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The disease-free existence of humans is constantly under attack by a variety of infections caused by a variety of organisms including bacteria. Notable among the bacteria is Staphylococcus aureus which is an etiological organism for infections including impetigo, folliculitis, and furuncles. The response of the human immune system against this disease is often neutralized by the production of a pigment called Staphyloxanthin (STX) via a series of reactions mediated by several enzymes. Among these enzymes, dehydrosqualene synthase, also known as CrtM, has emerged as a viable drug target due to its role in mediating the first step of the pathway. Consequently, this study employs molecular modeling approaches including molecular docking, quantum mechanical calculations, and molecular dynamics (MD) simulations among others to investigate the potential of napthyridine derivatives to serve as inhibitors of the CrtM. The results of the study revealed the high binding affinities of the compounds for the target as demonstrated by their docking scores, while further subjection to screening pipeline aimed at determining their fitness for development into drugs revealed just one compound namely 6-[[1-[(2-fluorophenyl) methyl]triazol-4-yl]methoxy]-4-oxo-1H-1,5-naphthyridine-3-carboxylic acid as the compound with good drug-like, pharmacokinetics, and toxicity properties profiles. A 100 ns-long MD simulation of the complexes formed after molecular docking revealed the stable interaction of the compound with the target. Ultimately, this study can be a promising outlet to discover a weapon to fight against clinically resistant bacteria, however, further experimental studies are suggested to carry out in the wet lab, pre-clinical, and clinical levels.
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1. Introduction

Of all the limited number of bacteria that cause diseases in humans, Staphylococcus aureus has risen to prominence due to its multi-pathogenic ability among many other reasons. Notably, S. aureus is a gram-positive bacterium that can cause a wide range of infections in humans. It is a significant pathogen, both in community settings and healthcare facilities, leading to morbidity and mortality in affected individuals (Tong et al., 2015). Staphylococcus aureus can be transmitted through direct contact with infected individuals or carriers. Additionally, it can spread via contaminated objects or surfaces, leading to person-to-person transmission in households and communities (Knox et al., 2015). In healthcare settings, the bacterium can spread among patients, healthcare workers, and visitors, contributing to hospital-acquired infections (Solberg, 2000). S. aureus infections can manifest in diverse clinical presentations. Common diseases caused by this bacterium include skin and soft tissue infections, such as impetigo, folliculitis, and furuncles (Knox et al., 2015). In some cases, S. aureus infections can cause pneumonia, osteomyelitis, endocarditis, and sepsis (Knox et al., 2015). The bacterium is also associated with non-gonococcal urethritis, a condition characterized by inflammation of the urethra, particularly in regions like Nigeria, where S. aureus has been identified as a possible major cause of this condition (Oboho, 1984).

Upon human infection, the innate immune system of humans responds accordingly, triggering responses that often culminate in the production of reactive oxygen species (ROS) by neutrophils and macrophages. However, S. aureus reacts and disables the ROS via the production of a golden carotenoid pigment known as Staphyloxanthin (STX), hence, rendering the bacterium resistant to innate immune clearance (Liu et al., 2005; Clauditz et al., 2006). Studies have reported the pivotal role of STX in infectivity, as bacteria lacking the pigment were vulnerable to neutrophil killing and unable to produce disease in mouse skin and systemic infection models (Liu et al., 2008). Consequently, STX biosynthesis inhibition has emerged as a viable means for preventing and treating S. aureus infections. Notably, the first step in STX biosynthesis is mediated by the enzyme dehydrosqualene synthase, also known as diapophytoene synthase or CrtM. This process includes the head-to-head condensation of two molecules of farnesyl diphosphate (FPP) to produce the C30 species presqualene diphosphate, which is then transformed into dehydrosqualene (Zhang et al., 2018). The inhibition of CrtM has been demonstrated to increase the susceptibility of S. aureus to neutrophil killing and immune clearance, hence, rendering its inhibition a rational approach to therapeutics discovery (Liu et al., 2008).

The combination of the infections caused by S. aureus is done via the use of antimicrobials such as penicillin and vancomycin, however, the bacterium has evolved resistance mechanisms against these drugs, hence, limiting their efficacy and clinical usage (McCallum et al., 2010). Notably, the resistant strains of S. aureus include the multi-drug resistant strain (Renz and Dräger, 2021), the methicillin-resistant strains (Lee et al., 2018), and trimethoprim-resistant strains (Foster, 2017). The mechanisms of drug resistance utilized by this bacterium include the alteration of the target site of antibiotics, reducing intracellular concentration of antibiotics through the action of efflux pumps, overexpression of proteins with low affinities for drugs such as methicillin, and the acquisition of resistance genes (Pantosti et al., 2007; Peacock and Paterson, 2015; Foster, 2017; Yılmaz and Aslantaş, 2017). Consequently, newer classes of antimicrobials are still being searched against this bacterium. Napthyridine derivatives are a group of compounds that have garnered considerable attention due to their diverse and interesting biological activities. These derivatives demonstrate an array of pharmacological properties, including antimicrobial, antiviral, anticancer, anti-inflammatory, and analgesic activities, among many others (Madaan et al., 2015; Chukwuemeka et al., 2021; Olukunle et al., 2023). Exemplifying their antimicrobial property is a study in which they increased the susceptibility of multi-resistant bacterial strains to antibiotic treatment (Araújo-Neto et al., 2021). Hence, further exploration of their antimicrobial potential is still ongoing.

Historically, traditional drug discovery relied on empirical methods, including the use of traditional remedies and chance discoveries, such as aspirin derived from willow bark. Later, chemical libraries of synthetic and natural compounds were screened to identify potential therapeutic effects. However, this traditional approach had limitations, including increased costs due to the synthesis of numerous structural derivatives for each drug candidate (Gurung et al., 2021; Omoboyede et al., 2023a). The advent of computer-aided drug design (CADD) revolutionized drug discovery and development, introducing a new paradigm that utilizes computational techniques and algorithms to expedite the identification of potential drug candidates (Kumar, 2022; Omoboyede et al., 2023b). Using CADD techniques such as molecular docking, in silico pharmacokinetics properties evaluation, quantum mechanical (QM) calculations, and molecular dynamics simulation, this study aims to unravel newer classes of potential CrtM inhibitors that could be further explored in drug discovery odysseys.



2. Methods


2.1. Ligand identification and structure retrieval

Napthyridine derivatives were identified by searching the PubChem database1 with the keyword “Napthyridine.” The structures of the identified derivatives were then retrieved in structure data format (SDF) (Kim et al., 2019).



2.2. Target structure retrieval and preparation

The tertiary structure of CrtM was obtained by X-ray diffraction method and was retrieved from the Protein Databank (PDB)2 (Berman, 2000) in PDB format using the PDB ID: 2ZY1 (Song et al., 2009). The retrieved protein structure was subjected to preparatory procedures using the Dock prep module of the UCSF Chimera v1.10.2 software program (Pettersen et al., 2004). Notable procedures implemented during the preparatory steps included the deletion of heteroatoms, elimination of water molecules and the cognate ligand. Furthermore, charge ions and missing hydrogen atoms were added. Subsequently, the resulting structure was taken for energy minimization using an energy minimization algorithm of the Swiss-PdbViewer v.4.10 software program (Guex and Peitsch, 1997). The energy minimization was performed in vacuo with the GROMOS 43B1 parameter set and without field reaction. Noteworthy, the program automatically identifies missing side chains in protein residues and fixes them.



