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RESUMO

A tuberculose (TB) € considerada uma ameaca a saude publica mundial;
segundo a Organizacdo Mundial da Saude, cerca de dois milhdes de pessoas
morrem anualmente em conseqiéncia desta doenca. Uma das caracteristicas
mais importantes do patégeno causador da TB é a sua capacidade de persistir
nos tecidos do hospedeiro por um longo periodo em um estado de laténcia,
também conhecido como persisténcia. A importancia do estado de laténcia a
sobrevivéncia do bacilo tem sido um atrativo fator para o desenvolvimento de
trabalhos que caracterizem com maior profundidade esta fase da infec¢ao por
M. tuberculosis. O entendimento do modo de ag¢ado e o papel das enzimas da
rota de salvamento de pirimidinas em M. tuberculosis poderia revelar novos
alvos para o desenho racional de agentes anti-TB potentes e seletivos capazes
de, se possivel, prevenir a progressao e a reativagcdo da doenca. A citidina
deaminase (CDA, EC 3.5.4.5), uma enzima evolutivamente conservada da rota
de salvamento das pirimidinas, catalisa a deaminacao hidrolitica de citidina e
2’-desoxicitidina para formar uridina e 2’-desoxiuridina, respectivamente. O
provavel gene da CDA (cdd, Rv3315c) de M. tuberculosis foi clonado,
seqlienciado e expresso em células de Escherichia coli BL21(DE3). O
protocolo de purificacdo da CDA recombinante de M. tuberculosis (MtCDA)
produziu 35 mg de proteina homogénea a partir de 10 g de células. A analise
de espectrometria de massas, sequenciamento N-terminal e cromatografia por
gel filtragdo confirmaram a massa molecular prevista, a identidade e o estado
oligomérico de MtCDA, que foi estimada em 52,99 kDA. Estes resultados e os
de alinhamento multiplo de sequéncias sugere que MiCDA é um
homotetramero em solugdo. Medidas de cinética em estado estacionario da
CDA geraram os seguintes parametros: valores de Ky € Kkt de,
respectivamente, 1004 pM e 4,8 s para citidina, e 1059 pM e 3,5 s para 2'-
desoxicitidina. A dependéncia dos valores de kgt € Kea/ Km €m funcao do pH
para citidina indicam que a protonacao de um Unico grupo ionizavel com valor
de pKa de 4,3 elimina a atividade, e a protonacdo de um grupo com pKa de 4,7
reduz a ligacdo ao substrato. Foram obtidos cristais de CDA utilizando o
método de difusao de vapor em gota pendente. A demonstracéo de que o locus
Rv3315c codifica uma proteina com atividade CDA em M. tuberculosis é o
primeiro passo para entender o papel do produto deste gene e devera ajudar
no desenho de agentes anti-TB e vacinas.

Palavras-chave: Mycobacterium tuberculosis; rota de salvamento de
pirimidinas; Citidina deaminase; purificacdo protéica; cinética enzimatica; alvo
protéico.



ABSTRACT

The Tuberculosis (TB) is considered a threat to global public health;
according to the World Health Organization, nearly two million people die
annually due to this disease. One of the most importat features of this pathogen
is its ability to persist in host tissues for a long period in a state of latency, also
known as persistence. The importance of the state of latency to the bacillus
survival has been an attractive factor towards the development of works to
characterize in greater detail this phase of infection by M. tuberculosis. An
understanding of the mode of action and the role of pyrimidine salvage pathway
enzymes in M. tuberculosis could reveal new targets for the rational design of
potent and selective anti-TB agents capable of, hopefully, preventing
progression and reactivation of the disease. Cytidine deaminase (CDA; EC
3.5.4.5), an evolutionarily conserved enzyme of the pyrimidine salvage
pathway, catalyzes the hydrolytic deamination of cytidine and 2’-deoxycytidine
to form uridine and 2’-deoxyuridine, respectively. The probable CDA gene (cdd,
Rv3315c) from M. tuberculosis H37Rv was cloned, sequenced, and expressed
in Escherichia coli BL21(DES3) cells. The purification protocol of recombinant M.
tuberculosis CDA (MtCDA) yielded 35 mg of homogeneous protein from 10 g of
cells. Mass spectrometry, N-terminal amino acid sequencing, and gel filtration
chromatography confirmed the predicted molecular mass, identity, and
oligomeric state of MtCDA, which was estimated to be 52.99 kDa. These results
and the ones for multiple sequence alignment suggest that MtCDA is a
homotetramer in solution. Steady-state kinetic measurements yielded the
following parameters: Ky and ke values of, respectively, 1004 uM and 4.8 s™
for cytidine, and 1059 pM and 3.5 s™' for 2'-deoxycytidine. The pH dependence
of kcat and kqo/ K for cytidine indicates that the protonation of a single ionizable
group with pKa value of 4.3 abolishes activity, and protonation of a group with
pKa value of 4.7 reduces substrate binding. Crystals of CDA were obtained
using the hanging-drop vapour-diffusion method. The demonstration that the
Rv3315c¢ locus encodes a protein having CDA activity in M. tuberculosis is the
first step to understand the role of this gene product and should help the design
of anti-TB agents and vaccines.

Keywords: Mycobacterium tuberculosis; pyrimidine salvage pathway; cytidine
deaminase; protein purification; enzyme kinetics; drug target.



1 INTRODUCAO

1.1 Tuberculose

A tuberculose (TB), doenca infecciosa causada pelo bacilo Mycobacterium
tuberculosis, € considerada uma ameacga a saude publica mundial, visto que,
segundo dados da Organizagao Mundial da Saude, cerca de dois milhdes de
pessoas morrem anualmente em consequiiéncia desta enfermidade [25, 26].
Estudos indicam que a incidéncia global da TB é de 137 casos por 100.000
habitantes, sendo menor nas Américas (onde se apresentam 46 casos de TB
por 100.000 habitantes) e maior na Africa (com 290 casos de TB por 100.000
habitantes). Este ultimo dado estd correlacionado com a alta prevaléncia da
infeccdao por HIV que afeta esta regido, além da extrema pobreza e falta de
medicamentos [7].

Segundo o relatério da Organizacao Mundial da Saude, na América do Sul,
paises como Bolivia, Peru e Equador apresentam o maior indice de casos de
TB, com uma incidéncia de 211, 172 e 131 casos por 100.000 habitantes,
respectivamente (ver Tabela 1). J& no Brasil estima-se que, anualmente,
ocorrem 161.800 novos casos positivos de TB, com uma incidéncia de 60
casos (incluindo todas as formas de TB), por 100.000 habitantes. Além disso,
apresenta-se uma taxa de 0.9% de novos casos de TB resistente a multiplas
drogas [26].

Dados epidemiol6gicos mostram a evolugcéo crescente dos casos de TB em
todo o mundo, e, caso o controle da doenca néo seja reforgado, estima-se que,
de hoje até 2020, mais de um bilhdo de pessoas serdo infectadas, cerca de
200 milhdes desenvolverdao TB ativa, e 70 milhdes morrerdo [19]. Um exemplo

dos esforgos para combater a TB € o plano de eliminacdo da tuberculose em



nivel mundial para o ano 2015, realizando diferentes investimentos para
pesquisas e programas de controle que permitam atingir esta meta. Este plano
esta sendo implementado pela Organizacdo Mundial da Saude (World Health

Organization) [26].

Tabela 1. Incidéncia, prevaléncia e mortalidade da tuberculose na América do

Sul
Indicadores Incidéncia Prevaléncia Mortalidade
(todos os (todos os (todos os
Paises casos/100.0000 hb/ano) casos/100.0000 hb/ano) @ casos/100.0000 hb/ano)
Argentina 41 51 5.5
Bolivia 211 280 31
Brasil 60 76 8.1
Chile 15 16 1
Colébmbia 45 66 7.0
Equador 131 202 27
Paraguai 68 100 12
Peru 172 206 20
Uruguai 28 33 3
Venezuela 42 52 5

Retirado de WHO report 2007 Global tuberculose control

Em todo o mundo, cerca de 3.2% dos novos casos de TB sédo causados por
cepas resistentes a multiplas drogas. Nestes casos, o tratamento requer a
administracdo de medicamentos de segunda linha, que geram efeitos adversos
maiores e aumento dos custos (cerca de 100 vezes) em comparagdo com as
drogas de primeira geracdo [17]. O surgimento de cepas resistentes e
multirresistentes constituem outro sério problema para o controle e erradicacao
da TB; diversos relatérios mostram o surgimento de cepas multirresistentes em
pacientes infectados com HIV nos quais se observou um indice de mortalidade

superior a 80% [11].




