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ABSTRACT

Background: Malaria remains a major health concern in developing countries with high morbidity and mortality,
especially in pregnant women and infants. A major obstacle to the treatment of malaria is a low effectiveness and
an increase resistance of the parasite to antimalarial drugs. As a result, there is an ongoing demand for new and
potent antimalarial drugs. Medicinal plants remain a potential source for the development of new antimalarial
drugs. Amongst them is Dissotis rotundifolia is an ethnomedical important plant used in West Africa to treat
malaria.

Purpose: This study aimed at identifying new potential antifolates by virtually screening phytochemicals char-
acterized from the whole plant methanolic extract of D. rotundifolia against Plasmodium falciparum Dihydrofolate
Reductase (P/DHFR).

Methods: LC-ESI-Q-TOF-MS analysis was employed to identify the phytochemicals present in the whole plant
methanolic extract of D. rotundifolia. These phytochemicals were docked against the catalytic site of PfDHFR. The
docking protocol was evaluated using the Area Under the Curve (AUC) of a Receiver Operating Characteristic
(ROC) curve. The binding mechanisms and the drug-likeness of the phytochemicals were characterized. A 100 ns
Molecular Dynamics (MD) simulation and Molecular Mechanics-Poisson Boltzmann Surface Area (MM-PBSA)
calculations were utilized to analyze the stability, the energy decomposition per residue and the binding free
energy of the potential leads.

Results: Twenty nine phytochemicals were characterized and docked against PfDHFR. Dimethylmatairesinol,
flavodic acid, sakuranetin, and sesartemin were identified as potential leads with binding affinities of -8.4, -8.9,
-8.6, and -8.9 kcal/mol respectively, greater than a stringent threshold of -8.0 kcal/mol. The potential leads also
interacted hydrophobically with critical residue Phe58. A novel critical residue, Leu46 was identified to be
crucial in the catalytic activity of Pf/DHFR. The potential leads were also predicted to be anti-protozoal with a
probability of active (Pa) value ranging from 0.319 to 0.537.

Conclusion: This study elucidates the potential inhibition of P/DHFR by dimethylmatairesinol, flavodic acid,
sakuranetin and sesartemin present in D. rotundifolia. These compounds are druglike, do not violate Lipinski’s
rule of five, have a high binding affinity to PfDHFR, and interact with crucial residues involved in the catalytic
activity PfDHFR. Dimethylmatairesinol, flavodic acid, sakuranetin and sesartemin could therefore be further
investigated and developed as new antifolate drugs for malaria.
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Abbreviations
ADMET Absorption, Distribution, Metabolism, Excretion and
Toxicity

dTMP Deoxythymidine monophosphate

DHF Dihydrofolate

dUMP  Deoxyuridine monophosphate

ITNs Insecticide-Treated Bed Nets

LC-MS Liquid Chromatography Mass Spectrometry

MM-PBSA Molecular Mechanics-Poisson Boltzmann Surface Area
PASS Prediction of Activity Spectra of Substances

PDHFR  Plasmodium falciparum Dihydrofolate Reductase

RMSD Root Mean Square Deviation
RMSF Root Mean Square Fluctuation
SMILES Simplified Molecular Input Line Entry System

Sp Sulfadoxine-Pyrimethamine
THF Tetrahydrofolate
WHO World Health Organization

Introduction

Malaria is one of the leading causes of morbidity and mortality in
children and pregnant women (Belete, 2020). According to the World
Health Organization (WHO) Malaria Report, 241 million cases and 627,
000 deaths were recorded in 2020, with 80% of malaria fatalities
occurring in children under 5 years old in Africa. Out of 33.8 million
pregnancies recorded in 2020, 34% were exposed to malaria infection
during pregnancy (WHO, 2021).

Malaria in pregnancy is associated with unfavorable outcomes such
as maternal anemia, pre-term delivery, infant mortality, maternal death,
stillbirth, abortion, and low birth weight (El Gaaloul et al., 2022).
Studies have reported that 20% of all stillbirths in Africa are caused by
malaria infection annually (Moore et al., 2017). According to WHO
report, malaria in pregnancy resulted in approximately 819,900 new-
borns with low birthweight in Africa in 2020 (WHO, 2021).

WHO recommends the use of insecticide-treated bed nets (ITNs) and
preventive treatment using Sulfadoxine-Pyrimethamine (SP) to control
and prevent malaria in pregnancy (Anto et al., 2019). SP is administered
during the second and third trimesters of pregnancy (Al Khaja and
Sequeira, 2021). SP targets Plasmodium parasite dihydropteroate syn-
thase and dihydrofolate reductase, by decreasing the amount of folic
acid the malarial parasite needs to synthesize nucleic acids (Waller and
Sampson, 2018). Intermittent preventive treatment with SP is very
effective in decreasing the detrimental effects of malaria during preg-
nancy (Desai et al., 2015). However, these drugs have developed resis-
tance and become less effective (Iwaloye et al., 2021). The emergence of
these resistant strains poses a major challenge to malaria control and
elimination, thus resulting in high morbidity and mortality of malaria
(Dhorda et al., 2021), prompting the urgent need for the development of
new and effective alternative antimalarial agents.

Over the years, antifolate malaria medications have targeted Plas-
modium falciparum dihydrofolate reductase (PfDHFR) (Mharakurwa
et al., 2011). Another major target of antimalarial medications is
PfDHFR)-Thymidylate Synthase (PfDHFR-TS), which is responsible for
DNA synthesis. DHFR is linked metabolically to TS, (DHFR-TS)
expressed as a bifunctional protein that plays a crucial role in the folate
pathway (Heinberg and Kirkman, 2015; Shamshad et al., 2022).