2.3. Molecular docking simulation

The affinity of the compounds and their interaction with the active site residues of CrtM was studied using molecular docking simulation using the VINA module in PyRx v 0.8 freeware (Trott and Olson, 2009). Prior to the molecular docking simulation, the active site residues of the protein were identified using the BIOVIA Discovery studio visualization, based on the space occupied by the co-crystalized ligand. Based on the position occupied by the identified active site residues, a grid box of size x = 18.6271077264 Å, y = 21.5963427287 Å, and z = 18.6762057027 Å, with a center dimension of x = 14.309490452, y = 54.634826077, and z = − 39.8837971487 were set to define the active site. An exhaustiveness of “8” was used during the docking simulation, and the complexes formed after docking were visualized using PyMOL v2.4.1 and LigPlot v2.2.4 for the 3D and 2D complexes, respectively (Wallace et al., 1995; DeLano, 2002). Ultimately, the docking protocol was validated by redocking the co-crystallized ligand against the protein and superimposing it on the undocked co-crystallized ligand to obtain the root mean square of deviation (RMSD).



2.4. Druglikeness and pharmacokinetics properties profiling

The druglikeness of the hit compounds obtained after molecular docking was assessed based on Lipinski’s rule of five (Ro5) (Lipinski et al., 1997/2001) using the SwissADME webserver (Daina et al., 2017).3 Subsequently, a comprehensive investigation of the absorption, distribution, metabolism, and excretion (ADME) properties of the drug-like compounds was conducted by employing the pkCSM webserver (Pires et al., 2015).4 Additionally, the toxicity potentials of the compounds were studied using the ProTox-II webserver (Banerjee et al., 2018).5



2.5. Quantum mechanical calculations

Quantum mechanical calculations were performed for the lead compounds identified in this study using the Molecular Orbital Package (MOPAC) software. Firstly, the structures of the compounds were subjected to protonation at pH 7.4, after which they were subjected to another pre-optimization procedure using the Merck Molecular Force Field 94 (MMF94) within the Avogadro v1.2.0 software program (Hanwell et al., 2012). Subsequently, the pre-optimized geometries of the compounds were used for the QM calculations using the PM7 semi-empirical Hamiltonian level (Dutra et al., 2013), with an implicit COSMO solvation model (Klamt and Schuurmann, 1993). Notably, geometric optimization of the structures at the semi-empirical theory level was accomplished through the utilization of the Broyden-Fletcher-Goldfarb-Shanno (BFGS) geometry optimizer. The Jmol software program (Hanson, 2010) was employed to visualize the charge distribution diagram of the frontier molecular orbitals (FMOs) and the molecular electrostatic potential (MEP) while various quantum chemical reactivity descriptors were calculated based on the energies of the highest occupied and lowest unoccupied molecular orbitals (EHOMO-LUMO).



2.6. Molecular dynamics simulation

The rigorous computer simulation method, Molecular Dynamics (MD) simulation, was employed to gain comprehensive insights into the stability of the complexes formed by the lead compound of this study and the control drug (Methicillin) with the target. The complexes were subjected to a rigorous 100 ns MD simulation using the Amber v2022 software with the ff14SB force field (Shahab et al., 2023). All the topology files and coordinate files were prepared using the tLEAP module. The Transferable intermolecular potential with 3 points (TIP3P) water model with a box dimension of 12.0 was used to adequately solvate each system. The counter-ions, such as sodium or chloride ions, were then delivered into the solvate box by the xleap in order to neutralize the systems. In addition, 1,000 steps of steepest descent minimization and 500 steps of conjugate gradient minimization were applied to the neutralized complexes Then, for the next 50 ps, each system was gradually heated to 300 K. A total of 100 ns of MD was run at constant pressure. The temperature was regulated by a Langevin thermostat (1 atm, 300 K) (Shahab et al., 2023). The Particle Mesh Ewald (PME) algorithm was used to calculate long-range interactions. For the covalent bonding, the SHAKE algorithm was employed (Shahab et al., 2023). Using the accelerated GPU pmemd, the whole MD for all the systems was completed. Cuda and the CPPTRAJ module of Amber 20 were used to evaluate the trajectories.




3. Results and discussion


3.1. Retrieved napthyridine derivatives

Sixty-five napthyridine derivatives were identified following a comprehensive search of the PubChem database and their structures were retrieved thereafter. Notably, these derivatives included 1, 5-Napthyridine, 1,6-Napthyridine, 1,7-Napthyridine, 1,7-Napthyridine, and 1,8-Napthyridine derivatives. Notably, the napthyridine derivatives are reputed for their array of pharmacological properties which include anticancer and much more important in this context, their antimicrobial properties, which included the sensitization of antimicrobial-resistant strains of S. aureus to existing drugs (Madaan et al., 2015; Araújo-Neto et al., 2021). The retrieved structures were prepared for molecular docking using the Open Babel incorporated into PyRx.



3.2. Retrieved target structure

The retrieved structure of the target from the PDB was elucidated using the X-ray diffraction method at an impressive resolution of 1.78 Å. The structure contained a single chain of 293 amino acid residues and was complexed with dipotassium (2-oxo-2-{[3-(3-phenoxyphenyl) propyl] aminoethyl) phosphonate. The retrieved structure was also subjected to a rigorous preparatory prior to molecular docking to ensure the protein was in the right conformational state. Figure 1 depicts the structure of the protein.

[image: Figure 1]

FIGURE 1
 The retrieved three-dimensional structure of CrtM with the PDB ID 2ZY1.




3.3. Molecular docking simulation

Molecular docking simulation was employed to study the interaction of the retrieved napthyridine derivatives with the active site amino acid residues of the target. As evident in Table 1, the docking scores of the compounds, which reveal their binding affinities for the target revealed many of the compounds were potent binders of the target. Compounds with the PubChem CID “136259988” and “44130717” were found to possess the highest affinity for the target with docking scores of −10.6 kcal/mol, while other compounds including “44130601” and “58628188” also had docking scores of −10.2 kcal/mol. Interestingly, the docking scores of the sixty-five compounds ranged from −4.1 kcal/mol to −10.6 kcal/mol, suggesting the compounds could potentially serve as potential inhibitors of the compounds. For subsequent downstream analyses, the compounds with the lowest five docking scores were selected. The selected exhibited docking scores ranging from −10.2 kcal/mol to −10.6 kcal/mol, while the standard drug (Methicillin) with the CID “6087”, employed as the control for the docking study had a docking score of −7.6 kcal/mol. It is worth noting that a lower docking score is indicative of a superior binding affinity.



