
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

10
:4

1:
08

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
In silico predictio
aDivision of Molecular Oncology, Nation

Research, ICMR, I – 7, Sector – 39, Noida

hedaus62@gmail.com
bAmity Institute of Molecular Medicine & Ste

– 201301, Utter Pradesh, India
cInformation System for Research Managem

New Delhi – 110029, India

† Electronic supplementary infor
https://doi.org/10.1039/d2ra00432a

Cite this: RSC Adv., 2022, 12, 11493

Received 21st January 2022
Accepted 31st March 2022

DOI: 10.1039/d2ra00432a

rsc.li/rsc-advances

© 2022 The Author(s). Published by
n and interaction of resveratrol on
methyl-CpG binding proteins by molecular docking
and MD simulations study†

Ram Krishna Sahu,ab Ved Vrat Verma,c Amit Kumar,c Simran Tandon,b

Bhudev Chandra Dasb and Suresh T. Hedau *a

Resveratrol enhances the BRCA1 gene expression and the MBD family of proteins bind to the promoter

region of the BRCA1 gene. However, the molecular interaction is not yet reported. Here we have

analyzed the binding affinity of resveratrol with MBD proteins. Our results suggest that resveratrol binds

to the MBD proteins with higher binding affinity toward MeCP2 protein (DG ¼ �6.5) by sharing four

hydrogen bonds as predicted by molecular docking studies. Further, the molecular dynamics simulations

outcomes showed that the backbones of all three protein–ligand complexes are stabilized after the

period of 75 ns, constantly fluctuating around the deviations of 0.4 Å, 0.5 Å and 0.7 Å for MBD1, MBD2

and MeCP2, respectively. The inter-molecular hydrogen bonding trajectory analysis for protein–ligand

complexes also support the strong binding between MeCP2–resveratrol complex. Further, binding free

energy calculations showed binding energy of �94.764 kJ mol�1, �53.826 kJ mol�1 and

�36.735 kJ mol�1 for MeCP2–resveratrol, MBD2–resveratrol and MBD1–resveratrol complexes,

respectively, which also supported our docking results. Our study also highlighted that the MBD family of

proteins forms a binding interaction with other signaling proteins that are involved in various cancer

initiation pathways.
Introduction

DNA methylation, histone modication, nucleosome remodel-
ing and RNA-mediated targeting proteins regulate many bio-
logical processes that are not only essential for normal
development and gene expression but also fundamental to the
genesis of cancer.1 Epigenetic modication plays an important
role in regulation of transcription, DNA repair and replication.2

At the time of chromatin regulation, expression patterns or
genomic alterations can lead to the induction and maintenance
of various cancers.2–5 The presence of mCpG dinucleotide in
a DNA sequence directly inhibits transcription or it recruits
proteins that specically recognize methylated DNA and initiate
the remodeling of euchromatin into a heterochromatin struc-
ture in the genome to form a spatial obstacle that is unable to
bind transcription factors to promoter sequences. The DNA
methylation pattern is believed to be ‘read’ by a conserved MBD
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family of proteins.6,7 These proteins share a common motif, the
methyl CpG binding domain (MBD).8,9 Currently, the NCBI
Conserved Domain Database lists 11 human proteins contain-
ing the methyl binding domain derived from methyl CpG
binding protein 2.10,11 Based on the presence of other domains,
these are further divided into 3 groups within the MBD super-
family according to the CDD30: the histonemethyl transferases,
the MeCP2_MBD proteins, and the histone acetyl transferases.
The MBD protein family includes MeCP2, MBD1, MBD2, MBD3,
MBD4, and the uncharacterized Kaiso complex, which binds to
methylated DNA. MBD1 binds to symmetrically methylated CpG
dinucleotides and inhibits gene expression by blocking tran-
scription factors' interaction with the promoter.12,13

The MBD1 protein is the largest member of the family of
proteins. It has a complex expression prole as there are 13
isoforms of the gene expressed on chromosome 18. The main
difference between the isoforms is the presence of 2 or 3 CXXC-
type zinc ngers present in the protein.14 The isoforms con-
taining the rst 2 CXXC domains preferentially repress meth-
ylated promoters, whereas those with the third CXXC domain
are capable of DNA binding regardless of methylation status.15,16

