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A B S T R A C T

Theileriosis, caused by protozoan parasites of genus Theileria, primarily affects both domestic and wild rumi
nants. It can lead to significant economic losses in livestock farming due to decreased productivity and high 
mortality rates in susceptible animals, while treatment measures are not cost-effective. Since most of mechanisms 
of this disease remain unknown, this study investigates the differences in the mode of pathogenesis between 
transforming and non-transforming groups through an in silico comparative proteomics approach to recognize 
the key players involved in host cell transformation. Although the major biological processes and molecular 
functions are almost conserved between the two groups, PEST-motif containing secretory proteins of SfiI, SVSP, 
and Tash-AT gene families were identified as important candidates with the potential to transform infected host 
cells. Several members of PEST-motif containing proteins possess signal peptides, nuclear localization signals, 
and trans-membrane helices, further supporting their potential to transform host cells. Additionally, structural 
analysis helped in the identification of a parasitic protein (SfiIp) from SfiI family as a plausible drug target. 
Virtual screening revealed FDA-approved drugs (i.e. atogepant and rimegepant) as promising compounds, 
showing the highest affinity for SfiIp during molecular docking. Further studies, including molecular dynamics 
simulation, principal component analysis, and free energy landscape, suggested that these drug molecules exhibit 
the stable interaction with protein. Therefore, our research could facilitate the identification and targeting of 
novel drug candidates that may be further implemented to recognize effective therapeutics against Theileria 
infections.

1. Introduction

Theileriosis causes immense economic loss to the dairy industry and 
farmers worldwide, particularly impacting domestic livestock, including 
both large and small ruminants, which results in the death of nearly one 
million cattle every year only in Africa.1,2 Theileria parasites, causative 
agents of theileriosis, belong to the order Piroplasmida within the 
phylum Apicomplexa, and are transmitted by at least four different 
genera of ticks.3 There are several known species of Theileria, whereas 
whole genome sequencing data are available for only a few.4 Among the 
four species for which whole genome sequencing data are publicly 
available, T. annulata (TA) and T. parva (TP) are implicated as the most 

critical forms of the disease, i.e., tropical theileriosis and east coast fever 
(ECF), respectively. These species are also referred to as ’transforming 
species’ because they can transform infected host lymphocytes, leading 
to their indefinite proliferation. T. orientalis (TO) results in oriental 
theileriosis and is classified as a non-transforming species due to its 
inability to transform host cells, and it mainly multiplies within the 
infected erythrocytes.5 T. equi (TE) triggers equine piroplasmosis and is 
regarded as an outlier due to its controversial phylogenetic position, 
situated between Babesia bovis and Theileria species.6 It also lacks the 
homologs of putative host cell-transforming genes present in TA and TP. 
Hence, it is imperative to speculate that epidemiological differences and 
variation in their mode of pathogenesis, along with the clinical 
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symptoms have resulted in the speciation of transforming species from 
the non-transforming group.

Knowledge of the life cycle of a parasite is essential for developing 
effective disease control strategies and identifying potential drug tar
gets. Theileria completes its life cycle in two hosts: the definitive host 
(tick), where the parasite undergoes sexual reproduction, and the in
termediate host (ruminant), on which the asexual life cycle occurs. 
Among the group of obligate intracellular parasites responsible for dis
eases in both animals and humans, Theileria is unique as the only genus 
capable of transforming the cells of its mammalian hosts. In contrast to 
the transforming species, TO lacks host cell proliferation, leading to the 
enlargement of host cells. Infection and treatment method (ITM) is a 
vaccination strategy used to control theileriosis, employing either a 
single parasite isolate or the Muguga cocktail.7,8 However, ITM has 
drawbacks such as the disease recurrence, cumbersome storage, and 
handling requirements, which make it difficult to implement effectively. 
Simultaneously, several drugs have also been tested against Theileria 
species but they have either proven ineffective or possessed toxicity. 
Tetracyclines such as chlortetracycline and oxytetracycline were shown 
to prevent clinical signs of ECF, arrest schizogony in lymphoid cells, and 
reduce parasitemia.9 Similarly, a naphthoquinone (menoctone) 

demonstrated antitheilerial activity, but was soon replaced by bupar
vaquone (hydroxynaphthoquinone) due to its superior clinical effi
cacy.10 Nevertheless, the parasite developed resistance to this drug by 
creating mutations in the Q0 quinone-binding site of the mitochondrial 
cytochrome b.10 Hence, there is a dire need for the identification of new 
targets and the development of drugs, which are easy to produce, cost- 
effective with minimal risk factors associated with them.

In this study, we utilized available proteome data to perform an in 
silico comparative analysis of Theileria species aiming to uncover dif
ferences in their modes of pathogenesis and identify potential drug 
targets along with their specific inhibitors. In order to identify the 
proteins of Theileria that are responsible for transforming host cells, a 
systematic functional analysis of the proteomes was carried out. 
Furthermore, the three-dimensional structure of the target protein 
(SfiIp) was predicted using in silico approach, followed by an evaluation 
of its ligand binding sites. Virtual screening of FDA-approved drugs was 
then performed to identify potential therapeutic candidates. Subse
quently, molecular dynamics simulations (MDS) were employed to 
validate the structural changes induced by the binding of these drugs to 
the protein of interest.

Fig. 1. Schematic representation of the comparative proteome and structure-based analysis for identifying the drug targets and inhibitors of Theileria species.
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2. Materials and methods

2.1. Species selection

Three species of Theileria were chosen from different known species 
based on information available on their whole genome sequences. Of 
them, TA causes the deadliest form of disease with the ability to trans
form host cells, TO does not transform host cells, whereas TE is 
considered as an outlier. A detailed flowchart of methodology followed 
in this manuscript is represented in Fig. 1.

