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Abstract

Glioblastoma multiform (GBM) is the most deadly type of primary CNS tumor
and is linked to dysregulation of the CDK4/6 pathway, poor prognosis, and
high rate of post-surgical recurrence. One practical strategy for overcoming
treatment resistance in GBM is targeting CDK6. The main goal of this study
was to identify new primary amine-containing compounds with specific
inhibitory potential against CDK6 using in silico tools. A thorough in silico
pipeline comprising ligand-based virtual screening (LBVS), molecular
docking, ADMET, Density Functional Theory (DFT) analysis, and molecular
dynamics (MD) simulation was used in this investigation. First, molecular
docking against CDK6 was performed on 109 bioactive compounds that had
been screened using ligand-based virtual screening (LBVS). According to the
docking analysis, 48 compounds exhibited wiore favorable Glide docking
scores than the reference compound CCL (—11.174 kcal-mol-!), among which
compound 21 showed the most favorable score (—12.811 kcal-mol™?).
Additionally, the interaction study demonstrated that the target selectivity of
compound 21 was improved by preferential interactions to the polar residues
Lys43 and His100. Compound 21 satisfied Lipinski’s rule of five (LRo5) and
exhibited a favorable predicted toxicity profile, along with predicted blood-
brain barrier (BBB) permeability, based on analysis using the SwissADME
online tool. Through the demonstration of the stability, moderate reactivity,
and minimal off-target potential of compound 21, Density Functional Theory
(DFT) studies provided additional validation for its electrical characteristics.
Further molecular dynamics simulation straddling 250ns confirmed the
stability and flexibility of compound 21. These findings demonstrated
compound 21 as a predicted lead and it could serve as a potential therapeutic
agent targeting CDK6 in GBM treatment. However, in vitro and in vivo

studies are required for the further clinical application of compound 21.
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Introduction

Glioblastoma multiforme (GBM) represents the most prevalent form of
aggressive brain cancer in adults. It is characterized by abnormal growth and
invasiveness, often resulting in a poor prognosis despite extensive treatments
1-3_ Glioblastoma multiforme (GBM) is a highly iethal and fatal form of brain
tumor hallmarked by significant niolecular heterogeneity and dismal
prognosis. It accounts~ 57% of all giiomas and 48% of all primary central
nervous system (CNS) malignancies °. It most commonly affects individuals
around the age of 65, with the highest incidence in those aged 75-84, and is
more frequent in males 26, Only a small percentage of patients survive
beyond three years, and overall treatment progress has been minimal over

recent decades 7-8.

The genomic instability in GBM primarily involves the aberration in the cell
cycle, particularly involving G1 and S1 phases, as well as G2/M checkpoint
phase 9. Cyclin-dependent kinases (CDKs) are essential cellular checkpoints.
In a homeostatic environment, the G1 phase is responsible for DNA synthesis,
triggered by the activation of CDK4 and CDKG6. Additionally, the checkpoint
transition from S phase to G2/M phase is mainly driven by cyclin A2 via CDK?2.
At the final stage of interphase, mitosis occurs, which is aided by the

activation of CDK1 10, A detailed genomic profile of GBM has been stratified



into various molecular subtypes, as well as reported recurrent alterations in
key regulatory cascades related to CDKs, encompassing CDKNZ2A/B
deletions, TP53 and PTEN mutations, EGRF, CDK4, and CDK6 amplifications
11,12 Notably, dysregulation in the CDK4/6-Retinoblastoma (CDK4/6-Rb) axis
accounts for~ 80% of GBM cases 13. Owing to the high frequency of changes
in the CDK4/6 pathway, several CDK4/6 specific inhibitors, such as ribociclib,
palbociclib, and abemaciclib, have been developed 1°. The U.S. The Food and
Drug Administration (FDA) has approved these inhibitors for the treatment
of breast cancer molecular subtypes, which is exciting 20. It has been
discovered that the CDK4/6 pathway is crucial in GBM. In particular, it has
been demonstrated that CDK4 overexpression increases the growth of GBM
tumors and lowers patient survival 21. By encouraging resistance to cell cycle
arrest, apoptosis, and radiation, CDK4/6 has also been demonstrated to
support the mesenchymal subtype of GBM, which is a more aggressive
phenotype 22-24, While several clinical trials have revealed limited efficacy for
CDK4/6 1925 gseveral in vitro and in vivo experiments have shown
encouraging results for CDK4/6 2326, This disparity between preclinical data
and clinical trial results clearly indicates CDK4/6 resistance as a possible
mechanism underlying the limited efficacy. Consequently, blocking CDK4/6

may be a useful therapeutic approach for GBM.

Glioma cells have an advantage due to the nature of the blood-brain barrier
(BBB), suppressive tumor microenvironment, and tumor heterogeneity.
Consequently, chemotherapeutics, targeted treatments, and immunotherapy
are less effective 727, The CNS is an immune-privileged site with limited
access that influences T cell activity because of characteristics such as the
BBB, antigen-presenting cell (APC) scarcity, lymphatic channels, low Major
Histocompatibility Complex (MHC) class II expression, and transforming
growth factor (TGF)- expression 2829, Radiation and chemotherapy are the
next steps in the usual treatment plan for GBM, which includes safe surgical

resection of the tumor 30.31,



Despite receiving numerous treatments, patients with GBM frequently have
poor prognoses. Temozolomide (TMZ) is the first-line chemotherapeutic
agent, especially when combined with alkylating medication TMZ 32.33;
however, systemic toxicity has been noted 29. This emphasizes the necessity
of developing novel treatment approaches for patients with GBM 33.34, These
conventional treatments may initially be effective in eliminating tumors;
however, they are also associated with a significant risk of cancer spread and
recurrence due to factors such as surgical stress, high expenses, ineffective
medications 28.35 and cytotoxicity in healthy tissues 36. Thus, identifying new
therapeutic targets and strategies is crucial for improving the prognosis and

quality of life of patients with cancer.

The FDA has approved several CDK inhibitors for the treatment of different
advanced-stage metastatic malignancies 1637, However, no CDK inhibitors
are currently licensed for GBM treatment. Recent research has shown that
using an oncolytic virus in conjunction with CDK4/6 inhibitor therapy inhibits
the growth of GBM tumors, increasing the survival rate in mouse models 38,
According to the research, CDK4/6 targeting may have inhibitory efficacy in
GBM, and such strategies are crucial for improving the prognosis and quality

of life of cancer patients.