MBD2 may bind to methylated DNA and mediates the methyl-
ated DNA binding functions for 2 different transcriptional
repressor complexes, MeCP1 and Mi2/NuRD.16–19 Both these
complexes use MBD2 to direct HDACs and chromatin remod-
elers to methylated promoters where they effect transcriptional
RSC Adv., 2022, 12, 11493–11504 | 11493
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repression (Fig. S1†). Once again, this protein has been shown
to silence genes in a variety of cancers: colorectal, lung, pros-
tate, and renal cancer.20–26 The structures of MBD motifs from
three different MBD proteins have been solved and their overall
similarity indicates that all MBD-containing proteins are likely
to adopt a similar folding of protein chain.27–30 The MBD forms
a wedge-shaped structure composed of a b-sheet superimposed
over an a-helix and loop. Amino acid side chains in two of the b-
strands along with residues immediately next to the N-terminal
to the a-helix interact with the cytosine methyl groups within
the major groove, providing the structural basis for selective
recognition of methylated CpG dinucleotide.31,32

Resveratrol is the common term for 3,5,40-hydroxystilbene
(Fig. S2A†) which is produced naturally by several plants in
response to injury or when the plant is under attack by patho-
gens such as bacteria or fungi.33,34 Food sources of resveratrol
include the skin of grapes, blueberries, raspberries and
mulberries.35 Resveratrol was rst reported to exert anti-tumor
activities in 1997.33 Since then, the antioxidant, anti-
inammatory, anti-proliferative and anti-angiogenic effects of
resveratrol have been widely studied. It has been shown that it
exhibits anti-oxidative and anti-inammatory activity and
reverses the effects of aging in rats.36 Resveratrol suppresses
proliferation of several types of cancers, such as colon, breast,
pancreas, prostate, ovarian and endometrial cancers, as well as
lymphoma, and affects diverse molecular targets.33 Resveratrol
has been used in many studies not only for its preventive effects
but also anti-tumor effects against various cancers and its
ability to suppress cell proliferation, apoptosis, metastasis and
invasion.37 Resveratrol is found widely in nature and a number
of its natural and synthetic analogues and their isomer adducts,
derivatives and conjugates are available.38–40 It is an off-white
powder (extracted by methanol) with a melting point of 253–
255 �C and molecular weight of 228.25. Resveratrol is insoluble
in water but dissolves in ethanol and dimethylsulphoxide.41

Earlier, it was reported that resveratrol enhances the BRCA1
gene expression in breast cancer cells and MBD proteins
binding to the BRCA1 promoter region.42,43 However the
molecular interaction or mechanism has not yet been reported.
In this study, we have used MBD proteins as an emerging
biomarker. Here, we have analyzed the binding affinity of
resveratrol on MBD proteins with a high binding affinity score
of resveratrol against MBD1, MBD2, and MeCP2 proteins by
docking. Further, the study has been followed by MD simula-
tion and binding free energy calculations for these protein–
ligand complexes. Additionally, protein–protein interaction
analysis of MBD proteins with their neighboring counterparts
has been carried out to identify crucial interacting signaling
proteins which are directly or indirectly involved in cancer
initiation pathways.

Materials and methods
Structural optimization of target proteins and ligand

The three-dimensional structures of Homo sapiens MBD1 (PDB
ID: 6d1t), MBD2 (PDB ID: 6c1a) and MeCP2 (PDB ID: 5bt2)
proteins were retrieved from the RCSB protein data bank
11494 | RSC Adv., 2022, 12, 11493–11504
(https://www.rcsb.org/pdb/home/home.do). The chemical
structure of resveratrol (Pubchem CID: 445154) was retrieved
from the PubChem compound database. Further, bio-
molecule visualizer Chimera 3.1 was used to optimize the
molecule and convert it into a PDBQT le format.44 Further, for
performing docking studies, the PDB coordinates of the MBD1,
MBD2 and MeCP2 protein and resveratrol molecules were
optimized by using the protein visualization tool UCSF chimera
(added missing residues to minimize energy level and removed
unwanted molecules). The optimized three-dimensional coor-
dinates of all proteins were saved at a minimum energy and
stable conformation. Chimera allows for building of chemical
structure, visualization, molecular analysis and structure opti-
mization (Fig. S3†).45

Prediction of binding sites

COACH is a meta-server approach to protein–ligand binding
site prediction. Starting from the given structure of target
proteins, COACH will generate complementary ligand binding
site predictions using two comparative methods, TM-SITE and
S-SITE, which recognize ligand-binding templates from the
BioLiP protein function database by binding-specic substruc-
ture and sequence prole comparisons. These predictions will
be combined with results from other methods (including
COFACTOR, FINDSITE and ConCavity) to generate nal ligand
binding site predictions. The COACH algorithm was ranked as
the best method in the weekly CAMEO ligand binding site
prediction experiments.46,47

