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INTRODUCTION

ABSTRACT

One of the most serious medical conditions is tuberculosis (TB). In Mycobacterium tuberculosis (Mtb), the
NADH-quinone oxidoreductase subunit C (NuoC) protein is a member of the NADH dehydrogenase family
and is essential to the electron transport chain, ATP generation, and energy production. One possible
pharmacological target for finding inhibitors is the Nuoc protein. Computational approaches are used to
identify the 3D structural characteristics of the Nuoc protein, and several validation methods are used to
verify the results. Using several ligand databases, virtual screening tests surrounding the active site were
carried out to find drug-like molecules. The study found that the amino acid residues that are important
in drug-target interactions are ARG98, ARG75 (basic), ASP99, ASP189, ASP98 (acidic), LEU101, LEU194
(nonpolar neutral), THR180 (polar neutral), GLU177 (polar neutral), TYR181 (polar neutral), PRO102,
PR0O192 (nonpolar neutral), and HIS191 (basic). The findings demonstrate the ligand molecules’ drug-like
ability to inhibit NuoC proteins. The structural data may be used to develop novel therapeutic scaffolds
for the treatment of tuberculosis (TB), in conjunction with information on the active site and the chosen
ligand molecules.

Millions of people around the world are affected each
year by tuberculosis (TB),!? the second largest cause
of death.[3*] An intracellular pathogenic bacterium
called Mycobacterium tuberculosis (Mtb)[®! is the source
of this deadly illness. In the report on TB released
in 2023,[°7)the World Health Organisation (WHO)
stated that approximately 7.5 million people will be
newly diagnosed with TB in 2022. Currently, several
medications, including the BCG vaccine (891 are
provided; these medications can be categorized as
first- or second-line treatments.''” Isoniazid, rifampicin,
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ethambutol, and pyrazinamide are essential first-line
treatments. For second-line therapies, “Ethionamide,
Para-aminosalicylic acid, Cycloserine, Ofloxacin,
Amikacin, and Ciprofloxacin” were considered.['113]
Increasing medication resistance in Mtb strains is the main
issue with TB therapy.['* The treatment of drug-resistant
tuberculosis (DR-TB), employs DOTS plus therapy!!>1¢!
which has several adverse effects. Failure to respond to
TB therapy is caused by mutations in the Mtb gene.['”]
Scientists in the field of TB drug discovery are now working
to create innovative treatments that address TB.[& 1°]
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The Mycobacterium have evolved to live in a range of
settings, including both inside and outside of cells. These
bacteria need oxygen to exist. Their capacity to use a
variety of energy sources and to go on with metabolic
activities even when they are not actively developing are
two important aspects of this adaptability. Because Mtb is
an obligate aerobic heterotroph, it cannot grow or survive
without oxidative phosphorylation. Alternative electron
donors and acceptors play a crucial role in providing
the energy required for a bacterium to exist in hypoxic,
non-replicating states when it comes to latent infections.
These other energy sources are essential for pathogen
persistence and possible reactivation, which adds to the
difficulty of treating latent infections. Developing tailored
therapeutics to combatlatent infections can benefit greatly
from an understanding of the mechanisms by which
bacteria use alternate electron donors and acceptors 2%,
Oxidative phosphorylation and respiration depend on the
NDH-I protein complex. The respiratory chain’s entrance
site for electrons is the NDH-I complex. It is composed of
14 subunits in Mtb that are encoded by the nuo operon.
NuoAHJKLMN genes encode seven subunits that penetrate
the lipid bilayer. The peripheral subunits are encoded by
a different set of seven nuo genes.!?:%?]

The NDH-I complex proteins greatly influence the way
that Mtb reacts to nitrosative stress. Nitric oxide (NO),
which is produced by the inducible nitric oxide synthase
(iNOS) in Mtb-infected macrophages, is one of the reactive
nitrogen species (RNS) released by the host in response
to Mtb infection of human cells. Even though it is deadly,
Mtb has developed defenses against RNS. Scavenging,
iron sequestration, inhibiting the synthesis of RNS, and
catalytic detoxification are some of these methods. One
of the elements of Mtb’s defense mechanism against
nitrosative stress is the Nuoc protein.[23]

The NADH-quinone oxidoreductase subunit C (NuoC)
protein is one of the peripheral proteins of the NDH-I
complex.[?#251 [t is essential for the Mtb electron transport
chain, ATP generation, and energy production. Thus,
targeting the NuoC protein to discover new leads will
help in the discovery of new TB antibiotics, and it is safe
to target NDH-I class proteins as these proteins are absent
in humans.

