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					ABSTRACT  

					ARTICLE INFO  

					Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by joint inflammation,  

					often treated with drugs targeting a single pathway. Biflavonoids, such as isoginkgetin, have been  

					reported to modulate multiple inflammatory pathways by inhibiting the 20S proteasome. This  

					study employed molecular docking to evaluate 23 biflavonoid ligands from the Araucaria genus  

					as potential proteasome inhibitors (PDB ID: 5LE5 and 5LF7). The results showed that  

					ochnaflavone (BF23) exhibited the best binding affinity (-11.48 and -10.47 kcal/mol) but  

					displayed unfavorable pharmacokinetic and toxicity profiles. Meanwhile, 7′′-O-  

					methylamentoflavone (BF11) variant 2 (-10.64 kcal/mol) and 7,7′′-di-O-methylamentoflavone  

					(BF12) variant 4 (-10.49 kcal/mol) were identified as promising inhibitors for 5LE5, while BF11  

					variant 3 (-10.00 kcal/mol), BF12 variant 2 (-9.75 kcal/mol), 7,4′-di-O-methylamentoflavone  

					(BF14) variant 5 (9.82 kcal/mol), and 7,4′,7′′-tri-O-methylamentoflavone (BF9) variant 2 (-9.66  

					kcal/mol) exhibited strong binding to 5LF7. The presence of methoxy (-OCH3) groups at the 7  

					and/or 7′′ positions in amentoflavone derivatives are predicted to significantly influence their  

					inhibitory activity. BF23 variants 2 and 5 occupied distinct active sites, with 5LE5 ligands  

					predominantly interacting with the β1 subunit (L chain) and 5LF7 ligands engaging the β5 subunit  

					(K chain). These findings suggest that biflavonoids from Araucaria could serve as promising  

					candidates for anti-RA drug development, targeting both β1 and β5 proteasome subunits.  
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					Inhibiting proteasome function can also restrict RA synovial cell  

					proliferation by preventing p53 degradation.6 RA is primarily driven by  

					Introduction  

					Rheumatoid arthritis (RA) is an autoimmune disease with a  

					global prevalence of approximately 1%, occurring more frequently in  

					women and increasing in incidence after the age of 65.1 Several factors  

					contribute to the development of RA, including genetics, sex, smoking,  

					an overactive immune response, where dysregulated T-cells, β-cells,  

					and macrophages contribute to chronic inflammation and joint damage.  

					Pro-inflammatory cytokines, such as TNF-α, IL-6, and IL-1β, play key  

					roles in disease progression by amplifying the inflammatory response.  

					Recent studies suggest that modulating these immune pathways can  

					effectively alleviate RA symptoms and slow disease progression.  

					Phenolic compounds, resveratrol and arctiin, were identified as the most  

					promising immunomodulatory agents in Terminalia pallida fruit  

					extracts based on in silico docking against IL-2 and TNF-α. These  

					compounds exhibited strong binding affinities, suggesting their  

					potential to regulate immune responses, supporting further in vitro and  

					in vivo validation for therapeutic applications.9  

					One promising approach involves targeting the 20S proteasome, a  

					proteolytic complex involved in immune regulation and inflammatory  

					signaling. Proteasome regulates NF-κB activation, a transcription factor  

					essential for cytokine production and immune cell survival.  

					Overactivation of NF-κB in RA leads to sustained inflammation and  

					synovial proliferation, contributing to joint degradation. Inhibiting the  

					20S proteasome can suppress NF-κB activity, reducing inflammation,  

					immune cell activation, and cytokine release, making it a promising  

					strategy for RA treatment. Thus, proteasome represents a potential  

					target for RA therapy development.  

					silica exposure, infections, microbiome imbalance, vitamin  

					D

					deficiency, and poor dietary habits.1,2 The symptoms are synovial tissue  

					proliferation, pain, swelling, and warm, reddish joints.3 Without proper  

					treatment, RA can lead to disability, systemic complications such as  

					cardiovascular disease, and premature death.4,5  

					Current RA treatment involves disease-modifying anti-rheumatic drugs  

					(DMARDs), biological agents, and nonsteroidal anti-inflammatory  

					drugs (NSAIDs). However, this approach only partially inhibits  

					inflammatory signalling.6 Proteasome inhibitors (PIs), such as  

					bortezomib (BTZ), have been shown to attenuate collagen-induced  

					arthritis in mice by inducing immune cell apoptosis and inhibiting  

					nuclear factor kappa B (NF-κB).7,8  
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					Biflavonoid compounds have been reported to exhibit anti-  

					inflammatory, antiproteasome, and cytotoxic activities. Amentoflavone  

					from the roots of Prismatomeris glabra has an IC50 of 38 µM against  

					THP-1 cell lines. It significantly reduces the inflammatory pathways of  

					prostaglandin E2 (PGE2), tumour necrosis factor-alpha (TNF-α), and  

					interleukin 6 (IL-6).10 Moreloflavone from the bark of Garcinia  

					lateriflora exhibits antiproteasome activity with an IC50 of 1.3 µM.11  

					Isoginkgetin from Ginkgo biloba leaves directly inhibits more than 50%  

					of caspase-like (β1), trypsin-like (β2), and chymotrypsin-like (β5)  
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					activities of human 20S proteasome isolates at a dose of 30 μM, while  

					also suppressing the NF-κB pathway in HEK293T and HeLa cell  

					lines.12 Ginkgetin from Capparis spinosa demonstrates stronger NF-κB  

					Prediction of Active Sites in Receptor Complex and Molecular Docking  

					For PDB 5LE5, the active site grid box was made to envelope the amino  

					acid residue threonine (Thr1). In PDB 5LF7, the grid box was centered  

					on the 6V8 ligand coordinates. Both grid boxes were prepared with  

					AGFR 1.2 using AutoSite 1.1. AutoDock Vina was used for docking  

					runs with ten repetitions. Averaged best docking scores which includes  

					binding affinity or Gibbs free energy data (kcal/mol) were calculated  

					for each ligands.  

					inhibition than isoginkgetin, with an IC50 of approximately 7.5 μM.13  

					A

					recent study by Sugita et al.14 reported that isoginkgetin from Araucaria  

					hunsteinii exhibits the strongest cytotoxic activity against MCF-7 cells  

					(IC50 = 2.14 µM). Therefore, this compound is used as a reference in  

					this study.  

