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Introduction 

More than half of the global population depends on rice (Oryza 

sativa), a staple crop increasingly threatened by erratic weather 

patterns and emerging diseases. Understanding the molecular basis 

of rice development and stress responses is essential for breeding 

new varieties with enhanced adaptability and yield.  As global efforts 

intensify to enhance rice productivity, quality and stress resilience, a 

comprehensive understanding of the molecular mechanisms 

governing rice growth and development becomes increasingly 

essential (1). In recent times, the field of genomics and proteomics 

has seen the emergence of bioinformatics tools, including freely 

accessible online servers and databases. These tools have proven to 

be valuable resources for studying various organisms, spanning 

microorganisms, humans, animals and plants. They offer predictive 

capabilities and serve as foundational components for genomic and 

proteomic analyses. Notably, these tools contribute significantly to 

the exploration of hypothetical and conserved proteins by providing 

abundant data and insights into their characteristics and potential 

functions.  

 

 

 Comparative studies of rice bHLH (basic helix–loop–helix) 

proteins can significantly enhance our understanding of the intricate 

regulatory mechanisms that control rice development and stress 

responses. The bHLH transcription factors constitute second largest 

transcription factor family in plants and are involved in a wide and 

diverse array of biological processes (2). Research has demonstrated 

that bHLHs play a role in morphogenesis, iron homeostasis, root 

vascular cell proliferation, shoot branching and grain yield among 

other aspects of plant growth and development (3-6). Additionally, 

bHLHs have become key participants in plants' responses to biotic 

and abiotic stress (7, 8). Until now, 16 bHLH transcription factors of 

this type have been shown to be involved in the control of cellular 

iron homeostasis; it can be expected that this number is not yet 

complete (9). Despite this, studies elucidating the functions of plant 

bHLH proteins have been limited. Although, the substantial 

advances have been made in understanding the roles of particular 

bHLH proteins in different plant species, a thorough comparative 

investigation spanning a wider variety of rice bHLH proteins is still 

lacking. A significant knowledge gap remains in understanding the 
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Abstract  

The basic Helix-Loop-Helix (bHLH) proteins are key regulators of gene expression, development and responses to environmental stimuli in 

plants. In this study, we performed a comprehensive computational analysis of six bHLH proteins (OsbHLH056, OsbHLH057, OsbHLH058, 
OsbHLH059, OsbHLH062 and OsbHLH063) in Oryza sativa subsp. japonica cv. Nipponbare. Their physicochemical properties, secondary and 

tertiary structures, domains, phylogenetic relationships, subcellular localisation and protein-protein interactions were investigated. Results 

showed that OsbHLH062 had the highest molecular weight (29,686.27 kilodalton (kDa) and amino acid number (265), while OsbHLH058 had 

the lowest (7,896.08 kDa; 77 amino acids). Isoelectric point analysis indicated five proteins were acidic, while OsbHLH058 was basic. All 
proteins were predicted to be unstable, reflecting the flexibility essential for regulation. Aliphatic index values (61.13–85.26) suggested 

moderate thermo-stability. The secondary structure was dominated by α-helices, which enhance structural stability and the extinction 

coefficients suggested enrichment of cysteine, tryptophan and tyrosine residues. Phylogenetic analysis showed OsbHLH057 as the earliest 

ancestor among the six proteins. Subcellular localisation predictions identified nuclear targeting for all proteins, with OsbHLH059 showing the 

highest nuclear localisation probability. Protein-protein interaction analysis highlighted potential partners, implying roles in diverse cellular 
pathways. This study provides valuable insights into the molecular characteristics, structure and interactions of rice bHLH proteins. These 

findings form a foundation for experimental validation and functional characterisation. Understanding these proteins may enable the 

development of innovative strategies to enhance abiotic stress tolerance and crop productivity in rice. 
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broader landscape of bHLH-mediated transcriptional regulation, as 

most previous studies have focused on individual bHLH proteins or 

specific functional aspects in rice. 

