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ABSTRACT

Tuberculosis (TB) is an infectious condition caused by Mycobacterium
tuberculosis. One of the key steps towards introducing infectious disease in
control is the creation and application of antibiotics. M. tuberculosis strain
is multidrug resistant, which is a major threat to TB control. It develops
multidrug resistance (MDR) by using efflux pumps (EPs) and other
associated systems that can reduce the efficacy of the drug. Several
techniques are currently developed to overcome the efflux-mediated
resistance and the development of efflux pump inhibitors (EPIs) is one of
them. The current study aims to provide an in-silico evaluation of
biologically validated hybrid efflux pump inhibitors (HEPIs) with different
M. tuberculosis EP proteins. Twelve different HEPIs were identified
through literature review. Docking analysis was used to examine the role of
HEPI inhibition against 5 MDR EPs. Additionally, the absorption,
distribution, metabolism, excretion, and toxicity (ADMET) of all hybrid EP
inhibitors were assessed. Molecular docking indicated that several HEPIs,
specifically 5, 7, and 11, showed persistent higher binding affinities across
multiple proteins, with docking scores comparable to or better than already
known inhibitors. The predicted ADMET profiles suggested that most
inhibitors had good oral bioavailability and adequate safety margins. To
conclude, these HEPIs have the ability to effectively inhibit TB in human
beings. In this regard, HEPI-5, HEPI-7, and HEPI-11 were determined as
the most promising inhibitors because of their high binding affinities and
positive ADMET profiles. Although experimental validation is essential to
confirm their therapeutic relevance, these findings highlight their potential
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as novel EPI scaffolds. However, some of their pharmacological properties
are not appropriate for human beings.

.
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1. INTRODUCTION

Tuberculosis (TB) is a contagious infection caused by Mycobacterium
tuberculosis. TB 1is considered a competing disease with human
immunodeficiency virus (HIV) and a major public health hazard due to the
number of deaths it causes worldwide [1]. The spread of the disease is
exacerbated by poor economic conditions and 95% of patients suffering
from this disease are from developing or underdeveloped countries [2].
Financial problems, food quality and insecurity, illiteracy, poor housing,
and environmental conditions are the major causes of TB in developing
countries. The World Health Organization (WHO) reported that
approximately 10 million people are infected with TB worldwide. In
Pakistan, about 510,000 TB cases are reported annually. Approximately
15000 developing drug-resistant TB cases are also reported annually.
Globally, Pakistan ranks the 4™ highest in terms of the prevalence of
multidrug-resistant TB [3]. The main reasons for the occurrence of drug-
resistant TB are inappropriate and inadequate drug regimens, unsupervised
treatment, poor follow-up, lack of social support program for high-risk
groups, and delay in diagnosis. High-risk groups for TB disease include
people with HIV infection, homeless people, refugees, prisoners, and
alcohol users [4, 5].
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The discovery and use of antibiotics are among the most significant
actions towards the prevention of infectious diseases. Impacts of pathogenic
organisms due to their acquired antibiotic resistance have made most of the
available antibiotics ineffective [6]. Extensive knowledge regarding the
molecular mechanism of microbial antibiotic resistance is needed to cope
with the rising number of drug-resistant bacteria and multidrug resistance
(MDR) bacteria that possess different modes to protect against the harmful
action of drugs [7]. MDR strains of tuberculosis poses a significant risk to
the TB control process. These strains evolve through the action of M.
tuberculosis via the efflux pumps (EPs) and other such comparable
mechanisms that have the ability to limit the actions of drugs [8]. Originally,
it was found that the first antibiotic efflux was released in 1980 when the
chain of resistance against tetracycline was attributed to enterobacteria [9].
The EPs of M. tuberculosis perform functions that are unrelated to
medication. Some of them are substrate specific [10-12] and, therefore,
have a role in the assembly of MDR forms. In selective release of particular
antibiotics, the EPs of bacteria, in contrast to other MDR pumps, release
certain structurally varied compounds [13, 14].

Various tactics are aimed at offsetting efflux-mediated resistance and
the development of efflux pump inhibitors (EPIs) is one of them. They can
be prepared by (i) enriching the structural design of already known
antibiotics or (ii) via the use of novel compounds to reduce or eliminate
pump activity [15]. The counteracting drug efflux is still a relatively untried
field in TB drug discovery and a good attacking method to reduce serious
obstacles in the treatment of TB. Various molecular mechanisms have been
observed to add efficacy to anti-TB drugs, in vivo, in vitro, and in the
macrophage. These substances consist of verapamil (VER), phenothiazines,
thioridazine, and chlorpromazine [16]. There is a dire need to design and
synthesize EPIs for TB. As reported earlier, different hybrids improve the
activities of rifampin (RIF) and isoniazid (INH) against extracellular, as
well as intracellular M. tuberculosis. The hybrids include verapamil and
thioridazine substructures, as well as the analogue of thioridazine [17].
Additionally, these agents might be used to decrease the probability of
resistance against newly discovered drugs and to resuscitate the previously
out of control anti-TB agents that were discarded owing to EP-mediated
drug resistance [18].
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The main liability of EPIs is their administration in combination with
antibiotics which poses an extra challenge from a pharmacological
perspective. In case of TB, major toxic pharmacokinetic interactions
between rifampin and verapamil have limited additional studies of this
combination. To overcome this possible liability, structural hybrid efflux
pump inhibitors (HEPIs) are worth exploring. These ensure the delivery of
pharmacologically optimized EPIs to the disease site. HEPIs are designated
to be practiced in combination with an antibiotic like RIF. To prevent
deleterious pharmacokinetic interaction, there still remains the need to
optimize pharmacokinetic parameters. HEPIs are designed through the
fusion of verapamil substructure with different non-tricyclic and tricyclic
cores of chemosensitizers or their structural motifs derived through
diphenylmethane, dibenzosubery, dibenzazepine, thioxanthene,
phenothiazines, and cyproheptadine [19, 20]. All these chemosensitizers are
known to reverse anti-mycobacterial drug resistance and to sensitize the
resistant strains of M. tuberculosis by using different types of machinery,
such as EPI. There is the possibility that these chemosensitizers do not
exhibit intrinsic anti-mycobacterial activity. Various HEPIs have been
derived that depict improved features of drug efflux inhibition which could
be optimized further [18].

