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    The field of drug discovery has witnessed a paradigm shift in recent decades, evolving from labor-intensive empirical screening toward data-driven, computationally guided innovation. Among the forces driving this transformation, computer-aided drug design (CADD) stands as a cornerstone technology that bridges chemistry, biology, and informatics with unparalleled precision. The integration of computational methods into drug development has not only accelerated the discovery pipeline but also deepened our molecular understanding of disease mechanisms, target interactions, and therapeutic optimization.


    This volume, Computer-Aided Drug Design: Principles and Computational Foundations, provides a comprehensive and methodical introduction to the concepts and methodologies that form the basis of modern CADD. At a time when computational approaches are becoming indispensable to pharmaceutical sciences, this book offers readers an opportunity to develop a strong conceptual framework in the discipline. The structure of this volume mirrors the foundational progression of the field itself. Beginning with the historical evolution of CADD, the chapters guide readers through classical and well-established methodologies, including quantitative structure–activity relationship (QSAR) analysis, molecular and quantum mechanics, energy minimization, homology modeling, molecular docking, and ADMET prediction. Together, these topics provide the theoretical and practical basis necessary for understanding how computational tools contribute to rational drug discovery.


    What distinguishes this volume is its balanced presentation of theory and application. The contributors have successfully combined conceptual clarity with methodological depth, ensuring that readers not only appreciate the scientific principles involved but also understand their relevance within contemporary drug development workflows. The discussions are enriched through practical examples and case-based perspectives that reinforce the importance of these approaches in real-world settings.


    The chapters included in this volume have been authored by experts from diverse academic and research backgrounds, reflecting the interdisciplinary nature of computational drug design. Their collective expertise has resulted in a scholarly resource that is equally valuable to students beginning their journey in CADD and to researchers seeking a consolidated reference on fundamental methodologies.


    I commend the editors, Ajmer Singh Grewal, Viney Lather, Geeta Deswal, and Kumar Guarve, for their outstanding work and dedication in bringing this comprehensive and insightful edited book to fruition. It is a must-read for researchers, healthcare professionals, and students eager to stay abreast of the latest developments in the pharmaceutical and biomedical sciences.


    
      Monika Gupta

      Department of Pharmaceutical Chemistry

      Amar Shaheed Baba Ajit Singh Jujhar Singh Memorial College of Pharmacy

      Bela, Ropar, Punjab, India
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    Drug discovery has traditionally demanded immense time, resources, and financial investment. Computer-Aided Drug Design (CADD) has revolutionized this process by integrating computational chemistry, molecular modeling, and bioinformatics with experimental pharmacology. These approaches enable efficient identification, optimization, and validation of potential drug candidates while significantly reducing costs and timelines. By simulating molecular interactions, predicting pharmacokinetic properties, and guiding lead optimization, CADD enhances precision and success rates in drug development. Today, it is not merely a supportive tool but a central component of pharmaceutical research, accelerating innovation and enabling the design of safer, more effective, and targeted therapeutic agents.


    The motivation behind this book, “Computer-Aided Drug Design: Principles, Techniques, and Applications,” lies in providing a comprehensive understanding of both the fundamental principles and the cutting-edge applications of CADD. This volume aims to highlight how advancements in algorithms, computational power, and molecular databases have enabled researchers to probe drug-receptor interactions, predict molecular properties, and design safer, more effective therapeutics. The book is systematically structured to ensure that readers can navigate from foundational knowledge to specialized applications. The opening chapters introduce the history and evolution of CADD, tracing its development from elementary molecular modeling in the 1960s to present-day applications involving high-throughput virtual screening and artificial intelligence. The discussion provides an entry point into essential methods such as molecular docking, Quantitative Structure-Activity Relationship (QSAR) analysis, pharmacophore mapping, and ADMET prediction, supported by case studies and methodological insights.


    A major focus of this volume is QSAR, a cornerstone of computational drug design. The chapters provide a detailed account of its origins, theoretical foundations, and evolution into modern 2D, 3D, and advanced 4D approaches. Key aspects such as descriptor selection, statistical modeling, and validation techniques are thoroughly discussed, with emphasis on ensuring predictive reliability. Applications across diverse biological systems illustrate QSAR’s wide utility in drug discovery. Beyond predictive modeling, QSAR is highlighted as an essential tool for mechanistic interpretation, guiding rational drug design and optimization of therapeutic candidates.


    Another important section of the book delves into Molecular Mechanics (MM) and Quantum Mechanics (QM), highlighting how computational methods can capture interactions at the atomic level. Through approaches such as QM/MM hybrid techniques, energy minimization algorithms, and molecular dynamics simulations, the chapters illustrate how theoretical frameworks are applied to model complex biomolecular systems and ligand-receptor dynamics. These discussions are complemented by analyses of docking techniques, rigid, flexible, and hybrid methods, which are essential in evaluating binding affinities and guiding lead optimization. Real-world examples of docking against clinically relevant targets such as HIV protease and HMG-CoA reductase reinforce the practical impact of these methodologies.


    The prediction and evaluation of ADMET properties are presented as a key stage in reducing attrition rates in drug discovery. This book emphasizes the integration of empirical rules such as Lipinski’s rule of five with modern computational platforms like SwissADME, pkCSM, and ADMETlab. The chapters demonstrate how early pharmacokinetic and toxicity predictions can enhance lead optimization and significantly improve the probability of clinical success. Closely linked to this discussion are chapters on de novo drug design and homology modeling, which present strategies for designing molecules from scratch and for predicting protein structures when experimental data are lacking.


    Further depth is provided through dedicated chapters on pharmacophore mapping, virtual screening, and drug repurposing. These topics showcase how computational tools are applied not only to discover novel molecules but also to re-evaluate existing drugs for new therapeutic indications. The role of artificial intelligence and machine learning in transforming CADD is another highlight of the book. These chapters explore the integration of deep learning, reinforcement learning, and natural language processing in drug discovery workflows, demonstrating how generative models and advanced analytics are driving innovation in molecular design.


    The concluding chapters of this volume extend the applications of CADD to advanced and specialized domains. Molecular Dynamics (MD) simulations are emphasized as powerful tools for understanding biomolecular flexibility, conformational dynamics, and thermodynamics that direct drug-target interactions. The book also explores computational strategies targeting epigenetic regulators, highlighting their potential to unlock innovative therapies for cancer, neurodegenerative, and other complex diseases. To enhance practical understanding, tutorials and software-based exercises are incorporated, providing readers with opportunities to apply theoretical knowledge directly in laboratory and academic settings, thereby fostering experiential learning.


