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Abstract: The rising instances of drug resistance in
Mycobacterium tuberculosis strains pose a significant global
health challenge. Conventional tuberculosis (TB) treatments,
which typically involve multiple antibiotics, face hurdles
like drug resistance, reduced effectiveness, and heightened
toxicity. Consequently, there is a pressing need for innova-
tive anti-TB agents with new modes of action. Decaprenyl-
phosphoryl-β-D-ribose 2′-epimerase 1(DprE1), a crucial enzyme
in Mycobacterium tuberculosis, plays a vital role in cell wall
biosynthesis – a critical aspect for the bacterium’s survival.

Building on the success of diarylquinolines like bedaquiline,
targeting DprE1 presents a promising avenue for developing
anti-TB drugs, especially against drug-resistant strains. Our
research focused on discovering novel DprE1 inhibitors using
a ligand-based drug design strategy, starting with the estab-
lished non-covalent inhibitor Ty38c. We assembled a library
of 16 molecules, modifying them based on factors like drug-
like properties, chemical accessibility, and synthetic feasi-
bility. Molecular docking analyses of this library identified
three molecules with binding affinities comparable to Ty38c.
Among these, KS_QD_05 and KS_QD_04 are promising can-
didates, which were further validated through molecular
dynamics simulation studies where root-mean-square devia-
tion (RMSD) values of all three complexes reached a plateau,
measuring around 0.3 nm, indicating that the apoprotein and
all complexes stabilized during the simulation. The ligands
KS_QD_04 and KS_QD_05 displayed significantly stable devia-
tion. KS_QD_05 reached about 0.1 nm equilibrium value.
However, the ligand KS_QD_04 reached an RMSD value
of 0.17 nm and showed distress at 70 nm. KS_QD_04 and
KS_QD_05 showed an average value of 1-3 H-bond inter-
action and regarding the RMSF values, both the com-
pounds showed fluctuations less than 0.5 nm in the case
ofMtb. DprE1 enzyme. This indicates the potential of both
compounds to become lead compounds in the pursuit of
DprE1 inhibitors for TB treatment.

Keywords: DprE1, Ty38c, root mean square deviation, root
mean square fluctuation, quinoxalines, hydrophobic interactions

1 Introduction

Tuberculosis (TB), a highly infectious disease caused by
Mycobacterium tuberculosis, primarily affects the lungs
but can also target other body parts. Despite being one of
the oldest known human diseases, TB remains a significant
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global health issue, especially in developing countries [1].
According to the World Tuberculosis Report 2022, there
were approximately 10.6 million TB cases globally in 2021,
a 4.5% increase from the previous year. Tragically, 1.6 million
people succumbed to this disease during the same period [2].
TB spreads through the air when an infected person coughs or
sneezes, making it highly contagious. The bacteria can remain
dormant in the body for years, known as latent TB, and can
become active if the immune system weakens.

The standard TB treatment involves a combination of
antibiotics over an extended period to ensure complete
eradication of the bacteria. However, the emergence of
drug-resistant strains, such as multidrug-resistant TB and
extensively drug-resistant TB (XDR-TB), poses a significant
challenge to global TB control efforts [3]. This situation
underscores the urgent need for novel antitubercular agents
with new mechanisms of action.

One promising target in TB drug research is decaprenyl-
phosphoryl-β-D-ribose 2′-epimerase 1 (DprE1), an enzyme
involved in the biosynthesis of the Mycobacterium TB cell
wall. Inhibiting DprE1 disrupts cell wall formation, weak-
ening the bacterium and making it more susceptible to the
immune system and other drugs [4]. Identifying and devel-
oping DprE1 inhibitors have shown considerable promise in
antitubercular activity [5].

Our study aimed to design novel DprE1 inhibitors
through a ligand-based drug design approach or in silico
approach [6], leveraging the well-established non-covalent
inhibitor Ty38c as a starting point. We curated a library of
16 molecules with chemical modifications guided by drug-
like properties, chemical accessibility, and synthetic feasi-
bility. Molecular docking analyses identified three molecules
with notable binding affinities similar to Ty38c. Among
these, KS_QD_05 and KS_QD_04 emerged as promising can-
didates, validated through molecular dynamics (MD) simu-
lation studies [7,8], which also provides a potential platform
for evaluating the natural products [9,10] reinforcing their
potential as lead compounds in developing DprE1 inhibitors
for TB treatment.

This research holds the potential to contribute signifi-
cantly to the development of new drugs with improved
efficacy and safety profiles, enhancing the arsenal against
TB and potentially overcoming drug-resistant strains.

