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As an obligate intracellular parasite, Theileria parva is strictly dependent on its host for nutrient acquisition.
Transport proteins are expected to play a crucial role in the influx of essential nutrients to sustain the parasite’s
rapid growth. Unfortunately, the T. parva transportome is still not comprehensively elucidated, and plagued by
the presence of uncharacterized proteins. In this study, we employed a combination of approaches including
sequence orthology and structural similarity to identify 188 proteins predicted to be involved in transport-related
processes. Among these, 24 were uncharacterized proteins, and 17 of them could be assigned a tentative

annotation. Furthermore, the localization of these 188 proteins was investigated, resulting in their assignment to
seven cellular compartments. Screening of the proteomes of other Theileria species, T. annulata, T. orientalis, and
T. equi revealed that all 188 proteins were present in both transforming and non-transforming Theileria parasites.
Among the 188 potential transport-related proteins, 45 were associated with transmembrane transport and most
of them (87 %) are conserved across phylum Apicomplexa.

1. Introduction

Theileria parva is an intracellular protozoan parasite of cattle and
buffalo, transmitted by the Rhipicephalus appendiculatus and
R. zambegziensis ticks, and is distributed across eastern, central, and
southern Africa where the vector is endemic (Blouin and Stoltsz, 1989;
Nene et al., 2016). This parasite belongs to phylum Apicomplexa, class
Aconoidasida, which contains piroplasmids such as Theileria and Babesia
and haemosporidians such as Plasmodium. Infection in buffalo is typi-
cally asymptomatic, but often lethal in cattle, manifesting itself as East
Coast fever, January disease, and Corridor disease (Nene et al., 2016).
Infected ticks release sporozoites into the bovine bloodstream, which
infect lymphocytes and develop into multinucleated schizonts (Fawcett
et al.,, 1984; Nene et al., 2016). The primary pathology of T. parva
infection arises from the cancer-like proliferation of schizont-infected
lymphocytes, and the subsequent lysis of infected and uninfected cells
(Dobbelaere and Heussler, 1999; Nene et al., 2016). Interestingly, this
host cell transformation is not a universal trait among Theileria species;
T. parva, T. annulata, T. lestoquardi, T. taurotragi, have this ability, while
T. orientalis, T. mutans, T. velifera, T. equi, and T. haneyi do not (Bishop
et al., 2020; Schnittger et al., 2022, 2012). Theileria parasites appear to
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have reduced metabolic pathways, potentially indicating an increased
dependence on nutrient scavenging from the host (Hayashida et al.,
2012). Given the rapid proliferation of infected lymphocytes and the
parasites within them, it can be expected that the schizonts will be un-
dergoing considerable metabolic activity and have a substantial nutri-
tional requirement to sustain the increased rate of replication.
Membrane transport proteins, commonly referred to as transport
proteins or transporters, are integral membrane proteins that facilitate
the transport of polar substances across membranes (Staines et al.,
2017). In the case of intracellular parasites, transport proteins are
essential for nutrient acquisition from the host cell. In addition, trans-
port proteins play important roles such as the removal of drugs and
metabolic wastes and the maintenance of ion concentrations (Staines
et al.,, 2017). In fact, mutations in transport proteins have been
demonstrated to be involved in drug resistance either by reducing the
importation of a drug or by increasing its exportation (Maser et al.,
1999; van Schalkwyk et al., 2016). A recent review article aiming to
compile a comprehensive list of Plasmodium falciparum transport pro-
teins (including members of transport complexes directly involved in
substrate translocation) obtained a list of 197 such proteins
(Wunderlich, 2022). Of these, 99 were considered essential in the blood
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stage by their respective sources, while a further three were deemed
essential in other stages (Wunderlich, 2022). Hence, transporters may
serve as attractive targets for drugs against Plasmodium, and likely api-
complexans in general.

Unfortunately, as hypothetical proteins with unknown identities and
functions are prevalent in annotated proteomes, it is not currently
feasible to have comprehensive lists of transmembrane transport pro-
teins, especially in understudied species. Hypothetical proteins can be
defined as proteins predicted to exist from nucleic acid sequence data,
but have not been experimentally confirmed at the protein level (Lubec
et al., 2005). Most hypothetical proteins are “conserved hypothetical
proteins”, which can be defined as proteins of unknown function, but
with orthologues in a large phyletic distribution (Galperin and Koonin,
2004; Roberts, 2004). Annotation of unknown genes typically relies on
the transfer of functional information from well-studied reference genes,
often through the use of evolutionary relationships (e.g. typically a
orthologous gene of a closely related model organism) (Stamboulian
et al., 2020). While orthologous genes (arising from speciation events)
have traditionally been considered superior for functional annotation i.
e. the ‘orthologue conjecture’ (Nehrt et al., 2011), the inclusion of
paralogous genes (arising from gene duplications) was found to be
beneficial for annotation (Stamboulian et al., 2020). An orthologous
group of genes, all of which evolved from a single gene after a particular
speciation event, includes both orthologues and in-paralogues
(Gabaldon and Koonin, 2013), may thus be more informative for func-
tional annotation than a collection of purely orthologous genes.

Approximately 30-40 % of genes in newly sequenced bacterial ge-
nomes remain uncharacterized, with likely higher proportions in
eukaryotic genomes, therefore, there is an urgent need to elucidate the
functions of such genes and their associated proteins (Galperin and
Koonin, 2004). Protozoa also suffer from high proportions of unchar-
acterized genes, with approximately 51 % (Yucesan et al., 2021), 50 %
(Aguttu et al., 2021), 40 % (Berna et al., 2021) of Toxoplasma gondii,
Plasmodium falciparum, and Neospora caninum genomes comprising of
genes encoding hypothetical proteins, respectively. Notably, the pro-
portion of such proteins in newly sequenced genomes is decreasing, as
more sophisticated annotation methods are developed, and reference
databases have grown to include novel characterized proteins. The fact
remains however, that the high number of hypothetical and uncharac-
terized proteins prevents the establishment of a true understanding of
biological systems, even in the case of well-studied model organisms
(Galperin and Koonin, 2004). In T. parva, approximately 39 % of the
encoded proteins of the proteome did not have any detectable Pfam
domains in 2020 when a reannotation study was performed (Tretina
et al., 2020), and thus their functions are unknown. This high percentage
could be attributed to the fact that the majority of proteins of apicom-
plexan species are highly diverse and specific to the apicomplexan
phylum, with many of those forming genus- and species-specific families
(Wasmuth et al., 2009). Thus, those proteins could not be assigned
meaningful annotations by using well-studied but distantly related
model organisms, and would instead have to wait until taxonomically
restricted protein families from understudied species are included into
reference databases, such as the piroplasmid-specific RAP-1 family
domain (PF03085) (Bastos et al., 2021).

It is expected that the uncharacterized proteins (including “hypo-
thetical” and “[putative] integral membrane” proteins) of the T. parva
proteome contain transport proteins. Identifying a potential trans-
portome of the parasite can yield numerous benefits, such as a better
understanding of its biology. In addition, it provides a pool of proteins
that can be considered for the discovery of novel drugs, necessitated by
increasing reports of drug resistance (Mhadhbi et al., 2010), as well as
high costs of current treatments. Thus, this study aimed to use various in
silico methods to identify, and potentially assign functions to unchar-
acterized, T. parva transporters.
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2. Methods
2.1. Definitions and search strategy

For the purposes of this study, potential transport-related proteins
(PTPs) are defined as proteins that are potentially involved in transport
processes, either directly or indirectly. Furthermore, uncharacterized
proteins refer to those that are annotated as “hypothetical protein”,
“uncharacterized protein” or “[putative] integral membrane protein”.
To identify PTPs in the T. parva proteome, a search on TransportDB 2.0
was conducted and an orthology-based approach was employed by
searching databases EggNOG6, OrthoDB and OrthoMCL for orthologues
to T. parva proteins within the Apicomplexan class Aconoidasida. Based
on the annotations assigned to their orthologues, T. parva proteins were
designated as PTPs. Various functional properties were predicted for
these PTPs to provide insight on their functions, especially for those that
were uncharacterized on NCBI and UniProt. Structural similarity
searches of the AlphaFold-predicted structures of the T. parva PTPs
against the Protein Data Bank (PDB) were performed using the DALI and
FoldSeek servers. The PTPs were assigned to different subcellular lo-
calizations. Finally, the identified PTPs were queried on BLASTP against
other transforming and non-transforming Theileria species for compari-
son. A flow chart of the in silico approach followed in this study is pre-
sented in Fig. 1.