A cada ano, cerca de 400.000 novos casos de TB resistente a multiplas drogas
(MDR-TB) séo relatados. Assim, como medida de controle, a Organizacao
Mundial da Saude implementou um procedimento padronizado para garantir o
uso correto das drogas que compdem o tratamento da TB, o qual é conhecido
como DOTS (tratamento supervisionado de curta duracao, do inglés directly
observed treatment short-course), no qual agentes de salude acompanham todo
o tratamento do paciente com TB, monitorando periodicamente o uso correto
dos medicamentos, a fim de impedir o abandono da quimioterapia e o possivel
surgimento de cepas multirresistentes [11, 26]. Outro tipo de cepa
multirresistente de M. tuberculosis foi relatado pela Organizacao Mundial da
Saude em setembro de 2006, denominada XDR-TB (extensively drug-resistant-
TB), a qual é definida como casos de TB resistentes a 2 drogas de primeira
linha (isoniazida e rifampicina) e no minimo 3 das 6 principais classes de
drogas de segunda linha [27]. Tanto as cepas MDR quanto as XDR levam ao
uso de drogas de segunda linha, o que aumenta os efeitos colaterais, 0 custo e
o tempo do tratamento, além de requerer maior tecnologia para o diagndstico
preciso das cepas de M. tuberculosis, a qual ndao esta disponivel em muitos
paises afetados pela doenca. Estes fatos evidenciam que tanto o surgimento
como o aumento do numero de cepas de M. tuberculosis resistentes as drogas
antimicobacterianas convencionais representam um risco para o controle da
TB. Consequientemente, a vigilancia do tratamento e pesquisas avancadas
para o desenvolvimento de novas drogas tornaram-se uma prioridade na luta

contra a TB.

1.2 Tuberculose e laténcia



Uma das caracteristicas mais importantes do patégeno causador da TB é a sua
capacidade de persistir no hospedeiro humano por longos periodos em estado
de laténcia, quando ndo se apresentam manifestacdes clinicas que permitem
sua identificacdo. Nesta fase da infeccdo, também conhecida como
persisténcia, o bacilo da TB diminui drasticamente seu metabolismo e
praticamente ndo se multiplica, como consequéncia da resposta imune celular
qgue o hospedeiro monta para tentar erradicar a infecgéo [8].

Pesquisas feitas utilizando a prova intradérmica de tuberculina estimam que um
terco da populacdo mundial esteja infectada com M. tuberculosis, 0 que
representa um reservatoério importante para o surgimento de novos casos [7].
Estes reservatérios dos quais pode surgir a doenca ativa sdo incrementados
pela pandemia de AIDS em doentes infectados com o HIV, o que gera um
obstaculo a mais para o controle da TB. Dados revelam que o risco de
progressao da infeccao do estado latente para o ativo é de 8-10% por ano [7].
A formacgado de granulomas, caracteristicos deste estado da doenca, faz com
que o patdgeno seja isolado e sua replicacdo controlada, mas sem chegar a
erradica-lo. Esta forma isolada do bacilo pode viver por décadas em um estado
de dorméncia, em que ocorre uma minima replicagdo e expressao diferencial
de genes que lhe permitem sobreviver. A ativacdo da TB ocorre quando o
sistema imune do hospedeiro decai, resultando em uma massiva replicagéo do
bacilo e reativacdo da TB (ver anexo 1), sendo neste ponto transmissivel a
outras pessoas [1].

A atual vacina contra a TB, Mycobacterium bovis Bacillus Calmette-Guérin
(BCG), foi introduzida hd mais de 60 anos e € utilizada amplamente no mundo.

Esta vacina protege contra a manifestacdo severa em criangcas, mas nao



impede a reativacdo pulmonar em adultos ou o estabelecimento da forma
latente do bacilo [1]. Um dos alvos importantes para o desenvolvimento de
vacinas contra a TB é o estado de laténcia e os genes que sao
diferencialmente expressos quando o bacilo passa do estado ativo ao de
laténcia, em resposta ao sistema imune do hospedeiro. Desta maneira, genes
que sédo fundamentais para a sobrevivéncia do bacilo na fase de laténcia se
mostram agora em pontos de interesse para estudo no desenvolvimento de

vacinas [12].

1.3 Metabolismo de nucleotideos

Os nucleotideos sdo compostos que fazem parte de um grande numero de
processos bioquimicos nas diferentes formas de vida. A importancia dos
nucleotideos no metabolismo celular é suportada pelo fato de que quase todas
as células podem sintetiza-los tanto de novo como a partir dos produtos de
degradacdo dos acidos nucléicos, 0 que se denomina salvamento ou
recuperacao [2,24].

Mais do 95% dos nucleotideos sdo encontrados na fracdo acido-insoluvel das
células como nos acidos nucléicos. A fracdo soluvel do acido consiste de
nucleosideos mono, di, e trifosfatos (NMPs, NDPs e NTPs) e nucleotideos
como componentes de coenzimas. Nucleosideos trifosfato sdo precursores de
acidos nucléicos e coenzimas. Os nucleotideos que atuam como componente
de coenzimas, assim como pequenas fracdes de acidos nucléicos, sofrem uma
alta converséo, produzindo NMPs e NDPs como produto. Para uma sintese

estavel de RNA e DNA requer-se constante administracdo de ribonucleosideos



trifosfato (rNTP) e deoxiribonucleosideos trifosfato (ANTPs), que na auséncia

destes, devem ser fornecidos através da biosintese de novo [15]

1.3.1 Sintese de novo das pirimidinas

A sintese de novo das pirimidinas € iniciada com a sintese de carbamoilfosfato
desde glutamina, bicarbonato e ATP, reacdo catalisada pela carbamoilfosfato
sintetase (CPSase). A condensacdo do carbamoilfosfato com aspartato pela
aspartato transcarbamilase produz N-carbamilaspartato formando-se o anel da
pirimidina, através de ciclizagdo e oxidacdo, o qual é transformado a
dihidroorotato pela dihidroorotato dihidroorotase (DHOase). Posteriormente,
ocorre a oxidacdo do dihidroorotato a orotato pela dihidroorotato
deshidrogenase (DHOhase). O orotato €& convertido ao nucleotideo
correspondente pela —D-5-fosforibosil-1-fosfato (PRPP), formando orotidina 5'-
monofosfato (OMP), a qual é subsequentemente descarboxilado a uridina
monofosfato (UMP). A conversdao de UMP ao trifosfato ocorre pela fosforilacao
de UMP a uridina difosfato (UDP) e depois a uridina trifosfato (UTP) pela acao
da UMP quinase e NDP quinase (nucleosideo de fosfato quinase). Finalmente,

UTP é aminado a citidina trifosfato (CTP) pela CTP sintetase (fig. 1) [15, 16].

----------------------------- ATP
dTTP ¢ ¢« ¢ « dUTP<-dCTP< <« «CTP 4 UTP+ «UMP< « <« < <-CP<- HCOs

DY

RNA Arginina

Figura 1. Sintese de novo das Pirimidinas. Abreviacoes: carbamoilfosfato (CP),
uridina monofosfato (UMP), uridina trifosfato (UTP), citidina trifosfato(CTP),
desoxicitidina trifosfato (dCTP), desoxiuridina trifosfato (dUTP) e desoxitimidina

trifosfato (dTTP).