 In the present study, we investigated six conserved rice 

bHLH proteins, namely OsbHLH059 (OsPRI3), OsbHLH058 (OsPRI2), 

OsbHLH056 (OsIRO2), OsbHLH063 (OsIRO3), OsbHLH057 (OsPRI4) 

and OsbHLH062 (OsbHLH1), selected for their established roles in 

iron homeostasis and stress regulation. Although OsPRI2, OsPRI3, 

OsIRO2 and OsIRO3 are known regulators of iron uptake and 

signalling, their interaction networks and regulatory behaviour 

remain largely unexplored. This study addresses this gap using 

integrative bioinformatics analyses to predict protein interactions, 

instability regions and potential cross-link with jasmonate signalling, 

providing new insights into bHLH-mediated regulation during iron 

stress in rice. Our approach involves determining the three-

dimensional structure of these proteins to establish a connection 

between their structure and function. We also aim to predict how 

these proteins might interact with other proteins and to analyse their 

physical and chemical properties. By comparing their structures with 

those of known proteins, we can gain insights into the potential 

cellular roles of these bHLH proteins. Overall, our research aims to 

uncover the functions and characteristics of these unfamiliar 

proteins, contributing to our knowledge of cellular processes and 

their implications across various fields.  

 OsbHLH058/OsPRI2 and OsbHLH059/OsPRI3 have been 

discovered as positive regulators of iron deficiency responses (10). 

The OsHRZ2s’ interactions with OsbHLH058 and OsbHLH059 control 

iron homeostasis reactions (11). Numerous iron-responsive genes, 

such as OsYSL2, OsNAS1 and OsTOM1, are activated by OsbHLH058. 

Whereas, OsbHLH059 has a beneficial impact on genes involved in a 

variety of processes, including internal iron translocation, iron (II) 

absorption, iron (III)-DMA uptake and translocation. It is found that 

OsbHLH056 to be an intriguing post-transcriptional component that 

contributes to improved salinity tolerance (12). Similar to this, 

OsIRO3/OsbHLH063 is essential for maintaining plant survival in rice 

under Fe-deficient conditions and plays an important role in signal 

transmission from shoots to roots which is critical for plants to 

prevent Fe overload (13). Beyond iron metabolism, OsbHLH057 has 

been linked to the control of disease resistance and drought 

tolerance in rice. Deletion of OsbHLH057 renders rice more 

susceptible to infection and drought, whereas OsbHLH057 

overexpression improves disease resistance and drought tolerance 

(14). In addition, OsbHLH062/OsbHLH1 is suggested to act as a 

transcription factor in the cold-signal transduction pathway and its 

interaction with OsIRO3 has been hypothesised to hold particular 

significance in iron-deficient plants. A key focus of the present study 

is abiotic stress, particularly iron deficiency. Given the central role of 

bHLH transcription factors in regulating gene expression networks, we 

hypothesise that these proteins play important roles in mediating 

plant responses to iron deficiency. Their complex regulatory functions 

likely contribute to stress adaptation by modulating downstream 

signalling and metabolic pathways. Using a bioinformatics-based 

approach, this study aims to identify candidate bHLH proteins 

involved in iron deficiency responses, thereby improving our 

understanding of the molecular mechanisms underlying plant 

adaptation to challenging environmental conditions.  

 

Materials and Methods 

Collection of data / Retrieval of amino acid sequences 

The amino acid sequences of six bHLH proteins from Oryza sativa 

subsp. japonica cv. Nipponbare, namely OsbHLH059/OsPRI3, 

OsbHLH058/OsPRI2, OsbHLH056/OsIRO2, OsbHLH063/OsIRO3, 

OsbHLH057/OsPRI4 and OsbHLH062/OsbHLH1 (Table 1), were 

obtained from the Rice Genome Annotation Project Database. The 

Rice Genome Annotation Project Database is recognized globally for 

its excellence in computational research networks (15). 

