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Abstract

Malaria continues to be one of the most devastating global health problems due to the high morbidity and mortality it causes in
endemic regions. The search for new antimalarial targets is vital because of the increasing prevalence of drug resistance in
malaria parasites. Malarial proteases constitute promising therapeutic targets as they play important roles in the parasite life
cycle. The inhibition of these enzymes has pharmacological and therapeutic significance since they are involved in numerous
processes, including the development, invasion, egress, and breakdown of host hemoglobin to release amino acids for parasite
sustenance. In this study, in silico techniques were used to shed light on the mechanisms underlying the inhibitory effects of
prenylated quercetin isolated from Globimetula oreophila on plasmepsin I and II, falciparum 2 and 3, Plasmodium falciparum
calcium-dependent protein kinase 2, dihydrofolate reductase-thymidylate synthase, and serine repeat antigen 5. The test
compound significantly interacts with key enzyme binding pockets through hydrogen bonds, van der Waals, and hydrophobic
interactions, influencing protease specificity control. Crucial ligand features like carbonyl and hydroxyl groups were identified
as essential for receptor interactions. Comparative analysis revealed the test compound's strong binding affinities with energies
ranging from -6.4 Kcal/mol to -9.4 Kcal/mol, indicating competitive potential against various enzymes, particularly excelling
against P/DHFR-TS, plasmepsin-I, and SERAS5 compared to native ligands. This suggests the compound's ability to
competitively inhibit enzyme activity by targeting co-factor binding sites, especially with specific proteases, holding promise
for therapeutic applications as potent inhibitors for the prevention and treatment of malaria.
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1. Introduction

Malaria is a common and life-threatening disease in
many tropical and subtropical areas with staggering infec-
tion and mortality statistics [1]. A eukaryotic protist causes
malaria; a single-celled organism and the parasite belongs
to a genus known as Plasmodium. Species of the genus
Plasmodium including P. falciparum, P. vivax, P. ovale, P.
malariae, and P. knowlesi are known to cause malarial in-
fection in humans [2]. Plasmodium falciparum can cause
serious complications and can be fatal if untreated. It is
responsible for the most deaths due to malaria [1]. In 2020,
an estimated 241 million cases and 627,000 fatalities oc-
curred worldwide, with sub-Saharan Africa accounting for
the vast majority of cases and deaths—roughly 95% [1].
The resistance of malaria parasites to most of the widely
used antimalarials is one of the main obstacles to control-
ling the disease. The only medications available today to
treat chloroquine-resistant Plasmodium falciparum infec-
tions are artemisinins and artemisinin combination therapy
(ACTs). Nonetheless, there have been reports of decreased
ACT sensitivity in some Asian regions [1]. A primary hur-
dle in the development of novel antimalarial drugs lies in
securing a promising lead compound with favorable phar-
macokinetic attributes encompassing absorption, distribu-
tion, metabolism, excretion, and toxicity (ADMET).

Studies have shown that medicinal plants and their natural
products have been identified as a robust source of medicinal
properties due to secondary metabolites such as quinine and
artemisinin, some of the most successful antimalarial agents.
Globimetula oreophila commonly known as mistletoe be-
longing to the family of Loranthaceae, is found growing on
dicotyledonous trees using them as a host for its root-like
structure called haustoria [3]. Previous phytochemical
screening of G. oreophila leaves crude extract and fractions
were reported to be a rich source of secondary metabolites
such as steroids/terpenoids, cardiac glycosides, saponins,
tannins, flavonoids, and alkaloids [4, 5]. It was reported to be
a rich source of essential trace metals in appropriate quanti-
ties [6].

Targeting a specific enzyme of the malaria parasite and
modifying its metabolic pathway is a successful experi-

mental technique for developing antimalarial drug candidates.

Antimalarial drugs, both synthetic and natural, are designed
to target the parasite's unique metabolic pathways in compar-
ison to the host. The Plasmodium parasite feeds on 60-80%
of the hemoglobin present in red blood cells during the intra-
erythrocytic stage of its life cycle. It then dissolves the he-
moglobin and uses the amino acids it contains for protein
synthesis and energy. Hemoglobin breakdown may also be
facilitated by giving the parasite the space it needs inside the
erythrocyte to grow and reproduce. A cascade of aspartic
proteases plasmepsins [7], cysteine proteases falcipains [8],
and dihydrofolate reductase [9, 10] mediate massive degra-
dation of host hemoglobin to release amino acids for parasite
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nutrition; (2) serine proteases (subtilases) have been impli-
cated in erythrocyte invasion and parasite exit from the host
[11, 12]; calcium-dependent protein kinase 2 important for
calcium signaling at various stages of the parasite’s life cycle
they are attractive drug targets for malarial treatment and
prevention.

