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Abstract

Trypanosoma cruzi is the protozoan parasite responsible for Chagas disease, a neglected
tropical disease caused by trypanosomatids. Its success as pathogen relies on remark-
able metabolic adaptability, stress tolerance, and complex interactions with mammalian
hosts. Among the proteins contributing to these processes, nucleoside diphosphate ki-
nases (NDPKs) and arginine kinase (AK) have emerged as central enzymes for parasite
metabolism. NDPKs, beyond their canonical role in nucleotide homeostasis, are implicated
in DNA repair and oxidative stress responses and are also secreted enzymes. AK, on the
other hand, serves as a unique energy-buffering system absent in mammals, supporting
parasite growth and adaptation to oxidative and metabolic stresses, including modulation
of host immunity. Both enzymes display distinct subcellular localizations all along the para-
site and through the life cycle, linking them to multiple roles important for parasite biology
and survival. Recent studies have highlighted the impact of interfering these enzymes with
several compounds on the viability of the organisms, suggesting new avenues to explore
them as drug targets. This review provides a general overview of NDPKs and AK in
T. cruzi, aiming to underline their relevance to a broader context of trypanosomatids. Their
study not only broadens our understanding of parasite biology but also opens perspectives
for applied research, including therapeutic alternatives for Chagas and related diseases.

Keywords: chagas’ disease; drug target; multifunctional enzymes; neglected tropical
diseases

1. Introduction

Trypanosoma cruzi is the protozoan parasite responsible for Chagas disease, one of the
neglected tropical diseases (NTDs) caused by trypanosomatids, remaining a global health
problem and affecting millions of people worldwide [1]. Despite more than a century since
its discovery, therapeutic options are very limited. The available drugs—benznidazole and
nifurtimox—are constrained by severe toxicity, variable efficacy, long treatment courses,
and, in some cases, the emergence of resistance. These limitations highlight the urgent
need for innovative approaches in understanding parasite biology and identifying new
therapeutic targets [2,3].

A distinctive feature of trypanosomatids is their ability to survive under fluctuating
and often hostile environments, both in their insect vectors and mammalian hosts. To
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achieve this, they rely on highly specialized metabolic and stress-response pathways that
differ substantially from those of their mammalian hosts. Among the numerous enzymes
implicated in these processes, nucleoside diphosphate kinases (NDPKs) and arginine kinase
(AK) have emerged as central players. These enzymes illustrate how parasite metabolism
intertwines with survival, virulence, and host-parasite interactions. Importantly, both are
either absent or different in mammals, making them not only attractive for fundamental
biological investigation but also for clinical research [4-8].

NDPKs are evolutionarily conserved enzymes responsible for maintaining intracel-
lular nucleotide pools [9]. While this housekeeping role is elemental, NDPKs have been
implicated in a wide array of non-canonical functions [5,10-15]. Similarly, AK plays a
pivotal role in energy metabolism. Absent in mammals but widespread in invertebrates,
AK catalyzes the reversible transfer of phosphate between arginine and ATP, serving as a
high-energy phosphate reservoir [16-18].

Together, NDPKs and AK exemplify how versatile/pleiotropic enzymes enable par-
asites to thrive in complex environments towards a successful infection. Their study
provides valuable insights into parasite cell biology, stress adaptation, and pathogenicity.
Furthermore, exploring their biochemical and unique features offers opportunities for
therapeutic development.

This review will provide a general overview of NDPKs and AK in T. cruzi, outlining
the principal aspects of both enzymes. The first section will focus on NDPKs and the second
section will address AK. Finally, we will integrate these perspectives in a discussion.

2. T. cruzi NDPKs
2.1. General Information

NDPKs (EC 2.7.4.6) are highly conserved enzymes present in all domains of life. Their
basic and known function is to maintain balanced intracellular pools of nucleotides by
catalyzing the transfer of y-phosphates from nucleoside triphosphates (NTPs) to nucleoside
diphosphates (NDPs) [9,15], covering the full range of ribo- and desoxyribo-substrates
following the reaction:

N;TP + NpDP <+ N1DP + N, TP

This reaction is crucial for sustaining DNA and RNA synthesis and a wide array of
metabolic processes. NDPKs are no longer considered as simple housekeeping enzymes,
but as players in multiple cellular processes that remain poorly understood. Accumulating
studies suggest that NDPKs are multifunctional enzymes involved in processes ranging
from signal transduction [13,15], virulence, and host—pathogen interactions [10,14,19-21]
to metastasis [22], gene regulation and genome integrity [23].

