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Cancer prevalence and resistance issues in cancer treatment are a significant public health concern

globally. Among the existing strategies in cancer therapy, targeting cyclin-dependent kinases (CDKs),

especially CDK-6 is found to be one of the most promising targets, as this enzyme plays a pivotal role in

cell cycle stages and cell proliferation. Cell proliferation is the characteristic feature of cancer giving rise

to solid tumours. Our research focuses on creating novel compounds, specifically, pyrazolopyrimidine

fused azetidinones, using a groundbreaking molecular hybridization approach to target CDK-6. Through

computational investigations,

ligand-based pharmacophore modelling, pharmacokinetic

studies

(ADMET), molecular docking, and dynamics simulations, we identified 18 promising compounds. The

pharmacophore model featured one aromatic hydrophobic centre (F1: Aro/Hyd) and two H-bond

acceptors (F2 and F3: Acc). Molecular docking results showed favourable binding energies (—6.5 to
—8.0 kcal mol™?) and effective hydrogen bonds and hydrophobic interactions. The designed compounds
demonstrated good ADMET profiles. Specifically, B6 and B18 showed low energy conformation (—7.8
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kcal and —7.6 kcal), providing insights into target inhibition compared to the standard drug Palbociclib.

Extensive molecular dynamics simulations confirmed the stability of these derivatives. Throughout the
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1 Introduction

Cancer is the world's second leading cause of death, impacting
many individuals globally due to its uncontrolled and continual
cell division. According to the American Cancer Society's 2023
projections, the United States alone is anticipated to witness 1
958310 new instances of cancer and 609 820 cancer-related
deaths."” Regarding the most commonly diagnosed cancers
globally, lung cancer leads with 2.2 million cases, followed by
breast cancer (2.09 million), colorectal cancer (1.9 million),
prostate cancer (1.28 million), skin cancer (1.04 million), and
stomach cancer (1.04 million).>* Among both genders, the most
prevalent malignancies are breast, lung, stomach, colorectal,
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100 ns simulation, the ligand—protein complexes maintained structural stability, with acceptable RMSD
values. These compounds hold promise as potential leads in cancer therapy.

thyroid, liver, and ovarian cancers. Genetic and epigenetic
factors are also responsible for causing the DNA mutation
leading to cancer.>® It is genetically caused by two factors one is
the transformation of proto-oncogenes into oncogenes, and
another is the deactivation of tumour-suppressing genes.
Among the emerging strategies in cancer therapy, targeting
cyclin-dependent kinases (CDKs) has gained considerable
attention due to the involvement of kinase enzymes in crucial
stages of the cell cycle.” In mammalian cells, the regulation of
critical cell cycle checkpoints and essential transcriptional
processes for cell proliferation is governed by CDKs in response
to both external and internal signals.® Catalytic activity is strictly
dependent on interaction with cyclinD proteins to play an
integral role in cell cycle progression and transcriptional regu-
lation. Numerous CDKs and cyclins have so far been discovered,
but particularly CDK-cyclin complexes are essential for regu-
lating cell cycle advancement across the G1, S, G2, and M
phases.’

Among the various CDK targets from the CDK family, CDK-6
has emerged as a promising target as it is expressed in most
common cancers and has a crucial role in driving cell cycle entry
and cell progression. Elevated phosphorylation levels of the Rb
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protein have been observed in various tumours, often linked
with the high cyclinD-CDK-4/6 complex expression.'® Conse-
quently, focusing on these complexes has emerged as a poten-
tial strategy in cancer treatment. Presently, this approach is
approved for use in conjunction with the aromatase inhibitor
letrozole in the treatment of Estrogen Receptor (ER+) positive,
human epidermal growth factor receptor (HER2)-negative
breast cancer. Moreover, this therapeutic strategy shows
potential for extending its benefits to other solid tumours, such
as pancreatic, and biliary cancers, cholangiocarcinoma, and
pancreatic ductal adenocarcinoma, offering promising results
in combatting various types of cancer.* Several particular
inhibitors of CDK4 and CDK6 have gained approval from the
USFDA for the progressive ER+, HER2-negative breast cancer
treatment. Drugs like Palbociclib, Ribociclib, Flavopiridol, and
Abemaciclib are a few of the known CDK inhibitors."”> Recent
studies have underscored the significance of CDK6 in onco-
genesis, shedding light on its potential as a therapeutic target.
In this context, Researchers are focussing on designing and
developing strategies to overcome or prevent drug resistance
and improve therapeutic outcomes.

Heterocyclic compounds play a significant role in modern
drug discovery and development. Furthermore, researchers
have also used various improved synthetic techniques to create
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these heterocycles, like the molecular hybridization approach.
These improved approaches have allowed for the creation of
diverse and complex heterocyclic compounds, expanding the
possibilities for their applications in designing novel potent
hybrids in drug discovery.**

Among the diverse array of fused heterocyclic motifs, N-fused
heterocycles like pyrazolopyrimidine are appealing due to their
synthesis feasibility and substantial pharmacological signifi-
cance on various biological targets. Moreover, these derivatives
have emerged as a central focus for researchers aiming to
develop inhibitors against these cancer-specific targets. This
class of compounds exhibits a wide range of anticancer activity,
including cyclin-dependent kinase (CDK) inhibition. Initially
recognized as adenosine receptor antagonists, these are impli-
cated in various other roles, acting as CNS depressants, selective
COX-1 and COX-2 inhibitors, anti-trypanosomal and sedatives,
serotonin 5-HT6 receptor antagonists, corticotrophin-releasing
factor (CRF) receptor antagonists, Tuberculostatic agents, and
PET tumour imaging agents.'>'® Pyrazolopyrimidines have
evolved in scientific importance, existing in various isomeric
forms such as pyrazolo[3,4-d] pyrimidines,"” pyrazolo[4,3-d]
pyrimidines'®*?* pyrazolo[5,1-b] pyrimidines,”* and pyrazolo
[1,5-a] pyrimidines.>*2® A series of 34 derivatives of 4,6-disubsti-
tuted pyrazolo[3,4-d] pyrimidines have been synthesized and
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Fig. 1 List of pyrazolopyrimidine scaffold as approved drugs including CDK inhibition in cancer therapy.
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evaluated for their impact on CDK2/cyclinE kinase. Structure-
activity relationship (SAR) studies unveiled that compounds with
a thiopentane/thiophenethyl group at C-6 and a heteroatom-
containing bicyclic moiety (benzofuran) at C-4 displayed
notable CDK2 inhibitory activity.>>** Pyrazolopyrimidines have
found in several marketed drugs, including allopurinol, zale-
plon, indiplon,** dinaciclib,** dorsomorphin,* ocinaplon,**
gliptin,* lorediplon, pyrazophos,* sildenafil,*” tisopurine®® and
shown in Fig. 1. Derivatives of pyrazolo[3,4-d]pyrimidine® exhibit
diverse enzyme or kinase inhibitory activities, including target-
ing Bruton's tyrosine kinase (BTK), cyclin-dependent kinase 7,
ataxia-telangiectasia and rad3 related protein (ATR), p70S6K, IL-2
inducible tyrosine kinase, mTOR, glycogen synthase kinase-3f
(GSK-3 inhibitors), multiple-mitotic kinase (MMK), PIM-1, Akt/
p70S6K, CCchemokine receptor 4 (CCR4), acting as allosteric
agonists for the high-affinity nicotinic acid receptor GPR109A,
CXCR2 receptor, Src Kinase, mitotic kinesin Eg5, and Janus
kinase 3 (JAK3) inhibitors.*

The 2-azetidinone structure serves as a distinctive unit and
forms the central framework in numerous antimicrobial agents,

ana-
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and mainly presents in penicillin, cephalosporins, nocardicins,
and B-lactamase inhibitors.*** Fig. 2 depicts a list of marketed
drugs containing the azetidinone ring. Recently, a renewed
interest has been in modifying and designing the B-lactam ring
to create compounds with a wide range of pharmacological
effects. To increase the effectiveness of chemotherapeutic
agents in cancer treatment, they additionally serve as pro-drugs
to carry the drugs directly to tumour sites. For instance, the
semi-synthesis of paclitaxel (Taxol) and docetaxel (Taxotere) has
utilized hydroxy lactams with the appropriate substitutions.*>**
Furthermore, it has been discovered that B-lactam derivatives
cause DNA damage, which causes human leukemic Jurkat T
cells to undergo apoptosis.*>*¢

The anti-proliferative activity of 1,4-diarylazetidin-2-ones
against the MCF-7 and MDA-MB-231 human breast cancer cell
lines has gained remarkable attention.*** O'Boyle et al. have
introduced trans derivatives with a phenyl group at the 3™
position, demonstrating an ICs, value of 0.8 nm and the ability
to inhibit tubulin polymerization in human MCF-7 breast
cancer cells.*
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Fig. 2 List of marketed drugs containing the azetidinone ring.
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Consequently, the favourable attributes of these small
molecules have been leveraged in developing inhibitors with
proposed activity against CDK in the context of this study.