In this study, we employed a computational approach that
can be used to rationalize anti-malarial activities of com-
pounds qualitatively and save time in evaluating the efficacy
of these anti-malarial. [13]. The compounds were analyzed to
help predict their absorption, distribution, metabolism, excre-
tion, and toxicity (ADMET) properties. Based on the results
of this study, it is expected that the compound may serve as a
viable candidate for the development of proteases and kinase
inhibitors that might be used to treat malaria. This study aims
to evaluate the inhibitory activity of prenylated quercetin
from Globimetula oreophila leaves extract on malaria-
associated protein using an in silico docking study. The pro-
spects of inhibition of Plasmodium falciparum vital enzyme;
a cysteine protease (falcipain-2 and 3), aspartic protease
(plasmepsin | and II), serine repeat antigen 5 (SERAS),
Plasmodium falciparum dihydrofolate reductase thymidylate
synthesis (PfDHFR-TS), and Plasmodium falciparum calci-
um-dependent protein kinase 2 (PfCDPK2) of 2-(3,4-
dihydroxy-phenyl)-3-((5-ethyl-2”-(2’-hydroxypropyl)-3-
methynon-4”-en-1-yl)oxy)-5,7-dihydroxy-4"-H-chromen-4-
one (DG1) isolated from the leave of Globimetula oreophila
was investigated using in silico studies.

2. Material and Methods

2.1. Software, Hardware, and Databases

AutoDock Vina [14], MGL tools [14], UCSF Chimera
[15], ChemDraw ultra.12, Discovery Studio, Spartan 04,
SwissAdme (online server), Mac OSX, Windows (Intel pro-
cessor, Coreib).

2.2. Protein Crystal Structures

High-resolution, non-mutant crystal structure files of the
following enzymes from P. falciparum were obtained from
RCSB Protein Data Bank (http://www.rcsh.org/pdb); Falci-
pain-2 [FP-2; PDB ID: 6SSZ] [16], Falcipain-3 [FP-3; PDB
ID: 3BPM] [17], Plasmepsin-1 [PIm-1; PDB ID: 3QS1] [18],
Plasmepsin-11 [PIm-Il; PDB ID: 1LF3] [19], Serine Repeat
Antigen-5 [SERAS5; PDB ID: 6X42] [20], Plasmodium falci-
parum Calcium-Dependent Protein Kinase 2 [PfCDPKZ2;
PDB ID: 4MVF] [21], and Plasmodium falciparum Dihydro-
folate Reductase Thymidylate Synthase [PfDHFR-TS; PDB
ID: 4DPD] [22].
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2.3. In-silico Antimalarial Studies

2.3.1. Evaluation of Theoretical Oral Bioavailability

The oral bioavailability of the characterized compound
DG1 was predicted theoretically based on Lipinski’s rule of
five, on the SWISSADME
(http://www.swissadme.ch/index.php), and PROTOX-II
https://tox.charite.de/protox3/ web serves were used for
properties that defined the absorption, distribution, metabo-
lism, excretion, and toxicity (ADMET) of the test compound
respectively. Through extensive database utilization, the
servers accurately predict a variety of physicochemical prop-
erties including lipophilicity, water solubility, pharmacoki-
netics, drug-likeness, medicinal attributes, and compound
toxicity with remarkable precision.

2.3.2. Protein Structure Preparation

As mentioned, the crystal structures were obtained from
the protein data bank (PDB). Before docking, residues locat-
ed within 5.0A around the native ligands. Chimera UCSF
removed all crystallographic water molecules, ions, and
bound ligands from the 3D structures retrieved from PDB
[15]. The isolated receptors were prepared and saved as
rec.pdb. AutoDock Tools [14] were used to edit the rec.pdb
files by adding polar hydrogen and Gastegier charges and
saving them as pdbqt files.

2.3.3. Ligand Structure Preparation

The 2D structure of the characterized compound (prenyl-
ated quercetin) was generated using ChemDraw ultra.12,
and Spartan 04 was used to convert the 2D structures to 3D.
Using the AMI semi-empirical method, geometrical opti-
mization was carried out on all the compounds using the
Spartan software, and the optimized structures were stored
as mol2 files. AutoDock Tools was used to add hydrogen
and Gastegier charges and saved as mol2 files to pdbqt
format.