In most eukaryotes, multiple NDPK isoforms exist, localized to different subcellular
compartments, underscoring the enzyme’s fundamental role in cellular physiology. NDPKs
can be divided into two main groups, the canonical and the divergent. T. cruzi possesses
four isoforms, TcNDPK1 to TcNDPK4 (Table 1); while TcNDPK1 is the unique canonical
isoform, the other three are divergent. To date, three of these isoforms have been studied,
revealing their presence in multiple subcellular compartments—including the cytosol,
nucleus, glycosomes, flagellum, and cytoskeleton [5,24-26]—suggesting that they are not
merely housekeeping enzymes but instead participate in diverse cellular pathways and
processes beyond nucleotide homeostasis. Importantly, early studies in trypanosomatids
exhibited a metabolism dependency on NDPKs, setting them apart from their mammalian
counterparts. Trypanosomatids lack most of the genes for de novo purine biosynthe-
sis and therefore depend on host-derived purines, highlighting a key vulnerability and
emphasising the role of NDPKs in subsequent availability of purine nucleotides [27,28].
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Table 1. Summary of T. cruzi NDPKs and AK.
Kinase/  Length . Kinase Subcellular .
Isoform (aa) TritrypDB ID Type Activity Localization * Secretion Ref.
T(NDPK1 153 TcCLB.508707.200  Canonical Yes Cytosol Lipidic [4,5,7,24,29]
Nucleus vesicles
Cytosol
TcNDPK2 334 TcCLB.508461.400  Divergent Yes Cytoskeleton Nd [24,26]
Flagellum
TcNDPK3 349 TcCLB.510879.210  Divergent Yes Glycosome Nd [25]
TcNDPK4 632 TcCLB.508989.100  Divergent Putative Nd Nd [24]
Cytosol
TcAK 357 TcCLB.507241.30 - Yes Heterogeneously Yes [30,31]
distributed

TritrypDB: https:/ /tritrypdb.org/tritrypdb (accessed on 10 October 2025). Nd: not determined. * Determined in
epimastigotes, except for TcNDPK3, which is expressed in trypomastigotes.

2.2. Role in DNA Damage Response and Stress Adaptation

An increasing body of evidence implicates canonical NDPKs in DNA damage re-
sponses across organisms, from humans to yeasts and trypanosomes. In T. cruzi, TcNDPK1
was able to complement yeast and bacterial strains deficient in NDPK activity, resulting in
enhanced tolerance to UV irradiation and reduced spontaneous mutation rates [5]. More-
over, TctNDPK1 localizes to the nucleus and contributes to DNA repair pathways, protecting
parasites against genotoxic agents such as hydrogen peroxide and the DNA-damaging
drugs hydroxyurea and phleomycin [5]. One proposed mechanism involves the upregu-
lation of DNA repair enzymes, such as TcPARP (Poly (ADP-Ribose) Polymerase), a DNA
damage sensor that mediates a more efficient repair response in TcNDPK1-overexpressing
parasites. This enhanced response may explain why parasites overexpressing TINDPK1
are more resistant to diverse genotoxic agents that induce distinct types of DNA lesions
and activate different repair pathways [5]. These observations are consistent with previous
findings on the TINDPK1 human orthologue NME2, which was identified as a transcription
regulator of c-Myc expression [23].

Hydrogen peroxide and several genotoxic compounds, including the antiparasitic
drug benznidazole, used in Chagas’ disease treatment, induce oxidative stress that leads to
reactive oxygen species (ROS)-mediated genome instability. TcNDPK1 is overexpressed
in benznidazole-resistant isolates and laboratory strains [32], consistent with the higher
tolerance to the drug observed in TcNDPK1-overexpressing parasites. Beyond its role
in DNA damage repair, NDPKs also appear to contribute to survival under oxidative
stress. This function is particularly relevant for trypanosomatids, which must endure ROS
generated both by their own metabolism and by the host immune system. Supporting these
roles, TcNDPK1 seems to act as a central hub in the parasite’s stress-response network,
although the underlying mechanisms remain poorly understood.

