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A B S T R A C T   

Chagas disease (CD) is a centenarian neglected parasitosis caused by the protozoan Trypanosoma cruzi (T. cruzi). 
Despite the continuous efforts of many organizations and institutions, CD is still an important human health 
problem worldwide. A lack of a safe and affordable treatment has led drug discovery programmes to focus, for 
years, on the search for molecules enabling interference with enzymes that are essential for T. cruzi survival. In 
this work, the authors want to offer a brief overview of the different validated targets that are involved in diverse 
parasite pathways: glycolysis, sterol synthesis, the de novo biosynthesis of pyrimidine nucleotides, the degra-
dative processing of peptides and proteins, oxidative stress damage and purine salvage and nucleotide synthesis 
and metabolism. Their structural aspects, function, active sites, etc. were studied and considered with the aim of 
defining molecular bases in the search for new effective treatments for CD. This review also compiles, as much as 
possible, all the inhibitors reported to date against these T. cruzi targets, serving as a reference for future research 
in this field.   

1. Introduction 

More than a century has passed since Carlos Chagas discovered the 
intracellular protozoan parasite T. cruzi as the causative agent of the 
disease that bears his name in his honour.1 Since then, CD, or American 
trypanosomiasis, has gained importance, and it is considered a poten-
tially life-threatening disease (12,000 deaths per year) with several so-
cioeconomic, environmental and public health problems. 
Approximately 6–7 million people worldwide are estimated to be 
infected with T. cruzi, mostly in poor rural areas of Latin America where 
CD is endemic2. There, the faeces of infected blood-sucking triatomine 
insects mainly transmit the parasite to mammals (vector-borne trans-
mission) in a complex life cycle, as described in3. 

T. cruzi can also be transmitted to humans through routes other than 
vectorial transmission, such as oral transmission (contaminated food or 
drinks), narrow organ and bone transplantations, blood transfusions, 
laboratory accidents and congenital conditions. The mechanisms of 
infection and migratory flows are important considerations, especially 
in non-endemic countries (United States, Canada, Europe, Australia, 

New Zealand and Japan), where CD has recently spread and become a 
global health concern, with almost 100 million people at risk of 
infection2,4. 

In 2005, WHO recognized CD as a neglected tropical disease. This 
facilitated not only a greater recognition of the disease but also 
combated misinformation, the lack of social demand and the weak po-
litical commitment to solve problems related to CD (such as insufficient 
scientific research, detection and comprehensive care, including diag-
nosis, treatment, medicine presentations, social aspects, information, 
education and communication tools).2a Since then, diverse institutions, 
organizations, the pharmaceutical industry, academia and researchers 
in this area have worked in collaborating networks and carried out 
initiatives to change the prospects of CD drug discovery.5 An effective 
public health strategy was conducted for vectorial control, in which the 
spraying of poor-quality housing with insecticide had a significant 
impact on breaking transmission cycles in some areas. However, eradi-
cation by this route is unlikely to be feasible.6 Despite not achieving all 
the goals set by WHO, substantial progress towards control and elimi-
nation of CD transmission has been achieved.2a,7 
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For the last 50 years, the orally administered nitroheterocyclic 
compounds benznidazole (BZ) and nifurtimox (NFX) have remained the 
only drugs available to treat T. cruzi infections. These reference drugs 
can inhibit parasite DNA replication in the trypomastigote and amasti-
gote forms. Moreover, both are more effective when they are adminis-
tered to early infections.8 However, several well-known long term 
observational studies on benznidazole-treated CD patients have shown 
that, although the patients are not parasitological cured (as indicated by 
the persistence of specific anti-T. cruzi antibodies), they have a much 
better clinical evolution, including a highly significant reduction of 
electrocardiographic abnormalities when compared with untreated pa-
tients.9 Although BZ is the first choice of treatment over NFX because of 
its superior tolerability profile, tissue penetration and efficacy, both 
therapies are far from being considered adequate. They require long- 
term periods of administration (typically 60 days) and are often non-
curative in approximately 10–30% of cases. Developed resistances, dif-
ferences in drug susceptibility among different T. cruzi strains and their 
toxicity are significant problems, and the treatment is contraindicated 
during pregnancy. Undesirable side effects are reported in up to 90% of 
patients, with cutaneous, digestive and neurological complications 
being the most common.2c,9e,10 As a result, patient compliance can be a 
major issue. Furthermore, because only a minority of cases are diag-
nosed in the acute or asymptomatic chronic stages, the number of 
T. cruzi-infected individuals that can utilize antiparasitic drug treatment 
is relatively small.11 

As part of the challenges and goals established by WHO to control 
and eradicate CD as mentioned above, one of the main proposed ob-
jectives was to search for new antiparasitic drugs or new drug combi-
nations against T. cruzi. Although no vaccines for CD are available yet,12 

in recent years, drug repurposing strategies have been employed. In this 
sense, allopurinol and inhibitors of ergosterol biosynthesis (pos-
aconazole, triazole derivatives and E1224) were good candidates against 
CD. Posaconzol is a good option, as it appears to be effective both in 
“reactivation” disease as in immunosuppressed patients, without the 
side effects of benznidazole.13a Unfortunately, the results were not 
satisfactory, and compared to BZ they did not display any improvement 
in the efficacy or safety in monotherapy or in combination with this 
reference drug, revealing the lack of correlation between preclinical and 
clinical assays.10a,13 The most plausible explanation for these disap-
pointing results in patients, in contrast with the potent and selective 
anti-T. cruzi activity in animal models, is the suboptimal doses and/or 
treatment duration used in these studies for the anti-T. cruzi indica-
tion.13d-13f The latest studies revealed the efficacy of BZ in acute and 
congenital cases and in chronically infected children as well as its ability 
to prevent congenitally transmitted parasitosis.13b,13c,14 Moreover, the 
FDA approved the first U.S. treatment of BZ for use in 2 to 12 years old 
children with CD.15 Other novel alternatives proposed and developed by 
DNDi have become popular: a novel administration regimen of existing 
drugs (lower doses, shorter treatment duration and combinations), such 
as a new BZ monotherapy.2d,2e However, one of the main problems 
which delays progress in discovering an effective drug for CD is the lack 
of a marker of the definitive cure. PCR has been used as a surrogate, but 
the FDA does not recognize it as a viable test. Are the PCR assays able to 
attest for clinical cure? Today, there are limitations to quantifying 
extremely low levels of parasites in blood, and not all chagas-positive 
patients are PCR positive. There is also no test available to identify 
those individuals infected with chronic indeterminate Chagas that will 
progress to a chronic disease. Without a doubt, having a marker of the 
definitive cure is a pending task.16 Despite all these efforts, a more 
effective, safe, affordable and potent treatment for CD is still missing. 

Computational techniques are widely used to reduce the costs asso-
ciated with new drug development with the ability to bind specific 
molecular targets that plays an important role in the metabolism of 
T. cruzi. Many researchers support this promising strategy and have 
studied the inhibition of proteins or enzymes that had been previously 
validated as potential T. cruzi targets. With this review, the authors 

intend to provide an image of the metabolic pathways essential for the 
survival of T. cruzi, showing the high complexity of the parasite, which 
includes the following enzymes: (Fig. 1) triosephosphate isomerase 
(TIM), sterol 14α-demethylase (CYP51), dihydroorotate dehydrogenase 
(DHODH), cruzain, trypanothione reductase (TR), superoxide dismutase 
(Fe-SOD), pteridine reductase (PTR) and dihydrofolate reductase- 
thymidylate synthase (DHFR-TS). 

