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Abstract

Claudin‐4 (CLDN4) is a vital member of tight‐junction proteins that is often

overexpressed in cancer and other malignancies. The three‐dimensional structure

of human CLDN4 was constructed based on homology modeling approach. A total

of 265 242 molecules from the National Cancer Institute (NCI) database has been

utilized as a dataset for this study. In the present work, structure‐based virtual

screening is performed with the NCI database using Glide. By molecular docking,

10 candidate molecules with high scoring functions, which binds to the active site

of CLDN4 were identified. Subsequently, molecular dynamics simulations of

membrane protein were used for optimization of the top‐three lead compounds

(NCI110039, NCI344682, and NCI661251) with CLDN4 in a dynamic system. The

lead molecule from NCI database NCI11039 (purpurogallin carboxylic acid) was

synthesized and cytotoxic properties were evaluated with A549, MCF7 cell lines.

Our docking and dynamics simulations predicted that ARG31, ASN142, ASP146,

and ARG158 as critically important residues involved in the CLDN4 activity.

Finally, three lead candidates from the NCI database were identified as potent

CLDN4 inhibitors. Cytotoxicity assays had proved that purpurogallin carboxylic

acid had an inhibitory effect towards breast (MCF7) and lung (A549) cancer cell

lines. Computational insights and in vitro (cytotoxicity) studies reported in this

study are expected to be helpful for the development of novel anticancer agents.
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1 | INTRODUCTION

Claudins (CLDNs) were found to be vital and adequate to
form tight‐junction (TJ) strands and accounts for some of
the specific variability of different barriers.1,2 CLDNs were
one of the important class of cellular adhesion molecules,
which had a key role in cell polarity, epithelial cell sheets
arrangement, and in paracellular transport. Expression of
CLDNs in normal cells is specific and its altered
expression is distinguished in different cancer types.3,4

Usually, tumor development is associated with disruption
of TJs and downregulation of CLDNs. They have been
accounted for few cancers and it is related to a poor
prognosis or metastatic sickness.5-7 In comparison to other
strong tumors, the peritoneal spread is the most widely
known technique for ovarian malignancy. Tumor cells
subside the ovary into the peritoneal liquid where it
scatters all over the abdominal cavity. Thus, it attaches to
the mesothelial cell covering which leads to metastatic
developments.8 Nearly 70% of the ovarian growth tissues
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expressed claudin‐4 (CLDN4) were distinctively expressed
across ovarian tumor subtypes with the minimum
expression in pure cell subtype.9 The function of CLDN4
is managed by phosphorylation via kinases as well as
forced or knockdown expression. For instance, phosphor-
ylation of CLDN4 by cAMP‐dependent protein kinase 10 or
protein kinase C (PKC)11 increases paracellular perme-
ability in ovarian disease cells through mislocalization of
CLDNs. In ovarian cancer cells, PKCα enactment results
in the mislocalization of CLDN4 with the diminished TJ
barrier uprightness in human pancreatic cancer cells.12

CLDN4 advances the creation of factors that fortify
angiogenesis in both in vitro and in vivo processes which
recommend its aggressive angiogenic part in ovarian
cancer.13 CLDN4 in ovarian cancer depends on the
hypothesis that ovarian malignancies start from typical
ovarian surface epithelial cells which do not express
CLDN4. In this manner, the overexpression of CLDN4 has
been appeared to promote the progression of the ovarian
disease. Constrained expression of CLDN4 in ovarian
epithelial cells increases invasive behavior by instigating
the activation of matrix metalloproteinase.14 The deloca-
lization of CLDN proteins from the cell membrane is
regular among the changed cells and in the ovarian
growth which connects with tumor cell migration and
invasion.3,4 The mechanism of the increased CLDN4
expression in the ovarian carcinoma is thought to be the
consequence of epigenetic adjustments of the CLDN
promoter areas. These areas in the tumor cells bring
results in increased cell survival, motility, and inva-
sion.14-16 Ovarian tumors of various subtypes like muci-
nous, serous, undifferentiated, clear cell, and endometrioid
carcinomas had been found exceptional in the CLDN4
disease state, yet normal ovarian surface epithelium does
not express.13,14,17-19 CLDN4 had a prognostic part in the
ovarian growth.13,18 Epithelial ovarian carcinoma remains
gynecologic malignancy with the most noteworthy mor-
tality rate.20 Even though the mechanism of CLDN4 is yet
to be completely elucidated.21

In this investigation, we aim to identify potential
inhibitors for human CLDN4 with the National Cancer
Institute (NCI) database. The curated NCI database is
subjected to virtual screening for the CLDN4 target.
Further, high throughput virtual screening (HTVS) had
been performed to screen the ligand molecules. The docked
complexes were screened based on the postdocking analysis
which includes binding energy, hydrogen bond (H‐bond)
interactions, and binding mode. In addition, the pharma-
cological properties of these inhibitors were validated using
the absorption, distribution, metabolism, and excretion
(ADME) properties and Lipinski’s rule of five. Moreover,
the performed molecular dynamic simulations were done
for apo and CLDN4 with lead molecules from the NCI

database. Virtual screening and dynamics help us to find
the top‐three molecules. Subsequently, NCI110039 (purpur-
ogallin carboxylic acid) has been synthesized and in vitro
studies were conducted. The in silico studies were validated
through biological evaluation. This rational approach was
adopted for screening the potential inhibitors against
CLDN4, which would be helpful in decrypting the binding
mechanism that leads to efficient inhibitory action CLDN4.

