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Abstract: Drug resistance, toxicity, and adverse effects of current antimalarial drugs have mandated
the need to search for newer antimalarial agents. The present study aims to identify promising
flavonoid-glycosides (FGs) from Acacia pennata as possible antimalarial agents effective against
PfDHFR-TS (PDB ID: 3DGA) by in-silico studies. The co-crystal inhibitor (RJ1) of PFDHFR-TS was
used as the reference standard compound. A compound library of 17 FGs reported to be isolated from
A. pennata was prepared and subjected to molecular docking simulation studies. PyRx 0.8 and
AutoDock Vina revealed Pinocembrin-7-O-B-D-glucopyranoside (FG17) as the best PIDHFR-TS
inhibitor with a binding affinity of -10.4 kcal/mol and -10.8 kcal/mol, respectively. In both methods,
FG17 has a better binding affinity than the co-crystal inhibitor, RJ1 (-7.9 kcal/mol). The docking
protocols were validated by RMSD calculation with Discovery Studio Visualizer software (2020).
FG17 interacted with amino acids ALA16, LEU40, SER167, GLY41, GLY44, MET55, PHE5S,
ILE112, LEU119, GLY166, and TYR170 at the active binding site of PIDHFR-TS. Further, FG17 was
computed as a non-toxic, bioavailable, synthetically accessible compound and a better enzyme inhibitor
than RJ1. Hence, we conclude that FG17 may be used as a lead scaffold to design antimalarial agents
against PfDHFR-TS in the future.
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1. Introduction

Malaria burdens the healthcare system with approximately 229 million cases and
409,000 deaths in 2019 [1]. Malaria is caused by different protozoan parasites, among which
Plasmodium falciparum and Plasmodium vivax account for the most number of cases, serious
illnesses, and deaths [2]. Although both species of Plasmodium can cause a severe form of
malaria [3, 4], P. falciparum can lead to organ damage, and in the case of a pregnant woman,
fetal death may even occur [5].

Although there are drugs available to treat malaria, Plasmodium parasites had
developed drug resistance against pyrimethamine, proguanil, chloroquine, mefloquine,
atovaquone [6], quinine, and artemisinin [7]. In addition to drug resistance, other factors such
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as toxicity, adverse effects, and other problems further extend the drawback of the present
antimalarial drugs [8-11]. As several studies continue to report antimalarial drug resistance,
the present antimalarial drugs seem to lose their efficacy against emerging drug-resistant
parasites [12-14]. The World Health Organization (WHO) had also addressed antimalarial
drug resistance as a serious problem [15].

Due to various problems associated with the present antimalarial drugs, natural product-
based drug discovery has once again received a renewed interest from scientists with the hope
of discovering new antimalarial leads [16]. Two of the most widely and successfully used
antimalarial drugs, viz. quinine, and artemisinin were obtained from traditional medicinal
plants [17, 18]. Hence, researchers have adopted multiple approaches to identify new
antimalarial leads from medicinal plants [19, 20]. In-silico techniques such as high throughput
screening, molecular docking, toxicity analysis, bioavailability estimation, and bioactivity
prediction have played an important role in identifying and developing antimalarial leads [21,
22].

Dihydrofolate reductase-thymidylate synthase (DHFR-TS) is a bifunctional enzyme
essential for folate biosynthesis in P. falciparum [23]. It is well known that the inhibition can
treat malaria of DHFR [24]. Therefore, DHFR-TS of P. falciparum (Pf) represents a promising
drug target to identify new antimalarial leads [25]. With the aid of in-silico techniques, a library
of prepared compounds may be virtually screened against PfDHFR-TS to identify a potential
antimalarial lead. In-silico techniques provide valuable insights into the pharmacological
profile of plant bioactive compounds [26].