TABLE 1 The docking scores of the napthyridine derivatives against CrtM including the standard drug (Methicillin).
[image: Table1]

The docking protocol was validated by the superimposition of the docked native ligand on the undocked native ligand, the RMSD value was calculated to be 0.056 Å, depicting the reliability of the docking protocol utilized in this study. Figure 2 depicts the superimposed docked and undocked native ligands.

[image: Figure 2]

FIGURE 2
 The superimposed X-ray crystallography pose and re-docked ligands. The X-ray crystallography and re-docked pose are colored cyan and blue, respectively.




3.4. Drug-likeness assessment

The hit compounds obtained from the molecular docking study were subjected to the Ro5 to evaluate their likelihood to serve as orally bioavailable drugs. This test takes into consideration the physicochemical properties of a compound including the molecular weight (MW), number of hydrogen bond donors (nHBD), number of hydrogen bond acceptors (nHBA), and octanol-to-water partition coefficient (MLogp), with compounds violating more than of the thresholds MW > 500 da, nHBD >5, nHBA >10, and MlogP >5 considered to be non-drug-like, and are potentially incapable of being absorbed into the bloodstream to reach their target site when taken orally. The results of this assessment are presented in Table 2. As evident in Table 2, all the compounds passed the Ro5 test, hence, rendering them fit as potential oral drugs. Notably, all the compounds passed with zero violations, except the compound with the CID “58628188”, which possessed a MW greater than 500 Da. These compounds were then subjected to further analyses.



TABLE 2 The druglikeness evaluation of the hit compounds and the standard drug (Clomipramine).
[image: Table2]



3.5. Molecular interaction profiling

The interactions of the hit compounds with CrtM were visualized to get insights into the interactions compounds with the amino acid residues at the active site of the protein. As depicted in Figure 2, the complex’s interaction was major via hydrophobic interactions, however, hydrogen bonds were formed between some complexes. The compound with the CID “136259988” interacted with the active site amino acid residues of CrtM via hydrophobic bonds with Phe22, Tyr41, Cys44, Arg45, Asp48, Asp49, Val111, Tyr129, Val133, Ala134, Val137, Gly138, Gly161, Leu164, Gln165, and Asn168. Conversely, the compound with the CID “44130717” interacted with Tyr41, Asn168, and Tyr248 via hydrogen bonds while it interacted with Ser19, Phe22, Phe26, Arg45, Val133, Val137, Leu141, Leu145, Ala157, Leu160, Leu164, Gln165, Phe233, and Ile241 (Figure 3).

[image: Figure 3]

FIGURE 3
 The 2D and 3D interaction profiles of the druglike hit compounds. (A) CrtM-136259988, (B) CrtM-44130717, (C) CrtM-44130601, (D) CrtM-58628188, (E) CrtM-44130716, (F) CrtM- Methicillin.


The compound with the CID “44130601” was found to exhibit the same interaction as that of CID “44130717,” but further interacted with Gly138 and Gly161. The compound with the CID “58628188” also maintained a similar interaction profile but interacted with Arg45 via hydrogen bonding as opposed to the hydrophobic interaction in the CrtM-44130601 complex, while also interacting with Ala134. The compound with the CID “44130716” and the standard drug (Methicillin) had very similar interactions. Specifically, both interacted with residues such as Phe22, Phe26, Tyr41, Val137, and Gly138 via hydrophobic interactions while the compound with the CID “44130716” interacted with Arg45, Tyr129 and Leu164 via hydrogen bonds, with Methicillin maintaining converse interactions with both Arg45 and Leu164. Also, Methicillin formed a hydrogen bond interaction with Asp48 and maintained hydrophobic interactions with Ala134, Gly138, Ala157, Leu160, Gly161, and Tyr248 while CID “44130716” further interacted with Val111, Asp114, Tyr129, and Val133 via hydrophobic interactions.

Interestingly, the interactions of the hit compounds of this study with the target were also found to be present in the interaction profile of hit compounds derived from other studies. Exemplifying this is the study of Hafidi et al. in which they reported that their hit compounds with residues including Asp48, Leu145, Ala157, Gln165, and Phe233, with the bulk of the interactions being hydrophobic (Hafidi et al., 2021). Similarly, kaur et al. also reported that a compound named “Squalestatin analog 2” also interacted with residues including Arg45, Arg48, Tyr129, and Asn168, while Squalestatin analog 15 further interacted with Tyr248 (Kaur et al., 2019). Furthermore, Selvaraj et al. reported similar results in their study (Selvaraj et al., 2020). The conservation of the interaction of hit compounds with these residues across several studies suggest their potential pivotal role in the inhibition of this protein. Therefore, the hit compounds of this study can be considered viable potential inhibitors of this target. The interactions between CrtM and the hit compounds as well as the standard drug are further presented in Table 3.



TABLE 3 Interactions of the hit compounds and the standard drug (Methicillin) with the CrtM target.
[image: Table3]



3.6. ADMET profiling of druglike hit compounds

The hit compounds that were evaluated to be druglike were further subjected to pharmacokinetics properties analysis and the results are presented in Table 4.



TABLE 4 The pharmacokinetics and toxicity profiles of the hit compounds.
[image: Table4]

Notably, ADMET properties are meticulously evaluated at the early stages of drug discovery to assess their fitness for the later stages of drug development, particularly clinical trials. The assessment of the fitness is based on several parameters including the HIA, which portrays the ability of the drug to be taken up by the cells lining the small intestine and then transported into the bloodstream for distribution to their target organ, and ultimately the intended protein target. Interestingly, all the compounds including the standard drug (Methicillin) were predicted to possess good absorption, with the compounds with the CIDs “136259988,” “44130717,” and “58628188” predicting highly absorbable with maximum and near-maximum scores. This suggests that the compounds will possess high oral bioavailability if consumed by humans. Conversely, only one of the hit compounds with the CID “136259988,” was predicted to be non-Caco-2 permeable while the standard drug (Methicilin) was also predicted to be a non-permeant of the Cac0-2 cells. The P-gp is an important protein in the metabolism of drugs and other xenobiotics as it plays a role in the extrusion of substances outside of the cell. Assessment of the potential of the hit compounds of this study to serve as substrates or inhibitors of the protein revealed only the compound with the CID “58628188” as a non-substrate of the P-gp. Based on the results of this study, the hit compounds except for the compound with the CID “136259988” will likely require a high concentration to have the desired efficacy due to the effect of the P-gp action on the pharmacokinetics of the compounds. Similarly, the compounds with the CIDs “136259988,” “44130717,” “58628188” were all inhibitors of P-gp I and II. Consequently, the co-administration of the compounds along with other drugs could have restricted clinical usage due to potential drug–drug interactions and toxicity. Furthermore, the metabolism profiles of the compounds were assessed, and the assessment revealed some of the compounds will not serve as the substrate of the investigated phase I enzymes. Specifically, the compounds with the CIDs “44130601” and “44130716” were predicted to be non-metabolizable by CYP2D6 and CYP3A4 while the methicillin was also predicted to be a non-substrate of the enzymes. Also, the compound with the CID “136259988” was predicted to be an inhibitor of all the CYP isoforms that were investigated in this study, while other compounds except CID “58628188” were predicted to be non-inhibitors of the CYP isoforms. Precisely, CID “58628188” inhibit CYP2C9, CYP3A4, and CYP1A2. Noteworthy, the phase I metabolizing enzymes play a pivotal role in the metabolism of drugs, a process which renders them fit for their eventual elimination from the body. The ability of some of the compounds to serve as substrate of some of the enzymes alter the efficacy of the compounds, however, the exact effect needs to be further probed experimentally. Also, the inhibition of the enzymes by some of the drugs can contribute to drug–drug interactions via the inhibition of drugs that are metabolized by this enzyme.

