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1. Introduction

Anticancer potential of novel symmetrical and
asymmetrical dihydropyridines against breast
cancer via EGFR inhibition: molecular design,
synthesis, analysis and screeningf

Syed Faizan, ©2 Sirajunisa Talath, ©® Adil Faroog Wali, ©° Umme Hani, ©°¢
Nazima Haider,@d Subhankar P. Mandal@? and B. R. Prashantha Kumar {2 *2

A series of nhovel symmetrical and asymmetrical dihydropyridines (HD 1-15) were designed, subjected to in
silico ADMET prediction, synthesized, analyzed by IR, NMR, Mass analytical techniques and evaluated
against epidermal growth factor receptor (EGFR) as inhibitors against Breast cancer. The results of
predicted ADMET studies demonstrated the drug-likeness properties of the reported compounds. The in
vitro cytotoxicity assessment of the synthesized compounds revealed that all of them showed good
activity (ICsg ranging from 16.75 to 66.54 uM) towards MCF-7 breast cancer cells compared to the
standard drug, Lapatinib (ICsq = 2.02 pM). Among these, compounds HD-6, HD-7, and HD-8 displayed
the most potent activity with 1Csq value of 21.26, 16.75, and 18.33 uM, respectively. Cytotoxicity of all
compounds was tested on normal vero cells for comparison at different concentrations using the MTT
assay. In addition to the MTT assay, the potent dihydropyridines derivatives were screened for EGFR"™
kinase inhibition assay at concentrations ranging from 1 nM to 360 nM. Among the three compounds
tested, HD-8 showed reasonably good inhibition with an ICsq value of 1590 + 1.20 nM compared to
a standard Lapatinib ICsg value of 10.28 + 1.01 nM. Based on the molecular docking study against EGFR,
the most active derivatives HD-7 and HD-8 were docked against the active site of the protein and
showed better binding affinity than the standard lapatinib. Additionally, molecular dynamics (MD)
simulations were performed to explore the stability of the protein—ligand complex, its dynamic behavior,
and the binding affinity.

Studies of structure-activity relationships (SARs) advise the
modification of lead compounds to increase their therapeutic

Drug discovery research is a multidisciplinary field that leads to
the development of novel therapeutic agents. It involves the
design, synthesis, and optimization of molecules to target
specific biological mechanisms or disease processes.' Diverse
methods are employed to comprehend the molecular basis of
disease, to identify drug targets, and to design molecules that
interact with these drug targets with therapeutic advantages.**
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efficacy and decrease their toxicity.* Through iterative cycles of
synthesis, evaluation, and optimization, medicinal chemists
seek to create molecules with optimal drug-like properties,
including high bioavailability, metabolic stability, and favorable
pharmacokinetic profiles.”> Computational modeling and
molecular simulations are valuable tools in drug discovery.®” In
virtual screening, vast compound libraries are screened using
computer algorithms to anticipate potential interactions with
the target.® Molecular docking techniques are employed to
investigate how small molecules bind to the target protein,
allowing researchers to evaluate the binding affinity and
stability of potential drug candidates.® This computational
method facilitates the selection of lead compounds with the
highest probability of success in subsequent drug development
stages. In recent years, data-driven approaches in designing
have emerged due to technological advancements and the
availability of large biological data.'™ The discovery of new
drug targets, the prediction of ligand-receptor interactions, and
the exploration of chemical space for prospective lead
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compounds are aided wusing bioinformatics and chem-
informatics approaches to explore and analyze enormous
databases of biological and chemical information.*
Multicomponent reactions (MCRs) are key for lead discovery
and drug design due to their efficiency, variety, and ability to
rapidly generate diverse molecular scaffolds.">'* MCRs leads to
a product with varied functional groups and structural motifs by
reaction with at least three building blocks.” This synthetic
approach efficiently compiles different chemical libraries,
which helps to explore chemical space and identify lead
compounds with required pharmacological activity.'® MCRs
play key roles in the discovery of potential hits, leads and lead
optimization.””*®* Furthermore, MCRs simplify synthetic
methods to produce target compounds. This effectiveness helps
lead discovery by allowing quick analog synthesis and SAR
assessment.'>”® Hantzsch reaction is one of such multi-
component reactions, it is a versatile and commonly used
method for the synthesis of dihydropyridine derivatives, a class
of compounds with a wide range of biological activities.”>**
Dihydropyridine derivatives' structural flexibility and pharma-
cological potential have made Hantzsch dihydropyridine
synthesis a key tool in lead discovery and drug design. The
pharmacological activities of these compounds include calcium
channel modulation,* anti-inflammatory properties,** antihy-
pertensive effects,” analgesic,® antidiabetic,” antimicrobial,*®
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antiviral,*® AT1 receptor blocker,*® antitumor,® anticancer.*®
The ability to synthesize dihydropyridines via the Hantzsch
synthesis allows researchers access to a diverse library of
compounds for evaluation in drug discovery.

Hantzsch adducts suppress proliferation in breast, ovary,
kidney, non-small lung, prostate, colon, and glioma cancer
cells.®® ErbB receptor tyrosine kinases are essential for breast
cancer development. Breast cancer progression involves HER2/
ErbB2 and EGFR/ErbB1.** Tyrosine kinase inhibitors (TKIs) are
used to treat various types of cancer, such as breast, gastric,
lung, kidney, and pancreatic cancers. There are three genera-
tions of TKIs, including first-generation TKIs like lapatinib,
erlotinib, gefitinib, and icotinib; second-generation EGFR
inhibitors like afatinib, neratinib, and dacomitinib; and third-
generation TKIs like osimertinib, olmutinib, and almonerti-
nib.** EGFR inhibitors are effective in breast cancer subgroups
with EGFR overexpression or mutations but have limited benefit
in random patient populations as single agents. They fail due to
genomic instability and tumor heterogeneity, causing subse-
quent mutations in the EGFR gene, activation of alternative
signaling pathways resulting to drug resistance.*

In this context, to address the resistance of EGFR towards
current TKIs while minimizing their adverse effects, our study
focuses on the design, synthesis, cytotoxic assessment, EGFR
inhibition, molecular docking, and molecular dynamics
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Fig. 1 Scaffold hybridization based rational design strategy of the novel dihydropyridines for EGFR inhibition via combining the structural
features of 1st, 2nd, and 3rd generation tyrosine kinase inhibitors gefitinib, afatinib and axitinib.
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simulation of novel symmetrical and asymmetrical Hantzsch
dihydropyridines targeting breast cancer. This comprehensive
investigation not only presents promising candidates for over-
coming EGFR resistance but also offers insights into their
potential as safer and more effective therapeutic agents for
breast cancer treatment.

2. Results and discussion

2.1. Molecular design

The novel symmetrical and asymmetrical dihydropyridine-
based tyrosine kinase inhibitors (TKIs) were designed through
scaffold hybridization of gefitinib, afatinib, and axitinib, rep-
resenting the 1st, 2nd, and 3rd generations of TKIs, respectively
(Fig. 1). The dihydropyridine moiety serves as the central scaf-
fold for binding with the tyrosine kinase receptor, with struc-
tural optimization achieved by incorporating various
substituents onto the benzene ring of the dihydropyridine to
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ensure an optimal balance of hydrogen bond donors, acceptors,
hydrophobic interactions, and functional groups for enhanced
target selectivity. Our drug design approach involved the stra-
tegic integration of structural elements from first, second, and
third generation TKIs to leverage their advantageous pharma-
cological properties while overcoming limitations such as
resistance mechanisms and off-target effects. The synthesized
compounds were characterized and evaluated for their activity
against MCF-7 breast cancer cells and EGFR™.

2.2. Chemistry

In the synthesis of acetoacetanilide derivatives, compound A1l
(N-(2,4-dimethoxyphenyl)-3-oxobutanamide) was prepared by
refluxing 2,4-dimethoxy aniline with ethyl acetoacetate under
solvent-free conditions for 2 hours. Similarly, compound A2 (N-
(4-chloro-2,5-dimethoxyphenyl)-3-oxobutanamide) was synthe-
sized by refluxing 4-chloro-2,5-dimethoxy aniline with ethyl
acetoacetate under identical solvent-free conditions for 2 hours.
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Scheme 1 (a) Synthesis of Al, reflux, solvent free condition for 2 h; (b) synthesis of A2, reflux, solvent free condition for 2 h; (c) parallel synthesis of

symmetrical dihydropyridines (HD 1-10) by refluxing acetoacetanilide Al or A2 with appropriate aldehyde and ammonia solution in iso-propanol
for 24-30 h; (d) parallel synthesis of asymmetrical dinydropyridines (HD 11-15) by refluxing equimolar mixture of acetoacetanilide Al and A2 with
appropriate aldehyde and ammonia solution in iso-propanol for 24-30 h.
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Table 1 Cytotoxicity data of the synthesized compounds and standard drug against MCF-7 breast cancer and normal vero cells

Compound code Structure

MCF-7 (IC50 pM ml %)

Vero (ICso pM ml ™)
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66.54

51.36

59.35

36.04

86.52

76.38

67.46

51.64
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Compound code Structure MCF-7 (IC50 uM ml %)

