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Abstract
A member of the Acanthaceae family, Barleria buxifolia Linn (B. buxifolia) is a shrub of medium size. It originated on the Indian
peninsula. Even though the plant is widely used in traditional medicine to treat malaria, no studies have been conducted on this
species for antimalarial activity. Box-Behnken design (BBD) modeling was used to optimize the percentage of extraction from
the dried root of B. buxifolia. The study aims to use high-resolution liquid chromatography-mass spectrometry (LC-MS/HRMS) to
discover plant-based components in root extracts of B. buxifolia. The observed chromatogram showed the presence of 13
phytoconstituents. For the first time, these phytoconstituents are identified in B. buxifolia roots. These phytoconstituents were
assessed for their anti-malarial potential against the malaria targets of phosphatidylinositol-4-kinase III β (protein data bank ID:
4D0L, 4WAE) using AutoDock Vina-PyRx software. The anti-malarial potential was compared to known inhibitors of artemisinin
and MMV390048. One compound was identified and compared with the standard artemisinin, which showed the best docking
score and was further confirmed through in silico SwissADME, admetSAR web server, LigPlot analysis, and MD simulation, i.e., 1-
[2-(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine. This in silico research plays a crucial role in antimalarial drug discovery,
and this research will benefit medicinal chemists by enhancing their understanding and utilization of this phytoconstituents for
antimalarial activity.

1. Introduction
Approximately half of the world's population suffers from malaria, a fatal infectious illness that is brought on by five
Plasmodium species. Malaria accounts for 77% of pediatric malaria fatalities [1, 2]. Compared to 245 million cases in 2020,
there will be 247 million cases in 2021 [3]. The majority of those impacted are the world's poorest, who often turn to traditional
remedies due to their accessibility and low cost. The goal of the ethnobotanical study was to document medicinal plants used in
malaria prevention and treatment, as well as the preparation and administration techniques, and to gain insight into the
diagnosis and understanding of malaria among traditional healers [4, 5].

Bacteria and viruses use phosphoinositide metabolism to ensure efficient replication and survival. Phosphatidylinositol 4-kinase
(PI4K) plays a crucial role in virus replication, which is linked to malaria. PI4K-related inhibitors have been found to inhibit virus
replication, treat cancer, treat malaria, and reduce organ transplant rejection [6, 7]. MMV390048, a compound used for full
chemoprotection in monkeys, has been identified as a molecular target of the Plasmodium parasite PI4K. This compound blocks
all life cycle stages of the malaria parasite in a monkey model, which recommends further development and potential
contribution to malaria control and eradication [8].

Plasmodium falciparum, the primary malaria parasite, is resistant to standard antimalarial drugs, evading treatment with
artemisinin. This resistance necessitates the development of new therapeutics to combat malaria [9]. Quinine and chloroquine
poisoning, characterized by severe cardiovascular toxicity, occurs because of the drug’s ability to interfere with the normal
electrical conduction of the heart, leading to abnormal heart rhythms. In severe cases, immediate medical intervention is required
to stabilize the patient and prevent further complications [10]. Artemisinins have toxic effects on erythropoiesis in both animal
and human studies [11]. A report showed that 70–80% of rural communities rely on medicinal plants for primary treatment and
traditional and contemporary medicine, with impoverished individuals in developing nations relying on these plants because of
their unique nutritional profile [12].

Barleria, a genus of over 300 species in the Acanthaceae family, is known for its diverse taxonomy, cytogenetics, phytochemistry,
and pharmacological potential [13]. Barleria buxifolia is an attractive shrub with sharp spines and white to pink blooms. Its
leaves contain anthelmintic qualities, and it is historically used to cure inflammation, bronchitis, and cough [14]. Barleriaquinone,
a root derivative of B. buxifolia, was isolated, and its structure was found to be 1-hydroxy-7-methylanthraquinone by
decomposition and spectroscopy [15]. Three novel anthraquinones were isolated from B. buxifolia roots, and spectrum analysis
was used to determine their structures as l-hydroxy-7-carbomethoxy anthraquinone, l-hydroxy-Z-carbomethoxy-7-
methylanthraquinone, and I-hydroxy-5-carbomethoxy-7-methylanthraquinone. These newly isolated anthraquinones may show
promising potential therapeutic efficacy in various biological activities [16]. A total of 4 Acanthaceae family plants were reported
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for antimalarial activity, i.e., Andrographis paniculata, Justicia adhatoda, Justicia flava, and Acanthus polystachyus [17–20].
Nonetheless, as far as we are aware, no research on the antimalarial properties of this plant material has been published.

