Open Access Article. Published on 16 June 2022. Downloaded on 3/27/2026 6:41:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv,, 2022, 12, 17821

Structure-based design and synthesis of a novel
long-chain 4”-alkyl ether derivative of EGCG as

potent EGFR inhibitor: in vitro and in silico studiest

Satyam Singh, ©2 Revathy Sahadevan, ©° Rajarshi Roy, 2 Mainak Biswas,®
Priya Ghosh,? Parimal Kar, ©2 Avinash Sonawane? and Sushabhan Sadhukhan (& *bde

Herein, we report the discovery of a novel long-chain ether derivative of (—)-epigallocatechin-3-gallate
(EGCG), a major green tea polyphenol as a potent EGFR inhibitor. A series of 4”-alkyl EGCG derivatives
have been synthesized via regio-selectively alkylating the 4” hydroxyl group in the D-ring of EGCG and
tested for their antiproliferative activities against high (A431), moderate (Hela), and low (MCF-7) EGFR-
expressing cancer cell lines. The most potent compound, 4”-Cy4 EGCG showed the lowest ICsq values
across all the tested cell lines. 4”-Cy4 EGCG was also found to be significantly more stable than EGCG
under physiological conditions (PBS at pH 7.4). Further western blot analysis and imaging data revealed
that 4”-Cy4 EGCG induced cell death in A431 cells with shrunken nuclei, nuclear fragmentation,
membrane blebbing, and increased population of apoptotic cells where BAX upregulation and BCLy_

downregulation were observed. In addition, autophosphorylation of EGFR and its downstream signalling
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proteins Akt and ERK were markedly inhibited by 4”-Cy;4 EGCG. MD simulation and the MM/PBSA

analysis disclosed the binding mode of 4”-Cy4 EGCG in the ATP-binding site of EGFR kinase domain.

DOI: 10.1039/d2ra01919%a

rsc.li/rsc-advances inhibitor with enhanced stability.

1. Introduction

The epidermal growth factor receptor (EGFR) protein is
a member of the ErbB family of tyrosine kinases that regulates
several biological processes such as cell proliferation, migra-
tion, apoptosis, survival, differentiation, etc.* Frequent muta-
tion or overexpression of EGFR has been shown to be involved
in the progression of various types of cancer including non-
small cell lung cancer, prostate, skin, and breast cancer.”
Thus, targeting EGFR via EGFR-specific tyrosine kinase inhibi-
tors (TKIs) and monoclonal antibodies (mAbs) has become an
attractive therapeutic approach for cancer treatment over the
years. Several EGFR TKIs such as gefitinib,? erlotinib,* afatinib,®
rociletinib,® and osimertinib” have been approved by the United
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Taken together, our findings demonstrate that 4”-Cy4 EGCG can act as a promising potent EGFR

States Food and Drug Administration (FDA) for the treatment of
patients harbouring activating mutations such as L858R,
T790M or exon 19 deletions.® EGFR developed resistance
against the first-generation TKIs due to their reversible nature
and T790M gatekeeper mutation. The second-generation TKIs
were able to effectively inhibit T790M, L858R, and exon 19
deletion mutant forms of EGFR.® However, EGFR also acquired
resistance against the second-generation TKIs and the later
exhibited off-target affinity towards the wild-type EGFR. Further
emergence of C797S mutation resulted the resistance in osi-
mertinib (a third generation TKIs) therapy as the mutation
averts the covalent bond formation between the inhibitor and
C797.° Despite showing great efficacy against EGFR, significant
side effects have also been observed for these TKIs.' In addi-
tion, drug resistance to several FDA-approved TKIs are also re-
ported.*>*> These warrant further research works on the
development of effective natural or synthetic inhibitors that will
specifically target the EGFR with minimal to zero side effects.
Structure-activity relationship (SAR) approach have been
proven to be instrumental in targeted drug discovery applica-
tions.'*™ Several potent EGFR inhibitors were discovered based
on the comprehensive SAR studies on the medicinally impor-
tant scaffolds.'** Various drug delivery systems have also been
explored to reduce the doses and in that context, metal-
phenolic networks have recently been identified as promising
agent for the development of cancer nanomedicine due to its

RSC Adv, 2022, 12, 17821-17836 | 17821


http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra01919a&domain=pdf&date_stamp=2022-06-15
http://orcid.org/0000-0003-2341-9544
http://orcid.org/0000-0001-5789-5499
http://orcid.org/0000-0002-5788-9424
http://orcid.org/0000-0001-8451-9739
http://orcid.org/0000-0002-3302-5875
https://doi.org/10.1039/d2ra01919a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01919a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012028

Open Access Article. Published on 16 June 2022. Downloaded on 3/27/2026 6:41:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

less toxicity and pH based drug release.”® On the other hand,
targeted theranostic nano vehicle with immunostimulatory
activities showed promising results to avert the drug resistance
and remove cancer causing stem cells.*® In the quest of
searching novel TKIs with less toxicity profile, compounds from
natural origin might prove to be promising. Despite significant
advances in the cancer treatments using potent small molecule
synthetic drugs, the resistance to chemotherapy and off-target
toxicity makes the use of synthetic molecules difficult and
sometimes unsuitable. On the other hand, several natural
products have recently been used in cancer treatment and have
shown very promising efficacy as well as selectivity.>*>* Small
molecules of natural origin display a wide range of structural
diversity and promising biological activities with fewer side
effects and less toxicity towards benign cells. Over 60% of the
anticancer drugs presently in the clinical application with
proven efficacy against several types of cancer are of natural
origin such as plants, microorganisms, marine organisms, etc.>
In addition, semisynthetic molecules bearing minor chemical
modifications on the parent natural products have also been
shown to exhibit increased biological efficacy, pharmacoki-
netics with fewer side effects.>®?” Various novel strategies have
been introduced to discover the molecular targets of natural
products without chemically modifying them, such as drug
affinity responsive target stability, stability of proteins from
rates of oxidation, cellular thermal shift assay, thermal pro-
teome profiling, and bioinformatics-based analysis of connec-
tivity. These analytical methods play critical roles in identifying
the mechanisms of action of drugs of natural origin.?®
Plant-based polyphenols are one such class of natural
products comprised of a large structurally diverse molecules
with multiple bioactivities exhibiting a plethora of health
beneficial effects. One of the promising biologically active
polyphenols is (—)-epigallocatechin-3-gallate (EGCG), a major
ingredient in green tea. The FDA and European Food Safety
Authority (EFSA) have classified EGCG as “Generally Recognized
as Safe” (GRAS) for its health beneficial effects.” Green tea
polyphenols mainly EGCG, exhibits various health-beneficial
and disease-preventive activities including immunomodula-
tory,*® anti-oxidant,* anti-cancer,** and anti-bacterial.*® EGCG

has shown anticancer activities such as inhibition of cancer cell
proliferation,® activation of apoptotic pathways,* inhibition of
angiogenesis, invasion, and metastasis in various types of
despite

cancer.*® Nevertheless, EGCG possessing great
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therapeutic and chemopreventive properties, its use in clinical
trials has been rather limited because of poor bioavailability,***”
chemical instability,*®* low membrane permeability,* and
rapid metabolism.** To overcome the aforementioned short-
comings, various structural modifications have been done with
EGCG to achieve enhanced biological properties, increased
stability, and improved bioavailability.*>*

