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Abstract: Staphylococcus aureus is a gram-positive bacterium known to cause mild to severe and po-

tentially fatal infections such as endocarditis, sepsis, meningitis, pneumonia, and bacteremia, 

among others. The methicillin-resistant strain of Staphylococcus aureus (MRSA) arose because the 

bacterium acquired an additional penicillin-binding protein by lateral gene transfer, known as pen-

icillin-binding protein 2a (PBP2a). It is responsible for cross-linking peptidoglycan chains in the for-

mation of the bacterial cell wall, being a deathly pathogen because it can infect almost sites in the 

body, so that, the development of novel PBP2a inhibitors and the treatment of infections caused by 

this bacterium is vital. In this work, a systematic study of molecular docking and molecular dynam-

ics was carried out to determine the stability of a set of ligands type aza-heterocyclic compounds 

against PBP2a, analyzing their RMSD, H-bonds interactions and binding free energy. In addition, 

the pharmacokinetic properties are discussed, finding that our proposed ligand 5 is the most prom-

ising compound in terms of stability and energetic results. 
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1. Introduction 

The gram-positive bacterium known as Staphylococcus aureus was discovered by the 

physician Alexander Ogston in 1880; it is cocci-shaped, and it belongs to the Bacilli class 

[1]. In addition, S. aureus can cause multiple infections in humans and animals, ranging 

from uncomplicated infections such as folliculitis or furunculosis to severe illnesses such 

as endocarditis, septicemia, meningitis, pneumonia, or bacteremia, among others [1]. 

Methicillin-resistant Staphylococcus aureus (MRSA) is acquired by horizontal transfer of the 

mecA gene, which is responsible for encoding the penicillin-binding protein 2a (PBP2a) 

that confers resistance [2]. According to the Institute for Health Metrics and Evaluation 

(IHME) [3], MRSA was the deadliest pathogen and drug combination globally in 2019, 

with 121,000 deaths attributable to antimicrobial resistance. Overall, the mechanism of 

action carried out by beta-lactam antibiotics is the irreversible acylation in a functional 

manner of the enzymes that are responsible for catalyzing the cross-linking steps in the 

biosynthesis of the peptidoglycan cell wall, i.e., penicillin-binding proteins (PBPs) [4]. 
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However, resistance arises because the formation of the acyl-enzyme intermediate is inef-

ficient, and PBP continues with transpeptidation [2,5]. 

The PBP2a protein has an active site and an allosteric site, which in several docking 

and molecular dynamics studies has been observed that when some compound occupies 

the allosteric site, the active site opens due to conformational changes [6]; nevertheless, 

there are promising studies of phenolic compounds and flavonoids that can bind to the 

narrow active site preventing bacterial growth [6,7]. The amino acids that interact within 

the active site with the compounds are Ser403, Lys 406, Tyr446, Ser462, Asn464, Tyr519, 

Gln521, Ser598, Gly599, Thr600, Ala601, Glu602 and Met 641 [6,7]. Thanks to the ability of 

PBP2a to act as a unique transpeptidase during cell wall synthesis against beta-lactam 

antibiotics, the development of new resistance in PBPs normally produced by S. aureus 

bacteria has been prevented, suggesting a focus on improving binding affinity by increas-

ing non-covalent interactions due to the low acylation efficiency of the protein [5]. 

2. Methodology 

2.1. Pharmacokinetic Analysis 

This study was carried out using database searches, docking assessments and molec-

ular dynamics simulations. The proposed ligands [8,9] shown in Figure 1 were consulted 

in SwissADME [10] in order to obtain certain pharmacokinetic properties. 

 

Figure 1. Proposed ligands which are aza-heterocyclic compounds analogous to INF55. 

2.2. Molecular Docking 

Ligands 1, 2, 4, and 5 in Figure 1 were retrieved from PubChem [11] and ligands 3, 6, 

7, and 8 were constructed in the Spartan program [12]; all compounds had their hydrogens 

added and were prepared in Discovery Studio [13] and AutoDockTools [14]. PBP2a was 

obtained from the RCSB PDB [15] (PDB ID: 1MWU) with resolution = 2.60 Å co-crystal-

lized with the ligand (2R,4S)-2-[(1R)-1-{[(2,6-dimethoxyphenyl)carbonyl]amino}-2-ox-

oethyl]-5,5-dimethyl-1,3-thiazolidine-4-carboxylic acid. The receptor was prepared in Chi-

mera [16] and the ligand co-crystallized (Lig_ref) was prepared in the same way as the 

rest of the ligands. Next, the receptor was prepared by adding all the hydrogens, fusing 

the non-polar ones and adding the Kollman charges using AutoDockTools. Then, Auto-

Dock GR was used to use the Lig_ref as a reference along with the receptor, selecting the 

corresponding flexible amino acids (Ser403, Lys406, Ser462, Asn464 and Ser598) within 

the grid with a padding of 4.000 Å. Subsequently, AutoDock FR [17] was used to perform 

the flexible site-specific molecular docking calculations of each of the ligands in the active 

site, considering a seed number of 1. 