B. buxifolia roots are useful for the treatment of stomach ache, tonic and febrifuge [21], reduce inflammation and cough [22].
Roots and leaves have traditionally been used for cough, bronchitis, and inflammation [23]. A recent study explored the use of
the leaf of B. buxifolia extract for ultrasonication-enhanced green synthesis of silver nanoparticles, which have the highest
antioxidant, antibacterial, and anti-biofilm activity [24]. B. buxifolia fraction was isolated using ethyl acetate solvent for
antifeedant, larvicidal, and ovicidal activity [25]. GC-MS study of the aerial portions of B. buxifolia methanolic extract, a notable
ethnomedicinal plant used to cure a variety of diseases [26]. Stem bark, its prophylactic and curative effects on calcium oxalate-
induced nephrolithiasis, antimicrobial activity, and the cytotoxic action of two anthraquinones, barleriaquinone-I and
barleriaquinone-II, extracted from B. buxifolia [27–28]. To the best of our knowledge, this is the first antimalarial study from the
root extract of B. buxifolia.

A member of the naphthoquinone medication family, atavaquone is used to treat acute, uncomplicated malaria caused by
Plasmodium falciparum that is resistant to chloroquine in conjunction with proguanil [29]. Recent advancements in promising
antimalarial candidates in clinical and preclinical phases, ranging from quinine to the latest marketed drugs [30]. This study has
shown that antimalarial compounds were isolated from the root of B. buxifolia against PI4KIIIβ using in silico molecular docking
and dynamic simulation. Metabolite profile analysis using LC-MS/HRMS. Therefore, the primary goals of this work are as
follows: to extract and use LC-MS/HRMS to analyze phytochemicals found in B. buxifolia root extract (a); and to utilize in silico
methods to assess anti-malarial capabilities and find potential lead compounds against the PI4KIIIβ target (b). This study found
that it effectively treated the PI4KIIIβ target through in silico analysis, confirming previous claims that 1-[2-
(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine derivatives were effective in treating trypanothione reductase inhibitors [31].
This study reports for the first time that this compound is effective against the PI4KIIIβ malarial target. Furthermore, this
compound’s binding energy is higher than that of standard artemisinin, as shown by in silico molecular docking and dynamic
simulation.

2. Materials and methods

2.1 Chemicals
The study used analytical-grade solvents such as hydrochloric acid, n-butanol, chloroform, hexane, ammonium hydroxide, acetic
acid, and Mayers and Wagner’s reagent from Loba Chemie Pvt Ltd.

2.2 Plant collection
In August 2023, fresh B. buxifolia roots were collected from the Sankari hills in Salem district, Tamil Nadu. The taxonomist
confirmed the identification and classification of the sample with accuracy. This voucher specimen (Ref: 25211) was deposited
for reference and can be accessed at the Institute of Forest Genetics and Tree Breeding in Coimbatore, Tamil Nadu, India
(Supplementary Fig. 1). Plants were enumerated according to the Natural System of Classification of Bentham and with
binomial, local names, descriptions of the plant, and uses.

2.3 Box-Behnken Design
BBD is commonly used (response surface methodology) to efficiently explore the relationship between multiple input variables
and a response variable. This design allows the estimation of linear and quadratic effects, making it a versatile tool for
optimizing processes and conducting experiments [32]. The three independent variables considered were powder weight, solvent
volume, and extraction time and their levels used in BBD (Supplementary Table 1). List of dependent and independent variables
in BBD are illustrated in Supplementary Table 2. The single-factor analysis allowed the examination of the unique effects of
each independent variable on the dependent variable. This approach provided valuable insights into the unique contributions of
each factor to the overall outcome. The inclusion of center points helps to account for any potential bias or variability in the
experimental setup, providing a more accurate estimation of the response function. In addition, by calculating pure error, the
study can determine the extent to which random factors contribute to the overall variability in the system’s performance.
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Response surface for the effects of solvent volume and weight of the powder on percentage yield of extraction (Fig. 1). The
quadratic equation is given as follows:

