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ABSTRACT

Superoxide dismutase (SOD) is a ubiquitous antioxidant enzyme essential for protecting cells from damage
caused by reactive oxygen species. While the role of SOD in plant stress tolerance, particulatly in crops like
Ipomoea batatas (Sweet Potato), is well-established but high-resolution experimental structure for its isoenzymes
is still lacking. This study aimed to predict the three-dimensional structutre of the Cu/Zn SOD in L. batatas using
the homology modelling method. Here, we focus on Cu/Zn SOD because it is the dominant isoform in
photosynthetically active tissues and provides the fastest catalytic efficiency, making it the primary defence
against reactive oxygen species (ROS) in plant. The target sequence was retrieved from the NCBI database, and
a suitable template was identified via sequence alignment with 88.16% sequence identity. The model was
generated using SWISS-MODEL and subsequently validated using established tools, including Ramachandran
analysis, MolProbity, global model evaluation and local model evaluation including GMQE (Global Model
Quality Estimate) QMEANDIsCo global score and QMEAN Z-score analysis. The structural models provided
insights into key functional regions, including the metal-binding active sites. The Cu/Zn active site displayed a
distorted tetrahedral geometry, which is essential for superoxide detoxification. Evaluation of the model
generated confirmed that it exhibits high reliability, high stereochemical quality, correct folding and strong
suitability. These findings provide valuable insights into the action and regulation Cu/”Zn SOD of I. batatas and
a foundation for guiding targeted enzyme engineering, enhancing our molecular understanding of stress
resilience in sweet potato, and supporting future agrobiotechnology efforts. Understanding the structural
features of Cu/Zn SOD enables identification of stability-enhancing ot activity-boosting residues that can be
targeted through gene editing or molecular breeding. Such insights support the development of sweet potato
varieties with improved oxidative stress tolerance, higher resilience in changing climates, and better overall crop
performance.
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prediction

108



INTRODUCTION

Sweet potato (Ipomoea batatas) is a vital crop for food security globally, particularly in developing countries.
However, it remains susceptible to environmental stresses, which can affect growth and productivity. Previous
molecular studies have identified stress-responsive antioxidant genes in sweet potato, including SOD isoforms
(Esmaeili et. al, 2022; Zhang et al., 2022; Zhao et. al, 2025). These stresses lead to the overproduction of reactive
oxygen species (ROS), which cause cellular damage and compromise plant growth and yield. Uncontrolled ROS
accumulation damages lipids, proteins, and nucleic acids, leading to cellular dysfunction and yield loss (Gill &
Tuteja, 2010). To combat oxidative stress, plants have evolved a sophisticated antioxidant defence system
consisting of enzymes such as superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX).

Among these, Cu/Zn superoxide dismutase is one of the most important antioxidant enzymes in plants. It
catalyses the dismutation of the superoxide radical (Oz") into oxygen (Oz) and hydrogen peroxide (H2053),
reducing oxidative damage under stress (Batool et al., 2022). Based on their metal cofactors, plant superoxide
dismutase is categorized into three major types: Cu/Zn-SODs, Mn-SODs, and Fe-SODs. The Cu/Zn SOD
isoform is typically localized in the cytosol, chloroplasts, and peroxisomes, where ROS are generated during
photosynthesis and respiration (Batool et al., 2022). The enzymatic activity of SOD is a critical component of
the plant defence system against these stressors. Understanding the molecular architecture of the sweet potato
SOD is crucial for elucidating the precise mechanism of its catalytic activity and its role in stress adaptation.

Although Cu/Zn-SOD has been studied in several crop species, structural information for sweet potato is
remains unavailable. To date, no experimentally resolved three-dimensional (3D) structure has been reported
for L batatas Cu/Zn-SOD, despite increasing recognition of its role in redox homeostasis and stress resilience.
Existing genomic and transcriptomic studies provide only sequence-level annotations (Liu et al., 2025), leaving
a critical gap in understanding the enzyme’s structural organization, catalytic architecture, and residue-level
features associated with stress tolerance.

