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Abstract

:

The main protease (Mpro or 3CLpro) in coronaviruses represents a promising specific drug target as it is essential for the cleavage of the virus polypeptide and has a unique cleavage site that does not exist in human host proteases. In this study, we explored potential natural pan-coronavirus drugs using in vitro and in silico approaches and three coronavirus main proteases as treatment targets. The PyRx program was used to screen 39,442 natural-product-like compounds from the ZINC database and 121 preselected phytochemicals from medicinal plants with known antiviral activity. After assessment with Lipinski’s rule of five, molecular docking was performed for the top 33 compounds of both libraries. Enzymatic assays were applied for the top candidates from both in silico approaches to test their ability to inhibit SARS-CoV-2 Mpro. The four compounds (hypericin, rosmarinic acid, isorhamnetin, and luteolin) that most efficiently inhibited SARS-CoV-2 Mpro in vitro were further tested for their efficacy in inhibiting Mpro of SARS-CoV-1 and MERS-CoV. Microscale thermophoresis was performed to determine dissociation constant (Kd) values to validate the binding of these active compounds to recombinant Mpro proteins of SARS-CoV-2, SARS-CoV-1, and MERS-CoV. The cytotoxicity of hypericin, rosmarinic acid, isorhamnetin, and luteolin was assessed in human diploid MRC-5 lung fibroblasts using the resazurin cell viability assay to determine their therapeutic indices. Sequence alignment of Mpro of SARS-CoV-2 demonstrated 96.08%, 50.83%, 49.17%, 48.51%, 44.04%, and 41.06% similarity to Mpro of other human-pathogenic coronaviruses (SARS-CoV-1, MERS-CoV, HCoV-NL63, HCoV-OC43, HCoV-HKU1, and HCoV-229E, respectively). Molecular docking showed that 12 out of 121 compounds were bound to SARS-CoV-2 Mpro at the same binding site as the control inhibitor, GC376. Enzyme inhibition assays revealed that hypericin, rosmarinic acid, isorhamnetin, and luteolin inhibited Mpro of SARS-CoV-2, while hypericin and isorhamnetin inhibited Mpro of SARS-CoV-1; hypericin showed inhibitory effects toward Mpro of MERS-CoV. Microscale thermophoresis confirmed the binding of these compounds to Mpro with high affinity. Resazurin assays showed that rosmarinic acid and luteolin were not cytotoxic toward MRC-5 cells, whereas hypericin and isorhamnetin were slightly cytotoxic. We demonstrated that hypericin represents a potential novel pan-anti-coronaviral agent by binding to and inhibiting Mpro of several human-pathogenic coronaviruses. Moreover, isorhamnetin showed inhibitory effects toward SARS-CoV-2 and SARS-CoV-1 Mpro, indicating that this compound may have some pan-coronaviral potential. Luteolin had inhibitory effects against SARS-CoV-2 Mpro.
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1. Introduction


Coronaviruses are enveloped, positive-sense, single-stranded RNA viruses with different hosts occurring in avians and mammals. This family is divided into four genera: α-, β-, γ-, and δ-coronaviruses. Among them, seven coronaviruses are pathogenic to humans, i.e., HCoV-229E and HCoV-NL63, which belong to the α-coronaviruses, and HCoV-OC43, HKU1, SARS-CoV-1, MERS-CoV, and the novel coronavirus nominated as SARS-CoV-2, which belong to the β-coronaviruses [1,2]. SARS-CoV-1, MERS-CoV, and SARS-CoV-2 are highly pathogenic and cause viral pneumonia in patients. Meanwhile, the other four coronaviruses (HCoV-229E, HCoV-NL63, HCoV-OC43, and HKU1) usually infect the upper human respiratory system and cause the common cold (5–30%) [3]. However, they can also cause severe or lethal diseases in patients who are children, elderly, or immunodeficient [4].



The period between disease outbreaks has become shorter, and there is a possibility that more viral epidemics will occur soon. As vaccines provoke immunological memory against specific antigens, it is probable that the current therapeutic strategies targeting SARS-CoV-2 and its mutant variants may be inefficient against future coronaviruses that emerge in the human population. This threat is supported by data showing that vaccines formulated against SARS-CoV-1 antigens do not effectively protect from infections related to other SARS-like coronaviruses that are currently circulating in bat populations [5]. However, novel bat coronaviruses have sequence homologies of more than 90% to SARS-CoV-2 [6,7]. Hence, it is likely that more still-undetected bat coronaviruses with high similarity to SARS-CoV-2 exist and that some of them may have the potential for starting the outbreak of the next coronavirus epidemic or pandemic. It is common sense among the virological community that COVID-19 may not be the last pandemic and that more will threaten us in the future [8,9]. Consequently, there is an urgent need to identify and develop pan-anti-coronaviral drugs to be better prepared for the next coronavirus pandemic compared with our preparation for the current one.



