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Abstract
Hemocyanins play a crucial role in oxygen transport and innate immune defence in decapod crustaceans. Due to the lack of experimentally resolved three-dimensional structures for hemocyanins from Scylla olivacea and Scylla serrata, this study employed homology modelling and molecular docking approaches to construct, validate, and evaluate their molecular interactions. Sequence data obtained via tandem mass spectrometry (MS/MS) were aligned using BLASTp and ClustalW. Theoretical 3D models were built using MODELLER based on template structures from Panulirus interruptus (PDB ID: 1HC1) and Panulirus japonicus (PDB ID: 6L8S). Model evaluation via PROCHECK demonstrated high stereochemical quality, with 87.8% and 86.9% of residues occupying the most favoured regions of the Ramachandran plot for S. olivacea hemocyanin protein (SOHP) and S. serrata hemocyanin protein (SSHP), respectively. Structural superimposition yielded root-mean-square deviations (RMSD) of 0.271 Å (SOHP vs. 1HC1) and 0.593 Å (SSHP vs. 6L8S). Molecular docking with AutoDock Vina revealed robust binding affinities toward reactive oxygen species (H2​O2​), sodium dodecyl sulfate (SDS), bacterial peptidoglycan constituents (N-acetylglucosamine [NAG] and N-acetylmuramic acid [NAM]), and fungal cell wall component (β-glucan). SSHP exhibited more favourable binding energies towards NAG (−8.1 kcal/mol) and β-glucan (−7.8 kcal/mol), whereas SOHP showed a slightly more favourable binding energy towards NAM (−6.7 kcal/mol). Active site interaction analysis identified key catalytic residues involved in hydrogen bonding and hydrophobic contacts. These structural insights clarify the pathogen-recognition and physiological capabilities of mud crab hemocyanins.
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1. Introduction
Mud crabs belonging to the genus Scylla, predominantly Scylla serrata and Scylla olivacea, represent ecologically and economically vital marine invertebrates. Invertebrates lack adaptive immune systems and rely strictly on innate immune mechanisms to neutralise invading pathogens and environmental stress. Hemocyanin, a copper-containing respiratory protein circulating in the haemolymph, functions as an oxygen carrier and exhibits multifunctional immunological properties, including phenoloxidase-like activity, antiviral defence, and direct microbicidal activity.
Experimental work in S. serrata has shown that hemocyanin can agglutinate bacteria and contribute to humoral antibacterial responses, supporting a role beyond oxygen transport in mud-crab innate immunity (Yan et al., 2011; Velayutham & Munusamy, 2016). More broadly, crustacean immunity depends on soluble and cell-associated pattern-recognition systems that detect conserved microbial motifs and trigger downstream humoral defences (Patnaik et al., 2024). Recent evidence further supports hemocyanin as a multifunctional protein that contributes to crustacean immune defence in addition to oxygen transport (Ji et al., 2024; Li et al., 2025).
Despite the functional significance of hemocyanin in mud crab survival, three-dimensional (3D) structural details for S. olivacea and S. serrata hemocyanins remain uncharacterised in public structural repositories such as the Protein Data Bank (PDB). Structural elucidation is a prerequisite to understanding their catalytic mechanisms, substrate specificity, and molecular interactions with pathogen-associated molecular patterns (PAMPs) and reactive oxygen species (ROS).
At the structural level, arthropod hemocyanins are type-3 copper proteins whose active-site architecture is closely related to phenoloxidases, and experimentally resolved lobster hemocyanin structures provide suitable structural comparators for comparative analyses (Volbeda & Hol, 1989; Masuda et al., 2020). Comparable in silico studies have combined three-dimensional protein modelling, stereochemical validation, and molecular docking to assess protein structure and ligand interactions (Annadurai et al., 2026). Molecular docking is also recognised as a computational approach for examining protein-ligand binding orientations and interactions (Ray et al., 2022).
However, a comparative structural assessment of S. olivacea and S. serrata hemocyanins that combines validated homology modelling with docking against a common ligand set remains limited.
