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ABSTRACT: Gloriosine, a colchicine-like natural product, is widely obtained
from Gloriosa superba roots. Despite having remarkable anticancer potential,
colchicine could not pave its way to the clinic, while gloriosine is yet to be
investigated for its pharmacological effects. In the present work, 14 compounds,
including gloriosine, were isolated from the G. superba roots and were
characterized by NMR spectroscopy. Gloriosine (11) was evaluated for its
antiproliferative activity against a panel of 15 human cancer cell lines of different
tissues and normal breast cells. Gloroisine (11) displayed significant
antiproliferative activity against various cancer cell lines selectively, with IC50
values ranging from 32.61 to 100.28 nM. Further, gloriosine (11) was
investigated for its apoptosis-inducing ability and found to form apoptotic
bodies. It also inhibited A549 cell migration in the wound healing assay. Finally,
molecular docking studies were performed to explore the possible binding
modes of gloriosine with the colchicine-binding site of tubulin protein. Our
findings suggested that gloriosine might be a potential lead for anticancer drug discovery.

1. INTRODUCTION
Colchicine is a privileged natural product, obtained from
Colchicum autumnale and Gloriosa superba, which has long
been used for the treatment of gout, familial Mediterranean
fever, and Behc ̧et’s disease. It exhibits potential antiprolifer-
ative activity by binding to the colchicine-binding site (CBS) at
the interphase of α- and β-subunits of tubulin protein and
inhibiting its self-assembly and microtubule polymerization,
thereby arresting cell division.1 Colchicine has also advanced
into various stages of clinical trials for the treatment of
different types of cancer and various cardiovascular disorders.2

A semisynthetic derivative of colchicine, thiocolchicoside, is a
muscle relaxant used clinically as an anti-inflammatory and
analgesic drug.3 Structurally, colchicine (10) consists of a
trimethoxyphenyl ring (A), a cycloheptane ring (B), and a
tropolone ring (C). Rings A and C are essential for binding to
the CBS of tubulin.4 The three methoxy groups at C-1, C-2,
and C-3 of ring A play a crucial role in the high affinity of
colchicine toward the CBS of tubulin protein. Although ring B
is not essential for tubulin binding, it plays an important role in
the kinetic properties of the colchicine−tubulin binding.5

According to a computational study, the essential pharmaco-
phoric features of CBS inhibitors are three hydrogen bond
acceptors, one hydrogen bond donor, two hydrophobic
centers, and one planar group.6 Colchicine being the prototype
of CBS inhibitors includes five of these features: two H-bond

acceptors, two hydrophobic centers, and one planar group
(Figure 1).

Tempering with the basic structure of colchicine results in
loss of affinity toward the CBS. The relative positions of C-9
ketone and C-10 methoxy groups are important for the tubulin
binding. Isocolchicine with reversed carbonyl and methoxy
groups’ relative position is inactive. Photoisomer of colchicine,
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Figure 1. Pharmacophoric features of colchicine as colchicine-binding
site (CBS) inhibitors. The red and pink points are hydrogen bond
acceptors, the blue point and brown lines represent hydrophobic
centers, and the green lines represent the planar group.
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called lumicolchicine, possesses a transformed ring C (four-
and five-membered ring fused system) and have reduced
binding affinity toward tubulin.7 Various semisynthetic
modifications have been done to potentiate the anticancer
activity of colchicine.7,8

Roots of G. superba are used for the commercial production
of colchicine. Apart from colchicine, several other colchicine
analogues have been reported to be isolated from G. superba,
such as 3-demethylcolchicine, lumicolchicine, gloriosine, and
colchicine glycosides.9 The roots of G. superba are used
traditionally in the Indian system of medicine for the treatment
of gout, arthritis, rheumatic disorders, skin diseases, leprosy,
ulcers, snakebite, impotency, etc.10 Apart from the anticancer
and cytotoxic activities, the G. superba extracts have shown
many other bioactivities in laboratory experiments such as
antimicrobial,11 analgesic, anti-inflammatory,12 antioxidant,13

and inhibition of lipoxygenase, acetylcholinesterase, and
butyrylcholinesterase enzymes.14 In our quest to hunt for
anticancer natural products, the roots and tubers of G. superba
were investigated and 14 known compounds, including
gloriosine, were isolated. Since gloriosine is structurally similar
to colchicine and it has never been reported for its
pharmacological effects, we carried out its preliminary
cytotoxic screening in 15 human cancer cell lines of different
tissues and one normal breast cell line. To better understand
the interaction of gloriosine with tubulin protein, it was docked
for the possible binding modes with the colchicine-binding site
of tubulin protein. Gloriosine−tubulin binding was further
validated by molecular dynamics simulation study.

