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Abstract
Understanding herb-drug interactions is important due to the increasing use of
herbal medicines alongside conventional drugs. These interactions can alter the
pharmacokinetic properties of drugs, potentially causing subtherapeutic effects or
adverse reactions. Artemisia afra and Catharanthus roseus, two traditional African
plants used separately to treat malaria, are rich in phytochemicals and may be co-
administered with the antimalarial drug artemether. This study aimed to identify the
phytochemical compounds present in the aqueous extracts of A. afra and C. roseus,
and to use in silico methods to predict the potential of these phytochemicals to
inhibit CYP2B6, the enzyme that metabolises artemether. Analysis of the aqueous
extracts using UHPLC-QTOF-MS identified a diverse array of phytochemicals in both
plants. Potential CYP2B6 inhibitors were identified by docking the phytochemicals
into the enzyme’s active site using Discovery Studio software. This in silico method
was validated against three metrics: root mean square deviation, enrichment factor,
and receiver operating characteristic. Three docking algorithms (LibDock, LigandFit,
and CDOCKER) with native scoring functions and ten additional scoring functions
were assessed. The LibDock/Ludi 3 combination most effectively distinguished active
inhibitors. Multiple compounds, including acacetin, isoscopoletin, and scopoletin,
found in A afra demonstrated strong binding affinities to the active site of CYP2B6,
suggesting that phytochemicals from A. afra could inhibit CYP2B6-mediated
metabolism, potentially affecting the pharmacokinetic profiles of co-administered
substrate drugs. Such inhibition could lead to increased drug plasma concentrations,
increased levels of toxicity, or reduced therapeutic efficacy, underscoring a clinically
relevant risk for herb-drug interactions in populations using these herbal remedies.
Highlights

+ Prominent phytochemicals in extracts of Artemisia afra and Catharanthus roseus

identified by UHPLC-QTOF-MS.
« A structure-based in silico method was validated and used for molecular
docking of phytochemicals identified.
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Artemisia afra and Catharanthus roseus are rich in bioactive compounds;
however, only A. afra phytochemicals successfully interacted with the target
ligand, CYP2B6.

Keywords Catharanthus roseus, Artemisia afra, In silico, CYP2B6, Computation, Herb—
drug interactions

1 Introduction

African traditional medicine, deeply rooted in diverse cultural beliefs and practices,
remains an important healthcare resource across the continent. With its vast biodi-
versity, Africa harbours a wealth of medicinal plants used to treat a range of ailments,
including malaria, diabetes, and infectious diseases [1, 3, 35, 56]. Among these, Arte-
misia afra and Catharanthus roseus stand out as widely used plants, traditionally
employed to treat malaria and other conditions [17, 56].

Given the widespread use of traditional plant-based remedies alongside modern phar-
maceuticals, understanding herb-drug interactions (HDIs) has become crucial. HDIs
occur when herbal compounds affect the pharmacokinetics of conventional drugs,
including absorption, distribution, metabolism, or excretion, thereby potentially altering
drug efficacy and safety [22, 40]. In many African communities, limited access to mod-
ern healthcare and economic factors increase reliance on herbal medicines, raising the
likelihood of concurrent use with prescription drugs and the risk of clinically significant
HDIs [10, 35].

Cytochrome P450 3B6 (CYP2B6), an isoform of the cytochrome P450 (CYP) enzyme
family, plays an essential role in hepatic drug metabolism [15, 36, 39]. Critically, CYP2B6
metabolizes the antimalarial drug artemether, as well as key antiretroviral drugs such as
efavirenz and nevirapine, all cornerstones of treatment against malaria and HIV/AIDS
in sub-Saharan Africa, where the disease burden is significant [14, 18, 28, 39, 62-66].
Genetic polymorphisms in CYP2B6 can alter enzyme function, resulting in variability
in drug metabolism that influences therapeutic outcomes and susceptibility to adverse
drug reactions [15, 19, 55].

The inhibition of CYPs by herbal constituents can have a clinically significant impact
by altering the pharmacokinetic profiles of drugs metabolised by these enzymes. For
example, CYP2B6 inhibitors may reduce the metabolic clearance of antimalarials and
antiretrovirals leading to increased plasma concentrations, prolonged half-life, and
increased risk of toxicity or adverse effects. Conversely, inhibited metabolism can impair
the production of active metabolites necessary for drug efficacy in some cases, poten-
tially causing therapeutic failure. Therefore, CYP inhibition is central to understanding
the mechanisms of HDIs, as it directly affects drug absorption and metabolism, which
are critical pharmacokinetic properties that determine drug levels, duration of action,
and safety [18, 26, 28, 55].

