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Abstract

Antibiotic resistance in bacteria is rapidly increasing across the globe which
warrants the development of new drugs to tackle this issue. Since alanine
racemase is essential to bacterial survival, novel antibiotics could have
efficacy targeting it, particularly in light of the growing prevalence of
antibiotic resistance. This work employs cheminformatics and biophysics
approaches to find and optimize new inhibitors of alanine racemase. The
objective of the research is to effectively find strong inhibitors and advance
the development of novel drugs to fight resistant bacterial infections by
integrating virtual screening with molecular dynamics simulations. Herein,
using clerodane furanolactones as a parent structure, we identified several
derivatives of the compound to show the best binding with bacterial alanine
racemase enzyme and block the biosynthesis of bacterial cell walls. Three
compounds; Top-1, Top-2, and Top-3 with a binding affinity (in kcal/mol) of -
8.7, -8.6, and -8.5, respectively were identified. The compounds were
classified as good drug-like molecules as they clear parameters of Lipinski,
Ghose Muegge, Vber, Egan, and MDDR drug-like rules. According to
molecular dynamics simulation findings, the enzyme remained in good
stable dynamics in the presence of compounds throughout the length of
simulation time with average RMSD within the 3 A range. Further
observation noticed the enzyme residues in good overall stable behavior,
particularly the active site residues. The intermolecular strength of
interactions between the enzyme and compound was additionally cross-
validated by binding free energy analysis. The net binding free energy (in
kcal/mol) of Top-1, Top-2, and Top-3 is -22, -25.21, and -17, respectively in
the MM-GBSA method and -32.14 (Top-1),-29.45 (Top-2) and -32.87 (Top-3)
in WaterSwap. Together this study indicated the screened compounds as
promising antibacterial and might be investigated in the experimental
analysis for biological activity.
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1. INTRODUCTION

The antibiotic resistance crisis is increasing to a very high level across the globe both at the hospital
and community level [1]. Bacterial pathogens have acquired new resistant genetic determinants not
reported previously and are spreading fast [2]. This results in difficult treatment, makes the hospital
stay longer, and is associated with a high mortality rate [3]. Statistically, approximately 100,000
people have died annually due to antibiotic-resistant bacterial infections within the last 35 years is
recorded [4]. the US Centers for Disease Control and Prevention (CDC) estimated 2.8 million cases of
antibiotic-resistant bacterial infections and 35,000 deaths in the United States. This roughly equals
one infection and death after every 11 seconds and 15 minutes, respectively [5]. Considering this
worrisome situation with the inappropriate use of antibiotics and alarming evaluation of antibiotic
resistance, new therapeutic approaches are urgently needed to overcome this global burden of
antibiotic resistance and reduce antibiotic resistance-associated mortality and morbidity [2,6].

Clerodane furanolactones is a heterocyclic chemical compound that basically contains lactone and
furan rings in its chemical composition, this compound is basically isolated from different plants
including Sphenocentrum jollyanum Pierre and Jateorhiza calumba Miers. Recently notable
biological activity has been reported, as well as this compound can act as a chemical defense against
phytophagous animals or diseases. Furthermore, several other biological potency which are mainly
include piscicidal trypanocidal and antimicrobial properties, however, the antifeedant properties of
the said compound have been extensively reported. Heretofore 5 clerodane diterpenoids have been
isolated from Pulicaria wightiana which represents highly antibacterial activity against Bacillus
subtilis and several other bacterial species like staphylococcus aureus and gram-negative Klebsiella
aerogenes, also antibacterial activity against Chromobacterium violaceum was reported. The gram-
negative bacterial pathogens in particular are more problematic have higher pathogenic potential
and are reported to be resistant to most of the clinically used antibiotics. In a study carried out from
2009 to 2012, this group of bacterial pathogens revealed a high degree of resistance to ceftazidime
and imipenem, in U.S hospitals both in ICU and non-ICU units. For example, Escherichia coli
resistance is recorded to show 11% resistance to ceftazidime and 0.3% to imipenem in ICU units
while in the non-ICU units, 6.9% were to ceftazidime and 0.1% to imipenem. The Klebsiella
pneumonia resistance in ICU units is 26.8% to ceftazidime, and 11.5% to imipenem while in non-
ICU, 14.5% were resistant to ceftazidime and 5.8% to imipenem. The superbug Acinetobacter
baumanni was resistant to ceftazidime (60.1%), imipenem (52%) in ICU and ceftazidime (35%) and
imipenem (28%) in non-ICU while Pseudomonas aeruginosa resistant is 18.6% to ceftazidime and
23.2% to imipenem in ICU and 7.3% ceftazidime and 8.4% to imipenem in non-ICU [10].

