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ABSTRACT

	Aims: To evaluate the inhibitory potential of twenty Indonesian phytochemicals against Candida albicans Secreted Aspartic Protease 2 (SAP2; PDB ID: 1EAG), a key virulence enzyme essential for fungal tissue invasion and pathogenicity.	Comment by Herlin Sinay: The Aims could explicitly mention the biological rationale (to inhibit SAP2-mediated virulence in C. albicans)
Study Design: An in silico, structure-based molecular docking study employing a validated flexible-pocket docking model focused on the catalytic Asp32–Asp218 dyad of SAP2.
Place and Duration of Study: Computational analyses were performed at the Department of Physics Education, Universitas Kristen Indonesia, Jakarta, between January and October 2025.
Methodology: Twenty phytochemicals from Indonesian medicinal plants were prepared using ADFRsuite 1.0 and docked to SAP2 via AutoDock Vina (version 1.2.3). Each ligand underwent five independent docking replicates using a flexible-pocket model encompassing the catalytic and anchoring residues (Asp32, Asp218, Ser282, Leu297, Arg312). Binding free energies (ΔG, kcal mol⁻¹) were evaluated, and protein–ligand interactions were visualized using PyMOL and BIOVIA Discovery Studio Visualizer to identify hydrogen bonds and hydrophobic contacts.
Results: All ligands exhibited reproducible binding profiles (SD ≤ 0.25 kcal mol⁻¹), with ΔG values ranging from −4.1 to −6.0 kcal mol⁻¹. Demethoxycurcumin (−5.98 ± 0.04 kcal mol⁻¹), curcumin (−5.90 ± 0.06 kcal mol⁻¹), and bisdemethoxycurcumin (−5.60 ± 0.06 kcal mol⁻¹) showed the strongest affinities through hydrogen bonds with Ser282, Glu278, and Arg312 near the catalytic dyad. Sesquiterpenoids such as germacrone and β-bisabolene bound stably through compact hydrophobic interactions, while smaller ligands like 6-shogaol and citral localized in a peripheral sub-pocket, suggesting a potential allosteric site.
Conclusion: Curcuma-derived curcuminoids and Zingiber-derived terpenoids are promising natural SAP2 inhibitors. The flexible-pocket docking strategy enhances reproducibility and establishes a robust computational foundation for subsequent molecular dynamics and in vitro antifungal validation.
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1. INTRODUCTION

Fungal infections, particularly those caused by Candida albicans, remain a major global health challenge due to their rising incidence, increasing antifungal resistance, and association with high morbidity and mortality among immunocompromised patients (Mayer et al., 2023). This opportunistic yeast exhibits morphological plasticity, biofilm formation, and secretion of virulence-associated enzymes, including secreted aspartic proteases (SAPs), which facilitate host tissue invasion and immune evasion. SAP family enzymes, including SAP2, play essential roles in Candida virulence and host-pathogen interactions (Naglik et al., 2020). Among them, SAP2 is a key isoenzyme involved in host protein degradation and nutrient acquisition, making it a central determinant of pathogenicity (Rawat et al., 2023; Raja et al., 2020). SAP2 catalyzes peptide bond hydrolysis through a conserved Asp32–Asp218 catalytic dyad, a hallmark feature of fungal aspartic proteases.	Comment by Herlin Sinay: Could briefly describe why SAP2 (among 10 SAP isoenzymes) was prioritized such as expression dominance, proven pathogenic role.

The previous studies section could include a concise quantitative comparison (for example: previous SAP2 docking energies or validation RMSDs).

