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    Computational chemistry is an important partner to experiment in understanding a very broad range of chemical problems, providing insight not possible or not easily possible to obtain via experiment, and enabling a greater understanding of experiment when it is possible. The span of computational chemistry approaches in terms of both method and applicability is significant – with methods including electronic structure calculations (e.g., density functional theory (DFT)) and free energy relationships (e.g., QSAR, QSPR), with applications spanning from in-depth description of the spectroscopic properties of the smallest of atoms and molecules to the design of new molecules and materials in medicine.




    The focus of Frontiers in Computational Chemistry is on the application of computational chemistry approaches to biological and organic processes.




    In this fifth volume, the six chapters address a diversity of topics including:




    Chapter 1 “Recent Advances and Role of Computational Chemistry in Drug Designing and Development on Viral Diseases” Amit Lochab, Rakhi Thareja, Reena Saxena, Sangeeta D. Gadre.




    This chapter outlines a number of approaches that are commonly used in drug design, including structural-based and ligand-based computational strategies, and the role of quantum mechanics and molecular mechanics. A brief overview of how these methods have been utilized in the development of drugs against viral disease, addressing ebola, zika, hepatitis C, and coronavirus is provided.




    Chapter 2 “Molecular Modeling Applied to Design of Cysteine Protease Inhibitors – A Powerful Tool for the Identification of Hit Compounds Against Neglected Tropical Diseases” Igor José dos Santos Nascimento, Thiago Mendonça de Aquino, Paulo Fernando da Silva Santos-Júnior, João Xavier de Araújo-Júnior, and Edeildo Ferreira da Silva-Júnior.




    The impact and importance of computational chemistry in drug development is significant. However, the drug discovery process is truly a fine art, with numerous methods and strategies available. In this chapter, the authors consider a number of different molecular modeling techniques, and demonstrate their use in the development of cysteine protease inhibitors. Cysteine proteases are known to play important roles from growth and development of plants to bone development in humans and animals. In this study, the design of cysteine protease inhibitors against a number of tropical diseases is considered.




    Chapter 3 “Application of Systems Biology Methods in Understanding the Molecular Mechanism of Signalling Pathways in the Eukaryotic System”, Aditya Rao S.J. and M. Paramesha.




    Signalling pathways are critical cascades of reactions that can impact metabolic functions from cell division to cell death. Understanding the underlying mechanisms of signalling pathways is critical, as this can provide insight about how abnormalities can impact the activation or deactivation of signalling events. The authors provide an overview of computational routes that can be used to understand signalling path mechanisms, including systems biology and data mining. Wnt signalling pathways are the focus of this chapter due to their role in growth to cancer.




    Chapter 4 “Implementation of the Molecular Electrostatic Potential over GPUs: Large Systems as Main Target” J. César Cruz, Ponciano García-Gutierrez, Rafael A. Zubillaga, Rubicelia Vargas and Jorge Garza.




    Electrostatic interactions are vital to non-covalent interactions which are prevalent in biological systems. A very useful means to gain insight about these electrostatic interactions is via the molecular electrostatic potential (MEP). MEP is generated using quantum mechanical methods, which represents a significant computational challenge for all but the smallest of molecules. This chapter provides two routes to extend the utility of MEP to larger molecules, utilizing graphical processing units (GPUs) to generate the MEP. The theoretical details are provided, as are a number of useful examples of the application of the methods.




    Chapter 5 “Molecular Electron Density Theory: A New Theoretical Outlook on Organic Chemistry” Luis R. Domingo, Nivedita Acharjee.




    This chapter highlights molecular electron density theory (MEDT), which was introduced by the co-author, Luis Domingo, in 2015. MEDT is based upon the philosophy that changes in electron density rather than molecular orbital interactions drive molecular reactions. The authors discuss a broad range of quantum mechanical principles and approaches that are a part of MEDT and facilitate the understanding of molecular interactions and reactions. The authors provide a long list of reactions, and conclusions that can be drawn from MEDT about these reactions.




    Chapter 6 “Frontier Molecular Orbital Approach to the Cycloaddition Reactions”, Anjandeep Kaur.




    Cycloaddition reactions, more specifically, 1,3-dipolar cycloaddition reactions, play a critical role from drug discovery to materials design. Controlling the regioselectivity, enantioselectivity, and diastereoselectivity of these reactions is a major challenge. In this chapter, the reactivity and selectivity of a wide variety of 1,3-dipolar cycloaddition reactions is overviewed. A Frontier Molecular Orbital (FMO) approach is considered.




    We hope that the readers will find these reviews to be valuable, and that they may inspire trigger further research in the field. We are grateful for the timely efforts made by the editorial personnel, especially Ms. Mariam Mehdi (Assistant Manager Publications), Mr. Obaid Sadiq (Manager Bentham Books), and Mr. Mahmood Alam (Director Publications) at Bentham Science Publishers.
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      Abstract




      The growing number of contagious viral diseases among different geographic regions has become a threat to human health and the economy on a global scale. Various viral epidemics in the past have caused huge casualties due to lack of effective vaccine, the recent outbreak of COVID-19 is a good example of it. Drug designing and development is a lengthy, tedious and expensive process that is always associated with a high level of uncertainty as the success rate of their approval as a drug is very low. Computer-aided drug designing by utilizing in silico methods has shown prominent ways to develop novel drugs in a cost-efficient manner and has evolved as a rescue in the past few years. Interestingly, the highest FDA approval reached a maximum (59 drugs) in 2018 for which a lot of credit goes to the successful development of computational chemistry tools for drug designing in the last two decades. These methods provide better chances of getting hit compounds in a far more accurate and faster way. Drug designing is a cyclic optimization process that involves various steps like creating a molecule, selecting the target for this molecule, analysing the binding pattern and estimating the pharmacokinetics of the molecule. The final development of a drug candidate is cumulative of positive results obtained in each aforementioned step. Various computational techniques/approaches such as molecular dynamic studies, homology modelling, ligand docking, pharmacophore modelling and QSAR can be utilized in each phase of the drug discovery cycle. In this chapter, we aim to highlight the recent advances that have taken place in developing tools and methodologies that lead to in silico preparation of novel drugs against various viral infections like Ebola, Zika, Hepatitis C and Coronavirus.
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      INTRODUCTION




