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Abstract: The complexities inherent in drug development are multi-faceted and often hamper accu-
racy, speed and efficiency, thereby limiting success. This review explores how recent developments
in machine learning (ML) are significantly impacting target-based drug discovery, particularly in
small-molecule approaches. The Simplified Molecular Input Line Entry System (SMILES), which
translates a chemical compound’s three-dimensional structure into a string of symbols, is now widely
used in drug design, mining, and repurposing. Utilizing ML and natural language processing
techniques, SMILES has revolutionized lead identification, high-throughput screening and virtual
screening. ML models enhance the accuracy of predicting binding affinity and selectivity, reducing
the need for extensive experimental screening. Additionally, deep learning, with its strengths in
analyzing spatial and sequential data through convolutional neural networks (CNNs) and recurrent
neural networks (RNNs), shows promise for virtual screening, target identification, and de novo drug
design. Fragment-based approaches also benefit from ML algorithms and techniques like generative
adversarial networks (GANs), which predict fragment properties and binding affinities, aiding in
hit selection and design optimization. Structure-based drug design, which relies on high-resolution
protein structures, leverages ML models for accurate predictions of binding interactions. While
challenges such as interpretability and data quality remain, ML's transformative impact accelerates
target-based drug discovery, increasing efficiency and innovation. Its potential to deliver new and
improved treatments for various diseases is significant.

Keywords: drug discovery; graph neural networks; random forests; general adversarial networks;
target-based approaches; phenotypic approaches

1. Introduction

For centuries, the quest to discover life-saving medications has been a relentless
pursuit fraught with challenges and uncertainties. The intricate journey from identifying a
disease target to delivering a safe and effective drug remains a marathon, often hampered
by limited speed, efficiency, and success. However, recent advancements in artificial
intelligence (Al) have ignited a spark of hope, injecting a transformative force into the drug
discovery landscape.

The complexities that are inherent in drug development are multi-faceted. Targets,
often intricate proteins or enzymes, may harbor hidden mechanisms or allosteric sites,
making intervention difficult. The vast chemical space, with an astronomical number of
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potential molecules, poses a daunting challenge when it comes to identifying the right
drug candidate. Ensuring drug safety, efficacy, and affordability also requires navigating
regulatory hurdles. These unmet needs have fueled the search for innovative solutions,
and Al has emerged as a powerful tool to revolutionize the drug discovery process.

Numerous reviews have explored the potential of Al in drug discovery, focusing on
specific aspects like virtual screening, target identification, or deep learning applications.
While valuable, these reviews often lack a comprehensive overview encompassing the
diverse range of Al-driven approaches within target-based and phenotypic strategies.

This review aims to bridge this gap by offering a holistic perspective on the trans-
formative impact of Al in drug discovery. We delve into the intricacies of target-based
approaches, exploring advancements in small-molecule, fragment-based, and structure-
based methods. We then shed light on the potential of phenotypic approaches, leveraging
Al to analyze cell-based assays and genetic screens. Beyond these specific strategies, we
examine the broader contributions of Al in drug repurposing, computational predictions,
and personalized medicine.

2. Methods

Machine learning (ML) is an emerging field derived from Al, an idea that began
with Alan Turing in the 1940s and has accompanied the computer revolution over the
last four decades. The discovery of carbon nanomaterials, including carbon nanotubes
and graphene, in 2004 provided impetus for early Al algorithms for the game of checkers,
facial image recognition, and self-driving cars [1]. In short, ML encompasses the study
and training of various types of algorithms that use input from datasets to predict an
output independently [2]. Through several trials, a user improves the set of algorithms,
known as a model, to make more accurate predictions [3]. The intricate complexities of
disease targets and the vast chemical landscape have long burdened the relentless pursuit
of effective medications. Traditional target-based approaches, while revolutionizing drug
discovery, have also faced limitations. High-throughput screening (HTS) offered rapid lead
identification, but false positives and neglect of drug-like properties hampered progress.
Fragment-based and structure-based approaches and virtual screening (VS) provided
finesse, but challenges remained. Fortunately, the dawn of Al involving ML and deep
learning approaches has ignited a transformative era, empowering each approach with
unprecedented capabilities.

In the context of ML, the field can be broadly categorized into supervised and unsuper-
vised learning. Supervised learning involves training algorithms on labeled data to predict
new, unseen data, while unsupervised learning identifies patterns and structures within
unlabeled data. Common examples of supervised learning tasks include classification
and regression, while clustering and dimensionality reduction are typical unsupervised
learning tasks, as shown in Figure 1.
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Figure 1. Example of algorithms and classifiers in ML models [4,5].

2.1. Small Molecule-Based Approach (SMA)

The traditional workhorse of target-based drug discovery was HTS. This approach
initially involved physical testing of vast libraries of small molecules against specific bi-
ological targets, like proteins or enzymes, to identify potential lead candidates. These
physical assays were later automated by machine pipetting and computer tracking, which
increased speed and validation while reducing labor and material costs. While HTS revolu-
tionized drug discovery by accelerating lead identification, it faced significant limitations.
Many screened compounds often resulted into higher false-positive rates, requiring further
validation and optimization. Additionally, HTS predominantly focused on ligand bind-
ing without considering crucial aspects like drug-like properties, pharmacokinetics, and
toxicity, potentially leading to failures later in development [6].

These limitations were addressed with the development of computational-based VS
methods, which precede experimental verification. VS is performed on thousands or
even millions of compounds to create a top-ranking small-molecule interaction derived
from physics-based computational calculations that measure predicted binding free energy.
Analysis can be performed as either a structure-based drug design, which employs the
biomolecular structure, or as a ligand-based design, which does not require a structure. VS
also faces several challenges, such as the need for user knowledge about the binding target
structure to avoid high computational costs, increase binding accuracy, and avoid erroneous
assumptions. The computational cost in terms of both time and machine investment can
be high, and calculations based on poorly established coordinates for binding pockets or
overly large binding pockets can increase the computational time exponentially.

ML solves several problems associated with traditional VS and can augment structure-
and ligand-based drug design with remarkable accuracy. ML incorporates training data
into an analytical method and utilizes a separate set of validation data that assess a given
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model’s prediction accuracy and precision, determining the best possible ML model for a
specific demand. Figure 2 elaborates on the small molecule-based approaches divided into
supervised and unsupervised learning and various models, methods, input, and output
using ML.

Recent advancements in ML have ignited a transformative era in target-based drug
discovery [7]. ML models, empowered with vast datasets of chemical and biological infor-
mation developed originally for VS, can predict small molecules’ potential binding affinity
and selectivity with remarkable accuracy without any initial physical assay, dramatically
reducing the number of compounds that require experimental validation. Furthermore,
generative models can design novel small molecules with desirable properties, expanding
the search space for promising lead candidates [8].

Small Molecule-based Approach

Unsupervised

Random Support_Vector Autoencoders Clustering
Forest Machines

Maximum Margin K-means/ Bisecting Ward's
Hyperplane RELSCE Recursive Splitting K-means Method

Compound -
protein
Interactions

Compounds Irregular 2D
Library Clusters Fingerprints

2D Fingerprints

Docking Poses IV_Iotif Pat_ters- Compound
interaction Structures

Figure 2. Example of algorithms and classifiers in ML models for small molecule-based approach

drug discovery [9].

2.1.1. SMA-Supervised Learning

Supervised learning algorithms leverage established knowledge (also called test data)
to make predictions. In supervised methods, we can use a controlled approach with large
datasets to develop confidence in known relationships or work on meta-relationships to
identify leads from big datasets. Some prominent examples used in the small-molecule
approach are listed below.

