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Agrimonia pilosa (AP), Galla rhois (RG), and their mixture (APRG64) strongly inhibited SARS-CoV-2 by interfering
with multiple steps of the viral life cycle including viral entry and replication. Furthermore, among 12 com-
ponents identified in APRG64, three displayed strong antiviral activity, ursolic acid (1), quercetin (7), and
1,2,3,4,6-penta-O-galloyl-f-p-glucose (12). Molecular docking analysis showed these components to bind
potently to the spike receptor-binding-domain (RBD) of the SARS-CoV-2 and its variant B.1.1.7. Taken together,
these findings indicate APRG64 as a potent drug candidate to treat SARS-CoV-2 and its variants.

1. Introduction

Since the novel coronavirus named severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) emerged in China in December
2019, it has spread rapidly worldwide. The World Health Organization
(WHO) declared coronavirus disease 2019 (COVID-19) a global
pandemic on March 11, 2020.?® Despite diverse efforts to prevent and
control its spread, SARS-CoV-2 is ongoing, and the mortality rate is
approximately 2.22% (as of March 5, 2021°?). Due to the severe threat
this poses, development of antiviral drugs targeting the virus is a top
priority. Several candidates for the treatment of COVID-19 are being
developed. In recent studies, remdesivir and chloroquine effectively

suppressed the replication of SARS-CoV-2 in vitro and in pre-clinical
studies with murine and nonhuman primate models.>' Although these
drug repositioning compounds are being tested clinically for their
inhibitory effects on replication of SARS-CoV-2,” strictly controlled tri-
als have not been completed. Despite the high in vitro antiviral potency
of remdesivir against SARS-CoV-2 and some optimistic outcomes in
clinical trials,'” uncertainties regarding its side effects (nausea, vomit-
ing, rectal hemorrhage, and hepatic toxicity) and clinical efficacy
remain major concerns.'' In addition, another antiviral compound,
chloroquine, is not recommended due to safety concerns (side effects on
hematologic, hepatic, and renal systems and QTc prolongation with
ventricular dysrhythrnia).5

Abbreviations: AP, Agrimonia pilosa; APRG64, 50% EtOH aqueous extract mixture of AP and RG which ratio is 6 and 4; BSA, bovine serum albumin; c.c., column
chromatography; COVID-19, Coronavirus disease 2019; DENV-2, dengue virus 2; DMEM, Dulbecco’s Modified Eagle’s Medium; ELISA, Enzyme-linked immuno-
sorbent assay; FBS, fetal bovine serum; HCV, hepatitis C virus; hpi, hours post-infection; HSV-1, herpes simplex virus type 1; IAV, influenza A virus; LC/MS, liquid
chromatography/mass spectrometry; MEM, Eagle’s Minimum Essential Medium; ODS, octadecyl SiO,; PFU, plaque-forming unit; RG, Galla rhois; SARS-CoV-2, severe
acute respiratory syndrome coronavirus 2; SEM, standard error of the mean; SiO», silica gel.
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Table 1

Binding energy calculated from molecular docking analysis of SARS-CoV-2 spike
receptor-binding domain (RBD) and B.1.1.7 lineage spike RBD with three anti-
SARS-CoV-2 compounds of APRG64, ursolic acid (1), quercetin (7), and 1, 2,
3, 4, 6-penta-O-galloyl-f-p-glucose (12).

Ligands Binding energy (kcal/mol)
SARS-CoV-2 spike B.1.1.7 lineage spike
RBD RBD
ursolic acid (1) —9.5 -9.0
quercetin (7) -7.6 -8.9
1,2,3,4,6-penta-0-galloyl-p-p- -3.1 -3.3

glucose (12)

Agrimonia pilosa (AP; Rosaceae), commonly known as hairy agri-
mony, is distributed widely and cultivated in Korea and China, and its
aerial parts have been used as an antiviral and for treating hema-
tochezia, traumatic injury, diarrhea, and leukorrhea in Oriental medi-
cine.'?%?° Galla rhois (RG) is the gall caused by the Chinese aphid
Schlechtendalia chinensis (Bell) on Rhus chinensis leaves (Anacardiaceae)
and has been used in Oriental medicine for treatment of excessive
sweating, persistent cough, and diarrhea.>**° In our previous work, a
50% EtOH aqueous extract mixture of AP and RG in a 6:4 ratio
(APRG64) was optimal to exert maximum biological activities without
significant pharmacological toxicity on cardiovascular, central nervous,
and respiratory systems.'

