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Methionine aminopeptidase (MetAP) enzymes play a critical role in bacterial cell survival by cleaving
formyl-methionine initiators at N-terminal of nascent protein, a process which is vital in proper protein
folding. This makes MetAP an attractive and novel antibacterial target to unveil promising antibiotics. In
this study, the crystal structure of R. prowazekii MetAP was used in structure-based virtual screening of
drug libraries such as Asinex antibacterial library and Comprehensive Marine Natural Products Database
(CMNPD) to identify promising lead molecules against the enzyme. This shortlisted three drug molecules;
BDE-25098678, BDE-30686468 and BDD_25351157 as most potent leads that showed strong binding to
the MetAP enzyme. The static docked conformation of the compounds to the MetAP was reevaluated in
molecular dynamics simulation studies. The analysis observed the docked complexes as stable structure
with no major local or global deviations noticed. These findings suggest the formation of strong inter-
molecular docked complexes, which showed stable dynamics and atomic level interactions network.
The binding free energy analysis predicted net MMGBSA energy of complexes as: BDE-25098678 (-
73.41 kcal/mol), BDE-30686468 (-59.93 kcal/mol), and BDD_25351157 (-75.39 kcal/mol). In case of
MMPBSA, the complexes net binding energy was as; BDE-25098678 (-77.47 kcal/mol), BDE-30686468
(-69.47 kcal/mol), and BDD_25351157 (-75.6 kcal/mol). Further, the compounds were predicted to follow
the famous Lipinski rule of five and have non-toxic, non-carcinogenic and non-mutagenic profile. The
screened compounds might be used in experimental test to highlight the real anti- R. prowazekii
MetAP activity.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rickettsia prowazekii is an intracellular, obligate Gram-negative
coccobacillus from the genus Rickettsia (Helgren et al., 2017). The
bacterium is transmitted to humans by louse and is responsible for
causing epidemic typhus (Sexton et al., n.d.). The disease is accom-
panied with high fever, dry cough, headache, myalgias, rash and
delirium (Oberoi and Singh, 2010). So far, no other reservoir is
reported for R. prowazekii except humans (Azad and Beard,
1998). The flying squirrel is considered as the main reservoir in
United States (Fournier and Raoult, 2020). The reported mortality
rate of epidemic typhus varies among people (Kim, 2022). The
mortality rate is higher in malnourished patients and elderly peo-
ple (Álvarez-López et al., 2021). The mortality rate is 60% among
patients when the primary infection is untreated (Doppler and
Newton, 2020). R. prowazekii is tagged as category B pathogen
and a bioterrorism agent according to classification by Center for
Disease Control and Prevention (CDC) (Ferreira et al., 2023). The
human body louse, being the prime vector of R. prowazekii infec-
tion, harbors the bacterium inside the gut epithelium (Osterloh,
2021; Reece and Kaufmann, 2019). Here, the pathogen multiplies,
followed by detachment, and finally is released into the feces
(Ganta, 2022). Once R. prowazekii enters into the host cells, it
escapes the phagosome and starts the multiplication in the cyto-
plasm, which continues till the cell bursts releasing all the cell con-
tents into the extracellular space (Walker, 2019). The damage to
the endothelial cells results into permeability and vasodilation of
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the vascular endothelium. The former often leads to hypotension,
hypovolemia, interstitial edema, and hypoalbuminemia (Walker
et al., 2007). The hypovolemia causes hyponatremia. Further, the
vascular permeability is responsible for non-cardiogenic pul-
monary edema. All together, these events cause a severe multi-
organs failure (Dantas-Torres, 2007).

The epidemic typhus is primarily treated with 100 mg dose of
doxycycline that typically last for 7–10 days (Botelho-Nevers et al.,
2012). In alternative treatment, chloramphenicol of 500 mg dose is
given orally/intravenously four times/day upto ten days (Wareham
and Wilson, 2002). Azithromycin therapy has been reported with
clinical failures (Blanton andWalker, 2016). As the repertoire of clin-
ically effective antibiotics for treating intracellular R. prowazekii in-
fections is small, together with the evolving resistance against
chloramphenicol and tetracycline, this warrants the identification
of novel drug targets for anti-rickettsia therapeutics development
(Helgren et al., 2017). The bacterial protein synthesis begins at the
N-terminal formyl-methionine residue of the nascent polypeptide
which then undergoes a proper folding, a vital event for proteins
functioning (Helgren, 2016; Helgren et al., 2017). The removal of
the N-terminal formyl-methionine residue is accomplished through
Fig. 1. Computational framework of methodology used in the study. The study begins
different chemoinformatics and biophysics studies including structure-based virtual scr
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methionine aminopeptidases (MetAP) enzyme that is highly con-
served among bacterial species due to their vital importance in func-
tional protein making (R Helgren et al., 2016). The enzyme has been
targeted in previous studies for discovery novel chemical scaffolds.
For example, in one study, an inhibitor extracted from of Burkholde-
ria pseudomallei showed growth inhibition of B. thailandensis by
blocking the function of MetAP1 (Wangtrakuldee et al., 2013). In
another work, furoic acids, 1,2,4-triazoles and quinolinols were dis-
closed to inhibit R. prowazekii MetAP1 (Helgren et al., 2017).