2.2. Phylogenetic tree analysis

The proteomes of all the species were obtained from NCBI (ftp://ftp. 
ncbi.nlm.nih.gov/) in FASTA format for phylogenetic analysis. In total, 
our dataset included eleven species, namely, four Theileria species and 
other representative members of the apicomplexan family: Babesia bovis, 
Cyclospora cayetanensis, Cryptosporidium parvum, Gregarina niphandrodes, 
Neospora caninum Liverpool, Plasmodium falciparum, and Toxoplasma 
gondii, which cause diseases such as babesiosis, cyclosporiasis, crypto
sporidiosis, neosporosis, malaria, and toxoplasmosis. To generate a 
phylogenetic tree, OrthoFinder,11 a command-line-based, fast, and 
reliable tool was executed that also infers orthogroups and orthologs 
using STRIDE.12 The phylogenetic tree obtained was finally visualised in 
Dendroscope 3.13

2.3. Gene ontology of Theileria proteomes

Since a major portion of Theileria proteomes is unannotated, 
Blast2GO from OmicsBox was used to annotate the proteomes of three 
Theileria species.14 Understanding ontological terms is one of the com
mon ways to interpreting the biological roles of an organism. Gene 
Ontology (GO) is a set of terms that represent the properties of a gene 
product and covers the following three main categories: (a) Biological 
process (BP), which involves through the coordinated actions of multi
ple molecular activities; (b) Molecular functions (MF), which describes 
the functions performed by the gene products at the molecular level; and 
(c) Cellular components (CC) that provides information about localiza
tion of a gene product i.e., the site where its functions are carried out. In 
the present study, a functional analysis module was chosen, wherein, 
‘DIAMOND CloudBlast’15 was employed to scan the whole proteomes of 
TA, TO, and TE. It is a high-throughput alternative program for aligning 
big sequence data against reference databases such as non-redundant 
and is 20,000 times faster than the speed of BLAST along with high 
sensitivity. To analyse the amino acid sequences and identify specific 
folds of protein domains, motifs, repeats, and conserved sites, Clou
dInterProScan (https://www.ebi.ac.uk/interpro/search/sequence/) 
was executed. Furthermore, ‘GO Mapping’ was utilized to retrieve GO 
terms associated with the hits acquired from BLAST search (https://blast 
.ncbi.nlm.nih.gov/). To link potential homologs and domains with their 
putative roles, mapping relies on available functional annotation in 
databases such as UniProt (https://www.uniprot.org/) and GO. Finally, 
‘Blast2GO Annotation’ (https://www.blast2go.com/) was implemented 
to assign the most reliable GO terms to the sequences from the GO pool 
obtained through the previous step of GO Mapping.

2.4. Presence of GPI-anchor, NLS, signal peptides, and TM-helices in 
proteins

As these target proteins have unknown functions and lack informa
tion on their interactions and the pathways they regulate, the presence 
of GPI-anchors, nuclear localization signals, and trans-membrane helices 
was correspondingly predicted by PredGPI (https://busca.biocomp. 
unibo.it/predgpi/), NucPred (https://nucpred.bioinfo.se/nucpred/), 
and Deep TMHMM (https://dtu.biolib.com/DeepTMHMM) web- 
servers.

2.5. 3D structures of host cell transforming proteins

Since the structures of proteins from host cell transforming gene 
families (SfiI, SVSP, Tash-AT) have not been reported in PDB database 
(https://www.rcsb.org), we employed in silico approaches to generate 
their 3D models. First, BLASTp (https://blast.ncbi.nlm.nih.gov/Blast. 
cgi?PAGE=Proteins) from NCBI was performed against our query se
quences with PDB as the data source. However, since no such homologs 
were found for any of them, we opted for ab initio model building by 
Robetta (a deep learning-based method, RoseTTAFold) that is based on 
the knowledge of protein folding (https://robetta.bakerlab.org/). 
Robetta ranks its predictions by a confidence score, typically ranging 
from 0 to 1, with a higher C-score indicating greater confidence in the 
model’s quality. On the basis of compactness and the C-score of pre
dicted models, only one structure (SfiIp) was selected for further anal
ysis. To enhance its structural accuracy, loop refinement was carried out 
using ModLoop (https://modbase.compbio.ucsf.edu/modloop/). For 
quality assessment of the selected model, it was subjected to PROCHECK 
(https://saves.mbi.ucla.edu/) and ProSA-web (https://prosa.services. 
came.sbg.ac.at/prosa.php/) servers.

2.6. Prediction of ligand binding cavities and sites

To approximate the ligand-binding cavities and residues, several web 
servers were employed. First, CASTp (http://sts.bioe.uic.edu/castp/ 
index.html?2cpk) was implemented to obtain information about the 
pockets, cavities, and channels present in the protein structures. Next, 
PrankWeb (https://prankweb.cz/) was executed that uses a machine 
learning approach to build models based on structural, physicochemical, 
and evolutionary features. This model was then utilized for the detection 
of ligand-binding sites on the surface patches, and the ligand-interacting 
residues were recorded.

2.7. FDA-approved drugs for virtual screening

The 3D structure of SfiIp was visualized in AutoDock Tools,16 and 
prepared for further use as described in previous studies.17,18 The 
monomeric state was considered by removing additional chains, 
repairing missing atoms, and adding polar hydrogen atoms. Kollman 
charges were then added, charges were distributed equally, and the 
optimized structure was saved in PDBQT format. Three-dimensional 
structures of 1984 FDA-approved drugs were obtained from the Drug
Bank database (https://go.drugbank.com/) in structure-data file (SDF) 
format as a single file, followed by splitting and energy minimization 
applying the MMFF94 force field of Open Babel.19

2.8. Docking of FDA-approved compounds with SfiIp

Molecular docking was carried out using AutoDock Vina version 
1.1.220 to assess the binding affinity of the drug molecules to the protein. 
The saved PDBQT protein file was utilized to incorporate the informa
tion regarding ligand-binding site residues applying ADT 1.5.6. The 
residues of pocket 1, obtained from PrankWeb, were marked to identify 
the conformational search space, and a grid box with dimensions 54 ×
58 × 80 Å3 was specified around the coordinates (19.813, − 8.643, 
− 31.621). Virtual screening was executed for the drug molecules indi
vidually, using a Perl script employed in the Vina program. All FDA- 
approved drugs screened were ranked based on their binding affinities 
(kcal/mol) for the target protein. PyMOL was used for visualization of 
the SfiIp-drug complexes after docking (https://pymol.org/2/). For the 
top 1 % (20 out of 1984) of the virtually screened FDA-approved com
pounds, their docking scores and the amino acids responsible for in
teractions with the ligands were analysed using LigPlot + v1.4.5 (htt 
ps://www.ebi.ac.uk/thornton-srv/software/LigPlus/).
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2.9. Molecular dynamics simulation (MDS) studies

