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Abstract

:

The African nutmeg (Monodora myristica) is a medically useful plant. We, herein, aimed to critically examine whether bioactive compounds identified in the extracted oil of Monodora myristica could act as antimicrobial agents. To this end, we employed the Schrödinger platform as the computational tool to screen bioactive compounds identified in the oil of Monodora myristica. Our lead compound displayed the highest potency when compared with levofloxacin based on its binding affinity. The hit molecule was further subjected to an Absorption, Distribution, Metabolism, Excretion (ADME) prediction, and a Molecular Dynamics (MD) simulation was carried out on molecules with PubChem IDs 529885 and 175002 and on three standards (levofloxacin, cephalexin, and novobiocin). The MD analysis results demonstrated that two molecules are highly compact when compared to the native protein; thereby, this suggests that they could affect the protein on a structural and a functional level. The employed computational approach demonstrates that conformational changes occur in DNA gyrase after the binding of inhibitors; thereby, this resulted in structural and functional changes. These findings expand our knowledge on the inhibition of bacterial DNA gyrase and could pave the way for the discovery of new drugs for the treatment of multi-resistant bacterial infections.
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1. Introduction


Bacterial infections cause more deaths in the developing nations than the developed nations [1]. A report commissioned by the UK government anticipates an increase in deaths caused by antimicrobial-resistance by 2050, with a prediction that 10 million people will fall victim to antibiotic-resistant infections annually: roughly 4.73 million in Asia and 4.15 million in Africa, in contrast to 0.39 and 0.32 million in Europe and the US, respectively [2]. Several countries identified as lower-middle income countries are more likely to lack access to clean water, be faced with sanitation and hygiene problems, and have greater numbers of their people be affected by bacterial pathogens. Moreover, the malnourished, immunocompromised, and HIV-positive citizens of these countries are particularly affected [2].



DNA gyrase, a member of the family of type IIA topoisomerases, is an essential protein in bacteria, as it introduces negative supercoils in their DNA via an ATP-dependent mechanism. The enzyme is an A2B2 tetramer consisting of GyrA and GyrB, and its inhibition has catastrophic effects on bacterial cell proliferation and survival; thus can serve as a major target for the development of antibacterial agents [3,4,5,6]. The DNA gyrase complex requires the transition between several conformational states to cleave duplex DNA, pass the DNA strand through the break, and relegate the DNA fragments [4,5,6,7].



Recently, several antibiotics such as levofloxacin have gained prominent importance in the market. However, bacterial resistance and their adverse effects (including dizziness, blunt vision, and headache) represent a serious concern. The re-evaluation of DNA gyrase as a target for the development of new antibiotics received considerable applause from researchers aiming to find a lasting solution to this menace. DNA gyrase inhibitors could act as effective agents against a broad range of pathogens, bind to new sites in these proteins, and inhibit their enzymes via a mechanism that is different from that of quinolones [8,9,10,11].



In recent years, a tremendous amount of research was conducted in order to explore the pharmacological utility of medicinal or plant-derived natural products [12]. Over the years, plants have been used for medicinal purposes by diverse people and cultures throughout the world, and many of them have been effective in treatment of various illness and diseases. The use of plants for medicinal purposes continues to this day, mostly in the form of traditional medicine, which is now recognized by the World Health Organization as a building block for primary health care [13,14,15].



African nutmeg (Monodora myristica), belongs to the family of Ananacea, and it is an important species of the evergreen forest of West Africa (mostly common in the Southern part of Nigeria) [16,17]. The seeds that are embedded in the white sweet-smelling pulp of the sub-spherical fruit of Monodora myristica are of particular economic importance, whereas the kernel when ground to powder is a popular condiment used for the preparation of pepper soup that serves as a stimulant for the relief from constipation and is also used to control the passive uterine hemorrhage that occurs immediately after birth [17,18].



Many bioactive compounds were identified in the oil extract of the plant as reported by Adewole et al. [12], including 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol, called eucalyptol; it is a natural organic compound and a colorless liquid that is used as an ingredient in many brands of mouthwash and cough suppressants. Eucalyptol is known to control the hypersecretion of airway mucus and asthma, as it can suppress arachidonic acid metabolism and cytokine production in human monocytes [19,20]. It was also found to possess antibiotic activities [21].



The therapeutic potentials of fatty acids (FAs) were found to be particularly promising for the treatment of various microbial infections. The antibacterial activity of FAs is well-known in the literature and represents a promising option for the development of the next generation of antibacterial agents [22]. Moreover, FAs are highly involved in living organisms’ defense systems against numerous pathogens, including multidrug-resistant bacteria. Previous studies established a computational approach to the investigation of protein–ligand interactions and their stability in relation to the structure and the function of a receptor [22]. We previously identified hit molecules from plant extracts that are theoretically capable of protein inhibition [23,24,25,26,27]. Herein, we employed computational prediction tools in order to study the binding energy and interaction of these ligands against DNA gyrase. Finally, a Molecular Dynamics (MD) simulation was undertaken in order to investigate the stability of the interaction over a period of 100 ns. Therefore, this study utilized the characterized secondary metabolites deriving from Monodora myristica-extracted oil as potential antimicrobial agents that could suppress the bacterial cell growth, and it employed a computational approach to predict alternative compounds with drug-like properties and better inhibitory activities.




2. Results


The estimated number of hydrogen bonds that would be donated by the solute to water molecules in an aqueous solution is proportional to the number of hydrogen bonds that will be accepted by the solute when they interact with water molecules. Chemical structures of eucalyptol when compared with standard ligands are shown in Figure 1. The eucalyptol showed a successfully processed molecule on predicted central nervous system activity of +1 as shown Table 1.



