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Abstract: Onchocerciasis is the leading cause of blindness and severe skin lesions which remain a
major public health problem, especially in tropical areas. The widespread use of antibiotics and the
long duration required for effective treatment continues to add to the increasing global menace of
multi-resistant pathogens. Onchocerca volvulus harbors the endosymbiont bacteria Wolbachia, essential
for the normal development of embryos, larvae and long-term survival of the adult worm, O. volvulus.
We report here results of using structure-based drug design (SBDD) approach aimed at identifying
potential novel Wolbachia inhibitors from natural products against the Wolbachia surface protein
(WSP). The protein sequence of the WSP with UniProtKB identifier Q0RAI4 was used to model the
three-dimensional (3D) structure via homology modelling techniques using three different structure-
building algorithms implemented in Modeller, I-TASSER and Robetta. Out of the 15 generated models
of WSP, one was selected as the most reasonable quality model which had 82, 15.5, 1.9 and 0.5% of the
amino acid residues in the most favored regions, additionally allowed regions, generously allowed
regions and disallowed regions, respectively, based on the Ramachandran plot. High throughput
virtual screening was performed via Autodock Vina with a library comprising 42,883 natural products
from African and Chinese databases, including 23 identified anti-Onchocerca inhibitors. The top six
compounds comprising ZINC000095913861, ZINC000095486235, ZINC000035941652, NANPDB4566,
acetylaleuritolic acid and rhemannic acid had binding energies of −12.7, −11.1, −11.0, −11, −10.3
and −9.5 kcal/mol, respectively. Molecular dynamics simulations including molecular mechanics
Poisson-Boltzmann (MMPBSA) calculations reinforced the stability of the ligand-WSP complexes
and plausible binding mechanisms. The residues Arg45, Tyr135, Tyr148 and Phe195 were predicted
as potential novel critical residues required for ligand binding in pocket 1. Acetylaleuritolic acid and
rhemannic acid (lantedene A) have previously been shown to possess anti-onchocercal activity. This
warrants the need to evaluate the anti-WSP activity of the identified molecules. The study suggests
the exploitation of compounds which target both pockets 1 and 2, by investigating their potential
for effective depletion of Wolbachia. These compounds were predicted to possess reasonably good
pharmacological profiles with insignificant toxicity and as drug-like. The compounds were computed
to possess biological activity including antibacterial, antiparasitic, anthelmintic and anti-rickettsials.
The six natural products are potential novel antiwolbachial agents with insignificant toxicities which
can be explored further as filaricides for onchocerciasis.
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1. Introduction

Onchocerciasis, caused by Onchocerca volvulus is a major cause of blindness and skin
lesions in the tropics, notably in sub-Saharan African countries, Yemen, and in specific areas
in the Americas; Brazil, Mexico, Guatemala, Colombia, Venezuela and Ecuador [1–3]. The
World Health Organization (WHO) estimates that about 37 million people are infected [4,5]
with about 600,000 blind, and 500,000 Africans visually impaired [6]. Onchocerciasis-
associated epilepsy cases have been reported although studies have shown that O. volvulus
microfilariae and Wolbachia are not present in the brain parenchyma and cerebrospinal
fluid [7,8]. The disease has socio-economic consequences, causing infected persons to
lose their productivity, thereby, negatively impacting on the rural economies of afflicted
communities.

Ivermectin (IVM) which is an effective microfilaricide is the recommended drug for
treating onchocerciasis [9] and the control strategy is implemented through mass drug
administration (MDA) programs which could be on a large scale. For example, in 2014
alone, more than 112 million people were treated in 22 African countries by the African
Programme for Onchocerciasis Control (APOC) [10]. However, IVM has only a transient
sterilizing effect on the adult worm [11], hence, a long duration of therapy would be
required to have marked effect on the adult female O. volvulus [12,13] which can live up to
15 years [14].

The large-scale use of IVM can only increase drug pressure on the parasite, increasing
the risk of development of resistance. Under-dosing resulting from MDA strategy of single-
dose administration of anthelmintics, irrespective of the intensities of infection can also be
another reason for progressively selecting for more drug-tolerant parasites. Already low
respondents to IVM, evidenced by suboptimal efficacy in endemic communities have been
reported [15–18], which adds credence to this possibility [16,19,20]. Few drugs including
moxidectin, emodepside, flubendazole and tribendimidine are currently available and are
undergoing various stages of trial as possible alternatives to IVM [21,22]. The aforemen-
tioned are all developments from veterinary drugs and are broad-spectrum anthelmintic
except emodepside which has a novel mechanism of action, thus cross-resistance between
them are likely [21,23].

Like most filarial nematodes, O. volvulus also harbors Wolbachia, an intracellular bacte-
rial symbiont throughout its life cycle [24,25] and are important for the normal development
of embryos, larvae and long-term survival of the adult O. volvulus. Wolbachia released from
the worms are also believed to be involved in the pathogenesis of onchocerciasis [26–29].

Wolbachia surface protein (WSP), an abundantly expressed protein of Wolbachia [30,31],
appears to be highly conserved in Wolbachia from filarial nematodes and has been used
for investigating the endosymbiont phylogeny [32,33]. Filarial infection is associated with
Th2 cell responses thereby activating potentially toxic effectors such as eosinophils [34,35].
A Wolbachia-derived distinct protein (WSP) can elicit in vitro inflammatory responses [36].
The WSP of Brugia malayi (wBm00432) is in complex with 6 B. malayi glycolytic enzymes,
including aldolase [37,38]. WSP family proteins have been suggested to play crucial
roles in anchoring the Wolbachia to B. malayi’s cytoskeleton, as well as optimizing the
energy production pathway in the parasite [37]. Surface proteins encoded by bacteria are
very important in bacterial pathogenesis [39]. Bacterial surface proteins are involved in
interactions with the cell environment and can also be involved in adhesion and invasion of
the host cells, as well as in defending against host responses, which makes them potential
drug targets [40,41].

Therefore, the proteins in Wolbachia bacteria have become important targets for antifi-
larial therapy [27,42] and antibiotics-based treatment regimens with doxycycline (DOX),
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tetracycline (TET) and its derivatives [43,44]. The advantages which have stimulated the de-
velopment of these new drugs are the slow depletion of Wolbachia that avoids inflammatory
reactions associated with IVM and diethylcarbamazine (DEC) treatments [45], and also can
safely be used in loiasis co-endemic areas because Loa loa does not contain Wolbachia [46].

The standard recommended use of DOX is 200 mg/day for 4 weeks [47], which is
a long treatment for an antibiotic use, likewise for minocycline 200 mg/day for 3 weeks.
The use of antibiotics over long periods of time to treat neglected tropical diseases is not
limited to filarial diseases alone, combination therapy of streptomycin (15 mg/kg body
weight daily) and rifampicin (10 mg/kg (8–12 mg/kg) daily, maximum 600 mg daily)
for 8 weeks is used in Buruli ulcer disease. The overuse and abuse of antibiotics are
the major contributory factors to the global crisis of antibiotic resistance [48], with multi-
drug resistance developing in common bacterial pathogens, aggravating post-surgery
management and tuberculosis treatment.

A search on Protein Data Bank as at 28 May 2021 revealed that only five solved proteins
pertaining to Onchocerca volvulus with PDB IDs 1TU7, 2HNL, 6MN8, 1TU8 and 5IN2 were
available. Additionally, due to the absence of a crystallographic structure of O. volvulus
chitinase (OvCHT1), a previous study developed a homology model of (OvCHT1) using
the available X-ray structures of human chitinases as templates [49]. It has therefore become
imperative to model the structure of the Wolbachia surface protein due to the paucity of
structural data pertaining to receptors of the O. volvulus.

The lack of vaccine and reasonably safe macrofilaricidal treatment against O. volvulus
necessitate the need to explore natural products to unravel new lead molecules [50]. There
is need to find novel antiwolbachial leads with therapeutic potential against onchocercia-
sis [51]. Major sources of such compounds are plants products which possess enormous
structural and chemical diversity. Furthermore, they have the additional advantage of
generating compounds with structural and physiochemical properties not similar to the
existing synthetic therapeutic agents [52,53].

This study, therefore, sought to identify potential novel antiwolbachial compounds
from freely available natural products. To achieve this, small compounds were virtually
screened against the WSP of O. volvulus. Further in silico analysis was performed to eluci-
date the mechanisms of binding and pharmacological profiles of the screened compounds.
The biological activity of selected compounds was also determined using the Prediction
of Activity Spectra of Substances (PASS), a Bayesian-based model predicting the probable
activity of small molecules [54–56].

2. Materials and Methods

A schematic workflow of the step-by-step techniques used in the study is shown in
Figure 1. A reasonably good structure of the WSP was modelled and validated, after which
structure-based virtual screening (SBVS) was performed in order to identify compounds
with high binding affinity to the WSP. MD simulations including MMPBSA computations
were performed on the WSP-ligand complexes to determine the molecular interactions
and the stability during binding. Absorption, distribution, metabolism, excretion and
toxicity (ADMET) predictions were performed to evaluate the pharmacological profiles of
the selected compounds. Furthermore, the biological activity of identified compounds was
predicted using a machine learning-based technique [54,55].
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Figure 1. Methodology schema employed in this study to predict potential antiwolbachial biomolecules. Three different
modelling approaches comprising Modeller, I-TASSER and Robetta were used to predict possible structures. Quality
evaluations of the structures revealed the reasonably best model. Natural products-derived compounds from AfroDB,
NANPDB, TCM and literature were used as screening library. The top performing compounds were subjected to ADME
prediction and MD simulations. The study further predicts the biological activity of the selected biomolecules.

2.1. Sequence Retrieval

The structure of the Wolbachia surface protein (WSP) of O. volvulus has not been
experimentally solved therefore a 3D structure was built using homology modelling. The
primary sequence of WSP was retrieved from Universal Protein Resource (UniProt) with
ID Q0RAI4. Basic Local Alignment Search Tool (BLAST) search with default parameters
was performed using SWISS MODEL in order to obtain suitably identical templates to the
WSP [57,58].

2.2. Prediction of the Protein Structures

Since there was no experimentally solved structure of the WSP in the PDB, it warranted
the need to model a reasonably quality model. Comparative studies of various homology
modelling techniques have shown that no particular technique is superior in all aspects
of quality than the others [59–61]. The family of the protein and the percentage sequence
identity between the query and the template structure may influence the quality of a
modelled structure [60]. Most of the modelling algorithms have been shown to generate
high quality models when the sequence identity between the query and the template is
greater than 35% [60,61]. However, as the sequence identity reduces, it becomes extremely
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difficult for the various modelling algorithms to provide high quality structures [60]. It
is therefore necessary to employ different modelling techniques when building protein
structures which have low sequence identities with their templates [62]. The reasonably
suitable model can be chosen after the modelled structures are subjected to various quality
evaluations.

Due to the low sequence identities of the retrieved templates, homology modelling
using 3D structures from Protein Data Bank (PDB) was employed. Modeller 9.2 embedded
in EasyModeller 4.0 [63] was used to model five possible structures of the WSP based on
the three selected templates. Additionally, the iterative threading assembly refinement
(I-TASSER) and Robetta were employed to predict plausible structures of the WSP [64–69].

