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ARTICLE INFO ABSTRACT

Keywords: The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused the ongoing COVID-19 pandemic.
Coronavirus With some notable exceptions, safe and effective vaccines, which are now being widely distributed globally, have
COVID-19 largely begun to stabilise the situation. However, emerging variants of concern and vaccine hesitancy are
i/ﬁf -sr?;zse apparent obstacles to eradication. Therefore, the need for the development of potent antivirals is still of
GC376 importance. In this context, the SARS-CoV-2 main protease (MP™) is a critical target and numerous clinical trials,
Hypericin predominantly in the private domain, are currently in progress. Here, our aim was to extend our previous studies,

with hypericin and cyanidin-3-O-glucoside, as potential inhibitors of the SARS-CoV-2 MP™, Firstly, we performed
all-atom microsecond molecular dynamics simulations, which highlight the stability of the ligands in the MP™
active site over the duration of the trajectories. We also invoked PELE Monte Carlo simulations which indicate
that both hypericin and cyanidin-3-O-glucoside preferentially interact with the MP™ active site and known
allosteric sites. For further validation, we performed an in vitro enzymatic activity assay that demonstrated that
hypericin and cyanidin-3-O-glucoside inhibit MP™ activity in a dose-dependent manner at biologically relevant
(uM) concentrations. However, both ligands are much less potent than the well-known covalent antiviral GC376,
which was used as a positive control in our experiments. Nevertheless, the biologically relevant activity of
hypericin and cyanidin-3-O-glucoside is encouraging. In particular, a synthetic version of hypericin has FDA
orphan drug designation, which could simplify potential clinical evaluation in the context of COVID-19.

Cyanidin-3-O-glucoside
Molecular modelling

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
caused the ongoing COVID-19 pandemic [1,2]. SARS-CoV-2 is an
enveloped virus that contains a relatively large non-segmented, positive
sense, single-stranded RNA genome [2-4]. The RNA genome is
comprised of open reading frames (ORFs) that encode for non-structural
proteins, the structural proteins, and accessory proteins [5]. ORFla and
ORF1b encode the polyproteins ppla and pplab, which are processed to
form 16 non-structural proteins that are essential for viral replication [6,
71.

The main protease (MP™), which is also known as the 3-chymo-
trypsin-like cysteine protease (3CLP™), and the papain-like protease
(PLP™) cleave ppla and pplab to generate the non-structural proteins
[7]. The SARS-CoV-2 MP™ functions as a dimer and each active site
consists of a cysteine-histidine (Cys145-His41) catalytic dyad that is
involved in the hydrolysis of peptide bonds and the cleavage of poly-
peptide sequences [8]. The three-dimensional (3D) structure highlights
the three domains that make up each protomer [9,10]. The
substrate-binding site is located between domains I and II [9].

Studies have shown that MP™ cleaves polypeptides at the P2-P1 | P1’
consensus sequence [11,12]. P1 is glutamine, P1’ is a residue with a
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small side chain (Ser/Ala/Gly/Asn), and P2 is a large, hydrophobic
residue (Leu/Met/Phe/Val) [11,12]. The reaction mechanism of MP™
involves acylation and deacylation stages. In the acylation step, the
peptide bond is broken and the P1’ fragment of the substrate is released
[8,13]. A covalent bond is formed between Cys145 of MP™ and the
carbon atom of the P1 residue, and this produces an acyl-enzyme com-
plex [8,13]. In the deacylation step, the acyl-enzyme complex is
hydrolysed and the P1 fragment is released [8,13]. In addition to the
active site, potential allosteric sites have been identified [14-19]. This
includes the highly reactive binding pocket in the dimerization region at
the domain III apex [20].

