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    The new coronavirus (2019-nCoV) is part of the group of viruses in a format similar to a crown (Corona), more specifically belonging to the species Betocoronavirus, such as Middle East respiratory syndrome coronavirus (MERS-CoV) and acute respiratory syndrome (SARS). The outbreak was first reported in Wuhan, China, in December 2019, where several cases similar to pneumonia and SARS started to appear with symptoms of fever, cough, and severe respiratory difficulties [1-4]. Its origin is still unknown. Some works suggest mutations of the virus in bats or snakes, animals commercialized in the Wuhan market, which have infected humans. The homology similar to the 2019 - nCoV than to your Sequences of Bat SARS-like coronavirus supports the hypothesis that the transmission chain began from the bat and reached the human [5, 6]. It was what happened to the infectious agent that caused COVID-19.




    The improvement of drug discovery techniques is fundamental in searching for new therapies that could be selective and effective to combat SARS-CoV-2. Drug discovery approaches are based on ligands (Ligand-Based Drug Design - LBDD) or structures (Structure-Based Drug Discovery - SBDD). Concerning SBDD, it is the main and most evolved technique used for discovering new drugs. The application of SBDD techniques has been improved the pharmacological arsenal against diverse diseases, which allowed to discover innovative treatments, such as inhibitors of HIV-1 proteases. In chapter I, main SBDD techniques (i.e., homology modeling; molecular dynamics and docking; de novo drug discovery; pharmacophore modeling; fragment-based drug discovery; and virtual high-throughput screenings) applied to discover new hit compounds SARS-CoV-2 (COVID-19) will be discussed in detail.




    Medicinal plants with a wide range of bioactive compounds, which are exhibiting antiviral activities, are able to provide possible benefits as a preventive and treatment for COVID-19. Rockrose (Cistus spp.), lemon balm (Melissa officinalis L.), rosemary (Rosmarinus officinalis L.), licorice root (Glyrrhiza glabra L.), olive leaf (Olea europea L.), peppermint (Mentha piperita L.), basil (Ocimum bacilicum L.), sumac (Rhus coriaria L.) and different species of thyme (Origanum, Thymus, and Thymbra) are important medicinal plants having antiviral activities. Chapter II provides an overview of published scientific information on the development of plant-based antiviral therapeutic agents based on the extensive literature survey. Researchers from all over the world are dedicating themselves to several studies in an attempt to find the best treatment and prevention against the coronavirus. Chapter III addresses the main characteristics of SARS, the main targets and drugs that have achieved excellent results in clinical trials.




    With increasing COVID-19 cases globally, it would be too difficult to provide proper treatment even for the severe cases in hospitals. Therefore, the general public is advised to wear the mask, maintain social distancing and use sanitizers. The COVID-19 mild infected patients may be isolated at home and can be taken care of by natural medicines. In chapter IV, an attempt has been made to repurpose all potential natural drugs and natural Ayurvedic formulations that may be beneficial to combat viruses like the SARS-CoV-2 due to their antiviral and immune-modulator properties available under Indian traditional medicine and Chinese traditional medicine system for the effective treatment or prevention of COVID-19.




    Peptidomimetics have emerged as a potential class for designing new effective drugs against COVID-19, in addition to lopinavir/ritonavir, in which these drugs are currently being investigated in clinical trials. In chapter V, the authors describe peptidomimetic and peptide-derived inhibitors of 3CLpro from SARS-CoV-2, and also SARS- and MERS-CoV viruses, summarizing all relevant studies based on warhead groups utilization and SAR analysis for all of them to contribute to the development of compounds more selective, effective, and low-costs to combat these emerging viruses.
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      Abstract




      Viral diseases have caused millions of deaths around the world. In the past, health organizations and pharmaceutical industries have neglected these diseases for years, mainly because they affected a small geographic population. In contrast, since 2016, several viral outbreaks have been reported worldwide, such as those caused by Ebola, Zika, and SARS-CoV2 (COVID-19). Thus, these have received more attention, leading to increased efforts to search for new antiviral drugs. The SARS-CoV-2 pandemic, already responsible for more than 1,254,567 deaths worldwide, is the greatest example of a virus that has always been present in our society, responsible for small outbreaks in Asian and Arabic countries in 2004 and 2012. But, investments in research to identify/discover new drugs and vaccines were only intensified in 2020, in which only the remdesivir (an FDA-approved drug) was developed to addressCOVID-19 until today. Nonetheless, it has been used in hospitals in the United States and Japan, in emergency cases. Indeed, it justifies greater investments in discovering new alternatives that could save thousands of people. In this context, improving drug discovery techniques is fundamental in searching for new therapies that could be selective and effective to combat SARS-CoV-2. Drug discovery approaches are based on ligands (Ligand-Based Drug Design - LBDD) or structures (Structure-Based Drug Discovery - SBDD). Concerning SBDD, it is the main and most evolved technique used for discovering new drugs. The application of SBDD techniques has improved the pharmacological arsenal against diverse diseases, which allowed the discovery of innovative treatments, such as inhibitors of HIV-1 proteases. In this chapter, main SBDD techniques (i.e. homology modeling; molecular dynamics and docking; de novo drug discovery; pharmacophore modeling; fragment-based drug discovery; and virtual high-throughput screenings) applied to discover new hit compounds SARS-CoV-2 (COVID-19) will be discussed in details.
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      1. Introduction




      On December 31st, 2019, an outbreak of pneumonia was reported caused by an unknown etiologic agent in Wuhan, a province of Hubei in China. Thus, with the sporadic number of cases, on January 9th, 2020, the new coronavirus was recognized as the causative agent by the Chinese Center for Disease Control and Prevention (CDC). When it started spreading at an alarming pace to other countries in the world, the new coronavirus (SARS-CoV-2, or COVID-19) was declared a pandemic by the world health organization (WHO) on March 11th, 2020 [1-3].




      Since its discovery, SARS-CoV-2 has been responsible for several victims worldwide. To date (09/11/2020), there are already 50,266,033 confirmed cases with 1,254,567 deaths [4]. The main symptoms are fever, cough, fatigue, myalgia, and dyspnea. Its transmission occurs mainly through coughing, sneezing, and respiratory droplets [5]. These alarming statistics make research groups from around the world focus on discovering new therapies against this pandemic virus [6]. Advances in drug developments resulted in the repurposing of remdesivir in the United States. However, this drug still does not show the best effectiveness. So, a molecule that could be effective in eliminating SARS-CoV2 from the body is an unmet needed [6, 7].




