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Abstract 

Dysregulation of the cyclin D/CDK complex is a common feature in various cancers, 

including colorectal, breast, and melanoma, leading to uncontrolled tumor growth and 

cell cycle progression. Targeting this complex has become a compelling therapeutic 

approach in oncology. FDA-approved CDK4/6 inhibitors, such as ribociclib, palbo-

ciclib, and abemaciclib, have demonstrated clinical efficacy, significantly improving 

patient outcomes. However, the development of resistance to these therapies empha-

sizes the urgent need for alternative strategies to overcome therapeutic limitations. 

The current study explores the potential of new inhibitors targeting the cyclin D/CDK 

axis by using virtual screening and molecular dynamics simulations. We conducted a 

virtual screening of the Zinc and PubChem databases, by utilizing a pharmacophore 

model generated by PocketQuery, to identify new candidate inhibitors of the cyclin D/

CDK4 complex. The findings offer promising leads for further optimization, potentially 

paving the way for developing more effective treatments that circumvent resistance 

mechanisms and expand therapeutic options for cancer patients. Further experi-

mental validation and in vivo studies are necessary to confirm the efficacy of these 

candidates and translate them into viable clinical treatments.

1.  Introduction

The cell cycle is a tightly regulated process that ensures the accurate replication and 
division of cells, progressing through distinct phases: G1 (first gap), S (synthesis), 
G2 (second gap), and M (mitosis). Each phase transition is controlled by specific 
proteins and complexes that act as checkpoints, preserving cellular integrity and 
preventing abnormal proliferation. A central regulator in this process is the cyclin 
D–CDK4/6 complex, which drives the G1 phase by phosphorylating and inactivat-
ing the retinoblastoma protein (pRb), a tumor suppressor that binds to and inhibits 
E2F transcription factors essential for G1 to S phase progression [1–4]. When pRb 
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is phosphorylated, it releases E2F, triggering the transcription of genes required for 
DNA replication, thereby facilitating controlled cell growth and division.

Growth factor signaling pathways activate the cyclin D–CDK4/6 complex, leading 
to elevated cyclin D expression, which binds to and activates CDK4/6. This activation 
results in pRb phosphorylation, E2F release, and cell cycle progression [5,6]. Dysreg-
ulation of the cyclin D–CDK4/6 complex is linked to various cancers, where increased 
cyclin D production drives the activation of CDK4/6 and abnormal cell cycle advance-
ment [7]. Consequently, inhibiting the cyclin D–CDK4/6 complex has emerged as a 
promising therapeutic approach in cancer management. CDK4/6 inhibitors, such as 
palbociclib, ribociclib, and abemaciclib, are used clinically for cancers with cyclin D 
amplification, including breast cancer [8,9]. These inhibitors function by binding to the 
ATP-binding pocket of CDK4/6, impeding kinase activity and arresting cell prolifera-
tion [10].

However, resistance to CDK4/6 inhibitors, driven by alternative pathway activation, 
CDK4/6 gene mutations, or pRb pathway alterations, presents a significant chal-
lenge [11]. As a result, targeting the broader cyclin/CDK axis rather than CDKs alone 
offers a promising strategy with potential benefits [10,12,13]. This axis encompasses 
various cyclin-CDK interactions, each regulating distinct stages of the cell cycle. By 
focusing on specific cyclin/CDK complexes linked to cancer, targeting this axis could 
minimize toxicity and enhance selectivity, as inhibiting CDK activity alone can impact 
additional CDK roles beyond the cell cycle, leading to side effects [10,13–16]. More-
over, targeting the cyclin/CDK axis may address CDK inhibitor resistance and provide 
more precise, individualized therapeutic interventions.

Given the role of the cyclin/CDK axis in cell cycle regulation and the aberrant 
activation of this pathway in numerous cancers, targeting this axis may open novel 
therapeutic paths.