DHFR-TS is made up of both the DHFR and the TS domains (Hyde,
2005). The TS domain converts deoxyuridine monophosphate (dUMP)
to deoxythymidine monophosphate (dTMP), which undergoes further
processes to result in DNA synthesis. The DHFR domain, on the other
hand, converts dihydrofolate (DHF) to tetrahydrofolate (THF) which
then leads to the production of N 5,10 — methylene-THF, which is a
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co-factor for the conversion of dUMP to dTMP by providing the methyl
group required for this reaction (Figure S1) (Hadni et al., 2021; Iwaloye
et al., 2021). Over the years, antifolate drugs were used to inhibit DHFR
hence preventing the production of THF from DHF. This then stops the
production of the methyl group needed to be used to produce dTMP,
which is essential for DNA synthesis (Hadni and Elhallaoui, 2017;
Mharakurwa et al., 2011). Pyrimethamine and cycloguanil are anti-
folates that have been used as antimalarial drugs (Henriquez and Wil-
liams, 2020).

DHF interacts with residues Ilel4, Alal6, Trp48, Asp54, Phe58,
Asn108, Leul64 and Thr185 in order to be reduced to THF. Alal6,
Cys50, Ile51, Arg59, Asn108, and Leu164 have mutated leading to drug
resistance (Hadni et al., 2021). All these mutated residues are situated in
the active site of PfDHFR. In general, the degree of resistance also in-
creases with the number of mutations (Henriquez and Williams, 2020).
Greater degrees of resistance were found in parasites with the
Cys59Arg+Ser108Asn,  Asn51Ile+Cys59Arg+Ser108Asn,  Asn51I-
le+Cys59Arg+Ser108Asn+Ile164Leu, and Cys59Arg-+Ser108Asn+Ile
164Leu mutations, compared to parasites with only SI08N mutation
(Hadni et al., 2021; Kamchonwongpaisan et al.,, 2004). Alal6-
Val+Ser108Thr, a different double mutant, is only connected to cyclo-
guanil resistance. Since additional mutations could theoretically occur
to undermine the new antifolates, concerns about the likelihood of
developing new antifolates with extended beneficial treatment lifetimes
are greatly heightened by this mutation-based resistance. The parasites’
ability to mutate, however, is limited since they require a functioning
DHFR (Kamchonwongpaisan et al., 2004). As a result, it might be
conceivable to create inhibitors that are resistant to mutations and
would also cause the PfDHFR to stop functioning (Yuvaniyama et al.,
2003).

Medicinal plants remain one of the potential sources for the devel-
opment of new effective antimalarial drugs (Uzor et al., 2020). Two
antimalarial drugs quinine and artemisinin were extracted and isolated
from the bark of the Cinchona officinalis and Artemisia annua respectively
(Ceravolo et al., 2021). According to WHO, about 80% of low and
middle-level countries depend on medicinal plants for their primary
healthcare needs (G. Bhat, 2022). These plants are generally easily
accessible with fewer side effects as compared to orthodox drugs
(Mohammadi et al., 2020) and serve as an alternative for the develop-
ment of new therapeutic agents.

Dissotis rotundifolia (Sm) Triana is a medicinal plant that belongs to
the family Melastomataceae. It is commonly referred to as a ‘pink lady’
and is widely distributed in tropical Africa. D. rotundifolia is used to treat
several ailments and diseases such as diarrhea, cough, dysentery,
conjunctivitis, bilharzia, peptic ulcer, stomachache, asthma, bronchitis,
tuberculosis, venereal diseases and malaria (Yeboah and Osafo, 2017).
Phytochemical investigation indicates that the whole plant is rich in
C-glycosylflavones, namely, vitexin, isovitexin, orientin, and isoorientin
(Rath et al., 2014). Pharmacological studies of this plant have demon-
strated antibacterial (Abere et al., 2010), antiulcer (Adinortey et al.,
2018), antioxidant (Adinortey et al., 2018), anti-diarrhoeal (Abere et al.,
2010), anti-trypanosomal (Mann et al., 2009) and anti-plasmodial
properties (Djehoue et al., 2020). The decoction of the leaves of D.
rotundifolia is ethnomedicinally used in west Africa to treat malaria
(Lagnika et al., 2016).

This study aimed at identifying new potential antifolates for malaria
by virtually screening 29 phytochemicals characterized from a whole
plant methanolic crude extract of D. rotundifolia against P/DHFR using
molecular docking analysis. The binding mechanism of the protein-
ligand complexes were characterized. Molecular dynamics (MD) simu-
lations and MolecularMechanics-Poisson Boltzmann Surface Area (MM-
PBSA) calculations were also undertaken to provide insights into the
binding mechanisms of PfDHFR-ligand complexes.
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Materials and methods
Liquid chromatography mass spectrometry (LC-MS) analysis

Sample preparation

The sample was prepared by measuring 1 mg of dried crude plant
extract into 1 ml of methanol. The sample was further diluted in a 1:20
and filtered into an HPLC autosampler vial through a 0.22 ym PVDF
membrane.

