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1. Introduction

B-lactams are  effective  antimicrobial
substances (1) that deactivate the penicillin-
binding protein (enzymes that play an essential
role in the synthesis of the bacterial cell wall)
and subsequently cause the death of bacteria (2
and 3). Based on their amino acid sequence, [3-
lactams are classified into four different groups.
Class A, C, and D B-lactamases open the [-
lactam ring through a serine-active site. This is
despite the fact that class B enzymes include
metallo-B-lactamase (4). Class D p-lactams,
also known as oxacillinase or OXA enzymes (4
and 5), contain a heterogeneous group of
enzymes. The genes encoding this enzyme are
found in the chromosomes and plasmids of
various bacteria, including Acinetobacter,
Schwanella, Pseudomonas, and Burkeldria (6
and 7). But currently, many chromosomal class
D to B-lactam ases have been transferred to
plasmids, which is considered a clinical threat

(8).

OXA-B-lactamases are distributed in a wide
variety of Gram-negative species. They are
most commonly found in Enterobacteriaceae,
Pseudomonas, and Acinetobacter, while their
chromosomal genes are detected in most Gram-
negative bacteria, such as Aeromonas,
Legionella, and Campylobacter species (9).
OXA enzymes are a group of B-lactam ase
enzymes that hydrolyze oxacillins. Recently,
these enzymes have been widely distributed
among different strains of Acinetobacter
bacteria. They can also hydrolyze carbapenems.
Since these antibiotics are among the most
effective antibiotics, resistance to them has
been identified as an important concern (10).

B-lactamases, which are synthesized by gram-
negative pathogens, contribute to their
becoming resistant to B-lactam antibiotics.
Through hydrolyzing the to B-lactam ring, to p-
lactam ases are enzymes that render antibiotics
inactive (11, 12). Currently, more than 1000 to
B-lactam ases have been identified, and their
number is increasing. Class D to -lactam ases

are represented by more than 350 genetically
diverse enzymes widely distributed in gram-
negative bacteria (13-15). Of these, OXA-2
and OXA-10 to B-lactam ases are examples of
enzymes that cause resistance to penicillins and
some early cephalosporins (16). The efficacy of
antibiotics increases through inhibiting the
activity of the p-lactamases and reducing
bacterial resistance, enabling physicians to
administer antibiotics and helping patients
avoid expensive and prolonged hospitalization
(17). Consequently, the discovery of new [-
lactamase inhibitors and their usage in addition
to antibiotics is an intriguing method of treating
infections brought on by B-lactamase-secreting
bacteria. (18).

B-lactam ase inhibitors have been used in
combination with antibiotics in numerous
studies so far, including those involving the use
of avibactam with ceftazidime, relbactam with
imipenem and cilastatin, sulbactam with
ampicillin, piperacillin with tazobactam, and
vaborbactam with meropenem (17). Natural
products have been  embraced by
pharmaceutical companies due to their
affordability and low risk (19).

Berberin is an isoquinoline alkaloid (20). It has
been demonstrated that this substance has a
potent synergistic effect with antibiotics (21,
22). Synergism between Berberin and
antimicrobial agents has shown therapeutic
benefits against a wide range of pathogenic
microorganisms, including methicillin-resistant
Staphylococcus  aureus (MRSA)  (23).
Furthermore, in addition to its ability to
regulate host immunity, berberin also has a
direct antibacterial impact. According to some
experimental data, berberin has substantial
antibacterial activity in vivo and in vitro,
whether used alone or in combination with
other substances (24). Berberin even has the
potential to inhibit antibiotic-resistant bacteria,
which gives it great potential in the
development of new antibiotics. Studies show
that berberin may interfere with the nucleic
acid, cell wall, cell membrane transport, and
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movement functions of Escherichia coli and
inhibit its metabolism. Berberin can destroy the
cell wall structure and cell membrane integrity
of methicillin-resistant Staphylococcus aureus
(MRSA) and play a synergistic antimicrobial
role with clindamycin or rifamycin. In addition,
several studies have suggested possible
antimicrobial mechanisms of  Berberin,
including inhibition of biofilm formation,
protein synthesis, and bacterial division (25).