The toxicity potentials of the compounds were further investigated. All the compounds were predicted to belong to toxicity classes 4 and 5, and their predicted LD50 was of high concentration. However, of all the hit compounds, only the compound with the CID “44130717” was found to be non-carcinogenic, non-mutagenic, non-cytotoxic, and non-hepatotoxic. Other compounds were found to possess toxicity potentials belonging to either one or more of the four categories. Administration of a mutagenic or carcinogenic compound as a drug could lead to the induction of deleterious mutations that could result in cancer development or aid its progression. Also, a cytotoxic and hepatotoxic compound has the potential to inflict damage to organs that are responsible for homeostasis, further leading to the development of diseases that may aid the progression of the one intended to be ameliorated by the drug. Therefore, only the compound with the CID “44130717” was selected for further downstream analysis, and it was considered the lead compound of the study.



3.7. FMO analysis and global reactivity descriptors calculation

The energies of the Frontier Molecular Orbitals (FMOs), specifically the Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO) of the lead compounds, were determined based on the results obtained The energy values of the HOMO and LUMO for the drug-like hit compounds, as well as the standard drug (methicillin), are presented in Table 5. To gain further insights into the reactivity of the compounds, additional analysis was conducted by estimating various reactivity parameters. These parameters include Electron Affinity, Chemical Hardness (η), Chemical Softness (ζ), Electronegativity (χ), Ionization Potential, Electronic Chemical Potential (μ), and Electrophilicity Index (ω). These reactivity parameters were determined based on Koopman’s theorem (Hanwell et al., 2012).
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TABLE 5 The computed values of the quantum mechanical properties of the hit compounds and the standard drug (Tucatinib).
[image: Table5]

The visualization of the HOMO, LUMO, and band energies gap for the lead compounds and the standard drug (methicillin) were visualized. The values of these parameters offer critical insights into the reactivity and stability of the compounds, with the HOMO representing the highest energy level of the molecular orbitals that contain electrons. It represents the orbital with the highest energy where electrons are present in a stable molecule. Conversely, the LUMO is the lowest energy level of the molecular orbitals that does not contain any electrons. It represents an empty orbital in a stable molecule. Notably, the HOMO energy value of the lead compound was found to be highly negative relative to that of the standard drug (Methicillin), indicating a higher reactivity of methicillin. Conversely, the lead compound will be more stable compared to methicillin. The result of the chemical hardness and chemical softness further validates this inference (Figure 4).

[image: Figure 4]

FIGURE 4
 The frontier molecular orbitals of (A) 44130717. (B) Methicillin.




3.8. Molecular dynamics study of the lead compound


3.8.1. Structural stability and residual flexibility analysis

The comparative analysis of the Root Mean Square Deviation (RMSD) between the control structure (2ZY1_Methicillin) and the retrieved hit structure (2ZY1_CID 44130717) was conducted through a 100 ns molecular dynamics simulation using AMBER 22. The RMSD analysis aimed to assess the structural stability and conformational changes of the hit compound in comparison to the control. The RMSD comparison graph depicted in Figure 5A indicates notable differences between the control and hit structures. The control structure (2ZY1_Methicillin) exhibited a relatively stable RMSD between 0 and 85 ns simulation and after exhibiting an initial RMSD value of 1.5 Å. In contrast, the hit structure (2ZY1_CID 44130717) displayed a higher RMSD, from 0 and 25 ns simulation indicating greater deviations, and after the 25 ns simulation indicating stable RMSD in atomic positions during the simulation.

[image: Figure 5]

FIGURE 5
 MD simulation trajectories analysis during the whole simulation period. (A) residual stability analysis of the 2ZY1_Methicillin (control) represented in Black, and 2ZY1_CID 44130717 hit represented in red colors. (B) residual flexibility analysis of the 2ZY1_Methicillin (control), and 2ZY1_CID 44130717 hit.


Moreover, The RMSF profiles of both the control and hit structures were calculated and examined. The resulting data were utilized to generate RMSF comparison graphs that illustrate the fluctuations of individual atoms across the protein sequences. Upon closer examination of the RMSF comparison graph depicted in Figure 5B, several distinct peaks are observed in both structures. These peaks denote regions of increased atom fluctuations, suggesting areas of higher flexibility or conformational variability within the protein structures. In the control structure (2ZY1_Methicillin), a prominent peak is evident in the alpha helix region, spanning residues 150 to 200. This peak indicates higher fluctuations in this region, potentially reflecting the natural flexibility of this portion of the protein. Conversely, in the hit structure (2ZY1_CID 44130717), two significant peaks are observed. The first peak occurs in region A (residues 50 to 100), indicating heightened fluctuations in this region. The second peak is evident in region B (residues 130 to 160), displaying increased fluctuations compared to the control structure.



3.8.2. Structural compactness and hydrogen bond analysis

To further explore the structural characteristics of the protein structures, the Radius of Gyration (RoG) analysis was conducted and the results are depicted in Figure 6A. The RoG analysis provides insights into the compactness and overall size of the protein. The RoG values were calculated for both the control and hit structures throughout the simulation, and the resulting data were utilized to generate RoG comparison graphs. The RoG analysis offers complementary information to the RMSD and RMSF analyses, providing insights into the overall compactness and size variations of the protein structures. The RoG analysis revealed that the control structure (2ZY1_Methicillin) exhibited a relatively stable at the start and unstable at the end with an average RoG value of 19.8 Å, indicating consistent compactness and size throughout the simulation. In contrast, the hit structure (2ZY1_CID 44130717) showed an average RoG value of 19.5 Å, suggesting greater fluctuations at the start and stability at the end in compactness due to potential conformational changes induced by the hit compound. To investigate the potential impact of the hit compound on the protein’s interactions, a Hydrogen Bond (H-bond) analysis was conducted. The presence of hydrogen bonds between the protein and ligand can provide insights into stabilizing interactions and potential binding modes. The hydrogen bond analysis was performed throughout the simulation, and the number of hydrogen bonds formed between the protein and the hit compound was monitored. As evident in Figure 6B, during the simulation, the control structure (2ZY1_Methicillin) exhibited an average of 1 hydrogen bond. In contrast, the hit structure (2ZY1_CID 44130717) formed an average of 4 hydrogen bonds.

