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INTRODUCTION 

Lymphatic filariasis (LF), also known as elephantiasis and onchocerciasis (river blindness), are common Neglected 

Tropical Diseases (NTD), which are caused by some parasitic nematode worms1. LF is caused by filarial worms like 

Wuchereria bancrofti, Brugia timori, and Brugia malayi, transmitted by mosquitoes, while Onchocerca volvulus is the 

causative agent for onchocerciasis, which is transmitted from one person to another by blood-feeding blackflies2. 

Elephantiasis alone is responsible for not less than 2.8 million disabilities globally3. 

The global program intended to eliminate these filarial diseases started far back through the Mass Drug 

Administration (MDA) of anti-filarial such as ivermectin, albendazole, and diethylcarbamazine, either as a dual 

(annual to bi-annual) or as triple-drug (once every three years) treatment3,4. However, it became unlikely that the MDA 

regimen will be adequate to eliminate these filarial diseases in all endemic areas, majorly due to their inability to kill 
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 Abstract 

Lymphatic filariasis and onchocerciasis are two common filarial 
diseases caused by a group of parasitic nematodes called filarial 
worms, which co-habit with the bacteria organism Wolbachia. One 
good treatment approach seeks Wolbachia as a drug target. Here, a 
computer-aided molecular docking screening was conducted on a 
series of 52 pleuromutilin analogs against four Wolbachia enzymes: α-
DsbA1 (PDB: 3F4R), α-DsbA2 (6EEZ), OTU deubiquitinase (6W9O), 
and cytoplasmic incompatibility factor CidA (7ESX) to find a more 
potent drug candidate(s) for the treatment of filarial diseases. The 
docking investigation was performed using the iGEMDOCK tool, 
while NAMD was utilized for the Molecular Dynamic (MD) 
simulation. The results of the virtual screening identified four ligand-
protein interaction pairs with the highest binding affinities in the 
order: 17_6W9O (-117.31 kcal/mol) > 28_6EEZ (-104.43 kcal/mol) > 
17_7ESX (-102.56 kcal/mol) > 41_7ESX (-101.51 kcal/mol), greater 
than that of the reference drug doxycycline_7ESX (-92.15 kcal/mol). 
These molecules (17, 28, and 41) showed excellent binding 
interactions, making very close contact with the receptors’ amino acid 
residues. They also showed better pharmacokinetic properties than 
doxycycline because they showed high intestinal absorption, were 
orally bioavailable and showed no AMES toxicity. Also, the stability 
of 17_6W9O interactions was confirmed by the MD simulation. 
Therefore, the selected molecules could be developed as potential 
drug candidates for treating filarial diseases. 
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the macrofilarials5. Given the current scenario, therefore, a macrofilaricidal agent is required to kill adult worms to 

reduce both diseases’ elimination time frames drastically6. 

Fortunately, one unique characteristic of these filarial worms is their symbiotic co-existence with a known bacterium 

called Wolbachia7. In searching for new anti-filarial drugs, some researchers have chosen the option of targeting 

Wolbachia; past research showed that its elimination from the host filarial nematodes leads to antifilarial effects with 

the reduction of adult worm’s lifespan8,9. Although the anti-bacteria drug doxycycline has been used clinically for 

treating filarial diseases over the years, the treatment method is not efficient enough for use in mass administration, 

including the requirement for extended treatment periods (4-6 weeks) as well as contraindications in pregnancy and 

children10. Therefore, advances in developing new anti-Wolbachia agents with short treatment periods and reduced 

complications are necessary. 

Pleuromutilin was first reported in 1951 from the basidiomycetes Pleurotus mutilis (FR.) Sacc and Pleurotus 

passeckerianus Pilat11. Pleuromutilin and its analogs are antibacterial drugs that are inhibitors of protein synthesis in 

bacteria. Examples of antibiotics in this class include retapamulin, valnemulin, and tiamulin12. In the mid-1970s, much 

work was reported on using pleuromutilin analogs as veterinary antibiotics. Since then, several works have been 

undertaken to develop derivatives of the base structure for human use. Retapamulin became the first approved 

pleuromutilin antibiotic for human use, approved by the FDA in 200713. Pleuromutilins have generally been reported 

to show potency against Gram-positive and some fastidious Gram-negative organisms14. Also, most pleuromutilins 

have an antibacterial spectrum covering the common pathogens involved in skin and respiratory tract infections15. 