1.1 Molecular hybridization approach

A cutting-edge and potent idea in drug development, the
molecular hybridization technique uses biologically active
compounds to target various diseases successfully.

This method involves the fusion of two parent biologically
active molecules (pharmacophore scaffolds), each indepen-
dently acting on distinct pharmacological targets. The hybrid
molecule created by combining two or more pharmacophore
scaffolds into a single unit has a more significant pharmaco-
logical efficacy than the sum of its component moieties. This
innovative strategy involves linking two bioactive scaffolds
through a heterocyclic linker, making it an emerging tool in
medicinal chemistry and drug discovery.

Two scaffolds with the exact mechanism of action or two
drugs with distinctive mechanisms of action can be combined
to form molecular hybrids. Compared to the parent drugs, this
lessens the chance of drug-drug interactions, minimizes
adverse effects, and decreases the tendency to cause drug
resistance.”® Hybrid anticancer agents have plenty of benefits
over standard anticancer medications due to their ability to
simultaneously interact with several targets or function on
various biological targets. Hybrid anticancer drugs offer
remarkable advantages over conventional ones because they are
designed to act on different bio targets or interact with multiple
targets simultaneously. Properly designed hybrids can effec-
tively target various hallmarks of cancer. They simultaneously
prevented the upregulation of resistance mechanisms and cir-
cumvented pre-existing resistance in cancer cells. Several
methods of molecular hybridization include combining drug
pharmacophoric moieties with (a) two pharmacophoric groups
directly linked or (b) two pharmacophoric groups linked by
a spacer. The development of molecular hybridized scaffolds
has significantly accelerated research progress and enabled the
design of novel compounds with promising properties and
potential therapeutic benefits for cancer treatment.**

Computational techniques have long been of value in
rational drug design and discovering new hits. Computational
resources expedite the drug discovery process, minimizing time
and economic expenses. This approach enables the identifica-
tion of potential drugs with both cost-effectiveness and precise
targeting.

Utilizing informatics tools for drug design and virtual
screening is important in swiftly acquiring pharmacological
products.®>* It is essential to mention that all of the compu-
tational methods that are available to identify and evaluate
ligand-protein interaction, like pharmacophore modelling,
QSAR, molecular docking, dynamics, and ADMET properties
had a significant role in drug design and discovery.>* Therefore,
the main objective of the current research is to create an
improved ligand-based pharmacophore model to find novel
CDK-6 inhibitors. This work also involves using this method-
ology to screen a strategically designed database while

© 2023 The Author(s). Published by the Royal Society of Chemistry
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combining the effective scaffolds of pyrazolopyrimidines and
azetidinones. This molecular fusion, achieved using a -NH,
linker, falls under the label of a cleavable hybrid. The pyrazolo
pyrimidine moiety's -NH, linker demonstrated superior
activity, revealed by the SAR studies which tells the association
between structure and activity. Based on this context, we
designed 30 fused pyrazolopyrimidine with azetidinone
through nitrogen linker. Fig. 3 displays the 30 newly created
compounds labelled B1 through B30.

The pharmacophoric properties play a significant role in
drug development by presenting a set of structural and func-
tional characteristics necessary for a molecule to interact
successfully with its target receptor or enzyme. The pharmaco-
kinetic characteristics and potential toxicity of these fascinating
hits were computationally analyzed for ADME-T (Absorption,
Distribution, Metabolism, Excretion, and Toxicity) studies.
Molecular docking and molecular dynamics experiments were
also carried out to study the binding affinity and amino acid
interactions and to evaluate the molecule stability through
RMSF, RMSD, and ligand characteristics.>**

2 Rationale and design

The goal of the work is to create a new, potent scaffold that can
be utilised to suppress CDK-6 and the associated CDK-6 dysre-
gulation with a synergistic effect by combining pyrazolopyr-
imidines and azetidinones through a molecular hybridization
approach. The designed compounds were subjected to a virtual
screening technique known as ligand-based pharmacophore
modelling. The initial screening phase involved utilising
a previously generated standard ligand-based pharmacophore
model from existing drug molecules as a CDK inhibitor.
Consequently, pharmacophore mapping was performed to
screen the newly suggested structures to identify the hits with
the standard features in the designed database toward the
target.

Subsequently, pharmacokinetics (ADMET), molecular dock-
ing, and simulation studies were performed. A schematic
representation illustrating the overall workflow described in the
current work is shown in Fig. 4.

3 Methodology
3.1 Ligand-based pharmacophore model

Pharmacophore modelling is a widely used strategy for finding
new hit molecules. Ligand-based drug design relies on the
knowledge of known molecules that bind to the target of
interest and possess desired biological activity. Understanding
these molecules provides valuable insights for designing new
compounds and the essential structural characteristics to
ensure effective binding to the target molecule.””

3.1.1 Training set selection and conformational analysis.
In this study, to generate a training pharmacophore model, we
initially selected seven standard drugs known for their potent
inhibition of cyclin-dependent kinases (Abemacyclib, Palbocy-
clib, Ribocyclib, Milcyclib, Ecirucyclib, Trilacyclib, and Dinaci-
clib) and depicted in Fig. S1.f All selected compound’'s 2D

RSC Adv, 2023, 13, 33770-33785 | 33773


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra05672d

Open Access Article. Published on 17 November 2023. Downloaded on 11/19/2025 6:52:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

-0 O,N

(0]
N
N
| NN NN N°
| o] | |

View Article Online

Paper

==
-4
pe o4
\
o
—Z
A
|
I o
(]
-z
=
o]

N =
H N N N N = N = N =
IN/N ,//,H "\//’H |//'NH '/N‘H |/N,H "\’N’H
B1H N u N ﬂ N ﬂ NN NN NN
B2 B3 B4 B5 B6 B7
HO HO
HO /0
HO HO =0
N’N N‘N Nl, le
' I S N = N
N = N — =
"\ =z M Ly H l Z~N’ " "\ “~N’ "
NN NN NN L
B9 B10 B11 B12
0~ o- OH HO  OH
HO HO
~o
NN NN NN N NN
I I l I I
N = N = N = N = N =
| J_ NH v, NH - NH (P NH | _J_ NH
N NN NN NN NN
B16 B18 B19 B20 B21
NN NN NN NN i
I I I I |
Lo Qe e LR o
N H N H N H N R N“N
B22 B23 B24 B25 -
NN
I I
N = N
e H l ’/N' H
NN N H
B29 B30

Fig. 3 Chemical structures of the newly designed hybrid molecules B1-B30.

structures were built by using Chem Draw software. These drugs
were imported to MOE software and then subjected to energy
minimization using the CHARMM:-like force field.