The current study involves the in silico analysis of experimentally—
tested, biologically verified, and ethically approved HEPIs with various EP
proteins of M. tuberculosis. By way of literature, 12 hybrid EPIs were
determined [21]. This was done to perform the docking analysis of the role
of inhibition played by HEPIs with reference to 5 MDR efflux proteins.
Moreover, through the PreADMET the absorption, distribution,
metabolism, excretion, and toxicity (ADMET) of all hybrid EPIs were
determined.

2. METHOD

The current study targets different multidrug EPs. There is no crystal
structure available for these proteins. Therefore, homology modeling was
performed to model their tertiary structure. HHpred was used to find the
homologous proteins of EP proteins and to perform the homology modeling
[22] (Table 1). On the basis of sequences, best templates were selected and
model validation was performed using PROCHECK [23] and ProSA-web
[24]. A total of 12 hybrid EPIs were discovered through literature [21].
Their chemical names and structures are given below in Table 2.
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Table 1. PDB IDs of Template Proteins used for Different Proteins.

S. No. Protein Name Template Protein’s PDB ID
5K0O2 B,
Multidrug efflux ATP-binding 4raC_A
! ermease protein Rv0194 6BHU_A
P P SUJA_A
6BAA F
4LDS B
. . . 1PW4 A
) Multidrug Rfe;istance Protein 4GCO_A
o1 >pos 47P0 A
50X0_A
47P0 A
MYCTO Probable Multidrug- IPW4_A
3 efflux Transporter MT 1670 4LDS_B
p 307Q A
50X0_A
4LDS B
Probable Multidrug-efflux SAYN_A
4 transporter Rv128c 2CFQ_A
P v 1PW4 A
47P0 A
47P0 A
Probable Multidrug-efflux IPWe_A
> transporter Rv1634 4LDS_B
p 307Q A
50X0_A
Table 2. Chemical Name and Structure of Compounds.
CO{\? pound Chemical Name Structure
ame
H H
5-((2-(10H-phenothiazin-10- ~ H S H
yl)ethyl)(methyl)amino)-2-(3,4-
Comp-1 dimethoxyphenyl)-2-
Isopropylpentanenitrile (1a) H N H
|
H H H
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Compound Chemical Name Structure
Name
H H
5-((2-(2-chloro-10H- H s H
phenothiazin-10-
Comp-2 yl)ethyl)(methyl)amino)-2-(3,4-
dimethoxyphenyl)-2-
. P Cl N H
isopropylpentanenitrile (1b) |
H H H
5-{[2-(10,11-Dihydro-
dibenzo[b,f]azepin-5-yl)-ethyl]- H
Comp-3 methyl-amino}-2-(3,4-

dimethoxyphenyl)-
2-isopropyl-pentanenitrile 1(c) H

5-((2-(4-(10H-phenothiazin-10-
yl)piperidin-1-
Comp-4 yl)ethyl)(methyl)amino)-2-(3,4-
dimethoxyphenyl)-2-
isopropylpentanenitrile (2a)

H S H
5-((2-(4-(2-chloro-10H-
phenothiazin-10-yl)piperidin-1- ¢ HN H
Comp-5 yl)ethyl)(methyl)amino)-2-(3,4- H H
dimethoxyphenyl)-2- I£|-| l-I£|
isopropylpentanenitrile (2b)
Hj N ﬁH
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Compound Chemical Name Structure
Name
5-((2-(4-(5H-
dibenzo[a,d][7]annulen-5-
Comp-6 ylidene)piperidin-1-

yl)ethyl)(methyl)amino)-2-(3,4-
dimethoxyphenyl)-2-
isopropylpentanenitrile (3a)

5-((2-(4-(9H-thioxanthen-9-
ylidene)piperidin-1-
Comp-7 yl)ethyl)(methyl)amino)-2-(3,4-
dimethoxyphenyl)-2-
isopropylpentanenitrile (3b)

5-((2-(4-(2-chloro-9H-
thioxanthen-9-
ylidene)piperidin-1-

Comp-8 yl)ethyl)(methyl)amino)-2-(3,4-
dimethoxyphenyl)-2-
isopropylpentanenitrile (3c)
Department of Knowledge and Research Support Services ;@x‘ U M-F 97
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Compound

Chemical Name
Name

Structure

5-({2-[4-(10,11-Dihydro-5H-
dibenzo[a,d]cyclohepten-5-yl)-
piperazin-1-yl]-ethyl}-
methylamino)-
2-(3,4-dimethoxy-phenyl)-2-
isopropyl-pentanenitrile (4).

Comp-9

5-{[2-(Benzhydryl-amino)-
ethyl]-methyl-amino}-2-(3,4-
Comp-10 dimethoxy-phenyl)-2-
isopropylpentanenitrile

(5a).

5-((2-
(benzhydryloxy)ethyl)(methyl)a
Comp-11 mino)-2-(3,4-
dimethoxyphenyl)-2-
isopropylpentanenitrile (5b)

5-{[2-(4-Benzhydryl-piperazin-

1-yl)-ethyl]-methyl-amino}-2-
(3,4-dimethoxy-phenyl)-2-
isopropyl-pentanenitrile (6).