Vero (ICso uM ml ™)

HD-5 62.12
HD-6 21.26
HD-7 16.75
HD-8 18.33
HD-9 57.66
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70.33

42.23

27.35

28.41

69.84
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Compound code Structure MCF-7 (IC50 uM ml %) Vero (ICso uM ml ™)
H,C
\o
Cl
HD-10 39.60 51.76
O
He”
CH,
(@)
HD-11 42.44 59.62
O
H3C/
CH,
o
HD-12 37.46 54.01
0]
H3C/
CH,
(@]
HD-13 44.07 49.59
(0]
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CH,
o
HD-14 52.29 68.13
0]
HC”
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Table 1 (Contd.)
Compound code Structure MCF-7 (IC50 uM ml %) Vero (ICso uM ml ™)
CH,
CH, o~
O Cl
HD-15 42.19 60.25
(0] (0]
Hie” e,
STD Lapatinib 2.02 17.46

Subsequently, a parallel synthesis approach was employed for
the generation of symmetrical dihydropyridines (HD 1-10). The
synthesis involved refluxing acetoacetanilide A1 or A2 with the
corresponding aldehyde and ammonia solution in iso-propanol
for 24-30 hours, resulting in the formation of dihydropyridines.
Compounds HD 1-5 were synthesized by refluxing acetoaceta-
nilide A1 with the appropriate aldehyde and ammonia solution
in iso-propanol for 24-30 hours, while compounds HD 6-10
were synthesized by refluxing acetoacetanilide A2 under the
same conditions. Additionally, an analogous procedure was
employed for the parallel synthesis of asymmetrical dihy-
dropyridines (HD 11-15), achieved by refluxing an equimolar
mixture of both acetoacetanilide A1 and A2 with the corre-
sponding aldehyde and ammonia solution in iso-propanol for
24-30 hours. These synthetic protocols demonstrate the
successful preparation of diverse dihydropyridine derivatives as
shown in Scheme 1, paving the way for subsequent analysis and
cytotoxicity assessments against MCF-7 breast cancer cells, as
well as elucidating their potential as EGFR inhibitors.

2.3. In vitro anticancer activity

Synthesized molecules were subjected for their anti-cancer
activity against MCF-7 breast cancer cells and the cytotoxicity
was determined through MTT assay. So far there is much
evidence for the screening of dihydropyridines for anti-cancer
activity especially for EGFR expression in MCF-7 breast cancer
cells.*” The novel compounds are tested for their cytotoxicity
and the ICs, values were listed in Table 1 and Fig. 2 below. The
results indicate that the selectivity of dihydropyrimidines
toward the MCF-7 breast cancer cells compared to the normal
vero cells based on their ICs, values. Among the tested
compounds, HD-6 (21.26), HD-7 (16.75), and HD-8 (18.33)
exhibited significant cytotoxicity. HD-1 (66.54), HD-3 (59.35)
and HD-5 (62.12) exhibited relatively weak cytotoxicity. The
compounds with electron donating groups such as OH, OCH;
showed less activity whereas electron withdrawing groups such
as Cl showed good activity in terms of cytotoxicity against MCF-
7 breast cancer cells.

M374 | RSC Adv, 2024, 14, N368-11387

A comprehensive structure-activity relationship (SAR) anal-
ysis of symmetrical and asymmetrical dihydropyridine deriva-
tives was derived from simple observation to correlate their
anticancer activity against the MCF-7 cell line. Symmetrical
dihydropyridines (HD 1-10) showed a mean ICs, value of 40.879
uM ml~?, characterized by symmetrically positioned substitu-
ents around the dihydropyridine ring. Compounds with
electron-withdrawing substituents such as Cl exhibited lower
ICsy values, indicating increased potency. In contrast, asym-
metrical dihydropyridines (HD 11-15) exhibited a mean ICs,
value of 43.09 uM ml~", showcasing structural diversity with
dissimilar substituents on each side of the dihydropyridine
ring. While electron-withdrawing Cl groups contributed to
enhanced potency in certain asymmetrical derivatives, overall
activity varied widely among the compounds. Steric hindrance
effects were more prominent in symmetrical derivatives due to
identical substituent proximity, while asymmetrical derivatives
demonstrated a broader range of steric interactions, influ-
encing their binding affinity and activity.

2.4. Molecular docking studies

In this study, we used Biovia Discovery Studio to run molecular
docking simulations while looking at the interactions that occur
when a receptor protein and a ligand molecule are bound
together. The preparation of the receptor included the removal
of non-interacting water molecules, charging, and structural
optimization. Ligands were prepared by sketching the 2D
structures of synthesized molecules in ChemDraw professional
software and later converted into 3D. The CDOCKER method
was used for docking, with the grid generation, scoring func-
tion, and other parameters adjusted appropriately. The binding
energy was used to rank and grade the docking postures.
Specific interactions between the receptor and ligand, including
hydrogen bonds and hydrophobic interactions, were discovered
by analyzing the top-ranked postures. By redocking well-known
inhibitor lapatinib and comparing the outcomes with experi-
mental data, the docking process was validated, demonstrating

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 The percentage cytotoxicity at different concentrations of synthesized dihydropyridines and lapatinib (Std) against MCF-7 and Vero cells

with its |C50

Table 2 -CDOCKER interaction and binding energies of potent
ligands with EGFR tyrosine kinase domain receptor

Binding energy -CDOCKER interaction

Ligand (kcal mol ) energy

HD-6 —47.2839 53.1584
HD-7 —113.529 45.3379
HD-8 —113.607 62.1555
Std (lapatinib) —90.8851 70.6095

its accuracy and dependability. The binding energy was calcu-
lated selecting the top poses of each interacting complex.

To narrow down the hits and explore their binding modes,
molecular docking was performed. The affinity and the binding
mode of all compounds and standard drug with target were
evaluated, and the docking results are listed in Table 2. Among

© 2024 The Author(s). Published by the Royal Society of Chemistry

all the observed compounds, HD-8 exhibited the better binding
energy (—113.607 kcal mol™*) followed by HD-7 and HD-6 with
—113.529, —47.2839 kcal mol * respectively while the standard
compound (lapatinib) depicts —90.8851 binding affinity
respectively. Interestingly, the synthesized derivatives HD-7 and
HD-8 exhibited higher binding energies with the protein as
compared to the lapatinib. The binding mode interactions of
receptor-ligand were examined in 2D and 3D, shown in Fig. 3.

Further analysis of the molecular interactions shed light on
the binding modes of these compounds. Lapatinib exhibited
a diverse interaction profile, forming m-cation interactions with
LYS A:745, t-donor interactions with ASP A:855, ARG A:841, and
conventional hydrogen bonds with SER A:720 and THR A:790.
Additionally, it engaged in halogen interactions with ASG A:776
and CYS A:775, as well as m-alkyl interactions with LEU A:718,
ALA A:743, LEU A:844, and VAL A:726. These interactions

RSC Adv, 2024, 14, 1368-11387 | 11375


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01424c

Open Access Article. Published on 09 April 2024. Downloaded on 2/9/2026 9:29:33 AM.

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

(cc)

View Article Online

RSC Advances Paper
T ) ) “lEy TR . - I
: ILE A:788 ' : A8 LEY
: AT8 : H & A1502
: SER AT721 : : cys,  A743 A5
; a Ly Ac¥957 AA'I7'£‘3 E i A d vart ‘ GLY
H % THR H ' L A:844 :

! ™ A:750 : P A AI726 4
: 88 A:719 VAL AEs! :
E d H y A:726 E E i H H
H o) 0 ' y A790 0 o} H
H : : Asp 4
' ARG | : A:800%
: n 0 A:841 3 ! THR
' : : A:854 i
. ' : o]
H J LEU H '
: H Azdd LASY y ) :
: H 0 0. H JTHR : '
' A:854 | : 1ys Ys H
H H : : A:735 oo A797
H H ASN. } : MET
' AB42 : A:766 ASP
H ' H A:855 ASN 3 LEU
H LEU MET ! H A:B42 GLY A2l A:799
: 718 OLY, A002 o, ; ; As Spo ASR
: &> : : A55s ’ H
: M : : ALA SER :
' AEY J ' : A:i722 A720 :
i. ..... . b - ==
: ASP ! & A'fes
E A:855 ASN E . AL:;97
. o .
E ; A:842 E &7 .
! A 85&:92’“6 ARG, GLY AG%I H RGP A:855
: s P+ O :
VOB ATas o : H K55 H
+ A58 H ' THR THR H
H ' A:790 RS
H 0 H A:858
: LEU : “ AL%JS ARG
: 0 HET L !
: A:788 . : H - R ABAL ARt
H 0 H H VAL H
THa M : ; T R726 A3 :
e AT ¢ Asp b A7aa 4743 o i
3 A:800 H
| H H .
| o H
a GLN o 4
H ILE H ' A:791 LEY H
P g @ | et " :
‘ n ATS9 by p :
LEU  Glya71s  CYS LEY, A:718 SER H
AL;%JZ A8 A796" " \iep AT 2 A:720 :
A1002 GLy AF7l9 :
MbG  AT96 :
Interactions
[ van der waals I Pi-Anion [ Pi-Donor Hydrogen Bond
I cConventional Hydrogen Bond [ Pi-Lone Pair B Pi-pi T-shaped
[T] carbon Hydrogen Bond [ Pi-sulfur [ Alkyl
[ Halogen (Fluorine) [ ri-cation [ Pi-alkyl