2. RESULTS AND DISCUSSION
2.1. Phytochemistry of G. superba Roots. The dried

roots of G. superba were extracted three times with
chloroform/methanol (v/v, 1:1) at room temperature. The
crude extract was concentrated under reduced pressure to
evaporate the organic solvent. The dried extract was subjected
to silica gel column chromatography. Repeated column
chromatography led to the isolation of 14 compounds. All of
the isolated compounds were characterized by matching with
their reported 1H and 13C NMR values (Supporting
Information). Isolated compounds were identified as stigmas-
terol (1),15 β-sitosterol (2),15 trioxsalen (3),16 caffeic acid
(4),17 6-methoxysalicylic acid (5),18 β-lumicolchicine (6),19 N-
deacetyl-N-formyl-β-lumicolchicine (7),20 2-demethyl-β-lumi-
colchicine (8),19 γ-lumicolchicine (9),19 colchicine (10),21

gloriosine (11),22 3-demethylcolchicine (12),21 3-demethyl-N-
deacetyl-N-formyl colchicine (13),22 and colchicoside (14)23

(Figure 2).
Stigmasterol (1), β-sitosterol (2), trioxsalen (3), caffeic acid

(4), and 6-methoxysalicylic acid (5) were nonalkaloidal
common components widely obtained from various higher
plant species. β-Lumicolchicine (6), N-deacetyl-N-formyl-β-
lumicolchicine (7), 2-demethyl-β-lumicolchicine (8), and γ-
lumicolchicine (9) were obtained as minor compounds. β- and
γ-lumicolchicine are stereoisomers with the acetamide group at
C-7 in cis- or trans-configuration to the five-membered ring
(with ring A, ring B, and four-membered rings coplanar).24

Both the isomers were distinguished on the basis of one-
dimensional (1D) and two-dimensional (2D) NMR spectra.19

Final structures of 6 and 9 were established by the NOESY
experiments. In β-lumicolchicine (6), H-7 (δH 4.82 ppm) and

Figure 2. Chemical structures of compounds (1−14) isolated from the G. superba roots.
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H-8 (δH 3.62 ppm) displayed spatial correlation in NOESY
spectra, but this correlation was not observed in γ-
lumicolchicine (9), confirming that in 6, both H-7 and H-8
are cis to each other, whereas in 9, these protons are trans
(Sections S6 and S9, Supporting Information). Lumicolchi-
cines are the isomers of colchicine in which ring C of
colchicine is rearranged to a conjugated four- and five-
membered ring system. Although lumicolchicines have been
isolated from G. superba earlier, they may be artifacts because
lumicolchicines have been reported to be produced as a result
of photoisomerization of colchicine when exposed to UV light.

Similarly, N-deacetyl-N-formyl-β-lumicolchicine (7) perhaps
derived from N-deacetyl-N-formyl colchicine under the
photocatalytic condition. 3-Demethylcolchicine (12), 3-
demethyl-N-deacetyl-N-formyl colchicine (13), and colchico-
side (14) were obtained in minor amounts from the polar
fractions of column. Repeated attempts were made to purify
gloriosine (11) as it is closely associated with colchicine (10).
The complete structure of gloriosine (11) was established by
2D NMR. To the best of our knowledge, this is the first report
describing its structural features by NMR studies (Section S11,
Supporting Information). Except for a few peaks, 1H NMR and
13C NMR spectra of 11 and 10 were very similar. In gloriosine
(11), peaks due to the methyl group at δH 1.97 and δC 22.77
ppm disappeared, while an aldehyde proton was detected at δH
8.18 ppm. Also, the peak due to the aldehyde carbonyl group
appeared at δC 160.89 ppm in place of δC 170.13 ppm (peak
due to the acetamide carbonyl group). Based on these findings
and validated by 2D NMR and MS spectra, it is confirmed that
chemically gloriosine (11) is N-deacetyl-N-formyl-colchicine.