					The Araucaria genus is a known source of biflavonoids, including  

					species such as A. excelsa, A. angustifolia, A. araucana, A. bidwillii, A.  

					columnaris, A. cunninghamii, A. hunsteinii, which grow in tropical  

					regions like India and Indonesia.14–16 However, research on their  

					potential as anti-rheumatic agents remains limited. Most RA studies  

					have focused on flavonoids, polyphenols, and diarylheptanoids, while  

					biflavonoids remain underexplored.17 Thus, biflavonoids from the  

					Araucaria genus present promising candidates for further investigation.  

					The role of computer-aided drug design (CADD) is crucial in modern  

					drug development, including molecular docking simulations to predict  

					compound interactions with target proteins.18 CADD can reduce  

					research costs and time through structure-activity relationship (QSAR)  

					analysis. One of the most widely used software programs in this study  

					is AutoDock Vina, known for its speed, ease of use, and open-source  

					availability.18  

					Visualization of Selected Receptor-Ligand Complex Interactions  

					The interactions between ligand and receptor amino acid residues were  

					analyzed in three dimensions using UCSF Chimera 1.16 and in two  

					dimensions using Ligplot+ in PDB format. Each receptor-ligand  

					complex exhibits hydrophobic interactions and hydrogen bonding as  

					key analytical characteristics. To evaluate their similarity, the  

					interacting residues of each ligand best pose were compared to  

					isoginkgetin’s. For the selected ligands, the Binding Site Similarity  

					score (BSS)20 was calculated and reported.  

					Results and Discussion  

					Prepared Ligand Structure, Selected Receptor Complex, and Prepared  

					Receptor Complex  

					The atoms and their bonds were described by converting the 2D  

					structure from ChemSketch to SMILES notation. Gypsum-DL were  

					utilized to build the 3D conformations with chirality and charge  

					variations. This program transforms the 2D structure description into a  

					3D structure with protonation (pH 6.4–8.4), stereoisomerism (R/S),  

					atropisomerism (P/M), and tautomerization (keto/enol) variations.21  

					These differences help the prediction of ligand-receptor interactions  

					with the target receptor.24,25 A total of 120 variations were generated  

					from 24 ligands. Figure 1 depicts the representative variation built for  

					isoginkgetin (STD).  

					The biflavonoids moreloflavone and ochnaflavone, along with their  

					derivatives, including eight agathisflavones, seven amentoflavones, and  

					seven cupressuflavones, have been predicted to be safe in silico and are  

					frequently studied.19,20 So far, molecular docking study of biflavonoid,  

					especially from Araucaria genus, to human 20S proteasome target have  

					not been reported yet. This study aims to select and predict potential  

					anti-rheumatic drug candidates from 24 biflavonoid structural  

					variations of the Araucaria genus through molecular docking against  

					the human 20S proteasome. The crystal structures of the ligand-free 20S  

					proteasome (PDB ID: 5LE5) and the co-crystalized proteasome with  

					Ixazomib (PDB ID: 5LF7) were used to explore potential new active  

					sites that biflavonoid compounds may target.  

					Materials and Methods  

					Software and Structural Data  

					The tools used in this study include a laptop with an Intel® Core™ i5-  

					1135G7 CPU @2.42 GHz processor, 8 GB RAM, and Windows 11  

					operating system. The software utilized includes UCSF Chimera 1.16,  

					Open Babel 2.4.1, AutoDock Vina 1.2.3, Miniconda3, Data Warrior  

					V5.5.0, AGFR 1.2, LigPlot+ v2.2, GIMP 2.10.34, Microsoft Excel, and  

					online resources such as SwissADME, admetSAR, Protox II, RCSB  

					Protein Data Bank, and PubChem. The materials used consist of 24  

					Simplified Molecular Input Line Entry System (SMILES) notation  

					files, representing 23 test biflavonoid ligands and one reference ligand,  

					isoginkgetin (Table 1), as the standard (STD). Additionally, 3D protein  

					complex structures (PDB ID: 5LE5 and 5LF7) in PDB format were  

					used.  

					Computational Methods  

					Ligand and Receptor Complex Preparation  

					A total of 23 biflavonoid compounds from the Araucaria genus and one  

					reference ligand, isoginkgetin, were prepared. Isoginkgetin was used as  

					a reference because its IC50 is already reported.11 All ligands were  

					notated using SMILES code in ChemSketch, converted to 3D format  

					with the SDF extension using Gypsum-DL,21 and then transformed into  

					pdbqt format using Open Babel.22 The crystal structure of the 20S  

					proteasome (PDB IDs: 5LE5 and 5LF7) was downloaded from the  

					Research Collaboratory for Structural Bioinformatics (RCSB) Protein  

					Data Bank (PDB) website (https://www.rcsb.org) in pdb format and its  

					structural quality validated using Procheck. The β5 subunit and  

					surrounding subunits (α5, α7, β1, β2, and β3) were separated and  

					prepared using the DockPrep module. This involved removing water,  

					metal ions, non-standard residues, alternative conformations, and  

					replacing incomplete residues with a rotamer library.23 Hydrogen atoms  

					were added at pH 7.4, and Gasteiger charges were assigned. The  

					structure was then saved in pdbqt format using Open Babel.22  

					Figure 1: Representative structural variants built by the  

					Gypsum-DL program, depicted here for isoginkgetin (STD).  