Based on the above prospectus, the recent study was focused on identifying
novel small molecular inhibitors targeting CDK6 in managing GBM
therapeutics. The current study was focused on applying in silico-based
computational tools such as ligand-based virtual screening (LBVS) for the
retrieval of novel compounds. Molecular docking studies were also carried
out to investigate the inhibitory potential of novel compounds, which were
further validated by performing molecular dynamics (MD) simulations.
Moreover, the pharmacological and toxicity profile of the small molecules was
also evaluated to screen out the lead compound with favorable drug-like
characteristics, further supported by density functional theory (DFT) studies

to determine the electronic and molecular reactivity of the compound.
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Figure 1: A comprehensive workflow for the current study
Methodology
Retrieval of Target Protein

The structure of the target receptor CHOK6 (PDB ID: 60Q0) was retrieved
from the Protein Data Bank (PDB) at a resolution of 1.98A and downloaded
in PDB format. The crystal structure of CDK6 (PDB ID: 60Q0) was classified
under the transferase ftamily of Homo sapiens and consisted of a chain length
of 291 residues. The crystal structure was also devoid of any mutation.
Additionally, a native co-crystal ligand (CCL), PubChem CID: 138911331, was

also associated with the alpha chain of the target receptor 39 (Figure 1).
Ligand-Based Virtual Screening (LBVS)

The CCL (PubChem CID: 138911331) residing within the target protein CDK6
(PDB ID: 60QO0O) was taken as the reference ligand for LBVS to identify the
molecular similarities. For drug discovery, the string of canonical SMILES of
CCL was entered as the query molecule. Swiss Similarity was run in a single
cycle by selecting the Chembl drug-like library using a combined 2D and 3D
approach. The top compounds generated through this library were used for

further in silico analysis.



Retrieval of Ligands

The resulting LBVS compounds and the CCL were obtained from the
PubChem database. These compounds were then saved in SDF format for

molecular docking purposes and MOL format for DFT studies.
Assessment of Chemical Diversity

To assess the chemical diversity of the screened compounds, a ChemMine
tool, a web server based on cheminformatics, was used. This tool supported
a wide range of functionalities, including cluster analysis. The SMILES of the

compounds were uploaded to the workbench and analyzed for clustering 49.
Preparation of Ligands

All SDF formatted compounds were then subjected to the LigPrep tool of
Schrodinger 2020-3v12.5 for their preparation. Iuitially, all compounds were
protonated and ionized using the Epik mocoule at an optimum pH of 7.0x2,
followed by desalting and generating tautomers. Furthermore, 32 poses for
each ligand were generated by retaining specific chiralities, followed by

minimization by applying a force field of OPLS3e 41,
Preparation of Target Proteins

The target protein used in the current study, CDK6 (PDB ID: 60QO), was
prepared using the Protein Preparation Wizard tool in PDB format. Firstly, in
the preprocessing stage, Prime job was performed to identify and fill the
structural gaps due to absent loops and side chains. Thereafter, the Epik
module generated the tautomeric states of heteroatoms at an optimal pH of
7.0 = 2. Secondly, the PROPKA module was chosen for H-bond network
optimization at an optimum pH of 7.0, followed by the removal of water
molecules within the range of 3A. Finally, the crystal structure of the protein
was minimized under an applied force field of OLPS3e 42. Additionally, to
investigate and analyze the interaction pattern of these novel compounds

with the active site residues of the binding cavity, a glide grid was generated



on the energy-minimized protein within the center of the working space of
CCL 4243,

Molecular Docking

To investigate the binding potential of these novel compounds with the target
protein, CDK6, docking analysis was performed by subjecting the minimized
output files of the compounds and the receptor to the ligand docking tool in
Schrodinger 2020-3v12.5. Extra precision mode was selected to
accommodate ligand flexibility during the docking protocol. Per-residue
interaction scores and root-mean square deviation (RMSD) were calculated
for each input ligand conformation. Subsequently, post-docking minimization
was conducted, and docking scores were generated for all compound 44.
Finally, the interactions were analyzed on Maestro Schrodinger 2020-3v12.5

through the ligand interaction tool as well as using PyMOL software v3.4.0.
Structural Fingerprinting (SIFT) Analysis

The structural interaction fingerprinting analysis was performed for the top
109 compounds on Schrodinger 2020-3v12.5, to assess the interacting
residues of active site at residual level 4°. SIFT analysis provided the critical
hotspot residues c¢f the active site of target protein CDKG6, that are
consistently involved in interaction with the compounds within the docked
complexes. This analysis provided a static snapshot, by residual mapping of
interactions including backbone interactions, polar residues, hydrophobic
residues, and hydrogen bond acceptors and donors. Furthermore, the cluster
analysis of top compounds was also performed to classify the ligands based

on these interaction fingerprints.
In Silico Pharmacological Analysis

The pharmacological characteristics of all compounds were evaluated using
the online web server SwissADME to assess the absorption, distribution,

metabolism, and excretion (ADME) properties of the query molecules. This



server employed molecular fingerprinting algorithms to assess the
pharmacological features 6. The string of SMILES representations of the

compounds was utilized as input to evaluate the drug-like characteristics.
In Silico TOX Prediction

StopTox, a machine learning approach, was implemented to predict the
possible acute toxicity upon instant contact with the respective compound.
The in vivo assays were employed on the models to assess the toxicity of 6-
Pack 47. The SMILES notations of the compounds were incorporated as input

files to predict toxicity.
Density Functional Theory (DFT) Studies

The molecular characteristics of the lead molecule were determined using
DFT analysis. The energetically advantageous confcimation was obtained
using the Gaussian 09 W program after the chemical in the MOL format was
imported into the Gauss View software v.5.0.8 interface. The physiological
phase of a conductor-like polarizable continuum model (CPCM) was studied
using Becke's 3-parameter I.ee-Yang-Parr (B3LYP) technique with a basis set
of 6-311+G 48, Using the checkpoint file (. chk*), frontier molecular orbitals
(FMOs), and molecular electrostatic potential (MESP) mapping for the
molecule were carried out. Gauss View software v.5.0.8 was then used to
further visualize the results. Using Koopman's theorem, the global reactivity

parameters were computed 49.
Molecular Dynamics (MD) Simulation

MD simulations were conducted for the lead drug and CCL at 250 ns using
Desmond, a Schrodinger suite, to gain more insight into the conformational
stability of the docked complexes on a dynamic scale. First, the target protein
CDK6 was optimized and energy-minimized using the Protein Preparation
tool. Steric conflicts and aberrant geometries were eliminated. Subsequently,

a system was constructed, and an orthorhombic box was created using the



transferable intermolecular potential 3 points (TIP3P) solvent model and the
OPLS 2005 force field. Counter ions were introduced to the system to
neutralize it, and 0.15 M NaCl was added to the complex to promote
physiological conditions. Furthermore, for the 250 ns simulations, the
temperature and pressure were maintained at 300 K and latm, respectively.
The number of hydrogen bonds, radius of gyration (Rg), root-mean-square
deviation (RMSD), and root-mean-square fluctuation (RMSF) were evaluated
after all trajectories were saved for examination at 100 ps intervals. The R
language script and Bio3D package were used to conduct principal
component analysis (PCA) and dynamic cross-correlation matrix (DCCM)

investigations, respectively.

