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RESUMO

A Tuberculose (TB) ¢ uma doenca infecciosa causada principalmente por
Mycobacterium tuberculosis. O aumento de pacientes infectados entre a populagdo
imunocomprometida e a emergéncia de cepas resistentes a drogas criam uma necessidade de
novas estratégias para tartar a TB. Entender como funcionam as vias metabolicas relevantes,
como a via de salvamento de purinas, podera revelar detalhes do M. tuberculosis que poderao
ser uteis para o desenvolvimento de novas estratégias de combate a este patdgeno. A
hipoxantina-guanina fosforribosiltransferase (HGPRT) ¢ uma enzima da familia das purina
fosforribosiltransferases (PRTase) e catalisa a conversdo de hipoxantina ou guanina e 5-
fosforribosilpirofosfato-a-1-pirofosfato (PRPP) em inosina 5’-monofosfato (IMP) ou
guanosina 5’-monofosfato (GMP) respectivamente, com a liberagdo de pirofosfato inorganico
(PPi). Aqui nos descrevemos o modo de acdo da HGPRT de M. tuberculosis (MfHGPRT)
através de analises cinéticas e termodinamicas. Também foram realizados experimentos para
determinar o estado oligomérico da enzima em solucdo e os efeitos de pH, temperatura e
efeitos isotopicos do solvente. Esses dados nos permitem comparar a MHGPRT com
homologos de outras espécies e procurar por similaridades e diferengas nos seu mecanismo e
constantes. NOs esperamos que os experimentos apresentados aqui contribuam para o

entendimento da via de salvamento de purinas desse patdogeno.

Palavras-chave: HGPRT, Cinética em estado estaciondrio, Calorimetria de titulacdo
isotérmica.



ABSTRACT

Tuberculosis (TB) is an infectious disease caused mainly by Mycobacterium
tuberculosis. The increasing number of infected patients among immune compromised
populations and emergence of drug-resistant strains has created urgent need of new strategies
to treat TB. Understanding relevant pathways (as the purine salvage) will reveal details of M.
tuberculosis that might be used to develop new strategies to combat this pathogen.
Hypoxanthine-guanine phosphoribosyltransferase (HGPRT) is an enzyme from the purine
phosphoribosyltransferase (PRTase) family and catalyzes the conversion of hypoxanthine or
guanine and S5-phosphoribosyl-a-1-pyrophosphate (PRPP) to inosine 5’-monophosphate
(IMP) or guanosine 5’-monophosphate (GMP), and pyrophosphate (PPi). Here we describe
the mode of action of M. tuberculosis HGPRT (MfHGPRT) through kinetic and
thermodynamical analysis. Experiments were also performed to determine the oligomeric
state in solution, pH, temperature and solvent isotope effects. These data allows us to compare
MHGPRT to homologues from other species and look for similarities and differences in its
mechanism and constants. We hope the experiments presented here will contribute to the

understanding of this pathogen purine salvage pathway.

Keywords: HGPRT, PRTases, Steady-State Kinetics, Isothermal Titration Calorimetry.
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INTRODUGAO E OBJETIVOS
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1. Introdugao

1.1 A Tuberculose

A tuberculose (TB) é uma doenca infectocontagiosa causada pelo agente etioldgico
Mycobacterium tuberculosis (MTB). Outros bacilos do género Mycobacterium, como o
Mycobacterium bovis e o Mycobacterium africanum também podem ser agentes da doenca,
em uma menor frequéncia [1,2]. Estas bactérias estdo agrupadas no chamado “Complexo”
Mycobacterium tuberculosis e relnem espécies de importdancia médica e veterindria [3].
Estudos mostraram que a TB é uma doenca antiga, tendo seus primeiros relatos no Egito
Antigo onde foram encontradas lesdes tipicas da doenga em mumias, que datam de pelo
menos 6 mil anos atras [4].

A origem do MTB ainda é incerta. Evidéncias sugerem que uma bactéria do solo
passou a colonizar animais ha pelo menos 10 mil anos [5]. Observou-se que todas as
espécies de micobactérias adaptadas a animais possuem uma origem comum devido a uma
delecdo de uma regido conhecida por RD9, porém esta mesma regido se mantém intacta no
MTB [3]. Também observou-se que o Mycobacterium bovis, causador de TB em humanos e
gado, possui um genoma menor que de MTB, o que eliminaria a possibilidade do bacilo
adaptado a humanos ter derivado do adaptado a gado, uma vez que estes bacilos nao
podem reparar dele¢des no seu DNA por recombinagao homaloga [3].

A epidemia de TB na Europa teve inicio no comeco do século XVIl e se estendeu pelos
200 anos seguintes. Apds a Revolucdao Industrial as cidades europeias e americanas
proporcionavam um ambiente favoravel a disseminac¢do do patdgeno pelo ar, uma vez que a
densidade populacional era alta e as condi¢cdes sanitarias precarias. A epidemia se
disseminou lentamente para diferentes locais, incluindo a Africa, devido & exploracdo e
colonizacgdo pelos europeus e norte-americanos [2].

Muitos pesquisadores estudaram a TB, tentando encontrar definicdbes para os
sintomas, as caracteristicas e as possiveis causas e formas de contdgio, porém apenas em
1882 Robert Koch identificou o MTB como o agente etiolégico da doenca. O surgimento da
vacina BCG (bacilo Calmette-Guérin) ocorreu 39 anos ap6ds a identificacdo do bacilo, e até

hoje é a principal estratégia profilatica contra a TB. Porém, a BCG ndo possui uma cobertura
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eficiente em adultos, protegendo apenas criangas, destacando a necessidade de busca por
novas estratégias [2,6].

Finalmente, a introducdo de compostos anti-TB, como estreptomicina (1944),
isoniazida (1952), pirazinamida (1952), etambutol (1961) e rifampicina (1966) representaram
uma quimioterapia efetiva que reduz drasticamente a mortalidade causada pela TB [4]. Em
1969, a U.S. Surgeon General afirmou que era hora de “fechar o livro para as doencgas

infecciosas” [4].

1.2 Dados atuais sobre TB

Ao contrdrio do que se imaginou na segunda metade do século XX, a TB nao foi
erradicada e permanece como uma das principais causas de morte por doengas infecciosas
mundialmente, especialmente na Asia e na Africa. Estima-se que 8,6 milhdes de casos novos
e 1,3 milhGes de mortes causadas por TB ocorreram no ano de 2011 [8].

Alguns fatores sdo atribuidos ao retorno dessa doenca na populacdo: o aumento da
resisténcia a fdrmacos, a pandemia do Virus da Imunodeficiéncia Humana (HIV), o aumento
de usuarios de drogas injetaveis, o aumento de imigrantes de paises com alta prevaléncia da
doenca para paises desenvolvidos, o aumento da longevidade da populacdo humana, a
ampliacdo de ambientes com alta aglomeracdo de pessoas, como por exemplo, prisdes,
hospitais e abrigos e também a degradacdo dos sistemas de saude publica [2]. A TB
apresenta indices mais perigosos quando associada com o HIV [8]: pessoas com HIV tem até
34 vezes mais chance de desenvolver TB ativa. Além disso, a TB é a causa da morte de 25%
de individuos infectados [8,9].

A maior parte dos casos estimados em 2011 esta localizada no continente asiatico
(59%) e africano (26%). J4 a regido leste do Mediterraneo, a Europa, e as Américas possuem
7,7%, 4,3% e 3% dos casos, respectivamente (Figura 1). A india, a China, a Africa do Sul, a
Indonésia e o Paquistdo formam o grupo dos cinco paises com o maior nimero de casos
incidentes no mundo. Somente a india representa 26% de todos os casos de TB, e quando
associada a China, contabilizam 38% dos casos totais. Além disso, 3,7% dos casos novos e
20% de casos previamente tratados sao considerados de TB com multirresisténcia a drogas

anti-TB (MDR-TB) [8].
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MDR-TB é caracterizada pela resisténcia as drogas de primeira linha, isoniazida e
rifampicina. Pacientes com MDR-TB e co-infectados com HIV sdo os que possuem pior
progndstico, uma vez que essa associacdo tem provocado altas taxas de mortalidade,
especialmente quando diagnosticada tardiamente [12,16]. Além do mais, nos ultimos anos,
casos de TB extensivamente resistente a drogas (XDR-TB) tém sido relatados em diversos
paises [8]. XDR-TB é definida como a condi¢do em que os isolados de TB sdo resistentes a
isoniazida e rifampicina, e pelo menos, uma ou mais das trés drogas injetaveis de segunda
linha, resultando em opg¢des limitadas de tratamento, além dessas drogas causarem mais
danos ao homem [8,17]. Individuos infectados com XDR-TB possuem um progndstico ruim,
com altos indices de falha do tratamento e alta mortalidade [16]. As formas de TB
resistentes representam, portanto, uma ameaca a saude publica e ao controle da TB no

mundo, aumentando a preocupacdo em relacdo a epidemia de TB incurdvel [18].

Figura 1. Mapa mundial com os casos novos de TB no ano de 2011.

Estimated new
TB cases (all forms)
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Fonte: WHO (2012).

O Brasil faz parte dos 22 paises que correspondem a 80% dos casos mundiais da TB,
sendo também priorizado pela Organizagdao Mundial da Saude (OMS) no combate a doenga.
Em 2007, 72.194 novos casos foram notificados no pais, sendo S3o Paulo o estado com o

maior numero absoluto de ocorréncias, enquanto que o Rio de Janeiro apresenta a maior
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incidéncia do pais [10]. Em 2009, aproximadamente 4.500 pessoas morreram dessa doenca

no Brasil [8,10].

1.3 Patogenia

A TB pode ser causada por outras espécies de micobactérias (M. africanum e M.
bovis) [2,7]. Porém, o MTB é o principal agente etioldgico da doenga em humanos, sendo um
micro-organismo aerébio e de crescimento lento. Embora esse patdégeno possa infectar
diversos érgdos do hospedeiro, a TB pulmonar apresenta-se como a forma mais comum
[2,8,11].

A infeccdo é normalmente adquirida por inalagdo do bacilo [11,12], através de
goticulas que sdo expelidas da garganta e dos pulmdes de individuos que possuem a TB
pulmonar ativa [8]. As chances de se desenvolver a doenca ativa, apds inalar goticulas do ar
contaminadas com o bacilo, sdo muito baixas — aproximadamente 5% [13].