Therefore, we hypothesized that AP, RG, and APRG64 will display
antiviral activity against SARS-CoV-2. Furthermore, because the emer-
gence of novel variants such as VUI-202012/01 (United Kingdom) and
501.V2 (South Africa) continuously raises concerns for public health,
the development of effective antiviral drugs for SARS-CoV-2 and its
variants is needed.'®?* Thus, in the present study, the efficacy of
APRG64 for inhibiting the replication of SARS-CoV-2 by interfering with
multiple steps of the viral life cycle, including viral entry, was evaluated.
In addition, to confirm the possibility as potential therapeutic candi-
dates against novel variant VUI-202012/01, molecular docking of major
components of APRG64 was performed at the spike receptor-binding-
domain (RBD) of SARS-CoV-2 and its variant B.1.1.7.

2. Materials and methods
2.1. General experimental procedures

The resins used for column chromatography (c.c.) and TLC analysis
were described previously.'® Optical rotation, NMR (600 MHz), IR,
FABMS, and melting point measurements were performed according to
previously reported studies.'® Compounds 2-10 were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

2.2. Plant material and isolation of active components

Dried aerial parts of AP and RG were provided by BioKorea Co., Ltd
(Seoul, Korea). The plants were identified and authenticated based on
macroscopic and microscopic characteristics by Professor Se Chan Kang,
Kyung Hee University (Yongin, Korea). Guaranteed samples (BMRI-AP-
1601 and BMRI-RG-1602) were deposited in the Laboratory of Natural
Medicine Resources in BioMedical Research Institute, Kyung Hee Uni-
versity. The dried aerial parts of AP (500 g) and RG (500 g) were
extracted twice with 50% aqueous EtOH (7 L) at room temperature.
Each concentrate was divided into EtOAc and H,O fractions. After
repeated separation of SiO2 and octadecyl SiOy (ODS), c.c. of the EtOAc
fraction of AP resulted in isolation of ursolic acid (1). In addition,
repeated c.c. of the EtOAc fraction of RG resulted in isolation of ethyl
gallate (11) and 1,2,3,4,6-penta-O-galloyl-f-p-glucose (12). When
comparing their NMR and MS values with those reported in the litera-
ture, compounds 1, 11, and 12 were confirmed as ursolic acid,”’ ethyl
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gallate,35 and 1,2,3,4,6-penta-O-galloyl-ﬂ-n-glucose,25
(Supplementary Table 1-3).

Ursolic acid (1): White powder; [a]%s +70° (¢ 0.5, CHCl3); m.p.
286-288 °C; IR (KBr, v) 3350, 2900, 1700 cm™; FABMS m/z 457
[M-+H]*; 'H NMR (600 MHz, &y, pyridine-ds) 0.88 (3H, s, H-25), 0.88
(1H, overlapped, H-5), 0.94 (3H, d, J = 6.6 Hz, H-30), 0.98 (1H, over-
lapped, H-1a), 1.01 (3H, d, J = 6.6 Hz, H-29), 1.01 (3H, s, H-24), 1.03
(1H, overlapped, H-20), 1.05 (3H, s, H-26), 1.19 (1H, m, H-15a), 1.23
(3H, s, H-27), 1.24 (3H, s, H-23), 1.35 (1H, overlapped, H-6a), 1.37 (1H,
overlapped, H-7a), 1.37 (1H, overlapped, H-21a), 1.44 (1H, overlapped,
H-21b), 1.45 (1H, overlapped, H-19), 1.54 (1H, overlapped, H-1b), 1.56
(1H, overlapped, H-6b),_1.57 (1H, overlapped, H-7b), 1.62 (1H, m, H-
9), 1.81 (2H, m, H-2), 1.95 (2H, overlapped, H-11), 1.97 (2H, m, H-22),
1.98 (1H, overlapped, H-16a), 2.11 (1H, td, J = 13.8, 3.6 Hz, H-16b),
2.32 (1H, td, J = 13.8, 5.4 Hz, H-15b), 2.63 (1H, d, J = 11.4 Hz, H-18),
3.45 (1H, dd, J = 9.6, 6.0 Hz, H-3), 5.48 (1H, br. s, H-12); 13C NMR (150
MHz, ¢, pyridine-ds) 15.5 (C-25), 16.4 (C-24), 17.2 (C-26), 17.3 (C-29),
18.6 (C-6), 21.2 (C-30), 23.4 (C-11), 23.7 (C-27), 24.7 (C-16), 27.9 (C-
2), 28.5 (€23), 28.6 (C-15), 30.8 (C-21), 33.4 (C-7), 37.1 (C-22), 37.2 (C-
10), 38.8 (C-1), 39.2 (C-20), 39.2 (C-19), 39.3 (C-4), 39.7 (C-8), 42.3 (C-
14), 47.8 (C-17), 47.8 (C-9), 53.3 (C-18), 55.6 (C-5), 77.9 (C-3), 125.4
(C-12), 139.1 (C-13), 179.7 (C-28).

