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Leishmaniasis, a vector-borne disease, is caused by the infection of Leishmania spp., obligate intracellular pro-
tozoan parasites. Presently, human vaccines are unavailable, and the primary treatment relies heavily on sys-
temic drugs, often presenting with suboptimal formulations and substantial toxicity, making new drugs a high
priority for LMIC countries burdened by the disease, but a low priority in the agenda of most pharmaceutical
companies due to unattractive profit margins. New ways to accelerate the discovery of new, or the repositioning
of existing drugs, are needed. To address this challenge, our study aimed to identify potential protein targets
shared among clinically-relevant Leishmania species. We employed a subtractive proteomics and comparative
genomics approach, integrating high-throughput multi-omics data to classify these targets based on different
druggability metrics. This effort resulted in the ranking of 6502 ortholog groups of protein targets across 14
pathogenic Leishmania species. Among the top 20 highly ranked groups, metabolic processes known to be
attractive drug targets, including the ubiquitination pathway, aminoacyl-tRNA synthetases, and purine synthesis,
were rediscovered. Additionally, we unveiled novel promising targets such as the nicotinate phosphoribosyl-
transferase enzyme and dihydrolipoamide succinyltransferases. These groups exhibited appealing druggability
features, including less than 40% sequence identity to the human host proteome, predicted essentiality, struc-
tural classification as highly druggable or druggable, and expression levels above the 50th percentile in the
amastigote form. The resources presented in this work also represent a comprehensive collection of integrated
data regarding trypanosomatid biology.

1. Introduction vector (Diptera: Phlebotominae) (Akhoundi et al., 2017; Bekhit et al.,

2018).

Leishmaniasis is a vector-borne disease caused by the infection with
Leishmania spp., an obligate intracellular protozoa parasite. Fifty-one
species comprise the Leishmania genus, of which at least 21 are patho-
genic. The life cycle of these microorganisms involves infection stages
within the vertebrate host (mammals) and in the midgut of the sand fly

Leishmaniases are classified into three main clinical forms: cuta-
neous leishmaniasis (CL), mucocutaneous leishmaniasis (MCL) and
visceral leishmaniasis (VL). Each form is a result of the interplay among
Leishmania and sand fly species, in addition to the state of the host im-
mune system. Leishmaniasis is found mainly in low-income regions with
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large vulnerable populations at risk of disease, being the second leading
cause of death in the group of neglected tropical diseases (NTDs) (Giraud
et al., 2019). Globally, the incidence of VL and CL lies between 0.2-0.4
and 0.7-1.2 million cases per year, respectively, and up to 40,000 deaths
are estimated each year (Alvar et al., 2012; Mann et al., 2021).

Currently, no human vaccines against leishmaniasis are available.
Treatment relies on the use of non-specific drugs that typically have an
immunomodulatory activity on the innate immune system, but the
limited efficacy, strong adverse effects, emerging parasite resistance,
and high costs for some formulations are factors that highlight the ur-
gent need to develop new, safer, and more effective drugs to control this
NTD (Bekhit et al., 2018; Mann et al., 2021). For instance, the penta-
valent antimonial, the first antileishmanial medicine discovered in the
1940s, is still used for VL and CL treatment. However, this drug class
shows increasing resistance and high toxicity, sometimes leading to
death (Bekhit et al., 2018). Paromomycin, an aminoglycoside antibiotic,
demonstrates efficacy against CL and VL in Old World species, particu-
larly in the Indian subcontinent. Yet, its effectiveness is limited in New
World Leishmania species (Roatt et al., 2020).

Amphotericin B encapsulated in liposomes solves part of the prob-
lems common to antileishmanial drugs, being highly effective in VL and
requiring a shorter treatment period that reduces adverse effects and
dropout. Nevertheless, its high-cost limits widespread deployment in
poorer regions, which are usually more burdened by the disease. The
first drug to be administered orally to treat leishmaniasis was miltefo-
sine, but its elevated cost, resistance and teratogenic potential also
limited ample usage (Braga, 2019; Cruz et al., 2009). Therefore,
currently, there are no affordable and effective drugs available that have
minimal adverse effects and that can be used to treat all leishmaniasis
manifestations, as aimed by the Drugs for Neglected Diseases initiative
(DNDi) (Pécoul, 2004).

The complete pathway for drug discovery is expensive, high-risk and
time-consuming (Fernandez-Prada et al., 2019), comprising several
steps: target discovery, identification of drug candidates, and phases 1-3
clinical trials. Unfortunately, most candidates fail in the clinical trials
phase (Duelen et al., 2019). The primary approaches in drug discovery
are phenotypic and target screens. Phenotypic screens identify com-
pounds with therapeutic potential based on observed biological effects,
yielding promising candidates such as the kinetoplastid proteasome
inhibitor (Khare et al., 2016; Roquero et al., 2019). Combining these
screens with target-based approaches increases the drug candidate pool,
potentially expediting the drug discovery processes (Heilker et al.,
2019). This pipeline can be optimized by applying rational
computer-aided methods in the initial stages of target discovery,
reducing the molecular space of candidates following to in vitro
screenings, and increasing the probability of finding a molecule that
serves as a target. In silico screenings can also support the repositioning
of already-approved drugs, for which the safety and pharmacological
profiles have been previously established, avoiding common problems
in the clinical study as well as later stages of drug discovery (Chavez--
Fumagalli et al., 2019; Jamal et al., 2017; Ramos et al., 2018).

By leveraging the recent availability of full-length genome sequences
for various Leishmania species, here we identified potential protein tar-
gets common to clinically-relevant species. We applied a subtractive
proteomics and comparative genomics approach that integrated high-
throughput multi-omics data to classify targets based on druggability
metrics. Our aim was to identify potential targets with desirable char-
acteristics for the development of novel compounds or the repositioning
of currently available ones to effectively treat this overlooked disease.

2. Materials and methods

Classifying protein targets involves identifying desirable features
from a drug discovery perspective (Field et al., 2017), which includes
their presence in relevant Leishmania species (conservation); their po-
tential to be inhibited by drug-like compounds (structural druggability);
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unwanted toxicity effects by inhibiting homologous proteins in the
human host (selectivity); importance for the parasite metabolism (es-
sentiality); and target accessibility (relevant life-stage gene expression
and subcellular localization). The methods used to access each of these
characteristics are addressed in the following subsections and over-
viewed in Fig. 1A.