      There is a huge global effort indulged in wiping out the infectious viral diseases. Viral infections include various contagious diseases like Ebola, Hepatitis, HIV-AIDS, Rabies, Zika and Corona viruses. These ailments cause a huge impact on both the economy and health. Methods in controlling these diseases like vaccination, public awareness through advertisement and campaigns cause a reduction in the budget which is not that effective also. The current available drugs for the disease have their own limitations of being toxic, less potent and high cost. There are several viral microbes that gain resistance toward these drugs and there is always a continuous need for developing new effective drugs. Studies show that the traditional path for discovering drugs and bringing it to market costs around 2 billion USD. In addition, they require a long time, and the process is highly laborious to establish their safety and effectiveness. At the starting of the 20th century, the drug industry was used to screen out various natural and synthetic compounds experimentally in search of therapeutic characteristics for a particular target. Then the compound was optimized for better pharmacological properties having less toxicity which after clinical trials used to take on an average of ~15 years to come in the market [1]. The concerns over various incurable diseases and an inadequate number of potent drugs have forced us to develop innovative drugs with high specificity and potency for the respective target. The ways in which these microbes are mutating their genes to make a come back in our world have proved to be hazardous in an irreparable fashion as is evident from the outbreak of the pandemic of Covid-19 in December, 2019. This has further added the interests of the researchers in fast and efficient drug discovery tools.




      Drug discovery using computational chemistry is established very well from the past few years due to development in combinatorial chemistry with computational screening and optimizing tools, with enhanced, fast and efficacious results. The computational methods help in predicting the conformational interactions of active drugs with the target sites. High throughput screening (HTS) and Computer Aided Drug Discovery (CADD) techniques have helped in suggesting favourable drugs out of huge libraries in a short time by understanding the interaction between the target molecule and the proposed drug. The drug discovery process includes several computational approaches before the clinical trials, right from the beginning in which identification of target and their association with a particular disease is considered for studies. The second step is to investigate the interaction of proposed drug molecules with validated target which is followed by the optimization of lead molecules for the improvement in their potency and biological toxicity [2, 3].




      This chapter aims to give an overview of different computational approaches and tools for the development in drug designing based on explanation from quantum mechanics. This covers various optimization procedures for enhancing potency of lead compounds. Finally, recent applications of CADD in designing drugs for viral diseases such as Ebola, Zika, Hepatitis C and Coronavirus are discussed.




      The first modelling approach in computational drug development method is to identify the probable target related to particular disease. Generally, these targets can be proteins, enzymes or complex bio molecules having specific bioactivity. CADD can be divided into Structure based drug design (SBDD) and Ligand based drug design (LBDD) based on the availability of the structures of the above bio molecule targets as shown in Fig. (1). Both approaches are complimentary to each other as SBDD employs known structure of the target moiety for the screening of active new compounds. The structural information of target is used to find new lead compounds by suggesting a design of potent molecule or through screening from virtual libraries and databases. Whereas LBDD is a suitable approach, when the crystal structure of drug target is not available. However, one must clearly understand that SBDD is based on the drug-target structure where in the binding efficiency by a specific ligand/drug is given major importance which may be studied using several docking tools. On the other hand, LBDD makes use of ligands of the target i.e. potential drugs shortlisted to bind to the biological target of the drug [4].
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Fig. (1))


      Computer-Aided Drug Design.

    




    

      



      STRUCTURE-BASED COMPUTATIONAL METHODS IN DRUG DESIGNING




      The process of drug designing is truly very challenging and costly both in terms of currency as well as time. The role of computational tools in structure based drug designing acts as a shorter route in the adventurous journey by potentially decreasing the revenue involved in research and its development further. Today it has become one of the most applicable and requisite tools for the development in this field. This section lays emphasis on the different steps involved in structure based computational methods in drug designing, which shall be discussed in detail step by step.




      

        



        Finding the Target Structure




        Whether the drug-discovery method is based on structure or it is based on the ligand, the first and foremost work of utmost importance is the identification of the target. It is the most important process as it involves classification of the direct molecular target which may be of biological origin e.g. a protein or a nucleic acid. Finding the target is primarily done for finding an efficient target of a drug. There are several techniques which are involved in finding the target structure which may be based on principles of several scientific disciplines like biochemistry, genomics, biophysics and chemical biology. Recent research articles lay emphasis on the importance of the target structure for a particular class of chemical compounds. The idea is that once a potential target has been identified, it simultaneously becomes important to work out and capture the entire clinical spectrum of the biological problem and the role of the drug in the treatment of disease. It is very important for the drug to bind to the molecular target productively [5].




        Once the target is identified, it can be changed or modified by a chemical molecule in the form of a drug without bothering about its size. There may be different types of targets e.g. targets of biological origin like proteins, nucleic acids, etc. The latter i.e. the target’s activity should be susceptible to change when made to interact with a drug of chemical or biological origin. Therefore, just like a wave function, we expect the target to be well behaved. A Well-behaved target or a ‘decent’ target must possess some key characteristics:




        • The target selected must have some direct or indirect connection to some disease.




        • It must play an important role in modification of the disease under consideration.




        • The target must have a favourable profile of toxicity which helps in effective prediction of side-effects or harmful effects, with the help of data of phenotype available for the target.




        • The target should be easily examinable which would enable it to be screened vigorously through any latest technology available.




        • The structure of target should be available to assess its interaction with the drug.




        • The market value of the target specified should be high with great relevance to the pharmaceutical industry.




        For a good drug designing, the broad-spectrum analysis of the disease with which the target is associated should be carried out and captured. The role of the potential biological target in affecting a particular disease is of great significance. No disease will get cured or prevented unless the drugs of chemical or biological origin get bounded to the target firmly [6].




        There are a number of ways, which may be employed for identification of target. One of the most convenient methods, though requires a dedicated study, is to carry out an elaborate literature survey. Another method based on similar lines is to go through the public databases available. These methods are available in an open domain and hence have chances of great competition in the day-to-day research and development. In order to be in the lead to perform research in drug designing, it sometimes becomes mandatory to consider those targets also for which the data available is insufficient; hence, would pose fewer competitions. Other strategies for identification of potential target would include either of the following two: Designing of an effective drug followed by identification of target or vice-versa method which implies looking for a new target followed by virtual screening to establish a drug that binds to the target efficaciously. In all ways, the main motto is to establish a drug design which should be impactful [7].