Molecular mechanics and generalized bormn suriace area (MM-GBSA)

calculations

The Prime module was utilized to evaluate the binding free energy (Gping) for
each docked complex through the MM/GBSA approach. To determine Gpjing,
the following equation employed the VSGB solvent model and rotamer
conformations, under an applied force field of OPLS 2005. Where, dGping =
binding free eneragy, G complex = free energy of the complex, G protein = free

energy of the target protein, and G jigana = free energy of the ligand.
dGbind = G complex — (G protein + G ligand)

Results

Ligand-Based Virtual Screening

The LBVS resulted in 400 bioactive compounds from the Chembl drug-like
library, having a similarity score ranging from 0.872 to 0.343, mentioned in
Supplementary File 1. The resultant compounds with a similarity index of =
0.600 against the reference compound (PubChem CID: 138911331) were

selected for in silico docking analysis. The 3D conformations, similarity index,



and SMILES of all resulting 109 compounds are illustrated in Supplementary
Table 1.

Assessment of Chemical Diversity

Cluster analysis, which evaluates the chemical array of the top-screened
compounds and produces important information on their distribution and
structural variety, was performed using ChemMine software. Indicating that
molecules with comparable structures were clustered according to their
chemical fingerprints, the 2D scatter plot displayed several clusters
(Supplementary Figure 1). The observed pattern indicated that distinct
subgroups of compounds had core scaffolds and pharmacophores. In
particular, one compound was a singleton in the center of the plot,
highlighting the difference in its chemical structure from the others. Overall,
these findings support the idea that the LBVS method increases the
possibility of identifying strong and specific CDK6 inhibitors by recovering a
chemically varied and non-redundant coilection of bioactive molecules with

wide structural variety.

Docking Analysis

All 109 compounds, including CCL, underwent molecular docking to examine
their possible binding affinities and patterns of interaction with the crucial
interacting residues of the active site of the target protein CDK6 (PDB ID:
60QO0). Of the 109 compounds, 48 had docking scores higher than CCL (-
11.174 kcal/mol), according to the docking values displayed in Table 1. These
findings highlight the strong CDK6 inhibitory capability of these drugs (PDB
ID: 60QO0O) in the fight against GBM. Additionally, all other compounds also
exhibited remarkable docking score but were lower than CCL, as shown in
Supplementary Table 2. Furthermore, these docking results were validated
by re-docking the CCL (PubChem CID: 138911331) within the active site of
the target receptor CDK6 (PDB ID: 60QO). The validity and effectiveness of



the docking methodology were demonstrated by the re-docked superimposed
structure, which displayed an RMSD value of less than 2A (Supplementary
Figure 2).

Table 1: Docking scores of top-scored compounds retrieved from LBVS, against
target protein CDK6 (PDB ID: 60QO0O).

Target Protein CDK6 (PDB ID: 60Q0)
Compounds Docking Scores Compounds Docking Scores
(Kcal/mol) (Kcal/mol)

CCL -11.174 51 -12.026
21 -12.811 72 -11.907
69 -12.776 88 -11.794
34 -12.553 48 -11.791
57 -12.517 98 -11.76
93 -12.509 30 -11.703
54 -12.487 9 -11.696
42 -12.463 107 -11.657
91 -12.385 28 -11.636
59 -12.312 105 -11.631
41 -12.299 17 -11.605
83 -12.264 6 -11.556
44 -12.26 38 -11.545
77 -12.216 31 -11.505
56 -12.196 102 -11.437
103 -12.192 63 -11.43
89 -12.188 20 -11.419
65 -12.173 18 -11.417
64 -12.151 108 -11.403
50 -12.109 52 -11.331
15 -12.1 80 -11.237
100 -12.061 75 -11.214
45 -12.038 23 -11.208
58 -12.035 36 -11.197
62 -12.035

Visualization and Analysis of Binding Interactions:

Supplementary Figure 3 illustrates the interactions of the 48 highest-scoring
chemicals in relation to CCL. Notably, as shown in Figure 2, all drugs

occupied the same active site and interacted with amino acid residues that



are essential for binding stability and specificity when targeting CDK6 (PDB
ID: 60Q0) in GBM.

Active site of CDK6

Figure 2: Visualization of the active site of target protein CDK6 (PDB ID: 60QO0).

Important information on the interaction patterns of the top seven drugs is
provided by their 2D interactions with the target protein CDK6 (PDB ID:
60QO0). As shown in Figure 3, a typical hydrogen (H) bond with charged and
polar residues (Glu99, Aspl102, Aspl04, and His100) was established
according to the CCL interaction pattern, demonstrating the stability and
polarity of the docked complex. Additionally, the Asp102 residue helped
develop water-mediated connections, demonstrating the adaptability of the
docked complex. Furthermore, hydrophobic CDK6 active site residues form
non-covalent interactions with CCL, ultimately aiding in the stabilization of

the benzene rings of the protein.



Aspl102, Aspl104, and Glu99 were among the significant interacting residues
with which the other compounds established conventional H-bonds. By
keeping the compounds at the target receptor CDKG's active area, these
negatively charged residues help preserve electrostatic compatibility (PDB
ID: 60QO0O). The involvement of a polar residue (His100) enabled the
formation of an H-bond, which further defined the interactions. However, the
positively charged residue Lys43 made vital contact with the triazole ring of
each molecule. This type of interaction is crucial for selectively targeting
CDKG6 protein. Consequently, the development of advantageous contacts or
H-bonds indicated the compounds' selectivity and binding affinity within the

active site, in addition to helping to stabilize them.

Additionally, the docked complexes were largely stabilized by noncovalent
hydrophobic contacts. The hydrophobic pocket is formed by the interaction
of several important residues, including Vai101, Leulb52, Val77, Ala4l and
Phe98. Ligand anchoring within the CDKG6 protein's active site was
maintained by the involvement of these residues in binding interactions. An
aromatic residue, phe98, was also observed to form n-u1 stacking within the
aromatic moiety of all observed compounds. Such type of interactions played
a significant role in stabilization through electronic cloud contact, suggesting

more favorable binding of these compounds with the CDKG6 receptor.



Figure 3: Visual repiresentation of binding interaction pattern of the top seven
screened compounds against CDK6 (PDB ID: 60Q0).

Additionally, the interaction analysis of the top seven compounds against the
target protein CDK6 demonstrated conserved key residues forming bonds at
specified distances, illustrated in Table 2. These residues were consistently
involved in forming various types of interactions, including Van der Waals, H-
bonds, pi-pi stacking, alkyl, pi-alkyl, carbon-hydrogen bonds, Pi-anion, and
Amide-pi stacking, which ultimately contributed to enhancing the stability of

the docked complexes.



Table 2: An overview to the types of interactions, key residues, and the bond distances of

the CCL and top 7 docked complexes against CDK6 (PDB ID: 60QO0).