2.1. Selection of clinically relevant Leishmania proteomes

Fourteen proteomes of pathogenic Leishmania strains were selected
based on the current taxonomic classification (Akhoundi et al., 2016),
composed of: two strains of L. braziliensis, four of L. donovani, one of
L. amazonensis, one of L. infantum, three of L. major, one of L. mexicana,
and two of L. panamensis (Table 1). These data were retrieved from
TriTrypDB (Aslett et al., 2010) and Leish-ESP (http://leish-esp.cbm.
uam.es) projects. Accessions, sources and characteristics of the ge-
nomes used in this study are shown in Table 1.

2.2. Identification of ortholog groups among clinically relevant
Leishmania

The standalone version of OrthoVenn2 (Xu et al., 2019) was used for
the construction of orthologous protein groups among the 14 Leishmania
studied species. The inflation value and E-value parameters were set to
1.5 and 107!, respectively. Only groups with at least one protein
representative of each species were kept.

Once the proteins conserved among all 14 clinically-relevant Leish-
mania species were identified, a smaller set of representative species
were used for downstream analyses, based on the availability of
expression and protein structure data. Thus, in subsequent prioritization
stages only proteins from the following set of species were used:
L. infantum JPCMS5, L. major Friedlin, L. braziliensis M2904, and
L. donovani HU3 (bolded accessions in Table 1).

2.3. Identification of proteins non-homologous to the host

To lessen potential cross-reactions due to structural conservation
between the target proteins of the pathogen and those of the host, local
BLASTp alignments were performed (Altschul, 1997). The decision to
prioritize global protein similarity over active sites is aimed at accom-
modating both orthosteric (active sites) and allosteric pockets within the
scope of druggability prediction. The conserved protein set was used as a
query against a database formed by the predicted human proteome
(assembly GRCh38.p13 obtained from Ensembl <http://www.ensembl.
org/>). The parameters used to determine homology between sequences
were E-value < 107>, identity >40% and bit score >100. Homologous
proteins between Leishmania and humans were excluded from the study.
For proteins that passed the previous filter, the off target human metric,
ranging from O to 1, was created from the BLASTp identity results. This
metric was calculated as: off _target_human =1 — (%), Ih being the best
hit identity percentage. The closer to 1, the lower the sequence similarity
query with the database.

2.4. Target accessibility: expression at relevant life-cycle stages

The transcriptome profiles in the amastigote life stage of the four
Leishmania species were analyzed to infer target accessibility. The
amastigote stage was aimed at because of its relevance during human
infection. An RNA-seq pipeline developed in our previous works was
used to analyze transcriptome data (Azevedo et al., 2020). Searches for
expression datasets published on the Sequence Read Archive were per-
formed with the following filters: “methodology” equal to RNA-seq,
“species” equal to Leishmania, and the keywords “intracellular amasti-
gote*" or “axenic amastigote*". After manual inspection, the datasets
were downloaded locally, and read quality control was performed using


http://leish-esp.cbm.uam.es
http://leish-esp.cbm.uam.es
http://www.ensembl.org/
http://www.ensembl.org/
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Fig. 1. A) Overview of the prioritization approach, involving (A.1) the computation of structural druggability from 3D models of Leishmania proteins, (A.2)
inference of orthology groups, proteins non-homologous to the host (BLASTp), amastigote-expressed genes, and subcellular localization, along with (A.3) protein
essentiality assessment. The integrated data and prioritized proteins are accessible via the Target-Pathogen web resource. B) Representation of orthology protein
groups across the 14 Leishmania species. The leftmost rectangle categorizes orthology groups based on the presence or absence of proteins in each species, with
colored circles representing each Leishmania species at the bottom. Each cell indicates absence (white) or presence (green) in any species. The middle rectangle
displays the count of orthology groups corresponding to the species’ presence in the previous section. The last rectangle presents the total number of proteins and
their distribution by species, indicated by color and size. C) Venn diagram illustrating orthology groups between Leishmania post-filter expression proteins and T.
brucei homologs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1

Characteristics and sources of Leishmania spp. genomes used in this study. High-quality genome assemblies are highlighted in bold.

Leishmania species Source Nb. of genes Assembly state Genome size (Mbp) G + C content (%)
L. aethiopica L147 GeneDB 8826 36 chromosomes, 789 supercontig 32.2 57.88%
L. amazonensis MHOM/BR/71973/M2269 GenBank 8127 2627 supercontig 29.0 59.21%
L. braziliensis MHOM/BR/75/M2904 Leish-ESP 8493 36 chromosomes 323 58.05%
L. donovani BPK282A1 GeneDB 8135 36 chromosomes 33.0 56.37%
L. donovani LV9 Sanger 8387 36 chromosomes, 108 contig 35.4 58.39%
L. donovani CL-SL GenBank 9757 36 chromosomes 335 58.77%
L. donovani HU3 Leish-ESP 8595 36 chromosomes 33.0 59.77%
L. infantum JPCM5 RequenaLab 8748 36 chromosomes 33.3 58.77%
L. major Friedlin GeneDB 9378 36 chromosomes 33.4 58.74%
L. major LV39c5 GeneDB 9101 36 chromosomes, 850 supercontig 32.9 57.76%
L. major SD 75.1 GeneDB 8931 36 chromosomes, 36 supercontig 31.8 58.38%
L. mexicana MHOM/GT/2001,/U1103 GeneDB 8677 36 chromosomes, 554 contig 32.6 58.76%
L. panamensis MHOM/PA/94/PSC-1 GenBank 8048 36 chromosomes 31.2 55.33%
L. panamensis MHOM/COL/81/L13 GeneDB 8778 36 chromosomes, 1980 supercontig 31.8 56.13%

FastQC (Andrews, 2010). Low-quality sequences and adapters were
removed using bbduk v. 38.22, with minlen parameters equal to 70% of
the study read size, trimq (trimming quality using Phred) equal to 30,
and the tpe and tbo flags (Bushnell et al., 2017). Each read set was
mapped against the reference Leishmania genome (bolded rows in
Table 1) using HISAT2 v. 2.1.0 using default parameters (Kim et al.,
2019). Count tables were produced using FeatureCounts v. 1.6.3 (Liao
et al.,, 2014), and normalization of expression values were performed
using edgeR with the Trimmed Mean of M-values (TMM) method
(Robinson et al., 2010), followed by transformation into counts per
million (CPM), along with expression percentiles for each gene. To avoid
biases, all datasets retrieved from RNA-seq studies were submitted to the
same integrated pipeline. Transcripts with less than 1 CPM in each
sample were considered as not expressed in amastigotes and removed

from the study. For species that lacked transcriptomic data generated by
RNA-seq, a previously analyzed microarray expression dataset was
retrieved from TriTrypDB (Aslett et al., 2010). The expression values
from this study were normalized to percentiles. Only genes above the
20th percentile of expression were kept.