Acacia pennata (L.) willd is a medicinal plant that is traditionally used to treat malaria
[27]. However, the medicinal plant is still not investigated for its antimalarial activity. Several
studies had reported that many flavonoid-glycosides (FGs) were isolated from A. pennata
[28-30]. FGs reported to be isolated from A. pennata includes apigenin 6-C-[2”-O-(E)-
feruloyl-p-D-glucopyranosyl]-8-C-B-glucopyranoside ~ (FG1), isorhamnetin  3-O-a-L-
rhamnopyranoside (FG2), kaempferol 3-0-a-L-rhamnopyranosyl-(1->4)-B-D-
glucopyranoside (FG3), isovitexin (FG4) [28], quercetin 3-O-B-D-glucopyranosyl-4-O-§-D-
glucopyranoside (FG5) [30], koaburanin (FG6), 5,7-dihydroxyflavone 7-O-B-D-
glucopyranosyl-8-C-B-boivinopyranoside (FGT), 5,7-dihydroxyflavone 6-C-B-
boivinopyranosyl-7-O-pB-D-glucopyranoside  (FG8), (2R)-4’,7-dihydroxyflavan-(4a->8)-
(2R,3S)-3,5,7-trihdyroxyflavan-3”-O-a-L-rhamnopyranoside (FG9), (25)-5,7-
dihydroxyflavan-7-O-B-D-glucopyranoside-(4a—> 8)-epiafzelechin-3-O-gallate (FG10), (2R,
3S)-3,5,7-trihdyroxyflavan-3-O-a-L-rhamnopyranoside ~ (FG11), quercetin  4’-O-a-L-
rhamnopyranosyl-3-O-p-D-allopyranoside ~ (FG12),  quercetin-3-O-p-D-glucopyranoside
(FG13), quercetin-3-O-a-L-rhamnopyranoside (FG14), chrysin-7-O-B-D-glucopyranoside
(FG15), kaempferol 3-O-a-L-rhamnopyranoside (FG16) and pinocembrin-7-O-B-D-
glucopyranoside (FG17) [29].

The chemical structure of all the FGs is given in Figure 1. Flavonoid-glycosides are
among the different classes of secondary plant metabolites whose antimalarial activities have
been reported by several studies [31-34]. Lupinifolinol, a flavonoid isolated from Mundulea
sericea was reported to inhibit chloroquine-sensitive (6.6 M), and resistant (2.0 uM) strains
of P. falciparum in an in-vitro assay [31]. Quercitrin and myricitrin also showed in-vitro
antimalarial activity against P. falciparum [32]. The present study aims to identify flavonoid-
glycoside (FG) reported from A. pennata as a possible antimalarial agent against PfDHFR-TS
by in-silico investigations.
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Figure 1. Compound library of FGs reported being isolated from A. pennata.

2. Materials and Methods

2.1. Retrieval of the target protein.

The crystal structure of PFDHFR-TS bearing a PDB ID: 3DGA was retrieved from the
Research Collaboratory for Structural Bioinformatics-Protein Data Bank (RCSB-PDB)
database [35]. The target protein is made up of four chains, i.e., chain A, chain B, chain C, and
chain D. The target protein is complexed with a co-crystallized inhibitor, i.e., RJ1. RJ1 has an
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experimental 1Cso value of 29.9 uM [35]. RJ1 was used as a positive control throughout the
entire study. The protein was downloaded in ‘.pdb’ format.

2.2. Pre-processing of protein.

Pre-processing of the target protein was done with the Discovery Studio Visualizer
software [36]. Chain B, chain C, and chain D were deleted from the target protein. For the
study, only chain A of PfDHFR-TS was used. From the target protein, water and heteroatoms
were removed. This was followed by the addition of hydrogens. At this stage, the coordinates
of the active binding site of the target protein were also identified with the Discovery Studio
Visualizer software. The active site coordinates (x = 27.54097; y = 4.46727; z = 59.37166)
with little adjustments was noted down in notepad and was saved as .txt’ document for future
use. The target protein was saved in ‘.pdb’ format.

2.3. Preparation of compound library.

A compound library of the 17 FGs and RJ1 used in the study was prepared manually
with MarvinSketch 20.10 software [37]. After each structure was drawn, the correctness of all
the chemical structures was evaluated with the add-on ‘Structure checker’ available on the
MarvinSketch software. The SMILES ID was also saved for future use. The prepared FGs were
saved in “MDL SDfile “.sdf ".sd’ format.

2.4. Molecular docking simulation studies.

For the present study, molecular docking simulation studies were carried out with the
algorithms of AutoDock Vina by two different methods using two independent software as
depicted below.

2.4.1. Docking on PyRx 0.8.

PyRx 0.8 software is a virtual screening tool that uses AutoDock Vina to conduct
molecular docking simulation studies [38, 39]. The energy of all the ligands was minimized
using the default parameters (Force field = Universal Force Field; Optimization algorithm =
Conjugate; Total number of steps = 200; Number of steps for update = 1; Stop is energy
difference is less than = 0.1) of the PyRx 0.8 software. After the energy minimization process
was completed, the ligands were converted into the “.pdbqt’ file format.