2.3.4. Molecular Docking Analysis

The docking procedure for each protease enzyme was val-
idated before docking the test compounds by separating the
co-crystallized ligand from the enzyme crystal structure and
re-docking it using the set-up parameters. The procedure that
gives conformation superimposable with a geometrical con-
formation of the co-crystallized ligand in the active site was
chosen [23]. Before molecular docking, the active sites were
defined according to the coordinates of the crystallographic
structures of both enzymes by defining the grid box, and the
best pose was obtained which was used for further studies.
The UCSF Chimera was further used for post-docking visu-
alization and pre-MD preparations of all systems (ligands
and receptors).
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3. Results and Discussion

3.1. Evaluation of Theoretical Oral
Bioavailability

The theoretical oral bioavailability of the isolated com-
pounds is presented in Table 1 with the molecular weight,
hydrogen bond donor, hydrogen bond acceptor, number of
rotatable bonds, and MLogP, values of the isolated com-
pound for predicting theoretical oral bioavailability based on
Lipinski’s rule of five [24]. Topological Polar Surface Area
(TPSA) and Molar Refractivity (MR) are other pharmacoki-
netic parameters studied.

Analyzing the drug's likeness makes finding and produc-
ing new drugs easier. The topological polar surface area
(TPSA) and the molecular weight of the drug are important
factors to take into account for it to pass across the biological
barrier. The drug molecule can permeate less the higher the
TPSA and molecular weight levels, and vice versa. Lipo-
philicity is defined as the partition coefficient logarithm of a
drug/molecule in an organic or liquid phase (LogP). It im-
proves the body's ability to break down medication candi-
dates; hence, decreased digestion is seen by improved LogP.
A drug compound's Log S value determines how well it dis-
solves; the lower the number, the better. The drug molecule's
permeability, solubility, and bioavailability are suggested by
Lipinski's five criteria [24].

Using a computational approach that reduces experiment
time and cost, this Ro5 assists in the transition of an investi-
gational novel drug from phase I to phase Il [24, 25]. The
rule of thumb of Lipinski states that orally administered
drugs should possess a molecular weight under 500g/mol, 10
or fewer hydrogen bond acceptors, 5 or fewer hydrogen bond
donors, and a log P less than 5. Any candidate's drug mole-
cule that violates two or more of the rules would not be oral-
ly active. Based on the rule of Ro5, prenylated quercetin had
a violation based on its molecular weight in Table 1 [24].
The drug's hydrophilicity is indicated by the logarithm of its
partition coefficient between n-octanol and water, or log P-
value. A lower log P indicates better drug molecule absorp-
tion within the cell. The drug molecule's solubility is shown
by the Log S value, and a lower rate again replicates the can-
didate molecule's higher solubility. Topological polar surface
area, or TPSA, is once more connected to the drug mole-
cule's permeability and absorption. In a biological system, a
medicinal molecule with a higher TSPA value frequently
causes poor permeability. A targeted drug will be assessed
by the synthetic accessibility (SA) score before being synthe-
sized. The syntheses vary according to the distinct scores.
For example, a score of 10 indicates extreme difficulty in
synthesis, while a score of 1 indicates extreme ease of syn-
thesis [26]. In addition to the bioavailability characteristics,
the bioavailability score establishes a possible drug candi-
date's penetrability [27]. Prenylated quercetin (ligand) per-
formed well in the drug-likeness prediction study and this
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was evident when taking into account all phases of the study.

Table 1. Analysis of theoretical oral bioavailability of compound
DG based on Lipinski's rule of five Drug likeness prediction com-
pound DGI.