2. Glycolytic pathway: Triosephosphate isomerase (TIM) 

TIM is one of the most extensively reported enzymes in the chemical 
literature based on numerous structural and mechanistic studies.17 It is 
considered essential for energy production in both prokaryotes and 
eukaryotes because of its important role in several metabolic pathways, 
such as glycolysis. TIM reversibly catalyses the interconversion between 
D-glyceraldehyde 3-phosphate (GAP) and dihydroxyacetone phosphate 
(DHAP) in the fifth reaction of the glycolytic pathway by an isomeri-
zation reaction.18 This reaction is catalysed with high efficiency, and it is 
a diffusive process without any cofactor or metal ion.17d,19 Structurally, 
T. cruzi TIM is a homodimer composed of two identical subunits of 251 
amino acid residues in which each monomer consists of the (β/α)8 barrel 
fold denominated “TIM barrel”: an eightfold repeat of a β-loop-α moiety. 
The interface between monomers occupies a significant portion of the 
molecular surface area of each monomer, approximately 1496 Å.19–20 

Studies have reported the inactivity of TIM monomers separately, and 
only the dimer conformation is catalytically active and important for 
stabilizing the active site residues.17i,17j However, each subunit has its 
own catalytic residues. In this sense, the active site is located at the loop 
of the C-terminal end of the β-barrel. Four catalytic residues are 
considered the “fingerprint” of this enzyme: Asn12 and Lys14 on loop 1, 
His96 on loop 4, and Glu168 on loop 6. Catalytic loop 6 (Glu168- 
Pro178), loop 7 (Gly212-Lys218), and loop 8 (Gly235-Lys240) also 
contribute to the active site geometry via hydrogen bonding interactions 
with the substrate. Interdigitating loop 3 (Gln66-Val79) plays a crucial 
role in the stability of the dimer by interacting with the other 
subunit.17i,19,21 

TIM is present in both humans and T. cruzi, and it is crucial for 
specifically inhibiting the parasite enzyme. In general, the residues 
involved in the active site of parasite TIM are nearly identical to those of 
the human isoform, although T. cruzi TIM exhibited a slight difference in 
the orientation of the Glu168 side chain. The root mean square (rms) 
differences between the catalytic residues Lys14, His96 and Glu168 in 
the closed monomers of T. cruzi TIM and human TIM were 0.7, 0.6 and 
1.5 Å, respectively. In the open conformation, the respective values were 
0.5, 0.5, and 0.5 Å.20 On the other hand, the residues that form the 
interface region of TIM are less conserved, and the T. cruzi dimer 
interface has a specific amino acid sequence and conformation. Specif-
ically, there is a cysteine residue in the parasite enzyme Cys15 that is not 
present in humans (Met15) at the same position and could have an effect 
on enzymatic activity. Both residues are close to the residues that 
correspond to loop 3 of the other monomer (loop 3 of human TIM is one 
residue larger than the parasite TIM). Another critical structural dif-
ference between T. cruzi TIM and human TIM is the packing of the 
interface residues. The interface is more tightly packed in the human 
isoform than in the parasite isoform, i.e., less accessible. A hydrophobic 
pocket (an aromatic cluster) that is crucial in the formation of a stable 
interface consists of Phe75 from one subunit and Tyr102 and Tyr103 
from the other subunit in T. cruzi TIM. A similar pocket in human TIM 
comprises Tyr67 and Phe74 from the same subunit and Phe102. The 
accessibility of the interface in the parasite isoform has marked this 
region as a target site for drug design studies.22 All these differences in 
the interfaces of the two TIMs suggested that it would be possible to 
induce selective inactivation of the trypanosomal enzyme by perturbing 
the contacts between the subunits. 

In this context, some inhibitors have been discovered, and they are 
compiled in Table 1, which comprises all reported compounds that were 
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evaluated against T. cruzi TIM to date. Moreover, the most representa-
tive compounds are shown in Fig. 2, along with their corresponding 
activity values and references. 

Taking into account all molecular modelling studies that were car-
ried out against T. cruzi TIM, the authors reached the conclusion that the 
mainly inhibitory binding mode of the reported compounds was at the 
interface between monomers (Fig. 3).21e,22,23b,24c,23f,25,27,28a,29a 

The benzothiazole group was the most studied group of inhib-
itors,21e,22,23 which demonstrated that this moiety is fundamental for 
dimer disruption. The benzothiazole core is also essential for molecular 
recognition because of its main interaction with the aromatic clusters 
formed by the Phe75 of one subunit and Tyr102/Tyr103 of the other 
subunit on the interface region formed by π- π interactions. These aro-
matic rings present in the interface of the T. cruzi TIM dimer could play 
an important role in binding and accommodating the ligands to the 
interface of the enzyme. Specifically, Phe75 should play a crucial role 
not only in stabilizing the enzyme-inhibitor complex at the aromatic 
cluster but also in dimer stability. However, the complete mechanism by 
which this kind of compound perturbs the interactions at the dimer 
interface is still not clear. Previous studies suggested that it leads to 
destabilization of the interface upon binding and the subsequent disso-
ciation into monomers. On the other hand, recent studies have shown 
that the interface region occupied by inhibitors enhances the network of 
interactions and simultaneously modifies the overall dynamics of the 
protein. As such, there seems to be an allosteric effect on the catalytic 
site and loop 6.21e,22,23b,23c,23f 

Curiously, the binding of non-competitive compounds 3 and 4 occurs 
at adjacent regions surrounding Cys118. These regions near Cys118 
have been described as sites that are able to alter the dimer interface. 
Unlike the rest of the T. cruzi TIM inhibitors, the mechanism of action of 
these compounds can be mediated by disruption of the hydrogen bond 
network between one subunit and flexible loop 3 of the other subunit, 
which is essential for dimer integrity.24b,24c 

In summary, since TIM has been studied as an important target 

model to develop antiparasitic drugs, new strategies, principally focused 
on the selective perturbation of the dimeric form of the parasite enzyme, 
have received considerable attention. Although a vast body of literature 
on the structure, biochemistry and stability of the TIM interface is 
available, there is no clear information about where and how the 
dimeric form may be targeted and disrupted into the monomeric form, 
and the main problem for the design of strong and selective T. cruzi TIM 
interface inhibitors is the lack of information on the interactions be-
tween the potential binding sites and the inhibitors. For this reason, 
information concerning the atomic structure of the complex of the 
T. cruzi TIM with its interface inhibitors is essential to better understand 
the mechanisms involved in dimer stabilization and to enable structure- 
based drug design efforts to proceed in antiparasitic drug 
development.23b 