Y = b0 + b1X1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 + b23X2X3 + b11X12 + b22X22 + b33X32

where Y is the dependent variable, b0 is the intercept, and b1 to b33 denote the regression coefficient calculated from the
observations of individual responses. X1 through X3 represent the coded levels of prefixed independent variables (X1 is for
powder weight, X2 for solvent volume, and X3 is for extraction time). Furthermore, X1 ×2, X1 ×3, X2 ×3, and Xi 2 (i = 1, 2, and 3)
are the other factors that indicate the interaction of the independent variable and quadratic terms, respectively. Summary result
of regression analysis for variables like Df (degrees of freedom), SS (Sum of squares), Ms (Mean of squares), p-value, F-value,
R2 value, and SD are illustrated in Supplementary Table 3.

2.4 Preprocessing and extraction
The plant roots were dried and ground into a coarse powder using a mechanical grinder. The plant material was macerated in a
mixture of 96% ethanol, water, and 37% HCL for three days [33]. The extract was concentrated in a water bath, and the dried
extract was partitioned with hexane and methanol. The n-hexane fraction was collected, alkalized with ammonium hydroxide,
and chloroform added to the solution.

2.5 Isolation
To separate the chloroform part, it was put through TLC on silica gel G plates (2 × 10 cm) that were mixed with n-butanol, water,
and acetic acid [7:2:1]. The TLC plate showed a single spot where the chloroform part had been eluted. The study used column
chromatography with silica gel as the stationary phase and a mobile phase/eluent of n-butanol, water, and acetic acid in a 7:2:1
ratio, followed by column separation and gradient elution, and was analyzed using Mayer’s and Wagner’s tests.

2.6 LC-HR-MS instrumentations
A microliter of an isolated fraction was separated using a SYNAPT-XS HDMS (Model: DBA064). The UPLC Acquity H-Class
system was used for the separation of the microliter fraction. The SYNAPT-XS HDMS and UPLC Acquity H-Class system worked
together to separate the fraction with high resolution and measure its mass correctly. The following parameters were applied to
the liquid chromatographic setup: injection volume of 1 µL, flow rate of 0.3 ml/min, and column temperature of 25°C. 0.1%
formic acid in LC-MS-grade acetonitrile solvent (B) and 0.1% formic acid in LC-MS-grade water solvent (A) served as the mobile
phase. The mass spectrometer was configured with 10,000 resolution and spectra monitoring in the m/z 50–1500 range. The
separation was achieved using a gradient elution, starting with 95% solvent A and 5% solvent B and gradually increasing the
proportion of solvent B over time. The total run time was 2 minutes. LC–MS/HRMS chromatogram of extract of B. buxifolia root
(Fig. 2).

2.7 In silico fragmentation and identification of bioactive metabolite
mass spectra
The MetFrag architecture is a powerful tool for predicting the fragmentation patterns of metabolites, which can aid in the
identification process. The ChEBi database, which works with the MetFrag architecture, has a huge collection of chemical
compounds that can be used to accurately match and label bioactive plant metabolites. The ChEBi database and MetFrag
architecture were used to identify bioactive plant metabolites. The experimental circumstances of MS acquisition were
considered while selecting the method parameters. After selecting the ChEBi candidate database, chemicals were obtained. The
fragmentation parameters were set to positive mode, mz ppm, and mzabs. The candidate picture, identifier, precise mass,
chemical formula, score, and number are shown in a score-ranked list along with additional facts about each candidate,
including structural data, isotopic pattern, and fragmentation pattern. This comprehensive display allowed for a thorough
analysis and comparison of the candidates, aiding in the identification of the most likely compound present in the sample [34].

2.8 Experimental

2.8.1 Hardware specifications
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This study used an AMD Ryzen 5 5500 U with a Radeon graphics processor running on Windows 11.