Properties Prenylated quercetin
Formula C30H3305
Mol Wt* 526.62
#Heavy atoms 38
#Aromatic heavy atoms 16
Fraction Csp3 0.43
#HbA 8

#HbD 5

#nRB 12

MR 150.49
TPSA 140.59
MLogP 1.84
Lipinski violation® Yes'
Inference Pass
Ghose violations 4

Veber violations 2

Egan violations 2
Muegge violations 1
Bioavailability score 0.55
Synthetic accessibility 5.80

Molecular weight in g/mol, (b) Lipinski et al, 2004 (Mwt<500,
MLogP<4.15, N or O<10, NH or OH<5 and number of rotatable
bonds< 10), nRB: Number of rotatable bonds, LogP: Partition co-
efficient, HbA: Hydrogen bond acceptor, HbD: Hydrogen bond
donor, Topological Polar Surface Area (TPSA) <140 A%, MR: Mo-
lar Refractivity

3.2. ADMET Profile

As shown in Table 2, the water solubility values of
prenylated quercetin represented in terms of log S,, were
found to be -7.00 and predicted to be poorly water-soluble
and the cytochrome P450 inhibitory potential of compound
DGL1. Lipophilicity was represented by the consensus log P
values (arithmetic mean of iLOGP, XLOGP3, WLOGP,
MLOGP, and Silicos-IT Log P values —Table 3) with a value
of 5.08. Table 4 shows the toxicity profile compound DG1.

To assess a drug candidate's potential from both the phar-
macological and pharmacodynamic perspectives within a
biological system, we looked at ADMET predictions. As a
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result, the effectiveness of drug testing and enhancement is
crucial, and for drugs that target brain cells, the blood-brain
barrier (BBB) is essential. Furthermore, the intestinal muco-
sa must break down the drug molecules because a large por-
tion of the drug is taken orally. P-glycoprotein (P-gp), a well-
characterized ATP-binding cassette transporter in the plasma
membrane, facilitates drug transfer and, as a result, inhibits
P-gp and influences drug transportation. The Caco-2 cell line
is utilized in permeability investigations conducted through
in vitro analysis. The molecule's permeability determines
whether or not the drug will be absorbed by the intestine.
Based on the anticipated toxicity profile of the compound
(DG1) in Table 3, prenylated quercetin is classified as an
acute toxicity class V (LDsp<5000 mg/kg) substance in Table
4 [28]. Prenylated quercetin does not tend to androgen, thy-
roid, estrogen receptor, and aromatase binding potential as
shown in Table 2. Administered drugs go through the blood-
stream and then return to the liver. After using the drugs as a
substrate, an enzyme belonging to the cytochrome P450 fam-
ily excretes the drug through the urine or bile. Drug degrada-
tion is the outcome of any form of interference with any of
these enzymes [29]. When a molecule is shown to be a sub-
strate for at least one kind of CYP450 enzyme, it means that
the drug is anticipated to be broken down by the correspond-
ing CYP450 enzyme or enzymes [30]. Human hepatotoxicity
(H-HT) is a term used to describe a variety of liver damage
that can result in the organ failing or even death [31]. To
identify compounds that may be mutagenic, causing altera-
tions or malignant growth, a mutagenicity test known as the
Ames test is utilized. The Ames test system is a commonly
used test to determine point mutations in deoxyribonucleic
acid (DNA), such as modification, addition, or deletion of
one or more base pairs [32]. In the digesting region, the lig-
and performed flawlessly. On the other hand, prenylated
quercetin exhibits Caco-2 permeability while not being a p-
gp inhibitor. The isolated compound DG1 was shown to be
CYP2C19 and CYP3A4 inhibitors in the metabolism zone in
Table 2, indicating a relatively easy ligand metabolism. The
ligand examined in the Ames tests was not mutagenic or
carcinogenic in the toxicity range and thus safe as shown in
Table 4.

Table 2. Pharmacokinetics Prediction output and oral bioavailabil-
ity of compound DG1.

Properties Prenylated quercetin

Silicos-IT LogSw -7.00

Silicos-class Poorly soluble

Consensus Log P 5.08
Log Kp (cm/s) -4.48
GI Absorption Low
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Properties

BBB Permeant
Pgp substrate
CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2C9 inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

Prenylated quercetin

Table 3. Consensus log P values of compound DG1.

Properties

iLOGP
XLOGP3
WLOGP
MLOGP
Silicos-IT Log P

Consensus Log P

Prenylated quercetin

3.98
7.09
6.21
1.84
6.26
5.08

Table 4. Toxicity profile of compound DG1.