This advantage has prompted the continuous exploration of compounds incorporating the pleuromutilin core as 

antibacterial agents. Jacobs et al.3 were centered on synthesizing some boron-pleuromutilin derivatives as anti-

Wolbachia agents with the potential for treating lymphatic filariasis and onchocerciasis. Some notable targets of 

Wolbachia pipientis include Oxidoreductase α-DsbA1 (PDB ID: 3F4R), OTU deubiquitinase (6W9O), thiol-disulfide 

exchange protein α-DsbA2 (6EEZ), and cytoplasmic incompatibility factor CidA (7ESX) amongst others. 

Computer-aided drug design plays a crucial role in discovering new drug molecules in pharmaceutical design, drug 

metabolism, and medicinal chemistry. It saves time and cost and is highly effective for evaluating a sizeable virtual 

database of chemical compounds16. Molecular docking simulation is a computer-aided virtual screening method that 

probes the binding of ligands in the active sites of the protein target using a valid docking tool17. Pharmacokinetics 

analysis, on the other hand, is essential in the pre-clinical study of new drug compounds to ascertain how such drug 

compounds affect the living organism when administered. Some of the most critical pharmacokinetic properties to be 

determined during pre-clinical testing include absorption, distribution, metabolism, excretion, and toxicity 

(ADMET)18,19. Physico-chemical properties such as molecular weight (MW), topological polar surface area (TPSA), 

lipophilicity indices, hydrogen bond donors (HBD), and hydrogen bond acceptors (HBA), amongst others, are 

necessary to predict a drug’s likelihood of being orally bioavailable20. Molecular dynamic (MD) simulation tends to 

probe the stability and rigidity of the protein-ligand interactions during a dynamically perturbed system21. This work 

focused on the in-silico molecular docking screening of a series of 52 boron-pleuromutilin derivatives against four 

Wolbachia targets, protein-ligand interaction study, prediction of pharmacokinetic properties, and MD simulation 

study of some selected analogs to find a more potent drug candidate(s) for the treatment of filarial diseases. 

 

MATERIALS AND METHODS 

Hardware and Software 

The hardware used was an HP laptop computer with the following specifications: Processor (Intel® Core™ i5-4210U 

CPU @1.70GHz 2.40 GHz), Installed RAM (8.00 GB), System type (64-bit operating system, x64-based processor), 

Edition (Windows 10 Home Single Language), Version 21H2. Software used includes ChemDraw Ultra 12.0.2, Spartan 

’14 1.1.4 developed by Wave function Inc., Biovia Discovery Studio Visualizer 16.1.0.15350, iGEMDOCK 

(http://gemdock.life.nctu.edu.tw/dock/) made available online by the Drug Design and Systems Biology 

Laboratory of National Chiao Tung University, NAMD 2.14, and VMD 1.9.3 OpenGL Display. The online web servers; 

http://www.swissadme.ch/index.php and http://biosig.unimelb.edu.au/pkcsm were used for the 

https://portal.issn.org/resource/ISSN/2798-138X
http://gemdock.life.nctu.edu.tw/dock/
http://www.swissadme.ch/index.php
http://biosig.unimelb.edu.au/pkcsm
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pharmacokinetics properties prediction, while https://www.charmm-gui.org was used for generating ligand 

parameter files for molecular dynamics. 

Data Collection 

A series of 52 Boron-pleuromutilin derivatives with reported biological activities (EC50) against Wolbachia-infected 

LDW1 cells (wMel) were obtained from the literature3. Table I shows the molecular structures of the various 

derivatives alongside their observed biological activities as obtained from the literature3. The pEC50 is the negative 

logarithm of EC50. 

Ligand Preparation 

The two-dimensional structures of all the compounds, including the reference drug (doxycycline), were drawn with 

the help of ChemDraw Ultra 12.0.2, saved as MDL mol file format, and then fed separately into the Spartan 14 1.1.4 in 

three-dimensional (3D) structural form. The 3D structures were then optimized using Density Functional Theory 

(DFT) with Becke’s three-parameter Lee-Yang-Parr hybrid (B3LYP) option and utilizing the 6-31G basis set. The 

thoroughly optimized structures were then saved in PDB file format for molecular docking study22,23. The molecular 

structure of doxycycline is shown in Figure 1. 

Preparation of the Protein Receptors 

The crystal structures of four Wolbachia receptors were obtained from the RCSB Protein Data Bank in PDB file format 

and then prepared separately using the Biovia Discovery Studio Visualizer by excluding water molecules and co-

crystallized ligands enclosed within the protein structures24. The various receptors’ chain A was utilized. The four 

receptors used in the virtual docking screening are described in Table II. 