        There is a term used for identification of the target specifically which is known as ‘target deconvolution’ which has an approach based on phenotype. According to this method, models of animals, tissues or cells are exposed to molecules of variable sizes (preferably small) to check the efficacy of the drug’s impact onto the former which is primarily checked on the basis of change in its phenotype. Small molecules can be comfortably characterized using several models of animals but still the use of cells especially those of mammals are often favoured. The reason is their compatibility with virtual screening and hence, relevance to their physiological properties. There are a number of methods that fall under this term e.g. chromatographic techniques based on affinity, microarray of proteins, biochemical suppression, etc. [8]. This approach is anytime suited as it extensively involves study of signalling routes or pathways, which goes beyond the normal research, regarding the basic structure of individual proteins or nucleic acids. The benefit of approaches based on phenotype of the drug is that the drug’s effectiveness can be easily established with regard to the environment in which it has to prove itself. The interaction of drug with the target site gives a clearer picture in one go rather than waiting to identify the target in its pure form on biological display. However, there are several challenges associated with it like cost factor, complicated methodology based on assays. Nevertheless, improvements are taking place both in terms of scalability and relevance with respect to physiology and visualization of 3D models of cells. Screening based on phenotype has provided motivation to many advances in technology that include tools for gene-editing, assays for detection and imaging [9].




        After having discussed identification of target based on target convolution, now we may throw some light on drug designing based on target specifically which may also be referred to as the ‘Discovery of Target’. Targets of biological origin are already known even before the discovery of the lead begins. Therefore, screening done on the basis of target search has ‘target discovery’ as the main cornerstone. At the very onset of the process of drug designing, it becomes pertinent to know about the target’s characteristics in details so as to get a clear picture of its role in a particular disease functioning. The target identified then will be used to develop assays based on justified systems. Virtual screening of large compound libraries is the next step to look out for the best hit which will be considered as the drug with the best candidature. This is the best suited method to understand the mechanism involved through which the drug would interact with the target and hence, is considered better than method discussed earlier for target identification. These methods offer a simple and a cheaper approach to design and develop a drug through a quick approach.




        Drug discovery based on target identification first can be done using several methodologies such as biochemical sciences, binding kinetics, binding thermodynamics, molecular modeling and crystallographic studies. All the mentioned approaches will help in understanding the chemical interaction between the target and the drug in a deeper way so that it enables us to develop QSAR (Quantitative Structure Activity Relationship), biomarkers and even drugs of the present day and those that belong to future that act directly at the target specified [10]. The following sections in the present chapter now discuss the structure and ligand based drug designing methodologies that are employed suitably after identification of the target is done.


      




      

        



        Pharmacophore Modeling




        Pharmacophore modeling plays a very important role in both ligand as well as structure based drug designing. It is a distinct and truly a unique subfield of computer aided drug designing. This concept is not only studied for designing of novel drugs but also as an important tool for computational/molecular modeling in the process of drug discovery. The pharmacophores created are used to display and recognize molecules on a two as well as three-dimensional platform by visualization of important features related to identification of the molecule. The research based on pharmacophore modeling started and developed during late 1800s when it was initially established by Paul Ehrlich [11]. In the earlier days it was believed that the biological effects were a result of the presence of functional groups in the chemical molecule and the ones having groups from homologous series were expected to show similarities in their action. But today, pharmacophores are believed to be molecules related to patterns of abstract features and not concerned with functional groups in particular. The IUPAC defines it in a specific fashion to be an ensemble of steric as well as electronic features pertinent for minimal supramolecular interactions to block the target site and hence, its biological response [12]. This is what the ultimate goal of structure based drug designing is. All types of atoms or particular groups of molecules which are known to display some key feature properties that concern with recognition of molecular target are eligible to be shortlisted for pharmacophore properties. These may be classified in various forms such hydrophilic or hydrophobic, hydrogen acceptor/donors, aromatic, anionic, cationic, or any other permutation or combination of these features and more [13]. To have a quick understanding of structure based pharmacophore modeling, one may now remember that here one starts with the three-dimensional structure of a protein or any other biological macromolecule target or a ligand complex with a complicated molecule. The format of this method deals with first doing a research of the important chemical reactions and bindings possible at the target site both directly and in a complementary fashion, followed by formation of an assembly of pharmacophore model with specifically selected features for the desired application. Pharmacophore models based on structure can be divided into two categories of macromolecules: (i) without ligand (ii) with ligand. Pharmacophore models with ligand are more approachable as it is useful in detection of the active site where the ligand can bind at the macro-biomolecular target structure and is also beneficial in determination of the principal interaction sites between the drug molecules or ligands [14]. When the specified models are available with a decent number of ligands, then several programs can be employed to carry out Pharmacophore structure based drug designing [15]. LigandScout is the best-suited example for this [16]. Other examples for complex of bimolecular–small molecule based pharmacophore modeling programs are GBPM and Pocket v.2 [17]. When many molecules of different origin are compared in pharmacophores modeling, then this practice refers to “Pharmacophore fingerprints”. This representation is what reduces the chemical moiety to a combination of all features at two or three-dimensional level. In case, only a few properties/key features of pharmacophores are taken into account during a three-dimensional model study then pharmacophores are often called a ‘query’ [18].




        One of the most commonly used applications of pharmacophores is Virtual Screening. There are many strategies possible for the same. This concept of pharmacophores modeling is not only used for target identification but is also employed for ADME-tox modeling and off-target prediction. When these pharmacophores are clubbed with MD Simulations (Molecular Docking Simulations), virtual screening gets improved. Now pharmacophores modeling is not only used for Structure based drug designing but is also significant in ligand based drug designing that will be discussed later in this chapter, for designing of proteins and also to study protein-protein interactions [19].




