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Abstract

VanZ has crucial involvement in the modification of the bacterial peptidoglycan precursor and
blocking its competence to bind with vancomycin and other related antibiotics. Hence targeting
this protein can be an excellent option for combating the antibacterial resistance, particularly in the
context of glycopeptide antibiotics like vancomycin. Hence, in this study, we have focused on the
screening of 323 benzimidazole-based ligands for their possible interaction with the binding
pocket of VanZ. The screening was based on the binding affinity values derived from molecular
docking analysis. Furthermore, we had conducted an interacting amino acid analysis and we found
six ligands that demand additional investigation. Consequently, we conducted molecular dynamics
(MD) simulations using the optimal pose of VanZ to validate the stability of these VanZ-ligand
complex and strengthen the consistency of the molecular docking results. Additionally, the
pharmacological parameter was checked for all the six compounds. In summary, using the
computational studies, we have successfully identified the putative candidates, which can be used
for further in-vivo analyses. Our comprehensive approach can serve as a basis for the development
of targeted compounds with enhanced efficacy against VanZ.

Key words: Antibacterial Resistance; Glycopeptide Antibiotics; Drug screening; Ligands;

Molecular Docking; MD simulations.

Introduction

The emergence of antibiotic-resistant pathogenic bacteria has decreased the effectivity of novel
antimicrobials and increased the need to develop a treatment against these pathogens as well as the
existing antibiotics[1-3]. Various studies reporting antimicrobial resistance has been published by
numerous scientists across the globe[1, 2, 4-7]. The evolution of vancomycin-resistant S. aureus
(VRSA) and methicillin-resistant S. aureus (MRSA) has been reported by Bouche et al., 2010
[8]and Loomba et al., 2010[9]. These notable evidence of the development of resistant mechanism
toward prominent broad-range antibiotics, has developed the urge to find alternatives to the
conventional antibiotics[2, 8].

Reports from the United States [10] and Germany [11] showed that E. faecium is among
the most common causes of healthcare-associated infections. The vanA gene cluster comprises of
two additional genes: VanY and VanZ. VanY and VanZ provide high-level resistance to
vancomycin and teicoplanin, respectively. VanY is known to hydrolyse the C-terminal D-Ala or

D-Lac residue of peptidoglycan precursors but lacks transpeptidase activity [12-15]. Reports
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shown that in media containing high concentrations of D-Ala, this enzyme promotes to
vancomycin resistance. Arthur et al., 1996 showed that VVanY also contributes to resistance in
strains expressing vanH, vanA and vanX at a low level[16]. The mechanisms of VanZ-mediated
resistance have not been thoroughly explored yet in comparison to the other genes present in the
cluster.

The increase in the rates of microbial resistance, has triggered the attempts of researchers to
identify and develop novel synthetic-compound based antimicrobial agents. Derivatives of
benzimidazole have shown promising capabilities to act as antimicrobial agents. Benzimidazole-
containing compounds are known to have several antimicrobial properties such as antibacterial,
antifungal and antiviral, besides having versatile bioactivities such as antitumor, antidepressant,
analgesic, anti-inflammatory and antidiabetic properties[17]. Benzimidazole-derivatives such as
thiabendazole, cambendazole, parbendazole, mebendazole are even known to have anti-helminth
properties, owing to which they are used to treat gastrointestinal worm infections in humans and
animals[18]. Additionally, earlier studies have also found that many benzimidazole-based
compounds can be effective in the treatment of Alzheimer's disease[2, 19]. The wide-ranging
interests in benzimidazole-containing compounds have promoted extensive studies with their
structures. Previous studies from previous reports and our research works suggested that
benzimidazole based ligands showed promising antibacterial property [2, 5].

Hence, in this study, benzimidazole-based ligands were screened based on their binding affinity
values (obtained from molecular docking analysis) with the binding pocket of VanZ. An
interacting amino acid analysis was also performed to get additional information about the
participating amino acids in VanZ-ligands interaction. The best benzimidazole based candidates
were chosen based on the molecular docking scores. Thereafter, the molecular dynamics (MD)
simulation was performed with the best pose of VanZ to confirm the VanZ-ligand stability and
validate the molecular docking results [5, 20].The results obtained from the combined docking and
simulation studies are expected to provide essential insights into the dynamic behavior and long-

term stability of the identified ligands in the binding pocket of VanZ.

Results

2.1. Protein structure preparation and docking pocket analysis.

In this study, the 3D structure of VanZ was predicted as per our last work by using the I-TASSER
web server to predict the 3D structure of VanZ (Figure 1A) [5]. Ten templates taken into
consideration for the modelling had a Z-score >1 (TableS1). Five predicted models (Figure 1 and
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S1) exhibited C-scores ranging from -2.01 to -4.7 (Table S1). The predicted structure of the VanZ
had a high confident score for most of the amino acid sequence, see Figure S2. The predicted
normalized B-factor value was mostly in the negative region of the axis (Figure S3). The overall
results suggested that the model with the highest C-score (-2.01) Table S2 stands out as the most
promising candidate for subsequent investigations and follow-up studies.

Before, performing molecular docking, docking pocket for ligand binding was analyzed by using
CASTp. The structure was used to predict the binding pockets using CASTp. It was used to
determine the binding pocket solvent accessible (SA) surface area and volume. The prediction
analysis predicted at least six binding pockets distributed within both the interior and surface
regions of the protein (Figure 2). For detailed information on the solvent volume (SA) and solvent
area (SA) of these six binding pockets in VanZ can be found within the Table S3. It provides
crucial insights into the spatial characteristics of these binding pockets, potential amino acids that
can possess binding capacity against the benzimidazole ligands and emphasizes their significance

as potential optimal sites for ligand binding Table S4.

Figure 1: VanZ protein structural analysis. A. Schematic three-dimensional diagram of the VanzZ
protein showing the arrangements of various secondary structure. The structure was predicted by I-
TASSER software using its default parameters. The software usually detects the structure of the
templates based on fold recognition (or threading). B. Predicted ligand-binding pocket of the VanZ

protein, using CASTp 3.0 software and its default parameters.

2.2. Ligand library preparation, Molecular Docking, and interaction analysis

To identify a potential VanZ inhibitors, structure-based molecular docking experiment was
performed with 323 benzimidazole based compounds using target specific docking (pre-identified
pocket with CastP). These selected compounds have therapeutic potential against cancer,
infectious diseases, and some other diseases. Six compounds gave “best hit” docking score of
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—10.2 to —9 kcal/mol (Figure 2 and Table 1). The list of compounds, based on their binding
energies (PyRx based Vina scores) of the top hit ligands against VVanZ, are shown in Table 1 and
Figure 4. Six top hit ligand molecules were selected based on the top hit criteria and were further
analyzed for molecular interactions with VanZ (Table 1, Figure 3, and Figure 4). The ligands are
3GK (N-[3-(2H-tetrazol-5-yl)phenyl]-6-(trifluoromethyl)-1H-benzimidazole-4-carboxamide), OUO
(3-[2-methyl-6-(pyrazin-2-ylamino)pyrimidin-4-yl]-N-(1H-pyrazol-3-yl)imidazo[1,2-b]pyridazin-

2-amine), F32 ((5s)-5-{4-[(25)-2-(1h-benzimidazol-2-yl)-2-(1,3-benzothiazol-2
ylamino)ethyl]phenyl}isothiazolidin-3-one 1,1-dioxide), 0JB (N-[3-(1H-tetrazol-5-yl)phenyl]-1H-
benzimidazole-7-carboxamide), FVV (10-[(4-fluorophenyl)methyl]-2,3,4,10-

tetrahydropyrimido[1,2-a]benzimidazole), K11 (N-[4-({3-[2-(methylamino)pyrimidin-4-
yl]pyridin-2-yl}oxy)naphthalen-1-yl]-6-(trifluoromethyl)-1H-benzimidazol-2-amine). 3GK [21]
showed the highest binding energy, —10.2 kcal/mol, with the VanZ. The results showed two
hydrogen bonds with two VanZ residues, Asnl111, Ser88 (Table 1). 3GK also showed 5 different
interactions (Halogen, Pi-Sigma, Pi-Pi T-Shaped, Alkyl and Pi-alkyl) with 8 different residues,
Val84, Gly118, Leul48, Tyrl52, 11e93, 11e60, Val141, Leul45, of the VanZ protein (Figure 3A-3B
and Table 1).