Despite its potential as an anticancer agent, colchicine has
not been used clinically. Several factors limited the clinical use
of colchicine as an anticancer drug such as colchicine that
develops multidrug resistance due to its p-glycoprotein
induction activity.8a Also, it has shown potential toxic effects
like cardiotoxicity, neuropathy, and myopathy due to its
toxicity.25 Although gloriosine (11) is a well-known molecule,
its chemistry and pharmacology have never been investigated.
In the current study, it was collected in gram amount (the
second major compound after colchicine). Hence, we decided
to explore the anticancer pharmacology of gloriosine (11) with
reference to colchicine, assuming it as a better lead.

2.2. In Vitro Antiproliferative Assay of Gloriosine (11).
In the present work, gloriosine (11) was evaluated for its
cytotoxic activity against a panel of 15 human cancer cell lines
from various tissue origins as listed in Table 1, using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Colchicine (10) was used as the positive
control. Surprisingly, 11 exhibited highly potent activity against
all of the tested cancer cell lines with IC50 values ranging from
32.61 to 100.28 nM after 48 h while 700.48 nM in the case of
normal breast cells (Table 1). The IC50 values of 11 were less
than colchicine except in some cases. Gloriosine (IC50: 700.48
nM) appears to be less toxic as compared to colchicine (IC50:
567.81 nM) when tested in normal breast cells. Toxicity
window in cancer cells and normal cells indicated that
gloriosine (11) is less toxic to normal cells and more selective
toward the cancer cells than colchicine (10).

2.3. Nuclear Staining and Fluorescence Microscopy.
Gloriosine (11) has shown potent cytotoxicity against lung
cancer cells, and further experiments were performed in A549
(lung) cells. To address the cause of cell death by gloriosine,
nuclear morphological changes were studied by nuclear

staining and fluorescence microscopy of A549 cells. A549
cells were treated with 50, 100, and 500 nM gloriosine (11) for
24 h. After the treatment, characteristic changes of apoptosis
such as the formation of apoptotic bodies, nuclear con-
densation, and membrane blebbing were observed in the
morphology of the treated cells in a concentration-dependent
manner, whereas the untreated cells’ nuclei were found to have
a normal intact morphology. The results suggest that gloriosine
(11) was able to induce an apoptotic cell morphology in A549
cells (Figure 3).

2.4. Cell Migration Inhibition. To assess its effect on cell
migration, a wound healing assay was performed to examine
the chemotactic motility of A549 cells. At 500 nM
concentration, gloriosine (11) completely inhibited the cell
migration, which was more active than colchicine (Figure 4a).
Gloriosine (11) was found to greatly impede cell migration in
a concentration-dependent manner. It was observed that
gloriosine (11) decreased the wound closure percentage from
85 to 11% at 500 nM concentration (Figure 4b).

2.5. Molecular Docking. Next, we performed the
molecular docking studies of gloriosine (11) with tubulin
protein (PDB: 4O2B) to study the possible binding modes of
the colchicine-binding site. The binding energy for gloriosine
(ligand) was found to be −8.06 kcal/mol for tubulin, which
was almost equal to that of colchicine (−8.01 kcal/mol).
Gloriosine showed important interactions with tubulin protein
such as alkyl interaction with Ala180 of α-subunit, H-bond
with Ala250 and Asp251 of β-subunit, and π-sigma bond with
Leu255 and Leu248 of β-subunit (Figure 5A). The interactions
of gloriosine with tubulin protein are represented in Figure 5
and Table S1. The root-mean-square deviation (RMSD)
between the co-crystallized ligand and docked ligand was
found to be 0.41 Å, indicating that the selected grid displayed
less deviation and could be used for docking studies (Figure
S48).

