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Abstract: Proteins are essential for many biological functions. For example, folding amino acid chains reveals their functionalities by maintaining tissue structure, physiology, and homeostasis. Note that quantifiable protein characteristics are vital for improving therapies and precision medicine. The automatic inference of a protein’s properties from its amino acid sequence is called “basic structure”. Nevertheless, it remains a critical unsolved challenge in bioinformatics, although with recent technological advances and the investigation of protein sequence data. Inferring protein function from amino acid sequences is crucial in biology. This study considers using raw sequencing to explain biological facts using a large corpus of protein sequences and the Globin-like superfamily to generate a vector representation. The power of two representations was used to identify each amino acid, and a coding technique was established for each sequence family. Subsequently, the encoded protein numerical sequences are transformed into an image using bispectral analysis to identify essential characteristics for discriminating between protein sequences and their families. A deep Convolutional Neural Network (CNN) classifies the resulting images and developed non-normalized and normalized encoding techniques. Initially, the dataset was split 70/30 for training and testing. Correspondingly, the dataset was utilized for 70% training, 15% validation, and 15% testing. The suggested methods are evaluated using accuracy, precision, and recall. The non-normalized method had 70% accuracy, 72% precision, and 71% recall. 68% accuracy, 67% precision, and 67% recall after validation. Meanwhile, the normalized approach without validation had 92.4% accuracy, 94.3% precision, and 91.1% recall. Validation showed 90% accuracy, 91.2% precision, and 89.7% recall. Note that both algorithms outperform the rest. The paper presents that bispectrum-based nonlinear analysis using deep learning models outperforms standard machine learning methods and other deep learning methods based on convolutional architecture. They offered the best inference performance as the proposed approach improves categorization and prediction. Several instances show successful multi-class prediction in molecular biology’s massive data.
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1  Introduction

An amino acid is like a word, a protein sequence is like a book, and a motif is like a sentence. Mining the relationship between them would yield higher-level information on the functional features of the physical things matching the sequences. Therefore, finding the amino acid residues that distinguish the protein families is a topic of ongoing research in biomolecular science. Scientists define protein families as collections of proteins with related functions in this procedure.

In contrast to defined proteins, however, uncharacterized proteins still need to be identified or categorized in various areas of bioinformatics study. Protein families are defined by scientists in this approach as groupings of proteins having similar activities. As a result, determining how to identify proteins and use functions to demonstrate their understanding of physicochemical processes is a critical challenge in practical research [1–4]. Classifying protein sequences involves engineering-related approaches to extract discrete or continuous features manually. After that, standard machine learning techniques are employed to determine how the characteristics of the hidden patterns will behave once they have been retrieved. To create clusters and assign labels to each cluster, unsupervised learning is a traditional machine learning methodology. On the other hand, genetic trait matching to protein sequences is another well-liked method for finding common patterns in protein sequences. However, this common motif comparison method depends on biological specialists and domain experts for functional motif identification [5,6]. The modification of the protein’s cell sequence requires analysis to identify the protein’s primary function. Consequently, the technique produces a generalized series of gaussian process regression to calculate the total number of variables [7]. Accuracy and outcomes of function analysis may be attained by training the sequencing data of several proteins [8].

Computer models built on neural networks (NN) have recently excelled in simulating highly complicated issues. Because of its advantage, NN-based designs may be employed in several domains connected to biology [9,10]. Natural Language Processing (NLP), like word2vec, is one of these applications [11], whereas others come from deep NN and model architectures [12]. A Recurrent Neural Network (RNN) is one of these NN-based designs that may be applied to tackle sequence learning. Issues such as handwriting recognition, speech recognition, and machine translation while keeping the hidden states’ long-term interdependence [4]. CNN, in particular, has quickly emerged as the method of choice for addressing various issues linked to the smooth automatic exploitation of features and performance tweaking, streamlining traditional image analysis pipelines. Recently, CNNs have been utilized to predict the secondary structure of proteins [13,14]. Prediction in [13] was based on the position-specific score matrix profile (produced by PSI-BLAST), whereas in [14], features relating to the amino acid sequence were subjected to kernel moves in 1 direction (1D) convolution. Additionally, [15] suggested a deep CNN architecture to forecast protein characteristics as this design produced fully dense per-position predictions on protein sequences using a multilayer shift-and-stitch approach. Alternatively, [16] creates models that predict enzymatic function based on the structure by utilizing deep learning algorithms and empirically gathered structural knowledge about enzymes. In [17], they employed a protein mapping technique to encode amino acid sequences to numerical representations, which they only used for protein family prediction.