High-performance liquid chromatography coupled with electrospray
ionization-quadrupole-time of flight-mass spectrometry

LC-ESI-Q-TOF-MS- qualitative analysis

Phytochemical profiling of bioactive compounds in D. rotundifolia
whole plant methanolic extract were determined using an Agilent 6520
quadrupole time-of-flight mass spectrometer linked with Agilent 1200
HPLC system via dual ESI interface (Agilent Technologies, USA). A
previously developed method was used for the characterization of
phytochemicals with some modifications (Shukla et al., 2021).
D. rotundifolia whole plant crude extract was separated using Agilent
Poroshell 120 EC C18 column; 50 mm x 3 mm, 2.7 pm. The eluents were
water with 0.1% formic acid (A) and acetonitrile (B). The gradient
program was followed as 90% (B) for 25 min, then 90% (B) from 25 to
40 min, and then 10% (B) from 40 to 45 min, at a flow rate of 0.5
ml/min. The sample injection volume was 6 pl.

Agilent 6520 QTOF mass spectrometer with electrospray ionization
in positive mode was used to conduct the qualitative analysis. As a
nebulizing, collision, and drying gas, nitrogen was utilized. Nebulizer
pressure, drying gas flow rate, and capillary temperature were all set to
40 psi, 12 1/min, and 350 °C, respectively. Compounds were identified
using a mass range of m/z 50-1700 and a resolving power of at least
15,000 (FWHM). All of the Ion source’s parameters, including Vcap, the
fragmentor, the skimmer, and the octapole radio frequency peak
voltage, were set to, respectively, 3500 V, 150 V, 65 V, and 750 V. Mass
Hunter software version 10 (Agilent Technology) was used for data
analysis.

Protein and compounds retrieval

The experimentally solved 3D structure of P/DHFR-TS was retrieved
from the Protein Data Bank (PDB ID 1J3K) (Burley et al., 2021). The
structure was solved using the X-ray diffraction method and has a res-
olution of 2.10 A. The protein is made up of two chains each of DHFR
and TS (DHFR, chains A and C, and TS, chains B and D). The DHFR is
complexed with WR99210 and NADP while TS is complexed with dUMP
(Yuvaniyama et al., 2003). An integrated library composed of two
antifolate malaria drugs, cycloguanil and pyrimethamine, a PfDHFR
inhibitor (WR99201), and 29 compounds characterized from methanol
extract of D. rotundifolia whole plant were curated for this study.

Binding sites identification

Computed Atlas of Surface Topology of proteins (CASTp) (Tian et al.,
2018) was employed to evaluate the binding pocket used for this study.
The pocket was later analyzed in PyMOL version 2.5.0 (Yuan et al.,
2017).

Protein and compounds preparation and virtual docking

The spatial data files (SDF) of the compounds were retrieved from
PubChem (Sunghwan et al., 2021). The universal force field was used to
minimize the energy of the compounds before they were later converted
to Auto Dock files (pdbqt) using Open Babel (O’Boyle et al., 2011) in-
tegrated into PyRx version 0.8 (Dallakyan and Olson, 2015). The energy
of the protein was minimized using the CHARM 27 all atoms force field
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by GROningen Machine for Chemical Simulation (GROMACS) version
2018 (Abraham et al., 2015). The energy minimization was to ensure
stability during docking. The energy minimized protein and compounds
were then subjected to molecular docking. To dock the 29 compounds
against PfDHFR, AutoDock Vina v.1.2.0 (Trott and Olson, 2009) was
employed. Grid box dimensions of 30.1 A, 32.9 A and 39.4 A centered at
41.1 A, 51.4 A and 49.8 A all in the x, y, and z coordinates respectively
utilized.

Validation of docking protocol

Pyrimethamine, chloroquine, sulfadoxine, WR99210, and cyclo-
guanil were employed as the five potent inhibitors whose Simplified
Molecular Input Line Entry System (SMILES) were used to create their
decoys using the Database of Useful Decoys; Enhanced (DUD;E)
(Mysinger et al., 2012). Along with those inhibitors, 350 decoys were
created and docked using AutoDock Vina against PfDHFR. The receiver
operating characteristic (ROC) curve was created from the docking data,
and the area under the curve (AUC) was calculated using the simple ROC
version 1.3.1 (Goksuluk et al., 2016). AUC and ROC were generated
using a non-parametric approach of curve fitting (DeLong et al., 2016)
for SE estimation and CI as well as a Type I error of 0.05.

The ligand of the co-crystallized structure of P/DHFR was removed
and redocked. The co-crystallized ligand and the redocked ligand were
aligned using the LigAlign algorithm (Heifets and Lilien, 2010) imbed-
ded in PyMOI version 1.3 (Yuan et al., 2017). The Root Mean Square
Deviation (RMSD) of the two ligands will then be calculated. The
co-crystallized complex and the redocked complex were then super-
imposed in LigPlot+ version 1.4.5 (Laskowski and Swindells, 2011) to
identify the common residues the ligand interacted with in both com-
plexes. These approaches aid in accessing AutoDock Vina’s ability to
predict the binding pose.

Absorption, distribution, metabolism, excretion, and toxicity prediction

SwissADME is a web tool that estimates the physicochemical de-
scriptors, pharmacokinetics properties, and ADME parameters of com-
pounds (Daina et al., 2017). The SMILES of the compounds were utilized
to evaluate the ADME parameters of the compounds. Lipinski’s rule,
Verber rule, Egan rule, Ghose filter, and Muegge rule were considered
for the ADME parameters of the compounds. Toxicity profiling of the
compounds was done with Osiris Datawarrior version 5.5.0 (Sander
et al., 2015). Mutagenicity, tumorigenicity, irritability, and reproduc-
ible effectiveness were the parameters considered. All compounds that
violated any of the ADMET protocols were eliminated.