2 | MATERIALS AND METHODS

2.1 | Data set preparation

The NCI database is used for this study.22 In Schrodinger
suite, the database is curated by visualizing the whole
database in Canvas. The improper molecules were
excluded from this criterion, such as molecular weight
(high and low) of less than 150 and more than 500,
number of aromatic rings, and structure similarity. As
per the above criteria, the database comprises of 177 236
molecules and exported into the SDF format in maestro
were used in ligand preparation.

2.2 | Ligand structure preparation

Curated NCI compounds were used in this study. Prepara-
tion of ligands for virtual screening and docking had been
done using LigPrep 3.4 module of the Schrodinger suite
2015‐2. All ligands were prepared by utilizing the force field
called OPLS‐2005. The ionization state was fixed to produce
every single conceivable state. The molecular weight was
set to be less than 150 and greater than 500. Ligand original
state using “EpiK,” tautomers were generated for the
ligands. Utilizing the stereoisomers column maintains the
same chiralities and produce 32 at most for each ligand was
allowed. Moreover, generated low‐energy ring conforma-
tions were provided one for each ligand in the output file of
ligprep.

2.3 | Homology modeling

Homology modeling of the CLDN4 was performed by using
the Schrodinger 10.2 software. The human CLDN4 was
retrieved from Swiss‐Prot (http://www.uniprot.org/) (acces-
sion number: O14493) consists of 209 amino acids. The
crystal structure of claudin‐15 was used as template
(CLDN15) (Mus musculus) (PDB ID: 4P79).23 The template
and target sequence were aligned by using ClustalW.
Subsequently, secondary structure prediction was carried
out for a target and template that helps to find the best
model. Further, homology of CLDN4 was based upon the
energy‐based method. The modeled structure of CLDN4 was
validated by PROCHECK in the SAVeS server.
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2.4 | Preparation of protein

The modeled structure of CLDN4 is used for protein
preparation. Protein Preparation Wizard is available in the
Glide. Using import and process results in the elements
like assigned bond orders, disulfide bonds, deleted all
waters, hydrogens added, and capped termini. Under the
refinement, the H‐bond assignment enhances to alter the
sample water symmetry and possible positions of hydroxyl
hydrogen and thiol atoms, tautomers and protonation
states of His residues and Chi “flip” assignments chosen
through default script allowed in Schrodinger. The range
of pH was set to 7.0 and using the OPLS‐2005 force field
the protein has been minimized.24,25 For the grid
preparation of CLDN4, Glide package had been utilized
to signify the properties and shape of the protein by
various arrangements and that gives continuously the
more exact scoring of the ligand postures.

2.5 | Virtual screening workflow

Numerous strategies have been available for virtual
screening.26,27 Structure‐based virtual screening is valuable
for identifying novel small molecules which bind to
protein targets and predicts binding affinity. For docking,
the issues included in making scoring functions have been
recently highlighted.28,29 The compounds were initially
filtered based on the Lipinski’s rule of five that sets the
criteria for a drug‐like properties.30 The source of the
ligands submitted as ligprep output file, combined all
input files and redistributed for sub jobs and set to identify
unique compounds by generating a unique property for
each input compound. In the filtering tab, QikProp
(ADME properties) and prefilter by the Lipinski’s rule
were performed. In the preparation tab all parameters
were set as default such as prepare ligands, target pH,
remove high‐energy tautomer states, specified 2D proper-
ties, and specified as unspecified stereocenters retain up to
four stereoisomers, generate low‐energy ring conforma-
tions one per ligand. Under receptor provided the grid of
the protein. In the docking tab, Epik state penalties for
docking were used to write interaction score for residue
within 12Å of grid center. The scaling factor is 0.80,
partial charge cutoff 0.15 and performed Glide standard
precision (SP) for all the ligands.

2.6 | Ligand docking

Grid Based Ligand Docking with Energetics (Glide) v6.7
(Small‐Molecule Drug Discovery Suite, 2015‐2) package
in Schrodinger is utilized for ligand dockings with an
OPLS‐2005 force field. When it is confirmed that ligands
and protein are right structures to dock, the receptor was

generated with a grid sizing 80 × 80 × 80 Å through
coordinates X=−24.05, Y= 1.65, Z= 2.92 and the small
molecules to be docked. It was chosen without exceeding
10 Å. In ligand docking, the protein is flexible, permits
the rotation of thiol and hydroxyl group of TYR33,
TYR67, TYR139, SER157. All the ligands were docked
into the dynamic binding site by utilizing “extra
precision” algorithm of the Glide.