Quinoxalines are fused ring systems of pyrazine and
benzopyrazine moieties (Figure 1) with the molecular for-
mula C8H6N2 [11]. It is a low-melting solid, with a melting
point ranging from 29 to 30°C and possesses the ability to
dissolve in water and is classified as a weak base, as indicated
by its pKa value of 0.56 [12]. Quinoxalines are N-heterocyclic
compounds that have garnered significant attention in the
scientific community due to the distinctive arrangement of
the two nitrogen atoms within one of its rings. This structural

feature is commonly found in numerous naturally occurring
and synthetic compounds, making it a focal point of extensive
research efforts [13]. Moreover, the ease of synthesizing qui-
noxaline derivatives has been a key factor in their broad
applications as potential medicinal agents.

Over time, researchers have developed a unique assort-
ment of novel quinoxaline frameworks through the synthesis
and evaluation of derivatives featuring various substitutions.
These derivatives serve diverse biological functions. By virtue
of its distinct electrostatic potential, the quinoxaline molecule
exhibits specific hydrophobic and hydrophilic interactions
with other molecules, thereby influencing the physicochem-
ical properties observed within the quinoxaline system.
Extensive research has been conducted over the past 20
years on the synthesis of quinoxaline, resulting in a com-
prehensive understanding of these chemical synthetic path-
ways [11]. A simple yet effective technique for producing
quinoxaline is through the condensation reaction of ortho-
phenylenediamine with dicarbonyl compounds, which gives
a significant yield. To carry out this method effectively, it is
imperative to employ a high temperature, a robust acid
catalyst, and extensive heating durations [14]. Recently,
there has been a remarkable increase in the application of
green methodologies for the synthesis of quinoxalines,
including the use of recyclable catalysts [15], one-pot synth-
esis techniques [16], microwave-assisted synthesis proce-
dures [17,18], and reactions carried out in aqueous solutions
[19]. Nowadays, there is a variety of methods available to
synthesize quinoxaline derivatives that involve condensa-
tion of 1,2-diamines with a-diketones [20], 1,4-addition of
1,2-diamines to diazenylbutenes [21], cyclizatione oxidation
of phenacyl bromides [22], and oxidative coupling of epox-
ides with ene-1,2-diamines [23].

By making slight modifications to the structure of qui-
noxalines, different molecules are produced that are found
to exert remarkable pharmacological efficacy in combating
a range of diseases with minimal occurrence of side effects.
In regard to this, in the last two decades, several quinoxaline
derivatives have been tested for different biological profiles
(Figure 2) [24,25]. The most promising activity exhibited by
quinoxaline are anti-cancer [26,27], anti-hyperglycemic as
PPAR-γ and sulphonyl urea agonists [28], anti-microbial
agents [29], anti-convulsant agents [30], anti-fungal agents [31],

Figure 1: Basic skeleton of quinoxaline.
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anti-tubercular agents [32], anti-malarial [33], anti-leishmanial
[34], anti-amoebic, anti-HCV [35], anti-inflammatory [36], and
anti-viral [37] agents. Most of the authorized medicines con-
tain quinoxaline, demonstrating the scaffolds’ adaptability.

In a similar context, the present computational research
highlights the potential of substituted 2,3-diaryl quinoxa-
lines and 2-phenyl quinoxalines against DprE1 inhibitors,
which can be proven as a potential lead in the discovery
of anti-tubercular agents.

2 Materials and methods

2.1 Molecular docking technique

2.1.1 Protein preparation

PDB ID 4P8K was selected based on its interaction with the
enzyme DprE1 [38,39], which allowed the three-dimensional

(3D) retrieval of the protein DprE1. The protein was pre-
pared using Glide, a software suite from Schrödinger.

The protein was then subjected to a number of pre-
processing procedures, such as bond order assignment,
hydrogen removal, and addition, zero-order bond forma-
tion to metals, disulphide bond formation, conversion of
seleno-methionines to methionines, side chain and loop
aided by primers, extraction of water molecules larger
than 5 Å from hetero groups, and creation of a HET state
with the aid of Epik at pH 7.0 ± 2.0. After that, the protein was
refined using PROPKA at pH 7.0, sampling water orientations
to assign H-bonds, and fine-tuning its structure. The protein
was further subjected to restrainedminimization utilizing the
OPLS3 force field, as described in previous studies.

2.1.2 Receptor grid generation

A 20 Å receptor grid was constructed once the protein was
prepared. The co-crystallized ligand Ty38c served as the

Figure 2: Drugs having quinoxaline as the lead moiety.
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reference point for this grid, which was centred at the
active site.

2.1.3 Ligand preparation

The ligands were prepared using Glide, a software suite
from Schrödinger.

All of the molecules were built, transformed into 3D
structures, and then Maestro’s Ligprep and Confgen func-
tions were used to minimize energy. Next, maegz format-
ting was used to hold the created library.

