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ABSTRACT
A previously undescribed iboga-indole alkaloid, voacamine A (1), and the known alkaloids, voacamine (2), voacorine (3), and
voacangine (4) were isolated from the stem bark of Voacanga africana. The structures of the alkaloids were established by one-
and two-dimensional nuclear magnetic resonance analyses as well as by comparison with published data. The antiplasmodial
activity of the alkaloids was assessed on a chloroquine-sensitive 3D7 Plasmodium falciparum (Pf3D7) strain, and the half-maximal
inhibitory concentration (IC50) values were determined. Alkaloids 2 and 3 showed good in vitro antiplasmodial activity with
IC50 values of 5.734 ± 1.365 and 5.319 ± 2.206 µg/mL, respectively, at the concentration tested. A plausible biogenetic pathway
of the bisindole alkaloids has been proposed. Protein-ligand co-folding was used to generate protein-ligand complexes for the
pfATP6 protein target and the isolated alkaloids. The stability of themodelled complexes was evaluated usingmolecular dynamics
simulation. Scoring metrics of the generated complexes coupled to molecular mechanics generalized-born solvation rescoring
of the modelled ligand poses were employed to explain the antimalarial structure-activity relationship for the investigated
compounds. Alkaloids 2 and 3 can be considered as possible scaffolds for designing new antiplasmodial lead compounds.

1 Introduction

The genus Voacanga belongs to the Apocynaceae and comprises
about 14 different species. Amongst them, Voacanga africana
Stapf Ex Scott-Elliot is the most cited species in the family.
The traditional uses, biological activities, and toxicity profile of
V. africana have been reported extensively [1–6]. V. africana is

widely distributed in West Africa, Congo, Tanzania, and the
Ivory Coast. The roots, leaves, and seeds of this plant species
are used in African traditional medicine to treat malaria, leprosy,
diarrhea, and other diseases [7–9]. Natural products isolated from
Voacanga species have demonstrated anticancer, antimicrobial,
anti-inflammatory, antibacterial, acetylcholinesterase, and other
activities [10–17]. Previous phytochemical investigations have
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shown the Apocynaceae plant to be rich in monoterpenoids and
bisindole alkaloids [4, 6, 14, 18–23].

Recently, our group investigated the anti-onchocercal activity of
alkaloids isolated from V. africana on both the microfilariae and
adult male worms of Onchocerca ochengi. Eight alkaloids were
found to possess activity against microfilariae but only moderate
activity against adult worms.We carried out homologymodeling,
docking simulation, molecular dynamics (MD), and binding free
energy calculations to explain the anti-onchocercal structure–
activity relationship of the alkaloids [24]. Some of the alkaloids
were found to inhibit the motility of both the microfilariae and
adult male worms of O. ochengi, in a dose-dependent manner,
but were only moderately active on the adult female worms upon
biochemical assessment at 30 µM drug concentrations [24].

Bisindole alkaloids isolated from Voacanga species have shown
interesting antimalarial activity against Plasmodium falciparum
3D7 [15],whichwarrants further investigation of the plant species.
As part of our research effort directed at identifying bioactive
compounds from African medicinal plants [24–26], the present
study was aimed at evaluating the antimalarial activity of alka-
loids isolated from V. africana. Herein, we report the isolation,
structure elucidation, in vitro antiplasmodial activity, and molec-
ular docking of an undescribed voacamine derivative, voacamine
A (1), and the known alkaloids, voacamine (2), voacorine (3),
and voacangine (4), with interesting yields. A plausible biogenetic
pathway has been proposed for the isolated alkaloids. An attempt
to explore the mode of action of these alkaloids and to explain
the structure-activity relationship (SAR) led to deep learning-
docking of the alkaloids and their corresponding fragments using
the pfATP6 protein sequence. Since the reference compound
artemisinin is known to bind to the drug target (pfATP6). The
rationale was to attempt an initial SAR study by exploring the
putative binding of these alkaloids to the target using fast in silico
methods, then further suggest an in vitro study of the enzyme
inhibition kinetics of these alkaloids against the target.