3. Sterol synthesis: sterol 14α-demethylase (CYP51) 

Sterol 14α-demethylase (CYP51) is a highly functional conserved 
haemoprotein that is part of the cytochrome P450 superfamily. This 
enzyme acts at the initial stages of the specific postsqualene portion of 
the sterol biosynthesis pathway and catalyses the three-step mono-
oxidative removal of the 14α-methyl group from cyclized sterol pre-
cursors (lanosterol,24,25-dihydrolanosterol, eburicol, obtusifoliol and 
C4-norlanosterol). In the parasite, lanosterol is first converted into 
eburicol (24-methylenedihydrolanosterol), which is the preferred sub-
strate of T. cruzi CYP51 due to the presence of Phe105 rather than the 
Ile105 residue in the B’ helix of its structure, leading to the production of 
ergosterol.30 Ergosterol is required for membrane stabilization, the 
determination of membrane permeability and fluidity and the activity 
modulation of membrane-bound enzymes and ion channels, which 
means that ergosterol is necessary for the formation of viable mem-
branes and for different regulatory processes that are essential for 
parasite growth, development and division. Unlike mammals, pro-
tozoans such as T. cruzi cannot accumulate ergosterol. For this reason, 
the blockade of ergosterol production is considered lethal for the 
parasite.30d,31 

CYP51 is a ubiquitous enzyme, although in T. cruzi, as well as several 
biosynthetic enzymes, it is also found in the membranes of glycosomes, 
endoplasmic reticulum and mitochondria, suggesting the possibility of 
multi-organelle localization of the sterol biosynthetic pathway in the 
parasite. The reason for the possible broader subcellular distribution of 
the pathway is not quite clear, yet it might support the multiple regu-
latory functions of endogenous sterols in Trypanosomatidae.30c,31b 

CYP51, as all cytochromes P450, contains a haem cofactor (proto-
porphyrin IX), where the iron in its axial coordination position is teth-
ered to the proximal side of the protein via a thiolate ligand derived from 

Fig. 1. T. cruzi metabolism pathways and their corresponding involved targets studied in this work.  

Table 1 
Summary of T. cruzi TIM inhibitors reported since years. na: non-available.  

Family of compounds References PDB code 

Thiazoles and benzothiazoles 21c,21e,22,23 [1SUX] 
Thiadiazoles 24 na 
Phenazines and thiadazines 24b,24c na 
Tricyclic compounds 25 na 
dithioles 26 na 
Brevifolin carboxylates 27 na 
Thiazolidene hidrazine and arylideneketones 24c,28 na 
Benzimidazoles 30 na  
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Cys422. This iron-cysteine coordination allows the CYP51 catalysis re-
action, which includes three consecutive monooxygenation steps. When 
the sterol substrate enters through the membrane, it binds in the enzyme 
active site in such a way that the 14α-methyl group is positioned 
approximately 5 Å above the haem iron plane, the enzyme accepts the 
first electron, and the haem iron is reduced from the resting ferric (Fe3+) 
to the active ferrous (Fe2+) state. Delivery of the first electron enables 
the binding of an oxygen molecule in the distal axial position of the 
reduced iron, in close proximity to the sterol 14α-methyl group. After 
this, the second electron is transferred, reducing the haem-bound 
oxygen.30c,30d,30 g,31b 

Structurally, T. cruzi CYP51 is composed of 460 residues grouped 
into 22 α-helices (12 main and 10 shorter) and 12 β-strands, conforming 
to four antiparallel β-sheets. The distal view of the enzyme resembles an 
upside-down triangle, in which the haem propionate side chains form 
hydrogen bonds with Tyr103, Tyr116, Arg124, Arg361 and His420, and 
the haem iron is coordinated to Cys422 and a water molecule (substrate- 
free state). This molecule of water is rather strongly bound to iron and 
only partially displaced by the substrate, remaining in proximity to the 
iron and participating in catalytic proton delivery.30c,31b 

A characteristic feature of CYP51 is the lack of conformational 
changes across species (shape and volume) in the active site cavity 
(Fig. 4) upon ligand binding, making this enzyme an attractive target for 
structure-based drug design. This elevated rigidity of the binding cavity 
could explain why a single amino acid substitution can completely 
inactivate the enzyme31b or switch its substrate preferences from C4- 
double- to C4-monomethylated sterols.32 Despite this, several residues 
are identical in all known CYP51 family members, allowing these en-
zymes to preserve their catalytic role across the kingdoms, and occupy 
very similar positions. However, 22 of the 47 residues forming a cavity 
in T. cruzi CYP51 are different from the corresponding residues in the 
human counterpart.30c,31b 

In recent years, T. cruzi CYP51 inhibitors have dominated the CD 
medicinal chemistry landscape.30c–f,31b,33 Given the close similarities of 
the sterol biosynthetic pathway between Trypanosomatidae and fungi, 
the re-purposing strategy has marked a milestone in CD treatment. In 
this sense, known azole anti-fungal drugs have been investigated for 
their anti-T. cruzi activity.30d,30f In addition to blocking ergosterol pro-
duction, antifungal azoles cause the accumulation of toxic methylated 
sterol precursors, leading to pathogen growth arrest and cell death.34 

Fig. 2. Representative T. cruzi TIM inhibitors (1–11) reported on selected publications. Results are presented as IC50 values (IC50 = μM) and their corresponding 
standard deviations (SD) against T. cruzi TIM. na: non-available. 
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Fig. 3. Structural representation of the T. cruzi TIM (PDB code: 1SUX) active site cavity (left). The residues that conformed the allosteric pocket are shown in the 
table (right). Ribbon representation of TIM and its cavity were designed using Chimera UCSF. 

Fig. 4. Structural representation of the T. cruzi CYP51 (PDB code: 4CK9) active site cavity (up). The residues that conformed the allosteric pocket are shown in the 
table (down). Ribbon representation of CYP51 and its cavity were designed using Chimera UCSF. 
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Another strategy consisted of the design and development of selec-
tive inhibitors of T. cruzi CYP51 based on the differences in the topology 
of its active site. Moreover, the presence of haem iron means that some 
studies are directed towards disrupting the enzyme. In this context, 
heterocyclic compounds, such as imidazole, triazole, pyridine and py-
rimidine derivatives, which contain a basic atom, serve as stronger li-
gands for the haem iron. They can coordinate to the haem group, easily 
replacing the water from the iron coordination sphere, and affect sub-
strate binding and catalysis and therefore the inhibition of the enzyme. 
The inhibitors exhibit flexibility, acquiring the space available inside the 
cleft in the rigid protein.31b,33 

All the inhibitors that have been evaluated against T. cruzi CYP51 to 
date are compiled in Table 2. In addition, the most representative re-
ported compounds are shown in Fig. 5, along with their corresponding 
activity values and references. 