Sequence comparison studies showed that SARS-CoV-2 shares approximately 79% sequence similarity with SARS-CoV-1 and approximately 50% with MERS-CoV [10]. Moreover, SARS-CoV-2 has a similar genome organization compared to β-coronaviruses with 14 open reading frames (ORFs). The large reading frame, ORF-1ab, encodes two polyproteins, pp1a and pp1ab, that are cleaved into 16 nonstructural proteins (nsp1-16, also termed replicase complex) by the main protease (at 11 positions), implying its important role in viral replication. This main protease is located in nsp5 and the papain-like protease (PLpro) in nsp3. The rest of ORF-1ab encodes nine accessory proteins and four structural proteins, i.e., spike (S), envelope (E), membrane (M), and nucleocapsid (N) [11,12]. The coronavirus main protease (Mpro, also termed 3CLpro) is a cysteine protease with cysteine145 and histidine41 in its active site [10]. Its structure is composed of two monomers, and each of them consists of three domains. Domain I (residues 8–101) and domain II (residues 102–184) are catalytic domains and have an antiparallel β-barrel. Domain III (residues 201–303) is responsible for enzyme dimerization and has five α-helices [13,14]. Mpro has a unique cleavage site at conserved Leu-Gln↓ (Ser/Ala/Gly) [15,16]. This feature is absent in closely related human host proteases, and the side effects of Mpro inhibitors in human patients are limited. Therefore, the main protease represents an ideal target for developing anti-coronaviral drugs [17].



Natural products provide a rich resource for novel antiviral compounds. They are an extensive source of oral drugs based on Lipinski’s rule of five [18]. Furthermore, they are evolutionarily optimized for interaction with different proteins and biological targets, which explains their high relevance for a variety of therapeutic purposes. Natural products have been used in traditional medicine for centuries, which provides insights regarding efficacy and safety. While many natural products have been extracted, only a few have been marketed as drugs. Therefore, further identification of their active compounds is useful for the treatment of viral infections and the management of outbreaks [19,20].



In this investigation, we aimed to explore potential pan-coronavirus compounds using in vitro and in silico approaches against several coronavirus Mpro. We studied 39,442 natural-product-like compounds from the ZINC database and 121 preselected natural products from medicinal plants with known antiviral activity [21,22,23,24,25,26,27] by virtual drug screening using SARS-CoV-2 Mpro as a target to identify lead compounds that may be further developed as pan-coronaviral drugs. Then, the top 12 compounds identified in silico were investigated for the inhibition of SARS-CoV-2 Mpro in vitro. The top four compounds from this experiment were used to calculate IC50 values for the orthologous main proteases of SARS-CoV-1 and MERS-CoV. Finally, microscale thermophoresis was used as a biochemical assay to verify the binding of these compounds to recombinant Mpro.




2. Results


2.1. In Silico Studies


By using a ZINC library of 39,442 natural-product-like compounds and a second natural product library of 121 compounds that were preselected from medicinal plants with known antiviral activity, we performed virtual screening with PyRx. A total of 89 hits from the ZINC natural-product-like library and 32 hits from the antiviral natural product library were selected on the basis of their lowest PyRx-based binding energies to SARS-CoV-2 Mpro. These compounds were assessed using the Lipinski rules, and compounds with a molecular weight ≤ 500 and an octanol–water partition coefficient of log p ≤ 5 were considered for further investigation, i.e., 21 candidate compounds from the ZINC database and 12 candidates from the antiviral natural product library. These 33 compounds were subjected to molecular docking with AutoDock 4.2.6. The lowest binding energy values (LBEs) and predicted inhibition constants (pKi’s) of the 12 candidates from the antiviral natural product library that were used for subsequent experiments are shown in Table 1. Figure 1 depicts the structures of these 12 compounds and the known Mpro inhibitor, GC376, which was used as a positive control. To identify similarities between the main protease of seven human coronaviruses, we performed protein alignments. The results revealed 96.08%, 50.83%, 49.17%, 48.51%, 44.04%, and 41.06% identity of SARS-CoV-2 Mpro to SARS-CoV-1, MERS-CoV, HCoV-NL63, HcoV-OC43, HcoV-HKU1, and HcoV-229E, respectively (Table 2). Figure 2 shows the highly conserved amino acid residues between the seven human coronaviruses.




2.2. Inhibition of Mpro Enzyme Activity


We performed in vitro enzymatic assays to validate whether the compounds selected from the in silico studies inhibit the activity of Mpro of SARS-CoV-2. As expected, hypericin, rosmarinic acid, isorhamnetin, and luteolin were the most active natural products among the 12 compounds preselected by our bioinformatical approach. These compounds inhibited enzymatic activity by more than 50% (Figure 3). Therefore, these four compounds were subjected to subsequent dose-response experiments to calculate the concentration of each compound required to inhibit Mpro activity by half (IC50). The percentage of activity versus the log concentration of the inhibitors was used to calculate the IC50 values (Figure 4A–C). The IC50 values for hypericin, rosmarinic acid, isorhamnetin, and luteolin for SARS-CoV-2 CLpro were 23.30, 9.43, 8.42, and 11.81 µM, respectively. The IC50 values for the inhibition of Mpro of SARS-CoV-1 by hypericin and isorhamnetin were 19.43 and 13.13 µM, respectively. Rosmarinic acid and luteolin inhibited the enzymatic activity of Mpro of SARS-CoV-1 only at the highest concentration of 100 µM by 31% and 44%, respectively. The IC50 value for the inhibition of MERS-CoV Mpro by hypericin was 49.65 µM. At a concentration of 100 µM, rosmarinic acid, luteolin, and isorhamnetin inhibited MERS-CoV Mpro activity to 14.9%, 21.3%, and 26.3%, respectively (Table 3).




2.3. Microscale Thermophoresis


Microscale thermophoresis is a sensitive technique used to determine the binding between unlabeled molecules and labeled macromolecules (i.e., proteins). The labeled recombinant Mpro of SARS-CoV-2, SARS-CoV-1, and MERS-CoV were titrated against different concentrations of the selected compounds (Figure 5A–C). Hypericin, rosmarinic acid, isorhamnetin, and luteolin were bound in vitro to SARS-CoV-2 Mpro with Kd values of 7.73, 15.47, 4.379, and 13.417 µM, respectively. This was also the case with Mpro of the other coronavirus family members. SARS-CoV-1 Mpro was inhibited with Kd values of 25.49 µM by hypericin and 3.60 µM by isorhamnetin. MERS-CoV Mpro was inhibited with a Kd value of 54.91 µM by hypericin (Table 4).




