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Abstract 

Context: Malaria remains a severe global health concern, exacerbated by increasing resistance to antimalarial agents in Plasmodium falciparum. Indonesian 

medicinal plants have demonstrated pharmacological potential, although their application against the calcium-dependent protein kinase 2 (CDPK2) of P. 

falciparum has not been previously explored. 

Aims: To assess the potential of Indonesian herbal compounds as inhibitors of P. falciparum CDPK2 using a range of in silico computational techniques. 

Methods: The structure of CDPK2 was retrieved from the Protein Data Bank (PDB ID: 4MVF) and prepared using the YASARA software. Structural validation was 

performed using Ramachandran plot analysis, ERRAT, and Verify 3D. The ligands were derived from documented Indonesian herbal compounds. Molecular 

docking was performed using AutoDock Vina integrated within YASARA, and the best-scoring ligands were subjected to DFT calculations using ORCA 5.0. 

ADME and biological activity predictions were performed using SwissADME and PASS, respectively. The stability of the most promising complex was assessed 

via normal mode analysis (NMA) using iMODS. 

Results: Among the screened compounds, epicatechin 3-O-(3-O-methylgallate) and remerin exhibited the highest binding affinities. While DFT analysis 

confirmed favorable electronic properties for both, remerin alone met the drug-likeness criteria based on ADME evaluation. Normal mode analysis 

demonstrated that the CDPK2-remerin complex maintained its structural stability throughout the simulation.  

Conclusions: Remerin was identified as a promising inhibitor of CDPK2 based on its binding affinity, pharmacokinetic properties, and molecular dynamics 

stability. Further in vitro and in vivo investigations are required to validate these findings.  

Keywords: biomedicine; herbal compounds; malaria; medicinal plants; Plasmodium falciparum. 

 

Resumen 

Contexto: La malaria sigue siendo un grave problema de salud mundial, agravado por la creciente resistencia a los antimaláricos en Plasmodium falciparum. 
Las plantas medicinales indonesias han demostrado potencial farmacológico, aunque su aplicación contra la proteína quinasa dependiente de calcio 2 

(CDPK2) de P. falciparum no se ha explorado previamente.  

Objetivos: Evaluar el potencial de compuestos herbales indonesios como inhibidores de la CDPK2 de P. falciparum mediante diversas técnicas 

computacionales in silico. 

Métodos: La estructura de la CDPK2 se obtuvo del Protein Data Bank (PDB ID: 4MVF) y se preparó con el software YASARA. La validación estructural se realizó 
mediante el análisis de gráficos de Ramachandran, ERRAT y Verify 3D. Los ligandos se derivaron de compuestos herbales indonesios documentados. El 

acoplamiento molecular se realizó con AutoDock Vina integrado en YASARA, y los ligandos con mejor puntuación se sometieron a cálculos DFT con ORCA 5.0. 

Las predicciones de ADME y de actividad biológica se realizaron con SwissADME y PASS, respectivamente. La estabilidad del complejo más prometedor se 

evaluó mediante análisis en modo normal (NMA) con iMODS. 

Resultados: Entre los compuestos evaluados, la epicatequina 3-O-(3-O-metilgalato) y la remerina mostraron las mayores afinidades de unión. Si bien el 
análisis DFT confirmó propiedades electrónicas favorables para ambos, la remerina por sí sola cumplió los criterios de similitud farmacológica según la 

evaluación ADME. El análisis en modo normal demostró que el complejo CDPK2-remerina mantuvo su estabilidad estructural durante toda la simulación. 

Conclusiones: La remerina se identificó como un inhibidor prometedor de CDPK2 basándose en su afinidad de unión, propiedades farmacocinéticas y 

estabilidad de la dinámica molecular. Se requieren más investigaciones in vitro e in vivo para validar estos hallazgos. 

Palabras Clave: biomedicina; compuestos herbales; malaria; plantas medicinales; Plasmodium falciparum. 
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INTRODUCTION 

Malaria remains a major public health concern, 
particularly in tropical and subtropical regions, where 
it continues to cause significant morbidity and mortal-
ity. The disease is characterized by symptoms ranging 
from mild fever and chills to severe manifestations, 
such as respiratory distress and seizures. According 
to the World Health Organization, approximately 253 
million cases and 597,000 deaths were reported glob-
ally in 2023, with children under five years of age 
constituting the majority of fatalities in sub-Saharan 
Africa (WHO, 2024). 