2.5. Target accessibility: subcellular localization

Localization information is helpful to inform the development of
therapeutics, including targets for therapy. We collated or predicted
subcellular localization data to provide contextual information of each
target but did not use this information for ranking purposes (section
2.9), given that candidate molecules can be altered, optimized or con-
jugated with chemical probes to reach specific compartments within the



L.G. Azevedo et al.

cell.

To overcome the lack of large-scale experimental studies on the
subcellular localization of Leishmania proteins, two levels of evidence
were explored for inferring these locations: 1) Hybrid experimental/
computational and 2) Strictly computational.

2.5.1. Hybrid experimental/computational localization inference

Initially, large-scale subcellular localization data for Trypanosoma
brucei brucei TREU 927, produced by the TrypTag project (Billington
et al., 2023) using nNeonGreen labeling followed by microscopy, was
used to infer protein localization. Since T. brucei also belongs to the
Trypanosomatidae family, present similar morphology and share many
general characteristics with Leishmania representatives (Halliday et al.,
2019; Tibayrenc and Ayala, 2013), this dataset was selected to inform,
through comparative genomics, the subcellular location in Leishmania as
well. Orthology groups were calculated between Leishmania and T. b.
brucei TREU 927 (TriTrypDB version 44). For this task, OrthoVenn2 was
used with the parameter’s inflation value 1.5 and E-value < 107°.
Localization data from T. brucei proteins belonging to an ortholog group
was then propagated to Leishmania proteins falling in the same group.
The data provided by TrypTag were classified using the controlled vo-
cabulary of the Gene Ontology (GO) (Consortium and Gene Ontology
Consortium, 2004) to define the cellular location of the N- and C-ter-
minal portions of the proteins, and there may be more than one GO term
from these independent experiments. The GO terms were manually
normalized to parent terms to facilitate their use in this work, as well as
to make the comparison of the classification obtained using this method
with those used by the “strictly computational” predictors (described in
the following subsection) more direct. Information about the normali-
zation of terms is shown in Supplementary Table 1.

2.5.2. Strictly computational localization inference

For cases in which it was not possible to obtain a classification based
on the experimental data, a consensus of multiple computational evi-
dence was calculated. For this, the following predictors were used:
DeepLoc v. 1.0 (Almagro Armenteros et al., 2017), MultiLoc2 (Blum
et al., 2009), WoLF PSORT (Horton et al., 2007), TargetP v. 2.0 and
SignalP v. 5.0 (Almagro Armenteros et al., 2019). These tools were run
at their default parameters using as input the sets of protein files in
FASTA format. Each tool uses different terms, which may vary in spec-
ificity of their locations, and there may be overlaps between them. The
term sets used by each tool were normalized (Supplementary Table 2) to
standardize and simplify the data, making results from each tool com-
parable. For each protein, the normalized terms that had the highest
counts were selected. In addition, manual annotations of Gene Ontology
terms related to localization for Leishmania proteins at Uniprot (http
s://www.uniprot.org) were also used.

2.6. Inference of protein essentiality

Two complementary approaches were used to infer the essentiality of
Leishmania proteins, first relying on data made available for T. brucei, as
well as inference using an integrated whole-metabolic approach.

2.6.1. Processing of T. brucei RNA interference high-throughput data

High-throughput phenotyping data using RNA interference (RNAI) is
accessible for T. brucei and was employed to infer essentiality (Alsford
et al.,, 2011). Out of the 7435 T. brucei proteins examined across four
life-cycle stages in bloodstream and insect host, 750 were associated
with the loss-of-fitness phenotype in all life-cycle stages when their
expression was silenced. The orthology classification from the previous
methodology step (2.5) was then used to propagate essentiality infor-
mation to the orthology group shared between Leishmania and the 750
proteins classified as essential for T. b. brucei TREU 927.
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2.6.2. Reconstruction and topological analysis of a Leishmania genome-
scale metabolic model

Complementarily, a genome-scale metabolic network for the four
Leishmania species was reconstructed using a semi-automated approach
followed by manual validation. The PathoLogic module of the Pathway
Tools v. 18.0 (Karp et al., 2002) software was used during this step.
PathoLogic takes an annotated genome in Genbank format as input and
creates a Pathway/Genome Database (PGDB) containing all the pre-
dicted metabolic pathways of the organism. Leishmania annotation files
were obtained in GFF format from TriTrypDB and Leish-ESP. The an-
notations were enriched with Enzyme Commission (EC) numbers using
DeepEC (Ryu et al., 2019), a computational framework based on deep
learning that predicts EC numbers with high precision. After
semi-automatic prediction of metabolic pathways, manual curation was
performed by the inclusion and removal of reactions based on evidence
from the literature and the overview graph of the pathway. Finally, the
genome-scale metabolic model was exported in SBML format and con-
verted into a reaction graph (Ramos et al., 2018). We also calculated
choke-point reactions (or bottlenecks), reactions that uniquely consume
or produce a given substrate or product, respectively. Inhibition of
choke-point reactions could lead to toxic buildup of a substrate or a lack
of a product essential for the survival of the parasite. Betweenness
centrality was calculated for each reaction (node) in the graph and used
as a prioritization criterion. Reactions with high centrality values
function as bridges to different parts of the metabolic network and
represent potentially attractive activities to be targeted. Visualization
and calculation of topological metrics were performed using Cytoscape
v. 3.8.2 (Shannon et al., 2003).

2.7. Generation of 3D models for Leishmania proteins based on structural
homology

Crystal structures for proteins from the four Leishmania species
selected in earlier steps were sought and retrieved, in PDB format, from
the Protein Data Bank (PDB [http://www.rcsb.org],). For cases in which
no experimentally-determined structure was available in the PDB,
homology-based models were built using a structural genomic pipeline
(Radusky et al., 2014). Protein sequences were used as input for searches
using the PSI-BLAST algorithm (parameters -j 3, E-value < 10~°) against
UniRef50 (UniProt at 50% redundancy). Once a position-specific score
matrix (PSSM) was obtained, it was used to search for queries against
PDB95 (non-redundant PDB at 95% conservation) using PSI-BLAST
(parameter E-value < 107°). Up to five retrieved PDB models were
used as a reference for homology-based reconstruction, and MODELLER
(Webb and Sali, 2016) was applied to build five models per template for
each structureless target protein in the PDB. A representative model was
chosen based on the GA341 score (>0.7) and the maximization of the
QMEAN Z-score function.