2.7 | Free energy calculation

The Prime molecular mechanics generalized born surface
area (MM/GBSA) was performed to figure out the
binding energy. This method is utilized to anticipate
the free binding energy for the set of ligands to the
protein. Binding energy is characterized as the entirety of
binding and straining energy of the ligand. The accom-
panying equation calculates the binding energy.31

G E G GΔ = Δ + Δ + Δ .bind MM solv SA

2.8 | ADME screening

The QikProp v4.4 program incorporated inside Schro-
dinger was utilized to acquire the ADME properties of
the NCI ligands. The program was processed with
neutralized and permitted to compute almost 35 physi-
cochemical properties for all compounds. The predicted
descriptors such as H‐bond acceptors, H‐bond donors,
molecular weight, logP (octanol/water), humoral absorp-
tion were a couple of imperative properties. It addition-
ally assesses the blood‐barrier crossing and central
nervous system activity of the compound along with
the drug‐likeness of the molecules in view of Lipinski’s
rule of five32 and Jorgensen rule of three.33,34 These two
had ended up as being solid standards to determine the
drug‐likeness of a synthetic compound with a specific
biological activity or pharmacological properties, that
would make it feasible orally active for a drug.

2.9 | MD simulations for membrane
protein

The Desmond v4.2 module 35-37 was utilized to ponder the
thermodynamic stability of the protein in apo form and
protein‐ligand complex. Set up a lipid membrane dipalmi-
toylphosphatidylcholine for protein to cover the four
transmembrane domains of the protein. TIP3P water
model38 was utilized to simulate water molecules by
utilizing an OPLS‐2005 force field. Orthorhombic periodic
boundary conditions were fixed up to indicate the shape
and size of repeating unit buffered at 10 Å distances. To
neutralize the system electrically, the appropriate three
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chloride counterions were added to maintain the system
charge and place haphazard in the solvated system.
Moreover, the solvated system is minimized and relaxed
by certain OPLS‐2005 force field. The default Desmond
minimization and equilibration procedure were followed.
The dynamic simulations were accomplished with the
periodic conditions to ensemble the amount of substance,
volume and temperature (NPT).39 The procedure was
succeeded by running 50‐nanoseconds NPT production
simulation. Thus, obtained every 5‐picoseconds intervals
and saved the configurations. SHAKE has been applied to
all hydrogen atoms and bond lengths using default
settings. The whole Desmond simulations were performed
on the Intel (R) Xeon (R) CPU E5–2650v core processor
CPU @ 2.60GHz with 16GB RAM. Schrodinger software
was incorporated and runs under Ubuntu Linux 14.0
operating system.

2.10 | Synthesis of purpurogallin
carboxylic acid

NCI110039 compound40 chemical name is purpurogallin
carboxylic acid and both the compounds structure remain
same. Aqueous solutions of pyrogallol (10mmol, 1.26
in 10mL of water) and potassium iodate (10mmol, 2.14 g
in 10mL of water) were added simultaneously with stirring
and ice‐cooling to the slurry of sodium gallate obtained by
adding gallic acid (12mmol, 2.04 g) to a solution of sodium
hydrogen carbonate (12mmol, 1.04 g) in water (20mL) so
that addition of pyrogallol and potassium iodate mixture
was added slowly in 45minutes. After the reaction mixture
was stirred for 30minutes. The reaction mixture was
acidified by adding 10 N‐hydrochloric acid (15mL),
and the reaction mixture set aside overnight. After
completion of the reaction, the mixture was filtered and
the filtrate was extracted three times with chloroform. All
the extracts of the organic layer were combined, the solvent
was removed by using vacuum distillation until precipitate
(5 g). The crude product was recrystallized with tetrahy-
drofuran/ethanol a small orange microcrystal has been
formed at melting above 320°. The molecular formula of the
synthesized compound is C12H8O7 and molecular weight is
264.027041 (Supporting Information Figure S1).

2.11 | Nuclear magnetic resonance
analysis

Nuclear magnetic resonance (NMR) spectroscopy is a
common technique used to find elements of the chemical
components particularly proton, carbon, phosphorous,
and sulfur. In this study, proton and carbon NMR was
used to confirm the compound purpurogallin carboxylic
acid using dimethyl sulfoxide (DMSO) as a solvent. After

the analysis, the data has been plotted using the Topspin
software.