Embora a maioria dos bacilos inalada seja rapidamente contida pelo sistema
imune, apds atingir os pulmdes, a bactéria é geralmente fagocitada por macréfagos
alveolares e condicionada a um estado de laténcia, uma vez que essas células sdo capazes de
conter o crescimento, mas ndao de eliminar o patdgeno. Em seguida, outras células do
sistema imune do hospedeiro sdo recrutadas, sendo responsaveis pela resposta inflamatoéria
gerada e pela forma¢dao do granuloma, ou tubérculo, a principal caracteristica da TB. Ao
contrario da forma ativa, a TB latente ndo é contagiosa e, na maioria dos casos, os individuos
infectados com o bacilo ndo desenvolvem a doenga [2,11,14].

A TB ativa ocorre como resultado de uma nova infeccdo ou reativacdo da forma
latente. A reativacdo da doenca é frequentemente desencadeada por condi¢cdes que
comprometem o sistema imune do paciente, tais como: casos de ma nutricdo, idade
avancada, abuso de drogas, terapia com imunossupressores ou co-infeccdo com HIV [11,12].
A diminuicdo da resposta imune desencadeia uma série de eventos que podem levar ao
rompimento do granuloma, levando a danos no tecido pulmonar e a disseminacdo de
milhares de particulas infectadas através das vias aéreas [14].

Atualmente, a infeccdo por HIV representa o maior risco para o desenvolvimento

da forma ativa da TB, sendo esta a principal causa de morte devido a doengas infecciosas em
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pacientes portadores de HIV [2,8,12]. Casos de TB extrapulmonar, em particular a TB
meningitica, sdo mais comuns na popula¢do HIV positiva [12].

Individuos infectados com o bacilo, porém saudaveis, geralmente sao
assintomaticos. Os sintomas da TB pulmonar ativa se manifestam através da tosse, muitas
vezes contendo escarro e sangue, dores do peito, fraqueza, perda de peso e sudorese
noturna [4,6,12]. No entanto, apds 2 a 4 semanas de tratamento apropriado, os sintomas

diminuem, induzindo muitos pacientes a interromper a terapia [4].

1.4 Tratamento da Tuberculose

A OMS recomenda o tratamento conhecido como DOTS (do inglés, Directly Observed
Treatment Short Course) [2]. A terapia consiste em uma associacdo de fdrmacos de primeira
linha, isoniazida, rifampicina, pirazinamida e etambutol durante dois meses, seguida por
guatro meses com isoniazida e rifampicina [4,8], tendo sucesso na maioria dos casos [4].
Além disso, a estratégia do DOTS inclui outros 5 componentes: i) estabelecer uma rede de
individuos treinados a administrar e supervisionar o DOTS; ii) criar laboratérios e
profissionais habilitados para o diagndstico da TB; iii) implementar um sistema de
fornecimento confidvel de medicamentos de alta qualidade (preferencialmente, sem custo
aos pacientes); iv) compromisso governamental e; v) estabelecer um sistema de
monitoramento dos casos, tratamento e resultados [6,8]. Essas estratégias podem prevenir a
ocorréncia de novas infecgdes e, mais importante, dificultam o surgimento de casos MDR-TB
e XDR-TB [2].

A falha do tratamento, definida como a presenca de culturas positivas apds cinco
meses de terapia apropriada, pode ser resultado da falta de adesdo pelo paciente devido a
sua longa duracdo e complexidade, possiveis efeitos adversos ou resisténcia do bacilo as
drogas [8,12]. Tais circunstancias favorecem o surgimento de organismos resistentes aos
medicamentos utilizados no esquema terapéutico [4].

Para o desenvolvimento de novas drogas para o tratamento da TB, existem requisitos
relevantes: diminuicdo do tempo de tratamento; capacidade de atingir cepas MDR e XDR;
simplificacdo do tratamento, através da reducdo das pilulas diarias; e capacidade de ser

coadministrados com drogas anti-HIV [13].
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A emergéncia de cepas MDR e XDR, bem como a epidemia de HIV leva a uma
necessidade urgente de um melhor entendimento sobre os mecanismos moleculares de
acdo e de resisténcia aos farmacos, facilitando a pesquisa por novos compostos anti-TB
efetivos tanto no combate da TB suscetivel aos farmacos quanto em casos MDR/XDR [2]. O
sequenciamento do genoma do MTB permitiu avancos na descoberta de novos alvos para
combater a doenga [13,19]. No entanto, o sucesso na identificacdo de novos candidatos a
farmacos, baseado no estudo do genoma, ainda é baixo, em parte pela dificuldade em
identificar inibidores especificos [13]. Dentro desse panorama, hd uma necessidade urgente

de desenvolvimento de novos farmacos anti-TB [16].

2. Metabolismo de Nucleotideos

O estudo da bioquimica bdsica de um organismo patogénico é o primeiro passo para
o desenvolvimento de novos medicamentos contra uma determinada enfermidade causada
pelo mesmo [20]. Os nucleotideos sdo ésteres de fosfato de um acucar de cinco atomos de
carbono (pentose), nos quais uma base nitrogenada estd covalentemente ligada ao C1" do
residuo de acgucar (Figura 2) [23].

Os nucleotideos sdao moléculas organicas que participam de diversas funcgbes e
processos bioquimicos importantes para os organismos. Estdo presentes como unidades
monoméricas do DNA e RNA; ATP, GTP e UTP, quando hidrolisados, dirigem processos que
requerem energia livre; ATP, ADP e AMP atuam como reguladores de diversas rotas
metabdlicas; cAMP e cGMP mediam sinalizacdo hormonal; NAD®, NADP*, FMN, FAD e
coenzima A sdo coenzimas essenciais para uma grande variedade de reacdes enzimaticas
[23]. Quase todos os organismos podem sintetizar nucleotideos através de duas vias: de

novo e salvamento, demonstrando sua importancia para os processos bioldgicos [20,21,23].
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Figura 2. Estrutura de um ribonucleotideo.

acido fosférico

base nitrogenada

nucleosideo

i
nucleotideo

Fonte: VOET & VOET (2006).

Em 1994, o Instituto Nacional de Alergia e Doencas Infecciosas dos EUA langcou um
programa de incentivo a pesquisa de novas drogas anti-TB, o qual revelou diversos analogos
de purinas que tinham seletividade contra componentes do bacilo da TB [20]. Este fato
mostrou que as enzimas envolvidas no metabolismo das purinas podem servir de alvos para
o desenvolvimento de novos farmacos com uma alta seletividade.

A formacdo dos nucleotideos de purinas pode ocorrer através de uma rota
bioquimica chamada de via de salvamento de purinas (Figura 3), onde os nucleotideos AMP,
GMP e IMP podem ser formados a partir das bases livres adenina, guanina e hipoxantina,
respectivamente [21], ou através da rota de novo (Figura 4), na qual os nucleotideos sdo

formados a partir de precursores simples.
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Figura 3. Via de salvamento de purinas.

nucleobases nucleosides nucleotides

APRT
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GMPS GMPS
! | .
guanine = PNP » guanosine deoxyguanosine GM"P +%GDPL dGDP
T T NSase TT j 5."NTQ .

'HGPRT

Fonte: DUCATI et al (2011).

Nota: 5’-NT: 5’- Nucleotidase; APRT: Adenina Fosforribosiltransferase; ADK: Adenilato Quinase; AK: Adenosina
Quinase; ADSL: Adenilosuccinato Liase; ADSS: Adenilosuccinato Sintase; GMK: Guanosina Monofosfato
Quinase; GMPS: Guanosina Monofosfato Sintase; IMPDH: Inosina Monofosfato Desidrogenase; NSase: Purina
Nucleotidase; PNP: Purina Nucleosideo Fosforilase; RR: Ribonucleotideo Redutase.

Sabe-se que o metabolismo de purinas estd presente tanto em seres eucaridticos
guanto em seres procarioticos, incluindo o MTB, que expressa as enzimas de ambas as vias
metabdlicas. Entretanto, ndo esta claro como a micobactéria alterna entre as duas vias.
Acredita-se que, em situa¢des de multiplicacdo rapida ou baixa disponibilidade energética, a
bactéria utilize preferencialmente a via de salvamento, visto que a via de novo demanda um
alto gasto energético, por meio de 11 passos de sintese de nucleotideos a partir de
substratos mais simples. Além disso, sabe-se que o MTB utiliza esta via quando absorve
hipoxantina, guanina e adenina do meio externo, convertendo-os nos respectivos

nucleotideos [21].
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Figura 4. A via de novo de purinas.
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Aspartato + ATP

5-aminoimidazol-ribotideo (AIR) sl Carboxiaminoimidazol-ribotideo (CAIR)

ATP +HCO;

Fonte: Adaptado de VOET & VOET (2006).

3. Hipoxantina-Guanina Fosforribosiltransferase

Em mamiferos e em outros organismos, existem enzimas que participam da via de

salvamento de bases, reciclando bases purinicas pré-formadas para que sejam utilizadas no

metabolismo celular. Esta via estd ativa principalmente durante periodos de réapido

crescimento, como, por exemplo, na reproducdo assexuada, na embriogénese e na

proliferacdo tumoral [24].

Algumas destas enzimas fazem parte da familia do tipo | das fosforribosiltransferases

(PRTases), as quais realizam a catalise reversivel da transferéncia de um grupo fosforribosil

do composto fosforribosilpirofosfato (PRPP) para uma base purinica livre, como adenina,

guanina, hipoxantina e xantina [21].
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Apesar da falta de homologia entre as sequencias das PRTases tipo 1, foi proposto que esta
familia compartilha uma estrutura comum, relacionada com um dominio tipico de ligacdo de
nucleotideos. [25] Apenas uma curta sequencia de aproximadamente 12 aminodcidos é bem
conservada entre as PRTases. Esta sequencia, que também é encontrada em PRPP sintase,
foi proposta como um motivo de ligagdo de PRPP. [26]

As reacdes catalisadas pelas PRTases tipo 1 usualmente seguem um mecanismo sequencial
bi-bi ordenado, no qual PRPP se liga a enzima livre, seguido pela base purinica, e apds a
catdlise ocorre a liberacdo de PPi e o respectivo nucleotideo. [27-28] Outra caracteristica
comum as PRTases tipo 1 é um longo loop flexivel intimamente associado com o sitio ativo,
chamado de “al¢a catalitica”. Na maioria das estruturas determinadas de PRTases tipo 1, a
alca é altamente desordenada. [29]

Uma das enzimas PRTases integrante da via de salvamento de bases purinicas, é a
hipoxantina-guanina fosforribosiltransferase (HGPRT) [21]. Sua reacdo envolve a
ribofosforilagdo em uma etapa de nucleobases de purina (hipoxantina ou guanina) para a
formacdo do nucleosideo 5'-monofosfato e pirofosfato inorganico (Figura 5). Em MTB a

enzima (MtHGPRT) é codificada pelo gene hpt e possui 606 pares de bases [21].