Instances of antimalarial drug resistance have been 
widely reported in numerous studies, posing a recur-
ring challenge in the search for effective treatments 
against Plasmodium falciparum infections. Addressing 
drug resistance through intensified research efforts is 
a crucial step toward the global goal of malaria eradi-
cation. Resistance cases, such as those involving chlo-
roquine, have reduced the effectiveness of antimalari-
al drugs. Resistance to artemisinin (ART-R) compro-
mises the effectiveness of artemisinin-based combina-
tion therapies (ACTs) and intravenous artesunate. 
Therefore, there is an urgent need for swift, effective 
research and decisive action to address and mitigate 
antimalarial drug resistance (Azmi et al., 2023). 

Calcium ions (Ca²⁺) serve as vital signaling mole-
cules throughout the life cycle of P. falciparum, influ-
encing numerous physiological processes. Within this 
parasite, calcium-dependent protein kinases 
(PfCDPKs) function as central components in signal-
ing pathways that trigger an increase in calcium lev-
els. The PfCDPK family includes seven kinases, 
CDPK1 through CDPK5, characterized by a specific 
domain structure. These kinases belong to the ser-
ine/threonine protein kinase class, which phosphory-
late serine or threonine residues in the presence of 
calmodulin, a cellular signaling mediator. Among 
these, CDPK6 and CDPK7 exhibit approximately 31% 
sequence similarity with other family members 
(Ghartey-Kwansah et al., 2020). One member of this 
family, CDPK2, has been identified as playing a cru-
cial role in regulating male gametocyte exflagellation, 
the process by which microgametes are released from 
their parent cell, a critical step in the transmission of 
malaria (Chawla et al., 2021). Among the CDPK fami-
ly members, CDPK2 is a particularly attractive target 
for the inhibition of P. falciparum and can be utilized 

in antimalarial therapies because it plays a significant 
role in controlling malaria transmission in high-
transmission regions (Diallo et al., 2021). 

Indonesia, a country with a rich ethnobotanical 
heritage, is home to numerous medicinal plants tradi-
tionally used for treating malaria. Prior studies have 
identified bioactive compounds from plants such as 
Tithonia diversifolia, Tinospora crispa, and Cyclea barbata, 
many of which exhibit antimalarial activity (Setyawati 
et al., 2024). However, their potential as CDPK2 inhib-
itors remains unclear (Ramadani et al., 2018). This 
study sought to investigate Indonesian herbal com-
pounds as inhibitors of CDPK2 in P. falciparum using 
a combination of molecular docking, DFT analysis, 
ADME profiling, and molecular dynamics simulation. 
These findings are expected to contribute to the iden-
tification of new antimalarial candidates and provide 
a foundation for future experimental validation.  

MATERIAL AND METHODS 

Protein structural preparation 

The research workflow is presented in Fig. 1, and 
this study was conducted through computer-based 
simulations, with no involvement of animal or human 
subjects. The crystal structure of CDPK2 (PDB ID: 
4MVF) from P. falciparum was obtained from the 
RCSB Protein Data Bank. The overall resolution is 
2.00 Å. The CDPK2 protein was prepared using 
YASARA with several specific configurations and 
tools. Hydrogen atoms were added, quantum me-
chanics (QM)-PM3 calculations were applied, and 
water molecules present in the protein structure were 
removed (Land and Humble, 2018; Niazi, 2025). 
Quantum mechanics (QM) has been employed to 
enhance prediction accuracy by refining the structural 
details of the protein (Niazi, 2025). The CDPK2 pro-
tein was conditioned at pH 8 (Bansal et al., 2013), with 
bond orders and hydrogens adjusted. Finally, energy 
minimization was performed to optimize CDPK2. 
After preparation, the protein structure was checked 
for quality using post-preparation analysis via UCLA-
DOE LAB SAVES v6.1, which includes ERRAT, Verify 
3D, and the Ramachandran plot. 

Ligand structural preparation 

Twenty-five herbal compounds reported in Indo-
nesian ethnopharmacological studies were selected
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Figure 1. The workflow for identifying inhibitor candidates for Plasmodium falciparum 

targeting the CDPK2 protein is presented. 