[image: Figure 6]

FIGURE 6
 MD simulation trajectories analysis during the whole simulation period. (A) Structural compactness analysis of the 2ZY1_Methicillin (control), and 2ZY1_CID 44130717 hit. (B) Hydrogen bond analysis of the 2ZY1_Methicillin (control), and 2ZY1_CID 44130717 hit.





3.9. Binding free energy calculation

We conducted Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) analysis to evaluate the binding free energy and enhance our comprehension of protein-ligand interactions. The MM/GBSA computations were executed for the protein-ligand complexes that were sampled during the molecular dynamics simulations. The binding free energy (ΔG_bind) is expressed as the sum of various factors, including the energy from molecular mechanics (ΔG_MM), solvation energy (ΔG_GBSA), and entropy contribution (ΔS). Additionally, the standard deviation (SD) of the computed values is provided to indicate result reliability. The calculated ΔG_bind values indicate the overall binding affinity of the ligands to the protein. Negative ΔG_bind values suggest favorable binding, while positive values indicate unfavorable binding. In our study, 2ZY1_Methicillin (control), and 2ZY1_CID 44130717, displayed ΔG_bind values of-33.4996 ± 2.1221Kcal/mol, −46.057 ± 4.2763 kcal/mol, respectively, indicating strong binding affinities. Overall, the MM/GBSA analysis provided valuable insights into the binding free energy and the key molecular interactions between the protein and ligands. These findings enhance our understanding of the structure–activity relationships and guide future drug design efforts targeting the protein of interest.




4. Conclusion

In this study, we employed CADD techniques to probe the potentials of napthyridine derivates to serve as potential inhibitors of CrtM of S. aureus. Notably, of all the sixty-four compounds that were subjected to comprehensive molecular modeling techniques including molecular docking, Ro5 screening, pharmacokinetics properties prediction, quantum mechanical calculations, and molecular dynamics simulation. Only a compound named 6-[[1-[(2-fluorophenyl)methyl]triazol-4-yl]methoxy]-4-oxo-1H-1,5-naphthyridine-3-carboxylic acid was found to possess suitable drug-like potentials and void of any potential toxicity issues.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

MB: Investigation, Writing – original draft. MS: Investigation, Investigation, Writing – original draft. GZ: Software, Writing – review & editing. YB: Methodology, Writing – original draft. BS: Formal Analysis, Methodology, Writing – review & editing. LO: Investigation, Methodology, Writing – review & editing. FK: Investigation, Methodology, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The authors would like to extend their sincere appreciation to the Researchers Supporting Project, King Saud University, Riyadh, Saudi Arabia for funding this work through the project number (RSP2023R457).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The handling editor FH declared a shared affiliation with the author YB at the time of review.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes

1   https://pubchem.ncbi.nlm.nih.gov/

2   https://www.rcsb.org/

3   https://www.swissadme.ch.index.php/

4   https://biosig.lab.uq.edu.au/pkcsm/prediction

5   https://tox-new.charite.de/protox_II/



References

 Araújo-Neto, J. B., MMCD, S., CDM, O.-T., Begnini, I. M., Rebelo, R. A., LED, S., et al. (2021). Enhancement of antibiotic activity by 1,8-naphthyridine derivatives against multi-resistant bacterial strains. Molecules 26. doi: 10.3390/molecules26237400 

 Banerjee, P., Eckert, A. O., Schrey, A. K., and Preissner, R. (2018). ProTox-II: a webserver for the prediction of toxicity of chemicals. Nucleic Acids Res. 46, W257–W263. doi: 10.1093/NAR/GKY318 

 Berman, H. M. (2000). The Protein Data Bank. Nucleic Acids Res. 28, 235–242. doi: 10.1093/nar/28.1.235 

 Chukwuemeka, P. O., Umar, H. I., Iwaloye, O., Oretade, O. M., Olowosoke, C. B., Elabiyi, M. O., et al. (2021). Targeting P53-MDM2 interactions to identify small molecule inhibitors for cancer therapy: beyond failure to rescue. J. Biomol. Struct. Dyn., 1–19. doi: 10.1080/07391102.2021.1924267

 Clauditz, A., Resch, A., Wieland, K.-P., Peschel, A., and Götz, F. (2006). Staphyloxanthin plays a role in the fitness of Staphylococcus aureus and its ability to cope with oxidative stress. Infect. Immun. 74, 4950–4953. doi: 10.1128/IAI.00204-06 

 Daina, A., Michielin, O., and Zoete, V. (2017). SwissADME: a free web tool to evaluate pharmacokinetics, drug-likness and medicinal chemistry friendliness of small molecules. Sci. Rep. 7:42717. doi: 10.1038/srep42717

 DeLano, W. L. (2002). Pymol: an open-source molecular graphics tool. CCP4 Newsletter Protein Crystallography 40, 82–92.

 Dutra, J. D. L., Filho, M. A. M., Rocha, G. B., Freire, R. O., Simas, A. M., and Stewart, J. J. P. (2013). Sparkle/PM7 lanthanide parameters for the modelling of complexes and materials. J. Chem. Theory Comput. 9, 3333–3341. doi: 10.1021/ct301012h 

 Foster, T. J. (2017). Antibiotic resistance in Staphylococcus aureus. Current status and future prospects. FEMS Microbiol. Rev. 41, 430–449. doi: 10.1093/femsre/fux007 

 Guex, N., and Peitsch, M. C. (1997). SWISS-MODEL and the Swiss-Pdb viewer: an environment for comparative protein modeling. Electrophoresis 18, 2714–2723. doi: 10.1002/elps.1150181505

 Gurung, A. B., Ali, M. A., Lee, J., Farah, M. A., and Al-Anazi, K. M. (2021). An updated review of computer-aided drug design and its application to COVID-19. Biomed. Res. Int. 2021, 1–18. doi: 10.1155/2021/8853056 

 Hafidi, Z., Yakkou, L., Guouguaou, F.-E., Amghar, S., and Achouri, M. E. (2021). Aminoalcohol-based surfactants (N-(hydroxyalkyl)-N, N-dimethyl N-alkylammonium bromide): evaluation of antibacterial activity and molecular docking studies against dehydrosqualene synthase enzyme (CrtM). J. Dispers. Sci. Technol. 42, 514–525. doi: 10.1080/01932691.2019.1700134

 Hanson, R. M. (2010). Jmol – a paradigm shift in crystallographic visualization. J. Appl. Crystallogr. 43, 1250–1260. doi: 10.1107/S0021889810030256

 Hanwell, M. D., Curtis, D. E., Lonie, D. C., Vandermeersch, T., Zurek, E., and Hutchison, G. R. (2012). Avogadro: an advance semantic chemical editor, visualization, and analysis platform. J. Chem. 4:17. doi: 10.1186/1758-2946-4-17

 Kaur, T., Madgulkar, A., Bhalekar, M., and Asgaonkar, K. (2019). Molecular docking in formulation and development. Curr. Drug Discov. Technol. 16, 30–39. doi: 10.2174/1570163815666180219112421

 Kim, S., Chen, J., Cheng, T., Gindulyte, A., He, J., He, S., et al. (2019). PubChem 2019 update: improved access to chemical data. Nucleic Acids Res. 47, D1102–D1109. doi: 10.1093/nar/gky1033 