2.3. Advances in Structural Characterization

Crystallographic and biochemical studies have expanded our understanding of T. cruzi
NDPKs. Structural analyses of canonical TINDPK1 revealed conserved hexameric folding,
together with a parasite-specific oligomerization into higher-order assemblies. Remarkably,
TcNDPK1 forms a novel multi-hexameric, left-handed helical oligomer composed of units
of four hexamers stacked on top of each other [33], which correlates with the TcNDPK1
granules observed in epimastigotes in vivo [7]. The proposed assembly pathway involves
dimerization, formation of hexamers as trimers of dimers, and further oligomerization
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into helical filaments. Disassembly occurs in the presence of substrate, which implies the
release of phosphorylated active enzyme from the quinary structure [33]. This transient
TcNDPK1 helical oligomer suggests a regulatory mechanism underlying its multiple func-
tions, while filamentation might potentially contribute to stabilization and protection from
degradation [33].

On the other hand, there are no available structures of the divergent TetNDPK2 and Tc-
NDPKS3. They possess a structural N-terminal domain DM10 that mediates their subcellular
localization. Preliminary bioinformatic analysis of the TetNDPK2 DM10 domain indicates it
is an independent structure separate from the rest of the protein, suggesting it may mediate
interaction with cellular components (unpublished results). DM10-containing proteins
are tightly associated with cytoskeletal structures, as exemplified by NM7 in humans and
FAP67 in Chlamydomonas reinhardtii [34,35], both TcNDPK2 homologues. Consistently, the
N-terminal domain of TeNDPK?2 targets the protein to the cytoskeleton and flagellum of
T. cruzi epimastigotes, although it can also be detected in the cytosol [24,26]. In contrast and
unexpectedly, Te(NDPK3 is not expressed in epimastigotes but localizes to the glycosomes
in the mammalian-stage trypomastigote [25]. Further experimental work will be required
to determine whether this localization involves association with the outer surface of the
organelle through specific structural interactions.

2.4. NDPKs as Potential Drug Targets

Given their essential and multifaceted functions, NDPKs have been explored as poten-
tial therapeutic targets. While their high conservation across species raises concerns about
selectivity, parasite NDPKs present differences that may be advantageous for drug design.
Particular attention has been directed toward pathogen-secreted NDPKs, as one of their
relevant functions is the modulation of host signalling pathways to promote infection. Their
co-evolution with host targets to maintain proper functionality suggests that NDPKs may
be less prone to acquiring drug resistance—conferring mutations [36]. In trypanosomatids,
NDPKs have attracted particular interest as molecular targets, since nucleotide metabolism
is a potential Achilles” heel of these parasites due to their inability to perform de novo
purine synthesis. Recent studies proved that T. cruzi survival can be affected using small-
molecule inhibitors and drug repurposing approaches targeting the canonical TcNDPKI.
Starting from earlier reported canonical NDPKs inhibitors [10,36—40] and molecular dock-
ing assays using the crystal structure of the enzyme, the study identified telmisartan and
nebivolol, two drugs used to treat high blood pressure, as candidate inhibitors of TINDPK1
possessing high trypanocidal activity [4]; however, target engagement and in vivo valida-
tion remain necessary. Since the selectivity of the drugs towards the parasites was high and
the effect was comparable to benznidazole, the current Chagas’s treatment, nebivolol and
telmisartan are proposed as two medicines that could be repurposed for this disease.

Targeting the processes that pathogen’s NDPKs fulfil could selectively compromise
parasite viability while minimizing toxicity in the host. Moreover, the availability of high-
resolution structures provides a foundation for rational drug design, although further
efforts are needed to validate NDPKs as bona fide drug targets in vivo.

2.5. NDPKs in T. brucei and Leishmania

All T. cruzi NDPK isoforms have homologues in T. brucei and Leishmania spp., ex-
cept for TeNDPK4, which is absent in Leishmania [24] (Table 2). Despite their conserva-
tion, several of these homologues remain uncharacterized. In T. brucei, the canonical
TbNDPK1—a homologue of Te(NDPK1—is expressed in both bloodstream and procyclic
forms, localizes predominantly to the nucleus [41], and has been reported to be secreted
by bloodstream trypomastigotes [42]. In Leishmania, studies across multiple species (e.g.,
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L. donovani, L. amazonensis, L. major, L. braziliensis) have shown that the canonical homo-
logues localize to the nucleus and to microsomal fractions enriched in vesicles destined for
secretion [43,44]. These secreted NDPKs have been implicated in preventing ATP-mediated
cytolysis of macrophages [10,44]. Given these roles, NDPKs have been prioritized as
promising drug targets [45] and are currently the focus of multiple anti-Leishmania drug
discovery efforts [46-49]. Recently, the homologue of TINDPK?2 in L. donovani (LANDK?2)
was characterized, revealing its localization to distinct regions of the endomembrane system
and the essentiality for parasite survival within host cells [50].