Despite its biological importance, the 3D structute or detailed structural analysis of Cu/Zn-SOD in sweet potato
is currently unavailable, limiting (i) accurate structure—function interpretation, (i) identification of stress-
responsive residues, and (iii) structure-guided enzyme engineering for crop improvement. Homology or
comparative modelling is a reliable technique for predicting the 3D structure of a target protein based on its
amino acid sequence and the known experimental structure of a related protein (the template), offers a powerful
route to address this gap by generating a high-quality structural prediction that can serve as a foundation for
functional insights and downstream computational or experimental studies. Therefore, this study aims to predict
the 3D structure via homology modelling method to providing the structural framework to better understand
the potential role of Cu/Zn SOD in stress tolerance for future engineering aimed at enhancing abiotic stress
resilience.

MATERIALS AND METHODS

Target Sequence Retrieval

The primary amino acid sequence for I batatas Cu/Zn-SOD was retrieved from the National Center for
Biotechnology Information (NCBI) protein database using the GenBank Accession number (NCBI GeneBank

ID: ALP06096.1). The sequence consists of 150 amino acids, extracted from senescent leaves of sweet potato
was selected as the target sequence for Cu/Zn SOD protein (Fig. 1).
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>ALP06096.1 superoxide dismutase [Ipomoea batatas]
MVKAVAVLSSSEGVSGTIFFSQEGDGPTTVTGNVSGLKPGLHGFHVHALGDTTNGCMSTGPHFNPAGKEH
GAPGDDNRHAGDLGNITVGEDGTASFTITDKQIPLTGANSVIGRAVVVHGDPDDLGKGGHELSKSTGNAG
GRVACGIIGLQG

Fig. 1. The sequence of Cu/Zn SOD protein in L. batatas retrieved from NCBI used as the target for
homology modelling.

Template Search and Selection

Template search with BLAST (Camacho et al., 2009) and HHblits (Steinegger et al., 2019) has been performed
against the SWISS-MODEL template library (SMTL, last update: 2025-11-05, last included PDB release: 2025-
10-31). The target sequence was searched with BLAST against the primary amino acid sequence contained in
the SMTL with a total of 267 templates were found. An initial HHblits profile was built using the procedure
outlined in (Steinegger et al., 2019), followed by 1 iteration of HHblits against Uniclust30 (Mirdita et al., 2017)
with a total of 279 templates were found. The obtained profile was then searched against all profiles of the
SMTL. For each identified template, the template's quality has been predicted from features of the target-
template alignment. The templates with the highest quality have then been selected for model building.

The quaternary structure annotation of the template is used to model the target sequence in its oligomeric form.
The method (Bertoni et al., 2017) is based on a supervised machine learning algorithm, Support Vector Machines
(SVM), which combines interface conservation, structural clustering, and other template features to provide a
quaternary structure quality estimate (QSQE). The QSQE score is a number between 0 and 1, reflecting the
expected accuracy of the interchain contacts for a model built based on a given alignment and template (Bertoni
et al,, 2017). Higher numbers indicate higher reliability.

Homology modelling

The 3D structure of Cu/Zn SOD protein in I batatas were modelled using the SWISS-MODEL setver
(Waterhouse et. al,, 2018 & Bienert et al., 2017). The selected template (PDB ID: 2Q2L.1) was served as a
Homologous protein structure for generation of 3D model. Model were built based on the target-template
alignment using ProMod3 (Studer et al., 2021). Coordinates which are conserved between the target and the
template are copied from the template to the model. Insertions and deletions are remodelled using a fragment
library. Side chains are then rebuilt. Finally, the geometry of the resulting model is regularized by using a force
field. The generated models were visualized and analysed using NGL viewer.

