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Abstract

:

The COVID-19 pandemic is still active around the globe despite the newly introduced vaccines. Hence, finding effective medications or repurposing available ones could offer great help during this serious situation. During our anti-COVID-19 investigation of microbial natural products (MNPs), we came across α-rubromycin, an antibiotic derived from Streptomyces collinus ATCC19743, which was able to suppress the catalytic activity (IC50 = 5.4 µM and Ki = 3.22 µM) of one of the viral key enzymes (i.e., MPro). However, it showed high cytotoxicity toward normal human fibroblasts (CC50 = 16.7 µM). To reduce the cytotoxicity of this microbial metabolite, we utilized a number of in silico tools (ensemble docking, molecular dynamics simulation, binding free energy calculation) to propose a novel scaffold having the main pharmacophoric features to inhibit MPro with better drug-like properties and reduced/minimal toxicity. Nevertheless, reaching this novel scaffold synthetically is a time-consuming process, particularly at this critical time. Instead, this scaffold was used as a template to explore similar molecules among the FDA-approved medications that share its main pharmacophoric features with the aid of pharmacophore-based virtual screening software. As a result, cromoglicic acid (aka cromolyn) was found to be the best hit, which, upon in vitro MPro testing, was 4.5 times more potent (IC50 = 1.1 µM and Ki = 0.68 µM) than α-rubromycin, with minimal cytotoxicity toward normal human fibroblasts (CC50 > 100 µM). This report highlights the potential of MNPs in providing unprecedented scaffolds with a wide range of therapeutic efficacy. It also revealed the importance of cheminformatics tools in speeding up the drug discovery process, which is extremely important in such a critical situation.
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1. Introduction


The severe acute respiratory syndrome coronavirus 2 (SARS CoV-2) pandemic is still a serious global concern, and hope is hanging on vaccines to provide enough protection [1,2]. However, searching for suitable antiviral medications is also highly required to assist vaccines in containing this rapidly evolving infectious disease.



The SARS CoV-2 main protease (MPro) is a key hydrolytic enzyme that can activate the viral polyprotein replication complex (1ab) by recognizing and cleaving its specific amino-acid sequences. Moreover, it is among the conserved proteins in the coronavirus family [3]. Hence, it has attracted many research groups and pharmaceutical companies developing specific and effective anti-SARS CoV-2 therapeutics [4,5].



Structurally, MPro occurs in a dimeric arrangement (Figure 1), and its hydrolytic activity depends on this structural assembly [6,7]. Each monomer comprises three domains (I, II, and III), where the catalytic active site occurs in a junction between domains I and II. On the other hand, domain III mediates the enzyme dimerization to reach its final active form [7,8] (Figure 1). The enzyme active site has a conserved catalytic dyad consisting of both HIS-41 and CYS-145, via which the enzyme hydrolyzes protein peptide bonds. Any mutations or modifications that occur in these two catalytic residues eventually lead to a complete loss of enzyme hydrolytic activity [9]. Recently, a number of covalent inhibitors (i.e., able to form a covalent bond with CYS-145) have been reported [10], while noncovalent competitive inhibitors are underexplored [11].



Natural products have offered many anti-SARS CoV-2 agents so far. Among them, ivermectin and artemisinin have shown promising clinical efficacy [12,13,14,15,16]. Consequently, we aimed to extend our investigation of microbial natural products to find potential anti-SARS CoV-2 drug candidates by targeting its MPro. The fermentation products of Streptomyces collinus ATCC19743 afforded the quinone antibiotic α-rubromycin as a major metabolite [17]. Testing of this metabolite against the SARS CoV-2 MPro revealed that it has great potential as an inhibitor. However, it also showed significant toxicity toward normal human cell lines. Accordingly, we decided to modify its core structure (i.e., scaffold hopping) with the aid of molecular docking, molecular dynamics simulation, and binding free energy calculation to get a more appropriate scaffold in terms of cellular toxicity. Furthermore, we applied a pharmacophore-based virtual screening of FDA-approved drugs using this modified scaffold as a template to find structurally similar candidates that can inhibit the MPro catalytic activity in vitro, thus allowing it to be repurposed as a transient therapeutic agent against COVID-19, just like the previous FDA-approved drug ivermectin [12,13]. The outline of the applied strategy in this communication is depicted in Figure 2.