The bispectral analysis is a sophisticated signal processing approach that measures quadratic nonlinearities (phase-coupling) between signal components. Due to their interdependencies, it revealed unambiguity in many biomedical signals, such as the electrocardiogram (ECG) and electroencephalogram (EEG) [18–24]. Note that the features obtained using these methods may enhance the performance of the deep learning algorithm.

This paper employs the numerically coded protein sequences represented as bispectrum images to feed a well-designed CNN model classifier to obtain a novel technique for identifying the protein family within the Globin-like superfamily. The paper is organized as follows: Section 2 will describe the methodology of this work by introducing the coding, bispectrum, and details of the deep learning architecture of CNNs. Conversion of amino acid sequences to the numbers with the proposed method is also provided. Section 4 explains the data used in this work and depicts the application results of the paper. Section 5 discusses the results and provides potential usage areas of the proposed method. Finally, the paper concludes the results with a light shed on future work.

2  Methods & Materials

The proposed system is based on the steps for classifying protein sequence families shown in Fig. 1.
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Figure 1: The proposed classification method design

2.1 The Selected Protein Sequence Superfamily

The present paper uses the superfamilies information available on the InterPro site (the new home of Pfam). It is a database of protein families, domains, and functional sites utilized to analyze protein sequences based on their identifiable features. These are called signatures extracted from prediction models such as Hidden Markov models. InterPro’s ability to collect protein signatures from these member databases into a single searchable resource and take advantage of the unique capabilities of each database to create an integrated database and a powerful diagnostic tool, as well as one of its main benefits [25].

The Globin-like superfamily, with InterPro accession number (IPR009050), was chosen in this study to validate the proposed classification system. This superfamily includes Globin-like proteins with six helices arranged in a partially opened, folded leaf structure and truncated Globins missing the first helix. This applies to both the Globins and the phycobilisome proteins resembling phycocyanin. Phycobilisome proteins are oligomers of two distinct Globin-like component types that bind a bilin chromophore and have two additional helices at the N terminus. They are found in cyanobacteria and red algae employed to collect light [25,26]. Other than that, Globins are heme-containing globular proteins that bind and/or carry oxygen and are a member of a sizable, extensively researched family widely present in several organisms [27]. From this superfamily, the following families were selected for testing our proposed classification system. Table 1 presents the protein’s family, the number of protein sequences, and the accession number.
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The number of sequences selected for representing each family was equal to the number of sequences in the lowest-sequence number family after performing multiple shuffles (381 protein sequences from each family).

2.2 Encoding Systems

Encoding is a term used to describe data conversion. This article exploited a protein-encoding system, presented in [28], to convert the character sequence representation to numerical vectors that are used finally for classification. The twenty letters of the amino acid alphabet are typically used to represent protein character sequences, where this representation can only be processed directly after first being translated to digital form [29].