Model Validation

The quality and stereochemical properties of the predicted Cu/Zn SOD model were evaluated using a
combination of structural validation tools to ensure its reliability for functional analysis. The Ramachandran
plot analysis was used to assess backbone dihedral angles (p and ) and verify the stereochemical integrity of
the protein model. A high percentage of residues in the favoured and allowed regions suggests proper folding
and stable conformational geometry (Laskowski et al., 1993; Butley et al., 2022). MolProbity analysis provided
all-atom contact evaluation and stereochemical verification, assessing bond lengths, bond angles, side-chain
rotamers, and steric clashes; lower MolProbity and clash scores reflect higher structural quality (Williams et al.,
2018). Global model quality was further assessed using the Global Model Quality Estimate (GMQE) and
QMEAN Z-score, both implemented in the SWISS-MODEL workspace (Waterhouse et al., 2018; Waterhouse
et al., 2024). The GMQE integrates target—template alignment and template resolution to predict overall
reliability, while the QMEAN Z-score compares model parameters with those of high-resolution experimental
structures in the Protein Data Bank (Waterhouse et al.,, 2024). A Z-score close to zero indicates a model
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consistent with experimentally resolved protein structures (Waterhouse et al., 2024). In addition, local model
quality was examined using the QMEANDIsCo global score, which evaluates residue-level consistency based
on distance constraints derived from homologous structures (Studer et al., 2020; Waterhouse et al., 2024).

RESULTS AND DISCUSSION
Template Search and Selection

The target sequence was subjected to target-template alignment utilized by SWISS-MODEL template library
(SMTL version 2025-11-05, PDB release 2025-10-31) with BLAST (Camacho et al., 2009) and HHblits
(Steinegger et al., 2019) to identify evolutionary related structures matching the target sequence (Fig. 1). A total
of 538 templates were identified match to the target sequence. Among these, a crystal structure of Superoxide
Dismutase from P. atrosanguina (PDB 1D: 2Q21..1) with 2.37A resolution was selected as the template due to its
high sequence identity 88.16% and 100% coverage (Table 1 and Fig. 2). This template was preferred over other
potential templates because it offered the best combination of high sequence similarity, complete structural
coverage, and high-resolution crystallographic data, ensuring accurate backbone alignment and reliable
modelling of functional residues.

Table 1. The target—template sequence alignment results for the selected template 2Q2L.1

Template Sequence  QSQE Method  Resolution Sequence Range Coverage
Identity (%) A) Similarity

2Q2L.1 88.16 0.63 X-ray 2.37 0.59 1-152 1.00

Target MVKAVAVLSSSEGVSGTIFFSQEGDGPTTVTGNVSGLKPGLHGFHVHALGDTTNGCMSTGPHFNPAGKEHGAPGDDNRHAGDLGN 85
2921.1.AMAKCVAVLSSSEGY GTILF QEGDGPTTVTGNISGLKPGLHGFHVHALGDTTNGCMSTGPHFNPAGKEHG P! DE 'RHAGDLGN 85

Target ITVGEDGTASFTITDKQIPLTGANSVIGRAVVVHGDPDDLGKGGHELSKSTGNAGGRVACGIIGLQG 152
2921.1.AITVGUDGTA FTI DKQIPLTG ' SIIGRAVVVH DPDDLGKGGHELSKSTGNAGGRIACGIIGLQG 152

Fig. 2. The sequence alignment of target—template for Cu/Zn SOD protein in . batatas in coloured in clustal
scheme

Homology Modelling

The homology model of the sweet potato Cu/Zn SOD protein was successfully generated using the (PDB ID
2Q2L.1) as template by homology modelling approach (Fig. 3). Fig. 3b shows the 3D structure of SOD protein.
The model exhibited a typical B-batrel fold, which is characteristic of the Cu/Zn SOD family. Fig. 4 shows the
active site of SOD protein in I. batatas. Here, Zn?* interacted with three histidine residues (HIS 62, HIS 70, HIS
79) and one aspartic acid (ASP 82) forming four hydrogen bonds resulting in distorted tetrahedral geometry
(Fig. 4b) (Furukawa, 2025). Four metal complexes interaction with the Zn?* ligand was entirely conserved with
the target Cu/Zn SOD protein. The active site position of this model and geometry crucial for enzyme catalytic
activity which stabilize the active site conformation that allows the enzyme to perform efficiently. The active
site occurrence at the bottom of a channel where the Cu?" was exposed due to allowing superoxide bound to
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it, while Zn?* was enfolded inside the protein (Furukawa, 2025). This flexibility distorted tetrahedral helps to
convert superoxide radical into the oxygen and hydrogen peroxide.