Characterization of binding mechanism

To forecast the nature of interactions between the ligands and the
protein, Ligplot+ version 1.4.5 (Laskowski and Swindells, 2011) was
employed to generate 2D protein-ligand interactions. The top hit pose
was preserved in "pdb" file format and then rendered in PyMOL version
2.5.0. The complexes were then used as inputs for Ligplot+
version.1.4.5. Green dashed lines represent hydrogen bonds and spoked
arcs extending toward the ligands represent hydrophobic interactions.
The interaction profiles were created using default parameters.

Biological activity prediction

Prediction of Activity Spectra of Substances (PASS) was used to
predict the activity of the potential leads. PASS is a tool for assessing an
organic drug-like molecule’s overall bioactivity. Based on the structure
of organic substances, PASS makes simultaneous predictions of
numerous different forms of biological activity (Filimonov et al., 2014).
The probability of active (Pa) and probability of inactive (Pi) values
were generated to determine the level of the activities of the compounds.
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An exhaustive search of the literature was also done to identify works
done on the potential leads, their analogs, and derivatives against
malaria.

Molecular dynamics simulation and molecular mechanics Poisson-
Boltzmann surface area calculation

Molecular dynamics (MD) simulations were performed using GRO-
MACS version 5.1.4. The four potential leads’ complexes, the co-
crystallized complex, the cycloguanil complex, and the unbound pro-
tein were subjected to a 100 ns MD simulation using the CHARMM?27 all-
atoms force field. The ligand topology was generated using SwissParam
(Zoete et al., 2011). Before the simulation, the complexes and the pro-
tein were prepared by initially being solvated in a 1 nm cubic water box
and later neutralized by adding ions. The energy of the complexes and
the protein was minimized for relaxation to remove steric clashes or bad
geometry. Equilibration of temperature (300 K) and density (1020
kg/m>) was done for steps of 5000. The results of the simulation were
then analyzed using root mean square deviation (RMSD), root mean
square fluctuation (RMSF), and radius of gyration (Rg). The graphs were
then generated via Xmgrace version 5.1.25.

To determine the free binding energy, Molecular Mechanics-Poisson
Boltzmann Surface Area (MM-PBSA) calculations were performed using
g mmpbsa, a tool for high throughput MM-PBSA calculation (Kumari
et al., 2014). For every 1 ns step throughout the 100 ns MD, the free
energies of the complexes were calculated. The binding free energy
contributions of the residues of P/DHFR involved in the binding of each
compound were also estimated via MM-PBSA calculations. The results
were plotted using the R programming package (R Core, 2020).

Results and discussion
LC-MS analysis

In this present study, the phytochemical profiling of bioactive com-
pounds from the methanol extract of D. rotundifolia whole plant were
analyzed by LC-ESI-QTOF-MS. A total of 29 compounds belonging to
different classes such as flavonoids, alkaloids, carboxylic acid, amino
alcohol, quinoline, lignans, sesquiterpenoid, glycosides, terpenoids,
lipid, hydroxycoumarin, phenols, azole, quinone, fatty acid, steroid, and
quinoxaline were tentatively characterized from their mass data and MS
spectra using Agilent LC-MS Qualitative Software (Mass Hunter) and
Personal Compound Database and Library (PCDL). Additionally, the
following public databases; Pubchem (Sunghwan et al., 2021), Chem-
spider (Pence and Williams, 2010), Phenol-Explorer (Rothwell et al.,
2013), and Kegg Ligand Database (Kanehisa, 2002) were also used. The
base peak chromatogram (BPC) of D. rotundifolia methanol crude extract
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in positive ionization mode is represented in Fig. 1.
Binding pocket identification

A binding site is a part of a protein that a ligand binds to with
specificity (Stank et al., 2016). The binding pocket used for this work
had a surface area of 755.741 A2 and a volume of 507.282 A%, This
predicted pocket was chosen because it contained all the critical residues
(Table S1) and is large enough to accommodate the ligands to fit through
(Figure S2). Also, previous studies have shown that the mutations at this
binding pocket are responsible for the resistance of PfDHFR against
drugs such as cycloguanil and pyrimethamine as they bind to this pocket
(David et al., 2018; Hadni and Elhallaoui, 2017; Manhas et al., 2019).
This is the site where DHF binds to be reduced to THF (Ibraheem et al.,
2022; Yuvaniyama et al., 2003). In addition, this same pocket was used
in previous studies, where potential PfDHFR inhibitors were identified
(Hadni et al., 2021; Iwaloye et al., 2021).

Validation of docking protocol

A ROC curve was generated after docking five P/DHFR inhibitors and
their decoys against the receptor to confirm AutoDock Vina’s capability
to differentiate between active and inactive molecules regarding the
receptor (Fig. 2) (Enninful et al., 2022). To evaluate the docking per-
formance, the AUC value was calculated. AUC values between 0.5 and
0.7 are regarded as moderate, larger than 0.7 as acceptable, and less
than 0.5 as having poor discrimination ability. The docking model for
the receptor has a great discriminating ability if the AUC value is very
near 1 (DeLong et al., 2016). The AutoDock Vina system demonstrated
good discriminatory capacity to distinguish between active compounds
and decoys with an AUC of 0.733 a type I error of 0.05 and a p-value of
0.01216745.

