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RESUMO

O agente causador da tuberculose (TB), Mycobacterium tuberculosis, infecta
um terco da populacdo mundial. A Organizacdo Mundial da Saude estima que 8,6
milnbes de novos casos de tuberculose ocorreram em 2012, resultando em 1,3
milhdes de mortes no mundo. Assim, existe uma necessidade continua de encontrar
alvos moleculares promissores para o desenvolvimento de agentes anti-tuberculose
e identificar determinantes de viruléncia associados com a patogénese de M.
tuberculosis, visando a obtencdo de cepas mutantes atenuadas como candidatas a
novas vacinas contra a tuberculose. As enzimas envolvidas na biosintese de purina
e pirimidina tém papéis importantes no metabolismo celular, uma vez que
proporcionam nucleétidos, os quais sao componentes essenciais de um grande
namero de biomoléculas. A enzima Citidina deaminase (CDA) -catalisa a
desaminacao hidrolitica da citidina a uridina, e faz parte da via de salvamento das
pirimidinas. A CDA de M. tuberculosis (MtCDA) devido a sua ndo essencialidade
pode ser um alvo interesante para a obtencdo de cepas atenuadas para o
desenvolvimento de vacinas auxotréficas contra a tuberculose, ja que pode estar
envolvido nos mecanismos de invasdo e laténcia. No presente trabalho sao
apresentadas as estruturas cristalograficas da MtCDA em complexo com uridina (2,4
A de resolucdo) e deoxiuridina (1,9 A de resolucéo). Simulacdo da Dinamica
Molecular (MD) foi realizada com o propésito de analisar os movimentos fisicamente
relevantes envolvidos no processo do reconhecimento proteina-ligante, e mostra que
a flexibilidade estrutural de algumas regibes da proteina sdo importantes para a
ligacdo do produto. Além disso, simulagdes MD permitiram a andlise da estabilidade
da estrutura tetramérica da MtCDA. O papel do residuo conservado glutamato 47
(E47) foi avaliado mediante a construcdo de cinco proteinas mutantes (E47A, E47D,
E47L, E47H, e E47Q). Os mutantes E47A e E47H foram expressos na fracao
insolavel, enquanto E47D, E47L e E47Q foram expressas na fracdo soluvel e
purificadas por cromatografia liquida de alta performance (HPLC). Os mutantes
E47D, E47L e E47Q continham 1 mol de Zn** por mol de subunidade de proteina.
Estas mutagbes nédo tiveram efeito sobre o estado de oligomerizacdo da MtCDA.
Resultados cinéticos em estado estacionario mostraram que os valores de Ky para

0s mutantes E47D e E47Q nao foram alterados significativamente, enquanto houve
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uma reducéo nos valores de k., de 37 vezes para E47D e 19 vezes para a mutante
E47Q. Nao foi detectada qualquer atividade para a mutante E47L. A estrutura
cristalografica do mutante E47D foi resolvida por cristalografia de raios-X o que nos
permitiu propor um papel catalitico para o grupo y-carboxila do residuo E47,
sugerindo o envolvimento de um préton na catélise. Por outro lado, uma parte
essencial para o desenvolvimento de novos farmacos e vacinas, € a identificacéo de
produtos de genes que sdo fundamentais para o crescimento e a sobrevivéncia
bacteriana in vitro e in vivo. Desta forma, foi realizado o nocaute do gene cdd a fim
de avaliar a importancia deste gene para o crescimento do bacilo em vida livre e em
condicbes de estresse (vida intracelular). Nossos resultados sugerem que o gene
cdd ndo é um gene essencial para o crescimento do bacilo in vitro sob as condi¢des
experimentais utilizadas. Experimentos de infeccdo em camundongos com a cepa
nocaute do gene cdd mostraram uma significativa reducao nas UFC’s determinadas
no pulméao e baco dos animais infectados. Con tudo, experimentos de crescimento in
vitro e infeccdo em camundongos estdo sendo realizados a fim de confirmar os
resultados obtidos. Os resultados da caracterizacao enzimética e substituicdo génica
sdo o ponto de partida para o melhor entendimento sobre o papel da enzima no
metabolismo de nucleotideos em M. tuberculosis, além de abrirem a possibilidade
para o desenho racional de uma cepa atenuada, Util para o futuro desenvolvimento

de uma nova candidata a vacina contra a tuberculose humana.

Palavras chave: Mycobacterium tuberculosis, Citidina deaminase, Cristalografia,
Dinamica Molecular, Mutagénese sitio-dirigida, Mecanismo Catalitico, Nocaute

génico.
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ABSTRACT

The causative agent of tuberculosis (TB), Mycobacterium tuberculosis, infects
one-third of the world population. The World Health Organization estimates that 8.6
million new TB cases occurred in 2012, resulting in 1.3 million deaths worldwide.
Thus, there is a continuous need to find promising molecular targets for the
development of anti-TB agents and to identify pathogenic determinants associated
with M. tuberculosis virulence aiming the development of attenuated mutant strains
as new vaccine candidates against TB. Enzymes involved in purine and pyrimidine
biosynthesis have important roles in cellular metabolism, as they provide nucleotides
that are essential components of a number of essential biomolecules. Cytidine
deaminase (CDA) catalyzes the hydrolytic deamination of cytidine to uridine, and
belongs to the pyrimidine salvage pathway. The CDA from M. tuberculosis (MtCDA)
is a target for the development of attenuated strains of M. tuberculosis because it
may be involved in mechanisms of pathogenicity such as latency. This work presents
the crystal structures of MtCDA in complex with uridine (2.4 A resolution) and
deoxyuridine (1.9 A resolution). Molecular dynamics (MD) simulation was performed
to analyze the physically relevant motions involved in the protein—ligand recognition
process, showing that structural flexibility of some residues are important to product
binding. In addition, MD simulations allowed the analysis of the stability of tetrameric
MtCDA structure. The role of the conserved glutamate-47 (E47) residue was
evaluated by construction of five mutant proteins (E47A, E47D, E47L, E47H, and
E47Q). Mutants E47A and E47H were expressed in insoluble fraction, whereas
E47D, E47L and E47Q were soluble and purified by HPLC. The E47D, E47L and
E47Q mutants contained 1 mol of Zn®** per mol of protein subunit. These mutations
had no effect on oligomerization state of MtCDA. Steady-state kinetic results showed
that Ky values for the E47D and E47Q mutants were not significantly altered,
whereas there was a decrease in kcy Values of 37-fold for E47D and 19-fold for E47Q
mutant. No activity could be detected for E47L mutant. The crystal structure of the
E47D mutant was solved by X-rays diffraction, using synchrotron light. An essential
role was proposed for the y-carboxyl group of E47, and its involvement in the catalityc

process. On the other hand, an important part of drug and vaccine development is
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the identification of gene products that are critical for bacterial growth and survival. In
this way the knockout of the cdd gene was performed in order to evaluate the
importance of the cdd gene for mycobacteria growth in vitro and in vivo. Our results
suggest that cdd gene is not an essential gene for in vitro growth under the employed
experimental conditions. Infection in mice with the knockout strain of cdd gene has
shown a significant reduction in the CFU’'s in lungs and spleen of the infected

animals. Futher experiments are under way to confirm such findings.

Finally, results from enzymatic characterization, site directed mutagenesis and
gene replacement may be the starting point for a better understanding about the role
of cytidine deaminase in M. tuberculosis metabolism and open up the possibility for a
rational design of attenuated strain, that may be useful for future development of a

new vaccine candidate against human TB.

Keywords: Mycobacterium tuberculosis, Cytidine deaminase, Crystallographic,
Molecular dynamics, Site-directed mutagenesis, Catalytic mechanism, Gene

Knockout.
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1. INTRODUCAO

1.1 Tuberculose

“...a dread disease,in which death and life are so strangely blended,that death takes the glow and
hue of life, and life the gaunt and grisly form of death... (Charles Dickens. Nicholas Nickleby, Cap.XLIX, Oxford
University Press,1990)

A tuberculose (TB), doenca infecciosa causada principalmente pelo
Mycobacterium tuberculosis, desempenhou um papel importante na historia da
Medicina, como por exemplo a percursdo e a invencdo do estetoscopio.
Pesquisas realizadas durante os séculos XVIII, XIX e XX se tornaram
importantes ferramentas para o diagndstico, tratamento, controle e prevencgao
da TB. Acredita-se que esta doenca vem infectando humanos ha pelo menos
70 mil anos e acompanhou o homem nas grandes migracdes da Africa para os

outros continentes (1).

A primeira referéncia a natureza infecciosa da TB apareceu s6 no século
XVI, quando Girolamo Fracastoro, médico, poeta, filos6fo e professor da
Universidade de Padua descreveu no seu liviro De Contagione como a tisica
(phitisis) como a doenca era chamada entdo, era transmitida por particulas
invisiveis, chamadas seminaria que poderiam sobreviver fora do corpo humano
por varios anos e ainda assim serem infecciosas (2). Devido a variedade de
seus sintomas, a TB ndo era identificada como uma Unica doenca até 1820.
Em 1839 J. L. Schonlein em Zurich sugeriu que a palavra tuberculose deveria
ser usada como o home genérico de todas as manifestacdes da tisica, devido

ao tubérculo ser a unidade patologica fundamental (3)

A identificacdo do M. tuberculosis por Robert Koch, em 1882, como o
agente etiolégico da TB foi um marco fundamental para o conhecimento da
doenca e significou também uma importante contribuicdo para o fortalecimento
da teoria da transmissibilidade das doencas infecto-contagiosas, assim como

estabeleceu alguns postulados aplicados ndo s6 a tuberculose como a todas as
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doencas infecto-contagiosas, conhecidos como Postulados de Koch. Esta
descoberta estimulou novas tentativas na diregcdo do controle e tratamento
especifico da TB, que se tornou possivel na década de 1940 com a introducao

da estreptomicina que trouxe esperancas para o controle da doenca (2).

A estreptomicina, purificada por Selman Waksman a partir de cultivos
de fungos do Género Streptomyces, foi administrada a um paciente, e 0s
resultados foram impressionantes. A doenca imediatamente cessou a sua
progressao, a bactéria desapareceu do escarro do paciente, e ele se recuperou
totalmente. Apesar de ter ocorrido inicialmente uma queda acentuada dos
indices de mortalidade da doenca, 0 uso da estreptomicina trouxe um resultado
indesejado, surgimento de bacilos resistentes ao farmaco (2). No entanto, com
a introducdo de outros famacos a partir da década de cinquenta, sobretudo a
isoniazida, &cido para-amino-salicilico, etionamida, pirazinamida, etambutol e
rifampicina, abandonou-se a monoterapia e passou-se a utilizar uma
combinacdo de farmacos e os niveis da doenca decresceu sensivelmente,
sobretudo nos paises industrializados (2).

Apesar de todos os medicamentos disponiveis atualmente, a TB ainda é
um problema de saude publica mundial, como declarado pela OMS no comeco
da década de noventa. De acordo com os dados da Organizacdo Mundial da
Saude (OMS) (4), em 2012 foram reportados 8,6 milhdes de novos casos de
TB e 1,3 milhdes de obitos, incluindo 300.000 co-infectados com o virus da
imunodeficiéncia humana (HIV). Destes 8,6 milhbes de casos estima-se que
1,1 milhdes (13%) corresponde a pessoas infectadas com o HIV (Figura 1). O
continente africano € o que apresenta maior niumero de casos de coinfeccéo
tuberculose/HIV (75%) (4, 5).
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Figura 1. Estimativa da prevaléncia de HIV em novos casos de TB em 2012.

Bl Wot applicabis

Fonte: Organizacdo Mundial da Saude, 2013 (4).

Estudos indicam que a incidéncia global da TB em 2012 era de 122
casos por 100.000 habitantes, apresentando uma diminuicdo de 37% desde
1990. A maior parte do nimero estimado de casos ocorreu na Asia com 58%,
seguido da Regido Africana com 27%. Enquanto que na Regido Mediterranea
Oriental (8%); Regido Européia (4%); e Regido das Américas (3%) foi estimada
uma menor propor¢cdo de casos ocorridos. Os cinco paises com 0 maior
namero de incidéncia de casos em 2012 foram india (2,0 — 2,4 milhdes), China
(0,9 — 1,1 milhdes), Africa do Sul (0,4 — 0,6 milhdes), Indonésia (0,4 — 0,5
milhdes) e Paquistdo (0,3 — 0,5 milhdes), sendo que a India e a China

representam 26% e 12% dos casos globais, respectivamente (Figura 2) (4).
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Figura 2. Estimativa da ocorréncia de novos casos de TB em 2012 no mundo.
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Fonte: Organizacdo Mundial da Saude, 2013 (4).

Segundo o relatério da OMS, de uma relacéo de 22 paises considerados
“de alta carga”, com o0s maiores numeros absolutos de casos de TB, que
contabilizam 82% de todos os casos estimados, o Brasil ocupa 17° lugar.
Nestes 22 paises, estima-se que, anualmente, ocorrem 92.000 novos casos
positivos de TB, com uma incidéncia de 46 casos (incluindo todas as formas de
TB), por 100.000 habitantes (4). No Brasil, a TB representa a 42 causa de
morte por doencgas infecciosas e a primeira causa de morte por doencas

identificadas entre pacientes HIV positivos (6).

Mesmo com um numero alarmante de novos casos de TB, observa-se
uma reducdo da carga da TB, apresentando menor taxa de incidéncia,
prevaléncia e mortalidade. Na ultima década, a taxa de incidéncia da doenca
apresentou importante tendéncia de queda. Em 2012, foram registrados 46
casos por 100 mil habitantes, enquanto que no ano 2001 era de 64, uma
reducdo de 28% (4, 7). Em 2012, o Brasil de acordo com dados do Ministério
da Saude, registrou-se 71.230 casos novos de TB, numero 9,4% menor do que
0 em 2003 — com 78.606. Em 2012, a taxa de incidéncia da doenca foi de

° N
Estimated new TB 0\ ]
o cases (all forms) per 1 g-a 3
100 000 population -—y ol

) I
B z00-499 = //



Pagina

36,7/100 mil habitantes, enquanto em 2003 era de 44,4/100 — o0 que representa
uma queda de 17,3% no periodo (4, 7).

Apesar do numero de casos de TB indicarem uma tendéncia de queda
nos anos recentes, a doenga se mantém como um sério problema de saude
publica e, por isso, a OMS reforca a implementacdo de um plano de eliminacéo
da TB a nivel mundial para o periodo de 2011-2015, cujo principal objetivo é
eliminar a tuberculose como um problema de saldde publica, estimulando os
paises a realizarem investimentos para pesquisa e controle que permitam

atingir esta meta (8).

Desde 2001, o tratamento supervisionado de curta duragdo DOTS
(directly observed treatment short-course) estabelecido pela OMS se converteu
na estratégia da OMS para o controle da TB, sendo um procedimento
padronizado para garantir o uso correto dos farmacos (isoniazida, Rifampicina,
Pirazinamida e Etambutol, por dois meses e Isoniazida e Rifampicina, por mais
quatro meses) Neste programa, os agentes de saude acompanham todo o
tratamento do paciente, monitorando periodicamente o0 uso correto dos
medicamentos, a fim de impedir o abandono da quimioterapia e, assim, evitar a

recidiva da doenca com cepas multirresistentes (9, 8).

O surgimento de cepas resistentes e multirresistentes constituem outro
sério problema para o controle e erradicacdo da TB; diversos relatorios
mostram o surgimento de cepas multirresistentes em pacientes infectados com
HIV nos quais se observou um indice de mortalidade superior a 80% (4, 10).
N&o obstante a implementagéo do tratamento do DOTS como estratégia para o
controle da TB, o surgimento de novas cepas resistentes a multiplos farmacos
€ a principal causa de preocupacao para o controle da doenca. A cada ano séo
relatados cerca de 450.000 novos casos de tuberculose resistente a multiplos
farmacos (MDR-TB) (4, 11).

Em todo o mundo, cerca de 3% dos novos casos e 20% de casos
previamente tratados de TB sdo causados por cepas resistentes a multiplos
farmacos. Nestes casos, 0 tratamento requer a administracdo de
medicamentos de segunda linha (PAS, Etionamida, Cicloserina, Capreomicina,

Fluoroquinolonas, Amicacina, Kanamicina), que sdo menos efetivos, geram
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efeitos adversos maiores, aumentando custos (cerca de 100 vezes) quando

comparado com os farmacos de primeira geragao (4, 12).

O tratamento efetivo da MDR-TB requer o uso prolongado de uma
combinacdo de farmacos, incluindo os de segunda linha que sdo geralmente
mais toxicos que os da primeira linha (Figura 3). Uma consequéncia do mau
uso dos farmacos € o surgimento de cepas extensivamente resistentes, tais
como as cepas MDR-TB em XDR-TB (extensively drug-resistant-TB). XDR-TB
foi reportada pela OMS em setembro de 2006, e é definida como casos de TB
resistente a dois farmacos de primeira linha (isoniazida e rifampicina), além da
resisténcia a fluoroquinolonas e no minimo uma das drogas injetaveis
capreomicina, canamicina e amicacina (4, 13). Tanto as cepas MDR quanto as
XDR levam ao uso de drogas de segunda linha, o que aumenta os efeitos
colaterais, o0 custo e o tempo do tratamento, além de requerer maior tecnologia
para o diagndstico preciso das cepas de M. tuberculosis, a qual ndo esta

disponivel em muitos paises afetados pela doenca.
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Figura 3. Farmacos anti-TB de primeira e segunda linha.
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Fonte: Adaptado de Dorman et. al., 2007 (14).

Legenda: MDR-TB é definida como resistente (asteriscos) a isoniazida e rifampicina.
XDR-TB ¢é definida como resistente (negrito) a isoniazida e rifampicina, além de

fluoroquinolonas e no minimo um dos farmacos injetaveis.

A emergéncia de cepas TDR (totally drug-resistant) ou super XDR
identificadas em pacientes iranianos e mais recentemente em chineses,
indianos e italianos que apresentavam MDR-TB (15, 16, 17). As cepas TDR
foram definidas como resistentes a todos os farmacos de primeira linha
(isoniazida (INH), rifampicina (RF), estreptomicina (SM), etambutol (ETB) e
pirazinamida (PZA)) e aos farmacos de segunda linha, testados para as cepas

isoladas, como aminoglicosideos, tioamidas, analogos de serina e derivados de

acido salicilico (4).

Estes fatos evidenciam que tanto o surgimento como o aumento do
namero de cepas de M. tuberculosis resistentes as drogas antimicobacterianas

ndo sé constitui uma ameaca elevada para os portadores de TB, mas também
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dificultam o controle da doenca. Consequentemente, a vigilancia do tratamento
e pesquisas avancadas para o desenvolvimento de novos farmacos e cepas

atenuadas torna-se uma prioridade na luta contra a TB.

1.1.1 O agente etiologico

Mycobacterium tuberculosis, conhecido também como bacilo de Koch, é
0 agente etiolégico da TB. O M. tuberculosis pertence ao género
Mycobacterium, familia das micobactérias (Mycobacteriaceae) e ordem dos
actinomicetos (Actinomycetales). M. tuberculosis pertence ao complexo M.
tuberculosis que inclui sete espécies e subespécies — M. tuberculosis,
Mycobacterium canettii, Mycobacterium africanum, Mycobacterium pinnipedi,
Mycobacterium microti, Mycobacterium caprae e Mycobacterium bovis — todas
elas com patologias similares em véarios hospedeiros mamiferos (18, 19). Estes
microrganismos caracterizam-se por serem bastonetes, ndo esporulados, ndo
capsulados, sem flagelos com largura que varia de 0,3 a 0,6 um e uma

espessura, de 1 a 4 um (Figura 4A).

As bactérias do complexo M. tuberculosis sédo classificadas como
micobactérias de crescimento lento, com um tempo de geracdo de 12 a 24
horas, ja que além de serem exigentes nutricionalmente, possuem uma
complexa parede celular, podendo ser necessarias cerca de 3 a 8 semanas de
incubacdo para o isolamento do microrganismo. As micobactérias
caracterizam-se por serem bacilos com propriedades de coloragdo que os
denominam Bacilos Alcool — Acido Resistentes (B.A.A.R.). Esta propriedade
vem da composicdo de seu envelope celular com lipidios de alto peso
molecular, como os acidos micolicos complexados com acgucares. O método de
Zihel-Neelsen utiliza este principio para identificar o M. tuberculosis na
baciloscopia. Apos corar a lamina com carbol-fucsina, esta é aquecida e
descorada com acido e alcool, e, em seguida, acrescenta-se 0 azul de metileno
para corar o fundo. Os bacilos de Koch (M. tuberculosis) aparecem como
pequenos bastonetes avermelhados medindo 2-4 pm, levemente curvos,

contrastando com o fundo azul (Figura 4B).
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Figura 4. Mycobacterium tuberculosis.