The main and side chain conformations of the models were then predicted and
corrected using both Scwrl4 and ModRefiner [70–72]. The reasonably best models from
each of the 3 approaches were evaluated in order to select the most suitable model.

2.3. Model Quality Assessment

The quality of the modelled structures were assessed using SAVES v5.0 (https://servicesn.
mbi.ucla.edu/SAVES/, accessed on 5 October 2019), a metaserver that runs six programs for
checking and validating protein structures. The programs ran by SAVES v5.0 employed in this
study include ERRAT [73], PROVE [74], VERIFY [75,76] and PROCHECK [77]. Additionally,
ProSA-web was used to evaluate the model quality. Ramachandra plots were generated us-
ing PROCHECK [77]. The model with the best quality parameters from all the evaluations
was selected as the most reasonable model of WSP for downstream analysis.

2.4. Obtaining Compounds

Ligand structures were retrieved from AfroDB, North African Natural Products
Database (NANPDB) and TCM@Taiwan. A total of 880 compounds were retrieved from
AfroDB, a catalog of the ZINC15 database containing naturally occurring African com-
pounds [78,79]. A total of 6842 compounds were also retrieved from NANPDB, a library
of compounds isolated mainly from plants, with contributions from some endophyte,
animal, fungal, and bacterial sources [80]. Additionally, a total of 35,161 traditional Chinese
medicine (TCM) natural products were obtained from the world’s largest non-commercial
TCM database [81], TCM@Taiwan, a catalog of the ZINC15 database. In all, a total of
42,883 ligands were obtained and used in this study, with 7722 compounds from the
African flora. The unique identifiers (IDs) of the NANPDB compounds have been concate-
nated with the prefix “NANPDB” in this study.

Compounds which have been experimentally shown to possess inhibitory properties
against other Onchocerca species were curated. The aim was to perform molecular docking
studies with these compounds and examine the likelihood of repurposing them as WSP
inhibitory compounds for the treatment of Onchocerciasis. A total of 23 compounds
were found in literature as either anti-onchocercal compounds or major constituents of
anti-Onchocerca plant extracts.

2.5. Prediction of Binding Sites

Computed Atlas of Structure Surface Topography of proteins (CASTp) was employed
to predict potential ligand binding sites of the WSP protein [82,83]. The results were
visually inspected using Chimera 1.12 (University of California San Francisco, version 1.12,
San Francisco, CA, USA) and PyMOL 1.7.4.5 (PyMOL Molecular Graphics System, version
1.7.4.5, Schrödinger, LLC, New York, NY, USA). The area and volumes of the predicted
sites were taken into consideration when selecting the plausible binding cavities.

2.6. Preparation of Protein and Ligands

The NANPDB and TCM compounds were converted from the simplified molecular
input line entry system (SMILES) format to the Structure Data File (SDF) format. The
natural products were divided into two categories: the African natural products (Afro) and

https://servicesn.mbi.ucla.edu/SAVES/
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the traditional Chinese natural products (TCM) comprising 7722 and 35,161 compounds,
respectively. OSIRIS DataWarrior (Idorsia Pharmaceuticals Ltd., version 5.0.0, Allschwil,
Switzerland) was used to filter the compound libraries by eliminating ligands with molec-
ular weights greater than 600 g/mol and less than 150 g/mol [84]. Duplicates were also
removed from the TCM library using DataWarrior. All ligand structures were energy mini-
mized using the mmff94 force field and conjugate gradient algorithm in 200 steps using
Open Babel [85,86]. The compounds were then converted to AutoDock Vina’s compatible
Protein Data Bank partial charge and atom type format (PDBQT) [85,87].

Energy minimization of the 3 top WSP models (ROB2, ITAS1 and MOD2) were
performed with GROMACS2018 using the Optimized Potentials for Liquid Simulations
(OPLS)/All Atom (AA) force field. The refined and energy minimized protein structures
were checked for the presence of water in order to prevent any post docking simulation
interference by water. The protein structures were then saved in the Protein Data Bank
(pdb) format using PyMOL 1.7.4.5 [88,89]. The protein structures were then converted to
AutoDock Vina’s compatible pdbqt format using the “make macromolecule” option in
PyRx prior to the molecular docking studies.

2.7. Molecular Docking

Autodock Vina was used to perform the docking simulations. The molecular docking
simulations were performed in 2 stages. In the first stage, the obtained compounds were
screened against the ROB2 model. The grid map was placed around the ROB2 protein
structure with size dimensions of 46.8135 × 44.5267 × 61.2184 Å3 (for size_x, size_y and
size_z, respectively) and center: 56.9654, 31.5760 and 39.6027 Å (for center_x, center_y and
center_z, respectively). This grid map was used so as to investigate the presence of other
binding sites which might not have been predicted by CASTp. AutoDock Vina, which
uses the Lamarckian algorithm [81] was employed to search for eight different conformers
for each ligand. All protein–ligand binding affinities are expressed as binding energy in
kcal/mol. Analysis of the screening results was performed based on the three classifications:
African natural products, TCM dataset and anti-Onchocerca spp. compounds. The top
10 percent of the African dataset was selected for downstream analysis. Additionally, the
top 1 percent with high binding affinity from the TCM screening library was selected.
The results of the molecular docking were visually inspected using Chimera and PyMOL
1.7.4.5 [87,88].

The second stage of molecular docking involved the screening of the top 20 com-
pounds each of the Afro and TCM libraries against the ITAS1 and MOD2 protein structures.
The 11 shortlisted Onchocerca spp. related compounds were also screened against both
structures. This stage was carried out to identify compounds that bind to all three structures.
Since the structures were modelled with templates of low sequence identities, multiple
docking against the various comparative models could lead to substantial enrichment of
the lead compounds [90].

2.8. ADMET Screening of Ligands

Ligands with high binding affinity and docked deep into the WSP model were sub-
jected to absorption, distribution, metabolism and excretion (ADME) profiling using Swiss
ADME and OSIRIS DataWarrioir 5.0.0 [91]. Swiss ADME was also used to determine the
drug-likeness of the compounds based on Lipinski’s and Veber’s rules. The toxicity profiles
of the hits were evaluated using the OSIRIS Property Explorer in DataWarrior. Relevant
drug properties such as mutagenicity, tumorigenicity, irritancy and reproductive effect
were predicted using the OSIRIS Property Explorer algorithm.

2.9. Characterisation of Binding Mechanisms

LigPLOT+ v1.4.5 [92] was employed to predict the protein–ligand interactions us-
ing default parameters. LigPLOT+ represents the protein–ligand interactions using 2D
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schematic diagrams where hydrogen bonds are shown as dashed green lines and hydropho-
bic interaction as arcs with spokes radiating towards the ligands.

2.10. Prediction of Biological Activities of Compounds

The biological activities of the shortlisted compounds were predicted using the Predic-
tion of Activity Spectra for Substances (PASS) [54,56]. PASS predicts the biological activity
spectra of compounds using the SMILES files of the structures present in its database via a
Bayesian approach [54,56].

2.11. Molecular Dynamics Simulation
2.11.1. Protein MD Simulation

The OPLS-AA/L all-atom force field was used to prepare the protein. To solvate
the protein, it was centered in a cubic box, and placed at least 1.0 nm from the box edge.
Then five sodium atoms were added to the solvent to neutralize the complex system. The
solvated and electroneutral system was optimized through energy minimization using the
steepest descent method. After minimization, 100 ps NVT (constant number of particles,
volume and temperature) equilibration was conducted to stabilize the system. Then 100 ps
NPT equilibration was followed to stabilize the pressure. Subsequent MD simulation of the
protein was performed for 100 ns of constant pressure equilibration without constraints to
relax the system.

2.11.2. Protein–Ligand Complex MD Simulations

The topologies of the ligands were generated via CGenFF using default parameters
prior to molecular dynamics (MD) simulation. GROMACS 2018 was employed to conduct
the protein–ligand complex MD simulations under the CHARMM36 force field. In order to
solvate each protein–ligand complex, the box boundaries were set to 1.0 nm away from the
complexes. The charges of the complexes were also neutralized with sodium and chloride
ions. Each complex was energy minimized and the final structures were used as inputs for
the MD simulations. Additionally, equilibration protocol was used to restrain and relax
protein–ligand positions. MD simulations for 100 ns were conducted with time steps of
2 fs under PME for each complex. The graphs generated from the MD simulations were
plotted using Xmgrace.

2.11.3. MM-PBSA Calculations of Ligand-Receptor Complexes

The binding free energies of the WSP-ligand complexes were investigated using
the molecular mechanics Poisson-Boltzmann surface area (MMPBSA) method [93–95].
MMPBSA provides the combination of molecular mechanics and continuum solvent mod-
els. MMPBSA calculations of the complexes were carried out using the g_mmpbsa, which
computes binding energy components and the individual energy contributions of the
residues. The R programming package was then used to plot the MMPBSA graphs.

3. Results and Discussion
3.1. Primary Structure Analysis

The protein sequence of WSP is composed of 241 amino acid residues with UniProtKB
ID: Q0RAI4. Determining the physiochemical parameters using ProtParam, the protein
was predicted to have a molecular weight of 26,056.58 Da [96]. The WSP was also predicted
to possess an instability index of 27.81 signifying the stable nature of the protein [96]. A
protein is predicted to be stable when the instability index is lesser than 40 [96,97]. The
chemical formula of WSP protein was C1186H1813N289O357S7.

3.2. Modelling of WSP Structure
3.2.1. Template Identification

A BLAST search via SWISS-MODEL revealed a total of 223 templates to match the
target sequence however, with relatively low sequence identities to the WSP. 1P4T was
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predicted to have the highest sequence identity to the query sequence (21.57%), and shared
a similarity of 0.29 to the WSP (Table S1). A query via I-TASSER also indicated 1P4T as the
best template with the highest sequence identity which corroborates the predictions by
SWISS-MODEL. Additionally, both 2MLH and 2MAF showed sequence identity of 16.67%
to the WSP (Table S1). The reasonably best template was selected based on the sequence
identity, query coverage and the availability of a 3D structure.

3.2.2. Structure Prediction Using Modeller

Modeller 9.2 was used to generate five possible model structures of the protein. The
Neisserial surface protein A (NspA) from Neisseria meningitidis (PDB ID: 1P4T), which was
solved using X-ray crystallography with a resolution of 2.55 Å [98], was selected as the
main template for modelling the structure of the Wolbachia surface protein, but due to its
low sequence identity (21.57%) (Table S1), multiple templates homology modelling using
known 3D structures from the Protein Data Bank (PDB) was employed. The optimal use
of several templates increases the model’s accuracy [99]. Two other templates, 2MAF and
2MLH, both with sequence identity of 16.67% were added to 1P4T for the multi-template
modelling. The structures with PDB IDs 2MLH and 2MAF were solved using nuclear
magnetic resonance (NMR) technique [100]. 1P4T, 2MAF and 2MLH belong to the same
family of gram-negative bacteria outer membrane proteins and are therefore biologically
related to the WSP. Five models were generated via Modeller and the qualities of these
models were evaluated using the discrete optimized protein energy (DOPE) and genetic
algorithm 341 (GA341) scores.