2.4. Binding of the Top Candidates


Molecular docking in silico revealed high binding affinities of the best candidate compounds and the control inhibitor, GC376, to Mpro of seven human coronaviruses (Table 5). Figure 6A–C shows the molecular interactions of potential inhibitors and GC376 with SARS-CoV-2, SARS-CoV-1, and MERS-CoV Mpro. The best candidate compounds shared the same binding site at Mpro as the control inhibitor, GC376. Hypericin, rosmarinic acid, isorhamnetin, luteolin, and the control inhibitor, GC376, formed hydrogen bonds or hydrophobic interactions with at least one of the catalytic residues (Cys145, His41) in the binding site of Mpro of SARS-CoV-2, SARS-CoV-1, and MERS-CoV (Figure 7A–C). Moreover, these compounds interacted with Glu1166 of SARS-CoV-2 and SARS-CoV-1 and Glu169 of MERS-CoV, all of which play an important role in the dimerization of Mpro [28,29,30,31].




2.5. Cell Viability Assay


The inhibitory effects on the cell viability of the potential Mpro inhibitors toward human MRC-5 fibroblasts were assessed using the resazurin assay. As shown in Figure 8, luteolin and rosmarinic acid did not show significant inhibitory effects within the tested concentration range. Hypericin and isorhamnetin showed a slight inhibition of viability of MRC-5 cells with CC50 values of 55.46 ± 2.2 µM and 36.80 ± 3.4 µM, respectively (Table 6). The therapeutic indices of hypericin for SARS-CoV-2, SARS-CoV-1, and MERS-CoV Mpro were 2.38, 2.85, and 1.11, respectively. For isorhamnetin, the therapeutic index was 4.37 and 2.8 for SARS-CoV-2 and SARS-CoV-1, respectively (Table 7).





3. Discussion


During the past two decades, highly infectious pathogens rapidly emerged, such as SARS-CoV-1 in 2003, MERS-CoV in 2012, and SARS-CoV-2 at the end of 2019. Therefore, there is an urgent need to investigate new broad-spectrum anti-CoVs drugs. The main protease was proposed as a promising target for the development of pan-coronaviral drugs as it significantly differs from human proteases and is highly conserved between coronavirus family members [16].



In this study, we first performed a computer-based approach to screen 39,442 natural-product-like compounds from the ZINC database and 121 preselected natural products from medicinal plants with known antiviral activity to find candidate compounds with a high binding affinity to SARS-CoV-2 Mpro. As a result of PyRx-based virtual drug screening, assessment using the Lipinski rule of five, and molecular docking using AutoDock 4.2.6, 33 compounds were selected and subjected to AutoDock to validate the virtual screening results. Twelve compounds were selected for further in vitro experiments. To analyze whether these 12 compounds affect SARS-CoV-2 Mpro activity in vitro, we performed Mpro enzyme activity inhibition assays. Hypericin, rosmarinic acid, isorhamnetin, and luteolin inhibited SARS-CoV-2 Mpro. The binding site of SARS-CoV-2 includes a catalytic dyad (His41 and Cys145) and several subsites (S1–S5). The S1 subunit consists of His163, Glu166, Cys145, Gly143, His172, and Phe140. The S2 subunit comprises Cys145, His41, and Thr25. S3–S5 consists of Met165, Met49, His41, Glu166, and Gln189. These subunits play a key role in substrate binding [32,33]. Molecular docking revealed that hypericin, rosmarinic acid, isorhamnetin, and luteolin not only bound to Mpro through these subunits but also interacted (hydrophobic or hydrogen binding) with at least one of the catalytic center residues (His41 and Cys145) (Figure 7A). Moreover, microscale thermophoresis confirmed the binding of these four natural compounds to SARS-CoV-2 Mpro. Although the Kd values were different, all compounds showed a high binding affinity to SARS-CoV-2 Mpro. Consequently, we concluded that the in silico data reflected the in vitro situation as there was a good correlation between the computationally predicted lowest binding energies (−12.44, −9.98, −9.06, and −9.01 kcal/mol) and the experimentally measured percentages of activity (4.95%, 8.28%, 8.56%, and 10.10%) of SARS-CoV-2 Mpro in the presence of hypericin, rosmarinic acid, isorhamnetin, and luteolin, respectively. To develop a potential pan-HCoV inhibitor, we also performed Mpro enzyme activity inhibition assays for SARS-CoV-1 and MERS-CoV. Hypericin and isorhamnetin inhibited SARS-CoV-1 Mpro, while only hypericin inhibited MERS-CoV Mpro. Microscale thermophoresis confirmed that these two compounds were bound to SARS-CoV-1 and MERS-CoV Mpro with high affinities.



Cell viability assays showed that luteolin and rosmarinic acid did not inhibit human fetal MRC-5 lung fibroblasts in the highest concentration tested (100 µM) while hypericin and isorhamnetin showed slight toxicity.