2. Results


As part of our continuous effort to find possible natural product-based therapeutics against SARS CoV-2, we investigated a small microorganism-derived metabolite internal library against the viral MPro. One of the tested molecules was α-rubromycin which was recovered from Streptomyces collinus fermentation broth as a major metabolite. Previously, this compound, together with its congeners, was found to exhibit considerable anticancer activity and antiviral potential toward human immunodeficiency virus (HIV) [18,19]. Testing this compound against SARS CoV-2 MPro showed a promising outcome (IC50 = 5.4 ± 0.2 µM and Ki = 3.22 ± 0.3 µM). However, its significant cytotoxicity toward normal cell lines (CC50 16.7 ± 0.3 µM) was a profound problem. In addition to being a toxic natural product, α-rubromycin also has poor drug-like properties. According to Lipinski’s and Veber’s rules of drug-likeness [20,21], this compound is unsuitable (i.e., has a molecular weight >500, has >10 oxygen atoms, and its topological polar surface area is >150 Å2).



These findings encouraged us to initiate scaffold hopping trials on α-rubromycin along with a pharmacophore-based virtual screening to find promising candidates with enhanced competitive noncovalent enzyme inhibitory activity and minimal toxicity. Docking α-rubromycin into the MPro active site resulted in seven different docking poses with three main orientations inside the active site (Figure 3). We subjected all generated poses to 50 ns MDS experiments to distinguish between the correct poses and the decoy ones. Only the top-ranked poses (i.e., first three poses) representing the first orientation remained stable during the course of simulation with an average RMSD of 3.3 Å. The other poses were remarkably unstable (Figure 3) and, hence, the top-ranked orientation of α-rubromycin inside MPro was selected to study its binding mode. α-Rubromycin in this orientation was able to occupy the active site forming four H-bonds with four different amino-acid residues. The methyl ester moiety of the isocoumarin part was perfectly impeded in a binding cavity consisting of HIS-41, MET-49, and ASP-187, H-bonded to HIS-41. Moreover, one of the phenolic hydroxyl groups of the isocoumarin was H-bonded to ASN-142, while the isocoumarin ring system itself was involved in a hydrophobic interaction with both HIS-41 and MET-165. The other part of the molecule (i.e., the naphthazarin ring) was H-bonded to THR-24, THR-25, and THR-45 through its phenolic hydroxyl group (Figure 4 and Table 1).



During a long MDS experiment (200 ns), this binding mode remained stable with an average RMSD of 2.21 Å from the reference orientation and a calculated binding free energy (ΔG) of −8.8 kcal/mol. In addition, the generated H-bonds between α-rubromycin and the active site residues remained conserved till the end of MDS. Ligand–protein interaction during the MDS (Figure 5) showed that there were also two important water bridge interactions (>0.3 interaction fraction) between GLY-143 and ARG-188, and the hydroxyl and carboxylate groups of the molecule’s isocoumarin moiety, respectively, which contributed to the stability of α-rubromycin inside the MPro active site. This binding mode analysis justified the α-rubromycin inhibitory activity toward MPro. Hence, finding a convergent scaffold with reduced cytotoxicity and improved drug-likeness will be highly useful as a starting point for developing new COVID-19 therapeutics.



To do so, we visually inspected the α-rubromycin scaffold looking for the structural elements that may be responsible for its apparent cytotoxicity. We found that the catechol moiety of the molecule’s isocoumarin part is among the highly reactive functional groups and has been reported to induce broad-spectrum toxicity [22] due to its ability to inactivate protein thiol groups [23,24]. Moreover, the quinone moiety of the molecule’s naphthazarin part has been also reported as a potential reactive and toxic chemical species [25,26,27]. Both reactive moieties are common in highly toxic molecules that have been identified as pan assay interference compounds (PAINS). Thus, such chemical entities should be excluded during high-throughput screening campaigns [28].