MATERIALS AND METHODS

One of the conventional approaches to drug design is
the random screening of substances synthesized in
laboratories or found in nature. The exorbitant cost and
protracted design cycle of this technology are among its
drawbacks. The introduction of informatics, computational
approaches, and structure-based drug design (SBDD),
among other current strategies, has greatly sped up the
drug development process.[2628 Thus, the NuoC protein
theoretical model is generated and validated.
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Model Generation

SBDD requires knowledge about the three-dimensional
(3D) structure of the target protein. In the absence of a
structure generated experimentally, a hypothetical 3D
structure is generated using homology modeling 2931
The sequence (Primary) of the NuoC protein (amino
acids) is procured in FASTA format for homology
modeling from the proteomic servers ExPASy (Expert
Protein Analysis System) and Universal Protein Resource
(UniProtKB).3234 The identified proteins with similar
fold similarity, domains, and secondary structure serve
as templates using the server programs Phyre 2,3%]
JPred4,!%¢ and BLAST.”] The BLAST program facilitated
the identification of the most approximate template
for the target, employing Karlin and Altschul’s (1990)
stochastic model. The similarity between the target
and template was quantified by the expectation value
(E-value), which considers sequence conservation. The
target protein sequence was aligned with the template
amino acid sequences using the CLUSTALW software.
Following this, a 3D model of the NuoC protein was
created using MODELLER 10.2v and the CHARMM22
force field. This process involved molecular modeling
and energy minimization to accurately represent the 3D
structure of the protein.®® The protein model with the
lowest MODELLER objective function was selected for
further optimization processes with CHARMM?22 force
field.[®**% The NuoF protein 3D model is chosen for
additional optimization processes.

Optimization and Validation of the 3D Model

The models produced by MODELLER 10.2v were checked
for stereochemical quality using the PDBsum server’s
Ramachandran plot.'*1*? Energy minimization comes
next, with the quality of the prioritized 3D model being
improved by the molecular dynamics simulations from
the locPREFMD server.*3*4 The Schrodinger suite’s
Autoprep module uses the optimised potentials for liquid
simulations (OPLS) 2003 force field*> to maintain the
native conformation of the carbon chain backbone in
the protein structure while reducing model energy. The
cut-offroot mean square deviation (RMSD)*°! of the model
is set to 0.3. Without modifying the protein’s C-chain
coordinates, the Autoprep module precisely preserves
the side chain positions while permitting the backbone
amino acids to continue being moveable in order to
achieve a workable lowest energy state conformation.
The ProSA server*” was used to ascertain the general
and local model quality. The PDBsum server provides
the target protein’s secondary structure. To evaluate
the accuracy of the created homology model of the NuoC
protein, RMSD analysis between the templates and the
target is performed, and the total energy of the protein is

determined using the SPDBV 4.0 program [“&)
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Active Site Identification by In-silico Methods

Findinga protein’s active site is essential for drug discovery
since ithelps us understand the precise biological function
of the protein. Finding the regions of the protein mostlikely
to have binding sites is done computationally. Hydrophobic
areas are predicted using the CASTp tool**-U allosteric
regions were predicted by the Schrédinger suite’s SiteMap
module.52>3]

Docking and Virtual Screening

The Schrédinger suite’s Glide module is employed
to build a grid for the purpose of examining the NuoC
protein’s binding domain. Docking experiments and
virtual screening!®®>% are performed using ligands
chosen from structural databases. To maximise the
ligands’ stereochemistry, ionisation states, and ring
conformations prior to the virtual screening, the LigPrep
module®®®Y from the Schrédinger suite is employed. The
virtual screening process used by the Glide program for
docking consists of the HTVS[®?'' SP, and XP modes.[*3 The
Glide score is assigned to each docked ligand in order to
ascertain the affinity. The outcomes of virtual screening
studies were further analyzed.

