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1 Abstract 

2 Caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the COVID-

3 19 pandemic is ongoing, with no proven safe and effective vaccine to date.  Further, effective 

4 therapeutic agents for COVID-19 are limited, and as a result, the identification of potential 

5 small molecule antiviral drugs is of particular importance. A critical antiviral target is the 

6 SARS-CoV-2 main protease (Mpro), and our aim was to identify lead compounds with potential 

7 inhibitory effects. We performed an initial molecular docking screen of 300 small molecules, 

8 which included phenolic compounds and fatty acids from our OliveNetTM library (224), and an 

9 additional group of curated pharmacological and dietary compounds. The prototypical -

10 ketoamide 13b inhibitor was used as a control to guide selection of the top 30 compounds with 

11 respect to binding affinity to the Mpro active site.  Further studies and analyses including blind 

12 docking were performed to identify hypericin, cyanidin-3-O-glucoside and SRT2104 as 

13 potential leads. Molecular dynamics simulations demonstrated that hypericin (ΔG = -18.6 and 

14 -19.3 kcal/mol), cyanidin-3-O-glucoside (ΔG = -50.8 and -42.1 kcal/mol), and SRT2104 (ΔG 

15 = -8.7 and -20.6 kcal/mol), formed stable interactions with the Mpro active site. An enzyme-

16 linked immunosorbent assay indicated that, albeit, not as potent as the covalent positive control 

17 (GC376), our leads inhibited the Mpro with activity in the micromolar range, and an order of 

18 effectiveness of hypericin and cyanidin-3-O-glucoside > SRT2104 > SRT1720.  Overall, our 

19 findings add to the mechanisms highlighted in previous studies with hypericin and cyanidin-3-

20 O-glucoside in various experimental models, some of which include antiviral effects. 

21

22

23

24 Introduction 
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1 On the 31st of December 2019, the health authorities in China’s Hubei province were informed 

2 that there was a cluster of patients with viral pneumonia of unknown origin in the city of Wuhan 

3 (1-3). After collecting and analysing samples that were taken from the patients, the pathogen 

4 was identified as a novel coronavirus (1-3).  The genomic sequence was soon made available 

5 by the Chinese Centre for Disease Control and Prevention (China CDC) and the virus was 

6 classified as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) by the 

7 Coronaviridae Study Group (CSG) of the International Taxonomy Committee of Viruses 

8 (ICTV) (2-6). The infection caused by SARS-CoV-2 was officially named Coronavirus 

9 Disease 2019 (COVID-19) by the World Health Organisation (WHO) (1, 6). 

10 Since being declared a pandemic in early March, COVID-19 has spread rapidly throughout the 

11 world and is currently ongoing (1, 7, 8). There are currently no approved human coronavirus 

12 vaccines (9, 10). The Coalition for Epidemic Preparedness Innovations (CEPI) is providing 

13 support to vaccine developers however, there are several challenges that must be overcome 

14 before candidates are tested in clinical studies and are made available for use (9). As a result, 

15 there is an urgent need to investigate, identify and repurpose small molecules with potential 

16 antiviral effects (11). A number of clinical trials have already begun to evaluate the safety and 

17 efficacy of drugs including hydroxychloroquine, chloroquine, remdesivir, lopinavir, ritonavir 

18 and azithromycin, as well as traditional Chinese medicines (TCM) (11-17). 

19 SARS-CoV-2 is a positive-sense single-stranded RNA virus that is enveloped and belongs to 

20 the betacoronavirus genus (3, 18, 19). In a study conducted by Zhou et al., the genetic 

21 sequences of SARS-CoV-2 and SARS-CoV were found to be 79.6% identical and SARS-CoV-

22 2 was also 96.2% identical to a bat coronavirus (BatCoV RaTG13) at the whole-genome level 

23 (20). Like SARS-CoV, which was the causative agent of the severe acute respiratory syndrome 

24 epidemic that occurred in 2002 and 2003, there is evidence to suggest that SARS-CoV-2 binds 

25 to human angiotensin-converting enzyme 2 (ACE2) receptors to gain entry into host cells (20). 
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1 The interaction is mediated by the receptor binding domain (RBD) of the spike glycoprotein 

2 on the virion surface and the peptidase domain (PD) of ACE2 (18, 21-23).  In addition to the 

3 spike glycoprotein, the coronavirus main protease (Mpro) is an important target for antiviral 

4 therapy (24). The replicase gene of SARS-CoV-2 encodes the replicase polyproteins, pp1a and 

5 pp1ab (19, 24, 25). Mpro is the enzyme that is predominantly responsible for the proteolytic 

6 processing of these polyproteins into functional polypeptides (19, 24, 25). Thus, Mpro plays an 

7 important role in viral replication and infection (19). 

8 There is a growing body of literature on lead compounds that could be used to target the Mpro 

9 enzyme of SARS-CoV-2. This includes peptidomimetics, such as -ketoamide inhibitors (19, 

10 22, 26).  Aside from synthetic ligands, researchers are also investigating the antiviral properties 

11 of natural compounds and dietary polyphenols have been of particular interest (24, 27-30). 

12 Extra-virgin olive oil (EVOO), which is the primary source of dietary fat within the 

13 Mediterranean diet, is rich in phenolic compounds (31). The OliveNetTM library, which was 

14 previously created by our laboratory, is a curated database of 676 compounds from Olea 

15 europaea and 222 phenolic compounds are divided into 13 subclasses (32).

16 Crystal structures of the SARS-CoV-2 Mpro enzyme have been made available on the RCSB 

17 Protein Data Bank (PDB) and can be used for in silico screening (19, 26). Large ligand 

18 databases can be screened in a timely and cost-effective manner using computational methods, 

19 in an attempt to accelerate the process of drug discovery (33). The results can then be validated 

20 experimentally in vivo and in vitro. Utilising a combination of targeted molecular docking and 

21 blind docking, we aimed to identify ‘hit’ compounds from a selection of 300 ligands that could 

22 potentially inhibit Mpro. This included 211 phenolic compounds and 13 fatty acids from our 

23 OliveNetTM library, known protease inhibitors, several antibiotics for comparison and the -

24 ketoamide inhibitor as a control (32). Molecular dynamics (MD) simulations were 
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1 subsequently performed to evaluate the top three candidates and ultimately determine the lead 

2 compounds. 

3 Materials and Methods 

4 Protein structure and ligands

5 The crystal structure of SARS-CoV-2 Mpro was obtained from the RSCB Protein Data Bank 

6 (PDB ID: 6LU7) (18, 34). 300 compounds were selected for screening against Mpro.. This 

7 comprised of 211 phenolic compounds and 13 fatty acids were sourced from the OliveNetTM 

8 Library (32), and an additional 76 ligands based on known protease inhibitors and antibiotics, 

9 as well as compounds with antiviral, anti-inflammatory, anti-parasitic, anti-malarial, 

10 antioxidant and anti-ageing properties (22, 28, 35-59). A full list of the ligands that were 

11 screened can be found in the supplementary information (Table S1). Ligand structures were 

12 obtained from the National Centre for Biotechnology Information (NCBI) PubChem database 

13 (60), or drawn using Chem3D 19.0 (Perkin Elmer, Massachusetts, USA) if they weren’t 

14 available. 

15 Docking to the active site of the SARS-CoV-2 main protease monomer 

16 Structure preparation and molecular docking was performed using the quantum-mechanics-

17 polarised ligand docking (QPLD) protocol of the Schrödinger Suite (version 2018-1) molecular 

18 modelling package (61-65) as previously described (66). A 20 x 20 x 20 Å receptor grid was 

19 generated centred around active site residues Thr24, Thr25, His163, Pro168 and Gly143 (19).

20 Compounds were also docked to the active site of Mpro using AutoDock Vina (67), following 

21 the processing of protein and ligand structures using PyRx (68) to generate their corresponding 

22 pdbqt files. The protein structure was assumed to be rigid, and rotatable torsions of the ligands 
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1 were activated. A receptor grid with dimensions of 25 x 25 x 25 Å was generated around the 

2 same active site residues. Docking was performed with an exhaustiveness of 128.

