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“Expose yourself to your deepest fear;
after that, fear has no power, and the fear of
freedom shrinks and vanishes. You are free.”

Jim Morrison



RESUMO

A tuberculose humana (TB) € considerada uma ameacga a saude global. O
aumento na prevaléncia da doenga, a emergéncia de cepas resistentes e a
coinfec¢gdo com o virus da imunodeficiéncia humana levaram a urgente necessidade
do desenvolvimento de novas drogas mais eficientes para o combate do agente
causativo da TB, Mycobacterium tuberculosis. Além disso, ha a necessidade de
novas drogas contra a micobactéria nos seus diferentes estados fisiologicos,
incluindo a TB latente. Um maior entendimento sobre as vias metabdlicas de
nucleotideos do bacilo da TB, em particular as vias de salvamento de purinas e
pirimidinas, levariam ao desenvolvimento de novas estratégias terapéuticas para
controlar a incidéncia global de TB. A hidrolase de nucleosideos catalisa a hidrolise
irreversivel da ligagdo N-glicosidica de ribonucleosideos, dando origem a a-D-ribose
e sua base livre correspondente. Este trabalho descreve a amplificacdo e clonagem
do gene junH, e a expressao e purificagdo da enzima recombinante hidrolase de
nucleosideos purinicos de M. tuberculosis (MtIAGU-NH). Os resultados de cinética
no estado estacionario mostram que a MtIAGU-NH possui uma ampla especificidade
pelos substratos, utilizando inosina, adenosina, guanosina e uridina como
substratos. As medidas cinéticas da ligacdo da ribose a MIHAGU-NH por
espectroscopia fluorimétrica sugerem a existéncia de duas formas da enzima em
equilibrio, relacionadas a associagdo ao ligante. As concentrag¢des intracelulares de
inosina, uridina, hipoxantina e wuracil foram determinadas e os parametros
termodinamicos, estimados. Os parametros termodinamicos de ativagao (Ea, AG?,
AS*, AH*) para a reacdo quimica catalisada pela MHIAGU-NH, além dos resultados
de espectrometria de massa, calorimetria de titulacdo isotérmica, experimento de
perfil de pH, alinhamento de multiplas sequéncias e experimentos de docagem
molecular também s&o apresentados neste trabalho. O nocaute do gene iunH
mostrou que este ndo é essencial para o crescimento do bacilo M. tuberculosis
H37Rv nas condi¢gdes experimentais empregadas. Os resultados aqui descritos
deverao ser uteis para um melhor entendimento sobre a enzima MHAGU-NH,
fornecendo bases sdlidas para o desenvolvimento de estratégias terapéuticas e
preventivas para diminuir a incidéncia global da TB.



ABSTRACT

Human tuberculosis (TB) is a major global health threat. The disease’s
increasing prevalence, coupled with the emergence of drug-resistant strains and the
devastating effects of co-infection with human immunodeficiency virus (HIV) indicate
an urgent need for the development of new and more efficient drugs to combat the
disease's causative agent, Mycobacterium tuberculosis. Global health authorities
have also begun to recognize the need for drugs that can kill the mycobacteria in its
different physiological states including but not limited to latent TB infection. A more
comprehensive understanding of the bacilli's nucleotide metabolic pathways, in
particular purine and pyrimidine salvage pathways, could aid in the development of
new therapeutic strategies to reduce the incidence of TB worldwide. Nucleoside
hydrolase catalyzes the irreversible hydrolysis of N-glycosidic bond of
ribonucleosides, forming a-D-ribose and the corresponding base. This work
describes the amplification, cloning, expression and purification of the iunH-encoding
purine nucleoside hydrolase from M. tuberculosis (MflAGU-NH). Results from steady-
state kinetic experiments indicate that MfIAGU-NH has broad substrate specificity,
accepting inosine, adenosine, guanosine, and uridine as substrates. Kinetics analysis
utilizing fluorescence spectroscopy of ribose binding to MHAGU-NH suggests that
prior to ligand association there are two pre-existing forms of the enzyme. We
determined the intracellular concentrations of inosine, uridine, hypoxanthine, and
uracil as well as the reaction’s thermodynamic parameters. Thermodynamic
activation parameters (E., AG*, AS*, AH") for the MHIAGU-NH-catalyzed chemical
reaction, along with results from mass spectrometry, isothermal titration calorimetry
(ITC), pH-rate profile experiments, multiple sequence alignment, and molecular
docking experiments are also presented. Knockout experiments of the iunH gene
indicate that this gene is not essential for the growth of M. tuberculosis H37Rv
underutilized experimental conditions. The data presented here contribute to our
understanding of MHIAGU-NH, providing a solid basis for the development of efficient
prophylactic and therapeutic strategies to reduce the global incidence of TB.
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1 INTRODUGAO

1.1 Tuberculose

A tuberculose humana (TB) €& uma doenga infectocontagiosa causada
principalmente pelo bacilo Mycobacterium tuberculosis, uma bactéria aerdbica e de
crescimento lento que causa infecgao preferencialmente em macréfagos alveolares
do sistema pulmonar (1). O progresso da infecgdo é regulado pela integridade do
sistema imune do hospedeiro, que pode causar a eliminacdo imediata do
microrganismo ou a condi¢do de laténcia do mesmo, enquanto que a incapacidade
imunologica em conter a infecgdo pode resultar no desenvolvimento da doenga
ativa.

A TB foi responsavel por milhdes de mortes no passado, devido a caréncia de
métodos de tratamento adequados para pacientes infectados com a doenca.
Acredita-se que a epidemia de TB na Europa, conhecida como “a grande peste
branca”, tenha iniciado no século XVII e continuado pelos proximos duzentos anos.
A morte causada pela TB era considerada inevitavel e no século XIX apresentou-se
como uma doenga avassaladora, com altas taxas de transmiss&o e que levava a um
numero de mortes muito elevado. Esta época corresponde ao inicio da revolugao
industrial, onde houve o surgimento dos aglomerados urbanos, muitas vezes sem
estruturas de higiene e habitacdo, o que colaborava para a disseminagdo e o
estabelecimento de inumeras doengas, dentre elas a TB (2, 3).

A introducdo da quimioterapia e de medidas profilaticas levou a redugao
drastica do numero de mortes causadas pela TB, o que foi mantido por muitas
décadas. Porém, a mesma doencga que dizimou populag¢des no final do século XIX e
inicio do século XX, continua sendo um grande problema de saude mundial. Em
1993, a Organizagdo Mundial da Saude (OMS) declarou a TB como uma
emergéncia de saude publica global, sendo considerada hoje como a segunda
principal causa de morte no mundo devido a um unico agente infeccioso, estando
atras apenas do virus da imunodeficiéncia humana (HIV). O M. tuberculosis &,

portanto, a principal causa de morte devido a um unico agente bacteriano (4).
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O bacilo da TB € uma ameacga a saude global visto que infecta cerca de um
terco da populacdo mundial (5, 6, 7). A OMS estimou a ocorréncia de quase nove
milhdes de novos casos de TB em 2011 (13% eram pacientes soropositivos) e 1,4
milhdes de mortes incluindo 350 mil mortes associadas a coinfecgdo com o HIV (4).
Em 2011, a maioria dos casos de TB ocorreu na Asia (59%) e na Africa (26%) e
propor¢gées menores de casos ocorreram na Regido Mediterranea Oriental (7,7%),
na Regido Europeia (4,3%) e na Regiao das Américas (3%) (Figura 1). Os 22 paises
com os maiores numeros absolutos de casos de TB contabilizam 82% de todos os
casos estimados no mundo e inclui o Brasil. Segundo a OMS, os cinco paises com o
maior nimero de incidéncia de casos em 2011 eram a india, China, Africa do Sul,
Indonésia e Paquistdo, dentre os quais a india e a China contabilizaram 26 e 12%

dos casos no mundo, respectivamente (4).

Figura 1. Taxas de incidéncia de novos casos de TB em 2011
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Fonte: Organizagdo Mundial da Saude, 2012 (4).

1.1.1 Mycobacterium tuberculosis

O principal agente etiolégico da TB, M. tuberculosis (Figura 2), pertencente a
familia Mycobacteriaceae, € uma bactéria considerada fracamente Gram-positiva,
em formato de bastdo, que ndo contém flagelos, ndo forma esporos, ndo produz

toxinas e nao contém capsula. Sua largura varia de 0,3 a 0,6 um e sua altura, de 1 a
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4 ym, e caracteriza-se por apresentar um crescimento muito lento, envelope celular
complexo e homogeneidade genética. E um parasita intracelular obrigatério que
estabiliza sua infecgao preferencialmente no sistema pulmonar, onde é usualmente
condicionado ao estado de laténcia, quando o sistema imune do hospedeiro
encontra-se satisfatoriamente ativo (2, 3).

Figura 2. Microscopia eletrénica de bacilos de M. tuberculosis crescendo em cultura
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Fonte: Palomino et al, 2007 (3).

O bacilo da TB possui um potencial para sintetizar todos os aminoacidos
essenciais, vitaminas e cofatores enzimaticos. O bacilo M. tuberculosis pode
metabolizar uma variedade de carboidratos, hidrocarbonetos, alcoois, cetonas e
acidos carboxilicos, possuindo a capacidade de adaptar o seu metabolismo as
mudangas ambientais (1).

A estrutura da parede celular micobacteriana é extremamente incomum
quando comparada com a de outras bactérias (Figura 3). A camada de
peptideoglicano contém acido N-glicoliimuramico ao invés de N-acetiimurémico e
cerca de 60% da parede celular é constituida de lipideos que consistem
basicamente em acidos graxos de cadeia longa incomuns, denominados acidos
micolicos (6, 8).

Os acidos micdlicos sao ramificagdes de acidos graxos que possuem uma
cadeia longa e outra cadeia curta, com 22 a 24 e 40 a 64 carbonos, respectivamente
(9). Eles estédo ligados covalentemente ao polissacarideo que compde a parede
celular, o arabinogalactano, que por sua vez esta anexado ao peptideoglicano por
uma ligagao fosfodiéster (10). Além disto, a parede celular contém muitas outras
espécies de lipideos livres, os quais n&o estdo ligados covalentemente a este
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esqueleto basal. Esses lipideos podem agir como antigenos no hospedeiro e a
parede celular incomum apresentada pelo bacilo permite que o mesmo sobreviva
dentro de macréfagos, a reagdes inflamatérias do hospedeiro, além de conferir

resisténcia a uma série de antibidticos (1).

Figura 3. Esquema ilustrativo da parede celular micobacteriana
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Fonte: Ducati et al, 2006 (2).

O sequenciamento completo do genoma da linhagem M. tuberculosis H37Rv
(Figura 4) permitiu Stewart Cole e colaboradores identificarem algumas
caracteristicas unicas do bacilo, que caracterizaram o mesmo por possuir um
cromossomo circular de 4.411.529 pares de bases contendo um genoma rico de
65,6% de conteudo de guanina mais citosina (G+C) no seu genoma, porcentagem

consideravelmente alta em relagdo a maioria das bactérias (1).
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Figura 4. Representacao esquematica do genoma de M. tuberculosis H37Rv

M. tuberculosis

H37Rv
4,411,529 bp

Fonte: Cole et al, 1998 (1).

1.1.2 Infecgao

O bacilo M. tuberculosis € geralmente transmitido entre os individuos através
do ar por aerossoOis de secrecbdes respiratérias contendo o bacilo e podem
permanecer em suspensao durante horas. A tosse de pacientes com a doencga ativa,
que caracteriza o sintoma de inflamagao pulmonar crénica, constitui o principal
mecanismo de disseminagdo do organismo para novos hospedeiros. Quando
inalada, a micobactéria é fagocitada por macréfagos alveolares nos bronquiolos
respiratorios e nos alvéolos, iniciando a resposta inata. O bacilo inalado podera ou
nao estabelecer a infeccdo, o que dependera da viruléncia bacteriana, da
capacidade bactericida dos macréfagos e do sistema imune do individuo infectado
(6, 11). Sob condi¢bes normais, a infecgdo é combatida pelo sistema imune do
hospedeiro e, em 90% dos individuos infectados, a infecgdo ndo progride para a
doenga ativa. Portanto, estes microrganismos podem ser imediatamente eliminados,

entrar em estado de laténcia ou estabelecer a doenca ativa (Figura 5) (12, 13).
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Figura 5. Resposta do hospedeiro a exposigao ao M. tuberculosis
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Fonte: Young et al, 2008 (13).

Nota: O bacilo é internalizado por fagocitose pelos macrofagos alveolares, iniciando a
resposta inata. As células dendriticas iniciam a resposta adaptativa mediada por células T
que ativam os macréfagos através da liberacdo de citocinas, o que pode resultar na
eliminacdo da bactéria, TB latente ou TB ativa. A TB latente pode evoluir para a forma ativa
da doenca apds anos ou décadas.

Na maioria dos individuos imunocompetentes, as células T e os macrofagos
sao recrutados, uma resposta imune é montada e a infecgcido € controlada. O sitio da
infeccdo pode ser reconhecido como uma lesdo granulomatosa ou tubérculo, que
compreende uma area central de macrofagos infectados por M. tuberculosis
circundada por diferentes tipos de células imunes, em particular macrofagos e
linfécitos T (Figura 6). A sobrevivéncia intracelular do patégeno € mediada por sua
capacidade de secretar proteinas que impedem a fusdo do fagossoma com o
lisossoma, impedindo assim a sua destruicdo. Deste modo, o bacilo é capaz de
sobreviver dentro dos macrofagos, sendo controlado pelo sistema imunolégico do
hospedeiro dentro do granuloma (6).
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Figura 6. Estrutura do granuloma formado apds a infecgdo com M. tuberculosis

Granuloma

Fonte: Pieters, 2008 (6).

A TB primaria pode ser desenvolvida dentro de um a dois anos apds a
infeccdo inicial e esta geralmente associada a uma infeccdo disseminada por
envolver a replicagdo do M. tuberculosis, a colonizagdo dos linfonodos locais e a
eventual disseminacédo da infeccdo para locais mais distantes (14, 15). A TB pés-
primaria desenvolve-se tardiamente e pode ser causada tanto pela reativagdo de
bacilos remanescentes da infecgao inicial como pela impossibilidade de controlar
uma reinfeccdo subsequente. A TB pds-primaria gera dano pulmonar extensivo,
além de facilitar a transmissé&o bacilar por aerossois (14, 15).

Os processos patologico e inflamatério induzem sintomas tais como
enfraquecimento, febre, perda de peso, sudorese noturna, consternacéo toracica,
insuficiéncia respiratoria e tosse, ou mesmo hemoptiase (expectoragdo de sangue a
partir de alguma via do trato respiratorio, formando escarro sanguinolento) (16).

Foi visto que o genoma do M. tuberculosis codifica enzimas envolvidas na
maioria das rotas anabdlicas e catabdlicas caracteristicas das bactérias e na sintese
e degradagao de aminoacidos. Este estudo genémico permitiu a identificagdo de
quatro mil genes, principalmente codificando enzimas envolvidas em lipdlise e

lipogénese, importantes para a sobrevivéncia intracelular e biossintese de lipideos
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destinados a construcdo do envelope celular, respectivamente. Além das varias
funcdes envolvidas no metabolismo de lipideos, estdo também presentes enzimas
envolvidas em (glicdlise, rota das pentoses e ciclos do acido tricarboxilico e
glicoxilato, o que evidencia, portanto, o metabolismo dindmico desta bactéria. Desde
o seu isolamento, em 1905, esta linhagem H37Rv tem tido grande aplicagdo mundial
na pesquisa biomédica devido a caracteristica de viruléncia em modelos animais,

além de ser suscetivel a farmacos e possibilidade de manipulagao genética (1).

1.1.3 Laténcia

Em condi¢gdes normais, a resposta imune do hospedeiro contra o bacilo
causador da TB é altamente efetiva no controle da replicagdo bacteriana, impedindo
a progressao da doenca e limitando-a ao local inicial da infecgdo. Esta condigao &
chamada de TB latente, que € a forma n&o contagiosa da doencga, onde a bactéria
permanece “contida”, periodo durante o qual o individuo infectado ndo apresenta
sinais clinicos aparentes da doenca. Em geral, o sistema imunolégico humano esta
capacitado para conter, mas nao para eliminar a infeccdo. Entretanto, ao contrario
da TB ativa, a TB latente ndo constitui uma doenga infecciosa e, portanto, nao
representa um risco a saude publica. Acredita-se que aproximadamente dois bilhdes
de individuos estejam infectados com M. tuberculosis na forma latente (17, 18).

Os mecanismos de laténcia do bacilo causador da TB no hospedeiro ainda
estdo sendo investigados. Sabe-se que a TB latente ocorre apdés um individuo ter
sido exposto ao M. tuberculosis, onde a infeccédo foi estabelecida e uma resposta
imune gerada para controlar o patégeno e forga-lo a entrar no seu estado de laténcia
dentro do granuloma. O bacilo persiste e coexiste pacificamente em seu hospedeiro
na forma de uma infeccdo quiescente em macrofagos alojados em estruturas
calcificadas ou cicatrizadas resultantes da tentativa da resposta imune do
hospedeiro em isolar a area infectada, os chamados tubérculos, formando um
grande reservatoério bacteriano (19).

O bacilo pode permanecer neste estado dormente por meses, anos ou até
décadas, até que as defesas do hospedeiro sejam diminuidas, como nos casos de
infeccdo com HIV, subnutrigdo, uso de drogas, cancer, diabetes, insuficiéncia renal
crbnica e quimioterapia imunossupressora (19). Com o crescimento descontrolado

do bacilo dentro dos macréfagos, ha a disseminagdo do M. tuberculosis pelo
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rompimento dos granulomas, possibilitando o desenvolvimento da TB ativa (6, 13).
Individuos com a TB latente apresentam um risco de desenvolver a doenga ativa de
aproximadamente 5% apds o primeiro ano e de 10% ao longo da vida. Portanto, o
estado de laténcia representa um estagio de equilibrio entre a persisténcia do
patdgeno e a resposta imune do hospedeiro (16).