3.1.2 Common features of pharmacophore
compounds mapping. Structural information from the training
set found a range of features critical for activity, and this data
was taken to constitute a pharmacophore hypothesis. To iden-
tify the most suitable pharmacophore model, flexible alignment

and

33774 | RSC Adv, 2023, 13, 33770-33785

was performed with specific parameters (iteration limit of 100,
failure limit of 10, and energy cutoff of 25). Out of 100 confor-
mations, 26 failures and 74 valid conformations were obtained,
with a valid score. The best flexible alignment conformation was
selected based on the least negative score (S) value and a zero-
standard deviation (Sd), resulting in a good conformation
model. The Flexible alignment of standard drugs are repre-
sented in Fig. S2.t

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The newly designed compounds that displayed typical fitting
in the pharmacophore model with RMSD values <1 were map-
ped using the most highly ranked pharmacophore model.
RMSD measures the difference between the positions of corre-
sponding atoms in two sets of molecular structures. In the
context of pharmacophore modelling, a low RMSD value indi-
cates that the predicted pharmacophore features closely match
the actual features of the molecules under study. In essence,
a lower RMSD value signifies a higher confidence level in the
pharmacophore model's predictive power.>

3.2 Physicochemical properties and pharmacokinetics
studies

Drug likeness analysis is pivotal during drug discovery as it
assists medicinal chemists in designing novel compounds.
Moreover, a significant contributing factor to the failure of
many drugs during clinical trials is their poor ADMET proper-
ties and significant toxicity effects on biological systems. The
pharmacological effects of a drug are contingent upon its
physicochemical attributes, such as the count of rotatable
bonds, topological polar surface area, hydrogen bond acceptors
and donors, partition coefficient, molecular weight, and various
other parameters. The topological polar surface area is a good
descriptor characterizing drug absorption, including intestinal
absorption, bioavailability, Caco-2 permeability, and blood-
brain barrier penetration. Notably, a substantial portion of the
marketed compounds adhered to Lipinski's rule of five, which
indicates favourable oral bioavailability. Lipinski's rule of five is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a valuable tool for assessing essential pharmacokinetic factors
encompassing absorption, distribution, metabolism, and
excretion (ADME). The investigation followed specific criteria:
molecular weight under 500, a maximum of five hydrogen bond
donors (HBDs), up to ten hydrogen bond acceptors (HBAs), and
no more than five rotatable bonds (RBs). These criteria balance
favourable pharmacokinetic properties and the likelihood of
successful drug development.®*°

This rule proves advantageous in the development of
potential therapeutic molecules and the design of drugs. In this
experiment, the ADME study was conducted using the SWISS
ADME online predictor, a freely accessible tool for evaluating
the ADMET properties of small compounds.® Molinspiration,
another online tool, unveiled the bioactivity and pharmacoki-
netic parameters of the provided unidentified compounds. To
assess the toxicity of designed compounds, web server vNN-
ADMET was utilized.®

3.3 Molecular docking

Molecular docking has emerged as a valuable method for lead
optimization and discovery. Over the past three decades, various
docking programs have been developed using multiple search
methods and scoring mechanisms. Molecular docking is
a computational program identifying possible interactions
between the ligand and the target active site.*** The hit
compounds from the Pharmacophore model were then sub-
jected to additional screening utilizing MOE® 2022 molecular
docking on CDKG6 as a target. The rigid receptor docking method
was used to accomplish molecular docking, with the ligands set
as flexible and the CDK®6 set as rigid. To obtain precise molecular
simulations and structural studies within MOE, MMFF94x force
field parameters were utilized. From the Protein Data Bank, the
X-ray crystal structures of the CDK6 enzyme (PDB ID 2EUF co-
crystallized with LQQ, DMS, ACT, and CA ion-free enzyme)
were retrieved.” Before starting the docking process, procedure
energy minimization was done for the downloaded PDB file. The
PDB ID 2EUF was selected for docking since the cocrystal LQQ
acted on CDK-6. The selected Protein has two chains, A and B.
Protein without water molecules and cocrystals were separated.
Subsequently, add polar hydrogens and fix the potential. Further
active site prediction by clicking the site finder will give all the
active sites present in the target with the size of the active site.
Totally 26 active sites are present in the 2EUF protein. The
selection of the active site is mainly based on the size of the
active site and interactions of the Cocrystal residues.®***

The 30 novel designed ligands were drawn and prepared by
MOE, and energy minimization was done. Once the MOE dock-
ing protocol's placement scoring and scoring function were
combined, the docking procedure was run to simulate the
molecular docking of native ligands to the target protein. The
MOE® 2022 program was used to visualise and create 3D figures.

3.4 Molecular dynamics simulation studies

Molecular dynamics simulation was carried out with
Desmond V 5.9 Package Schrodinger LLC suite to analyze the

change in the solvent system concerning the macromolecular
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complex. The docked complex for dynamics was then subjected
to an OPLS forcefield.* The position of the complex was centred
in an ortho rhombic cubic box, with TIP3P water molecules in
addition to the buffers of nearly 10 A between the protein atom
and the box edge for dynamics simulation. The box volume has
been computed with complex as well as counter ions like Na*
and Cl~ ions to neutralize the system.” Under the Desmond
protocol, minimization was done using the OPLS-2005 force
field parameter, and the Berendsen NVT ensemble was main-
tained to keep the temperature at 10 K to restrain heavy atoms
on the solute. The simulation was performed at a temperature
of about 300 K, 1 atmospheric pressure and under a relaxation
time of 20 ps.”»” During the simulation process, Martyne-
Tobias-Klein barostat and Nose-Hoover thermostat approaches
have been utilized for maintaining constant pressure and
temperature scale at 1 atm and 300 K, respectively.” The NPT
ensemble was initiated, which runs for about 100 ns. The
frames have been assembled and scrutinized for investigating
the trajectories using simulation interaction diagrams which
will be fruitful in determining fluctuations.”

4 Results and discussion
4.1 Pharmacophore model development

The previously described CDK small molecule inhibitors, which
displayed a wide range of structural variability and biological
activity, were used to construct the 3D pharmacophore model.
This study collected a training set of seven reported CDK
inhibitors and their chemical structures, shown in Fig. S1.}
The best flexible alignment conformation model was utilized
to calculate the pharmacophore consensus through the
compute-pharmacophore query editor. Initially, a tolerance and
threshold of 1.2 and 50% were used, which led to the identifi-
cation of 12 suggested features denoted as the ph12 training
model and saved as ph12.ph4 model. The 12 features are shown
in Table 1. To improve the accuracy of the pharmacophore
model, we explored various threshold values. When the
threshold was set at 60%, 9 features were suggested, denoted as
the ph9 training model (saved as ph9.ph4). For a threshold of
80%, 5 features were suggested, designated as the ph5 training

Table 1 Pharmacophore consensus

D Score Radius (A) Expression
G1 100% 1.10 Aro/Hyd
G2 71% 0.82 Hyd

G3 71% 0.98 Hyd

G4 71% 1.28 Aro/Hyd
G5 71% 1.28 Hyd

G6 57% 1.27 Hyd

G7 57% 1.29 Hyd

G8 100% 1.08 Acc

G9 100% 1.96 Acc

G10 86% 0.93 Acc

G11 86% 1.29 Don
G12 57% 1.12 Acc

33776 | RSC Adv, 2023, 13, 33770-33785
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model (saved as ph5.ph4). Finally, for thresholds 100%, 3
features were suggested and denoted as the ph3 training model
(saved as ph3.ph4). Based on a 100% threshold model, ph3.ph4
was found to be the best pharmacophore model represented by
one aromatic hydrophobic centre (F1: Aro/Hyd) and two H-bond
acceptors (F2 and F3: Acc) and shown in Fig. 5.

4.1.1 Structural consideration to design new CDK inhibi-
tors. Based on the reported literature and molecular hybrid-
ization approach, we have designed a series of novel
pyrazolopyrimidine-fused azetidinone derivatives targeting
cyclin-dependent kinases (CDKs) for anticancer activity.