3 Docking calculations were performed on a Windows 10 workstation equipped with an Intel 

4 Core i7 (2.90 GHz) and 8.00 GB of RAM.

5 Blind docking to the SARS-CoV-2 main protease dimer

6 As the SARS-CoV-2 Mpro is known to function as a homodimer (18), this complex was 

7 assembled using the Proteins, Interfaces, Structures and Assemblies (PDBePISA) server (69) 

8 for blind docking to identify potential binding sites. Structures were processed in PyRx, and 

9 docking performed AutoDock Vina (67) using a receptor grid encompassing the entire protein 

10 surface at an exhaustiveness of 128. For selected top binding compounds, blind docking was 

11 also performed at an exhaustiveness of 2000 using cloud computing services provided by 

12 Galileo (Hypernet Labs).                                      

13 Molecular dynamics simulations 

14 Classical MD simulations were performed using GROMACS 2018.2 software (70, 71) with 

15 the CHARMM27 force field (72, 73) using docked ligands as starting structures as previously 

16 described (66). Ligand topologies were generated using SwissParam (74). For cyanidin-3-O-

17 glucoside, Lennard-Jones parameters for the oxonium ion were assumed to be similar to those 

18 for the ether group (75). Simulations were performed with a time-step of 2 fs in triplicate for 

19 100 ns.

20 Molecular Mechanics-Poisson Boltzmann Surface Area (MM-PBSA) was employed for the 

21 quantification of free energy calculations (76) using the g_mmpbsa tool (77), as previously 

22 described (66). Calculations were performed in triplicate on 1 ns segments, from 99 to 100 ns, 

23 of the stabilised trajectories (78).
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1 Visual Molecular Dynamics 1.9.3 (79) was used for visualisation and analysis. Calculations 

2 were performed on a Dual Intel Xeon “Cascade Lake” Silver 4215 processor cluster (Topaz) 

3 at the Pawsey Supercomputing Centre, and an Intel Xeon E5-2650 v4 processor cluster 

4 (Spartan) hosted at the University of Melbourne (80).

5 Enzyme-linked immunosorbent assay

6 To confirm inhibition of the SARS-CoV-2 Mpro in vitro, an enzyme-linked immunosorbent 

7 assay (ELISA), was performed.  The BPL 3CL protease (SARS-CoV-2) assay kit (BPS 

8 Bioscience, San Diego, CA, USA), was used, and the assay performed according to the 

9 manufacturer’s instructions.  The internal positive control was the broad-spectrum antiviral 

10 GC376 and was tested (n = 9 determinations), at a final concentration of 50 µM.  The small 

11 molecule test inhibitors that we tested were hypericin (89%, HWI pharma services GmbH, 

12 Germany), cyanidin-3-O-glucoside (reference standard, PhytoLab, Germany), SRT2104 and 

13 SRT1720 (>99%, AdooQ® Bioscience, Irvine, CA, USA), resveratrol (>99%), and L-

14 sulforaphane (>95%, Sigma-Aldrich, St Luis, MO, USA).  The inhibitors were prepared as 20 

15 mM stock solutions and stored at -80ºC until use.  For the ELISA assay, doubling dilutions of 

16 each of the test inhibitors were performed to achieve final concentrations ranging from 0.25 to 

17 128 µM; each concentration of the test inhibitors was assayed in triplicate. Following addition 

18 of the substrate solution the plate was read using an excitation wavelength of 360 nm and 

19 detection of emission at a wavelength of 460 nm.  Fluorescence intensities were measured, and 

20 the % protease inhibition was calculated as the ratio of fluorescence intensity observed with 

21 each test inhibitor and the total activity (n = 9 determinations), taking background (n = 9 

22 determinations) into account. The IC50 values for applicable test inhibitors (hypericin, 

23 cyanidin-3-O-glucoside, and SRT2104), were also calculated.

24 Results and Discussion
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1 Identification of key compounds with relatively high affinity to the active site of the SARS-CoV-

2 2 main protease

3 The -ketoamide ligand (13b) was previously identified by Zhang et al. to inhibit Mpro with a 

4 half maximal inhibitory concentration (IC50) value of 0.67 ± 0.18 M (26). As a result, this 

5 compound was used as a control. Each protomer of the Mpro enzyme consists of three domains 

6 and the active site is located between domain I and domain II (19). When docked to the 

7 substrate-binding site of the crystal structure, the -ketoamide ligand formed hydrogen bonds 

8 with the protein residues and this included Glu166, His164 and Gln189. The inhibitor was 

9 predominantly surrounded by hydrophobic and polar residues including Cys145, Asn142, 

10 Tyr54, Thr190 and Pro168 (Figure 1). The binding affinities of this compound were -65.7 and 

11 -7.7 kcal/mol in Schrödinger and AutoDock, respectively. Our lab has also recently verified 

12 the interaction of the ketoamide inhibitor with the active site of Mpro from SARS-CoV-2 

13 (66).

14 The control compound was positioned in a similar site as the co-crystallised ligand (N3) (19). 

15 Previously, it has been found that the negatively charged residue Glu166 plays an important 

16 role in forming the S1 pocket of the binding site (19). The hydrophobic residue Cys145 is also 

17 involved in the mechanisms of action of N3 and the -ketoamide inhibitor (19, 26). The Cys145 

18 and His41 residues in the SARS-CoV-2 main protease form a catalytic dyad (19). The Mpro 

19 enzyme is a cysteine protease and the inhibitors specifically interact with Cys145 covalently 

20 (19, 26). Covalent docking tools have been made available however, the success of this 

21 screening approach depends on a number of factors (81, 82). This includes the contribution of 

22 non-covalent interactions and the mechanism of covalent bonding (81, 82). In the current study, 

23 conventional docking methods were used and there is evidence to suggest that noncovalent 
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1 docking is successful in elucidating the interactions that are occurring within protein-ligand 

2 complexes at the molecular level (33, 83, 84).  

3 Drug repositioning has become one of the most important strategies for combating COVID-19 

4 and virtual screening approaches continue to play a major role in this (85). With this in mind, 

5 300 compounds were docked to the catalytic core of the SARS-CoV-2 Mpro enzyme. Out of the 

6 300 compounds, 297 were successful in binding to the active site of the protomer using the 

7 QPLD protocol in Schrödinger and the Glide energies ranged from -16.3 to -82.0 kcal/mol. All 

8 300 compounds were predicted to bind using AutoDock Vina and the binding affinities ranged 

9 from -3.7 to -10.7 kcal/mol. When examining the effect of molecular weight of the small 

10 molecules and when comparing the binding affinities from both programs, the correlation 

11 coefficients were found to be approximately 0.7 for both parameters (Figure S1 and S2). 

12 Previous studies have evaluated a number of molecular docking programs that are available for 

13 use and have found that Glide is more accurate in predicting the crystallographic pose of 

14 ligands (86). Therefore, the results that were generated from Schrödinger were the main focus 

15 of this section and the data from AutoDock was used for comparison (Figures S1 and S2). 

16 In regards to the 211 phenolic compounds from the OliveNetTM database, it was evident that 

17 the flavonoid, glucoside and secoiridoid subclasses were binding strongly to the active site 

18 (Table S1). Conversely, the simple phenols, hydroxyphenylacetic acids, hydroxybenzoic acids 

19 and methoxyphenols had weaker binding affinities (Table S1). The biological activities of 

20 flavonoids have been extensively investigated over the years and there are studies that have 

21 examined the inhibitory activity of certain flavonoid compounds against the Mpro enzyme of 

22 SARS-CoV. This includes luteolin, tetra-O-galloyl--D-glucose and baicalin to name a few 

23 (30, 87, 88). Since being declared a pandemic, several papers that have assessed the ability of 

24 natural compounds to target SARS-CoV-2 proteins have been made available. In a recent study 
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1 conducted by Ul Qamar et al. in silico techniques were used to detect lead molecules from a 

2 medical plant library and they highlighted how their study may contribute to the development 

3 of natural antiviral agents in the future (89). Although there are hurdles that are yet to be 

4 overcome, Thomford et al. emphasise that advancements in predictive computational methods 

5 have made it possible for the properties of natural products and their derivatives to be explored 

6 and for novel therapeutic moieties to be discovered (90). 

