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Staphylococcus aureus is known worldwide as the principal cause of human bacterial infections; as well as methicillin-resistant 
Staphylococcus aureus (MRSA), is a major cause of hospital-acquired infections that are becoming increasingly difficult to combat 
because of emerging resistance to all current antibiotic classes. This work aims to carry out a theoretical study of molecules derived 
from beta-lactam compounds with possible potential antibiotic activity on Staphylococcus aureus. Therefore, computational 
chemistry tools were used to describe the interactions between potentially active molecules and the transpeptidase and beta-lactamase 
enzyme. These molecules were docked with transpeptidase and beta-lactamase enzymes, and all of them showed a higher affinity for 
transpeptidase (–4.81 kcal mol-1) than the reference molecule (methicillin), but only two showed a lower affinity for beta-lactamase 
(–6.8 kcal mol-1). The two ligands that presented the best ranking docking results were subjected to molecular dynamics simulations 
to assess conformational stability through root mean square deviation (RMSD) and root mean square fluctuation (RMSF) analysis. 
According to simulation, the ligands that bind to the proteins do not cause significant conformational changes in the structures of the 
proteins. The absorption, distribution, metabolism, and excretion (ADME) properties of the molecules with the lowest affinity for 
beta-lactamase were estimated. The ADME properties predict that the molecules would have good bioavailability.
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INTRODUCTION

Antimicrobial agents have benefited the history of medicine 
by revolutionizing the treatment of infectious diseases,1 in this 
respect, beta-lactams are one of the most important drug classes 
to treat bacterial infections due to their high efficacy and safety.2 
They inhibit bacterial cell-wall synthesis through the binding of 
penicillin binding proteins (PBPs),3 however, their continuous use 
has made microorganisms, once considered harmless, to be feared 
as potentially lethal pathogens.4 Nowadays, microbial infections 
have once again become a public health concern, which has 
attained a global interest in the development of new drugs.5 This is 
predominantly due to the rapid increase of antimicrobial resistance, 
being this problem one of the great challenges that mankind faces 
today and that negatively affects human health around the world 
which is now accepted as an urgent problem to tackle.6 Antibiotic 
resistance to bacteria is a health problem at the global level, in 
2019, there were an estimated 13.7 million infection-related deaths 
globally, with 7.7 million deaths associated with the 33 bacterial 
pathogens investigated.7,8 These multidrug-resistant (MDR) strains 
are a serious threat to human health.9,10 Currently, most nosocomial 
and community-acquired infections occurring in the world are due 
to the emergence of new infections or re-emergence of previously 
controlled diseases, this phenomenon is associated with the MDR 
bacteria.11,12

Staphylococcus aureus is a bacterium widespread in the 
environment and has significant virulence factors that have developed 
antibiotic resistance over the years. S. aureus infections are 
characterized by an important cause of systemic infections, being the 
microorganism that presents the highest morbidity and mortality rate 
in-hospital infections.13 Clinical strains of S. aureus are resistant to the 

majority beta‑lactamics making it difficult to treat infections caused 
by the bacteria.14 Beta-lactam resistance in S. aureus is classically 
mediated by beta-lactamase, an enzyme that cleaves the beta-lactam 
ring,15 making the drug ineffective. While beta-lactamase provides 
resistance to penicillin (the first beta-lactam drug introduced to the 
clinics) and structurally similar drugs, PBP2a provides high-level 
resistance to penicillin and as well as next-generation betalactamics 
drugs such as methicillin.16 These strains can acquire antibiotic 
resistance, and the resistance to methicillin (MRSA) is a growing 
public health problem.17 The number of resistant cases has been 
increasing, in which this microorganism is distributed worldwide in 
varying proportions.18

All these issues prompted us to wonder whether these questions 
could be answered or, at least, clarified by a theoretical approach. First, 
one can hope that these methodologies could provide indications, or 
at least trends, about what factors are affecting a molecular level the 
mechanisms by which these bacteria are acquiring resistance against 
a group of antibiotics. Computational chemistry tools allow a good 
understanding of the interactions between potentially active molecules 
and a target such as a transpeptidase enzyme.19

In the present work, a theoretical study of molecules derived from 
beta‑lactamics compounds with possible potential dual antibiotic 
activity on Staphylococcus aureus was carried out to select molecules 
that present greater affinity as inhibitors of transpeptidase enzymes 
and show a lower affinity for beta-lactamase enzymes. To find 
molecules with these characteristics, structural modifications were 
carried out in the R-side chain of penicillin (see Figure 1). Different 
molecular modeling strategies were applied sequentially to the 
different molecules.