Alanine racemase is a PLP-dependent enzyme which supervise the conversion of l-alanine to d-
alanine during bacterial peptidoglycan biosynthesis. As there is known homolog present in humans,
the enzyme is considered as an excellent antimicrobial target. For the development of new drugs
computational studies play a major role in the designing and discovery of drugs in order to reduce
the time, computational studies include molecular docking, de-novo design as well as virtual
screening [11]. The computational studies of drug design give us information about the structure of
the target and ligand in the discovery of new drugs [12]. The screening technique is used to minimize
the time and price for the discovery/development of potent drugs. The impotence via structure-base



and ligand-based drug design suggests their compulsory use. More ever there integration with
experimental routines, so have a good impact on rational drug design (Macalino, Gosu, Hong, &
Choi, 2015).

2. MATERIALS AND METHODS

The current study was designed for the identification of potential antibacterial agents by targeting
alanine racemase enzyme using a multi-stage structure-based virtual screening approach as the flow

diagram is presented in Figure 1.
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Figure 1. The study was started using Clerodane furanolactones as a parent structure to search for
novel derivatives. The identified compounds were used in virtual screening against the alanine
racemase enzyme. The study was further supported by molecular dynamics simulation and binding

free energies.
2.1. Alanine Racemase Receptor Preparation

The 3D crystal complex structure of alanine racemase (PDB I.D; 1BD0) was downloaded from the
protein data bank (PDB). The energy minimization of the receptor was done via UCSF Chimera
software 1.15 to make it ready for docking calculations. The energy minimization consists of 1000
steps of the conjugate and steepest descent gradient algorithms. The protein was then saved to be
employed in docking studies.



2.2. Structure Similarity-based Searching

The energy minimization of the target protein was performed to remove any unwanted residues or
water molecules and prepare it for the molecular docking step. The structure of Clerodane
furanolactones was drawn using ChemDraw ultra 12.0 and energy minimized in chem3D ultra 10.0
and saved as a PDB. The PDB file of the compound was used in an online smile translator and
compound SMILE was generated. The Clerodane furanolactones was then used in the Chembl
database; this database is used for the identification of the same structure compounds based on the
percentage similarity ratio. The 100% similarity ratio means that the database will find the 100%
same structure compound present in the database and the 60% similarity ratio means that the
database will find the 60% matching structure compound. So 106 ligands were identified based on a
60% similarity ratio S-Table 1. To utilize these inhibitors in the docking procedure, the 2D structure
of the compounds was drawn in ChemDraw keeping the exact bound angles and lengths [18]. Again
the compounds were used in Chem3D ultra for the energy minimization process.

2.3. Molecular Interactions Analysis

Molecular docking method is a computational-based study to predict intermolecular conformation
and interactions between a receptor and a ligand by using docking software PyRx 0.8. The docking
was completed using Autodock-Vina Software 4.2.6 [20]. First of all, the docking of the 105 inhibitors
including the Clerodane furanolactones with the targeted alanine racemase enzyme was executed.
The grid box dimensions were set with search area coordinates at the center along the X, Y, and Z
axis. The X=18.6609 A, Y=19.3931 A, and Z=71.3607 A, and the size of the box was set to 25 A. The
binding site was defined to cover all possible binding sites of the receptor. Before docking the
inhibitors, the docking protocol was validated by re-docking the co-crystallized ligand (IN5) against
the identified active pocket of the enzyme. The produced RMSD value (less than 2 A) indicated the
validity of the process (1). The binding score of the best-generated pose was used as a threshold for
screening the inhibitors. The energy is measured in kcal/mol and the lowest binding energy is
considered the best docking complex. The best docked soluations were analyzed through UCSF
Chimera 1.15 [20], VMD v1.93 [21] and Discovery Studio (DS) Visualizer v2021 [22].