Therefore, with the crucial analysis carried out on the efficacy of the molecules, all of the examined parameters were within Lipinski’s rule of five (ROF) cut-off range for the test compound 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol and showed no violation of Lipinski’s ROF and Veber rules as shown in Table 2.



Furthermore, Table 3 shows that the ligand of interest (529885) exerted no inhibition upon the Pgp substrate when compared with cephalexin and levofloxacin, which were predicted to be inhibitors of the Pgp substrate. This showed that the ligand revealed an ATP-dependent drug efflux pump for xenobiotic compounds with broad substrate specificity.



As highlighted in Table 3, the qualitative human oral absorption of the DNA gyrase subunit A N-terminal domain and the E. coli DNA gyrase–DNA binding and cleavage domain in State 1 receptor complex with 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol was of preference in different oral absorption routes when compared with the DNA gyrase subunit A N-terminal domain and E. coli DNA gyrase–DNA binding and cleavage domain in State 1 receptor complex with cephalexin and levofloxacin. Aside from that, based on a quantitative multiple linear regression model, the predicted human oral absorption displayed a very high percentage when compared against that of the control ligands (Table 3).



The medicinal chemistry and drug likeness outputs from our experiments with DNA gyrase subunit A N-terminal domain and E. coli DNA gyrase–DNA binding and cleavage domain in State 1 receptor complex with 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol produced excellent results when compared with those of cephalexin and levofloxacin (Table 4).



The docking analysis approach already revealed several suitable drug molecules for the target of interest [28,29,30]. This was also the case after undertaking a similar approach with the DNA gyrase subunit A N-terminal domain and the E. coli DNA gyrase–DNA binding and cleavage domain in State 1 receptor complex with 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol, producing a competitive docking score (−4.115 kcal/mol). At the same time, the docking scores for cephalexin and levofloxacin were −6.13 kcal/mol and −4.658 kcal/mol, respectively (Table 5). This same inhibitory effect was demonstrated with the highest level of glide ligand efficiency, and it is indicative of a more suitable binding target of interest against the control ligands.



Furthermore, based on specific interactions, the ARD98 in the DNA gyrase subunit A N-terminal domain receptor was involved in hydrogen bonding with the atoms showing no π-π interaction or salt bridge formed with 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol, whereas GLY120, ARG98, SER118, and THR230 were involved in hydrogen bonding in the DNA gyrase subunit A N-terminal domain receptor with atoms in cephalexin and levofloxacin. Cephalexin had ARG98 at the salt bridge on interaction, whereas levofloxacin had no atoms at the salt bridge interaction. Moreover, GLU381 at the salt bridge interacted with levofloxacin but had no interaction at the salt bridge of cephalexin. On the other hand, VAL420 and GLU381 were involved in E. coli DNA gyrase–DNA binding and cleavage domain in State 1 receptor hydrogen bonding with the atoms in cephalexin and levofloxacin, whereas ALA421 and VAL420 were involved in the hydrogen bonding with atoms with no π–π interaction or salt bridge formed in 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol, as shown in Table 5. This is an indication of good measurable binding affinities for receptor residues with ligand contribution to the flexibility of the target.



The molecular analysis undertaken on the 3D and 2D structures of the complexes formed by the top three compounds (i.e., 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol acetate, cephalexin, and levofloxacin) with the target proteins revealed that the ligand of interest can occupy the active site of the enzyme (Figure 2, Figure 3 and Figure 4).



The three compounds, like the standard ligands, interacted with the DNA gyrase subunit A N-terminal domain at the active site amino acid residues SER118, THR230, and ARG98, respectively, and they also interacted with the E. coli DNA gyrase–DNA binding and cleavage domain in State 1 at the active site amino acid residues ALA421, VAL420, and HIS471, respectively (Figure 5, Figure 6 and Figure 7).



The dynamic behavior of the protein residues was further studied by examining the RMSF pattern and by calculating the mean fluctuations of the Apo protein in complex with the standard drugs and the studied molecules (Table 6). In agreement with the RMSD results, the fluctuation patterns of the complex-forming molecules were relatively the same as that of the Apo protein. The highest mean fluctuation was observed when the Apo protein was complexed with levofloxacin (1.57 Å), followed by 1KIJ–529885 (1.35 Å). The Apo protein had the smallest mean fluctuation of 1.29 Å, followed by 1KIJ–27447 (1.33 Å). For the Apo protein, there were five amino acid residues: GLU84 (2.45 Å), GLY100 (2.65 Å), ARG161 (2.10 Å), GLU305 (2.64 Å), and GLN335 (2.49 Å). The residue positions and the distance of the fluctuation between the complexes include: (i) GLU84 (2.27 Å), SER99 (307 Å), LYS306 (3.53 Å), and GN335 (3.02 Å) in the case of the 1KIJ–levofloxacin complex, (ii) GLN105 (2.53 Å). ARG161 (211 Å), HIS2110 (2.24 Å), LYS306 (2.53 Å), and GLN335 (3.17 Å) in the case of the 1KIJ–27447 complex, and (iii) GLU84 (2.96 Å), GLY101 (3.14 Å), GLN105 (2.69 Å), LYS306 (2.96 Å), and GLN335 (2.63 Å) in the case of the 1KIJ–529885 complex. Only fluctuations above 2 Å were herein reported, except for the C and N-terminal residues.