The ligands of the co-crystallized structure and the redocked struc-
ture were aligned and an RMSD of 0.959 A was obtained. According to
(Alves et al., 2014), an RMSD less than or equal to 2.0 A indicates a
docking tool’s ability to predict the pose of a ligand in a binding pocket
(Fig. 3(A) and (B). The co-crystallized and the redocked complexes were
later superimposed in LigPlot+. Out of the 11 residues that interacted
with the ligand, 8 were common to both complexes. There were an
overlapping of 2 hydrogen bonds with Asp54 and 5 hydrophobic in-
teractions with Asn108, Phe58, Ile112, Cys54, and Prol13. Ile14 and
Leul64 formed hydrophobic interactions with the ligand in the
co-crystallized structure but in the redocked structure, formed hydrogen
bonds (Fig. 3(C). This corroborates the results from the ligand alignment
on AutoDock Vina’s capability to determine the binding pose of ligands.
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Fig. 1. The base peak chromatogram (BPC) of Dissotis rotundifolia whole plant methanol extract in positive ionization mode.
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Fig. 2. The ROC curve generated via EasyROC to depict the capability of AutoDock Vina to differentiate between actives and inactives.

Molecular docking studies

Molecular docking primarily studies how two or more molecular
structures fit together and the possible interaction existing between the
structures (Stanzione et al., 2021). Using a scoring system, docking is
utilized to assess the quality of the pose and predict the ligand shape, as
well as its position and orientation within the protein binding site. The
experimental binding mode should ideally be reproducible by the sam-
pling process, and it should also be ranked top among all created poses
by the scoring function (Stanzione et al., 2021). The 29 phytochemicals
and 3 inhibitors were docked against the predicted binding pocket of
PfDHFR (Fig. 4). -7.0 kcal/mol is a good discriminating threshold for
putative protein binders and non-binders (Chang et al., 2007). Inhibition
is not necessarily improved by a more negative binding energy (Li et al.,
2014; Pantsar and Poso, 2018). Because approximately 97.7% of in-
hibitors have binding energies of less than -7.0 kcal/mol (Chang et al.,
2007), the threshold of -7.0 kcal/mol filters out approximately 95% of
non-inhibitors (Ahmad et al., 2021). Furthermore, previous studies have
shown that triclosan, an inhibitor of PvDHFR (ICsy = 775 nM) and
PfDHFR (ICsp > 10 pM) has a binding affinity of -7.557 kcal/mol to
PfDHFR (Bilsland et al., 2018). As such, a stringent threshold of -8.0
kcal/mol was employed. All compounds with binding energies greater
than -8.0 kcal/mol were not considered for further analysis. The com-
pounds identified herein had lower binding energies (higher binding
affinity) to PfDHFR than cycloguanil and pyrimethamine, with binding
energies of -8.0 kcal/mol and -7.6 kcal/mol, respectively. Out of the
original 29 compounds, 15 had binding energies less than or equal to
-8.0 kcal/mol and hence, were considered for downstream analysis
(Table 1).

Absorption, distribution, metabolism, excretion, and toxicity (ADMET)
evaluation

ADMET predictions were performed to remove compounds that may

fail as drug candidates (Enninful et al., 2022). Lipinski’s rule (Benet
etal., 2016) determines whether a biologically active compound has the
chemical and physical properties to be orally bioavailable (Benet et al.,
2016). The number of hydrogen bond donors (< 5), hydrogen bond
acceptors (< 10), water-octanol partition coefficient (log P < 5), and
molecular weight (< 500) are the parameters considered to determine
the bioavailability of a compound (Benet et al., 2016). Verber’s rule
(Veber et al., 2002) also predicts the bioavailability of drugs by
considering the number of rotatable bonds (< 10) which is a measure of
molecular flexibility (Khanna and Ranganathan, 2009) and the Topo-
logical Polar Surface Area (TPSA < 140 A?) which is used to analyze the
transport of a drug by multi resistance-associated proteins (Fernandes
and Gattass, 2009). Ghose filter (Ghose et al., 1999), Egan rule (Egan
et al., 2000), and Muegge rule (Muegge et al., 2001) also consider the
molecular weight, TPSA, the number of rotatable bonds, hydrogen
bonds donors and acceptors, log P and number of atoms to determine the
bioavailability of a drug (Table 2). Toxicity testing is a requisite during
drug discovery. Before clinical trials commence, the toxicity of a po-
tential drug must be evaluated (Parasuraman, 2011). Out of the 15
compounds, 4 were suitable for further analysis (Table 3).

Characterization of protein-ligand interaction

The binding interactions of the hits were elucidated to evaluate the
important intermolecular bonds involved in the complexes. CID1286
formed a hydrogen bond with Ala16 with a bond length of 3.11 A and
hydrophobic interactions with critical residues Phe58, Asp54, and Ile14.
CID71944 formed 3 hydrogen bonds with three critical residues, Asp54,
Thr185, and Alal6. CID73571 also formed 2 hydrogen bonds with
Alal6. Both CID71944 and CID73571 formed hydrophobic interactions
with Asnl08, Cysl5, Serlll, Leu40, Vall95, Phe58 and Leu46.
CID342737 on the other hand did not form a hydrogen bond but formed
hydrophobic interactions with 15 residues (Fig. 5). WR99210 interacted
hydrophobically with residues Ilel4, Alal6, Cysl5, Phe58, Ile112,
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Phellé

Fig. 3. Overlapping of the Ligands of the co-crystallized structure (green) and the redocked structure (blue) to determine the RMSD (A) and (B). The superimposition

of the co-crystallized complex and the redocked complex (C).

Fig. 4. CID71944 (blue) docked in the binding pocket (brown) of PfDHFR with
the rest of the protein shown as ribbon (green).