1.1.4 Tuberculose e HIV

A epidemia da sindrome da imunodeficiéncia adquirida (AIDS) foi um dos
principais fatores a estimular o ressurgimento da TB como emergéncia global,
provocando um efeito devastador no controle da TB, mundialmente (3). Em 2011, o
numero de pacientes coinfectados com TB e HIV alcangou 2,5 milhdes, equivalente
a 40% dos casos de TB notificados no mundo, e as maiores taxas de coinfeccao de
TB e HIV foram reportadas na Africa. No Brasil, a percentagem de pacientes
tuberculosos coinfectados com o HIV foi de 23%, em 2010 (3).

Segundo a OMS, individuos coinfectados com HIV e TB tém entre 21 e 34
vezes mais chances de desenvolver a TB ativa comparados com aqueles que sao
HIV-negativos e, além disso, apresentam alto risco de mortalidade (4). Enquanto
uma entre dez pessoas imunocompetentes infectadas com o bacilo causador da TB
apresenta os sintomas da doenca ativa no curso de sua vida, entre aqueles que
estdo infectadas com HIV, especialmente com idades entre 20 e 35 anos, sao
considerados casos que requerem maior atencao (3). Estes dados alarmantes sao
resultantes do consideravel enfraquecimento imunolégico causado pelo HIV, sendo
responsavel pelo aumento da probabilidade de desenvolvimento da TB em até 30
vezes. Com a queda do sistema imunoldgico, o HIV promove a progressdo da
infecgao latente da TB para a doenca ativa e esta associacéo € a causa principal de
morte entre os pacientes soropositivos, afetando cerca de 11 milhdes de pessoas e
resultando na morte de aproximadamente 200 mil no ano de 2005 (5). Além disso,
com o0 aumento do numero de individuos infectados com o HIV, torna-se
preocupante o numero de hospedeiros ativamente contaminados e capazes de
transmitir a doenga para o restante da populacdo (20). Portanto, este sinergismo
existente entre M. tuberculosis e o HIV representa um problema de efeito devastador
tanto para pacientes infectados como para a populacdo em geral. Entre pacientes
soropositivos coinfectados por cepas de M. tuberculosis resistentes a multiplas
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drogas (MDR-TB), indices de mortalidade superiores a 80% s&o observados. Em
funcdo disto, a MDR-TB passou a ser conhecida como “a mais maligna infecgéo
oportunista associada a infecgao por HIV” (21, 22).

1.1.5 Tratamento e surgimento de cepas resistentes

O meédico e bacteriologista alem&o Robert Koch tornou publica a identificagao
do M. tuberculosis como agente etiolégico da TB durante o IV Congresso Mundial de
TB, em 1882 (23). A partir da descoberta do bacilo de Koch, surgiram diversas
terapias para o tratamento da TB. A introdu¢do do “sanatorio de cura” foi a primeira
tentativa amplamente praticada como tratamento anti-TB, onde os pacientes
infectados eram isolados do restante da populacéo e recebiam descanso, ar fresco e
dieta equilibrada. Visto que os indices de recuperagao nunca foram representativos,
foi necessaria a introducao de farmacos para a terapia (3).

O uso de antibidticos revolucionou a quimioterapia contra a doenca ativa,
reduzindo consideravelmente a mortalidade por TB. A quimioterapia efetiva da TB
deve incluir uma agao bacteriostatica, inibindo a sintese da parede celular, acidos
nucléicos e proteinas micobacterianas, eliminando a maior parte dos bacilos
infectantes. Posteriormente, objetiva-se uma agéo bactericida, eliminando os bacilos
remanescentes. Os dois principais farmacos utilizados no tratamento da TB sao
isoniazida, a qual inibe a sintese da parede celular e rifampicina, um inibidor
transcricional. Ambas possuem atividade maxima contra culturas em crescimento
(14).

Atualmente, o tratamento quimioterapico padrao recomendado pela OMS para
o controle da TB no mundo, conhecido como terapia de curta duracdo de
observacédo direta (DOTS), consiste na administragdo combinada dos farmacos
isoniazida, rifampicina, pirazinamida e estreptomicina (ou etambutol) durante dois
meses. O tratamento deve prosseguir por mais quatro meses, quando se administra
isoniazida e rifampicina. O tratamento foi estabelecido ha mais de 50 anos
empregando farmacos que foram desenvolvidas nos anos 1940 e 1950 (24, 25). O
DOTS foi proposto com a intencdo de ajudar os pacientes a administrar os
medicamentos regularmente e pelo periodo completo de tratamento, atingindo a

cura e prevenindo o desenvolvimento de resisténcia aos farmacos (3).
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Entretanto, existem grandes desafios associados a terapia atual, incluindo
intolerancia a farmacos e toxicidade, resultando na necessidade de interrupgdes do
tratamento e modificagdes no regime medicamentoso; interacbes farmacocinéticas
entre farmacos, particularmente com a terapia com farmacos antirretrovirais para
pacientes coinfectados com TB e HIV; e a adesdo do paciente devido a longa
duracdo do tratamento necessaria para atingir a cura da TB (25). A adeséo
inadequada de pacientes ao tratamento levou a emergéncia de cepas de MDR-TB,
cujos isolados séo resistentes a pelo menos isoniazida e rifampicina (2). Pacientes
com MDR-TB devem ser tratados com uma combinagao de farmacos de segunda
linha que, além de serem significativamente mais caros, possuem mais efeitos
toxicos e sdo menos efetivos que os farmacos de primeira linha. Além disso, casos
de MDR-TB necessitam um tempo ainda maior para serem tratados (3).

Em novembro de 2005, houve o surgimento das cepas de M. tuberculosis
extensivamente resistentes a drogas (XDR-TB), sendo resistentes ndo somente a
isoniazida e rifampicina, mas também a, pelo menos, trés das seis principais classes
de farmacos de segunda linha (aminoglicosideos, polipetideos, fluoroquinolonas,
tiamidas, ciclosserina e acido p-aminosalicilico) (26). A XDR-TB resultou na
necessidade de administragdo de farmacos de terceira linha, que s&o mais caros,
mais téxicos, menos eficazes e sao utilizados por mais tempo em relagdo aos
farmacos de primeira linha e segunda linha (pelo menos 20 meses de tratamento),
sendo um problema grave para a saude publica mundial (3, 5, 27). A XDR-TB esta
associada a altas taxas de mortalidade e a pacientes infectados com o HIV que
iniciam o tratamento tardiamente (25).

Além das cepas MDR-TB e XDR-TB, uma nova linhagem de M. tuberculosis
foi identificada em 2009 como sendo resistente a todos os farmacos de primeira e
segunda linha atualmente disponiveis para tratar a TB, sendo denominada de TB
totalmente resistente a drogas (TDR-TB). Esta forma do bacilo contém uma parede
celular extremamente espessa e tem sido relatada em paises como Ira e india (28,
29, 30, 31). O pouco éxito na terapia e a ocorréncia ja difundida destas cepas
resistentes levam a discussdes sobre a drastica situacdo de casos de TB
virtualmente incuraveis e aponta para a necessidade urgente de se introduzir novos

farmacos anti-TB mais eficazes (26, 32).
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1.1.6 Desenvolvimento de novas drogas e vacinas

E evidente uma urgente necessidade de desenvolvimento de novos agentes
antimicobacterianos, considerando o fato de o tratamento atualmente recomendado
pela OMS ter sido incapaz de controlar a TB no mundo (27). Estes novos
medicamentos devem ser mais eficazes e apresentar uma toxicidade seletiva,
possibilitando a reducdo da duracdo do tratamento atual para aumentar a adesao
dos pacientes a quimioterapia, assim como melhorando as possibilidades de
tratamento contra as cepas resistentes. Além disto, ha a necessidade de um
tratamento eficaz para a TB latente que evite que a doenga progrida para a sua
forma ativa, e também farmacos que nao interfiram com os antirretrovirais, para que
possam ser utilizados em pacientes coinfectados com o HIV.

Além de novos agentes quimioterapicos, o desenvolvimento de novas vacinas
seria de fundamental importadncia na redugdo da incidéncia global da TB.
Atualmente, a vacina mais utilizada no mundo para prevenir a TB & a Bacille-
Calmette-Guérin (BCG), descoberta ha quase cem anos. A vacina BCG oferece uma
série de vantagens, uma vez que pode ser administrada por via oral, possui baixo
custo de producdo, além de requerer uma unica imunizagdo, sendo geralmente
eficaz na prevengao de TB meningeal infantil. Apesar das vantagens, a sua eficacia
varia entre 0 e 80%, além de nao conferir protecdo a TB pulmonar em adultos. Além
disso, a BCG nao é efetiva na prevencao da reativacdo da doenca em pacientes
com a TB latente, o que caracteriza uma desvantagem importante (33, 34). Uma
nova vacina contra a TB devera prevenir a infeccdo por TB (pré-exposicéo),
progressdo primaria da doenga, assim como a reativacdo da TB latente (pos-
exposic¢ao) (4).

O sequenciamento completo do genoma da cepa de M. tuberculosis H37Rv
tem possibilitado o estudo e a validacdo de alvos moleculares para o
desenvolvimento de novas estratégias terapéuticas contra a TB, visto que a
sequéncia gendmica de M. tuberculosis H37Rv inclui informagdes sobre todos os
possiveis alvos aos quais possam se direcionar novos agentes antimicobacterianos
(1). A elucidacdo da fungcdo desempenhada por proteinas envolvidas em rotas
bioquimicas essenciais para o crescimento e/ou persisténcia da micobactéria podem

ser usadas em ensaios funcionais na busca de inibidores e, ao mesmo tempo,
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possibilitar a geragado de informagdes estruturais para o desenvolvimento de novas

estratégias profilaticas e terapéuticas seletivas contra a TB.

1.2 Biossintese de Nucleotideos

Os nucleotideos sao biomoléculas de importancia vital para todos os
organismos vivos e possuem fungdes essenciais em muitos processos bioquimicos,
como na transcrigdo da informagao genética em RNA, assim como precursores dos
acidos nucléicos. Além disso, sdo essenciais para a sintese de proteinas e outros
metabalitos, e para reagdes que necessitam de energia. Os nucleotideos também
sdo componentes essenciais nas rotas de transdugcdo de sinais, como o0s
nucleotideos ciclicos que sado os segundo mensageiros adenosina monofosfato
ciclico (AMPc) e guanosina monofosfato ciclico (GMPc), que transmitem sinais tanto
dentro das células como entre as células (35).

As rotas biossintéticas para a sintese de moléculas de purina e pirimidina
constroem a base para todos os demais passos do metabolismo de nucleotideos e
rotas relacionadas. Em geral, os nucleotideos purinicos e pirimidicos podem ser
sintetizados pela via de novo e pela via de salvamento. Na via de novo, a sintese de
nucleotideos inicia-se a partir de precursores simples, enquanto que a via de
salvamento é constituida por rotas de reutilizacdo de bases e nucleosideos gerados
pela reciclagem intracelular de nucleotideos, pelas quais as células podem obter os
nucleotideos necessarios a partir de fontes endogenas e/ou exdégenas de purinas e
pirimidinas pré-formadas (36, 37, 38).

Desta forma, as rotas biossintéticas de nucleotideos s&o de extrema
importancia e servem como pontos de intervengao para agentes terapéuticos. As
enzimas envolvidas na biossintese e na reciclagem de nucleotideos purinicos e
pirimidicos podem ser alvos promissores para a descoberta de novos
quimioterapicos para o tratamento da TB, visto que existe a possibilidade de
encontrar um inibidor seletivo para as enzimas de M. tuberculosis, devido a algumas
diferencas que existem entre parasitas e hospedeiros (1). Entre elas, esta a
especificidade do transporte de purinas, a primeira etapa da via de salvamento de
purinas, podendo ter um alto grau de seletividade e também as diferengas
relacionadas a preferéncia pelo substrato utilizado (36, 39). O desenho racional de

um novo farmaco € normalmente baseado no estudo da bioquimica e da fisiologia do
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organismo responsavel pela doenga para determinar no que ele difere em relagéao as
células humanas. O metabolismo de purinas e pirimidinas € um processo celular
fundamental, critico para a vida de todos os organismos. O entendimento das
enzimas envolvidas no metabolismo de purinas e pirimidinas poderia servir de base
para o futuro desenho racional de analogos de purinas ou de pirimidinas seletivos

para o tratamento da TB (39).

1.2.1 Rotas de salvamento de purinas e pirimidinas

Dados sobre as enzimas envolvidas no salvamento de purinas em células
humanas ja estao disponiveis, devido ao amplo emprego de farmacos antitumorais e
antivirais. Portanto, sabe-se que a por¢ao ribose 5’-fosfato € obtida a partir do 5-
fosforribosil-a-1-pirofosfato (PRPP), o qual faz parte tanto da via de novo como da
via de salvamento de nucleotideos purinicos e pirimidicos, atuando como um
regulador comum (36). Na via de salvamento de purinas, as bases adenina, guanina
e hipoxantina sdo reconvertidas a seus nucleotideos correspondentes (AMP, GMP e
IMP, respectivamente), enquanto que a via de novo leva a formagéo de inosina 5'-
monofosfato (IMP), divergindo em uma série de reagbes anabdlicas que sintetizam
adenosina 5'-fosfato (AMP) e guanosina 5 -fosfato (GMP) (40).

Sabe-se que o metabolismo de purinas e pirimidinas € conservado entre os
organismos eucariéticos e procarioticos, incluindo em M. tuberculosis, e que o bacilo
da TB expressa enzimas em ambas as vias de salvamento e de novo (40). Além
disso, apesar de homdlogos as enzimas da via de salvamento de purinas e
pirimidinas terem sido identificados no genoma de M. tuberculosis e atividades
correspondentes as de enzimas desta via ja terem sido detectadas em extratos
celulares micobacterianos, poucos genes e proteinas desta via metabdlica foram
detalhadamente caracterizados (41). O conhecimento da preferéncia de substratos
destas enzimas e de como elas diferem de seus homologos em humanos ainda &
consideravelmente escasso (39). Portanto, pouco se sabe a respeito da possivel
oscilacdo do bacilo da TB entre as vias de salvamento e de novo para o suprimento
das suas necessidades metabodlicas para a obtengdo de nucleotideos. Logo,
acredita-se que as vias de salvamento devam ser as principais fontes para a
manutengdo de nucleotideos no M. tuberculosis, visto que a via de novo utiliza

substratos simples para a obtengdo de nucleotideos. Desta maneira, este é um
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processo considerado por gerar alto gasto de energia, enquanto que a via de
salvamento é capaz de obter bases nitrogenadas livres do meio externo, sob
condigdes de baixa energia ou de rapida multiplicagéo (40).

As rotas de salvamento de purinas e pirimidinas tém como fungdo a
reutilizagdo de bases e nucleosideos livres tanto exégenos como os produzidos no
meio intracelular a partir da reciclagem de nucleotideos. Os nucleosideos sao
predominantemente metabolizados a bases livres antes de serem utilizados na
sintese de nucleotideos. Quantidades significativas de ribonucleotideos s&o
degradadas durante o crescimento normal e a reutilizagdo destas bases e
nucleosideos livres requer enzimas da rota de salvamento. Além disto, a rota de
salvamento tem o papel de manter as pentoses dos nucleosideos exdgenos
disponiveis como fontes de carbono e energia e os grupamentos amino dos
compostos de citosina, como fontes de nitrogénio (42). Acredita-se que a reciclagem
de bases purinicas e pirimidicas pela rota de salvamento € preferencialmente
utilizada, pois demanda menos energia do que a sintese de novo (43).

A Figura 7 apresenta as principais enzimas envolvidas na rota de salvamento
de purinas em células micobacterianas. Adenina e adenosina sao convertidas a
AMP pela adenina fosforribosiltransferase (APRT) e adenosina quinase (ADOK),
respectivamente, e hipoxantina e guanina sao convertidas a IMP e GMP,
respectivamente, pela hipoxantina-guanina fosforribosiltransferase (HGPRT). Estes
nucleotideos sdo entdo convertidos a nucleotideos trifosfato naturais (ATP, GTP,
dATP e dGTP) que, por sua vez, servem de substrato para a sintese de DNA e RNA
(40).
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Figura 7. Rota de salvamento de purinas
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Fonte: Ducati et al, 2011 (40).

Nota: Rota de salvamento de purinas em células micobacterianas e as enzimas envolvidas
que foram identificadas na sequéncia gendmica de M. tuberculosis H37Rv. ADD: adenosina
deaminase; AK: adenosina quinase; 5-NT: 5-nucleotidase; HGPRT: hipoxantina-guanina
fosforribosiltransferase; APRT: adenina fosforribolsiltransferase; PNP: purina nucleosideo
fosforilase; NSase: purina nucleosidase; IMPDH: inosina monofosfato desidrogenase;
ADSS: adenilosuccinato sintase; ADSL: adenilosuccinato liase; GMK: guanilato quinase;
ADK: adenilato quinase; GMPS: guanosina monofosfato sintase; RR: ribonucleotideo
redutase.