Berberin presents an enormous quantity of
potential for the creation of novel antibiotics
because it may even be able to inhibit bacteria
that are resistant to antibiotics. According to
studies, berberin may hinder the metabolism of
Escherichia coli and interfere with its ability to
transport nucleic acids, cell walls, and cell
membranes. Methicillin-resistant
Staphylococcus aureus (MRSA) can have their
cell walls and membranes destroyed by
Berberin, which also functions as a synergistic
antibacterial agent with clindamycin or
rifamycin. Additionally, a number of studies
have proposed other potential antibacterial
actions of Berberin, such as suppression of
protein synthesis, biofilm formation, and
bacterial division (25). Considering the
importance  of identifying bitalactemise
inhibitors in the treatment of inflammation, the
aim of this study is to evaluate the inhibitory
effects of Berberin inside the active site of type
D bitalactemises of OXA-10 type by using
computational methods of molecular docking
and molecular dynamics simulation.

2. Material and methods

2-1. Computational methods

Computational methods lead to obtaining
information that is very difficult to obtain
experimentally, as computer simulations for
any combination are cheaper than doing any
type of laboratory test. In general, the drug
design project is done with the efforts of
modeling specialists if it is accompanied by
high accuracy and sufficient knowledge, rather

than the heavy burden on the shoulders of the
experimental method, which is reduced to a
great extent and leads to a huge saving in time
and money. In recent years, computational
methods for drug design have attracted the
attention of large pharmaceutical companies
around the world. Molecular docking is a
valuable method for studying ligand-protein
interactions and one of the main tools in
computational drug design. Molecular docking
is a type of computer calculation to predict the
most suitable protein binding site to bond with
a ligand and the best orientation of that ligand
inside the protein binding site to create
appropriate  interactions  between  two
compounds. In this way, by using the molecular
docking method of binding free energy,
hydrogen bonds between ligand and protein and
functional groups that play a role in creating
more effective interactions between ligand and
protein are identified.

2-2. Molecular docking

Molecular docking was done using Autodock
4.2.2 software for class D B-lactamase OXA-10
(26). The RCSB protein data bank provided the
x-ray crystallographic structures of the OXA-
10 B-lactamases with pdb code (4S20). Non-
polar hydrogen atoms that are better for
docking calculations were added to the PDB
file in place of water molecules and the original
ligands. The Pubchem server was used to
download the SDF format of Berberin's 3D
structure with CID 2353, which was then
converted to PDB format using the OpenBabel
program. The Gaussian 09W program was then
used to optimize the structure, utilizing the
B3LYP hybrid density functional theory
approach at the 6-31G level (27).

The GROMACS 2019.6 package was used to
minimize the energy of the enzyme using the
AMBER99SB force field. The macromolecule
was held rigid for docking calculations,
whereas Berberin was allowed to rotate freely.
With the use of co-crystallized ligands from the
enzyme's pdb files, the active site of the
macromolecule was identified. The grid map
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with 50 points and a grid point spacing of 0.375
was chosen after locating the active site. The
Lamarckian genetic algorithm (LGA) approach
was used to run 200 docking calculations with
25 million energy evaluations. Finally, the
optimal docking mode was chosen as the
conformation in the cluster with the lowest
binding energy.

2-3. Molecular dynamic simulation

The enzyme was subjected to molecular
dynamic simulations for both their free
forms and in complex with Berberin in a
cubic box solvated by the tip3p water
molecule model using the GROMACS
2019.6 program running on the Kubuntu
2020.4 Linux operating system
(28). Berberin force field parameters were
generated with the Python-based ACPYPE
tool (AnteChamber  Python  Parser
Interface) (29). Enough ions have been
added in order to neutralize the system. The
dissolved systems were initially reduced
using the steepest descent approach in order
to remove the enormous forces. The
simulated systems were then stabilized at
310 K and 1 bar by running 1 ns simulations
in nvt and npt ensembles. Following
thorough system balancing, an MD run was
conducted with a time step of 2 fs for a
simulation time of 100 ns. The molecular
structure of enzymes, ligands, and
intermolecular interactions was finally
studied using simulated trajectories.

3. Results and discussion

3-1. Molecular docking

The binding pose and interaction of Berberin
with the key residues of AmpC B-lactamase in
its active site are exhibited in Figure 1. This
diagram shows the main amino acids in the
active site of OXA-10 as follows: Ala66, Ser67,
Met99, Trpl02, Vallld, Serll5, Leulb5,

Glul56, Gly207, Phe208, and Ser109. Some
residues interact with Berberin through van der
Waals interactions. It is apparent that the
carbonyl group of Berberin formed two H-bond
complexes with the carboxyl groups of Ser67
and Ser115, respectively. Binding energy and
the inhibition constants of Berberin with the
OXA-10 are displayed in Table 1. This table
indicates that the OXA-10/berberin system has
the lowest binding energy, with a mean AG
binding of 6.29 Kcal/mol and an inhibition
constant of 24.33 uM. Moreover, these findings
indicate that Berberin has a high affinity for
OXA-10, which can potentially be an inhibitor
of class D B-lactamase.

