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Resumo 

Cirqueira, M. L. Estudos estruturais da enzima nitrorredutase de Trypanosoma cruzi: 

Caracterização do mecanismo de ativação dos pró-fármacos benznidazol e nifurtimox. 

2019. 75f. Dissertação (Mestrado). Faculdade de Ciências Farmacêuticas de Ribeirão Preto – 

Universidade de São Paulo, Ribeirão Preto, 2019. 

 

A doença de Chagas é uma antropozoonose causada pelo parasita Trypanosoma cruzi e 

que afeta aproximadamente 5 milhões de pessoas somente na América Latina, causando, no 

mundo todo, cerca de 10 mil mortes por ano. A doença de Chagas crônica tem grande impacto 

social e econômico devido a morbidade relacionada a mesma. O benznidazol é atualmente o 

único medicamento disponível no Brasil para o tratamento da doença de Chagas. Usado há mais 

de 40 anos, é caracterizado por baixa efetividade na fase crônica da doença, alta toxicidade e 

casos de resistência já foram relatados. Estudos demonstraram que os compostos 

nitroaromáticos, como o benznidazol, são pró-fármacos ativados pela redução do grupo nitro, 

gerando metabólitos citotóxicos, uma reação que é catalisada pela enzima nitrorredutase do tipo 

I (TcNTR), ausente no hospedeiro humano. Apesar de inúmeros esforços da comunidade 

científica, a estrutura tridimensional da TcNTR, assim como as bases moleculares e químicas 

de ativação seletiva dos pró-fármacos são ainda desconhecidas. Nesse contexto, esse trabalho 

teve objetivo iniciar os estudos de caracterização da enzima TcNTR, através do uso de uma 

gama de técnicas biofísicas e bioquímicas. Duas diferentes construções, TcNTR72 e TcNTR78, 

foram expressas, purificadas e foram avaliadas com relação a estabilidade química e térmica 

por meio de técnicas de fluorimetria de varredura diferencial (DSF) explorando o grupo 

prostético endógeno mononucleotídeo de flavina (FMN) como a sonda fluorescente 

(ThermoFMN), e por espalhamento dinâmico de Luz (DLS). Nossos estudos mostraram que a 

construção TcNTR72 é mais estável e a presença do detergente triton X-100 é fundamental para 

a manutenção da integridade estrutural da proteína. Técnicas de calorimetria de varredura 

diferencial (DSC) e de tensiometria foram cruciais para demonstrar pela primeira vez a 

interação da TcNTR com membranas modelo que mimetizam a membrana interna 

mitocondrial.  Estudos de modelagem molecular baseado em homologia e por métodos ab initio 

sugerem que a enzima TcNTR se enovela de forma similar às NTRs de bactéria.  Domínios 

estruturais preditos como essenciais para a dimerização assim como o sítio do FMN localizado 

na interface dimérica foram identificados como conservados. A maior diferença entre a enzima 

TcNTR e as proteínas homólogas em bactérias aparece pela inserção de um fragmento de 23 

resíduos na TcNTR, predito enovelar na forma de hélice-α. Com base em nossos resultados e 

nas diferenças em termos de localização celular e função entre as enzimas TcNTR e de bactéria, 

nossos estudos sugerem que a região pode ser importante para a interação da TcNTR com a 

membrana interna na mitocôndria do parasita. A alta identidade sequencial compartilhada entre 

as enzimas de tripanossomatídeos sugerem que nossos achados poderão ser extrapolados para 

o estudo das NTRs de outros parasitas como Leishmania spp e Trypanossoma brucei.  

 

Palavras chave: Nitrorredutase, doença de Chagas, Trypanosoma cruzi, proteína de membrana.   
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Abstract 

Cirqueira, M. L. Structural studies on Trypanosoma cruzi nitroreductase enzyme: 

characterization of prodrug activation mechanism for benznidazole and nifurtimox. 2019. 

75f. Dissertation (Master). Faculdade de Ciências Farmacêuticas de Ribeirão Preto – 

Universidade de São Paulo, Ribeirão Preto, 2019. 

