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RESUMO

A Tuberculose (TB), causada pelo Mycobacterium tuberculosis, permanece
entre as principais causas de morte por doencgas infecto-contagiosas no mundo e
estima-se que um tergo da populagdo mundial esteja infectada. A co-infecgdo com o
HIV e a emergéncia de TB resistente a multiplas drogas representam um desafio a
saude publica e tem estimulado a pesquisa por novos e mais efetivos agentes
terapéuticos contra a doenga. Os nucleotideos pirimidinicos sdo moléculas
essenciais em inumeras reagdes bioquimicas e suas rotas de biossintese sao
indispensaveis a progressao da TB. Nesse contexto, a proteina UMP quinase de M.
tuberculosis (MtUMPK), que catalisa a fosforilagao de UMP a UDP, é um alvo
promissor para o desenho racional de drogas anti-TB. Neste trabalho é reportado a
clonagem da regido codificante do gene pyrH, a expressdo da proteina
recombinante em E. coli e a purificagdo da enzima. Além disso, confirmaram-se a
identidade e a atividade biolégica da M{UMPK. Cromatografia de exclusdao por
tamanho indicou que a proteina € um tetramero em solugdo e estudos cinéticos
revelam um comportamento alostérico, sugerindo que a MIUMPK participa na
regulacéo de sintese de purinas versus pirimidinas. Experimentos através da técnica
de calorimetria de titulagdo isotérmica (ITC) revelaram que o mecanismo cinético
para os substratos é sequencial ordenado, onde a molécula de ATP liga-se na
enzima livre, seguido da ligacdo do UMP, e que a liberagdo dos produtos ADP e

UDP ocorre de forma aleatoria.

Palavras-chave: Nucleotideos pirimidinicos. Fosforilagdo. Drogas anti-TB. Gene

pyrH. Comportamento alostérico. Tetramero.



ABSTRACT

Tuberculosis (TB) remains a leading infectious killer worldwide and its
causative agent, Mycobacterium tuberculosis, infects one third of the world
population. The HIV co-infection and the emergence of multidrug and extensively-
resistant TB have provided a very alarming challenge to global health and led us to
focus on the research for new and more effective therapeutics against the disease.
Pyrimidine nucleotides are essential for many biochemical reactions and its synthesis
constitutes an important step in the progression of TB. Therefore, the protein UMP
kinase from M. tuberculosis (MtUMPK), which catalyses the phosphorylation of UMP
to UDP and does not resemble its eukaryotic counterparts, is a promising target for
the rational antitubercular drug design. In the present work, we report cloning of the
pyrH gene coding region, heterologous recombinant protein in E. coli and purification
to homogeneity. Moreover, we confirmed MtUMPK identity and its biological activity.
Size exclusion chromatography showed that the protein is a tetramer in solution and
kinetic studies revealed an allosteric behavior, suggesting that MIUMPK participates
in the regulation of purine versus pyrimidine biosynthesis. Isothermal titration
calorimetry (ITC) experiments showed that catalysis proceeds by a sequential
ordered mechanism, in which the UMP substrate binds to the enzyme after the
addition of ATP molecule, followed by a random displacement of ADP and UDP
products.

Keywords: Pyrimidine nucleotides. Phosphorylation. Antitubercular drug design. pyrH
gene. Allosteric behavior. Oligomer.



1. INTRODUGAO

1.1 Tuberculose

A tuberculose (TB), causada principalmente pelo Mycobacterium tuberculosis
(Mtb), € uma doenga infecto-contagiosa com relatos ja no Egito e Roma Antigos
[1,2,3]. As primeiras lesbes tipicas da doenga, encontradas em mumias egipcias e
andinas como deformidades na espinha, datam de até 5 mil anos atras [4]. A
identificacdo de material genético de Mtb em tecidos de mamiferos primitivos sugere
que a TB é uma doenga antiga com ampla distribuicdo geografica. A doenga foi
disseminada no Egito e Roma, existiu na América antes de Colombo e em Bornéu,
antes de qualquer contato com o povo europeu. A presenca de acido
desoxirribonucléico (DNA) da espécie M. bovis, que geralmente infecta animais,
também foi encontrada em esqueletos humanos com evidéncias de TB, sugerindo
que 0s animais com 0s quais a populacao estava em constante contato podem ter
sido reservatoérios para a infecgado em humanos [2].

A epidemia de TB na Europa iniciou, provavelmente, no come¢o do século
XVIl e se estendeu pelos 200 anos seguintes. Cidades da Europa e da América do
Norte, apds a Revolugdo Industrial, proporcionavam um ambiente favoravel a
disseminagao do patdégeno por via aérea, uma vez que a densidade populacional era
alta e as condigdes sanitarias precarias. Devido a este cenario, durante toda historia,
a TB foi a principal causa de morte nessas regides [2,4]. A epidemia se disseminou
lentamente para diferentes locais, incluindo a Africa, devido & exploracdo e
colonizacao pelos Europeus e Norte-Americanos [2].

A falta de tratamento efetivo contra a doenca levou Hermann Brehmer, em
1854, a criar o primeiro sanatério, com a crenca de que uma alimentagao saudavel,
exercicios e a altitude poderiam curar os pacientes internados que sofriam de TB.
Esse modelo foi utilizado para a criacdo dos subsequentes sanatorios,
principalmente na Europa e Estados Unidos [2,4].

Apesar dos esforcos de muitos estudiosos na definicdo dos sintomas e
caracteristicas, possiveis causas e formas de contagio da TB; apenas em 1882 o
alemao Robert Koch (1843-1910) identificou o Mtb como o agente etioldgico da TB.

Trinta e nove anos depois, a vacina desenvolvida a partir da atenuagado do bacilo



Calmette-Guérin (BCG) foi introduzida para uso em humanos, e tornou-se a principal
estratégia profilatica contra a TB [2,4].

Finalmente, a introdugédo de compostos anti-TB, como estreptomicina (1944) e
isoniazida (INH) (1952) levaram a uma efetiva quimioterapia que reduziu
drasticamente a mortalidade causada pela TB [4]. A posterior introducdo de outras
drogas, como a rifampicina (RIF) (1966) [5], pareceu fornecer um arsenal suficiente
de agentes contra a doenga. Com isso, em 1969, a U.S. Surgeon General afirmou
que era hora de “fechar o livro para as doencas infecciosas” [4].

No entanto, a TB nunca foi erradicada e permanece entre as principais
causas de morte por doencas infecciosas mundialmente, especialmente na Asia e
na Africa. Epidemiologistas estimam que 9,4 milhdes de novos casos e 1,8 milhdes
de mortes causadas por TB ocorreram no ano de 2008, dos quais 1,4 milhdes de
casos (15% do total) e 0,5 milhdes de mortos eram portadores do virus da
imunodeficiéncia humana (HIV). Nesse contexto, a TB € a principal causa de morte
por doengas infecciosas causada por um unico patégeno [6].

Paises da Asia e da Africa correspondem a 55% e 30% da incidéncia de TB
no mundo, respectivamente, enquanto que na Regido das Américas a incidéncia
atinge menores proporgdes (3%). O Brasil encontra-se na lista dos 22 paises onde
ocorrem 80% dos casos estimados de TB no mundo. Os altos valores estimados,
particularmente para paises africanos devem-se, em parte, as taxas relativamente
altas de co-infecgao com o HIV [6].

Além disso, a tuberculose resistente a multiplas drogas (TB-MDR), que surge
principalmente como resultado da ma administragdo do tratamento, € um problema

crescente em muitos paises do mundo e sera abordada no item 1.4 [7].

1.2 Patogenia

A TB pode ser causada por outras espécies de micobactérias (M. africanum
e M. bovis) [3,5], porém, o principal agente etiolégico da doenga em humanos € o
Mtb, um microrganismo aerobio e de crescimento lento. Embora esse patogeno
possa infectar diversos 6rgaos do hospedeiro, a TB pulmonar € a manifestagdo mais

comum [1,3,8].



10

A infeccdo € normalmente adquirida por inalagéo do bacilo [8-10] através de
goticulas que sédo expelidas da garganta e dos pulmdes de individuos que possuem
a TB pulmonar ativa [1].

Embora a maioria dos bacilos inalada seja rapidamente destruida pelo
sistema imune do hospedeiro, apos atingir os pulmdes a bactéria € geralmente
fagocitada por macrofagos alveolares e condicionada a um estado de laténcia, uma
vez que essas células sdo capazes de conter o crescimento, mas nao de eliminar o
patégeno. Em seguida, outras células do sistema imune sdo recrutadas e
responsaveis pela resposta inflamatoria gerada e pela formagdo do granulona, ou
tubérculo, a principal caracteristica da TB. Ao contrario da forma ativa, a TB latente
nao € contagiosa e, na maioria dos casos, os individuos infectados com o bacilo ndo
desenvolvem a doenca [3,8,10].

A TB ativa ocorre como resultado de uma nova infec¢cado ou reativacdo da
forma latente. A reativacdo da doenca é frequentemente desencadeada por
condicdes que comprometem o sistema imune do paciente tais como: casos de ma
nutricdo, idade avangada, abuso de drogas, terapia com imunossupressores ou co-
infeccdo com HIV [8-10]. A diminuicdo da resposta imune desencadeia uma série de
eventos que podem levar ao rompimento do granuloma, danos ao tecido pulmonar e
espalhamento de milhares de particulas infectadas através das vias aéreas [10].

Atualmente, a infeccdo por HIV representa o maior risco para o
desenvolvimento da forma ativa da TB, estando essas doencas fortemente
associadas, e sendo a TB a principal causa de morte devido a doencgas infecciosas
em pacientes portadores de HIV [3,6,9]. Casos de TB extrapulmonar, em particular a
TB meningitica, também sao mais comuns na populagao HIV positiva [9].

Individuos infectados com o bacilo, porém saudaveis, geralmente sao
assintomaticos. Os sintomas da TB pulmonar ativa se manifestam através da tosse,
muitas vezes contendo escarro e sangue, dores do peito, fraqueza, perda de peso e
sudorese noturna [2,4,9]. No entanto, apds 2 a 4 semanas de tratamento apropriado,

os sintomas diminuem, induzindo muitos pacientes a interromper a terapia [4].
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1.3 Tratamento

Apesar de existirem diferentes regimes de tratamento contra a TB, a
Organizacdo Mundial da Saude (OMS) recomenda aquele conhecido como DOTS
(do inglés, Directly Observed Treatment Short Course) [3]. A quimioterapia consiste
em uma associagao de farmacos de primeira linha, INH, RIF, pirazinamida (PZA) e
etambutol (EMB) durante dois meses, seguida por quatro meses com INH e RIF
[4,7,11], podendo curar a maioria dos casos [4]. Além disso, a estratégia do DOTS
inclui outros 5 componentes: i) estabelecer uma rede de individuos treinados a
administrar e supervisionar o DOTS; ii) criar laboratorios e profissionais habilitados
para o diagnostico da TB; iii) implementar um sistema de fornecimento confiavel de
medicamentos de alta qualidade (preferencialmente, sem custo aos pacientes); iv)
compromisso governamental e v) sistema de monitoramento dos casos, tratamento e
resultados [2,7,12]. Essas estratégias previnem a ocorréncia de novas infec¢des e, o
mais importante, dificultam o surgimento de casos TB-MDR [3].