    This volume represents the collaborative efforts of researchers and academicians from varied domains, including pharmaceutical sciences, computational chemistry, and bioinformatics. Their combined expertise has shaped a text that effectively balances theoretical foundations with practical case studies, making it valuable for both academic and professional audiences. For students and research scholars, it provides a structured introduction to key concepts of CADD, while for researchers and practitioners, it offers comprehensive coverage of advanced methodologies, contemporary tools, and real-world applications in modern drug discovery and development.


    In summary, this book seeks to provide readers with a holistic perspective on the discipline. By encompassing historical context, core methodologies, advanced computational strategies, and applied case studies, the book highlights the central role of CADD in modern drug discovery. It is our hope that this volume will serve not only as a reference text but also as an inspiration for future innovations in computational drug design, ultimately contributing to the development of safer, more targeted, and more effective therapeutics.
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      Abstract


      Computer-Aided Drug Design (CADD) has transformed pharmaceutical research by converging computational processes with medicinal chemistry to facilitate simplified drug discovery protocols. Through simulated molecular interactions, biologically relevant predictions, and lead compound optimizations, CADD tremendously cuts the time, effort, and materials invested in the conventional drug development pipelines. The chapter presents the basics of CADD in terms of how it has evolved historically from elementary molecular modeling in the 1960s to the current application of sophisticated algorithms, high-throughput virtual screening, and artificial intelligence. It highlights key techniques like molecular docking, quantitative structure-activity relationship, pharmacophore mapping, and ADMET prediction. It also points out the importance of several databases and software packages that facilitate in silico drug design. With the ongoing development of computational procedures and data accessibility, CADD continues to be a pillar in contemporary drug discovery, allowing researchers to develop more efficacious and safer therapeutic drugs with greater precision.
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      INTRODUCTION


      Computer-Aided Drug Design (CADD) is an interdisciplinary science that integrates chemistry, biology, pharmacology, and computer science to speed up and maximize the drug discovery and development process. Historically, drug discovery was largely based on trial-and-error laboratory experiments, which were time-consuming, expensive, and frequently inefficient. With the introduction of


      computational systems in the mid-20th century, scientists started modeling and simulating the interactions between molecules, ultimately producing the means to predict how hypothetical drug molecules could bind to biological targets [1]. CADD has evolved from the early molecular modeling methods to several important advances that include the creation of quantitative structure-activity relationship models, molecular docking, pharmacophore modeling, and in silico ADMET prediction. The tools enable scientists to virtually screen large collections of compounds, find promising leads, and optimize them according to predicted biological and drug-like properties. CADD is currently a crucial component of drug discovery pipelines in both academia and industry. It supports two main approaches: Ligand-based Drug Design (LBDD), which makes use of data about molecules that are known to bind to a target, and Structure-based Drug Design (SBDD), which makes use of the 3D target structure. The predictive power and efficiency of CADD have also been enhanced by big data, machine learning, and high-performance computing. CADD is now the foundation of modern pharmaceutical research, revolutionizing drug design, optimization, and discovery. CADD enables researchers to forecast, model, and examine the interaction between small molecules and biological targets by utilizing the power of computational resources and algorithms. This method not only accelerates the drug discovery process but also enhances its efficiency and accuracy, thereby saving costs and time for marketing a new drug. Over the decades, CADD has evolved from basic molecular visualization methods to advanced, AI-based platforms that can handle complex issues in drug design [2].

    


    
      HISTORY AND EVOLUTION OF COMPUTER-AIDED DRUG DESIGN



      
        Early Beginnings of Computational Drug Discovery



        
          Early Foundations: The Genesis of CADD


          CADD's origins can be traced back to the development of computational chemistry and molecular modeling in the 1970s. Quantitative Structure-Activity Relationship (QSAR) models were developed as a result of early efforts to clarify chemical structure-biological activity correlations. QSAR models served as the foundation for logical drug design by using statistical methods to correlate pharmacological effects with molecular descriptors. Simultaneously, the advancement of molecular docking techniques made it feasible to predict ligand-receptor interactions, thereby identifying possible therapeutic candidates. However, the size and complexity of these simulations were constrained by the computational power available at the time [3].

        


        
          The 1990s: Expansion and Integration


          Computational power increased dramatically in the 1990s, opening the door to more sophisticated modeling and simulation techniques. Because they provide insights into the dynamic nature of biomolecular systems, Molecular Dynamics (MD) simulations have gained popularity. Researchers were able to more accurately study thermodynamic properties, binding affinities, and conformational changes thanks to the simulations. Additionally, the efficiency of lead identification was increased by combining virtual screening techniques with pharmacophore modeling. Pharmacophore models guided the selection of compounds for additional testing and generalized the essential characteristics of biological activity. Large chemical libraries used in virtual screening made it possible to quickly assess potential drug candidates, improving process efficiency.

        


        
          The 2000s: High-Throughput and Collaborative Endeavors


          High-Throughput Screening (HTS) and cooperative research initiatives brought about a paradigm shift in drug discovery during the year 2000. Large libraries of compounds could be quickly interrogated against biological targets thanks to HTS technologies, creating massive datasets for analysis. CADD tools were pivotal in handling and interpreting this information, identifying leads for further development. The strength of collective wisdom in addressing global health issues was demonstrated by cooperative initiatives such as the Open-Source Drug Discovery (OSDD) movement. By encouraging open-access platforms and pooled resources, these efforts made drug discovery more democratic, enabling researchers from across the globe to drive the process of developing new therapeutics [4].

        


        
          The 2010s: The Age of Artificial Intelligence


          The 2010s have welcomed the integration of Artificial Intelligence (AI) and Machine Learning (ML) in CADD, which has transformed the drug discovery process. AI algorithms, trained on large data sets of chemical and biological data, have enabled the accurate prediction of molecular properties, target interactions, and potential side effects. Most importantly, the development of AlphaFold by DeepMind has been a significant achievement in protein structure prediction. Moreover, AlphaFold, through accurate protein folding predictions, has allowed one to understand complex biological phenomena, thus shortening the drug target discovery process. The development of AlphaFold 3 has increased its possibilities, which now extend to interactions between DNA, RNA, and ligands, thus making it more valuable in drug design. Similarly, other companies, like Insilico Medicine, have introduced AI in drug development, shortening the process. Through the use of Generative Adversarial Networks (GANs) and reinforcement learning, Insilico has manufactured new compounds displaying desired pharmacological properties, some of which have reached clinical trials.