2 Results and Discussion

2.1 Purification and Characterization of the
Alkaloids

Details on the isolation and identification of iboga-type alkaloids
from the stem bark of V. africana methanol extract were previ-
ously reported by our group [24]. Voacamine A (1), voacamine
(2), voacorine (3), and voacangine (4) were isolated as cream-
colored solids and gave a positive reaction with Dragendorff’s
reagent. They were purified from the methanol extract of
V. africana by successive chemical fractionation followed by
purification through Sephadex LH-20 and preparative thin-layer
chromatography (TLC). Their one- and two-dimensional nuclear
magnetic resonance (1D and 2D NMR) spectra data (Figures S1–
S15) showed the characteristics of iboga indole alkaloids when
compared with published data in the literature. The alkaloids
(Figure 1) were identified and characterized by comparison
of experimental and reported spectroscopic data as voacamine
A [27], voacamine [27, 28], voacorine [29], and voacangine,
respectively [20, 22, 28].

Voacamine A (1) had 1H and 13C NMR data characteristic of
a bisindole alkaloid (Table 1) [24]. All the chemical shifts of
compound 1 were very similar to those of voacamine published
in the literature [27]. Three important structural features could
be confirmed by NMR, these included (i) the point of connection
for the bisindole junction, (ii) the configuration of the ethyl chain
at C-20’, and (iii) the geometry of the ethylidene at C-20. The
key Nuclear Overhauser Effect (A) and heteronuclear multiple
bond coherence (B) correlations also confirm the structure of voa-
camineA (Figure 2). TheNuclearOverhauser Effect Spectroscopy
(Figure S6) data show key structural differences between 1 and 2
[24].

2.2 In Vitro Antimalarial Activity Evaluation of
Alkaloids

Alkaloids 1–4 were subjected to in vitro antimalarial assays for
their ability to inhibit the growth of asexual chloroquine-sensitive
P. falciparum (Pf3D7). The bisindole alkaloids, voacamine (2)
and voacorine (3), demonstrated good antiplasmodial profilewith
half-maximal inhibitory concentration (IC50) values of 5.734 ±
1.365 and 5.319 ± 2.206 µg/mL, respectively, at the concentration
tested (Table 2). This is not surprising, as previous studies have
reported that bisindole alkaloids isolated from a phylogenetic
species demonstrated potent antimalarial activity (3.3 < IC50 <

5.3 µM) against P. falciparum 3D7 [15]. Voacamine (2) was the
most potent alkaloid and showed good in vitro activity against P.
falciparum on both the D6 strain and chloroquine-resistant
W2 strain [30]. The alkaloid has also demonstrated in vivo
antiplasmodial activity. In synchronized cultures, voacamine
(2) was found to act on trophozoite and schizont stages of P.
falciparum [31]. The fact that voacamine A (1) was not active,
while its isomer voacamine (2) had good activity, demonstrates
the significance of stereochemical configurations on the observed
biological properties.

2.3 Proposed Plausible Biogenetic Pathway

The bisindole alkaloids isolated from V. africana are similar
to the well-known vinblastine and vincristine isolated from
Catharanthus roseus (Apocynaceae). Plants of the same family
usually synthesize compounds of similar chemical classes due
to the presence of structurally related enzymes that have similar
biosynthetic pathways. These alkaloids are biosynthesised by the
coupling of vobasinol (vobasinyl fragment) and voacangine (iboga
fragment). To the best of our knowledge, themechanismbywhich
this coupling occurs in plants has not yet been elucidated exten-
sively. Therefore, we propose the following plausible biogenetic
pathway (Figure 3) to explain their formation. The biosynthesis
of both fragments is known to proceed via the shikimic acid
pathway, in which the precursor tryptophan is converted to
tryptamine by tryptophan decarboxylase [32]. The mevalonic
acid pathway forms loganin from geranyl pyrophosphate in a
series of steps before its eventual conversion to secologanin
by secologanin synthase [33]. Tryptamine and secologanin are
then coupled by strictosidine synthase into strictosidine. Stric-
tosidine is the main precursor of most monoterpene indole
alkaloids. Therefore, vobasinol, voacangine, and voacristine are
obtained from strictosidine. Coupling of these molecules or their
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FIGURE 1 Iboga-indole alkaloids isolated from Voacanga africana.