Molecular docking between MBD proteins and resveratrol
molecule

Molecular docking studies were performed to understand the
binding affinity behavior of resveratrol with various proteins as
MBD1, MBD2 and MeCP2 protein. Here in the present study
Auto dock vina was used to perform docking studies. Further,
the molecular visualization tool Chimera was used to visualize
the detailed protein–ligand binding interactions and nal
image formations. We have created an active binding grid using
position center and size on the X, Y and Z axis by auto dock vina.
For MBD1 the grid was centered at: �45.7294, 14.6662,
�1.54214, and maintained a size of grid as 24.0191, 33.5461,
and 37.6976. For MBD2 the grid was centered at: �47.7262,
13.1876, �0.072281 and maintained a size of grid as 32.647,
35.0381, and 37.7098. For MeCP2 the grid was centered at:
6.51469, �5.95367, �19.5398, and maintained a size of grid as
30.7524, 46.6142, and 34.3735. Further, we have added charge
and H-bonds on the receptor protein for stable conformation
and energy minimization. Finally, docking was run by auto dock
vina to calculate high affinity docking scores and optimize the
nal binding pose of the protein–ligand complexes. The energy
of interaction of resveratrol with the MBD1, MBD2 and MeCP2
protein is assigned as the “grid point”, and at each step of the
simulation, the energy of interactions between protein and
ligand was evaluated using atomic affinity potentials computed
on a grid. The remaining parameters were set as the default.48

Further, PyMOL soware was used for visualizing protein–
© 2022 The Author(s). Published by the Royal Society of Chemistry
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ligand binding interactions and for calculating their hydrogen
bond lengths. We have used UCSF chimera structure analysis
tools for comparison of protein conformational change and
sequence similarity aer ligand binding on the MBDs protein's
structure.
Molecular dynamic simulations and binding free energy
calculations between protein–ligand complexes

Molecular dynamic (MD) simulations for all three protein–
ligand complexes MBD1–resveratrol, MBD2–resveratrol and
MeCP2–resveratrol were performed by the GROMACS 2019
package using force eld GROMACS96 43a1. The topology
parameters for resveratrol were determined by using the
PRODRG server (https://prodrg1.dyndns.org/). The topology
parameters of all three proteins and resveratrol were merged
to build up the topology of MBD1–resveratrol, MBD2–
resveratrol and MeCP2–resveratrol complexes to initialize the
next stage of simulations. Individually, MBD1–resveratrol,
MBD2–resveratrol and MeCP2–resveratrol complexes were
centered in the dodecahedron box by maintaining the
distance of 1.2 nm from the wall and the boxes were solvated
by explicit water using the TIP3P model.49 The solvated
systems were electrically neutralized by adding 0.1 M
concentration of sodium ions (NaCl) to all systems.50 Prior to
MD simulations, solvated systems were minimized by using
1000 steps of the steepest descent algorithm followed by
a conjugate gradient algorithm, allowing the whole MBD1–
resveratrol, MBD2–resveratrol and MeCP2–resveratrol
complexes environment to relax the system by removing close
contacts in the environment.51 The LINCS algorithm was used
to constraint the bond length and bond angles and the time
step throughout the MD simulations was set to 2
femtoseconds (fs).52 The Particle Mesh Ewald (PME) algorithm
was used to calculate long range electrostatic interactions and
the cut-off for non-bonded van der Waal interactions was set
to 10 Å.53 The heavy atoms were restrained during equilibration
at a constant temperature of 300 K with 1 atmospheric pressure
for 1 nano-second (ns) together with the method given by Par-
rinello and Rahman.54 Before the production of MD simulations
run at NPT ensembles of 2 ns, all position restrains were cleared
from the systems and the data was saved aer an interval of
every 10 picoseconds (ps). Finally, all minimized and equili-
brated complex systems were subjected to a nal run of MD
simulations for 100 ns. The various trajectory les i.e., root
mean square deviations (RMSD), root mean square uctuations
(RMSF) and others were analyzed by using GROMACS scripts
and VMD molecular visualization tool.54,55 The RMSF trajectory
prole curves were calculated on the basis of Ca-atoms super-
imposition of proteins. The graphical tool XMGRACE was used
for plotting various trajectories.56 Further, binding affinity
analysis between inhibitor and receptor molecules was per-
formed for all three simulated complexes. In the present study
we have performed binding free energy calculation methods to
analyze the binding affinity of our inhibitor with respect to three
receptor molecules. For the binding energy calculation between
the receptor and inhibitor molecule we performed MM-PBSA
© 2022 The Author(s). Published by the Royal Society of Chemistry
calculations method using the GROMACS tool. Python script
MmPbSaStat.py and the graphical tool XMGRACE were used for
the nal statistical analysis of binding energy calculations and
trajectory analysis, respectively.57,58
Protein–protein interaction analysis

For the protein–protein interactions study, MBD1, MBD2 and
MeCP2 were analyzed by using the STRING 10.5 online database
(https://string-db.org/). Initially, MBD proteins of Homo sapiens
origin were selected as the input for performing a protein–
protein network study. Finally, the interacting protein
partners of MBD proteins were predicted for further protein–
protein interactions analysis.59
Results and discussion
Sequential and structural analysis of MBD proteins