7 Saquinavir and ritonavir were the protease inhibitors that were binding more strongly than the 

8 -ketoamide ligand, while nelfinavir had a similar Glide energy as the control compound. This 

9 is in accordance with a paper published by Pant et al., as their molecular docking analysis 

10 revealed that these three antivirals scored well and interacted with important residues (91). In 

11 addition to the phenolic compounds from OliveNetTM and the protease inhibitors, some of the 

12 other top binding ligands included (-)-epicatechin gallate, remdesivir, D,L-sulforaphane 

13 glutathione, SRT2104, SRT1720, hypericin, curcumin, demethoxycurcumin, baricitinib and 

14 baicalin. 

15 Based on this initial screen, 30 compounds were selected for further examination. A description 

16 of these compounds and their binding affinities can be found in Table 1. The structures of the 

17 ligands not found in the OliveNetTM database are provided in the supplementary information 

18 (Table S2). Simeprevir, ivermectin and ebselen were unable to produce output structures when 

19 docked to the Mpro protomer through Schrödinger. These three ligands were successful in 

20 binding to the active site using AutoDock and their binding affinities were -8.5, -7.6 and -6.5 

21 kcal/mol, respectively. When examining the protein-ligand interactions, several compounds 

22 were forming inter-atomic contacts with the residues Glu166, Asn142, His41, Gly143 and 

23 Thr26. 
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1 In order to narrow down the list and identify lead compounds, blind docking was conducted on 

2 the crystal structure of the Mpro dimer using the -ketoamide 13b inhibitor and selection of 30 

3 compounds at an exhaustiveness of 128. Overall, there were 19 ligands that had poses within 

4 the substrate-binding sites of the enzyme promoters (promoter A and promoter B). They were 

5 -hydroxy verbascoside, ceftazidime, cyanidin-3-O-glucoside, D,L-sulforaphane glutathione, 

6 ebselen, (-)-epicatechin gallate, hypericin, indinavir, isoacteoside, nelfinavir, oxidized 

7 verbascoside, quercetin-3-O-rutinoside, quercitrin, remdesivir, saquinavir, simeprevir, 

8 SRT1720, SRT2104 and verbascoside. 

9 Based on the results, three compounds were chosen for further study and they were hypericin, 

10 SRT2104 and cyanidin-3-O-glucoside (Figure 2). Blind docking was performed for these three 

11 compounds at an exhaustiveness of 2000. Hypericin and SRT2104 had 4 poses each within the 

12 active sites of the dimer whereas cyanidin-3-O-glucose had 7 poses (Figure 2 & Tables S3-S6).  

13 When docked to the active site of the Mpro monomer, these compounds were binding with 

14 relatively high affinity to the active site, with Glide energies of -51.7, -60.5 and -62.7 kcal/mol, 

15 respectively (Table 1). SRT2104 and cyanidin-3-O-glucoside formed a  interaction with 

16 His41 of Mpro, while hypericin formed a hydrogen bond with His164. Residues Asn142, 

17 Leu141, Glu166 and Thr190 were also involved in inter-atomic contacts with cyanidin-3-O-

18 glucoside. In addition to His41, SRT2104 formed hydrogen bonds with Thr26 and Gly143 

19 (Figure 3). Although all three compounds were positioned in a similar manner within the 

20 catalytic core, the conformations of hypericin and cyanidin-3-O-glucoside were closer to that 

21 of the -ketoamide inhibitor. 

22 We extended our docking studies with these compounds to include additional dimeric 

23 structures of the SARS-CoV-2 Mpro, including 6Y2G (92) and 6M03 (93). Our results indicate 

24 docking to these protein structures yielded similar results, with ligands consistently binding in 
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1 proximity to the key active site residues (Figure S3). It is noted that out of the top three ligands, 

2 cyanidin-3-O-glucoside consistently binds with the strongest affinity across all protease 

3 structures.

4 Molecular dynamic simulations highlight the stability of cyanidin-3-O-glucoside, SRT2104, 

5 and hypericin compounds with the main protease complex

6 To assess the stability of the ligands in complex with the main protease dimer, classical MD 

7 simulations were performed. Each system comprised of two ligands bound to the active sites 

8 on each protomer, as shown in Movies S1-4. Root mean square deviation (RMSD) analysis in 

9 Figure 4 shows that the systems reached equilibrium after 50 ns, with subsequent analysis 

10 performed after this timepoint. Analysis of RMSD during the stabilised trajectory indicated 

11 that SARS-CoV-2 Mpro bound to ligands yielded slightly more stable protein complexes. With 

12 an average RMSD of 0.30 nm in the apo protein, the top ligands bound to the protease complex 

13 yielded slightly lower values compared to apo: 0.27 nm for hypericin, 0.28 nm for SRT2104, 

14 and 0.25 nm for cyanidin-3-O-glucoside. Root mean square fluctuation (RMSF) was also 

15 analysed, indicating that the main fluctuations were occurring at Leu50 in domain I and at 

16 Gln189 located in the connecting loop, which are located in proximity to the active site (Figure 

17 4). A more prominent fluctuation also occurred at residue Tyr154 in domain II. The largest 

18 fluctuation occurred at the C-terminal Gln306 across both protomers. When the RMSF values 

19 for the apo protease were subtracted from the ligand-bound values in Figure 4, peaks in residue 

20 fluctuation diminished, with the exception of the C-terminal Gln306. This indicates that the 

21 binding of hypericin, SRT2104, and cyanidin-3-O-glucoside to the active site of the protease 

22 does not influence residue fluctuation in the overall protein. 

23 Utilising trajectory segments spanning the final nanosecond of each system in triplicate, MM-

24 PBSA was performed to determine binding free energy, as well as residue energy contributions 
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1 to ligand binding (Figure 5). Out of the three ligands, cyanidin-3-O-glucoside demonstrated 

2 the strongest ΔG to the active site of both protomers of Mpro, with values of -50.8 kcal/mol in 

3 protomer A and -42.1 kcal/mol in protomer B. ΔG values of approximately -20 kcal/mol were 

4 observed for hypericin bound to both protomers of Mpro and for SRT2104 bound to the active 

5 site of protomer B. It is noted that SRT2104 bound to the active site of protomer A demonstrates 

6 a noticeably weaker ΔG of -8.7 kcal/mol. This is due to unbinding events occurring in two out 

7 of three replicate simulations, with one of these shown in Movie S3. Consequently, while 

8 residue energy contributions to SRT2104 binding in the active site of protomer B are confined 

9 to active site residues, energy contributions in protomer A binding are also apparent in Val72, 

10 Arg76, and Asp92 in domain I, where SRT2104 attaches towards the end of the trajectory 

11 (Movie S3). 

12 For SRT2104 bound to protomer B and hypericin bound to the active site of both protomers of 

13 Mpro, the main peaks in residue energy contributions were confined to active site residues 

14 surrounding the bound ligand in its corresponding protomer. With favourable energy 

15 contributions defined as peaks below the y-axis, active site residues Met49 and Met165 were 

16 relatively consistent in producing strong favourable energy contributions ranging from -0.5 to 

17 -1.3 kcal/mol. Glu166 produced unfavourable contributions, with values of +0.8 kcal/mol for 

18 hypericin bound to protomer A, +1.0 kcal/mol to protomer B, and +0.5 kcal/mol for SRT2104 

19 bound to the active site of protomer B.

20 In contrast to hypericin and SRT2104, residue energy contributions for cyanidin-3-O-glucoside 

21 demonstrates large fluctuations across the entire protein, regardless of the protomer to which 

22 the ligand is bound. Energy peaks were nevertheless present at active site residues Ser1, 

23 Asp187, and Arg188. Peaks for Glu166 across both protomers were conversely favourable 

24 contributions. While more rigorous free energy methods may be required for further 

25 investigation, the dominating favourable energy contributions yield a strong ΔG of cyanidin-
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1 3-O-glucoside to the active site of Mpro, which is observed to remain stable throughout the 

2 trajectory (Movie S4).