Hypericin is a natural polyquinone from Hypericum perforatum (St. John’s wort) and is traditionally used as an anti-depressive and wound-healing drug [34]. Hypericin has antitumor, antivirus, and anti-depression activity. It exhibits in vitro activity against infectious bronchitis virus (IBV) by the inhibition of apoptosis in host cells and the production of reactive oxygen species [35]. Additionally, hypericin inhibits hepatitis C virus (HCV) replication via downregulation of heme oxygenase-1 expression and deacetylation in vitro [36]. However, hypericin caused phytotoxicity without detectable anti-HCV activity in patients with chronic HCV infection who were provided oral doses of 0.05 and 0.10 mg/kg/d [37]. Although hypericin inhibits human immunodeficiency virus (HIV) in vitro and in vivo [38,39], a clinical trial revealed phytotoxicity of orally administered hypericin (0.5 mg/kg daily) without antiretroviral activity in a limited number of patients [40]. Moreover, hypericin inhibits the replication of α-coronaviruses (PEDV and TGEV) through the inhibition of Mpro [41]. Hypericin inhibits Mpro of SARS-CoV-2 with a CC50 value of 63.6 µM [42]. Our in silico and in vitro results indicated that hypericin both binds and inhibits Mpro of β-coronaviruses. Previous in silico and in vitro studies showed that hypericin has anti-inflammatory activity [43,44,45] and is a potential treatment for rheumatoid arthritis [44]. Thus, hypericin is a promising pan-CoV inhibitor that, due to its anti-inflammatory effects, may be used in coronavirus-infected patients suffering from autoimmune reactions (“long COVID”) who are prohibited from obtaining anti-coronavirus vaccinations. This is an advantageous feature that distinguishes this compound from other approved drugs.



Rosmarinic acid, an ester of caffeic acid and 3,4-dihydroxy phenyl lactic acid, is present in most Lamiaceae species [46]. It has a broad inhibitory effect on a variety of viruses, e.g., rosmarinic acid inhibits HBV replication in HBV-infected cells by specifically targeting DNA polymerase ε binding [47]. It also inhibits influenza viruses and enterovirus 71 [48,49]. Although previous studies suggested that rosmarinic acid inhibits SARS-CoV-2 replication with an IC50 value of 25.47 ng/µL, the mechanism of action is still unknown [50]. Our results indicated that rosmarinic acid binds to SARS-CoV-2 Mpro with an IC50 value of 9.43 µM. Additionally, several animal studies revealed that rosmarinic acid has anti-inflammatory activity through the inhibition of NF-κB and STAT3 signaling pathways [51,52] and may be applied against arthritis, inflammatory bowel disease, and asthma [53]. Hence, rosmarinic acid is a potential therapeutic against COVID-19, especially for fighting immunological overreactions (i.e., the cytokine storm) during severe courses of the disease.



Isorhamnetin is a flavonoid from Hippophae rhamnoides L. [54], Artemisia absinthium L. [55], and other plants. Isorhamnetin has a wide range of pharmacological effects on cardiovascular diseases, a variety of tumors, and neurodegenerative diseases [54]. Isorhamnetin exerts anti-influenza effects in vitro and in vivo by inhibition of hemagglutinin and neuraminidase [56]. Isorhamnetin also inhibits SARS-CoV-2 entry through inhibition of the Spike protein [57]. Our results showed that isorhamnetin binds and inhibits Mpro of SARS-CoV-2 and SARS-CoV-1 with IC50 values of 8.42 and 13.13 µM, respectively. Isorhamnetin has anti-inflammatory effects against different diseases, such as inflammatory bowel disease [58], osteoarthritis, and periodontitis, by suppressing the production of inflammatory mediators, cytokines, and reactive oxygen species [54]. Hence, targeting the Spike protein and Mpro makes isorhamnetin a promising drug candidate for the inhibition of coronavirus entry and replication.



Luteolin is a natural flavonoid that is extensively present in many plant species [59]. It has multiple biological effects such as anti-inflammation, antiallergy, and anticancer activities [60]. In vivo and in vitro studies demonstrated that luteolin inhibits HBV replication through ERK-mediated downregulation of HNF4α expression [61]. It also exhibits antiviral activity against influenza A virus, HIV-1, and JEV [62,63,64]. Our results demonstrated that luteolin binds to SARS-CoV-2 Mpro and inhibits its activity with an IC50 value of 11.81 µM. Several in vivo and in vitro studies revealed that luteolin has an anti-inflammatory effect by blocking the NF-κB and AP-1 activation pathways [65,66,67,68]. Luteolin was also suggested as a potential therapeutic strategy for various autoimmune diseases, such as Hashimoto’s thyroiditis and multiple sclerosis [69,70]. Therefore, luteolin may be beneficial for COVID-19 patients with overshooting autoimmune reactions.



In conclusion, we demonstrated that it is possible to identify natural products that exert activity against several coronaviruses and may be useful for developing pan-coronaviral drugs. There was some selectivity between the inhibition of coronaviral Mpro and cytotoxic activity toward human lung cells. Though the cytotoxicity was very low, the inhibitory rates toward the tested coronaviral main proteases were in the micromolar but not nanomolar range. Hence, animal experimentation should clarify whether this in vitro activity is reflected in vivo. Furthermore, the chemical scaffolds of the identified natural products may serve as lead structures when generating (semi)synthetic derivatives with improved activity. The concept of developing pan-coronaviral drugs is attractive for being prepared for future outbreaks of epidemic or pandemics by known or novel coronaviruses.




4. Materials and Methods


4.1. Compounds


The chemical structures of natural products were downloaded from ZINC and PubChem databases in three-dimensional SDF format. Based on in silico studies, 12 selected compounds were provided by Fischer Analytics/Fischer Organics GmbH (Weiler, Germany). The compounds had a purity of >95%.