In terms of top hit ligands depending on the highest binding energy, the other five potent
benzimidazole based compounds were 0UO, F32, 0JB, FVV, K11 (Tablel, Figure 3 and Figure 4).
O0UO (an investigational molecules against cancerous growth factor) [22] showed —9.2 kcal/mol
binding energy against VanZ (Table 1 Figure 3C-3D). The molecular level interaction prediction
study showed two hydrogen bonds with VVanZ residues, 11e59, Val84. 0UO also showed 1 group of
electrostatic and 2 group of hydrophobic interactions (Pi-Sigma, Alkyl and Pi Alkyl) with 7
different residues Vall41l, 11e60, Leul45, Leul48, 11e138, Val86, 11e93 (Table 1 Figure 3C-3D).
F32 (an investigational drug against diabetes type I1) [23] showed —9.1 kcal/mol binding energy
against VanZ (Table 1 Figure 3E-3F). The interaction study showed four hydrogen bonds with
VanZ residues, two with Thr46, one with Asn4l and another with Tyrl52, while F32 showed
electrostatic interaction (Pi Sigma) with two VanZ residues named Thr48, Vall51, and
hydrophobic interactions (Pi-Alkyl) with 4 VanZ residues namedArg52, Leul44, Vall47, (Table 1
Figure 3E-3F). 0JB (an investigational B-Lactamase inhibitory molecule) [24] showed —9 kcal/mol
binding energy against VVanZ protein (Table 1 Figure 4A-4B). The interaction prediction study
showed two hydrogen bonds with two VanZ residues, Arg52 and Ser88, also on 0JB, showed six
mixed interactions (Carbon Hydrogen Bond, Unfavorable Donor-Donor, Pi-Cation, Pi-Sigma, Pi-
Pi-T-Shaped, Pi-Alkyl) with 8 VanZ residues Asp56, Arg52, Leuld8, Tyrl52, 11e60, 11e93,
Vall4l, Leuld5 (Table 1 Figure 4A-4B). FVV (an investigational anti-cancer drug) [25] showed
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—9 kcal/mol binding energy against VVanZ protein (Table 1 Table 1 Figure 4C-4D). The interaction
prediction study showed no hydrogen bonds with VVanZ residues, but FVV, showed three mixed
interactions named alternative hydrogen bonding, electrostatic interactions, and hydrophobic
interactions (Carbon Hydrogen Bond, Pi-Sigma, Alkyl and Pi-Alkyl) with 7 VVanZ residues Lys80,
Vall41, Val84, 1le60, 11e138, Leuld4, Leuld5 (Table 1 Figure 4A-4B). K11 (an investigational
angiogenesis drug) [26] also showed —9 kcal/mol binding energy against VanZ protein (Table 1
Figure 4E-4F). The interaction prediction study showed one hydrogen bonds with VanZ residue
Glu92, also FVV, showed five mixed interactions (Carbon Hydrogen Bond, Halogen, Unfavorable
Donor-Donor, Pi-Sigma, Alkyl and Pi-Alkyl) with 8 VanZ residues GIn95, Gly8, Alall, Vall5,
11e18, Phe64, Leu85, Leu87 (Table 1 Figure 4E-4F).

Our molecular docking and interaction analysis study clearly indicates that these six
investigational ligands showed very promising higher interaction with VanZ in terms of energy
and residues involved in protein-ligand interactions. A molecular interaction study reveals that all
top hit six ligands formed a smaller number of hydrogen bonds, whereas all ligands exert higher
number of hydrophobic and electrostatic forces which indicates very strong protein-ligand

Interactions. The results clearly show that all six ligands have highest possibility of bindings.

| Binding Affinity |
ﬂ" \!
g o,
et -10.2 keal/mol
—
-
(1
L7
”
W Ty
2]

-9.2 keal/mol

Ligand name ‘l hemical im‘ml'\h‘ | Chemical Structure

3GK

ouo

F32 9.1 keal/mol

‘ 0B

NH
9.0 keal/mol
NH

L7
) -9.0 keal/mol
.

10-[(4-MuorophenyDmethyl]-

tetraly 2.
ajbenzimidazole

KI1

https://doi.org/10.26434/chemrxiv-2024-0hzg8 ORCID: https://orcid.org/0000-0002-1175-7194 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0hzg8
https://orcid.org/0000-0002-1175-7194
https://creativecommons.org/licenses/by-nc-nd/4.0/

173
174
175

176
177

https://doi.org/10.26434/chemrxiv-2024-0hzg8 ORCID: https://orcid.org/0000-0002-1175-7194 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

Figure 2: List of screened benzimidazole-based ligands with their chemical formulas and binding

affinity scores against VVanZ protein. The chemical formulas and their structures were retrieved

from PubChem (https://pubchem.ncbhi.nlm.nih.gov/).

Table 1: Benzimidazole Ligands binding affinity and hydrogen bond interactions against VanZ

protein.

Ligand | Binding No. of | H-bonds Binding | No. of | Other Other
Affinity H- and Affinity | other | interactions interaction
(kcal/mol) | bonds | interacting | (kcal/mol | intera | and numbers and

residues ) ctions interacting
residues

3GK |-10.2 3 Asnlill -10.2 12 Halogen (4), | Val84 (2),

(2), Ser88 Pi-Sigma (1), | Gly118 (2),
1) Pi-Pi T-Shaped | Leul48 (2),
(1), Alkyl and | Tyri52 (1),
Pi-alkyl (6) 11e93 (1),
Vall4l (2),
Leuld5 (2)
ouo0 -9.2 4 lle59 (1), |-9.2 10 Pi-Sigma (6), | 11e60 (1),
Valg4 (1), Alkyl and Pi | Val84 (1),
Ser88 (2) Alkyl (4) Vall141(2),
Leul45(2),
Leul48(1),
Val86(1),
11e93(1),
11e138(1)
F32 -9.1 4 Asn41(1), 6 Pi-Sigma (2), | Thr48(1),
Thr46(2), | -9.1 Pi-Alkyl (4) Val151(1),
Tyr152(1) Arg52(1),
Leuld4(l),
Val147(1),
Leul48(1)
0JB -9 2 Arg52(1), |-9 9 Carbon Arg52(2),
Ser88(1) Hydrogen Leul48(2),
Bond (1), | Tyr152(1),
Unfavorable 11e93(2),
Donor-Donor | Val141(1),
(1), Pi-Cation | Leul45(1)
(1), Pi-Sigma
(1), Pi-Pi-T-
Shaped (1), Pi-
Alkyl (4)
FVV -9 - - -9 8 Carbon Lys80(1),
Hydrogen Vall141(3),
Bond (2), Pi-| Val84(1),
Sigma (2), | 11e60(2),
Alkyl and Pi- | 11e138(1),
Alkyl (4) Leul45(1)
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K11 -9 3 Glu92(2), | -9 11 Carbon GIn95(2),
Vall5(1) Hydrogen Gly8(1),
Bond (1), | Ala11(3),
Halogen (1), | Val15(4),
Unfavorable 11e18(1),
Donor-Donor | Phe64(1)
(1), Pi-Sigma
(3), Alkyl and
Pi-Alkyl (9)
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180  Figure 3. Molecular interactions and binding poses of the VVanZ Protein with three benzimidazole
181  ligands. (A & B) The binding poses and interacting residues of 3GK with VanZ. The binding
182  affinity value was predicted as -10.2 kcal/mol and the interacting bonds ranged from van der
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Waals forces to Pi-Alkyl bonds. 20 interacting amino acids were predicted; (C & D) The binding
pose and interacting residues of OUO with VVanZ. The binding affinity value was predicted as -9.2
kcal/mol and 23 interacting amino acids were predicted. The interacting bonds were van der Waals
forces, convectional H-bonds, alkyl, Pi-Alkyl and Pi-Sigma bonds; (E& F) The binding pose and
interacting residues of F32, with VanZ. The binding affinity value was predicted as -9.1 kcal/mol
and the predicted interacting bonds are van der Waals forces, convectional H-bonds, Pi-Alkyl and
Pi-Sigma bonds.
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Figure 4: Molecular interactions and binding poses of the VanZ Protein with the other three
benzimidazole ligands. (A & B) The binding poses and interacting residues of 0JB with VVanZ. The
interacting bonds ranged from van der Waals forces to Pi-Alkyl bonds. 17 interacting amino acids
were predicted; (C & D) The binding poses and interacting residues of FVV with VanZ. 17
interacting amino acids were predicted. The interacting bonds were van der Waals forces,
convectional H-bonds, Pi-Alkyl and Pi-Sigma bonds; (E& F) The binding pose and interacting
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residues of K11, with VanZ. The predicted interacting bonds ranged from van der Waals forces to
Pi-Alkyl bonds. In all the cases the binding affinity value was predicted as -9 kcal/mol.