      Currently, biological targets guide the process of discovering new drugs. Then, the structure of a macromolecule is fundamental for this process [8]. Such structures provide valuable information on mechanisms of action and their correlation with biological activity [9]. In addition, information about the biological target and the availability of three-dimensional structures for these therapeutically attractive targets have resulted in several advances in the identification of inhibitors, as well as potential binding sites, contributing to the basis of structure-based drug discovery strategies (SBDD) [10].




      In addition, in silico methods are increasingly gaining more visibility in the drug development field. These methods are used in SBDD and are related to higher chances of success with less financial cost and less time-consuming [11, 12].




      In this context, this chapter will be addressed to the main SBDD techniques (homology modeling; molecular docking and dynamic; pharmacophore modeling; virtual screening and virtual high-throughput screening; fragment-based drug design; and de novo drug design) applied for the discovery of new promising compounds against SARS-CoV2.


    




    

      2. Coronaviruses: History and Structure




      Coronaviridae is a family of several groups of viruses responsible for the infection of both animals and humans. From this family, there are seven viruses that can infect humans, being: Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV); Middle East Respiratory Syndrome Coronavirus (MERS-CoV); Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2); HCoV-OC43; HCoV-KHU1; HCoV-NL63; HCoV-229E [13]. Among these, the first three belong to the genus Betacoronavirus, and all of them display high potential for mutability, leading to plasticity and genetic variability, which contributes to their adaptation to different types of hosts [13, 14].




      The first discovery of SARS-CoV was around the 1960s [15]. This pathogen is related to flu-like symptoms. However, its progress generates respiratory failure and, in many cases, death since it presents a higher mortality rate [16]. The SARS-CoV is a virus from animal reservoirs (in this case, bats) that can spread to other animals and humans, initially reported in Guangdong (China), in 2002 [16-18]. One year later, it spread to Asia and America, affecting 26 nations and causing 8,000 deaths. After its control, other reports were associated with laboratory accidents or transmission from animals to humans [16].




      Concerning MERS-CoV, the main reservoir is dromedary camels and bats. These pathogens can infect bat cells through the receptor dipeptidyl peptidase-4 (DPP4), which is similar to the human receptor. The MERS-CoV exhibited widespread exposure in the Middle East and North, as well as in East Africa [17]. This disease was initially identified in 2012, in Saudi Arabia, and it has spread to about 20 countries. Since then, MERS-CoV has been detected in Europe, the Gulf region, and Korea. Since 2016, it is estimated that were infected approximately 1,638 people, of which around 35% were fatal victims [16].




      As mentioned in the introduction, a new CoV variant was detected in Wuhan, China (December 2019), giving rise to one of the most significant outbreaks of unknown viral pneumonia. The new SARS-CoV (SARS-CoV-2) is more genetically similar to the SARS-CoV than MERS-CoV. Thus, it could be used information from SARS- and also MERS-CoV to discover new therapies [19, 20].




      Deeming the knowledge about the structure and function of the virus, it is possible to model drugs with a focus on each target. In this context, the structure of SARS-CoV-2 is composed of structural and non-structural proteins, being used frequently for the design of new inhibitors. The structural proteins are spike (S) glycoprotein, membrane (M), envelope (E), and nucleocapsid (N) proteins. Among these, S protein is one of the most promising targets in drug discovery for SARS-CoV-2. This protein is related to viral entry by recognition of the membrane receptor and membrane fusion, mainly interacting with the Angiotensin-Converting Enzyme-2 (ACE-2) [21, 22]. In Fig. (1), it is shown the structural proteins from the SARS-CoV-2.
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Fig. (1))


      Structural proteins from SAR-CoV-2.



      In total, SARS-CoV-2 has 16 non-structural proteins with different functions. These proteins are the main protease (3CLpro or CLpro or Mpro or nsp5) papain-like protease (PLpro ou nsp3), RNA-dependent RNA polymerase (RdRp ou nsp12), complex nsp7_nsp8, methyltransferase stimulating factor complex nsp16_nsp10; complex nspP10_nsp16, binding proteins nsp9; and endoribonuclease nsp15 [21]. Among these, the 3CLpro seems to be the most attractive target for drug discovery against the SARS-CoV-2 since it is responsible for cleaving polypeptide sequences after the glutamine residue. Moreover, there are no human proteases with similar structures or functions, making 3CLpro an ideal target for designing new drugs [23].


    




    

      3. Drug Discovery Process




      Developing a new drug is a costly and time-consuming procedure [24, 25]. The estimated time to discover a drug is about 12-14 years, costing approximately US$ 1 billion [26, 27]. Before the substance reaches clinical trials, several steps are needed, which include evaluation and its effectiveness, adverse effects, pharmacokinetics, and other parameters. Additionally, combinatorial chemistry and high-throughput screening (HTS) has become quite common in drug development groups. However, there is a need for methods that reduce the financial cost related to research, making drug discovery enter in “big data era”, which refers to a large amount of data using mainly the field of information technology [24].




      The drug discovery process is divided into 4 stages being 1) Selection and validation of the biological target; 2) Screening of compounds in a database and lead optimization; 3) preclinical studies; and 4) Clinical studies. In this context, in silico studies are widely used in steps one and two, in order to decrease the number of candidates in biological tests and increase the possibility of obtaining new hits [28].




      In this context, computer-aided drug design (CADD) methods emerged to reduce the time (approximately 50%) and costs associated with the search for new therapeutic agents. Two approaches are more common within CADD methods, namely SBDD and ligand-based drug design (LBDD) [26, 29].




      SBDD is a strategy based on information about the 3D-structures of targets Thus, the 3D-structure normally refers to the crystalline structure of a target complexed with a ligand. These structures can be used in the screening of large libraries of compounds. The screening can be rationally guided, showing the ligand’s complementarity at the binding site, improving the potency and selectivity of molecules [26, 30]. Molecular docking is the main technique used in SBDD protocols, which provides conformations and interactions of a ligand with a macromolecule. Pharmacophore models are also widely used to guide virtual screenings and designing new active ligands [30]. In cases where there are no 3D-structures for the target, homology modeling can be used to solve this problem by building a target from 3D-based template with high similarity via alignment with other targets (from the same organism or other organisms) [30].