        The key properties of pharmacophores models describe the standard interfaces between the structure and ligand or protein and ligand. This can definitely be mapped to form a chemically and biologically active conformation of the small molecule which is serving as a ligand. Generally, the model of protein is obtained from XRD studies or NMR Studies, but homology modeling and other similar tools/databases are also being used nowadays. It is quite important to know at least one ligand structure but it is more advantageous to have a three-dimensional picture of several ligands to have a deeper understanding of common interactions. This approach is used by many pharmacophores modeling techniques. The first software package that could generate a query automatically from pdb files based on interactions between proteins and ligands is ‘LigandScout’. Queries generated based on structure based drug designing have a wide range of applications. Ligand binding pose prediction, virtual screening, and comparison of target sites of interactions, are examples to name a few [20].




        Future perspectives on pharmacophore modeling can be defined infinitely. Ranging from target identification to scaffold hopping, from similarity metrics to virtual screening, from structure modification to ligand optimization, the list of its applications to computer aided drug designing is endless [21]. Scientists world-wide are known to generate models (query) based on pharmacophores that encodes the rightly ordered three-dimensional pattern required for interaction. The information about the structure becomes mandatory and the multiple routes available for construction of a query - all depends upon the information available about the target of a particular protein. Recent developments have shown that queries have been generated from important features known for an active site of protein. The idea initially focused on ligand based drug designing but now, it has also been reversed and pharmacophore models now represent key feature of the structure of proteins/queries as well [22].




        Structure based drug designing based on pharmacophores however have limitations too. It needs to have the three-dimensional structure in a mandatory fashion. This implies that in case there are no ligands to target the active site, then one cannot apply the structure based drug design. Then in order to overcome this problem, macromolecule based approach will have to be used. Structure based pharmacophores method can be employed that will convert interaction maps of internal protein binding site to features related to pharmacophore like hydrophobicity, hydrophilicity, H bond acceptor, H bond donor etc. Other approaches like GRID can also be used [23, 24]. Tintori et al. have also reported another apoprotein-based approach [25-27]. The development, formation and utilization of the pharmacophore models is based on an important supposition that all the ligands created must bind in a similar manner to the target of the biomolecule.


      




      

        



        Ligand Docking




        The basic principle behind protein-ligand docking is the study of association of the ligand with a protein of known structure. There are several applications that help us in doing ligand docking. For example an application known as AutoDock Vina is freely available for everyone to study molecular modeling and drug designing [28]. Through this application we can predict the best fit for ligand and the protein molecule and also come up with a ranking for all the combinations formed. It is important for a researcher to visualize the interactions between protein and ligand before running the simulation on screen. There are several Molecular Modelling tools that help us in visualizing interactions occurring between the ligand and the biomolecular target with high clarity. The software’s that support these visualization tools include Argus Free Lab, AutoDock, Schrodinger and Discovery Studio to name a few. While the first two are freeware, the last two are paid software’s [29]. A graphical overview of ligand docking with a protein target is shown in Fig. (2). This needs to be done in order to make sure that the final outcome of docking i.e. the product in the form of a complex that gets formed is stable and strong enough for further applications. This would pave the way for an early screening for an efficient ligand-protein docking.
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Fig. (2))


        Protein-Ligand Docking.



        In this regard, structure based drug designing has not only helped in framing efficient analogues in the form of best possible macromolecules for the known as well as unknown drugs that have been known but do not get to showcase minimal output for a particular disease. Nowadays there is an increasing demand of data scientists who can collect and combine data in a synchronized fashion from the constantly increasing database that facilitates future study in the area.




        For ligand docking, the structure of the protein sometimes poses a major drawback owing to its inflexibility. This poses a hindrance to the aim of achieving maximum efficiency. But steps and measures are being looked for to overcome this problem. One of the structure based virtual screening method is Protein-ligand docking. High throughput screening is employed for protein ligand docking and crystallographic data is exploited by many leading programs. It is not an easy to study the interactions between two or more molecules. The solution gets complicated due to multiple forces which are involved in bonding like Van der Waals forces, stacking forces, hydrophobic and hydrophilic forces. There are still many unanswered queries due to the complexity involved in studying the ligand-protein complex and also inadequate information and knowledge about the impact of the solvent. The entire methodology is based on mimicking the natural pathways of interaction between the two moieties via lowest energy profile. Structure of the receptor plays a primary role to have an efficient ligand docking.




        Ligand docking basically involves three methodologies:




        • First step in this direction is to prepare suitable compounds for analysis of the database so obtained. Here, appropriate tautomeric and protonated forms are prepared to avoid electrostatic and steric clashes between ligand and binding site.




        • Second step includes computing of conformational algorithm by accounting various degrees of freedom. These algorithms help in exploring conformational spaces inside the target site in an efficient manner.




        • Last step is scoring of binding free energy of the ligand molecule inside the active site of the target. These scoring functions can be classified into three groups such as empirical, molecular force field and knowledge based scoring functions [30].




        To summarize, one may talk about ligand docking as a process that involves prediction of the most suited orientation with regard to interaction with ligand when it gets bound to the macromolecule to form a stable complex. This is most importantly studied to develop an understanding of protein-ligand interactions which are important to the development of computer aided drug designing. Binding energies are then calculated for small molecules to predict the best bound conformation. Experiments based on ligand docking are very helpful in exploring the role of target and even the ligand. It is also useful for virtual screening where thousands of compounds/ligands/small molecules are docked and are given priorities. These may then be employed for identification of new inhibitors for designing of modern day drugs [31-34].


      




      

        



        De Novo Design




        For the drug designing, De novo design offers a unique approach. The optimization of the system can’t just be restricted to the performance of a pre-designed or earlier known system but rather it must be extended to design a minimal ligand that can effectively work as a drug. This implies that our aim is to carry out search for an effective drug rather than an efficient drug. De novo design is not based on optimizing an ill-configured structure system which may prove to be wasteful and ineffective but it’s based on designing of minimally selected systems that hardly require any further refinements or geometry optimizations [35].




        How a particular protein relates to a specifically exclusive structure remains as an untold story to the intrigued chemists which ultimately leads to the designing and studying of those molecules having already well-established structures. Recent studies have shown that certain regularly repeating systems have proved to be effective for certain foldamers that have been designed especially to accept a tertiary structure with helices’ bundles. Designing of the single moiety or the monomer geometry is done for creation of non-living or abiotic foldamers. Such kind of new designing approaches definitely will pave way for several more applications.