Chagas disease is an anthropozoonosis caused by the parasite Trypanosoma cruzi, 

affecting approximately 5 million people in Latin America alone, and causing, worldwide, 

around 10 thousand deaths a year. Chronic Chagas disease have a major social and economic 

impact due to the disease causing disabilities. Benznidazole is currently the only drug available 

in Brazil for the treatment of Chagas disease. Used for more than 40 years, it is characterized 

by low effectiveness in the chronic phase, high toxicity and cases of resistance have been 

reported. Studies have shown that nitroaromatic compounds, such as benznidazole, are 

prodrugs activated by the reduction of the nitro group, generating cytotoxic metabolites, a 

reaction that is catalyzed by nitroreductase type I (TcNTR), absent in the human host. Despite 

several efforts by the scientific community, the three-dimensional structure of TcNTR, as well 

as the molecular and chemical bases of prodrugs selective activation are still unknown. In this 

context, this work aimed at initiating the characterization studies of the enzyme TcNTR, using 

a range of biophysical and biochemical techniques. Two different constructs, TcNTR72 and 

TcNTR78, were expressed, purified and evaluated for chemical and thermal stability by 

differential scanning fluorimetry (DSF), exploring the endogenous prosthetic group of flavin 

mononucleotide (FMN) as the fluorescent probe (ThermoFMN), and by dynamic light 

scattering (DLS). Our studies have shown that the TcNTR72 construct is more stable and the 

presence of the detergent Triton X-100 is critical for maintaining the structural integrity of the 

protein. Differential scanning calorimetry (DSC) and tensiometry techniques were crucial to 

demonstrate, for the first time, the interaction of TcNTR with model membranes that mimics 

the inner mitochondrial membrane. Homology and ab initio molecular modeling suggest that 

the folding of TcNTR is similar to bacterial NTRs. Structural domains predicted to be essential 

for dimerization as well as the site of FMN binding located at the dimeric interface were 

identified as conserved. The major difference between TcNTR enzyme and the homologous 

bacterial proteins appears to be the insertion of a 23 residues fragment in TcNTR, predicted to 

fold in the form of an α helix. Based on our results and the differences in cell localization and 

function between TcNTR and bacterial enzymes, our studies suggest that the region may be 

important for the interaction of TcNTR with the parasite inner mitochondrial membrane. The 

high sequence shared among trypanosomatid NTRs enzymes suggests that our findings can be 

extrapolated to the study of NTRs from other parasites such as Leishmania spp. and 

Trypanosoma brucei.  

 

Key words: Nitroreductase, Chagas disease, Trypanosoma cruzi, membrane protein. 
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1. Introduction 

1.1.Chagas Disease 

 

Chagas disease or American trypanosomiasis is an antropozoonosis caused by the 

protozoan Trypanosoma cruzi, found naturally only in the American continent. Initially, 

it was believed that the T. cruzi clade evolved after the separation of South America and 

Africa. However, recent evidences indicate that T. cruzi evolved from a particular 

genotype found mostly in bats called TcBat and switched to terrestrial mammals through 

invertebrate vectors. T. cruzi has an extensive wild reservoir, especially mammals such 

as anteaters, armadillos, small primates and bats but there is no evidence of a negative 

impact in these natural hosts (GUHL; AUDERHEIDE; RAMÍREZ, 2014). 

Chagas disease is pre-historical. Evidences suggests that human infections with T. 

cruzi occurred as soon as the South America was populated. The DNA of T. cruzi and 

classical signs of Chagas disease was found in a preserved mummy from 9000 years ago, 

where today is the south of Peru and the north of Chile. This finding generated the 

hypothesis that humans could have become hosts after the ingestion of the insect vector 

(triatomines) itself or the raw meat of infected animals. After the acquisition of sedentary 

habits and the domestication of animals, the triatomine vectors were attracted to live in 

the dwellings, made of mud and wood, initiating the domestic cycle of T. cruzi (ARAÚJO 

et al., 2009; STEVERDING, 2014). 

Description of Chagas disease symptoms were found in records from travelers and 

physicians after the colonization of the American continent. However only in 1909 the 

Brazilian physician Carlos Chagas, in an expedition to the north of Minas Gerais state of 

Brazil, discovered the protozoan and named after his advisor, Oswaldo Cruz, as 

Trypanosoma cruzi. The flagellate was observed inside the hematophagous kissing bugs, 

abundant in that region,  in the blood of domestic and wild animals, as well as, in infected 

patients with characteristic acute phase symptoms. Carlos Chagas described the 

transmission cycle, the vector, the etiological agent and the acute and chronic phase 

symptoms of the disease (COURA, 1997; KROPF, 2006; STEVERDING, 2014).  