In this study, diverse chemical scaffolds of Asinex antibacterial
and Comprehensive Marine Natural Products Database (CMNPD)
libraries were used in structure-based virtual screening studies
to identify promising binders of R. prowazekii MetAP (Helgren
et al., 2017; Lionta et al., 2014; Lyu et al., 2021; Navid et al.,
2021). Then, the best docked complexes were subjected to molec-
ular dynamics simulation analysis to simulate real time cellular
environment behavior of the complexes (Karplus, 2002). The
atomic level binding free energies of complexes were then deter-
mined based on the simulation trajectories. For this purpose,
molecular mechanics energies combined with the Poisson–Boltz-
mann or generalized Born and surface area continuum solvation
from a target structure retrieval from protein database which then subjected to
eening studies, molecualr dynamics simulation and binding free energies analysis.



Table 1
Best ranked compounds that achieved stable binding conformation with the R. prowazekii MetAP.

Rank Compound ID 2D Structure IUPAC Name Binding Energy
Score
(kcal/mol)

1 BDE-25098678 4,7-dimethyl-2-(1-(3-phenoxybenzoyl)-1H-pyrrol-2-yl)-7H-
pyrrolo[2,3-d]pyrimidin-1,3-diium-6-olate

�11.54

2 BDE-30686468 3-(1-((5-(2-carboxyphenyl)furan-2-yl)methyl)piperidin-2-yl)-5-
(hydroxymethyl)-1H-pyrazol-2-ium

�12.38

3 BDD_25351157 3-carbamoyl-5-(1-(3-fluorophenyl)-5-oxopyrrolidin-3-yl)-7-
hydroxy-1,3a-dihydropyrazolo[1,5-a]pyrimidin-4-ium

�12.07

4 CMNPD1125 (7-acetoxy-6,9a-dimethyl-8-oxo-3b,4,5,5a,6,7,8,9,9a,9b,10,11-
dodecahydrophenanthro[1,2-c]furan-3b,6-diyl)bis(methylene)
diacetate

�10.10

5 CMNPD150 (2E,6E)-furan-3-ylmethyl 3,7-dimethyl-8-(4-methylfuran-2-yl)
octa-2,6-dienoate

�9.63

6 CMNPD798 (Z)-7-(3-hydroxy-2-((E)-3-hydroxyoct-1-en-1-yl)-5-
oxocyclopentyl)hept-5-enoic acid

�8.21

7 (Z)-6-bromo-1-(5-hydroxy-3-methylpent-3-en-1-yl)-2,5,5,8a-
tetramethyldecahydronaphthalen-2-ol

�7.66

(continued on next page)
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Table 1 (continued)

Rank Compound ID 2D Structure IUPAC Name Binding Energy
Score
(kcal/mol)

8 CMNPD148 3-((2E,4E,6E)-4,8-dimethylnona-2,4,6-trien-1-yl)furan �7.11

9 CMNPD359 €-3-formyl-5-(2,6,6-trimethylcyclohex-2-en-1-yl)pent-2-en-1-yl
acetate

�6.54

10 CMNPD638 (E)-2-(1-bromohex-3-en-1-yl)-5-(3-bromopropa-1,2-dien-1-yl)
hexahydrofuro[3,2-b]furan

�6.01

11 Control 3-((4-fluorobenzyl)thio)-4H-1,2,4-triazole �9.12
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(MMPBSA and MMGBSA) methods were employed (Massova and
Kollman, 2000; Wang et al., 2019). Both methods are considered
powerful in predicting intermolecular interaction energies at good
accuracy with the modest requirement of computational speed.
The selected compounds were also evaluated for absorption, distri-
bution, metabolism, excretion, and toxicity (ADMET) properties to
shed light on their pharmacokinetic properties, which might be
helpful to optimize compounds structure–activity relationship
and get safe and effective chemical structures (Jia et al., 2019).
The shortlisted compounds in the study might be used in a thor-
ough experimental validation against R. prowazekii MetAP.
2. Materials and methods

The complete methods flow of the study is given in Fig. 1.