        To summarize the de novo design patterns, one may suggest growing a particular template computationally for candidate molecules for highly specific materials. These may be microporous in nature too. Simulations have been able to rationalize templates that are known for chabazite and EU1 and de novo design has led to the suggestion for making new template molecules for structure synthesis for the same [36].




        Both structures based and ligand based drug designing techniques are used in de novo designing techniques. The former is essentially known when a well-established structure of the macromolecule like protein is known beforehand. The latter is described in the sections to follow. When the information is available in abundance, then these methods can be used in combination too to enhance the efficiency of the method and increase the effectiveness of the drug designing method. The improvements and developments of these methods for de novo drug design have been discussed elaborately in several reviews too [37].




        There are computer programs that are freely available for structure based de novo drug design too like LigBuilder that help the researcher develop better insights into understanding the concepts in a better fashion [38]. The in silico methods used now in wide range of projects involving drug designing proves its success in latest biological, chemical, medicinal and pharmaceutical research [39-41].


      


    




    

      LIGAND BASED COMPUTATIONAL METHODS IN DRUG DESIGNING




      The discovery of novel drugs using in silico approach is being widely used in various preclinical steps. The screening and prioritization of lead compounds through huge databases is done by Ligand and Structure based drug designing methods. Ligand based drug design (LBDD) approach is applicable only when the 3D structure of the target is unknown. Different LBDD methods employ physicochemical characteristics and pharmacophore models in order to define variation in the structure activity relationships (SAR). The SAR thus obtained can be used to predict the novel compounds with improved potency. The general belief behind this approach is that the structure of ligand contains all the required information that explains the action of mechanism, lipophilicity and other pharmacokinetic characteristics. Then by exploiting the properties of known active ligands, similar structured new ligands are developed with improved pharmaceutical properties. The advantage of LBDD over SBDD is that the later one is more costly and suffers from poor prioritization of binding orientation. SBDD is also associated with other limitations like it cannot identify ‘activity cliffs’, which can be achieved by specific LBDD approach known as Quantitative Structure Activity Relationships (QSAR) through measurement of physicochemical characteristics. This ligand based approach allows quick database filtration and predict novel drugs on a large scale [42]. However, LBDD have certain drawbacks such as the prioritization of model through statistics can itself produce false results. Also, this approach is beneficial only when sufficient amount of information about active conformation of compounds is available [43].




      Generally, LBDD method uses two elements mathematical tools to predict models and molecular descriptors [44]. Some of the widely used methods included in LBDD are discussed in the following sub sections to give a broad understanding for the same.




      

        Quantitative Structure Activity Relationships (QSAR)




        QSAR methodology is very efficient in drug designing as they are cheaper alternative for predicting physicochemical properties of unknown compounds. The basic concept behind this methodology is that the difference in the structure of molecules can be quantitatively related to the difference in their biological activity. Thus, all the biological activities or other functions of molecules can be related to molecular descriptors which can be used to measure the contribution towards biological effect. The generation of a QSAR model is possible only after designing a suitable experiment to derive a model that utilizes least number of descriptors to explain maximum activities and characteristics as possible. This serves as a tool for reducing the number of steps in synthesis as well. One must have more than five compounds for each descriptor and each descriptor must undergo a verification analysis. The verification can be done on the basis of whether the change in descriptor’s value is bringing about any change in activity or not. If no, then there is no point in including that descriptor. The descriptors included must have correlations amongst themselves.




        Development of QSAR requires various software such as Concord, CORINA, and Frog etc. to draw 3D structures while Dragon, PaDEL and Molconn are used for descriptor calculations in following steps:




        • Generation of 3D model for geometry-based descriptor calculations.




        • Molecular structure descriptors are generated with help of previous step.




        • Feature selection tools are used to select most significant descriptors.




        • Formation of QSAR model through the help of prioritized descriptor sets.




        • Validation of the model is done by predicting activity of the compound in external prediction set in the last step.




        The numerical interpretation of molecular information is done by using molecular descriptors. There are different QSAR model that can be differentiated based upon the dimensions of molecular descriptor:




        I. 0D QSAR depends upon the descriptors based on molecular formula and hence, gives information related to the molecular weight, number of atoms and their respective properties.




        II. 1D QSAR consist descriptors derived from substructures of the molecule such as rings, functional groups, substituents. It in addition gives the data related to fragment counts and their presence like the number of primary carbon atoms and secondary carbon atoms).




        III. 2D QSAR contains graphical representation of the molecule and provides information about how the atoms are connected in the molecule with interatomic interactions.




        IV. 3D QSAR uses three-dimensional geometrical representation of the molecule. The descriptors involved contain surficial and geometrical properties of the molecule.




        V. 4D QSAR further includes freedom of alignment to prepare the training sets and also includes conformational data by incorporating calculations related to averaging of ensemble which adds the fourth dimension.




        VI. 5D QSAR evolves after the simulated evolution is carried out and the fifth dimension is attributed to the probability of introducing an ensemble of different type of induced fit models which are at least six in number.




        VII. 6D QSAR include calculations of every solvation model specifically and simultaneously.




        The properties or the basic definitions mentioned for the respective QSAR approaches give us the best suited model according to each methodology and also opens up the prospects of understanding the concept of drug designing in a better fashion [45, 46]. Nowadays, Partial Least Squares method and Multiple linear regression are used as the methods for deriving QSAR, QSPR and QSTR models (A=Activity, P=Property, T=Toxicity).




        QSAR plays a crucial role in designing chemical structures having good potency, target specificity and low toxicity with reduced computational cost. QSAR models in combination with other methods can be helpful in evaluation of inhibitory activity. These studies are also helpful in predicting antioxidating properties of Coumarin derivatives. Additionally, CoMFA approach of 3D QSAR studies has shown good results in predicting models based on steric and electrostatic field as descriptors. This approach aligns ligand on the basis of 3D structure of a specific grid. Another approach of 3D QSAR, CoMSIA takes into account different terms such as hydrogen bond donor-acceptor, columbic and steric interactions. It also uses special Gaussian function to describe electrostatic and steric components.




        However, the accuracy obtained through QSAR studies need to be improved by encoding measured molecular structure descriptors with structures. The reliability of the developed QSAR models can be enhanced by combining it with other techniques such as molecular dynamics simulations along with the improvement in hardware and software of the computers [47]. There are many other methods now in practice employed for generation of models, many of which are suited for attending to certain specific types of issues and problems which will be discussed later.


