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Abstract Diabetic wound (DW) is a huge threat to the health care community and is always chal-

lenging to treat. The main biochemical culprits in DW recalcitrance are elevated inflammatory

mediators, proteases, cell proliferation and migration suppressors, anti-angiogenic factors, and

bacterial infections. In this scenario, using a scaffold to target important factors at each stage of
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Scaffold hopping;

Molecular docking;

Molecular dynamics

simulation
pathogenesis can accelerate the healing process. Many shreds of evidence disclosed the role of nico-

tine scaffold in handling inflammation, infection, proliferation, migration, and angiogenesis. All

these factors made us forge nicotine by employing a scaffold hopping approach. The hops were then

subjected to molecular docking and binding free energy calculations against Matrix metallopepti-

dase 9, Glycogen synthase kinase 3 beta, Tumor necrosis factor alpha, MurC and ParE enzymes.

Gratifyingly, molecule H1 was found to possess significant inhibitory activity against the selected

receptors as evidenced by their high negative glide score and binding energy. Furthermore,

100 ns of molecular dynamics simulation studies (MD) was performed for the five H1/4XCT,

H1/5F95, H1/2AZ5, H1/4C13 and H1/4MOT complexes to get insight into the binding modes

and stability. The MD results showed significant stability as evidenced by the low conformational

changes of the H1 with the chosen receptors. Hence, H1 might be a druggable candidate in the ther-

apeutic management of DW. However, further research is strongly recommended to advance the

drug into the therapeutic pipeline.

� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Diabetes mellitus (DM) greatly impacts the quality of life and
survival expectation of patients (Belardinelli et al., 1999). In
fact, as a consequence of hyperglycemia, diabetic patients are
at increased risk for comorbid conditions affecting several

organs (Vigneri et al., 2009). One of the main consequences
of diabetes is the impairment of self-repairing abilities
(Spampinato et al., 2020). Diabetic wound (DW) is a very

common secondary complication of DM that poses a signifi-
cant challenge to the health care system (Sen, 2019). The major
biochemical culprits in the recalcitrance of DWs are elevated

inflammatory mediators, proteases, cell proliferation and
migration suppressors, anti-angiogenic factors, and bacterial
infections (Acosta et al., 2008). All these factors are being con-

sidered as the hallmarks of the delayed healing of DWs. The
late inflammatory phases of wound healing in diabetes are
characterized by altered leukocyte infiltration and
Interleukin-6, according to Fahey et al. As a result, a changed

cytokine pattern in the wound milieu may play a role in pro-
longed inflammation of DW (Fahey et al., 1991). Pathogenic
markers (overexpression of c-myc and localization of b-
catenin) that correlate with delayed healing have been found
by molecular studies from the epidermal biopsies of DW
patients (Stojadinovic et al., 2005; Brem et al., 2007). In this

context, targeting the important factors at every stage of
pathogenesis with a scaffold may potentiate the healing pro-
cess. With this motive, we exemplified the forging of nicotine

using in silico approaches.
Nicotine, a chiral alkaloid, possesses anti-inflammatory

properties both in vitro and in vivo (Piao et al., 2009). Nicotine
exerts its action in both humoral and cell-mediated immunity,

leading to altered immune response characterized by reduced
inflammation, antibody response and T-cell receptor mediated
signaling (Johnson et al., 1990; Shi et al., 2009; Kalra et al.,

2000; Sopori et al., 1998; Basta et al., 2000). It also plays a role
in humoral immunity by regulating B lymphocytes via nico-
tinic acetylcholine receptors. There are many shreds of evi-

dences for anti-inflammatory properties of nicotine. A study
by Takahashi HK et al., 2006 convinced the inhibition of IL-
12, IL-18 by nicotine through upregulation of COX-2 expres-
sion (Takahashi et al., 2006; Takahashi et al., 2006). Further,

low-dose of nicotine also proved to inhibit the production of
IL-12, prostaglandin E2, IFN-c, TNF-a and macrophage
inflammatory protein (MIP)-1 (Wang et al., 2004). It also inhi-

bits transcriptional activity of NF-jB by suppressing the I-jB
phosphorylation (Vassallo et al., 2005). However, all these sup-
pressive effects of nicotine were mediated through a7nAChR

at transcription level (Utsuki et al., 2002). Besides, nicotine
also plays a key role in inhibition (500 ng/mL) of matrix
metalloproteinase-9 (MMP-9) expression through the a7-
nAChR-JNK pathway in dose-dependent fashion (Renò
et al., 2011). Further, nicotine acts on a7-nAChRs to inhibit
MMP-9 production by macrophages through modulation of
the PI3K/Akt–NF-jB pathway. The other receptor namely

GSK-3b whose inhibition promotes wound healing through
b-catenin dependent Wnt signaling pathway (Harish et al.,
2008). Although, no studies were reported for the inhibitory

activity of GSK-3b by nicotine, the scaffold present in the
nicotine (pyridine) has been profoundly used in the designing
and synthesis of GSK-3b inhibitors (Tantray et al., 2016;

Ramurthy et al., 2020). Nicotine has also shown to bring about
tissue healing through release of growth factors such as basic
fibroblast growth factor (bFGF) and transforming growth fac-

tor beta (TGF-b), vascular endothelial growth factor (VEGF)
and matrix metalloproteinases in endothelial cells. These
cytokines/ factors are responsible for migration; fibrin and col-
lagen synthesis; and neovascularization which form key steps

in wound healing (Cucina et al., 1999; Carty et al., 1996;
Conklin et al., 2002; Jacobi et al., 2002). These studies demon-
strated that nicotine enhanced angiogenesis by activation of

nAChR leading to acceleration of wound healing in a murine
excisional wound model.

It is shown by multiple reports that cigarette smoke causes

delay in wound healing and nicotine is the toxic constituent of
cigarette smoke. Nicotine increases vasoconstriction, reduces
blood supply to the skin, increases the platelet adhesion and

causes damage to the endothelial lining of the vessels, resulting
in tissue ischemia. However, Morimoto et al, (2008) have
shown at low concentrations nicotine had beneficial effects
on wound healing by accelerating angiogenesis and simulating

nAChR (Morimoto et al., 2008).
The most common infection causing bacteria observed in

DW are Staphylococcus aureus, Streptococcus sp., Escherichia

coli and Pseudomonas aeruginosa (Serra et al., 2015). Although
many antibacterial targets are available for the infection con-
trol, the MurC (Ishibashi et al., 2007) and ParE (Drlica and

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Zhao, 1997) were considered as effective druggable targets as
they are conserved in all species of bacteria and has no resis-
tance reported so far. According to the available literature,

(Pavia et al., 2000) nicotine causes a dose-dependent growth
inhibition of a broad spectrum of both gram-positive and
gram-negative bacteria (Shi et al., 2019).