According to this information, we designed a modified scaffold (ScafA) from α-rubromycin to improve its drug-likeness and reduce its cytotoxicity. Accordingly, α-rubromycin scaffold optimization was achieved by removing the nonessential structural element (i.e., not involved in any interactions with the MPro active site) to reduce its molecular weight and reduce the number of oxygen atoms. As shown in Figure 2, only one hydroxyl group of the catechol moiety was involved as an H-bond donor in the interaction of α-rubromycin inside the MPro active site. With regard to the two oxygen atoms of the quinone moiety, neither was involved in any direct interactions with the active site residues. However, the ketone group at C-1 is able to form an intramolecular H-bond with the hydroxyl group at C-8, making it a stronger H-bond acceptor. Consequently, the removal of the noninteracting hydroxyl group from the catechol moiety and replacing the less important ketone of the quinone moiety with an oxygen atom led to an improved scaffold with the same molecular interaction inside the MPro active site but with likely much lower cellular toxicity. Further removal of the noninteracting parts in the α-rubromycin scaffold eventually led to the proposed optimized scaffold (ScafA) with minimal predicted cytotoxicity and better drug-likeness properties (Figure 2).



In silico neural network-based cellular toxicity prediction showed that ScafA was noncytotoxic in normal cell lines (Pa = 0). In contrast, α-rubromycin was predicted to be cytotoxic toward normal cell lines (Pa = 0.65), and this cytotoxicity was also observed experimentally (IC50 = 16.7 µg/mL, Figure 2). Docking ScafA into the MPro active site resulted in a binding mode almost identical to that of α-rubromycin (Figure 4, Table 1) except for the carboxylate moiety, which interacted with HIS-41 through a salt bridge. Moreover, it achieved binding stability and ΔG over 200 ns of MDS which was convergent to that of α-rubromycin (Figure 4).



According to chemical databases (e.g., chemspider, Pubchem, Reaxys, and Scifinder), ScafA is a novel scaffold, and obtaining this compound synthetically will be an interesting starting point for the future. However, faster approaches are highly recommended at this critical time to find potential COVID-19 therapeutics. Consequently, we utilized ScafA as a template in a similarity search for the most similar scaffolds in terms of pharmacophoric features among FDA-approved drugs. We used two independent software for this purpose, Ftrees and SwissSimilarity [29,30], along with the updated database of FDA-approved drugs hosted in the Zinc database (http://zinc.docking.org/substances/subsets/fda/?page=1 accessed on 12 March 2021). Interestingly, cromoglicic acid (i.e., cromolyn) was the top retrieved hit with high similarity scores of 0.84 and 0.79, respectively. This FDA-approved oral medication is mainly used for the long-term management of bronchial asthma by acting as a mast cell stabilizer [31]. Other hits retrieved using either ScafA or α-rubromycin as a template shared very low similarity (≤0.3; Table S1, Supplementary Materials).



The structure of cromoglicic acid is highly similar to that of ScafA and, to some extent, to that of α-rubromycin (similarity score = 0.56). As shown in Figure 2, the hydroxy chromone moiety of ScafA is linked to another carboxyl isocoumarin moiety through an oxypropyl linker, while, in cromoglicic acid, a carboxy chromone moiety is linked to another one via a hydroxy oxypropyl linker to produce a symmetric molecule. The carboxy chromone group of cromoglicic acid is considered an isostere to the carboxyl isocoumarin of ScafA. Hence, the main differences between the two scaffolds are (i) the structure symmetry and (ii) the orientation of attachment to the oxypropyl linker (Figure 2). Docking of cromoglicic acid into the MPro active site revealed that it could achieve a binding mode similar to that of both α-rubromycin and ScafA (Figure 4) except for the interaction with GLU-166, which was absent in the case of cromoglicic acid, instead able to interact with GLY-143 unlike both α-rubromycin and ScafA (Figure 4 and Table 1). These interactions remained intact throughout the MDS, where the whole molecule achieved better stability, lower ΔG, and less deviation from the initial docking pose (average RMSD ~1.4 Å, Figure 4). This greater binding stability could explain the higher inhibitory activity of cromoglicic acid toward MPro catalytic activity (IC50 = 1.1 ± 0.2 µM and Ki = 0.68 ± 0.1 µM). Moreover, it did not show a cytotoxic effect on human fibroblasts at the highest tested concentration (CC50 > 100 µM).