2.1. Preparation of R. prowazekii methionine aminopeptidase

The 3D structure of R. prowazekiiMetAP was obtained from pro-
tein data bank by using PDB code:3MR1 (Helgren et al., 2017;
Sussman et al., 1998). The enzyme structure was resolved using
X-ray diffraction method with resolution value of 2.0 Å. The R-
value free, R-value work and R-value observed for the enzyme
was 0.212, 0.171 and 0.173, respectively. The total structure
weight of the enzyme is 112.61 kDa having atom count of 8,868.
After retrieval, the enzyme structure was subjected to a prepara-
tion phase in UCSF Chimera 1.16 (Kaliappan and Bombay, 2018).
The co-crystalized ligands were discarded. The enzyme was then
used in energy minimization process to optimize the structure.
4

This was achieved by energy minimization tool of UCSF Chimera
1.16 where first missing hydrogen atoms were added, followed
by charge assignment using Gasteiger charge calculation method.
The energy minimization used were; steepest descent and conju-
gate gradients. Both the algorithms were applied for 1000 steps
to ensure maximum possible structure optimization of the enzyme
and remove steric clashes. Once energy minimization is completed,
the enzyme is saved as.pdb for downward processing.
2.2. Preparation of inhibitor library

For virtual screening, two drug libraries were used: Asinex
antibacterial library containing 5968 compounds and Comprehen-
sive Marine Natural Products Database (CMNPD) library which
offers more than 40 thousand compounds (Lyu et al., 2021;
Navid et al., 2021). The Asinex antibacterial library provides a
unique collection of compounds based on natural product like scaf-
folds; hence, providing maximum skeletal diversity. The structural
diversity of compounds is further enriched by adding multiple
stereogenic centers and polar functional groups. The CMNPD data-
base is a dedicated database containing diverse chemical scaffolds
from marine organisms. The marine environment harbors diverse
biological life and thus could serve as a rich source of diverse
chemical scaffolds. The libraries were fetched in.sdf format and
imported to PyRx 0.8 (Dallakyan and Olson, 2015) to be energy
minimized. The energy minimization was done using MM2 force
field (Halgren, 1996), and afterward converted into.pdbqt.
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2.3. Virtual screening

Virtual screening is an efficient method in modern drug discovery
to examine drug libraries and highlight those which have a strong
binding affinity to a biological target (Lionta et al., 2014). The virtual
screening squeezes the library to minimum number of ideal com-
pounds that can be tested against a biological target. The virtual
screening was done in PyRx 0.8 (Dallakyan and Olson, 2015), where
the grid box was set at His77 (x-axis: 0.64 Å, y-axis: 5.55 Å and z-
axis:11.85 Å) (Helgren et al., 2017). The grid box dimensions used
were 25 Å along XYZ dimensions. The number of exhaustiveness
for each compound set is 100. The binding conformation of each
compound was ranked based on the binding energy in kcal/mol.
The binding energy score of the docking software predicts the bind-
ing affinity of docked ligand-receptor complex. However, the one
with lowest energy score was screened as the best binding conforma-
tion with methionine aminopeptidase enzyme. The Lamarckian
genetic algorithm was employed for ranking the ligands that
switches between phenotypic and genotypic space (Yadava, 2018;
Yadava et al., 2013). The visualization of docked conformation and
interactions with the enzyme was done using UCSF Chimera 1.16
(Kaliappan and Bombay, 2018). Additionally, Discovery Studio 2021
was employed for atomic level interactions (Biovia, 2017). The vali-
dation of the docking procedure was conducted by docking a control
compound (3-((4-fluorobenzyl)thio)-4H-1,2,4-triazole)) to the
enzyme and then the docked pose was compared to the one already
reported in the literature (R Helgren et al., 2016).
2.4. Molecular dynamics simulation (MDS)