In this study, theoretical 3D structural models of hemocyanin from both male and female specimens of S. olivacea (SOHP) and S. serrata (SSHP) were generated using homology modelling techniques. Structural models were refined and validated through stereochemical evaluation servers. Furthermore, molecular docking experiments were performed with various ligands—including H2​O2​, SDS, bacterial peptidoglycan components (NAG and NAM), and fungal β-glucan—to characterise active site interactions and evaluate the biochemical basis of their host defence capabilities.
2. Materials and Methods
2.1 Target Sequence Procurement and Template Selection
The amino acid sequences of hemocyanin proteins from S. serrata and S. olivacea were obtained through tandem mass spectrometry (MS/MS) sequencing. To identify appropriate structural templates for homology modelling, basic local alignment search tool for proteins (BLASTp) (Altschul et al., 1990) searches were executed against the Protein Data Bank (PDB) (Berman et al., 2000) using default parameters. High-scoring crystal structures with maximum sequence identity and low E-values were chosen as templates. Sequence alignments between target sequences and selected templates were performed using ClustalW (Thompson et al., 1994).
2.2 3D Model Generation
Three-dimensional models were constructed using the academic version of MODELLER 9v1 (Sali & Blundell, 1993). MODELLER generates models by optimising molecular spatial restraints using probability density functions (PDFs) (Sali & Blundell, 1993; Sali & Overington, 1994). Input sequence alignment files (qseq1-tseq1.ali) were prepared in PIR format. Five candidate models were generated per target protein using the automodel class. Candidate structures were evaluated using Discrete Optimized Protein Energy (DOPE) profiles to select the lowest-energy model representing the most stable conformation.
2.3 Model Quality Assessment and Validation
Stereochemical quality and residue environment profiles of the primary candidate models (SOHP and SSHP) were assessed using PROCHECK (Laskowski et al., 1993) for Ramachandran plot analysis (Φ/Ψ dihedral angle distribution), Verify3D (Eisenberg et al., 1997), and ERRAT servers. Structural superimposition and Root Mean Square Deviation (RMSD) calculations relative to template coordinates were performed using PyMOL.
2.4 Molecular Ligand Docking and Interaction Analysis
Ligand structures—hydrogen peroxide (H2​O2​), sodium dodecyl sulfate (SDS), N-acetylglucosamine (NAG), N-acetylmuramic acid (NAM), and β-glucan—were downloaded in 2D SDF format from PubChem and converted to 3D coordinates.
Protein receptors and ligands were prepared using AutoDock Tools (Morris et al., 2009). Molecular docking studies were executed with AutoDock Vina using standard default parameters and genetic search algorithms. Grid boxes encompassing active site regions were established around target coordinates. Post-docking interaction geometries, hydrogen bonding patterns, and hydrophobic contacts were evaluated and visualized using PyMOL, LigPlot+ (Wallace et al., 1995), and BIOVIA Discovery Studio Visualizer (Yuan et al., 2017).
3. Results
3.1 Identification of Homology Templates
BLASTp searches identified suitable crystallographic templates for both target proteins. For S. olivacea hemocyanin (SOHP sequence), the hemocyanin crystal structure from Panulirus interruptus (PDB code: 1HC1, Chain A) yielded the highest sequence identity at 61.16%. For S. serrata hemocyanin (SSHP sequence), the crystal structure of hemocyanin from Panulirus japonicus (PDB code: 6L8S, Chain B) provided the highest sequence identity at 53.55%.
The selection of 1HC1 and 6L8S is structurally plausible because both are experimentally resolved crustacean hemocyanins: the Panulirus interruptus hexamer was refined at 3.2 Å resolution, whereas the Panulirus japonicus hemocyanin structure was determined at 1.58 Å resolution (Volbeda & Hol, 1989; Masuda et al., 2020). The use of homologous experimental structures as templates is consistent with comparative-modelling practice, in which model accuracy is strongly influenced by target-template similarity and alignment quality (Sali et al., 1995; Wallner & Elofsson, 2003).
Table 1. Homology search results for Scylla olivacea hemocyanin (SOHP sequence) against PDB.
	S.No
	PDB ID
	Protein Name
	Chain
	Identity (%)