Molecular docking simulations were performed to provide further 
insight into the plausible binding modes among proposed molecules 
and the active site of the transpeptidase and beta-lactamase proteins. 
The best complexes selected in the molecular docking were subjected 

Ar
ti

cl
e

https://orcid.org/0000-0002-7775-165X
https://orcid.org/0000-0002-7462-1948


Anaya-Gil et al.2 Quim. Nova

to molecular dynamic simulations to determine the predicted 
conformations stability and validate the docking results.

The absorption, distribution, metabolism, and elimination (ADME) 
properties will be estimated for the molecules with the best results, 
using a well-established web-based free tool (SwissADME).20

EXPERIMENTAL

Theoretical methods

Dataset
Fourteen molecules were proposed from the base structure 

of penicillin (see Figure 1), using different substituents (R), as 
illustrated in Table 1, which were chosen randomly in terms of their 
structural diversity. In other words, alkyls and aromatic substituents 
were combined, some of them with the capacity to create inductive 
effects and others with the capacity to produce steric effects, 
capable of causing changes in the conformation of the molecules 
that can facilitate coupling with the transpeptidase enzyme. The 
Gaussview 4.2 program21 was used to construct the molecules (see 
Figure 1S, in Supplementary Material) and their geometries were 
optimized using the PM3 semiempirical method with the Gaussian09 
program.22

Molecular docking
The 3D structures of transpeptidase and beta-lactamase were 

downloaded from the Protein Data Bank, with ID code 1MWU and 
3HVF, respectively. The complexes in PDB format were visualized 
and prepared using the structure preparation tool available in the 
Sybyl  X 2.1.1 package23 and the Amber force field was used to 
assign the partial atomic charges of the protein. The native ligand 
and all water molecules were removed from the complexes, hydrogen 
atoms were added and side-chain amides and imidazoles were fixed 
(protonated), assuming a physiological pH of 7 (see Figure 2S, 
Supplementary Material). The structures of native ligands were 
extracted and optimized with the same conditions as the 14 molecules 
proposed.

The docking protocol was initiated in the molecular simulation 
program AutoDock 4.2.24 The preparation of the proteins and ligands 
was performed using the graphical user interface of AutoDock, 
called AutoDockTools.25 This preparation involved the addition of 
hydrogen and the assignment of Gasteiger charges26 (see Figure 3S, 
Supplementary Material).

After this, the potential maps for each type of atom in the 
ligand were calculated, executing the grid parameter using the 
AutoGrid 4.2 program incorporated in AutoDock. In this study, the 
grid box was delimited, centered on the binding site, with dimensions 
50 × 50 × 50 Å and spacing between points of 0.375 Å. Finally, for 
the conformational search, the Lamarckian genetic algorithm was 
chosen and for the validation 200 conformations were registered, 
with the remaining parameters used as per the default settings. 
With these parameters, docking validation was carried out by 
re-coupling the native ligands to the binding site of the receptors 

Figure 1. Penicillin core structure

Table 1. Molecular structures of the ligands
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(transpeptidase-methicillin and beta-lactamase-penicillin G) (see 
Figure 4S, Supplementary Material).