Ethyl gallate (11): Colorless needles; m.p. 160-161 °C; IR (KBr, v)
3400, 3300, 2950, 1750 cm'l; FABMS m/z 199 [M+H]"; TH NMR (600
MHz, 5y, CD30D) 1.33 (3H, t, J = 7.8 Hz, H-2'), 4.26 (2H, q, J = 7.8 Hz,
H-1'), 7.04 (2H, s, H-2,6); 13C NMR (150 MHz, 5c, CD30D) 14.8 (C-2/),
61.7 (C-1"),110.0 (C-2,6),121.8 (C-1), 139.9 (C-4), 148.5 (C-3,5), 168.6
(C-7).

1,2,3,4,6- penta-O-galloyl-p-p-glucose (12): Yellowish amorphous
powder; [a]> +19° (c 0.5, MeOH); IR (KBr, v) 3400, 1750, 1650 cm™;
FABMS m/z 963 [M+Na]™; TH NMR (600 MHz, 6y, CD30D) 4.39 (2H, m,
H-6), 4.50 (1H, m, H-5), 5.58 (1H, dd, J = 7.8, 1.8 Hz, H-4), 5.59 (1H,
dd,J=7.8,7.8 Hz,H-2),5.89 (1H, dd, J = 7.8, 7.8 Hz, H-3), 6.23 (1H, d,
J =7.8 Hz, H-1), 6.89 (2H, s, H-3-G-2,6), 6.94 (2H, s, H-2-G-2,6), 6.97
(2H, s, H-4-G-2,6), 7.04 (2H, s, H-1-G-2,6), 7.10 (2H, s, H-6-G-2,6); 13C
NMR (150 MHz, 6c, CD30D) 63.1 (C-6), 69.8 (C-4), 72.2 (C-2), 74.1 (C-
3), 74.4 (C-5), 93.8 (C-1), 110.3 (C-6-G-2,6), 110.4 (C-3-G-2,6), 110.4
(C-2-G-2,6), 110.5 (C-4-G-2,6), 110.6 (C-1-G-2,6), 119.7 (C-1-G-1),
120.2 (C-2-G-1), 120.4 (C-4-G-1), 120.4 (C-3-G-1), 121.1 (C-6-G-1),
140.0 (C-6-G-3,5), 140.1 (C-3-G-3,5), 140.4 (C-2-G-3,5), 140.4 (C-4-G-
3,5), 140.8 (C-1-G-3,5), 146.3 (C-3-G-4), 146.4 (C-2-G-4), 146.5 (C-4-G-
4), 146.5 (C-6-G-4), 146.6 (C-1-G-4), 166.2 (C-1-G-7), 166.9 (C-4-G-7),
167.0 (C-2-G-7), 167.3 (C-3-G-7), 168.0 (C-6-G-7).

respectively

2.3. Virus, cell, and infection

SARS-CoV-2 (NCCP43326) was provided kindly by the National
Culture Collection for Pathogens. Amplification and titration of SARS-
CoV-2 were performed on Vero cells as previously described.'®'” Vero
cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with penicillin/streptomycin and 10% fetal bovine serum
(FBS). To infect the cells with SARS-CoV-2, Vero cells were incubated for
1 h with the virus in the presence of Eagle’s Minimum Essential Medium
(MEM) or DMEM containing 0.3% bovine serum albumin (BSA).