2.1.2. SMA-Support Vector Machines (SVMs)

This model finds the optimal hyperplane, a decision boundary used to maximize
the margin between different data points, which helps filter the noise of the data and
increase prediction accuracy. Interdependent training sets—including random, closely
related, highly active, and boundary molecules—can be used to improve small molecule-
binding predictions. The project stage at which ML models are applied dictates the choice
of training set. Some of the examples of SVM models and their applications are shown in
Table 1. One study investigated the difference between active and passive training methods
and showed that the iterative selection of the model improved hit prediction accuracy by
29% for the thrombin dataset. This study also observed the advantages of exploitation
using only the highest positive scores over exploration near a decision boundary for fewer
data points, and the near equal efficiency of both when there are more data points [10].
Meanwhile, some studies used SVMs for predicting and scoring optimal docking poses.
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These studies showed predictions of consistent RMSD values (>0.9) and low prediction
error (0.25), indicating high predictivity with minimal overfitting [11]. Studies working
with novel protein targets without known 3D structures trained the vector machine models
on 2D fingerprints of the chemical structure of a protein sequence. They utilized the linear
combination method to yield a significant improvement in the prediction of compound
activity compared to homology modeling-based predictions, as evidenced by the recovery
rates of the projections. SVMs built using the linear combination method showed a 50%
improvement in recovery rates for all target molecules [12].

Table 1. A select list of SVM models and applications.

Application SVM Advantage References

Predicting activity based on 2D Penalty cost functions help with

. data point prioritization based on [10]
chemical structures. :
certainty, reduces reruns.
Kernel SVMS transform
Predicting binding affinities based = non-linearly bound data can be
: . [11]
on 3D chemical structures. used to produce linear
relationships.

Predicting compatibility of

. : Patt iti ith limited
ligands based on protein attern recognition with limite

information.
sequences.
Predicting activity based on 3D High-dimensional data [13]
chemical structures. classification.
Predicting drug-to-drug . e
interactions based on structural Drug pair identification and [14]

. classification.
similarities.

2.1.3. Random Forests (RFs)

In this model, random subsets of data are organized as nodes, and these subsets
are used to “grow” the tree. A prediction is made by aggregating all these trees. These
models have proven to be very efficient with docking pose predictions [15]. The Matthews
Correlation Coefficient (MCC) has been used to evaluate prediction model performance
by considering true and false positives and negatives [16]. Higher MCC values, indicating
better predictions, were achieved, with models reaching MCC values of 0.8 within 2000 to
3000 iterations and 0.6 within 3000 iterations. RF implementations combine the output of
decision trees to handle classification and regression problems, predicting IC50 values of
drug interactions and demonstrating statistical significance in two-tailed t-tests [17]. RDKit
generates 2D depictions in PDBe CCDUgtils, aiding RF regression to predict drug sensitivity
with high accuracy [18]. These examples show the relevance and advantage of RF methods,
which, even with minimal parameter tuning, demonstrate faster learning and balanced
selection strategies when dealing with high-scale multivariate data.

2.1.4. Convolutional Neural Networks (CNNs)

These models were designed to use image data. They use some layers to extract
features from images and some layers to reduce dimensionality. Then, all layers are
combined to make the final predictions. These models work best in applications with
minimal feature engineering and image data. They have been used in studies to analyze
graphs built upon preliminary sequential data or fingerprints [19]. In pharmacokinetics, the
Area Under the Curve (AUC) refers to the definite integral of the concentration of a drug in
blood serum as a function of time, serving as an essential predictor of drug bioavailability.
One study explored CNN architectures for classifying ligands of cannabinoid receptors,
achieving impressive results with AUC values ranging from 0.693 to 0.944 across different
datasets, with the LeNet-5 architecture consistently outperforming others, as demonstrated
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by AUC scores peaking at 0.942 for AtomPair fingerprints on the CB1 test set [20]. Another
study predicts electrostatic potential (ESP) surfaces for proteins and ligands using graph-
convolutional deep neural network (DNN) models. ESP maps account for the overall
strength of adjacent charges to a given point within a molecule and can predict molecular
interactions with target residues within binding pockets. Trained against density functional
theory (DFT) ESP surfaces, the ligand deep neural network fingerprint (DNN-fp) model
outperforms AM1-BCC, providing fast, high-quality predictions that correlate strongly
with experimental molecular properties, enabling interactive drug design [21]. Currently,
the biggest challenges associated with supervised learning methods are the requirement of
larger datasets and the possibility of bias in parameter selection in various approaches.

2.1.5. SMA-Unsupervised Learning

Unsupervised learning algorithms can draw patterns within data without predeter-
mined labels. This makes them particularly valuable for exploring novel chemical spaces
and identifying promising lead candidates for targets without known actives. However,
unsupervised learning can also contribute significantly to targets with known binders. In
contrast to supervised methods, these frameworks require a smaller database and are more
suitable for establishing new relationships and hidden patterns between parameters.

Clustering Algorithms

Clustering is suitable for identifying patterns by grouping similar data naturally with-
out drastically affecting the data size [22]. This method is particularly useful when dealing
with incomplete input data, such as parts of input sequences or sections of structural
fingerprint ensembles, where parts of the dataset are unavailable [23]. There are three
prominent frameworks for clustering models: K-means, bisecting k-means, and Ward’s al-
gorithm. K-means has been applied in deep clustering methods for proteins with no known
active agents. By identifying leads for target proteins based on similarity and structure—
activity relationships, k-means has shown impressive accuracy in predicting potential
targets [24]. For example, in some applications, clusters have successfully predicted the
binding affinity of protein-ligand interactions, making it a valuable tool in drug discovery.
Bisecting k-means improves upon traditional k-means by recursively splitting lower-level
clusters into subclusters [25]. This approach is particularly effective for irregular datasets,
outperforming randomized k-means initialization by detecting significant motif patterns.
For instance, bisecting k-means has been used to identify rare but important structural
motifs in protein-ligand binding sites, improving the precision of lead identification over
standard k-means methods. Ward’s method, which is commonly employed for quantitative
variables when binary variables do not exist, minimizes variance within clusters. It excels
in applications with consistent compound families, eventually form a single cluster. Ward’s
method has been utilized to implement the Székely—Rizzo clustering approach to determine
compound structures based on 2D fingerprints [26]. This has been instrumental in grouping
compounds with similar chemical properties, and aiding the design of novel compounds
in drug discovery.

Autoencoders

These models use an encoder to compresses the input data and a decoder to re-
constructs new data from the compressed data. They have a high prediction accuracy,
particularly when dealing with large datasets [27]. For example, TensorFlow-based autoen-
coders have improved predictions and overall accuracy in the context of the breast cancer
gene GL50, spurring the development of comprehensive datasets for other ML models
used in drug discovery [28].

Another study utilizes SMILES structures from the CHEMBL database to prepare a
low-dimensional latent space representation and generate topographic maps. These maps
could be used to prepare a compound library with insights into accessibility based on
potential synthesis process complexity and latent descriptors. Data-driven latent vectors
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provided a much better representation of the compounds due to flexibility with input data,
bringing nuance to the library [29].

One study displayed a direct advantage of unsupervised methods during pre-training,
as demonstrated by very high prediction accuracy when a restricted Boltzmann machine-
based implementation of a deep belief network built on key fingerprints from the molecular
access system (MACCS) [30].

However, the source of those hidden relationships from the above-mentioned un-
supervised models can be difficult to deduce, as they are built upon themselves with
low-dimensionality input data. This can lead some fundamental supervised methods to
outperform the unsupervised methods downstream.