Fonte: Extraido do Center of Disease Control (20).
Legenda: A) Microfotografia do bacilo B) Coloracao pela técnica de Zihel-Neelsen.

Um componente do envelope do M. tuberculosis, o lipoarabinomanam
(LAM) é o fator de viruléncia mais importante desta bactéria. O envelope celular
contém um peptideoglicano (parede celular), diferente do presente nas
bactérias Gram-positivas e Gram-negativas, associado a lipidios complexos, os
quais compdem cerca de 60% da estrutura total do envelope. Trés dos
componentes principais sédo; acidos micolicos, fator corda e cera-D (Figura 5)
(21).

Os éacidos micdlicos sdo acidos graxos de cadeia longa compostos de
uma cadeia beta-hidroxi mais curta com uma cadeia lateral alfa-alquil mais
longa. Cada molécula contém entre 60 e 90 atomos de carbono. Os acidos
micolicos criam uma camada protetora, que protege o bacilo contra as
proteinas catidnicas, lisozima, e os radicais peroxido durante a fagocitose, e

também sdo os responséveis da 4cido-resisténcia (21).

O dimicolato de trealose, conhecido como fator corda, € um componente
lipidico toxico, capaz de inibir a migracdo de polimorfonucleares (PMN),
correlacionado a viruléncia do bacilo. Este fator confere ao bacilo crescimento
em um padrdo caracteristico, similar a uma corda com aspecto de serpentina
(21), (22).
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A cera-D é um glicolipidio que tem um papel importante na producao da
hipersensibilidade tardia e & um componente importante na reacdo de
Manteaux. (21).

A caracteristica hidrofébica do envelope de M. tuberculosis lhe da a
capacidade de sobreviver por muito tempo de exposicdo a substancias tais
como acidos, detergentes, e principalmente antibidticos. Por isso muitas
pesquisas para o0 desenvolvimento racional de farmacos escolhem
componentes do envelope celular como alvo atrativo para o desenvolvimento

de farmacos ativos contra a TB. (Figura 5).

Figura 5. Estrutura da parede celular da M. tuberculosis.
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Nota: Estrutura do envelope celular da M. tuberculosis, e a sua importancia como alvo
molecular para o desenvolvimento de farmacos. Alguns farmacos ja utilizados para o
tratamento da TB e outros em fase de desenvolvimento possuem seus mecanismos de

acdo relacionados a estrutura da parede celular.

1.1.2 Infeccao

A infeccdo se inicia por meio da inalacdo de aerossois contendo M.
tuberculosis, que ocorre quando uma pessoa infectada e com tuberculose
pulmonar ativa tosse ou espirra. Estes pacientes constituem a principal fonte de
disseminacao do organismo para novos hospedeiros. Sabe-se que uma pessoa
com TB ativa pode infectar, em média, entre 10 e 15 pessoas por ano devido
principalmente a um baixo nimero de bacilos necessérios a infeccado (< 10
bacilos) (2).

No primeiro estagio da doenca, o bacilo, alcanca os alvéolos
pulmonares, entra em contato com macréfagos e células dendriticas, dando
inicio & infeccdo (24). Uma vez no interior do macrofago, o bacilo inicia um
processo lento de multiplicagdo, devido a inibicdo da formacdo do
fagolisossoma. Os macrofagos infectados séo detectados por linfocitos T que
recrutam e ativam outros macréfagos que migram para o local da infeccéo
dando origem ao granuloma (25). O granuloma ou tubérculo € a caracteristica
patologica classica da TB, e funciona tanto como um nicho no qual o bacilo
pode crescer ou persistir gquanto em um microambiente imunolégico em que as
células com funcdes antimicobacterianas interagem para controlar e prevenir a
disseminacgdo da infeccdo. A formacgdo do granuloma é o principal mecanismo

utilizado pelo hospedeiro para conter a disseminacao do bacilo a outros érgaos.

O granuloma consiste em um nucleo de macrofagos infectados com M.
tuberculosis, cercados por macrofagos, células gigantes derivadas de
macrofagos e uma camada de linfocitos na periferia (Figura 6) (26), (24).
Inicialmente, apenas células T CD4+ e CD8+ ocorrem no granuloma, mas, a
medida que a resposta imune celular se desenvolve, outros tipos de linfocitos

também sdo recrutados (27). Por vezes, a resposta celular falha e o granuloma
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se rompe disseminando a doenca para outros orgaos (tuberculose miliar). No
caso da resposta imune adaptativa ser eficiente, a replicacdo bacteriana
diminui drasticamente, mas as bactérias viaveis permanecem no hospedeiro de
forma latente, podendo ser reativada meses, anos e décadas apos a infeccao

primaria. (28).

Os macréfagos infectados, contidos pela formacéo do granuloma sofrem
necrose, deixando os granulomas com centros necroticos ceseosos (Figura 6)
(28).

Figura 6. Estrutura e constituintes celulares do granuloma formado apos a infec¢ao

com M. tuberculosis.

Fonte: Adaptado de Huynh K. 2011 (28)

Um dos estagios da progressdo da infeccdo é modulado pelo sistema
imune do hospedeiro, 0 qual proporciona um ambiente hostil como baixa
disponibilidade de oxigénio dentro dos granulomas, altos niveis de dioxido de
carbono e ativacdo de macrofagos e outras células efetoras do sistema imune
ao redor do granuloma. Assim, neste ambiente adverso, o0s bacilos
permanecem em estado de laténcia durante longos periodos, o que é
conhecido como TB latente, onde o individuo é assintomatico e néo

transmissor (2).



Pagina |

No ultimo estagio, a doenca desenvolve-se tardiamente e pode ser
causada tanto pela reativacao de bacilos latentes da infecg&o inicial como pela
impossibilidade de controlar uma reinfeccdo subsequente. No caso de
individuos com TB latente, células viaveis de M. tuberculosis saem dos
granulomas e se espalham pelos pulmbes (TB pulmonar) e também para
outros 6rgdos do corpo via sistema linfatico e circulagdo sanguinea (TB
extrapulmonar). Com a formagédo das cavernas pulmonares, o individuo se
torna transmissor e passa a apresentar os sintomas tipicos da TB ativa (tosse

persistente, febre, sudorese noturna e emagrecimento (2).

Embora os eventos moleculares que atuam em cada etapa ainda nao
sejam totalmente conhecidos, o sequenciamento do genoma do bacilo
causador da TB levou adiante nas duas Uultima décadas experimentos de
expressao génica que vem sendo usados com a finalidade de caracterizar
genes, proteinas e rotas bioquimicas que permitam conhecer as nuances

metabdlicas do bacilo.

1.1.3 Tuberculose e laténcia

Como mencionado anteriormente, uma das caracteristicas mais
importantes do patdgeno causador da TB é sua capacidade de persistir no
hospedeiro humano por longos periodos (décadas, em alguns casos) 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
multiplicagcdo, como consequéncia da resposta imune celular que o hospedeiro
monta para tentar frear a infeccdo (1). O bacilo apresenta uma taxa de
crescimento lenta, que diminui ainda mais durante periodos de laténcia. O
tempo requerido pelo M. tuberculosis para realizar um ciclo de replicacdo, em
condi¢des oOtimas, € de 16-18 horas (29, 30). Sendo assim, a diminuicdo da
taxa de crescimento é definida como um ciclo de replicacdo superior a 18

horas.
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No contexto de infecgcdo causada por M. tuberculosis, a integridade do
sistema imune do hospedeiro € crucial. Em individuos imunocompetentes, a
maioria dos infetados por M. tuberculosis desenvolve uma resposta celular
efetiva e a replicacdo do bacilo € contida, sendo a maior parte deles eliminada
(Figura 7). A doenca ativa se manifesta em apenas 5-10% dos individuos
expostos ao contagio com o bacilo, e, nestes, a resposta imune desencadeada
ndo € suficiente para conter a infec¢éo, culminando com o estabelecimento da
doenca (30). Nos demais individuos infectados (90-95%), uma parte dos
bacilos consegue persistir, estabelecendo a doenca latente (TBL). Dentre estes
individuos, somente alguns irdo desenvolver TB ativa, o que é diretamente
associado a imunidade do hospedeiro (Figura 7). Pesquisas feitas utilizando o
teste intradérmico da tuberculina, (Reacdo de Manteaux) que permite a
constatacdo da TBL, estimam que um terco da populacdo mundial esteja
infectado com M. tuberculosis, 0 que representa um reservatorio importante
para o surgimento de novos casos. Estes reservatérios, dos quais podem surgir
a doenca ativa, sdo incrementados em doentes infectados com o HIV, o que
gera um obstaculo importante para o controle da TB. Dados revelam que o
risco de progressao da infeccdo do estado latente para o ativo é de 5-10% por
ano (4, 5).

Figura 7. Estados do desenvolvimento da tuberculose.
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Uma importante caracteristica da TBL é a formacdo de granulomas,
tipicos deste estado da doenca, que fazem com que o patégeno 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 replicacdo e expressao diferencial de genes que Ihe permitem
sobreviver. A ativacao da TB ocorre quando o sistema imune do hospedeiro se
encontra debilitado, resultando em grande replicagdo do bacilo e reativacao da

TB, sendo neste ponto transmissivel a outras pessoas (30, 31).

A atual vacina contra a TB, desenvolvida a partir do Mycobacterium
bovis, Bacilo de Calmette-Guérin (BCG), foi introduzida em 1925 e é utilizada
em muitos paises. Esta vacina protege contra a manifestacdo da forma grave
da doenca em criangas, mas nédo impede a reativacao pulmonar em adultos ou
o estabelecimento da forma latente do bacilo (31). Contudo, 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 séo fundamentais para a sobrevivéncia do bacilo na
fase de laténcia se mostram, agora, pontos de interesse para o estudo no

desenvolvimento de vacinas (32, 33).

1.2 Metabolismo de nucleotideos

Os nucleotideos sdo compostos que fazem parte de um grande namero
de processos bioquimicos nas diferentes formas de vida. A importancia dos
nucleotideos no metabolismo celular é evidenciada pelo fato de que a maioria
dos séres vivos podem sintetiza-los, tanto de novo a partir de compostos
simples, como a partir dos produtos de degradacéo dos acidos nucléicos, o que

€ denominado salvamento ou recuperacao (34).

Mais de 95% dos nucleotideos sdo encontrados na fracdo &cido-
insolavel das células, assim como nos acidos nucléicos. A fracdo solavel

consiste de nucleosideos mono, di, e trifosfatos (NMPs, NDPs e NTPSs).
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Nucleosideos trifosfato sdo precursores de acidos nucléicos e coenzimas. O
nucleotideo que atua como componente de coenzimas, assim como pequenas
fracOes de acidos nucléicos sofrem uma alta converséo, produzindo NMPs e
NDPs como produto. Para uma sintese estavel de RNA e DNA sao requeridos
ribonucleosideos trifosfato (NTP) e deoxiribonucleosideos trifosfato (ANTPS),

na auséncia destes, séo fornecidos através da biossintese de novo (35).

1.2.1 Sintese de novo das pirimidinas

A sintese de novo das pirimidinas é iniciada com a sintese de
carbamoilfosfato a partir de glutamina, bicarbonato e duas moléculas de ATP,
reacao catalisada pela carbamoilfosfato sintetase Il (CPSasell). A condensagéo
do carbamoilfosfato com aspartato pela aspartato transcarbamilase produz N-
carbamoilaspartato formando-se o anel da pirimidina, através de ciclizacéo e
oxidacao, o qual é transformado a dihidroorotato pela dihidroorotase (DHOase).
Posteriormente ocorre a oxidagdo do dihidroorotato a orotato pela
dihidroorotato desidrogenase (DHODH). O orotato € convertido ao nucleotideo
correspondente pela orotato fosforibosil transferase (OPRT) em preséncia de
o—D-5-fosforibosil-1-fosfato (PRPP), formando orotidina 5" -monofosfato (OMP),
a qual é subsequentemente decarboxilada dando origem & uridina monofosfato
(UMP). A conversdo de UMP ao trifosfato correpondente ocorre pela
fosforilacdo de UMP a uridina difosfato (UDP) e depois a uridina trifosfato
(UTP). Finalmente, UTP é aminado e convertido a citidina trifosfato (CTP) pela
CTP sintetase (Figura 8) (35, 36).
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Figura 8. Sintese de novo das pirimidinas.
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Legenda: As enzimas mostradas nesta rota sao (1): carbamoilfosfato sintetase II
(CPSasell), (2): aspartato transcarbamoilase, (3): dihidroorotase, (4): dihidroorotato
deshidrogenase, (5): orotato fosforibosiltransferase, (6): OMP descarboxilase, (7):

UMP quinase, (8): nucleosideo difosfato quinase, (9): CTP sintetase.

1.2.2 Rota de salvamento das pirimidinas

A rota de salvamento de pirimidinas apresenta trés funcdes fisioldgicas.

A primeira é a assimilacdo de bases livres e nucleosideos. A segunda funcéo é
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o fornecimento da pentose dos nucleosideos exégenos como fonte de carbono
e energia, e como fonte de nitrogénio, o grupo amino dos compostos com
citosina. A terceira funcdo € a reutilizacdo de bases livres e nucleosideos
produzidos intracelularmente pelo catabolismo dos nucleotideos. Os
nucleosideos sdo predominantemente metabolizados a bases livres antes de
serem utilizados na sintese de nucleotideos. Quantidades significativas de
ribonucleotideos sdo degradadas durante o crescimento normal e a reutilizacdo
destas bases e nucleosideos livres requerem enzimas da rota de salvamento.
A reciclagem de bases pirimidicas pela rota de salvamento é preferencialmente

utilizada, pois demanda menos energia do que a sintese de novo (37).

Como mostrado na Figura 9, para a utilizagdo de bases pirimidinicas
livres, como o wuracil, € necessédria a atividade da enzima uracil
fosforibosiltransferase (UPRTase), gene upp, a qual converte uracil a UMP em
uma etapa de reacdo. No entanto, o catabolismo da citosina ocorre atraves da

deaminacéo pela citosina deaminase (codA) em uracil e amonia.

Uridina, um dos nucleosideos das pirimidinas, € convertida a UMP
mediante fosforilacdo pela uridina quinase (udk) ou pela clivagem a uracil e
ribose 1-fosfato através da uridina fosforilase (deoA) e posterior conversao do
uracil a UMP pela UPRTase.

A rota pela utilizacdo de citidina e deoxicitidina ocorre através da
deaminacéo, a uridina e deoxiuridina respectivamente, catalizada pela citidina
deaminase (CDA), gene cdd. O produto, uridina, é diretamente convertido a

UMP pela uridina quinase.

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

livre correspondente (36, 35, 34).
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Figura 9. Rota de salvamento de pirimidinas.

Base Nucleosideo Nucleosideo Nucleosideo Nucleosideo
Monofosfato Difosfato Trifosfato
URACIL URIDINA UMP % UDP % UTP
L
il upp P are ADP ATP ADP
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cdd cmk ndkA
CMP ﬁb CDP "ﬁ' CTP
H,0
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CHLH, folato T dut |
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H- folato H4 folato + FAD NADPH
TIMINA % TIMIDINA dTMP 4%- dTDP ﬁ{% dTTP
2-Deoxy-D-Ribose- 1P P ATP ADP ATP ADP

Fonte: Adaptado de Villela et al., 2010 (38).

Legenda: As enzimas envolvidas nesta rota s&o identificadas por seus genes: dCTP
deaminase (dcd), dUTPase (dut), timidilate sintase (thyA), dTMP cinase (tmk), NDK
(ndkA), UPRTase (upp), UMP quinase (pyrH), CMP cinase (cmk), CDA (cdd), e PyNP
(deoA).

Diferentes estudos demonstram que organismos tdo divergentes como
Escherichia coli, Sacaromyces cerevisae e 0 Homo sapiens possuem rotas
similares para a biosintese de nucleotideos pirimidinicos, o que néo é diferente
em micobactérias, onde se tem estabelecido, apesar de pouca informacdo a
respeito, que o metabolismo de pirimidinas é similar ao de humanos e outros
organismos, atraves da identificacdo de genes por similaridade de sequéncias.
Estudos mostram que mutantes de enzimas desta rota metabdlica poderiam
afetar o crescimento e varios estados fisioldgicos deste patégeno na fase de
laténcia do bacilo (39, 40).
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Pouco se conhece sobre a funcdo e preferéncia de substratos destas
enzimas, cuja funcdo se atribui ao metabolismo de nucleotideos, sendo
necessario ampliar o conhecimento com a realizacdo de estudos que melhor

caracterizem estas enzimas.

1.3 Citidina deaminase

A Citidina deaminase (CDA) (EC 3.5.4.5) é uma enzima que catalisa a
deaminacgdo hidrolitica irreversivel de citidina e deoxicitidina a uridina e

deoxiuridina respectivamente (Figura 10) (41, 42).

Figura 10. Reagdo enzimatica catalisada pela citidina deaminase.

NH, o}

A Py
S i

T
N _aOH
Q ) H,0 NH; ?
OH & OH
OH

Citidina Uridina

Fonte: Adaptado de Sanchez-Quitian 2011 (43).

A superfamilia da citidina deaminase inclui enzimas que atuam in situ,
deaminando tanto polinucleotideos (RNA e DNA), como mononucleotideos ou
nucleotideos livres. Estas enzimas sdo principalmente envolvidas com o

salvamento de purina e pirimidinas, em bactérias, eucariotas e fagos (44, 45).

A superfamilia CDA contem citosina, guanina e citidina deaminases.

Esta superfamilia tem sido dividida em duas classes, segundo os residuos do
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sitio ativo, e € representada por trés familias. A primeira classe utiliza um
residuo de histidina e dois de cisteina para a coordenac¢do do zinco, enquanto
a segunda classe utiliza trés residuos de cisteina. Estas classes consistem de
um dominio com uma estrutura de trés camadas o/f/a. Comparacoes
estruturais tém demonstrado que a folha beta central e a hélice que esta ao

redor sao estruturalmente conservadas.

As trés familias da superfamilia CDA sdo nomeadas como AICARDFT,
que é uma familia de enzimas bifuncionais que catalisam no minimo dois
passos na sintese de novo das purinas. A familia APOBEC que € responsavel
pela geracao de diversidade de proteinas, a través do mecanismo da edi¢cdo do
MRNA, e pela diversidade génica pelo mecanismo de edigdo de DNA de cadeia
simples. A familia dCMP_cyt_deam1 € constituida por enzimas que catalisam a
hidrolise da citidina a uridina e se caracterizam por requererem zinco para a
atividade catalitica (46, 44, 45).

A enzima citidina deaminase (CDA) ja foi caracterizada em E. Coli,
Bacillus subtilis, humanos e recentemente em M. tuberculosis (43, 47, 48, 49).
Estudos bioquimicos e estruturais da CDA em E. coli propdem o mecanismo
catalitico apresentado na Figura 11. Onde em um primeiro passo, E — A,
ocorre uma dissociacao heterolitica da agua. A molécula de agua que entra é
primeiramente ligada ao sitio vazio do zinco. Na sequéncia, a ligacdo O—H da
molécula de agua é clivada e o hidrogénio é considerado como um proton pelo
—COOH do &cido glutamico. Posteriormente, o anion hidroxila formado sob o
atomo de zinco ataca o C4 da citidina, e o hidrogénio do —COOH do acido
glutdmico € simultaneamente transferido ao atomo N3 da citidina (A — B),
resultando na formacao do intermediario tetraédrico (B). O hidrogénio do —OH
observado no intermediario tetraédrico (B), migra pra o grupo —NH, formando
—NHj3 e uridina, o produto da reacdo (B — C — D) (41, 47, 50).
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Figura 11. Ciclo catalitico proposto para a CDA.
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Fonte: Adaptado de Matsubara T. 2006 (50).

Dois tipos de CDA foram identificadas na natureza: uma homodimérica
(D-CDA) com uma subunidade que apresenta massa molecular igual a 32kDa,
e uma homotetramérica (T-CDA) com massa molecular aproximada de 15 kDa.
D-CDAs sao encontradas em bactérias Gram-negativas, tais como E. coli, e em
plantas, enquanto que T-CDAs sdo encontradas em bactérias Gram-positivas,
como Bacillus subtilis, e muitos outros organismos eucariotos, incluindo
mamiferos. Cada monémero apresenta um peso molecular de 14 kDa para
CDA humana e de B. subtillis e 13,9 kDa para MtCDA (47, 48).

A subunidade da enzima de E. coli tem dois dominios com as mesmas
caracteristicas estruturais presentes na subunidade das T-CDAs, resultando

em centros estruturais similares (Figura 12). Porém, apenas um dos dominios
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da D-CDA em cada subunidade é ligado ao zinco, e existem dois sitios ativos
por molécula de enzima diferente dos quatro sitios, presentes na T-CDA. Os
sitios ativos da T-CDA sédo compostos por residuos das quatro subunidades

gue compdem o tetramero (47, 48).

Figura 12. Estrutura quaternéaria da CDA.

