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Abstract

Since the last 4 decades, Bedaquiline has been the first drug discovered as a new kind of anti-tubercular agent and received
FDA approval in December 2012 to treat pulmonary multi-drug resistance tuberculosis (MDR-TB). It demonstrates excel-
lent efficacy against MDR-TB by effectively inhibiting mycobacterial ATP synthase. In addition to these apparent assets
of Bedaquiline, potential disadvantages of Bedaquiline include inhibition of the hERG (human Ether-a-go-related gene;
KCNH2), potassium channel (concurrent risk of cardiac toxicity), and risk of phospholipidosis due to its more lipophilic
nature. To assist the effective treatment of MDR-TB, highly active Bedaquiline analogs that display a better safety profile
are urgently needed. A structure-based virtual screening approach was used to address the toxicity problems associated
with Bedaquiline. Among the virtually screened compound, CID 15947587 had significant docking affinity (—5.636 kcal/
mol) and highest binding free energy (AG bind — 85.2703 kcal/mol) towards the Mycobacterial ATP synthase enzyme with
insignificant cardiotoxicity and lipophilicity. During MD simulation studies (50 ns), the molecule optimizes its conformation
to fit better the active receptor site justifying the binding affinity. The obtained results showed that CID15947587 could be
a useful template for further optimizing the MDR-TB inhibitor.
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Introduction

Mycobacterium tuberculosis (Mtb, M. tuberculosis), the eti-
ological agent of Tuberculosis (TB), is the world’s deadliest
infectious disease (Maitra et al. 2016). It is estimated that
around 33% of the total population is affected by tuberculosis
bacillus, and every year, eight million people develop tuber-
culosis, which kills around 1.8 million worldwide each year
(Shah et al. 2007; Migliori et al. 2007). About 80% of TB
cases have been reported in 23 countries, with the highest in
Africa and Southeast Asia (Diacon et al. 2012; Mitnick et al.
2008). Additionally, the spread of HIV-infection has made
a significant contribution to the re-escalation of TB disease.
As the World Health Organization (WHO) indicates, about
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33% of the 40 million HIV/AIDS patients are co-infected
with TB (https://www.who.int/tb/publications/global_report/
en/). The major problem with TB treatment is the occur-
rence of drug-resistant strains of Mtb (Controlled clinical
trial of four short-course (6-month) regimens of chemother-
apy for treatment of pulmonary tuberculosis 1974). On top
of this, various clinical isolates of Mtb have been reported
to be resistant to the first (Isoniazid, Rifampicin) and the
several second-line anti-TB drugs (Amikacin, Kanamycin),
responsible for multidrug-resistant (MDR) and extensively
drug-resistant (XDR) strains (Dooley et al. 2013). World-
wide the number of MDR and XDR-TB cases is more preva-
lent in different underdeveloped and developing countries.
However, few cases of MDR-TB have also been reported
recently in developed countries, including several European
countries (https://www.who.int/tb/areas-of-work/drug-resis
tant-tb/global-situation/en/). According to the WHO global
tuberculosis report 2020, a total 465, 000 MDR-TB had been
reported worldwide in 2019, and the three countries with the
highest share of the global burden were India (27%), China