2.8. Classification of Leishmania proteins according to their druggability

The operational definition of druggability followed in this work as-
sociates the ability of a peptide to bind to a drug-like compound, ulti-
mately resulting in its modulation in a desired manner, such as
inhibiting its molecular activities (Keller et al., 2006). Thus, inferring
druggability of a protein requires that its surface harbors desirable
features, particularly druggable cavities. fpocket was used for predicting
protein cavities and estimating druggability scores (DS) for each iden-
tified cavity (Le Guilloux et al., 2009). Cavities were classified into 4
categories following previous works (Radusky et al, 2014):
non-druggable (ND; DS < 0.2), poorly druggable (PD; 0.2 < DS < 0.5),
druggable (D; 0.5 < DS < 0.7) and highly druggable (HD; 0.7 < DS <
1.0). All proteins for which structures were obtained (either from the
generated models or experimentally-determined structures) were sub-
jected to this classification. The representative DS of a protein was
defined as the maximum DS of any of its predicted cavities.


tritrypdb:version
https://www.uniprot.org
https://www.uniprot.org
tritrypdb:and
http://www.rcsb.org
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2.9. Protein prioritization

All features described in the previous sections identified for the set of
Leishmania proteins, except subcellular localization, were integrated
into the Target-Pathogen (TP) webserver and are publicly available at
http://target.sbg.qb.fcen.uba.ar/ (Sosa et al., 2018).

To classify proteins in terms of their potential to serve as a target
based on the generated data, a Ranking Function of Druggable Targets
(RFDT) was defined:

Drg+H + % + Chk + Ct + Essyy
6

RFDT (prot) =

where Drg represents the DS, H represents the value of the off -
target human variable; Ep is the expression percentile in the amastigote
stage; Chk, a binary variable representing whether the protein is a
chokepoint; Ct is the normalized betweenness centrality in the reaction
graph; Essrp, a binary variable representing whether the T. brucei
ortholog (if identified) was essential. The RFDT was ordered decreas-
ingly, and the top targets were evaluated in-depth.

To characterize the top-scoring proteins annotated as hypothetical,
we employed a structural homology methodology. Initially, we utilized
the structural predictions of an AlphaFold-based database trained on the
Discoba group to generate predicted protein structures (Wheeler, 2021).
Subsequently, these predicted structures underwent a structural simi-
larity search in the PDB database, with the usage of mmCIF, strict search
criteria, and chain structure as parameters (Burley et al., 2017). The
identified structures were then downloaded and aligned against the
previously modeled structure of the protein using USalign (C. Zhang
et al., 2022). The template modeling score (TM-score) was employed to
evaluate the quality of the structural alignment. Additionally, Pfam was
employed to explore associated domain families (Paysan-Lafosse et al.,
2023). The generated structures were also submitted to the FoldSeek
webserver (van Kempen et al., 2024) using 3Di/AA mode in order to
determine structurally similar proteins deposited in UniProt50,
Swiss-Prot, Proteome, CATH50, MGnify, PDB100, and GMGCL
databases.

3. Results
3.1. Constructing a data-rich compendium of Leishmania proteins

3.1.1. Pathogenic conservation

To identify conserved proteins among the 14 proteomes from path-
ogenic Leishmania, orthology groups were established and annotated
using OrthoVenn2 (Xu et al., 2019). From the initial set consisting of
118124 proteins for these pathogens, 93410 reached the minimum
thresholds to fall into ‘core’ orthology groups, yielding 6549 groups that
had at least one protein of each studied species (Fig. 1B). This results in
79% of the proteins of all Leishmania species being orthologous to each
other, in agreement with previous studies (Bansal and Meyer, 2002;
Davila Lopez et al., 2010). The remaining 684 orthology groups lacked
representatives of at least one species and were excluded from further
analyses. Once the core orthology groups were established, proteins
from the four species chosen as references in this work, namely
L. infantum JPCMS5, L. major Friedlin, L. braziliensis M2904 and
L. donovani HU3 were further advanced into the prioritization pipeline.

3.1.2. Filtering off-target proteins

Proteins were filtered for similarity with the human proteome to
avoid potential adverse effects on the host. Forty-six orthology groups
with homologs in humans were removed from the 6549 groups obtained
from the previous step, resulting in 6503 groups for further analysis.

3.1.3. Expression in relevant life-cycle stages and subcellular locations
Four studies were selected from the Sequence Read Archive (SRA/
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NCBI) for gene expression analysis using RNA-seq technology. These
studies included samples of intracellular and axenic amastigote forms
from four Leishmania species: L. major Friedlin (Fernandes et al., 2016)
(BioProject PRJNA290995), L. donovani evaluated in two studies
(Cuypers et al., 2017) (BioProject PRJNA375925) and (BioProject
PRJINA2915321), L. braziliensis M2903 (BioProject PRINA494068).
Expression data for L. infantum were obtained using microarray tech-
nology (Rochette et al., 2009) (BioProject PRINA110243). Metadata for
all RNA-seq studies are presented in Supplementary Table 3. After
normalization and transformation of expression data, 2270 non-unique
proteins were removed, advancing 6502 orthology groups for further
analysis.

By analyzing the subcellular localization of Leishmania proteins, we
were able to enrich the annotations of their positions within the sub-
cellular compartment, shedding light on their organization and func-
tional roles within the cell. Orthology groups were constructed between
Leishmania proteins and the T. b. brucei TREU 927 proteome (composed
of 11203 proteins). Of these, 157 groups were composed of proteins
from T. b. brucei TREU 927 without a defined location by the TrypTag
data, which were removed from the analysis, yielding 4427 groups. The
subcellular location annotations of T. b. brucei TREU 927 proteins were
propagated to Leishmania proteins in the same group to determine their
subcellular localization (Fig. 2A). The consensus of subcellular predic-
tion tools revealed that 16.3% (3884) of the Leishmania proteins were
classified as “Cell Periphery/Secreted,” with the most frequently
observed term being “Nucleus”, accounting for 34.7% of the total. These
results are consistent with findings from previous studies in eukaryotes
(Barylyuk et al., 2020; Fagerberg et al., 2011) (Fig. 2B).

3.1.4. Protein categorization according to their essentiality

Data for T. brucei protein phenotyping was used as a reference to
determine essentiality of Leishmania proteins (Alsford et al., 2011). 4591
orthology groups containing at least one protein from Leishmania species
and one of T. brucei were disclosed (Fig. 1C). This approach led to the
identification of 1399 Leishmania proteins (377 groups) that were
defined as essential in our study.