FIGURE 2 Key nuclear Overhauser effect (NOE) (A) and heteronuclear multiple bond coherence (HMBC) (B) correlations in voacamine A [24].

precursors, facilitated by enzymes which are yet to be identified,
leads to voacamine A (1), voacamine (2), and voacorine (3).
The vobasinyl fragment of the coupled alkaloid rarely undergoes
modifications after coupling, while the iboga fragment does
[34]. If this hypothesis holds true, vobasinol may exist as two
configurational isomers at the C-18′ vinyl methyl group: the E
andZ configurations. The presence of both isomers could account
for the formation of voacamine A (1). An alternative hypothesis
posits that an electronically or conformationally excited state of
vobasinol may undergo regioselective coupling, influenced by
either electronic factors or the spatial orientation of neighboring
substituents proximal to the C-18′ vinyl methyl group. A third
possibility involves variation in the site of attachment of the iboga
moiety to the vobasinol framework, analogous to the structural
arrangement observed in ervachinines B and D [34]. However,

detailed analysis of the NMR spectral data effectively rules out
this option [24]. We therefore expect that the alkaloid voacamine
A (1) will be reported from Voacanga or phylogenetic species in
the near future.

3 Molecular Docking Investigation

3.1 Predicted Binding Pose Using Chai-1

Protein-ligand folding using the Chai-1 web server was employed
to investigate the binding pose of the screened alkaloids to the par-
asite proteins. The pfATP6 protein target has multiple sites with
the potential to harbour a ligand (Figure 4A). Chai-1 could fold the
protein structures with acceptable confidence scores (PTM scores

Chemistry & Biodiversity, 2025 3 of 11
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FIGURE 3 Proposed plausible biogenetic pathway of voacamine, voacamine A, voacorine, and voacorine A. VAS: voacamine A synthase, VS:
voacamine synthase, VCS: voacorine synthase, VCAS: voacorine A synthase [32–34].
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TABLE 1 Proton (1H) (500 MHz) and carbon nuclear magnetic resonance (13C NMR) (125 MHz) assignments for compound 1 in CDCl3.

1

No. δH δC δN No. δH δC δN

1 7.74 (1H) 127.2 1’ 7.49 (1H) 120.1
2 137.3 2’ 137.2
3 5.17 (1H) 37.3 3’ 2.89 (1H)

2.74 (1H)
51.9

4 40.8 4’ 20.3
5 4.07 (1H) 60.0 5’ 3.40 (1H)

3.17 (1H)
53.1

6 3.51 (1H)
3.28 (1H)

19.5 6’ 3.12 (1H)
2.99 (1H)

22.2

7 110.0 7’ 110.0
8 129.9 8’ 127.4
9 7.57 (1H) 117.4 9’ 6.95 (1H, s) 99.2
10 7.08 (1H) 119.0 10’ 150.9
11 7.07 (1H) 121.6 11’ 129.8
12 7.07 (1H) 109.8 12’ 6.76 (1H) 110.3
13 135.8 13’ 130.3
14 2.58 (1H)

2.02 (1H)
36.3 14’ 1.82 (1H) 27.3

15 3.80 (1H) 33.6 15’ 1.70 (1H)
1.11 (1H)

32.0

16 2.75 (1H) 47.0 16’ 54.9
17 17’ 2.50 (1H)

1.78 (1H)
36.4

18 1.69 (3H) 12.3 18’ 0.90 (3H) 11.6
19 5.36 (1H) 118.8 19’ 1.56 (1H)

1.45 (1H)
26.7

20 137.8 20’ 1.31 (1H) 39.0
21 3.76 (1H)