(14%), and the Russian Federation (8%) (https://www.who.
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int/docs/default-source/hg-tuberculosis/global-tuberculosis-
report2020/factsheet.pdf?sfvrsn=86820282_2; https://apps.
who.int/iris/bitstream/handle/10665/336069/9789240013
131-eng.pdf?ua=1). Therefore, to avert an unpreventable
threat in the future, the WHO has been terrified to develop
novel therapeutic compounds to strengthen drug-resist-
ant TB treatment. A four-drug regimen (isoniazid (INH),
rifampin (RIF), pyrazinamide (PZA), and either ethambutol
(ETB) or streptomycin (SM)) is the present treatment for
drug-susceptible TB, which is administered for a duration of
six months (Nath and Ryoo 2013; Saxena et al. 2014). These
drugs are generally given in combination for 4-6 months,
followed by INH and RIF for the remaining treatment period
to eradicate any persistent tubercle bacilli. The actual prob-
lem is the occurrence of MDR-TB, which shows resistance
towards INH and RIF, and the XDR-TB that exhibits resist-
ance against second-line injectable drugs along with INH
and RIF (Seung et al. 2015; Jagadeb et al. 2019). Thus, there
is a rising need to discover new effective anti-TB drugs to
improve these strains’ treatment. Over the last several years,
progress was made in the research and development of new
drugs for TB, but only ten anti-TB drugs are in clinical tri-
als so far (Jagadeb et al. 2019). After 40 years period, in
December 2012, Bedaquiline (initially known as R207910,
then TMC207, SIRTURO®, Janssen pharmaceuticals) is
the only drug approved by FDA to treat MDR-TB (Mahajan
2013). The novel drug, Bedaquiline, escapes regular anti-
biotic’s mode of action of cell membrane penetration and
targets the F-ATP synthase of the Mycobacteria tuberculo-
sis on the cellular membrane preventing the production of
ATP, enhancing the acidity of the cell, and stopping cel-
lular function (Guillemont et al. 2011). Despite the thera-
peutic successes of Bedaquiline, it also has several limita-
tions. Bedaquiline shows inhibition of the hERG potassium
channels (human Ether-a-go-go-Related Gene; KCNH2),
essential for normal cardiac repolarization. Inhibition of the
hERG current causes QT interval prolongation resulting in
potentially fatal ventricular tachyarrhythmia called Torsade
de Pointes (concurrent risk of cardiac toxicity) (Treatment
of Patients with MDR-TB 2014; Sanguinetti and Tristani-
Firouzi 2006). Bedaquiline also shows a very lipophilic
nature (measured log P 7.25), which may contribute to its
chance of phospholipidosis, seen at high doses in preclinical
models (Mesens et al. 2007). Their high lipophilicity may
also contribute to long terminal elimination half-life, leading
to tissue over-proportional accumulation at high doses or
with daily dosing (Svensson et al. 2015; Patel et al. 2019).
Therefore, these are compelling reasons for optimizing the
Bedaquiline structure to reduce the toxicity burden of the
drug-resistant TB treatment regimen. To address this, we
explored the available drug repositories by virtual screening
to identify drugs for MDR-TB that have low hERG inhibition
and lipophilicity. In this article, we have collected similar
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analogs of Bedaquiline from the PubChem database and vir-
tually screened for hERG inhibition and lipophilicity, then
subjected to molecular docking, molecular dynamics (MD),
and Density functional theory (DFT) study to find out the
effective drug for MDR-TB.