Leull9, Phell6, Pro113, Leu46, Leul64 and Asn108 while forming two
hydrogen bonds with Asp54. Cycloguanil, on the other hand, formed a
hydrogen bond with Asn108 and hydrophobic interactions with Phe58,
Asp54, Alal6, Cysl5, Leul64, Ilel4, Tyrl70, Leu40, and Leu46
(Figure S3). Interactions with residues Phe58 and Phel16 increase the
anti-plasmodial action of naphyl derivatives carrying 1,2,3-triazole
compounds significantly (Ibraheem et al., 2022). In addition, Phe58 is
a critical residue involved in the catalytic activity of PfDHFR, hence an
interaction with Phe58 increases the plausibility of inhibition (Bilsland
et al., 2018). Strong binding is indicated by the many hydrogen bonds
and the small bond lengths, which could make these ligands intriguing
compounds to further study (Enninful et al., 2022).
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Table 1

Molecular docking results of the 29 phytochemicals and 4 antifolate drugs added
as controls with their binding energies. Compounds with binding energy < -8.0
kcal/mol were selected for further analysis.

COMPOUND CID BINDING ENERGY (kcal/mol)

1. 101,274,424 9.8
2. 51,136,360 9.7
3. 5,280,794 9.7
4. 3,052,765 -9.5
5. 5,280,804 9.3
6. 121,750 (WR99210) 9.3
7. 12,309,350 -9.2
8. 85,260,329 9.2
9. 162,350 -9

10. 71,944 -8.9
11. 342,737 -8.9
12. 73,571 -8.6
13. 46,173,908 -8.4
14. 1286 -8.4
15. 5,281,614 -8.3
16. 1530 -8.1
17. 9049 (Cycloguanil) -8

18. 5,281,857 7.9
19. 6,440,940 7.8
20. 17,109 7.7
21. 4993 (Pyrimethamine) -7.6
22. 100,067 7.6
23. 590,929 7.2
24. 5,280,567 -7.1
25. 276,202 -6.8
26. 3610 -6.7
27. 1923 -6.5
28. 464 -6.4
29. 122,121 -6.2
30 8456 -6.2
31. 10,666 -5.9
32 69,421 -5.8
33. 37,511 -3.6

Prediction of biological activity

Biological activities with a probability of activity (Pa) > probability
of inactivity (Pi) and Pa > 0.3, are considered potential compounds for
those pharmacological activity investigations (Goel et al., 2010). In this
study, we considered the antiprotozoal activity of the compounds since
the malaria parasite belongs to the phylum protozoa (Dondorp and Von
Seidlein, 2017). All the compounds were predicted as antiprotozoal
activities with Pa ranging from 0.319 to 0.537 when Pa>Pi. The com-
pounds CID324737, CID73571, CID71944, and CID1286 were predicted
as possessing anti-protozoal activities with Pa values of 0.352, 0.476,
0.426, and 0.537 respectively (Table S4).

CID1286 is structurally similar to the natural compound (2R,3R)-

Table 2
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taxifolin-3-O-a-L-rhamnoside, extracted from Bafodeya benna which has
been shown to have antimalarial properties (Xu et al., 2011). Kaemp-
ferol-3-O-rhamnoside, which is also an analog of CID1286 has been
proven to possess antimalarial activity (Barliana et al., 2014). CID71944
has similar side chains as ethylenediamine-N,N’-diacetic acid, an
iron-chelating drug that was given to rats injected with P. berghei, and
antimalarial activity was observed. Ethylenediamine-N,N’-diacetic acid
was later tested on human red blood cells infected with P. falciparum
cultures and antiplasmodial activity was observed (Yinnon et al., 1989).
CID73571 which is structurally similar to a naringenin derivative iso-
vitexin-(I-3,II-3)-naringenin has been identified to possess anti-
plasmodial activity (Xu et al., 2011). CID342737 is a benzodioxole and
studies (Nelson and Hoosseintehrani, 1982) has shown that benzo-
dioxole natural compounds possess antimalarial properties.

Molecular dynamics simulations

The protein-ligand complexes and the unbound protein were sub-
jected to 100 ns MD simulations. RMSD, RMSF, and Rg analysis were
performed on the MD outputs of all the systems and the graphs were
generated. To evaluate the stability of the complexes, the RMSD graph
was analyzed.

The RMSD is used to measure the displacement of the atoms from the
backbone (Raschka, 2017). The main application of RMSD is to compare
the differences between the structures that were present during the
simulation period and their reference structure. The RMSD trajectory
displays the time-dependent difference between a protein structure and

Table 3

The toxicity profiling results generated with OSIRIS DataWarrior. Compounds
predicted to be toxic in at least one of the parameters were excluded from the
downstream analysis.

Compound Mutagenic  Reproductive Tumorigenic  Irritant
CID effect

101,274,424 None None High None
51,136,360 None None None None
5,280,794 None None None None
3,052,765 None None High None
1530 High High High None
5,281,614 High None None None
162,350 None None None None
12,309,350 None None None None
46,173,908 None None None High
52,800,804 None None None None
85,260,329 High None Low None
1286 None None None None
71,944 None None None None
73,571 None None None None
324,737 None None None None

ADME results generated by SwissADME showing the compounds that violated the various druglikenesss rules of the potential leads.