The MDS was carried for the shortlisted complexes and control
complex to decipher intermolecular binding stability and under-
stand compounds binding mechanism and atomic level interac-
tions during simulation time (Hansson et al., 2002). The MDS
was done using AMBER simulation package v 22 (Case et al.,
2022). The antechamber program was applied to process the com-
plexes. The Ff14SB force field and GAFF force field were employed
to generate parameters for the enzyme and compounds, respec-
tively (He et al., 2020; Maier et al., 2015). The complexes were sol-
vated in OPC solvation box (marginal distance of 10 Å between the
protein and box edges). The protein residues were treated in a way
to assign their standard ionization states at pH 7. To get neutral
charge on the systems, counter ions were added. The preprocessing
was conducted to energy minimize the complexes. The hydrogen
atoms energy minimization, water box energy minimization, water
molecules, and non-heavy atoms energy minimization were done
in a step-wise fashion. The systems were heated gradually upto
310 K and maintained using via Langevin algorithm (Izaguirre
et al., 2001). The gamma value set in the process was 1.0. The com-
plexes were then subjected to equilibration for 100 ps with time
step of 2 fs under constant number of particles, volume and tem-
perature (NPT) ensemble guided by Berendsen temperature cou-
pling algorithm (Berendsen et al., 1984). This was followed by
another round of equilibration under constant number of particles,
pressure and temperature (NPT) ensemble. The pressure equilibra-
tion was done under NPT ensemble for 300 ps and at 1 atm. The
production run was accomplished for 100 ns under NPT ensemble.
During the production run, the long term electrostatic interactions
were calculated through particle mesh Ewald algorithm (Petersen,
1995). The non-bounded interactions were defined by cut-off value
of 8 Å. The SHAKE algorithm was used to maintain hydrogen bonds
(Kräutler et al., 2001). The simulation trajectories were analyzed
using CPPTRAJ module (Roe and Cheatham III, 2013). For plotting
purposes, XMGRACE v 5.1 was used (Turner, 2005).
5

2.5. MM (GB/PBSA) analysis

MM (GB/PBSA) is a prime method to evaluate binding free ener-
gies of protein–ligand complexes. Binding free energies consider
the sum of all intermolecular interactions presents between the
ligands and receptor biomolecule. The assay was done using
MMPBSA.py module of AMBER v22 (Miller et al., 2012; Wang
et al., 2019; Zhang et al., 2017). The MM (GB/PBSA) equation was
performed on 1000 frames of simulation trajectories collected from
equal time interval of simulation time. The analysis was conducted
using the following equation;

DGbinding ¼ Gcomplex � Gprotein � Gligand

In the above equation, DG can be split into entropic term (TDS)
and enthalpic term (DEgas phase andDEsolv phase). TheDEgas com-
prises van der Waals energy (Evdw), intramolecular energy (Eint)
and electrostatic enenergy (Eele). The DEsolv phase contains non-
electrostatic energy (Esurf) and electrostatic (Egb).

Further, the AMBER normal mode analysis was applied sepa-
rately to predict entropy energy contribution to complexes, which
was done on 10 frames of simulation trajectories (Genheden et al.,
2012).

2.6. WaterSwap absolute binding free energy calculation

Another round of the absolute binding free energy calculation
was done using WaterSwap method (Woods et al., 2014, 2011).
The method swaps water cluster of equal size and volume of the
bounded ligand to the protein. The WaterSwap absolute binding
free energy was estimated using Bennett’s acceptance ratio
(BAR), thermodynamic integration (TI) and free energy perturba-
tion (FEP) (Ahmad et al., 2019). The WaterSwap analysis was con-
ducted for default 1000 steps.

2.7. ADMETlab 2.0 analysis

Drug safety and efficacy are the two main issues that often
cause drug failure. Therefore, absorption, distribution, metabolism,
excretion and toxicity (ADMET) evaluation of drugs at an early
stage of the drug development plays a critical role in leads identi-
fication (Jia et al., 2019; Pires et al., 2015). The AMDET profiling of
drugs was done using ADMETlab 2.0 which is available online via:
https://admetmesh.scbdd.com/(Xiong et al., 2021).
3. Results