3 Hypericin and cyanidin-3-O-glucoside as lead compounds for further evaluation 

4 Cyanidin-3-O-glucoside belongs to the flavonoid subclass and is classified as an anthocyanin 

5 (94). In general, anthocyanins are water-soluble pigments and they are present in a variety of 

6 plants and fruits (94, 95). Their antioxidant, anti-inflammatory and neuroprotective properties 

7 have gained the attention of researchers and different methodologies are being trialled  to assess 

8 how the bioavailability of these compounds could be increased (29, 96, 97). Pour et al. have 

9 also published a comprehensive review on the antiviral properties of anthocyanins and 

10 emphasised the need for novel drugs to be rapidly developed (29). We also identified the sirtuin 

11 1 (SIRT1) activator SRT2104 as a potential hit ligand (98). 

12 Furthermore, hypericin is a compound that is naturally found in the perennial plant Hypericum 

13 perforatum (St. John’s wort) and its mechanisms of action require further elucidation (99-102). 

14 Hypericin is considered to be a potent photosensitising agent and its potential use in cancer 

15 therapy has been investigated (102). The antidepressant effects of St. John’s wort have also 

16 been reported in the literature (100). Likewise, the protective properties of hypericin against 

17 enveloped and non-enveloped viruses have been explored and previous studies have focused 

18 on hepatitis C, infectious bronchitis virus and human immunodeficiency virus 1 (HIV-1) (103-

19 108). It is important to note that drug-drug interactions have been described for hypericin and 

20 medications such as HIV protease inhibitors (109, 110). Therefore, it is imperative that the 

21 pharmacokinetics of these compounds are taken into consideration. Hypericin and cyanidin-3-

22 O-glucoside were consequently identified as the lead dietary compounds in this study and this 

23 is also consistent with a recently published paper by Islam et al (111).  
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1 To confirm potential inhibition of the SARS-CoV-2 in vitro, we performed an ELISA using a 

2 commercially available 3CL protease (SARS-CoV-2) assay kit.  The IC50 for the GC376 

3 positive antiviral control used in this ELISA has been calculated to be 0.46 µM (as provided 

4 the kit supplier; BPS Bioscience).  Our findings indicate that hypericin results in a 

5 concentration-dependent inhibition of Mpro activity, with an IC50 value calculated to be 63.6 ± 

6 5.7 µM (Figure 6, and Table 2).  Similarly, cyanidin-3-O-glucoside and SRT2104 resulted in 

7 concentration-dependent inhibition of the Mpro with IC50 values calculated to be 65.1 ± 14.6 

8 µM and 85.0 ± 16.8 µM, respectively (Table 2).  Notably, IC50 values for SRT1720, resveratrol 

9 and L-sulforaphane could not be determined (up to 128 µM, Table 2), consistent with the lower 

10 binding energies observed for these compounds in the in silico work (Table S1).   Similarly, 

11 the percentage protease inhibition at 50 µM GC376 was determined to be 97.9 ± 1.8% in our 

12 experiments (n = 9 determinations, Figure 6). As shown in Table 2, the percentage protease 

13 inhibition at 50 µM for our test inhibitors was lower with 42.8 ± 8.2% and 22.6 ± 4.3% 

14 inhibition of Mpro activity observed for hypericin and cyanidin-3-0-glucoside, respectively.   

15 Therefore, our findings clearly highlight a distinct order of potency of GC376 (covalent 

16 inhibitor) >>> hypericin and cyanidin-3-O-glucoside > SRT2104 > SRT1720 >>> resveratrol 

17 and L-sulforaphane.

18 Conclusion

19 Overall, our in silico findings and in vitro ELISA assay results indicate that, although not as 

20 potent as the covalent GC376 broad-spectrum antiviral, hypericin and cyandin-3-O-glucoside, 

21 may be considered as potential lead compounds as inhibitors of the SARS-CoV-2 Mpro.  Given 

22 the considerable previous work with hypericin and cyandin-3-O-glucoside in models of 

23 disease, including previously reported antiviral effects, further investigation of these 

24 compounds in the context of COVID-19 is warranted.  
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1 Figure legends

2 Figure 1. Structure of the SARS-CoV-2 Mpro dimer in complex with the -ketoamide 13b 

3 ligand within the substrate-binding site. Mpro consists of three domains, with the catalytic 

4 core located between domains I and II. Catalytic dyad residues His41 and Cys145 are 

5 highlighted in orange, and the α-ketoamide 13b ligand is shown in grey. The α-ketoamide 13b 

6 was docked to the catalytic core using the QPLD protocol of Glide, and interactions with 

7 residues are depicted. Hydrogen bonds are shown as dashed yellow lines. Hydrophobic 

8 residues are green, polar uncharged residues are cyan, and negatively charged residues are 

9 shown in red. 

10 Figure 2. Blind docking and docking of hypericin, SRT2104, and cyanidin-3-O-glucoside 

11 to the active site of the SARS-CoV-2 Mpro dimer. Blind docking was performed using 

12 AutoDock Vina to produce 20 poses. Catalytic dyad residues His41 and Cys145 are highlighted 

13 in orange. Docking to the active site was performed using the QPLD protocol of Glide to each 

14 protomer of the Mpro dimer.

15 Figure 3. Residue interactions between the Mpro monomer and hypericin, SRT2104, and 

16 cyanidin-3-O-glucoside at 4.0 Å. Hydrogen bonds and  interactions are depicted by the 

17 yellow and cyan lines, respectively. The green residues are hydrophobic, the cyan residues are 

18 polar, and the red residues are negatively charged.  

19 Figure 4: Stability of SARS-CoV-2 Mpro complex in the presence of hypericin, SRT2104, 

20 and cyanidin-3-O-glucoside. The protein-ligand complexes comprised of a single compound 

21 bound to the active site of each protomer of Mpro, with cyanidin-3-O-glucoside depicted in 

22 purple (A) as an example.  Average root mean square deviation (RMSD) for protein fit to 

23 backbone (B) for 100 ns, and average root mean square fluctuation of whole protein (C) 

24 following stabilisation. (D) shows the RMSF values the apo form subtracted from ligand bound 
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1 forms of the protein. For the graphs (B – D), Mpro in its apo form is shown in blue. Mpro bound 

2 to hypericin, SRT2104, and cyanidin-3-O-glucoside is shown in red, green, and purple 

3 respectively.

4 Figure 5: Average energy contributions from MM-PBSA analysis were decomposed into a 

5 per-residue basis for binding of SARS-CoV-2 Mpro with A) hypericin, B) SRT2104, and C) 

6 cyanidin-3-O-glucoside to the active site in protomer A (blue), and active site of protomer B 

7 (purple). Energy contributions were calculated in triplicate on 1000 ps segments of stabilised 

8 trajectories.

9 Figure 6: Concentration-dependent inhibition of the SARS-CoV-2 Mpro by hypericin. To 

10 confirm in vitro inhibition, a 3CL protease ELISA assay was performed and fluorescence 

11 intensities at an emission of wavelength of 460 nm for concentrations of hypericin up to 128 

12 µM (doubling dilutions), were measured.  The average background (n = 9 determinations), total 

13 enzymatic activity (n = 9 determinations), and inhibition by the covalent internal positive 

14 control, GC376 at 50 µM (n = 9 determinations), are highlighted (horizontal dashed lines).  

15 Hypericin was assayed in triplicate (closed circles) and the average ± SEM values are depicted. 

16
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1 Table 1. Binding affinities (kcal/mol) of the compounds that were selected for further 
2 investigation. 