The pre-processed protein was loaded onto the 3D scene of the virtual screening
platform of the software. The target protein was converted into the ‘.pdbqt’ file format by
making the target protein the macromolecule. In the Vina search space of the PyRx 0.8
software, the pre-defined active binding site coordinates were used to adjust the 3D affinity
grid box to cover the entire active site residues. The size of the 3D affinity grid box was kept
default at 25 A. The exhaustiveness was also kept default at 8. Finally, the molecular docking
simulation was carried out as the standard protocols described for the PyRx 0.8 software [40].

2.4.2. Docking on AutoDock Vina.

AutoDockTools1.5.6 offers a simple graphical user interface to prepare proteins and
ligands for molecular docking simulation studies [41]. Protein preparation was done using the
protein preparation wizard tool in Schrodinger Maestro [42]. The target protein was prepared
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for docking by minimizing its energy with Schrodinger Maestro (Forcefield= OPLS_2005 and
the minimization proceeds until there is no significant change). Kollman charges were added
to the target protein with AutoDockTools1.5.6, then converted to ‘pdbqt’ file format.

The energy of all the ligands was minimized using the default parameters (Force field
= Universal Force Field; Optimization algorithm = Conjugate; Total number of steps = 200;
Number of steps for update = 1; Stop is energy difference is less than = 0.1) of the PyRx 0.8
software. To all the ligands, hydrogens and Gasteiger charges were added with
AutoDockTools1.5.6. Following this, the ligands were converted to the ‘.pdbqt’ file format.

The size of the grid box was set to 18, 14, and 18 points in X, Y, and Z dimensions,
respectively. The active binding site coordinates previously defined with Discovery Studio
Visualizer software were used. Finally, AutoDock Vina stand-alone package was used to carry
out the molecular docking simulation studies [38].

2.6. Validation of docking protocol.

As described by several studies, the docking protocol used for both approaches was
validated by the process of re-docking, preparation of sequence alignment, superimposition,
and calculation of root mean square deviation (RMSD) between the original PfDHFR-TS-RJ1
complex and the re-docked PfDHFR-TS-RJ1 complex [43]. The original PFDHFR-TS-RJ1 co-
crystallized complex was opened in the Discovery Studio Visualizer software. From this
complex, chain B, chain C, chain D, water molecules, and other heteroatoms were removed.
Chain A, which comprises the PfDHFR-TS-RJ1 complex, was saved in ‘.pdb’ file format as
the original co-crystallized complex.

Re-docking of RJ1 to PIDHFR-TS was carried out on the PyRx 0.8 virtual screening
platform and AutoDock Vina stand-alone package with the same parameters and protocols that
had been previously described. After docking, the output file (.pdbgt) of RJ1 was opened in a
text document with a notepad. The re-docked PfDHFR-TS-RJ1 complex was created by
copying all the necessary information on RJ1 and pasting it into the output file (.pdbqt) of
PfDHFR-TS, which was also opened in a text document with a notepad. The notepad was
saved, and this output file (.pdbqt) was converted into ‘.pdb’ file format with the OpenBabel
version 3.1.1. software [44]. This was saved as the re-docked co-crystallized complex.

Both the complexes were loaded onto the Discovery Studio Visualizer software.
Among the toolset, superimpose proteins were selected, wherein the proteins were made to
superimpose by sequence alignment. The original co-crystallized complex was set as the
reference protein. Finally, the RMSD between the two complexes was calculated. This process
was done to validate the docking protocol used for both approaches.

2.7. Visualization and analysis of ligand interactions.

The phytocompound with the best binding affinity for the active binding site of
PfDHFR-TS as computed out from the two different approaches were taken for further studies.
Analysis and visualization of the 2-dimensional and 3-dimensional ligand interactions were
done with the Discovery Studio Visualizer software. Among the toolset, the receptor-ligand
interaction tool of the software was used to visualize the ligand interactions. The ligand
interactions between the original co-crystallized complex and the re-docked co-crystallized
complexes generated on the PyRx 0.8 virtual screening platform and the AutoDock Vina stand-
alone package were comparatively analyzed against the ligand interactions shown by the
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phytocompound with the best binding affinity for the active binding site of PfDHFR-TS. The
3D binding pose of the phytocompound at the active binding pocket of PFDHFR-TS was also
developed with the Discovery Studio Visualizer software.

2.8. Toxicity study.

The toxicity of the phytocompound with the best binding affinity for the active binding
site of PIDHFR-TS was studied with the DataWarrior v.5.2.1 software [45]. The ‘.sdf’ file
format of the phytocompound was loaded onto the software. Toxicity profiles such as
mutagenicity, tumorigenic, irritant, and reproductive effectiveness were studied for the
phytocompound.

