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Abstract. Dysregulated cell-cycle progression is a central driver of breast cancer proliferation and is 
largely orchestrated by cyclin-dependent kinases (CDKs) and their regulatory cyclins. Although 
Cyclo(Pro-Tyr), a bioactive cyclic dipeptide, has been previously reported to induce apoptosis, its 
involvement in cell-cycle regulation and proliferative signaling remains insufficiently explored. Given 
that aberrant CDK activity is a hallmark of breast cancer, the present study investigated the interaction of 
Cyclo(Pro-Tyr) with key cell-cycle regulatory proteins using molecular docking and evaluated its anti-
proliferative potential in breast cancer cells. Molecular docking was carried out using AutoDockTools 
against CDK2, CDK4, CDK6, and Cyclin D1, which collectively regulate G1–S phase transition. 
Cyclo(Pro-Tyr) demonstrated suitable binding affinities across all targets and formed stable interactions 
within functionally relevant regions of the proteins. Interaction analyses indicated a predominantly non-
ATP-competitive binding mode, suggesting possible modulation of CDK–cyclin regulatory interfaces 
rather than direct enzymatic inhibition. Experimental validation using an MTT assay revealed a 
concentration-dependent reduction in MCF-7 breast cancer cell viability following 24 hours exposure, 
with an IC₅₀ value consistent with suppression of proliferative capacity. Collectively, these findings 
suggest that Cyclo(Pro-Tyr) may exert anti-proliferative effects through modulation of CDK-driven cell-
cycle regulation. This study supported computational evidence linking CDK–cyclin interaction with 
growth suppression and supports the further exploration of Cyclo(Pro-Tyr) as a multi-target peptide-based 
candidate for breast cancer therapy. 
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1. Introduction 
Breast cancer continues to be the one of the leading causes 
of cancer-related mortality within the women worldwide, 
with tumor progression largely driven by uncontrolled 
cellular proliferation [1]. Central to this process is 
dysregulation of the cell cycle, particularly the transition 
from the first interphase G1 to S phase, which is tightly 
controlled by cyclin-dependent kinases (CDKs) and their 
cyclin partners under routine physiological conditions [2]. 
Aberrant activation of CDK2, CDK4, and CDK6, often 
accompanied by overexpression of Cyclin D1, is frequently 
observed in estrogen-receptor-positive breast cancers and 
contributes to sustained proliferative signaling [3,4]. The 
clinical success of CDK4/6 inhibitors has validated cell-
cycle kinases as effective therapeutic targets in breast cancer 
management [5]. However, resistance, toxicity, and 
pathway redundancy necessitate continued exploration of 
alternative or complementary modulators of CDK signaling. 
In this context, peptide-based compounds have attained 
attention due to their ability to engage regulatory and 
protein–protein interaction interfaces that may be 
inaccessible to conventional small-molecule inhibitors [6].  

Cyclo(Pro-Tyr) is a cyclic dipeptide with reported 
biological stability and anticancer activity [7]. Previous 
studies have exhibited its capacity to suppress cancer cell 
viability and induce programmed cell death [8]. While these 
findings emphasize its cytotoxic potential, they do not 
address whether Cyclo(Pro-Tyr) can modulate proliferative 
pathways upstream of cell death. Given that growth 
inhibition often precedes apoptotic commitment, 
investigation of cell-cycle regulation provides a rational 
extension of its mechanistic profile. The current study was 
therefore designed to explore the interaction of Cyclo(Pro-
Tyr) with key CDK-mediated cell-cycle regulators using 
molecular docking and to correlate these predictions with in 
vitro anti-proliferative effects in MCF-7 breast cancer cells. 
By focusing on proliferative signaling rather than apoptotic 
endpoints, this work aims to provide novel insight into the 
anticancer mechanism of Cyclo(Pro-Tyr). 

2. Materials and Methods 
2.1 Selection of molecular targets 

Cyclin-dependent kinases play a cruicial role in regulating 
cell cycle progression, particularly during the G1–S phase 
transition, which is frequently dysregulated in breast cancer. 
To explore whether Cyclo(Pro-Tyr) may exert anti-
proliferative effects through interaction with cell cycle 
regulatory proteins, four key targets were selected: CDK2, 
CDK4, CDK6, and Cyclin D1. CDK2 is a major regulator 
of G1/S transition, while CDK4 and CDK6 function in 
complex with Cyclin D1 to promote early G1 progression. 
Cyclin D1 itself is commonly overexpressed in estrogen-
receptor-positive breast cancer and is strongly associated 
with uncontrolled proliferation. Together, these proteins 

represent the core proliferative machinery of breast cancer 
cells and provide a biologically relevant framework for 
docking-based prediction and mechanistic interpretation. 