2.3. Crosschecking docking and interaction of the top hit ligands

To cross check the pyrx autodock vina docking results Swissdock server and Medusa server was
used for further docking the top hit six ligands, analysis their docking scores and later discovery
studio biovia visualizer was used for interacting amino acids identification. Swiss dock study
indicates that 3GK (Figure 5A) showed the highest binding energy, —10.33 kcal/mol, with the
VanZ (Table 2 and Figure 5A-5B). The results showed no hydrogen bonds but 3GK showed 13
different interactions (Carbon Hydrogen Bond, Unfavorable Donor-Donor, Pi-Cation, Alkyl or Pi-
Alkyl, Halogen, Metal Acceptor) with 10 different residues, Arg52, Trpl19, Val84, Leu85, 11e93,
Ser88, 11e138, Vall4l, Leul45, Leul48, of the VanZ protein (Table 2 and Figure 5A-5B).In terms of
top hit ligands depending on the highest binding energy, the other five potent benzimidazole based
compounds were 0UO (-9.36 kcal /mol), F32 (-10.2 kcal/mol), 0JB (-9.44 kcal/mol), FVV (-9.22
kcal/mol), K11 (-9.18 kcal/mol) (Table2, Figure 5 and Figure 6). OUO (Table 2 and Figure 5C-5D)
showed —9.36 kcal/mol binding energy against VanZ (Table 2 and Figure 5C-5D). The molecular
level interaction prediction study showed no hydrogen bonds with VanZ residue. OUO also showed
2groups of Pi-cation 1 Pi-Pi T-shaped and 8 Alkyl and Pi-Alkyl (hydrophobic interactions) with 9
different residues Thr48, Leud0, Arg52, Leul44, Vall47, Leul48, Leul50, Vall51, Vall52 (Table 2
and Figure 5C-5D).F32 showed —10.05 kcal/mol binding energy and binding pattern with
VanZ (Table 2 and Figure 5E-5F). The interaction study showed two hydrogen bonds with
VanZ residue, with Asn4l, while F32 showed electrostatic interaction (Pi cation) with one VanZ
residues named Leul48, one Pi- sulfur interactions with Tyr27 residue, and hydrophobic interactions
(Pi-Alkyl) with 3 VanZ residues named Leu40, Arg52, Vall51 (Table 2 and Figure 5E-5F).0JB
showed —9.44 kcal/mol binding energy and binding pattern with VVanZ protein (Figure 6A and Table
2). The interaction prediction study showed no hydrogen bonds with VanZ residues, also on 0JB,
showed 9 mixed interactions Alkyl and Pi-Alkyl and Unfavorable bump with 6 VanZ residues
Asp56, 11e93, Vall4l, Leuld4, Leuld5, Leuld8(Table 2 and Figure 6A-6B).FVV showed —9.22
kcal/mol binding pattern with residues and the energy with VVanZ protein (Table 2 and Figure 6C-
6D). The interaction prediction study showed one hydrogen bonds with Ser88 VanZ residue, FVV
also showed 10 mixed interactions named alternative hydrogen bonding, electrostatic interactions,
and hydrophobic interactions (Carbon Hydrogen Bond, Pi-cation, Alkyl and Pi-Alkyl, Metal
Acceptor) with 9 VanZ residues 11e60, Val84, Leu85, Ser88, Tyrl22, 11e138, Vall4l, Leul45,
(Table 2 and Figure 6C-6D).K11 also showed —9.18 kcal/mol binding energy and binding pattern
with interacting residues with VVanZ protein (Table 2 and Figure 6C-6D). The interaction prediction
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study showed no hydrogen bonds with VanZ residue. K11 showed 12 mixed interactions (Metal

Acceptor, Halogen, Pi-Pi-T-shaped, Alkyl and Pi-Alkyl and covalent bond) with 7 VanZ residues
Alall, Vall5, Pro79, Phe72, Phe83, Leu87, Leu85(Table 2 and Figure 6C-6D).

Table 2: Benzimidazole Ligands binding affinity and hydrogen bond interactions against VanZ
protein, though swissdock re-docking.

Ligands | Binding | No. | H-bonds | No.  of | Other Other interaction and
Affinity | of and other interactions interacting residues
(kcal/m | H- interacti | interacti | and numbers
ol) bon | ng ons
ds residues
3GK -10.33 0 13 Carbon Arg52 (2), Trpl9 (1), Val84
Hydrogen Bond | (1), Leu85 (1), 11e93 (1),
(2), Ser88 (1), 11e138 (1), Val141
Unfavorable (1), Leul45 (2), Leul48 (2)
Donor-Donor
(1), Pi-Cation
(1), Alkyl or Pi-
Alkyl (1),
Halogen (1),
Metal Acceptor
1)
(0]9]0) -9.36 0 11 Pi-cation  (2), | Thr48 (1), Leu40 (2), Arg52
Pi-Pi T-shaped | (1), Leul44 (1), Val147 (1),
(1) Alkyl and | Leul48 (1), Leul50 (1),
Pi-Alkyl (8) Vall51 (2) Vall152 (1)
F32 -10.2 2 Asn4l 6 Pi-Cation (1), | Tyr27 (1), Leud0 (1), Arg52
(2) Pi-Alkyl (4), Pi | (2), Leul48 (1), Val151 (1)
sulfur (1)
0JB -9.44 0 9 Alkyl and Pi- | Asp56 (1), 11e93 (1), Val141
Alkyl (8), | (2), Leuldd (1), Leuld5 (2),
Unfavorable Leul4s8 (2),
bump (1)
FVV -9.22 1 Ser88 10 Carbon I1e60 (1), Val84 (1), Leu85
Hydrogen Bond | (1), Ser88 (2), Tyrl22 (1),
(2), Pi-cation | 11e138 (1), Vall4l (1),
(2), Alkyl and | Leul45 (1), Leul48 (1)
Pi-Alkyl  (4),
Metal Acceptor
2)
K11l -9.18 12 Metal Acceptor | Alall (1), Vall5 (2), Pro79
(1), Halogen (1),
(2), Pi-Pi-T- | Phe72 (3), Phe83 (3), Leu87
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238  Figure 5: Crosschecking docking and molecular interactions of (A) 3GK, (C) 0UO and (E) F32 with
239  VanZ protein. Swiss dock server was used to cross-validate the molecular docking results predicted
240 by AutoDock Vina. Figure 5B, 5D and 5F represents the interacting amino acids of the 3GK, 0UO
241  and F32 with VVanZ protein, respectively.
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Figure 6: Crosschecking docking and molecular interactions of (A) 0JB, (C) FVB and (E) K11 with
VanZ protein. Swiss dock server was used to cross-validate the molecular docking results predicted
by AutoDock Vina. Figure 6B, 6D and 6F represents the interacting amino acids for the interaction
between VanZ and the benzimidazole ligands (0JB, FVB and K11, respectively).

Medusa docking server support and agreeing our PyRx based docking and Swissdocking results
where 3GK (Table 3 and Figure 7A-7B) showed the highest binding energy, —42.95 kcal/mol, with
the VanZ (Table 3). The results showed two hydrogen bonds with two VanZ residues named Ser88,
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Tyrl52. 3GK showed 15 different interactions (Carbon Hydrogen Bond, Pi-Cation, Alkyl or Pi-
Alkyl, Halogen, Pi-Sigma) with 11 different residues, Thrl6, Trpl9, Arg52, Asp56, 1le60, Val84,
Val85, 11e93, Leul4l, Leuld5, Leul48, of the VanZ protein (Table 3 and Figure 7A-7B).