3. Discussion


Despite the important role of bacteria in the environment in which we live, bacterial infections exert a large impact on public health across the globe [31]. Although bacterial infections are considered to be easier to treat than viral infections, the resistance of the bacteria to several antimicrobial agents is becoming a growing concern with potentially devastating consequences [31]. To date, attention is mainly directed toward the development of small molecules for the targeting of bacterial infections; however, the current clinical pipeline is insufficient in tackling the sporadic emergence and spread of antimicrobial resistance [32]. Therefore, we herein employed computational screening methods in order to assess the therapeutic potential of secondary metabolites deriving from Monodora myristica-extracted oil as antimicrobial agents [12]. The undertaken computational analysis revealed that 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol can display a better binding affinity when compared with approved antimicrobial agents, and it is characterized by a competitive docking score and glide ligand efficiency against levofloxacin (as shown in Table 6). The inhibitory potential of the protein–ligand complex was revealed by the docking score (Table 6) [33]. It is known that ligands are predicted to have a hydrogen bond donor score ≤5 and a hydrogen bond acceptor score ≤10 with successful processed molecular structures on a predicted central nervous system activity of +2. Therefore, the ligand of interest showed a successfully processed molecule on a predicted central nervous system activity of +1. An attempt to change any of the single molecular properties of the aforementioned could result in absorption and bioavailability [34]. However, the main test ligand (1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol) exhibited the most desirable pharmacological potential, with the parameters fitting within the ROF cut-off range and not violating the rule.



Furthermore, the ligand 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol exhibited a good metabolic profile with the Pgp substrate, and thereby, it showed no inhibitory effects on the enzyme’s activity when compared with those of standard antimicrobial agents cephalexin and levofloxacin (Table 2). Moreover, the blood–brain barrier’s (BBB) permeant inhibitory property of the target ligand 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol was increased, whereas it was not inhibited in the case of cephalexin. The potentiality of any drug candidate is traceable to oral bioavailability with a uniqueness in its functions, and it would enable the drug to pass through a cellular membrane. Otherwise, the drug could easily be trapped within these barriers, thereby posing a serious health challenge. Among these functions are desolvation, diffusion, resolvation, and physicochemical properties such as lipophilicity [35]. The context of the absorption, distribution, and excretion of drugs provides several ways to identify pharmacokinetic models, such as human intestinal absorption, aqueous solubility (absorption), p-glycoprotein inhibition (distribution), and renal organic cationic transporters inhibition (excretion). Therefore, it is important to identify the aforementioned pharmacokinetic parameters, as they provide additional knowledge for drug acceptability or rejection in any drug development process [36]. The hit molecule exhibited its permeability effect in the human intestinal membrane and the BBB.



Furthermore, in an attempt to validate the pharmacological potential of the hit compound, the native ligand 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol was docked with the drug targets, and the intermolecular interactions with most of the crucial amino acid residues were revealed (Table 6); thereby, it suggests an interaction of the amino acids with the ligand at the binding site, which could infer that the selected hit served as an antimicrobial agent.



Moreover, MD simulation studies were performed for 100 ns to analyze the atomic level changes in DNA gyrase with respect to the timescale. In order to gain insight into the effect of the selected compounds as efficient inhibitors of DNA gyrase, their stability in the protein’s active site was investigated by using Schrödinger version 2022-1 to conduct the MD simulation on the native protein and in complex with the compounds. MD properties including the root mean square deviation (RMSD), the root mean square fluctuation (RMSF), the radius of gyration (rGyr), and the solvent-accessibility surface area (SASA) were analyzed.



Furthermore, the Analysis of the best-predicted docking pose interaction as shown in (Figure 8) and (Figure 9) revealed E. coli DNA gyrase–DNA binding domain with 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol complexed with 1KIJ–cephalexin, as superimposed with the standard. Also, the RMSD and the RMSF were plotted in order to examine the stability (Figure 10A) and the flexibility (Figure 10B) of the Apo protein compared with its interaction with inhibitory molecules. The rGyr and the SASA were plotted in order to analyze the compactness (Figure 10C) and to compute the secondary structure of the complexes (Figure 10D).



The structural stability of the protein alone and in complex with the molecules was interpreted by the deviation of the plot and the mean ± SEM (Table 6). The deviation patterns of the each of these complexes and of the Apo protein were relatively the same throughout the simulation time of 100 ns. The RMSD alteration was observed in all of the RMSD patterns at 30–60 ns, after which they all attained an equilibrium until the end of the simulation period. By comparing the mean ± SEM of the plots, the 1KIJ–529885 complex exhibited the lowest RMSD value (2.87 Å), whereas the 1KIJ–27447 complex (3.89 Å) appeared to be higher when compared to the Apo protein (3.16 Å) and the 1KIJ–levofloxacin complex (3.38 Å). The differences in mean deviation explain the impact of the interaction of the molecules in the binding pocket of the receptor, and thus, provide a basis for further investigation.



Subsequently, the rGyr for the complexes were analyzed in order to deduce their changes in compactness over the 100-ns simulation period (Figure 10C and Table 5). This plot shows that the 1KIJ–529885 complex had the smallest rGyr mean value of 2.13 Å, and it was stable from the onset and throughout the 100-ns simulation period. The 1KIJ–27447 complex exhibited a mean rGyr value of 3.85 Å, and its pattern fluctuation was observed at the beginning of the simulation time until 30 ns, after which there were no observable changes. The 1KIJ–levofloxacin complex had the highest mean rGyr of 3.97 Å; however, a noticeable drop in its pattern was observed at 60 ns, but the pattern was stable until 90 ns, after which it returned to its original position until the end of the simulation. Taken together, the two molecules displayed a slight pattern of deviation and fluctuation when compared to the Apo protein and the standard complex. Furthermore, these complexes showed even greater compactness than that exhibited by the standard (levofloxacin). All of these results demonstrate that the studied molecules formed highly stable complexes with DNA gyrase.