2.8.2 Software specifications
The receptor protein structures were retrieved from the PDB database at https://www.rcsb.org. The ligand structures were drawn,
and Simplified Molecular Input Line System (SMILES) conversion was performed using ChemDraw 16.0, a trial licensed version
from PerkinElmer, Waltham, Massachusetts. The receptor protein structures were analyzed using the AutoDock Vina 1.5.7
available at https://vina.scripps.edu/ and PyRx software for molecular docking studies, downloaded from
https://pyrx.sourceforge.io/. Discovery Studio Visualizer V20 for docking verification software is available at
https://discover.3ds.com/. The PyMOL software academic license version was downloaded from https://pymol.org/edu/. Drug
ability was determined by Lipinski, and GI absorption, synthetic accessibility (SA), and bioavailability were evaluated at
http://www.swissadme.ch/. The admetSAR web portal for in silico studies is available at http://lmmd.ecust.edu.cn/admetsar2.
LigPlot + V 2.1 for intermolecular analysis using a trial licensed version from https://www.ebi.ac.uk/. The PDB was modeled
using the solution builder at https://charmm-gui.org/. Molecular dynamics simulations were performed using NAMD version
2.14, obtained from https://www.ks.uiuc.edu/.

2.9 Preparation of the receptors
The protein data bank (PDB) was used to obtain the structural receptors of PI4KIIIβ (PDB ID: 4D0L and 4WAE). Screening was
performed on water molecule heteroatoms and alternative atomic sites separated from protein receptor structures using PyRx
0.8 software [35].

2.10 Preparation of the ligands
The 2D structures of thirteen observed ligands and standard MMV390048 and artemisinin were saved in PDB format. Chem3D
was used to reduce energy using the MM2 force field, importing the ligands into the workspace of docking studies [36].

2.11 Molecular Docking Study
Molecular docking is important for identifying the optimal compounds for receptor molecules. Autodock 1.5.7 was used to
assess the inhibition ability of compounds against hypothetical protein structures, and energy was minimized using a universal
force field and conjugate gradient algorithm. Proteins and ligands were converted into the PDBQT format. PyRx is a virtual
screening tool for computer-aided drug design that enhances docking protocols. It sets coordinates for the Vina search space
center consecutively at about 4D0L (X: 8.1918 x Y: 335.387 x Z: 51.2460). Å and number of points was designed as 262 × 275 ×
324 for the X, Y, and Z axis and 4WAE (X: 18.7237 x Y: 39.3369 x Z: -10.4817). Å and number of points were designed as 53 × 45
× 50 for the X, Y, and Z axis, respectively. Top docked ligands and standard drugs with protein complex binding positions were
inspected using the Biovia Discovery Studio 2021 Client [37].

2.12 In silico analysis
SwissADME and admetSAR data sources require the use of SMILES to represent a compound’s chemical structure. This notation
facilitates drug development by enabling the calculation of physicochemical descriptors and forecasting small-molecule
pharmacokinetics and drug-likeness [38]. The SwissADME web portal provides information on Lipinski, gastrointestinal (GI)
absorption, synthetic accessibility, and bioavailability [39]. The admet-SAR web portal provides information on acute oral toxicity,
plasma protein binding, water solubility, and carcinogens [40].

2.13 LigPlot analysis
A useful tool for investigating and visualizing the interactions between ligand and protein complexes is LigPlot, which provides
comprehensive details on the binding method of ligands, intermolecular interactions, and atom spatial arrangement. To facilitate
the creation of novel medicinal compounds, LigPlot identifies the shared binding site between the lead-hit ligand and
conventional medication. Additionally, LigPlot allows researchers to compare multiple ligand-protein complexes, enabling them
to identify similarities and differences in binding patterns across different compounds. LigPlot is a program that creates a ligand
interaction plot, providing crucial insights into the binding mechanism and affinity of ligands to proteins, including hydrogen
bonds, hydrophobic interactions, and electrostatic interactions, for improved ligand design. These visual representations can
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help researchers visualize and analyze the specific molecular interactions that contribute to the binding affinity and stability of
the ligand-protein complex. Overall, LigPlot serves as a valuable tool for drug discovery and optimization by providing detailed
information on ligand-protein interactions. Additionally, LigPlot can be used to compare multiple ligand-protein complexes,
aiding in the identification of common binding motifs or structural features that may be important for ligand recognition and
binding [41].

2.14 Molecular dynamics simulation
The stability of protein-ligand complex lead and protein-standard MMV390048 was assessed using MD simulation using the
Nanomolecular Dynamics (NAMD) program [42]. The CHARMM-GUI online service generated ligand topology files [43, 44]. MD
simulations were conducted at 310 K for 50 ns to investigate stability, improve docking results, and understand enzyme-target
interactions in the docked ligand-target complex. A high-throughput dynamic simulation process was established to examine the
ligand-target receptor binding mechanism under specific circumstances.