2.6. Molecular Dynamics Simulation of Gloriosine
with Tubulin Protein. Molecular dynamics (MD) simulation

Table 1. IC50 Values (nM) of Gloriosine (11) and
Colchicine (10) in Various Human Cancer Cell Lines and
Normal Cell Line after 48 h

IC50 ± SD (nM)

s.
no.

human cancer
cell lines

tissue
origin gloriosine (11) colchicine (10)a

1 MCF-7 breast 78.65 ± 6.23 110.74 ± 9.87
2 MDA-MB-231 100.28 ± 7.22 70.58 ± 9.67
3 Hs 578T 97.64 ± 6.99 90.16 ± 9.56
4 A549 lung 35.12 ± 2.43 40.30 ± 3.32
5 NCI-H460 54.55 ± 3.89 64.84 ± 5.21
6 HOP-62 64.43 ± 4.11 86.61 ± 6.96
7 COLO 205 colon 40.28 ± 2.36 120.06 ± 1.10
8 HCT 116 38.25 ± 2.09 140.00 ± 10.98
9 MOLT-4 leukemia 32.61 ± 2.88 NDb

10 HL-60 45.34 ± 3.67 ND
11 SiHa cervix 78.87 ± 5.77 137.64 ± 12.78
12 FaDu oral 42.37 ± 3.98 ND
13 SCC-9 39.25 ± 3.10 ND
14 SF-295 brain 49.50 ± 3.78 54.39 ± 3.499
15 U251 57.29 ± 4.11 76.83 ± 3.1
16 MCF-10A normal

breast
700.48 ± 27.89 567.81 ± 56.77

aUsed as positive control. bNot determined.
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is a computational method for studying the physical movement
of atoms and molecules in a biophysical system. In this study,

the MD simulation was done to establish the stability of the
gloriosine−tubulin complex.

Figure 3. Nuclear staining after treatment with different concentrations (50, 100, and 500 nM) of gloriosine (11) and 500 nM of colchicine (10)
on A549 cells for 24 h revealed the formation of apoptotic bodies in a dose-dependent manner.

Figure 4. (a) Effect of gloriosine (11) and colchicine (10) on in vitro cell migration in A549 cells after 24 h. (b) Gloriosine (11) inhibited A549
cells migration in a dose-dependent manner.
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2.6.1. RMSD Analyses. The actual movement and structural
changes of a protein in a biological environment can be
visualized using MD simulations. The RMSD indicates the
equilibration and stability of a complex.26 It is evident from
Figure 6 that the protein attains a stable RMSD during the
simulation run. In the case of the gloriosine−tubulin complex,
the maximum protein backbone RMSD was found to be 3.42
Å, which is considered perfectly fine for small and globular
proteins. The average protein backbone RMSD was found to
be 1.99 Å for the gloriosine−tubulin protein complex. In the
same plot, it was observed that the ligand RMSD was not
significantly larger than the protein RMSD, which indicates
that the ligand does not diffuse away from the initial binding
site. The average ligand RMSD was found to be 3.04 Å for the
gloriosine−tubulin protein complex.
2.6.2. RMSF Analyses. The RMSF is useful for character-

izing local changes along the protein chain. The peaks in the
plot represent the residues, which fluctuates the most during
the simulation. The RMSF analysis was calculated for the C-α
atom of protein residues. The average protein RMSF was
found to be 1.76 Å for the gloriosine−tubulin protein complex.
The residues participating in interactions with ligands i.e.,
Thr179, Leu255, Thr314, and Thr353, remained highly stable
throughout the simulation.
2.6.3. H-Bond Interaction Analyses. Protein interactions

with the ligand were monitored throughout the simulation.
The H-bond interaction analysis is important to understand
the stability of the predicted protein−ligand complex. H-
bonding plays a significant role in accommodating the ligand
inside the binding site. Gloriosine showed the H-bond
interaction with Thr179, Leu255, and Thr314. Similar
interactions were also observed in docking studies as well.

3. CONCLUSIONS
In conclusion, gloriosine displayed significant cytotoxic activity
in all of the tested cancer cell lines with IC50 values of 32.61−
100.28 nM. Gloriosine was found to be more active than
colchicine in some of the cell lines. A mechanistic study
revealed that gloriosine exhibited potential apoptotic and
antimigratory activities in A549 cells. Finally, molecular
docking and molecular dynamics simulation studies showed
that gloriosine is bound to the colchicine-binding site of
tubulin protein. Based on these preliminary results, gloriosine
may serve as an interesting lead for future anticancer
therapeutics.