Herein, we decided to regio-selectively introduce alkyl chains
of varied length at 4” position of EGCG through an ether linkage
(Scheme 1), due to its resistance to hydrolysis, and test them for
their potential to inhibit EGFR. Seven novel 4”-alkyl EGCG
derivatives were synthesized and characterized by 1D and 2D-
NMR. Cytotoxicity profiles were evaluated on high, moderate,
and low endogenous EGFR-expressing cell lines A431, Hela,
and MCF-7, respectively. The compounds were also tested in
a non-cancerous cell line (HEK-293) to ensure their tumor-
targeting ability. Finally, the most promising compound, 4”-
C,4 EGCG, was evaluated for its ability to induce apoptosis. The
inhibitory activity of 4”-C,, EGCG was examined against pEGFR
and its downstream signalling proteins pAKT and pERK.
Further, the stability of 4”-C;;, EGCG was evaluated and
compared with EGCG under physiological conditions (PBS, pH
7.4). Molecular docking and molecular dynamic (MD) simula-
tion studies were also carried out against the ATP binding
pocket of the EGFR kinase domain to elucidate its binding
mode with 4”-C;, EGCG. The results obtained from the above
analysis suggest that 4”-C;, EGCG acts as a potent EGFR
inhibitor (Fig. 1).

2. Materials and methods

2.1. Chemistry

EGCG was purchased from Carbosynth Ltd, UK. 1-Bro-
moalkanes of different chain lengths (Cg, Cs, C19, C12, C14, C16,
and C,g) were bought from Sisco Research Laboratories (SRL)
Pvt. Ltd, India. Silica gel (230-400 mesh) for column chroma-
tography was purchased from Spectrochem Pvt. Ltd, India. All
the solvents used were of reagent grade. LC-MS was recorded in
ESI mode on LC-MS-IT-TOF (Shimadzu Pvt. Ltd) instrument. 'H,
3¢, and HMBC NMR were recorded in Bruker AVANCE III 500
FT NMR spectrometer. FTIR spectrum was recorded using
PerkinElmer Spectrum 100 spectrometer based on a universal
attenuated total reflectance (ATR) sensor.

OH
<l
Br ™M, .
n HO. o, OH
Anhyd. NaOAc o
‘0
DMF, 85°C, 2 h OH OH
O
o
0 Mz
OH
EGCG 4"-C, EGCG

Scheme 1 Synthetic route for 4”-alkyl EGCG derivatives (4”-C,, EGCG), where n = 6, 8, 10, 12, 14, 16, and 18.

17822 | RSC Adv, 2022, 12, 17821-17836

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01919a

Open Access Article. Published on 16 June 2022. Downloaded on 3/27/2026 6:41:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Potent EGFR inhibitor

NN SN

I 7 |
OH A OH
07 N Xy

Selectively targets cancer cells and non-toxic to benign cells
4"-alkyl ether linkage provides enhanced stability
Better binding in the ATP binding cleft

on 4"-C,, EGCG

ICs (A431): 30.52 + 0.04 uM
ICso (HeLa): 27.12 % 0.04 uM
ICs, (MCF-7): 41.73 + 0.09 uM
ICso (HEK 293): >150 uM

¢+ Hydrophobic C, tail stabilizes [EGFR-
inhibitor] complex

[AG = - 45.06 + 6.68 keal/mol

Cancer Cell

Control 4"-C4EGCG
* pPEGFR inhibition

m /\§3
=0 )

O(/{ - K%

\
= @
Apoptosis
Control 4"-C4, EGCG

Apoptotic cell death

Fig. 1 Schematic representation of 4”-C,4 EGCG mediated pEGFR inhibition and induction of apoptosis.

2.1.1. General procedure for the synthesis of 4”-alkyl EGCG
(4"-C, EGCG) derivatives. To a stirred mixture of (—)-epi-
gallocatechin-3-gallate (EGCG) (0.6545 mmol, 1 eq.) and anhy-
drous sodium acetate (1.9373 mmol, 3 eq.) in 1 mL dried N,N-
dimethyl formamide (DMF), 1-bromoalkane (5.2360 mmol, 8
eq.) was added dropwise. The resulting mixture was allowed to
stir at 85 °C for 2 h. The progress of the reaction was monitored
by thin-layer chromatography. The reaction was quenched by
adding water (2 mL) and extracted with ethyl acetate (2 mL x 3).
The organic layer was then washed with water (2 mL x 3) to
remove DMF and dried over anhydrous sodium sulphate. The
solvent was evaporated in rotavapor and the obtained crude
product was purified by silica gel column chromatography
(Silica: 230-400 mesh, eluent: acetone-dichloromethane) to
afford the 4”-alkyl EGCG compounds as brownish solid. The
synthesized compounds were confirmed by LC-MS, FT-IR, 'H
NMR and *C NMR.

2.2. Biological evaluation

2.2.1. Cell culture, reagents, and antibodies. A431, MCF-7,
HeLa, and HEK-293 cell lines were obtained from National
Centre for Cell Science (NCCS), Pune, India. The cells were
cultured in Dulbecco's Modified Eagle’s Medium (DMEM;
Gibco, Thermo Fisher Scientific, USA) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin (Gibco
Thermo Fisher Scientific, USA). Cells were grown in humidified
5% CO, incubator at 37 °C. EGFR inhibitor, gefitinib, and
DMSO were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Anti-BCLy;, anti-BAX, anti-p-EGFR (Tyr1068), anti-p-Akt

© 2022 The Author(s). Published by the Royal Society of Chemistry

(Ser473), anti-p-Erk1/2, anti-Erk1/2, anti-Akt antibodies were
purchased from Cell Signaling Technology (Beverly, MA, United
States). Anti-EGFR, anti-B-actin, anti-Gapdh antibodies were
purchased from Santa Cruz (Dallas, TX, United States).