3. Results

3.1 Design of the experiment
Powder weight, solvent volume, and extraction time were among the variables taken into account for optimizing the extraction
yield using a Box-Behnken design. To identify the key extraction process components, a two-level fractional factorial design was
used. The experimental design coded each independent variable at three different levels (-1, 0, and + 1) as illustrated in
Supplementary Table 1. The powder weight (25–75 g), solvent volume (150–450 ml), and extraction time (24–72 hrs) were
varied in three levels, based on the equipment’s limits and mild temperatures. Design experiments and analyses were conducted
using Design Expert 12 software, ensuring accurate results. Supplementary Table 2 represents the extraction conditions and
yields of the BBD extracts. High powder content yields and reduced selectivity significantly increase the yield. Differences in yield
were observed at 0.9% (w/w) for the best extraction. The only significant parameter affecting the extraction yield is the response
surface methodology. The response surface methodology graphics are shown in Fig. 1.

3.2. Putative identification bioactive compound in B. buxifolia by LC-
MS/HRMS
Qualitative analysis of the B. buxifolia fraction by LC-MS/HRMS revealed the presence of 13 compounds (Supplementary
Table 4).

3.3 Identification of new compounds from B. buxifolia
The reported phytoconstituents from the B. buxifolia root extract were compared with the phytoconstituents presently identified
by LC-MS/HRMS [15, 16]. These thirteen phytoconstituents were identified for the first time in the root material of B. buxifolia.

3.4 Ligand preparation
LC-MS/HRMS-identified phytoconstituents from B. buxifolia and standard known inhibitors of malaria (MM390048 and
artemisinin) were considered ligands (Supplementary Fig. 2).

3.5 Molecular Docking Study
This study predicts the best-pose compounds for their interactions with malarial targets of PI4KIIIβ. Potential lead compounds
were identified on the basis of their least binding energy (high docking score) with the receptors. AutoDock Vina-PyRx docking
studies confirm that phytoconstituents from B. buxifolia root extract have the best binding affinity to malarial targets. Table 1
shows the binding energy between the LC-MS/HRMS-identified ligand interactions with the selected PI4KIIIβ receptors.
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Table 1
Docking score of phytoconstituents from the root extract of B. buxifolia

Ligand
No

Compound Name Binding energy
(Kcal/mol)

4D0L 4WAE

1 (3R)-3-Hydroxy-D-aspartate(1-) -4.6 -6.4

2 (2,3-bis(ethylthio)-6-methoxy-1H-inden-ol) -5.9 -6.4

3 6-cis-Docosenamide -4.9 -5.4

4 Plakortolide P -6.5 -6.6

5 Metachromin S -7.1 -8.1

6 1-[2-(Benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine -8.8* -8.6*

7 N-Palmitoylhexadecasphinganine -5.3 -5.8

8 N-Tetradecanoylicosasphinganine -5.0 -6.3

9 2,3-Bis-O-(geranylgeranyl)-sn-glycero-3-phospho-L-serine(1-) -7.0 -7.5

10 1-(7Z-hexadecenoyl)-2-(4Z,7Z,10Z,13Z,16Z,19Z-docosahexaenoyl)-sn-glycero-3-
phosphocholine

-5.8 -6.3

11 Oligomycin B -9.7* -9.4*

12 DilC18(3) dye -4.5 -4.6

13 Beta-sitosterol glucoside-3''-O-hexacosanoicate -7.9 -6.3

Std1 MMV390048 -9.1 -8.6

Std2 Artemisinin -8.1 -7.8

3.6 Top dock score phytoconstituent interaction with 4D0L
Two compounds had a higher docking score than the standard drug, such as oligomycin B (-9.7) and 1-[2-
(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine (-8.8).

3.7 Top dock score phytoconstituent interaction with 4WAE
Two compounds were shown to have a higher docking score than the standard drug, such as oligomycin B (-9.4) and 1-[2-
(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine (-8.6).