2.1.4 Molecular docking

After that, molecular docking was carried out to evaluate
the interactions between proteins and ligands and ascer-
tain their binding affinities. This was done using the Glide
programme and the standard precision (SP) method. The
solutions to improve the planarity of the conjugated pi
group functions and to incorporate Epik state penalties
in the docking scores were selected. The co-crystallized
ligand was positioned inside the grid during a re-docking
technique to confirm molecular docking; the resultant
root-mean-square deviation (RMSD) of 0.197 was consid-
ered appropriate for validation.

2.2 Molecular dynamic simulation

Using GROMACS 2022.2, an MD simulation was performed.
The subsequent procedures were employed.

2.2.1 (a) Preparation of the enzyme

The 3D models of the ligand–protein complexes were
exported to the .pdb format using Pymol. Simulations
were performed to evaluate the dynamic behaviour of
the complexes using the GROMACS package software (ver-
sion 2022.2) [40–42]. pdb2gmx and the CHARMM27 force
field were used to build the protein topology. The ligand
topology was produced using the SwissParam server [43].

2.2.2 (b) System set-up for the simulation

The force field was applied before the complexes were
added to the system. With periodic boundary conditions,

they were solvated using the TIP3P water model in a cubic
box, which was 1 nm further from the protein border. The
Na+ ions were used to neutralize the system, followed
by a 50,000-step phase of energy minimization using the
steepest descent approach. Next, 100 ps of a constant-tem-
perature and constant-volume (NVT) simulation at 300 K
and 100 ps of NPT simulation were used to bring the system
to equilibrium. The components, such as proteins, ligands,
water molecules, and ions, were linked independently by
the constant-temperature, constant-pressure (NPT) ensemble
using the leapfrog approach. The Berendsen temperature
and pressure coupling constants were set to 1 and 2,
respectively, to maintain the system operative in a stable
environment (300 K temperature and 1 bar pressure) [44].
Finally, an MD simulation was run at 300 K for 100 ns in
an ensemble under isothermal and isobaric conditions. The
bond lengths were restricted using the LINCS approach [45],
and the pressure coupling with a time constant was set at
1 ps in order to maintain the pressure at 1 bar. The PME
approach [46], which was a part of GROMACS, was used to
decrease the error originating from the van der Waals and
Coulomb interaction termination at 1.2 nm. To gain insight
into the binding free energy, we used the Prime MM-GBSA
(molecular mechanics-generalized Born surface area), a
method provided by Schrödinger for predicting the free
energy of binding of ligands to their target proteins. It
combines molecular mechanics energies with continuum
solvation models to give a detailed picture of molecular
interactions. Prime MM-GBSA is a post-processing method
used to calculate the binding free energies based on MD or
Monte Carlo simulations. It is often employed in drug dis-
covery for ranking ligands based on their predicted binding
affinities to target proteins [47].

The binding free energy (ΔGbind) is calculated using the
equation

= + +G E G GΔ Δ Δ Δ ,bind MM solv SA

where ΔEMM is the difference in the molecular mechanic's
energy between the complex and sum of the energies of
the protein and ligand in their unbound states, ΔGsolv is the
solvation-free energy change upon binding, and ΔGSA is the
change in the surface area-related non-polar solvation
energy upon binding.

2.2.3 (c) Simulation analysis and visualization

Using VMD, trajectory files were shown (Visual MD 1.9.2.)
[48] and examined using the locally created HeroMD Ana-
lysis programme [49,50] and Xmgrace 5.1.25 [51].
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3 Results and discussion

3.1 Drug design

A commonly employed method in pharmaceutical research
involves “ligand-based drug design,” where the objective is
to develop new compounds bymimicking the structural and
functional features of the established active substances,

known as “ligands.” In the pursuit of developing novel sub-
stituted 2,3-diaryl-quinoxaline derivatives for inhibiting DprE1,
the strategy employed entails initiating the drug discovery
process with a well-known ligand, specifically Tyr38c, which
is itself a quinoxaline derivative. Tyr38c serves as the founda-
tional compound for the design of these newer substituted
derivatives (Figure 3). The improvement of binding affinity,
drug-like qualities, chemical availability, and synthesis ease
were the main criteria for chemical alterations.

Figure 3: Ligand-based strategy for drug design to design newer substituted 2,3-diaryl-quinoxaline derivatives for inhibiting the DprE1 enzyme.