In addition, the SASA examined the interaction between the protein surface and surrounding solvent molecules. The interactions during the protein folding may be crucial to its stability and rearrangement with respect to its structure. As such, the SASA values of the complexes with respect to the standard were computed (Figure 10D and Table 5). The standard complex had a mean SASA value of 72.78 Å, whereas both the 1KIJ–27447 and the 1KIJ–529885 had higher mean SASA values of 127.30 Å and 150.99 Å, respectively. The observed SASA fluctuation is associated with the rearrangement of the amino acid residues from either the accessible region or the buried region. This may contribute to alterations in the protein–ligand overall structure.




4. Materials and Methods


The computational tools used for this study were part of the Schrödinger Platform (version 2020-3 for Windows 10).



4.1. Preparation of Ligands


A library of ten small molecular weight compounds was used in this in silico study, which was based on the bioactive compounds we previously identified and isolated from the oil of Monodora myristica [12]. The preparation of the ligands was carried out by using the Ligprep module of Maestro 20.3 with an OPLS3 force field at pH 7.0 ± 2.0 [37]. The “desalt” and “generate tautomers” options were selected, and the stereoisomer computation was left to generate at most 32 binding sites per ligand. The output format was left as that of Maestro’s defaults.




4.2. Preparation of Proteins


The proteins of interest (Protein Data Bank IDs: 3ILW, 1KIJ, and 6RKU) were retrieved from the Research Collaboratory for Structural Bioinformatics database (http://www.rcsb.org/pdb accessed on 2 November 2022) and were uploaded to the workspace of Maestro 20.3. The proteins were prepared via the protein preparation wizard of the Schrödinger platform. During the pre-processing of the proteins, bond orders were assigned, water molecules were deleted within 2.8 Å from het groups, and het states were set at pH 7.0 ± 2.0 [38]. Subsequently, hydrogen bonds were added, and ions were removed. In the “Refine” tab, the H-bond network was optimized by using PROPKA, and water molecules with less than three H-bonds to non-water molecules were removed [39]. Energy minimization was carried out by using the OPLS3 force field with an RMSD at 0.30 Å.




4.3. Receptor Grid Generation


The grid file receptor was generated by using the receptor grid generation panel that represents the active sites of the receptor for the simulation of glide ligand docking. The ligand-binding site was defined by the co-crystalized ligand within the workspace or the sitemap, a module of the Schrödinger platform. The van der Waals radii of the receptor atoms with partial atomic charge were set at a scaling factor of 1.0, and a partial cut-off of 0.25 was applied in order to soften the potential for the nonpolar parts of the receptor.




4.4. Molecular Docking Analysis


The compounds prepared from PubChem were docked into the active sites of the protein by using extra precision with the ligand sampling set as “non-refined”. Prior to the docking of the prepared compounds with said protein, the co-crystallized ligand was docked into the active site of the protein to predict binding affinity and molecular interaction.




4.5. Predictions of ADME Properties and Toxicological Potential


The Absorption, Distribution, Metabolism, Excretion (ADME), the toxicity of the compounds, and the molecular properties of the lead compounds were predicted by using the Qikprop, the Maestro 20.3, and the AdmetSAR 2.0 web-based tools, respectively [40].




4.6. Binding Free Energy Calculation


The free energy binding of the protein-ligand complexes was accessed in order to determine the stability of these complexes via the Prime MM-GBSA program (Schrödinger suite Maestro 20.3). The Prime MM-GBSA panel was used in order to calculate the binding free energy for the ligands’ protein complexes by using the MM-GBSA technology available with Prime [41,42]. The OPLS3 force field was selected, and VSGB was used as the continuum solvent model. All other options were set as default.




4.7. MD Simulations and Trajectory Analysis


The MD simulation for the native protein (1KIJ) and the three complexes (1KIJ–levofloxacin, 1KIJ–27447, and 1KIJ–529885) was carried by using Schrödinger 2022 version 1 with Maestro version 13.1.137, MM share version 5.7.137, and Windows-x64 Platform. The system setup and the MD preparation and trajectory analysis methods were similar to those of a previous method of ours, with slight modification [28,29]. Briefly, the docked complexes were individually subjected to MD by using the Desmond module of the Schrödinger software with an OPLS 2005 force field. The protein–ligand complex was bounded with a predefined transferable intermolecular potential with a 3-point water model in an orthorhombic box. The volume of the box was minimized, and the overall charge of the system was neutralized by adding sodium and chloride ions to mimic physiological conditions. The temperature and the pressure were kept constant at 310 Kelvin and 1.01325 bar, respectively, by using a Nose-Hoover thermostat and a Martyna-Tobias-Klein barostat made from United State. The simulation relaxation was undertaken by using an NPT ensemble after considering the number of atoms, the pressure, and the timescale. During the MD simulation, the long-range electrostatic interactions were calculated by using the particle mesh Ewald method. In addition, the MD simulation was carried out for 100 ns, and the trajectory sampling was set at an interval of 100 ps with 1000 frame numbers. Simulation outputs were analyzed and visualized by a simulation interaction diagram and an MS-MD trajectory analysis. The MD analysis was done in replicate to avoid variation. Data were plotted by using OriginPro version 9.





5. Conclusions


The resistance of bacteria to several antimicrobial agents has become an issue of major concern with potentially devastating consequences if not approached seriously. The herein identified hit candidate displayed satisfactory pharmacokinetic properties, exhibited interesting binding affinities, and did not violate Lipinski’s ROF; thereby, the results indicate a safe treatment option for bacterial infections. Moreover, our computational analyses provide the theoretical inhibitory activities of the identified molecules against DNA gyrase.