Compound Classification Glide energies 
(kcal/mol)

Ritonavir Protease inhibitor -71.5
Saquinavir Protease inhibitor -77.7
Lopinavir Protease inhibitor -56.2
Indinavir Protease inhibitor -52.0
Nelfinavir Protease inhibitor -65.2
Darunavir Protease inhibitor -58.2
Remdesivir Nucleotide analog -58.0
Amikacin Antibiotic -64.5
Ceftazidime Antibiotic -60.5
Baricitinib Janus kinase inhibitor -48.8
Suramin Antiparasitic -66.3
Hypericin Anthraquinone derivative -51.7

SRT2104 Sirtuin activator -60.5
SRT1720 Sirtuin activator -60.5
D,L-Sulforaphane glutathione Isothiocyanate analog -61.7

(-)-Epicatechin gallate Natural flavonoid compound -64.1

Quercitrin OliveNetTM -60.7
-Hydroxy verbascoside OliveNetTM -71.1
-Hydroxy acteoside OliveNetTM -67.7
Isoacteoside OliveNetTM -75.1
Verbascoside OliveNetTM -76.3
Oxidized verbascoside OliveNetTM -71.2
Quercetin 3-O-rutinoside OliveNetTM -77.0
Hesperidin OliveNetTM -64.0
Rutin OliveNetTM -69.3
Luteolin-7,4-O-diglucoside OliveNetTM -66.3

Cyanidin-3-O-glucoside OliveNetTM -62.7
3

4
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1 Table 2. Inhibition of Mpro activity by small molecules. Percentage inhibition at a ligand 

2 concentration of 50 µM and IC50 values calculated using an ELISA

3

Compound IC50 (µM)

Average ± SEM

% Protease inhibition at 

50 µM ligand 

concentration

Hypericin 63.6 ± 5.7 42.8 ± 8.2

Cyanidin-3-0-glucoside 65.1 ± 14.6 22.6 ± 4.3

SRT2104 85.0 ± 16.8 19.4 ± 6.4

SRT1720 NA* 9.3 ± 2.2

Resveratrol NA* 1.8 ± 0.9

L-sulforaphane NA* 8.4 ± 2.7

4

5 * Compound concentrations of up to 128µM were used in our experiments; the IC50 could not 

6 be reached for the ligands noted. 

7

8

9

10
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1 Supplementary Materials

2 Figure S1: Correlation of Schrödinger QM-PLD Glide Energy scores with the molecular 

3 weight of the 300 compounds that were used in the initial screen.

4 Figure S2: Correlation between Schrödinger QM-PLD Glide Energy scores and binding 

5 affinity scores from Autodock Vina for the 300 compounds that were used in the initial screen.

6 Figure S3: Comparison between docking to the active site of SARS-CoV-2 Mpro structures 

7 (PDB ID: 6LU7, 6Y2G, and 6M03) in protomers A and B. Hydrogen bonds are shown as 

8 yellow, pi-pi stacking in blue, and pi-cation bonds in green dashed lines.

9 Table S1: List of the 300 compounds that were used in this in silico study. Their binding 

10 affinities from Schrödinger (Glide Energy) and AutoDock (Binding Affinity) are provided. 

11 Table S2: The structures of the 27 compounds that were predicted by the Schrödinger program 

12 to bind to the active site of the Mpro monomer and were selected to undergo blind docking on 

13 the Mpro dimer are provided.

14 Table S3: The blind docking results from AutoDock Vina are provided for the -ketoamide 

15 inhibitor. 

16 Table S4: The blind docking results from AutoDock Vina are provided for hypericin. 

17 Table S5: The blind docking results from AutoDock Vina are provided for cyanidin-3-O-

18 glucoside. 

19 Table S6: The blind docking results from AutoDock Vina are provided for SRT2104. 

20 Movie S1. 100 ns trajectory of the apo form of the SARS-CoV-2 main protease 
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1 Movie S2. 100 ns trajectory of hypericin bound to the active site of the SARS-CoV-2 main 

2 protease 

3 Movie S3. 100 ns trajectory of SRT2104 bound to the active site of the SARS-CoV-2 main 

4 protease 

5 Movie S4. 100 ns trajectory of cyanidin-3-O-glucoside bound to the active site of the SARS-

6 CoV-2 main protease 

7















Table 1. Binding affinities (kcal/mol) of the compounds that were selected for further 
investigation. 

Compound Classification Glide energies 
(kcal/mol)

Ritonavir Protease inhibitor -71.5
Saquinavir Protease inhibitor -77.7
Lopinavir Protease inhibitor -56.2
Indinavir Protease inhibitor -52.0
Nelfinavir Protease inhibitor -65.2
Darunavir Protease inhibitor -58.2
Remdesivir Nucleotide analog -58.0
Amikacin Antibiotic -64.5
Ceftazidime Antibiotic -60.5
Baricitinib Janus kinase inhibitor -48.8
Suramin Antiparasitic -66.3
Hypericin Anthraquinone derivative -51.7

SRT2104 Sirtuin activator -60.5
SRT1720 Sirtuin activator -60.5
D,L-Sulforaphane glutathione Isothiocyanate analog -61.7

(-)-Epicatechin gallate Natural flavonoid compound -64.1

Quercitrin OliveNetTM -60.7
-Hydroxy verbascoside OliveNetTM -71.1
-Hydroxy acteoside OliveNetTM -67.7
Isoacteoside OliveNetTM -75.1
Verbascoside OliveNetTM -76.3
Oxidized verbascoside OliveNetTM -71.2
Quercetin 3-O-rutinoside OliveNetTM -77.0
Hesperidin OliveNetTM -64.0
Rutin OliveNetTM -69.3
Luteolin-7,4-O-diglucoside OliveNetTM -66.3

Cyanidin-3-O-glucoside OliveNetTM -62.7



Table 2: Inhibition of Mpro activity by small molecules. Percentage inhibition at a ligand 

concentration of 50 µM and IC50 values calculated using an ELISA

Compound IC50 (µM)

Average ± SEM

% Protease inhibition at 

50 µM ligand 

concentration

Hypericin 63.6 ± 5.7 42.8 ± 8.2

Cyanidin-3-0-glucoside 65.1 ± 14.6 22.6 ± 4.3

SRT2104 85.0 ± 16.8 19.4 ± 6.4

SRT1720 NA* 9.3 ± 2.2

Resveratrol NA* 1.8 ± 0.9

L-sulforaphane NA* 8.4 ± 2.7

* Compound concentrations of up to 128µM were used in our experiments; the IC50 could not 

be reached for the ligands noted. 
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Supplementary Information  

Supplementary 1: Selection of 300 Compounds    

Table S1: List of the 300 compounds that were used in this in silico study. Their binding 
affinities from Schrödinger (Glide Energy) and AutoDock (Binding Affinity) are 
provided.  

Ligands  Glide Energy 
(kcal/mol) 

Binding 
Affinity 

(kcal/mol) 

OliveNetTM 

Jaspolyanoside -82.0 -8.5  
Saquinavir -77.7 -7.9  
Isojaspolyoside A -77.5 -8.1  
Jaspolyoside -77.5 -7.8  
Quercetin 3-O-rutinoside -77.0 -9.4  
Verbascoside  -76.3 -8.5  
Isoacteoside -75.1 -9.2  
Ligstroside derivative 5 -73.4 -7.4  
Luteolin-3′,7-O-diglucoside -71.7 -8.5  
Ritonavir -71.5 -7.6  
Oxidized verbascoside  -71.2 -8.1  
β-Hydroxy verbascoside -71.1 -8.6  
Ligstroside derivative 4 -71.0 -7.8  
Oleuricine B -70.6 -5.8  
Acteoside -70.4 -8.6  
Orbanchoside -70.3 -8.3  
Scolymoside -69.7 -7.6  
Hellicoside -69.4 -7.9  
Ligstroside derivative 3 -69.3 -7.7  
Rutin -69.3 -7.8  
7"-S-Hydroxyoleuropein -68.9 -7.5  
Neo-nüzhenide -68.8 -7.8  
4'-O-β-D-Glucosyl-9-O-(6''-
deoxysaccharosyl)olivil 

-67.9 -8.1  

Suspensaside -67.7 -8.8  
β-Hydroxy-acteoside -67.7 -8.6  
Oleuricine A -67.3 -7.9  
10-Hydroxyoleuropein -66.7 -7.6  
Luteolin-7,4-O-diglucoside -66.3 -8.3  
Oleuropein diglucoside -66.3 -7.2  
Suramin -66.3 -10.7  
Isoverbascoside  -66.2 -9.1  
Apigenin-7-O-rutinoside -66.1 -8.6  
Lucidumoside C -66.0 -7.8  
Nüzhenide 11-Methyl oleoside -65.3 -8.4  
Isorhoifolin  -65.3 -8.6  
Nelfinavir -65.2 -8.3  