2.  Methods

2.1.  Selection and preparation of proteins

The crystal structure of CDK4 in complex with a D-type cyclin (PDB ID: 2W99) was 
obtained from the Protein Data Bank (https://www.rcsb.org). To prepare the structure 
for analysis, heteroatoms and water molecules were removed using PyMol software 
to ensure focus on the primary protein-protein interaction site [17].

For identifying and designing a pharmacophore targeting the CDK4-cyclin D inter-
action, PocketQuery was utilized (http://pocketquery.csb.pitt.edu), a tool developed 
by David Koes at the University of Pittsburgh’s Department of Computational and 
Systems Biology in the Camacho Lab. PocketQuery enables users to visualize “hot 
spots” at the protein-protein interface, identifying key clusters and anchor residues 
that contribute to binding specificity.

The pharmacophore model generated by PocketQuery was then exported to 
ZincPharmer (http://zincpharmer.csb.pitt.edu/pharmer.html) to search for structurally 
similar ligands within the Zinc database, optimizing for potential compounds that 
could effectively target the interaction site [18]. This approach enables a focused 
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selection of candidates for further molecular dynamics simulations and virtual screening to assess binding interactions 
with the CDK4-cyclin D complex.

2.2.  Ligand optimization and molecular docking

Ligands were optimized using the MMFF94 force field in Avogadro software [19,20] (http://avogadro.cc) to achieve stable 
conformations prior to docking. Molecular docking was performed using AutoDock Vina (http://vina.scripps.edu) [21] under 
default parameters. Polar hydrogens were added to the amino acid residues of the protein structure, followed by the appli-
cation of Kollman charges [22].

Docking was guided by non-covalent protein-ligand interactions, including hydrogen bonds, Coulomb interactions, Van 
der Waals forces, and electrostatic interactions, to evaluate potential binding sites and determine binding affinities. Auto-
mation of various tasks, such as generation of multiple ligand ‘pdbqt’ files and receptor configurations, was efficiently han-
dled by the Raccoon interface [23]. The ligands were treated as flexible during docking, while the protein remained rigid.

Using the AutoDock 4 platform’s AutoDock and AutoGrid tools, we generated the necessary docking and grid param-
eter files [24]. Binding sites were ranked based on docking scores, which were computed as the Gibbs free energy of 
binding (ΔG) or inhibition constant (Ki) values. Each ligand underwent five docking runs to obtain consistent scores, after 
which the average and standard deviation were calculated. Final docking results were saved in PDB format for further 
analysis [21].

2.3.  Pharmacokinetic (ADME)

Pharmacokinetic properties, including blood-brain barrier (BBB) penetration, human intestinal absorption percentage, 
and plasma protein binding, were predicted using the online SwissADME service (http://swissadme.ch/index.php) [25]. 
SwissADME calculates these properties for bioactive compounds to assess their potential for drug-like behavior. Addition-
ally, the toxicity of the chemicals was evaluated using ProTox 3.0 (https://tox.charite.de/protox3), a tool for predicting the 
toxicity of various substances.

2.4.  Interactions between ligands and proteins

The interactions between the cyclin D/CDK4 complex and ligands were analyzed using the Protein-Ligand Interaction Pro-
filer (PLIP) web server (https://plip-tool.biotec.tu-dresden.de/plip-web/plip/index). This tool provides detailed insights into 
various types of protein-ligand interactions, including hydrophobic interactions, hydrogen bonds, p-cation interactions, and 
halogen bonds. The interaction patterns were identified and visualized from 3D structures using PLIP. Subsequently, the 
results were further analyzed and presented as both 2D and 3D interaction diagrams using PyMol and Discovery Studio 
visualizer software, allowing a comprehensive examination of each binding site.