Figure 4: The library of newly designed inhibitors for DprE1, designed around the structure of 2,3-diaryl-quinoxaline derivatives.
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3.2 Creating a library of derivatives of 2,3-
diaryl-quinoxaline

Based on modifications at different R1 positions at the 2,3-
diaryl-quinoxaline and some of the 2-phenyl quinoxaline
nucleus based on drug-like properties, availability of che-
micals, and their ease of synthesis, a library of 16 molecules
was created. The creation of this library of 16 molecules of
2,3-diaryl-quinoxaline derivatives was done carefully based
on the principles of medicinal chemistry. The primary objec-
tive was to design and synthesize a diverse set of com-
pounds with the potential to inhibit the target enzyme,
DprE1, while considering critical factors, such as drug-like
properties, chemical availability, and synthetic feasibility.
The results are shown in Figure 4.

3.3 Molecular docking

The evaluation of molecule binding within the active site of
the DprE1 enzyme was conducted using SP docking. A
library of 16 molecules, selected based on their synthetic
feasibility and drug-like properties, was employed for this

analysis. The precision of the approach was first demon-
strated via successfully docking the coupled crystal ligand,
Ty38c, which replicated the binding posture and orienta-
tion seen in the crystal structure. The RMSD value for this
validation was 0.197. Subsequently, the same docking pro-
tocol was applied to the library of 16 molecules against
DprE1. Consequently, three substances have demonstrated
high interactions with the catalytic residues found in the
DprE1 enzyme’s active site. These interactions primarily
involved hydrogen bonding and hydrophobic interactions.
Among these hits, KS_QD_04 and KS_QD_05 demonstrated
notable binding interactions and were selected for further
investigation through MD studies with DprE1 (PDB ID:
4P8K) (Figure 5, Table 1).

3.4 DprE1 combined with ligands and as an
apoprotein using molecular dynamic
simulations, KS_QD_04, and KS_QD_05

To comprehend conformational changes and assess the
molecular binding of KS_QD_04 and KS_QD_05 against

Figure 5: Studies of docking indicate orientations at which molecules bind (a) KS_QD_05, (b) KS_QD_04, and (c) Ty38c in the active site of the DprE1
enzyme. The ligand molecules are depicted as a bold stick representation, with the carbon atoms in green, while the interacting residues within a 4.0 Å
radius are shown using stick and wire representations, with the carbon atoms in grey. Hydrogen-bonding interactions are indicated by blue dotted
lines, along with the corresponding distances in Å.
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DprE1, we performed 100 ns of MD simulation on the three
models, apoprotein, KS_QD_04-Mtb. DprE1, and KS_QD_05-
Mtb. DprE1 (Figure 6). Several statistical measures, such as
hydrogen bond interactions, their % age occupancy, RMSD,
and root-mean-square-fluctuation (RMSF), were used to
assess their simulations.

3.4.1 RMSD analysis

Analysing the protein-RMSD can help understand any
structural alterations to the protein that occur throughout
the simulation procedure. Figure 7 shows a temporal multi-
plot of the protein Cα during three simulations. RMSD

values of all three complexes reached a plateau, measuring
around 0.3 nm, indicating that the apoprotein and all com-
plexes stabilized during the simulation [52].

By examining the ligand-RMSD, one can ascertain the
stability of the ligand in relation to the protein and bind-
ing pocket. The ligand RMSD (nm) against time multiplot for
the three simulations is shown in Figure 8. The ligands,
KS_QD_04, and KS_QD_05 have displayed significantly stable
deviation. KS_QD_05 reached an equilibrium value of about
0.1 nm. However, the ligand KS_QD_04 reached an RMSD
value of 0.17 nm and showed distress at 70 nm. The RMSD
values of the ligand, as observed in the cases, have indicated
that all the ligands were capable of binding their respective
proteins. RMSD is used to evaluate the stability of the

Table 1: Studies using molecular docking of different compounds inside the DprE1 active site