A short paragraph on drug-likeness properties or Lipinski compliance of selected phytochemicals could enhance pharmacological relevance
Given these therapeutic challenges, natural products—particularly phytochemicals derived from medicinal plants—offer a promising resource for antifungal drug discovery due to their structural diversity and favorable safety profiles (Rathod et al., 2023). Recent evidence indicates that terpenoids, alkaloids, and phenolics can inhibit fungal virulence enzymes such as proteases and lipases (Singh & Mukherjee, 2022), highlighting the untapped potential of tropical flora, including Indonesia’s rich phytochemical diversity.
Structure-based molecular docking has become an essential tool in early-stage drug discovery, enabling prediction of protein–ligand interactions and estimation of binding affinities before experimental validation (Jafari et al., 2021). Its application to fungal virulence enzymes such as SAP2 facilitates identification of inhibitors that may attenuate pathogenicity, supporting rational antifungal drug design (Meenambiga et al., 2018). However, most previous docking studies relied on rigid-grid approaches or generic compound libraries, which often yielded low reproducibility and limited biological relevance, underscoring the need for flexible-pocket validation and context-specific screening.
While the SAP2 structure (PDB ID: 1EAG) has been used as a reliable docking model in several global studies, its application for regional phytochemical datasets—particularly those derived from Indonesian medicinal plants—remains underexplored. Moreover, prior research rarely included residue-level interaction mapping, which is critical for understanding key binding determinants and optimizing ligand scaffolds. Hence, a clear research gap exists in integrating Indonesian phytochemical diversity with validated flexible-pocket docking and detailed interaction analyses.
To address this, the present study performs a structure-based molecular docking and interaction analysis of selected Indonesian phytochemicals targeting the validated active site of SAP2 (PDB ID: 1EAG). The novelty of this work lies in its use of region-specific natural compounds combined with a flexible-pocket docking framework centered on the Asp32–Asp218 catalytic dyad and secondary anchoring residues (Ser282, Leu297, Arg312). Furthermore, five independent docking replicates were conducted to ensure high reproducibility, providing a robust computational foundation for future in vitro and in vivo validation of promising antifungal candidates derived from Indonesian natural products.

2. material and methods
	Comment by Herlin Sinay: No mention of control compounds or reference inhibitors (e.g., pepstatin A) to benchmark energy scale.

While stating that “ligand geometries were pre-optimized in database,” brief mention of checking energy minimization status (via MMFF94 or UFF) would add completeness.

The receptor’s validation process is referenced (“Malau, in press”), but a 1–2 sentence summary of that validation (RMSD values, reference ligand redocking) should be embedded here for self-containment.

Inclusion of grid box visualization (figure) could help readers reproduce the study.
.
2.1 Study Design 
This study employed a structure-based in silico screening approach to evaluate the inhibitory potential of selected Indonesian phytochemicals against Candida albicans Secreted Aspartic Protease 2 (SAP2; PDB ID: 1EAG). SAP2 was chosen as the molecular target due to its critical role in fungal virulence, mediating host protein degradation and tissue invasion through its conserved Asp32–Asp218 catalytic dyad, which is essential for proteolytic activity (Raja et al., 2020; Rawat et al., 2023).
The overall computational workflow consisted of five main stages: (i) ligand selection and preparation, (ii) receptor preparation, (iii) molecular docking simulations, (iv) interaction analysis, and (v) interpretation of results. 
All procedures were conducted using validated open-source and proprietary computational tools to ensure reproducibility, accuracy, and methodological consistency throughout the workflow. The flexible-pocket model employed in this work had been previously validated in our earlier study, ensuring a reliable and biologically relevant docking environment for SAP2. Details of the flexible-pocket validation procedure are provided in our previous study (Malau., in press, 2025).

2.2 Ligand Selection and Preparation
A total of twenty phytochemical compounds were selected from Indonesian medicinal plants based on their reported antifungal or antimicrobial properties. Chemical data and 3D structures were retrieved from the PubChem, ZINC, and ChEMBL databases (Nugraha et al., 2020).
The ligands included gingerol derivatives (6-, 8-, and 10-gingerol) and 6-shogaol from red ginger (Zingiber officinale var. rubrum); xanthorrhizol, germacrone, curdione, and ar-turmerone from Curcuma xanthorrhiza and Curcuma aeruginosa; and citral (geranial and neral), geraniol, and terpineol from lemongrass (Cymbopogon citratus). Additionally, curcumin, demethoxycurcumin, and bisdemethoxycurcumin from Curcuma longa, as well as eugenol from Syzygium aromaticum and cinnamaldehyde from Cinnamomum burmannii, were included as reference antifungal compounds (Ali et al., 2021).
Ligand structures were downloaded in SDF format, converted into PDB, and subsequently prepared as PDBQT files using ADFRsuite 1.0 (AutoDockToolsFR). Each ligand was assigned Gasteiger partial charges, hydrogen bond donors and acceptors were defined, and all rotatable bonds were specified according to AutoDock Vina requirements.
No additional energy minimization was performed, as the ligand geometries were pre-optimized in the database and suitable for docking. All structures were visually inspected using PyMOL v2.5 to verify valence integrity, atom connectivity, and completeness of hydrogen atoms. This compound selection reflects the chemical diversity of Indonesian phytochemicals with known antifungal or antimicrobial activity.