Figura 5. ReagOes reversiveis catalisadas pela HGPRT.
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Fonte: Adaptado de BIAZUS et al (2009).
Nota: Reag¢Oes catalisadas pela HGRPT. A mostra a reacdo de HPRT e B reagdo de GPRT.

A HGPRT é uma enzima com uma larga distribuicdo filogenética, sendo reportada em
bactérias gram-negativas e positivas, leveduras, mamiferos e eucariotos basais como os do

género Plasmodium e Leishmania. Em humanos, a HGPRT é encontrada no figado, hemacias
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e tecido nervoso [30]. A inexisténcia de atividade de HGPRT em humanos causa a Sindrome
de Lesh-Nyhan, conhecida por hiperuricemia, e desordens neuronais como retardo mental e
comportamento auto-mutilatério, porém a deficiéncia parcial de atividade da enzima leva a
um quadro de gota [30]. Muitos organismos que parasitam humanos, como os géneros
Schistosoma e Plasmodium, ndao possuem a via de novo de purinas, utilizando apenas a via
de salvamento tornando, desse modo, a HGPRT um alvo para farmacos [30].

O modo de acdo da HGPRT de MTB (MtHGPRT) ainda ndo estd completamente
elucidado. Portanto, a investiga¢ao da via de salvamento de purinas, incluindo a MtHGPRT,
pode revelar propriedades interessantes acerca da complexa relagdo que existe entre o

bacilo e o hospedeiro. [31]
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4, Justificativa

O surgimento de diferentes cepas resistentes e os altos indices de infeccao e
mortalidade no mundo reflete a evidente necessidade de geracdao de novas formas de
compreender e combater a doenca. E necessdria uma melhoria nas condicdes do tratamento
utilizado atualmente.

O estudo das enzimas e vias metabdlicas de MTB permite o entendimento da
bioquimica deste patégeno através de estudos cinéticos e termodinamicos.

Enzimas envolvidas no metabolismo de purinas tornam-se alvos promissores para o
desenvolvimento de novas drogas anti-TB e vem sendo muito estudadas, uma vez que essas
proteinas sdo responsaveis pela biossintese dos precursores do DNA e RNA e, portanto,
essenciais a sobrevivéncia do bacilo [21].

O estudo de seu modo de acdo é de grande relevancia, uma vez que isto permite
conhecer suas propriedades enzimaticas, fornecendo indicios que revelem a importancia
dessa proteina ao metabolismo do bacilo da TB, permitindo um melhor entendimento desta

enzima na via de salvamento de purinas.
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5. Objetivos

5.1 Objetivo geral

Este trabalho faz parte de um projeto maior que visa a caracterizagdao de enzimas da
via de salvamento de purinas e pirimidinas de Mycobacterium tuberculosis como alvos para
o desenvolvimento de farmacos para o tratamento da TB, bem como o entendimento do
funcionamento destas vias neste microorganismo. Desse modo, serdo realizados estudos
cinéticos e termodinamicos para a elucidacgdo do modo de acdo da HGPRT deste

microorganismo.

5.2 Objetivos especificos

I. Determinar o estado oligomérico em solugdo da enzima MtHGPRT;

Il. Determinar as constantes cinéticas verdadeiras (K, Vmax Keo:) para os substratos da enzima

MtHGPRT;

Ill. Determinar os parametros termodinamicos de ligacdo dos substratos e produtos da enzima

MtHGPRT;

IV. Determinar a energia de ativagdo da enzima MtHGPRT através de ensaios

espectrofotométricos variando a temperatura;

V. Realizar experimentos de cinética pré-estaciondria para observar a relevancia da liberagao dos

produtos para a etapa lenta nas reagdes da MtHGPRT;

VI. Realizar estudo de efeitos isotopicos do solvente para avaliar a contribuicdo da

transferéncia de prétons na etapa lenta nas reagdes da MtHGPRT;
VII. Determinagdo da constante de equilibrio para as rea¢des catalisadas pela enzima MtHGPRT;

VIII. Realizagdo de estudos do efeito do pH na ligacdo e catélise da enzima MtHGPRT.
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Abstract

Tuberculosis (TB) is an infectious disease caused mainly by Mycobacterium tuberculosis. The
increasing number of infected patients among immune compromised populations and
emergence of drug-resistant strains has created an urgent need of new strategies to treat TB. A
better understanding of biochemical pathways (as the purine salvage) can unveil details of the
biology of M. tuberculosis that might be used to develop new strategies to combat this
pathogen. Hypoxanthine-guanine phosphoribosyltransferase (HGPRT) is an enzyme from the
purine phosphoribosyltransferase (PRTase) family and catalyzes the conversion of
hypoxanthine or guanine and 5-phospho-a-D-ribose 1-diphosphate (PRPP) to, respectively,
inosine 5'-monophosphate (IMP) or guanosine 5-monophosphate (GMP), and pyrophosphate
(PPi). Gel filtration chromatography has shown that M. fuberculosis HGPRT (MtHGPRT) is a
homodimer in solution. A sequential compulsory ordered enzyme mechanism with PRPP as
the substrate that binds to free MfHGPRT and PPi as the first product to dissociate is proposed
based on kinetic data and thermodynamics of ligand binding from isothermal titration
calorimetry (ITC) results. ITC data have also provided thermodynamic signatures of non-
covalent interactions for PRPP, IMP and GMP binding to free MfHGPRT. Thermodynamic
activation parameters (Ea., AG", AS”, AH") for MtHGPRT-catalyzed chemical reaction, pre-
steady-state kinetics, solvent kinetic isotope effects, equilibrium constants, pH-rate profiles,
and multiple sequencing alignment are also presented. The data here described provide a
better understanding of the mode of action of MfHGPRT in the purine salvage pathway,

which, in turn, may contribute to better our understanding of the biology of M. tuberculosis.
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Mycobacterium tuberculosis is the major etiological agent of human tuberculosis (TB) and
is believed to infect one-third of the world’s population. This bacteria was responsible for 8.6
million new TB cases in 2012, which resulted in 1.3 million deaths worldwide.' According to
the World Health Organization (WHO), TB is the second most important cause of mortality
worldwide due to a single infectious agent.! Despite the effective short-course chemotherapy,
the increasing global burden of TB has been associated with co-infection with human
immunodeficiency virus (HIV)'?, emergence of multi, extensively’ and recently, totally drug
resistant strains of M. tuberculosis.*

TB is an ancient human disease’, but little is known about the nutritional adaptability of M.
tuberculosis in the progression of TB infection.®’ It is still not clear whether M. tuberculosis
recycles complex nutrient molecules from the human host using salvage pathways or relies on
synthesis of essential molecules from passive diffusible precursors via de novo synthesis
pathways. Purine and pyrimidine salvage pathways in M. tuberculosis remain an incompletely
explored possibility for drug development as purine and pyrimidine biosynthesis are essential
steps for the cell, supplying building blocks for DNA and RNA synthesis, among other
biological roles.® Accordingly, elucidation of biochemical properties of the enzymes involved
in purine and pyrimidine salvage pathways should contribute to a better understanding of the
biology of M. tuberculosis, and, hopefully, to the design of analogs that may selectively
inhibit M. tuberculosis replication and survival.’

The purine phosphoribosyltransferases (PRTases) form a family of enzymes that transfer
pyrophosphate  (PPi) from 5-phospho-a-D-ribose  1-diphosphate (PRPP;  a-D-5-
phosphoribosylpyrophosphate; a-D-ribosyl diphosphate 5-phosphate) to a nitrogen-containing
nucleophile (such as the imidazole N-9 of a purine base) to form the corresponding -
substituted ribose 5-phosphate (such as purine nucleotides).'"’ Despite the lack of clear

sequence homology among the PRTases, these enzymes show tertiary and quaternary
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structure conservation.'' A PPRP binding motif of 12 amino acids, which is also found in
PRPP synthetases, is conserved among the PRTases involved in nucleotide synthesis or
salvage pathways.'? This is the main unifying characteristic of type I PRTases. The type I
purine PRTase-catalyzed reactions have been found to follow a sequential ordered bi-bi
mechanism, in which PRPP binds to the free enzyme followed by the purine base, and
ordered PPi and nucleotide products release.'”'® Another characteristic feature among the
type I PRTase structures is a long flexible loop closely associated with the active site, known
as “the catalytic loop”. In most of the determined structures of type I PRTase, the loop is

usually highly disordered.'” This PRTase family is of significant interest in both human
genetic diseases and parasitic pathologies, such as Lesch—Nyhan syndrome and Chagas’

. 17-18
disease.

One of the enzymes that belongs to this family is the hypoxanthine—guanine
phosphoribosyltransferase (HGPRT; EC 2.4.2.8) of purine salvage pathway. HGPRTs are
found in most microorganisms and mammals and their reaction involves the
ribophosphorylation in one step of purine nucleobases (hypoxanthine and guanine) and their
analogues to their respective nucleoside 5'-monophosphate and pyrophosphate.'” HGPRT
catalyzes the Mg*"-dependent reversible transfer of the 5-phosphoribosyl group from PRPP to
the N9 of guanine (Gua) (GPRT reaction) or hypoxanthine (Hx) (HPRT reaction) to form the
corresponding ribonucleotides guanosine 5'-monophosphate (GMP) and inosine 5'-
monophosphate (IMP), releasing PPi." Investigation of purine salvage pathway enzymes of
M. tuberculosis, including HGPRT, might reveal insightful data on the complex balance
that exists between the bacillus and the host.'’ Accordingly, efforts to elucidate the mode of
action of M. tuberculosis H37Rv HGPRT (MtHGPRT) appear to be warranted to improve our

understanding of purine metabolism in this human pathogen.
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The present work describes the mode of action of recombinant MfHGPRT. True steady-
state kinetic parameters and isothermal titration calorimetry (ITC) data indicate that
MtHGPRT follows a sequential ordered mechanism. Gel filtration data suggest a
homodimeric quarternary structure for MfHGPRT. Thermodynamic activation parameters (E,,
AG", AS", AH") for MtHGPRT-catalyzed chemical reaction, solvent kinetic isotope effects,
equilibrium constant (K.q) determination, solvent kinetics isotope effects, transient kinetics
measurements, pH-rate profiles, and multiple sequencing alignment results are also presented.
The absolute requirement of divalent magnesium ion for catalysis, the sequential kinetic
mechanism, the presence of PRPP binding motif, the homodimeric assembly in solution
indicate that MfHGPRT belongs to type I PRTases family of enzymes.