Metabolic networks of Leishmania species were reconstructed and
analyzed as graphs to calculate topological metrics. Table 2 shows the
number of enzymes and pathways found, while Fig. 2C displays the
metabolic pathway of L. infantum as a graph. 3683 proteins were clas-
sified as choke points, with each species varying in the number of an-
notated enzymes, possibly because of different sequencing technologies
and annotation tools used. The Pathway/Genome Database (PGDB) files,
allowing reuse of this model, can be found in the Data Availability
section.

3.1.5. Classification of proteins according to their druggability

Structural data from the PDB and homology-based models were used
to identify potential protein cavities and their corresponding DS for
Leishmania species. As expected, most proteins did not have crystallized
structures deposited in the PDB, with the vast majority of structures
obtained from the modeling pipeline (Table 3). By means of comparison,
the DS of all ligand-bound structures present in PDB95 (non-redundant
subset) were calculated. The majority of Leishmania proteins were
classified as highly druggable, with an enrichment of DS in their pre-
dicted pockets compared to the PDB95 subset (Fig. 2D).

3.1.6. Target prioritization

In this study, 6502 orthology groups of Leishmania proteins were
identified and ranked based on their potential to serve as a target. The
ranking was determined by considering various factors such as conser-
vation, absence of homologs in the human genome, and expression in
the pathogenic form of the parasite. The data were used as variables in
the RFDT function to calculate scores for each protein.

All 23897 proteins that passed through the filter steps were mapped
to their orthology groups. The top 20 orthology groups with highest
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Fig. 2. A) Bar graph illustrating the count of terms associated with each protein that passed the filtered steps, normalized by method 1 (experimental + compu-
tational). *Nlm refers to the term intracellular non-membrane-bounded organelle. B) Frequency of subcellular location terms associated with each protein that passed
the filtered steps, determined by the consensus of strictly computational tools. C) Metabolic network of L. infantum JPCM5. Nodes represent pathway reactions, with
edges between node pairs indicating that the product of one reaction is used as a substrate for the next reaction. Node size is proportional to the betweenness
centrality. The 10 most central reactions are labeled in figure. D) Violin chart displaying druggability values. The curve for Leishmania represents the druggability
score distribution of all structural models for the four studied Leishmania species, while the curve for PDB represents the druggability score distribution of all proteins
bound to a compound in the PDB. Quartiles are represented by: Q1 (1st quartile), Q2 (2nd quartile, median), and Q3 (3rd quartile).".

Table 2
Metabolic reconstruction metrics.

Metabolic reconstruction L. infantum L. major L. donovani L. braziliensis
metrics

Pathways count 137 140 104 103
Enzymes count 1152 1174 845 843

average RFDT are presented in Table 4 along with the biological process
and most frequent protein product associated. In Supplementary
Table 4, the information regarding the top 100 clusters as determined by
RFDT are presented, providing comprehensive details about the con-
stituent proteins. For ortholog groups, the average of RFDT scores were
calculated. The complete set of proteins that compose the top 20
orthology groups present attractive druggability features: they have less
than 40% sequence identity to the human host proteome; were predicted
as essential; the majority were structurally classified as highly druggable

Table 3
Metadata from structural models for Leishmania proteins generated in this work,
using the methodology of reconstruction by structural homology.

Genomes Nb. of crystal structures Predicted structural
available models
L. braziliensis 117 4289
M2904
L. donovani HU3 260 4438
L. infantum JPCM5 107 4682
L. major Friedlin 121 6535

or druggable; and are expressed above the 50th percentile of expression
in the amastigote form.

Beyond the top-ranked proteins, we extended our investigation to
include proteins annotated as hypothetical, which have remained poorly
characterized in the existing literature. Our aim was to gather additional
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Table 4

Top 20 orthology clusters with highest RFDT, representing groups of proteins with high potential to be targets for the search of new or repositioning drugs for the

treatment of pathogenic Leishmania spp.
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Aggregated Cluster ID Process Common product” Presence in the 4 selected species®
rank” . . e .
L. major L. infantum L. braziliensis L. donovani

1 cluster3320  Protein ubiquitination Ubiquitin-activating enzyme E1

2 cluster6048  Ubiquitin-dependent protein Ubiquitin-conjugating enzyme E2 N v
catabolic process

3 cluster5827  Seryl-tRNA aminoacylation Seryl-tRNA synthetase v Nl v N4l

4 cluster3210  Pentose-phosphate shunt 6-phosphogluconate dehydrogenase N v v v

decarboxylating

5 cluster332 Asparaginyl-tRNA Asparaginyl-tRNA synthetase Nl v Nl
aminoacylation

6 cluster945 Purine nucleotide biosynthetic Adenylosuccinate lyase Nal v v
process

7 cluster3744  Tricarboxylic acid cycle 2-oxoglutarate dehydrogenase E2 component v Nl v N4l

dihydrolipoamide succinyltransferase

8 cluster61 Prolyl-tRNA aminoacylation Prolyl-tRNA synthetase Nal v v Vil

9 cluster5049  Phosphatidylethanolamine Choline kinase N v v
biosynthetic

10 cluster5561  Protein ubiquitination Ubiquitin-activating enzyme E1 Vi N4l v v

11 cluster3806  Absence of annotation Cytochrome c oxidase subunit VI N v v

12 cluster5273  Nicotinate nucleotide Nicotinatephosphoribosyltransferase N Nl v v
biosynthetic process

13 cluster4732  Ubiquitin-dependent ERAD Ubiquitin-conjugating enzyme E2 Nal N4l Nl
pathway

14 cluster3098  Protein K63-linked Ubiquitin-conjugating enzyme E2 Nal N4l Nl v
ubiquitination

15 cluster1388  Protein ubiquitination Ubiquitin-conjugating enzyme E2 v v N4l v

16 cluster1475  Respiratory chain complex IV Cytochrome c oxidase assembly factor v Nl v v
assembly

17 cluster1599  Protein neddylation Ubiquitin-activating enzyme N N4l v

18 cluster4417  Ubiquitin-dependent protein Ubiquitin-conjugating enzyme E2 v v v
catabolic process

19 cluster5524  Protein ubiquitination Ubiquitin-conjugating enzyme Vi Nl v

20 cluster4611 Unsaturated fatty acid Fatty-acid desaturase v v v

biosynthetic process

@, an average of the RFDT score of the proteins that formed the orthology cluster.

b | the protein product most frequently listed in the cluster.