	1
	1HC1
	Haemocyanin [Panulirus interruptus]
	A
	61.16

	2
	6L8S
	Hemocyanin [Panulirus japonicus]
	C
	60.83

	3
	3IXV
	Hemocyanin AA6 chain [Androctonus australis]
	A
	35.50

	4
	1LL1
	Metcyanin II [Limulus polyphemus]
	A
	34.60


Table 2. Homology search results for Scylla serrata hemocyanin (SSHP sequence) against PDB.
	S.No
	PDB ID
	Protein Name
	Chain
	Identity (%)

	1
	6L8S
	Hemocyanin [Panulirus japonicus]
	B
	53.55

	2
	1HC1
	Haemocyanin [Panulirus interruptus]
	A
	52.20

	3
	1LL1
	Metcyanin II [Limulus polyphemus]
	A
	32.08

	4
	1OXY
	Hemocyanin [Limulus polyphemus]
	A
	32.08


3.2 3D Structure Generation and Model Validation
Among the generated candidate models, Model 1 (SOHP) and Model 2 (SSHP) exhibited the lowest DOPE scores (−72155.39 and −69653.12, respectively) and were selected for full structural evaluation.
SOHP (S. olivacea): PROCHECK Ramachandran plot analysis revealed 87.8% (506 residues) in the most favoured regions, 9.7% (56 residues) in additional allowed regions, 2.1% (12 residues) in generously allowed regions, and 0.3% (2 residues) in disallowed regions out of 576 non-glycine/non-proline residues.
SSHP (S. serrata): PROCHECK Ramachandran plot analysis revealed 86.9% (512 residues) in the most favoured regions, 10.5% (62 residues) in additional allowed regions, 1.5% (9 residues) in generously allowed regions, and 1.0% (6 residues) in disallowed regions out of 589 non-glycine/non-proline residues.
Structural alignment of SOHP with template 1HC1 demonstrated an RMSD value of 0.271 Å. Alignment of SSHP with template 6L8S yielded an RMSD value of 0.593 Å, demonstrating high structural fidelity to experimental frameworks.
The low template-alignment RMSD values are consistent with close global similarity to the selected templates; however, model reliability should be interpreted jointly with stereochemical and environment-based quality metrics rather than from a single score (Sali et al., 1995; Wallner & Elofsson, 2003; Benkert et al., 2008).

3.3 Molecular Docking and Active Site Interactions
Molecular docking via AutoDock Vina established strong binding affinities between modelled hemocyanin structures and target ligands. Binding energies for all complexes are presented in Table 3.
AutoDock Vina is designed for efficient pose prediction and scoring, but docking scores are approximate and should be interpreted primarily as comparative computational estimates rather than direct experimental binding free energies (Trott & Olson, 2010; Nguyen et al., 2020).
Table 3. Calculated docking binding energies of target ligands with modelled hemocyanin proteins.
	S.No
	Modeled Protein
	Species
	Ligand Component
	Binding Energy (kcal/mol)