Algumas enzimas da rota de salvamento de pirimidinas foram identificadas
por homologia de sequéncia no genoma de M. tuberculosis (1): dCTP deaminase,
que catalisa a conversdo de dCTP a 2-desoxiuridina &5’-trifosfato (dUTP);
desoxiuridina trifosfatase (dUTPase), que converte dUTP a 2’-desoxiuridina 5'-
monofosfato (dUMP); timidilato sintase, que converte dUMP a 2’-desoxitimidina 5’-
monofosfato (dTMP); dTMP quinase, que catalisa a conversdo de dTMP a 2’-
desoxitimidina 5’-difosfato (dTDP) seguida pela NDP quinase, que converte dTDP a
dTTP (Figura 8). Outras enzimas da rota de salvamento das pirimidinas incluem:
citidina deaminase (CDA), que converte citidina ou desoxicitidina a uridina ou
desoxiuridina, respectivamente; pirimidina nucleosideo fosforilase (PyNP), que

recicla o nucleosideo timidina ou uridina a desoxiribose-1-fosfato e timina ou uracil; a
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enzima uracil fosforribosil transferase (UPRT), que catalisa a conversao de uracil e
PRPP a UMP e pirofosfato (PPj); citidina 5-monofosfato (CMP) quinase e UMP
quinase, que catalisam a conversdo reversivel do grupamento vy-fosforil do
nucleosideo trifosfato para a CMP e UMP, respectivamente, para gerar citidina 5'-
difosfato (CDP) e UDP, respectivamente (Figura 8) (44).

Figura 8. Rota de salvamento de pirimidinas
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Fonte: Villela et al, 2011 (44).
Nota: Rota de salvamento de pirimidinas e as enzimas envolvidas que foram identificadas na
sequéncia gendmica de M. tuberculosis H37Rv.

O metabolismo requerido para a sobrevivéncia da micobactéria durante o
estado de laténcia da TB ainda ndo € bem entendido. Como a disponibilidade de
nutrientes e, consequentemente, de energia no interior dos granulomas durante a
fase de laténcia parece menor, muitas vias anabodlicas podem estar total ou
parcialmente reprimidas, forcando o bacilo a fazer uso das reservas e rotas de
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reciclagem que nado exijam etapas enzimaticas complexas. Neste contexto, enzimas
componentes da via de salvamento de purinas e de pirimidinas parecem ser alvos
moleculares atrativos para o desenvolvimento de inibidores e vacinas que possam
ser usados para o tratamento e profilaxia da TB. Embora tenha sido observado que
muitas destas atividades enzimaticas estdo também presentes em humanos, é
possivel a descoberta de inibidores com atividade seletiva contra enzimas do
patogeno ao explorar as diferengas das suas caracteristicas funcionais e estruturais
(40).

1.3 Hidrolase de Nucleosideos Purinicos de M. tuberculosis

As hidrolases de nucleosideos (ou N-hidrolases de nucleosideos; NH)
catalisam a hidrolise irreversivel da ligagao N-glicosidica de ribonucleosideos, dando
origem a a-D-ribose e sua base livre correspondente (45). As NHs s&o distribuidas
amplamente na natureza e ja foram identificadas em muitos organismos, incluindo
bactérias (46, 47, 48, 49), leveduras (50, 51, 52, 53, 54, 55), protozoarios (50, 51,
52, 53, 54, 56), insetos (57) e mesozoarios (58), o que indica que a NH possa
apresentar uma fungdo importante nestes microrganismos. E importante ressaltar
que nenhuma atividade de NH nem os genes codificantes para esta enzima foram
identificados em mamiferos.

Embora encontrada em muitos organismos, a fungdo metabdlica das NHs tem
sido bem estabelecida apenas em parasitas protozoarios, como Crithidia fasciculata
(50, 52, 59, 60), Trypanosoma brucei brucei (53) e Leishmania major (54). Devido ao
fato de os parasitas protozoarios ndo possuirem a via de novo para sintetizar seus
nucleosideos purinicos, eles dependem da NH para suprir estes nucleosideos pela
reciclagem dos nucleosideos presentes no hospedeiro (50) e, dessa forma, as NHs,
principalmente de parasitas protozoarios, tém sido amplamente estudadas utilizando
cristalografia por raios X, métodos cinéticos e mutagénese sitio-dirigida (45).

As NHs tém sido classificadas em trés subclasses, de acordo com as suas
especificidades pelos substratos: NH com preferéncia por inosina e uridina (IU-NH)
(50, 54), NH com preferéncia por inosina, adenosina e guanosina (IAG-NH) (61, 62)
e NH com preferéncia por inosina e guanosina (IG-NH) (51, 61). Estudos recentes
sugerem que esta classificacdo deva ser estendida, visto que existe um numero

crescente de NHs que ndo se adequam a nenhuma das trés subclasses descritas
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acima. Além disso, existe uma correlacdo pequena entre o nivel de identidade entre
0s aminoacidos e a especificidade pelas nucleobases (48, 58, 63).

O gene iunH (M. tuberculosis Rv3393) foi proposto, por homologia de
sequéncia, a codificar uma cadeia polipeptidica de atividade de NH com preferéncia
pelos substratos inosina e uridina (IU-NH) (1). O homem n&o possui esta enzima e
depende de um conjunto de reag¢des enzimaticas diferente para a obtencdo de
nucleosideos purinicos e pirimidicos. Além disso, 0 modo de ag¢ao do produto deste
gene ainda nao foi reportado pela literatura. Portanto, acredita-se que estudos
bioquimicos do produto do gene JjunH sao de grande importancia para a
determinagdo do mecanismo catalitico da enzima. Igualmente, a reutilizagcdo de
bases purinicas e pirimidicas pela rota de salvamento & preferencialmente utilizada,
pois demanda menos energia (38) e, portanto, é possivel que a NH desempenhe um
papel importante no estado de laténcia do bacilo da TB.

Segundo Sassetti e colaboradores, o gene iunH foi predito como ndo
essencial para o crescimento in vitro do M. tuberculosis H37Rv a partir da analise de
uma biblioteca de mutantes gerados por insergado de transposons (64). Ainda, os
resultados de perfil fenotipico global de alta resolu¢do propdem que o produto do
gene iunH n&o é essencial para o crescimento in vitro em meio de cultivo contendo
glicerol e colesterol (fonte de carbono critica durante a infecgéo) (65). No entanto,
outros estudos sido necessarios, visto que os métodos utilizando a inser¢cao de
transposons para a definicdo de genes essenciais possuem algumas limitagdes,
como a dificuldade de mapear precisamente as inser¢des, resultando em imprecisao
em relagdo a localizagdo de uma regiao essencial, além de gerar resultados falso-
positivo ou falso-negativo (65).

A enzima NH de M. tuberculosis (MtIAGU-NH) consiste em 308 residuos de
aminoacidos e possui peso molecular de aproximadamente 32.937,5 Da. Ela esta
descrita no GeneBank como possuindo preferéncia por inosina e uridina. Isto indica
que, além de estar envolvida na rota de salvamento de purinas, possa estar
envolvida na rota de salvamento de pirimidinas, atuando como uma uridina
nucleosidase (Figura 8). Porém, até o presente, ndo existe nenhum estudo sobre
ela, nao havendo evidéncias experimentais sobre o possivel papel desta enzima da
rota de salvamento de purinas e pirimidinas no mecanismo de laténcia do bacilo da
TB.
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2 HIPOTESE DO TRABALHO

A TB permanece entre as principais causas de morte por doencgas infecciosas
mundialmente. O surgimento de cepas resistentes e a dificuldade de produzir uma
vacina contra o M. tuberculosis que fornega protecdo a populagdo adulta refletem a
evidente necessidade de gerar novas formas de combater e prevenir a doenga. O
metabolismo de purinas e pirimidinas constitui um alvo potencial para o desenho
racional de novos quimioterapicos para o tratamento da TB, devido a diferengas
existentes nas enzimas que constituem a rota de biossintese de nucleotideos entre o
parasita e seu hospedeiro. Além disso, a investigacdo do papel dos produtos dos
genes envolvidos nestas vias durante os crescimentos in vitro e in vivo do M.
tuberculosis H37Rv podem fornecer informacgdes fundamentais sobre o metabolismo
e a biologia do bacilo da TB e ainda possibilitar a obtengcdo de cepas atenuadas
como futuras candidatas a uma nova vacina contra a TB. Avangos no entendimento
dos mecanismos de laténcia, assim como das enzimas envolvidas no metabolismo
de purinas e pirimidinas, podem servir como base para o futuro desenvolvimento de
farmacos seletivos para o tratamento da TB e de vacinas eficientes para a
prevencao da doenca.

A reutilizacdo de bases purinicas e pirimidicas pela rota de salvamento é
preferencialmente utilizada, pois demanda menos energia e, portanto, é possivel que
a MHIAGU-NH desempenhe um papel importante no estado de laténcia do bacilo, ja
que o M. tuberculosis possivelmente necessite reciclar bases e/ou nucleosideos
para sobreviver no ambiente imposto pelo hospedeiro. A caracterizacdo da enzima
NH de M. tuberculosis codificada pelo gene iunH, a validagdo do seu papel
bioquimico e a analise da sua importancia na rota de salvamento de purinas e
pirimidinas e no metabolismo do M. tuberculosis proporcionariam um maior
entendimento sobre o modo de acdo da enzima MHAGU-NH no metabolismo de
nucleotideos do M. tuberculosis H37Rv, podendo auxiliar no desenvolvimento de

estratégias profilaticas eficientes para reduzir a incidéncia global da TB.
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3 OBJETIVOS

3.1 Objetivos Gerais

Caracterizar a enzima hidrolase de nucleosideos de purinas de M.
tuberculosis H37Rv, codificada pelo gene iunH, validar o seu papel bioldgico e
determinar a sua relevancia na rota de salvamento de purinas e pirimidinas e no
metabolismo de M. tuberculosis, visando a obtengdo de cepas atenuadas como

candidatas a vacinas anti-tuberculose.

3.2 Objetivos Especificos

1. Amplificar e clonar o gene iunH de M. tuberculosis; expressar e purificar a
proteina recombinante MfIAGU-NH;

2. Determinar a estrutura da enzima MHAGU-NH,;

3. Determinar a sua atividade enzimatica, os parametros cinéticos em estado
estacionario e os efeitos do pH;

4. Realizar estudos cinéticos da formagado do complexo binario MHAGU-NH-
ribose;

5. Determinar as concentragdes intracelulares dos nucleosideos e bases
nitrogenadas em M. tuberculosis e determinar as constantes em equilibrio
para a enzima MHIAGU-NH;

6. Determinar a energia de ativacdo da enzima M{AGU-NH para obter os
parametros termodinamicos de ativacéo;

7. Realizar estudos de modelagem e docagem molecular;

8. Analisar a importancia da enzima MHIAGU-NH na rota de salvamento de
purinas e pirimidinas e no metabolismo do M. tuberculosis pelo nocaute do

gene iunH.

Os capitulos estdo organizados da seguinte forma:

O Capitulo 2 consiste em um artigo cientifico onde sdo apresentados os
seguintes resultados: a amplificagdo do gene iunH a partir do DNA genémico de M.
tuberculosis H37Rv, clonagem em vetor pET23a(+), expressdo heterdloga na cepa
E. coli C41(DE3), purificagao utilizando cromatografia liquida de rapida performance,
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confirmacéo da identidade da proteina homogénea por LC-MS/MS (cromatografia
liquida acoplada a espectrometria de massa) e sequenciamento de aminoacidos
(Objetivo Especifico 1); determinagcdo do estado oligomérico da enzima M{HAGU-
NH na forma apo e na presenga dos produtos ribose, hipoxantina, adenosina,
guanosina e uracil (Objetivo Especifico 2); determinagdo da atividade da enzima
MHAGU-NH, dos parametros cinéticos em estado estacionario para os substratos
inosina, adenosina, guanosina e uridina utilizando espectrofotometria e/ou
calorimetria de titulagdo isotérmica (ITC); estudo do perfii de pH (Objetivo
Especifico 3); estudos cinéticos da formagdo do complexo binario MHAGU-NH-
ribose por fluorimetria (Objetivo Especifico 4); determinacdo das concentragdes
intracelulares dos nucleosideos inosina e uridina e bases nitrogenadas hipoxantina e
uracil em M. tuberculosis H37Rv; determinacédo das constantes em equilibrio para a
enzima MHAGU-NH (Objetivo Especifico 5); determinagdo dos parametros
termodinamicos de ativagdo utilizando ensaios de energia de ativagdo da enzima
MHAGU-NH para os substratos inosina e uridina (Objetivo Especifico 6); realizacédo
de experimentos de modelagem e docagem molecular (Objetivo Especifico 7).

No Capitulo 3 sdo apresentados os resultados obtidos na constru¢cao da cepa
de M. tuberculosis H37Rv mutante para o gene iunH através de nocaute génico
utilizando o vetor suicida pPR27xylE e a construgcdo da cepa de M. tuberculosis
H37Rv mutante para o gene iunH e complementada com uma cépia extra do gene
iunH.

No Capitulo 4 sdo apresentadas as consideracgdes finais.
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Abstract

Tuberculosis (TB) is a major global health threat. There is a need for the development of more
efficient drugs for the sterilization of the disease's causative agent, Mycobacterium tuberculosis
(MTB). A more comprehensive understanding of the bacilli's nucleotide metabolic pathways could aid
in the development of new anti-mycobacterial drugs. Here we describe expression and purification of
recombinant iunH-encoded nucleoside hydrolase from MTB (MfIAGU-NH). Glutaraldehyde cross-
linking results indicate that MIAGU-NH predominates as a monomer, presenting varied oligomeric
states depending upon binding of ligands. Steady-state kinetics results show that M IAGU-NH has
broad substrate specificity, accepting inosine, adenosine, guanosine, and uridine as substrates. Inosine
and adenosine displayed positive homotropic cooperativity kinetics, whereas guanosine and uridine
displayed hyperbolic saturation curves. Measurements of kinetics of ribose binding to MfIAGU-NH by
fluorescence spectroscopy suggest 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. Thermodynamic activation parameters (E,, AG", AS", AH") for
MHIAGU-NH-catalyzed chemical reaction are presented. 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 role played by M:IAGU-NH.

Keywords: Mycobacterium tuberculosis; nucleoside hydrolase; substrate specificity; thermodynamics;

pH-rate profile; spectrofluorimetry.
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Introduction

Tuberculosis (TB') is an infectious disease caused by the bacillus Mycobacterium tuberculosis
(MTB) and primarily affects the lungs (pulmonary TB) but can infect other organ systems (extra-
pulmonary TB) [1]. The disease remains a major threat to global health, and TB accounts for 2.0% of
all Disability Adjusted Life Years (DALYs). It is the third leading cause of DALY's among infectious
diseases after human immunodeficiency virus (HIV) and malaria [2]. The World Health Organization
(WHO) estimated that in 2011, there were 8.7 million incident TB cases (13% of which occurred in
those co-infected with HIV), and 1.4 million deaths, 430,000 of which in HIV-positive individuals [3].
The current regimen for treating TB was established more than 30 years ago using drugs which were
developed in the middle of the 20th century [4]. At the present time, the only approved TB vaccine is
the bacillus Calmette-Guerin (BCG), which the WHO recommends in infants to prevent incident
disease in children. However, this vaccine confers variable protection to adolescents and adults.
Moreover, it is not effective in preventing reactivation of the disease in those with latent TB infection
[5,6].

There is an urgent need for the development of new and more efficient drugs for the treatment
of TB. Strategies for the discovery of new anti-mycobacterial targets include elucidation of the role
played by proteins in biochemical pathways essential for mycobacterial growth and/or persistence [7].
Nucleotide metabolic pathways provide a promising source for the discovery of new antibacterial drug
targets as the enzymes and pathways involved frequently differ from their human counterparts. Purine
and pyrimidine salvage pathways in MTB remain an incompletely explored possibility for drug
development as purine and pyrimidine biosynthesis are essential steps, supplying building blocks for
DNA and RNA synthesis [8]. Enzymes from theses pathways are thus attractive anti-tubercular drug
targets [8]. Several homologues to enzymes in the purine and pyrimidine pathways have been
identified in the genome sequence of MTB H37Rv [9]. A better understanding of the characteristics of
the enzymes involved in purine and pyrimidine salvage pathways in MTB will aid in the design of

analogs that may selectively inhibit MTB replication and survival. Ideally this class of compounds will

'Abbreviations  used: BCG, Calmette-Guerin;  CFU, colony-forming  units; CHES,  2-(NV-
Cyclohexylamino)ethanesulfonic Acid; CV, column volumes; DALY, Disability Adjusted Life Years; DMSO,
dimethyl sulfoxide; ESI-MS, electrospray ionization mass spectrometry; HEPES, N-2-Hydroxyethylpiperazine-
N’-2-ethanesulfonic Acid; HIV, human immunodeficiency virus; IAG-NH, purine-specific inosine-adenosine-
guanosine preferring nucleoside hydrolase; ICP-OES, Inductively coupled plasma optical emission
spectroscopy; IG-NH, inosine-guanosine preferring nucleoside hydrolase; IPTG, isopropyl B-D-
thiogalactopyranoside; ITC, isothermal titration calorimetry; IU-NH, inosine-uridine preferring nucleoside
hydrolase; LB, Luria-Bertani; MES, 2-(N-Morpholino) ethanesulfonic Acid; MTB, Mycobacterium tuberculosis;
MIAGU-NH, iunH-encoding nucleoside hydrolase from MTB; NH, nucleoside hydrolase; OADC, oleic acid-
albumin-dextrose-catalase; PCR, polymerase chain reaction; PNP, purine nucleoside phosphorilase; SDS-PAGE,
Dodecyl sulfate-polyacrylamide gel electrophoresis; TB, tuberculosis; WHO, World Health Organization.
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be active against strains of MTB that are resistant to drugs currently used to treat the disease and,
hopefully, also clear latent infections [10].