4. De novo biosynthesis of pyrimidine nucleotides: 
dihydroorotate dehydrogenase (DHODH) 

Pyrimidine biosynthesis is an essential biological activity for sup-
plying nucleotide precursors to RNA and DNA, glycoprotein and mem-
brane lipid syntheses in all living organisms and is conducted by de novo 
and salvage pathways.41 Among these fundamental metabolic mecha-
nisms, nucleotide biosynthesis is distinctive in trypanosomatids because 
they are unable to synthesize purines de novo. In contrast, T. cruzi pos-
sesses both pathways, but the balance between de novo and salvage ac-
tivities varies at different stages of parasite development (amastigote 
forms can essentially rely on de novo pyrimidine biosynthesis in 
vivo).41a,42 The de novo pathway comprises six sequential enzymatic 
reactions, in which DHOD is involved in the fourth step and the only 
redox reaction in this enzymatic cascade. This flavoenzyme catalyses the 
oxidation of (S)-dihydroorotate to orotate in a catalytic cycle consisting 
of two half-reactions. The first half-reaction may occur via a concerted or 
a stepwise mechanism in which dihydroorotate is oxidized to orotate 
and is coupled with the reduction of flavin mononucleotide (FMN) co-
factors in both T. cruzi and human DHODH. In the second half-reaction, 
fumarate is reduced to succinate in the parasite and ubiquinone to 
ubiquinol in humans, and the reduced FMN cofactor is reoxidized.41b,43 

In addition, T. cruzi DHODH is responsible for approximately 40% of the 
total cellular fumarate reductase activity.41a 

Based on amino acid sequence homology, DHODs from different 
organisms have been classified into two families, family 1 and family 2. 
Family 1 DHODHs are cytoplasmic enzymes and can be further sub-
divided into families 1A and 1B. Family 1A enzymes are homodimers 
and appear to utilize fumarate as their physiological oxidant, in 
conjunction with oxidation of the reduced FMN cofactor during the 
second half-reaction, whereas family 1B enzymes (heterotetramers) 
utilize nicotinamide adenine dinucleotide (NAD+) through the inter-
mediary of a second protein subunit containing a Fe2S2 cluster and FAD 

cofactor. Family 2 DHODHs, which belong to the human isoform, exist 
as homodimers or monomers. They are membrane-anchored enzymes 
located in the inner membrane of mitochondria that utilize respiratory 
quinones as their physiological oxidants during the second half- 
reaction.43a,44 

In contrast, cytosolic T. cruzi DHODH belongs to family 1A45 and 
exists as a homodimer with a length of 313 amino acids, in which each 
subunit folds into an (α/β)8 barrel motif with a parallel eight-stranded 
β-barrel surrounded by eight α-helices, with the FMN cofactor on the 
C-terminal end of the β-barrel. Each of the secondary structural elements 
of the (α/β)8 barrel motif is connected to the next element via a short 
loop consisting of several amino acid residues. This parasitic enzyme 
lacks the quinone binding site at the N-terminal domain found in family 
2 DHODHs and therefore in humans. In any case, the importance of the 
Cys130 residue at the parasite active site base is stressed if this amino 
acid is highly conserved in DHODH family 1A, which is located in the 
binding site of the substrate.44c 

The aforementioned diversity between T. cruzi and human DHODHs 
(electron acceptor capacities, active site, cellular localization, etc.) and 
the demonstrated importance of this enzyme for the survival of the 
parasite (both de novo pyrimidine biosynthesis and protozoan cellular 
redox balance)41a,42 makes T. cruzi DHODH a potential target for new 
selective chemotherapeutic drugs. However, a study carried out by 
Inaoka et al.46 noted that the design of specific and potent inhibitors is 
not as easy as it seems: the small active site of the parasite DHODH, the 
highly flexible active site loop composed of residues from Leu128 to 
Asp142, and the high conservation of residues forming the reduced 
active site pocket among T. cruzi and human DHODH all add to the 
difficulty of design as well as the fact that is the first monomeric enzyme 
among reported family 1A DHODH. Complementary topological studies 
were performed by Cheleski et al.47 with the aim of identifying new 
regions that, in addition to the active site, displayed appropriate shapes, 
volumes and locations to interact with ligands and thus could be 
explored for the design of selective ligands. Topographical analysis 
identified four new regions that are potentially able to accommodate 
ligands, which could directly affect the ability of the enzyme to carry out 
its catalytic function. 

Some inhibitors have been discovered, and they are compiled in 
Table 3, which comprises all the reported compounds that were evalu-
ated against T. cruzi DHODH to date. Moreover, the most representative 
compounds are shown in Fig. 6, along with their corresponding activity 
values and references. 

Despite the lack of molecular modelling studies carried out against 
T. cruzi DHODH, the major inhibitory binding mode of the reported 
compounds was at the substrate active site (Fig. 7). All compounds 
evaluated displayed interactions with some catalytic residues of the 
enzyme (Gly70, Lys43, Asp53, Asn47 and Asn194)46–48,48,48–49. In this 
sense, Yoshino et al established a pharmacophore model for competitive 
T. cruzi DHODH inhibitors: orotate-based molecules that contain 
hydrogen-bond donor/acceptor groups corresponding to Lys43, Asn47 
and Asn194, such as amine, carbonyl, and carboxylate groups with an 
aromatic ring close to FMN.48a 

5. Degradative processing of peptides and proteins: cruzain 

The major cysteine protease of T. cruzi is cruzain or, alternatively 
called, cruzipain. Cruzain is a ubiquitous cathepsin L-like peptidase 
belonging to the papain family that is expressed during all develop-
mental stages of the life cycle and is essential for several physiological 
processes of the parasite (nutrition, circumvention of the host immune 
response, and invasion of host cells). Cysteine proteases are a class of 
enzymes that play an important role in the degradative processing of 
peptides and proteins.35c,51 

Similar to other cysteine proteases, cruzain is initially expressed as 
an inactive zymogen, which undergoes pH-, temperature- and 
concentration-dependent self-activation to transform into the mature 

Table 2 
Summary of T. cruzi CYP51 inhibitors reported since years. na: non-available.  

Family of compounds References PDB code 

Azole derivtives 30b- 

30f,31a,31b,33,35 
[2WUZ, 3KHM, 3K1O] 

- Imidazole-containing 
compounds 

35c [4H6O, 4CKA, 4CK8, 4CK9, 3KSW]  

- Triazole-containing 
compounds 

35d-35f na 

- Tetrazole-containing 
compounds 

35g [5AJR] 

Tipifarnib analogues 36 na 
Indomethacin amides 37 na 
Pyridyl and pyridine 38 [3ZG2, 3ZG3, 4C0C, 4COH, 4UQH, 

4BY0, 4C27, 4C28, 4UVR] 
Taraxenol derivatives 39 na 
Virtual screening 40 na  
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enzyme.52 

The active site of T. cruzi cruzain is divided into seven subsites that 
bind peptide amino acids, following the nomenclature proposed by 
Schechter and Berger.53 In this reference work, papain served as a model 
to assign the substrate residues positions and the corresponding protein 
subsites to which they bind. Accordingly, the substrate positions (P/P’) 
and enzyme subsites (S/S’) are numbered in both directions, starting 
from the substrate cleavable bond. The non-primed side corresponds to 
the N-terminal portion, and the primed side corresponds to the C-ter-
minal portion of the substrate. Cruzain has four subsites on the acyl side 
(S4, S3, S2 and S1) and three on the amino side of the cleaved substrate 

Fig. 5. Representative T. cruzi CYP51 inhibitors (12–19) reported on selected publications. Results are presented as IC50 values (IC50 = μM) and KD (KD = μM and 
nM) and their corresponding standard deviations (SD) against T. cruzi CYP51. na: non-available. 

Table 3 
Summary of T. cruzi DHODH inhibitors reported since years. na: non-available.  