A

=

N

Fonte: Tomado de Johansson et. al. 2004 (48).

Legenda: Estrutura de (A) T-CDA de B. subtilis (PDB:1JTK) e (B) D-CDA de E. coli.
(PDB:1CTT). As subunidades de T-CDA sdo mostradas em roxo, verde e azul
respectivamente. As subunidades de D-CDA sdo mostradas em vermelho e verde
claro com as ligacBes respectivas entre o sitio catalitico e o dominio C-terminal em

azul e ciano. Os ions de zinco sdo mostrados em modelo de palitos.

A enzima CDA de M. tuberculosis foi caraterizada como uma enzima
homotetramérica dependente de zinco e estudos de alinhamento mudltiplo
mostram que os residuos conservados entre CDAs de diferentes organismos
estdo envolvidos na interacdo com o substrato, ligagcdo do zinco e interacdes
entre as subunidades do tetramero. Neste ultimo, é importante destacar que,
assim como o observado na estrutura cristalografica da MtCDA, em T-CDAs de

diferentes organismos foram encontrados residuos de tirosina, 0os quais néo
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estdo presentes em nenhuma sequéncia de D-CDA, confirmando assim a
natureza tetramérica da MtCDA (Figura 13) (43, 51).

Figura 13. Estrutura tetramérica da MtCDA.

Fonte: Tomado de Sanchez-Quitian et. al. 2011 (52).

Nota: A proteina é apresentada na forma tetramérica e cada monémero (A-vermelho,

B-azul, C-cinza, and D-verde) é apresentado em diferentes cores.

A enzima homotetramerica MtCDA € composta de quatro subunidades
idénticas e contem um sitio ativo por cada subunidade (13,9 kDa). Cada
mondmero possui cinco fitas-B e cinco hélices-a (Fig. 14). O mondmero da
MtCDA compreende um unico dominio e os elementos estruturais secundarios
sdo organizados em um nucleo de trés camadas (o/f/a) com uma mistura de
cinco folhas beta. As cinco cadeias de folha beta apresentam no minimo duas

cadeias formando uma algca em uma regiao altamente flexivel (43).
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Figura 14. Subunidade da MtCDA.

Fonte: Produc¢é&o do préprio autor do trabalho
Nota: A proteina é apresentada em ribbon, mostrando a organizacéo das cinco fitas-3

e cinco hélices-a.

Estudos estruturais da MtCDA complexada com os produtos (uridina e
deoxiuridina) mostram trés principais regides relacionadas com o sitio ativo. A
primeira regido é localizada na interface do monémero e € associada a
estabilizacdo da estrutura quaternaria. Esta regido compreende os residuos
V22 — F27. A segunda compreende os residuos T42 — C56 e contribui a
estabilidade dos ligantes no sitio ativo. A terceira regido € localizada proxima

ao sitio ativo (V110 — F123) e contribui na ligacao do ligante (43).

Estes residuos tém sido caracterizados como regibes conservadas em
CDAs de diferentes organismos. Por exemplo, para a CDA humana (hCDA), a
regido envolvida com a ligacdo ao substrato contem os residuos 3PYSHF3s, €
s6ENACYPg;, similar ao descrito para a CDA de B. subtilis (20PYSKF,7,
4aENAAYS,9) € MICDA (23PYSRF27, 47ENVSYGs,). Enquanto a interagéo entre
subunidades, sCAERTA7o, € a regido descrita para hCDA e B.subtilis CDA
(ssCAERTAss), e ssCAECAVg; foi descrita para MtCDA (52, 53).
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Estudos de perfil de pH realizados por nosso grupo demonstraram o
decréscimo da atividade enzimatica em pHs baixos, com um valor de pK, de
4,7 0 que sugere a protonacado de um unico grupo ionizavel. Este valor de pKa
€ consistente com o grupo Y-carboxila do aminoacido glutamato ou aspartato,
os dois presentes na sequéncia da MtCDA, o que sugere que os residuos de
glutamato na posicdo 47 e 58 desempenham um importante papel na ligacéo
e/ou catalise do substrato, jA que, como observamos na figura 15, estédo
presentes no sitio ativo da MtCDA (43). Devido a proximidade do residuo E58
com o zinco e ao relatado para outras CDAs, acreditasse que este residuo
possa ter um papel fundamental na catalise da reacdo. J& o residuo E47
encontra-se afastado do zinco e nao tem sido reportado nenhum estudo
envolvendo este residuo, sendo necessaria a determinacdo do papel, se

apresentar algum, na ligacdo ao substrato ou na catalise da reacéo.

Figura 15. Sitio ativo da MtCDA.

Fonte: Produc¢é&o do préprio autor do trabalho.
Nota: Ligacbes de hidrogénio sdo mostradas em linhas pontilhadas.

A CDA de humanos (hCDA) tem se mostrado interessante pelo
importante papel no metabolismo de nucleosideos antitumorais e antivirais
analogos de citidina, levando a inativacdo farmacoldgica, apresentando efeitos

secundarios indesejaveis. Um exemplo é a perda da atividade antineoplasica
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da citosina arabinosa, apds deaminacao pela hCDA. A citosina arabinosa € um

agente quimioterapico utilizado no tratamento contra o cancer (54).

Considerando as importantes func¢des bioldégicas desempenhadas pela
rota bioquimica de salvamento de pirimidinas e, também, o possivel papel da
enzima CDA de M. tuberculosis neste contexo, o objetivo deste trabalho foi a
caracterizagdo bioquimica, estrutural da CDA de M. tuberculosis e a
determinacdo da sua funcdo biolégica. Os nossos resultados podem servir
como base para estudos futuros visando o desenvolvimento de novas
estratégias para o desenvolvimento de amostras atenuadas para o controle e

prevencao da TB humana.
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2 JUSTIFICATIVA

Atualmente, a vigilancia do tratamento e pesquisas avancadas para o
desenvolvimento de novas vacinas se tornou uma prioridade na luta contra a
TB. Uma das caracteristicas mais importantes do patégeno causador da TB é
sua capacidade de persistir no hospedeiro humano por longos periodos em
estado de laténcia, quando ndo se apresentam manifestacfes clinicas que
permitam sua identificacdo. O bacilo, portanto, ndo € eliminado, permanecendo

viavel no hospedeiro humano por anos ou décadas.

A atual vacina contra a TB protege contra a manifestacao severa da TB
em criancas, mas nao impede a reativagcdo pulmonar em adultos ou o

estabelecimento da forma latente do bacilo.

A fim de encontrar pontos-chave para impedir o crescimento da bactéria,
ja foram realizados diferentes trabalhos para melhor caracterizar rotas
bioguimicas essenciais de M. tuberculosis, e 0 metabolismo das pirimidinas é
uma rota bioquimica fundamental a viabilidade do bacilo. Estudos mostram que
mutantes de enzimas desta rota metabdlica poderiam afetar o crescimento e

varios estados fisiologicos na fase de laténcia do bacilo da TB (55).

Na tentativa de auxiliar os esfor¢os para o descobrimento e validagéo de
novos alvos, 0 N0sso grupo estuda as enzimas da rota das pirimidinas, a fim de
determinar a sua importancia na viabilidade do bacilo. Nesta linha de pesquisa,
ja foi demonstrado experimentalmente que o gene Rv3315c de M. tuberculosis,
de fato, codifica uma enzima citidina deaminase (CDA) funcional, que efetua
preferencialmente a deaminacgdo de citidina e deoxicitidina e que a enzima é
um tetramero que utiliza Zn?** para sua atividade (metaloenzima) (43).
Adicionalmente, o0s nossos estudos de perfil de pH e alinhamento de
sequéncias de aminoacidos permitiram estabelecer para a MtCDA o0s possiveis
residuos envolvidos na catélise e ligacdo ao substrato, destacando a provavel

importancia do glutamato 47 (E47) na catalise e/ou ligacdo ao substrato.
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Deste modo, fica evidente a necessidade de aprofundar os
conhecimentos estruturais e funcionais desta proteina envolvida em processos
metabdlicos do patégeno. Estes resultados poderdo servir como base para a
validacdo de cepas atenuadas do bacilo que possam ser testadas como

possiveis amostras vacinais.
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3. OBJETIVOS

3.1 Objetivo Geral

O objetivo geral deste trabalho foi a caracterizacdo bioquimica e
estrutural da enzima citidina deaminase (CDA) de M. tuberculosis,
mediante a determinacdo da estrutura da CDA complexada com
ligantes, a construcdo e caracterizacdo de enzimas mutantes
substituindo o residuo glutamato 47, e a construcédo de uma cepa de M.
tuberculosis nocaute para o gene codificante da CDA a fim de investigar

a importancia desta enzima para o metabolismo do bacilo.

3.2 Objetivos Especificos

1. Caracterizagao estrutural da enzima CDA de Mycobacterium
tuberculosis complexada com os produtos da reacao (uridina e
deoxiuridina);

2. Realizacdo de mutagénese sitio-direcionada no gene cdd a fim de
determinar o papel do residuo glutamato 47 (E47) da MtCDA,

3. Caracterizagdo das enzimas CDA de M. tuberculosis mutantes,
através de clonagem, expressédo, purificacdo e determinacdo das
constantes cinéticas.

4. Obtencdo de cristais das enzimas MtCDA mutantes e
caracterizacao estrutural;

5. Avaliacdo da essencialidade da enzima MtCDA na rota de
salvamento de pirimidinas e no metabolismo do M. tuberculosis

pelo nocaute do gene cdd.

Os resultados obtidos em cada etapa de trabalho estdo organizados da

seguinte forma:
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O Capitulo 2 consiste em um artigo publicado que descreve a
caracterizacdo estrutural da MtCDA complexada aos produtos da reacéo
catalisada, obtencé&o de cristais da enzima adequados para a difracdo de raios
X, determinacéo da estrutura tridimensional e refinamento e caracterizacdo do

sitio ativo da enzima CDA (Objetivo Especifico 1 ).

O Capitulo 3 apresenta a obtencdo dos mutantes no residuo glutamato
47 mediante mutagénese sitio-direcionada (Objetivo Especifico 2 ), clonagem
em vetor de expressao procaridtico; sequenciamento e expressao das enzimas
mutantes em cepas de E. coli a fim de obté-las na sua forma sollvel;
purificacdo da proteina recombinante por cromatografia liquida de alta
performance (HPLC); quantificagcdo de proteina; determinacdo do estado
oligomérico; quantificagbes do metal zinco presente no sitio ativo; analise da
pureza e identidade da proteina recombinante homogénea por espectrometria
de massa e sequenciamento de aminoacidos; testes de atividade enzimética e
determinacdo das constantes cinéticas (Objetivo Especifico 3 ), e
caracterizagdo estrutural mediante analise da estrutura cristalogréafica

(Objetivo Especifico 4 ).

O Capitulo 4 apresenta os resultados obtidos na construcéo da cepa de
M. tuberculosis H37Rv nocauteada no gene cdd. Para isto, sdo apresentados a
amplificacéo das regides flanqueadoras upstream e upstream downstream do
gene cdd utilizando o vetor suicida pPR27xylE, e a construcdo da cepa de M.
tuberculosis H37Rv nocaute para o gene cdd e complementada com uma coépia

extra do gene cdd utilizando o vetor pNIP40 (Objetivo Especifico 5 ).

O Capitulo 5 apresenta as consideracdes finais.
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Cytidine deaminase (CDA) is a key enzyme in the pyrimidine salvage pathway. It is involved in the hydro-
lytic deamination of cytidine or 2’-deoxycytidine to uridine or 2’-deoxyuridine, respectively. Here we
report the crystal structures of Mycobacterium tuberculosis CDA (MtCDA) in complex with uridine
(2.4 A resolution) and deoxyuridine (1.9 A resolution). Molecular dynamics (MD) simulation was per-
formed to analyze the physically relevant motions involved in the protein-ligand recognition process,
showing that structural flexibility of some protein regions are important to product binding. In addition,
MD simulations allowed the analysis of the stability of tetrameric MtCDA structure. These findings open-
up the possibility to use MtCDA as a target in future studies aiming to the rational design of new inhibitor
of MtCDA-catalyzed chemical reaction with potential anti-proliferative activity on cell growth of M.

tuberculosis, the major causative agent of tuberculosis.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Cytidine deaminase (CDA!, EC 3.5.4.5, systematic name: cyti-
dine aminohydrolase), which is also known as cytidine nucleoside
deaminase, catalyzes the hydrolytic deamination of cytidine or 2’-
deoxycytidine to, respectively, uridine or 2’-deoxyuridine (Fig. 1)
[1,2]. The cdd-encoded CDA plays an important role in the pyrim-
idine salvage pathway. The latter serves two different functions:
(1) scavenge pyrimidine compounds for nucleotide synthesis, and
(2) degradation of pyrimidine compounds leading to generation
of compounds that serve as carbon and nitrogen sources [3]. In
addition, CDA is found in the metabolism of a number of analogues
of cytosine nucleoside used as antitumoral and antiviral agents,
leading to their pharmacological inactivation [3].

Biochemical and structural studies of CDAs from different
organisms have led to the understanding of the enzyme reaction
mechanism. CDA contains an active site zinc ion that is essential
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Porto Alegre, RS 90619-900, Brazil. Fax: +55 51 33203629.
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1 Abbreviations used: CDA, cytidine deaminase; URD, uridine; dURD, deoxyuridine;
dCYT, deoxycytidine; PCA, principal component analysis; TB, tuberculosis; MTB,
Mycobacterium tuberculosis.
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for catalysis, which is coordinated to a nucleophilic water/hydrox-
ide [4]. Different oligomeric states were observed among CDAs
from diverse species. Two groups can be identified, the homodi-
meric CDAs, such as in Escherichia coli [5], and the homotetrameric
CDAs, such as in Saccharomyces cerevisiae [6], human [2] Bacillus
subtillis [7] and Mycobacterium tuberculosis [8].

The three-dimensional structure of M. tuberculosis CDA has been
previously solved at 2.0 A resolution and shown to be composed of
four identical subunits, each monomer comprising a single domain
with five B-strands and five a-helices [8]. Secondary structural ele-
ments are arranged in a three-layer core o-p-o domain with
mixed B-sheet of five strands, the last two strands of this structure
form a B-wing flexible region.

Sequence alignment of CDAs from different organisms has
shown relationships among residues that mediate substrate bind-
ing and are conserved in all sequences, in agreement with results
obtained from crystal structure determination. For instance MtCDA
contained one zinc atom per subunit coordinated by three cyste-
ines (Cys56, Cys89, and Cys92), one glutamate (Glu58) and a water
molecule [8]. The same pattern was observed in B. subtillis CDA [9].

As the first step toward structural and functional MtCDA char-
acterization, we have previously determined the crystal structure
of tetrameric M. tuberculosis CDA in the absence of substrate/prod-
uct ligands [8]. Here we describe two refined crystal structures of
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H H

R! = OH; Cytidine
R! = H; Deoxyeytidine

R' = OH; Uridine
R! = H; Deoxyuridine

Fig. 1. Chemical reaction catalyzed by MtCDA.

MtCDA in complex with products. These data provide new struc-
tural information on the mechanism of active site closure upon li-
gand binding, and highlight the residues essential for catalysis.
Furthermore, molecular dynamics (MD) simulation was performed
to analyze the physically relevant molecular motions involved in
protein-ligand binary complex formation.

Materials and methods
Crystallization and X-ray data collection

MtCDA was concentrated to 12 mg/mL in sample buffer (20 mM
Tris-HCI pH 7.5). Crystals of MtCDA were obtained using the va-
por-diffusion hanging-drop method at 298.15 K using 24-well tis-
sue-culture plates. Hanging drops were prepared by mixing 2 pL
protein solution and 2 pL reservoir solution and placed over
400 pL reservoir solution containing 0.1 M Hepes pH 7.5 and
4.3 M sodium chloride. The ligands uridine (URD) and deoxyuri-
dine (dURD) were added by soaking method.

The crystals were flash frozen at 100 K and cryoprotected with
20% of glycerol. X-ray diffraction data were collected at wavelength
1.431 A using Synchrotron Radiation Source (Laboratério Nacional
de Luz Sincrotron, Campinas, SP, Brazil) and CCD detector
(MARCCD) with an exposure time of 1.6 s per image at a crystal
to detector distance of 140 mm. X-ray diffraction data were pro-
cessed using MOSFLM and scaled using SCALA [10].

Structure resolution and refinement

The crystal structures of MtCDA:URD and MtCDA:dURD were
solved by molecular replacement with AMoRe package using the
atomic coordinates of the structure 3IJF [8] as the search model. All
waters molecules were removed from the search model and one
monomer was employed in the molecular replacement. For struc-
tural refinement, the models were refined using REFMAC5 [10] to
give the final Reycpor = 0.223 and Rgree = 0.2905 to MtCDA: URD and
Rfactor = 0.227 and Rgee = 0.257 to MtCDA:dURD. The MOLPROBITY
web server [11] was used to generate the Ramachandran plots, and
the percentage of residues in favored, allowed, and disallowed for
MtCDA:URD are, 90.2%, 97.5%, and 2.5%, and for MtCDA:dURD are
96.7%, 97.5%, and 2.5%, respectively. All main chain angles, for all
structures, are found in the most favorable or generally allowed
regions.

Molecular dynamics simulation setup
All molecular dynamics (MD) simulations were carried out

using the GROMACS 4.0.5 package [12] with the 53a6 GROMOS
force field. We performed MD simulations for the enzyme in free

form (PDB access code: 3IJF), and with the products (URD and
dURD - PDB access code: 3LQP and 3LQT, respectively), in order
to investigate the plasticity of the active site, and the interactions
between the protein-ligand complex, and water molecules during
the MD simulation.

The MD simulations were carried out using particle mesh Ewald
method [13] for the electrostatic interactions. The van der Walls
and Coulomb cutoff were 14 A, and 10 A, respectively. The integra-
tion time step was 2.0 fs, with the neighbor list being updated
every 10 steps by using the grid option and a cutoff distance of
12 A. The simple point charge extended (SPC/E) [14] water model
was used. Periodic boundary condition has been used with con-
stant number of particles, pressure, and temperature (NPT) in the
system. The V-rescale thermostat was applied using a coupling
time of 0.1 ps to maintain the systems at a constant temperature
of 298.15 K. The Berendsen barostat was used to maintain the
systems at pressure of 1 bar, and values of the isothermal com-
pressibility set to 4.5 x 107> bar~! for water simulations. The tem-
perature of the systems were increased from 50 to 300 K in five
steps (50-100K, 100-150K, 150-200K, 200-250K, and 250-
300K), and the velocities at each step were reassigned according
to the Maxwell-Boltzmann distribution at that temperature and
equilibrated for 10 ps, except the last part of thermalization phase,
which was of 40 ps. The systems were subjected to a steepest des-
cent followed by conjugated gradient energy minimizations until a
tolerance of 1000 kJ/mol. MD simulation with position restraints
was carried for a period of 20 ps in order to allow the accommoda-
tion of the water molecules in the system. Finally, 10 ns MD simu-
lations were performed to all systems. The topologies files and
other force field parameters except the charges of ligands were
generated using the PRODRG program [15]. The partial atomic
charges to the ligands were calculated using the Gaussian 03W
package [16], which were submitted to single-point ab initio calcu-
lations at DFT/B3LYP/6-311G (2d, p) level in order to obtain ESP
charges. In order to clarify the importance of the tetrameric struc-
ture of the MtCDA, MD simulations were carried out with the
monomeric state, using the same protocol previously described.

Principal component analysis (PCA)

Essential dynamics (ED), also known as principal component
analysis (PCA), is a method for identification of the main conforma-
tional changes, which often have importance in biological process,
for a protein during an MD simulation.

In the ED analysis, a variance/covariance matrix was con-
structed from the trajectories after removal of the rotational and
translational movements. Diagonalizing the matrix identified a
set of eigenvectors and eigenvalues. The eigenvalues represented
the amplitude of the eigenvectors along the multidimensional
space, and the displacements of atoms along each eigenvector
showed the concerted motions of protein along each direction.
An assumption of ED analysis is that the correlated motions for
the function of the protein are described by eigenvectors with large
eigenvalues. The movements of protein in the essential subspace
were identified by projecting the Cartesian trajectory coordinates
along the most important eigenvectors from the analysis [17].

Results and discussion
Quaternary structure description

The final models (URD, dURD) were refined to, respectively, 2.4
and 1.9 A resolution. The active site electron densities for com-
plexes MtCDA:URD and MtCDA:dURD are presented in Fig. 2. Data
collection and refinement statistics for all structures are given in
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Fig. 2. Active site electron densities (2Fops — Feaic) map for complexes MtCDA:dURD (A) and MtCDA:URD (B). The URD, dURD, and the residues are presented as sticks.

Table 1
Data collection and refinement statistics. Values in parentheses refer to the highest
resolution shell.