Given that CYP2B6 metabolises the antimalarial drug artemether and that Artemisia
afra and Catharanthus roseus are traditionally used for the treatment of malaria, this
study aimed to investigate the potential inhibitory effects of phytochemicals from A.
afra and C. roseus on CYP2B6 using in silico molecular docking. This computational
approach allows rapid and cost-effective prediction of molecular interactions between
herbal compounds and the CYP2B6 enzyme, serving as an important screening tool to
anticipate possible HDIs before expensive and time-consuming laboratory or clinical
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studies [12, 21, 48]. It is complementary to laboratory experiments and animal testing [8,
44, 45, 57]. Moreover, it enables the exploration of diverse interaction scenarios, hypoth-
esis generation, and optimization, offering a versatile and efficient way to predict herb-
drug interactions [7, 32, 38, 51, 60].

While the role of CYP2B6 in metabolising synthetic drugs is well-studied, its inter-
action with phytochemicals from indigenous African medicinal plants, among them
A. afra and C. roseus remains underexplored, highlighting the novelty and clinical rel-
evance of this research.

2 Materials and methods

Specimens of Artemisia afra and Catharanthus roseus were acquired from the Botani-
cal Garden of the North-West University (NWU), Potchefstroom, South Africa. Post-
preparation, the herbarium specimens bearing the specimen numbers PU0016058 and
PUC0016057 were transferred to the A.P Goossens Herbarium at NWU.

2.1 Preparation of extracts from Artemisia afra and Catharanthus roseus

Leaves and twigs of A. afra and leaves of C. roseus were individually manually harvested
and subjected to air drying on a benchtop at room temperature for 14 days. The plant
materials were finely ground individually using an electric grinder (D & A Health, Nutri-
tion blender). A 1:10 ratio mixture was prepared from each plant by combining 10 g
of the plant material with 100 mL of water from a study [2] with some modifications.
The sample was heated at an escalating temperature, starting at 50 °C and sequentially
increasing to 70 °C, 100 °C, 150 °C, and ultimately 200 °C for 45 min. The resulting con-
coction was filtered using Whatman Grade 1 filtration paper (Fisher Scientific, Sigma-
Aldrich, South Africa), and the filtrates were frozen at -20 °C for 24 h, subsequently, they
were lyophilised with a Lab Vacuum Freeze Dryer with High-Efficiency vacuum pump
(SPS Scientific, Gardiner, NY, USA). The lyophilised extracts were stored in a desiccator
at — 20 ‘C until use.

2.2 UHPLC-QTOF-MS analytical method for Artemisia afra and Catharanthus roseus

To identify the phytochemicals from the aqueous extracts of A. afra and C. roseus indi-
vidually, UHPLC-QTOEF-MS was used. Individual analyses were conducted on a Waters
Acquity I Class Ultra Performance Liquid Chromatographic (UPLC) system equipped
with a PDA detector. The UPLC separations were performed using an Acquity UPLC
BEH C18 column (150 mm x 2.1 mm, i.d., 1.7 um particle size), maintained at 40 °C with
modifications based on [29, 43, 58]. The UPLC-MS analysis of A. afra was performed
using a mobile phase consisting of 0.1% formic acid in water (solvent A) and acetonitrile
(solvent B), with a gradient elution at a flow rate of 0.35 mL/min. The gradient started at
80% A and 20% B for 0.5 min, increased to 40% A and 60% B over 13 min, then ramped
to 100% B in 2.5 min, held for 0.5 min, before returning to initial conditions for equili-
bration, with a total runtime of 18 min. Mass spectrometric detection was carried out in
negative electrospray ionization mode Fig. 1. Nitrogen served as the desolvation gas at a
flow rate of 600 L/hr with the desolvation temperature set at 350 °C and source tempera-
ture at 100 °C. The capillary voltage was maintained at 2500 V and the cone voltage at
40 V, with data acquired over an m/z range of 100 to 1500. The LockSpray interface was
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Fig. 1 Chromatogram of UHPLC-QTOF-MS of aqueous extracts of Artemisia afra, showing the peaks of different
identified phytochemical compounds
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Fig. 2 Chromatogram of UHPLC-QTOF-MS of aqueous extracts of Catharanthus roseus, showing the peaks of dif-
ferent identified phytochemical compounds

employed throughout to ensure mass accuracy and reproducibility. Compound identifi-
cation was based on mass accuracy and processed using MassLynx 4.2 software.