Primary structure prediction, physico-chemical properties 

and functional characterisation 

ExPasy (Expert Protein Analysis System) ProtParam web application 

was used to predict the fundamental structural characteristics of 

protein sequences and calculate various physical and chemical 

properties (16). This online tool provides a range of analyses for 

proteins. These include determining the molecular weight, 

theoretical isoelectric point (pI), amino acid composition (including 

the ratio of positively and negatively charged amino acids), aliphatic 

index, extinction coefficient and the grand average of hydropathicity 

(GRAVY) score (17-19). Comparing these physicochemical properties 

Protein name/Gene symbol 
Gene name 

(locus id) 
Position Length Role Reference 

OsbHLH059/OsPRI3 
Os02g0116600 

  
Chr02 (-strand) 236AA Positive regulator of iron deficiency response3 

(Maintenance of Fe homeostasis). 
(11) 

OsbHLH058/OsPRI2 
Os05g0455400 

  
Chr05 (+strand) 77AA 

Positive regulator of iron deficiency response 2 
(Maintenance of Fe homeostasis). (11) 

OsbHLH056/OsIRO2 
Os01g0952800 

  
Chr01 (-strand) 247AA 

Iron related transcription factor 2. Tolerance to 
Fe deficiency, Regulation of Fe uptake from 

soil, Fe transport during germination, Fe 
translocation to grain during seed maturation 

(13, 43) 

OsbHLH063/OsIRO3 
Os03g0379300 

  
Chr03(+strand) 252AA 

Iron-related transcription factor 3 
Iron-regulated bHLH transcription factor, 

Response to iron deficiency, Regulation of iron 
homeostasis 

(11) 

OsbHLH057/OsPRI4 
Os07g0543000 

  
Chr07 (-strand) 256AA 

Basic helix-loop-helix (bHLH) transcription 
factor 057, 

Positive regulation of disease resistance, 
Drought tolerance 

(14) 

OsbHLH062/OsbHLH1 
Os07g0628500 

  
Chr07 (-strand) 265AA 

bHLH transcription factor, Cold stress 
response. 

Basic helix-loop-helix dimerisation 
region bHLH domain containing protein. 

(44) 

Table 1. The six bHLH proteins used in this study  

Amino acid (AA) 
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  provides valuable insights into the proteins’ functional roles and 

molecular characteristics.  This analytical approach is crucial for 

understanding proteins and their roles in various biological 

processes. 

Secondary structure prediction  

Using the Self-optimised prediction method with alignment 

(SOPMA), the secondary structural characteristics of proteins were 

predicted. This tool evaluates numerous aspects of the proteins’ 

structure, including the percentage of alpha helix, beta turn, 

extended strands and random coils (20). 

3D structure prediction and Validation 

The Iterative Threading Assembly Refinement (I-TASSER) tool is 

widely used for predicting three-dimensional protein structures from 

amino acid sequences. I-TASSER is easily accessible and produces 

five thorough models for each protein (21). All five of the generated 

models through the I-TASSER methodology underwent rigorous 

validation using diverse computational techniques, including ERRAT 

and PROCHECK. The predicted models were verified through the 

ERRAT tool (22). ERRAT score shows the overall quality factor for non

-bonded atomic interactions and the higher the score means better 

the quality of models (accepted range for a high-quality model is 

>50). The PROCHECK programme was used to analyse the protein 

structure with particular attention to its energy and stereochemical 

geometry. It resolves geometry residue by residue and undergoes 

pattern analysis to ascertain its dependability and internal 

consistency. The evaluation of the psi/phi Ramachandran plot 

obtained with PROCHECK allowed for the confirmation and 

examination of the backbones’ existence. 

Protein–protein interaction prediction 

The Search Tool for the Retrieval of Interacting Genes/Proteins, 

STRING version 12.1, was utilised to predict protein-protein 

interactions. Using a scoring system to integrate information, this 

database combines known and predicted associations to produce 

thorough protein networks covering about 67'592'464 proteins from 

14'094 organisms. These interactions derive from a variety of 

sources, including genetic context, high-throughput research, 

conserved expression patterns and known knowledge. They include 

both physical and functional relationships. The quantitative 

harmonisation of this plethora of data across different organisms 

allows for the transfer of knowledge between them when 

appropriate (23, 24). Proteins are assigned scores indicating the 

reliability of interactions to support confident interpretation: scores 

above 0.40 indicate medium confidence, scores above 0.70 indicate 

high confidence and scores above 0.90 indicate the highest level of 

confidence. As a result, proteins with scores higher than 0.444 were 

included in the subsequent studies. 