Upon the alignment of docking poses of the three scaffolds (i.e., α-rubromycin, ScafA, and cromoglicic acid), it was obvious that they were perfectly aligned to each other sharing the same pharmacophoric features (Figure 6), which consisted of (i) three H-bond acceptors from HIS-41, GLN-189, THR-24, THR-25, and THR-45, and (ii) a H-bond donor to ASN-142. Moreover, the cromoglicic acid scaffold showed an additional H-bond acceptor from GLY-143 (Figure 6) that could be responsible for its higher binding efficiency and, hence, its higher inhibitory activity.




3. Discussion


Despite the recent development of different vaccines as a prophylactic measure against SARS-CoV-2 in late 2020 and early 2021, searching for a proper antiviral agent is crucial, particularly in countries with weak economies. On the other hand, repurposing already available medications has proven its efficacy during the pandemic [32,33,34]. Even if specific SARS CoV-2 treatments become available, reusing already available medicines is still needed to manage this complicated disease. SARS CoV-2 protein structures have been well characterized; hence, myriad small-molecule libraries can be screened against these molecular targets to find suitable candidates for further development. Natural products account for an important portion of these small molecules, thus being a promising pipeline for discovering cost-effective antiviral candidates. Even in natural products with poor drug-like properties, their unprecedented scaffolds can be optimized with the help of the rapidly developing in silico and molecular modeling tools. Herein, from a small in-house microbial natural product library, α-rubromycin, a Streptomyces-derived antibiotic, was able to inhibit the catalytic activity of one of the key SARS CoV-2 enzymes (i.e., MPro) with a promising IC50 value. However, it displayed cellular toxicity, which is a big concern in drug development. In addition, its calculated drug-like properties according to Lipinski’s and Veber’s rules were obviously poor. With the aid of molecular docking and a subsequent dynamic simulation, we proposed the binding mode of α-rubromycin inside the MPro active site. In turn, we were able to extract the main pharmacophoric features that contributed to its interaction with MPro. Consequently, hopping of the α-rubromycin scaffold by removing the nonessential structural elements led to a novel drug-like scaffold (ScafA) without any predicted cellular toxicity. However, reaching this novel compound synthetically is a complex and time-consuming process that we have already begun. Nonetheless, we used this scaffold (i.e., ScafA) as a template to look for an FDA-approved drug with similar pharmacophoric features. By utilizing pharmacophore-based virtual screening software, we discovered cromoglicic acid (also known as cromolyn) as a symmetric scaffold comparable to ScafA with almost the same pharmacophoric features. Consequently, it has the potential to inhibit the catalytic activity of MPro just like α-rubromycin. Subsequent docking, molecular dynamics, and in vitro testing supported this assumption. The results showed that cromoglicic acid was 4.5 times more potent than α-rubromycin owing to its better interaction inside the enzyme active site. In addition, it showed no cytotoxicity toward human fibroblasts at the highest concentration tested (CC50 > 100 µg/mL). Despite the IC50s of both α-rubromycin and cromoglicic acid being higher than that of the reference covalent inhibitor (i.e., GC376), they are considered potent inhibitors according to recently reported noncovalent MPro inhibitors with IC50s ranging from 0.66 to 10.96 µM that were active against SARS CoV-2 in vitro [35,36]. Being a safe FDA-approved drug, the scaffold of cromoglicic acid is promising for further optimization to produce far more potent inhibitors with very high potential as specific therapeutic candidates.



The sodium salt of cromoglicic acid is commercially available as an eye drop, nasal spray, and oral suspension. It mainly acts as a mast cell stabilizer by preventing the release of common inflammatory mediators such as histamine [31]. This medication is used primarily to manage asthma attacks [37,38] together with corticosteroid-based drugs. Additionally, it is very effective in alleviating allergic rhinitis and conjunctivitis symptoms. Moreover, its oral preparation is prescribed for the treatment of mastocytosis [31]. A number of recent reports revealed that mast cells have a direct role in the development of COVID-19 complications. Hence, using mast cell stabilizers such as cromoglicic acid could also play a crucial role in reducing the severity of the COVID-19 inflammatory phase, particularly if taken early in the course of the infection (3–5 days) [39,40,41].