        


        
          The 2020s: Integrative and Personalized Approaches


          In today's decade, CADD is seen to be making progress in an integrative and personalized manner. The integration of computer modeling, omics information, and patient data makes it possible to develop personalized drugs, as enunciated in precision medicine. Recent advances in nanotechnology have enabled computer-assisted nanodrug discovery, and there is a focus on nanoscale drug delivery system design. Computer capabilities have made it feasible to optimize nanocarriers regarding surface properties, target specificity, and release rates. Moreover, integration of Quantitative Systems Pharmacology (QSP) enables it to understand drug action on biological systems at a systems biology level. By simulating drug, target, and physiological process interactions, QSP enables the prediction of therapeutic response and side effects, guiding drug development decision-making [5].

        

      


      
        Key Milestones in CADD Development



        
          1960s: Molecular Modeling Introduced


          
            	Initial applications of computers in visualizing and modeling basic molecular structures.


            	Basis of molecular geometry and interaction understanding.

          

        


        
          1970s: Structure-Based Drug Design (SBDD) is Born


          
            	The first 3D structures of biological targets (e.g., lysozyme) were achieved through X-ray crystallography, opening up structure-based design.


            	Introduction to concepts of molecular docking.

          

        

      


      
        1980s: QSAR and Molecular Mechanics


        
          	The construction of Quantitative Structure-Activity Relationship (QSAR) models to relate chemical structure and biological activity.


          	Application of molecular mechanics for energy minimization and conformational exploration.

        

      


      
        1990s: Emergence of Virtual Screening and Pharmacophore Modeling


        
          	In silico screening of large sets of compounds became possible with virtual screening methods.



          	Pharmacophore modeling was employed to find the necessary features responsible for activity.

        

      


      
        2000s: Integration of ADMET Prediction


        
          	Appearance of in silico ADMET tools for preliminary assessment of pharmacokinetics and toxicity.


          	CADD started being more predictive and consistent with improved scoring functions and validation methods.

        

      


      
        2010s: High-Throughput Computing and Machine Learning


        
          	Increased computational power allowed for large-scale virtual screening and molecular dynamics simulations.


          	Machine learning and AI started augmenting drug design procedures.

        

      


      
        2020s: AI-Driven Drug Discovery


        
          	Deep learning models are applied for de novo drug design, target prediction, and synthesis planning.


          	Integration of automation, cloud computing, and big data transformed CADD workflows (e.g., the impact of AlphaFold on protein structure prediction) [6].

        

      


      
        Transition from Traditional to Computer-Aided Drug Design


        The cost and approval time of a medicine vary depending on the targeted condition and the discovery process. From research to commercialisation, drug discovery takes over a decade and is highly expensive. Drugs with slight improvements over existing medications may require a longer review procedure than urgently needed drugs, which often go through a priority review [7]. Furthermore, the cost of creating an orphan medicine (one that tackles uncommon and neglected medical problems) is significantly cheaper than that of a non-orphan drug. For example, the non-orphan drug development cost is expected to surpass US$2 billion, which is significantly higher than the anticipated medication development costs of fexinidazole, approved for the treatment of insomnia, a neglected condition, at EUR 55 million. The development of tailored therapies is enabled, and the discovery process is accelerated by contemporary advanced technologies [8]. Modern medical tactics have led to the abandonment of traditional drug research approaches, as they often encounter issues faced by pharmaceutical formulations [9]. Industrial research and development (R&D) continually seeks innovative approaches to accelerate the finding and evaluation of Emerging technologies and innovations from different research disciplines [10]. The pharmaceutical business faces a hurdle in identifying a potential lead medicine from an initial hit to a drug candidate. Over the past few decades, improvements in scientific research and technical Innovations have driven the development of innovative medication candidates and their quick translation into useful molecules. The ability to generate therapeutic molecules that target specific proteins or biological activities in living cells has transformed drug discovery. Advancements in drug discovery and development, such as genome sequencing and high-throughput screening, have transformed the process [11]. A number of years of scientific research are carried out if the goal is to formulate a potential medicine for the prevention and treatment of a certain disease, and this includes understanding the biochemical aspect that forms the basis for the disease. The procedure requires the identification of individual targets that should ideally be regulated so as to alter their functions. After the target has been identified, it requires mass screening so as to select the chemicals that bind with it, referred to as lead. The development and design, including combinatorial and structural design, are essential for the approval and development of medicines [12]. To use plant extracts as crude medication, biologically active compounds must be isolated, their structures identified, and pharmacological studies conducted. Traditionally, medicines were prepared from plant extracts containing diverse chemical substances that acted synergistically, functioning as a single agent [13]. Modern tools and techniques must clarify misconceptions about herbal medications. Issues such as identical popular names for products from different origins, structural variations due to environmental conditions, differences in collection, extraction, processing, and storage methods, and limited toxicity data can be resolved through current research. The identification of molecules with a high percentage of success during clinical trials is assisted by modern drug discovery procedures, which also lower the risk of failure and toxicity. Progress in molecule screening and lead refinement approaches have accelerated the drug development steps since identifying compounds exhibiting strong binding to the target as well as understanding the location and strategy of alteration, are critical [14].


        
          Approaches for Drug Discovery


          Evidence of medical and drug use dates back to 3100 BC. The creation of novel medications is crucial given the global health and disease crisis. Historically, drug discovery relied on trial and error. Traditionally, drug development involved a time-consuming and labour-intensive blind screening process. In the 1960s, the concept of “rational drug design” emerged as a response to the challenges of traditional drug discovery and the desire for a more deterministic approach to disease treatment. Drug discovery has entered a new era with computer integration for knowledge management. Table 1 contrasts traditional and modern drug discovery methods. Development times have decreased from 10-16 years to 6-8 years, reduced costs by about a third [15].


          
            Table 1 Comparison between conventional drug approaches and modern drug approaches.


            
              
                
                  	Criterion

                  	Traditional approaches

                  	Modern approaches
                

              

              
                
                  	Process

                  	Error and trial

                  	Target-based and more logically specific
                


                
                  	Involved disciplines

                  	Could be incompatible

                  	compatible
                


                
                  	The expense of drug development

                  	high

                  	1/3
                


                
                  	Clarity of process

                  	less

                  	Transparent
                


                
                  	Oversight

                  	difficult

                  	easy
                


                
                  	Redundancy

                  	exists

                  	Can be avoided
                


                
                  	Communication between

                  disciplines

                  	Difficult

                  	Soft
                

              
            


          


        


        
          Role of Advancement in Computational Power and Algorithms


          The improvement in algorithms and computational power has dramatically changed the face of drug design and discovery. With improved high-performance computing, GPUs, and cloud computing environments, scientists can now conduct intricate simulations, virtual screening, and molecular dynamics calculations at speeds and scales unmatched before. These capabilities have made it possible to screen millions of compounds for interacting with biological targets in a few hours, thus speeding up significantly the early stages of the drug discovery process. Alongside the development of sophisticated algorithms, ranging from advanced molecular docking and scoring to machine learning and deep learning, has enhanced the accuracy of predictions and calculations related to molecular interactions, ADMET, and bioactivities. Computational methods like Free Energy Perturbation (FEP), QSAR modeling, and generative neural networks now enable more rational and data-driven design of potential drug candidates. Cumulatively, these advances have minimized the time, expense, and failure rate involved in conventional drug development, making current drug discovery more efficient, predictive, and innovative than ever before.