Discovering novel bio-active compounds with iso-
functional activity is a key challenge in medicinal chemistry,
to enhance synthetic accessibility, potency, explore unmapped

regions in the chemical space and druggability of hits and leads
(Böhm et al., 2004). Further, ligand-based drug discovery has
been advanced with the introduction of molecular descriptors
such as distribution of pharmacophoric sites, steric, atomic

and electronic environment, which in turn provided a strong
basis for the ligand-based screening, efforts in target identifica-
tion and de novo design of small compounds. Scaffold or core

hopping (Schneider et al., 1999) is a widely-used strategy for
the development of novel small molecules inhibitors from the
existing drugs against a panel of targets (Li et al., 2011; Ma

et al., 2012). Li et al. 2011 designed a series of novel inhibitors
for hemagglutinin against H1N1 influenza virus using the core
hopping approach (Li et al., 2011). Later Jin et al. 2014 had

designed specific inhibitors against protein tyrosine phos-
phatase SHP-2 by virtual screening and core hopping methods
(Jin et al., 2014). In the same year, Zhang et al. also designed a
SAHA-based novel HDAC inhibitor by core hopping tech-

nique (Zang et al., 2014).
In addition, molecular docking study has been profoundly

used in drug design and discovery (Ooms, 2000). To enhance

the activity of a lead molecule, we usually modify the side
chains attached to the core part of the compound, because in
various cases it is the side chain of the compound that forms

an interaction with the receptor residues. However, core struc-
ture may also vary to explore novel compounds with great
diversity (Sun et al., 2012; Jiang et al., 2013).

In this paper, we used molecular modeling techniques with
a core hopping approach by screening fragment database
(Vainio et al., 2013; Flood et al., 2017), with an aim to identify
novel nicotine analogues for the management of DW. Further-

more, Molecular dynamics simulation (MD) studies were
employed to get insights into the binding poses of protein–li-
gand complexes.

2. Materials and Methods:

2.1. Protein preparation

The initial three-dimensional crystal structures of various

receptors MMP-9, GSK-3b, TNF-a, and antibacterial targets
(MurC and ParE) that are involved in the pathogenesis of
DW were retrieved from RCSB-protein data bank with acces-

sion IDs of 4XCT (1.30 Å) (Nuti et al., 2015), 5F95 (2.52 Å)
Luo et al. (2016), 2AZ5 (2.10 Å) (Silvian et al., 2011; He
et al., 2005), 4C13 (1.90 Å) (Wang et al., 2021) and 4MOT
(1.75 Å) (Kale et al., 2014) respectively. The crystals were

selected based on their resolution, expression system, com-
pleteness, co-crystallized ligand etc. The dossier of the recep-
tors was provided in Supplementary Table S1. Preparation

of the protein was performed using ‘protein preparation wiz-
ard’ available in Schrödinger suite 2020–3. All the water mole-
cules were removed; missing side chains and hydrogen bonds
were added prior to protein optimization (Sastry et al., 2013;
Iwaloye et al., 2020). The same procedure was employed for
the preparation of apoprotein. A grid within a radius of 10
�A was generated using centroid of the active site of the co-
crystallized ligand.

2.2. Molecular docking and scaffold hopping approach

Various useful insights for drug design could be obtained using
molecular docking studies (Wang and Chou, 2012; Wang and

Chou, 2011). However, to acquire even more useful informa-
tion for drug design, a new computational approach called
‘scaffold hopping’ or lead hopping or core hopping was
adopted in this study which is featured by having the functions

to perform both the fragment-based replacement and molecu-
lar docking.

Scaffold hopping is a powerful and cutting-edge tool for de

novo drug design because it can significantly improve the
receptors binding affinity with its ligands. The minimized bind-
ing poses thus obtained was used as an initial structure for fur-

ther optimization by searching the fragment database to
determine the optimal hops that are attached to other parts
of the parent compound.

In the current study, core hopping algorithm (CombiGlide
2.5 Schrödinger suite 2019–2) was employed during docking
procedure with the functions to perform both fragment-
based replacement and docking. The scaffold hopping strategy

is adopted to screen multiple scaffolds or hops against a guid-
ing structure, identifying for alignments of potential attach-
ment sites on the hops with the attachment sites on the

guiding structure. In general, the core hopping process con-

tains 4 steps (www.schrodinger.com):

(i). The first and foremost step is to define some probable
sites at which the cores are attached to the hop. It also

defines combination steps from the Combinatorial
screening package available Schrödinger suite 2019–2.

(ii). The second step includes the generation of grid file in the
‘‘Receptor Preparation”wizard in Schrödinger suite

2019–2.
(iii). The third step involves the preparation of core using

Protocore Preparation module in Schrödinger suite

2019–2 to determine the core attaching to the hop
employing fragments available in ZINC database.

(iv). The final step involves the alignment and docking of

structures generated by the core and hop into the
selected receptors.

From the products of the scaffold hopping approach, a

total of 100 molecules were sorted and filtered by goodness
of alignment, and then redocked against the catalytic pocket
of the receptors after attaining the hops (Friesner et al.,

2006) (Supplementary Table S2). The final molecules were fil-
tered using glide score (Gscore), glide emodel, etc. We per-
formed docking for the obtained scaffolds in standard

precision mode against all the selected receptors. The top 50
molecules were selected based on their Gscore, glide emodel,
glide eVan der Waals, glide ecoulomb, and glide energy for

redocking in extra precision (XP) mode. All these 50 molecules
were further subjected to binding free energy calculations. The
top 10 molecules were selected based on the Gscore, binding
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Fig. 1 General scaffold hopping of nicotine.
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energy and protein–ligand interactions that were observed in
XP docking and binding free energy calculation, and subjected
to further analysis.

In addition, XP-Glide docking protocol was validated by
removing the co-crystallized ligand from the catalytic pocket
and redocked it to the active sites of MMP-9, GSK-3b,
TNF-a, MurC and ParE enzymes. Similar orientations
between the docked pose and the pose of co-crystallized ligand
conformations were observed with a low root-mean square

deviation (RMSD) (4XCT: 1.26 Å; 5F95: 0.98 Å; 2AZ5:
0.29 Å; 4C13: 1.89 Å; 4MOT: 0.72 Å) (Supplementary Fig-
ure S1(a-e)). This recommends the reliability of our XP-
docking protocol in reproducing the experimentally observed

binding pose.

2.3. Binding free energy calculations

Molecular Mechanics Generalized Born Surface Area (MM-
GBSA) approach was used for calculating binding free energy
of the final molecules by Prime module available in Schrödin-

ger suite 2020–3. Energy minimization and simulation was per-
formed using VSGB 2.0 energy model (Li et al., 2011) by
keeping input partial charges for ligand complexes, without

applying any restriction on flexible residues. OPLS3e force
field (Roos et al., 2019) was used for energy calculation and
optimization which incorporate physics-based corrections for
self-contact, p-p, p-cationic, hydrogen bonding and hydropho-

bic interactions along with an optimized implicit solvation
model. All 10 molecules were subjected to binding free energy
calculation against the selected receptors (Jacobson et al.,

2004) (Li et al., 2011).

2.4. Prediction of pharmacological and toxicological properties

In recent years, the significance of favorable pharmacokinetic
features for the discovery of successful drug candidates has
been widely acknowledged. Thus, ADMET evaluations are

integrated earlier into the field of drug design and discovery.
QikProp (Duffy and Jorgensen, 2000) has been proved to be
a novel tool in computing and optimizing the pharmacokinetic
profile or ADMET relevant descriptors for pharmaceutically

acceptable compounds. Further, this algorithm is also used
to correlate physicochemical and pharmacokinetic properties
with 3D molecular structure of the test ligands. Neutralization

of compounds is an essential step that is performed before
being used by QikProp, as this tool is incapable to neutralize
a compound. A total of 44 predicted properties such as physic-

ochemical properties, principal descriptors, LogP, QP% and
log HERG are generated in normal mode. It also determines
the acceptability of the ligands, based on Lipinski’s rule of five

(Lipinski et al., 1997) and three, that are crucial for rational
drug design.