Once the docking protocol was validated for each studied system, 
the docking calculations for the 14 molecules and the transpeptidase 
receptor were continued following the previous protocol, which the 
best conformation were chosen according to their binding energy 
values and their position within the binding site of the transpeptidase 
protein. The interactions of selected protein-ligand complexes were 
analyzed and the molecules with the highest score with transpeptidase 
protein will be used to perform a calculation with the beta-lactamase 
enzyme, and in the same way, as in docking with transpeptidase, the 
best conformation and interactions were analyzed. The interactions of 
the selected protein-ligand complexes were analyzed on the protein-
ligand interaction profiler web server.27

Due to the absence in the PDB database of the S. aureus beta-
lactamase protein co-crystallized with a native penicillinic ligand, 
the study of the interaction of the different molecules proposed was 
carried out with the beta-lactamase of the microorganism Escherichia 
coli. Taking into account that both enzymes belong to the class A 
of beta-lactamases and therefore have some homology, a BLASTP 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp) 
analysis was performed, which showed a 35% identity percentage at 
the primary structure level between these two enzymes, and homology 
is based on the idea that proteins with a sequence identity of more 
than 30% have structural similarity (see Figure 5S, Supplementary 
Material). In addition, an alignment between these two sequences 
allows confirming the conservation of the amino acid residues in the 
active site of both enzymes.28-32

Molecular dynamics
The best complexes selected in the molecular docking were 

subjected to molecular dynamics (MD) simulations to determine the 
stability of the predicted conformations and to validate the docking 
results. 100 ns (MD) simulations were performed using the GROMACS 
2016.5 package,33 all simulations were carried out by Charmm27 as 
a force field.34 Complexes were solvated by a cubic periodic box with 
TIP3P water under periodic boundary conditions.35 The system was 
neutralized and the ionic strength (0.1 mol L-1) of the medium was 
adjusted by adding Na+ and Cl– ions, keeping the number of particles 
constant. After this step, the energy minimization of the systems 
was performed until the energy converged, which was followed by 
equilibrium using the pressure and temperature (NVT and NPT 
ensemble) which were kept constant at 300 K and 1.0 bar, equilibration 
periods were 1.0 ns, and production runs were of 10 ns duration, using 
the V-rescale thermostat, and Parrinello-Rahman, respectively. The 
LINCS36 and SETTLE37 algorithms were employed to apply bond 
lengths of hydrogen atoms distance constraints, respectively, whereas 
long-range interactions were calculated using the particle-mesh 
Ewald (PME) method,38,39 used to constrain the geometry of the water 
molecules. The system was subjected to the final MD production run 
of 100 ns. GROMACS and VMD40 software packages were used to 
analyze the different MD trajectories. The production time was 100 ns 
for each system. The root mean square deviation (RMSD) and root 
mean square fluctuation (RMSF) were calculated.

Prediction of ADME properties for promising compounds
To determine the possible behavior of the molecules selected 

in the biological processes of adsorption and distribution, the 
prediction of their pharmacokinetics properties such as absorption, 
distribution, metabolism, and elimination (ADME) were calculated.41 
The parameters evaluated correspond to molecular weight, octanol-
water partition coefficient (logP), number of hydrogens donating 
bonds  (HBD), number of hydrogens accepting bonds (HBA), 

number of rotating bonds, and topological polar surface area (TPSA). 
Molecules were assessed using the SwissADME server.20

RESULTS AND DISCUSSION

Docking validation
In Figure 2 the alignment between the conformation of the native 

ligand corresponding to the co-crystallized ligand (green color) and 
the conformation resulting from docking (red color) are shown; 
both structures adopt a similar conformation at the active site of the 
crystallized structure; RMSD values of 1.33 and 0.65 Å were obtained 
for the transpeptidase and beta-lactamase enzymes, respectively; 
which are considered acceptable42 (see Figures 2a and 2b). According 
to the results obtained, it can be indicated that the AutoDock 4.2 
program adequately reproduces the binding and interactions between 
the transpeptidase receptor (Figure 2c) and beta-lactamase receptor 
(Figure 2d) with their native ligands.