        

      

    


    
      FUNDAMENTALS OF COMPUTER-AIDED DRUG DESIGN


      
        

        What is CADD?


        Computational technologies are becoming crucial in drug research and design procedures. Computational chemistry methods are commonly used to analyze drug-receptor complexes and predict the features of small-molecule drugs. Pharmaceutical businesses rely heavily on information science and statistics tools to monitor and optimize their vast chemical and biological activity datasets [16]. Furthermore, the process of producing chemical derivatives can be easily automated. Targeted structure-based combinatorial chemistry uses active site analysis to create libraries of derivative chemicals. This method's combinatorial nature allows for a diverse range of potential structures. As the computer screens out all weak-binding molecules, only the most promising ligands are focused on, produced, and tested by the chemist. A list of the best possible possibilities is generated by the computer, which can instantly construct and forecast the binding of all feasible derivatives [17]. CADD software is more successful when used to improve lead compounds. In current drug design, computer modeling is commonly used to refine structures. The emergence of CADD was facilitated by exponential growth in computational power, enabling faster simulations and structural biology, revealing biomolecules' 3D architectures [18, 19].

      


      
        Principles of CADD


        A key principle is the strategic use of CADD drafting, which focuses on developing designs that solve potential problems on the shop floor. This entails creating precise drawings that clearly convey design intent, define fabrication requirements, and offer assembly instructions, thus filling the gap between design and manufacture. Another cardinal principle involves product-centric drafting, which focuses on integrating the CADD designs with manufacturability. By considering material characteristics, manufacturing methods, and restrictions in assembling during design, designers develop models that will be easier to manufacture, hence reducing errors and revisions.

      


      
        Types of CADD


        CADD encompasses two primary methodologies, Structure-Based Drug Design (SBDD) and Ligand-Based Drug Design (LBDD), each serving distinct roles in modern drug discovery Fig. (1) [20].


        
          Structure-Based Drug Design (SBDD)


          Cryo-EM technology has recently enabled the accurate resolution of complex membrane protein structures, expanding the scope of SBDD. These data-driven methods, widely used in computational drug discovery, belong to the SBDD family Fig. (2). Scientists gained a significant advantage in developing novel chemical species by leveraging prior knowledge of the biological entity of interest and its binding site features. Since the 2000s, the availability of 3D structures of proteins and nucleic acids has shifted computational drug design methodologies to consider the target's 3D interactions. SBDD is a highly effective and unique technique for drug design. SBDD is an iterative method. The target protein's 3D structure must be complexed with the ligand to understand its binding mechanism, affinity, and confirmation [21]. Various methods are employed to build a high-affinity inhibitor, including virtual computer screening of huge chemical libraries and designing and synthesizing new ligands Fig. (3). Designed compounds are evaluated in relevant assays, and the results influence SBDD. Commercial tools now support computational lead discovery, enabling novel drug design, iterative optimization, selectivity assessment, and ligand-binding affinity prediction. SBDD can integrate with high-throughput and bioinformatics technology to develop drugs targeting multiple homologous proteins. Currently, SBDD utilizes docking and de novo drug design, while simulating chemical building blocks with receptors to aid drug creation. SBDD and structural genomics drive the development of designer medications [22].


          [image: ]
Fig. (1))

          Flow chart showing CADD techniques.

          [image: ]
Fig. (2))

          An overview of the current SBDD.
        


        
          Ligand-Based Drug Design (LBDD)


          QSAR models offer investigators a measurable relationship between chemical moieties and biological effects. These patterns aim to identify information that can be extended to inform the next stages of drug discovery. These strategies rely exclusively on the structural information of tested molecules on the target of interest Fig. (4). The methodologies most frequently used in rational drug design follow this approach. Ligand-based pharmacophore search, matched molecular pair analysis, and Free-Wilson analysis are the common techniques of cheminformatics for studying ligand interactions. Hansch, Hammet, and Taft developed key equations that advanced QSAR modeling. 3D-QSAR models are created by considering both atomic and conformational properties of molecules, with “3D pharmacophores” being one example. LBDD methods incorporate conformational properties of ligands alongside SBDD and overall 3D functionality [23].


          [image: ]
Fig. (3))

          Approaches of SBDD.

          [image: ]
Fig. (4))

          Approaches of LBDD.
        

      


      
        Applications and Limitations of CADD


        CADD has deeply impacted the pharmaceutical industry, providing computational tools that make the process of discovering a drug easier and more efficient. The first key benefit is the significantly reduced time and cost associated with the development of a drug. Scientists are now in a position to make predictions about the binding of a candidate compound to a biological target through in silico techniques, thus diminishing the need for laboratory-scale experiments to be performed on a vast number of candidate compounds to explore their potential and make the most out of their chemical nature prior to synthesizing them. Additionally, CADD improves the effectiveness of virtual screening, allowing for the assessment of large libraries of compounds to determine good candidates promptly. However, despite its advantages, CADD has some drawbacks. The accuracy of predictions is heavily dependent on the quality of the input data and the computational models used. Inaccurate or incomplete structural information could lead to incorrect predictions, which could cause failure in drug candidates at a late stage of development. In addition, CADD techniques do not always account for the complex biological environment, such as protein flexibility and cellular environment, on which a drug relies for action and safety. In addition, the dependency on computational predictions requires substantial expertise and availability of sophisticated hardware and software, which might not be within the reach of every research environment [24, 25].

      

    


    
      TECHNIQUES IN COMPUTER-AIDED DRUG DESIGN



      
        Molecular Docking


        A molecular docking algorithm consists of two key components: the conformational search algorithm and the scoring function. Notably, molecular docking depends on prior knowledge of the binding site's location on the target. In pharmaceuticals, these methods are frequently used to screen vast numbers of small compounds against a specific biological target, such as a protein or nucleic acid [26]. Knowledge-based, empirical, and force field-based are now the three types of scoring functions. Scoring functions use mathematical models that assess a ligand's conformational strain, electrostatic interactions, and steric hindrance in its bound state. The second method prioritizes the most trustworthy conformation among others, whereas the first searches the ligand's structural configuration range in question for a state that fits within the binding site of the target protein [27]. A database of protein-ligand complexes with experimental activity data, coupled with a computational algorithm, is used to establish the relationship between binding descriptors and experimental affinity [23]. These functions prioritise conformations that closely align with experimental reference values. Knowledge-based scoring systems utilise statistical analyses to identify the most frequent interactions between ligand and protein atom types.