Comp-12

8 OMICS
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2.1 Molecular Docking and Binding Energies Calculation

Docking analysis was used to examine the inhibition of hybrid EPIs as
compared to 5 MDR EPs. It prepared the ligands and proteins using
AutoDock tools and calculated docking using AutoDockVina [25, 26].
ACDChemSketch optimized the 3D structure of HEPIs in energy and
minimized the energy of the structures [27]. In all the receptors and ligands
(HEPIs), polar hydrogen was added by using AutoDock tools. Polar charges
helped to enhance the interaction processes. The ligands also demand access
to patient torsions, so torsion modification was introduced in the ligands.
This demonstrates the kinds of torsions required to treat and accomplish
docking. The 3D grid was devised to define the search space in receptors.
RaptorX was used to determine the binding pockets [28]. The interaction of
the ligands (HEPIs) and the estimation of binding energies were analyzed
with the help of Autodock Vina.

2.2 ADMET and Prediction of Drug Likeness

By using PreADMET, the absorption, distribution, metabolism,
excretion, and toxicity (ADMET) of all HEPIs were calculated [29]. The
program also aided in predicting the drug-likeness of the given HEPIs.
These predictions were prepared by using the file of their molecular
structure. Using the pharmaceutically relevant properties associated with
the ligand molecules and significant descriptors, the pharmacokinetics and
pharmacological properties of the HEPIs were analyzed.

3. RESULTS

The protein model of the EPs was not available. The homology model
validation showed that the EPs showed good stereochemical and structural
quality. ProSA-web Z-scores for all proteins fell within the range of
experimentally determined structures of a similar size (between —7.5 and —
10.2). A total of 5 different EPs showed similarity with different proteins.
At the primary structural level, the multidrug efflux ATP-binding permease
protein Rv0194 showed maximum similarity with the MDR protein of Mus
musculus and Caenorhabditis elegans, bovine MDR protein of Bostaurus,
and ATP-sensitive inward rectifier potassium channel of Rattusnorvegicus.

MDR protein Stp showed maximum similarity with bicyclomycin
resistance protein of Staphylococcus epidermidis, Glycerol-3-phosphate
transporter, D-xylose-proton symporter, and multidrug transporter of
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Escherichia coli. MDR protein also showed similarity with Di-or
tripeptide:H+ symporter, as well as Alpha-helical membrane protein of
Streptococcus thermophiles.

MYCTO probable multidrug-efflux transporter MT1670 showed
maximum similarity with the multidrug transporter of Escherichia coli
(strain K12), Glycerol-3-phosphate transporter and L-fucose-proton
symporter of Escherichia coli, and bicyclomycin resistance protein of
Staphylococcus epidermidis and Di-or tripeptide:H+ symporter of
Streptococcus thermophilus.

The probabilcy multidrug-elefux carrier Rv1258c was comparable with
bicyclomycin resistance protein of Staphylococcus epidermidis, solute
carrier family 39(Iron-regulated; alpha-helcthe; transporter protein) of
Bdellovibriobacteriovorus lactose permease, and multidrug transporter of
Escherichia coli.

Rv1634, which is likely the transporter of multiple drugs, was similar to
multidrug transporter of Escherichia coli (strain K12), bicyclomycin
resistance protein of Staphylococcus epidermidis, G + L-fucose:H+
pronucleid of Escherichia coli, and Di-or tripeptide:H + protein of
Streptococcus thermophiles.

The HEPIs were all docked to various EPs in order to determine the
binding energy and the inhibitory constant (Ki). Due to docking, it was
discovered that all HEPIs exhibited varied behaviour when interacting with
various EP proteins. Tables 3-7 exhibit the binding affinities (ranging
between -3.0kcal/mol and -10.8kcal/mol).

3.1. Docking with Multidrug Efflux ATP-binding Permease Protein
Rv0194

Comp-1 / Comp-2 HEPIs were docked at the binding pockets of
multidrug efflux ATP-binding permease proteins Rv0194, Arg952, and
Pro957. Comp-2 and Comp-1 binding affinities were -5.2 and -5.5 kcal/mol,
respectively. The other two HEPIs, namely Comp-3 and Comp-8, docked
the binding affinities of -5.5 and -6.9 kcal/mol, respectively. The remnants
of such interactions were Ala958 and Tyr951. The binding affinity of -5.0
kcal/mol was found to dock Comp-4. The outcome of the interaction
included the residues of Leu576 and Val578; His152. Comp-5 docked to
Val578, His1152, and His1170 with a binding affinity of -5.2, -6.9, and -7.5
kcal/mol, respectively. These interactions were with GLY979 and Tyr951.
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These residues had binding affinities of -3.0 and -5.1 kcal/mol, respectively.
The binding of Comp-11 and Comp-12 was also seen with p952, p994, and
p950 and the binding affinities were -5.2 and -4.9 kcal/mol, respectively.
These interactions were with the two residues of A954 and T951 (Table 3).

Table 3. Binding Affinities of All Compounds with Multidrug Efflux ATP-
binding Permease Protein Rv0194.

Compound Binding
P Interactions Diagram Affinity Ki (M)
Name
(kcal/mol)
X952 X557
Comp-1 -5.2 152.807
ARG
X:952
Comp-2 -5.5 92.044
PRO
X:957
Comp-3 VR - -5.5 92.044
Department of Knowledge and Research Support Services <§:‘ U M-F 101
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— Binding
p Interactions Diagram Affinity Ki (M)
Name
(kcal/mol)
2 O
LEU =
X:576 K
ot 5.0 214243
e B e s
D Pi-Cation E e
VAL
X:578
BN : \r
SN
Compt -5.2 152.807
HIS HIS
X:1152 X:1170
Ercpt:::un |:| Pi-Pi Stacked
- Pi-Sigma |:| Pi-Alkyl
ot 75 3.136
ﬁa::v::nﬁnnal Hydrogen Bond [ mot
I FiFistacked
. Current Trends in OMICS
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Compound Binding
P Interactions Diagram Affinity Ki (M)
Name
(kcal/mol)
GLY
X:B?B_