2.5. Molecular dynamics simulation

Conformational stability is crucially important for potent inhi-
bition of any receptor and an MD study provides conforma-
tional landscape of protein–ligand complexes at given

temperature. In order to understand the dynamics interaction
mechanism between the receptor and the ligand, we have per-
formed a molecular dynamics simulation study. The XP-
docked poses of H1/4XCT, H1/5F95, H1/2AZ5, H1/4C13,
H1/4MOT complexes, and apoproteins were used as initial
structures for MD simulation using the Desmond module with

OPLS3e force field available in Schrödinger suite (Jacobson
et al., 2004). The complexes were solvated explicitly with
TIP4P water molecules (Duffy and Jorgensen, 2000;

Lawrence and Skinner, 2003; Jorgensen and Madura, 1985)
in an orthorhombic box permitting 10 Å buffer region between
amino acid residues or atoms and box sides. The solvated sys-

tems were neutralized by adding (11Na+-H1/4XCT; 8Cl�1-
H1/5F95; 3Na+-H1/2AZ5; 15Na+-H1/4C13; 3Na+-
H1/4MOT) counter ions. The systems comprise of water mole-
cules (5838-H1/4XCT;15419-H1/5F95; 11329-H1/2AZ5;

17414-H1/4C13; 8408-H1/4MOT), atoms (19997-H1/4XCT;
51936-H1/5F95; 38689-H1/2AZ5; 59887-H1/4C13; 28474-
H1/4MOT). Minimization of systems were accomplished with

OPLS3e force field using 200 steepest descent step algorithms,
followed by 1000 steps of conjugate gradient method until a
gradient threshold of 25 kcal/mol was achieved. Particle-

mesh Ewald method at a tolerance of 1e-09 was used for
long-range electrostatic interactions treatment (Essmann
et al., 1995). Whereas for Coulombic and Van der Waals inter-

actions, a cut-off radius of 9 Å was applied. The minimized
system was then simulated for 100 ns at constant temperature
and pressure using isothermal and isobaric ensemble (NPT). A
Martyna Tobias Klein barostat and Nose-Hoover thermostat

were used to maintain constant pressure and temperature,
respectively. RESPA integration algorithm was used for all
bonded (2 fs time steps), near nonbonded (2 fs time steps)

and far nonbonded (6 fs time steps) (Böhm et al., 2004;
Martyna et al., 1992; Martyna et al., 1994; Martyna et al.,
1996). The 3D-structures and obtained trajectories for all the

complexes were visualized using Maestro-graphical interface.

3. Results and discussion

3.1. Scaffold hopping and molecular docking

Scaffold hopping refers to a type of bioisosteric replacement
where a key core of a template structure is kept constant while
replacing some of the key features. In general, the main aim of
scaffold hopping is to discover equipotent derivatives with dif-

ferent backbone which have improved physicochemical prop-
erties and enhanced biological activity than the compounds
that are active against a preselected target. The alterations of

a template structure with desired biological activity may
include ring replacement by heterocyclic scaffolds.

The structure of nicotine, which is conceived as a therapeu-

tic model to develop novel bioactive molecules for the manage-
ment of DW. Considering the significant importance of
pyridine moiety (Core 1) for inhibiting the MMP-9, GSK-3b,
TNF-a, MurC and ParE receptors, retained the Core 1 part



Table 1 Molecular docking (kcal/mol) and binding free energy calculation (kcal/mol) of nicotine and its hops against selected

receptor proteins.

S. No. HOPS MMP-9 (pdb.4xct) GSK-3b (pdb.5f95) TNF-a (pdb.2az5) MurC (pdb.4c13) ParE (pdb.4mot)

Gscore DGbind Gscore DGbind Gscore DGbind Gscore DGbind Gscore DGbind

1 �7.78 �74.32 �8.14 �55.39 �5.78 �58.94 �4.13 �68.49 �5.93 �78.79

2 �7.76 �64.73 �7.77 �46.18 �5.71 �57.62 �4.07 �65.70 �5.31 �62.89

3 �7.75 �61.42 �7.76 �45.83 �5.70 �54.86 �4.05 �55.33 �4.89 �61.12

4 �7.59 �59.70 �7.27 �39.32 �5.58 �39.77 �3.89 �55.14 �4.39 �58.10

5 �7.54 �48.23 �6.68 �37.12 �5.52 �38.12 �3.71 �51.67 �4.36 �56.30

6 �6.23 �41.89 �6.65 –32.37 �5.45 �29.59 �3.64 �48.66 �3.97 �43.44

7 �5.61 �39.23 �6.55 �31.91 �5.38 �29.45 �3.52 �36.79 �3.85 �25.75

8 �5.25 �35.63 �6.49 �30.46 �5.35 –22.65 �3.23 �25.98 �3.85 �18.82

9 �5.01 –32.78 �5.88 �28.96 �5.34 �14.84 �3.10 �21.59 �3.84 �5.79

10 �4.99 �30.11 �5.52 �26.63 �5.34 �14.65 �3.07 �20.70 �3.68 �4.39

11 Nicotine �4.58 �48.56 �5.63 –22.64 �3.75 �9.96 �2.43 �12.35 �3.18 �55.15

12 Co-crystal �5.20 �41.17 �9.98 �45.23 �6.58 �62.03 �13.97 �100.11 �5.34 �57.46
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during the scaffold hopping calculation. The first scaffold hop-
ping operation was aimed at the Core 3 part followed by Core
2 by replacing with different moieties (Fig. 1).
Consequently, a total of 100 molecules were sorted and fil-
tered by goodness of alignment obtained through scaffold hop-
ping of nicotine. These compounds were SP-docked into



Fig. 2 The 3D-interaction diagram of H1 in the catalytic pocket of MMP-9 (PDB ID: 4XCT) exposing key interactions.

Fig. 3 The 3D-interaction diagram of H1 in the catalytic pocket

of GSK-3b (PDB ID: 5F95) exposing key interactions.

Fig. 4 The 3D-interaction diagram of H1 in the catalytic pocket

of TNF-a (PDB ID: 2AZ5) exposing key interactions.
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catalytic pockets of MMP-9, GSK-3b, TNF-a, and antibacte-
rial targets (MurC and ParE), respectively, screening out 50

molecules with higher Gscore and better binding affinity than
the parent compound. These 50 molecules subjected to XP-
docking and free energy analysis. The 10 top-ranked molecules
(High negative Gscore, binding free energy and excellent pro-

tein–ligand interactions) were used for further analysis. The
Gscore and DGbind of these compounds with selected receptors
(Table 1) were higher than the original compound.

Of the top ten hops, the hop 1 (H1) has the strongest bind-
ing affinity with all the selected receptors and hence it was sin-



Fig. 5 The 3D-interaction diagram of H1 in the catalytic pocket

of MurC (PDB ID: 4C13) exposing key interactions.