Structure based virtual screening protocol

Virtual screening is rapidly becoming the primary appli-
cation of computational docking methods, with many suc-
cesses in discovering new lead compounds for pharmaceuti-
cal development (Cosconati et al. 2010). The idea is to cover
an extensive library of available ligands to identify a small
subset for purchase and experimental testing. In the present
study, we have tried to optimize the Bedaquiline to overcome
the toxicity problems associated with the structure-based
virtual screening approach. The workflow of the virtual
screening campaign is outlined in Fig. 1.

Computer hardware and software

Structure-based virtual screening was performed on HP Z2
G2 TOWER workstation (8-core processor) using the Glide
and QuickPro module of Schrodinger on the Linux Ubuntu
enterprise version 20.4 as an operating system. The crystal
structure of Mycobacterial ATP Synthase was retrieved from
the Protein Data Bank (PDB) with the accession code 4V 1F.
The binding free energies of the protein—ligand complex are
processed by the MM-GBSA approach utilizing the Prime,
while MD Simulation was performed using the academic
Desmond. Single point energy calculations using density
functional theory were performed using the Jaguar module
of Schrodinger.

Database (ligand) building and toxicity prediction

272 similar analogs of Bedaquiline were acquired from the
PubChem database by performing a similarity search option
in the database (Library of ligands are shown in supple-
mentary Fig. S1). The structures of the ligands were gen-
erated in the CDX format using the tool ChemBio Draw
ultra-version 14. These ligands were then converted to the
mol format and subjected to ligand preparation by the Lig-
Prep module. LigPrep was performed to desalt and make all
possible tautomers and states at pH 7.0 using Epik, definite
chiralities were retained, and ligands were minimized using
the OPLS_2005 force field. The toxicity of these prepared
ligands was predicted by QikProp module. The QikProp is a
fast, accurate, easy-to-use absorption, distribution, metabo-
lism, and excretion (ADME) prediction program designed
by Professor William L. Jorgensen. QikProp predicts physi-
cally noteworthy descriptors and pharmaceutically relevant
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Fig. 1 Virtual screening pro-
tocol
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properties of organic molecules, either individually or in
batches (Patel et al. 2018; Vistoli et al. 2008).

Molecular docking study

The protein crystal structure of the Mycobacterial ATP syn-
thase co-crystallized with Bedaquiline (PDB: 4V1F) was
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obtained from the Protein Data Bank (https://www.rcsb.org/
structure/4V 1F). Protein preparation was carried out with
the Protein Preparation Wizard in Maestro. The protein was
prepared after ensuring chemical correctness, assigning
bond orders, eliminating water molecules, and adding hydro-
gens for pH 7.0 using Epik. Prime was used to complete
missing side chains and loops, and termini were capped.
Using the default constraint of 0.30 A RMSD and the OPLS
2005 force field, a restrained minimization of the protein
structure was performed to complete protein preparation
(Schrodinger Release 2008). The binding site was defined
around the co-crystallized Bedaquiline, and the receptor grid
was prepared around the Bedaquiline. Molecular docking
was performed using the Glide ligand docking module in SP
(Standard precision) mode, where the receptor grid defined
in the receptor grid generation folder was selected for the
docking of ligands, which were prepared by LigPrep. The
binding conformations were examined to identify critical
interactions (Halgren et al. 2004; Friesner et al. 2004).

Prime MM-GBSA binding free energy analysis

The MM-GBSA approach was used to assess binding free
energies (AGg;,q) of the selected protein-ligand complexes
using the default parameters of the Prime MM-GBSA mod-
ules in the Schrodinger software. The Prime MM-GBSA
analysis was carried out by the Glide pose viewer file. The
MM-GBSA calculations are used to evaluate the relative
binding affinity of ligands to the receptor (reported in kcal/
mol). The MM-GBSA binding energies are estimates of
the free binding energies; the more negative value shows
stronger binding (Vijayakumar et al. 2014; Patel et al. 2020a;
Casalvieri et al. 2020).

Molecular dynamics simulations

Molecular dynamics (MD) simulations for the top dock
protein—ligand complex was carried out using the Desmond
program, an explicit solvent MD package along with a fixed
OPLS 2005 force field (Desmond Molecular Dynamics Sys-
tem, D. E. Shaw Research, New York, NY, 2018-4 2017).
The protein—ligand complex was prepared in protein prepa-
ration wizard with the predefined SPC (simple point charge)
water model and orthorhombic box shape (size of the box as
10Ax10AX10 A distance). The sodium chloride with the
approximately physiological concentration of 0.15 M was
placed in 10 A buffer regions between the protein atoms
and the simulation box to set the ionic strength using the
system-built option. Minimization jobs were performed to
relax the system into a local energy minimization; after-
ward this model system was submitted to 50 ns MD simula-
tion steps with the OPLS_2005 force field. Noose-Hover
chain thermostat algorithm at 300 K, Martyna-Tobias-Klein
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barostat algorithm at 1.01325 bar, isotropic coupling, Cou-
lombic cutoff at 0.9 nm. The rest of the parameters were
default (Patel et al. 2020b; Jin et al. 2020). The trajectories
of MD simulations evaluated for ligand-receptor interactions
were identified using the Simulation Interaction Diagram
(SID) tool.

Density functional theory (DFT) calculations

After completion of the structure-based virtual screening, it
is needed to determine the structural behavior of the active
compound and to explore how structural orientation, any
biological influence part in the structure, and what parame-
ters may force the biological activeness of the molecule. For
this reason, single-point energy calculations using DFT were
performed to explore the detailed aspects in terms of struc-
ture, electronics, and energy states of every atom of com-
pound. Both the virtual screened compound and Bedaqui-
line were taken into the Jaguar platform in Schrodinger to
calculate the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) by using
Lee—Yang—Parr correlation functional theory (B3LYP)
incorporation of basis set 6-31G* level and hybrid DFT with
Beckes 3-parameter exchange potential (Bochevarov et al.
2013; Panwar and Singh 2020). These parameters play a
significant role in explaining the magnitude of compounds’
interaction in the binding pocket of Mycobacterial ATP
Synthase.

