitar a
deteccao eficiente ou selecdo de mutantes de troca alélica entre a populacdo total de
transformantes (47). O pPR27xylE consiste em um vetor replicativo e integrativo que
devido as suas propriedades seletivas evita os problemas decorrentes da baixa
eficiéncia de transformacgao, é eficientemente perdido em determinadas condi¢des e
permite a eliminacdo de clones que ainda contenham o vetor, possibilitando assim a
deteccao de eventos genéticos muito raros (19). O protocolo empregado na obtencgao
do nocaute do gene upp utilizando o vetor pPR27xylE apresentou eficiéncia de 100 %,
ou seja, todos os clones que foram verificados quanto a insergao do cassete contendo o
gene de resisténcia a canamicina no gene upp realmente o possuiam, sendo todos os
clones mutantes para o gene upp (DCO). Assim, o gene upp nao é essencial para o
crescimento do M. tuberculosis H37Rv nas condi¢des empregadas no experimento que
estdo descritas no Capitulo 4. Além disso, a auséncia do gene upp nao alterou o
crescimento do M. tuberculosis H37Rv quando comparado com a cepa tipo selvagem e
com a cepa mutante complementada com uma copia extra do gene em questéo.

A expressao da proteina UPRT foi analisada em diferentes condigbes de
crescimento de M. tuberculosis H37Ra. Condi¢des de altas e baixas concentragbes de
oxigénio (modelo de Wayne e crescimento em pelicula de superficie) utilizando meio de
cultura minimo (Sauton com tyloxapol) e complexo (Middlebrook 7H9), adicdo de bases
puricas (adenina e guanina) e pirimidicas (uracil, timina e citosina) e coleta em
diferentes tempos de crescimento foram as condi¢des utilizadas no experimento. A
proteina UPRT é expressa tanto em altas como em baixas concentracdes de oxigénio.

O crescimento das células em meio de cultura minimo ou complexo e a adicao de
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bases puricas ou pirimidicas nao alteram a expressdo da proteina. Além disso, a
expressdo da UPRT parece nao alterar nas diferentes fases de crescimento
micobacteriano, como a fase logaritmica e estacionaria. O modelo de Wayne € um
modelo in vitro que simula as condigbes encontradas em granulomas quando a TB
latente esta sendo estabelecida, onde ocorre uma depleg¢ao gradual de oxigénio (49). A
expressdo da UPRT foi analisada em quatro diferentes tempos iniciando a coleta das
células 1 semana apés a deplecao de oxigénio e finalizando apds 4 semanas. O modelo
de Wayne também foi realizado tanto em meio minimo como complexo. No entanto, a
expressao da UPRT na auséncia de oxigénio nao alterou quando comparada com o
controle (presenca de oxigénio). Além disso, ndo houve diferengca na expressédo da
proteina nos diferentes tempos de laténcia e meios de cultura utilizados. Resultado
semelhante foi obtido quando as células foram crescidas em pelicula de superficie.
Assim, a expressdo da UPRT em M. tuberculosis H37Ra foi detectada em todas as
condicbes analisadas e as diferentes condigbes de crescimento ndo afetaram a
expressao basal da proteina.

O isoxyl € um derivado tiouréia que foi descrito como sendo um inibidor da
sintese de acidos oléico e micdlico em M. tuberculosis (50). Este composto € uma pro-
droga ativada por reacbes de oxidacdo no grupamento tiocarbonil, catalisadas pela
proteina EthA, para expressar sua atividade antimicobacteriana. Experimentos de
analise da incorporagédo de bases e nucleosideos marcados com tritio em culturas de
M. tuberculosis H37Ra demonstraram que quando as células eram tratadas com isoxy/
ocorria uma redugédo na incorporacdo de uracil. Havia uma hip6tese de que a

diminuicdo na incorporagado da base uracil fosse devido a inibicdo da RNA polimerase
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por algum metabdlito ativo do isoxyl. No entanto, esta suposi¢édo foi descartada pelo
experimento onde culturas de M. tuberculosis H37Ra tratadas com uridina marcada
com tritio, isoxyl e rifampicina mostraram que a rifampicina inibiu a incorporacao de
uridina enquanto que nas culturas tratadas com isoxyl nenhuma inibicao significativa foi
observada quando comparado com o controle. Assim, a adicdo da reagédo de ativacao
do isoxyl na reagéo da UPRT, onde a formagé&o do produto UMP é monitorada a 280 nm
utilizando espectrofotdmetro, mostrou que a diminuigdo na incorporacédo de uracil era
devido a inibicao da UPRT de M. tuberculosis por espécies reativas derivadas do isoxyl.
Experimentos de analise da incorporagéo das bases guanina e adenina marcadas com
tritio em culturas de M. tuberculosis H37Ra também foram realizados e demonstraram
que quando as células foram tratadas com isoxyl ndo houve reducdo na incorporagao
destas bases, o que fornece indicios de que os metabdlitos ativos do isoxyl ndo inibem
as fosforribosil transferases HGPRT e APRT.

A MIC de isoxyl foi determinada para as cepas de M. tuberculosis H37Rv
mutante para o gene upp, complementada com uma cépia extra do gene upp e tipo
selvagem. O valor de MIC considerado foi a menor concentragdo de isoxyl capaz de
inibir visualmente o crescimento bacteriano. A auséncia do gene upp nao afetou a
sensibilidade da micobactéria ao isoxyl, uma vez que a MIC obtida para as cepas M.
tuberculosis mutante para o gene upp, complementada e tipo selvagem foi de 12,8
ug/mL.

Os resultados obtidos proporcionaram um maior entendimento sobre o
metabolismo de nucleotideos em M. tuberculosis H37Rv, demonstraram o papel

bioldégico e bioquimico do gene upp nesta micobactéria. Experimentos envolvendo a
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infeccdo de camundongos com as cepas de M. tuberculosis H37Rv mutante para o
gene upp, mutante e complementada com uma cépia extra do gene upp e tipo
selvagem serao realizados para analisar a importancia deste gene na viruléncia do M.
tuberculosis H37Rv. Este experimento que investigara a possivel viruléncia fornecera
informacdes fundamentais quanto a importancia do desenvolvimento de cepas
atenuadas utilizando o gene upp como alvo para o desenvolvimento de uma nova

vacina.
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