 

(Setyawati et al., 2024), with staurosporine included 
as a reference inhibitor. Staurosporine has been re-
ported as an antimalarial agent because of its role as a 
kinase inhibitor (Ishiyama et al., 2015). Setyawati et al. 
(2024) retrieved ligand data using a Python-based 
program and the Selenium library through a web 
scraping approach. All ligand structures were down-
loaded from PubChem 
(https://pubchem.ncbi.nlm.nih.gov/). The ligand 
structures were prepared using YASARA Structure 
(Bioinformatics 30,2981–2982). (Liebschner et al., 
2023), pH 8 with adjusted bond orders and hydro-
gens, and semi-empirical quantum mechanics optimi-
zation. Finally, energy minimization was performed 
for each ligand structure. The prepared individual 
ligand structures were saved in (.pdb) format and 
subsequently stored in (*_ligands.sdf) format for 
docking testing. 

Prediction of the pocket on protein CDPK2 

This study identified potential amino acid residues 
in the post-preparation structure of the CDPK2 pro-
tein using Cavity Plus 
(http://pkumdl.cn:8000/cavityplus#/). The post-
preparation structure of CDPK2 in (.pdb) format was 
uploaded, and chain A was selected. During the pre-

diction process, the ligand mode option was not se-
lected (Wang et al., 2023).  

Molecular docking 

For docking runs, the (.yob) file format of the 
CDPK2 protein was used as the target for the test 
ligands. Molecular docking was performed using the 
YASARA structure with several predefined settings. 
The docking area on the CDPK2 protein was defined 
as a cube, and the test ligands were positioned at the 
center of this area. The dimensions used were X = 
78.44 Å, Y = 78.44 Å, and Z = 78.44 Å. These grid box 
dimensions were selected to ensure the coverage of 
both predicted cavities, as identified using the Cavi-
tyPlus tool.  During the docking process, QM-PM3 
was applied to assist with the docking process. The 
use of quantum mechanics (QM) represents a more 
recent approach, as conventional docking methods 
typically rely on force-field-based techniques. QM 
enables a more accurate depiction of protein–ligand 
interactions by capturing electronic-level details that 
are often overlooked in classical methods (Cavasotto 
et al., 2020). The receptor was saved in the 
(*_receptor.sce) format, and the test ligands were 
placed within the predefined cube area. Subsequently, 
the receptor containing the ligand was saved in the 
(*.complex.sce) format. For the simulation process, the 
‘dock_runscreening’ protocol was configured with the 
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integrated VINA method. The number of docking 
runs per ligand was set to three (runs = 3), and the 
number of best poses retained was limited to one. 
Post-docking results were sorted based on the bind-
ing energy in kcal/mol, with more positive values 
indicating better binding. Post-docking visualization 
was performed using the BIOVIA Discovery Studio to 
assist in analyzing the interactions within the protein-
ligand complex (Nursyarah et al., 2023).  

Density functional theory 

ORCA version 5 was employed for the DFT study. 
Both selected compounds were subjected to DFT cal-
culations to determine the HOMO, LUMO, and ener-
gy gap. Each compound was prepared using Avoga-
dro to obtain a ligand conformation with an optimal 
energy. Subsequently, input parameters were config-
ured in ORCA using the B3LYP def2-SVP level of 
theory (Rawat et al., 2024). During DFT calculations in 
ORCA, the molecular structures were saved as (.inp) 
format and later selected for visualization using Ibo-
View software. After obtaining the HOMO and 
LUMO energies, the energy gap was calculated using 
the following equation [1]. 

EHOMO – ELUMO [1] 

Subsequently, to evaluate the molecular proper-
ties, including chemical potential (μ), ionization po-
tential (I), electronegativity (χ), electron affinity (A), 
softness (S), hardness (η), and electrophilicity index 
(ω), calculations were performed based on the follow-
ing equations: 

Electron affinity (A), [2]. 

A = -ELUMO [2] 

Ionization potential (I), [3]. 

I = -EHOMO  [3] 

Chemical potentials [4]. 

-  
(I +  A)

2
 1 
 

[4] 

Electronegativity (χ), [5]. 

(I +  A)

2
 1 
 

[5] 

Softness [6]. 

1

2η
 1 

 
[6] 

Hardsness [7]. 

(I −  A)

2
 1 
 

[7] 

Electrophilicity index [8]. 

μ2

2η
 1 

 
[8] 

ADME and PASS prediction 

The selected ligands were then subjected to ADME 
analysis. The ADME properties were predicted using 
the SwissADME platform based on the SMILES nota-
tion of each selected ligand. SwissADME enables the 
evaluation of physicochemical parameters, pharma-
cokinetic behavior, and drug-likeness (Rakhmawati et 
al., 2024). Furthermore, biological activities were as-
sessed using the PASS server. The SMILES structures 
were uploaded, and antiprotozoal activity was subse-
quently analyzed based on the prediction results. 