[54,55]

MM/GBSA Calculations

The AGy;,4 values!®* of small molecular ligands that are
acquired as a result of XP docking are calculated by the
“Prime Generalised Born Surface Area (MM/GBSA)”
modulel®>°®] of the Schrodinger suite. The following
formula can be used to calculate AGg;,4

AG gingy= AE (mmy + AG gy + AG (54) — TAS
AEMM=AEinternal + AE electrostatic + AEvdw

In the generalized born (GB) model, the electrostatic
solvation energy is represented by the equation AG ().
On the other hand, in the solvent accessible surface
area (SASA) model, the non-electrostatic solvation
component is represented by AG (s,). Standard molecular
dynamics simulations are used to determine the change
in conformational entropy, which is represented by the
value of -TAS.

AGg;,q = AE complex (minimised) - [AE ligand (unbound,
minimized) + AE receptor (unbound, minimized)]

The strain energies of the ligand and receptor rings
are considered in the relative free energy (AGg;,q). To
compute, Prime uses the following: AE ligand (unbound,
minimized) for the free ligand’s MM/GBSA following its
extraction from the protein-ligand complex; AE receptor
(unbound, minimized) for the protein’'s MM/GBSA upon its
dissociation from the ligand; and AE complex (minimized)
for the energy-minimized complex.

ADME Properties

Before initiating clinical trials and bringing lead molecules
to market, it is vital to thoroughly evaluate the ADME
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properties of drug-like molecules.[”-%") The absorption,
distribution, metabolism, and Excretion (ADME)
properties of the newly discovered ligand structures were
thoroughly analyzed using the QikProp module, a part of
the comprehensive Schrédinger suite. This module assists
in the prediction and evaluation of various pharmaceutical
properties such as solubility, permeability, and metabolic
stability, providing valuable insights into the potential
behavior of the ligands within biological systems.!”% The
ligand structures with promising potential as effective
treatment candidates for TB were selected based on the
favorable projected values of absorption, distribution,
metabolism, and elimination.

Molecular Dynamics Simulation Analysis

The OPLS-2005 force field was utilized to process the
force field and generate the topology for the L1-NuoC
complex molecular dynamics simulation, which was
performed using Desmond 2021-4.17%72] Using the
system builder platform, the complex was created
by solving the orthorhombic simulation box’s simple
point-charge (SPC) explicit water model. To replicate
physiological circumstances, the solvated complex
system was neutralized using a concentration of 0.15
M salt and an appropriate quantity of Na* /CI counter
ions. The receptor-ligand complex system was identified
using the OPLS-2005 force field, and an explicit solvent
model including SPC water molecules was used in an
orthorhombic box. After 100 picoseconds of Desmond
reduction, the system was relaxed using the BioLuminate
default technique. The next procedure was followed by
simulations, which ran for 100 nanoseconds at 300 Kelvin
and 1.0325 bar of pressure.

RESULTS AND DISCUSSION

Structural Evaluation of NuoC Protein

A potential new therapeutic target for TB is the 236
amino acids long NuoC protein. Homologous proteins
were found to be suitable templates for constructing its
3D model. Their domain similarities, secondary structure,
and sequence with the NuoC protein sequence were
examined to achieve this. Template search was conducted
using tools like Phyre 2, JPred4, and BLAST. The template
search program PSI-BLAST was used to find templates
with amino acid sequences similar to the NuoC protein.
A strong biological link between the NuoC protein amino
acid sequence (Table 1) is indicated by the low expect
value of 3MCR_A.