There has been an intense research focus on the development of
potential antivirals that target the SARS-CoV-2 MP™. Due to the cleavage
site and substrate specificities of the MP™ being different from human
proteases, inhibitors are predicted to be non-toxic to humans [7,10].
Potential inhibition of the SARS-CoV-2 MP™ has largely focussed on
covalent inhibitors of the protease with particular interest in the
a-ketoamide analogues which have potent activity in the low micro-
molar range [10,20,21]. A nucleophilic attack occurs between the sulfur
atom of Cys145 and the ketoamide group of a-ketoamide inhibitors,
forming a thiohemiketal [10,21]. In a study by Zhang et al., the hydroxyl
(oxyanion) group of the thiohemiketal that was formed with the
a-ketoamide inhibitor 13b and the catalytic Cys145 was stabilised by a
hydrogen bond from His41 [10]. The amide oxygen of the inhibitor was
found to accept a hydrogen bond from the residues Gly143, Ser144, and
Cys145, which form the oxyanion hole [11,21,22]. The acyl-enzyme
complex that covalent inhibitors form with MP™ cannot be hydrolysed
and they consequently remain bound to the active site [8]. Other key
compounds which have shown potential include N3 (covalent inhibitor),
GC376 (cysteine protease covalent inhibitor), the indole 5h (reversible
covalent inhibitor), the indoline GRL-1720 (irreversible covalent in-
hibitor), ebselen (inhibition of MP™ activity), and boceprevir (serine
protease inhibitor that binds covalently) [9,23,24].

Further, there has been an enormous effort at screening large li-
braries, which have included a vast array of different structural classes
of compounds to potentially identify novel inhibitors [25-29]. Our
laboratory as well as many others have turned their attention to the
utility of dietary compounds as MP™ inhibitors, and hypericin and
cyanidin-3-O-glucoside have been identified as potential leads [20,30,
31]. Hypericin and cyanidin-3-O-glucoside have been investigated as
potential inhibitors against several SARS-CoV-2 structural and
non-structural proteins including MP™, PLP™, and the spike protein
[32-35]. In a study by Islam et al., hypericin and cyanidin-3-O-glucoside
were docked to the MP™ and were selected as top-ranked candidates due
to their strong binding affinity [35]. The stability of the protein-ligand
complexes were evaluated further using MD simulations [35]
Cyanidin-3-O-glucoside is a major anthocyanin that can be found in
berries, while hypericin is an anthraquinone derivative that is found in
the plant Hypericum perforatum (St. John’s Wort) [36,37]. The antiviral
and immunomodulating effects of these compounds have been reported
[38-41]. Most notably, a synthetic form of hypericin (SGX301) has
received Orphan Drug and Fast Track designations from the U.S Food
and Drug Administration for photodynamic therapy [42].

Here, our overall aim was to extend our previous studies to gain
further insight into the potential antiviral activity of our lead com-
pounds [20,29,43]. We performed all-atom molecular dynamics (MD)
simulations (1 ps), PELE Monte Carlo simulations, and in vitro assays to
further evaluate hypericin and cyanidin-3-O-glucoside as potential in-
hibitors of the SARS-CoV-2 MP™.

2. Materials and methods
2.1. Molecular dynamics simulations

A homomeric complex of the SARS-CoV-2 MP™ (PDB ID: 6L.U7) was
assembled using the PDBePISA (Proteins, Interfaces, Structures and
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Assemblies) server [44]. Cyanidin-3-O-glucoside, hypericin and its iso-
mer were docked using the quantum-mechanics polarised ligand dock-
ing (QPLD) protocol of the Schrodinger suite to the active site of each
MP' protomer, as previously described [29]. Docked ligands served as
starting structures for simulations, with protein-ligand complexes for
simulations containing two ligands — one bound to each protomer of
MP™. Ligand topologies were generated using SwissParam [45]. Mo-
lecular dynamics (MD) simulations were performed using GROMACS
2018.2 software [46,47] with the CHARMMZ27 force field [48,49].
Protein-ligand complexes were solvated using TIP3P water [50] in a
dodecahedral box, with a minimum distance of 2.0 nm between any
protein atom to the box edge. The solvated system was neutralized with
sodium ions. Energy minimisation was performed using the
steepest-descent gradient method. Systems were restrained using a ca-
nonical (NVT) ensemble followed by an isothermal-isobaric ensemble
(NPT) for 100 ps. Temperature was maintained at 310 K with a modified
Berendsen thermostat [51], and pressure at 1.0 bar with the
Parrinello-Rahman barostat [52]. Bond lengths were constrained using
the LINCS algorithm [53], and long-range electrostatic forces were
calculated using the particle-mesh Ewald scheme (PME) [54] (grid
spacing 0.16 nm). Cut-off ratios of 1.2 nm for Coulomb and van der
Waals potentials were used for the calculation of short-range nonbonded
interactions. Simulations were carried out for 1000 ns or 100 ns in
triplicate with a time-step of 2 fs.