2.2. Fragment-Based Approach (FA)

The fragment-based approach differs from the small-molecule approach by utilizing
partial segments of pre-established structures. This is more useful for understanding
structure—activity relationship studies [22]. The smaller fragments simplify the optimization
of lead compounds, exponentially expediting the drug discovery process by eliminating
the need to calculate all chemical interactions using various methods, as described in
Figure 3 [23].

Fragment-based Approach

Supervised Unsupervised

Graphical Neural Support Vector

Regression Network Machines

Shrinkage Logistic Monte Carlo Vector SG/CBOWI/t-SNE plots/
Regression Dropout QSAR Modeling

Binding Affinity/
Energy Etropy

Docking Poses csotmu'::(t)tlljlgd

Figure 3. Example of algorithms and classifiers in ML models for a fragment-based approach to drug

3D Structures 2D Fingerprints

discovery [24].

Al plays a similar role to the previous approach in advancing fragment-based drug
discovery, contributing to various tasks crucial for optimizing lead compounds. The ML
algorithms utilized in this context are significantly different, with projects using Al in a
fragment-based approach have a broader-range of parameter selection—Such as binding
affinity, energy, or entropy.

2.2.1. FA-Supervised Learning
Convolutional Neural Networks

These algorithms have been used to analyze the relationship between fragment data
and binding pocket interactions by predicting fragment structure based on the SMILES
format sequence or by including characteristics like chemical properties [25]. One study
factored in the free energy of the fragments to predict docking poses [26]. This technique
has been used to form a shrinkage logistic regression model to predict the fragment
interaction [31]. Some frameworks of neural networks have been modeled based on
the Monte Carlo dropout method, trained mostly on the binding affinity and binding
energy of different compounds to estimate uncertainty and improve predictability. One
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study employed molecular dynamics (MD) simulations to predict the free energies of
15,000 small molecules transferred between water and cyclohexane using a 3D-CNN. The
results demonstrate the prediction of 2.5-5 KJ /Mol, aligning with experimental models [32].

2.2.2. FA-Support Vector Machines (SVMs)

As stated in Shahab et al.’s study which predicted binding pockets and fragment
properties, SVMs can classify and analyze large datasets of fragments to identify those with
specific characteristics relevant to drug development. For instance, they have been used
to predict the binding modes of kinase inhibitors based on X-ray structures as templates
and have proved to be a reliable method for building large libraries [33]. It is important to
note that SVMs were suggested to be more suitable for downstream validation or precision
predictions of structures over preliminary fingerprint-based predictions until selectivity
parameters like IC50 were utilized during training, yielding 92% prediction accuracy [34].

2.2.3. Reinforcement Learning

Reinforcement learning is more suitable for iterative scoring in training stages of the
model; the greater the number of iterations, the better the model’s scoring performance and
results [35]. One recent study utilized molecular graph transformers based on compounds
from CHMEBL and LIGAND databases [36]. The researchers iteratively reinforced the
model with scoring based on interactive parameters of small fragments, such as drugs’
similarities to and affinity towards their study target protein A2AAR, to generate structures
using the SMILES format, with an exploitation-focused approach [37]. These models could
generate fragments that were highly compatible with A2AAR [38]. Another study explored
structural characteristics like fragment length, branching, and bond flexibility. This study
focused on the scoring strategy based completely on the raw potential of fragments. The
scoring for this model focused more on exploration. The generated fragment libraries have
a range just as vast as the input libraries [39]. Thus, this approach would be more advanta-
geous for compound synthesis than the case-/disease-specific transformer application.

2.2.4. FA-Unsupervised Learning
Clustering

Studies show high prediction accuracy for the construction of molecular fingerprints
based on two Word2vec models (with skip-gram (SG) and continuous bag of words (CBOW)
implementation), developing t-distributed stochastic neighbor embedding (t-SNE) plots
and QSAR modeling [40]. Specifically, kinase inhibitors and anti-HIV compounds showed
sensitivity of 77% and specificity of 87% for distributed fingerprints, with sensitivity of 67%
and specificity of 91% for fragment fingerprints [41]. The clustering approach shines in
these studies, achieving high-accuracy predictions despite the lack of labeled data [39]. It
shows a demonstrable advantage over conventional QSAR modeling approaches using su-
pervised models like CNNs. It might also be better than other unsupervised approaches like
autoencoders due to their efficiency in capturing complex relationships without encoding
or decoding, which might be more relevant to the small-molecule approach [40].

2.3. Structure-Based Approach (SA)

The structure-based approach leverages high-resolution protein structures, allowing
scientists to design ligands with exquisite specificity. Recent advancements in ML are
further empowering this technique, particularly with regard to challenging targets for
which crystal structures are elusive; some of the relevant techniques are mentioned in
Figure 4 [42]. Predictions based on previous templates from various databases using
homology modeling [43], threading [44], or ab initio [45] prediction of folding confirmations
have proved to be intuitive applications for ML in a structure-based approach.
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Discovery [46].

2.3.1. SA-Supervised Learning
Generative Adversarial Networks (GANSs)

The ProteinGAN model, trained on a diverse dataset of 16,706 unique sequences
of bacterial malate dehydrogenase enzymes, yielded significant predictive outcomes. It
achieved a median sequence identity of 61.3% for natural sequences and identified 119 novel
structural motifs [47]. Another study used GAN with spectral normalization to achieve
tight backbone distribution of the sequences and stability [48]. GANs significantly increased
the accuracy of protein folding predictions, helping researchers identify binding pocket
more accurately and select suitable ligands for compounds that bind with kinase and
dopamine receptors [49].

2.3.2. SA-Support Vector Machines

The SWISS-MODEL uses multiple sequence alignments, interface geometry, and
residue entropy distribution to identify templates that maximize high-quality estimates
based on inter-chain contact scores [50]. The model uses Monte Carlo sampling with Pro-
Mod3 [51], which employs a library of parameters for energy minimization. Each developed
model is scored based on its evolutionary significance [52]. SVMs can find optimal decision
boundaries in high-dimensional feature spaces (here, interface conservation and geometric
properties), effectively separating suitable templates from unsuitable ones.

2.3.3. Structure Networks

Sequence alignment Networks have been used to establish evolutionary relationships,
and an encoding module is trained based on previous structures to predict contacts in
amino acids and, as a result, their folding pattern [53]. These networks are particularly
useful here, as they can identify long-range dependencies [54], so they can identify amino
acid interactions by using the attention mechanism [55] with local alignments when electron
densities and ion spheres are factored into the implementation of these models’ parallel
processing. The attention modules showed a Pearson coefficient of 0.78 with precision
scores for all targets, demonstrating their relevance to larger and more complex databases
without the high data requirements of GANSs or feature engineering required by SVMs.
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2.3.4. SA-Unsupervised Learning
Protein Language Models (PLMs)

Some projects, like Omegafold, which applies PLMs based mostly on unaligned and
unlabeled sequences [56], use residue pairs to create embeddings [57]. These embeddings
are refined by geometric consistency, mostly to improve distance predictions [58]. One
study used the harmonic mean of true positives and recall to observe the class distributions
(F1 score) of predictions of molecular function, biological process, and cellular component-
specific relation with the sequence using two protein language models: K-sep and SeqVec.
Both models performed well in terms of molecular function prediction, with F1 scores
of 916 and 914, respectively [59]. This approach is significantly different from that of
Alphafold2, where predictions depend less on comparative parameters like evolutionary
significance or deviation and more on spontaneous metadata derived directly from the
sequence, outperforming Alphafold2 when model training data do not extend beyond the
sequence [60].