S.no Molecules Docking score Model score Interactions

1. KS_QD_05 −7.635 −67.223 H-bond interaction with GLY55 and ASN178
2. KS_QD_04 −7.519 −60.17 H-bond interaction with ARG58 and ASN63; ionic contact with 2X ARG58
3. KS_QD_03 −7.459 −54.699 H-bond interaction with SER228; pi-stacking interaction with LYS134
4. KS_QD_06 −6.914 −53.557 Hydrophobic interaction with TYR314, PRO316, LEU317, LEU363, and VAL365
5. KS_QD_10 −6.613 −47.321 Hydrophobic interaction with PRO316 and LEU317
6. KS_QD_12 −6.57 −48.996 Hydrophobic interaction with TYR314, PRO316, LEU317, and VAL365
7. KS_QD_11 −6.549 −46.818 Hydrophobic interaction with TYR314, PRO316, LEU317, and VAL365
8. KS_QD_01 −6.521 −49.794 Hydrophobic interaction with PHE313, PRO316, LEU317, and VAL365
9. KS_QD_02 −6.467 −60.917 H-bond interaction with SER228; pi-stacking interaction with LYS134
10. KS_QD_07 −6.386 −42.785 Hydrophobic interaction with TYR314, LEU315, PRO316, LEU317, and VAL365
11. KS_QD_09 −6.321 −49.961 Hydrophobic interaction with TYR314, PRO316, LEU317, VAL365, and CYS387
12. KS_QD_08 −6.307 −45.633 Hydrophobic interaction with TYR314, PRO316, LEU317, and VAL365
13. KS_QD_16 −6.24 −47.127 Hydrophobic interaction with PRO316, LEU317, and VAL365
14. KS_QD_14 −5.941 −44.492 Hydrophobic interaction with VAL365, PHE369, and CYS387
15. KS_QD_13 −5.927 −45.758 Hydrophobic interaction with TYR314, PRO316, VAL365, and CYS387
16. KS_QD_15 −5.471 −44.513 Hydrophobic interaction with TYR314, PRO316, and VAL365
17. Ty38c (standard) −8.210 −80.970 H-bond interaction with TYR60 and LYS418

Figure 6: Visual depiction of protein–ligand combinations: (a) KS_QD_04-Mtb. DprE1 and (b) KS_QD_05-Mtb. DprE1, when the ligand is depicted as a
translucent surface in a bond representation and the protein is displayed as a cartoon.
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protein–ligand complexes during the MD simulations. In
this study, the RMSD analysis of the Cα atoms of the apopro-
tein and its complexes with the ligands KS_QD_04 and KS_QD_05
indicates that the structures were stable throughout the simula-
tion period. This stability suggests that the binding of the ligands
did not induce significant conformational changes in the protein
structure, maintaining the overall structural integrity of the
DprE1 enzyme.

3.4.2 RMSF analysis

Protein-RMSF may be used to characterize the changes at
specific locations throughout the protein chain. The multi-
plot of protein-RMSF (nm) vs the residue number index is
shown in Figure 9(a). The plot shows fluctuations less than
0.5 nm in the case of the Mtb. DprE1 enzyme when in an

apoprotein form and also in complex with KS_QD_04 and
KS_QD_05. It can be concluded that ligand binding brings
stability to the conformation of the protein. The RMSF
measures the flexibility of individual residues within the
protein structure. RMSF analysis reveals the fluctuation
values for the Mtb DprE1 enzyme, both in its apoprotein
form and in complex with KS_QD_04 and KS_QD_05. This
indicates that the binding of these ligands contributes to
the stabilization of the protein structure, reducing the flex-
ibility of the residues and thus possibly enhancing the
binding efficacy and specificity of the inhibitors.

3.4.3 H-bond interaction

Molecular interactions, especially those involving hydrogen
bonds, are dependent on both distance and angle, and they

Figure 7: Visual depiction showing protein Cα RMSD (nm) against time (100 nm) for apoprotein (green in colour), KS_QD_04-Mtb DprE1 (red in colour),
and KS_QD_05-Mtb DprE1 (blue in colour) complexes.

Figure 8: An illustration of the graphs displaying RMSD (nm) against time (100 ns) for apoprotein (green colour), KS_QD_04-Mtb DprE1 (red in colour),
and KS_QD_05-Mtb DprE1 (blue in colour) complexes.

8  Kirti Sharma et al.



can break down in dynamic environments. In this section,
we have investigated the ligand–protein interactions for
each complex. Figure 10 shows the plot of hydrogen number
against time. During the course of simulations, KS_QD_04
and KS_QD_05 showed an average value of 1–3 H-bond inter-
action. To determine which residues are involved in this
type of interaction and their respective stabilities, the per-
centage of occupancies compared to the residues was also
calculated.

The % occupancies of the H-bond connections formed
by the two ligands are displayed as a histogram in Figure 11.
Figure 11a illustrates the ability of the ligand KS_QD_04 to
establish stable interactions with DprE1 residues THR118
and ASN63, with occupancies of 6.83 and 6.54%, respectively.
On the other hand, the ligand KS_QD_05 displayed significant

hydrogen-bond interactions with residues ARG58, GLY57, and
ASN178, which remained stable for 12.78, 8.55, and 5.39% of
the simulation duration, respectively (Figure 11b). In sum-
mary, both ligands exhibit the potential to bind to Mtb
DprE1, but KS_QD_05 appears to be the most efficient ligand.
Hydrogen-bond interactions play a crucial role in the stability
and specificity of protein–ligand binding. The occupancy of
these hydrogen bonds over the simulation period was also
assessed, revealing that the ligand KS_QD_04 formed stable
interactions with residues THR118 and ASN63 with occupan-
cies of 6.83 and 6.54%, respectively. On the other hand,
KS_QD_05 exhibited more significant hydrogen-bond interac-
tions with residues ARG58, GLY57, and ASN178, with occupan-
cies of 12.78, 8.55, and 5.39%, respectively. These data indicate
that KS_QD_05 has a higher potential for stable binding with

Figure 9: (a) Plots displaying RMSF (nm) of the protein against its residue index number are graphically shown for apoprotein (green colour),
KS_QD_04-Mtb DprE1 (red in colour), and KS_QD_05-Mtb DprE1 (blue colour) complexes. (b) The region of the protein that has the greatest RMSF
fluctuation (shown in blue).