¢, the presence of proteins representing the four species of Leishmania studied present in the clusters that passed the filters defined in the methodology.

information that might position these proteins as potential targets.
Among the top 100 clusters (Supplementary Table 5), we identified
three clusters comprising hypothetical proteins, ranked 25th, 84th, and
91st, respectively. To augment our understanding, we employed Pfam
for exploring associated domain families, executed structural pre-
dictions, conducted homology assessments, and carried out functional
annotations utilizing AlphaFold, US-align and PDB data. These analyses
were further enriched with insights from Leishmania proteomics dataset
(Burley et al., 2017; Paysan-Lafosse et al., 2023; Wheeler, 2021; C.
Zhang et al., 2022).

4. Discussion

To accelerate the identification of target proteins for the develop-
ment of novel antileishmanial drugs, extensive metadata related to
pathogenic Leishmania species was mined, generated, processed, linked,
and classified. The result was the creation of a digital collection,

specifically designed for the scientific community, including chemists,
with the aim of advancing knowledge in the field of neglected diseases
and drug development against Leishmania parasites.

Among the top 20 highly ranked candidates, nine were found to be
associated with metabolic processes and common products in the
ubiquitination pathway (Table 4). Additionally, three were associated
with tRNA aminoacylation, two with electron transport chain, as well as
pentose-phosphate pathway (PPP) and purine synthesis. These processes
are frequently recognized as targets in the literature and some have
already been the focus of proposed formulations or ongoing studies for
combating infections (Bijlmakers, 2020; Boitz et al., 2013; Fidalgo and
Gille, 2011; Jakkula et al., 2021; Luque-Ortega and Rivas, 2007; Rubio
Gomez and Ibba, 2020). This finding supports the effectiveness of in
silico prioritization in predicting biologically meaningful target proteins.
Next, we detail some of these biological processes, as well as propose
new targets disclosed by the integrative methodology.
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4.1. Ubiquitination pathway

Ubiquitination is a post-translational protein modification process in
which one or more ubiquitin molecules (Ub) are covalently attached
(tagged) to a substrate protein. It is an essential mechanism of eukary-
otes that regulates a variety of cellular processes and plays an important
role in several human diseases (Popovic et al., 2014). The best-known
function is the quality control of defective proteins by the proteasome
degradation system (John Mayer et al., 2008; Karin and Ben-Neriah,
2000; Zinngrebe et al., 2014). Three enzymes participate in the ubiq-
uitination pathway: ubiquitin activating enzyme (E1 or UBE), ubiquitin
conjugating enzyme (E2), and ubiquitin ligase (E3). Leishmania possess a
complete repertoire of orthologous genes for the synthesis of E1, E2, and
E3 enzymes, making this pathway an attractive target for anti-
leishmanial drug development, especially considering its essentiality in
other trypanosomatids (Alsford et al., 2011; Bijlmakers, 2020; Burge
etal., 2020; Gupta et al., 2018). Compound TAK-243 is the first inhibitor
of human UBA1, targeted for therapeutic treatment of some types of
cancer (Barghout et al., 2019; Borgo et al., 2022; X. Zhang et al., 2022).
The repositioning of TAK-243, with few modifications in structure, was
suggested for the inhibition of UBA1 orthologs in T. brucei, T. cruzi and
Leishmania (Boer and Bijlmakers, 2019).

4.2. tRNA aminoacylation

Another class of proteins that were ranked in the top 20 are
aminoacyl-tRNA synthetases (aaRSs). These widely distributed enzymes
are responsible for catalyzing the first step of protein synthesis, the
binding of tRNA with its cognate amino acid, guided by the tRNA triplet
anticodon (Pang et al., 2014; Rubio Gomez and Ibba, 2020). Recent
research shows that aaRSs play a role in several cellular processes
beyond translation, including antiviral immunity, inflammation and
gene regulation (Katsyv et al., 2016; Mirande, 2017; Yakobov et al.,
2018). Processes related to protein biosynthesis are one of the primary
targets in the development of antimicrobial drugs, including the ribo-
somal production of proteins (Wilson, 2014), which places aaRSs among
highly attractive targets. Marketed drugs, such as borrelidin (which in-
hibits threonine-tRNA synthetase), muropicin (a broad-spectrum anti-
biotic), and halofuginone (an antiprotozoal), have their mechanisms of
action based on the inhibition of aaRSs activity through different
effector mechanisms (Fang et al., 2015; Kwon et al., 2019; Rubio Gomez
and Ibba, 2020). In Leishmania, aaRSs have been identified as a consis-
tent target for drug development, due to their essentiality and the
presence of pockets, with differences in the structure and number of
catalytic domains compared to human aaRSs (Kelly et al., 2020; Kush-
waha and Capalash, 2022; Pham et al., 2014).

Clusters assigned to aaRSs appeared at 3 positions in the top 20.
These results support the validity of the methodology in identifying
potential target proteins in the parasite and highlight the significance of
diverse types of aaRSs as drug targets. To mitigate the possibility of
resistance to aaRSs inhibitors, it is recommended to develop a com-
pound or a combination of compounds that target various types of
aaRSs. This multi-target approach can be achieved by utilizing the
unique structures of Leishmania’s aaRSs (Kushwaha and Capalash,
2022).

4.3. Purine salvage

Leishmania are purine auxotrophs and rely on the host and vector’s de
novo pathways to obtain the purine ring, which is essential for their
survival and growth. Furthermore, the parasite possesses the purine
salvage pathway, facilitating the recycling and incorporation of ac-
quired nucleosides, nucleotides, and nucleic acids into its purine pool.
Given these characteristics, the purine salvage pathway has been
focused by numerous studies and proposed as a potential drug target
(Ansari et al., 2016; Boitz et al., 2012; Carter et al., 2008).
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The enzyme adenylosuccinate lyase (ASL), which comprises the
proteins at the 6th position, catalyzes the final step in the conversion of
inosine monophosphate (IMP) into Adenosine monophosphate (AMP). It
functions as a bottleneck in the purine salvage pathway of the parasite
(Boitz et al., 2013; Tsai et al., 2007). ASL is a well-established protein
target in the literature, and studies have shown that null mutants of ASL
in L. donovani exhibit a restricted growth phenotype and a reduced ca-
pacity to infect murine macrophages (Boitz et al., 2013; Bora and Jha,
2020; Galina et al., 2017).