Table 2. TetNDPKs and TcAK homologues in the trypanosomatids T. brucei and Leishmania.

Kinase/ Homologues in T. brucei Homologues in L. major ?
Isoform TritrypDB ID (TritrypDB ID) Ref.
in T. cruzi Length (aa) Length (aa)
TbNDPK1 LmNDPK1/LmNDKb
TcNDPK1 Tb927.11.16130 LmjF.32.2950 [24,41-44,51,52]
153 151
TbNDPK2 LmNDPK2
TcNDPK?2 Tb927.9.11260 LmjF.35.3870 [24,26]
334 337
TbNDPK3 LmNDPK3
TcNDPK3 Tb927.4.1720 LmjF.34.2980 [24]
349 343
TbNDPK4
TcNDPK4 Tb927.8.4510 - [24]
634
TbAK1/AK3
Tb927.9.6170
404
TbAK2/AK2
TcAK Tb927.9.6230 - [53-55]
370
TbAK3/AK1
Tb927.9.6290
356

TritrypID (https:/ /tritrypdb.org/tritrypdb/app, accessed on 17 November 2025) and length are shown.
@ L. major was used as an example, but NDPKs were described in L. braziliensis [51,56], L. donovani [44,50] and
L. amazonensis [43].

2.6. Summary

In summary, trypanosomatid NDPKs exemplify multifunctional enzymes that go
beyond nucleotide metabolism. Based on studies mainly conducted in T. cruzi and Leishma-
nia—since only limited research has been performed in T. brucei—these enzymes appear
to integrate fundamental housekeeping functions with roles in DNA repair, oxidative
stress response, virulence, and host—parasite interactions. Advances in structural biology
and biochemistry have expanded our understanding of these enzymes, while emerging
pharmacological studies highlight their potential as drug targets. NDPKs thus stand at the
crossroads of parasite biology and therapeutic innovation, making them a focal point for
both fundamental biologic interest and applied research.
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3. T. cruzi AK
3.1. General Information

AK (EC 2.7.3.3) is a phosphagen kinase widely distributed in invertebrates but absent
in mammals, which rely instead on creatine kinase. AK catalyses the reversible transfer of
a high-energy phosphate group between ATP and arginine, generating phosphoarginine,
which serves as a temporal energy reservoir [57].

MgATP + arginine <+ P-arginine + MgADP + H*

This reaction buffers cellular energy levels, ensuring a steady supply of ATP during
periods of high energy demand or metabolic stress.

T. cruzi possesses a unique AK isoform (Table 1), TcAK, that plays important roles in
cellular physiology. It is predominantly localized in the cytosol, where it displays a het-
erogeneous, punctate distribution pattern [30], where it supports energy homeostasis. Life
cycle progression, from the insect to human blood and cells impose drastic environmental
changes—including variations in nutrient availability, oxidative stress, and temperature
shifts—that demand rapid metabolic adaptation. TcAK provides a flexible mechanism for
energy storage, contributing to parasite survival under stress conditions.

3.2. Role in Stress Adaptation

Multiple studies have confirmed the critical contribution of AK to parasite biology. In
T. cruzi, the enzyme is indispensable for parasite fitness, especially under energy-limiting
conditions. Overexpression of TcAK improves the capability of transfectant parasites to
grow and survive under nutritional, pH and oxidative stress conditions [6,58]. TcAK
expression is regulated by the extracellular conditions, increasing its protein levels when
parasites are exposed to ROS or starvation [6,59]. These conditions are encountered, for
instance, during the T. cruzi life cycle in the mammalian host, where ROS constitute a key
component of the cellular immune response. Conversely, during the insect stage, T. cruzi is
frequently subjected to nutritional and pH stress, depending on the feeding status of the
vector. These characteristics place TcAK in a central role as mediator of stress responses.