2.2.2. Antiproliferative assay. The synthesized 4”-alkyl
EGCG derivatives were tested for anticancer activity against
three human cancer cell lines (A431, HeLa, and MCF-7) and
HEK293 cells using the standard Cell Counting Kit-8 (CCKS)
methods (Dojindo Molecular Technologies, Inc., Kumamoto,
Japan). The CCKS test utilizes WST-8 dye[2-(2-methoxy-4-nitro-
phenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2 H-tetrazolium,
monosodium salt] which further gets reduced by dehydroge-
nases present in cells into an orange-coloured water-soluble
formazan dye. Briefly, 1 x 10" cells were seeded in each well
of 96-well plates and cultured in the CO, incubator for 24 h. The
4"-alkyl EGCG derivatives were dissolved in DMSO at various
concentrations. Afterward, the culture medium was aspirated
from the adherent cells, and the compounds at different
concentrations prepared above were added into the wells (final
concentration of DMSO was 0.1%). After 24 h of incubation with
the drugs, 10 pL of CCK8 detection solution was added to each
well followed by culturing them in a CO, incubator for another
2 h. In this experiment, EGCG was taken as reference
compound, and gefitinib as a positive control. The absorbance
of the formazan dye was measured at 450 nm using a microplate
reader (Synergy H1 microplate reader, Biotek).

2.2.3. AO/EtBr and DAPI staining. Apoptotic morphological
changes of A431 cells were assessed by AO/EtBr dual staining
method. Briefly, 1 x 10° cells were seeded on glass coverslips in
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Table1l Cytotoxicity profiles of 4”-alkyl EGCG derivatives against high (A431), moderate (Hela), low (MCF-7) EGFR expressing cancer cell lines as
well as a non-cancerous cell line (HEK-293). The ICsq values are expressed as (mean + SEM). Experiments were performed in triplicates and one

representative set of data is shown from two biological replicates

IC5o (uM)

Compounds A431 HeLa MCF-7 HEK-293
4"-C¢ EGCG 105.9 &+ 0.03 114.6 £ 0.23 50.51 £+ 0.23 >150
4"-Cg EGCG 109 +£ 0.02 88.17 £ 0.04 156.5 = 0.58 >150
4"-C;9 EGCG 100.04 £ 0.02 112.3 £+ 0.02 99.04 £ 0.42 >150
4"-C,, EGCG 50.53 £ 0.06 81.32 £ 0.06 96.92 + 0.19 >150
4"-C44 EGCG 30.52 + 0.04 27.12 + 0.04 41.73 £ 0.09 >150
4"-C14 EGCG 84.94 £ 0.02 104.6 & 0.05 51.25 £+ 0.08 >150
4"-C,3 EGCG 94.59 £+ 0.01 60.59 £+ 0.10 133.97 £ 0.02 >150
EGCG 53.78 £ 0.04 61.63 & 0.03 72.83 £ 0.04 >150
Gefitinib 6.68 £ 0.06 5.53 £ 0.09 9.16 £ 0.07 24.48 £ 0.04

24-well plates for 24 h, and then treated with 4”-C;, EGCG and
EGCG at different concentrations (25 uM, 50 uM and 75 uM) for
24 h. The cells were washed twice with cold 1X phosphate buffer
saline (PBS), followed by fixation with 4% paraformaldehyde
and stained with AO (10 ug mL ") and EtBr (10 pg mL ') or
DAPI (10 pg mL ") for 20 min. The stained cells were washed
twice with PBS, and coverslips were mounted on glass slides.
The cells were then observed under the fluorescence micro-
scope (Olympus).

2.2.4. Wound healing assay. The A431 cells were seeded in
12-well plates at a density of 2 x 10° cells per well and cultured
for 24 h. To create a wound, the cell monolayers in 12-well plates
were scratched by using a sterile 200 pL pipette tip. After
scratch, cells were washed with PBS to remove detached cells
and were further incubated with mediums containing 25 pM, 50
uM, and 75 uM of 4”-C,4 EGCG or reference compound EGCG.
Gefitinib at 5 uM was taken as positive control, while 0.1%
DMSO-treated cells were taken as control. Nikon inverted
microscope was used to take the images of the scratch at 0 h and
24 h after creating the wound. The gap width area was measured
with the Image J software (NIH).

2.2.5. Western blot analysis. A431 cells were seeded in a 6-
well plate at a density of 4 x 10° cells per well for 24 h. Cells
were treated with 25 pM, 50 uM and 75 uM of 4”-C,, EGCG or
reference compound EGCG and gefitinib at 5 uM concentration
for next 24 h followed by EGF stimulation (50 ng mL ") given for
15 minutes. After harvesting the cells, cell lysates were prepared
in RIPA lysis buffer (1 M Tris pH 7.4,2 M NaCl, 0.1 M EDTA, 1 M
PMSF, protease inhibitor cocktail, 100 mM DTT and 1 mM
sodium orthovanadate, Triton-X-100, and Glycerol) and stored
at —80 °C. Proteins were separated in 8-15% SDS-PAGE and
transferred to nitrocellulose membrane (BioRad) for 2 h at 100
volts. Membrane was blocked with 5% BSA or skimmed milk in
1X PBST (10 mM Na,HPO,, 1.8 mM KH,PO,, 2.7 mM KCI,
137 mM NaCl and 0.1% Tween 20) for 1 h. Followed by
membrane were incubated with primary rabbit/mouse IgG
antibodies (1 : 1000) overnight at 4 °C and then washed using
1X PBST. Next, membranes were incubated with HRP-
conjugated anti-rabbit/anti-mouse IgG secondary antibodies
in 1X PBST (1:2000) for 2 h at room temperature. The

17824 | RSC Adv, 2022, 12, 17821-17836

membrane was washed using 1X PBST, developed using stan-
dard chemiluminescent substrate (BioRad) and images were
captured on a Fusion Solo S chemidoc system (Vilber). B-Actin
and Gapdh were used as loading controls. Protein band inten-
sities were quantified by using Image J software (NIH) with
respect to their corresponding loading controls.

2.2.6. Immunocytochemistry analysis. A431 cells were
seeded at 1 x 10> cells per well on round coverslips in 24-well
tissue culture plates. Next, cells were incubated with the above-
mentioned concentrations of compounds for 24 h. Followed by
that, cells were fixed with 4% of PFA for 20 min. The cells were
permeabilized using 0.5% saponin for 10 min and blocked with
5% BSA for an h at 37 °C. After blocking, cells were incubated
with primary antibody (1 : 200) overnight at 4 °C. Then, the cells
were washed thrice with 1X cold PBS and incubated with Alexa
Fluor conjugated secondary antibody (1 : 500) in the dark at
room temperature for 2 h. Upon completion of the incubation,
the coverslips were mounted on glass slides using Antifade Gold
DAPI (Invitrogen) and sealed with nail paint. Slides were imaged
by using a confocal laser scanning microscope (FV1200MPE,
1X83 Model, Olympus).