Chagas disease is endemic in Latin America where around 5 million people are 

infected, being a major public health problem (WHO, 2015). Only in Brazil, more than 1 

thousand cases of acute Chagas disease were reported between 2012 and 2016. However, 
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the real number can be substantially higher and underreported must be considered since 

the disease is not always identified in its acute phase (BRASIL, 2019).  

Worldwide, around 10 thousand deaths a year is caused by Chagas disease (WHO, 

2010). The economic burden is estimated in US$ 7.2 billion in health care costs and 

US$1.2 billion loss in productivity due to associated morbidity and mortality (LEE et al., 

2013; STANAWAY; ROTH, 2015). The majority (90%) of the burden affects endemic 

countries and the major risk of infection is among underprivileged population with poor 

housing quality (LEE et al., 2013). The World Health Organization considers Chagas 

disease a neglected illness due to the lack of proportional investments to the the number 

of infected people, along with other parasitic diseases that affect mostly developing 

countries (WHO, 2010). 

The life cycle of Trypanosoma cruzi involves distinct forms both in the insect 

vector and in the vertebrate host (Figure 1). The vectorial transmission occurs through 

cutaneous penetration of the metacyclic trypomastigote form, released in the feces of its 

vector, the triatomine insect, after its blood meal. Entering the bloodstream, the 

trypanosomatid is internalized by cells such as macrophages, muscle or nerve cells, 

developing intracellularly in their amastigote form and subsequently differentiating into 

trypomastigotes. These, after cell disruption, are released into the extracellular space, 

infecting new cells or infecting another triatomine during their blood meal (TEIXEIRA 

et al., 2012). During a process known as metacyclogenesis, bloodstream trypomastigotes 

differentiate into the replicative form named epimastigote in the host insect’s stomach. 

After migrating to the insect’s rectum, the epimastigotes differentiate into the non-

replicative, infective metacyclic trypomastigote, completing the life cycle 

(GONÇALVES et al., 2018) (Figure 1). 

After the discovery of the transmission cycle, several programs to control the 

disease insect vector were successfully implemented. Improvement of housing quality 

and application of insecticides led to the interruption of the transmission by the triatomine 

in most areas of Brazil (Figure 2). However, about 13% of Latin American population is 

still at risk of T. cruzi infection due to poor house conditions or active transmission 

(WHO, 2015).  

 



12 
 

 
 

 

Figure 1: Schematic representation of the life cycle of Trypanosoma cruzi, etiologic agent of 

Chagas' disease: (1) infection of the triatomine by ingestion of trypomastigote forms; (2) 

metacyclic trypomastigote form; (3) differentiation in epimastigotes and spheromastigotes in the 

stomach; (4) binary division reproduction of the epimastigote forms in the intestine; (5) 

differentiation in metacyclic trypomastigotes in the rectum; (6) triatomine blood meal with 

elimination of the parasite by feces or urine; (7) metacyclic trypomastigotes enter the skin; (8) 

infection of macrophages with trypomastigotes; (9) lysosome containing the parasite; (10) 

differentiation into amastigotes; (11) multiplication of amastigotes in the cytoplasm; (12) 

differentiation into trypomastigotes; (13) rupture of the cell and release of trypomastigotes into 

the bloodstream; (14) amastigote and trypomastigote forms; (15) trypomastigotes (a) and 

amastigotes (b) infect new cells (Extracted from TEIXEIRA et al., 2012). 

 

Nowadays, other forms of transmission, such as congenital, blood transfusion and 

organ transplantation, contributes to the spread of Chagas disease outside the endemic 

areas especially among migrant population (CONNERS et al., 2016; PÉREZ-MOLINA 

et al., 2015; ROBERTSON et al., 2016). This fact demanded the implementation of blood 

donor screening for T. cruzi DNA in the United States in 2007 (MARTIN et al., 2014).  
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Oral transmission, due to the ingestion of food contaminated with excrements or 

crushed parts of triatomines, has gained increased attention, and become a major issue in 

Brazil. It is found that 73% of Chagas disease acute cases reported between 2012 and 

2016 were due to this type of transmission in Brazil (BRASIL, 2019).  