Table I. Molecular structures of pleuromutilin derivatives and their anti-Wolbachia activities 

Compounds ID 

 
Link atom X R EC50 (nM) pEC50 

1 (pleuromutilin) NA OH NA 6868 5.163359 
2 (lefamulin) NA NA NA 220 6.657577 
3 (retapamulin) NA NA NA 91 7.040959 
4 (valnemulin) NA NA NA 6.1 8.21467 
5 6 O 5-Me 2.8 8.552842 
6 6 O 7-Me 2.9 8.537602 
7 6 O 7-F 1.5 8.823909 
8 6 O 7-Cl 14 7.853872 
9 6 O 7-OMe 3.7 8.431798 
10 6 O 5,7-F2 1.2 8.920819 
11 6 O 3-CH2NH2 19 7.721246 
12 6 O 4-CH2NH2 18 7.744727 
13 6 O 7-Cl, 3-CH2NH2 49 7.309804 
14 6 O 7-F, 3-CH2NH2 317 6.498941 
15 6 NH 3-CH2NH2 17 7.769551 
16 6 NH 4-CH2NH2 44 7.356547 
17 6 NH 7-CH2NH2 173 6.761954 
18 6 NH 3,3-Me2 198 6.703335 
19 6 NH 7-F 13 7.886057 
20 6 S H 17 7.769551 
21 6 S 7-F 15 7.823909 
22 6 -CH2NH2- H 243 6.614394 
23 6 -CH2NH2- 3,3-Me2 1418 5.848324 
24 5 O 5-F 39 7.408935 

https://www.charmm-gui.org/
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P Q-R R8 EC50 (nM) pEC50 

25 CH3SO2N N=CH H 0.8 9.09691 
26 CH3N N=CH H 1.5 8.823909 
27 CH3C(=O)N N=CH H 0.2 9.69897 
28 Boc-N N=CH H 0.2 9.69897 
29 HN N=CH H 2.7 8.568636 
30 CH3OC(=O)N N=CH H 0.3 9.522879 
31 O N=CH H 5.1 8.29243 
32 CH3SO2N N=CH 8-F 6.3 8.200659 
33 CH3N N=CH 8-F 11 7.958607 
34 CH3OC(=O)N N=CH 8-F 1.3 8.886057 
35 O N=CH 8-F 27 7.568636 

 

 
Rb EC50 (nM) pEC50 

36 Epoxide 13 7.886057 
37 OHC- 33 7.481486 
38 HOCH2- 242 6.616185 
39 HON=CH- 71 7.148742 
40 CH3ON=CH- 39 7.408935 
41 Iso-C3H7ON=CH- 101 6.995679 
42 CH3NHCH2- 1718 5.764977 
43 C2H5NHCH2- 1399 5.854182 
44 n-C3H7NHCH2- 478 6.320572 
45 n-C4H9NHCH2- 243 6.614394 
46 Cyclo-C3H5NHCH2- 44 7.356547 
47 (CH3)2NCH2- 439 6.357535 
48 CH3ONHCH2- 133 6.876148 

 

 
X Ra EC50 (nM) pEC50 

49 Bond H 7.5 8.124939 
50 Bond 5-F 14 7.853872 
51 CH2 H 3.5 8.455932 
52 CH2 7-F 4.9 8.309804 

Note: NA-Not applicable; EC50: Half maximal effective concentration 

 

https://portal.issn.org/resource/ISSN/2798-138X


Ugbe FA, Shallangwa GA, Uzairu A, Abdulkadir I. 2022. Molecular Docking Screening and Pharmacokinetic Studies of Some Boron- … 

33 

 
Figure 1. Molecular structure of the reference drug (doxycycline). 

 
Table II. Description of enzymes used for the docking screening 

No Enzyme Organism PDB ID Resolution (Å) 

1 α-DsbA1 Wolbachia 3F4R 1.60 
2 α-DsbA2 Wolbachia 6EEZ 2.25 
3 OTU deubiquitinase Wolbachia 6W9O 1.47 
4 Cytoplasmic incompatibility factor CidA Wolbachia 7ESX 1.80 

 

Virtual Docking Screening 

Molecular docking investigation was conducted separately between the four different protein receptors of W. pipientis 

and all 52 compounds, as well as the reference drug (doxycycline) using the Generic Evolutionary Method for 

molecular docking (GEMDOCK) tool. GEMDOCK is a program for computing a ligand conformation and orientation 

relative to the target protein's active site. Here, the blind docking approach was adopted using the docking accuracy 

parameter settings for drug screening. This setting specified a population size of 200, a number of generations equal 

to 70, and a number of solutions equal to 3. GEMDOCK is an automatic system that generates all related docking 

variables, such as atom formal charge, atom type, and the ligand-binding site of a protein25. The best poses with the 

greatest negative values were then obtained and analyzed using iGEMDOCK's post-screening analysis tool and the 

Biovia Discovery Studio Visualizer, respectively26. This screening was carried out to identify the compounds that bind 

more strongly into the active pockets of the protein targets. iGEMDOCK calculates the binding energies of the protein-

ligand (drug) interactions which are essential to describe how well the drug binds to the target macromolecule. The 

more negative the binding energy becomes, the greater the chances of the potential drug candidate initiating protein 

biochemical action/reaction27. 