Comp-7 -6.9 8.643

Interactions
- Conventional Hydrogen Bond |:| Pi-Pi Stacked

[ Pissuifur

Comp-8 -6.9 8.643

TYR ALA
X:951 X:958
Interactions
:' Pi-Pi Stacked :' Pi-Alkyl
’
.
.
'0
/ \ "
.
MO
o s ;/
. 6288.45
Comp-9 AP ~ -3.0
X:994 ~ 4 2
Interactions
D Attractive Charge - Unfavorable Positive-Positive
[ conventional Hydrogen Bond I Unfevorable Acceptor-Acceptor
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Compound . . Blndlpg
Name Interactions Diagram Affinity Ki (M)
(kcal/mol)
ARG
X:952
Comp-10 ) 5.1 180.936
ASP
SER X:994
X:950
— o
X551
Comp-11 J -5.2 152.807
X654
xi953 o5
Comp-12 -4.9 253.681

Interactions
Pi-Cation Pi-Alkyl

Pi-Pi Stacked

3.2. Docking with MDR Protein of Stp

Comp-1 ligand was designed to dock at the binding pocket of the MDR
protein of Stp. Comp-1 had the binding affinity of -6.7 kcal/mol. The
residues observed by Met55 during the interaction were Ala23, Asn27,

104 OMICS
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Leu24, and Leu281. The strong binding affinity of Comp-2 was measured
at 7.0 kcal/mol but the interacting residues were Ala23, Leu 24, Asn27, Ala
141, Phe 20, Met 55, and Leu 281. The binding affinity of Comp-3 was 7.5
and the binding factors were Asn27, Tyr 277, Leu24, Ala23, Leu280,
Met55, and Leu281. Comp-4 was found to be docked with the binding
affinity of -6.6 kcal/mol. The binding affinity of Comp-5 was -6.9 kcal/mol
and Comp-5 interacted with the residues Ala23, Asn27, Leu24, Met55,
Phe20, and Leu281. Comp-6 bound to the MDR protein of Stp at A366,
L369, A396, and P273 with a high binding affinity of -9.6 kcal/mol. Comp-
7 and Comp-8 showed the binding affinity of 8.6kcal/mol. The residues that
interacted with Comp-7 included Alal41, Phe 273, Arg 396, Leu369, and
Ala 366. The associated residues involved in the interaction of Comp-8
were Ala366, Phe273, and Arg396, as well as Alal41. The weakest binding
specificity attached to Comp-9 was -3.8 kcal/mol and the one-residue
interaction site was Asn27. Comp-10 had a binding specificity of -7.4
kcal/mol and the interaction resolution sites released Leu24, Leu281, and
Tyr277. Comp-11 and Comp-12 exhibited identical binding affinities. They
had an affinity against each other of -7.3kcal/mol. Phe404, Leu 281, Ser
400, Tyr 277, Met 55, Ala 23, Leu 24, and Arg 396 were the residues
involved in the interaction of Comp-11. Comp-12 interaction residues were
Leu44, Leu282, Leud407, and Leu281 (Table 4).

Table 4. Binding Affinities of All Compounds with MDR Protein of Stpos

Compound Binding
P Interaction Diagram Affinity Ki (M)
Name
(kcal/mol)
pet) o —
X:281
LEU
X:24
Comp-1 Asn -6.7 12.118
X:27
[] P-Doner Hydrogen Bond [ Psunr
I Fisigma — oyl
Depart: t of Knowled d Res h S t Services Ay -F
cepartment o owledge ant esearc upport Services {@:‘ UM 105
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Bindin
Compound . . ne
Name Interaction Diagram Affinity Ki (M)
(kcal/mol)
X
K101
LEU -
Comp-2 s L2y -7.0 7.299
MET
X:55 PHE
X:20
] e kg gend ] e
% Pi-Sigma I:l Pi-alkyl
Pi-Sulfur
ASN
X:27
TYR
Comp-3 o e = -7.5 3.136
ALA X281
X:23 e
LEU
X:280
Interactions
|:| Pi-Donor Hydrogen Bond |:| Ayl
|:| Pi-Sigma |:| Pi-Alkyl
|:| Pi-5ulfur
MET ALA
X:55 X:23 LEU
X:281
LEU
X:24
Comp-4 -6.6 14.348
ASN
X:27
Interactions
|:| Pi-Donor Hydrogen Bond |:| Pi-Sulfur
|:| Pi-Sigma |:| Pi-Alkyl
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Compound Binding
ompou Interaction Diagram Affinity Ki (M)
Name
(kcal/mol)

LEU
X:281
ALA
X:141
Comp-5 ASN -6.9 8.643
x:27 LEU =
x:24 i PHE
X:55 X:20
Interactions
|:| Pi-Donor Hydrogen Bond :' Alkeyl
- Pi-Sigma |:| Pi-Akyl
[ pisuifur
ALA
X:366
----- LEU
%:369
Comp-6 “ -9.6 0.090
ARG
X:396
PHE
X:273
Interactions
I sioma [ P
[ akn
ALA
X:l!]..
o “H
R ™ ALA
)ﬁ;gﬁﬁ X:273 QJ %:366
Comp-7 -8.6 0.489
Interactions
I conventional Hydrogen Bond I Fi-Pi Tshaped
I Fisioma [ Fraky
[ Pisulfur
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Compound Binding
N alt)me Interaction Diagram Affinity Ki (M)
(kcal/mol)
ALA
X366
VAL
W X:309
XP:;?E3
ARG
X:396
Comp-8 -8.6 0.489
ALA
X141
Interactions
|:| Conventional Hydrogen Bond |:| Alkyl
|:| Pi-Pi T-shaped |:| Pi-Alkyl
H
ASN
X:27
1627.37
Comp-9 -3.8 9
Ercct:v::nuunal Hydrogen Bond [l Unfavorable Donor-Doner
TYR
LEU X:277
X:24
LEU
X:281
Comp-10 -7.4 3.713
ET::“‘;haped |:| Pi-Alkyl
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Compound Binding
P Interaction Diagram Affinity Ki (M)
Name
(kcal/mol)
ARG
X:396
|
“n LEU
PHE X:24
X:404 LEU
X:281 e
Comp—ll SER -7.3 4.397
X:400 MET
X:55
TYR
X277
Interactions
Conventional Hydrogen Bond Pi-sulfur
Pi-Cation Pi-Pi T-shaped
Pi-Donor Hydrogen Bond Pi-Alkyl
LEU
X:281
LEU U
X:44
Comp-12 A i -7.3 4.397