Fig. 6 The 3D-interaction diagram of H1 in the catalytic pocket

of ParE (PDB ID: 4MOT) exposing key interactions.
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gled out for further investigation. The H1 complexed with
MMP-9 receptor exhibited potent binding affinity (Gscore

�7.78 kcal/mol and DGbind �74.32 kcal/mol) when compared
with its parent compound (Gscore �4.58 kcal/mol and DGbind

�48.56 kcal/mol) and co-crystal (Gscore �5.20 kcal/mol and

DGbind �41.17 kcal/mol). The H1 displayed hydrogen bonding
interactions with conserved amino acid residues of MMP-9
crystal structure (Fig. 2). The common amino acid residue that

is conserved in the co-crystal, nicotine and H1 is Ala189. The
carbonyl group present at position two of tetrahydropyyrole
ring showed a key hydrogen bonding interaction with the
backbone –NH moiety of Ala189 (>C = O� � �HN, 2.03 Å).

One more hydrogen bonding interaction was exhibited by
Ala189 with NH moiety of tetrahydropyyrole ring
(NH� � �O = C<, 2.15 Å). The sulphonyl oxygen displayed a

hydrogen bonding interaction with the –OH moiety of
Glu227 (>S = O� � �HO, 2.93 Å). Further, Glu227 accepting
a hydrogen bonding interaction from the –NH moiety of

tetrahydropyyrole ring (NH� � �O = C<, 2.44 Å). In addition,
side chain of H1 donating a hydrogen bonding interaction to
the carbonyl group of Gly186 (NH� � �O=C<, 2.30 Å). More-
over, the H1 was stabilized within the catalytic pocket of

MMP-9 by forming p-p interaction with the electron cloud
of pyridine molecule and Tyr248. From this, it is evident that
the hydrogen bonding network played a role in stabilizing the
conformation of H1 in the catalytic pocket of MMP-9, which

is indispensably important for binding affinity and activation.
The next receptor which demonstrated significant binding

affinity with H1 molecule is GSK-3b (Fig. 3). The H1 showed

higher binding affinity (Gscore �8.14 kcal/mol and
DGbind �55.39 kcal/mol) than nicotine (Gscore �5.63 kcal/mol
and DGbind –22.64 kcal/mol). Further, H1 exhibited lower

Gscore but showed a higher binding free energy than co-
crystal (Gscore �9.98 kcal/mol and DGbind �45.23 kcal/mol).
The H1 displayed six hydrogen bonding interactions with the
key amino acid residues available in the catalytic pocket of

GSK-3b. The first hydrogen bonding interaction was found
between the carbonyl group present at position two of tetrahy-
dropyrrole ring and the protonated –NH of Arg141 (>C =

O� � �HN(H), 2.20 Å). The both sulphonyl oxygens accepting
two hydrogens from the side chain –NH of protonated
Arg141 (>S = O� � �HN(H), 2.44 Å) and Gln185 (>S =

O� � �HN(H), 2.18 Å). The side chain –NH of H1 donating
two hydrogen bonding interactions with the carbonyl group
of Asn186 (NH� � �O = C<, 1.99 Å) and Asp200
(NH� � �O = C<, 2.52 Å). Further, nitrogen present in the

pyridine moiety exhibited a hydrogen bonding interaction with
protonated Asn64 ((Ar)N� � �HN, 2.07 Å). All these interac-
tions were involved in the stabilization of H1 in the GSK-3b
making the binding steadier.

The other receptor which exhibited moderate binding affin-
ity with H1 molecule is TNF-a (Fig. 4). The H1 showed higher

binding affinity (Gscore �5.78 kcal/mol and DGbind

�58.94 kcal/mol) than nicotine (Gscore �3.75 kcal/mol and
DGbind �9.96 kcal/mol). Further, H1 exhibited lower binding

affinity than co-crystal (Gscore �6.58 kcal/mol and DGbind



Fig. 7 RMSD (Å) of the simulated apoproteins (a) 4XCT (b) 5F95, (c) 2AZ5, (d) 4C13 and (e) 4MOT during 100 ns of MD simulation.
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�62.03 kcal/mol). The H1 exhibited only two hydrogen bond-
ing interactions with the key amino acid residues of TNF-a.
The –NH moiety of tetrahydropyrrole ring donating a hydro-

gen bonding interaction to the carbonyl oxygen of Leu120
(NH� � �O = C<, 1.94 Å). The other donating hydrogen bond-
ing interaction was exhibited between the –NH of H1 and the

aromatic –OH of Tyr151 (NH� � �O = C<, 1.76 Å). As the
interactions are not prominent between the H1 and TNF-a,
the complex was found to be moderately stable in contrast

to the co-crystal.
The other receptor which exhibited significant binding

affinity with H1 molecule is MurC (Fig. 5). The H1 showed

higher binding affinity (Gscore �4.13 kcal/mol and DGbind

�68.49 kcal/mol) than nicotine (Gscore �2.43 kcal/mol and
DGbind �12.352 kcal/mol). Further, H1 exhibited lower bind-
ing affinity than co-crystal (Gscore �13.97 kcal/mol and DGbind

�100.118 kcal/mol). The H1 displayed five hydrogen bonding
interactions with the key amino acid residues available in the
catalytic pocket of MurC. The carbonyl oxygen of thiazole
ring exhibited two hydrogen bonding interactions with Thr46
(>C = O� � �HN, 1.91 Å) and Val47 (>C = O� � �HN,
2.15 Å). The sulphonyl oxygens of H1 accepting two hydrogen

bonding interactions with the Tyr45 (>S = O� � �HN, 2.29 Å)
Thr46 (>S = O� � �HN, 2.80 Å). Further, nitrogen of pyridine
ring accepts a hydrogen bonding interaction with –NH moiety

of protonated Arg187 ((Ar)N� � �HN, 2.57 Å). All these interac-
tions played a pivotal role in stabilizing the H1 in the catalytic
domain of MurC.

The final receptor which exhibited potent binding affinity
with H1 molecule is ParE (Fig. 6). The H1 showed higher bind-
ing affinity (Gscore �5.93 kcal/mol and DGbind �78.79 kcal/-

mol) than nicotine (Gscore �3.18 kcal/mol and DGbind

�55.15 kcal/mol) and co-crystal (Gscore �5.34 kcal/mol and
DGbind �57.46 kcal/mol). The H1 exhibited four hydrogen
bonding interactions with key amino acid residues responsible

for the inhibitory activity of ParE. The carbonyl oxygen of
tetrahydropyrrole ring accepting a hydrogen bonding interac-
tion with side chain –NH of Leu119 (>C = O� � �HN,



Fig. 8 RMSD (Å) of the simulated positions of Ca and heavy atoms (a) H1/4XCT, (b) H1/5F95, (c) H1/2AZ5, (d) H1/4C13 and (e) H1/

4MOT complexes during MD simulation.
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1.82 Å). Further, –NH group of tetrahydropyrrole ring
donating a hydrogen bonding interaction with carbonyl oxy-

gen of Leu119 (NH� � �O = C<, 2.31 Å). The protonated
Arg140 exhibited a hydrogen bonding interaction with the car-
bonyl oxygen of thiazole ring (N(H)H� � �O = C<, 2.63 Å). In

addition, the –NH moiety of sulphonamide side chain
(NH� � �O = C<, 1.78 Å) donating a hydrogen bonding inter-
action to the Gly82. The hydrogen bonding network played a

pivotal role in stabilizing the complex and inhibitory activity of
ParE.

