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IN-SILICO ANALYSIS AND STRUCTURAL MODELLING OF PEROXIDASE  ENZYME IN SOYBEAN [Glycine max (L.) Merrill]


ABSTRACT
Aims:The study aimed to characterise the soybean (Glycine max [L.] Merr.) seed-coat peroxidase (Ep) gene through in silico approaches and to elucidate its structural and evolutionary features related to oxidative-stress tolerance and seed storability.
Study Design:A computational experimental design was followed, integrating sequence alignment, structural prediction, and phylogenetic analysis of Ep and related Glycine max peroxidase isoforms.
Place and Duration of Study:The bioinformatics analyses were conducted at the Department of Seed Science and Technology, College of Agriculture, University of Agricultural Sciences, Bangalore, between April 2025 and June 2025.
Methodology:The full-length Ep peroxidase sequence (GenBank accession no. L78163.1) was retrieved from NCBI and analysed using ClustalW in BioEdit v7.2.5 for multiple-sequence alignment. Structural prediction and secondary-structure composition were obtained using trRosetta, and conserved catalytic residues were identified. The aligned dataset was used for phylogenetic tree construction in MEGA X (v11) employing the Neighbour-Joining method with 1000 bootstrap replications, using the Actin gene (J01298.1) as an outgroup.
Results:The Ep protein exhibited a typical class III peroxidase fold, with approximately 42 % α-helices, 15 % β-strands, and 43 % random coils and loops. The catalytic triad (His-42, Arg-38, His-170) and disulfide-forming cysteine residues were conserved across all peroxidase isoforms. Phylogenetic analysis resolved three major clades with bootstrap support of 72–100 %, confirming evolutionary stability and close homology among soybean peroxidases.
Conclusion:The in silico analysis demonstrated that the Ep peroxidase gene retains a conserved catalytic geometry and robust α-helical framework, contributing to oxidative-stress tolerance in soybean seeds. These findings provide a molecular basis for the role of peroxidase in seed longevity and offer potential markers for breeding programmes aimed at improving seed storability.
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1. INTRODUCTION
Seed deterioration is an unavoidable physiological phenomenon that reduces seed viability and vigour during storage. The major biochemical trigger underlying this process is the accumulation of reactive oxygen species (ROS) superoxide anion (O₂•⁻), hydroxyl radical (•OH), and hydrogen peroxide (H₂O₂) which arise as metabolic by-products during desiccation and ageing (McDonald, 1999; Bailly, 2004). While ROS at low levels regulate germination and defence signalling, their excess causes oxidation of lipids, proteins, and nucleic acids, disrupting membrane integrity and impairing enzymatic functions (Rajjou et al., 2008; Walters et al., 2010; Bewley et al., 2013).
The delicate balance between ROS production and scavenging defines the so-called “oxidative window” for germination (Bailly, 2004). This equilibrium is maintained by a network of antioxidant systems comprising both non-enzymatic components ascorbate, glutathione, tocopherols and enzymatic defences such as superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) (Noctor and Foyer, 1998; Gill and Tuteja, 2010). SOD converts O₂•⁻ to H₂O₂, while CAT and POD subsequently detoxify H₂O₂ to water, thus preventing Fenton reaction-mediated formation of hydroxyl radicals (Bailly et al., 2001; Gill and Tuteja, 2010).
Among these enzymes, peroxidases hold a unique dual role: in addition to H₂O₂ detoxification, they participate in lignin formation, suberisation, and wound healing (Bowles, 1990; Moerschbacher, 1992). The soybean seed-coat peroxidase (Ep) is a thermostable isoenzyme genetically governed by the Ep locus (Buttery and Buzzell, 1968, 1969). Elevated peroxidase activity correlates with enhanced seed longevity, especially in black-seeded genotypes that display stronger antioxidant capacity (Sahu et al., 2019; Hosamani et al., 2013). During seed ageing, enzymatic activities progressively decline due to oxidation of catalytic residues and structural degradation. However, peroxidase enzymes persist longer than other oxidoreductases because of their high disulfide-bond density and Ca²⁺-stabilized heme pocket (Henriksen et al., 2011). Understanding these molecular stabilizing factors is crucial for explaining differential ageing tolerance among genotypes.
Despite its biochemical importance, comprehensive molecular modelling and evolutionary analysis of soybean Ep remain limited. Therefore, this study applies advanced in-silico approaches sequence alignment, trRosetta-based 3-D modelling, and MEGA-X phylogeny to elucidate the conserved catalytic architecture and evolutionary patterns of soybean peroxidase. These insights bridge structural biology and seed physiology, supporting the development of molecular strategies for improved seed storability.