2.2.7. Stability analysis. A stock solution of EGCG and 4"-
C14 EGCG of concentration 1 mg mL ™' was made with 100 mM
PBS buffer of pH 7.4. From this, 60 uL was made up to 3 mL with
the buffer and the absorbance was measured at Anax (213 nm)
using a UV-visible spectrophotometer at the time of mixing (0
h), after 5 h, and 24 h. The stability was calculated based in the
decrease in the absorbance at A, over the incubation time.
The experiment was repeated twice.

2.2.8. DPPH assay. Different stock solution of EGCG and
4"-C,4 EGCG (0.4, 2, 4, 8, 16, 24, 32, 40, 80, 200 uM) were
prepared in DMSO. From the stock solutions, 50 pL was mixed
with 150 pL of 0.2 mM DPPH (2,2-diphenyl-1-picryl-hydrazyl-
hydrate) (prepared in 95% methanol) and incubated for 1 h in
dark at room temperature. After that, the absorbance was
recorded at 517 nm using the microplate reader.

2.3. Theoretical section

2.3.1. Computational docking. Molecular docking was
performed for EGCG and 4”-C;, EGCG against the wild-type

© 2022 The Author(s). Published by the Royal Society of Chemistry
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EGFR crystal structure (PDB ID 4123), which is available in
a complex with dacomitinib.”®* We performed molecular dock-
ing using the GLIDE module of the Schrodinger suite.**** The
EGFR structure was treated with the help of Protein Preparation
Wizard of the Schrodinger suite to optimize the hydrogen bonds
and conducted minimization up to 0.3 A RMSD to converging
heavy atoms. During docking, the protein structure was kept
rigid. The docking grid was generated by taking the native
ligand of the crystal structure in the center. EGCG and its
modified molecule were prepared in a neutral ionization state
using the LigPrep module of Schrodinger. The ligands were
minimized using the OPLS3 force field after the addition of
hydrogen atoms.** The docking run was conducted under the
GLIDE module's extra precision (XP) protocol to achieve high
accuracy. The best binding pose was selected by estimating
GScore, which includes ligand-protein interactions, hydro-
phobic interactions, hydrogen bonds, stacking interactions,
desolvation, etc. The best binding pose for both the ligands was
used for the conventional molecular dynamics (cMD) study.

2.3.2. Molecular dynamics simulation of active EGFR in
complex with 4”-C;; EGCG and EGCG. Molecular dynamics
simulations were performed using the pmemd.cuda module of
AMBER18.”* The antechamber module of the AMBER18 suite
was used to derive the parameters for both ligands.**** The
AMBER FF14SB and Generalized Amber Force Field (GAFF2)
were used for the preparation of protein and ligands, respec-
tively.>® For both systems, a truncated octahedron box was used
for solvation using TIP3P water molecules,” and a 10 A buffer
distance was kept from all sides of the systems. The SHAKE
algorithm was used to restrain all bonds, including hydrogen
atoms.”® The temperature (300 K) and pressure (1 bar) were
controlled by the Langevin thermostat and Berendsen barostat,
respectively.®>®® The long-range electrostatic interactions with
a non-bonded cut-off 10 A were considered using the Particle
mesh Ewald (PME) method.®* Two-step minimizations, followed
by heating and equilibrium steps, were performed before
production runs. A detailed simulation protocol was discussed
in our previous studies.®>* Finally, a 200 ns production run was
conducted for both systems with a time-step of 2 fs in the NPT
ensemble. A total of 20 000 configurations was generated for
both systems, which were further used for the trajectory analysis
using the Cpptraj module of AmberTools.®**

The protein-ligand binding free energy was calculated using
the Molecular Mechanics Poisson Boltzmann Surface Area
(MMPBSA).**%® The binding free energy was estimated using the
following equation.®

AGbincl =AH - TAS = AEinl(-:rnal + AGsolv — TAS (1)

The total binding free energy (AGpina) comprises internal
energy (AEinternal), desolvation free energy (AGson), and config-
urational entropy (TAS). For the high computational cost, the
entropic contribution was not considered in our study. The
binding free energy was estimated using 10 000 configurations
obtained from the last 100 ns. Further, we decomposed the total
binding free energy at the per-residue level using the molecular
mechanics generalized Born surface area (MMGBSA) scheme.”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Chemistry

EGCG has three aromatic rings (A, B, and D, Scheme 1) and they
are connected by a pyran ring (C, Scheme 1). The antioxidant
property of EGCG results from the transfer of hydrogen atoms
or single-electron transfer reactions involving multiple phenolic
hydroxyl groups. Among all the hydroxy groups present in
EGCG, the 4”-OH is uniquely posed and most acidic because of
the presence of the ester group at its para position. We wanted
to take this advantage of the 4”-OH position to regio-selectively
incorporate the alkyl chains. Of note, previous reports’ 7’
suggest that the loss of 4”-OH group from EGCG does not
significantly alter its biological activities as compared to parent
analog, EGCG.

A total of seven 4”-alkyl EGCG derivatives with varied
hydrophobicity were synthesised as described in Scheme 1.
Purity (>98%) of the compounds were confirmed using high-
performance liquid chromatography (HPLC), and their struc-
tures were characterized using ESI-LC-MS, FT-IR, '"H NMR, and
3C NMR. The positioning of the alkyl chain in 4"-alkyl EGCG
derivatives (taking an example of 4”-C;, EGCG) was further
confirmed by the Heteronuclear Multiple-Bond Correlation
(HMBC) 2D-NMR experiment (Fig. 2). The 4”-C assignment was
made by comparing the ">C-NMR of EGCG and 4"-alkyl deriva-
tives of EGCG. As expected, significant differences in the
chemical shift values were observed for C-1”, C-3”, C-4”, and C-
5”, which implies that the alkylation happened in the D-ring of
EGCG. Further, the assignment is in well agreement with the
reported literature.””*

3.2. Biological evaluation

3.2.1. 4"-Alkyl EGCG derivatives suppresses the prolifera-
tion of cancer cells. Cytotoxicity of 4”-alkyl EGCG derivatives
was assessed using standard CCK8 assay on A431, HeLa, and
MCF-7 cell lines exhibiting high, moderate, and low endoge-
nous EGFR expression levels, respectively.” EGCG was used as
a reference compound in this experiment. The 4”-alkyl deriva-
tives displayed variable levels of cytotoxic activity against all the
tested human cancer cell lines. We validated the EGFR expres-
sion profile across the four cell lines which were used in this
study and as shown in Fig. 3, A431 had the highest EGFR
expression and HeLa and MCF-7 had medium and low EGFR
expression, respectively. HEK-293 cells showed very low EGFR
expression.