2.4. Evaluation of Compounds Pharmacokinetics

Computational pharmacokinetics of selected best-hit compounds was done through preADMET [23]
and SwissADMETto find out the absorption, distribution, metabolism, excretion, and toxicity profile
of the hit compounds in the body. [24].

2.5. Unveiling Complexes Dynamics

This study was carried out after docking analysis. The best-docked complexes were subject to
molecular dynamic simulations through the AMBER software v20 to check the interaction of ligand
and protein in dynamic environment. (Weiner & Kollman, 198c1). The preprocessing of complexes
was done using antechamber program. The force field used for the protein is FF14Sb and the
compound is GAFF. The energy minimization of complexes was done using the steepest descent and
conjugate gradient algorithms. The complexes were then heated gradually to 310 K, followed by the
equilibration phase. The production run was performed for 100 ns where the temperature was kept
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constant using the Langevin algorithm. The trajectories were evaluated using the CPPTRAJ algorithm
while plots were made using XMGRACE.

2.6. MM (PB/GB) SA Investigation and Revalidation

The trajectories of simulations were used further in MM (PB/GB) SA of AMBER20 [30]. The methods
describe the difference between complex and protein and ligand alone. The frames were picked
after each 0.2 ns from simulation trajectories and subjected to MMPBSA.py module [31]. The
MMPBSA and MMGBSA binding free energies were revalidated by another sophisticated method
such as WaterSwap. This method works on reaction coordinates where a bounded ligand is swapped
with a cluster of water molecules of equal size and shape present in the active pocket. Further, the
entropy energy calculation was done on selected simulation trajectory frames using AMBER normal
mode analysis.

3. RESULTS AND DISCUSSIONS
3.1. Binding Mode and Interactions Analysis

A molecular docking study is an in silico study to decipher biomolecule dynamics. The study herein
aims to determine the best docked intermolecular conformation of used compounds with alanine
racemase. Re-docking of the co-crystallized ligand was also done to assess docking accuracy, and an
RMSD of 1.829 A was obtained, as well as a docking score of -6.6 kcal/mol for reference; the top
three complexes showed binding affinity higher than the reference. The ligands of the top three
complexes are tabulated in Table 1. The Top-1 binding energy (in kcal/mol) was -8.7, Top-2 was -8.6
and Top-3 was -8.5. The binding conformation of the compounds with the alanine racemase is
illustrated in Figure 2.

Figure 2. Binding conformation of compounds with the alanine racemase enzyme. The compounds
are in sticks while alanine racemase is on an orange surface.

The binding interactions of complexes were determined using Discovery Studio Visualizer 2021
software. The Top-1 involves the van der Waals, conventional hydrogen bonds, pi-Sulphur, and Pi-Pi
T-shaped interactions shown in Virtual Screening software. The active residues such as Tyr43 are