These designed compounds were saved as a test data set and
subjected to pharmacophore mapping using the ph3.ph4
training model as a standard built with 100% features. This
pharmacophore mapping analysis resulted in the identification
of 18 hits (B2, B6, B7, B8, B9, B10, B11, B12, B13, B14, B15, B16,
B18, B19, B20, B25, B26, and B27) out of the 30 test compounds,
exhibiting an impressive 100% match with the pharmacophoric
features and RMSD values are less than 1. Moreover, the RMSD
value is less than one, suggesting that the predicted pharma-
cophore is in good agreement with the experimental data,
meaning that the model is reliable and can accurately represent
the essential structural and functional elements responsible for
the biological activity of the compounds. The RMSD results of
pharmacophore hits are shown in Table 2 and Fig. 6.

4.1.2 Pharmacophore mapping. With RMSD values
ranging below one, the data indicated a significant affinity
between the 18 compounds evaluated within the selected
pharmacophore model. This RMSD of pharmacophore results
being less than one is to ensure a high level of accuracy, and all
these compounds retained the fundamental structural charac-
teristics outlined in the pharmacophore model, as visually
represented in Fig. 6.

Notably, it was found that compounds fitted the model
where the two H-bond acceptors (F2 and F3: Acc) were repre-
sented by the pyrimidine and azetidinone rings and the one
aromatic hydrophobic centre (F1: Aro/Hyd) centre by the phenyl
or pyrazole ring moieties. While aromatic hydrophobic inter-
actions are essential for anchoring a molecule within the
hydrophobic binding sites of a target protein and can help
increase the stability of the drug-receptor complex, pharma-
cophoric structural characteristics have more significance.
Aromatic interactions are useful for controlling the activity of
a target protein since they are frequently involved in important
biological processes. Similar to hydrogen bond donors (such as
amine or hydroxyl groups), hydrogen bond acceptors can also
create hydrogen bonds with them. Given that there are two
hydrogen bond acceptors, the molecule can likely make vital
hydrogen bonding connections with the complementary donor
groups on the target protein. Due to these interactions, the
ligand and CDK target may benefit from favourable binding and
structural complementarity, increasing total binding affinity.

4.2 Physicochemical properties

Physicochemical parameters of the designed compounds were
predicted using Swiss ADME software, and all the results are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Common features of the developed pharmacophore model generated from the training set alignment of standard drugs.

Table 2 Pharmacophore hits RMSD

Pharmacophore
S. no. Ligand i.d. RMSD (A)
1 B2 0.44
2 B6 0.43
3 B7 0.61
4 B8 0.74
5 B9 0.43
6 B10 0.47
7 B11 0.92
8 B12 0.77
9 B13 0.68
10 B14 0.84
11 B15 0.65
12 B16 0.23
13 B18 0.76
14 B19 0.50
15 B20 0.53
16 B25 0.93
17 B26 0.93
18 B27 0.93

shown in Table S1.1 Most “drug-like” compounds have log P =
5, a molecular weight = 500, several hydrogen bond acceptors =
10, and several hydrogen bond donors = 5, in accordance with
the Lipinski rule. The bioavailability of molecules that violate
more than one of these principles may need to be revised. log P
values for all molecules were in the range of 0.25 to 3.43 A. This
shows good oral bioavailability of the compounds.

Furthermore, all compound's molecular weight should be
less than 500 Daltons, and all the compounds were less than
500, between 304.70-418.07. Hydrogen bond acceptors and
donors are within the range. Accordingly, TPSA should fall
under 140 A, indicating that the compound has good penetra-
tion properties. All the compounds fall under these criteria,
except for compounds B10 and B18, where the value was above
150 A. The number of rotatable bonds is between 2 to 5 within
the range, suggesting that the molecules are highly flexible.
These rotatable bonds also influence their pharmacokinetics,
binding interactions, metabolism, and overall efficacy. The
compounds did not depict any violations, and all the
compounds followed Lipinski's rule of five.

© 2023 The Author(s). Published by the Royal Society of Chemistry

4.2.1 Bioactivity studies. The bioactivity score is the
calculated value that represents the predicted biological activity
of a chemical compound. It is a numerical estimation of the
compound's potential to exhibit specific bioactivity, such as
enzyme inhibition, receptor binding, or other biological effects.
Having a high score is considered to illustrate good activity. So,
having a score above 0.00 is considered a molecule with good
bioactivity, and if the scores are between —0.50 to 0.00, they are
considered moderately active compounds. The compound is
considered inactive if the value is below or less than —0.50. The
bioactivity score of the designed compounds was predicted
using molinspiration software, and all the results are shown in
Table S2.F

The designed compounds results showed moderate activity
for GPCR ligand and in between the range of —0.50 to —0.31.
For the ion channel target, results were in the range of —0.30 to
—0.49, and compound B29 depicted inactive results as it was
above —0.50. Interestingly for the kinase inhibitor, the values
were obtained positive and between 0.13 to —0.33. Compounds
B1, B3, B5, B6, BS, B9, B10, B17, B18, B19, B20, B27, B28 showed
good activity. The compounds were inactive for Nuclear
Receptor Ligand and Protease inhibitors as they were above the
range of —0.50. Likewise, the Enzyme Inhibitor activity was
moderate, between —0.20 to —0.49. The only kinase inhibitor
demonstrated positive results when compared to the other
targets.

4.2.2 ADMET studies. Table S31 illustrates the ADMET
studies of all designed compounds. Although none exhibit
cytotoxicity, all compounds exhibit drug-induced liver injury.
Likewise, for metabolism studies, only compound B12 did not
show any such property, while the remaining compounds had
shown. Furthermore, none of the compounds had inhibitory
action against cytochrome 1A2, 3A4, 2D6, 2E9, and 2C19. All
compounds B4, B7, B9, B13, B14, B15, and B20 cannot cross the
blood-brain barrier (BBB), while the remaining compounds
exhibit BBB permeability. For PgP Inhibitors, compounds B2,
B6, B11, B12, B13, B15, B21, B22, B23, B24, B25, B26, and B30
showed the properties of the same, while the remaining
compounds did not. Likewise for substrate activity B2, B7, B11,
B12, B13, B14, B15, B16 illustrated the activity for the same.
HerG blocker activity for -cardiotoxicity was shown by
compounds B1, B3, B11, B12, B14, B16, B17, B22, B23, B24, B27,
B28 and B29.
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B25

B26

Fig. 6 Identified hit molecules from the pharmacophore test set.

4.3 Molecular docking

The docking score results of the designed (B1-B30) series were
mentioned in Table 3, giving an idea about the affinities of the
ligand with the receptor. The designed compounds were
compared with the standard Palbociclib. Each compound
underwent five conformations and was given an accurate
binding score. Among the designed title series, B6 and B18
showed more potent towards the target and exhibited a good
binding affinity of —7.8 kcal ' and —7.6 kcal ! compared to the
Standard drug Palbociclib. The binding Energy of the standard
drug Palbociclib is —8.0 keal ™', and the interactions are Val101,
Asp163, (Hydrophobic) Leu152 (H-bond). The interactions of
compound B6 are Val101, GIn149, (hydrophobic) Lys43, (H-
bond) and B18 are Val101, Asp163, (H-bond) Gly20, Asp104
(hydrophobic). The compounds B6, B18 and standard inter-
acted similarly with the amino acid val 101.

Compared to the standard, compound B18 interactions are
interlinking with the same amino acids, i.e., Asp163, Val 101.
The 2D & 3D interactions of the Compounds B6 and B18 at the
active site of the 2EUF are depicted in Fig. 7. Based on this
obtained similar interactions and better binding scores, these

33778 | RSC Adv, 2023, 13, 33770-33785

B27

compounds were further subjected to molecular dynamics
studies to know the stability of the compound with the protein.
Other compounds also showed near and better significant
binding affinity when compared with the standard. 2D inter-
actions of all compounds are shown in Fig. 8.