2.4. Plaque reduction assay

The samples were diluted serially from 1/40 to 1/640 with serum-
free medium. Vero cells were infected with 50 or 100 plaque-forming
units (PFUs) of SARS-CoV-2 and treated with the diluted samples for
1 h at 37 °C in 5% COg. After washing with PBS twice to remove un-
bound viruses, the cells were overlaid with 0.6% agarose diluted in
DMEM containing 0.3% BSA. The plates were incubated at 37 °C in 5%
COs, for an additional 3 days. The cells were stained with 0.4% crystal
violet (Sigma) dye solution for 10 min and rinsed with PBS three times to
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Fig. 1. Anti-SARS-CoV-2 activity of Agrimonia pilosa (AP), Galla rhois (RG), and their mixture (APRG64). Vero cells were seeded 1 day before infection. (A) Cells were
treated with AP (0.1 or 0.5 ug/mL), RG (0.1 or 0.5 ug/mL), or APRG64 (0.1 or 0.5 ug/mL) for 2 h and then infected with SARS-CoV-2 at 0.01 multiplicity of infection
(MOI) for 1 h. After washing three times with PBS, cells were retreated under the same conditions described above. Three days later, cells were fixed and stained to
visualize plaques (left panel). Plaque reduction rates are shown in the right panel. (B) Cells were infected with SARS-CoV-2 at 0.01 MOI and treated with AP (0.1 or
0.5 ug/mL), RG (0.1 or 0.5 pg/mL), or APRG64 (0.1 or 0.5 ug/mL). After incubation for 1 h, cells were washed three times with PBS. Three days later, cells were fixed
and stained to visualize plaques (left panel). Plaque reduction rates are shown in the right panel. Remdesivir (Rem, 5 uM) and chloroquine phosphate (C.P, 10 uM)

were used as positive controls. Data are representative of three independent experiments. *p < 0.05;

remove excess dye. The plaque reduction rate in sample-treated cells
was calculated by comparison with untreated cells.

2.5. Enzyme-linked immunosorbent assay (ELISA) for SARS-CoV-2 spike
proteins

Cell supernatants from virus-infected, sample-treated cells were
analyzed for SARS-CoV-2 spike proteins using SARS-CoV-2 spike RBD
Nanobody (Cusabio Technology LLC., Houston, TX, USA), according to
the manufacturer’s instructions. Briefly, Vero E6 cells were infected with
SARS-CoV-2 at 0.3 multiplicity of infection (MOI) and treated with
sample or cells were infected with SARS-CoV-2 at 0.3 MOI for 1 h,
washed three times with PBS, and then treated with sample. After 72 h,
cell supernatants were analyzed for binding activity with SARS-CoV-2
using the SARS-CoV-2 spike RBD Nanobody ELISA kit (Cusabio Tech-
nology LLC). The cell supernatant was transferred to an antigen (Re-
combinant Human Novel Coronavirus Spike glycoprotein)-coated assay
plate and incubated for 30 min at 37 °C in 5% CO». After washing, 100
pL of HRP-conjugate was added to each well and incubated for 30 min at
37 °C in 5% COs. After washing, 90 pL of TMB substrate was added to

“p < 0.001, compared with mock-treated cells (Con).

each well and incubated for 20 min in the dark at 37 °C in 5% CO,. Then,
50 pL of stop solution was added to each well. The optical density of each
well was determined within 10 min using a microplate reader set to 450
nm.

2.6. Statistical analyses

All statistical analyses were performed using Graph Pad Prism 5
software (GraphPad Software Inc., La Jolla, CA, USA). Error bars indi-
cate the standard error of the mean (SEM), and mean values were
compared using Student’s t-test. All experiments were repeated inde-
pendently at least three times.