2.95 (1H)
52.6 21’ 3.53 (1H) 57.2

22 CO 171.5 22’ CO 175.3
22 OMe 2.48 (3H) 49.9 22’ OMe 3.67 (3H) 52.4
4 NMe 2.63 (3H) 42.4 10’ OMe 4.03 (3H) 56.1

all > 0.8; Table 3; Table S1). The 3D surface-map representation
of the modelled complexes reveals that the screened alkaloids all
bindwithin the same pocket (Figure S16), which is similar towhat
was previously reported in the literature [35–38]. However, the
confidence in placing the screened molecules to PfATP6 protein
was low and did not correlate with the reported antimalarial
activities (iPTM and Average_Ligand_all_atom_pLDDT scores <
0.6; Table S1).

Visual inspection of the predicted ligand pose showed consistent
hydrophobic interaction patterns in the modelled structures of
artemisinin and the isolated alkaloids (Figures 4B and 4C; Figure
S16). For example, the biologically important peroxide bondswere
exposed to the outside of the binding pocket. The structurally

similar ligands, voacamine and voacamine A, presented varied
outputs in the placement of the Iboga fragment. Nevertheless,
this is not reflected in the key scoring metrics as the mean ligand
atoms pLDDT scores and iPTM scores were the same for the
top-ranked model (Table 3), thus indicating that the molecules
might bind differently. This observed difference in pose can be
used to explain the difference in observed antimalarial activity.
Furthermore, the binding of the various moieties making up the
respective molecules was predicted. The results show that the
fragments were predicted with much higher confidence (almost
2-fold confidence). From their mean ligand atoms pLDDT scores
and iPTM scores, we can suggest that the reported biological
activity was mainly from the corresponding moieties (Iboga unit,
vobasinyl, and voacristine), making the parent alkaloids.

Chemistry & Biodiversity, 2025 5 of 11
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FIGURE 4 Predicted pfATP6 protein/ligand complex. (A) Surface map of pfATP6 protein, (B) close view of the proposed cavity accommodating
artemisinin, and (C) residues lining the binding site. The protein backbone is shown as a light blue ribbon, and residues are shown as lines. Artemisinin
is depicted as purple balls and sticks.

TABLE 2 In vitro inhibition of asexual stages of P. falciparum
parasites.

Alkaloid IC50 (µg/mL) ± SD

Voacamine A (1) NA
Voacamine (2) 5.734 ± 1.365
Voacorine (3) 5.319 ± 2.206
Voacangine (4) NA
Artemisinin 0.004 ± 0.001

NA=Not active, and IC50 is the concentration that inhibits 50% of the parasite
maturation.

3.2 Investigation of the Stability of the Modelled
Structures

To investigate the reliability of the modelled structures in a
close to biological situation, MD simulation is used to evaluate

the stability of the protein–ligand structure. This is important
because it considers the conditions in which pressure, temper-
ature, and solvents correspond to the biological environment
in the human body. The root mean square deviation (RMSD)
plots help in measuring the difference between the ligand atoms
from their starting structural conformation to their final position.
Analysis of the data from MD simulation showed that some
of the modelled structures, in particular, DihydroArtemisinin,
Vobasinyl_fragment, and Voacristine exhibited desirable sta-
bility profiles as minimal deviation was observed throughout
the simulation period for the protein and ligand (Figure 5A
and Figure S17). Interestingly, the DihydroArtemisinin mod-
elled structure had a better RMSD plot when compared to the
Artemisinin. This confirms the fact that DihydroArtemisinin is
the active form and shows how the dihydro group contributes
to its stability. To the isolated compounds, A general trend was
observed that the fragment molecules were more stable in the
predicted binding site with RMSD around 1 Å and below. This
correlates with the results from the Co-folding models presented
in Table 3.

6 of 11 Chemistry & Biodiversity, 2025
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TABLE 3 Summary of the top-ranked model for each protein-ligand complex.