Clustering

In a novel decoy selection-based clustering model, computer-developed decoys are
used to organize decoys and original structures to identify noise. This is implemented
using a k-means framework in which decoy region identification receives greater focus
than the folding confirmation selection, which makes this type of model very flexible as it
can be used as a refinement method for structures predicted by other models [61].

2.4. Examples of ML Affecting Bioinformatics Drug Discovery

ML has significantly advanced the field of bioinformatics, a major facet of bio-nanotechnology
involving the interaction of nanomaterials with biological systems comprising DNA, RNA, proteins,
and metabolism, by enabling the analysis of complex biological data in previously impossible
ways. Some key areas where machine learning has had a substantial impact include the fields of
genomics, proteomics, transcriptomics, systems biology, and drug discovery. Some examples of
ML's contributions to bioinformatics are shown in Table 2.

Table 2. Examples of ML's role in drug discovery by increasing the speed and efficacy of bioinformatics.

Field Program/ML-Technique Benefits Application
Anomaly detection using
unsupervised learning speeds up . . o .
the identification of Qulck.ly identifies genetic Personalized medicine and
. . mutations and variations .
disease-associated genes but also targeted therapies [62]
. across large datasets.
Genomics improves the accuracy of
predictions.
CellProfiler [63] Condu.cts tha.e autgma’Flc It helps detec.t subtle changes
analysis of biological images  and patterns in cells
S? RNA.SGq [.64]: Clustgrmg and Accelerates the discovery of
dimensionality reduction (e.g., new cell tvpes and states
t-SNE, UMAP) allow researchers - P - Useful in disease diagnosis
. . . 5 enhancing the understanding
to quickly identify and visualize L and therapy
. . I of cellular diversity and
distinct cell populations within .
function
Transcriptomics complex datasets

Spatial transcriptomics [65]
involves deep learning models to
analyze data, identify spatially
variable genes, and reconstruct
spatial gene expression patterns

Improves the resolution and
accuracy of spatial maps

Provides insights into tissue
organization and mechanisms
and develops therapies
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Table 2. Cont.

Field Program/ML-Technique Benefits Application
Percolator: Semi-supervised rescoring  Significantly boosts the Streaml.mes the identification
. . of peptides from MS data,
of peptide-spectrum matches accuracy and sensitivity of .
. making the process faster and
(PSMs) [66] spectrum annotation .
P . more reliable
roteomics
Deep learning models predict Improves the quality and Identifies disease-related
experimental peptide measurements  reliability of analytical biomarkers from proteomics
from amino acid sequences alone [66] workflows data
. It helps in understanding of
Metabolic Network Eahlis dagsgojccjlllilt?\r]j:m itr}:e cellular metabolism and
Reconstruction [67] involves ML P . ppms identifying potential targets
of metabolic pathways ; . .
for metabolic engineering.
Metabolomics

Systems Metabolic Engineering [68]
involves ML

Predicts the behavior of
complex biological systems
under different conditions

Helps design more efficient
metabolic pathways and
optimize production
processes in biotechnology

Drug Discovery

Target

Identification/Prioritization [69]
The Open Targets Platform uses

ML to integrate public domain data,
enabling faster and more accurate
identification of drug targets

This reduces the time required
for target discovery from
years to days

Accelerates therapeutics
development

Protein Structure Prediction [70]: Al
model—AlphaFold has
revolutionized

the prediction of protein structures

This reduces the time required
from months and years to
seconds

Provides crucial insights into
how drugs can interact with
their targets

ML algorithms can analyze vast amounts of genomic data to identify patterns and
mutations associated with diseases. This helps further our understanding of genetic
predispositions and assists with the development personalized medicine [71]. Additionally,
ML techniques help us to analyze RNA sequencing data to understand gene expression
patterns, which is vital for studying how genes are regulated and how they respond to
different conditions [72]. By integrating data from various biological sources, ML aids in
complex modeling scenarios.

Traditional methods of protein network analysis can be time-consuming and compu-
tationally intensive. ML algorithms can process large datasets more quickly, helping us
understand the behavior of biological systems under different conditions [73]. By analyzing
protein structures and functions, ML aids in the prediction of protein interactions and
functions, which is crucial for drug discovery and understanding cellular processes [74].
This efficiency makes it feasible to analyze complex networks on a larger scale [75]. Fur-
ther, ML can model the dynamic behavior of protein networks under different conditions,
such as changes in the environment or disease states, helping us understand how protein
interactions change over time [76]. These advancements have accelerated research and
enhanced our understanding of cellular processes, leading to potential breakthroughs in
drug discovery and personalized medicine.

ML algorithms have been used to reconstruct metabolic networks by integrating
various types of omics data (e.g., genomics, transcriptomics, and proteomics). ML has
significantly improved the efficiency of protein network analyses in several ways. First,
ML models can predict interactions between proteins by analyzing large datasets of known
interactions, aiding in the construction of more accurate and comprehensive protein inter-
action networks [77]. Second, by analyzing patterns in protein sequences and structures,
ML can predict the functions of unknown proteins, aiding in the annotation of protein net-
works [78]. Additionally, ML algorithms can integrate various types of biological data (e.g.,
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genomic, transcriptomic, and proteomic data) to reconstruct protein interaction networks,
providing a more holistic view of cellular processes [79]. Thus, ML models can predict how
different compounds will interact with biological targets, speeding up the drug discovery
process and reducing costs [80]. These advancements have not only accelerated research
but have also opened new avenues for personalized medicine, making treatments more
effective and tailored to individual patients.

Despite the progress made in bioinformatics, applying ML to biology comes with
several challenges. First and foremost, biological systems are incredibly complex and
dynamic [81] making it difficult to create accurate models that can predict biological
behavior. Successful ML application requires high-quality, annotated datasets that are
essential for training ML models. However, biological data often contain noise, missing
values, and inconsistencies, which can hinder a model’s performance. Additionally, the
effective application of ML in biology requires expertise in both fields. Bridging the gap
between computational scientists and biologists can be challenging due to differences in
terminology, methodologies, and objectives [82]. Furthermore, biological datasets can
be enormous, requiring significant computational resources for processing and analysis.
Ensuring that ML models can handle these large datasets is a major challenge [83]. Another
challenge is that many ML models, especially deep learning models, are often seen as “black
boxes”. Understanding how these models make predictions is crucial for gaining biological
insights and ensuring trust in the results. Finally, handling sensitive biological and medical
data raises ethical and privacy issues. Ensuring data security and patient confidentiality is
paramount [84]. Despite these challenges, the potential benefits of applying ML to biology
are immense, driving ongoing research and innovation in this exciting field.

3. Conclusions

The integration of ML into target-based drug discovery represents a monumental leap
in the pharmaceutical industry. By enhancing traditional methods such as HTS and VS,
ML models have significantly improved the prediction accuracy of binding affinities and
selectivity, thereby reducing the need for extensive experimental screening. The application
of deep learning techniques, such as CNNs and RNNs, shows great promise in virtual
screening, target identification, and de novo drug design. Additionally, fragment-based
and structure-based approaches have benefited from ML algorithms that predict fragment
properties and binding affinities with remarkable precision.

The advent of GANs and other advanced techniques has further empowered re-
searchers to explore and expand the chemical space, enabling the discovery of novel
molecules with desired properties. Despite challenges such as interpretability and data
quality, the transformative impact of ML is undeniable, accelerating the drug discovery
process and fostering innovation.

Given the widespread use of computational algorithms in predicting experimental
protein structures and the increasing reliance on virtual screening for lead selection, it is
conceivable that the efficiency of computational methods will eventually rival or surpass
traditional experimental methods in terms of resolution and accuracy. This could potentially
address the limitations inherent in each of these approaches.