Determination of soluble or transmembrane proteins 

The SOSUI server (using SOSUI engine version 1.10) was used to 

determine a proteins’ type, namely, whether it is a soluble entity or a 

transmembrane resident (25). 

Prediction of protein sub-cellular localisation 

Each hypothetical and conserved proteins’ subcellular location was 

predicted by Deeplock 2.0. By submitting sequences in FASTA 

format, it is the most accurate web-based tool for the prediction of 

sub-cellular localisation in all protein sequences (26). 

Identification of protein family and domain 

Using InterPro version 95.0, protein families, domains and clans 

were identified. The InterPro platform provides a complex functional 

analysis of proteins by classifying them into different families and 

predicting their domains and important locations (27). 

Phylogenetic analysis 

The software Molecular Evolutionary Genetic study (MEGA version 

11.0.13) was used to examine the evolutionary relationship between 

different bHLH proteins selected in this study (28). A neighbour-

joining (NJ) phylogenetic tree was constructed. The reliability of the 

branching was tested using bootstrap resampling (with 1000 pseudo

-replicates).  

 

Results and Discussion  

Physicochemical properties of bHLH proteins 

The physicochemical properties of each bHLH protein computed by 

ProtParam, including the amino acid composition (Table S1), 

molecular weight, theoretical pI, extinction coefficient, instability 

index, aliphatic index, grand average of hydropathicity (GRAVY) and 

total number of negatively and positively charged residues, are 

mentioned in Table S2. 

Molecular weight 

Proteins with a high molecular weight contain a higher proportion of 

amino acids in them than proteins with a lower molecular weight 

(29). Among the O. sativa bHLH proteins analysed, OsbHLH058 

constituted 77 amino acids with the lowest molecular weight 

(7896.08kDa), while OsbHLH062 had 265 amino acids with the 

highest molecular weight (29686.27kDa) (Table S2). 

Isoelectric point 

In order to comprehend the charge stability of proteins, it is helpful to 

know the theoretical pI, which is the pH at which a specific molecule 

or surface carries no net electrical charge.  If a proteins’ pI value is 

lower than 7, it is considered acidic, while a pI value greater than 7 

denotes the proteins’ basic nature. According to estimated pI values 

from the ProtParam programme, OsbHLH056 was observed to be a 

basic protein (pI>7), but OsbHLH057, OsbHLH059, OsbHLH062 and 

OsbHLH063 were determined to have acidic nature (pI<7) (Table S2). 

The protein purification procedure heavily depends on this 

isoelectric point.  

Instability Index 

The stability index, an innate property of proteins, helps predict 
protein in vivo stability.  If a proteins’ instability index value is less 

than 40, it is said to be stable; if it is greater than 40, it is said to be 

unstable. In the present study, we observed that the instability score 

of all bHLH proteins is greater than 40 (Table S2), which suggests that 

all the proteins are unstable. 

Aliphatic index (AI) 

The aliphatic index of a protein is defined as the relative volume 

occupied by aliphatic side chains [alanine (Ala), valine (Val), 

isoleucine (Ile) and leucine (Leu)]. It could be seen as a contributing 

factor to the rise in globular proteins' thermo-stability. The 6 bHLH 

protein sequences used in this study had aliphatic indices ranging 

from 61.13 to 85.26 (Table S2). A high aliphatic index indicates that a 

protein is thermostable over a wide temperature range. (17) 

GRAVY (Grand average of hydropathy) 

The GRAVY value for a peptide or protein is determined as the total 

https://www.sciencedirect.com/topics/medicine-and-dentistry/amino-acid-composition
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hydropathy value of all the amino acids divided by the total number 

of residues in the sequence. Proteins with a negative GRAVY value 

are non-polar, while those with a positive value are polar. The GRAVY 

indices of the bHLH proteins in this investigation ranged from -0.824 

to 0.194 (Table S2). The low GRAVY range suggests that the protein 

might be globular (hydrophilic), as opposed to membranous 

(hydrophobic). This information might be useful for localising these 

proteins. 