Figure 10: Visual depiction of the quantity of H-bond connections: (a) KS_QD_04 (red colour) and (b) KS_QD_05 with Mtb. DprE1.
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the DprE1 enzyme, making it a more effective ligand com-
pared to KS_QD_04.

The fluctuations observed in the residues ASP268 to
GLY301 and ASN309 to GLY331 in the Mtb enzyme DprE1
can be attributed to the inherent flexibility of these regions.
Specifically, ASP268 to GLY301 corresponds to a loop region,
which naturally exhibits higher mobility, resulting in fluc-
tuations up to 0.5 nm. Similarly, the region from ASN309 to
GLY331 contains both a small helix and a loop, contributing
to fluctuations up to 0.45 nm. It is important to note that
these fluctuating regions do not participate in direct inter-
actions with the ligand. Our structural analysis, using the
high-resolution crystal structure of M. TB DprE1 in complex
with the non-covalent inhibitor Ty38c (PDB ID 4P8K, resolu-
tion: 2.49 Å) confirms that the binding site is distinct and
remains stable despite the mobility in these adjacent regions.
Therefore, the observed fluctuations in the loop and small
helix regions do not adversely affect the overall stability of
the ligand–protein complex, ensuring the integrity and relia-
bility of our binding analysis.

3.4.4 In silico ADMET studies

Swiss ADME software was used to perform the in silico
ADMET studies [53,54]. All molecules in the KS_QD series
have low gastrointestinal (GI) absorption. This indicates
that these compounds may not be effectively absorbed
through the GI tract when administered orally. None of
the molecules are able to permeate the blood–brain barrier
(BBB). This is significant for drug design, as it suggests that
these compounds are unlikely to affect the central nervous

system (CNS), which can be beneficial if the side effects of
CNS are to be avoided. All of the molecules are substrates for
P-glycoprotein. Pgp is a transporter protein that pumps for-
eign substances out of the cells. Being a Pgp substrate may
affect the distribution and excretion of these molecules,
potentially leading to drug resistance or reduced efficacy.
All of the molecules inhibit CYP1A2, CYP2C19, CYP2D6, and
CYP3A4. These enzymes are crucial for drug metabolism:
• CYP1A2: Inhibition can affect the metabolism of drugs
like caffeine and theophylline.

• CYP2C19: Inhibition can impact the metabolism of drugs
such as omeprazole and clopidogrel.

• CYP2D6: Inhibition can interfere with the metabolism of
drugs like codeine and beta-blockers.

• CYP3A4: Inhibition can affect the metabolism of a wide
range of drugs, including statins and some antiretrovirals.

The KS_QD series of molecules demonstrate low oral
bioavailability due to poor GI absorption and are not sui-
table for CNS-targeted therapies due to their inability to
cross the BBB. They are substrates for P-glycoprotein,
which may influence their distribution and elimination.
The broad inhibition of CYP enzymes indicates a high
potential for drug–drug interactions, which is important
for their therapeutic use. Low skin permeability further
restricts their administration routes. These factors should
be carefully considered in the development and clinical
application of these compounds (Table 2).

Drug-likeness results were obtained using Swiss ADME
software. All 16 compounds have the same pattern of viola-
tions across the different rules (Lipinski, Ghose, Egan, and
Muegge) and share the same bioavailability score. The

Figure 11: A histogram showing the percentage of H-bond protein–ligand interactions that are occupied for (a) KS_QD_04 and (b) KS_QD_05 in
complex with Mtb. DprE1.
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single violations in Lipinski, Ghose, Egan, and Muegge's
rules suggest that while these compounds might have cer-
tain properties that deviate from the optimal ranges, they
still retain a moderate probability of bioavailability (0.55).
The absence of violations in the Veber rule indicates
favourable properties for oral bioavailability in terms of
rotatable bonds and polar surface area.

These findings suggest that while the compounds might
need some optimization to fully align with all drug-likeness
criteria, they possess a reasonable probability of being bioa-
vailable, warranting further investigation and development
(Table 3).