Fig. 3 Depicts the top view binding of compounds at the active site of the drug target protein EGFR kinase domain (PDB ID: 1XKK). The figure
showcases the docking poses of compounds with the highest dock scores (HD-6, HD-7, and HD-8) and lapatinib.

suggested lapatinib's versatility in engaging with various amino
acid residues. HD-8 primarily engaged in conventional
hydrogen bonding, notably with GLY A:719, ALA A:743, GLY
A:796, ARG A:841, ASN A:842, ASP A:855, and MET A:1002 along
with 7t-cation interaction with LYS A:745. It also formed 7t-alkyl
interactions with LEU A:718, VAL A:726, ALA A:743, and LEU
A:844, indicating its preference for hydrophobic interactions.
HD-7, on the other hand, showed distinctive interactions,

M376 | RSC Adv, 2024, 14, 1368-11387

including conventional hydrogen bonding with LYS A:745, and
van der Waals interactions with GLN A:791, LEU A:792, GLY
A:796, MET A:1002 and CH bond interactions with GLY A:719,
SER A:720, GLY A:721, ALA A:722, LEU A:799, and m-alkyl
interactions with CYS A:797, LEU A:788, ARG A:841, LEU A:858.
HD-6 also formed conventional hydrogen bonds, particularly
with LEU A:718 and m-alkyl bonds with LYS A:745 and LEU
A:844. These findings suggest that HD-8 and HD-7 may have

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 ADME and toxicity profile of potent compounds®

NTP rat
Drug Solubility BBB CYP2D6 HIA Male Female Ames mutagen
HD-6 1 4 NI 0 NC NC NM
HD-7 1 4 NI 0 NC NC NM
HD-8 1 4 NI 0 NC NC NM

“ Abbreviations: NI: non-inhibitor, NC: non-carcinogen, NM: non-
mutagen. e Aqueous solubility: 1,2,3,4,5,6 — level 3 - good e BBB
penetrations: 0O-very high, 1-high, 2-medium, 3-low, 4-undefined. e
CYP2D6 binding (for metabolism present in liver & brain): inhibitor-
true, non-inhibitor-false. e Hepatotoxicity: true-toxic, false-non-toxic. e
HIA; 0-very good, 1-good.

a unique binding mechanism, potentially making it a prom-
ising candidate for further study.

2.5. ADMET studies

The ADMET (Absorption, Distribution, Metabolism, Excretion,
and Toxicity) studies conducted for this research utilized the
comprehensive platform of BIOVIA Discovery Studio. Chemical
structures of the target compounds were collected and
prepared, ensuring compatibility with the software. Assessing
the ADMET and toxic characteristics of small molecules is
a crucial component of their evaluation. The recently developed
dihydropyridine derivatives have been identified as safe for
hepatic cells, do not hinder the CYP2D6 metabolizing enzyme,
exhibit non-mutagenic properties, and do not induce carcino-
genic effects in both male and female rat models, as summa-
rized in Table 3. Additionally, all the compounds have notably
low (level = 1) aqueous solubility, indicating their hydrophobic
nature.

Table 4 illustrates that the observed oral bioavailability of
these compounds, consistent with Lipinski's Rule of 5,
surpasses 60%. This implies that these compounds are likely to
be effectively absorbed and distributed when taken orally. It is
important to note that a compound deviating from Lipinski's
Rule of 5 in terms of hydrophobicity may encounter challenges
in absorption and distribution. In such instances, alternative
formulation approaches, like the use of solubilizing agents, can
be employed to enhance solubility and bioavailability.

2.6. EGFR"™ kinase inhibition assay

The inhibitory activities of compounds HD-6, HD-7, and HD-8
against EGFR™" kinases were assessed. Lapatinib was used as

Table 4 Lipinski's rule of 5 and set dosage range of rat model®
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standard with IC5, = 10.28 = 1.01 nM. Compounds HD-6, HD-7,
and HD-8 excellently inhibited EGFR™ activity with IC5, = 30.53
+1.48,26.53 £+ 1.42 and 15.90 £ 1.20 nM respectively. The dose
response curve and ICs, values of the compounds tested are
depicted in Fig. 4 below.

2.7. Molecular dynamics simulation

A stable bioactive conformer of the synthesized ligands (HD-7
and HD-8) were identified in the binding pocket of the EGFR
protein through molecular docking experiments. Nevertheless,
the stability of crucial binding interactions could not be deter-
mined due to the flexibility of residues and corresponding
secondary structure fluctuations in static mode of molecular
docking. To overcome these challenges, we conducted molec-
ular dynamics (MD) simulations, which effectively examined
the stability of the protein-ligand complex. Thermodynamically
optimized solvated ligand-bound protein complexes were
studied for dynamic behavior and stability through a 100 ns
production run. Additionally, the trajectory of the entire simu-
lation run was analyzed for protein conformation changes by
superimposing the structures of different complexes of ligand-
free protein and ligand-bound protein at time intervals of
0 ns, 25 ns, 50 ns, 75 ns, and 100 ns as shown in Fig. 5. Initially,
the unbound and ligand-bound protein structures aligned
perfectly with each other at the beginning of the simulation run.
However, a deviation in terms of Root Mean Square Deviation
(RMSD) was observed when the simulation was extended while
maintaining the same secondary structure pattern and ligand
binding. This deviation was due to the flexibility of the protein
system in a solvated environment.

An RMSD plot was created by considering the C-o. backbone
fluctuations of the protein, which indicated the overall stability
and equilibrium of the complex. The RMSD plot (Fig. 6a)
showed the comparative stability between the ligand-free
protein and ligand-bound protein complexes. Throughout all
the simulation runs, a stable trajectory with minimal deviations
was only observed after the system had reached equilibrium at
around 15 ns. Additionally, it was discovered that the structural
rigidity of the ligand-free protein was lower than that of its
ligand-bound form. However, stable trajectories were only
achieved after initial fluctuations in all simulation runs. To
further analyze the motion of the system, the radius of gyration
(Rg) was plotted, considering the varying masses of the system,
and calculating the root mean square distances around the
central axis of rotation. This plot effectively demonstrated the
system's ability to maintain its shape and secondary structure

Rat oral LDs, g

Rat Inhalation Carcinogenic potency

Drug Alogp MW HBA HBD per kg body weight LCso mgm > h™* TDs, rat mg per kg body weight per day
HD-6 4.993 612.50 9 3 1.371 600.936 8.734
HD-7 5.658 646.95 9 3 1.096 523.487 4.483
HD-8 5.658 646.95 9 3 1.263 496.885 5.134

¢ Abbreviations: MW: molecular weight, HBA: hydrogen bond acceptor, HBD: hydrogen bond donor.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Dose response inhibitory curves and ICsq of synthesized derivatives (HD-6, HD-7, and HD-8) and standard drug lapatinib against EGFR™".

folding during motion, as shown in Fig. 6b at the 15 ns time
scale. In comparison to ligand-free proteins, ligand-bound
protein complexes exhibited a higher gyration scale. Electro-
static interactions, including hydrogen bonds, are crucial for
the stability and biological functions of any protein-ligand
complex. During the 100 ns simulation run, intermolecular
hydrogen bonds were observed (Fig. 6¢), which is consistent
with the results of molecular docking experiments. The hydro-
phobic surface area around the ligand-bound protein
complexes was mapped using solvent accessible surface area
(SASA) plots (Fig. 6d), which were consistent throughout the
simulation run. Root mean square fluctuation (RMSF) plots
(Fig. 6e and f) were used to map the fluctuation of crucial amino
acids during the simulation. The plots revealed that the flexi-
bility of the crucial interacting amino acids was increased in the
complex compared to their innate state in the protein.