2.2 Protein and ligand preparation 

Three-dimensional crystal structures of the target proteins 
were  from the Protein Data Bank: CDK2 (PDB ID: 1HCK), 
CDK4 (PDB ID: 2W96), CDK6 (PDB ID: 1XO2), and 
Cyclin D1 (PDB ID: 2W9F). Protein structures were 
prepared by removing crystallographic water molecules and 
any co-crystallized ligands. Polar hydrogen atoms were 
added, and Kollman charges were assigned using AutoDock 
Tools (ADT). The structure of Cyclo(Pro-Tyr) was obtained 
from the PubChem database (CID: 119404) 
(https://pubchem.ncbi.nlm.nih.gov/) in SDF format and 
subsequently converted into PDB using Discovery Studio 
Visualizer (DSV) v19.1.0.18287 (www.accelerys.com).  
The ligand was energy-minimized and converted into 
PDBQT format prior to docking. Rotatable bonds were 
assigned to allow conformational flexibility during docking 
simulations. 

2.3 Molecular docking using AutoDock Tools 

Molecular docking was executed using AutoDock Tools to 
predict the binding affinity and interaction patterns between 
Cyclo(Pro-Tyr) and the selected cell cycle proteins. Grid 
boxes were defined to encompass the active or ligand-
binding regions of each protein, based on reported 
functional domains and co-crystallized inhibitor sites. 
Docking parameters were kept consistent across all targets 
to ensure comparability. Multiple docking poses were 
generated for each protein–ligand complex, and the best-
ranked conformation was selected based on the lowest 
binding energy and favorable orientation within the binding 
pocket. Protein–ligand interactions, including hydrogen 
bonding and hydrophobic contacts, were visualized and 
analyzed using Discovery Studio Visualizer v19.1.0.1828 
(Dassault Systèmes BIOVIA, Rue Marcel Dassault, Vélizy-
Villacoublay-78140, France, www.accel-erys.com). 

2.4 In vitro validation 

2.4.1. Cell culture and maintenance 
The human breast cancer cell line MCF-7 was purchased 
from the National Centre for Cell Science (NCCS), Pune, 
India. Cells were cultured in Dulbecco’s Modified Eagle 
Medium (Cytiva, USA. Catalog# SH30243.01) 
supplemented with 10% fetal bovine serum heat-inactivated 
fetal bovine serum (FBS) (Himedia, Catalog# RM10432), 
1% (v/v) penicillin-streptomycin solution (100 U/mL 
penicillin and 100 µg/mL streptomycin) (Cytiva, USA. 
Catalog# SV30010). Cell Cultures were maintained at 37 °C 
in a humidified atmosphere containing 5% CO₂ and 
subcultured upon reaching approximately 80% confluence. 

 

 

2.4.2. MTT assay for anti-proliferative activity 
The anti-proliferative effect of Cyclo(Pro-Tyr) was 
evaluated using the MTT assay in accordance with our lab 
prior publications [9, 10].  Briefly, MCF-7 cells were seeded 
at a density of 1 × 10⁴ cells per well  in 96-wellplate and 
allowed to adhere overnight at 37 °C. Cells were then treated 
with Cyclo(Pro-Tyr) at concentrations of 0, 50, 100, 150 and 
200 µM for 24 hours. Following the treatment, MTT 
solution was added and incubated at 37 °C for four hours to 
allow formazan crystal formation. The crystals were 
dissolved using DMSO, and absorbance formed was 
measured at 570 nm using a microplate reader (Enspire 
Perkin Elmer, USA). Cell viability were expressed as a 
percentage relative to untreated controls, and the IC₅₀ value 
was calculated from the dose–response curve. The MTT 
assay in this study was used exclusively to validate the 
predicted anti-proliferative effect of Cyclo(Pro-Tyr), 
independent of apoptotic endpoints previously reported. 

2.5 Statistical analysis 
All the experiments were carried out in triplicate, and data 
are presented as mean ± standard error of the mean (SEM). 
Statistical analysis was carried out using GraphPad Prism 
software. Differences between the treated groups and 
control were assessed using one-way ANOVA followed by 
Tukey’s post-hoc test. A p-value ≤ 0.05 was considered 
statistically significant. 