It is hoped that the results presented here contributes to a better understanding of MfHGPRT
mode of action, and may also be useful to chemical biologists interested in designing loss-of-
function (inhibitors) or gain-of-function (activators) chemical compounds to reveal the

biological role of MHGPRT in the context of whole M. tuberculosis cells.
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Materials and Methods

Materials. All chemicals were purchased from Sigma-Aldrich (Saint Louis, USA), unless
otherwise specified. The LMW and HMW Gel Filtration Calibration Kits were purchased
from GE Healthcare. All kinetic data analyses were carried out using SigmaPlot 10.0 (Systac
Software, Inc., Melbourne, USA). ITC data analysis was evaluated utilizing the Origin 7 SR4
software (Microcal, Inc.) All experiments were performed at 25 °C using 50 mM 2-amino-2-
hydroxymethyl-propane-1,3-diol (Tris)-HCI pH 7.4 containing 12 mM MgCl, (buffer A)

unless otherwise specified.

Overexpression and Purification. The recombinant MfHGPRT was overexpressed and

purified to homogeneity as previously described."”

Oligomeric State Determination. The oligomeric state of homogenous MfHGPRT in
solution was determined by size exclusion liquid chromatography on a HighLoad 10/30
Superdex-200 column (GE Healthcare). The column was pre equilibrated and the sample (100
puL) was isocratically eluted with 1 column volume (CV) of 50 mM Tris-HCI pH 7.5
containing 200 mM NaCl at a flow rate of 0.4 mL min™'. Protein elution was monitored at
215, 254, and 280 nm. The LMW and HMW Gel Filtration Calibration Kits were used as
described by the manufacturer to prepare the calibration curve. The elution volumes (V;) of
protein standards were used to calculate their corresponding partition coefficients (Kavy)
according to Eq. 1. Blue dextran 2000 (GE Healthcare) was used to determine the void
volume (V) and V; is the total bead volume of the column. The K,, value for each protein was
plotted versus the logarithm of their corresponding molecular masses, giving a linear

relationship. A volume of 100 pL (100 uM) of MHGPRT was loaded into the gel filtration
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column to obtain V.. The partition coefficient (Kay) of the recombinant MfHPRT was

calculated by data fitting to Eq. 1 and its molecular mass derived from the linear relationship.

V. -V
K, =—4—-2 Eq. (1
L ARVERY q. (1)

Steady-state Kinetics. Recombinant MfHGPRT enzyme activity was measured by a
continuous spectrophotometric assay measuring the linear increase in absorbance as a
function of IMP or GMP formation in quartz cuvettes (1 cm). The experiments were
performed in a UV-visible Shimadzu spectrophotometer UV2550 equipped with a
temperature-controlled cuvette holder. The kinetic properties of MfHGPRT for Hx, Gua, and
PRPP were spectrophotometrically determined using the difference in molar absorptivity
between the nucleotide monophosphate and the free base as described for Homo sapiens
HGPRT (Ag = 1900 M em™ at 245 nM for IMP conversion to Hx; and Ae = 5900 M™' cm™ at
257.5 nm for GMP conversion to Gua)."” Initial steady-state rates were calculated from the
linear portion of the reaction curve under experimental conditions in which less than 5% of
the substrate was consumed. True steady-state kinetics parameters were determined from
initial velocity measurements for HPRT reaction varying concentrations of Hx (10 — 150 uM)
at varied-fixed PRPP concentrations (200 — 4000 uM). For GPRT reaction initial velocity
measurements were determined varying concentrations of Gua (10 — 120 uM) at varied-fixed
PRPP concentrations (200 — 3600 uM). All reactions started with addition of recombinant
MHGPRT, and all measurements were performed at least in duplicates. Hyperbolic saturation
curves of initial rate data at single concentration of the fixed substrate and varying

concentrations of the other were fitted to the Michaelis-Menten equation®® (Eq. 2 , in which v
q q
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is the initial velocity, V is the apparent maximum initial velocity, 4 is the varying substrate

concentration and K,, represents the apparent Michaelis-Menten constant.

VA
V =
K,+A

Eq. (2)

The ke values were calculated from Eq. 3, in which [E]; corresponds to the total

concentration of enzyme subunits.

K ="' Eq. (3)

Data from initial velocity measurements showing a pattern of lines intersecting to the left of
the y-axis in the double-reciprocal plots (or Lineweaver—Burk plot) were fitted to Eq. 4,

which describes a sequential substrate binding and ternary complex formation.

VAB

V= Eq. (4)
K.K, +K,B+K,A+ AB

For Eq. 3, v is the initial velocity, V is the true maximum initial velocity, 4 and B are the
concentrations of the substrates, K, and K}, are their respective Michaelis constants, and Kj, is

the dissociation constant for enzyme-substrate 4 binary complex formation.

Isothermal Titration Calorimetry. ITC experiments were carried out using an 1TCyg

Microcalorimeter (Microcal, Inc., Pittsburgh, USA). The instrument reference cell (200 pL)
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was loaded with Milli-Q water in all experiments and sample cell (200 uL) was filled with
either 100 uM or 80 uM of recombinant MtHGPRT. The injection syringe (39.7 uL) was
filled with substrates or products at different concentrations: Hx (7 mM), PRPP (10 mM),
IMP (5 mM), GMP (2.5 mM) and PPi (1 mM), and the ligand isotherms were measured by
direct titration (ligand into macromolecule). The same buffer preparation was used to dissolve
all ligands. The stirring speed was 500 RPM at 25 °C with constant pressure for all ITC
experiments. The binding reaction started with one injection of 0.5 pL of ligand to prevent
artifacts, followed by 19 injections of 2.0 uL each at 300 s intervals. Control titrations (ligand
into buffer) were performed in order to subtract the heats of dilution and mixing for each
experiment prior to data analysis. The heat variation was monitored inside the cell allowing
determination of binding enthalpy of the process (AH) and the equilibrium association
constant (K,). The Gibbs free energy (AG) and the entropy (AS) of binding were calculated
using the relationship described in Eq. 5, 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 =-RT InK, = AH —TAS Eq. (5)

Pre-Steady State Kinetics. Pre-steady-state kinetic measurements of the reaction catalyzed
by MtHGPRT were performed to assess whether or not product release is part of the rate-
limiting step. The measurements were carried out using an Applied Photophysics SX.18MV-
R stopped-flow spectrofluorimeter on absorbance mode. The increase in absorbance was
monitored at 245 nm for HPRT reaction and 257.5 nm for the GPRT reaction for a period of
10 seconds (1 mm split width = 4.65 nm spectral band). The experimental conditions were 5
uM MHGPRT, 12 mM MgCl,, 500 uM Hx or 250 uM Gua, and 10 mM PRPP (mixing

chamber concentrations). The control experiments were performed as the experimental
34



conditions above in the absence of one compound (MtHGPRT, PRPP, Hx or Gua). The dead
time of the stopped-flow equipment is 1.37 ms. The pre-steady-state time course of the
reaction was fitted to Eq. 6 for a single exponential increase (appearance of product), in
which 4 is the absorbance at time ¢, 4y is the absorbance at time zero, and £ is the apparent

first-order rate constant for product formation.?'
A=Al-e™) Eq. (6)

Energy of Activation. In order to access the energy of activation (E,) of the MfHGPRT for
HPRT reaction, initial velocities were measured in the presence of saturating concentrations
of Hx (150 uM) and PRPP (4000 uM). For GPRT reaction the concentrations were Gua (120
uM) and PRPP (3600 uM). The measurements were made at temperatures ranging from 15 °C
to 35 °C (from 288.15 to 308.15 K). MHGPRT was incubated for several minutes at all
temperatures tested and assayed under standard conditions (buffer A) to ensure enzyme
stability. The E, was calculated from the slope (E,/R) of the Arrhenius plot fitting the data to
Eq. 7, in which R is the gas constant (8.314 J mol”" K™) and the constant A represents the
product of the collision frequency (Z) and a steric factor (p) based on the collision theory of
enzyme kinetics.”> Here, it is assumed a simplistic view to explain a complex phenomenon

and that A id independent of temperature.

Ink_, =In A—(%)% Eq. (7)

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

using Eqgs. 8, 9 and 10 derived from the transition state theory of enzymatic reactions:*
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AH* =E, —RT Eq. (8)

AG” = RT(In kFB+ InNT —In kcatj Eq. (9)
and

# #
AS* :M Eq. (10)

Energy values are in kJ mol'l, with k.. In s'l, to conform to the units of the Boltzmann
(1.3805 x 107 J K™') and Planck (6.6256 x 10°* J s™") constants, and R is as for Eq. 5. Errors

on AG” were calculated using Eq. 11.%

RT (kcat)

(4G gy, =— = Eq. (11)

cat

Solvent Kinetic Isotope Effects. Solvent kinetic isotope effects were determined by
measuring initial velocities for HPRT reaction using a saturating level of one substrate (Hx =
120 uM; PRPP = 4 mM) and varying concentrations of the other (Hx: 10 - 120 uM; PRPP:
0.32 - 4 mM) in either H,O or 90% D,0. For GPRT reaction initial velocities measurements
were assayed at saturating concentration of one substrate (Gua = 50 uM; PRPP = 4 mM) and
varying concentrations of the other (Gua: 10 - 50 uM; PRPP: 0.32 - 4 mM) in either H,O or

90% D,0. Data were fitted to Eq. 12, which assumes isotope effects on both V/K and V. In
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this equation, Eyx and Ey are the isotope effects minus 1 on V/K and V, respectively, and F; is

the fraction of isotopic label in substrate 4.%

v VA
~ K@+FE, ) +Al+FE,)

Eq. (12)

Determination of Equilibrium Constant. To determine whether or not MfHGPRT-catalyzed
chemical reactions are favorable processes, the equilibrium constants (K.q) were identified at
the point of equilibrium between substrates (Hx or Gua, and PRPP) and products (IMP or
GMP, and PPi) for, respectively, HPRT and GPRT reactions. The K., was measured by fixing
the ratio of [IMP/Hx] or [GMP/Gua] at 1 and varying the ratio of [PPi/PRPP]. For HPRT
reaction, the range of [PPi/PRPP] was from 0.0033 to 0.02 (PRPP: 1000 - 6000 uM; PPi = 20
uM). For GPRT reaction, the range of [PPi/PRPP] was from 0.0066 to 0.025 (PRPP: 800 -
3000 uM; PPi = 20 uM). Specific activities (y-axis) were plotted against the ratios (x-axis)
and fitted to a linear equation. The point at which the curve crosses the abscissa is equal to Keq
(no net enzyme-catalyzed chemical reaction). The values for the standard Gibbs free energy
(AG®) for MtHGPRT-catalyzed chemical reactions were calculated from Eq. 13, using the
experimentally determined K., values, the gas constant (R) and absolute temperature in

Kelvin (T).