The digital representation of amino acids is usually known as feature extraction, amino acid encoding scheme, or residue encoding scheme [29]. The amino acid encoding adopted in this study is the power of two encoding methods. Each amino acid character of the twenty standard amino acids is represented by a twenty-dimensional power of 2. Specifically, the twenty standard amino acids are fixed in a specific order. Subsequently, the ith amino acid type is represented by the power of 2 of the ith position from 0 to 19. For example, the twenty standard amino acids are sorted as [‘A’, ‘R’, ‘N’, ‘D’, ‘C’, ‘E’, ‘Q’, ‘G’, ‘H’, ‘I’, ‘L’, ‘K’, ‘M’, ‘F’, ‘P’, ‘S’, ‘T’, ‘W’, ‘Y’, ‘V’] the code of A is 20, R is 21 and so on. The classification accuracy of the adopted encoding method may be enhanced if its outputs are normalized using the mean value and the standard deviation of the encoded amino acid distribution in each family as in Eq. (1):

Normalized encoding output(i)=(Encoding output(i)−Mean value)/(standard deviation)(1)

2.3 Bispectrum

Bispectrum is one of the most well-known higher-order spectral analyses of the signals. Therefore, it is employed to analyze bio signals; Electromyogram (EMG), Electroencephalogram (EEG), Electrocardiogram (ECG), and heart sounds [30–34]. Furthermore, it reveals the nonlinearities in the signals. It discovers the non-gaussian components in the signals. It measures quadratic phase coupling (QPC) levels and nonlinearity interactions in non-stationary signals. Other than that, it strengthens the QPC due to its ability to suppress all phase coupling relations. It defines the Fourier Transform (FT) of the third cumulants of the signal. The first cumulant is the mean, the second cumulant is the variance, and the third cumulant is the skewness. Therefore, the FT of skewness is the bispectrum. The corresponding equations describe the bispectrum relations [32–34]:

γ(t1,t2)=E(x(t)x(t+t1)x(t1+t2)),(2)

where γ(t1,t2) is the triple autocorrelation function (TAF) at t = t1 and t = t2, respectively. Moreover, E is the expectation of the random process, x(t) is the index of the signal at time t, x(t + t1) is the shifted version of the sequence x(t) by t1 seconds, and x(t + t2) is the shifted version of the sequence x(t) at the time t2 seconds.

Taking FT for both sides of Eq. (2) will yield:

B(f1,f2)=|X(f1).X(f2).X∗(f1,f2)|,(3)

where B(f1,f2) is the bispectrum of the sequence x(t) at frequencies (f1,f2), X(fi) is the FT of the sequence at frequency fi, and * is the convolution operator in the frequency domain. After converting it to a signal, the bispectrum is calculated for each protein sequence. The figures below illustrate the bispectrum for each class in each encoding system (normalized and non-normalized). As clear from Fig. 2, each family has its eminent pattern that may lead to acceptable discrimination by employing the deep learning model. The difference between the final images and the details in the non-normalized approach is more complex than in the normalized approach shown in Fig. 3.
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Figure 2: Bispectrum for some protein sequence in each family/class for non-normalized encoding approach (a) Family 1, (b) Family 2, (c) Family 3, (d) Family 4, (e) Family 5, (f) Family 6, (g) Family 7, (h) Family 8, (i) Family 9, (j) Family 10
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Figure 3: Bispectrum for some protein sequences in each class for normalized encoding approach (a) Family 1, (b) Family 2, (c) Family 3, (d) Family 4, (e) Family 5, (f) Family 6, (g) Family 7, (h) Family 8, (i) Family 9, (j) Family 10

Fig. 3 displays the bispectrum images for the normalized coding approach. The pattern for each family is distinguished.

2.4 Deep Learning

Deep Learning is a subfield of Artificial Intelligence (AI). It is a state-of-art technology that learns from the available data without requiring explicit extracting features and pre-processing stages. The main challenge of deep learning is the availability of big datasets to learn. Therefore, there is a need to increase the availability of data in medical fields. The main point to solve that obstacle is the usage of pertained networks on large datasets such as ImageNet and utilizing the benefits of transfer learning to be compatible with the presented task for classification of the available dataset [35].

CNN is one of the most known deep learning models for image classification patterns based on extracting features from low to high levels automatically and adaptively. It consists of different layers, such as (convolutional layers, pooling layers, and fully connected layers). Note that the first two layers extract the descriptors, while the last map features their appropriate output classes [35,36].