Molecular dynamics simulation 

Molecular dynamics simulation (MDS) was con-
ducted using iMODS software. The optimal complex 
stored in (.pdb) format was selected for the Normal 
Mode Analysis (NMA) simulation. During the setup 
of the complex in iMODS, specific parameters were 
adjusted, including the selection of coarse graining 
(CG) by choosing the Cα model. In iMODS, Cα atoms 
are represented based on the total mass of each resi-
due. Prior to running the simulation, energy minimi-
zation was performed on the complex using the 
YASARA software. Post-MDS analysis was conducted 
to analyze the protein-ligand complex using parame-
ters from normal mode analysis (NMA), including 
deformability, B-factors, eigenvalues, and variance 
plots (Alsedfy et al., 2024; Gholam et al., 2024). 

RESULTS AND DISCUSSION  

Post-protein structural preparation 

The prepared CDPK2 structure exhibited satisfac-
tory stereochemical quality. The Ramachandran plot 
showed that 90.7% of the residues were in favored 
regions, with only 0.5% in disallowed regions (Fig. 
2A). An ERRAT score of 94.845% indicated excellent 
overall model quality (Fig. 2B), while Verify 3D con-
firmed that 82.6% of the residues passed the 3D-1D 
profile test, validating the structural reliability (Fig. 
2C). Generally, this plot consists of four main quad-
rants, with red indicating the most favorable regions, 
yellow indicating allowed regions, and white indicat-
ing disallowed regions. If most of the amino acid res-
idues are in the favored regions (red), the protein is 
considered to be of good quality (Sarwar et al., 2024). 
ERRAT analysis helped us verify the protein structure 
using an empirical atom-based approach. According 
to this, if the quality model exceeds 80%, it proves the 
protein's good quality (Rahman et al., 2020). CDPK2 
was modeled using the sequence ID AAQ08324.2, as 
no CDPK2 protein structure was deposited in the 
PDB database at that time.  
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Figure 2. Post-protein structural preparation analysis. 

(A) Ramachandran plot analysis of CDPK2; (B) ERRAT analysis for CDPK2; (C) Verify 3D analysis for CDPK2. 

 
In a modeling study using this sequence, protein 

quality evaluation approaches such as ERRAT and 
Verify 3D were not employed, in contrast to the com-
prehensive validation performed in the present study 
(Kaur and Das, 2022). 

Prediction of CDPK2 binding pocket 

Following confirmation of the structural quality of 
the CDPK2 protein, the amino acid residues involved 
in ligand binding were identified and located within 
specific pockets of the target protein. As shown in Fig. 
3A-B, two pockets were identified as areas where the 
ligands bind to the CDPK2 protein. Each pocket con-
tained specific amino acid residues. In this study, 
cavity number 1 consisted of 73 amino acid residues 
of the CDPK2 protein, whereas cavity number 2 con-
sisted of 50 amino acid residues of the CDPK2 pro-
tein. Based on these results, cavity number 1 was 
identified to contain a greater number of amino acid 
residues than cavity number 2. These predictions 
were generated using CavityPlus, an open-source tool 
that facilitates the identification of protein function 
and supports structure-based drug discovery (Wang 
et al., 2023). The secondary structure of the CDPK2 
protein is presented in Fig. 3C. 

Molecular docking and DFT studies 

In this study, the results obtained from CavityPlus 
were utilized to define the binding site and to assist in 
the identification of favorable ligand-binding pockets. 
Staurosporine was employed as a reference com-
pound to evaluate the binding affinity and to provide 
insight into the minimal amino acid residues involved 
in the interaction. This inhibitor was selected due to 

prior reports indicating that staurosporine effectively 
inhibits the function of CDPK1, CDPK4, and CDPK5 
(Ghartey-Kwansah et al., 2020). Consequently, any 
test ligand that satisfied the criteria for binding ener-
gy and amino acid contact was considered for further 
analysis. To date, molecular docking techniques have 
contributed significantly to drug discovery (Umar et 
al., 2023). Based on the findings obtained through this 
technique, epicatechin 3-O-(3-O-methylgallate), as a 
test ligand, was identified as the top-ranked com-
pound with a binding energy of 9.665 kcal/mol, ex-
ceeding that of the control inhibitor staurosporine, 
which demonstrated a binding energy of 8.889 
kcal/mol (Table 1). For subsequent analysis, the high-
est-ranking ligand, the second-ranking ligand, and 
the control compound were selected for visualization 
and density functional theory (DFT) studies. 