Prediction of Pharmacokinetic Properties 

Drug-likeness and ADMET properties prediction constitute a necessary stage in drug discovery’s early phase because 

only molecules with good drug-likeness properties and excellent ADMET profiles advance into the pre-clinical 

research phase24. Hence, the three compounds with the best binding scores and the reference drug (doxycycline) were 

investigated for their pharmacokinetic properties using two online web servers, 

http://www.swissadme.ch/index.php for drug-likeness and http://biosig.unimelb.edu.au/pkcsm for ADMET 

profiling. The predicted parameters for drug-likeness include MW, TPSA, lipophilicity index (MlogP), HBD, HBA, 

and synthetic accessibility (SA) score. Some selected ADMET properties tested include human intestinal absorption 

(HIA), P-glycoprotein substrate/inhibitor, blood-brain barrier (BBB) permeability, central nervous system (CNS) 

permeability, CYP3A4 substrate/inhibitor, total clearance, and AMES toxicity. The choices of molecules for oral 

bioavailability have been guided by several rules such as Lipinski’s ‘rule of 5’, Veber, Ghose, Egan, and Muegge rules28. 

Lipinski’s RO5 is a widely used criterion for oral bioavailability. As such, these compounds would be assessed for oral 

bioavailability using the LRO5 criteria20. 

Molecular Dynamics Study 

MD simulation of 17_6W9O complex was performed using the combined approach of Chemistry at Harvard 

Macromolecular Mechanics (CHARMM) force field, Nano-scale Molecular Dynamics (NAMD), and Visual Molecular 

Dynamics (VMD). The CHARMM-GUI, an established web-based platform that utilizes the CHARMM force field, 

was used to generate the input files for the simulation by NAMD29. The periodic boundary condition was used while 

fitting the system into a cubic water box for solvation. The protein was solvated and neutralized explicitly in an 

aqueous solution of 0.1 M concentration of potassium chloride salt21. The simulation process involving energy 

minimization, equilibration (100 ps time frame), and production (500,000 steps or 1 ns time frame) was performed on 

the resulting system, while the results were visualized using VMD and the Biovia discovery studio30. 

http://www.swissadme.ch/index.php
http://biosig.unimelb.edu.au/pkcsm
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RESULTS AND DISCUSSION 

Molecular Docking Study 

The results (binding energies) of the docking simulation conducted between four protein receptors of W. pipientis and 

the boron-pleuromutilin compounds, as well as the reference drug (doxycycline), were reported in Table III, while 

the 3D representation of compound 17 in the active sites of the various receptors were shown in Figure 2. 

Table III. Summary of interactions binding affinities of pleuromutilins and reference drug (doxycycline) with the different W. pipientis 

receptors used for the docking screening. 

Compunds ID 
Protein-ligand binding energies (kcal/mol) 

3F4R 6EEZ 6W9O 7ESX 

1 (pleuromutilin) -77.10 -62.37 -76.71 -62.57 
2 (lefamulin) -71.43 -70.82 -71.88 -76.08 