attached to furan with the help of Pi-Pi T-shaped interaction at a distance of 5.88 A, while the
adjacent carbon of furan interacts with the active residue of Cys358 is attached with the help of pi-
Sulpher interaction at a distance of 8.44 A. The tetrahydro-2H-pyran-2-one showed interaction with
the active residue of Lys39 via position 4 at a distance of 5.67 A attached with oxygen with the help
of a conventional hydrogen bond. The Top-1 from position 5 interacts with the active residue of
Arg136 at a distance of 6.26 A with the help of a conventional hydrogen bond. Moreover, the active
residue associated with cyclohexane-2 enol is Tyr354, Asn203, Asp171, Pro229, and lle352S with the
help of conventional hydrogen bonds. The active residue that is found in front of the cyclohexane is
His A: 166 Met A: 134 and Ala A: 168. Are connected with the help of conventional hydrogen bonds
Figure 3. The Top-2 compound involves the Van der Waals, Pi-Pi stacked conventional hydrogen
bond and Pi-Alkyl interaction. The cyclohexane-1-carboxylic acid ring contains the active residue of
Cys358 at a distance of 5.38 A and Lys39 at a distance of 4.35 A via conventional hydrogen bond
interaction. The furan ring attaches the active residue of Tyr354 at a distance of 4.94 A by Pi-pi
stacked. The methyl benzoate ring attached to an active residue of His166 at a distance of 5.44 A
and Lys39 at a distance of 5.44 A through the interaction of conventional hydrogen bond. The other
active residue of an enzyme formed interaction with residues such as Tyr43, lle222, Arg219, Gly221,
Ser204, Asn203, Aspl71, and Argl36 by the van der Waals interactions. The 1, 1, 2
trimethylcyclohexane ring of the compound interacts with Ala 40 and lle352 through van der Waals
and hydrogen interactions Figure 3. The Top-3 interaction involves the van der Waals, pi-alkyl and pi-
anion interacting with furan moiety through Asp171 at a distance of 5.14 A by pi-anion and Ala205,
Pro229, Asn203, Alal68, Phel67, Metl134 attached via van der Waals interaction and 3-methyl-
Cyclohex-1-ene ring interact with Lys39 Cys358, Argl136, His166, and lle352 by van der Waals force
and the 2-(cyclohexyl oxy) ethanamie interact with Tyr354 at a distance of 4.81 A by pi-alkyl bond.
The interaction of the compound with Ala40, Lys39, and Cys358 by Van der Waals bond is shown in
Figure 3.

Table 1. Selected best binders to alanine racemase enzyme. All values in kcal/mol.

S.no | Compound Structure Energy value

Top-1
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-8.7 kcal/mol
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Figure 3. Docked complexes of alanine racemase with different ligands (Alanine racemase shown probable
interaction with different compounds, the highest initiative amino acids residues are presented with
different colors. (A) Re-docking of the co-crystallized ligand. (B) Top-1 complex. (C) Top-2 complex (D) Top-3
complex.

3.2.Prediction of Compounds Pharmacokinetic Properties

The development of drugs often suffers from unsuccessful clinical testings which can waste time and the
assoicated cost. Therefore, the prediction of pharmacokinetic properties is vital in preclinical drug
development to minimize drug failure [32]. The prediction of compounds pharmacokinetics properties has
facilitated the selection of appropriate drugs for lead optimization. All the priortized compounds in the
study were classified as a druglike and follow druglike rules scuh as Muegge, Vber, Egan, and MDDR rules.
The gastrointestinal absorption (Gl) of all compoudns was high thus demonstrating the good amount of the
drugs can be obtained at the target site for biolgoical action. The compounds were found not to able to
cross the blood-brain barrier (BBB). The ability of drugs to be retained in the blood stream for an extended
for a good tieme period is an important property for its delivery to the target sites [33]. The bioavailability
is recorded as Top-1 (0.55), Top-2 (0.85) and Top-3 (0.55). The bioavailability of compounds depends on
their predominant charge at biological pH. This property of the compound can be used to evaluate its
binding efficacy for the plasma protein binding (PPB). The logk value was in the following order; Top-1 (-
8.40cm/s), Top-2 (-5.11cm/s), and Top-3 (-7.20cm/s). The elevated percent of PPB and small logk indicates
that the compounds may be retained within the bloodstream for an excessive period of time as a
consequence maximizing its availability to the target sites. In addition, the absorption capability of the
compound in the skin and the intestinal is measured via Sklog P and log D values [35]. The excessive Sklog P
and log D values further reveal that the compounds may be correctly absorbed through the skin pores and
from the intestine. Moreover, the action of the ligand on CNS (Central Nervous System) and the activeness
of the compound to pass the CNS barrier changed into computed on the idea of the molecular weight, the
molecular weight of Top-1 (392.44 g/mol), Top-2 (438.56 g/mol) and Top-3(401.58 g/mol). The TPSA of Top-
1 is 392.44 g/mol), Top-2 is 438.56 g/mol) and Top-3 is 401.58 g/mol. It is believed that lower molecular
weight, topological polar surface area (TPSA), and NRB values are related to extended CNS penetration. In
this analysis, it was found that the compounds are appropriate candidates for designing derivatives with
more improved physiochemical, pharmacokinetics, and ADMET features.