2.12 | Analysis of cell viability

Cancer cells were maintained in Dulbecco’s modified
Eagle’s medium, added with 10% fetal bovine serum. The
cells were incubated in a humidified incubator at 37°C
with 5% CO2 for growth. CLDN4 has been involved in
many cancers including breast and lung. We have chosen
two major cell lines MCF7 (breast cancer) A549 (lung
cancer) to evaluate the inhibitor (purpurogallin car-
boxylic acid) efficiency. Cell viability of A549 and MCF7
after purpurogallin carboxylic acid treatment was esti-
mated by the 3‐[4,5‐dimethylthiazol‐2‐yl]‐2,5‐diphenyl‐
tetrazolium bromide (MTT) assay. Briefly, A549, MCF7
cells were seeded in a 96‐well plate at a density of 1 × 104

cells/well. Purpurogallin carboxylic acid is added on next
day by replacing the medium with fresh medium with
various concentration. After 24 hours of incubation,
10 µL of MTT (10mg/mL) was added into in each well.
After keeping for another 4 hours in 37°C, the super-
natant is removed and 100 µL of DMSO is added in each
well. Microplate reader at a wavelength of 570 nm is used
to read the absorbance of each well. The control group
which had untreated cells was measured as 100% viability
of cells. Results are concluded as a percentage of viable
cells when related with the control group. The mitochon-
drial‐dependent reduction of MTT to formazan used to
measure cell respiration as an indicator of cell viability.42

3 | RESULTS AND DISCUSSION

CLDN4 protein has four transmembrane domains, namely
TM1, TM2, TM3, and TM4, two extracellular loops and one
cytosolic loop. Extracellular loops are named as ECL1 and
ECL2. ECL1 has more residues compared with ECL243

(Figure 1).

3.1 | Validation of the modeled
structure

A few strategies to assess the geometrical and structural
consistency of the homology model was carried out and
the similarity between target and template was found to
be 45%. Using PROCHECK, the physicochemical and
structural elements of the CLDN4 was validated. The
Ramachandran plot reveals that CLDN4 has a splendid
geometrical consistency. In the Ramachandran plot,
residues for the favorable region inside is 91.2%, allowed
region is 6.6%, generously allowed region 1.6%, and in the
disallowed region only one residue (LEU176) is found.
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The pictorial assessment disclosed that LEU176 is far
from the dynamic site region which does not exist in 5 Å
of the dynamic site. Furthermore, stereochemical ele-
ments of the CLDN4 were confirmed by verifying 3D web
server. An ideal 3D‐1D profile for each of the 20 amino
acids ought to be in the scope of 0 to 0.2. In the 3D server,
the values were lesser than zero, which are considered as
an erroneous for the model. The 3D plot of CLDN4
demonstrates that average of all the residues is 0.16,
which is generally near to 0.20. To assess the reliability of
the modeled structure of CLDN4, we calculated the root
mean square deviation (RMSD) by superimposing it on
the template using the Schrodinger. The CLDN4 model
shows 3.0 Å RMSD and an outstanding correspondence
with the CLDN15 (Mus musculus) experimental structure
(Supporting Information Figure S2).

3.2 | Virtual screening

The NCI database screened against the target binding site
of CLDN4 protein was utilized for virtual screening
workflow (Schrodinger, New York). The Glide HTVS was
done with default docking algorithm by selected con-
straints for every grid in the OPLS‐2005 force field. Using
Glide HTVS, around 9294 molecules were selected based
on GlideScore. After HTVS, the molecules having more

than four binding energies had been taken as a separate
dataset to perform SP and XP dock.

3.3 | Molecular docking

Molecular docking was implemented to find the depth of
molecular interactions to calculate the binding energy
between ligand compounds and the CLDN4. The structure
of CLDN4 and the best compounds of SP were docked into
the active site of CLDN4. The results of docking with
compounds NCI110039, NCI344682, and NCI661251 are
shown in Table 1. The docking findings confirmed that high
binding energy as well as good molecular interactions with
important residues in the CLDN4 catalytic site. The ligand
NCI110039 docked with CLDN4 as a result −9.3 kcal/mol
of binding energy and H‐bonds with ARG31, ASN142,
ASP146, and ARG158 and hydrophobic interactions with
TYR67, LEU71, LEU77, TRP138, and VAL152 (Figure 2).44

Moreover, three pi‐pi interactions with ARG31 and ASP146.
The ligand NCI344682 docked with CLDN4 as a result
−9.0 kcal/mol of binding energy45 and H‐bonds with
ARG31, ASP76, ASN142, ASP146, and ARG158 and
hydrophobic interactions with TYR67, LEU71, LEU77,
ILE143, and VAL152 (Figure 3). The NCI661251 ligand
with CLDN4 target docking was performed as a result
−9.6 kcal/mol of binding energy and H‐bonds with ARG31,
TYR67, ASP76, ASN142, and ASP146 and hydrophobic
interactions with TYR67, LEU71, LEU77, and ILE143
(Supporting Information Table S1 and Figure 4).