					The 3D structure of receptors is generally obtained through X-ray  

					crystallography (89%), nuclear magnetic resonance (NMR)  

					spectroscopy (9%), and 3D cryoelectron microscopy (3DEM, 1%).26  

					Receptor validation is important to ensure the stereochemical quality  

					and prevent steric clashes in the 3D structure.27  
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					Table 1: Biflavonoid ligands from the genus Araucaria that are predicted to be safe based on in silico bioavailability tests and admetSAR20  

					Structure Compound Functional groups  

					Name  

					No  

					R1  

					R2  

					R3  

					R4  

					BF1  

					BF2  

					BF3  

					BF4  

					BF5  

					BF6  

					BF7  

					BF8  

					7-O-methylagathisflavone  

					OCH3  

					-OH  

					-OH  

					-OH  

					-OH  

					7’’-O-methylagathisflavone  

					7,7’’-di-O-methylagathisflavone  

					7,4’’’-di-O-methylagathisflavone  

					4’ ,7’’-di-O-methylagathisflavone  

					7,4’,7’’-tri-O-methylagathisflavone  

					7,7’’,4’’’-tri-O-methylagathisflavone  

					7,4’,7’’,4’’’-tetra-O-  

					-OH  

					OCH3  

					OCH3  

					-OH  

					-OH  

					OCH3  

					OCH3  

					-OH  

					-OH  

					-OH  

					-OH  

					OCH3  

					-OH  

					OCH3  

					OCH3  

					-OH  

					OCH3  

					OCH3  

					OCH3  

					OCH3  

					OCH3  

					OCH3  

					OCH3  

					-OH  

					OCH3  

					OCH3  

					OCH3  

					methylagathisflavone  

					BF9  

					BF10  

					STD  

					7,4’,7’’-tri-O-methylamentoflavone  

					7,4’,4’’’-tri-O-methylamentoflavone  

					4’,4’’’-di-O-methylamentoflavone  

					(isoginkgetin)  

					OCH3  

					OCH3  

					-OH  

					OCH3  

					OCH3  

					OCH3  

					OCH3  

					-OH  

					-OH  

					OCH3  

					OCH3  

					-OH  

					BF11  

					BF12  

					BF13  

					7’’-O-methylamentoflavone  

					7,7’’-di-O-methylamentoflavone  

					7,4’,7’’,4’’’-tetra-O-  

					-OH  

					-OH  

					-OH  

					OCH3  

					OCH3  

					OCH3  

					-OH  

					-OH  

					OCH3  

					OCH3  

					OCH3  

					OCH3  

					methylamentoflavone  

					BF14  

					BF15  

					BF16  

					BF17  

					BF18  

					BF19  

					7,4’-di-O-methylamentoflavone  

					7-O-methylcupressuflavone  

					7,7’’-di-O-methylcupressuflavone  

					7,4’,7’’-tri-O-methylcupressuflavone  

					4’,4’’’-di-O-methylcupressuflavonne  

					7,4’,7’’,4’’’-tetra-O-  

					OCH3  

					OCH3  

					OCH3  

					OCH3  

					-OH  

					OCH3  

					-OH  

					-OH  

					-OH  

					-OH  

					-OH  

					-OH  

					OCH3  

					OCH3  

					-OH  

					-OH  

					OCH3  

					OCH3  

					OCH3  

					-OH  

					OCH3  

					OCH3  

					OCH3  

					OCH3  

					methylcupressuflavone  

					BF20  

					BF21  

					BF22  

					7,7’’,4’’’-tri-O-methylcupressuflavone  

					7,4’’’-di-O-methylcupressuflavone  

					Moreloflavon*  

					OCH3  

					OCH3  

					-OH  

					-OH  

					OCH3  

					-OH  

					OCH3  

					OCH3  

					Connectivity: 3→8′′  

					BF23  

					Ochnaflavone**  

					Connectivity: 3′→O→4′′′  

					STD = Reference ligand; * = Ochna squarrosa; ** = Garcinia dulcis.  

					Validation is carried out using Ramachandran plot analysis to assess the  

					stereochemical quality of amino acids (AA) in the crystal structure.  

					Procheck is chosen for its ability to calculate various stereochemical  

					parameters for protein models and compare them with ideal values from  

					the high-resolution protein structure database in the PDB.28 A total of  

					86 3D structures of the human 20S proteasome from UniProt were  

					validated using Procheck to ensure the accuracy of the structure and  

					identify outlier areas. Structure validation is carried out by ensuring  
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					there are no mutations in the amino acid sequence (wild-type),  

					considering the PDB structure quality based on blue (good) and red  

					(bad) coloring, resolution < 2.50 Å, MFR value > 90%, and the  

					difference between R-free and R-work values < 0.05.29 Based on these  

					criteria, five structures meet the requirements (Table 2), and two of  

					them are used as molecular docking targets, namely PDB 5LE5 and  

					5LF7. Both have higher MRF values than the other three. The high  

					MRF indicates a good quality of the 3D receptor structure model. The  

					5LE5 receptor complex (Figure 2) has an MRF value of 92.8% with  

					5090 residues, followed by AAR, GAR, and DR values of 6.4% with  

					352 residues; 0.4% with 23 residues; and 0.3% with 19 residues,  

					respectively. Meanwhile, the 5LF7 receptor complex has MRF, AAR,  

					GAR, and DR values of 92.3% with 5070 residues, 6.8% with 375  

					residues, 0.5% with 30 residues, and 0.3% with 18 residues,  

					respectively.  