3.1. Molecular docking studies

The drug libraries were screened against R. prowazekii MetAP
enzyme using structure-based virtual screening process. For com-
parative analysis, a control molecule was used. As a result of this
analysis, three compounds, namely, BDE-25098678, BDE-
30686468 and BDD_25351157 were unveiled as promising mole-
cules to bind the enzyme with high affinity (See Table 1). The
IUPAC naming of the control, BDE-25098678, BDE-30686468 and
BDD_25351157 is 3-((4-fluorobenzyl)thio)-4H-1,2,4-triazole, 4,7-
dimethyl-2-(1-(3-phenoxybenzoyl)-1H-pyrrol-2-yl)-7H-pyrrolo[2,
3-d]pyrimidin-1,3-diium-6-olate, 3-(1-((5-(2-carboxyphenyl)fura
n-2-yl)methyl)piperidin-2-yl)-5-(hydroxymethyl)-1H-pyrazol-2-i
um and 3-carbamoyl-5-(1-(3-fluorophenyl)-5-oxopyrrolidin-3-yl)-
7-hydroxy-1,3a-dihydropyrazolo[1,5-a]pyrimidin-4-ium, respec-
tively. The binding energy score of the control and lead molecules
to the receptor enzyme was as: control (-9.12 kcal/mol), BDE-
25098678 (-11.54 kcal/mol), BDE-30686468 (-12.38 kcal/mol)
and BDD_25351157 (-12.07 kcal/mol). The control molecule 3-
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(methylthio)-4H-1,2,4-triazole chemical moiety was seen primar-
ily responsible for stable interactions with the enzyme. This chem-
ical region formed hydrogen bonds with Cys68, Thr96 and Asp105
at bond distance length of 1.8 Å, 2.6 Å and 2.41 Å, respectively
(Fig. 2A). Besides, the compound produced weak van Waals inter-
actions with Tyr60, Phe174, His168, Glu233, Val95 and Asp94. The
control compound was observed in different hydrophilic and
hydrophobic interactions from all sides of the active pocket. BDE-
25098678 compound formed a strong hydrogen bond with Thr96
through its 4,7-dimethyl-7H-pyrrolo[2,3-d]pyrimidin-1,3-diium-6
-olate. The (3-phenoxyphenyl)(1H-pyrrol-1-yl)methanone makes
two hydrogen bonds each with His77 and His175. The compound
achieved a stable deep binding at the active cavity and accom-
plished several van der Waals, pi-pi stacked, pi-pi T shaped, alkyl
and pi-alkyl interactions (Fig. 2B). The compound BDE-30686468
formed a cluster of hydrogen bonds with His168, His175, His77,
and Glu201. Mostly, the compound is engaged at the active site
through 2-(furan-2-yl)benzoic acid and 5-(hydroxymethyl)-1H-
pyrazol-2-ium (Fig. 2C). The BDD_25351157 3-carbamoyl-7-hydr
oxy-1,3a-dihydropyrazolo[1,5-a]pyrimidin-4-ium segment was
observed heavily in a strong hydrogen bonding network. This
chemical moiety formed bonding with Asp105, Asp94, Gly233,
Glu201, His168, and His175. The other chemical moiety of the
compound (1-(3-fluorophenyl)pyrrolidin-2-one) generated a
hydrogen bond with Lys61 (Fig. 2D). All the three shortlisted com-
pounds and control compound made significant hydrophilic and
hydrophobic interactions with methionine aminopeptidase
enzyme which can be considered vital in overall intermolecular
conformational stability.

3.2. MDS investigation

Molecular dynamics simulation is a theoretical approach to
study the biological molecule’s structure–function relationship. It
covers physical movements analysis of nucleic acids and proteins.
Fig. 2. Docked binding mode of control/lead molecules against the targeted R. prow
BDD_25351157.
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During simulation, the interactions of atoms/molecules over speci-
fic time provides an insight into the dynamic evolution of the sys-
tem. The simulation analysis mimics the structural conformational
changes in biomolecules adopted during a given period of time.
The MD analysis done herein includes root mean square deviation
(RMSD), root mean square fluctuation (RMSF) and radius of gyra-
tion (Rg). These analyses are done based on C-a atoms of R. prowa-
zekiimethionine aminopeptidase enzyme. The first assay done was
RMSD to investigate thermodynamic conformational stability of
docked complexes during the simulation time (Fig. 3A). The frames
collected from simulation trajectories were superimposed over
each other to look for structure changes in docked complexes dur-
ing the simulation time. The docked intermolecular conformation
was used as a reference structure in this regard. The mean RMSD
noticed for BDE-25098678, BDE-30686468, BDD_25351157 and
control are 1.53 Å (standard deviation: 0.15), 1.66 Å (standard
deviation: 0.233), 1.52 Å (standard deviation: 0.20) and 1.66 Å (s-
tandard deviation:0.23), respectively. Throughout the simulation
time, the complexes were seen in good equilibrium with some
minor conformational changes due to naturally flexible loop
regions. The residue level structural stability information was
obtained using RMSF, which sheds light on the individual residue
in particular those involved in ligand binding and hence being vital
for the protein functionality (Fig. 3B). The mean RMSF value of
BDE-25098678, BDE-30686468, BDD_25351157 and control sys-
tem was 0.92 Å (standard deviation: 0.45), 1.01 Å (standard devia-
tion:0.39), 0.93 Å (standard deviation:0.41), and 1.02 Å (standard
deviation:0.55), respectively. The average RMSF value of the sys-
tems depicts that in the presence of compounds the R. prowazekii
MetAP enzyme remained structurally stable and no major global
structure variations were noticed. However, the C-terminal and
the central domain of the enzyme showed some local fluctuations,
which were due to flexible loop regions providing space for struc-
tural accommodations gained by the compounds inside the active
pocket. Further understanding of the intermolecular conformation
azekii MetAP enzyme. A. Control, B. BDE-25098678, C. BDE-30686468 and D.