In terms of top hit ligands depending on the highest binding energy, the other five potent
benzimidazole based compounds were 0UO (-38.69 kcal /mol), F32 (-46.92 kcal/mol), 0JB (-36.49
kcal/mol), FVV (-34.42 kcal/mol), K11 (-30.35 kcal/mol). 0UO showed —38.69 kcal/mol binding
energy against VanZ (Table 3 and Figure 7C-7D). The molecular level interaction study of 0UO
showed three hydrogen bonds with VanZ residue Tyr27, Asp56, Ser88. 0UO also showed 1 group of
Carbon Hydrogen Bond, 2 Pi-cation and 7 group of hydrophobic interactions (Alkyl and Pi Alkyl)
with 8 different residues Arg52, Aap56, Leul45, Leul48, 11e93, Leuld4, Vall4l, Asnlll (Table 3
and Figure 7C-7D). F32 showed —46.92 kcal/mol binding energy and pattern with the residues
against VanZ (Table 3 and Figure 7E-7F). The interaction study showed three hydrogen bonds with
VanZ residue, with Asp56, 11e59, Lys80, while F32 showed interactions with five Pi-Sigma, five Pi-
Alkyl, one Carbon Hydrogen Bond, three Pi-anion, one Unfavorable Positive-Positive VVanZ residues
named Arg52, Asp56, 11e60, Lys80, 11e93, Vall4l, Leuld5, Leuld4, Leuld8 (Table 3 and Figure
7E-7F).0JB showed —36.49 kcal/mol binding energy and binding pattern with the residues against
VanZ protein (Table 3 and Figure 8A-8B). The interaction prediction study showed three hydrogen
bonds with three VanZ residues, Arg52, Val84, Ser88, also on 0JB, showed ten mixed interactions
Pi-Cation, Pi-Sigma, Alkyl/Pi-Alkyl with 7 VanZ residues Arg52, 11e60, Val86, Vall4l, Leul44,
Leul45, Leul48(Table 3 and Figure 8A-8B).

FVV showed —34.42 kcal/mol binding energy and binding pattern with interacting residues against
VanZ protein (Table 3 and Figure 8C-8D). The interaction prediction study showed two hydrogen
bonds with Arg52, Ser88 VanZ residue, FVV also showed 14 mixed interactions named alternative
hydrogen bonding, electrostatic interactions, and hydrophobic interactions (Carbon Hydrogen Bond,
Pi-sigma, Pi-Pi-T-shaped, Pi-anion and Alkyl and Pi-Alkyl) with nine VVanZ residues Trp19, Leu85,
11e93, Asp56, Ser88, Vall4l, Leuld4, Leuld5, Leuld8 (Table 3 and Figure 8C-8D).K11 also
showed —30.35 kcal/mol binding energy and binding pattern with the interacting residues against
VanZ protein (Table 3 and Figure 8E-8F). The interaction prediction study showed two hydrogen
bonds with VanZ residue Asp56, Ser88, also FVV, showed fifteen mixed interactions (Metal
Acceptor, Alkyl and Pi-Alkyl) with 10 VanZ residues Asn4l, 1le60, 11e59, Pro63, Lys80, Val84,
1193, Vall4l, Leul45, Leuld8 (Table 3 and Figure 8E-8F).
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Table 3: Benzimidazole Ligands binding affinity and hydrogen bond interactions against VanZ
protein, though medusa re-docking.

Ligand

Binding
Affinity
(kcal/mol)

No. of
other
interactions

No. of
H-bonds

H-bonds
and
interacting
residues

Other
interactions
and numbers

Other interaction and

interacting residues

3GK

-42.95

15

Ser88 (1),
Tyrl52 (1)

Halogen (3),
Pi-Sigma (2),
Pi-
cation/anion
(2), Alkyl
and Pi-alkyl
(7), Carbon
Hydrogen
Bond (1)

Val84 (2), Leu85 (1),
Arg52 (1), Asp56 (1),
Trpl9 (1), He60 (1),
Leul48 (1), 11e93 (2)
Vall41 (2), Leuld5 (2),
Thrl6 (1).

ouo

-38.69

12

Tyr27 (1),
Asp56 (1),
Ser88 (1)

Pi-Sigma (2),
Alkyl and Pi
Alkyl (7), Pi-
cation/anion
(2), Carbon
Hydrogen

Bond (1)

Argb2 (3), Aap56 (1),
Leuld5 (2), Leuld8 (2),
1e93 (1), Leuldd (1),
Vall41l (1), Asnlll (1)

F32

-46.92

15

Asp56 (1),
lle59 (1),
Lys80 (1)

Pi-Sigma (5),
Pi-Alkyl (5),
Carbon
Hydrogen
Bond (1), Pi-
anion ),
Unfavorable
Positive-
Positive (1)

Arg52 (1), Asp56 (3),
11e60 (1), Lys80 (1), 11e93
(1), Vval14l (1), Leul45
(1), Leuldd (1), Leul4s8

(4)

0JB

-36.49

10

Arg52 (1),
Valg4 (1),
Ser88 (1)

Pi-Cation
(1), Pi-Sigma
(1), Alkyl/Pi-
Alkyl (8)

Arg52 (1), Ille60 (1),
Val86 (1), Vall4l (2),
Leuld4d (1), Leuld5 (3),
Leul48 (1)

FVV

-34.42

14

Arg52 (1),
Ser88 (1)

Carbon
Hydrogen
Bond (2),
Pi-Sigma (1),
Pi-Pi-T-
shaped (1),
Pi-Anion (2),
Alkyl and Pi-

Trpl9 (1), Leu85 (1),
1e93 (1), Asp56 (2),
Ser88 (1), Vall4l (1),
Leuld4d (1), Leuld5 (3),
Leul48 (3)
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Figure 7: Crosschecking docking and molecular interactions of (A) 3GK, (C) 0UO and (E) F32 with
VanZ protein using Medusa Dock software. Figure 7B, 7D and 7F represents the interacting amino
acids of the 3GK, 0UOQ and F32 with VVanZ protein, respectively.
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Figure 8: Crosschecking docking and molecular interactions of (A) 0JB, (C) FVB and (E) K11 with
VanZ protein. Medusa Dock software was used to cross-validate the molecular docking results
predicted by AutoDock Vina. Figure 8B, 8D and 8F represents the interacting amino acids for the
interaction between VanZ and the benzimidazole ligands (0JB, FVB and K11, respectively).

Our molecular re-docking investigation conducted using both Swiss dock and Medusa dock servers
distinctly demonstrates that the six investigational drug ligands exhibit remarkably high interaction
energy. This energy profile aligns closely with the PyRx docking scores, underscoring the precision
of our findings regarding the binding pocket, binding pose, and interaction energy. Notably, the
molecular interaction study reveals a minimal presence of hydrogen bonds in all top six ligands.
Instead, these ligands manifest a substantial prevalence of hydrophobic and electrostatic forces,
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indicating robust protein-ligand interactions, a phenomenon consistent with our earlier observations
using Autodock Vina and PyRx docking.

Moreover, our re-docking analyses, executed through three distinct processes, consistently highlight
similar interacting amino acids across all ligands when targeting the VVanZ protein. This robust
concurrence further reinforces the validity of our predictions and analyses.

Both of our docking study mostly agreeing in terms of binding energy and interactive amino acids
(Table 1, Table 2 and Table 3). According to our knowledge there are no such inhibitors against
VanZ protein with such high binding affinities, but our results clearly showing that all six ligands
have highest possibility of bindings. Out of six ligands four (3GK, F32, 0JB, FVV) showed similar
interactive amino acids which clearly indicates the docking accuracy and confirmed interacting
amino acids of VanZ with benzimidazole based drugs. Here we are proposing six possible ligands

against VanZ with promising protein-drug interactions.

2.4. Absorption, Distribution, Metabolism, Excretion, and Toxicity (ADMET) Analysis

2.4.1. Absorption

Drug absorption is mainly analyzed through the water solubility of ligands, cell permeability using
colon carcinoma (Caco-2) cell line, human intestinal absorption, skin permeability, and whether the
molecule is a P-glycoprotein substrate or inhibitor [27]. The ligand’s water solubility reflects the
ligands water solubility at 25 °C. All the selected six ligands are moderately soluble in water (Table
3). Caco-2 cell permeability and human intestinal absorption determine the ultimate bioavailability;
a drug having a value of more than 0.90 is considered readily permeable[28]. OUOand FVV showed
remarkably good permeability, whereas F32 and K11 showed moderate permeability (Table 3), but
3GK and 0JB showed negligible or poor permeability. The human intestine is the primary site for
drug absorption. A previous study suggested that a molecule with >30% absorbency is considered
readily absorbed [27]. Our in-silico absorbance analysis showed that K11 and FVV have very high
absorbance rate 96% and 90% in the human intestine (Table 3), whereas the other compounds exert
moderate >90% absorbance rate. This clearly indicates that all the benzimidazole based ligands have
a high or moderate absorbance rate in the human intestine. All compounds were substrates for P-

glycoprotein, except FVV. Out of six benzimidazole ligands (Table 4).
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Table 4. ADMET pharmacokinetics; absorbance and distribution parameters by pKCSM tool and
Swiss ADMET server.