2.3. Molecular Dynamics Details 

Through Molecular Dynamics simulations, the complexes formed for the most ener-

getically stable conformations of the ligands against the receptor according to the molec-

ular docking assessments were evaluated. Firstly, the ligand parameterization was per-

formed at pH = 7.4 using the “Ligand Reader & Modeler” module of the CHARMM-GUI 

server [18,19]. After that, the complex was prepared with Chimera and in the “Solution 

Builder” module of CHARMM-GUI with pH = 7.4, in a rectangular cell of 126 × 126 × 126 

Å3, solvated with a TIP3P water model [20] and neutralized by adding NaCl ions at 0.15 

M. The force field used for the simulations was CHARMM36m [21] and long-range elec-

trostatic interactions were modeled with the Particle Mesh Ewald (PME) method [22] and 
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a 12 Å cutoff for non-bonded interactions. Molecular dynamics simulations were carried 

out using NAMD [23] following the next procedure: Firstly, an energy minimization was 

performed with a conjugate gradient algorithm [24] for 100,000 iteration steps with a time 

step of 1.0 fs. Then, the NVT ensemble was used to perform a heating from 0 to 310 K at 1 

K intervals for a period of 500 ps, maintaining the 310 K temperature for another period 

of 500 ps using the Langevin thermostat. Next, an equilibration was performed using the 

NPT ensemble with conditions of 1 atm and 310 K for a period of 2.5 ns with a time step 

of 1 fs using the Langevin’s thermostat and the Langevin piston Nosé-Hoover barostat 

[25,26]. Finally, the production stages were carried out with NPT ensemble for a period of 

50 ns with a time step of 2 fs. 

From the molecular dynamics simulations, the root mean square deviation (RMSD) 

values of the protein’s backbone and of the ligand aligned to the protein were estimated 

to evaluate the stability of the complexes along the production simulations and the resi-

dence of the hydrogen bond interactions were determined. The criterion of the H-bonds 

determination is considered the maximum donor-acceptor distance of 3.2 Å and a cutoff 

angle of 50° using the VMD program [27]. For those complexes that showed a higher sta-

bility during the simulation, the production simulations were extended to 100 ns calculat-

ing the aforementioned properties as well as the binding free energies using the Molecular 

Mechanics-Generalized Born Surface Area (MM/GBSA) with the tool gmx_MMPBSA [28] 

for the last 50 ns, exploring an average of 500 snapshots. 

3. Results and Discussion 

3.1. Pharmacokinetic Results 

The pharmacokinetic and physicochemical properties of the proposed ligands are 

shown in Table 1. It is observed from Table 1 that all ligands have similar physicochemical 

properties; notwithstanding, 1 and 5 have a Log P coefficient within the value of 1 and 

have a better solubility in water. Moreover, all the ligands comply with the Lipinski’s rules 

and do not present a false positive alert, according to PAINS. 

Table 1. Pharmacokinetic properties of the ligands in Figure 1. 

Ligand 
Physicochemical Properties Lipophilicity Water Solubility Druglikeness Medicinal Chemistry 

MW NRB HBA HBD Log Po/w Log S Class Lipinski PAINS 

Lig_ref 382.43 8 7 3 −2.38 −3.25 Soluble Yes; 0 violation 0 alert 

1 319.33 3 5 2 1.04 −3.70 Soluble Yes; 0 violation 0 alert 

2 238.24 2 2 1 1.88 −5.19 Moderately S. Yes; 0 violation 0 alert 

3 236.27 2 2 2 2.24 −5.33 Moderately S. Yes; 0 violation 0 alert 

4 327.42 3 1 1 4.35 −8.54 Poorly S. Yes; 1 violation 0 alert 

5 291.30 5 5 1 1.06 −3.68 Soluble Yes; 0 violation 0 alert 

6 356.42 6 3 1 3.29 −8.64 Poorly S. Yes; 0 violation 0 alert 

7 458.55 6 2 2 4.34 −12.25 Insoluble Yes; 1 violation 0 alert 

8 358.88 5 1 0 4.41 −5.96 Moderately S. Yes; 1 violation 0 alert 

* MW is the molecular weight in gr/mol, NRB is the number of rotable bonds, HBA is the number 

of H-bond acceptors, HBD is the number of H-bond donors, Log Po/w is the logarithm of the partition 

coefficient of a solute between n-octanol and water calculated with MLOGP, Log S is the logarithm 

of the water solubility with the method of SILICOS-IT and the class is measured as insoluble < −10 

< Poorly < −6 < Moderately < −4 < Soluble < −2 Very < 0 < Highly; The Lipinski’s rules indicate what 

an orally active drug should not have, which are MV ≤ 500, MLOGP ≤ 4.15 N or O ≤ 10 and NH or 

OH ≤ 5 and Pan-assay interference compounds (PAINS) are chemical compounds that often give 

false positive results. 