For A431 cells, 4"-C¢ EGCG and 4”-Cg EGCG showed the
highest IC5, value (105.09 + 0.03 uM and 109 + 0.02), while
a successive addition of two methylene groups, i.e. -(CH,),~ in
the alkyl chain such as 4”-C,, EGCG, 4”-C;, EGCG and 4"-Cy,
EGCG decreased the IC5, values to 100.04 + 0.02 puM, 50.53 +
0.06 M and 30.52 £ 0.04 pM, respectively. While adding more
hydrophobicity to the alkyl chain as can be seen in 4”-C;4 EGCG
and 4”-C,3 EGCG, the IC5, values further increased (84.94 + 0.02
UM, 94.59 + 0.01 uM respectively) as compared to 4”-C;, EGCG.
This suggested that among the seven derivatives, 4”-C;4 EGCG
exhibited the most potent antiproliferative activity against A431
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Fig.3 Endogenous EGFR expression profile in HEK-293, MCF-7, Hela
and A431 cell lines.

175 kDa

43 kDa B-actin

cells. Next, we studied the cytotoxicity of the 4”-alkyl derivatives
on HeLa cells. Here also, we found 4”-C;, EGCG displaying the
lowest ICs, value (27.12 £+ 0.04 uM) among the compounds
tested. In the case of MCF-7 cells, 4”-Cg EGCG exhibited a high
IC5, value of 156.5 + 0.58 uM. More hydrophobic derivatives
showed lower ICs, values, thus correlating well with the
hydrophobicity of the alkyl chain as can be seen in 4”-C;, EGCG
(99.04 £ 0.42 pM), 4”-C;, EGCG (96.92 + 0.19 uM), and 4”-Cy,
EGCG (41.73 £ 0.09 uM). Further, increase in hydrophobicity
resulted in increased ICs, values (compared to 4”-C,, EGCG) as
can be seen for 4”-C,5 EGCG (51.25 £ 0.08 pM) and 4”-C;3 EGCG
(133.97 £ 0.02 uM). Taken together, the results obtained from
all the three tested human cancer cell lines (A431, HeLa, and
MCF-7) suggested that the introduction of a fourteen-carbon
long aliphatic hydrocarbon at 4” position of EGCG (4”-Cy4
EGCG) exhibited the most potent antiproliferative activity (see
Table 1) among the tested compounds. Therefore, we selected
4"-C,4 EGCG for further studies. In addition, to ensure that the

17826 | RSC Adv, 2022, 12, 17821-17836

4"-alkyl EGCG derivatives are not toxic to the non-cancerous
cells, their antiproliferative activities were carried out against
the HEK-293 cell line. After incubating the HEK-293 cells with
4"-alkyl EGCG derivatives, none of them displayed any cyto-
toxicity till 150 pM (See Table 1). This indicates that the
synthesized 4”-alkyl EGCG derivatives are selective towards the
cancer cells and not toxic to the non-cancerous cells. We also
checked the anti-proliferative activity of gefitinib, an FDA-
approved first generation EGFR inhibitor in all the cell lines
tested. It showed an IC;, of 6.68 £ 0.06, 5.53 £ 0.09 and 9.16 +
0.07 uM, against A431, HeLa and MCF-7 cell lines, respectively.
Although, 4”-C,4 EGCG displayed lower ICs, value in HeLa cells
as compared to A431, the endogenous expression of EGFR in
A431 is much higher than that in HeLa and this prompted us to
select A431 over HeLa for further studies. Of note, the over-
expression of EGFR has been recognized as one of the major
cancer-driving mechanisms for the development and progres-
sion of various types of cancer including pancreatic cancer, skin
cancer, lung cancer, breast cancer, etc.'

3.2.2. 4"-Cy4 EGCG induces apoptosis. Apoptosis is the
preferred pathway for anticancer agent-induced cell death. The
effect of 4”-C;4, EGCG on the induction of apoptosis was exam-
ined using the acridine orange and ethidium bromide (AO/EtBr)
dual staining method.” Membrane permeable cationic dye, AO
stains both live and dead cells and emits green fluorescence
whereas EtBr only stains (in red) the cells that have lost their
membrane integrity or undergone cell death. AO/EtBr staining
showed more green fluorescent with no orange or red

© 2022 The Author(s). Published by the Royal Society of Chemistry
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fluorescence in control cells, indicating the live and healthy
condition of the cells (Fig. 4A, panel ‘control’). As shown in
Fig. 4, treatment of A431 cells with 4”-C;, EGCG for 24 h was

EtBr Merged

)

- - - -
o - - -
o - - -

o - - -
o - - -
25 M
4"-C14 EGCG
50 uM
4"-C14 EGCG

(B)

Control 5 uM Gefitinib 25 uM EGCG 50 M EGCG

75 WM EGCG 25 M 4"-C; EGCG 50 uM 4"-Cy EGCG 75 uM 4"-Cy, EGCG

A

75 uM
4"-C;4 EGCG

Fig. 4 (A) Morphological changes and cell death were observed by
AO/EtBr staining of A431 cells treated with gefitinib, EGCG, and 4”-Cy4
EGCG. Apoptotic characteristics such as chromatin condensation,
membrane blebbing, and apoptotic body formations were assessed in
treated cells with increasing concentrations. (B) Detection of altered
nuclear morphology by DAPI staining of gefitinib, EGCG, and 4”-Cy4
EGCG-treated (24 h) A431 cells showed nuclear apoptotic features
such as nuclear fragmentation and shrunken nuclei. Two independent
experiments were performed, and the data from a representative
experiment are shown (scale bar = 10 pm).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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able to induce apoptosis in a concentration-dependent manner.
First-generation TKI, gefitinib was taken as a positive control,
which induced cell death at 5 uM in A431 cells.

We also carried out 4',6-diamidino-2-phenylindole (DAPI)
staining to distinguish the normal and apoptotic cells by
observing their nuclear morphological changes upon treatment
of A431 cells with 4”-C;, EGCG, EGCG, and gefitinib treatment
for 24 h (Fig. 4B). Obtained results suggested that the nuclear
structure was intact in the control cells, whereas 4”-C,, EGCG,
EGCG, and gefitinib treated cells exerted the enhanced nuclear
damage in a concentration-dependent manner.

3.2.3. The anti-migration activity of 4”-C;; EGCG. Cell
migration is a critical process and known to be involved in
several physiological processes such as angiogenesis, tumor
metastasis, wound healing and thus plays a crucial role in the
cancer progression.”” Herein, we investigated the anti-migration
activity of gefitinib, EGCG, and 4”-C;, EGCG on A431 cells by
using wound healing assay in vitro. As shown in Fig. 5, cells
exposed to different concentrations of gefitinib, EGCG, and 4"-
C,4 EGCG showed considerable inhibition of cell migration
compared to the untreated cells. Of note, 4”-C;, EGCG (at 50 M
and 75 uM) showed a greater level of inhibition of cell migration
in A431 when compared to EGCG (Fig. 5).