      




      

        



        Pharmacophore Modeling




        Pharmacophore modeling utilizes efficient methods in order to filter lead compounds from huge databases by virtual screening. According to IUPAC, pharmacophore is an ensemble of electronic and steric properties which is necessary for molecular interaction with the selected target. As already discussed, a pharmacophore is a portrayal of molecular features that are essential for recognition of molecule by biological molecule. These molecular features include aromatic rings, anions, cations and hydrogen bonds which are also known as pharmacophoric points that can be present on either the ligand or the receptor. A well-established pharmacophore model contains both hydrogen bond vectors and hydrophobic volumes with spatial arrangement of different molecular features that are necessary to interact with the target. This method is highly effective in classifying ligands into inactive and active groups. There are various commercial software available for generation of pharmacophore automatically such as MOE, GLIDE, SLIDE and PHASE. Usually, the pharmacophore generated through training set of ligands include two steps:




        i) Creation of conformational space of every ligand of the training set in order to represent flexibility of different conformation of the ligands.




        ii) Ligands are aligned from the training set and essential molecular features are determined to prepare resourceful pharmacophore models [48].




        The different processes that are included in pharmacophore modeling are:




        • Dataset preparation – A set of similar structured ligands with good biological activity are converted into their pIC50 (-log IC50) that is used as an input data for the software.




        • Ligand preparation – ligands having best suited conformations and chirality are developed which somewhat similar to the molecular docking approach.




        • Pharmacophore sites preparation – different molecular features such as aromatic rings, hydrophobic sites, hydrogen bond donor-acceptor are used to produce pharmacophoric sites for creating pharmacophore model.




        • Arranging and alignment of ligands – pharmacophores having similar molecular features and spatial arrangements from the dataset are identified separately with the help of software. Finally, a scoring function is employed to give the best suited alignment of the ligands [49].




        The use of specific features to create pharmacophore models both according to SBDD or LBDD is nothing but a simple extrapolation of the ‘bioisosterism’ concept that lays emphasis on identification of common biochemical and biophysical characteristic present in certain functional groups [50]. After implementation of database searching, swiping through theoretical databases, generation of programs for development of structures, search and analysis of conformations, it is that ‘Pharmacophore mapping’ is done. Some methods employed for the same include Constrained Systematic Search, Clique Detection, Likelihood method, genetic algorithm, etc. Each of the method is associated with some limitations too and hence, owing to these limitations, newer approaches are getting developed for obtaining the best pharmacophores [51]. Therefore, what this section defines is basically how ligands can be overlaid based on similar characteristic features when related to their binding abilities at the target site [52].


      




      

        



        Virtual Screening




        Virtual screening is considered as computational analogue technique of High Throughput Screening. It has been extensively utilized in the various steps for the development of novel drugs. More specifically they help in identification of lead compounds and in their optimization step. Virtual screening basically filters the active compounds by ranking or scoring with the help of various computational tools. It is a fast and cheap alternative for high-throughput screening in order to discover potent drugs. The two main branch of computational drug designing for virtual screening are structure and ligand-based drug designing. The structural based virtual screening can be used only when the 3D structure of the target is known. Whereas, ligand based virtual screening (LBVS) is a complementary technique that works when there is no 3D structure of the target is available. LBVS is based on the fact that molecules having similar structure with an active compound are more likely to have drug like property as compare to random molecules. This method uses the available information of known potent drug for filtering lead compound in place of the 3D structure of the target. This approach is highly effective in case of apo form of protein and G-protein coupled receptor where actual structure is not clear [53].




        The process involved in LBVS is the evaluation of new compounds having similar structure with the known active molecule. There are various criteria for scoring and filtering assessment in the virtual screening. The similarity measurements are further carried by different techniques like molecular shapes and pharmacophores. Molecular shape technique attempts to overlap shapes maximally by assigning the similarity value based upon the degree of shape overlap. Pharmacophores technique on the other hand uses distances between different molecular features such as hydrogen bond donor-acceptor, aromatic rings to generate patterns. Then similarity value is calculated by comparing the respective patterns [54].




        Even after huge development in various combined computational approaches the improvement in the development of drugs is not appreciable. The issue forced the researcher to introduce more effective concepts such as ‘drug likeness’ in virtual screening. It attempts to distinguish the particular moiety of the active molecule which is responsible for their biological activity. Also, filters based on ADMET properties, descriptors and Lipinski rule of five are being utilized to screen lead compounds from huge libraries. However, there is still a huge scope in the improvement in the field of scoring and development of reliable models which can be enriched with advanced algorithms and improved hardware [52].


      




      

        



        Scaffold Hopping




        Scaffold Hopping was first employed by Gisbert Schneider in 1999 to recognize different functionalised core molecules having similar functionality. The aim of scaffold hopping is to find isofunctional characteristics in structurally different molecules. In the case where 3-D structure of the target is absent, pharmacophores play a vital role for drug development. However, pharmacophore doesn’t provide sufficient activity towards the target. Additionally, selectivity and ADMET properties require further improvement. So, there is requirement of methods that can keep the beneficial properties and eliminate the bad ones of the screened compounds. Since huge number of compounds in databanks and libraries have poor pharmacokinetic properties that further results in inheriting their unfavourable characteristics. The appropriate solution to this problem can be achieved by replacing the parts of the molecule responsible for the undesired properties. The scaffold hopping is used to provide information about the additional changes required to replace the undesired parts of the core structure that are responsible for poor activity. Sometimes, there is need of replacing the whole core structure or scaffold of parent compound, whereas in some situation small modification in side chains are also sufficient to eliminate the undesirable properties. Various virtual screening methods have been predicted for scaffold hopping and ligand based similarity searching is one of them. Though, virtual screening attempts to figure out novel structures whereas, scaffold hopping focuses only on the particular portion of the molecule that needs to be replaced or in other words we can say that scaffold hopping emphasis on already existing chemical moiety. Later the scaffolding target compound is converted into scaffold query that is appropriate for database searching [55].