The GA341 score provides information on the reliability of a model, derived from
statistical potentials [101]. A model is predicted to be reliable when the model score is
higher than a pre-specified cut-off of 0.7. The five generated models had GA341 scores
relatively lower than the cut-off. Thus, the reasonably best model was selected based on
the DOPE score. DOPE is a statistical potential score used to assess homology models in
protein structure prediction. The best model can be selected by picking the model with the
lowest value of DOPE [102,103]. MOD2 was selected as the reasonably suitable model out
of the five models generated using Modeller (Figure S1A and Table S2).

3.2.3. Structure Prediction Using I-TASSER

I-TASSER was also employed to predict the model of the WSP. I-TASSER uses the
SPICKER program to cluster all the decoys based on the pair-wise structure similarity, and
reports five models which correspond to the five largest structure clusters [64–67]. The
confidence of each model is quantitatively measured by C-score that is calculated based on
the significance of threading template alignments and the convergence parameters of the
structure assembly simulations. C-score is typically in the range of [−5, 2], where a C-score
of a higher value signifies a model with a higher confidence and vice-versa [64–67]. The
five models predicted by I-TASSER and their respective C-scores are shown (Table S3). For
the I-TASSER predicted models, the model with the highest C-score, ITAS1 was selected as
the reasonably suitable model (Figure S1B and Table S3).

3.2.4. Structure Prediction Using Robetta

Robetta, which uses the ROSETTA algorithm also predicted five models using 1P4T
as template, with 2K0L as the reference parent. 1P4T was predicted by Robetta as the most
suitable template for modelling the structure of the protein. The structure 2K0L (KpOmpA)
is an outer membrane protein A from Klebsiella pneumoniae transmembrane domain and
was determined by NMR. KpOmpA, similar to the WSP, also induces specific humoral and
cytotoxic responses, and is a potent carrier protein [104].

The predicted b-factors by color representation of the models were visualized in
PyMOL 1.7.4.5. Generally, the b-factor which influences the local quality of a model shows
the parts of the structure that were remodeled and not covered by a template. These are
the least accurate regions and have the most variation between models. ROB1 and ROB2
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showed similar b-factor coloration and had the least regions that were predicted without a
template. The five models were then evaluated using SAVES v5.0 (Table S4). ROB2 had a
VERIFY score of 70.95%, which was the highest; ERRAT quality factor of 78.97; PROVE
score of 4.7% and two PROCHECK errors, three warnings and three passes (Table S4).
ROB2 was therefore selected as the most acceptable structure from Robetta (Figure S1C).

3.2.5. Model Quality Assessment

The quality of the three selected models from each technique was evaluated via SAVES
v5.0 (Table S5). Protein structure MOD2 had a VERIFY score of 9.96%, ERRAT quality factor
of 35.9649, PROVE score of 9.3% and three PROCHECK errors, two warnings and three
passes (Table S5). Model ITAS1 was also predicted to have ERRAT, VERIFY and PROVE
scores of 78.1116, 72.2% and 10%, respectively (Table S5). ITAS1 was also predicted to have
seven PROCHECK errors, one warning and no pass. Model ROB2 was predicted to have
a VERIFY score of 70.95%, ERRAT quality factor of 78.97, PROVE score of 4.7% and two
PROCHECK errors, three warnings and two passes (Table S5). A high-quality model must
have 80% of its amino acids score greater than or equal to 0.2 in the 3D-1D profile (VERIFY
score). Although all the top three models did not have a VERIFY score of 80% or higher,
ROB2 and ITAS 1 had relatively closer values. Additionally, a previous study has shown
that this quality indicator (VERIFY) performed poorly on a crystallized structure [105]. The
ERRAT plot of ROB2 showed that amino acid residues 147–150, 170, 172–178, 192–194, 205
and 209 were the most erroneous parts (Figure S2).

The overall quality factor of the proteins as predicted by ERRAT showed that ROB2
was the highest with 78.97, followed by ITAS1 (78.1116) and MOD2 (35.9649). Although,
the model ITAS1 had a higher VERIFY score of 72.2% as compared to ROB2 with 70.95%,
ITAS1 was predicted by PROVE to be 10% erroneous while ROB2 was 4.7% erroneous.

ModRefiner and Scwrl4 were used to repair the side chain conformations and refine
the best models from each of the three techniques [70,71]. The Robetta and I-TASSER
models showed no significant improvement in quality scores. However, the Modeller
generated models demonstrated significant increase in their quality scores after using
Scwrl4 and later refined using ModRefiner. After refining with Scwrl4 and ModRefiner,
MOD2 had a verify score of 15.77%, ERRAT score of 54.5872, while PROCHECK reported
five errors, one warning and two passes.

The Ramachandran plots of all the three shortlisted models were generated using
PROCHECK which evaluates the stereochemistry of protein models by determining the
overall protein geometry and also, the residue-by-residue geometry [77] (Figure 2 and
Figure S3A,B). The percentage of residues in the most favored, additionally allowed, gen-
erously allowed and disallowed regions determine the quality of protein structures [106].
WSP structure MOD2 had 82.5, 16.5, 1.0 and 0.0% of residues in the most favored, addition-
ally allowed, generously allowed and disallowed regions, respectively (Table 1 and Figure
S3A). ITAS1 was also predicted to have 53.9, 40.3, 3.9 and 1.9% of the residues in the most
favored, additionally allowed, generously allowed and disallowed regions, respectively
(Table 1 and Figure S3B). For the ROB2 structure, 82% of the amino acid residues were
present in the most favored regions, 15.5% residues were found in the additionally allowed
regions, 1.9% of the residues were in the generously allowed regions and 0.5% in the
disallowed regions (Table 1 and Figure 2).

Structurally aligning all the three models using Chimera 1.12, it was observed that
ITAS1 and ROB2 were structurally similar with an RMSD of 13.590 Å as compared to
the alignments between MOD2 and ROB2 (RMSD of 26.529 Å); and ITAS1 and MOD2
(RMSD of 26.160 Å) (Figure 3). Considering the scores of the various quality evaluations
(including the ERRAT, PROCHECK, VERIFY, PROVE scores and the Ramachandran plots)
obtained for each model, ROB2 was selected as the reasonably accurate WSP model
(Figures 2 and S3A,B, Tables 1 and S2–S5).
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Figure 2. Ramachandran plot of the selected WSP model (ROB2) obtained via PROCHECK. The
percentages of residues in the most favored regions, additionally allowed regions, generously allowed
regions and disallowed regions are 82.0, 15.5, 1.9 and 0.5%, respectively.

Table 1. Ramachandran plot statistics for the three best models from each modelling technique. For all the three models, the
number of end residues (excluding Gly and Pro) = two, Glycine residues = 22, Proline residues = 11 and the total number of
residues = 241.

MODEL MOD2 ITAS1 ROB2

No. of Residues Percentage No. of Residues Percentage No. of Residues Percentage

Most favored regions [A, B, L] 170 82.5 111 53.9 169 82.0
Additionally allowed regions [a, b, l, p] 34 16.5 83 40.3 32 15.5

Generously allowed regions [~a, ~b, ~l, ~p] 2 1.0 8 3.9 4 1.9
Disallowed regions 0 0.0 4 1.9 1 0.5

Non-glycine and non-proline residues 206 100.0 206 100.0 206 100.0
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Figure 3. Alignment of the top three predicted tertiary structures of the Wolbachia surface protein
from the 3 techniques using Chimera 1.12. ITAS1 is in magenta, ROB2 in cyan and MOD2 in green.

3.2.6. The Selected Model

Like NspA, the predicted WSP model forms β-barrels [98] consisting of eight β-strands
with few alpha helices (Figure S1C). A comparative study of modelled WSPs of Drosophila
melanogaster, Asobera tabida and Brugia malayi using the NspA as template reported that the
WSP is an eight beta-barrel transmembrane structure [26].

The quality of the overall best WSP model (ROB2) was assessed using z-score from
ProSA-web [107,108]. The z-score of the predicted WSP model is −4.02 and predicted to
lie within the z-scores of NMR determined proteins (Figure S4A). The z-score indicates
the overall model quality and is used to check whether the z-score of the input structure
is within the range of scores typically found for native proteins of similar size [107,108].
The local model quality was also determined by plotting energies as a function of amino
acid sequence position (Figure S4B). In general, positive values correspond to problematic
or erroneous parts of the input structure [107,108]. Most of the residues of the WSP
possessed relatively low energies signifying that the protein structure is less erroneous. It
was observed that the residues towards the end of the sequence (after 160th position) had
positive energy values and were erroneous, consistent with the ERRAT plot of the WSP
(Figure S2).
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3.3. Prediction of Binding Sites

CASTp predicted 40 binding sites for the WSP protein (model ROB2) [82,83,109].
CASTp provides information about the area, volume and the residues constituting the
predicted binding site. Predicted binding sites with no openings and relatively small
volumes and areas such that no ligand could fit were ignored [110,111]. Six binding sites
were selected after visualizing using PyMOL 1.7.4.5 and Chimera 1.12 (Figure S5A,C). The
residues lining each of the six binding sites are shown in Table 2. Of the six binding pock-
ets, Pockets 1 and 2 were considered the most plausible sites due to their relatively large
volumes and area (Table 2). The WSP (ROB2) was further aligned to the 1P4T template
structure using ProBiS in order to identify conserved binding sites [112]. ProBiS detects
conserved binding sites on a protein structure by performing a local, and surface oriented
structural comparison of a query structure to a database of non-redundant protein struc-
tures [112]. ProBiS finds proteins that are locally similar to the query and calculates degrees
of structural conservation for amino acid residues of the query protein [112]. The degrees of
structural conservation are represented as colors, from blue to red signifying unconserved
and conserved regions, respectively [112]. Pocket 1 was predicted by ProBiS as highly con-
served among outer membrane proteins including 1P4T and 1QJP (Figure S5A,B) [98,113].
Pocket 1 is the “loop site” of outer membrane proteins as previously reported for 1QJP
(Figure S5A) [113,114]. Pockets 3 and 6 were predicted to be quite conserved (Figure S5A).
Although the amino acid residues of pocket 2 were predicted as unconserved, superimpo-
sition of the 1P4T structure with the ROB2 model revealed that pocket 2 shared a similar
position/region with another binding cavity of 1P4T. The alignment also revealed that
pocket 1 of the WSP shared the same position/region as the “loop site” of the template
structure (1P4T).

Table 2. Top 6 binding pockets of ROB2 predicted by CASTp and the amino acid residues lining the pockets. Solvent
accessible (SA) values are shown. The volumes and areas of the binding site cavities are measured in Å3 and Å2, respectively.