      LBDD strategy is usually applied when there is no crystal structure for targets. In sense, LBDD is performed based on ligands, which represent a set of inhibitors with well-known activity. Still, utilizing pharmacophore groups, the analysis of the similarity between ligands, or the development of Quantitative Structure-Activity Relationship (QSAR) models, results in successful strategies in drug design [26, 30]. In Fig. (2), is presented the main techniques comprised of LBDD and SBDD approaches.
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Fig. (2))


      Main techniques used in CADD.

    




    

      4. SBDD Strategies and Discovery of Hits Against Coronaviruses




      

        4.1. Homology Modeling




        The main factor related to success in an SBDD approach is to obtain the 3D-structure of the targeted macromolecule [31]. The main database for obtaining 3D-protein structures is the Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB), which contains thousands of experimentally obtained structures. Additionally, the National Center for Biotechnology Information (NCBI) database is one of the main servers for obtaining protein sequences and performing amino acids’ alignments and contains millions of deposited sequences. Furthermore, it is clear that the number of deposited sequences is higher than 3D-structures’ number [32].




        Given the fact that there are more sequences deposited than 3D-structures of proteins, the prediction of these structures made through computational techniques has been considered promising. Thus, when there is no a 3D-model of a targeted protein, homology modeling can fill that gap by using its amino acid sequence (normally in FASTA format). Therefore, homologous protein sequences with known 3D-structures models are used and thus generate a 3D-structure for the intended target, in which it has not been experimentally characterized [33, 34].




        For a model to be considered homologous should present over a 30% similarity index between the template and retrieved sequences. A convenient homology procedure is based on the following steps: 1) Identification of a known 3D-structure that could serve as a model for building a hypothetical model; 2) Alignment of the template and model proteins’ sequences; 3) Building 3D-models from the alignments; 4) Validation of the best built homologous model. For the refinement, these steps should be repeated as many times as necessary until obtaining the ideal model validated [35] (Fig. 3). All these steps can be performed using the SWISS-MODEL web server, which is one of the most used tools for building homology models [36].
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Fig. (3))


        Typical homology modeling procedures.



        A study performed by Dong and colleagues (2020) was carried out to build homologous models using amino acid sequences of structural and non-structural proteins from SARS-CoV2 obtained at the NCBI. They used the BLAST server to identify the best models and perform homology modeling [37]. As a result, it was demonstrated that the ORS1ab protein from SARS-CoV2 is highly similar to that one from SARS- and MERS-CoV, with similarity indexes of 90% and 60%, respectively. Moreover, the authors showed that non-structural proteins could be built using homology models, such as 3CLpro, which exhibited a similarity index of 94%, in comparison with known templates. Also, it was verified that the structural S, E, and N proteins could be built using the SARS-CoV structures as a template. Finally, this study may be useful for the virtual screening of new compounds against SARS-CoV-2. Similarly, Grifoni et al (2020) showed that SARS-CoV is the most similar to SARS-CoV-2 in phylogenetic and sequence identity analyses. By bioinformatic techniques, it was possible to identify B and T cell epitopes from SARS-CoV-2 that could be effectively recognized by the human immune response and thus could be promising targets for discovering new vaccines against this virus [38]. Regarding the identification of epitopes, Tilocca et al. (2020) carried out a homology study involving the main epitopes from coronaviruses N proteins [39]. Then, they showed a high-similarity index between SARS-CoV-2 N protein and RaTG13 (99%), while for SARS-CoV vs SARS-CoV-2 N protein was 90%; and 88% for SARS-CoV-2 vs pangolin. Also, epitope mapping by homology showed a potential immunogenic value in low identity sequences with SARS-CoV-2 N proteins. Finally, these observations may help in the discovery of new drugs for the treatment and prevention against SARS-CoV-2.




        Still focused on demonstrating the similarity between SARS-CoVs, Uddin and colleagues (2020) carried out homology studies to investigate the origin of SARS-CoV-2, as well as similarities between its structural proteins [40]. Thus, there was a high similarity index between these SARS-CoV-2 proteins with those from SARS-CoV, in which S, N, M, and E proteins showed 36-95% coverage and similarity indexes ranging from 40 to 90%.




        Bai and coworkers (2020) performed calculations to determine binding free energy values from SARS-CoV-2 and SARS-CoV during their interaction with the ACE2 receptor [41]. Initially, it was necessary to build a model by homology modeling. The authors have built models for ACE2/SARS-CoV-2 and m396 (antybody)/SAR-CoV-2 complexes. They showed that residues outside the binding domain were the main ones related to the most potent binding with SARS-CoV-2. The essential SARS-CoV-2 evolution occurs in the binding domain from the trimeric body of S protein, which facilitates conformational alterations and infection process by virus binding in ACE2. In addition, its connection with the m396 antibody shows the lowest energy contribution, which explains the lack of cross-reactivity with the antibody.




        Wu and colleagues (2020) performed a homology modeling study of proteins encoded by SARS-CoV-2 against the proteins from other coronaviruses. Also, they built 19 homology models and performed their virtual screening in three databases, being FDA-approved drugs from the ZINC; compounds from traditional Chinese medicine; and 78 antiviral compounds commonly used in virtual screening for coronaviruses [42]. Still, human proteins ACE2 and TMPRSS2 were also built by homology modeling and used in their virtual screening protocol. Thus, the authors proposed several compounds that could be experimentally screened in order to verify their effectiveness against SARS-CoV-2, comprising antivirals (valganciclovir (1), ribavirin (2), and thymidine (3)); antimicrobials (phenethicillin (4), oxytetracycline (5), cefpiramide (6), sulfasalazine (7), doxycycline (8), demeclocycline (9), lymecycline (10), and tigecycline (11)); antiasthmatics (fenoterol (12), montelukast (13), and reproterol (14)), and among others (Fig. 4). Additionally, the authors proposed that Nsp3b, Nsp3c, Nsp7-Nsp8 complex, Nsp14, Nsp15, 3CLpro, PLpro, E-channel, RdRp, helicase, ACE2, and S proteins are the most favorable targets for these drugs. Finally, they demonstrated that remdesivir triphosphate binds strongly to RdRp, inhibiting RNA synthesis, with affinity energy of -112.8 kcal/mol. In addition, it binds strongly to TMPRSS2. The drugs lopinavir/ritonavir had no affinity for the 3CLpro, PLpro, RdRp, and others. Thus, the authors suggested that these drugs are not suitable to treat SARS-CoV-2 symptoms. In conclusion, through homology and virtual screening methods, the authors provided essential information for repurposing drugs for SARS-CoV-2.
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Fig. (4))


        Chemical structures of drugs identified by Wu and colleagues (2020) as promising compounds against SARS-CoV-2.