Simulated trajectories were visualised using Visual Molecular Dy-
namics 1.9.3 [55]. Root mean square deviation (RMSD), radius of gy-
ration (Rg), and root mean square fluctuation (RMSF) analysis tools
included in Gromacs 2018.2 were utilised. The number of contacts be-
tween residues of MP™ and ligands throughout the entire trajectory was
calculated using gmx mindist, with a threshold of 0.45 nm to define a
contact between the ligand and protein residue [46,47]. Using principal
component analysis (PCA) to examine large-scale concerted motions of
the protein in each system, essential dynamics analysis was employed
[56]. A covariance matrix was constructed from the C-alpha atoms of the
protein using the gmx covar tool within Gromacs, which was diago-
nalized to obtain a set of eigenvectors and associated eigenvalues. This
was performed for the 1000 ns trajectories and for concatenated tra-
jectories of the triplicate runs. The gmx anaeig tool was used to calculate
the 2D projections with respect to the selected eigenvector components.

2.2. Protein energy landscape exploration (PELE) Monte Carlo
simulations

For a more realistic and reliable determination of the binding of
hypericin and cyanidin-3-O-glucoside to the SARS-CoV-2 MP™, we per-
formed PELE Monte Carlo simulations according to Lecina et al. [57].
For all systems we performed a global search and a local refinement. The
global search is intended for a blind binding site search. The ligand is
placed in randomly (around 40) initial poses at the protein surface. Here
the ligand is fully solvated, that is with no direct contact with the pro-
tein. Then 256 computing cores start an adaptive-PELE Monte Carlo
(MCQ) search. In the global sampling we combine large and short, ~3 and
~1 A, ligand translations. The adaptive procedure included 100 epochs
of 10 MC steps each. Thus, in total we have around ~256 000 PELE
steps. Moreover, in the adaptive procedure, in each epoch we aim for
exploring those regions less explored, resulting in an effective explora-
tion of the entire surface [57].

The local search used as initial structures the best ones from the
global search, those local minima with lower interaction energy. Then a
shorter simulation using smaller translations and rotations is used. It
involved about 20-30 computing cores per minima and around 10
epochs of 24 MC steps each. For the analysis, we used PELE’s protein-
ligand interaction energies. These are obtained by subtracting the re-
ceptor and ligand energies from the complexes one at a given geometry,
using the OPLS-AA force field with a generalised surface Born solvent
model. Thus, they are not intended to effectively discriminate among
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Fig. 1. Classical MD simulations with ligands bound to the MP* active site. A) The SARS-CoV-2 MP™ is consisted of three domains. Systems consisted of the MP™
dimer with a single ligand bound to the active site of each protomer, with simulations carried out for 1000 ns. B) Chemical structures of the ligands studied. C) Root
mean square deviation (RMSD) of MP™ protein backbone. D) Radius of gyration of MP™ protein backbone. E) Root mean square fluctuation (RMSF) of the MP™
backbone and sidechains over the trajectory. F) 2D projection of MP™ C-alpha atoms along the first two eigenvectors, and second and third eigenvectors. Data for the
apo protein is shown in grey, cyanidin-3-O-glucoside-bound protein in purple, hypericin-bound protein in blue, and hypericin isomer-bound protein in green. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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ligands but between poses from a given ligand.
2.3. Fluorogenic MP™ inhibition assay