Compound CID Number of violations

GI absorption

Lipinski’s rule of five Veber rule Egan rule Ghose rule Muegge rule
342,737 0 0 0 0 0 High
71,944 0 0 2 0 0 High
73,571 0 0 0 0 0 High
1286 0 0 0 0 0 High
1530 0 0 0 0 0 High
5,281,614 0 0 0 0 0 High
162,350 1 0 1 1 2 Low
12,309,350 2 0 1 1 3 Low
101,274,424 0 1 1 0 1 Low
51,136,360 2 1 1 0 3 Low
5,280,794 1 0 1 3 2 Low
3,052,765 0 0 0 0 0 High
46,173,908 3 2 1 4 5 Low
52,800,804 2 1 1 1 3 Low
85,260,329 2 1 1 1 4 Low
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Fig. 5. Protein-ligand interaction of (A) PfDHFR-CID 71,944, (B) P/DHFR-CID1286, (C) PfDHFR-CID73571, and (D) PfDHFR-CID342737 complexes. The green dash

indicates hydrogen.

its reference structure (Enninful et al., 2022). All the complexes and the
unbound protein RMSD rose from 0 ns to about 0.225 nm until stability
was reached. The co-crystallized complexed (DHFR-WR99210) rose
from 0 to 0.3 nm. From 10 to 20 ns, a high fluctuation was observed for
the DHFR-WR99210 complex. This depicts a higher displacement of the
atoms from the backbone. Form 20 to 50 ns, stable fluctuations with an

average of ~0.23 nm. About 0.125 nm displacement was observed be-
tween the unbound protein and DHFR-WR99210 complex around 60 ns.
From 60 ns to the end of the simulation time, an average RMSD value of
~0.23 nm was observed. The DHFR-cycloguanil complex was stable
throughout the simulation time with an average RMSD of ~0.2 nm. This
observation was not observed in the DHFR-WR99210 complex. This
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might be due to the WR99210 causing a serious clash with Asn108
(Yuvaniyama et al., 2003). Throughout the simulation time, the
DHFR-CID1286 complex was steady with an average of 0.25 nm similar
to that of the unbound protein but fluctuated around 14, 25, and 50 ns.
DHFR-CID1286 was the complex with RMSD closer to the
DHFR-WR99210. DHFR-CID71944 complex dropped from 0.225 nm to
0.175 nm around 8 ns then rose back to 0.225 nm around 20 ns. It then
dropped back to 0.175 nm around 30 ns and stabilized throughout the
simulation time with an average RMSD of 0.2 nm while fluctuating
around 60 ns. DHFR-CID73571 fluctuates until around 30 ns and then
stabilized with an RMSD of ~0.225 nm. DHFR-CID342737 had the
highest RMSD apart from the DHFR-WR99210 complex, with an average
of 0.225 nm until 40 ns then 0.25 nm from 40 ns to the end of the
simulation time (Fig. 6).

Rg is used to evaluate the compactness of proteins (Jiang et al.,
2019). A protein that is folded consistently will probably keep Rg at a
very constant value (Lobanov et al., 2008). A protein’s Rg will evolve if
it unfolds (Enninful et al., 2022). DHFR-WR2210 complex was stabilized
with an average Rg of ~1.85 nm. DHFR-cycloguanil had an average Rg
of ~1.83 nm. In comparison to the co-crystallized and cycloguanil
complexes, the potential leads complexes are stable indicating the
folding of the potential lead complexes. Rg of DHFR-CID71944 stabi-
lized throughout the simulation time. DHFR-CID1286 and
DHFR-CID73571 behaved similarly. From 80 ns, the Rg of both com-
plexes dropped but that of DHFR-CID73571 averaged around 1.86 nm,
and that of DHFR-CID1286 with an average of 1.82 nm.
DHFR-CID342737 stabilized till 20 ns, then fluctuated until 40 ns where
arise was observed. Stability was observed until 70 ns where a sharp rise
to 1.89 nm was observed, then dropped to 1.84 nm around 85 ns. From
90 to 100 ns, a stable fluctuation was observed (Fig. 7).

To determine which DHFR residues are responsible for the structural
variations, the RMSF trajectories of the DHFR-ligand complexes were
also assessed. RMSF is connected to crystallographic B-factors and is
used to assess the flexibility of various protein regions (Sinha and Wang,
2020). These protein domains are crucial in catalysis and ligand binding,
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and higher RMSF values indicate larger volatility (Dong et al., 2018). All
the complexes behaved similarly throughout the simulation time.
Higher fluctuations were observed in DHFR-WR99210 around residue
25 with an RMSF of 0.41 nm, DHFR-CID73571 around residue 45 with
an RMSF around 0.3 nm, DHFR-CID71944 from residues 80 to 100 with
an RMSF around 0.25 nm,DHFR-CID1286 around residue 130 with an
RMSF 0.45 nm and DHFR-CID342737 around residue 190 with an RMSF
of 0.15 nm. DHFR-cycloguanil and DHFR-CID71944 complexes fluctu-
ated with an RMSF of 0.35 nm at residue 231 (Fig. 8).

Molecular Mechanics- Poisson Boltzmann surface area (MM-PBSA)
calculation

The estimations of the protein-ligand binding affinities produced by
simulation-based techniques like MM-PBSA are more accurate than
those produced by other computational techniques like docking. By
examining the binding free energy of protein-ligand complexes, it is
possible to determine which ligands have higher binding affinities to the
target. (Wang et al., 2017).