Buried Zn?" ions provide a structural scaffold and contribute to maintaining a positively charged active site,
which attracts the superoxide anion (O3”). In contrast, Cu?* functions as the electron transfer centre, enabling
redox interactions necessary for superoxide dismutation (Miessler & Tarr, 2011). The channel leading to the
active site of this model exhibits a funnel-shaped architecture, which is essential for the proper function of
Cu/”Zn superoxide dismutase (SOD) (Furukawa, 2025). This channel, composed of Cu and Zn cations along
with specific amino acid residues, is highly selective toward small negatively charged molecules, particularly
superoxide. The strong positive electrostatic potential generated by these metal ions and amino acid residues
guides the superoxide anion efficiently toward the active site, thereby facilitating its detoxification and
preventing cellular oxidative damage (Pasinelli & Brown, 2006; Furukawa, 2025). Under abiotic stress
conditions, when reactive oxygen species levels tise, these structural and electrostatic properties allow Cu/Zn
SOD to maintain catalytic activity and structural integrity. Consequently, the enzyme plays a central role in
oxidative stress tolerance by preventing cellular damage and maintaining redox homeostasis.

Model_01:AMUKAVAYLSS s € VEGTIEESHE 6D G PFTV
Model_01:B MURAVAYLSS S E G VSGTEEESHE GD G PTY
2q21. 1. AMEKEVARLSS S £ 6 VIIGTERENDE 6 D G P[ITV

Model_01:ATENVSG LK PELHGERVHALGDTTNGCMSTG
Model_01:B TENVEG L K PIGLHEERVHA LGD T TNGEMSIT 6
2q21.1. ATGNESG L K PGEHGERVHA L 6D T TNGEMSITG

Model_01:APJFNPAGKEHGAPGDDNRHAGHLGNITYGE
Model_01:BPIFNPAGKEHGAPGDDNRHAGDLG E
2q21.1.APBFNPAGKEHGSPEDE T RHAGDLGNITY

Model_01:ADGTASETETHKQIPLTGANSV IGRAVUHG
Model_01:B DG TASETITHKQIPLTGANSV IGRAVJHG
2921.1.ADGTARETENDKQIPLTGP HS 1 IGRIAVAMH

Model_01:ADPDDLGKGGHELSKSTGNAGGRUACGEIGEL

Model_01:BDPDDLGKGGHELEKSTGNAGGRVACGTPEE
2q21.1.ADPDDLGKGGHELSKS TGNAGGRIACEE TG

Model_01:AQG
Model_01:BQG
2q21.1.AQ6G

b) 3D Model

a) Sequence alignment

Fig. 3 a) The sequence alignment of 3D structure of generated Cu/Zn SOD protein in 1. batatas (Model_01)
and 3D structure of template (2Q2L.1) b) 3D Model of Cu/Zn SOD protein in I. batatas. Both were displayed
in secondary structure representation, coloured in green for the 3-sheets and the purple for the a-helices.
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HIS 70

HIS 62

a) 3D model of active site b) Metal complex interaction

Fig 4. a) 3D model of active site of SOD protein in I batatas b) The metal complex interaction of Zn?* at
SOD active site forming hydrogen bonds (dash line)