A falha do tratamento, definida como a presencga de culturas positivas apos
cinco meses de terapia apropriada [6], pode ser resultado da falta de aderéncia pelo
paciente devido a sua duragao e complexidade, custo, possiveis efeitos adversos ou
resisténcia do bacilo as drogas [9,11]. Tais circunstancias favorecem o surgimento
de organismos resistentes aos medicamentos utilizados no esquema terapéutico
[4,11].

1.4 Resisténcia aos farmacos

Uma potencial ameaga ao controle da TB é a emergéncia de linhagens de
Mtb que ndo podem ser contidas empregando-se as terapias padrbes anti-TB [13].

As micobactérias possuem uma alta taxa de resisténcia intrinseca a maioria
dos antibioticos e agentes quimioterapicos devido a dificil permeabilidade da sua
parede celular. No entanto, tal barreira ndo tem capacidade suficiente para produzir
niveis significativos de resisténcia, o que requer um mecanismo adicional [5].

A falta de adesao ao regime terapéutico pelo paciente, prescricao improépria,
dificuldade de acesso aos medicamentos e problemas farmacocinéticos sao fatores
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importantes para o surgimento de populagbes bacterianas resistentes a drogas
altamente eficazes [9,14].

A TB-MDR ¢ definida como aquela na qual o paciente possui a doenca ativa
com bacilo resistente a, pelo menos, INH e RIF. A TB-MDR pode ser contraida
através de infeccdo com bacilos ja resistentes (resisténcia primaria) ou pode ser
desenvolvida no decorrer do tratamento (resisténcia adquirida) [15]. Embora o DOTS
seja altamente eficiente no controle da TB susceptivel as drogas (ou resistente
somente a INH), ele é comumente insuficiente no controle da TB-MDR [12,15].
Casos de TB-MDR s&o mais dificeis de curar e requerem um tratamento com drogas
de segunda linha (fluoroquinolonas, aminoglicosideos, tioamidas), as quais s&o
menos efetivas e mais tdxicas, com excecédo de algumas fluoroquinolonas, além de
ter um custo mais elevado que os regimes baseados em medicamentos de primeira
linha [12-16].

Dados baseados em pelo menos 100 paises nos ultimos 10 anos indicam
que 5% do total de casos de TB sdo MDR (Figura 1). Em 2008, foi estimado pela
OMS que 27 paises responderam por 85% de todos os casos de TB-MDR. Entre
eles, os cinco paises que representam o maior nimero de casos sdo: india,
Federacéo Russa, China, Africa do Sul e Bangladesh. Na América Latina, o Peru é o
pais que possui a maior porcentagem de casos de TB-MDR registrados (5,3%) entre

0s novos casos de infecgao [15].

No data available®
Subnatlonal data only

Lo
=24

Figura 1. indice global (%) de casos de TB-MDR entre novos casos de TB registrados desde 1994
[15].
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Pacientes com TB-MDR e co-infectados com HIV sdo os que possuem o
pior prognostico, uma vez que essa associagdo tem provocado altas taxas de
mortalidade, especialmente quando diagnosticada tardiamente [9,12].

Um estudo realizado por Kawai e colaboradores [17], no Peru, demonstrou
um excelente prognodstico para individuos HIV negativos e uma rapida cura da
infecgdo para pacientes com TB ndo MDR. No entanto, pacientes com TB-MDR
tiveram um periodo de infecgdo prolongado e, aqueles co-infectados com HIV,
morreram nos 2 primeiros meses de terapia (55%) [17].

Portanto, é evidente a necessidade de um rapido teste de suscetibilidade a
drogas anti-TB em pacientes HIV positivos, melhora nas medidas de controle de
infecgao e tratamento precoce com terapia anti-retroviral para pacientes portadores
de HIV e TB-MDR. Essas providéncias sdo essenciais para que os casos de TB-
MDR sejam detectados e tratados adequadamente, reduzindo assim o risco de
infecgao e mortalidade [17,18].

Nos ultimos anos, casos de TB extensivamente resistente as drogas (TB-
XDR) tém sido relatados em diversos paises. A definicdo mais recente para TB-XDR
denota a condigdo em que os isolados sado resistentes a INH e RIF, a alguma
fluoroquinolona e a qualquer droga de segunda linha injetaveis (capreomicina,
canamicina, amicacina), resultando em limitadas op¢des de tratamento [15].

Apesar das limitagdes dos testes laboratoriais para susceptibilidade as
drogas de segunda linha, a maioria realizada apenas em isolados MDR, dados
indicam que a TB-XDR esta difundida em 58 paises, com ao menos um caso
reportado, e que 5,4% dos casos de TB-MDR sao também XDR [15].

Individuos infectados com TB-XDR possuem um progndstico ruim, com
altos indices de falha do tratamento e alta mortalidade [12]. A situacdo torna-se
ainda mais grave em pacientes portadores de HIV. Em um estudo realizado em uma
area rural da Africa do Sul, a maioria dos pacientes (>90%) co-infectados com TB-
XDR e HIV vieram a falecer, com uma média de sobrevivéncia de apenas 16 dias a
partir do diagnéstico [19].

Recentemente, Velayati e colaboradores [20] documentaram o surgimento
de novas formas de bacilos encontrados em pacientes diagnosticados com TB-MDR.
Esses isolados foram classificados como linhagens totalmente resistentes as drogas
(TDR), uma vez que apresentaram resisténcia in vitro a todas as drogas de primeira

e segunda linha testadas. Durante o estudo, os pacientes infectados né&o
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responderam a nenhuma terapia padrao e permaneceram com culturas positivas
apos 18 meses de tratamento com drogas de segunda linha [20].

Enquanto a TB-MDR e XDR significam uma ameaca a saude publica e ao
controle da TB no mundo, possiveis casos de TB-TDR aumentam a preocupagao
quanto a uma futura epidemia de TB incuravel [20]. Diante de tal cenario, ha uma
urgente necessidade de pesquisa por novas drogas anti-TB, além da aprovacgéo e

uso das que estdo em desenvolvimento [12].

1.5 Desenvolvimento de novas drogas anti-TB

O desenvolvimento de novas drogas para o tratamento da TB envolve mais
desafios que a busca por agentes terapéuticos para outras doengas [21]. Existem
trés fatores basicos envolvidos: reduzir a duracao total do tratamento, eficacia contra
casos de TB-MDR e XDR e promover tratamento efetivo para casos de infecgao
latente [22,23].

No entanto, a complexa biologia do Mtb, que permite sua persisténcia no
hospedeiro em um estado de dorméncia durante anos, torna dificil a identificagcao
das rotas metabdlicas envolvidas nesse processo, e que sejam essenciais a
sobrevivéncia do microrganismo. Além disso, existe pouca informagao disponivel a
respeito do metabolismo do patégeno durante esta fase e sobre os possiveis locais
de infecgao no hospedeiro [21,22].

A emergéncia de cepas MDR e XDR, bem como a epidemia de HIV levam a
uma urgente necessidade de melhor entendimento sobre os mecanismos
moleculares de acao e de resisténcia as drogas, facilitando a pesquisa por novos
compostos anti-TB efetivos tanto no combate da TB susceptivel as drogas quanto
em casos MDR/XDR [3].

Tratamentos futuros requerem medicamentos com menos efeitos adversos
a fim de facilitar a adesdo a terapia. Esses novos agentes devem, idealmente,
provocar o minimo de interagbes farmacolégicas com drogas anti-retrovirais
comumente utilizadas para tratar pacientes co-infectados com HIV e, possivelmente,
outras medicagbes [18]. Outro atributo, e de grande importancia, € que novos

compostos devem ser capazes de produzir um efeito bactericida contra o Mtb tanto
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no estado de multiplicagdo ativa quanto no estado de dorméncia, a fim de combater
toda populagdo microbiana presente nos tecidos do hospedeiro [21].

2. METABOLISMO DE NUCLEOTIDEOS

Os nucleotideos sao ésteres de fosfato de um agucar de cinco atomos de
carbono (pentose), nos quais uma base nitrogenada esta covalentemente ligada ao
C1" do residuo de agucar (Figura 2). Os ribonucleotideos constituem as unidades
monomericas do acido ribonucléico (RNA), no qual a pentose € a D-ribose, enquanto
que os desoxirribonucleotideos possuem a desoxi-D-ribose como pentose e sdo as

unidades monoméricas do DNA.

acido fosférico

base nitrogenada

-

nucleosideo

nucleotideo

Figura 2. Estrutura de um nucleotideo. A ligacéo glicosidica entre o agucar e a base nitrogenada
forma o nucleosideo. Quando um &cido fosférico é esterificado com um grupo hidroxila da porgao
agucar de um nucleosideo, forma-se um nucleotideo. O nucleotideo mostrado é a uridina 5°-
monofosfato. Atomos de carbono em ciano, nitrogénio em azul, oxigénio em vermelho e fésforo em
laranja. Os atomos de hidrogénio foram omitidos para maior clareza da figura. Numeragéo padrédo dos
atomos da base e do agucar em amarelo.

As bases nitrogenadas sdo moléculas planas, aromaticas e heterociclicas,
derivadas de purinas ou pirimidinas. Os principais componentes purinicos dos acidos
nucléicos sao os residuos de adenina (A) e guanina (G); os residuos pirimidinicos
sdo os de citosina (C), uracila (U), que ocorrem principalmente no RNA, e timina (T),
que ocorre no DNA [24].

Os nucleotideos sdo compostos que participam de uma infinidade de
processos bioquimicos e sao classificados em purinicos e pirimidinicos. Eles atuam

como fonte de energia em rotas metabdlicas, participam na sinalizagéo celular, na
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regulacéo de rotas de biossintese, além de exercerem outras inumeras fungdes [24-
26].

O metabolismo de nucleotideos requer um controle fino, pois eles devem
estar presentes em quantidades especificas € no momento correto para a sintese de
acidos nucléicos, permitindo a replicagao celular e a sintese de proteinas, além de
serem moléculas carregadas negativamente, cujos niveis devem ser controlados
para manter o balango eletroquimico das células [26].

Uma vez que a maioria dos acidos nucléicos proveniente da dieta é
metabolizada pelas células epiteliais do intestino, o aproveitamento de purinas e
pirimidinas € minimo; portanto ambas necessitam ser sintetizadas através da sintese
de novo, ou a partir dos produtos de degradagao dos acidos nucléicos, pela via de

salvamento de bases nitrogenadas [24,25].

