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ARTICLE INFO ABSTRACT

Keywords: Coronavirus 3C-like protease (3CLP™) is a crucial target for treating coronavirus diseases including COVID-19.
SARS'COYQ 3CLP™® Our preliminary screening showed that Ampelopsis grossedentata extract (AGE) displayed potent SARS-CoV-2-
Ampelopsis grossedentata extract 3CLP™ inhibitory activity, but the key constituents with SARS-CoV-2-3CLP™ inhibitory effect and their mecha-

Covalent inhibitors nisms were unrevealed. Herein, a practical strategy via integrating bioactivity-guided fractionation and purifi-

cation, mass spectrometry-based peptide profiling and time-dependent biochemical assay, was applied to identify
the crucial constituents in AGE and to uncover their inhibitory mechanisms. The results demonstrated that the
flavonoid-rich fractions (10-17.5 min) displayed strong SARS-CoV-2-3CLP™ inhibitory activities, while the
constituents in these fractions were isolated and their SARS-CoV-2-3CLP™ inhibitory activities were investigated.
Among all isolated flavonoids, dihydromyricetin, isodihydromyricetin and myricetin strongly inhibited SARS-
CoV-2 3CLP™ in a time-dependent manner. Further investigations demonstrated that myricetin could cova-
lently bind on SARS-CoV-2 3CLP™ at Cys300 and Cys44, while dihydromyricetin and isodihydromyricetin
covalently bound at Cys300. Covalent docking coupling with molecular dynamics simulations showed the
detailed interactions between the orthoquinone form of myricetin and two covalent binding sites (surrounding
Cys300 and Cys44) of SARS-CoV-2 3CLP™. Collectively, the flavonoids in AGE strongly and time-dependently
inhibit SARS-CoV-2 3CLP™, while the newly identified SARS-CoV-2 3CLP™ inhibitors in AGE offer promising
lead compounds for developing novel antiviral agents.

1. Introduction infectious disease caused by severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), has brought a colossal threat to public health,

Over the last two decades, the growing occurrences of coronaviruses- economic development and society safety [2,3]. In the past one-year,
related diseases with high mortality have been one of the long-standing exhaustive efforts have been made by the scientists to discover effica-
and life-threatening issues to the global population [1]. Currently, the cious therapeutics for treating COVID-19, via targeting on several vali-

newly emerging coronavirus disease 2019 (COVID-19), a globally dated therapeutic targets. Among all identified therapeutic targets for

Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; COVID-19, coronavirus disease 2019; 3CLP™, Chymotrypsin-like protease; CoVs,
coronaviruses; AGE, Ampelopsis grossedentata extract; ICso, half maximal inhibition concentration; EDTA, ethylene diamine tetraacetic acid; DTT, dithiothreitol; IAA,
iodoacetamide; PMSF, phenylmethylsulfonyl fluoride; HEPES, 2-[4-(2-hydroxyethyl) piperazin-1-yl] ethane sulfonic acid; HCl, hydrochloric acid; NaCl, sodium
chloride; DMSO, dimethyl sulfoxide; PBS, potassium phosphate buffer; FRET, fluorescence resonance energy transfer; PDA, photo diode array; TOF-MS/MS, time of
flight tandem mass spectrometry; nanoLC-MS/MS, nano liquid chromatography-tandem mass spectrometer; HCD, higher energy collision dissociation; MD, molecular
dynamics; QFM, the orthoquinone form of myricetin; ACE2, angiotensin-converting enzyme 2; UGTs, UDP-glucuronosyltransferases.
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combating COVID-19, the chymotrypsin-like protease (3CLP™) has
drawn great concerns and has been recognized as a pivotal therapeutic
target for fighting this pandemic, due to its high conservative and
indispensable role in viral replication [4-6]. It has been validated that
strong inhibition or dysfunction of 3CLP™ can successfully block SARS-
CoV-2 replication, and further generate benefits in the treatment of
COVID-19 [7].