Residual Networks are types of CNNs deep learning structures, presented in 2015 by Kaiming He. It differs from existing CNNs by its residual blocks that focus on skipping some layers and solving the vanishing gradient issues of the existing CNNs due to the high numbers of deep layers. Depending on the number of layers used to build Residual Neural Network (ResNet) models, multiple versions of ResNet depend on the number of layers in deep learning codded as ResNet-Number of layers. For example, ResNet-18, ResNet-50, ResNet-101, and ResNet-152. In this paper, ResNet-101 is utilized with transfer learning techniques for the last fully connected layer to be compatible with ten classes [36]. Table 2 describes the detailed structure of ResNet-101 [37].
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The size of input images is 224×224×3, and the data is divided into 70% training and 30% testing. The model is built by the following hyperparameters; adaptive moment estimation (adam) optimizer, mini patch size 64, maximum epochs 20, and the initial learning rate 0.001.

3  Results & Discussion

The generated images for all protein sequence families are passed to the pre-trained deep learning structure ResNet-101. Other than that, transfer learning is employed in the structure to obtain the same class number in the last fully connected layer. Ten families are recognized using the proposed deep learning model approach.

For both normalized and non-normalized encoding systems, the confusion matrix is generated. The confusion matrix in Fig. 4 illustrates the results for non-normalized encoding systems. It explains the performance of the ResNet-101 deep learning model in the classification of the resultant bispectrum images for each protein’s sequence in the selected 10 families. From Fig. 4, 90 sequences are distinguished from 114 in Family 1, with a sensitivity that does not exceed 79.8% and a precision of 72.2%. Meanwhile, Family 2 obtains a lower recall value of 52.6% for 60 correctly classified sequences among 114. Its positive predictive value is 57.1%. However, Family 3 is discriminated by 84 sequences from 114. The true positive rate does not exceed 73.7%, while the precision is 86.6%. The worst discriminated family is Family 4, with a sensitivity reaching 48.2% and a precision of 42.6%. In other words, only 55 sequences are correctly classified from 114. On top of that, 91 cases are classified correctly among 114 total cases from Family 5. The recall is 79.8%, and PPV is 78.4%. The performance of the deep learning structure in discriminate Family 6 among all families is as follows; only 86 cases are correct from 114 with a sensitivity of 75.4% and precision of 86%. The proposed approach attempts to distinguish Family 7 with the highest sensitivity reaching 93.9%, and the best precision reaching 94.7%. The number of correctly classified sequences is 107 from 114. In Family 8, the performance is moderate, achieving a 78.9% true positive rate and a positive predictive value of 80.4%, where 99 cases are addressed correctly from 114. Furthermore, only 57 cases are discriminated against in Family 9 from 114 sequences. Therefore, the performance is 47.5% in Family 9 and recall does not exceed 50%. The performance in Family 10 is better than 9, with a higher number of correctly classified cases, almost 83 from 114, having a sensitivity of 72.8% and a precision of 68%. The results for a non-normalized encoding system with a deep learning approach are summarized in terms of overall accuracy, which does not exceed 70.5%.
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Figure 4: Confusion matrix for non-normalized coding system

Fig. 5 summarizes the results of the normalized approach.
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Figure 5: Confusion matrix for normalized coding system