Templates having an amino acid sequence similar to the
NuoC protein can be located using the BLAST. The program
BLAST uses Karlin and Altschul’s (1990) stochastic model
toidentify a template that most closely matches the target.
The 3MCR_A amino acid sequence’s low E-value points to

a highly relevant biological relationship.
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Table 1: Template search for NuoC protein

S. No Tool for searching templates %identity Expect value/percentage of confidence PDB code of template procured
1. PSI BLAST 53.55 2e-73 3MCR_A
2. JPred4 - 2e-59 3MCR_A
3. Phyre 2 63 100 3MCR_A
1 10] 20|
3MCR GMTSNGQQGKPHNL NLPRELS
MKE S E=sw s e M35 P AQEGRPD
50 a0
3IMCR RVYRH E
nuoC VRQVV G PG - - - - - - -
9o 4 o ;w4 10
3MCR ElIGEHP 13 D
nuoC HERVE D i
0] 4 10l ) 150
3MCR A
nuoC
3MCR
nuoC
sk - - - - - - - - .-
nuoC IEMPDDWQGHPQRKDYPLGGIPVEYKG
L 1 260] L 27| I 20|
BMER. $2 s feELddSas=is
nual AQIPPPDERRGYN

Fig. 1: shows the alignment of NuoC with the 3MCR_A protein sequence. The color blue denotes identical residues, green denotes very
similar residues, pink denotes weakly similar residues, and yellow denotes non-matching residues

The JPred4 algorithm utilizes a comprehensive approach
to identify template proteins with closely resembling
secondary structures by employing a diverse set of
sequence alignment profiles. JPred4 harnesses the JNet
method to accurately forecast the occurrence of specific
secondary structure elements in proteins, such as helices,
sheets, and loops. Notably, with an impressively low
E-value of 2e-59, JPred4 strongly recommends utilizing
chain “A” of template 3MCR for the given protein analysis.
Using statistics like %ofidentity and %confidence, one can
determine the extent to which the sequence is preserved
relative to the structure. The Phyre 2 server’s confidence
value (Table 1) indicates the likelihood that the target
and template amino acid sequences will be similar. The
3MCR_A template demonstrates 63% identity and 100%
confidence (Fig. 1). The best template for homology
modeling of NuoC protein appears tobe 3MCR_A, according
to all three template search tools.

The method for identifying correlations between two
amino acid sequences of proteins that may indicate
functional, structural, or evolutionary connections
is called pairwise sequence alignment, or PSA. The
CLUSTALW web server achieved the PSA of the template
3MCR_A and NuoC. An alignment score of 50.70 is obtained,
indicating appreciable similarity between template and
target. The generated alignment file is visualized using
Discovery Studio Visualiser (Fig. 1) and further used in
homology modeling by MODELLER software.

Int. J. Pharm. Sci. Drug Res., May - June, 2024, Vol 16, Issue 3, 308-322

Accurate three-dimensional structures can be obtained by
aligning phylogenetically related template proteins with
the NuoC protein sequence. The MODELLER 10.2v software
was utilized to construct the 3D structure, employing
the alignment file (Fig. 1), the 3D coordinates file of the
template, and the FASTA sequence of the NuoC protein.
Subsequently, the model characterized by the lowest
Modeller goal function was chosen for further investigation.
Molecular dynamics improved the model’s quality in the
locPREFMD server (Table 2). The application of molecular
dynamics resulted in a significant enhancement in the
stability characteristics of the NuoC protein’s 3D structure
which is confirmed with energy calculations from SPDBV
4.1.0 software. The energy of conformations before and after
dynamics is calculated. Energy was found to have decreased
from 1376.452 to -7616.292 k]J/mol. The results indicate

that the NuoC dynamically stabilized.

Validation of Theoretical Structure of NuoC Protein

The Ramachandran contour plot, shown in Fig. 2 and
Table 3, is a fundamental visual tool used to analyze and
assess the stereochemical quality of protein structures.
It provides a graphical representation of the backbone
dihedral angles of amino acid residues in proteins,
aiding in the identification of favorable and unfavorable
conformations. According to plot results, 92.1% of the
residues in the protein that was homology-modelled are
located in the most advantageous energy landscapes.
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Table 2: List of NuoC protein stabilization variables after molecular dynamics

=2
S

Variables examined

phi-psi backbone favored region
phi-psi backbone allowed region
phi-psi backbone general region
phi-psi backbone disfavoured region
chi 1-chi2 side chain unallowed region
G-factor covalent bonds

G-factor overall interactions

Favorable main-chain bond lengths

O ® N Ul s W N R

Favorable main-chain angles

=
[=]