Properties

Oral Acute Toxicity

Enzyme

Falcipain-2
Falcipain-3
Plasmepsin I
Plasmepsin 11
PfDHFR-TS

Serine Repeat Antigen-5

Prenylated quercetin

Class V

Calcium Dependent Protein Kinase-1

Properties Prenylated quercetin

Ames mutagenesis -
Carcinogenicity -
Hepatotoxicity -
Androgen receptor binding -
Thyroid receptor binding -
Estrogen receptor binding -

Aromatase binding -

-: inactive; +: active; Class IV: LDs<2000 mg/kg; Class V:
LD5y<5000 mg/kg; Class VI: LD5;>5000 mg/kg

3.3. Molecular Docking Studies

3.3.1. Grid Box

The configuration file (config.txt) was tailored according
to the grid box parameter, resulting in AutoDock Vina gen-
erating outputs in pdbqgt format. Employing Chimera's
ViewDock feature, we pinpointed compounds exhibiting
superior binding energy, ideal geometric conformations, and
wide-ranging inhibitory effects across all studied enzymes.
These compounds were stored in complexes alongside the
reference enzymes. The preparation of enzymes and DG1
(ligand) for each system was meticulously carried out using
Chimera, following the methodology outlined by Pettersen
and colleagues [15]. Details of the grid box parameter can be
found in Table 5.

Table 5. Grid box parameter for the enzymes.

Grid Box Size

X

40
16
44
40
40
10
40

3.3.2. Validation of Docking Procedures

The docking procedures applied to the seven enzymes were well-validated, as shown in Table 6. All the co-crystallized lig-
ands re-docked on their respective proteins, and are well superimposed on their original Protein Data Bank (PDB) structures.

Y

40
16
40
40
40
10
40

Center

Z X Y Z

40 19.2868 -40.6414 8.8792
24 5.95 -22.364 50.067
40 27.55 -9.925 4.252
40 16.215 6.85 27.605
48 24.614 4.953 58.236
10 -39.347 2.082 -34.907
40 32.333 85.018 21.838
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Table 6. The crystal structures of enzyme complexes and re-docked ligands super-imposed on the crystal structures for validation.

Crystal structure complex (Enzyme and Native  Crystal structure complex (Enzyme, Native

Enzyme Code and name Ligand) Ligand and Re-docked ligand) (Validation)

Falcipains-2 (6SSZ)

Falcipains-3 (3BPM)

Plasmepsin |

(3QsD

Plasmepsin 11
(1LF3)

Serine Repeat Antigen 5
(6X42)

Calcium Dependent Protein
Kinase-2 (MVF)
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Enzyme Code and name

Plasmodium falciparum Di-
hydrofolate Reductase

3.3.3. Binding Affinity of Ligand to the Protease
Enzymes

The binding energies of the co-crystallized ligands and the
prenylated quercetin against protease enzymes are presented
in Table 7.

The result obtained from the molecular docking analysis
demonstrated that the test compound was found to interact
with the residues at the active site and other sub-unites regu-
lating the specificity of the proteases. The test compound has
a better binding affinity within the binding pockets of falci-
pain-2, falcipain-3, Plasmepsin I, Plasmepsin I, PfCDPK2,
PfDHFR, and SERAS and it is which is evident that the bind-
ing process where principally favored by hydrogen bond, van
der Waals and other hydrophobic interactions. With regards
to the binding interactions, the most contributing features of
the ligands for receptor interactions are the carbonyl group,
hydroxyl group, methyl group, and oxymethylene group.
Table 7 shows the binding affinities of the test compound
and the standard ligands. Based on the docking score of the
various enzymes under study, the dihydrofolate reductase
had the lowest energy and thus, the highest binding affinity
as compared to other proteases with prenylated quercetin.
From Table 7, it was seen that the order of increasing bind-
ing energy with the various ligands is PIDHFR-TS (-9.4
Kcal/mol)>PIm-1 ~ (-8.2  Kcal/mol)>PfCDPK2  (-7.9
Kcal/mol)>PIm-II (-7.2 Kcal/mol)>Fla-3 (-6.7
Kcal/mol)>Fal-2 (-6.5 Kcal/mol)>SERA5 (-6.4 Kcal/mol).
The binding energy of the test compound with the various
enzymes ranges from -6.4 Kcal/mol to -9.4 Kcal/mol while it
was -3.4 to -11.3 for the native ligands. Additionally, the
native ligands in all the plasmodium falciparum enzymes had
a higher binding affinity than that of the test compound ex-
cept in PfDHFR-TS, PIm-I, and SERA5 where the test com-
pound had a higher binding affinity. This suggests the poten-
tial ability of the compound to compete with various proteas-
es under study for the co-factor binding site of the enzyme
leading to inhibition of its activity.

Crystal structure complex (Enzyme and Native
Ligand)
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Crystal structure complex (Enzyme, Native
Ligand and Re-docked ligand) (Validation)

Table 7. The binding energies of the co-crystallized ligands and
compound DG1 against malaria protease enzymes.