3 (retapamulin) -74.49 -65.13 -70.88 -98.09 

4 (valnemulin) -77.53 -79.41 -69.64 -77.46 

5 -80.71 -93.07 -74.31 -88.90 
6 -76.06 -81.14 -76.74 -94.17 

7 -81.59 -80.37 -89.81 -86.11 

8 -78.51 -81.58 -89.83 -98.52 
9 -71.13 -77.71 -80.13 -90.78 
10 -80.85 -84.48 -84.94 -90.61 
11 -92.11 -96.14 -82.47 -94.61 
12 -78.38 -78.18 -83.33 -95.52 
13 -79.99 -83.11 -84.26 -93.70 
14 -82.26 -82.76 -79.57 -87.05 
15 -78.78 -83.92 -82.21 -82.78 
16 -75.59 -81.24 -76.63 -87.66 
17 -75.41 -75.06 -117.31 -102.56 
18 -86.03 -98.99 -94.27 -86.13 
19 -85.72 -94.61 -82.37 -82.09 
20 -94.88 -80.77 -92.59 -84.03 
21 -77.38 -87.83 -79.10 -83.81 
22 -90.60 -87.29 -88.24 -86.71 
23 -90.83 -82.74 -88.42 -98.59 
24 -72.89 -78.10 -81.28 -80.63 
25 -89.47 -92.69 -83.99 -88.78 
26 -81.01 -94.01 -80.46 -95.06 
27 -81.39 -87.72 -77.66 -92.36 
28 -80.85 -104.43 -86.62 -92.96 
29 -91.67 -91.61 -87.47 -91.30 
30 -92.13 -98.03 -90.72 -88.17 
31 -77.17 -81.34 -91.48 -92.89 
32 -82.51 -90.50 -90.67 -99.50 
33 -76.14 -86.88 -80.53 -98.10 
34 -82.71 -97.33 -84.40 -93.34 
35 -79.56 -87.99 -81.65 -98.31 
36 -80.97 -85.18 -78.47 -83.89 
37 -83.60 -82.39 -81.33 -83.87 
38 -92.79 -82.55 -80.00 -95.41 
39 -88.59 -79.79 -87.40 -95.58 
40 -81.03 -85.65 -77.25 -95.79 
41 -77.78 -88.00 -76.22 -101.51 
42 -77.90 -84.90 -78.82 -88.01 
43 -85.05 -85.84 -86.98 -97.16 
44 -77.88 -80.27 -90.00 -82.82 
45 -89.71 -85.78 -81.43 -93.82 
46 -92.64 -84.48 -79.03 -85.99 
47 -80.21 -90.02 -78.91 -79.41 
48 -81.82 -84.71 -84.81 -81.57 
49 -84.69 -91.16 -90.98 -80.60 
50 -80.71 -82.73 -88.76 -93.35 
51 -85.71 -76.69 -82.02 -94.85 
52 -81.89 -73.55 -82.91 -80.13 
Doxycycline -83.12 -89.34 -83.70 -92.15 

Note: PDB ID – 3F4R, 6EEZ, 6W9O, 7ESX 
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Figure 2. 3D representation of compound 17 in the active site of (A) α-DsbA1 (PDB: 3F4R), (B) α-DsbA2 (PDB: 6EEZ), (C) OTU 
deubiquitinase (PDB: 6W9O), and (D) cytoplasmic incompatibility factor CidA (PDB: 7ESX). 

 

From the docking results, it can be shown that no particular receptor best interacts with all the studied compounds as 

a whole. A receptor may bind strongly with one compound but weakly interacts with another ligand. However, four 

ligand-protein interaction pairs with the greatest negative binding energies were identified in the order; compound 

17_6W9O (-117.31 kcal/mol) ˃ 28_6EEZ (-104.43 kcal/mol) ˃ 17_7ESX (-102.56 kcal/mol) ˃ 41_7ESX (-101.51 

kcal/mol). Also, no ligand-protein pair involving the reference drug (doxycycline) and the clinically relevant 

pleuromutilins (compounds 1, 2, 3, and 4) could compare with the four identified ligand-protein pairs involving 17, 

28, and 41. Hence, subsequent discussion shall be based on these molecules. The reported experimental activities 

(pEC50) of the various pleuromutilin derivatives were shown in Table I, in which one of the selected compounds (28) 

possessed the highest pEC50 value of 9.6990. Also, compound 17 is more of a multi-target molecule, as evident in the 

high binding affinities with 6W9O and 7ESX. The pharmacological interactions between the receptors’ amino acid 

residues and the selected compounds (17, 28, and 41), as well as the reference drug (doxycycline), were summarized 

in Table IV, while the 2D and 3D (hydrophobicity) views of the binding interactions as adapted from the Discovery 

Studio Visualizer were shown in Figures 3 to 7. 

 

   A            B 

 
   C      D 
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Table IV. Predicted binding interaction profiles of selected pleuromutilin derivatives and the reference drug (doxycycline) with some 

W. pipientis enzymes. 

Complex 
Binding 
energy 

(kcal/mol) 

Hydrogen bond interactions 
Electrostatic/hydrophobic interactions 

Amino acid Type 
Distance 

(Å) 

17_6W9O -117.31 ARG-59 Conventional 2.08 GLU-63 (π-anion) 
 ARG-59 Conventional 2.71 
 ARG-59 Conventional 2.78 
 GLN-46 Conventional 2.89 
 GLN-209 Conventional 2.51 
 GLU-63 Conventional 3.11 