0
AG® =-RT InK,, Eq. (13)

pH-rate Profiles. Prior to performing the pH-rate profiles, the recombinant enzyme
stability was assessed over a wide pH range (4.5 — 10.5) by incubation for 2 min at 25 °C in

100 mM 2-(N-Morpholino)ethanesulphonic Acid (MES)/N-2-Hydroxiethylpiperazine-N-
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2ethanesulphonic Acid (HEPES)/N-2-(N-Cyclohexylamino)ethanesulfonic Acid (CHES)
buffer mixture, and then monitoring its activity in buffer A.** The dependence of steady-state
kinetic parameters on pH was determined by measuring initial velocities in the presence of
varying concentrations of one substrate and saturating level of the other, in 100 mM
MES/HEPES/CHES buffer, over the following pH range: for HPRT reaction, 5.5 — 10 (10 —
120 uM varying concentrations of Hx and fixed concentration of PRPP at 4 mM, and 0.4 — 7
mM varying PRPP and fixed concentration of Hx at 120 uM); and for GPRT reaction, 5 — 5.5
(5 — 70 uM varying concentrations of Gua and fixed concentration of PRPP at 4 mM, and
0.65 — 4 mM varying PRPP and fixed concentration of Gua at 70 uM) and 6 — 10 (5 — 35 uM
varying concentrations of Gua and fixed concentration of PRPP at 3 mM, and 0.32 — 3 mM
varying PRPP and fixed concentration of Gua at 35 uM). All measurements were performed
at least in duplicates.

The pH-rate profile was generated by plotting logarithm value of k., or k../K, of the
substrates versus the pH values (5.5 to 10) and data were fitted to Eq. 14, 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.

Eq. (14)
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Results

Oligomeric State Determination. In order to determine the oligomeric state of the enzyme,
MtHGPRT was loaded on a Superdex 200 HR 10/30 size exclusion column (100 uM). The
elution profile of the protein pointed to an apparent molecular mass of 46 kDa, according to
data fitting to Eq. 1. This value and the MfHGPRT subunit molecular mass value (22.251
kDa) indicates that MfHGPRT has a homodimeric quaternary structure in solution in the

protein concentration tested.

Steady-State Kinetics. The initial velocity experiments allowed the calculation of the true
steady-state kinetics parameters of the enzyme. The double-reciprocal plots showed a pattern
of lines intersecting to the left of the y-axis (data not shown). The true macroscopic steady-

state kinetic constants for the forward reaction of MfHGPRT are summarized in Table 1.

Table 1. Steady-State Kinetic Parameters for MtHGPRT

Substrate Ko (uM) Vi (Ume ) ko (s kea/Ky M sT)
Hypoxanthine 26 +2 2.40+0.09 0.89+0.04 3.4(£0.3)x 10"
PRPP* 14.1 (£0.4) x 10" - - 6.3 (£ 0.5) x 10™
Guanine 10+1 0.52+0.01  0.193+£0.004 1.9 (+0.2) x 10*
PRPP’ 6.5 (£0.7) x 10" - - 2.9 (£ 0.3) x 10"

“HPRT reaction; “GPRT reaction

Isothermal Titration Calorimetry. As double reciprocal plots suggested a sequential
kinetic mechanism, substrate(s) and product(s) binding processes were assayed by ITC at
25°C to ascertain the order, if any, of chemical compound addition. The measure of heat taken
up or released upon binding of a ligand provides the binding enthalpy (AH) of the process, an
estimate for the stoichiometry of the interaction (n) and the equilibrium binding constant (K,).
These values allow the Gibbs free energy (AG) and the entropy (AS) of the process to be
calculated, as well as the dissociation constant at equilibrium (K,) from reciprocal of K,. The
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ITC data for binding of ligands to MtHGPRT are summarized in Table 2. These binding
assays showed that PRPP, IMP and GMP can bind to free MfHGPRT (Fig. 1 A,B,C). ITC
data for these compounds were fitted to one set of sites model. No significant heat change
upon titration of Hx and PPi to MfHGPRT was detected under the experimental conditions for

ITC measurements (data not shown).

Table 2. Binding parameters for MtHGPRT from ITC titration assays.

PRPP GMP IMP
AG (kcal mol™)* 5.9 (x£0.1) 7.7 (£0.1) 53 (£0.2)
AS (calmol' K)  20.5(x0.4) -3.94 (£ 0.03) 38 (£2)
AH (kcal mol™) 0.205 (£ 0.004) 8.9 (£ 0.1) -16.7 (£ 0.9)
K, (M) 2.2(+0.3)x 10™ 48 (*05)%x107° 7(=*1)x10"
Ky (uM) 48 (+7) 2.1(£0.2) 1.3(£0.2)x 10"
A) Time (min) B) Time (min) C) Time {min)
: HH S A R [H\“ :
"] 5 P';T:P H;PRT-?U 25 30 0 2 W:PHG:'RT-1E 10 12 0500 085 10 1;;2:2;:”35 40 45 50

Figure 1. Ligand binding assays for binary complex formation: PRPP (A), IMP (B) and GMP

(C) ITC data were fitted to one set of sites binding model.
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Absorbance

Pre-Steady-State Kinetics. To determine whether product release contributes to the rate
limiting step, pre-steady-state analysis of the reaction catalyzed by MtHGPRT was performed.
Fitting the pre-steady-state data to Eq. 6, which describes a single exponential increase in
absorbance (product formation), yielded a value of 0.213 (+ 0.002) s™ for the apparent first-
order rate constant for HPRT reaction (Fig.2 A), and a value of 0.216 (+ 0.001) s for GPRT

reaction (Fig. 2 B).

A) B)

1,76 q 1,7 1

1,74 A 1,6 o

154
1,72 A

1,4 4
1,70 A

Absorbance

1,3 A

1,68 -
1,2 A

1,66 - 111

Time (s) Time (s)
Figure 2. Stopped-flow trace for product formation by measuring the increase in absorbance
at 245 nm for HPRT (A) and 257.5 nm for GPRT (B) reactions. Data were fitted to Eq. 6 for

a single exponential increase.

Energy of Activation. The energy of activation for the enzyme-catalyzed chemical reaction
was assessed by measuring the dependence of k..on temperature for Hx and Gua (Fig. 3).
These data were fitted to Eq. 7. The results presented in Table 3 are derived from data fitting
to Equations 7-11. These results provide the energy of activation (£,), which represents the
minimal amount of energy necessary to initiate the chemical reaction catalyzed by MfHGPRT,

as well as the transition state enthalpy (AH"), entropy (AS™) and Gibbs free energy (AG™).
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Table 3. Thermodynamic activation parameters for MtHGPRT"

Parameter

E, (kcal mol™)
AH" (kcal mol™)
AS" (cal mol K™)
AG" (kcal mol™)

HPRT

6.20 = 0.09
5.60 +£0.08
-39.6 £0.5
17+0.2

5.10+0.03
4.50 £ 0.02
-46.6 £0.2

“ All values were determined at 25 °C (298.15 K).

0.0

0.2 4

-0.4

log K (s

.06

-0.8

1.0

-1.2

Hypoxanthine

0.00320

0.00345 0.00350

Figure 3. Arrhenius plot for Hx and Gua substrates (temperature dependence of logk,).

Solvent Kinetic Isotope Effects. To evaluate the contribution of proton transfer from the

solvent to the rate of phosphorybosyl transfer of MfHGPRT-catalyzed reaction, solvent

kinetic isotope effects were determined by fitting data to Eq. 12. The results are given in

Table 4.

Table 4. Solvent kinetic isotope effect for MtHGPRT.

Parameter Solvent Kinetic Isotope Effect Comments
D20 epp 1.23+0.10 HPRT
D20k prpp 1.29+0.24 HPRT
D20y 1.09 + 0.08 HPRT
DO/ e 1.26 +0.27 HPRT
D20 epp 0.71 £ 0.04 GPRT
D2OV/K prop 0.86 +0.19 GPRT
D20y 0.92 +0.07 GPRT
D2OP/K e 0.78 + 0.34 GPRT
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Determination of Equilibrium Constant. Plotting the MfHGPRT enzyme activity as a
function of [PPi]/[PRPP] ratio gives a straight line for HPRT and GPRT reactions (Fig. 4).

This analysis yielded values of 0.0271 for K.q of Hx and 0.0357 for K4 of Gua.

HPRT B) GPRT
2.5 1 0.4 4
L]
204
= 03
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E 151 g
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= 2 o024 @
Z 10 g
Q =
< 5
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G 051 2
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00 ; : , , . . 00 . . . . , : .
0.005 0.010 0.015 0020 0.025 \g\oag 0.4o5 0.010 0.015 0.020 0.025 0.030 0 osN\cmo
05 - [PPi] / [PRRP] o1l [PPil/ [PRRP)

Figure 4. Plot of enzyme activity against different [PPi]/[PRPP] ratios to determine the
equilibrium constant for HPRT (A) and GPRT (B) reactions. The ratios for [IMP]/[Hx] and

[GMP]/[Gua] were fixed at 1.

pH-rate Profiles. To probe for acid-base catalysis and likely residues involved in catalysis
and/or substrate binding, pH-rate profiles were determined for the steady-state kinetic
parameters of MtHGPRT. In this experiment, initial velocities measurements were assayed in
a broad range of pH values. The pH-rate profiles are shown in Fig. 5. Data from the pH-rate
profile of HPRT reaction for k¢, and k../Kprpp were fitted to Eq. 14, yielding values of,
respectively, 6.3 (£ 1.2) and 7.0 (£ 0.9) (Fig. SA). For the GPRT reaction, data fitting to Eq.
14 yielded a value of 6.1 (£ 2.8) for k¢./Kprpp and 6.8 (£ 2.0) for kca/KGua (Fig. SB). There
appears to be no obvious ionizing group to be predicted from the k../Kux data for HPRT

reaction, and, interestingly, k., data for GPRT reaction (Fig. SA,B).
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Figure 5. Dependence of steady-state kinetic parameters on different pH values for HPRT (A)

and GPRT (B) reactions.