					The validation of receptor structure quality is reinforced by the R-work  

					and R-free values. The R-work value indicates the quality of the  

					crystallographic structure based on experimental data, and it tends to be  

					smaller than the R-free value,28 while R-free relates to the image  

					resolution from the instrument.29 The receptor complexes 5LE5 and  

					5LF7 have resolutions of 1.80 Å and 2.00 Å, respectively. Both R-free  

					values fall within the range of 20–25%, indicating medium resolution  

					(Table 2), with R-free and R-work differences of 0.030 and 0.038,  

					respectively. Since the difference is close to the ideal value of 0.05,  

					5LE5 and 5LF7 were chosen as potential targets for this work.  

					The 3D structure of receptors 5LE5 and 5LF7 was obtained via X-ray  

					diffraction and downloaded from the RCSB, then prepared using  

					Chimera. The selected receptor includes the chain C (α7), D (α5), L  

					(β1), X, J (β2), W (β3), and K (β5), which are involved in recognizing  

					and hydrolyzing substrates.30 A key difference between the two targets  

					is the presence of the co-crystallized ligand 6V8 in 5LF7, while 5LE5  

					lacks any biologically interesting ligands (Figure 3A). The 6V8 ligand  

					is the Ixazomib (IXA) inhibitor, which is used orally for multiple  

					myeloma (MM).30 Both receptors were utilized to investigate potential  

					alternative active sites. Additionally, a residue sequence analysis on  

					receptors 5LE5 and 5LF7 was performed using the Chimera extension.  

					The proteasome contains protein and non-protein molecules such as  

					ethylene glycol, water, coenzymes, and cofactors. Non-protein  

					molecules are removed as they are not directly related to the  

					crystallographic free energy.31 Since x-ray diffraction does not capture  

					hydrogen atoms, protonation is needed and caried out using DockPrep.  

					This feature adjusts the Gasteiger charges and the tautomerism of Asp,  

					Glu, Arg, Lys, and His at pH 7.4 to reflect the physiological  

					environment.32 The receptor model used in this work is shown in Figure  

					3B.  

					Figure 2: General Ramachandran Plot for PDB 5LE5 and  

					5LF7  

					Table 2: Properties of selected crystal structures of the human 20S proteasome  

					No  

					PDB code  

					Resolution (Å)  

					Ramachandran analysis (%)  

					R-free  

					R-work  

					R Difference  

					MRF  

					AAR  

					GAR  

					DR  

					1

					2

					3

					4

					5

					5LE5  

					5LEX  

					5LEY  

					5LEZ  

					5LF7  

					1.80  

					2.20  

					1.90  

					2.19  

					2.00  

					92.8  

					91.8  

					92.1  

					92.1  

					92.3  

					6.4  

					7.2  

					6.9  

					7.0  

					6.8  

					0.4  

					0.7  

					0.7  

					0.6  

					0.5  

					0.3  

					0.3  

					0.3  

					0.3  

					0.3  

					0.212  

					0.221  

					0.225  

					0.222  

					0.213  

					0.182  

					0.177  

					0.188  

					0.181  

					0.175  

					0.030  

					0.044  

					0.037  

					0.041  

					0.038  

					Table 3: RMSD and Q-score values of the 5LE5 and 5LF7  

					Chimera automatically displays sequence alignments to compare  

					receptor structures using root-mean-square deviation (RMSD) and Q-  

					score. A smaller RMSD indicates good superposition, while a Q-score  

					> 0.4 indicates an average precision of 90%.33 Analysis of the seven  

					chains of the 5LE5 and 5LF7 receptor complexes based on their RMSD  

					and Q-scores shows that chains K, W, and X have higher RMSD values,  

					indicating more variation due to complexed IXA (Table 3). Figure 4  

					illustrates chain K sequence comparison, which is the location of the  

					IXA inhibitor’s active site, with an RMSD of 0.593 and a Q-score of  

					0.958.  

					structure alignments  

					No  

					Chains  

					Receptor complexes 5LE5-5LF7  

					RMSD  

					Q-Score  

					1

					2

					3

					4

					5

					6

					7

					C

					D

					J

					0.230  

					0.129  

					0.326  

					0.593  

					0.378  

					0.698  

					0.661  

					0.994  

					0.998  

					0.988  

					0.958  

					0.984  

					0.949  

					0.954  

					K

					L

					W

					X
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					inhibitor. Its components consist of a dipeptide core of alanine-leucine  

					with a citrate-protected boric acid group, which can inhibit the  

					proteasome subunit resembling chymotrypsin (β5). The threonine  

					residues (Thr1 and Thr2), which play an important role in inhibiting  

					inflammation, are identified as the predicted active sites of the receptor  

					complex.34,35  

					AutoGridFR (AGFR) facilitates the calculation of affinity maps to  

					automatically determine the active site of the receptor complex using  

					the receptor-ligand complex in pdbqt format. The output consists of  

					calculations of the x, y, and z dimensions as well as the center  

					coordinates.36 In 5LE5, the affinity points are denser compared to 5LF7  

					(Table 4) due to the larger grid size with targeting at Thr1 (K) (Figure  

					5). A grid box that is too large increases processing time, while one that  

					is too small reduces accuracy. In this study, the padding used for grid  

					box measurements was set to 6 Å to all directions.37  

					Tabel 1: Grid box size and position for both 5LE5 and 5LF7  

					receptors  

					Grid box  

					x-dimension size (Å)  

					y-dimension size (Å)  

					z-dimension size (Å)  

					Center coordinate x  

					Center coordinate y  

					Center coordinate z  

					5LE5  

					21.0  

					5LF7  

					19.5  

					Figure 1: Aligned structures of 5LE5 (brown) and 5LF7 (sky  

					blue) focused on co-crystalized IXA (6V8) of 5LF7 (I); Subunit  

					chains selected as docking receptor (shown for 5LF7) (II).  