3.2. Molecular dynamics simulation analysis

To get insights into the binding modes, MD simulation studies
were performed for the H1/4XCT, H1/5F95, H1/2AZ5,
H1/4C13, H1/4MOT complexes and compared with their

respective apoproteins. The stabilities of the binding pose of
complexes were analyzed by investigating the trajectory frames
obtained from the MD simulation studies.
The results obtained for MD simulation of all the com-
plexes were compared with the apoproteins which was simu-

lated for 100 ns (Fig. 7a-e). The first protein 4XCT exhibited
gradual increase of root-mean square deviation (RMSD) for
first 50 ns and then stabilized with 1.89–5.06 of Ca Å and

2.50–5.04 Å of heavy atoms (HA) (Fig. 7a). While the mean
RMSD for apoprotein 5F95 was found to be stable through-
out MD study with the values of 1.65–2.78 Å and 2.26–

3.35 Å for Ca and HA, respectively (Fig. 7b). RMSD of Ca
and HA have shown steady increase from 0 to 10 ns and then
system equilibrated with values of 1.66–2.46 Å (Ca) and 2.27–
2.84 Å (HA) for 2AZ5 apoprotein (Fig. 7c). Whereas, the

apoprotein of 4C13 exhibited stable RMSD till 50 ns with
value of 1.65–2.01 Å (Ca) and 2.15–2.64 Å (HA). After which
a steady increase of RMSD was observed for 20 ns and then

system was found to be stable for the remaining time of MD
study (Fig. 7d). Besides, the apoprotein 4MOT has also exhib-
ited stable RMSD with the values 2.28–3.50 Å (Ca) and 2.83–

3.51 Å (HA) (Fig. 7e).



Fig. 9 RMSF (Å) of the simulated apoproteins (a) 4XCT (b) 5F95, (c) 2AZ5, (d) 4C13 and (e) 4MOT during 100 ns of MD simulation.
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RMSD of initial H1/4XCT complex configurations
increased slightly during equilibration and converged till
20 ns of 100 ns simulation (Fig. 8a). After equilibrium, the

RMSD values of complex Ca (2.40–3.78 Å) and HA (2.93–4.
32 Å), indicated less structural alterations in the protein struc-
ture. Whereas, RMSD values of H1/5F95 complex Ca and HA

were observed in the range of 1.72–2.79 Å and 2.29–3.50 Å,
respectively (Fig. 8b). Moreover, there was a slight increase
in the RMSD values after 50 ns which may be attributed to

the conformational changes in the protein structure.
While, H1/2AZ5 MD simulation of complex, an initial

increase in the RMSD was observed during the first 20 ns of
MD simulation, which may due to the structure relaxation that

are being solvated in the system. The time-dependent RMSD
values of H1/2AZ5 complex Ca and HA were observed to be
2.34–3.01 and 2.22–3.03 Å, respectively. This shows the mini-

mal fluctuations in the structure of protein while shifting from
its crystal structure to the protein structure in solvation system
(Fig. 8c). RMSD of both antibacterial targets were also ana-
lyzed to explore the dynamics stability of proteins 4C13 and
4MOT. In case of H1/4C13 complex, RMSD values of Ca
and HA are 2.43–4.95 and 2.74–5.49 Å, respectively indicating

that the residues did not dramatically alter the protein struc-
ture in water (Fig. 8d). Whereas RMSD of initial H1/4MOT
complex configurations increased slightly during equilibrium

till 26 ns of 100 ns MD simulation (Fig. 8e). Moreover, after
equilibrium, the RMSD values of complex Ca (2.42–3.36 Å)
and HA (2.50–3.95 Å), which indicates no structural alter-

ations in the protein structure during MD simulation study.
Root-mean square fluctuations (RMSF) which determines

the flexibility of protein was calculated for the apoprotein of
all receptors (Fig. 9a-e). RMSF values was significantly higher

for the amino acid residues Gly178 (Ca: 8.35 Å, HA: 8.02 Å),
Asp182 (Ca: 6.35 Å, HA: 6.78 Å) Lys144 (Ca: 6.29 Å, HA:
7.58 Å), and His175 (Ca: 5.74 Å, HA: 6.49 Å) for 4XCT

apoprotein (Fig. 9a). In case of 5F95 apoprotein, the Lys123
(Ca: 3.77 Å, HA: 4.61 Å), Arg144 (Ca: 2.09 Å, HA: 3.59 Å),
Asn287 (Ca: 2.87 Å, HA: 3.54 Å), Thr289 (Ca: 3.24 Å, HA:



Fig. 10 RMSF (Å) of the simulated positions of Ca and heavy atoms (a) H1/4XCT (b) H1/5F95, (c) H1/2AZ5, (d) H1/4C13 and (e) H1/

4MOT complexes.
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3.41 Å) Glu290 (Ca: 3.01 Å, HA: 3.31 Å), and Ala382 (Ca:
2.87 Å, HA: 3.10 Å) (Fig. 9b) have exhibited greater fluctua-
tions when compared to other residues. Furthermore, the

RMSF values was significantly higher for amino acid residues
Ala35 (Ca: 2.55 Å, HA:2.50 Å), Ser71 (Ca: 1.97 Å,
HA:2.14 Å), Gln102 (Ca: 2.00 Å, HA:3.32 Å), Pro106 (Ca:
3.47 Å, HA:3.55 Å) Tyr87 (Ca: 2.53 Å, HA:3.87 Å), and
Gly108 (Ca: 4.04 Å, HA:3.93 Å) of 2AZ5 apoprotein
(Fig. 9c). Further, RMSF of 4C13 also exhibited greater fluc-

tuations for amino acids Asn151 (Ca: 3.83 Å, HA:4.49 Å),
Pro73 (Ca: 4.77 Å, HA:4.64 Å), Ala57 (Ca: 3.70 Å,
HA:3.82 Å), Cys53 (Ca: 3.28 Å, HA:3.22 Å), Tyr45 (Ca:
3.67 Å, HA:4.77 Å), Gly467 (Ca: 3.78 Å, HA:3.77 Å), and

Pro341 (Ca: 3.06 Å, HA:3.28 Å) (Fig. 9d). Whereas, the
RMSF of 4MOT has shown greater fluctuations for amino
acids Met90 (Ca: 4.35 Å, HA: 5.67 Å), Phe108 (Ca: 5.17 Å,

HA: 5.46 Å), Gly109 (Ca: 6.45 Å, HA: 6.23 Å), Gly112 (Ca:
5.00 Å, HA: 4.16 Å), Thr115 (Ca: 6.58 Å, HA: 6.61 Å),
Tyr113 (Ca: 4.05 Å, HA: 4.26 Å), and Asn226 (Ca: 2.55 Å,
HA: 3.14 Å) (Fig. 9e).