The UPLC-MS analysis of C. roseus utilised a mobile phase of 0.1% formic acid in water
(solvent A) and acetonitrile (solvent B) with a gradient elution at 0.3 mL/min, starting at
90% A and 10% B for 1 min, shifting to 40% A and 60% B over 8 min, then to 20% A and
80% B in 2 min, before returning to initial conditions with a total runtime of 13 min.
Mass spectrometry was performed in positive electrospray ionization mode using nitro-
gen as the desolvation gas at 600 L/hr and a desolvation temperature of 400 °C, with
a source temperature of 100 °C. The capillary voltage was set at 3300 V and the cone
voltage at 40 V, acquiring data across an m/z range of 100 to 1500 Fig. 2. Compound
identification was ensured by applying the LockSpray interface for mass accuracy and
reproducibility, with data processed using MassLynx 4.2 software. This section was out-
sourced to Tshwane University of Technology, Pretoria, South Africa. Data collection
was performed between 100 and 1500 m/z using the LockSpray™™ interface for accuracy

and reproducibility during acquisition.
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2.3 In silico molecular docking method validation

A structure-based in silico method was employed to identify phytochemicals from A.
afra and C. roseus that might possess the potential to inhibit the CYP2B6 enzyme. For
this purpose, the Discovery Studio 3.1 life sciences molecular modelling software was
used (Accelrys Inc., San Diego, USA). The reported crystal structures of the CYP2B6
enzyme in complex with 4-(4-chlorophenyl) imidazole Protein Data Bank Identifica-
tion (PDB ID: 3IBD) served as protein model [16] Based on the good resolution (2 A) of
this structure, it was deemed a suitable model for the in silico studies. Various docking
algorithms and scoring functions were first evaluated to find the combination that best
identified active inhibitors within a database of active and decoy compounds. This vali-
dation step evaluated three metrics: the Root Mean Square Deviation (RMSD), Enrich-
ment Factor (EF), and Receiver Operating Characteristic (ROC) curve. RMSD measured
the ability of each docking/scoring combination to accurately redock thirteen chosen
high-resolution co-crystallised ligands back onto the active site of the selected target
protein CYP2B6. The EF and ROC measured the ability of each combination to identify
active inhibitors (n=13) from among a set of 1001 decoy compounds. Three docking
algorithms (LibDock, LigandFit, CDOCKER) with their native scoring functions and ten
additional scoring functions were evaluated, as recently reported [48].

2.3.1 Target preparation and molecular docking

Target protein preparation and molecular docking were done according to Ibrahim et al.
[21] and Shaw et al. [48]. The CYP2B6 protein model was prepared in Discovery Studio.
The protein was typed with the Momany and Rone CHARMm forcefield. The ionisa-
tion states and pKa values of the ionisable amino acids were calculated, and the model
was protonated at pH 7.4. A fixed-atom constraint was applied to the backbone, and
the protein was minimised using the Smart Minimizer algorithm, with the maximum
steps set to 50,000. The implicit Generalized Born with Molecular Volume (GBMV) sol-
vent model was employed during minimisation without the use of SHAKE constraints.
The co-crystallised ligand and water molecules were removed from the protein, and the
active site was identified from an analysis of the cavities that are present in the protein
[21, 48].

Thereafter, the ligands that were docked were constructed in Discovery Studio, and
their geometries were briefly optimised using a Dreiding-like forcefield (5000 iterations)
[21, 48]. The structures of the ligands were prepared with the Prepare Ligands proto-
col. Subsequently, docking was performed with the CDOCKER, LibDock, and LigandFit
algorithms, in which each employed a native scoring function: CDOCKER Energy, Lib-
Dock Score and Dock Score, respectively. The docked solutions were rescored with the
LigScore 1 & 2, PLP1, PLP2, Jain, PMF, PMF04 and Ludi 1, 2 & 3 scoring functions[21,
48]. For all three docking algorithms, the default settings were applied. For CDOCKER,
ten random conformations were generated in full potential mode and with a heating tar-
get temperature of 700 K. For LibDock, the conformation method was set to BEST. In
situ minimisation of the solutions was not carried out [21, 48].