X:282

Interactions
Pi-Sigma Pi-Alkyl

3.3. Docking with MYCTO Probable Multidrug-efflux Transporter
MT1670

Comp-1 docked at the binding pocket of MYCTO probable multidrug-
efflux transporter MT1670 with Phes7, Ilesss, Alaxgo, and Trpsg7. The binding
affinity of Comp-1 was -7.2 kcal/mol. Comp-2 docked with the binding
affinity of -7.4 kcal/mol. The residues involved in the interaction were
Phes7, Alaxgo, Ilesss, Leusis, and Trpsgz. The binding affinity of Comp-3 was
-8.1 kcal/mol. Whereas, Phes7, Trpss7, [lesss, and Alazgo were the residues
involved in the interaction. Further, Ilesss, Alazoo, Phes7, and Trpsg7 were the
residues involved in the interaction for Comp-4 and the binding affinity was
-7.2 kcal/mol. Com-5 was docked with the binding affinity of -7.6 kcal/mol
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and the residues involved in the interaction were Trpis2, Alazig, Trp32z,
Phes7, and Trpsg7. Comp-6 showed the maximum binding affinity with this
protein which was -10.8 kcal/mol. The residues involved in the interaction
were Alasig, Phess, Trpsa, Trpisz, and Trpsg7. Comp-7 and Comp-8 had the
same binding affinities. Their binding affinity was -10.0 kcal/mol. The
residues involved in the interaction for Comp-7 were Leu318, Ala319,
Phe37, Trp152, and Trp322. While, the residues found in the interaction for
Comp-8 were Alayoo, Aspaos, Alasio, Leusis, Phess, Thriss, Trps2, and
Trpis2. Comp-9 showed the binding affinity of -3.9 kcal/mol and the
residues involved in the interaction were Leui24 and Trpg;. The residues
involved in the interaction for Comp-10, Comp-11, and Comp-12 were
Trp152, Alal25, Leul24, and Val29, respectively. Comp-10 and Comp-12
had the binding affinities of -8.1 kcal/mol and -8.4 kcal/mol, respectively
(Table 5).

Table 5. Binding Affinities of All Compounds with MYCTO Probable
Multidrug-efflux Transporter MT 1670.

Compound Binding
p Interaction Diagram Affinity Ki (M)
Name
(kcal/mol)
PHE XI:I§§3 XA';:SO
Comp-1 -7.2 5.206
- e =
e T
Comp—2 Jie X5 '7.4 3 .7 1 3
s _—
[ PeiTshaped [ Pk
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Compound Binding
p Interaction Diagram Affinity Ki (M)
Name
(kcal/mol)
ALA
PHE X:290
Comp-3 X237 -8.1 1.138
ILE
XT:;‘{'; X:383
Interactions
I:' Pi-Pi T-shaped I:' Pi-Alkeyl
ALA
g X:290 g
X:383
Comp_4 s -7.2 5.206
X:387
Eﬂ P::\:ur [ piakd
[ PPt Tshaped
TRP
X152
H
ALA
X:319
Comp-5 -7.6 2.648
TRP
X:322
TRP
X:387 PHE
X:37
Interactions
|:| Conventional Hydrogen Bond |:| Ayl
|:| Pi-ulfur |:| Pi-Alkyl
|:| Pi-Pi Stacked
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Binding
Compound . . .
Ne?me Interaction Diagram Affinity Ki (M)
(kcal/mol)
PHE
ALA X:37
X:319
TRP
2 X322
/ a
N/
Comp-6 / -10.8 0.012
Coe
&
TRP
X547 X:152
Interactions
- Pi-Sigma |:| Pi-Alkyl
|:| Pi-Pi T-shaped
LEU
X:318
ALA
X:319
X152 E
Comp-7 \j -10.0 0.046
TRP
X:322
Interactions
|:| Pi-Sulfur |:| Pi-Pi T-shaped
|:| Pi-Pi Stacked |:| Pi-Alkyl
ASP
X:293 X518
ALA
X:290
Comp-8 Trey am -10.0 0.046
TrE o @
Interactions
:l Carbon Hydrogen Bond :l Pi-Pi T-shaped
|:| Pi-Donor Hydrogen Bond |:| Alkyl
|:| Pi-Sulfur |:| Pi-Allyl
|:| Pi-Pi Stacked
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Bindin
Compound . . ne
Name Interaction Diagram Affinity Ki (M)
(kcal/mol)
LEU
X:124
N \ R
-
R
Comp-9 -3.9 1374.380
Interactions
I conventional Hydrogen Bond I Unfavorable Donor-Donor
ALA LEU
X:125 X124
TRP
X:152
Comp-10 -8.1 1.138
Interactions
- Conventional Hydrogen Bond :l Pi-Pi Stacked
B Pisioma [ Piakv
LEU
ALA X:124
XTIRSF'Z X:125
VAL
X:29
\Lz \7
Comp-11 N -8.1 1.138

Interactions
B Fisigma
[ Pi-Pistacked

[ Pi-PiTshaped
:' Pi-Allcyl
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Compound Binding
P Interaction Diagram Affinity Ki (M)
Name
(kcal/mol)
Comp-12 -8.4 0.685

