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RESUMO 

A leishmaniose é considerada uma das principais doenças endêmicas do mundo e o 

Brasil está entre os países com a maior incidência das formas cutâneas e 

mucocutâneas de leishmaniose causadas principalmente pela Leishmania braziliensis. 

Embora o tratamento desta doença esteja disponível, os fármacos de primeira linha 

contra a leishmaniose possuem várias limitações: administração parenteral, longa 

duração do tratamento e muitos efeitos adversos. Uma das principais características 

metabólicas destes parasitas é a ausência da via de biossíntese de novo de purinas, 

tornando-os dependentes unicamente da via de salvamento para a síntese de 

nucleotídeos. A melhor compreensão da via de salvamento de purinas pode revelar 

detalhes da biologia de L. braziliensis que, por sua vez, podem ser usadas para 

desenvolver novas estratégias para combater este parasita. A Inosina-Uridina 

Nucleosídeo Hidrolase de L. braziliensis (LbIU-NH) desempenha um papel importante 

na rota de salvamento e é um alvo molecular interessante para o desenvolvimento de 

novos fármacos, uma vez que não existe uma atividade catalítica semelhante em 

mamíferos. Neste trabalho, descrevemos a clonagem, expressão e a purificação da 

proteína recombinante homogênea. A determinação das constantes cinéticas da LbIU-

NH no estado estacionário para inosina, adenosina, citidina e uridina foram 

determinadas. Estes dados sugerem funções e características distintas de uma 

hidrolase não específica. O perfil termodinâmico sugere que apenas a ribose pode ligar 

à enzima livre com contribuições tanto entalpica (ΔH) quanto entrópica (ΔS) favoráveis. 

Os parâmetros de ativação termodinâmica (Ea, ΔG#, ΔS#, ΔH#) para a reação 

catalisada pela LbIU-NH, cinética no estado pré-estacionário, efeito isótopico do 

solvente e perfil de pH também foram determinados. Além disso, descrevemos a 

estrutura cristalina de LbIU-NH complexada com ribose e Ca2+ a 1.5 Å de resolução. 
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ABSTRACT 

Leishmaniasis is considered one of the main endemic diseases in the world, and Brazil 

is among the countries, which has the highest incidence of cutaneous and 

mucocutaneous forms of leishmaniosis caused mainly by Leishmania braziliensis. 

Although the treatment of this disease is available, the first-line drugs against 

leishmaniosis have several limitations: parenteral administration, long duration of 

treatment, and serious toxicities. One key metabolic characteristic of this parasite is the 

lack of purine de novo biosynthesis pathway, relying only on the purine salvage pathway 

for nucleotide synthesis. The better understanding of the purine salvage pathway can 

reveal details of the biology of L. braziliensis that could be used to develop new 

strategies to combat this parasite. The inosine-uridine nucleoside hydrolase from L. 

braziliensis (LbIU-NH) plays an important role in the salvage process and is an attractive 

drug target as there is no similar catalytic activity in mammals. Here, it is described the 

cloning, expression, and purification of the homogenous recombinant protein. 

Determination of LbIU-NH steady-state kinetic constants for inosine, adenosine, cytidine 

and uridine are reported. These data suggest distinct functions and characteristics of a 

nonspecific hydrolase. Thermodynamic profile suggests that only ribose can bind to free 

enzyme with favorable enthalpic (ΔH) and entropic (ΔS) contributions. Thermodynamic 

activation parameters (Ea, ΔG#, ΔS#, ΔH#) for the LbIU-NH-catalyzed chemical reaction, 

pre-steady-state kinetics, solvent kinetic isotope effects, and pH-rate profiles are also 

presented. In addition, the crystal structure of LbIU-NH in complex with ribose and Ca2+ 

at 1.5 Å resolution is described.  
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1. INTRODUÇÃO  

     1.1 A LEISHMANIOSE 

A leishmaniose é uma doença infecciosa e não contagiosa, cujos agentes 

etiológicos são protozoários pertencentes à família Trypanosomatidae, do gênero 

leishmania.1,2 Estes parasitas são encontrados em quase todos continentes, exceto na 

Oceania, e mais de 20 espécies já foram descobertas. No Brasil, foram identificadas 

sete espécies de Leishmania, sendo seis do subgênero Viannia e uma do subgênero 

Leishmania.3 As espécies Leishmania (Vianna) braziliensis, Leishmania (V.) guyanensis 

e Leishmania (Leishmania) amazonensis ganham destaque, pois são as principais 

causadoras da Leishmaniose Tegumentar Americana no país.3,4 

 A leishmaniose é caracterizada pela Organização Mundial da Saúde (OMS) 

como uma das seis principais doenças endêmicas no mundo em que o número de 

casos está aumentando.¹ A epidemiologia da leishmaniose depende das características 

das espécies dos parasitas, das condições socioeconômicas da região, da mobilidade e 

das mudanças ambientais e climáticas dos locais de transmissão.1,2,4 A doença pode se 

manifestar de três principais formas:  

- Leishmaniose visceral (LV): Conhecida como Calazar, caracteriza-se por 

episódios de febre, perda de peso, aumento do baço e do fígado, e anemia.5-7 Estima-

se que 200 000 a 400 000 novos casos ocorrem no mundo a cada ano e que mais de 

90% dos novos casos relatados à OMS ocorreram em seis países no ano de 2015: 

Brasil, Etiópia, Índia, Somália, Sudão e Sudão do Sul;5 

- Leishmaniose cutânea (LC): É a forma mais comum de leishmaniose e causa 

lesões cutâneas, principalmente úlceras, em partes expostas do corpo, deixando 

cicatrizes.1,8,9 Cerca de 0,7 a 1,3 milhão de novos casos ocorrem anualmente em todo o 

mundo, sendo que 95% dos novos casos estão concentrados no Brasil, Afeganistão, 

Argélia, Colômbia e Irã no ano de 2015;5 

- Leishmania mucocutânea: Na maioria dos casos é uma evolução secundária da 

forma cutânea e é caracterizada por lesões na face que levam a destruição parcial ou 

total das membranas mucosas do nariz, boca e garganta.1,3,9,10 Em 2015, 

aproximadamente 90% dos casos de leishmaniose mucocotânea ocorreram no Brasil, 

Bolívia e Peru.5 
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No Brasil, predominam as formas de LC e mucocutânea causadas 

principalmente pela L. braziliensis que é encontrada em todas a regiões do país.5,11,12 

Segundo o Ministério da Saúde, no ano de 2015, ocorreram aproximadamente 20 mil 

casos de LC e cerca de 3,2 mil casos de LV, sendo as regiões norte e nordeste as mais 

afetadas.12 

1.2 O VETOR 

A doença é transmitida através de mosquitos flebotomídeos (Ordem Diptera; 

Família Psychodidae; Sub-Família Phlebtominae), que ingerem junto com o sangue as 

formas amastigotas de um animal infectado que se transformam em promastigotas 

(forma alongada com flagelo). No intestino de seus vetores, multiplicam-se e migram 

para proboscíde do inseto e em menos de cinco dias podem ser inoculados na pele do 

hospedeiro vertebrado.13 Em todo o mundo são conhecidas aproximadamente 900 

espécies de flebomídeos.14 No Brasil, são conhecidos popularmente como mosquito 

palha, tatuquira e birigui, possuem pernas longas e delgadas, coloração castanho-claro 

e eles não passam de 0.5 cm de comprimento.3,4 O papel vetorial de cada espécie do 

mosquito dependerá da espécie de Leishmania presente no intestino do vetor.3 

1.3 CICLO DE TRANSMISSÃO 

 O ciclo de transmissão inicia quando a fêmea de flebotomíneos ingere sangue do 

hospedeiro que contém macrófagos contendo leishmanias na forma amastigota. Estas 

se desenvolvem no tubo digestivo do intestino do mosquito e se diferenciam em uma 

forma chamada promastigota pró-cíclicas.14-16 Depois disso, o protozoário invade as 

porções anteriores do estômago e desenvolvem uma forma flagelada chamada 

promastigota metacíclica que é capaz de infectar mamíferos durante o repasto 

sanguíneo.16-18 

 Após a inoculação pela picada do inseto, os neutrófilos são as primeiras células 

a serem recrutadas no local, seguido pelas células dendríticas e macrófagos. Estas 

células fagocitam a forma promastigota por mecanismos mediados por receptores e 

ligantes, entretanto apesar da ação de mecanismos de defesa, alguns parasitas 

conseguem sobreviver devido à indução da produção de células imunossupressoras 

como a citocina TGF-β que age inibindo a ativação de macrófagos.19-23 A TGF-β 
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consegue suprir a produção de lL-12 que está relacionada com a diferenciação das 

células T em células Th1, as quais são responsáveis pela secreção de citocinas como a 

IFN-y que atuam contra o parasita.22,24 Assim, as promastigotas ficam alojadas em 

fagossomos. Nos macrófagos, os fagossomos se fusionam a lisossomos, formando um 

fagolisossomo chamado vacúolo parasitóforo.7,25-28 

Dentro do vacúolo parasitófaro, as promastigotas se diferenciam em amastigotas 

e começam a se multiplicar até romperem a membrana da célula hospedeira.7,28,29 Uma 

vez liberadas na corrente sanguínea, as amastigotas podem infectar novas células 

dendríticas, fibroblastos, bem como outros macrófagos.28,29 O ciclo de transmissão se 

completa quando mosquitos não infectados ingerem sangue contendo fagócitos 

infectados7 (Figura 1).  