2.3 Receptor Preparation
The crystal structure of SAP2 (PDB ID: 1EAG) was retrieved from the Protein Data Bank (PDB). Non-essential water molecules, co-crystallized ligands, and heteroatoms were removed to obtain a clean receptor model. The receptor was prepared using the prepare_receptor4.py script from AutoDockTools (ADT) within ADFRsuite 1.0, which added polar hydrogens, assigned Gasteiger charges, and exported the structure in PDBQT format.
No energy minimization was performed because the crystallographic conformation was already stable and appropriate for docking. The validated flexible-pocket model used in this study was derived from the authors’ previous refinement of the SAP2 active site, which corrected the low RMSD (>4 Å) observed in direct redocking trials. This model focused on the Asp32–Asp218 catalytic dyad and three secondary anchoring residues (Ser282, Leu297, and Arg312), identified as essential for ligand stabilization near the catalytic cleft. This refined pocket provided an accurate representation of the catalytic groove geometry, enabling reliable and reproducible docking outcomes.
2.4 Molecular Docking Procedure
Docking simulations were carried out using AutoDock Vina (version 1.2.3) executed via command-line interface. Each ligand was docked into the validated flexible pocket of SAP2 using standardized grid parameters. The docking grid was centered at coordinates x = 45.6, y = 12.8, z = 28.9, with a box size of 22 × 22 × 22 Å³, fully encompassing the catalytic dyad and its adjacent residues. Each docking experiment was independently repeated five times to ensure statistical reproducibility and minimize random variation in binding orientations.
For each run, the binding free energy (ΔG, kcal mol⁻¹) was recorded, and the lowest-energy conformation was considered the most stable binding mode. The mean ΔG ± SD values were calculated from five independent runs for each ligand. To verify pose consistency, convergence was confirmed when the top-ranked docking poses across replicates exhibited RMSD values ≤ 2.0 Å. The five ligands with the strongest mean ΔG values were selected for further interaction profiling and structural analysis.

2.5 Interaction Analysis and Visualization
The resulting receptor–ligand complexes were analyzed using PyMOL v2.5 and BIOVIA Discovery Studio Visualizer 2021 to assess ligand orientation, conformational stability, and residue-level interactions within the SAP2 active site. Hydrogen bonds were considered significant when the donor–acceptor distance was ≤ 3.5 Å, while hydrophobic and π-type interactions (π–π stacking and π–alkyl) were identified through 2D interaction mapping in Discovery Studio and confirmed by distance measurements in PyMOL. This dual-software approach ensured accurate residue contact identification and enhanced the reliability of interaction interpretation.
The lowest-energy pose (most negative ΔG) of each ligand was visualized in both 2D and 3D to highlight hydrogen-bonding networks and hydrophobic contacts within the Asp32–Asp218 catalytic dyad and its secondary anchoring residues (Ser282, Leu297, Arg312). All docking parameters, input files, and output data were systematically archived to guarantee reproducibility, transparency, and traceability of the computational workflow (Hanwell et al., 2019). All 2D interaction maps and 3D visualizations were exported at 600 dpi resolution for publication-quality representation. All analyses were performed on a Windows 11 x64 workstation using AutoDock Vina 1.2.3, PyMOL 2.5.0, and BIOVIA Discovery Studio Visualizer 2021.

3. results and discussion

3.1 Reproducibility and Binding Energy Overview 

All twenty phytochemicals were successfully docked into the validated flexible pocket of Candida albicans Secreted Aspartic Protease 2 (SAP2; PDB ID: 1EAG) using AutoDock Vina. Each simulation was independently repeated five times to ensure statistical reliability and eliminate stochastic bias. The mean binding free energies (ΔG, kcal mol⁻¹) and corresponding standard deviations (SD) obtained across these replicates are summarized in Table 1. The consistently low SD values (≤ 0.25 kcal mol⁻¹) confirm high reproducibility and methodological robustness of the docking protocol.	Comment by Herlin Sinay: Could mention biological interpretation of ΔG scale: e.g., what 6 kcal/mol implies in approximate inhibition constant (Ki) terms (~40–60 µM range).