3. Results 

3.1 Molecular docking analysis of Cyclo(Pro-Tyr) with 
cell-cycle regulatory proteins 

To explore whether Cyclo(Pro-Tyr) could modulate breast 
cancer cell proliferation through cell-cycle regulation, 
molecular docking was carried out against key cyclin-
dependent kinases and their regulatory partner. Docking 
analysis revealed that Cyclo(Pro-Tyr) exhibited favorable 
binding affinities toward CDK2, CDK4, CDK6, and Cyclin 
D1, suggesting stable and energetically favorable 
interactions within functionally relevant regions of these 
proteins. Predicted binding energies obtained using 
AutoDock Tools are summarized in Figure 1. Cyclo(Pro-
Tyr) exhibited favorable binding affinities toward all four 
targets, with binding energy values ranging from −8.33 to 
−11.0 kcal/mol, indicating stable protein–ligand 
interactions. The grid box center coordinates, dimensions, 
and grid point spacing for all four protein–ligand complexes 
are summarized in Table 1 

Among the proteins analyzed Cyclo(Pro-Tyr) exhibited 
favorable binding affinities towards all four targets, with 
binding energy values which were ranging from −8.33 to 
−11.0 kcal/mol, indicating stable protein–ligand 
interactions. These values suggest that Cyclo(Pro-Tyr) is 
capable of interacting with multiple components of the 

CDK–Cyclin regulatory axis involved in G1 phase 
progression. Detailed residue-level interaction analysis 
revealed the formation of hydrogen bonds and hydrophobic 
contacts that contribute to the stability of the docked 
complexes. Predicted binding energies obtained using 
AutoDock Tools are summarized in Table 2. RMSD values 
observed were used for pose validation and visualization 
consistency rather than for cross-target affinity comparison.  

 

Fig.1. Molecular docking scores of Cyclo(Pro-Tyr) with cell-cycle 
regulatory proteins: showing the predicted binding energies 
(kcal/mol) of Cyclo(Pro-Tyr) docked with CDK2, CDK4, CDK6, 
and Cyclin D1 using AutoDockTools-1.5.6. Lower binding energy 
values indicates stronger predicted interactions. 

 

Table 1: Grid box center coordinates and dimensions were used 
for AutoDock Tools docking of each target protein 
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Table 2. Interaction profile of Cyclo(Pro-Tyr) docked with cell-
cycle regulatory proteins. 

3.2 Predicted binding poses of Cyclo(Pro-Tyr) within 
cyclin-dependent kinases 

Docking conformations of Cyclo(Pro-Tyr) within CDK2, 
CDK4, and CDK6 are shown in Figure 2 (A-C). In all three 
complexes, the ligand was positioned within well-defined 
pockets of the kinase structures. The binding poses revealed 
that Cyclo(Pro-Tyr) occupies regions proximal to regulatory 
domains rather than deeply penetrating the canonical ATP-
binding cleft. In CDK6, Cyclo(Pro-Tyr) demonstrated a 
stable orientation supported by hydrogen bonding and 
hydrophobic interactions with surrounding residues (Figure 
2C). Although the predicted binding energy of CDK6 was 
modest compared to CDK4, the interaction geometry 
suggested a favorable and consistent binding mode. The 
visualization supports the potential of Cyclo(Pro-Tyr) to 
associate with CDK family members through non-classical 
binding mechanisms. 

 

 

 

Fig 2. Predicted binding poses of Cyclo(Pro-Tyr) within cyclin-
dependent kinases. Docking conformations of Cyclo(Pro-Tyr) 
within the binding pockets of (A) CDK2, (B) CDK4, and (C) 
CDK6. The ligand is shown in stick representation, while protein 
structures are displayed as ribbon or surface models. Key 
interacting residues are highlighted. 

3.3 Interaction analysis of Cyclo(Pro-Tyr) with Cyclin D1 

 Docking against Cyclin D1 revealed that Cyclo(Pro-Tyr) 
could interact within regions involved in CDK binding, 
suggesting a potential to interfere with CDK–cyclin 
complex formation. Interaction analysis indicated that the 
binding was stabilized predominantly through hydrogen 
bonding and hydrophobic contacts rather than classical 
ATP-mimetic interactions. This pattern suggests that 
Cyclo(Pro-Tyr) may function as a non-canonical modulator 
of CDK activity, consistent with the behavior of small cyclic 
peptides. The two-dimensional interaction map highlighted 
specific amino acid residues contributing to ligand 
stabilization, reinforcing the predicted affinity observed in 
docking score analysis. These findings suggest that 
Cyclo(Pro-Tyr) may influence Cyclin D1 function by 
engaging regulatory interfaces involved in CDK complex 
formation rather than acting as a direct enzymatic inhibitor. 
Collectively, these molecular docking results predict that 
Cyclo(Pro-Tyr) can associate with multiple components of 

the CDK–Cyclin D axis that governs breast cancer cell 
proliferation. 