4.4. Pentose phosphate pathway (PPP)

6-phosphogluconate dehydrogenase (6PGD) proteins, which are
ranked in the 4th position (Table 4), belong to a well-known class of
enzymes. 6PGD plays a crucial role in the initial stages of the PPP,
facilitating the catalytic conversion of 6-phosphogluconate (6 PG) into
ribulose-5-phosphate, accompanied by the transformation of NADP +
into NADPH. The former product plays an important role in preserving
the redox balance, which is pivotal for intracellular pathogens like
Leishmania, particularly in the amastigote stage. As a result, both 6PGD
and the pathway as a whole have garnered attention as promising can-
didates for targeted drug development (Berneburg et al., 2023; Dhumal
et al., 2022; Stincone et al., 2015; Van Assche et al., 2011). 6PGD has
been demonstrated to be essential in T. brucei and various eukaryotes,
establishing it as a viable drug target in numerous organisms (Alsford
et al., 2011; Jakkula et al., 2021; Kerkhoven et al., 2013).

Despite its presence in humans, the crystal structure of 6PGD in
T. brucei (Tb6PGD) revealed a distinct active site configuration (Phillips
etal., 1998). The Leishmania 6PGD counterpart exhibits specificities that
differentiate its structure and functionality. Notably, it lacks
Gly-Ser-rich sequences at its C-terminal. This disparity stands as a sig-
nificant argument favoring 6PGD as an antileishmanial drug target. In
Tb6PGD, various inhibitor classes, including carbohydrate analogs, re-
action intermediates, non-carbohydrate analogs, and triphenylmethane
compounds, have shown notable specificity (Hanau et al., 2004).
Moreover, there is the potential for selective inhibition through gold
(D-containing compounds, such as the approved drug auranofin (Ber-
neburg et al., 2023; Jakkula et al., 2021).

4.5. Electron transport chain (ETC)

The ETC stands as one of the most extensively studied biochemical
processes, playing a central role in converting proton electrochemical
gradients into cellular energy, ultimately producing ATP. This process is
of utmost significance in sustaining eukaryotic life, as it is responsible
for generating energy that drives a variety of essential cell processes
(Cogliati et al., 2021; Zhao et al., 2019).

At the core of this intricate system, cytochrome c oxidase (COX), also
known as complex IV, serves as the terminal electron acceptor in the
ETC, shuttling electrons to oxygen, leading to formation of water. COX is
a multi-enzymatic complex composed of numerous subunits and as-
sembly factors (Vercellino and Sazanov, 2021; Watson and McStay,
2020). COX biogenesis is a process that relies on several
post-translational modifications, maturation, translocation and other
finely tuned processes that are orchestrated by the assembly factors
(Timon-Gomez et al., 2018). Although the complex structure and as-
sembly are highly conserved across eukaryotes, several reported dif-
ferences offer potential avenues for exploration in the pursuit of
potential targets (Mansilla et al., 2018; Sen and Majumder, 2008; Wat-
son and McStay, 2020).

In our results, we have identified two distinct clusters (positions 7
and 9 in Table 4) corresponding to a subunit and an assembly factor,
respectively, of COX. In general, ETC complexes are often considered
potential drug targets in intracellular parasites due to differences in their
formation, composition, and functioning compared to human mecha-
nisms (Fidalgo and Gille, 2011; Fisher et al., 2020; Sen and Majumder,
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2008). In particular, miltefosine is a COX inhibitor, while other enzymes
involved in the oxidative phosphorylation pathway have also been
studied as targets, such as cyclobenzaprine (Lima et al., 2022).

4.6. Novel targets

In the previous sections, we discussed metabolic functions that have
been previously proposed as druggable for other organisms, and now
emerge as plausible targets for pathogenic Leishmania as well. However,
some groups in our top ranked proteins have never been proposed as
druggable, and thus represent a set of potentially novel targets that
could be further explored in the trypanosomatid drug discovery pipe-
lines considering the biological evidence presented herein.

The nicotinate phosphoribosyltransferase enzyme (NaPRT) catalyzes
the conversion of nicotinic acid (Na) into nicotinic acid mononucleotide
(NaMN), representing the initial step in the Preiss-Handler pathway for
NAD" production, a molecule that participates in various biological
processes, including electron transport, redox reactions, and cellular
signaling (Gossmann et al., 2012). In the case of Leishmania, NAD" is an
auxotrophic essential metabolite, being synthesized from precursors
such as Na obtained from the host environment through the
Preiss-Handler pathway, the exclusive route to synthesize NAD" in
Leishmania (Gazanion et al., 2011). The cluster in the 8th position is
composed of putative NaPRT enzymes found in Leishmania species.
Although many enzymes involved in the production of NAD * have been
identified as potential targets, NaPRT has received less attention despite
its important role in NAD ™" synthesis (Gazanion et al., 2011; Ortiz-Joya
et al., 2022; Singhal and Cheng, 2019). One possible reason for this is
that NaPRT is conserved across eukaryotes, including humans, which
may lead to unwanted cross-reactions. Therefore, it is imperative to
conduct a thorough characterization of NaPRT, elucidating its func-
tioning and coenzyme affinity, to ascertain its potential as a specific drug
target.

The tricarboxylic acid cycle, also recognized as the Krebs cycle or
citric acid cycle, plays a fundamental role in the energy metabolism of
all oxidative organisms. Additionally, the TCA cycle is associated with
the regulation of chromatin modifications, DNA methylation, and post-
translational modifications of proteins (Akram, 2014; Martinez-Reyes
and Chandel, 2020). However, a lesser-known role of the TCA cycle is its
involvement in intracellular ROS homeostasis. This control is achieved
through the regulation of key enzymes, such as the inhibition of
a-ketoglutarate dehydrogenase (KGDH) complex resulting in the accu-
mulation of a-ketoglutarate (KG), which acts as an antioxidant (Mailloux
et al., 2007).

The cluster in the 4th position comprises dihydrolipoamide succi-
nyltransferases (DLST), key components of the structural core of KGDH
responsible for converting o-ketoglutarate into succinyl-CoA (Ranjan
and Dubey, 2023). Remarkably, the DLST protein in T. brucei serves a
dual function. In addition to its role in the TCA cycle, it participates in
the tripartite attachment complex, a molecular structure crucial for
kDNA segregation during cell division (Amodeo et al., 2021; Sykes and
Hajduk, 2012). Insufficient knowledge is available concerning DLST
function besides TCA cycle in Leishmania, and further characterization is
necessary.