        Hall and coworkers (2020) used homology modeling to build SARS-CoV S protein, in order to perform a virtual screening using 3,447 FDA-approved drugs [43]. They built a 3D-structure of the intended target by using the S protein from the SARS-CoV as a sequence template. Docking studies of the compound (15) (-7,234 kcal/mol) towards S protein and (16) (-11,016 kcal/mol) (Fig. 5) towards 3CLpro.
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Fig. (5))


        Chemical structures of compounds identified by Hall and coworkers (2020).



        Similar to previous studies, Feng and colleagues (2020) performed a homology study by using structural proteins from SARS- and SARS-CoV-2. In addition, the authors performed a virtual screening in a library of 1,234 FDA-approved drugs towards S protein [44]. There was observed a high similarity between all proteins in this study. Then, the screening was carried out with 13 hits (dactinomycin (17), glycyrrhizic acid (18), eltrombopag (19), azilsartan medoxomil (20), bictegravir (21), temsirolimus (22), dolutegravir (23), elbasvir (24), irbesartan (25), gliquidone (26), tasosartan (27) lanreotide (28), and velpatasvir (29)) (Fig. 6), displaying affinity energies ranging from -9.3 to -12.3 kcal/mol, and interactions with the main amino acid residues, as well.


      




      

        4.2. Pharmacophore Modeling




        A pharmacophore group shows molecular characteristics or structural elements responsible for the biological activity of specific molecules [45, 46]. This term has gained more prominence in recent years since it is related to the discovery of new drugs, being useful in the pharmacophore-based virtual screening protocols for identifying hits and leads compounds [45].




        Although the concept of pharmacophore is older than the discovery of computers, it has become essential in CADD, including mainly the molecular docking technique [45, 47]. Each atom has its characteristics of molecular recognition, such as H-bond donors or acceptors, cations, anions, hydrophobic, aromatics, or any combination which helps in molecular recognition [45, 48].
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Fig. (6))


        Chemical structures of compounds identified by Feng and colleagues (2020).



        Pharmacophore models can be either ligand-based, where active molecules are superimposed, in which the essential structural characteristics for the maintenance or increase of biological activity are extracted, or [46]. In general, pharmacophore modeling provides an initial modulation of the ligand structure to improve its interaction with the receptor and, as a consequence, the biological activity [49]. Fig. (7) displays the pharmacophore modeling procedure and applications.
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Fig. (7))


        Pharmacophore modeling procedure and applications (based on Yang and coworkers 2010).



        Since the SARS-CoV 2002 outbreak, pharmacophore modeling has been employed to discover new potentially active compounds. This fact is shown in the study performed by Sirois and colleagues (2004) [50]. They applied pharmacophore modeling based on the KZ7088 (30) in complex with SARS-CoV Mpro, followed by a virtual screening to identify other drug candidates. The study showed that from 3.6 million screened compounds, only 0.07% had interactions with five of six points present in the interaction of KZ7088 (30) (Fig. 8). The druggability of the compounds was evaluated based on physical, structural, and chemical properties. So, the authors concluded that 0.03% of the compounds are worthy of being tested biologically. Finally, the authors point out that the model generated may be useful in the discovery of anti-SARS-CoV compounds.
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Fig. (8))


        Pharmacophore model for KZ7088 (30). In red: H-bond acceptors; blue: H-bond donors).



        Using pharmacophore modeling and virtual screening, Radwan and colleagues (2018) searched for new MERS-CoV 3CLpro inhibitors [51]. Initially, the Lipinski rule of five was applied to the NCI database, resulting in the selection of 3,120 molecules. Thus, the pharmacophore model was generated from the MERS-CoV 3CLpro crystal structure (PDB: 4YLU), in which the pharmacophore groups were defined (Fig. 9). Based on this model, 109 compounds were chosen for the docking simulations, among which the compounds (31), (32), (33), (34), and (35) (Fig. 9) presented higher scores than the crystallized compound. Finally, the authors conclude that molecules could be used in biological tests to demonstrate their possible effectiveness.
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Fig. (9))


        Pharmacophore model and compounds discovered by Radwan and colleagues (2018).



        Dhankhar and colleagues (2020) created a pharmacophore model and performed a virtual screening on the SARS-CoV-2 NTD-N-protein, using compounds from the ZINC database [52]. The pharmacophore model showed the five most important points, being three H-bond acceptors, the presence of aromatic rings, and hydrophobic interactions (Fig. 10), at a distance of 1 Å. By using this model and the Lipinski rule as filters, 4,576 compounds were selected. Finally, compounds (36), (37), and (38) (Fig. 10) showed better results in molecular docking studies, as well as excellent predictions in silico pharmacokinetic properties. Finally, studies involving molecular dynamics and MMPBSA showed that these compounds bind efficiently to the enzyme, forming stable complexes.
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Fig. (10))


        Pharmacophore model and compounds identified by Dhankhar and colleagues (2020).



        To obtain new compounds against SARS- and SARS-CoV-2, Idris and colleagues (2020) developed a pharmacophore model based on active compounds against these viruses, followed by a virtual screening on the TMPRSS2 protein using compounds from the ZINC database [53]. Initially, the authors built the structure of TMPRSS2, and then it was generated a pharmacophore model (Fig. 11) based on six drugs with promising activity upon this target, being camostat (39), nafamostat (40), pefabloc SC (41), baricitinib (42), phenylmethylsulfonyl fluoride (43), and ruxolitinib (44) (Fig. 11). The model obtained was used in the initial screening in the ZINC database, resulting in 3,000 promising compounds. These molecules were used in the built model for TMPRSS2, obtaining 33 compounds. Finally, it was revalidated by docking and ADME studies, resulting in the compounds (45) and (46) that were evaluated in dynamics simulations and also in the MMPBSA method. Lastly, it was verified the good stability at the active site and interactions with His296, Ser441, Gln438, Gly439, Lys340, and Val280 Residues.
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Fig. (11))


        Pharmacophore model and compounds (45 and 46) identified by Idris and colleagues (2020).