2.3.2 Root mean square deviation
The co-crystallised ligands found in the CYP2B6 shown in Table 1 were docked into the
selected protein model (PDB ID: 3IBD) using the three selected docking algorithms. The
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Table 1 The reported crystal structures of CYP2B6 were considered for this study

Allocated number PDB code Resolution (&)
1 31BD [16] 2.00
2 3QO0A [47] 2.10
3 3QU8 [47] 2.80
4 3UA5 [47] 2.80
5 4191 [47] 2.00
6 4RQL [49] 2.10
7 4RRT [49] 220
8 47V8 [33] 224
9 SUAP [46] 2.03
10 5UDA [46] 1.93
1 5UEC [46] 227
12 5UFG [46] 1.76
13 5WBG [50] 299

Structure 3IBD was selected as protein model for the in silico studies, while co-crystallised ligands present in these
structures were used to calculate RMSD values during the assessment of the ability of the docking/scoring function to
correctly orientate ligands within the binding site

Table 2 The structures of the 14 active compounds [53, 54] that were selected to evaluate
combinations of docking algorithms and scoring functions for the ability to select active CYP2B6
inhibitors from decoy compounds
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solutions were rescored with the scoring functions, and the root-mean-square deviation
(RMSD) of the heavy atoms from the position of the co-crystallised ligand was calcu-
lated within Discovery Studio. The success rate (as described in Eq. 1) was established
from the ligands that displayed an RMSD value of <2.5 A [9, 48].

Successrate = (Number of ligands < 2.5A/ Total number of ligands) x 100 (1)

2.3.3 Datasets of active and decoy compounds

Thirteen (13) (Table 1) compounds known substrates or inhibitors of CYP2B6 were
selected from the literature [53, 54]. These compounds represent the active dataset, and
their molecular structures are given in Table 2. The decoy compounds employed in this
study were sourced from the directory of useful decoys enhanced (DUD-E) database [37,
48]. The 13 active compounds were submitted to the DUD-E search algorithm, resulting
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in the generation of 50 to 100 decoy compounds for each active compound. Subse-
quently, 987 decoy compounds were retrieved from the DUD-E database and prepared
for the docking simulations as described above. A second decoy dataset (n=1001) was
obtained from Schrodinger (New York, USA).

2.3.4 Enrichment factor (EF)

The dataset employed in this study included 987 decoy compounds from the DUD-E
decoy database and 999 compounds from the Schrédinger database. The 13 active com-
pounds were added to these datasets to yield final datasets of 1001 and 1013 compounds,
respectively. Subsequently, these datasets were docked into the selected protein model
(PDB ID: 3IBD) using the CDOCKER, LibDock, and LigandFit docking algorithms. Fol-
lowing the docking simulations, the solutions were rescored with the selected scoring
functions. Equation 2 was used to calculate the Enrichment Factor (EF) using Micro-
soft Excel for Microsoft Office 365 (Microsoft, United States). EF represents the ratio of
active compounds within a specified percentage (e.g., 10%) of the database to the entire
database [31, 34, 48, 61].

FF = (Hitssel/ HitStot) X (thot/ Ncsel) (2)

Hits, refers to the number of active compounds within the designated percentage (e.g.,
10%) of the dataset. Hits,, indicates the total number of active compounds (n=13) pres-
ent in the dataset. NC,, represents the total number of compounds (active and decoy) in
the entire dataset, while NC,,, represents the number of compounds (active and decoy)
in the designated percentage of the dataset [31, 34, 48, 61].

2.3.5 Receiver operating characteristic (ROC)

The datasets used for calculating the EF were also used to evaluate the ROC. The ROC
analysis was conducted using SPSS Statistics version 27 for Windows (IBM, United
States). The ROC assesses the ability of the combination of the docking and scoring
function in discriminating between active compounds and decoys [5, 30]. The efficacy
is assessed with the area under the curve (AUC) [5, 30]. The AUC serves as a measure of
how effectively a scoring function prioritizes active compounds over decoys and should
be evaluated as follows: AUC values from 1.0 to 0.9 indicate an excellent performance,
while those between 0.9 and 0.8 are considered good, 0.8 to 0.7 are classified as fair, val-
ues from 0.7 to 0.5 are deemed poor, and an AUC below 0.5 signifies failure [48].