3.4. Docking with Probable Multidrug-efflux Transporter Rv1258¢

Comp-1 was docked with Alazes, Tyr239, Glnsog, Leuiso, and Pheis4 at the
binding pocket of the likely multidrug-efflux transporter Rv1258c. The
binding affinity of Comp-1 was -6.7 kcal/mol. Comp-2 docked with Alasss,
Tyrszs, Pheiss, Leuiso, and Leuz4o. The binding affinities of Comp-2 and
Comp-3 were -6.8 kcal/mol and -7.4 kcal/mol, respectively. The residues
involved in the interaction were Leunso, Alasg, Metso, Pheiss, Aspzs, and
Ilez7. Comp-4 and Comp-5 showed binding affinities of -6.8 and -6.9
kcal/mol, respectively. The residues involved in these interactions were
Alazeg, Leuiso, Pheiss, Leuzso, and Tyrzos. Comp-6 showed the binding
affinity of -8.7 kcal/mol. The residues involved in the interaction were
Alais3, Alaxo, Leuzao, Leuiso, and Asnisi. The binding affinity of Comp-7
was -8.9 kcal/mol. The residues involved in the interaction were Alayo,
Metsz, Leuaso, Leuiso, Tyrzzo, and Pheiss. The residues involved in the
interaction for Comp-8 were Alazo, Metsa, Leunso, Leuiso, and Pheiss. The
binding affinity of Comp-8 was -8.4 kcal/mol. Comp-9 only interacted with
a single residue of Tyr239 and the binding affinity was -3.7 kcal/mol. The
binding affinity of Comp-10 was -7.4 kcal/mol. The residues involved in
the interaction were Alaxss, Pheiss, Leuaso, Tyr3sos, Tyr23e, and Leuiso. The
binding affinities for Comp-11 and Comp-12 were -7.6 and 7.7 kcal/mol,
respectively. The residues involved in these interactions were Alazss, Pheiss,
Tyr239, Leuiso, and Leuaso, respectively (Table 6).
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Table 6. Binding Affinities of All Compounds with Probable Multidrug-

efflux transporter Rv128c

Compound Binding
P Interaction Diagram Affinity Ki (M)
Name
(kcal/mol)
ALA XT:E‘S : xL::Elgo PHE
X:268 " x:154
A
Comp-1 -6.7 12.118
ﬁa(;t:::nrahle Donor-Donor |:| Pi-Pi T-shaped
I:l Pi-Sigma I:l Pi-Alloyl
I:I Pi-Sulfur
PHE
ALA X:154
X:268
Comp-2 > x50 310 -6.8 10.234
I PiPiTshaped
I:I Alkyl
D Pi-alkyl
LEU
X:240
Comp-3 AL -7.4 3.713
X:48
ASP
X:23 ILE
[ oo =
% Pisigma [ Pk
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Compound Binding
ompou Interaction Diagram Affinity Ki (M)
Name
(kcal/mol)

PHE X:150 Al A
=) X:154 X268
X:210

Comp-4 -6.8 10.234

I PP Tshaped

:l i Allyl
™
ey X154
LEU
3
y LEU 43
Comp-5 X325 -6.9 8.6
snceraceions
I Pisoma [ —
[ Pissutfur [—L
[ PiPiTshaped
D
ata X:20

Comp-6 8.7 0.413

o
—
:I Carhon Hydrogen Rond :l Alleyl
I Pisioma [ Piniknt
o
e
e o
X154 o x:52
v
.
= ey
O o
rmteractions
:l Convent tional Hydrogen Bond :l Pi-Pi T-shaped
:l Pi-Sigma :l Pi-Alkyl
[
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Compound
Name

Interaction Diagram

Binding
Affinity
(kcal/mol)

Ki (uM)

ALA

70
MET u
Xi52
Comp-8 -8.4 0.685
ey Leu RHE
%240 xmse X158
Interactions
B conventional Hydrogen Bend I FiFiTshaped
B sioma [ Pkt
: Pi-Sulfur
TYR
X:239
H
Comp-9 -3.7 1926.951
Interactions
B Conventional Hydrogen Bond
LEU
X:150
ALA
X:268
TYR
Comp_lo (e X239 -7.4 3.713
PHE LEU
X:154 X:240
Interactions
I FieiTshaped [ Fiakd
|
© LEU
ALA X:240
X:268
Comp-11 s -7.6 2.648
X:239 e
X154 L9
Interactions
I P rehepe [ Preasn
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Compound Binding
Nef)me Interaction Diagram Affinity Ki (M)
(kcal/mol)
ALA X158 X150
X:268
Comp-12 LEU -7.7 2.237

TYR ;
X239 LY

Interactions

Pi-Pi T-shaped Pi-alkyl

3.5. Docking with Probable Multidrug-efflux Transporter Rv1634

Comp-1 and Comp-3 were docked with Alazeo, Ilesss, Phes7, and Trpssy
in the binding pocket of Rv1634, a potential multidrug-efflux transporter.
Comp-1 and Comp-3 showed binding affinities of -7.2 kcal/mol and -8.2
kcal/mol, respectively. In the same way, the binding affinity of Comp-2 was
-7.4 kcal/mol. The residues involved in the interaction were Leusis, Alazgo,
Iless3, Phes7, and Trpsgy. Comp-4 docked with Rv1634 at Thrise, Trpis2, and
Trpss7, with a binding affinity of -7.2 kcal/mol. Comp-5 and Comp-6 were
observed to dock with the binding affinity of -7.6 and -10.8 kcal/mol,
respectively. The residues involved in these interactions were Trpis2, Alazio,
Trps22, Phes;, and Trpsg;. The binding affinity of Comp-7 was -10.0
kcal/mol. The residues involved in the interaction were Leusis, Alazio,
Phes7, Thrise, Trps22, and Trpisz. The residues involved in the interaction for
Comp-8 were Alazo, Aspaes, Leusis, Alasio, Phes7, Thrise, Trpsao, Trpssy,
and Trpis2. Comp-8 showed a binding affinity of -10.0 kcal/mol, while for
Comp-9 it was -4.1 kcal/mol. Leui24, Tyrg7, and Leuzs were the main residues
involved in this interaction. Comp-10, Comp-11, and Comp-12 docked with
Rv1634 at Trpis2, Valag, Leuiz4 and Alaizs, with a binding affinity of -8.2, -
8.1, and 8.4 kcal/mol, respectively (Table 7).
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Table 7. Binding Affinities of All Compounds with Probable Multidrug-

efflux Transporter Rv1634.
Compound Binding
ompou Interaction Diagram Affinity Ki (uM)
Name
(kcal/mol)
Comp-1 e -7.2 5.206
. L