        Arun and colleagues (2020) performed a virtual drug repurposing based on a pharmacophore hypothesis created from the imidazole derivative in complex with the enzyme 3CLpro [54]. The authors determined the pharmacophore model as containing three aromatic rings and two H-bond acceptors (Fig. 12). Subsequently, they applied this model in the SuperDRUG2 database (4,600 compounds), in which 1,000 ligands were by molecular docking. Then, 40 compounds showed excellent affinity (lower than -8,243 kcal/mol). Finally, affinity energy calculations by MMGBSA identified drugs such as binifibrate (48) (-69.04 kcal/mol), macimorelin (49) (-64.25 kcal/mol), bamifylline (50) (-63.19 kcal/mol), rilmazafone (51) (-61.37 kcal/mol), afatinib (52) (-60.89 kcal/mol), and ezetimibe (53) (-60.21 kcal/mol) (Fig. 12) as the most promising ligands.
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Fig. (12))


        Pharmacophore model and drugs repurposed by Arun and colleagues (2020).



        Yoshino and colleagues (2020) mapped the main interactions responsible for the inhibitory activity upon SARS-CoV2 3CLpro [55]. The alignment of two ligands co-crystallized with the enzyme (compounds (54) and (55)) was carried out, revealing that there are two donor atoms and two H-bond acceptors, allowing interactions with His41, Gln189, Gln143, Ser144, Cys145, and Glu166 residues (Fig. 13). Finally, simulations of molecular dynamics suggest that hydrogen bonding interactions with Gly166, the interaction of the thiol from the Cys145 with the 2OP9 ligand, and hydrogen bonding and π-stacking interactions with His41 are crucial for the design of more potent inhibitors.
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Fig. (13))


        Pharmacophore models and interactions (H-bond in red and π-stacking in green) proposed by Yoshino and colleagues (2020).



        Andrade and colleagues (2020) carried out computational studies to propose a new compound against SARS-CoV2 3CLpro [56]. The authors built a pharmacophore model based on the structure of OEW, remdesivir, hydroxychloroquine, and N3, followed by virtual screening among 50,000 compounds contained in the ZINC database. After defining the pharmacophores of each ligand applied to an ADMET filter, the compounds were screened upon the target. In total, 40 best pharmacophore-like ligands were selected, being compounds (56), (57), (58), (59), (60), (61), (62), (63), (64), (65), and (66) (Fig. 14) with the best affinities. Moreover, it was verified that beta-carboline, alkaloid, and polyflavonoid derivatives interact with the catalytic dyad residues, Cys145 and His41. Thus, the authors concluded that these compounds might be promising against SARS-CoV-2.
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Fig. (14))


        Chemical structures of compounds identified by Andrade and colleagues (2020).



        By analyzing HIV protease inhibitors, Jain and colleagues (2020) used such compounds against determined SARS-CoV-2 3CLpro to propose the main interactions at the active site [57]. In this context, it was shown that the OH groups carry out hydrogen bonds with Cys145 e His164; sulfonyl oxygen with Gly143, and the carbonyl oxygen with Glu166 and Glu189, in addition to van der Waals interactions with His41, Thr25, Thr26, Gly143, Asn142, Gln189, and Met165 residues. This pharmacophore model was used for screening in the ZINC database, resulting in 25 ligands. Among these compounds, compound (67) (Fig. 15) showed higher affinity (-308,427 kcal/mol) and hydrogen bonding interactions with Thr25, His41, Ser144, Thr45, and Ser46 residues, in addition to steric interactions with Thr24, Cys145, Leu141, Glu166, and Thr45 residues.
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Fig. (15))


        Chemical structures of compounds (67) and heptafuhalol (68).



        Similar to this study, Gentile and coworkers (2020) built a pharmacophore model based on the SARS-CoV2 3CLpro to perform a virtual screening in the Marine Natural Products (MNP) library, involving approximately 14,064 compounds [58]. The proposed pharmacophore model was based on three amide nitrogens (H-bond donors); two negatively charged oxygen, such as carbonyls (H-bond acceptors), and an isopropyl group for hydrophobic centers. So, it was revealed that it is possible to donate hydrogen bonds to Thr190, Glu166, Gnl189, and His164, while Glu166 could accept H-bonds. Then, 180 molecules were selected by using molecular docking, in which heptafuhalol (68) (Fig. 15) was identified as the best ligand (-14.60 kcal/mol). Finally, it was observed that its hydroxyl group performs H-bonding interactions with His41 residues, as verified after 10 ns dynamics simulation.




        Beura and colleagues (2020) studied the interactions of chloroquine with SARS-CoV-2 3CLpro using in silico methods [59]. The authors developed 20 pharmacophore models, in which the best contained H-bond donors, three hydrophobic regions, and two aromatic systems. It allowed to identify of three chloroquine analogs ((69), (70), and (71)) as promising ligands (Fig. 16). Such compounds showed an affinity toward the enzyme, with values of -6.17, -5.14, and -4.19 kcal/mol, respectively. Lastly, these analogs showed good stability in molecular dynamics simulations.
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Fig. (16))


        Chemical structures and interactions of compounds identified by Beura and coworkers (2020). In red: H-bonds; green: π-stacking interactions.



        Pharmacophore modeling against SARS-CoV2 3CLpro was used in the study by Karaman (2020) [60]. Based on residues His41, Glu166, and Cys145, the model was created, containing two H-bond acceptors, three H-bond donors, and two aromatic rings. After validating this model, the authors performed molecular docking of the reported inhibitors, showing that the presence of H-bond donors or acceptors close to the aromatic ring is essential for the enzyme inhibition, providing critical information for designing drugs.




        Based on the structure of the ligand co-crystallized with SARS-CoV-2 3CLpro, Haider and coworkers (2020) developed a pharmacophore model followed by virtual screening [61]. They identified that the main characteristics form the presence of a hydrophobic pharmacophore, an aromatic ring, as well as H-bond acceptor and donor groups. Such pharmacophore features were used to screen compounds in the ZINC database, resulting in 700 compounds after the application of the Lipinski filters. Then, the compounds were analyzed by docking, in which 200 ligands showed higher affinity than the reference inhibitor (lower than -8.1190 kcal/mol). Finally, after ADMET studies and visual inspection of the complexes, compounds (72), (73), and (74) (Fig. 17) showed the best results and strong interactions with Val3, Leu4, Thr24, Thr26, His41, Cys44, Thr45, Ser46, Met49, and Gln189 residues.
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Fig. (17))


        Chemical structures of compounds identified by Haider and colleagues (2020).