3.3. TcAK Regulation

TcAK expression is regulated by both extracellular and intracellular cues. During epi-
mastigote growth, its expression and activity progressively increase, while arginine uptake
declines. This scenario, which implies high TcAK levels and low intracellular arginine
concentration, favors AK reaction towards the production of ATP from phosphoarginine
reserves, helping parasites withstand nutrient limitation in the stationary phase [59,60].
The opposite pattern is observed in epimastigotes overexpressing the arginine transporter
TcAAAP411 (also known as TcAAP3), which exhibits increased arginine transport, elevated
intracellular arginine levels [61] and low TcAK expression throughout the culture growth.
Upon reaching the stationary phase, ATP levels drop and parasites die. This regulation of
TcAK has been interpreted as a compensatory mechanism, in which intracellular arginine
excess promotes ATP consumption due to displacement of the TcAK reaction equilibrium.
Important complementary information is that, aside from its role in protein synthesis,
arginine is only consumed by AKs in trypanosomes [61].

3.4. TcAK as Potential Drug Target

Because TcAK is absent in mammals and plays a role in parasite adaptation to adverse
conditions, it has long been regarded as an attractive drug target. Interest in AK inhibitors
also extends to pesticide development for controlling cockroach and other arthropod prolif-
eration [62]. In this context, several compounds, including arginine analogues, synthetic
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molecules, and natural products, have been evaluated for their inhibitory activity against
AKs. Rutin, a naturally occurring polyphenol, was identified as an AK inhibitor in insects.
Based on the resolved TcAK crystal structure, computer-assisted approaches leaded to the
discovery of additional polyphenols with similar activity against T. cruzi enzyme [63-65].
Delphinidin, an anthocyanidin, has been shown to act as a non-competitive inhibitor of
TcAK, reducing parasite growth and viability in vitro [63]. Similarly, capsaicin, the spicy
alkaloid from chili peppers, and resveratrol, a phenolic phytoalexin present in grapes and
other plants, exhibited trypanocidal activity associated with TcAK inhibition and disrup-
tion of parasite metabolism [64,65]; however, further biochemical and in vivo experiments
remain necessary. These findings illustrate the potential of repurposing bioactive natu-
ral products as starting points for drug discovery. Although still in its early stages, this
line of research provides proof-of-principle that pharmacological targeting of TcAK can
compromise parasite survival.

3.5. TcAK as an Allergen

Beyond its role in metabolism, AKs have been recognized as a clinically relevant
allergen. This property was first described in invertebrates such as crustaceans and insects
(e.g., shrimps, crabs, house dust mites, and moths), where AK elicits IgE-mediated allergic
responses [66—70]. Although less extensively studied in trypanosomatids, the allergenic
potential of TcAK raises important questions regarding its interactions with the host im-
mune system, as TcAK is a secreted protein [31] and several predicted B-cell epitopes
overlap with allergenic peptides previously identified in homologous proteins from other
organisms. Specific anti-TcAK IgG and IgE antibodies have been detected in infected indi-
viduals, and notably, anti-TcAK IgG4—typically associated with IgE-mediated allergenic
processes—was elevated in patients with chronic Chagas disease. These findings suggest
that TcAK may potentially contribute to an inefficient B-cell response by promoting a Th2-
biased immune profile [8]. This immunological dimension of TcAK biology underscores
its pleiotropic nature, linking parasite metabolism, pathophysiology, and host-parasite
interactions.

3.6. AKs in T. brucei and Leishmania

According to genomic analyses and experimental evidence, TcAK homologues have
been identified only in T. brucei [71] and are absent in Leishmania (Table 2). The prevailing
hypothesis proposes that AK was acquired through a horizontal gene transfer event from
an ancestral arthropod host. Under this model, the evolutionary retention or loss of AK
would be driven by the metabolic incompatibility between arginase and AK within the
same cell, as their coexistence exerts strong selective pressure against maintaining both
enzymes simultaneously [17]. Consistent with this idea, Leishmania species have retained
a functional arginase [72]. In T. brucei, three AK isoforms—TbAK1/AK3, TbAK2/AK?2,
and TbAK3/AK1l—have been described, each exhibiting distinct subcellular localization
and stage-specific expression. TbAK1/AKS3 is restricted to the flagellum, TbAK2/AK2
localizes to the glycosome, and TbAK3/AK1 is found in the cytosol [53,54]. Functional
studies demonstrated that the elimination of total cellular AK activity markedly impairs
the growth of procyclic forms [53], whereas the flagellar isoform appears to contribute
to parasite motility and successful infection of tsetse flies [54]. TbAKs have emerged as
a promising target for chemotherapy, and recent research has explored small-molecule
inhibitors and metal-based nanoparticles as potential trypanocidal agents [73-75].
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3.7. Summary

TcAK represents a parasite-specific enzyme at the intersection of energy metabolism,
stress adaptation, and immunological relevance. Its absence in mammals makes it an
appealing therapeutic target, while evidence of its allergenic properties expands its signifi-
cance beyond metabolism. Advances in biochemical characterization and inhibitor studies
highlight the feasibility of targeting TcAK for drug discovery, particularly through natural
compounds such as polyphenols and alkaloids. At the same time, its role as an allergen
opens new avenues for research on host immune responses to parasite enzymes.