Lig0 Affinity Ligl Affinity
Enzyme (Kcal/mol) (Kcal/mol)
Falcipain-2 -7.4 -6.5
Falcipain-3 -6.9 -6.7
Plasmepsin I -10.2 -8.2
Plasmepsin 11 -10.0 -7.2
PDHFR-TS -9.4 -9.4
Serine Repeat Antigen-5  -3.4 -6.4
Calcium Dependent Pro- 113 79

tein Kinase-2

Lig0  (falcipin-2): -  (~{E})-3-(1,3-benzodioxol-5-yl)-1-(3-
nitrophenyl) prop-2-en-1-one (JV1); falcipain-3: N~2~-(morpholin-
4-ylcarbonyl)-N-[(3S)-1-phenyl-5-(phenylsulfonyl) pentan-3-yl]-L-
leucinamide  (C1P);  Plasmepsin-I:  (4R)-3-[(2S,3S)-3-{[(2,6-
dimethylphenoxy)acetyllamino}-2-hydroxy 4 phenylbutanoyl] N
[(1S,2R)-2-hydroxy-2,3-dihydro-1H-inden-1-yl]-5,5-dimethyl-1,3-
thiazolidine-4-carboxamide(006); plasmepsin-II: N-(1-benzyl-3-
{[3-(1,3-dioxo-1,3-dihydro-isoindol-2-yl)-propionyl]-[2-
(hexahydro-benzo[ 1,3]dioxol-5-yl)-ethyl]-amino} -2-hydroxy-
propyl)-4-benzyloxy-3,5-dimethoxy-benzamide (EH58); PfDHFR:
Dihydrofolic ~ acid (DHF); amino-2,4,6-triiodobenzene-1,3-
dicarboxylic acid (I13C); amino-2,4,6-triiodobenzene-1,3-
dicarboxylic acid (I3C); Ligl: DG1 (Prenylated quercetin).

3.3.4. The Binding Poses and Binding Interactions
Analysis of Prenylated Quercetin Against
Plasmodium Falciparum Enzymes

The binding conformation and interaction of prenylated
quercetin with residues on the active site of the falcipain-2
falcipain-3, plasmepsin I, plasmepsin Il, CDPK2, SERAS,
and PfDHF-TS studied using Chimera [15] and Discovery
Studio Suite (www.accelrys.com) are shown on Figures 1-7.