3.8 Prediction of binding sites
The docking chain view and interaction profiles of PI4KIIIβ targets with the lead phytoconstituent, i.e., 1-[2-
(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine, and the standard inhibitors MMV390048 and artemisinin (Figs. 3 and 4). The
examination of docking findings was validated using Discovery Studio Visualizer to assess the interaction sites.

3.9 In silico analysis
Based on the docking score, the most promising two ligands and standards were analyzed through the Swiss ADME and
AdmetSAR, as illustrated in Table 2. One ligand specifically failed in Lipinski and GI absorption, i.e., oligomycin B. Moreover,
phase 1 clinical trial standard MMV390048 has low GI absorption and low plasma protein binding. The remaining ligand (1-[2-
(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine) and standard artemisinin met the criteria of the pharmacokinetic properties
like Lipinski rule, high gastro-intestinal absorption, synthetic accessibility, better bioavailability, acute oral toxicity, plasma protein
binding, water solubility, and no carcinogen effect.
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Table 2
SwissADME and admetSAR property of the selected top ligands and standards

Ligand
No

Protein(s) SwissADME admetSAR

Lipinski GI
absorption

Synthetic
accessibility

Bioavailability

score

Acute
Oral
toxicity
(mol/kg)

PPB WS

(logS)

Carcinogen

(binary)

11 4D0L,
4WAE

No Low 10.00 0.17 2.625 0.747 -3.466 Negative

6* 4D0L,
4WAE

Yes High 3.12 0.55 2.207 1.161 -1.918 Negative

Std1 4D0L,
4WAE

Yes Low 2.89 0.55 2.222 0.94 -3.612 Negative

Std2* 4D0L,
4WAE

Yes High 3.16 0.55 2.169 1.039 -3.222 Negative

GI absorption: Gastrointestinal absorption, PPB: Plasma Protein Binding; WS: Water solubility

3.10 LigPlot analysis
The target protein complex with the lead hit (1-[2-(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine) and standard artemisinin
were analyzed using LigPlot software. The compounds with favorable intermolecular interactions were observed under LigPlot
analysis to examine their H-bond interactions and hydrophobic contacts. The resulting comparisons with the artemisinin
standard are shown in Table 3 and Fig. 5. The 4D0L complex with 1-[2-(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine
showed 16 hydrophobic contacts; the 4D0L complex with standard artemisinin showed 11 hydrophobic contacts; and one H-
bond interaction was observed. Seven common binding sites were observed between lead-hit and standard artemisinin, i.e.,
Ala692 (A), Met777 (A), Ser781 (A), Gly780 (A), Tyr650 (A), Glu162 (F), and Phe693 (A). Similarly, the 4WAE complex with 1-[2-
(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine showed 14 hydrophobic interactions, and the 4WAE complex with standard
artemisinin showed 10 hydrophobic contacts. Six common binding sites were observed between lead hit and standard
artemisinin, i.e., Phe174 (A), Asp173 (A), Pro177 (A), Leu573 (A), phe576 (A), and Gln211 (A).

Table 3
Protein-ligand interaction analysis using LigPlot software

Complex H-bond interactions Hydrophobic contacts

Amino
acid

Distance
(Å)

Amino acid

4D0L-
ligand 6

- - Cys646(A), Tyr650(A), Glu759(A), Arg760(A), Ala692(A), Phe693(A), Met777(A),
Gly780(A), Arg30(F), Phe31(F), Asn34(F), Vall61(F), Ser158(F), Glu162(F), His762(A),
Ser781(A).

4D0L-
Std 2

Phe693(A) 3.19 Å Tyr650(A), Ala692(A), Leu773(A), Gln776(A), Met777(A), Gly780(A), Ser781(A),
Asn160(F), Glu162(F), Ala163(F).

4WAE-
ligand 6

- - Glu170(A), Asp173(A), Pro177(A), Phel74(A), Gln211(A), Pro370(A), Leu573(A),
Phe576(A), Lys580(A), Gln581(A), Ser584(A), Lys599(A), Ile600(A), Leu601(A).

4WAE –
Std 2

- - Asp173(A), Phe174(A), Leu176(A), Pro177(A), Ser205(A), Asn207(A), Phe208(A),
Gln211(A), Leu573(A), Phe576(A).

