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					ABSTRACT  

					ARTICLE INFO  

					Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) regulation represents a significant  

					therapeutic target in addressing regulatory T cell (Treg) dysfunction and enhancing immune  

					responses within the tumor microenvironment (TME). This study aimed to evaluate the inhibitory  

					effect of compounds of Cyperus rotundus against the immune checkpoint CTLA-4 in silico.  

					Compounds from Cyperus rotundus tubers were identified by Liquid Chromatography-High  

					Resolution Mass Spectrometry (LC-HRMS). The compounds’ toxicity was predicted using Protox  

					3.0 web server. In silico study was performed using molecular docking and dynamics simulations  

					of the compounds with CTLA-4 (PDB ID: 1I8L) protein using PyRx and YASARA softwares,  

					respectively. Fourteen compounds were identified in Cyperus rotundus tubers. All compounds  

					were classified as safe with LD50 value ranging from 740 to 26000 mg/kg. Molecular docking  

					showed Verbascoside A and Maltopentaose as potential inhibitors of CTLA-4 with binding  

					energies of -6.3 and -5.4 Kcal/mol, respectively. In the molecular dynamics simulation, RMSD  

					values of all complexes exceeded 3 Å, indicating instability. However, the backbone RMSD and  

					ligand conformation RMSD of CTLA4-Verbascoside A with values below 3 Å indicated more  

					stability. Meanwhile, the CTLA4-maltopentaose complex exhibited higher RMSD value,  

					indicating a change in the CTLA-4 protein structure when interacting with maltopentaose.  

					Furthermore, the prediction of protein targets of maltopentaose and verbascoside A revealed  

					potential direct and indirect target proteins related to cancer signaling pathways, namely; PI3K-  

					Akt and estrogen signaling pathways. The ability of these compounds to modulate the TME-  

					related CTLA-4 indicates their potential as anticancer drug candidates.  
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					CTLA-4 regulation in the tumor microenvironment (TME) is often  

					associated with regulatory T cell (Treg) dysfunction, as well as  

					Introduction  

					Breast cancer including triple-negative breast cancer  

					(TNBC) is a disease with a high prevalence rate and remains a challenge  

					to treat.1 One promising therapeutic approach in cancer treatment is  

					immunotherapy, which aims to enhance the body's immune response  

					against cancer cells. Immunotherapy is considered an effective therapy  

					in cancer treatment, especially through the development of immune  

					checkpoint inhibitors, such as Cytotoxic T-Lymphocyte-Associated  

					Protein 4 (CTLA-4) inhibition.2 CTLA-4 is a protein expressed on the  

					surface of T cells, which plays an important role in regulating immune  

					system activity. Activation of CTLA-4 leads to a decreased immune  

					response to antigens, including tumor antigens, allowing cancer cells to  

					escape immune system surveillance, so activation of CTLA-4 protein is  

					often implicated in angiogenesis in cancer.3  

					increased immune cell infiltration. Treg cell activation in TME  

					suppresses the activity of effector T cells (such as cytotoxic T cells and  

					NK cells) that would otherwise attack tumor cells, creating a favorable  

					environment for tumor growth.4 In addition, Treg cells release  

					immunosuppressive cytokines such as IL-10, TGF-β, and IL-35, which  

					help reduce inflammation and inhibit the activity of other immune  

					cells.5 This allows the tumor to escape immune surveillance. CTLA-4  

					expressed by Treg cells also increases the expression of free PD-L1 on  

					APCs.6 This may inhibit the stimulatory activity of T cells by APCs and  

					enhance the immunosuppressive effect. In addition, CTLA-4 activation  

					in tumor cells can affect various signaling pathways such as MAPK,  

					TGF-β, and TNF-α, which can modulate the immune microenvironment  

					and affect the response to immunotherapy. Furthermore, CTLA-4  

					activation is also involved in various signaling pathways such as  

					PI3K/AKT/mTOR and ERK1/2 signaling pathways that affect cancer  

					cell proliferation.7  
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					The use of herbal medicine such as C. rotundusin the mechanism of  