4.4 Molecular dynamics

4.4.1 RMSD. The Root Mean Square Deviation (RMSD) is
a key parameter indicating the stability and fluctuations of
a protein-ligand complex during the simulation. The mobility
of the loops can be used to explain the significant RMSD value.
A visual trajectory study also confirms the stability of the
protein's secondary structure. Based on the simulation results,
the backbone structure and C alpha residues were examined.
The ligand fit protein of compound B6 demonstrated positive
and negative variations for 15 nanoseconds (0.3-2.1 A) before
achieving stability at 2.1 and remaining stable throughout the
simulation. The RMSD average value of the protein backbone is
2.2 A. For the standard (Palbociclib) molecule complex, the
average and maximum values were 2.4 and 3.2 A at 30 nano-
seconds, as shown in Fig. 9a.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 CDK®6-ligand interactions recorded during docking

View Article Online

RSC Advances

Docking score

Ligand i.d. (keal mol ) Number of interacting residues Amino acid interaction

B1 —6.7 1 Lys 43, (H-bond)

B2 -7.3 2 Lys43, Glu61, (H-bond)

B3 -741 2 Val101, (H-bond), Glu21, (hydrophobic)

B4 -7.5 6 Lys43, Glu61, Lys147, Asn150, GIn149, (H-bond), Gly22, (hydrophobic)
B5 —6.9 5 Lys43, Asp163, Phe98, (H-bond), Gly20, val 101, (hydrophobic)
B6 -7.8 3 Val101, GIn149, (hydrophobic), Lys43, (H-bond)

B7 -7.2 2 Lys43, (H-bond), GIn49, (hydrophobic)

B8 —6.6 2 Asn150, (H-bond), Val101, (hydrophobic)

B9 -7.1 4 Lys43, Phe98, Val27, (H-bond), Val101, (hydrophobic)
B10 —-7.0 2 Val101, Glu21, (hydrophobic)

B11 —-7.2 0 —

B12 —7.4 0 —

B13 -7.3 3 Lys43, Asp163, (H-bond)

B14 -741 1 Lys43, (H-bond)

B15 -7.5 2 Lys43, (H-bond)

B16 -7.3 3 1le19, Thr107, GIn149, (H-bond)

B17 —6.7 2 Asn150, (H-bond), Val 101, (hydrophobic)

B18 -7.6 4 Val101, Asp163, (H-bond), Gly20, Asp104, (hydrophobic)
B19 —-7.0 4 Val101, Asp104, (H-bond), Asp163, Gly20, (hydrophobic)
B20 -7.0 2 Val101, Glu21, (hydrophobic)

B21 —7.1 2 Lys43, Glu61, (H-bond)

B22 -7.2 1 Lys43, (H-bond)

B23 —6.8 1 Lys43, (H-bond)

B24 —6.8 3 Lys43, Glu61, Phe98, (H-bond)

B25 -71 1 Lys43, (H-bond)

B26 -7.2 1 Lys43, (H-bond), GIn149, (hydrophobic)

B27 —6.9 2 Lys43, Glu61, (H-bond)

B28 6.9 2 Lys43, Glu61, (H-bond)

B29 —6.5 3 Lys43, Glu61, Phe9s, (H-bond)

B30 -7.2 2 Lys43, Glu61, (H-bond)

Palbociclib —8.0 3 Val101, Asp163, (hydrophobic) Leu152, (H-bond)

In contrast, the RMSD of a protein and compound B6
complex backbone began at 0.3 A at 0.1 nanoseconds, then
attained maximum and minimum values at 2.4 A and 2.1 A,
respectively. At the same trajectory, it stabilized at 15 ns of the
simulation time, and the stability was maintained till the end of
the simulation, as shown in Fig. 9b Compared to standard
molecule complexes, these values showed higher structural
refinement throughout the investigation, indicating that the
system has equilibrated. The simulation will be long enough for
rigorous analysis. The RMSD of a protein and compound 18
complexes in Fig. S3f indicates the backbone was initially
started at 0.9 A. The average value of the protein backbone is 1.8
A and achieved maximum at 2.4 A at specific trajectories but
attained stability around 2.1 A at 20 ns and remained stable till
50 ns of the simulation.

The average value of the complex is high, about 0.2 A when
compared with complex B6. From these findings, the
compound B18 complex has deviated from compound B6.
However, they are mutually compared with their RMSD values
and complex values. It signifies that Ca, the protein backbone is
well correlated. Still, the ligand fit protein fluctuated around 0.1
nanoseconds at 0.9-1.5 A, then reached medially around 2.0 A at
20 nanoseconds and stability was maintained till 50 ns then
continuously fluctuated till 100 nanoseconds from 0.5-2.5 A.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Root mean square deviation (RMSD) values of the Ca atoms
of the protein attained the stable state within 2.0 to 3.0 devia-
tions from its initial structure, according to the analysis of the
produced trajectories of the complexes. This states that upon
binding of compound B6, the protein retains the interaction
profile and does not suffer further significant conformational
changes. Between compound B6 and compound B18,
compound B6 was the most stable based on the RMSD value.
However, compound B6 demonstrated remarkable stability,
maintaining a consistent fluctuation throughout the simula-
tion. This steadiness suggests a strong and stable interaction
between B6 and the protein, indicating a potential robust
binding affinity over time.

4.4.2 RMSF. When a ligand binds to a protein, it may cause
structural alterations in the protein that may alter the RMSF
plot. The ligand's interaction is likely causing the protein
structures’ stability to break down, which would increase fluc-
tuations in the RMSF plot. Changes in hydrogen bonds, van der
Waals interactions, or electrostatic interactions between the
protein and the ligand could all be contributing factors. As the
protein-ligand complexes have lesser RMSF values than the
apoprotein, this may indicate that the protein structure is
stabilized because of the ligands binding. Moreover, the
binding of a ligand might make the protein structure more

RSC Adv, 2023, 13, 33770-33785 | 33779
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Fig. 7 2D & 3D interactions of the (a) compound B6 (b) B18 and (c) standard.

flexible overall, which would cause the RMSF values to fluctuate
more, which is not necessarily indicative of instability. Ligand
binding can induce changes in the protein structure that allow
it to adopt multiple conformations, leading to increased
flexibility.

The RMSF graph shows that there are no local changes along
the protein chain during thermal motion. Mild helical fluctua-
tions and moderate loop fluctuations can be observed. Strong
hydrogen bond interactions are indicated by vibrations greater
than 4.5. The ‘N’ and ‘C’ end terminals of the protein changed
more than in other areas. The secondary structure components
with more rigidity, such as -helices and -strands, fluctuated less
than loop region residues, which took part in 70% of the
simulation period. The protein backbone has an average RMSF
value of 3.0. As usual, the protein RMSF value of compound B6
complex indicates that the ‘N’-terminal and ‘C’- end terminal
fluctuate more than a-helices and B-strands. In the RMSF graph,
the most important backbone residue positions are LEU 8 with
0.4 fraction, which means 40% of the simulation time, the
specific interaction is maintained, GLU 67 with 0.5 fraction, ASP
69 with 0.35 fraction, and GLN 73 with 0.3 fraction. The protein
RMSF B6 complex indicates more fluctuations in the ‘N’ and ‘C’
end terminals.

Moreover, loop regions fluctuated at a higher range showing
‘H’ bonding interactions. Compared with compound B6
complex and standard molecule, the compound B6 complex,
RMSF fluctuations were higher and above 5.0 A in its unstruc-
tured portion of the protein. These values are much better when

33780 | RSC Adv,, 2023, 13, 33770-33785

compared with standard molecules and deviate from the limits
of compound B6 complexes. Further, the minimum value of the
compound B6 complex positively contributes to the stability
during simulation showing amino acid interactions at different
trajectories. The protein RMSF and ligand RMSF of compound
B6 and standard are shown in Fig. S4.t

4.4.3 H bond analysis. A histogram graphic displaying the
protein-ligand contacts was generated using the dynamics
calculations as a validation parameter to the docking results to
determine the significant interacting amino acids contributing
to biological activity. The complex arrangement of ‘H’ bonds,
hydrophobic contacts, water bridges, and ionic interactions.
Fig. 10a illustrates the interactions at the maximum of 80% of
the simulation time for the standard compound at residues HIS
100, VAL 101, and ASP 163 and Fig. 10b a shows the interactions
of three H bonds at residues LEU 8, GLU 67, and GLN 173 at
a maximum of 40% of the simulation time for compound B6,
Fig. S3t depicts the interactions at a maximum of 60% of the
simulation time for compound 18.