2.5.  Molecular dynamics simulation

The molecular dynamics simulation (MDS) was conducted using the CHARMM36 force field and the GROMACS-2019 
software suite [26,27]. Protein topology and ligand parameter files were generated using CHARMM-GUI. Water molecules 
were replaced by Cl- ions, and the protein-ligand complex was solvated and neutralized. Following these preparations, 
the system was equilibrated for 125 ps under constant number of molecules, volume, and temperature (NVT) conditions. 
After equilibration, the system underwent energy minimization for 5000 steps using the gradient descent method. The final 
molecular dynamics simulation was performed for 100 ns with a time step of 2 fs, maintaining constant pressure and tem-
perature (310 K). During the simulation, key structural properties such as the Radius of Gyration (Rg), Root Mean Square 
Deviation (RMSD), and Root Mean Square Fluctuation (RMSF) were calculated to analyze the stability and flexibility of 
the protein-ligand complex.

http://avogadro.cc
http://vina.scripps.edu
http://swissadme.ch/index.php
https://tox.charite.de/protox3
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3.  Results and discussion

3.1.  Pharmacophore extraction

A pharmacophore was designed using PocketQuery (http://pocketquery.csb.pitt.edu), and the protein-protein interactions 
within the crystal structure of the cyclin D/CDK4 complex (PDB ID: 2W99) were analyzed (Table 1, Fig 1). To identify 
ligands similar to the created pharmacophore, it was exported to Zincpharmer (http://zincpharmer.csb.pitt.edu), a data-
base for virtual screening. The search returned 40 ligands with the lowest mean square difference to the pharmacophore, 
which were selected for further evaluation.

3.2.  Molecular docking

Approximately forty ligands obtained from ZincPharmer were docked into the solved structure of the cyclin D/CDK4 com-
plex (PDB ID: 2W99) using AutoDock Vina software. The docking process involved optimizing the ligands for non-covalent 
interactions, incorporating polar hydrogen atoms, applying Kollman charges to the protein, and performing geometry opti-
mization and energy minimization. The docking scores and their associated standard deviations are summarized in Table 2. 
Among the ligands, Z33 achieved a docking score of −9.7 kcal/mol.

To identify compounds similar to Z33, we searched the PubChem database and selected seven comparable chemicals 
for further analysis. Their corresponding docking scores are listed in Table 3, with compound C2 showing a docking score 
of −9.88 kcal/mol.

3.3.  Pharmacokinetic (ADME) and In Silico Studies Profile

The physicochemical properties of the highly active derivatives were assessed, and an in-silico report was generated to 
predict their ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) profiles. The molecules were evaluated 

Table 1.  Features of the pharmacophore designed using PocketQuery.

Pharmacophore Class x y z Radius

Hydrophobic 11.21 20.86 27.10 1.00

Hydrophobic 10.56 22.90 26.89 1.00

Aromatic 11.21 20.86 27.10 1.10

Aromatic 10.56 22.90 26.89 1.10

Hydrogen Donor 11.13 26.45 28.31 0.50

Hydrogen Donor 9.44 22.85 26.54 0.50

Hydrogen Acceptor 11.13 26.45 28.31 0.50

Hydrogen Acceptor 14.60 25.76 29.00 0.50

https://doi.org/10.1371/journal.pone.0330102.t001

Fig 1.  Crystal structure of the 2W99 complex, displaying chain A (cyclin D) in green and chain B (CDK4) in cyan. The functionally significant 
binding pocket, highlighted in magenta, includes the pharmacophore designed by PocketQuery.

https://doi.org/10.1371/journal.pone.0330102.g001
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Table 2.  Docking scores (kcal/mol) for the 2W99 complex were determined using AutoDock Vina.