MD simulation

3-2. Analyses of RMSD (root mean square
deviation)

The root mean square deviation (RMSD) of the
trajectory with respect to their initial
conformation obtained in MD simulations
provided us with the stability measure of the
docked complexes. Figure 2 shows the OXA-
10 RMSD of 100 ns for the simulated system.
In the beginning, there was a sharp rise in
RMSD for the protein-ligand complex, and
after the initial rise, a subsequent gradual
decrease occurred. As shown in this figure, the
OXA-10 enzyme reached equilibrium at 75 ns
for the free and bond systems, with a minor
shift for the bond system at a 90 ns time period.
As ligands bind the OXA-10, the deviation of
the protein decreases, which shows the
stabilization of the OXA-10 in the presence of
berberin. The averages of the MD parameters
for free and complex systems represented in
Table 2 over the last 20 ns indicate that
Berberin binding causes significant
stabilization. As with the binding of berberin to
OXA-10, the average number of RMSD shifts
from the free form of 0.174+0.042 nm to
0.238+0.035 nm.



Safi M, etal. / Afghanistan Journal of Basic Medical Sciences (2024). 31-39 35

3-3. MD simulation

3-3-1. Analyses of RMSD (root mean square
deviation)

The root mean square deviation (RMSD) of the
trajectory with respect to their initial
conformation obtained in MD simulations
provided us with the stability measure of the
docked complexes.

Figure 2 shows the OXA-10 RMSD of 100 ns
for the simulated system. In the beginning,
there was a sharp rise in RMSD for the protein-
ligand complex, and after the initial rise, a
subsequent gradual decrease occurred. As
shown in this figure, the OXA-10 enzyme
reached equilibrium at 75 ns for the free and
bond systems, with a minor shift for the bond
system at a 90 ns time period. As ligands bind
the OXA-10, the deviation of the protein
decreases, which shows the stabilization of the
OXA-10 in the presence of berberin. The
averages of the MD parameters for free and
complex systems represented in Table 2 last 20
ns indicate that Berberin binding causes
significant stabilization. As with the binding of
berberin to OXA-10, the average number of
RMSD shifts from the free form of 0.174+0.042
nm to 0.238+0.035 nm.

Table 1: The binding energies and inhibition constants
of OXA-10/Berberin
System AG binding (KCal/mol) | Ki (uM)

OXA-
10/Berberin

-6.29 24.33

3-3-2. Analysis of RMSF (root mean square
fluctuation)

In the RMSF profile, the conformational
flexibility residues of the protein-ligand
complexes were evaluated. Figure 3 depicts
the protein RMSF and the ligand RMSF,
respectively. It is clear from the figure that
the fluctuations were very low, and the
RMSF for the OXA-10 residues was
observed to be a minimum of 0.07 A for all
the complexes and a maximum of 0.46 A.
For the ligand-protein RMSF, the atoms

showed the minimum fluctuation for residues
in the OXA-10 active site compared to the free
form. As shown in Table 2, the mean RMSF
value in the presence of berberin for the enzyme
has decreased, indicating that the bound state of
the OXA-10 enzyme has a relatively lower
conformational fluctuation than the free form of
the enzyme.

Figure 1. Binding mode of Berberin with docked OXA-
10 (A) Ribbon model: Berberin, Surface model: Berberin,
(B) Ligplot showing interactions between Berberin
residues and OXA-10: the residues in green are involved
in hydrogen bonding and the black in hydrophobic
interactions. The atoms in contact are shown with spokes
radiating back. Figures are provided by the VMD1.9.3 and
Ligplot+ programs.

Figure 2. The time evolution of average RMSD during
100 ns MD simulations.

3-3-3. Analysis of RG (radius of gyration)

RG is an important parameter that yields
information about structural compactness, the
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third structure of the enzyme, and its deviation
in the presence of ligand. The radius of gyration
(Rg) of the OXA-10 and ligand complexes were
found to be between 1.76 and 1.85 nm initially,
as represented in figure 4. The Rg values were
stabilized after 78 ns for both free and complex
systems. RG for complexed systems shows less
fluctuation during simulation time, which
shows the 3rd structure of OXA-10 has been
compacted as bound to berberin. Table 2
represents the average amount of Rg during the
last 20 ns of simulation time. The average
number of OXA-10 has decreased with the
presence of berberin, which shows the
compression of the enzyme’s 3rd structure due
to binding to berberin.