Accordingly, cromoglicic acid could have the potential to fight COVID-19 through a dual mode of action: (i) suppressing the severity of its cytokine storm and (ii) fighting the virus itself by inhibiting one of its critical hydrolytic enzymes (i.e., MPro).



It is worth noting that a number of MPro inhibitors are now under clinical investigation (e.g., the covalent inhibitor compound 9 “NCT04535167” and the noncovalent inhibitor baicalin “NCT03830684”) [35,42].




4. Materials and Methods


4.1. Isolation of α-Rubromycin


The seed culture of S. collinus ATCC19743 was prepared in ISP2 medium and fermented on shaker incubator for 3 days at 30 °C and 180 rpm. Then, the seed culture was used for large-scale 3 L production medium (ISP2) on a shaker incubator for 7 days at 30 °C and 180 rpm. The culture was centrifuged (3000 rpm for 10 min), and the cell mass was washed and extracted with MeOH (4 × 250 mL). The successive MeOH extracts were combined and concentrated under vacuum to 200 mL and successively fractionated with n-hexane (3 × 200 mL) to remove the fats and for CH2Cl2 (3 × 200 mL) compound isolation. RP-HPLC purified this CH2Cl2 fraction (40 mg) (sunfire TM, prep C18, 5 µm, 10 × 250 mm) using a gradient of MeOH in H2O (50–100% over 30 min) followed by 100% MeOH for 10 min at a flow rate of 1.25 mL·min−1 to afford the pure α-rubromycin (3.5 mg; purity > 90%) which was confirmed using HRMS and advanced NMR analyses. This isolated form of α-rubromycin was used for the rapid screening step against MPro; however, but for the detailed in vitro assays (e.g., IC50 calculation), α-rubromycin was purchased from Enzo Life Sciences (Product Code. ALX-380-067-M005, Enzo Life Sciences, Exeter, UK) to ensure >98% purity.




4.2. In-Vitro Assays


4.2.1. MPro Inhibition


In vitro enzyme inhibition assays were performed using the commercially available SARS-CoV-2 main protease assay kit (Catalog #: 79955-1, BPS Bioscience, Inc., Allentown, PA, USA) and according to the manufacturer’s protocol. GC376 was used as a reference standard inhibitor (IC50 = 0.22 µM). Substrate cleavage by MPro produced fluorescence which was observed at 460 nm and 360 nm (emission and excitation wavelengths, respectively) using a Tecan Spark microplate reader (Tecan, Männedorf, Switzerland). Briefly, 10 µL of test compounds at different concentrations were added into a 96-well plate, followed by pipetting 30 µL of the diluted protease (15 µg/mL). The mixtures were incubated for 30 min at room temperature, and then 10 µL of the substrate was dissolved in the reaction buffer and added to reach a 50 µL final volume and 40 µM final concentration. The reaction mixture was then incubated for 4 h at 20 °C followed by measuring the produced fluorescence using a TECAN spark (Tecan, Männedorf, Switzerland) microplate-reading fluorimeter. The inhibition constant (Ki) values for each inhibitor were determined according to the manufacturer protocol, where the rate of substrate utilization, using 2 mM of the tested enzyme and 0–250 µM of the substrate, was monitored in increasing amounts of inhibitor (0–50 µM).




4.2.2. MTT Cytotoxicity Assay


To determine the half-maximal cell toxicity concentration (CC50) to assess the compound toxicity, we prepared stock solutions of the test compounds in 10% DMSO with ddH2O and further diluted with DMEM to the working solutions. The cytotoxic effect of the tested compounds was evaluated in normal human adult dermal fibroblasts (HDFa) (Sigma-Aldrich, Dorset, UK) using the previously reported 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method [43] with slight adjustments. Briefly, 100 µL cells/well at a density of 3 × 105 cells/mL were placed in 96-well plates and then incubated in 5% CO2 for 24 h at 37 °C. After 24 h, different concentrations of the test compound(s) were added to the cells in triplicate. After another 24 h, the supernatant was removed, and cells were washed with sterile 1× PBS three times. Then, 20 µL of 5 mg/mL MTT stock solution was added to each well, and the plate was incubated at 37 °C for 4 h. The produced formazan crystals were dissolved in 200 µL of acidified isopropanol (0.04 M HCl in absolute isopropanol). After that, we measured the absorbance of formazan solutions at λmax 540 nm using a BioTek Lx800 microplate reader (BioTek Instrument Ltd., Bedfordshire, UK). The cytotoxicity percentage compared to the control cells was determined using the following Equation (1):


   %   cytotoxicity  =    (   absorbance   of   cells   without   treatment  −  absorbance   of   cells   with   treatment   )  × 100    absorbance   of   cells   without   treatment    .  