A commercially available fluorogenic MP™ protease assay kit (BPS
Bioscience, San Diego, CA, USA), was used to investigate the in vitro
inhibition properties of small molecules. According the manufacturer’s
protocol, a fluorogenic substrate (excitation wavelength = 360 nm) was
detected at 460 nm, and the positive internal control GC376 was used at
a final concentration of 50 pM. The small molecule inhibitors hypericin
(89%, HWI pharma services GmbH, Germany), and cyandin-3-O-
glucoside (reference standard, PhytoLab, Germany), were prepared as
20 mM stocks and stored at —80 °C until use. Doubling dilutions to
achieve final concentrations in the range of 0.2-200 pM of hypericin and
cyandin-3-O-glucoside were prepared in assay buffer. The test inhibitors
were assayed in triplicate; six determinations were made for the back-
ground, total MP™ protease activity, and the GC376 positive control.
Absolute fluorescence intensity values at 460 nm were measured, and %
protease inhibition and ICsg values were calculated.

3. Results and discussion
3.1. Protein effects in response to ligand binding to the MP™ active site

Classical all atom MD simulations were carried out for 1 ps with li-
gands bound to the protein dimer (Fig. 1A). Ligands examined were
cyanidin-3-O-glucoside and hypericin, as well as an isomer of hypericin
(Fig. 1B), which we previously identified as potential leads for inhibition
of MP™ [20]. MD data indicated that ligand binding did not greatly in-
fluence the overall structure of the MP™ dimer. Average RMSD values for
the trajectory were similar between all systems in the microsecond
trajectories, with values of 0.19 nm for the apo protein, 0.22 nm for
cyanidin-3-O-glucoside, and 0.20 for hypericin isomer bound to MP™
(Fig. 1C). A slightly higher RMSD of 0.26 nm was observed for
hypericin-bound MP™. Triplicate 100 ns trajectories had similar RMSD
values following equilibration of 0.19 nm for apo and 0.20 nm for
cyanidin-3-O-glucoside- and hypercin-bound MP™ (Fig. S1). Rg values
were almost identical for all systems, with an average of 2.60 nm
(Fig. 1D and Fig. S1). Principal components analysis (PCA) of MP™ in the
microsecond trajectories along the first two eigenvectors showed the
least variation in collective motion for the apo protein compared to
ligand-bound MP™ (Fig. 1F). Motions towards positive and negative
values were observed for the hypericin analogues, whereas
cyanidin-3-O-glucoside was more similar to the apo form, with a slight
positive shift in eigenvector 2 (Fig. 1F). Projection along eigenvectors 2
and 3 were more similar between the systems, with more overlap indi-
cating similar protein motions between apo- and ligand-bound MP™
(Fig. 1F). Similar trends are observed in the triplicate 100 ns trajectories
(Fig. S1).