RMSF (nm)

10 0 50 0 % 10 130 150 170 190 210 230 250 270
Residue Number

Figure 3. The average RMSF for 100 ns period of MD
simulations.

4520

Time (ns)

Figure 4. The average RG for 100 ns period of MD
simulations.
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~ 4S20/Berberin

A

110
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Figure 5. The average SASA for 100 ns period of MD
simulations

3-3-4. Analysis of SASA (solvent-accessible
surface area)

In the SASA profile, the reachable surface of
the enzyme to its solvent in free and complex
form has been studied during periodic
simulation. Figure 5 exhibits the SASA
diagram, as the results indicate the minimum
105 nm to maximum 130 nm SASA, and both
systems have reached equilibrium in 75 ns. As
Berberin binds to OXA-10, the SASA has less
deviation than the free form in the diagram.
According to Table 2, the average amount of
SASA produced by the binding of berberin to
OXA-10 increased, which shows the surface of
the enzymes for water molecules was extended
into complex form.

3-3-5. Analysis of the number of hydrogen
bonds

Investigating the H-bond between enzyme-
enzyme, enzyme-solvent, and enzyme-ligand
provides more details about the binding affinity
and interaction tendency of systems. The
number of contacts formed by the Berberin with
OXA-10 residues and the corresponding
probability over the 100 ns simulation time are
exhibited in Figure 6. The maximum number of
H-bonds formed by the berberin with OXA-10
residues was 2 in the MD simulations study,
which shows the stability of complexes and
showed that berberin has a binding tendency to
this OXA-10. Enzyme-solvent and enzyme-
enzyme hydrogen bonds for free and bound are
exhibited in Figures 7 and 8, respectively.

The interpretation of these figures shows no
significant variation or alteration in enzyme-
solvent for both systems, but in the case of
enzyme-enzyme hydrogen bonds, the enzyme
H-bond has slightly changed as complexed with
berberin. The average number of enzyme-
solvent and enzyme-enzyme hydrogen bonds is
shown in Table 3 for systems during the last 20
ns. The findings in this table suggest that the
average number of hydrogen bonds between
enzyme atoms in the presence of Berberin has
slightly decreased, while the hydrogen bonds
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Table 2: The average and standard deviations of RMSD, Rg, RMSF, and SASA for free and complex enzymes during the last

20 years
System Mean RMSD (nm) Mean Rg (nm) Mean RMSF (nm) Mean SASA (nm)
Free OXA_10 0.174+0.042 1.789+0.0158 0.119+0.073 120.884+2.177
OXA- 0.238+0.035 1.823+0.015 0.111+0.060 124.024+1.999
10/Berberin

Table 3: The average and standard deviations of intramolecular enzyme and enzyme-solvent hydrogen bonds during the last

20 ns

System Enzyme-Enzyme

Enzyme-Solvent

Free OXA-10 195.650+6.915

486.769+13.281

OXA-10/Berberin 191.060+6.600

494.386+12.701

between the OXA-10 enzyme and the solvent
molecules increased in the presence of
Berberin. The binding affinity of the berberin
with OXA-10 in the MD simulations study
validated the docking results.

25

—— 4520/Berberin

Number f Hydrogen Bonds

0 20 40 60 80 100
Time ()

Figure 6. The number of hydrogen bonds between Berberin and
OXA-10 for a 100-ns period of MD simulations.

600

4820
4S20/Berberin

550

. ‘,J |"PWMW‘*"‘ v WW iy il i

L o ‘n“\ o \ il \\,l N]\\ ]‘ ||H

r:mymesm\vm' H-bond

450

400
0

20 40 60 80 100
Time (ns)

Figure 7. The enzyme-solvent H-bond for a 100-ns period
of MD simulations.
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Figure 8. The enzyme-enzyme H-bond for a 100-ns period
of MD simulations.s

5. Conclusion

The present study is based upon a new
molecular technique to identify a natural
compound inhibitor (berberin) for OXA-10,
combined with the analysis to validate the
findings by utilizing molecular docking and
MD simulation. The docking study exhibits
suitable binding energy and significant
hydrogen bond interactions. A MD simulation
study was performed to verify
the overall stability of the berberin within the
active site of the protein, as shown in different
structural analyses of MD simulation,
following RMSD,RMSF, RG, and SASA.
Additionally, the interactional analysis
indicated a constant hydrogen bond between
berberin and OXA-10. The current study
provides information for further in vitro and in
vivo studies and is a good starting point for
experimental studies.