In summary, the application of ML in target-based drug discovery is paving the way
for more efficient and effective identification of therapeutic candidates and significantly
improves upon methods traditionally established by HTS and VS. As ML models continue
to evolve, they have the potential to revolutionize the development of new and improved
treatments for various diseases, enhancing patient outcomes and advancing medicine.

Author Contributions: Conceptualization, A.Y.P,, S.M. and S.S.M.; Writing—Original draft prepara-
tion, A.Y.P. and S.M.D.; writing—Review and editing, S.M., W.L., S.5S.M. and A.Y.P,; visualization,
AYP,SM., S.SM. and S.P; funding acquisition, S.M. and S.5.M. All authors have read and agreed to
the published version of the manuscript.



Int. J. Mol. Sci. 2024, 25, 12233 13 of 16

Funding: This research was funded by the US Dept. of Veterans Affairs Research Career Scientist
(RCS) awards IK6BX004212 to S.M., and IK6BX006032 to S.5.M. The views expressed in this article
are those of the authors and do not necessarily reflect the position or policy of the Department of
Veterans Affairs, or the United States government.

Data Availability Statement: All other data generated or analyzed during this study are included in
this published article.

Acknowledgments: Figures in this article were created using BioRender (BioRender.com).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

Al—Artificial intelligence; CNNs—Convolutional neural networks; DL—Deep learn-
ing; FA—Fragment-based approach; GANs—Generative adversarial networks; HTS—High-
throughput screening; ML—Machine learning; MCC—Matthews Correlation Coefficient;
PLMS—Protein language models; RF—Random Forest; RNNs—Recurrent neural net-
works; VS—Virtual screening; SMILES—Simplified molecular-input line-entry system;
ASCII—Sequences that describe the structure of a compound; SMA—Small molecule-based
approach; SA—Structure-based approach; SVMs—Support Vector Machines.

References

1. Foote, K.D. A brief history of machine learning. Dataversity, 3 March 2019.

2. Sarker, I.H. Machine Learning: Algorithms, Real-World Applications and Research Directions. SN Comput. Sci. 2021, 2, 160.
[CrossRef] [PubMed]

3. Qiu, X;; Parcollet, T.; Fernandez-Marques, J.; Gusmao, P.P.; Gao, Y.; Beutel, D.J.; Topal, T.; Mathur, A.; Lane, N.D. A first look into
the carbon footprint of federated learning. J. Mach. Learn. Res. 2023, 24, 1-23.

4. Layton, A.T. Al, Machine Learning, and ChatGPT in Hypertension. Hypertension 2024, 81, 709-716. [CrossRef] [PubMed]

5. Nailwal, K.; Durgapal, S.; Dasauni, K.; Nailwal, T.K. Al: Catalyst for Drug Discovery and Development. In Concepts in
Pharmaceutical Biotechnology and Drug Development; Bose, S., Shukla, A.C., Baig, M.R., Banerjee, S., Eds.; Springer Nature Singapore:
Singapore, 2024; pp. 387-411.

6.  Carnero, A. High throughput screening in drug discovery. Clin. Transl. Oncol. 2006, 8, 482—490. [CrossRef]

7.  Terstappen, G.C.; Reggiani, A. In silico research in drug discovery. Trends Pharmacol. Sci. 2001, 22, 23-26. [CrossRef]

8. Merk, D.; Friedrich, L.; Grisoni, F.; Schneider, G. De novo design of bioactive small molecules by artificial intelligence. Mol. Inform.
2018, 37, 1700153. [CrossRef]

9. Pillai, N.; Dasgupta, A.; Sudsakorn, S.; Fretland, J.; Mavroudis, P.D. Machine learning guided early drug discovery of small
molecules. Drug Discov. Today 2022, 27, 2209-2215. [CrossRef]

10. Warmuth, M.K;; Liao, J.; Rétsch, G.; Mathieson, M.; Putta, S.; Lemmen, C. Active learning with support vector machines in the
drug discovery process. . Chem. Inf. Comput. Sci. 2003, 43, 667—-673. [CrossRef]

11. Leong, M.K,; Syu, R.-G.; Ding, Y.-L.; Weng, C.-F. Prediction of N-methyl-D-aspartate receptor GluN1-ligand binding affinity by a
novel SVM-pose/SVM-score combinatorial ensemble docking scheme. Sci. Rep. 2017, 7, 40053. [CrossRef]

12.  Geppert, H.; Humrich, J.; Stumpfe, D.; Gértner, T.; Bajorath, ]. Ligand prediction from protein sequence and small molecule
information using support vector machines and fingerprint descriptors. J. Chem. Inf. Model. 2009, 49, 767-779. [CrossRef]

13.  Houssein, E.H.; Hosney, M.E.; Oliva, D.; Mohamed, W.M.; Hassaballah, M. A novel hybrid Harris hawks optimization and
support vector machines for drug design and discovery. Comput. Chem. Eng. 2020, 133, 106656. [CrossRef]

14. Song, D.; Chen, Y.; Min, Q.; Sun, Q.; Ye, K,; Zhou, C.; Yuan, S.; Sun, Z.; Liao, ]J. Similarity-based machine learning support
vector machine predictor of drug-drug interactions with improved accuracies. J. Clin. Pharm. Ther. 2019, 44, 268-275. [CrossRef]
[PubMed]

15. Sanner, M.F; Dieguez, L.; Forli, S.; Lis, E. Improving docking power for short peptides using random forest. J. Chem. Inf. Model.
2021, 61, 3074-3090. [CrossRef] [PubMed]

16. Rakers, C.; Reker, D.; JB, B. Small random forest models for effective chemogenomic active learning. J. Comput. Aided Chem. 2017,
18, 124-142. [CrossRef]

17. Riddick, G.; Song, H.; Ahn, S.; Walling, J.; Borges-Rivera, D.; Zhang, W.; Fine, H.A. Predicting in vitro drug sensitivity using
Random Forests. Bioinformatics 2011, 27, 220-224. [CrossRef]

18. Kunnakkattu, LR.; Choudhary, P.; Pravda, L.; Nadzirin, N.; Smart, O.S.; Yuan, Q.; Anyango, S.; Nair, S.; Varadi, M.; Velankar, S.

PDBe CCDUtils: An RDKit-based toolkit for handling and analysing small molecules in the Protein Data Bank. J. Cheminformatics
2023, 15, 117. [CrossRef]


BioRender.com
https://doi.org/10.1007/s42979-021-00592-x
https://www.ncbi.nlm.nih.gov/pubmed/33778771
https://doi.org/10.1161/HYPERTENSIONAHA.124.19468
https://www.ncbi.nlm.nih.gov/pubmed/38380541
https://doi.org/10.1007/s12094-006-0048-2
https://doi.org/10.1016/S0165-6147(00)01584-4
https://doi.org/10.1002/minf.201700153
https://doi.org/10.1016/j.drudis.2022.03.017
https://doi.org/10.1021/ci025620t
https://doi.org/10.1038/srep40053
https://doi.org/10.1021/ci900004a
https://doi.org/10.1016/j.compchemeng.2019.106656
https://doi.org/10.1111/jcpt.12786
https://www.ncbi.nlm.nih.gov/pubmed/30565313
https://doi.org/10.1021/acs.jcim.1c00573
https://www.ncbi.nlm.nih.gov/pubmed/34124893
https://doi.org/10.2751/jcac.18.124
https://doi.org/10.1093/bioinformatics/btq628
https://doi.org/10.1186/s13321-023-00786-w

Int. J. Mol. Sci. 2024, 25, 12233 14 of 16

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.
47.