The CDPK family of P. falciparum has not previ-
ously been targeted using Indonesian herbal com-
pounds, making this study among the first to explore 
this approach. Earlier research primarily focused on 
CDPK1, CDPK3, and CDPK5. For example, the 
CDPK5 protein of P. falciparum was modeled and its 
essential role in the parasite’s life cycle was highlight-
ed by Rout and Mahapatra (2019). A notable excep-
tion is the work by Kaur and Das (2022) in which 
CDPK2 was targeted using test ligands derived from 
Solanum tuberosum. In the present investigation, 
CDPK2 was chosen as the molecular target due to its 
recognized involvement in male gametocyte exflagel-
lation and its predicted presence in female gameto-
cytes, indicating a crucial role in the parasite’s transi-
tion to the mosquito vector (de Oliveira et al., 2021). 
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Figure 3. Prediction and visualization of potential CDPK2 binding pockets. 

(A) Pocket 1 of CDPK2; (B) Pocket 2 of CDPK2; (C) Secondary structure of CDPK2 protein. 

 
Based on the 2D visualization used to examine 

protein–ligand interactions, epicatechin 3-O-(3-O-
methylgallate) was found to primarily interact with 
CDPK2 through hydrogen bonding, forming a total of 
nine hydrogen bonds (Fig. 4A). However, an unfa-
vorable donor–donor interaction was observed, spe-
cifically between the ligand and Ser178, which may 
compromise the stability of the ligand–protein com-
plex. Ideally, inhibitor–protein interactions should 
involve favorable bonding types to ensure the for-
mation of a stable complex (Khedraoui et al., 2024). In 
contrast, remerin predominantly engages in hydro-
phobic interactions, forming seven such interactions 
(Fig 4B). It interacts with strand-region amino acid 
residues, including Leu199, Val86, Leu78, Ala99, and 

Met146, while the coil region involves Ile212 and 
Val130. Additionally, remerin forms two attractive 
charge interactions and one carbon–hydrogen bond 
with Asp213 in the coil region. A Pi–sulfur interaction 
was also established with Cys149 within the same 
secondary structure. Compared to remerin, the con-
trol inhibitor staurosporine displays fewer hydropho-
bic interactions and forms only one hydrogen bond 
(Fig. 4C). It is predicted that the attractive charge and 
Pi–sulfur interactions contribute substantially to the 
observed binding energy values of the protein–ligand 
complexes, as Pi–sulfur interactions are known to 
stabilize the dipole moment of a ligand through 
charge transfer with nearby amino acids (Mousavi et 
al., 2021).  
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Table 1. Post-docking analysis showing binding energy values based on QM-PM3 calculations. 

CID Plants  Compound 
Binding energy 

(kcal/mol) 