Data collection and refinement statistics” MtCDA:UDR  MtCDA:dURD
X-ray wavelenght (A) 1.427 1.427
Temperature (K) 100 100
Resolution range (A) 39.16 (2.40) 37.216 (1.90)
Space group C222 C222
Matthews coefficient (A> Da™') 2.60 2.63
Unit-cell parameters
a(A) 65.92 65.41
b (A) 78.33 77.59
c(A) 56.73 55.68
a=p=7(°) 90.00 90.00
Highest resolution shell (A) 2.40 1.90
Data completeness (%) 99.90 92.9
Rinerge (%)* 73 7.7
Resolution range used in refinement (A) 28.41-2.40  28.20-1.90
Rfactor (%)b 22.33 22.70
Rfree (%)° 29.05 25.70
Observed RMSD from the ideal geometry
Bond lenghts (A) 0.041 0.023
Bond angles (°) 3.548 2435
B values (A)z d 24.065 25.524
Residues in most favored regions of the 90.2 97
Ramachandran plot (%)
Residues in addicionally allowed regions of 7.3 2
the Ramachandran plot (%)
Residues in generously allowed regions of the 2.5 1
Ramachandran plot (%)
Residues in disallowed regions of the 0 0
Ramachandran plot (%)
Number of ligands 1 1
Number of water molecules 93 50

? Rmerge = Y_ny_i [I(h); — (I(h))|/>"n>"1 ICh);, where I(h) is the intensity of reflection
h, 3"p is the sum over all reflections and }"; is the sum over i measurements.

® Reactor = 100 % 3|Fobs — Featcl /S (Fobs)» the sums being taken over all reflections
with F/G(F) > 2 cutoff.

€ Rfree = Reactor for 10% of the data, which were not included during crystallo-
graphic refinement.

4 B values = average B values for all non-hydrogen atoms.
" Values in parenthesis refer to the highest resolution shell.

Table 1. The MtCDA monomer in complex with the products, fol-
low the same arrangement o—-f-o with a mixed B-sheet of five
strands. These structures were crystallized in the space group
C222. Examining the differences between MtCDA in free form
and MtCDA complexed with products was observed that there
are no major differences. The only changes are restricted to amino-
acid side chains, which compose the active site. The RMSD value
between apo structure and URD complex is 0.4 A, and between
apo structure and dUDR complex is 0.2 A. Analysis of the interfaces
reveals intermolecular contacts involving residues Tyr21-Glu9s,
Tyr24-Glu98, and GIn94-Asn48 of the adjacent subunits (A-C
and B-D) (Fig. 3). In addition, analysis based on the web server
PDBe PISA (Protein Interfaces, Surfaces and Assemblies) [18], re-
veals 23 hydrophobic interactions, and eight intermolecular hydro-

Tyr21(C)

GIn94(A)

Fig. 3. Interface of the subunits A and C, showing the interactions between
Glu98(A) with Tyr21(C), Tyr24(C), and GIn94(A) with Asn48(C). The protein is
presented as cartoon and the residues as sticks.

Fig. 4. Schematic drawing of tetrameric MtCDA. The protein is presented as cartoon
and each monomer (A-red, B-blue, C-light grey, and D-green) is presented in
different colors. This figure was generated using Chimera program [25]. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

gen bonds between the adjacent subunits, and brought to light
what seems to be a stable MtCDA quaternary structure (Fig. 4).
Analyzing the contact areas between subunits of MtCDA:URD
and MtCDA:dURD complexes, we suggest that the monomers can
interact in three different ways. These different forms can be
exemplified by the monomers A:B, A:C, and B:C, which are pre-
sented in the Fig. 5. Examining the interactions between A:B it
was observed six hydrogen bonds and 17 hydrophobic contacts
involving 23 residues, and the total area was 757.1 A% The total
area for A:C was 1128.4 A%, in addition 14 hydrogen bonds and
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Fig. 5. The three interfaces contacts area, which are found to MtCDA:URD and MtCDA:dURD complexes. (A) Present A (red):B (blue); (B) A:C (light grey); and (C) B-C
interfaces. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

17 hydrophobic contacts involving 31 residues were observed. Fi-
nally, the region between B:C presents a total area of 412.1 A%,
which is composed by two hydrogen bonds and 10 hydrophobic
contacts. Furthermore, in order to verify if these conformations
are in agreement with CDA of different organism previously pub-
lished, we analyzed other 13 CDA structures (PDB access codes:
3]JF, 3MPZ, 1MQO, 3DMO, 1UX1, 2D30, 1UX0, 1TUWZ, 1JTK, 2FR5,
1ZAB, 2FR6, and 3B8F) [19,20], which revealed the same packing
presented by MtCDA.

Characterization of the product-binding pocket

The hydrogen bonding networks in the active site were deter-
mined from interactions between MtCDA and URD (MtCDA:URD)
and dURD (MtCDA:dURD) products. Analysis of hydrogen bonds
between URD and MtCDA reveals seven hydrogen bonds: six
hydrogen bonds between the pyrimidine moiety and Cys89 (2.9
and 3.1 A), Glu58 (3.4 and 3.2 A), Cys92 (3.2 A) and Ala57 (3.3 A)
residues, and one between the ribose moiety and Asn45 (3.2 A) res-
idue (Fig. 6). Additionally the complexes show two non-ligand res-
idues, Phe27 and Cys56 which could be important in stabilizing
hydrophobic interactions between the ligand and the enzyme
and thereby facilitate the catalytic process, as reported for human
CDA [21]. All of these interactions are located in the subunit A.

In contrast, some differences were found in the active site be-
tween MtCDA:dURD binary complex and apo MtCDA, which in-
volve subunits A and D. This complex reveals seven hydrogen
bonds, three with pyrimidine Cys89 (2.9 A), Glu58 (2.9 A), Ala57
(33A) and, four with ribose involving residue K Asn45 (2.7 A),
Glu47 (2.8 A), Tyr51(D) (3.1 A), and Val49(D) (2.9 A).

Three cysteine residues (Cys56, Cys89, and Cys92) are involved
in zinc metal binding. However, only Cys56 is involved in hydro-
phobic contacts, as previously mentioned. The properties of the
Cys56 (Cys65 human CDA numbering) suggested it is required
for the enzymatic activity but not for the maintenance of zinc in
the active site, whereas Cys65 (human CDA) plays a role in placing
the zinc ion in the correct position and orientation within the ac-
tive site [22]. Table S1 summarizes the interaction between
MtCDA:URD and dURD. Analyzing the three main regions, which
are described to all tetrameric CDAs, we observed some differences
that could be a guide to future rational drug design studies aiming

L]
Cys92 | %CYSSQ
,z/

?

At 3
N

Fig. 6. Classical binding site of the MtCDA:dURD anchored by the residues Asn45,
Glu47, Ala57, Cys89, and Cys92, which are important residues of the binding
pocket. The protein is presented as cartoon and the binding site residues as sticks.

to find selective inhibitors to MtCDA. In the first region, close to the
active site, which comprises 3;PYSHF3s (human CDA) and
23PYSRF,; (MtCDA), the replacement of a histidine by an arginine
does not implies physical chemistry changes. However, consider-
ing torsion angles, arginine presents increased entropy, which
could influence ligand recognition. It is should be pointed that
Tyr33, already characterized as a pivotal residue involved in the
quaternary structure organization in human CDA [23], is conserved
in both sequences, and could be playing the same role in MtCDA.
The second region comprises the residues s5;NACYPg; (human
CDA) and 43NVSYGs, (MtCDA). Three replacements are observed
in this sequence. The first, an alanine residue was changed by a va-
line did not implied major structural difference, although valine
presents one more torsion angle when compared to alanine. The
replacement of a cysteine by a serine, involves of a thiol (Cys)
and hydroxyl groups (Ser). However, both residues can participate
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in hydrogen bonding. The last change in this sequence is the pres-
ence of a proline in human CDA and a glycine in MtCDA. Finally, the
last analyzed region, conserved in all T-CDAs, comprises the resi-
dues gsCAERTA;q in human CDA and ssCAECAVg, in MtCDA. We ob-
served that Arg68, described as an important residue in the
catalytic event in the human CDA [24], compensating the negative

05—

RMSD (nm)
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°
o
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Time (ps)

Fig. 7. Graphical representation of RMSD of each MtCDA structure from starting
structure of tetramers as a function of time, over 10 ns of simulation.

charges of the cysteines, corresponds to a cysteine in MtCDA. Nev-
ertheless, analyzing the MtCDA structure, it could be suggested
that the residue responsible for counterbalancing the charges of
the cysteines is Arg91, which is not conserved in the human
CDA, where it corresponds to Ala101. Taking these differences in
consideration, MtCDA presents peculiarities close to the active site,
when compared to human CDA, which could be involved in the li-
gand recognition process and can provide some clues to rational
drug design initiatives.

Dynamics simulation and essential dynamics

In order to understand the stability of the MtCDA in solution
during the simulation, the C-o root means square deviation
(RMSD) was calculated (Fig. 7). The MtCDA in the apo form and
in complex with either URD or dURD achieved a plateau within
2500 and 2000 ps, respectively, suggesting that ~10 ns is sufficient
for stabilizing fully relaxed models. As shown in Fig. 7, the RMSD
values in the MtCDA:URD and dURD remain less 3.0 A, whereas
in the apo form was less than 5.0 A. These results suggest that
the MtCDA when in complex with products presents a more stable
system than the structure in absence of these ligands in the bind-
ing pocket. To analyze the physically relevant motions of the sim-
ulations, the principal components (PC) were calculated by
diagonalizing the covariance matrix generated from timescale
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(10 ns) explicit solvent MD simulation. The anharmonic and large-
scale motions of the protein are isolated from the mostly harmonic
and small-scale motion. Knowing that the large-scale anharmonic
motions in the essential subspace are often correlated to the piv-
otal functions of the protein, we have only focused on these move-
ments. The analysis of the first 50 eigenvectors describes 87.71%
(dURD) and 85.33% (URD) of the fluctuations during the simula-
tion, and the first eigenvector of each simulation correspond of
~40% of the total of 1488 eigenvectors (Fig. 8).

Flexibility of the product-binding pocket

In this section, we analyzed the main fluctuations of the MtCDA
in complex with its products in comparison with the structure in
apo form. Fig. 9 presents the most relevant fluctuations, obtained
from the first eigenvector, of the monomer A during the simula-
tion. Based on these results, it could be highlighted three principal
regions that will be denominated R1, R2, and R3. The R1 region,
that comprises residues Val22-Phe27, is located in the monomer
interface, being crucial for the stabilization of the quaternary struc-
ture. Furthermore, it was observed the approximation of Tyr24 to
Glu98 of the adjacent subunit, corroborating with the analysis pre-
viously published [9]. As an understanding of product binding to,
and release from, the enzyme active site is pivotal to elucidate
the MtCDA mode of action, the R2 region was analyzed. R2 com-
prises residues Thr42-Cys56. Analyzing the active site of the
monomer A, one can observe three main interactions, made by
Asn45, Glu47, and Cys56 contributing for the stability of the li-
gands into the binding cavity. In addition, it was also observed that
Val49 and Tyr51 belong to the binding site of the monomer D. The
R3 region is composed by Val110-Phe123 and is located close to
the adjacent binding site (A-B and C-D). In this region we also de-
tect m-m stacking interactions involving the pyrimidine moiety of
the products and Phe123, contributing to ligand binding.
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Tetramer vs monomer: the ligand stability based on dihedral analysis

In order to access the importance of the quaternary structure to
the ligand stability into the binding pocket, we carried out MD sim-
ulations with the MtCDA in monomeric form. To analyze the stabil-
ity of ligand in these two scenarios (tetramer and monomer) we
monitored dihedral angle of the products (C6:N1:C1x:04x) and
the electrostatic interaction (Coulomb - Short Range) between pro-
tein-ligand complexes for the period of the simulation. Fig. S1 pre-
sents the dihedral angle that was evaluated, and Figs. S2 (URD) and
S3 (dURD) show the dihedral angle and energy interaction during
the simulations. The total number of transitions, considering the
dihedral angle, was 97 for the monomeric structure (URD and
dURD), 11 for tetramer complexed with URD and 39 when associ-
ated with dURD. In addition, the transitions of the dihedral angle in
the tetramer have a direct influence in the electrostatic interac-
tions, suggesting that, for a proper stabilization of the ligand into
the binding site, the quaternary structure is required. When the
average of the electrostatic interactions in the tetrameric and
monomeric structures in complex with the products were com-
pared, it was clear that the structure that enabled the most stable
form of the ligand was the tetramer. Table S2 summarizes these
findings.

The dynamics motions of the ligands (URD and dURD) were
analyzed via characterization of the phase space behavior. Fig. 10
present the trajectory of the first two principal components (PC1
and PC2), taking into account the motions of the ligands in the
phase space. As shown in Fig. 10A and B, we can identify three clus-
ters of stable states for the ligands when in complex with mono-
meric structures. In contrast, Fig. 10C and D present only one
cluster, defining only one stable state for the ligands. These results
could be related with the stability of the ligand in the binding site,
and justify the use of the quaternary structure for future studies of
potential inhibitors to MtCDA. Furthermore, as described above,
these results corroborate the importance of the adjacent subunits

3
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Fig. 9. Displacement of the components of the first eigenvectors for tetrameric structures of unbound MtCDA, MtCDA:URD and MtCDA:dURD complexes. The main
fluctuations are presented for the regions R1 (Val22-Phe27), R2 (Thr42-Cys56) and R3 (Val110-Phe123). The main residues, which composed the regions described above,

are presented as cartoon in order to facilitate the interpretation.
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Fig. 10. Dynamics motions of the ligands (URD and dURD) were analyzed via characterization of the phase space behavior when in complex with either a tetrameric or a
monomeric structure. (A and B) Trajectory of the first two principal components to URD and dURD, respectively, when associated with MtCDA monomeric form; (C and D)
trajectory of the first two principal components to URD and dURD, respectively, when associated with MtCDA tetrameric form.

residues Val49 (monomer D), Tyr51 (monomer D), and Phe123
(monomer B) for stability of the ligand into the binding pocket,
since in absence of these residues, the MtCDA reaction product
does not remain in the active site during MD simulations.

Conclusions

The present study provided, for the first time, structural insight
into the product binding patterns for MtCDA, elucidating the main
residues involved in proper binding of products. In addition, our re-
sults highlight that the MtCDA quaternary structure follows the
same packaging, which is observed in others CDAs from different
organisms. Analysis of the active site revealed that the Asn45,
Glu47, Ala57, Cys89, and Cys92 amino acid residues are pivotal
to product recognition by MtCDA. The MD simulations corrobo-
rated with the proposed packing, showing that residues Tyr51,
Val49, and Phe123 present an important role in the active site of
the adjacent subunits (A-D and B-C). Simulations of the tetrameric
and monomeric MtCDA structures suggest that the oligomeric
state is essential for stabilization of the ligand into the enzyme-
binding site, lending support to the importance of protein-protein
interactions. In summary, these findings open-up the possibility to
use MtCDA as a target in future studies aiming to the rational de-
sign of new inhibitor of MtCDA-catalyzed chemical reaction with
potential anti-proliferative activity on cell growth of M. tuberculo-
sis, the major causative agent of tuberculosis.

Deposit

The atomic coordinates have been deposited in the PDB (com-
plexes MtCDA:URD and MtCDA:dURD - PDB access codes: 3LQP
and 3LQT, respectively).
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ABSTRACT

Strategies to combat tuberculosis (TB) are needeklllt drug-resistant strains
and be effective against latevitycobacterium tuberculosis, the causative agent of TB.
Cytidine deaminase (CDA) catalyzes the hydrolygamination of cytidine to uridine,
and belongs to the pyrimidine salvage pathway. Ti2A from M. tuberculosis
(MtCDA) is a target for the development of drugs agfaifB because it may be
involved in latency mechanisms. The role of theseowed glutamate-47 (E47) residue
was evaluated by construction of five mutant prdgE47A, E47D, E47L, E47H, and
E47Q). Mutants E47A and E47H were expressed inubs® fraction, whereas E47D,
E47L and E47Q were soluble and purified. The E4HA7L and E47Q mutants
contained 1 mol of Z#i per mol of protein subunit. These mutations hadkfiect on
oligomerization state dfitCDA. Steady-state kinetic results showed thatvalues for
the E47D and E47Q mutants were not significantigratl, whereas there was a
decrease ik:o; Values of 37-fold for E47D and 19-fold for E47Q tamt. No activity
could be detected for E47L mutant. The crystalcstme of the E47D mutant was
solved. A catalytic role was proposed for tiiearboxyl group of E47, and its

involvement in proton shuttling suggested.

Keywords: Mycobacterium tuberculosis;, cytidine deaminase; site-directed

mutagenesis; enzyme kinetics; crystallography;lg@atanechanism.
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INTRODUCTION

Tuberculosis (TB) continues to be a leading cause of death in trédvdue to a
single infectious pathogen. It is estimated that tnrd of the entire human population
is latently TB infected (LTBI). People with LTBI dwoot have symptoms of TB and are
not infecting, but they are at risk of developingtize disease and becoming an
infecting person. For both latent and active TB ménugs are urgently required to
shorten the duration of therapy, eradicate multighleg-resistant strains, and target
latent, nonreplicating bacilli [1,2].

Current antitubercular drugs have reduced or necefagainst nonreplicating
bacilli [3]. This reduced effect may reflect thecteased activity of the various target
enzymes undein vivo or nonreplicating conditions. Pyrimidine bases andleotides
serve as nitrogen and carbon sources and are reagngy carriers involved in
nucleotide synthesis. There are two main routei#®isynthesis of nucleotidege novo
and salvage pathways. The pathway dernovo synthesis of pyrimidine nucleotides
leads to formation of uridine monophosphate (UMBNT simple precursors (ATP,
HCGO;s, H,O, glutamine). On the other hand, the pyrimidineage pathway reutilize
nucleosides and pyrimidine bases derived from pnedd nucleotides being
preferentially utilized by bacteria under restrittenergy availability, because it
demands less energy than tleenovo biosynthesis [4,5]. Some metabolic pathways are
presumed to be important for maintenance of viggbiinder nonreplicating conditions

[6]. Accordingly, the pyrimidine salvage pathwaygmes are interesting targets due to

! Abbreviations used: A, upstream forward flanking primer; B, reversatagenic primer; BSA,
bovine serum albumin; C, forward mutagenic prin@&DA, cytidine deaminase; D, downstream forward
flanking primer; D-CDA, homodimeric form of cytidin deaminase; dCMP, deoxycytidilate
monophosphate deaminase; DMSO, dimethyl sulphoxid®lA, deoxyribonucleic acid; dNTPs,
deoxynucleotides triphosphates; GuaD, guanine dem®j HPLC, high performance liquid
chromatography; ICP-OES, Inductively coupled plasomical emission spectroscopy; IF, insoluble
fraction; LB, Luria-Bertani; LTBI, latently TB infeted; MTB, Mycobacterium tuberculosis; MtCDA,
cdd-encoding cytidine deaminase froM. tuberculosis; N-PAGE, native-PAGE; OE-PCR, overlap
extension-PCR; PCR, polymerase chain reaction;igokelectric point; SDS-PAGE, dodecyl sulfate-
polyacrylamide gel electrophoresis; SF, solubletiom; TB, terrific broth; TB, tuberculosis; T-CDA,
homotetrameric form of cytidine deaminase; UMPdimé monophosphate; wtCDA, wild type cytidine

deaminase.
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low energy demand to synthesize nucleotides. Sieeenination is an important step in
the pyrimidine salvage pathways, the deaminatiorymes play a key role in the
pyrimidine metabolism. Cytidine deaminase enzymBACcytidine/2'-deoxycytidine
aminohydrolase; EC 3.5.4.5) catalyzes the deanomaif cytidine/2'-deoxycytidine to
form uridine/2'-deoxyurydine [7].