4.2. Virtual Screening


In this study, the PyRx software was used for the virtual screening of 39,442 natural-product-like compounds from the ZINC database and 121 natural compounds used in herbal medicines against viral diseases. As a target, the dimeric form of SARS-CoV-2 Mpro (PDB ID: 6XMk) was chosen to identify compounds with high binding affinity and low binding energy (kcal/mol). AutoDock version 1.5.6 was used to convert the Protein Data Bank files of target proteins (PDB) to PDBQT files. The energy of the compounds was minimized and converted from SDF format to PDBQT format using the PyRx software.




4.3. Sequence Alignment


The full-length amino acid sequences of Mpro of SARS-CoV-2, SARS-CoV-1, MERS-CoV, HCoV-HKU1, HCoV-NL63, HCoV-OC43, and HCoV-229E were accessed from the UniProt database and aligned by Clustal Omega; figures were prepared using Jalviwe 2.11.1.4.




4.4. Inhibition of Mpro Enzyme Activity


Enzymatic assays were performed using the SensoLyte SARS-CoV-2 3CL Protease Activity Assay Kit (AnaSpec, San Francisco, CA, USA), SARS-CoV-1 Assay Kit, and 3CL Protease MERS-CoV Assay Kit (BPS Bioscience, San Diego, CA, USA). Twelve selected compounds were diluted in assay buffer to a final concentration of 1 mM. Compound aliquots of 10 μL were added to black 96-well plates (Greiner, Frickenhausen, Germany), and 40 μL of 0.1 mg/mL Mpro was added to each well of the plates and incubated with the compounds at 37 °C for 30 min. The enzymatic reactions were initiated by adding a fluorescent substrate. The final concentration of the compound was 100 µM. Fluorescence was measured using an Infinite M2000 Pro plate reader (Tecan, Crailsheim, Germany). All values were subtracted from blank values. Then, compounds exhibiting more than 50% inhibitory activity at a fixed concentration of 100 µM were selected for dose-response studies in a concentration range from 0 to 100 µM for SARS-CoV-2, SARS-CoV-1, and MERS-CoV to calculate 50% inhibition concentrations (IC50). The activity percentage of Mpro was calculated using the following equation: Activity % = 100 − [(RFUVehicle control − RFUtested sample)/RFUVehicle control × 100].




4.5. Molecular Docking


The top compounds obtained from in vitro experiments were subjected to AutoDock 4.2.6 to identify their binding affinity to Mpro of SARS-CoV-2, SARS-CoV-1 (PDB ID: 6xhl), MERS-CoV (PDB ID: 6vh0), HCoV-HKU1 (PDB ID: 3d23), HCoV-NL63 (PDB ID: 3tlo), HCoV-OC43, and HCoV-229E (PDB ID: 2zu2). SWISS-MODEL was used to model the main protease structure. For this purpose, a Lamarckian algorithm was used with 250 runs and 2.5 million energy evaluations, as previously described in [71]. Docking was conducted using the high-performance supercomputer, MOGON II (Johannes Gutenberg University, Mainz, Germany). Three-dimensional illustrations of the compound–protein interactions were prepared using Molecular Dynamics (VMD) software.




4.6. Microscale Thermophoresis


We performed microscale thermophoresis (MST) to determine the dissociation constant (Kd) values for binding of hypericin, rosmarinic acid, isorhamnetin, and luteolin to recombinant Mpro proteins of SARS-CoV-2, SARS-CoV-1, and MERS-CoV (Bio-Techne, Wiesbaden, Germany). This method was performed as previously described in [71]. The three recombinant proteins were labeled with Monolith Protein Labeling Kit RED-NHS 2nd Generation (MO-L011, Nano Temper Technologies GmbH, Munich, Germany) according to the manufacturer’s instructions. The final protein concentrations after labeling were 3530, 882, and 910 nM for recombinant Mpro of SARS-CoV-2, SARS-CoV-1, and MERS-CoV, respectively. Titration was performed using a wide concentration range of compounds (dilution steps 1:1). The incubation time of ligand and protein was 30 min at room temperature in assay buffer (50 mM Tris buffer (pH 7.4) containing 10 mM MgCl2, 150 mM NaCl, and 0.05% Tween-20). Measurements were carried out in Monolith NT.115 standard capillaries (MO-K022, Nano Temper Technologies GmbH, Munich, Germany). Signals were measured using Monolith NT.115 instrument (Nano Temper Technologies) under the settings 40% LED power and 20, 10, and 40 MST power for recombinant Mpro proteins of SARS-CoV-2, SARS-CoV-1, and MERS-CoV, respectively. Fitting curves and Kd values were calculated by MO.Affinity Analysis software (Nano Temper Technologies).




4.7. Cell Viability Assay


Cell viability was measured using the resazurin assay as previously described in [72]. Human diploid MRC-5 lung fibroblasts was kindly provided by Dr. rer. nat. Sebastian Zahnreich (Department of Radiation Oncology and Radiation Therapy, University Medical Center of the Johannes Gutenberg University, Mainz, Germany) were seeded (5 × 105 cells per well) into 96-well culture plates and incubated overnight before treatment. On the second day, the cells were treated with 10 concentrations of the four compounds in a range of 0.3–100 μM. After 72 h incubation, 20 μL 0.01% resazurin (Promega, Mannheim, Germany) was added to each well. Fluorescence was detected after 4 h incubation using an Infinite M2000 Pro plate reader (Tecan) at Ex/Em = 550 nm/590 nm wavelength. Cell viability was calculated in comparison to DMSO control. The DMSO final concentration was 0.5%. The 50% cytotoxicity concentration (CC50) values were calculated in comparison to the DMSO-treated control. Each experiment was independently repeated three times with six wells for each concentration. Therapeutic indices were calculated using the following equation: Therapeutic index = TD50/ED50.