According to the findings, all three compounds maintained
their docking connections by forming hydrogen bonds, hydro-
phobic, water bridges, and salt bridges.

4.4.4 Secondary structure elements. The preservation of
secondary structure elements is crucial for the protein's biolog-
ical function. Changes in secondary structure, especially in key
regions, can influence the protein's binding affinity, stability,
and overall activity. The secondary structure elements, particu-
larly a-helices and B-strands, play a critical role in determining

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 2D interactions of designed hybrid molecules.

the overall stability and function of proteins. In the standard
drug simulation, the protein exhibited a notable presence of a-
helices, accounting for 35.68% of the protein's secondary

© 2023 The Author(s). Published by the Royal Society of Chemistry
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structure, while B-strands constituted 7.79%. Together, these
elements comprised 43.47% of the total secondary structure
elements throughout the simulation period.
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Fig. 9 RMSD plot of ligand fit protein of (a) standard Palbociclib, (b) compound 6.

Protein-Ligand Contacts

() Protein-Ligand Contacts

Interactions Fraction

: —
SO XD PN PP O PSP IO RD DGO
VARV AYS N R N I M R R R SR IR M R

RV R YRR RA Y Y
W LWL PR /%\a,/ng;z/&e/\é%www&e S

H-bonds 1 Hydrophobic Ml lonic I Water bridges|

Fig. 10 H-bond plot of (a) standard Palbociclib (b) compound 6.

Interestingly, in the presence of compound B6, the protein
maintained a similar structural profile. The percentage of o-
helices slightly decreased to 35.23%, while B-strands increased
marginally to 8.41%. Consequently, the total secondary struc-
ture elements constituted 43.64% of the protein's structure
during the simulation.

The comparable secondary structure profiles between the
standard drug and compound B6 indicate that B6 does not
significantly disrupt the native protein structure. This is
a positive finding, suggesting that B6 interacts with the protein
without inducing major conformational changes. The subtle
variations observed in the o-helix and B-strand percentages
could be attributed to the specific interactions between the
compound and the protein residues, possibly stabilizing certain
secondary structure elements. The fact that both the standard
drug and compound B6 maintain similar secondary structure
profiles implies that B6 may have a similar or potentially
enhanced therapeutic effect compared to the standard drug.

4.4.5 Ligand properties

4.4.5.1 Radius of gyration. The radius of gyration provides
insights into the compactness of the protein-ligand complex. A
smaller radius indicates a more compact and stable structure.
In this study, the radius of gyration for compound B6 was
consistently less than that of the standard compound. This
implies that the protein-ligand complex formed by B6 is more

33782 | RSC Adv,, 2023, 13, 33770-33785
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compact and structurally stable compared to the complex with
the standard compound. The compact nature of the complex is
often indicative of a strong and specific binding interaction.

4.4.5.2 Molecular surface area. The molecular surface area
provides information about the exposed surface of the protein-
ligand complex. In this study, the standard compound exhibi-
ted a larger molecular surface area (414 A%) compared to
compound B6 (310 A%). While a larger surface area can imply
a broader interaction interface, it doesn't necessarily correlate
with stronger binding. The slightly smaller surface area of the
B6 complex suggests a more specific and targeted binding
mode, which can be advantageous in drug design by mini-
mizing off-target interactions and potential side effects.

4.4.6 Protein-ligand contacts

4.4.6.1 Amino acid interactions. B6 displayed favourable
amino acid interactions, notably with GLU67 and LEUS8. These
interactions not only involve hydrogen bonds but also incor-
porate hydrophobic contacts and ionic interactions, contrib-
uting significantly to the ligand's stability within the binding
site. The balanced combination of these interactions is indica-
tive of B6's potential as an effective therapeutic agent.

Conversely, the standard drug exhibited interactions with
HIS100 and VAL101, which are crucial for its stability. However,
the presence of moderate interactions with THR107, ASN150,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and ASP163 suggests opportunities for further improvement in
its binding profile.

4.4.6.2 Hydrophobic and ionic interactions. Both B6 and the
standard compound maintained comparable hydrophobic
contacts. However, B6 showcased a distinct advantage in
achieving favourable amino acid interactions, particularly with
GLU67 and LEUS. These interactions, along with the observed
ionic interactions, contribute significantly to the ligand's
stability, possibly enhancing its efficacy and specificity in
inhibiting the target protein.

4.4.7 Solvent accessible surface area (SASA) analysis. The
Solvent Accessible Surface Area (SASA) analysis provides valuable
insights into the interaction of molecular surfaces with solvent
molecules, indicating the accessibility and exposure of the
molecules to the surrounding environment during the simula-
tion. In the case of compound B6, the SASA values exhibited
fluctuations ranging from approximately 220 A to 500 A. Notably,
B6 maintained a relatively constant SASA value, indicating
consistent exposure to solvent molecules throughout the simu-
lation period. This stability suggests that B6 sustains interactions
with the surrounding solvent, potentially facilitating its role in
biological processes. The ability of B6 to maintain a stable SASA
suggests its resilience in various solvent environments, a crucial
factor for its effectiveness as a therapeutic agent.

Conversely, the standard compound displayed fluctuations
in SASA values ranging from about 150 A to 240 A. Unlike B6, the
standard compound exhibited continuous fluctuations
throughout the simulation time, suggesting varying degrees of
exposure to solvent molecules. This dynamic behaviour could
imply potential challenges in maintaining stable interactions
with the surrounding environment. The continuous fluctuation
in SASA values for the standard compound might impact its
stability and could have implications for its efficacy in practical
applications. B6's ability to maintain a more stable SASA profile
suggests a robust and consistent interaction with solvent
molecules, indicating its potential suitability for various bio-
logical environments. On the other hand, the standard
compound's continuous SASA fluctuations might raise
concerns about its stability and long-term effectiveness.

5 Conclusion

In summary, our research signifies a significant advancement in
cancer treatment, demonstrating the potential of
pyrazolopyrimidine-fused azetidinone hybrids as promising
lead molecules. To decipher CDK6's mechanism of action, we
generated common feature pharmacophore models. Through
thorough pharmacophore modelling and simulation studies,
we unveiled the crucial role of aromatic hydrophobic centres
and hydrogen bond acceptor features in designing potent
compounds. The pharmacophore model featured one aromatic
hydrophobic centre (F1: Aro/Hyd) and two H-bond acceptors (F2
and F3: Acc). These identified structural features play a pivotal
role in anchoring ligands within CDK6's hydrophobic binding
pockets, enhancing the drug-receptor complex stability. Addi-
tionally, designed derivatives B1-B30 have a good ADMET
(absorption, distribution, metabolism, excretion, toxicity)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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profile. Our molecular docking results highlighted compounds
B6 and B18 as potent CDK6 binders. B6, exhibiting a low energy
conformation of —7.8 kcal mol ™" with OH at the para position
and OCHj; at the meta position substitutions, displayed superior
stability in the CDK6 complex compared to the standard drug
Palbociclib. Compound B6 maintains a stable interaction with
the CDK®6, characterized by its low and consistent RMSD values,
smaller radius of gyration, and absence of intramolecular
hydrogen bonds. Additionally, compound B6 establishes stable
hydrogen bonds, hydrophobic contacts, and ionic interactions,
particularly with GLU67 and LEUS8 residues. These results
underscore the compact and stable nature of the B6-CDK6
complex, emphasizing its potential as a promising therapeutic
candidate for cancer treatment. The findings from the current
study support the notion that the tested compounds are effec-
tive CDK-6 inhibitors for cancer treatment. Furthermore, these
compounds may serve as promising starting points to expedite
drug discovery and development against the cyclin-dependent
kinase-6 domain in future scenarios. These discoveries open
new avenues for innovative and targeted cancer therapies,
bringing us closer to more effective treatments and improved
outcomes for patients battling this devastating disease.