        
          Docking Studies


          Docking calculations represent fundamental simulation procedures in molecular modeling, particularly in drug design and structural biology. Molecular docking calculations are used to predict the orientation and affinity of a small molecule (ligand) when it interacts with a biological target, such as a protein or nucleic acid (receptor). Docking calculations allow researchers to predict the binding pose (orientation), as well as the binding affinity (strength of interaction), of ligand and receptor molecules. Computer simulation of such interactions helps in the identification of novel drug-like molecules, often from vast chemical libraries, via virtual screening, lead optimization to enhance efficacy, as well as understanding the molecular mechanisms of biological events and disease mechanisms. Usually, this requires the use of sophisticated algorithms searching through different ligand poses in the binding site of the receptor. Popular software packages for docking are AutoDock, Glide, GOLD, and RosettaDock, each with its own advantages in terms of speed, accuracy, and flexibility. Aside from their application in early-stage drug design, docking studies are also used in the prediction of protein-protein interactions, understanding enzyme-substrate dynamics, and designing inhibitors for particular biological pathways. The growing convergence of machine learning and high-performance computing has further improved the predictive capability and scalability of docking methods, rendering them an essential tool in contemporary biomedical research [28].

        


        
          Minimization of Energy and Force Fields


          Energy minimization refers to a computational approach that aims to determine a molecule’s low-energy conformation as a means of optimizing its structural parameters to reduce steric overlap and undesired interactions by adjusting atomic coordinates. To achieve this, force field extensions are utilized as mathematical models that attempt to simulate the potential energy of a molecule as a function of atomic coordinates. Force fields are parameterized and contain equations that attempt to model bond, angle, dihedral, van der Waals, and electrostatic components. Popular force fields include AMBER, CHARMM, GROMOS, and OPLS, each of which was parameterized for specific biomolecules and conditions. Energy minimization serves as a tool that ensures a molecule has a reasonable and near-native structure for simulations, such as molecular dynamics simulations and docking simulations, to take place. It becomes particularly important for optimizing structural data derived from experiments like X-ray crystallography and homology modeling, which contain unphysical bond angles and atomic overlaps. Energy minimization allows researchers to optimize, through energy minimization, the predictions for subsequent modeling and simulations, including binding affinities, conformational transitions, and mechanisms.

        

      


      
        Molecular Dynamics Simulation


        The technique foresees the positions of the atoms in the molecules in the course of the simulation run through the solution of Newton's equations of motion. Molecular dynamics is a computational technique applied in the research of the time-dependent processes of chemicals or biological systems. There are several reasons why molecular dynamics is applied in drug discovery processes [29]. This technique is more “realistic” than molecular docking because it considers the environment in which biochemical activities occur. Understanding water's role in target stability and ligand-target recognition is enhanced by considering each water molecule's contribution. Explicit solvent models (e.g., TIP3P) implement molecular dynamics to achieve this [30].


        
          Contribution Role in Binding Interactions


          MD simulations play an important role in the unraveling of binding interactions, providing data that cannot be obtained from docking, which is a static process. Binding interactions between a ligand, such as a drug, and a receptor, typically a protein, involve flexibility, solvents, and thermodynamics, which are modeled by MD simulations. By mimicking atomic motion over time, MD discloses how the ligand binds into the binding site, how stable the complex is, and which molecular forces (e.g., hydrogen bonding, van der Waals interactions, electrostatics) drive or derail the interaction. Crucially, MD identifies important amino acid residues that are key to ensuring binding is maintained, discloses water-mediated interactions, and can unveil induced-fit effects where the receptor adapts its shape to bind the ligand. These simulations also enable calculation of binding free energy through post-processing methods such as MM-PBSA or MM-GBSA, yielding a more realistic prediction of interaction strength than docking scores. Overall, MD simulations yield dynamic, time-resolved, and thermodynamically informative pictures of molecular recognition processes, which make them necessary for docking validation, ligand design refinement, and the discovery of new binding mechanisms [31].

        


        
          Applications in Drug Optimization


          Drug optimization refers to the enhancement of the efficacy, safety, and pharmacokinetic profile of a drug. This optimization entails modifying the chemical structure to improve the binding affinity to the target, minimize off-target interactions, and optimize the ADME characteristics. This requires the use of various methodologies, which may involve structure-activity relationships, computer simulations, or high-throughput screening. The main intention of optimizing a drug is to improve the molecules capable of offering more effective therapeutic responses, fewer side effects, and greater patient compliance, thus improving the success rate of drug candidates during drug development.

        

      


      
        Quantitative Structural Activity Relationship (QSAR)


        Scientists make informed decisions to optimize either the drug potency or minimize adverse reactions through the implementation of QSAR models. Statistical analysis is used in QSAR to predict drug potency. QSAR modeling focuses on testing the relationship between similarity in drug composition and an organism's reaction to it [32]. Active and inactive compounds were ascertained by models developed for known ligands associated with unique G protein-coupled receptor targets. The QSAR kNN models were tested for their accuracy in predicting similarity by the Similarity Ensemble Approach. Integration of the QSAR technique and deep learning models helped in ascertaining the pivotal structural features that contributed towards anti-cancer activity in compounds. For another experiment, deep neural networks and QSAR models were used to scrutinize a vast range of 1000 compounds for their anti-cancer properties. Electrostatic and steric factors were discovered as prominent factors that deeply affected the anti-HIV properties of compounds. For an experiment, QSAR models were developed for 50 compounds that have anti-HIV properties using the molecular field [33].


        
          Classical QSAR Techniques


          Classically, QSAR approaches the mathematical modeling of a relationship that describes the chemical structure of compounds and their biological activity. Most such approaches have focused on identifying key molecular descriptors, such as electronic, steric, and hydrophobic properties, which modulate the biological response. QSAR will predict, through statistical analysis like regression models, the activity of new compounds based on such descriptors. Classically, QSAR methods using topological, geometric, and electrostatic parameters correlate with biological data to help guide the design of more potent and selective drug candidates. Although these methods cannot capture complex molecular interactions, they still remain in early-stage drug discovery.