3.4 | Binding free energy analysis

We have performed binding free energy studies to
validate molecular docking energy predictions. The
binding energy of NCI110039 is −24.341 kcal/mol,
NCI344682 is −33.947, and NCI661251 is −56.212 as
shown in Table 2. The MM/GBSA binding energies are
approximate free energies of binding, a more negative
energy value indicates stronger binding.

FIGURE 1 Structure of claudin‐4 with four transmembrane
domains, two extracellular loops with N‐ and C‐terminals. ECL1,
extracellular loop1; ECL2, extracellular loop2

TABLE 1 Docking energies and interaction profile of claudin‐4 with NCI110039, NCI344682, and NCI661251

Sl no. Ligand names

Glide docking
(XP) energies,
kcal/mol

Type of interactions and residues involved

H‐bonds
Hydrophobic interactions and pi‐pi
stackings

1 NCI110039 −9.3 ARG31, ASN142, ASP146,
ARG158

TYR67, LEU71, LEU77, TRP138, VAL152
(Hphobic), ARG31, ASP146 (pi‐pi)

2 NCI344682 −9.0 ARG31, ASP76, ASN142,
ASP146, ARG158

TYR67, LEU71, LEU77, ILE143, VAL152

3 NCI661251 −9.6 ARG31, TYR67, ASP76,
ASN142, ASP146

TYR67, LEU71, LEU77, ILE143

Abbreviations: H‐bonds, hydrogen bonds; NCI, National Cancer Institute.
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3.5 | Predicted ADME properties

ADME properties analyzed with QikProp with appropriate
and pharmaceutically noteworthy properties for the short-
listed three NCI molecules and the important properties
comprise of octanol/water partition coefficient, molecular
weight, Madin-Darby canine kidney (MDCK) cell perme-
ability, brain partition coefficient, human oral absorption,
aqueous solubility allowing to the Lipinski’s rule of five

were ended up being a strong criterion for evaluating drug‐
likeness. The above‐mentioned properties from QikProp
should be in the particular range such as octanol/water
partition coefficient (−2‐6.5), molecular weight (150‐500),
cell permeability (>500 is good, <25 is poor), brain/blood
partition (−3.0‐1.2), human oral absorption (≤25% is low, ≥
is high), solubility (−6.5‐0.5). The above‐mentioned
NCI110039, NCI344682, and NCI661251 structures are well
permissible range (Table 3).

FIGURE 2 Docking snapshot of claudin‐4 with NCI110039. A, Showing hydrogen bond formed by NCI110039 with claudin‐4 residues.
B, 2D representation snapshot showing various interactions formed by NCI110039 at catalytical active site. NCI, National Cancer Institute

FIGURE 3 Docking snapshot of claudin‐4 with NCI344682. A, Hydrogen bond formed by NCI344682 with claudin‐4 residues. B,
Two‐dimensional representation snapshot showing various interactions formed by NCI344682 at the catalytical active site of claudin‐4. NCI,
National Cancer Institute
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3.6 | Molecular dynamic simulations

For better understanding, the results of CLDN4 were
subjected into protein in apo (no ligand) state first. Later,
CLDN4 with the lead compounds like NCI110039,
NCI344682, and NCI661251. The statistically critical out-
comes and trajectory analysis of the dynamics have been
represented (Supporting Information Table S2).

3.7 | MD simulations of CLDN4
membrane protein (apo form)

To inspect the stability and conformational changes of the
CLDN4 apo state we observed the root mean square

fluctuations (RMSF) (Figure 6A), RMSD (Figure 5A), the
radius of gyration (ROG) (Figure 5B), total energy (Figure
5D), and intramolecular H‐bonds (Figure 5C). The CLDN4
RMSD backbone was observed to be fluctuating about 4.0 Å
on an average for the simulation. However, it is noticed
that the convergence after 3‐nanosecond of simulated time.
The RMSD averaged constant snaps recommended that the
structure of the CLDN4 is stable throughout the
50‐nanosecond simulation. Using the RMSF diagram
(Figure 6A) of CLDN4, it is found that the main peaks of
fluctuation between 38 to 40 residues were more than
2.6 Å. At 152 amino acid, it is up to 5.2 Å and residues
between 200 to 209 up to 13.8 Å which is the most elevated
deviation amid MD simulations. Rest all residues were
observed to be entirely steady and under 3.0 Å. ROG is used
to find the compactness of the CLDN4.46 During the
CLDN4 apo state simulation measured ROG in the scope of
20.9 to 22.6 Å and with an average of 21.7 Å (Figure 5B).
With the ROG information, CLDN4 protein is stable
without major peaks present in the structure.47 CLDN4
holds an average 145 intramolecular H‐bonds inside the
scope 122 to 171 (Figure 5C). At last, studied the CLDN4’s

FIGURE 4 Docking snapshot of claudin‐4 with NCI661251. A, Hydrogen bond formed by NCI661251 with claudin‐4 residues. B,
Two‐dimensional representation snapshot showing various interactions formed by NCI661251 at the catalytical active site of claudin‐4