The three-dimensional structure of MBD1 (PDB ID: 6d1t),
MBD2 (PDB ID: 6c1a) and MeCP2 (PDB ID: 5bt2) are retrieved
from the Protein Data Bank database (https://www.rcsb.org/
pdb/home/home.do) (Fig. S3B†). The 3D structures of MBD
proteins are composed of a b-sheet superimposed over an a-
helix and loop. The MBD1 protein is a monomer comprising
chain A. The MBD1 primary structure comprising 79 amino
acids and a conserved MBD motif, along with CXXC-type 1,
type 2 and type 3. This protein is rich in proline and also
comprises the TRD region. MBD2 is a homo tetramer protein
comprising four chains A, B, E and F and each chain carries
a sequence length of 79 amino acids residue. This protein is rich
in glycine, arginine, MBD motifs (CXXC) and TRD regions.
Additionally, we observed that MeCP2 is also a monomer
protein comprising chain A containing a sequence length of 97
amino acids. MeCP2 has one MBD motif, a pro-rich region and
a TRD region (Fig. S1†). The TRD domain includes a nuclear
localization signal.

These proteins have a motif region which interacts with
other proteins in the nucleus and forms a complex with it and
then binds to a specic region of the DNA sequence as well as
interacting with histone proteins, due to its binding gene
expression being repressed. MBD1 protein has chain A and
a MBD motif, CXXC-type 1, 2 and 3, pro-rich and TRD sequence
(Fig. S1†). Its repressive activity is reported to be mediated by
lysine 9 (K9) of histone H3 methylation through SETDB1
histone methyl transferase (HMT) recruitment.60 It interacts
with Suv39h, another HMT that methylates K9 of histone H3.61

Isoforms containing the CXXC3 are able to bind unmethylated
DNA so these proteins not only repress the transcription of
methylated sequences but also of unmethylated regions.62

MBD1 has been shown to be signicantly associated with lung
cancer and in human pancreatic carcinomas. Elevated expres-
sion of MBD1 showed association with lymph node metas-
tasis.63 Loss of MBD1 function could affect the normal
regulation of gene expression by lacking suppression of
genes.12,64 The MBD1 role in gene regulation is conrmed by in
situ hybridization and RNAi.64,65 Knockdown of MBD1 inhibited
RSC Adv., 2022, 12, 11493–11504 | 11495
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cell proliferation, invasion, and induces apoptosis in pancreatic
cancer cells.63

MBD2 has A, B, E, F chains which contain glycine rich
regions; the arginine-rich region also has one MBD and TRD
motif in its sequence (Fig. S1†). Repressive activity of MBD2 is
mediated by MeCP1, an ATP dependent chromatin remodeling
complex formed by MBD2 and the Mi-2/NuRD complex.66 It is
mainly associated with colorectal cancer, stomach cancer and
breast cancer.67,68 MBD2 deciency also dramatically reduced
tumorigenesis and extended life span in the in vivomodel.69,70 It
has been shown that MBD2 can also bind to unmethylated DNA
to cause changes in gene expression.63

MeCP2 has chain A and an MBD motif, a pro-rich region and
a TRD region (Fig. S1†). The TRD domain includes a nuclear
localization signal. Repression by MeCP2 is mediated by chro-
matin remodeling complexes recruitment to methylated DNA
sequences. The TRD domain interacts with Sin3A, a complex
containing histone deacetylase enzymes HDAC1 and HDAC2.
Histone deacetylation is not only a way in which MeCP2
represses transcription and establishes heterochromatin forma-
tion; it is also known that MeCP2 interacts with a complex con-
taining lysine 9 of histone H3 methyl transferase activity.71

MeCP2 is involved in cancer by binding to the hyper methylated
regions of promoters of tumor suppressor genes and thereby
causes their subsequent repression in breast cancer, prostate
cancer, lung cancer, liver cancer, and colorectal cancer and the
elevated expression of this gene has been reported in different
cancers. Loss ofMeCP2 function has been reported to inhibit cell
proliferation and increase apoptosis of prostate cancer cells in
vitro.72,73 In addition, treatment with several natural compounds
has been shown to down regulate the elevatedMeCP2 expression
in prostate and breast cancer cells in vitro.74,75
Table 1 Docking score, affinity, consensus binding residue and H-bond
MeCP2 methyl-CpG binding proteins by COACH online tools. COACH i

PDB ID Protein Affinity score DG (kcal mol�1)
Predicted conse
amino acid resi

6d1t MBD1 �5.8 kcal mol�1 GLY-6, GLU-21,
GLY28, LEU-29,
GLY-43, LYS-44,
ARG-47, SER-48
PHE-67, ARG-68