The inclusion of rigid docking comparison results (even briefly) could highlight flexible model advantages quantitatively
The mean ΔG values ranged from −4.10 to −5.98 kcal mol⁻¹, indicating moderate-to-strong ligand–protein interactions. Among all compounds, demethoxycurcumin (−5.98 ± 0.04 kcal mol⁻¹) and curcumin (−5.90 ± 0.06 kcal mol⁻¹) exhibited the strongest affinities, followed by bisdemethoxycurcumin (−5.60 ± 0.06 kcal mol⁻¹), β-bisabolene (−5.60 ± < 0.01 kcal mol⁻¹), germacrone (−5.60 ± < 0.01 kcal mol⁻¹), and ar-turmerone (−5.32 ± 0.04 kcal mol⁻¹).
These ligands outperformed most other phytochemicals and displayed binding energies comparable to curcumin, while substantially exceeding cinnamaldehyde.
Across all replicates, the top poses converged within RMSD ≤ 2.0 Å, confirming consistent ligand orientation within the flexible pocket. Such convergence demonstrates that the validated flexible-pocket model provides a stable and biologically relevant docking environment, effectively compensating for the limitations of rigid-grid redocking. Therefore, the observed ΔG profiles reflect genuine molecular complementarity rather than random sampling. 

Table 1.	Binding free energies (ΔG, kcal mol⁻¹) of Indonesian phytochemicals docked to SAP2 (1EAG) in five independent runs.

	No.
	Compound
	Source Plant (Latin name)
	Run 1
	Run 2
	Run 3
	Run 4
	Run 5
	Mean ΔG ± SD (kcal mol⁻¹)

	1
	6-Gingerol
	Zingiber officinale var. rubrum
	−4.9
	−4.8
	−4.5
	−4.9
	−4.9
	−4.80 ± 0.16

	2
	6-Shogaol
	Z. officinale var. rubrum
	−4.5
	−4.8
	−4.6
	−4.8
	−4.5
	−4.64 ± 0.14

	3
	8-Gingerol
	Z. officinale var. rubrum
	−5.0
	−4.5
	−4.6
	−4.5
	−4.6
	−4.64 ± 0.19

	4
	10-Gingerol
	Z. officinale var. rubrum
	−4.6
	−4.3
	−5.0
	−4.6
	−4.9
	−4.68 ± 0.25

	5
	Ar-Turmerone
	Curcuma longa
	−5.3
	−5.4
	−5.3
	−5.3
	−5.3
	−5.32 ± 0.04

	6
	β-Bisabolene
	Cymbopogon citratus
	−5.6
	−5.6
	−5.6
	−5.6
	−5.6
	−5.60 ±  0.01