2.1 Sintese de novo e via de salvamento de pirimidinas

Pirimidinas sdo moléculas onipresentes entre os reinos animal e vegetal, e
as reagdes envolvidas na sua biossintese sdo conservadas na maioria dos
organismos [27].

As bases pirimidinicas podem ser sintetizadas tanto através da via de novo,
a partir de glutamina e bicarbonato, quanto a partir de uracila pela via de salvamento
de pirimidinas, originando uridina 5’-monofosfato (UMP), o qual é o precursor

comum da formagé&o de outros nucleotideos pirimidinicos [25,27].

Sintese de novo

A sintese de novo de pirimidinas compreende seis reagdes bioquimicas e,
diferente do que ocorre na sintese de bases puricas, o anel pirimidinico é sintetizado
antes de ser ligado a molécula de ribose 5'-fosfato [24,25]. Como ilustrado na
Figura 3, a formagao do anel ocorre a partir de inumeras reagdes bioquimicas que
resultam na sintese de orotato [28]. Subsequentemente, a enzima orotato-
fosforribosil-transferase (OPRT) catalisa a transferéncia da ribose 5’-fosfato do 5-
fosforribosil-a-1"-pirofosfato (PRPP) para o orotato, originando o primeiro
nucleotideo pirimidinico, a orotidina 5°-monofosfato (OMP), que posteriormente sofre

descarboxilagao pela OMP-descarboxilase (ODCase) para formar UMP [24,25,27].
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Figura 3. Rota metabdlica da sintese de novo de UMP. Estéo representadas na figura, as seis rotas
catalisadas por enzimas, bem como os produtos formados a cada reagao. Os genes que codificam
cada enzima estdo descritos entre parénteses.

Em bactérias, as seis atividades enzimaticas responsaveis pela biossintese
de UMP séao catalisadas por proteinas independentes. No entanto, em animais, as
primeiras trés enzimas estdo localizadas em uma unica cadeia polipeptidica,
denominada CAD, assim como as duas ultimas enzimas da via (OPRT e ODCase),
presentes em um polipeptideo denominado UMP sintase [24,25,27].

A sintese de uridina 5°-trifosfato (UTP) ocorre a partir da fosforilagdo de
UMP, a partir de sucessivas reagdes de uma enzima nucleosideo monofosfato
quinase e uma enzima nucleosideo difosfato quinase. Para a sintese de citidina 5'-
trifosfato (CTP) a partir de UTP, um grupo amina € adicionado ao carbono 4 da base
nitrogenada pela enzima CTP-sintetase. UTP e CTP s&o precursores do RNA, ja o
dTMP, sintetizado a partir da desoxiuridina 5’-monofosfato (dUMP) pela enzima
timidilato sintase (TS), esta presente no DNA [24,25].



18

Via de salvamento

A via de salvamento de pirimidinas permite que o0s nucleotideos
pirimidinicos sejam sintetizados a partir de bases pirimidinicas livres e nucleosideos
provenientes da degradacao de acidos nucléicos, e requer uma demanda de energia
menor que a rota de sintese de novo [26,28].

A via de salvamento de pirimidinas consiste em rotas de duas etapas: a
primeira € a conversao de bases livres em seus respectivos nucleosideos pelas
fosforilases de nucleosideos pirimidicos, que podem ser especificas para uridina
(UP1 e UP2 — do inglés, uridine phosphorylase) ou para timidina (TP — do inglés,
thymidine phosphorylase), como nos mamiferos, ou por fosforilases de nucleosideos
pirimidicos com afinidade tanto para uridina quanto timidina, como no caso de
bactérias, sendo denominadas PyNP (do inglés, pyrimidine nucleoside
phosphorylase). Na segunda etapa da via, nucleosideo quinases especificas

promovem a conversdo dos nucleosideos em nucleotideos (Figura 4) [25].

bases livres nucleosideos nucleotideos

uridina uridina-citidina
fosforilasa uridina cinaga

uracil uMp

citasina citidina
deaminase deaminase

uridin_!-:itidin!
citosina citidina cinaee cMP

timidina deoxitimidina
fosforilase cinasa dTMP

timina deoxitimidina

daepxicitidina

deoxicitidina cinase dcmp

Figura 4. A via de salvamento de bases pirimidicas ocorre pela conversdo de bases livres em seus
respectivos nucleosideos por pirimidina nucleosideo fosforilases, seguida pela conversdo dos
nucleosideos em nucleotideos pela agao de nucleosideo quinases especificas.

Como exemplo, a uracila proveniente da dieta ou da degradacdo de
nucleotideos é convertida a uridina, por uma uridina fosforilase, e sera fosforilada a
UMP por uma uridina quinase especifica [27].

Em procariotos, a wuracila intracelular também pode ser convertida
diretamente a UMP pela acdo da enzima uracil-fosforribosil-transferase (UPRTase).
A citosina intracelular sofre rapida desaminacdo a uracila e amodnia, pela enzima
citosina deaminase. A uracila originada nessa reagao é convertida a UMP pela

UPRTase. UMP formado a partir de uracila e citosina via salvamento de pirimidinas é
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convertido a UDP, UTP, e CTP a partir de reacdes de fosforilacdo, da mesma forma
qgue ocorre na sintese de novo (Figura 5) [29].

TG
ctP 25— utP

T ndik T nak

CDP UDP
T ok T ovrH
Sintese de
CMP UMP * nove
T udlk T udlk
- cdd -
citidina ———» uridina .
l udp
: . codA .
citosina ———_» uyracil
Ludﬂ TursA intracelular
‘ extracelular
citosina uracil

Figura 5. Rota de salvamento para uracila e citosina. O nome dos genes representa as proteinas
codificadas correspondentes: cdd, citidina deaminase; cmk, CMP quinase; codA, citosina deaminase;
codB, citosina permease; udk, uridina quinase; udp, uridina fosforilase; upp, UPRTase; e uraA, uracil
permease. Adaptado de Turnbough, et al., 2008.

2.2 Sintese de desoxirribonucleotideos

Desoxirribonucleotideos s&o derivados dos seus ribonucleotideos
correspondentes através da reducao do atomo de C2° da D-ribose, formando 2'-
desoxi-D-ribose [26]. A reducdo ocorre na molécula durante a etapa de dinucleotideo
e é catalisada por enzimas denominadas ribonucleotideo-redutases (RNRs). A
ultima etapa na producdo de desoxirribonucleosideos trifosfato (ANTPs) é a
fosforilagdo dos respectivos desoxirribonucleosideos difosfato (ANDPs), numa
reacao catalisada pela mesma enzima que fosforila NDPs [24,25].

Desoxiuridina 5°-difosfato (dUDP) pode ser desfosforilado a dUMP, ou,
desoxicitidina 5’-monofosfato (dCMP) pode ser desaminado para formar dUMP. A
formacédo de dTMP, como mencionado anteriormente, ocorre a partir do dUMP pela
enzima TS. Reacgdes subsequentes de fosforilagdo produzem desoxitimidina 5°-
trifosfato (dTTP), um precursor da sintese de DNA [25].
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3. NUCLEOSIDEO MONOFOSFATO QUINASES NA SINTESE DE
NUCLEOTIDEOS PIRIMIDINICOS

Nucleosideo monofosfato (NMP) quinases sao enzimas essenciais na
biossintese e na reciclagem de nucleosideos trifosfatados e, embora apresentem
especificidade por nucleotideos purinicos ou pirimidinicos particulares, mas néo pelo
agucar (ribose ou desoxirribose), elas representam uma familia de proteinas
homologas com propriedades estruturais e cataliticas semelhantes a adenilato
quinases (EC 2.7.4.3) [30].

Estas enzimas catalisam a transferéncia reversivel de um grupo fosfato a
partir de um nucleosideo trifosfato, geralmente ATP, para nucleosideos monofosfato,
como na reacgao: ATP + NMP - ADP + NDP, na presenca de um cation divalente
[31,32]. Sucessivamente, os nucleosideos difosfato formados serdo fosforilados, e
eventualmente reduzidos, a nucleosideos trifosfato, os quais sdo precursores do
RNA, DNA e fosfolipideos [31].

Entre as NMP quinases envolvidas na sintese de pirimidinas, estdo as
uridina monofosfato quinases (UMPK — do inglés, uridine monophosphate kinase)
procarioticas e eucaribticas que apresentam diferencgas estruturais e de afinidade por
substrato, apesar de ambas serem responsaveis pela geragdo de nucleosideos
difosfato.

3.1 Uridina monofosfato quinases como alvos para o desenho de drogas

Em eucariotos, a fosforilacggo de UMP e CMP, durante a sintese de
pirimidinas, é realizada por uma unica proteina, denominada UMP/CMP quinase
[30,33]. UMP/CMP quinases de Saccharomyces cerevisiae (cdédigo PDB: 1UKY) e
Dictyostelium discoides (codigo PDB: 1UKE) sdo mondmeros, cuja sequéncia de
aminoacidos é homologa a adenilato quinase [32,34]. No entanto, bactérias
possuem duas enzimas distintas e com diferentes especificidades para UMP e CMP
[30].

A CMP quinase de E. coli (codigo PDB: 1CKE) € um monémero assim como

a maioria das NMP quinases e, apesar da pouca similaridade com essas proteinas
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em relacdo a estrutura primaria, ela conserva a estrutura quartenaria encontrada em
adenilato quinases ou em UMP/CMP quinases eucaridticas [35].

No entanto, UMPKSs bacterianas (EC 2.7.4.22), codificadas pelo gene pyrH e
altamente conservadas entre bactérias, ndo apresentam similaridades na sequéncia
de aminoacidos quando comparadas as eucaridticas e ndo se assemelham a
nenhuma outra NMP quinase. Estudos com modelos moleculares sugerem que a
UMPK de Bacillus subtilis, E. coli (codigo PDB: 2BNE) e Pyrococcus furiosus (codigo
PDB: 2BRX) compartilham similaridades estruturais com asparto quinases,
carbamato quinases e N-acetilglutamato quinases [36-39].

Além disso, enquanto a enzima eucariotica pode fosforilar eficientemente
UMP e CMP [30,33], UMPKs da maioria dos procariotos possui uma alta
especificidade por UMP [31,39].

Genes que codificam UMPKs tém sido identificados na maioria dos
genomas bacterianos [36] e tém-se mostrado essenciais para o crescimento em
ambas bactérias Gram-positiva (Streptococcus pneumoniae), e Gram-negativa (E.
coli) [40-42]. No entanto, desde que o gene pyrH de B. subtilis mostrou-se n&o
essencial a sobrevivéncia deste patdgeno, consideragdes a respeito destas enzimas
como potenciais alvos de drogas requerem estudos mais detalhados [43].

Estratégias baseadas na pesquisa por novos alvos para agentes
antimicobacterianos envolvem a identificacdo de enzimas presentes em rotas
bioquimicas essenciais e exclusivas a viabilidade do bacilo [44]. Nesse contexto, um
estudo realizado por Robertson e colaboradores, sugere que o gene pyrH é
essencial para o crescimento do Mtb, tornando a UMPK um alvo interessante para o

desenvolvimento de novas drogas anti-TB [45].