 

Figura 1: Ciclo de vida da Leishmania em mamíferos 

 

Fonte: adaptado de http://www.canalciencia.ibict.br/  
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1.4 TRATAMENTO 

Os compostos antimoniais pentavalentes (Sb+5) são considerados os fármacos 

de primeira linha para o tratamento da leishmaniose.3 Encontram-se disponíveis duas 

formulações: Stibogluconato de sódio (Pentostan®) e o antimoniato-N-metil glucamina 

(Glucatime®).3,30-32 No Brasil, apenas o segundo fármaco citado é atualmente 

distribuído pelo Ministério da Saúde.3 Embora o mecanismo de ação do antimoniato-N-

metil glucamina não esteja totalmente esclarecido, sabe-se que atua nas formas 

amastigotas do parasita, inibindo sua atividade glicolítica e a via oxidativa de ácidos 

graxos.3,31 Devido ao surgimento de resistência primária do parasita a esses fármacos, 

principalmente em países como Sudão e Índia, o centro de Controle de doenças dos 

Estados Unidos da América e a OMS tem recomendado nos últimos anos doses 

superiores dos antimoniais.3 Estes medicamentos têm como desvantagem o alto custo 

e baixa aderência ao tratamento devido à necessidade de administração em um 

ambiente hospitalar aliado a um tratamento prolongado (de 20 a 40 dias).3,33,34 Além 

disso, estes fármacos podem causar diversos efeitos adversos e são contraindicados 

para gestantes e pacientes com insuficiência renal ou hepática.3, 34 

Outro fármaco disponível atualmente é a anfotericina B, ela atua tanto nas 

formas promastigotas quanto amastigotas do parasita. Seu mecanismo de ação se dá 

através da ligação com ésteres (ergosterol e episterol) presentes na membrana 

plasmática do parasita.3,35 É considerado o fármaco de primeira linha para gestantes e 

pacientes HIV-positivos e o de segunda linha mais utilizado quando o tratamento com 

os Sb+5 não apresentam resultados.3,35,36 Além deste medicamento também possuir 

tratamento prolongando e necessidade de administração em ambiente hospitalar, ainda 

existe a necessidade de monitoramento eletrocardiográfico e laboratorial das enzimas 

hepáticas e função renal, devido aos efeitos colaterais que podem surgir, como a 

insuficiência renal e hepática e alterações cardíacas.35,36 Recentemente, novas 

formulações de anfotericina B (anfotericina-B-lipossomal e anfotericina B-dispersão 

coloidal) tornaram-se disponíveis comercialmente.3,37 A forma lipossomal é considerada 

menos tóxica, porém o uso em regiões onde a doença é endêmica é restringido devido 

a seu elevado custo. 3, 37, 38 
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Em 2014, a agência reguladora norte-americana FDA (Food and Drug 

Administration) aprovou o medicamento Mitefosina. É o único medicamento que possui 

administração por via oral para tratar leishmaniose, ensaios demonstraram que ele é 

seguro e eficaz no tratamento da leishmaniose mucosa, LV e LC.38 O medicamento 

mostrou resultados para o tratamento de LC causada por L. panamensis, L. mexicana e 

L. guyanensis, porém é ineficaz contra lesões causadas por L. braziliensis. 38 Apesar de 

este medicamento apresentar menos efeitos adversos comparado com os já utilizados, 

ele não pode ser administrado em gestantes. 29,39 

Outras alternativas para tratar a LC é a utilização de medicamentos tópicos 

associados com outros fármacos antimoniais, como a Imiquimoda e a Paromomicina, 

que vem demonstrando resultados positivos.38, 39 Estudos mostraram que o uso tópico 

do fator estimulante de colônias de granulócitos e macrófagos (GM_CSF) leva a 

aceleração da cicatrização das lesões causadas pelo parasita.40,41 

Neste contexo, é de grande necessidade o estudo de novos alvos moleculares e 

o desenvolvimento de fármacos para o tratamento da leishmaniose que apresentem 

alta especificidade e seletividade. 

1.5 METABOLISMO DE PURINAS 

O planejamento racional de fármacos normalmente é baseado em explorar as 

diferenças bioquímicas e fisiológicas entre o patógeno e o hospedeiro com a finalidade 

de encontrar potenciais alvos moleculares para a ação de novos inibidores.42-45 O 

metabolismo de nucleotídeos de purinas se diferencia muito entre Leishmania e seu 

hospedeiro mamífero.45 Os nucleotídeos são moléculas orgânicas que participam de 

vários processos bioquímicos essenciais para todos os organismos vivos. Eles são as 

unidades monoméricas do DNA e RNA; adenosina trifosfato (ATP) e guanosina 

trifosfato (GTP), quando hidrolisados, dirigem processos que requerem energia livre; 

ATP, adenosina difosfato (ADP) e adenosina monofosfato (AMP) atuam como 

reguladores de diversas rotas metabólicas; adenosina monofosfato cíclico (AMPc) e 

guanosina monofosfato cíclico (GMPc) medeiam a sinalização hormonal, e por fim 

NAD+, NADP+, FAD e coenzima A são coenzimas essenciais para uma grande 

variedade de reações enzimáticas.46-49 
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Em mamíferos, nucleotídeos de purinas podem ser obtidos através da via de 

novo ou rota de salvamento. A via de novo (Figura 2) inicia a partir de compostos 

simples para a síntese de nucleotídeos de purinas (aminoácidos, ribose-5-fosfato, CO2, 

NH3), onde a porção ribose fosfato dos nucleotídeos é obtida a partir do 5-fosforribosil-

1-pirofosfato (PRPP) sintetizado a partir de ATP e 5-fosforribose, e termina após 11 

reações enzimáticas dependentes de ATP com a síntese de inosina monofosfato (IMP). 

A IMP pode ser convertida em AMP ou guanosina monofosfato (GMP) através de duas 

vias representadas na figura 3.48-51 
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Figura 2: A via de biossíntese de novo de purinas em mamíferos. 

 

 

 

Fonte: Adaptado de Charles Grisham; Reginald H. Garrett, 2002.  
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Figura 3: Conversão de inosina monofosfato (IMP) em adenosina monofosfato (AMP) ou 

guanosina monofosfato (GMP) na rota de biossíntese de purinas. 

 

 

Fonte: Adaptado de http://themedicalbiochemistrypage.org/ 
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Já a via de salvamento (figura 4) de purinas é considerada mais simples quando 

comparada com a biossíntese de novo. Nela, ocorre a recuperação de nucleotídeos 

pré-formados como adenina, guanina e hipoxantina resultantes da degradação de 

ácidos nucléicos ou de nucleotídeos livres, através da reação direta do PRPP com as 

purinas livres, que são convertidas em IMP, AMP e GMP pela ação de enzimas 

fosforibosiltransferases (PRTases) correspondentes.50,51 

 

Figura 4: Via de salvamento de purinas em Leishmania 

 

Figura 4: Via de salvamento em Leishmania. Abreviações: APRT, adenina fosforribosiltransferase, 

HGPRT, hipoxantina-guanina fosforribosiltransferase, XPRT, xantina fosforribosiltransferase, AK, 

adenosina quinase, AAH, adenina aminohidrolase, GDA, guanina deaminase, ADSS, adenilosuccinato 

sintetase, ASL, adenilosuccinato liase, AMPDA, adenosina monofosfato deaminase, IMPDH, inosina 

monofostafase desidrogenase, GMP, guanosina monofosfato sintetase, GMPR, guanosina monofosfato 

redutase, NH, nucleosídeo hidrolase, ADO, adenosina, INO, inosina, HYP, hipoxantina, GUO, guanosina, 

GUA, guanina, XAO, xantosina, XAN, xantina. Fonte: Jan M. Boitz et al. 2012. 

 

Uma característica marcante de muitos protozoários, como Trichomonas 

vaginalis,52 Trypanosoma brucei,53 e Crithidia fasciculata,54 incluindo espécies de 

Leishmania tarentolae,55 Leishmania mexicana,56 Leishmania donovani e Leishmania 

braziliensis, 57 é a falta da via de biossíntese de novo de nucleotídeos, o que os torna 

auxotróficos para purinas e dependentes da via de salvamento para a síntese de 

nucleotídeos.48,58-60 Esses organismos possuem uma extensa via de salvamento de 



19 

 

nucleotídeos que lhes permite reutilizar purinas do hospedeiro, sendo capazes de 

incorporar nucleosídeos ou bases purínicas.46-48,60 A obrigatoriedade do uso do 

salvamento de purinas pelo parasita oferece, portanto, uma grande quantidade de alvos 

moleculares potencias para o desenvolvimento de novos candidatos a fármacos.60-62 

  1.6 NUCLEOSÍDEOS HIDROLASES 

As nucleosídeos hidrolases (NH) são enzimas que tem papel central na rota de 

salvamento de purinas, elas catalisam a hidrólise irreversível da ligação N-glicosídica de 

ribonucleosídeos formando α-D-Ribose e a base púrica livre corresponde (figura 5).62-65 

As NH já foram identificadas em muitos organismos como: bactérias,66,67 insetos 68 e 

protozoários.62,65,69-72 Entretanto nenhuma atividade de NH foi encontrada em 

mamíferos, uma vez que em eucariotos, a base purínica dos nucleosídeos é liberada 

pela reação de fosforilase catalizada pela enzima fosforilase de nucleosídeos de 

purinas (PNP).63, 69 

Diversos estudos mostram diferentes especificidades de substrato entre as NH e 

por isso elas são classificadas em grupos conforme sua atividade catalítica: 

-NH específica para inosina e uridina (IU-NH);62, 65 

-NH específica para inosina, adenosina e guanosina (IAG-NH);70,71 

-NH específica para inosina e guanosina (IG-NH).72 

Entretanto, alguns estudos indicam que essa classificação é um pouco 

inadequada, pois um número crescente de NHs identificadas não se encaixam 

perfeitamente nas funções propostas por estes grupos.60 NHs preferem substratos de 

purina, mas também catalizam reações envolvendo nucleosídeos de pirimidinas.62,72-74 
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Figura 5: Hidrólise de uridina e inosina pela nucleosídeo hidrolase (NH) 

 

Fonte: Adaptado de Figueroa-Villar, José D.; Sales, Edijane M. 

 

A hidrólise realizada pelas enzimas NHs é necessária para que os protozoários 

utilizem nucleosídeos de indivíduos infectados e os transformem em nucleobases para 

síntese de DNA. Como já mencionado anteriormente, uma das diferenças metabólicas 

entre os protozoários e os mamíferos é a ausência da via de biossíntese de novo de 

purinas, o que faz com que os parasistas dependam exclusivamente da reciclagem de 

nucleotídeos e nucleosídeos do hospedeiro para sobreviver.71,65,69 Por esse motivo, a 

enzima NH de Leishmania pode ser um alvo molecular interessante para a obtenção de 

inibidores visando o tratamento da leishmaniose em pacientes infectados.  

A IU-NH ganha destaque entre elas, pois além de ser a mais ambudante entre as 

hidrolases, é considerada uma enzima não específica que catalisa a hidrólise não só de 

inosina e uridina, mas também de adenosina, guanosina e citidina em alguns 

protozoários.62,64,65,75 As propriedades cinéticas e as características estruturais das 

enzimas NHs de Trypanosoma cruzi 69, Crithidia fasciulata 75, L. major 65 e L. donovani 64 

já foram descritas anteriormente. Além disso, muitos estudos permitiram o 

desenvolvimento de inibidores que se assemelham a propriedades geométricas e 

eletrônicas do estado de transição que já foram sintetizados e provaram ser poderosos 

inibidores competitivos 63,76,77. Os iminoribitols 1-subistituentes são considerados ótimos 

inibidores para estas enzimas. Exemplos de inibidores como o 9-deazadenosina 
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(immucillin A) (Figure 6A) ou 4-amino-5-carbonilamino-3-pirrolil (immucillin ACAP) 

(Figure 6B) substituintes do iminoribitol, mostraram uma ótima inibição frente às NH de 

C. falsiculata, T. brucei e L. major.65 Nos experimentos, estes inibidores competiram 

favoravelmente mesmo em grandes concentrações de substrato e pequenas de 

inibidor. Outro estudo recente, mostra efeitos positivos de outros derivados (Immucilin 

IA, IH e SMIH), os quais impediram a multiplicação in vitro das formas amastigotas e 

promastigotas de L. infantum, L. chagasi e L. amazonenses, e podem ser futuros 

candidatos contra a leishmaniose.78  

 

Figure 6: Inibidores do estado de transição para nucleosídeos hidrolases (NH) 

 

 

Fonte: Adaptado de Shi et al., 1999 

 

Embora as NHs compartilhem um alto grau de similaridade de sequência entre 

estes protozoários, elas apresentaram propriedades cinéticas e estruturais diferentes. 

