In silico identification of promising therapeutic targets of Plasmodium falciparum
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ABSTRACT 

	Aims: The aim of this study is to identify promising therapeutic targets in Plasmodium falciparum using advanced in silico approaches. This study focuses particularly on the intraerythrocytic stage of the parasite's life cycle, which is critical for its survival and proliferation. 
Study design:  A comprehensive bioinformatics approach was employed, integrating data mining and extensive database analyses to efficiently streamline the drug discovery pipeline and pinpoint vital therapeutic targets in Plasmodium falciparum.
Place and Duration of Study: Analyses were carried out from January to June 2022 at the African Center of Excellence in Bioinformatics (ACE-Mali), using data from the TDR Targets database and advanced bioinformatics tools.
Methodology: We used the WHO validated TDR Targets database to extract Plasmodium falciparum proteins likely to be therapeutic targets, applying strict criteria such as strong expression during the intra-erythrocytic stage, lack of human orthologs, essentiality, druggability score and bibliographic support. This candidate list has been refined using an in-house scoring system combining bioinformatics analyses taking into account criteria such as the presence of transmembrane helices,sequence identity,conservation,. Each criterion was scored from 0 to 3 and summed into an overall prioritization score to systematically rank proteins.
Results: The study identified sixteen potential therapeutic targets, with five of them Adenylate kinase, P.falciparum Chloroquine Resistance Transporter (PfCRT), AdenyloSuccinate Lyase (ADSL), PhosphatidylSerine Decarboxylase (PSD), and Protein Disulfide Isomerase (PDI) highlighted as highly promising. These key proteins are involved in essential processes such as invasion, replication, and immune evasion of the malaria parasite.
Conclusion: This study identified sixteen potential therapeutic targets against malaria, with Adenylate kinase,PfCRT,ADSL,PSD, and PDI standing out as particularly promising. These targets may help overcome drug resistance and support global eradication efforts. The findings highlight the power of in silico approaches in accelerating drug discovery and targets validation.
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1. INTRODUCTION 

Malaria is a disease caused by a single-celled eukaryotic parasite of the genus Plasmodium. The disease remains one of the deadliest infectious diseases globally, causing over 597,000 deaths each year, with Plasmodium falciparum (Pf) responsible for the most severe cases. It is estimated to be responsible for 263 million cases (World Malaria Report 2024: Addressing Inequity in the Global Malaria Response, n.d.). Sub-Saharan Africa remains the most affected region of the world, the region hosting more than 90% of the global burden of P. falciparum (Ali et al., 2021). Children under five years of age, infants, and pregnant women are the most vulnerable to the disease and the most affected by infection (Onukwuli et al., 2025) Despite years of research, drug resistance continues to emerge, underscoring the urgent need for new therapeutic targets(Brhane et al., 2025).
Various strategies have been adopted in the fight against malaria, which have resulted in a 60% reduction in the number of malaria deaths worldwide. An 18% decrease in the incidence of malaria cases has also been reported between 2010 and 2016. This remarkable decrease in malaria incidence is the result of preventive measures, such as mass distribution of insecticide-treated nets, vector control strategies, chemoprevention, and rapid diagnostic tests, as well as the use of artemisinin-based combination therapies (ACTs) for curative treatment (Ouji et al., 2018). In 2021, the World Health Organization (WHO) made its first recommendation for the widespread use of a malaria vaccine, RTS, S. Although this is an encouraging step, improvements are still needed, as the efficacy of RTS, S is only 30-40% and protection fade within months despite a four-dose regimen (Nadeem et al., 2022). ACTs, recommended by the WHO, are currently used as first-line antimalarial treatment worldwide. However, current efforts to reduce the global malaria burden are threatened by the rapid emergence and spread of P. falciparum resistance to ACTs, including artemisinin derivatives and their associated drugs (Salifu et al., 2023). Given the high mortality and morbidity and the emergence and spread of resistance to existing drugs, there is no doubt that new drugs are needed.
To achieve this goal, antimalarial drug research must focus on identifying new therapeutic targets to generate new drug candidates. Several approaches are used to identify therapeutic targets among these: direct biochemical methods, genetic interaction methods and computational inference methods (Schenone et al., 2013). There is also IVIEWGA (In Vitro Evolution and Whole-Genome Analysis) which is a reverse genetic method that takes compounds that have activity in phenotypic assays and then identifies the target. A CRISPR/Cas9 Pipeline, metabolomic profiling, chemoproteomics, in Silico Approaches (Yang et al., 2021).
Given that experimental investigations of potential drug targets are time-consuming and costly, it is worthwhile to conduct insilico analyses to identify promising proteins that are most worthy for further experimental investigations. These analyses consider characteristics generally considered desirable for a drug target, including essentiality, druggability (whether drug-like molecules are likely to interact with the target), assayability, specificity/selectivity (ability to inhibit the pathogen without harming the host), and importance in pathogen life-cycle stages that are relevant to human health (Crowther et al., 2010). Also, according to the parasite life cycle, clinical symptoms of malaria appear during the intraerythrocytic stage of parasite development in host red blood cells (Rout et al., 2017).	.
The present study aims to establish a list of promising therapeutic targets based on rigorous criteria and targeting the intraerythrocytic stage.
2. material and methods 

