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ABSTRACT:

Background: Malaria continues to be a serious problem in several countries, marked by an increase in the
number of cases and a high morbidity rate. One of the commonly adopted strategies in drug discovery is by
performing compound screening using computational tools, known as virtual screening. This technigue allows
one to screen multitudes of chemical compounds in silico, thus saving cost and time by reducing the amount of
tested compound in vitro. Recently, P. falciparum prolyl-tRNA synthetase (PfPRS) is one of the top priority
targets to be explored of potent inhibitors. This enzyme plays an important role in attaching L-proline into tRNA,
which then will be incorporated into protein sequence. Its inhibition would halt the protein synthesis and kill the
parasite. Methods: Hierarchical virtual screening was performed against PfPRS enzyme using 2D followed by
3D similarity method implemented in Infinisee 3.2.0 and SeeSAR 12.1.0, respectively. 1-(pyridin-4-yl)
pyrrolidin-2-one based analog, which was previously discovered as potent antimalarial agent, was used as
template to screen potential hits from Molport Database of Purchasable Natural Product Compounds.
Compounds with high similarity value were evaluated by molecular docking using SeeSAR 12.1.0 approach.
The best scoring compounds were subjected into ADMET prediction, molecular dynamics simulation, and in
vitro assay against P. falciparum. Results: Two compounds were obtained from virtual screening and molecular
docking process, with predicted 1Cso value lies on micromolar and nanomolar range. These compounds also
satisfy ADMET characteristics in general as well as showing stability during 100 ns molecular dynamics
simulation. Bioassay study showed that both compounds yielded < 10 pg/mL inhibitory concentration.
Conclusion: This study has discovered two novel compounds using in silico approach, which can be further
developed as potential antimalarial agents.
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Malaria continues to be a serious problem in several
countries, marked by an increase in the number of cases
and a high morbidity rate. This situation has been
exacerbated by disruptions in healthcare services due to
the COVID-19 pandemic?. Until the year 2020, malaria
was estimated to have caused 627,000 deaths and 241
million cases, with 77% of the deaths in children under 5
years old?. Malaria could potentially experience a
resurgence under conducive circumstances, and
recurrence may manifest at any juncture in an
individual's lifespan subsequent to infection with the
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parasite, even after successful treatment and clearance of
parasitemia through the administration of antimalarial
medication®. The World Health Organization (WHO)
has set strategic goals to create a malaria vaccine with
an efficacy of over 75% by the year 2030. However, this
goal remains a significant challenge as the vaccines
developed so far have not achieved the expected
efficacy®. In addition to vector control, artemisinin-
based combination therapy (ACTs) has become the gold
standard for treatment and has played a crucial role in
malaria control for the past 20 years*. However, new
issues have arisen as the Plasmodium falciparum
parasite has become resistant to artemisinin in the
Southeast Asia region®, leading to a decrease in the
efficacy of ACTs in malaria treatment”®. The heightened
mortality and morbidity rates in malaria are principally
attributed to the resistance exhibited by P. falciparum
towards conventional antimalarial medications®°,

One of the commonly adopted strategies in drug
discovery is by performing compound screening using
computational tools, known as virtual screening. This
technique has become an integral part of the process of
designing and developing new drugs due to its
advantages in terms of time and cost efficiency
compared to conventional biological activity screening,
thus conserving available resources!!. Protein target
selection is crucial in virtual screening to ensure the
compatibility of the results with in vitro and in vivo
testing. MalDA (Malaria Drug Accelerator), an
international consortium of 17 malaria research groups,
has mapped out proteins important for malaria treatment
across different priority levels?. The highest level in this
mapping is referred to as "high priority protein target,”
which signifies proteins with the highest validation level
and great potential to become effective drug targets.
Consequently, proteins at this level are worthy of
prioritization as targets for testing in order to develop
effective drugs. The criteria for suitability are supported
by data indicating that these proteins play essential roles
in the development or pathophysiology of malaria,
affecting the survival and reproduction of Plasmodium
parasites, and being selective for Plasmodium species.

One protein included in the high priority protein
category according to the consortium is Prolyl-tRNA
Synthetase (PRS), a type of enzyme belonging to the
Aminoacyl-tRNA synthetase (aaRS) family. The PRS
enzyme plays a crucial role in the protein translation
process of Plasmodium falciparum by catalyzing the
activation of proline via aminoacylation reaction with
tRNA. This step is necessary to transfer the said amino
acid to growing protein. Inhibiting the PRS enzyme
would halt the replication and metabolic cycle of
Plasmodium in the blood, thereby interrupting the
progression of malaria’®. One of the interesting
inhibitors is the pyridine-pyrrolidinone group (Figure 1).