        Abhithaj and colleagues (2020) performed a virtual screening on the DrugBank database based on a pharmacophore model developed from the non-covalent inhibitor present in the SARS-CoV2 3CLpro [62]. The model showed that two H-bond acceptors and three aromatic rings are essential. In sense, the model was applied to the DrugBank database so that 1,000 compounds were selected for further analysis. The authors performed molecular docking, in which 30 compounds showed better affinity than the crystallographic inhibitor (-4.5 kcal/mol). Among these, seven molecules were approved-drugs or under experimental investigation (ezetimibe (53) (see 12), larotrectinib (75), simeprevir (76), cobicistat (77), alogliptin, and capmatinib). Finally, MMGBSA calculations revealed that eight ligands ((78), (79), (80), (81), and (82)) (Fig. 18) have energy comparable to the co-crystalized inhibitor (-80 kcal/mol).


      




      

        4.3. Molecular Docking and Dynamics Simulations




        Docking and molecular dynamics simulations are two essential tools for any drug discovery and development protocol. These tools are mainly related to the rational design of new drugs, as well as the modeling of biochemical processes. Thus, assisting in perceptions about conformations and mechanisms, helping researchers to characterize the ligand's interactions with its receptor. Such methods are related to identifying potential drugs in silico among large libraries of compounds, even before obtaining or synthesizing the molecule [63, 64].
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Fig. (18))


        Chemical structures of compounds identified by Abhithaj and colleagues (2020).



        Molecular docking is a technique that aims to predict the best way to bind a ligand to a receptor (or binding site). Several conformations (binding modes or poses) are generated for one ligand. In this context, the availability of the target 3D-structure is fundamental for this approach. This technique is based on two stages: 1) Generation of poses for the ligand at the active site; 2) Raking of predicted conformations, leading to the choice of the pose with the highest affinity for the binding site [65].




        Molecular dynamics simulations are essential since these take into account the flexibility of proteins and ligands. Another critical point is to estimate the binding energy of a ligand at the binding site using the molecular mechanics/Poisson-Boltzmann and surface area (MMPBSA) method [66].




        Currently, the key-lock model to explain the interactions of a ligand with its receptor site has fallen into disuse since it is known that there is a flexibility factor in the ligand interactions with its biological target. In this context, the conformation of the receptor is fundamental for flexibility, so that several studies highlight the importance of the conformation that the receptor adopts in docking analysis. Thus, it is essential to observe the flexibility of the receptor before the docking procedure, allowing conformational changes in the docking process. This process reduces the possibility of improper conformation. In this context, simulations of molecular dynamics prove to be useful tools in estimating the flexibility of the receptor. In this context, molecular dynamics are essential to perform a conformational analysis of the receptor, using the most relaxed conformation, representing the system in native state [67]. In Fig. (19) is shown the functions of molecular docking and dynamics simulations.
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Fig. (19))


        Graphical representation of molecular docking and dynamics in drug discovery.



        Studying protein-protein interactions by using computational techniques, Amin and colleagues (2020) performed an analysis at the binding mode between SARS-CoV-2 S protein and ACE2 receptor, using molecular dynamics and Monte Carlos sampling [68]. The authors showed that in the ACE2 surface, the binding domain receptor (RBD) binds to the S protein from SARS- and SARS-CoV-2, since there is a negative (ACE2) and positive (SARS- and SARS-CoV-2) electrostatic potential. On the other hand, interactions with SARS-CoV-2 were more relevant for presenting higher binding energy. The main interactions observed were saline bridges between Arg426 from SARS-CoV and Glu329 from ACE2, whereas, for SARS-CoV-2, interactions were observed between Lys417 and Asp40 residues from ACE2.




        Similar to the previous study, Spinello and colleagues (2020) investigated the molecular properties that allow a higher affinity between ACE2 and S protein from SARS- and SARS-CoV-2. The authors showed by molecular dynamics that the SARS-CoV-2 greatest transmissibility is mainly due to the presence of a Gly482, which makes the L3 loop longer and more structured, allowing interactions of Gly485 with Cys488, and also Gln474 with Gly476. This amino acid allows for a tighter bond and stronger interactions between ACE2 and SARS-CoV-2. In addition, the SARS-CoV-2/ACE2 adduct has a higher number of hydrogen bonding interactions and even more favorable free Gibbs energy (ΔG= 20.8 kcal/mol, calculated by MMGBSA method) than the SARS-CoV/ACE2 adduct. The authors further suggest that ACE2 may be a potential target in the discovery of new compounds against SARS-CoV-2.




        Given the evidence that the HR1 and HR2 regions from the S protein are responsible for fusion in host cells, Ling and coworkers (2020) designed two peptides that could bind to these regions and prevent the virus from fusing in the cell [69]. It was shown that ΔG values of −33.4 kcal/mol for the HR2-like peptide and −21.8 kcal/mol for the HR1-like peptide were obtained by molecular dynamics. In addition, HR2-P showed to be more effective for inhibiting viral infection, and still showing competitive inhibition of HR2 to HR1, blocking viral fusion. Although, HR1-P was less efficient in inhibiting such binding. Finally, the results demonstrated that the design of peptide inhibitors that are similar to the HR2 domain could be is an interesting alternative for discovering new compounds against SARS-CoV-2.




        Souza and colleagues (2020) carried out a molecular docking and dynamics study involving eight peptide derivatives against SARS-CoV-2 S protein [70]. Before their in silico studies, all compounds were tested for their antiviral activity. Hence, the chosen compounds showed an inhibitory percentage between 70-85%. By using molecular docking and dynamics, the authors showed that all peptides interact with S protein, which induce conformational changes in the S protein structure that prevent the interaction with the ACE2 enzyme. Therefore, such compounds could prevent SARS-CoV-2 infection in cells.




        Bai colleagues (2020) investigated the activity of DNA aptamer against the RBD from the SARS-CoV-2 S protein by using machine learning and molecular dynamics. Thus, the sequences CoV2-RBD-1 and CoV2-RBD-4 were optimized, generating high-affinity values (Kd= 5.8 nM for CoV2-RBD-1C, and 19.9 nM for CoV2-RBD-4). Then, molecular dynamics simulations showed the binding protein-protein interactions. Finally, the authors concluded that such aptamers could be promising against SARS-CoV-2.