 

Figure 2: Current situation of Chagas disease in Latin America.(PÉREZ-MOLINA; MOLINA, 

2017). 

The clinical course of Chagas disease, composed by three phases, is highly related 

to genetic factors of the parasite and the host. The first phase, named acute, lasts around 

2 to 4 weeks and presents unspecific symptoms, similar to those of other illnesses, such 

as fever and malaise. Despite being characterized by an abundant parasitemia that can be 

seen relatively easily by direct blood examination, the acute stage, in the majority of 

cases, is solved spontaneously, making its diagnosis very difficult. In only 2 to 3% of the 

cases, the acute phase can be life threatening due to acute myocarditis. The symptomatic 

acute phase is followed by an asymptomatic period of variable length that can last 10 
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years to life long and is characterized by non-detectable blood parasitemia. Reactivation 

of the acute phase can be observed due to host compromised immune response related to 

other comorbities such as cancer and HIV infection (PEREZ; LYMBERY; THOMPSON, 

2015). The last phase, named chronic, occurs in around 40% of infected people, 

characterized by cardiomyopathy and/or megagastrointestinal syndromes (PÉREZ-

MOLINA; MOLINA, 2017).  

A treatment for Chagas disease was made available only 50 years after the 

discovery of its causative agent. In 1966 benznidazole was released by Roche and later, 

in  1970, Bayer launched nifurtimox, which correspond to the only available drugs 

hitherto (Figure 3) (STEVERDING, 2014). Both compounds, however, cause harmful 

side effects ranging from cutaneous rash to blood marrow depletion. They have limited 

effectiveness in the chronic phase and resistant strains are reported. In Brazil only 

benznidazole is approved due to the higher toxicity displayed by nifurtimox (PÉREZ-

MOLINA; MOLINA, 2017). Currently, an international multicentric trial called the 

BENEFIT project is evaluating the relevance of benznidazole treatment in late stage 

Chagas disease especially in patients with cardiovascular complications (MARIN-NETO 

et al., 2009). And nifurtimox, in combination with eflornithine is the recommended 

therapy for late stage African trypanosomiasis (HALL; BOT; WILKINSON, 2011a).  

Benznidazole is a 2-nitroimidazole and nifurtimox a 5-nitrofuran. Thus, the 

chemotherapeutic potential of nitroheterociclics compounds, especially for 

trypanosomatid related diseases cannot be underestimated and should be exploited. These 

are considered prodrugs, being activated by the reduction of their nitro groups and 

formation of cytotoxic metabolites. This reaction occurs inside the parasites by an enzyme 

called nitroreductase (NTR) (WILKINSON et al., 2008). 

 

Figure 3: Chemical structure of the drugs benznidazole and nifurtimox. 
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1.2.Nitroreductases (NTRs) 

 

NTRs are flavin dependent enzymes being classified into two categories, a type I, 

oxygen insensitive, promotes a sequential two-electron reduction in nitro groups to 

produce amine via hydroxylamine and nitroso derivatives, and type II, oxygen sensitive 

catalyze a one-eletron reduction into a nitro anion radical which can be reoxidized in the 

presence of oxygen to the nitro group, producing superoxide anions as a result of the futile 

cycle. Type I nitroreductases can be further divided into two groups, a group A 

nitroreductases are usually NADPH-dependent and share higher similarity with NfsA 

(oxygen-insensitive NADPH nitroreductase that reduces nitrofurazone) from Escherichia 

coli, and group B nitroreductases may use both NADH and NADPH as electron donors 

and are represented by E. coli NfsB (oxygen-insensitive NAD(P)H nitroreductase that 

reduces a variety of nitroaromatic compounds including nitrofurazone, quinones, 

nitroimidazoles, among others) (PATTERSON; WYLLIE, 2014; ROLDÁN et al., 2008).  