Extinction coefficient 

For the six bHLH proteins, their respective extinction coefficients at 

280 nm range from 13200 to 22460 (as shown in Table S2) and this 

measurement is linked to the levels of cysteine (Cys), tryptophan 

(Trp) and tyrosine (Tyr) within the proteins. Essentially, it gauges how 

effectively a protein captures light at a given wavelength. A higher 

extinction coefficient suggests an elevated concentration of Cys, Trp 

and Tyr within the presumed or conserved proteins (16). These 

calculated extinction coefficients are valuable for studies examining 

interactions between proteins and interactions between proteins 

and ligands in a solution. 

Secondary structure prediction 

The secondary structure of six bHLH proteins was predicted using 

SOPMA, wherein we found that the percentage of random coils was 

higher when compared with alpha helices and extended turns in all 

the selected bHLH proteins except OsbHLH056(Table 2). Random 

coils are inherently flexible and lack a stable structure. These flexible 

regions might play crucial roles in protein function, such as in binding 

to other molecules, protein folding, translocation and stability. The 

analysis of the amino acid content of the different proteins reveals 

that five essential amino acids predominate. Alanine holds the top 

spot among them with a prevalence of 27.3 %, followed by Proline 

(18.2 %), Serine (13.4 %), Glycine (8.9 %) and Glutamic Acid (8.7 %) 

(Table S1). 

Tertiary(3D) structure prediction and model validation 

Top threading Template used by I-TASSER 

For six bHLH proteins, I-TASSER determined the identity and 

coverage area for the top ten best template PDB structures (Table S3

-S8f).  I-TASSER only employs the threading alignment templates 

with the greatest importance, as determined by the Z-score, which is 

the difference between the raw and average scores expressed in 

units of standard deviation. Therefore, a categorised Z-score greater 

than 1 denotes a certain alignment. If there is often at least one 

template per threading programme with a categorised Z-score > 1, 

the query protein is categorised as an “Easy” target; otherwise, it is a 

“Hard” target (30). Hence, on the basis of this, we only consider those 

threading templates whose score is greater than 1. 

Top 5 model 

For every bHLH protein, the I-TASSER server produces several 
models, each assigned a unique C-score. The C-score is a metric used 

to assess alignment accuracy and assembly convergence during 

protein structure prediction, with a range between -5 and 2. Higher C

-scores indicate more accurate predictions. Among the various 

models created for each protein, the one with the highest C-score is 

chosen as the top model, reflecting superior alignment quality and 

convergence in the prediction process. In the case of the OsbHLH059 

protein, the model with the highest C-score (-1.89) out of all 

generated models is selected as the best model (Fig. 1). The 

estimated accuracy of this model is assessed through TM-score and 

RMSD measurements, yielding values of 0.49 ± 0.15 and 10.0 ± 4.6Å, 

respectively. Similarly, for the other proteins, OsbHLH058, 

OsbHLH056, OsbHLH063, OsbHLH057 and OsbHLH062, the top 

models possess C-scores of -3.23 (with TM score and RMSD values of 

0.35 ± 0.12 and 10.5 ± 4.6Å), -3.55 (TM score and RMSD values of 0.32 ± 

0.11 and 14.3 ± 3.8Å), -3.56 (TM score and RMSD values of 0.32 ± 0.11 

and 14.4 ± 3.7Å), -3.36 (TM score and RMSD values of 0.34 ± 0.11 and 

13.9 ± 3.9Å) and 2.70 (TM score and RMSD values of 0.40 ± 0.14 and 

12.3 ± 4.4Å) (Figure 1). By employing TM-score and RMSD data, 

representing structural similarity and deviation from the actual 

Protein Alpha helix (%) Extended strand (%) Beta turn (%) Random coil (%) 

OsbHLH056 44.94 9.31 4.05 41.7 
OsbHLH057 37.89 3.12 3.52 55.47 
OsbHLH058 19.48 7.79 3.9 68.83 
OsbHLH059 37.29 8.47 3.81 50.42 
OsbHLH062 33.58 6.42 0.75 59.25 
OsbHLH063 35.71 3.17 0.79 60.32 

Table 2. The predicted secondary structural characteristics of bHLH proteins (in %) by SOPMA 

 

Fig. 1. Models with the highest C score of each bHLH protein. 
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structure, respectively, the predicted accuracy of each model is 

quantified. This process of model selection based on C-scores, 

followed by accuracy estimation, offers valuable insights into the 

quality of protein structure predictions obtained through the I-

TASSER methodology. 