6c1a MBD2 �5.9 kcal mol�1 GLY-6, GLU-21,
SER-27, GLY-28
SER-34, ASP-35,
LYS-44, LYS-45,
LYS-49, PRO-50
68, THR-69

5bt2 MeCP2 �6.5 kcal mol�1 GLY-16, PRO-25
28, THR-29, LYS
ARG-35, LYS-36,
SER-40, LYS-43,
ILE-49, ASN-50,
PHE-56, ARG-57
GLU-61, LEU-62
ASP-71, LEU-74,
VAL-83

11496 | RSC Adv., 2022, 12, 11493–11504
Analysis of binding cavity

Prediction of the consensus ligand binding amino acid on MBD
protein sequence was analyzed by the COACHonlinemeta-server
which predicts ligand binding amino acids (Table 1) based on
comparative methods. Amino acids present on the ligand
binding site of the protein have high affinity to bind the ligand as
compared to other amino acids (Fig. 1 and 2). In MBD1 protein,
23 residues have been predicted to have ligand binding inter-
action, these amino acids are located on the MBD motif present
on the early position of the protein structure. However, the TRD
domain is located at the later position on the backbone of the
protein. It makes the active site between the terminal loop and
beta sheet of the protein. These MBD motifs interact with the
methylated DNA and TRD domain attached to histone proteins
which further regulate the transcription process. The MBD2
protein has been predicted to contain 26 residues which have
ligand binding interaction; the MBD motif and TRD domain are
jointly present within the middle of this protein backbone. The
active site formed between the beta sheet, alpha helical and
terminal loop of the proteins structure and these predicted
amino acid falls within the early and middle position of this
protein's structure. MeCP2 protein comprising 36 residues is
predicted to have ligand binding interaction and is mostly
present on the later sequence of the protein structure. The active
site is formed between the beta sheet and terminal loop of the
protein's structure (Fig. S1† and 2).
Molecular docking analysis of resveratrol on MBD proteins

The molecular docking analysis of resveratrol with all three
proteins MBD1, MBD2 and MeCP2 has been done to under-
stand the binding mode of resveratrol with all three target
prediction of resveratrol on the ligand binding site of MBD1, MBD2 and
s a meta-server approach to protein–ligand binding site prediction

nsus ligand binding
due in MBD proteins Physical interaction

H bonds distance
(A0)

ARG-25, LYS-26, SER-27,
SER-30, LYS-33, ASP-35,
LYS-45, PHE-46 TYR-37,
, LYS-49, PRO-50, GLN-51,
, THR-69

ARG68(2HB) 2.29 A0

LYS49(1HB) 2.18 A0

2.42 A0

VAL-23, ARG-25, LYS-26,
, LEU-29, SER-30, LYS-33,
VAL-36, TYR-37, GLY-43,
PHE-46, ARG-47, SER-48,
, GLN-51, PHE-67, ARG-

VAL36(2HB) 2.03 A0

LYS49(1HB) 2.38 A0

PHE65(1HB) 2.42 A0

2.48 A0

, GLU-26, GLY-27, TRP-
-31, LYS-33, GLY-34,
SER-37, GLY-38, ARG-39,
ASP-45, TYR-47

LEU32(1HB) 2.47 A0

PRO-51 TYR19(1HB) 2.04 A0

, SER-58, LYS-59, VAL-60,
, TYR-65, PHE-66

GLN34(1HB) 2.15 A0

ASP-80, PHE-81, THR-82, ASP20(1HB) 2.33 A0

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Prediction of ligand binding amino acids of MBD1, MBD2 and MeCP2 proteins by the COACH online tool.