4. Discussion and Perspectives

The study of metabolic enzymes in trypanosomatids continues to reveal unexpected
complexity and biological versatility. Among these, NDPKs and AKs stand out as proteins
that combine homeostatic functions with parasite-specific roles. In this review, using T.
cruzi as a model, it was exemplified how these enzymes have evolved to support survival
under the challenging conditions faced throughout their life cycles. Figure 1 summarizes
what was exposed here, the subcellular distribution, secretion of TecNDPKs and TcAK, and
their roles (Figure 1).

Glycosomes
TcNDPK3*

NDPK ¢ AK

VERSATILE ENZYMES 2
Secretion

TcNDPK1
TcAK

v" PARASITE SURVIVAL
Nucleus
TcNDPK1

v STRESS TOLERANCE

v' HOST-PARASITE
INTERACTION Cytosol
TcNDPK1

TcAK

Subpellicular
mircrotubules

TcNDPK2

v' DRUG TARGETS

X

Flagellum

\
\ TcNDPK2

Figure 1. Schematic representation of a T. cruzi epimastigote showing the subcellular localization
of nucleoside diphosphate kinases and arginine kinase (TcNDPKs and TcAK). These enzymes are
distributed throughout the parasite body and can also be secreted, contributing to various cellular
processes beyond their canonical metabolic roles, such as stress tolerance and host—parasite inter-
actions. Both kinases represent valuable drug targets for Chagas disease. * TetNDPK3 is expressed

exclusively in trypomastigotes.

From a comparative perspective, both NDPKs and AK illustrate different strategies
for parasite adaptation. NDPKs are ubiquitous, conserved and multifunctional; even
trypanosomatids have diversified their functions beyond nucleotide homeostasis, incorpo-
rating roles in DNA damage repair, oxidative stress management, virulence, and secretion.
AK, in contrast, is absent in mammals and fulfils a unique role as an energy buffer in
parasites, facilitating rapid metabolic adaptation during environmental transitions. Both
enzymes converge on a common theme: enabling parasite persistence in hostile conditions
and supporting pathogenesis.
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The therapeutic potential of these enzymes lies precisely in their divergence from
mammalian biology. AK enzymes, despite being present in T. cruzi and T. brucei but
lacking in Leishmania, offer a more straightforward opportunity as a drug target against
trypanosomatids because of their absence in humans, reducing concerns of host toxicity
(although off-target and ADME/Tox profiles must be assessed for all trypanocidal agents).
Natural compounds such as delphinidin and capsaicin have already demonstrated proof-of-
principle for pharmacological inhibition of TcAK, highlighting the potential of repurposing
bioactive molecules for Chagas ‘disease. For NDPKs, the challenge is greater due to
their high conservation; however, structural differences and the importance of their non-
canonical roles (e.g., DNA repair, secretion) provide a rationale for selective targeting.
Nebivolol and telmisartan are two clinically used drugs that reinforced the interest in drug
repurposing targeting TcNDPK1. Nonetheless, in both cases, additional genetic approaches
and validation in vivo are still needed to establish their relevance.

Beyond chemotherapy, these enzymes hold pathogenic and immunological signifi-
cance. Canonical NDPKs are secreted and in Leishmania can modulate host signalling, a
property that could potentially serve as a biomarker of infection or virulence. AK, on the
other hand, is a well-recognized allergen in invertebrates and has been shown to elicit IgE
responses in T. cruzi infections. The allergenic potential of AK in trypanosomatids raises
intriguing possibilities about its contribution to host immune modulation. Understanding
these dimensions may enrich our view of parasite-host interactions and expand the clinical
implications of these enzymes.

Looking forward, further investigations must be addressed to fill some knowledge
gaps such as, for example, interactomes that will be critical to fully understand their
pleiotropic functions.

In conclusion, NDPKs and AK open new opportunities for therapeutic discovery and a
deeper understanding of parasite biology. While challenges remain, the progress achieved
thus far underscores their potential to inspire innovative strategies against neglected
tropical diseases.
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