Although a variety of SARS-CoV-2 3CLP™ inhibitors have been
identified recently, the majority of them were restricted to the reversible
interactions with the target protease [8-10]. By contrast, the covalent
inhibitors could significantly attenuate the proteolytic activity of SARS-
CoV-2 3CLP™ via forming a stable chemical bond, which then inactivated
this key protease and blocked coronavirus replication. Generally, the
covalent inhibitors of target hydrolases bear at least one electrophilic
group (such as quinones [11], Michael receptors [12], or some metal
elements [13]) that could covalently bind to the nucleophilic residues
(such as cysteine). The covalent inhibitors possessed several inherent
advantages (such as high specificity, good inhibition potency, and du-
rable interactions) [14], which could bring benefits to both anti-COVID-
19 and other CoVs-related diseases. Unfortunately, the promising war-
heads and lead compounds for the development of efficacious SARS-
CoV-2 3CLP™ covalent inhibitors for treating COVID-19 are rarely re-
ported. Recently, to find more efficacious SARS-CoV-2 3CLP™ inhibitors
with good safety profile, a high-throughput screening campaign was
implemented to screen the herbal products with strong SARS-CoV-2
3CLP™ inhibition activities, by using a fluorescence-based biochemical
assay [15,16]. After a large-scale screening of herbal products, we
noticed that Ampelopsis grossedentata extract (AGE) strongly inhibited
SARS-CoV-2 3CLP™ in both time- and dose-dependently inhibition
manners, with the apparent ICsy value of 3.44 pg/mL after 60-min
preincubation. This finding suggests that AGE should contain the natu-
rally occurring covalent inhibitors of SARS-CoV-2 3CLP™,

Herein, a practical strategy via integrating bioactivity-guided frac-
tionation and purification, mass spectrometry-based peptide identifica-
tion and time-dependent inhibition assays, was utilized to recognize and
characterize the key constituents in AGE with SARS-CoV-2-3CLP™
inhibitory activities. The results clearly showed that the flavonoid-rich
fractions (10-17.5 min on reverse phase liquid chromatography) dis-
played strong inhibitory activities against SARS-CoV-2-3CLP™. After
then, the major constituents in these bioactive factions were isolated and
their structures as well as inhibitory effects on SARS-CoV-2-3CLP™ were
carefully identified. Among all isolated constituents, dihydromyricetin,
isodihydromyricetin and myricetin strongly inhibited SARS-CoV-2-
3CLP™ in dose- and time- dependent manners. On the basis of the
chemical structures of these newly identified SARS-CoV-2-3CLP™ in-
hibitors, we postulated their catecholic groups in B-ring were easily
oxidated into orthoquinones, which in turn, covalently modifying SARS-
CoV-2-3CLP™ (Fig. S4). In these cases, further mass spectrometry-based
peptide assays coupling with molecular dynamics simulations were
carried out to reveal the covalent binding sites and to explore the
inhibitory mechanisms of these naturally occurring flavonoids.

2. Materials and methods
2.1. Chemicals and reagents

The Smt3-SARS-CoV-2 3CLP™ codon was cloned into the pET29a (+)
vectors by GENEWIZ, Inc. (Beijing, China). Escherichia coli (E. coli) BL21
(DE3) was gained from Shanghai Weidi Biotechnology Co., Ltd.
(Shanghai, China). Tris-Base was obtained from Amresco (USA).
Ethylene Diamine Tetraacetic Acid (EDTA) was gained from Dalian
Meilun Biotechnology Co. Ltd. (Dalian, China). Lysozyme, sodium
chloride (NaCl), imidazole, dithiothreitol (DTT), phenylmethylsulfonyl
fluoride (PMSF), and hydrochloric acid (HCI), were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 2-[4-(2-
hydroxyethyl) piperazin-1-yl] ethane sulfonic acid (HEPES),
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NH4HCOg3, urea, iodoacetamide (IAA), chymotrypsin and trypsin were
provided by Sigma-Aldrich (St. Louis, MO, USA). Super Nuclease was
purchased from Sino Biological Inc. (Beijing, China). One hundred and
two herbal products were provided by Tianjiang Pharmaceutical Co.,
Ltd. (Jiangsu, China), two standard extracts (St. John’s Wort and Ginkgo
Folium) were bought from Baoji Guokang Bio-Technology Co.,Ltd and
Hubei Nokete Pharmaceutical Co.,Ltd,. Ampelopsis grossedentata extract
was attained from Eastsign Foods Co., Ltd. (Quzhou, China). The re-
ported covalent inhibitor of SARS-CoV-2 3CLP™ (ebselen) was provided
by TCI (Shanghai, China) [17]. Fluorescent substrate (Dabcyl-
KNSTLQSGLRKE-Edans) was purchased from Shanghai Sangon Biolog-
ical Engineering & Technology and Service Co. Ltd. (Shanghai, China),
with the purity of 99%. The stock solution of this fluorescent substrate
was prepared by Millipore water and stored at 4 °C. HPLC grade
methanol, acetonitrile, dimethyl sulfoxide (DMSO) and formic acid were
all ordered from Tedia (Fairfield, USA). DMSO-d¢ and MeOD were
provided by Adamas-beta (Shanghai, China) for 'H and '*C NMR ana-
lyses. Millipore water (Millipore, Bedford, USA) was used for preparing
PBS buffer (pH 7.4, 100 mM) that was stored at 4 °C until use.