3. Summary and conclusions

The primary objective of this study was to develop symmetrical
and asymmetrical dihydropyridines targeting the EGFR
receptor. A meticulous approach was undertaken in the
synthesis and purification processes of these compounds,
employing various analytical techniques including TLC, MP, IR,
NMR, and Mass for comprehensive characterization. Novel
Hantzsch dihydropyridines were designed utilizing scaffold

M378 | RSC Adv, 2024, 14, 11368-11387

hybridization techniques tailored specifically for targeting the
EGFR. Through the incorporation of various aldehyde substi-
tutions, a total of 10 symmetrical and 5 asymmetrical molecules
were synthesized and subsequently purified. The cytotoxic
effects of these compounds on MCF-7 breast cancer cells were
assessed, revealing three noteworthy molecules (HD-6, HD-7,
and HD-8) that exhibited significant potential. Molecular
docking studies against the EGFR protein, complemented by in
silico molecular dynamics (MD) investigations, provided further
insights into the ligand-receptor interactions, affirming these
compounds as potential candidates for subsequent preclinical
assessments targeting the EGFR pathway in breast cancer.
Notably, these molecules exhibited interactions consistent with
those observed with the ligand co-crystallized with EGFR. In
addition, in silico investigations including Lipinski's rule of 5,
ADME, and toxicity prediction were performed. HD-7 and HD-8
successfully inhibit ligand binding and stops the EGFR complex
from forming dimer, which stops the PI3/AKT signaling path-
ways (Fig. 7). Based on our comprehensive findings, we have
identified two promising dihydropyridines candidates for
further preclinical evaluations against breast cancer by target-
ing EGFR pathways. Our findings also indicate that these
compounds exhibit promising anticancer properties by effec-
tively inhibiting the epidermal growth factor receptor at varying
concentrations. Notably, HD-7 and HD-8 emerged as a candi-
date molecule for further investigation using in vivo models.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Gradual superimposed conformations of trajectory of (a) ligand-free protein EGFR and ligand (HD-7)-bound EGFR complex, (b) ligand-
free protein EGFR and ligand (HD-8)-bound EGFR complex, (c) ligand-free protein EGFR and ligand (lapatinib)-bound EGFR complex, in time-
lapse at Oth, 25th, 50th, 75th, and at 100th ns time.
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Fig. 6 Investigation of EGFR (epidermal growth factor receptor) protein complexes with HD-7, HD-8, and pioglitazone ligands at a simulation
duration of 100 000 ps (100 ns). (a) Plot illustrating the temporal evolution of backbone RMSD (Root Mean Square Deviation) for EGFR protein
both in isolation and in complex with the ligands. (b) Graph depicting the change in protein backbone Radius of Gyration (Rg) between its
unbound state and when bound to the ligands throughout the simulation. The y-axis represents R4 in nanometers, while the x-axis denotes the
simulation time in picoseconds. (c) Analysis of hydrogen bond formation between the protein and ligands across the simulation time in
nanoseconds. (d) Representation of Solvent Accessible Surface Area (SASA) over time, where the y-axis indicates SASA in nanometers and the x-
axis represents simulation time in nanoseconds. (e) and (f) Plots showcasing the average RMSF (Root Mean Square Fluctuation) of protein
residues in their native state and when bound to the ligands.

Overall, the results of this study contribute to the growing acetoacetate, ethyl acetate, and dichloromethane, were ob-
knowledge regarding the development of dihydropyridine- tained from TCS and Merck. These reagents and solvents were
based EGFR inhibitors with potential implications for cancer utilized without being purified further. TLC results were ob-
therapy. tained using precoated TLC plates with a solvent system of

dichloromethane and ethyl acetate in a 9:1 ratio. A digital

melting point apparatus was used to record the melting points
4, Experimental in Celsius. Using an IR Spirit Shimadzu ATR spectrophotom-
eter, the IR spectra were recorded. Bruker 400 MHz FT-NMR
spectrophotometers were used to record 'H-NMR and '*C-
NMR in DMSO-ds using tetramethylsilane (TMS) as an

4.1. Chemicals and instruments

All reagents and solvents, including 2,4-dimethoxyaniline, 4-
chloro-2,5-dimethoxyaniline, iso-propanol, ethanol, ethyl

1380 | RSC Adv, 2024, 14, 1368-1387 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The activation of several components that support cell prolif-
eration, oncogenic activity, and immunological regulation is necessary
for the continuation of EGFR receptor signaling. This initiates MCF-7
breast cancer cells and activates signaling pathways such as PI3/AKT.
HD-7 & HD-8 inhibit the signaling system which regulates tumor
development, cell differentiation, atypical cell proliferation, production
of new blood vessels, and cancer cell dissemination.

internal standard. The chemical shifts were quoted in parts per
million (ppm). Sciex API-4000 LC-MS/MS mass spectrometer
with an electron channel multiplier detector and cyano column,
was utilized to acquire mass spectra of the synthesized
compounds. Elemental analysis of carbon, hydrogen, and
nitrogen were analyzed using an Elementar Vario (EL III Carl
Erba11080).

4.1.1. Synthesis of 2,4-dimethoxyacetoacetanilide (A1). It
was synthesized by refluxing ethyl acetoacetate and 2,4-dime-
thoxy aniline in a 150 ml round-bottom flask for 2 hours at 120 ©
C temperatures. The solid mass of the product was obtained by
washing the crude material with ether and then recrystallizing it
using aqueous ethanol.*® TLC using an n-hexane/ethyl acetate
(8:2) mobile phase was then used to characterize the resulting
compound. The yield obtained was about 44%.

4.1.1.1. N-(2,4-Dimethoxyphenyl)-3-oxobutanamide (A1).
Brown amorphous solid; yield: 38%; m.p. 94-96 °C; R = 0.35 (n-
Hexane/EtOAc 8: 2); IR (cm™'): 3408.33 (N-H), 3275.24 (ArC-H),
3009.05 (ArC-H), 2949.26 (aliph. C-H), 1712.85 (C=0), 1035.81
(c-0).

4.1.2. Synthesis of 4-chloro-2,5-dimethoxyacetoacetanilide
(A2). It was synthesized by refluxing ethyl acetoacetate and 4-
chloro-2,5-dimethoxy aniline in a 150 ml round-bottom flask for
2 hours at 120 °C temperatures.*® The solid mass of product was
obtained by washing the crude material with ether and then
recrystallizing it using aqueous ethanol. TLC using an n-hexane/
ethyl acetate (8:2) mobile phase was then used to characterize
the resulting compound. The yield obtained was about 52%.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.1.2.1. N-(4-Chloro-2,5-dimethoxyphenyl)-3-oxobutanamide
(A2). White amorphous solid, yield: 46%; m.p. 107-109 °C; Ry =
0.31 (n-hexane/EtOAc 8:2); IR (cm ™ *): 3408.33 (N-H), 3267.52
(ArC-H), 3124.79 (ArC-H), 2958.90 (aliph. C-H), 1726.35 (C=0),
1031.95 (C-0), 696.33 (C-CI).

4.1.3. Parallel synthesis of symmetrical and asymmetrical
1,4-dihydropyridines (HD 1-15). Hantzsch dihydropyridine
derivatives were synthesized in one-pot symmetrical and
asymmetrical approach, the symmetrical dihydropyridine
derivatives (HD 1-10) were prepared by refluxing the acetoace-
tanilide A1-2 (0.1 M) with substituted aldehyde (0.005 M), and
an excess amount of ammonia solution with iso-propanol as
a solvent. The asymmetrical dihydropyridine derivatives (HD
11-15) were prepared by refluxing the equimolar amount of
acetoacetanilide A1 (0.05 M) and A2 (0.05 M) with substituted
aldehyde (0.005 M), and an excess amount of ammonia solution
with iso-propanol as a solvent. The reaction mixture was
refluxed for 24-30 h and was monitored several times by TLC.
Once the reaction was complete, the derived products were left
undisturbed in RBF for crystallization. To achieve additional
purification, the products were recrystallized from aqueous
ethyl alcohol and further subjected to column chromatography
using a solvent phase of n-hexane and methyl tert-butyl ether
(6:4). The resulting yields ranged from 46 to 84 percent, indi-
cating favorable outcomes.

4.1.3.1. N° N°-Bis(2,4-dimethoxyphenyl)-2,6-dimethyl-4-
phenyl-1,4-dihydropyridine-3,5-dicarboxamide ~(HD-1). Cream
amorphous solid, yield: 79%, m.p. 192-194 °C; Ry = 0.29
(CH,CI,/EtOAc 9:1); IR (cm ™ *): 3385.18 (N-H), 3306.10 (N-H),
3084.28 (ArC-H), 3001.34 (ArC-H), 2960.83 (aliph. C-H),
1660.77 (C=0), 1608.69 (C=0), 1525.74 (ArC=C), 1211.34 (C-
0), 1211.34 (C-O); "H NMR (6 ppm, 400 mHz, DMSO-d): 2.19 (s,
6H, CH3;), 3.72 (s, 12H, O-CH3), 3.73 (s, 3H, O-CH3), 4.90 (bs,
1H, CH), 6.43 (d, 2H, ArH J = 8.8 Hz), 6.54 (s, 2H, ArH ] = 6 Hz),
7.33(d, t, 4H, ArH), 7.71 (d, 2H, ArHJ = 8.8 Hz), 8.17 (s, 2H, NH),
8.26 (s, 1H, NH); "*C NMR (6 ppm, 400 MHz, DMSO-d): 18.10
(CH3;), 55.73 (CH), 56.05 (OCH,), 56.17 (OCHj;), 99.11 (ArC),
104.44 (ArC), 105.46 (ArC), 121.53 (ArC), 123.12 (ArC), 127.10
(ArC), 127.74 (ArC), 128.98 (ArC), 140.21 (ArC), 146.82 (ArC),
151.36 (ArC-0), 156.70 (C=O0), 166.75 (ArC-O); Mass (m/z):
[Peak Found (M '): 542.32 (calculated (M '): 542.24)]. Anal.
Calcd. for C3;H;33N304: C, 68.49; H, 6.12; N, 7.73; Found: C,
68.88; H, 6.19; N, 7.64.