Family of compounds References PDB code 

Oorate analogues 46–48 na 
Thiazolidene and arylideneketones 49 na 
Flavonoids and natural compounds 41a,50 na  
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bond (S1′, S2′ and S3′), lining a cleft between two structural domains of 
the molecule: one composed predominantly of α-helices and the other of 
antiparallel β-sheets. The active site of this enzyme is located at the cleft 
interface between the two domains and encloses the catalytic triad 
formed by Cys25, His159 and Asn175 (this residue contributes to pro-
teolysis), as well as the highly conserved Trp177. The residues of the 
seven subunits of the proteolytic pocket are generally conserved. The S2 
subunit, which is known for its specificity, is an important exception 
because it is less solvent-exposed and is capable of interacting with both 
basic and hydrophobic groups.54 The study performed by Durrant 
et al.54b on this enzyme revealed the existence of two patches of highly 
conserved residues adjacent to S2. This site comprises a pocket between 
Glu112, Asn69, Leu67, Glu205, Met68 and Ser207 residues, which 
border on or are part of the subsites previously described in the active 
site. Particularly, the residue pairs Glu112-Asn69 and Leu67- Glu205 
have been described as two gates that, when open, form the walls of a 
previously uncharacterized druggable pocket. There, Val16 has a crit-
ical, albeit unknown, role in protein function, although it does not 
participate in any hydrogen-bond interactions. Moreover, several resi-
dues between these patches are not conserved, such as Ala15 and Asn47, 
allowing the possibility to design T. cruzi cruzain-specific inhibitors that 
bind to non-conserved residues. 

Due to its essential function in the parasite’s life cycle and, conse-
quently, in the propagation of CD, cruzain was validated as a potential 
T. cruzi target to develop selective inhibitors. In this sense, multiple 
studies have demonstrated that its inhibition blocks the replication and 
differentiation of the parasite in vitro and in vivo, even reducing parasite 
load in murine models of CD.54b,54c 

Several cruzain inhibitors have been reported in the literature for 
decades. In this sense, Martinez-Mayorga et al.51, Ferreira et al.54c and 

Herrera-Mayorga et al.67f performed excellent work in this field. The 
author of this work summarizes and updates these extended studies and 
new T. cruzi cruzain inhibitors (Table 4). In addition, the most current 
representative compounds are shown in Fig. 8, along with their corre-
sponding activity values and references. 

Making a compilation of all crystallographic information about 
T. cruzi cruzain inhibitors collected by Martinez-Mayorga et al.51 and 

Fig. 6. Representative T. cruzi DHODH inhibitors (20–22) reported on selected publications. Results are presented as Ki (Ki = μM and nM) and their corresponding 
standard deviations (SD) against T. cruzi DHODH. na: non-available. 

Fig. 7. Structural representation of the T. cruzi DHODH (PDB code: 2E6A) active site cavity (up). The residues that conformed the allosteric pocket are shown in the 
table (down). Ribbon representation of DHODH and its cavity were designed using Chimera UCSF. 

Table 4 
Summary of T. cruzi cruzain inhibitors reported since years. na: non-available.  

Family of compoundS References PDB CODE 

Thio- and semicarbazones 51,54–55 na 
Imidazoles and 

benzimidazoles 

35c [4W5B, 4W5C] 

Coumarin derivatives 56 na 
Arylidenes 57 na 
Oxadiazoles 51,54–55 na 
Dipeptydil derivatives 51,54,59 [1EWL,1EWM, 1EWO, 1EWP, 1AIM, 

2AIM, 4QH6] 
Thiazoles and thiazolidines 60 na 
Quinoxalines and 

Naphthoquinones 

61 na 

Triazoles 62 [4KLB, 3IUT] 
Pyrimidine derivatives 51,54,63 [3I06] 
Gallinamide analogues 64 [4JUJ] 
Imides 65 [4XUI] 
Vinyl sulfones 51,54,66 [3LXS, 2OZ2, 1F29, 1F2A, 1F2B, 

1F2C, 3HD3, 6UX6, 4PI3] 
Hydrazones 51,54 na 
Virtual screening 51,54,67 [3KKU] 
Benzoyl thioureas 51,54,68 na 
Hidroxymethyl ketones 51,54 [1ME3, 1ME4]  
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regarding molecular modelling studies carried out against this target, 
there is a clear predominant active site where the inhibitors can bind to 
the enzyme (Fig. 9). In this sense, most of the known peptidic and non- 
peptidic inhibitors extend into the S2 and S3 subsites, and depending on 
the size of the molecules and substituents employed, they can include 
the S1 and S1′ subsites. Relevant interactions have been shown with 
residues of the catalytic triad (Cys25, His159 and Asn175) and with 

residues Gln19, Asp158, Trp177, Gly66, among oth-
ers35,51,54c,55,56,58,59a,60a,61,62a,62c,65–67. In this sense, there are some 
strategies in the design of T. cruzi inhibitors. Many research groups try to 
design compounds with hydrophobic scaffolds, such as quinazoline 
rings, that are able to accommodate the S2 subsite. Other efforts have 
focused on inactivating the catalytic site of the enzyme (Cys25 and 
His159) by reversible/irreversible covalent bonds such as vinylsulfones 

Fig. 8. Update of representative T. cruzi cruzain inhibitors (23–34) reported on selected publications. Results are presented as IC50 values (IC50 = μM and nM) and 
their corresponding standard deviations (SD) against T. cruzi cruzain. na: non-available. 
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and chalcones. Another interesting alternative performed by Fabian 
et al.61a is to direct the inhibitors through the pocket adjacent to the S2 
subsite described above. 

6. Oxidative stress damage 

6.1. Trypanothione reductase (TR) 

Trypanothione reductase (TR) is an NADPH-dependent flavoenzyme 
that protects parasites against oxidative damage mediated by the im-
mune system upon infection of the mammalian host. TR is an enzyme 
that regulates oxidative stress and is involved in parasite metabolism by 
reducing the disulphide group of T[S2] to T[SH2]. In the presence of 
ROS, T[SH2] is oxidized, which is subsequently reduced by TR to 
maintain redox homeostasis. However, this enzyme is not exclusive to 
the parasite. Mammals are protected from oxidative stress by a homol-
ogous enzyme called glutathione reductase (GR), which has similar 
characteristics in terms of mechanism and structure, as well as many 
physical and chemical properties3. 

Both enzymes are composed of two homodimers and are organized 
and subdivided into four domains: a FAD-binding domain (domain I), a 
NADPH-binding domain (domain II), a central domain (domain III), and 
an interface domain (domain IV). For each enzyme, there are two 
identical active sites formed by residues of the FAD and central domains 
of one subunit and the interface domain of another subunit. Both of them 
have a highly conserved overall structure (including its active site). Only 
five residues located in the cleft of the active site of human GR are 
different in the T. cruzi TR. These substitutions enable the two enzymes 
to have an exclusive specificity towards their respective substrates. 
Moreover, TR is considered a potential target due to its physical, 
chemical, steric and electrostatic properties3. 