POCKET VOLUME (SA)/Å3 AREA (SA)/Å2 RESIDUES

1 1013.6 637.3

Ala36, Glu38, Thr40, Ser41, Cys42, Tyr43, Ile44, Arg45, Gln47,
Ala89, Phe90, Gly91, Tyr92, Arg98, Val99, Asp100, Tyr135, Tyr136,

Val138, Val139, Ile146, Pro147, Tyr148, Val149, Lys181, Ser185,
Asp187, Lys193, Leu194, Phe195, Glu234, Met238

2 954.6 672.9

Glu51, Leu53, Asp77, Leu78, Tyr79, Lys80, Ala81, Phe83, Ala85,
Leu104, Tyr105, Ser106, Leu108, Asp111, Thr112, Phe113, Glu114,
Leu125, Ala127, Leu128, Ser129, Ala156, Leu158, Tyr172, Arg199,
Phe201, Ser203, Tyr204, Gly205, Ala206, Tyr228, Ser229, Thr230

3 138.6 86.3 Ile140, Glu141, Asp142, Met143, Pro144, Ile146
4 103.1 58.6 Tyr157, Leu158, Ser159, Lys170, Glu171, Tyr172, Gly173, Phe174

5 270.8 282.2 Phe52, Pro54, Phe55, Glu58, Ile59, Gly64, Ala65, Lys66, Lys67,
Asn73, Val74, Val231

6 164.5 144.8 Thr15, Val18, Thr19, Ile35, Phe90, Tyr92, Met94, Val99, Ile101,
Val132

3.4. Selecting Other Anti-Onchocerca sp. Compounds

Compounds that have been experimentally shown to inhibit other Onchocerca species
were identified. M. lucida was shown to possess anthelmintic activities with IC50 values
ranging from 7.8 to 15.63 µg/mL on O. ochengi [115]. The major chemical constituents of M.
lucida are 1,8-cineole, and α-terpinyl acetate, sabinene and β-pinene [116]. An essential oil
from Cyperus articulatus L. Additionally exhibited anti-Onchocerca activity with IC50 values
of 23.4 µg/mL, 23.4 µg/mL and 31.25 µg/mL on microfilariae, adult male worms and adult
female worms of Onchocerca ochengi, respectively [117]. The essential oils of C. articulatus
are significantly dominated by α-pinene, β-maaliene, β-pinene, γ-patchoulene, cadinol,
carveol, caryophyllene, caryophyllene oxide, cedrol, copaene, cyperotundone, germacrone,
trans-pinocarveol and piperitone [118,119].

Voacangine and voacamine, isolated from Voacanga africana demonstrated strong inhi-
bition against both the microfilariae and adult male worms of O. ochengi with IC50 values
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ranging from 2.49 to 9.07 µM. V. africana is used traditionally in Cameroon for the treatment
of onchocerciasis [120]. Lantadene A (rehmannic acid) isolated from Lantana camara leaves
also demonstrated strong inhibition of O. ochengi with IC50 values of 7.85 µg/mL for adult
male worms, 10.38 µg/mL for adult female worms and 10.84 µg/mL for microfilariae [121].

The anthelmintic effect of ellagic acid from axlewood tree, Anogeissus leiocarpus,
showed strong activity against O. ochengi after 48 h, producing LC50 values of 0.09 mM
and 0.03 mM in adult worms and microfilariae, respectively [122]. Polycarpol and 3-O-
acetyl aleuritolic acid also demonstrated significant inhibitory activities on the viability
of adult male worms of O. gutturosa with viability reduction values of 80% and 64.8%,
respectively [123]. The structures of the 23 aforementioned anti-Onchocerca compounds
were obtained from PubChem [124–126].

3.5. Pre-Filtering of Compound Libraries

A total of 42,883 ligands obtained from three databases were used as the screening li-
brary, in addition to 23 compounds obtained from literature as Onchocerca species inhibitors.
The compounds were divided into three categories: the African natural products (Afro), the
traditional Chinese natural products (TCM) and the inhibitors of other Onchocerca species
comprising 7722, 35,161 and 23 compounds, respectively. Prior to virtual screening, the
Afro and TCM compounds were filtered by eliminating ligands with molecular weights
greater than 600 g/mol and less than 150 g/mol. For the Afro dataset, 4440 compounds
passed this criterion, with 821 and 3619 from AfroDB and NANPDB, respectively. The
TCM library was also filtered by removing duplicates. A total of 25,212 compounds from
the TCM dataset passed these criteria.

3.6. Molecular Docking Studies

Two stages of virtual screening were employed in this study: the first involved the
screening of all the compounds against the ROB2 structure, while the second stage involved
the virtual screening of the top 20 shortlisted potential leads each of the two libraries (TCM
and Afro) against the ITAS1 and MOD2 structures. The top 11 Oncho related compounds
were also screened against models ITAS1 and MOD2 in the second stage.

3.6.1. Virtual Screening against Model ROB2

AutoDock Vina [87] was employed for the virtual screening process. AutoDock Vina
requires a pre-calculated grid map to be defined to surround the region of interest composed
of the binding site. The pre-filtered library comprising a total of 29,652 compounds and
23 Onchocerca spp. inhibitors were successfully screened against the energy minimised WSP.

A binding affinity threshold of −7.0 kcal/mol has been reported to significantly dif-
ferentiate between putative specific and nonspecific protein–ligand bonds [127]. Other
studies have also used customized thresholds such as the top 10% or even more stringent
thresholds [62,128]. The top 10% of the Afro library with high binding affinity to the
WSP (444 compounds) were selected for downstream analysis. The binding affinity of the
444 compounds ranged from −9.8 kcal/mol to −11.3 kcal/mol. Among the Afro library,
NANPDB470 demonstrated the highest binding affinity to the WSP with binding energy
of −11.6 kcal/mol. Both NANPDB468 and ZINC000095486062 had a binding energy of
−11.3 kcal/mol. Additionally, NANPDB2316, NANPDB5642 (Figure S6A), NANPDB386
had a good binding energy of −11.2 kcal/mol, followed by ZINC000095486235 and NAN-
PDB2363, both with an energy of −11.1kcal/mol. A total of 77 Afro compounds (5 and
72 compounds from AfroDB and NANPDB, respectively) including NANPDB386, NAN-
PDB470, NANPDB468 and NANPDB2316 which had appreciable binding energies were
not considered since they did not dock deep into the binding pockets of the WSP.

For the TCM library, the top 1% of compounds with high binding affinity to the WSP
(252 compounds) were considered for further analysis. The binding affinities of the selected
TCM compounds ranged from −10.3 to −12.7 kcal/mol. A total of 12 compounds did not
dock deep into the binding cavities of the WSP and were therefore eliminated. From the
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molecular docking results, ZINC000095913861 (Figure 4) had the lowest binding energy
(−12.7 kcal/mol) with the WSP followed by ZINC000070455413 and ZINC000103584225
with energies of −11.7 and −11.6 kcal/mol, respectively (Table 3). ZINC000085530783
and ZINC000103580868 both had a binding energy of −11.5 kcal/mol. Additionally,
both ZINC000085594065 and ZINC000100822646 demonstrated good binding affinity with
energy of −11.4 kcal/mol (Table 3).

Figure 4. Cartoon representation of the WSP (model ROB2) in complex with ZINC000095913861. The
binding sites are represented as surface and the ligands are shown as sticks.

For the Onchocerca inhibitors, compounds with binding energies less than −7.0 were
considered. A total of 15 compounds passed this criterion and were considered for
downstream analysis. Acetylaleuritolic acid demonstrated the highest binding affinity of
−10.3 kcal/mol with the WSP (Table 3). Voacamine, rehmannic acid (lantadene A), polycar-
pol and ellagic acid also demonstrated good binding affinities with the WSP with energies
of −9.7, −9.5, −9.2 and −8.6 kcal/mol, respectively. Eight compounds including copaene,
carveol, piperitone, trans pinocarveol, eucalyptol, sabinene, beta pinene and alpha pinene
were eliminated since they had binding energies higher than the −7.0 kcal/mol threshold
(they had binding energies of −6.6, −6.6, −5.9, −5.8, −5.7, −5.4, −5.3 and −5.2 kcal/mol,
respectively).

After structurally visualizing the screening results via PyMOL 1.7.4.5, most of the
ligands docked into pockets 1 and 2 (Figure S5C The two binding pockets could be phar-
macologically targeted for the design of novel inhibitors, which necessitate the need to
investigate if they may play any pivotal role in combination therapy or polypharmacology.
Combination therapy of antibiotics successfully depletes Wolbachia and reduces treatment
duration [129–131].

3.6.2. Redocking with Models ITAS1 and MOD2

For the TCM library, all the top 20 compounds had binding energies less than the
pre-specified cut-off of −7.0 kcal/mol when docked against both ITAS1 and MOD2 protein
structures (Table S8) [127]. For the ITAS1 model, the binding energies ranged from −7.3 to
−10.2 kcal/mol with ZINC000095913861 demonstrating the highest affinity to the ITAS1
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model (−10.2 kcal/mol) (Table S8). ZINC000095913861, which had the highest binding
affinity to the ROB2 and ITAS1 structures, also had the highest affinity to the MOD2
structure with an energy of −11.9 kcal/mol. The binding energies of the top 20 TCM leads
with MOD2 ranged from −8.4 to −11.9 kcal/mol (Table S8).

For the Afro library, the top 20 compounds were also observed to have binding en-
ergies lower than the −7.0 kcal/mol threshold [127], ranging from −7.1 to −8.8 and
−8.5 to −10.4 kcal/mol for the ITAS1 and MOD2 structures, respectively (Table S8).
ZINC000095486235 had binding energies of −9.4 and −7.1 kcal/mol with the MOD2
and ITAS1 models, respectively. NANPDB4566 demonstrated good binding affinities
with the MOD2 and ITAS1 structures with energy values of −9.3 and −7.9 kcal/mol,
respectively (Table S8).

For the Onchocerca spp related compounds, only three compounds comprising acety-
laleuritolic acid, polycarpol and rhemannic acid had binding energies lower than the
−7.0 kcal/mol threshold [127] when virtually screened against the ITAS1 and MOD2 struc-
tures (Table S8). Acetylaleuritolic acid had binding energies of −9.1 and −7.9 kcal/mol
with MOD2 and ITAS1, respectively (Table S8). Polycarpol also demonstrated good bind-
ing affinity with ITAS1 and MOD2 with energies of −8.2 and −8.8 kcal/mol, respectively
(Table S8). Rhemannic acid also had binding affinities of −8.4 and −8.9 kcal/mol with
ITAS1 and MOD2, respectively (Table S8). For the ITAS1 model, cardinol, germacrone and
cedrol also passed the threshold with binding affinities of −7.2, −7.1 and −7.1 kcal/mol,
respectively. For the MOD2 structure, ellagic acid and voacangine had binding energies of
−8.2 and −7.1 kcal/mol, respectively. The binding energies ranged from −6.3 to −8.4 and
−5.8 to −9.1 kcal/mol for the top 11 compounds when screened against the ITAS1 and
MOD2 models, respectively (Table S8).