					24.0  

					20.2  

					24.0  

					23.2  

					6.476  

					195.200  

					37.742  

					9.649  

					191.808  

					40.056  

					Active Site of the Receptor Complex and Molecular Docking  

					Molecular docking of the ligand is required to predict the effectiveness  

					of inhibition of the receptor. Prediction of the active site is based on the  

					interaction of amino acid residues that covalently bind to the  

					commercial inhibitor Ixazomib (IXA) in 5LF7. IXA is a citrate ester  

					from the boronate inhibitor class and is categorized as a peptide  

					Table 1: Vina score or predicted Gibbs free energy (∆G) values of biflavonoid ligand-receptors complexes  

					Rank  

					Biflavonoid  

					ligand  

					5LE5  

					∆G (kcal/mol)  

					-11.48  

					-10.64  

					-10.49  

					-10.46  

					-10.46  

					-10.23  

					-10.18  

					-10.10  

					-9.91  

					Biflavonoid  

					ligand  

					5LF7  

					∆G (kcal/mol)  

					-10.47  

					-10.00  

					-9.93  

					1

					2

					BF23 variant 2  

					BF11 variant 2  

					BF12 variant 4  

					STD variant 1  

					BF14 variant 3  

					BF10 variant 3  

					BF13 variant 4  

					BF9 variant 2  

					BF22 variant 2  

					BF2 variant 4  

					BF17 variant 1  

					BF15 variant 3  

					BF18 variant 5  

					BF1 variant 3  

					BF21 variant 2  

					BF7 variant 1  

					BF5 variant 1  

					BF4 variant 1  

					BF3 variant 2  

					BF8 variant 1  

					BF20 variant 2  

					BF23 variant 5  

					BF11 variant 3  

					BF22 variant 2  

					BF14 variant 5  

					BF12 variant 2  

					BF9 variant 2  

					STD variant 1  

					BF10 variant 4  

					BF2 variant 1  

					BF1 variant 1  

					BF3 variant 5  

					BF7 variant 1  

					BF4 variant 4  

					U13 variant 5  

					BF5 variant 1  

					BF17 varian 4  

					BF6 variant 3  

					BF8 variant 2  

					BF18 variant 4  

					BF21 variant 2  

					BF15 variant 5  

					3

					4

					-9.82  

					5

					-9.75  

					6

					-9.66  

					7

					-9.66  

					8

					-9.52  

					9

					-9.48  

					10  

					11  

					12  

					13  

					14  

					15  

					16  

					17  

					18  

					19  

					20  

					21  

					-9.88  

					-9.40  

					-9.80  

					-9.39  

					-9.62  

					-9.32  

					-9.60  

					-9.31  

					-9.55  

					-9.30  

					-9.34  

					-9.08  

					-9.33  

					-9.05  

					-9.28  

					-8.99  

					-9.18  

					-8.86  

					-9.07  

					-8.84  

					-8.84  

					-8.76  

					-8.71  

					-8.74  
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					22  

					23  

					24  

					BF6 variant 1  

					BF16 variant 4  

					BF19 variant 5  

					-8.65  

					-8.45  

					-8.14  

					BF16 variant 4  

					BF20 variant 3  

					BF19 variant 2  

					-8.25  

					-8.04  

					-7.79  

					Molecular docking in rigid models, based on Emil Fischer's lock and  

					key theory, emphasizes the geometric complementarity between the  

					receptor and the ligand. This study predicts non-covalent interactions  

					by assessing affinity and the binding poses formed.36 The interaction of  

					the receptor-ligand complex induces conformational changes due to  

					high degrees of freedom. Techniques such as Monte Carlo, genetic  

					algorithms, fragment-based incremental extension, and rotamer  

					libraries are employed to address this. AutoDock Vina excels in  

					algorithm optimization, scoring functions, accuracy, and high  

					performance through a combination of Monte Carlo (MC) algorithms  

					and gradient-based (BG) methods.18,36 In the form of Gibbs free energy  

					(∆G), the Vina algorithm produces a scoring function that is  

					automatically sorted from lowest to highest.36 ∆G, which is dependent  

					on entropy (∆S) and enthalpy (∆H) changes, indicates the stability of  

					the complex formed. Docking on 5LE5 and 5LF7 involved 120 ligands  

					with five different stereochemistry, with ∆G ranking determined by  

					averaging the outcomes of 10 repetitions. Table 5 displays the Gibbs  

					free energy (∆G) values of the biflavonoid test ligands docked to the  

					5LE5 and 5LF7 receptor complexes.The lowest ∆G values in the  

					docking of 5LE5-test ligands were shown by ochnaflavone (BF23)  

					variant 2, BF11 variant 2, and BF12 variant 4 as the best ligands  

					compared to the STD variant 1 (-10.46 kcal/mol) (Table 5). Meanwhile,  

					in the docking of 5LF7-test ligands, six test ligands showed the lower  

					∆G value compared to STD variant 1 (-9.66 kcal/mol). The six ligands  

					were BF23 variant 5, BF11 variant 3, BF22 variant 2, BF14 variant 5,  

					BF12 variant 2, and BF9 variant 2. Both the docking of ligands with  

					5LE5 and 5LF7 were dominated by BF23 and two derivatives of  

					amentoflavone, BF11 and BF12. All three showed consistent ∆G  

					values, indicating that their interactions with the receptor were more  

					stable and spontaneous. BF23 is a flavonoid dimer connected through  

					C3′-O-C4′′′, while amentoflavone is connected through a C3′-C8′′ bond.  