Fig. 2 Binding mode of resveratrol in the deep cavity of MBD1 (A and D), MBD2 (B and E) and MeCP2 (C and F).
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molecules. Docking analysis helps us to calculate the relative
binding affinity of resveratrol with respect to all 3 target
proteins which should be directly proportional to the docking
score. In this respect, we observed that the predicted binding
affinity score of resveratrol with MBD1 is �5.8 along with 3
hydrogen bonds, where resveratrol binds to the Arg 68 residue
by two hydrogen bonds to the 40 position of the hydroxyl group
along with one hydrogen bond between Lys 49 and 3rd carbon
position of hydroxyl group of resveratrol. These two amino
acids are present on the TRD domain of the protein and this
domain is known to play a key role in gene transcription. The
affinity score for resveratrol with MBD2 has been observed as
�5.9. The resveratrol forms four hydrogen bonds with the
MBD2 target. The amino acid residue Val 36 forms two
hydrogen bonds at the 40 position of the hydroxyl group
whereas Phe 65 and Lys 49 form one hydrogen bond to each at
the 50 carbon hydroxyl group of resveratrol. These three amino
acids Val 36, Lys 49 and Phe 65 are found to be allocated on the
a-helix and b-sheet of the protein back bone, known for the
methyl domain binding and TRD property. Binding of
© 2022 The Author(s). Published by the Royal Society of Chemistry
resveratrol to methyl domain binding will interfere with
functioning of DNA binding and gene transcription. Further,
we observed the affinity score of resveratrol for MeCP2 as �6.5
along with 4 hydrogen-bonds. Resveratrol forms hydrogen
bonds with four residues of MeCP2, Leu 32, Tyr 19, Gln 34 and
Asp 20 bind to the resveratrol hydroxyl group with one
hydrogen bond to each. Amino acid residues Leu 32 and Gln
34 present on the beta sheet of the protein backbone bind to
the 30 carbon hydroxyl group and 40 carbon hydroxyl group of
resveratrol, respectively. Tyr 19 binds to the 30 carbon hydroxyl
group and Asp 20 bind to the 50 carbon hydroxyl group of
resveratrol and present on before the beta sheet of the protein
backbone. Binding of resveratrol to these amino acids will
inhibit the methyl domain binding and transcription of genes
in chromosomes (Fig. 3) (Table 1). Further, using the structure
analysis tool chimera, we found that there is no conforma-
tional change in MBD1, MBD2 and MeCP2 proteins aer
resveratrol binding and showing 0.00 RMSD and there is 100%
similarity of the protein sequence between native and ligand
bound proteins (Table 2).
RSC Adv., 2022, 12, 11493–11504 | 11497
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Fig. 3 Structural analysis and binding of resveratrol on the active site of docked proteins. (A) MBD1 protein has a total of 3 hydrogen bonds, two
bind to the ARG68 side chain and one binds to the LYS49 amino acids. (B) MBD2 protein has a total of 4 H-bonds with resveratrol, 2 H-bondswith
VAL36, one LYS49 side chain, and one PHE65 amino acid. (C) MeCP2 protein has 4 H-bonds with LEU32, TYR19, GLN34 and ASP20 amino acids.
Interacting hydrogen bonds are highlighted with the yellow colored dashed line.
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Molecular dynamic simulations binding free energy
calculations between protein–ligand complexes

Molecular dynamic simulations of docked protein–ligand
complexes have been done to understand the binding mode of
resveratrol in a dynamic state. In the present study, the GRO-
MACS 2019 package and GROMACS96 43a1 force eld have
been used to perform MD simulations of the three complexes.
Altogether, the outcomes of the MD simulations studies have
been analyzed by analyzing distinct trajectories. Comparative C-
a atoms root mean square deviations (RMSD) trajectory curve
Table 2 Sequence similarity analysis of MBD1, MBD2 & MeCP2 proteins

Proteins–ligand complex Similarity of sequence between native prote

MBD1 + resveratrol >MBD1 docked.pdb/1-79GATESGKRMDCPAL
DFRTGKMMPSKLQK

MBD1 >MBD1.receptor.pdb/1-79GATESGKRMDCPA
SFDFRTGKMMPSKLQK

MBD2 + resveratrol >MBD2 docked.pdb/1-79GATESGKRMDCPAL
DFRTGKMMPSKLQK

MBD2 >MBD2.receptor.pdb/1-79GATESGKRMDCPA
SFDFRTGKMMPSKLQK

MeCP2 + resveratrol >MeCP2 docked.pdb/1-97ASASPKQRRSIIRDR
YFEKVGDTSLDPNDFDFTVTGRGSPSRHHHH

MeCP2 >MeCP2.receptor.pdb/1-97ASASPKQRRSIIRD
YFEKVGDTSLDPNDFDFTVTGRGSPSRHHHH

11498 | RSC Adv., 2022, 12, 11493–11504
analysis showed that all three complexes are stabilized aer the
simulation time of 75 ns, suggesting that these complexes
stabilized before the end of 100 ns simulations (Fig. 4A).
Further, the dynamic natures of hydrogen bond formation
between protein–ligand complexes are analyzed to understand
the comparative strength of the intermolecular hydrogen
bonding between protein–ligand complexes during MD simu-
lations of 100 ns. In this respect, we observed that the receptor
molecule MBD1 forms up to four hydrogen bonds, MBD2 forms
up to six hydrogen bonds and MeCP2 forms up to seven
after ligand binding using UCSF Chimera structure analysis tools

in and ligand binding proteins aer docking

PPGWKKEEVIRKSGLSAGKSDVYYFSPSGKKFRSKPQLARYLGNTVDLSSF

LPPGWKKEEVIRKSGLSAGKSDVYYFSPSGKKFRSKPQLARYLGNTVDLS

PPGWKKEEVIRKSGLSAGKSDVYYFSPSGKKFRSKPQLARYLGNTVDLSSF

LPPGWKKEEVIRKSGLSAGKSDVYYFSPSGKKFRSKPQLARYLGNTVDLS

GPMYDDPTLPEGWTRKLKQRKSGRSAGKYDVYLINPQGKAFRSKVELIV
HH
RGPMYDDPTLPEGWTRKLKQRKSGRSAGKYDVYLINPQGKAFRSKVELIV
HH

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparative binding free energy calculations analysis between receptor & inhibitor molecule complexes. SASA stands for solvent
accessible surface area. All types of energies have been measured in KJ mol�1