The proposed mechanism of catalysisBEscherichia coli CDA includes a zinc
atom in the active site that activates a water oudeto form a hydroxide ion and’ iy
heterolytic bond cleavage [8,9]. The proton andhyeroxyl anion add to, respectively,
the N3 and the C4 atoms of the N3=C4 double bondybiline to form a tetrahedral
intermediate in the first step. In the second stejaline is produced with the release of
ammonia [8,9]. Hydrogen bonding plays an importaote in transition state
stabilization forE. coli CDA, and the carboxymethyl group of Glul04 appdars
minimize the activation barrier for deamination,t ramly by stabilizing the altered
substrate in the transition state but also by ddsteng the enzyme-substrate and
enzyme-product complexes [10,11,12]

The cytidine deaminase superfamily includes enzythas act on then situ
deamination of bases in both RNA and DNA, whichiak@lved in gene diversity and
in anti-virus defense, and enzymes that catalyaeti@ns of free nucleotides or bases
such as cytidine deaminases (CDD/CDA), deoxycyatdyimonophosphate deaminases
(dCMP), and guanine deaminase (GuaD). These enzgregsrimarily involved in the
salvage of pyrimidines and purines, or in theirabatism in bacteria, eukaryotes and
phageq13,14]. The mononucleotide family includes a homuetic form (D-CDA) of
cytidine deaminase, such &s coli and Arabidopsis thaliana [15,16] and a related,
homotetrameric form (T-CDA) with a much smaller gaolb which is found in most
mammalians, such as human, and bacteria suBaai$us subtilis and Mycobacterium
tuberculosis [17,18,19]. D-CDA consists of two symmetrical salis, each monomer
containing three domains: a small N-terminal domaircatalytic domain containing a
zinc atom, and a C-terminal domain, that contaiesa\aty described as “broken active
site” [9]. T-CDA consists of four identical monorsewith one active site per monomer.
Each monomer has a molecular weight of 14.9 kDad@wnan CDA andB. subtilis, and
13.9 kDa forM. tuberculosis CDA (MtCDA), and is structurally similar to the catalytic
domain of theE. coli D-CDA [9]. D-CDA and T-CDA have a zinc atom in thetive
site [8].
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The homotetramerimMtCDA is composed of four identical subunits of 18(®a
with one active site per subunit [19]. Each monotas five 3-strands and five-
helices. Secondary structural elements are arramgadhree-layer core-f3-o. domain
with mixed [3-sheet of five strands, the last two strands of #tiucture form #-wing
flexible region. Structural studies ®itCDA complexed with products (uridine and
deoxyuridine) show three principal regions relat@groduct binding pocket [20]. The
first region is located in the monomer interface arelated to the stabilization of the
quaternary structure; this region comprises residu@2-F27. The second region
comprises residues T42—C56 and contributes tolisyadii the ligands into the binding
cavity. The third region is located adjacent to theding site and is comprised by
V110-F123, contributing to ligand binding [20]. Heeresidues have been characterized
as conserved regions in CDAs from different orgasisFor example, the human CDA
region involved with substrate-binding contains thesidues 3,PYSHF and
s6ENACYPs;, similar to those described fBr subtilis CDA (,0PY SKF,7, 4ENAAY Sy9)
and for MtCDA (23PYSRR7, 47ENVSYGs,) [18,19,21]. For interaction subunits,
6sCAERTA7o is region described for human CDA, aBdubtilis CDA (s3CAERTAsg),
andsgCAECAV; for MtCDA [18,19,21].

In previous pH-rate profile studies MtCDA, it was demonstrated decreased
activity upon protonation of a single ionizable gpowith an apparentify value of 4.7
[19], which is consistent with theKp value for they-carboxyl of glutamate of-
carboxyl of aspartate in CDA. The glutamic acididass (E47 and E58) have been
shown to be conserved in D-CDAs and T-CDAs and weglicated in substrate
binding [15].

The goal of this study was to evaluate the rdl@ny, of glutamate 47
(E47) residue oMtCDA in substrate binding and/or catalysis, proteligomerization
and coordination of zinc atom. In order to teststheredictions, we employed site-
directed mutagenesis methodology to produce fivedanta for the same residue.
Characterization of these mutants, together withrmation obtained from kinetics and
crystallographic studies, allowed us to determime role of E47 and obtain details of

the catalytic mechanism foAtCDA enzyme.
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MATERIALS AND METHODS

Residue selection and primer design

pH Rate profile studies and multiple sequence aligm suggested that the
conserved amino acid Glutamate in the positionE&7]{ fromMtCDA is involved in
catalysis and/or substrate binding [19]. Site-dedamutagenesis was thus carried out,
and E47 was replaced with either alanine (E47A)adate (E47D), histidine (E47H),
leucine (E47L), and glutamine (E47Q).

Primers were designed with the aid of Primer3Phd\@ere based on the CDA
M. tuberculosis H37Rv genome sequence. The mutagenesis proceegue&ad four
oligonucleotides: two flanking primers, which wep®sitioned upstream (A) and
downstream (D) of the mutation site; and two mutége@rimers, Forward mutagenic
(C) and, Reverse mutagenic (B) with at least a p5okierlap between adjacent
fragments. The mutation site was located in thedhaicbf the mutagenic primers.
Forward and reverse flanking primers containingriggon sites forNdel (CATATG)
andHindlll (AAGCTT) for cloning into PCR-Blunt vector ansubcloning into pET23a
(+) expression vector were also designed. Primsgd in the polymerase chain reaction
(PCR) are given in Table 1.

Ste-directed mutagenesis method

Site-directed mutagenesis was carried out usingaastep PCR procedure to
replace the GAA codon using an overlap extensioR-P@&thod (OE-PCR) (Fig. 1)
[22]. In short, in the first step; two simultaned®€R reactions were performed. One
reaction was performed with a primer pair thatudeld the A primer and the B primer;
the other reaction contained the D primer and thpri@er. The PCR reaction were
carried out using 50 ng d¥l. tuberculosis H37Rv genomic DNA, 0.2mM dNTPs,
10pmol of each primer, 2.5 U of PFU DNA polymerase 1x reaction buffer in a 50
puL reaction volume. For amplifications, an MJ ReskaPTC-200 (Peltier Thermal
Cycler) was used with the following parameters: if at 98 °C followed by 30 cycles
of 45 s at 95 °C, 45 s at 60 °C and 45 s at 72riiCaafinal extension of 10 min at 72
°C. PCR products were analyzed by 1% agarose getrephoresis and gel band was
purified using the QIAquick Gel Extraction kit aecdong to the manufacturer’'s
instruction (QIAGEN). The second PCR was perfornmmabtain full-length mutated

fragments; the two products were mixed and usetemmplates, with the A and D
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primers. The reaction was performed using the seomglitions as the first round of
PCR amplification. This overlap extension-PCR yeelda full-length DNA fragment,
which was gel purified before cloning.

Cloning and sequencing of mutated genes

The full-length mutated PCR product was ligatea itite pCR-Blunt cloning
vector and subcloned into the pET-23a (+) expressextor (Novagen) using T4 DNA
ligase. E. coli DH10B (Novagen) electro-competent cell were tramskd and
recombinant clones were identified by digestiorhwitlel andHindlll. The sequences
of the mutants otdd gene were verified to both confirm the insertidntlee desired
mutation and to ensure that no unwanted mutatiare wtroduced by the PCR steps,

using the ABI-Prism 3100 Genetic Analyzer (Appliidsystems).

Expression of recombinant proteins

After confirming the presence of the mutated codorthe five substitutions
(E47A, E47D, E4A7H, E47L and E47Q), the recombinalasmids were transformed
into E. coli BL21 (DE3) competent cells, following the protogueviously reported for
wild type MtCDA [19]. Since the E47L mutant enzyme was a péytsoluble protein it
was necessary to use chemical chaperones to iecthassolubility of this mutant.
Cultures (50 mL) oE. coli BL21 (DE3) harboring pET23a (+)::E47L were growr8a
°C in terrific broth (TB), supplemented with 10@ mL* ampicillin, in presence of a
chemical chaperone (dimethyl sulphoxide, DMSO 6.0%he negative control
consisted of the same culture described aboveeimlisence of DMSO 6.0%. Bacterial
cultures were grown for 6h at 37 °C and 180 rpnariooptical density (O§o nn) Of
0.4-0.6. Cells were harvested by centrifugatioB4a400xg for 30 min, resuspended in
buffer A (50mM Tris-HCI pH 7.5), and lysed by sowiisruption.

Purification of MtCDA mutants

Cultures (500 mL) oE. coli BL21 (DE3) harboring the mutant plasmids were
grown at 37°C in LB broth, supplemented with 1G9 mL™* ampicillin. After 6 h of
vigorous shaking at 37°C, cells were harvested dntrfugation at 24,400xg for 30
min, resuspended in buffer A (50mM Tris-HCI pH 7.&hd lysed by sonic disruption.
After centrifugation at 24,400xg for 30 min, thepstnatant was loaded on a QFF

(column volume 47 mL) anionic exchange chromatadgyapolumn equilibrated with
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buffer A and eluted by a linear gradient of butse(50mM Tris-HCI pH 7.5, 1M NaCl).
Fractions containing the enzyme were pooled anderdrated by ultrafiltration on PM-
3 membrane (Spectrum LAB) and loaded onto a gehfibn Sephacryl 200 HR 26/60
equilibrated with buffer A. The mutaMtCDA fractions eluted from gel filtration were
incubated with ammonium sulphate to a final conegiun of 1M and loaded on a
Butyl Sepharose High Performance Hiload 16/10 (Géaltthcare) equilibrated with
buffer C (50mM Tris-HCI pH 7.5, 1M ammonium sulp&atThe column was washed
with seven column volumes of buffer C and the aolsdrproteins were fractionated
with a 20 column volume linear gradient from 1 toMdammonium sulphate. The
fractions obtained from the hydrophobic interactadmwomatography were pooled and
stored at -80 °C. Since the E47L mutant could metphrified using the protocol
describe above, a different purification protocatitio be established. The supernatant,
obtained by centrifugation 24,400xg for 30 min, vimesated with 1.5 M ammonium
sulfate and the resulting precipitate was suspemd&dmL of buffer A (crude extract).
The crude extract was loaded on a Superdex 20@sctasion column (GE Healthcare)
previously equilibrated with buffer A. Fractionsntaining mutant E47L were pooled,
loaded on DEAE CL6B anionic exchange chromatogragduilibrated with buffer A,
and eluted by a linear gradient of buffer B. Thacfrons containing homogeneous
enzyme were pooled, dialyzed against 20mM Tris-pl€l7.5 buffer, concentrated, and
stored at —-80°C. A High performance liquid chrongaaphy (HPLC) system
(AktaPurifier) was employed for protein purificatioand all purification steps were
performed at 4 °C. Protein fractions were analylzgdl5% SDS-PAGE stained with
Coomassie Brilliant Blue [23]. Protein concentratwas determined by the method of
Bradford [24], and confirmed by absorbance spectpg [25] using a calculated molar

absorption coefficiente] value of 9,750 Mcm™.

Molecular mass determination by mass spectrometry (MS)

Intact protein analysis was performed by diregedtion of samples
(reconstituted in acetonitrile 50%: water 49%: farnacid 1%) into an lonMax
electrospray ion source. We applied 4.5 kV in pesiton mode, 250 °C of capillary
temperature, 48 V of capillary and 170 V of tubeslevoltage. Spectra with isotopic
resolution (600-2000 m/z range for wild-typ#CDA and E47D mutant or a 800-1600
m/z range for E47Q and E47L mutants) were collectddTMS mode using a Thermo

Orbitrap Discovery XL (Thermo Electron Corp., Sarsd, CA) at a nominal resolution
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of 30 000 at 400 m/z. Charge state deconvolutidreveraged data from 100 to 1238
spectra were performed, depending on the proteimpks using the software Xtract
(Thermo Electron Corp., San Jose, CA).

Protein identification by LC-MSMS peptide mapping experiments

Purified MtCDA samples (1nmol) of wild-type and E47D, E47Q and
E47L MtCDAs were trypsin digested using a protocol adagdtedh Klammer &
MacCoss [26]. The resulting peptide mixtures warbjected to nanochromatography
(nanoLC Ultra 1D plus - Eksigent, USA) using a ptkn-home capillary column [27]
(15 cm in length, 150 um i.d., Kinetex C18 corelispharticles — Phenomenex, Inc.).
The eluted peptides were detected using an LTQu@poihybrid mass spectrometer.
MS/MS fragmentation was performed using collisiodticed dissociation (CID) with
an activation Q of 0.250, an activation time ofBfns, and an isolation width of 1.0
Da. The searches were performed againstMhéuberculosis proteome including the
sequences d¥itCDA containing the substitutions in position 47 B4 E47L, E47Q).
We allowed a tolerance of 10 ppm, a fragment tolega of 0.8 Da, static

carbamidomethylation on cysteines, and dynamicaiiad on methionine residues

Native polyacrylamide gel electrophoresis

Native-PAGE (N-PAGE) was carried out as describgd Schagger and
Gallagher [28,29]. Acrylamide 4-15% linear gradiesats used for gel electrophoresis.
Prior to electrophoresis, proteins at 0.7 mg’nebncentrations were prepared in a non-
denaturing sample buffer (0.5M Tris-HCI, pH 6.8yagrol 87%, 1 mg bromophenol
blue), samples were not heated, and run in Mini-PREN® 3 system (BioRad), by
applying a constant milliamps at 18 mA for 3h atG Apparent molecular mass of
bands was determined by using standard proteins thg following proteins with
known molecular masses: bovine serum albumin (B@#fjnomeric form 66 kDa and
dimeric form 132 kDa) and ovalbumin (monomeric fods kDa), these standards
proteins were prepared in the same manner as tmplesaGel was stained with

Coomassie Brilliant Blue R-250.

Zinc Analysis
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Samples of recombinant mutants and wild-tyeCDA ( 02 mg mL') were
analyzed for zinc content by inductively coupledgmha optical emission spectroscopy
(ICP-OES); using a ICP-OES PerkinElmer Optima 4300 (PerkinElmer Sciex,
Canada).

Enzyme assays

The E47D mutant activity assay was performed asgiquely described for the
wild-type MtCDA [19]. In short, the time-dependent decreasabisorbance at 282 nm
upon conversion of cytidin&gigine = 3.6 M-1 cm-1) into uridine or deoxyuridine was
continuously monitored by a UV-2550 UV/visible spephotometer (Shimadzu) at 25
°C. The E47D enzyme velocity was evaluated fordigé concentrations ranging from
100 to 80QuM.

Reverse-phase HPLC had to be used to monitorlthe conversion of
cytidine to uridine by the E47Q mutant enzyme. Migs containing Tris-HCI 50 mM,
pH 7.5, mutant enzyme (0.24 mg ML and cytidine (50uM to 1800 puM) were
incubated at 25 °C. At six timed intervals, aliqm¢200 uL) were boiled for 3 min to
stop reaction and centrifuged at 10,600xg for 3.nfine supernatant (100 pL) was
injected onto a reverse-phase C-18 HPLC columr6g24 cm, Amersham Bioscience)
and eluted with water (0.5 mL mith Cytidine and uridine were separated with good
resolution, having retention times of 14.7 and 2, respectively. Elution of
substrate and product was monitored at 260 nm,tlaadntegrated peak area of the
product was compared with standard solutions di bgtidine and uridine [30].

One enzyme unit is defined as the amount of enayheh catalysis the
deamination of imol of cytidine per minute at 25 °C.

The initial velocity method was used to calculdte apparent steady-
state kinetic parameters. The initial velociy) (of each reaction was calculated by the
linear regression of substrate concentration vetisns. Hyperbolic saturation curves
were fitted by nonlinear regression analysis toNhehaelis-Menten equation (Eq. 1),
in which v, is the initial velocity, Vmax Is the maximal rate, [S] is the substrate
concentration, anty, is the Michaelis-Menten constant. The values Fa&r apparent
kinetic constants were determined by non-lineareggjon using Sigma Plot version
11.0 software (Systat Software, Inc., San Josddtaia USA).
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Eqg. (1)

The value for the catalytic rate constaki, was determined from Eg. 2, in
which [E], represents the total concentration of enzyme dtgo(as there is one binding

site per subunit).

— Vinax
"),
Eq. (2)

Crystallization and X-ray data collection

Crystallization assays were performed in 24-welatgg using the vapor-
diffusion hanging-drop method. Mutants MfCDA were concentrated to 5 mg fhin
sample buffer (20 mM Tris-HCI pH 7.5). The dropigatvas 2:2, with a total drop
volume of 4 pl and placed over 400 pL reservoiugoh. All plates were stored at 20
°C and the formation of crystals was monitored [IBje X-ray diffraction data for
wild-type MtCDA crystal was collected at a wavelength of 1.43idsing synchrotron
radiation source (Station MX-1, LNLS, Campinas, &ljaand a CCD detector (MAR
CCD). Crystals were flash-cooled with cryoprotettaontaining 20% glycerol. Data
collection was performed at -170 °C in a cold g stream generated and maintained
with Oxford Cryosystem. The oscillation range enyeld was 1.0°, the crystal to
detector distance was 90 mm and the exposure tiree8. A data set containing 130
frames was collected and processed to 2.38 A résolusing the program MOSFLM
and scaled with AIMLESS [31].

RESULTS AND DISCUSSION

Amplification and cloning

MtCDA coding sequence was obtained frdMn tuberculosis H37Rv genomic
DNA. Two separate PCR reactions were carried aud, avo fragments of a target
sequence were amplified by using, for each reacboe flanking and one mutagenic

primer. The two intermediate products with termimamplementary form a new



Pagina |

template DNA by duplexing in a second reaction werap extension-PCR, in which
the two fragments were joined using two outmogstKiag primers. Figure 2 shows the
product from two PCR reactions for mutated geneonfdlg of the mutated PCR
products was performed using the CATATG and AAGQG#&S3triction sites in the pET-
23a (+) expression vectdt. coli DH10B electro-competent cells were transformed and
recombinant clones were identified by restrictionzyane digestion. Mutagenesis was
confirmed by nucleotide sequencing and all recomamtirtlones contained the expected
mutated codons, E47A (GAAGCG), E47D (GAA-GAT), E47H (GAA- CAC),
E47L (GAA- CTG), and E47Q (GAA. CAG).

Expression of recombinant proteins

Each recombinant plasmid was purified and transfdriméo E. coli BL21
(DE3) as described for wild-typ®ItCDA [19]. Recombinant protein expression was
analyzed by SDS-PAGE. Two (E47D and E47Q) of fiveitant proteins were
expressed in the soluble fraction (SF) and exhibitee expected molecular mass of
[113.9 kDa and were expressed at similar levels e¢ontiid-type protein (Fig. 3A). One
recombinant protein (E47L) showed low levels of reggion in soluble form, and
required the use of low molecular weight compoufd®emical chaperones) in the
culture medium to, purportedly, stabilize proteinstheir native conformations, as
described under materials and methods sectionrd$dts indicated that the presence
of DMSO 6% in the TB culture medium increased tkpression of the E47L mutant
MtCDA protein (Fig. 3B).

Two constructs failed to express the expected réamamt proteins (E47A and
E47H) in the soluble fraction. There are a numldefactors that could influence and
impair folding leading to formation of inclusion dies [32]. Expression of these
constructs was evaluated in alternatiZze coli strains (BL21 (NH), C41, Rosetta,
Rosetta-gami), and both supernatants and pelletelbtysates were screened for the
presence of recombinant proteins. Unfortunately/A4nd E47H were expressed in
insoluble form for all host cells tested (data rww). Although inclusion body
formation can greatly simplify protein purificatiothere is no guarantee that thevitro
refolding will yield large amounts of biologicallgctive product. Moreover, inclusion
body purification schemes present a number of prablsuch as: use of denaturants

that can cause irreversible modifications of protgiructure that will elude all of the
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most sophisticated analytical tests, refolding Ugumust be done in very dilute

solution and the protein reconcentrated, and refgléncourages protein isomerization,
leading to precipitation during storage [33]. Simce of the goals of the present work is
to assess the role of E47 residueMtCDA-catalyzed chemical reaction, we deemed

appropriate not to try unfolding and refolding mroadls.

Purification of soluble mutant proteins

Purification of the recombinant E47D and E47Q mustamias performed
according to the methodology described in mateaald methods session. The eluted
fractions, after three chromatographic steps, vesrayzed. According to analysis on
SDS-PAGE, the purification protocol yielded 9.1 angl 4.5 mg of, respectively, E47D
and E47Q homogeneous soluble protein from from 10 get cells. To avoid cross
contamination between the different mutant enzyih@gs necessary to use a set of
columns for each protein.

The E47L recombinant protein was expressed in Bwels and its purification
was not successful using the same protocol. Arrmatere purification protocol was
thus developed and is in the Materials and Mettsmtdion. The E47L was obtained
partially homogeneous in solution according to gsial by 15% SDA-PAGE. The
purification yielded 1.4 mg of E47L from 4 g of we#lls. Mutant proteins were stored
at — 80°C. Figure 4 shows the results from SDS-PAG#aysis of three recombinant

mutant proteins purified by chromatography.

Molecular mass determination by mass spectrometry (MS)

In order to determine the wild-tyddtCDA, E47D, E47L, and E47Q molecular
masses, intact protein analysis was performed wsinQrbitrap analyzer (see Materials
and Methods). The average spectra from 100 scanwifd-type MtCDA and E47D
proteins, 1000 scans for E47L, and 1238 scans 431QEwith charge states spanning
from 7+ to 18+ were detected with isotopic resalat{Fig. 5, and Figs. S1-S3).