TABLE 2 Binding free energy calculation for CLDN with
NCI110039, NCI344682, and NCI661251

Sl no. Molecules ID ΔG, kcal/mol ΔGvdW, kcal/mol

1 110 039 −24.341 −14.954

2 344 682 −33.947 −22.886

3 661 251 −56.212 −29.712

TABLE 3 ADME properties of NCI lead compounds

Molecules

Molecular
weight
(mol_MW)

Octanol/water
partition
coefficient (log
Po/W)

Aqueous
solubility
(QplogS)

Apparent MDCK
cell permeability
(QPPMDCK)

Brain/blood
partition
coefficient
(QplogBB)

Percent
human oral
absorption

Rule
of five

NCI110039 264.191 −0.467 −1.728 0.79 −2.468 29.866 0

NCI344682 321.33 −3.243 −0.395 0.497 −2.4446 0 0

NCI661257 340.381 −3.866 0.879 −0.079 −2.453 0 0

Abbreviations: ADME, absorption, distribution, metabolism, and excretion; MDCK, Madin‐Darby canine kidney; NCI, National Cancer Institute.

RAMBABU AND JAYANTHI | 7



energy in the most alleviated conformation and it was
noticed that the average −2889 kcal/mol (Figure 5D).
Because every single perception in RMSF, ROG, RMSD,
energy contributions, and intramolecular H‐bonds collec-
tively, a study can say that the CLDN4 structure is stable
throughout the simulation.

3.8 | CLDN4‐NCI110039 molecular
dynamic simulations

The molecular dynamics of CLDN4‐NCI110039 complex was
executed to better comprehend the impact of NCI110039
with the CLDN4 binding site. The CLDN4‐NCI110039
complex had a binding affinity of −9.3 kcal/mol. The results

FIGURE 5 RMSD, ROG, intrahydrogen bonds, total energy. A, MD simulation trajectory analysis RMSD of claudin‐4 protein in the
presence of no ligand and in complex with NCI110039, NCI344682, and NCI661251. B, MD simulation trajectory analysis ROG of claudin‐4
protein in the presence of no ligand and in complex with NCI110039, NCI344682, and NCI661251. C, MD simulation trajectory analysis
intrahydrogen bonds of claudin‐4 protein in the presence of no ligand and in complex with NCI110039, NCI344682, and NCI661251. D, MD
simulation trajectory analysis total energy of claudin‐4 protein in the presence of no ligand and in complex with NCI110039, NCI344682, and
NCI661251. MD, molecular dynamic; NCI, National Cancer Institute; RMSD, root mean square deviation; ROG, radius of gyration

FIGURE 6 RMSF, Interhydrogen bonds. A, MD simulation trajectory analysis RMSF of claudin‐4 protein in the presence of no ligand
and in complex with NCI110039, NCI344682, and NCI661251. B, MD simulation trajectory analysis interhydrogen bonds of claudin‐4
protein in the presence of NCI110039, NCI344682, and NCI661251. CLDN4, claudin‐4; MD, molecular dynamic; NCI, National Cancer
Institute; RMSF, root mean square fluctuations
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in Figure 5A shows that the RMSD is usual for the first
26‐nanosecond. Although at the time of binding pocket
opens (Figure 5A) ensued a raise up to 5.4Å for a CLDN4‐
NCI1110039 complex. The CLDN4 RMSF considered with
the presence of NCI110039, which had been noticed the
most highly active amino acid motions in CLDN4 native
state and minimized (Figure 6A) in the existence of
NCI110039. These data are extremely braced to the solid
restraining and steady of NCI110039 on CLDN4 with a
comparison of CLDN4’s apo state residue fluctuations.48

Fifty‐nanoseconds of dynamics were used in the current
study of protein‐ligand complex, which enables the most
stable conformation.49 The ROG of the CLDN4‐NCI110039
indicates CLDN4 had somewhat elaborated (Figure 5B) in
the existence of NCI110039 through continuing 21.5Å as an
average within the range of 21.1 to 22.3Å statistically. The
CLDN4 structure as apparent with ROG associating with the
RMSD, ROG expansion could be the reason for additional
stabilization of the CLDN4‐NCI110039. We also considered
the intramolecular H‐bonds exist through the simulation of
the CLDN4 in complex with NCI110039 and found out that
it is continuing with an average of 143 intramolecular
H‐bonds in the range of120 to 165, respectively. The
investigation of the energy required for stable conformation
of CLDN4‐NCI110039 and it has been detected to continue
−3146 kcal/mol average energy (Figure 5D) which is very
muchminimized in comparing to CLDN4’s apo state average
energy of −2889 kcal/mol, respectively. Finally, approaching
the interH‐bonds between receptor and ligand throughout
the simulation of an average 2.6 within the range of 0 to 10
maximum H‐bonds (Figure 6B).