Protein_ligand_model Aggregate_score ptm iptm Avg_Lig_pLDDT Complex_pLDDT

pfATP6_Artemisinin_0 0.39 0.81 0.29 36.09 75.44
pfATP6_DihydroArtemisinin_0 0.44 0.81 0.34 47.33 75.53
pfATP6_Voacamine_0 0.47 0.81 0.38 47.69 75.32
pfATP6_Voacamine_A_0 0.47 0.81 0.38 47.55 75.39
pfATP6_Voacangine_0 0.59 0.82 0.53 70.06 75.58
pfATP6_Voacorine_0 0.46 0.81 0.38 44.49 75.33
pfATP6_Vobasinyl_fragment_0 0.63 0.82 0.58 72.78 75.83
pfATP6_Vobasinyl_fragment_a_0 0.57 0.82 0.50 78.24 75.88
pfATP6_voacristine_0 0.61 0.82 0.56 71.14 75.7

TABLE 4 Summary of molecular mechanics generalized-born solvation (MM-GBSA) score (kJ/mol).

Compound
Recore_after_

Emin1
Recore_after_

Emin2 Recore_after_MD
Recore_after_

Emin3

Voacamine_A −62.00 −63.76 −72.37 −83.76
Voacorine −46.57 −66.71 −69.77 −81.22
Voacamine −68.05 −69.72 −66.61 −60.98
Voacangine −28.45 −36.17 −42.66 −47.39
Voacristine −29.32 −36.96 −36.86 −39.36
Vobasinyl_fragment_A −28.36 −31.88 −31.60 −37.68
Vobasinyl_fragment −35.75 −38.30 −31.07 −36.77
Artemisinin −20.18 −25.61 −29.92 −31.44
Dihydroartemisinin −26.96 −33.60 −27.55 −28.83

3.3 Rescoring of Modelled Structures Using
Molecular Mechanics Generalized-Born Solvation

Rescoring of the modelled structures was equally done using
the mbondi radii for the GB1 model from the AMBER package.
The Tip3P solvation method and ion model were used. In this
process, data generated from the MD Simulation step (trajectory
file, parameter topology file) were used to score the molecules’
interactions against their respective protein structure. Rescoring
using this approach is very important because it takes into
account the dynamics of the protein and solvation of the system.
Summary data of the molecular mechanics generalized-born
solvation (MM-GBSA) rescoring process are presented in Table 4.
Although the rescoring was not perfect in ranking the molecules
by the experimentally reported activity, it also confirmed that the
fragment molecules (particularly, the Vobasinyl_fragment) were
a major contributor to the activity.

4 Conclusions

In thiswork, anundescribed bisindole alkaloid named voacamine
A (1), along with the known alkaloids, voacamine (2), voacorine
(3), and voacangine (4), were isolated from the stem barks of
V. africana. The structures of the alkaloids were established
by 1D and 2D NMR analyses. The bisindole alkaloids 2 and 3

showed a good in vitro antiplasmodial activity with IC50 values
of 5.734 ± 1.365 and 5.319 ± 2.206 µg/mL, respectively, at the
concentration tested. An attempt to explore the mode of action
of these alkaloids and to explain the SAR led to DL-docking of all
the alkaloids and their corresponding fragments using the pfATP6
protein sequence. Since the reference compound is known to
bind to the aforementioned drug target, our rationale was to
attempt an initial SAR study by exploring the putative binding
of these alkaloids to the target in silico, then further suggest an
in vitro study of the enzyme inhibition kinetics of these alkaloids
against the target. Predicting the binding pose and the receptor
site could explain the SARs of the isolated alkaloids in terms of
reported metric scores. Further investigation to predict binding
free energies towards the drug target site, complex stability, and
interactions with site chain residues will be performed.

