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Abstract:

Basic biomolecules called proteins are in charge of cellular signaling, enzymatic catalysis, and structural
support. Progress in molecular biology, disease analysis, and drug discovery depends on our ability to
comprehend their structure and function. However, conventional experimental methods like cryo-electron
microscopy and X-ray crystallography are time-consuming and labor-intensive. This study suggests a Multi-
Stage Hybrid Al Framework (Sequence — Structure — Function) that uses artificial intelligence to forecast
protein structures and their associated functions in order to overcome these difficulties.
Using pre-trained protein language models like ProtBERT and ESM-2, which capture long-range
dependencies and evolutionary features, raw amino acid sequences are converted into meaningful
embeddings in the first stage. In order to learn spatial relationships and infer 3D structural configurations,
these embeddings are then fed into a Graph Neural Network (GNN) in the second stage. In the last step, a
classification head uses learned structural features to predict protein functions, such as binding sites and
enzyme classes. With an overall accuracy of 95%, the suggested Multi-Stage Hybrid Al Framework
(Sequence — Structure — Function) proved to be highly effective in predicting the structure and function of
proteins. The accuracy and loss curves show that the training and validation metrics did not change over the
course of the epochs, suggesting that learning was robust and free from overfitting. The model's balanced
performance in accurately identifying protein classes with few false predictions was demonstrated by the F1-
score, precision, and recall all steadily approaching unity. For computational biology applications like drug
discovery, protein engineering, and functional annotation, these findings validate the framework's
dependability and effectiveness in capturing both global and local protein features. The gap between protein
sequence, structure, and function prediction is successfully closed by this integrated approach. The suggested
model offers a computationally effective and biologically interpretable approach by fusing transformer-based
sequence embeddings with graph-based structural learning. Applications in enzyme engineering, synthetic
biology, drug discovery, and biomarker identification show great promise with this framework.

Keywords: bioinformatics, deep learning, graph neural networks, transformer models, artificial intelligence,
protein structure prediction, and protein function prediction.

1.Introduction:

Antonie Fourcroy and others began studying proteins in the 1700s, referring to them as "albumins™ or
"albuminous materials™ [1]. Gerardus Johannes Mulder, a Dutch chemist, initially described the chemical
composition [2]. In 1853, Swedish chemist John Jacob Berzelius gave it its name. Proteins are building
blocks, hormones, enzymes, biochemical catalysts, structural support [3], and cellular death initiators (NIH)
[3]. They consist of lengthy chains of amino acids joined by peptide bonds [4]. Twenty amino acids are
common. Alpha carbons, amino groups (NH2), carboxyl groups (COOH), hydrogen atoms, and side chains
make up these amino acids [5] [6]. One amino acid is distinguished from another by its side chain, also
known as the R-group, which also dictates its chemical behavior. like polar, nonpolar, basic, or acidic [7].
The condensation reaction, also known as dehydration synthesis, is the process by which proteins are created
[8]. One amino acid's carboxyl group interacts with another amino acids amino group during this process [9].
A peptide bond is created and a water molecule is released as a result of this interaction [10]. A polypeptide
is the term for the generated chain of amino acids (Al-Driven Deep Learning Techniques in Protein Structure
Prediction) [11]. Understanding a protein's structure and function is essential for drug development,

[JNRD2605715 IJNRD - International Journal of Novel Research and Development (www.ijnrd.org) ‘ h197



https://ijnrd.org/
http://www.ijnrd.org/

* INTERNATIONAL JOURNAL OF NOVEL RESEARCH AND DEVELOPMENT (IJNRD) a
NRD © 2026 IJNRD | Volume 11, Issue 5, May 2026 | ISSN: 2456-4184 | ]INRD.ORG e O bl

medicine, and disease understanding [12]. It also advances enzyme engineering and biotechnology [13]. The
structure of a protein is controlled by the three-dimensional arrangement of its atoms [14]. There are four
types of protein structures: primary, secondary, tertiary, and quaternary [15].

Primary Structure: The linear arrangement of amino acid residues surrounded by peptide bonds makes up the
basic and basic protein structure [16]. Secondary Structure: A polypeptide chain's local folding patterns
create this structure. Alpha-helices (a-helices) and beta-pleated sheets (B-sheets) are two examples [17].