Nenhum estudo sobre estas características da enzima IU-NH de L. braziliensis (LbIU-

NH), principal agente etiológico de leishmaniose cutânea e mucocutânea no Brasil, foi 

publicado. 
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2. JUSTIFICATIVA 

A leishmaniose é considerada uma das principais doenças endêmicas do mundo. 

Segundo a OMS aproximadamente 2 milhões de novos casos são registrados no 

mundo a cada ano e o Brasil está incluído entre os países com maior incidência da 

doença. As formas de leishmaniose cutânea e mucocutânea são as mais frequentes no 

país, e são causadas principalmente pela espécie L. braziliensis. Embora esta doença 

tenha tratamento, os medicamentos contra a leishmaniose apresentam muitos efeitos 

adversos e precisam ser administrados por tempo prologando em ambiente hospitalar, 

o que leva a não aderência do paciente ao tratamento. Neste cenário, o 

desenvolvimento de novos fármacos para o tratamento da leishmaniose é de extrema 

necessidade.  

A rota de salvamento de purinas possui alvos atrativos para o desenvolvimento 

de novos fármacos, uma vez que ela é essencial para a viabilidade do parasita. Além 

disso, algumas enzimas envolvidas na via se diferenciam ou não estão presentes no 

hospedeiro mamífero. Assim, a melhor compreensão da via de salvamento de purinas 

pode revelar detalhes da biologia de L. braziliensis que podem contribuir para o 

desenvolvimento de novas estratégias para combater este parasita. A enzima LbIU-NH 

pertence a rota de salvamento de purinas de Leishmania e não foi identificada em 

mamíferos. A caracterização bioquímica e estrutural da enzima LbIU-NH é uma etapa 

importante na validação de um novo alvo molecular para o desenvolvimento racional de 

fármacos para leishmaniose. 
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3. OBJETIVOS 

3.1 OBJETIVO GERAL 

Caracterização enzimática e obtenção da estrutura cristalográfica da enzima 

inosina-uridina nucleosídeo hidrolase de L. braziliensis. 

3.2 OBJETIVOS ESPECÍFICOS 

1. Clonar o gene iunH de L. braziliensis, que codifica para enzima LbIU-NH 

no vetor pET23a(+); 

2. Expressar em Escherichia coli e purificar a proteína recombinante; 

3. Identificar a identidade da proteína por espectrometria de massa;  

4. Determinar o estado oligomérico em solução; 

5. Determinar atividade enzimática, os parâmetros cinéticos em estado 

estacionário e os efeitos de pH; 

6. Determinar a energia de ativação para obter parâmetros termodinâmicos 

de ativação; 

7. Determinar os parâmetros termodinâmicos de ligação dos produtos; 

8. Identificar possíveis efeitos isotópicos do solvente; 

9. Determinar a estrutura trimendisional da proteína. 
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ABSTRACT 

Leishmaniasis is considered one of the main 

endemic diseases in the world, and Brazil is 

among the countries which has the highest 

incidence of cutaneous and mucocutaneous forms 

of leishmaniosis caused mainly by Leishmania 

braziliensis. Although treatment to this disease is 

available, the first-line drugs against leishmaniosis 

have several limitations: parenteral administration, 

long duration of treatment, and serious toxicities. 

One key metabolic characteristic of these parasites 

is the lack of de novo purine biosynthesis pathway, 

making them auxotrophic to purines. Accordingly, 

they rely solely on the purine salvage pathway for 

nucleotide synthesis. A better understanding of the 

purine salvage pathway can reveal details of the 

biology of L. braziliensis that could, in turn, be 

used to develop new strategies to combat this 

parasite. The inosine-uridine nucleoside hydrolase 

from L. braziliensis (LbIU-NH) plays an important 

role in the salvage process and is an attractive drug 

target as there is no similar catalytic activity in 

mammals. Here, it is described cloning, 

heterologous protein expression, and a three-step 

purification protocol that yielded homogenous 

recombinant protein. Determination of LbIU-NH 

steady-state kinetic constants for inosine, 

adenosine, cytidine and uridine are also reported. 

These data suggest that LbIU-NH displays 

characteristics of a nonspecific hydrolase. 

Thermodynamic profile suggests that -D-ribose 

can bind to free enzyme with favorable enthalpic 

(ΔH) and entropic (ΔS) contributions. 

Thermodynamic activation parameters (Ea, ΔG#, 

ΔS#, ΔH#) for the LbIU-NH-catalyzed chemical 

reaction, pre-steady-state kinetics, solvent kinetic 

isotope effects, and pH-rate profiles are also 

presented. In addition, the crystal structure of 

LbIU-NH in complex with -D-ribose and Ca2+ at 

1.5 Å resolution is described.  

 

INTRODUCTION 

 Trypanosomatidae family consists of 

protozoan parasites that can cause various 

diseases. Amongst its members, Leishmania is one 

of great importance, especially in Brazil, where 

the species L. (V.) braziliensis, L. (L.) amazonensis 

and L. (L.) infant chagasi have been identified.1;2 

These protozoans are flagellated parasites that can 

cause several dermatological and visceral 

manifestations in mammals, known as 

leishmaniosis. This disease is an antropozoonose 

with great veterinary and medical significance.3;4 

Its transmission is mediated by a female sand fly 
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of Phlebotominae subfamily of the genus 

Lutzomyia. The mosquito is responsible for 

transferring the amastigote form from one 

mammal to another. This protozoan goes through 

drastic physiological changes in its host, going 

from the extracellular promastigote form in the 

mosquito’s intestine to the intracellular amastigote 

form macrophage’s phagolysosomes of 

mammals.4;5 Brazil is among the countries with the 

highest incidence of the cutaneous and 

mucocutaneous forms of leishmaniosis, which are 

present in almost every Brazilian state. 

Additionally, there are several reported cases of 

fatal visceral leishmaniosis.6 

 Although a treatment to this disease is 

available, the first-line drugs against leishmaniosis 

have several limitations regarding the 

administration route, which is usually parenteral, 

and the duration of treatment, that is at least three 

weeks.7 Antimonial treatments require cautious 

medical attention because of side effects such as 

nausea, weakness and cardiotoxicity.8 In addition, 

there have been reported cases of resistance, which 

led to the development of second-line drugs, 

pentamidine and amphotericin B. These new 

compounds, although effective against resistant 

organisms, are equally limited regarding their 

parenteral administration and severe side effects.9 

Even though there have been the development of 

new FDA approved drugs for leishmaniosis 

treatment (liposomal formulation of amphotericin 

B and miltefosine), these drugs are costly, difficult 

to administer, and poorly stable at high 

temperatures, typical of endemic regions.10;11 

Efforts to discover new anti-leishmanial agents are 

thus worth pursuing.  

 One key metabolic characteristic of these 

parasites is the lack of purine de novo biosynthesis 

pathway, making them auxotrophic to purines, and 

relying solely on the purine salvage pathway for 

nucleotide synthesis.5;12;13;14 Nucleoside hydrolases 

are members of this pathway that irreversibly 

hydrolyze the N-glycosidic bond of 

ribonucleosides, forming α-D-ribose and the 

corresponding base.15 Several nucleoside 

hydrolase isoenzymes have been studied and 

shown to have different substrate specificities. IU-

nucleoside hydrolase is considered to be a 

nonspecific enzyme that catalyzes the hydrolysis 

of inosine and uridine.16;17 More specifically, the 

IU-NH is a Ca2+-dependent metalloenzyme that 

converts inosine to hypoxanthine and uridine to 

uracil.14;18 Interestingly, no similar catalytic 

activity is present in mammals, which suggests 

that this enzyme has a specific role in the 

protozoan life cycle. Therefore, this offers an 

opportunity to develop inhibitors of protozoan 

nucleoside hydrolase enzyme activity.19;20 

 Several studies have reported the kinetic 

properties and structure of this enzyme in other 

tripanossomatidae organisms such as 

Trypanosoma cruzi,21 Crithidia fasciculata,20;22 

Leishmania major17 and Leishmania donovani.5 

Even though these enzymes share a high degree of 

sequence similarity, they show different kinetic 

and structural properties. In this work, we address 

the open questions regarding these characteristics 

for IU-NH from L. braziliensis, which is the main 

causative agent of leishmaniosis in Brazil. 

 Here, it is described cloning, heterologous 

protein expression, and purification of 

recombinant L. braziliensis IU-NH protein (LbIU-

NH). Steady-state kinetic constants for inosine, 

adenosine, cytidine and uridine substrates are 

presented. The thermodynamic parameters (ΔH, 

ΔS, and ΔG) for -D-ribose binding to LbIU-NH 

were determined by isothermal titration 

calorimetry (ITC). In addition, studies of pH-rate 

profiles, thermodynamic activation parameters (Ea, 

ΔG#, ΔS#, ΔH#), solvent kinetic isotope effects and 

pre-steady-state kinetics were carried out to 

elucidate the chemical and catalytic mechanisms 

of LbIU-NH-catalyzed chemical reaction. The 

crystal structure at 1.5 Å resolution of LbIU-NH in 

complex with -D-ribose and Ca2+ is also 

described. 

 

RESULTS 

 

Cloning, expression and purification 

 LbrM.18.1610 gene, synthesized by 

Biomatik®, was cloned into the pET23a(+) 

expression vector. Nucleotide sequence analysis of 

the gene confirmed both identity and integrity, 

showing that no mutations were introduced by 

cloning steps. Sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) 

analysis of Escherichia coli Rosetta (DE3) host 

cells with recombinant pET23a(+)::LbrM.18.1610 

plasmid showed expression in the soluble fraction 

of a recombinant protein with an apparent subunit 

molecular mass of ~34 kDa. This result is in 
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agreement with the expected molecular mass of 

LbIU-NH (34,340 Da). A three-step purification 

protocol (anionic exchange followed by 

hydrophobic interaction and size exclusion) was 

developed that yielded 10 mg of homogenous 

recombinant LbIU-NH protein per gram of wet 

cell paste (frozen cells). 

 

LbIU-NH identification by mass spectrometry 

 The protein band in SDS-PAGE of 

approximately 34 kDa was excised, submitted to 

trypsin digestion protocol and the peptides 

analyzed by LC-MS/MS. From the analysis in 

duplicate, LbIU-NH (A4H9Q9) identity was 

confirmed, with the identification of 43 unique 

peptides, 400 spectral counts and sequence 

coverage of 74.8 %. 

 

Oligomeric state determination 

 A value of 136,019 for the apparent 

molecular mass of homogeneous recombinant 

LbIU-NH was estimated by gel filtration 

chromatography, fitting the elution volume of the 

single peak to Eq. 1 (Fig. S1, Supplemental Data). 

The gel filtration result suggests that LbIU-NH is a 

tetramer in solution. 