3.2.4. 4"-Cy4 EGCG induces apoptotic cell death. The BCL-2
family of proteins are known to be involved in regulation of
apoptotic cell death and includes both pro-apoptotic (e.g., BAX)
as well as anti-apoptotic (e.g., BCLy;) proteins. To further
investigate whether 4”-C;, EGCG triggers apoptosis, cells were
incubated with varying concentrations of the inhibitors for 24 h.
Western blot analysis showed a concentration-dependent
reduction in the expression of BCLy;, upon EGCG and 4”"-Cy,
EGCG treatment (Fig. 6). A431 cells treated with 4”-C,, EGCG at
25 uM concentration resulted in significant downregulation of
the BCLy;, expression compared to the control cells. On the
other hand, EGCG at 25 uM concentration was unable to inhibit
the BCLy,, expression level, and its expression was inhibited
only at 75 uM. In comparison to untreated and DMSO treated
cells an enhanced expression of BAX was observed after treat-
ment with 4”-C;, EGCG (above 50 uM) for 24 h (Fig. 6). Taken
together, these results suggest that 4”-C;, EGCG induces cell
death via apoptosis.

3.2.5. Effect of 4”-C;, EGCG on phosphorylation of EGFR
and its downstream signalling pathways. The binding of the
epidermal growth factor (EGF) to the extracellular binding
domain of EGFR leads to the activation of the receptor, which
further causes either homodimerization with another EGFR or
heterodimerization with other members of ErBb family.”® Homo
or heterodimerization subsequently stimulates the autophos-
phorylation of the EGFR, which then causes activation of
downstream proteins that are important for cell proliferation
and differentiation.” Both the overexpression and activation of
EGFR are associated with the progression of several types of
cancer.?*®? Therefore, we wanted to see the effect of 4”-Cy,
EGCG on EGF-induced phosphorylation of EGFR. Our results
showed that the exposure of A431 cells to various concentra-
tions of gefitinib, EGCG, and 4”-C;, EGCG for 24 h reduced the
level of phosphorylated EGFR (pEGFR). As shown in Fig. 7,

RSC Adv, 2022, 12, 17821-17836 | 17827
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Fig. 5 Effect of gefitinib, EGCG, and 4”-C;4 EGCG on migration of A431 cells. Wounds were created with a sterile 200 pL pipette tip, and cells
were treated with different concentrations (25 uM, 50 uM, 75 uM) of EGCG and 4”-Cy4, EGCG. Images were captured using phase-contrast
microscopy 0 h and 24 h post-treatment. Two independent experiments were performed, and the data from a representative experiment are

shown. Data are represented as (mean + SEM).

treatment with 50 uM of 4”-Cy, EGCG significantly inhibited the
phosphorylation of EGFR. Of note, 75 uM 4"-C;; EGCG
completely inhibited the phosphorylation of EGFR. Further-
more, we also investigated the phosphorylation level of ERK and
Akt, which are the downstream signalling proteins of EGFR.
Notably, 4”-C;, EGCG showed more than 90% inhibition in the
phosphorylation of ERK at 25 uM, wherein EGCG displayed
a similar level of inhibition of ERK phosphorylation at a much
higher concentration (75 uM). Furthermore, 4”-C,, EGCG was
also able to inhibit the phosphorylation of Akt at 25 pM

17828 | RSC Adv, 2022, 12, 17821-17836

concentration while no such inhibition was observed even after
75 uM EGCG treatment. Altogether, these data suggest that 4”-
Ci4 EGCG exhibits anticancer activity through inhibition of
EGFR activation. The ability of 4”-C;, EGCG to inhibit the
kinases downstream of EGFR, such as ERK or Akt, further
enhances its potential as a promising EGFR inhibitor.

3.2.6. Immunocytochemistry analysis of 4”-C,, EGCG-
mediated pEGFR inhibition. Next, we performed immunocyto-
chemistry analysis to study the expression of pEGFR after
treatment with gefitinib, EGCG, and 4”-C;, EGCG for 24 h using

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of gefitinib, EGCG, and 4”-Cy4 EGCG on the expression of apoptotic proteins. Western blot analysis was carried out by using BCLy,
and BAX-specific antibodies. A431 cells treated with 4”-C,4 EGCG were compared with control (untreated), DMSO-treated, positive control
(gefitinib), and reference compound (EGCQG). B-Actin was taken as an internal loading control. Two independent experiments were performed,
and the data from a representative experiment are shown. Densitometry analysis have been carried out by using Image J software and obtained

values are given underneath each band.

a pEGFR-specific antibody. Treatment of A431 with 4”-C,, EGCG
at 50 pM for 24 h resulted in a significant reduction in the
PEGFR expression level (red) (Fig. 8) as compared to the EGCG
treatment. Consistent with our western blot results as shown in
Fig. 7, immunocytochemistry analysis also confirmed that 4”-
C,4 EGCG strongly inhibited the autophosphorylation of EGFR.

3.2.7. Improved stability of 4”-C;, EGCG. It is well-
documented that EGCG suffers from poor stability and is
prone to rapid degradation in alkaline environment.** EGCG
undergoes auto-oxidation at physiological conditions (pH 7.4,
37 °C), and convert into ortho-quinone via non-enzymatic
dehydrogenation of phenolic hydroxyl groups.** Herein, we
wanted to compare the stability of EGCG and 4”-C,4 EGCG. The
stability of EGCG and 4”-C;, EGCG was evaluated by spectro-
photometric (UV-Vis) analysis (Fig. S36t). Obtained results
showed that under physiological conditions (PBS at pH 7.4),
EGCG degraded 36.52 + 3.06% and 50.72 + 2.27% after 5 h and
24 h, respectively. On the other hand, 4”-C,, EGCG showed only
20.51 £ 0.93% and 27.80 + 1.43% degradation after 5 h and
24 h, respectively suggesting an enhanced stability of 4”-Cy,
EGCG than EGCG (Table 2).

3.2.8. 4"-C;4 EGCG and EGCG showed the equivalent
antioxidant property. EGCG is very well known for its antioxi-
dant activity.*> Antioxidant activity of EGCG prevents cells from
ROS-mediated DNA damage, thus protecting the occurrence of
cancer.®*” Several natural or synthetic molecules have showed
chemo-preventive properties via regulating the cellular redox
level. Thus, we explored the in vitro antioxidant capability of 4”-
Ci4 EGCG and EGCG by using DPPH assay. The antioxidant
activity is measured as the reducing ability of the antioxidant
compounds towards DPPH radical (Fig. 9). The ICs, of EGCG
and 4”-C;, EGCG were found to be 7.10 + 0.02 uM and 9.73 +
0.02 uM respectively. Obtained results indicate that the anti-
oxidant property of 4”-C;, EGCG is not significantly different
from the EGCG.