2. MATERIALS AND METHODS
2.1 Sequence Retrieval and Dataset Preparation
The amino acid sequence of soybean seed-coat peroxidase (Ep; GenBank Accession No. L78163.1) was retrieved from the National Center for Biotechnology Information (NCBI) protein database in FASTA format. For comparative purposes, eleven additional class III peroxidase isoforms from Glycine max were also obtained from GenBank. Redundant, partial, or truncated sequences were excluded, ensuring only complete and well-annotated sequences were used. The final dataset comprised twelve full-length peroxidase protein sequences representing a wide range of isoenzymes expressed in soybean tissues. All sequences were curated and saved in FASTA format for subsequent alignment and phylogenetic analysis.
2.2 Three-Dimensional Structural Modelling Using trRosetta
Three-dimensional structure prediction of the Ep peroxidase was performed using the trRosetta server (https://yanglab.qd.sdu.edu.cn/trRosetta/), a deep-learning-based protein structure prediction tool integrated with the Rosetta energy-minimisation framework (Yang et al., 2020). The FASTA sequence was uploaded to the web interface, and the pipeline automatically generated multiple 3-D models through prediction of inter-residue distance restraints and orientation angles. The top-ranked model was selected based on energy convergence and the highest TM-score (0.94), indicating strong structural confidence and correct global topology. The generated model file was obtained in PDB format for further interpretation of folding patterns, secondary-structure distribution, and spatial organisation of the catalytic region.
2.3 Secondary structure and Structural Analysis
The secondary-structure information was extracted directly from trRosetta outputs. The Ep peroxidase protein was predicted to comprise approximately 42% α-helices, 15% β-strands, and 43% random coils and loops, forming a compact and globular structure consistent with other class III peroxidases reported in plants. The structural organisation revealed that α-helices formed the core scaffold enclosing the heme prosthetic group, while loop regions surrounded the substrate-binding pocket. Conserved cysteine residues positioned at stabilising turns suggested potential disulfide bond formation, conferring extracellular stability and protection against oxidative denaturation during stress conditions. The catalytic residues (His-42, Arg-38, and His-170) were positioned within the active-site pocket, confirming the enzyme’s functional geometry.
2.4 Multiple-Sequence Alignment (MSA)
Multiple-sequence alignment among the twelve soybean peroxidase isoforms was performed using the ClustalW algorithm (Thompson et al., 1994) integrated in BioEdit v7.2.5. Each of the amino-acid sequences was aligned to identify conserved residues, variable motifs, and evolutionary divergence points. Each sequence was screened for completeness before alignment, and poorly aligned or truncated regions were excluded to minimise background noise in distance computation. The alignment file was exported in MEGA format (.meg) for subsequent phylogenetic tree construction.
2.5 Phylogenetic Analysis
Phylogenetic reconstruction of soybean peroxidase gene sequences was performed to determine the evolutionary relationships among Glycine max class III peroxidase isoforms. The Neighbour-Joining (NJ) method (Saitou and Nei, 1987) was implemented in MEGA X (version 11) (Kumar et al., 2018), a robust tool for molecular evolutionary analysis widely used in plant antioxidant enzyme studies. A total of twelve full-length peroxidase amino-acid sequences were used, including the Ep gene (GenBank Accession No. L78163.1) and eleven other homologous Glycine max peroxidase sequences retrieved from the NCBI GenBank database in FASTA format (Altschul et al., 1990). To test the statistical reliability of the inferred topology, 1000 bootstrap replications were performed following the method of Felsenstein (1985). Bootstrap values above 70% were considered indicative of strong branch support.
The soybean Actin gene sequence (J01298.1) was incorporated as an outgroup to root the tree and clearly delineate the divergence of peroxidase isoforms from non-related housekeeping genes. The final tree was rendered and annotated in MEGA X, showing distinct clustering patterns among peroxidase isoforms while maintaining overall sequence homology. Recent methodological recommendations for antioxidant enzyme phylogeny (Gupta et al., 2020; Zhang et al., 2022; Li et al., 2023) were followed to ensure analytical accuracy. 
3. RESULTS AND DISCUSSION
3.1 Secondary Structure Analysis
The in silico prediction of soybean seed-coat peroxidase (Ep) using trRosetta generated a canonical class III peroxidase fold, comprising twelve α-helices and five β-strands arranged around a central heme-binding cavity (Figure 1). The predicted secondary-structure composition consisted of approximately 42 % α-helices, 15 % β-strands, and 43 % random coils and loops. The model exhibited a compact configuration characteristic of plant peroxidases, enclosing the heme prosthetic group within a stable α-helical framework. Conserved distal His-42, Arg-38, and proximal His-170 residues were located within the catalytic region, confirming the typical active-site geometry of class III peroxidases. Two cysteine residues positioned at conserved sites were predicted to form disulfide bridges, conferring structural rigidity and oxidative stability. These results are consistent with previous crystallographic studies that describe peroxidase architecture as a tightly folded α-helical protein with a heme cavity central to ROS detoxification (Henriksen et al., 2011).
Structurally, this configuration supports efficient H₂O₂ decomposition and reinforces the enzyme’s capacity to withstand oxidative stress. Such stability has been associated with prolonged seed viability and greater vigour retention during ageing, as previously reported in soybean genotypes possessing higher peroxidase activity (Hosamani et al., 2013; Sahu et al., 2019).