2.9. Molecular properties, bioavailability score, synthetic accessibility.

The molecular properties of the phytocompound such as molecular weight, number of
heavy atoms, number of heavy aromatic atoms, lipophilicity, hydrogen acceptors, hydrogen
donors, molar refractivity, topological polar surface area, WLOGP, and water solubility were
calculated with DataWarrior v.5.2.1 software [45] and SwissADME web tool [46].

Adherence of the phytocompound to various principles such as Lipinski’s rule of 5,
Ghose filter, Veber filter, Egan filter, Meugge filter were also analyzed with the SwissADME
web tool. The overall bioavailability score and synthetic accessibility of the phytocompound
were predicted with the SwissADME web tool, while the drug score of the phytocompound
was computed with DataWarrior v.5.2.1 software.

2.10. Bioactivity prediction.

The bioactivity profile of FG17 was predicted with the Molinspiration
Chemoinformatics web tool [47] and was compared to those of RJ1 and artemisinin. The
SMILES ID of FG17, RJ1, and artemisinin [48] was generated with the MarvinSketch 20.10
software. The web tool was accessed, the SMILES ID was entered in the search box, and the
bioactivity profiles were generated.

3. Results and Discussion

3.1. Docking studies using PyRx 0.8.

PyRx 0.8 software is a virtual screening platform that uses AutoDock Vina to dock
ligands to a target protein. AutoDock Vina is more efficient and precise in comparison to the
conventional AutoDock [38, 39]. Molecular docking is widely used in the drug discovery
process for lead identification and optimization [49]. Binding affinity values of a ligand
towards a target protein are generated by the molecular docking simulation studies [50]. The
lower the numerical (kcal/mol) value, the higher the binding affinity of the ligands towards the
target proteins [38]. The binding affinities of the RJ1 and the FGs towards the target protein
are given in Table 1. Re-docking of the co-crystal inhibitor (RJ1) produced a binding affinity
of -7.9 kcal/mol. On the other hand, with a binding affinity value of -10.4 kcal/mol, FG17 is
the phytocompound with the best binding affinity among all the phytocompounds. All the FGs
except for FG4 (-7.5 kcal/mol) and FG6 (-1.5 kcal/mol) have a better binding affinity towards
the target protein in comparison to RJ1.
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From Table 1, it can be observed that there are only minute differences between the
binding affinity of different ligands. For example, the differences in the binding affinities
between FG17, FG15, FG11, FG8, FG5, and so on are within a single-digit decimal value.
Many ligands showed good potential. So, it may be assumed that different ligands showed a
good binding affinity for the target protein. On the other hand, the minute differences between
the binding affinities of different ligands made it complex to draw a confident conclusion
regarding the best phytocompound to be proposed against PfDHFR-TS. Therefore, it was
decided to conduct an additional molecular docking simulation study with a more rigorous
approach.

Table 1. Binding affinities of FGs towards the active binding site of PfDHFR-TS.

Compound ID Binding affinity (-kcal/mol)
RJ1 7.9
FG1 10.0
FG2 10.0
FG3 9.7
FG4 7.5
FG5 10.1
FG6 1.5
FG7 9.4
FG8 10.2
FG9 9.7

FG10 9.9
FG11 10.2
FG12 9.0
FG13 9.5
FG14 9.2
FG15 10.2
FG16 9.3
FG17 10.4

3.2. Docking studies using AutoDock Vina.

AutoDockTools1.5.6 offers a simple graphical user interface to prepare proteins and
ligands for molecular docking simulation studies [41]. Unlike the first docking simulation, the
energy of the target protein was minimized with Schrodinger Maestro. Also, Kollman charges
were added to the target protein with AutoDockTools1.5.6. To all the ligands whose energy
was minimized, hydrogens and Gasteiger charges were also added with AutoDockTools1.5.6.
Finally, molecular docking was carried out with the stand-alone AutoDock Vina package.

The binding affinities of the RJ1 and the FGs towards the target protein are given in
Table 2. Re-docking of the co-crystal inhibitor (RJ1) produced a binding affinity of -7.9
kcal/mol. Both of the docking approaches produced the same binding affinity for RJ1. With a
binding affinity value of -10.8 kcal/mol, FG17 is the phytocompound with the best binding
affinity among all the phytocompounds. Also, all the FGs except for FG1 (-7.1 kcal/mol), FG9
(-4.3 kcal/mol), and FG10 (-4.4 kcal/mol) have a better binding affinity towards the target
protein in comparison to RJ1.