Author contributions

BK: data collection, conceptualization, data curation, investi-
gation, methodology, validation, writing-original draft. VS:
writing & editing, CV: resources, software, supervision, MK:
resources, software, supervision, writing-review & editing.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We thank the Management of SRM College of Pharmacy, and
SRM Institute of Science and Technology for their constant
support and encouragement. We thank the D. E. Shaw research
group and Schrodinger Inc. for providing academic free version
of Desmond suite.

References

1 World Health Organization, Cancer Statistics,
www.who.int/news-room/fact-sheets/detail/cancer.

2 T. Angre, A. Kumar, A. K. Singh, S. Thareja and P. Kumar,
Anticancer Agents Med. Chem., 2022, 22, 2956-2984.

3 H. Sung, J. Ferlay, R. L. Siegel, M. Laversanne,
I. Soerjomataram, A. Jemal, F. Bray and C. A. Cancer, J.
Clin., 2021, 71, 209-249.

4 L. Gu, T. Shan, Y. xuan Ma, F. R. Tay and L. Niu, Trends
Biotechnol., 2019, 37, 464-491.

5 M. Arbyn, E. Weiderpass, L. Bruni, S. de Sanjosé, M. Saraiya,
J. Ferlay and F. Bray, Lancet Global Health, 2020, 8, e191-
e203.

https://

RSC Adv, 2023, 13, 33770-33785 | 33783


https://www.who.int/news-room/fact-sheets/detail/cancer
https://www.who.int/news-room/fact-sheets/detail/cancer
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra05672d

Open Access Article. Published on 17 November 2023. Downloaded on 11/19/2025 6:52:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

6 A. K. Singh, A. Kumar, S. Thareja and P. Kumar, Anticancer
Agents Med. Chem., 2022, 23, 278-297.

7 B. K. Chagaleti, M. B. R. Reddy, V. Saravanan,
B. Shanthakumar, D. Priya, P. Senthil Kumar and
M. K. Kathiravan, J. Biomol. Struct. Dyn., 2023, 28, 1-17.

8 A. Cavazzoni and A. Palladini, Front. Oncol., 2023, 13, DOI:
10.3389/fonc.2023.1180650/full.

9 S. Huang, J. Xiao, J. Wu, J. Liu, X. Feng, C. Yang, D. Xiang and
S. Luo, Front. Pharmacol., 2022, 13, 895573.

10 A. Javed, M. Yarmohammadi, K. Korkmaz and R.-T. T, Int. J.
Mol. Sci., 2023, 24, 2848.

11 G. Digiacomo, C. Fumarola, S. La Monica, M. Bonelli,
A. Cavazzoni, M. Galetti, R. Terenziani, K. Eltayeb, F. Volta,
S. Zoppi, P. Bertolini, G. Missale, R. Alfieri and
P. G. Petronini, Front. Oncol., 2022, 12, 942341.

12 C. G. Murphy and M. N. Dickler, Oncologist, 2015, 20, 483~
490.

13 T. Arsenijevic, K. Coulonval, E. Raspé, A. Demols, P. P. Roger
and J. L. Van Laethem, Cancers, 2023, 15, 968.

14 A. Kumar, A. Singh, H. Singh, V. Vijayan and
D. K. Pharmaceuticals, Pharmaceuticals, 2023, 16, 299.

15 G. Gfesser and E. Bayburt, Mol. Cell. Endocrinol., 2003, 38,
245-252.

16 A. M. Salaheldin, A. M. F. Oliveira-Campos
L. M. Rodrigues, Synth. Commun., 2009, 39, 1186-1195.

17 P. Giovanni Baraldi, D. Simoni, V. Periotto, S. Manfredini,
M. Guarneri, R. Manservigi, E. Cassai and V. Bertolasi, J.
Med. Chem., 1984, 27, 986-990.

18 S. Bondock, R. Rabie, H. Etman and A. F. Medicinal, Arch.
Pharm., 2012, 346, 912-921.

19 R. Jorda, N. Sacerdoti-Sierra, J. Voller, L. Havlicek,
K. Kracalikova, M. W. Nowicki, A. Nasereddin, V. Krystof,
M. Strnad, M. D. Walkinshaw and C. L. Jaffe, Elsevier,
2011, 21, 4233-4237.

20 S. Selleri, F. Bruni, C. Costagli, A. Costanzo, G. Guerrini,
G. Ciciani, B. Costa and C. Martini, Bioorg. Med. Chem.,
2001, 9, 2661-2671.

21 C. Almansa, A. F. De Arriba, F. L. Cavalcanti, L. A. Gomez,
A. Miralles, M. Merlos, J. Garcia-Rafanell and J. Forn, J.
Med. Chem., 2001, 44, 350-361.

22 A. M. Gilbert, S. Caltabiano, F. E. Koehn, Z. J. Chen,
G. D. Francisco, J. W. Ellingboe, Y. Kharode,
A. M. Mangine, R. Francis, M. TrailSmith and D. Gralnick,
J. Med. Chem., 2002, 45, 2342-2345.

23 T. Novinson, B. Bhooshan, T. Okabe, G. R. Revankar,
R. K. Robins, K. Senga and H. R. Wilson, J. Med. Chem.,
1976, 19, 512-516.

24 A. V Ivachtchenko, D. E. Dmitriev, E. S. Golovina,
M. G. Kadieva, A. G. Koryakova, V. M. Kysil, O. D. Mitkin,
I. M. Okun, S. E. Tkachenko and A. A. Vorobiev, ACS Publ.,
2010, 53, 5186-5196.

25 A.V Ivachtchenko, E. S. Golovina, M. G. Kadieva, V. M. Kysil,
O. D. Mitkin, S. E. Tkachenko and I. Okun, Bioorg. Med.
Chem., 2011, 19, 1482-1491.

26 T. Saito, T. Obitsu, C. Minamoto and T. Sugiura, J. Mol
Struct., 2011, 19, 5955-5966.

and

33784 | RSC Adv, 2023, 13, 33770-33785

View Article Online

Paper

27 A. R. Trivedi, B. H. Dholariya, C. P. Vakhariya, D. K. Dodiya,
H. K. Ram, V. B. Kataria, A. B. Siddiqui and V. H. Shah, Med.
Chem. Res., 2012, 21, 1887-1891.

28 D. R. Compton, S. Sheng, K. E. Carlson, N. A. Rebacz,
L. Y. Lee, B. S. Katzenellenbogen and
J. A. Katzenellenbogen, J. Med. Chem., 2004, 47, 5872-5893.

29 M. Chauhan and R. Kumar, Bioorganic Med. Chem., 2013, 21,
5657-5668.

30 S. Cherukupalli, B. Chandrasekaran, R. R. Aleti, N. Sayyad,
G. A. Hampannavar, S. R. Merugu, H. R. Rachamalla,
R. Banerjee and R. Karpoormath, J. Mol Struct., 2019,
1176, 538-551.

31 V. Asati, A. Anant, P. Patel, K. Kaur and G. D. Gupta, Eur. J.
Med. Chem., 2021, 225, 113781.

32 Y. Z. Li, G. D. Wang, H. Y. Yang, L. Hou, Y. Y. Wang and
Z. Zhu, Chem.-Eur. J., 2020, 26, 16402-16407.

33 J. Falco, M. Piqué, M. Gonzalez and L. Buira, Eur. J. Med.
Chem., 2006, 41, 985-990.

34 D. Parry, T. Guzi, F. Shanahan, N. Davis, D. Prabhavalkar,

D. Wiswell, W. Seghezzi, K. Paruch, M. P. Dwyer, R. Doll,

A. Nomeir, W. Windsor, T. Fischmann, Y. Wang, M. Oft,

T. Chen, P. Kirschmeier, E. M. Lees, A. A. C. R. D. Parry,

T. Guzi, F. Shanahan, N. Davis, D. Prabhavalkar,

D. Wiswell, W. Seghezzi and K. Paruch, Mol. Cancer Ther.,

2010, 9(8), 2344-2353.