3.9 | CLDN4‐NCI344682 molecular
dynamic simulations

The native state CLDN4 dynamics and CLDN4‐
NCI110039 complex were performed, the molecular
dynamics of CLDN4‐NCI344682 was executed to better
comprehend the impact of NCI344682 with the CLDN4
binding site. The NCI344682‐CLDN4 complex has a
binding affinity of −9.0 kcal/mol acquired by utilizing the
Glide module of Schrodinger. Subsequently, it is con-
sidered RMSD for the CLDN4 complex with NCI344682.
The results represented in Figure 5A shows that the
RMSD is usual for the first 12‐nanosecond. Although, at
the time of binding pocket opens (Figure 5A) ensued a
raise up to 5.8 Å for the CLDN4 complex. The CLDN4
RMSF considered with the presence of NCI344682 which
had been noticed the most highly active amino acid
motions in CLDN4 native state and minimized (Figure
6A) in the existence of NCI344682. The ligand molecule
NCI344682 on CLDN4 with a comparison of CLDN4’s
apo state residue fluctuation, which enables the most

stable conformation.49 The ROG of the CLDN4‐
NCI344682 indicates that CLDN4 had a little elaborated
(Figure 5B) in the existence of NCI110039 through
continuing an average 22.2 Å within the range of 21.3
to 23.1 Å statistically. A reasonable expansion of CLDN4
can be detected around the middle and initiated after the
22‐nanosecond of the simulation. The CLDN4 structure
is as apparent as ROG associating with the RMSD, ROG
expansion could be the reason for additional stabilization
of the CLDN4‐NC344682 complex. We also considered
the intramolecular H‐bonds existing through the mole-
cular dynamics CLDN4‐NCI344682 complex and noticed
that it continues 137 average intramolecular H‐bonds in
the range 110 to 158, respectively. The energy required
for stable conformation of CLDN4‐NCI344682 and it has
been detected to continue −3335 kcal/mol average energy
(Figure 5D) which is very much minimized when
compared with CLDN4’s apo state average energy
−2889 kcal/mol, respectively. To end, approaching to
interH‐bonds between receptor and ligand throughout
the simulation average was 3.6 within the range of 0 to 12
maximum H‐bonds (Figure 6B).

3.10 | CLDN4‐NCI661251 molecular
dynamic simulations

The CLDN4‐NCI661251 complex showed binding affinity
of −9.6 kcal/mol which was acquired by utilizing the
Glide module of Schrodinger. Subsequently, considered
RMSD for the CLDN4 complex with NCI661251. The
results in Figure 5A shows that the RMSD at the time of
binding pocket opens ensued in a decrease up to 3.2 Å for
the CLDN4‐NCI661251 complex. The CLDN4 RMSF is
considered with the presence of NCI661251, which had
been noticed the most highly active amino acid motions
in CLDN4 native state and minimized (Figure 6A) in the
existence of NCI661251. The data are highly supporting
to restraining and the steadying of NCI661251 on CLDN4
with a comparison of CLDN4’s apo state residue
fluctuations.49 The ROG of the CLDN4‐NCI661251
indicates that CLDN4 had expanded (Figure 5B) in the
existence of NCI661251 through continuing 22.0 Å as an
average within the range of 21.5 to 22.8 Å statistically.
The CLDN4 structure as apparent with ROG associating
with the RMSD, ROG expansion could be the reason for
additional stabilization of the CLDN4‐NCI661251 com-
plex. The intramolecular H‐bonds exist throughout the
simulation and found out that it is continuing with an
average of 137 intramolecular H‐bonds in range 115 to
160 respectively, through the simulation representing
complex stability. The energy required for stable con-
formation of CLDN4‐NCI661251 and which had been
detected to continue with −3066 kcal/mol of average
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energy (Figure 5D) and is minimized when compared
with CLDN4’s apo state average energy −2889 kcal/mol
in the apo state. Further approaching interH‐bonds
between the CLDN4‐NCI661251 simulation average is
6.3 within the range starts from 0 to 19 maximum
H‐bonds (Figure 6B).

3.11 | CLDN4‐NCI110039 interaction
profile

The interaction profile incorporated inside the Schrodin-
ger’s Desmond module for canvassing the point by point
intermolecular interactions among CLDN4 and NCI110039
compound. A total of 5 to 10 (Figure 7A) H‐bonds were
existing among CLDN4 and NCI110039. Regular H‐bonds
were noticed with amino acids ARG31; ARG158 with over

69% tenancy throughout MD trajectory. Aside from H‐
bonds, CLDN4‐NCI110039 complex shown two hydropho-
bic contacts with residues like TYR67, LEU77 (Table 4 and
Figure 7B).

To analyze and figure out the ligand torsions dynamics,
it enables interactions such as H‐bonds alongside different
interactions amid CLDN4 and NCI110039 complex.50 The
calculated torsional degree of freedom for rotational bonds
in the NCI110039. NCI110039 molecule holds five
rotatable bonds amid ligand positions 1 to 5, 6 to 13, 7
to 19, 3 to 18, and 2 to 17. These rotational bonds help for
binding (Figure 7C).