1.3.2 Rota de salvamento das pirimidinas

A rota de salvamento de pirimidinas apresenta trés fungbes fisiologicas. A
primeira é a assimilacdo de bases exdgenas livres e nucleosideos; o0s
nucleosideos sdao predominantemente metabolizados a bases livres antes de
serem usados para sintese de nucleotideos. A segunda funcéo € a fabricacao
da pentose dos nucleosideos exdgenos utilizando esta como origem de
carbono e energia; e o grupo amino dos compostos com citosina como origem
de nitrogénio. A terceira funcao é a reutilizacao de bases livres e nucleosideos
produzidos intracelularmente desde a reciclagem dos nucleotideos.

Para a utilizacdo de bases pirimidinicas, como o uracil, € necessario a uracil
fosforibosiltransferase (UPRTase), a qual converte o uracil a UMP. No entanto,
o metabolismo da citosina ocorre através da deaminacdo pela citosina
deaminase (codA) a uracil e aménia.

A uridina, é convertida a UMP mediante fosforilagéo pela uridina quinase (udk)
ou pela clivagem a uracil e ribose 1-fosfato através da uridina fosforilase (udp)
e posterior conversao do uracil ao UMP pela UPRTase.

A rota para utilizagédo de citidina e desoxicitidina ocorre através da deaminagéo,
a uridina e desoxiuridina, respectivamente, catalisada pela citidina deaminase
(CDA). O produto, uridina, é diretamente convertido a CMP pela uridina
quinase.

A desoxiuridina e a timina podem ser utilizadas por duas rotas diferentes. Na
primeira, a timina quinase, a qual é codificada pelo gene tdk, fosforila estes
componentes até monofosfatos. Na segunda rota, a timina fosforilase (deoA)
cliva estes nucleosideos a deoxiribose 1-fosfato e a base livre correspondente

(fig.2) [15, 16, 20, 24].
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Figura 2. Rota de salvamento de pirimidinas. As enzimas envolvidas nesta rota
sao identificadas pelo simbolo de seu gene: cdd, citidina (desoxicitidina)
deaminase; codA, citosina deaminase; deoA, timina (desoxiuridina) fosforilase;
deoB, fosfopentomutase; deoC, deoxiriboaldose; tdk, timidina (desoxiuridina)
quinase; thyA, TSase; udk,uridina (citidina) quinase; udp, uridina fosforilase;
upp, UPRTase; 1, CMP glicosilase [15].

Diferentes estudos demonstram que organismos tdo divergentes como
Escherichia coli, leveduras e humanos possuem rotas similares para a
biosintese de nucleotideos pirimidinicos, o que nao é diferente em
micobactérias, onde se tem estabelecido, apesar de pouca informagdo a
respeito, que o metabolismo de pirimidinas é similar ao de humanos e outros
organismos. Estudos mostram que mutantes de enzimas desta rota metabdlica
poderiam afetar o crescimento e varios estados fisiolégicos deste patdégeno na

fase de laténcia do bacilo [9, 23].



Pouco se conhece sobre a fungéo e preferéncia de substratos destas enzimas,
sendo necessario ampliar o conhecimento com a realizacdo de estudos que

melhor caraterizam estas enzimas.

1.4 Citidina deaminase

Citidina deaminase (CDA) (E.C.3.5.4.5) € uma enzima que catalisa a
deaminacgdo hidrolitica irreversivel de citidina e desoxicitidina a uridina e
desoxiuridina, respectivamente [6,28].

Citidina + H>0 citidina deaminase Uridina + NH3

Estudos bioquimicos e estruturais da CDA em bactérias sugerem o mecanismo
de reacao apresentado na figura 3. Esta enzima tem sido caracterizada em E.
coli, Bacillus subtilis e humanos [3, 5, 10], e contém um atomo de zinco no sitio
ativo que polariza uma molécula de agua que ataca nucleofilicamente o C4 do
anel da citidina pela protonacado do adjacente na posicao N3. O intermediario

tetraédrico resultante decompde-se pela eliminagcdo de amoénia, o que produz

uridina [5].
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Tomado de Chung S.J et. al. .Med. Chem.2005,48,658-660.

Figura 3. Mecanismo de reacao proposto para CDA

O atomo de zinco que a enzima contém é essencial para a catalise. Dois tipos
de CDA tém sido identificadas na natureza: uma homodimérica (D-CDA), com
uma subunidade que apresenta uma massa molecular de 32kDa, e uma
homotetramérica (T-CDA), com uma massa molecular aproximada de 15 kDa.
D-CDAs sao encontradas em bactérias Gram-negativas, tais como Escherichia
coli e plantas, enquanto que T-CDAs sao encontradas em bactérias Gram-
positivas como Bacillus subtilis e muitos outros organismos eucariotos,
incluindo mamiferos [10].

A estrutura obtida a partir dos cristais de organismos como B. subtilis [10] e E.
coli [3] tem sido determinada. Ambas as classes de CDAs contém uma forte
ligacdo por subunidade, catalisada pelo ion de zinco. A subunidade da enzima
de E. coli tem dois dominios com as mesmas caracteristicas que a subunidade

T-CDA, resultando em centros estruturais similares da D-CDA e T-CDA (Figura

1),




Figura 4: Estrutura de (a) T-CDA de B. subtilis e (b) D-CDA de E. coli. As
subunidades de T-CDA sdao mostradas em magenta, verde e azul
respectivamente. As subunidades de D-CDA sdao mostradas em vermelho e
amarelo com as ligagdes respectivas entre o sitio catalitico e o dominio C-
terminal em azul e ciano. Os ions de zinco e inibidores sdo mostrados em

modelo de palitos [13]

Porém, apenas um dos dominios da D-CDA em cada subunidade é ligado ao
zinco, sendo sé dois sitios ativos por molécula de enzima em contraste com
quatro na T-CDA. Os sitios ativos da T-CDA sao compostos por residuos de
trés das quatro subunidades para o tetramero.

Estudos de alinhamento entre diferentes organismos revelam a presenca de
residuos de tirosina nas T-CDA que ndo foram encontrados em nenhuma
sequéncia de D-CDA. CDA de M. tuberculosis apresenta estes residuos, o que
sugere uma estrutura tetramérica para esta enzima [4].

A CDA de humanos (hCDA) tem se mostrado interessante pelo importante
papel que tem no metabolismo de nucleosideos antitumorais e antivirais
analogos de citidina, levando a inativacao farmacolégica, e efeitos secundarios
indesejaveis. Um exemplo é a perda da atividade antineoplasica da citosina-
arabinosideo, um agente quimioterapéutico utilizado no tratamento contra o
céancer [21].

Outro importante papel da CDA é a sua participacdo na deaminacao de bases
no RNA e DNA de simples e dupla fitas. A modificacdo destas bases gera no
RNA um cédon de parada, enquanto que, no DNA promove a diversidade de

anticorpos [14].



A caracterizacao da CDA de M. tuberculosis poderia ser Util para aumentar
nosso conhecimento desta enzima e também como tentativa para identificar

potenciais alvos para o desenvolvimento de drogas e vacinas.



2 OBJETIVOS

2.1 OBJETIVO GERAL

Este estudo faz parte de um projeto desenvolvido no Centro de Pesquisa em

Biologia Molecular e Funcional (CPBMF) com a finalidade de estudar enzimas

utilizadas pelo bacilo M. tuberculosis durante a infeccdo. O objetivo geral na

realizacdo deste trabalho foi a caracterizacdo da enzima citidina deaminase

envolvida na via de salvamento de pirimidinas de M. tuberculosis.

2.2 OBJETIVOS ESPECIFICOS

1.

Desenho de primers e amplificacdo do gene cdd que codifica a proteina
citidina deaminase;

Clonagem do gene amplificado no plasmideo pCR-Blunt e posterior
subclonagem no vetor de expressao pET-23a(+);

Realizar testes de expressdo da proteina recombinante em diferentes
linhagens de E. coli e condicbes de crescimento (temperatura, meio de
cultura, adicao de IPTG, etc), a fim de estabelecer um protocolo que
permita a expressao da proteina em forma soluvel;

Estabelecer um protocolo de purificagdo que permita obter a proteina
citidina deaminase altamente pura, utilizando o método de cromatografia
liquida de alta eficiéncia (HPLC);

Determinar paradmetros cinéticos da proteina usando como substrato a

adenosina;



6. Realizar a analise de espectrometria de massas e sequenciamento total

da proteina purificada.