        


        
          3D-QSAR and Its Applications


          3D-QSAR is a sophisticated method that examines the spatial three-dimensional distribution of atoms within a molecule and relates this to biological activity. In contrast to classical QSAR, where 2D molecular descriptors are applied, 3D-QSAR considers the spatial distribution and interactions among molecular attributes like steric, electrostatic, and hydrophobicity in three dimensions. Applications of 3D-QSAR involve the optimization of drug candidates by giving insight into the molecular determinants of activity, enhancing target specificity, and designing compounds with improved binding affinity to the receptor. It is especially helpful in the design of enzyme inhibitors, receptor agonists/antagonists, and compounds against specific protein-ligand interactions. 3D-QSAR models like CoMFA (Comparative Molecular Field Analysis) and CoMSIA (Comparative Molecular Similarity Indices Analysis) are used to predict the activities of novel compounds, focusing on drug optimization and minimizing time and cost for experimental screening [34].

        

      


      
        Pharmacophore Modelling


        Medicinal chemists use this technique to create novel molecules with optimal pharmacological characteristics. Pharmacophore modeling is a key aspect of modern drug discovery, identifying key chemical features crucial for a molecule's pharmacological activity. A pharmacophore represents the spatial arrangement of key molecular features that determine its pharmacological activity [35]. Pharmacophore modeling has aided kinase inhibitor development by identifying key properties like hydrogen bond donors, hydrogen bond acceptors, and hydrophobic areas, leading to more selective and potent compounds [29]. Similarly, pharmacophore modelling was used to identify essential GPCR binding properties, enhancing affinity and selectivity in various therapeutic areas [30].


        
          Identification of Pharmacophoric Features


          Pharmacophoric feature identification means that the structural fragments of a molecule responsible for the biological activity should be determined. By pharmacophore, we can define a set of molecular features such as hydrogen bond acceptance or donation sites, hydrophobic regions, aromatic rings, or charge-rich features. These pharmacophore features are essential in the process of pharmacophore-based drug design since they are considered the “fingerprint” of the drug needed to target the biological target. Among the techniques used to detect pharmacophore traits are computer-based techniques such as docking simulations and 3D-QSAR studies that assess the binding affinity of the ligand to the target biological molecule. Additionally, pharmacophore modeling is applied in the proposal of hypotheses concerning the binding affinity of the pharmacophore model to the target biological molecule and the development of novel compounds or the optimization of an existing compound by incorporating pharmacophores having high binding affinity and selectivity. These pharmacophores should be discovered to ensure the ability to rationally design drugs, allowing the development of more potent and more selective drugs [36].

        


        
          Application


          The following are important uses of the pharmacophoric feature discovery in drug discovery and development:


          
            	Drug design and optimization: Once the reference compounds' active pharmacophores are elucidated, newly designed molecules will be developed by scientists with similar or improved biological activities. This will allow for the optimization of the binding affinity, selectivity, and pharmacokinetic properties of the drug candidates.


            	Virtual screening: The most common application of pharmacophore-based virtual screening is the screening of big chemical libraries for the identification of novel compounds that could be predicted to bind a target protein or receptor.


            	. This reduces the number of compounds that have to be experimentally tested, making drug discovery more cost-effective and efficient.


            	Lead identification and optimization: Pharmacophore identification plays a pivotal role in drug discovery's initial stages for the identification of lead compounds. The identified leads can then be optimized to increase potency, selectivity, and minimize off-target activity.


            	Forecasting drug-target interactions: Pharmacophore models can be used to forecast how various drugs interact with certain biological targets, such as receptors, enzymes, and ion channels. This information can be used to design new therapeutics for diseases in which existing treatments are not effective.


            	Biomarker discovery: Pharmacophore identification can also be used to identify potential biomarkers by exposing molecular features that are essential for the activity of a therapeutic molecule or the disease process.


            	Toxicity prediction: Through the inspection of the pharmacophore properties of known toxic compounds, scientists can predict the toxicity of potential drug molecules more accurately, ensuring a safe drug development process.


            	Polypharmacology: Based on the pharmacophoric properties of the drug, it is possible to examine its binding model to different targets. It is an area that is essential in multi-target ligand design, which is very useful in the management of complicated diseases like cancer and neurodegenerative disorders [36].

          

        

      


      
        Virtual Screening (VS)


        VS is a computational strategy employed in drug discovery that aims to identify potential drug leads from the huge chemical libraries based on the prediction of their binding affinity against a biological target. In VS, the chemicals are docked into the three-dimensional structure of the target protein or receptor and scored for binding and interaction with the binding site based on molecular shape, electrostatics, and hydrophobic interactions.


        
          High-Throughput Virtual Screening (HTVS)


          HTVS is an advanced computational tool permitting a quick scan of huge libraries for identifying candidate drugs exhibiting a strong binding affinity to a target biological molecule. HTVS utilizes automatic docking and scoring tools to test thousands and millions of candidates in a matter of a few days, identifying the leads for laboratory confirmation. HTVS predicts the interaction between the target protein and small molecules, using its 3D protein target and virtual libraries of small molecules, and arranges the candidates according to their predicted binding energies. HTVS is a highly efficient and cost-effective tool, which conserves a lot of time and money compared to experimental screening approaches. HTVS is widely applied in drug discovery to discover lead compounds, optimize known molecules, and sample new chemical space for therapeutic targets, especially when there is limited experimental data or when the target is difficult to assay [37].

        


        
          In Silico Library Design and Screening


          In silico library design and screening is a computational method applied in drug discovery to design and analyze a virtual collection of chemical compounds to examine their prospective biological activity. In this process, libraries of molecules are designed with known pharmacophores, chemical scaffolds, or bioactive fragments and then virtually screened against a target using in silico molecular docking, pharmacophore modeling, or QSAR methods. The aim is to detect compounds with preferred properties, e.g., high binding affinity, specificity, and good ADMET profiles. This could allow scientists to scan large chemical spaces quickly and at low cost, filter candidates for synthesis or biological assays, and guide the rational design of new drugs. In silico library design and screening play a significant role in accelerating lead discovery, reducing the experimental burden, and increasing the success rate of drug development.

        

      


      
        ADMET Predication


        ADMET prediction, or the in-silico prediction of a molecular entity’s Absorption, Distribution, Metabolism, Excretion, and Toxicity, is a set of crucial attributes that determine a molecular entity’s drug likeness and success in the drug development process. In-silico ADMET prediction software employs machine learning and chemical rules for predicting a molecular entity’s performance in the human body. For instance, it is able to predict oral bioavailability, blood-brain barrier penetration, cytochrome P450 interactions, renal clearance, and toxicities like hepatotoxicity or cardiotoxicity. Early prediction of ADMET identifies and removes compounds with unfavorable pharmacokinetic or safety profiles prior to expensive experimental screens, and thus it saves time and money. This is critical in contemporary drug discovery to guarantee the choice of compounds with greater chances of clinical success.