 

Steady-state kinetic parameters 
 Saturation curves for specific activity of 

LbIU-NH against increasing concentration of 

inosine (Fig. 1A), adenosine (Fig. 1B), cytidine 

(Fig. 1C), uridine (Fig. 1D), and guanosine (Fig. 

1E) were evaluated. Steady-state kinetic 

parameters are given in Table 1. The hyperbolic 

saturation curve data for inosine were fitted to the 

Michaelis-Menten equation (Eq. 2). The results for 

adenosine, cytidine and uridine were first fitted to 

a linear equation to obtain initial velocity values, 

which were in turn plotted as a function of 

increasing substrate concentrations. Data for 

adenosine and cytidine were fitted to Michaelis-

Menten equation (Eq. 2), and the sigmoidal data 

for uridine were fitted to Eq. 4. Owing to limited 

solubility, the steady-state parameters for 

guanosine could not be determined as no 

saturation was achieved. Nevertheless, a linear 

increase in activity could be detected (Fig. 1E) 

suggesting that the initial phase of the hyperbolic 

curve was being observed, which only allows an 

estimate for kcat/Km to be obtained for guanosine 

(Table 1). 

 

Isothermal titration calorimetry 

 Isothermal titration calorimetry (ITC) 

allows monitoring of binding reactions with direct 

measurements of heat taken or released upon 

binding of a ligand, providing the binding enthalpy 

of the process (ΔH), an estimate for the 

stoichiometry of the interaction (n), and the 

equilibrium constant (Ka). These results allow the 

dissociation constant (Kd), Gibbs free energy (ΔG) 

and the entropy (ΔS) to be calculated. ITC binding 

assays showed that -D-ribose can bind to free 

LbIU-NH enzyme (Fig. 2), yielding the following 

thermodynamic parameters: ΔH = -1.3 ± 0.4 kcal 

mol-1, ΔG = -5.0 ± 1.3 kcal mol-1 and ΔS = 12.5 ± 

3.4 cal mol-1 K-1, n = 1.6 ± 0.4 sites, and Kd = 192 

± 48 µM. No binding of free bases (hypoxanthine, 

and uracil) could be detected by ITC. 

 

Energy of activation 

 The energy of activation for the enzyme 

catalyzed chemical reaction was assessed by 

measuring the dependence of kcat on temperature 

for inosine. The linearity of the Arrhenius plot 

(Fig 3) suggests that there is no change of the rate-

limiting step over the temperature range utilized in 

the experiment. Thermodynamic activation 

parameters for LbIU-NH-catalyzed chemical 

reaction were derived from data fitting to Eqs. 7-

10, yielding the following values Ea = 3.8 ± 0.1 

kcal mol-1, ΔH# = 3.3 ± 0.2 kcal mol-1, ΔS# = -

42.75 ± 1.3 cal mol-1 K-1, and ΔG# = 16.1 ± 0.02 

kcal mol-1. 

 

Solvent kinetic isotope effects (SKIE) and 

proton inventory 

 Solvent kinetic deuterium isotope effects 

were determined to evaluate the contribution, if 

any, of proton transfer from solvent to a rate-

limiting step in the LbIU-NH-catalyzed chemical 

reaction. Data fitting to Eq. 12 yielded the 

following SKIE values: D2OVinosine = 1.4 ± 0.1 and 
D2OV/Kinosine = 1.2 ± 0.1 (Fig. 4).  

 

pH-rate profiles 

 The pH dependence of kcat and kcat/KM for 

inosine was determined to probe acid-base 

catalysis and to evaluate the apparent acid 

dissociation constant for ionizing groups involved 

in the mode of action of LbIU-NH. The bell-

shaped pH-rate data for kcat (Fig. 5A) were fitted to 

http://www.sciencedirect.com/science/article/pii/S0003986113002543#e0005
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Eq. 13, yielding apparent pKa and pKb values of, 

respectively, 5.2 ± 1.1 and 7.9 ± 1.9. The data of 

pH-rate profile for kcat/Kinosine were fitted to Eq. 14, 

yielding a value of 5.7 ± 0.5 for pKa (Fig. 5B). 

 

Pre-steady-state kinetics  

 Stopped-flow measurements of product 

formation were carried out to assess whether or 

not product release contributes to the rate limiting 

step. The pre-steady-state time course showed a 

linear decay (Fig. 6), and the data were thus fitted 

to Eq. 15, yielding a value of 0.0208 (± 0.0002) s-1 

for the apparent first-order rate constant of product 

formation (k) and 2.3049 (± 0.0001) for A0. The 

value of k corresponds to a catalytic rate constant 

value of 11.3 s-1. 

 

Crystal structure determination 

 Crystals of LbIU-NH were obtained in 

orthorhombic space group (I222) and diffracted to 

a minimum d-spacing of 1.53 Å. The content of 

the asymmetric unity was determined by Matthews 

Coefficient (Cmatthews = 2.32), which corresponds to 

one monomer and solvent content of 47%. The 

initial electron density maps (2Fo-Fc and Fo-Fc) 

clearly showed evidence of a metal ion at the 

expected position as well as the presence of a -D-

ribose in the active site, confirming the correct 

phase attribution by molecular replacement. The 

refined model consists of one polypeptide chain, 

one calcium ion, one molecule of -D-ribose and 

278 water molecules (Table 2 shows data 

collection and refinement statistics). The electron 

density map (2Fo-Fc) is continuous for the main 

chain. The biological unity is sitting on spatial 

position so that the biological tetramer is 

generated from the symmetry operations of the 

space group I222.  

 

DISCUSSION 

 

Initial velocity and substrate specificity 

 The initial velocity experiments were 

carried out to determine the steady-state kinetic 

constants and substrate specificity (inosine, 

adenosine, cytidine, uridine and guanosine) of 

tetrameric LbIU-NH. Steady-state kinetics results 

showed that KM value for inosine (Table 1) was 

similar to other leishmania species such as L. 

major (KM = 445 ± 209 µM) and L. donovani (KM 

329 ± 143 µM)5;17 as expected due the sequence 

similarity among the species. However, uridine 

substrate was fitted to the Hill Equation due to its 

sigmoidal profile suggesting positive homotropic 

cooperativity for this substrate, with a Hill 

coefficient (n) value of 3.0. To the best of our 

knowledge, the sigmoidal profile has never been 

reported for NH enzymes of parasitic protozoa. 

However the nucleoside hydrolase from 

Mycobacterium tuberculosis has been shown to 

display positive cooperativity for inosine and 

adenosine.23 Interestingly, the LbIU-NH kcat value 

for inosine is 10.6-fold lower as compared to L. 

major (119 s-1),17 and similar to L. donovani (7.6 s-

1).5 The LbIU-NH kcat value for uridine substrate is 

lower than both L. major (32 s-1)17 and L. 

donovani, (9.5 s-1).5 

 Even though recombinant LbIU-NH 

catalyzed the hydrolysis of purine and pyrimidine 

nucleosides, fairly low activity were observed for 

adenosine, cytidine and guanosine (Table 1). 

These results indicate that L. braziliensis has 

apparently evolved to preferentially catalyze 

hydrolysis of inosine and, to a lesser extent, 

uridine. Hypoxanthine is considered to be the 

major precursor for purine salvage in L. 

braziliensis. The LbIU-NH enzyme displays two 

of three features that characterize the L. major 

enzyme as a nonspecific hydrolase, which are the 

recognition of inosine and uridine as the favorable 

substrates and activity with all naturally occurring 

purine and pyrimidine nucleosides (adenosine, 

guanosine and cytidine).17 However, the apparent 

second-order rate constant values of LbIU-NH for 

the latter substrates are considerably lower than L. 

major enzyme values.17 It is not known yet 

whether LbIU-NH catalyzes hydrolysis of p-

nitrophenyl β-D-ribofuranoside, which is the third 

characteristic for all nonspecific hydrolases.17 

Trypanosoma vivax nucleoside hydrolase shows 

preference for inosine, adenosine and guanosine 

(IAG-NH) as suggested by the apparent second-

order constant values, kcat/KM.24 Although the T. 

vivax IAG-NH kcat value (5.19 s-1) for inosine is 

similar to LbIU-NH kcat one (11.2 s-1), the overall 

dissociation constant (KM) is 96-fold lower for T. 

vivax IAG-NH as compared to LbIU-NH, resulting 

in a significant lower kcat/KM value for the latter 

enzyme. For adenosine, the kcat/KM value is 

approximately 2,600-fold larger for T. vivax IAG-

NH24 than for LbIU-NH (Table 1). Owing to 

solubility issues of guanosine, only kcat/KM could 
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be estimated (Table 1), suggesting a value 

approximately 10,500-fold lower than for T. vivax 

IAG-NH enzyme.24 The LbIU-NH kcat value for 

uridine (Table 1) is 200-fold larger than T. vivax 

IAG-NH.24 However, LbIU-NH displayed positive 

cooperativity for uridine with a Hill coefficient (n) 

value of 3.0, whereas T. vivax IAG-NH displayed 

Michaelis-Menten saturation curve for this 

substrate.24 Although the overall dissociation 

constant values for cytidine are fairly similar for 

both enzymes, the T. vivax IAG-NH kcat value24 is 

at least 5-fold larger than LbIU-NH. The steady-

state kinetic data suggest that LbIU-NH is a non-

specific hydrolase, catalyzing the hydrolysis of 

naturally occurring purine and pyrimidine 

nucleosides. However, a preference for inosine is 

observed (Table 1). 

 

Thermodynamic parameters and order of 

release of products 

 The binding of -D-ribose to LbIU-NH 

detected by ITC measurements showed that binary 

complex formation is an exothermic process as 

heat was released to the system (Fig. 2). No heat 

changes were detected for hypoxanthine and uracil 

binding to LbIU-NH (data not shown), suggesting 

that these ligands cannot bind to free enzyme. 

Binding of adenine, guanine and cytosine could 

not be evaluated due to low solubility of these 

ligands in aqueous solutions. ITC data for -D-

ribose were best fitted to single set of sites model 

yielding an n (stoichiometry) value of 1.6 site per 

monomer of LbIU-NH, indicating that one 

molecule of -D-ribose binds to each enzyme 

active site with equal affinity. The thermodynamic 

profile suggests that -D-ribose binding is a 

spontaneous process (ΔG = -5.0 kcal mol-1) with 

favorable enthalpic (-1.3 kcal mol-1) and entropic 

(12.5 cal mol-1 K-1) contributions. The negative 

enthalpy can arise from favorable redistribution of 

the network of interactions (hydrogen bonds 

and/or van der Waals) between the reacting 

species (including solvent).25 Hydrophobic 

interactions are related to the relative degrees of 

disorder in the free and bound system and thus 

these interactions are reflected in the entropy 

change. The release of water molecules from the 

reacting species to bulk solvent usually results in 

favorable positive entropic contribution.25 The 

favorable enthalpic and entropic contributions 

resulted in a favorable negative ΔG value with no 

enthalpy-entropy compensation phenomenon for 

-D-ribose binding to LbIU-NH.  