Homology modelling and Validation 

For homology modelling, the I-TASSER approach was employed. 
Five 3D models were created for each of the six bHLH proteins. For 

validation and to evaluate the quality of these models, ERRAT and 

PROCHECK (Table 3) were used. ERRAT (Overall Quality Factor), 

which rates the models’ overall quality by statistically analysing non-

bonded interactions among various atom types in their 

corresponding atomic interactions, was one of the approaches used 

for validation. This methodology was used for model validation (31, 

32). The generated quality score is used to evaluate the developed 

models’ dependability. The typical range for a high-quality model is a 

Quality score greater than 50. In this work, the best models of the six 

bHLH proteins had ERRAT scores of 95.17 %, 65.21 %, 84.10 %, 73.36 

%, 82.91 % and 91.28 %, respectively (Table 3).  

 PROCHECK was also used to assess the stereochemical 

quality of protein structures. This evaluation involved using the 

Ramachandran plot, which has separate zones showing most 

favoured, allowed and prohibited residues, to analyse residue-by-

residue geometry as well as overall structure geometry. PROCHECK 

computations suggest that superior models should have more than 

90 % of amino acids in the most desired locations. The highest 

PROCHECK scores for the bHLH proteins under study (representing 

the proportion of residues in the preferred region for the best model) 

were, in order, OsbHLH059, OsbHLH056, OsbHLH057, OsbHLH063, 

OsbHLH062 and OsbHLH058 (Table 3). Ramachandran plot for each 

protein is shown in Fig. 2. 

Protein–protein interaction prediction 

Predicting protein-protein interactions is essential to understanding 

the complex web of cellular and biological processes. A proteins’ 

interaction with two or more other proteins is frequently a crucial 

aspect of that proteins’ biological function. We used STRING to 

predict connections between our bHLH proteins and their 

counterparts (Fig. 3) as we were interested in functional protein 

Table 3. Validation Scores of different 3D models of six bHLH proteins generated via I-TASSER. 

Proteins Model C Score ERRAT Score 
PROCHECK 

Ramachandran plot result 
Most favourable region (%) Allowed region (%) Disallowed region (%) 

OsbHLH059 -1.89 95.17 83.9 8.9 3.6 
OsbHLH058 -3.23 65.21 35.1 45.6 1.8 
OsbHLH056 -3.55 84.10 74.4 21.5 1.8 
OsbHLH063 -3.56 73.36 56.3 30.6 6.3 
OsbHLH057 -3.36 82.91 65.7 28.1 1.9 
OsbHLH062 -2.70 91.82 53.8 31.6 4.4 

 OsbHLH056 OsbHLH057 OsbHLH058 

OsbHLH059 OsbHLH062 OsbHLH063 

Fig. 2. Ramachandran plot analysis showing the structural validation of modelled bHLH proteins. 
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association networks. Our analysis specifically identified interaction 

partners with scores greater than 0.4. While certain proteins function 

alone, the majority of proteins interact with other proteins to carry 

out their intended biological roles. Therefore, the predicted 

interaction networks provide insights into the biological pathways 

and regulatory mechanisms in which these bHLH transcription 

factors may participate. This interaction suggests that OsbHLH059 

may be regulated through palmitoylation, a lipid-based post-

translational modification known to influence protein stability, 

subcellular localisation and transcriptional activity. Such regulation 

may fine-tune OsbHLH059 function during plant development or 

stress responses. In eukaryotes, protein S-acylation (palmitoylation) 

plays a critical role in plant growth and responses to both abiotic and 

biotic stresses (33). Additionally, the homeodomain–leucine zipper 

(HD-ZIP) gene family is involved in multiple physiological processes 

in rice. The predicted interaction of OsbHLH058 with an HD-ZIP 

family member suggests a possible link between bHLH- and HD-ZIP-

mediated transcriptional regulation, potentially coordinating 

developmental or stress-responsive gene expression pathways. 