 Klamt, A., and Schuurmann, G. (1993). COSMO: a new approach to dielectric screening in solvents with explicit expressions for the screening energy and its gradient. J. Chem. Soc. Perkin Trans. 2, 799–805. doi: 10.1039/P29930000799

 Knox, J., Uhlemann, A.-C., and Lowy, F. D. (2015). Staphylococcus aureus infections: transmission within households and the community. Trends Microbiol. 23, 437–444. doi: 10.1016/j.tim.2015.03.007 

 Kumar, S. (2022). Role of computer-aided drug design in the discovery and development of new medicinal agents a review. J. Med. P’ceutical Allied Sci. 11, 4794–4801. doi: 10.55522/jmpas.V11I3.2300

 Lee, A. S., De Lencastre, H., Garau, J., Kluytmans, J., Malhotra-Kumar, S., Peschel, A., et al. (2018). Methicillin-resistant Staphylococcus aureus. Nat. Rev. Dis. Primers. 4:18033. doi: 10.1038/nrdp.2018.33

 Lipinski, C. A., Lombardo, F., Dominy, B. W., and Feeney, P. J. (1997/2001). Experimental and computational approaches to estimate solubility and permeability in drug discovery and development settings. Adv. Drug Deliv. Rev. 46, 3–26. doi: 10.1016/S0169-409X(00)00129-0

 Liu, G. Y., Essex, A., Buchanan, J. T., Datta, V., Hoffman, H. M., Bastian, J. F., et al. (2005). Staphylococcus aureus golden pigment impairs neutrophil killing and promotes virulence through its antioxidant activity. J. Exp. Med. 202, 209–215. doi: 10.1084/jem.20050846 

 Liu, C.-I., Liu, G. Y., Song, Y., Yin, F., Hensler, M. E., Jeng, W.-Y., et al. (2008). A cholesterol biosynthesis inhibitor blocks Staphylococcus aureus virulence. Science 319, 1391–1394. doi: 10.1126/science.1153018

 Madaan, A., Verma, R., Kumar, V., Singh, A. T., Jain, S. K., and Jaggi, M. (2015). 1,8-naphthyridine derivatives: a review of multiple biological activities: the multiple biological activities of 1,8-naphthyridine derivatives. Arch. Pharm. Chem. Life Sci. 348, 837–860. doi: 10.1002/ardp.201500237 

 McCallum, N., Berger-Bächi, B., and Senn, M. M. (2010). Regulation of antibiotic resistance in Staphylococcus aureus. Int. J. Med. Microbiol. 300, 118–129. doi: 10.1016/j.ijmm.2009.08.015

 Oboho, K. O. (1984). Problems of venereal disease in Nigeria. 2. Staphylococcus aureus as a possible cause of non-gonococcal urethritis. Fam. Pract. 1, 222–223. doi: 10.1093/fampra/1.4.222

 Olukunle, O. F., Olowosoke, C. B., Khalid, A., Oke, G. A., Omoboyede, V., Umar, H. I., et al. (2023). Identification of a 1, 8-naphthyridine-containing compound endowed with the inhibition of P53-MDM2/X interaction signaling: a computational perspective. Mol. Divers. doi: 10.1007/s11030-023-10637-3 

 Omoboyede, V., Ibrahim, O., Umar, H. I., Oke, G. A., Onile, O. S., and Chukwuemeka, P. O. (2023a). Computer-aided analysis of quercetin mechanism of overcoming docetaxel resistance in docetaxel-resistant prostate cancer. J. Genet. Eng. Biotechnol. 21:47. doi: 10.1186/s43141-023-00498-6 

 Omoboyede, V., Onile, O. S., Oyeyemi, B. F., Aruleba, R. T., Fadahunsi, A. I., Oke, G. A., et al. (2023b). Unravelling the anti-inflammatory mechanism of Allium cepa: an integration of network pharmacology and molecular docking approaches. Mol. Divers. 21, 1–12. doi: 10.1007/s11030-023-10614-w

 Pantosti, A., Sanchini, A., and Monaco, M. (2007). Mechanisms of antibiotic resistance in Staphylococcus aureus. Fut. Microbiol. 2, 323–334. doi: 10.2217/17460913.2.3.323 

 Peacock, S. J., and Paterson, G. K. (2015). Mechanisms of methicillin resistance in Staphylococcus aureus. Annu. Rev. Biochem. 84, 577–601. doi: 10.1146/annurev-biochem-060614-034516

 Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M., Meng, E. C., et al. (2004). UCSF chimera? A visualization system for exploratory research and analysis. J. Comput. Chem. 25, 1605–1612. doi: 10.1002/jcc.20084 

 Pires, D. E. V., Blundell, T. L., and Ascher, D. B. (2015). PkCSM: predicting small-molecule pharmacokinetic and toxicity properties using graph-based signatures. J. Med. Chem. 58, 4066–4072. doi: 10.1021/acs.jmedchem.5b00104 

 Renz, A., and Dräger, A. (2021). Curating and comparing 114 strain-specific genome-scale metabolic models of Staphylococcus aureus. npj Syst. Biol. Appl. 7:30. doi: 10.1038/s41540-021-00188-4 

 Selvaraj, A., Valliammai, A., Muthuramalingam, P., Priya, A., Suba, M., Ramesh, M., et al. (2020). Carvacrol targets SarA and CrtM of methicillin-resistant Staphylococcus aureus to mitigate biofilm formation and staphyloxanthin synthesis: an in vitro and in vivo approach. ACS Omega 5, 31100–31114. doi: 10.1021/acsomega.0c04252 

 Shahab, M., Akter, S., Sarkar, M. M. H., Banu, T. A., Goswami, B., Chowdhury, S. F., et al. (2023). Computational design of medicinal compounds to inhibit RBD-HACE2 interaction in the omicron variant: unveiling a vulnerable target site. Informat. Med. Unlocked 40:101281. doi: 10.1016/j.imu.2023.101281 

 Shahab, M., Danial, M., Duan, X., Khan, T., Liang, C., Gao, H., et al. (2023). Machine learning-based drug design for identification of thymidylate kinase inhibitors as a potential anti-Mycobacterium tuberculosis. J. Biomol. Struct. Dyn., 1–13. doi: 10.1080/07391102.2023.2216278

 Shahab, M., Liang, C., Duan, X., Zheng, G., and Wadood, A. (2023). In silico mutagenesis and modeling of decoy peptides targeting CIB1 ToObscure its role in triple-negative breast cancer progression. Curr. Pharm. Des. 29, 630–638. doi: 10.2174/1381612829666230327162852 

 Solberg, C. O. (2000). Spread of Staphylococcus aureus in hospitals: causes and prevention. Scand. J. Infect. Dis. 32, 587–595. doi: 10.1080/003655400459478

 Song, Y., Liu, C.-I., Lin, F.-Y., No, J. H., Hensler, M., Liu, Y.-L., et al. (2009). Inhibition of Staphyloxanthin virulence factor biosynthesis in Staphylococcus aureus: in vitro, in vivo, and crystallographic results. J. Med. Chem. 52, 3869–3880. doi: 10.1021/jm9001764 