Compound Zinc ID Docking score Standard Deviation Compound Zinc ID Docking score Standard Deviation

Z1 ZINC12401855 −6.4 0.30 Z21 ZINC16021426 −9.02 0.09

Z2 ZINC83301209 −8.6 0 Z22 ZINC13575614 −8.74 0.23

Z3 ZINC20757631 −7.56 0.20 Z23 ZINC15970445 −8.2 0.08

Z4 ZINC20756821 −8.1 0 Z24 ZINC15970075 −8.04 0.04

Z5 ZINC20567209 −8.18 0.14 Z25 ZINC15970359 −8.06 0.26

Z6 ZINC20611016 −8.76 0.1 Z26 ZINC16020253 −9.3 0.2

Z7 ZINC16025055 −8.44 0.24 Z27 ZINC16020253 −9.4 0.22

Z8 ZINC20757468 −7.82 0.07 Z28 ZINC16021667 −9.14 0.08

Z9 ZINC20757502 −7.98 0.36 Z29 ZINC16024862 −8.62 0.04

Z10 ZINC20757382 −7.82 0.13 Z30 ZINC15970502 −7.86 0.19

Z11 ZINC20756905 −8.06 0.2 Z31 ZINC16022315 −8.1 0.12

Z12 ZINC20757233 −7.84 0.08 Z32 ZINC16025057 −8.78 0.24

Z13 ZINC16021666 −8.84 0.08 Z33 ZINC16021428 −9.7 0.2

Z14 ZINC20757008 −7.78 0.04 Z34 ZINC20757456 −7.86 0.08

Z15 ZINC20757172 −8.2 0 Z35 ZINC15957594 −9.12 0.19

Z16 ZINC13573775 −7.88 0.29 Z36 ZINC02539441 −6.72 0.04

Z17 ZINC20756982 −7.8 0.26 Z37 ZINC39777971 −9.4 0

Z18 ZINC13574358 −8.18 0.07 Z38 ZINC35807468 −8.7 0

Z19 ZINC13575082 −8.26 0.04 Z39 ZINC35806836 −9.02 0.09

Z20 ZINC16020251 −8.78 0.04 Z40 ZINC13557523 −8.74 0.23

https://doi.org/10.1371/journal.pone.0330102.t002

Table 3.  Docking scores (kcal/mol) for 2W99 and compounds similar to Z33, determined using AutoDock Vina.

Similar Compounds 
to Z33

ID Compound name Docking 
score

Standard 
deviation

Z33 ZINC16021428 (3aS,4S,6R,6aS)-5’-chloro-2-cyclohexyl-4-(1H-indol- 
3-ylmethyl) spiro[3a,4,5,6a-tetrahydropyrrolo[3,4-c]

−9.7 0.2

C1 CID_4886020 5’-(2-fluorophenyl)-3’-(1H-indol-3-ylmethyl)-3a’,6a’-dihydro-2’H-
spiro[indole-3,1’-pyrrolo[3,4-c]pyrrole]-2,4’,6’(1H,3’H,5’H)-trione

−9.16 0.048989795

C2 CID_4887687 1-(1H-indol-3-ylmethyl)-5-[3-(trifluoromethyl) 
phenyl]spiro[1,2,3a,6a-tetrahydropyrrolo[3,4-c] 
pyrrole-3,3’-1H-indole]-2’,4,6-trione

−9.88 0.074833148

C3 CID_4896022 5-butan-2-yl-5’-fluoro-1-(1H-indol-3-ylmethyl)spiro[1,2,3a,6a- 
tetrahydropyrrolo[3,4-c]pyrrole-3,3’-1H-indole]-2’,4,6-trione

−8.38 0.146969385

C4 CID_166441662 (3S,3aS,6aR)-3-[2-(1H-indol-5-yl)phenyl]-2-methyl-5- 
phenyl-1,3,3a,6a-tetrahydropyrrolo[3,4-c]pyrrole-4,6-dione

−8.38 0.116619038

C5 CID_72197302 1-[4-[4-(5-chloro-1H-indol-3-yl)-3,6-dihydro-2H-pyridin-1-yl] 
butyl]-3-(1H-indol-3-yl)pyrrolidine-2,5-dione

−8.04 0.392937654

C6 CID_72197477 1-[3-[4-(5-chloro-1H-indol-3-yl)-3,6-dihydro-2H-pyridin-1-yl] 
propyl]-3-(1H-indol-3-yl)pyrrolidine-2,5-dione