The normalized case results show that 109 sequences out of 114 in Family 1 are correctly classified, with a sensitivity of 95.6% and a misclassification rate of 4.4%, with a precision of 97.3%. Family 2 has a lower sensitivity of 94.7% for 108 correctly classified sequences out of 114. Their precision is 95.6%. However, Family 3 performs the worst of all protein families, with only 95 of 104 sequences correctly separated, having a precision of 92.3% and a sensitivity of 83.3%. Type 4 is the most discriminated family, with a sensitivity and precision of 99.1% and a misclassification rate of 0.01. In contrast, 109 of the 114 cases identified in Family 5 are correctly classified. The sensitivity is 95.6%, and the precision is 90.8%. The pre-trained CNN structure performs better in distinguishing Family 6 from all families. Its output is 111 correct cases out of 114, with a sensitivity of 97.4% and a precision of 94.9%. The proposed method attempts to distinguish Family 7 with 86% sensitivity and 96.1% precision. From a total of 114 sequences, 93 have been correctly classified. Family 8 performs better, with a true positive rate of 88.6% and a positive predictive value of 97.1%. Families 9 and 10 have almost identical results regarding sensitivity. Nonetheless, Family 9 is the worst regarding precision, whereas Family 10 is the best in positive predictive value. The overall accuracy of the proposed system is 92.4%. Table 3 summarizes the results regarding sensitivity and precision for two encoding methods. On the other hand, Fig. 6 demonstrates the resultant performance for two scenarios.
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Figure 6: The sensitivity and precision of two encoding systems

Table 3 displays that Family 4 has the lowest sensitivity and precision for a non-normalized encoding system. However, the performance of the deep learning structure is the best for the normalized encoding approach, following the resultant bispectrum images of Family 4 sequences. Therefore, it leads to extracting more representative features than other families. In contrast, the issue is the lowest for the non-normalized, where the resultant images lack details, and the deep learning model could not extract more representative descriptors.

Another scenario was also explored to test the robustness of the achieved results. In this scenario, the total number of generated images is 3790 for ten families, with 379 for each family. The resultant bispectrum images were divided into 70% training (2650), 15% validation (570), and 15% testing (570). Ten families are recognized employing the proposed deep learning model approach for both non-normalized and normalized encoding methods. The parameters of the deep learning network are kept as in the previous scenario.

The corresponding confusion matrix presents the test results for the non-normalized encoding approach. The confusion matrix in Fig. 7 illustrates the results for non-normalized encoding systems. As is clear from Fig. 7, 46 sequences are distinguished from 57 in Family 1, with a sensitivity that does not exceed 80.7% and a precision of 71.9%. Meanwhile, Family 2 obtains a lower recall value of 73.7% for 42 correctly classified sequences among 57. Its positive predictive value is 50%. However, 46 of the 57 sequences distinguish Family 3. The true positive rate does not exceed 80.7%, while the precision is 78%. The worst-discriminated family is type 4, with a sensitivity reaching 43.9% and a precision of 49%. In other words, only 25 of the 57 sequences are correctly classified. On top of that, 39 cases are classified correctly among the 57 total cases in Family 5. The recall is 68.4%, and the PPV is 79.6%. The performance of the deep learning structure in discriminating Family 6 among all families is as follows: only 43 cases out of 57 are correct, with a sensitivity of 75.4% and a precision of 84.3%. The proposed method attempts to distinguish family 7, which has the highest sensitivity (98.2%) and precision (75.7%). The number of correctly classified sequences is 56 out of 57. In Family 8, the performance is moderate, which achieves a 73.7% true positive rate and a positive predictive value of 89.4%, where 42 cases are addressed correctly from 57. Furthermore, only 22 out of 57 are discriminated against in Family 9. As a result, the PPV performance is 46.8%, and the recall is less than 38.6%. Moreover, the performance in Family 10 is better than in Family 9, with a higher number of correctly classified cases, comprising almost 28 out of 57. Their sensitivity is 49.1%, and their precision is 63.6%. The results for a non-normalized encoding system with a deep learning approach are summarized in terms of overall accuracy, which does not exceed 68.2%. Moreover, the validation accuracy is 70.5%.
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Figure 7: Confusion matrix for non-normalized coding system

The receiver operating characteristics (ROC) describe the relationship between the sensitivity (true positive rate) and the specificity (false positive rate) for each class, as shown in Fig. 8. The area under the curve (AUC) is computed for each family separately. As AUC is close to 1, the designed classifier is much more sensitive to the specific class. Table 4 presents the AUC for each class. Family 7 has the highest AUC value, reaching almost 1, and the lowest AUC values are for Family04 and Family 9. Fig. 9 explains the precision-recall (PR) curve for the non-normalized approach, where the x-axis demonstrates the recall and the y-axis represents the precision. As is apparent, all classes have low values in both. The normalized, generated bispectrum images were utilized for training the pre-trained CNN model, with 70% training, 15% validation, and 15% testing. The corresponding confusion matrix describes the results of the normalized approach.
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Figure 8: ROC curve for non-normalized encoding method
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Figure 9: PR curve of non-normalized encoding method