4. EXPERIMENTAL SECTION
4.1. General Experimental Procedures. All chemicals

were obtained from Sigma-Aldrich Company and used as
received. 1H and 13C NMR spectra were recorded on Bruker-
Avance III HD 500 and 125 MHz NMR instruments,
respectively. Chemical shifts are reported in parts per million
(ppm) downfield from tetramethylsilane (TMS) and are
referenced to the residual proton/carbon in the NMR solvent
(CDCl3, 7.26:77.1 ppm; MeOD, 3.31:49.00 ppm; DMSO-d6,
2.50:39.5 ppm). All chromatographic purifications were
performed on silica gel (#60-120 or #100-200) obtained
from Merck. Thin-layer chromatography (TLC) was per-
formed on precoated silica gel 60 GF254 aluminum sheets
(Merck) and visualized under UV light (254 nm) by spraying
an anisaldehyde−sulfuric acid reagent followed by heating.

4.2. Plant Material. The dried roots and tubers of G.
superba were purchased from the local market of Varanasi,
India, in January 2020 and authenticated by Dr. Bikarma
Singh. A specimen sample (accession number: RRLH57502)

Figure 5. Protein−ligand interaction diagram of compounds (A) gloriosine and (B) colchicine against the colchicine-binding site of tubulin protein
(PDB ID: 4O2B).
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was preserved in Janaki Ammal Herbarium at the CSIR-IIIM,
Jammu, India.

4.3. Extraction and Isolation. The dried roots of G.
superba (2 kg) were coarsely powdered and extracted three
times (4 L, each) with chloroform/methanol (v/v, 1:1) at
room temperature. The crude extract was filtered and
evaporated to dryness in vacuo to yield 163 g of the semisolid
material. The dried extract was chromatographed over silica gel
(#100-200) and eluted with a n-hexane-ethyl acetate step
gradient system (v/v, 1:0 → 0:1) and then with ethyl acetate/

methanol (v/v, 1:0 → 9:1). First, the extract was defatted with
hexane. With an increasing percentage of ethyl acetate (5%),
stigmasterol and β-sitosterol were obtained. Further increasing
the percentage of ethyl acetate in a step gradient manner
afforded trioxsalen, caffeic acid, 6-methoxysalicylic acid, β-
lumicolchicine, N-deacetyl-N-formyl-β-lumicolchicine, 2-de-
methyl-β-lumicolchicine, γ-lumicolchicine, colchicine, glorio-
sine, 3-demethylcolchicine, 3-demethyl-N-deacetyl-N-formyl
colchicine, and colchicoside. All compounds were purified by
repeated silica gel column chromatography.

4.4. Cell Culture and Growth Conditions. All cells lines
were purchased from the National Cancer Institute (NCI),
Bethesda, and cultured according to the provided protocol.
The cells were grown in a CO2 incubator (Esco) at 37 °C in a
humidified atmosphere (98% humidity) of 95% air and 5%
CO2.

4.5. In Vitro Cytotoxicity Studies. The cytotoxicity study
was performed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. In this assay, the
cells were plated in a 96-well plate for 12 h. Then, the cells
were treated with different concentrations (5, 10, 50, 100, and
500 nM) of gloriosine and colchicine for a duration of 48 h.
After incubation, 10 μL of MTT dye (2.5 mg/mL in
phosphate-buffered saline (PBS)) was added to each well
and incubated for 4 h at 37 °C. Then, the supernatant was
aspirated and purple MTT-formazan crystals obtained were
dissolved in 150 μL of DMSO. The absorbance of this colored
solution was measured at a wavelength of 570 nm.15

4.6. Nuclear Staining and Fluorescence Microscopy.
A549 cells were treated with 50, 100, and 500 nM
concentrations of gloriosine and 500 nM colchicine for 24 h.
After the treatment, cells were collected, washed twice with
PBS, and fixed in 400 μL of cold acetic acid/methanol (1:3, v/
v) overnight at 4 °C. The next day, cells were washed and
dispensed in 50 μL of fixing solution. After that, the cells were
spread out on a clean slide and allowed to dry at room
temperature overnight. The cells were stained with 4′,6-
diamidino-2-phenylindole (DAPI) (5 μg/mL in 0.01 M citric
acid and 0.45 M disodium phosphate containing 0.05% Tween
20) for 30 min at room temperature, and then, the slides were
rinsed with distilled water followed by washing with PBS.
While the slide was still wet, 40 μL of mounting fluid (PBS/
glycerol, 1:1) was poured over it and then sealed with a glass
coverslip. Cells were observed under a microscope for any
nuclear morphological changes that occur during apoptosis.
For phase-contrast microscopy, cells were simply photo-
graphed using a microscope after treatment.15