Sidechain ring planarity

Famachandran contour plot

Psi (degrecs)

135 i
Fhi (degrees)

Ramachandran plot statisticks

Residues in most favoured region 176 92 1%6
Residues in additional allowed region L4 T.3%0
Residues in penerously allowed region 1 0_5%%
Drisallowed region L= Lo Re
MWon glveine and non -proline residuss 191 100 D%

End residues {excluding Gly and Pro) 2z
Glycine residues
Proline residues

Fotal number of residues

Fig. 2: The NuoC protein’s Ramachandran plot. There are four regions
in the NuoC protein’s Ramachandran plot. The plot’s red-colored field
denotes the location that is energetically most preferred. The areas
that are further permitted are shown by the brownfield, the liberally
permitted areas by the yellow field, and the prohibited areas by the
light-yellow field. The majority of the NuoC protein’s 236 amino
acid residues, specifically 176 residues, are positioned within the
energetically most preferred region. This observation indicates that
the protein structure exhibits a high level of stereochemical quality

Given its superior stereochemical quality, the homology-
modelled protein is considered for additional validation.
The ProSA energy plots are also used to evaluate the NuoC
protein structure. The Z-score (-3.61) of the NuoC protein
falls within the range of similar-sized proteins whose
structures have been determined by NMR spectroscopy
(shown in dark blue) or X-ray crystallography (shown in
light blue). This points to a very high degree of overall
model quality.

Knowledge-based energy values are used in the ProSA
energy profile to provide local model quality. The energy
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Before dynamics After dynamics Goal
92.70 92.10 >90%
6.800 7.300

0.500 0.500 <1%
0.000 0.000 <0.2%
0.021 0.021 <0.2%
0.020 0.050 >-0.5
-0.220 -0.180 >-0.5
100.00 100.0 100%
90.90 91.80 100%
99.10 99.10 100%

map in Fig. 3 has two sections with window widths of 10
and 40 amino acids. The low energy profile graphs show
that the three-dimensional structure of the NuoC protein
is reliable.

Secondary Structure Prediction of NuoC Protein

The stability and conformation of proteins depend on their
secondary structures. Utilizing the PDBsum create server,
the secondary structural data for the NuoC protein!’3! is
deduced. It provides information in the form of pictures.
NuoC contains one beta-sheet, five beta strands, and six
helices, as per the results (Table 4). Three helix-helix

interactions further stabilise NuoC protein (Table 5, Fig. 4).

Conserved Domain Analysis and Active Site
Identification of NuoC Protein

Proteins in the NADH dehydrogenase family are highly
conserved. The information regarding the various NuoC
protein conserved domains that were found through
BLAST is displayed in Fig. 5 CASTp and Schrédinger’s
SiteMap module were used to anticipate the NuoC protein
active site zones. Two potential active site areas (site 1
and site 2) were shown by the SiteMap and two probable
active site locations (pocket1 and pocket2) were shown by
the CASTp server (Table 6). Strong support for the active
site anticipated by the literature is provided by residues
46-154 in the SiteMap and residues 82-154 in CASTp.

Docking and Virtual Screening Studies of NuoC
Protein

The ligands and proteins from the Bionet ligand database
were prepared using LegPrep and the Protein Preparation
Wizard, respectively. A Grid measuring 80Ax80Ax80A
was created, incorporating residues from the active site
of ATP binding. After being virtually screened with NuoC,
the produced ligands were sent through the QikProp filter.
Outofthe 39,490 ligands that underwent virtual screening
withthe HTVS, SP,and XP modes, LigPrep generated 79,430
molecules. The end product produced sixty molecules, of
which the best eight (L1-L8) were subjected to additional
analysis using Glide energy and Glide score.
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Table 3: Ramachandran plot statistics Table 4: Secondary structural information of NuoC protein
Regions in the RC plot Nurﬁber of percentage Helices
residues . .
S No Starting Ending No of Sequence
Most desirable region 176 92.1 ’ residue  residue residues q
extended desirable region 14 7.3 1. Gly58 Arg72 15 GYFDDIVDRLAEALR
Generously desirable region 1 0.5 2. Glu77 Asp80 4 EFED
Disallowed regions 0 0.0 3. Leul00 Argl09 10 LLPRVAQRLR
Residues other than glycine 191 100 4. Aspl174 Asp182 9 DWHERETYD
and proline Beta strands
Terminal residues (excluding 2 - 1 Alag1 Valgs 5 AVEKV
Gly and pro)
2. Leu92 His95 4 LTLH
Number of glycines 20 - el s
) 3. Glu117  Val125 9 ELCLGVSGV
Number of prolines 23 -
Total number of amino acid 236 - + Glul34  Leuldl 8 ELHAVYPL
residues 5. Leul50 Serl55 6 LRLEVS
Beta Sheet
Knowing the ligand-biological targetinteractionsrequires  gpoet No of stands Type
an understanding of the ligand pharmacophores. Because A 5 Mixed