 Tong, S. Y. C., Davis, J. S., Eichenberger, E., Holland, T. L., and Fowler, V. G. (2015). Staphylococcus aureus infections: epidemiology, pathophysiology, clinical manifestations, and management. Clin. Microbiol. Rev. 28, 603–661. doi: 10.1128/CMR.00134-14 

 Trott, O., and Olson, A. J. (2009). AutoDock Vina: improving the speed and accuracy of docking with a new scoring function, efficient optimization, and multithreading. J. Comput. Chem. 31, 455–461. doi: 10.1002/jcc.21334 

 Wallace, A. C., Laskowski, R. A., and Thornton, J. M. (1995). LIGPLOT: a program to generate schematic diagrams of protein-ligand interactions. Protein Eng. Des. Sel. 8, 127–134. doi: 10.1093/protein/8.2.127 

 Yılmaz, E. Ş., and Aslantaş, Ö. (2017). Antimicrobial resistance and underlying mechanisms in Staphylococcus aureus isolates. Asian Pac. J. Trop. Med. 10, 1059–1064. doi: 10.1016/j.apjtm.2017.10.003

 Zhang, J., Suo, Y., Zhang, D., Jin, F., Zhao, H., and Shi, C. (2018). Genetic and virulent difference between pigmented and non-pigmented Staphylococcus aureus. Front. Microbiol. 9:598. doi: 10.3389/fmicb.2018.00598 



OPS/images/fmicb-14-1279082-g005.jpg
Time (ns)

22Y1_Methicilin (Control) 221 CID 44130717

20 a0 60 80 100

1_Methicllin (Contro)  22Y1_CID 44130717

50 100 150 200 250
Residues Number





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Napthyridine-derived compounds as promising inhibitors for Staphylococcus aureus CrtM: a primer for the discovery of potential anti-Staphylococcus aureus agents



		1. Introduction



		2. Methods



		2.1. Ligand identification and structure retrieval



		2.2. Target structure retrieval and preparation



		2.3. Molecular docking simulation



		2.4. Druglikeness and pharmacokinetics properties profiling



		2.5. Quantum mechanical calculations



		2.6. Molecular dynamics simulation









		3. Results and discussion



		3.1. Retrieved napthyridine derivatives



		3.2. Retrieved target structure



		3.3. Molecular docking simulation



		3.4. Drug-likeness assessment



		3.5. Molecular interaction profiling



		3.6. ADMET profiling of druglike hit compounds



		3.7. FMO analysis and global reactivity descriptors calculation



		3.8. Molecular dynamics study of the lead compound



		3.8.1. Structural stability and residual flexibility analysis



		3.8.2. Structural compactness and hydrogen bond analysis









		3.9. Binding free energy calculation









		4. Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Footnotes



		References



















OPS/images/fmicb-14-1279082-g004.jpg
ai

excied sate)

A 2 ) " [Euowo=-0601
[Eruno=-0982 eV
AE=8204 eV
AE=10.505 eV
A 2
(Ground sy
] [Enomo = -11.487

L (Grouwdsue





OPS/images/fmicb-14-1279082-t001.jpg
Compounds CID Docking scores (kcal/mol)

136259988 -106
44130717 -106
44130601 -103
58628188 -103
44130605 -102
44130716 -10.1
51001532 ~10.1
22346280 -10

23284638 -10

44130606 -10

44130718 -10

20816879 -99
22346361 -99
22346421 -99
44130602 -99
59811153 -98
66997784 -98
14555496 -9.7
22346320 -97
44130719 -9.7
44130603 -96
13772748 -95
44130604 -95
10571743 -94
22346292 -94
58955169 -94
59472978 -94
2782953 -93
22346299 -92
22346301 -92
59811133 -9.1

59811134 -9

59811137 -9.1

10546084 -89
20296085 -88
57561127 -87
135121231 -83
13772732 -83
58926753 -83
15488572 -8.1

21883627 -8.1

23284635 -8

9965471 -8

12790859 -78
86587464 -78
11055142 -76
2777539 -76
6087 -76
2777542 —74
15189037 -73
10899616 -71

15592374 -71

85199 -7

89995619 —68
12204233 -67
2761050 —66
12018701 -65
22397149 -65
22503228 -65
12358230 -63
58387604 -63
12018700 -62
12018702 -6

136069 -6

10129935 —4.1





OPS/images/fmicb-14-1279082-g006.jpg
RoG (A)

221 Mathisilin (Convol) 2731 CID 441301

H-bond
canwsa

o

£ 80 700

a0 50
Time (ns)

2

Neeilin (Copeo)

20 40 60 80 100
Time (ns)





OPS/images/fmicb-14-1279082-g003.jpg





OPS/images/fmicb-14-1279082-g002.jpg





OPS/images/cover.jpg
’ frontiers | Frontiers in Microbiology

Napthyridine-derived compounds
as promising inhibitors for
Staphylococcus aureus CrtM: a
primer for the discovery of
potential anti-Staphylococcus
aureus agents












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






OPS/images/fmicb-14-1279082-e005.jpg
Softness ¢ = -
n

(5)





OPS/images/fmicb-14-1279082-e006.jpg
Electronegativity y = -y = ,(

OE
N

]V:(I+A)/2

(6)





OPS/images/fmicb-14-1279082-e003.jpg
Electron affinity A =






OPS/images/fmicb-14-1279082-e004.jpg
Chemical hardnessm = L[ CE | 2 11 V= (1-4)/2
a2 ) T2lav) T A2 @





OPS/images/fmicb-14-1279082-g001.jpg





OPS/images/fmicb-14-1279082-e007.jpg
Chemical potential = ( o )V — 1+ 4)/2

N





OPS/images/fmicb-14-1279082-e008.jpg
2
Electrophilicity index @ = ;7 ()
n





OPS/images/fmicb-14-1279082-e001.jpg
Energy Gap AE = LUMO, ~ HOMO;

O]





OPS/images/fmicb-14-1279082-e002.jpg
lonization Potential I

~Enovo

@)





OPS/images/fmicb-14-1279082-t003.jpg
Compounds  Docking score

Interacting residues

H-bonding

Hydrophobic interactions

CID (kcal/mol)
136259988 ~106
44130717 -106
44130601 -103
58628188 -103
44130605 -102
44130716 -10.1
Methicillin -76

None

Tyrd1, Argds,
Glnl65, Tyr248

Tyr 41, Asn168,
Tyr248

Val133

Tyrdl, Leul6d,
Glnl65, Asn168

Argds, Tyr129,
Glnl6s

Aspis

Phe22, Tyrd1, Cysdd, Argd5, Aspds, Asd9, Vall11, Tyr129, Val133, Alal34, Val137, Gly138, Gly161,
Leul64, Gln163, Asn168

Ser19, Phe22, Phe26, Val133, Ala134, Val137, Gly138, Leul41, Leul45, Alal57, Leul60, Glyl61, Leul6d,
Asnl68, Tle241