Author Contributions


Methodology, A.O.F., J.K. and D.S.; software, N.R.S.S.; validation, E.A. and M.T.; investigation, B.L. and B.O.A.; data curation, O.B.; writing—original draft, S.A.O.; visualization, O.A.O.; supervision, B.E.O. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Ministry of Education, Culture, Research and Technology of the Republic of Indonesia via a PDUPT Research Grant for 2021–2022.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We appreciate the support of senior colleagues at the Biomedical Sciences Department of China Medical University, Taiwan, ROC.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nagel, T.E.; Chan, B.K.; De Vos, D.; El-Shibiny, A.; Kang’ethe, E.K.; Makumi, A.; Pirnay, J.-P. The developing world urgently needs phages to combat pathogenic bacteria. Front. Microbiol. 2016, 7, 882. [Google Scholar] [CrossRef] [PubMed]

	



De Kraker, M.E.; Stewardson, A.J.; Harbarth, S. Will 10 million people die a year due to antimicrobial resistance by 2050? PLoS Med. 2016, 13, e1002184. [Google Scholar] [CrossRef] [PubMed]

	



Fàbrega, A.; Madurga, S.; Giralt, E.; Vila, J. Mechanism of action of and resistance to quinolones. Microb. Biotechnol. 2009, 2, 40–61. [Google Scholar] [CrossRef] [PubMed]

	



Drlica, K.; Zhao, X. DNA gyrase, topoisomerase IV, and the 4-quinolones. Microbiol. Mol. Biol. Rev. 1997, 61, 377–392. [Google Scholar]

	



Freel Meyers, C.L.; Oberthür, M.; Heide, L.; Kahne, D.; Walsh, C.T. Assembly of dimeric variants of coumermycins by tandem action of the four biosynthetic enzymes CouL, CouM, CouP, and NovN. Biochemistry 2004, 43, 15022–15036. [Google Scholar] [CrossRef] [PubMed]

	



Maxwell, A. DNA gyrase as a drug target. Biochem. Soc. Trans. 1999, 27, 48–53. [Google Scholar] [CrossRef]

	



Cabral, J.H.M.; Jackson, A.P.; Smith, C.V.; Shikotra, N.; Maxwell, A.; Liddington, R.C. Crystal structure of the breakage–reunion domain of DNA gyrase. Nature 1997, 388, 903–906. [Google Scholar] [CrossRef]

	



Payne, D.J.; Gwynn, M.N.; Holmes, D.J.; Pompliano, D.L. Drugs for bad bugs: Confronting the challenges of antibacterial discovery. Nat. Rev. Drug Discov. 2007, 6, 29–40. [Google Scholar] [CrossRef]

	



Bax, B.D.; Chan, P.F.; Eggleston, D.S.; Fosberry, A.; Gentry, D.R.; Gorrec, F.; Giordano, I.; Hann, M.M.; Hennessy, A.; Hibbs, M.; et al. Type IIA topoisomerase inhibition by a new class of antibacterial agents. Nature 2010, 466, 935–940. [Google Scholar] [CrossRef]

	



Black, M.T.; Stachyra, T.; Platel, D.; Girard, A.-M.; Claudon, M.; Bruneau, J.-M.; Miossec, C. Mechanism of action of the antibiotic NXL101, a novel nonfluoroquinolone inhibitor of bacterial type II topoisomerases. Antimicrob. Agents Chemother. 2008, 52, 3339–3349. [Google Scholar] [CrossRef]

	



Benowitz, A.B.; Hoover, J.L.; Payne, D.J. Antibacterial drug discovery in the age of resistance new technologies and partnerships are helping to meet the challenges of antibacterial R&D. Microbe 2010, 5, 390. [Google Scholar]

	



Adewole, E.; Ajiboye, B.; Idris, O.; Ojo, O.; Onikan, A.; Ogunmodede, O.; Adewumi, D. Phytochemical, antimicrobial and Gc-Ms of African nutmeg (Monodora Myristica). Phytochem. Antimicrob. Gc-Ms Afr. Nutmeg. 2013, 2, 1–8. [Google Scholar]

	



Christophersen, C.; Larsen, C. Traditional Medicine: A Potential Resource: Exploitation of Natural Products; HC Ørsted Institute: Copenhagen, Denmark, 1991. [Google Scholar]

	



Malaria, R.B. World Malaria Report 2005; World Health Organization: Geneva, Switzerland; UNICEF: New York, NY, USA, 2005. [Google Scholar]

	



Akerele, O. Medicinal plants and primary health care: An agenda for action. Fitoterapia 1988, 59, 355–363. [Google Scholar]

	



Burubai, W.; Akor, A.; Igoni, A.; Puyate, Y. Some physical properties of African nutmeg [Monodora myristica]. Int. Agrophys. 2007, 21, 2. [Google Scholar]

	



Okafor, J. Development of forest tree crops for food supplies in Nigeria. Forest Ecol. Manag. 1976, 1, 235–247. [Google Scholar] [CrossRef]

	



Iwu, M.M. African Medicinal Plants; CRC Press: Boca Raton, FL, USA, 1993. [Google Scholar]

	



Juergens, U.R.; Dethlefsen, U.; Steinkamp, G.; Gillissen, A.; Repges, R.; Vetter, H. Anti-inflammatory activity of 1.8-cineol (eucalyptol) in bronchial asthma: A double-blind placebo-controlled trial. Respir. Med. 2003, 97, 250–256. [Google Scholar] [CrossRef]

	



Juergens, U.R.; Stöber, M.; Vetter, H. Inhibition of cytokine production and arachidonic acid metabolism by eucalyptol (1.8-cineole) in human blood monocytes in vitro. Eur. J. Med. Res. 1998, 3, 508–510. [Google Scholar]

	