Oleuropein-3'-O-β-D-glucopyranoside -64.6 -7.3  
Amikacin -64.5 -6.1  
(-)-Epicatechin gallate -64.1 -8.2  
Hesperidin -64.0 -8.8  
Oleuropein-3"-Methyl ether -63.6 -7.8  
Cyanidin-3-O-glucoside -62.7 -8.7  
Demethyloleuropein -62.5 -8.2  
Demethyloleuropein (l-shaped) -62.5 -7.9  
Oxidized isoverbascoside  -62.4 -9.1  
Oleuroside-10-carboxylic acid -61.9 -7.9  
Nüzhenide -61.8 -8.8  
D,L-Sulforaphane glutathione -61.7 -6.3  
Luteolin-8-C-glucoside -61.2 -8.8  
Quercitrin -60.7 -8.9  
Quercetin-3-O-glucoside -60.6 -8.2  
Dihydro-oleuropein -60.5 -7.1  
Ceftazidime -60.5 -7.7  
SRT2104 -60.5 -8.6  
SRT1720 -60.5 -9.1  
Quercetin-3-rhamnoside -60.1 -8.8  
Nüzhenide oleoside -60.1 -8.1  
Cyanidin-3-O-rutinoside -60.0 -8.8  
Oleuropein -59.6 -8.0  
Oleuroside -59.1 -7.6  
Quercetin-7-O-glucoside -58.4 -8.6  
Delphinidin-3-O-glucoside -58.3 -8.3  
Darunavir -58.2 -7.1  
Luteolin-6-C-glucoside -58.1 -7.8  
Ligstroside -58.1 -7.9  
Remdesivir -58.0 -7.5  
10-Hydroxy oleuropein aglycone -56.7 -7.2  
Ligstroside-3'-O-β-D-glucopyranoside -56.6 -7.4  
Luteolin-4'-O-rutinoside -56.5 -8.9  
Wedelosin -56.2 -7.2  
Lopinavir -56.2 -8.0  
Ligstroside derivative 2 -56.2 -6.9  
Hydroxytyrosol diglucoside  -56.0 -8.2  
Ceftriaxone -55.9 -8.1  
Luteolin-7-O-glucoside -55.7 -8.3  
Ligstroside derivative 1 -55.3 -7.5  
Luteolin-4’-O-glucoside -55.0 -7.6  
Luteolin-7-O-rutinoside -54.9 -8.3  
Elenolic acid diglucoside -54.9 -7.4  
Vicenin-2 -54.8 -8.4  
Demethylligstroside -54.1 -7.4  
Apigenin-7-O-glucoside -53.8 -8.0  



Oleuropeindial - Lactone (Cannizzaro-
like product of oleuropeindial) 

-53.3 -7.3  

Caffeoyl-6'-secologanoside -53.1 -7.8  
6'-β-D-Glucopyranosyl oleoside -53.0 -8.3  
(+)-Fraxiresinol-1-β-D-
glucopyranoside 

-52.6 -7.9  

(+)-1-Acetoxypinoresinol-4'-β-D-
glucopyranoside-4"-O-methyl ether 

-52.0 -7.3  

(+)-1-Hydroxypinoresinol-4"-O-
methyl ether 

-52.0 -7.3  

Hydroxytyrosil elenolate -52.0 -7.2  
Indinavir -52.0 -8.2  
Hypericin -51.7 -10.2  
Cefotaxime -51.4 -7.2  
Comselogoside -51.1 -8.1  
Tobramycin -51.1 -5.9  
3-Acetyloxy berchemol -50.9 -6.7  
Esculin -50.6 -7.4  
Chrysoeriol-7-O-glucoside -50.4 -8.1  
6'-Rhamnopyranosyl oleoside -50.3 -7.7  
Curcumin -50.3 -7.4  
10-Hydroxy-10-methyl oleuropein 
aglycone  

-50.1 -6.8  

Demethoxycurcumin -49.8 -7.5  
Oleuropeindial (keto form) -49.6 -6.6  
Hemiacetal of dialdehydic oleuropein 
aglycone decarboxymethyl 

-49.3 -6.8  

1-Acetoxypinoresinol -49.2 -6.7  
Ertapenem -48.9 -7.6  
Baricitinib -48.8 -8.2  
(+)-1-Hydroxypinoresinol-4'-β-D-
glucopyranoside 

-48.8 -7.5  

Demethyloleuropein aglycone (enol 
form) 

-48.8 -7.4  

Methoxyluteolin -48.7 -7.6  
Hydroxytyrosol 
acyclodihydroelenolate 

-48.4 -6.7  

Ligstroside aglycone -48.4 -6.8  
Oleuropeindial (Cannizzaro-like 
product of oleuropeindial) 

-48.3 -7.3  

Monoaldehydic form of Oleuropein 
aglycon 

-48.1 -7.3  

Cefuroxime -47.9 -6.6  
3,4-DHPEA-EDA (Oleuropein-
aglycone di-aldehyde) 

-47.8 -6.7  

Syringaresinol -47.7 -7.4  
Baicalin -47.6 -8.5  
Berchemol -47.6 -7.4  



3,4-DHPEA-DETA -47.6 -7.1  
Loganin -47.3 -6.9  
Rosmarinic acid -47.3 -7.8  
Delphinidin -47.3 -7.4  
Hydroxytyrosil-elenolate -47.1 -6.8  
Monoaldehydic form of Ligstroside 
aglycon 

-46.9 -6.9  

Nafamostat -46.7 -7.7  
3,4-DHPEA-DEDA (acetal) -46.7 -6.3  
Oleacein (Dialdehydic form of 
decarboxymethyl Oleuropein aglycon) 

-46.5 -6.8  

10-Hydroxy oleuropein aglycone 
decarboxymethyl 

-46.4 -6.8  

Caffeoylglucose -46.3 -8.0  
Oleoside dimethylester -46.0 -6.5  
Ligstroside aglycone methyl acetal -45.9 -7.4  
D,L-Sulforaphane N-acetyl-L-cysteine -45.6 -5.8  
Hydroxytyrosol-1′-β-glucoside -45.3 -7.2  
Sulfasalazine -45.2 -8.0  
Hydroxytyrosol-4-β-glucoside -45.0 -6.8  
Oleuropein aglycone (3,4-DHPEA-
EA) 

-44.9 -6.9  

Oleoside-11-Methylester -44.9 -7.3  
Eriodictyol -44.7 -7.5  
Secologanoside -44.7 -6.5  
Oleohydroxypyterol -44.6 -6.3  
Amoxicillin -44.3 -7.8  
7-Deoxyloganic acid -44.2 -7.3  
Azithromycin -44.0 -5.5  
Doripenem -44.0 -7.4  
Catechin -43.8 -7.2  
Arbidol -43.8 -6.3  
(+)-1-Acetoxypinoresinol-4'-β-D-
glucopyranoside 

-43.7 -7.4  

Demethyloleuropein aglycone -43.7 -7.4  
Quercetin -43.6 -7.5  
Luteolin -43.6 -7.4  
(+)-Cycloolivil -43.5 -6.7  
Cornoside -43.4 -7.1  
Hemiacetal of dialdehydic ligstroside 
aglycone decarboxymethyl 

-43.3 -6.2  

Fangicholine -43.3 -7.4  
Secologanin -43.3 -6.4  
Scopolin -43.1 -7.7  
Hydroxytyrosol-3-β-glucoside -43.0 -6.2  
1-oleyltyrosol -42.8 -5.9  
Decarboxymethyl ligstroside aglycone -42.6 -7.3  



Hesperitin -42.5 -7.3  
(+)-1-Acetoxypinoresinol-4"-O-
methyl ether 

-42.4 -6.8  

Indomethacin -42.3 -7.6  
Chrysoeriol -42.2 -7.3  
D,L-Sulforaphane-L-cysteine -42.2 -5.2  
Cepharanthine -41.9 -8.0  
Elenolic acid glucoside -41.9 -6.9  
Oleocanthal (Dialdehydic form of 
decarboxymethyl Ligstroside aglycon) 

-41.8 -6.5  

Chlorogenic acid -41.7 -7.6  
Naringenin -41.5 -7.7  
Demethyloleuropein aglycone 
dialdehyde 