Meyer, ].G,; Liu, S.; Miller, L].; Coon, ].J.; Gitter, A. Learning drug functions from chemical structures with convolutional neural
networks and random forests. . Chem. Inf. Model. 2019, 59, 4438-4449. [CrossRef]

Menon, A.M,; Sidhartha, N.N.; Shruti, I.; Suresh, A.; Meena, R.; Dikundwar, A.G.; Chopra, D. Synthon Approach in Crystal
Engineering to Modulate Physicochemical Properties in Organic Salts of Chlorpropamide. Mol. Pharm. 2024, 21, 2894-2907.
[CrossRef]

Rathi, P.C.; Ludlow, R.E; Verdonk, M.L. Practical high-quality electrostatic potential surfaces for drug discovery using a graph-
convolutional deep neural network. J. Med. Chem. 2019, 63, 8778-8790. [CrossRef]

Erlanson, D.A.; Jahnke, W. Fragment-Based Approaches in Drug Discovery; Wiley Online Library: Hoboken, NJ, USA, 2006; Volume 3.
Scott, D.E.; Coyne, A.G.; Hudson, S.A.; Abell, C. Fragment-based approaches in drug discovery and chemical biology. Biochemistry
2012, 51, 4990-5003. [CrossRef]

Sheng, C.; Zhang, W. Fragment informatics and computational fragment-based drug design: An overview and update. Med. Res.
Rev. 2013, 33, 554-598. [CrossRef] [PubMed]

Green, H.; Koes, D.R.; Durrant, ].D. DeepFrag: A deep convolutional neural network for fragment-based lead optimization. Chem.
Sci. 2021, 12, 8036-8047. [CrossRef] [PubMed]

Fukunishi, Y. Post processing of protein-compound docking for fragment-based drug discovery (FBDD): In-silico structure-based
drug screening and ligand-binding pose prediction. Curr. Top. Med. Chem. 2010, 10, 680-694. [CrossRef] [PubMed]

Kang, S.-g.; Morrone, J.A.; Weber, ].K.; Cornell, W.D. Analysis of training and seed bias in small molecules generated with a
conditional graph-based variational autoencoder- insights for practical Al-driven molecule generation. . Chem. Inf. Model. 2022,
62, 801-816. [CrossRef] [PubMed]

Joo, S.; Kim, M.S,; Yang, J.; Park, J. Generative model for proposing drug candidates satisfying anticancer properties using a
conditional variational autoencoder. ACS Omega 2020, 5, 18642-18650. [CrossRef]

Sattarov, B.; Baskin, LI.; Horvath, D.; Marcou, G.; Bjerrum, E.J.; Varnek, A. De novo molecular design by combining deep
autoencoder recurrent neural networks with generative topographic mapping. J. Chem. Inf. Model. 2019, 59, 1182-1196. [CrossRef]
Hooshmand, S.A.; Jamalkandi, S.A.; Alavi, S.M.; Masoudi-Nejad, A. Distinguishing drug/non-drug-like small molecules in drug
discovery using deep belief network. Mol. Divers. 2021, 25, 827-838. [CrossRef]

Avalos, M.; Adroher, N.D.; Lagarde, E.; Thiessard, F.; Grandvalet, Y.; Contrand, B.; Orriols, L. Prescription-drug-related risk in
driving: Comparing conventional and lasso shrinkage logistic regressions. Epidemiology 2012, 23, 706-712. [CrossRef]

Bennett, W.D.; He, S.; Bilodeau, C.L.; Jones, D.; Sun, D.; Kim, H.; Allen, J.E.; Lightstone, F.C.; Ing6lfsson, H.I. Predicting small
molecule transfer free energies by combining molecular dynamics simulations and deep learning. J. Chem. Inf. Model. 2020, 60,
5375-5381. [CrossRef]

Miljkovic, F.; Rodriguez-Perez, R.; Bajorath, J.r. Machine learning models for accurate prediction of kinase inhibitors with different
binding modes. . Med. Chem. 2019, 63, 8738-8748. [CrossRef]

Talevi, A.; Bellera, C.L. Clustering of small molecules: New perspectives and their impact on natural product lead discovery.
Front. Nat. Prod. 2024, 3, 1367537. [CrossRef]

Tan, Y,; Dai, L.; Huang, W.; Guo, Y.; Zheng, S.; Lei, J.; Chen, H.; Yang, Y. Drlinker: Deep reinforcement learning for optimization in
fragment linking design. J. Chem. Inf. Model. 2022, 62, 5907-5917. [CrossRef] [PubMed]

Ai, C,; Yang, H.; Liu, X,; Dong, R; Ding, Y.; Guo, F. MTMol-GPT: De novo multi-target molecular generation with transformer-
based generative adversarial imitation learning. PLoS Comput. Biol. 2024, 20, €1012229. [CrossRef] [PubMed]

Moreira-Filho, J.T.; da Silva, M.E.B.; Borba, ].V.V.B.; Galvao Filho, A.R.; Muratov, E.N.; Andrade, C.H.; de Campos Braga, R.;
Neves, B.J. Artificial intelligence systems for the design of magic shotgun drugs. Artif. Intell. Life Sci. 2022, 3, 100055. [CrossRef]
Liu, X.; Ye, K.; van Vlijmen, HW.,; [Jzerman, A.P.; van Westen, G.J. DrugEx v3: Scaffold-constrained drug design with graph
transformer-based reinforcement learning. J. Cheminform. 2023, 15, 24. [CrossRef]

Guo, J.; Knuth, F,; Margreitter, C.; Janet, ].P.; Papadopoulos, K.; Engkvist, O.; Patronov, A. Link-INVENT: Generative linker design
with reinforcement learning. Digit. Discov. 2023, 2, 392—408. [CrossRef]

Keyvanpour, M.R,; Shirzad, M.B. An analysis of QSAR research based on machine learning concepts. Curr. Drug Discov. Technol.
2021, 18, 17-30. [CrossRef]

Chakravarti, S.K. Distributed representation of chemical fragments. Acs Omega 2018, 3, 2825-2836. [CrossRef]

Lee, Y,; Basith, S.; Choi, S. Recent Advances in Structure-Based Drug Design Targeting Class A G Protein-Coupled Receptors
Utilizing Crystal Structures and Computational Simulations. J. Med. Chem. 2018, 61, 1-46. [CrossRef]

Makigaki, S.; Ishida, T. Sequence alignment using machine learning for accurate template-based protein structure prediction.
Bioinformatics 2020, 36, 104-111. [CrossRef]

Zhu, J.; Wang, S.; Bu, D.; Xu, J. Protein threading using residue co-variation and deep learning. Bioinformatics 2018, 34, i263-i273.
[CrossRef] [PubMed]

Hardin, C.; Pogorelov, T.V.; Luthey-Schulten, Z. Ab initio protein structure prediction. Curr. Opin. Struct. Biol. 2002, 12, 176-181.
[CrossRef] [PubMed]