        
          Introduction to In Silico ADMET Prediction


          In silico ADMET prediction is a key part of contemporary drug discovery, which applies computational techniques to predict the absorption, distribution, metabolism, excretion, and toxicity characteristics of chemical compounds. They dictate the pharmacokinetic profile of a drug and its safety within the human body. By using predictive models, molecular descriptors, and libraries of known drug behaviors, in silico ADMET tools are able to predict how a compound will behave without requiring early experimental testing. It assists in the elimination of inappropriate drug candidates early on, minimizing the cost, time, and failure rate of drug development. It aids in the rational design of optimally active biological molecules with good safety profiles and is thus an important tool in preclinical studies [38].

        


        
          Commonly Used ADMET Prediction Tools


          Some used ADMET prediction tools for drug discovery:


          
            SwissADME(http://www.swissadme.ch/)


            
              	Freely available online tool of the Swiss Institute of Bioinformatics.


              	Makes predictions of physicochemical properties, lipophilicity, water solubility, pharmacokinetics, and drug-likeness.

            

          


          
            pkCSM (https://biosig.lab.uq.edu.au/pkcsm/)


            
              	Make predictions based on graph-based signatures of ADMET properties.


              	Make predictions on absorption, distribution (e.g., BBB permeability), metabolism (CYP450 interactions), excretion, and toxicity.

            

          


          
            admetSAR (https://lmmd.ecust.edu.cn/admetsar2)


            
              	An online tool and database giving more than 50 predictive models for ADMET profiling.


              	Predicts such properties as human intestinal absorption, carcinogenicity, and acute oral toxicity.

            

          


          
            Toxtree (https://toxtree.sourceforge.net/predict/)


            
              	An open-source program that predicts toxicity from chemical structure.


              	Recognizes structural alerts for mutagenicity, carcinogenicity, and other toxicological endpoints.

            

          


          
            Derek Nexus (https://optibrium.com/products/stardrop/modules/derek-nexus/)


            
              	Commercial product of Lhasa Limited.


              	A rule-based expert system applied to predict a broad spectrum of toxicological risks.

            

          


          
            ADMET Predictor (Simulations Plus; https://www.simulations-plus.com/)


            
              	A commercial program that applies machine learning models to make accurate predictions for a broad spectrum of ADMET endpoints.


              	Provides quantitative predictions to be applied in lead optimization.

            

          


          
            PreADMET (https://preadmet.webservice.bmdrc.org/)


            
              	Web-based application developed by the Bioinformatics and Molecular Design Research Center, Korea.


              	Provides forecasts on cell permeability, metabolism, and other endpoints for toxicity [39].

            

          

        


        
          Literature and Commercial ADMET Databases


          Databases are significant for the prediction of ADMET because they provide experimental results that help to support model results and comparisons. Databases help to understand the pharmacokinetics and toxicity characteristics of compounds and find extensive research applications in drug discovery studies. However, the most commonly used databases for the interpretation of the ADMET of compounds are listed below:


          
            ChEMBL


            
              	A large-scale bioactivity database with data on the biological activities of small molecules.


              	Gives pharmacokinetic and ADMET-related information, such as IC50, EC50, and bioavailability.

            

          


          
            PubChem


            
              	Managed by the National Center for Biotechnology Information (NCBI).


              	Provides large amounts of chemical, bioassay, and toxicity information for millions of compounds.

            

          


          
            TOXNET (Toxicology Data Network)


            
              	Formerly managed by the U.S. National Library of Medicine (now retired, although some databases are incorporated into PubChem and other resources).


              	Had detailed data on chemical toxicity, including human and animal experiments.

            

          


          
            Drug Bank


            
              	Combines extensive drug information with drug-target interactions and pharmacokinetics such as metabolism, half-life, and clearance.


              	Helps to study FDA-approved drugs' ADMET profiles.

            

          


          
            ADMET SAR


            
              	A prediction tool and database that gives ADMET-related properties for thousands of compounds.


              	Employs models that predict properties such as human intestinal absorption, inhibition of CYP450, and carcinogenicity.

            

          


          
            eTOX


            
              	An open-source collaborative database that is built by the pharmaceutical industry through the IMI project.


              	holds preclinical toxicology data based on in vitro and in vivo studies.

            

          


          
            ToxCast and Tox21


            
              	Activities by the U.S. Environmental Protection Agency (EPA) and NIH.


              	Supply high-throughput screening information for toxicity analysis for numerous biological pathways [40].

            

          

        

      


      
        Interrelation Between Various Computations Techniques of CADD


        In CADD, multiple computational methods are highly integrated, collaborating to improve and streamline the drug discovery process. Technologies such as molecular docking simulations and virtual screening are closely related, as molecular docking simulations are used to predict the binding affinity of the drug molecule towards its target protein, while virtual screening is used to search libraries of millions of compounds to identify the most promising drug molecules. Identified drug molecules are then tested using docking simulations based on their binding affinity and tendency towards the target molecule. QSAR modeling and pharmacophore modeling are used to complement these approaches by estimating the biological activity of the compound based on its molecular or pharmacological structure. Additionally, QSAR modeling is used to establish the development of structure-activity relationships among molecules, while pharmacophore modeling is used to identify the pharmacological features essential in binding with the target. These two approaches are used as guidelines in docking simulations; they are screened based on the presence of essential functional groups essential for effective binding. Additionally, molecular dynamics simulations are used to provide a deeper understanding of the binding dynamics of the target and ligand complexes over time and enhance the results from docking simulations. ADMET predictions are used to consolidate all the above approaches by testing the pharmacokinetic characteristics and absorption, distribution, metabolism [41].

      

    


    
      TOOLS AND SOFTWARE FOR COMPUTER-AIDED DRUG DESIGN



      
        Commonly Used Molecular Docking Tools


        Molecular docking is a basic CADD technique employed to forecast the binding of a small molecule (ligand) and a target protein. Various molecular docking software packages have been devised to make it easier, with each having distinctive features suited for particular research applications Table 2.


        
          Table 2 Molecular docking tools [42].