        Molecular dynamics simulations can also be used to propose catalytic mechanisms of proteases. Thus, Paasche and colleagues (2020) used molecular dynamics simulations to obtain information from the SARS-CoV-2 3CLpro catalytic system that leads to the Cys-/His+ ion-pair, generating useful information for the design of new inhibitors [71]. Initially, simulations involving free and complex enzymes were performed. As a result, the results showed that the catalytic dyad (Cys145 and His41) has a neutral state, and His164 is discharged. In this context, with the protonation state identified, proton transfer within the active site was evaluated, with the enzyme-free, complexed with an inhibitor, and complexed with a substrate. The results showed that the ion-pair formation is more favorable in the substrate presence. In this context, it generates energy decrease between the neutral and zwitterionic states, which indicates the binding of the dyad to the substrate, thus contributing to its proteolysis. The authors suggested that proteins entering a catalytic site interact differently from natural substrates; therefore, they are not able to decrease such energy, preventing the reaction. Finally, the authors concluded that compounds that mimic natural substrates might be an alternative in the design of SARS-CoV-2 3CLpro inhibitors.




        Molecular dynamics simulations can also be used to study conformational changes in the enzyme and produce results that aid in drug discovery. Thus, Suarez and coworkers (2020) investigated the structure and flexibility of SARS-CoV2 3CLpro in 2 μs molecular dynamics simulations [72]. The authors used several enzyme structures deposited in the PDB and performed electrostatic calculations of pKa, considering the enzyme unbound and in a non-covalent complex with the peptide Ace-Ala-Val-Leu-Gln-Ser-Nme, similar to polyproteins recognized naturally at the active site. In addition, the homodimeric and monomeric configurations for each configuration were evaluated. The results showed that in the absence of a substrate, the monomeric form does not present stability. However, in the presence of a substrate, the monomeric form has more stability. Although, the orientation of the peptide bond with the catalytic dyad is not favorable.




        Thuy and colleagues (2020) used CG-MS method for the identification of natural compounds from essential garlic oil and molecular docking to verify their effectiveness against SARS-CoV-2 [73]. The authors identified 18 active compounds in garlic essential oil. Among these compounds, 17 ligands (83-100) (Fig. 20) were organosulfur derivatives. Then, molecular docking studies were carried out to verify in silico efficacy of the isolated compounds against ACE2. In sense, the authors showed that the compounds might have inhibitory activity against ACE2 and SARS-CoV-2 3CLpro, with score values ranging from −14.06 to −7.89 kcal/mol for ACE2; and −15.32 to −11.68 kcal/mol for 3CLpro. Such results also suggest that the 17 substances have a synergistic effect against both proteins
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Fig. (20))


        Chemical structures of compounds identified by Thuy and coworkers (2020).



        Molecular docking studies were also carried out by Vardhan and colleagues (2020) involving four SARS-CoV-2 targets (3CLpro; PLpro; SGp-RBD (spike glycoprotein-receptor binding domain); an RdRp) and 154 natural substances from limonoids and triterpenoids classes [74]. The results showed that maslinic acid (101), glycyrrhizic acid (18), 7-deacetyl-7-benzoylgedunin (102), limonine (103), corosolic acid (104), obacunone (105), and ursolic acid (106) (Fig. 21) presented comparable dock score values, ranging from -7.8 to -9.9 kcal/mol. Finally, these compounds have interactions with the main amino acid residues from each target.
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Fig. (21))


        Chemical structures of compounds identified by Vardhan colleagues (2020).



        Still working with compounds from natural sources, Kiran and coworkers (2020) carried out computational studies of molecular docking using the SARS-CoV-2 S protein to verify the effectiveness of the chemical constituents from the Siddha official formulation Kabasura Kudineer, and the herbal preparation (JACOM) [75]. Thus, 37 compounds were docked, in which 9 were classified as the best drug candidates for presenting better Gibbs free energy (ΔGbinding) and good synthetic accessibility. The authors stated that the compounds chrysoeriol (107) (-11.39 kcal/mol), quercetin (108) (-11.47kcal/mol), magnoflorine (109) (-9.76 kcal/mol), 6-methoxygenkwanin (110) (-9.293 kcal/mol), 5-hydroxy-7,8-dimethoxyflavanone (111) (-9.03 kcal/mol), tinosponone (112) (-8.14 kcal/mol), cirsimaritin (113) (-9.22 kcal/mol), vasicinone (114) (-8.16 kcal/mol), and luteolin (115) (-11.15 kcal/mol) (Fig. 22) could be explored in biological assays.




        Given the evidence that Aloe vera compounds can be promising against SARS-CoV-2, Mpiana and colleagues (2020) conducted a molecular docking study involving 10 compounds against SARS-CoV-2 3CLpro [76]. In this sense, the results showed that compounds (116), (117), and (118) (Fig. 22) could be promising since these presented docking score values of -7.9; -7.7; -7.7 kcal/mol, respectively. Also, hydrogen bonding interactions at the active site and no violations of the Lipinski rule were observed.
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Fig. (22))


        Chemical structures of natural compounds identified by in silico studies against SARS-CoV-2.



        Compounds from fungi also play an essential role in the discovery of antiviral drugs. In this context, Rao and coworkers (2020) carried out a molecular docking study on approximately 100 secondary fungi metabolites against 3CLpro using the crystallized N3 inhibitor as a reference [77]. After docking, it was shown that the metabolite Pyranonigrin A (119) (Fig. 22) was shown to be more promising, as it presents hydrogen bonding interactions similar to the N3 inhibitor at the active site from 3CLpro. Additionally, the authors carried out a study by using molecular dynamics to analyze the N3 and pyranonigrin A complex, showing the stability at the active sites by analyzing the RMSD (Root Mean Square Deviation) and RMSF (Root-Mean-Square Fluctuation) ranges, having less number of hydrogen bonding interactions.