3.3. Molecular dynamic simulations

The dynamic behavior of docked complexes was investigated using molecular dynamics simulation to gain a
detailed analysis of the structural adjustment adopted by the enzyem in the presence of inhibitors during
simulation time. The extent that a protein or other macromolecule deviates from its initial form throughout
the course of a simulation has been tracked using Root mean square deviation (RMSD). First of all, RMSD
analysis was conducted to measure the average distance among superimposed complexes snapshots
picked from different time frames of simulation trajectories. The docked intermoelcular conformation was
used as a reference strucutre. To study complexes RMSD is vital to decipher the structure stability of
receptor enzyme in the presence of ligand molecules. The Top-1 complex revealed the lowest RMSD
compared to the other complexes. The RMSD plot of the Top-1 complex showed fluctuations within the
range of 1.3-3.16 A and finally reached a stable state after 95 ns of simulation. The mean RMSD value for
the Top-1 complex is 1.98 A. The RMSD of the Top-2 complex increased from the beginning of the
simulation until 65 ns, reaching a value of 3.82 A. From that point until the end of the simulation, the RMSD
value decreased slightly. The mean RMSD value for the Top-2 complex is 2.6 A. The RMSD plot of the Top-3
complex increased from the beginning of the simulation until 18 ns, then ranged between 2 and 3.2 until 94
ns and subsequently decreased. The Top-3 mean RMSD value is 2.37 A. These RMSD values demonstrate
that the receptor enzyme remained structurally intact and no major global or local deviations were
noticed.The root mean square fluctuation (RMSF) plot provides crucial insights regarding the flexibility of
the complexes. High fluctuations in the plot suggest increased flexibility and unstable bonds, while lower
values or less fluctuations indicate well-structured sections in the complexes. The mean RMSF values of
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Top-1, Top-2, and Top-3 complexes were 1.03 A, 1.01 A, and 0.95 A, respectively. The RMSF analysis
revealed that the enzyme residues experienced good stable energy except for flexible loop deviation
located at the N-terminal and C-terminal of the enzyme. The loops are naturally flexible and behave more
dynamically when ligands bind. However, the loops deviations were not found to destabilize the ligands
binding and conformation. As shown in Figure 4, all of the complexes showed almost similar patterns. The
Beta Factor plot in Figure 4 is in accordance with RMSF trends, whereby the mean value of the Beta Factor
of the Top-1 complex is 34.43 A, Top-2 complex is 31.05 A, and Top-3 complex is 28.18 A. The radius of
gyration (Rg) tells about enzyme compact nature. The Rg of the Top-1 complex found to be almost stable
with low amount of Rg flucutations seen. The mean Rg of Top-1 complex was 25.24 A. The Top-2 complex
from 20 to 100 ns has the highest Rg value when compared to other complexes, indicating less regid
secondary structure elements compared to other complexes. The mean Rg value of Top-2 complex was
25.50 A. The Top-3 complex exhibited minimum Rg value between 38 and 48 ns; the mean Rg value of the
Top-3 complex is 25.3 A. These values illustrate the stable structure dynamics of the selected complexes
and witness the good compact nature during simulation. The simulation-based plots are given in Figure 4.