−8.06 0.1356466

C7 CID_72197665 1-[2-[4-(5-chloro-1H-indol-3-yl)-3,6-dihydro-2H-pyridin-1-yl] 
ethyl]-3-(1H-indol-3-yl)pyrrolidine-2,5-dione

−9.16 0.048989795

https://doi.org/10.1371/journal.pone.0330102.t003

https://doi.org/10.1371/journal.pone.0330102.t002
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for their compliance with the “rule of five,” which predicts good absorption potential if at least three of the following criteria 
are met: the partition coefficient (log P) should not exceed 5, molecular weight (MW) should not exceed 500, the num-
ber of hydrogen bond donors (H-bond donors) should be no more than 5, and the number of hydrogen bond acceptors 
(H-bond acceptors) should be no more than 10 [28].

Table 4.  Pharmacokinetic (ADME) profile of the highly effective compound C2, generated using the SwissADME server.

Parameter Z33 C2

Physicochemical properties Formula C28H27ClN4O3 C29H21F3N4O3

Molecular weight 502.99 g/mol 530.50 g/mol

Num. heavy atoms 36 39

Num. aromatic heavy atoms 15 21

Fraction Csp3 0.39 0.21

Num. rotatable bonds 3 4

Num. H-bond acceptors 4 7

Num. H-bond donors 3 3

Molar refractivity 148.24 146.55

TPSA 94.30 Å² 94.30 Å²

Lipophilicity Log Po/w (iLOGP) 3.39 2.99

Log Po/w (XLOGP3) 3.65 3.65

Log Po/w (WLOGP) 2.68 4.07

Log Po/w (MLOGP) 3.22 3.56

Log Po/w (SILICOS-IT) 4.22 4.55

Consensus Log Po/w 3.43 3.76

Water solubility Log S (ESOL) −5.37 −5.56

Solubility 4.28e-06 mol/l 2.73e-06 mol/l

Class Moderately soluble Moderately soluble

Log S (Ali) −5.32 −5.32

Solubility 4.80e-06 mol/l 4.80e-06 mol/l

Class Moderately soluble Moderately soluble

Log S (SILICOS-IT) −8.41 −9.73

Solubility 3.88e-09 mol/l 1.86e-10 mol/l

Class Poorly soluble Poorly soluble

Pharmacokinetics GI absorption High High

BBB permeant No No

P-gp substrate Yes Yes

CYP1A2 inhibitor No Yes

CYP2C19 inhibitor Yes No

CYP2C9 inhibitor Yes Yes

CYP2D6 inhibitor Yes Yes

CYP3A4 inhibitor Yes No

Log Kp (skin permeation) −6.78 cm/s −6.94 cm/s

Drug likeness Lipinski Yes; 1 violation: MW > 500 Yes; 1 violation: MW > 500

Ghose No; 2 violations: MW > 480, MR > 130 No; 2 violations: MW > 480, MR > 130

Veber Yes Yes

Egan Yes Yes

Muegge Yes Yes

Bioavailability Score 0.55 0.55

https://doi.org/10.1371/journal.pone.0330102.t004

https://doi.org/10.1371/journal.pone.0330102.t004
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Based on the results presented in Table 4, compounds Z33 and C2 (Fig 2) showed good gastrointestinal tract (GIT) 
absorption, suggesting they are likely to pass through biological membranes efficiently. However, compound Z33 exhibited 
two violations of the “rule of five,” its molecular weight (502.99 g/mol) exceeded 500, and it had four H-bond acceptors. 
Compound C2 showed one violation with a molecular weight of 530.5 g/mol and seven H-bond acceptors. Both com-
pounds showed no ability to cross the blood-brain barrier (BBB).