Discussion
Oligomeric State Determination. The size exclusion chromatography results indicate that
MHGPRT is a homodimer of approximately 46 kDa in solution, which suggests that this

enzyme belongs to type I PRTases, as this family of enzymes are homodimers.**
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Steady-state Kinetics. Divalent metal ion activation of substrate PRPP has already been

demonstrated as essential for PRTase catalyzed reactions™’

in which the dimagnesium
Mg,:PRPP complex (and not PRPP alone) was proved to be the true substrate for HGPRT
reaction.”” No activity could be detected when Mg* was omitted from the reaction mixture for
the MHGPRT (data not shown). These results are in agreement with MtHGPRT belonging to
type I PRTases, for which there is an absolute requirement of divalent magnesium ion for
catalysis.**

The steady-state kinetics constants for MFHGPRT (Table 1) showed an approximately 54-
fold larger value for K,, of PRPP as compared to Hx, and 65-fold as compared to Gua. Higher
overall K, values for PRPP compared to Hx or Gua have also been reported for Homo sapiens
(HsHGPRT) (68-fold for Hx; 18-fold for Gua)"> and Plasmodium falciparum (PfHGPRT)
(27-fold for Hx; 53-fold for Gua).”® MHGPRT showed a K,, 2.6-fold lower for Gua as
compared to Hx. However, the k../K,, value was 1.8-fold larger for the HPRT reaction as
compared to the GPRT reaction. As ke/K,, determines the specificity for competing
substrates, MfHGPRT appears to be more efficient at using Hx than Gua as co-substrate.
Interestingly, HsHGPRT has a k../K,, value of 1.3 x107 for HPRT reaction and 3.7 x10° for
GPRT reaction,"” indicating a higher efficiency at using both substrates when compared to
MHGPRT. As for MtHGPRT, the apparent second-order rate constant value for HsHGPRT-
catalyzed phosphorybosyl transfer to Hx is larger than to Gua.

Double reciprocal patterns of lines intersecting to the left of the y-axis (data not shown) are
an indication that the reaction catalyzed by MfHGPRT obeys a sequential (either random or
ordered) kinetic mechanism, which leads to the formation of a ternary complex capable of
undergoing catalysis.”> Sequential mechanisms have been suggested as one of the features

24,26,29-31

shared by type I PRTases. The pattern of lines intersecting to the left of the y-axis

rules out ping-pong (parallel lines), steady-state random (that gives non-linear reciprocal
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plots), and rapid-equilibrium ordered (one of the family of lines should cross at a single value
on the y-axis) mechanisms. However, the double-reciprocal plots alone cannot distinguish
between rapid-equilibrium random and steady-state compulsory ordered bi bi mechanisms.
Accordingly, ITC studies were performed to help distinguish between these enzyme

mechanisms.

Isothermal Titration Calorimetry. ITC measurements were carried out to both determine
the order, if any, of addition of substrate to and the order of product release from MHPRGT
enzyme. Formation of MftHGPRT:IMP and MfHGPRT:GMP binary complexes (Fig. 1 B,C)
were detected by ITC measurements and generated exothermic profiles (heat released to the
system). On the other hand, formation of MfHGPRT:PRPP binary complex (Fig. 1 A) was
characterized by an endothermic profile (heat taken up from the system). No binding of either
Hx or PPi to free MIHGPRT was detected (data not shown). Gua could not be tested due to
solubility issues, which precluded reliable data collection. ITC data on PRPP, IMP and GMP
binding to free MHGPRT were best fitted to one set of sites binding model, with the » values
(number of active sites) of 1.81 sites per monomer for GMP, 12 for PRPP and fixed as 1 for
IMP. This value indicates the number of molecules bound to each enzyme active site with
equal affinity. The value of 12 to stoichiometry (n) of the PRPP binding to the free MIHGPRT
might be related to the instability and purity of the compound (75% according to the supplier).

These ITC results and double-reciprocal plots suggest a sequential compulsory ordered
mechanism for MtHGPRT, in which PRPP binds to free enzyme followed by Hx or Gua
binding; and PPi is the first product to dissociate followed by the respective monophosphate
nucleoside (IMP or GMP) release, leading to the regeneration of free enzyme (Fig. 6). A
sequential mechanism has been proposed for HsHGPRT," in which PRPP binds first and

release of the nucleotide as the last step of the reaction. Sequential mechanisms have also
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been suggested for others type I PRTases.”** It should be pointed out that binding of Gua
could not be evaluated by ITC studies due to limited solubility in aqueous solutions.
Incidentally, attempts were made to measure whether or not Gua binds to free MIHGPRT
enzyme using protein fluorescence spectroscopy; however, no reliable data could be obtained
due to high inner filter effects (data not shown). Accordingly, here it is assumed that the lack
of binding of Hx to free enzyme serves as a surrogate to Gua (no binding to free MfHGPRT),

and thus the same kinetic mechanism is followed by both HPRT and GPRT reactions.

PRPP:Mg, Hx/Gua PPi:Mg, IMP/GMP

|

T |

E-PRPP:Mg,  E-PRPP:Mg,-(Hx/Gua) === E-PPi:Mg,-(IMP/GMP)  E-(IMP/GMP)
Figure 6. Proposed kinetic enzyme mechanism for MfHGPRT. This order of substrate

binding and product release is suggested on basis of the Lineweaver-Burk plots (kinetics) and

thermodynamics.

The ITC measurements provided dissociation constants values (Kq) for IMP (130 uM) and
GMP (2.1 uM) (Table 2). A larger value for IMP as compared to GMP has also been
observed for HsHGPRT."” The ITC results showed significant heat changes upon ligand
(PRPP, IMP, or GMP) binding to free MHGPRT enzyme (Fig. 1), thereby providing
thermodynamic signatures of non-covalent interactions to each binding process. Observed
enthalpies arise largely as a result of changes in interatomic interactions (e.g., hydrogen bonds
and/or van der Waals interactions), in which the sign indicates whether there is a net
favourable (negative AH) or unfavourable (positive AH) redistribution of the network of
interactions between the reacting species (including solvent).*® Hydrophobic interactions are

related to the relative degrees of disorder in the free and bound systems and thus these
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interactions are reflected in the entropy change. The release of “bound” water molecules from
a surface to the bulk solvent is usually a source of favourable entropy (positive AS). A
reduction in conformational states in either ligand or protein upon binary complex formation
is entropically unfavourable (negative AS) because this molecular recognition process limits
the external rotational and translational freedom of both partners (for instance, structuring
regions of the protein adjacent to the bound ligand and loss of conformational freedom of free
ligand).” The negative AH values for IMP and GMP binding (Table 2) indicate that these
processes are accompanied by favourable redistribution of H-bonds and/or van der Waals
interactions. The negative AS values for these binding processes are likely coupled to a
decrease in conformational states upon binary complex formation. Accordingly, IMP or GMP
dissociation from the binary complex to yield free MrHPRT enzyme is likely to be
accompanied by an increase in conformational states including the flexible loop involved in
binding of nitrogenous base, which is a characteristic feature of type I PRTases.** The ITC
data also show that GMP binds 68-fold more strongly than IMP, probably due to additional
interactions made by the exocyclic amino group of GMP and MHGPRT."” The
thermodynamic analysis of binding of PRPP gives a K; of 48 uM, with favourable entropic
contribution and unfavorable binding enthalpy (Table 2), indicating that this binding event is
accompanied by release of water molecules to bulk solvent and unfavorable redistribution of
the hydrogen bond network and/or van der Waals interactions between the reacting species.”
The Gibbs free energy values for PRPP, GMP and IMP binding to MtHGPRT (Table 2)
show that these processes are favourable (negative value for AG). As indicated in Eq. 5, AG
consists of enthalpic and entropic contributions, and the results given in Table 2 are yet
additional examples of entropy-enthalpy compensation often observed in biomolecular
interactions.®® If the ligand displays a significant enthalpic contribution, sometimes this

contribution is offset by a large entropic compensation, which happens when we compare the
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Gibbs free energy of binding of substrate and products to MtHGPRT. For GMP and IMP
binding, favorable formation of hydrogen bond and/or van der Waals interactions are
accompanied by a likely decrease in conformational states of enzyme and ligand species, thus
compensating all gain in the enthalpy. On the other hand, for PRPP the inverse happens: the
unfavorable redistribution of the hydrogen bonds is compensated by favorable entropic
contribution (e.g., release of "bound" water molecules to solvent), compensating the penalty

in enthalpy.**

Energy of Activation. The linearity of the Arrhenius plot (Fig. 3) suggests that there is no
change in the rate-limiting step over the temperature range utilized in the assay for HPRT and
GPRT reactions.”’ The E, values for Hx and Gua, representing the minimum amount of
energy necessary to initiate the MfHGPRT-catalyzed chemical reaction, were similar (Table
3). 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 HPRT and GPRT reactions. The
constant A of Eq. 7 corresponds to the product of collision frequency (Z) and the probability
or steric factor (p) from the collision theory of reaction rates. From the absolute rate theory,
Aszz(kBT/h)eAS#/ R Accordingly, this equation enables interpretation of the probability
factor in terms of entropy of activation. The negative values for the entropy of activation
(AS") for HPRT and GPRT reactions (Table 3) suggests that these reactions proceed slower
than predicted by the collision theory and that the entropy value for the enzyme:substrate(s)
activated complex is lower than the one for enzyme:substrate(s) in the ground state (there is

loss of degrees of freedom on going from the ground state to activated state).
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Pre-steady State Kinetics. The values for the apparent first-order rate constant for HPRT
(0.213 s™) and GPRT reactions (0.216 s) are similar to the catalytic rate constants for Hx (ke
=0.89 s™) and Gua (kw = 0.193 s) from steady-state kinetic measurements (Table 1). In the
study of the transient phase of enzyme reactions, the data obtained are generally expressed by
a single exponential curve for the first order reaction.”' The observation of burst during a time
course in the transient phase is an evidence of a significant build-up of product formation
along the reaction pathway.’' If a burst is observed during the transient phase, and the
concentration of IMP or GMP produced is approximately equal to the initial MfHGPRT
subunit concentration, it would indicate that the chemical step of the reaction is much faster
than the release of product (PP1, IMP or GMP). As there is no burst in product formation (Fig.
2 A, B), the pre-steady state data demonstrate that product release does not contribute to the

rate-limiting step of the chemical reaction catalyzed by MtHGPRT.