4.1.3.2. 4-(4-Chlorophenyl)-N° N°-bis(2,4-dimethoxyphenyl)-
2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxamide (HD-2).
White crystals; yield: 71%; m.p. 201-203 °C; Ry = 0.30 (CH,Cl,/
EtOAc 9:1); IR (em™): 3429.55 (N-H), 3300.31 (N-H), 3265.59
(ArC-H), 3126.71 (ArC-H), 2997.48 (ArC-H), 2937.68 (aliph. C-
H), 1664.62 (C=0), 1608.69 (C=0), 1523.82 (ArC=C), 1222.91
(C-0), 785.05 (C-Cl); "H NMR (6 ppm, 400 mHz, DMSO-dy): 2.19
(s, 6H, CH;), 3.73 (s, 6H, O-CHj), 3.73 (s, 6H, O-CHj), 4.96 (bs,
1H, CH), 6.44 (d, 2H, ArH J = 8.0 Hz), 6.57 (s, 2H, ArH J = 8.8
Hz), 7.34 (d, 4H, ArH), 7.36 (t, 2H, ArH J = 8.4 Hz), 7.67 (d, 2H,
ArH J = 8.8 Hz), 8.20 (s, 2H, NH), 8.28 (s, 1H, NH); °C NMR
(6 ppm, 400 MHz, DMSO-d;): 18.08 (CHj3), 41.74 (CH), 55.73
(OCHj), 56.06 (OCHj,), 99.13 (ArC), 104.45 (ArC), 105.16 (ArC),
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121.33 (ArC), 123.54 (ArC), 128.87 (ArC), 129.62 (ArC), 131.65
(ArC), 140.15 (ArC), 145.78 (ArC), 151.60 (ArC-0), 156.89 (C=0),
166.69 (ArC-O); mass (m/z): [peak found (M~ '): 576.24 (calcu-
lated (M~ ): 576.20)]. anal. caled. for C3,H;,CIN;Og: C, 64.41; H,
5.58; N, 7.27; Found: C, 64.62; H, 5.69; N, 7.24.

4.1.3.3.  4-(3-Chlorophenyl)-N°, N°-bis(2,4-dimethoxyphenyl)-
2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxamide (HD-3).
Cream amorphous solid; yield: 84%; m.p. 217-219 °C; Ry = 0.32
(CH,Cl,/EtOAc 9:1); IR (cm ™ '): 3404.47 (N-H), 3329.25 (N-H),
3003.27 (ArC-H), 2941.54 (ArC-H), 2837.38 (aliph. C-H),
1662.69 (C=0), 1610.61 (C=0), 1523.82 (ArC=C), 1213.27 (C-
0), 794.70 (C-Cl); *"H NMR (6 ppm, 400 mHz, DMSO-d,): 2.18 (s,
6H, CH3), 3.72 (s, 6H, O-CH3), 3.73 (s, 6H, O-CHj,), 4.97 (bs, 1H,
CH), 6.44 (d, 2H, ArH J = 6.8 Hz), 6.56 (s, 2H, ArH), 7.26 (d, 2H,
ArH J = 7.6 Hz), 7.34 (t, 2H, ArH J = 8.0 Hz), 7.61 (d, 2H, ArH ] =
8.8 Hz), 8.26 (s, 2H, NH), 8.32 (s, 1H, NH); **C NMR (6 ppm, 400
MHz, DMSO-d,): 18.05 (CH;), 42.05 (CH), 55.73 (OCHj,), 56.12
(OCH;), 99.13 (ArC), 99.37 (ArC), 104.48 (ArC), 105.01 (ArC),
121.14 (ArC), 123.85 (ArC), 127.02 (ArC), 130.90 (ArC), 133.49
(ArC), 140.40 (ArC), 149.21 (ArC), 151.83 (ArC-0), 157.01 (C=0),
166.72 (ArC-O); mass (m/z): [peak found (M~ '): 576.25 (calcu-
lated (M~ ): 576.20)]. anal. caled. for C3;H;3,CIN;Oq: C, 64.41; H,
5.58; N, 7.27; found: C, 64.56; H, 5.43; N, 7.31.

4.1.3.4. N’ N°-Bis(2,4-dimethoxyphenyl)-4-(furan-2-yl)-2,6-
dimethyl-1,4-dihydropyridine-3,5-dicarboxamide (HD-4). Gray
amorphous solid, yield: 82%, m.p. 196-198 °C; Ry = 0.29
(CH,Cl,/EtOAc 9:1); IR (em™): 3389.04 (N-H), 3001.43 (ArC-
H), 2941.54 (ArC-H), 2837.38 (aliph. C-H), 1662.69 (C=0),
1610.61 (C=0), 1525.74 (ArC=C), 1284.63 (C-0), 1211.34 (C-
0); "H NMR (6 ppm, 400 mHz, DMSO-d): 2.17 (s, 6H, CH3), 3.73
(s, 6H, O-CH3), 3.77 (s, 6H, O-CH3), 4.94 (bs, 1H, CH), 6.19 (t,
1H, ArH), 6.40 (d, 1H, ArH), 6.52 (d, 2H, ArH J = 8.8 Hz), 7.57 (d,
1H, ArH), 7.73 (d, 2H, ArH J = 8.8 Hz), 8.34 (s, 2H, NH), 8.47 (s,
1H, NH); C NMR (6 ppm, 400 MHz, DMSO-d,): 18.18 (CHj),
35.62 (CH), 55.74 (OCHj,), 56.23 (OCHj;), 99.13 (ArC), 102.14
(ArC), 104.49 (ArC), 105.88 (ArC), 110.83 (ArC), 121.62 (ArC),
122.97 (ArC), 141.88 (ArC), 142.65 (ArC), 151.26 (ArC-0), 156.77
(C=0), 157.89 (ArC-O), 166.44 (ArC-O); Mass (m/z): [Peak
Found (M~ "): 532.26 (calculated (M~ "): 532.22)]. Anal. Calcd. for
C,oH3:N;05: C, 65.28; H, 5.86; N, 7.88; Found: C, 65.21; H,
5.99; N, 7.75.

4.1.3.5. N° N°-Bis(2,4-dimethoxyphenyl)-4-(4-hydroxyphenyl)-
2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxamide (HD-5).
Brown amorphous solid; yield: 62%; m.p. 206-208 °C; Ry = 0.28
(CH,CL,/EtOAc 9: 1); IR (cm ™ '): 3379.40 (N-H), 3281.02 (N-H),
3007.12 (ArC-H), 2958.90 (ArC-H), 2837.38 (aliph. C-H),
1608.69 (C=0), 1519.96 (C=0), 1413.87 (ArC=C), 1213.27 (C-
0); "H NMR (6 ppm, 400 mHz, DMSO-dj): 2.17 (s, 6H, CH3), 3.71
(s, 12H, O-CHj), 4.73 (bs, 1H, CH), 6.42 (d, 2H, ArH J = 8.4 Hz),
6.55 (s, 2H, ArH J = 6.4 Hz), 6.69 (d, 4H, ArH), 6.69 (d, 2H, ArH J
= 8.4 Hz), 7.11 (d, 2H, ArH ] = 8.8 Hz), 7.74 (s, 1H, NH), 8.12 (s,
1H, NH), 8.22 (s, 1H, NH), 9.32 (s, 1H, OH); ">C NMR (6 ppm,
400 MHz, DMSO-dy): 18.10 (CH3), 41.34 (CH), 55.75 (OCHj3),
55.78 (OCHj;), 56.01 (OCH3), 56.15 (OCH,), 99.04 (ArC), 104.52
(ArC), 105.01 (ArC), 115.75 (ArC), 119.64 (ArC), 121.59 (ArC),
122.84 (ArC), 128.80 (ArC), 130.16 (ArC), 131.16 (ArC), 139.88
(ArC), 151.15 (ArC), 153.63 (ArC-0), 156.60 (C=0), 156.70 (C=
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0), 166.64 (ArC-0); Mass (m/z): [Peak Found (M '): 558.31
(calculated (M™"): 558.23)]. Anal. Calcd. for C3;H;,CIN;Og: C,
66.53; H, 5.94; N, 7.51; Found: C, 66.61; H, 5.82; N, 7.43.

4.1.3.6. N° N°-Bis(4-chloro-2,5-dimethoxyphenyl)-2,6-
dimethyl-4-phenyl-1,4-dihydropyridine-3,5-dicarboxamide (HD-6).
White crystals; yield: 58%; m.p. 213-215 °C; Ry = 0.30 (CH,Cl,/
EtOAc 9:1); IR (cm ™ %): 3419.90 (N-H), 3371.68 (N-H), 3136.36
(ArC-H), 3076.56 (ArC-H), 2964.69 (ArC-H), 2848.96 (aliph. C-
H), 1660.77 (C=0), 1589.40 (C=0), 1516.10 (ArC=C), 1222.91
(C-0), 736.83 (C-Cl), 698.25 (C-Cl); "H NMR (6 ppm, 400 mHz,
DMSO-dy): 2.23 (s, 6H, CH3), 3.71 (s, 6H, O-CHj3), 3.74 (s, 6H, O-
CHj,), 4.90 (bs, 1H, CH), 7.06 (d, 2H, ArH), 7.20 (s, 1H, ArH), 7.35
(d, 4H, ArH), 7.95 (d, 2H, ArH), 8.36 (s, 2H, NH), 8.57 (s, 1H, NH);
3C NMR (6 ppm, 400 MHz, DMSO-d,): 18.30 (CH,), 42.04 (CH),
56.78 (OCH;), 56.89 (OCH;), 105.32 (ArC), 106.37 (ArC), 113.22
(ArC), 127.45 (ArC), 129.21 (ArC), 141.66 (ArC), 143.59 (ArC),
146.48 (ArC-0), 148.56 (C=O0), 166.87 (ArC-O); Mass (m/z):
[Peak Found (M™'): 610.21 (calculated (M™"): 610.16)]. Anal.
Caled. for C;;H;,CI,N;04: C, 60.79; H, 5.10; N, 6.86; Found: C,
60.88; H, 5.20; N, 6.83.