2.3.6 Screening for potential binding to CYP2B6

To evaluate the potential of plant components from A. afra and C. roseus to inhibit
CYP2B6, the compounds reported to be present in these plants were drawn in Discov-
ery Studio, and their geometries were optimized and prepared for the docking simu-
lations as described above. The list of the plant components is given in Table 3 which
were obtained from literature [4, 25, 27, 41, 58]. The selected compounds were chosen
due to their status as the most abundant phytochemicals identified in A. afra and C.
roseus plants in Southern Africa. The components were docked into the active site of the
CYP2B6 protein model (PDB ID: 3IBD) with LibDock and the resulting solutions were
rescored with Ludi 3, as the LibDock/Ludi3 was the combination that best differentiated
between active and decoy compounds. The components with the highest Ludi 3 scores
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Table 3 Literature based prominent phytochemicals in Artemisia afra and Catharanthus roseus in
Southern Africa

Phytochemicals in Artemisia afra Phytochemicals in Catharanthus roseus
L- (-)-Camphor Ajmaline
Camphene Yohimbine
1,8-Cineole Vindesine
Scopoletin Ajmalicine
Isoscopoletin Serpentine
Scopolin Vinblastine
Artemisia ketone Vincristine
Santolina alcohol (-)-Vindoline
(4+)-B-Thujone Vinpocetin
Acacetin (-)-Reserpine
Chrysoeriol

3,5-O-dicaffeoylquinic acid

Rutin

are most likely to bind to CYP2B6, and these scores were compared to those of known
inhibitors.

3 Results and discussion

3.1 UHPLC-QTOF-MS chemical analysis of Artemisia afra and Catharanthus roseus aqueous
extracts

Characterising the chemical profiles of A. afra and C. roseus using UHPLC-QTOF-MS
analysis provided valuable insights into their phytochemical compositions and bioac-
tive compounds. Some of the bioactive compounds identified in our study differed from
those commonly reported in the literature [41, 59]. Specifically, in addition to dicaf-
feoylquinic acids and chlorogenic acid, our UHPLC-QTOF-MS analysis revealed the
presence of tehranolide, hydroxyartemisin, artemisitene, and gmelinin compounds that
are either rarely reported or absent in previous studies on A. afra from other regions
[13, 24, 41]. For instance, tehranolide and hydroxyartemisin have not been detected in
A. afra samples collected from regions such as Bronkhorstspruit or Potchefstroom. This
variation may be attributed to differences in environmental conditions, soil composition,
and genetic diversity across geographic locations [24, 41]. Bioactive compounds, such as
catharanthine, tabersonine, vindolinine, vindoline, and vindolicine, were detected in C.
roseus aqueous extracts through UHPLC-QTOEF-MS analysis (Table 4). Similar bioactive
compounds were reported in the same plant extracts [20, 23, 42], which were collected
at different locations. Our literature review and UHPLC-QTOEFE-MS analysis revealed no
evidence that any bioactive compounds from C. roseus interact with the CYP2B6 pro-
tein. The absence of interaction in silico suggests that the plant’s bioactive compounds
may not significantly inhibit CYP2B6 activity, which is important for some antimalarials
and anti-HIV drug metabolism. This could imply a lower risk of herb-drug interactions

involving this specific enzyme.

3.2 Insilico molecular docking method validation

An in silico structure-based approach was followed to predict if compounds from A.
afra and C. roseus might possess the ability to inhibit CYP2B6. Different docking algo-
rithms and scoring functions were first evaluated to identify which combinations can
discern known CYP2B6 inhibitors from inactive compounds in a library of compounds
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that contains both inactive (decoy compounds) and active compounds. This validation
step was done using three metrics: the RMSD, EF, and the ROC. The RMSD determines
which of the docking/scoring combinations can correctly predict the binding orientation
of known inhibitors in the active site. The EF and ROC determine if the docking/scoring
combinations can identify active compounds in a library that contains both active and
decoy compounds. This validation is essential and identifies the best docking algorithm
and scoring function to predict whether compounds (e.g., phytochemicals from A. afra
and C. roseus) might act as CYP2B6 inhibitors.