Solvent Isotope Effects. Solvent isotope effects were determined to assess whether or not
proton transfer from the solvent contributes to the rate of phosphoribosyltransferase reactions
catalyzed by MtHGPRT. Isotope effects on V' report on events following the ternary complex
formation capable of undergoing catalysis (fully loaded enzyme), which include the chemical
steps, possible enzyme conformational changes, and product release (leading to regeneration
of free enzyme). Solvent isotope effects on /K report on the contribution of the proton
transfer in steps in the reaction mechanism from binding of the isotopically labeled chemical
compound (solvent) to the first irreversible step, usually considered to be the release of the
first product (that is, all rate constants from reactant binding until the first irreversible step).”
Accordingly, to evaluate the contribution, if any, of proton transfer from solvent to a rate-
limiting step, measurements of solvent isotope effects on V" and V/K were carried out. As rule

of thumb, deuterium accumulates where binding is tighter (that is, fractionation factor is
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larger than one). Transition state proton contributes the reciprocal of its respective
fractionation factor to the solvent isotope effect, whereas the contribution of a reactant state
proton to the solvent isotope effect is equal to its fractionation factor.*®

The solvent isotope kinetic effects parameters for HPRT reaction (D 2OVpRpp, b 20V/KpRpp,
D20y P2PV/K ) suggest modest, if any, participation of the proton solvent in catalysis and
binding (Table 4). The parameters of GPRT reaction (D 2OV/KpRpp, b 2OVGua, b ZOV/KGM) also
suggest modest, if any, participation of proton transfer from the solvent in catalysis and
binding. On the other hand, the value of 0.71 + 0.04 suggests an inverse effect on b 2OVpRpp
(Table 4). The expression of deuterium kinetic isotope effect on J includes the intrinsic
isotope effect, commitment factors (forward and reverse) and equilibrium isotope effect.’®
The inverse effect on ” 2OVPRpp suggests that deuterium accumulates (tighter binding) in a
transition state from ternary complex to the first irreversible step as transition state protons
contribute the reciprocal of its fractionation factor to the kinetic solvent isotope effect
(providing equilibrium isotope effect is normal). Solvent isotope effects lead to isotope
exchanges at hundreds of protic positions of the enzyme, which precludes any assignment to a

particular chemical group. Interestingly, a normal solvent isotope effect for k... was observed

for the HPRT reaction (Table 4).

Determination of equilibrium constant. The analysis of the equilibrium experiments for
HPRT and GPRT reactions yielded values of 0.0271 for K., of Hx (Fig. 4A) and 0.0357 for
K4 of Gua (Fig. 4B). The standard free energy (AG®) can thus be calculated by Eq. 13. This
analysis gives values at 25 °C (298.15 K) for AG® of 8.95 kJ mol™ (2.13 kcal mol™) for Hx
and 8.27 kJ mol” (1.97 kcal mol™) for Gua. These results suggest that HPRT and GPRT
reactions are not favorable processes under at equilibrium. The PRTase reactions display a

wide range of K4, from 0.1 for OPRTase to a value of 300 for APRTase." However, whether
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or not phosphoribosyl transfer is a favorable process (AG < 0) in vivo, the intracellular
concentrations of substrates and products need to be determined. There are other MTB
enzymes that catalyze reactions that could provide free bases and PRPP. For instance, purine
nucleoside phosphorylase (PNP), involved in the metabolism of both purine and pyrimidine.*’
PNP catalyzes the reversible phosphorolysis of the N-glycosidic bond of a-purine
(deoxy)ribonucleosides to generate B-(deoxy)ribose 1-phosphate and the corresponding purine

38,39
bases.”™

pH-rate profile. The pH dependence of kinetic parameters for HPRT and GPRT reactions
were carried out to probe acid/base chemistry in MFHGPRT mode of action. The enzyme was
stable over the pH range (HPRT reaction: 5.5 - 10; GPRT reaction: 5 - 10) used in pH-rate
profiles (data not shown). Multiple sequence alignment of HGPRTs shows the conserved
residues involved in catalysis and PRPP binding (Fig. 7). 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 k.,; for HPRT reaction showed a profile of a curve with
slope of +1 that goes to zero as a function of increasing pH values (Fig. SA). Fitting the pH-
rate data to Eq.14 yielded a value of 6.3 (£ 1.2) for pK,. In HsHGPRT, Aspl137 (Asp123 in
MHGPRT) has been proposed to act as a general acid/base for catalysis and Lys165 (Lys154
in MHGPRT) as a group involved in ground-state interactions with substrates for nucleotide
formation reaction.* It is thus tempting to suggest that the residue that needs to be
deprotonated for HPRT catalysis to occur can be attributed to the carboxyl side chain of
conserved Glul22 or Asp123 of MIHGPRT (Fig. 7). Although the pK, value of the y-carboxyl
group of Glu residues is in the 4.3 — 4.5 range and the B-carboxyl group of Asp residues are
usually in the 3.9 — 4.0 range, it is not unlikely that this pK, value may be displaced by
neighbouring chemical groups. Although attempts of fitting the pH-rate data of k., for GPRT
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reaction (Fig. 5B) to an equation that describes "hollows" were made,*' no convergence to
any parameters could be achieved. A similar profile was shown for the HPRT reaction
catalyzed by HsHGPRT enzyme.*’ Xu and Grubmeyer concluded that this "hollow" possibly
arises from slow protonic equilibria for this reaction, in which there are slow proton transfers
between enzymatic residues and solvent.** The pH dependence of kq./Ky relates to the
required (or preferred) protonation states for binding and/or subsequent catalysis of groups in
either the substrate or the enzyme form it combines with.?® The data for keat/ Kprpp of HPRT
and GPRT reactions were fitted to Eq.14, yielding values of, respectively, 7.0 (£ 0.9) and 6.1
(£ 2.8). These data indicate that there is a residue that needs to be deprotonated for productive
binding of PRPP. The sequence alignment results show that a highly conserved PRPP binding
loop is found in MfHGPRT (Fig. 7). This loop starts at Vall18 and extends to Leul31, and
the presence of two acidic amino acid is believed to be critical for PRPP binding to type I
PRTases.”* As the slopes of kc./Kprpp for HPRT and GPRT reactions were +1, it seems that
either Glul22 or Asp123, which are located in the PRPP binding loop (Fig. 7), is the likely
group with pK, values of 7.0 and 6.1 involved in PRPP binding. Interestingly, Xu and
Grubmeyer found a bell-shaped profile for kc./Kprpp data of HsHGPRT for pH values ranging
from 5 to 9.5, suggesting Asp137 as the residue with pK, of 7.1 that needs to be deprotonated
and Lys165 as the residue with pK, of 8.8 that needs to be protonated for productive PRPP
binding.40 The data for k../Kcua of GPRT reaction were fitted to Eq. 14, yielding a pK, value
of 6.8 (£ 2.0). These results suggest that there is a residue that needs to be deprotonated for
productive binding of Gua (Fig. SB). At any rate, site-directed mutagenesis should be carried
out to provide a solid foundation on the role of amino acids in catalysis and/or substrate
binding for MfHGPRT. For the HPRT reaction, no equation could be fitted to the k.,/Kyx data

(Fig. SA) and it appears that there is no ionizable group involved in Hx binding in the 5.5 to
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10 pH range. Ideally, the crystal structure of MtHGPRT should be determined to provide

structural information to help interpretation of the pH-rate data here presented.

M. tuberculosis 01 MHVT------ Q555A---—————---- ITPGQTAELYPGDIKSVLLTAEQIQARIAELGEQ 43
L. donovani 01 MSNS----- AKSPSG-——-—-——-———- PVGDEGRRNYPMS -AHTLVTQEQVWAATAKCAKK 43
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7. foetus or -----—--—————— - MTETPMMDDLERVLYNQDDIQKRIRELAAE 30
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P.falciparum 61 IKKVYN------ NEEFHILCLLKGSRGFFTALLKHLSRIHNYSAVETSKPLFGEHYVRVK 114
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H.sapiens 163 LLVKRTPRS-VGYKPDFVGFEIPDKFVVGYALDYNEYFRDLNHVCVISETGKAKYKA--- 218
T.foetus 131 LCDKDIGKKAYDVPIDYCGFVVENRYIIGYGFDFHNKYRNLPVIGILKESVYT-------— 183

¥ * - R & S SRR E -

Fig. 7. Multiple sequence alignment of M. tuberculosis (UniProt: POWHQO9), L. donovani
(UniProt: P43152), P. falciparum (UniProt: P20035), H. sapiens (UniProt: P00492) and T.
foetus (UniProt: P51900) HGPRT enzymes. Amino acids for each polypeptide sequence were
independently numbered. Identical conserved residues are indicated by stars below the
alignment. Multiple sequence alignment was performed with Clustal Omega software
(http://www.ebi.ac.uk/Tools/msa/clustalo/). Conserved Aspartic acid 123 (D) and glutamic

acid 125 (E) involved in PRPP binding in the PRPP loop (underlined) are highlighted in bold.
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CAPITULO 3