The tools used to obtain protein information, predict properties for
functional annotation, identify orthologues and perform structural
comparisons are listed in Table 1. Default settings were used unless
otherwise specified. Furthermore, Venn diagrams were generated using
https://bioinformatics.psb.ugent.be/webtools/Venn/, while Maestro
from the Schrodinger software suite (2024-1) (https://newsite.schro-
dinger.com/) was used to visualize and compare protein structures.

2.2. Sequence retrieval and identifier mapping

The NCBI was used to obtain protein sequences for T. parva strain
Muguga. The T. parva genome was initially annotated in 2005 (Gardner
et al., 2005), and re-annotated in 2020 (Tretina et al., 2020). At the start
of this study, the GenBank annotation (GCA_000165365.1) was more
recently updated than the RefSeq annotation (GCF_000165365.1). Thus,
protein-coding sequences were retrieved from the GenBank annotation.
Hereafter, this proteome of 4051 proteins is referred to as the T. parva
‘GenBank proteome’. The protein sequences were also used for various
purposes, including orthologue screening and functional annotation.

A protein ID mapping system was created to correlate the different
identifiers for each protein across NCBI and UniProt databases. The
details are described in Appendix A. Briefly, each entry was indexed by
NCBI gene ID, and subsequently linked to their associated GenBank and
RefSeq protein accession numbers, old (with the format: TP00_0000)
and new (with the format: TpMuguga_00g00000) NCBI locus tags, as
well as UniProt IDs. This mapping system was used to correlate the
identifiers of PTPs from the orthology analyses as well as outputs from
the annotation analyses.

2.3. Identification of transport-related proteins

An orthology-based analysis was performed to identify PTPs by vir-
tue of their sequence similarity to transporters in other Aconoidasida
species. Proteins already annotated as transporters in T. parva were also
included.

To this aim, three databases, namely EggNOG6, OrthoMCL and
OrthoDB, were used to search for orthologous groups (i.e., a set of
proteins orthologous to each other) at the Aconoidasida level, specif-
ically those containing at least one protein from T. parva. For the
EggNOG 6 database, the proteins from the appropriate orthologous
groups were extracted from the “e6.0g2seqs_and_species.tsv” file. As the
proteins contained within these orthologous groups were indexed by
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Fig. 1. Flow chart of the in silico approach used for identification of potential transport-related proteins (PTPs) of T. parva.

UniProt ID, annotations for each of the proteins of interest were ob-
tained from UniProt. The analysis on the OrthoMCL website returned
proteins from all species in the database, therefore a filter was applied to
retain only proteins within the Aconoidasida (specifically the following
genera: Theileria, Babesia, Cytauxzoon, Plasmodium, Haemoproteus, Hep-
atocystis). The OrthoMapper tool from OrthoLoger 3.0.5 was used to
retrieve the proteins from the appropriate OrthoDB orthologous groups.
Subsequently, the odb11v0_genes.tab file from the OrthoDB website was
used to assign annotations to the retrieved proteins.

The identity of each T. parva protein was inferred by collecting the
annotations of all proteins present in its respective orthologous group.
These annotations were screened using a keyword-based approach. If
any annotation associated with a particular T. parva protein contained
any of the keywords of interest, the respective protein was designated as
a PTP. The keywords used were: “transport”, “carrier”, “traffic”, “MFS”,
“facilitator”, “transloc”, “portin”, “channel”, “porin”, “porter” and
“pump”.

Additionally, TransportDB 2.0 was searched for T. parva transporters
to supplement the orthology-derived analysis. This database provides
annotations for predicted transporters across sequenced genomes. The
proteins identified as transporters were added to the list of PTPs iden-
tified by the orthology-based approach.

2.4. Functional annotation of potential transporters

A range of tools was used to predict various properties for the
T. parva PTPs in order to gain insight into their function and localization.

Motifs, domains and families: To identify protein motifs, domains
and families of PTP sequences, the standalone InterProScan 5.65-97.0
tool was used with pre-calculated values (default) as well as locally
computed values (-dp flag). The associated functions of identified pro-
tein motifs, domains and families were then used to infer the functions of
the PTPs.

Transmembrane domains: DeepTMHMM 1.0.24 was installed
locally and used to predict transmembrane domains in the PTPs. The

software classifies transmembrane proteins into five categories, namely:
alpha-helical transmembrane protein without signal peptide (TM),
alpha-helical transmembrane protein with signal peptide (SP+TM),
beta-barrel transmembrane protein (Beta), globular protein with signal
peptide (SP), globular protein without signal peptide (Glob).

Subcellular localization: The subcellular localization of the PTPs
was predicted using CELLO 2.5, DeepLoc 2.0 and LightAttention. On the
CELLO 2.5 server, the prediction of subcellular localization was done
using the Eukaryote and Protein options. The DeepLoc 2.0 server’s
“high-quality” model was used to predict subcellular localization. The
use of LightAttention was a two-step process. First, embeddings were
generated by the Bio-Embeddings package using the LightAttention
pipeline provided in the package. Subsequently, LightAttention infer-
ence was performed using the configuration file included with the tool.

Transporter status and substrate: Potential transport-related pro-
teins were confirmed by TooT-BERT-T, a tool that discriminates between
transporters and non-transporters. Furthermore, TooT-SC was used to
predict the substrate class of the PTPs.

2.5. Structure-based comparison

AlphaFoldDB (AFDB), a database of predicted protein structures, was
used to obtain structural models for the PTPs. The AFDB is indexed by
UniPort ID, thus the GenBank protein accession numbers were converted
accordingly. The UniProt servers were used to obtain UniProt IDs,
UniProt annotations and AFDB URLs for PTPs. UniProt IDs were queried
against the AFDB, from which the.pdb structure URL was obtained and
the structure subsequently downloaded. The average pLDDT score
(predicted local distance difference test) was calculated as the average of
the pLDDT scores assigned to each amino acid of the protein structure.

The retrieved protein structures were submitted to the FoldSeek and
DALI servers to perform structural similarity searches, identifying other
proteins with comparable structures. In the interest of increasing
sensitivity, these structural similarity searches were performed on all
available AFDB structures, regardless of their pLDDT quality scores. In
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Table 1
A list of tools used in this study. Where applicable, Uniform Resource Locators (URLs) and/or Research Resource Identifiers (RRIDs) are included. Dates are in DD/MM/
YYYY format.
Tool/Database Function References, URLs, RRIDs Date accessed or last updated
NCBI Protein sequences https://www.ncbi.nlm.nih.gov/ 11/09/2023 (GenBank proteome)
Annotations RRID:SCR_006472
Accessions and identifiers
UniProt Annotations (Nightingale et al., 2017) 28/12/2023 (EggNOG annotations)
Accessions and identifiers https://www.uniprot.org/ 15/02/2024 (Potential transporter
RRID:SCR_002380 annotations and AFDB links)
InterProScan Prediction of protein properties such as functional (Jones et al., 2014) N/A
5.65-97.0 motifs, domains, and family classification https://www.ebi.ac.uk/interpro/
RRID:SCR_005829
DeepTMHMM Transmembrane domain prediction (Hallgren et al., 2022) N/A
1.0.24 https://dtu.biolib.com/DeepTMHMM
RRID:SCR_025039
CELLO 2.5 Localization prediction (Yu et al., 2006) 13/12/2023

Bio-Embeddings

Protein sequence embedding

http://cello.life.nctu.edu.tw/
RRID:SCR_011968

(Dallago et al., 2021)
https://github.com/sacdallago/bio_embeddings

https://github.com/HannesStark/protein-localization
(Thumuluri et al., 2022)
https://services.healthtech.dtu.
dk/services/DeepLoc—2.0/