All these features have contributed to the design and synthesis of a 
wide variety of compounds for the development of new antichagasic 
drugs that selectively inhibit T. cruzi TR. In this sense, several TR in-
hibitors have already been identified for decades. Beltran-Hortelano 
et al.3 studied this attractive target and compiled the reported targets 
in a complete review. Table 5 summarizes and updates this extended 
work and comprises the inhibitors evaluated as T. cruzi TR inhibitors. In 
addition, the most current representative compounds are shown in 
Fig. 10, along with their corresponding activity values and references. 

In relation to the docking studies carried out against T. cruzi TR, 
there are clear predominant cavities or sites where the compounds could 
bind to the enzyme. In this sense, phenothiazine, imipramine, naph-
thoquinone and other tricyclic derivatives were described as inhibitors 
of TR due to their interactions at the Z-site as the binding site.3,73 This 
cavity is an additional hydrophobic pocket near the hydrophobic wall 

formed by Trp22, Met114, etc. towards Glu466′ and Glu467′. Another 
binding site described was the natural substrate site (Fig. 11), which 
could interact with the catalytic residues His461, Glu466 and/or 
Glu467. Preventing the T. cruzi TR interaction with T[S2] could inhibit 
enzyme catalysis.3,71 

6.2. Superoxide dismutase (Fe-SOD) 

Superoxide dismutases (SODs) are a crucial and conserved group of 
metal-containing enzymes that provide all aerobic organisms with an 
antioxidant defence against oxidative damage. In this sense, these en-
zymes act as the scavengers of toxic oxygen intermediates, such as su-
peroxide anion ( ) or hydroxyl radicals, which are produced in O2 
reduction during mitochondrial respiration. The removal of excess ox-
ygen free radicals by a dismutation process into hydrogen peroxide 
(H2O2) is carried out by SODs in two steps: the first involves the oxidized 
form of the enzyme binding and the protonation and release of 
molecular oxygen. In the second form, the reduced form binds to 
and a proton to liberate H2O2, returning to the original oxidized state.3 

Based on their prosthetic groups, four SOD isoforms have been 
described: iron (Fe-SOD), copper/zinc (Cu/Zn-SOD), manganese (Mn- 
SOD) and nickel (Ni-SOD). Specifically, Fe-SODs have been biochemi-
cally characterized and associated with trypanosomatides, such as 
T. cruzi. The absence of Fe-SODs in mammals converts this kind of SOD 
into a potential target to design and develop new effective candidates 
against CD. In this sense, many Fe-SOD inhibitors have been discovered 
for years. Beltran-Hortelano et al.3 studied this attractive target and 
compiled the reported targets in a complete review. Table 6 summarizes 
and updates this extended work and comprises new T. cruzi Fe-SOD 
inhibitors. In addition, the most current representative compounds are 

Fig. 9. Structural representation of the T. cruzi cruzain (PDB code: 1ME4) active site cavity (left). The residues that conformed the allosteric pocket are shown in the 
table (right). Ribbon representation of TR and its cavity were designed using Chimera UCSF. 

Table 5 
Summary of T. cruzi TR inhibitors reported since years. na: non-available.  

Family of compounds References PDB code 

Polyamine-based derivatives 3 na 
Phenothiazines 3 na 
Tricyclic compounds 3 [1GXF] 
Aminodiphenyl-sulphides 3 na 
Quinones and naphthoquinones 3,69 na 
Nitroderivatives 3 na 
Heterocyclic compounds 3,70 [4NEW] 
Metallic complexes 3 na 
Mannich bases and α- and β-Unsaturated 3 na 
Natural compounds 3,71 na 
Virtual screening 3,72 na 
Other compounds 3 na  
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shown in Fig. 12, along with their corresponding activity values and 
references. 

Due to the predominant role of SOD prosthetic groups, complexation 
with metal ions or interaction with active sites containing metal ions 
could be interesting and efficient strategies to inhibit enzymes, affecting 
both the growth and parasite survival. 

Given the ubiquity of these metalloenzymes, part of the work re-
ported by Beltran-Hortelano et al. consisted of identifying and studying 
in depth the two main T. cruzi Fe-SOD isoforms and their homologous 
human Cu/Zn and Mn-SODs. Their corresponding active sites were 
identified and compared, showing that although the overall structure is 
highly conserved and their active sites are very similar, T. cruzi Fe-SODs 
potentially show relevant differences that can be utilized for the design 
of specific inhibitors.3 

After exploring conformational Fe-SOD dimer structures, it was 
determined that the strategy raised above could be valid. Despite the 
fact that few docking studies have been reported on the predicted 
binding mode of the ligands to Fe-SODs, all of the studies agreed on the 
suggestion that there would be a preferential cavity where the ligands 
could bind and inhibit the enzyme (Fig. 13). 

Molecular modelling studies against T. cruzi Fe-SOD proposed that 
inhibitory activity could be related to a theoretical perturbation of the 
geometry at the enzyme catalytic site. In all of the studies, the ligands 
were not complexing directly with the metal ion, but they were docked 
close. However, the interaction between the ligand and the residues near 
the active site caused a modulation in the reduction potential of the iron 
core, which caused its displacement and, therefore, the disturbance and 
possible inhibition of the parasite Fe-SODs.3,79 

7. Purine salvage and nucleotide pathway: pteridine reductase 
(PTR) and dihydrofolate reductase-thymidylate synthase (DHFR- 
TS) 

Trypanosomatid parasites, including T. cruzi, are folate auxotrophs. 
Folate is an essential nutrient for living organisms. Folate in is reduced 
form is a precursor of the cofactors that are required for the synthesis of 
the thymidylates, purine nucleotides, methionines, serines and glycines 
necessary for DNA, RNA and protein synthesis.80 

Dihydrofolate reductase (DHFR) is a ubiquitous enzyme that has 
been a well-known and successful target in medicinal chemistry not only 

due to its anticancer, antibacterial and antimalarial treatments but also 
due to its central role in cellular metabolism and DNA synthesis in 
T. cruzi.81 

T. cruzi DHFR enzymes differs from other enzymes in that they are 
found as a bifunctional homodimeric protein with the thymidilate syn-
thase (TS) domain located at the C-terminus. The overall structure of 
DHFR-TS is very flexible, and the DHFR domain is at the N-terminus and 
is separated from the TS domain (C-terminus) by a peptide linker that 
varies in size.80b,82 In most organisms, DHFR and TS exist as separate 
monofunctional enzymes.83 

The architecture of the DHFR domain is characterized by a mixed 
β-sheet of eight strands, with strand 8 being antiparallel to the rest (three 
layers: α/β/α). The DHFR active site was fully studied, and a comparison 
between T. cruzi and human DHFR was carried out84. This work revealed 
differences in the residues present in the active site (Arg39 and Ser40 in 
T. cruzi DHFR and Gly20 and Asp21 in human enzyme) and in the shape 
of different binding sub-pockets. In human DHFR, Gly-Asp has a nega-
tive charge, while in the parasite, Arg-Ser is positively charged. These 
residues are part of the channel between the folate-binding site and the 
NADPH-binding site. Taking advantage of this difference in charges, it 
was thought that placing a negatively charged substituent on a known 
inhibitor would produce a repulsion with the Asp21 and decrease its 
binding to human enzymes. This repulsion would not occur in the case of 
the T. cruzi enzyme, where ideally this modification should result in a 
favourable interaction with the Arg side chain. However, in the model, 
the Arg side chain is located on the protein surface, away from the tunnel 
between the folate and NADPH binding sites. However, since the side 
chain is flexible, it is not possible to exclude this interaction.85 In 
addition, the parasitic DHFR domain appears to be more hydrophobic 
than the human domain.80b 