To study the conformational flexibility and stability of apo SfiIp and 
its drug complexes, MD simulation was carried out in GROMACS version 
5.1.4.21 Topology file of protein was generated through OPLS force 
field,22 while the LigParGen web server23 was executed for generation of 
GROMACS structure (gro) and topology (itp) file of the ligands. The apo 
protein or protein–ligand complexes were solvated in a cubic box with 
the SPC/E water model, and neutralisation of all systems was performed 
by addition of sodium ions as per earlier studies.24,25 Steepest descent 
algorithm was utilised to carry out the energy minimization in 50,000 
steps, followed by equilibration of the systems for 100 ps through NVT 
and NPT ensembles, implementing the leap-frog integrator. Finally, MD 
simulation was run at 300 K for 100 ns with a time step of 2 fs. To assess 
the quality, conformational flexibility, and stability of the trajectories, 
parameters such as root mean square deviation (RMSD), root mean 
square fluctuation (RMSF), radius of gyration (Rg), solvent accessible 
surface area (SASA), and intermolecular hydrogen bond were corre
spondingly enumerated applying gmx rms, gmx rmsf, gmx gyrate, gmx 
sasa, and gmx hbond built-in commands in GROMACS as mentioned 
previously.26 All of these graphs were visualized through GraphPad 
Prism ver. 8 (https://www.graphpad.com/scientific-software/prism/).

2.10. Principal component analysis (PCA)

PCA in MD simulation studies is essential to understand the simul
taneous movement of different parts of a biological macromolecule, 
including both fast, local fluctuations and slow, collective motions. It 
significantly reduces the dimensionality of the configuration space while 
preserving as much variability as possible, facilitating both qualitative 
and quantitative assessments. To analyse principal component, the gmx 
covar module was executed to build the covariance matrix from the last 
40 ns of MD trajectory. The principal components (PCs) are the diagonal 
eigenvectors of the matrix, representing the protein’s correlated motion, 
whereas the eigenvalues depict the atomic contribution to the motion of 
protein–ligand complex systems. Additionally, gmx anaeig was used to 
evaluate the eigenvectors of the covariance matrix according to an 
earlier report.27

2.11. Free energy landscape (FEL)

FEL is a valuable tool in bioinformatics for analyzing the folding or 
aggregation behaviour of protein–ligand complexes following MD sim
ulations, providing insights into the stability of the protein. In this study, 
the principal component (PC) values were used as order parameters to 
enumerate the FEL using the ‘gmx sham‘ module in GROMACS. The FEL 
was generated based on the entire MD trajectory data. The Gibbs free 
energy (Gi) for each population bin (Ni) was calculated applying the 
equation: Gi = − kB*T*ln(Ni/Nmax), where kB is Boltzmann’s constant, T 
is the temperature (usually 300 K), Ni is the population of bin I, and Nmax 
is the population of the most populated bin. A colour model was 
employed to visualize the energy levels in plot, with red denoting the 
highest energy level (least stable states) and blue representing the lowest 
energy level (most stable states).

2.12. Binding free energy calculations

The stability of the protein-drug complexes after MD simulation 
studies was analysed by enumerating the free binding energy using the 
g_mmpbsa package28 integrated with GROMACS. This calculation was 
performed on every 0.1 ns frame from the last 20 ns of the MD simu
lation trajectories, as reported previously.29 The free binding energy 
calculation abides by the following formulas: 

ΔGbind = ΔGcomplex −
(
ΔGprotein + ΔG1igand

)
(1.1) 

ΔGbind,aq = ΔH − TΔS ∼ ΔEMM +ΔGbind,solv − TΔS (1.2) 

ΔEMM = ΔEcovalent +ΔEelectrostatic +ΔEVDW (1.3) 

ΔEcovalent = ΔEbond +ΔEangle +ΔEtorsion (1.4) 

ΔGbind,solv = ΔGpolar +ΔGnonpolar (1.5) 

ΔGbind represents the binding energy, while ΔGprotein, ΔGligand, and 
ΔGcomplex denote the free energies of the protein, ligand, and complex 
system, respectively. ΔGbind,aq is the binding free energy in an aqueous 
environment; ΔGbind,solv is the solvation free energy change; ΔEMM is the 
gas-phase molecular mechanical energy; TΔS delineates the conforma
tional entropy change upon binding; and ΔGpolar and ΔGnonpolar depict 
the polar and non-polar contributions to the solvation free energies.

3. Results

3.1. Transforming Theileria species possess smaller genomes

A comparative study of the selected eleven species (T. annulata, T. 
parva, T. orientalis, T. equi, B. bovis, C. cayetanensis, C. parvum, 
G. niphandrodes, N. caninum Liverpool, P. falciparum, and T. gondii) 
showed that the average size of the genomes considered was approxi
mately 23.5 Mbp, although variability among them was observed 
(Table S1). Out of these, T. gondii (64.53 Mbp), N. caninum (57.5). and 
C. cayetanensis (44.4 Mbp) had relatively larger genomes. Notably, TA, 
TP, and B. bovis possess almost equal genome sizes viz. 8.35, 8.3, and 8.2 
Mbp, respectively, while TO (9.1 Mbp) and TE (11.6 Mbp) have 
comparatively larger genome sizes, which were comparable to that of 
C. parvum (9.11 Mbp). In accordance with the fact that virulent organ
isms contain small genomes,30 the host-cell transforming species had a 
smaller genomic size than the non-host cell transforming species. The 
GC content of all the species showed considerable variation with an 
average of 41.1 %. However, C. cayetanensis, G. niphandrodes, 
N. caninum, and T. gondii had higher GC contents (52–55 %), followed by 
B. bovis (41.8 %), T. orientalis (41.6 %), and T. equi (39.5 %). Among the 
two transforming species i.e., T. annulata and T. parva have corre
sponding GC contents of 32.5 % and 34.1 %, whereas C. parvum and 
P. falciparum comprise 30 % and 19 %, respectively.

3.2. Babesia bovis is the last common ancestor of all Theileria species

Phylogenetic relationship analysis revealed the point at which the 
non-transforming species diverged from the transforming species, 
establishing an evolutionary link between them (Fig. 2). T. gondii and 
C. parvum share a different lineage from the other apicomplexan mem
bers and branch into a separate clade, whereas P. falciparum is the 
common ancestor of Theileria and Babesia species. Additionally, it is 
clear that the transforming and non-transforming Theileria species fall 
into two distinct clades, with the outlier species in a further separate 
clade. Therefore, TA and TP are more closely related to each other. It is 
also worth noting that the last common ancestor of all Theileria species is 
B. bovis, which has been reported as a highly pathogenic haemoproto
zoan parasite in cattle and is pathologically similar to P. falciparum that 
causes malaria in humans.31

3.3. Essential physiological processes are conserved across all Theileria 
species

The use of gene ontology is a common practice to understand the 
annotation of a particular gene product. To identify differences in the 
mode of pathogenesis among Theileria species, the whole proteomes of 
the transforming (TA), non-transforming (TO), and outlier species (TE) 
were evaluated. BLASTp was performed to find homologous protein 
sequences against these proteomes and the highest number of hits was 
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obtained from other Theileria species, Babesia species, Plasmodium spe
cies, and T. gondii.

