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Abstract: Computer-Aided Drug Design (CADD) has significantly advanced the drug discovery process, offering tools to
enhance efficiency and reduce costs. This review explores essential CADD methodologies, including molecular docking, virtual
screening, ADMET profiling, homology modeling, and Quantitative Structure-Activity Relationship (QSAR) models. Molecular
docking predicts interactions between drugs and targets, while virtual screening evaluates large compound libraries to identify
promising candidates. ADMET profiling assesses pharmacokinetic and toxicological properties early in development. Homology
modeling constructs three-dimensional protein models to aid target identification, and QSAR models predict biological activities
based on chemical structures. These integrated approaches streamline drug development, providing a robust framework for
modern pharmaceutical research.
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L. INTRODUCTION

The process of bringing a novel medication to market is costly and time-consuming. The normal time frame for discovering and
developing a medicine is ten to fifteen years, costing about US$ 800 million. In the 1990s, several advances were undertaken in
utilizing high-throughput and combinatorial screening technologies that accelerated the process of finding new drugs. These
technologies were widely adopted because they allowed for the rapid synthesis and screening of large libraries; nonetheless, little
progress was made in the direction of the discovery of new molecular entities, and no significant breakthrough was achieved.
Modern computer techniques, chemical synthesis, and biological research were used to expedite the discovery process; this
combinational approach broadened the field of discovery. The use of computers in drug discovery eventually came to be known as
computer-aided drug design, or CADD.[1]

To cut down on time, expense, and risk-related factors, the computer-aided drug design (CADD) method is being increasingly used
as a new drug design methodology. It has been shown that the application of CADD approaches can result in a 50% reduction in the
cost of drug discovery and development.[2]
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Fig. 1 Customary Drug Discovery and Development Process.
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Computer-aided drug design (CADD) finds novel drug candidates by utilizing information and expertise. Recent developments in
computing resources and technology have demonstrated the value of CADD as a tool for reducing the amount of time and money
required for the process of discovering drugs. Physical and computational screening techniques complement each other well and
maximize the potential of the screening results, despite their differences, and are widely utilized in the drug development process.[3]
CADD includes a number of tasks such as computational target identification, virtual screening of large chemical libraries for
prospective therapeutic candidates, further optimization of candidate compounds, and in silico assessment of potential toxicity.
After these processes are computer-executed, in vitro/in vivo tests are conducted on potential drugs to offer validation. Therefore,
CADD approaches can reduce the number of chemical compounds that need to be studied experimentally while increasing the
success rate by removing harmful and inefficient chemical compounds from consideration.

The accuracy and efficiency of CADD operations have been improved by combining various machine-learning techniques with
CADD approaches. Ligand-based drug discovery (LBDD) and structure-based drug discovery (SBDD) are two different approaches
utilized in CADD.

The SBDD approach requires the structural information of the target protein, which is usually found experimentally using nuclear
magnetic resonance or X-ray crystallography. When neither is available, the target protein's 3D structure can be predicted using in
silico prediction methods like homology or ab initio modeling. Once the structure is available, structure-based virtual screening and
molecular docking can be achieved. When a high-quality structure cannot be predicted by in silico methodologies or the structure is
unavailable, the LBDD methodology is sometimes employed as a backup. However, this strategy requires prior knowledge about
the known active components of the target protein.[4]
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Fig. 2 General Principle of Drug Design through CADD

The following are a few of the main advantages of in-silico drug discovery research.

1) Decreased time and Resource Requirements: By allowing researchers to screen a large number of compounds quickly, in-silico
approaches can help speed up and lower the cost of drug development.

2) Abilities for Prediction: By predicting toxicity, carcinogenicity, and other possible problems, in-silico studies aid in the
discovery of new compounds and simplify procedures.

3) Integrating with other Approaches: Combining in-silico research with computational and physical screening methods can
improve the likelihood of finding effective therapeutics.

4) Employing Existing Information: In-silico techniques improve the flexibility and ethical soundness of early drug development
by utilizing current knowledge to guide future procedures.