RMSF analysis indicated that the C-terminal tail of each protomer
had the greatest flexibility in the protein (Fig. 1E). Regions within the
protein showing flexibility included residues 46-52 in domain I, and
residues 187-191 of the connecting loop between domains I and III. The
flexible domain I residues are in proximity to the hydrophobic S2 subsite
involved in substrate binding [10]. Residues 46-52 are particularly
flexible for all systems, with a maximum backbone RMSF of approxi-
mately 0.30 nm in protomer A for all systems studied except
hypericin-bound MP™, with a value of 0.15 nm. For these residues in
protomer B, backbone RMSF was lowest in the apo protein (~0.20 nm),
with slightly higher values for the cyanidin-3-O-glucoside and hypericin
isomer-bound (~0.30 nm), and the highest backbone RMSF for
hypericin-bound MP™ (0.48 nm). The flexible connecting loop residues
also displayed some differences in fluctuation in response to ligand
binding for protomer A, with a higher backbone RMSF of 0.52 nm for
GIn189 in the apo protein, compared to 0.20, 0.24, and 0.25 nm for
cyanidin-3-O-glucoside, hypericin, and hypericin isomer-bound MP™,
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Fig. 2. Number of contacts between ligands bound to SARS-CoV-2 MP™,
The average number of contacts between A) cyanidin-3-O-glucoside, B)
hypericin, and C) hypericin isomer initially bound to protomer A (red) and
protomer B (yellow) of the SARS-CoV-2 MP™ dimer was calculated over a 1000
ns trajectory. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

respectively. In protomer B, differences between the systems were less
obvious, with values of approximately 0.20 nm for all. Similar trends are
observed with sidechain RMSF calculations, with a fluctuation of 0.85
nm for GIn189 in protomer A for the apo protein, compared to values of
0.44, 0.37, and 0.52 nm for cyanidin-3-O-glucoside, hypericin, and its
isomer, respectively. For GIn189 in protomer B, the sidechain fluctua-
tion was approximately 0.35 nm for all systems. As these connecting
loop residues form part of the substrate binding site, it is suggested that
ligand binding may stabilise these residues in protomer A of the MP™
dimer. These differences in the flexibility of binding site residues may
account for the observed preference for binding of ligands to protomer A
over protomer B, as discussed below.

3.2. Stability of compounds bound to the MP™ active site

pro

Visual inspection of the trajectories show that MP"® remains mostly
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Fig. 3. PELE binding site search of SARS-CoV-2 MP™ dimer for cyanidin-3-O-glucoside. A) Interaction energy plot vs RMSD distance to initial position of
cyanidin-3-O-glucoside in the substrate binding site of protomer A of SARS-CoV-2 MP™. The global search is shown in dark blue, and local refined poses are shown in
cyan. B) The best poses following local refinement are numbered 1 and 2. C) Interaction between ligand poses and protein residues, with hydrogen-bonds indicated
by dashed lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

stable in both its apo and ligand-bound forms (Movie S1-4). Hypericin
and its isomer remain bound to the active site of both protomers of the
MP™ for the entire trajectory (Movies S3 and S4). On the other hand,
ligand unbinding of cyanidin-3-O-glucoside occurs from both substrate
binding sites. At 120 ns, the ligand initially bound to protomer B begins
to loosen from the substrate binding site, before completely detaching
from the protein at 200 ns (Movie S2). While the cyanidin-3-O-glucoside
initially bound to protomer A also unbinds at 120 ns, at approximately
275 ns it is observed to re-attach to MP™ at the interface of domains I and
II between both protomers (Movie S2). The ligand remains bound to this
site for the remainder of the trajectory, indicating the presence of a
potential allosteric binding site on the MP™ dimer.

Supplementary data related to this article can be found at https://do
i.org/10.1016/j.jmgm.2021.108050.

The average number of contacts between the bound ligand and each
residue of the protein throughout the duration of the trajectory was
calculated (Fig. 2). It was apparent that there was a greater number of
contacts with protomer A across all systems. Due to unbinding events
observed with cyanidin-3-O-glucoside, a lesser number of contacts is
observed compared to hypericin. The protomer A-bound cyanidin-3-O-
glucoside is shown to have contacts with Pro9 (18 contacts), Lys12
(31 contacts) and Tyr154 (15 contacts) in protomer A, and residues
Glul4 (44 contacts), Ser121 (49 contacts), and Pro122 (42 contacts) in
protomer B. As both hypericin and its isomer remained tightly bound to
the substrate binding site in both chains of the MP™, a greater average
number of contacts with key active site residues is observed. The cata-
lytic dyad residues were among the residues with the greatest number of

contacts with these ligands. His41 in protomer A had 120 contacts and
69 contacts in protomer B with hypericin, suggesting a preference for
more favourable binding to protomer A. His41 made 43 and 42 contacts
for its isomer bound to protomer A and B, respectively. For Cys145,
hypericin had 46 and 30 contacts, while its isomer had 18 and 7 contacts
in protomers A and B, respectively. Other notable key residues within
the substrate binding site making contacts with these two ligands
included Met49, Met165, and GIn189 across both protomers. This re-
affirms the active site of MP™ as a favourable binding region for
hypericin.