The confusion matrix in Fig. 10 illustrates the results for non-normalized encoding systems.
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Figure 10: Confusion matrix for normalized coding system

The normalized case results indicate that 56 sequences out of 57 in Family 1 are correctly classified, with a sensitivity of 98.2%, a misclassification rate of 1.8%, and an accuracy rate being 98.2%. Family 2 has a lower sensitivity of 89.5% for 51 correctly classified sequences out of 57. Their precision is 96.2%. However, Family 3 performs the worst of all protein families, with only 47 of 57 sequences correctly separated. It has a precision of 85.5% and a sensitivity of 82.5%. Family 4 is the most discriminated family, with a sensitivity of 98.2%, a precision of 100%, and a misclassification rate of 1.8%. In contrast, 45 of the 57 cases identified in Family 5 are correctly classified. The sensitivity is 78.9%, and the precision is 97.8%. The pre-trained CNN structure performs better at distinguishing Family 6 among all families. Its output is 54 correct cases out of 57, with a sensitivity of 94.7% and a precision of 96.4%. The proposed method attempts to distinguish Family 7 with 98.2% sensitivity and 82.4% precision. From a total of 57 sequences, 56 have been correctly classified. Nonetheless, Family 8 performs better, with a true positive rate of 93% and a positive predictive value of 94.6%. Families 9 and 10 have almost identical results in terms of sensitivity. However, Family 9 is the worst of all in terms of precision, whereas Family 10 is the best in terms of positive predictive value. The overall accuracy of the proposed system is 90%. Moreover, the validation accuracy is 91.5%. Fig. 11 demonstrates the results for the ROC curve in a normalized approach. The x-axis represents the false positive rate, and the y-axis is devoted to the true positive rate. Fig. 11 illustrates that all classes have nearly higher values of the true positive rate and higher values of the AUC, as described in Table 5.
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Figure 11: ROC curve for normalized approach
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In Fig. 12, the PR curve is presented. The recall on the x- and y-axes describes the accuracy of all protein families. Fig. 13 illustrates how the proposed normalized encoding method enhances classification accuracy.
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Figure 12: PR-curve for normalized approach
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Figure 13: The sensitivity and precision of the two encoding systems

Table 6 compares the two methods in terms of sensitivity and precision, and it is clear that the normalized method outperforms the non-normalized one. Table 6 exhibits that Family 4 has the lowest sensitivity and precision for a non-normalized encoding system. However, the performance of the deep learning structure is best for the normalized encoding approach, following the resultant bispectral images of Family 4 sequences. Therefore, it results in more representative features than other families. In contrast, the issue is the lowest for the non-normalized images, where the resultant images lack details and the deep learning model could not extract more representative descriptors. Fig. 13 provides a visual description of both proposed approaches. Meanwhile, Table 7 summarizes the results of classifications for several algorithms. Comparing the findings of the provided algorithms to those in [38–40] and their references demonstrates their significance and reliability.
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Overall, the proposed strategy for classifying protein sequence families is effective. It is implemented by translating the protein sequence into high-contrast colored pictures and using a pre-training deep-learning algorithm to provide a more robust classification model. However, it is important to note that alterations can be further utilized if the feature extraction procedure is further investigated as described in [41–44] or by employing additional deep learning strategies that can be attained by modifying the methods described in [45,46].