Compounds Chembl IDs Type of Key Bond
interactions Residues Dist;imce
(A)
CCL - H-Bond Vall01 2.25
carbon-hydrogen Aspl104 2.78
bonds Glu99 2.56
His100 4.51
pi-pi stacking GIn103 4.55
alkyl, pi-alkyl Val27 5.23
Ile19 4.41
Tyr24 5.03
Alal62 4.37
Ala41 4.19
Leulb2 4.34
21 CHEMBL3656631 | H-Bond Lys43 5.35
vell01 4.06
Aspl104 4.36
carbon-hydrogen Glu99 2.37
bonds
pi-pi stacking, His100 5.03
polar
alkyl, pi-alkyl Phe98 5.42
Ala41 5.58
Val77 5.11
Leulb2 5.20
69 CHEMEL3656738 | H-Bond, Lys43 4.87
Vall01 3.93
carbon-hydrogen Glu99 2.38
bonds
pi-pi stacking, His100 6.55
polar GIn103 4.53
alkyl, pi-alkyl Aspl04 5.29
Phe98 4.57
Ala41l 4.98
Val77 5.05
Leulb?2 5.22
34 CHEMBL3652858 | H-Bond, Lys43 4.90
Vall01 3.87
carbon-hydrogen Glu99 2.49
bonds
pi-pi stacking, His100 6.62
GIn103 5.06
alkyl, pi-alkyl Aspl104 4.61
Phe98 4.62




Ala41l 5.07
Val77 5.10
Leulb2 5.26
57 CHEMBL3660975 | H-Bond, Lys43 4.53
Vall01 4.14
Aspl104 5.01
carbon-hydrogen Ilel19 2.39
bonds Glu99 2.69
Aspl102 2.37
pi-pi stacking GIn103 4.59
alkyl, pi-alkyl Phe98 4.42
Ala41 6.16
Val77 5.39
Leulb2 5.11
93 CHEMBL3656707 | H-Bond, carbon- Lys43 4.99
hydrogen bonds Vall01 3.91
Glu99 2.47
pi-pi stacking,
Gliii03 4.42
alkyl, pi-alkyl, Asp104 4.63
polar Phe98 4.82
Ala41 5.59
Val77 5.15
Leulb2 5.16
54 CHEMBL3656712 | H-Bond, Lys43 4.72
Vall01 3.92
carbon-hydrogen Glu99 2.53
bonds Tle19 2.30
pi-pi stacking, GIn103 4.40
alkyl, pi-alkyl, His100 5.27
polar Aspl04 4.62
Phe98 4.57
Ala41l 6.12
Val77 5.09
Leulb2 5.77
42 CHEMBL3656665 | H-Bond, Lys43 4.89
Vall01 3.93
carbon-hydrogen Glu99 2.57
bonds
pi-pi stacking, His100 5.56
polar GIn103 4.46
alkyl, pi-alkyl Aspl104 6.02
Phe98 4.72
Ala41l 6.14
Val77 5.29
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SIFT Analysis

To gain deeper insight beyond docking scores, SIFt analysis was performed
to map ligand-residue interactions at the atomic level. The SIFT analysis
further provided a detailed analysis of the binding interactions of all 109
compounds at the residual level between the target protein CDK6 and the
compounds, as shown in Figure 4. The analysis revealed that negatively
charged residues such as Glu99, Asp102, Asp104, and His100 were mainly
involved in the formation of H-bonds with the majority of the compounds. A
positively charged residue, Lys43, was also one of the key residues involved
in the formation of a favorable H-bond with the heteroaromatic rings of the
compounds. Additionally, Vall101, Leulb52, Val77, Ala4l, and Phr98 are
majorly dominating in forming non-polar hydrophobic interactions with most
of the compounds. Therefore, Glu99, Asp102, Asp104, Lys43, His100, Vall01,
Leul52, Val77, Ala41, and Phr98 residues could be considered as hotspot
residues, which are critical in binding interactions with the small molecule

inhibitors for GBM therapeutic management.
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Figure 4: Visual representation of Fingerprinting analysis of all screened
compounds with the hotspot residties of target protein CDK6 (PDB ID: 60Q0).

Additionally, structural and interactional diversity was also evaluated
through a hierarchical ciustering dendrogram by using the interaction
fingerprinting tocl. The dendrogram shown in Figure 5, clusters 109 top
screened complexes based on their interaction fingerprints with the target
protein CDKG6, highlighting distinct clusters of the compounds with similar
interaction profiles, giving an insight into the structural-activity relationship
(SAR). It is interesting to note that the compounds that were grouped
together had similar pharmacophoric characteristics, as demonstrated by
their identical binding patterns in the active region of CDK6. Overall, our
interaction-based clustering demonstrated the potential of bioactive
medicines as selective CDK6 inhibitors for the treatment of GBM by

validating the variety of binding mechanisms among them.
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Figure 5: Hierarchical clustering dendrogram of the top 109 screened compounds based on
interaction fingerprint similarity against CDK6 (PDB ID: 60G0)

In Silico ADME Analysis

The pharmacological properties of fop-scored compounds were analyzed
using the SwissADME server, presented in Supplementary File 2. Based on
the Lipinski rule of five (LRF), the physicochemical features of the top 7
compounds in comparison to CCL were evaluated, illustrated in Table 3.
These results showed that all compounds exhibited a molecular weight of
=500 g/mol, except compound 57 (509.6 g/mol). All 7 compounds exhibited
=< 10 rotatable bonds, indicating suitable oral bioavailability. Additionally, all
compounds possessed = 5 H-bond donors and <= 10 H-bond acceptors, also
the total polar surface area (TPSA) of all compounds ranged < 140 A2,
indicating the drug-like properties of all compounds. Overall, all compounds
followed LRF, suggesting their potential as a drug-like candidate, except for
compound 57. Moreover, the fraction Csp3 for all compounds was also noted
to be > 0.3 except for the compounds 34, 93, and 42. Therefore, all other
compounds highlighted their increased risk of off-target interactions and

poor solubility.



The lipophilicity of the compounds was measured as Log P across ILOGP,
XLOGP, WLOGP, MLOGTP, Silicos IT, and consensus LogP. The lipophilicity
revealed that all compounds exhibited LogP < 5.00, indicating a balanced
hydrophobicity of the compounds. Subsequently, the solubility was measured
as log S across the following descriptors: ESOL-Log S, Ali Log S, and Silicos-
IT Log S. The results showed that compound 21 showed the most promising
solubility compared to all other compounds, indicating better oral

bioavailability and easy formulation.

With the exception of compound 57, which exhibited poor blood-brain barrier
(BBB) permeability, all compounds demonstrated significant gastrointestinal
(GI) permeability and the capacity to penetrate the BBB. Additionally, the
drug-likeness of the compounds was assessed using a range of criteria
developed by Lipinski, Ghose, Veber, and Egai. All compounds, except
compound 57, met the predefined criteria according to the drug-likeness
results, suggesting that they could be effective treatment choices. The

bioavailability of all drugs was moderate (0.55).

The medicinal chemistry of all compounds was investigated, and the findings
showed that none of them had any structural anomalies, as shown by the lack
of Brenk warnings or Pan Assay Interference (PAINS). Subsequently, the
synthetic accessibility of compounds was also observed, which was measured
on a scale of 1 to 10. The results suggested that compound 21 showed easy
synthetic accessibility compared to others due to the range closer to 1,
whereas the CCL exhibited the highest synthetic accessibility score of 4.90
among others, showing moderate ease of synthesis. The pharmacological
profile suggested compound 21 as the most potent candidate for therapeutic

purposes to combat GBM.

Table 3: Pharmacological assessment of top-scored compounds, assessed through
the SwissADME server.