	7
	Bisdemethoxycurcumin
	Curcuma longa
	−5.5
	−5.6
	−5.6
	−5.7
	−5.6
	−5.60 ± 0.06

	8
	Cinnamaldehyde
	Cinnamomum burmannii
	−4.3
	−4.3
	−4.3
	−4.3
	−4.3
	−4.30 ± 0.00

	9
	Citral (Geranial + Neral)
	Cymbopogon citratus
	−4.3
	−4.3
	−4.5
	−4.4
	−4.4
	−4.38 ± 0.08

	10
	Curcumin
	Curcuma longa
	−6.0
	−5.9
	−5.8
	−5.9
	−5.9
	−5.90 ± 0.06

	11
	Curdione
	Curcuma zedoaria
	−5.2
	−5.2
	−5.2
	−5.2
	−5.2
	−5.20 ± 0.01

	12
	Demethoxycurcumin
	Curcuma longa
	−6.0
	−6.0
	−5.9
	−6.0
	−6.0
	−5.98 ± 0.04

	13
	Eugenol
	Syzygium aromaticum
	−4.4
	−4.4
	−4.4
	−4.4
	−4.4
	−4.40 ± 0.00

	14
	Geraniol
	Cymbopogon citratus
	−4.5
	−4.5
	−4.5
	−4.5
	−4.5
	−4.50 ± 0.00

	15
	Germacrone
	Curcuma xanthorrhiza
	−5.6
	−5.6
	−5.6
	−5.6
	−5.6
	−5.60 ±  0.01

	16
	Linalool
	Myrtus communis
	−4.1
	−4.1
	−4.1
	−4.1
	−4.1
	−4.10 ± 0.00

	17
	Terpineol
	Cymbopogon citratus
	−4.6
	−4.6
	−4.6
	−4.6
	−4.6
	−4.60 ± 0.00

	18
	Thymol
	Thymus vulgaris
	−4.6
	−4.6
	−4.6
	−4.6
	−4.6
	−4.60 ± 0.00

	19
	Xanthorrhizol
	Curcuma xanthorrhiza
	−4.8
	−4.8
	−5.7
	−4.8
	−4.8
	−4.98 ± 0.36

	20
	Zingerone
	Zingiber officinale
	−4.8
	−4.8
	−4.8
	−4.8
	−4.8
	−4.80 ± 0.00



3.2. Affinity Ranking and Ligand Binding Analysis

The mean binding energies across five replicates exhibited strong convergence (SD < 0.3 kcal mol⁻¹) and consistent ligand orientations within the SAP2 binding pocket. The overall energies ranged between −4.1 and −6.0 kcal mol⁻¹. The five top-ranked phytochemicals—demethoxycurcumin, curcumin, bisdemethoxycurcumin, germacrone, and β-bisabolene—showed the most favorable interactions.	Comment by Herlin Sinay: Could include an energy component breakdown (H-bond, hydrophobic, electrostatic) if available.

The biological inference (membrane perturbation for citral/eugenol) is accurate but should cite corresponding experimental references

Curcuminoids (demethoxycurcumin, curcumin, and bisdemethoxycurcumin) share a β-diketone linker and extended aromatic π-systems that enable multiple hydrogen bonds and π–π or π–alkyl contacts near the Asp32–Asp218 catalytic dyad. These dual polar–hydrophobic interactions enhance electrostatic complementarity and explain their superior affinities, consistent with previous reports of curcuminoid-mediated protease inhibition.

In contrast, the sesquiterpenoids germacrone and β-bisabolene exhibited predominantly hydrophobic anchoring stabilized by van der Waals (vdW) contacts with Leu297, Pro162, and Ile223, yielding reproducible binding energies (~ −5.6 kcal mol⁻¹; SD < 0.1). Smaller and less polar molecules such as citral and eugenol showed moderate affinities (~ −4.4 kcal mol⁻¹), consistent with antifungal mechanisms dominated by membrane perturbation rather than enzymatic inhibition.

Ligands with ΔG ≤ −5.0 kcal mol⁻¹ were thus classified as biologically relevant SAP2 binders, particularly Curcuma-derived curcuminoids and Zingiberaceae-derived sesquiterpenoids exhibiting strong catalytic-site complementarity.

3.3. Interaction Profiles and Key Residues
Residue-level interaction mapping performed using BIOVIA Discovery Studio Visualizer and validated in PyMOL confirmed that all top-ranked ligands localized near the Asp32–Asp218 catalytic dyad within the validated flexible pocket. Consistent hydrogen-bonding and hydrophobic contacts were observed with Ser282, Leu297, Arg312, Pro162, and Ala281, forming a polar–hydrophobic interface contiguous with the catalytic groove.

Table 2. Key receptor–ligand interactions between SAP2 (1EAG) and top-ranked phytochemicals.

	No.
	Ligand
	Catalytic Region
	Interaction Type
	Interacting Residues
	Description

	1
	Demethoxycurcumin
	Catalytic cleft near Asp32–Asp218
	Hydrogen bonds
	Ser282, Glu278
	Two strong H-bonds anchor the ligand in the polar sub-pocket.

	
	
	
	Hydrophobic / vdW
	Ala280, Ala281, Leu297
	Stabilizes the aromatic backbone.

	2
	Curcumin
	Catalytic cleft near Asp32–Asp218
	Hydrogen bonds
	Ser282, Arg312
	Dual polar contacts stabilize the aromatic scaffold.

	
	
	
	π–alkyl
	Pro162
	Hydrophobic ring interaction enhances binding stability.

	3
	Bisdemethoxycurcumin
	Catalytic periphery
	Hydrogen bonds
	Ser282, Asn9, Gln11
	Multiple H-bonds at the catalytic rim.

	
	
	
	π–sigma / π–alkyl
	Leu297, Pro162
	Mixed aromatic–hydrophobic anchoring.

	4
	Germacrone
	Hydrophobic groove adjacent to Asp218
	Hydrogen bond
	Arg312
	Single polar contact defining ligand orientation.

	
	
	
	Alkyl / vdW
	Leu297, Ile223, Pro162
	Strong hydrophobic packing stabilizes the ligand.

	5
	β-Bisabolene
	Hydrophobic groove adjacent to Asp218
	Hydrogen bond
	Arg312
	Anchoring at the pocket rim.

	
	
	
	Alkyl / π–sigma
	Pro162, Ala281, Leu297
	Reinforces hydrophobic complementarity.