Intestinal
Water CaCOz | absorptio _ . p. .
Compoun | solubilit permeabili | n Skin ... | glycoprote | glycoprote | glycoprote
ty (log | (human) | Permeabili | : ; )
d name y (log Papp in 10 | (% ty (log Kp) n n- I In I
mol/L) substrate inhibitor inhibitor
cm/s) Absorbe
d)
3GK -2.892 | -0.179 71.399 -2.735 Yes No No
o0uo0 -2.892 | 1.698 71.611 -2.735 Yes No No
F32 -2.912 | 0.072 85.508 -2.735 Yes Yes Yes
0JB -2.892 | -0.178 69.127 -2.735 Yes No No
FVV -3.04 1.718 90.072 -2.69 No No No
K11 -2.892 | 0.251 96.374 -2.735 Yes Yes Yes

2.4.2. Distribution

The distribution was calculated using the following parameters: human volume of distribution,
human fraction unbound in plasma, blood-brain barrier, and central nervous system permeability. In
the bloodstream, drugs are generally transported in a free or unbound state or in a partly reversibly
bound state. However, irrespective of the transportation state, the steady-state volume of distribution
(\VDss) remains one of the key pharmacokinetic parameters that must be considered when designing
a drug dose range. VVDss can be defined as the theoretical volume of a particular drug dose, which
vary and give a similar blood plasma concentration. Generally, the greater the VVDss value, the more
a drug is distributed in tissue rather than plasma. However, for antibiotics and antivirals, more wide-
ranging tissue distribution is desirable [27]. VDss is considered low if the log of the VDss value is
lower than —0.15, while a value >0.45 is considered high [27]. Of the six compounds in question,
FVV showed the highest distribution value, followed by OUQ (Table 3). 0JB showed the lowest
distribution value among all six compounds. Whereas 3GK, F32, showed moderately low the
effectiveness of a drug may vary depending on the limit to which it can bind to blood proteins. The
more effective the binding of the drug with blood proteins, the more efficiently the drug compounds
can transverse the cellular membrane [27]. Fraction unbound to human plasma ranges between 0.02

to 1.0 [29]. All compounds showed a high fraction unbound value to human plasma (Table 4).

2.4.3. Metabolism
The metabolism of a drug depends upon the molecule being a Cytochrome P450 substrate or

inhibitor. 3GK showed moderate inhibition nature where 3GK showed inhibitory activity against
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CYP2C19, CYP2C9, CYP3A4 and non-inhibitory effect against CYP1A2 and CYP2D6 of the
cytochrome enzymes, whereas OUO showed non-inhibitory properties against all enzymes (Table 4).
F32and 0JB showed inhibition activity against CYP1A2, CYP2C19, CYP2C9, CYP3A4 and non-
inhibitory effects against CYP2D6. FVV showed moderate inhibition nature where FVV showed
inhibitory activity against CYP1A2, CYP2C19, CYP2D6cytochrome enzymes and non-inhibitory
activity against CYP2C9, CYP3A4. K11lalso exerts moderate inhibition activity where K11 showed
inhibitory activity against CYP1A2, CYP2C19, CYP2C9 and non-inhibitory activity against
CYP2D6 and CYP3A4 (Table 4). The results indicate that all benzimidazole ligands will be
metabolized by the action of the cytochrome enzymes due to non-inhibitory activities against some

cytochrome enzymes (Table 5).

Table 5. ADMET pharmacokinetics; metabolism parameters.

Compound name|CYP2D6 |CYP3A4 |CYP1A2 |CYP2C19 |ICYP2C9 |CYP2D6 |CYP3A4
substrate |substrate (inhibitor (inhibitor |inhibitor |inhibitor |inhibitor

3GK No No No Yes Yes No Yes

ou0 No No No No No No No

F32 No Yes Yes Yes Yes No Yes

0JB No No Yes Yes Yes No Yes

FVV No Yes Yes Yes No Yes No

K11 No Yes Yes Yes Yes No No

2.4.4. Excretion

Organic cation transporter 2 (OCT2) belongs to the category of renal uptake transporters, which are
known to play important roles during deposition and clearing of drugs from the kidneys [29].
Excretion depends on factors such as total clearance and whether the molecule is a renal OCT2
substrate. Three benzimidazole ligands act as a substrate for Renal OCT2 and can be removed from
the body through the renal system. All the selected compounds showed total clearance of less than
log (CLtot) 1 mL/min/kg (Table 6).
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Table 6. ADMET pharmacokinetics; toxicity and excretion parameters.

Compound [Total Clearance[Renal Max. tolerated/Oral Rat|Skin Minnow
name (log ml/min/kg) |OCT2  |dose (human)/Acute |Sensitization [toxicity
substrate |(log Toxicity (log
mg/kg/day) (LD50) mM)
(mol/kg)
3GK 0.425 No 0.469 2457  |No 2.482
ou0 0.404 Yes 0.444 2477  |No 4.765
F32 0.663 No 0.471 2459  |No 2.367
0JB 0.658 No 0.112 2474  No 2.051
FVV 0.826 Yes 0.346 2554  |No 0.754
K11 0.484 Yes 0.428 2.482  |No -1.64
2.3.5. Toxicity

The maximum recommended tolerance dose (MRTD) provides an estimate of the toxic dose in
humans. MRTD values less than or equal to log 0.477 (mg/kg/day) is considered low [29]. All of six
benzimidazole ligands are in the limit of MRTD (Table 4). All six benzimidazole ligands were not
skin sensitive (Table 5). A molecule with a high oral rat acute toxicity (LD50) value is less lethal
than the lower LD50 value [27]. For a given molecule, the LD50 is the amount that causes the death
of 50% of the test animals[27, 30]. All the selected ligands showed high oral rat acute toxicity
tolerance (LD50) values (Table 5). The lethal concentration values (LC50) represent the
concentration of a molecule necessary to cause 50% of fathead minnow death. For a given molecule,
if the log LC50 <0.5 mM (log LC50 < —0.3), then it is regarded as having high acute toxicity [30,
31]. All six benzimidazole ligands showed a satisfactory score that indicated that they are less toxic
than the tolerance limit also (Table 6).

2.4. Lipinsky rule, drug likeliness and bioactivity

Lipinski’s rule of five, commonly known as the Pfizer’s rule of five or simply the rule of five, is a
regulation process to estimate drug-likeness or to identify a chemical compound with a convinced
pharmacological or biological activity that has properties that would make it a likely orally active
drug in humans. This principle was designed by Christopher A. Lipinski in 1997. The rule
expresses molecular properties vital for a drug’s pharmacokinetics in the human body, including
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their absorption, distribution, metabolism, and elimination (ADME) components of the Lipinski’s
rule[32].

Lipinski’s rule states:

« 5 or less than 5 hydrogen bond donors (nitrogen or oxygen atoms with one or more hydrogen
atoms)

» 10 or less than 10 hydrogen bond acceptors (nitrogen or oxygen atoms)

* Molecular weight less than 500 or less.

« Octanol-water partition coefficient log P not greater than 5

* No more than one violation

The Druglike properties of the selected ligands were evaluated based on Lipinski parameters. Out of
six benzimidazole ligands two ligands F32 and K11 violates the Lipinski rule as they have slightly
higher molecular weight. As a rule, it does not predict if a compound is pharmacologically active,
and the already established antidiabetic and anti-angiogenesis activity in the previous study cannot
be overlooked [23, 26] . Generally, a molecule showing a negative drug score is not considered a
promising drug candidate; all six selected molecules show a favorable/positive drug score (Table 7
and Supplementary Figure S5-S10). All our ligands showed favorable drug likeness therefore we
proposed six pharmacologically active ligands can be used against VanZ mediated resistance
treatment.

Among the six top hits five ligands (3GK, 0UO, F32, 0JB, K11) were found to be highly active
except FVV towards GPCR ligands. Among the six top hit benzimidazole ligands four (3GK, 0UO,
0JB, K11) showed high active towards lon channel modulator and two (F32, FVV) showed moderate
activity. Four ligands (3GK, 0UO, 0JB, K11) were found to be highly active towards Kinase inhibitor
and two (F32, FVV) showed moderate activity. Among the six ligands, three (3GK, F32, K11)
showed moderate activity and the rest three (OUO, 0JB, FVV) no activity score towards nuclear
receptor ligand. Protease inhibitor: Only one ligand showed highly active property and the rest five
ligands showed moderate activity towards Protease inhibitor. Except, for one all five ligands were
found to be highly active towards Enzyme inhibitor. Details in Table 8. In our findings it is clear that
all six ligands possess high biological activity with their clear categorical ligand behaviors.