Nucleoside hydrolases (or nucleoside N-ribohydrolases; NH) catalyze the irreversible
hydrolysis of N-glycosidic bond of ribonucleosides forming a-D-ribose and the corresponding base
[11]. NHs are widely distributed in nature, and have been identified in a number of sources, including
bacteria [12-15], yeast [16-21], protozoa [16-20,22], insects [23], and mesozoans [24], indicating that
nucleoside hydrolysis plays an important role in many organisms. Interestingly, neither nucleoside
hydrolase activity nor the encoding genes have ever been detected in mammals. Although found in
most organisms, the metabolic role of NHs has been well established only in protozoan parasites such
as Crithidia fasciculata [16,18,25,26], Trypanosoma brucei brucei [19], and Leshmania major [20].
Because parasitic protozoans lack the de novo pathway to synthesize purine nucleosides, they rely on
nucleoside hydrolase to supply purine nucleosides by salvaging them from the host [16]. Thus, NH
from parasitic protozoa in particular has been studied extensively by X-ray crystallography, kinetic
methods and site-directed mutagenesis [11]. Nucleoside hydrolases have been classified into three
subclasses according to their substrate specificity: the base-specific inosine-uridine preferring
nucleoside hydrolase (IU-NH) [16,20], the purine-specific inosine-adenosine-guanosine preferring
nucleoside hydrolase (IAG-NH) [27,28] and an inosine-guanosine preferring nucleoside hydrolase
(IG-NH) [17]. Recent data suggest that this classification has to be extended as there exists an
increasing number of NHs that do not fit in any of these groups [14,24,29]. Moreover, there seems to
be little correlation between the level of amino acid identity and nucleobase specificity. The iunH gene
(MTB Rv3393) has been proposed by sequence homology to encode a polypeptide chain with IU-NH
activity [9], and this gene product has been predicted not to be required for in vitro growth of MTB
[30]. In addition, high-resolution global phenotypic profiling results have prompted the proposal that
the iunH-gene product is not required for in vitro growth in glycerol and cholesterol (a critical carbon
source during infection) media [31]. However, as pointed out by Griffin et al. [31], homologous
recombination and high-density mutagenesis genetic approaches for defining essential genes have
advantages and limitations. Humans lack this enzyme and rely on a different set of enzymatic
reactions to supply their nucleoside requirements. To the best of our knowledge, there has been no
formal proof as to ascertain the correct assignment to the open reading frame of iunH gene in MTB. In
addition, the mode of action of this gene product has not yet been reported. Accordingly, biochemical
studies on iunH-gene product seem to be worth pursuing.

Our manuscript describes polymerase chain reaction (PCR) amplification, cloning, expression
and purification of recombinant iunH-encoded NH protein. Determination of metal identity and
concentration by inductively coupled plasma optical emission spectroscopy suggest the presence of a
Ca’" ion per enzyme subunit. Glutaraldehyde cross-linking results indicate that the recombinant
protein is predominantly present in solution in a monomeric state, having varied oligomeric states

depending upon binding of distinct ligands. Steady-state kinetics results, using a continuous
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spectrophotometric assay, indicate that the recombinant protein has broad substrate specificity,
accepting inosine, adenosine, guanosine, and uridine as substrates. Accordingly, the recombinant
protein will henceforth be referred to as MtIAGU-NH. Inosine and adenosine displayed positive
homotropic cooperativity kinetics, whereas guanosine and uridine displayed hyperbolic saturation
curves. Fluorescence spectroscopy measurements of kinetics of ribose binding to MAAGU-NH
suggest two forms of free enzyme in solution. Results for mass spectrometry, isothermal titration
calorimetry (ITC), pH-rate profiles, multiple sequence alignment, and molecular docking experiments
are also presented. The intracellular concentrations of inosine, uridine, hypoxanthine, and uracil in
MTB bacilli were determined. Equilibrium constants, standard free energy (AG®), and intracellular
concentration of a-ribose to make the process favorable (AG < 0) were evaluated. Thermodynamic
activation parameters (£,, AG®, AS", AH") for MtIAGU-NH-catalyzed chemical reaction are presented.
It is hoped that the data presented here may contribute to our understanding of MIAGU-NH mode of
action, thereby providing a solid basis for the rational design of inhibitors of this enzyme’s activity
with potential use as chemotherapeutic agents to treat TB. These inhibitors may also be useful to
chemical biologists interested in designing function-based chemical compounds to elucidate the

biological role of MIAGU-NH in the context of whole MTB cells.

Materials and methods

Gene amplification, cloning, and protein expression

Synthetic oligonucleotide primers were designed to contain Ndel (primer sense
5'TCCATATGAGCGTCGTATTCGCCGACGTCG3") and HindlIll (primer antisense
5'CCAAGCTTTCACGTTCGGCGCGCGAATCG3) restriction sites (highlighted in italics). The iunH
gene (Rv3393) was PCR amplified from total genomic DNA of MTB strain H37Rv using Pfu DNA
polymerase (Stratagene, Foster City, USA) in the presence of 10% dimethyl sulfoxide (DMSO) (final
concentration). The PCR product (927 bp) was then purified from agarose gel with a QTAGEN QIA
quick gel extraction kit (Qiagen, Venlo, Netherlands), cloned into the pCR—Blunt® vector (Invitrogen,
Life Technologies, Grand Island, USA) and subcloned into the pET-23a(+) expression vector
(Novagen, Merck KGaA, Darmstadt, Germany) using the Ndel and HindlIlI restriction enzymes (New
England Biolabs, Ipswich, USA). In order to confirm the product’s identity and integrity as well as to
ensure that no mutations were introduced in the cloned fragment the MTB iunH gene was sequenced
with automatic DNA sequencing.

E. coli C41(DE3) electro-competent cells were transformed with recombinant pET23a(+)
containing the iunH gene by electroporation (Gene Pulser II; Capacitance Extender II; Pulse

Controller 11, Bio-Rad Laboratories, Hercules, USA) and grown on Luria-Bertani (LB) agar plates
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containing 50 ug mL™ ampicillin. LB medium (50 mL) was inoculated with a single colony and cells
were grown at 180 rpm at 37 °C overnight. The culture (9 mL) was inoculated in 500 mL of Terrific
Broth medium, with the same antibiotic concentration, and grown in a shaker set at 180 rpm and 37 °C
until they achieved an ODgg reading of 0.4-0.6. The cells were grown for an additional 18 h after
induction with 0.5 mM isopropyl B-D-thiogalactopyranoside (IPTG) at 30 °C. Cells were harvested by
centrifugation at 8,000 g for 30 min at 4 °C and stored at -20 °C. Soluble and insoluble fractions were

analyzed by 12% Dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) [32].

Protein purification

HPLC was done using an AKTA System (GE Healthcare® Life Sciences, Pittsburgh, USA)
and performed at 4 °C. Approximately 5 g of wet cell paste was suspended in 50 mL of 50 mM Tris
HCI pH 7.5 (buffer A) containing a protease inhibitor cocktail tablet (Complete EDTA-free, Roche
Diagnostics, Basel, Switzerland) and gently stirred for 30 min in the presence of 0.2 mg mL
lysozyme (Sigma Aldrich, Saint Louis, USA). Cells were disrupted by sonication (10 pulses of 10 s
each at 60% amplitude) and centrifuged at 48,000 g for 30 min. To precipitate nucleic acids and
ribonuclear proteins, the supernatant was treated with 1% (w/v) streptomycin sulfate (final
concentration) for 30 min under slow agitation and centrifuged at 48,000 g for 30 min. The
supernatant was dialyzed against buffer A and loaded on a HiPrep Q-Sepharose Fast Flow anion
exchange column (GE Healthcare® Life Sciences, Pittsburgh, USA) pre-equilibrated with buffer A,
washed 3 column volumes (CV) of the same buffer, and the absorbed proteins were eluted with a
linear gradient (0-100%) of 20 CV of 50 mM Tris HCI pH 7.5 containing 150 mM NaCl (buffer B) at
1 mL min™ flow rate. The adsorbed recombinant MIAGU-NH was eluted at approximately 75 mM
NaCl and all fractions were analyzed by SDS-PAGE. The fractions containing the MAAGU-NH
activity were pooled and concentrated to a final volume of 7 mL using a 50 mL stirred ultrafiltration
cell (Millipore, Billerica, USA) with a 10 kDa cutoff filter, and loaded on a HiLoad Superdex 200
26/60 size exclusion column (GE Healthcare® Life Sciences, Pittsburgh, USA), previously
equilibrated with buffer A. Proteins were isocratically eluted with 1 CV of buffer A at 0.3 mL min"
flow rate, and the fractions containing the target protein were pooled and loaded on a High Resolution
Mono Q 16/10 anion exchange column (GE Healthcare® Life Sciences, Pittsburgh, USA), previously
equilibrated with buffer A. The column was washed with 1 CV, adsorbed proteins were eluted with a
linear gradient (0-100%) of 20 CV of buffer B, and the target protein was eluted with 70 mM NaCl.
The active fractions containing homogeneous M{IAGU-NH were concentrated and dialyzed against
0.5 L of 50 mM Tris HCI pH 7.5 containing 50 mM NaCl (buffer C). Protein concentration was
determined by the method of Bradford using the Bio-Rad Protein Assay Kit (Bio-Rad, Hercules, USA)

and bovine serum albumin as standard [33].
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MtIAGU-NH identification by mass spectrometry

The homogeneous MIAGU-NH was submitted to electrospray ionization mass spectrometry
(ESI-MS) to confirm the enzyme’s identity. The protein was digested with trypsin and the resulting
peptides were separated and analyzed by liquid chromatography associated with mass spectrometry
with induced fragmentation collision. The results were used to identify the amino acid sequence

through search software (Protein Discover, Thermo Fisher Scientific, Waltham, USA).

Inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis of metal content

ICP-OES (PerkinElmer Optima 4300 DV, PerkinElmer Sciex, Canada) measurements were
employed to assess metal identity and concentration. Prior to these measurements, recombinant
homogeneous MIIAGU-NH was extensively dialyzed against 50 mM Tris HCI pH 7.5 and

concentrated by ultrafiltration to a protein concentration of 2 mg mL .

MtIAGU-NH quaternary structure

Determination of M IAGU-NH molecular mass in solution was performed injecting 100 pL
protein suspension (11 uM homogeneous recombinant MAIAGU-NH in 50 mM Tris HCI pH 7.5
containing 50 mM NaCl) into a HighLoad 10/30 Superdex-200 gel chromatography (GE Healthcare®
Life Sciences, Pittsburgh, USA) at 0.4 mL min™ flow rate and isocratic elution with 1 CV of 50 mM
Tris HCI pH 7.5 containing 200 mM NaCl. Protein elution was monitored at 215, 254, and 280 nm.
The LMW and HMW Gel Filtration Calibration Kits (GE Healthcare® Life Sciences, Pittsburgh,
USA) were used to prepare a calibration curve, measuring the elution volumes (V.) of standard
proteins (ferritin, catalase, aldolase, ovalbumin, coalbumin, and ribonuclease A). These values were
used to calculate their respective partition coefficients (K,, Eq. 1). Blue dextran 2000 (GE
Healthcare® Life Sciences, Pittsburgh, USA) was used to determine the void volume (V}). V; is the
total bead volume of the column. The K,, value for each protein was plotted against their

corresponding molecular mass to obtain an estimate for free MtIAGU-NH molecular mass in solution.

K Ve Eq. 1
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I
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I

Glutaraldehyde cross-linking studies were performed to obtain estimates for the oligomeric
state of both free M IAGU-NH and enzyme in the presence of products. The method described by
Fadouloglou et al was employed using crystallization plates [34]. In short, the reservoir was filled with

120 pL of 25% (v/v) glutaraldehyde acidified with HCI, and a drop of 10 pL of protein suspension (15
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uM homogeneous recombinant MAIAGU-NH in 50 mM Tris HCI pH 7.5 containing 50 mM NaCl)
was placed on the cover slip, which in turn was used to seal the well (forming a hanging drop inside
the well). Drops of 10 uL of protein suspension in the presence of 4 mM of ribose, hypoxanthine,
uracil, adenine, and guanine were employed to determine the oligomeric states of MIAGU-NH in the
presence of products. The plates were incubated at 30 °C for different time intervals and protein drops

were subsequently analyzed by 12% SDS-PAGE.

Steady-state kinetic parameters

All chemicals in enzyme activity measurements were purchased from Sigma Aldrich (Saint
Louis, USA). MIAGU-NH activity was measured by a continuous spectrophotometric assay in quartz
cuvettes using a UV-visible Shimadzu spectrophotometer UV2550 equipped with a temperature-
controlled cuvette holder.

The kinetic properties of MIAGU-NH for inosine, adenosine, guanosine, and uridine were
spectrophotometrically determined using the difference in absorption between the nucleoside and the
purine or pyrimidine base. MIAGU-NH enzyme activity was measured in the presence of varying
concentrations of substrate in 50 mM Tris HCI pH 7.5 containing 50 mM NacCl at 30 °C. The reaction
was started with addition of concentrations of M IAGU-NH that yielded decreasing linear absorbance
time courses for the conversion of nucleoside substrates into products in a total volume of 0.3 mL. The
Ae values (mM'lcm'l) used were: inosine, 0.92 at 280 nm; uridine, 2.1 at 280 nm; adenosine, 1.4 at
276 nm; guanosine, 0.11 at 300 nm [16]. All assays were performed in duplicate. One unit of enzyme
activity (U) was defined as the amount of enzyme catalyzing the conversion of 1 umol of substrate
into product per minute at 30 °C.

The experimental data were either fitted to the Hill equation (Eq. 2) for a sigmoidal saturation
curve or to the Michaelis-Menten equation (Eq. 3) for a hyperbolic saturation curve [35,36]. For these
equations, v is the steady-state velocity, Vi.x is the maximal velocity, S is the substrate concentration,
Ky is the Michaelis-Menten constant, n is the Hill coefficient (indicating the cooperative index), and
K5 is the substrate concentration in which v=0.5 V. [35,36]. All data were analyzed by nonlinear

regression using the SigmaPlot software (SigmaPlot 9.01, Systac Software, Inc. Melbourne USA).

V= —VmaX[S]n E
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As no saturation for uridine could be detected by the continuous spectrophotometric assay,
ITC measurements were carried out. MIAGU-NH activity measurements were thus performed using
an ITC,g microcalorimeter (Microcal, Inc., Pittsburgh USA) at 30 °C and a syringe of 39.7 pL total
volume with the mixture stirring at 500 rpm. A heating reference of 11 pcal s was used in all
experiments. After an initial delay of 60 s, reactions were initiated by injecting 7.2 pL of enzyme
solution (86.2 uM) into the sample cell (for a total volume of 203 pL) loaded with substrate (2.5 mM
uridine). A second enzyme injection was performed after a 3 h lag time to obtain the correct baseline
and also to determine the dilution heat of enzyme in solution, which was subtracted from the total
reaction heat. The apparent enthalpy of reaction (AH,p,) is determined from area under the curve
divided by the total number of moles of uridine (same as dividing the total heat generated in the
reaction by the amount of product formed when the substrate is totally consumed) [37].

To measure enzyme activity, after an initial delay of 60 s, reactions were initiated by injecting
3 uL of enzyme solution (34.5 uM) into the sample cell (for a total volume of 203 pL) loaded with
variable substrate concentrations (5-150 mM uridine). Substrate and enzyme solutions were suspended
in the same buffer (50 mM Tris HCI pH 7.5 containing 50 mM NaCl) to minimize the effects of heat
dilution. The reference cell (200 pL) was loaded with MilliQ water for all experiments. The initial
velocity for MIAGU-NH was measured by taking the difference in heat flux measured between the
base line and 60 s, and the maximal heat flux after enzyme solution injection into the calorimeter cell
containing the substrate medium at variable concentrations. A steady state is reached when the enzyme
velocity remains constant (Origin 7, OriginLab Corp., USA). Experiments were carried out in
duplicate. The heat transferred during the enzyme-catalyzed reaction was directly proportional to the
reaction rate and can be described by Eq. 4, where AH,,, is the reaction enthalpy variation, V is the
calorimetric cell volume and [P] is the product concentration, and dQ/dt represents the heat flow that

is proportional to the rate of product formation (d[P]/dt) [37].

dPl 1 dQ
dt VAH,, di

Eq. 4

The kinetic parameters (Vn.x and Ky) were obtained by fitting the calorimetric data to the
Michaelis-Menten equation (Eq. 3) using nonlinear least square regression analysis in the Sigmaplot
9.01 software program. The definition for unit of enzyme activity was the same as for the

spectrophotometric assays.
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Fluorescence spectroscopy

Data from cross-linking experiments demonstrates that the enzyme can form dimers, trimers
or tetramers in solution in the presence of products. We thus deemed appropriate to try to study
whether or not this equilibrium could be detected by a different experimental approach. As the binding
of ribose (a common product of nucleoside hydrolysis) to free MIAGU-NH causes a quench in
tryptophan fluorescence, fluorescence spectroscopy was employed to study the kinetics of MIAGU-
NH:ribose binary complex formation. Fluorescence titration at varying ribose concentrations (1 to 56
mM) in a 2 mL solution containing 1 pM MAAGU-NH in 50 mM Tris-HCI pH 7.5 and 50 mM NaCl
was carried out at 30 °C. Excitation and emission wavelengths were, respectively, 280 and 333 nm.
Slits for excitation and emission were, respectively, 3 and 5 nm. Control measurements were
performed under the same conditions, except that no ligand was added. These values were subtracted
from those obtained in the presence of enzyme. MIAGU-NH:ribose binary complex formation was
characterized by a monophasic quench in protein fluorescence. Accordingly, the data were fitted to a
single exponential function, yielding the observed rate constants (kobs). The kops values were fitted as a
function of varied substrate concentration (4) to an equation describing a hyperbolic decay (Eq. 5), in
which Kj is the intrinsic dissociation constant, and k, and k., are, respectively, limiting forward and
reverse first-order rate constants for an isomerization process between two forms of free enzyme that

must occur before substrate binding [38-41].

kobs = szd + k_2 Eq 5
A+K,

The overall dissociation constant (Kpoverany) 1S given by the ratio of the product of the concentrations of
all free species to the summation of the concentrations of all complexes [41], as shown in Eq. 6 for the

mechanism depicted in Fig. SA.