	1
	SOHP
	S. olivacea
	H2​O2​
	−3.4

	2
	SSHP
	S. serrata
	H2​O2​
	−3.3

	3
	SOHP
	S. olivacea
	SDS
	−5.9

	4
	SSHP
	S. serrata
	SDS
	−7.2

	5
	SOHP
	S. olivacea
	NAM
	−6.7

	6
	SSHP
	S. serrata
	NAM
	−6.5

	7
	SOHP
	S. olivacea
	NAG
	−7.5

	8
	SSHP
	S. serrata
	NAG
	−8.1

	9
	SOHP
	S. olivacea
	β-Glucan
	−7.2

	10
	SSHP
	S. serrata
	β-Glucan
	−7.8


3.3.1 Interactions with H2​O2​ and SDS
H2​O2​ Interactions: Hydrogen peroxide bound to SOHP with a binding energy of −3.4 kcal/mol, establishing key interactions at Thr381. In SSHP, H2​O2​ bound with −3.3 kcal/mol, forming hydrogen contacts at Asn190.
SDS Interactions: SDS exhibited binding energies of −5.9 kcal/mol (SOHP) and −7.2 kcal/mol (SSHP). SOHP interacted via the active residues Tyr619 and His625. SSHP formed hydrogen and hydrophobic networks with Thr195, Arg533, Val561, and Phe558.
Experimental studies in crustaceans have shown that SDS can activate latent hemocyanin-associated phenoloxidase activity, and crab hemocyanins can acquire phenoloxidase-like functions under appropriate activating conditions (García-Carreño et al., 2008; Fan et al., 2009; Masuda et al., 2020). Accordingly, the present H2O2 and SDS docking results are best regarded as hypotheses about possible contact sites that require biochemical validation.
3.3.2 Interactions with Bacterial Cell Wall Components (NAG and NAM)
NAG: It formed strong complexes with SOHP (−7.5 kcal/mol) and SSHP (−8.1 kcal/mol). SOHP bound NAG through residues Ser533, Thr535, Asp563, Gly569, Glu606, and Arg513. SSHP anchored NAG via Asp525, Thr527, Thr529, Thr562, and Gly563.
[image: ]NAM: It displayed binding energies of −6.7 kcal/mol (SOHP) and −6.5 kcal/mol (SSHP). SOHP formed hydrogen contacts with His76, Phe78, Thr147, and His376. SSHP interacted primarily through Arg521, Asp525, Thr527, Ser526, Thr562, and Ser601.
Fig 1: Molecular interaction of hydrogen peroxide (H₂O₂) with the modelled Scylla olivacea hemocyanin protein (SOHP), showing interacting active-site residues.
The predicted NAG/NAM contacts are compatible with the broader carbohydrate-recognition role of crustacean humoral immunity; in S. serrata, hemocyanin has experimentally demonstrated bacterial agglutination and antibacterial functions, while crustacean pattern-recognition receptors commonly recognise microbial surface glycans (Yan et al., 2011; Velayutham & Munusamy, 2016; Patnaik et al., 2024). Direct binding of isolated SOHP or SSHP to NAG or NAM nevertheless remains to be established experimentally.

3.3.3 Interactions with Fungal Cell Wall Component (β-Glucan)
Docking with β-glucan yielded binding energies of −7.2 kcal/mol for SOHP and −7.8 kcal/mol for SSHP. SOHP engaged β-glucan using active site residues Arg513, Arg527, Glu531, Ser533, Asp563, Ser566, Glu606, and His605. SSHP stabilised β-glucan through Tyr23, His69, Phe71, Asn110, Thr140, and His370.
Recognition of β-1,3-glucan is a well-established component of crustacean innate immunity, and hemocyanin-derived peptides have also been linked to antifungal defence in penaeid shrimp (Destoumieux-Garzón et al., 2001; Petit et al., 2016; Chai et al., 2018). Thus, the β-glucan docking poses provide a mechanistic hypothesis rather than proof of direct fungal recognition by the modelled Scylla hemocyanins.


[image: ]
Fig 2: Molecular interaction of β-glucan with the modelled Scylla olivacea hemocyanin protein (SOHP), showing the key amino acid residues involved in ligand binding.