Fig. 3. MDS analysis based on C-a atoms. All the analyses were carried out in Angstrom (Å). A. RMSD, B. RMSF and C. Rg.
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was disclosed using Rg analysis (Fig. 3C). The Rg analysis demon-
strates complex degree of compactness during simulation time.
The high Rg value indicates high relax nature of the complex while
lower value implies highly compact complex. The complex nature
of receptor molecule is an indication of a strong intermolecular
binding. The average Rg value of complexes were as; BDE-
25098678 (46.87 Å), BDE-30686468 (44.78 Å), BDD_25351157
(46.91 Å) and control system (45.78 Å). In order to determine lead
molecules and control stable dynamics, ligand RMSD was calcu-
lated throughout the length of simulation time as given in
Fig. 4A. The mean RMSD of ligands were as; BDE-25098678
(0.98 Å), BDE-30686468 (1.01 Å), BDD_25351157 (0.561 Å) and
control system (1.42 Å). These values clearly indicate that the
ligand docked conformation with the enzyme was noticed in very
7

stable state. Further, it shows that the ligands stability allows the
receptor enzyme to be in a more conformational equilibrium. Next,
hydrogen bonds analysis was performed in order to determine the
number of hydrogen bonds formed between the ligands and MetAP
enzyme. As can be seen in Fig. 4B, at least 2–4 hydrogen bonds
were observed in most frames of the simulation time. This indi-
cates that hydrogen bonds played a vital role in the ligand’s stabil-
ity at the docked site of enzyme and overall complexes
conformational stability.

3.3. MM (GB/PBSA) binding free energies

The MM (GB/PBSA) method is a powerful post simulation
approach done on simulation trajectories to estimate the free



Fig. 4. Ligands RMSD (A) and hydrogen bonds (B) analyses of docked complexes.
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energy of binding of small molecules to a biomolecule receptor.
This method splits the free energy into solvation energy term
and molecular mechanics term. The difference between bound
and unbound solvated molecules are compared and the energy dif-
ferences are estimated. The estimation of free energy is done on
equilibrium trajectories frames extracted from the simulation tra-
jectories. The MM (GB/PBSA) estimated binding free energies for
the studied systems are tabulated in Table 2. As can be observed
that the systems exhibit robust intermolecular binding energies.
The compounds docking with the R. prowazekii methionine
aminopeptidase enzyme formed a strong network of van der Waals
as well as of electrostatic interactions. The van der Waals energy
was estimated the most favorable and noticed as �68.71 kcal/mol,
�61.09 kcal/mol, �70.84 kcal/mol and 62.84 kcal/mol for BDE-
25098678, BDE-30686468, BDD_25351157 and control molecule,
respectively. The electrostatic interactions were also reported to
play a high role in intermolecular stability. The electrostatic energy
is �26.78 kcal/mol, –23.47 kcal/mol, �26.22 kcal/mol and
�20.17 kcal/mol for BDE-25098678, BDE-30686468,
BDD_25351157 and control molecule, respectively. Both the van
der Waals and electrostatic energies term concluded their promis-
ing role in overall system conformation stability during simulation
time. The net MMGBSA energy was found in the following order:
BDE-25098678 (-73.41 kcal/mol), BDE-30686468 (-59.93 kcal/
mol), BDD_25351157 (-75.39 kcal/mol) and control molecule (-
8

64.64 kcal/mol). The BDE-25098678 and BDD_25351157 com-
plexes were found the most promising docked compounds com-
pared to BDE-30686468 and control. In case of MMPBSA, the
complexes net binding energy was as; BDE-25098678 (-
77.47 kcal/mol), BDE-30686468 (-69.47 kcal/mol),
BDD_25351157 (-75.6 kcal/mol) and control molecule (-
60.18 kcal/mol).