1 1
O6 16 20 30 40 50 60 70 80 S0 100
Time (ns)

L TOO 500 300 Z00
Residus Number

600

500}

)

Betafactor (A )

400

300§

(O PN Y a Vi e Y WV \a mAa /N, [\ N o
e 100 200 300 400

0

Radius of Gyration (A)

60 10 20 30 40 50 60 70 80 90 100
Time (ns)

Figure 4. Molecular dynamics simulation analysis. The simulation analysis was conducted for 100 ns. All the
analyses were done based on carbon alpha atoms.
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3.4. Estimating Binding Free Energies

The binding free energy calculation is considered more reliable than docking and often more comparable to
experimental studies. The binding free energy value (in kcal/mol) of 5000 frames for the Top-1, Top-2, and
Top-3 complex in MMGBSA was -33.45, -30.87, and -31.65, respectively. In MMPBSA, the corresponding
free energy values for the Top-1, Top-2, and Top-3 complexes was -34.18, -31.05, and -32.36, respectively.
The van der Waals and electrostatic energies played a significant role in complexes stabilization while
solvation energy is non-favorable. Based on the calculated values, the contributions of Van der Waals
energy appear to be significant in both methods. The data reveal that the Top-1 complex has the most
negative binding free energy in both MMGBSA and MMPBSA, indicating a stronger binding of the Top-1
compound to alanine racemase; the Top-3 and Top-2 compounds also showed a favorable binding free
energy with alanine racemase. Table 2 shows the contributions of various energy components to the net
binding free energy of complexes.

Table 2. Calculated binding free energies of complexes. All of the energy values are in kcal/mol.

Energy Parameter | Top-1 Top-2 Top-3
MMGBSA
Van der Waals -29.00 -26.11 -28.00
Electrostatic -10.00 -11.06 -10.00
Delta G gas -39 -37.17 -38
Delta G solv 5.55 6.30 6.35
Delta Total -33.45 -30.87 -31.65
MMPBSA
Van der Waals -29.00 -26.11 -28.00
Electrostatic -10.00 -11.06 -10.00
Delta G gas -39 -37.17 -38
Delta G solv 4.82 6.12 5.64
Delta Total -34.18 -31.05 -32.36

3.5. AMBER Entropy Analysis

The AMBER normal mode entropy calculation was done to estimate the entropy energy contribution to
each system's intermolecular docked stability. As the process is computationally very expensive, only 5
frames were processed. The net entropy energy value (in kcal/mol) of Top-1, Top-2, and Top-3 was -1.52, -
1.89, and 0.24, respectively. The values show that the systems have no or very little freedom energy due to
which the intermolecular docked complexes are very stable in terms of conformational energy.

Published by Abasyn University
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3.6. Water Swap Binding Energies

The Water Swap calculations were done for default 1000 iterations and the results seem well converged.
The Water Swap absolute binding energies for the complexes are given in Figure 5. All three complexes
reported stable binding energy scores. The difference in energy among the Water Swap algorithm was
found small, indicating well convergence of the systems. The Top-3 was found as the most stable with a
binding energy (in kcal/mol) of -22.85, -22.08, and -21.39 for Bennett’s, thermodynamic integration (TI),
and free energy perturbation (FEP) algorithms, respectively.

BI‘S I B ts
-19.41
-19.64
-20.22
-21
-22.1

21,39
Figure 5. WaterSwap energy calculation for selected top complexes.

4. CONCLUSIONS

Binding Energy in Kcal/mol

-21.74
-22.08

-22.85

One interesting pharmacological target for fighting bacterial infections is the enzyme alanine racemase. The
potential of several clerodane furanolactone derivatives to inhibit alanine racemase was assessed in this
work. Based on their stable docking inside the active site of the enzyme and significant binding affinity,
several top candidates were identified. These compounds met essential requirements for possible drug
development by exhibiting positive pharmacokinetic characteristics. The docking studies were confirmed by
the use of molecular dynamics simulations, which confirmed the stability of the ligand-enzyme interactions.
Even though the results are encouraging, further study such as experimental validation, structure activity-
relationship analysis, extended pharmacokinetics profile studies and exploration of derivatives librarries is
necessary to confirm the findings and develop the compounds as possible medicinal agents.
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