The binding free energies of the DHFR-CID324737 complex were the
lowest (-84.648 kJ/mol) and corresponded with the docking score of
-8.9 kcal/mol. This indicates that the DHFR-CID324737 complex had
the highest binding affinity irrespective of the fact that no hydrogen
bond was formed. DHFR-CID1286, DHFR-CID71944, and DHFR-
CID73571 had free binding energies of -82.062, -51.988, and 60.157
kJ/mol with docking scores of -8.4, -8.9 and -8.6 kcal/mol, respectively.
All the complexes had van der Waals forces ranging from -152.495 to
-114.345 kJ/mol. DHFR-WR99210 complex (redocked complex) had
binding energy of -9.3 kcal/mol after docking but had a binding free
energy of -81.474 kJ/mol. DHFR-cycloguanil complexes had a binding
energy of -8.0 kcal/mol and a free binding energy of -54.287 kJ/mol.
This corroborates the docking results where all the potential leads had
binding affinity greater than the DHFR-cycloguanil complex. This in-
dicates that the potential leads have a higher chance of inhibiting
PfDHFR. DHFR-WR99210 complex had a higher binding affinity than all
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Fig. 6. The RMSD plot of the unbound protein (black) and the DHFR-ligand complexes after the 100 ns MD simulation. RMSD plots of DHFR-WR99210, DHFR-
Cycloguanil, DHFR-CID1286, DHFR-CID71944, and DHFR-CID73571 DHFR-CID342737, are shown in red, green, blue, yellow, brown and gray respectively.
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Fig. 7. Radius of Gyration plots of the unbound PfDHFR (black) and the PfDHFR-ligand complexes after the 100 ns MD. Rg plots of DHFR-WR99210, DHFR-
Cycloguanil, DHFR-CID1286, DHFR-CID71944, and DHFR-CID73571 DHFR-CID342737, are shown in red, green, blue, yellow, brown and gray respectively.

the potential leads but from the MM-PBSA calculations, CID1286 and
CID342737 had higher binding affinities than thaWR99210. Since it has
been shown that binding energy from simulations is more accurate than
computational docking, CID1286 and CID342737 have higher binding
affinity to PfDHFR than WR99210. (Table 4). A higher binding affinity
indicates the plausibility of inhibition (Cunha et al., 2016). According to
previous studies, the binding energy is mostly influenced by electrostatic
and van der Waal’s forces (Deng et al., 2011).

Energy decomposition per residue can be evaluated using MM-PBSA.
This entails the breakdown of each residue by taking into account the
interactions that each residue is a part of (Gupta et al., 2018). Consid-
ered crucial for protein-ligand binding are residues that contribute en-
ergies larger than or equal to 5 kJ/mol or less than or equal to -5 kJ/mol
(Dankwa et al.,, 2022). In the DHFR-WR99210 complex, Asp54
contributed 16.63 kJ/mol, and Phe58 contributed -8.10 kJ/mol
(Figure S5). Asp54 contributed 10.67 kJ/mol and Phe58 contributed
-4.92 kJ/mol in the DHFR-cycloguanil complex (Figure S6). Leu46
contributed -7.32, -5.65, -4.76, and -6.87 kJ/mol in CID1286 (Fig. 9),
CID71944, CID73571 and CID342737 complexes’ respectively. This
indicates that Leu46 may be a critical residue in the activity of PfDHFR.
From previous studies, Asp54 is a critical residue in the catalytic activity
of P/DHFR (Singh and Mishra, 2018), this is validated by the results
obtained where among all the complexes, Asp54 contributed the highest
energy.

Conclusion

Out of 29 bioactive compounds screened against PfDHFR, four po-
tential leads, dimethylmatairesinol, flavodic acid, sakuranetin, and
sesartemin were identified as potential antifolates after molecular
docking. ADMET analysis shows that all the potential leads do not
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violate Lipinski’s rule, Verber rule, Egan rule, Muegge rule, and Ghose
rule. All the potential leads also have high gastrointestinal absorption
and were predicted not to be toxic.

These compounds have been predicted to be good binders of P/DHFR
by having high binding affinities (-8.4, -8.9, -8.6, and -8.9 kcal/mol,
respectively) and interact with the critical residues involved in the ac-
tivity of PfDHFR in converting DHF to THF. In addition, MD simulation
was carried out on the protein-ligand complexes to elucidate the
conformational changes of the complexes and the unbound protein. MM-
PBSA calculations identified novel critical residue Leu46, contributing a
lot of energy to the catalytic activity of P/DHFR. This depicts the stability
of the protein-ligand complexes. These compounds can therefore be
experimentally investigated by in vitro and in vivo techniques to
determine their potential efficacy against P. falciparum strains and thus
be developed into new antifolate drugs for malaria.
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Table 4

Binding free energies and the other contributing energies of the DHFR-ligand
complexes from MM-PBSA computation Energy values are presented as
average standard deviations in kJ/mol.

Compound  van der Electrostatic Polar SASA Binding
Waals Energy (kJ/ Solvation (kJ/ Energy
Forces mol) Energy mol) (kJ/
(kJ/mol) (kJ/mol) mol)
CID1286 -152.495 -19.914 + 107.552 -17.205 -82.062
+ 59.518 14.769 + 50.624 + 6.846 +41.853
CID342737 -155.890 -25.130 = 114.059 -17.687 -84.648
+ 71.250 15.249 + 50.339 +7.716 + 64.468
CID71944 -129.803 -53.621 + 149.483 -18.058 -51.998
+ 19.879 20.936 + 31.000 +2.423 +16.282
CID73571 -114.345 -24.015 + 90.103 £+ -11.800 -60.157
+ 62.608 17.403 60.616 + 6.444 =+ 44.055
WR99210 -144.231 -9.186 + 88.628 + -16.684 -81.474
+ 30.563 11.530 26.888 + 3.242 +27.398
Cycloguanil -74.333 -11.750 + 40.638 + -8.842 -54.287
+ 53.490 14.079 60.257 + =+ 38.308
60.174
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