3. ARTIGO CIENTIFICO

Title of the article

The Rv3315c locus from Mycobacterium tuberculosis H37Rv codes for a

functional cytidine deaminase that hydrolyses cytidine and 2’-deoxycytidine

Periodic chosen for submission

Protein expression and purification



The Rv3315c locus from Mycobacterium tuberculosis H37Rv codes for a
functional cytidine deaminase that hydrolyses cytidine and 2’-

deoxycytidine

Zilpa A. Sanchez Quitian™, Cristopher Z. Schneider®, Rodrigo G. Ducati®, Carlos

Bloch Junior?, Di6genes S. Santos**, and Luiz A. Basso"*

* Centro de Pesquisas em Biologia Molecular e Funcional (CPBMF), Instituto Nacional
de Ciéncia e Tecnologia em Tuberculose (INCT-TB), Pontificia Universidade Catdlica
do Rio Grande do Sul (PUCRS), Av. Ipiranga, 6681, Porto Alegre, RS 90619-900,
Brazil

® Programa de P6s Graduagdo em Biologia Celular e Molecular, Pontificia Universidade
Catolica do Rio Grande do Sul, Porto Alegre, RS, Brazil

¢ Programa de Pés-Graduag@o em Biologia Celular e Molecular, Universidade Federal
do Rio Grande do Sul, Porto Alegre, RS, Brazil

4 Laboratério de Espectrometria de Massas, Empresa Brasileira de Pesquisa
Agropecudria-Recursos Genéticos e Biotecnologia, Estacdo Parque Bioldgico, Brasilia,

DF, Brazil

Keywords: Mycobacterium tuberculosis; Pyrimidine salvage pathway; Cytidine

deaminase; Protein purification; Enzyme kinetics; Drug target.

Running title: Cytidine deaminase from Mycobacterium tuberculosis

*To whom correspondence may be addressed: Luiz A. Basso or Didgenes S. Santos



Av. Ipiranga 6681 — TecnoPUC — Prédio 92A, Porto Alegre, RS 90619-900, Brazil.

Phone/Fax: +55 51 33203629; E-mail addresses: luiz.basso@pucrs.br or

diogenes @pucrs.br.

Abbreviations used: CDA, cytidine deaminase; ESI-MS, electrospray ionization mass
spectrometry; IPTG, isopropyl-f-D-thiogalactopyranoside; MDR-TB, multidrug-
resistant TB; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis;

TB, tuberculosis; XDR-TB, extensively drug-resistant TB.



Abstract

Human tuberculosis (TB), caused by Mycobacterium tuberculosis,
remains a leading cause of mortality. The emergence of drug resistant strains of
M. tuberculosis has exacerbated the treatment and control of TB. There is thus
a continuous need to identify promising targets for the development of anti-TB
agents. Cytidine deaminase (CDA) is a pyrimidine salvage pathway enzyme
that recycles cytidine and 2’-deoxycytidine for uridine and 2’-deoxyuridine
synthesis, respectively. A probable CDA gene (cdd, Rv3315c) from M.
tuberculosis H37Rv was cloned, sequenced, and expressed in Escherichia coli
BL21(DE3) cells. The purification protocol of recombinant M. tuberculosis CDA
(MtCDA) yielded 35 mg of homogeneous protein from 10 g of cells. Mass
spectrometry, N-terminal amino acid sequencing, and gel filtration
chromatography confirmed the predicted molecular mass, identity, and
oligomeric state of MtCDA, which was estimated to be 52.99 kDa. These results
and multiple sequence alignment suggest that MtCDA is a homotetramer in
solution. Steady-state kinetic measurements yielded the following parameters:
K and k.ot values of, respectively, 1004 uM and 4.8 s™ for cytidine, and 1059
UM and 3.5 s™ for 2’-deoxycytidine. The pH dependence of ket and Kea/ K for
cytidine indicate that protonation of a single ionizable group with apparent pK;
value of 4.3 abolishes activity, and protonation of a group with pK; value of 4.7
reduces binding. The demonstration that the Rv3315c¢ locus encodes a protein
having CDA activity in M. tuberculosis is the first step to understand the role of

this gene product and should help the design of anti-TB agents and vaccines.



Introduction

Human tuberculosis (TB) is an infectious disease, caused primarily by
Mycobacterium tuberculosis; that remains a major challenge to public health
systems worldwide, specially in poor and developing nations. Over 9 million
people develop TB and 2 million die annually [1]. Based on TB skin tests, the
World Health Organization estimates that one-third of the world’s population is
currently infected with M. tuberculosis in a latent form and, therefore, at risk of
developing the active disease [2]. The emergence of multidrug-resistant (MDR,
resistant to at least isoniazid and rifampicin, the most potent anti-TB drugs) and
extensively drug-resistant (XDR, resistant to first- and second-line anti-TB
drugs) strains of M. tuberculosis have exacerbated the treatment and control of
TB. Approximately 0.5 million cases of MDR-TB emerged in 2006; in addition,
new cases of XDR-TB have been notified in 45 countries in all five continents
[3, 4]. The ability of M. tuberculosis to persist in host tissues results in the
requirement of prolonged administration of chemotherapeutic agents to achieve
in vivo bactericidal effects [5]. More effective and less toxic anti-TB drugs acting
on novel mycobacterial targets are needed to shorten the duration of current
therapy, to improve the treatment of MDR- and XDR-TB cases, and to provide
an efficient alternative to eliminate/eradicate latent M. tuberculosis infection.

Pyrimidine nucleotides are essential for DNA replication and RNA
transcription, as well as many other cellular functions, such as phospholipid
biosynthesis and regulation of enzyme activity by uridylylation. As fundamental
components of critical cellular processes, their biochemical pathways constitute
attractive targets for drug development. There are two major pathways for

pyrimidine nucleotide synthesis: the de novo and the salvage pathway. While



the de novo pathway demands higher energy levels for pyrimidine biosynthesis
from simple precursors, cells use the salvage pathway to reutilize pyrimidine
bases and nucleosides derived from preformed nucleotides [6]. In addition, the
pyrimidine salvage pathway enzymes enable organisms to acquire exogenously
supplied pyrimidine bases and nucleosides, which may not be synthesized by
certain species [7, 8]. Although M. tuberculosis pyrimidine salvage pathway
appears to be similar to that of Escherichia coliand even mammalian cells, it is
expected that M. tuberculosis will exhibit unique regulatory properties in
correlation with its pathogenicity and slow growth [9].

As pertains to rational drug development, 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. Since no transporters for bases,
nucleosides or nucleotides of nucleic acids could be identified in M. tuberculosis
[10], it is thus likely that M. tuberculosis has to recycle bases, nucleosides,
and/or nucleotides to survive in the hostile environment offered by the host
macrophages. In general, pyrimidine bases and nucleosides, which are the
transportable precursors of the nucleotides, are not available as exogenous
nutrients to most bacteria [7]. Accordingly, an understanding of the mode of
action and role of M. tuberculosis pyrimidine salvage pathway enzymes could
unveil new targets for the rational design of potent and selective antitubercular
agents capable of, hopefully, preventing progression and reactivation of the
disease.

Cytidine deaminase (CDA; EC 3.5.4.5), an evolutionarily conserved

enzyme of the pyrimidine salvage pathway, catalyzes the hydrolytic



deamination of cytidine and 2’-deoxycytidine to form uridine and 2’-
deoxyuridine, respectively [11]. The hydrolytic deamination of cytidine
nucleosides catalyzed by CDA has been characterized in different organisms,
including E. coli[12, 13], Bacillus subtilis [14], Saccharomyces cerevisiae [15],
human liver [16], and others. The CDA protein family tends to form multi-subunit
complexes. E. coli CDA occurs as a homodimer with two active sites formed by
contributions from each monomer [17]. On the other hand, human CDA is a
homotetramer having one active site in each 16.2 kDa subunit [18], whereas B.
subtilis CDA is a homotetramer with subunit molecular mass of 14.9 kDa [14]. In
M. tuberculosis, a putative cdd (Rv3315c¢) gene has been identified in the
genome of the H37Rv strain by sequence similarity [19]. However, the first step
to try to understand the role of this gene product should be demonstration that
the Rv3315c locus indeed encodes a protein having CDA activity in M.
tuberculosis.