2.1 Screening for promising therapeutic targets
To identify potential therapeutic targets in Plasmodium falciparum, we used the TDR Targets database, validated by the World Health Organization’s Special Programme for Research and Training in Tropical Diseases (TDR). This database provides genome wide data on protein targets from 20 human pathogens and allows prioritization based on multiple drug discovery-relevant features(Urán Landaburu et al., 2020).The “Targets” section of the database was used to extract a list of candidate P. falciparum proteins applying the following selection criteria focus on P. falciparum, the main causative agent of severe malaria, high expression level (80th to 100th percentile) during the intraerythrocytic stage, which is the parasite phase when malaria symptoms occur, ensuring functional importance,expression data from the Otto TD dataset for reliable gene activity profiling,absence of homologs in Homo sapiens to avoid potential toxicity to the human host, essentiality determined based on Plasmodium berghei orthologs, indicating proteins vital for parasite survival,network druggability score ≤ 1, suggesting a high likelihood of interaction with drug-like molecules and presence of bibliographic references in PubMed supporting biological relevance.

Table 1. Therapeutic target selection criteria in TDR target DB
	Selection criteria for therapeutic targets in TDR_target DB

	Select pathogen species
	 Plasmodium falciparum

	Expression level (percentile): 
	80-100% 

	Life cycle stage: 
	 Intra-erythrocytic

	Expression Dataset:
	 Otto TD

	Phylogenetic distribution
	not in H. sapiens

	Essential:
	P. berghei essential

	Network Druggability Score
	<= 1

	Bibliographic references
	In PubMed



2.2	Prioritization of potential therapeutic targets
The preliminary list of candidate proteins from the TDR Targets database was refined by incorporating additional criteria derived from bioinformatic analyses combined with an extensive literature review, resulting in the development of an in-house scoring model. This approach considered key structural and functional features relevant to drug target suitability. Specifically, transmembrane helices were predicted using TMHMM 2.0 (Krogh et al., 2001), as membrane proteins can pose challenges for drug targeting due to limited accessibility and solubility(Yin & Flynn, 2016). The protein sequence length for each candidate was obtained from UniProt (The UniProt Consortium, 2023), favoring proteins of manageable size to facilitate drug design efforts. Sequence identity was assessed using Clustal W (Thompson et al., 2003), enabling prioritization of proteins with low similarity to human orthologs, thereby minimizing off-target effects and enhancing selectivity(Beaudoin et al., 2025). Functional domains were identified using the SMART database (Letunic et al., 2021) to provide insights into protein complexity and potential druggability, with proteins exhibiting a higher number of domains generally being favored due to their increased functional versatility and opportunities for targeted intervention (Vishwanath et al., 2018). Conservation and variability of protein regions were analyzed to evaluate the risk of drug resistance and to prioritize proteins that are highly conserved and exhibit a low number of mutations, thereby increasing the likelihood of sustained target efficacy(Wang et al., 2013). These features were determined via the ConSurf server(Ashkenazy et al., 2016), which helped identify conserved regions frequently associated with essential functional roles(Cagiada et al., 2023). Additionally, protein stability was calculated using ProtParam(Garg et al., 2016), with stable proteins deemed more desirable as targets due to their higher likelihood of successful expression and purification(Kwan et al., 2022). Subcellular localization was predicted with ESLpred (Bhasin & Raghava, 2004), prioritizing extracellular or cytoplasmic proteins, which are generally more accessible to drugs and therefore represent more viable targets(Alanzi et al., 2025). Orthology searches were also conducted using OrthoDB (Kriventseva et al., 2019), EggNOG (Hernández-Plaza et al., 2023), and KEGG (Kanehisa et al., 2022) to confirm parasite specificity and exclude targets with human orthologs, thereby minimizing potential toxicity risks (Doyle et al., 2010). All tools were used with default settings.
To facilitate the selection and ranking of the most promising therapeutic targets, prioritization scores ranging from 0 to 3 were established for each of these criteria. Proteins exhibiting favorable characteristics such as absence of transmembrane helices, moderate length (≤ 500 amino acids), low sequence identity with human homologs (< 25%), a high number of functional domains, low sequence variability, and extracellular or cytoplasmic localization were assigned higher scores. A comprehensive score was calculated for each protein by summing the scores assigned to each parameter using a customized Python script. This integrated scoring approach enabled a systematic and hierarchical ranking of candidate targets, making the prioritization transparent and allowing the identification of the most promising therapeutic targets based on their structural suitability, parasite specificity, potential drug accessibility, and reduced risk of resistance development. The resulting rankings were visually represented as a heatmap, also generated using the same customized Python script. Table 2 below summarizes the parameters, selection criteria, and the scores assigned to each criterion used in this prioritization process.
Table 2. Prioritization criteria for therapeutic targets used.
		Selection criteria for therapeutic target hierarchization	 