 The ITC data indicate that the free base is 

the first product to be released followed by -D-

ribose dissociation to yield free LbIU-NH enzyme 

for the next round of catalysis. Product inhibition 

studies for C. fasciculata nucleoside hydrolase 

have revealed a rapid-equilibrium random 

mechanism, in which both base (hypoxanthine) 

and -D-ribose can bind to free enzyme.16 

However the dissociation constant value for -D-

ribose (700 µM) is approximately 10-fold lower 

than for hypoxanthine (6.2 mM).16 The ITC data 

analysis for -D-ribose binding to LbIU-NH 

yielded a value of 192 µM, which is lower than for 

C. fasciculata nucleoside hydrolase,16 and lower 

than for M. tuberculosis nucleoside hydrolase (10 

mM).23 As no heat change could be detected upon 

binding of hypoxanthine (5 mM) to LbIU-NH, 

there appears to be no binding of this base to free 

enzyme. Product inhibition studies for C. 

fasciculata nucleoside hydrolase indicate weak 

hypoxanthine affinity for free enzyme.16 Owing to 

limited solubility, larger concentrations of 

hypoxanthine could no be employed in the ITC 

experiments here described.  

 

Energy of activation  

 The Ea value of 3.8 kcal mol-1 for inosine 

represents the minimum amount of energy 

necessary to initiate the LbIU-NH-catalyzed 

chemical reaction. The linearity of the Arrhenius 

plot (Fig. 3) indicates that there is no change in the 

rate-limiting step over the temperature range 

employed (15 - 35 ºC). The values of free 

activation energy (ΔG#) represent the energy 

barrier required for reactions to occur. The ΔG# 

values can also be regarded as the variation of the 

Gibbs energy between the enzyme:substrate(s) 

activated complex and reactants (enzyme and 

substrates) in the ground state. The negative value 

for the entropy of activation (ΔS# = -42.75 cal mol-

1 K-1) suggests that there is loss of degrees of 

freedom on going from the ground state to 

activated state. The enthalpy of activation (ΔH# = 

3.3 kcal mol-1) is related to the ease of bond 

breaking and making in the generation of the 

activated complex (transition-state complex) from 

reactants in the ground state. The lower ΔH# value, 
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the faster the rate. The enthalpy of activation for 

LbIU-NH (ΔH# = 3.3 kcal mol-1) suggests that 

more interatomic interactions (hydrogen bonds 

and/or van der Waals) are formed in the transition-

state complex as compared to reactants in the 

ground state in bulk solvent. 

 

Solvent kinetic isotope effects (SKIE) and 

proton inventory 

 Measurements of solvent kinetic isotope 

effects were carried out to assess the contribution 

of solvent proton transfer(s) to a step in the LbIU-

NH-catalyzed chemical reaction (Fig. 4). Solvent 

isotope effects on V are related to solvent-

exchangeable protons being transferred during 

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 V/K arise from 

solvent-exchangeable protons being transferred 

during steps in the reaction mechanism from the 

binding of substrates to the first irreversible step, 

usually considered the release of the first 

product.26 The value of 1.4 ± 0.1 for the solvent 

kinetic deuterium isotope effect on V indicates that 

solvent proton transfer partially limits hydrolysis 

of inosine in a step that occurs after substrate 

binding. The value of 1.2 ± 0.1 for the solvent 

kinetic deuterium isotope effect on V/K indicates a 

modest, if any, contribution to proton transfer 

step(s) between the free enzyme and substrate up 

to the first irreversible step. Similar solvent kinetic 

isotope effects were observed for C. fasciculata 

nucleoside hydrolase: 1.3 for V and 0.99 for V/K.22 

To assess the number of protons transferred during 

the solvent isotope-sensitive step, a proton 

inventory experiment was carried out. A linear 

relationship between V and the mole fraction of 

D2O was obtained for LbIU-NH (Fig. 4 - inset), 

suggesting that a single proton is transferred in the 

step that exhibits the solvent isotope effect. The 

mode of action of nonspecific nucleoside 

hydrolases involves a transition state with 

advanced cleavage of the N9-C1' ribosidic bond 

(0.22 bond order remaining), and attacking water 

nucleophile lagging behind N-ribosidic bond 

breaking with approximately 0.03 bond order from 

the attacking oxygen to C1', leaving the pentose as 

an oxocarbenium cation with C1' rehybridized 

nearly completely to sp2.17,19 The hypoxanthine 

leaving group is protonated at N7 prior to reaching 

the transition state, creating a neutral, planar and 

hydrophobic leaving group.17,19 The 

ribooxocarbenium ion is assisted by 

conformational distortion of the sugar using 

protein contacts and a catalytic site Ca2+ to permit 

both the ring oxygen and the unshared electrons of 

5'-hydroxymethyl oxygen to participate in the 

cleavage of the sugar-base bond. Solvent isotope 

effects are global and isotope exchange can occur 

at several protic positions of the enzyme. 

Accordingly, assigning the solvent isotope effects 

to a particular chemical step is not straightforward. 

Initial rate conditions for nucleoside hydrolases 

imply that cleavage of the ribosidic bond must be 

considered the first irreversible step.22 It has thus 

been proposed that proton transfer is not a major 

part of the transition state, with the proton transfer 

having been completed prior to transition-state 

formation.22 However, it is tempting to suggest 

that enzyme-activated water molecule may 

account for the, albeit modest, SKIE results for 

LbIU-NH. 

 

pH-rate profiles 

 The bell-shaped pH-rate profile for kcat 

suggests participation of an ionizing group with 

apparent pKa value of 5.2 that must be 

unprotonated and another group with pKb value of 

7.9 that must be protonated for catalysis to occur 

(Fig. 5A). The imidazole side chain of His240 

residue is a plausible candidate for the group with 

pKb value of 7.9, which is likely involved in 

protonation of hypoxanthine leaving group. The 

carboxyl group of Asp241 may be the 

unprotonated group involved in stabilization of the 

developing charge on the ribosyl oxocarbenium 

ion. Alternatively, the carboxyl groups of Asp241 

or Asp10 may be involved in proton abstraction of 

an enzyme-bound water molecule for nucleophilic 

attack on C1' of nucleosides. The Ca2+ ion may 

lower the pKa of this water molecule prior to 

proton transfer to the carboxyl group of Asp241 or 

Asp10. The His240 amino acid is conserved in L. 

braziliensis and its analogous has been proposed 

to be involved in leaving group activation of 

nucleoside hydrolases from C. fasciculata and L. 

major.17;27 It has been shown that the His241Ala 

C. fasciculata IU-NH mutant showed a 2100-fold 

decrease in kcat for inosine whereas there was a 
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2.8-fold increase in kcat with p-nitrophenyl -D-

ribofuranoside.27 These results showed that His241 

of C. fasciculata IU-NH (His240 of LbIU-NH) is 

the proton donor for leaving group activation as 

the p-nitrophenyl -D-ribofuranoside substrate 

requires no stabilization of the nitrophenylate ion 

as leaving group.27 The carboxylate group of 

Asp10 of T. vivax IAG-NH is involved in proton 

abstraction from a water molecule, while Asp40 

donates a proton to N9 of the purine ring.24 

However, this mechanism for leaving group 

activation cannot be extended to LbIU-NH 

because the equivalent amino acid at this position 

is an asparagine residue (Asn39), as found for C. 

fasciculata and L. major IU-NHs (Fig. S3, 

Supplemental Data).  

 The pH-rate data for kcat/KInosine (Fig. 5B) 

indicates that the deprotonation of a group with 

pKa of 5.7 is required for inosine binding. Four 

aspartic acid residues were found to interact with 

the -D-ribose moiety of nucleosides in the crystal 

structure of C. fasciculata IU-NH.20 These 

residues are conserved in LbIU-NH. The residues 

Asp10, Asp15, Asp241 and Thr126 are involved 

in interactions with Ca2+ ion in LbIU-NH crystal 

structure (see below). The mechanistic role of Ca2+ 

is to orient substrate in the active site and to 

position the solvent for attack at C1' following the 

formation of the ribooxocarbenium ion.28 If any of 

these residues is in the protonated form, they will 

not be able to interact with Ca2+, precluding the 

orientation of the substrate and therefore 

abolishing substrate binding. Nevertheless, site-

directed mutagenesis efforts will have to be 

pursued to ascertain whether or not His240 and 

Asp241 (or Asp10) play any role in catalysis, and 

which aspartate (Asp10, Asp15, Asp241) plays a 

role in substrate binding.  

 

Pre-steady kinetics  

 There appears to be no burst of product 

formation (Fig. 6) at large subunit concentrations 

of LbIU-NH (10 µM) and fixed-saturating 

concentration of inosine (2.0 mM). The value of 

0.0208 for k (A280nm/t) corresponds to a catalytic 

rate constant value of 11.3 s-1, which is in good 

agreement with the results for steady-state kinetics 

(Table 1, 11.2 s-1). Apparently, no signal was lost 

in the dead time of the equipment (1.37 ms). It was 

puzzling that the absorbance values for assay 

mixtures containing LbIU-NH and inosine were 

larger than the values for the control experiment 

(Fig. 6), suggesting a hyperchromic effect. As 

NHs expel water molecules en route to product 

formation, the dielectric constant of the enzyme's 

active site is likely lower (polarity characteristic of 

an organic solvent). Estimates for the molar 

absorptivity values at 280 nm (280) for inosine in 

solvents with different dielectric constants (D) 

were evaluated (Fig. S2, Supplemental Data). The 

values for 280 were: 1.7 (± 0.3) x 103 M-1 cm -1 for 

Tris HCl 50mM (Dwater = 78.74), 2.4 (± 0.1) x 103 

M-1 cm -1 for MeOH (DMeOH = 32.6) and 3.7 (± 

0.1) x 103 M-1 cm-1 for DMSO (DDMSO = 49).The 

dielectric constant values are: 78.74 for water, 49 

for DMSO, and 32.6 for methanol. It is thus likely 

that the larger 280 for the solution containing 

enzyme and inosine can account for the stopped-

flow results. For electrostatic catalysis a reduction 

in the dielectric constant would result in an 

increase in the force between two charged 

molecules. Interestingly, charged molecules are 

present in the mode of action of nonspecific 

nucleoside hydrolases.17,19 An alternative 

possibility is the difference of 280 for the keto 

(lower value for the 6-keto) and the enol forms of 

inosine.29  

 

Crystal structure determination 

 The overall structure is similar to those 

reported for L. major IU-NH (LmIU-NH, PDB ID 

1EZR),17 C. fasciculata (CfIU-NH, PDB ID 

1MAS),20 and Escherichia coli (EcIU-NH, PDB 

ID 1Q8F).30 The structure consists of one domain 

chain containing all the structural elements of 

these homologous enzymes (Fig. 7A). As observed 

for EcIU-NH, the LbIU-NH structure shows cis-

bonds between residues Pro11-Gly12 and Tyr280-

Pro281. All charged/polar residues in the active 

site are conserved (Fig. S3, Supplemental Data). 