					In the amentoflavone scaffold, the presence of methoxy (-OCH3)  

					substituents at C7 and/or C7′′ results in more negative ∆G than -OCH3  

					at positions C4′ and/or C4′′′.  

					Figure 2: β5 Subunit (chain K) amino acid sequence of 5LE5 and 5LF7.  

					Figure 5: Docking grid boxes of the 5LE5 and 5LF7 receptor used in this study; THR1 of 5LE5 and 6V8 of 5LF7 are depicted as Van  

					der Waals spheres inside each box.  

					BF23 variant 2-5LE5 has a lower ∆G value than BF23 variant 5-5LF7,  

					and both consistently represent interactions with the receptor that are  

					more stable and spontaneous. The main difference between these two  

					variants lies in the ring structure and their charges (Figure 6). In variant  

					2, ring A carries a -2 charge due to the presence of two enolate groups,  

					while in variant 5, ring A carries a -1 charge due to the presence of a  

					single enolate. In ring C, variant 2 has one keto and one enol group,  

					whereas variant 5 has two enol groups. Additionally, the connection  

					between the flavonoid monomers at the ortho positions is in the enol  

					form in variant 2, while in variant 5, it is in the enolate form.  

					Ligand BF11 variant  

					2

					(Figure 7A) has  

					a

					charge of -4,  

					P

					stereochemistry, a keto form in the C ring, and a stereocenter. A similar  

					structure is found in ligand BF12 variant 4 (Figure 7B), which differs  

					in its charge (-2). Stereochemistry plays a significant role in drugs, such  

					as ginkgetin, which is an optically active biphenyl. Rotation is restricted  

					at the single bond because the large ortho substituent causes  

					atropoisomeric, which refers to axial chirality in biaryl compounds.38  

					The P configuration occurs when the priority of the substituents  

					decreases in a clockwise direction, and the M configuration occurs when  

					the priority decreases counterclockwise.39 The STD (Figure 7C) is  
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					different because the C ring contains both enol and keto forms, with a  

					charge of -2 and no stereocenter.  

					The interaction between ligands BF22 variant 2, BF14 variant 5, and  

					BF9 variant 2 with receptor 5LF7 shows lower ∆G than STD variant 1  

					(-9.66 kcal/mol). In contrast, the three ligands show higher ∆G values  

					when binding to receptor 5LE5 compared to STD variant 1 (-10.46  

					kcal/mol). This suggests that the three ligands have more stable  

					interactions with receptor 5LF7 than with 5LE5, although both  

					interactions remain spontaneous.  

					Interestingly, ligand BF22 (morelloflavone), derived from the bark of  

					Garcinia lateriflora from Indonesia, has been shown to inhibit β5  

					subunit with an IC50 value of 1.3 μM.11 IC50 is a measure of drug  

					efficacy, indicating the amount of drug needed to inhibit half of the  

					biological activity.40 The lower the IC50 value, the higher the ligand  

					efficacy. Based on Vina scores, ligand BF22 has a lower ∆G than STD,  

					placing it higher in ranking than STD (IC50 ~ 11.4 μM)11. However, this  

					score does not align with docking result to receptor 5LE5. Structurally,  

					ligand BF22 variant 2 is the 2R,3S enantiomer of morelloflavone with  

					alternative enolate forms and nett charge of -5 (Figure 8).  

					Figure 7: Structure of BF11 variant 2 (A), BF12 variant 4 (B),  

					and STD variant 1 (C).  

					Visualization of Receptor-Ligand Complex Interactions  

					The pharmacological activity of a drug depends on its interaction with  

					targets such as enzymes, nucleic acids (DNA and RNA), phospholipid  

					biomembranes, and glycolipids. These interactions involve both  

					covalent and non-covalent interactions. Biflavonoid ligands generally  

					form non-covalent interactions, including hydrogen bonds,  

					hydrophobic, Van der Waals forces, and electrostatic interactions.42–44  

					Clinical proteasome inhibitors are mostly warhead bearing and thus  

					could interact covalently with amino acid (AA) residues at the active  

					site. The inhibitor Ixazomib (6V8) forms a boronic ester bond,  

					particularly with Thr2 residue at the β5 subunit.35 The proteolytic  

					activities of the proteasome are heavily dependent on the hydroxyl  

					group of the N-terminal threonine (Thr1 in 5LE5 or Thr2 in 5LF7)  

					residue from the β subunits which is responsible for peptide cleavage  

					through nucleophilic attack and activated by the Asp17 and Lys33  

					residues.45  

					The binding energy of the ligand BF19 with both receptors 5LE5 and  

					5LF7 are more positive than STD variant 1. This suggests that ligand  

					BF19, both variant 5 and 2, has less stable interactions with both  

					receptors, although the interactions are still spontaneous. When  

					comparing ligand BF19 variant 2 with BF23 variant 5, the main  

					difference between the two lies in the connection between their  

					monomers and the structure of ring C. BF19 variant 2 has a keto form,  

					whereas BF23 variant 5 is in the enol form (Figure 9).  