Result and discussion

This study’s virtual screening protocol is based on the appli-
cation of sequential filters to find out a selective Mycobac-
terial ATP Synthase inhibitor. The workflow of the virtual
screening campaign is outlined in Fig. 1.

Very first, 272 analogs of Bedaquiline were acquired from
the PubChem database by performing a similarity search
option in the database. Cardiotoxicity is one of the adverse
effects of Bedaquiline reported in clinical trials because of
an increased incidence of QT segment prolongation on elec-
trocardiogram (Treatment of Patients with MDR-TB 2014;
Sanguinetti and Tristani-Firouzi 2006).

Therefore, in the beginning, in silico prediction of the
hERG inhibition using QikProp has been calculated, and the
analogs which were showing less hERG inhibition (QPlogh-
ERG < —7.806) than Bedaquiline has been considered for
the next filter (Supplementary Table S1). Phospholipidosis
is another problem associated with Bedaquiline due to lipo-
philicity, leading to tissue over-proportional accumulation
at high doses (Guillemont et al. 2011). The potential for
excessively proportional tissue accumulation has limited the
full exploration of its possible dose range. In general, highly
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lipophilic drugs are also prone to liver toxicity (Guillem-
ont et al. 2011). Considering the lipophilic characteristic of
Bedaquiline, we employed the next filter, Predicted octanol/
water partition coefficient (QPlogPo/w). The Bedaquiline
analogs, which are showing less QPlogPo/w (Supplementary
Table S2) than Bedaquiline (QPlogPo/w < 7.832) subjected
to docking study, leaving a total of 80 analogs (Supplemen-
tary Table S3).

Molecular docking studies

The molecular docking tool, GLIDE, was used for ligand
docking studies into the Mycobacterial ATP synthase
enzyme binding pocket. Docking methodology was vali-
dated by measuring RMSD of the co-crystalized (internal)
ligand and extracted internal ligand of the docked target
protein—ligand complex structure, which served as a con-
trol docking model as shown in Fig. 2. The docking result
showed that glide SP docking evaluated the optimal orien-
tation of the co-crystallized ligand. RMSD value of 1.1254
suggested that the methodology was perfect for predicting
the binding affinity for unknown ligands. Top scoring com-
pounds’ docking results are given in Table 1, and the remain-
ing is shown in Supplementary Table S3.

Docking result demonstrated that among the screened
Bedaquiline analogs, 09 analogs namely: CID15947587,
CID49767237, CID73950609, CID10030219,
CID49767128, CID73950610, CID91248828, CID74223217
and CID73950613 were having higher binding potency com-
pared to Bedaquiline (—5.357 kcal/mol). All these 09 ana-
logs have a similar binding mode of interaction to Bedaqui-
line. The docking interaction showed that Bedaquiline

RMSD = 1.1254

Fig.2 Data obtained in the validation of the molecular docking pro-
tocol, the impeccably overlapped conformation of the docked ligand
Bedaquiline with respect to its crystallized conformation obtained
from the bioactive complex structure; cyan ligand: native ligand; sky
blue ligand: docked pose

form pi-pi stacking with Phe69, pi cation with Tyr68, and
salt bridge (between terminal tertiary amine and Glu65)
(Fig. 3a). The top dock score analogs CID15947587
(Fig. 3b) and CID49767237 (Fig. 3c) were shown similar
binding approaches. Docking study revealed that acidic
amino acid, i.e., Glutamic acid (Glu65), is crucial for form-
ing hydrogen bonds and salt bridges.