Alcoba, G.; Ochoa, C.; Babo Martins, S.; Ruiz de Castañeda, R.; Bolon, I.; Wanda, F.; Comte, E.; Subedi, M.; Shah, B.; Ghimire, A.; et al. Novel transdisciplinary methodology for cross-sectional analysis of snakebite epidemiology at national scale. PLoS Negl. Trop Dis. 2021, 15, e0009023. [Google Scholar] [CrossRef]

	



Bakare, O.O.; Fadaka, A.O.; Akanbi, M.O.; Akinyede, K.A.; Klein, A.; Keyster, M. Evaluation of selected carotenoids of Lycopersicon esculentum variants as therapeutic targets for ‘Alzheimer’s disease: An in silico approach. BMC Mol. Cell. Biol. 2021, 22, 49. [Google Scholar] [CrossRef]

	



Fadaka, A.O.; Aruleba, R.T.; Sibuyi, N.R.S.; Klein, A.; Madiehe, A.M.; Meyer, M. Inhibitory potential of repurposed drugs against the SARS-CoV-2 main protease: A computational-aided approach. J. Biomol. Struct. Dyn. 2022, 40, 3416–3427. [Google Scholar] [CrossRef]

	



Fadaka, A.O.; Taiwo, O.A.; Dosumu, O.A.; Owolabi, O.P.; Ojo, A.B.; Sibuyi, N.R.S.; Ullah, S.; Klein, A.; Madiehe, A.M.; Meyer, M.; et al. Computational prediction of potential drug-like compounds from Cannabis sativa leaf extracts targeted towards Alzheimer therapy. J. Mol. Liq. 2022, 360, 119393. [Google Scholar] [CrossRef]

	



Fadaka, A.O.; Sibuyi, N.R.S.; Madiehe, A.M.; Meyer, M. Computational insight of dexamethasone against potential targets of SARS-CoV-2. J. Biomol. Struct. Dyn. 2022, 40, 875–885. [Google Scholar] [CrossRef] [PubMed]

	



Ojo, O.A.; Aruleba, R.T.; Adekiya, T.A.; Sibuyi, N.R.S.; Ojo, A.B.; Ajiboye, B.O.; Oyinloye, B.E.; Adeola, H.A.; Fadaka, A.O. Deciphering the interaction of puerarin with cancer macromolecules: An in silico investigation. J. Biomol. Struct. Dyn. 2022, 40, 848–859. [Google Scholar] [CrossRef] [PubMed]

	



Fadaka, A.O.; Sibuyi, N.R.S.; Martin, D.R.; Klein, A.; Madiehe, A.; Meyer, M. Development of effective therapeutic molecule from natural sources against coronavirus protease. Int. J. Mol. Sci. 2021, 22, 9431. [Google Scholar] [CrossRef]

	



Oselusi, S.O.; Fadaka, A.O.; Wyckoff, G.J.; Egieyeh, S.A. Computational target-based screening of anti-MRSA natural products reveals potential multitarget mechanisms of action through peptidoglycan synthesis proteins. ACS Omega 2022, 7, 37896–37906. [Google Scholar] [CrossRef] [PubMed]

	



Adekiya, T.A.; Aruleba, R.T.; Klein, A.; Fadaka, A.O. In silico inhibition of SGTP4 as a therapeutic target for the treatment of schistosomiasis. J. Biomol. Struct. Dyn. 2022, 40, 3697–3705. [Google Scholar] [CrossRef] [PubMed]

	



Astolfi, A.; Felicetti, T.; Iraci, N.; Manfroni, G.; Massari, S.; Pietrella, D.; Tabarrini, O.; Kaatz, G.W.; Barreca, M.L.; Sabatini, S.; et al. Pharmacophore-based repositioning of approved drugs as novel Staphylococcus aureus NorA efflux pump inhibitors. J. Med. Chem. 2017, 60, 1598–1604. [Google Scholar] [CrossRef]

	



Simoben, C.V.; Robaa, D.; Chakrabarti, A.; Schmidtkunz, K.; Marek, M.; Lancelot, J.; Kannan, S.; Melesina, J.; Shaik, T.B.; Pierce, R.J.; et al. A novel class of Schistosoma mansoni histone deacetylase 8 (HDAC8) inhibitors identified by structure-based virtual screening and in vitro testing. Molecules 2018, 23, 566. [Google Scholar] [CrossRef]

	



Olsson, M.H.; Søndergaard, C.R.; Rostkowski, M.; Jensen, J.H. PROPKA3: Consistent treatment of internal and surface residues in empirical p K a predictions. J. Chem. Theor. Comput. 2011, 7, 525–537. [Google Scholar] [CrossRef]

	



Release, S. 2: QikProp; Schrödinger, LLC: New York, NY, USA, 2018. [Google Scholar]

	



Johnson, T.O.; Adegboyega, A.E.; Iwaloye, O.; Eseola, O.A.; Plass, W.; Afolabi, B.; Rotimi, D.; Ahmed, E.I.; Albrakati, A.; Batiha, G.E.; et al. Computational study of the therapeutic potentials of a new series of imidazole derivatives against SARS-CoV-2. J. Pharmacol. Sci. 2021, 147, 62–71. [Google Scholar] [CrossRef] [PubMed]

	



Roy, S.; Kumar, A.; Baig, M.H.; Masařík, M.; Provazník, I. Virtual screening, ADMET profiling, molecular docking and dynamics approaches to search for potent selective natural molecules based inhibitors against metallothionein-III to study Alzheimer’s disease. Methods 2015, 83, 105–110. [Google Scholar] [CrossRef]

	



Sharma, J.; Ramanathan, K.; Sethumadhavan, R. Identification of potential inhibitors against acetylcholinesterase associated with Alzheimer's diseases: A molecular docking approach. J. Comput. Methods Mol. Des. 2011, 1, 44–51. [Google Scholar]

	