2.7. Molecular docking of SARS-CoV-2 spike RBD and active components
of APRG64

AutoDock (Version 4.2.6, The Scripts Research Institute, La Jolla,
CA, USA), an open-source software for molecular docking simulation
developed based upon a Lamarckian genetic algorithm (LGA), was uti-
lized to predict the binding affinity between the active components of
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Fig. 2. Chemical structures of isolated constituents from mixture of Agrimonia pilosa (AP) leaves and Galla rhois (RG) fruits in 50% EtOH extract (APRG64).

APRG64 and the SARS-CoV-2 spike receptor-binding domain (RBD).
From the Research Collaboratory for Structural Bioinformatics (RCSB)
Protein Data Bank (PDB), the crystal structures of the SARS-CoV-2 spike
RBD complexed with its receptor human ACE2 (PDB ID: 6LZG) were
retrieved. The three-dimensional (3D) structures of the potent antiviral
compounds were downloaded from PubChem (https://pubchem.ncbi.nl
m.nih.gov) in the structure data file (SDF) format. Components not
found in PubChem were modeled using ChemOffice (PerkinElmer,
Waltham, MA, USA) to secure the 3D structure data. The ligands were
converted to PDB format utilizing Open Babel (Version 2.4.1,
http://openbabel.org). Once the SARS-CoV-2 spike RBD and ligands
were imported into Autodock, all heteroatoms and water molecules
were deleted followed and then polar hydrogens and Kollman charges
were introduced before the docking process. The SARS-CoV-2 spike RBD
(6LZG) and ligands were converted into PDBQT (Protein Data Bank,
Partial Charge (Q), and Atom Type (T)) files. The binding between the
SARS-CoV-2 spike RBD and ligands were then examined in Autodock.
Blind docking of the ligands was performed to identify the potential
primary binding site of the SARS-CoV-2 spike RBD. The entire protein
was covered with a grid box dimension of 40 x 62 x 62 A with a spacing
of 1 A for blind docking and standard LGA was employed. Conforma-
tions with high negative binding energy in binding sites were deter-
mined and the outcomes were validated through redocking process.

2.8. Molecular docking of B1.1.7 lineage spike RBD and active
components of APRG64

The original amino acid sequence of the SARS-CoV-2 spike protein
(QHD43416.1) was obtained from GenBank (https://www.ncbi.nlm.
nih.gov/genbank). The sites of eight mutations (HV 69-70 deletion,
Y144 deletion, N501Y, A570D, P681H, T716I, S982A, and D1118H)
were edited specifically to produce the amino acid sequence of the spike
protein of a new SARS-CoV-2 lineage called B.1.1.7. The RBD fragment

(316-538) were then retrieved from the modified amino acid sequence.
The 3D protein structure of the RBD fragment was modeled using SWISS-
MODEL (https://swissmodel.expasy.org). This web-based service allows
to match the input sequence with similar template sequences in their
library (SWISS-MODEL Template Library; SMTL) and model a proper
structure in PDB format based on the template structures. In order to
validate the structure model, Global Model Quality Estimation (GMQE)
and Qualitative Model Energy ANalysis (QMEAN) were evaluated.
GMQE is an accuracy index normalized from zero to one while QMEAN
is a quality index of which a score below —4.0 indicates poor quality. G-
factors and Ramachandran plot were determined to conduct further
structure validation using PROCHECK (https://www.ebi.ac.uk/thornt
on-srv/software/PROCHECK). G-factors are indicatives of structural
abnormality of which scores below —0.5 indicate that the given struc-
ture is unusual while scores below —1.0 infer that the given structure is
highly unusual. Ramachandran plot is a torsional angle (phi and psi)
map of the residues, frequently used for validation of a 3D protein
structure. A given structure is valid if the residues located in the most
favored region in the are greater than 90%. Following structural vali-
dation of the B.1.1.7 lineage spike protein, the identical molecular
docking protocol was performed to determine the binding energy be-
tween the active components of APRG64 and the B.1.1.7 lineage spike
RBD and compare with the preceding data with the SARS-CoV-2 spike
RBD.