17_7ESX -102.56 GLU-47 Conventional 3.13 PHE-158 (alky), VAL-157 (alkyl), TRP-
186 (alkyl), PHE-45 (alkyl), HIS-48 
(alkyl), VAL-157 (π-alkyl), TRP-186 (π-
alkyl), GLU-47 (π-anion) 

 LYS-221 Conventional 1.77 
 LYS-221 Conventional 2.31 
 SER-104 Conventional 2.96 
 ASP-43 Carbon-hydrogen 2.95 
 PHE-45 π-donor 3.80 

28_6EEZ -104.43 - - - LYS-72 (alkyl), LYS-72 (π-alkyl), LYS-242 
(alkyl), VAL-239 (alkyl), PHE-231 (alkyl), 
ASP-228 (π-anion), ASP-68 (π-anion) 

41_7ESX -101.51 ASN-44 Conventional 2.85 PHE-45 (alkyl), HIS-48 (alkyl), PHE-158 
(alkyl), TRP-186 (alkyl), VAL-157 (alkyl), 
TRP-186 (π-alkyl), VAL-157 (π-alkyl)  

 GLU-47 Conventional 3.26 
 HIS-48 Conventional 3.17 
 LYS-221 Conventional 2.28 

Doxycycline_7ESX -92.15 ASP-293 Conventional 2.92 - 
 LYS-248 Conventional 1.65, 2.36  
 LYS-246 Conventional 2.62  
 SER-290 Conventional 3.10  
 VAL-250 Conventional 2.24  
 TYR-251 Conventional 2.20  
 LYS-248 Carbon-hydrogen 3.70  
 ASP-247 Carbon-hydrogen 3.35  

 

As seen from Table IV, compound 17 was observed to have interacted well with the binding site of the OTU 

deubiquitinase receptor through six conventional hydrogen bonds (H-bonds) and two electrostatic interactions of the 

π-anion type. Five of the H-bonds were formed between carbonyl and hydroxyl groups of the pleuromutilin core and 

ARG-59 (at distances of 2.08, 2.71, and 2.78 Å), GLN-46 at a distance of 2.89 Å, and GLN-209 at a distance of 2.51 Å, 

while one H-bond was formed between the amino group on the benzoxaborole group and GLU-63 at a distance of 

3.11 Å. The two π-anions were between GLU-63 and each of the π-electron systems of the five and six-membered rings 

on the benzoxaborole group. No hydrophobic interaction was identified, as shown in Figure 3.  

The binding interaction profile of 17 with the binding site of cytoplasmic incompatibility factor CidA shows a fair 

combination of H-bonding and hydrophobic interactions, including electrostatic interactions. These include four 

conventional H-bonds with GLU-47 at a bond distance of 3.13 Å, LYS-221 (distance of 1.77 Å and 2.31 Å), and SER-

104 at a distance of 2.96 Å. Also formed was a carbon-hydrogen bond with ASP-43 at a distance of 2.95 Å and π-donor 

hydrogen bonding with PHE-45 at a bond distance of 3.80 Å. Others include hydrophobic interactions majorly of the 

alkyl and π-alkyl interaction types, and electrostatic interactions of the π-anion type with GLU-47 at distances of 4.75 

Å and 4.84 Å. The 3D view of the interaction between 17 and CidA in Figure 4 confirmed that 17_7ESX interactions 

showed more hydrophobicity than 17_6W9O.  

 The binding interaction of 28 with α-DsbA2 (PDB: 6EEZ) binding pocket showed no H-bond interaction but was 

dominated by alkyl and π-alkyl hydrophobic interactions, and π-anion electrostatic interactions with ASP-228 and 

ASP-68 at bond distances of 4.54 Å and 3.87 Å respectively. Figure 5 shows the high hydrophobicity of 28_6EEZ 

interactions. A Similar result was obtained elsewhere24. 

The binding interaction profile of 41 with CidA (PDB: 7ESX) showed four conventional H-bonds with ASN-44, GLU-

47, HIS-48, and LYS-221 at bond distances of 2.85, 3.26, 3.17, and 2.28 Å respectively. Others include six alkyl and two 

π-alkyl hydrophobic interactions. The 2D and 3D views of the 41_7ESX interaction profile are shown in Figure 6. 

Seven conventional H-bonds and two carbon-hydrogen bonds were identified for the binding interaction profile of 

doxycycline with CidA. These include conventional H-bonds with ASP-293 at a distance of 2.92 Å, LYS-246 at 2.62 Å, 

SER-290 at 3.10 Å, LYS-248 at 1.65 Å and 2.36 Å, VAL-250 at 2.24 Å, and TYR-251 at a distance of 2.20 Å. The carbon-
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hydrogen bonds include LYS-248 at a distance of 3.70 Å and ASP-247 at a bond distance of 3.35 Å. No hydrophobic 

and electrostatic interactions were formed. The hydrophobicity surface of the doxycycline_7ESX complex is shown in 

Figure 7. 