3.3.1. Biological processes (BP)
A biological process is a method of carrying out a genetically- 

encoded program or module that includes all the necessary steps to 
achieve a specific biological goal. This process is executed through a set 

Fig. 2. Phylogenetic relationship of eleven apicomplexan species wherein numbers indicate the Bootstrap values. P. falciparum branches out from the clade 
constituting Theileria and Babesia species with B. bovis being the last common ancestor of all four Theileria species.

Fig. 3. Biological process distribution of three Theileria species. The green, red, and purple circles correspond to Theileria annulata, Theileria orientalis, and Theileria 
equi. The major biological processes remain mostly conserved in all three species with majority of the proteins participating in various metabolic processes and gene 
expression. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of functions performed at the molecular level by a particular gene 
product. It is tightly regulated and is often occurs in a specific temporal 
sequence. The BP distribution of all three Theileria species included 
processes related to organic substances, primary processes, cellular 
functions, nitrogen compounds, macromolecules, cellular nitrogen, 
organonitrogen compounds, metabolic processes, and gene expression 
(Fig. 3). This suggests that the basic physiological functions of the 
parasite are similar in the transforming, non-transforming, and outlier 
species, with majority of the proteins involved in various cellular pro
cesses, such as microtubule-based process, cell growth and maintenance, 
cell communication, and signal transduction. Other enriched BPs 
observed were nitrogen, organic and organonitrogen compound, and 
primary metabolic processes etc.

3.3.2. Cellular components (CC)
This ontological term provides information about the location of 

macromolecules when they are involved in a particular molecular 
function. CC describes the location of a gene product with respect to 
either cellular structures or compartments, or the macromolecular 
complexes of which they are part of. Fig. 4 revealed that a significant 
proportion of proteins in TA, TO, and TE were membrane-bound (~10 
%), indicating their role in host cell invasion. Around 6 % of the proteins 
were cytoplasmic and might interfere with host signal transduction 
pathways, thereby manipulating the immune response, and regulating 
parasite growth and survival. Moreover, nuclear proteins were found to 
constitute approximately 4 % of the parasite proteomes, playing essen
tial roles in gene expression, DNA replication, and repair.

3.3.3. Molecular functions (MF)
The MF distribution of all three categories of Theileria species, as 

shown in Fig. 5, includes the binding of organic cyclic compounds, 
heterocyclic compounds, ions, nucleic acids, nucleotides, nucleoside 
phosphates, and small molecules as well as hydrolase activity. Hence, it 
can be concluded that the major function of proteins at the molecular 
level involves either catalysis or binding of cognate ligands, indicating 
their importance in the pathogenesis of parasites. The catalytic activities 
encompass the modification of a nucleic acid or a protein such as 
cyclase, demethylase, hydrolase, isomerase, ligase, lyase, oxidoreduc
tase, and transferase. Binding, in terms of molecular functions, refers to 
the non-covalent interactions between two molecules, for example, the 
host cell surface binding activity. However, it should be noted that some 
proteins fall into more than one category.

3.4. PEST motif is exclusively present in transforming Theileria species

Protein sequences from TA, TO, and TE were analysed using Inter
ProScan to identify domains (Table S2, Fig. 6A), protein superfamilies 
(Table S3, Fig. 6B), various ligand binding sites (Table S4, Fig. 6C), and 
repeats (Table S5, Fig. 6D). The over-enriched protein domains were 
consistent across all species and included the AAA + ATPase domain 
(ATPases associated with diverse cellular activities), RNA recognition, 
helicase, and protein kinase domains (Table S2, Fig. 6A). The AAA +
ATPase domain participates in several cellular processes such as mem
brane fusion, proteolysis, and DNA replication. The RNA recognition 
domain partakes in single-stranded RNA binding, helicase superfamily 
1/2, ATP-binding domain, and helicase, C-terminal domain cause sep
aration of double-stranded nucleic acids in an energy-dependent 
manner, whereas the protein kinase domain phosphorylates proteins. 
The P-loop NTP hydrolase, which catalyses the hydrolysis of beta- 
gamma phosphate bond of a bound NTP, is one of the superfamilies 
that were over-represented in transforming, non-transforming, and 
outlier species. Other enriched superfamilies included WD40/YVTN 
repeat-like domain that helps in protein binding; the protein kinase 
superfamily which is a modulator of several signal transduction pro
cesses, and Armadillo-type fold superfamily which allows interaction of 
large substrates by providing an extensive solvent accessible surface 

(Table S3, Fig. 6B).
Moreover, differences were observed in the distribution of sites, with 

the PEST (proline-glutamic acid-serine-threonine) motif being present 
only in the transforming species and not in the non-transforming species 
(Table S4, Fig. 6C). The PEST-motif is a hydrophilic stretch of amino 
acids that is known to cause rapid proteolytic degradation.32 Addition
ally, the thirty-three PEST-motif containing proteins in TA considered 
for further analysis were distributed across three gene families – SfiI, 
SVSP, and Tash-AT, with 2, 18, and 13 members in each of them, 
respectively. The highly represented repeats observed in transforming, 
non-transforming, and outlier species included proteins of unknown 
function (DUF529, WD40), and tetratricopeptide repeat (TPR) 
(Table S5, Fig. 6D). The Theileria-specific FAINT domain (DUF529) is a 
repeat of 70 residues long with a conserved aromatic residue in the 
centre. The presence of the FAINT domain is a characteristic of the 
macroschizont secretome proteins.33 The WD40 repeat is a compact 
motif consisting of approximately 40 amino acids, typically ending with 
a Trp-Asp (W-D) dipeptide sequence. Proteins containing this motif are 
commonly involved in signal transduction, protein–protein or protein- 
DNA interactions, transcription regulation, and cell cycle control. Pro
teins containing the TPR motif play crucial roles in mediating pro
tein–protein interactions and facilitating the assembly of multi-protein 
complexes. They are also involved in various cellular processes, such as 
cell cycle regulation, transcriptional control, protein transport to mito
chondria and peroxisomes, neurogenesis, and protein folding.