3.2 Uridina monofostato quinase de Mycobacterium tuberculosis (MtUMPK, EC
2.7.4.22)

A enzima MtUMPK, assim como as UMPKs bacterianas € uma enzima
envolvida na sintese de nucleotideos pirimidinicos. Ela catalisa a transferéncia de
um grupo fosfato a partir do ATP para a molécula de UMP, gerando UDP, a partir do

qual todos outros nucleotideos pirimidinicos podem ser sintetizados.
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A MtUMPK, de 261 aminoacidos, é codificada pelo gene pyrH (Rv2883c) e
possui uma sequéncia de 786 pares de base, de acordo com a notagdo do genoma
de Mtb H37Rv [46].

Sua sequéncia de aminoacidos apresenta similaridades com UMPKs de
outros organismos ja estudadas. Entre elas, estd a UMPK de B. subtilis
(NP_389533.2), S. pneumoniae (YP_816317.1) e E. coli (NP_414713.1) [47] com as
quais apresenta, respectivamente, 56,60 %, 52,92% e 45,49% de identidade [48]
(Figura 6). Com base nessas semelhangas, é possivel inferir algumas
caracteristicas da MtUMPK, tais como: caracteristicas estruturais, sitios de ligagao a

substratos e regides de controle alostérico.
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Figura 6. Alinhamento multiplo das sequéncias de aminoacidos da proteina MIUMPK (UMPK_Mtb),
B. subtilis (UMPK_Bsub), S. pneumoniae (UMPK_Spneu) e E. coli (UMPK_Eco). *, :, * indicam,
respectivamente, identidade, similaridade forte e similaridade fraca entre os residuos de aminoacidos.

A maioria das UMPKs bacterianas, assim como a de E. coli (Figura 7),
possui estrutura homohexamérica, organizada como um trimero de dimeros
[31,36,38,40]; e sao reguladas pela ativagao alostérica de guanosina 5’-trifosfato
(GTP) e inibidas por UTP, o que contribui para o equilibrio da sintese entre

nucleosideos trifosfatados puricos e pirimidinicos (Figura 8) [31,36,40].
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Figura 7. Estrutura da UMPK de E. coli (codigo PDB: 2BNE) em complexo com UMP. Adaptado de
Briozzo et al., 2005.

Analises bioquimicas em UMPK de S. pneumoniae mostram que o UTP
age como um inibidor alostérico, e que nao se liga ao sitio ativo da enzima, uma vez
que esta ndo é completamente inibida [40].

No entanto, em estudos com a estrutura cristalografica da enzima de E. coli,
resolvida por cristalografia de difracdo de raios X, a molécula de UTP foi encontrada
no sitio aceptor de fosfato, sugerindo que esta seja uma inibicdo de natureza
competitiva, corroborando observagdes ja realizadas de que um excesso de UMP é
capaz de reverter o efeito inibidor causado por UTP [31,49].

As enzimas de E. coli e S. pneumoniae necessitam obrigatoriamente do ion
Mg2+ como cofator, o qual acredita-se estabilizar o estado de transicdo durante a
transferéncia do grupo fosfato do ATP para a molécula de UMP, de acordo com a
reacdo: UMP + Mg?*. ATP — UDP + Mg?*. ADP [31,39,40,49].

ZATP, HCO,
L-glutaming

Carbamay!

phosphate ZADP, P
synthatase Lglutamte
Carbamoyl
phosphate
UMP, ATP

UMP kinase | CMP/UMP kinase
ADP

S
s UDP——s—s 4TTP
@O yolrr
£\ kinase|~=ADP
GTP N
= UTp

cTP ATP, NH,'
synthase fe. ADP, P,

CTP

Figura 8. Sintese dos nucleotideos pirimidinicos e o papel da UMPK em E. coli. A UMPK procaridtica
€ destacada em cinza. A CMP/UMP quinase de eucariotos esta incluida no esquema. A regulacdo da
enzima por GTP e UTP também pode ser observada. Adaptado de Marco-Marin et al., 2005.
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4. OBJETIVOS

4.1 Objetivo geral

Este projeto tem por objetivo a caracterizagdo de um alvo para compostos

contra o microrganismo Mycobacterium tuberculosis e, portanto, para o tratamento

da TB; através da clonagem, expressao, purificagdo e caracterizagao bioquimica da
provavel enzima UMPK de Mtb (EC 2.7.4.-).

4.2 Objetivos especificos

vi.

Vii.

viii.

Xi.

Amplificacdo da regido codificante para a M{lUMPK através da reagao
em cadeia da polimerase (PCR);

Clonagem do fragmento amplificado em vetor de clonagem
procariotico;

Subclonagem em vetor de expressao pET23a(+);

Expressao da proteina em diferentes cepas de E. coli a fim de obté-la
na forma soluvel;

Purificagdo da proteina recombinante através da técnica de FPLC (do
inglés, Fast Protein Liquid Cromatography);

Quantificagao total da proteina;

Verificagdo da identidade da proteina recombinante purificada, por
espectrometria de massas e sequenciamento da regido N-terminal da
enzima;

Ensaios de atividade enzimatica;

Determinacéo de parametros cinéticos através de espectrofotometria;
Determinagdo do mecanismo cinético através da técnica de ITC e
das constantes de afinidade de ligagdo da enzima aos substratos e
possiveis inibidores;

Analise de parametros termodindmicos envolvidos na formagédo do

complexo ligante-macromolécula.
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Abstract

The pyrH—encoded uridine 5’-monophosphate kinase (UMPK) is involved in both de
novo and salvage synthesis of DNA and RNA precursors. Here we describe Mycobacterium
tuberculosis UMPK (MfUMPK) cloning and expression in Escherichia coli. N-terminal
amino acid sequencing and electrospray ionization mass spectrometry analyses confirmed the
identity of homogeneous M UMPK. MfUMPK catalyzed the phosphorylation of UMP to
UDP, using ATP-Mg”" as phosphate donor. Size exclusion chromatography showed that the
protein is a homotetramer. Kinetic studies revealed that MfUMPK exhibits cooperative
kinetics towards ATP and undergoes allosteric regulation. GTP and UTP are, respectively,
positive and negative effectors, maintaining the balance of purine versus pyrimidine synthesis.
Initial velocity studies and substrate(s) binding measured by isothermal titration calorimetry
suggested that catalysis proceeds by a sequential ordered mechanism, in which ATP binds
first followed by UMP binding, and release of products is random. As MfUMPK does not
resemble its eukaryotic counterparts, specific inhibitors could be designed to be tested as

antitubercular agents.

Keywords: UMPK; cooperative kinetics; allosteric regulation; pyrimidine metabolism;

thermodynamic binding parameters; antitubercular drug target.
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1. Introduction’

Human tuberculosis (TB), mainly caused by Mycobacterium tuberculosis, is a major
cause of illness and death worldwide. M. tuberculosis is a remarkably successful pathogen
that latently infects one third of the world population [1] and, despite the availability of
effective chemotherapy and moderately protective vaccine, the tubercle bacillus continues to
claim more lives than any other single infectious agent [2]. Increasing HIV-TB co-infections
[2], the emergence of multidrug-resistant (MDR), extensively drug-resistant (XDR) [3], and,
more recently, of totally drug-resistant strains (TDR) [4] have highlighted the need for the
development of new therapeutic strategies to combat TB. Strategies based on the discovery of
new targets for antimycobacterial agent development include elucidation of the role played by
proteins of essential and, preferentially, exclusive biochemical pathways for mycobacterial
growth [5].

Rational inhibitor design relies on mechanistic and structural information on the target
enzyme. Enzyme inhibitors make up roughly 25 % of the drugs marketed in United States [6].
Enzymes offer unique opportunities for drug design that are not available to cell surface
receptors, nuclear hormone receptors, ion channel, transporters, and DNA [6]. It has been
pointed out that one of the lessons to be learned from marketed enzyme inhibitors is that the

most potent and effective inhibitors take advantage of enzyme chemistry to achieve inhibition

! Abbreviations used: ADP, adenosine 5’-diphosphate; ATP, adenosine 5’-triphosphate; CMP, cytosine 5°-
monophosphate; CTP, cytosine 5’-triphosphate; dCMP, deoxycytosine 5’-monophosphate; DMSO, dimethyl
sulfoxide; DNA, deoxyribonucleic acid; dTMP, deoxythymidine 5’-monophosphate; ESI-MS, electrospray
ionization mass spectrometry; FDA, Food and Drug Administration; GTP, guanosine 5’-triphosphate; HEPES,
N-2-hydroxyethylpiperazyne-N-2-ethanesulfonic acid; HIV, human immunodeficiency virus; IPTG, isopropyl-
B-D-thiogalactopyranoside; ITC, isothermal titration calorimetry; LB, Luria-Bertani; MDR, multidrug-resistant;
M{UMPK, uridine 5’-monophosphate kinase from Mycobacterium tuberculosis; NADH, nicotinamide adenine
dinucleotide; NDP, nucleoside diphosphate; NMP, nucleoside monophosphate; NTP, nucleoside triphosphate;
PCR, polymerase chain reaction; PDB, Protein Data Bank; RNA, ribonucleic acid; SDS-PAGE, sodium dodecyl
sulfate-polyacrylamide gel eletrophoresis; TB, Terrific Broth; TB, tuberculosis; Tris,
tris(hydroxymethyl)aminomethane; UDP, uridine 5’-diphosphate; UMP, uridine 5’-monophosphate; UMPK,
uridine 5’-monophosphate kinase; UTP, uridine 5’-triphosphate; XDR, extensively drug-resistant.
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[7]. Moreover, the recognition of the limitations of high-throughput screening approaches in
the discovery of candidate drugs has rekindled interest in rational design methods [8].
Accordingly, mechanistic analysis should always be a top priority for enzyme-targeted drug
programs aiming at the rational design of potent enzyme inhibitors.