4.7. Clusters of interest among the top 100

The polyamine pathway is a well-established drug target for trypa-
nosomatids, exerting significant influence on the cell growth, differen-
tiation, cellular redox reactions and parasite proliferation (Singh et al.,
2013). S-adenosylmethionine decarboxylase (AdoMetDc) plays a crucial
role in this pathway (Supplementary Table 5), catalyzing the formation
of decarboxylated S-adenosylmethionine. This compound acts as an
aminopropyl group donor for the synthesis of spermidine from putres-
cine, a central metabolite in this pathway (Mishra et al., 2015).
Knockout studies in Leishmania demonstrate that the deletion of
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AdoMetDc reduces infectivity compared to wild-type parasites (Roberts
et al., 2002). Inhibitors for Leishmania AdoMetDc have been identified,
such as 5-(((Z)-4-amino-2-butenyl)methylamino)-5-deoxyadenosine
and methylglyoxalbis (guanylhydrazone) (Carter et al., 2022).
Leishmania are auxotrophic for purines, depending on the acquisition
of their precursors from their host, making this metabolic pathway a
crucial target for drug development. The enzyme 5-methyl-
thioadenosine phosphorylase (MTAP) plays a role in the recycling and
salvaging of purine (Supplementary Table 5). MTAP cleaves 5-methyl-
thioadenosine into adenine and 5'-methylthioribose-1-phosphate, which
are incorporated into the salvage pathways of purine (Abid et al., 2017;
Bacchi et al., 1991). Moreover, MTAP is intricately linked with the
methionine cycle and polyamine synthesis pathways. The accumulation
of 5-methylthioadenosine, a byproduct of the polyamine pathway,
serves as an inhibitory factor, disrupting the normal progression of
polyamine synthesis (Hofer, 2023). MTAP has emerged as a promising
target for chemotherapy, resulting in the creation of specialized
transition-state analogs (Abid et al., 2017; Sufrin et al., 1991).
Dihydrolipoamide dehydrogenase (DLD) orthologs also presented
with desirable druggability features during our prioritization (Supple-
mentary Table 5). DLD is a mitochondrial enzyme essential for energy
metabolism across eukaryotes (Babady et al., 2007), exerting an anti-
oxidant action through the scavenge of nitric oxide and reducing ubi-
quinone to ubiquinol (Xia et al., 2001). Mitochondrial DLD was found
differentially abundant in drug-resistant L. infantum strains, suggesting
its association with energy metabolism in resistant parasites (Vincent
etal., 2015). Compounds aimed at modulating the function of DLD could
be used as a potentiator of miltefosine and antimony effects.
Phosphoribosyl pyrophosphate (PRPP) is an essential metabolite for
pyrimidine synthesis, and also participates in production of NAD, NADP,
histidine and tryptophan, as well as the salvage pathway and the de novo
synthesis of purines (Li et al., 2007). Phosphoribosyl pyrophosphate
synthetase (Supplementary Table 5) catalyzes the synthesis of PRPP in
Leishmania (Eriksen et al., 2000), and although these pathways have
been recognized as druggable (J et al., 2021), this enzyme has not been
characterized as a target in the literature. Our results suggest its po-
tential to act as a drug target, with some limitations such as the presence
of a human ortholog (albeit with low sequence identity, <30%) and the
presence of possible paralogs in the Leishmania genome (in L. major,
LmjF.08.1130 and LmjF.36.5390). Expression data analyzed here
showed high levels of expression in the amastigote stage, the presence of
druggable cavities, and a role as a choke point. Together, these results
reveal a possibility that these groups of orthologs are proteins with a
biologically relevant function that could be further explored.

4.8. Hypothetical proteins

All the L. major protein representatives from the 3 clusters annotated
as hypothetical proteins (ranked 25th, 84th and 91st) were found to
have an abundance greater than the 50th percentile in the promastigote
form, as indicated by a quantitative proteomics study conducted by
Polanco et al. (2022), potentially countering the hypothetical nature of
these proteins.

The top 84 cluster exhibited a low TM-score (<2.7), indicating a
limited similarity to the human augmin complex and the S. cerevisiae
spliceosome (C complex). On the other hand, the top 25 and 91 clusters
did not yield any structural similarity. While these outcomes provide
evidence towards the bona fide nature of these proteins, as supported by
proteomics data, additional investigations are imperative to elucidate
their functions in Leishmania.

4.9. Limitations and strengths of this work
This work presents several previously recognized and new potential

drug targets that could be further developed in the context of trypano-
somatid drug discovery, although there are also several limitations and
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challenges for these analyses. First, Leishmania biology presents with
paucity of experimental data as compared to other pathogens, and only
in recent years large-scale genomic resources have become available. To
overcome this limitation, we relied upon extensive comparative geno-
mics between Leishmania and other related parasites for which large-
scale data, such as essentiality and localization, were already avail-
able, with the underlying rationale that biological characteristics and
properties shared between these organisms reflect conservation among
their genes and functions. When no experimental data were available,
we relied upon computational tools to predict properties such as protein
localization, structure, and essentiality, which also presents with their
underlying challenges, specifically those that were trained using data
outside the range of trypanosomatids (Sunter et al., 2023). For instance,
caution is required in interpreting the essentiality data from T. brucei,
considering the extrapolation of findings between distinct life stages and
species. However, this strategy served as an alternative to address the
limitations associated with the lack of high-throughput essentiality data
for Leishmania. We applied a consensus-based approach to minimize the
effects of biases in individual tools that perform protein localization, as
well as employed different computational strategies to infer metabolic
essentiality, coupled with manual pathway annotation. In addition to
serving as a computational repository of target candidates for the sci-
entific community, the resources presented in this work also represents a
compendium of general knowledge of trypanosomatid biology.
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IMP: Inosine Monophosphate

KGDH: a-Ketoglutarate Dehydrogenase Complex
NAD+: Nicotinamide Adenine Dinucleotide
NaPRT: Nicotinate Phosphoribosyltransferase
NTDs: Neglected Tropical Diseases

PDB: Protein Data Bank

Pfam: Protein Families Database

PD: Poorly Druggable

PRPP: Phosphoribosyl Pyrophosphate

rRNA: Ribosomal RNA
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RFDT: Ranking Function of Druggable Targets
RNAi: RNA Interference

snoRNAs -: Small Nucleolar RNAs

SRA/NCBI -: Sequence Read Archive

TCA: Tricarboxylic Acid Cycle

TM-score: Template Modeling score

TP: Target-Pathogen

UBA1: Ubiquitin Activating Enzyme 1

Ub: Ubiquitin Molecules

VL: Visceral Leishmaniasis
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