© 2022 The Author(s). Published by the Royal Society of Chemistry

3.2.9. Elucidating the binding mode of 4"-C;;, EGCG
against EGFR. To elucidate the binding mechanism of 4”-Cy,
EGCG, we performed molecular docking analysis along with
MD simulation on the active EGFR kinase (PDB ID 4123) crys-
talized with a tyrosine kinase inhibitor dacomitinib.?® The
structures of 4”-C;, EGCG and EGCG are shown in Fig. 10A and
10B, along with the crystal structure of the EGFR kinase domain
(Fig. 10C). Using the XP protocol of the GLIDE module
(Schrodinger suite), the docking study revealed a strong binding
score of —11.29 and —10.79 for 4”-C;, EGCG and EGCG,
respectively. We also estimated the lipophilicity of the binding
cavity region using the MLP (molecular lipophilicity potential)
program embedded in ChimeraX®* and displayed in the
Fig. 10D. As is evident from Fig. 10D, the outer area of the
binding pocket is hydrophilic, whereas the inside is hydro-
phobic, that helps to bind the ligand strongly. To get a deeper
insight into the binding mechanism of 4”-C;; EGCG and
explore the stability of the complex, the docked complex was
subjected to molecular dynamics (MD) simulation for 200 ns.
The root-mean-square deviation (RMSD) of the backbone atoms
of the EGFR kinase for both complexes were calculated with
respect to the corresponding initial docked structure and shown
in the Fig. 10E. As shown in Fig. 10E, both systems got stabilized
after 50 ns and remained stable throughout the remaining
simulation time length. The average RMSD over the last 100 ns
is 3.15 A and 3.08 A for EGCG and 4”-C,, EGCG, respectively. It
indicates the stability of both complexes. The flexibility of each
residue was studied by estimating the root-mean-square fluc-
tuation (RMSF) of Ca atoms and shown in Fig. 10F. The RMSF
value of most of the amino acids are below 2 A indicating the
stable protein structure. The significant lowering in RMSF value
for 4”-Cy, EGCG implies more stability compared to the EGFR/
EGCG complex. The terminal region, especially the flexible C
terminal and functional regions like P-loop, a-loop, aC helix

RSC Adv, 2022, 12,17821-17836 | 17829
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Fig.7 Effect of 4”-Cy4 EGCG on EGFR, ERK, and Akt phosphorylation. A431 cells were treated with various concentrations (25, 50, 75 uM) of 4”-
Cy4 EGCG, EGCG, and positive control gefitinib (5 pM) for 24 h followed by 50 ng mL™* EGF stimulation for 15 min. The inhibitory profiles were
assessed by the western blotting using B-actin and/or Gapdh as the loading control. 4”-Cy4 EGCG effectively blocked the phosphorylation of
EGFR, ERK, and Akt. Two independent experiments were performed, and the data from a representative experiment are shown. Densitometry
analysis have been carried out by using Image J software and obtained values are given underneath each band.
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Fig. 8 Effect of 4”-Cy4 EGCG treatment on EGF-stimulated EGFR phosphorylation. A431 cells were pre-treated with 25, 50, 75 uM of 4”-Cy4
EGCG, EGCG, and 5 pM of gefitinib for 24 h followed by 50 ng mL~* EGF stimulation for 15 min, and immune-stained for phospho-EGFR (red) and
the nucleus were stained with DAPI (blue). 4”-Cy4 EGCG blocked the phosphorylation of EGFR at 50 and 75 pM concentration. Two independent
experiments were performed and the data from a representative experiment are shown (scale bar = 50 um).
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Table 2 Stability assay of EGCG and 4”-Cy4 EGCG in PBS buffer at pH
7.4. UV-Visible absorption experiments were performed in duplicates
and one representative set of data is shown. The data are expressed as
(mean + SEM)

Degradation (%) in PBS at pH 7.4

Time EGCG 4"-C,, EGCG
5h 36.52 + 3.06 20.51 + 0.93
24 h 50.72 + 2.27 27.80 + 1.43
2 100 A
w Y ]
£ g
»
2 F % - EGCG (ICs5q = 7.10 + 0.02 pM)
2 4 4"-C;, EGCG (ICs5q = 9.73 + 0.02 pM)
51
ii—;-«
4 0

1 2
Log [compound]

Fig. 9 Radical scavenging activities of EGCG and 4”-Cy4, EGCG. Two
independent experiments were performed and data are expressed as
(mean + SEM).

and A-loop showed higher RMSF value compared to other
regions.

We also estimated the solvent-accessible surface area (SASA)
and radius of gyration (RoG) to estimate the degree of solvent
exposure and structural compactness of the kinase domain
(Fig. S37A and B in the ESIT). Both the parameters also showed
stability after the initial 50 ns. The RMSD value for EGCG was
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relatively lower compared to 4”-C;; EGCG because of the
missing hydrophobic tail region (Fig. S37C in the ESIY).
Initially, the tail region of the EGCG derivative showed flexibility
which got stabilized after 25 ns. We also estimated the RMSD
distribution of the binding pocket (5 A surrounding the mole-
cule) for both complexes (Fig. S37D in the ESIf). The binding
pocket for 4”-C;, EGCG had increased flexibility, which got
stabilized after 100 ns to reach equilibrium. On the other hand,
in the case of EGFR/EGCG, the binding pocket remained stable
throughout the simulation. The flexibility of the binding of
EGFR/4"-C;, EGCG increased mainly because of fourteen
carbon alkyl chain attached to the 4” position in D ring of
EGCG.

3.2.10. Binding free energy analysis. The binding free
energy estimation was conducted for the last 100 ns of the
trajectories using the MM/PBSA scheme. Prior to the binding
free energy estimation, the center of mass distance was calcu-
lated between ligand and protein as well as the number of
hydrogen bonds which also showed similar stability (Fig. S38A
and B in the ESIT). Fig. S387 illustrates different components of
the binding free energy graphically, and individual values are
listed in the Table 3. 4"-C,4 EGCG (—45.06 kcal mol ") showed
almost 10 kcal mol ' more negative binding free energy than
EGCG (—35.52 kcal mol ") suggesting that the binding of 4”-Cy,4
EGCG is more favourable than its parent natural compound. In
both cases, the intermolecular electrostatic and van der Waals
interactions and nonpolar solvation free energy favour the
complexation. In the case of EGFR/EGCG, AEgec
(—81.59 kcal mol ) is more favourable than EGFR/4"-C,, EGCG
(—60.56 kcal mol™') by an amount of —21.03 kcal mol ™.
However, in the case of EGFR/4"-C;, EGCG (—57.11 keal mol ™),
AE,qw is more favourable compared to EGFR/EGCG
(—31.94 kcal mol ') by an amount of —25.17 kcal mol .