MMGBSA binding free energy analysis

MM-GBSA binding free energy analysis was carried out
of the nine potent protein—-ligand complexes along with
Bedaquiline to assess the affinity of ligands to the target
protein receptors. The binding free energies (AGg;,4) evalu-
ated by this method are more efficient than the Glide score
values for the assortment of protein—ligand complexes. The
primary energy components, such as Coulomb or Elec-
trostatics Interaction energy (AGging Coulomp)> Lipophilic
Interaction energy (AGgipq Lipo)» Generalized Born elec-
trostatic solvation energy (AGggy.gp) and van der Waals
interaction energy (AGg;na vaw) altogether contribute to
the analysis of MM-GBSA-based relative binding affin-
ity. The binding energies and the contributing factors cal-
culated for the protein dock complexes are mentioned in
Table 2. Among the nine complexes studied, two complexes
showed high binding free energies, namely CID 15947587
(AGgjpg=— 85.2703 kcal/mol) and 49767237(AGgipg=—8
0.9703 kcal/mol) than Bedaquiline. The identified top nine
Bedaquiline analogs presented comparatively better dock-
ing and binding free energy for the control molecules and
therefore represent excellent candidates for further in-vitro
investigation (Fig. 4).

Molecular dynamic simulation study

A molecular docking study was performed using the rigid
crystal structure of Mycobacterial ATP synthase. Hence, we
have evaluated target receptor and lead compounds inter-
actions in the dynamic behavior using molecular dynamic
simulation to obtain the stable binding conformation. As
observed from Table 1, CID15947587 was found to have
a higher docking score than among screened compounds;
hence CID15947587 in complex with Mycobacterial ATP
synthase were considered for the molecular dynamic simula-
tion for 50 ns, using simple point charge (SPC) water mode.
The root mean square deviation (RMSD), root mean square
fluctuation (RMSF), and protein—ligand contacts were ana-
lyzed from the MD simulation trajectories to study thermo-
dynamic conformational stability during 50 ns period.

MD simulation trajectories’ RMSD analysis denotes the
protein backbone’s stability, when bound with the specific
ligand within the dynamic condition. It also provides brief
insights into its structural conformation during the MD
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Table 1 Glide SP docking score of the top Bedaquiline analogs against Mycobacterial ATP synthase
Compound code Docking score Glide gscore Glide emodel
| —5.636 —5.64 —65.052
N O
oL g
= W
Br '
0, N N -~
OH |
CID 15947587
-5.593 -5.597 —65.642
-5.576 —-5.577 —66.983
—5.503 —5.497 —64.74

CID 10030219
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Table 1 (continued)

Compound code Docking score Glide gscore Glide emodel
—5.501 —5.505 —65.332
—5.488 —5.491 —-62.115
F —5.404 —5.475 —-56.017
F
g O
Br O AN N
—
Nigho
CID 91248828
-5.377 -5.379 -60.10

CID 74223217
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Table 1 (continued)
Compound code Docking score Glide gscore Glide emodel
—5.375 -5.378 -63.21
—5.357 —5.361 —-63.928

Bedaquiline

simulation. The lower RMSD value throughout the MD
simulation suggests the higher stability of the protein—-ligand
complex, whereas a higher RMSD value shows compara-
tively low stability of the protein—ligand complex (Patel
et al. 2020b; Bhowmick et al. 2020). The RMSD graph result
of CID15947587 is shown in Fig. 5. Initially, the graph line
showed an increasing trend from O to 10 ns with RMSD
value ranging from 1.2 to 3.6 A, then showed little stabil-
ity from 10 to 28 ns. After 30 ns, a promising result was
observed, and the graph line was stable till 50 ns. The overall
RMSD analysis revealed that fluctuations in a graph during
50 ns simulation are within the standard range of RMSD.
Ligand RMSD of 1-3 A indicates that the reported lead
compound bound tightly within the cavity of Mycobacte-
rial ATP synthase enzyme binding pocket.

The RMSF value represents the mobility and flexibility
of each protein residue during the entire simulation. Greater
RMSEF values indicate more flexibility during the MD simu-
lation, while the lower value of RMSF reflects the stability
of the system (Patel et al. 2020b). CID15947587-mycobac-
terial ATP synthase complex yielded little fluctuations at
Glu65, Tyr50, and Phe51 residue, which is perfectly accept-
able. The RMSF plot (Fig. 6) confirmed that the ligand con-
tacted residues had less fluctuation.