(Ghazikhani and Butler, 2023)
https://github.com/bioinformatics-group/TooT-BERT-T
(Alballa and Butler, 2022)
https://github.com/bioinformatics-group/TooT-SC
(Hernandez-Plaza et al., 2023)
http://eggnog6.embl.de/

https://orthomcl.org/orthomcl/app

Light Attention Localization prediction (Stark et al., 2021)
DeepLoc 2.0 Localization prediction
TooT-BERT-T Transporter prediction
TooT-SC Transporter Substrate Prediction
EggNOG 6 Orthologue search
RRID:SCR_002456
OrthoMCL Orthologue search (Li et al., 2003)
RRID:SCR_007839
OrthoDB Orthologue search

+ Orthologer

TransportDB 2

BLAST+

Protein Data Bank

Transporter identification

Sequence similarity search

Experimental protein structures

(Kuznetsov et al., 2023)
https://www.orthodb.org/
https://orthologer.ezlab.org/
RRID:SCR_011980

(Elbourne et al., 2017)
https://www.membranetransport.
org/transportDB2/index.html
RRID:SCR_005643
https://blast.ncbi.nlm.nih.gov/doc/blast-help/
downloadblastdata.html
RRID:SCR_004870
https://www.rcsb.org/
RRID:SCR_012820

https://alphafold.ebi.ac.uk/

http://ekhidna2.biocenter.helsinki.fi/dali/
(van Kempen et al., 2024)
https://search.foldseek.com/search
(Kulmanov et al., 2023)

com/bio-ontology-research-group/deepgo2

AlphaFoldDB Predicted protein structures (Varadi et al., 2022)
RRID:SCR_023662
DALI Structural similarity search (Holm, 2022)
RRID:SCR_013433
FoldSeek Structural similarity search
DeepGO-SE Gene ontology term prediction
https://github.
GOATools Completion of missing gene ontology terms

KEGG BlastKOALA

Pathway and BRITE term prediction

(Klopfenstein et al., 2018)
https://github.com/tanghaibao/goatools
(Kanehisa et al., 2016)
https://www.kegg.jp/blastkoala/

Latest GitHub version as of November
2023

Latest GitHub version as of November
2023

16/05/2024

Latest GitHub version as of November
2023

Latest GitHub version as of November
2023

“e6.0g2seqs_and_species.tsv” file (last
updated 20 September 2022)

Release 6.19, Updated 28/11/2023,
Accessed 16/12/ 2023

24/12/2023

22/1/2024 (T. parva)
02/02/2024 (Babesia equi and
P. falciparum)

N/A

N/A

15/02/2024

29/02/2024-02/03/2024

29/02/2024-02/03/2024

23/08/2024

28/08/2024

09/07/2025

the case of FoldSeek, the default “3D1/AA” mode was used to obtain hits
from the structure database, pdb100. The analysis in DALI used a Z-
Score cutoff of 8, since a Z-Score above 8 suggests probable homology
between two proteins, while structures with a Z-Score above 20 suggests
that two proteins are “definitely homologous” (Holm et al., 2006). The
cutoff for FoldSeek was set at 50 % for a probability of a true positive
match (van Kempen et al., 2024). This relatively low cutoff was
considered acceptable due to the lower sensitivity (86 %) of FoldSeek
relative to DALI (van Kempen et al., 2024). Uninformative hits (i.e.
multiple hits from the same PDB file) were removed as described below

prior to analysis. For the DALI results, which returned descriptions for
each chain, only the first was retained when multiple chains from the
same PDB entry had the same description. In the case of FoldSeek, only
one hit per PDB file was retained since the hits returned the title of the
PDB file.

The results were analysed based on the same keywords used for
orthology analysis. A number of values representing the prevalence of
keyword matches were calculated, including the rank of the first
keyword match, and the percentage of hits that matched the keywords.
For the purposes of this analysis, a query protein was considered to have
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a “hit” when it was structurally similar to a PDB protein and a “match”
when the respective hit had a description/annotation matching at least
one of the applied keywords. The primary tool used for classification was
DALI, with support from FoldSeek. A protein was considered to have
structural support for transporter-related function if it had a structural
match with a good DALI and/or FoldSeek score. A detailed criterion is
presented in the Appendix B.

Proteins predicted as transporters by TooT-BERT-T and/or passed
the structural similarity comparison were retained for further analysis.
Thus, proteins with support only at the orthology level were excluded.

2.6. Structural analysis of uncharacterized proteins

Predicted transporters with good structural matches, but annotated
as “hypothetical”, “uncharacterized” or “integral membrane” proteins
by UniProt and NCBI, were further analysed to determine additional
structural characteristics by superimposing the AFDB structure and the
best structural match (usually the top DALI match). The analysis espe-
cially focused on protein topology and amino acids believed to be
involved in transporter function. When available, the publication asso-
ciated with the relevant structure on the PDB was used to identify res-
idues important for transport activity. In some cases, FoldSeek was used
to search a PTP structure against datasets containing predicted struc-
tures (“afdb-proteome™) for possible annotation of the hypothetical
protein.

2.7. Conservation of PTPs in Theileria species and among apicomplexa

To determine the distribution of PTP homologues across genus
Theileria, BLASTP protein databases were individually created using the
RefSeq genomes of a transforming Theileria species, T. annulata
(GCF_000003225.4), and two non-transforming, T. orientalis strain
Shintoku  (GCF_000740895.1) and T. equi strain WA
(GCF_000342415.1). BLASTP was used to query the PTPs against these
databases with an E-value threshold of 0.05, for identification of
orthologues in the other Theileria species. These species were selected for
this analysis as they were the only Theileria species with annotated ge-
nomes on the NCBI.

To determine the conservation of PTPs among Apicomplexa, a local
installation of BLASTP 2.12.0 was used to query the PTPs against the
official NCBI “refseq_proteome” database and restrict the results to the
taxon Apicomplexa, using an E-value threshold of 0.05. The query was
performed on 08/07/2025 using the following options: -remote -evalue
0.05 -db refseq_protein -entrez_query "Apicomplexa [organism]".

2.8. Filtering of high-confidence transmembrane transport proteins

To identify proteins with more direct roles in transmembrane (TM)
transport, the PTPs were further analysed using gene ontology (GO)
terms. DeepGO-SE was used to predict GO terms with the default
threshold of 0.1. GOATools was used to infer parental terms that were
missing. The high-confidence set contained proteins that had at least one
TM helix, had the “transmembrane transporter activity” molecular
function GO term (GO:0022857), and were supported by both TooT-
BERT-T and structural similarity, with the latter limited to proteins
that had AFDB structures with an average pLDDT score > 70. In general,
pLDDT scores above 70 indicate a correct local backbone prediction, and
the same threshold as a reference for the average pLDDT was used.

2.8.1. Pathway analysis

The KEGG (Kyoto Encyclopedia of Genes and Genomes) database
was used to assign pathways and BRITE (a classification system within
KEGG incorporating more diverse biological data than the pathways
system) terms to the high-confidence subset of the PTPs. To achieve this,
the sequences of the PTPs were queried on BlastKOALA against the
“Eukaryotes” reference dataset.
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3. Results and discussion
3.1. Initial screening for transport-related proteins

Of the entire 4051 proteins in the T. parva proteome, 217, 259, 121,
and 121 were detected as PTPs by EggNOG, OrthoMCL, OrthoDB and
TransportDB respectively. In total, there were 334 proteins supported by
at least one of these tools and their distribution between the different
tools is shown in Fig. 2A (and detailed in Table C.1). Approximately
20 % (68/334) of these proteins were detected as PTPs by all four tools.
About 44 % (146/334) were flagged by only a single tool, with 81
proteins being attributed to OrthoMCL, 44 to EggNOG, 20 to Trans-
portDB, and only one to OrthoDB. In general, there was a good agree-
ment between proteins detected by EggNOG and OrthoMCL, accounting
for almost half of the proteins detected as PTPs (163/334).