          
            
              
                	Docking Tool

                	Key Features

                	Strengths

                	Best For
              

            

            
              
                	AutoDock/ AutoDock Vina

                	Uses Lamarckian genetic algorithm (AutoDock) and fast scoring function (AutoDock Vina)

                	Widely used, open-source, fast, flexible

                	Virtual screening, ligand-receptor binding predictions
              


              
                	Dock

                	Rigid-body docking approach, flexible for ligand conformations

                	Open-source, widely used in academic settings

                	Flexibility in receptor-ligand interaction studies
              


              
                	Glide

                	Highly accurate, flexible docking algorithm with scoring functions

                	High accuracy, fast results, commercial software

                	High-throughput screening, structure-based drug design
              


              
                	GOLD

                	Genetic algorithm-based docking with scoring functions for ligand fitting

                	High accuracy, flexible docking, handles conformational flexibility

                	Fragment-based drug design, complex systems
              


              
                	FlexX

                	Incremental construction algorithm for docking

                	Highly flexible, detailed ligand-receptor interaction analysis

                	Fragment-based drug design, flexible docking studies
              


              
                	Surflex

                	Structure-based approach, integrates various scoring functions

                	Flexible docking, comprehensive ligand scoring

                	Virtual screening, hit identification
              


              
                	FastDock

                	Rapid, simplified docking approach for quick ligand screening

                	Fast, ideal for large-scale screening projects

                	Large-scale virtual screening, speed-critical studies
              


              
                	AutoDockCryst

                	Tailored for high-resolution crystallographic data

                	Specializes in crystallographic structures

                	High-resolution crystal structure studies
              

            
          


        


      


      
        Software for QSAR Modelling


        QSAR modeling depends on proprietary software packages for evaluating the chemical structure-biological activity relationship. Such software tools help researchers estimate the activity of new compounds and optimize lead molecules in drug development. Some QSAR modeling packages used are listed in Table 3.


        
          Table 3 QSAR modelling software [43].


          
            
              
                	Software

                	Key Features

                	Strengths

                	Best For
              

            

            
              
                	ChemOffice (ChemDraw)

                	Structure drawing and QSAR modeling tools

                Chemical data analysis and visualization

                	Intuitive interface

                Integration with other ChemBio tools

                	Basic QSAR modeling, Data analysis, Structure representation
              


              
                	MOE (Molecular Operating Environment)

                	Molecular modeling

                QSAR, docking, and visualization tools

                3D molecular modeling support

                	Highly versatile

                Handles complex data

                Supports 3D visualization

                	Drug discovery QSAR Molecular simulations
              


              
                	KNIME

                	Open-source platform for data analytics and QSAR modeling

                Machine learning integration

                	Extensive tool integration

                User-friendly interface

                Open-source

                	QSAR modeling, Data analysis, Machine learning-based modeling
              


              
                	Dragon

                	Molecular descriptor calculation

                QSAR modeling tools

                	Over 500 molecular descriptors

                Effective for large datasets

                	QSAR model building, Descriptor analysis
              


              
                	PADEL

                	Molecular descriptor and fingerprint calculation tools

                	Free

                Easy to use

                Large database of molecular descriptors

                	QSAR analysis: Descriptor generation
              


              
                	QSAR Toolbox

                	Building QSAR models

                Built-in tools for descriptor calculation and model validation

                	Extensive database

                User-friendly interface

                	QSAR modeling for regulatory and toxicological predictions
              


              
                	SPARTAN

                	Quantum chemistry-based software

                Supports QSAR and 3D visualization

                	High accuracy with quantum mechanics

                Advanced molecular simulations

                	QSAR modeling with chemical simulations
              


              
                	Cerius2

                	QSAR modeling alongside molecular dynamics and simulations

                	Powerful modeling interface

                Integrates with other software

                	QSAR modeling, Molecular simulations
              


              
                	DReG

                	Graph-based QSAR

                Machine learning algorithms for activity prediction

                	Advanced ML techniques

                Handles complex datasets

                	Machine learning-based QSAR modeling: Activity prediction
              


              
                	Open3DQSAR

                	Open-source tool for QSAR analysis

                Molecular descriptor calculation

                	Free

                Easy to use

                Integrates with open-source tools

                	QSAR modeling Open-source resource
              


              
                	VLife

                	QSAR modeling

                Virtual screening

                Molecular docking

                	User-friendly interface

                Wide range of QSAR techniques

                	QSAR modeling, Drug design, ADMET predictions
              

            
          


        

      


      
        Databases for Virtual Screening and Drug Discovery


        Virtual screening and drug discovery databases are very important in contemporary pharmaceutical research, allowing researchers to access large volumes of chemical compounds, biological information, and structural data to speed up the drug discovery process. These databases help in finding potential drug candidates by making it possible for in silico screening of drug candidates against the target protein. Some of the major databases include ZINC, which is a publicly available database for commercially available compounds that help in high-throughput virtual screening and are most commonly used for ligand-based studies. PubChem, a scalable database hosted by the National Institutes of Health (NIH), provides data on chemical compounds, biological activities, and bioactivity information; hence is a good resource for virtual screening. ChEMBL, a database with bioactivity information on small molecules, is a repository for compound-target interaction data, facilitating the design and optimization of bioactive compounds. The Protein Data Bank (PDB) is another vital database that contains structural information on proteins, which is vital for SBDD. For HTS, databases such as ChemSpider and DrugBank provide chemical structures and drug-related data, with the latter being limited to FDA-approved drugs and their targets. Moreover, eDrug3D and BindingDB provide 3D structures and binding affinity information, which facilitate precise prediction of ligand-protein interactions. Such databases, as well as others such as Elsevier’s Reaxys and GSK’s ChemSpace, contain data-rich material which allows scientists to perform massive virtual screenings and optimize the lead identification and optimization in drug discovery efficiency.


        
          PubChem


          PubChem is a free-to-use and extensive repository of chemical compounds, run by NCBI at NIH. It is one of the world's largest chemical information databases, providing an extensive range of information regarding more than 100 million distinct chemical structures, including small molecules, natural products, and bioactive molecules. PubChem is a vast repository of chemical properties, biological activities, safety profiles, and molecular interactions that have made this database a treasure trove for drug discovery and chemical biology researchers. The database is further divided into several subcomponents, which include PubChem Compound, housing the chemical structure and other characteristics of single molecules; PubChem Substance, housing data on chemical samples; and PubChem Bioassay, housing bioactivity data relating to assays that are used to test the biological action of compounds. The merging of PubChem's chemical structure with biological and pharmacological information allows for appropriate identification of lead compounds for virtual screening, drug design, and optimization.PubChem's searching facility enables scientists to search for chemical structures, molecular descriptors, and pharmacology data using a simple interface. It also facilitates SBDD and ligand-based virtual screening through the provision of chemical structures in 2D and 3D formats and molecular descriptors that can be employed in QSAR modeling and other drug design methods. Its open-access status makes it a central resource for scientists worldwide, helping in the discovery of new therapeutic compounds, repositioning of drugs already known, and the progression of drug development [44].
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