Type I NTRs are mainly found in bacteria and some fungus species although 

protozoans such as Trypanosoma sp. and Leishmania sp. are exceptions believed to 

acquire this enzyme by lateral gene transfer (DE OLIVEIRA; HENRIQUES; 

BONATTO, 2007). The T. cruzi  enzyme (TcNTR) is a type I nitroreductase that have a 

flavin mononucleotide (FMN) as prosthetic group, uses nicotinamide adenine 

dinucleotide (NADH) as a cofactor and is found in the large single mitochondrion of the 

parasite (WILKINSON et al., 2008a).  

It has been observed that the induced loss of NTR genes in T. cruzi not only 

induced a higher resistance to benznidazole, nifurtimox and other nitro compounds but 

also decreased the growth rate of the parasites in its epimastigote form and prevented the 

differentiation into the infective form (metacyclic trypomastigotes), indicating an 

important metabolic role of TcNTR in the parasite. Also, the enzyme could not be deleted 

from blood stream forms of Trypanosoma brucei where the NTR could be essential for 

this stage form (WILKINSON et al., 2008a). The loss of NTR gene and its 

downregulation is also observed in Trypanosoma cruzi with induced resistance to 

benznidazole (MEJÍA-JARAMILLO et al., 2011). Nonsense and missense mutations 

have also been identified in drug-resistant parasites, although diverse mechanisms are 

involved in the resistance (CAMPOS et al., 2014; MEJIA et al., 2012).  
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A T. cruzi prostaglandin F2α synthase or old yellow enzyme (OYE) is a NAD(P)H 

flavin oxidoreductase that also mediates a type I reduction of nitrocompounds but only 

under anaerobic conditions in vitro. This enzyme has no homolog in T. brucei and is 

suggested that it participates in benznidazole activation along with TcNTR. TcOYE is 

overexpressed when resistant parasites loses the NTR gene, and, under persistent drug 

exposure, the TcOYE gene is inactivated, being also involved in the mechanism of 

resistance (GARCÍA-HUERTAS et al., 2017; MURAKAMI et al., 2013). This way, NTR 

is believed to be the main activator of nitrocompounds used as prodrugs for Chagas 

disease.     

For benznidazole, TcNTR and TbNTR promotes a serial 2 electron reduction in 

the drugs nitro group resulting in formation of nitrenium, dihydro-dihydroxy imidazole 

and glyoxal which reacts with thiols, proteins and nucleic acids causing cell damage 

(Figure 4). The redox reaction of the substrate follows a bi-bi ping pong mechanism of 

kinetics where initially the NADH is oxidized by the concomitant reduction of FMN. The 

nitrocompound is then reduced by FMNH2, thereby regenerating oxidized flavin 

competent for further catalytic cycles (Figure 5) (HALL; WILKINSON, 2012; 

PATTERSON; WYLLIE, 2014).  

In nifurtimox metabolism, unlike benznidazole, it is demonstrated the generation 

of superoxide anions. Until this moment, only NTR was confirmed to activate the drug 

but does not follow a classic ping pong kinetics, possibly due to more than one mechanism 

of activation. Nifurtimox also produces a hydroxylamine through a nitroso intermediate 

which can be further metabolized to a nitrenium ion or an open chain nitrile, which is 

highly toxic (even to mammalian cells) possibly due to non-specific reaction with a range 

of cellular molecules as it can function as a Michael acceptor (HALL; BOT; 

WILKINSON, 2011b).  
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Figure 4: Schematic representation of the full reduction of the nitrocompounds benznidazole and 

nifurtimox by nitroreductases (Extracted from PATTERSON; WYLLIE, 2014). 

 

 

Figure 5: Representation of T. cruzi nitroreductase two substrate enzyme  kinetics.  

The exact physiological role of NTRs in bacteria or trypanossomatids is still 

unknown. In trypanosomes it is hypothesized that NTRs may function as ubiquinone 

reductases based on the mitochondrial location and preference for quinones. NTRs are 

also similar to FMN-dependent NADH dehydrogenases that reduces ubiquinone to 

ubiquinol using NADH as electron donor. This mechanism is essential in most organisms 

to maintain the NADH/NAD+ balance in mitochondrion and the redox balance in the cell. 