As only one protein was unique to OrthoDB, this may be a conse-
quence of a shortcoming in the approach used for assigning annotations
to proteins in the OrthoDB orthologous groups. The annotations were
obtained from the odb11v0_genes.tab file, though in many cases, rather
than containing an annotation, protein accession numbers to various
databases were given instead. The reduced number of annotations that
could be extracted for each orthologous group may have made it less
likely for keyword matches to occur, thus reducing the sensitivity of the
analysis for this database.

3.2. Structure-based comparison and TooT-BERT-T prediction

As the structure of a protein tends to be most conserved, structural
similarity may indicate evolutionary relationships which are lost at the
sequence level (Lubec et al., 2005). However, structural similarity does
not guarantee evolutionary relationship, as convergent evolution can
lead to unrelated proteins of similar structures (Lubec et al., 2005).
Nevertheless, it can serve as convincing evidence in combination with
sequence orthology data.

The UniProt search for the 334 PTPs returned 201 entries, of which
181 had AFDB structures (Fig. 2B). These proteins were subjected to
DALI and FoldSeek analyses to find experimentally resolved structures
from the PDB, with which they share structural similarity. DALI and
FoldSeek returned hits for 156 and 147 proteins respectively. Only 108
of these PTPs were structurally similar to proteins labelled with
transport-related terms, based on the criteria described in Appendix B.
Of the 334 PTPs, 160 were supported by transporter prediction through
TooT-BERT-T, comprising 80 proteins supported only by TooT-BERT-T
and 80 PTPs supported by both TooT-BERT-T and structural similarity
analysis. Furthermore, 28 transporter proteins were predicted by
structural analysis only (Fig. 2C, detailed in Table C.2). Consequently, a
total of 188 proteins were subjected to further analysis, incorporating
both TooT-BERT-T and structural similarity analyses.

3.3. Annotation of uncharacterized potential transport-related proteins

Within the 334 PTPs, 80 were uncharacterized proteins. Of these, 24
were part of the 188 proteins supported by TooT-BERT-T and structural
similarity, which were assigned tentative annotations. Following the
annotation analysis, these 24 proteins could be categorized based on
four possible transporter types, namely metal, Major Facilitator Super-
family (MFS), nucleotide-sugar, and hENT1(human Equilibrative
Nucleoside Transporter 1)-like (Fig. 2D). Notably, besides non-
transporters which made up 42 % of the analysed proteins, most of
them were associated with hENT1-like transporters (29 %). The tenta-
tive annotations for these 24 uncharacterized proteins and three related
characterized proteins are given in Table D.1.

To assist in the annotation of the uncharacterized proteins, FoldSeek
was used to perform additional structural similarity searches against the
datasets available to it, including the “afdb-proteome” dataset of pre-
dicted structures and the “pdb100” dataset of experimentally resolved
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PTPs with Structural
Match to Transporter

ma) Metal transporter

=b) MFS transporter

=) Nucleotide-sugar

d‘ transporter
d) hENT1-like
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Fig. 2. Bioinformatic analysis of potential transport-related proteins (PTPs). (A) Distribution of 334 PTPs between tools used for orthology analysis (EggNOG,
OrthoMCL, OrthoDB) and TransportDB. (B) Number of PTPs detected at each stage of the structural similarity analysis. (C) Summary of the PTPs which had support
for a transporter designation based on the TooT-BERT-T transporter prediction and/or the structural similarity analysis. (D) Classification of the 24 uncharacterized
PTPs into tentative categories. MFS, Major Facilitator Superfamily; hETN1, human Equilibrative Nucleoside Transporter 1; AFDB, AlphaFold Database.

structures. Furthermore, some proteins did not have up-to-date UniProt
records, but had older versions available. For example, EAN32839.2 did
not exist on UniProt, but EAN32839.1 did. In these cases, detailed
structural analysis using DALI and manual inspection of superimposed
structures was not performed; instead, only FoldSeek queries were
performed to retrieve the annotations of structurally similar proteins. All
FoldSeek results reported below had a probability score of 1.

Metal transporters: Two uncharacterized transporters could be
designated as metal transporters, namely EAN31293.2 and
EAN32839.2. Neither of these proteins had entries on UniProt, though
the previous versions of these protein records (eg, EAN31293.1) could
be found. Both proteins had TooT-BERT-T support.

EAN31293.2 is a 397 amino acid (aa) protein with two DeepTMHMM
predicted TM helices. On NCBI, it had a region described as “Saccharo-
myces cerevisiae inner mitochondrial membrane Mg? " transporters
Mfmlp and Mrs2p-like family”. Its predecessor on UniProt
(EAN31293.1) was annotated as “EF-hand domain-containing protein”.
OrthoDB, OrthoMCL and EggNOG all returned “magnesium transporter”
from various parasites, including Plasmodium, Theileria and Babesia
species, as orthologues to this protein. A FoldSeek analysis was per-
formed on the previous version, and the top pdb100 hit was “Saccha-
romyces cerevisiae Mrs2 magnesium channel (PDB 3RKG)”, with
sequence identity of 15.1 %. The top hit in the afdb-proteome database
was the “Plasmodium falciparum magnesium transporter” (UniProt
AOA143ZWJ6, 468 aa) with a sequence identity of 28.5 %. Thus, the
orthology and structural similarity data both supported magnesium
transport as the annotation for this protein. Additionally, InterProScan
Gene3d, PANTHER and CDD returned magnesium transport related hits.
TooT-SC predicted inorganic cation as the substrate class with a score of
0.99.

EAN32839.2 is a 501 aa protein with three DeepTMHMM predicted
TM helices, and its predecessor was annotated as “CNNM trans-
membrane domain-containing protein” on UniProt. The NCBI entry

contained a region described as “Hemolysin-related protein, contains
CBS domains”. The InterProScan PANTHER description was “METAL
TRANSPORTER CNNM”. Orthologues detected from EggNOG,
OrthoMCL, and OrthoDB were annotated with “Protein MAM3”, “CNNM
transmembrane domain-containing protein” (in one case “Metal trans-
porter CNNM4”), and “CBS domain-containing protein”. FoldSeek
analysis of the predecessor returned “murine magnesium transporter
CNNM2 (PDB 4P1G)” as the top pdb100 hit with a sequence identity of
30.9 %. In afdb-proteome, the top hit was Drosophila melanogaster
“unextended protein” (UniProt AOAOB7P9GO0, 834 aa) with a sequence
identity of 30 %. This Drosophila protein had a Gene Ontology annota-
tion on UniProt for “magnesium ion transmembrane transporter activ-
ity”. The second hit was to Dania rerio “Cyclin and CBS domain divalent
metal cation transport mediator 4b” (UniProt F1Q717, 778 aa) with a
sequence identity of 29.4 %, a protein annotated as “metal transporter”
on UniProt. However, these hits were significantly longer than
EAN32839.2. Based on the InterProScan results, orthology and struc-
tural similarity, it is possible that EAN32839.2 is a metal transporter.
TooT-SC supported this classification, with a score of 0.97 for inorganic
cation substrate classification.

Major facilitator superfamily transporters: Four proteins had
support for the MFS classification, EAN34036.2, KAF5153638.1,
EAN33599.1, and EAN31178.1. UniProt only had records for the pre-
vious versions of EAN34036.2 and KAF5153638.1.

EAN34036.2 is a 441 aa protein with 12 predicted DeepTMHMM TM
helices, and its predecessor was marked obsolete on UniProt. Inter-
ProScan Gene3D and SUPERFAMILY returned MFS annotations, while
the PANTHER description was “transporter, putative-related”. EggNOG
found orthologues annotated as “Metabolite/drug transporter”, while
OrthoMCL found “Metabolite/drug transporter”, “mitochondrial import
inner membrane translocase”, and “rna polymerase subunit”. An AFDB
structure of the previous version existed, allowing for FoldSeek analysis
that resulted on the top pdb100 hit of Escherichia coli “xylose transporter
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XylE” (PDB 4JA4), with sequence identity of 11.9 %. The top afdb-
proteome hit was to Dictyostelium discoideum “MFS domain-containing
protein” (UniProtID Q8T2G9, 498 aa), with sequence identity of
12.4 %. Thus, the InterProScan, orthology and structural data suggested
MFS transporter activity. TooT-SC predicted inorganic cation as the
substrate class with a score of 0.88, which agrees with the proton-
symporter nature of XylE (Zhao et al., 2020).