5. Conclusions


Overall, our in silico and in vitro results demonstrated that hypericin is a potential novel pan-anti-coronaviral agent as it binds to and inhibits Mpro of human-pathogenic coronaviruses. Moreover, isorhamnetin showed inhibitory effects toward SARS-CoV-2 and SARS-CoV-1 Mpro, while luteolin revealed inhibitory effects against SARS-CoV-2 Mpro (Figure 9). Our results need to be further validated in animal models and clinical trials. A typical feature of natural products is that they are frequently multi-specific, i.e., they exert specific activities against several targets [73]. Therefore, the anti-coronaviral activity of the compounds we investigated is complemented with known anti-inflammatory effects reported in the literature. This may qualify these compounds not only to inhibit coronavirus replication but also to improve inflammatory conditions in severe courses of COVID-19 and other coronavirus infections. Natural products are generally considered to be of low toxicity. This is another property that speaks in favor of the four compounds we investigated.
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Figure 1. Chemical structures of the top 12 compounds with the lowest binding energy to SARS-CoV-2 main protease. 
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Figure 2. Sequence alignments of the main protease (binding site sequence) among SARS-CoV-2, SARS-CoV-1, MERS-CoV, HcoV-OC43, HcoV-HKU1, HcoV-NL63, and HcoV-299E. Catalytic residues are indicated by the red box. 
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Figure 3. Percent activity of SARS-CoV-2 main protease in the presence of 12 compounds (100 µM). GC376 was used as a positive control. The results are expressed as mean value ± standard deviation. 
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Figure 4. Dose-dependent inhibition of (A) SARS-CoV-2, (B) SARS-CoV-1, and (C) MERS-CoV main protease activity. Triplicate experiments were performed for each compound, and the IC50 values are presented as mean ± standard deviation (SD). 
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Figure 5. Binding of inhibitors to (A) SARS-CoV-2, (B) SARS-CoV-1, and (C) MERS-CoV main protease as measured by MST. 
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Figure 6. Molecular docking of potential inhibitors and GC376 (positive control) to the binding site of (A) SARS-CoV-2 Mpro (PDB ID: 6XMk), (B) SARS-CoV-1 Mpro (PDB ID:6xhl), and (C) MERS-CoV Mpro (PDB ID:6vh0). 






Figure 6. Molecular docking of potential inhibitors and GC376 (positive control) to the binding site of (A) SARS-CoV-2 Mpro (PDB ID: 6XMk), (B) SARS-CoV-1 Mpro (PDB ID:6xhl), and (C) MERS-CoV Mpro (PDB ID:6vh0).
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Figure 7. Two-dimensional representations of inhibitor interactions with (A) SARS-CoV-2 Mpro, (B) SARS-CoV-1 Mpro, and (C) MERS-CoV Mpro were analyzed using Ligplot. Hydrogen bonds are shown as green dotted lines, while the spoked arcs represent residues forming hydrophobic interactions with the ligands. 
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Figure 8. Dose-response curves of candidate compounds against MRC-5 cell line. Data are shown as mean values ± standard deviations of three independent experiments by the resazurin assay. 
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Figure 9. Potential pan-coronaviral Mpro inhibitors. Image adapted from BioRender.com (2022) with permission. 
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Table 1. Results of virtual screening with PyRx and molecular docking with AutoDock 4.2.6 of 12 selected compounds and GC376 as positive control binding to SARS-CoV-2 main protease.
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	Compound
	PyRx Binding

Affinity (kcal/mol)
	Lowest Binding

Energy (kcal/mol)
	Predicted Ki (nM)





	Hypericin
	−8.70
	−12.44 ± <0.01
	0.762 ± 1.34



	Curcumin
	−7.90
	−12.48 ± 0.04
	0.679 ± 11.7



	Isoliquiritin
	−7.60
	−11.69 ± 0.02
	2.64 ± 0.11



	Quercetin
	−9.20
	−10.72 ± 0.03
	13.90 ± 0.80



	Rosmarinic acid
	−7.80
	−9.98 ± 0.08
	42.62 ± 3.25



	Delphinidin
	−8.50
	−9.23 ± <0.01
	170.92 ± 0.06



	Cyanidin
	−8.20
	−9.13 ± <0.01
	203.87 ± 0.04



	Isorhamnetin
	−8.20
	−9.06 ± <0.01
	237.99 ± 11.59



	Luteolin
	−8.10
	−9.01 ± <0.01
	247.73 ± 1.21



	Kaempferol
	−8.00
	−8.77 ± <0.01
	375.12 ± 0.05



	Berberine
	−8.10
	−8.07 ± <0.01
	1210 ± 0.01



	Naringenin
	−7.80
	−8.00 ± 0.04
	1370 ± 0.1



	GC376 (positive control)
	−8.00
	−12.58 ± 0.29
	0.70 ± 0.42
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Table 2. Percent identity of SARS-CoV-2 Mpro with six human-pathogenic β-coronaviruses (complete protein sequence).
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	Human Coronavirus
	% Identity with SARS-CoV-2





	SARS-CoV-1
	96.08



	MERS-CoV
	50.83



	HcoV-NL63
	49.17



	HcoV-OC43
	48.51



	HcoV-HKU1
	44.04



	HcoV-229E
	41.06
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Table 3. IC50 values of selected compounds that inhibited Mpro of SARS-CoV-2, SARS-CoV-1, and MERS-CoV.
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Compound

	

	
IC50 Value (µM) (mean ± SD)

	




	

	
SARS-CoV-2 Mpro

	
SARS-CoV-1 Mpro

	
MERS-CoV Mpro






	
Hypericin

	
23.30 ± 1.21

	
19.43 ± 3.11

	
49.65 ± 5.41




	
Rosmarinic acid

	
9.43 ± 0.46

	
n.a.

	
n.a.