5) Economical: Medicinal chemists and pharmacologists can obtain funding at any point during the drug development process by
employing in-silico research.[5]
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Fig. 3 Basic steps involved in CADD.[6]

Two primary approaches to drug design with CADD are as follows:
e  Structure-Based Drug Design
« Ligand Based Drug Design

1) Structure-based Drug Design

The three-dimensional structure of the therapeutic target proteins and an examination of the binding site cavity serve as the
foundation for structure-based drug design, or SBDD. Its rapid and accurate approach to finding and refining promising molecules
has contributed to our understanding of disease at the molecular level. Among the methods commonly employed in SBDD are
molecular docking, molecular dynamics (MD) simulations, and structure-based virtual screening (SBVS). These methods have
several uses, such as assessing protein-ligand interactions, binding energetics, and receptor conformational changes caused by
ligand binding.[7]

SBDD locates potentially innovative drug candidates by using knowledge about biological targets. Consequently, SBDD signifies a
noteworthy advancement in computational techniques utilized in many fields such as biochemistry, pharmaceutical chemistry,
statistics, and biophysics.[1] SBDD attempts to anticipate the ligands' binding affinity, or Gibbs free energy of binding (AGbind), by
modeling the interactions between ligands and binding sites.[3]

Currently available on the market are a number of drugs that were discovered through SBDD. One of the most prominent instances
of SBDD's efficacy is the utilization of FDA-approved drugs that suppress the HIV-1 virus. A number of failed attempts are also
documented; for example, the antidepressant RPX00023 was supposed to operate as an agonist on receptor 5-HT1A, but it actually
inhibited the receptor.[8]

The sequential procedure of SBDD entails gathering data piece by piece. In silico studies are performed starting with a known target
structure in order to identify potential ligands. Following these molecular modeling procedures, the most promising compounds are
subsequently produced. Evaluations of biological characteristics, such as potency, affinity, and efficacy, are then carried out via a
number of experimental platforms.[9]
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2) Ligand-based Drug Design

The "ligand-based drug design" (LBDD) approach to drug development uses a set of chemical structures of ligands that conform to
a target without the target structure. In the LBDD process, pharmacophore models, quantitative structure-activity relationships
(QSAR), and molecular similarity approaches are frequently used.[10]

According to Hendrickson (1991), the fundamental tenet of LBDD is that molecules with similar structures are likely to have similar
properties. The first step in LBDD is the development and retrieval of small molecule libraries.[11]

When a 3D structure is not available for experimentation, ligand-based drug design techniques can be helpful. For ligand-based
approaches, natural products or substrate analogues that bind with the target molecule and provide the desired pharmacological
effect can also be employed instead of well-known ligand molecules. The QSAR method and pharmacophore modeling are the most
widely used techniques for ligand-based drug design.

1. QSAR (QUANTITATIVE STRUCTURE-ACTIVITY RELATIONSHIP)
The association between a certain chemical or biological process and the chemical structures of a collection of chemicals is

measured using a computer method known as QSAR. The basic premise of the QSAR approach states that similar structural or
physiochemical characteristics lead to similar activity.[12]

Discovery of a active ligand

Finding appropriate discriptors

Create a mathematical equation that
connects activity to descriptors

Building and verifying the QSAR
model

Fig. 4 Workflow of QSAR Methods.

QSAR models are built for computational drug design, activity prediction, and toxicity prediction. QSAR is the quantitative
relationship between properties discovered in chemical research and biological activity.

Biological activity = f (physicochemical parameter)[13]
The concept that changes in a collection of chemicals' molecular structures can be quantitatively linked to changes in their biological
activity is the basis of the QSAR technique. Because of this, every molecular activity and function involved in biology is linked to a
specific molecular descriptor, and the relative contributions of those descriptors to the biological effect may be ascertained using
certain regression techniques.[14]

Six categories can be used to categorize QSAR based on the descriptors' methods of extraction:

1) 1D-QSAR, which studies the connection between global molecular properties like pKa and logP and biological activities,
2) 2D-QSAR, which correlates biological activities using structural patterns like connection indices and 2D-pharmacophores.
3) 3D-QSAR, This technique studies the connection between ligands' noncovalent interaction fields and biological activity.
4) 4D-QSAR, a 3D-QSAR extension containing an ensemble of ligand configurations.

5) 5D-QSAR, an extension of 4D-QSAR that contains multiple induced-fit models; and

6) 6D-QSAR, an addition to 5D-QSAR that includes more solvation models.[7]
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A. Hologram Quantitative Structure-activity Relationship (HQSAR)

Hologram QSAR is a novel QSAR technique that does not require precise 3D information about the ligands. By using this method,
the molecule divides into a molecular fingerprint that represents the frequency with which various kinds of molecular fragments
occur. In other words, the minimum and maximum lengths of the pieces are determined by the size of the fragment to be included in
the hologram fingerprint.