3.11 Molecular dynamics (MD) simulation
The shortlisted ligand 1-[2-(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine and standard artemisinin were used to study
protein-ligand complexes using MD simulation. The structural aberrations in the protein (4D0L and 4WAE) and its docked
complexes were assessed by analyzing the systematic features of each complex, such as RMSD and RMSF, for 50 ns. To
monitor conformational and structural changes in the backbone atoms of protein-ligand complexes, RMSD and RMSF analyses
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(Figs. 6 and 7) were performed, and the results are illustrated in Table 4. The RMSD and RMSF plots of protein-ligand complexes
were calculated for all complexes for a 50-ns trajectory. The research assessed the stability and movement of protein-ligand
complexes and ligand-associated molecules in a hydrated environment to evaluate their structural stability.

Table 4
The average values of RMSD and RMSF of lead hit from B. buxifolia

and standard artemisinin.
S. No Complex Average ± SD

RMSD (nm)

Average ± SD

RMSF (nm)

1. 4D0L-ligand 6 0.499 ± 0.080 0.249 ± 0.087

2. 4D0L-std artemisinin 2.282 ± 1.257 1.295 ± 0.588

3. 4WAE-ligand 6 0.426 ± 0.054 0.178 ± 0.105

4. 4WAE –Std artemisinin 1.016 ± 0.102 0.259 ± 0.177

3.11.1 RMSD
In biological systems, these motions are essential for efficiency and dependability of operation. As seen in Fig. 6, the system as
a whole showed notable stability. Over the 50-ns simulation period, the RMSD of the bound protein-ligand combination remained
constant. 4-[2-(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine had an average RMSD value of 0.499 Å, peaking at 0.63 Å at
40.20 ns. At 39.95 ns, the greatest RMSD value of 3.14 Å was recorded for 4D0L containing artemisinin, with an average value of
2.282. 4-[2-(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine had an average RMSD value of 0.499 Å, with a peak range of 0.51
Å at 48.00 ns. At 29.35 ns, the greatest RMSD value of 1.11 Å was reached for 4WAE with artemisinin, an average of 1.016 Å.
The stability of the protein structure and the intensity of ligand attachment inside the active site pocket are shown by the RMSD
spectrum, which did not reveal any large structural alterations.

3.11.2 RMSF
For every residue in the corresponding system, the RMSF parameter gives important information on the structural flexibility of
4D0L and 4WAE. Based on Fig. 7a, the average fluctuations of 4D0L containing 1-[2-(benzhydryloxy)ethyl]-4-(3-
phenylpropyl)piperazine and 4D0L containing artemisinin were 0.249 and 1.295 nm in the present system. Similar to this, Fig. 7b
illustrates the average fluctuations of 4WAE with 1-[2-(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine and 4WAE with
artemisinin, which were 0.178 and 0.259 nm.

4. Discussion
Traditional optimization techniques like "one factor at a time" can be time-consuming and lead to misleading results due to a
lack of interactions between factors. Response surface methodology, such as the Box-Behnken design, optimizes multiple
variables and predicts optimal conditions with minimal experimentation. This method allows calculations at intermediate levels
that have not been experimentally studied, allowing for more accurate results. The three-stage Box-Behnken design was used in
this study, allowing for minimal experimentation in determining optimal conditions [47].

The powdered root of B. buxifolia was extracted using maceration and isolated phytoconstituents from crude extract.
Metabolites are challenging to detect using MS data because of their diverse physical and chemical makeups. Currently, mass-
based search is the primary method used for metabolite identification in untargeted metabolomics studies, with manual
verification following. A chemical ion of interest's m/z value is first compared to the database(s). The computational
metabolomics community is enhancing methods for identifying known and unknown metabolites. The methods employ two
primary strategies: in silico prediction of fragmentation MS/MS spectra from known compounds and in silico prediction of
molecular substructures and general chemical properties of unknowns [48]. Machine learning approaches have significantly
improved metabolite identification and structural identification, with ChEBI enrichment analysis and MetFrag being useful tools
for metabolite identification and computer-assisted metabolite mass spectra identification [49]. Many studies may produce
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molecules not annotated to ontology classes, so molecules in ChEBI serve as a sample of the complete set provided by the study
or pipeline [50]. A total of 13 phytoconstituents were identified in B. buxifolia root extract using LC-MS/HRMS (Supplementary
Table 4). These phytoconstituents were the first-time detection of B. buxifolia root phytoconstituents.