					The analysis of the 5LE5 (Table 6) and 5LF7 (Table 7) docked  

					complexes reveals that 5LF7 exhibits higher affinity than 5LE5. This  

					could primarily be due to the stronger interactions with active residues  

					like Thr1 and Lys33 on 5LE5, as well as ligand binding at the allosteric  

					site.46 These findings support the literature, highlighting the importance  

					of amino acid residue binding at the active site for effective inhibition.35  

					The interactions are mainly hydrophobic, with binding energies ranging  

					from 1.5–2 kcal/mol, commonly seen on receptor surfaces, compared to  

					electrostatic or covalent interactions.42 Additionally, hydrogen bonds  

					play a significant role in both complexes, enhancing hydrophobic  

					interactions at the drug-target interface that boost biological activity.47  

					While polar groups usually contribute less to affinity due to  

					compensation by desolvation of partial charges.48 However, polar  

					groups are crucial for hydrogen bond formation, which is key to  

					biomolecular interactions, with energy contributions between 0.25–40  

					kcal/mol.43,49  

					Figure 6: Structure of ochnaflavone (BF23) variant 2 (A) and  

					variant 5 (B).  

					From the molecular docking analysis, the stability of the ligand-receptor  

					binding is indicated by the ∆G parameter. The more negative the ∆G  

					value, the more it represents a stable receptor-ligand complex that  

					occurs spontaneously.41 The variation made to the ligand structures as  

					input have not yet significantly influenced the ∆G values or Vina score  

					distribution.  

					Table 2: Ligand interactions with the 5LE5 receptor sorted ascending by Vina score (∆G) value  

					5LE5 residue (Chain-ID)  

					Ligand  

					Binding site  

					similarity to STD  

					(%)  

					Hydrogen Bond (distance in Å)  

					Hydrophobic Interaction  

					BF23  

					Ala24 (K) (3.15),  

					Ser123 (L) (3.02),  

					Gly139 (L) (2.93)  

					Ala20 (K), Ala22 (K), Tyr25 (K), Ala27 (K),  

					43.75  

					variant 2  

					Ala49 (K), Tyr107 (L), Phe124 (L), Asp125 (L), Ser129 (L), Lys136  

					(L), Ala137 (L), Gly138 (L), Ser142 (L), Ala143 (L), Glu143 (W)  

					BF11  

					-

					Thr21 (K), Ala22 (K), Ala27 (K), Arg100 (L),  

					Pro103 (L), Tyr107 (L), Ser123 (L), Phe124 (L), Asp125 (L),  

					Pro126 (L), Val127 (L), Ser129 (L), Tyr130 (L), Gln131 (L), Lys136  

					(L)  

					50.00  

					variant 2  

					2049  

					© 2025 the authors. This work is licensed under the Creative Commons Attribution 4.0 International License  

				

			

		

		
			
				
					
				
			

			
				
					Trop J Nat Prod Res, May 2025; 9(5): 2043 - 2053  

					ISSN 2616-0684 (Print)  

					ISSN 2616-0692 (Electronic)  

					BF12  

					Ser123 (L) (2.90, 2.94)  

					Ala20 (K), Thr21 (K), Ala22 (K), Ala27 (K),  

					56.25  

					100  

					variant 4  

					Ala49 (K), Tyr107 (L), Phe124 (L), Asp125 (L), Pro126 (L), Val127  

					(L), Ser129 (L), Lys136 (L)  

					STD variant Thr1 (K) (2.96, 2.70),  

					Ala20 (K), Thr21 (K), Ala22 (K), Ala27 (K),  

					1

					Lys33 (K) (2.72),  

					Gly131 (K) (2.95)  

					Val31 (K), Gly48 (K), Ala49 (K), Tyr169 (K), Tyr107 (L),  

					Asp125 (L), Val127 (L), Ser129 (L), Gln131 (L)  

					BF19  

					Ala49 (K) (3.17)  

					Ala20 (K), Thr21 (K), Ala22 (K), Ala27 (K),  

					68.75  

					variant 5  

					Gly48 (K), Val127 (K), Pro103 (L), Tyr107 (L), Ser123 (L),  

					Phe124 (L), Asp125 (L), Pro126 (L), Ser129 (L), Tyr130 (L),  

					Gln131 (L)  

					The interaction between 5LE5 and ligand BF23 variant 2 reveals that  

					this ligand shows the most stable ∆G value, despite not binding to amino  

					acid (AA) residues at the β5 active site. Instead, interactions occur at  

					the main segments such as Ala20 (K) and Ala49 (K), with hydrogen  

					bonds at residues Gly139 (L) at 2.93 Å, Ala24 (K) at 3.15 Å, and Ser123  

					(L) at 3.02 Å. In contrast, STD variant 1 binds to residues at the active  

					site, such as Thr1 (K) and Lys33 (K). The interaction of ligand BF11  

					variant 2 is predominantly hydrophobic, involving residues like those  

					of BF23 variant 2. Other ligands like BF12 variant 4, STD variant 1,  

					and BF19 variant 5 have similar interaction residues with BF23 variant  

					2, with 10, 7, and 9 residues, respectively.  