B. Comparative Molecular Field Analysis (COMFA)

Comparative molecular field analysis, or COMFA, is a helpful new technique for understanding the relationship between structure
and activity. Work on CoMFA, a well-known 3D QSAR approach, began in the 1970s. It gives an explanation of the ligands' steric
and electrostatic values as well as ClogP values, which show that a solvent-repellent restricts the ligands.

C. Comparative Molecular Similarity Indices Analysis (CoMSIA)

Comparative Molecular Similarity Indices Analysis (CoMSIA) is recognized as one of the most recent 3DQSAR approaches. It is
commonly used to uncover common characteristics required for proper biological receptor binding throughout the drug discovery
process. This method takes into account the steric and electrostatic characteristics, acceptors and donors of hydrogen bonds, and
hydrophobic fields.[15]

1. HOMOLOGY MODELLING
Homology modeling, sometimes referred to as comparative modeling, is one of the computational structure prediction methods used
to determine a protein's three-dimensional structure from its amino acid sequence using a template. It is believed that homology
modeling is the most accurate method for predicting computational structures.
Homology modeling is based on two important discoveries. A protein's 3D structure is mostly determined by its amino acid
sequence. Second, the structure of proteins is more conserved and evolves far more slowly than sequence during evolution. Because
of this, sequences that are similar fold into identical structures, and even sequences that are unrelated take on similar structures.[16]
In recent years, access to theoretical three-dimensional (3D) structures of molecular targets has been made possible through the
growing popularity of homology modeling. Thus far, this technique has yielded several three-dimensional protein models that have
been used in numerous structural biology studies.[17]
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Fig. 5 Homology modeling workflow.[18]
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V. MOLECULAR DOCKING
Placing molecules in the optimal places to interact with a receptor is known as Molecular Docking. When molecules come together
to form a stable complex in a matter of minutes, a phenomenon known as docking takes place in the cell, as seen in Figure 7.[19]
Through the application of the molecular docking technique, we can model the atomic-level interaction between a small molecule
and a protein, providing insight into fundamental biochemical processes and elucidating the behavior of small molecules within the
binding sites of target proteins.[20]
The protein-ligand combination shows maximal interaction in the configuration identified by molecular docking with the least
amount of energy. It also recognizes different protein targets and their inhibitors and then synthesizes the appropriate compounds or
ligands to bind to them. This process is affected by a wide range of factors, including intramolecular forces (bond length, bond
angle) and intermolecular forces (electrostatic, van der Waals, and others). Among the docking types are protein-protein, protein-
ligand, lock-key, fitting, and flexible docking.[21]

* A‘ Docking
2 ¢ T—

Receptor-Ligand
binding

Receptor and
Ligands

Docking process

Fig. 6 Assessment of ligand-receptor complementarity via molecular docking.

A. Docking Methodologies

1) Rigid ligand and Rigid Receptor Docking: If the ligand and receptor are both thought of as rigid bodies, then there are just three
translational and three rotational degrees of freedom to take into account in the search space. In this case, ligand flexibility
might be addressed by using a pre-computed set of ligand conformations, or by allowing for a certain amount of atom-to-atom
overlap between the protein and ligand.

2) Flexible Ligand and Rigid Receptor Docking: For systems that follow the induced fit paradigm, it is important to consider the
flexibilities of both the ligand and the receptor. In such circumstances, a minimum energy perfect-fit combination is produced
by the ligand and receptor both changing their conformations. The cost is quite large when the receptor is also flexible.
Therefore, the conventional approach is to consider the ligand as flexible during docking while maintaining the rigidity of the
receptor, which also includes a trade-off between computing time and accuracy.

3) Flexible Ligand and Flexible Receptor Docking: Teague examined the data demonstrating a direct connection between protein
intrinsic mobility and ligand binding behavior. Taking into account the flexibility of the receptor is a significant issue in the
field of docking. At now, there exist multiple approaches to implement the receptor flexibility. The simplest technique, called
"soft-docking," consists of lowering the scoring function's van der Waals repulsive energy term to allow for a certain degree of
ligand-receptor atom-to-atom overlap.[20]

V. VIRTUAL SCREENING
Due to the fact that screening billions of chemicals biologically still necessitates a large amount of experimental work, computer-
aided drug design technologies have become popular as practical substitutes. In recent years, virtual screening has become a
lucrative and dynamic technique in the pharmaceutical business for finding new medications, or "hits".[22]
These days, Virtual screening is an essential part of the drug discovery procedure. Usually, it takes the form of a hierarchical
workflow that ranks potentially active chemicals either simultaneously or sequentially using a variety of filtering strategies.
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Virtual screening techniques are often separated into two main groups:

1) Strategies based on structure, emphasizing the complementary nature of the binding pocket between the ligand and the target;

2) Strategies based on ligands, depending on how much new compounds resemble active compounds that are already on the
market.[23]

Virtual screening is a thorough, knowledge-based approach to searching through compound databases in search of novel compounds

and chemotypes with the biological activity required to take the place of already used ligands. Virtual screening is often described as

a methodical procedure that selects and narrows down a set of lead-like hits with the potential to exhibit biological activity against

certain pharmacological targets through the application of a succession of sequential filters.[24]
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Fig. 7 Workflow of Virtual Screening.[25]
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ABSORPTION, DISTRIBUTION, METABOLISM, EXCRETION, AND TOXICITY (ADMET)

Absorption

Distribution

Metabolism

Fig. 8 ADMET.

The search and development of novel medications is a labor-intensive and financially demanding process. This method includes
lead optimization, disease selection, target discovery and validation, and preclinical and clinical trials. Two main elements
contribute to drug failure: safety and ineffectiveness. Therefore, at every stage of the drug development process, chemical qualities
relating to absorption, distribution, metabolism, excretion, and toxicity (ADMET) are crucial. Finding efficient molecules with
enhanced ADMET properties is therefore crucial. Drug likeness provides a useful framework for the early stages of drug
development.[26]

Numerous compounds can be evaluated prior to production and testing by using chemical structures to anticipate ADMET
characteristics. It has recently been shown that ADMET characteristics can be predicted theoretically with reasonable accuracy. The
primary barrier to modeling ADMET attributes has been the lack of adequate high-quality experimental data to build reliable
models.[27]

For a potent chemical to be effective as a drug, it must reach its target in the body at a high enough concentration and stay there in a
bioactive form for the expected biologic processes to occur. Absorption, distribution, metabolism, and excretion (ADME) are
assessed at ever earlier stages of the discovery phase in the drug development process, when there are a large number of possible
compounds but limited physical sample availability. Computer simulations are acceptable replacements for experiments in that
context. Here we present the SwissADME web tool, a new resource that offers free access to a range of fast and accurate predictive
models for drug-likeness, pharmacokinetics, physicochemical qualities, and medicinal chemistry friendliness.[28]

VII. LIPINSKI’S RULE OF FIVE
Lipinski's rule of five (Ro5) has been the standard "rule of thumb" for assessing traits that are similar to drugs for almost 20 years. It
is a commonly accepted method to predict the ADME (“absorption, distribution, metabolism, and excretion") performance of
pharmaceuticals, especially oral treatments.
Lipinski looked back at 2,245 compounds at the beginning of Phase Il development programs in order to establish the Ro5. Lipinski
identified the usual physicochemical properties of the selected compounds.[29]
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This criterion has been justified by the idea that creating compounds, especially compound libraries, that are too large, floppy, or
apolar may reduce their likelihood of exhibiting oral bioavailability and other desired pharmacological properties.

The Ro5 is a widely accepted guideline for the development of orally bioavailable small-molecule drugs, but there are many
compounds that break it that make good drug candidates as well, and it is increasingly accepted that efforts to develop new drugs
should not be restricted to the Ro5 chemical space.[30]

Property Desired Value
Molecular Weight <500
H-Bond Donors <5
H-Bond Acceptors <10
Rotatable Bonds <10
Lipophilicity (LogP) <5

Table 1. Lipinski’s Rule of Five.

VIIl.  CONCLUSION

Computer-Aided Drug Design (CADD) represents a pivotal advancement in the field of pharmaceutical research, offering powerful
tools to streamline and enhance the drug discovery process. This review has highlighted the key methodologies within CADD,
including molecular docking, virtual screening, ADMET profiling, homology modeling, and QSAR models. Each of these
approaches contributes uniquely to identifying, evaluating, and optimizing potential drug candidates. By integrating these
computational techniques, researchers can predict drug-target interactions, assess pharmacokinetic properties, and construct accurate
models of target proteins, thereby accelerating the development of effective and safe therapeutic agents. As CADD continues to
evolve, its role in revolutionizing drug discovery becomes increasingly apparent, promising a future where new drugs can be
developed more efficiently and precisely. This integration of technology into drug design not only optimizes the research process but
also holds the potential to bring innovative treatments to patients more rapidly.
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