Figures 1-7 shows the three-dimensional (3D) and two-
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dimensional (2D) representations of the binding confor-
mation and interactions analysis of the test compound with
active sites of falcipain 2 and 3, plasmepsin | and Il, Plas-
modium falciparum dihydrofolate reductase thymidylate syn-
thase (PfDHFR-TS), Plasmodium falciparum calcium-
dependent protein kinase 2 (PfCDPK2), and serine repeat
antigen 5 (SERAD) studied using Chimera [15] and Discov-
ery Studio Suite (www.accerlrys.com). The test compound
was seen to occupy the native ligand binding site of the en-
zyme. From the molecular interactions of falcipain 2 with
Compound DG1, 3 hydrogen bonds were formed through the
ortho-substituted hydroxyl group of the phenyl ring, carbonyl
carbon of the central ring, and the oxymethylene of the
prenylated side chain with the enzyme target, including
Cys22, Asn21, and Aspl8 (Figure 1; Table 8). Additionally,
compound DG1 was stabilized through hydrophobic
interactions with amino acid residues such as Vall35,
Aspl37, Serl36, Alal40, Lys20, Trpl89, Trpl93, GInl9,
Asnl56, Gly23, Hisl57, and Cys22 (2-bonds). Compound
DG1 formed 4 hydrogen bonds through two ortho-
substituted hydroxyl groups of the phenyl ring, carbonyl
carbon of the central ring, and the hydroxyl group of the
prenylated side chain with the falcipain 3 at the active site,
including Cysb1 Glu243 Gly42 Gly92 (Figure 2; Table 8).
Hydrophobic interactions were predicted between Falcipain
3 and compound DG1 with residues Alal84 Asnl182 Trp52
11e94 Cys51* His183 GIn45 Trp215 Alal66 Alal61l yr90
Cys89 Gly91 Prol181 Tyr93 which involves in stabilization
of ligand through protonation and deprotonation event within
the active site of falcipain 3. Compound DG1 formed 4 hy-
drogen bonds through one ortho-substituted hydroxyl group
of the phenyl ring, one hydroxyl group of the prenylated side
chain, and the carbonyl carbon of the central ring with
plasmepsin | enzyme, including Ser219 (2-bonds), Thr218,
and Gly34 (Figure 3; Table 8). Additionally, compound DG1
was stabilized through hydrophobic interactions with amino
acid residues 11e213 Vall2 Metl13 1le30 Phell7 Alalil
Gly217 Ser77 Asp32 Tyr75 Ser35 Ser220 11287 Asp215
Thr222 11300 Val289 Val76 Leu291 Tyrl89 (Figure 3; Ta-
ble 8). Compound DG1 formed 2 hydrogen bonds through
one ortho-substituted hydroxyl group of the aromatic ring
and one hydroxyl group of the prenylated side chain with the
plasmepsin Il enzymes, including Ser218 and Asp34 (Figure
4; Table 8). The amnio acid residue Asp34 is one of the cata-
Iytic dyads of the plasmepsin Il and was seen to form a hy-
drogen bond with the hydroxyl group of the aromatic ring
which is responsible for the inhibition of the parasite thereby
displacing the water molecule from the active site and
Ser218 group occupies the pockets. This has an impact on
the disruption of the life cycle of the Plasmodium Falcipa-
rum parasite. Hydrophobic interactions predicted between
PIm Il and compound DG1 with residue Leu292 11e290
Thr221 Val78 Tyr192 Gly36 Ser37 Asp214 Thrll4 Ser79
Thr217 Gly216 Tyr77 Phel20 Phelll Ile123 Ala219 lle32
which can enhance the selectivity of the compound by opti-
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mizing its fit and complementarity to the target (Figure 4;
Table 8). Compound DG1 formed 3 hydrogen bonds through
two ortho-substituted hydroxy groups in one aromatic ring
and one hydroxyl group with the side chain with Plasmodi-
um falciparum calcium-dependent protein kinase 2
(PfCDPK?2), including Glul53 (2-bonds) and GIn80 (Figure
5; Table 8). Hydrophobic interactions predicted between PIm
Il and compound DG1 with residues Glu196, Gly79, Val130,
Ala99, Cysl149, Glul47, 1le212, Leul48, Leul99, Val86,
Lys101, Gly81, Thr82, Asp213, Asnl97, Aspl92, and
Lys194 (Figure 5; Table 8) which enhance the selectivity of
the compound by optimizing its fits and complementary to
the target. Compound DG1 formed 4 hydrogen bonds
through one ortho-substituted hydroxyl group in each of the
aromatic rings and one carbonyl carbon group of the central
ring with Plasmodium falciparum dihydrofolate reductase
thymidylate synthase (PfDHFR-TS) enzymes, including
Asp54, Serll (2-bonds), and Ser108. Additionally, com-
pound DG1 was stabilized by hydrophobic interactions with
amino acid residues Arg122, Cys59, Prol113, 1le112, Leull9,
Met55, Val45, Phe58, Tyr57, llel4, Alal6, Cysl5, Leud6 (2-
bonds), Tyr170, Leu40, Serl67, Val195, Gly165, Gly41, and
Phel16 (Figure 6; Table 8). Compound DG also formed 3
hydrogen bonds through two ortho-substituted hydroxyl
groups in one aromatic ring and a carbonyl carbon of the
central ring with serine repeat antigen 5 (SERAD5), including
Tyr772, Lys780, and Ser781 (Figure 7; Table 4). Hydropho-
bic interactions predicted between PIm Il and compound
DG1 with residues Asn771 Lys779 Glu570 Lys723 Val719
Asp716 Tyr804 Lys780 (Figure 7; Table 8) which involve in
stabilization of ligands through protonation and deprotona-
tion event within the active site of the enzyme.