Protein-ligand interactions can be monitored throughout
the simulation. Residue Glu65 played a crucial role in form-
ing a hydrogen bond with CID15947587, Tyr68 and Phe74

@ Springer

formed pi cation and pi-pi stacking with CID15947587,
respectively. Leu70, Phe74, Pro83, Met21, Ala66, Tyr68,
Phe69, and Leu72 were involved in hydrophobic interac-
tions with the ligand. The ionic interaction has also been
observed between the tertiary amine of the CID15947587
and Glu65 residue, as shown in Fig. 7. Comparing Fig. 2
with Fig. 7, the important hydrogen bond, which has been
shown in the initial docking models did not change during
the MD simulations.

Additionally, Fig. 8 shows the total number of specific
contacts protein makes with ligand throughout the trajec-
tory. The contribution of amino acids in each trajectory
frame of 50 ns MD simulation as shown in the bottom panel
of Fig. 8, which represent the number of contacts and their
density (the darker shade of orange shows more than one
contact in that frame). Key interaction seen during each
frame was with Glu65, which was consistent during the
complete simulation process. Other interactions were also
found with I1e70, Phe74, Tyr68, Phe69, and Leu72, which
were not consistent during the simulation.

The five molecular properties of ligand (ligand RMSD,
the radius of gyration [rGyr], Molecular surface area
[MolSA], solvent accessible surface area [SASA], and polar
surface area [PSA]) were also studied to check the stabil-
ity of the CID5947587 in the Mycobacterial ATP synthase
enzyme binding pocket as shown in Fig. 9. Ligand RMSD
suggests root mean square deviation of a ligand with respect
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Fig. 3 Binding-interaction analysis of a Bedaquiline; b CID15947587; ¢ CID49767237 with Mycobacterial ATP synthase (PDB: 41VF) domain

Table2 Binding free energy Compound MMGBSA (Kcal/mol) Prime energy

components for the protein code

ligand complexes calculated by AGg;q AGcouiomb AGp, AGg,yy 6B AG 4w

MM-GBSA analysis
CID 15947587 —85.2703 —76.5889 —47.4356 81.2595 —43.9773 —10,046.1
CID 49767237 —80.9703 —80.1919 —38.356 76.3010 —37.3592 —-10,036.4
Bedaquiline —80.8048 —77.8186 —40.9149 79.3202 —40.7356 —-10,033.2
CID 49767128 —79.8811 —79.0659 —38.3894 78.1032 —34.7068 —10,053.2
CID 73950609 —79.7602 —80.8131 —38.2541 77.9185 —37.3034 —10,040
CID 10030219 —79.2284 —80.4851 —37.8998 78.2522 —37.7738 —10,035.9
CID 73950613 —78.7324 —81.4297 —38.8476 78.4303 —37.7080 —10,048
CID 73950610 —77.8839 —78.2756 —38.9479 77.4190 —38.7299 —10,040.4
CID 74223217 —71.1490 —85.8053 —-39.2107 81.4227 —36.0980 —9994.4
CID 91248828 —70.8466 —75.343 —39.464 76.2293 —31.0807 —10,037.5

AGg;,g: binding free energy; AGgyonmp,: Coulomb or electrostatics interaction energy; AG |, lipophilic
interaction energy; AGg,, gp: Generalized born electrostatic solvation energy, AG,4y: Van der Waals
interaction energy

to the reference conformation (usually, the initial frame is  of a ligand and is equivalent to its principal moment of
used as the reference, and it is regarded as time r=0). inertia; the radius of gyration throughout the 50 ns simu-

The RMSD values of CID 15947587 were below 1.5 A, lation remained constant and ranged from 4.65 to 4.95 A
The radius of gyration is used to evaluate the ‘extendedness’ for CID15947587. MolSA (440-470 Az), SASA (350-450
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Fig.4 The correlation plot
between MM-GBSA values

15947587 49767237 73950609

10030219
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Fig.5 Time-dependent protein—ligand RMSD plot (Angstrom) of the CID15947587 with Mycobacterial ATP synthase enzyme binding pocket

A?), and PSA (32-48 A?) plot also suggested the stability of
CID15947587 during the simulation process.