467296 Camellia sinensis Epicatechin 3-O-(3-O-methylgallate) 9.665 

119204 Cyperus longus Remerin 9.311 

42608068 Cleome viscosa Eriodictyol 5,4’-dimethyl ether 7-O-glucoside 9.294 

42607542 Artocarpus venenosa Paratocarpin 9.235 

107905 Camellia sinensis/ Averrhoa carambola Epicatechin 3-O-gallate 8.903 

44259 - Staurosporine (Control inhibitor) 8.889 

44257114 Camellia sinensis Gallocatechin 3’-O-gallate 8.837 

101789466 Phyllanthus niruri Eriodictin 8.577 

101937309 Smilax china Isoengeletin 8.577 

73649 Calopogonium mucunoides Isoneorautenol 8.541 

14284598 Camellia sinensis Epigallocatechin 3-O-caffeate 8.54 

5320861 Ricinus communis Reynoutrin 8.533 

6450184 Zinnia linearis Maritimein 8.512 

9804842 Camellia sinensis Epigallocatechin 3-O-(3-O-methyl)-gallate  8.263 

65064 Camellia sinensis/ Averrhoa carambola Epigallocatechin 3-O-gallate 8.237 

44259973 Crinum latifolium Gossypetin 3-galactoside 8.003 

44257156 Cassia javanica Catechin-4-ol 3’-methyl ether 3-O-alpha-L-

rhamnopyranoside 

7.722 

72277 Camellia sinensis/ Averrhoa carambola Epigallocatechin 7.505 

 
The unfavorable donor–donor interaction in the 

epicatechin 3-O-(3-O-methylgallate) complex is pre-
sumed to weaken the binding stability with the 
CDPK2 target protein. In contrast, remerin exhibited 
more favorable interactions. It engages key amino 
acid residues located in the predicted binding site, as 
determined by CavityPlus. Specifically, remerin binds 
to Asp213, which is situated within cavity no. 2. The 
Pi–sulfur interaction between remerin's aromatic ring 
and Cys149 also occurred within cavity no. 2. Other 
interacting residues in cavity 2 included Val130, 
Met146, Ala99, Ile212, Leu78, Val86, and Leu199. 
Based on both binding energy and interaction profile, 
remerin emerged as a strong candidate due to its con-
sistent interaction with cavity no. 2 of the CDPK2 
protein.  

Siden‐Kiamos et al. (2006) recommended further 
research to elucidate the functions of CDPK3 and 
other members of the CDPK family. An in vitro exper-
imental study focusing on CDPK1 suggested that its 
activity may be regulated by PKG-mediated phos-
phorylation at residue T231 within its activation loop. 
However, phosphorylation of T231 was not detected 
in global phosphoproteomic analyses dependent on 
PKG under in vivo conditions. Furthermore, in vitro 
induction studies on mature gametocytes have re-

vealed that the absence of both CDPK1 and CDPK2 
prevents red blood cell (RBC) membrane rupture, 
thereby trapping the parasite within the host cell. 
Notably, CDPK2 has been identified to play a specific 
and essential role in the exflagellation of male game-
tocytes (Sharma et al., 2021). 

Subsequently, density functional theory (DFT) cal-
culations were performed on the three ligands to de-
termine their molecular properties. These calculations 
were performed to facilitate the prediction of more 
accurate structural geometries. Furthermore, this DFT 
study helps reveal molecular orbitals in the realm of 
quantum chemistry, providing insights into chemical 
events. The presence of HOMO and LUMO provides 
insights into reactivity, stability, and kinetics (Ghei-
dari et al., 2024). As visually presented in Fig. 4D-F, 
the HOMO energy reveals the ionization potential, 
while the LUMO energy relates to the electron affinity 
and kinetics (Gheidari et al., 2024). Based on our cal-
culations, epicatechin 3-O-(3-O-methylgallate) exhib-
ited a HOMO energy of -0.2051 eV and LUMO energy 
of -0.037 eV, giving an energy gap of -0.16810 eV. 
Remerin displayed a HOMO energy of -0.0509 eV and 
LUMO energy of -0.0368 eV, resulting in an energy 
gap of -0.01410 eV.  
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Figure 4. Interaction analysis through 2D visualization and density functional theory (DFT) studies.  

(A) Epicatechin 3-O-(3-O-methylgallate); (B) Remerin; (C) Staurosporine; (D) Molecular orbital of epicatechin 3-O-(3-O-methylgallate); (E) Molecular 

orbital of remerin; (F) Molecular orbital of staurosporine. DFT calculations were performed using ORCA 5.0, with visualization carried out through 

IboView. The DFT computations were based on the B3LYP/def2-SVP level of theory. 

 
For staurosporine, the HOMO, LUMO, and energy 

gap values were -0.1242 eV, -0.0571 eV, and -0.06710 
eV, respectively. A higher energy gap value indicates 
a more stable compound, whereas a lower energy gap 

suggests a more polarizable, reactive, and softer com-
pound (Holikulov et al., 2024). Based on the HOMO-
LUMO calculations conducted using ORCA, epicate-
chin 3-O-(3-O-methylgallate) exhibited the highest
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Table 2. Calculation of molecular properties for the three selected ligands. 

Compound  
Homo 

(eV) 

Lumo 

(eV) 

Energy 

gap (eV) 

Ionization 

potential 

(I) (eV) 

Electron 

affinity 

(A) (eV) 

Chemical 

potentials 

(μ) (eV) 

Electronegativity 

(χ) (eV) 

Hardness 

(η) (eV) 

Softness 

(S) (eV) 

Electrophilicity 

index (ω) (eV) 

Epicatechin 3-O-(3-

O-methylgallate) 

-0.2051 -0.037 -0.16810 0.20510 0.03700 -0.12105 0.12105 0.08405 5.94884 0.08717 

Remerin -0.0509 -0.0368 -0.01410 0.05090 0.03680 -0.04385 0.04385 0.00705 70.92199 0.13637 