KAF5153638.1 is a 523 aa protein equivalent to XP_765021.2, which
on the NCBI was annotated as “putative integral membrane protein”.
This protein has 12 DeepTHMHH helices. EggNOG and OrthoMCL
identified orthologues annotated as “transporter [putative]” from
various Plasmodium species. The KAF5153638.1 locus (TpMugu-
ga_02g02510) has a gene range that appears to fully encompass the loci
of the obsolete XP_765020.1 and XP_765021.1 (TP02_.0454 and
TP02_0454 respectively). Both XP_765020.1 (UniProt Q4N536, 154 aa)
and XP_765021.1 (UniProt Q4N535, 357 aa) had UniProt entries, thus
FoldSeek analysis could be performed. Both old UniProt entries were
uncharacterized. There were no good FoldSeek results across any dataset
for XP_765020.1. While for XP_765021.1, the top pdb100 hit was to the
rat GLUTS5 transporter (PDB 4YBQ, sequence identity 10.8 %), an MFS
sugar transporter, and the top afdb-proteome hit was Shigella dysenteriae
“Low-affinity L-arabinose transport system proton symport protein”
(UniProt Q32C80, 409 aa, sequence identity 14.5 %). UniProt’s entry for
the L-arabinose transport system, PANTHER, CDD, Gene3D, ProSite, and
SUPERFAMILY all report MFS-related hits. Since KAF5153638.1 fully
encompassed XP_765021.1, and has a total of 12 predicted helices, it is
possible that it is an MFS transporter, potentially of sugar-like
substrates.

EAN33599.1 is a 640 aa protein with 12 DeepTMHMM predicted TM
helices. It had EggNOG orthologues in Plasmodium annotated as MFS
transporters, and InterProScan SUPERFAMILY classification placed it in
the MFS transporter family. Consistently, the AFDB structure of
EAN33599.1 (average pLDDT of 75.0) was similar to MFS transporters,
according to both DALI and FoldSeek results. The best DALI hit was the
Syntrophobacter fumaroxidans monocarboxylate transporter (SfMCT), a
bacterial MFS transporter (PDB 6G9X-B, Z-Score 25.0, RMSD 2.8). The
top FoldSeek result in the pdb100 dataset was also a structure of SIMCT
(PDB 6HCL-B), with a sequence identity of 10.8 %. However, there was
almost no conservation of key amino acids between EAN33599.1 and
SfMCT (Bosshart et al., 2019), therefore, monocarboxylate transport
activity similar to SfMCT could not be inferred. Additionally, TooT-SC
predicted “amino acids and derivatives” as the substrate for
EAN33599.1, with a score of 0.89. This classification is consistent with
the identity of the P. falciparum orthologue detected by EggNOG (Uni-
Prot Q881164, ORF PF3D7_1129900), which is a 609 aa P. falciparum
Apicomplexan Amino Acid Transporter 4 (PfApiAT4) (Wichers et al.,
2021). Furthermore, FoldSeek results from the “CATHS50” dataset
returned PfApiAT8 and PfApiAT4 as the top hits, with sequence iden-
tities of 20.2 % and 15.8 % respectively. Thus, multiple data suggested
that this protein is an MFS transporter, and possibly an amino acid
transporter.

EAN31178.1 is a 439 aa protein with 11 predicted DeepTMHMM TM
helices. The EggNOG and OrthoMCL orthology analyses both identified
nucleoside transporters as orthologues, with the latter also identifying a
“CLN3 protein domain-containing protein”. The CLN3 protein’s domain
structure resembled that of the major facilitator superfamily, and had
some sequence similarity to Equilibrative Nucleoside Transporter (ENT)
proteins (Mirza et al., 2019). The lack of structural matches in DALI and
FoldSeek could potentially be attributed to the very low quality (average
pLDDT score of 39.3) of the predicted AFDB structure. Thus,
EAN31178.1 is possibly an MFS transporter, potentially a nucleoside
transporter.

Nucleotide-sugar transporter: EAN31625.1 is a 354 aa protein
with 10 predicted DeepTMHMM helices. Orthology analysis identified
orthologues annotated as “Sugar phosphate transporter domain-
containing protein”, “GDP-fucose transporter 17, “Glideosome
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associated protein 40” (GAP40) and “metabolite drug protein”. The
OrthoDB orthologous group description was the glideosome-associated
protein. Considering size, the GAP40 is approximately 450 aa, while
the other orthologues were ~350 aa. The AFDB predicted structure
exhibited high quality (average pLDDT score of 84.3). Both the DALI and
FoldSeek pdbl00 top hit was “triose-phosphate/phosphate trans-
locator”. The top FoldSeek afdb-proteome hit was a GAP40, followed by
a “sugar phosphate domain containing protein”; however, the majority
of subsequent hits were associated with GDP-fucose transporters. There
was therefore evidence to support both a sugar-phosphate transporter
and a GAP40 annotation, though the size of the protein suggested that
the former was more likely. Notably, the afdb-proteome GAP40 hit had a
relatively high sequence identity of 48.7 % when compared to the
15-20 % of the sugar transporter hits. The EAN31625.1 had its top DALI
match to a triose-phosphate/phosphate translocator PDB 5Y78-B (Z-
Score 23.9, RMSD 4.0), with good overall structural agreement. Despite
this agreement, the lack of any important conserved residues made it
unlikely that EAN31625.1 could function as a triose-phosphate trans-
porter. The top four DALI hits were all the same triose-phosphate
transporter, belonging to PDB 5Y78 and 5Y79. The fifth best hit was
PDB 6QSK-B (Z-Score 17.6, RMSD 3.8), a structure of Vrg4, a yeast GDP-
mannose transporter. There was generally good agreement between the
6QSK-B structure and that of EAN31625.1, except for some helices being
tilted in different directions. There were some conserved residues be-
tween 6QSK-B and EAN31625.1 (Parker et al., 2019). The Tyr281 was
replaced with Trp278, which still has a bulky side chain as required.
Tyr28 was replaced with Phe29, resulting in loss of the ability to form
H-bond to the substrate. Similarly, Lys289 being replaced by Val286
presumably abolishes the interaction with the substrate phosphate. On
the other hand, Ser269 is found as Ser266, and Asn220 is found as the
similar GIn211. Thus, EAN31625.1 may potentially have some ability to
bind to nucleotide sugars, though the lack of conservation for the
essential Tyr28 is concerning. The comparison between important res-
idues in the reference proteins PDB 5Y78 and PDB 6QSK, and the
uncharacterized EAN31625.1 is summarized in Table 2.

Human Equilibrative Nucleoside Transporter 1-like trans-
porters: The proteins bearing similarity to the hENT1 were the largest
subset of uncharacterized proteins (n = 7). As hENT1 is structurally
similar to Plasmodium falciparum ENT1 (PfENT1) (Wang et al., 2023),
the latter was also used as a reference to identify residues important for
transporter function.

Two studies on PfENT1 found that Trp53, GIln135, Asp287, Arg291
and Ser290 were crucial for nucleoside transport activity (Dillague and
Akabas, 2023; Wang et al., 2023). In PfENT1 and hENT1, the Gln residue
was found to interact with the purine moiety, while Arg and Asn inter-
acted with the ribose (Wang et al., 2023; Wright and Lee, 2019). Com-
parison of PfENT1 and hENT1 revealed that hENT1 had perfect
counterparts for Trp53, GIln135, Asp287, and Arg291, while PfENT1’s
Ser290 was found as a Gly in hENT1. Also, while not being found strictly
necessary for PfENT1 transport activity, Ser49 was believed to stabilize
GIn135 (Dillague and Akabas, 2023; Wang et al., 2023), and was found
as Thr in hENTI.