X250
Comp-2 -7.4 3.713
X350
Comp-3 e ' 82 0.961
ILE
X587 L EEE
Erc:i:“:shapad [ pieakyl
THR TRP
X:156 X152
H
Comp-4 -7.2 5.206
TRP.
X:387
d :l Pi-Sulfur
:l P11 Stacked
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Binding

Compound . . .
P Interaction Diagram Affinity Ki (uM)
Name
(kcal/mol)
TRP
X182
H
ALA
X:319
Comp-5 -7.6 2.648
TRP
X:322
X:387 PHE
X:37
|:E|mc=.—':;m Hydrogen Bord ] e
= g
:l PP Sencked.
PHE
ALA X:37
x:319
TRP
X:322
Comp-6 -10.8 0.012
K587 K152
- s —
I:l Pi-Pi T-shaped
LEU
X:318
o
&
TRP
X:152
o
Comp-7 -10.0 0.046
TRP
S
I:l Pi-Sulfur :I Pi-Alkyl
B Fieistacked
Comp-8 <52 -10.0 0.046
&b .
R —
] e e =g
= Rt —-
==
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Bindin
Compound . . ne
Name Interaction Diagram Affinity Ki (uM)
(kcal/mol)
LEU
x:124
b -
Comp-9 . -4.1 980.264
LEU
X:25
o e e
LEU
x:124 WAL
X:29
ALA "
X:125
Comp-10 -8.2 0.961
TRP
x:152
gm::cmruwva;manm B P eiTehaped
Bl o [ Pk
—
Lo 1%
Tee VAL
TRP %:29
X152 LEU
Comp-11 A b -8.1 1.138
Interactions
B conventonal Hydragen Bond B P Tshaped
B o [ skt
E -1 Stacked

VAL

X:29. ALA

Comp-12 -8.4 0.685

Interactions

B Fsoma [ Pk
I FiPistacked
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3.6. Pharmacokinetics Analysis

In silico analysis on absorption, distribution, metabolism, and excretion
(ADME) was performed in terms of blood-brain barrier (BBB)
permeability, plasma binding protein, skin permeability, and Caco-2
permeability (Supplementary S1).

3.6.1. Blood-Brain Barrier (BBB) Permeability. The blood-brain
barrier (BBB) prevents the drug from entering the brain and eliminate
toxicities with no side effects. It is determined in vivo as logBB values,
which are logarithmic ratios of brain and plasma binding concentrations.
Comp-1 had a BBB value of 1.9489, Comp-2 had a BBB value of 3.36813,
Comp-3 had a BBB value of 4.70468, Comp-4 had a BBB value of
0.947887, Comp-5 had a BBB value of 1.33741, Comp-11 had a BBB value
of 2.67734, and Comp-12 had a BBB value of 2.67404. Compounds with
logBB > 0.3 are easily able to penetrate the blood-brain barrier, whereas
compounds with logBB < -0.1 show low levels of penetration [30]. The
compounds are all permeable to BBB.

3.6.2. Plasma Binding Protein. The high values of plasma binding
protein predict that most of the drug is bound to the plasma protein, while
the unbound part remains accessible for absorption. The quantity of binding
to plasma proteins mainly affects the pharmacodynamics and
pharmacokinetics of the drug. The unbound fraction of the drug to the
plasma is calculated. In the case of HEPIs, the bound fraction for Comp-1,
Comp-2, Comp-3, and Comp-8 was 100. For Comp-4 it was about
79.793057, for Comp-5 its value was 84.455782, for Comp-6 it was
88.972775, for Comp-7 it was 98.427317, for Comp-9 its value was
78.464943, for Comp-10 the value was 91.853135, for Comp-11 the value
was 93.814698, and for Comp-12 it was 70.184825.

3.6.3. Skin Permeability. Skin permeability is vital for transdermal
drug delivery. In vitro human skin permeability of 12 HEPIs was measured
and the prediction was based on skin permeability constant logKp (cm/h).
The logKp value for Comp-1 was -2.22865 cm/h, for Comp-2 it was -
2.47242 cm/h, for Comp-3 it was -2.4654 cm/h, for Comp-4 it was -3.32973
cm/h, for Comp-5 it was -3.4087 cm/h, for Comp-6 it was -2.56731 cm/h,
for Comp-7 it was -3.09064 cm/h, for Comp-8 it was -3.29524 cm/h, for
Comp-9 it was -2.98568 cm/h, for Comp-10 it was -1.76497 cm/h, for
Comp-11 it was -1.70922 cm/h, and for Comp-12 the value was -2.60175.
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A compound has high skin permeability if logKp < -2.5 and low skin
permeability if logKp > -2.5.

3.6.4. Caco-2 Permeability. Human Colon Adenocarcinoma (Caco-2)
permeability is regarded as an important factor in oral bioavailability. By
using PreADMET, the Caco-2 permeability was measured and for Comp-1
the value was 26.7996 cm/sec. For Comp-2, the value was 16.3335 cm/sec,
for Comp-3 it was 32.6339 cm/sec, for Comp-4 it was 26.9149 cm/sec, for
Comp-5 it was 44.9944 cm/sec, for Comp-6 it was 28.0111 cm/sec, for
Comp-7 it was 27.7414 cm/sec, for Comp-8 it was 47.145cm/sec, for
Comp-9 it was 18.8133 cm/sec, for Comp-10 it was 28.628 cm/sec, for
Comp-11 it was 42.8048 cm/sec, and for Comp-12 the value was 22.0097
cm/sec. A molecule has low Caco-2 permeability if the value is < 4.
Whereas, if the value is between 4-70 then the molecule has medium
permeability and if the value is > 70, then the molecule has high
permeability. All the HEPIs of the current study were found to have medium
permeability as all had their permeability values between 4-70.