The pharmacological activity depicts the positive impacts of drugs within the living beings. The drug
is expected to bind with a biological target (usually enzymes, ion channels, and receptors). The
bioactivity scores of the synthesized complexes can be calculated for several parameters such as
kinase inhibition, protease inhibition, and enzyme activity inhibition, attaching to G protein-coupled
receptor (GPCR) ligand and nuclear receptor ligand and ion channel alteration. Molinspiration

(www.molinspiration.com) was used to calculate these parameters. The bioactivity score is shown in
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Table 8. For metal complexes, a bioactivity score more than 0.0 indicates that the complex is active;
if it is between —5.0 and 0.0, then the complex is moderately active, and the bioactivity score is

below —5.0 is considered as inactive.

Table 7: Drug likeness predicted by Swiss ADME and Mol soft.

Compound Molecular | Number of | Number of | MolLogP | Drug
name Lipinski weight HBA (<5) | HBD (<10) | (<5) likeness
(Pfizenrule | (<500) (>0)
3GK Yes 373.29 5 3 3.46 0.3
ouo0 Yes 385.15 7 3 1.97 0
F32 Yes 500.11 6 3 3.98 0.98
0JB Yes 305.1 5 3 1.86 0.13
FVV Yes 281.13 1 0 3.65 0.62
K11 Yes, with one | 527.17 5 3 4.32 0.28
violation

Table 8: The bioactivity scores.

Ligand | GPCR | lon  channel | Kinase Nuclear receptor | Protease Enzyme
ligand | modulator inhibitor | ligand inhibitor inhibitor
3GK 0.48 0.28 0.52 -0.35 -0.01 0.28
ouo0 0.35 0.48 1.25 -0.76 -0.02 0.33
F32 0.02 -0.09 -0.08 -0.3 -0.03 0.49
0JB 0.35 0.09 05 -0.59 -0.2 0.23
FVV -0.01 -0.44 -0.14 -0.55 -0.62 -0.11
K11 0.38 0.12 0.96 -0.16 0.06 0.22

2.5MD Simulation analysis
2.5.1 RMSD analysis

Root Mean Square Deviation (RMSD) measures the quantitative similarity between two

superimposed atomic coordinates. RMSD values are presented in A and calculated by

RMSD = |2y7 42
n i

where the averaging is performed over the n pairs of equivalent atoms and di is the distance between

the two atoms in the i"" pair. RMSD can be calculated for any type and subset of atoms; for example,
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Ca atoms of the entire protein, Ca atoms of all residues in a specific subset (e.g. the transmembrane
helices, binding pocket, or a loop), all heavy atoms of a specific subset of residues, or all heavy
atoms in a small-molecule ligands.

To determine VanZ-Benzimidazole ligands conformation stability with drug compounds,
3GK (—10.2 kcal/mol), 0UO (—9.2 kcal/mol), F32 (-9.1 kcal/mol) 0JB (-9 kcal/mol), FVV (-9
kcal/mol) and k11 (-9 kcal/mol) the backbone root mean square deviation (Ca-RMSD) were
computed, as shown in Figure 9. The result shows that the RMSD trajectory of VanZ — 3GK was
equilibrated during 0—10 ns and remained steady until 30 ns and a slight drift from 30 ns to 40 ns
with an average RMSD value ~6.8 = 0.2 A at the end of simulation at 40 ns (Figure 6A-black line),
which indicates stable structural complexity of the VanZ — 3GK complex. Likewise, the RMSD plot
of the VanZ — 0UO complex equilibrated 0-5 ns and showed a reasonably stable structural
complexity during the 40 ns stimulation process. VanZ — 0UO complex exhibited average RMSD
value ~6.1 + 0.1 A (Figure 9A-red line). VanZ — F32complexget stabilized around 0-5 ns and exert
average~6.8+ 0.1 A RMSD value (Figure 6A-green line).0JB-VanZ complex get stabilized around
0-10 ns and exert average ~5.8 + 0.1 A RMSD value (Figure 6A-blue line) which represents a
highly stable structural complexity. VanZ — FVV complex get stabilized around 0-5 ns and exert
average ~5.8 + 0.1 A RMSD value (Figure 9A-yellow line) which clearly indicated highly structural
stability of FVV-VanZ. VanZ — K11 complex get stabilized around 0-10 ns and showed average
~6.0 = 0.1 A RMSD value (Figure 6A-brown line). Whereas VanZ protein only system showed
~6.0 A RMSD value and the system equilibrated around 0-10 ns (Figure 6A-grey line). In
comparison of protein only system and VanZ — benzimidazole complex system it’s clearly visible
that VanZ — benzimidazole complex system showed low atomic fluctuations which clearly indicates
high structural stability of VanZ — benzimidazole complexes where VVanZ — 0JB and VanZ — FVV
showed most highly structural stability of protein-ligand structure.

2.5.2 RMSF analysis

The RMSF plots of VVanZ protein only, VanZ — 3GK, VanZ — 0U0,VanZ — F32, VanZ — 0JB, VanZ
— FVV, VanZ — K11, represent that the amino acid residues belonging to termini (N-terminal and C-
terminal) and loops have an average atomic fluctuation ~5.0 — ~9.0 A for VanZ-Benzimidazole
complexes, whereas only VanZ protein system showed fluctuations range between ~4.0 — ~5.0 A
(Figure 9B). The RMSF analysis showed mostly the ligand interacting amino acid ranges from 25 to
60, 75 to 115, and 125 to 159 fluctuate the most for better flexibility and during the interaction phase
during the 40 ns simulation period. In divergence, the conformational dynamics of stable secondary
structure, a-helices, and B-sheets (interacting protein residues with the ligand compounds) remain
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stable during the whole simulation process, providing an indication of the stability of molecular
interactions of VVanZ with benzimidazole based ligand compounds. The average atomic fluctuations
were measured by using RMSF plots, which suggested that all Six Vaz-benzimidazole complexes
showed mostly similar fluctuations and flexibility patterns, which clearly indicates that all six
benzimidazole based ligands were well accommodated at the binding pocket of VVanZ with favorable
molecular interactions. RMSF plot suggest VanZ-K11, VanZ-3GK, VanZ-0UO complexes system
showed high flexibility (25-115 amino acid residues) during their interacting phase in comparison of

VanZ only system.

2.5.3Rg analysis

The conformation stability of the VanZ — benzimidazole ligand was evaluated by the radius of
gyration (Rg). The Rg parameter is used by computational and structural biologists to describe the
structural compactness of proteins. To examine the structural compactness and integrity of VanZ —
benzimidazole ligand bound complexes, the radius of gyration (Rg) is calculated for each system
[33, 34]. From Figure 9C, it can be observed that the structure of VanZ — 3GK, VanZ — 0JB, VanZ —
K11, showed lowest gyration value 17 A + 0.1 which is also similar with VanZ only simulation
system and indicates VVanZ structural stability in the presence of benzimidazole ligands and maintain
as same as VanZ protein system only. Whereas VanZ — 0UO, VanZ — F32, and VanZ — FVV
stabilized around an Rg value 18 A — 18.5 A + 0.1 A, which also very close to VanZ protein only
system and there was almost no structural drift(Figure 6C). The structural compactness of VanZ —
benzimidazole complexes calculated by Rg analyses suggested stable molecular interaction with all
six compounds, which are stabilized around 17 — 18.5 A + 0.1 A (Figure 6C).

2.5.4 H-Bonds analysis

The time evolution plot of hydrogen bond occupancy (H-bonds) between target VanZ and inhibitors
was computed. H-bonds are also designated as the “master key of molecular recognition” due their
crucial role in ligand binding and enzyme catalysis. Although H-bonds are weaker bonds compared
to covalent bonds, their flexibility makes them the most important physical interaction in systems of
bio-compounds in aqueous solution. They are critical for maintaining the shape and stability of
protein structure. In the case of VanZ — 3GKcomplex interaction, initially, 2 H-bonds were detected;
however, over time, the number of H-bonds increased, and end of the simulation 3 H-bonds
maintained which very close to docking interaction analysis where we also found 2 H-bonds in the
docking interaction analysis study. VanZ — OUO complex showed 2 H-bonds throughout the
simulation time as we also found 2 H-bonds during the docking interaction analysis study. VanZ —

F32 complex H-bond analysis showed 4 H-bonds at end of the simulation which agreed with our
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docking interaction analysis study. H-bond analysis for VanZ — 0JB complex showed 2 H-bond
interaction existed during the whole simulation process also in docking interaction analysis showed
the same. No H-bonds were obtained for VanZ — FVV complex during the whole simulation process
also in docking interaction analysis. VanZ — K11 complex showed 1 H-bond exist at the end of the
simulation process, agreed with docking interaction analysis (Figure 9D). Our MD Simulation

process strongly supports docking and interaction analysis study.