(1)







The produced plot of percentage cytotoxicity versus sample concentrations was then used to calculate the CC50s.





4.3. In Silico Investigation


4.3.1. Ensemble Docking


AutoDock Vina software was used in all molecular docking experiments [44]. All compounds were docked against the MPro crystal structure (PDB codes: 6LU7) [45]. The binding site was determined according to the enzyme’s co-crystallized ligand. The active site of MPro is relatively flexible [8,46], and, to account for this flexibility, we used MDS-derived conformers sampled every 10 ns for docking experiments (i.e., ensemble docking) [8,46]. Subsequently, we ranked the resulting top hits according to their calculated binding energies. Docking poses were analyzed and visualized using Pymol software [44].




4.3.2. Molecular Dynamics Simulation


Desmond v. 2.2 software was used for performing MDS experiments [47,48,49]. This software applies the OPLS force field. Protein systems were built using the System Builder option, where the protein structure was embedded in an orthorhombic box of TIP3P water together with 0.15 M Na+ and Cl− ions in 20 Å solvent buffer. Afterward, the prepared systems were energy minimized and equilibrated for 10 ns.



Desmond software automatically parameterizes inputted ligands during the system building step according to the OPLS force field. For simulations performed by NAMD [50], the parameters and topologies of the compounds were calculated either using the Charmm27 force field with the online software Ligand Reader and Modeler (http://www.charmm-gui.org/?doc=input/ligandrm, accessed on 16 April 2021) [51] or using the VMD plugin Force Field Toolkit (ffTK). Afterward, the generated parameters and topology files were loaded to VMD to readily read the protein–ligand complexes without errors and then conduct the simulation step.




4.3.3. Binding Free Energy Calculations


Binding free energy calculations (ΔG) were performed using the free energy perturbation (FEP) method [51]. This method was described in detail in the recent article by Kim and coworkers [51]. Briefly, this method calculates the binding free energy ΔGbinding according to the following equation: ΔGbinding = ΔGComplex − ΔGLigand.



The value of each ΔG is estimated from a separate simulation using NAMD software. Interestingly, all input files required for simulation by NAMD can be papered by using the online website Charmm-GUI (https://charmm-gui.org/?doc=input/afes.abinding, accessed on 16 April 2021). Subsequently, we can use these files in NAMD to produce the required simulations using the FEP calculation function in NAMD. The equilibration was achieved in the NPT ensemble at 300 K and 1 atm (1.01325 bar) with Langevin piston pressure (for ″Complex″ and ″Ligand″) in the presence of the TIP3P water model. Then, 10 ns FEP simulations were performed for each compound, and the last 5 ns of the free energy values was measured for the final free energy values [51]. Finally, the generated trajectories were visualized and analyzed using VMD software. It worth noting that Ngo and coworkers in their recent benchmarking study found that the FEP method of determination of ΔG was the most accurate method in terms of predicting MPro inhibitors [52].




4.3.4. Drug-Likeness Analysis


Drug-like properties of the studied compounds were predicted by the commercially available software LigandScout 4.3 [53]. A list of SMILES codes of these compounds was prepared and submitted to the software to perform the drug-likeness calculations (e.g., molecular weight, hydrogen bond donors, hydrogen bond acceptors, number of rotatable bonds, topological polar surface area, and logP). As a final result, we checked if these calculated parameters for each compound followed Lipiniski’ and Vebers’ rules of drug likeness [20,21].




4.3.5. Toxicity Prediction


Cytotoxicity toward normal cell lines was predicted using CLC-Pred (Cell Line Cytotoxicity Predictor). Prediction is dependent on PASS (Prediction of Activity Spectra for Substances) technology (http://www.way2drug.com/PASSonline, accessed on 21 April 2021), and the training set was shaped on the basis of data on cytotoxicity obtained from ChEMBLdb (version 23) (https://www.ebi.ac.uk/chembldb/, accessed on 16 April 2021) [54]. After submitting the SMILES code of each compound, the software gives the predicted cytotoxicity arranged according to the cell line type and their activity scores (probability of being active score; Pa).