On the other hand, the T. cruzi TS domain is highly homologous to 
the human TS. There is a noticeable bend in the β-strands of the parasitic 
TS domain that is characterized by the presence of small loops that 
interrupt three of the strands in the five-stranded β-sheet. It should be 
noted that the packing of the β-sheets from two subunits constitutes the 
major interactions in the assembly of the dimers in monofunctional TS as 
well as in the bifunctional DHFR-TS enzymes. The TS active site is 
formed by residues from both subunits in the dimer.80b 

DHFR-TS is an NADPH-dependent enzyme that is involved in 
consecutive reactions in the de novo synthesis of dTMP. TS catalyses the 

Fig. 10. Update of current representative T. cruzi TR inhibitors (35–39) reported on selected publications. Results are presented as Ki (Ki = μM) and their corre-
sponding standard deviations (SD) against T. cruzi TR. na: non-available. 
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conversion of deoxyuridine monophosphate (dUMP) and 5,10-methyle-
netetrahydrofolate to thymidine monophosphate (dTMP) and dihy-
drofolate (H2F), while DHFR is responsible for the subsequent step of 
regeneration of tetrahydrofolate (H4F) by the reduction of H2F.83,86 

For these reasons, DHFR-TS has been a major target of research on 
antifolate drugs, and the inhibition of DHFR or TS prevents DNA 
biosynthesis, leading to cell death. However, T. cruzi, among others, can 
salvage pteridine and biopterin, which are then reduced by exclusive 
pteridine reductase 1 (PTR1).87 PTR2 of T. cruzi, which has a similar 
primary sequence to PTR1, can only reduce dihydrobiopterin and 
dihydrofolate.88 Therefore, the PTR1 and PTR2 functions both partially 
overlap with that of DHFR and are presumably able to compensate for 
the loss of DHFR activity arising from inhibition by antifolate drugs. 
Nevertheless, Robello and co-workers demonstrated that PTR1 of 

T. cruzi is only expressed in the epimastigote forms of the parasite in the 
insect vector and not in the amastigote or trypomastigote forms present 
in the human blood stage.88a 

Concerning PTR, each monomer folds into a single α/β domain and 
maintains typical SDR topology, consisting of a seven-stranded parallel 
β-sheet and seven α-helices, with three helices on each side of the sheet. 
Each subunit is equipped with its own binding sites for both the cofactor 
and substrate/inhibitor. However, the functional enzyme is a tetramer. 
Tetramer formation extends the sheet structure, with the two seven- 
stranded parallel sheets being anti-parallel to each other (the interface 
between subunits A and C, as well as B and D). The other major contact 
area between monomeric subunits is confined to α-helices 4 and 5 (the 
interface between subunits A and B, as well as C and D). Helices 4 and 5 
from one subunit together with the corresponding helices from the other 
subunit to form a four-helix cluster at the interface. The catalytic triad of 
T. cruzi PTR is composed of Asp169, Tyr182 and Lys186. These residues 
are located in the substrate cavity, in which the protonated Asp169 
residue participates in the reduction of oxidized pterins and the Tyr182 
residue forms a hydrogen bond to the N8 atom of the substrate and 
provides the proton for the first reduction. In the DHF complex, Tyr182 
is at an appropriate distance for proton transfer.89 

The reason for the success of DHFR as a drug target is its pivotal role 
in nucleotide metabolism and the fact that the structure of the active site 
varies slightly from species to species, allowing the design of selective 

Fig. 11. Structural representation of the T. cruzi TR (PDB code: 1BZL) active site cavity (up). The residues that conformed the allosteric pocket are shown in the table 
(down). Ribbon representation of TR and its cavity were designed using Chimera UCSF. 

Table 6 
Summary of T. cruzi Fe-SOD inhibitors reported since years. na: non-available.  

Family of compounds References PDB code 

Phthalazines and benzo[g]phthalazines 74 na 
Macrocyclic derivatives 75 na 
Tetradentated poliamine complexes 76 na 
Abietic acid derivatives 77 na 
Dithiocarbamates 78 na 
Arylamine mannich based derivatives 79 na  
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Fig. 12. Update of representative T. cruzi Fe-SOD inhibitors (40–42) reported on selected publications. Results are presented as IC50 values (IC50 = μM) and their 
corresponding standard deviations (SD) against T. cruzi Fe-SOD. na: non-available. 

Fig. 13. Structural representation of the T. cruzi Fe-SODs (PDB code: 2GPC and 4DVH) active site cavities (up). The residues that conformed the allosteric pocket are 
shown in the table (down). Ribbon representation of Fe-SODs and their cavities were designed using Chimera UCSF. 
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inhibitors.80b,90 

In this sense, some antifolate inhibitors have been discovered, and 
they are compiled in Table 7, which comprises all reported compounds 
to date that have been evaluated against T. cruzi DHFR-TS and PTR. 
Moreover, the most representative compounds are shown in Fig. 14, 
along with their corresponding activity values and references. 

There is a lack of molecular modelling studies carried out against 
T. cruzi DHFR-TS and PTR, but the main inhibitory binding mode of the 
reported compounds was at their corresponding active sites, as previ-
ously described (Figs. 15 and 16). Docking poses of the diverse reported 
inhibitors reveal their interaction with some catalytic residues at these 
hydrophobic cavities (Val26, Met49, Thr178 in DHFR-TS and Tyr182 in 
PTR). Quinazoline-containing diaminopyridine was the most studied 
group of inhibitors,84,86,90–91 which demonstrated the key interactions 
in the DHFR active site: the hydrogen bonds between the diaminopyr-
imidine moiety and an acidic residue in the active site (Asp48 or Glu30 
in T. cruzi and human enzymes, respectively) and the lipophilic side 
chain, which interacts with a phenylalanine residue in T. cruzi. In the 
human enzyme, this phenylalanine is replaced by an asparagine, which 
does not undergo a favourable interaction with the lipophilic side chain. 
Moreover, the study carried out by Mendoza-Martínez et al.91c described 
three regions with different characteristics in T. cruzi DHFR and two in 
T. cruzi PTR. Similar findings were presented with human DHFR. In 
DHFR, region I presents a lipoid character because it is composed of 
alkyl and aromatic side chains. Region II has a hydrophilic character 
mainly formed by hydrophilic amino acids and CO and NH groups of the 
peptide bonds. Region III has an arginine capable of bridging hydrogen. 
The three regions are present in DHFR for both humans and parasites. 
However, they strongly differ in region I, where the parasite proteins 
have an aromatic ring (Phe or Tyr) and the human protein is more hy-
drophilic (Asn64). For this reason, selective parasite DHFR compounds 

should be directed primarily towards region I in both parasitic enzymes. 