Serl9, Phe22, Phe26, Argd5, Val133, Val137, Leul41, Leul45, Alal57, Leul60, Ile164, Gln165, Phe233,
Tle241

Met15, Phe22, Phe26, Val37, Iled0, Tyrd1, Argd5, Aspds, Ala134, Val137, Gly138, Leuldl, Leul4s,
Alals7, Leul60, Glyl61, Leul64, GInl65, Phe233

Ser19, Phe22, Phe26, Argds, Val133, Val137, Gly138, Leul4l, Leuld5, Alal57, Leul60, Glyl61, Leul6d,

Phe22, Phe26, Tyrd1, Argds, Aspd8, Val 11, Asp114, Val 133, Val137, Leul64

Phe22, Phe26, Tyrdl, Argds, Ala134, Val137, Gly138, Ala157, Leul60, Gly161, Leul64, Gln165, Tur248





OPS/images/fmicb-14-1279082-t002.jpg
(Da)

1-ethyl-N-(2-hydroxy-1-phenylindol-3-yl)imino-7-methyl-4-oxo-1,8-naphthyridine-3-carboxamide | 451.48

6-([1-[(2-fluorophenyl)methyl]triazol-4-ylmethoxy)-4-oxo-1H-1,5-naphthyridine-3-carboxylicacid ~ 395.34 8 2 101 0
6-[(1-benzyltriazol-4-yl)methoxyl-4-0x0- 1H-1,5-naphthyridine-3-carboxylic acid 377.35 7 2 089 0
ethyl 5-[4-(urifl thyl)anilino]-2-[3-(trifl thyDpyridin-2-yl]-1,6-naphthyridine-7-

1 5-[4-(trifluoromethyl)anilino]-2-3-(trifluoromethyDpyridin-2-yl]-1,6-naphthyridine. e " . e )
carboxylate
6-([1-[(4-methylphenyl)methyl)triazol-4-yl)methoxy]-4-oxo-1H-1,5-naphthyridine-3-carboxylic acid 391.38 7 112 0

Methicillin 38042 6 2 101 0





OPS/images/fmicb-14-1279082-t005.jpg
Quantum Compounds

;t‘s;";ﬁ;t 44130717  Methicillin
1 HOMO —11.487eV —9.569eV
2. LUMO —0.982eV —0.601eV
3 Energy gap (AE) 10505V 8.968¢V
4 Tonization potential (1) 11.487¢V 9.569¢V
5. Electron affinity (A) 0.982eV 0.601eV
6. Chemical hardness () 5.252eV. 4.484eV
7. Chemical softness (£) 0.190eV 0.223 (eV)™!
8. Electronegativity (7) 6.235¢V 5.085eV.

Chemical potential (1) ~6.235¢V ~5.085¢V

10. | Electrophilicity index (o) 3.700eV 2883V





OPS/images/fmicb-14-1279082-t004.jpg
Models 136259988 44130717 44130601 58628188 44130,716  Methicillin

Absorption and distribution

HIA 100 97.36 57.57 90.58 57.96 4534
Caco-2 permeability 0636 0.969 1073 1243 1074 0.563
P-gp (substrate) Substrate Substrate Substrate Non substrate Substrate Substrate
P-gp I (inhibitor) Inhibitor Inhibitor Non inhibitor Inhibitor Non inhibitor Non inhibitor
P-gp Il (inhibitor) Inhibitor Inhibitor Non inhibitor Inhibitor Non inhibitor Non inhibitor

Distribution

Blood-brain barrier ~0968 07 ~0625 —1701 ~0.621 -1.291
Central nervous system permeability -1902 —1.964 -4 -217 -390 -3.485
Fraction unbound 0122 0.126 0.257 0.16 0232 0.366
Metabolism

CYP450 2C9 (inhibition) Inhibitor Non-inhibitor |~ Non-inhibitor ~ Inhibitor Non-inhibitor  Non-inhibitor
CYP450 2D6 (substrate) Non-substrate  Non-substrate  Non-substrate  Non-substrate  Non-substrate  Non-substrate
CYP450 2D6 (inhibition) Non-inhibitor ~ Non-inhibitor ~ Non-inhibitor |~ Non-inhibitor |~ Non-inhibitor  Non-inhibitor
CYP450 3A4 (substrate) Substrate Substrate  Non-substrate | Substrate Non-substrate  Non-substrate
CYP450 3A4 (inhibition) Inhibitor Non-inhibitor |~ Non-inhibitor ~ Inhibitor Non-inhibitor  Non-inhibitor
CYP450 142 (inhibition) Inhibitor Non-inhibitor ~ Non-inhibitor | Inhibitor Non-inhibitor  Non-inhibitor
CYP450 2C19 (inhibition) Inhibitor Non-inhibitor ~ Non-inhibitor ~ Non-inhibitor |~ Non-inhibitor  Non-inhibitor
Excretion

Renal organic cation transporter 2 (OCT2) Non-substrate Substrate  Non-substrate | Non-substrate | Non-substrate  Non-substrate
Total Clearance 0,653 0362 0594 0357 0592 0383
Toxicity

Predicted LD50 2000mg/Kg 2600mg/Kg  4700mgKg  1,000mg/Kg 4,700mg/Kg 2,880 mg/Kg
Predicted Toxicity class 4 5 5 4 5 5
Carcinogen Active Inactive Inactive Inactive Inactive Inactive
Mutagenicity Active Inactive Active Inactive Active Inactive
Cytotoxicity Inactive Inactive Inactive Inactive Inactive Inactive
Hepatotoxicity Inactive Inactive Active Active Active Inactive
Aryl hydrocarbon Receptor (ABR) Inactive Inactive Inactive Inactive Inactive Inactive
Androgen Receptor (AR) Inactive Inactive Inactive Inactive Inactive Inactive
Androgen Receptor Ligand Binding Domain (AR- Inactive Inactive Inactive Inactive Inactive Inactive
LBD)

Aromatase Inactive Inactive Inactive Inactive Inactive Inactive
Estrogen Receptor Alpha (ER) Inactive Inactive Inactive Inactive Inactive Inactive
Estrogen Receptor Ligand Binding Domain (ER- Inactive Inactive Active Inactive Inactive Inactive
LBD)

Peroxisome Proliferator Activated Receptor Gamma Inactive Inactive Inactive Inactive Inactive Inactive
(PPAR-Gamma)

Nuclear factor (erythroid-derived 2)-like 2/ Inactive Inactive Inactive Inactive Inactive Inactive

antioxidant responsive element (nrf2/ARE)

Heat shock factor response element (HSE) Inactive Inactive Inactive Inactive Inactive Inactive
Mitochondrial Membrane Potential (MMP) Inactive Active Inactive Inactive Inactive Inactive
Phosphoprotein (Tumor Suppressor) ps3 Inactive Inactive Inactive Inactive Inactive Inactive
ATPase family AAA domain-containing protein 5 Inactive Inactive Inactive Inactive Inactive Inactive

(ATADS)