3. Results and discussion

3.1. Inhibition of SARS-CoV-2 replication by AP, RG, and APRG64
Because AP, RG, and APRG64 have clinical potential for diverse

diseases, including diarrhea, cough, chills, and hematochezia, as well as

antiviral effects, these extracts were analyzed for antiviral activity
against SARS-CoV-2. Vero cells pre-treated with AP, RG, APRG64,
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Fig. 3. Antiviral activity of active components isolated from APRG64 against SARS-CoV-2. Vero cells were seeded 1 day before infection. (A) Cells were infected with
SARS-CoV-2 at 0.01 multiplicity of infection (MOI) and treated with compounds 1-12 of APRG64 at 1, 5, or 25 pg/mL for 1 h, followed by washing three times with
PBS. Three days later, cells were fixed and stained to visualize plaques. Plaque reduction rates are shown. (B) Cells were infected with SARS-CoV-2 at 0.3 MOI and
treated with APRG64, compounds 1, 7, or 12, at 5 or 25 ug/mL for 1 h. After washing three times with PBS, cells were incubated for an additional 72 h. Cell
supernatants were analyzed for the SARS-CoV-2 spike proteins using enzyme-linked immunosorbent assay (ELISA). (C) Cells were infected with SARS-CoV-2 at 0.3
MOI for 1 h, followed by washing three times with PBS. Cells were treated with compounds 1, 7, or 12. After 72 h, cell supernatants were analyzed for SARS-CoV-2
spike protein using ELISA. Data are representative of three independent experiments. *p < 0.05; “p < 0.01; ““p < 0.001, compared with mock-treated cells (Con).

remdesivir, or chloroquine phosphate for 2 h were infected with SARS-
CoV-2. At 72 h post-infection (hpi), reduction of plaque formations was
assessed. Notably, all three extracts strongly inhibited the formation of
plaques. Even at low concentrations (0.1 and 0.5 ug/mL), their ability to
reduce plaque was comparable to that of remdesivir and chloroquine
phosphate (Fig. 1A). Thus, we conclude that AP, RG, and APRG64
suppressed the replication of SARS-CoV-2.

3.2. Interference with viral entry of SARS-CoV-2 by AP, RG, and
APRG64

Next, it was investigated whether AP, RG, and APRG64 influence
viral entry, which is a key step for SARS-CoV-2 replication. Vero cells
were infected with SARS-CoV-2 in the presence or absence of AP, RG,
APRG64, remdesivir, or chloroquine phosphate. After 1 h, cells were
washed three times with PBS to remove unattached viruses and extracts
from cell culture media. Plaque reduction assay revealed that AP, RG,
and APRG64 potently inhibited the replication of SARS-CoV-2.
Conversely, remdesivir and chloroquine did not show significant anti-
viral activity compared with AP, RG, and APRG64 (Fig. 1B). These re-
sults strongly support that AP, RG, and APRG64 have potent antiviral

activity against SARS-CoV-2 by interfering with viral entry through an
antiviral mechanism different from that of remdesivir and chloroquine
phosphate.

3.3. Isolation of active components from APRG64

APRG64 is a mixture of AP and RG, and because its safety in vitro as
well as in vivo was proven in our previous study,23 its active components
were investigated. In repeated c.c. of these plants, ursolic acid (1), ethyl
gallate (11), and 1,2,3,4,6-penta-O-galloyl-$-p-glucose (12) were iso-
lated. Based on LC/MS profiling results of APRG64, one triterpenoid (1),
one coumarin (2), eight flavonoids (3-10), and two gallate derivatives
(11 and 12) were selected as active components of APRG64 and po-
tential anti-COVID-19 agents (Fig. 2). These compounds were reported
previously as major components of AP®3%17-7 and RG.?>?! Compounds
2-10, which were purchased, were analyzed using NMR to evaluate
purity. Consequently, purity of all compounds including the isolated
compounds (1, 11, and 12) was confirmed to be greater than 97%.
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Fig. 4. Structural modeling of B.1.1.7 lineage spike receptor-binding domain (RBD). (A) 3D structures of SARS-CoV-2 spike RBD and B.1.1.7 lineage spike RBD. (B)

Ramachandran plot of the B.1.1.7 lineage spike RBD structural model.