RMSF of the amino acid residues of proteins 4XCT, 5F95,

2AZ5, 4C13 and 4MOT are represented in Fig. 10a-e. The
H1/4XCT complex exhibited lower mean RMSF values Ca
and HA at 0.43 and 0.51 Å, respectively demonstrating less

structural changes in the protein crystal structure (Fig. 10a).
The ligand contacting amino acid stretches are Tyr179 (Ca:

1.97 Å, HA: 2.44 Å), Pro180 (Ca: 1.94 Å, HA: 2.40 Å), Phe181

(Ca: 1.75 Å, HA: 1.65 Å), Asp182 (Ca: 1.97 Å, HA:2.23 Å),
Gly183 (Ca: 2.66 Å, HA:2.49 Å), Lys184 (Ca: 2.92 Å, HA:
4.20 Å), Asp185 (Ca: 2.37 Å, HA: 2.90 Å), Leu 187 (Ca:
0.94 Å, HA: 1.19 Å), His190 (Ca: 0.61 Å, HA: 0.83 Å),

Pro194 (Ca: 0.61 Å, HA: 0.67 Å), Gln199 (Ca: 0.64 Å, HA:
0.93 Å), Asp206 (Ca: 0.95 Å, HA: 1.28 Å), Phe223 (Ca:
0.48 Å, HA: 0.57 Å), Pro240 (Ca: 0.95 Å, HA: 1.12 Å). How-

ever, no ligand contacts were observed at higher fluctuation
regions (Ca and HA RMSF values above 3.95 and 5.18 Å).



Fig. 11a 2D-interaction diagram of H1 with the catalytic pocket residues of MMP-9 (PDB ID: 4XCT) proteins throughout the 100 ns

simulation trajectory.
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The RMSF of Ca (2.92 Å) and HA (3.12 Å) was observed for

the catalytic residue Lys184 which is present in the loop
(Gly171-Leu188) connecting two b-sheets on either side
(Ile166-Phe170 and Ala189-Ala191).

The catalytic domain of binding residues of H1/5F95 com-
plex exhibited lower mean RMSF values for amino acid resi-
dues Lys60 (Ca: 1.22 Å, HA: 1.68 Å), Ile62 (Ca: 1.22 Å,

HA: 1.47 Å), Gly63 (Ca: 1.40 Å, HA: 1.23 Å), Asn64 (Ca:
1.60 Å, HA: 2.05 Å), Gly65 (Ca: 2.32 Å, HA: 2.23 Å), Ser66
(Ca: 2.42 Å, HA: 2.53 Å), Val69 (Ca: 0.98 Å, HA: 1.19 Å),

Gln72 (Ca: 0.96 Å, HA: 1.42 Å), Lys85 (Ca: 0.64 Å, HA:
0.72 Å), Asp133 (Ca: 0.62 Å, HA: 0.99 Å), Val135 (Ca:
0.71 Å, HA: 0.85 Å), Pro136 (Ca: 0.96 Å, HA: 1.00 Å),
Glu137 (Ca: 0.60 Å, HA: 0.96 Å), Val139 (Ca: 0.61 Å, HA:

0.66 Å), Lys183 (Ca: 0.53 Å, HA: 0.77 Å), Gln185 (Ca:
0.64 Å, HA: 0.74 Å), Asn186 (Ca: 0.60 Å, HA: 0.77 Å), Leu
(Ca: 0.50 Å, HA: 0.60 Å), Cys199 (Ca: 0.58 Å, HA: 1.03 Å),

indicating less structural alterations of these residues
(Fig. 10b). The Ca and HA of residues between the amino acid
stretches Lys60-Phe67 exhibited high fluctuations in the range

of 1.22–2.27 Å and 1.19–2.31 Å, respectively. The amino acid
residue Ser66 has showed maximum RMSF values (2.42 and
2.61 Å for both Ca and HA), present within the flexible loop

(Gly63-Phe67) connecting two b-sheets on either side (Val60-
Lys61 and Gly68-Leu75). From the RMSF plot, it is evident
that RMSF values of Ca and HA atoms were in the order of
1–3 Å for connecting residues.

The H1/2AZ5 complex exhibited lower mean RMSF values
of 0.43 Å and 0.48 Å for Ca and HA (Fig. 10c). This indicated
lower fluctuations in the protein. The maximum RMSF of Ca
and HA at 5.75 and 5.80 Å, respectively was observed for

Pro106 present on the flexible loop (Ser99-Pro113) connecting
two b-sheets Trp114-Leu126 and Thr89-Ile97. The high con-
formational changes in Pro106 are may be due to the presence

of flexible body movement of Ser99-Pro113 residues. The
ligand interactions were observed with amino acid residues
His15 (Ca: 0.59 Å, HA:0.92 Å), Leu57 (Ca: 0.51 Å, HA:

1.11 Å), Ile58 (Ca: 0.50 Å, HA: 0.69 Å), Tyr59 (Ca: 0.61 Å,
HA: 0.99 Å), Ser60 (Ca: 0.56 Å, HA: 0.73 Å), Gln61 (Ca:
0.62 Å, HA: 1.15 Å), Pro117 (Ca: 0.86 Å, HA: 0.94 Å),

Tyr119 (Ca: 0.62 Å, HA: 1.17 Å), Leu120 (Ca: 0.55 Å, HA:
0.63 Å), Gly121 (Ca: 0.67 Å, HA: 0.63 Å), Gly122 (Ca:
0.56 Å, HA: 0.56 Å), Gln149 (Ca: 1.20 Å, HA: 1.96 Å),
Tyr151 (Ca: 0.54 Å, HA: 0.70 Å) and Ile155 (Ca: 0.67 Å,

HA: 1.09 Å). The RMSF values of all the connecting residues
were not exceeded 3 Å. Further, RMSF was found to be lower
for the contacting residues when compared with apoprotein,

signifies the stability of ligand with protein residues.
The protein Ca and HA of 4C13 active site ligand residues

exhibited lower RMSF values, indicating minimal fluctuations

of catalytic residues (Fig. 10d). The ligand interactions with
protein were found between the amino acid stretches Val40-
Phe52, Asp83-Ser89, Ala150-Val157, Leu185 and Met212.

The contacting residues Thr28 (Ca: 1.34 Å, HA: 1.42 Å),
Asp29 (Ca: 1.80 Å, HA: 2.05 Å), Ser30 (Ca: 1.99 Å, HA:
2.10 Å), Phe39 (Ca: 1.38 Å, HA: 1.55 Å), Ser42 (Ca: 1.64 Å,
HA: 1.73 Å), Val43 (Ca: 1.89 Å, HA: 2.11 Å), Gly44 (Ca:
2.44 Å, HA: 2.48 Å), Tyr45 (Ca: 3.01 Å, HA: 4.12 Å),
Thr46 (Ca: 3.06 Å, HA: 3.33 Å), Val47 (Ca: 2.78 Å, HA:
2.90 Å), Asp48 (Ca: 2.27 Å, HA: 2.44 Å), Lys51 (Ca:



Fig. 11b 2D-interaction diagram of H1 with the catalytic pocket residues of GSK-3b (PDB ID: 5F95) protein throughout the 100 ns

simulation trajectory.
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2.47 Å, HA: 2.70 Å), Thr84 (Ca: 1.30 Å, HA: 1.37 Å), Gly186

(Ca: 1.13 Å, HA: 1.11 Å), Arg189, (Ca: 1.11 Å, HA: 1.50 Å),
exhibited minimal RMSF values. However, maximum RMSF
values was observed for Thr212 (Ca: 5.91 Å, and HA: 6.74 Å).
These residues observed between the amino acid stretches

Thr27-Arg31 with fluctuations are present in the loop
(Asp25-Arg36) connecting a b-sheet (Thr27-Asp25) and a-
helix (Thr28-Arg36) on either side.