2.5.5 SASA analysis

Hydrophobic interactions can be considered determinants of protein conformational dynamics.
Protein conformational dynamics are known to guarantee the structural stability of molecular
interactions[33, 35]. Computation of the solvent-accessible surface area (SASA) is an important
parameter when studying changes in structural features of VanZ — 3GK, VanZ — 0UOQ, VanZ — F32,
VanZ - 0JB, VanZ — FVV, VanZ — K11 complexes. The proper functioning of protein—ligand
complexes depend on how well the protein maintains its fold, and how much the protein showed
interacting surface or pocket for the ligand molecules during the interactions (Figure 9E). shows that
the complex structure VanZ occupied with the 3GK had an average SASA value of 115.25 nm? + 1
nm?. The complex structures VanZ occupied with 0UO, F32, 0JB, FVV, K11 had an average SASA
value of 96 nm? + 1 nm? (Figure 9E). Almost no change in orientation in the protein surface was
detected for the molecular interaction of VanZ with 0UO, F32, 0JB, FVV, K11. WhetherVanzZ
protein only system showed SASA value 100 nm?, except 3GK all ligand occupied VanZ protein

exert no significant structural changes.

2.5.2 Interaction energy analysis

The short-range electrostatic (Coul-SR) and van der Waals/hydrophobic (LJ-SR) interaction energies
between VanZ — 3GK, VanZ - 0UO, VanZ — F32, VanZ — 0JB, VanZ — FVV, VanZ - K11
complexes explained promising electrostatic as well as hydrophobic interactions. For VanZ — 3GK,
average values of Coul-SR, —50.04 * 3.4 kJ/mol, and LJ-SR, —172.558 + 4.0 kJ/mol, were observed.
For VanZ — 0UQ, a Coul-SR of —40.32 £ 4.2 kJ/mol and an LJ-SR of —151.51 + 6.0 kJ/mol were
observed. VanZ — F32 complex exerts a Coul-SR of —34.46 + 5.3 kJ/mol and an LJ-SR of —127.31 +
4.3 kJ/mol. VanZ — 0JB complexes showed a Coul-SR of —34.67 + 4.4 kJ/mol and an LJ-SR of
—134.44 + 4.2 kJ/mol. VanZ — FVV complexes showed a Coul-SR of —17.1 £ 2.1 kJ/mol and an LJ-
SR of —128.57 + 4.2 kJ/mol. VanZ — K11 complexes showed a Coul-SR of —22.01 + 1.3 kJ/mol and
an LJ-SR of —77.71 £ 2.2 kJ/mol (Figure 9F). This suggested that the role of hydrophobic interaction
was more important than the electrostatic interactions[36]in stabilizing the complex where 3GK

showed highest LJ-SR interaction energy and also all the ligands showed gradually LJ-SR
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549 interaction energy which is also supports our docking analysis, a conclusion that is also supported by

550  previous experimental data.
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551

552  Figure 9. Molecular Dynamic Simulation analysis of best hit benzimidazole ligands against VanZ
553  protein: (A). RMSD plot where the grey line designates VanZ protein only and respective protein
554  ligand complexes are VanZ — 3GK (black), VanZ — 0UO (red), VanZ — F32 (green), VanZ — 0JB
555  (blue), VanZ — FVV (yellow), VanZ — K11 (brown). (B). RMSF plot where the grey line designates
556  VanZ protein only and respective protein ligand complexes are VanZ — 3GK (black), VanZ — 0UQ
557  (red), VanZ — F32 (green), VanZ — 0JB (blue), VanZ — FVV (yellow), VanZ — K11 (brown). (C). Rg
558  plot where the grey line designates VVanZ protein only and protein ligand complexes are 3GK- VanZ
559 — 3GK (black), VanZ — 0UOQ (red), VanZ — F32 (green), VanZ — 0JB (blue), VanZ — FVV (yellow),
560 VanZ — K11 (brown). (D). H-bond plot where the grey line designate VVanZ protein only protein
561 ligand complexes, VanZ — 3GK (black), VanZ — 0UO (red), VanZ — F32 (green), VanZ — 0JB (blue),
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VanZ — FVV (yellow), VanZ — K11 (brown). (E). SASA plot where the grey line designates VanZ
protein only protein ligand complexes, VanZ — 3GK (black), VanZ — 0UOQ (red), VanZ — F32 (green),
VanZ — 0JB (blue), VanZ — FVV (yellow), VanZ — K11 (brown). (F). Interaction energy calculation
plot where the grey line designate VVanZ protein only and protein ligand complexes,VanZ — 3GK
(Coul-SR_black, LJ-SR_red),VanZ — 0JB (Coul-SR_green, LJ-SR_blue),vVanZ — F32 (Coul-
SR_yellow, LJ-SR_brown), VanZ — 0JB (Coul-SR_grey, LJ-SR_violet),VanZ — FVV (Coul-
SR_cyan, LJ-SR_magenta),VanZ — K11 (Coul-SR_orange, LJ-SR_indigo).

Discussion

Proteins 3D structures help to reveal the function of the molecule. In our previous study we used I-
TASSER to predict the de novo structure of the VVanZ. The binding pocket was analyzed and 323
benzimidazole based ligands (detail in supplementary) were screened against the VVanZ to obtain the
best ligands with highest docking scores.

Benzimidazole has its own history in the field of drug development and as protein inhibitors.
Benzimidazole derivatives are shown to have pharmacological properties of broad spectrum. They
have various activities like antimicrobials, antifungal, antivirals, antiparasitics, anticancers,
anticonvulsants, proton pump inhibitors, analgesics, anti-inflammatory agents, antihistaminics,
anticoagulants and antihypertensives [37, 38] Benzimidazole derivatives like pantoprazole,
lansoprazole, omeprazole and rabeprazole as proton pump inhibitors. Whereas enviradene as
antiviral [39] and coumarin-benzimidazole derivatives as a better antibacterial then some
commercially available drugs [40]. Benzimidazole was also reported as an inhibitor of mycobacterial
DNA gyrase [41]. Further, in our previous study we showed the activity of G3K an benzimidazole
based drug against VanZ [5]. Thus, In the present study 323 benzimidazole based ligands were
shortlisted based on such reports of biological activities. Six ligands with the best docking scores
between —10.2 to —9 kcal/mol were selected (3GK, 0UO, F32, 0JB, FVV, and K11) for further
studies. Each ligand has some previously reported biological activity. The 3GK is an investigational
drug for the treatment of against beta lactamase bacterial resistance, OUO is an investigational
molecule against cancerous growth factor, F32 is an investigational drug against diabetes type I,
0JB is an investigational B-Lactamase inhibitory molecule, FVV is an investigational anti-cancer
drug and K11 is an investigational angiogenesis drug [25]. And based on the docking results with
VanZ, these six have strong protein-ligand interactions. Further depending on the ADMET analysis
the ligands are moderately water soluble with good or moderate absorbance rate (permeability —
0U0, FVV, F32. K11 and non-permeable- 3GK and 0JB).
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MD simulation showed the interaction of the ligands with the VVanZ and its outcomes. The
RMSD value was stable for all the ligands after 40ns stimulation without fluctuations showed a
stable VanZ-ligands structural complexity and stability for all the size ligands. The RMSD value
indicates that the amino acids interacting with the ligands fluctuates the most for better flexibility
and interaction. The secondary conformation remained stable during the whole simulation indicating
a stable VVanZ- size benzimidazole ligands stable interactions. The Rg value of VanZ and VanZ-
ligand complex were almost same with nearly no structural drift indicating high compactness of the
VanZ protein in presence of the ligands. H bonds and SASA interaction agreed with the docking
score and showed no significant changes in the conformation of the dynamics of VanZ protein.
Overall, the MD simulations support the docking studying proving the complex formed by the VVanZ
and 6 different ligands are stable with high structural compactness with very less or no fluctuations.