3.7. Visualization of Protein–Ligand Interactions

The protein–ligand interactions of the WSP were visualized using LigPLOT+ v1.4.5 [92].
Compounds which did not interact with WSP via any hydrogen bonds were not consid-
ered for further analysis. For the TCM library, a total of 33 compounds did not form any
hydrogen bonds with the WSP and were thus not considered for downstream analysis.
ZINC000095913861 which had the highest binding affinity (−12.7 kcal/mol) and formed a
hydrogen bond with Tyr228 of length 3.13 Å and hydrophobic contacts with Leu53, Phe83,
Ser106, Leu108, Asp111, Phe113, Glu114, Thr115, Leu158 and Thr230 (Figures 4 and 5B
and Table 3). ZINC000070455413 interacted with Gly91 (2.81 Å), Tyr43 (3.06 Å) and Arg45
(3.23 Å) via hydrogen bonds and Cys42, Phe90, Arg98, Tyr135, Val139, Pro147, Tyr148,
Ser185, Asp187, Phe195 and Met238 via hydrophobic bonds. ZINC000103584225 formed
3 hydrogen bonds with Glu114, Glu171 and Ala206 of bond lengths 3.04, 3.21 and 2.9 Å,
respectively. It also formed hydrophobic contacts with Ser106, Leu108, Asp111, Thr112,
Phe113, Ile121, Ala127, Leu158, Tyr172, Ser203, Tyr204 and Gly205. ZINC000085530783
interacted via hydrogen bonding with Arg98 (2.94 Å) and Lys193 (2.97 Å); and formed
hydrophobic bonds with Arg45, Asp100, Tyr135, Tyr136, Asp137, Val138, Val139, Ile146,
Pro147, Tyr148, Ser185, Asp187 and Phe195. It is worth noting that ZINC000085532042,
NANPDB512 and NANPDB769 formed 12, 10 and 9 hydrogen bonds, respectively, with
the WSP. The high numbers of hydrogen bonds and relatively short bond distances in-
dicate strong binding and could make these ligands interesting compounds to further
investigate [132].

For the Afro library, a total of 47 compounds did not form any hydrogen bond
interaction with the WSP. NANPDB5642, which had binding energy of −11.2 kcal/mol,
formed 3 hydrogen bonds with Tyr204, Gly205 and Asp111, with bond lengths of 2.86, 3.07
and 2.88 Å, respectively (Figures 5A and S6A, Table 3). Hydrophobic interactions with
Leu53, Ser106, Leu108, Thr112, Phe113, Leu158, Phe201, Ser203, Tyr228, Ser229 and Thr230
were observed (Figure 5A and Table 3). NANPDB2874 docked into pocket 1, interacted
via hydrogen bonds with residues Arg45 (3.02 and 3.33 Å), Gly91 (3.25 Å), Tyr135 (2.81 Å)
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and Lys181 (3.26 Å), and made hydrophobic contacts with Asp100, Tyr136, Val139, Pro147,
Tyr148, Ser185 and Phe195.

ZINC000095486235 which had a binding energy of −11.1 kcal/mol, and was observed
to interact with Gly91 via hydrogen bonding with a length of 2.98 Å and Cys42, Arg45,
Arg98, Asp100, Tyr135, Tyr148, Ser185, Lys193, Phe195 and Met238 via hydrophobic
contacts (Table 3, Figures S6B and S7A). NANPDB513 formed four hydrogen bonds with
the WSP by interacting with Glu114, Thr115, Ala116 and Tyr204 of bond lengths 2.88,
3.23, 3.24 and 3.07 Å, respectively. NANPDB4566 also interacted with two WSP residues
comprising Tyr135 and Lys181 with hydrogen bond lengths of 2.9 and 2.8 Å, respectively.
It also formed hydrophobic bonds with Arg45, Arg98, Asp100, Tyr136, Asp137, Val138,
Val139, Ile146, Pro147, Tyr148, Ser185, Phe195 and Glu234. ZINC000035941652 interacted
with the WSP via four hydrogen bonds with residues Tyr135 (3.03 Å), Lys181 (3.17 Å),
Ser185 (3.09 Å) and Glu234 (3.28 Å).

For the Onchocerca species inhibitors, the compounds comprising beta maaliene,
caryophyllene and gamma putchoulene did not form any hydrogen bonds with the WSP
and were thus not considered for further analysis. Acetylaleuritolic acid formed 7 hydro-
gen bonds with Glu114 (3.18 Å), Thr115 (2 hydrogen bonds, both with a length of 2.93 Å),
Ala116 (3.18 Å), Tyr204 (2.81 Å), Gly205 (3.1 Å) and Ser229 (2.8 Å) [Table 3, Figures S6C
and S7B]. It also formed hydrophobic contacts with Phe83, Ser106, Leu108, Asp111, Thr112,
Phe113, Glu114, Thr115, Ala116, Ser203, Tyr204, Gly205, Tyr228, Ser229 and Thr230 (Table 3
and Figure S7B). Lantadene A (rehmannic acid) interacted with the WSP via one hydrogen
bond with Ser106 (3.09 Å). Hydrophobic interactions with Ser106, Leu108, Asp111, Thr112,
Phe113, Glu114, Ala116, Ala127, Leu158, Phe201, Tyr204, Tyr228, Ser229 and Thr230 were
observed. Polycarpol also interacted with the WSP via 2 hydrogen bonds with Ser106 and
Thr112 with bond lengths of 2.7 and 3.0 Å, respectively. It formed hydrophobic contacts
with Leu53, Ser106, Thr112, Phe113, Ala116, Ala127, Phe201, Ser203, Tyr204, Tyr228, Ser229
and Thr230.

In addition, Arg45, Tyr135, Tyr148, Ser185 and Phe195 were involved in majority of
the active site interactions in pocket 1 and therefore may possibly be key residues required
for stronger interactions and stability of the ligands.

Figure 5. Two-dimensional plots of the WSP-ligand interactions generated using LigPlot+. Interaction profiles of (A)
WSP-NANPDB5642 complex and (B) WSP-ZINC000095913861 complex. Hydrophobic contacts are represented as red spoke
arcs, hydrogen bonds are represented as green dash lines and the ligands are colored purple.
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Table 3. Binding energies and interactions of some selected compounds which docked deep into the WSP.

Compound Source Binding Energy
(kcal/mol)

Hydrogen Bonds [H-Bond
Length (Å)] Hydrophobic Contacts

ZINC000095913861 TCM −12.7 Tyr228 (3.13) Leu53, Phe83, Ser106, Leu108, Asp111, Thr112,
Phe113, Glu114, Thr115, Leu158, Thr230.

ZINC000070455413 TCM −11.7 Tyr43 (3.06), Arg45 (3.23),
Gly91 (2.81).

Cys42, Phe90, Arg98, Val139, Tyr135, Pro147,
Tyr148, Ser185, Asp187, Phe195, Met238.

ZINC000103584225 TCM −11.6 Glu114 (3.04), Glu171 (3.21),
Ala206 (2.9).

Ser106, Leu108, Asp111, Thr112, Phe113, Ile121,
Ala127, Leu158, Tyr172, Ser203, Tyr204, Gly205.

ZINC000085530783 TCM −11.5 Arg98 (2.94), Lys193 (2.97).
Arg45, Asp100, Tyr135, Tyr136, Asp137, Val138,

Val139, Ile146, Pro147, Tyr148, Ser185,
Asp187, Phe195.

ZINC000085594065 TCM −11.4 Thr40 (2.91), Arg45 (2.94),
Ser185 (2.57; 3.18).

Glu38, Ser41, Cys42, Tyr43, Gly91, Arg98, Tyr135,
Tyr148, Lys193, Phe195, Glu234, Met238.

ZINC000100822646 TCM −11.4
Thr112 (2.67),

Tyr228 (2.99), Ser229 (2.92),
Thr230 (2.74; 3.18).

Leu53, Phe83, Ser106, Leu108, Asp111, Phe113,
Ala156, Leu158, Phe201, Ser203, Tyr204, Gly205.

NANPDB5642 Afro −11.2 Asp111 (2.88), Tyr204 (2.86),
Gly205 (3.07).

Leu53, Ser106, Leu108, Thr112, Phe113, Leu158,
Phe201, Ser203, Tyr228, Ser229, Thr230.

ZINC000095486235 Afro −11.1 Gly91 (2.98). Cys42, Arg45, Arg98, Asp100, Tyr135, Tyr148,
Ser185, Lys193, Phe195, Met238.

NANPDB2874 Afro −11.1 Arg45 (3.02; 3.33), Gly91 (3.25),
Tyr135 (2.81), Lys181 (3.26).

Asp100, Tyr136, Val139, Pro147, Tyr148,
Ser185, Phe195.

ZINC000035941652 Afro −11 Tyr135 (3.03), Lys181 (3.17),
Ser185 (3.09), Glu234 (3.28).

Arg45, Arg98, Tyr136, Asp137, Val139, Pro147,
Tyr148, Phe195.

NANPDB4566 Afro −11 Tyr135 (2.9), Lys181 (2.8).
Arg45, Arg98, Asp100, Tyr136, Asp137, Val138,

Val139, Ile146, Pro147, Tyr148, Ser185,
Phe195, Glu234.

NANPDB513 Afro −11
Glu114 (2.88), Ala116 (3.24),
Thr115 (3.23), Tyr204 (3.07),

Thr230 (2.95).

Leu53, Ser106, Thr112, Phe113, Leu158, Phe201,
Ser203, Gly205, Tyr228, Ser229.

Acetylaleuritolic
acid Oncho −10.3

Glu114 (3.18), Thr115 (2.93; 2.93),
Ala116 (3.18), Tyr204 (2.81),
Gly205 (3.1), Ser229 (2.8).

Phe83, Ser106, Leu108, Asp111, Thr112, Phe113,
Glu114, Thr115, Ala116, Ser203, Tyr204, Gly205,

Tyr228, Ser229, Thr230.

Rhemannic acid Oncho −9.5 Ser106 (3.09).
Ser106, Leu108, Asp111, Thr112, Phe113, Glu114,
Ala116, Ala127, Leu158, Phe201, Tyr204, Tyr228,

Ser229, Thr230.

Polycarpol Oncho −9.2 Ser106 (2.7), Thr112 (3.0).
Leu53, Thr112, Phe113, Ala116, Phe201, Ser106,

Ala127, Phe201, Ser203, Tyr204, Tyr228,
Ser229, Thr230.

3.8. ADMET Prediction
3.8.1. ADME Prediction of Lead Compounds

SwissADME was employed to determine the physicochemical and pharmacokinetic
properties of the shortlisted compounds [91]. Lipinski’s and Veber’s rules were applied
to filter the compounds. Lipinski’s rule requires a drug-like molecule not to have more
than 10 H-bond acceptors, not more than 5 H-bond donors, a molecular mass less than
500 g/mol and an octanol-water partition coefficient (log P) less than five. Veber’s rule
however, requires a drug-like molecule to have a topological polar surface area (TPSA) less
than or equal to 140 Å2 and less than 11 rotatable bonds [133].