The calcium ion is anchored by residues Asp10, 

Asp15, Asp241 and Thr126, forming a binding 

site.31;32 The metal ion has eight coordination sites, 

five from the protein, in which Asp15 is involved 

in two interactions, two from the -D-ribose 

molecule, and one water molecule (Fig. 7B). The 

-D-ribose binding site is comprised of twelve 

residues, in which nine are involved in hydrogen 

bonds (Asp14, Asp15, Asn39, His82, Thr126, 

Asn160, Glu166, Asn168, and Asp241) and three 
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(Met152, Phe167, and His240) are making 

hydrophobic contacts. Regarding the 

conformational changes upon ligand binding, the 

loop between β3-α3 (Fig. S4, Supplemental Data) 

is found in a closed form, which allows the residue 

His82 to maintain contact to the -D-ribose. This 

loop is also found in a closed form in the crystal 

structures of other holo nucleoside 

hydrolases.18;30;33 An sp2-hybridized C1' predicts a 

ribose with C3'-exo conformation (below the plane 

of the ring), whereas the C3'-endo puckering 

(above the plane of the ring) is favored for free 

inosine.28 The -D-ribose residue adopts a C2'-

endo conformation similar to E. coli pyrimidine 

nucleoside hydrolase (PDB ID 1YOE; to be 

published), and in contrast to structures in 

complex with nucleosides that show the ribose 

having O4'-endo conformation.24 As described in 

the EXPERIMENTAL PROCEDURES section, 

the crystallization solution contained D-(-)-ribose 

to take advantage of mutarotation of linear 

pentose. The LbIU-NH crystal structure provides a 

snapshot of interactions between enzyme and a 

moiety of nucleoside substrates.  

 The surface contacts of the quaternary 

structure are very similar when compared to others 

IU-NHs, the dimer A-B interface is formed by  

mostly hydrophobic interactions involving helices 

α4, α7, the loop connecting β3-α3 and the loop 

connecting β9-β10 (contact area: 846.2 Å2). The 

interface A-C is formed by interactions involving 

the loop connecting β5-α6 and the sheet formed by 

β9-β10 (contact area: 1068.8 Å2). Interestingly, the 

LbIU-NH structure shows an intermolecular 

disulfide bond between the interface of subunits 

A-D (and B-C), which has not been reported for 

other known structures of IU-NHs (Fig. 7C). The 

link occurs between the Cys157 and its 

symmetrical at the neighbor subunit, and the bond 

occurs coincidently with one 2-fold axis of the 

space group I222. 

 

EXPERIMENTAL PROCEDURES 

 

Cloning and protein expression 

 The LbIU-NH coding gene LbrM.18.1610 

was synthetized by Biomatik® and was cloned 

into the pET23a(+) expression vector using the 

Ndel and Hindlll restriction enzymes. To confirm 

the product’s identity and integrity as well as to 

ensure that no mutations were introduced in the 

cloned fragment, automatic DNA sequencing of 

LbrM.18.1610 gene was carried out. 

 The recombinant plasmid 

pET23a(+)::LbrM.18.1610 was transformed into 

E. coli Rosetta (DE3) electrocompetent host cells 

by electroporation and were grown on Luria-

Bertani (LB) agar plates containing 50 µg mL-1 

ampicillin and 34 µg mL-1 chloramphenicol. A 

single colony was cultivated overnight in 50 mL of 

LB at 180 rpm and 37°C. Nine milliliters of the 

culture were inoculated into 500 mL of LB 

medium with the same concentrations of 

antibiotics, and grown at 37°C and 180 rpm until 

an OD600 of 0.4, and grown further for 12 h at 30 

°C with no IPTG induction. Cells were harvested 

by centrifugation at 8,000  g for 30 min at 4°C 

and stored at -20°C. 

 

Protein purification 

 Approximately 3 g of frozen cells were 

resuspended in 30 mL of 50 mM Tris HCl pH 7.5 

(buffer A) containing 0.2 mg mL-1 of lysozyme 

(Sigma–Aldrich) and gently stirred for 30 min. 

Cells were disrupted by sonication (10 pulses of 

10 s each at 60 % amplitude) and centrifuged at 

48,000  g for 30 min. To the supernatant was 

added 1% (v/v) streptomycin sulfate and gently 

stirred for 30 min. The solution was centrifuged at 

48,000  g for 30 min. The supernatant was 

dialyzed two times against 2 L of buffer A using a 

dialysis tubing with a molecular weight exclusion 

limit of 12,000-14,000 Da. This sample was 

centrifuged at 48,000  g for 30 min and the 

debris-free supernatant was loaded on a Hiprep Q-

Sepharose Fast Flow anion exchange column (GE 

Healthcare) pre-equilibrated with buffer A. The 

column was washed with 3 column volumes (CV) 

of the same buffer, and adsorbed proteins were 

eluted with a linear gradient (0-100 %) of 20 CV 

of 50 mM Tris HCl pH 7.5 containing 200 mM 

NaCl (buffer B) at 1 mL min-1 flow rate. Fractions 

containing the target protein were pooled and 

ammonium sulfate was added to a final 

concentration of 1 M, clarified by centrifugation at 

48,000  g for 30 min, and the resulting 

supernatant was loaded on a Hiprep Butyl 

Sepharose High Performance aliphatic 

hydrophobic column (GE Healthcare) pre-

equilibrated with 50 mM Tris HCl pH 7.5 

containing 1 M (NH4)2SO4 (buffer C). This 
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hydrophobic column was washed with 10 CVs of 

buffer C and the adsorbed material eluted with 20 

CVs of a linear gradient (0-100 %) of buffer A at 1 

mL min-1 flow rate. The fractions containing the 

LbIU-NH were pooled, concentrated down to 8 

mL using an Amicon ultrafiltration cell (molecular 

weight cutoff of 10,000 Da), and loaded on a 

HiLoad Superdex 200 25/60 size exclusion 

column (GE Healthcare), which was previously 

equilibrated with buffer A. Proteins were 

isocratically eluted with 1 CV of buffer A at a 

flow rate of 0.3 mL min-1. FPLC was performed in 

an AKTA system (GE Healthcare) and all 

purification steps were carried out at 4 °C and 

sample elution monitored by UV detection at 215, 

254 and 280 nm simultaneously. Protein 

concentration was determined by the method of 

BCA using bovine serum albumin as standard 

(Thermo Scientific PierceTM BCA protein Assay 

Kit). LbIU-NH recombinant protein fractions were 

analyzed by SDS-PAGE. 

 

LbIU-NH identification by mass spectrometry 
 In-gel digestion was performed according 

to Shevchenko.34 Tryptic digest of LbIU-NH was 

separated on a in-house made 20 cm reversed 

phase column (5 µm ODSAQ C18, Yamamura 

Chemical Lab, Japan) using a nanoUPLC (nanoLC 

Ultra 1D plus, Eksigent, USA) and eluted directly 

to a nanospray ion source connected to a hybrid 

mass spectrometer (LTQ-XL and LTQ Orbitrap 

Discovery, Thermo, USA). The flow rate was set 

to 300 nL min-1 in a 120-minute reversed phase 

gradient. The mass spectrometer was operated in a 

data-dependent mode, with full MS1 scan 

collected in the Orbitrap, with m/z range of 400-

1600 at 30,000 resolution. The eight most 

abundant ions per scan were selected to CID MS2 

in the ion trap. Mass spectra were analyzed using 

PatternLab platform.35 MS2 spectra were searched 

with COMET36 using a non-redundant database 

containing forward and reverse E. coli DH10B 

reference proteome and the sequence of LbIU-NH 

(A4H9Q9). The validity of the peptide-spectra 

matches (PSMs) generated by COMET was 

assessed using Patternlab´s module SEPro35 with a 

false discovery rate of 1% based on the number of 

decoys. 

 

Oligomeric state determination 

 Determination of LbIU-NH molecular 

mass in solution was determined by size exclusion 

liquid chromatography on a HighLoad 10/30 

Superdex-200 column (GE Healthcare), injecting 

100 µL of protein suspension (7 µM homogeneous 

recombinant protein) at 0.4 mL min-1 flow rate and 

isocratic elution with 1 CV of 50 mM Tris HCl 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) were used to prepare a calibration 

curve. The values of elution volumes (Ve) of 

protein standards (ferritin, aldolase, conalbumin, 

ovalbumin, ribonuclease A and carbonic 

anhydrase) were used to calculate their 

corresponding partition coefficient (Kav). The 

latter values were plotted against the logarithm of 

the molecular mass of standards, and the resulting 

linear function employed to obtain an estimate 

LbIU-NH molecular mass in solution. The Kav 

values were determined from Eq. 1. Blue dextran 

2000 (GE Healthcare) was used to determine the 

void volume (V0). Vt is the total bed volume of the 

column. 
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Steady-state kinetics parameters 

 Recombinant LbIU-NH enzyme activity 

was measured by a continuous spectrophotometric 

assay in quartz cuvettes (1 cm) using a UV-visible 

Shimadzu spectrophotometer UV2550 equipped 

with a temperature-controlled cuvette holder. 

Kinetic properties of LbIU-NH for inosine were 

spectrophotometrically determined using the 

difference in absorption between the nucleoside 

and the purine base. Enzyme activity was 

measured in the presence of varying 

concentrations of inosine (0.2 mM - 1.5 mM) in 50 

mM Tris HCl pH 7.5 at 25 °C. The reaction was 

started with addition of 5 µL of recombinant 

LbIU-NH (80 nM final concentration) that resulted 

in decreasing linear absorbance time courses for 

the conversion of nucleoside substrate into 

products; all assays were performed at least in 

duplicate. The Δε value employed was 0.92 mM−1 

cm−1 at 280 nm.16 The experimental data were 

either fitted to Michaelis-Menten equation (Eq. 2) 

for a hyperbolic saturation curve,37;38 in which v is 
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the initial velocity, V is the apparent maximum 

initial velocity, A is the varying substrate 

concentration, and KM represents the apparent 

Michaelis-Menten constant. 
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 The kcat values were calculated from Eq. 3, 

in which [E]t corresponds to the total concentration 

of LbIU-NH enzyme subunits. 
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 As no saturation for the uridine reaction 

could be detected by the continuous 

spectrophotometric assay, reversed-phase HPLC 

using a Dionex Ultimate 3000 with UV/VIS 

detector was employed to monitor the conversion 

of uridine into uracil. Briefly, assay mixtures 

containing Tris HCl 50mM pH 7.5, 40 nM of 

LbIU-NH various uridine concentrations (1 mM - 

7.0 mM) were incubated at 25 °C. At seven time 

intervals (1, 3, 5, 7.5, 10 12.5 and 15 min), 

solutions were boiled for 3 min to stop the reaction 

and centrifuged at 10,600  g for 3 min. No 

enzyme activity could be detected for adenosine, 

guanosine and cytidine by the continuous 

spectrophotometric assay. Accordingly, the HPLC 

discontinuous assay was also employed to detect 

LbIU-NH enzyme activity, if any, for these 

substrates with some minor modifications: assay 

mixtures contained Tris HCl 50 mM pH 7.5, 136 

nM of LbIU-NH, and either adenosine (0.25 - 4.0 

mM), guanosine (0.2 - 2.0 mM), or cytidine (0.5 - 

4.5 mM) were incubated at 25 °C at 6 time 

intervals (5, 10, 15, 20, 30 and 40 min) of reaction, 

after which solutions were boiled for 3 min and 

centrifuged at 10 600  g for 3 min. 