The toxicity parameters checked showed that all the ligands can be used as a potential
candidate for the VVanZ inhibitors with the result of toxicity very low. With these we propose that all
the six ligands can be a potential inhibitor of the VVanZ protein. Further in vitro (such as site-directed
mutagenesis studies or quantum mechanics/molecular mechanics simulations) and in vivo studies
(such as animal studies, human clinical trials, or studies with cell lines and organoids) will be needed
to reveal the actual outcome and to compare the results with the in-silico studies. This study will
initiate the follow up studies which can be prevention for the problem in where the S. aureus can
acquire the VanZ gene which is occasionally transferred from the enterococci. The frequency of

which is however very low. The VanZ-bearing mobile genetic element in S. aureus can then

interfere with the action of semisynthetic lipoglycopeptide antibiotics.

Materials and methodology
3.1. Target and Ligand Preparation
1.1. VanZ protein structure prediction and validation
The VanZ protein sequence (Enterococcus faecium EnGen0191) was obtained from UniProt
(https://www.uniprot.org/uniprot/Q06242). Thereafter, the I-TASSER webserver

(http://zhanglab.ccmb.med.umich.edu/I-TASSER/reqistration.html) was used to obtain the 3D

structure of VanZ. There are generally four steps involved in the I-TASSER server for structural
modeling and prediction (https://zhanggroup.org/I-TASSER/about.html) as per our previous work
[5].

The 3D SDF structure library of 325 benzimidazole based compounds was downloaded from the
RCSB (277 ligands), DrugBank 3.0 (38 ligands, https://go.drugbank.com/; accessed on 17 December
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2022), KEGG (8 ligands), and ZINC15 (2 ligands) database (https://go.drugbank.com/; accessed on
27 January 2023). All compounds were then imported into Open Babel software (Open Babel

development team, Cambridge, UK) using the PyRx Tool and were exposed to energy minimization.
The energy minimization was accomplished with the universal force field (UFF) using the conjugate
gradient algorithm. The minimization was set at an energy difference of less than 0.1 kcal/mol. The
structures were further converted to the PDBQT format for docking.

3.2. Protein Pocket Analysis

The active sites of the receptor were predicted using CASTp

(http://sts.bioe.uic.edu/castp/index.htmI?2pk9, accessed on 28 January 2023). The possible ligand-

binding pockets that were solvent accessible, were ranked based on area and volume.

3.3. Molecular Docking and Interaction Analysis

AutoDock Vina 1.1.2 in PyRx 0.8 software (ver.0.8, Scripps Research, La Jolla, CA, USA) was used
to predict the protein-ligand interactions of the benzimidazole compounds against the VVanZ protein.
The protein and ligand files were loaded to PyRx as macromolecules and ligands, which were then
converted to PDBQT files for docking. These files were similar to pdb, with an inclusion of partial
atomic charges (Q) and atom types (T) for each ligand. The binding pocket ranked first was selected
(predicted from CASTp). Note that the other predicted pockets were relatively small and had lesser
binding residues. The active sites of the receptor compounds were selected and were enclosed within
a three-dimensional affinity grid box. The grid box was centered to cover the active site residues,
with dimensions x = —13.83 A, y = 12.30 A, z = 72.67A. The size of the grid wherein all the binding
residues fit had the dimensions of x = 18.22 A, y = 28.11 A, z = 22.65 A. This was followed by the
molecular interaction process initiated via AutoDock Vina from PyRx[5]. The exhaustiveness of
each of the three proteins was set at eight. Nine poses were predicted for each ligand with the spike
protein. The binding energies of nine docked conformations of each ligand against the protein were
recorded using Microsoft Excel (Office Version, Microsoft Corporation, Redmond, Washington,
USA). Molecular docking was performed using the PyRx 0.8 AutoDock Vina module. The search
space included the entire 3D structure chain A. Protein-ligand docking was initially visualized and
analyzed by Chimera 1.15. The follow-up detailed analysis of amino acid and ligand interaction was
performed with BIOVIA Discovery Studio Visualizer (BIOVIA, San Diego, CA, USA)[42]. The
compounds with the best binding affinity values, targeting the COVID-19 main protease, were
selected for further molecular dynamics simulation analysis.

3.4. Crosschecking docking and interaction of the top hit ligands

Furthermore, top hit molecules were docked through CHARMM force field based swissdock server

(http://www.swissdock.ch/) for cross checking their binding affinity with VanZ [43]. Interactive
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amino acids and interacting pose was further analyzed by Biovia Discovery Studio Visualizer and
UCSF Chimera.

3.5. Absorption, Distribution, Metabolism, Excretion, and Toxicity (ADMET) Analysis
Pharmacokinetic parameters related to the absorption, distribution, metabolism, excretion, and
toxicity (ADMET) play a substantial role in the detection of novel drug candidates. To predict
candidate molecules using in silico methods pkCSM
(http://biosig.unimelb.edu.au/pkcsm/prediction), webtools were used. Parameters such as AMES

toxicity, maximum tolerated dose (human), hERG | and hERG Il inhibitory effects, oral rat acute
and chronic toxicities, hepatotoxicity, skin sensitization, and T. pyriformis toxicity and fathead
minnow toxicity were explored. In addition to these, molecular weight, hydrogen bond acceptor,
hydrogen bond donor, number of rotatable bonds, topological polar surface area, octanol/water
partition coefficient, aqueous solubility scale, blood-brain barrier permeability, CYP2D6 inhibitor
hepatotoxicity, and number of violations of Lipinski’s rule of five were also surveyed.

3.6. Lipinsky rule, drug lineliness and bioactivity

Lipinski’s rule of five is helpful in describing molecular properties of drug compounds required for
estimation of important pharmacokinetic parameters such as absorption, distribution, metabolism,
and excretion. The rule is helpful in drug design and development. Lipinski’s rule of five of the top

hit six ligands were evaluated by SwissAdme server (http://www.swissadme.ch/).

Drug likeness of the top hit ligands was evaluated by molsoft server (https://molsoft.com/mprop/).

Drug score values indicate overall potential of a compound to be a drug candidate. Mol inspiration is
a web-based tool used to predict the bioactivity score of the synthesized compounds against regular
human receptors such as GPCRs, ion channels, kinases, nuclear receptors, proteases, and enzymes.
Bioactivity of the ligands were evaluated by molinspiration server
(https://www.molinspiration.com/cgi-bin/properties).

3.7. MD Simulation Studies

The five best protein-ligand complexes were chosen for MD simulation according to the lowest

binding energy with the best docked pose. Additional binding interactions were used for molecular
simulation studies. The simulation was carried out using the GROMACS 2020 package (University
of Groningen, Groningen, Netherland), utilizing a charmm36 all-atom force field using empirical,
semi-empirical and quantum mechanical energy functions for molecular systems. The topology and
parameter files for the input ligand file were generated on the CGenff server

(http://kenno.org/pro/cgentf/). A TIP3P water model was used to incorporate the solvent, adding

counter ions to neutralize the system. The energy minimization process involved 50,000 steps for

each steepest descent, followed by conjugant gradients. PBC condition was defined for x, y, and z
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directions, and simulations were performed at a physiological temperature of 300 K. The SHAKE
algorithm was applied to constrain all bonding involved, hydrogen, and long-range electrostatic
forces treated with PME (particle mesh Ewald). The system was then heated gradually at 300 K,
using 100 ps in the canonical ensemble (NVT) MD with 2 fs time step. For the isothermal-isobaric
ensemble (NPT) MD, the atoms were relaxed at 300 K and 1 atm using 100 ps with 2 fs time step.
After equilibrating the system at desired temperature and pressure, the MD run for the system was
carried out at 40 ns with time step of 2 fs at 20,000,000 steps. The coordinates and energies were
saved at every 10 ps for analysis.

MD simulation trajectories were analyzed by using a trajectory analysis module integrated into the
GROMACS 2020.01 simulation package, gtgrace, VMD, and Chimera software (University of
California San Francisco, San Francisco, CA, USA). The trajectory files were first analyzed using
GROMCAS tools: gmxrmsd, gmx gyrate, gmxsasa, gmxhbond, gmxcovar, and gmx energy for
extracting the graph of root-mean square deviation (RMSD), root-mean square fluctuations
(RMSFs), radius of gyration (Rg), solvent accessible surface area (SASA), hydrogen bond, principal
component, potential energy, kinetic energy, and enthalpy, with python3 free energy surface

calculation and visualization.
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