Hence, these compounds (17, 28, and 41) have demonstrated adequate binding interactions with the studied target 

enzymes and represent potent Wolbachia inhibitors. The binding affinities of the four clinically relevant pleuromutilins: 

pleuromutilin, lefamulin, retapamulin, and valnemulin with the various enzymes of W. pipientis were less intense 

compared to those of the boron-pleuromutilin analogs as observed from Table III. From the pharmacological 

interaction profiles in Figures 3 to 7, it was observed that incorporating the benzoxaborole group into the 

pleuromutilin structure greatly improved the interactions of the boron-pleuromutilin analogs with the various target 

receptors, therefore leading to high binding affinities. 

 

Figure 3. 3D (left) and 2D (right) view of the interaction between 17 and OTU deubiquitinase. 

 

 

Figure 4. 3D (left) and 2D (right) view of the interaction between 17 and CidA. 
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Figure 5. 3D (left) and 2D (right) view of the interaction between 28 and α-DsbA2 receptor. 

 

 

Figure 6. 3D (left) and 2D (right) view of the interaction between 41 and CidA. 

 

 

Figure 7. 3D (left) and 2D (right) view of the interaction between doxycycline and CidA. 
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Pharmacokinetic Properties 

Drug-likeness analysis and ADMET study were conducted on the four compounds (17, 28, 41, and doxycycline) to 

ascertain their oral bioavailability and drug-likeness attributes. The results of both investigations are presented in 

Tables V and VI. Lipinski’s rule for oral-bioavailability states that a drug molecule is more likely to have poor 

absorption or permeation when it has an HBD of greater than 5, HBA > 10, MW > 500, and lipophilicity index (MLOGP 

> 4.15 or WLOGP > 5)20. Usually, molecules that obey at least three of the four requirements are said to be orally 

bioavailable18. Table V shows that all the molecules obeyed Lipinski’s RO5 since they satisfied at least three of the four 

requirements. The only violation resulted from the molecules having MW of greater than 500 for the selected 

pleuromutilins, while doxycycline showed an HBD greater than 5. Also, the reported values of TPSA for the selected 

pleuromutilin molecules were less than the threshold value of 140 Å2, beyond which a molecule may exhibit poor 

HIA. On the other hand, doxycycline showed a TPSA of 181.62 Å2 (well above the threshold). The SA scores are in the 

order of doxycycline < 17 ˂  41 ˂  28, indicating fewer rigors in the laboratory synthesis of doxycycline compared to 17, 

41, and 28 in that order. A similar observation was reported elsewhere26. 

The predicted ADMET properties in Table VI showed good intestinal absorption of more than 75% for all the selected 

pleuromutilins, while doxycycline exhibited poor HIA, perhaps due to its high TPSA reported earlier. All the 

molecules presented were substrates of P-glycoprotein, which act as a biological barrier by extruding toxins and 

xenobiotics, including drugs, out of cells. Interestingly, the selected analogs were also inhibitors of both P-glycoprotein 

I and II, except 17, which was predicted to inhibit P-glycoprotein I only, evidence that the molecules may be mediated 

well to reach their target sites without being isolated by the P-glycoprotein. This was not the case for doxycycline, as 

the prediction showed no inhibition of p-glycoprotein. Additionally, only 28 and 41 were substrates and inhibitors of 

the selected cytochrome P450 enzyme (CYP-3A4), an essential enzyme for drug metabolism in the body, which means 

a well-regulated (optimal) metabolic process for the molecules in the body. 

Furthermore, all the molecules showed a logarithmic ratio of brain to plasma drug concentration (logBB) of less than 

0.3, indicating they do not readily permeate through the BBB. Also, the molecules all showed poor CNS permeability 

since the blood-brain permeability-surface area product (logPS) values were less than -2. The total clearance for a drug 

molecule in the body for these molecules is within the accepted range, while they showed no AMES toxicity, indicating 

that the molecules are non-mutagenic and, as such non-carcinogenic. The results of the ADMET study compare very 

well with those of similar studies earlier reported24,26. Based on the predicted parameters, therefore, the selected 

molecules (17, 28, and 41) were said to possess relatively better pharmacokinetics profiles being that they; showed 

high intestinal absorption, conformed to Lipinski’s RO5 for oral bio-availability, were substrates and inhibitors of P-

glycoprotein, and showed no AMES toxicity. 