 The supernatant (10 µL) for each reaction 

was injected onto a reversed-phase Nucleodur 

100-5 C-18 HPLC column (250 x 4.6 mm, 

Macherey-Nagel). The mobile phase was 

ammonium acetate 10 mM (Merck®, Darmstadt, 

Germany) with a flow rate of 0.5 mL min-1. 

Elution of substrate and product was monitored at 

254 nm, and the integrated peak area of product 

was compared to standard solutions to calculate 

the concentration of product formed at a specific 

time interval, yielding initial velocity values. The 

results were fitted either to Michaelis-Menten (Eq. 

2) for hyperbolic curves or to the Hill equation 

(Eq. 4) for sigmoidal curves.37;38 For Eq. 4, v 

represents the initial velocity, V is the apparent 

maximum initial velocity, A is the varying 

substrate concentration, K0.5 is the substrate 

concentration in which the velocity is half of the 

maximum velocity and n is the Hill coefficient. 
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 One unit of enzyme activity (U) was 

defined as the amount of enzyme catalyzing the 

conversion of 1 mol of substrate into product per 

minute at 25 °C. 

 

Isothermal titration calorimetry 

 ITC experiments were carried out using an 

iTC200 Microcalorimeter (Microcal, Inc., 

Pittsburgh, USA). Reference cell (200 µL) was 

loaded with Milli-Q water during all experiments 

and sample cell (200 µL) was filled with 100 µM 

of LbIU-NH recombinant enzyme in Tris HCl 

50mM pH 7.5. The injection syringe (39.7 µL) 

was filled with the products at different 

concentrations: Ribose at 10 mM, Hypoxanthine 

and Uracil at 5 mM using the same buffer to 

prepare all ligand solutions. Ligand binding 

isotherms were measured by direct titration (ligand 

into macromolecule). 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 µL followed by 19 injections of 

2.0 µL 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. ITC data were 

fitted to Eq. 5, in which ΔH is the enthalpy of 

binding, ΔG is the Gibbs free energy change, ΔS is 

the entropy change, T is the absolute temperature 

in Kelvin, R is the gas constant (1.987 cal K-1 mol-

1) and Ka is the equilibrium association constant. 

The dissociation constant, Kd, was calculated as 

the inverse of Ka (Eq. 6). All data were evaluated 

using the Origin 7 SR4 software (Microcal, Inc.) 
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Energy of activation 

 The energy of activation (Ea) was assessed 

by measuring kcat values of LbIU-NH as a function 

of increasing temperature. Initial velocities were 

measured in the presence of fixed-saturating 

concentration of inosine (1.4 mM) at temperatures 

ranging from 15 to 35 °C (from 288.15 to 308.15 

K). Prior to data collection, LbIU-NH was 

incubated for several minutes in all tested 

temperatures and assayed under standard 

conditions to verify enzyme stability. All assays 

were performed in duplicates. Ea was calculated 

from the slope (Ea/R) of the Arrhenius plot fitting 

the data to Eq. 7, in which R is the gas constant 

(8.314 J mol-1 K-1) 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.39 A simplistic approach was 

adopted to explain a complex phenomenon and 

that A is independent of temperature. 
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 The enthalpy (ΔH#), entropy (ΔS#), and 

Gibbs free energy (ΔG#) of activation were 

estimated using the following equations (Eqs. 8-

10) derived from the transition state theory of 

enzymatic reactions.39 
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 Energy values are in kJ mol−1, with kcat in 

s−1, to conform to the units of the Boltzmann (kb) 

(1.3805 × 10−23 J K−1) and Planck (h) (6.6256 × 

10−34 J s−1) constants, and R is as for Eqs. 8 and 9. 

Errors on ΔG# were calculated using Eq. 11.39 
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Solvent kinetic isotope effects (SKIE) and 

proton inventory 

 Solvent kinetic isotope effects were 

determined by measuring initial velocities of 

LbIU-NH in presence of varying concentrations of 

inosine (0.2 mM to 1.4 mM) in either H2O or 90 % 

D2O in 50 mM Tris HCl pH 7.5 buffer. The proton 

inventory was assessed at fixed-saturating 

concentration of inosine (1.4 mM) with various 

mole fractions of D2O (0 - 90%) in 50 mM Tris 

HCl pH 7.5 buffer. Data were fitted to Eq. 12, 

which assumes isotope effects on both V/K and V. 

In this equation, Ev/k and Ev are the isotope effects 

minus 1 on V/K and V, respectively, and Fi is the 

fraction of isotopic label in substrate A.40 
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pH-rate profiles 

 The dependence of kinetic parameters on 

pH was determined by measuring initial velocities 

in the presence of varying inosine concentrations 

(0.2 mM – 1.4 mM) 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 over the following pH 

values: 5.0, 6.0, 6.5, 7.0, 7.5, 8.0 and 8.5.39 All 

measurements were carried out at least in 

duplicates. The pH-rate profile was generated by 

plotting logarithm value of kcat or kcat/KM of the 

substrate versus pH values. The data were fitted to 

either Eq. 13 or 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 Ka and Kb are, respectively, the apparent acid 

and base dissociation constant for the ionizing 

group. Prior to performing the pH-rate profiles, 

LbIU-NH was incubated for 2 min at 25 °C over a 

broader pH range in either 100 mM citrate or 

CHES buffer and enzyme activity was measured 

in assay mixtures containing inosine (1.4 mM) in 
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Tris HCl 50 mM pH 7.5 buffer. These 

measurements were carried out to show whether 

changes in enzyme activity were due to changes in 

proton concentration or to protein denaturation.  

 Eq. 13 describes a bell-shaped pH profile 

for a group that must be protonated for 

binding/catalysis and another group that must be 

unprotonated for binding/catalysis, and 

participation of a single ionizing group for the 

acidic limb (slope value of +1) and participation of 

a single ionizing group for the basic limb (slope 

value of -1). 
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Eq. 14 describes a pH profile for a group that 

must be unprotonated for binding/catalysis 

and participation of a single ionizing group for 

the acidic limb (slope value of +1). 
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Pre-steady-state kinetics  

 Pre-steady-state kinetic parameters of the 

reaction catalyzed by LbIU-NH were determined 

using an Applied Photophysics SX.18MV-R 

stopped-flow spectrofluorimeter on absorbance 

mode to assess whether product release is part of 

the rate-limiting step. The decrease in absorbance 

was monitored at 280 nm for 0.5 s collecting 400 

points (1 mm slit width = 4.65 nm spectral band) 

and an optical path of 2 mm. The experimental 

conditions were 10 µM of LbIU-NH, 2 mM of 

inosine in Tris HCl 50 mM pH 7.5 (mixing 

chamber concentrations). The control experiments 

were performed as the experimental conditions 

above in the absence of enzyme. The dead time of 

the equipment is 1.37 ms. 

 The pre-steady-state time course of the 

reaction was fitted to Eq. 15 for a linear decay, in 

which A is the absorbance at time t, A0 is the 

absorbance at time zero, and k is the apparent first 

order rate constant for product formation.41 

 

ktAA  0    Equation 15 

 

Crystal structure determination 
 Crystals were obtained by sitting-drop 

vapor diffusion at 291 K in a solution containing 

0.2 M Ammonium acetate, 0.1 M HEPES pH 7.5 

and 45 % 2-methyl-2,4-pentanediol (MPD). The 

addition of 10 % ethylene glycol to the original 

crystal growth conditions was used for 

cryoprotection. Diffraction data from crystals of 

LbIU-NH were collected on beamline MX2 at 

LNLS equipped with a Pilatus 2M detector using a 

wavelength of 1.459 Å, an oscillation range of 0.3 
o and a 3 s exposure time per image at 100 K. The 

data were indexed, integrated and scaled using the 

programs iMOSFLM42 and SCALA43 from the 

CCP4 suite.42;44 The asymmetric unit was 

estimated with respective Matthews’ 

coefficients.45;46 The phase problem was solved by 

molecular replacement using MOLREP program.43 

The search model employed was the structure of 

IU-NH from Leishmania major (PDB access code 

1EZR, subunit A). The structure was refined using 

Phenix.refine47;48 (10% of the reflections for the 

calculation of Rfree parameter) and Coot for model 

building49 using σa-weighted 2Fo-Fc and Fo-Fc 

electron-density maps. The parameters R and R 

free were used as the principal criterion for 

validating the refinement protocol and the 

stereochemical quality of the model was evaluated 

with PROCHECK50 and MolProbity.51 The final 

protein concentration of LbIU-NH for 

crystallization was 2.7 mg mL-1. The solution also 

contained solution of 10 mM of D-(-)-ribose 

(linear), whereas a -D-ribose (ribofuranosidic 

form) was found in the LbIU-NH structure. We 

have employed this crystallization strategy to take 

advantage of mutarotation processes. Mutarotation 

is known to occur with monosacharides as there is 

an equilibrium between open,  and  anomeric 

forms. The simple linear form is assumed to be the 

intermediate of four species of D-ribose: -furan 

(7.1 %), -furan (12.3 %), -pyran (22.4 %), and 

-pyran (58.2 %).51 The spontaneous -to- 

exchange rate constants of furanosidic forms are at 

least one-order of magnitude higher than the 

pyranosidic forms.52 It is thus likely that LbIU-NH 
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bound the -furanosidic form due to its larger 

percentage in solution and/or due to its larger 

affinity constant. The atomic coordinates were 

deposited in the Protein Data Bank, PDB ID code 

5TSQ. 
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Table 1 Steady-state kinetic parameters for LbIU-NH 

Substrate Km/K0.5 (mM) Vmax (U mg-1) kcat (s-1) kcat/Km (M-1 s -1) 

Inosine 0.50 ± 0.04 19.6 ± 0.7 11.2 ± 0.4 2.2 (± 0.2) x 104 

Uridine 3.2 ± 0.4 8 ± 1 4.5 ± 0.6  - 

Adenosine 0.6 ± 0.1 0.069 ± 0.004 0.039± 0.002 65 ± 10 

Cytidine 0.7 ± 0.07 0.115 ± 0.003 0.066 ± 0.002 94 ± 9 

Guanosine    47 ± 2 

 

Table 2 Data collection and refinement statistics for LbIU-NH 

Beamline MX2 (LNLS) 

Wavelength (Å) 1.45 

Resolution range (Å) 21.65 (1.53) 

Space group I222 

Unit cell (a and b, c; Å) 
74.66, 94.08, 123.12 

Unique Reflections 
64501 (8569) 

Multiplicity 4.3 (2.3) 

Completeness (%) 98.9 (90.8) 

Mean I/sigma(I) 10.0 (3.3) 

Rmerge (%) 0.053 (0.431) 

Bfactor Wilson plot (Å²) 23.7 

CC1/2 0.991 (0.705) 

Rwork 15.34 (18.84) 

Rfree 16.68 (20.25) 

Number of atoms  

 ligands 1 

 ions 1 

 waters 278 

 Protein residues 1023 

RMS(bonds) (Å) 0.011 

RMS(angles) (o) 0.972 

Ramachandran favored (%) 98.6 

Ramachandran outliers (%) 0 

Clashscore 2.64 

Average B-factors (Å²)  

 Macromolecule 20.946 

 Ligands 20.053 

 Solvent 38.510 

PDB code 5TSQ 
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FIGURE LEGENDS 

 

FIGURE 1 Determination of kinetic parameters for LbIU-NH. Specific activity/velocity plotted 

against increasing concentrations of (A) inosine (B) adenosine and (C) cytidine obeying the Michaelis-

Menten kinetics, (D) uridine showing a sigmoidal profile, and (E) guanosine. 