        The classification of scaffold hopping approach is based on the idea that how much variation is introduced in parent molecule to provide different derivatives. The small modification such as replacing particular atoms in the parent chain or molecule comes in the category of 1o hopping. Generally, MORPH software used for 1o hopping that is useful for creating ring structures systematically without altering the coordinates of the ring. 2o hopping includes ring opening and closure, as most drug compounds have ring moiety, so ring closure and opening are efficient methods to develop new scaffolds. However, there is no particular software to provide ring closing and opening strategies but Cambridge Structural Database (CSD) can be helpful in validating the design in this field. 3o hopping includes mimicking of various features of peptides with the help of templates. Development of peptides is useful in situation where there is imbalance of the peptides in the body that leads to various diseases. ReCore and CAVEAT software are used to design scaffolds in order to substitute peptide parts. 4o hopping which is also known as topology/shape based scaffold hopping, can be created by using virtual screening. Virtual screening mainly focuses on filtering whole new compounds whereas scaffold hopping focuses on discovering new core structures. CSD software can also be used in this case to define various topological needs [56].




        Scaffold hopping, though a new technique is gaining attention of the scientific community for discovering novel and effective drugs. It plays a crucial role in optimization of hit compounds and enhances the chances of developing compounds having more activity by replacing undesirable core structures. It can also be utilized to jumpstart project from naturally occurring substrates to effective drug like compounds [57].


      


    




    

      



      MULTI TARGET DRUG DESIGNING




      There has been a huge advancement in the field of different screening and optimizing tools for the development of drug. Still, there is stagnant growth in the availability of successful drugs in last few years. It was observed that single target drugs are not always able to inactivate the target successfully.




      Specially, in case of complex diseases which can affect the host in compensatory manners cannot be effectively treated using single target drugs. Scientists found that the compensation can be made by introducing the concept of multi target drug design. The best example to simplify the concept can be provided by cancer diseases whose targets are scattered widely and require diverse chemotherapy methods. A Multi target drug plays a vital role in such scenarios where inhibition potency against multiple active sites is required in comparison to single target as depicted in Fig. (3). It was observed that the different targets related to a complex disease have networked connections and multi target drugs strategy can be easily applied against them. Additionally, it was suggested that partial inhibition of multiple targets through multi target drugs approach can be more beneficial than total inhibition of single target [58].




      This strategy has been extensively strengthened by both branches of computer aided drug designing i.e., Structure and Ligand based drug designing. The various tools involved in structure and ligand based methods as discussed above, have made the multi target drug design approach faster and easier to handle [59].




      This approach has been used by various researchers in order to develop efficient drugs against various disease such as Vincetti et al. attempted to develop drug against dengue virus by virtual screening. He found that series of purines derivatives showed inhibition properties against virus replication at a very low concentration with no toxicity. The compound 16i among the various identified purines found to have much higher potency than ribavirin. It was able to target both host kinases c-Src/Fyn and NS5-NS3 interactions thus, exhibiting multi target characteristics [60]. Yang et al. on the other hand chose ementine (anti-protozoal drug) against Ebola and Zika virus infection. The drug showed inhibition activity against NS5 polymerase of Zika virus and lysosomal functioning at nano-molar concentration. Also, it showed similar efficiency against Ebola virus infections and portrayed itself as a novel multi target drug [61].
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Fig. (3))


      Comparison between Multi-target and Single-target drugs.



      However, this approach is associated with side effects and toxicology but rational drug designing can give better clinical results with safety. Thus, focusing on multiple targets by developing drugs with good safety profile rather than inhibiting single target can give better outputs in the medicinal field.


    




    

      



      ROLE OF QUANTUM AND MOLECULAR MECHANICS IN DRUG DESIGNING




      

        



        Homology Modeling




        Earlier, development of novel drugs to target active site of the protein structures were used to undergo screening process via experiments called high throughput screening, which was both expensive and tedious. Even after the huge development in carrying automated large number of experiments simultaneously at optimized conditions with the help of laboratory robotics, the method suffers from poor identification of potent drugs. As discussed earlier, SBDD employs the interactional information of target with known structure to the compounds from various databases in order to screen out potential hits. The structure available for different macromolecules and proteins as target is limited which is the biggest limitation of this approach. However, prediction of structure of such targets can be made through computational techniques, which is known as homology modeling. The principle of prediction in homology modeling is based on the fact that similar structured proteins have similar sequence alignment. This means that 3-D models can be predicted for unknown targets that shares structural similarity or have homologous sequence. Homology modeling of proteins basically follows four steps. The first step is the formation of template based on the known 3-D structure of correlated proteins. This is followed by the second step that is to align the sequence of target and in next step a model is prepared based on both alignment and the structure of template. The last step comprises refining, validation and evaluation to build an adequate model as given in Fig. (4). Validation of the prepared model generally starts by energy minimization with the help of proper molecular mechanics force fields [62].
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Fig. (4))


        Homology Modeling.



        The accuracy of the predicted model may vary based upon the degree of likeness in sequence alignment and structural similarity. Usually, the models with more than 50% sequence similarity are ideal for the drug development, while the sequence similarities in between 25 to 50% are good enough in order to assess druggability of a target. Multiple template approach is followed in case where sequence alignment is low and single template fails to give whole structural knowledge of the target. The multiple template technique uses dynamic programming in order to align several sequences simultaneously to predict various functional groups of the target structure.




        The application of homology modeling is not just limited to predict the 3-D structure of the target but extends to explain the interaction patterns and their functions. The target with known physiological role can perform as ideal target for the discovery of drug. Although this method is highly applicable to screen out hits from libraries in the absence of target structure but development in refinement tools is very essential to have more precise models with active binding sites and conformation [63]. Several studies have been reported based on the application of homology in the treatment of various diseases via protein-ligand interactions and molecular docking. For example, Fernando et al. and Ekins et al. have used the homology structures in order to develop lead compounds against Zika virus that will be discussed in more detail in later section of this chapter [64, 65].