					CTLA4 inhibition is one of the opportunities in cancer treatment,  

					especially because of its bioactive compounds. C. rotundus is known to  

					contain various bioactive compounds such as flavonoids, alkaloids, and  

					terpenoids.8 Furthermore, modern pharmacology has revealed the anti-  

					cancer activity of C. rotundus, including inducing apoptosis and cell  

					cycle arrest, as well as its potential in regulating inflammatory  

					responses.9 The mechanism of CTLA-4 inhibition by C. rotundus in  

					regulating immune responses is still very unclear. The therapeutic  

					potential of C. rotundus in regulating CTLA-4 activity in the TME is  
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					still relatively limited. By targeting CTLA-4, C. rotundus bioactive  

					compounds may reduce the activity of Treg. Therefore, this study aimed  

					to evaluate the potential of bioactive compounds from C. rotundus in  

					inhibiting CTLA-4 activity to attack cancer cells. By exploring the  

					pharmacological mechanisms underlying the interaction between C.  

					rotundus compounds and immune checkpoint pathways, this study  

					seeks to provide a scientific basis for the development of novel plant-  

					based adjunctive therapies in cancer treatment through a computational  

					approach.  

					was stirred multiple times and allowed to settle, after which the  

					supernatant was carefully separated. The liquid extract was filtered  

					through a Whatman No. 1 filter paper, and the solvent was removed by  

					rotary evaporation until a concentrated extract was obtained. Finally,  

					the extract was stored at 4°C until further analysis.  

					LC-HRMS analysis  

					C. rotundus tuber extract were analyzed using Liquid Chromatography-  

					High Resolution Mass Spectrometry (LC-HRMS) at the Laboratorium  

					Riset Terpadu (LRT), Brawijaya University, Indonesia. Compounds  

					with a BestMatch value exceeding 90% similarity were selected for  

					computational analysis.10  

					Materials and Methods  

					Collection and identification of plant material  

					C. rotundus (code: 240709.F.U.683) tubers were collected from  

					Tirtomarto Village, Ampelgading, Malang, Indonesia (8°15'00.1"S;  

					112°53'00.6"E). The plant material was identified at East Java  

					Provincial Government Health Office, UPT Materia Medica Batu with  

					the voucher number 074/118/102.7/2017.  

					In silico study  

					Ligand and protein preparation  

					The 3D structures of all the compounds were retrieved from the  

					PubChem database in 3D-SDF file format and were analyzed using  

					canonical SMILES.11 The toxicity of the compounds was predicted  

					using ProTox 3.0 web server to assess acute and organ toxicity profiles.  

					The 3D structures of target protein: Cytotoxic T-lymphocyte-associated  

					Extraction of plant material  

					The tubers were cut into small pieces and dried under the sun for two  

					days. The dried tubers were finely ground into powder, and a total of  

					100 g powder was macerated with 500 mL of absolute ethanol at room  

					temperature in an aluminum-covered flask to prevent light exposure and  

					shaken on a rotary shaker at 120 rpm for 24 hours. The extract solution  

					protein  

					4

					(CTLA-4) was retrieved from Protein Data Bank  

					(https://www.rcsb.org) with PDB ID: 1I8L (Table 1). Active site  

					prediction was done by blind docking with the native ligand; 2-  

					acetamido-2-deoxy-beta-D-glucopyranose (PubChem ID: 24139).  

					Table 1: Protein target preparation.  

					No  

					1

					Protein  

					CTLA-4  

					(PDB ID: 1I8L)  

					Native ligand/Inhibitor  

					Alpha-D-mannopyranose  

					(CID 185698)  

					Active site  

					TRP141, THR153, LEU139  

					Grid Center  

					Center = X: 8.7855; Y: 89.2589; Z: 184.2824  

					Dimensions (A) = X: 33.4123; Y: 30.1768; Z: 31.9980  

					Molecular docking and dynamics simulations  

					when consumed at moderate doses by humans, implying that very high  

					doses would be required to cause toxic effect. This reinforces the claim  

					that these compounds are relatively safe when consumed in normal  

					therapeutic doses. However, the toxicity prediction revealed that some  

					of the compounds have the potential to affect specific organs. L-  

					Aspartic acid, (-)-Caryophyllene oxide, and Maleamate were predicted  

					as the safest compounds with non-toxic effects on organs. On the other  

					hand, Guanine was shown to be toxic to three organs/systems: the liver,  

					nervous system, and respiratory system. Nootkatone, in particular,  

					requires close attention due to its predicted toxicity to the liver, nervous  

					system, kidneys, and respiratory system. This information on organ-  

					specific toxicity can serve as an important screening tool for assessing  

					the safety of these compounds for potential therapeutic applications.  