 

FIGURE 2 Ligand binding assay for -D-ribose. The top panel represents raw data of the heat pulses 

and the bottom panel shows the integrated heat pulses (mol of injectant as a function of the molar 

ratio). 

 

FIGURE 3 Arrhenius plot for inosine. Values for the maximum velocity of LbIU-NH-catalyzed 

chemical reaction were determined as a function of increasing temperatures (15 to 35 °C) at fixed-

saturating concentration of inosine (1.4 mM). 

 

FIGURE 4 Solvent kinetic isotopic effects for LbIU-NH. Enzyme activity was measured at increasing 

concentrations of inosine (0.2-1.4mM) in assay mixtures containing either 0 (●) or 90 (■) atom % 

D2O. The insert represents the proton inventory (0, 20, 40, 60 or 90 atom % D2O) with fixed-saturating 

concentration of inosine (1.4 mM). 

 

FIGURE 5 Dependence of kinetic parameters on pH. (A) pH dependence of log kcat data were fitted to 

Eq. 10; (B) pH dependence of log kcat/Kinosine data were fitted to Eq. 11. 

 

FIGURE 6 Stopped-flow trace for product formation. Measurements of the decrease in absorbance at 

280 nm due to the conversion of inosine to hypoxanthine. The data were fitted to Eq. 15 for a linear 

decay, yielding a value of 0.0208 s-1 for the apparent first-order rate constant of product formation, 

which corresponds to a catalytic rate constant value of 11.3 s-1. The bottom stopped-flow trace 

represents the control experiment (absence of LbIU-NH). 

 

FIGURE 7 Overall structure of LbIU-NH. (A) The quaternary structure of LbIU-NH obtained from 

the symmetry operations of the spatial group I222. The main chains are represented as cartoon and 

colored by subunit: A is pale green, B is light blue, C is light red, and D is wheat. The cysteine 

residues involved in disulfide bonds are represented by their van der Waals raddi. (B) Calcium binding 

site, where the amino acids are represented as sticks and colored by CPK except by the carbon atom 

that is colored in green. The distances are shown in angstroms (Å). (C) Region where the disulfide 

bond was found, revealing a clear density map. Image generated using PyMOL. 
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 

 

 



47 

 

FIGURE 4 
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FIGURE 5 
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FIGURE 6 
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FIGURE 7 
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Figure S1. Determination of the oligomeric state of LbIU-NH by gel filtration using a 

HighLoad 10/30 Superdex-200 column. Protein standards (●) were: ferritin, aldolase, conalbumin, 

ovalbumin, ribonuclease A and carbonic anhydrase. Blue dextran 2000 was used to determine the void 

volume. Kav was determined using Eq. 1 (main text) for each standard, and these values were plotted 

against logarithm of the molecular of protein standards. A value of 136,019 for the apparent molecular 

mass of homogeneous recombinant protein (■) was estimated suggesting that LbIU-NH is a tetramer 

in solution.  
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Figure S2. Molar absorptivity values at 280 nm (280) for inosine in solvents with different 

dielectric constants (D). Absorbance at 280 nm were measured as a function of varying 

concentrations of inosine (25µM-400µM) in 50 mM Tris HCl pH 7.5 (♦), methanol (MeOH) 

(●) or dimethyl sulfoxide (DMSO) (■). The values for 280 were: 1.7 (± 0.3) x 103 M-1 cm-1 

for Tris HCl 50mM (Dwater = 78.74), 2.4 (± 0.1) x 103 M-1 cm-1 for MeOH (DMeOH = 32.6) and 

3.7 (± 0.1) x 103 M-1 cm-1 for DMSO (DDMSO = 49). 
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Figure S3. Primary sequence alignment of protozoan IU-NHs. The green circles are highlighting the 

residues responsible for anchoring the calcium ion and the arrows show the Cys157 that is involved in 

the disulfide bond and the residue His240. Image generated with ESPript. 
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Figure S4. Overall structure of LbIU-NH. The loop between β3-α3 influenced by the ligand binding is 

highlighted in green. Image generated with PyMOL. 
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4. CONSIDERAÇÕES FINAIS 

A leishmaniose é uma doença infecciosa e não contagiosa, cujos agentes 

etiológicos são protozoários pertencentes à família Trypanosomatídae, do gênero 

Leishmania. Apesar da disponibilidade do tratamento padrão, os medicamentos 

apresentam muitos efeitos colaterais e são administrados por tempo prologando em 

ambiente hospitalar, o que leva a não aderencia do paciente ao tratamento. O 

desenvolvimento de novos fármacos mais eficazes, menos tóxicos, com menor 

duração de tratamento, e que sirvam para tratar todas as formas de leishmaniose, 

são necessários para diminuir a incidência global da doença. Neste contexto, as 

enzimas envolvidas na rota de salvamento de purinas são alvos moleculares 

interessantes para compostos inibidores, uma vez que Leishmania não possui a via 

de biossíntese de novo de nucleotídeos, e portanto, é dependente da via de 

salvamento de purinas para sínteses de nucleotídeos. Assim, o estudo de enzimas 

envolvidas nesta rota metabólica parece ser de grande importância para a 

descoberta e a caracterização de novos alvos moleculares para fármacos. A enzima 

LbIU-NH pode desempenhar um papel crucial no processo de salvamento de 

purinas e parece ser um alvo atraente, uma vez que não existe atividade catalítica 

semelhante em mamíferos. 

Os experimentos realizados neste trabalho incluíram a clonagem do gene 

iunH de L. braziliensis, a expressão da proteína recombinante em cepas de E. coli 

Rosetta (DE3) e a purificação da proteína utilizando um protocolo de três etapas 

cromatográficas. O seqüenciamento peptídico confirmou a identidade da proteína 

recombinante. A cromatografia de exclusão de tamanho sugere que a LbIU-NH é um 

tetrâmero em solução. Os resultados de cinética em estado estacionário indicam que 

a enzima possui características de uma nucleosídeo hidrolase não específica, 

utilizando inosina, uridina, adenosina, guanosina e citidina como substrato. A uridina 

apresentou cinética de cooperatividade homotrópica positiva, diferente de NHs de 

outros protozoários, cujas curvas de saturação apresentaram somente perfil 

hiperbólico. A enzima apresentou baixa atividade frente aos substratos adenosina, 

guanosina e citidina, e através de um ensaio descontínuo utilizando cromatografia 

líquida de alta eficiência foi possível determinar as constantes cinéticas para cada 

um destes substratos. 

Estudos em calorimetria de titulação isotérmica (ITC) também foram 

realizados, e os resultados sugerem que a ligação da -D-ribose à enzima livre é um 



58 

 

processo espontâneo (ΔG inferior a 0 kcal mol-1) com entalpia favorável (ΔH inferior 

a 0 kcal mol-1) e contribuições entrópicas (ΔS maior que 0 kcal mol-1). Estes dados 

sugerem uma redistribuição favorável de interações (ligações de hidrogênio e / ou 

van der Waals) e a liberação de moléculas de água no sítio ativo da enzima. Os 

dados também nos levaram a propor um mecanismo ordenado de liberação da base 

seguida pela pentose. Os parâmetros termodinâmicos de ativação para as reações 

catalisadas pela enzima foram determinados por meio do ensaio de energia de 

ativação com o substrato inosina. Verificou-se a energia necessária para que o início 

da reação ocorra (Ea) e os parâmetros termodinâmicos de ativação (ΔG#, ΔS#, ΔH#). 

Estudos relacionados ao efeito isotópico do solvente em V indicam um efeito de 

transferência de prótons após a formação do complexo ternário, que incluem os 

passos químicos e possíveis alterações conformacionais da enzima e a liberação do 

produto. Efeito isotópico do solvente em V/K indicou uma modesta contribuição de 

transferência de prótons entre a enzima livre e o substrato até a primeira etapa 

irreversível. Além disso, dados de inventário de prótons sugerem que este efeito 

isotópico do solvente surge a partir de um único próton. O ensaio de perfil de pH 

para kcat indicou dois grupos com o valor de pK de aproximadamente 5.2 e 7.9. O 

alinhamento da sequência de aminoácidos da NH de enzimas homólogas mostrou 

que os resíduos envolvidos na catálise estão conservados entre as NHs. A análise 

dos resultados obtidos com o experimento de perfil de pH, dados do alinhamento de 

seqüência e da estrutura nos trouxe evidências de que os aminoácidos His240 e 

Aps241 de LbIU-NH estejam envolvidos na catálise. Além disso, os dados de pH 

para kcat/kinosina indicam que um valor de pK de 5.7 é necessário para ligação da 

inosina, e possivelmente três resíduos de ácido aspártico (Asp10, Asp15, or Asp241) 

poderiam ser responsáveis por esta função. Entretanto nossos dados não 

conseguem distinguir qual resíduo de ácido aspártico está envolvido. Estudos do 

estado pré-estacionário sugerem que a liberação do produto não contribui para a 

etapa limitante da reação. Obtivemos a estrutura de cristalográfica da LbIU-NH 

complexada com -D-ribose e Ca+2 a 1.53 Å de resolução (PDB ID código 5TSQ). A 

estrutura cristalina mostrou uma ligação dissulfeto entre a interface das subunidades 

A-C (e B-D), que não foi encontrada em outras estruturas conhecidas de NH. Além 

disso, a determinação da estrutura nos possibilitou identificar os possíveis resíduos 

de aminoácidos relacionados com a ligação de substratos e catálise da enzima. 

Experimentos de caracterização cinética com a enzima contendo mutações 
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específicas utilizando mutagênese sítio-dirigida poderiam colaborar para a melhor 

compreensão do papel de resíduos aminoácidos importantes para a catálise da 

reação. 

Este trabalho possibilitou a caracterização bioquímica e estrutural da enzima 

NH de L. braziliensis codificada pelo gene iunH. Os dados apresentados servirão 

como base para o planejamento de inibidores enzimáticos visando o 

desenvolvimento de novos candidatos a fármacos para a leishmaniose. 
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