For a more comprehensive analysis, the set of uncharacterized pro-
teins with structural similarity to hENT1 (n =7) was expanded to
include annotated proteins whose first hit was the hENT1 protein. Three
annotated proteins were identified, resulting in a total of ten proteins
(Fig. 3). For eight of these, the DALI Z-score exceeded 20, and the top
FoldSeek hit was hENT1. Except for EAN32009.1, which was not sup-
ported by TooT-BERT-T, all other proteins from these eight had both
TooT-BERT-T and structural support. A comparison of the key residues
and some loop lengths between these eight proteins, hENT1, and
PfENT1 is shown in Table 3. To confirm similarity to the PfENT1 protein
which would also be used as a reference, we observed that seven of the
ten hENT1-like proteins had a DALI hit to PfENT1 (PDB 7WNO or 7WN1)
with a Z-score of at least 20, while EAN33054.1, EAN32702.1, and
EAN33799.1 had Z-scores of 18.2, 16.6, and 12.1 respectively.
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Table 2
Comparison of the key amino acids in a triose-phosphate translocator and a GDP-
mannose transporter to the T. parva protein EAN31625.1.

Reference = EAN31625.1 Function Notes

Triose-phosphate translocator (5Y78-B) (Lee et al., 2017)

Lys204 Alal26 Substrate recognition Conserved in higher
Ionic bond to plants plastidic phosphate
phosphate translocators (pPTs)

Lys204Ala greatly
reduced transport

Lys362 Ser285 Substrate recognition Conserved in higher
Tonic bond to plants pPTs
phosphate Lys362Ala greatly

reduced transport

Arg363 Val286 Substrate recognition Conserved in higher
Tonic bond to plants pPTs
phosphate Arg363Ala greatly

reduced transport

Tyr339 Lys262 Substrate recognition Conserved in higher
H-bond to phosphate plants pPTs
and carboxyl Tyr339Phe greatly

reduced transport

His185 Leul06 Substrate recognition His185Ala greatly

ITonic bond to carboxyl  reduced transport
GDP-mannose transporter (6QSK) (Parker et al., 2019; Parker and Newstead, 2017)

Tyr28 Phe29 Essential, H-bond with ~ Tyr28Ala abolished
GMP phosphate transport
Tyr281 Trp278 Ligand discrimination Not strictly conserved in
orthologues, but bulky
side chain required.
Lys289 Val286 Recognition and Conserved in orthologues,
Transport, salt bridge part of GALNK motif for
with GMP phosphate sugar discrimination
Ser266 Asn263 Possibly ligand Ser266Ala greatly
discrimination reduced GMP affinity,
slightly reduced GDP-
mannose affinity
Ser269 Ser266 Possibly ligand Ser269Ala mutation did
discrimination not significantly affect
substrate affinity
Asn220 Gln211 Purine selectivity
Asn221 His212 Purine selectivity,

favours guanine

Six of the eight proteins were divided into two groups based on
structural traits. The first group, consisting of EAN32811.1,
EAN31807.1 and EAN33784.1, had an acidic amino acid (Glu or Asp)
instead of the GIn158, and contained counterparts for both Asp341 and
Arg345. A counterpart for Thr25 was also found in two of the three
proteins, EAN32811.1 and EAN33784.1. Relative to hENT1, these pro-
teins had shorter loops between TM6-7 but longer loops between TM8-9
and TM10-11; they also contained an additional C-terminal helix
modelled in a different orientation to the TM helices. The length of
group 1 proteins ranged from 534 to 556 aa, and had between 11 and 13
DeepTMHMM helices, which is expected for ENT and MFS transporters.
Furthermore, the analysis in FoldSeek against the afdb-proteome data-
set, returned ENT proteins in all cases as the top characterized hit, with
sequence identities of 10.8-12.6 %. The second group consisted of
EAN32006.1, EAN32008.1 and EAN32009.1. In all three of these,
GIn158 was conserved. Thr25 was found as Ser in EAN32006, but as
non-polar amino acids in EAN32008.1 and EAN32009.1. All three had
non-polar amino acids instead of Asp341, and either Ser or Thr instead
of Arg345. This group had loops between TM8-9 and TM10-11 com-
parable to those found in hENT1. Also, the lengths of the loops between
TM6-7 were relatively similar, except in the case of EAN32009.1, which
had a considerably longer loop (approximately 90 aa vs 50-65 aa).
Similar to the first group, all group 2 proteins had an additional helix at
the C-terminal side, although EAN32006.1 and EAN32009.1 also had
additional helices on the N-terminal side. Overall, the length of group 2
proteins ranged from 483 to 525 aa, and contained 11 DeepTMHMM
helices, as expected for ENT and MFS proteins. They bear structural
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similarity to experimentally resolved ENT proteins on the PDB, as well as
predicted structures of ENT proteins of the afdb-proteome datasete, with
sequence identities in the range of 12.5-14.9 %. Furthermore,
EAN32008.1 and EAN32009.1 were annotated as “MFS transporter su-
perfamily” proteins by InterProScan SUPERFAMILY.

The remaining two of the eight proteins, namely EAN33054.1 and
EAN31530.1, could not be placed in either of the above groups based on
overall structure similarity and key conserved amino acids. None of the
key hENT1 residues were present in EAN33054.1, and only Asp341 and
Arg345 were conserved in EAN31530.1. These proteins had FoldSeek
hits in the afdb-proteome dataset to nucleoside transporter proteins with
sequence similarity in the range of 10.2-13.7 %. Data from OrthoMCL
suggested relation to group 1.

The two eliminated proteins were EAN32702.1 and EAN33799.1
(Fig. 3, indicated in italicised red font). In the case of EAN32702.1, the
Z-Score to hENT1 was 16.7, but the top FoldSeek pdb100 hit was an MFS
proton:xylose symporter, while EAN33799.1 had a DALI Z-score of 14.9
for hENT1, and no FoldSeek pdbl00 hits. As EAN33799.1 and
EAN32702.1 had only 8 and 7 TM helices respectively, they were
considered unlikely to have nucleoside transport function.

Non-transporters: There were ten proteins that did not have
convincing support for classification as transporters. EAN31968.1 and
EAN33934.2 had some evidence supporting transporter function, but
not enough to confirm their identity as transporters (Appendix E).
EAN32476.1, EAN32765.1, EAN33420.1, and EAN33761.1 had almost
no evidence to support transporter function. Finally, EAN34131.2,
EAN33749.1, and EAN33155.1 had support as members of the Sec61
protein translocation complex, a vesicle transport complex, and a nu-
clear pore complex, respectively.

Finally, KAF5153161.1 is a 520 aa protein with 11 DeepTMHMM
helices. Based on OrthoMCL, it clustered with group 1 hENT1-like pro-
teins. However, as it did not have a UniProt entry and associated AFDB
structure, it was not included in the structural similarity analysis, which
explains its absence from Fig. 3 and Table 3. On the other hand, TooT-
BERT-T supported the transporter designation. No useful information
was available to further discern its identity. Thus, it is tentatively
categorized as a non-transporter.

3.4. Localization of potential transport proteins

The subcellular localization of a protein not only provides context to
better understand its function, but can also affect the accessibility of the
protein to pharmaceuticals. The localization predictions of CELLO,
DeepLoc, and Light Attention were compared and whenever possible, a
consensus localization was assigned to PTPs for which at least two of the
three tools agreed. Furthermore, the DeepTMHMM predictions were
used to classify proteins as transmembrane (TM) or non-TM based on the
presence or absence of TM helices, respectively (Fig. 4).