Subhani, S.; Jayaraman, A.; Jamil, K. Homology modelling and molecular docking of MDR1 with chemotherapeutic agents in non-small cell lung cancer. Biomed. Pharmacother. 2015, 71, 37–45. [Google Scholar] [CrossRef] [PubMed]

	



Doron, S.; Gorbach, S. Bacterial infections: Overview. Int. Encyclopedia Public Health 2008, 273–282. [Google Scholar] [CrossRef]

	



WHO. 2019 Antibacterial Agents in Clinical Development: An Analysis of the Antibacterial Clinical Development Pipeline; WHO: Geneva, Switzerland, 2019. [Google Scholar]

	



Rampogu, S.; Son, M.; Baek, A.; Park, C.; Rana, R.M.; Zeb, A.; Parameswaran, S.; Lee, K.W. Targeting natural compounds against HER2 kinase domain as potential anticancer drugs applying pharmacophore based molecular modelling approaches. Comput. Biol. Chem. 2018, 74, 327–338. [Google Scholar] [CrossRef] [PubMed]

	



Lipinski, C. Poor aqueous solubility—An industry wide problem in drug discovery. Am. Pharm. Rev. 2002, 5, 82–85. [Google Scholar]

	



Malathi, K.; Anbarasu, A.; Ramaiah, S. Identification of potential inhibitors for Klebsiella pneumoniae carbapenemase-3: A molecular docking and dynamics study. J. Biomol. Struct. Dyn. 2019, 37, 4601–4613. [Google Scholar] [CrossRef]








[image: Molecules 28 01593 g001 550] 





Figure 1. Chemical structures of the identified active molecules (A,B) with cephalexin (C) and levofloxacin (D) as standards and novobiocin (E) as a co-crystalized ligand were shown in Figure 1 above. 
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Figure 2. 2D (left) and 3D (right) views of the molecular interactions at the surface of the active site of the DNA gyrase subunit A N-terminal domain binding with cephalexin (the green stick model). The negative, positive, and neutral charges of the binding site residues are represented with red, blue, and white colors, respectively. 
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Figure 3. 2D (left) and 3D (right) views of the molecular interactions at the surface of the active site of the DNA gyrase subunit A N-terminal domain binding with levofloxacin (the green stick model). The negative, positive, and neutral charges of the binding site residues are represented with red, blue, and white colors, respectively. 
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Figure 4. 2D (left) and 3D (right) views of the molecular interactions at the surface of the active site of DNA gyrase subunit A N-terminal domain binding with 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol (the green stick model). The negative, positive, and neutral charges of the binding site residues are represented with red, blue, and white colors, respectively. 






Figure 4. 2D (left) and 3D (right) views of the molecular interactions at the surface of the active site of DNA gyrase subunit A N-terminal domain binding with 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol (the green stick model). The negative, positive, and neutral charges of the binding site residues are represented with red, blue, and white colors, respectively.
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Figure 5. 2D (left) and 3D (right) views of the molecular interactions at the surface of the active site of the E. coli DNA gyrase–DNA binding and cleavage domain in State 1 after binding with cephalexin (the green stick model). The negative, positive, and neutral charges of the binding site residues are represented with red, blue, and white colors, respectively. 
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Figure 6. 2D (left) and 3D (right) views of the molecular interactions at the surface of the active site of E. coli DNA gyrase–DNA binding and cleavage domain in State 1 binding with levofloxacin (the green stick model). The negative, positive, and neutral charges of the binding site residues are represented with red, blue, and white colors, respectively. 
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Figure 7. 2D (left) and 3D (right) views of the molecular interactions at the surface of the active site of receptor E. coli DNA gyrase–DNA binding and cleavage domain in State 1 binding with 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol (the green stick model). The negative, positive, and neutral charges of the binding site residues are represented with red, blue, and white colors, respectively. 






Figure 7. 2D (left) and 3D (right) views of the molecular interactions at the surface of the active site of receptor E. coli DNA gyrase–DNA binding and cleavage domain in State 1 binding with 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol (the green stick model). The negative, positive, and neutral charges of the binding site residues are represented with red, blue, and white colors, respectively.
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Figure 8. Analysis of the best-predicted docking pose of 529885. (A) 3D representation of the 1KIJ–cephalexin complex. (B) 2D interaction diagram of the 1KIJ–cephalexin complex. (C) 3D representation of the 1KIJ–cephalexin complex, as superimposed with the standard levofloxacin (green backbone). (D) Hydrophobic surface representation of 1KIJ when complexed with cephalexin as shown in Figure 8. 
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Figure 9. Analysis of the best-predicted docking pose of 175002. (A) 3D representation of the 1KIJ–1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol complex. (B) 2D interaction diagram of the 1KIJ–1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol complex. (C) 3D representation of the 1KIJ–1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol complex as superimposed with standard levofloxacin (green backbone). (D) Hydrophobic surface representation of 1KIJ when complexed with 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol as shown in Figure 9. 
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Figure 10. MD analyses of Apo-1KIJ and 1KIJ complexed to levofloxacin, cephalexin, and 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol. (A) RMSD graphical illustration, (B) RMSF plot, (C) rGyr representation, and (D) SASA diagram. All MD simulations were performed by using Schrödinger version 2022_1. 
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Table 1. Physicochemical properties of the ligands docked with the target proteins.
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	PubChem ID
	MW
	CNS
	donorHB
	accptHB
	dip^2/V
	# Acid