In the present work, we report cloning, heterologous recombinant protein
expression in E. coli, purification to homogeneity, N-terminal amino acid
sequencing, electrospray ionization mass spectrometry analysis, and size
exclusion chromatography of a functional cdd-encoded M. tuberculosis CDA
(MtCDA). We also report determination of steady-state kinetic parameters and
pH-rate profiles of MtCDA. These results provide a solid foundation on which to
base gene replacement experiments aiming at understanding the role of CDA, if
any, in survival and/or latency of the bacillus, which should pave the way for the

design of new anti-TB agents and/or the development of new vaccines.



Materials and Methods
Bacterial strains, media, and growth conditions. E. coli DH10B and

BL21(DE3) (Novagen) strains were grown at 37 °C in Luria-Bertani (LB; Difco)
medium at 180 rpm containing 50 ug mL™" ampicillin.

PCR ampilification, cloning, and DNA sequencing of the cdd coding
sequence. Based on the published genome sequence from M. tuberculosis
H37Rv [19], two oligonucleotide primers, CDD1 (5’-gc cat atg cct gat gtc gat tgg
aat atg ctg-3’) and CDD2 (5’-ga aag ctt tca ccg gcg ttc ccg ggg gag-3’),
complementary to the 5’ N-terminal and the 3’ C-terminal ends of the probable
cdd (Rv3315c) gene, were synthesized to contain, respectively, Ndel and
Hindlll restriction sites (bold). These primers were used to amplify the cdd
coding sequence (402 bp) from M. tuberculosis H37Rv genomic DNA. Using
standard PCR conditions (an initial denaturation step at 98 °C for 5 min, 35
cycles of denaturation at 98 °C for 30 s, annealing at 55 °C for 55 s, and
extension at 72 °C for 2 min, and a final extension step for 10 min at 72 °C) and
Pfu DNA polymerase for high-fidelity amplification (Stratagene), the amplified
product was purified by electrophoresis on a low-melting agarose gel, digested
with Ndel and Hindlll (New England Biolabs), and ligated into the pET-23a(+)
expression vector (Novagen). Nucleotide sequence of the M. tuberculosis cdd
gene was determined by automated DNA sequencing to confirm the identity,
integrity, and absence of PCR-introduced mutations in the cloned gene.

Expression of recombinant MtCDA in E. coli. The recombinant plasmid
pET-23a(+)::cdd was transformed into electrocompetent E. coli BL21(DE3) cells
and selected on LB agar plates containing 50 ug mL™ ampicillin [20]. A single
colony was used to inoculate 50 mL of LB medium in 250 mL flasks, and grown

as mentioned above. As cell cultures reached an ODggg value of 0.4-0.6, the



cells were either induced with 1 mM isopropyl-B-D-thiogalactopyranoside (IPTG)
or not induced; and the cells collected at 3, 6, 9, 12, 24, and 48 h post-
induction. The same procedure was employed for E. coli BL21(DES3) cells
transformed with the pET-23a(+) vector only, which was used as an
experimental control. Cells were harvested at the indicated time points by
centrifugation at 20,8009 for 5 min at 4 °C, and the supernatant discarded. Cell
pellets were suspended in 600 pL Tris-HCI 50 mM pH 7.5 (buffer A), disrupted
by sonication at 4 °C (2 pulses of 10 s each at an amplitude value of 21 %) and
cell debris was separated by centrifugation at 48,0009 for 30 min at 4 °C. The
soluble extract fractions were analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) [21].

Purification of recombinant MtCDA. Single colonies were used to
inoculate 700 mL of LB medium in 2 L flasks, and grown for 6 h past an ODggo
of 0.4-0.6, without addition of IPTG, which was the optimized protocol for CDA
expression as discussed below. All subsequent steps were performed at 4 °C,
unless stated otherwise. Cells were harvested by centrifugation at 10,879g for
30 min. The resulting cell paste (10 g) was suspended in buffer A (5 mL per
gram), cells were disrupted by sonication (15 pulses of 10 s each at an
amplitude value of 60 %) and centrifuged at 23,500¢g for 30 min. Nucleic acid
precipitation present in the supernatant was carried out by addition of
streptomycin sulfate 1 % (final concentration), stirring the mixture 30 min, and
centrifugation at 48,0009 for 30 min. The supernatant containing soluble CDA
was dialyzed against buffer A (3 x 1 L, 3 h each) using a dialysis tubing with a
3.5 kDa molecular weight cut off (MWCOQO) and centrifuged at 48,0009 for 30

min. The supernatant was loaded on a Q Sepharose Fast Flow column (GE



Healthcare) pre-equilibrated with buffer A. The column was washed with 10
column volumes of buffer A and the adsorbed material was eluted with a linear
gradient (0-100%) of 15 column volumes of 50 mM Tris-HCI pH 7.5 containing
500 mM NaCl (buffer B). The fractions containing the target protein were pooled
and concentrated using an AMICON ultrafiltration membrane (MWCO = 30 kDa)
and loaded on a Sephacryl S-200 column (GE Healthcare) pre-equilibrated with
buffer A. The column was washed with 1.5 column volumes of buffer A at 0.25
mL min™ flow-rate. The fractions containing the target protein were pooled,
incubated with ammonium sulfate to a final concentration of 1 M, stirred for 30
min, and clarified by centrifugation at 23,5009 for 30 min. The supernatant was
loaded on a Butyl-Sepharose High Performance column (GE Healthcare) pre-
equilibrated with 50 mM Tris-HCI pH 7.5 containing 1 M (NH4)2SO4 (buffer C).
The column was washed with 7 column volumes of buffer C and the adsorbed
material was eluted with a linear gradient (0-100%) of 20 column volumes of
buffer A. All fractions were analyzed by SDS-PAGE and the fractions containing
homogeneous CDA were pooled and stored at -80 °C. Protein concentration
was determined by the method of Bradford [22] using the Bio-Rad protein assay
kit (Bio-Rad) and bovine serum albumin as a standard.

Determination of MtCDA molecular mass. The molecular mass of native
M. tuberculosis CDA recombinant protein was determined by gel filtration
chromatography using a Superdex 200 (HR 10/30) (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™. The LMW and HMW Gel Filtration Calibration Kit (GE
Healthcare) was used for protein molecular mass standards in the calibration

curve, measuring the elution volumes (V) of several standards (ferritin,



catalase, aldolase, albumin, ovalbumin, chymotrypsinogen A, and Ribonuclease
A), calculating their corresponding partition coefficients (Kay), and plotting these
values versus the logarithm of their molecular masses. Ky, values were
determined as Kay = (Ve — Vo)/(Vi = Vo), where Vg and V; are the elution volume
of a sample and total bed volume of the column, respectively, and V, is the void
volume, which was determined by loading blue dextran 2000 (GE Healthcare) to
the column. Protein elution was monitored at 215, 254 and 280 nm.

Mass spectrometry analysis. Recombinat MtCDA was analyzed by
MALDI-TOF/TOF on an ABI 4700 Proteomics Analyzer (Applied Biosystems,
Framingham, MA, USA), an Ultraflex Il (Bruker Daltonics, Germany) and a Q-
TOF Ultima APl (Micromass, UK) as described elsewhere [23].

N-terminal amino acid sequencing. N-terminal amino acid residues of
recombinant homogeneous MtCDA were determined by automated Edman
degradation sequencing using a PPSQ 23 protein peptide sequencer
(Shimadzu Co., Japan) [23].