Codes CCL 21 69 34 57 93 54 42




MW (g/mol) = 462.5 | 362.47 | 399.49 | 418.4 | 509.6 | 419.91 | 415.4 | 385.4
500g/mol 7 9 9 6
Fraction Csp3 0.52 | 0.38 0.3 0.15 | 0.31 0.27 0.3 0.27
Rotatable bonds 5 5 4 4 7 5 6 5
=10

H-bond acceptors 6 4 4 4 6 4 5 4
=10

H-bond donors =5 1 1 1 1 2 1 1 1
TPSA (A2?) =140 75 58.87 | 73.45 | 68.52 | 97.2 | 73.45 | 82.68 | 73.45
iLOGP 3.64 | 3.53 3.08 3.1 3.82 | 2.85 | 3.33 | 2.68
XLOGP3 3.01 2.92 0.75 | 4.52 | 3.53 | 3.91 3.25 | 3.28
WLOGP 3.71 3.42 3.66 | 486 | 3.37 | 4.18 | 3.54 | 3.53
MLOGP 2.59 | 2.28 295 | 2.94 | 2.22 | 2.81 2.02 | 2.33
Silicos-IT Log P 2.69 | 3.17 3.6 458 | 3.66 | 3.59 | 3.01 | 2.95
Consensus Log P 3.13 3.06 3.41 4 3.32 3.47 3.03 | 2.95
< 5.00

ESOL Log S -4.64 | -406 | -496 | -5.64 | -5.21 | -5.12 | -4.59 | -4.53
Ali Log S -425 | -382 | -499 | -5.68 | -5.26 | -5.15 | -4.66 | -4.5
Silicos-IT Log$S -6.90 | -6.95 | -7.71 | -9.82 | -8.86 | -7.94 | -7.45 | -7.35
GIA High | High High | High High | High | High | High
BBB permeability | Yes Yes Yes Yes! No Yes No Yes
Lipinski violations 0 0 0 | U 1 0 0 0
Ghose violations 1 0 [ 0 2 0 0 0
Veber violations 0 0 Y 0 0 0 0 0
Egan violation 0 0 0 0 0 0 0 0
Bioavailability 0.55 | 0.55 0.55 | 0.55 | 0.55 | 0.55 | 0.55 | 0.55
Score N

PAINS alerts o 10 0 0 0 0 0 0
Brenk alerts ~ 0 0 0 0 0 0 0 0
Synthetic | 4.90 | 3.52 3.81 3.67 | 416 | 3.72 | 3.81 | 3.69
Accessibility |

*MW=molecular weight, TPSA=total polar surface area, GIA=gastrointestinal
absroption, BBB=blood-brain barrier, PAINS=pan-assay interference compounds.

Oral Bioavailability

The oral bioavailability of all top-screened compounds was assessed through

SwissADME, across the following descriptors: size, polarity, flexibility,

insaturation, insolubility, and lipophilicity (Supplementary Figure 4). The

radar charts shown in Figure 6 indicate the normal physicochemical space

for efficient oral bioavailability of the top 7 compounds, along with the R*
drug. The radar charts portrayed that compounds CCL, 21, 69, 34, and 52 fell
within the marked red zone of the chart, highlighting their potential for




effective oral bioavailability. While compounds 57, 93, and 52 were marked

outside the defined red zone, indicating their poor oral bioavailability.

SIZE

POLAR

21 LIPO 69 34 57 LIPO
‘ LPo LPO
FLEX SIZE FLEX A SIZE
A F 5 s S
AR LEX AR SIZE FLEX //-\\ 1ZE ~.
>F A \ - ™~ /
/ /
erl ] /,
| 0 / / /
S / \
S -~ =
INSATU Y POLAR s S o INSATU o POLAR
INSATU g o POLAR INSATU POLAR
INSOLU INSOLU
INSOLU INSOLU
LIPO | Pal
93 LPO 52 42 LIPO CCL LPO
A~ FLEX ~ S
FLEX AT SIZE e e FLEX size FLEX
p o ~
2 b B
V / / 7
/ / f
\\ // k t\\\\ ¢ > \v/
INSATU 7 POLAR INSATU ™~ POLAR INSATU ~ POLAR  |NSATU
N

v

INSOLU INSOLU INSOLU INSOLU

Figure 6: Radar chart showing the normal physicochemical space for efficient oral
bioavailability marked within the red space, evaluated through the SwissADME
server.

Toxicity Assessment

The acute toxicity of the compounds are shown in Supplementary Table 3.
The predicted toxicity results shown in Table 4 revealed that both CCL and
compound 21 showed non-toxic behavior across all parameters except for
acute oral toxicity, indicating immediate toxicity upon oral contact. Whereas,
all other compounds also showed toxicity upon contact with the eyes,
possessing eye irritation and corrosion. Notably, compound 42 was also
predicted to show positive status for skin irritation and corrosion. These

results indicated compound 21 as the least toxic compound amongst others.



Table 4: Toxicity prediction of seven top-scored compounds, predicted through

StopTox.

Codes | Acute Acute Acute Eye Skin Skin
Inhalation | Oral Dermal | Irritation | Sensitization | Irritation
Toxicity Toxicity | Toxicity | and and

Corrosion Corrosion

CCL Non-toxic Toxic Non- Non-toxic | Non- Negative

toxic sensitizer

21 Non-toxic Toxic Non- Non-toxic | Non- Negative

toxic sensitizer

69 Non-toxic Toxic Non- Toxic Non- Negative

toxic sensitizer

34 Non-toxic Toxic Non- Toxic Non- Negative

toxic sensitizer

57 Non-toxic Toxic Non- Toxic ~ | Non- Negative

toxic sensitizer

93 Non-toxic Toxic Non- Toxic Non- Negative

toxic sensitizer

54 Non-toxic Toxic Non- Toxic Non- Negative

toxic sensitizer

42 Non-toxic Toxic Non- Toxic Non- Positive

toxic sensitizer

DFT Studies

Based on the above in silico analysis, compound 21 was selected for density

functional theory (DFT) studies using the Gaussian 09W program to gain

valuable insights into the electronic and molecular properties of the lead

compound, in comparison to the reference compound. The results, as

illustrated in Table 5, show a comparative analysis of frontier molecular

orbitals (FMOs) and global reactivity parameters between compound 21 and

CCL.




The energy gap (AEGap) between the FMOs showed that compound 21 (4.21
eV) had a wider energy gap than CCL (3.44 eV), suggesting stronger chemical
stability. In addition to having a slightly higher ionization potential (5.67 eV)
than CCL (5.10 eV), compound 21 also had a lower electron affinity (1.46 eV)
than CCL (1.66 €V), indicating that CCL was more likely to accept electrons.
The electronegativity of compound 21 (6.57 e€V) subsequently outperformed
that of CCL (3.38 €V), indicating that compound 21 had a stronger propensity
to draw electrons. Additionally, the softness and chemical hardness of both
compounds were comparable, suggesting that their polarizability was
balanced. In addition, compound 21 (3.02 eV) had a lower likelihood of
receiving electrons than CCL (3.32 eV), according to the electrophilicity

indices.