The formation of multiple bonds observed between com-
pound DG1 with all the enzymes under study increases the
complexes’ stability and contributes to higher binding affini-
ty. From this study, it has been shown that the compound has
interactions with active amino acid residues within the dif-
ferent receptors studied, our findings, therefore, imply that
the compound may have the potential to modify the active
site of the enzymes so the plasmodium falciparum enzymes
binding is prevented. Therefore, this could interfere with the
function of the malaria-associated enzymes and then cause
inhibition of their activity. The common structural features
of the compound were the presence of ortho hydroxyl, car-
bonyl carbon, and prenylated side chain with the nucleus of
the molecule which is thought to impart the ability to inhibit
the Plasmodium falciparum enzymes under study. The pres-
ence of hydrogen bonds in the docked protein-ligand com-
plex as shown in Figures 1-7, is of interest because hydrogen
bonds are usually seen to be facilitators of protein-ligand
binding such as functional group interactions which can form
specific interactions with complementary residues in the tar-
get receptor, enhancing the selectivity of the drug molecules.
The carbonyl carbon which is involved in hydrogen bonding
in the active site, is thought to contribute to solubility. Addi-
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tionally, other types of interactions (van der Waals, and elec-  than the smaller side chain group in ligand-protein interac-
trostatic charge) are a good indication of good docking quali-  tions as suggested by structure-activity relationships (SARS)
ty and complex stability which was observed in this study. [32, 33].

The bulky side chain in compound DG1 is more favorable

Interactions

D van der Waals - Amide-Pi Stacked

- Conventional Hydrogen Bond D Alkyl

:l Carbon Hydrogen Bond I:l Pi-Alkyl
[ Fiistacked
Figure 1. 3D molecular pose and 2D interactions of DG1 on the binding cavity of Falcipain 2 showing 2D (left) and 3D (right) views.

Acceptor L

- Pi-Pi T-shaped
A

Acceptor L [ Praky

Figure 2. 3D molecular pose and 2D interactions of DG1 on the binding cavity of Falcipain 3 showing 2D (left) and 3D (right) views.
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Figure 4. 3D molecular pose and 2D interactions of DG1 on the binding cavity of Plasmepsin II showing 2D (left) and 3D (right) views.
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Figure 5. 3D molecular pose and 2D interactions of DGI on the binding cavity of Calcium Dependent Protein Kinase-2 showing 2D (left)
and 3D (right) views.
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Figure 6. 3D molecular pose and 2D interactions of DG1 on the binding cavity of Plasmodium falciparum Dihydrofolate Reductase Thymi-
dylate Synthase showing 2D (left) and 3D (right) views.
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Figure 7. 3D molecular pose and 2D interactions of DG1 on the binding cavity of Serine Repeat Antigen-5 showing 2D (left) and 3D (right)
views.

Table 8. Molecular interactions of the amino acid residues of compound DG1 with crystal structures of Plasmodium falciparum vital en-
zyme, a cysteine protease (falcipain-2 and 3), aspartic protease (Plm-I and II), PfCDPK2, PfDHFR, and SERAS.

Hydrogen Bond Interaction Hydrophobic Interaction

Protein Compound
Numbers  Amino acid Numbers  Amino acid Residues
Falcipain-2 (6SSZ) 3 Cys22 Asn21 13 Vall35 Asp137 Ser136 Alal40 Lys20 Trp189
Aspl8 Trp193 GIn19 Asn156 Gly23 His157 Cys22°
DGl ary:
- Alal84 Asn182 TrpS2 11e94 CysS1* His183 GIn45
Falcipain-3 Cys51 Gly49
(3BWK) 4 Glu243 Glyo? 16 Trp215 Alal66 Alal61 yr90 Cys89 Gly91 Prol181
Tyr93
. Ile213 Vall2 Met13 1le30 Phell7 Alalll Gly217
Plasmepsin I Ser219* Thr218
(3Qsl) 4 Gly34 20 Ser77 Asp32 Tyr75 Ser35 Ser220 I1e287 Asp215

Thr222 11e300 Val289 Val76 Leu291 Tyr189

7
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Hydrogen Bond Interaction Hydrophobic Interaction

Protein Compound

Numbers  Amino acid
Plasmepsin 11
(ILF3) 2 Ser218 Asp34
PfCDPK2 (4MVF) 3 Glu153* GIng0
PfDHFR-TS 4 Asp54 Serl11?
(4DPD) Ser108
SERAS5 (6X42) 3 Tyr772 Ser781

Lys780

a: two bonds; b: three bonds

4. Conclusion

This research delved into investigating the therapeutic
promise of prenylated quercetin as a potential candidate
for addressing malaria-associated enzymes via molecular
docking analysis. The results highlight how this natural
compound can engage with distinct malaria targets, indi-
cating their potential as antimalarial agents. The inhibition
of these enzymes by the isolated compound could offer
therapeutic benefits against Plasmodium falciparum and
as a good candidate for new sources in the development of
antimalarial drugs.
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