Tertiory Structure: This gives a single polypeptide chain its three-dimensional shape by further folding and
bending its secondary structures, which include beta-sheets and alpha-helices [18]. Quaternary Structure: A
functional protein complex is created when two or more separate polypeptide chains, known as subunits,
come together [19]. By identifying patterns in vast amounts of biological data, artificial intelligence (Al),
and particularly deep learning techniques, has revolutionized the prediction of protein structure and function
[20] [21]. The protein sequence, or the linear arrangement of amino acids, is a crucial place to start when
studying proteins because it contains the crucial information needed to fold into a three-dimensional
structure and identify its biological function [22]. Large volumes of protein sequence data are easily
processed by Al models, which then turn the data into insightful representations [23] [24]. Transformer-
based models, such as ProtBERT and ESM-2, for instance, can produce sequence embeddings that encode
biochemical characteristics, evolutionary conservation, and contextual relationships between amino acids
because they have been pre-trained on millions of protein sequences [25]. The foundational input for
subsequent Al modules is this sequence-level representation [26].

By directly predicting 3D structure from sequence data, artificial intelligence (Al) offers a cost-effective and
time-efficient substitute for conventional experimental techniques like X-ray crystallography, NMR, and
cryo-EM [27]. For example, AlphaFold2 showed excellent performance in accurately predicting tertiary
structures [27]. Nevertheless, the majority of Al techniques now in use only concentrate on structural
prediction, not directly connecting the predicted structure to the biological function of the protein [28]. By
combining sequence-based representation learning, structure prediction using Graph Neural Networks
(GNNs), and function prediction using a classification layer, our study suggests a novel multi-stage hybrid
Al framework that fills this gap. Applications in disease understanding, drug discovery, and synthetic
biology are advanced as a result of the model's ability to not only predict the 3D structure but also provide
functional annotations like enzyme classes, binding sites, and gene ontology terms.

2.Literature Survey:

[1] Presents IMPMO-DE (Improved Multiple Populations for Multiple Objectives-based Differential
Evolution), a novel approach to protein structure prediction. Compared to deep learning models like
AlphaFold2, which have demonstrated exceptional performance but come at a high computational cost, this
method is said to be more effective [29]. Testing on 400 residues from the CASP14 competition, a common
benchmark in the field, and 28 representative proteins allowed the suggested IMPMO-DE method to
successfully demonstrate its efficacy [30]. The approach does have some drawbacks, though: its prediction
accuracy still needs work, and its prediction speed is slower than that of other evolutionary computation
(EC)-based protein structure prediction (PSP) techniques [31]. The authors provide guidance for future
research by speculating that incorporating attention mechanisms or learning strategies could further improve
accuracy [32].

[4] Presents the ProSP framework, which improves self-supervised learning (SSL) models in the protein
structure domain by using a protein size prompt. The main benefit of this approach is that it can significantly
increase the performance of current SSL frameworks across a range of experimental setups with only minor
modifications to the original model [33]. By accounting for protein size, which serves as an instructive cue
during training, the method effectively captures structural information [34]. A significant drawback of the
approach is its dependence on the diversity and size of the pre-training dataset, which may limit its
applicability to other protein types [35]. Furthermore, the model's focus is restricted to using protein size as
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the sole prompt, which might not capture all important aspects of protein structure [36]. This suggests that
the model could be improved by adding more biological factors [37].

[9] Examines the relative advantages and disadvantages of two well-known protein structure prediction
algorithms, AlphaFold2 and ESMfold. The paper is a valuable review that gives researchers a clear
understanding of the differences between these two top models in terms of performance and methodology
[38]. This work has several important benefits, including highlighting the variations in training methods and
underlying mechanisms and providing insight into why some models perform better in particular biological
tasks. Although significant, the study's primary focus on applications in cancer-related drug discovery
restricts its wider applicability to other areas of protein science. Moreover, it does not present any novel
methodologies or new Al models [39]. Although the findings' applicability to cancer research is
demonstrated by this narrow application, there is still room for expansion into other fields [40].

[14] An inter-field review and biochemical meta-analysis of protein science and artificial intelligence Jalil
Villalobos-Alva and associates investigated the application of artificial intelligence in protein science in
2022 by combining a systematic review and biochemical meta-analysis[16]. They gathered information from
databases such as PubMed, Bireme, OVID, and EBSCO using PIO/PRISMA techniques. After screening 144
articles, they chose 93 for in-depth examination[15]. Their work offers a concise synopsis of Al applications
in protein science, identifies helpful databases and algorithms, and contributes to the development of a
research roadmap for topics like drug discovery, protein design, and folding[17].

[18] Explores contemporary methods for predicting protein function by utilizing comparisons between
unknown sequences or structures and their known homologues. The study emphasizes three important
methodologies: 3D structural similarity, Hidden Markov Models (HMMs), and sequence alignment [19]. The
method makes it possible to identify distant homologues and perform extensive functional annotation on
large sequence and structure datasets by combining Al and big data [20]. Moreover, protein embeddings and
deep learning models like AlphaFold and AlphaFold3 enable genome-wide predictions with little manual
involvement. Notwithstanding these developments, the study identifies important drawbacks: When faced
with completely new protein functions, Al-based predictions frequently reproduce the functional knowledge
that already exists [19]. Furthermore, if homologues have diverged considerably, predictions may be
deceptive, highlighting the ongoing necessity of experimental validation to guarantee accuracy.