	
Isorhamnetin

	
8.42 ± 1.15

	
13.13 ± 1.78

	
n.a.




	
Luteolin

	
11.81 ± 1.27

	
n.a.

	
n.a.
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Table 4. Kd values of selected compounds inhibiting main proteases of SARS-CoV-2, SARS-CoV-1, and MERS-CoV.






Table 4. Kd values of selected compounds inhibiting main proteases of SARS-CoV-2, SARS-CoV-1, and MERS-CoV.





	
Compound

	

	
Kd Value (µM)

	




	

	
SARS-CoV-2 Mpro

	
SARS-CoV-1 Mpro

	
MERS-CoV Mpro






	
Hypericin

	
7.73 ± 6.50

	
25.49 ± 13.61

	
54.91 ± 13.80




	
Rosmarinic acid

	
15.47 ± 4.77

	
n.a.

	
n.a.




	
Isorhamnetin

	
4.37 ± 3.90

	
3.60 ± 2.60

	
n.a.




	
Luteolin

	
13.41 ± 2.70

	
n.a.

	
n.a.











[image: Table] 





Table 5. Molecular docking of potential inhibitors and GC376 (positive control) to the catalytic center of main proteases of human-pathogenic coronaviruses.






Table 5. Molecular docking of potential inhibitors and GC376 (positive control) to the catalytic center of main proteases of human-pathogenic coronaviruses.





	
Compound

	

	

	
Lowest Binding Energy (kcal/mol)

	

	




	

	
SARS-CoV-2

	
SARS-CoV-1

	
MERS-CoV

	
HCoV-HKU1

	
HCoV-NL63

	
HCoV-OC43

	
HCoV-229E






	
Hypericin

	
−12.44 ± <0.01

	
−11.53 ± 0.005

	
−11.98 ± 1.77

	
−9.11 ± < 0.01

	
−9.77 ± 0.31

	
−12.99 ± <0.01

	
−10.65 ± <0.01




	
Rosmarinic acid

	
−9.90 ± 0.08

	
−9.80 ± 0.03

	
−10.12 ± 0.21

	
−10.48 ± 0.31

	
−10.18 ± 0.11

	
−10.06 ± 0.06

	
−10.61 ± 0.05




	
Isorhamnetin

	
−9.06 ± <0.01

	
−8.83 ± <0.01

	
−8.59 ± <0.01

	
−8.50 ± <0.01

	
−8.57 ± <0.01

	
−8.33 ± <0.01

	
−8.19 ± 0.01




	
Luteolin

	
−9.01 ± <0.01

	
−7.66 ± <0.01

	
−7.67 ± 0.06

	
−7.65 ± <0.01

	
−9.25 ± <0.01

	
−8.21 ± <0.01

	
−8.02 ± <0.01




	
GC376 (positive control)

	
−12.58 ± 0.29

	
−12.17 ± 0.27

	
−13.65 ± 0.44

	
−12.78 ± 0.5

	
−11.04 ± 0.09

	
−12.28 ± 0.05

	
−11.52 ± 0.09











[image: Table] 





Table 6. Cytotoxicity of candidate compounds toward human fetal MRC-5 lung fibroblast cells as determined by the resazurin reduction assay.






Table 6. Cytotoxicity of candidate compounds toward human fetal MRC-5 lung fibroblast cells as determined by the resazurin reduction assay.





	
Compound

	
CC50 Value (µM)




	

	
(mean ± SD)






	
Hypericin

	
55.46 ± 2.2




	
Isorhamnetin

	
36.80 ± 3.4




	
Rosmarinic acid

	
n.a.




	
Luteolin

	
n.a.
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Table 7. Therapeutic index values of hypericin and isorhamnetin.






Table 7. Therapeutic index values of hypericin and isorhamnetin.





	
Compound

	

	
Therapeutic Index

	




	

	
SARS-CoV-2 Mpro

	
SARS-CoV-1 Mpro

	
MERS-CoV Mpro






	
Hypericin

	
2.38

	
2.85

	
1.11




	
Isorhamnetin

	
4.37

	
2.80

	
n.a.

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
SARS-COV—-2
SARS-COV-1
MERS-COV
HCoV-0Co43
HCoV=-HEU1
HCoWV-HL63
HCov=-229E

SARS~COV-2
SARS-COV-1
MERS-COV
HCoV-CLC43
HCoV=-HEUL
HCoWV-HNLA&3
HCoW-229E

SARS-COV-2
SARS-COV-1
MERS-COV
HCoV=-0043
HCoV-HEUL
HCoV-HNLE&S
HCoV-229E

N
5
s
D
D
.
&

His 41

ﬁrvi:gesﬂr
KFVR IQPGQT

PSTPA TET!UKEEAﬁ






media/file21.jpg
Cell viability (%of control)

100:

S

2

001 01 1 10 100
Concentration (M)

@ Hypericin &~ Rosmarinicacid M Isorhamnetin ¥~ Luteolin





media/file3.jpg





media/file18.jpg





media/file22.png
Cell viability (%of control)

100+
791
50+
25¢
0 Y Y v v Y
0.01 0.1 1 10 100
Concentration (M)
-@- Hypericin ~&~ Rosmarinic acid - Isorhamnetin -%¥— Luteolin





media/file14.jpg





media/file7.jpg
LK

o

o
o Cononnin )

E3

o

c
b

e o sorsims.