4. Discussion
Decapod hemocyanins are complex oligomeric proteins responsible for respiratory functions and immune surveillance. Due to the lack of crystallised structures for mud crab hemocyanins, computational modelling provides valuable structural details.
Studies on S. serrata support this multifunctionality: hemocyanin can mediate bacterial agglutination, bacteriolytic or bacteriostatic activity, and phenoloxidase-like activity, linking the respiratory protein with humoral defence (Yan et al., 2011; Velayutham & Munusamy, 2016).
In this investigation, homology models for S. olivacea (SOHP) and S. serrata (SSHP) hemocyanins were constructed using templates 1HC1 and 6L8S, both of which share over 50% sequence identity with the target sequences. Validation metrics confirmed the structural reliability of both models. Ramachandran plot analysis placed >86% of non-glycine and non-proline residues within the most favoured regions, meeting established criteria for reliable molecular models. Low RMSD values (<0.6 Å) upon structural superimposition further confirmed structural conservation within the decapod hemocyanin family.
The use of experimentally resolved Panulirus hemocyanins as templates is supported by their conserved type-3 copper-protein fold; nevertheless, even models with favourable global geometry can contain locally uncertain regions, making multi-metric validation particularly important when putative ligand-binding residues are interpreted (Volbeda & Hol, 1989; Masuda et al., 2020; Wallner & Elofsson, 2003).
Molecular docking experiments provided insights into the multifunctional defence capabilities of mud crab hemocyanins. The interaction of SOHP and SSHP with H2​O2​ highlights potential antioxidant mechanisms involved in regulating reactive oxygen species during oxidative stress responses. Robust binding interactions observed with SDS support the susceptibility of these structures to conformational changes induced by amphiphilic detergents, which may simulate lipid membrane dynamics.
Because Vina scores are empirical approximations, differences of a few kcal/mol should not be equated directly with measured affinity or biological efficacy without additional conformational sampling and experimental binding assays (Trott & Olson, 2010; Nguyen et al., 2020).
Hemocyanins have been reported to function as pattern recognition proteins (PRPs) that recognise microbial surface components. High binding affinities observed for bacterial cell wall units (NAG and NAM) and fungal wall polymers (β-glucan) demonstrate that mud crab hemocyanins possess functional binding pockets tailored for pathogen recognition. SSHP demonstrated higher binding energy toward NAG (−8.1 kcal/mol) and β-glucan (−7.8 kcal/mol) than SOHP, pointing to potential species-specific differences in pathogen binding efficacy. Active site residues such as His69, His370, Arg513, and Asp525 were consistently involved in stabilising these carbohydrate complexes.
The carbohydrate-related docking results are biologically plausible in the context of crustacean pattern recognition and hemocyanin-associated antimicrobial functions, but the present in silico analysis does not by itself establish that SOHP or SSHP act as dedicated pattern-recognition proteins for NAG, NAM, or β-glucan (Yan et al., 2011; Patnaik et al., 2024; Chai et al., 2018). Hemocyanin-derived antifungal peptides in shrimp further illustrate that immune activity may arise from hemocyanin processing rather than from the intact respiratory protein alone (Destoumieux-Garzón et al., 2001; Petit et al., 2016).
5. Conclusion
Homology modelling generated theoretical three-dimensional structures of hemocyanins from Scylla olivacea and Scylla serrata with close structural similarity to the selected crystallographic templates. Molecular docking predicted interactions of both models with hydrogen peroxide, sodium dodecyl sulfate, N-acetylglucosamine, N-acetylmuramic acid and β-glucan. Among the investigated ligands, the S. serrata model showed comparatively favourable docking energies with N-acetylglucosamine and β-glucan. The interaction analyses also identified several amino acid residues that may contribute to ligand recognition. These findings provide a computational basis for further examination of hemocyanin structure and molecular interactions in mud crabs. Experimental structural and biochemical studies are required to determine whether the predicted interactions correspond to physiological functions.  
Limitation 
This study is limited by its reliance on homology models and molecular docking rather than experimentally resolved Scylla hemocyanin structures or direct ligand-binding measurements. Docking scores are comparative computational estimates and do not represent experimental binding free energies. The predicted contact residues and ligand interactions therefore require biochemical and structural validation. 
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