This class of compounds has recently been found to
exhibit promising inhibitory activity against the PRS
enzyme of Plasmodium falciparum. These compounds
are believed to occupy the active site of ATP, a
coenzyme that aids in the aminoacylation reaction
between proline and tRNA,

Figure 1. Structure of pyridine-pirrolidinone based compound
(Compound A) with high potency against PRS enzyme in
Plasmodium falciparum.

This research is conducted to identify potential new drug
compounds from natural sources that could inhibit the
PRS enzyme. The process of selecting active
compounds is carried out through virtual screening of
hundreds of thousands of existing compounds, resulting
in the identification of two lead compounds that exhibit
high binding affinity with the PRS enzyme. Activity
confirmation is performed through molecular dynamic
simulations and in vitro tests on Plasmodium-infected
blood cells. In addition, evaluation of various
pharmacokinetics aspect was performed in silico to
assess the feasibility of the compounds to be developed
as oral drugs.

MATERIAL AND METHODS:

2D Similarity-based virtual screening:

Compound A in SMILES format was used as a template
for 2D similarity-based virtual screening in infiniSee
3.2.0. This software applied Feature Trees algorithm,
which represents molecules as a graph-like system. The
alignment of screened molecule towards template
provides a pattern of corresponding substructure, which
then further evaluated based on their property to yield
similarity ~ score’®>. MolPort Purchasable Natural
Compounds was used as a source for screened
compounds. The number of compounds obtained from
this step was limited to 500, which satisfied similarity
threshold of 0.8 and total scaffold diversity to each other
(i.e. Total Diversity = 1).

3D Similarity-based virtual screening:

Compound A (Figure 1), which was previously built in
SMILES format, was converted into 3D structure and
used as a template for 3D similarity-based virtual
screening in SeeSAR 12.1.0 (BioSolvelT, 2022). This
software implemented FlexS algorithm, which aligns 3D
structure of template molecule with screened molecule
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in an incremental fashion. The molecules were first
decomposed into smaller fragments, then the first
fragment of two molecules were aligned. These so-
called anchor fragments were then added by the
remaining respective fragments, and the alignment result
was evaluated according to various parameters (e.g.
intramolecular interaction, physicochemical properties,
etc.)®. This approach was used to filter 500 compounds
obtained from the previous step, with similarity score of
0.6 as minimum acceptable value.

Molecular Docking:

Molecular docking step was performed against prolyl-
tRNA synthetase P. falciparum (PDB ID: 4YDQ)Y
using SeeSAR version 12.1.0; BioSolvel T GmbH, Sankt
Augustin, Germany, 2023, www.biosolveit.de/SeeSAR.
Previously, the protein was prepared using PDB Reader
module® in CHARMM-GUI webserver®. This step was
to ensure the completeness of amino acid residues in the
protein. ATP binding site was defined as docking target,
since it is postulated that compound A worked as
enzyme inhibitor in the particular site'*. The compounds
obtained from the previous step were docked using
FlexX algorithm. This algorithm works in an identical
way with FlexS, in which the docked compound is
partitioned into smaller fragments and slowly built back
to its original structure. The evaluation of ligand fitness
in binding site takes place at each fragment addition°. In
this study, each docked compound was expected to
generate 20 binding poses which were then evaluated
using HYDE scoring function. HYDE scoring function
is able to not only estimate ligand binding affinity, but
also visualize score contribution from each individual
atom. In addition, this scoring function considers only
hydrogen bond formation and desolvation energy
between ligand-protein, without any specific weighting
nor calibrated into specific target?. Ultimately, ligand-
receptor interaction was evaluated using Discovery
Studio Visualizer 2021.

Molecular Dynamics and MM-GBSA:

Molecular dynamics simulation was performed for best-
scoring ligand-protein complex. The step was done in
Gromacs 2021.3 for 100 ns. Ligand topology was
constructed using General AMBER Force-Field
(GAFF) 22 with the aid of ACPYPEZ, whereas the
protein topology was built using AMBER99SB-1LDN?.
Protein-ligand complexes were built inside triclinic
space and solvated with TIP3P water?®. Neutralization of
the systems was achieved with the introduction of Na*
or CI" ions. NVT and NPT equilibrations were
performed for 100 ps, prior to the production of
molecular dynamics simulation. In addition, free energy
binding calculation was also performed using MM-
GBSA approach implemented in gmx_MMPBSAZ,
Complete simulation trajectories were used for the

calculation, where it consists of the molecular

mechanics and solvation energy.