theligands from L1 to L8 have different pharmacophores,
they bound to different amino acids but at the active site
region. Piperazine from L2, piperazine and piperidine
from L8, N-methyl piperidine-4-amine from L5, N,
N-diethylethane-1,2-diamine from L4, pyrrolidine from
L7, N-methyl-2-oxidanylethane-1-amine from L6, phenyl
methionamine from L1, (E)-N, N, N-trimethyl formamide
and piperazine from L3 are the groups functioning
as pharmacophores. The amino acid residues ARG98,
ARG75 (BASIC), ASP99, ASP189, ASP98 (acidic), LEU101,
LEU194 (nonpolar neutral), THR180 (polar neutral),
GLU177 (polar neutral), TYR181 (polar neutral), PRO102,
PRO192 (nonpolar neutral), and HIE191 (basic) are
consistently interacted by all the ligands from L1-L8. The
aforementioned characteristics of ligands and interacting ~ Fig. 4: shows the secondary structure of NuoC in pictorial form.

amino acid residues clearly show the affinity with NuoC 3D form of NuoC protein, represented as helices in red, sheets in
yellow, and loops in green color, respectively

protein (Table 7), (Table 1,2 supplementary).

(A} Z-Score-3.51 (8]
Eawy | snce: se 10

-

Engmisds Based energy

e o0 re B Ter] 1
Narida of reRiu fagamca ponbon

Fig. 3: shows (A) an overall model quality plot of the Z-score against the number of residues. Structures deposited using X-ray and NMR
techniques are indicated by light blue and dark blue colors, respectively. A Z-score of -3.61 for NuoC indicates that the structure is very reliable.
(B) The knowledge-based energy against the sequence position plot shows the quality of the local model

Int. J. Pharm. Sci. Drug Res., May - June, 2024, Vol 16, Issue 3, 308-322 313
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Table 5: List of helix-helix interactions
Interactions between helices

Interactions Count of interacting

5. No between helices Distance (4) residues

1 A1-A2 8.1 6

2 A1-A4 10.5 7

3 A2-A4 9.8 1
MM/GBSA Calculations

Ligands are rated and assessed according to the extent of
their affinity for biological targets when computational
methods develop pharmaceuticals. The affinity between
ligand and biological target can be predicted by MM/GBSA
simulations (Table 8). The AGg;,4 values emphasize the
biological target’s affinity for the ligand; the higher the
affinity, the more negative the values. The thermodynamic
viability of complexation is illustrated by the rise in
the free energy value of ligands upon complexing with
biological targets. The ligands L1, L2, L3, L4, L5,L6,L7,and
L.8 exhibit spontaneity in complexation with NuoC protein
as evidenced by a decrease in free energy.

ADME Analysis

Since many drugs and lead compounds fail at a late stage
of pharmaceutical development due to unfavorable
pharmacokinetic properties, predicting ADME qualities
is crucial throughout the lead compound selection
process. A mathematical representation of a structural or
physicochemical characteristic of a molecule or a portion
of a molecule is called a molecular descriptor. To look
into the ADME characteristics of possible leads, a variety
of pertinent molecular characteristics, or descriptors,
are frequently employed. An attempt has been made to
assess the ligands’ ADMET profiles in in-silico. Out of the
46 descriptors generated by Schrodinger’s QikProp, only
13 were taken into consideration (Table 9).