5 Experimental

5.1 General Experimental Procedures

Column chromatography was carried out with glass columns
usingMerck 60 (Merck, Darmstadt, Germany) (60–200 µm) silica
gel as a stationary phase. Size exclusion chromatography was per-
formed with Sephadex LH-20 (Sigma Aldrich, Seelze, Germany).
Preparative TLCwas performed using silica gel H. Analytical TLC

Chemistry & Biodiversity, 2025 7 of 11
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FIGURE 5 Root mean square deviation (RMSD) plots for (A)
artemisinin, (B) dihydrartemisinin, and (C) voacristine.

was performed on Merck F254 aluminum sheets precoated with
silica gel. Zones on these plates were visualized under a UVGL-58
lamp (Analytica Jena, Upland, CA, USA) at 254/365 nm. Melting
points were determined on a Mel Temp II apparatus (Merck,
Darmstadt, Germany) and are uncorrected. Optical rotation was
determined using an ADP430 digital polarimeter (Bellingham
and Stanley, Tunbridge Wells, UK) at 20◦C using the sodium
D line (589 nm). Infrared (IR) spectroscopy was performed on
a Spectrum 2 FT-IR spectrometer (PerkinElmer, Waltham, MA,

USA) with a UATR accessory. Mass spectrometry was performed
using a Xevo G2-S mass spectrometer (Waters, Elstree, UK)
equipped with an atmospheric solids analysis probe, in positive
ion mode. 1H and 13C NMR spectra were recorded in CDCl3 at
500 and 125 MHz, respectively, with tetramethyl silane (TMS) as
the internal reference, using an AVANCE III 500 MHz (1H) NMR
spectrometer equippedwith aBBFOprobe (Bruker, Billerica,MA,
USA). The chemical shifts (d) of carbon and proton are in parts
per million.

5.2 Plant Material

The stem barks of V. africana Stapf (Apocynaceae) were collected
in Ndop, Northwest Region of Cameroon. A voucher specimen of
the plant, N◦SCA887 was deposited at the Limbe Botanic Garden.

5.3 Extraction and Isolation

The dried and powdered stem barks of V. africana (1.2 kg) were
macerated in methanol at room temperature for nine days (3×3
days). Filtration and concentration of the crude extract on a rotary
evaporator led to a dark greenish extract (25.5 g). Part of the
crude extract (10.5 g) was subjected to silica gel normal phase
open column chromatography and elutionwith a gradient of ethyl
acetate in hexane. A total of 30 fractions were collected (250 mL
each). The fractionswere combined based on similar TLC profiles
[silica 60 F254 gel-coated glass sheets with n-hexane and ethyl
acetate to give five pooled fractions (A–E). Purifications through
Sephadex LH-20, preparative TLC of C, and D yielded alkaloids 4
(90.6 mg), 1 (23.2 mg), 2 (34.2 mg), and 3 (17.2 mg), respectively.

6 Characterization of alkaloids

6.1 13C-NMR Data of the Alkaloids

Voacamine A (1): 13C NMR (CDCl3, 150 MHz), 175.3 (C-22), 171.5
(C-22), 150.9 (C-10′) 137.3 (C-2), 137.2 (C-1′), 130.3 (C-13′), 129.9 (C-
8), 129.8 (C-11′), 127.4 (C-8′), 121.6 (C-11), 119.0 (C-10), 118.8 (C-19),
117.4 (C-9), 110.3 (C-12′), 110.0 (C-7′), 109.8 (C-12), 99.2 (C-9′), 60.0
(C-5), 57.2 (C-21′), 56.1 (10′-OMe), 54.9 (C-16′), 53.1 (C-5′), 52.4 (22′-
OMe), 52.6 (C-21), 51.9 (C-3′), 49.9 (22-OMe), 47.0 (C-16), 42.4 (4-
Me), 39.0 (C-20′), 37.3 (C-3), 36.3 (C-14), 36.4 (C-17′), 33.6 (C-15),
32.0 (C-15′), 27.3 (C-14′), 26.7 (C-19′), 22.2 (C-6′), 22.2 (C-6′), 19.5
(C-6), 12.3 (C-18), 11.6 (C-18′).