However, comprehensive analysis of HD-ZIP genes in rice remains 

limited (34).With respect to OsbHLH056, four different proteins 

interact with it: B3 domain-containing protein IDEF1, a transcription 

regulator crucial for iron deficiency response and tolerance; iron-

phyto siderophore transporter YSL15, important in Fe(3+) uptake 

from the root; Transcription factor BHLH156, linked to positive 

regulation of genes crucial to strategy II iron acquisition and an iron-

related transcription factor. The association of OsbHLH056 with 

multiple iron homeostasis-related proteins strongly indicates its 

involvement in strategy II iron acquisition and transcriptional 

regulation of iron deficiency-inducible genes, highlighting its 

potential biological role in maintaining iron balance under nutrient-

limited conditions (35, 36). 

 Similarly, OsbHLH063 interacts with five proteins, including 

iron-related transcription factor 2, which activates Fe deficiency-

responsive genes by binding to the CACGTGG motif and 

transcription factor bHLH156 (36, 37). These interactions suggest 

that OsbHLH063 may function as a transcriptional hub within iron-

responsive regulatory networks, possibly contributing to adaptive 

responses under iron-deficient conditions. OsbHLH062 interacts 

with Protein TIFY11a and NINJA homolog 1, along with transcription 

factor bHLH148. The involvement of TIFY/JAZ and NINJA proteins, 

which are central repressors in the jasmonic acid (JA) signalling 

pathway, indicates that OsbHLH062 may participate in JA-mediated 

stress and defence signalling. This interaction implies a biological 

role in coordinating hormonal signalling with transcriptional 

regulation during drought or stress responses. Jasmonates regulate 

Fig. 3. Protein–protein interaction network established by STRING (Version 12.0) for six bHLH proteins and their partners. 
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plant development, defence mechanisms and abiotic stress 

tolerance (38, 39). Further, Table 4 shows the predicted partner 

proteins and corresponding confidence scores for each of the bHLH 

proteins examined in the present study. Overall, the interaction 

networks suggest that these OsbHLH proteins are not isolated 

regulators but are integrated into key biological pathways, 

particularly iron homeostasis and jasmonate signalling, 

underscoring their functional relevance in rice growth and stress 

adaptation. 

Prediction of soluble and transmembrane proteins 

SOSUI analysis predicted that all six bHLH proteins are soluble, 

indicating their hydrophilic nature.  The soluble nature of these 

proteins is consistent with their predicted nuclear localisation and 

transcriptional regulatory functions, as soluble proteins are more 

suitable for dynamic interactions with DNA and other nuclear 

proteins. Membrane proteins are generally more challenging to 

characterise experimentally due to their intrinsic hydrophobicity 

(40). 

Prediction of protein sub-cellular localisation 

The localisation of the proteins within the cell was predicted using 
the Deeplock2.0 programme (Table S9). OsbHLH059 had the highest 

likelihood score of all six bHLH proteins, followed by OsbHLH057, 

OsbHLH056 and OsbHLH063 in that order. All six bHLH proteins 

were shown to be localised in the nucleus. This nuclear localisation 

supports their predicted function as transcription factors and aligns 

with their interaction partners, many of which are also 

transcriptional regulators involved in iron homeostasis and JA 

signalling. 

Protein family and domains 

Proteins often have one or more domains, each of which has unique 
structural and/or functional characteristics. We searched the Pfam 

(InterPro) database, which made it easier to classify the proteins in 

our investigation into different families based on the presence or lack 

of particular domains in their sequences. Table S10 provides a 

thorough breakdown of the Pfam domains and families found in the 

six OsbHLH proteins. Notably, the Myc-type basic helix-loop-helix 

(bHLH) domain was clearly identified by the Pfam search found in all 

proteins except for Osbhlh058. The presence of this conserved 

domain confirms their DNA-binding and dimerisation capacity, 

which is essential for transcriptional regulation. OSB1 gene encodes 

a myc-type basic helix-loop-helix (bHLH) transcription factor, which 

controls the expression of several structural genes involved in 

anthocyanin biosynthesis in rice (41). In Oryza sativa, the OsMYC2-

RNAi lines showed enhanced resistance against bacterial 

pathogen Xanthomonas oryzae  (42). This suggests that bHLH 

proteins may also contribute to defence-related gene regulation. 