DFT analysis

Frontier molecular orbitals of compounds specify a crucial
role of charge-transfer interactions with the binding site of
mycobacterial ATP synthase. Both the active compound
(CID15947587) and Bedaquiline were examined to under-
stand the electronic and energetic states. The HOMO is the
orbital of the highest energy (electron-rich), so energetically,
it is the easiest to remove the electron from the orbital, in
contrast, LUMO is the lowest-lying orbital that is empty
(lack of the electron), so energetically it is the easiest to add

@ Springer

more electrons into these orbital (Jordaan et al. 2020; Amala
et al. 2019; Ganesan et al. 2020).

For CID15947587 and Bedaquiline, in which HOMO’s
outcome ranges from —0.25837 to —0.30843 and LUMO
—0.14441 to —0.14673 and HOMO and LUMO’s energy
gap (HOMO-LUMO gap/HLG) was 0.11164 and 0.16402
for CID15947587 and Bedaquiline as tabularized in Table 3.
The position of HOMO-LUMO orbitals of CID 15947587
(Fig. 10a) suggests that the hydrophobic region of the mol-
ecule alters the topology of HOMO-LUMO orbitals, and
also energies are localized. HOMO and LUMO cover the
quinoline ring of the hit molecule. Bedaquiline was found
to have HOMO orbital mainly covering naphthalene ring
and LUMO orbital covering quinoline ring (Fig. 10b). The
presence of negative values of HOMO-LUMO for both
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along with bar diagram

compounds implies good stability and important to form
stable ligand—protein complex. Further, the energy gap
represents an effective tool to determine the most active
compounds and their way of mechanism. Lesser energy gap
between the HOMO and LUMO energies has a considerable
impact on the intermolecular charge transfer and bioactiv-
ity of compounds (Amala et al. 2019; Murray and Politzer
2011). Consequently, a more energy gap observed in the
compounds negatively affects the electron to move from the
HOMO to the LUMO, which subsequently led to a weak
affinity of the inhibitor for Mycobacterial ATP synthase.
Compared with Bedaquiline (0.16402 V), the HLG value of

CID 15947587 (0.11164 eV) is lower. Thus, CID15947587
is most than Bedaquiline.

Conclusion

In summary, we performed a successful structure-based
virtual screening on 272 structurally similar analogs
of Bedaquiline collected from the PubChem database.
Bedaquiline is the first MDR-TB inhibitor since 1971,
having selective Mycobacterial synthase inhibitory
activity with the adverse effect of cardiotoxicity and

@ Springer
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Table 3 Single point energy (Jaguar) output value of frontier orbital
energies

Compounds HOMO (eV) LUMO (eV) HLG (eV)
CID 15947587 —0.25837 —0.14673 0.11164
Bedaquiline —0.30843 —0.14441 0.16402

HLG HOMO-LUMO gap

phospholipidosis. In order to assist the effective treat-
ment of MDR-TB, highly active Bedaquiline analogs
that display a better safety profile are urgently needed.
Among 272 structurally similar analogs of Bedaquiline,
78 analogs were found to have insignificant cardiotoxic-
ity and lipophilicity, which were subjected to molecular

@ Springer

docking, binding free energy calculation, molecular
dynamics simulation, and DFT analysis. When we exam-
ined the affinity of 78 compounds against Mycobacte-
rial ATP synthase, we observed that nine compounds
with CID15947587, CID49767237, CID49767128,
CID73950609, CID10030219, CID73950613,
CID73950610, CID74223217, and CID91248828 showed
significant docking score and binding free energy. Among
the virtually screened compounds CID 73950609, CID
73950610 and CID 91248828 were novel for the anti-
mycobacterial activity. From identified hits, CID15947587
were selected for MD simulation and DFT calculations.
MD simulation suggested that the complex was stable for
50 ns. The HOMO-LUMO orbital energy gap showed that
CID 15947587 might be considered as a lead compound
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for further development in this field as MDR-TB Mycobac-
terial ATP synthase inhibitor.
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