Molecular docking
The binding energy values calculated by molecular docking are 

shown in Table 2; for this calculation, the conformation in which 
the pharmacophore presents adequate interactions with the active 
site of the receptor was chosen. It is observed that all the proposed 
molecules present higher binding energy for transpeptidase compared 
to methicillin, indicating that the studied compounds present higher 
affinity for this enzyme than the reference molecule, suggesting 
that the substitutions made to the penicillin nucleus facilitate the 
interactions providing an increased in the affinity. The compounds 
that showed an energetic difference of more than 30% to methicillin 
were docked with the beta-lactamase enzyme, to find dual activity 
in the same molecule, i.e., compounds with a higher affinity for 
transpeptidase and lower affinity for beta-lactamase to avoid problems 
related to bacterial resistance. It is important to remember that beta-
lactamase is an enzyme responsible for inhibiting the mechanism of 
action of beta-lactam antibiotics and therefore suppressing antibiotic 
activity.43

Table 2 is depicted the binding energy values among the eight 
selected molecules and the beta-lactamase enzyme. Six of these 
compounds presented higher affinity than the reference molecule 
for beta-lactamase and only molecules J (–5.89 kcal mol-1) and 
K (–6.10 kcal mol-1) presented lower energetic values (beta-lactamase 
receptor). Therefore, this pair of molecules meet the criterion sought 
in this research, which is to have in the same compound a drug with 
greater antibiotic effectiveness and with less tendency to be degraded 
by beta-lactamases; this advantage would avoid the therapeutic use of 
two drugs at the same time in the same treatment, as is currently used 
in certain cases, where one drug is used for antibacterial treatment and 
at the same time another to inhibit beta-lactamases, which increases 
the risk of liver and kidney alterations in treated patients.44

The two selected molecules have as R substituents, a hydrocarbon 
chain, a carbonyl group, and, aromatic rings which are considered 
bulky groups and according to the literature45 the presence of this 
type of substituent decreases the susceptibility to be attacked by beta-
lactamases, this may explain the lower affinity values found for this 
enzyme. Molecule L was excluded because in its molecular structure 
there is no carbonyl group or aromatic ring of at least six atoms.

The J and K molecules have a structural analogy with nafcillin, 
which has been shown to have resistance problems;46 the nafcillin is 
a penicillin in which the substituent at position 6 of penam ring is a 
(2-ethoxy-1-nafthoyl) amin group, while the J and K molecules in 
the penam ring substitution have an ethyl group, a carbonyl group 
in addition to the aromatic substituents which is possibly causing 
a decrease in the affinity of lactamases towards these compounds.
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Figure 3a shows the interactions between the J molecule with 
the transpeptidase enzyme, finding that the active site residues of 
the enzyme Lys430, Arg445, and Thr600 formed interactions with 
the ligand, stabilizing it, so that it can develop its antibacterial 
function. Figure 3b shows the coupling between the K molecule 
and the active site of the transpeptidase, finding that the interacting 
residues are Lys430, Arg445, and Thr600, which are favoring the 
antibiotic activity.

The interactions of the J and K ligands with beta-lactamase are 
shown in Figure 4, the main interactions observed between the active 
site and the J molecule are Glu166, and Asn132 in the beta-lactam 
ring, it is also observed that the carbonyl group interacts with Thr216 
and has the capacity to form hydrogen bonds and Ser237 with the 
aromatic ring, these last interactions possibly facilitate the protection 
of the pharmacophore avoiding its degradation by the action of the 
lactamases. On the other hand, molecule K (Figure 4b) contains in 
its structure a naphthalene ring that interacts with residue Gly238, 
which, being a bulky group, generates steric impediments, so it could 
be expected to disfavor the catalytic effect of beta-lactamases; other 
interactions shown involve Gly70, Thr235, and Arg276.

In this part of the study, it can be observed that molecules J 
and K showed lower binding energy to beta-lactamase compared to 

Figure 2. Alignment between the ligand present in the co-crystallized structure (green color) and the docked ligand (red color) using the program AutoDock 4.2. 
(a) Transpeptidase receptor; (b) beta-lactamase receptor; (c) 2D representation of transpeptidase interactions; (d) 2D representation of beta-lactamase interactions

Table 2. Binding energy between penicillin analog compounds and the en-
zymes transpeptidase and beta-lactamase

Nomenclature
Binding energy trans-
peptidase receptor / 

(kcal mol-1)