4.1.3.7.  N° N°-Bis(4-chloro-2,5-dimethoxyphenyl)-4-(4-
chlorophenyl)-2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxamide (HD-7). White amorphous solid; yield: 78%; m.p.
211-213 °C; R = 0.32 (CH,Cl,/EtOAc 9:1); IR (cm ™ '): 3460.41
(N-H), 3323.46 (N-H), 2997.48 (ArC-H), 2937.68 (ArC-H),
2837.38 (aliph. C-H), 1660.77 (C=0), 1629.90 (C=0), 1518.03
(ArC=C), 1213.27 (C-0), 821.70 (C-Cl), 773.48 (C-Cl), 734.90
(C-Cl); *H NMR (6 ppm, 400 mHz, DMSO-dy): 2.20 (s, 6H, CH;),
3.72 (s, 6H, O-CHj), 3.74 (s, 6H, O-CHj), 4.92 (bs, 1H, CH), 7.08
(d, 2H, ArH), 7.31 (d, 2H, ArH), 7.41 (d, 2H, ArH), 7.88 (d, 2H,
ArH), 8.37 (s, 2H, NH), 8.58 (s, 1H, NH); >*C NMR (6 ppm, 400
MHz, DMSO-d): 18.25 (CH3), 41.51 (CH), 56.81 (OCH3), 56.94
(OCH3;), 105.03 (ArC), 106.67 (ArC), 113.30 (ArC), 114.20 (ArC),
127.91 (ArC), 129.10 (ArC), 131.96 (ArC), 141.53 (ArC), 143.79
(ArC), 145.41 (ArC-0), 148.54 (C=0), 166.71 (ArC-O); Mass (m/
z): [Peak Found (M"): 646.20 (calculated (M™): 646.12)]. Anal.
Calced. for C;3;H;3,CI3N;0¢: C, 57.55; H, 4.67; N, 6.50; Found: C,
57.72; H, 4.55; N, 6.61.

4.1.3.8. N? N°-Bis(4-chloro-2,5-dimethoxyphenyl)-4-(3-
chlorophenyl)-2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxamide (HD-8). White crystals; yield: 67%; m.p. 197-
199 °C; R¢ = 0.33 (CH,Cl,/EtOAc 9: 1); IR (cm ™ *): 3421.83 (N-H),
3379.40 (N-H), 3076.56 (ArC-H), 3001.34 (ArC-H), 2852.81
(aliph. C-H), 1658.84 (C=0), 1589.40 (C=0), 1392.65 (ArC=C),
1159.26 (C-0), 769.62 (C-Cl), 732.97 (C-Cl), 696.33 (C-Cl); ‘H
NMR (6 ppm, 400 mHz, DMSO-d,): 2.22 (s, 6H, CHj), 3.73 (s, 6H,
O-CH3), 3.75 (s, 6H, O-CHj), 4.98 (bs, 1H, CH), 7.08 (d, 1H,
ArH), 7.27-7.41 (m, 6H, ArH), 7.85 (d, 1H, ArH), 8.43 (s, 2H, NH),
8.59 (s, 1H, NH); *C NMR (6 ppm, 400 MHz, DMSO-d,): 18.25
(CH;), 41.87 (CH), 56.81 (OCHj;), 56.99 (OCH,), 104.79 (ArC),
106.94 (ArC), 113.33 (ArC), 115.13 (ArC), 126.42 (ArH), 127.31
(ArC), 127.84 (ArC), 131.15 (ArC), 141.75 (ArC), 144.01 (ArC),
145.29 (ArC-0), 148.55 (C=0), 148.86 (C=0), 166.68 (ArC-O);
Mass (m/z): [Peak Found (M™): 646.17 (calculated (M™):
646.12)]. Anal. Caled. for C3,H;,Cl3N;04: C, 57.55; H, 4.67; N,
6.50; Found: C, 57.45; H, 4.71; N, 6.49.
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4.1.3.9. N° N°-Bis(4-chloro-2,5-dimethoxyphenyl)-4-(furan-2-
yl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxamide ~ (HD-9).
Brown crystals; yield: 52%; m.p. 202-204 °C; Ry = 0.31 (CH,Cl,/
EtOAc 9:1); IR (cm™%): 3454.62 (N-H), 3410.26 (N-H), 3134.43
(ArC-H), 2943.47 (ArC-H), 2854.74 (aliph. C-H), 1670.41 (C=0),
1523.82 (C=0), 1392.82 (ArC=C), 1301.99 (C-0), 800.49 (C-CI),
731.05 (C-Cl); "H NMR (6 ppm, 400 mHz, DMSO-d,): 2.22 (s, 6H,
CH,), 3.76 (s, 6H, O-CHj,), 3.78 (s, 6H, O-CH;), 4.94 (bs, 1H,
CH), 6.22 (t, 1H, ArH), 6.41 (d, 2H, ArH), 7.60 (s, 2H, ArH), 7.60
(d, 1H, ArH), 8.02 (d, 2H, ArH), 8.54 (s, 2H, NH), 8.77 (s, 1H, NH);
13C NMR (6 ppm, 400 MHz, DMSO-d,): 18.37 (CH3), 35.25 (CH),
56.80 (OCH3), 57.14 (OCHj3), 101.97 (ArC), 106.11 (ArC), 106.21
(ArC), 110.96 (ArC), 113.35 (ArH), 114.60 (ArC), 128.30 (ArC),
142.98 (ArC), 143.44 (ArC), 148.63 (ArC-0O), 157.46 (C=0),
166.37 (ArC-0); Mass (m/z): [Peak Found (M ): 600.15 (calcu-
lated (M~ "): 600.14)]. Anal. Calcd. for C,oH,oCI,N;05: C, 57.82;
H, 4.85; N, 6.97; Found: C, 57.71; H, 4.79; N, 6.88.

4.1.3.10. N°,N°-Bis(4-chloro-2,5-dimethoxyphenyl)-4-(4-
hydroxyphenyl)-2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxamide (HD-10). Yellow crystals; yield: 56%; m.p. 214-
216 °C; Ry = 0.34 (CH,Cl,/EtOAc 9: 1); IR (cm ™ *): 3572.29 (N-H),
3446.91 (N-H), 3088.14 (ArC-H), 2966.62 (ArC-H), 2841.24
(aliph. C-H), 1688.48 (C=0), 1610.61 (C=0), 1458.24 (ArC=C),
1215.19 (C-0), 767.69 (C—Cl), 731.05 (C-Cl); 'H NMR (6 ppm,
400 mHz, DMSO-d,): 2.20 (s, 6H, CH3), 3.72 (s, 6H, O-CH3), 3.75
(s, 6H, O-CHj,), 4.73 (bs, 1H, CH), 6.74 (d, 2H, ArH J = 8.4 Hz),
7.06 (s, 2H, ArH), 7.14 (d, 2H, ArH J = 8.4 Hz), 7.97 (s, 2H, ArH),
8.30 (s, 2H, NH), 8.49 (s, 1H, NH), 9.39 (s, 1H, OH); **C NMR
(6 ppm, 400 MHz, DMSO-dg): 18.31 (CH3), 41.15 (CH), 56.79
(OCHy,), 56.86 (OCHj,), 105.73 (ArC), 106.21 (ArC), 113.17 (ArC),
114.60 (ArC), 115.94 (ArH), 128.16 (ArC), 128.76 (ArC), 141.28
(ArC), 143.45 (ArC), 148.56 (ArC-0), 156.92 (C=0), 166.91 (ArC-
0); Mass (m/z): [Peak Found (M "): 626.15 (calculated (M)
626.15)]. Anal. Caled. for C3;H3,Cl,N;05: C, 59.24; H, 4.97; N,
6.69; Found: C, 59.41; H, 4.79; N, 6.60.