Although natural products are known to exhibit different physiochemical character-
istics that do not adhere to Lipinski’s and other ADMET rules, a study has also reported
that over 50% of natural products had desirable drug-like properties upon predicting the
pharmacokinetic properties and drug-likeness of these natural products [134]. A study,
which compared 1040 natural products with known anti-malaria compounds revealed that
there was no significant difference between the number of rotatable bonds of the natural
products and the known anti-malaria compounds (mostly synthetic compounds) [134].
About 70% of the natural products also fell below the upper limit for the TPSA (140 Å2). In
other words, most of the safe natural products obey the Veber’s rule [134]. Although most
natural products do not obey the molecular weight and hydrogen bond acceptor and/or
donor components of the Lipinski’s rule, they were largely found to obey the logP compo-
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nent of the rule [134,135]. Since natural products are amenable to further improvements,
this study demonstrates the feasibility of obtaining natural products with the required
physicochemical properties for drug discovery. For the Afro library, 164 compounds failed
Lipinski’s and/or Veber’s rules. A total of 160 failed only Veber’s rule while 118 failed only
Lipinski’s rule.

NANPDB2874 with TPSA of 109.05 Å2 was predicted as moderately soluble with
high gastrointestinal absorption (GI) (Table S6). NANPDB5642 failed the Veber’s rule
due to its high TPSA (147.43 Å2), was predicted as a Pgp substrate, a non-BBB permeant
and did not inhibit any CYP enzyme. The blood–brain barrier (BBB) is a highly selective
semipermeable membrane that prevents solutes in the blood from non-selectively crossing
into the extracellular fluid of the central nervous system which houses neurons. O. volvulus
microfilariae have not been found in the brain parenchyma [7], however onchocerciasis-
associated epilepsy cases may require BBB permeation [8,136,137]. Multidrug-resistance
proteins have been shown to limit access of antiepileptic drugs into brain parenchyma
leading to seizures which are refractory to treatment [136]. NANPDB4566 with TPSA value
of 59.67 Å2 was predicted as moderately soluble with high GI absorption and as CYP2C19,
CYP2C9, CYP2D6 and CYP3A4 inhibitors. NANPDB4566 was also predicted as a BBB
permeant and a Pgp substrate (Table S6).

For the TCM library, 73 compounds failed the ADMET testing. A total of 44 compounds
including ZINC000070455413, ZINC000085530783 and ZINC000028642721 violated two or
more conditions of the Lipinski’s rule while 57 compounds violated Veber’s rule. A total
of 28 compounds including ZINC000070455413, ZINC000070455574, ZINC000095914553,
ZINC000003984030 and ZINC000085593983 violated Lipinski’s and Veber’s rules simul-
taneously. ZINC000095913861 had a TPSA of 94.56 Å2, was predicted as a non-BBB
permeant, non-Pgp substrate and did not inhibit any of the determined CYP isoenzymes.
However, it was predicted to have a low GI absorption and to be poorly soluble (Ta-
ble S6). ZINC000085594065 and ZINC000100822646, with TPSA values of 137.41 and
135.29 Å2, respectively were also predicted as poorly soluble with low GI absorption
(Table S6). ZINC000085594065 was predicted as CYP1A2 and CYP2C9 inhibitors while
ZINC000100822646 only inhibited CYP2C9. They were both predicted as non-BBB perme-
ants and non-Pgp substrates. ZINC000103543220 with TPSA of 107.35 Å2 was predicted as
a Pgp substrate and as CYP1A2 and CYP2C9 inhibitors.

3.8.2. Toxicity Profiles of Lead Compounds

The toxicity profiles of the selected hits were determined using OSIRIS DataWar-
rior 5.0.0 (Table S7) [84]. ZINC000070455413, ZINC000085530783, ZINC000100822646,
NANPDB5642, ZINC000095486235, NANPDB2874, ZINC000035941652, NANPDB4566,
NANPDB513 and acetylaleuritolic acid were predicted as non-mutagenic, non-tumorigenic,
non-irritant and have no reproductive effects (Table S7). ZINC000095913861 was predicted
as non-mutagenic, non-tumorigenic and non-irritant. However, it was predicted to have
high reproductive effect (Table S7). ZINC000103584225 was also predicted to be highly
mutagenic and as non-tumorigenic, non-irritant and with no reproductive effect. Rhe-
mannic acid and Polycarpol were predicted as highly irritant with no reproductive effect.
They were both also predicted as non-mutagenic and non-tumorigenic (Table S7). Finally,
ZINC000085594065 was predicted to have low mutagenicity, low tumorigenicity and high
irritancy. It was also predicted to have high reproductive effect (Table S7).

3.9. Prediction of Biological Activity of Compounds

The potential biological activities of the identified biomolecules were predicted using
the Prediction of Activity Spectra of Substances (PASS) [54–56]. Most of the compounds
were predicted as antibacterial, antiparasitic and antihelmintic. ZINC000095913861 with
binding affinity of −12.7 kcal/mol was predicted as antiparasitic (Pa: 0.464 and Pi: 0.020)
and antibacterial (Pa: 0.234 and Pi: 0.093). ZINC000100822646 was predicted as an an-
thelmintic (anti-nematode) with Pa and Pi values of 0.522 and 0.013, respectively. It was
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also predicted to possess antiparasitic, antihelmintic, antirickettsial and antibacterial activ-
ity. NANPDB2874 (naamidine A) with binding energy of −11.1 kcal/mol was predicted as
a caspase 3 stimulant with Pa and Pi of 0.873 and 0.004, respectively. It was also predicted
as an apoptosis agent (Pa: 0.515 and Pi: 0.038) and an interleukin 4 antagonist (Pa: 0.152
and Pi: 0.047).

ZINC000095486235, also with binding energy of −11.1 kcal/mol, was predicted as
caspases 3 and 8 stimulants and as an apoptosis agent. NANPDB4566 (coladonin) was
predicted as a caspase 3 stimulant (Pa: 0.868 and Pi: 0.004), apoptosis agonist (Pa: 0.736 and
Pi: 0.012), immunosuppressant (Pa: 0.704 and Pi: 0.016), dermatologic (Pa: 0.673 and Pi:
0.009), antipruritic (Pa: 0.672 and Pi: 0.010) and caspase 8 stimulant (Pa: 0.654 and Pi: 0.004).
It was also predicted as antibacterial, antiparasitic and antihelmintic (anti-nematode). WSP
has been shown to possess anti-apoptotic activity, however, reduced caspase 3 activity
has also been shown to inhibit apoptosis in human neutrophils [128,129]. Caspase 8 is
required for caspase 3 activation, thus, the activation or stimulation of caspases 3 and 8
could promote apoptosis [138,139].

A total of 5 compounds including NANPDB2874, NANPDB2877, NANPDB4599,
NANPDB2876 and NANPDB3435 were predicted as interleukin 4 (IL-4) antagonists. In-
terleukin 4 has been reported to play a very crucial role in the protective immune re-
sponse to O. volvulus and the absence of IL-4 has been shown to prevent the develop-
ment of a corneal disease [140,141]. Wolbachia from O. volvulus possesses molecules with
lipopolysaccharide-like activities that signal immune response through toll-like recep-
tor 4 (TLR4) [142]. Other compounds including ZINC000100822646, ZINC000042876996,
ZINC000095910593, ZINC000095911361, NANPDB1649, NANPDB4605, NANPDB4312
and ZINC000095486126 were predicted as anti-rickettsials which can lead to Wolbachia
depletion since the bacterium belongs to the genus Rickettsia.

ZINC000100822646 (palmidin C) has been identified in Cassia fistula Linn (Senna), an
ayurvedic Indian medicine [143]. The pulp of the pod and the leaves of Senna are used for
treating helminth infections [144]. The anthelmintic activity of fruit pulp, stem bark and
seeds of Senna have been studied in previous works and the extracts were found to paralyze
and kill Pheretima posthuma [145,146]. Hydro-alcohol extracts of leaves of C. fistula Linn
demonstrated remarkable inhibition of the bacterial growth of Staphylococcus aureus [147],
and Wolbachia has been reported to share similarity with Staphylococcus aureus infection
(in mice) in the initiation of TLR2/6, phagocytosis-mediated induction of NETosis [148].
Additionally, aqueous extract of Senna occidentalis has been shown to completely inhibit
the hatching of eggs and caused 96.3% inhibition of larval development of Haemonchus
contortus [144]. It is reported that Ivermectin selection changes the frequency of beta-tubulin
alleles in both H. contortus and O. volvulus [149].

ZINC000042876996 (withanone) is an active constituent of Ashwagandha (Witha-
nia somnifera), which has been shown to possess immunoprophylactic properties against
Brugia malayi in Mastomys coucha (mice) [150–152]. ZINC000040421861 (isovouacapenol
D), a derivative of isovouacapenol, which is found in Caesalpinia pulcherrima [153–155]
and has been found in previous studies to possess anthelmintic activity. Additionally,
Carex baccans has shown strong in vivo anthelmintic activity against Hymenolepis dimin-
uta [156]. ZINC000032052445 (pallidol) is a major constituent of the seeds and leaves of
Carex species [157,158].

ZINC000001531664 (ginkgetin) and ZINC000003197535 (isoginkgetin) originally iso-
lated from Ginkgo biloba (Ginkgoaceae) possess inhibitory effects on nuclear factor-kappa B
(NF-κB) activation. Ginkgetin demonstrated inhibition with an IC50 value of 7.5 µM [159].
ZINC000003984030 (amentoflavone) extracted from Selaginella tamariscina also inhibits
NF-kappaB activation in macrophages [160]. Wolbachia induces TLR2 activation in resident
macrophages in the corneal stroma which in turn induces NF-κB cells translocation to
the nucleus and the production of proinflammatory and chemotactic cytokine [27,161].
Ginkgetin, isoginkgetin and ochnaflavone (ZINC000028462577) at 10 µM demonstrated
suppressive activity against lymphocyte proliferation induced by concanavaline A (Con A)
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or lipopolysaccharide (LPS) and were found to be irreversible inhibitors of lymphocyte pro-
liferation [162]. Although, ZINC000001531664, ZINC000003197535 and ZINC000028462577
were below the threshold of ADMET properties, their antiwolbachial potential can be
investigated.

Similarity search performed via DrugBank revealed that ZINC000035941652 is similar
to naringenin (DB03467) and hesperetin (DB01094) with similarity scores of 0.906 and 0.861,
respectively. Naringenin and hesperetin have been identified to possess in vitro antifilarial
activity on B. malayi [163]. Naringenin and hesperetin have shown effective microfilaricidal
activity and were observed to inhibit the reduction of MTT by 60% at concentrations of
7.8 µg/mL and 31.2 µg/mL, respectively [163]. Naringenin also demonstrated in vitro
macrofilaricidal activity at 125 µg/mL and inhibited female worm motility with an IC50 of
2.5 µg/mL [163]. However, when naringenin was tested in vivo at 50 mg/kg, it eliminated
73% and only 31% of the B. malayi macrofilariae in the Meriones unguiculatus (implanted
adult worms) and Mastomys coucha (natural infections) models, respectively [163]. When the
dose was doubled, naringenin killed 51% of the microfilariae in the M. coucha models [163].