4.3.6. Pharmacophore-Based Screening


Pharmacophore-based screening was performed using two independent software. The first was SwissSimilarity (http://www.swisssimilarity.ch/, accessed on 16 April 2021) [30]. The SMILES code of the query compound was first submitted, and the FDA-approved database was selected to apply the screening. The computation method was applied according to the pharmacophore features of the input compound (i.e., spectrophores). The retrieved results were ranked according to the similarity degree (from 0 to 1).



The second used software was Ftrees (http://www.biosolveit.de/FTrees, accessed on 16 April 2021) [29]. Molecules similar to the query molecule were screened against FDA-approved drugs hosted in the Zinc database (http://zinc.docking.org/substances/subsets/fda/?page=1, accessed on 3 April 2021). This software applies a different searching approach based on a complex feature tree instead of linear fingerprint depictions [55]. Unlike fingerprint-based similarity search, the minimum FTrees similarity score between the query and the target molecules (similarity threshold) was set to a fixed value of 0.8. The FTrees visual similarities output is a particular similarity score for each query pair.






5. Conclusions


In conclusion, our scaffold hopping approach applied in this investigation achieved two goals: (1) leading to the discovery of a promising and novel drug-like MPro inhibitor candidate (ScafA), and (2) leading to the discovery of a safe and promising FDA-approved drug as a potent MPro inhibitor, which has already shown significant benefits in managing COVID-19 inflammatory complications. Additionally, it highlighted microbial natural products as a central source of unprecedented structural motifs that have high potential to be developed into a wide range of effective therapeutics.
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Figure 1. (A) Monomeric structure of SARS CoV-2 MPro (PDB: 6LU7) showing its three main domains (I, II, and III; blue, green, and orange, respectively). (B) MPro active site showing the catalytic dyad (HIS41–CYS145). (C) The dimeric active form of SARS CoV-2 MPro. 
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Figure 2. The general outline of the present investigation illustrating the main steps starting from α-rubromycin and eventually reaching cromoglicic acid. 
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Figure 3. Binding orientations of α-rubromycin inside the MPro active site (orientations 1–3, A–C respectively), and their average RMSDs over 50 ns of MDS (D). 
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Figure 4. Binding modes of (A) α-rubromycin, (B) ScafA, and (C) cromoglicic acid inside the MPro active site. (D) RMSDs of their docking pose over 200 ns of MDS. 
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Figure 5. Protein–ligand contacts inside the MPro active sites over 200 ns of MDS: (A) α-rubromycin, (B) ScafA, and (C) cromoglicic acid. 
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Figure 6. Docking pose alignment of α-rubromycin (green color), ScafA (red color), and cromoglicic acid (cyan color). This alignment shows that the three compounds have a good alignment and share the same pharmacophoric features. 
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Table 1. Docking scores and ΔGs of α-rubromycin, ScafA, and cromoglicic acid, along with their interactions inside the MPro active site.
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Compound

	
Docking SCORE

	
ΔG *

	
Interactions




	
H-Bonding

	
Water Bridges

	
Hydrophobic






	
α-Rubromycin

	
−8.2 kcal/mol

	
−8.8 kcal/mol

	
THR-24, THR-25, HIS-41, ASN-142, GLU-166, GLN-189

	
ARG-188

	
MET-49, CYS-145, MET-165




	
ScafA

	
−8.2 kcal/mol

	
−8.9 kcal/mol

	
THR-24, THR-25, HIS-41 **, ASN-142, GLU-166, GLN-189

	
GLU-166, ASN-142, ARG-188

	
MET-49, CYS-145, MET-165




	
Cromoglicic acid

	
−8.3 kcal/mol

	
−9.2 kcal/mol

	
THR-24, THR-25, HIS-41 **, SER-46, ASN-142, GLY-143, GLN-189

	
HIS-164, ARG-188

	
MET-49, CYS-145, MET-165








* ΔG is the binding free energy calculated using the FEP method; ** Salt bridge interaction.
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