4.1.3.11. N’-(4-Chloro-2,5-dimethoxyphenyl)-N°-(2,4-
dimethoxyphenyl)-2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-
dicarboxamide (HD-11). White amorphous solid; yield: 46%;
m.p. 223-225 °C; Ry = 0.32 (CH,Cl,/EtOAc 9:1); IR (cm™):
3367.82 (N-H), 3140.22 (N-H), 3007.22 (ArC-H), 2937.68 (ArC-
H), 2841.24 (aliph. C-H), 1660.77 (C=O0), 1604.83 (C=0),
1523.82 (ArC=C), 1213.27 (C-0), 1159.26 (C-0), 705.97 (C-Cl);
'H NMR (6 ppm, 400 mHz, DMSO-d,): 2.15 (s, 3H, CH3), 2.23 (s,
3H, CH3), 3.68 (s, 6H, O-CHj,), 3.73 (s, 6H, O-CH,), 4.91 (bs, 1H,
CH), 6.45 (d, 1H, ArH), 6.55 (s, 1H, ArH), 7.33-7.36 (3, 5H, ArH),
7.96 (s, 1H, ArH), 8.05 (s, 1H, ArH), 8.42 (s, 2H, NH), 8.55 (s, 1H,
NH); C NMR (6 ppm, 400 MHz, DMSO-d): 18.32 (CH,), 18.59
(CH,), 42.04 (CH), 55.77 (OCHj), 56.04 (OCH;), 56.08 (OCH,),
56.15 (OCHj), 99.16 (ArC), 104.48 (ArC), 106.38 (ArC), 107.14
(ArC), 113.13 (ArC), 114.26 (ArC), 121.22 (ArH), 128.14 (ArC),
128.35 (ArC), 141.63 (ArC), 143.13 (ArC), 148.57 (ArC-0), 166.64
(C=0), 166.77 (ArC-0); Mass (m/z): [Peak Found (M '): 576.24
(calculated (M "): 576.20)]. Anal. Calcd. for C;;H;,CIN;Oq: C,
64.41; H, 5.58; N, 7.27; Found: C, 64.55; H, 5.63; N, 7.14.

4.1.3.12. N°-(4-Chloro-2,5-dimethoxyphenyl)-4-(4-chlor-
ophenyl)-N°~(2,4-dimethoxyphenyl)-2,6-dimethyl-1,4-
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dihydropyridine-3,5-dicarboxamide (HD-12). Yellow crystals;
yield: 58%; m.p. 217-219 °C; Ry = 0.29 (CH,Cl,/EtOAc 9:1); IR
(em™"): 3427.62 (N-H), 3381.33 (N-H), 3088.14 (ArC-H), 2999.41
(ArC-H), 2937.68 (aliph. C-H), 1658.84 (C=0), 1608.69 (C=0),
1394.58 (ArC=C), 1211.34 (C-0), 769.62 (C-Cl), 729.12 (C-CI);
'H NMR (6 ppm, 400 mHz, DMSO-d): 2.18 (s, 3H, CH3), 2.21 (s,
3H, CH3,), 3.69 (s, 6H, O-CHj,), 3.74 (s, 6H, O-CHj), 4.93 (bs, 1H,
CH), 6.44 (d, 1H, ArH), 6.57 (s, 1H, ArH), 7.05 (s, 1H, ArH), 7.32
(d, 2H, ArH J = 8.4 Hz), 7.41 (d, 2H, ArH J = 8.8 Hz), 7.89 (s, 1H,
ArH), 8.16 (d, 1H, ArH), 8.39 (s, 1H, NH), 8.44 (s, 1H, NH), 8.57
(s, 1H, NH); "*C NMR (6 ppm, 400 MHz, DMSO-d;): 18.25 (CH),
18.53 (CH;), 41.94 (CH), 56.08 (OCHj;), 56.79 (OCHj;), 56.82
(OCH3;), 56.88 (OCH3;), 99.14 (ArC), 104.51 (ArC), 106.68 (ArC),
106.79 (ArC), 113.15 (ArC), 114.96 (ArC), 120.95 (ArH), 128.99
(ArC), 129.09 (ArC), 131.83 (ArC), 141.52 (ArC), 143.79 (ArC),
148.56 (ArC-0), 166.58 (C=0), 166.72 (ArC-O); Mass (m/z):
[Peak Found (M™): 612.22 (calculated (M™): 612.16)]. Anal.
Calced. for C5;H;3;CI,N;0¢: C, 60.79; H, 5.10; N, 6.86; Found: C,
60.80; H, 5.21; N, 6.91.
4.1.3.13. N’-(4-Chloro-2,5-dimethoxyphenyl)-4-(3-chlor-
ophenyl)-N’~(2,4-dimethoxyphenyl)-2,6-dimethyl-1,4-
dihydropyridine-3,5-dicarboxamide (HD-13). Yellow amorphous
solid; yield: 62%; m.p. 227-229 °C; Ry = 0.32 (CH,Cl,/EtOAc 9 :
1); IR (cm™"): 3458.48 (N-H), 3398.69 (N-H), 3084.28 (ArC-H),
2943.47 (ArC-H), 2837.38 (aliph. C-H), 1688.48 (C=0), 1641.48
(C=0), 1523.82 (ArC=C), 1209.41 (C-0), 792.77 (C-Cl), 727.19
(C-Cl); "H NMR (6 ppm, 400 mHz, DMSO-dg): 2.19 (s, 3H, CH,),
2.22 (s, 3H, CH3), 3.73 (s, 6H, O-CHj3), 3.75 (s, 6H, O-CHj), 4.97
(bs, 1H, CH), 6.45 (s, 1H, ArH), 6.56 (d, 1H, ArH), 7.06 (d, 1H,
ArH), 7.27-7.39 (m, 4H, ArH), 7.85 (s, 1H, ArH), 8.20 (d, 1H,
ArH), 8.43 (s, 1H, NH), 8.46 (s, 1H, NH), 8.58 (s, 1H, NH); *C
NMR (6 ppm, 400 MHz, DMSO-d): 18.24 (CH;), 18.52 (CHz),
42.14 (CH), 56.13 (OCH3), 56.81 (OCH3;), 56.97 (OCHj3), 57.00
(OCH3), 99.15 (ArC), 104.51 (ArC), 106.94 (ArC), 113.19 (ArC),
113.34 (ArC), 115.12 (ArC), 126.43 (ArH), 127.30 (ArC), 128.06
(ArC), 133.59 (ArC), 141.78 (ArC), 143.47 (ArC), 148.56 (ArC-0),
152.43 (ArC-0), 166.52 (C=O0), 166.68 (ArC-O); Mass (m/z):
[Peak Found (M "): 610.16 (calculated (M~ '): 610.16)]. Anal.
Calced. for C;3;H;3;CI,N;04: C, 60.79; H, 5.10; N, 6.86; Found: C,
60.65; H, 5.11; N, 6.72.
4.1.3.14. N’-(4-Chloro-2,5-dimethoxyphenyl)-N°-(2,4-

dimethoxyphenyl)-4-(furan-2-yl)-2,6-dimethyl-1,4-dihydropyridine-
3,5-dicarboxamide (HD-14). Cream amorphous solid; yield: 48%;
m.p. 214-216 °C; Ry = 0.28 (CH,CL,/EtOAc 9:1); IR (cm ™ ):
3373.61 (N-H), 3308.03 (N-H), 3138.29 (ArC-H), 2999.41 (ArC-
H), 2837.38 (aliph. C-H), 1688.48 (C=0), 1606.76 (C=0),
1525.74 (ArC=C), 1211.34 (C-O), 734.90 (C-Cl); 'H NMR
(6 ppm, 400 mHz, DMSO-d,): 2.19 (s, 3H, CH3), 2.24 (s, 3H, CH3),
3.74 (s, 3H, O-CHj,), 3.75 (s, 3H, O-CHj3), 3.79 (s, 3H, O-CHj),
3.82 (s, 3H, O-CH3;), 4.96 (bs, 1H, CH), 6.22 (d, 1H, ArH), 6.41 (t,
1H, ArH), 6.60 (d, 1H, ArH), 7.14 (s, 1H, ArH), 8.05 (d, 1H, ArH),
8.35 (s, 2H, NH), 8.61 (s, 1H, NH); *C NMR (6 ppm, 400 MHz,
DMSO-d): 18.40 (CH3), 18.58 (CHj), 36.69 (CH), 55.72 (OCHj),
56.22 (OCHj3), 56.78 (OCH3), 57.13 (OCH3), 99.15 (ArC), 104.49
(ArC), 105.80 (ArC), 106.08 (ArC), 113.29 (ArC), 113.37 (ArC),
121.52 (ArC), 128.37 (ArH), 128.50 (ArC), 142.83 (ArC), 143.21
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(ArC), 143.42 (ArC), 148.65 (ArC-0), 151.52 (ArC-0), 166.34 (C=
0), 166.39 (ArC-O); Mass (m/z): [Peak Found (M™): 568.25
(calculated (M*): 568.18)]. Anal. Caled. for C,oH3oCIN;O5: C,
61.32; H, 5.32; N, 7.40; Found: C, 61.44; H, 5.27; N, 6.57.