4.7. Scratch Assay for Migration Studies. The cell
migration studies were performed in A549 cells. A549 cells
were treated with mitomycin C to inactivate cell proliferation.
The cells were scratched with a 200 μL sterile microtip and
washed three times with phosphate-buffered saline (PBS),
supplemented with fresh medium and treated with 50, 100,
and 500 nM concentrations of gloriosine and 500 nM
colchicine for 24 h. Images of the cells were taken after 24 h
of incubation, and the percentage of wound closure was
expressed with respect to the untreated cells.27

4.8. Molecular Docking. Molecular docking studies were
performed using AutoDock 4.2 to study the molecular
interactions between gloriosine and the colchicine-binding
site of tubulin protein (PDB: 4O2B).28 The crystal structure
was retrieved from the protein data bank (https://www.rcsb.
org/). The pdb2pqr web server was used to assign the right

Figure 6. MD simulation of gloriosine complexed with tubulin. (A)
RMSD plot of tubulin and gloriosine. (B) Root-mean-square
fluctuation (RMSF) plot of tubulin. (C) Protein−ligand contacts
between tubulin and gloriosine during a MD run. (D) Interactions of
gloriosine with tubulin during a MD run.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c02688
ACS Omega 2022, 7, 28994−29001

28999

https://www.rcsb.org/
https://www.rcsb.org/
https://pubs.acs.org/doi/10.1021/acsomega.2c02688?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02688?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02688?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02688?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02688?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


protonation state to the residues. All of the water molecules,
ligands, and ions were removed. Nonpolar hydrogen atoms
were removed, and Gasteiger charges were added using M.G.L
Tools 1.5.7.rc1. AutoDock employs Autogrid4 to compute
maps. The docking study was performed using the Lamarckian
genetic algorithm (LGA). The docking was performed with
100 runs, 150 population sizes, 27,000 number of generations,
and 2,500,000 number of energy evaluations. It employs a
“semiempirical free-energy force field” to evaluate conforma-
tions at the time of the docking simulation. The docking
protocol validation was done by redocking the co-crystallized
ligand and calculating RMSD between the docked pose and co-
crystallized ligand. The docked pose was visualized by
Discovery studio 2019 for studying interactions. Upon
successful completion of the docking simulation, the best
confirmation was selected with the best binding energy in the
largest cluster of 2.0 Å.

4.9. Molecular Dynamics Simulation of the Glori-
osine−Tubulin Complex. Molecular dynamics (MD)
simulation of the gloriosine−tubulin complex was carried out
using the Desmond package (D.E. Shaw Research, New York)
with inbuilt optimized potentials for the liquid simulation
(OPLS 2005) force field.29 The gloriosine−tubulin complex
was obtained from Autodock. Before performing the MD
simulation, the solvated system was prepared. The complex
was solvated using an open TIP3P water model in periodic
boundary conditions of a cubic box with dimensions 12 × 12 ×
12 Å3. The overall negative charge of the system was
neutralized by adding sodium ions. The desired electrically
neutral system for simulation was built with 0.15 M NaCl. The
relaxation of the system was performed by implementing the
steepest descent and the limited memory Broyden−Fletcher−
Goldfarb−Shanno algorithm with a threshold of 2.0 kcal/
mol.30 The simulation was performed under an NPT ensemble
for 100 ns, implementing the Berendsen thermostat and
barostat methods. A constant temperature of 310 K was
maintained across the simulation run using the Noose−Hoover
thermostat algorithm, and the pressure of 1 atm was
maintained using the Martyna−Tobias−Klein barostat algo-
rithm.29,31 The cutoff value of 9.0 Å was set to analyze the
short-range Coulombic interactions using the short-range
method. The long-range Coulombic interactions were handled
using the smooth particle mesh Ewald method. The tolerance
value for long-range interactions was set to 10−9, which was
implemented by the SHAKE algorithm. The final production
run was carried out for 100 ns, and the trajectory sampling was
done at 100 ps. The trajectories obtained from the following
MD run were analyzed for the protein and ligand RMSD,
protein root-mean-square fluctuation (RMSF), and H-bond
interactions.
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