35 J. Hao, J. N. Ho, J. A. Lewis, K. A. Karim, R. N. Daniels,
P. R. Gentry, C. R. Hopkins, C. W. Lindsley and
C. C. Hong, ACS Chem. Biol., 2010, 5, 245-253.

36 A. Lippa, P. Czobor, ]J. Stark, B. Beer, E. Kostakis,
M. Gravielle, S. Bandyopadhyay, S. J. Russek, T. T. Gibbs,
D. H. Farb and P. Skolnick, Proc. Natl. Acad. Sci. U. S. A.,
2005, 102, 7380-7385.

37 Y. S. Watanabe, Y. Yasuda, Y. Kojima, S. Okada,
T. Motoyama, R. Takahashi, M. Oka, T. F. Watanabe,
Y. Yasuda, Y. Kojima, S. Okada, T. Motoyama, R. Tak and
M. Oka, Journal Enzym. Inhib. Med. Chem., 2015, 30, 981-988.

38 A.Y. Hassan, N. M. Saleh, M. S. Kadh and E. S. Abou-Amra, J.
Heterocycl. Chem., 2020, 57, 2704-2721.

39 J. D. Peter, G. Stephen and H. Kevin, Green Chem., 2004, 6,
43-48.

40 M. Karimzadeh, N. Manouchehri, D. Saberi and K. Niknam,
Struct. Chem., 2018, 29, 383-391.

41 R. Geesala, J. K. Gangasani, M. Budde, S. Balasubramanian,
J. R. Vaidya and A. Das, Eur. J. Med. Chem., 2016, 124, 544-
558.

42 F. Tripodi, F. Dapiaggi, F. Orsini, R. Pagliarin, G. Sello and
P. Coccetti, MedChemComm, 2018, 9, 843-852.

43 R. Khanam, R. Kumar, I. I. Hejazi, S. Shahabuddin,
R. Meena, V. Jayant, P. Kumar, A. R. Bhat and F. Athar,
Apoptosis, 2018, 23, 113-131.

44 A. M. Malebari, D. Fayne, S. M. Nathwani, F. O'Connell,
S. Noorani, B. Twamley, N. M. O'Boyle, J. O'Sullivan,
D. M. Zisterer and M. J. Meegan, Eur. J. Med. Chem., 2020,
189, 112050.

45 V. A. Verma and A. R. Saundane, Polycyclic Aromat. Compd. ,
2019, 41, 871-896.

© 2023 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.3389/fonc.2023.1180650/full
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra05672d

Open Access Article. Published on 17 November 2023. Downloaded on 11/19/2025 6:52:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

46 V. A. Verma, A. R. Saundane, R. S. Meti, R. Shamrao and
V. Katkar, Polycycl. Aromat. Compd., 2020, 1-15.

47 L. Sun, N. Vasilevich, J. Fuselier, S. L. Hocart and D. H. Coy,
Bioorganic Med. Chem. Lett., 2004, 14, 2041-2046.

48 P. D. Mehta, N. P. S. Sengar and A. K. Pathak, Eur. J. Med.
Chem., 2010, 45, 5541-5560.

49 N. O'Boyle, L. Greene and O. Bergin, J. Funct. Biomater., 2011,
DOI: 10.1016/j.bmc.2011.02.022.

50 H. M. Sampath Kumar, L. Herrmann and S. B. Tsogoeva,
Bioorganic Med. Chem. Lett., 2020, 30(23), 127514.

51 I. Mancini, J. Vigna, D. Sighel and A. Defant, Molecules, 2022,
27, 4948.

52 A. Saba, F. Sarwar, S. Muhammad, M. Ilyas, J. Igbal, A. G. Al-
Sehemi, K. Ayub, M. Amjad Gilani and M. Adnan, J. Mol. Liq.,
2022, 366, 120234.

53 A. Bibi, S. Muhammad, S. UrRehman, S. Bibi, S. Bashir,
K. Ayub, M. Adnan and M. Khalid, ACS Omega, 2021, 6(38),
24602-24613.

54 M. C. Rosales-Hernandez and J. Correa-Basurto, Expert Opin.
Drug Discovery, 2015, 10, 213-219.

55 S. Muhammad, M. Qaisar, J. Igbal, R. A. Khera, A. G. Al-
Sehemi, S. S. Alarfaji and M. Adnan, Chem. Pap., 2022, 76,
3051-3064.

56 M. Adnan and ]. K. Lee, Sci. Rep., 2018, 8, 2168.

57 N. M. Mohamed, E. M. H. Ali and A. M. Aboulmagd, RSC
Adv., 2021, 11, 4523-4538.

58 S.Naz, U. Farooq, S. Ali, R. Sarwar, S. Khan and R. Abagyan, J.
Biomol. Struct. Dyn., 2019, 37, 1043-1053.

59 G. Slovensky, Cheminformatics free web services, 1986,
https://www.molinspiration.com.

60 A. Daina, O. Michielin and V. Zoete, Sci. Rep., 2017, 71, 1-13.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

61 B. Shanthakumar, V. Saravanan, B. K. Chagaleti and
M. K. Kathiravan, J. Med. Pharm. Allied Sci., 2023, 12(11),
5604-5612.

62 P. Schyman, R. Liu, V. Desai and A. Wallqvist, Front.
Pharmacol., 2017, 8, 313133.

63 P. Gopinath and M. K. Kathiravan, RSC Adv., 2021, 11,
38079-38093.

64 S.S. Nilewar and M. K. Kathiravan, J. Chemom., 2014, 28, 60—
70.

65 H. Lu and U. Schulze-Gahmen, J. Med. Chem., 2006, 49,
3826-3831.

66 A.Jena, C. Prakashraj, B. K. Chagaleti, M. K. Kathiravan and
B. S. Kumar, Indian J. Heterocycl. Chem., 2023, 33, 43-49.

67 S. Muhammad, F. Sarwar, S. S. Alarfaji, A. G. Al-Sehemi,
M. Adnan, S. Kumar and A. R. Chaudhry, Opt. Quantum
Electron., 2023, 55, 895.

68 A. Waheed, S. Muhammad, M. A. Gilani, M. Adnan and
Z. Aloui, J. Comput. Biophys. Chem., 2021, 20(05), 517-528.

69 C. Choudhury and A. Bhardwaj, Front. Chem., 2020, 8,
596412.

70 S. Riaz, R. Hussain, M. Adnan, M. U. Khan, S. Muhammad,
J. Yaqoob, M. U. Alvi, M. Khalid, Z. Irshad and K. Ayub,
ACS Omega, 2022, 7(12), 10638-10648.

71 A. B. Khade, V. K. Eshwara, H. I. M. Boshoff, K. Arora,
A. Tiwari, P. Bhat, M. Tiwari and G. G. Shenoy,
ChemistrySelect, 2020, 5, 201-210.

72 A. B. Umar, A. Uzairu, G. A. Shallangwa and S. Uba, Egypt. J.
Med. Hum. Genet., 2021, 22, 6.

73 N. Gupta, S. K. Choudhary, N. Bhagat, M. Karthikeyan,
A. Chaturvedi and M. J. U. Ferreira, Molecules, 2022, 27(4),
1347.

74 S. B. Dixit, S. Y. Ponomarev and D. L. Beveridge, J. Chem. Inf.
Model., 2006, 46, 1084-1093.

RSC Adv, 2023, 13, 33770-33785 | 33785


https://doi.org/10.1016/j.bmc.2011.02.022
https://www.molinspiration.com
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra05672d

	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d

	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d

	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d

	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d
	Exploring cyclin-dependent kinase inhibitors: a comprehensive study in search of CDK-6 inhibitors using a pharmacophore modelling and dynamics approachElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra05672d