The high-resolution FTMS spectra contained isot@picelopes for each charge
state (see Fig. 5B for the isotopic envelope ofghatate 14+ of wild-typ®MtCDA as
an example) which allowed us to obtain the monojsict molecular mass for each
CDA form. In Table 2 we show the theoretical (Nrt@ral methionine removed) and
experimentally obtained molecular masses for wjiftet and mutanMtCDA forms,

differences in mass between expected and expermnergasurements, and also the



Pagina |

parts-per-million (ppm) accuracy of measurementsetaon the expected theoretical
values. Our data strongly indicate that the N-teahimethionine was removed in all
CDA forms studied. Moreover, the molecular mass vafd-type MtCDA was
determined with sub-ppm accuracy (0.079 ppm - QLODA) while we obtained a
difference of 1.9 ppm (0.0265 Da) between expe@nd experimentally obtained
monoisotopic masses for E47DAtCDA mutant. However, the accuracies in
measurements for both E47Q and E47L mutants weherrdow (143.70 ppm and
287.42 ppm, respectively). If we consider the exise of disulfide bonds between
cysteine residues (one disulfide bond for E47Q mtuéad two for E47L mutant), the
correspondence between expected and obtained vgleay improves reaching sub-
ppm levels for E47Q (0.98 ppm - 0.0137 Da). Thaefour MS data suggest that
E47Q mutant is likely to contain one disulfide bdr2l0156 Da) whereas E47L mutant
is likely to contain two disulfide bonds (- 4.03D3).

Protein identification by LC-MSMS peptide mapping experiments

LC-MS/MS peptide mapping experiments were perfarmand the
MS/MS spectra of wild-type and mutant proteins we@mpared with theM.
tuberculosis proteome including the wild-type form d¥itCDA and the mutants.
Peptides obtained covered the wild-type and theatadtsequences in 100% for wild-
type MtCDA and E47D mutant, 92% and 74% for E47Q and E4iutants,

respectively.

Determination of oligomeric state of mutant proteins

To establish whether the mutant proteins have dheesoligomeric state of wild-
type MtCDA, N-PAGE was performed. Under nondenaturing doms, in which
protein activity, native charge, and conformatiore anaintained, electrophoretic
separation showed that E47D and E47L mutant p®teave an apparent molecular
mass of approximately 55 kDa (Fig. 6), which suggesiomotetrameric state as the
subunit molecular mass value is 13.9 kDa. Thisnisgreement with the oligomeric
state of wild-typeMtCDA [18].

A lower migration rate was observed for E47Q asuamad to E47D and E47L
mutants (Fig. 6). Interestingly, the E47Q mutantprene to precipitation at larger
protein concentrations (observed in crystallizatioals) and is less stable than wild-

type MtCDA. As mass spectrometry showed that the E47Qeprdias the expected
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subunit molecular mass, this mutation could calteeaéions on protein conformational
states. However, further studies should be purtu@dovide experimental evidence for
this proposal.

Metal analysis by ICP-OES

Determination of metal concentration and identity ICP-OES vyielded the
following results for ZA* concentrations: E47D = 7.3 + 0.3 m{,LE47L = 1.8 + 0.2
mg L, and E47Q = 8.2 + 0.6 mg'L These results indicate the presence of one mol of
Zn** (E47D 111 pM, E47L 27 uM and E47Q 125 pM) per ofoénzyme subunit (143
UM, 35 uM and 143 pM respectively), as observednitd-type MtCDA [18]. These
findings suggest that E47 residue plays no roleoordinating the zinc cation in
MtCDA active site. These results are not surprisiagst@auctural studies ditCDA
revealed that Glu47 residue is involved in the siéodinding loop and is located away
from the zinc atom [19]. The thiolate side chainQys56, Cys89, and Cys 92 and the
carboxylate side chain of Glu58 residue have begplicated in the coordination of
zinc atom foiMtCDA [19], in agreement with the pattern reporteddayrlow et al foB.
subtilis CDA [15].

Kinetics properties

The effect of substitutions in the E47 position the steady-state kinetics
parameters for MtCDA enzyme was determined using both a continuous
spectrophotometric assay and a discontinuous HPL&haod. Enzyme velocity
measurements for E47D mutant was performed as quslyi reported for wild-type
MtCDA using cytidine as substrate [19]. For E47Q mutsltCDA, reverse-phase
HPLC was used to monitor the slow conversion ofdaye to uridine as described in
Material and Methods section. The results for td&E mutant (Fig. 7) were fitted to
Eq. 1. The results for the E47Q mutant were fitged to a linear equation (Fig. 8A) to
obtain initial velocity valuesv), and the latter were plotted as a function ofeasing
cytidine concentration (Fig. 8B). The hyperbolicri@ase ing as a function of cytidine
concentration was fitted to Eq. 1 to determifigandVmax (Fig. 8B). The values dé.4
for E47D and E47Q mutants were determined fromZqheKy, values for the E47D
and E47Q mutants were not significantly altered parad to wild-typeMitCDA (Table
3). On the other hand, there was a 37-fold decr@adbe k. ; value for the E47D
mutant, and a 19-fold decreasekin for the E47Q mutant (Table 3). The results for the
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E47D mutant demonstrate that shortening the cadiwmin whereas preserving the
carboxylic group impairs catalysis. The non-ionieaflutamine side-chain is an amide
formed by replacing the hydroxyl group of glutamacid with an amine, which
eliminates the negative charge of the side chaiergds keeping its ability to form
hydrogen bonds. Although the Michaelis-Menten camistKy) is not a true
dissociation constant; it can be regarded as aarappdissociation constant that may
be treated as the overall dissociation constardlloénzyme-bound species [34]. The
catalytic constantk{,) is a first-order rate constant that refers to pineperties and
reactions of the enzyme-substrate, enzyme-intemt®di and enzyme-product
complexes, including the enzyme-catalyzed chenmeacttion [34]. Accordingly, the
results for the E47D and E47Q mutants provide ewprtal evidence for the catalytic
role played by the negatively charged carboxyl grfikely electrostatic catalysis) and
the importance of carbon chain length in the modeaction of MtCDA. The
replacement of E47 with leucine produced an inactiwutant protein, as no activity
could be detected using either a continuous spaottometric assay or a discontinuous
HPLC method. Although the side chain of leucine tiessame volume of the R group
of glutamate, its aliphatic isobutyl chain cannotni hydrogen bonds and is not
charged. As previously shown for the three-dimemaistructure of wild-typéMtCDA

in complex with 2'-deoxyuridine [20], the E47 rasedis located in the active site but
does not interact directly with the zinc atom [2lt]. however, forms an important
hydrogen bond to 3'-OH group of the pentose ofe®xguridine [21]. As the E47D,
E47L, and E47Q mutant enzymes are homotetrameddawne a zinc atom bound per
subunit, the differences in enzyme activity as caragd to wild typeMtCDA are thus
due to the catalytic role of E47. These resultsrasgreement with the pH-rate profiles
previously reported foMtCDA [19]. The corresponding E91 B coli CDA has been
shown to form an H-bond with the 3'-OH group of&tithent ribose, a substrate moiety
that is not directly involved in chemical reactif®). Site-directed mutagenesis studies
for the E91A mutant oE. coli CDA showed a 520-fold decreasekip and a 32-fold in
Keat USINg cytidine as substrate [35]. These resultsnpted the proposal that the E91
residue inE. coli CDA (corresponding to E47 MtCDA) plays a role in transition state
stabilization [35]. It should be pointed out thas, assumed by Richard Wolfenden and
colleagues foE. coli CDA [10], we have considerddy to represent the rate constant
for chemical transformation of the substrate at éimeyme's active site angy to

describe the dissociation constant ®tCDA:substrate complex. Interestingly,
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glutamate residues have been shown to be implidatedectrostatic stabilization of
intermediate(s) or transition state and shown &y pl prominent role in proton shuttling
in the mode of action of a number of enzymes [36].

Crystallographic structure of E47D MtCDA

Crystallization trials were carried out to try toopide structural insights into
enzyme catalysis for the E47D, E47Q and E47L mypamieins. Two mutants formed
crystals (E47D and E47Q), but only the E47D mutandtein yielded crystals
appropriate for diffraction data collection. Thetalaollected and refinement statistics
for the E47D mutant are presented in Table 4. TheyXcrystal structure of E47D
mutant reveals a homotetrameric enzyme (Fig. 9A)déormed by two asymmetric
units, which is composed by a crystallographic dine@nsistent with the N-PAGE
results here presented. The E47D monomer exhibitsergral f-sheet with six
antiparallel strands surrounded by fauhelices (Fig. 9B) as previously described for
wild-type MtCDA [19]. Consistent with the zinc atom contentedetined from ICP-
OES analysis, this mutation has no effect on zinchinding site (Fig. 9C). The latter is
clearly shown in the electron density map beingrdimated by three cysteines (C56,
C89 and C92) and a water molecule (Fig. 9C). Ngdaronformational changes are
apparent for the E47D mutant (Fig. 9D) as comp&oesild-type MtCDA [19]. The 37-
fold decrease ink; value for the E47D mutant suggested a catalytie ptayed by the
carboxyl group. As the K value is similar to wild-typeMitCDA, the E47 residue
appears to play no role in substrate binding. Unfaately, attempts to obtain the crystal
structure of E47D mutant in complex with (2'-deaxyjine have failed. As the E47
side chain is 10.6 A distant from C4 of the basenetthe nucleophilic attack occurs
[21], it is tempting to suggest that the carboxgdup plays a role in proton shuttling.
The atomic coordinates and structure factors ferMbCDA mutant (E47D) structure
have been deposited at the Protein Data Bank, si.coele:40GO0.

CONCLUSIONS

Production of mutant enzymes in which the conseresaiue, E47 was replaced
with Asp, Leu, and GIn residues. These substitstioad no effect on zinc content and
oligomeric state. No activity could be measuredtf@ E47L mutant. The E47D and

E47Q mutations resulted in decreased: land no effect on K for cytidine.
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Accordingly, a catalytic role was proposed for B/ side chain iMtCDA-catalyzed
hydrolytic deamination. In addition, the resultsowled that the E47 residue is not
involved in zinc ion coordination nor in oligomeatmon state of MtCDA.
Crystallographic data on E47D mutant provides frtbupport to a likely role of the
carboxylic side chain in proton shuttling. Intenegly, although the residues E47 and/or
E58 residues were proposed to play a role in csitalgnd/or substrate binding to
MtCDA [19], the results here presented show that BKW¥s no role in substrate
binding. Interestingly, crystal structure data f@itCDA in complex with product
showed that the E47 side chain interacts with these moiety of uridine [20]. This
result would suggest a role for E47 in substratelpct binding, which is not borne out
by the data here presented. At any rate, sitetdidemutagenesis of the conserved E58
residue inMtCDA [19] will have to be pursued to evaluate whetbienot this residues
plays any role as it appears to be more appropyiptsitioned for catalysis (Fig. 8). As
pointed out above, glutamate residues have beemnstwplay a fairly frequent role in
proton shuttling [36,37]. The results here reporteohtribute to an increased
understanding of the functional roles of amino agde chains in enzyme catalysis, and
also show that a functional role for an amino aesidue in the mode of action of a

particular enzyme has to be demonstrated by biodadihata.
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Figure legends

Figure 1: Schematic diagram of the overlap extension polaseichain reaction (OE-
PCR) method for site-directed mutagenesis. A nticlesubstitution (solid circle) was
introduced into a template DNAcdd gene) through two different steps of PCR
reactions (P1 and P2). The first step (P1) wasop®ed in a separate PCR reaction, two
fragments of a target sequence (solid circle) waplified by using forward flanking
primers (A) and reverse mutagenic primers (B) foe oeaction, and reverse flanking
primers (D) and forward mutagenic primers (C), l&sg in an amplification of the
intermediate products AB and CA. Owing to theirmtgral complementarity, these
products form a new template DNA by overlappingo&guently extension occurs in a
second step (P2) with the help of two flanking ms (A and D). Finally, the

recombinant PCR product can be cloned Mdel andHindlll restriction sites.

Figure 2: Analysis of mutagenesis PCR products on a 1% agagel stained with
GelRed" stain. (A) Two simultaneous PCR reactions werdopered to amplify each
DNA fragment during the first step PCR. Line 1, 4 fdlus DNA Ladder; Lanes 2-3,
PCR product (139bp) obtained with the forward flagkprimer (A) and a reverse
mutagenic primer (B) for two substitutions (E47Dda@47L respectively); Lanes 4-5,
PCR product (263bp) obtained with a reverse flankanigner (D) and a forward
mutagenic primer (C) for two substitutions (E47R1 &% 7L respectively).(B) Synthesis
of the full-length mutated PCR product using thé meified DNA fragment from the
first step PCR and the flanking primers. Lanes kb Jplus DNA Ladder; Lanes 2-6,
full-length mutated of E47A, E47D, E47H, E47L andi7) DNA fragments

respectively.

Figure 3: 15% SDS-PAGE analysis of expression of mutant Gidéteins. SF is for
soluble fraction and IF for insoluble fraction. (&xpression of five mutants in LB
medium after 6h grown at 37 °C. Lane 1, E47A (3f&ne 2, E47A (IF); Lane, E47D
(SF); Lane 4, E47D (IF); Lane 5, E47H (SF); Lan&87H (IF); Lane 7, E47L (SF);
Lane 8, E47L (IF); Lane 9, E47Q (SF); Lane 10, E4IK), Lane 11, pET-23a (+) (SF);
Lane 12, pET-23a (+) (IF); Lane 13, MW Bench marftevitrogen). (B) Expression of
E47L mutant in TB medium plus 6% DMSO after 6h gnoat 37 °C. Lane 1, MW
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Bench marker (Invitrogen); Lane 2, E47L (SF); L& &47L (IF); Lane 4, pET-23a (+)
(SF); Lane 5, pET-23a (+) (IF).

Figure 4: 15% SDS-PAGE of three recombinant proteins putifiy liquid
chromatography. Lane 1, MW Bench marker (Invitrggémne: 2, E47D (13.91 kDa);
Lane 3, E47L (13.92 kDa); Lane 3, E47Q (13.92 kDane 4, wild-typeMtCDA
(13.93 kDa).

Figure 5. Determination of wtCDA monoisotopic molecular masy mass
spectrometry analysis. (A) ESI-FTMS spectra of viyide MtCDA spanning from
charge state 7+ to 18+. (B) Isotopic envelope @lrgl state 14+. (C) Deconvoluted
spectra of wild-typeMtCDA resulted in a peak corresponding to a monofsoto
molecular mass of 13 931.9586 Da. This value matt¢he theoretical monoisotopic
mass for wild-typeMtCDA (13 931.9575 Da) with sub parts-per-million magscuracy
(0.0789 ppm).

Figure 6. Analysis of oligomeric state of wild type and rant proteins. Lane 1, Native
standard protein Ovalbumin (pl 4.5-4.9); Lane 2tiastandard protein BSA (pl 4.8);
Lane 3, wild-typeMtCDA (pl 5.72); Lane 4, E47D mutant; Lane 5, E47Ltami; Lane
6, E47Q mutant.

Figure 7: Determination of steady-state kinetic parametersEE7D mutant. The data

for the hyperbolic cytidine saturation curve watee#l to Eq. 1.

Figure 8: Determination of kinetic parameters for E47Q mutéA) Product (uridine)

formation versus time of substrate (cytidine) enayim hydrolysis at increasing
concentrations estimated by HPLC. (B) Initial vétpcvo, plotted against increasing
substrate concentrations for a reaction obeyingvitohaelis-Menten kinetics. The data

were fitted to Eqg. 1.

Figure 9: The X-ray crystal structure of E47MAMCDA protein.
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Tablel

Mutagenic and flanking primers used for cloning thatated genes into vectors.

Primers Sequence (5’ to 39 Length  of
overlapping
sequence
(bases)

MTB cddFor_U GCCATATGCCTGATGTCGATTGGAATATGCTG

MTB cddRev_D GAAAGCTTTCACCGGCGTTCCCGGGGGAG
MTB cddE47AFM  GTGACCGGATGCAACGT@CccAACGTCTCGTATGGCTTG 18
MTB cddE47A RM  CAAGCCATACGAGACGTTcgcCACGTTGCATCCGGTCAC

MTB cddE47D FM  CCGGATGCAACGT@atAACGTCTCGTATGGC 14
MTB cddE47D RM  GCCATACGAGACGTTatcCACGTTGCATCCGG
MTB cddE47H FM  CCGGATGCAACGT@acAACGTCTCGTATGGC 14

MTB cddE47H RM  GCCATACGAGACGTTgtgCACGTTGCATCCGG

MTB cddE47L FM  GTGACCGGATGCAACGTGE@IgAACGTCTCGTATGGCTTG 18
MTB cddE47L RM  CAAGCCATACGAGACGTTcacCACGTTGCATCCGGTCAC
MTB cddE47Q FM  GTGACCGGATGCAACGT@acAACGTCTCGTATGGCTTG 18
MTB cddE47Q RM  CAAGCCATACGAGACGTTctgCACGTTGCATCCGGTCAC

% Nucleotide substitution is showed in boldface dower case; Underlined
nucleotides represent cloning site; CATATG and AAQCrestriction sites folNdel
andHindlll enzymes, respectively.

Table 2

Molecular masses of intact wild-typdtCDA and mutant forms (E47D, E47L, and E47Q) of

MtCDA.

Protein  Theoretical Experimental Atheor — Accuracy
mMonoisotopic  mass monoisotopic mass exp (Da) (ppm)
(Da) (Da)

wtCD  13931.9575 13931.9586 0.0011 0.0789

A

E47D 13917.9419 13917.9684 0.0265 1.9

E47Q 13930.9735 13928.9716 2.0019 143.70

E47Q* 13928.9579 13928.9716 0.0137 0.98

E47L  13915.9990 13911.9993 3.9997 287.42

E47L* 13911.9677 13911.9993 0.0316 2.3

*

*with a disulfide bond formed. **with two d isulfide bonds formed.
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Table 3

Steady-state kinetics parameters of wild-tMt€DA, E47D and E47Q mutants

Substrate wtMtCDA? E47D E47Q
Cytidine Ky (uM) 1004 + 53 1612 + 329 1461 + 223
Vmax (U/MQ) 20.7+£0.6 0.54 +0.08 1.13+£0.09
Kea: (5€CY) 4.85+0.14 0.13+£0.02 0.26 £ 0.02
kea/Km (M's?) 4830 + 255 80 + 16 178 + 27
®From Ref. [19]
Table 4
Data collection and refinement statistics* E47D
X-ray wavelenght (A) 1,427
Temperature (K) 100
Resolution range (A) 31.56 (2.38)
Space group C2221
Matthews coefficient (ADa™) 2.49
Unit-cell parameters
a(A) 65,16
b (A) 76,49
c (A) 111,84
a=p=y() 90,00
Highest Resolution Shell (A) 2,38
Data completeness (%) 98,60
Multiplicity 4,90
Rmerge(%0) ’ 10,4
Resolution range used in refinement (A) 2.53-2.38
Réfactor (%) g 18,86
Rfree (%) ¢ 23,61
Subunits in the a.u 2
Observed RMSD from the ideal geometry
Bond lenghts (A) 0,037
Bond angles (°) 6.641
Residues in most favored regions of the Ramacharulc (%) 96
Residues in addicionally allowed regions of the Renandran 3
plot (%)
Residues in generously allowed regions of the Raarairan 1
plot (%)
Residues in disallowed regions of the Ramachanplien(%) 0
Number of water molecules 108

% Rmerge = Zn Zi |I(h)i - <I(h)>| / Zx Zi I(h);, where I(h) is the intensity of reflection h, 1 is the sum over

all reflections and Z; is the sum over i measurements
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® Riactor = 100 X 2 |Fobs - Feaic | / Z(Fobs), the sums being taken over all reflections with F / o(F) > 2 cutoff.
° Riree = Riactor for 10% of the data, which were not included during crystallographic refinement.

9B values = average B values for all non-hydrogen atoms.

* Values in parenthesis refer to the highest resolution shell
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4. Estudo da essencialidade da sequéncia de DNA cor respondente ao
gene cdd de Mycobacterium tuberculosis H37Rv a través do nocaute

génico

O uso de técnicas de biologia molecular aplicado a micobactérias
comecou em 1985, com a construcdo das primeiras bibliotecas gendmicas de
DNA micobacteriano em E. coli. Dois anos mais tarde, foi desenvolvido o
primeiro vetor que permitia a introdugcdo de DNA recombinante no bacilo (56).
Desde entdo, numerosas e eficientes ferramentas genéticas que auxiliam na
transformacdo e na selecdo da micobactéria recombinante foram
estabelecidas. No entanto, alguns fatores dificultam a manipulacdo genética de
micobactérias, entre eles encontram-se: o crescimento lento do Mycobacterium
tuberculosis; tendéncia das células a formar agregados; resisténcia da parede
celular a lise enzimatica e mecanica, dificultando a obtencdo de acidos
nucleicos; baixa eficiéncia de transformacdo; e, principalmente, falta de
sistemas de transferéncia genética natural (57).

Contudo, a manipulacdo genética de micobactérias se tornou possivel
com a utilizacdo de métodos de mutagénese sitio-direcionada, tecnologia de
microarranjos aliada ao sequenciamento completo do genoma de M.
tuberculosis H37Rv. Outro importante fato que auxiliou o avanco foi o
desenvolvimento de vetores baseados em micobacteriéfagos (virus que
infectam micobactérias) e em plasmideos micobacterianos que ocorrem
naturalmente (58).