					The potential toxicity of certain compounds highlights the importance  

					of monitoring organ function and identifying underlying conditions in  

					patients before using these compounds as medicine. Moreover,  

					prolonged use or high doses could increase the risk of organ toxicity,  

					making it crucial to consider these factors during treatment planning.  

					Therefore, identifying patients’ pre-existing conditions and potential  

					organ toxicity should be part of the screening process when considering  

					these compounds as drug candidates.16  

					Molecular docking was performed on all of C. rotundus compounds to  

					analyze the interaction of each compound with CLTA-4 protein. The  

					whole complex binding affinity values are shown in Table 3. Seven  

					compounds, namely Verbascoside A (-6.3 Kcal/mol), Maltopentaose (-  

					5.4 Kcal/mol), 1-Nitro-2-phenoxybenzene (-5.1 Kcal/mol), (-)-  

					Caryophyllene oxide (-5.1 Kcal/mol), Phthalic acid (-5 Kcal/mol),  

					Nootkatone (-5 Kcal/mol), and Guanine (-4.9 Kcal/mol), have smaller  

					binding affinity values than the inhibitor compound alpha-D-  

					mannopyranose (-4.8 Kcal/mol) (Table 4). This indicates that the seven  

					compounds are better competitive inhibitors than the native inhibitor.  

					Smaller binding affinity values indicate stronger and more stable  

					protein and ligand interactions.17 Verbascoside A and maltopentaose  

					were selected as the most promising compounds, and were used in the  

					molecular dynamics study. The molecular docking interaction results of  

					Verbascoside A and Maltopentaose showed that both compounds  

					potentially bind to the same active site as the native ligand.  

					Molecular docking simulation was done using the AutoDock Vina  

					integrated in PyRx software. The ligands (compounds from C. rotundus  

					tubers) were docked with the target protein CTLA-4. Molecular  

					docking results were presented in form of free energy change (ΔG), and  

					visualized using Discovery Studio 2019 software.12  

					Molecular dynamics (MD) simulations were conducted using  

					YASARA 23.4.25 software with the AMBER14 force field. The  

					simulation environment was designed to mimic physiological  

					conditions within human cells, including temperature (37°C), pH (7.4),  

					salt concentration (0.9%), water density (0.997 g/mL), and pressure (1  

					atm). The 20 ns MD simulation was performed using the 'md_run'  

					program, with data saved every 25 ps. The results were analyzed with  

					the programs md_analyze for RMSD, md_analyze.res for RMSF, and  

					md_bind energy for binding energy.13  

					The target proteins of the compounds Verbascoside  

					Maltopentaose were obtained from the SWISS target prediction  

					database (http://www.swisstargetprediction.ch/) or STITCH  

					(http://stitch.embl.de/). For each compound, the five most significant  

					target proteins were selected. Indirect targets of each active compound  

					were obtained from the STRING web server (https://string-db.org/) by  

					inputting the target proteins. All results obtained were merged and  

					visualized using Cytoscape 3.10.3 software.14  

					A

					and  

					All proteins obtained from the PPI network construction were inputted  

					into the DAVID webserver (https://davidbioinformatics.nih.gov/).  