PAINS (pan-assay interference compounds) alerts indi-
cate the presence of substructures that are likely to interfere
with various biological assays, leading to false positives. All
of the molecules listed (KS_QD_01 to KS_QD_16) have a PAINS
alert value of 0. This indicates that none of the molecules
have substructures that are likely to cause assay interfer-
ence, which is a positive indicator of their potential as drug
candidates. Brenk alerts identify substructures that are
problematic in drug development due to toxicity, reactivity,
or poor pharmacokinetics. All the molecules listed have a
Brenk #alert value of 0. This indicates that none of the
molecules contain substructures that are flagged as problematic

Table 3: Drug-likeness results for the proposed drug molecules

Molecule Lipinski #violations Ghose #violations Veber #violations Egan #violations Muegge #violations Bioavailability score

KS_QD_01 1 1 0 1 1 0.55
KS_QD_02 1 1 0 1 1 0.55
KS_QD_03 1 1 0 1 1 0.55
KS_QD_04 1 1 0 1 1 0.55
KS_QD_05 1 1 0 1 1 0.55
KS_QD_06 1 1 0 1 1 0.55
KS_QD_07 1 1 0 1 1 0.55
KS_QD_08 1 1 0 1 1 0.55
KS_QD_09 1 1 0 1 1 0.55
KS_QD_10 1 1 0 1 1 0.55
KS_QD_11 1 1 0 1 1 0.55
KS_QD_12 1 1 0 1 1 0.55
KS_QD_13 1 1 0 1 1 0.55
KS_QD_14 1 1 0 1 1 0.55
KS_QD_15 1 1 0 1 1 0.55
KS_QD_16 1 1 0 1 1 0.55

Table 2: In silico ADMET studies of the proposed drug molecules

Molecule GI absorption BBB
permeant

Pgp
substrate

CYP1 2
inhibitor

CYP2C19
inhibitor

CYP2C9
inhibitor

CYP2D6
inhibitor

CYP3A4
inhibitor

log Kp
(cm/s)

KS_QD_01 Low No Yes Yes Yes No Yes Yes −4.38
KS_QD_02 Low No Yes Yes Yes No Yes Yes −4.38
KS_QD_03 Low No Yes Yes Yes No Yes Yes −4.38
KS_QD_04 Low No Yes Yes Yes No Yes Yes −4.38
KS_QD_05 Low No Yes Yes Yes No Yes Yes −4.38
KS_QD_06 Low No Yes Yes Yes No Yes Yes −4.38
KS_QD_07 Low No Yes Yes Yes No Yes Yes −4.38
KS_QD_08 Low No Yes Yes Yes No Yes Yes −4.38
KS_QD_09 Low No Yes Yes Yes No Yes Yes −4.38
KS_QD_10 Low No Yes Yes Yes No Yes Yes −4.38
KS_QD_11 Low No Yes Yes Yes No Yes Yes −4.38
KS_QD_12 Low No Yes Yes Yes No Yes Yes −4.38
KS_QD_13 Low No Yes Yes Yes No Yes Yes −4.38
KS_QD_14 Low No Yes Yes Yes No Yes Yes −4.38
KS_QD_15 Low No Yes Yes Yes No Yes Yes −4.38
KS_QD_16 Low No Yes Yes Yes No Yes Yes −4.38
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by this criterion, further supporting their potential suit-
ability as drug candidates. Leadlikeness refers to the proper-
ties that make a molecule suitable as a lead compound in
drug discovery. The criteria typically include molecular
weight, log P (octanol–water partition coefficient), and the
number of hydrogen-bond donors and acceptors. All of the
molecules have two violations of leadlikeness criteria. While
the specific criteria violated are not provided, this suggests
that the molecules may have properties slightly outside the
ideal range for lead compounds. However, having only two
violations is relatively minor and does not necessarily pre-
clude these molecules from being good starting points for
drug development. This metric, typically on a scale from 1
(very easy to synthesize) to 10 (very difficult to synthesize),
indicates how challenging it is to chemically synthesize the
molecules. All the molecules have a synthetic accessibility
score of 2.97. This score suggests that the molecules are
relatively easy to synthesize, which is advantageous in
drug development as it allows for easier production and
modification of the compounds (Table 4).

Molecules KS_QD_01 to KS_QD_16 show promising char-
acteristics as potential drug candidates. These molecules do
not have substructures that would typically cause false posi-
tives in assays or pose significant risks in terms of toxicity or
reactivity. While there are two violations for each molecule,
this is not a major issue and can be addressed through
further optimization. The ease of synthesis for these mole-
cules makes them attractive candidates for further develop-
ment and testing. In conclusion, these molecules present a
strong foundation for further investigation and optimization
in the context of drug discovery, particularly for their

intended application as DprE1 inhibitors for antitubercular
activity.