Nucleotides are important molecules present in all living organisms as they constitute
the building blocks for nucleic acids and also serve as energy sources for many biochemical
reactions [9]. Pyrimidine nucleotides can be synthesized by de novo and salvage pathways
resulting in a common product, the nucleotide uridine 5 -monophosphate (UMP) [10].
Subsequent phosphorylation of UMP yields UDP that leads to the synthesis of all other
pyrimidine nucleotides [11]. Nucleoside monophosphate (NMP) kinases play an important
role in the biosynthesis of nucleotides and represent a homogeneous family of catalysts
related to adenylate kinase (EC 2.7.4.3). They catalyze the synthesis of nucleoside
diphosphates (NDPs), which will be converted to nucleoside triphosphates (NTPs) by a non-
specific nucleoside diphosphate kinase [12]. UMP kinases (UMPKs) catalyze the reversible
transfer of the y-phosphoryl group from ATP to UMP in the presence of a divalent cation,
usually Mngr (Fig. 1) [13]. In general, eukaryotic UMP/CMP kinases (EC 2.7.4.14) are
monomers, phosphorylate with comparable efficiency both UMP and CMP, and are
structurally similar to other NMP kinases (such as adenylate kinase) [12,14-16]. In contrast,
bacterial UMPKSs (EC 2.7.4.22) are specific for UMP, exist in solution as stable
homohexamers, and do not resemble either UMP/CMP kinases or NMP kinases from other
organisms based on sequence comparisons [17,18]. Kinetic studies have shown that bacterial
UMPKSs can be activated by GTP and/or be subject to feedback inhibition by UTP, the major
product of the reaction they catalyze [17-21], regulating the balance of purine versus

pyrimidine nucleoside triphosphates synthesis [13].
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As pyrimidine biosynthesis is an essential step in the progression of TB, enzymes of
this pathway are attractive antitubercular drug targets [22]. Homologues to enzymes in the
pyrimidine pathway have been identified in the genome sequence of M. tuberculosis [23]. A
rapid recombination method for screening and confirmation of gene essentiality has recently
been proposed to allow identification of which of the approximately 4,000 genes of M.
tuberculosis are worthy of further study as drug targets [24]. The product of pyrH (Rv2883)
gene has been shown to be essential for M. tuberculosis growth by the rapid screening method
[24]. Genetic studies have provided evidence that UMPK is essential for growth in both
Gram-negative (Escherichia coli) [25,26] and Gram-positive bacteria (Streptococcus
pneumoniae) [19]. Although the pyrH gene has been proposed by sequence homology to
encode a UMPK protein [23], there has been no formal biochemical proof as to ascertain the
correct assignment to the open reading frame of pyrH gene in M. tuberculosis.

In the present work, the pyrH gene from M. tuberculosis strain H37Rv was PCR
amplified, cloned, and recombinant UMPK (MfUMPK) was purified to homogeneity. N-
terminal amino acid sequencing and electrospray ionization mass spectrometry (ESI-MS)
analyses were carried out to confirm the identity of the recombinant MfUMPK protein. Initial
velocity studies were performed to evaluate the kinetic parameters of the recombinant
M{UMPK. In addition, isothermal titration calorimetry study of substrates binding was carried
out to demonstrate the order of substrate addition in the kinetic mechanism of MfUMPK.
Protein allosteric regulation by ATP, GTP and UTP have also been demonstrated. These
results represent an important step for the rational design of MfUMPK inhibitors that can

further be tested as anti-TB drugs.

2. Materials and methods
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2.1 Amplification, cloning and DNA sequencing of the pyrH gene

The full-length pyrH (Rv2883c) coding region [23] was PCR amplified using the
genomic DNA from M. tuberculosis H37Rv as template and a high fidelity proof-reading
thermostable DNA polymerase (Pfu® DNA polymerase, Stratagene). The synthetic
oligonucleotides used (forward primer, 5'-GTC ATA TGA CAG AGC CCG ATG TCG CCG
GC-37; and reverse primer, 5'-TAA AGC TTT CAG GTG GTG ACC AGC GTT CCG A-3")
were designed to contain, respectively, Ndel and HindlIll (New England Biolabs) restriction
sites (underlined). Dimethyl sulfoxide (DMSO) was added to a final concentration of 10%.
The 786-bp amplicon was detected on 1% agarose gel and purified utilizing the Quick Gel
Extraction kit (Invitrogen). The PCR fragment was cloned into pCR-Blunt® vector
(Invitrogen) and, following transformation of E. coli strain DH10B (Novagen), the resulting
plasmid was isolated utilizing the Qiaprep Spin Miniprep kit (Qiagen). Subsequently, the
fragment was cleaved with Ndel and Hindlll endonucleases and inserted into the pET-23a(+)
expression vector (Novagen), previously digested with the same restriction enzymes. The
complete pyrH nucleotide sequence was determined by automated DNA sequencing to
corroborate sequence identity, integrity and to check the absence of mutations in the cloned

fragment.

2.2 Expression and purification of recombinant MtUMPK

The recombinant plasmid pET-23a(+)::pyrH was transformed into BL21(DE3) E. coli
electrocompetent cells (Novagen), and cells carrying the recombinant vector were selected on
Luria-Bertani (LB) agar plates containing 50 png mL™" ampicillin [27]. A single colony was

used to inoculate 50 mL of Terrific Broth (TB) medium containing the same antibiotic and
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grown overnight at 37 °C. Aliquots of this culture (2.5 mL) were used to inoculate 250 mL of
TB medium in 5 x 1 L flasks supplemented with ampicillin (50 pg mL™") and grown at 37 °C
and 180 rpm to an optical density (ODgponm) 0f 0.4 — 0.6. When this ODgg value was reached,
the temperature was lowered to 30 °C and protein expression was carried out without
1sopropyl-p-D-thiogalactopyranoside (IPTG) induction. After 24 h, the cells (12 g) were
collected by centrifugation at 11,800g for 30 min at 4°C and stored at -20 °C. The same
protocol was employed for BL21 (DE3) E. coli cell transformed with pET-23a(+) as control.
The expression of the recombinant protein was confirmed by 12 % sodium dodecyl sulfate-
polyacrylamide gel eletrophoresis (SDS-PAGE) stained with Coomassie Brilliant Blue [28].

E. coli (2 g) cells overproducing the M{UMPK were resuspended in 20 mL of 50 mM
Tris HCI pH 7.5 (buffer A), stirred for 30 min at 4 °C in the presence of lisozyme (0.2 mg mL"
! Sigma-Aldrich), and disrupted by sonication (eight pulses of 10 s, at an amplitude value of
60%). The lysate was centrifuged at 38,900¢ for 30 min to remove cell debris and the
supernatant was treated with 1% (wt/vol) streptomycin sulfate (Sigma-Aldrich), stirred for 30
min, and the mixture was centrifuged at 38,900g for 30 min. The supernatant containing
soluble MfUMPK was dialyzed against 2 L of buffer A for 3 hours.

All purification steps were carried out on an AKTA system (GE Healthcare) at 4 °C
with UV detection at 215, 254 and 280 nm, and fractions were analyzed by SDS-PAGE. The
crude extract was loaded on a HiPrep 16/10 Q XL (GE Healthcare) anion exchange column
pre-equilibrated with buffer A. Proteins were eluted using a 0-300 mM NaCl linear gradient
at a flow rate of I mL min™. Fractions containing MfUMPK in NaCl (ca. 280 mM) were
pooled and (NH4),SO4 was added to a final concentration of 1 M, stirred for 30 min, and
clarified by centrifugation at 38,900g for 30 min. The supernatant was loaded on a Butyl
Sepharose High Performance (GE Healthcare) hydrophobic interaction column pre-

equilibrated with 50 mM Tris HCI pH 7.5 containing 1 M (NH4),SO4. Proteins were eluted
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using a 0-100 % linear gradient of buffer A at a flow rate of I mL min™'. Pooled fractions
containing M{UMPK was dialyzed against buffer A to remove salt and loaded on a Mono Q
16/10 (GE Healthcare) anion exchange column. MfUMPK was eluted in a salt gradient (0—
240 mM NaCl) at a flow rate of 1 mL min™". The pooled sample was dialyzed against 50 mM
Tris HCI pH 7.5 containing 200 mM NacCl, concentrated using an AMICON (Millipore
Corporation, Bedford, MA) ultra filtration membrane (MWCO = 10 kDa), and stored at -80
°C. Total protein concentration was determined by the method of Bradford [29], using the

Bio-Rad protein assay kit (Bio-Rad Laboratories) and bovine serum albumin as standard.

2.3 Amino acid sequence and mass spectrometry analysis

The N-terminal amino acid residues of homogenous recombinant MfUMPK were
determined by automated Edman degradation sequencing using a PPSQ-21A gas-phase
sequencer (Shimadzu) [30]. Recombinant MfUMPK was analyzed by electrospray ionization
mass spectrometry (ESI-MS) employing some adaptations made to the system described by
Chassaigne and Lobinski [31]. Samples were analyzed on a Quattro-II triple-quadrupole mass
spectrometer (Micromass; Altrincham, UK), using MassLynx and Transform softwares for

data acquisition and spectrum handling.

2.4 Determination of MtUMPK molecular mass

Gel filtration chromatography was performed on a Superdex 200 (HR 10/30) column
(GE Healthcare) pre-equilibrated with 50 mM Tris HCI pH 7.5 containing 200 mM NaCl at a
flow rate of 0.4 mL min'l, with UV detection at 215, 254 and 280 nm. The LMW and HMW

Gel Filtration Calibration Kits (GE Healthcare) were used to prepare a calibration curve. The
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elution volumes (V) of standard proteins (ferritin, catalase, aldolase, coalbumin, ovalbumin,
ribonuclease A) were used to calculate their corresponding partition coefficient (K,y, Eq. 1).
Blue dextran 2000 (GE Healthcare) was used to determine the void volume (V). V; is the total
bead volume of the column. The K,, value for each protein was plotted against their

corresponding molecular mass.

szVe_Vo Eq. 1
V,—V,

2.5 Multiple sequence alignment

The amino acid sequences of the following UMPK proteins, whose three-dimensional
structures were solved, were included in the alignment: E. coli (NP_414713.1), Ureaplasma
parvum (YP_001752598.1), Pyrococcus furiosus (NP_579136.1), Sulfolobus solfataricus
(NP_342460.1), and Bacillus anthracis (NC_012659.1). The UMPK amino acid sequences of
S. pneumoniae (YP_816317.1) and Bacillus subtilis (NP_389533.2) [32] were also included
in the alignment and compared with M. tuberculosis UMPK (NP_217399.1). Multiple amino
acid sequence alignment was performed by ClustalW [33], using the Gonnet matrix for amino
acids substitutions and considering gap penalties, to identify essential residues for nucleotide
substrate(s) binding, as well as to infer possible similarities in their mechanism of catalysis.
For alignment improvement, 8, 23, 11, 5, 5 and 29 amino acids residues were removed from
the E. coli, U. parvum, B. anthracis, S. pneumoniae, B. subtilis and M. tuberculosis,

respectively.

2.6 Functional characterization of MtUMPK
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MtUMPK catalytic activity was measured for all purification steps in the forward
direction at 25 °C, using a coupled spectrophotometric assay (0.5 mL final volume) as
described elsewhere [34], on an UV-2550 UV/Visible spectrophotometer (Shimadzu). In
short, the reaction mixture contained 50 mM Tris HCI pH 7.5, 50 mM KCl, 5 mM MgCl,
buffer; 1 mM phosphoenolpyruvate, 0.2 mM B-NADH, fixed concentrations of both ATP
(3000 uM) and UMP (600 uM) substrates, 3 units of pyruvate kinase (EC 2.7.1.40) and 2.5
units of L-lactate dehydrogenase (EC 1.1.1.27). The reaction was started by the addition of
MtUMPK. The decrease in absorbance at 340 nm (eg-napu = 6.22 X. 107 M'l.cm'l) was
continuously monitored and corrected for non-catalyzed chemical reactions in the absence of
UMP. One unit of MftUMPK is defined as the amount of enzyme necessary to convert 1 pmol

of UMP in UDP per min in an optical path of 1 cm.