Binding energy 
beta-lactamase receptor / 

(kcal mol-1)
Meticiline –4.81 –6.18
A –7.94a –7.15
B –5.80 -
E –5.90 -
G –6.68a –6.85
J –7.10 –5.89
K –7.62a –6.10
L –7.61a –6.28
M –6.99a –6.86
N –6.03 -
O –7.57a –6.68
Q –5.34 -
R –5.69 -
S –6.06 -
T –6.50a –6.20
aMolecules that have a difference in energy greater than 30% compared to 
methicillin.
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methicillin, suggesting that these molecules have a lower chemical 
affinity for the beta-lactamase enzyme. The presences of bulky 
aromatic chemical species together with carbonyl groups create a 
chemical environment that does not facilitate the interaction between 
the enzyme and the ligands studied.

Molecular dynamics simulation
To evaluate the dynamic behavior between the protein-ligand 

complexes, a 100 ns molecular dynamics simulation was performed 
for both enzymes, 1MWU and 3HVF with the native ligands and the 
J and K molecules, monitored during the process and subjected to in-
depth analysis, which included the calculation of the root mean square 
deviation (RMSD) and root mean square fluctuation (RMSF). Based on 
these parameters we proceeded to analyze how stable the complexes 
formed with the best ligand products of molecular docking are. 

RMSD analysis
The RMSD values of the complexes formed by the proteins and 

ligands J, K, and their native ligands are shown in Figures 5a and 6a. 
The complex formed between the protein 1MWU and its native ligand 
shows fluctuations between 0.2 and 0.3 nm during the simulation 

time, indicating that it is a stable complex. On the other hand, the 
complex between 1MWU and the J ligand presents noticeable 
variations (0.2-0.4 nm) in the first 15 ns of the simulation, but after 
this time, equilibrium is reached with minimal variations between  
0.2 and 0.25 nm. Similarly, the complex formed by 1MWU and ligand 
K shows fluctuations between 0.2-0.3 nm during the simulation time, 
indicating the stability of the complex.

The 3HVF protein and its native ligand show fluctuations between 
0.1 and 0.15 nm during the 100 ns of simulation, showing a stable 
complex. On the other hand, the complex formed between the 3HVF 
protein and the J ligand shows remarkable variations (0.1-0.2 nm) in 
the first 10 ns of the dynamics, in the remaining 20 ns equilibrium is 
reached with minimal variations, between 0.1 and 0.15 nm. Similarly, 
the complex between 3HVF protein and K ligand fluctuations are 
between 0.1 to 0.2 nm in the first 10 ns, but in the remaining 20 ns 
there is a slight increase in fluctuations between 0.3 and 0.4 nm.

Considering the low RMSD values exhibited for both proteins, 
all complexes could be relatively stable during 100 ns of simulation. 
Therefore, the results obtained from the model are reasonable and 
valid. It can be said that the binding of the ligands to the protein does 
not cause significant conformational changes in the protein structure.

Figure 3. Hydrogen bond-type interactions present in the protein-ligand complex, formed between molecules J (a) and K (b) with the active site of transpeptidase
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Figure 4. Hydrogen bond type interactions (some prevent degradation of the pharmacophore) present in the protein-ligand complex, formed between molecules 
J (a) and K (b) with the active site of the beta-lactamase

RMSF analysis
The RMSF values for each protein were calculated by monitoring 

the backbone atoms of all residues during 100 ns simulations to 
examine their range of flexibility, as can be seen in Figures 5b and 6b.  
The native 1MWU ligand complex shows remarkable RMSF 
variations in the regions forming the amino acids, 121-122, 205‑206, 
and 306-308, these regions correspond to beta turns, this makes 
sense because these regions are very flexible. The complex between 
1MWU and ligand J presents considerable fluctuations between 
residues 270‑272 and the complex between 1MWU and ligand K 
shows variations between residues 126-131. These residues are 
mainly located in the loop regions which can be corroborated by 
the reports of the structures in PDB.47 In general, the amino acids of 
transpeptidase y were not involved in ligand interactions.