					Functional annotation was performed using Gene Ontology and KEGG  

					pathway databases, focusing on biological mechanisms related to  

					apoptosis, proliferation, and cell migration.15  

					Results and Discussion  

					Fourteen (14) bioactive compounds were identified from the LC-HRMS  

					analysis of C. rotundus tuber (Table 2). The toxicity of the compounds  

					were predicted using ProTox 3.0. web server. From the toxicity  

					prediction, all the compounds belong to class IV – V toxicity categories,  

					with LD50 value ranging from 740 to 26000 mg/kg. The lower limit of  

					this range (740 mg/kg) suggests that the compounds are relatively safe  
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					Furthermore, Verbascoside A showed the potential of affecting the  

					protein structure as indicated by the difference in the shape of the  

					resulting protein when compared to the native ligand. It can be assumed  

					that Verbascoside A is a strong inhibitor drug candidate against the  

					CTLA-4 protein structure, supported by the binding energy value.  

					The results of the molecular dynamics interaction analysis showed that  

					the ligands have the potential to significantly affect the structure of the  

					protein complex. Verbascoside A and Maltopentaose showed a high  

					degree of stability by continuous interaction at the protein active site  

					throughout the duration of the simulation (20 ns). In contrast, the native  

					ligand showed a shift in position at the binding site, indicating a  

					potential decrease in affinity or stability of the interaction with the  

					protein. These findings underscore the ability of Verbascoside A and  

					Maltopentaose ligands to maintain specific interactions with the active  

					site, potentially affecting the biological activity of the protein within 20  

					ns (Figure 1).  

					Table 2: Bioactive compounds in C. rotundus from LC-HRMS analysis.  

					MW  

					(g/mol)  

					mzCloud Best  

					Match  

					No  

					Name  

					Formula  

					RT [min]  

					Area (Max.)  

					CID  

					1

					2

					3

					4

					5

					6

					7

					8

					Bis(2-ethylhexyl) phthalate C24H38O4  

					390.6  

					668.6  

					828.7  

					306.4  

					135.19  

					132.16  

					133.10  

					220.35  

					104.17  

					151.13  

					215.20  

					322.4  

					23.381  

					1.031  

					1.065  

					13.919  

					7.499  

					1.129  

					0.974  

					18.739  

					1.181  

					1.475  

					1.081  

					17.91  

					23.386  

					0.96  

					337,706.05  

					9,835,989.92  

					195,952.82  

					1,436,938.92  

					352,685.86  

					124,309.48  

					648,504.68  

					836,643.56  

					434,793.75  

					106,192.19  

					358,141.28  

					240,279.60  

					3,122,162.26  

					182,412.60  

					98.6  

					8343  

					Verbascoside A  

					Maltopentaose  

					C31H40O16  

					C30H52O26  

					98.1  

					96.6  

					95.6  

					95.3  

					94.6  

					94.3  

					94.2  

					94  

					93.9  

					93.4  

					93  

					92.4  

					91.2  

					15736674  

					124005  

					71307505  

					91552  

					6262  

					5960  

					1742210  

					305  

					135398634  

					16661  

					2813732  

					1017  

					5280451  

					n-Pentyl isopentyl phthalate C18H26O4  

					L-Homocysteine  

					L(+)-Ornithine  

					L-Aspartic acid  

					(-)-Caryophyllene oxide  

					Choline  

					Guanine  

					1-Nitro-2-phenoxybenzene  

					Nootkatone  

					C4H9NO2S  

					C5H12N2O2  

					C4H7NO4  

					C15H24O  

					C5H14NO+  

					C5H5N5O  

					C12H9NO3  

					C14H14N2O3S2  

					C8H6O4  

					9

					10  

					11  

					12  

					13  

					14  

					Phthalic acid  

					166.13  

					115.09  

					Maleamate  

					C4H5NO3  

					Table 3: Toxicity prediction of bioactive compounds from C. rotundus  

					Probability Organ toxicity (+Activ)  

					Predicted LD50 Tox  

					No.  