3.5. GPI-anchors, NLSs, signal peptides, trans-membrane domains of 
transforming Theileria species

Several proteins from TA that harboured PEST-motifs also possessed 
signal peptides, i.e., 29 out of 33, which indicate their possibility to be 
secreted into the cytoplasm of host cell, allowing them to alter signalling 
pathways (Table S6). Moreover, 20 members of the PEST-motif con
taining proteins had nuclear localization signals (NLS), which could 
facilitate their translocation into the host cell nucleus, where they may 
modulate the expression of important genes, ultimately contributing to 
host cell transformation. Additionally, 9 out of 33 proteins were found to 
have trans-membrane (TM) helices, suggesting their involvement in 
host-parasite interactions and the regulation of signal transmission, 
while none of the proteins contained GPI-anchors (Table S6). These 
findings align with a previous study in which proteins with signal pep
tides, NLS, and TM helices were shown to play a key role in host cell 
transformation.34 Thus, the differential presence of PEST-motif con
taining proteins in TA can be associated with the adaptation of trans
forming Theileria species to preferential niches with specific host- 
parasite interactions.

3.6. Pest-motif containing proteins of transforming Theileria species

3.6.1. SfiI gene family
This sub-telomeric gene family contains an SfiI restriction site and 

some of its members share sequence similarity with members of the 
SVSP family35 with a few members being expressed at the macroschizont 
stage of Theileria.33 The proteins encoded by members of this gene 
family are largely hypothetical and require further characterization. SfiI 
sub-telomeric genes are located adjacent to SVSP genes, and research 
has shown a significant occurrence of duplication and recombination 
events within these gene families.33 One of the members of SfiI gene 
family, XP_952692.1 (KEGG: TA11400), is characterised by the presence 
of PEST motif (residues 62–76), multiple FAINT domains (residues 
101–156, 199–270, 305–368, 412–466, 522–577, 619–677 and 
723–773), and the lentiviral_Tat domain (residues 337–390). This pro
tein consists of 799-residues and also includes a signal peptide from 1 to 
20 amino acids.
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Fig. 4. Cellular components distribution of proteomes of Theileria annulata (A), Theileria orientalis (B), and Theileria equi (C).
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3.6.2. Tash-AT gene family
Out of the 17 tandemly arrayed Tash-AT genes present in TA, 13 

were found to possess the PEST motif. One member of this family, 
XP_954167.1 (KEGG ID: TA03130), contains a FAINT domain between 
residues 26–87, while the PEST motif spans amino acids 242–256 and 
364–380. The NTP-dependent RNA helicase NPH-II domain is located 
between residues 242–257. This family has been previously shown to 
encode for proteins that localize to the nucleus, where they bind to DNA 
and alter gene expression in the host cells.36 Notably, 11 out of the 13 
candidates were observed to contain an NLS (nucleus localizing 
sequence), and signal peptides were present in a few others (Table S6).

3.6.3. SVSP gene family
It is also a large sub-telomeric multigene family of Theileria that 

encodes macroschizont-specific proteins. With a total of 53 members, 18 
of them were characterised by the presence of the PEST motif. One of the 
member of this family, XP_954704.1 (KEGG id: TA18860) contains the 
PEST motif (residues 612–628) and the FAINT domain (residues 
798–847). The proteins encoded by members of the SVSP gene family 
typically consist of a short and conserved N-terminal region that usually 
contains a signal peptide. This sequence is followed by a highly un
structured region rich in glutamine and proline amino acids, and a 
conserved C-terminal region. Nuclear localization signals were pre
dicted for 9 of the 18 candidates (Table S6), suggesting their potential to 
be translocated to the infected host cell nucleus.33 Additionally, a signal 
peptide was present in all 18 of them (Table S6), indicating the possi
bility of secretion into the host cell compartment and considered as 
candidate parasite molecules involved in evasion of a protective im
mune response.33

3.7. SfiIp contains the least disordered regions

Since none of the 33 PEST-motif containing protein sequences had 
any homologs present in the Protein Data Bank (PDB), Robetta was 

employed to predict 3D structures of these proteins (SfiI, SVSP, and 
Tash-AT). Among all the PEST-motif containing proteins, SfiIp displayed 
the most compact structure in terms of fewer disordered regions, leading 
to select this model for further analysis. From the five structures of SfiIp 
generated by Robetta, the first model with the highest confidence score 
of 0.73 was chosen for further studies (Fig. 7A). For assessment of the 
selected model, PROCHECK webserver was used after loop refinement of 
the structure. Ramachandran plot showed that almost 86 % of residues 
were in favourable regions, while about 14 % were in additional 
allowed, 0.3 % residues in generously allowed, and 0.1 % residues in 
disallowed regions (Fig. 7B). The ERRAT score which represents the 
overall quality of the protein was found to be 88.378. The ProSA-web 
server was utilized to evaluate the overall (global) and local quality of 
the refined protein structure, and the computed Z-score was observed to 
be − 11.4 (Fig. 7C and D). The predicated secondary structural elements 
revealed presence of 14 beta sheets, 39 beta hairpins, 37 beta bulges, 67 
strands, 14 alpha helices, 2 helix-helix interactions, 102 beta turns, and 
19 gamma turns in the modelled structure of SfiIp.

Given that the catalytic activity and ligand binding sites of PEST- 
motif containing proteins have not been previously studied, we used 
CASTp and PrankWeb servers to predict the ligand binding pockets and 
sites, respectively. The first and the second binding cavities in SfiIp had a 
surface area of 7485.90 and 318.55 Å2, respectively, with corresponding 
volumes of 19628.27 and 381.46 Å3. The predicted ligand-binding 
residues in pocket 1 included Leu631, Glu633, Asn661, Cys662, 
Glu664, His676, Phe677, Asp678, Phe681, Leu722, Ser724, Thr725, 
Pro726, and Tyr730. Pocket 2 contained Ile158, Asn159, Ile162, 
Tyr178, Ile180, Glu187, Glu188, Ile189, Ser193, Gln196, Ile198, Ile230, 
Ala231, Lys233, Asn236, Ile238, Ala241, and Thr242 as ligand- 
interacting residues.