Regarding metabolic properties, compound C2 was predicted to inhibit CYP3A4, a key enzyme involved in drug 
metabolism, whereas Z33 was not expected to inhibit this enzyme. Both compounds showed similar skin penetration rates 
(−6.78 cm/s for Z33 and −6.94 cm/s for C2). For lipophilicity, Z33 had a favorable Consensus Log Po/w of 3.76, while C2 
had a lower value of 3.43. Both compounds were moderately soluble in water, as indicated by their Log S (ESOL) and Log 
S (Ali) values, although they were poorly soluble in the SILICOS-IT model.

Synthetic accessibility was also assessed, with compound C2 having a better synthetic accessibility score (4.91) com-
pared to Z33 (5.01).

Both compounds passed the Lipinski filter for drug-likeness (MW ≤ 500, MLOGP ≤ 4.15, N or O ≤ 10, NH or OH ≤ 5) with 
one violation [29]. They also passed the Veber [30], Egan [31], and Muegge [32] filters without violations. However, both 
failed to meet the Ghose [33] filter (160 ≤ MW ≤ 480, −0.4 ≤ WLOGP ≤ 5.6, 40 ≤ MR ≤ 130, 20 ≤ atoms ≤ 70) due to two viola-
tions: MW > 480 and MR > 130.

Fig 2.  The Chemical structures of compounds Z33 and C2 were identified through virtual screening of the Zinc and PubChem databases.

https://doi.org/10.1371/journal.pone.0330102.g002

Fig 3.  Bioavailability radar plots for the selected compounds, (a) Z33 and (b) C2, depicting their pharmacokinetic profiles.

https://doi.org/10.1371/journal.pone.0330102.g003

https://doi.org/10.1371/journal.pone.0330102.g002
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The bioavailability of these compounds was evaluated using the bioavailability radar plot from the SwissADME server 
[25], as shown in Fig 3. The radar plots for both drugs indicate that they lie within the optimal physicochemical space for 
oral bioavailability, with a bioavailability score of 0.55 for both compounds.

Lastly, the toxicity of Z33 and C2 was predicted using the ProTox 3.0 server, which estimated their LD50 values to be 
2000 mg/kg and 1190 mg/kg, respectively. Both compounds were classified in toxicity class 4, indicating that they could be 
harmful if consumed.

3.4.  Analysis of Interactions between protein and ligand

The molecules Z33 and C2, which are docked to the 2W99 structure, exhibit docking scores of −9.7 and −9.88 kcal/mol, 
respectively. After the docking process, the 3D interactions between Z33 and 2W99, and C2 and 2W99, are shown in Fig 
4 (a and b). The binding free energy for these interactions was calculated by summing the covalent energies from four key 
components: van der Waals forces, hydrogen bonds, desolvation energy, and electrostatic energy.

The Protein-Ligand Interaction Profiler (PLIP) server was used to analyze the interactions between Z33, C2, and 2W99. 
The main interactions are summarized in Table 5. For Z33, one hydrogen bond (H-bond) was identified between ARG126 
of the D-type cyclin and the nitrogen atom of the pyrrole ring at a distance of 3.45 Å. In the case of C2, four H-bonds were 
formed with 2W99: one at a distance of 3.19 Å between ARG26 of CDK4, one at 3.71 Å between ARG126 of the D-type 

Fig 4.  Binding sites of compounds (a) Z33 and (b) C2 within the active site cavity of the cyclin D/CDK4 complex, visualized through molecular 
docking studies.

https://doi.org/10.1371/journal.pone.0330102.g004

Table 5.  The interactions between Z33, C2, and 2W99 were analyzed by the Protein-Ligand Interaction Profiler (PLIP) server.