In the previous simulation on PyRx 0.8 virtual screening platform, we had argued that
the differences between the binding affinity value of the FGs were too small and that it was
difficult to draw an assertive conclusion. To aid the team in decision-making, we conducted
another simulation with a different approach. Although the differences in binding affinity
values between some FGs were still small, FG17 still has the best binding affinity among all
the phytocompounds. Therefore, we decided to validate the docking protocols of both the
docking approaches to ascertain the accuracy of our in-silico work.
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Table 2. Binding affinities of FGs towards the active binding site of PfDHFR-TS

Compound ID Binding affinity (-kcal/mol)
RJ1 7.9
FG1 7.1
FG2 9.4
FG3 8.2
FG4 10.4
FG5 8.6
FG6 10.4
FG7 8.3
FG8 10
FG9 4.3

FG10 4.4
FG11 8.8
FG12 9.3
FG13 9.6
FG14 9.5
FG15 10.4
FG16 9

FG17 10.8

3.3. Validation of docking.

Validation of docking was carried out to validate the efficiency of the docking
procedure. This process was done by re-docking RJ1 to its active binding site, followed by
preparation of sequence alignment, superimposition, and RMSD calculation [43]. Re-docking
of RJ1 to the active binding site of the protein with the PyRx 0.8 virtual screening platform and
the AutoDock Vina stand-alone package was carried out as per the methods previously
described. In both the approach, a binding affinity value of -7.9 kcal/mol was observed after
re-docking. The re-docked PfDHFR-TS-RJ1 complex was superimposed to the original
PfDHFR-TS-RJ1 complex using the Discovery Studio Visualizer software.

For the output files obtained from the PyRx 0.8 virtual screening platform, the RMSD
between the two complexes was 0.00 A. On the other hand, for AutoDock Vina stand-alone
package, the RMSD between the two complexes was 0.259 A. The docking protocol used for
both approaches made RJ1 bind to the same active binding site of the target protein after re-
docking (see Figure 2). A low RMSD value is preferred over a higher value [43, 51]. Other
studies had also validated their docking protocol using a similar method. RMSD of 0.615 A,
0.254 A, and 1.94 A between the original and re-docked complexes had been reported by other
studies [43, 51].

(b)

Figure 2. Superimposed original PFDHFR-TS-RJ1 complex and re-docked PFfDHFR-TS-RJ1 complex with (a)
PyRx 0.8 tool and (b) AutoDock Vina stand-alone package; RJ1 yellow = original pose at the active binding
site; RJ1 red = re-docked pose at the active binding site.

In the original PFDHFR-TS-RJ1 complex, RJ1 interacted with ILE14, ASP54, MET55,
PHESS, ILE112, ILE164, and TYR170 (see Figure 3). In the re-docked PfDHFR-TS-RJ1
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complex obtained after docking with the PyRx 0.8 virtual screening platform, RJ1 was found
to interact with ILE14, CYS15, ASP54, PHESS, ILE112, LEU119, ILE164, and THR185. Five
amino acids such as ILE14, ASP54, PHESS, ILE112, and ILE164 represent the common
interacting active site residues between the original complex and the re-docked complex
produced by the PyRx 0.8 virtual screening platform (see Figure 3).

On the other hand, in the re-docked PIDHFR-TS-RJ1 complex obtained after docking
with the AutoDock Vina stand-alone package, RJ1 was found to interact with ALA16, LEU46,
ASP54, PHES8, SER108, ILE112, and ILE164. Four amino acids, such as ASP54, PHESS,
ILE112, and ILE164, represent the common interacting active site residues between the
original complex and the re-docked complex produced by the AutoDock Vina stand-alone
package (see Figure 3). Not only did the docking protocol followed in both approaches allow
RJ1 to bind to the same active binding site, but the docked ligands were also able to interact
with the majority of the active site residues of the target protein. In this way, the docking
protocol for the present study was validated. Among the FGs, FG17 was considered the
antimalarial compound (inhibitor) with a promising binding affinity for PfDHFR-TS.
Therefore, FG17 was investigated for further studies.
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Figure 3. Ligand interactions between RJ1 and the active site residues in (a) original PFDHFR-TS-RJ1 complex;
(b) re-docked PfDHFR-TS-RJ1 complex with PyRx 0.8 tool; (c) re-docked PfDHFR-TS-RJ1 complex with
AutoDock Vina stand-alone package