Complex
(receptor & inhibitor)

van der Waal
energy (kJ mol�1)

Electrostatic energy
(kJ mol�1)

Polar solvation energy
(kJ mol�1)

SASA energy
(kJ mol�1)

Binding energy
(kJ mol�1)

MeCP2 & resveratrol �116.55 � 20.50 �42.59 � 13.45 75.52 � 18.76 �11.14 � 1.69 �94.76 � 22.69
MBD2 & resveratrol �66.25 � 39.92 �29.81 � 19.27 49.39 � 35.59 �7.16 � 3.56 �53.83 � 27.16
MBD1 & resveratrol �47.69 � 29.43 �10.04 � 11.25 25.42 � 25.74 �4.42 � 3.44 �36.73 � 18.37
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hydrogen bonds during simulations of 100 ns (Fig. 4B). The
outcomes of dynamic state hydrogen bonding analysis suggest
that the MeCP2–resveratrol complex forms a more stable
hydrogen bond as compared to other two proteins. Further, it is
also suggested that similar to the maximum number of
hydrogen bond formation they might follow a similar order for
their binding affinity.

Today, binding free energy calculations between receptor
and inhibitor is a popular method to calculate the binding
affinity of an inhibitor for a particular receptor. Therefore, in
Fig. 4 (A) Comparative C-alpha atoms backbone superimposition of RM
green colors, respectively. After the period of 75 ns backbones of all thre
0.5 nm and 0.7 nm for MBD1, MBD2 and MeCP2, respectively. (B) The fig
during the MD simulation of 100 ns (100 000 ps). The black color refers t
indicates the MBD2 protein H bond and up to 6H bonds were formed d
maximum of 7H bonds formed in the overall simulation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the present study we have performed a binding energy calcu-
lation between the receptor molecules (MeCP2, MBD2 and
MBD1) and resveratrol. The RMSD trajectory analysis outcomes
of the MD simulations study suggested that all three systems
have reached equilibrium aer the time period of 75 ns and
uctuate around 0.4 Å, 0.5 Å and 0.7 Å for MBD1, MBD2 and
MeCP2, respectively, with individually constant RMSD. Hence,
all three systems achieved equilibrium aer 75 ns; therefore,
binding energy calculations for all three systems are performed
for the trajectory of 10 ns between the simulation periods of 80
SD trajectories of MBD1, MBD2 and MeCP2 shown by black, red and
e complexes were stabilized and constantly fluctuating around 0.4 nm,
ure shows the number of hydrogen bonds formed with respect to time
o the MBD1 protein H bond and the formed 4H bonds. The green color
uring simulation. The red color refers to the MeCP2 H bond and the

RSC Adv., 2022, 12, 11493–11504 | 11499
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to 90 ns. Aer performing binding energy calculations for all
three individual complexes we compared the nal binding
energies of all three cases (Table 3). Our binding energy analysis
showed that the inhibitor molecule's resveratrol binds with the
lowest binding energy of �94.76 kJ mol�1 for receptor molecule
MeCP2 followed by the binding energy of �53.83 kJ mol�1 for
the receptor molecule MBD2, followed by the binding energy of
�36.73 kJ mol�1 for the receptor molecule MBD1 (Table 3). Our
comparative binding energy analysis outcomes of resveratrol for
all three receptor molecules showed that resveratrol showed the
lowest binding energy with MeCP2 suggesting the higher
binding affinity of resveratrol for MeCP2 and the binding
affinity order following the order MBD2 and then MBD1. So,
here our binding energy analysis results follow the same
outcomes which we have seen in docking and binding interac-
tions analysis where we have observed higher binding interac-
tions of resveratrol in the case of MeCP2 followed by MBD2 and
MBD1. Our binding energy analysis outcomes are strengthening
our previous docking studies and binding interactions analysis
results. Therefore, the combined outcomes of our docking
studies, the binding interactions analysis and binding energy
analysis suggest that resveratrol could be an effective and
Fig. 5 Protein–protein interaction network studies of (A) MBD1, (B) MBD

11500 | RSC Adv., 2022, 12, 11493–11504
putative inhibitor of MeCP2 which could be used for further
experimental validation studies.