Z33 C2

Hydrogen 
bond

Residue AA Distance 
H-A

Distance 
D-A

Donor 
Angle

Donor 
Atom

Residue AA Distance 
H-A

Distance 
D-A

Donor 
Angle

Donor Atom

126B ARG 2.95 3.45 112.98 4 [Nam] 26A ARG 2.72 3.19 109.99 43 [Ng+]

126B ARG 3.19 3.71 113.71 4263 [Npl]

129B ASP 2.77 3.07 100.09 2943 [O3]

129B ASP 2.13 3.07 153.03 4261 [N3]

π- 
Stacking

Residue AA Distance Angle Residue Ligand Atoms

68B HIS 3.85 20.19 68B 4265, 4266, 4267, 
4268, 4269, 4270

https://doi.org/10.1371/journal.pone.0330102.t005

https://doi.org/10.1371/journal.pone.0330102.g004
https://doi.org/10.1371/journal.pone.0330102.t005
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cyclin and the nitrogen atom of the pyrrole ring, and two at 3.07 Å involving ASP129 of the D-type cyclin, with one bond 
between the NH group and one between the oxygen atom.

Fig 5.  Visual representation of the binding interactions of compounds.  (a) Z33 and (b) C2 within the cyclin D/CDK4 complex. The 3D binding 
interactions were generated using PyMOL, while 2D interactions were visualized with Discovery Studio Visualizer, detailing interactions with key residues 
in the active site.

https://doi.org/10.1371/journal.pone.0330102.g005

https://doi.org/10.1371/journal.pone.0330102.g005
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Additionally, a π-stacking interaction was observed between the phenyl ring of 3-(trifluoromethyl) phenyl and HIS68 of 
the D-type cyclin at a distance of 3.85 Å.

Fig 5 displays the 3D and 2D representations of the interactions between C2 and 2W99, showing conventional hydro-
gen bonds, carbon-hydrogen bonds, halogen bonds, π-sigma interactions, alkyl interactions, π-alkyl interactions, π-sulfur 
interactions, and π-cation interactions. Similarly, Fig 5 also illustrates the 3D and 2D interactions between Z33 and 2W99.

3.5.  Molecular dynamic simulation

Molecular dynamics simulations (MDS) are computer-based methods that provide detailed insights into the actual loca-
tions and movements of atoms and molecules. While molecular docking typically shows only one possible binding position 
for the ligand-protein complex, MDS allow for the observation of conformational changes and stability over time [34]. In 
docking, the inhibitor and protein interaction occur almost instantaneously, often leading to an unstable complex. MDS, 
however, can offer more detailed insights into which molecular interactions remain stable over time.

For this study, we used CHARMM-GUI to generate protein topology and ligand parameter files, and GROMACS-2019 
was employed to perform the molecular dynamics simulations. To assess the system’s stability throughout the simulation, 
we monitored the root-mean-square deviation (RMSD) of the backbone structure relative to its initial position. Using a 100 
ns MDS trajectory, we analyzed the overall conformational stability of the protein-ligand interactions. The RMSD, radius of 
gyration (RG), root mean square fluctuation (RMSF), and the number of hydrogen bonds were evaluated as functions of 
time.

The most stable interactions identified from the docking were further examined using the 100 ns MDS of the 2W99-C2 
complex. The simulation showed that all candidate complexes displayed significant structural stability and compactness. 
After completing the simulation, we analyzed the RMSD, RG, RMSF, and hydrogen bond trajectories for both the complex 
and the reference protein.

Figs 6(a) and 6(b) present the RMSD and RG graphs for the 2W99 and 2W99-C2 complexes throughout the simulation. 
The RMSD values help assess whether the system’s parts remained balanced and if the protein conformation changed 
significantly during the simulation [35]. The RG plot provides further insight into the protein’s compactness during the sim-
ulation, which is important for understanding how the protein maintains its structure [36].