3.8. Screening of FDA-approved drugs against SfiIp protein

A total of 1984 FDA-approved drug molecules were virtually 

Fig. 5. Molecular function distribution of Theileria species. Theileria annulata, Theileria orientalis, and Theileria equi are represented by green, red, and purple circles, 
respectively. The proteins were predicted to primarily participate in catalytic activities and the binding of their cognate ligands across all three species. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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screened against SfiIp protein (Table S7). All the drugs were classified 
into three categories based on their binding affinities for SfiIp viz. − 1.1 
to − 5, − 5.1 to − 7.9, − 8.0 kcal/mol or above containing 143, 1334, and 
507 compounds, respectively. The top 1 %, consisting of 20 compounds, 
were considered for further studies and their docking scores of these 20 
drugs were determined. These twenty compounds showed affinities of 
≥− 9.9 kcal/mol, with 5 of them showing binding affinities of ≥− 10.5 
kcal/mol. Among them, rimegepant and atogepant demonstrated the 
highest binding affinities (− 10.8 kcal/mol) towards SfiIp, while cap
matinib, dutasteride, and pazopanib depicted corresponding binding 
affinities of − 10.6, − 10.6, and − 10.5 kcal/mol. Based on the high 
binding affinity scores of atogepant and rimegepant, these compounds 
were chosen for further studies. Atogepant, an N-acyl-alpha amino acid 
derivative, formed several hydrophobic interactions with Glu81, His85, 
Val88, Ile750, Ala756, Tyr778, Phe782, Leu791, Val794, Lys795, and 
Asn796 of SfiIp. Moreover, several H-bonds were also observed 
involving residues Trp751, Glu752, Thr 754, and Asn755 (Table S7, 
Fig. 8A). Another studied complex, SfiIp-rimegepant (an imidazopyr
idine), did not form any hydrogen bonds but exhibited several hydro
phobic interactions with His85, Val88, Thr749, Ile750, Trp751, Glu752, 
Thr754, Asn755, Ala756, Tyr778, Ile780, Phe782, Tyr789, Leu791, and 
Val794 of the protein (Table S7, Fig. 8B).

3.9. Simulation studies reveal comparable stability of SfiIp in the presence 
of ligands

MD simulations help to analyze dynamics of the protein with its li
gands in the solvated state; hence, investigation of the stability of the 

protein-drug complexes relative to the apo protein was executed. The 
root mean square deviation (RMSD) measures was used to assess the 
stability of the protein structure by quantifying differences between its 
initial and final conformations. The apo protein exhibited an average 
RMSD of 0.80 nm, while the protein complexes with atogepant and 
rimegepant showed corresponding average RMSD values of 0.69 and 
0.95 nm. Notably, the binding of atogepant resulted in the least devia
tion, suggesting greater structural stability of the protein in complex 
with atogepant compared to rimegepant (Fig. 9A). The radius of gyra
tion (Rg) determines the overall compactness and conformational sta
bility of protein structures studied during the simulation. A higher Rg 
value typically indicates less conformational rigidity and a more 
extended structure, whereas a lower Rg value suggests a more compact 
and stable structure. Although the apo protein had a Rg of 3.68 nm, 
among the three protein-drug complexes, binding of rimegepant dis
played the most structural compactness with an average Rg of 3.39 nm, 
while atogepant-SfiIp demonstrated Rg of 3.51 nm, (Fig. 9B). This sug
gests that the binding of drug molecules facilitated a more compact 
structure of SfiIp.

The root mean square fluctuation (RMSF) measures deviation of each 
residue from its reference position over time, providing insights into the 
fluctuation and the degree of flexibility. The atogepant- and rimegepant- 
SfiIp complexes exhibited similar RMSF patterns, with average values of 
0.35 and 0.36 nm, respectively, compared to an average RMSF of 0.43 
nm for the apo protein (Fig. 9C). These values indicate a decrease in 
backbone fluctuation among the residues of SfiIp when bound to ligands 
in comparison to apo form. The Solvent-accessible surface area (SASA) 
indicates the region of the protein exposed to the solvent. A decrease in 

Fig. 6. Distribution of (a) protein domains, (b) superfamilies, (c) sites and (d) repeats in proteomes of Theileria annulata (green), Theileria orientalis (pale blue), and 
Theileria equi (orange). PEST motif (IPR011695) is characteristic to only the transforming species and absent in other species (Theileria orientalis and Theileria equi). 
Notably, the DUF529 repeat (IPR007480) is unique to Theileria genus and present in the three species. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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SASA values upon ligand binding delineates favourable contraction of 
the protein, thus increase in hydrophobicity and closing the binding 
cavity. The apo protein showed SASA value of 475 nm2, whereas the 
ligand-bound complexes displayed values of 468 and 474 nm2, for ato
gepant, and rimegepant-SfiIp complexes, respectively, delineating 
favourable binding of the drugs within a hydrophobic binding pocket of 
the protein (Fig. 9D). The dynamics of intermolecular hydrogen bond for 
each complex were also analysed (Fig. 9E). Over the course of the 100 ns 
MD simulation, distinct patterns of intermolecular hydrogen bonding 
were observed for all complexes. Notably, the atogepant-SfiIp complex 
exhibited a higher number of hydrogen bonds while rimegepant-SfiIp 
complex formed only one to two hydrogen bonds throughout the 
simulation. During the initial 40 ns of simulation, an increase in the 
number of hydrogen bonds was seen across all systems. However, in the 
later stages, both complexes stabilized with a constant presence of one 
or more hydrogen bonds. These findings highlight the differential 
hydrogen bonding patterns in the protein-drug complexes, with 

atogepant demonstrating more sustained intermolecular interactions 
with SfiIp compared to rimegepant over the course of the simulation.

3.10. Binding of drug molecules reduces phase space occupancy in PCA

PCA (or, essential dynamics) helps in comprehending the collective 
dynamics of protein systems by reducing the complexity of system’s 
dimensionality. It also provides insights into the ligand induced protein 
movement by generating eigenvectors. In this study, PCA was applied to 
the apo protein to compare its overall motion in conformational space, 
wherein the covariance trace value of apo protein state was 18.87 nm2 

(Fig. 10A). A higher trace value indicates greater flexibility, thus occu
pying a larger phase space area in the PCA plots. In all the cases, upon 
ligand binding, the covariance trace values reduce drastically, indicating 
the overall decreased flexibility of system. The effect of atogepant and 
rimegepant binding resulted in trace values of 12.30 (Fig. 10B) and 9.98 
nm2 (Fig. 10C), respectively. Therefore, ligand binding caused the 

Fig. 7. (A) Modelled three-dimensional structure of SfiIp, which is a PEST motif-containing protein and encoded by a member of SfiI gene family in Theileria annulata. 
Alpha helices, beta sheets and coils are coloured in cyan, magenta and orange, respectively. (B) Ramachandran plot of SfiIp obtained through PROCHECK server. (C) 
Overall and (D) local model quality of refined SfiIp structure calculated from ProSA webserver. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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clusters to be compressed in conformational space in comparison to the 
apo protein (Fig. 10D).