Voacamine (2): 13C NMR (CDCl3, 150 MHz), 173.7 (C-22′), 170.3
(C-22), 150.3 (C-10′) 139.0 (C-2), 137.2 (C-20), 136.1 (C-13), 130.5 (C-
13′), 130.3 (C-8), 129.5 (C-11′), 126.4 (C-8′), 120.3 (C-11), 117.5 (C-10),
117.0 (C-19), 116.4 (C-9), 110.6 (C-12′), 110.0 (C-7′), 108.6 (C-12), 98.9
(C-9′), 59.4 (C-5), 57.0 (C-21′), 56.0 (10′-OMe), 54.4 (C-16′), 53.4
(C-5′), 52.1 (22′-OMe), 52.1 (C-21), 46.6 (C-16), 49.2 (C-16), 42.0 (4-
Me), 39.0 (C-20′), 37.9 (C-9), 37.9 (C-3), 36.4 (C-14), 36.4 (C-17′),
33.4 (C-15), 32.0 (C-15′), 27.3 (C-14′), 26.7 (C-19′), 22.2 (C-6′), 19.4
(C-6), 12.3 (C-18), 11.6 (C-18′).

Voacorine (3): 13C NMR (CDCl3, 150 MHz), 175.2 (C-22′), 171.6 (C-
22), 150.7 (C-10′) 143.1 (C-2′), 138.0 (C-2), 137.1 (C-20), 135.8 (C-
13), 130.3 (C-13′), 129.9 (C-8), 129.8 (C-11′), 127.3 (C-8′), 121.5 (C-
11), 118.8 (C-10), 118.5 (C-19), 117.4 (C-9), 110.3 (C-12′), 109.9 (C-7′),
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109.8 (C-12), 99.2 (C-9′), 60.4 (C-5), 57.1 (C-21′), 56.1 (10′-OMe),
54.9 (C-16′), 53.1 (C-5′), 52.5 (22′-OMe), 52.4 (C-21), 49.9 (22-OMe),
47.0 (C-16), 42.4 (4-Me), 39.0 (C-20′), 37.4 (C-3), 36.4 (C-14), 36.4
(C-17′), 33.5 (C-15), 32.0 (C-15′), 27.3 (C-14′), 68.9 (C-19′), 22.2 (C-
6′), 19.5 (C-6), 12.3 (C-18), 11.6 (C-18′).

Voacangine (4): 13C NMR (CDCl3, 150MHz), CO2Me (174.7), 153.0
(C-10), 136.5 (C-2), 130.5 (C-13), 129.2 (C-8), 111.8 (C-11), 111.1 (C-
12), 110.1 (C-7), 100.8 (C-9), 57.5 (C-21), 56.0 (10-OMe), 55.1 (C-16),
53.1 (C-5), 52.4 (CO2Me), 51.5* (C-3), 39.1 (C-20), 35.5 (C-17), 32.0
(C-15), 27.4* (C-14), 26.7 (C-19), 21.2 (C-6), 11.6* (C-18).

7 Biological Screening

7.1 In Vitro Antimalarial Assay

The antiplasmodial test was assessed on a chloroquine-sensitive
3D7 P. falciparum (Pf3D7) strain, maintained in vitro as previ-
ously described in the literature with some modifications [39].
Parasites were maintained at 3% haematocrit (human type A
red blood cells) in a complete culture medium (RPMI 1640
medium; Gibco, Fisher Scientific, Merelbeke, Belgium, con-
taining NaHCO3 (32 mM), HEPES (25 mM), and L-glutamine
with 10% heat-inactivated human plasma, 1.76 g/L of glucose;
Sigma-Aldrich, Overijse, Belgium, 44 mg/mL of hypoxanthine;
Sigma-Aldrich, Overijse, Belgium, and 100 mg/L of gentamicin;
Gibco, Fisher Scientific, Merelbeke, Belgium). All cultures were
placed in a humidified incubator at 37 ◦C with a standard gas
mixture of 5% O2, 5% CO2, and 90% N2. Parasitaemia was verified
by microscopy using Giemsa-stained thin films. A stock solution
of compounds and artemisinin (used as a standard) was prepared
by dissolving 5 mg in 1 mL DMSO and diluting it with culture
media. The anti-plasmodial test was performed at an initial
concentration of 25 and 1 µg/mL (compounds and artemisinin,
respectively) and serially diluted to eight concentrations. Each
sample was tested in duplicate wells with the parasites at a final
volume of 250 µL (DMSO < 1%). Wells with parasites only served
as the positive control, while the negative control consisted of
wells with culturemedium only. After 48 h of incubation, parasite
growth was estimated by the determination of plasmodial lactate
dehydrogenase activity [40]. The IC50 values were calculated by
linear regression. All tests were repeated at least twice.