 The Transcription Factor ILR3-like Family was further 

elucidated by the Pfam (InterPro) search. This family of homo- and 

heterodimeric transcription factors is intimately related to the 

synthesis of bHLH38, bHLH39, bHLH100 and bHLH101, directing the 

positive control of Fe homeostasis (13). Notably, three of the six 

proteins, OsbHLH056, OsbHLH063 and OsbHLH062, which make up 

the total, do not belong to this specific family. Table S10 provides a 

thorough explanation of each Pfam (InterPro) family and domain. A 

group of conserved domain models with overlapping annotations 

on the same protein sequences is referred to as a superfamily. These 

models may cross paths with one another, indicating their shared 

evolutionary ancestry. Fortunately, the super-families that 

corresponded to the discovered Pfam families showed a substantial 

degree of closeness, as seen in Tables S10-S11. 

Phylogenetic analysis 

Using MEGA 11 software, a phylogenetic tree was constructed to 

investigate the evolutionary relationship between the chosen bHLH 

proteins. The findings show links between several bHLH within the 

context of evolution. OsbHLH057 developed earlier than the other 

five bHLH proteins, according to the phylogenetic tree. From 

OsbHLH057, the remaining five bHLH proteins developed. 

Table 4. 6bHLH proteins with their functionally important partner proteins 

Protein Predicted functional partner proteins Score 

OsbHLH059 S-acyltransferase; belongs to the DHHC palmitoyltransferase family. 0.456 

OsbHLH058 Homeobox-leucine zipper protein HOX25 0.405 

OsbHLH056 

Transcription factor BHLH156 
Protein iron-related transcription factor 3 

B3 domain-containing protein IDEF1 
Iron-phytosiderophore transporter YSL15 

0.774 
0.623 
0.560 
0.509 

OsbHLH063 
  

Hemerythrin motif 
Protein iron-related transcription factor 2 

0.629 
0.623 

OsbHLH057 Transcription factor bHLH 156 0.446 

OsbHLH062 
Protein TIFY 11a 

Protein NINJA homolog 1 
Transcription factor bHLH148 

0.970 
0.796 
0.444 

Fig. 4. Phylogenetic tree prepared with 6 bHLH proteins by the 
maximum likelihood method using MEGA 11 software. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/phylogenetic-tree
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OsbHLH056 is the common ancestor of OsbHLH063 and 

OsbHLH062. Additionally, OsbHLH059 and OsbHLH058 have a 

common ancestor that once split from OsbHLH057. Due to the 

similarity of their divergence branches, OsbHLH063 and OsbHLH062 

may have evolved simultaneously (Fig. 4).  

Conclusion  

This study presents a comprehensive computational analysis of six 

rice bHLH proteins (OsbHLH056, OsbHLH057, OsbHLH058, 

OsbHLH059, OsbHLH062 and OsbHLH063), revealing distinct 

molecular, structural and evolutionary characteristics. The proteins 

differed in size, charge and stability, with α-helix dominance 

indicating conserved structural organisation and predicted nuclear 

localisation supporting their roles as transcription factors. 

Phylogenetic analysis suggested evolutionary divergence from a 

common ancestor, while protein–protein interaction predictions 

indicated involvement in multiple regulatory pathways. Collectively, 

these findings provide valuable insights into the functional 

complexity of rice bHLH proteins and establish a foundation for 

experimental validation. Future studies should employ yeast two-

hybrid or bimolecular fluorescence complementation assays to 

confirm predicted protein interactions and site-directed 

mutagenesis to evaluate the functional significance of unstable 

regions, thereby advancing the understanding of bHLH-mediated 

stress regulation and its potential application in crop improvement.  
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