2.7 Steady-state kinetics

Determination of the apparent steady-state kinetic parameters were evaluated at
varying concentrations of UMP (0-150 uM) and a fixed-saturating concentration of ATP
(3000 uM), and at varying concentrations of ATP (0-3000 uM) and a fixed-saturating level of
UMP (600 pM). Initial velocity data were analyzed by SigmaPlot (Systat Software, Inc.).

In order to evaluate the specificity for phosphate acceptor, UMP was replaced with
other nucleoside monophosphates (CMP, dCMP or dTMP) at different concentrations. The
specificity of the enzyme as regards the phosphoryl donors was tested by replacing ATP with
3 mM GTP, CTP and UTP in the standard assay.

Inhibition studies were carried out in the presence of fixed non-saturating levels of

ATP (1300 uM) and fixed-varied UTP concentration (0, 30, 50, and 70 uM) when UMP was
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the variable substrate. Inhibition studies were also carried out in the presence of fixed non-
saturating concentration of UMP (40 uM) and fixed-varied UTP concentration (0, 20, 50, and
100 uM) when ATP was the variable substrate. In addition, saturation curves for UTP (0 pM—
400 uM) were carried out at three different sets of experiments: fixed-non-saturating ATP
concentration (1300 uM) corresponding to its Ky s, and saturating UMP concentration (600
UM = 19 x K,)); fixed-non-saturating ATP concentration (1300 uM) corresponding to its K s,
and non-saturating UMP concentration (30 uM = K,,); and fixed saturating ATP concentration
(3000 uM = 2.3 x Kj5) and non-saturating UMP concentration (30 UM = K;,). The maximal
rate for each reaction condition was determined in the absence of inhibitor. Initial velocity
parameters were also analyzed as a function of ATP concentrations at fixed-saturating UMP
concentration (600 uM) either in the absence or presence of a fixed concentration of GTP
(500 uM) to verify whether this substrate has any effect on the kinetic properties of MfUMPK
(70 nM). Initial velocity measurements were also carried out as a function of UMP
concentration at fixed-saturating ATP concentration (3000 uM) in either absence or presence
of GTP (500 uM).

Hyperbolic saturation curves were fitted by nonlinear regression analysis to the
Michaelis-Menten equation (Eq. 2), in which v is the steady-state velocity, Viaxis the
maximal rate, [S] is the substrate concentration, and Ky, is the Michaelis-Menten constant
[35,36]. Sigmoidal curves were fitted to the Hill equation (Eq. 3), where K s is the value of
the substrate concentration where v = 0.5 Vp,x, and 7 is the Hill coefficient (indicating the

cooperative index) [35,36].

V= LANE Eq.2
K, +[S]
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j— Vmax [S]n

v=—>" - Eq.3
KO,S +[S]

The K; value for UTP towards UMP was calculated using the uncompetitive equation

(Eq. 4), in which [I] is the inhibitor concentration and K is the inhibition constant [35,36].

V= V5] Eq. 4

[S](l + [I?j +K,

1

The ICsy value, which defines the concentration of inhibitor required to half-saturate
the enzyme population, was determined by fitting the data to Eq. 5, in which v; and v, are,
respectively, the reaction velocity in the presence and in the absence of inhibitor, vi/v,
represents the fractional activity remaining at a given inhibitor concentration (fraction of free

enzyme), and 7 is the Hill coefficient [36].

o H(U]j
1C,,

2.8 Isothermal Titration Calorimetry (ITC)

ITC experiments were carried out using an iTC,y9 Microcalorimeter (MicroCal, Inc.,
Northampton, MA). The reference cell (200 pL) was loaded with Milli Q water during all
experiments and the sample cell (200 pL) was filled with MfUMPK at a concentration of 100
uM. The injection syringe (39.7 uL) contained substrates or effectors at different

concentrations: ATP, ADP, GTP, and UTP at 1.5 mM, UMP at 3 mM, and UDP at 1.8 mM.
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The ligand binding isotherms were measured by direct titration (ligand into macromolecule).
The enzyme was prepared for ITC analysis by dialysis against 50 mM HEPES at pH 7.5
containing 50 mM KCI, 5 mM MgCl,, 200 mM NaCl. The same buffer was used to prepare
all ligand solutions and Tris, used at the kinetic assays, was replaced with HEPES due to the
high enthalpy of ionization of Tris [37,38]. The stirring speed was 500 rpm at a temperature
of 25 °C for all ITC experiments. The first titration injection (0.5 uL), which was discarded in
the data analysis, was followed by 17 injections of 2.2 uL each at 180 s intervals. Control
titrations (ligand into buffer) were performed to subtract the heats of dilution and mixing for
each experiment prior to data analysis. The data after peak integration of the isotherm
generated by ITC, subtraction of control titration data and concentration normalization (heat
normalized to the molar ratio), were analyzed by Origin 7 SR4 software (Microcal, Inc.).

The AG (Gibbs free energy) of binding was calculated using the relationship described
in Eq. 6, in which R is the gas constant (8.314 J K™ mol™), T'is the temperature in Kelvin (T =
°C + 273.15), and K, is the association constant at equilibrium. The entropy of binding (AS)
can also be determined by this mathematical formula. The initial estimates for n, K,, and AH
parameters were refined by standard Marquardt nonlinear regression method provided in the

Origin 7 SR4 software.

AG’ =—RTInK, = AH’ —~TAS’ Eq. 6

3. Results and discussion

3.1 Amplification, cloning and sequencing of the pyrH gene
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The 786-bp PCR amplicon was consistent with the M. tuberculosis H37Rv pyrH
coding region (data not shown). The product was purified and ligated into pET-23a(+)
expression vector as described in section 2.1. Automated DNA sequencing confirmed the

identity and the absence of mutations in the cloned fragment.

3.2 Expression and purification of the recombinant MtUMPK

The resulting pET-23a(+)::pyrH recombinant plasmid was electroporated into
BL21(DE3) E. coli cells and cultures were grown in TB medium for 24 hours. Analysis by
SDS-PAGE indicated that the supernatant of cell extract (Fig. 2A, lane 3), which was
sonicated and centrifuged, contained a significant amount of protein with subunit molecular
mass (ca. 27 kDa) in agreement with the predicted MW for MfUMPK (27.4 kDa).

The overexpressed protein was purified by a three-step protocol consisting of an
anion-exchange column (HiPrep Q XL), a hydrophobic interaction column (Butyl Sepharose
HP) and a strong anion-exchange column (Mono Q). The target protein eluted at
approximately 180 mM of NaCl from the Mono Q column, and SDS-PAGE analysis showed
that recombinant MfUMPK was homogenous (Fig. 2B, lane 5). This 1.7-fold purification
protocol yielded 20 mg of recombinant protein from 2 g of cells, indicating a 21 % protein
yield (Table 1). Enzyme kinetic measurements by NADH-coupled spectrophotometric assay
showed that recombinant MfUMPK indeed catalyzes the phosphorylation of UMP.
Nevertheless, increase in the specific activity could be observed in the presence of high salt
concentrations and a pronounced decrease after salt removal. This difference in activity may
be attributed to ionic strength which, such as pH variations, is recognized to affect enzyme
conformation, stability and activity [39,40]. Gagyi et al. [18] have also reported the addition

of 100 mM NacCl as an approach to keep the B. subtilis UMPK stability. Accordingly, the
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homogenous protein was stored at -80 °C 50 mM Tris HCI pH 7.5 buffer containing 200 mM
NaCl, which resulted in an apparent maximum velocity of 7.67 U mg™ and allowed the

kinetic assays to be carried out without affecting the coupled enzymes.

3.3 Mass spectrometry and N-terminal amino acid sequencing

The subunit molecular mass value was determined to be 27 264.08 = 13 Da by ESI-
MS, which is lower than expected from the predicted amino acid sequence (27 395.00 Da),
indicating that the N-terminal methionine (130.92 Da) was removed.

The first 22 N-terminal amino acid residues identified by the Edman degradation
method correspond to those predicted for the pyrH gene protein product and corroborate the
N-terminal methionine removal. These results unambiguously identify the homogenous

recombinant protein as the putative Mf{UMPK.

3.4 MtUMPK molecular mass determination

The molecular mass of the native enzyme was determined by gel-filtration

chromatography and yielded a single peak with elution volume corresponding to

approximately 106 kDa, suggesting that MfUMPK is a tetramer in solution (106,000 Da/27

264.08 Da = 3.9), differing from other bacterial homohexameric UMPKs [17-19].

3.5 Multiple sequence alignment

The currently available three-dimensional structures of UMPKSs from several

prokaryotic organisms deposited in the Protein Data Bank, such as E. coli (PDB code: 2BNE,



42

2BND, 2BNF and 2V4Y) [13,41], U. parvum (PDB code: 2VA1) [21], P. furiosus (PDB
code: 2BRI and 2BMU) [11], S. solfataricus (PDB code: 2J4J, 2J4K and 2J4L) [20] and B.
anthracis (PDB code: 2JJX) [9], allow drug design based on a detailed model of the target
binding site. The experimentally solved structures of E. coli UMPK [13,41] in complex with
its substrates and the allosteric effector permit to propose the amino acid side chains in M.
tuberculosis that are involved in ATP, UMP, and UDP binding as well as residues that
participate in GTP binding. To this end, multiple sequence alignment was carried out and the
results suggest that the conserved MfUMPK Gly83 and Asp97 (M. tuberculosis numbering)
amino acid residues are equivalent to residues in E. col/i UMPK [13] that interact with the 2’-
OH ribose ring of UMP (Fig. 3). The amino acids Gly77, Gly78, Arg82 and Thr165, which
are involved in UMP a-phosphate interactions, are conserved among all sequences aligned.
The main differences among UMP binding residues are those associated with uracil binding.
The interactions between E. coli UMPK and the uracil moiety of UMP are between the
hydrophilic Thr138 and Asn140 amino acids, whereas in MfUMPK these interactions are
made by the hydrophobic Met158 and Leul60 residues. As no structural data for MfUMPK
have been available to date, it is tempting to suggest that these differences may be related to
the distinct quaternary structures of MfUMPK (tetramer) and E. coli UMPK (hexamer), since
site-directed mutagenesis of Thr138 and Asn140 residues suggested their involvement in
subunit contacts in the quaternary structure of the latter [13]. The interactions between the
enzyme and uracil, ribose, or the UDP a-phosphate moiety are very similar to those with
UMP, although UDP binding involves three additional amino acid residues [13]. The Lys36
and Gly39 residues (M. tuberculosis numbering) are conserved, whereas Gly39 in MftUMPK
sequence replaces a serine residue present in £. coli UMPK.