					Compound Name  

					(mg/kg)  

					Class  

					Hepa  

					Neuro  

					Nephro  

					Respi  

					Cardio  

					Bis(2-ethylhexyl)  

					phthalate  

					1

					1340  

					4

					0.82  

					0.81  

					0.57+  

					0.98  

					0.79  

					2

					3

					Verbascoside A  

					Maltopentaose  

					5000  

					10000  

					5

					6

					0.84  

					0.93  

					0.86  

					0.92  

					0.56+  

					0.81+  

					0.52+  

					0.57  

					0.57  

					0.96+  

					n-Pentyl  

					phthalate  

					isopentyl  

					4

					26000  

					6

					0.76  

					0.83  

					0.55+  

					0.99  

					0.74  

					5

					6

					7

					L-Homocysteine  

					L(+)-Ornithine  

					L-Aspartic acid  

					(-)-Caryophyllene  

					oxide  

					6700  

					5000  

					923  

					5

					5

					4

					0.93  

					0.95  

					0.83  

					0.7  

					0.73  

					0.82  

					0.55  

					0.54  

					0.56  

					0.5+  

					0.69+  

					0.84  

					0.86+  

					0.95+  

					0.65  

					8

					5000  

					5

					0.8  

					0.57  

					0.86  

					0.65  

					0.84  

					9

					10  

					Choline  

					Guanine  

					1391  

					800  

					4

					3

					0.94  

					0.51+  

					0.55+  

					0.75+  

					0.82  

					0.57  

					0.85+  

					0.5+  

					0.69  

					0.88  

					1-Nitro-2-  

					11  

					740  

					4

					0.6+  

					0.68  

					0.62  

					0.87  

					0.51  

					phenoxybenzene  

					Nootkatone  

					Phthalic acid  

					Maleamate  

					12  

					13  

					14  

					1000  

					2530  

					2400  

					4

					5

					4

					0.54+  

					0.65  

					076  

					0.55+  

					0.85  

					0.69  

					0.58+  

					0.65+  

					0.51  

					0.7+  

					0.78+  

					0.74  

					0.78  

					0.79  

					0.59  

					Note: (+) = Probability organ toxicity active, (Non +) = Probability organ toxicity inactive  

					changed during molecular dynamics simulation to HIS138, THR154,  

					and THR153. These changes in the residues involved indicated the  

					flexibility of the protein structure in binding to the ligand during  

					simulation, which may affect the stability and affinity of the protein-  

					ligand complex interaction.  

					The results of the interaction analysis of Verbascoside A with proteins  

					showed differences in the residues involved between molecular docking  

					and molecular dynamics simulations for 20 ns. In the van der Waals  

					interaction, molecular docking identified residues THR110, PRO111,  

					SER112, GLN193, SER114, PHE195, THR194, and THR199 as the  

					residues involved (Table 5). However, during molecular dynamics  

					simulations, these residues changed to THR194, GLU143, PHE180,  

					GLY145, ASN192, LEU183, and ARG190, reflecting the structural  

					adaptation of the protein to the ligand in a dynamic environment. In  

					The results of molecular dynamics analysis showed changes in amino  

					acid residues involved in the interaction of Maltopentaose ligand with  

					protein when switching from molecular docking to molecular dynamics  

					simulation for 20 ns. For van der Waals interaction, the residues  

					involved in molecular docking include HIS138, LEU139, THR154,  

					VAL155, TRP141, LEU148, SER140, ILE151, and ASN152. However,  

					during molecular dynamics simulations, these residues changed to  

					VAL166 and SER140, reflecting the presence of protein-ligand  

					structural dynamics. In the interaction through conventional hydrogen  

					bonding, residues ALA150, THR153, and GLU147 play a role in  

					molecular docking, while in molecular dynamics, the residues involved  

					became PRO137, LEU139, and VAL155. In addition, in the carbon  

					hydrogen bond category, the residue ASN149 in molecular docking  
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					conventional hydrogen bonding, residues ILE113, ASN196, and  

					ASN198 were detected during docking, whereas in molecular dynamics  

					simulations, only ASN144 played a role. Interactions through carbon  

					hydrogen bonding showed the involvement of residues SER179 and  

					ASN196 at the docking stage, while these interactions were not  

					identified during molecular dynamics simulations. In contrast,  

					hydrophobic interactions in molecular docking only involved residue  

					TRP197, which was changed to MET181 and LEU142 during  

					simulation. These changes in interaction patterns highlight the dynamic  

					flexibility of protein and ligand structures in simulations, which cannot  

					be completely revealed through static docking methods.18  

					Molecular Dynamics Simulation Results  

					Molecular dynamics simulation was used to analyze the stability and  

					conformation of CTLA4 protein interacting with Maltopentaose and  

					Verbascoside A, using the parameters; Root Mean Square Deviation  

					(RMSD), RMSD backbone, RMSD ligand conformation, RMSD ligand  

					movement, Radius of gyration (Rg), number of hydrogen bonds, Root  

					Mean Square Fluctuation (RMSF), and binding energy. The simulation  

					results can be seen in Figure 2.  