3.3. PELE highlights the active site and known allosteric sites

Adaptive-PELE Monte Carlo simulations were performed with
cyanidin-3-O-glucoside and hypericin to identify binding modes on the
MP™ dimer. Local refinement of the best structures from global explo-
ration revealed distinct minima for both ligands with strong interaction
energies for the active site. Particularly for cyanidin-3-O-glucoside, the
two best poses were in the active site of protomer A (Fig. 3). Following
refinement, the pose closest to the starting position (pose 1) had the
lowest interaction energy of —86 kcal/mol. In this position, binding of
cyanidin-3-O-glucoside in the active site is stabilised by an extensive
hydrogen bond network, with half of these being formed with the
glucoside group of the ligand. Key active site residues forming hydrogen
bonds were Phe140, Asn142, Glul66 of the S1 subsite, and Tyr54 of the
S2 subsite. The alternative orientation of the second pose also had a
strong interaction energy (—78 kcal/mol) and was stabilised by
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Fig. 4. PELE binding site search of SARS-CoV-2 MP™ dimer for hypericin. A) Interaction energy plot vs RMSD distance to initial position of hypericin in the
substrate binding site of protomer A of SARS-CoV-2 MP™. The global search is shown in dark blue, while local refined poses are shown in cyan. B) The best poses
following local refinement are numbered from 1 to 5. C) Interaction between ligand poses and protein residues, with hydrogen-bonds indicated by dashed lines. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

hydrogen bond interactions with the same S1 subsite residues, with the
addition of His163. In this pose (pose 2), the hydrogen bonds were all
formed with the hydroxyl groups of cyanidin. For hypericin, the pose
with the lowest interaction energy following refinement (—66 kcal/mol,
pose 1) was also closest to the initial position in the active site of pro-
tomer A (Fig. 4). The active site on protomer B was also found to be a
binding site for hypericin shown in pose 5, albeit with a weaker inter-
action energy (—55 kcal/mol), further demonstrating a preference for
substrate binding to protomer A.

As well as the active sites, PELE also identified additional binding
sites for hypericin with comparable interactions energies (Fig. 4).
Interestingly, pose 3 identified by PELE simulations (—57 kcal/mol)
overlapped with the cyanidin-3-O-glucoside following MD simulations.
Pose 3 formed hydrogen bonds with prominent residues identified from
contacts analysis Pro9, Lys12, Glul4, and Tyr154 (Fig. 2), suggesting the
presence of an alternative binding site on MP™. Pose 4 had an interaction
energy of —62 kcal/mol, binding within the domain III interface of the