8. Concluding remarks 

CD is still considered a global human health problem with significant 
socioeconomic and epidemiological implications. In the current context 
of this parasitic disease, chemotherapy has several drawbacks. For this 
reason, a better, safer and more affordable treatment than the BZ and 
NFX treatments is urgently needed. 

One of the strategies carried out by many research groups to develop 
new drug discovery programmes is based on searching for molecules 
that can interfere with the enzymes involved in the metabolism and 
survival of T. cruzi (drug target-based strategy). Considering all vali-
dated parasitic targets, in the area of CD, the authors selected those that 
are involved in the most interesting parasite pathways: glycolysis (TIM), 
sterol synthesis (CYP51), the de novo biosynthesis of pyrimidine nucle-
otides (DHODH), the degradative processing of peptides and proteins 
(cruzain), oxidative stress damage (TR and Fe-SODs) and purine salvage 
and nucleotide synthesis and metabolism (DHFR-TS). 

In this work, a great diversity of molecules with different chemotypes 
was reported, not only due to their inhibition of the selected targets but 
also due to their positive results against T. cruzi. 

From our point of view, the traditional approach to the development 
of new drugs against T. cruzi based on a single target could be ineffec-
tive. The appearance of undesirable regulatory or compensatory mech-
anisms could lead to a lack of correlation between preclinical and 
clinical results. For this reason, we think that research with multidisci-
plinary approaches or combined therapies could solve this discrepancy. 
These multi-targeted approaches can open a new avenue for finding lead 
compounds against CD. This work aims to be a compilation and an up-
date of previous research including everything reported in relation to 
these targets (function, structural characteristics, description of the 
active site, inhibitors, etc.), with the idea of being a useful guide for 
future research in this field. At this point, the authors suggest that mo-
lecular hybridization, based on the combination of the most represen-
tative inhibitor fragments with recognized anti-T. cruzi, could be an 
interesting approach for the design of new promising candidates against 
CD. In any case, one of the limitations of this review could be the lack of 
information about the validation of the different potential targets in 
terms of host’s safety and anti-T. cruzi efficacy via in vitro and in vivo 
preclinical studies. This information could be an interesting starting 

Table 7 
Summary of T. cruzi DHFR-TS and PTR inhibitors reported since years. na: non- 
available.  

Family of compounds References PDB code 

Quinazolines 91 [3KJS] 
Antifolate derivatives 80,86 [3HBB, 3INV, 3IRO, 3CL9] 
Pteridine analogues 87c na 
Diaminopyridines 86a,87c,90,92 [3IRM, 3IRN] 
Virtual screening 93 [3CLB]  

Fig. 14. Representative T. cruzi DHFR-TS and PTR inhibitors (43–47) reported on selected publications. Results are presented as IC50 values (IC50 = nM) and Ki 
(Ki = nM) and their corresponding standard deviations (SD) against T. cruzi DHFR-TS and PTR. na: non-available. 
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Fig. 15. Structural representation of the T. cruzi DHFR-TS (PDB code: 3IRO) active site cavity (left). The residues that conformed the allosteric pocket are shown in 
the table (right). Ribbon representation of DHFR-TS and its cavity were designed using Chimera UCSF. 

Fig. 16. Structural representation of the T. cruzi PTR (PDB code: 1MXF) active site cavity (left). The residues that conformed the allosteric pocket are shown in the 
table (right). Ribbon representation of PTR and its cavity were designed using Chimera UCSF. 
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point for a new review. 
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10.1128/AAC.00689-15.(b) Álvarez MG, Vigliano C, Lococo B, Bertocchi G, 
Viotti R. Prevention of congenital Chagas disease by Benznidazole treatment in 
reproductive-age women. An observational study. Acta Trop. 2017;174:149–152. 
https://doi.org/10.1016/j.actatropica.2017.07.004. 

[15] DNDi. Un tratamiento más seguro y eficaz para las personas que viven con la 
enfermedad de Chagas. https://www.dndi.org/wp- content/uploads/2018/11 
/DNDi_Chagas_2018_SPA.pdf (acccessed: 26 march 2021). 

[16] Urbina JA, McKerrow JH. Drug susceptibility of genetically engineered 
Trypanosoma cruzi strains and sterile cure in animal models as a criterion for 
potential clinical efficacy of anti-T. cruzi drugs. Antimicrob. Agents Chemother. 2015; 
59:7923–7924. https://doi.org/10.1128/AAC.01714-15. 

[17] (a) Banner DW, Bloomer AC, Petsko GA, et al. Structure of chicken muscle triose 
phosphate isomerase determined crystal- lographically at 2.5-Å resolution using 
amino acid sequence data. Nature. 1975;225:609–614. https://doi.org/10.1038/ 
255609a0.(b) Wierenga RK, Kalk KH, Hol WGJ. Structure determination of the 
glycosomal triosephosphate isomerase from Trypanosoma brucei brucei at 2.4 Å 
resolution. J. Mol. Biol. 1987;198:109–121. https://doi.org/10.1016/0022-2836 
(87)90461-X.(c) Lolis E, Alber T, Davenport RC, Rose D, Hartman FC, Petsko GA. 
Structure of yeast triosephosphate isomerase at 1.9 Å resolution. Biochemistry. 
1990;29:6609–6618. https://doi.org/10.1021/bi00480a009.(d) Knowles JR. 
Enzyme catalysis: not different, just better. Nature. 1991;350:121–124. https://doi. 
org/10.1038/350121a0.(e) Noble MEM, Zeelen JP, Wierenga RK, et al. Structure 
of triosephosphate isomerase from Escherichia coli determined at 2.6 Å resolution. 
Acta Crystallogr. D. Biol. Crystallogr. 1993;49:403–417. https://doi.org/10.1107/ 
S0907444993002628.(f) Mande SC, Mainfroid V, Kalk KH, Goraj K, Martial JA, 
Hol WGJ. Crystal structure of recombinant human triosephosphate isomerase at 
2.8 Å resolution. Triosephosphate isomerase-related human genetic disorders and 
comparison with the trypanosomal enzyme. Protein Sci. 1994;3:810–821. https:// 
doi.org/10.1002/pro.5560030510.(g) Delboni LF, Mande SC, Rentier-Delrue F, 
et al. Crystal structure of recombinant triosephosphate isomerase from Bacillus 
stearothermophilus. An analysis of potential thermostability factors in six isomerases 
with known three-dimensional structures points to the importance of hydrophobic 
interactions. Protein Sci. 1995;4:2594–2604. https://doi.org/10.1002/ 
pro.5560041217.(h) Velanker SS, Gokhale SS, Suma S, Balaram H, Balaram P, 
Murthy MRN. Triosephosphate isomerase from Plasmodium falciparum: the crystal 
structure provides insights into antimalarial drug design. Structure. 1997;5: 
751–761. https://doi.org/10.1016/s0969-2126(97)00230-x.(i) Garza-Ramos G, 
Cabrera N, Saavedra-Lira E, et al. Sulfhydryl reagent susceptibility in proteins with 
high sequence similarity Triosephosphate isomerase from Trypanosoma brucei, 
Trypanosoma cruzi and Leishmania mexicana. Eur. J. Biochem. 1998;253:684–691. 
https://doi.org/10.1046/j.1432-1327.1998.2530684.x.(j) Pérez-Montfort R, 
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