This study selected the X-ray crystal structure of the human CYP2B6 enzyme with
4-(4-chlorophenyl) imidazole bound to the active site (PDB ID: 3IBD) for the docking
study. The molecular modelling software, Discovery Studio, was used for the docking
simulations. Three docking algorithms were evaluated (CDOCKER, LibDock, Ligand-
Fit), each possessing its native scoring function, namely CDOCKER Energy, LibDock
Score, and Dock Score, respectively. An additional ten scoring functions (LigScore 1,
LigScore 2, PLP1, PLP2, Jain, PMF, PMF04, and Ludi 1, 2 & 3) were also evaluated for
each docking algorithm. The docking algorithm proposes potential orientations/poses of
the ligand within a binding site, while the scoring function identifies the orientation that
is most probable based on higher binding affinity and more productive interactions with
the protein target [11, 37].

3.2.1 Root mean square deviation

This study evaluated the accuracy with which the three docking algorithms were able
to redock 13 ligands that have been co-crystallised with the CYP2B6 enzyme into the
active site of the enzyme, and the ability of the scoring functions to rank the correct
orientations. Tables 5 and 6 report the RMSD between the docked orientations and the
positions of the ligands in the co-crystallised structures. An RMSD<2.5 A indicates
that a docking algorithm has successfully reproduced the crystallographic pose for a
known ligand. The results showed that CDOCKER and LibDock had 33 and 22% success
rates (RMSD <2.5 A) when scoring the poses with the native scoring functions, while
LigandFit was unable to dock the ligands into the CYP2B6 active site. For this analysis,
the RMSD of the first-ranked pose was used. The co-crystallised ligands present in the
structures of 3QUS, 3UA5, 5UFG and 5WBG could not be docked with LibDock, while
the structure present in 3UA5 could not be docked with CDOCKER. For CDOCKER,
the LigScore 2 function yielded the best success rate (42%) while LigScore 1 and PMF04
had the highest success rate when combined with LibDock (33%). Interestingly, LibDock
had a 78% success rate in reproducing the crystallographic orientation irrespective of the
rank of the best pose. This shows that LibDock could correctly reproduce the orientation
of the ligand within the total number of poses generated. Although LibDock demon-
strates the ability to find solutions where the ligands are correctly docked with respect
to binding orientation, no scoring function had a high success rate in identifying orien-
tations with RMSD <2.5 A. The implications of this in silico structure-based approach
in predicting herb-drug interactions are useful. This process, which employed the
CYP2B6 enzyme's crystal structure (PDB:3IBD) in Table 1, demonstrated that LibDock
could reproduce ligand orientations with a high success rate, despite the lower accuracy
of scoring functions in identifying correct poses in Tables 5 and 6. This approach can
streamline the identification of active compounds from decoy compounds. The selection
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of the libDock/Ludi 3 was based on the higher EF and ROC-AUC values compared to
the scoring function combinations.

3.2.2 Enrichment factor and receiver operating characteristic

For calculation of the EF and ROC curve, two libraries were constructed: The first con-
tained 14 actives as well as decoys from the DUDe database with a total number of com-
pounds of 1001, while the second contained the 14 actives as well as decoys from the
Schrodinger decoy database with a total number of compounds of 1013. This valida-
tion was carried out for LibDock only since CDOCKER would be computationally too
expensive to dock larger datasets of compounds. The EF data (Tables 7) showed that Lib-
Dock combined with Ludi 3 performed best with both the DUDe (EF10%: 2.12 and 7.80)
and Schrodinger decoy sets (EF10%: 2.12 and 7.80). The higher value signifies that 7.80%
of the actives would be present among the top 10% compounds in a database.

When considering the area under the curve (AUC) of the ROC curves, LibDock com-
bined with Ludi 3 again yielded the best results for both the DUDe and Schrodinger
decoy sets. The AUC values were 0.782 and 0.648, respectively. The AUC measures how
well a scoring function ranks actives higher than decoys and could be interpreted as fair
[1.0=AUC=0.9 (excellent), 0.9> AUC=>0.8 (good), 0.8 > AUC=>0.7 (fair), 0.7>AUC=>0.5
(poor) and an AUC<O0.5 (failure)].

The validation process found that the LibDock/Ludi 3 combination performed best
at identifying active compounds. Using this combination, 23 phytochemicals that are
known to be present in A. afra and C. roseus (Table 2) were docked into the protein
model of CYP2B6 and the resulting poses were scored. Of the 23 phytochemicals evalu-
ated, only these 11 could be docked by LibDock (Table 8).

Table 8 show that acacetin (897), isoscopoletin (759), and scopoletin (705) presented
with high Ludi 3 scores. These scores were similar to those of the known inhibitors,
ticlodipine (939), 4-benzylpyridine (851), and 4-(4-chlorophenyl) imidazole (742), which
suggests that these phytochemicals might have the potential to bind to CYP2B6 (Raunio
et al.,, 2020).