Our result has clearly stated that MeCP2 has a greater
number of intra-molecular hydrogen bonds and its backbone is
more stable than MBD1 and MBD2 up to 100 ns of simulation
(Fig. 4). Our binding energy calculation of protein ligand
complexes and MD simulation studies also conrms that
resveratrol has strong binding affinity with MeCP2 compared to
MBD1 and MBD2 proteins (Table 3).
Protein–protein interaction analyses of MBD proteins with
their neighboring metabolic pathway counterparts

Protein–protein interaction analysis of MBD proteins with their
neighboring proteins has been analyzed to identify the inter-
acting partners of MBD proteins which are involved in cancer
initiation and apoptotic pathways. The present study aims to
understand the comparative binding affinity of MBD1, MBD2
and MeCP2 with resveratrol; therefore, we have identied the
key interacting protein partners of MBD1, MBD2 and MeCP2
which directly and indirectly interact with these three proteins.
Additionally, we assumed that by inhibiting these three proteins
by the inhibitor molecule resveratrol we are able to block the
2 and (C) MeCP2 methyl CpG binding proteins by STRING-10.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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corresponding metabolic pathways of these three proteins to
which they belong. Accordingly, we observed that MBD1 protein
interacts with ATF7IP, SETDB1, SUV39H1, CHAF1A, TENM1,
CBX5, SUMO1, RARA, HDAC3 and CBX3 proteins. The MBD2
protein interacts with HDAC2, RBBP7, GATAD2A, MTA2,
DNMT1, HDAC1, SIN3A, RBBP4, CHD3, PRMT5 proteins and
MeCP2 protein interacts with HDAC2, RBBP7, GATAD2A, MTA2,
DNMT1, HDAC1, SIN3A, RBBP4, CHD3, PRMT5 proteins
(Fig. 5). These proteins are directly or indirectly involved in the
regulation of gene expression, apoptosis, cell growth and
proliferation, and signaling pathways in cancer cells. Our
protein–protein interactions analysis suggests that proteins
MBD1, MBD2 andMeCP2 are interacting withmany of the other
proteins which are crucial for many key metabolic pathways;
therefore, inhibiting MBD1, MBD2 and MeCP2 with resveratrol
could be a good approach to block the metabolic activity of the
above discussed key pathways.

MBD1 is a transcriptional repressor that binds to CpG
islands in promoters where the DNA is methylated at position 5
of cytosine within CpG dinucleotides. MBD1 acts as a tran-
scriptional repressor which plays a key role in gene silencing by
recruiting AFT7IP, which in turn recruits factors such as the
histone methyl transferase SETDB1. It probably forms
a complex with SETDB1 and ATF7IP that represses transcription
and couples DNAmethylation and histone ‘Lys-9’ tri methylated
(Fig. 5A).76 MBD2 binds to hemi methylated DNA as well, it
recruits histone deacetylases and DNA methyl transferases and
acts as a transcriptional repressor and plays a key role in gene
silencing. It functions as a scaffold protein, targeting GATAD2A
and GATAD2B to chromatin to promote repression. It may
enhance the activation of some unmethylated cAMP-responsive
promoters (Fig. 5B).77,78 The MeCP2 protein that binds to
methylated DNA can bind specically to a single methyl-CpG
pair. It is not inuenced by sequences anking the methyl-
CpG mediating transcriptional repression through interaction
with histone deacetylase and the co-repressor SIN3A, which
binds both 5-methylcytosine (5mC) and 5-hydrox-
ymethylcytosine (5hmC)-containing DNA, with a preference for
5-methylcytosine (5mC) (Fig. 5C).79 The above results explore
the importance of these MBD proteins in the regulation of gene
expression and their involvement in cancer initiation pathways.

Conclusions

In conclusion, we have found that MBD proteins are made up of
an a-helix, b-sheet and MBD1 and MeCP2. These two proteins
have a single chain whereas MBD2 is made up of four polypeptide
chains. These proteins have an MBD motif, TRD and a CXXC
region which bind to the histone protein and methylated DNA
sequence which regulates the gene expression. Binding analysis
revealed that MeCP2 has a maximum number of amino acids
which interact with the ligand as compared to MBD1 and MBD2
proteins. Aer docking with resveratrol and the MD simulation of
the protein ligand complex it is conrmed that resveratrol has
high binding affinity toward MeCP2 protein compared to MBD1
and MBD2 proteins. These MBD proteins interact with the other
signaling proteins which are directly or indirectly involved the
© 2022 The Author(s). Published by the Royal Society of Chemistry
cancer initiation pathways. The detailed mechanism and path-
ways of these MBD proteins in cancer development are still
unclear. Resveratrol could be used as the inhibitor of these MBD
proteins and further in vitro study should be done to explore the
effects of MeCP2 protein in different cancer cells.
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