The H1/4MOT complex exhibited minimal RMSF values
(Fig. 10e) between amino acid stretches Tyr113-Val122 con-
necting two a-helices Val95-Ala104 and Gly123-Ala129 on

each side of the loop. The contacting residues are Ile48 (Ca:
0.79 Å, and HA: 0.96 Å), Asp50 (Ca: 1.14 Å, and HA:
1.67 Å), Asn51 (Ca: 1.19 Å, and HA: 1.51 Å), Ala52 (Ca:
0.93 Å, and HA: 0.93 Å), Val53 (Ca: 1.00 Å, and HA:

1.22 Å), Asp54 (Ca: 1.16 Å, and HA: 1.37 Å), Glu55 (Ca:
0.92 Å, and HA: 1.20 Å), Gly80 (Ca: 0.79 Å, and HA:
0.77 Å), Gly82 (Ca: 1.04 Å, and HA: 1.04 Å), Pro84 (Ca:
1.11 Å, and HA: 1.14 Å), Thr85 (Ca: 1.14 Å, and HA:
1.33 Å), Met87 (Ca: 1.46 Å, and HA: 1.96 Å), Ala89 (Ca:
2.07 Å, and HA: 2.22 Å), Thr94 (Ca: 0.98 Å, and HA:

1.37 Å), His103 (Ca: 0.94 Å, and HA: 1.12 Å) and Phe108
(Ca: 1.57 Å, and HA: 2.16 Å). However, maximum RMSF val-
ues were observed for Ser116 (Ca: 5.33 Å, and HA: 5.22 Å),

Gly117 (Ca: 3.99 Å, and HA: 4.21 Å), and Gly118 (Ca:
3.54 Å, and HA: 3.15 Å).

Analysis of MD trajectory of the compound H1 exposed
hydrogen bonding interactions, p-p stacking interactions and
salt-bridges with key amino acid residues within the catalytic

pockets of 4XCT, 5F95, 2AZ5, 4C13 and 4MOT, represented
in Figs. 11a-e. MD simulation analysis of H1/4XCT complex
exhibited similar modes of binding interactions as predicted
by the docking study. Among four hydrogen bonding interac-

tions of XP-docking, two were preserved in 8–75% of MD tra-
jectory. As shown in Fig. 11a, two high frequency hydrogen
bonding networks were observed between the carbonyl group

of tetrahydropyrrole ring and Leu188 (75% MD trajectory)
and Ala189 (60% MD trajectory). One more high frequency
donating hydrogen bonding interaction was observed between

the NH group of tetrahydropyrrole and Ala189 (74% MD tra-
jectory). The remaining hydrogen bonding networks are medi-
ated through water bridge and low in frequency (His190,
Ala191, Glu227, Met247, His236). Further, complex was stabi-

lized by p-p stacking interaction between the pyridine molecule
of H1 and electron cloud of His226 (22% MD trajectory).

As shown in Fig. 11b, the compound H1 preserved hydro-

gen bonding interactions of XP-docking pose of H1/5F95
complex. However, all the hydrogen bonding network
observed in moderate frequency with the key amino acid resi-

dues of catalytic pocket of 5F95. The carbonyl groups of
tetrahydropyrrole formed five water-mediated hydrogen bond-
ing interactions with Ile62 (14% MD trajectory), Asn64 (11%

MD trajectory), Gln185 (11% MD trajectory), Arg141 (16%
MD trajectory) and Arg144 (15% MD trajectory).

MD trajectory analysis of H1/2AZ5 complex exposed three
hydrogen bonding interactions, out of which two were



Fig. 11c 2D-interaction diagram of H1 with the catalytic pocket residues of TNF-a protein (PDB ID: 2AZ5) throughout the 100 ns

simulation trajectory.
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observed in XP-docking analysis. The NH moiety of tetrahy-
dropyrrole and Ser60 (16% MD trajectory), Tyr119 (20%
MD trajectory) and Leu120 (28% MD trajectory) (Fig. 11c).
The other hydrogen bonding network was observed to be

water-mediated and low in frequency. However, the com-
pound H1 was stabilized by the formation of three p-p stack-
ing interaction between the electron cloud of thiazole, pyridine

ring and Tyr119 (37% MD trajectory), Tyr59 (26% MD tra-
jectory), respectively.

In addition, the compound H1 has shown significant inter-

actions with both the targets of bacteria (MurC and ParE).
The H1/4C13 complex exhibited hydrogen bonding interac-
tions (12–46% MD trajectory) with key amino acid residues

within the catalytic pocket of 4C13 (Fig. 11d). Only two
hydrogen bonding interactions were preserved from XP-
docking analysis of H1/4C13 complex.

The NH moiety of tetrahydropyrrole formed a low fre-

quency hydrogen bonding interaction with Glu155 (18%
MD trajectory). The sulphonyl group formed a high frequency
water-mediated hydrogen bonding interaction with Glu155

(46% MD trajectory). The NH moiety of sulphonamide linker
formed a moderate frequency hydrogen bonding interaction
with Ser42 (25%MD trajectory). The nitrogen of pyridine ring

formed a water-mediated hydrogen bonding interaction with
hydrophobic residue Val157 (22% MD trajectory). Further,
carbonyl groups of tetrahydropyrrole ring formed a low fre-
quency hydrogen bonding interaction with protonated Arg31
and Glu155.

Further, the compound H1 has exhibited significant inter-
actions with the critical amino acid residues of 4MOT

(Fig. 11e). Out of seven hydrogen bonding interactions
observed in MD simulation, only one was preserved from
XP-docking studies.

€Gly118 of 4MOT formed two moderate frequency hydro-
gen bonding interactions with the –NH moiety (39% MD tra-
jectory) and carbonyl group (25% MD trajectory) of

tetrahydropyrrole ring. Besides, sulphonyl group formed a
low frequency hydrogen bonding interaction with Gly118
(18% MD trajectory). The carbonyl group of tetrahydropy-

rrole ring formed a hydrogen bonding network with the proto-
nated Arg81 (23% MD trajectory). The nitrogen moiety
present in the pyridine ring formed three low frequency hydro-
gen bonding interactions with Gly82 (15% MD trajectory),

Asp78 (30% MD trajectory) and Thr172 (15% MD trajec-
tory). The compound H1 exhibited an intramolecular hydro-
gen bonding interaction between NH moiety of

sulphonamide and carbonyl group of sulphonyl moiety. More-
over, the compound H1 was stabilized by p-p stacking interac-
tion formed between the pyridine nucleus and electron cloud of

His120.
Further, MMGBSA calculations were performed for the

MD trajectories for the selected complexes. The results signify



Fig. 11d 2D-interaction diagram of H1 with the catalytic pocket residues of MurC protein (PDB ID: 4C13) throughout the 100 ns

simulation trajectory.
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the H1 compound has significant binding energy and binding

affinity against the selected receptors (Supplementary
Table S3). Additionally, ligand properties were analyzed with
the selected receptors 4XCT, 5F95, 2AZ5, 4C13 and 4MOT