3.2. Molecular Docking 

The affinity energies obtained from the molecular docking assessments are shown in 

Table 2. It can be observed from Table 2 that 6 has the best affinity energy followed by 8 

and 2. Whereas, the rest of the ligands have comparable energy with the energy of Lig_ref. 
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All the ligands have a hydrophobic interaction with Tyr446 (For more details: see Figure 

S1 from Supplementary Materials). 

Table 2. Affinity energies (kcal/mol) for the ligands 1–8 against the receptor in molecular docking. 

Ligand Affinity Energies 

Lig_ref −7.6 

1 −7.5 

2 −8.5 

3 −8.4 

4 −7.4 

5 −8.4 

6 −9.5 

7 −7.3 

8 −8.9 

3.3. Molecular Dynamics Results 

Figure 2 shows the RMSD values along the 100 ns of simulation for the receptor (Fig-

ure 2a) and the ligands aligned to the protein (Figure 2b) respectively. Such complexes 

corresponded to the most stable and promising complexes obtained from the 50 ns (see 

Figure S2 and Table S1) in terms of the number of interactions and stability. 

  
(a) (b) 

Figure 2. RMSD (Å), (a) of the receptor and (b) of the ligand aligned to the receptor in each complex 

analyzed for 100 ns. 

From Figure 2a, it is observed that the receptor in presence of 5 has less fluctuations 

followed by the receptor in presence of Lig_ref, 6 and 7, respectively. However, the recep-

tor in presence of 4 has the highest fluctuations. On the other hand, Figure 2b confirms 

that 5 is the most stabilized ligand. Although Lig_ref and 7 were stabilized after 50 ns. 

Conversely, 6 is observed to be stable during almost the whole trajectory and 4 is destabi-

lized after 45 ns. The maximum and average values of the RMSD are shown in Table S2. 

Concerning the H-bond interactions, those with a percentage higher than 5% are shown 

in Table 3. 

Table 3. H-bond interactions observed during the 100 ns of simulation. 

Ligand 
H-bonds Involving the Amino Acids of the Catalytic Site Other H-Bonds 

Donator Acceptor % of Occupancy Donator Acceptor % of Occupancy 

Lig_ref 

LIG GLU602 42.88% GLN613 LIG 17.56% 

THR600 LIG 9.48% 

 THR600 LIG 5.58% 

GLU602 LIG 6.18% 

4 TYR446 LIG 27.58% GLU447 LIG 5.76% 
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5 

ASN464 LIG 65.86% ALA642 LIG 24.24% 

LIG THR600 78.04% 

 TYR446 LIG 37.36% 

ASN464 LIG 5.16% 

6 
TYR446 LIG 50.78% ARG445 LIG 10.70% 

ASN464 LIG 14.44% THR444 LIG 5.72% 

7  GLN613 LIG 5.58% 

Table 3 shows that Lig_ref and 5 have the highest number of H-bond interactions, 

where 5 has two interactions greater than 50% with Thr600 and Asn464 respectively; the 

other ligand that has a higher interaction is 6 with Tyr446; while the rest of the ligands 

have less interaction. Subsequently, the binding free energy was determined shown in 

Table 4. From Table 4, it can be observed that 5 is the most stable ligand. Indeed, 5 is more 

stable Lig_ref; in contrast, 6 and 7 have a similar energy but slightly higher than Lig_ref, 

while 4 has the highest energy probably because it did not stabilize during the trajectory. 

Table 4. Binding free energies (kcal/mol) obtained from the MMGBSA method of ligand against 

receptor. 

Ligand Binding Free Energies 

Lig_ref −26.07 

4 −10.92 

5 −30.05 

6 −17.13 

7 −18.83 

4. Conclusions 

On the basis of our chemical-computational study, it was observed that 5, 6 and 7 

have good binding free energies in the calculations performed; however, only 5 is the one 

that exhibits a value of binding free energy lower than the reference. Regarding the AD-

MET study, it is observed that all the ligands have ideal pharmacokinetic and physico-

chemical properties to be good candidates for oral drugs. Therefore, we were able to iden-

tify promising compounds for the possible inhibition of the MRSA PBP2a protein, which 

after several in vivo evaluations, may contribute to the treatment of infections caused by 

this pathogen. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1, Figure S1: Interactions and distances (in Å) for ligands 1–8 against the 

PBP2a receptor; Figure S2: RMSD (Å), (a) of the receptor and b) of the ligand aligned to the receptor 

in each complex analyzed for 50 ns; Table S1: H-bond interactions for ligands 1–8 during 50 ns of 

simulation; Table S2: Average and maximum RMSD (Å) (a) of the receptor and (b) of the ligand 

aligned to the receptor for the 100 ns. 
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