The Enrichment Factor (EF) and Receiver Operating Characteristic (ROC) analysis are
useful in drug development. EF is essential for assessing the efficiency of virtual screen-
ing methods, such as molecular docking, in identifying active compounds from larger
datasets. This study finds scopoletin, isoscopoletin, and acacetin with higher EF values
indicating a greater probability of acting as inhibitors (Table 8, Fig. 3A—C). ROC, with
AUC values closer to 1, evaluates the performance of binary classification models in
distinguishing actives from decoys, demonstrating high accuracy in ranking active com-
pounds. These findings suggest that incorporating EF and ROC analyses can enhance
the process by improving the accuracy and efficiency of identifying compounds with
therapeutic potential. By evaluating the docking algorithms and scoring functions, this
study identified combinations that effectively discern CYP2B6 inhibitors from inactive
compounds. The validation using RMSD, EF, and ROC metrics was critical in selecting
the best docking algorithm and scoring function for accurate predictions (Tables 5, 6
and 7). The interaction of CYP2B6 with acacetin, isoscopoletin, and scolopetin Fig. 3
A—C underscores the enzyme's substrate selectivity and the intricate binding interac-
tions inside its active site. The presence of Val367, which stabilizes both acacetin and
scopoletin, indicates that these residues may be essential in tolerating molecules with
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Table 7 Enrichment factor at 10% (EF'®®) and ROC curve area under the curve (AUC) after docking
a set of DUDe decoy compounds and a set of Schrédinger decoy compounds, that was seeded with
14 active inhibitors with LibDock (n-total = 1001, and n-total = 1013, respectively)

Scoring LibDock _Score Lig- Lig- PLP1 PLP2 Jain PMF PMF4 Ludi Ludi Ludi
functions Score Score 1 2 3

1 2
DUDe decoy compounds
Enrichment fac-  2.83 142 000 283 283 000 283 212 142 071 212
tor at 10%
ROC 0.57 0477 0469 0578 0579 0366 0.557 0476 0456 0455 0.782
Schrédinger decoy compounds
Enrichment fac-  3.55 355 426 355 355 497 497 780 284 497 780
tor at 10%
ROC 044 0507 0595 0462 0476 0534 0609 0.71 0456 0522 0.648

Maximum EF=10
ROC curve AUC values: 1—0.9 =excellent; 0.89—0.8 =good; 0.79—0.7 =fair; 0.69—0.6 = poor

analogous structural features. Simultaneously, the notable roles of Ile101 and Phell5 in
stabilizing acacetin and isoscopoletin (Fig. 4) suggest a possible inclination of CYP2B6
towards drugs with particular aromatic or hydrophobic properties. The effective inter-
action of heme with isoscopoletin highlights the significance of heme as a cofactor in
CYP450 enzymes, promoting electron transport and metabolic changes. This interaction
may influence the efficiency of substrate metabolism and could be indicative of bind-
ing nuances that affect overall catalytic activity. Understanding these particular interac-
tions helps in clarifying the mechanism of the enzyme and may direct the development
of more targeted inhibitors or therapeutics aimed at modulating CYP2B6 activity.

The bioactive compounds identified in the A. afra aqueous extract (acacetin and
isoscopoletin, scopoletin, coumarins) demonstrated good binding affinity to the tar-
get protein, CYP2B6, and could be regarded as potential inhibitors of human CYP2B6
enzyme. Notably, these compounds showed Ludi 3 scores like known inhibitors such as
ticlodipine, 4-benzylpyridine, and 4-(4-chlorophenyl) imidazole. The current in silico
data suggest that caution may need to be exercised when combining CYP2B6 substrate
drugs with aqueous extracts from A. afra to avoid adverse events. In vivo validation of
this data is currently underway in appropriate rodent models. The data will be able to
inform the need for patients presenting for treatment at health care facilities to disclose
their use of any herbal or conventional drug(s) to avoid unwanted inhibitory interac-
tions, given that this could result in potential drug toxicity, reduced effect of the sub-
strate drugs, or unexpected side effects [6, 52, 67].