      




      

        



        Molecular Dynamic Simulations




        The research based on many body problems becomes important and hence, is carried out with computational techniques to reduce the complexity involved in solving simultaneous equations of motion. Molecular dynamics simulations predict the time dependent interactions and movements of each atoms present in a protein or other macromolecule system. It is based on Newton’s laws of motion and one can speculate the position of individual atom with respect to time. Once the spatial information of each atom in different environment is available one can measure the different interactions exerted by other atoms on them. Firstly, molecular dynamics simulation was carried out in 1970s for a protein structure and has become very popular in recent years [66]. Generally, the molecular actions of interests are happening at a time scale of macro to nanoseconds and for the same reason simulations require very small-time steps of the order of 10-15 seconds which makes the calculations difficult to interpret in the beginning. However, developments in both software and hardware have made such interpretations very easy and economically favourable. The main advantage is that molecular dynamics simulations offer real time environment by subjecting the entire system to temperature and pressure conditions by offering it to evolve in time according to the interactions between the many bodies that take place during the simulations. Also, this method is highly compatible with modern experimental techniques for structure elucidation like Cryo-electron microscopy; X-ray crystallography, Nuclear Magnetic Resonance etc. [67]. There are many experiments designed for its testing in Critical Assessment of Protein Structure Prediction (CASP).




        This method has gained a lot of popularity over the past few years especially in the field of material sciences, biochemical sciences and biophysics. The simulations can provide insight of various molecular processes like protein folding and conformational variation. The various applications of molecular dynamic simulations are:




        • They play an important role in predicting how the macromolecules will behave at atomic level when they are subjected to any perturbation like ligand addition-removal, mutation and protonation.




        • To analyse the dynamic structural fluctuations that are happening due to presence of external environment such as salt ions and water molecules that plays a vital role in ligand binding.




        • Simulations also helps in revealing several biological processes and transportation steps happening across membranes as shown in Fig. (5).
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Fig. (5))


        Molecular Dynamic Simulations.



        The binding free energy values provided by simulations are quantitatively more precise in predicting ligand binding interactions than other in silico methods like docking.




        Carrying molecular dynamics simulations practically require optional hardware systems like Graphics Processing Units (GPUs) and supercomputers to measure forces using molecular mechanics force field. The term ‘force field’ refers to the potential energy which is calculated on the basis of bonded as well as non-bonded interactions. Hence, it forms the basics of Molecular Mechanics calculations as it needs to be set first before even planning out a run to be given for optimization or simulations. The parameters included are related to bond stretching, angle bending, out of plane bending, improper and proper torsions. Whereas electrostatic and Van der Waals interactions are included for the non-bonded interactions. The concept is vast and has several aspects to it, which is beyond the scope of the present chapter but still, to get a quick gist, a generalized Molecular Mechanics force field may be represented as follows:
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        In which the first five terms are for bonded interactions or internal interactions and the last two are for non-bonded interactions or external interactions. The main challenge in choosing the force field is to select the right parameters which ensure sufficient coverage of the chemical space occupied by the molecule of interest to generate the best suited model for the same. Depending upon these parameters and the suitability of the calculations for a specific type of a molecule different force field can be picked, a few of them are mentioned here:




        

          Molecular Mechanics Force Fields (MM2, MM3 and MM4)




          Initially, MM2 force field was developed to utilize structural data and heat of formation in 1976. Then MM3 was used to cover rotational and conformational energies parameters of hydrocarbons. Later to introduce vibrational energies and to model physical characteristics of compounds more appropriately MM4 force field was introduced.


        




        

          Merck Molecular Force Field (MMFF)




          It was developed to deal with large molecules such as biomolecules and drugs. It was therefore a preferential choice to study drug – target interactions to an extent.


        




        

          Universal Force Field (UFF)




          It was used to estimate the bond angles, connectivity and hybridisation of the molecules. However, it was not able to define strained compounds as it doesn’t include dipole interactions.


        




        

          Chemistry at Harvard Molecular Mechanics (CHARMM)




          This force field was designed to treat complex structures e.g. lipids of different membranes and other macromolecules. The advanced versions of HAFMM are good enough to do simulation study and modeling of sterols and nucleic acids.


        




        

          Assisted Model Building with Energy Refinement (AMBER)




          It was initially designed for optimization of nucleic acids by including all degrees of freedom. Additionally, it was able to include parameters like partial charges and hydrogen bonding in the overall calculations.




          Similarly, other mentionable force fields are Class II Force Field (CFF), SHAPES, GROMOS which have their own strengths and drawbacks. The big challenge in recent research is to introduce polarization effects in the force field calculations to carry out the modelling of molecules especially of organic and biological origin. This is especially needed for computer aided drug designing as the drug-ligand interactions should preferably be studied in water as the solvent medium. The challenge enhances on considering a polar molecule in water. Poisson followed by Onsager developed an equation so as to predict the permittivity’s of solvents to develop a better understanding of polarizabilities and dipole moments. So, an extension from the partially charged model that was fixed is required to attain the goal of computational drug design approaches. Thus, CHARMM force field was modified to develop these calculations by addition of polarizability terms. There are different types of models to introduce polarizability into calculations for force fields. Like the point dipole model and fluctuating charge model. Point polarizabilities are also added in AMBER. Owing to inaccuracies in results where polar residues are involved, there was an urgent need to develop a polarizable force field that would treat polarization effects specifically. Many researchers, to develop a polarizable force field in this regard, have already initiated an innovation drive [68]. The limitations of these methods owe to the force field based on molecular mechanics techniques that are used and also to the parameters sets that are shortlisted for calculations. Molecular dynamics calculations lay more emphasis on optimization of potential energy and not on the protein’s free energy which implies that the contributions of entropy that result in the polypeptide chain and protein’s thermodynamic stability are ignored. Hydrophobic effects and hydrogen bonding between different molecules are also not included as modern force fields don’t include them explicitly. Moreover, the Lennard Jone potential is applicable for systems in vacuum to calculate the van der Waals forces interaction which are actually of electrostatic origin and hence, have dependency on dielectric constant. Therefore, in Molecular Dynamics, the dependence on immediate environment of the macromolecule is often neglected while carrying out simulations run. This can be improved and hence, corrected by including polarizable force fields.However, acquiring knowledge based on structure based drug designing and the dynamics functionalities of the macromolecules is pertinent in order to develop a deeper understanding of the main features of discovery of newer drugs with great potential. There are various reports published that have used molecular dynamics simulations to develop novel drugs against diseases such as Nasution et al. to analyse the stability of complexes between lead compounds and nucleoprotein of Ebola virus [69], Sulaiman et al. used Amber14 for simulations in order to calculate binding free energies of drugs with VP35 protein of Ebola virus [70].
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