MtCDA activity assay and determination of steady-state kinetic
parameters. MtCDA enzyme activity assays were performed for all purification
steps following the direct spectrophotometric assay described by Cohen and
Woldfenden [13]. In short, the time-dependent decrease in absorbance at 282
NM (Ecytigine = 3.6 M eM™"; €2 geoxyeytisine = 6.4 M cm™) upon conversion of
cytidine or 2’-deoxycytidine to converted to uridine or deoxyuridine, respectively,
was monitored using an UV-2550 UV/Visible spectrophotometer (Shimadzu)
equipment. Determination of steady-state kinetic parameters for cytidine and 2’-
deoxycytidine were determined as a function of substrate concentrations

ranging from 50 to 1100 pM. The enzymatic assays were monitored using 0.5



cm light path quartz cuvettes, in 50 mM Tris-HCI buffer pH 7.5 at 25 °C, and
initiated with addition of 4.11 uM of homogeneous recombinant MtCDA [13].
One unit of enzyme activity (U) is defined as the amount of enzyme required to
deaminate 1 ymol of either cytidine or 2’-deoxycytidine per min.

pH Profiles. The dependence of the kinetic parameters on pH was
studied using cytidine as the variable substrate in a buffer mixture of MES-
HEPES-CHES over the following pH values: 4.0, 4.5, 5.0, 6.0, 7.5, 9.0, 10.0 and
11.0 [24]. Profiles were generated by plotting the either the logksa: or l0gkcar/ Km
versus the pH values, and data fitted to eq (1), where y is the apparent kinetic
parameter, C is the pH-independent plateau value of y, H is the hydrogen ion
concentration, and Kj is the apparent acid dissociation constant for ionizing
groups. It should be pointed out that data fitting employed the pH range of 4.0-

6.0 for logkcat versus pH plot and of 4-11 for logksai/ Km versus the pH plot.




Results and Discussion
cdd amplification, cloning, and sequencing. PCR amplification of a

probable MtCDA coding sequence (cdd, Rv3315c¢) from M. tuberculosis H37Rv
genomic DNA yielded a product with the expected size (402 bp), which was
ligated into the pET-23a(+) expression vector. Nucleotide sequence analysis of
M. tuberculosis cdd coding sequence confirmed both identity and integrity of the
cloned product, showing that no mutations were introduced by the PCR
amplification steps.

M. tuberculosis CDA expression. Recombinant MtCDA was expressed in
E. coliBL21(DES3) host cells transformed with the pET-23a(+)::cdd plasmid. The
best experimental condition found for MtCDA expression in BL21(DE3) was 6
hours of growth after the cell culture reached an ODg value of 0.4-0.6 without
IPTG induction (data not shown). SDS-PAGE analysis showed that cell extracts
contained a recombinant protein in the soluble fraction with an apparent
molecular mass of 14 kDa, in agreement with the expected size of 14,072 Da
for MtCDA (Fig. 1).

The pET system makes use of the powerful T7 RNA polymerase, under
control of IPTG-inducible lacUV5 promoter, to transcribe the respective cloned
target genes [25]. Expression of cdd gene product showed that high levels of
protein production can be obtained in stationary phase for cells growing in the
absence of inducer as has been previously reported elsewhere [26, 27, 28]. It
has been suggested this phenomenon is due to derepression of /ac operon
requiring cyclic-AMP [29].

M. tuberculosis CDA purification. Recombinant MtCDA was purified as
described under Materials and Methods; each chromatographic step was

analyzed by SDS-PAGE and assayed for enzyme activity, in the forward



direction. In the first purification step, an anion-exchange chromatography (Q
Sepharose Fast Flow column), the target protein was eluted with approximately
0.9 % of buffer B and these fractions were pooled as indicated by SDS-PAGE
analysis (Fig. 2). This step resulted in 2.4-fold protein purification (Table 1), with
removal of some contaminants with apparent subunit molecular mass values
larger than 20 kDa (Fig. 2). The second purification step, gel filtration
chromatography (Sephacryl S-200 column), resulted in 1.8-fold protein
purification, with the removal of a substantial amount of contaminants (Fig. 2).
This decrease in the purification-fold might have been affected by the
contaminants purified during this chromatographic this step, for instance
removal of MtCDA activators, or simply due to uncertainties in protein
concentration determination that are inherent to every method. The recombinant
protein was suspended in 50 mM Tris-HCI pH 7.5 containing 1 M (NH4)2SO4
(buffer C) and loaded on a hydrophobic interaction column (Butyl-Sepharose
High Performance), the third and final purification step; the target protein was
eluted with approximately 44 % of buffer C and yielded homogeneous MtCDA in
solution, with protein yield of approximately 10 % (Table 1). The 2.3-fold
purification protocol yielded approximately 35 mg (Table 1) of homogeneous M.
tuberculosis CDA from 10 g of cells.

MtCDA molecular mass determination. The subunit molecular mass of
MtCDA was determined to be 13,938.55 Da by electrospray ionization mass
spectrometry (ESI-MS), indicating the removal of the N-terminal methionine
residue (theoretical molecular mass 14,075.15 Da; predicted methionine

molecular mass = 131.20 Da) and the loss of four protons due to oxidation of



two of the three disulfides bonds. These results provide evidence that confirms
the identity and purity of the recombinant MtCDA.

The protein native molecular mass determined by gel filtration
chromatography showed a single peak with elution volume consistent with a
molecular mass of 52.99 kDa, suggesting that the recombinant MtCDA protein
is a tetramer in solution. In agreement with other studies, the comparative
alignment of CDA from different sources, such as B. subtilis, indicates that CDA
contains two conserved tyrosine residues that are not found in any dimeric CDA
sequence, which appears to be strictly correlated with a tetrameric quaternary
structure in deaminases [30].

N-terminal amino acid sequencing. The Edman degradation method
identified the first 30 N-terminal amino acid residues of recombinant MtCDA as
PDVDWNMLRGNATQAAAGAYLPYSRFAVGA. This result unequivocally
demonstrates that the homogeneous recombinant protein is MtCDA and
confirms the removal of the N-terminal methionine. Protein N-terminal
methionine excision is a common type of co-/post-translational modification
process that occurs in the cytoplasm of many organisms and in two organelles
(i.e. mitochondria and plastids) displaying protein synthesis. Methionine
aminopeptidase catalyzed cleavage of initiator methionine is usually directed by
the penultimate amino acid residues with the smallest side chain radii of
gyration (Gly, Ala, Ser, Thr, Pro, Val, and Cys) [31]. The removal of N-terminal
methionine from MtCDA is in agreement with this rule, since proline is in the
penultimate N-terminal amino acid residue.

Sequence alignment of CDAs from M. tuberculosis H37Rv, M. bovis

AF2122, M. leprae ML2174, M. marinum MMAR_1204, M avium 4296, M.



smegmatis, and B. subtilis was carried out using Clustal W [32]. The identity
between the CDA sequences was 21.58 % and almost all of the residues that
are conserved among the CDAs from the 7 organisms analyzed (Fig. 3) are
involved in interactions that are important for the substrate, zinc ion binding and
tetrameric interactions. The relationships between the conserved residues and
their functional roles have been reported for CDAs from other organisms [14,
30, 33, 34]. Here we briefly discuss the probable role of conserved residues in
M. tuberculosis CDA sequence. The residues Phe27, Asn45, Glu47, Ala57, and
Phe128 (M. tuberculosis numbering) mediate substrate-binding and were
conserved in all sequences. Residues Cys56, Glu58, Cys89, and Cys92 are
reported as probable zinc ligands for B. subtillis and E. coli CDAs, and were
absolutely conserved in all sequences analyzed here [17, 33, 34]. The zinc
ligand is coordinated to three cysteines in tetrameric B. subtillis CDA [30], which
is in agreement with the three conserved cysteine residues (Cys56, Cys89, and
Cys92) and the tetrameric oligomeric state of MtCDA reported here. In M.
tuberculosis Ser25, Arg93, GIn94, Glu98, and Leu124 are related to tetrameric
interactions. The tetrameric CDAs contain two highly conserved tyrosine
residues not found in any of the dimeric CDA sequences [30], which correspond
to the two highly conserved tyrosine residues (Tyr24 and Tyr51) identified in
MtCDA sequence (Fig. 3) and is in agreement with the experimental results
here reported.