A mutagénese sitio-direcionada por substituicdo génica, troca alélica,
também conhecida como nocaute génico (elisdo ou inativacdo de um ou mais
genes), € uma técnica genética importante que permite a substituicdo
especifica de uma determinada sequéncia génica por uma copia contendo
mutacgdes definidas, possibilitando a avaliacdo da funcdo génica (59).

A substituicdo génica por recombinacdo homodloga é uma ferramenta
gue auxilia no entendimento da biologia e na importancia de genes especificos
na viruléncia do M. tuberculosis, podendo resultar na obtencdo de cepas
atenuadas como candidatas a vacinas a fim de prevenir o estabelecimento da

infecgao inicial da tuberculose.
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A troca alélica envolve a introducdo de DNA néao replicativo (plasmideo
suicida) ou replicativo condicional (replicacdo a 32°C e nao replicagcédo a 39°C)
carregando uma coépia do gene alvo, que dependendo da técnica pode ser
elisada ou interrompida por um determinante de resisténcia a antibiético, no
DNA gendmico. Um Unico evento de recombinacéo (single crossing-over, SCO)
entre os dois alelos pode resultar na integragdo de todo o plasmideo gerando
uma cepa que carrega tanto a cépia selvagem do gene quanto a mutante. Se
ocorrer dois eventos de recombinacdo (double crossing-over, DCO) h& uma
troca do alelo selvagem pela copia mutante. As cepas com SCO podem se
transformar em DCO quando um segundo evento de recombinagcédo acontece
(59).

Altos niveis de recombinacdo ilegitima (ndo homodloga) e/ou baixa
frequéncia de recombinacdo homologa (menos de 10 eventos por célula) sé&o
observados em M. tuberculosis o que dificulta a obtencdo de mutantes
especificos (60). Este problema pode ser contornado pelo uso de marcadores
de selecdo e contra selecao que facilitam a triagem de mutantes. Os tipos de
marcadores de selecdo mais utilizados sdo os que conferem resisténcia a
antibioticos, os visualizaveis (lacZ) e os de contra selecdo (sacB), que foram
otimizados para a triagem de mutantes de micobactérias, empregando vetores
suicida (2). Os marcadores de selecdo que conferem resisténcia a antibioticos
sdo usados na selecdo de transformantes e para distinguir eventos produtivos
de recombinacdo daqueles gerados por resisténcia espontédnea a antibioticos
(como o caso de lacz) (61). Outro marcador de sele¢cdo € o gene reporter, e
entre 0s mais usados esta o gene xylE, que codifica a enzima catecol-2-3-
desidrogenase e apresenta colénias amarelas quando verificado com catecol
(62). O marcador de contra sele¢éo, € usado para selecionar a auséncia deste
nos mutantes. Estes marcadores sao genes cuja expressao em condicdes
especificas de crescimento, € letal a sobrevivéncia do microrganismo que 0s
contém (63). O mais utilizado em micobactérias é, o gene sacB, que codifica
uma enzima responsavel pela hidrdlise de sacarose produzindo polimeros de
frutose de alto peso molecular que se acumulam no espaco periplasmatico
tornando-se letais para o bacilo. O sistema empregado para este trabalho
utiliza o vetor pPR27xylE que contém as propriedades seletivas do gene sacB,
xylE e da origem de replicacdo micobactériana termossensivel, (onde a 32°C o
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vetor replica e 39°C o vetor ndo replica), permitindo a selecdo de mutantes

contendo a insercéo (62).

4.1 Localizagao do gene cdd no DNA genomico de M. tuberculosis

Varios genes do genoma bacteriano sdo ligados ou desligados por
alteragbes no estado metabodlico da célula. O mecanismo bésico para esse
controle da expressdo génica em bactérias foi descrito com o modelo do

operon, proposto em 1961 por Francois Jacob e Jacques Monod (34).

O operon é descrito como um conjunto de genes, que se encontram
funcionalmente relacionados, contiguos e que estdo sob controle coordenado,
sendo todos transcritos em uma molécula de RNA. Um éperon € constituido
basicamente pelos genes estruturais e reguladores, que levam a informacéo
para traduzir em proteinas; uma regido promotora onde a RNA polimerase se
liga ao DNA para comecar a transcricdo e uma regiao operadora contendo uma
sequéncia de DNA que é reconhecida pela proteina reguladora, esta proteina é
codificada pelo gene regulador. O indutor é um substrato ou composto cuja
presencga ou auséncia induz a expressao de outros genes situados no operon.
Ele pode agir ativando a expressao, ou gene ativador, ou reprimindo, através

do gene repressor (34).

Assim como muitos genes que se encontram agrupados em operons, 0
gene cdd pertence ao operon add-cdd (figura 16) que consiste de trés genes

com orientag&do negativa.
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Figura 16. Operon add-cdd

Rv3312c add cdd
Rv3315c deoA
é b
|
3700000 3702000 3704000
pb

Fonte : Adaptado da TB database (64).

O primeiro gene do Operon é o gene cdd (Rv3315c) que codifica a
enzima CDA com 133 aminoacidos. Possui 402 pares de bases (pb) e esta
localizado na posi¢cao 3703.865 pb no genoma de M. tuberculosis.

O segundo gene é deoA (Rv3314c) codifica a enzima timidina fosforilase
com 427 aminoacidos. Possui 1284 pb e esta localizado aos 3703.467 pb no

genoma de M. tuberculosis.

O terceiro gene do o6peron € o add (Rv3313c) que codifica a enzima
adenosina deaminase com 365 aminodacidos. Possui 1098 pb e esta localizado
aos 3702184 pb no genoma de M. tuberculosis.

Estes genes estdo envolvidos na rota de biossintese de nucleotideos,

tanto de purinas (add) quanto pirimidinas (cdd e deoA).

4.2 Construcdo da cepa de M. tuberculosis H37Rv nocaute para o gene
cdd

O fragmento de DNA incluindo o gene cdd (402pb) e regides
flanqueadoras upstream (800 pb) e downstream (586 pb) ao gene (tamanho
total de 1788 pb) foi amplificado a partir do DNA gendmico de M. tuberculosis
H37Rv utilizando dois oligonucleotideos iniciadores (5’-
TTTTTCTAGACCCAGCGTTGGGCAACGAAGT-3 e 5'-
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TTTTTCTAGAGCACCCTCAGCCAGCTTCTTG-3) complementares as
porcdes 5’ e 3’ flanqueadoras do gene cdd, contendo sitios para a enzima de

restricdo Xbal (sublinhados) (Figura 17).

Figura 17. Fragmento de DNA contendo o gene cdd e regibes flanqueadoras

amplificado a partir do DNA genémico de M. tuberculosis H37Rv

Xbal Notl Xbal
. _800bp | | | 586bp |
upstream | | \downstream

Fonte: Producéo do proprio autor do trabalho.

O fragmento de DNA amplificado foi clonado no vetor pUC19 utilizando o
sitio de restricdo Xbal. O vetor pUC19 possui carateristicas que permitem a
obtencao e selecdo de clones contendo o plasmideo com inserto, entre elas: a
alta taxa de replicacéo; a presenca do gene lacZ no sitio multiplo de clonagem
do vetor, que codifica para a enzima B-galactosidase responsavel por catalisar
a clivagem da galactose e pode ter sua expressao induzida com IPTG. Quando
nao ha insercdo de fragmento de DNA, o gene lacZ é transcrito normalmente.
O reagente 5-bromo-4cloro-3-indolil-B-D-galactosidio (X-gal), um analogo da
galactose, € adicionado ao meio de cultivo e, depois de metabolizado pela
enzima P-galactosidase, a colbnia apresenta coloracdo azul. As bactérias
contendo o plasmideo com o inserto apresentam col6nias brancas, uma vez
que o gene lacZ ndo sera transcrito e, consequentemente, o X-gal ndo sera
metabolizado (65), (66).

A ligacdo do plasmideo pUC19 com o fragmento de DNA contendo o
gene cdd e regides flanquedoras (pUC19::cdd) foi transformada em células
eletrocompetentes de E. coli (DH10B) e semeada em meio de cultivo LB sdlido
contendo ampicilina 50 ug mL™ (antibiético de resisténcia do vetor), X-gal 80 pg

mL™*e IPTG 0,5 mM com posterior propagacdo em meio LB liquido, utilizando o
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mesmos antibidtico. O isolamento do DNA plasmidial das células
transformadas foi realizado utilizando o kit de purificacdo (Qiaprep Spin
Miniprep - Qiagen). A triagem dos clones que continham o inserto foi realizada
utilizando a enzima de restricdo Xbal e analisada por eletroforese em gel de
agarose 1%. O sequenciamento de DNA confirmou a identidade e integridade
do gene cdd e das regides flanqueadoras e mostrou que nenhuma mutacéo

ocorreu na etapa de amplificagéo.

ApoOs a obtencéo da construcdo pUC19::cdd, o gene cdd foi interrompido
pela insercdo de um cassete no sitio de restricdo Notl que estd presente
naturalmente na sequéncia do gene em questao (pUC19 cdd::can) (Figura 18).
Este cassete (1252 pb) contém um gene que confere resisténcia a canamicina
(Can®) e foi extraido previamente do vetor pUC4K, utilizando a enzima de

restricdo Hincll.

Figura 18. Fragmento de DNA contendo o gene cdd interrompido pela insercdo de um

cassete contendo gene de resisténcia a canamicina e regifes flanqueadoras.

Fonte: Produc¢é&o do préprio autor do trabalho.

A construcdo pUC19 cdd::.can foi transformada em células
eletrocompetentes de E. coli DH10B, as células foram semeadas em meio LB
sélido contendo canamicina 50 pg mL™ e propagadas em meio LB liquido
contendo o mesmo antibiético. Posteriormente, o DNA plasmidial foi extraido e
clivado com a enzima de restricdo Xbal para a triagem dos clones e extracéo
do inserto (cdd can) clonado no vetor pUC19. O inserto foi isolado e clonado no

vetor pPR27xylE utilizando o sitio de restricdo Xbal.

A construcdo pPR27xylE cdd::can foi transformada por eletroporacéo em

M. tuberculosis H37Rv. As células foram recuperadas em 5 mL do meio de
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cultura Middlebrook 7H9 Tween 80 0,05%, OADC 10% (complexo contendo
acido oleico, albumina, dextrose e catalase), por 48 horas a 32 °C, e foram
semeadas em meio de cultura Middlebrook 7H10 OADC 10%, canamicina 25
g mL™ e incubadas a 32 °C. Apés aproximadamente um més de cultivo,
colénias amarelas foram observadas pela adicdo de 1% de catecol as colonias
(Figura 19).

Figura 19. Selecao de colénias recombinantes apés transformacao de M. tuberculosis

H37Rv com o plasmidio pPR27xylE cdd::can incubados a 32 °C

el

Fonte: Producédo do préprio autor do trabalho.

Trés colénias amarelas (Can® e xylE*) foram inoculadas em 5 mL do
meio de cultivo Middlebrook 7H9 tween 80 0,05%, OADC 10%, canamicina 25
ng mL* a 32°C e incubadas por aproximadamente um més. Posteriormente, foi
realizada uma diluicdo seriada (0, 107, 102 102 e 10 utilizando meio de
cultura e 200 pL de cada diluicdo foram semeados em Middlebrook 7H10
OADC 10% contendo canamicina 25 ug mL™ e sacarose 2%. As placas foram
incubadas a 39 °C durante aproximadamente um més e, entdo, as colbnias
foram selecionadas apés a adicdo de 1% de catecol. Todas as colbnias
grandes apresentaram coloracdo branca (sac®, can® e xylE) (Figura 20),

sugerindo que a troca alélica ocorreu.



Pagina |

Figura 20. Selecdo de clones mutantes para o gene cdd em placas contendo meio de
cultivo Middlebrook 7H10 OADC 10% contendo canamicina 25 pg mL™ e sacarose 2%
incubadas a 39 °C.

Fonte: Producé&o do préprio autor.

Legenda: A, B e C, clones 1, 2 e 3 receptivamente.

Nove col6nias brancas foram inoculadas separadamente em 5 mL do
meio de cultura Middlebrook 7H9 Tween 80 0,05%, OADC 10%, canamicina 25
mg mL™* a 37 °C e incubadas durante aproximadamente um més. O DNA

gendmico dos nove clones foi extraido.

Para verificar a obtencdo de mutantes, ou seja, eventos de DCO, dois

primers (5’-GTGTCTTTGCGGCTGTAGTC-3’ e 5’-

GGGCAGTTCATCTCCGTCA-3’) que anelam fora da regido clonada no vetor

pPR27xylE foram utilizados na reacdo em cadeia da polimerase (PCR). Trés
diferentes eventos podem ter ocorrido (67):

1) single crossing-over (SCO): nenhum fragmento seria observado apos PCR,
uma vez que o fragmento a ser amplificado seria muito grande
(aproximadamente 15.000 pb) devido a insercao do corpo do vetor pPR27xylE
no DNA gendmico juntamente com a cépia do gene cdd interrompida e a copia

selvagem;

2) Recombinacéo ilegitima: um fragmento do tamanho de 1.788 pb seria
observado, que € o tamanho referente a copia selvagem do gene cdd e das
regides flanqueadoras, uma vez que a recombinacdo do pPR27xylE cdd::can
ocorreria de forma ndo homéloga entre qualquer parte do plasmideo e do

cromossomo, sendo inserido em qualquer regiéo;
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3) double crossing-over (DCO): um fragmento de 3.200 pb seria obtido devido a
presenca do cassete contendo o gene que confere resisténcia a canamicina

interrompendo o gene cdd;

Nove clones foram analisados e conforme mostrado na figura 21, quatro
clones possuiam o gene cdd interrompido pelo cassete de canamicina (DCO).
Os clones 1 — 9 apresentaram uma banda de aproximadamente 2.000 pb que
poderia ser relacionada com uma coOpia selvagem do gene cdd, como
observado no controle (cepa selvagem H37Rv) (Figura 21). O DNA referente a
esta banda foi isolado e analisado por sequenciamento automatico de DNA que
mostrou que o fragmento de 2.000 pb é uma amplificacdo inespecifica da PCR
gue nédo corresponde a uma copia selvagem do gene cdd.

Portanto, o gene cdd ndo € essencial para o crescimento de M.

tuberculosis H37Rv nas condi¢bes empregadas no experimento.

Figura 21. Triagem das cepas de M. tuberculosis mutantes para o gene cdd.

Fonte: Producao do préprio autor do trabalho.

Legenda: M: Marcador de DNA 1 kb plus, Linha 1 — 9: clones, C: controle (DNA

genbmico de M. tuberculosis H37Rv).

A fim de determinar se a cepa mutante expressa 0s genes cdd, deoA e
add a nivel de RNA, o RNA da cepa selvagem e da cepa mutante foi extraido,
e uma reacao com a transcriptase reversa e PCR (RT-PCR) foi realizada a fim
de obter DNA cépia (cCDNA).
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A partir do cDNA foi realizada a PCR para amplificar os trés genes do
operon add-cdd e o gene pyrH (codifica a enzima uridine monofosfato quinase)
que foi utilizado como controle positivo para a amplificacdo de cDNA. Como
observado na figura 22, o gene cdd foi amplificado apenas na cepa selvagem,
enquanto os outros genes do operon (deoA e add) e o controle (pyrH) foram
amplificados em ambas cepas. Estes resultados indicam que o gene cdd néo
esta sendo transcrito na cepa mutante, confirmando a delegdo génica a nivel
transcricional. Além disso, os resultados obtidos mostram que a inser¢cao do
cassete no gene cdd nao exerceu efeito polar na transcricdo dos genes deoA e
add.

Figura 22 . Expressao de RNA dos genes cdd, deoA e add.

Fonte: Producéo do préprio autor do trabalho.

Legenda: O RNA foi extraido da cepa mutante para o gene cdd (Linha 1, 3, 6 e 8), da
cepa selvagem de M. tuberculosis H37Rv (Linhas 2, 4, 7 e 9). M: marcador de DNA 1
kb plus DNA Ladder, Linhas 1 e 2: amplificacdo do gene deoA a partir do cDNA (1248
pb), Linhas 3 e 4: amplificacdo do gene add a partir do cDNA (1098 pb), Linhas 6 e 7:
amplificacdo do gene pyrH a partir do cDNA (786 pb) (controle positivo); Linhas 8 e 9:
amplificacéo do gene cdd a partir do cDNA (402 bp).
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4.3 Construcdo da cepa de M. tuberculosis H37Rv nocaute para o gene

cdd complementada com uma cépia extra do gene  cdd de M. smegmatis

A cepa de M. tuberculosis H37Rv nocaute para o gene cdd foi
complementada com uma cOpia extra do gene cdd, para ser utilizada como
controle nos experimentos subsequentes, mostrando que a estratégia de
nocaute utilizada afetou apenas o gene em questdo. Assim, a cepa de M.
tuberculosis H37Rv mutante para o gene cdd foi complementada com o vetor
pNIP40 contendo uma copia extra do gene cdd de Mycobacterium smegmatis
(Msmeg_1673, gene ortélogo ao gene cdd de M. tuberculosis).

O vetor pNIP40 é um vetor integrativo que contém o gene hygB que
confere resisténcia a higromicina, e a regido integrativa attP do
micobacteriofago Ms6. Esta regido permite a integracdo dentro do cromossoma
bacteriano através de um evento de recombinacgdo sitio especifica, este
processo envolve a presenca de uma sequéncia comum no fago (attP) e na
bactéria (attB), as quais sao idénticas(59). Estas carateristica permitiram a
integracdo do gene cdd de M. smegmatis no DNA genomico da cepa, de M.
tuberculosis H37Rv nocaute para o gene cdd.

Dois primers (5-TTTTTICTAGAGGGGACCGGTCTGTCGACTAGA-3 e
5-TTTTTICTAGATGGCGCGTCGATACCCGGATC -3) contendo sitios para a
enzima de restricdo Xbal (sublinhados) foram utilizados para amplificar o gene
cdd de M. smegmatis flanqueado por 220 pb upstream e 100 pb downstream
(tamanho total de 683 pb) (figura 23).

Figura 23. Fragmento amplificado a partir do DNA gendmico de M. smegmatis

Xbal Xbal
200 bp 100 bp

| cdd M. smegmatis

Fonte: Produc¢é&o do préprio autor do trabalho.
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Este fragmento de DNA foi clonado no vetor pNIP40 utilizando o sitio de
restricdo Xbal (pNIP40::Ms_cdd) e seguindo os mesmos passos de selecao de
culturas e isolamento descritos acima, porém com 0 antibiético de resisténcia
especifico para este vetor (higromicina). O sequenciamento automatico de DNA
confirmou a identidade e integridade do gene cdd, mostrando que nenhuma

mutacg&o ocorreu nas etapas de amplificacao e clonagem.

4.4 Modelo de infeccdo em camundongos

Com a obtencdo de colbnias viaveis de M. tuberculosis H37Rv,
demonstrou-se a ndo essencialidade do gene para o crescimento in vitro do
bacilo. A seguir, com a finalidade de determinar se a mutacdo no gene cdd
interfere na infeccdo e viruléncia do bacilo, foi realizada a infeccdo de
camundongos com as cepas de M. tuberculosis H37Rv e nocaute para o gene

cdd. A metodologia utilizada esta descrita abaixo.

4.4.1 Animais

Foram utilizados camundongos Swiss (machos) pesando entre 25 e 30 g,
provenientes do Biotério da Universidade Federal de Pelotas (UFPEL; Pelotas,
RS). O N total de animais utilizado no presente estudo foi de oito
camundongos. Os animais foram mantidos, até atingirem o peso desejado, no
Vivario do Prédio 8, da PUCRS, em microisoladores, equipados com filtros de
entrada e saida de ar (marca Alesco), com temperatura controlada (22 + 1 °C)
e ciclo claro-escuro de 12 h (luzes acesas as 7 h; luzes apagadas as 19 h). Os
animais foram mantidos em gaiolas apropriadas para roedores, preenchidas
com maravalha de pinus (troca trés vezes por semana), em numero de quatro
animais por gaiola. Os animais receberam racao peletizada (marca Nuvilab®) e
agua filtrada ad libitum. Nenhum procedimento experimental foi realizado no
espaco destinado a manutencdo dos animais, a fim de evitar a producéo de

qualquer tipo de estresse comportamental.
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Os experimentos foram conduzidos no Laboratério de Testes Pré-
Clinicos, localizado no Centro de Pesquisas em Biologia Molecular e Funcional,
Instituto Nacional de Ciéncia e Tecnologia em Tuberculose, Prédio 92A, do
TecnoPUC. Durante os procedimentos experimentais, a temperatura do
laboratério foi mantida em 22 + 1 °C. Foi utilizado um tempo minimo de
adaptacdo ao novo ambiente de pelo menos 96 h, no qual os animais
continuaram com livre acesso a agua e a racdo. Todos os experimentos foram

realizados entre 8 h e 18 h.