 

Fig 3. Interaction analysis of Cyclo(Pro-Tyr) with Cyclin D1. 
 

3.4 Cyclo(Pro-Tyr) suppresses MCF-7 cell proliferation in 
a dose-dependent manner 

The anti-proliferative effect of Cyclo(Pro-Tyr) was 
evaluated in MCF-7 breast cancer cells using the MTT assay 
after 24 hours of treatment. Consistent with the conditions 
used in the earlier our lab reports, Cyclo(Pro-Tyr) produced 
a clear, concentration-dependent reduction in cell viability 
across the tested range (0–150 µM) (Figure 4). A 
progressive decline in metabolic activity was observed with 
increasing concentrations of Cyclo(Pro-Tyr), resulting in a 
half-maximal inhibitory concentration (IC₅₀=82.1µM) 
comparable to our previous reports [9]. The reproducibility 
of the IC₅₀ value under identical experimental conditions 
confirms the robustness of the compound’s anti-
proliferative effect and allows direct correlation with the 
mechanistic predictions generated through docking 
analysis. In the framework of the present study, the 
reduction in cell viability is interpreted as suppression of 
proliferative capacity rather than induction of apoptosis, 
which has already been comprehensively characterized. The 
observed growth inhibition aligns with the predicted 
interaction of Cyclo(Pro-Tyr) with CDK-mediated cell-
cycle regulatory pathways. 

4. Discussion 

Uncontrolled proliferation driven by dysregulated cell-cycle 
progression is a defining feature of breast cancer, 
particularly in estrogen-receptor-positive tumors such as 
MCF-7 cells [9, 10]. Cyclin-dependent kinases, especially 
CDK2, CDK4, and CDK6, together with Cyclin D1, 
constitute the core machinery governing the G1–S transition 

and represent validated therapeutic targets in breast cancer 
[11]. Although CDK4 and Cyclin D1 exhibited lower 
predicted binding energy values compared to CDK6, the 
latter was prioritized for mechanistic interpretation due to 
its established role in sustaining proliferative signaling and 
therapeutic resistance in breast cancer. The predicted 
interaction of Cyclo(Pro-Tyr) with Cyclin D1 further 
supports the possibility of modulating CDK–Cyclin 
complex formation, a critical step in G1 phase progression. 

 

Fig.4. Anti-proliferative effect of Cyclo(Pro-Tyr) on MCF-7 breast 
cancer cells. Dose–response curve showing percentage cell 
viability of MCF-7 cells treated with increasing concentrations of 
Cyclo(Pro-Tyr) (0–150 µM) for 24 hours, as assessed by the MTT 
assay. Data are presented as mean ± SEM (n = 3). Statistical 
significance was determined using one-way ANOVA followed by 
Tukey’s post-hoc test *(p ≤ 0.05) and **(p ≤ 0.01). 

The interaction of Cyclo(Pro-Tyr) with Cyclin D1 further 
supports the possibility that this cyclic dipeptide may 
interfere with CDK–cyclin complex assembly, rather than 
acting solely as a classical ATP-competitive kinase 
inhibitor. Such non-canonical modes of interaction are 
increasingly recognized for peptide-based modulators and 
may offer advantages in terms of selectivity and reduced 
off-target effects [12]. The in silico predictions are 
supported by in vitro MTT data demonstrating consistent, 
dose-dependent suppression of MCF-7 cell proliferation 
following Cyclo(Pro-Tyr) treatment. Together, the present 
findings suggest that Cyclo(Pro-Tyr) exerts anti-
proliferative effects that may precede or complement 
downstream cell death pathways described elsewhere. 

Conclusion 

This study positions Cyclo(Pro-Tyr) as a multifunctional 
anticancer peptide capable of targeting both proliferative 
signaling and apoptotic pathways. Cyclo(Pro-Tyr) exhibits 
stable interactions with key cell-cycle regulatory proteins 
Cyclin-dependent kinases including CDK4, CDK2, CDK6, 
Cyclin D1, and suppresses proliferation of breast cancer 
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the CDK–Cyclin D axis that governs breast cancer cell 
proliferation. 
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Cyclin-dependent kinases including CDK4, CDK2, CDK6, 
Cyclin D1, and suppresses proliferation of breast cancer 

5

EPJ Web of Conferences 357, 02007 (2026)	 https://doi.org/10.1051/epjconf/202635702007
ICAMC 2025



cells in vitro suggesting dysregulation are linked to Cell 
proliferation [9 ,13]. Molecular docking and interaction 
analyses indicate that Cyclo(Pro-Tyr) engages regulatory 
regions of these proteins rather than acting as a classical 
kinase inhibitor making them target for further therapeutic 
studies.  
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