Staurosporine -0.1242 -0.0571 -0.06710 0.12420 0.05710 -0.09065 0.09065 0.03355 14.90313 0.12247 

 
energy gap at –0.1681 eV, indicating greater electronic 
stability than remerin (–0.0141 eV) and staurosporine 
(–0.0671 eV). In contrast, remerin displayed the small-
est energy gap and was therefore predicted to be the 
most reactive compound, with a higher tendency to 
interact with biological targets, although it may pos-
sess lower electronic stability. In this analysis, frontier 
molecular orbitals (FMO) were calculated, including 
the chemical potential (μ), ionization potential (I), 
electronegativity (χ), electron affinity (A), softness (S), 
hardness (η), and electrophilicity index (ω), using 
Koopman’s theorem. All our calculation results are 
summarized in Table 2. The structural stability, reac-
tivity patterns, and molecular behavior were defined 
through calculations (Bhatia, 2024). 

ADME and PASS analysis 

The two selected test ligands and one control in-
hibitor were evaluated using Swiss ADME to assess 
their absorption, distribution, metabolism, and excre-
tion (ADME) properties, which has greatly assisted 
researchers in drug development (Murugesan and 
Kaleeswaran, 2024). Based on the analysis, remerin 
demonstrated superior drug-likeness properties com-
pared to the test ligand epicatechin 3-O-(3-O-
methylgallate) and even outperformed the control 
inhibitor staurosporine. This evaluation was conduct-
ed using established drug-likeness criteria, including 
Lipinski’s, Ghose’s, Veber’s, Egan’s, and Muegge’s 
rules. The ligand epicatechin 3-O-(3-O-methylgallate) 
was predicted to be unreliable owing to its failure to 
meet the requirements of the Veber, Egan, and 
Muegge rules. A study conducted by Rauf et al. (2023) 
emphasized that all five drug-likeness criteria should 
be satisfied without any violations for a compound to 
be considered a viable drug candidate. The results are 
summarized in Table 3. These findings were further 
supported by the boiled egg model and bioavailabil-
ity radar, as shown in Fig. 5. Fig. 5A presents the 
boiled egg model, where remerin was positioned 
within the yellow radar area. Similarly, in the bioa-
vailability radar model, the radar did not extend be-

yond the pink area (Fig. 5B). Fig. 5B shows that stau-
rosporine shares similar characteristics with remerin, 
as both ligands are confined to the yellow and pink 
regions in the boiled egg model and bioavailability 
radar, respectively. In contrast, epicatechin 3-O-(3-O-
methylgallate), the top-ranking ligand, exceeded the 
yellow radar region in the boiled egg model and the 
pink radar in the bioavailability radar (Fig. 5C). In this 
study, the involvement of P-glycoprotein (P-gp) was 
predicted for both the candidate compounds and the 
control inhibitor. P-gp functions as a primary active 
efflux transporter mediated by carrier proteins and is 
known to significantly influence the absorption, dis-
tribution, and elimination of various substances. Re-
ports have indicated that P-gp transporters are pre-
dominantly expressed in the small intestine, kidneys, 
and liver. The findings revealed that epicatechin 3-O-
(3-O-methylgallate) is predicted to act as a P-gp sub-
strate, whereas remerin is not identified as a substrate 
of this transporter. In addition, cytochrome P450 en-
zymes containing heme groups (CYPs) were predict-
ed to be involved. Among them, the isoforms 
CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4 
are responsible for more than 90% of the oxidative 
drug metabolism processes in the human body (Ibra-
him et al., 2021).  

According to the PASS server analysis for antipro-
tozoal properties, remerin had a higher Pa value than 
its Pi value. Interestingly, the Pa value of remerin was 
higher than that of epicatechin 3-O-(3-O-
methylgallate). The results are presented in Table 3. 
To date, the PASS server has been widely used and 
provides a platform for predicting biological activity 
(in this case, antiprotozoal activity). The server identi-
fies Pa as the probability of the activity being ex-
pressed and Pi as the probability of it not being ex-
pressed, with independent values ranging from 0 to 1. 
Many studies have used PASS to predict the probabil-
ity of expression for anti-microbial, anti-viral, anti-
dementia, and other biological activities (Krawczyk-
Łebek et al., 2024). 
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Table 3. ADME properties and PASS analysis for assessing candidate quality. 