Descriptors for lead substances include molecular weight,
hydrogen bonds, and QPlogS, which indicate aqueous
solubility. For absorption, high values are >80% and low
values are 25%. Caco-2 cells determine the permeability of
the gut-blood barrier, and the CNS ranges from inactive to

active. The Rule of five requires “MW <500, QPlogPo/w <5,
donorHB <5, and accptHB <10” for drug-like substances.
QPlog Po/w predicts how drugs interact with real
membranes.

The molecular weight of ligands from L1 to L8 are 291.39-
420.55, QPlogPo/w ranges from 0.649- 4.614, donor HB 1
to 4 and, acceptor HB 3-9 accepting the Rule of five. The
QplogS values of L1-L8 are within the acceptable value,
that is, from -4.89 to -0.534. The ligands L3, L4, L7 and
L8 show %HOA >80 % suitable for oral drugs. The Caco-2
values of all the ligands are greater than 25, reflecting good
permeability for the gut-blood barrier. The CNS values of all
the ligands except L4 and L8 show inactivity (values 0 and
1) towards CNS. The QPlog Khsa values, which represent
human serum albumin binding, are within the range of
-0.291 to 0.394. The QPlogBB and QPlog HERG, which
represent blood blood-brain barrier and Icg, values for
HERG K+ channels, respectively, show permissible ranges
of molecular descriptor values. The aforementioned ADME
values of ligands will help in the selection of the most
compatible inhibitor for the NuoC protein.

MD Simulation Results for L1-NuoC Complex

During the study, a molecular dynamics (MD) simulation
lasting 100 nanoseconds was conducted for the top-docked
compound L1. The primary objective of the MD simulations
was to evaluate the stability of the interactions between
the ligand-protein docked complexes. Specifically, the
focus was on investigating the stability of the protein
(NuoC) in conjunction with the L1 ligand at the respective
binding site. This investigation involved performing
an RMSD analysis of the protein backbone of the initial
frame structure. The RMSD value of protein was found to
be stable between 20.8 to 24 A from a 45 to 100 ns time
frame after a 1 to 10 ns time frame trajectory tried to get
the equilibrium stage and showed fluctuation between
10 to 45 ns time frame. The ligand RMSD followed the
protein RMSD till 40 ns after that, tried to be stable
between 15 to 21 A from a 40 to 100 ns time frame and
showed fluctuation between 10 to 45 ns time frame (Fig.
6). The RMSF plots of protein (side chains) and ligand
showed protein residue that interacts with the ligand

Table 6: Identification of active site

S.No  Active site prediction tool Pocket and Site numbers Volume A® Amino acids

1 CASTp 1 48.904 VAL82, GLU83, LEU94, HIS95, THR131, GLY132,
LEU152, VAL154.

2 2 40.139 VAL46, VAL47, LEU48, GLY50, GLU83, VAL85, LEU92,
LEU94, HIS126,
HIS129, LEU135, LEU152, VAL154

3 SiteMap 1 121.765 VAL46, VAL47, LEU48, GLU83, VAL85, LEU92, LEU94,
HIS129, LEU135,
LEU152, VAL154

4 2 84.035 ILE63, ARG66, LEU67, ALA70, GLU77, PHE78, ASP80,
ALA81, VAL82, GLU83, LYS84, ARG103
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Fig. 5: shows a pictorial representation of conserved domains of the NADH dehydrogenase family

Table 7: List of ligands having an affinity with NuoC protein

Protein RMSF

Ligand number Glide score Glide energy 23 1 I

L1 -7.305 -43.06

L2 -7.127 -42.08 0

L3 -7.192 7121 ? =

L4 -7.121 -35.62 =

L5 -6.895 -29.19 .