The recurrent participation of Ser282, Leu297, and Arg312 across all complexes indicates that these residues act as secondary anchoring points adjacent to the catalytic dyad, enhancing overall pocket stability. Curcuminoids exhibit balanced polar–hydrophobic complementarity consistent with competitive inhibition at the catalytic cleft, whereas sesquiterpenoids rely primarily on non-polar clustering, suggesting potential allosteric or mixed-mode inhibition near the flap region. These residue-level interactions were consistently observed in both Discovery Studio 2D mapping and PyMOL distance validation, confirming the robustness of the binding models.

3.4. Comparative Discussion and Biological Implications

Compared with previous SAP2 docking studies employing rigid-binding models (Raja et al., 2020; El-Sharaky et al., 2022), the flexible-pocket approach used here achieved greater reproducibility (SD < 0.3 kcal mol⁻¹) and identified additional stabilizing residues (Ser282, Leu297, Arg312) not emphasized in earlier rigid-grid analyses. The top ligands—demethoxycurcumin, curcumin, and bisdemethoxycurcumin—showed stronger binding energies (≈ −6 kcal mol⁻¹) and denser hydrogen-bond networks than previously reported inhibitors such as xanthorrhizol and eugenol.	Comment by Herlin Sinay: The biological significance of a 6 kcal/mol binder vs. known SAP2 inhibitors (e.g., pepstatin A ≈ 8 kcal/mol) could be explicitly stated for potency context.

A limitation paragraph is missing (e.g., docking ≠ dynamic behavior, absence of solvation effects).

Could mention future validation steps, such as MD simulations, ADMET analysis, or enzymatic assays

The conjugated β-diketone and phenolic hydroxyl groups of curcuminoids enable dual stabilization via hydrogen bonding and π-type interactions, supporting a competitive inhibitory mechanism within the catalytic groove. Conversely, sesquiterpenoids (germacrone, β-bisabolene) interact mainly through hydrophobic clustering around Leu297–Ile223–Pro162, potentially restricting flap flexibility and substrate entry—an allosteric modulation pathway consistent with terpenoid–protease interaction models.

Smaller ligands such as 6-shogaol and citral consistently occupied a putative peripheral binding pocket adjacent to the flap region, showing moderate affinities (−4.3 to −4.6 kcal mol⁻¹). This secondary pocket may represent an allosteric site capable of influencing SAP2 dynamics, offering opportunities for dual-site inhibitor design integrating catalytic and regulatory targeting.

Overall, the integration of flexible-pocket validation, multi-replicate docking, and residue-level interaction analysis provides a reproducible computational framework for rational antifungal drug discovery. These findings highlight Curcuma-derived curcuminoids and Zingiber-derived terpenoids as promising SAP2 inhibitors, offering mechanistic insights for the design of novel antifungal therapeutics and establishing a foundation for subsequent molecular-dynamics and in vitro validation studies.

4. Conclusion

This study presents a comprehensive structure-based molecular docking and interaction analysis of twenty Indonesian phytochemicals targeting Candida albicans Secreted Aspartic Protease 2 (SAP2; PDB ID: 1EAG), a virulence-associated enzyme essential for fungal pathogenicity. Using a validated flexible-pocket docking framework and five independent simulation replicates per ligand, the results demonstrated high reproducibility (SD < 0.3 kcal mol⁻¹) and biologically consistent binding conformations.	Comment by Herlin Sinay: Could explicitly mention that findings are computational predictions requiring experimental validation.

A closing line on the potential integration of flexible pocket docking into regional drug discovery pipelines would strengthen impact.
Among the screened compounds, demethoxycurcumin, curcumin, and bisdemethoxycurcumin exhibited the strongest binding affinities (ΔG ≈ −5.9 to −6.0 kcal mol⁻¹) and stable hydrogen-bond interactions with key residues Ser282, Glu278, and Arg312, located near the catalytic dyad Asp32–Asp218. These curcuminoids demonstrated balanced polar–hydrophobic complementarity, suggesting their potential as competitive inhibitors that occupy the catalytic cleft. Meanwhile, sesquiterpenoid ligands such as germacrone and β-bisabolene achieved comparable affinities through compact hydrophobic interactions with Leu297, Pro162, and Ile223, indicating a possible noncompetitive or allosteric inhibition mechanism. Collectively, these findings highlight Curcuma-derived curcuminoids and Zingiber-derived terpenoids as promising natural SAP2 inhibitors, establishing a reproducible computational framework for antifungal drug discovery and rational lead optimization.
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