3.4. Visualization and analysis of ligand interactions.

In drug development, it is important to understand the ligand interactions that occur
between a drug and a protein [52]. The present study analyzed the molecular interactions
between PIDHFR-TS with RJ1 and FG17 using the Discovery Studio Visualizer software. The
interacting active site residues of PFDHFR-TS with RJ1 and FG17 are summarized in Table 3.
FG17 interacted with ALA16, LEU40, GLY41, GLY44, MET55, PHESS, ILE112, LEU119,
GLY166, SER167, and TYR170 of PIDHFR-TS. It can be observed that RJ1 (original co-
crystallized complex) and FG17 interacted with 4 similar active site residues (MET55, PHESS,

https://biointerfaceresearch.com/ 4879


https://doi.org/10.33263/BRIAC124.48714887
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC124.48714887

ILE112, and TYR170). The RJ1 (re-docked with PyRx 0.8 virtual screening tool) and FG17
interacted with 3 similar active site residues (PHES58, ILE112, and LEU119). The RJ1 (re-
docked with AutoDock Vina stand-alone package) and FG17 interacted with 3 similar active
site residues (ALAL6, PHES8, and ILE112). The ligand interactions are also represented in 2D
and 3D views (see Figure 4). The 3D binding pose of all the ligands superimposed at the active
binding site of PFDHFR-TS is also given in Figure 4.

Table 3. Summary of the interacting active site amino acid residues
Compound ID Interacting active site residues
RJ1 (original complex) ILE14, ASP54, MET55, PHESS, ILE112, ILE164, TYR170,
RJ1 (re-docked complex)” | ILE14, CYS15, ASP54, PHESS, ILE112, LEU119, ILE164, THR185,
RJ1 (re-docked complex)* | ALA16, LEU46, ASP54, PHE5S8, SER108, ILE112, ILE164,

FG17" ALA16, LEU40, GLY41, GLY44, MET55, PHES8, ILE112,
LEU119, GLY166, SER167, TYR170
FG17# ALA16, LEU40, GLY41, GLY44, MET55, PHES58, ILE112,

LEU119, GLY166, SER167, TYR170
“PyRx 0.8 virtual screening tool; “AutoDock Vina stand-alone package

ILE TYR 517
a2 w170 WS

(a) (b)

(0)

Figure 4. Visualization of (a) 2D ligand interactions and (b) 3D ligand interactions of FG17 at the active
binding site of PIDHFR-TS; (c) Superimposition of the binding poses of RJ1 (yellow color) of the original co-
crystallized complex, RJ1 (red color) re-docked with PyRx 0.8 tool and FG17 (purple color) docked with PyRx

0.8 tool.

The in-vitro antimalarial activity of several compounds had been investigated. A
handful of those compounds had also been subjected to molecular docking, and their ligand
interactions had been analyzed [53-55]. In the present study, we have found that FG17
interacted with many amino acid residues at the active binding site of the protein (see Table 3).
Therefore, it will be interesting to compare the ligand interactions of FG17 with the ligand
interactions shown by compounds having in-vitro antimalarial activity. The comparative
analysis of our study's findings with other research works is given in Table 4, wherein
compounds reported to interact with similar active site residues were identified and analyzed
[53-55]. The alphabet ‘X’ is marked next to the common interacting active site residues (Table
4). Many compounds with in-vitro antimalarial activity interacted with the amino acid residues
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that interacted with FG17 [53-55]. This evidence supports the results obtained from the
molecular docking simulation studies.

Table 4. Ligand interactions of FG17 in comparison with compounds having in-vitro antimalarial activity.
Amino < Compounds 2
acids FG17 | CMP1 | CMP2 | CMP3 | CMP4 | CMP5 | CMP6 | CMP7 | CMP8
ALA16 - - - X - - -
LEU40 X - - X
GLY41 - -
GLY44
MET55
PHES8
ILE112
LEU119
GLY166
SER167 - - -
TYR170 - - - - X - X -
CMP1 = N-(4-amino-6-((4-hydroxyphenyl)amino)-1,3,5-triazin-2-yl)-4-(2-((7-chloroquinolin-4-
yl)amino)ethyl)piperazine-1-carbothioamide; CMP2 = N-(4-amino-6-((4-methoxyphenyl)amino)-1,3,5-
triazin-2-yl)-4-(2-((7-chloroquinolin-4- yl)amino)ethyl)piperazine-1-carbothioamide; CMP3 = N-(4-amino-
6-(o-tolylamino)-1,3,5-triazin-2-yl)-4-(2-((7-chloroquinolin-4- yl)amino)ethyl)piperazine-1-carbothioamide
[53]; CMP4 = hybrid 4- aminoquinoline-1,3,5-triazine derivatives [54]; CMP5 (1e), CMP6 (1c), CMP7 (1d),
CMP8 (1f) = 4-aminoquinoline-clubbed 1,3,5-triazine derivatives [55]