-41.4 -7.1  

Kaempferol -41.3 -7.7  
Loganic acid -41.2 -7.1  
Levofloxacin -41.1 -7.3  
Diosmetin -41.0 -7.4  
Hydroxytyrosol rhamnoside  -41.0 -7.0  
Imipenem -40.9 -6.2  
Secologanol -40.9 -6.2  
Pinoresinol -40.7 -7.8  
Secologanic acid -40.7 -7.6  
Cyanidin (cation) -40.4 -7.3  
p-HPEA-EDA -40.0 -6.2  
Moxifloxacin -39.9 -7.8  
Disulfiram -39.7 -4.4  
Ergosterol -39.5 -7.4  
Tetrandine -39.3 -7.2  
Chloroquine -39.3 -5.8  
Apigenin -39.3 -7.7  
Ciprofloxacin -39.1 -7.7  
Ampicillin -39.1 -6.7  
Gingerol -39.0 -5.8  
Caftaric acid -38.3 -7.3  
Deoxyloganic acid lauryl ester -38.3 -5.6  
Pterostilbene -38.2 -6.5  
Salidroside -38.2 -7.0  
Taxifolin -38.2 -7.4  
Verucosin -38.2 -7.3  
1-(3’-Methoxy-4’-hydroxy)- phenyl-
6,7-dihydroxyisochroman 

-37.6 -7.0  

Chloroquine Phosphate -37.5 -5.7  
Meropenem -37.4 -7.0  
Hydroxychloroquine -37.0 -6.5  
Dihydrotanshinone -36.8 -7.8  
Oleoside -36.5 -6.8  



Linoleic acid -36.4 -5.1  
Oseltamivir -36.4 -6.2  
Elaidic acid -35.7 -4.6  
Penicillin -35.5 -7.3  
Melatonin -35.4 -6.2  
Petroselinic acid -35.3 -4.9  
Emodin -34.8 -7.3  
Quinine -34.7 -7.0  
Elenolic acid methylester -34.2 -5.6  
Oleic acid -34.0 -4.9  
Linoelaidic acid -33.9 -5.2  
D-(+)-Erythro-1-(4-hydroxy-3-
methoxy)- 214 - phenyl-1,2,3-
propantriol  

-33.4 -5.9  

Shionone -33.0 -7.7  
Hydroxytyrosol acetate  -32.8 -5.9  
Tyrosol acetate  -32.7 -5.7  
1-Phenyl-6,7-dihydroxyisochroman -32.7 -6.7  
Cis-10-Heptadecenoic Acid -32.3 -4.9  
Resveratrol -32.0 -6.9  
Trans-palmiteolieic acid -31.7 -4.8  
Esculetin -31.7 -6.2  
Sulforaphane -31.5 -3.9  
Sulfamethoxazole -31.2 -6.7  
Zingerol -30.8 -5.5  
Palmitic acid -30.7 -4.5  
Vaccenic acid -30.1 -5.1  
Scopoletin -29.8 -5.8  
Myristic acid -29.3 -4.7  
Trimethoprim -29.2 -6.4  
DEDA acetal  -28.7 -5.0  
2,3-dihydrocaffeic acid -28.7 -5.4  
Margaric acid -28.5 -4.8  
Homovanillyl alcohol -28.2 -5.1  
Elenolic acid -28.2 -5.7  
3,4-Dihydroxyphenylglycol -28.1 -5.5  
Acetaminophen -28.1 -5.2  
Dialdehydic elenolic ester 
decarboxymethyl  

-27.9 -4.8  

3,4,5-Trimethoxybenzoic acid -27.7 -5.5  
Palmitoleic acid  -27.3 -5.0  
2,5-Dihydroxyphenylacetic acid -26.9 -5.3  
Clavulanic acid -26.3 -6.0  
Hydroxytyrosol -26.3 -5.2  
Demethyl elenolic acid -26.2 -5.8  
Ferulic acid -26.1 -5.6  
Homovanillin -26.0 -5.0  



Lauric acid -25.9 -4.7  
Syringaldehyde  -25.7 -5.2  
Syringic acid  -25.5 -5.5  
Sinapic acid -25.4 -5.8  
Dialdehydic elenolic acid 
decarboxymethyl  

-25.4 -4.7  

Aspirin -25.4 -5.1  
Hydroxycaffeic acid -25.4 -5.9  
m-Coumaric acid -25.3 -5.4  
o-Coumaric acid -24.5 -5.2  
Tyrosol  -24.2 -4.6  
Isoeugenol -24.2 -5.2  
Caffeic acid -24.2 -7.9  
4-Hydroxy-3-methoxy-phenylacetic 
acid  

-24.0 -5.4  

4-O-methyl-D-glucuronic acid -24.0 -5.4  
Quinic acid  -23.9 -5.4  
4-Ethylguaiacol -23.8 -4.8  
Gallic acid  -23.6 -5.5  
Dihydro-p-coumaric acid -23.5 -5.1  
4-Hydroxybenzaldehyde -23.4 -4.6  
3,4-Dihydroxyphenylacetic acid -23.4 -5.6  
Phloretic acid -23.1 -5.2  
Gentisic acid  -23.0 -5.2  
Shikimic acid -23.0 -5.3  
2,4 dihydroxybenzoic acid -23.0 -5.3  
p-cresol -23.0 -4.2  
DEDA (Decarboxymethyl elenolic 
acid dialdehyde)  

-22.9 -4.8  

4-Vinylguaiacol -22.8 -4.9  
Acetylcysteine -22.7 -4.6  
Protocatechuic acid -22.6 -5.3  
4-Vinylphenol -21.9 -4.4  
Fructosamine -21.9 -5.0  
Homovanillic acid  -21.8 -5.2  
Guaiacol -21.5 -4.5  
Allicin -20.9 -3.7  
3,4-Dimethoxybenzoic acid -20.7 -5.4  
2-Methoxy-4-vinylphenol -20.7 -4.9  
p-Coumaric acid -20.7 -5.2  
Vanillic acid -20.7 -5.3  
Cinnamic acid -20.6 -5.0  
m-cresol -20.3 -4.4  
4-Methylcatechol -20.2 -5.0  
Homoveratric acid -20.2 -5.5  
Menthol -20.0 -4.7  
4-Ethylphenol -19.8 -4.4  



2,6-Dihydroxybenzoic acid -19.7 -5.1  
Catechol -18.5 -4.6  
o-cresol -18.3 -4.0  
Patchouli alcohol -17.6 -5.1  
Phenol -16.8 -3.9  
Metformin -16.7 -4.7  
4-hydroxybenzoic acid -16.3 -4.8  
Simeprevir 

 
-8.5  

Ivermectin 
 

-7.6  
Ebselen 

 
-6.5  

α-ketoamide 13b inhibitor  -65.7 -7.7  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary 2: Selection of 30 compounds    

Table S2: The structures of the 27 compounds that were predicted by the Schrödinger 
program to bind to the active site of the Mpro monomer and were selected to undergo blind 
docking on the Mpro dimer are provided.  

Compound Classification Glide 
Energies: 
kcal/mol 

Structures 

Ritonavir  Protease inhibitor -71.5  

Saquinavir  Protease inhibitor  -77.7 

 
Lopinavir  Protease inhibitor  -56.2 

 
Indinavir  Protease inhibitor -52.0 

 



Nelfinavir  Protease inhibitor  -65.2 

 
Darunavir  Protease inhibitor  -58.2 

 
Remdesivir  Nucleotide analog  -58.0 

 
 

Amikacin  Antibiotic  -64.5 

 



Ceftazidime  Antibiotic  -60.5 

 
Baricitinib  Janus kinase 

inhibitor 
-48.8 

 
Suramin Antiparasitic -66.3 

 
Hypericin  Anthraquinone 

derivative 
-51.7  



SRT2104 Sirtuin activator  -60.5 

 
SRT1720 Sirtuin activator  -60.5 

 
 

D,L-
Sulforaphane 
glutathione  

Isothiocyanate 
analog  

-61.7 

 
(-)-Epicatechin 
gallate  

Natural flavonoid 
compound 

-64.1 

 
Quercitrin OliveNetTM  -60.7  

 
 
 
 
 
 
 
 
 



β-Hydroxy 
verbascoside  

OliveNetTM -71.1 

 
β-Hydroxy 
acteoside 

OliveNetTM -67.7 

 
Isoacteoside OliveNetTM -75.1 

 
Verbascoside  OliveNetTM -76.3 

 
Oxidized 
verbascoside  

OliveNetTM -71.2 

 



Quercetin 3-O-
rutinoside 

OliveNetTM -77.0  
 
 
 
 
 
 
 

 
Hesperidin OliveNetTM -64.0 

 
Rutin OliveNetTM -69.3 

 
Luteolin-7,4-O-
diglucoside  

OliveNetTM -66.3 

 
 
 



Cyanidin-3-O-
glucoside  

OliveNetTM -62.7 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Supplementary 3: Blind docking results for hypericin, cyanidin-3-O-glucoside and 
SRT2104  

Table S3: The blind docking results from AutoDock Vina are provided for the α-
ketoamide inhibitor.  