In silico molecular docking was useful for predicting CYP2B6 protein-ligand interac-
tions but has limitations, especially with larger molecules. Due to structural constraints,
the CYP2B6 protein binding site could only accommodate small molecules. Larger
molecules also had more complex structures, increasing the risk of steric clashes and
reducing prediction accuracy. Furthermore, existing tools like Stitch and MetaDrug,
which have machine learning and artificial intelligence capabilities, would be adequate
to handle different molecular sizes and reduce the possibility of steric conflicts, which
might result in inaccurate readings. Therefore, tiny ligand molecules are better suited
for in silico molecular docking. Moreover, it is difficult to find possible specific targets
using computational methods such as in silico molecular docking. Molecular Dynam-
ics (MD) simulations were not performed in this work due to constraints in the avail-
able computing tools and resources. We recognise that this may limit the evaluation of



Page 15 of 21

(2025) 7:1134

Nghilokwa et al. Discover Applied Sciences

2100§

£
(474 168 6€6 L/C £68 [4%% Gle 86¢ 0ec 6SL S0L Sye ¥eS Loy 1pn]
3jozepiwi |oyodje  2u01ay
(1Auaydou auip euljo} eisiw
-o|yd-v)-¢ -uAdifzuag-y suidipopil unny  upededy  auolnyl-g-(+) -ueg -aMy uljodods  upajododsos|  undjodods 3joauid-g‘L susydwe) Joydwed-(-)-]
SI0MqIYul 92UIdRY spunodwod dA13DROIq DD DISIWAY

UAID Os|e a1e SI0)gIYUl 997dAD
9DUB19J21 P123|3S JO S2402S Y] }20dIT YHM BUINI0P 1848 SNasol snyubipyIpY) PUR DiD DISILUSLY U0} S|ed1uay203Ayd Jo sasod payuel-3siy sy} JO S2400S € Ipnay] 8 ajqeL



Nghilokwa et al. Discover Applied Sciences (2025) 7:1134 Page 16 of 21

ILE 209
VAL- 104

A PHE-206

ILE-101

/ PHE 297 - ";5'480

GLU-301= J

ILE-209
VAL-104

\/ PHE-206
B ¢ .~ ILE-480
=

ILE 101 / PHE-297

)

). GLU-301

ﬂE-llS
¢

. THR-305
VAL‘f€7k_ %-302

LEU-363

Heme

4

ILE-209
VAL-104
PHE-206
C . .~ ILE-480
y
GLU-301
_PHE115
y y
o THR-305
HR-302

]

Fig. 3 The predicted binding orientations of (A) isoscopoletin, B scopoletin and C acacetin in the CYP2B6 active
site. The orientation of 4-(4-chlorophenyl) imidazole is shown in green, haeme is shown in blue, and the natural
products tested are shown in yellow. Images generated using PyMOL
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Fig. 4 Estimates of the interaction energies of acacetin, isoscopoletin, and scolopetin with active site residues of
CYP2B6. Only productive energies more negative than — 0.2 kcal/mol are given

ligand stability and dynamic behaviour within the CYP2B6 binding site. Consequently,
we acknowledge the lack of MD simulations as a constraint of our study. We recom-

mend that future studies use MD simulations to provide a more comprehensive evalu-
ation of ligand-CYP2B6 interactions, including stability metrics such as RMSD, RMSEF,
and hydrogen bond analyses, which will improve the structural credibility and predictive

value of the results. Furthermore, we recommend that future studies include experimen-

tal validation, such as enzyme inhibition assays or binding studies, to confirm and com-

plement the computational predictions and strengthen the overall conclusions.
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4 Conclusion

In this study, we showed how in silico modelling could predict the binding of bioactive
molecules from Artemisia afra aqueous extracts to CYP2B6, within limitations. These
binding affinities were corroborated by literature. Utilising in silico molecular docking
can predict the interplay between synthetic drugs and natural bioactive compounds,
contributing to drug development, toxicity prediction, and personalised medicine strat-
egies. The outcomes of the study also demonstrated that computational experiments
can be conducted quicker at a minimal cost for screening. In silico studies can guide
as a primary toward experimental validation studies. Results of the study also call for a
consideration by healthcare authorities to draft health guidelines to guide in the clini-
cal practice, the possibility of HDI that may arise. 75%—80% of the African population
uses traditional medicine, and the use is on the rise in developed nations. Now, research-
ers in wet labs mainly focus on high-content phytochemical compounds while ignoring
low-content bioactives. The combination of low and high-content compounds may have
cumulative effects, and the advantage of the in silico molecular docking HDI screening
approach is that it includes both low and high-content bioactive compounds.
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