The amino acids Lys36, Asp166, Phel91, Asp194 and Asp221 in MfUMPK are likely

involved in ATP interaction since they are conserved in the E. coli UMPK and MfUMPK
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polypeptide sequences. On the other hand, Lys185 in MfUMPK replaces a threonine residue
present in ATP binding site of E. coli UMPK. It is interesting to note that the Lys residue
involved in ATP binding replaces Thr in five UMPK sequences [43] as in M{UMPK. In E.
coli UMPK, the GTP-binding site is between two dimers of the hexamer and GTP promotes a
rearrangement of its quaternary structure, resulting in a tighter dimer-dimer interaction [41].
Asp113, which interacts with the GTP purine moiety, Argl23 and Argl50, both interacting
with the phosphate group, are the most conserved amino acid residues (Fig. 3). These residues
are absent in U. parvum and S. solfataricus UMPKs and may explain the lack of GTP

stimulation of these enzymes [20,21].

3.6 MtUMPK kinetic parameters

The dependence of velocity with UMP as variable substrate at fixed-saturating ATP
concentration (3000 uM) followed hyperbolic Michaelis-Menten kinetics (Fig. 4A), and the
apparent constant values were thus calculated fitting the data to Eq. 2, yielding the following
values: Vipax=7.5 (+ 0.3) Umg™" and K, = 31 (+ 3) uM. These results permit estimate a value
of 3.4 (£ 0.1) s for the UMP catalytic constant (k) and of 11 (£ 1) x 10*M™'s™” for the UMP
specificity constant (kc./Kp). The Michaelis-Menten constant values are similar to those
reported for B. subtilis (Kn" ™" =30 uM) and E. coli (Kn ™" =43 uM at pH 7.4) UMPKs
[18,41].

The saturation curve for ATP at fixed-saturating UMP concentration (600 uM) was
sigmoidal (Fig. 4B), suggesting cooperative kinetics. Accordingly, the data were fitted to the
Hill equation (Eq. 3), yielding the following values: Vi.x = 8.8 (£ 0.2) U mg'l, Kos=1299 (£

32) uM and n = 3.9 (= 0.3). The k., for ATP is 4.0 (£ 0.1) s, The limiting value for the Hill
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coefficient (n) is four since we showed that MfUMPK is a homotetramer in solution. The n
value of 3.9 thus indicates strong positive cooperativity for ATP.

As demonstrated for others UMPKs [17,20,21], MftUMPK was specific for UMP as
the phosphoryl group acceptor as no enzyme activity was detected with CMP, dCMP or
dTMP. The specificity for the phosphoryl group donor was tested with GTP, CTP and UTP,
and UMP as the acceptor substrate. No activity was detected with GTP and CTP. UTP acted
as phosphoryl donor at a velocity value of 0.5 U mg™". This value is 18-fold lower than for
ATP (8.8 U mg™"), suggesting that ATP is the more likely physiological phosphate donor for
MUMPK.

UTP has been reported as a common negative regulator of UMPKs from Gram-
negative bacteria, Gram-positive bacteria and archae [20,42,43]. To evaluate the inhibitory
effect of UTP on MfUMPK enzyme velocity, measurements of steady-state rates were carried
out as described in the Materials and methods section. Double-reciprocal plots at different
UTP concentrations displayed a pattern of parallel lines, suggesting that UTP acts as an
uncompetitive inhibitor towards UMP in which V.« and K, values were simultaneously
reduced (Fig. 5) at fixed non-saturating ATP concentration (1300 uM) and varying UMP
concentration. Data fitting to Eq. 4 for uncompetitive inhibition yielded a K value of 87 (£ 5)
uM for UTP. On the other hand, the plots of MfUMPK activity versus ATP concentration in
the presence of both non-saturating UMP (40 uM) and fixed-varied UTP concentrations (0,
30, 50, and 70 uM) were all sigmoidal. Although inhibition by UTP did not modify the
sigmoidal shape of the curve, data fitting to Eq. 3 yielded increasing, though modest, values
for apparent Ky 5, whereas V., and the Hill coefficient values remained approximately
constant (Table 2). These features appear to be a common theme for UMPKs from Gram-

positive and archae microorganisms [19,20,43].
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The saturation curves for UTP inhibition in the presence of fixed-non-saturating ATP
concentration and saturating UMP concentration, fixed-non-saturating ATP concentration and
non-saturating UMP concentration, and fixed saturating ATP concentration and non-
saturating UMP concentration were all sigmoidal (data not shown). These data were thus
fitted to Eq. 5, yielding estimates for /Cs, values and the Hill coefficient (Table 3). The rates
decreased with increasing UTP concentration, reaching a plateau of low enzyme activity
(below 0.5 U mg™) at high UTP concentrations. The ICs values of 80 uM (saturating UMP
concentration) and 97 uM (non-saturating UMP concentration) were within experimental
error. These results are in agreement with UTP acting as an uncompetitive inhibitor towards
UMP (Fig. 5), thereby suggesting that UTP preferentially binds to a complex formed between
MtUMPK and UMP (it would have to be a ternary complex because we showed that ATP
binding is followed by UMP binding). This type of inhibition cannot be overcome by high
UMP substrate concentrations, suggesting that UTP binds to an allosteric (regulatory) site. In
addition, there was a decrease in the Hill coefficient (n) from 2.8 at non-saturating UMP
concentration to 1.5 at saturating UMP concentration (Table 3). It thus appears that increasing
UMP concentration results in decreasing degree of cooperativity. In the presence of saturating
ATP concentration (3000 uM), there was a 2-fold increase in /Csy value for UTP, suggesting
that UTP acts as a competitive inhibitor towards ATP. These data are consistent with ATP
kinetics in which increasing fixed-varied concentrations of UTP in the presence of fixed-non-
saturating UMP concentration yielded increasing values for apparent K s (Table 2).
Moreover, since we have shown that UTP can act as a poor phosphoryl donor, it is thus likely
that UTP can also bind to ATP binding site of MtUMPK. These data suggest that UTP either
binds to the ATP binding site with low affinity or to an allosteric site that results in
uncompetitive inhibition towards UMP. Incidentally, it has been proposed that each subunit of

bacterial UMPKSs has three distinct nucleotide-binding sites [43].
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GTP has been shown to be a positive effector for bacterial UMPKs [41,43]. The
crystal structure of E. coli UMPK bound to GTP has recently been solved at 2.3 A [41]. The
presence of GTP (500 uM) resulted in both increased V., values (from 2 to 3.2 U mg™') and
affinity (Ko s) of ATP for MfUMPK (from 1335 to 545 uM) (Fig. 6). In addition, the Hill
coefficient value of 4.4 in the absence of GTP decreased to 1.6 in the presence of GTP (500
UM), suggesting that this nucleotide decreased the degree of cooperativity of ATP upon
M{UMPK enzyme activity (Fig. 6). These results are in agreement with previously published
results on UMPKs from Gram-positive bacteria [19,43]. On the other hand, the effect of GTP
on UMP kinetics displayed a slight increase in the Vy,ax values (from 1.63 = 0.03 U mg'1 in the
absence to 2.07 £ 0.05 U mg™ in the presence of GTP), and no change of K, values for UMP

(data not shown).

3.7 Equilibrium binding of ligands assessed by ITC

To further elucidate the MfUMPK kinetic mechanism, titration microcalorimetry of
ligand binding to the recombinant enzyme was carried out. Equilibrium binding values of
ligands were measured directly by ITC, determining the heat generated or consumed upon
ligand-macromolecule binary complex formation at constant temperature and pressure. The
measured of the heat released upon binding of the ligands allowed us to derive the binding
enthalpy (AH) of the process, to estimate the stoichiometry of the interaction () and the
association constant at equilibrium (K,). The dissociation constant at equilibrium (K4) could
be calculated as the inverse of K, (Kq = 1/K,). Moreover, the Gibbs free energy (AG) and
entropy (AS) of binding were determined from the association constant values at equilibrium
as described in Eq. 6. The ITC data for binding of ligands to Mf{UMPK (Fig. 7) are

summarized in Table 4. The overall binding isotherms for ATP, ADP, UDP or GTP binding
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to MtUMPK were best fitted to a model of one set of sites (Table 4). The UTP binding
1sotherm was not well defined to obtain an adequate fit of the data to any model, probable
because this substrate may exert different and simultaneous effects on M{UMPK.

The mechanism of phosphoryl transfer of NMP kinases has been reported to follow
a sequential random bi bi kinetic mechanism [12]. The MfUMPK appears to deviate from this
type of mechanism, since no significant heat changes were obtained for UMP binding,
suggesting that it cannot bind to free enzyme. In contrast, all other ligands tested do bind to
the free enzyme and exhibit exothermic reactions, as seen by negative changes in the binding
enthalpy (Fig. 7). Interestingly, the binding isotherm of an ATP molecule does not appear to
influence the affinity for the subsequent one, as the thermodynamic parameters for ATP
binding provide single AH and K, values. How can one reconcile these data with positive
cooperativity displayed by the saturation curve (Fig. 4B) of steady-state kinetics for ATP in
the presence of UMP? These data suggest that ATP binding has a positive heterotropic effect
upon UMP binding to MfUMPK:ATP binary complex, since UMP does not bind to the free
enzyme. The n value of 0.57 sites for the ATP binding refers to the event of two subunits of
M{UMPK in the cell associating with each ATP molecule injected. In summary, we propose
that ATP binding triggers a conformational change of MfUMPK that results in increased
affinity for UMP.

The UDP product binds to free MfUMPK enzyme with higher affinity than ADP
product (Table 4), and both ligands displayed a stoichiometry of one ligand binding to each
monomer of the tetrameric enzyme. The larger association constant of UDP as compared to
ADP appears to be enthalpy driven (Table 4). These ITC results suggest that product release
is random. The GTP binding affinity is in the same range of UDP (Table 4). These ITC
results demonstrate that GTP is capable of binding to free MfUMPK enzyme with a

stoichiometry close to unity. It is interesting to note that ATP (substrate) as compared to ADP
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(product) binding display approximately the same association constant at equilibrium (or
Gibbs free energy), which is a result of the ubiquitous phenomenon of enthalpy-entropy
compensation meaning that entropy losses often negate enthalpy gains [8]. In short, ITC and
steady-state kinetic results provide evidence M{UMPK follows an sequential ordered
mechanism, in which ATP binds first to free enzyme followed by UMP binding to the
MtUMPK:ATP binary complex (Fig. 8). Release of products is however random. The
mechanism for S. solfataricus UMPK has been shown to be random order for either addition

of substrates or release of products [20].