Through a few computational examinations, it is found
that NCI110039 is the potential ligand and synthesized.
The synthesized ligand NCI110039 had been confirmed
with NMR analysis.

FIGURE 7 Total contacts, interaction diagram, torsional angle. A, Analysis of total contacts formed between claudin‐4 residues and
NCI110039 during MD simulations. B, Analysis of various interactions involved in stabilizing the claudin‐4‐NCI110039 complex. C, Analysis
of the torsional degree of freedom during MD simulation trajectory for the rotatable bonds present in the NCI110039. MD, molecular
dynamic

TABLE 4 Interaction profile of NCI110039 with claudin‐4 complex post‐MD simulation comparison to pre‐MD simulations (ie,
molecular docking interactions)

S.no Ligand name Type of interactions Pre‐MD Post‐MD

H‐bond ARG31, ASN142, ASP146, ARG158 ARG31, ARG158

1 NCI110039 Hydrophobic TYR67, LEU71, LEU77, TRP138, VAL152 TYR67, LEU77, VAL152

Pi‐Pi ARG31, ASP146 N/A

Abbreviations: MD, molecular dynamic; NCI, National Cancer Institute.
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3.12 | 1H Nuclear magnetic resonance

Ten grams yield 38%; orange crystals, melting point 320°C;
1H NMR spectrum (400MHz, DMSO‐d6) had shown the
peaks obtained at δ 6.706‐6.758 (q, 20Hz, 1 H), δ 6.904 (s,
OH), δ 7.062‐7.085 (d, 8 Hz, 1 H), δ 7.331‐7.360 (d, 12Hz,
1 H), δ 9.392 (s, 2 OH), δ 10.586 (s, OH), δ 15.321 (s, OH);
13C NMR spectrum (400MHz, DMSO‐d6): ppm 110.7,
115.3, 116.9, 124.0, 133.5, 134.8, 135.2, 152.0, 152.2, 155.2,
182.7. Calculated for C12H8O7 264.0270; found 264.1320.

3.13 | Biological activity of
purpurogallin carboxylic acid

The cytotoxic effect of purpurogallin carboxylic acid (Figure
8A) was determined by MTT assay through in vitro on
MCF7 and A549 cell lines. Cytotoxicity of purpurogallin
carboxylic acid was measured with different concentrations.
Results showed compare with the control, 1 µM had not
shown any cytotoxicity effect. With increasing concentration
of purpurogallin carboxylic acid, cytotoxicity also signifi-
cantly increased till 25 µM (31.9%). After increasing the
concentration (50 µM) it had not shown any cytotoxic effect
(38%). It indicates that the 25 µM is the optimal concentra-
tion for cytotoxicity of MCF7 cell line (Figure 8B). On A549
cell line with 1 and 2.5 µM cytotoxicity significantly increased
(81.2% and 61%). With 5, 10, and 25 µM it is shown a
moderate cytotoxicity (56.9%, 53.4%, and 52.5%). At 50 µM

concentration cytotoxicity had significantly increased (46.3%)
(Figure 8C).

4 | CONCLUSION

In the present study, homology modeling was carried out
to build an appropriate structure of CLDN4. The structure‐
based virtual screening was carried out to bring new and
potent inhibitors for CLDN4 protein. Further, docking
studies with compounds from the NCI database elucidated
the binding mechanism of CLDN4 and active residues like
ARG31, ASN142, ASP146, and ARG158 were identified.
Subsequently, MD simulations have been performed for
CLDN4‐NCI110039, CLDN4‐NCI344682, and CLDN4‐
NCI661251 complexes that provide insight into interacting
residues and protein stability. Moreover, molecular
dynamic simulations results showed that the trajectory
of the CLDN4 complex with NCI110039 is stable and
insignificant conformational change was observed in
CLDN4 because of NCI110039 binding. The stability
NCI110039 was determined by executing MM/GBSA and
MD simulation studies. In addition, preliminary in vitro
studies were also performed and the cytotoxicity assays
showed that NCI110039 has an inhibitory effect in the
breast (MCF7) and lung (A549) cancer cell lines. From the
overall analysis through molecular docking, dynamic
simulations and cytotoxic studies, the current study

FIGURE 8 Structure of purpurogallin carboxylic acid (PCA), MCF7 cells viability, A549 cells viability. A, Structure of synthesized
molecule PCA. B, Purpurogallin carboxylic acid effect on MCF7 cell line. C, Purpurogallin carboxylic acid effect on A549 cell line
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reveals that NCI110039 could be a promising lead for
CLDN4 inhibitory action. Further CLDN4 knockout
studies are required in future to substantiate the mechan-
ism of action of NCI110039 to serve as a potent anticancer
agent.
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