4  Conclusion and Future Work

This study created a novel protein classification technique that predicts protein families using bispectrum images and CNNs. To compare the functional similarity of two proteins using numerical techniques, it is essential first to create a numerical representation of amino acids. Modern numerical representations of amino acids exhibit decadence due to their design. In contrast to earlier encoding techniques, our strategy uses the strength of the power of two encoding techniques to address the index values of amino acid codes. It has been shown that normalized encoding numbers are distinctive representations of protein families. Fractal behavior can be extrapolated from this pattern using the suggested encoding method from this pattern. In light of this information, a unique protein mapping strategy based on the normalized power of two encoding methods was created. The peculiarity of the amino acid number representation served as our driving force. Other than that, a unique feature extraction-based bispectrum analysis was created to divide the amino acid dataset into a trained data set, validation dataset, and test dataset. The bispectrum images of the ten families are then fed into the ResNet-101 CNN to be compatible with ten classes. Note that the ResNet-101 was created to forecast the protein families. Our method saves time by employing bispectrum images as the raw data instead of other methods that manually generate and choose features. The classification of bispectrum textures was accomplished utilizing encoding and normalized features. Since there is no need for pre-processing, the bispectral technique can even be used when there is data unpredictability and speckle variance.

Similarly, the bispectral analysis can discriminate between these various structures by computing robust features for texture classification because the formation of unique protein structures in clinical illnesses may be represented as a nonlinear process. This research generated two algorithms: a non-normalized and a normalized encoding method. Standard metrics such as precision, recall, and accuracy are applied to evaluate the performance of the proposed algorithms. The non-normalized approach achieved 70% accuracy, 72% precision, and 71% recall without validation. After validation, its accuracy was 68%, its precision was 67%, and its recall was 67%. In contrast, the normalized technique without validation produced an accuracy of 92.4%, a precision of 94.3%, and a recall of 91.1%. After validation, it obtained 90% accuracy, 91.2% precision, and 89.7% recall. The results indicate that both methods outperform the other algorithms indicated. The paper demonstrates that feature sets generated by the bispectrum-based nonlinear analysis technique in conjunction with deep learning models outperform traditional machine learning methods and other deep learning methods based on convolutional architecture. Furthermore, it resulted in superior inference performance by employing the proposed method to improve classification and more accurate predictions. The findings present that bispectrum calculations successfully classify textures using the deep learning method.

In the future, the classification of various protein structures and the application of this bispectrum and bicoherence texture can be researched further. Additionally, the recommended approach may be utilized with diverse data sequences, and the normalization can be improved by increasing sample sizes. Likewise, the proposed vector’s bispectrum images demonstrate that its distribution has broad tails, indicating a potential for improvement in evaluating different encodings. Performing bicoherence changes to the proposed vectors may bring the distribution of the final vectors closer to the normal distribution. Similarly, there is a category imbalance problem with protein families. Apart from that, a regular discriminant analysis that balances accuracy and precision can improve classification performance. By drawing inspiration from the similarity between the pattern of prime numbers and the number of codons in amino acids, future work may further focus on proposing a novel method for the numerical representation of amino acids. Moreover, it may introduce a framework to combine multiple coding schemes to enhance their spectral variation, which can be captured using higher-order spectral analysis methods. If more representations are assessed in the weighted scenario, similar to ensemble learning, it might do even better in other protein functional groups.
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Table 3: The sensitivity and precision of the two encoding methods

Normalized Non-normalized

Sensitivity ~ Precision  Sensitivity ~ Precision

Family0l  95.6% 97.3% 79.8% 72.2%
Family02  94.7% 95.6% 52.6% 57.1%
Family03  83.3% 91.3% 73.7% 86.6%
Family04  99.1% 99.1% 48.2% 42.6%
Family05  95.6% 90.8% 79.8% 78.4%
Family06  97.4% 94.9% 75.4% 86%

Family07  86% 96.1% 93.9% 94.7%
Family08  88.6% 97.1% 78.9% 80.4%
Family09  91.2% 70.3% 47.5% 50%

Familyl0  92.1% 99.1% 72.8% 68%
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Table 4: AUC for non-normalized approach