In trypanosomes, several NADH reductases are reported but mitochondrial energetics of 

these parasites is not fully discovered and considerably varies according to the parasite 

form (HALL; MEREDITH; WILKINSON, 2012; WILKINSON et al., 2008a).  
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Regarding its therapeutic role, nitroreductases are involved in the activation of 

metronidazole, a 5-nitroimidazole, in bacteria (NILLIUS; MÜLLER; MÜLLER, 2011; 

WANG et al., 2016). The enzyme is also related to metronidazole resistant strains of 

Helicobacter pilory (MARTÍNEZ-JÚLVEZ et al., 2012) and the protozoan Giardia 

lamblia (MÜLLER; HEMPHILL; MÜLLER, 2018). In addition, it is described the role 

of a type I nitroreductase in the inactivation of chloramphenicol conferring resistance of 

Haemophilus influenza (CROFTS et al., 2019). Nitroreductases are also studied as 

candidates for a directed enzyme prodrug therapy for cancer treatment (PROSSER et al., 

2013). 

They are often homodimers with subunits of 20 to 30 kDa, globular, with a 

conserved domain for FMN/FAD binding at the dimer interface using NAD(P)H as an 

electron donor. Nitroreductases possess a characteristic α+β-fold with a hydrophobic core 

of β-sheets surrounded by α-helices (Figure 6). The helix α6 is the responsible for the 

most of the dimer interactions along with the C-terminal portion that protrudes around 

the opposing monomer.  The region comprising the α4 and 5 is flexible, important to 

accommodate the different substrates described.  The low identity between NTRs of 

trypanosomatids and bacteria can also explain the selectivity to different nitrocompounds 

(ROLDÁN et al., 2008).  

Figure 6: Cartoon representation of E. coli nitroreductase (PDB code: 1DS7) monomer (a) and 

dimer (b).  

A type I NTR is absent in the human host which makes it an interesting target for 

new trypanocidal drugs. The side effects observed for the available drugs are a result of 

non-specific reduction by human enzymes (such as alcohol dehydrogenase 2 and P450 

oxidoreductase) and metabolization by the intestinal microbial communities, which is 
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determinant for toxic metabolism of pollutant chemicals (HUNTER et al., 2015; 

PATTERSON; WYLLIE, 2014; ROLDÁN et al., 2008; ZHOU et al., 2012).   

Considering the high number of infected people, the toxicity and lack of efficacy 

of available drugs, other therapeutic options must be searched. One possible strategy is to 

identify and characterize potential macromolecular targets for the development of new 

therapies. This work focuses on the characterization of TcNTR. The results of our studies 

will not only contribute to map the mechanism of activation of the available pro-drugs 

but also contribute to understand the role of NTR in Trypanosoma cruzi. Hence, a better 

evaluation of NTR structure is fundamental to the development more specific and 

effective drugs. 

5. Final remarks and future perspectives 

 

 Considering the lack of effective treatments for Chagas disease, which still 

affects millions of people worldwide, the study of the enzyme nitroreductase is essential 

for the understanding not only of the mechanism of action of the two drugs available, but 

also for the NTR role in the parasite metabolism and how NTR can be better exploited 

for drug design.  

 In this study two gene constructs, TcNTR72 (residues 72 to 312) and TcNTR78 

(residues 78 to 312), were evaluated. The construct TcNTR72 showed itself more stable 

probably due to a proper folding of structural elements at the N-terminal stretch. The 

expression protocol was successfully optimized leading to higher yields of purified 

protein. Optimization of the purification protocol led to higher thermal stability on both 

constructs.  

 The presence of detergent during purification is required to keep structural 

integrity, thermal stability, and activity of TcNTR. This result led us to investigate a 

possible interaction with membranes. For the first time, TcNTR was shown to interact 

with model membranes, in particular the ones containing cardiolipin, a lipid specific of 

mitochondrion, the cellular location for tripanossomatids NTRs. 

 Molecular modelling suggests an α+β folding, characteristic of bacterial NTRs, 

despite the low sequential identity. The main difference is the fragment comprising 

residues 199 to 222 that is not present in the bacterial homologs. This region is 

hypothesized to be responsible for protein-membrane interaction.  
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 Further studies, in vitro and in silico, for a better characterization of the TcNTR 

interaction with membranes will be performed. The complete structural characterization 

of TcNTR by single crystal X-ray diffraction was not achieved in this work and is 

important for a complete understanding of protein function and mechanism of selective 

activation of benznidazole and nifurtimox.     
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