3.4. Antiviral activity of APRG64 active components against SARS-CoV-2

Next, whether secondary metabolites isolated from APRG64 inhibit
the replication of SARS-CoV-2 was investigated. Vero cells were infected
with SARS-CoV-2 and treated with compounds 1-12, remdesivir, or
chloroquine phosphate for 1 h. Cells were washed to eliminate unat-
tached viral particles and compounds. At 72 hpi, the number of plaques
was estimated using a plaque assay. As shown in Fig. 3A, ursolic (1),
quercetin (7), ethyl gallate (11), and 1,2,3,4,6-penta-O-galloyl-4-p-
glucose (12) significantly inhibited the formation of plaques at all three
concentrations (1, 5, and 25 pg/mL). However, ethyl gallate (11)
slightly inhibited the formation of plaques (reduction rate: 21.05% at 25
ug/mL), and ursolic acid (1), quercetin (7), and 1,2,3,4,6-penta-O-gal-
loyl-p-p-glucose (12) exhibited much stronger antiviral activity (reduc-
tion rates: 78.35%, 67.19%, and 100%, respectively, at 25 pg/mL)
(Fig. 3A). In particular, 1,2,3,4,6-penta-O-galloyl-p-p-glucose (12)
entirely suppressed the formation of plaques at all three concentrations.
Furthermore, 1,2,3,4,6-penta-O-galloyl-p-p-glucose (12) displayed
potent antiviral activity at much lower concentrations (0.125, 0.25, 0.5
ug/mL; data not shown). Similar results were obtained when cell su-
pernatants were analyzed for SARS-CoV-2 spike protein. As shown in
Fig. 3B, ursolic acid (1), quercetin (7), and 1,2,3,4,6-penta-O-galloyl-
p-p-glucose (12) significantly reduced the amount of SARS-CoV-2 spike
proteins in cell supernatants (Fig. 3B). Finally, whether post-treatment
with ursolic acid (1), quercetin (7), and 1,2,3,4,6-penta-O-galloyl-f-p-
glucose (12) was capable of inhibiting SARS-CoV-2 replication was
investigated. Vero cells were infected with SARS-CoV-2 for 1 h, followed
by three washes to remove unattached viral particles. Cells then were
treated with samples for 72 h. Notably, post-treatment with samples
significantly reduced SARS-CoV-2 spike proteins in the supernatants
(Fig. 3C). Collectively, the results strongly support that active compo-
nents of APRG64, ursolic acid (1), quercetin (7), and 1,2,3,4,6-penta-O-
galloyl-g-p-glucose (12), inhibit SARS-CoV-2 replication by interfering
with viral absorption and post-absorption stages. In previous studies,
quercetin (7) was reported to have antiviral activities against HIV,
herpes simplex virus type 1 (HSV-1),'? hepatitis C virus (HCV),?’
influenza A virus (IAV) HIN1, and dengue virus 2 (DENV-2).>%%0 1n
addition, Yang et al. reported that 1,2,3,4,6-penta-O-galloyl-$-p-glucose
(12) has anti-herpes simplex virus activity>"; however, the anti-SARS-
CoV-2 activity remains unknown.

3.5. Structural modeling and validation of B.1.1.7 lineage spike RBD

Association between the viral spike RBD and ACE2 proteins on the
target cell is a critical step for SARS-CoV-2 to enter the cell. Because
APRG64 and its components were shown to interfere with viral ab-
sorption (Figs. 1 and 3), the binding of the viral spike RBD onto host cells
could be impeded by APRG64 components.