Model Validation

The structural evaluation of the predicted model demonstrated excellent quality. Superposition of the model
with its template resulted in RMSD (Root Mean Square Deviation) of 0.116A (Table 2), indicating an almost
indistinguishable backbone conformation between the two structures. This low RMSD indicates that the model
and template share nearly identical backbone conformations, reflecting high structural conservation. The close
agreement is likely due to the high sequence identity between the target and template, resulting in minimal
deviation during model building. The structural validation using the Ramachandran plot showed that over
95.33% of the residues were in favoured regions and only 0.33% outliers, reflecting a well-refined geometry
(Table 2 and Fig. 5a). The MolProbity score was 1.87 (Table 2 and Fig. 5a) indicating the high-quality and reliable
model. The overall quality estimation of the predicted protein model, based on template—target alignment
accuracy, conservation of structural features, and statistical reliability of the model geometry, yielded a GMQE
score of 0.90 and a QMEANDIsCo score of 0.87 & 0.05 (Table 2). These high scores indicate that the model
possesses excellent global and local structural reliability, comparable to experimentally determined protein
structures. The GMQE value close to 1.0 reflects strong agreement between the modelled structure and its
homologous template (Fig. 5b), while the QMEANDIsCo score suggests uniform confidence across most
residues, with only minor deviations likely in flexible loop regions (Fig. 5¢). In addition, the QMEAN Z-score,
0.49 (Table 2) further supports the model’s overall quality, as the value falls within the typical range of high-
resolution protein structures. The QMEAN Z-score components further evaluate how closely the predicted
Cu/Zn SOD model resembles high-quality experimental structures. Thus, confirm that the modelled structure
exhibits high stereochemical quality, correct folding, and strong suitability for further functional or molecular
docking analyses.
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Table 2. The summary of the structural validation parameters for model evaluation of predicted model
Cu/Zn-SOD protein in 1. batatas

Validation parameter Value
RMSD (A) 0.116
Ramachandran Favoured (%) 95.33
Ramachandran Outliers (%o) 0.33
MolProbity Score 1.87
GMQE Score 0.90
QMEANDisCo Score 0.87 £ 0.05
QMEAN Z-score 0.49

=

MolProbity Results

MolProbity Score 1.87
Ramachandran Favoured 95.33%

Ramachandran Outliers 0.33%

a) Ramachandran Plot

Normalized QMEAN4 Score

|Z-score|>2 e 1<|Z-score|<2 e |Z-score|<l % model

100 200 300 400 500
Protein Size (Residues)

b) Comparison with Non-redundant Set of PDB

Predicted Local Similarity to Target

50 e n & B 100 "o 2 130 10 150
Residue Number

¢) Local Quality Estimate — All Chain

Fig. 5. 2) Ramachandran Plot of 3D Model of Cu/Zn SOD protein in I. batatas b) Comparison of 3D Model

of Cu/Zn SOD protein in I. batatas with non-redundant set of PDB C) Local Quality Estimate for all chain of

3D Model of Cu/Zn SOD protein in I. batatas.

CONCLUSION

This study successfully constructed a high-quality, three-dimensional homology model of the Cu/Zn-SOD
enzyme from L. batatas. The model exhibited excellent stereochemical quality and conserved the characteristic
structural motifs and active site residues essential for catalytic function. The modelled Cu/Zn SOD structure
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of I batatas reflects its strong adaptation to oxidative environments stress tolerance. The conserved metal-
binding residues, 3-barrel fold, and stable electrostatic network support enzyme functionality under abiotic
stress. The buried Zn2* ion in Cu/Zn SOD stabilizes the protein structure, while the Cu?* ion mediates redox
reactions essential for superoxide dismutation. The positively charged channel surrounding the active site guides
negatively charged superoxide radicals toward the catalytic centre, enhancing reaction efficiency. This predicted
structure is a valuable resource for guiding targeted enzyme engineering, enhancing our molecular understanding
of stress resilience in sweet potato, and supporting future agrobiotechnology efforts aimed at improving global
food security, with future work focusing on molecular dynamics and experimental validation to identify key
residues for improving stress tolerance.
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