X

X
v XXX XXX

XXX |[X
XXX |[X

X X X

XXX X |

X

XXX XXX XX XXX
X

3.5. Toxicity profile.

Toxicity is a major contributing factor to the high cost of drug development. It is one
of the many reasons why many therapeutically potent drugs had to be withdrawn from the late
clinical study or the market [56, 57]. Drugs withdrawn from the market are associated with
carcinogenicity, cardiovascular toxicity, gastrointestinal toxicity, dermatological toxicity,
hematological toxicity, neurological toxicity, ophthalmic toxicity, renal toxicity, respiratory
toxicity, and reproductive toxicity [58]. Between 1953 and 2013, 462 drugs were reported to
be withdrawn from the market [59]. Therefore, it is important to study the toxicity profile of a
compound before conducting further studies and avoiding problems in the future. The toxicity
profile of FG17 was studied with Data Warrior v.5.2.1 software. Toxicities such as
mutagenicity, tumorigenic, reproductive effectiveness, and irritant of FG17 were studied. From
the study, it was found that FG17 did not show any form of toxicity issues. Although FG15
also has a high binding affinity for PFDHFR-TS, it was computed to be mutagenic. A compound
with a high binding affinity value does not mean that it will be developed into a lead compound.
It only signifies that the phytocompound may be taken for further studies. This validates the
importance of studying the toxicity profile of a phytocompound.

3.6. Molecular properties, bioavailability score, and synthetic accessibility.

The molecular properties, bioavailability score, and synthetic accessibility of FG17 are
givenin Table 5. Although FG4, FG5, and FG11 were also found to have a high binding affinity
to PIDHFR-TS (see Table 1 and 2), their molecular properties, bioavailability score, and
synthetic accessibility score were not better than FG17. To provide a better picture, these
parameters of FG4, FG5, and FG11 are also included in Table 5. Although a compound might
have a good binding affinity for a target protein, it does not mean that it is suitable to be the
lead compound. This validates the importance of carrying out an in-depth study on a
compound.
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Lipinski’s rule of 5 (Lro5) [60] states that a drug is considered bioavailable if its
molecular weight, cLogP, H-A, and H-D are < 500, 5, 10, and 5, respectively. According to
Lro5, FG17 did not violate any rules and had zero violations. FG4, FG5, and FG11 violated at
least one rule of Lro5.

TPSA is the sum of all the surface areas covered by polar atoms in a compound.
Molecular property such as TPSA is a parameter that is often considered as important in the
drug discovery process [61]. Ideally, a low TPSA value is preferred over a higher value for a
potential lead candidate. According to the Veber filter, FG17 has 1 violation as the TPSA is
greater than 140 A? [62]. According to the Egan filter, FG17 also has 1 violation as the TPSA
is greater than 131.6 A? [63]. The TPSA of FG4 (181.05 A?), FG5 (289.66 A?), and FG11
(190.28 A2) are all higher than that of FG17 (145.91 A?).

Water solubility is an important parameter for drugs that are intended to be administered
orally. Poorly soluble drugs in water often lead to low bioavailability, including gastrointestinal
toxicity [64]. FG17 was found to have good solubility in water. According to the Ghose filter,
FG17 showed no violation (Mol. Wt.>480, MR>130, WLOGP<-0.4, a number of atoms>70)
[65]. According to Muegge filter, FG17 showed no violation (Mol. Wt.>600, TPSA > 150, H-
A > 10, H-D > 5) [66].

The pace of the drug discovery process is often slowed down by bioavailability issues
[67, 68]. Many compounds of natural origin, such as flavonoids, often have bioavailability
issues [69]. It is important to predict the bioavailability of a compound to avoid problems in
the future. FG17 has a good bioavailability score of 0.55. The high bioavailability score of
FG17 can also be correlated to its molecular properties. Also, FG17 did not violate Lro5. FG4
also has a bioavailability score of 0.55, while FG5 and FG11 have a low bioavailability score
of 0.17.