					The analysis of native ligand (inhibitor) interaction with protein showed  

					significant residue differences between molecular docking and  

					molecular dynamics simulation. In the van der Waals interaction,  

					molecular docking identified residues ILE151, GLU147, and LEU139  

					as the residues that played a role. However, during the molecular  

					dynamics simulations, these residues changed to LYS86, HIS18, and  

					VAL20, reflecting the changes in the interaction caused by the  

					flexibility of the protein and ligand structures in the dynamic  

					environment. In conventional hydrogen bonding, residues ALA150,  

					LEU148, TRP141, SER168, and THR153 were detected during  

					docking, whereas in molecular dynamics simulations the residues  

					involved changed to ASN19, SER21, and GLU24. Meanwhile, the  

					interaction through carbon hydrogen bonds which in molecular docking  

					involved residue ASN149, was not found during molecular dynamics  

					simulation. This difference suggests that molecular dynamics  

					simulation is able to reveal more realistic dynamics and interaction  

					patterns compared to the static docking approach.19  

					Figure 2: Molecular dynamics simulation of CTLA protein  

					complex with maltopentaose and verbascoside ligands. (A)  

					Values of RMSD All, (B) RMSD backbone, (C) RMSD ligand  

					conformation, (D) RMSD Ligand movement, (E) Radius of  

					gyration (F) Number of hydrogen bonds (G) RMSF, (H)  

					Binding energy  

					RMSD is used to measure the structural changes in the protein backbone  

					during simulation and assess its conformational stability. The smaller  

					the RMSD value, the more stable the protein structure.20 The protein  

					structure is considered stable if it has RMSD value is below 3 Å.21 All  

					the protein-ligand complexes appeared less stable because the RMSD  

					values fluctuated slightly above 3 Å (Figure 2A). However, the CTLA4-  

					maltopentaose complex was slightly more stable, almost close to the  

					CTLA4 complexed with the native ligand. The backbone RMSD  

					(Figure 2B) and ligand conformation RMSD (Figure 2C) of CTLA4-  

					Verbascoside A with values below 3 Å indicated fluctuation in stability  

					during the simulation. Meanwhile, the CTLA4-maltopentaose complex  

					exhibited an increase in the RMSD value, indicating a change in the  

					CTLA4 protein structure when interacting with Maltopentaose. The  

					RMSD value of ligand movement in the CTLA4 complex that binds to  

					the inhibitor ligand in the time range of 0-6 ns increased sharply, then  

					stabilized from 7 ns until the end of the simulation. On the other hand,  

					CTLA4 complexed with Maltopentaose and Verbascoside Ahad stable  

					values from the beginning to the end of the simulation (Figure 2D).  

					Radius of gyration is used to describe the compactness of protein  

					structure.22 The Rg values of all complexes in this study were stable,  

					indicating that there were no significant conformational changes in the  

					protein structure after interacting with the ligands (Figure 2E).  