4. Summary

Bacterial UMPKSs have been proposed to be attractive drug targets because their
primary amino acid sequence and three-dimensional structures are divergent from their
eukaryotic counterparts. They are unique members of the NMP kinases family of enzymes
and several research groups have demonstrate its essentiality for different organisms
[17,19,25,26,44], and to M. tuberculosis in particular [24]. Moreover, they are oligomers with
an exclusive and complex control of activity by GTP and UTP, representing an interesting
model of allosteric regulation [43]. The elucidation of the mode of action of MfUMPK is thus
warranted. Although the pyrH gene has been proposed by in silico analysis to encode a
UMPK enzyme [23], formal biochemical proof was still lacking as regards the correct
assignment to its open reading frame in M. tuberculosis. Accordingly, here we describe PCR
amplification of the pyrH coding region, cloning, heterologous expression, and purification of
recombinant protein to homogeneity. N-terminal amino acid sequence and ESI-MS confirmed
the identity of the homogeneous recombinant protein. Steady-state kinetic measurements

confirmed that the pyrH gene encodes a UMPK enzyme in M. tuberculosis. Size exclusion
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chromatography showed that MfUMPK is a tetramer in solution. Multiple sequence alignment
analysis allowed identification of residues involved in substrate binding and/or catalysis.

Steady-state kinetic measurements showed that MfUMPK is specific for both ATP and
UMP substrates. This specificity for UMP is not surprising since it has been shown that the
Rv1712 locus in M. tuberculosis codes for a functional cytosine monophosphate kinase that
preferentially phosphorylates CMP and dCMP, and that UMP is a poor substrate [45]. In
agreement with these results, E. coli has two distinct enzymes that display substrate
specificity for UMP (UMPK) or CMP (CMP kinase) [46]. Steady-state kinetics and ITC data
suggest a sequential ordered mechanism for substrate addition to MfUMPK, in which ATP
binds first to free enzyme followed by UMP binding; and a random order for release of
products.

The cooperative kinetics with respect to ATP, activation by GTP, and inhibition by
UTP, showed that Mf{UMPK is an allosteric enzyme that is subject to a complex control by
these metabolites. The results here described also show that MfUMPK belongs to the K
system. This term was originally proposed by Monod et al. [47], in which the enzyme exists
at equilibrium between two states with the same catalytic activities, but different substrate
affinities (T of low affinity, and R of high affinity). In the absence of effectors, ATP has a
positive heterotropic effect on UMP binding to MfUMPK to form the catalytically competent
ternary complex. This degree of cooperativity is decreased in the presence of GTP as there is
a lowering of the Hill coefficient value, and a decrease in K s value for ATP, thereby
suggesting increased ATP affinity for Mf{UMPK. This model may also be applicable to UTP
inhibition, in which binding of UTP displaces the equilibrium for the state with lower affinity
for ATP with no effect on the Hill coefficient and maximum velocity. Moreover, as UTP is an
uncompetitive inhibitor towards UMP, it appears that UTP can have a dual inhibitory effect

on MfUMPK enzyme activity depending on which substrate is varied. The results on
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MtUMPK mode of action show that its cooperativity is more pronounced than that observed
for other UMPKs (n values of 1.28-2.5) [19,21,43]. In general, the Hill coefficient does not
represent the actual number of sites, unless the cooperativity is high [35]. Our findings show
that the n value of ATP (3.9) for tetrameric MfUMPK indicates strong positive cooperativity
and it may correspond to the actual number of protomers. Activation of MtUMPK by GTP
and feedback inhibition by UTP imply a role for this enzyme in coordinating the synthesis of
purine versus pyrimidine nucleoside triphosphates, and highlights the likely relevance of
UMPK in the metabolism of M. tuberculosis.

The currently available repertoire of antimycobacterial agents reveals only a handful
of comprehensively validated targets, namely RNA polymerase, DNA gyrase, NADH-
dependent enoyl-ACP reductase and ATP synthase [48]. The complete genome sequencing of
M. tuberculosis H37Rv strain has accelerated the study and validation of molecular targets
aiming at the rational design of anti-TB drugs [23]. The target-based rational design of new
agents with anti-TB activity includes functional and structural efforts. However, the first step
to enzyme target validation must include experimental data demonstrating that a gene
predicted by in silico analysis to encode a particular protein catalyzes the proposed chemical
reaction. Moreover, it has recently been pointed out that recognition of the limitations of high-
throughput screening approaches in the discovery of candidate drugs has rekindled interest in
rational design methods [8].Understanding the mode of action of MfUMPK will inform us on
how to better design inhibitors targeting this enzyme with potential therapeutic application in
TB chemotherapy. Accordingly, it is hoped that the results here described may be useful to
the rational design of anti-TB agents and that they may contribute to our understanding of the

biology of M. tuberculosis.
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Figure legends

Fig. 1. Chemical reaction catalyzed by UMPK.

Fig. 2. (A) 12% SDS-PAGE analysis of total soluble proteins. Expression of Mf{UMPK of 24-
h cell growth after reaching an ODgyp nm 0f 0.4 - 0.6 in TB medium without addition of IPTG.
Lane 1, Protein Molecular Weight Marker (Fermentas); lane 2, soluble E. coli BL21 (DE3)
[pET-23a(+) (control)] extract; lane 3, soluble E. coli BL21 (DE3) [pET-23a(+)::pyrH]
extract. (B) 12% SDS-PAGE analysis of pooled fractions from MfUMPK purification steps.
Lane 1, Protein Molecular Weight Marker (Fermentas); lane 2, crude extract; lane 3, HiPrep

Q XL 16/10 elution; lane 4, Butyl Sepharose HP elution and Mono Q 16/10 elution.

Fig. 3. Amino acids sequence alignment of UMPKs from eight prokaryotes. The residues
inferred in E. coli as interacting with ATP, UMP or UDP are shaded in gray and the residues
involved in GTP-binding are boxed [13,41]. (*), (:), (.) and (-) indicate identity, strong
similarity, weak similarity and gat inclusion among the residues, respectively. Amino acid
residues were numbered after removing 29 N-terminal amino acids from the polypeptide

sequence of M{UMPK.

Fig. 4. Apparent steady-state kinetic parameters. (A) Specific activity (U mg'l) versus [UMP]
(uM) at fixed concentration of ATP (3000 uM). (B) Specific activity (U mg'l) versus [ATP]
(uM) at fixed concentration of UMP (600 uM). The MfUMPK concentration was 70 nM on

both assays.
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Fig. 5. Double-reciprocal plot of specific activity” (mg U™) versus [UMP]" (uM™) at 0, 30,

50 and 70 uM UTP. The MfUMPK concentration was 80 nM.

Fig. 6. Effect of GTP (500 uM) on ATP saturation curves. In the absence of effector (¢), the
curve is sigmoidal. In the presence of effector (#), the sigmoidicity is reduced though still

present. The MfUMPK concentration was 70 nM.

Fig. 7. Isothermal titration calorimetric curves of binding of ligands to M{UMPK (100 uM).
(A) Titration of the ATP at a final concentration of 248 uM. (B) Titration of the ADP product
at a final concentration of 248 uM. (C) Titration of the UDP product at a final concentration
of 398 uM. (D) Titration of the allosteric effector GTP at a final concentration of 248 uM.

The experiments were carried out at constant temperature and pressure.

Fig. 8. Proposed kinetic mechanism for M{UMPK.
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Figure 4.
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Figure 5.
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Tables

Table 1
Purification of MfUMPK from E. coli BL21 (DE3). Typical purification protocol from 2 g

wet cell paste.

Total Specific
Purification  Total protein Purification  Yield
enzyme activity
step (mg) fold (%)
activity (U) (U mg™)
Crude extract 158 722.06 4.57 1.0 100
HiPrep Q XL 54.8 977.08 17.83 3.9 135
Butyl
27 862.92 31.96 7.0 120
Sepharose

Mono Q 20 153.40 7.67 1.7 21
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Table 2

Isp and n values for UTP in the presence of different fixed substrate concentrations.

Substrate concentrations Iso (UM)* n°
ATP 1300 uM + UMP 600 uM 79.6 4.3 1.5+0.1
ATP 1300 uM + UMP 30 uM 97.2+6.5 28+04
ATP 3000 uM + UMP 30 uM 209.6 +5.9 3.6+0.3

* Iso= concentration of inhibitor required to half-saturate the enzyme population.

® 1 = the Hill coefficient.
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Table 3

Association constants and thermodynamic parameters of different ligands binding to

M{UMPK.
K," AH®* AG°* AS°* K4

Ligands n* M) (kcalmol") (kcalmol’)  (calmol’X")  (uM)
ATP 0.57 3.05¢" -4.82 -6.11 4.35 32.8
ADP 1.06 1.54¢" 2.11 -5.71 12.1 64.9
UDP 1.01 2.11¢° -4.90 -7.26 7.92 4.7
GTP 0.79  2.00¢’ -5.84 -7.23 4.66 5.0

® n = number of sites. "K, = association constant. ‘AH° = binding enthalpy.

IAG® = Gibbs free energy. °AS° = binding entropy. 'Ky = dissociation constant.
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6. CONSIDERAGOES FINAIS

A pesquisa e o desenvolvimento de compostos mais efetivos contra a TB
representam uma urgente necessidade a saude publica mundial. Embora isso
envolva politicas governamentais, financiamento e transferéncia de tecnologia, um
melhor entendimento sobre a biologia molecular do bacilo é indispensavel para que
futuros tratamentos sejam mais efetivos na prevencao e combate a doenca.

Nesse contexto, as rotas metabdlicas envolvidas em processos bioquimicos
essenciais a viabilidade do bacilo compartiham inumeros alvos potenciais para
drogas. Enzimas indispensaveis para a sobrevivéncia do bacilo e que sdo ausentes
ou nao se assemelham as enzimas presente em humanos, sdo alvos promissores
para o desenho racional de inibidores. A importancia da caracterizagao da enzima
MtUMPK advém do fato dela preencher os requisitos de toxicidade seletiva.

Durante este trabalho foi realizada a amplificagdo do gene pyrH e, através de
expressao da proteina recombinante em E. coli e purificacao através de trés etapas
cromatograficas, foi possivel determinar que o produto do gene pyrH corresponde a
uma enzima funcional que catalisa a fosforilaggdo de UMP a UDP. Além disso, a
determinacdo de sua massa molecular, bem como o sequenciamento dos 22
primeiros aminoacidos, corroboraram a identidade da proteina. Estudos de cinética
enzimatica indicaram que a MtUMPK é uma enzima alostérica, ativada por GTP e
inibida por UTP. Através da técnica de ITC, foram determinados os parametros
termodinamicos envolvidos na ligacdo da enzima a seus substratos, produtos e
efetor alostérico GTP. Além disso, demonstrou-se que o mecanismo cinético é
sequencial ordenado, onde a formagao do complexo ternario ocorre pela ligagdo da
molécula de ATP na enzima livre seguido da ligagdo do UMP, e que a dissociagao
dos produtos ocorre aleatoriamente.

Este trabalho resultou na caracterizacdo da enzima MtUMPK como alvo para
inibidores. Futuros estudos bioquimicos e estruturais serdo realizados, a fim de
avaliar possiveis moléculas inibidoras que possam ser testadas no tratamento da
TB.
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