Batool, M.; Ahmad, B.; Choi, S. A structure-based drug discovery paradigm. Int. ]. Mol. Sci. 2019, 20, 2783. [CrossRef] [PubMed]
Repecka, D.; Jauniskis, V.; Karpus, L.; Rembeza, E.; Rokaitis, I.; Zrimec, J.; Poviloniene, S.; Laurynenas, A.; Viknander, S.; Abuajwa,
W. Expanding functional protein sequence spaces using generative adversarial networks. Nat. Mach. Intell. 2021, 3, 324-333.
[CrossRef]


https://doi.org/10.1021/acs.jcim.9b00236
https://doi.org/10.1021/acs.molpharmaceut.4c00043
https://doi.org/10.1021/acs.jmedchem.9b01129
https://doi.org/10.1021/bi3005126
https://doi.org/10.1002/med.21255
https://www.ncbi.nlm.nih.gov/pubmed/22430881
https://doi.org/10.1039/D1SC00163A
https://www.ncbi.nlm.nih.gov/pubmed/34194693
https://doi.org/10.2174/156802610791111452
https://www.ncbi.nlm.nih.gov/pubmed/20337587
https://doi.org/10.1021/acs.jcim.1c01545
https://www.ncbi.nlm.nih.gov/pubmed/35130440
https://doi.org/10.1021/acsomega.0c01149
https://doi.org/10.1021/acs.jcim.8b00751
https://doi.org/10.1007/s11030-020-10065-7
https://doi.org/10.1097/EDE.0b013e31825fa528
https://doi.org/10.1021/acs.jcim.0c00318
https://doi.org/10.1021/acs.jmedchem.9b00867
https://doi.org/10.3389/fntpr.2024.1367537
https://doi.org/10.1021/acs.jcim.2c00982
https://www.ncbi.nlm.nih.gov/pubmed/36404642
https://doi.org/10.1371/journal.pcbi.1012229
https://www.ncbi.nlm.nih.gov/pubmed/38924082
https://doi.org/10.1016/j.ailsci.2022.100055
https://doi.org/10.1186/s13321-023-00694-z
https://doi.org/10.1039/D2DD00115B
https://doi.org/10.2174/1570163817666200316104404
https://doi.org/10.1021/acsomega.7b02045
https://doi.org/10.1021/acs.jmedchem.6b01453
https://doi.org/10.1093/bioinformatics/btz483
https://doi.org/10.1093/bioinformatics/bty278
https://www.ncbi.nlm.nih.gov/pubmed/29949980
https://doi.org/10.1016/S0959-440X(02)00306-8
https://www.ncbi.nlm.nih.gov/pubmed/11959494
https://doi.org/10.3390/ijms20112783
https://www.ncbi.nlm.nih.gov/pubmed/31174387
https://doi.org/10.1038/s42256-021-00310-5

Int. J. Mol. Sci. 2024, 25, 12233 15 of 16

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Rahman, T.; Du, Y.; Zhao, L.; Shehu, A. Generative adversarial learning of protein tertiary structures. Molecules 2021, 26, 1209.
[CrossRef]

Krishnan, S.R.; Bung, N.; Vangala, S.R.; Srinivasan, R.; Bulusu, G.; Roy, A. De novo structure-based drug design using deep
learning. J. Chem. Inf. Model. 2021, 62, 5100-5109. [CrossRef]

Bertoni, M.; Kiefer, F,; Biasini, M.; Bordoli, L.; Schwede, T. Modeling protein quaternary structure of homo-and hetero-oligomers
beyond binary interactions by homology. Sci. Rep. 2017, 7, 10480. [CrossRef]

Studer, G.; Tauriello, G.; Bienert, S.; Biasini, M.; Johner, N.; Schwede, T. ProMod3—A versatile homology modelling toolbox. PLoS
Comput. Biol. 2021, 17, €1008667. [CrossRef]

Schwede, T.; Kopp, J.; Guex, N.; Peitsch, M.C. SWISS-MODEL: An automated protein homology-modeling server. Nucleic Acids
Res. 2003, 31, 3381-3385. [CrossRef]

Skolnick, J.; Gao, M.; Zhou, H.; Singh, S. AlphaFold 2: Why it works and its implications for understanding the relationships of
protein sequence, structure, and function. J. Chem. Inf. Model. 2021, 61, 4827-4831. [CrossRef]

Le, N.Q.K. Leveraging transformers-based language models in proteome bioinformatics. Proteomics 2023, 23, 2300011. [CrossRef]
[PubMed]

Chen, C.; Wu, T,; Guo, Z.; Cheng, ]. Combination of deep neural network with attention mechanism enhances the explainability
of protein contact prediction. Proteins: Struct. Funct. Bioinform. 2021, 89, 697-707. [CrossRef] [PubMed]

Madani, A.; Krause, B.; Greene, E.R.; Subramanian, S.; Mohr, B.P; Holton, ].M.; Olmos, J.L.; Xiong, C.; Sun, Z.Z.; Socher, R. Large
language models generate functional protein sequences across diverse families. Nat. Biotechnol. 2023, 41, 1099-1106. [CrossRef]
[PubMed]

Rao, R.; Meier, ].; Sercu, T.; Ovchinnikov, S.; Rives, A. Transformer protein language models are unsupervised structure learners.
Biorxiv 2020. [CrossRef]

Wu, E; Wu, L,; Radev, D.; Xu, J.; Li, S.Z. Integration of pre-trained protein language models into geometric deep learning networks.
Commun. Biol. 2023, 6, 876. [CrossRef]

Unsal, S.; Atas, H.; Albayrak, M.; Turhan, K.; Acar, A.C.; Dogan, T. Learning functional properties of proteins with language
models. Nat. Mach. Intell. 2022, 4, 227-245. [CrossRef]

Wu, R.; Ding, E; Wang, R.; Shen, R.; Zhang, X.; Luo, S.; Su, C.; Wu, Z; Xie, Q.; Berger, B. High-resolution de novo structure
prediction from primary sequence. BioRxiv 2022. [CrossRef]

Alam, EF; Shehu, A. Unsupervised multi-instance learning for protein structure determination. J. Bioinform. Comput. Biol. 2021,
19, 2140002. [CrossRef]

Poornima, .G.A.; Paramasivan, B. Anomaly detection in wireless sensor network using machine learning algorithm. Comput.
Commun. 2020, 151, 331-337. [CrossRef]

Kohler, R. Bioimage Analysis Linking Information at Protein and Transcriptional Level in Tissues. Ph.D. Thesis, Freie Universitat
Berlin, Berlin, Germany, 2024.

Zeng, Z.; i, Y;; Li, Y.; Luo, Y. Statistical and machine learning methods for spatially resolved transcriptomics data analysis.
Genome Biol. 2022, 23, 83. [CrossRef]

Zahedi, R.; Ghamsari, R.; Argha, A.; Macphillamy, C.; Beheshti, A.; Alizadehsani, R.; Lovell, N.H.; Lotfollahi, M.; Alinejad-Rokny,
H. Deep learning in spatially resolved transcriptomics: A comprehensive technical view. Brief. Bioinform. 2024, 25, bbae082.
[CrossRef] [PubMed]

Spivak, M.; Weston, J.; Bottou, L.; Kall, L.; Noble, W.S. Improvements to the percolator algorithm for Peptide identification from
shotgun proteomics data sets. |. Proteome Res. 2009, 8, 3737-3745. [CrossRef] [PubMed]

Alam, S,; Israr, J.; Kumar, A. Artificial Intelligence and Machine Learning in Bioinformatics. In Advances in Bioinformatics; Singh,
V., Kumar, A., Eds.; Springer Nature Singapore: Singapore, 2024; pp. 321-345.