Inspection of the DeepTMHMM results for the 188 PTPs revealed that
60 % (n =113) had TM helices. Of the 188 PTPs, the largest group
(n = 54) was predicted to localize to the plasma membrane, and all
those proteins had at least one TM helix. Transmembrane helices were
also present in all lysosome/vacuole (n = 8) and Golgi (n = 3) proteins,
as well as most endoplasmic reticulum (ER) proteins (11 of 12). Notably,
the proteins predicted to localize to the cytoplasm (n = 28) and nucleus
(n = 17), as well as the majority of mitochondrial PTPs (20 of 31) had no
TM helices. There were 35 proteins with no consensus between the three
localization prediction tools, most of which (n = 26) had TM helices.
More detailed distribution of these PTPs into classes/types is discussed
below, and the protein accession numbers are provided in the tables of
Appendix F (Tables F.1 — F.8).

Plasma membrane: The 54 proteins predicted to localize to the
plasma membrane were distributed in 16 protein categories (Fig. 5A).
The ABC (ATP-Binding Cassette) family and MFS family proteins
accounted for nearly half of these PTPs. Three plasma membrane PTPs
are uncharacterized, including two MFS proteins, namely EAN32476.1
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Characterized, but still structurally
similar to hENT1 (3 proteins)

EAN33799.1, EAN32008.1,
EAN32009.1
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Fully uncharacterized, similar to hENT1
(7 proteins)

EAN32811.1, EAN31807.1, EAN33784.1,
EAN32702.1, EAN33054.1, EAN31530.1,
EAN32006.1

e

All proteins structurally similar
to hENT1 (10 proteins)

Eliminated for having too
few helices

Potential hENT1-like
transporters (8 proteins)

EAN32702.1, EAN33799.1

Examination of structural features and
key conserved residues

Group 1 Unclear

EAN32811.1, EAN31807.1,

EAN33054.1, EAN31530.1

Group 2

EAN32006.1, EAN32008.1,

EAN33784.1

EAN32009.1

Fig. 3. Overview of the sorting of hENT1-like proteins into group 1 and 2 and an undefined group. Proteins in black font were part of the initial set of hENT1-like
proteins and remained in the final set. Proteins in italicised red font were in the initial set but eliminated due to being too short and thus not containing the expected

11-12 transmembrane helices.

Table 3
Comparison of key amino acids in human and Plasmodium ENT1s, and eight hENT1-like PTPs.
Trait hENT1 PfENT1 EAN31807.1 EAN32811.1 EAN33784.1 EAN32006.1 EAN32008.1 EAN32009.1 EAN33054.1 EAN31530.1
(60B6) (7WN1)
Average pLDDT score N/A N/A 70.9 68.0 69.0 79.2 79.8 83.4 69.5 74.8
Thr25 Thr25 Ser49 Pro34 Thr34 Thr34 Ser38 Ala41 Leu49 Ile45 Ala34
Trp29 Trp29 Trp53 1le38 1le38 1le38 Ile42 Ile45 1le53 Lys49 Leu38
GIn158 GIn158 GIn135 Glul36 Glul36 Aspl36 GIn143 Glnl46 Gln154 Lys155 Thr144
Asp341 Asp341 Asp287 Asp301 Asp300 Asp300 Leu306 Ala323 Gly353 Gly319 Asp309
Gly344 Gly344  Ser290  Gly304 Gly303 Gly303 Gly309 Ala326 Gly356 Gly322 Gly312
Arg345 Arg345  Arg291 Arg305 Arg304 Arg304 Ser310 Thr327 Thr357 Thr323 Arg313
Additional N-Terminal ~ No No No No No Yes Yes Yes Yes No
helix
Additional C-Terminal No No Yes Yes Yes Yes Yes Yes No No
Helix
Loopb T™ 1-2 45 5 15 10 10 15 15 15 5 5
Loopb ™ 6-7 60 30 30 30 30 55 65 90 30 30
Loopb ™ 8-9 10 15 60 50 50 15 10 15 55 35
Loopb T™ 10-11 5 10 40 35 30 10 5 5 15 15

2 pLDDT: predicted local distance difference test

b Loops are identified by their flanking TM helices and their lengths are broad estimates and can vary by around + 5 amino acids

and EAN34036.2, and a metal transporter, EAN32839.2.

In general, transport proteins localized to the parasite plasma
membrane facilitate the acquisition of various nutrients, including nu-
cleotides and amino acids, and are involved in the removal of waste
products, such as lactic acid and ammonia (Meier et al., 2018). More-
over, access of drugs to transport proteins of the plasma membrane
should be easier than to the intracellular compartments, as there are

fewer membranes that need to be traversed. Furthermore, the utilization
of these drugs will prevent their modification within the parasite cyto-
plasm and they will not be expelled from the cell by drug exporters
(Meier et al., 2018).

Cytoplasm: The 28 cytoplasmic PTPs were distributed in 13 protein
categories (Fig. 5B). The largest groups were the karyopherins and
ATPase family proteins, with six members in each. Notably, a porin
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Fig. 4. Distribution of potential transport-related proteins (PTPs) into different localization classes, as well as distinction between transmembrane (TM) and non-
transmembrane (Non-TM) proteins. ER, endoplasmic reticulum.
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Fig. 5. Graphs showing the number of potential transport-related proteins (PTPs) assigned to various functional categories based on their annotations, with each
graph representing a different subcellular localization. The x-axis is the number of PTPs per category, while the y-axis is the category label. Blue represents proteins
with transmembrane (TM) helices, while light green represents those without. (A) Plasma membrane; (B) Cytoplasm; (C) Endoplasmic reticulum; (D) Golgi apparatus;
(E) Lysosome/vacuole; (F) Mitochondrion; (G) Nucleus; (H) No consensus between tools. ABC, ATP Binding Cassette; MFS, Major Facilitator Superfamily; hENT1,
human Equilibrative Nucleoside Transporter 1.

protein was included, and despite not having a TM helix predicted by localize to the ER, distributed in nine categories (Fig. 5C). Seven of the
DeepTMHMV, it may be a transmembrane protein with a beta-barrel nine protein categories consisted of a single PTP, while three proteins
structure, which is supported by the “membrane bound” solubility were associated with the translocon, and two with MFS protein cate-
prediction of BioEmbeddings. gories. All 12 PTPs had at least one DeepTMHMM-predicted TM helix,

Endoplasmic reticulum: There were 12 proteins predicted to except for a single heat shock protein.
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Golgi: Only three PTPs were predicted to localize to the Golgi,
namely a phospholipid-transporting ATPase, a vesicle transport protein,
and a potential nucleotide-sugar transporter (EAN31625.1) (Fig. 5D).

Lysosome / vacuole: Eight proteins were predicted to localize to the
lysosome/vacuole, distributed in six protein categories (Fig. 5E). The
largest group being the MFS proteins (n = 3) and one of these is
uncharacterized (KAF5153638.1).

Mitochondrion: The 31 proteins predicted to localize to the mito-
chondrion were distributed in 10 protein categories (Fig. S5F). The
largest group was the “Mitochondrial inner membrane translocase
subunit” (n = 10), followed by “Mitochondrial carrier protein” (n = 7)
and “ATPase family protein” (n = 5). Notably, none of the mitochon-
drial inner membrane translocase subunits were predicted to have TM
helices. In contrast, transmembrane helices were predicted in five of the
seven mitochondrial carrier proteins and in only one of the five ATPases.
All five ATPases were annotated as ATP synthase subunits.

Nucleus: There were 17 proteins predicted to localize to the nucleus,
though none had DeepTMHMM-predicted TM helices. These PTPs were
distributed in 10 protein categories (Fig. 5G). The biggest group was the
nucleoporins (n =6), followed by ubiquitin-conjugating enzymes
(n = 3). One of the nucleoporins, EAN33155.1, was uncharacterized,
although it may potentially be a Nup214-like protein (refer to Appendix
E for more detail).

No consensus: There were 35 proteins for which a localization
consensus could not be reached by the three tools, and these were
distributed across 17 protein categories (Fig. 5SH). The largest group of
these PTPs was the MFS proteins (n = 8). Uncharacterized proteins
contributed two members of the MFS proteins, one of the metal trans-
porters, as well as all members of the “Potential Non-transporters” and
the “hENT1-like proteins”. The translocon protein was the potential non-
transporter EAN34131.2, likely representing a Sec61 subunit. The
transmembrane ATPase family protein, EAN32807.1, was annotated as a
calcium transporting ATPase (on UniProt), and could therefore also be
considered a metal transporter. The ATPase proteins further included
two ATP synthase subunits. One of the non-transporters is
KAF5153161.1, which was orthologous to the hENT1-like proteins but
had no structure to further support its identity. The porin with no TM
domain was annotated on UniProt as the p-barrel TOM40 protein.