Table 5: Results of Koopmans' theorem-based DFT calculations of the global
reactivity parameters of lead compound 21 and CCI..

Parameters for DFT analysis (_3fjmpound 21 CCL
HOMO (a.u.) -0.20846 -0.18734
LUMO (a.u.) : -0.05361 -0.06095
Energy Gap (AEgap) (eV) [ 4.21 3.44
Ionization Potential ( I) (eV) 5.67 5.10
Electron affinity (A4) (eV) 1.46 1.66
Electronegativity y (eV) 6.57 3.38
Electrochemical potential p (eV) | -6.57 -3.38
Hardness n (eV) 2.11 1.72
Softness S (eV-1) 0.475 0.582
Electrophilicity w (eV) 3.02 3.32




MESP surface mapping provides a thorough understanding of the
electrophilic and nucleophilic areas of a compound. Compound 21 displayed
more negative electrostatic potential areas, particularly around the carbonyl
and hydroxyl groups, according to the MESP mapping in Figure 7. These
areas are more likely to interact electrostatically and form advantageous
hydrogen bonds when they contain positively charged active site residues
such as lys43. In contrast, the red area indicates the propensity of compound
21 to take up electrons. The CCL MESP mapping, on the other hand, showed
more noticeable red areas, suggesting a more polar nature and electron-
receiving capacity. However, by indicating electron-rich areas, the blue
region illustrates CCL's nucleophilic capability of CCL. Interestingly, the
neutral surfaces of both compounds were emphasized by prominent green

regions, indicating a moderate level of interaction pctential.
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Figure 7: Visual representation of frontier molecular orbitals (FMOs) and molecular
electrostatic potential (MESP) surface mapping of compound 21 and CCL, visualized
on gauss view 5.0.8 software.

MD Simulations

MD simulations were performed for 250 ns using Desmond (Schrodinger
suite) to assess the structural stability and dynamic behavior of the CCL and
compound 21 docked complexes under simulated physiological conditions
(see Supplementary Figure 5). The plots in Figure 8 show the primary
parameters, RMSD, RMSF, and Rg, which were utilized to evaluate the

dynamic behavior of both complexes.

The structural stability of both complexes during the simulations was
demonstrated by the RMSD charts. As demonstrated by the figure of
compound 21, the RMSD of the protein backbone fluctuated up to 3.0A, which
stabilized after 50 ns. In contrast, the ligand RMSD fluctuated very little,
ranging from 1.0 to 3.0 A, suggesting that it was stable inside the CDK6
protein's active area. The ligand and protein backbone RMSD values, on the
other hand, varied more dramatically, reaching 3.5 A and 4.5 A, respectively.
The docked complex was more unstable and fluctuated more along the 250
ns trajectory, as indicated by the higher CCL RMSD value. According to the
RMSD study, compound 21 exhibited a higher binding affinity for the target

protein and a more stable and long-lasting association.

RMSF analysis was used to assess protein flexibility through 250 ns
simulations. Specifically, the RMSF plots of compound 21 and CCL showed
comparable fluctuation patterns in the protein loop region, with values
ranging from 1.0-3.5 A. Some peaks, especially those close to residues
Agr168 to Leul76, which reached approximately 5 A for compound 21 and 6
A for CCL, revealed the receptor's flexible dynamic nature throughout the
simulations. The compactness of the protein structure throughout the 250 ns

simulations was briefly revealed by the Rg analysis of both substances. The



Rg value of the compound 21 complex remained between 19.6 A and 20.4 A

over time, indicating a slow tendency toward the stability and compactness

of the complex. The larger variance in Rg, which varied from 19.9 A to 20.9

A, suggests that the protein structure of CCL was less compact.
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Figure 8: Graphical representation of root-mean square deviation (RMSD), root-
mean square fluctuation (RMSF), and radius of gyration (Rg) of lead compound 21,
in comparison to CCL.

Further information on the structural stability and interaction dynamics of

CDK6 bound to compound 21 and CCL over the 250 ns simulations was

obtained from the solvent-accessible surface area (SASA) and H-bond studies,

as shown in Figure 9. According to the H-bond plot, both docked complexes

had approximately 230-260 H-bonds across the 250 ns simulation period. The




compound 21 complex established enduring polar contacts with essential
active site amino acid residues (Lys43 and His100) by preserving equilibrium
and adhering to a regular H-bond pattern. The CCL complex showed more
variations in the number of H-bonds, even though CCL produced enough of
them to remain inside the CDKG6 active site. These H-bond analyses

demonstrated that 21 has a greater tendency to bind to CDKG6.

Finally, SASA plot of compound 21 showed that it exhibited consistently lower
and stabilized solvent exposure. The average SASA for compound 21 was
maintained in a narrow range between ~140 to 150 A2, while CCL complex
demonstrated higher fluctuation with more broad range ~140 to 158 Az
Hence, the SASA of compound 21 suggested its compact nature and efficient

binding affinity with CDKG6 protein, reinforcing its enhanced thermodynamic

stability.
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Figure 9: Graphical representation of hydrogen bond and solvent accessible surface
area (SASA) analyses of lead compound 21, in comparison to CCL.

Protein-Ligand Contacts



Protein interactions with the ligand monitored throughout the simulation
verified the docking results. As shown in Figure 9, these interactions are
grouped by type and summarized. Hydrogen bonds, hydrophobic contacts,
ionic interactions, and water bridges are the four types of protein-ligand

interactions studied.

Crucially, the docking predictions matched the MD interaction profile of
compound 21. Docking studies revealed that Lys43, His100, Vall01, and
Aspl04 are important interacting residues through hydrogen bonding, n-n
stacking, and hydrophobic interactions. These residues continued to interact
with compound 21 during the MD simulation, indicating that the docking-

predicted binding mode was mainly maintained under changing conditions.

The persistence of important contacts, especially with Asp104, Vall01,
His100, and hydrophobic residues such as Phe98 and Leul52, suggests a
stable binding conformation throughout the 250 ns simulation, even though
some interactions varied in strength over time, as expected in a dynamic

solvated environment (Figure 10A).

Some of the interactions predicted during docking were retained in the
protein-ligand contact diagram derived from the 250 ns MD simulation of the
CCL-CDK6 complex. Aspl02 and Aspl04 exhibited frequent polar and
hydrogen bonding interactions throughout the simulation, consistent with the
docking results. Glu99 also made sporadic contributions to polar contacts,
consistent with its involvement, as indicated by docking. During the MD
trajectory, the polar residue His100, which generated hydrogen bonding
connections during docking, showed fleeting contacts, suggesting decreased

durability under dynamic conditions (Figure 10B).