DISCUSSAO GERAL
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Para o estudo do modo de agao da HGPRT de Mycobacterium tuberculosis foram
realizados diversos experimentos: O primeiro deles, apresentado no Capitulo 2, tinha como
objetivo a determinagao do estado oligomérico em solu¢dao da MtHGPRT. A cromatografia
de exclusdo por tamanho resultou em um valor de 46 kDa, indicando que a enzima se
comporta como um dimero em solugdo. Este resultado esta de acordo com a literatura, uma
vez que as PRTases tipo 1 sdo, predominantemente, homodimeros.[32] O seguinte
experimento visava a determinacdo das constantes cinéticas verdadeiras. Primeiramente,
executamos testes de atividade sem adicdao de Mg2+. Como atividade enzimdtica nao foi
observada na auséncia de Mg?*, podemos inferir que Mg,:PRPP é o verdadeiro substrato
para MtHGPRT, visto que a literatura apresenta que ions divalentes s3ao essenciais para
reacOes catalisadas por PRTases, ativando o substrato PRPP. [33.34] As constantes cinéticas
obtidas em estado estacionario, quando foram comparadas com as apresentadas na
literatura.[30] As constantes de Michaelis (K;,) obtidas para PRPP quando comparadas com
Hx ou Gua se mostraram mais de 50 vezes maiores. Estes valores mais altos também foram
observados para Plasmodium falciparum e Homo sapiens. [35,36] A MtHGPRT demonstrou
um valor de Km 2,6 vezes mais baixo para Gua quando comparado com Hx. No entanto, o
valor de k../K, para a reacdo de HPRT é 1,8 vezes maior quando comparado com a GPRT.
Isso deve se dar devido ao valor de k.t maior para HPRT quando comparado com GPRT. Na
HGPRT humana o valor de k/Km para ambas as rea¢des é muito mais alto que na MtHGPRT,
indicando uma maior eficiéncia. O grafico de Lineweaver-Burk (Figura 6) revelou um padrao
de retas se encontrando a esquerda do eixo y, um indicativo de mecanismo cinético
sequencial (podendo ser ordenado ou aleatdrio), que leva a formag¢do de um complexo
ternario, capaz de sofrer catdlise. Este mecanismo é sugerido como uma caracteristica das

PRTases tipo 1. [32,37]
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Figura 6. Graficos de Lineweaver-Burk.
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Nota: O padrdo de retas nos graficos de Lineweaver-Burk indica o possivel mecanismo cinético da enzima. O
padrdo de retas se encontrando a esquerda do eixo y indica um mecanismo cinético sequencial, ordenado ou
aleatdrio. Este padrao pode ser observado para ambos os substratos nas reagGes de HPRT (A) e GPRT (B).

Para a determinacdo da ordem, se existente, foram realizados experimentos em
microcalorimetro. Estes experimentos demonstraram a formac¢do de complexos bindrios de
PRPP, IMP e GMP com MtHGPRT. Nao foi observada a ligacdo de Hx ou PPi na enzima livre.
Devido a problemas de solubilidade ndo foi possivel o teste utilizando Gua. Estes resultados
corroboram o mecanismo cinético sequencial ordenado, onde PRPP liga-se na enzima,
seguido da base livre (Hx ou Gua) e, apds a catalise ocorre a liberacdo de PPi e o nucleosideo
monofosfato (IMP ou GMP). [37] A figura 7 ilustra a sequéncia sugerida de adicdo e

liberacao.
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Figura 7. Mecanismo cinético proposto para a enzima MtHGPRT.

PRPP:Mg, Hx/Gua PPi:Mg, IMP/GMP

I b

E E-PRPP:Mg; E-PRPP:Mg,-(Hx/Gua) === E-PPi:Mg,-(IMP/GMP)  E-(IMP/GMP)

Os experimentos em ITC também proveram os valores de dissociagao (Kd) para IMP (133.8
UM) e GMP (2.1 pM) Este valor mais baixo para o GMP em relagdo ao IMP também é
observado na HGPRT humana.[36] A maior afinidade pelo GMP pode ser explicada pela
ligagdo de hidrogénio extra realizada pela molécula.[36]

Os experimentos de energia de ativacao (E;) foram realizados para identificacdo de efeitos
da temperatura na catdlise, bem como extracdo das constantes termodindmicas no estado
de transicdo. O grafico de Arrhenius demonstrou que a temperatura nao influencia na etapa
limitante. Os valores de E, para Hx e Gua foram similares, representando a minima energia
necessaria para iniciar a reacao quimica da MtHGPRT.

Os estudos de cinética em estado pré-estaciondrio foram conduzidos para a identificacao
de um possivel efeito de “burst”, onde a possivel etapa limitante seria a liberacdo dos
produtos e duas velocidades seriam observada, porém este efeito ndao foi observado. Os
valores para constante de primeira ordem obtidos foram comparados com o k. foram
similares.

Para os estudos da contribuicdo da transferéncia de préton, foram realizados
experimentos de velocidade inicial em espectrofotémetro. Os valores de V indicam eventos
relacionados com a formacdo do complexo ternario capaz de sofrer catalise, incluindo as
possiveis alteragcdes conformacionais, etapas quimicas e liberacdo dos produtos. Efeitos em
V/K reportam a contribuicdo da transferéncia de préton na ligacdo dos substratos até a
primeira etapa irreversivel, geralmente considerada a liberacdo do primeiro produto. Os
resultados apresentados no capitulo 2 para este experimento demonstraram que ndo ha
efeito isotdpico, ou seja, ndo ha contribuicdo da transferéncia do préton na etapa limitante.

Para a determinagdo da constante de equilibrio (Keq) da MtHGPRT para ambas as reagdes,
foram realizados experimento em espectrofotdmetro, onde uma razao nas concentracdes de
base (Hx ou Gua) e nucleosideo monofosfato (IMP ou GMP) foi mantida fixa em 1 enquanto
a razdo entre PPi e PRPP foi variada. Este experimento resultou nos valores de 0,0217 para
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Hx e 0,0357 para Gua. Isto indica que ambas as rea¢Ges ndo sdo espontaneas. Porém, é
necessario se saber as concentra¢des intracelulares de substratos e produtos para se
determinar qual reacdo (forward ou reverse) acontece. E importante relembrar que existem
outras enzimas que sdo capazes de prover as bases para as reagdes, como é o caso da purina
nucleosideo fosforilase (PNP), envolvida no metabolismo de purinas e pirimidinas. [38]

Por fim, para o estudo do efeito do pH sobre dos parametros cinéticos para ambas as
reacOes catalisadas pela MtHGPRT o perfil de pH foi realizado. Primeiramente a estabilidade
da enzima foi testada em diversos pHs. O efeito do pH sobre k. esta relacionado com a
etapa quimica e os valores relacionados com o pK de cadeias laterais de aminoacidos que
possuem papeis relevantes na catalise. O valor para o pK; obtido para k.,;; para a reacdo de
HPRT foi 6,3. Na HGPRT humana Asp 137 faz parte da catdlise acido/base junto com a lisina
165 (154 em MtHGPRT), sendo responsavel pela desprotonacdo e protonacdo do N7 do anel
purinico. [39] Nenhuma equacao pode ser aplicada para o plot de k., para a reacdo de GPRT,
indicando que, nos pHs testados, ndo houve alteracdo desta constante de primeira ordem.
Em relacdo a dependéncia do k../Km com o pH, que estd relacionada com a etapa de ligagdo
do substrato com a enzima, o valor para PRPP para ambas as reacGes foi obtido através da
mesma equacao utilizada anteriormente. Os valores foram de 7 e 6,1 respectivamente. De
acordo com o alinhamento (figura 8) e com a literatura,[32] uma al¢a de ligacdo de PRPP
altamente conservado pode ser encontrado em MtHGPRT. Este loop comeca na Val 118 e se
extende até a Leu 131, e a presencga de dois aminacidos acidos aparentemente é critica para
todas as PRTases tipo 1 para que haja a ligagdo do PRPP.[32] E possivel, entdo, atribuir o
valor de pKa 7 e 6,1 para Glu 122 ou Asp 123, uma vez que a cadeia lateral acida de ambos
os aminoacidos podem formar ligacdes de hidrogénio com os grupamentos hidroxila da
ribose do PRPP.

N3o é possivel afirmar, no entanto, se ambos ou apenas um dos aminoacidos sdo
necessarios para a ligacdo do PRPP. Uma forma de se estudar este evento seria a aplicacao
de mutagénese sitio-dirigida, onde estes aminoacidos poderiam ser substituidos por outros,
com diferentes cadeias laterais, permitindo o entendimento do papel destes aminoacidos.

Para a reacdo de GPRT a mesma equacao foi utilizada para a dependéncia do pH no k-

cat/ KGua, resultando no valor de 6,8. O alinhamento (Figura 8) mostra a presenga de uma lisina
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conservada que pode interagir com o substrato Gua. Na HGPRT humana esta lisina (Lys165)

interage, através de ligagao de hidrogénio com o grupamento cabonila do GMP.[36]
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Figura 8. Alinhamento multiplo.
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Nota: Alinhamento multiplo de HGPRT de M. tuberculosis (UniProt: POWHQ9), L. donovani (UniProt: P43152),
P. falciparum (UniProt: P20035), H. sapiens (UniProt: P00492) and T. foetus (UniProt: P51900) realizado no
software Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). Os aminoacidos destacados em negrito
sdo conservados e apresentam papel relevante na ligagcdo ou catalise. Al¢a de ligagdo ao PRPP foi sublinhado

para destaque.
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CAPITULO 4

CONSIDERACOES FINAIS
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A HGPRT desempenha um papel importante na via de salvamento de MTB,
participando na reciclagem de bases purinicas. Esta via necessita de menos energia, uma vez
gue a via de salvamento necessita de onze reacdes para a obtencdo dos mesmos produtos.
O estudo do modo de acdo da HGPRT permite a compreensdo de como a enzima se
comporta, quais suas propriedades cinéticas, a ordem de adi¢do de substratos e liberagao de
produtos (mecanismo cinético) e o efeito do pH em residuos relevantes para a liga¢do e/ou
catalise. Este estudo foi feito através de cinética em estado estacionario, onde foram obtidas
as constantes cinéticas verdadeiras para os substratos, influéncia da temperatura, efeitos
isotopicos e do pH na reacdo catalisada pela enzima. Estudos em ITC também foram
realizados, corroborando o mecanismo proposto pela cinética e determinando a ordem de
adicdo dos substratos/produtos. Estes experimentos também permitiram a obtencdo dos
valores de dissociacdo (Ky), a estequiometria da reacdo e contribuicdes entalpicas e
entrépicas, bem como a energia livre de Gibbs da ligacdo. A determinacdo da estrutura
tridimensional da MtHGPRT em sua forma livre ou complexada com um substrato, produto
ou analogo poderia indicar as diferencas estruturais quando comparada com as HGPRTs de
outros organismos, e também relacionadas com as diferencgas entre as constantes obtidas.

Nés esperamos que os resultados obtidos neste trabalho contribuam para o
entendimento do modo de acdao da HGPRT na via de salvamento de purinas de
Mycobacterium tuberculosis, uma vez que este patdgeno ainda é uma ameaca global e que
requer atencdo da comunidade cientifica. No entanto, alguns estudos ainda devem ser
realizados para a melhor compreensdo do modo de a¢do da enzima, como por exemplo o
knockout do gene e mutagénese sitio-dirigidas, o que corroboraria os aminodcidos

importantes para o funcionamento da MtHGPRT.
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