Table V. Predicted drug-likeness properties of selected pleuromutilin derivatives and reference drug (doxycycline). 

ID MW (g/mol) TPSA (Å2) MLOGP HBD HBA SA LRO5 Violation Drug-likeness 

17 538.48 131.11 1.65 4 7 6.81 1 Yes 
28 622.56 134.96 2.73 2 9 7.53 1 Yes 
41 587.48 123.88 2.24 2 10 7.20 1 Yes 
Ref 444.43 181.62 -2.08 6 9 5.15 1 Yes 

Note: MW–molecular weight; TPSA–topological polar surface area; HBD–hydrogen bond donors; HBA–hydrogen bond acceptors; LRO5–Lipinski 

rule of five; SA–synthetic accessibility score; Ref–Reference drug (doxycycline). 

 
Table VI. Predicted ADMET properties of selected pleuromutilin derivatives and reference drug (doxycycline). 

ID 

Absorption Distribution Metabolism Excretion Toxicity 

HIA 
P-glycoprotein BBB CNS CYP-3A4 

Total clearance AMES toxicity 
S I II logBB logPS S I 

17 77.965 Yes Yes No -0.910 -3.155 No No 0.560 No 
28 92.136 Yes Yes Yes -1.157 -2.746 Yes Yes -0.091 No 
41 94.208 Yes Yes Yes -0.713 -3.218 Yes Yes 0.126 No 
Ref 31.193 Yes No No -1.763 -3.829 No No 0.241 No 

Note: BBB–Blood brain barrier; CNS–Central nervous system; HIA–Human intestinal absorption; logBB–logarithmic ratio of brain to plasma drug 

concentration; logPS–blood-brain permeability-surface area product; CYP-34A–cytochrome p450 isoform; S-substrate; I-inhibitor; II-inhibitor II; Ref–

Reference drug (doxycycline). 
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Molecular Dynamic Study 

To ascertain the stability and rigidity of the protein-ligand interactions, 17_6W9O, with the highest binding score, was 

subjected to MD simulation. The results of the simulation, summarized as plots of root-mean-square deviation 

(RMSD), root-mean-square fluctuation (RMSF), and solvent accessible surface area (SASA) versus the time in 

picoseconds (ps), were presented in Figure 8. From the RMSD plot in Figure 8A, it can be inferred that the complex 

became stable from 800 to 1000 ps during the simulation, indicating that the system was fast in attaining stability31. 

RMSF is more like a calculation of the flexibility or the extent of movement of individual residue during a simulation. 

As seen from Figure 8B, the RMSF tends to decrease slightly as the simulation nears 1000 ps, a further indication that 

the system was fast attaining stability. The SASA is the surface area in contact with the complex's solvent. Figure 8C 

shows that the SASA only fluctuates slightly between 8.50 Å2 and 9.30 Å2 during the trajectory, connoting stability21. 

Furthermore, the simulated complex was inspected for possible protein-ligand interactions. The resulting interactions 

(Figure 8D) deviated significantly from that of the non-simulated complex (Figure 3), as all of the conventional H-

bonds were lost. However, a significant number of essential interactions were visible, including two C-H bonds with 

GLN-60 at interaction distances of 2.91 Å and 3.02 Å, two π-anion interactions with GLU-63, and a π-alkyl 

hydrophobic interaction with TYR-43. The two π-anion interactions with GLU-63 were common between the 

simulated and non-simulated complexes and perhaps played a very significant role in the stability of the complex, 

especially during the trajectory. Additionally, no unfavorable steric bumps or clashes were visible. It can therefore be 

inferred that compound 17 binds readily with OTU deubiquitinase even within a dynamically perturbed system. 

 

Figure 8. MD simulation study of compound 17 and OTU deubiquitinase complex (17_6W9O). (A) Plot of RMSD versus time (ps), (B) 
Plot of RMSF versus time (ps), (C) plot of SASA versus time (ps), and (D) Protein-ligand binding interactions. 
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CONCLUSION 

The virtual docking screening identified three compounds (17, 28, and 41) as the most active molecules forming the 

more energetically stable complexes; 17_6W9O, 17_7ESX, 28_6EEZ, and 41_7ESX. These compounds predicted 

pharmacological interaction profiles generally fit well into the target site cavities. Also, these molecules were said to 

be orally bioavailable and showed better pharmacokinetic properties than the reference drug (doxycycline). 

Additionally, the MD simulation revealed the stability of 17_6W9O interactions. Hence, the selected molecules could 

be developed and further evaluated as potential drug candidates for the treatment of filarial diseases. 
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