CCL retained several key docking-predicted interactions during MD
simulation, compound 21 demonstrated a higher persistence of critical polar
and hydrophobic contacts, particularly with Asp104, Val101, His100, Lys43
and hydrophobic pocket residues.
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Figure 10. Protein-ligand contact histogram for compound 21 and CCL captured during
250ns of simulation

PCA Analysis

Principal Component Analysis (PCA) was performed on both compounds to
identify the motion of docked complexes within simulations and assess the
functionality and stability of the target protein over a 250-ns simulation
trajectory. The PCA piots in Figure 11 for compound 21 show that the three
primary components of the protein (PC1, PC2, and PC3) exhibited a restricted
and stable conformation throughout the simulations. It is suggested that the
protein structure was compact and its conformation stable during a trajectory
of 250 ns because PC1 accounted for 31.17% of the entire motion, PC2 for
14.46%, and PC3 for 8.19% of (53.82%), respectively. In addition, the
eigenvalue plot of compound 21 showed reduced variance, indicating that the
compound 21 complex exhibited more consistent and dependable dynamic
activity. Compared to the compound 21 complex, the PCA of the CCL complex
revealed greater conformational changes and a wider motion, indicating
weaker stability and less compactness. Compared to compound 21, the
contributions of PC1, PC2, and PC3 to the total motion (66.255%) were more




dispersed and wide-ranging, accounting for 38.65, 17.73, and 9.87% of the
total motion, respectively. This suggests that the target protein backbones
exhibit a greater degree of variability. The eigenvalue plot showed that
compound 21 was more stable on a real-time scale, and its eigenvalue was

greater than that of the compound 21 complex.
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Figure 11: Graphical repcesentiation of principal components (PCs) for both lead
compound 21 and CCL across PC1, PC2, and PC3.

DCCM Analysis

The overall dynamic behavior of residues within the target protein CDK6 was
highlighted by dynamic cross-correlation matrix (DCCM) analysis, which
displayed the correlated and anti-correlated mobility of residues along a 250
ns trajectory. Negative correlations showed residues moving in the opposite
direction, whereas positive correlations showed residues moving in the same
direction. For compound 21 (shown in cyan), the DCCM plots in Figure 12
show denser and more localized motion, indicating a stable dynamic network
and a significant positive association among the residues. In contrast, the
CCL complex showed weak and scattered correlations, indicating a less

coordinated dynamic network with anti-correlated motion.
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Figure 12: Graphical representation of dynamic cross-corielation matrix (DCCM)
analysis of the lead compound 21 and CCL.

Molecular mechanics and generalized horn surface area (MM-GBSA)

calculations

The binding free energies obtained from the MMGBSA calculations are shown
in Figure 13. The findings demonstrated that compound 21 had a much
higher total binding free energy (Gbind) than CCL (-7.7748 kcal/mol), at -
35.6127 kcal/mol. Both compounds displayed approximately equal energies
in the dGbind lipophilic interactions, suggesting that their lipophilicity was
balanced. The slightly higher energy (-24.6276 kcal/mol) was also
demonstrated by the contribution of van der Waals interactions, suggesting
that it had an appropriate binding affinity within the CDK6 receptor's active
site (Supplementary Table 4). Furthermore, compared to compound 21,
which had somewhat less severe electrostatic penalties, the CCL was
significantly unfavorable, as indicated by the positive Coulomb energy. Due
to the greater hydrophobic contacts, the H-bond contribution in both
compounds remained low, and the dGbind packing of the compounds was

zero, suggesting that there were very few steric collisions. Compound 21



exhibited a larger binding energy, lower electrostatic penalties, and
considerable vdW interactions, which highlight its selectivity against CDKG,
making it a strong contender overall, according to the MMGBSA data.
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Figure 13: MMGBSA calculations of binding free energies of the lead compound
21 and CCL.

Discussion

GBM is characterized by abnormal proliferation and invasion of cancerous
cells, ultimately leading to a poor prognosis. Conventional treatment
strategies include surgical resection, chemotherapy, radiotherapy, and
antiangiogenic therapies °!. Currently, Temozolomide (TMZ) is considered
the standard therapeutic agent for GBM 52, although post-therapeutic GBM
recurrence and drug resistance have been observed in most cases, hence
limiting the outcomes. Notably, recent studies have reported that CDK4/6 is
often dysregulated in nearly 80% of all GBM cases 53, making it an attractive
target for novel GBM therapeutic interventions. Therefore, the present study
aimed to investigate the therapeutic potential of novel candidates by

targeting CDK4/6 to overcome GBM recurrence and drug resistance.



In the modern era, the in silico approach is widely used in several studies to
explore the therapeutic potential of small molecules in various diseases 4454,
In this study, the novel small molecule inhibitors were screened through
LBVS using the Swiss Similarity tool. The reference compound CCL (PDB ID:
60QO0) was chosen due to the presence of the primary amine group,
particularly known to facilitate selective interactions, thereby limiting
potential off-target effects °>. The ChemBL library was screened, resulting in
a total of 400 compounds, from which 109 were shortlisted based on a
similarity threshold of 60%. This strategy was applied in a recent study,
yielding 400 bioactive analogues. Additionally, the cluster pattern also
demonstrated the presence of core scaffolds, which affirmed that LBVS
retrieved a chemically diverse and non-redundant set of bioactive molecules.
This underscores the probability of discovering a potential and selective
candidate as a CDKG6 inhibitor. The in silico-based tools were utilized, the
analogues were analyzed, and the novel compound was proposed as a
competent therapeutic agent to overcome drug resistance 6. The short-listed
109 compounds were subjected to molecular docking to evaluate the binding
affinity of novel compounds against the target receptor CDK6 (PDB ID:
60QO0) 39, Previously, CDK6 (PDB ID: 60QL) was studied, and the (R)-5-
fluoro-4-(4-methyl-5,6,7,8-tetrahydro-4H-pyrazolo[1,5-a]lazepin-3-yl)-N-(5-(4-
methylpiperazin-1-yl)pyridin-2-yl)pyrimidin-2-amine was observed to have
strong binding affinity; however, several structural modifications were
performed, making it more selective against the CDK6 protein (PDB 60QL)
39, The results of docking against CDK6 (PDB ID: 60QO) revealed
significantly stronger binding affinity for all compounds. 48 compounds out
of 109 compounds exhibited a docking score of more than CCL (-11.174
kcal/mol). These scores signified a better binding affinity of these novel
compounds against the CDKG6 protein. Additionally, the interaction analysis
also showed the hotspot residues within the active site of CDK6 (PDB ID:
60QO0), which were crucial for understanding the interaction pattern and

formulation of drug design. The key residues involved in interaction with



most of the compounds include Asp 102, Asp104, Glu99, His100, Lys43,
Vall01, Leul52, and Ala41, which contributed efficiently in forming both H-
bond and hydrophobic interactions, generating a binding domain within the
active site that facilitates the interactions. It was noteworthy that the
involvement of His100 and Lys43 residues played a major role in making
these compounds more selective and specific against CDK6 (PDB ID: 60QO)
to combat GBM, as it has been reported previously that the specificity and
selectivity of CDK6 targets could be increased by the involvement of polar
residues, particularly His100 and Lys43 3°. The findings of the present study
were aligned well with one of the previously reported computational
analyses, revealing that His100, Val101, Asp102, and Asp104 were reported

as vital amino acid residues for interaction 7.