3.10. Molecular Dynamics Simulation

Based on the analysis performed, six compounds were subjected to molecular dynam-
ics (MD) simulations to further analyze the molecular mechanisms of the protein–ligand
interactions. For the Onchocerca related library, 2 compounds comprising acetylaleuri-
tolic acid and rhemannic acid were selected. NANPDB4566, ZINC000095486235 and
ZINC000035941652 were selected from the Afro library. ZINC000095913861 with the high-
est binding affinity to the WSP (−12.7 kcal/mol) was selected from the TCM library. The
unbound WSP protein was also subjected to MD simulations. The root mean square de-
viation (RMSD), the radius of gyration (Rg) and the root mean square fluctuation were
analyzed for the unbound protein and all the six WSP-ligand complexes (Figure 6A–C).

To investigate the stability of the WSP-ligand complexes, the RMSD plots of the
unbound protein and the complexes were generated (Figure 6A). RMSD is mostly used to
determine the differences between the structures during the simulation period and their
reference structure [164]. The RMSD trajectory shows the deviation of a protein structure
from its reference structure with respect to time [164]. The RMSD plots of the unbound
protein and the six WSP-ligand structures experienced similar trends. The RMSDs of all
the seven structures rose from 0 to about 10 ns, where stability was observed. For the
unbound protein, the RMSD remained stable maintaining an average of about 0.55 nm
till about 42 ns where a slight rise to an average of 0.65 nm was observed until the end
of the simulation period (Figure 6A). The most fluctuations in RMSD were observed for
the WSP-ZINC000095913861 complex, which rose to an average of 0.7 nm from 0 to 50 ns,
then fell to an average of 0.6 nm till 70 ns (Figure 6A). A rise in RMSD was observed
with an average of 0.68 nm until the end of the 100 ns period (Figure 6A). Rhemannic
acid, acetylaleuritolic acid, NANPDB4566, ZINC000095486235 and ZINC000035941652
demonstrated similar RMSD trends and were very stable throughout the 100 ns simulation
period (Figure 6A).

The reasonably invariant Rg plots of the 6 WSP-ligand complexes remained very
stable in their compact forms over the course of 100 ns as compared to the unbound WSP
(Figure 6B). The Rg values of the unbound WSP showed stability from 0 to about 35 ns
with an average of 1.82 nm and then fell until about 50 ns where it remained steady until
the end of the 100 ns with an average value of 1.75 nm (Figure 6B). The radius of gyration
of a protein is a measure of its compactness. If a protein is stably folded, it will likely
maintain a relatively steady value of Rg. If a protein unfolds, its Rg will change over time.
The Rg of the WSP-acetylaleuritolic acid complex remained stable throughout the 100 ns
simulation period with an average of 1.85 nm (Figure 6B). The WSP-ZINC000035941652
complex demonstrated the lowest and most stable Rg among the protein–ligand complexes,
maintaining an average of 1.81 nm (Figure 6B). For the WSP-rhemannic acid complex, the
Rg maintained an average value of 1.85 till about 70 ns, where a rise to about 1.875 nm
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was observed (Figure 6B). Similar Rg plots were observed for ZINC000095486235 and
ZINC000095913861, both maintaining an average Rg of about 1.86 nm (Figure 6B).

Figure 6. Root mean square deviation (RMSD), root mean square fluctuations (RMSF) and the radius of gyration (Rg) plots
of 100 ns molecular dynamics (MD) simulations of the WSP-ligand complexes using GROMACS. (A) RMSD graph of the
WSP-ligand complexes, (B) the Rg versus a time graph of the WSP-ligand complexes and (C) analysis of RMSF trajectories
of residues of the WSP-ligand complexes. Legends with color codes are provided in each plot.

The RMSF trajectories of the 6 WSP-ligand complexes were also evaluated to inves-
tigate the WSP residues contributing to the structural fluctuations (Figure 6C). RMSF
is used to analyze the flexibility of different protein regions, and is related to crystallo-
graphic B-factors [164]. Higher RMSF values imply greater fluctuations and these protein
regions are involved in ligand binding and catalysis [165]. All the 6 WSP-ligand com-
plexes demonstrated some degree of fluctuations at the same regions (Figure 6C). Major
fluctuations above 0.4 nm were observed at WSP residue index 27–50, 60–87, 110–130,
160–175, 183–197 and 218–236, implying they could be involved in ligand binding [165]
[Figure 6C]. At residue index 60–87, ZINC000095913861 which had the highest binding
affinity (−12.7 kcal/mol), caused the highest fluctuation of the WSP with a highest peak of
0.85 nm, followed by rhemannic acid which had its highest RMSF peak at about 0.7 nm
(Figure 6C). Similarly, ZINC000095913861 caused the highest fluctuation at residue in-
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dex 218–236 with the highest peak of 0.85 nm (Figure 6C). The hydrogen bond between
ZINC000095913861 and Tyr228, and hydrophobic interaction with Thr230 could account
for the high fluctuation recorded at residue index 218–236. Additionally, its interaction with
Leu53 and Phe83 could be the cause of the fluctuation observed at index 60–87. At residue
index 110–130, all the 6 WSP-ligand complexes exhibited similar peaks with a high RMSF
of about 0.75 nm (Figure 6C). For residue index 160–175, ZINC000035941652 demonstrated
the highest RMSF at about 0.85 nm, followed by NANPDB4566 with a peak of 0.75 nm.
Minor structural fluctuations were also observed at residue index 90–100, 135–150 and
210–220 (Figure 6C).

3.11. Molecular Mechanics Poisson-Boltzmann Surface Area (MMPBSA) Computation
3.11.1. Energies Involved in WSP-Ligand Binding

Molecular Mechanics Poisson-Boltzmann Surface Area (MMPBSA) computes the
binding free energies of the WSP-ligand complexes. Simulation-based methods such
as MMPBSA provide more accurate estimates of protein–ligand binding affinities than
other computational approaches such as docking [166]. Investigating the binding free
energy of protein–ligand complexes can reveal the ligands with higher binding affinities
to the target. Thus, binding free energy computations reveal the binding modes and
affinities of the hits in drug design [167]. ZINC000095913861 had the least binding free
energy of −111.73 kJ/mol (Table 4). It also demonstrated the least binding energy in the
molecular docking study with a value of −12.7 kcal/mol (Table 4). ZINC000095486235
demonstrated the highest binding free energy of −48.899 kJ/mol (Table 4). Acetylaleuritolic
acid, NANPDB4566, rhemannic acid and ZINC000035941652 also had binding free energies
of −92.468, −91.683, −83.884 and −82.477 kJ/mol, respectively (Table 4).

Earlier studies suggest that electrostatic and van der Waal’s forces contribute pre-
dominantly to the binding energy [94,168]. All the complexes demonstrated very low
van der Waal’s energies ranging from −131.255 kJ/mol to −216.596 kJ/mol (Table 4).
ZINC000095913861 had the lowest van der Waal energy of −216.596 kJ/mol while ZINC000
095486235 demonstrated the highest with van der Waal energy of −131.255 kJ/mol
(Table 4). NANPDB4566, rhemannic acid, ZINC000035941652 and acetylaleuritolic acid
complexes also demonstrated van der Waal energies of −158.603, −152.808, −148.894 and
−137.347 kJ/mol, respectively (Table 4).

For the electrostatic energy, NANPDB4566 demonstrated the least with −45.067 kJ/mol,
followed by ZINC000035941652 (−43.213 kJ/mol), while acetylaleuritolic acid had the high-
est electrostatic energy of −2.452 kJ/mol (Table 4). Rhemannic acid, ZINC000095913861 and
ZINC000095486235 also had electrostatic energies of −25.762, −12.103 and −3.563 kJ/mol,
respectively (Table 4). The two-dimensional (2D) structures of the top six compounds are
provided in Table 5.

Table 4. Binding free energies and the other contributing energies of the WSP-ligand complexes from MMPBSA computation.
Energy values are presented as average ± standard deviations in kJ/mol.

COMPOUND van der Waal Energy
(kJ/mol)

Electrostatic Energy
(kJ/mol)

Polar Solvation
Energy (kJ/mol)

SASA Energy
(kJ/mol)

Binding Energy
(kJ/mol)

ZINC000095913861 −216.596 ± 30.529 −12.103 ± 11.973 141.841 ± 28.188 −24.215 ± 2.114 −111.073 ± 21.975
NANPDB4566 −158.603 ± 13.923 −45.067 ± 13.751 128.456 ± 20.752 −16.468 ± 1.345 −91.683 ± 14.928

ZINC000095486235 −131.255 ± 26.735 −3.563 ± 17.035 102.711 ± 38.032 −16.791 ± 2.507 −48.899 ± 18.047
ZINC000035941652 −148.894 ± 13.295 −43.213 ± 10.456 126.310 ± 17.926 −16.680 ± 0.994 −82.477 ± 16.348

Acetylaleuritolic acid −137.347 ± 14.636 −2.452 ± 10.662 65.570 ± 18.150 −18.239 ± 1.759 −92.468 ± 15.900
Rhemannic acid −152.808 ± 23.657 −25.762 ± 10.074 112.448 ± 26.331 −17.763 ±2.427 −83.884 ± 23.675
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Table 5. A list of the selected compounds with their 2D structures and common/IUPAC names. The UPAC names were
generated using MarvinSketch (ChemAxon Ltd., MarvinSketch version 17.17.0, Budapest, Hungary).

Compound Common/Iupac Name 2d Structure

ZINC000095913861

(2E)-2,11,28-trimethyl-19-methylidene-13,30-dioxaheptacyclo
[21.10.1.06,18.07,15.010,14.024,32.027,31]tetratriaconta-

1(33),2,6(18),7(15),10(14),11,16,23(34),24(32),27(31),
28-undecaene-8,9,25,26-tetrone

ZINC000095486235
(1S,13S,16R,18S)-12-[2-(4-hydroxyphenyl)ethyl]-18-methoxy-15-methyl-

5,7-dioxa-12,15-diazapentacyclo
[1 1.7.0.01,16.02,10.04,8]icosa-2,4(8),9,19-tetraen-14-one

ZINC000035941652 (2S)-2-(2,2-dimethyl-3,4-dihydro-2H-1-benzopyran-6-yl)-7-hydroxy-3,4-
dihydro-2H-1-benzopyran-4-one

NANPDB4566 Coladonin

Acetylaleuritolic acid Maprounic Acid Acetate or 3-acetylaleuritolic acid

Rhemannic acid Lantedene A

3.11.2. Per-Residue Energy Decomposition

MMPBSA method can also be used to investigate the energy contribution of each
residue. This involves the decomposition of each residue by including the interactions in
which each residue is involved. Residues which contribute energies greater than 5 kJ/mol
or less than −5 kJ/mol are worth considering as critical residues for protein–ligand bind-
ing [169]. The per-residue energy decomposition computation for each protein–ligand
complex was performed (Figure 7 and Figure S8A–E).