	529885
	170.251
	+1
	1
	2.45
	0.009151
	0



	27447
	347.388
	−2
	3.25
	7.25
	0.080638
	1



	175002
	212.288
	+1
	1
	0.75
	0.012765
	0



	149096
	361.372
	0
	0
	0.75
	0.004096
	1



	Co-Lig
	612.632
	−2
	5.25
	13.15
	0.018557
	0







Abbreviations used: accptHB: acceptor hydrogen bond; CNS: central nervous system; dip^2/V: square of the dipole moment divided by molecular volume; donorHB: donor hydrogen bond; MW: molecular weight; # Acid: number of carboxylic acids; 529885: (1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-ol; 27447: cephalexin; 175002:1,3,3-trimethyl-2-oxabicyclo[2.2.2]octa-6-yl) acetate; 149096: levofloxacin.
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Table 2. Bio-absorbability output of test compounds.
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	PubChem ID
	HOA
	% HOA
	SAfluorine
	ROF
	ROT
	PSA





	529885
	3
	100
	0
	0
	0
	29.867



	27447
	2
	31.065
	0
	0
	1
	138.824



	175002
	3
	100
	0
	0
	0
	39.375



	149096
	2
	48.555
	27.993
	0
	1
	96.501







Abbreviations used: HOA, human oral absorption; PSA, polar surface area; ROF, rule of five; ROT, rule of three, SAfluorine: solvent-accessible surface area of fluorine atoms.
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Table 3. Comparative pharmacokinetics and toxicological analyses of studied molecules. Pharmacokinetics analyses were performed with SwissADME, and the toxicological analyses were performed with Pred-hERG and AdmetSAR servers.
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	PubChem
	GI Abs
	BBB-p
	Pgp-S
	CYP1A2-I
	CYP2C19-I
	CYP2C9-I
	CYP2D6-I
	CYP3A4-I
	AMP





	529885
	High
	Yes
	No
	No
	No
	No
	No
	No
	-



	27447
	High
	No
	Yes
	No
	No
	No
	No
	No
	-



	175002
	High
	Yes
	No
	No
	No
	No
	No
	No
	-



	149096
	High
	No
	Yes
	No
	No
	No
	No
	No
	-







Note: Pharmacokinetics analyses were performed with SwissADME, whereas the toxicological analyses were performed with the use of the Pred-hERG and AdmetSAR servers. Abbreviations used: AMP: Ames mutagenicity prediction; BBB-p, blood-brain barrier permeant; GI abs, gastrointestinal absorption; I, inhibitor; S, substrate; -, negative.













[image: Table] 





Table 4. Medicinal chemistry and drug likeness output of test compounds.
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	PubChem
	Lipinski

# Violations
	Ghose

# Violations
	Veber

# Violations
	Egan

# Violations
	Muegge

# Violations
	Bioavailability Score
	PAINS

# Alerts





	529885
	0
	0
	0
	0
	1
	0.55
	0



	27447
	0
	0
	0
	1
	0
	0.55
	0



	175002
	0
	0
	0
	0
	0
	0.55
	0



	149096
	0
	0
	0
	0
	0
	0.55
	0
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Table 5. Docking properties of the complexes in this study.
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Compd

	
Dock Score

	
MMGBSA

	
# H-Bond

	
Pi-Cat

	
Salt Bridges






	
3ILW

	
Co-Ligand

	
−5.666

	
−41.84

	
GLN277,TRP103,ARG98,PRO124

	
TRP103

	
0




	
27447

	
−6.13

	
−34.85

	
ARG98,TRP108,SER118,GLY 2(120),ASP120

	
0

	
ARG98




	
149096

	
−4.658

	
−50.28

	
THR230,LEU274,HIE 2(280)

	
0

	
0




	
529885

	
−4.115

	
−20.84

	
ARG98,SER104

	
0

	
0




	
175002

	
−2.586

	
−21.74

	
TRP103,ARG98

	
0

	
0




	
6RKU

	
Co-Ligand

	
−3.762

	
−44.57

	
ALA427

	
TYR478

	
0




	
27447

	
−5.141

	
−39.69

	
ALA421, VAL420

	
0

	
0




	
149096

	
−3.674

	
−34.92

	
GLU381

	
0

	
GLU381




	
529885

	
−4.777

	
−32.94

	
VAL420, ALA421,ALA427

	
0

	
0




	
175002

	
−3.655

	
−28.4

	
0

	
0

	
0




	
1KIJ

	
Co-Ligand

	
−7

	
−58.4

	
ASP80, ARG135

	

	
ARG135




	
27447

	
−5.52

	
−60.81

	
LYS102, LYS109, GLU49, ASN45

	
0

	
ASP48

ARG75




	
149096

	
−4.49

	
−51.88

	
ASP 72, GLY 76

	
LYS 109

ARG 75

	
0




	
529885

	
−5.97

	
−61.1

	
ASP48, LYS109

	
0

	
0




	
175002

	
−5.86

	
−15.63

	
LYS109

	
0

	
0








Abbreviations used: 1KIJ, crystal structure of the 43K ATPase domain of Thermus thermophilus gyrase B in complex with novobiocin; 3ILW: structure of DNA gyrase subunit A N-terminal domain; 6RKU: E. coli DNA gyrase.
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Table 6. MD simulation properties of the native protein and of the protein–ligand interactions.
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	Compound
	RMSD
	RMSF
	rGyr
	SASA





	27447
	3.89 ± 0.59
	1.33 ± 0.85
	3.85 ± 0.12
	127.30 ± 26.50



	529885
	2.87 ± 0.42
	1.35 ± 0.85
	2.13 ± 0.02
	150.99 ± 24.92



	Levofloxacin
	3.38 ± 0.44
	1.57 ± 0.98
	3.97 ± 0.05
	72.78 ± 22.01



	Apo-1KIJ
	3.16 ± 0.41
	1.29 ± 0.99
	-
	-







Note: Values are represented as mean ± SEM measured in Å.
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