The largest categories of PTPs are the ATPase, MFS, and ABC pro-
teins. The ATPase family proteins were detected at all localizations
except the ER. MFS proteins were found on the plasma membrane, ER,
and lysosome/vacuoles. ABC proteins were found on the plasma mem-
brane, cytoplasm, ER, and mitochondrion. Metal transporters were
identified on the plasma membrane, ER and lysosome/vacuoles. Kar-
yopherins were the largest group of proteins with supportive transport
roles, and were detected in the cytoplasm and nucleus, consistent with
their roles in nuclear import and export (Wing et al., 2022). Two vesicle
transport proteins were also detected, one each at the ER and Golgi
localizations.

Importantly, the PTP detection approach in the present study
depended on the annotation of orthologous proteins using a keyword-
based approach. Noteworthy, mistaken, incomplete, or ambiguous an-
notations are frequent and, consequently, proteins that are not true
transmembrane transporters were identified as PTPs. This was evident in
the localization analysis, where 40 % of the 188 investigated proteins
did not have TM helices. Transporters involved in the transmembrane
transport of substrates are expected to have transmembrane domains, as
they need to form a hydrophilic pathway through the membrane for
solutes to travel (Muth and Caplan, 2003). However, not all proteins
identified in this study were complete transmembrane transport pro-
teins, hence their lack of transmembrane domains. For example, some of
these were non-transmembrane members of large transport complexes,
such as the ATPase family proteins, others were only tangentially
involved in transport, such as the heat shock proteins, and there were
even proteins with non-transmembrane transport functions, such as
vesicle transport proteins. Of course, some false positives were also
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detected, such as ubiquitin-conjugating enzymes (with orthologues an-
notated as “ubiquitin carrier enzyme”), and curiously a histone protein
(which was included as one of its OrthoMCL orthologues in Babesia bovis
was annotated as “putative Trafficking protein particle complex subunit
5”). These false positives could have resulted from unintended matches
to the selected keywords, incorrect annotations of reference proteins, as
well as incorrect inclusion of correctly annotated proteins in orthologous
groups.

3.5. High-confidence transmembrane transport proteins

The 188 PTPs were further filtered to identify proteins involved in
transmembrane transport. Among these, only 108 had structural
matches to transport-related proteins (Section 3.2), of which 15 had
AFDB structures below the pLDDT threshold.

The GO term prediction using DeepGO-SE revealed that 179 of the
188 PTPs had association with transport biological processes
(G0:0006810) (Fig. 6, detailed in Table C.3). Of these, 70 % (125 of
179) had the molecular function for transmembrane transporter activity
(G0:0022857), suggesting direct involvement in the transport of sub-
strates across membranes. Notably, 108 PTPs with the transmembrane
transporter activity also had at least one TM helix. When TooT-BERT-T
and structural similarity support was considered, only 45 proteins had
structural support with average pLDDT of at least 70 (listed in
Table G.1).

3.6. KEGG pathway and BRITE term prediction

From the 45 high-confidence PTPs, only eight could be assigned
KEGG pathways (Fig. 7A, detailed in Table G.2). Cellular processes and
human diseases were the most common pathway categories. In the
cellular processes category, the largest subgroup was “Transport and
catabolism”, predominantly related to the phagosome (map04145, 4
members). Among the human diseases, the “Infectious disease: bacte-
rial” was the largest, with 4 members. In contrast, 13 of the 45 proteins
could be assigned BRITE terms (Fig. 7B, detailed in Table G.3). The most
common category was “Protein families: signaling and cellular pro-
cesses”, and its most dominant subgroup was “Transporters” (ko02000),
containing seven members. Overall, while very few of the PTPs could be
associated with KEGG pathways and BRITE classifications, those that
could were generally involved in transport, catabolism, and infectious
disease.

TM Transport MF

TM Transport BP

Fig. 6. Distribution of 179 of 188 potential transport-related proteins across
different Gene Ontology terms. Transport MF, GO:0005215 “transporter ac-
tivity” molecular function; TM Transport MF, GO:0022857 “transmembrane
transporter activity” molecular function, TM Transport BP, GO:0055085
“transmembrane transport” biological process; Transport BP, GO:0006810
“transport” biological process.
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= Environmental Information
Processing

m Cellular Processes
= Organismal Systems

m Human Diseases

m Protein families:
metabolism
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processing
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signaling and cellular
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Fig. 7. Summary of the main categories for the KEGG pathway (A) and KEGG
BRITE (B) terms that were assigned to eight and 13 of the 45 high-confidence
potential transport-related proteins, respectively.

3.7. Transportome conservation within the genus Theileria and phylum
Apicomplexa

All 188 PTPs detected in this study had BLASTP hits to at least one
other Theileria species (T. annulata, T. orientalis, T. equi), with 178 having
hits in all three (Fig. 8A, detailed in Table C.4). There were no PTPs that
were exclusive to transforming species (T. annulata and T. parva). These
observations suggest that these PTPs have roles that are not exclusive to
transforming Theileria species. Furthermore, the broad distribution of
these transporters within Theileria could be exploited in drug develop-
ment, as the same or only slightly modified drugs could be used against
multiple species.

The conservation analysis of the 188 PTPs in Apicomplexa revealed
that seven proteins were exclusive to genus Theileria (Appendix H).
Considering the 45 high-confidence PTPs, BLAST hits were detected in
twelve genera, distributed across the orders Piroplasmida (Theileria,
Babesia) and Haemosporidia (Plasmodium), and within the class Con-
oidasida (Cryptosporidium, Cyclospora, Eimeria, Besnoitia, Cystoisospora,
Neospora, Toxoplasma, Gregarina, Porospora). Interestingly, only two of

A

T. annulata

T. orientalis
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the 45 PTPs (EAN31530.1 and EAN31807.1, both hENT1-like proteins)
had hits exclusively found within the Theileria genus. Majority of the
remaining PTPs (39 of 45, 87 %) were found to be common between
Babesia, Plasmodium, and Conoidasida (Fig. 8B, detailed in Tables C.5
and G.4), suggesting broad conservation within Apicomplexa. Curi-
ously, one protein (EAN33647.1, MFS transporter on UniProt) had hits
against only Babesia and the Conoidasida, suggesting conservation
within Apicomplexa and possible deletion within Plasmodium. Finally,
three proteins had hits against Babesia only, suggesting more specific
functions within Piroplasmida. These were two group 2 hENT1-like
proteins (EAN32006.1, EAN32008.1) and EAN32078.1 (amino acid
transporter, UniProt).

4. Conclusion

We identified 334 proteins potentially involved in transport-related
processes in the T. parva GenBank proteome, based on orthology to
transport proteins within Aconoidasida and results from TransportDB.
Of these, 188 were additionally supported by structural matches to
transport proteins or by TooT-BERT-T, a transporter prediction tool.
There were 24 uncharacterized proteins within this set, including po-
tential MFS transporters, metal transporters, and nucleoside trans-
porters. The majority of the 188 PTPs were predicted to be localized to
the plasma membrane and the mitochondrion. Finally, it was deter-
mined that none of these PTPs were exclusive to transforming Theileria
species, although seven were exclusive to the Theileria genus. A subset of
45 PTPs, most of which being conserved across phylum Apicomplexa,
could play a more direct role in transmembrane transport. The
remaining PTPs (146 of 334) will require further analysis to confirm
their transport function. Knowledge of the T. parva transportome may
assist in the identification of drug targets that can block the import of
essential nutrients or the export of harmful metabolic waste. This in-
formation could also be helpful in elucidating routes for drug influx and
efflux, which may be involved in resistance.
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