8 Molecular Docking Studies

8.1 Prediction of Binding Pose and Analysis of
Modelled Structures

The 1228 amino acid sequence of the P-type calcium transporting
ATPase for P. falciparum (PfATP6) was obtained from https://
www.uniprot.org/uniprotkb/E5RU00/entry (accessed February
21, 2025). To model the selected complexes, a Chai-1 server was
used (https://lab.chaidiscovery.com/dashboard; accessed Febru-
ary 21–24, 2025). For the modelling of each complex structure,
the protein amino acid sequence and the corresponding lig-
and SMILES were used as the inputs for Chai-1. The default
settings included the use of MMseqs2 for multiple sequence
alignment, restraints, and no template in the modelling. For
each input, Chai-1 outputs five modelled structures, and the

selected “best structure” for our analysis was based on the
aggregate_score generated by Chai-1. Analysis and comparison
of the different modelled complexes were done using ipTM, ptm,
average_complex pLDDT and average_ligand_atoms pLDDT.

8.2 MD Simulation

The modelled structures from Chai-1 were subjected to a 100
ns MD simulation using AMBER software version 20 [41]. The
antechamber module of AMBER was used to parameterise and
correct the bond order of the small molecules. The Tleap module
was used to prepare and generate the MD system for each
modelled structure. In this process, each system was neutralised
with counterions and solvated using the TIP3P solvation model
in an octahedral box with 10 Å from the protein [42].

The prepared systems were used to run MD simulation, and the
process involved the following steps; 1) a two-step minimization
of 4000 iterations (consisting of 3000 steepest descents followed
by a 1000 conjugate gradients) were the ligand and protein
were fixed to their initial coordinates using a force constant of
10 kcal mol−1 Å−1 to remove steric clashes between the solvent
molecules and ions used to neutralize the system. 2) A second
minimization of 4000 iterations (consisting of 2000 steepest
descent followed by 2000 conjugate gradient) involving the
whole system (solvent, ions, protein, and ligand) was performed.
3) Heating of the systems from 0 to 300 K through 100 ps
while restraining the atoms of the protein and ligand (with a
force constant of 10 kcal mol−1 Å−1) to prevent large structural
deviation. 4) 100 ps evaluation of Density. 6) Equilibration of the
systems through a 5 ns MD simulation, and finally, the proper
100 ns MD simulation production step. Throughout, the SHAKE
algorithm was used to restrain all bonds involving hydrogens,
while the temperature of the different systems was controlled by
Langevin Dynamics, using a collision frequency of 2 ps−1 and a
pressure of 1 bar. The MD simulation trajectories were analyzed
using the CPPTRAJ module of the AMBER software [43].

8.3 RescoringWith MM-GBSA

The MMPBSA.py script for MM-GB/Poisson-Boltzmann Surface
Area (MM-GB/PBSA) PB/GBSA implemented in AMBER was
used to re-score the modelled structures [41]. This Python script
estimates the corresponding BFE for each complex, creating an
ensemble average of both the receptor and the ligand after the
removal of appropriate atoms in each complex. All estimates are
made from the parameter-topology file, which contains all the
information required by the various energy functions, as well
as being specific to each molecular system, and is also directly
related to the coordinate file.
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