ADME property/PASS analysis 
Compound   

Staurosporine Epicatechin 3-O-(3-O-methylgallate) Remerin 

Formula C28H26N4O3 C23H20O10 C18H17NO2 

Molecular weight (g/mol) 466.53 456.40 279.33 

TPSA (Å²) 69.45 166.14 21.70 

Consensus Log Po/w 3.09 1.77 3.13 

GI absorption High Low High 

P-gp substrate Yes No Yes 

CYP1A2 inhibitor No No Yes 

CYP2C9 inhibitor No No No 

CYP2C19 inhibitor Yes No No 

CYP2D6 inhibitor Yes No Yes 

CYP3A4 inhibitor Yes Yes Yes 

Lipinski Yes Yes; 1 violation: NHorOH>5 Yes 

Ghose No; 1 violation: MR>130 Yes Yes 

Veber Yes No; 1 violation: TPSA>140 Yes 

Egan Yes No; 1 violation: TPSA>131.6 Yes 

Muegge No; 1 violation: #rings>7 No; 2 violations: TPSA>150, H-don>5 Yes 

Bioavailability score 0.55 0.55 0.55 

Synthetic accessibility 4.93 1.32 3.47 

Pa value - 0.211 0.313 

Pi value - 0.096 0.092 

 
Molecular dynamics simulation 

iMODS software was used to evaluate the physical 
movement and stability of the protein-ligand com-
plex. Normal mode analysis (NMA) was employed to 
study the stability and slow dynamics of the CDPK2-
remerin complex, using various parameters to under-
stand and analyze this complex. Fig. 6A shows the 
deformation of the CDPK2-remerin complex, possibly 
revealing areas of significant deformation. In this 
study, the B-factor values were calculated using 
NMA, as shown in Fig. 6B. Fig. 6C displays the eigen-
value values for the CDPK2-remerin complex, where 
an eigenvalue value indicates the ease of deformation 
(Bhattacharya et al., 2022). Fig. 6D shows the variance 
map plots, where green indicates cumulative vari-
ance, whereas purple signifies individual variance 
within the CDPK2-remerin complex. As shown in Fig. 
6E, the covariance matrix in this study revealed corre-
lations between residues in the complex. When the 
red color was more concentrated, it indicated an in-
crease in the expected correlation between residues. 
Conversely, a dominant white color indicates an un-
correlated movement. The CDPK2-Remerin complex 
was analyzed using an elastic network model to re-

veal and define atom pairs connected by springs (Fig. 
6F). These connections are represented as points on a 
graph, with each point representing a spring between 
the corresponding pair of atoms. As shown in Figure 
6F, the darker the gray color, the stiffer the spring 
(Bhattacharya et al., 2022). Minimal deformation, low 
B-factor variability, and well-distributed elastic net-
work stiffness suggested that remerin binding did not 
disrupt protein dynamics. The primary objective of 
this NMA study was to evaluate the stability of the 
CDPK2–remerin complex. Based on the identification 
of all parameters presented in Fig. 6, remerin provid-
ed stability to the CDPK2 protein, ensuring that the 
inhibitory activity against the CDPK2 protein pro-
ceeded effectively. 

CONCLUSION 

The current in silico investigation successfully 
identified remerin, an Indonesian herbal compound, 
as a promising inhibitor of P. falciparum calcium-
dependent protein kinase 2 (CDPK2). The structural 
quality of the CDPK2 protein was validated using 
multiple assessment tools, confirming its suitability 
for docking and simulation studies. Among the 
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screened ligands, remerin demonstrated superior 
binding affinity, favorable electronic properties, and 
compliance with key drug-likeness and pharmacoki-
netic parameters. Molecular dynamics simulations 
further supported the structural stability of the 
CDPK2-remerin complex, indicating the potential for 
effective inhibitory activity. In contrast, although 
epicatechin 3-O-(3-O-methylgallate) exhibited strong 

binding affinity, its pharmacokinetic limitations re-
duced its suitability as a lead compound. Based on 
these findings, remerin is recommended for further 
validation through in vitro experiments, such as ki-
nase assays or transmission-blocking assays on P. 
falciparum strains, as well as in vivo studies, to confirm 
its therapeutic potential against P. falciparum. 

 
 

A   

 

 

 

B   
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Figure 5. ADME analysis using the boiled egg model and bioavailability radar. 

(A) Remerin; (B) Staurosporine; (C) Epicatechin 3-O-(3-O-methylgallate). 
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Figure 6. MD simulation via NMA analysis for the selected inhibitor candidate, remerin. 

(A) Deformability graphs; (B) B-factor plots; (C) eigenvalue plots; (D) variance map plots; (E) Correlation matrix plots; 

(F) elastic network of complex. 
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