ADMET Evaluation:

ADMET parameters of best compounds were evaluated
in silico using ADMETLab 2.0 webserver?. Several
aspects were checked such as drug-likeness using
Lipinski rule of five?® and Veber rule®, absorption,
blood-brain barrier penetration, cytochrome Paso 3A4
interaction, half-life excretion, and hepatotoxicity
parameters (human hepatotoxicity and drug induced
liver injury).

Antimalarial Bioassay:

In this study, Plasmodium falciparum strain 3D7
(known for its sensitivity to chloroquine) was cultivated
employing the Trager and Jensen method*°. The cultures
were cultivated in human O+ red blood cells with 5%
hematocrit in RPMI 1640 (Gibco BRL, USA)
supplemented  with 22.3mM  HEPES (Sigma),
hypoxanthine, sodium bicarbonate, and 10% human O+
plasma. As a positive control, chloroquine diphosphate
was used. Antimalarial assay was conducted in a 24-well
microplate. Each well was seeded with 1% initial and
experimental parasitemia (LmL/well of suspension). The
plates were then incubated in a multi gas incubator at
37°C for 48 hours. Following incubation, samples were
gathered and used to create a thin smear on a glass slide,
which was subsequently fixed with methanol and stained
using Giemsa. Parasite count was observed under a
microscope and juxtaposed with the negative control to
determine the percentage of parasite growth inhibition.
The 1Csy value was computed utilizing Probit
Analysis 3,

RESULT AND DISCUSSION:

Similarity-based virtual screening:

Similarity score is often used as an approach in virtual
screening for its speed in producing result, particularly
against large chemical database®2. This approach works
according to similar property principle, which stated that
two similar molecules should possess identical
bioactivity®®. Here, 2D and 3D similarity-based
screening was implemented in hierarchical manner to
filter the database into lesser number of compounds
prior to further evaluation using a more rigorous
method. These sequential approaches successfully
yielded 14 hits, which satisfies the above-mentioned
criteria (Table 1). Upon analyzing the result, it can be
seen that majority of the hits possess spirocyclic moiety
which are commonly found in natural product®. In
addition, two other motifs were obtained from this step,
which is coumarin® and quinazolinone®
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Molecular Docking :

Molecular docking is a part of structure-based drug
design method, which can be used to estimate the
interaction between ligand and specific binding site - ¥7.
This method was implemented in our subsequent step,
where 14 compounds obtained were docked against
ATP-binding site of P. falciparum prolyl-tRNA
synthetase. - 17 FlexX software had generated 280
docking poses, which then evaluated using HYDE
algorithm. This method has yielded two most potential
compounds which could possess antimalarial activity,
based on their predicted bioactivity range (Compound 7
and Compound 9). HYDE algorithm provided estimated
range of Ki value, from which Compound 7 yields
micromolar activity and Compound 9 yields picomolar
activity (Figure 1). It also provides mapping on each
atom contribution to the final score, where green-
colored atom indicating positive contribution, and red
for negative one (Figure 2). Further analysis of overall
molecular torsion shows that both docking pose were

found to be energetically favorable (Figure 2), indicating
conformer stability in docking process * %. It was also
found that both compounds were affected by both intra
and intermolecular clash (Figure 3, yellow arrow). Upon
visual inspection, steric clash was observed between
carbonyl backbone of Ala476 and methyl moiety in
methoxy group of two compounds. It is argued that
replacement of methoxy group to hydroxyl could
potentially eliminate this steric clash. Meanwhile,
intramolecular clash was observed as shown in Figure 2
and functional group modification could also be
performed to avoid the clash. HYDE algorithm also
evaluated ligand-lipophilicity efficiency (LLE) value,
where only Compound 9 yielded best result (Figure 2).
This approach estimates the efficiency of ligand binding
with respect to lipophilicity value. High LLE value
means a ligand has low ICsp without possessing
exorbitant lipophilicity -3

Table 1. Hit compounds obtained from 2D and 3D similarity-based virtual screening.