3.Methodology:

Raw amino acid sequences, which are categorical sequential biological data, are processed by the suggested
Multi-Stage Hybrid Al Framework (Sequence — Structure — Function) to accurately predict protein
structure and function.

Step 1: Protein Sequence Analysis converts raw amino acid sequences (such as "MKTLLIV") into numerical
feature representations using pre-trained language models like ProtBERT or ESM-2. Every residue x1, ...,
xLx 1, ..., x Lis processed through a Transformer network that uses self-attention to capture structural and
evolutionary dependencies after being tokenized and enhanced with positional encodings. The model
produces per-residue embeddings (hi€Rd h i). €R d) and a global embedding (z €RdzeR d) that
encapsulates the fold and functional characteristics of the protein. To bolster conservation patterns, optional
evolutionary profiles (PSSM/MSA) can be included. The Transformer creates embeddings HERLxd HER
Lxd and zz, as seen in Figure 1, giving Step 2—structural prediction—a strong basis.

1.Tokenization(Integer Encoding of Amino Acids)
Each amino acid a € is mapped to an integer ID:

x; = token(a;),x; € {1,2, ..., |Al}
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2.Embedding Layer Transformation

If the embedding matrix is E € R”*%and token indexx;:

h; = E[x;]
i h1
MKTLLIVAA 3 Transformer E——
' h2
Amino-acid h3
saequence
z

Per-residue
embeddings

l 2 J

Figure-1: Conversion of amino acid sequences into numerical representations

Step 2: A three-dimensional structural representation of the protein is created using the sequence
embeddings from Step 1. Every amino acid functions as a node in a graph, where the edges stand for spatial
proximity between residues or peptide bonds. By combining neighbourhood data, a Graph Neural Network
(GNN), like a Graph Convolutional Network (GCN) or Graph Attention Network (GAT), iteratively updates
node embeddings. This allows the model to capture long-range interactions that are essential for protein
folding as well as local motifs like loops, B-helices, and B-sheets. A 3D contact map with atomic distances
and orientations encoded is the result. The GNN learns folding principles directly from data, in contrast to
simulations based on physics. This structure acts as a biologically significant link to Step 3—Function
Prediction—as shown in Figure 2.

4.1D convolution operation

For Kernalw € R* sliding over sequence x:
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Figure-2: Conversion of numerical representations into 3D structural representaion
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Step 3: Function Prediction links the protein's biological function to the three-dimensional structural model
that was acquired in Step 2. Structure-enriched embeddings are analyzed by a classification head, such as a
CNN, feed-forward network, or attention-based module, to identify important functional patterns. The model
predicts Gene Ontology (GO) terms, enzyme classes (e.g., oxidoreductase, hydrolase), and binding sites for
medications or biomolecules by combining global features (fold type, domain organization) with local
signals (active sites, ligand-binding regions). This allows for end-to-end protein interpretation by creating a
single sequence — structure — function mapping. This method produces outputs that are functionally
explicable and relevant to drug discovery, biomarker detection, and synthetic biology, in contrast to
AlphaFold2, which solely predicts structure. It is the last phase of the suggested multi-stage Al framework,
as seen in Figure 3.

5. Softmax Classifier

For logits z € R¢:

exp(zc)
=1 xexp(z))

p(y =clx) = 5

6.Cross-Entropy Loss
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Figure-3: Predicting the function of protein from 3D structure representation
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Flow chart:
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4.Result:
Accuracy Graph:
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The accuracy of training and validation is compared across epochs in this graph.

The model rapidly converged and maintained steady learning performance without significant overfitting, as
indicated by a consistent line at high accuracy.
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Loss Graph:
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The model's error during training and validation is represented by the loss curves. The fact that both losses stay near
zero indicates that the model successfully reduced error and attained stable optimization early in the training process.

F1 Graph:

F1l Score
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When precision and recall are balanced, the F1-score stays steady at a high value (=1.0). This shows that
there was little bias in the model's consistent classification of positive and negative samples.

Precision & Recall
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Precision & Recall Graph:

Throughout the epochs, both recall and precision remain close to perfect. This stability suggests that the
model minimizes false positives and false negatives while correctly identifying true positives.

5.Conclusion:

The framework's effectiveness in attaining strong accuracy, precision, recall, F1-score, and loss performance
metrics is validated by the experimental assessment on protein datasets. Improved model stability, decreased
training variance, and improved feature representation are guaranteed by the multi-stage integration.
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