	Criteria
	Score

	Transmembrane helix
	Presence 
	0

	
	Absence 
	1

	
Sequence size
	<= 500 amino acids
	3

	
	500-700 amino acids
	2

	
	> 700 amino acids
	1

	
Identity to Human Ortholog
	< 25%
	3

	
	25-30%
	2

	
	> 30%
	1

	
Number of Domains
	3 
	3

	
	2 
	2

	
	1 
	1

	
Variability
	<35% 
	2

	
	> 35% 
	1

	
Stability index
	<= 40 
	2

	
	> 40
	1

	
Cellular localization 
	Extracellular
	3

	
	Cytoplasmic
	2

	
	Nuclear
	1



3. results and discussion
[bookmark: _Hlk205155008]In this study, we used the TDR Targets database, approved by the World Health Organization, combined with in-house scoring criteria and literature mining, to identify and prioritize Plasmodium falciparum therapeutic targets. Our multidimensional computational pipeline applied stringent selection filters to retain proteins that are biologically relevant, parasite specific, essential for survival, and potentially druggable. A detailed description of this pipeline is provided in the Methods section. Briefly, we focused on proteins expressed during the intraerythrocytic stage and excluded those with human orthologs or low essentiality. We further filtered based on druggability scores, protein expression levels, and PubMed-indexed experimental support. To refine this list, we applied an internal scoring framework that assessed features relevant to drug development, such as size, sequence conservation, subcellular localization, presence of transmembrane domains, number of functional domains, sequence similarity to human proteins, and protein stability. Application of these stringent filters and prioritization criteria resulted in a final list of sixteen (16) high-priority therapeutic targets. These proteins demonstrated an optimal combination of favorable drug target properties and biological relevance. Figure 1 presents a heatmap summarizing the cumulative prioritization scores assigned to each candidate. Darker shades reflect higher cumulative scores, enabling intuitive comparison of target quality across the set. Among the top-ranked candidates were Adenylate kinase, Chloroquine Resistance Transporter (PFCRT), Adenylosuccinate lyase (PfADSL), Phosphatidylserine decarboxylase (PfPSD) and Protein disulfide-isomerase (PfPDI). These proteins stand out due to their high essentiality, cytoplasmic localization, low sequence similarity to human proteins, and structural properties compatible with inhibitor binding. Their biological functions are also well supported by existing literature, reinforcing their therapeutic potential.
Despite the rigorous methodology and richness of the integrated data, this study has some limitations that need to be taken into account for a nuanced interpretation of the results. Firstly, reliance on databases such as TDR Targets and published literature may introduce a representation bias. Some poorly studied or recently characterized proteins are likely to be underestimated or absent from the analysis, limiting the discovery of potential new targets (Magariños et al., 2012). Secondly, the prediction of druggability, although solid due to the use of the TDR Targets database which compiles validated genomic, structural and pharmacological data, remains an estimate. It doesn't guarantee that a target will actually be accessible or effective in a therapeutic context, particularly given the biological and pharmacokinetic complexities encountered in vivo(Fauman et al., 2011). Third, a major limitation lies in