No Hit Compounds
1 8 I
2 o 9
e *,@\w@

3 10

4 o 11

5 12

6 13

. 9
7 | 14
Figure 2. Molecular docking results using FlexX and HYDE approaches.
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Figure 3. Docking pose and atomic contribution analysis in 3D and 2D of Compound 7 (left) and Compound 9 (right)

Table 2. Ligand-Receptor interaction observed in Discovery Studio Visualizer

Interaction Compound 7

Compound 9

Hydrogen Bond

Arg390, GIn475, Thr478, Thr512

Arg390, GIn475, Thr478, His480, Thr512

C-H---O Hydrogen Bond

Glu338, Ala476, Cys511, Thr512

Ala476, Cys511
Metal Interaction (Mg?") -

C=0 quinazolinone

n-Alkyl Interaction Arg514

Phe335, Arg514

Alkyl-Alkyl Interaction Arg514

Phe335, Pro358, Cys511, Arg514

n-Cation Interaction Arg390
n- 7 Stacked Interaction Phe335
Unfavorable Interaction Glu452

Ultimately, specific ligand-protein interactions showed
in Table 3. It can be seen that several amino acid
residues play important role in ligand interaction, such
as Arg390, GIn475, Thr478, His480, and Thr512 which
makes hydrogen bond. It can also be seen that
Compound 9 made a higher number of non-bonded
interactions than Compound 7, which contributed to
better docking score estimate. It is argued that tricyclic
quinazolinone  scaffold  contributes to  various
hydrophobic and aromatic interactions with the binding
site. However, Compound 9 also made metal interaction
with magnesium cofactor, which was less observed in
Compound X previously via molecular docking
simulation“. In addition, different results were obtained
in terms of steric clash interpretation. Previously, FlexX-
HYDE algorithm interpreted Ala476 interaction with
methoxy moiety as intramolecular clash (Figure 3). On
the contrary, Discovery Studio Visualizer indicated it as
carbon-hydrogen bond interaction (C-H---O) (Table 2).
Further studies are needed to verify the correctness of
this finding, since this interaction can play a significant
role in determining ligand-protein binding, even if it is
weaker than any other interaction®..

Molecular Dynamics & MM-GBSA

Molecular dynamics simulation is often used as a tool to
evaluate stability of ligand-protein binding*?. Here, the
two best docked complex were simulated for 100 ns in
298 K. The results indicated stability of both ligands
during the simulation period, as can be seen from the

ligand RMSD plot (Figure 4). Meanwhile RMSF plot
showed high peaks in catalytic domain, anti-codon
binding domain, and C-terminal domain, which indicate
high flexibility in those area'’ (Figure 5). Subsequently,
MM-GBSA calculation was performed in order to
evaluate the ligand binding energy more accurately. As
explained previously, MM-GBSA energy consists of the
summation of molecular mechanics energy and
solvation free energy (Generalized Born-Solvent
Accessible Surface Area), which then subtracted by the
change of conformational entropy - “%. The results
showed that free-binding energy value of both
compounds are in accordance with their respective
docking score, where Compound 9 scored lower than
Compound 7.

1
09
08
0.7 i
06
0.5
0.4
03
0.2
0.1

1]

0 20 40 60 80 100

Compound 9 Compound 7

Figure 4. RMSD plot of compound 7 and 9 during 100 ns

simulation (x-axis depicts simulation time (ns); y-axis depicts
ligand RMSD (A))
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Figure 5. RMSF plot of compound 7 and 9 during 100 ns
simulation (x-axis depicts amino acid residue number; y-axis
depicts amino acid RMSD (A))

Table 3. Free energy binding evaluation of compound 7 and 9

Delta Energy Component Compound 7 Compound 9
A G Molecular-Mechanics -57.54 -72.52
A G Solvation 23.58 19.94
A TOTAL -33.97 -52.57

ADMET Evaluation:

ADMET evaluation of a hit compound from screening is
a necessary step to avoid the late-stage attrition in drug
discovery, since the failure of developing an effective
compound often stems from inadequate ADMET
characteristics. This approach is mostly used in vitro and
in vivo assay and has been generally implemented in
many pharmaceutical industries*. In silico approach can
also be employed in the preliminary study*®. In this
study, both compound 7 and 9 were subjected to in silico
drug-likeness and ADMET characterization. The
majority of ADMETLab 2.0 results are presented in
classification model using symbols (+) and (-) to
indicate positive and negative probability, respectively.
In addition, responses are categorized based on their
probability score, where a more positive or negative
symbol signifies a higher the probability of the
corresponding result will take place?’.