To test this hypothesis, molecular docking analysis of the viral spike
RBD onto the structures of three major antiviral components of APRG64,
ursolic acid (1), quercetin (7), and 1,2,3,4,6-penta-0O-galloyl-4-p-glucose
(12), was performed. Notably, the spike RBD of SARS-CoV-2 continu-
ously undergoes mutations, which hinders the development of efficient
vaccines and antiviral drugs. Thus, the binding affinity of APRG com-
ponents to the SARS-CoV-2 spike RBD as well as its variant B.1.1.7 spike
RBD was analyzed. First, the B.1.1.7 lineage spike RBD structure model
was generated. The spike RBD fragment of the amino acid sequence from
the B.1.1.7 lineage was as follows: VQPTE-
SIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVA-
DYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVR-
QIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNY-
LYRLFRKSNLKPFERDISTEIY-
QAGSTPCNGVEGFNCYFPLQSYGFQPTYGVGYQPYRVVVLSFELLHA-
PATVCGPKKSTNLVKNKCVNEF.

A total of 27 templates was matched to the spike RBD fragment from
SMTL and the template 6XC4.1, demonstrating 63% sequence similarity
and 99.55% sequence identity compared with the amino acid sequence
chosen for structural modeling of the B.1.1.7 lineage spike RBD
(Fig. 4A). The B.1.1.7 lineage spike RBD structure had a total of 199
residues.

For the B.1.1.7 lineage spike RBD structure model, the GMQE and
QMEAN values were 0.74 and —1.59, respectively, and the G-factor
values obtained from PROCHECK were 0.26 (dihedrals), 0.03 (cova-
lent), and —0.14 (overall). The Ramachandran plot showed 90.6% of the
residues to be located in the most favored regions [A, B, L] and 9.4% of
the residues in the additionally allowed regions [a, b, 1, p] (Fig. 4B).
These data indicate that the generated B.1.1.7 lineage spike RBD
structure model is stable stereochemically and accurate.

3.6. Comparative molecular docking analysis of SARS-CoV-2 spike RBD
and B.1.1.7 lineage spike RBD with active components of APRG64

Comparative molecular docking analyses of the SARS-CoV-2 spike
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Fig. 5. Molecular binding of SARS-CoV-2 spike receptor-binding domain (RBD) and B.1.1.7 lineage spike RBD with three active components of APRG64, ursolic acid

(1), quercetin (7), and 1, 2, 3, 4, 6-penta-O-galloyl-p-p-glucose (12).

RBD and B.1.1.7 lineage spike RBD with ursolic acid (1), quercetin (7),
and 1,2,3,4,6-penta-0O-galloyl-$-p-glucose (12) were performed to assess
the potential antiviral effects of the active APRG64 components. The
binding energy data calculated from the molecular docking analysis are
shown in Table 1.

Ursolic acid (1) showed the highest binding energy (—9.5 kcal/mol
and —9.0 kcal/mol, respectively) against the SARS-CoV-2 spike RBD and
B.1.1.7 lineage spike RBD compared with the other compounds.
Notably, quercetin (7) (-8.9 vs. —7.6 kcal/mol) and 1,2,3,4,6-penta-O-
galloyl-g-p-glucose (12) (-3.3 vs. —3.1 kcal/mol) showed more stable
binding energy when docking with the B.1.1.7 lineage spike RBD
compared with docking with the SARS-CoV-2 spike RBD. Fig. 5 repre-
sents the hydrogen bond interactions of ursolic acid (1), quercetin (7),
and 1,2,3,4,6-penta-0O-galloyl-$-p-glucose (12) against the SARS-CoV-2
spike RBD and B.1.1.7 lineage spike RBD. Ursolic acid (1) formed two
hydrogen bonds with PHE338 and GLY339 of the SARS-CoV-2 spike
RBD amino acid residues and formed one hydrogen bond with PHE55 of
the B.1.1.7 lineage spike RBD amino acid residues. These data indicate
that APRG64 has significant potential to target both SARS-CoV-2 and
B.1.1.7 lineage and exert antiviral effects.

4. Conclusion

In the present study, APRG64 and its active components ursolic acid
(1), quercetin (7), and 1,2,3,4,6-penta-O-galloyl-f-p-glucose (12)
significantly suppressed the replication of SARS-CoV-2. In addition, the
three compounds (1, 7, and 12) showed significant binding affinity for
SARS-CoV-2 and its variant (VUI-202012/01). Therefore, APRG64 is a
novel candidate antiviral agent to treat COVID-19, and further clinical
trials are warranted.
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