3.4. Entropy analysis

The presence of the entropy energy contributes to system’s dis-
order and randomness and, as a result, impacts the intermolecular
interactions between R. prowazekii MetAP enzyme and the
screened compounds. The entropy energy results for the studied
systems are given in Table 3. The findings suggest less presence
of entropy energy in the systems, demonstrating less energy is
available to make the system in disorder state. The control system
was found to have more entropy energy compared to the leads sys-
tem. The control complex net entropy energy was 4.50 kcal/mol
that implies a non-favorable contribution to overall complex con-
formational stability. Among the lead systems, the
BDD_25351157 system revealed the most stable entropy energy
(-3.48 kcal/mol), followed by BDE-30686468 (-2.35 kcal/mol) and
BDE-25098678 (-1.14 kcal/mol).

3.5. WaterSwap analysis

WaterSwap is an efficient theoretical method to estimate the
absolute binding free energy of protein–ligand complexes. The
WaterSwap functions by k-coordinate construction, followed by
connecting protein box (containing periodic water box of pro-
tein–ligand complex) to a Water box (containing water cluster).
The k-coordinate swap protein bounded ligand with water cluster
of equal shape and volume. The free energy change are calculated
using Bennett acceptance ratio method (BAR), free energy pertur-
bation (FEP), and thermodynamic integration (TI) methods. The
WaterSwap findings are documented in Fig. 5. The systems are well
converged as the different of energy unit among the methods is
less then 1 kcal/mol. Among the systems, the BDE-25098678 and
BDE-30686468 complexes were found slightly more stable in
terms of securing a stable absolute binding free energy compared
to BDD_25351157 and control. The FEP, TI and Bennett’s energy
value of BDE-25098678 is �43.6 kcal/mol, �42.94 kcal/mol and
�43.61 kcal/mol, respectively.

3.6. ADMET analysis

AMDET testing is considered a essential part in the present drug
development and discovery process to delineate the compound’s
pharmacodynamics and pharmacokinetics (Van De Waterbeemd
and Gifford, 2003). The early ADMET profiling of drugs helps in
reducing the drug’s failure in the later phases of drug discovery.
Furthermore, the early ADMET profiling of the compounds mini-
mizes the drug discovery time, cost and associated complications
(Jia et al., 2019). The control and lead molecules were found to fol-
low most the ADMETlab 2.0 druglike properties. The physicochem-
ical properties of the control/lead molecules are presented in Fig. 6.
Details about control, BDE-25098678, BDE-30686468 and
BDD_25351157 physicochemical properties, medicinal chemistry,
absorption, distribution, metabolism, excretion and toxicology
are given in Appendix 1, Appendix 2, Appendix 3 and Appendix
4, respectively. Briefly, the BDE-25098678, BDE-30686468 and
BDD_25351157 fulfill Lipinski rule of five (Lipinski, 2004), Pfizer
rule (Ursu et al., 2011), and golden triangle (Zerroug et al., 2019).
This suggests that these compounds can be promising lead mole-
cules and have high chances to be successful in terms of pharma-



Table 2
Free energies estimated for the systems based on MM (GB/PBSA) method. The values tabulated in the table are in kcal/mol.

Method Energy Parameter BDE-25098678 BDE-30686468 BDD_25351157 Control Complex

MM-GBSA Van der Waals Energy �68.71 �61.09 �70.84 �62.84
Electrostatic Energy �26.78 –23.47 �26.22 �20.17
Delta Gas Phase Energy �95.49 �84.56 �97.06 �83.01
Delta Solvation Energy 22.07 24.63 21.67 18.37
Net Energy �73.41 �59.93 �75.39 �64.64

MM-PBSA Van der Waals Energy �68.71 �61.09 �70.84 �62.84
Electrostatic Energy �26.78 –23.47 �26.22 �20.17
Delta Gas Phase Energy �95.49 �84.56 �97.06 �83.01
Delta Solvation Energy 18.02 15.09 21.46 22.83
Net Energy �77.47 �69.47 �75.6 �60.18

Table 3
Entropy energies in kcal/mol. The entropy results were generated using AMBER normal mode analysis.