Drug-likeness is a ‘rule-of-thumb’ concept to define
chemical compounds that have sufficiently acceptable
ADMET properties (Kerns & Di, 2007). Two widely
used drug-likeness rules are Lipinski rule of five and
Veber rule. Here, it can be seen that both compound 7
and 9 adhere to these rules. Further examination of
ADMET results showed that both compounds exhibit

Table 4. ADMET Parameters of Compound 7 and 9

acceptable absorption parameters based on CaCo-2
permeability and do not penetrate the blood-brain
barrier. However, both compounds are found to be
potential inhibitors of cytochrome P450 3A4.
Considering the pivotal role of 3A4 isoform in
metabolism of approximately half of the drugs in use®,
additional confirmation through in vitro and in vivo
assay is needed to evaluate the effect they might induce.
Half-life value (T12) presented in ADMETLab 2.0 is a
probability score derived from the combination of
clearance and volume of distribution, ranging from 0
(short half-life) to 1 (long half-life)?’. The results
indicate that Compound 7 is predicted to possess shorter
half-life than Compound 9, implying faster elimination
rate. However, validation through pharmacokinetics
assays is essential, given its impact on the dosing
regimen. A drug with shorter half-life is more suitable
for endemic areas, while the longer one is more
adequate  for  prophylactic  treatment®.  From
hepatotoxicity prediction, it can be seen that all
compound could be hepatotoxic. This potential issue
needs to be addressed, as it could impact drug candidate
development, especially in clinical trial and post-
marketing surveillance phases.

Antimalarial Bioassay:

The Trager and Jensen culture method involved using
candle jars or cell flasks containing human red blood
cells in a culture solution along with human serum and a
specific gas mix high in CO2 and low in O,. Creating an
environment that mimics physiological conditions,
including temperature change, immune reactions, and
gas composition, is crucial for in vitro®®’. In our in
vitro study both compound 7 and compound 9 exhibited
growth inhibition of the parasite in a concentration-
dependent manner. The percentage inhibition data was
further processed using Probit Analysis. From the
testing, the ICsp values of compound 7 and compound 9
were found to be 5.78+0.8ug/mL and 9.38+0.5ug/mL,
respectively. This inhibition potential is still lower
compared to chloroquine, the standard drug, which
showed an ICsp of 0.21+0.1pg/mL. However, both ICso
values of the tested compounds indicate values <10
pg/mL, considered active and potentially useful in
inhibiting the growth of Plasmodium falciparum?,

Compo Drug-Likeness Absorption Distribution Metabolism Excreti | Toxicity
und on
Lipinski Veber | CaCo-2 Blood-Brain CYP3A4 | CYP3A4 | T, Human Drug
Rule of Five | Rule Permeability Barrier Substrate Inhibitor Hepatotoxi | Induced
Penetration city Liver
Injury
Compou | Pass Pass -4.808 No (--) No (--) Yes 0.060 Yes (++) Yes (++)
nd 7 (++4)
Compou | Pass Pass -5.130 No (--) No (--) Yes 0.459 Yes (+++) Yes (++)
nd 9 (+++4)

534



Research J. Pharm. and Tech. 18(2): February 2025

Table 5. 1Cs, values of tested compounds against P. falciparum strain 3D7.

Compound name % Inhibition at each concentration (ug/mL)
0 (negative control) 10 1 0.1 0.01 0.001 ICso
Compound 7 55.6+0.3 37.0£1.6 29.2+0.6 23.7+0.6 12.6+0.9 5.78+0.8
Compound 9 0 52.1+1.8 32.6+0.6 22.3+0.3 12.9+1.8 2.8+0.6 9.38+0.5
Chloroquine 0 111.5+1.7 66.8+0.8 42.440.3 24.6+0.1 10.8+0.1 0.21+0.1
CONCLUSION: Model. 2012; 52(1): 225-32, https://doi.org/10.1021/ci2004835.

Two compounds were obtained from virtual screening
and molecular docking process, with predicted ICso
value lies on micromolar and nanomolar range. These
compounds also satisfy ADMET characteristics in
general as well as showing stability during 50 ns
molecular dynamics simulation. Bioassay study showed
that both compounds yielded <10 pg/mL inhibitory
concentration, which can be further developed as
potential antimalarial agents.
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