4.1.3.15. N’-(4-Chloro-2,5-dimethoxyphenyl)-N°-(2,4-
dimethoxyphenyl)-4-(4-hydroxyphenyl)-2,6-dimethyl-1,4-
dihydropyridine-3,5-dicarboxamide (HD-15). Yellow crystals;
yield: 51%; m.p. 225-227 °C; Ry = 0.27 (CH,Cl,/EtOAc 9: 1); IR
(em™1): 3570.36 (N-H), 3446.91 (N-H), 3010.98 (ArC-H), 2964.69
(ArC-H), 2837.38 (aliph. C-H), 1688.48 (C=0), 1610.61 (C=0),
1392.65 (ArC=C), 1211.34 (C-0), 731.05 (C-Cl); 'H NMR
(6 ppm, 400 mHz, DMSO-d,): 2.20 (s, 3H, CHj), 2.25 (s, 3H, CH,),
3.70 (s, 3H, O-CHj), 3.73 (s, 3H, O-CHj), 3.75 (s, 3H, O-CHj),
3.77 (s, 3H, 0O-CH3), 4.73 (bs, 1H, CH), 6.57 (d, 1H, ArH), 6.58 (s,
1H, ArH), 6.73 (d, 2H, ArH J = 8.4 Hz), 7.05 (s, 1H, ArH), 7.13 (d,
2H, ArH J = 8.4 Hz), 7.99 (s, 1H, ArH), 8.07 (s, 1H, ArH), 8.13 (s,
2H, NH), 8.46 (s, 1H, NH), 9.28 (s, 1H, OH); "*C NMR (6 ppm,
400 MHz, DMSO-dy): 18.61 (CH;), 41.13 (CH), 55.73 (OCH,),
56.06 (OCH3;), 56.80 (OCH3), 56.89 (OCH,), 99.13 (ArC), 104.45
(ArC), 105.54 (ArC), 113.06 (ArC), 113.21 (ArC), 115.84 (ArC),
121.34 (ArH), 128.22 (ArC), 128.44 (ArC), 137.12 (ArC), 141.24
(ArC), 143.45 (ArC), 148.56 (ArC-O), 151.74 (ArC-O), 156.83
(ArC=0), 166.72 (C=O0), 166.87 (ArC-0); Mass (m/z): [Peak
Found (M*"): 594.27 (calculated (M*"): 594.19)]. Anal. Calcd. for
C31H;3,CIN;05: C, 62.68; H, 5.43; N, 7.07; Found: C, 62.52; H,
5.59; N, 7.11.

4.2. Invitro anticancer screening

The National Centre for Cell Sciences (NCCS), Pune, India
provided the vero and MCF-7 cell cultures. Each compound is
weighed individually and dissolved in dimethyl sulfoxide
(DMSO) for cytotoxicity studies. To prepare a stock solution with
a known concentration, it is first diluted with Dulbecco's
Modified Eagle Medium (DMEM), which has a pH of 7.4 and 2%
inactivated foetal bovine serum (FBS), to get the maintenance
medium. The stock solution is then sterilized by filtering and
kept at —20 °C until it is required. Two-fold serial dilutions of
a previous stock solution are created for a lower concentration.
Stock cells were cultured at 37 °C in a humid environment
containing 5% CO, in DMEM media supplemented with 10%
inactivated FBS, amphotericin B (5 pg ml™"), streptomycin (100
pg ml~"), and penicillin (100 TU ml™"). In TPVG solution (0.05%
glucose, 0.2% trypsin, and 0.02% EDTA in PBS), the cells are
separated. Each experiment is carried out on 96-well microtiter
plates, and all stock cell cultures are produced in 25 cm? flat
flasks.*

Cell viability was evaluated using the MTT assay as a measure
of the sensitivity of the cells to the synthesized compounds. In
96-well flat-bottom microplates (100 ml per well), exponentially
growing cells were added at a density of approximately 1.5 x 10>
MCF-7 cells per well and allowed to adhere for 24 hours prior to
the inclusion of the compounds. The compounds were dis-
solved in DMSO and added to the cells at concentrations
ranging from 2.5 to 160 uM. They were then incubated for 24 or
72 hours at 37 °C. After this, 10 pL of MTT (5 mg ml™") was
added to each well and incubated for another 2 hours at 37 °C.
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The culture medium was then eliminated and 100 pL of DMSO
was added per well to dissolve the formazan crystals. At 550 nm,
optical density was measured with a 96-well multiscanner
autoreader (ELISA). Finally, the following formula was used to
calculate the percentage of growth inhibition. The data ob-
tained were processed using the GraphPad Prism Version 8. The
dose-response curve was used to calculate the ICs, values for
each cell (Table 1).

(OD of control — OD of sample)
OD of control

% growth inhibition =

x 100

4.3. Molecular docking studies

Epidermal growth factor's crystal structure was retrieved from
the Protein Data Bank (PDB: 1XKK, https://www.rcsb.org/
structure/1xkk).>” After selecting the protein structure, the
discovery studio protein preparation protocol was used to
prepare the structure. All water molecules except interacting
ones were eliminated from the structure of the protein. The
energy of protein structure was minimized, and the active site
of the protein was determined. The ligands active site was
defined as the binding site and co-crystallized ligand was
deleted. The prepared protein was then saved in the .pdb
format.

We utilized ChemDraw to draw the 2D chemical structure
and later converted them to 3D. All ligands were prepared for
molecular interaction experiments using discovery studio's
small molecules protocol. The default pH 7.4 was utilized by
Ligprep for ligand preparation. The structure energy of the
ligand was minimized, and partial atomic charges were calcu-
lated. The docking was conducted using the CDOCKER protocol
of DS 2020 with the default parameters. The CDOCKER protocol
was utilized in conjunction with the CDOCKER score scoring
function for computational docking. The favorable pose with
the most excellent CDOCKER score was then taken for binding
energy calculation. The 2D and 3D interactions of the best
ligand-receptor complexes were then derived.

4.4. ADMET prediction

ADMET studies play an important role in the pharmacokinetic
and toxicological properties of potential drug candidates and
serve a crucial role in drug discovery. To facilitate such research,
BIOVIA Discovery Studio provides an interface that includes
several essential stages. Initially, the chemical structures of the
target compounds are compiled and prepared in the appro-
priate file formats. ADMET property prediction modules then
estimate properties such as solubility, permeability, plasma
protein binding, and blood-brain barrier penetration using
BIOVIA Discovery Studio. The toxicology prediction modules
assess potential toxicity, while the metabolism prediction
modules simulate biotransformation and identify metabolic
pathways. The gathered information is then analyzed and
compared to aid in the selection and optimization of lead
compounds. Bayesian and regression models were utilized to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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investigate the recognized dosage range, mutagenic properties,
and carcinogenic potential of the compound.****

4.5. EGFR™ kinase inhibition assay

The inhibitory activity of the potent compounds (HD-6, HD-7,
HD-8 & lapatinib) against EGFR™" kinase was assessed using the
EGFR"" Kinase Assay Kit from BPS biosciences as per the
manufacturer's instructions.”>** To initiate the enzymatic
reaction, a master mixture containing EGFR™ enzyme,
substrates, ATP, and kinase assay enzymatic buffer was incu-
bated with the tested compounds for 40 minutes at 30 °C. The
reaction was halted by adding a detecting reagent (Kinase-Glo
Max reagent) and further incubating at room temperature for
15 minutes. Luminescence was then measured using the Glo-
Max® discover microplate Reader. The results were expressed as
mean + SEM (n = 2) percentage enzyme inhibition compared to
lapatinib, chosen as the reference drug due to its potent
inhibitory activity against EGFR"'. The data obtained were
processed using the GraphPad Prism Version 8.

4.6. Molecular dynamics simulations

The stability of a protein-ligand complex in a static pose was
assessed through molecular dynamics (MD) simulations over
a period. MD simulations were conducted on the native protein
structure in both the undocked and docked states with ligands,
and stability was compared using energy graphs. The GRO-
MACS 5.1.5 software was used on the Ubuntu 16.04.7 platform
and other web-based servers. The protein and ligand topology
files were generated either by the native GROMACS platform or
externally using the SwissParam online server (https://
www.swissparam.ch/) with the CHARMm27 force field. The
protein systems in their innate and complex forms were
virtually placed in a triclinic box, with 1.0 nm distance
maintained between the outer surface of the protein and sides
of the box. This was done to preserve the van der Waals
interactions, with a distance cut-off of 1.0 nm. Coulombic
interactions were calculated using the Partial Mesh Ewald
(PME) summation method for long-range electrostatics, with
a cut-off of 1.0 nm. To explicitly solvate the system, periodic
boundary conditions were used in conjunction with the TIP3P
water model, and the electroneutrality of the system was
maintained by adding the required counter ions (Na'/CI~).*
The entire system was energy-minimized using the steepest
descent algorithm for 5000 steps, with a tolerance of
1000 k] mol™' nm™". To equilibrate the system, position
restraints were applied to the complex, and two simulations
were performed at a constant temperature of 300 K and pressure
of 1 bar using the canonical NVT and NPT ensembles. The
temperature was coupled using velocity rescaling with
a coupling constant of 0.1 ps, and the initial velocities were
generated according to the Maxwell distribution. The temper-
ature-pressure coupling process was accomplished using an
extended Parrinello-Rahman ensemble algorithm with
a coupling constant of 2 ps. The system was subsequently
subjected to a 100 ns molecular dynamics production run and
optimized for faster processing by integrating the time steps
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every 20 fs. The trajectories were analyzed using the default
GROMACS analysis tools and plotted using the XMGRACE-
5.1.22 platform (available at https://
plasmagate.weizmann.ac.il/Grace).*>*
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