Synthetic accessibility gives an idea of the degree of difficulty it will take to synthesize
a compound by providing a numerical value as a reference. A score of 1 suggests that the
compound will be easy to synthesize, while a score of 10 indicates that the compound will be
difficult to synthesize [46]. FG17 has an average synthetic accessibility score of 4.94. On the
other hand, FG4 (4.99), FG5 (6.56), and FG11 (5.21) have a high synthetic accessibility score
implying that they will be difficult to synthesize.

Table 5. Molecular properties, bioavailability score, and synthetic accessibility

Properties FG17 FG4 FG5 FG11
Molecular weight 418.397 432.38 626.52 448.38
Number of Heavy atoms 30 31 44 32
Number of Aromatic Heavy Atoms 12 16 16 16
cLogP 0.5121 -0.05 -2.18 -0.15
Hydrogen acceptors 9 10 17 11
Hydrogen donors 5 7 11 7
Molar refractivity 101.67 106.61 142.54 108.13
Topological polar surface area 14591 A2 | 181.05A% | 289.66 A2 | 190.28 A2
WLOGP -0.05 -0.23 -2.71 -0.04
Water solubility Soluble Soluble Soluble Soluble
Lipinski’s rule of 5 0 violation | 1 violation | 3 violations | 2 violations
Ghose filter 0 violation | 0 violation | 4 violations | 0 violation
Veber filter 1 violation | 1violation | 1violation | 1 violation
Egan filter 1 violation | 1violation | 1violation | 1 violation
Muegge filter 0 violation | 2 violations | 4 violations | 3 violations
Bioavailability score 0.55 0.55 0.17 0.17
Synthetic accessibility 4.94 4.99 6.56 5.21
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3.7. Bioactivity prediction.

GPCRs serve as a favorable drug target as they regulate cell signaling, stimuli
responses, and cellular homeostasis processes [70]. Several ion channels have
pharmacologically favorable binding sites. These binding sites may be exploited
therapeutically as the function of ion channels can be modulated in multiples ways [71].
Kinases play an important role in cellular signaling, and hence they are one of the most
favorable targets, especially in the field of anti-cancer drug discovery [72].

Nuclear receptors are transcription factors that ligands can induce. They are an
attractive drug target as they are actively involved in physiological processes and are also
associated with many diseases [73]. Proteases are clinically important drug targets as they are
associated with many viral diseases. Inhibition of a viral protease prevents the replication of
viral RNA [74]. Enzymes are an important class of drug targets that have been increasingly
employed in computer-aided drug design to identify lead compounds. Many compounds inhibit
enzymes in their specific way, and this principle is extensively used in the drug discovery
process [75].

The bioactivity of FG17 against GPCRs, ion channels, kinases, nuclear receptors,
protease, and enzyme was predicted using the Molinspiration Chemoinformatics web tool
(Table 6). The predicted bioactivity of FG17 was compared with RJ1 and artemisinin. Based
on the score, the bioactivity was categorized as inactive (< -0.5), moderately active (-0.5 to 0),
and as having a considerable biological activity (> 0) [76]. Dihydrofolate reductase-
thymidylate synthase (DHFR-TS) is a bifunctional enzyme essential for the folate biosynthesis
in P. falciparum [23]. FG17 was predicted as a better enzyme inhibitor than RJ1 and
artemisinin. Overall, FG17 showed a better bioactivity profile as compared to RJ1 and
artemisinin.

Table 6. Predicted bioactivity of C_17 and hesperetin in comparison with CCI and artemisinin.

Compound GPCR ICM Kl NRL Pl El
FG17 0.16 -0.09 -0.15 0.31 0.10 0.40
RJ1 0.06 0.39 -0.26 -0.86 0.07 -0.03

Artemisinin -0.17 -0.31 -0.65 -0.00 -0.19 0.39

GPCR = G protein coupled receptor; ICM = lon channel modulator; Kl = Kinase
inhibitor; NRL = Nuclear receptor ligand; Pl = Protease inhibitor; EI = Enzyme inhibitor

4. Conclusions

The study concludes that FG17 (pinocembrin-7-O-f-D-glucopyranoside) of A. pennata
is the most promising flavonoid-glycoside effective against PFDHFR-TS. However, further
experimental (in vitro/ in vivo) studies are required to fully understand the activity of FG17
against PIDHFR-TS. The findings of our present investigation may serve as an attractive
strategy to develop newer and safer antimalarial compounds using the novel flavonoid scaffold
of pinocembrin.
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