3.4.5 Structure–activity relationship

Molecular docking studies identified KS_QD_04 and KS_QD_05
as the most promising compounds with high binding affi-
nities to the DprE1 enzyme. Notably, KS_QD_05 demonstrated
significant hydrogen-bond interactions with ARG58, GLY57,
and ASN178, with occupancies of 12.78, 8.55, and 5.39%, respec-
tively. The SAR analysis is detailed as follows:
1. Hydrophobic and hydrogen bonding interactions: The

binding affinity of the inhibitors is strongly influenced
by the presence of hydrophobic interactions and hydrogen
bonds. KS_QD_05 exhibited notably strong and stable
hydrogen bonds, which are critical for effective inhibi-
tion. This suggests that enhancing these interactions can
lead to more potent inhibitors.

2. Structural features: The binding affinity is significantly
affected by the substituents at specific positions of the
2,3-diaryl-quinoxaline nucleus. For example, the presence
of hydrophobic groups and hydrogen bond donors/accep-
tors at positions interacting with GLY55 and ASN178 (for
KS_QD_05), and ARG58 and ASN63 (for KS_QD_04) contri-
butes to improved binding.

3. Stability in the binding pocket: KS_QD_05 demonstrated
superior stability within the binding pocket, as indi-
cated by lower RMSD values, suggesting it is a more
promising lead compound. The stability highlights the
importance of hydrophobic interactions and hydrogen
bonding in the inhibitory activity of substituted 2,3-
diaryl-quinoxalines against DprE1.

The SAR analysis, supported by molecular docking and
MD simulations, underscores the crucial role of hydro-
phobic interactions and hydrogen bonding in the inhibi-
tory activity of substituted 2,3-diaryl-quinoxalines against
DprE1. KS_QD_05, with its strong and stable interactions,
emerges as the most promising candidate for further devel-
opment as a DprE1 inhibitor. Future research should aim at
optimizing these interactions to enhance both potency and
selectivity.

4 Conclusions

The study focused on identifying novel DprE1 inhibitors as
potential anti-TB agents using a ligand-based drug design
approach. A library of 16 substituted 2,3-diaryl-quinoxaline

Table 4: Synthetic accessibility of the proposed drug molecules

Molecule PAINS
#alerts

Brenk
#alerts

Leadlikeness
#violations

Synthetic
accessibility

KS_QD_01 0 0 2 2.97
KS_QD_02 0 0 2 2.97
KS_QD_03 0 0 2 2.97
KS_QD_04 0 0 2 2.97
KS_QD_05 0 0 2 2.97
KS_QD_06 0 0 2 2.97
KS_QD_07 0 0 2 2.97
KS_QD_08 0 0 2 2.97
KS_QD_09 0 0 2 2.97
KS_QD_10 0 0 2 2.97
KS_QD_11 0 0 2 2.97
KS_QD_12 0 0 2 2.97
KS_QD_13 0 0 2 2.97
KS_QD_14 0 0 2 2.97
KS_QD_15 0 0 2 2.97
KS_QD_16 0 0 2 2.97
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derivatives was designed and evaluated through molecular
docking and MD simulations. Protein stability is evaluated
by the RMSD analysis, which showed that both the apopro-
tein and protein–ligand complexes reached a stable pla-
teau around 0.3 nm, indicating structural stability during
the 100 ns simulation. The ligand RMSD plots demonstrated
that both KS_QD_04 and KS_QD_05 maintained relatively
stable interactions with DprE1. KS_QD_05 achieved an equi-
librium RMSD of about 0.1 nm, while KS_QD_04 showed
some disturbance around 70 ns but stabilized at 0.17 nm.
RMSF analysis revealed fluctuations less than 0.5 nm for
both the apoprotein and ligand-bound complexes, sug-
gesting that ligand binding contributed to protein confor-
mational stability, which established the protein stability.
Both ligands formed an average of 1–3 hydrogen bonds
throughout the simulation. KS_QD_04 formed stable inter-
actions with THR118 (6.83% occupancy) and ASN63 (6.54%
occupancy). KS_QD_05 showed more significant hydrogen
bonding with ARG58 (12.78% occupancy), GLY57 (8.55%
occupancy), and ASN178 (5.39% occupancy). In conclu-
sion, the MD simulations support the potential of both
KS_QD_04 and KS_QD_05 as DprE1 inhibitors. However,
KS_QD_05 demonstrated more stable and extensive hydrogen
bonding interactions, suggesting it may be a more promising
candidate for further development as an anti-TB agent. These
findings provide a solid foundation for future experimental
validation and optimization of these compounds in the
ongoing search for effective treatments against drug-resis-
tant tuberculosis.
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