In Fig 6(a), the RMSD and RG values for the backbone of 2W99 (D-cyclin-CDK4) are shown as a reference. The 
RMSD fluctuated between 0 and 0.4 nm and remained stable from 10 to 100 ns with an average value of 0.34 nm, 

Fig 6.  Comparative plots of root mean square deviation (RMSD) and radius of gyration (Rg) for (a) the 2W99 structure and (b) the 2W99-C2 
complex, as assessed during the 100 ns molecular dynamics (MD) simulation.

https://doi.org/10.1371/journal.pone.0330102.g006

https://doi.org/10.1371/journal.pone.0330102.g006


PLOS One | https://doi.org/10.1371/journal.pone.0330102  August 22, 2025 11 / 13

indicating good stability. The RG value showed an average of 2.73 nm after 30 ns, with low fluctuations, suggesting high 
compatibility and stability.

Fig 6(b) displays the RMSD and RG graphs for the 2W99-C2 complex. The RMSD remained between 0 and 0.4 nm, 
with an average of 0.34 nm, indicating stability throughout the simulation. The RG value for 2W99-C2 showed minimal 
fluctuation, high compatibility, and an average value of 2.75 nm over the 100 ns simulation, confirming that the complex 
remained stable and compact.

A third analysis was conducted by generating RMSF graphs, which track local fluctuations in the protein’s amino acid 
residues during the simulation. Fig 7(a) shows the RMSF for chain A (D-cyclin), with an average of 0.177 nm, and the 
RMSF for chain A-C2, with an average of 0.163 nm. These results indicate minimal fluctuation and good stability com-
pared to the reference. Similarly, Fig 7(b) shows the RMSF for chain B (CDK4) with an average of 0.194 nm, and for chain 
B-C2, with an average of 0.183 nm. In comparison to the backbone proteins, C2 with D-cyclin or CDK4 showed minimal 
RMSF values, indicating low divergence from the average position, low structural mobility, and high stability.

Finally, hydrogen bond analysis was conducted to assess the stability of the 2W99-C2 complex. Hydrogen bonds play 
a crucial role in drug selectivity, metabolism, and adsorption [37]. Fig 8 shows the number of hydrogen bonds formed 

Fig 7.  Root mean square fluctuation (RMSF) plots of chain A (cyclin D) and chain B (CDK4) in the 2W99 complex. Comparison between the 
unbound 2W99 structure and the 2W99-C2 complex for (a) chain A and (b) chain B, revealing conformational changes upon ligand binding.

https://doi.org/10.1371/journal.pone.0330102.g007

Fig 8.  Time evolution of hydrogen bonds formed between the 2W99 complex and compound C2 during the 100 ns MDS, indicating the stabil-
ity of crucial interactions over time.

https://doi.org/10.1371/journal.pone.0330102.g008

https://doi.org/10.1371/journal.pone.0330102.g007
https://doi.org/10.1371/journal.pone.0330102.g008
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between C2 and 2W99 during the MDS. The 2W99-C2 complex showed an average of 1.34 hydrogen bonds, with values 
ranging from 0 to 4. This result suggests that the C2 inhibitor forms stable interactions with the protein, increasing the 
likelihood that C2 can effectively inhibit the D-cyclin-CDK4 complex and potentially be used in cancer treatment.

4.  Conclusion

The cyclin D/CDK4 complex has become a promising target in cancer therapy, and our computational analysis highlights 
the potential of compound C2 as an inhibitor of this complex. Molecular docking studies demonstrated that C2 binds with 
high affinity to a key cavity within the D-cyclin-CDK4 complex, suggesting its potential effectiveness as an inhibitor. The 
ligand-protein interaction analysis revealed significant interactions, including hydrophobic contacts, π-cation interactions, 
hydrogen bonds, and halogen bonds, which further support its potential for experimental validation and in vitro studies. 
Molecular dynamics simulations confirmed the stability of the C2 binding, with favorable results in terms of radius of 
gyration (RG), root mean square deviation (RMSD), root mean square fluctuation (RMSF), and hydrogen bond formation. 
These findings suggest that compound C2 holds promise for cancer chemotherapy targeting the cyclin D/CDK4 complex. 
However, further experimental studies are needed to fully evaluate the biological and pharmacological properties of C2 in 
this context.
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