Conflict of interest

We declare that we have no conflict of interest.

Data availability statement

The data that support the findings of this study
are available from the corresponding author,
upon reasonable request.



38 Safi M, etal. / Afghanistan Journal of Basic Medical Sciences (2024). 31-39

References

1. Testero S.A., Fisher J.F., Mobashery S. B-Lactam
antibiotics. In: Abraham D.J., Rotella D.P., editors.
Burger’s Medicinal Chemistry and Drug Discovery.
John Wiley & Sons, Inc.; Indianapolis, IN, USA:
2010. pp. 259-404.

2. Vollmer W., Joris B., Charlier P., Foster S. Bacterial
peptidoglycan (murein) hydrolases. FEMS Microb.
Rev. 2008;32:259-286.

3. Yao Z., Kahne D., Kishony R. Distinct single-cell
morphological dynamics under p-lactam antibiotics.
Mol. Cell. 2012;48:705-712. doi:
10.1016/j.molcel.2012.09.016

4. Fisher J.F., Meroueh S.O., Mobashery S. Bacterial
resistance to [-lactam antibiotics: Compelling
opportunism, compelling opportunity. Chem. Rev.
2005;105:395-424. doi: 10.1021/cr030102i .

5. Walther-Rasmussen J.,, Hoiby N. OXA-type
carbapenemases. J. Antimicrob. Chemother.
2006;57:373-383.

6. Sanschagrin F., Couture F., Levesque R.C. Primary
structure of OXA-3 and phylogeny of oxacillin-
hydrolyzing class D B-lactamases. Antimicrob.
Agents Chemother. 1995;39:887-893

7. Poirel L., Naas T., Nordmann P. Diversity,
epidemiology, and genetics of class D B-lactamases.
Antimicrob. Agents Chemother. 2010;54:24-38. doi:
10.1128/AAC.01512-08.

8. Bush K. The ABCD’s of B-lactamase nomenclature.
J. Infect. Chemother. 2013;19:549-559

9. Poirel L, Naas T, Nordmann P. Diversity,
epidemiology, and genetics of class D B-lactamases.
Antimicrobial agents and chemotherapy. 2010 Jan 1;
54(1):24-38.

10.

11.Hujer KM, Hujer AM, Hulten EA, Bajaksouzian S,
Adams JM, Donskey CJ, et al. Analysis antibiotic
resistance genes in multidrug-resistant Acinetobacter
sp.Isolates from military and civilian patients treated
at the Walter Reed Army Bush. Critic Care 2010;
14:224.

12. Pratt R.F., McLeish M.J. Structural relationship
between the active sites of B-lactam-recognizing and
amidase signature enzymes: Convergent evolution?
Biochemistry. 2010;49:9688-9697. doi:
10.1021/bi1012222.

13.Nordmann P, Guibert M. 1998. Extended-spectrum f3-
lactamases in  Pseudomonas aeruginosa. J.
Antimicrob. Chemother. 42:128-131.
10.1093/jac/42.2.128

14.Walther-Rasmussen J, Hoiby N. 2006. OXA-type
carbapenemases. J. Antimicrob. Chemother. 57:373—
383. 10.1093/jac/dki482

15.Queenan AM, Bush K. 2007. Carbapenemases: the
versatile B-lactamases. Clin. Microbiol. Rev. 20:440-
458. 10.1128/CMR.00001-07

16.Poirel L, Naas T, Nordmann P. 2010. Diversity,
epidemiology, and genetics of class D B-lactamases.
Antimicrob.  Agents  Chemother.  54:24-38.
10.1128/AAC.01512-08

17. Poirel L, Naas T, Nordmann P. 2010. Diversity,
epidemiology, and genetics of class D B-lactamases.
Antimicrob.  Agents  Chemother.  54:24-38.
10.1128/AAC.01512-08

18.Bayan AM, Mosawi SH, Fani N, Behrad MS,
Mehrpoor AJ, Noori MY, Shirzadi R, Popalzai AS,
Amirkhezi F. Integrating molecular docking and
molecular dynamics simulation studies on the affinity
and interactions of Berberin with -lactamase class A
enzymes. Journal of Molecular Structure. 2023 Nov
15;1292:136151.