MtCDA kinetics. The activity of MtCDA was linearly dependent on sample
concentration added to the reaction mixture for both cytidine and 2’-
deoxycytidine (Fig. 4), demonstrating that true initial velocities are being

measured. The steady-state kinetic parameters determined for MtCDA are



summarized in Table 2. Data were fitted to a hyperbolic equation, suggesting
that MtCDA reaction obeys Michaelis—Menten kinetics (Fig. 5). The Ky and A
values were, respectively, 1004 + 53 pM and 4.8 + 0.1 s™' for cytidine and 1059
+64 uM and 3.5 £ 0.1 s™' for 2’-deoxycytidine. The MtCDA Ky values are larger
than E. coli CDA (220 uM for cytidine and 58 uM for 2’-deoxycytidine).
Furthermore, the k4t value for M. tuberculosis CDA was lower than the ones
reported for E. coli and human liver CDAs (136.6 s and 65 s™, respectively)
[12]. The specificity constant values (k.a/Ku) for both substrates are quite
similar (Table 2: 4.8 x 10° M s™ for cytidine and 3.3 x 10> M s for 2-
deoxycytidine), which indicates that MtCDA has no preference for any of the
two substrates (cytidine or 2’-deoxycytidine) free in solution. The E. coli CDA
has been shown to be more specific for 2’-deoxycytidine than cytidine [12, 35].
Our results, however, demonstrate that MtCDA has similar specificity for both
substrates. Interestingly, even though further studies are required to show
whether or not MtCDA is a metalloenzyme or metal-ion activated, here we
demonstrate that recombinant MtCDA catalyzes deamination of cytidine and 2’-
deoxycytidine in the absence of any metal.

To assess the role of acid/base chemistry in the MtCDA enzymatic
reaction, the pH dependence of k.o: and kqa/ Ku for cytidine was studied. The
pH-rate profiles of the kinetic parameters using cytidine as substrate are shown
in Fig. 6. It should be pointed out that data fitting employed the pH range of 4.0-
6.0 for logkcat versus pH plot and of 4-11 for logk.ai/ Km versus pH plot. The pH
rate profile for kot was quite complex. It showed a decrease at low pHs with a
slope of 1 (Fig. 6A), demonstrating that protonation of a group with apparent

pK, value of 4.3 + 1.0 abolishes MtCDA activity for cytidine as substrate.



Moreover, pH rate profile for k.4 indicates that a group with apparent pK; value
of 8-9 increases even further the catalytic rate when deprotonated. Even though
pH dependence profiles exhibiting three pK; values have been described [24],
measurements of enzyme activity at pH values larger than 11 would be required
for MtCDA. However, most enzymes and proteins undergo denaturative
changes in conformation when exposed to pH values above 10-12 [36]. At any
rate, it is preliminary to invoke more complex models at this point and further
experimental results should be provided. The k..i/Ku profile showed a decrease
at low pH values with a slope of 1 (Fig. 6B), suggesting that protonation of a
single ionizable group, exhibiting an apparent pK; value of 4.7 £ 0.7, reduces
cytidine binding. The pK; values of 4.3 for k.5t and of 4.7 for keo/ K lie in the
normal pK range for the B-carboxyl of aspartate and y-carboxyl of glutamate
amino acid acid residues. A glutamic acid residue has been shown to be
conserved in dimeric and tetrameric CDAs from different organisms and was
correlated with substrate binding [30, 33]. The pH-rate profiles of E. coliand B.
subtillis indicated a decrease at low pHs, with pKj, values of 4.7 and 5.4,
respectively, which also display a single protonated group [30]. It is thus
tempting to suggest that the conserved Glu47 residue of MtCDA (Fig. 3) plays
an important role in substrate binding. Site-directed mutagenesis, equilibrium
binding, and measurements of steady-state kinetic parameters of mutant protein
will have to be carried out to ascertain whether Glu47 plays any role in
substrate binding and/or catalysis.

Enzyme kinetics and structural studies provide a framework on which to
base the target-based rational design of new agents with antitubercular activity.

However, the availability of sufficient amounts of proteins of M. tuberculosis still



remains an essential and laborious step. Unfortunately, even when a genome
can be sequenced, only up to 20 % of the protein targets can produce soluble
proteins under very basic experimental conditions [37]. Thus, expression of
proteins in soluble form has been identified as an important bottleneck in efforts
to determine biological activity and crystal structure of M. tuberculosis proteins
[38]. The results presented here will provide homogeneous MtCDA in quantities
necessary for studies on the enzyme mechanism of action by pre-steady-state
kinetics, its metal requirement by atomic absorption spectroscopy, three-
dimensional structure determination by X-ray diffraction. Incidentally, MtCDA
has been crystallized, X-ray diffraction patterns collected and structural
refinement underway, which should be reported shortly elsewhere. We believe
that the results reported here are pivotal to further efforts towards
understanding the role, if any, of pyrimidine salvage pathway in M. tuberculosis
survival and/or persistence by gene replacement, as well as MtCDA functional
and structural studies on which to base the rational design of antitubercular

agents.
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Figures and legends

J0EDa

40 kD

20 LD

15EDa

10 LT

Fig. 1. SDS-PAGE (15 %) analysis of total soluble protein as a function of
growth time. Lane 1, MW Bench marker (Invitrogen); Lane 2, 4, 6, and 8, E. coli
BL21(DE3) [pET-23a(+)::cdd]; lanes 3, 5, 7, and 9, E. coli BL21(DE3) [pET-
23a(+)(control)]. The times of cell growth were 3h (lanes 2 and 3), 6h (lanes 4

and 5), 9h (lanes 6 and 7), and 12h (lanes 8 and 9).
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Fig. 2. SDS-PAGE (15 %) analysis of pooled fractions of the chromatographic
steps of MtCDA protein purification protocol. Lane 1, MW Bench marker
(Invitrogen); lane 2, crude extract (190.5 ug); lane 3, QSepharose Fast Flow
(207.4 pg); lane 4, Sephacryl S-200 (17.5 pg); lane 5, Butyl HP (11.6 ug). The
values given between parentheses are for the amount of total protein loaded on

each lane
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Fig. 3. Multiple sequence alignment of M. tuberculosis CDA (CDA_Mtu) with

homotetrameric B. subtilis CDA (CDA_Bsu), whose crystal structure was

determined, and other potential mycobacterial CDAs: M. bovis (Mbo), M.

marinum (Mma), M. avium (Mav), M. smegmatis (Msm), and M. leprae (Mle)

using the program CLUSTALW [Thompson et al. 1994]. Identical conserved

residues are shown in white on a black background and are also indicated by

asterisks below the alignment. Strongly similar and weakly similar residues are

identified by columns and periods, respectively. Strongly similar residues are

also shaded in gray. Triangles and circles above the alignment indicate,

respectively, active-site residues involved in the presumptive ribose binding

loop and zinc coordination.
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Fig. 4. Linear dependence of MtCDA activity on protein volume. Reactions were
started by addition of varying volumes of recombinant protein with 2’-
deoxycytidine (Fig. 3A) and cytidine (Fig. 3B) at a constant concentration value

of 333.6 uM.
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Fig. 5. Determination of steady-state kinetic parameters. Substrate saturation

curves for (A) cytidine, and (B) 2’-deoxycytidine as the variable substrate.
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Fig. 6. Dependence of kinetic parameters on pH for MtCDA-catalyzed
deamination of cytidine. (A) pH dependence of log k.t on pH, (B) pH

dependence of log k.oi/ Ku. Data fitting as described in Material and Methods.



Table 1. MtCDA protein purification protocol starting from 10 g of cells obtained from
2.8 L of cell culture.

Total protein Total enzyme Specific activity Purification
Purification step L Substrate Yield (%)
(mg) activity (U) (Umg") fold
1923.35 2.35 Cytidine 1 100
Crude extract 819.15
1376.36 1.68 2’-deoxycitidine 1 100
1151.95 5.55 Cytidine 24 60
Qsepharose FF 207.4
799.16 3.85 2’-deoxycitidine 2.3 58
363.76 4.32 Cytidine 1.8 19
Sephacryl S-200 84.14
259.49 3.08 2’-deoxycitidine 1.8 19
190.17 5.44 Cytidine 2.3 10
Butyl HP 34.98
131.13 3.75 2’-deoxycitidine 2.2 10

Table 2. Apparent kinetic parameters for MtCDA®.