Os procedimentos experimentais seguiram as recomendacdes para O
cuidado com animais de laboratério e normas éticas para a experimentacdo em
animais conscientes, do Guia de Uso e Cuidado com Animais Laboratoriais do
National Institutes of Health (NIH) dos Estados Unidos da América, que sao
adotadas pelo Conselho Brasileiro de Experimentacdo Animal (COBEA). Foram
respeitados os preceitos apresentados na Lei N° 11.794, de 9 de outubro de
2008 e todos os procedimentos foram submetidos a apreciacao e aprovacao do
Comité de Etica para o Uso de Animais (CEUA) da Pontificia Universidade
Catdlica do Rio Grande do Sul (Anexo 2).

4.4.2 Distribuicdo dos grupos

Os animais foram divididos em dois grupos. Cada grupo composto por

quatro animais:

» Quatro animais infectados com a cepa selvagem M. tuberculosis H37Rv
» Quatro animais infectados com a cepa nocaute MtCDA (AMtCDA)

4.4.3 Infecgdo com M. tuberculosis

A infeccdo com as diferentes cepas de M. tuberculosis foi realizada de
acordo com a técnica descrita por Chambers et. al. 2005 (68), com alguma
adaptacbes. Para tanto, os animais foram anestesiados através da

administracdo intraperitoneal de quetamina (100 mg/kg, i.p.) e xilazina (10
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mg/kg, i.p.) e, apdés a confirmacdo do estado de anestesia, receberam uma
injecdo endovenosa, através do plexo venoso retro-orbital, de uma suspenséo
da <cada cepa (H37Rv, AMtCDA) de M. tuberculosis contendo
aproximadamente 1 x 10 bacilos viaveis em 0,2 ml de solucdo salina estéril.
Os procedimentos para a inoculacédo do bacilo foram realizados dentro de uma
Cabine de Seguranca Bioldgica com Nivel de Seguranca Il, sendo respeitadas
todas as normas técnicas necessarias para este tipo de procedimento.

4.4 .4 Eutanasia

Vinte e oito dias ap0s a infecgéo, a eutanasia foi realizada pela inalagédo
de isoflurano. Todo o material biolégico foi autoclavado antes do descarte
(134°C, 30 min, autoclave de duas portas, Phoenix, Sdo Paulo). Depois da
esterilizacdo em autoclave, os restos bioldgicos foram congelados em freezer -
20°C, até o recolhimento por pessoal especializado (Prefeitura Universitaria,
PUCRS).

4.4.5 Quantificacdo de Unidades Formadoras de Colon  ias (UFCs)

Os quatro animais de cada grupo foram eutanasiados ao completar 28
dias ap6s a infeccdo. O baco e o pulmdo esquerdo foram assepticamente
removidos e homogeneizados em solugdo salina (3 ml). O material biolégico
homogeneizado (puro ou diluido 1:10, 1:100 ou 1:1000) foi semeado em meio
Middlebrook Agar 7H10, suplementado com 10% de OADC. Avaliou-se, no dia
da eutanasia, o tamanho dos bacos destes animais e observou-se que 0S
animais infectados com a cepa selvagem H37Rv apresentaram o tamanho do
baco estatisticamente maior, quando comparados ao grupo de animais
infetados com a cepa mutante (Figura 24A). Experimentos realizados
previamente por nosso grupo, a fim de padronizar o modelo de infec¢ao por M.

tuberculosis H37Rv em camundongos, mostrou que o0 grupo controle, nao
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infectado com M. tuberculosis, apresentou uma relacédo de tamanho do baco de

2,5 mg/g de peso do animal, o que representaria o tamanho normal do baco.

Apés quatro semanas, foi feita a contagem de UFCs. Foi observado que
a carga bacteriana foi estatisticamente maior nos animais infectados com a
cepa selvagem H37Rv, quando comparado ao grupo de animais infectados
com a cepa mutante do gene cdd, nos pulmdes e nos bacos (Figuras 24B e

24C respectivamente).

Contudo, é necessaria a confirmacéo dos resultados obtidos, e para isto
um proximo experimento sera realizado incluindo um grupo adicional de
animais, que sera infectado com a cepa nocaute complementada, a qual
espera-se que recupere o fendtipo selvagem. Assim, podera ser confirmado
que os efeitos observados séo, de fato, devidos a delecdo no gene cdd de M.

tuberculosis.

Figura 24. Infeccdo em camundongos, tamanho dos bacos e contagem de UFCs.
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Legenda: (A) tamanho dos bagos, (B) CFUs nos pulmdes; (C) CFUs nos bagos.
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5.Consideracoes finais
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5. CONSIDERACOES FINAIS

A TB é uma doenca infecciosa causada principalmente pelo bacilo M.
tuberculosis. Apesar da vacina BCG e todos os medicamentos disponiveis
atualmente, a tuberculose ainda é um problema de saude publica mundial. O
surgimento de cepas resistentes, multirresistentes e totalmente resistentes
(MDR, XDR e TDR) constituem outro sério problema para o controle e
erradicacdo da TB principalmente em pacientes co-infectados com HIV.
Portanto é necessario o desenvolvimento de novos compostos mais efetivos
contra a TB que diminuam o periodo do tratamento. Uma das caracteristicas
mais importantes do patdégeno causador da TB € sua capacidade de persistir
no hospedeiro humano por longos periodos em estado de laténcia, esta forma
latente agrava o controle da doenca. Desta maneira, genes que S&o
fundamentais para a sobrevivéncia do bacilo na fase de laténcia se mostram
agora pontos de interesse para o desenvolvimento de novos farmacos que
possam impedir a sua reativacédo da forma ativa da TB.

Por outro lado, quando se pensa em controlar ou prevenir uma infeccao
inicial o desenvolvimento de novas e mais efetivas vacinas é fundamental. Por
tanto a obtencdo de cepas de M. tuberculosis atenuadas pela delecdo de
genes importantes para a viruléncia do bacilo, pode ajudar ao encontrar novos
candidatos a vacinas. Consequentemente, a vigilancia do tratamento e
pesquisas avancadas para o desenvolvimento de novas vacinas e farmacos
tornam-se uma prioridade na luta contra a TB. Neste contexto, proteinas e
rotas bioquimicas que nos permitam conhecer a adaptacdo metabdlica do
bacilo tem se tornado alvos potenciais para o desenvolvimento de novas
drogas e vacinas.

A CDA faz parte da via de salvamento de pirimidinas que representa um
menor gasto de energia para o bacilo quando comparada com a via de
biossintese de novo, podendo ser preferencialmente utilizada pelo bacilo na
fase de laténcia. Estudos mostram que mutantes de enzimas desta rota
metabdlica poderiam afetar o crescimento e varios estados fisioldgicos na fase
de laténcia do bacilo o que faz das enzimas desta rota um alvo potencial para o
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desenvolvimento de farmacos e vacinas visando o controle da disseminacao da
TB no mundo.

Ja foi demonstrado experimentalmente que o gene Rv3315c de M.
tuberculosis codifica uma CDA que catalisa preferencialmente a deaminacao
de citidina e deoxicitidina. Experimentos de cristalografia possibilitaram a
determinacdo da estrutura da enzima e mostraram que a CDA é um tetramero
que utiliza Zn** para sua atividade (metaloenzima) (43).

Com a estrutura da forma apo da MtCDA ja resolvida (Sanchez-Quitian
et. al., 2010) foi realizada a caracterizacao estrutural da MtCDA complexada
com os produtos da reacdo (Capitulo 2). A caraterizacdo estrutural dos
padrées da ligacdo do produto a MICDA foi determinada, elucidando os
principais residuos envolvidos na ligagdo dos produtos . Além disso, o0s
resultados destacam que a estrutura quaternaria MtCDA segue o mesmo
dobramento observado em CDAs de diferente organismos. A analise do sitio
ativo mostra que os residuos Asn45, Glu47, Ala57, Cys89, Cys92 (Figura 6 —
Capitulo 2) séo essenciais para reconhecimento do produto pela MtCDA. As
simulacdes de dinamica molecular (MD) corroboraram com o empacotamento
proposto, mostrando que os residuos Tyr51,Val49 e Phel23 apresentam um
papel importante no sitio ativo das subunidades adjacentes (A-De B -C). As
simulag@es realizadas com as estruturas tetramérica e monomérica da MtCDA
sugerem que o estado oligomérico é essencial para a estabilizacdo do ligante
no sitio ativo da enzima, mostrando a importancia da interacdo proteina-
proteina.

Estes resultados possibilitaram o melhor entendimento da catalise e
destacam a importancia do tetramero na estabilidade da ligacdo. Os resultados
obtidos foram reunidos em um manuscrito publicado na revista internacional
Archives of Biochemistry and Biophysics (Capitulo 2 ).

Estudos de perfil de pH e alinhamento de sequéncias de aminoacidos
permitiram estabelecer para MtCDA o0s possiveis residuos envolvidos na
catélise e ligacédo ao substrato (43), destacando a importancia do glutamato 47
(E47) na catélise e/ou ligacdo ao substrato. Visando caracterizar o papel do
residuo glutamato 47 na ligagdo e /ou catalise do substrato, oligomerizacao da
proteina e coordenacdo pelo zinco foi empregada a metodologia de

mutagénese sitio-direcionada para produzir cinco mutantes do mesmo residuo
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(Capitulo 3). As substituicdbes escolhidas foram; o residuo glutamato 47
substituido pela alanina (E47A) que ndo possui a por¢do acida, a histidina
(E47H) aminoéacido basico e que faz pontes de hidrogénio, a lisina (E47L) sem
porcdo acida, ndo forma pontes de hidrogénio, mas conserva o volume da
cadeia de carbonos laterais do glutamato, acido aspartico (E47D) conserva a
propriedade acida do glutamato, mas tem um encurtamento da cadeia lateral e
o0 residuo glutamina (E47Q) que ndo tem porcdo &cida, faz pontes de
hidrogénio e continua hidrofilico .

As proteinas mutantes foram expressas na cepa de E. coli BL21(DE3),
sendo que a E47A e E47H expressaram na fragcdo insoluvel em todos os testes
realizados, incluindo variagbes na temperatura e meio de cultivo (dados né&o
apresentados) enquanto que para a E47L foi necessario o uso DMSO 6% no
meio TB para otimizar a expressdo na forma solivel. As proteinas mutantes
(E47D, E47L e E47Q) foram obtidas na sua forma homogénea a partir de um
protocolo incluindo trés etapas cromatogréficas. A determinacdo da massa
molecular intacta e o sequenciamento peptidico confirmaram a identidade das
proteinas mutantes observando a mutacdo desejada na posicdo 47 (residuo
glutamato 47 substituido pela alanina (E47A), histidina (E47H), lisina (E47L),
acido aspartico (E47D) e glutamina (E47Q).

A determinacdo do estado oligomérico das proteinas mutantes
confirmou a natureza tetramérica de todas elas sugerindo que a mutacdo néo
afeta a conformacao da proteina. Além disso, foi possivel identificar a presenca
do ion zinco por subunidade das enzimas mutantes, indicando que, assim
como a proteina selvagem, as mutantes conservam o0 ion zinco que é
fundamental para a catalise do substrato.

A determinagdo das constantes cinéticas para as mutantes E47D e
E47Q (que apresentaram atividade) mostraram que os valores de Ky nao foram
significativamente alterados quando comparados com a enzima selvagem
(WtCDA) o que sugere que o residuo glutamato 47 ndo esta envolvido na
ligacdo ao substrato. No entanto, os valores obtidos para a constante catalitica
(kcar) apresentaram uma diminuicdo de 37 vezes para a E47D e 19 vezes para
a E47Q. Estes resultados demonstram que mesmo preservando 0 grupo
carboxil a diminuicdo da cadeia lateral de carbonos do aspartato (D) impede a

catélise, enquanto que para o residuo glutamina (Q), a eliminacdo da carga
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negativa por conter uma amida na cadeia lateral que substitui a hidroxila do
glutamato pode interferir na catalise.

A estrutura cristalografica da MtCDA em complexo com o produto
mostrou que a cadeia lateral do residuo E47 interage com a ribose da uridina o
que poderia estabilizar o produto para que aconteca a catélise. Portanto, as
modificacdes que impegcam a correta interacdo podem vir a afetar a catalise.

Estes estudos contribuiram para o melhor entendimento do papel
funcional das cadeias laterais de residuos de aminoacidos envolvidos na
catalise enzimatica. Os resultados obtidos com os estudos bioquimicos das
mutantes da MtCDA, apresentados no capitulo 3, foram reunidos em um
manuscrito que foi submetido para a revista internacional Archives of

Biochemistry and Biophysics (Anexo 1).

A fim de determinar a importancia da enzima CDA no metabolismo e na
biologia do bacilo, o nocaute do gene cdd foi realizado, obtendo-se por
recombinacdo homoéloga a substituicdo do alelo tipo selvagem do gene pelo
alelo mutado (Capitulo 4). Altos niveis de recombinacdo ilegitima (n&o
homéloga) e/ou baixa frequéncia de recombinacdo homdloga sado observados
em M. tuberculosis o que dificulta a obtencdo de mutantes para genes
especificos. Visando contornar este obstaculo, o vetor pPR27xylE foi utilizado,
uma vez que suas propriedades seletivas evitam os problemas decorrentes da
baixa eficiéncia de transformacéo e facilitam a selecdo de transformantes. O
protocolo empregado possibilitou a obtencdo da cepa de M. tuberculosis
mutante para o gene cdd e mostrou que o gene em questao ndo é essencial
para o crescimento in vitro do bacilo nas condigbes experimentais utilizadas.
Os resultados de nocaute génico apresentados aqui corroboram com os dados
obtidos em estudos de mutagénese utilizando transposons (69) e um modelo
estatistico publicado recentemente (70).

A infeccdo em camundongos utilizando a cepa selvagem H37Rv e a
cepa nocaute sugere que o gene cdd tem um papel na virulecia do bacilo.
Todos os experimentos envolvendo animais de experimentagéo contam com a
aprovacao da Comisséo de ética no uso de animais (CEUA-PUCRS) (Anexo 2).

Os resultados obtidos proporcionaram um maior entendimento sobre o

metabolismo de nucleotideos em M. tuberculosis H37Rv, sugerindo o papel
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biolégico do gene cdd na micobactéria. Com tudo, experimentos envolvendo a
infeccdo de macréfagos e camundongos com as cepas de M. tuberculosis
mutante para 0 gene cdd, complementada e tipo selvagem deberdo ser
realizados para confirmar os dados iniciais e assim inferir a importancia deste
gene na infeccdo e viruléncia do M. tuberculosis H37Rv. Estes experimentos
forneceram informacdes fundamentais que possibilitardo a avaliacdo da
atenuacao da cepa mutante como alvo para o desenvolvimento de uma nova

vacina.
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Abstract: The causative agent of tuberculosis (TB), Mycobacterium mberculosis. mfects one-third of the world population: TB remains
the leading cause of mortality due to a single bacterial pathogen. The worldwide increase in mcidence of M. mberculosis has been attmb-
uted to the lugh proliferation rates of multi and extensively drug-resistant sirams. and to co-mfection with the human immunodeficiency
virus. There is thus a continueus requirement for studies on mycobactenal metabolism to identify promising targets for the development
of new agents to combat TB. Singular charactenistics of this pathogen, such as functional and structural features of enzymes mvolved
fundamental metabolic pathways. can be evaluated to identify possible targets for dmg development. Enzymes mnvelved in the pyrimidine
salvage pathway might be attractive tarzets for rational dmig desizn against TB, since this pathway is vital for all bactenal cells, and 1s
composed of enzymes considerably different from those present in humans. Moreover, the enzymes of the pynmidine salvage pathway
might have an important role m the mycobacterial latent state. since M. fuberculosis has to recycle bases and/or muclecsides to survive m
the hostile environment imposed by the host. The present review describes the enzymes of M mberculosis pynmidine salvage pathway
as aftractive targets for the development of new antimycobacterial agents. Enzyme fimctional and stroctural data have been included to
provide a broader knowledge on which to base the search for compounds with selective biological activity.

Kevwords: Enzyme finctional features. enzyme structural features. Mycobacrerium niberculosis, pyrimidine salvage pathway. rational dmg
design. fuberculosis.
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Abstract Cytidine Deaminase (CD) is an evolutionarily
conserved enzyme that participates in the pyrimidine
salvage pathway reeveling eytiding and deoxyeytidine into
uridine and deoxyuridine, respectively. Here, our goal is to
apply computational techniques in the pursuil of potential
inhibitors of Mycobacterium tubevenlosis CD (MiCDA)
enzyme activity, Molecular docking simulation was applied
to find the possible hit compounds. Molecular dynamics
simulations were also carried out 1o investigale the
physically relevant motions involved in the protein-ligand
recognition process, aiming at providing estimates for free
energy of binding, The proposed approach was capable of
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identifying a potential inhibitor, which was experimentally
confirmed by 1Cs, evaluation. Our findings open up the
possibility to extend this protecol to different databases in
order to find new potential inhibitors for promising targets
based on a rational drug design process,

Keywards Free energy of binding - 1C s, determination -
Molecular docking simulation - Molecular dynamics
simulation

Introduction

Myeobacterivm  tuberculosis (Mr), the causative agent of
tuberculosis (TR), is one of the main causes of human death
dug 1o a single mfectious agent. According to the World
Health Organization (WHO) approximately two billion
people (one third of the world population) are infected
with My, and, based on the last WHO report, there was an
estimation of 9.27 million new TH cases in 2007 [1-4). TB
is considered a neglected discase, as the majonty of the
cases are reported in emergent countries. However, since
the 19805, TB has retumed to Evrope and to the United
States of America. The resurgence of TB in developed
countrics has been tightly related 1o the emergence of co-
infection with the Human Immunodeficiency Virus (HIV/
AIDS) [5], Thereby, the TB/HIYV synergism has become a
challenge for pharmaceutical companies.

New ami-TB drugs should, ideally, present the following
characteristics: lower toxicity, decrease the length of the
treatment thereby improving patients” compliance, and be
effective against the latent form of My allowing prevention
of reactivation of the disease. These criteria have been used
in structural bioimformatics approaches, mainly when the

) Springer
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ARTICLE INFO ABSTRACT
Article history: Tuberculosis { TB) is a major global health threat. There is a need for the development of more efficient
Received 13 fune 2013 drugs for the sterilization of the disease’s causative agent, Mycobacterium tuberculosis (MTE). A more

and in revised form 13 August 2013

. . comprehensive understanding of the bacilli's nucleotide metabolic pathways could aid in the develop-
Avallable online 26 August 2013

ment of new anti-mycobacterial drugs. Here we describe expression and purification of recombinant
iunfH-encoded nucleoside hydrolase from MTB (MtIAGU-NH ). Glutaraldehyde cross-lmking results indi-
Keywords: . cate that MHACGU-NH predominates as a monomer, presenting vaned oligomenc states depending upon
Mycolinceertum tuberculashs binding of ligands. Steady-state kinetics results show that MHAGU-NH has broad substrate specificity,

Mucleoside hydrolase b 5 X ; S 2 i : :
Substrate specificty accepting inosine, adenosine, guanosine, and uridine as substrates, Inosine and adenosine displayed posi-

The rmodynamies tive homotropic cooperativity kinetics, whereas guanosine and uridine displayed hyperbolic saturation
pH-tate profile curves. Measurements of kinetics of ibose binding to MHAGU-NH by fluorescence spectroscopy suggest
spectroffuorime oy two pre-existing forms of enzyme prior to ligand association. The intracellular concentrations of inosine,

uridine, hypoxanthine, and uracil were determined and thermodynamic parameters estimated. Thermo-
dynamic activation parameters {E;, AG", AS", AH") for MtIAGU-NH-catalyzed chemical reaction are pre-
sented. Results from mass spectrometry, isothermal titration calorimetry (ITC), pH-rate profile
experiment, multiple sequence alignment, and molecular docking experiments are also presented. These
data should contribute to our understanding of the biological mole played by MHAGU-NH.

@ 2013 Elsevier Inc. All rights reserved.




	TesePhD_1.pdf
	TesePhD_2
	Crystal structure determination and dynamic studies of Mycobacterium tuberculosis Cytidine deaminase in complex with products
	Introduction
	Materials and methods
	Crystallization and X-ray data collection
	Structure resolution and refinement
	Molecular dynamics simulation setup
	Principal component analysis (PCA)

	Results and discussion
	Quaternary structure description
	Characterization of the product-binding pocket
	Dynamics simulation and essential dynamics
	Flexibility of the product-binding pocket
	Tetramer vs monomer: the ligand stability based on dihedral analysis

	Conclusions
	Deposit
	Acknowledgments
	Supplementary data
	References


	TesePhD_3