100





media/file15.png
GCITH Luteolin

Isorhammnetin






media/file19.png
GC376

wr2s A0

s LamT(A)

The261a)
IBsLECL)

CHy145(A) N

His41 (A

%13’.‘(.«;
%J:ﬂl-‘,’u

Cralas(A)

STLITN

R RLIEY

G falA)

HulAI A

Luteolin

Glul&6

Gl 91

B GC376

Pheldl

Serldd

Asnld2

Ths1fd

F g
i
4.' . Teul4l
e 3, Me=d=e =
g7 o ar 1M Ca
Aspl} -'1,,'2 i

Thri™

Hypericin

Isorhamnetin

;“I':";\lg

Cly143

Luslas

Asulaz
Pruléd

Hixliid

Lenls?

Glnl39

Rosmarinic acid

Thelb0

Glulés

Hypericin Isorhamnetin

aaa Leuldi

Serld4

Serldd

IIisl64





media/file6.png
% SARS-CoV-2 MP™ activity

100-
75=
50=
25=
0=
éé {éq. & ~..p é} ﬂp -..p .‘q-. d‘ ¢&ﬁr§h

#’o@o“éﬂ* & "ﬁ’ ‘?asf





nav.xhtml


  pharmaceuticals-15-00308


  
    		
      pharmaceuticals-15-00308
    


  




  





media/file11.png
Fnorm(1/1000)

Fnom( 1/1000)

900
900 -
890
=
S
880 = 880
£
S 870
860 - -
860
8404 e e 850
10 10! 102 10° 104 10° 108
Concentration(n/m)
900
900 890
)
=
= 880
880 - -
g 870
c
o
860 - 360
340 850

. .10,

..}01 —

miol' 1,03 . '...1.,04. ' 105 ,....,106, —

Concentration(n/m)

10° 10° 10¢ 10° 108

Concentration(n/m)

¢ Luteolin

10° 10° 10¢ 10° 106

Concentration(n/m)





media/file16.png
GC376

Hypericin

C GC376 Hypericin






media/file2.png
\ peWoned
a8 - g
\ é

Hypericin

ZINC000040395056

Delphinidin
ZINC000003777403

Isorhamnetin

ZINC000000517261

Berberin

ZINCODH0ITTI06T

2

GC376

]

H
OH
{J:? =
DOMa

Isoliquiritin

ZINCO00033832004

Rosmarinic acid

ZINC000000899870

Luteolin

ZINCO000018185774

O O

L

Curcumin

ZINCODO100067274

L™

Quercetrin

ZINCOO0004175638

Cyanidin
ZINCO000003775158

O3

Naringenin

ZINC000000156701

A0

Kampferol
ZINCOO0003869768





media/file20.png
GC376 Hypericin

Leul44

Crsl48
- Glul6o % Phel43

Glyl46

Serl4”

Leuld4

Teal 70

His166
Alal T Cys148

ITislse
Glules gt

GinlsT

Vall93

Wi

Alal™l

Vall¥3

Glnl92





media/file23.jpg





media/file10.jpg
Foorni1000)

W e e e e e e W e e e e
— [——
c

Facemi11000)

CENTENT

CaRTaT

Concnrtontm)






media/file5.jpg
i.
P
Y LLPLG 1SS





media/file24.png
Potential pan-coronaviral main
protease inhibitors

Corona Virus

5

Translﬂ'ﬁun of viral

Hypericin

“""“"\. Rosmarinic acid

Izorhamnetin
Lutecdin

Protease inhibition

e

Protealysis

Jn n Ien

Protease cleavage

Cytoplasm

Isorhamnetin Lutealin
13,468 21,563 29674, .,
ORF1a ORF1b h
1] ""
I' " { | | 1 ]
: HIIEN|
II '..
L]
' 3CL-protease °,

potential binding
pocket





media/file1.jpg





media/file12.png
Fnorm(1/1000)

940 _ 930 -
920 e o
900 | 8 920 -
&
880 -
f £ 910 -
2
860 | e 3
840 Hypericin 900
1 ° P e Isorhamnetin
e ° °
10 101 102 103 104 105 106 10 10l 102 103 104 105 106

Concentration(n/m)

Concentration(n/m)

860
840 -
o
=
= 820 -
2 800 -
(&

780 1 e Hypericin

AR R R AL |

10 10!

MAAAALI | rrrrenT YT TTrTrrTeY TTrrTTThT T™TrTTTrT

10 10° 10* 10° 108

Concentration(n/m)





media/file9.jpg
[

[r———

28 38 8 ¥

[——

ENEEE]






media/file0.png





media/file8.png
100

~
o

)
-

% SARS-CoV-2 MP™ activity
w
b

0 r v
0.01 0.1 1 10 100

Ligand Concentration (uM)

@ Luteolin - Isorhamnetin —&— Rosmarinicacid -%¥— Hypericin

&
1001
1 v r 1
> i I
2 1
T 757
o
=
> 50
Q
n
&
= 257
52
0 v v v v
0.01 0.1 1 10 100

Ligand Concentration (uM)

—¥— Hypericin

% SARS-CoV1 M"™ activity

B
1001
&
[ ]
5% ¥
50+
25+
0 - v - -+
0.01 01 1 10 100
Ligand Concentration (M)

- |sorhamnetin ~¥—  Hypercin





media/file17.jpg