_ ([E"]+[E])[ribose]
D(overull) [E" - ribose] + [E - ribose]

Eq. 6

Since the interaction of ribose with the E* isomer of MfIAGU-NH is assumed to be negligible so that
[E-ribose] >> [E*-ribose], Eq. 6 reduces to Eq. 7.

% _ ([E']+[E])[ribose] a7
Ploverall [E - ribose] 4
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The equilibrium constant (K3) for the conversion from E* to E, and K are defined in Eq. 8 and Eq. 9,

respectively.
k= _k Eq. 8
[E] &,

_ [E]fribose] _ &,

= 3 Eq.9
[E -ribose]

d

Rearranging Equations 8 and 9 to give, respectively, [E*]=[E]/K, and [E-ribose]=([E][ribose])/K4, and
substituting them into Eq. 7, yields an expression for Kpverany (Eq. 10) [41].

1
KD(avemll) = Kd |:? + 1] Eq 10

2
Intracellular concentrations in MTB

In order to quantify the intracellular concentration of inosine, uridine, hypoxanthine and uracil
in the bacilli, the MTB H37Rv laboratory strain was cultured as described by Rodrigues-Junior et al.
[42]. Briefly, MTB colonies cultured in Ogawa solid medium were suspended in sterile 0.9% saline
solution containing 0.05% Tween-80 (Sigma-Aldrich, St Louis, USA). We assessed the number of
viable organisms in an aliquot of this cell suspension by plating serial dilutions on Middlebrook 7H10
agar (Difco, Sparks, USA) plates containing 10% Middlebrook oleic acid-albumin-dextrose-catalase
(OADC) enrichment (Becton-Dickinson, Frankin Lakes, USA). Plates were incubated at 37 °C for
three weeks prior to counting the number of MTB colony-forming units (CFU). The MTB suspension
was autoclaved at 121 °C for 20 min, followed by sonication (3 pulses of 10 s, at an amplitude value of
21%), prior to chromatographic analysis. An HPLC equipped with a quaternary pump, DAD detector,
degasser, column oven and an automatic injection system (all HPLC components and software
Chromeleon® from Thermo® Scientific (Sunnyvale, USA) was used in this set of experiments). Stock
standard solutions (400 uM) of inosine, uridine, hypoxanthine, and uracil were prepared by diluting
each standard in ultrapure water. Standard solutions were prepared by diluting the stock solution in
ultrapure water to give final concentrations of 0.048, 0.097, 0.195, 0.390, 0.781, 1.562, 3.125, 6.25,
and 12.50 uM in a final volume of 1.0 mL.

Chromatographic separations were carried out using an RP column (250 mm, 4.6 mm, Sum
Sephasil peptide ST C-18, GE Healthcare® Life Sciences, Pittsburgh, USA) at 20 °C. The mobile

phase was 0.1% glacial acetic acid (Merck®, Darmstadt, Germany) in bottle A and a mixture of
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methanol:water 80:20 (v/v) in bottle B. A flow rate of 0.5 mL min" was employed and a linear
gradient up to 100% B was started at 33 min and maintained until 50 min. The column was
equilibrated with 100% A for 10 min. The DAD detector was set at 254 nm and a full scan was

continuously performed with a total run time of 60 min.
Determination of equilibrium constants for MtIAGU-NH

In order to determine reaction spontaneity of MIAGU-NH, the equilibrium constants (K.q)
were identified at the point of equilibrium between inosine, ribose and hypoxanthine or between
uridine, ribose and uracil. The K,q was measured at 30 °C in 50 mM Tris-HCI pH 7.5 containing 50
mM NaCl by fixing the ratio of [hypoxanthine]/[inosine] or [uracil]/[uridine] at 1 and varying the ratio
of [ribose]/[water]. The enzyme velocity was determined at various [ribose]/[water] ratios with ribose
concentration ranging from 1 mM to 660 mM. All measurements were performed in duplicate. The
point at which the curve crosses the abscissa is equal to K4 (no net enzyme reaction). The values of
K.q permit to obtain estimates for the standard free energy (AG®) using Eq. 11, in which R is the gas
constant (8.324 J K" mol™; or 1.987 cal K™' mol™) and T is the temperature in Kelvin (T = °C +
273.15).

AG®=-RTInK,, Eq. 11

As intracellular concentrations of uridine, uracil, inosine and hypoxanthine were determined,
the free energy of the reaction (AG) could be estimated from Eq. 12, in which AG® is the standard free
energy. Assuming dilute solutions, we could tentatively regard the intracellular water concentration as

at a constant value of 55.5M ((1,000 g L™)/(18.015 g mol™)).

Eq. 12

AG = AG® + RT ln( [base][a ~ ribose] )

[nucleoside][ H,0]

Activation energy

The activation energy (£,) was assessed by measuring the variation of k, of MIAGU-NH as a
function of temperature. Initial velocity measurements were thus carried out in the presence of inosine
(6.0 mM), uridine (2.7 mM), adenosine (2.0 mM), and guanosine (3.0 mM), at temperatures ranging
from 15 to 40 °C (from 288.15 to 313.15 K). All assays were performed in duplicate. The £, was
calculated from the slope (£,/R) of the Arrhenius plot (Fig. 7) fitting the data to Eq. 13, in which R is

the gas constant (8.314 J mol” K™') and the constant 4 represents the product of the collision frequency
g P p
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(Z) and a steric factor (p) based on the collision theory of enzyme kinetics [43]. It should be pointed
out that here it is assumed a simplistic approach to explain a complex phenomenon and that A is

independent of temperature.

Ink,, =lnA—(%)% Eq. 13

The enthalpy (AH"), entropy (AS"), and Gibbs free energy (AG”) of activation were estimated using the

following equations derived from the transition state theory of enzymatic reactions [43]:

AH" = E,—-RT Eq. 14
AG" =RT lnk—;+lnT—lnkmt Eq. 15
and

AS" = w Eq. 16

Energy values are in kJ mol'l, with ke, In s'l, to conform to the units of the Boltzmann (1.3805 x 1027
K™) and Planck (6.6256 x 10™* I s™") constants and R is as for Eq. 13. Errors on AG" were calculated
using Eq. 17 [43].

RT(k

cat )Err

(AG),, = Eq. 17

cat
PpH-rate profile

Prior to determining the dependence of the kinetic parameters on pH values, the pH-rate
profiles, MIAGU-NH enzyme stability was assessed over a wide pH range (4.5 to 10.0) by pre-
incubating the enzyme for 2 min at 30 °C in 100 mM 2-(N-Morpholino)ethanesulfonic Acid (MES)/N-
2-Hydroxyethylpiperazine-N’-2-ethanesulfonic Acid (HEPES)/2-(N-Cyclohexylamino)ethanesulfonic
Acid (CHES) buffer mixture [44], and monitoring the activity in 50 mM Tris-HCI pH 7.5 containing
50 mM NaCl. These pre-incubation experiments were carried out to identify denaturing values and

ensure enzyme stability over the pH range studied. The pH-rate profiles were determined by
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measuring initial velocities in the presence of varying inosine concentrations (1 - 200 pM) in 100 mM
MES/HEPES/CHES buffer mixture over the following pH values: 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0,
9.5 [44]. All measurements were performed in duplicate or triplicate. The pH-rate profile was
generated by plotting log(k..) versus the pH values (from 5.5 to 9.5), and data were fitted to Eq. 17, in
which y is the apparent kinetic parameter, C is the pH-independent plateau value of y, H is the

hydrogen ion concentration, and K, is the apparent acid dissociation constant for the ionizing group.
C
logy =log| ——— Eq. 17
gy g H q

It appears pertinent to point out that the determination of steady-state kinetic parameters, ITC
measurements, fluorescence spectroscopy, determination of equilibrium constants, and activation
energy data acquisition were all carried out at a constant pH value (7.5), in which the kinetic

parameters are pH-independent.
Multiple sequence alignment

The amino acid sequences of protozoan parasite nucleoside hydrolases (C. fasciculata
(U_43371) and L. major (AY_603045.1)), whose three-dimensional structures have previously been
solved or for which mutagenesis studies have been reported to verify essential residues, were included
in the alignment to compare with M{IAGU-NH. Multiple amino acid sequence alignment was
performed with Clustal W software [45], using the Blossum matrix for amino acid substitutions and
the default parameters to identify essential residues for nucleoside substrates binding, as well to infer

possible structural similarities.
Molecular modeling studies

The homology modeling approach, implemented in the MODELLER 9v10 program, was used
to build a structural model for MfIAGU-NH [46]. The protocol included the generation of 10 models.
All models were submitted to the energy function DOPE evaluation that is implemented in the
MODELLER 9v10 aiming to choose the best structures. Furthermore, we used the MOLPROBITY
webserver PROCHECK [47], ANOLEA [48], VERIFY-3D [49], PROSAII [50] programs to assess
stereo chemical quality of the models. Molecular docking experiments were performed to analyze the
binding mode of nucleoside substrates to MIAGU-NH protein. Ligands, Ca2+, and MIAGU-NH were

prepared using AutoDockTools1.5.2 while docking simulations were performed with AutoDock4.2,
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allowing ligand flexibility. The validation procedure was made with the crystal structure of C.
fasciculata TU-NH associated with a transition-state inhibitor (PDB ID: 2MAS). For all simulations
the 3-D grid dimension used to define MIAGU-NH active site and for scoring function evaluation was
60 x 60 x 60 with spacing of 0.375. The Lamarckian Genetic Algorithm was employed as the docking
algorithm with 20 runs and the remaining parameters set to their default values, except for
ga num_evals, which was set to 2,500,00. Intermolecular hydrogen bonds were assessed using the

program LIGPLOT [51]. All figures were generated using the PyMol program [52].

Results and discussion

Amplification, cloning, expression, and purification of MtIAGU-NH

The iunH gene was amplified from the MTB genome in the presence of 10% DMSO in the
reaction mixture. The DMSO co-solvent helps overcome polymerase extension difficulties that result
from secondary DNA structures while also enhancing the denaturation of Guanosine-Cytosine-rich
DNAs [53], which is consistent with the 65.6% G+C content of the MTB genome [31]. A PCR
amplification fragment consistent with the expected size for the MTB iunH sequence (927 bp) was
detected on agarose gel (data not shown) and the fragment was cloned into pCR-Blunt vector, and
subcloned into pET23a(+) expression vector between the Ndel and BamHI restriction sites. Accurate
construction without mutations was confirmed with enzyme restriction analysis and automatic DNA
sequence analysis.

SDS-PAGE analysis showed expression of a protein in the soluble fraction with an apparent
subunit molecular mass of ~33 kDa in agreement with the predicted molecular mass of M IAGU-NH
(32,937.5 Da). The heterologous expression in E. coli C41(DE3) host cells was achieved after 18 h of
cell growth upon reaching an ODgg of 0.4-0.6 at 30 °C in Terrific Broth medium with IPTG induction
(data not shown). The pET expression system makes use of a powerful T7 polymerase, under control
of the IPTG-inducible lacUV5 promoter for transcription of genes of interest, which are positioned
downstream of the bacteriophage T7 late promoter [54]. Recombinant M{IAGU-NH was purified to
homogeneity (Fig. 1) using a three-step purification protocol that employed standard anionic exchange
and size exclusion columns, with a protein yield of 7.8% (Table 1). Homogeneous enzyme was stored

at -80 °C with no loss of activity.
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Table 1: Purification protocol of recombinant MfIAGU-NH. Typical results of a three-step

purification protocol for 5 g wet cell paste from 0.5 L media.

Step Total protein Total activity® Specific activity Purification Yield
(mg) (Y] (Umgh (fold) (%)
Crude extract 243 4 5.1 0.02 1.00 100
Q-Sepharose FF  36.2 0.9 0.03 1.19 17.6
Superdex 200 3.8 0.3 0.07 3.38 5.9
Mono-Q 33 0.4 0.12 5.52 7.8

* One enzyme unit is defined as the amount of M IAGU-NH that converts 1 pmol of uridine to uracil
at 30 °C per minute.
All experiments were performed in duplicate.

MtIAGU-NH identification by mass spectrometry

The homogeneous recombinant protein, digested with trypsin, was submitted to ESI-MS
(analysis as described in the experimental procedures section) and showed identity and integrity of
MHIAGU-NH. 213 spectra were obtained and identified with 19 different peptides from the MIIAGU-
NH amino acid sequence. These peptides covered approximately 52% of the whole sequence and the
subunit molecular mass of M{IAGU-NH was determined as 32,839.0 Da (data not shown). The results
of mass spectrometry analysis combined with the amino acid sequencing demonstrated removal of the

N-terminal methionine residue, and that the purified protein was indeed M:IAGU-NH.

Metal analysis by ICP-OES

Determination of metal concentration and identity by ICP-OES yielded 2.3 = 0.1 mg L of
Ca®". These results indicate the presence of one mol of Ca’" (57.4 uM) per mol of enzyme subunit

(60.7 pM), thereby suggesting that MtIAGU-NH is a metalloenzyme.

MtIAGU-NH quaternary structure

A value of 23.8 kDa for the apparent molecular mass of homogeneous recombinant MIAGU-
NH was estimated by gel filtration chromatography, fitting the elution volume of the single peak to
Eq. 1 (data not shown). This result suggests that M IAGU-NH is a monomer in solution, since ESI-MS
analysis suggested a value of 32,839.0 Da for the subunit molecular mass of the recombinant protein.
The monomeric state of MtIAGU-NH is in contrast to nucleoside hydrolases from other organisms
such as C. fasciculata and L. major, which have been demonstrated to be homotetramers in solution
[20,27], or T. vivax which has been demonstrated to be a homodimer in solution [28].

Cross-linking experiments were pursued to confirm the gel filtration chromatography results.

The glutaraldehyde cross-linking results show that MfIAGU-NH is a monomer in solution, even after
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60 min of incubation time in the absence of the reaction products (Fig. 2A). Dimers, trimers and
tetramers were visualized on SDS-PAGE gel stained with Coomassie brilliant blue when M IAGU-NH
was incubated for 20 min in the presence of the reaction products ribose (Fig. 2B), hypoxanthine (Fig.
2C), adenine (Fig. 2D), uracil (Fig. 2E), and guanine (Fig. 2F). Goodey and Benkovic reported that the
binding of an allosteric effector results in the redistribution of protein conformational ensembles and
alters the rates of their interconversion, thereby modulating the geometry of active and binding sites
[55]. As suggested by the cross-linking results, the protein oligomeric state appears to be modulated
by ribose, hypoxanthine, adenine, uracil, and guanine products, resultant from the hydrolysis of their

corresponding nucleosides catalyzed by M IAGU-NH (see next section).

Steady-state kinetic parameters

Saturation curves for MIAGU-NH specific activity plotted against increasing concentrations
of inosine (Fig. 3A), adenosine (Fig. 3B), guanosine (Fig. 3C), and uridine (Fig. 3D) were shown to
obey distinct functions. Steady-state kinetic parameters are given in Table 2. Fitting the sigmoidal data
for inosine and adenosine saturation curves to Eq. 2 yielded values of 2.2 mM for K5 and 0.49 s for
kea for inosine, and 0.70 mM for K5 and 0.26 s™ for k., for adenosine. These results suggest positive
homotropic cooperative kinetics for inosine and adenosine. To the best of our knowledge sigmoidal
profiles for purine and pyrimidine substrate saturation curves have never been observed for NH
enzymes produced by parasitic protozoa. It is tempting to suggest that the limiting value for the Hill
coefficient (n) is 4 as MtIAGU-NH can form tetramers in solution in the presence of hypoxanthine
(Fig. 2C) and adenine (Fig. 2D) products. The n values of 2.9 and 3.4 indicate strong positive
homotropic cooperativity for, respectively, inosine and adenosine. Saturation curves for increasing
guanosine (Fig. 3C) and uridine (Fig. 3D) concentrations followed hyperbolic Michaelis-Menten
kinetics. Values for the steady-state constants were calculated fitting the data to Eq. 3, yielding Ky, and
ke values of, respectively, 1.6 mM and 0.96 s for guanosine, and 25 mM and 9.9 s for uridine

(Table 2).

Table 2: Kinetic constants for the substrates of MIAGU-NH.

Substrate Ky5 (mM) n* Ky (mM) Vmax (U mg™) keat 57)
Inosine’ 22+0.1 29+05 - 0.89 +0.05 0.49 +0.02
Adenosine” 0.70£0.03  3.4=0.6 - 0.47 +0.02 0.26+0.01
Guanosine’ - - 1.6+0.3 1.7+£0.1 0.96 £ 0.05
Uridine* - - 2543 18.1+0.4 9.9+0.4

“n = the Hill coefficient.

® These results were collected by spectrophotometry.
“This result was collected by ITC.