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Figure 1. Secondary-structure map of soybean peroxidase (Ep) showing predominant α-helices typical of class III peroxidases.
3.2 Three-Dimensional Model Characteristics
The Ep peroxidase 3D model (Figure 2) displayed a well-packed α-helical scaffold enclosing the central heme pocket, with loop regions contributing flexibility for substrate entry. The heme group was embedded in a hydrophobic cavity flanked by histidine and arginine residues that mediate electron transfer. The N-terminal region formed an extended helix that contributed to structural stability, while the C-terminal domain exhibited flexible coil conformations, possibly aiding molecular interactions.
The predicted topology closely resembled that of horseradish and peanut peroxidases, supporting evolutionary conservation of catalytic architecture. This structural similarity confirms the robustness of the trRosetta model and its relevance to peroxidase function in maintaining cellular redox homeostasis.
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Figure 2. 3-D structure of soybean peroxidase (Ep) predicted by trRosetta (TM-score 0.94), displaying compact α-helical folding and central heme pocket.
3.3 Sequence Retrieval and Alignment
Twelve Glycine max peroxidase (GmPOD) protein sequences, including the seed-coat peroxidase (Ep; L78163.1), were retrieved from GenBank and aligned using ClustalW in BioEdit v7.2.5. The multiple-sequence alignment (MSA) exhibited strong conservation within catalytic domains and cysteine residues associated with disulfide-bond formation. The catalytic triad residues His-42, Arg-38, and His-170 were invariant across all isoforms, indicating functional homology among Glycine max peroxidases. Only minor amino-acid substitutions were detected at terminal and surface-loop regions, suggesting limited divergence that does not compromise catalytic function. These findings reinforce the idea that strong purifying selection maintains peroxidase integrity while permitting minor sequence drift for subcellular adaptation (Passardi et al., 2007; Du et al., 2021).
3.4 Phylogenetic Relationships and Evolutionary Significance
Phylogenetic analysis of twelve Glycine max peroxidase protein sequences was conducted using the Neighbour-Joining method in MEGA X (v11) under the Poisson correction model with 1000 bootstrap replications (Figure 3). The soybean Actin gene (J01298.1) was used as an outgroup. The resulting phylogram classified the isoforms into three distinct clades:
· Clade I included Ep (L78163.1) and homologous sequences (AF145348.1, AF145349.1, AF145350.1) supported by bootstrap values of 96–100 %.
· Clade II comprised KT591766.1, U51192.1, and U51191.1, with bootstrap support between 86–91 %.
· Clade III contained AF019116.1, U51194.1, and NM_001251386.1, indicating moderate divergence.
The overall bootstrap range (72–100 %) confirmed the reliability of clustering. This evolutionary pattern reveals both strong conservation and functional diversification, likely driven by gene duplication and subsequent subfunctionalisation within the soybean genome (Welinder et al., 2002; Pearce et al., 2022).The close clustering of Ep with seed-related isoforms underscores its role in antioxidant defence, particularly during oxidative stress associated with seed ageing. The conserved catalytic residues, stable heme architecture, and phylogenetic relationships collectively explain the enzyme’s biochemical persistence in aged seeds and its potential contribution to seed storability and vigour maintenance.
[image: ]
Figure 3. Phylogenetic tree of soybean peroxidase genes constructed via neighbour-joining method in MEGA X (100 bootstraps); Actin used as outgroup.
3.5 Functional and applied perspectives
The validated trRosetta-predicted structure of the Ep peroxidase serves as a computational framework for advanced functional and applied studies. It can be utilised for molecular docking to identify substrate or inhibitor interactions and for site-directed mutagenesis to engineer enhanced catalytic performance. Furthermore, comparative in-silico analyses of conserved residues may facilitate marker-assisted selection in breeding programs aimed at improving oxidative-stress tolerance and seed storability. Integration of structural bioinformatics with physiological and molecular data can thus accelerate functional genomics research in soybean and related legumes, enabling rational design of enzymes or genotypes with superior antioxidant efficiency and post-harvest performance.
4. CONCLUSION
This in silico investigation provides an integrated molecular understanding of soybean seed-coat peroxidase (Ep) through sequence, structural, and phylogenetic analyses. The enzyme retains a conserved catalytic fold, stabilised by histidines, disulfide linkages, and calcium-binding motifs, conferring exceptional oxidative resilience. Phylogenetic clustering revealed close evolutionary relationships among Glycine max peroxidase isoforms, signifying conserved function with limited diversification. These structural and evolutionary insights corroborate experimental findings linking peroxidase activity with seed longevity and oxidative-stress tolerance. Collectively, the study establishes Ep as a structurally stable and evolutionarily conserved antioxidant enzyme, integral to ROS detoxification during seed ageing, and as a potential molecular target for future breeding and protein-engineering strategies to enhance seed storability in soybean and other legumes.
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