The 3HVF-native ligand complex shows minimal fluctuations 
throughout the simulation, and the 3HVF-ligand J complex shows 
slight fluctuations for the native ligand, between residues 221-230. 
On the other hand, in the 3HVF-ligand K complex, fluctuations 
of 0.4 nm in RMSFs are observed between residues 115-117. A 
possible explanation for this fluctuation in this region is the absence 
of interaction of ligands J and K with residue Asn104, which can be 
observed with the native ligand, in Figure 2d.

In silico ADME properties
The selected compounds (J and K) were analyzed using the 

SwissADMET server20 to predict their overall ADME properties. 
Pharmacokinetic parameters were estimated based on Lipinski’s 

rule  (rule of five), in which target molecules meet the criteria of 
drug-likeness if: (i) the molecular weight is under 500, (ii) the 
calculated octanol/water partition coefficient is (logP)  <  5, (iii) there 
is fewer than five hydrogen-bond donors (NH and OH groups), and, 
(iv) there are less than ten hydrogen-bond acceptors (notably N and 
O atoms).41,48 The computed molecular properties of the compounds 
are depicted in Table 3; as it can be seen, compounds J and K did not 
violate any of Lipinski’s rule of five; which 5 is used to predict the 
oral bioavailability.49 TPSA parameter which is the sum of Van der 
Waals surface areas of electronegative atoms (oxygen and nitrogen 
with their attached hydrogen) was used as a good descriptor to 
elucidate the absorption and the passive transportation properties 
through biological membranes.41 Veber et al.50 indicate that molecules 
with 10 or fewer rotational bonds in their structure and a TPSA of 
140 or less are associated with good oral physicochemical properties; 
then molecules J and K may be good potential drug candidates due 
to their good bioavailability, as they do not violate Veber’s rule as 
shown in Table 3.

CONCLUSIONS

In this research, it was found that the AutoDock program 
adequately reproduces the chemical interactions between the ligands 
native and the active sites of the transpeptidase and beta-lactamase 
enzymes. All the proposed molecules showed a higher binding energy 
for transpeptidase than the reference molecule (methicillin); two of 
which showed a lower affinity for beta-lactamase, which makes them 
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Table 3. In silico prediction of ADME properties

Molecule logPa Mwb Nc
ON Nd

OHNH TPSAe Nf
rot

Rule < 5 < 500 < 10 < 5 < 140 < 10

J 1.83 404.48 5 2 129.08 8

K 2.63 454.54 5 2 129.08 8
aOctanol-water partition coefficient; bmolecular weight; cnumber of hydrogen-
bond acceptors (O and N atoms); dnumber of hydrogen-bond donors  
(OH and NH groups); etopological polar surface area; fnumber of rotatable 
bonds; ADME: absorption, distribution, metabolism, and excretion.

Figure 5. Monitoring of 1MWU complexes by RMSD and RMSF: (a) root mean square deviation (RMSD) vs time, native ligand (blue), ligand J (orange) and 
ligand K (yellow), respectively, were plotted; (b) root mean square fluctuation (RMSF) of each residue from 1MWU

Figure. 6. Monitoring of 3HVF complexes by RMSD and RMSF: (a) root mean square deviation (RMSD) vs. time, native ligand (blue), ligand J (orange) and 
ligand K (yellow), respectively, were plotted; (b) root mean square fluctuation (RMSF) of each residue from 3HVF

potential drug candidates with antibiotic activity. Molecular dynamics 
simulations show that the binding of ligands J and K to the enzymes 
studied do not generate significant conformational changes in the 
structures of the enzymes, this is supported by comparing the RMSD 
and RMSF values of the enzymes with their native ligand against 
RMSD and RMSF when bound with J and K ligands.

In addition, studies of ADME properties predict that the 
molecules would have good bioavailability, according to Lipinski’s 
and de Veber’s rules. The results of docking and molecular dynamics 
simulations for ligands J and K, together with the ADME properties 
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obtained for these two ligands, allow us to propose these ligands as 
possible candidates for synthesis.

SUPPLEMENTARY MATERIAL

The images of the systems used in this work are available at  
http://quimicanova.sbq.org.br/, as a PDF file, with free access.
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