All measurements were performed in duplicate.
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As the curve for uridine did not achieve saturation with a continuous spectrophotometric
assay, we employed a thermodynamic approach using ITC to be able to compare the kinetic
parameters of uridine with the other substrates. Downward baseline displacement after enzymatic
injection indicates an exothermic reaction; the MAIAGU-NH AH,,, was -9.5 (x 0.4) x 10" cal mol™ for
uridine hydrolysis (Fig. 3D - inset). The kinetic parameters obtained by ITC for the purified MIAGU-
NH enzyme are shown and compared with the other substrates (inosine, adenosine, and guanosine) in
Table 2. ITC is a sensitive technique that directly determines the thermodynamic and kinetic
parameters of enzymatic reactions by measuring the heat absorbed or released during a chemical
reaction (binding, dilution, or transformation) [37]. As described by Bianconi, calorimetric enthalpy is
the sum of the different heat effects that take place during a reaction [56]. Other researchers have
reported that calorimetric and spectrophotometric data agree well [56,57]. Accordingly, ITC was
employed to compare the kinetic parameters of MtIAGU-NH using uridine as a substrate.

The activity measurements demonstrate that the MTB iunH gene product has broad substrate
specificity (Table 2), and was thus (as pointed out in the Introduction section) designated as MAIAGU-
NH enzyme. Interestingly, even though the Ky value for uridine is larger than for the other nucleosides
tested, its maximum velocity value is also larger. For instance, the specificity constant (k../Ky) value
for uridine is approximately 396 M's" whereas it is 600 M's" for guanosine, suggesting that the
apparent second-order rate constants for these substrates are somewhat similar. Although the
specificity constants for inosine and adenosine could not be estimated because saturation curves were
sigmoidal; the k., values for inosine, adenosine and guanosine are similar, and the K5 values for
inosine and adenosine are in the same concentration range of the Ky, value for guanosine.

Many enzymes that are subject to regulatory control have proven to be oligomeric proteins
[58]. Interestingly, gel filtration chromatography suggested that apo MIAGU-NH is monomeric in
solution, whereas cross-linking results showed that this enzyme might shift to different oligomeric
states in the presence of products. Unfortunately, cross-linking studies could not be performed in the
presence of nucleosides as there would be catalysis in an aqueous solution. It has been shown that
polymerization of an enzyme in the presence of a modifier can provide a mechanism for allosteric
behavior [59,60]. Brown and Reichard showed that the E. coli ribonucleoside diphosphate reductase
complex undergoes aggregation in the presence of the negative modifier dATP [61]. Most enzymes
showing allosteric behavior (altered activity in the presence of ligands that bind at a site other than the
catalytic center) are oligomeric, or have such high molecular weights that it is probable that they are
oligomeric. Because of this association of oligomeric structure with allosteric behavior, allosteric

mechanisms are usually discussed in terms of interaction between protomers [58].
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Fluorescence spectroscopy

The kinetics of binding of ribose to MIAGU-NH was evaluated by fluorescence spectroscopy.
The change in protein fluorescence upon ribose binding to MAAGU-NH was characterized by a
monophasic quench in tryptophan fluorescence (Fig. 4 — Inset(A)), and the data were thus fitted to a
single exponential function. The dependence of the apparent rate constants (kos) on ribose
concentration showed a hyperbolic decrease (Fig. 4). The dependence of the k,s on product
concentration can be utilized to infer whether or not two forms of free enzyme are present in solution.
If free enzyme exists in equilibrium between two forms, E and E*, the former interacting significantly
with substrate and the latter interacting negligibly (Fig. 5A), one expects a decrease in the kqps value as
ligand concentration is raised [38-41]. On the other hand, if there is one form of free enzyme in
solution (Fig. 5B), increasing substrate levels are accompanied by a hyperbolic increase in the value of
kobs [38-41]. The binding kinetics data for M{IAGU-NH:ribose binary complex formation is consistent
with the mechanism depicted in Fig. SA, which is described by the concerted mechanism of symmetry
model proposed by Monod et al, that predicts two free MtIAGU-NH isomers in equilibrium, E and E*,
with product (ribose) binding effectively to E and negligibly to E* [62]. In this mechanism,
isomerization is thought to be slower than the binding steps. This model predicts that the rate constant
of association of ribose to MIAGU-NH is limited by the first-order isomerization rate constant (k)
from E* to E as ribose concentration approaches infinity, because only E binds substrate considerably.
Data fitting to Eq. 5 yielded values for k,, k., (the rate constant for the isomerization from E to E* in

Fig. 5A), and K, (Table 3).

Table 3: Rate and equilibrium parameters of M IAGU-NH:ribose binary complex formation.

Parameter’ Value + standard error
Kq 1.7+ 0.4 mM"

k» 52(£05)x 107 s

ks 1.40 (£ 0.08)x 107 s
Kpoveran) 22+0.1 mM°

K, 3.7+0.4¢

“ All parameters are derived from the kinetics of ribose binding to M{IAGU-NH.
» Fitting observed association rate constants to Eq. 5.

“ Calculated by Eq. 10.

¢ Obtained from Eq. 8.

Analysis of the proposed model for ribose binding to MIAGU-NH (Fig. 5) allows evaluation
of the overall dissociation constant (Kpverany) for the MIAGU-NH:ribose binary complex formation,
which provides information on possible additional steps in the binding sequence. A value of Kp(verany =
2.2 mM was obtained using Eq. 10. Fluorescence spectroscopy measurements could not be carried out
for the products hypoxanthine or uracil due to the fact that, different from ribose, they absorb in the

wavelengths used to assess MIAGU-NH fluorescence, resulting in inner-filter effects that precluded
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reliable data collection. It is tempting to suggest that the E*SE equilibrium prior to ribose binding
may be reporting on the different oligomeric states of M{IAGU-NH demonstrated by the
glutaraldehyde cross-linking results (Fig. 2B). However, whether or not the pre-existing equilibrium
process of different oligomeric forms of MIAGU-NH in solution can be ascribed to an equilibrium
between less active or more active of enzymes needs more experimental evidence. The amplitude of
the spectroscopic signals of the monophasic quench in protein fluorescence plotted against ribose
concentrations showed a hyperbolic increase (Fig. 4 — Inset(B)). Fitting the amplitude data to a
hyperbolic equation yielded a value for the dissociation constant of 10 + 2 mM. As this value is
somewhat larger than Kp(overany (2.2 mM), additional step(s) that was(were) not taken into account in
the simple model given in Fig. 5A may have to be considered. However, it appears not to be warranted
to put forward any more complex model based on the experimental results presented. Accordingly,
further approaches will have to be pursued to ascertain whether or not there is(are) additional step(s) to

be included in the minimal model given in Fig. 5A.

Intracellular concentrations in MTB

The intracellular concentrations of inosine, uridine, hypoxanthine, and uracil in MTB bacilli
were determined by HPLC prior to determining equilibrium constants for MIAGU-NH. According to
the standard curves, retention times for inosine, uridine, hypoxanthine, and uracil were 42.90, 33.40,
24.52, and 13.18 min, respectively (data not shown). The intracellular concentrations of inosine,
hypoxanthine, uridine and uracil are given in Table 4. It should be pointed out that we have assumed
that each cell volume could be represented by a cylinder (V=nr’h, in which "r" represents the radius
and "h" the length). These values were considered to be in the range 0.3-0.6 um for diameter and 1-4
um for length [1]. The lowest values were employed to estimate the maximum concentrations and the

largest ones to estimate the minimum concentrations (Table 4).

Table 4: Intracellular concentrations of substrates and products of the MIAGU-NH-catalysed reaction

in MTB bacilli.

Minimum Concentration Maximum Concentration
(mM) (mM)
Substrates Inosine 17.8+0.3 285+£5
Uridine 196 + 39 3134+ 618
Products Hypoxanthine 27.5+0.5 440 + 8
Uracil 19.6 £ 0.1 313+£2

All measurements were performed in triplicate.
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Determination of MtIAGU-NH equilibrium constants

The ratio of [hypoxanthine]/[inosine] or [uracil]/[uridine] was fixed at 1, and the ratio of
[ribose]/[water] was varied from 1.8 x 107 to 1.2 x 10 for the reaction with the purine or 1.8 x 10” to
6 x 107 for the reaction with the pyrimidine to determine MAAGU-NH equilibrium constants.
Hydrolytic reactions are regarded as experimentally irreversible because of the rather large
concentration of water in comparison to other reactants. Plotting the M IAGU-NH enzyme activity as
a function of [ribose]/[water] ratio gives a straight line (Fig. 6), in which the point at which this line
crosses the abscissa (no enzyme activity) gives an estimate for the equilibrium constant. This analysis
yielded values of 0.0076 for K., of inosine (Fig.6A) and 0.0037 for K.q of uridine (Fig. 6B). The
standard free energy (AG°) can thus be calculated by Eq. 11.This analysis gives values at 30 °C
(303.15 K) for AG® of 12.3 kJ mol™ (2.94 kcal mol™) for inosine and 14.1 kJ mol™ (3.37 kcal mol™)
for uridine, which suggests that both reactions are not spontaneous. If we take into account the
intracellular concentrations of inosine and uridine substrates and the reaction products (hypoxanthine
and uracil) found in the HPLC quantification in MTB bacilli, we can employ Eq. 12 to obtain
estimates for free energy of the reaction (AG). The intracellular concentration of uridine is
approximately 10-fold larger than the concentration of uracil (Table 4). The concentration of inosine is
slightly lower than the concentration of hypoxanthine (Table 4). We have been unable to both
determine the MTB intracellular concentration of a-ribose and find a value for its concentration in the
literature we searched. Notwithstanding, a minimum intracellular concentration for a-ribose needed to
make the process favorable (AG < 0) can be estimated. The intracellular concentration of o-ribose
should be smaller than approximately 270 mM for inosine hydrolysis and than 2 M for uridine
hydrolysis. Accordingly, it appears to be reasonable to conclude that these processes are likely
favorable in the intracellular milieu of MTB bacilli. There are, however, other MTB enzymes that
catalyze reactions that could provide free bases and nucleosides. For instance, purine nucleoside
phosphorylase (PNP) is involved in the metabolism of both purine and pyrimidine [63]. PNP catalyzes
the reversible phosphorolysis of the N-glycosidic bond of a-purine (deoxy)ribonucleosides to generate
3-(deoxy)ribose 1-phosphate and the corresponding purine bases [64,65]. The PNP from MTB has
been shown to be more specific to natural 6-oxopurine nucleosides and synthetic compounds, and does

not catalyze the phosphorolysis of adenosine [66].

Activation energy

We assessed the activation energy for the enzyme-catalyzed chemical reaction by measuring
the dependence of k., on temperature for four substrates (Fig. 7). The activation energies of MIAGU-
NH reactions were calculated by determining the slope (-E,/R) of the Arrhenius plots. The

thermodynamic activation parameters evaluated using Eqgs. 13-17 are given in Table 5.
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Table 5: Thermodynamic activation parameters for the M IAGU-NH-catalyzed chemical reaction at

30 °C (303.15 K).

Parameter Inosine Adenosine Guanosine Uridine
E, (kJ mol™) 32+2 70+ 4 46.8 £0.7 31+2
AH" (kJ mol™) 29+ 1 67.1+3.7 443 +0.7 285+ 1.7
AG” (kJ mol™) 59.9+0.1 59.9+0.1 59.9+0.1 59.9+0.2
AS* (J mol™) -102+5 24 & 45 5242 -104 + 10

The E, values for inosine, adenosine, guanosine and uridine (Table 5) represent the minimum
amount of energy necessary to initiate the MAAGU-NH-catalyzed chemical reaction. It should,
however, be pointed out that larger concentrations of uridine could not be employed in the enzyme
assay due to its large Ky value (25 mM) and limited solubility in aqueous solutions. The E, values for
adenosine and guanosine are somewhat larger than for inosine and uridine (Table 5), suggesting lower
activation energy for the former substrates. The values of free activation energy (AG") represent the
energy barrier required for reactions to occur. The AG” values can also be regarded as the variation of
the Gibbs energy between the activated enzyme:substrate(s) activated complex and
enzyme:substrate(s) in the ground state. No differences in AG” values were observed for the substrates
studied here, suggesting a similar overall free activation energy for hydrolysis of inosine, adenosine,
guanosine and uridine substrates.

The facility of the activated enzyme:substrate(s) complex formation depends on whether the
degree of order is lower (AS” > 0) or higher (AS” < 0) than the enzyme:substrate(s) in the ground state
[67]. The activation entropy AS" values were found to be negative for inosine, guanosine, and uridine;
whereas it was positive for adenosine (Table 5). The larger positive value for AH" (unfavorable
process) was found for adenosine, which appears to be compensated for by the positive AS* value
(Table 5). Interestingly, as the values of AG” for the four nucleosides tested are equal, there appears to
be enthalpy-entropy compensation, resulting in temperature-independent AG" values, which has

commonly been found in protein:ligand interactions [68].

PpH-rate profile

The pH dependence of kinetic parameters for inosine was carried out to probe acid/base
chemistry in MIAGU-NH mode of action. MIAGU-NH was stable over the pH range used in the pH-
rate profiles (data not shown). Although we have tried to measure enzyme activity in a broader pH
range (4.5 to 10), reliable data could only be obtained for pH values ranging from 5.5 to 9.5. All
saturation curves in the latter pH range were sigmoidal. The pH dependence of k., is concerned with
the chemical step and its value follows the pK, of groups that play critical roles in catalysis. The pH-
rate data of kg, for inosine hydrolysis showed a profile of a curve with slope of 1 that goes to a slope

of zero as a function of increasing pH values (Fig. 8). Fitting the pH-rate data to Eq. 17 yielded a value
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of 5.7 (+ 0.4) for pK,. However, as no reliable data could be collected below pH 5.5, only a rough
estimate of the apparent pK, value on the acidic limb could be obtained. Notwithstanding, the pH-rate
data suggest that protonation of a group with pK, value of approximately 5.7 prevents catalysis. In
addition, since inosine has no ionizable groups over this pH range, this pK, value represents an
ionizable group on the enzyme that is involved in catalysis.

It has been suggested that a histidine residue (His241) is essential for activity of inosine-
uridine-preferring nucleoside hydrolase (IU-NH) from C. fasciculata [18]. The His241Ala mutation
caused a 2100-fold loss in k¢ for inosine and this residue was proposed to act as a proton donor for
leaving group activation in C. fasciculata TU-NH catalysis [18]. The values for Kjs (substrate
concentration in which v=0.5 V,) and n (Hill coefficient) showed no obvious trends in pH-
dependence plots of M IAGU-NH enzyme activity (data not shown). These results are in agreement
with the role of His241 of C. fasciculata IU-NH as being only in catalysis and not substrate binding
[18]. In addition, sequence alignment shows that the His241 of C. fasciculata ITU-NH is conserved in
both L. major ITU-NH and M{IAGU-NH (Fig. 9). On the other hand, it has been proposed for the
inosine-adenosine-guanosine-preferring nucleoside hydrolase (IAG-NH) from 7. vivax that AsplO0 is
the general base in the reaction mechanism that abstracts a proton from a nucleophilic water molecule
[27]. Moreover, the data for C. fasciculata IU-NH showed a bell-shaped pH profile (range: 5.6 — 10.5)
for inosine, describing two essential groups necessary for catalysis, during which the enzyme requires
one group to be deprotonated (pK 7.1) and one group to be protonated (pK 9.1) [25]. Accordingly,
site-directed mutagenesis should be carried out to ascertain whether the His241 plays any role in
MHIAGU-NH catalysis, and the possibility that groups with larger pK, values may play any role in

either catalysis or substrate binding.

Homology modeling

A structural model for the 308-amino-acid polypeptide chain of M IAGU-NH was built to try
to provide support for the probable involvement of amino acid residues in the enzyme’s mode of
action. Alignment was performed to evaluate protein similarities, identify enzyme signature and search
for appropriate templates using the PROSITE web server [69]. Sequence alignment data (Fig. 9)
suggested that C. fasciculata 1TU-NH (PDB ID: 2MAS) [70] is an appropriate template for molecular
modeling studies.

The topology of MIAGU-NH is similar to C. fasciculata ITU-NH [26]. MIAGU-NH has 12 a-
helices (al (Ile12-Ala23), a2 (Val41-Cys55), a3 (Lys79-His81), a4 (Alal03-Serl13), a5 (Thr127-
Argl34), a6 (Alal38-Leuld2), a7 (Trpl61-Argl64), a8 (Glul68-Thrl75), a9 (Leul89-Argl93),
al0 (Pro199-Ser207), all (Arg216-Ala231), al2 (Asp242-Met250), and al3 (Pro290-Phe304), in
addition to nine B-strands (1 (Asp26-Thr35), B2 (Pro61-Gly65), B3 (Gly120-Val122), 34 (Leul46-
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Gly150), B5 (GIn182-Vall86), 6 (Leu254-Arg258), f7 (Thr261-Asp265), B8 (Ala269-Asp273) and
P9 (Arg283-Asp289). MHIAGU-NH subunit is folded into a single-domain globular structure that can
be divided into three regions (see Graphical Abstract) as has been suggested for C. fasciculata IU-NH
[26]. The first consists of an o, core comprising segments f1-p6, al-a6, 7 and a10. The second is
a lobe consisting of the four a helices (07-09 and all) that appears to have a purely structural
function, shielding the hydrophobic residues of the core domain from the solvent. The third region
consists of two short segments of f structure, strands 8 and B9, and forms the subunit-subunit

interface [26].
Molecular docking experiments

To compare differences in the binding of substrates to M{IAGU-NH, the patterns of hydrogen
bonds, and electrostatic and hydrophobic interactions were studied. Table 6 gives a summary of
interactions for binary complexes formed between MIAGU-NH and adenosine, guanosine, inosine

and uridine.