dimer. This pose overlaps with a potential allosteric site we previously
identified, forming hydrogen bonds with residues Phe3, Arg4, and
Lys137 [15]. Domain III is involved in dimerization of MP™ which is
regulated by a salt-bridge interaction between E290 and R4 of opposite
protomers [58]. Pose 2 is also located within the dimerization domain
and had an interaction energy of —55 kcal/mol. This pose corresponds to
an allosteric site identified by Giinther et al. in a large scale x-ray
crystallography screen and cell-based antiviral assays [14]. In their
study, pelitinib bound in this pocket and demonstrated strong antiviral
activity (ECsg = 1.25 pM, CCso = 13.96 pM). Pose 2 of hypericin binds in
a similar fashion, interacting with Ser301 from one protomer and
Asn142 from the opposing protomer within the dimer. It has been re-
ported that the integrity of this pocket is essential for enzyme activity
[59]. Pose 2 also forms a hydrogen bond with Arg298, a vital residue for
dimerization and stability of the S1 pocket [60].
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Fig. 5. Inhibition of the SARS-CoV-2 MP™ protease activity by hypericin
and cyanidin-3-O-glucoside. A commercially available fluorogenic MP* pro-
tease assay kit (BPS Bioscience, San Diego, CA, USA) consisting of a proprietary
fluorogenic substrate (emission wavelength at 460 nm), was used to determine
inhibition activity in vitro. Both test inhibitors, hypericin (closed circles), and
cyanidin-3-O-glucoside (open circles), were shown to result in a concentration-
dependent inhibition of MP™ activity (0.2 pM-200 pM concentration range was
investigated). Average values + SEM from triplicate determinations are shown.
The average background (n = 6), total MP™ activity (n = 6), and inhibition by
the positive control GC376 at 50 uM (n = 6), are highlighted (horizontal
dotted lines).

Table 1

Inhibition of MP™ protease activity by GC376, hypericin, and cyanidin-3-O-
glucoside. Percentage inhibition at a ligand concentration of 50 pM and ICsq
values from in vitro fluorogenic MP™ protease assays.

Compound n'  ICso (uM)” % MP™ inhibition at 50 pM ligand”
GC376 2 0.46" 92.6 + 6.7
Hypericin 3 43.6 £12.2 59.9+84
Cyanidin-3-O- 2 63.2 +£15.4 23.2+5.5
glucoside

? n = number of independent experiments; ICso for GC376 according to assay

manufacturer (BPS Bioscience, San Diego, CA, USA).
b Average + SEM.

3.4. Hypericin and cyanidin-3-O-glucoside inhibit protease activity in
vitro

We have previously shown the in vitro inhibition activity of hypericin
and cyanidin-3-O-glucoside against the SARS-CoV-2 MP™ [20]. In
accordance with our previous experiments we observed a
concentration-dependent inhibition of the MP™ with hypericin showing
greater activity than cyanidin-3-O-glucoside (Fig. 5, Table 1). Our
findings highlight that both of our test compounds are much less potent
than the well-known covalent GC376 MP™ inhibitor (ICsg = 0.46 pM,
Table 1), which was used as a positive control in our experiments. Here
we extended our previous work and calculated collated ICsq values for
hypericin and cyanidin-3-O-glucoside (ICso = 43.6 and 63.2 pM,
respectively, Table 1); although, not as potent as covalent inhibitors,
these are within a biologically (uM) relevant range, suggesting that
further evaluation of these compounds as potential MP™ inhibitors may
be warranted.
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4. Conclusion

MD simulations and PELE Monte Carlo simulations have highlighted
that hypericin and cyanidin-3-O-glucoside bind to active and allosteric
sites in the SARS-CoV-2 MP™. MD simulation trajectories spanning a
microsecond have shown that hypericin preferentially binds in the
substrate binding site in both protomers of the dimeric MP™, as well as
known allosteric sites identified through PELE simulations. Finally, an in
vitro enzymatic assay highlighted that both hypericin and cyanidin-3-O-
glucoside inhibit MP™ activity in a concentration-dependent manner,
albeit with much less potency than known covalent MP™ inhibitors such
as GC376 used in our experiments. Nevertheless, potentially favourable
bioactivity, toxicity and pharmacokinetic profiles may not completely
rule out further investigation of these compounds. In this context,
despite the checkered clinical history of hypericin, a synthetic version
(SGX301, Soligenix, Inc.), has received an orphan drug designation from
the US Food and Drug Administration for photodynamic therapy in
cutaneous T-cell lymphoma. This clinical experience will be helpful for
establishing protocols for potential evaluation of hypericin in a COVID-
19 clinical setting.
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