3.11. SfiIp becomes thermodynamically stable in presence of ligands

The FEL was constructed using the top two principal components 
(PC1 & PC2) to analyze the effect of ligand binding on conformational 
redistributions for apo protein and its complex systems (Fig. S1). A 
strong and stable interaction typically results in a single conformational 
cluster (global energy minima) depicted by a purple colour in the po
tential energy map. In contrast, weaker or unstable protein–ligand in
teractions may lead to multiple energy minima in the FEL, indicating a 
less stable or fluctuating conformational state. The apo form displayed 
multiple local energy minima across the landscape, characterized by 
several clusters, delineating greater conformational flexibility and 
reduced stability. Conversely, both SfiIp-atogepant and SfiIp-rimegepant 
complexes exhibited fewer and more pronounced energy minima, with 
highly concentrated low-energy regions marked in blue and purple. 
Specifically, SfiIp-atogepant complex demonstrated a dominant global 
energy minimum, implying a strong and stable interaction. Similarly, 

the SfiIp-rimegepant complex showed a slightly broader energy distri
bution, suggesting stable binding that is marginally less constrained 
compared to atogepant.

3.12. In silico analysis indicates strong binding between SfiIp and lead 
molecules

To assess the free binding energy of SfiIp–drug complexes utilizing 
MM/PBSA method, the trajectories of MDS were extracted and the 
snapshots were collected at every 100 ps at stable intervals from 80 to 
100 ns. The results designated that the two lead compounds – atogepant 
and rimegepant possessed a corresponding free binding energies of 
− 63.720 and − 40.927 kJ/mol. Furthermore, in the context of total 
interaction energy, van der Waals and electrostatic interactions as well 
as non-polar solvation energy exerted negatively, whereas polar solva
tion energy contributed positively to the total free binding energy. 
Electrostatic energy was calculated to be − 14.628 and − 32.244 kJ/mol, 
whereas the polar solvation energy was 54.639 and 100.992 kJ/mol for 
SfiIp bound with atogepant and rimegepant, respectively (Table 1). The 
relative free binding energies of the two protein-drug complexes 

Fig. 8. Interaction analysis of SfiIp with lead molecules. Docking of SfiIp was performed with FDA-approved drugs through AutoDock Vina, wherein protein is 
presented as white coloured surface view, while atogepant, and rimegepant are represented as yellow, and magenta coloured sticks, respectively. The interacting 
residues of protein with atogepant (A) and rimegepant (B) are shown as white sticks, whereas black dashed lines represent the polar contacts. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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indicated towards strong binding during the dynamics.

4. Discussion

Theileriosis is a protozoal disease caused by various species of 
intracellular parasites belonging to the genus Theileria. These parasites 
are transmitted by ticks and primarily affect cattle, leading to significant 
economic losses in livestock production. The severity of the disease can 
vary depending on the species of Theileria, with transforming species 
causing the most fatal form of the disease. Treatment of theileriosis in
volves antiparasitic drugs, but preventative measures such as tick con
trol, vaccination, and quarantine are also critical in the impeding of 
disease. In addition to its role in establishing and maintaining the 
infection, host cell transformation by Theileria has also been implicated 
in the development of cancer-like states in infected animals.37 However, 
the existing therapeutics used to combat theileriosis have drawbacks, 
such as limited efficacy, development of drug resistance in the parasites, 
and side effects that can affect animal health and productivity.38

In our study, the host-cell transforming species were seen to have 
smaller genomic sizes in comparison to the non-host cell transforming 
species, which is in accordance with the fact that virulent organisms 
contain small genomes than their non-virulent counterparts.30 A 

previous study showed that both the genera of Theileria and Babesia are 
closely related within the phylum Apicomplexa, but belong to separate 
clades or lineages within the order Piroplasmida.39 Similarly, in our 
study B. bovis was observed to be the last common ancestor of Theileria 
species. Functional anotation revealed that the biological processes, 
molecular functions, and cellular localization were quite similar across 
all three Theileria species. This suggests that the fundamental physio
logical activities of the parasite remain consistent across transforming, 
non-transforming, and outlier species. Moreover, our analysis of Thei
leria proteomes revealed that most proteins were associated with various 
metabolic processes and gene expression. These findings were consistent 
with previous studies that characterized the functional catalogues of TA 
proteins using one-dimensional gel LC/MS, highlighting their involve
ment in essential biological processes.40 A significant proportion of these 
proteins were membrane-bound across TA, TO, and TE, underscoring 
their role in process of host cell invasion.41 Occurrence of specific motifs 
in protein sequences reflect evolutionary conservation and functional 
significance that often play crucial roles in protein structure, function, 
and interactions within biological systems.42 Motif analysis of whole 
proteomes of TA, TO, and TE revealed the PEST motif to be uniquely 
conserved in only the transforming species, while they were completely 
absent from the non-transforming and outlier species. PEST motifs are 

Fig. 9. MDS studies of apo SfiIp and its complexes with lead molecules. Comparative assessment of RMSD (A), Rg (B), RMSF (C), and SASA (D) of apo, atogepant and 
rimegepant bound SfiIp. Illustration of hydrogen bonds formed for SfiIp complexes (E) during the simulation period of 100 ns.
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typically found in highly regulated proteins with short half-lives, facil
itating rapid degradation.32 Because these proteins need to be tightly 
controlled, PEST motifs help to ensure their timely degradation when 
they are no longer needed, preventing excessive or prolonged activity 
that could disrupt cellular function. Theileria-induced transformation 
relies on continuous activation of host cell signalling pathways,43 and 
PEST motifs could help to fine-tune the activity of parasite proteins 
involved in this process. This might explain why only transforming 
Theileria species have PEST-containing proteins, while non-transforming 
species do not require such rapid protein regulation. A comparison can 
be made with P. falciparum, where PEST regions are enriched in PfEMP- 
1, a class of extracellular proteins that mediate host cell adhesion and 
contribute to malaria pathology.44 Additionally, the human protein 
tyrosine phosphatase, which contains a C-terminal PEST motif, has been 
implicated in oncogenic processes by influencing cell shape and 

motility.45 These observations suggest that PEST-mediated proteolysis 
may be crucial for transformation-related processes in Theileria. How
ever, further experimental validation is required to determine their 
precise functional significance in Theileria-mediated transformation and 
disease progression. Understanding the function of PEST motifs in 
Theileria will help to shed light on parasite-host interactions and identify 
the potential therapeutic targets for controlling theileriosis.