(D)
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Fig. 10 3D depiction of the ligands used in our study (A) 4”-Cy4 EGCG, (B) EGCG. (C) Cartoon representation of the EGFR kinase domain along
with the initial binding pose of the ligand (4”-Cy4 EGCG). Secondary structure is shown using the following color scheme; loop region: red, helix:
cyan, and sheet: green. (D) Zoomed surface representation of the lipophilic potential around the binding cavity (dark cyan: hydrophilic, gold-
enrod: hydrophobic). (E) The time evolution of root-mean-square deviation (RMSD) of backbone atoms for EGFR/EGCG and EGFR/4"-Cy4
EGCG. (F) The root-mean-square fluctuation (RMSF) of Ca. atoms of EGFR/EGCG and EGFR/4”-Cy4 EGCG.
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Table 3 The calculated binding free energy (kcal mol™) and its components for EGCG and 4”-Cy4 EGCG®

Systems AByqw AFejee AGpo AGpp ABy® AGgon” AG
EGCG —31.94 (4.07) —81.59 (11.08) 82.36 (6.95) —4.34 (0.11) ~113.53 (9.90) 78.02 (6.92) —35.52 (4.90)
4"-C,, EGCG —57.11 (5.77) —60.56 (12.38) 79.40 (9.75) —6.79 (0.38) —117.67 (12.72) 72.61 (9.64) —45.06 (6.68)
@ AEyqwt AEejee. © AGpo1 + AGyp. © The standard deviation (SD) is provided in the parenthesis.
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Fig. 11 Decomposition of binding free energy in residual level for (A) EGCG, (B) 4”-Cy4 EGCG. Receptor ligand 3D interaction profile for (C)
EGCQG, (D) 4"-C14 EGCG. Black dashed lines are used to depict hydrogen bonds between protein and ligands.

Further, AG,,, contributes more favourably to the complexation
of EGFR/4"-C;, EGCG than EGFR/EGCG. This suggests that 4”-
Ci4 EGCG displays a stronger affinity than EGCG due to the
increased favourable contribution of the net nonpolar (AE,qw +
AGhp).

Next, we identified the critical residues for both systems,
which contribute significantly to the binding (see Table S1 in
the ESIT). The contribution of each residue to the total binding
free energy was displayed in Fig. 11A and B. It is evident from
Table S1f and Fig. 11A and B that D855 and D800 are the
highest contributing residues for EGCG and 4”-C;; EGCG,
respectively. Several other residues, such as V726, L718, G796,
contribute significantly to the binding for complexes. The
location of all these key residues is shown in the ball and stick
model for both cases (Fig. 11C and D).

Further, we also conducted the hydrogen bond analysis to
complement the binding free energy, and the time evolution of
protein-ligand hydrogen bonds is shown in Fig. S38B in the
ESL{ The average number of hydrogen bonds is higher in
EGCG, which is also evident from the electrostatic contribution
to the total binding. However, both the ligands show a steady
number of hydrogen bonds throughout the simulation length,
indicating a stable and strong interaction. We also listed the

© 2022 The Author(s). Published by the Royal Society of Chemistry

important hydrogen bonds along with their occupancy present
in both the systems (Table S2 in the ESIf). In case of EGCG, we
found five critical hydrogen bonds (more than 35% occupancy)
involving M793 and different oxygen atoms of D855, whereas
only two hydrogen bonds were observed in case of 4”-C;, EGCG.
Regardless of those steady hydrogen bonds, a greater number of
hydrogen bonds with lesser occupancy was observed in the case
of 4”-C;, EGCG (see Table S2 in the ESIT), which helps in stable
binding and conferring stability of its tail region. We further
support our finding with the help of Ligplot analysis which
shows possible hydrophobic contacts and hydrogen bonds
(Fig. S40 in the ESIT).

4. Conclusion

In this work, we designed and synthesized a series of 4”-alkyl
derivatives of EGCG and among them 4”-Cy, EGCG displayed
the most promising inhibitory activity against EGFR tyrosine
kinase. 4”-C;4 EGCG exhibited enhanced stability compared to
EGCG in PBS buffer of pH 7.4. A comprehensive study on their
cytotoxicity in selected cancer cell lines was performed by CCK8
assay, AO/EtBr staining, DAPI staining, western blotting, and
immunocytochemistry analysis. Importantly, 4”-alkyl EGCG
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derivatives were very selective in targeting the cancer cells and
did not show any toxicity in the non-cancerous cell line. 4”-Cy,4
EGCG showed the lowest IC5, on A431, HeLa, and MCF-7 cells
and it was even better than the parent molecule, EGCG. The
event of apoptotic cell death was evident from the AO/EtBr and
DAPI staining results. The wound-healing assay demonstrated
that the migration of A431 cells were significantly reduced after
the treatment of 4”’-C,, EGCG at 50 uM concentration. Western
blot analysis revealed that A431 cells were undergoing apoptosis
through downregulation of anti-apoptotic protein, BCLx;, and
upregulation of pro-apoptotic protein, BAX. Further, our results
showed that 4”-C;, EGCG, unlike EGCG, was able to completely
inhibit the phosphorylation of EGFR at 75 uM. The results from
the immunocytochemistry experiments were also in agreement
with the western blot analysis, further confirming the inhibition
of EGFR autophosphorylation by 4”-C;4, EGCG. Our results also
showed that 4”-C;, EGCG was able to effectively inhibit the
phosphorylation of the downstream signalling proteins of
EGFR, namely ERK and Akt. Antioxidant activity of 4”-C;, EGCG
was not found to be significantly different from the parent
molecule, EGCG. In addition, the binding mode of 4”-C4, EGCG
with EGFR kinase domain was studied and compared with
EGCG by using molecular docking and MD simulation studies.
It was evident from the MD simulation study that the addition
of a fourteen-carbon long aliphatic hydrocarbon chain at 4”
position (4”-C;, EGCG) enhanced the structural framework of
EGCG, resulting in an increased binding affinity with EGFR
compared to the parent molecule, EGCG. Thus, the obtained
results from i silico studies support our experimental findings.
Taken together, we have identified a novel lipophilic derivative
of EGCG, namely 4”-C;, EGCG, as potent EGFR inhibitor and
anticancer agent with improved stability and biological activity.
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