					Figure 1: Bioinfomatic prediction of C. rotundus. (A) 3D  

					Molecular docking simulation, (B) 3D Molecular dynamic  

					simulation  

					Table 4: Molecular docking simulation results  

					Binding Affinity  

					Kcal/mol  

					Ligand  

					Verbascoside A  

					Maltopentaose  

					1-Nitro-2-phenoxybenzene  

					(-)-Caryophyllene oxide  

					Phthalic acid  

					-6.3  

					-5.4  

					-5.1  

					-5.1  

					-5  

					Nootkatone  

					-5  

					Guanine  

					-4.9  

					-4.7  

					-4.6  

					-4  

					Bis(2-ethylhexyl) phthalate  

					n-Pentyl isopentyl phthalate  

					Maleamate  

					L-Aspartic acid  

					-4  

					L(+)-Ornithine  

					L-Homocysteine  

					Choline  

					-3.6  

					-3.3  

					-3.1  

					-4.8  

					The CTLA4 complexes when interacting with Maltopentaose and  

					Verbascoside A, contained hydrogen bonds comparable to the native  

					ligand, meaning that the protein-ligand complexes were stable. The  

					greater number of hydrogen bonds, the greater the strengthen the  

					protein-ligand interaction.23 RMSF assesses protein conformational  

					changes based on amino acid residue fluctuations.24 All complexes at  

					alpha-D-mannopyranose/Inhibitor  
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					amino acid residues LYS6 and LYS89 were unstable, showing  

					fluctuations during the simulation, and the values were more than 3 Å.  

					However, the RMSF for the maltopentaose complex was found to  

					fluctuate more with values above 3 Å than the other complexes. The  

					binding energy values of Maltopentaose and Verbascoside A complexes  

					had similar stability to the native ligand. However, the binding energy  

					value of the inhibitor at 4.5 ns experienced instability, reaching about  

					2738 kJ/mol.  

					Table 5: Residues ligand-protein interaction.  

					Residue  

					Molecular docking  

					Compound  

					Types of interactions  

					Molecular dynamic  

					HIS138, LEU139, THR154, VAL155,  

					Van der waals  

					TRP141, LEU148, SER140, ILE151, VAL166, SER140  

					ASN152  

					Maltopentaose  

					Conventional Hydrogen  

					Carbon Hydrogen  

					ALA150, THR153, GLU147,  

					ASN149,  

					PRO137, LEU139, VAL155  

					HIS138, THR154, THR153  

					THR194, GLU143, PHE180,  

					GLY145, ASN192, LEU183,  

					ARG190  

					THR110, PRO111, SER112, GLN193,  

					SER114, PHE195, THR194, THR199  

					Van der Waals  

					Conventional  

					Bond  

					Hydrogen  

					Verbascoside A  

					Inhibitor  

					ILE113, ASN196, ASN198  

					ASN144  

					Carbon Hydrogen  

					Hydrophobic  

					Van der Waals  

					Conventional  

					Bond  

					SER179, ASN196  

					MET181, LEU142  

					LYS86, HIS18, VAL20  

					TRP197  

					ILE151, GLU147, LEU139  

					Hydrogen ALA150, LEU148, TRP141, SER168,  

					ASN19, SER21, GLU24  

					THR153  

					ASN149  

					Carbon Hydrogen  

					compounds of C. rotundus are classified as safe for consumption based  

					on Protox Toxicity prediction. Based on molecular docking and  

					molecular dynamics, Verbascoside A showed stronger binding affinity  

					and more stable simulated bindings compared to the other compounds  

					and the native ligand, while Maltopentaose showed more fluctuations.  

					Furthermore, the ability of these compounds to modulate other  

					hallmarks of the TME, such as angiogenesis and oxidative stress,  

					positions C. rotundus as a multifaceted candidate for integrative cancer  

					therapy. Future pre-clinical trials in vivo and in vitro could investigate  

					their efficacy for cancer treatment.  

					Furthermore, the analysis showed that the compounds Maltopentaose  

					and Verbascoside A target important proteins in the apoptosis,  

					proliferation, and migration of breast cancer cells. The PPI network is  

					presented in Figure 3A, which shows the interaction network of the  

					target proteins of the two compounds with other proteins. The role of  

					these target proteins in the signaling pathway is shown in Figure 3B.  

					These results showed that the target proteins of Maltopentaose and  

					Verbascoside A target proteins related to signaling pathways in cancer,  

					namely; the PI3K-Akt signaling pathway and the estrogen signaling  

					pathway. These pathways are critical in regulating cancer cell  

					proliferation and survival. Additionally, pathways directly influencing  

					cell migration, such as those involving cell adhesion molecules and the  

					regulation of the actin cytoskeleton, were identified. Functional  

					annotation using the Gene Ontology database further supports the role  

					of these target proteins in cancer progression.25  
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