As suggested by several studies, proteins comprising NLS, TM do
mains, and signal peptides play significant roles in the pathogenicity of 
P. falciparum (another apicomplexan) by regulating gene expression and 
manipulating host cells, thereby influencing immune evasion and viru
lence.46 For instance, TM domains contribute to invasion and nutrient 
acquisition by mediating interactions with host cell membranes (e.g., 
AMA1),47 signal peptide-comprising proteins are essential for protein 
secretion and export (e.g., SERA proteins),48 etc. In line with this, the 
majority of the PEST-motif containing proteins highlighted in our study 
were also predicted to possess signal peptides, suggesting their secretory 
nature and potentially linking them to the adaptation of transforming 
Theileria species to specific host-parasite interactions within preferred 
niches.

Gene families situated in the sub-telomeric regions of parasite ge
nomes harbour genes that encode for antigens and show high levels of 
variation in sequence. This variation helps the parasite in evading the 
host’s immune response and facilitates host cell invasion as seen in the 

Fig. 10. Principal component analysis (PCA) plots constructed by eigenvector 1 vs eigenvector 2 of apo SfiIp (A) and its complexes with atogepant (B), and 
rimegepant (C). The combination of plots for apo (black), atogepant (red) and rimegepant (blue) bound SfiIp (D). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

Table 1 
MM/PBSA analysis of SfiIp-drug complexes.

Energy (kJ/mol) Atogepant-SfiIp complex Rimegepant-SfiIp complex

van der Waal − 92.665 − 95.974
Electrostatic − 14.628 − 32.244
Polar solvation 54.639 100.992
SASA − 11.067 − 13.701
Binding − 63.720 − 40.927
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var, rif, and stevor gene families of P. falciparum.49 Conversely, proteins 
that facilitate the parasite’s adaptation to specific environmental con
ditions in the host are more likely to remain conserved within the same 
species. Analogous to these gene families in P. falciparum, we observed 
that PEST-motif containing proteins are majorly distributed in SVSP 
gene family in Theileria along with SfiI and the Tash-AT gene families. In 
Theileria parasites, subtelomeric gene families like Tash-AT contribute to 
host cell transformation and immune modulation, influencing disease 
pathogenesis.34,50 Thus, understanding the roles of these gene families is 
crucial for interpreting parasite virulence mechanisms and developing 
targeted interventions to combat apicomplexan infections. Recent 
studies highlight promising therapies for theileriosis, including histone 
deacetylase inhibitors (HDACi) like vorinostat and belinostat, which 
exhibit potent anti-theilerial activity with low host toxicity and effective 
IC50 values.51 Compounds from the MMV Pathogen Box, such as SAHA, 
Trichostatin A, and Plumbagin, target pathways like HDAC inhibition 
and ROS/apoptosis induction.52 Trifloxystrobin, a broad-spectrum 
fungicide, effectively reduces Theileria parasite load and shows effi
cacy against buparvaquone-resistant strains.53

Despite these advances, challenges persist due to limited under
standing of host cell invasion by Theileria, a large proportion of the 
proteins being annotated as hypothetical, and resistance to existing 
drugs.34,54 Thus, the identification of both crucial drug targets and novel 
drug molecules against these targets is required to combat Theileria in
fections effectively. As PEST-containing proteins are often involved in 
host-pathogen interactions,44 in the current study, the structure of SfiIp 
was predicted along with its ligand-binding sites as it exhibited the most 
stable and complete conformation among the analyzed PEST-motif- 
containing proteins. Imidazopyridine derivatives have demonstrated 
strong anti-trypanosomal activity against Trypanosoma brucei and anti
bacterial effects against various pathogens.55,56 Similarly, carboxylic 
acid derivatives have also shown antiparasitic potential. Biarylalkyl 
carboxylic acid derivatives displayed significant anti-schistosomal ac
tivity against Schistosoma mansoni at concentrations as low as 10 μM.57

Furthermore, triazole derivatives of dehydroabietic acid and oleanolic 
acid, which contain carboxylic acid groups, exhibited antiprotozoal 
activity against Leishmania and Trypanosoma cruzi.58 These findings 
align with our study, highlighting the potential of derivatives of imi
dazopyridine (atogepant) and carboxylic acid (atogepant) as promising 
anti-Theileria agents. The complex systems of SfiIp further showed sta
bility, compactness and reduced flexibility during simulation, delin
eating stable interactions of the ligands in the binding pocket. Moreover, 
binding analysis revealed that SfiIp-lead inhibitor complexes formed 
highly stable systems with stronger binding affinities, characterized by 
significantly negative binding energies.

5. Conclusion

The present study highlights key proteins of Theileria annulata that 
have the potential to transform mammalian host leukocytes into 
immortalized cells thereby mimicking tumour cells and spreading 
extensively. An in silico analysis of annotated proteomes was applied to 
identify such host cell manipulators, and gene ontology was employed to 
annotate the majority of unannotated proteins. PEST-motif containing 
proteins associated with signal peptides, nuclear localization signals, or 
transmembrane helices were predicted to be highly likely to transform 
host cells. Moreover, atogepant and rimegepant were proposed as 
promising anti-theilerial drugs, showing strong interactions with the 
targeted parasitic protein SfiIp. Further, in vitro validation of target 
parasitic proteins, screening for binding partners in host cells, followed 
by downstream analysis will aid in a better understanding of host- 
pathogen interactions and the underlying mechanisms mediated by 
their corresponding inhibitors. Our investigation thus provides an in 
silico comparative proteome analysis that can be further implemented to 
identify effective therapeutics against Theileria infections. Furthermore, 
this study underscores the potential of leveraging structure-based drug 

design and high-throughput screening for the development of specific 
inhibitors targeting parasitic proteins. Such efforts could pave the way 
for the creation of more efficient, selective, and sustainable therapeutic 
strategies to combat Theileria-induced diseases in mammals.
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