L6 -6.875 -35.65 : =
Residue Index

L7 -6.290 -48.30 —=chain

L8 -6.253 -36.22

Protein-Ligand RMSD

=

o

Protein RMSD (A)
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Fig. 7: The plot of protein side chains’ root mean square fluctation
(RMSF) (NuoC)
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Fig. 6: The protein NuoC and ligand L1’s root mean square deviation
(RMSD) during 100 ns of MD simulation is displayed on the graph

Fig. 8: Binding interactions of ligand L1 with NuoC during MD
Simulation of 100 ns

Table 8: MM /GBSA calculations of ligands

Ligand Free energy of AGpig AGpipg AGpig AGping AGping
number ligand Coloumb Covalent solvent vdw

L1 -22.598 -35.072 -105.536 3.282 110.124 -26.749
L2 68.602 -28.202 -74.671 9.173 74.682 -21.381
L3 18.786 -27.081 -102.110 5.159 100.042 -15.7262
L4 19.114 -39.446 -75.362 -2.156 75.799 -21.105
L5 8.422 -33.692 -72.514 1.884 74.888 -21.2803
L6 58.092 -30.973 -109.738 1.971 101.601 -15.121
L7 23.842 -41.398 -83.120 4.551 88.262 -31.962
L8 47.381 -39.191 -71.675 3.368 68.900 -25.805
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Table 9: ADME properties of most compatible ligands

fqligrlel:gr Physico-chemical properties Pharmaco-kinetic properties grr:ge-lrigsgess
MW DHB  AHB S;ulggjs 9% HOA QPP Caco Igﬁfa gg }‘;‘/9 QPlogBB  CNS gl;l;;g f}‘;fve fh“rlzeof
solubility (PLC50)

L1 31442 4 3.5 -1.993 71.981 42.027 0.208 2.729 -0.65 0 -7.555 0 1
L2 335.42 2 9 -0.989 56.502 27.482 -0.163  0.649 0.436 1 -7.389 0 0
L3 406.83 1 7.5 -4.89 95.859 500.15 0.236 3.519 0.311 1 -5.933 0 0
L4 381.34 2 4.2 -3.748 100 316.81 0.64  4.614 0.793 2 -7.344 0 0
L5 291.39 3 5 -2.205 67.149 41.151 0.156 1.931 -0.345 0 -7.127 0 0
L6 31225 4 3 -0.534 72.59 76.057 -0.291  2.045 0.38 1 -4.922 0 0
L7 420.55 2 9 -4.176 81.255 100.15 0.394 3.16 -0.106 1 -8.239 0 0
L8 33443 1 7.5 -2.67 81.674  225.15 0111  2.156 0.77 2 -6.664 0 0

Protsin-Ligand Contacts docking and virtual screening procedures were executed

within the predicted active site region. The screened

I ligand molecules exhibited distinct pharmacophores,

with ligands L1-L8 demonstrating negative values of

: AGBind, affirming the thermodynamic feasibility of the

I protein-ligand complex formation. Furthermore, the

I ADME values of ligands L1-L8 were found to be within

L] permissible ranges. Notably, molecular dynamics studies

= i " ‘. ot _ ofthe top.-scored. l.igand L1 with the NuoC protein revealed

mE HE. | - L substantial stability of the L1-NuoC complex. The results
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Fig. 9: Interaction fraction of various residues (L1-NuoC complex)

between 4 to 14 A, respectively, protein-ligand interaction
was showed by green-colored vertical bars (Fig. 7). The
100 ns trajectory was analyzed to study the interactions.
During this period, specific amino acid residues such as
Glu177,Prol192, Asp160, Asp189, Thr180, and 11e187 were
found to be involved in hydrogen bond interactions (both
backbone and sidechain) with the protein. Additionally,
Tyr181, Phel84, and Ile186 were observed to participate
in hydrophobic interactions with the protein, while
Phe188 was found to be involved in m-m interactions with
the protein, as shown in Fig. 8. The interaction fraction of

different amino acid residues has been detailed in Fig. 9 "4,

CONCLUSION

The 236 amino acid NuoC protein is a viable biological
target for the creation of antibiotics that target Mtb.
A theoretical model of the NuoC protein was created
using the homology modeling approach, and it was then
improved by doing molecular dynamics simulations.
The model’s integrity was rigorously assessed using the
Ramachandran plot and ProSA energy plots. Through the
utilization of in-silico tools, the active site, spanning from
amino acid residues 46 to 154, was predicted. Subsequent
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emphasize the significant potential of the anticipated
NuoC protein inhibitors in aiding the creation of innovative
drugs aimed at treating tuberculosis.
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