the discrepancies observed between subcellular localizations predicted by bioinformatics tools and experimental results, particularly for proteins such as PfPSD and PfPDI. Localization was predicted using the ESLpred algorithm, a support vector machine (SVM)-based tool that analyzes protein sequence composition and evolutionary profiles to predict their subcellular compartments. However, while ESLpred localizes these proteins to compartments such as the mitochondrion or cytoplasm, experimental studies clearly demonstrate preferential localization in the endoplasmic reticulum (Hendricson et al., 2019),(Cobb et al., 2021).This discrepancy highlights the current limitations of computational tools, which often rely on sequence motifs and signatures that may not capture the specificity of protein targeting mechanisms in parasites(De Vita et al., 2023). These differences underscore the imperative need for rigorous experimental validation to confirm the relevance of the chosen targets. Fourth, the study primarily focuses on individual protein targets without integrating analysis of functional networks or the possibility of metabolic redundancies within the parasite. Plasmodium falciparum often possesses compensatory mechanisms that can counteract the inhibition of a single protein, potentially reducing therapeutic efficacy. This observation suggests that combinatorial approaches targeting multiple pathways or proteins will likely be necessary to overcome these intrinsic resistances (Cowell et al., 2018). Finally, translating results obtained in in silico or in vitro contexts into clinical applications remains a major challenge. Biological variations between parasite strains, host influence, and complex pharmacological interactions can significantly affect the efficacy and safety of drug candidates developed from these targets (Ashley et al., 2014),.This assessment highlights the challenges and precautions associated with the search for new antimalarial treatments and emphasizes the importance of combining bioinformatic analysis, experimental validation, and in vivo functional studies to effectively advance this field.
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Fig. 1. Heatmap display of total prioritization scores for sixteen P. falciparum Proteins Using a Multicriteria Scoring Approach



4. Conclusion

In this study, we identified and prioritized sixteen validated therapeutic targets in Plasmodium falciparum by integrating the WHO-approved TDR Targets database with custom scoring criteria and extensive literature validation. Our unified framework combined biological relevance, druggability, structural characteristics, and host selectivity to generate a robust and biologically meaningful ranking of candidate proteins. Among these, five targets : Adenylate kinase, P.falciparum Chloroquine Resistance Transporter (PfCRT), AdenyloSuccinate Lyase (ADSL), PhosphatidylSerine Decarboxylase (PSD), and Protein Disulfide Isomerase (PDI) emerged as top priorities due to their essential roles in parasite survival, structural tractability, and significant divergence from human homologs, making them highly promising for selective drug development.This refined shortlist provides a strong foundation for structure-based drug discovery and experimental validation efforts aimed at advancing antimalarial therapies and overcoming the critical issue of drug resistance.
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