Fernie, A.R.; Alseekh, S. Metabolomic selection-based machine learning improves fruit taste prediction. Proc. Natl. Acad. Sci.
USA 2022, 119, €2201078119. [CrossRef] [PubMed]

Terranova, N.; Renard, D.; Shahin, M.H.; Menon, S.; Cao, Y.; Hop, C.E.; Hayes, S.; Madrasi, K.; Stodtmann, S.; Tensfeldt, T.
Artificial intelligence for quantitative modeling in drug discovery and development: An innovation and quality consortium
perspective on use cases and best practices. Clin. Pharmacol. Ther. 2024, 115, 658-672. [CrossRef] [PubMed]

Catacutan, D.B.; Alexander, J.; Arnold, A.; Stokes, ].M. Machine learning in preclinical drug discovery. Nat. Chem. Biol. 2024, 20,
960-973. [CrossRef]

Vadapalli, S.; Abdelhalim, H.; Zeeshan, S.; Ahmed, Z. Artificial intelligence and machine learning approaches using gene
expression and variant data for personalized medicine. Brief. Bioinform. 2022, 23, bbac191. [CrossRef]

Khalsan, M.; Machado, L.R.; Al-Shamery, E.S.; Ajit, S.; Anthony, K.; Mu, M.; Agyeman, M.O. A survey of machine learning
approaches applied to gene expression analysis for cancer prediction. IEEE Access 2022, 10, 27522-27534. [CrossRef]

Peng, G.C.; Alber, M.; Buganza Tepole, A.; Cannon, W.R.; De, S.; Dura-Bernal, S.; Garikipati, K.; Karniadakis, G.; Lytton, WW.;
Perdikaris, P. Multiscale modeling meets machine learning: What can we learn? Arch. Comput. Methods Eng. 2021, 28, 1017-1037.
[CrossRef]

Dara, S.; Dhamercherla, S.; Jadav, S.S.; Babu, C.M.; Ahsan, M.]. Machine learning in drug discovery: A review. Artif. Intell. Rev.
2022, 55, 1947-1999. [CrossRef]


https://doi.org/10.3390/molecules26051209
https://doi.org/10.1021/acs.jcim.1c01319
https://doi.org/10.1038/s41598-017-09654-8
https://doi.org/10.1371/journal.pcbi.1008667
https://doi.org/10.1093/nar/gkg520
https://doi.org/10.1021/acs.jcim.1c01114
https://doi.org/10.1002/pmic.202300011
https://www.ncbi.nlm.nih.gov/pubmed/37381841
https://doi.org/10.1002/prot.26052
https://www.ncbi.nlm.nih.gov/pubmed/33538038
https://doi.org/10.1038/s41587-022-01618-2
https://www.ncbi.nlm.nih.gov/pubmed/36702895
https://doi.org/10.1101/2020.12.15.422761
https://doi.org/10.1038/s42003-023-05133-1
https://doi.org/10.1038/s42256-022-00457-9
https://doi.org/10.1101/2022.07.21.500999
https://doi.org/10.1142/S0219720021400023
https://doi.org/10.1016/j.comcom.2020.01.005
https://doi.org/10.1186/s13059-022-02653-7
https://doi.org/10.1093/bib/bbae082
https://www.ncbi.nlm.nih.gov/pubmed/38483255
https://doi.org/10.1021/pr801109k
https://www.ncbi.nlm.nih.gov/pubmed/19385687
https://doi.org/10.1073/pnas.2201078119
https://www.ncbi.nlm.nih.gov/pubmed/35217628
https://doi.org/10.1002/cpt.3053
https://www.ncbi.nlm.nih.gov/pubmed/37716910
https://doi.org/10.1038/s41589-024-01679-1
https://doi.org/10.1093/bib/bbac191
https://doi.org/10.1109/ACCESS.2022.3146312
https://doi.org/10.1007/s11831-020-09405-5
https://doi.org/10.1007/s10462-021-10058-4

Int. J. Mol. Sci. 2024, 25, 12233 16 of 16

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Al-Qahtani, S.; Kog, M; Isaifan, R.J. Mycelium-Based Thermal Insulation for Domestic Cooling Footprint Reduction: A Review.
Sustainability 2023, 15, 13217. [CrossRef]

Qiu, X,; Li, H.; Ver Steeg, G.; Godzik, A. Advances in Al for Protein Structure Prediction: Implications for Cancer Drug Discovery
and Development. Biomolecules 2024, 14, 339. [CrossRef] [PubMed]

Idhaya, T.; Suruliandi, A.; Raja, S. A Comprehensive Review on Machine Learning Techniques for Protein Family Prediction.
Protein J. 2024, 43, 171-186. [CrossRef] [PubMed]

Soleymani, F.; Paquet, E.; Viktor, H.; Michalowski, W.; Spinello, D. Protein-protein interaction prediction with deep learning: A
comprehensive review. Comput. Struct. Biotechnol. ]. 2022, 20, 5316-5341. [CrossRef] [PubMed]

Dixit, R.; Khambhati, K.; Supraja, K.V.; Singh, V.; Lederer, F.; Show, P--L.; Awasthi, M.K.; Sharma, A.; Jain, R. Application
of machine learning on understanding biomolecule interactions in cellular machinery. Bioresour. Technol. 2023, 370, 128522.
[CrossRef] [PubMed]

Udegbe, EC.; Ebulue, O.R.; Ebulue, C.C.; Ekesiobi, C.S. Machine Learning in Drug Discovery: A critical review of applications
and challenges. Comput. Sci. IT Res. ]. 2024, 5, 892-902. [CrossRef]

Pathak, Y.; Saikia, S.; Pathak, S.; Patel, J.; Prajapati, B.G. Artificial Intelligence in Bioinformatics and Chemoinformatics; CRC Press:
Boca Raton, FL, USA, 2023.

Lee, B.D,; Gitter, A.; Greene, C.S.; Raschka, S.; Maguire, F; Titus, A.].; Kessler, M.D.; Lee, A.].; Chevrette, M.G.; Stewart, P.A.; et al.
Ten quick tips for deep learning in biology. PLoS Comput. Biol. 2022, 18, e1009803. [CrossRef]

Kumar, S.; Guruparan, D.; Aaron, P,; Telajan, P.; Mahadevan, K.; Davagandhi, D.; Yue, O.X. Deep learning in computational
biology: Advancements, challenges, and future outlook. arXiv 2023, arXiv:2310.03086.

Yadav, N.; Pandey, S.; Gupta, A.; Dudani, P.; Gupta, S.; Rangarajan, K. Data Privacy in Healthcare: In the Era of Artificial
Intelligence. Indian Dermatol. Online . 2023, 14, 788-792. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/su151713217
https://doi.org/10.3390/biom14030339
https://www.ncbi.nlm.nih.gov/pubmed/38540759
https://doi.org/10.1007/s10930-024-10181-5
https://www.ncbi.nlm.nih.gov/pubmed/38427271
https://doi.org/10.1016/j.csbj.2022.08.070
https://www.ncbi.nlm.nih.gov/pubmed/36212542
https://doi.org/10.1016/j.biortech.2022.128522
https://www.ncbi.nlm.nih.gov/pubmed/36565819
https://doi.org/10.51594/csitrj.v5i4.1048
https://doi.org/10.1371/journal.pcbi.1009803
https://doi.org/10.4103/idoj.idoj_543_23

	Introduction 
	Methods 
	Small Molecule-Based Approach (SMA) 
	SMA-Supervised Learning 
	SMA-Support Vector Machines (SVMs) 
	Random Forests (RFs) 
	Convolutional Neural Networks (CNNs) 
	SMA-Unsupervised Learning 

	Fragment-Based Approach (FA) 
	FA-Supervised Learning 
	FA-Support Vector Machines (SVMs) 
	Reinforcement Learning 
	FA-Unsupervised Learning 

	Structure-Based Approach (SA) 
	SA-Supervised Learning 
	SA-Support Vector Machines 
	Structure Networks 
	SA-Unsupervised Learning 

	Examples of ML Affecting Bioinformatics Drug Discovery 

	Conclusions 
	References