Substrates Viax (Umgh) Ky (M) ke (87 kead Ky (M s7)
Cytidine 21 %1 1004 £53 48+0.1 4.8(x03)x10°
2’-deoxycytidine 15+1 1059+64 35+0.1 3.3(x02)x10°

* All constants were measured in 50mM Tris-HCI pH 7.5 at 25 °C.



4.CONSIDERACOES FINAIS

O ressurgimento de diferentes cepas de M. tuberculosis, o agente da
tuberculose, resistentes a pelo menos trés drogas de segunda geragéo (XDR-
TB) reflete a evidente necessidade de gerar novas formas de combater a
doenca para melhorar as condi¢des do tratamento utilizado atualmente, o qual,
segundo dados da Organizagdo Mundial da Saude, é responsavel pela morte
de uma pessoa a cada 16 segundos [22]. Levando-se em conta a importancia
do estado de laténcia a sobrevivéncia do bacilo, quando diferentes genes e
rotas metabdlicas sao diferencialmente expressos, € necessario o
desenvolvimento de trabalhos que caracterizem com maior profundidade esta
fase da infeccdo por M. tuberculosis [18]. Dentre estas rotas, a possivel
participacdo da via de salvamento de pirimidinas na viabilidade da bactéria
torna as enzimas desta via importantes alvos para o desenvolvimento de
futuros farmacos e tratamentos capazes de evitar a progressao e a reativacao
da infecgéo.

Os programas globais de descobrimento de novas drogas
antituberculose tém prestado particular interesse na identificacao de analogos
de pirimidinas com atividade seletiva contra M. tuberculosis, justificando nosso
interesse na enzima citidina deaminase do metabolismo de pirimidinas.

A amplificacdo e clonagem do gene cdd foi confirmada pelo
sequenciamento concluindo que o produto deste corresponde a proteina CDA
reportada para M. tuberculosis. A CDA obteve uma melhor expressao (figura 1
do artigo) durante 24 h, obtendo um pico maior as 6 h, ap6s observamos a uma

diminuigdo na expressao.



A proteina pura foi obtida através de trés passos cromatogréaficos (troca
anidnica, gel filtragdo e interacdo hidrofébica). Diferentes colunas
cromatograficas foram testadas a fim de determinar um protocolo eficiente de
purificacdo. Os testes realizados para definicdo do protocolo encontram-se no
Anexo 2. A proteina pura apresentou atividade em todas as etapas de
purificagdo, mostrando uma diminuicdo apenas no passo de exclusdo por
tamanho (gel filtracdo); os contaminantes encontrados podem ter ocasionado
esta diminuicdo na atividade devido a uma interferéncia na ligacdo enzima-
substrato.

Durante a realizacdo dos ensaios cinéticos constatou-se a necessidade da
utilizagdo de uma cubeta com o caminho Optico de 0.5cm, devido as altas
concentracdes de substrato necessarias para alcancar a saturacao desejada.
Desta forma, foi possivel determinar as constantes aparentes para cada
substrato e o perfil de pH.

Por fim, experimentos de cristalizacdo foram realizados e cristais da proteina
homogénea foram obtidos segundo o protocolo descrito no anexo 4. Estes
experimentos foram repetidos a fim de estabelecer um protocolo e estes
resultados servirdo para posteriores estudos estruturais. Ensaios de
associacdo entre a MICDA e alguns metais serdo realizados a fim de
determinar um mecanismo de acao para a enzima. Estudos comparativos entre
a MICDA e outras CDAs (proteinas homologas de outros organismos) também
serdo realizados a fim de demonstrar uma similaridade e complementar os

resultados previamente obtidos.

Este trabalho amplia o conhecimento da citidina deaminase com o

objetivo de, futuramente, identificar inibidores naturais e/ou sintéticos que



permitam o posterior desenvolvimento de drogas para o tratamento da infecgéao
latente causada por M. tuberculosis, além de fornecer indicios que revelem a

eventual importancia desta proteina ao metabolismo do bacilo da TB.



ANEXO 1. DESENVOLVIMENTO DA TUBERCULOSE
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ANEXO 2. TESTES DE PURIFICAGAO DA CDA DE M. tuberculosis

Os testes de purificacdo da CDA recombinante foram realizados
utiizando cromatografia liquida de alta eficiéncia (HPLC) através do
equipamento AKTA (GE Healthcare). As células foram preparadas a partir de
uma colénia de BL21(DE3) contendo o plasmideo recombinante (previamente
selecionada em meio sélido com os antibidticos necessarios) que foi inoculada
em 50 mL de LB liquido e cultivada a 37°C, 180 rpm por 16-18h. Do
crescimento obtido, 1 mL foi inoculado em 4 frascos de 2 L contendo 700 mL
de LB liquido com antibiético. Quando o cultivo atingiu a ODggg entre 0.4-0.6 foi
incubado por mais 6 horas. As células foram centrifugadas a 10,879 g por 30
min e armazenadas a -20°C. Este protocolo rendeu aproximadamente 10 g de
células.

As células foram ressuspensas na propor¢cao de 5 mL de tampao Tris-HCI 50
mM pH 7.5 (tamp&o A) para cada grama de células. A fracdo soluvel das
células foi sonicada (15 pulsos 10s 60% de amplitude) e centrifugada a 23,500
por 30 min. O sobrenadante foi tratado com sulfato de estreptomicina 1% para
clivagem do DNA presente na amostra, centrifugada e dialisada contra o
tampao A.

Para estabelecer o protocolo final de purificacdo foram utilizadas diferentes
mini-colunas cromatograficas, tais como de troca catidnica (HiTrap SP FF,
HiTrap SP XL, HiTrap CM FF), de exclusdo por tamanho (Sephacryl S-200), de
interacao hidrofébica (HiTrap Phenyl FF high sub, Butyl Sepharose HP, Octyl
FF), de troca aniénica (Hi Trap QFF e Hi Trap DEAE FF).

A proteina de interesse nao interagiu com as colunas HiTrap de troca cationica.
Como primeira coluna foi escolhida a coluna de troca aniénica Hi Trap QFF,
que interagiu bem com a CDA eliminando alguns dos contaminastes. Como
segunda coluna, sempre foi utilizada a Sephacryl S-200 sendo Gtil ndo s6 para
retirar algumas proteinas contaminantes da amostra, como também para trocar
o tampéao peermitindo a utilizagdo de uma terceira coluna. E finalmente, nas
interacdes hidrofébicas houve interagdo da proteina alvo com a resina, sendo a
mesma foi observada no gradiente. O melhor resutado foi obtido com a Butyl

sepharose HP, utilizada como terceira coluna.



Contudo, apenas a coluna de troca catiénica HiTrap SP FF (Figura 1) e a
de exclusado por tamanho Sephacryl S-100 (Figura 2) mostraram eficiéncia na
eliminacdo dos contaminantes durante a eluicdo da proteina de interesse. O

protocolo de purificagdo da proteina esta descrito no manuscrito.



ANEXO 3. CRISTALIZAGAO DA CDA DE M. tuberculosis

Os cristais da proteina foram obtidos pelo método de difusdo de vapor em gota
pendente utilizando Hampton Crystal Screen and Crystal Screen 2 Kits
(Hampton Research).

CDA foi dializada contra 20 mM Tris-HCI buffer, pH 7.5 e concentrada até 12
mg/mL. A proteina recombinante foi cristalizada em gotas que contém 2 L de
proteina e 2 pyL da solugdo de cristalizagdo. Dos kits utilizados, o primeiro
(Crystal screen) formou cristais em trés condicbes diferentes as 24h do
crescimento. Escolhemos a condigcdo que apresentava cristais mais definidos

(Hepes 0.1 M, pH 7.5 e cloreto de sddio 4.3 M ) para posteriores estudos.

Figura 5. Cristais obtidos a partir da proteina homogenea Citidina deaminase
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