Complex Translational Rotational Vibrational DELTA S Total

BDE-25098678 11.15 (0.24) 10.68 (0.50) 2315.14 (2.85) �1.14
BDE-30686468 12.68 (0.32) 12.09 (0.61) 2761.23 (2.23) �2.35
BDD_25351157 9.66 (0.54) 8.13 (0.66) 2355.16 (3.64) �3.48
Control 15.110 (1.05) 16.04 (0.71) 2391.55 (2.36) 4.50

Fig. 5. Revalidation of MM (GB/PBSA) method by WaterSwap method. Three algorithms are provided, namely, Bennett’s, TI and FEP.
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cokinetics and could be investigated as potential drug candidates.
Similarly, the compounds were decoded to have no alert for pan-
assay interference compounds (PAINS); thus, they might not give
any false positive results (Whitty, 2011). This further implies that
the compounds bind to a specific biomolecule rather than interact-
ing with multiple biological targets. In addition, the compounds
showed no alert for acute toxicity rule, genotoxic carcinogenicity
rule, non-genotoxic carcinogenicity rule, skin sensitization rule,
aquatic toxicity rule, non-biodegradable rule and sureChEMBL rule.

4. Discussion

Computational drug design is considered a powerful tool to
identify new drug molecules against any given target. In parallel
to the traditional drug design, the in silico approaches could save
time, resources and speed up drug discovery pipeline (Macalino
9

et al., 2015; Talele et al., 2010). This study filtered three promising
molecules; BDE-25098678 (binding energy score of �11.54 kcal/-
mol), BDE-30686468 (binding energy score of �12.38 kcal/mol)
and BDD_25351157 (binding energy score of �12.07 kcal/mol) as
potential lead molecules against R. prowazekii MetAP enzyme,
which is vital for protein folding process. These molecules showed
robust intermolecular interactions with the enzyme and formed a
stable binding conformation. The stable binding conformation is
validated by several molecular dynamics simulation analyses. A
priori, the computer-aided drug design methods have been
employed to successfully identify several lead compounds. For
example, captopril for hypertension, saquinavir for AIDS, zanamivir
for influenza etc (Talele et al., 2010). Recently, Chang et al identi-
fied several oxadiazoles to inhibit penicillin binding protein 2a of
methicillin resistant Staphylococcus aureus. In one study, Deepasree
et al reported terpenoid compounds against phosphatidylinositol-



Fig. 6. ADMET profiling of control/lead molecules against the targeted R. prowazekii MetAP enzyme. A. Control, B. BDE-25098678, C. BDE-30686468 and D. BDD_25351157.
The upper and lower limits can be depicted by yellow and pink shaded regions, respectively. The blue line demonstrates compounds properties. The different compounds
properties evaluated in the process are; MW (molecular weight), nRig (rings number), formal charge (fchar), rigid bonds number (nRig), rotatable bonds number (nRot),
topological polar surface area (TPSA), heteroatoms number (nhet), atoms number in biggest ring (MaxRing), hydrogen bond acceptor number (nHA) and hydrogen bond
donors’ number (nHD).
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specific phospholipase C from Listeria monocytogenes (Deepasree
and Venugopal, 2023). The study found forty terpenoid compounds
against the targeted enzyme using combine approach of molecular
docking and molecular dynamics simulation. In another work, 55
dihydrophenanthrene derivatives were employed to build two
2D-QSAR models. The study recognized several lead molecules
against SARS-CoV-2 main protease enzyme (Oubahmane et al.,
2023). In short, the lead molecules identified herein are promising
candidates to be evaluated in experimental studies.
5. Concluding remarks

The study concluded three potential molecules; BDE-25098678,
BDE-30686468, and BDD_25351157 as the best binders of R. pro-
10
wazekii MetAP, a vital enzyme for post-translation modifications
of the newly synthesized proteins. The compounds were seen
docked deep inside the MetAP active pocket and formed robust
van der Waals and electrostatic interactions. Dynamically, the
docked complexes are found to be stable with no major RMSF fluc-
tuations, suggesting the formation of a strong intermolecular
bonding and a stable binding mode. Additionally, the binding free
energies indicate the formation of stable complexes with the dom-
ination of van der Waals energy. The compounds follow Lipinski
rule of five and have no toxic chemical moieties. Despite the
promising results herin, the study has few limitations that can be
addressed in the future work. For example, advanced quantum
mechanics/molecular mechanics (QM/MM) approach can be used
to investigate the chemical reactivity and estimate the electrostatic
interaction energies of the studied systems (Bharadwaj et al.,
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2021b, 2021a, 2021c, 2019). Experimental enzyme inhibition
assays can be performed to disclose the compounds real potency
against R. prowazekii MetAP. The outcomes of the study might be
helpful in the designing of new chemical derivatives based on
the parent scaffolds of the filtered compounds, which could bring
about more biologically active agents.
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