3.6.5. Toxicity Analysis. Toxicity analysis was performed in terms of
lethality and genotoxicity. The in-silico analysis was performed and the
results were obtained. The lethal concentration (LC50) shows the
concentration required to cause death in 50% of Fathead minnow. The value
of LC50 is predicted as logLC50. When the value of LC50 is less than 0.5
mm, the compound is considered as high acute toxic [31]. The logLC50
value for Comp-1 was 0.00624363 mm. For Comp-2 it was 0.00194877, for
Comp-3 the value was 0.00116833, for Comp-4 it was 0.0149294, for
Comp-5 it was 0.00400254, for Comp-6 it was 0.00571874, for Comp-7 the
value was 0.0271163, for Comp-8 the value was 0.012434, for Comp-9 the
value was 0.0308489, for Comp-10 it was 0.0771713, and the values for
Comp-11 and Comp-12 were 0.0430541 and 0.0799005, respectively. The
hERG gene regulates the potassium channel and its inhibition leads to the
development of acquiring QT syndrome, leading to a heart rhythm disorder.
hERG inhibition for all the compounds was at medium risk, except Comp-
11. However, the hERG inhibition for Comp-11 was at low risk. The
mutagenic potential of the drug can be assessed by using the Ames test. The
test was carried out by using PreADMET and the results showed that only
Comp-6 and Comp-8 were non-mutagen, while all others were mutagen.
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4. DISCUSSION

Tuberculosis (TB) continues to enhance morbidity in the world despite
the use of curative chemotherapy. It is most likely to lead to human demise
in developing countries [32, 33]. The WHO estimates that one third of the
global population is infected with this contagious disease. Fortunately, anti-
TB drugs are very effective and save around 35,000,000 lives in HIV
negative patients. However, the struggle of control over TB is threatened
due to the emergence of multidrug-resistant (MDR) strains of M.
tuberculosis. Drug activation ezymes, such as efflux pumps (EPs) and their
activity, may limit the effectiveness of the drug [18]. In order to make the
antibiotics effective, different hybrid efflux pump inhibitors (HEPIs) were
designed, since they sensitize the resistant strains of Mtb. In this study, a
total of 12 HEPIs were evaluated in silico for their ability to interact with 5
Mtb EPs. The results demonstrated that HEPI-5, HEPI-7, and HEPI-11
consistently achieved strong binding affinities across multiple proteins,
indicating their potential as broad-spectrum EP inhibitors. A large number
of studies emphasize in vivo and in vitro analyses to develop drugs against
TB. Mostly, it is preferred that an in silico analysis should be conducted
before performing any experimental work. This type of analysis is cheap in
terms of both time and cost.

The ADMET predictions further refined the assessment of lead
compounds. Importantly, HEPI-5, HEPI-7, and HEPI-11 combined
favorable docking with good oral absorption, non-mutagenicity, and
acceptable toxicity profiles. However, potential hepatotoxicity flagged in
HEPI-3 and HEPI-8 warrants caution, as hepatotoxicity is a major limitation
in TB chemotherapy [34]. LCso values for most compounds fell within low-
to-moderate toxicity ranges when compared with published zebrafish
embryo toxicity thresholds [35], supporting their potential safety but
underscoring the need for in vivo validation.

The blood-brain barrier (BBB) predictions also have important clinical
implications. For pulmonary TB, CNS penetration may not be essential and
low BBB permeability could reduce the neurotoxicity risk. However, for
TB meningitis—a severe form of extrapulmonary TB—CNS penetration is
critical [36]. Some predicted values appeared unusually high (>4), which
have been clarified as limitations of the computational model. Future
optimization should focus on balancing systemic exposure with controlled
CNS penetration depending on the intended clinical usage.
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This study identified HEPI-5, HEPI-7, and HEPI-11 as promising
scaffolds that outperform weaker candidates (e.g., HEPI-2 and HEPI-4),
both in docking strength and ADMET properties. Compared to existing
inhibitors [37], these compounds showed the advantage of a hybrid
structural design, offering better binding consistency across multiple EPs.
Their broader significance lies in providing a foundation for developing
novel EPIs that could be co-administered with standard anti-TB drugs to
restore their efficacy against resistant strains.

4.1 Limitations of the Study

This study was limited to in silico predictions. Moreover, the reliability
of docking outcomes depends on the accuracy of the homology models and
the scoring functions used. Although ADMET tools provided valuable
insights, these tools cannot fully model the complexity of drug metabolism,
toxicity, and blood-brain barrier permeability in vivo. Furthermore, the
absence of experimental validation means that biological activity, safety,
and pharmacokinetics of the proposed compounds remain unconfirmed.

4.2. Conclusion

This study identified HEPI-5, HEPI-7, and HEPI-11 as the most
promising HEPIs against M. tuberculosis. These compounds consistently
showed strong binding affinities across multiple EPs, favorable
pharmacokinetic properties, and acceptable predicted toxicity profiles.
Compared with existing inhibitors, these candidates showed the advantage
of a hybrid structural design, providing enhanced binding and more
favorable ADMET characteristics. Importantly, the assessment of BBB
permeability and toxicity profiles placed the findings in the clinical context
of pulmonary TB and TB meningitis, where safety and CNS penetration
requirements differ. Thus, it is concluded that these HEPIs can cause
effective TB inhibition in human beings. However, some of the
pharmacological properties are non-suitable for humans which needs to be
validated in vitro and in vivo before their administration to human beings.
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