					Table 3: Ligand interactions with the 5LF7 receptor sorted ascending by Vina score (∆G) value  

					Ligand  

					5LF7 residue (Chain-ID)  

					Binding site similarity  

					to STD (%)  

					Hydrogen Bond  

					(distance in Å)  

					Hydrophobic Interaction  

					BF23 variant  

					5

					Thr2 (K) (3.04),  

					Ser131 (K) (2.66)  

					Ser23 (J), Asn24 (J), Ile25 (J), Thr22 (K), Gly48 (K),  

					Tyr114 (K), Gly130 (K), Ser133 (K), Val134 (K), Tyr170  

					(K), Tyr134 (X), Phe137 (X)  

					46.67  

					53.33  

					BF11 variant  

					3

					Thr2 (K) (2.73),  

					Ser97 (K), Gly99 (K), Tyr114 (K), Ser131 (K), Ser133 (K),  

					Val134 (K), Tyr170 (K)  

					Thr22 (K) (2.70),  

					Asn24 (J) (3.02),  

					Gly48 (K) (2.95),  

					Met98 (K) (3.04, 3.03),  

					BF22 variant  

					2

					Gly130 (K) (3.31),  

					Ser131 (K) (3.17),  

					Gly48 (K) (2.98),  

					Thr2 (K) (3.12)  

					-

					Ile25 (J), Ala31 (W), Val134 (K), Phe137 (X), Tyr170 (K)  

					33.33  

					40.00  

					BF14 variant  

					5

					Thr2 (K), Ala21 (K), Thr22 (K), Ala28 (K), Val32 (K),  

					Lys34 (K), Met46 (K), Gly48 (K), Gly49 (K), Ala50 (K),  

					Asp125 (L), Ser129 (L), Tyr130 (L), Gln131 (L), Tyr170  

					(K)  

					BF12 variant  

					2

					-

					-

					Thr2 (K), Ala21 (K), Thr22 (K), Ala28 (K), Val32 (K),  

					Lys34 (K), Met46 (K), Gly48 (K), Gly49 (K), Ala50 (K),  

					Asp125 (L), Ser129 (L), Tyr130 (L), Gln131 (L)  

					33.33  

					33.33  

					100  

					BF09 variant  

					2

					Thr2 (K), Arg20 (K), Ala21 (K), Thr22 (K), Ala28 (K),  

					Val32 (K), Lys34 (K), Met46 (K), Gly48 (K), Gly49 (K),  

					Ala50 (K), Tyr170 (K), Asp125 (L), Ser129 (L), Gln131 (L)  

					STD  

					variant 1  

					Thr22 (K) (2.87),  

					Met98 (K) (2.80),  

					Ser117 (K) (2.67),  

					Gly130 (K) (3.03)  

					Thr2 (K), Ala21 (K), Gly48 (K), Gly49 (K), Gly95 (K),  

					Ser97 (K), Tyr114 (K), Asp116 (K), Val129 (K), Ser131  

					(K), Tyr170 (K)  

					BF19  

					variant 2  

					Thr2 (K) (2.71),  

					Gly130 (K) (3.10)  

					Asn24 (J), Ile25 (J), Thr22 (K), Ser97 (K), Val129 (K),  

					Ser131 (K), Ser133 (K), Val134 (K), Tyr170 (K), Phe137 (X)  

					46.67  
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					These findings suggest that interactions with the β1 subunit  

					significantly influence complex stability. This insight provides a  

					foundation for further development, especially as most studies on  

					commercial inhibitors focus on proteasome inhibition via the β5  

					pathway. Examples of such inhibitors include Bortezomib, Ixazomib,  

					Delanzomib,  

					Oprozomib,  

					Dihydroponemicin,  

					and  

					Z-LLY  

					ketoaldehyde.35 A 2D visualization of the receptor-ligand interaction  

					complexes for the lowest and highest ∆G compared to STD is illustrated  

					in Figure 10.  

					Figure 9: Structure of BF19 variant 2 (A) and 5 (B).  

					The interaction between 5LF7 and ligand BF23 variant 5 shows  

					hydrogen bonds with Thr2 (K) and Ser131 (K), and 12 hydrophobic  

					residues from chains K, J, and X. Ligand BF11 variant 3 shares  

					similarities with BF23 variant 5, with five hydrogen bonds and seven  

					hydrophobic residues. BF22 variant 2 forms four hydrogen bonds and  

					five hydrophobic interactions, also like BF23 variant 5. Other ligands,  

					such as BF14 variant 5, BF12 variant 2, and BF9 variant 2, share 3–4  

					residues with BF23 variant 5 but lack hydrogen bonds. The best  

					interactions occur with Thr2, Thr22, Gly48, and Tyr170 in chain K.  

					Figure 8: Structure of BF22 variant 2  

					Figure 10: 2D visualization of the 5LE5 best receptor-ligand complex interactions.  

					Ligand STD variant 1 forms five hydrogen bonds and 11 hydrophobic  

					interactions, with seven residues matching BF23 variant 5. Ligand  

					BF19 variant 2, with the highest affinity, shows two hydrogen bonds,  

					ten hydrophobic interactions, and shares nine residues. These results  

					highlight the dominance of chain K interactions, with differences in  

					residue poses between 5LF7 and 5LE5 due to grid box size variations.  

					A 2D visualization of the receptor-ligand interactions for ligands with  

					the lowest and highest ∆G is shown in Figure 11.  
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					Figure 11: 2D visualization of the 5LF7 best receptor-ligand complex interactions.  

					The Binding Site Similarity (BSS) analysis between the 5LE5 and 5LF7  

					Acknowledgments  

					receptor complexes evaluates the similarity of active sites based on the  

					interaction residues. The best ligand, BF23 variant 2, has a BSS of  

					42.86%, while variant 5 shows no BSS. Ligand BF11 variant 3 has a  

					BSS of 8.33%, while the highest value is observed in BF12 variant 2  

					(71.43%), followed by BF14 variants 3 and 5, and BF9 variant 2  

					(46.67%). Ligand BF19 variant 5, with the highest affinity for 5LE5,  

					has a BSS of 20%. The most consistent residues in 5LF7-ligand  
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					Gly130 (K), and Tyr170 (K), while in 5LE5-ligand interactions,  
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					and Asp125 (L). The analysis reveals residue patterns across ligands  

					with both low and high affinities to receptors, which might help identify  
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