The pharmacological and toxicological assessment is one of the crucial stages
in drug development. Several studies have employed in silico-based tools to
predict the ADME and toxicity of the compounds to observe their drug-like
characteristics °8. The present study underscored compound 21 as the most
potent drug-like inhibitor in terms of both toxicity and ADME. The results of
ADME presented in the present study adhere to LRF with an acceptable
molecular weight (<500¢g/mol), = 10 rotatable bonds, = 10 H-bond acceptors,
< 5 H-bond donors, and TPSA <140 A2, all of which suggested a favorable
oral bioavailability of these compounds °9. Additionally, most of the
compounds maintain a fraction Csp3 >0.3, highlighting an ideal saturation
and minimized potential off-target activity. These results also aligned with
the interaction pattern against CDKG6, as the selectivity and specificity were
also enhanced due to selective interaction with His100 and Lys43, hence
reducing off-target effects. Furthermore, owing to its substantial
gastrointestinal absorption and BBB permeability, compound 21 is a
promising option for GBM inhibition. In the toxicity profile, compound 21 was
also highlighted as non-toxic in vivo for inhalation, ocular irritation,

cutaneous irritation, and skin sensitization. Despite the observation of oral



toxicity, it can be controlled using route-specific drug formulation techniques
60, In general, the high solubility, safety profile, synthetic accessibility, and
physicochemical stability of compound 21 lend credence to its potential as a

lead molecule for CDK6 inhibition.

As lead compound 21 was determined to be the most appropriate CDKG6
inhibitor based on the previously mentioned research, a DFT study was
conducted for it. A molecule's global reactivity descriptors, specifically
chemical hardness (1), softness (S), and the HOMO-LUMO energy gap,
directly represent its chemical resistance and susceptibility. In general,
molecules with a lower bandgap are softer and more reactive, while those
with a wider energy gap are thought to be harder and more chemically stable
61 Compound 21 demonstrated low softness (S = 0.475eV-!) and
comparatively high chemical hardness (n = 2.11 eV) in the current study,
suggesting a robust resistance to electronic deformation and decreased
chemical reactivity. Compound 21 further supported its electrical stability by
displaying a significant HOMO-LUMO energy gap (4.21 eV), which is
consistent with these findings. The balanced reactivity and electrical stability
of compound 21 are demonstrated by its greater energy gap (4.21 eV), which
lowers the possibility of unexpected side effects and off-target interactions.
This element is crucial for maintaining the stability of drug metabolism and
medicine safety. The increased ionization potential (5.67 eV) of compound 21
also helped achieve appropriate pharmacokinetic stability by decreasing the
possibility of metabolic deactivation. The electron affinity of compound 21
further supported its benign profile by showing that it was less successful in
attracting potentially dangerous unwanted electrons. According to the
interaction study, the increased electronegativity of compound 21
demonstrated its capacity to draw electrons and strengthen particular
contacts with electron-rich CDK6 domains, such as Glu99 and His100. The
DFT findings of the new chemical that was separated from LBVS aligned with

a study that also showed the molecular properties of the LBVS compound



(ZINC000003015356) as a strong inhibitor of DPP4 62, The binding specificity
of compound 21 was electronically justified by the DFT results, which also
indicated moderate reactivity and good stability. These results were in

accordance with the docking and interaction patterns.

The docking data showed that compound 21 (-122.811 kcal/mol) was more
active than the reference compound CCL (-11.174 kcal/mol) against the CDK6
(PDB ID: 60QO0) receptor. MD simulations were performed to confirm these
results. Many recent in silico investigations have employed this powerful
computational technique to evaluate conformational stability, flexibility, and
structural integrity. To assess the dynamic behavior of the CDK6 complex in
real time, a 250 ns simulation was performed for lead compound 21 in the
current investigation. According to the RMSD investigation, compound 21
stabilized with the receptor backbone in the first 50 ns, preserving
equilibrium and allowing for a continuous fluctuation of up to 3.0 A 63, 64,
However, ligand fluctuation remained within the range of 1.0-3.0 A. The CCL
and compound 21 complexes showed comparable fluctuation patterns in the
RMSF analysis, with compound 21 displaying a range of aberrations limited
to the CDKG6 receptor's locp regions, which was considered acceptable.
However, because RMSF value of CCL was higher than 6.0 A, it demonstrated
poor stability. Aaditionally, the PCA mentioned the compactness of the
compound 21 complex, which was emphasized by the Rg analysis.
Additionally, the compound 21 complex showed a strong positive correlation
in the DCCM investigation, as it is indicating that the residues moved in
unison in real-time 5. Furthermore, the larger binding free energy indicated
greater stability and possible inhibitory efficiency, according to the MMGBSA
calculations 6. As a result, during the 250 ns simulations, the dGbind energy
(-35.6127 kcal/mol) matched the high binding affinity and stability.
Consistent with the ADME results, the balanced lipophilicity of 21 also
suggested that it may penetrate the blood-brain barrier, which is crucial for

the treatment of GBM. Due in large part to the presence of the primary amine,



compound 21, which is necessary for advantageous interactions with His100
and Lys43, also showed very low instability. Because of its significant binding
affinity, accurate interactions with essential residues required to target
CDK6 in GBM with little fluctuation, and ideal compact structure of the
docked complex, compound 21 was chosen by the simulation study as a viable
CDKG6 inhibitor.

The integrated in silico-based study concluded that compound 21 exhibited
remarkable drug-like features, strong molecular and electronic stabilities,
and stable dynamic behavior in real-time. It also exhibited the highest binding
affinity and interacted with the critical residues of CDK6. Taken together,
these findings show that compound 21 is a strong, dependable, and specific
CDK6 inhibitor that can successfully treat GBM and overcome treatment
resistance. Given the aforementioned possibility, the next phase of drug
development may involve experimental validation and logical optimization.
Both in vivo pharmacokinetic invesiigations and in vitro biochemical
evaluation assays can be used to evealuate the anti-proliferative qualities in
the GBM model. Furthermore, compound 21 can be optimized by conducting
structure-activity relationship (SAR) investigations that focus on important
residues, particularly Lys43 and His100. Simultaneously, formulation
techniques for GEM treatment management and the off-target potential of

compound 21 should be prioritized 69,

Conclusion

According to the findings of the present computational investigation,
compound 21 is a selective and promising CDK6 inhibitor that can be used to
treat GBM. In contrast to CCL, compound 21 showed an impressive binding
affinity (-12.811 kcal/mol) to CDK6 (PDB ID: 60QO0), according to the docking
study. Important bonds were also established by the chemical with important
residues, including Lys43 and His100, which are mainly recognized for their

selectivity in CDKG6 inhibition. Furthermore, the toxicity profile and ADME of



compound 21 were also good. Further, DFT studies supported the electronic
stability and reactivity of compound 21 with minimal off-target risks, while
simulations validated the dynamic stability and acceptable conformational
changes with flexibility within the docked complex. Together, these findings
suggested compound 21 as a suitable candidate warranting future
experimental validation through in vitro and in vivo analysis, paving the path

for therapeutic management in GBM.
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