        Drug repurposing also proves to be an exciting approach in the search for new alternatives against SARS-CoV-2. Thus, to repurpose tetracyclines with known antiviral activity, the study by Bharadwaj and colleagues (2020) was based on in silico simulations of four antibiotics against SARS-CoV-2 3CLpro [78]. Thus, molecular docking showed that tetracycline (120), minocycline (121), doxycycline (122), and demeclocycline (123) (Fig. 23) showed higher affinity in the enzyme than the N3 (less than -7 kcal/mol) and also interactions with the catalytic dyad, composed of Cys145 and His41. Additionally, the study of molecular dynamics proved the stability of the compounds compared to the co-crystallized inhibitor (N3). Finally, the authors conclude that drugs minocycline and doxycycline (122) may be the most potent compound.
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Fig. (23))


        Chemical structures of potential compound repurposed against SARS-CoV-2.



        Peele and colleagues (2020) used docking and molecular dynamics studies on 62 FDA-approved drugs against SARS-CoV-2 3CLpro [79]. Initially, for each ligand, 32 conformations were generated, and the compounds with the highest score were found to be lopinavir (124) (docking score= -9.918kcal/mol; glide score= -9.918 kcal/mol; glide e-model= -101.59kcal/mol), theaflavin digallate (125) (docking score= -10,574 kcal/mol; glide score= -10,722 kcal/mol; glide e-model= -135,584 kcal/mol), and amodiaquine (126) (docking score= -7,429 kcal/mol; glide score= -8,023 kcal/mol; glide e-model= -76.898kcal/mol) (Fig. 23). Thus, these compounds were chosen for molecular dynamics studies and presented RMSD values of 0.23, 0.25, and 0.22 nm, respectively. In addition, the RMSF values ​​were found to be 0.15, 0.17, and 0.2 nm, for amodiaquine (126), lopinavir (124), and theaflavin digallate (125), respectively (Fig. 23). In addition, the authors showed that all inhibitors performed hydrogen bonding interactions with His41. Finally, the authors emphasize that biological assays are necessary to confirm the potential of these molecules.




        Barros and colleagues (2020) conducted a docking study on 24 compounds against four SARS-CoV-2 targets (Nsp9, 3CLpro, Nsp15 endoribonuclease, and S protein) [80]. Thus, the results indicated metaquina (127) and saquinavir (128) (Fig. 23) are the most promising compounds since these interact with all the targets tested and in the main amino acid residues of each enzyme, (Nsp9: Asn28, Thr78, and Lys85; 3CLpro: Cys145, and His41; Nsp5: Ser294, and His250; and S protein: Asn33, Glu37, Phe390, and Lys417) representing new compounds that could be further explored against SARS-CoV-2.




        Kumar and colleagues (2020) carried out in silico studies involving 75 FDA-approved drugs against SARS-CoV-2 3CLpro [81]. Thus, a re-docking was performed to validate the procedure, exhibiting an RMSD value of 0.51 Å. Then, the molecular docking was performed, identifying the 4 top hits, being lopinavir (124), ritonavir (129), tipranavir (130), and raltegravir (131) (Fig. 23), with a better score value than the co-crystallized ligand. In this context, three compounds were subjected to molecular dynamics, in which their conformational stability at the active site was demonstrated by RMSD and RMSF analyzes. Finally, the authors concluded that these compounds could be evaluated in humans to demonstrate their effectiveness.




        Drugs commercially available and with known activity against SAR-CoV-2 were used in the study by Marinho and coworkers (2020), employing molecular docking to characterize their interactions with SAR-CoV-2 3CLpro [82]. The authors tested azithromycin (132), hydroxychloroquine (133), chloroquine (134), quinacrine (135) (Fig. 23), baricitinib (43), and ruxolitinib (44) (see 11), in which was showed that these all compounds have a greater affinity for domain III from the enzyme, while the co-crystallized inhibitor (N3) interacts with domains I and II. Additionally, the authors point out that azithromycin (132), baricitinib (43), quinacrine (135), and ruxolitinib (44) present free binding energies according to the literature.




        Given the evidence of the promising potential of α-ketoamide (136) against SARS-CoV-2 3CLpro (IC50 of 0.67 ± 0.18 μM), Liang and colleagues (2020) carried out docking and molecular dynamics studies to investigate the interactions of this compound in the active site of SARS-CoV-2 3CLpro and also compare them with the antibiotic amoxicillin (137) (Fig. 24) [83]. Thus, the results showed that α-ketoamide (136) (Fig. 24) has a higher affinity with the active site, exhibiting score values of -8.7 and -9.2 kcal/mol for protomer A and B, respectively; when compared to amoxicillin (-5.0 and -4.8 kcal/mol). In addition, molecular dynamics studies showed the stability of α-ketoamide (136), ΔG values of -25.2, and -22.3 kcal/mol for protomers A and B, respectively. In contrast, amoxicillin showed unfavorable interaction energy, with ΔG of +32.8 kcal/mol, being detached from the active site during some moments of the simulation. Finally, the authors highlighted the importance of using α-ketoamide in the search for new inhibitors against SARS-CoV-2.




        Bhowmik and colleagues (2020) used in silico techniques to identify potential compounds against SARS-CoV-2 in a library of 548 compounds upon the main structural proteins as targets, being E, M, and N proteins [84]. Thus, the docking results showed that flavonoid rutin (138) and doxycycline (122) present the most favorable affinity toward E protein; caffeic acid (139) and ferulic acid (140) toward M protein, simeprevir (76) and grazoprevir (141) (Fig. 24) toward N protein. In addition, the compounds had excellent pharmacokinetic properties, as well as stability at the site of action during molecular dynamics simulations.




        Kumar and colleagues (2020) carried out docking and molecular dynamics studies for discovering new SARS-CoV-2 3CLpro inhibitors [85]. Initially, the docking of 13 antiviral compounds resulted in indinavir (142) (Fig. 24) as compounds with better docking score values ​​(-8.824 kcal/mol), and also XP Gscore (-9.466 kcal/mol). The authors observed that the compound has a vital pharmacophore, hydroxyethylamine (HEA). In this sense, approximately 2,500 compounds were docked in this group, resulting in 25 hits with better score values ​​than indinavir (142). Among these compounds, ligand (143) (Fig. 24) was found to be the most promising molecule, as it had an affinity for domains I and II due to hydrophobic interactions, π-π interactions, and hydrogen bonding interactions. In addition, molecular dynamics studies for indinavir (142) and compound (143) have shown stability in the active site on both RMSD and RMSF analyzes.
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Fig. (24))


        Chemical structures of compounds identified by Liang and colleagues (2020), Bhowmik and colleagues (2020), and Kumar and colleagues (2020).
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