From the protein–ligand interaction studies, Arg45, Tyr135, Tyr148, Ser185 and Phe195
were identified as critical for ligand binding in pocket 1. For the WSP-NANPDB4566 com-
plex, Tyr135, Tyr148 and Phe195 were observed to contribute energies less than −5 kJ/mol,
which are favorable for ligand binding (Figure 7). Tyr135, Tyr148 and Phe195 contributed
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individual energies of −6.8971, −9.8840 and −5.5633 kJ/mol, respectively (Figure 7).
Glu234 contributed energy of 7.8227, which is considered unfavorable for ligand bind-
ing. Arg45 and Ser185 contributed energies of −1.1463 and 1.9588 kJ/mol, respectively
(Figure 7). The WSP-ZINC000095486235 complex had favorable energies of −7.8888,
−1.8052, −5.7684, −4.1513 and −2.4076 kJ/mol for Tyr43, Tyr135, Ile146, Tyr148 and
Phe195, respectively. Arg45, Asp100 and Ser185 contributed positive energy values of
12.1903, 6.1679 and 1.7945, respectively (Figure S8A). For the WSP-ZINC000035941652
complex, Arg45, Tyr135, Tyr148 and Phe195 contributed energies of −4.0926, −5.5091,
−9.5055 and −4.0762 kJ/mol, respectively (Figure S8B). Arg98 (10.5112 kJ/mol), Asp100
(5.2732 kJ/mol), Asp137 (5.1856 kJ/mol) and Ser185 (0.4530 kJ/mol) contributed energies
which were unfavorable for ligand binding (Figure S8B). Arg45, Tyr135, Tyr148 and Phe195
are worthy of further studies to elucidate their role in ligand binding in pocket 1.

For the WSP-ZINC000095913861 complex, Glu51, Phe113, Arg199 and Phe201 con-
tributed individual energies of 6.7173, −8.5824, 6.2146 and −5.6586, respectively (Figure
S8C). For the WSP-acetylaleuritolic acid, Leu53 (−5.8137 kJ/mol), Leu108 (−5.9892 kJ/mol),
Tyr228 (−7.1338kJ/mol) contributed favorably to ligand binding, while Glu51 contributed
a positive energy of 5.3811 kJ/mol (Figure S8D). Phe83 and Arg199 contributed favorably
to rhemannic acid’s binding to the WSP with energies of −5.7488 and −6.2429 kJ/mol,
respectively (Figure S8E). However, Glu51 was observed to contribute a very high positive
energy of 18.2885 kJ/mol which is considered unfavorable to the binding of rhemannic
acid (Figure S8E). From the per residue energy decompositions, Glu51 is likely to be very
critical to ligand binding in pocket 2.

Figure 7. Molecular mechanics/Poisson-Boltzmann surface area (MMPBSA) plot showing the
binding free energy contribution per residue of the WSP-NANPDB4566 complex.

3.12. Experimental Evaluation of the Anti-Onchocercal and Antibacterial Activity of Lantedene A,
Polycarpol and 3-Acetylaleuritolic Acid

The compounds 33-O-acetylaleuritolic acid, polycarpol and lantedene A (rhemannic
acid) have been experimentally shown to possess antifilarial activity [121,123]. Lantedene
A, a methylene chloride extract of Lantana camara (a Cameroonian medicinal plant used
to treat onchocerciasis) was tested in vitro on bovine model parasite, O. ochengi as well as
L. loa microfilariae [121]. Lantedene A inhibited O. ochengi adult males and adult females
with IC50 values of 7.85 and 10.38 µg/mL, respectively, and was suggested for the treatment
of onchocerciasis [121]. It also inhibited L. loa microfilariae at an IC50 of 20.13 µg/mL [121].
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A quantity of 12.5 µM of polycarpol and 33-O-acetyl aleuritolic acid extracted from
Polyalthia suaveolens (Annonaceae) and Discoglypremna caloneura (Euphorbiaceae), respec-
tively were tested on adult male worms of O. gutturosa in triplicates using Amocarzine
as a positive control compound [123]. Formazans’ accumulation inhibition assay was
also performed to test the worm viability activity of the compounds. Polycarpol and
33-O-acetylaleuritolic acid caused 80.0 and 64.8% of inhibition of the accumulation of
formazan, whereas the positive control (Amocrazine) inhibited only 48.6% of MTT re-
duction [123]. 33-O-acetylaleuritolic acid isolated from Spirostachys africana was tested
on various bacteria species for antibacterial activity using micro-dilution method [170].
The 33-O-acetylaleuritolic acid demonstrated strong bactericidal activity on Staphylococcus
aureus, Salmonella typhi, Vibrio cholera, Escherichia coli, Shigella dysentery, Shigella flexneri and
Shigella boydii, with minimum inhibition concentration (MIC) of 50, 50, 50, 50, 50, 100 and
100 µg/mL, respectively [170]. Furthermore, 33-O-acetylaleuritolic acid was not cytotoxic
to Vero cell lines (African green monkey) in vitro at IC50s greater than 400 µg/mL [170].

4. Implications and Future Outlook

Since the structure of the Wolbachia surface protein (WSP) of O. volvulus has not been
experimentally elucidated, this study generated a reasonably good 3D structure of WSP
by employing homology modelling techniques using Modeller, I-TASSER and Robetta. To
the best of the authors’ knowledge, only four structures of the Wolbachia surface protein in
Drosophila melanogaster, Asobara tabida, B. malayi and Exorista sorbillans have been modelled
(Table S9) [26,171,172]. This study is the first attempt to model the WSP of O. volvulus
structure and to virtually screen small molecules against the WSP. The predicted structure
provides an avenue to elucidate Wolbachia-host interactions, promote mutation studies
and catalytic site analysis. Even though, natural products have been shown as potent
therapeutic molecules, the use of natural product databases to aid in unravelling novel
antiwolbachial molecules is underexploited. This study complements current efforts dedi-
cated to the identification of O. volvulus inhibitors by targeting Wolbachia. These molecules
are indispensable in the race against finding a cure as well as eradication of onchocerciasis.
A comprehensive pharmacoinformatic approach aimed at identifying novel O. volvulus in-
hibitors targeting the Wolbachia surface protein (WSP) was reported in this study. The study
carefully predicted drug-like compounds, which was reinforced with machine-learning
based anthelmintic and antibacterial activity predictions. MD simulations, along with
MMPBSA computations were also employed in this study. The study also suggests the
pharmacological targeting of the two identified binding pockets to ascertain if they play
any major role in combination therapy. The predicted potential inhibitors could be used as
fragments for de novo design of druglike filaricides. Additionally, these compounds are
recommended to be tested both in vitro and in vivo to ascertain their anthelmintic activity
for further characterization as potent future inhibitory molecules. The study also high-
lights the potential of repurposing existing compounds as potential inhibitory molecules of
O. volvulus to aid in the search for therapeutic biomolecules.

5. Conclusions

WSP is the major protein in the Wolbachia endobacterium and a target for filarial
infection and disease control. Lack of experimentally determined structure of WSP, neces-
sitated the modelling of a reasonably validated protein structure. Molecular informatics
approaches including molecular docking, physicochemical and pharmacological profiling
were employed in the identification of six potential inhibitory small molecules against
WSP comprising acetylaleuritolic acid, rhemannic acid, ZINC000095913861, NANPDB4566
(coladonin), ZINC000095486235 and ZINC000035941652. MD simulations and MMPBSA
computations revealed new insights into the binding mechanisms including novel residues
critical for binding. The natural product molecules were predicted as antibacterial, an-
tiparasitic, anthelmintic and anti-rickettsials. They were also predicted to have good
pharmacokinetic properties, negligible toxicity and druglike. Therefore, the potential exists
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for these molecules to be tested experimentally to ascertain their antiwolbachial activity.
The scaffolds identified can be optimized to serve as initial templates for the design of
novel filaricides.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9111682/s1, Figure S1: Cartoon representation of the top three predicted tertiary
structures of the Wolbachia surface protein from the three techniques used: (A) MOD2 (B) ITAS1 and
(C) ROB2. ITAS1 is in magenta, ROB2 in cyan and MOD2 in green, Figure S2: ERRAT plot for the
WSP model. Red bars identify the misfolded region located distantly from the active site, yellow bars
demonstrate the error region between 95% and 99%, and green bars indicate the region with a lower
error rate for protein folding, Figure S3: Ramachandran plots of the protein structures obtained via
PROCHECK. (A) Ramachandran plot of protein model MOD2 and (B) Ramachandran plot of protein
model ITAS1. The percentages of residues of model MOD2 in the most favored regions, additionally
allowed regions, generously allowed regions and disallowed regions are 82.5, 16.5, 1.0 and 0.0%,
respectively. For model ITAS1, 53.9, 40.3, 3.9 and 1.9% of the amino acid residues were predicted to be
in the most favored, additionally allowed, generously allowed and disallowed regions, respectively,
Figure S4: Protein quality evaluation using ProSA. (A) ProSA-web z-score of the WSP indicating the
overall model quality. (B) ProSA-web local model quality of the WSP by plotting energies as a func-
tion of amino acid sequence position, Figure S5: Predicted binding sites of the WSP (ROB2 model).
(A) Binding site positions are shown with respect to conservation; (B) Superimposition of WSP (ROB2
model) and 1P4T (template structure) showing conserved binding site region in red and unconserved
sites in blue; and (C) Ligands docked into the binding sites of the WSP. In (C), the protein is shown as a
grey surface representation while pockets 1, 2, 3, 4, 5 and 6 are colored red, green, yellow, blue, hotpink
and cyan, respectively, Figure S6: Cartoon representation of the WSP in complex with (A) NAN-
PDB5642, (B) ZINC000095486235 and (C) acetylaleuritolic acid. The binding sites are represented as
surface and the ligands are shown as sticks, Figure S7: Two-dimensional plots of the WSP-ligand
interactions generated using LigPlot+. Interaction profiles of (A) WSP- ZINC000095486235 complex
and (B) WSP-Acetylaleuritolic acid complex. Hydrophobic contacts are represented as red spoke arcs,
hydrogen bonds are represented as green dash lines and the ligands are colored purple, Figure S8:
Molecular mechanics/Poisson-Boltzmann surface area (MMPBSA) plots showing the binding free
energy contribution per residue of the (A) WSP-ZINC000095486235, (B) WSP-ZINC000035941652,
(C) WSP-ZINC000095913861, (D) WSP-acetylaleuritolic acid and (E) WSP-rhemannic acid complexes,
Table S1: The top five protein structure templates predicted via SWISS-MODEL, Table S2: The DOPE
and GA341 scores of the five models predicted using Modeller, Table S3: The C-Scores of the five
models predicted by I-TASSER, Table S4: Structural Evaluation of the Robetta Generated Models
using SAVES v5.0, Table S5: Evaluation of the top three WSP models generated using Robetta,
I-TASSER and Modeller. Models ROB2, ITAS1 and MOD2 were generated using Robetta, I-TASSER
and Modeller, respectively, Table S6: ADME Prediction of some compounds for Gastrointestinal
(GI); Blood Brain Barrier (BBB); Estimated Solubility (ESOL) class, P-glycoprotein (Pgp) and TPSA,
Table S7: Toxicological profiles of some selected compounds, Table S8: Binding energies of the top
20 non-redundant lead compounds each of the TCM and Afro libraries and the top 11 onchocerca spp
compounds against the three top models (ROB2, ITAS1 and MOD2), Table S9: Previously modelled
WSP structures and the templates used.
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