Table 6: Intermolecular contacts for MIAGU-NH:nucleoside binary complexes.

Dockings Hydrogen bonds Ellteec::gtsit()a;isc Hydrophobic interactions

Adenosine  Glul60 ARID G Tl Auni2, Tye225, Hiddl, Acp2a2
Inosine ﬁzﬁg’zGln” . %}‘ﬁg? His77, Phe80, His81, Met149, Leul89

Uridine Glul160, Tyr225 Aspl3, Asn38, His77, Phe80, His81, Met149,

GIn156, Asnl162, His229, His241

Most of the hydrogen bonds and electrostatic interactions for M:IAGU-NH:nucleoside binary
complexes involve the ribose moiety of substrates, which is more buried into the enzyme’s active site
than the base moiety (Fig. 10). A similar binding pattern was observed when comparing the amino
acid residues involved in the ribose binding mode in MIAGU-NH (Asp13, Asn38, Glul160, Asnl62)
with nucleoside hydrolases of different organisms. This suggests that molecular dockings experiments
reproduced the correct binding mode of the ribose moiety of nucleosides. The analysis of base portion
for each substrate molecule revealed some differences. Contrary to the ribose portion, adenine makes
no hydrogen bonds contacts with MfIAGU-NH amino acids (>3.5 A). On the other hand, hydrophobic
contacts could be observed for adenine (Phe80, Trp161, Tyr225). Guanine makes one hydrogen bond
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(Asp13). Hypoxanthine makes two hydrogen bonds with GIn156 and Asnl62. Uracil makes two
hydrogen bonds with Glu160 and Tyr225 (Fig. 10).

Conclusion

The complete genome sequencing of MTB H37Rv strain has accelerated the study and
validation of molecular targets aimed at the rational design of anti-TB drugs [9]. Target-based rational
design of new agents with anti-TB activity includes a thorough analysis of functional and structural
components of MTB enzymes. Enzyme inhibitors make up roughly 25% of the drugs marketed in
United States [71]. Enzymes catalyze multistep chemical reactions to achieve rate accelerations by
stabilization of transition state structure(s) [72]. Accordingly, mechanistic analysis should always be a
top priority for enzyme-targeted drug programs aiming at the rational design of potent enzyme
inhibitors. Moreover, the recognition of the limitations of high-throughput screening approaches in the
discovery of candidate drugs has rekindled interest in rational design methods [73]. However, the first
step to validate enzyme targets must include experimental data demonstrating that the gene predicted
by in silico analysis to encode a particular protein catalyzes the proposed chemical reaction.

Understanding the mode of action of MAIAGU-NH will inform us on how to better design
inhibitors targeting this enzyme. In addition, understanding the mode of action of an enzyme can be
used to inform functional annotation of newly determined sequences and structures, to select
appropriate enzyme scaffolds for engineering new functions, and to refine definitions in the current
EC classifications [74]. Bacterial nucleoside hydrolases have been proposed to be attractive drug
targets because they are not present in humans, which rely on a different set of enzymatic reactions to
supply their nucleoside requirements. Accordingly, the results here presented may contribute to both
function-based drug design and functional genomic efforts. The results here presented may also help
chemical biologists to design function-based chemical compounds to carry out either loss-of-function
(inhibitors) or gain-of-function (activators) experiments to reveal the biological role of MAIAGU-NH

in the context of whole MTB cells [75].
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Figure legends

Figure 1: SDS-PAGE (12%) analysis for the three chromatographic steps of purification of
recombinant MIAGU-NH (~33 kDa) that yielded homogeneous protein, Lane 1 Molecular Weight
Protein Marker (Fermentas); lane 2, crude extract; lane 3, Q-Shepharose anion exchange column; lane

4, Superdex-200 size exclusion; lane 5, MonoQ High Resolution anion exchange column.

Figure 2: MIAGU-NH quaternary structure determination by glutaraldehyde cross-linking
experiments. Incubation times (numbers in black) are shown at the bottom of each lane. Lane numbers
are shown in white against a solid black background. M: Page Ruler Marker (Fermentas). (A) Apo
MHAGU-NH; (B) MtIAGU-NH incubated with ribose; (C) M IAGU-NH incubated with
hypoxanthine; (D) MtIAGU-NH incubated with adenine; (E) M IAGU-NH incubated with uracil; (F)
MIAGU-NH incubated with guanine. Formation of dimers, trimers and tetramers can be visualized in

(B, C, D, E, F) in addition to monomers that appear in (A).

Figure 3: Steady-state kinetic constants for M/IAGU-NH. (A) Varied inosine concentrations; (B)
varied adenosine concentrations; (C) varied guanosine concentrations; (D) varied uridine
concentration. M{IAGU-NH velocity measurements employed absorbance spectroscopy for inosine,
adenosine and guanosine; and ITC for uridine. The inset of Fig. 3D gives the heat flow as a function of
time (ucal s™) for the hydrolysis of uridine into uracil and ribose. The arrow indicates the time at

which the second injection took place (see experimental procedures).

Figure 4: Kinetics of Mt{IAGU-NH-ribose binary complex formation, showing the dependence of the
observed association rate constant on ribose concentration. Inset(A) shows a representative curve for
the monophasic quench in protein fluorescence upon ribose (7.4 mM) binding to M IAGU-NH (1

uM). Inset(B) shows the hyperbolic increase of the amplitude of fluorescence signals as a function of

ribose concentrations.

Figure 5: Two possible allosteric mechanisms. (A) The symmetry or concerted model, with two forms
of free enzyme at equilibrium in solution. (B) The sequential or induced-fit model, with only one form

of free enzyme and a slow isomerization of the enzyme-ligand binary complex.

Figure 6: Plot of specific activity against [ribose]/[water], for acquisition of the equilibrium constant
of the MtIAGU-NH reaction. (A) Enzyme activity measurements for [hypoxanthine]/[inosine]=1 at
varying [ribose]/[water] ratios; (B) Enzyme activity measurements for [uracil]/[uridine]=1 at varying

[ribose]/[water] ratios.
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Figure 7: Arrhenius plots for the four substrates (temperature dependence of log &.,(): inosine (A),

adenosine (@), uridine (©), and guanosine (A).

Figure 8: The pH dependence data of log k., for inosine hydrolysis were fitted to Eq. 17, yielding a
pK, value of 5.7.

Figure 9: Sequence alignment of nucleoside hydrolases from M. tuberculosis (Mtb), C. fasciculata
(Cfa), and L. major (Lma). The family signature is highlighted. Amino acids involved in the ribose
binding mode are indicated by black solid circles (¢). Amino acids involved in substrate recognition
are shaded. The conserved His residue that plays a role in nucleoside hydrolase catalysis is indicated
by a black solid cross (4). Overall identity between nucleoside hydrolases from M. tuberculosis and
C. fasciculata is 28.35%, (64.18% similarity), and from M. tuberculosis and L. major is 28.04%
(61.99% similarity).

Figure 10: Molecular model for MfIAGU-NH associated with nucleosides. (A) MAIAGU-
NH:adenosine; (B) MfIAGU-NH:uridine (C) M IAGU-NH:inosine; (D) M IAGU-NH:guanosine. The
a-helices are coloured in light green and 3-sheets in light blue. These secondary structures are
represented as ribbon diagrams. All ligands are colored by atom (carbon = yellow, nitrogen = blue,
oxygen = red and hydrogen = white) and represented as sticks. The residues that are making hydrogen
bonds or electrostatic interactions are illustrated as sticks and colored by atom (carbon = grey, nitrogen

= blue, oxygen = red and hydrogen = white). Calcium ion is shown as a green sphere. Image generated

with PyMol [52].
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Figure 4.
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Nocaute génico da sequéncia de DNA correspondente ao gene iunH de

Mycobacterium tuberculosis H37Rv

O nocaute génico, substituicdo génica ou troca alélica é uma técnica de
mutagénese direcionada que explora os mecanismos naturais de recombinagao
homologa de um organismo. Tal metodologia permite a substituicdo especifica de
uma determinada sequéncia gendmica por uma copia contendo mutagdes definidas,
obtida por recombinagdo homologa. A construgao e caracterizagdo de mutantes séo
essenciais a analise biolégica de qualquer organismo, permitindo que a fungdo e
regulagcédo de genes especificos sejam determinadas e melhor compreendidas (66).

A estratégia de mutagénese sitio-dirigida por substituicdo génica € uma
técnica genética fundamental a avaliagdo n&o apenas da fungdo de um gene, mas
também de sua relevancia a patogénese e viruléncia do microrganismo. Além disso,
linhagens mutantes podem ser utilizadas na elucidagdo do modo de agao de
farmacos e na validagcédo de alvos moleculares cujo estudo visa o desenvolvimento
de futuros farmacos antibacterianos. E, como certos mutantes de bactérias
patogénicas exibem um fendtipo atenuado, os mesmos podem ser usados no
desenvolvimento de novas vacinas (67).

As estratégias de substituicdo génica, em geral, envolvem trés passos: 1)
clonagem de um gene ou regido gendmica em um vetor apropriado e geragédo de
uma mutacgédo; 2) transferéncia de DNA mutante a bactéria hospedeira; e 3) selegcao
de mutantes. A recombinagdo entre as sequéncias homologas presentes no
cromossomo da micobactéria e no vetor de transferéncia leva a insergdo do DNA
transformante no genoma. Desta forma, a recombinagdo homodloga € utilizada para a
insercdo de uma sequéncia vetorial em um local apropriado do cromossomo através
de um evento de crossover simples (SCO). Um evento de crossover duplo (DCO)
pode tanto restaurar a estrutura original do cromossomo como resultar na delegao
do gene esperado. Caso o gene-alvo seja essencial ao organismo, o unico crossover
possivel de acontecer sera aquele que preserva o gene, sem deleta-lo (67).

O uso de um sistema como este, além da eficiéncia e confianca da técnica,
facilita a geracéo rapida de novas cepas mutantes. A recombinagdo homdloga em
M. tuberculosis ocorre em frequéncia baixa, o que dificulta a obtencdo de mutantes
definidos nessa micobactéria (68). Portanto, o sucesso no isolamento de mutantes
em M. tuberculosis € dependente da habilidade de técnicas genéticas e protocolos
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utilizados para compensar para a baixa eficiéncia de transformacao e possibilitar a
deteccéo eficiente ou selecdo de mutantes de troca alélica entre a populagéo total
de transformantes (69). O pPR27xylE consiste em um vetor replicativo e integrativo
que, devido as suas propriedades seletivas, evita os problemas decorrentes da baixa
eficiéncia de transformacao, é eficientemente perdido em determinadas condicdes e
permite a eliminagao de clones que ainda contenham o vetor, possibilitando assim a
deteccdo de eventos genéticos muito raros (70). Um sistema com estas
caracteristicas foi desenvolvido, utilizando as propriedades seletivas do gene sacB,
do gene xylE e da origem de replicagdo micobacteriana termossensivel, permitindo a
selecao de mutantes de insercao positivos (70). O protocolo utilizado esta descrito
detalhadamente abaixo.

O fragmento de DNA, incluindo o gene iunH (927 pb) e as regides
flanqueadoras upstream (498 pb) e downstream (357 pb) ao gene (tamanho total de
1.782 pb) (Figura 9), foi amplificado a partir do DNA genémico de M. tuberculosis
H37Rv utilizando dois oligonucleotideos iniciadores (5'-
TTTTTCTAGAGCAGCAGGCGATGCGCCAGG-3’ e 5’-
TTTTTCTAGAGACCCGTCGCCGGCGGTGC-3') complementares as porgdes 5’ e 3’
das regides flanqueadoras do gene iunH, contendo sitios para a enzima de restricao
Xbal (New England Biolabs) (sublinhados).

Figura 9. Construgdo da sequéncia mutante do gene iunH

498 pb 927 pb 357 pb
l A 11 . 10 . 1
Xbal Upstream iunH iunH Dowstream Xbal
Xcml

Nota: Fragmento amplificado a partir do DNA gendmico de M. tuberculosis H37Rv,
mostrando o sitio para a enzima de restricdo Xcml que existe naturalmente na sequéncia do
gene junH (tipo selvagem). Em verde estdo representadas as regides que flanqueiam o
gene iunH que foram incluidas na construcao.

Este fragmento de DNA foi clonado no vetor pUC19 (Invitrogen) utilizando o
sitio de restricao Xbal. O vetor pUC19 é um vetor com alta taxa de replicacéo e
possui um gene lacZ, codificante para a enzima f-galactosidase, responsavel por

catalisar a clivagem da galactose e que pode ser induzido por isopropil B-D-
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tiogalactopiranosideo (IPTG). Quando ndo ha a inser¢do do fragmento de DNA de
interesse, o gene lacZ é transcrito normalmente. O reagente 5-bromo-4-cloro-3-
indolil-p-D-galactosideo (X-Gal), um analogo da galactose, é utilizado como
substrato no meio de cultura e, depois de metabolizado, torna as coldnias azuis. As
bactérias contendo o plasmideo com o inserto de interesse n&o transcrevem o gene
lacZ e ndo metabolizam o X-Gal, gerando coldnias brancas facilmente distintas das
células n&o recombinantes.

A seguir, os plasmideos recombinantes foram transformados em células de E.
coli DH10B eletrocompetentes com selecdo em meio de cultura Luria-Bertani (LB)
solido, contendo ampicilina 50 ug mL™" (antibiético de resisténcia do vetor), X-Gal 80
ug mL" e 0,5 mM de IPTG com posterior propagacéo em meio LB liquido contendo
o mesmo antibiético. O isolamento do DNA plasmidial das células transformadas foi
realizado utilizando-se kit de purificagdo (Qiaprep Spin Miniprep, Qiagen). O
sequenciamento automatico de DNA confirmou a identidade e integridade do gene
iunH e das regides flanqueadoras, mostrando que nenhuma mutagdo ocorreu na
etapa de amplificagéo.

Subsequentemente, o cassete contendo o gene que confere resisténcia a
canamicina (kan®) (1252 pb, extraido do vetor pUC4K com a enzima de restrigio
Hincll) foi inserido no vetor pUC19::iunH utilizando o sitio de restricdo Xcml (New
England Biolabs), o qual esta presente naturalmente na sequéncia do gene iunH
(Figura 10).

Figura 10. Construgdo da sequéncia do gene iunH mutante contendo o cassete
resistente a canamicina

Xbal Upstream iunH Kan®R1,2kb iunH Dowstream Xbal

| |

Xcml Xcml

Nota: O cassete contendo o gene que confere resisténcia a canamicina foi inserido no gene
iunH utilizando o sitio Xcml que existe naturalmente na sequéncia do gene (tipo selvagem).
Em amarelo estdo representadas as regides que flanqueiam o gene junH que foram
incluidas na construcéo.

O fragmento foi isolado e clonado no vetor pPR27xylE utilizando o sitio de
restricdo Xbal. O vetor pPR27xylE possui algumas caracteristicas que facilitam a
selecdo de mutantes por inser¢cdo em M. tuberculosis, como 1) origem de replicagéo
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micobacteriana termossensivel: a 32 °C o vetor replica e a 39 °C ele nao replica,
facilitando o evento de recombinagdo homodloga; 2) presenga do gene sacB: a
expressdo do gene € letal na presenga de sacarose; 3) presenga do gene xylE: a
expressao do gene pode ser verificada com catecol, quando colénias amarelas sao
obtidas (70).

A construgdao pPR27xylE iunH::kan foi transformada por eletroporagédo em M.
tuberculosis H37Rv. As células foram recuperadas em 5 mL do meio de cultura
Middlebrook 7H9 Tween 80 0,05%, OADC 10% (acido oleico, albumina, dextrose e
catalase), canamicina 25 mg mL™ por 48 horas a 32 °C, foram semeadas em meio
de cultura Middlebrook 7H10 OADC 10%, canamicina 25 mg mL™" e incubadas a 32
°C. Apo6s aproximadamente um més de cultivo, colénias amarelas foram verificadas

apo6s a adicao de 1% de catecol nas colbnias (Figura 11).

Figura 11. Visualizag&o das col6nias amarelas de M. tuberculosis H37Rv
transformadas com pPR27xy/E iunH::kan

.‘:‘“A
Nota: Colénias cultivadas a 39 °C, sdo kan" e XylE". O catecol foi adicionado em apenas

algumas colbnias para evitar a contaminacéo.

Trés coldnias amarelas (kan® e XyIE") foram inoculadas, separadamente, em
5 mL do meio de cultura Middlebrook 7H9 Tween 80 0,05%, OADC 10%, canamicina
25 mg mL™ a 32 °C e incubadas por aproximadamente um més. A sequir, as culturas
foram diluidas (0, 107", 102, 10° e 10™) utilizando meio de cultura e 200 uL de cada
diluicdo foi semeado em Middlebrook 7H10 OADC 10% contendo canamicina 25 mg
mL™ e sacarose 2%. As placas foram incubadas a 39 °C durante aproximadamente
um més e, entdo, as coldnias foram selecionadas apds a adigcao de 1% de catecol.

Todas as coldnias grandes apresentaram coloragdo branca (sac”, kan® e xylE)
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(Figura 12), sugerindo que a troca alélica ocorreu. Nove colénias 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 genémico das cepas foi extraido.

Figura 12. Visualizag&o das colbnias brancas de M. tuberculosis H37Rv como
provaveis mutantes para o gene iunH

Nota: Coldnias cultivadas a 32 °C, sdo sac”, kan® e xylE". Os trés clones apresentaram
100% de colbnias grandes brancas quando testadas com catecol, sugerindo que o gene
iunH nao é essencial para o crescimento de M. tuberculosis nestas condigdes testadas.