Compound:         α-ketoamide inhibitor 

    MONOMER   DIMER 

 Pose 
Ranking 

  Pose affinity 
(kcal/mol) 

Site of 
binding 

  Pose affinity 
(kcal/mol) 

Site of 
binding 

1   -7.7 Active   -9.4 Allosteric 
2   -7.7 Active   -9.4 Allosteric 
3   -7.6 Active   -9.1 Allosteric 
4   -7.6 Active   -9.1 Allosteric 
5   -7.5 Active   -9.1 Allosteric 
6   -7.4 Active   -9.1 Allosteric 
7   -7.4 Active   -9.1 Allosteric 
8   -7.4 Active   -9.1 Allosteric 
9   -7.4 Active   -9.1 Allosteric 
10   -7.3 Active   -8.9 Allosteric 
11   -7.3 Active   -8.9 Allosteric 
12   -7.3 Active   -8.9 Allosteric 
13   -7.3 Active   -8.8 Allosteric 
14   -7.3 Active   -8.8 Allosteric 
15   -7.2 Allosteric   -8.8 Allosteric 
16   -7.2 Active   -8.7 Active 
17   -7.2 Active   -8.7 Allosteric 
18   -7.2 Active   -8.7 Allosteric 
19   -7.1 Allosteric   -8.7 Allosteric 
20   -7.1 Active 

 
-8.6 Allosteric 

    Total poses 
in active site 

= 

18   Total poses in 
active site = 

1 

 

 

 

 

 



Table S4: The blind docking results from AutoDock Vina are provided for hypericin.  

Compound:                    Hypericin 

    MONOMER   DIMER 

 Pose 
Ranking 

  Pose affinity 
(kcal/mol) 

Site of 
binding 

  Pose affinity 
(kcal/mol) 

Site of 
binding 

1   -9.4 Active   -10.2 Active 
2   -9.4 Active   -10.2 Active 
3   -8.6 Allosteric   -10.2 Active 
4   -8.6 Allosteric   -10.2 Active 
5   -8.5 Allosteric   -10.0 Allosteric 
6   -8.5 Allosteric   -9.9 Allosteric 
7   -8.4 Active   -9.9 Allosteric 
8   -8.4 Active   -9.9 Allosteric 
9   -8.4 Allosteric   -9.8 Allosteric 
10   -8.4 Allosteric   -9.8 Allosteric 
11   -8.4 Allosteric   -9.8 Allosteric 
12   -8.3 Allosteric   -9.8 Allosteric 
13   -8.3 Allosteric   -9.7 Allosteric 
14   -8.3 Allosteric   -9.7 Allosteric 
15   -8.3 Allosteric   -9.7 Allosteric 
16   -8.3 Allosteric   -9.7 Allosteric 
17   -8.2 Allosteric   -9.7 Allosteric 
18   -8.1 Allosteric   -9.7 Allosteric 
19   -8.0 Active   -9.7 Allosteric 
20   -8.0 Active 

 
-9.7 Allosteric 

    Total poses 
in active site 

= 

6   Total poses 
in active site 

= 

4 

  

 

 

 

 

 

 



Table S5: The blind docking results from AutoDock Vina are provided for cyanidin-3-
O-glucoside.  

Compound:            Cyanidin-3-O-glucoside 

    MONOMER   DIMER 

 Pose 
Ranking 

  Pose affinity 
(kcal/mol) 

Site of 
binding 

  Pose affinity 
(kcal/mol) 

Site of 
binding 

1   -8.7 Active   -8.8 Active 
2   -8.7 Active   -8.8 Active 
3   -8.6 Active   -8.6 Active 
4   -8.0 Active   -8.6 Active 
5   -7.9 Active   -8.5 Allosteric 
6   -7.9 Active   -8.5 Allosteric 
7   -7.9 Active   -8.4 Allosteric 
8   -7.8 Active   -8.4 Allosteric 
9   -7.8 Active   -8.4 Allosteric 
10   -7.8 Active   -8.4 Allosteric 
11   -7.7 Active   -8.2 Active 
12   -7.7 Active   -8.2 Active 
13   -7.6 Allosteric   -8.2 Allosteric 
14   -7.5 Active   -8.2 Allosteric 
15   -7.5 Active   -8.1 Active 
16   -7.5 Active   -8.1 Allosteric 
17   -7.5 Active   -8.1 Allosteric 
18   -7.3 Active   -8.1 Allosteric 
19   -7.6 Active   -8.0 Allosteric 
20   -7.2 Active 

 
-8.0 Allosteric 

    Total poses 
in active site 

= 

19   Total poses 
in active site 

= 

7 

  

 

 

 

 

 

 



Table S6: The blind docking results from AutoDock Vina are provided for SRT2104.  

Compound:                      SRT2104 

    MONOMER   DIMER 

 Pose 
Ranking 

  Pose affinity 
(kcal/mol) 

Site of 
binding 

  Pose affinity 
(kcal/mol) 

Site of 
binding 

1   -8.7 Active   -9.2 Active 
2   -8.4 Active   -9.2 Allosteric 
3   -8.4 Active   -9.2 Active 
4   -8.4 Active   -9.2 Allosteric 
5   -8.4 Active   -9.1 Allosteric 
6   -8.4 Active   -9.1 Allosteric 
7   -8.2 Active   -9.1 Allosteric 
8   -8.2 Active   -9.1 Allosteric 
9   -8.1 Active   -8.9 Allosteric 
10   -8.1 Active   -8.8 Active 
11   -8.0 Active   -8.8 Active 
12   -8.0 Active   -8.8 Allosteric 
13   -8.0 Active   -8.7 Allosteric 
14   -7.9 Active   -8.7 Allosteric 
15   -7.9 Allosteric   -8.7 Allosteric 
16   -7.9 Active   -8.7 Allosteric 
17   -7.9 Active   -8.6 Allosteric 
18   -7.9 Allosteric   -8.6 Allosteric 
19   -7.8 Active   -8.6 Allosteric 
20   -7.8 Active 

 
-8.6 Allosteric 

    Total poses 
in active site 

= 

18   Total poses 
in active site 

= 

4 

 

  



 

Figure S1: Correlation of Schrödinger QM-PLD Glide Energy scores with the molecular 

weight of the 300 compounds that were used in the initial screen. 



 

Figure S2: Correlation between Schrödinger QM-PLD Glide Energy scores and binding 

affinity scores from Autodock Vina for the 300 compounds that were used in the initial screen. 

 

 

   



 
Figure S3: Comparison between docking to the active site of SARS-CoV-2 Mpro structures (PDB ID: 6LU7, 6Y2G, and 6M03) in protomers A 
and B. Hydrogen bonds are shown as yellow, pi-pi stacking in blue, and pi-cation bonds in green dashed lines. 



Movie S1. 100 ns trajectory of the apo form of the SARS-CoV-2 main protease  

Movie S2. 100 ns trajectory of hypericin bound to the active site of the SARS-CoV-2 main 

protease  

Movie S3. 100 ns trajectory of SRT2104 bound to the active site of the SARS-CoV-2 main 

protease  

Movie S4. 100 ns trajectory of cyanidin-3-O-glucoside bound to the active site of the SARS-

CoV-2 main protease  

 