Phosphatidylinositol 4-kinase (PI4K) is a lipid kinase found in all eukaryotic species responsible for producing
phosphatidylinositol 4-phosphate (PI4P), a member of the phosphoinositide family [51]. PI4Ks are divided into two groups, type
II and type III, with α and β isoforms in each [52]. For the treatment of malaria, PI4KIIIβ is a possible therapeutic target. It is
essential for controlling cellular activity and synthesizing membrane polyphosphoinositides [53]. An essential component of the
malaria parasite's survival in both the host and vector is the protease kinase enzyme PfPI4KIIIβ [54].

It has been found that three common anti-Plasmodium chemical classes-artemisinin and MMV390048 inhibit Plasmodium's
multistage development [55, 56, 57]. A Phase 1 clinical study including MMV390048, a member of the 2-aminopyridine family,
demonstrated the antimalarial action of the plasmodium PI4K inhibitor [58, 59]. These phytoconstituents were examined in
further detail as PI4KIIIβ malarial targets (4D0L, 4WAE). Thirteen phytoconstituents were screened using molecular docking
against the PI4KIIIβ protein, and two lead compounds with a greater binding potential than standard compounds were found
against two selected targets, i.e., 1-[2-(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine and oligomycin B. Moreover, these best
dock ligands and standards were screened through the SwissADME and admetSAR properties. Oligomycin failed the criteria of
Lipinski and GI absorption. Similarly, the standard MMV390048 drug also failed in GI absorption and plasma protein binding
(PPB). At 4D0L and 4WAE, both targets for lead-hit phytoconstituents showed through in silico analysis like Lipinski, GI
absorption, synthetic accessibility, bioavailability, acute oral toxicity, PPB, water solubility, and no carcinogen effect, i.e., 1-[2-
(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine. This compound and standard artemisinin were further tested for MD
simulation, which showed better stability and movement in the selected malarial targets.

Conclusion
In order to counteract PI4KIIIβ, a new phytoconstituent derived from B. buxifolia roots is proposed in this work. Because of this,
the existence of phytoconstituents with binding affinities for the two PI4KIIIβ targets that have been chosen is better understood
via the use of computational analysis (in silico molecular docking and dynamic simulation studies). Drug development
expenses, time, and adverse effects are decreased when natural compounds are investigated for potential lead molecules
utilizing virtual screening techniques that make use of molecular docking analysis. It is crucial to screen ligands according to
their pharmacokinetic characteristics, as this will lessen the likelihood that most medications will fail at the clinical stage.
Consequently, following further investigation, 1-[2-(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine potentially useful natural
compounds that exhibit favorable pharmacokinetic characteristics and binding energies to both 4D0L and 4WAE, may be
considered as prospective malaria treatments. Better anti-malarial medications may be created by further modifying and
improving these newly discovered lead chemicals. As a result, these tested compounds may provide valuable information for the
creation of novel antimalarial medications.
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Figure 1

Response surface for the effects of solvent volume and weight of the powder on percentage yield of extraction.
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Figure 2

LC–MS/HRMS Chromatogram of extract of B. buxifolia root.
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Figure 3

Docking model and binding pockets of 4D0L complex with 1-[2-(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine (a),
MMV390048 (b) and artemisinin (c).
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Figure 4

Docking model and binding pockets of 4WAE complex with 1-[2-(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine (a),
MMV390048 (b) and artemisinin (c).
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Figure 5

Ligplot analysis:4D0L with 1-[2-(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine (a), 4D0L with artemisinin (b), 4WAE with 1-
[2-(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine (c), 4WAE with artemisinin (d).
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Figure 6

RMSD analysis of MD simulation trajectories: 4D0L with 1-[2-(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine and 4D0L with
artemisinin (a); 4WAE with 1-[2-(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine and 4WAE with artemisinin (b).

Figure 7

RMSF analysis of MD simulation trajectories: 4D0L with 1-[2-(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine and 4D0L with
artemisinin (a); 4WAE with 1-[2-(benzhydryloxy)ethyl]-4-(3-phenylpropyl)piperazine and 4WAE with artemisinin (b).
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