(Supplementary Figure S2a-e). Radius of gyration (ROG)
(measures the ‘extendedness’ of a ligand) of the H1/4XCT
complex was ranged between 3.82 and 4.19 Å, indicating low

conformational modifications of the compound H1 and its sta-
bility within the catalytic pocket of 4XCT. Further, lower
RMSD (0.63–1.25 Å) values during the MD simulation con-
firms stability and lower conformational flexibility of the com-

pound H1 (Supplementary Figure S2a). Further, stabilization
of the H1 was supported by solvent accessible surface area
(SASA) (80–323 Å2) and polar surface area (PSA) (245–

283 Å2). Molecular surface area (MolSA) values ranging from
358 to 382 Å2 indicating lower fluctuations of the H1 within
the catalytic pocket of 4XCT. From the Supplementary Fig-

ure S2b, it is observed that the average RMSD (1.23–2.61 Å)
and ROG (3.75–4.10 Å) values of H1 in the binding pocket
of 5F95 indicates the lower fluctuations and increased stability
after 20 ns of MD study. However, stabilization of H1 was

achieved through PSA (258–286 Å2), MolSA (355–382 Å2),
and SASA (176–352 Å2). Ligand properties of H1 with

2AZ5 also revealed higher stability of the complex as evident
by their RMSD (0.4–1.2 Å), ROG (3.75–4.22 Å), PSA (240–
286 Å2), MolSA (356–380 Å2), and SASA (190–362 Å2) values

(Supplementary Figure S2c). The H1 also stabilized with the
antibacterial targets. H1/4C13 (Supplementary Figure S2d)
and H1/4MOT (Supplementary Figure S2e) complexes have

shown lower fluctuations with RMSD of 0.76–1.45 Å and
0.32–1.57 Å and ROG of 3.25–4.04 and 3.62–4.05 Å, respec-
tively, demonstrating less conformational changes and
enhanced stability during 100 ns of MD study. The stabiliza-

tion of the complexes was achieved by the PSA (238–284
and 236–290 Å2), MolSA (353–378 and 349–380 Å2), and
SASA (152–323 and 99–395 Å2).

3.3. Pharmacological and toxicological parameters

QikProp algorithm and Swiss ADME (http://www.swissadme.

ch/) online servers were used to predict the acceptability and
ADME properties of the hops 1–10 (Table 2). The results show

that the hops possess druggable characteristics and obeyed the
Lipinski rule of five (RF) with 0–1 violation. The hops CNS

http://www.swissadme.ch/
http://www.swissadme.ch/


Fig. 11e 2D-interaction diagram of H1 with catalytic pocket residues of ParE protein (PDB ID: 4MOT) throughout the 100 ns

simulation trajectory.
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activity was found in the range of �2 as inactiveinto + 2 as
active, exemplifying lack of CNS activity. The hopsare well

absorbed through phospholipid bilayer as evident by their
QPlogO/W values (-0.48 to 1.68). Further, polar surface area
of the hops was found in the range of 17.98 to 188.60 Å2,

implicating significant van der Waals surface around these
hops. The hops are well fitted within the binding pocket may
be because of the low conformational changes of protein upon

ligand, which was supported by SASA (398.83 to 684.67 Å2).
Moreover, the hops also possess apparent Caco-2 cell perme-
ability (50.15 to 256.43 Å2), indicating moderate permeability
of the hops. Not only permeability, the hops also found to

be safety for clinical testing as evident by their QPlogHERG
values (-3.16 to �6.20).

Besides, topological polar surface area (TPSA: 16.13 to

231.64 Å2) of the hops were found within the recommended
range. Except hops H2, H9, H10 and nicotine are not perme-
able through blood–brain barrier. All the hops except, H2, H9

and nicotine are not P-glycoprotein substrates; not actively
pumped out from the gastrointestinal lumen and brain. The
hops also considered as inhibitors of some of the CYP450s.

Further, the hops possess absorption properties through skin
as evident by their LogKp (skin permeation indicator) values.
The hops also showed significant bioavailability scores, impli-
cating their permeability and bioavailability of these hops. The

hops exhibited significant specific interactions with desired tar-
get only and has not involved in off-targeteffect as indicated by
their zero pains alert.
3.4. Plausible synthetic feasibility of compound H1.

The plausible synthetic scheme was designed using reaction-
based enumeration-pathfinder module available in Schrödin-

ger suite 2020–3. The scheme was provided in the supplemen-
tary information (Supplementary Figure S3).

4. Conclusion

Computational docking serves as an indirect strategy to scaf-
fold hopping in the search of bioactive compounds that are
structurally different from known active molecules. In sum-

mary, the hops obtained through scaffold hopping of nicotine
were screened for their binding affinity with the receptors
involved in pathogenesis of DW. The H1 molecule possesses

high negative Gscore and free energy with the selected receptors
MMP-9 (Gscore: �7.780 kcal/mol, DGbind:-74.321 kcal/mol),
GSK-3b (Gscore: �8.143 kcal/mol, DGbind: �55.39 kcal/mol),

TNF-a (Gscore: �5.788 kcal/mol, DGbind: �58.94 kcal/mol),
MurC (Gscore: �4.138 kcal/mol, DGbind: �68.49 kcal/mol)
and ParE (Gscore: �5.930 kcal/mol, DGbind: �78.79 kcal/mo

l).Docking results revealed similar kinds of interactions of con-
formationally flexible co-crystallized ligands with the binding
residues of respective receptors. Molecular dynamics simula-
tion studies revealed the role of hydrogen-bonding and

hydrophobic interactions for the binding of H1 with the
selected receptors. Besides, low conformational fluctuations
of H1, demonstrates the stability within the catalytic pocket
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of receptors throughout the 100 ns of MD study. These results
suggest that molecule H1 may be a potential druggable candi-
date for the management of DW. These findings lend strong

support to in vitro and in vivo studies that are highly required
to confirm the potency designed molecules against DW.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

CRediT authorship contribution statement

Bharat Kumar Reddy. Sanapalli: Conceptualization, Writing –

original draft, Supervision. Vidyasrilekha. Yele: Software,
Supervision, Validation. Dilep Kumar. Sigalapalli: Writing –
review & editing. Nikhil Gadewal: Software. Afzal B. Shaik:

Writing – review & editing. Richie R. Bhandare: Supervision.
Sivakumar. Annadurai: Supervision. Veera Venkata Satya-

narayana Reddy. Karri: Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.arabjc.2021.103585.

References

Acosta, J.B., Garcia del Barco, D., Cibrian Vera, D., Savigne, W.,

Lopez-Saura, P., Guillen Nieto, G., et al, 2008. The pro-inflam-

matory environment in recalcitrant diabetic foot wounds. Interna-

tional wound journal. 5 (4), 530–539.

Basta, P., Basham, K., Ross, W., Brust, M., Navarro, H., 2000.

Gestational nicotine exposure alone or in combination with ethanol

down-modulates offspring immune function. International journal

of immunopharmacology. 22 (2), 159–169.

Belardinelli, R., Georgiou, D., Cianci, G., Purcaro, A., 1999.

Randomized, controlled trial of long-term moderate exercise

training in chronic heart failure: effects on functional capacity,

quality of life, and clinical outcome. Circulation. 99 (9), 1173–1182.
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