19.S.N. Maiti, O.A. Phillips, R.G. Micetich, D.M.
Livermore, f-lactamase inhibitors: agents to
overcome bacterial resistance, Curr. Med. Chem. 5
(2022) 441-456,
https://doi.org/10.2174/09298673056662203191101
27.

20.F.E. Koehn, G.T. Carter, The evolving role of natural
products in drug discovery, Nat. Rev. Drug Discov. 4
(2005) 206220, https://doi.org/10.1038/nrd1657.

21.Alolga, R. N. et al. Pharmacokinetics of a
multicomponent herbal preparation in healthy
Chinese and African volunteers. Sci. Rep. 5, 12961
(2015.(

22.Musumeci, R. et al. Berberis aetnensis C. Presl.
extracts: antimicrobial properties and interaction with
ciprofloxacin. Int. J. Antimicrob. Agents 22(1), 48-53
(2003.(

23.Han, Y. & Lee, J. H. Berberin synergy with
amphotericin B against disseminated candidiasis in
mice. Biol. Pharm. Bull. 28(3), 541-544 (2005.(

24.Liang, R. M. et al. Potent in vitro synergism of fusidic
acid (FA) and Berberin chloride (BBR) against
clinical isolates of methicillin-resistant
Staphylococcus aureus (MRSA). World J. Microbiol.
Biotechnol. 30(11), 2861-2869 (2014.(

25.Aksoy, C. S., Avci, F. G., Ugurel, O. M., Atas, B.,
Sayar, N. A., and Sariyar Akbulut, B. (2020).
Potentiating the  activity of Berberin for
Staphylococcus aureus in a combinatorial treatment
with thymol. Microb. Pathog. 149, 104542. doi:
10.1016/j.micpath.2020.104542

26.Wu S, Yang K, Hong Y, Gong Y, Ni J, Yang N, Ding
W. A new perspective on the antimicrobial
mechanism of Berberin hydrochloride against
Staphylococcus aureus revealed by untargeted



Safi M, etal. / Afghanistan Journal of Basic Medical Sciences (2024), Vol. 2, No. 31-39

metabolomic studies. Frontiers in Microbiology. 2022
Jul 13;13:917414.

27.G.M. Morris, D.S. Goodsell, R.S. Halliday, R. Huey,
W.E. Hart, R.K. Belew, A. J. Olson, Automated
docking using a Lamarckian genetic algorithm and an
empirical binding free energy function, J. Comput.
Chem. 19 (1998) 1639-1662,
https://doi.org/10.1002/(SIC1)1096-
987X(19981115)19:14<1639::AIDJCC10>
3.0.C0O;2-B.MMEV. N.J. CCR. L.V. G M.J. Frisch,
G.W. Trucks, H.B. Schlegel, G.E. Scuseria, R.

28.M. A, J.R. Cheeseman, G. Scalmani, V. Barone, B.
Mennucci, G.A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H.P. Hratchian, A.F. Izmaylov, J. Bloino, G. J.
Zheng, J.L. Sonnenberg, M. Hada Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima
Honda, Y.O. Kitao, H. Nakai Vreven, T.
Montgomery, J. A. Peralta Jr., J.E., F. Ogliaro
Bearpark, J.J. Heyd Brothers, K.N. Kudin Staroverov,
R. Kobayashi Normand, J. Raghavachari, K.A.
Rendell Burant, S.S. lyengar, J. Tomasi, M. Cossi, N.
Rega, N.J. Millam, M. Klene Knox, J.E. Cross, J.B.
Bakken, V., C. Adamo Jaramillo, J., R. Gomperts
Stratmann, R.E. Yazyev, O. Austin, A. J. Cammi, R.
Pomelli, JW. Ochterski Martin, K. Morokuma
Zakrzewski, G.A. Voth, P. Salvador, J.J. Dannenberg,
S. Dapprich, A.D. Daniels, "O. Farkas, J.B. Foresman,
J.V Ortiz, J. Cioslowski, D.J. Fox, Gaussian 09 User’s
Reference, Gaussian, Inc, Wallingford CT, 2009.

29.D. Van Der Spoel, E. Lindahl, B. Hess, G. Groenhof,
A.E. Mark, H.J.C. Berendsen, GROMACS: fast,
flexible, and free, J. Comput. Chem. 26 (2005) 1701
1718, https://doi.org/10.1002/jcc.20291.

30.A.W. Sousa Da Silva, W.F. Vranken, ACPYPE -
AnteChamber PYthon Parser interfacE, BMC Res.
Notes 5 (2012), https://doi.org/10.1186/1756-0500-5-
367. A.M. Bayan et al.