Class AUC

Family01 0.9485
Family02 0.9226
Family03 0.9406
Family04 0.8346
Family05 0.9213
Family06 0.9183
Family07 0.9935
Family08 0.9121
Family09 0.8346

Family10 0.9046
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Table 7: The accuracy, precision, and recall for various machine learning and deep learning algorithms

Algorithm Accuracy Precision Recall
Multinomial Regression 0.29 0.23 0.29
K-Nearest Neighbors (KNN) [38] 0.4 0.41 0.40
Bi-Directional Long short-term memory (LSTM) 0.79 0.75 0.77
CNN [38] 0.83 0.79 0.81
Recurrent neural network (RNN) 0.73 0.73 0.73
LST™M 0.78 0.80 0.78
Gated recurrent units (GRU) 0.77 0.79 0.77
Deep neural network (DNN) 0.69 0.69 0.69
Shallow-deep network (SDN) 0.54 0.55 0.54
Logistic regression 0.42 0.43 0.42
Naive Bayes 0.38 0.40 0.38
KNN [39] 0.26 0.31 0.26
Decision tree 0.21 0.22 0.22
Adaptive Boosting (Adaboost) 0.10 0.12 0.10
Random Forest 0.35 0.39 0.35
Support vector machine (SVM) linear kernel 0.43 0.44 0.43
SVM radial basis function (RBF) kernel 0.45 0.48 0.45
Proposed Non-Normalized without validation 0.71 0.71 0.71
Proposed Normalized without Validation 0.92 0.93 0.93
Proposed Non-Normalized with validation 0.68 0.68 0.68

Proposed Normalized with Validation 0.90 0.90 0.90
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Table 1: Number of protein sequences and the associated accession number for each family in the
Globin-like superfamily

Protein family Number of protein sequences Accession number
Leghaemoglobin 922 IPR001032
Truncated hemoglobin 24391 IPR001486
Myoglobin 1324 IPR002335
Erythrocruorin 550 IPR002336
Haemoglobin, beta-type 3135 IPR002337
Haemoglobin, alpha-type 5018 IPR002338
Protoglobin 381 IPR012102
Globin, lamprey/hagfish type 1335 IPR0O13314
Globin, extracellular 497 IPR014610

Phycobilisome, alphabeta subunit 14806 IPR0O12128
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Table 6: The sensitivity and precision of the two encoding methods

Normalized Non-normalized
Sensitivity ~ Precision  Sensitivity  Precision

Family0l  98.2% 98.2% 80.7% 71.9%
Family02  89.5% 96.2% 73.7% 50%
Family03  82.5% 85.5% 80.7% 78%
Family04  98.5% 100% 43.9% 49%
Family05  78.9% 97.8% 68.4% 79.6%
Family06  94.7% 96.4% 75.4% 84.3%
Family07  98.2% 82.4% 98.2% 75.7%
Family08  93% 94.6% 73.7% 89.4%
Family09  71.9% 74.5% 38.6% 46.8%

Familyl0  94.7% 79.4% 49.1% 63.6%
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Table 2: Detailed structure of the ResNet-101

Layer name

Output size

Resnet-101

Convl
Conv2_x

Conv3_x

Conv4_x

Conv5_x

1 x1

11 x 112
56 x 56

28 x 28

14 x 14

7 x7

7 x 7,64, stride 2
3 x 3 max pool,

stride 2

[ 1% 1,64 ]
3% 3,64
1 x 1,256

[1x 1,128 ]
3% 3,128
1x1,512

[ 1% 1,256 |
3 % 3,256
1x1,1024

1% 1,512
3% 3,512

1 x1,2048

Average pool, 1000-d FC, softmax

X 3

x 4

x 23

X 3
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Table 5: AUC for normalized approach

Class AUC

Family01 0.996

Family02 0.9859
Family03 0.982

Family04 0.9999
Family05 0.9792
Family06 0.9942
Family07 0.9966
Family08 0.9961
Family09 0.9673

Family10 0.9923
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