Para verificar a obtengcao de mutantes, ou seja, eventos de DCO, dois
oligonucleotideos iniciadores  (5’-TTCAGGAAACGAGCGAAGGT-3* e 5'-

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

pPR27xylE foram utilizados na reagdo em cadeia da polimerase (PCR). A Figura 13
ilustra os trés diferentes eventos que podem ter ocorrido (69): i) DCO: um fragmento
de 3.254 pb seria obtido devido a presenga do cassete contendo o gene que confere
resisténcia a canamicina interrompendo o gene iunH; ii) SCO: nenhum fragmento
seria observado, uma vez que o fragmento a ser amplificado seria muito grande
(aproximadamente 15.000 pb) devido a insergdo do corpo do vetor pPR27xylE no
DNA genbmico juntamente com a coépia do gene iunH interrompida e a copia
selvagem; iii) recombinacao ilegitima: um fragmento do tamanho de 2.002 pb seria
observado, que é o tamanho referente a copia selvagem do gene iunH e das regides
flanqueadoras, uma vez que a recombinagdo do pPR27xylE iunH::kan ocorreria de
forma ndo homdloga entre qualquer parte do plasmideo e do cromossomo, sendo

inserido em qualquer regido.
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Figura 13. Possiveis eventos ocorridos apos a obtengao de cepas de M.
tuberculosis H37Rv mutantes

Kan
Inactivated copy
of the target
gene

genomic DNA
—{

target gene

vector

Electrotransformation
k (selection of Kan® transformants) J

|

i) Single homologous recombination event (SCO) Phenotype: (KanF, Suc®)

—_— Kan
inactivated gene sacB wild type gene
ii) lllegitimate recombination Phenotype: (KanF, Suc®)
— Kan 4|I>- -----m—
inactivated gene sacB wild type gene

iii) Allelic exchange (DCO) Phenotype: (Kan®, Sucf)

—_— Kan

Fonte: Adaptado de Jackson et al, 2001.

Nove clones foram analisados e conforme mostrado na Figura 14, seis dos
clones possuiam o gene iunH interrompido pelo cassete de canamicina (DCO) e a
auséncia da coépia selvagem do gene (clones 4, 5, 6, 7, 8 e 9). Diante deste
contexto, o gene iunH n&o é essencial para o crescimento de M. tuberculosis H37Ryv,

nas condi¢des empregadas no experimento.
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Figura 14. Eletroforese em gel de agarose dos produtos de PCR para verificagdo da
obtencgao de cepas de M. tuberculosis H37Rv mutantes para o gene iunH
bp M 1 2 3 4 5 6 7 8 9 C

12000-
5000-
3254 bp

2000-
1650-

<—2002bp

1000-
850-
650-
500-
400-
300-

200-
100-

Nota: M: marcador de peso molecular; 1-9: PCR realizado com o DNA genbémico extraido
dos mutantes; C: controle, PCR realizado com o DNA gendmico de M. tuberculosis H37Rv
tipo selvagem.

Construcgao da cepa de M. tuberculosis H37Rv mutante para o gene iunH

complementada com uma cépia extra do gene iunH:

A cepa de M. tuberculosis H37Rv mutante para o gene iunH esta sendo
complementada com uma cépia extra do gene iunH, 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 junH foi complementada com o vetor pNIP40 contendo uma cépia extra
do gene iunH de Mycobacterium smegmatis (Msmeg_1621, gene ortdlogo ao gene
iunH de M. tuberculosis). Dois pares de oligonucleotideos iniciadores (5'-
TTTTTCTAGACGAGCCCCGGCCTGCATCGA-3 e 5-
TTTTTCTAGACGGCGCGCGCGCAGGTGCT -3°) contendo sitios para a enzima de
restricdo Xbal (sublinhados) foram utilizados para amplificar o gene iunH de M.
smegmatis (tamanho total de 1.348 pb). Este fragmento de DNA foi clonado no vetor
pNIP40 utilizando o sitio de restricdo Xbal (pNIP40::Ms_iunH) e seguindo os
mesmos passos de selecdo de culturas e isolamento descritos acima, porém com o
antibiético de resisténcia especifico para este vetor. O sequenciamento automatico
de DNA confirmou a identidade e integridade do gene ijunH, mostrando que

nenhuma mutag¢ao ocorreu nas etapas de amplificacdo e clonagem.
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CONSIDERAGOES FINAIS

A TB é uma doenga infectocontagiosa causada principalmente pelo M.
tuberculosis. Apesar da disponibilidade do tratamento padrdo preconizado pela OMS
(DOTS) e da existéncia da vacina BCG, o que resultou na redug&o nos casos de TB
nas ultimas duas décadas, ela permanece entre as principais causas de morte por
doengas infecciosas mundialmente, especialmente na Asia e na Africa, com grande
incidéncia de novos casos a cada ano (4). Com o aumento no numero de individuos
infectados com o HIV, torna-se preocupante o numero de hospedeiros com a TB
ativa capazes de transmitir a doenga (20). Além disso, a emergéncia de linhagens de
M. tuberculosis MDR e XDR evidencia a urgente necessidade de desenvolvimento
de novas estratégias terapéuticas para controlar a TB no mundo.

O desenvolvimento de novos farmacos mais eficazes, menos toxicos, com
menor duragao de tratamento e que sirvam para tratar todas as formas de TB, bem
como a vacinagdo em massa com vacinas mais efetivas que a BCG séo
fundamentais para diminuir a incidéncia global da TB (4). Neste contexto, as
enzimas envolvidas no metabolismo de purinas e pirimidinas tornam-se alvos
moleculares interessantes para compostos inibidores, uma vez que s&o
responsaveis pela biossintese dos precursores do DNA e RNA e, portanto,
essenciais a progressao da TB. Do mesmo modo, a reutilizagdo de bases purinicas
e pirimidicas pela via de salvamento é preferencialmente utilizada porque demanda
menos energia. Assim, o estudo das enzimas da via de salvamento de purinas e
pirimidinas, a fim de determinar a sua importdncia no metabolismo do bacilo
causador da TB, parece ser de grande importancia para o descobrimento de novos
alvos potenciais para novos farmacos. Além disso, a investigagdo do papel dos
produtos dos genes envolvidos nestas vias durante o crescimento in vitro e in vivo
do M. tuberculosis H37Rv podem fornecer informag¢des fundamentais possibilitando
a atenuacgao desta cepa como futura candidata a nova vacina contra a TB.

Os resultados obtidos neste trabalho incluiram a amplificagdo do gene iunH, a
expressao da proteina recombinante na cepa de E. coli C41(DE3) e a purificagdo da
MHAGU-NH funcional a partir de um protocolo de trés etapas cromatograficas. A
determinacdo da massa molecular intacta e o0 sequenciamento peptidico
confirmaram a identidade da proteina recombinante. Além disso, foi possivel

identificar a presenga de um ion calcio por subunidade da enzima, indicando que a
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MHAGU-NH é uma metaloenzima, assim como as outras NHs ja estudadas, onde o
ion de calcio é responsavel pela estabilizagdo da ligagdo da enzima a porc¢éo ribose
do substrato (1).

A cromatografia de exclusdo por tamanho sugere que a MHIAGU-NH nao
complexada a ligantes (forma apo) € monomérica em solugdo, enquanto que os
resultados obtidos por meio da técnica de reagéo cruzada, utilizando glutaraldeido,
indicaram que a enzima pode apresentar estados oligoméricos variados dependendo
da associagao dos seus ligantes.

Os resultados cinéticos em estado estacionario indicaram que a proteina
recombinante possui uma ampla especificidade pelo substrato, aceitando a inosina,
adenosina, guanosina e uridina. A inosina e adenosina apresentam cinética de
cooperatividade homotrépica positiva, sendo um indicativo de alosteria, diferente das
NHs produzidas de protozoarios, cujas curvas de saturagdo para os substratos
purinicos e pirimidicos apresentam perfil hiperbolico. Por outro lado, a guanosina e a
uridina apresentaram curvas de saturacdo hiperbdlicas, e a técnica de ITC foi
utilizada para determinar as constantes cinéticas para a uridina, devido a saturacao
ndo ter sido atingida utilizando o ensaio espectrofotométrico. Isto se deve ao fato de
o valor de Ky para a uridina ser muito alto e maior que os valores encontrados para
a inosina, adenosina e guanosina. Entretanto, o valor de atividade maxima para a
uridina (Vmax) também foi maior do que os valores encontrados para os outros
substratos testados. As constantes de segunda ordem encontradas para a uridina e
guanosina mostram que as constantes de especificidade para estes substratos séo
similares. Infelizmente, esta constante ndo péde ser estimada para a inosina e
adenosina, porque ambos o0s substratos apresentaram curvas de saturacao
sigmoidais.

As medidas cinéticas da ligagao da ribose a MtIAGU-NH por espectroscopia
fluorimétrica sugerem a existéncia de duas formas da enzima em equilibrio, E e E*,
com a ribose ligando-se efetivamente em E e pouco em E*. Neste mecanismo,
acredita-se que a isomerizagdo € mais lenta comparada as etapas de ligacdo da
MHAGU-NH a ribose. Acredita-se que o equilibrio E*SE formado pela ligagdo da
ribose a enzima € devido a existéncia de estados oligoméricos da M{HAGU-NH
diferentes, como pbde ser observado nos resultados do experimento de reagao
cruzada utilizando glutaraldeido.
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As concentragdes intracelulares de inosina, uridina, hipoxantina e uracil, no
bacilo M. tuberculosis, foram determinadas por HPLC para que as constantes de
equilibrio para os substratos inosina e uridina pudessem ser determinadas e,
consequentemente, os parametros termodindmicos estimados. As constantes de
equilibrio (Keq) foram determinadas e a energia livre padrdo (AG°) pOde ser
calculada, sugerindo que ambas as reagdes ndo sao espontaneas. Por outro lado,
levando-se em conta as concentragdes intracelulares de inosina, uridina, hipoxantina
e uracil obtidas por HPLC, foi possivel inferir a concentracdo minima de ribose
necessaria para que o processo seja favoravel (AG<0). Para tal, a concentragao
intracelular de a-ribose deve ser menor que 0,3 M para a reacdo com inosina e 2 M
para a reagcdo com uridina. Dessa forma, acredita-se que estes processos sejam
favoraveis no meio intracelular do bacilo. Entretanto, existem outras proteinas de M.
tuberculosis que catalisam as reagbes que podem produzir as bases livres
hipoxantina e uracil, como a purina nucleosideo fosforilase (PNP), que esta
envolvida no metabolismo tanto de purinas como de pirimidinas podendo, de certo
modo, justificar a baixa espontaneidade das reag¢des catalisadas pela M{HAGU-NH
(72).

Os parametros termodinamicos de ativacdo (E., AG*, AS*, AH") para as
reagdes quimicas catalisadas pela MHIAGU-NH foram determinados por meio do
ensaio de energia de ativagdo com os substratos inosina, adenosina, guanosina e
uridina. Verificou-se que a energia necessaria para que o inicio da reagado ocorra
para a inosina e uridina € menor comparado a adenosina e guanosina. Nao houve
diferenca nos valores obtidos para AG” (energia livre de ativacdo), sugerindo que
nao ha diferenga de espontaneidade para que as quatro reagdes diferentes ocorram.
Com isso, ha uma compensacéo entalpia-entropia, resultando em valores de AG*
que independem da variagao da temperatura, comumente encontrado em interacoes
proteina:ligante (73).

O ensaio de perfil de pH indicou que a protonagdo de um grupo com o valor de
pKa de aproximadamente 5,7 afeta a catalise e, como a inosina ndo possui grupos
ionizaveis nesta faixa de pH, este valor de pK, representa um grupo ionizavel da
enzima, o qual esta envolvido na catalise. O alinhamento da sequéncia de
aminoacidos da NH de M. tuberculosis com enzimas homologas de C. fasciculata e
L. major, cujas estruturas terciaria e quaternaria estdo depositadas no PDB, mostrou
que os residuos envolvidos na catalise estdo conservados entre as NHs. Assim,
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analisando os resultados obtidos com o experimento de perfil de pH e os dados do
alinhamento de sequéncias, ha evidéncias de que o aminoacido His241 da MHAGU-
NH esteja envolvido na catalise. Este residuo esta conservado entre as NHs e
parece ser essencial durante a catalise, uma vez que a substituicdo da histidina por
alanina (His241Ala) resultou em grande perda da atividade enzimatica da NH de C.
fasciculata (52).

Experimentos de modelagem e docagem molecular foram realizados a fim de
comparar as diferencas de ligagdo dos substratos inosina, adenosina, guanosina e
uridina a MHIAGU-NH e, os padrées de interacdo, como ligagdes de hidrogénio,
interagbes eletrostaticas e hidrofébicas foram estudados. De acordo com a
modelagem molecular, a cadeia lateral dos residuos Asp2, Asp9 e Asp14 sao
estabilizados pelo ion calcio presente na estrutura da enzima MIHAGU-NH. A
docagem molecular apresentou um padrdao de ligagdo similar para inosina,
adenosina e uridina ao comparar os residuos de aminoacidos envolvidos no modo
de ligacdo da porgdo da ribose a estrutura da MIAGU-NH com os de NHs de
diferentes organismos, sugerindo que os experimentos de docagem molecular
reproduziram o modo correto de ligagado da porcéo da ribose dos nucleosideos. De
acordo com a docagem molecular, a guanosina apresentou um padréo de ligagcéo
diferente, com a porgéo da base voltada para o interior do sitio. No entanto, analises
por dindmica molecular s&o necessarias para averiguar se o complexo obtido por
meio da docagem molecular € estavel.

Estes resultados possibilitaram a caracterizacdo da enzima NH de M.
tuberculosis codificada pelo gene iunH e a validagdo do seu papel bioquimico. Além
disso, os dados apresentados podem auxiliar no desenvolvimento de estratégias
profilaticas eficientes para reduzir a incidéncia global da TB. Os resultados obtidos
com os estudos bioquimicos da MtHAGU-NH, apresentados no Capitulo 2, foram
reunidos em um manuscrito que foi submetido a revista internacional Archives of
Biochemistry and Biophysics que possui um fator de impacto de 3,37.

Visando analisar a importancia da enzima MHIAGU-NH na rota de salvamento
de purinas e pirimidinas e no metabolismo do M. tuberculosis, o nocaute do gene
iunH em M. tuberculosis H37Rv foi realizado por meio de recombinacdo homdéloga,
onde pdéde-se verificar que o gene nao € essencial para o crescimento do M.
tuberculosis H37Rv nas condigbes empregadas no experimento que estdo descritas
no Capitulo 3. Os niveis da proteina MHIAGU-NH, produto do gene iunH, nas cepas
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mutantes contendo o gene iunH inativado, selvagem e complementada com uma
copia extra do gene JunH, serdo analisados utilizando duas estratégias
complementares baseadas em espectrometria de massa. Os peptideos proteotipicos
obtidos a partir de experimentos de LC-MS/MS com os extratos proteicos das cepas
selvagem, mutante e complementada de M. tuberculosis para o gene iunH seréo
analisados. Espera-se que a proteina MHIAGU-NH esteja presente somente nas
cepas selvagem e complementada e ausente na cepa mutante, validando assim a
delecdo do gene iunH. Como estratégia de validagdo complementar, seréo
realizados experimentos de protedmica comparativa entre essas trés cepas. Espera-
se que os resultados obtidos para a expresséo da proteina com o monitoramento de
peptideos proteotipicos, de maior sensibilidade, sejam confirmados pela analise
protedbmica global. Além disso, pretende-se, com a analise proteémica, avaliar se
ocorrem alteracdes inesperadas ou ainda nao caracterizadas no perfil protebmico
dessas trés cepas. Alteragdbes compartiihadas entre as cepas mutante e
complementada seriam resultantes dos processos de manipulagédo requeridos pela
técnica, ao passo que alteragdes exclusivamente encontradas na cepa mutante
estariam relacionadas a auséncia da MfIAGU-NH nesses organismos.

Além disto, a cepa mutante também sera validada funcionalmente,
confirmando que, de fato, n&o possui atividade de MHIAGU-NH. Para tal, o
nucleosideo purinico inosina deuterado na porc¢ao ribosidica sera utilizado, de forma
que o produto ribose resultante da hidrolise pela MtIAGU-NH seja deuterado, o que
possibilitara a sua deteccdo por espectrometria de massa. A auséncia de deteccao
de ribose deuterada na cepa mutante confirmara a auséncia de atividade MHAGU-
NH, validando o nocaute do gene.

Serdo realizadas curvas de crescimento para as cepas M. tuberculosis
mutante para o gene iunH, complementada e tipo selvagem, para avaliar se a
auséncia do gene junH afeta o crescimento de M. tuberculosis H37Rv.

A analise da expressédo da MHIAGU-NH em um modelo in vitro que mimetize a
laténcia também sera realizada, de modo que se verifique se a enzima pode estar
envolvida em condi¢cées de laténcia de M. tuberculosis. Além disso, os mutantes
serdo avaliados quanto a sua capacidade de infecgdo em macréfagos e em modelo

animal, a fim de verificar a sua capacidade de infecgéo e de viruléncia.
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Estes experimentos que investigardo a viruléncia do M. tuberculosis mutante
para o gene iunH fornecerao informag¢des fundamentais quanto a atenuagao desta
cepa e futuro uso como candidata a uma nova vacina contra a TB.

Os resultados aqui apresentados proporcionaram um maior entendimento
sobre o modo de acdo da enzima MIAGU-NH no metabolismo de nucleotideos do
M. tuberculosis H37Rv e permitiram propor que esta micobactéria depende de outras
enzimas alternativas para suprir as necessidades de hipoxantina, adenina, guanina e

uracil na auséncia da proteina em estudo.
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