2.2. SARS-CoV-2 3CIP™ inhibition assay

A fluorescence-based enzyme inhibition assay in 96-well plate
format was used to assess the SARS-CoV-2 3CLP™ inhibition activity
[15,16]. The hydrolytic rates of 3CLP™-catalyzed Dabcyl-
KNSTLQSGLRKE-Edans were monitored in a reaction mixture (100 pL,
total volume) with or without each tested inhibitor. Briefly, the SARS-
CoV-2 3CLP™ (4 pg/ml, final concentration) was preincubated with
analytes / DMSO (as a control group) in PBS (pH 7.4, 100 mM, 1 mM
EDTA) at 37 °C for 60 min or 0.5 min. Then the reaction proceeded for
20 min after added the Dabcyl-KNSTLQSGLRKE-Edans (20 pM, final
concentration). The generated fluorescent signals (excitation/emission,
340 nm/490 nm) were continuously monitored by the microplate reader
(SpectraMax® iD5, Molecular Devices, Austria).

2.3. Bioactivity-guided fractionation of AGE

A bioactivity-guided fractionation strategy was applied to quickly
find out the bioactive fractions in AGE, which was supported by one
Shimadzu UFLC system (Kyoto, Japan) equipped with an SPD-M 30A
PDA detector. Water-0.1% formic acid (A) and acetonitrile (B) were
optimized as the mobile phases in gradient conditions: 0.01-2 min, 95%
A; 15-20 min,70%-25% A; 22-25 min, 95% A. The AGE sample (5 pL,
10 mg/mL) was injected and separated on a Shim-pack VP-ODS C18
column (2.0 x 250 mm, 4.6 pm) with the flow rate of 0.4 mL/min at
40 °C, and the LC fractions were collected every 2.5 min. Ten collected
LC fractions were dried under vacuum pressure, and then redissolved in
DMSO for assessment of 3CLP™ inhibition activity.

2.4. Isolation and identification of the major bioactive constituents in
AGE

An LC-TOF-MS/MS system (Foster City, CA, USA) equipped with a
Shimadzu UFLC system (Kyoto, Japan) was used to identify the major
constituents in the bioactive fractions (10-17.5 min) of AGE in both
positive and negative ion modes. The mass parameters were listed in
Table S1. Meanwhile, five major constituents were isolated by using a
preparative HPLC (Waters, USA). The AGE sample (10 mL, 10 mg/mL)
was continuously injected and separated on a Acchrom-C18 column (50
x 450 mm, 7 pm), accompanied by 80% of water-0.1% formic acid and
20% of acetonitrile: methanol (4:1) with the flow rate of 65 mL/min.
Five isolated constituents in AGE were enriched and dried in vacuo
separately, the solid of each constituent was collected for structural
characterization and SARS-CoV-2 3CLP™ inhibition assay.
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2.5. Identification of the covalent binding sites of three flavonoids on
SARS-CoV-2 3CLP™

To identify the covalently modified sites for three flavonoids on
SARS-CoV-2 3CLP™, the peptides of target enzyme co-incubated with or
without each tested flavonoid were analyzed by using a nanoLC-MS/MS
system [17,18-20]. Firstly, the SARS-CoV-2 3CLP™ (147 pg, total con-
tent) was co-incubated with inhibitors (400 pM, final concentration) at
37 °C overnight. After that, the urea (6 M, final concentration) was
added into the mixtures at 75 °C to denature SARS-CoV-2-3CLP™. In
order to complete the alkylation of protein, the modified-SARS-CoV-2-
3CLP™ were separately co-incubated with DTT (1 mM, final concentra-
tion) for 10 min at 95 °C, and then treated with IAA (3 mM, final con-
centration) at 30 °C for 30 min in the dark. The protein precipitations
were collected after added ice-cold acetonitrile and centrifugated at
16000 g for 10 min, which further dried in a termovap sample
concentrator (ATR, AutoVap S60, USA). After then, the enriched pro-
teins were redissolved in NH4HCOj3 solution (pH 8.0, 50 mM), digested
by chymotrypsin and trypsin (the content of protein: SARS-CoV-2 3CLP™
ratios were 1:40), respectively. The produced peptides were desalted on
a MonoSpin C18 column (GL Sciences Inc.), the eluents were dried in
vacuo and resolved in 0.1% formic acid for analyses.

The samples (contained 0.5-1 pg peptides) were injected into
nanoLC system (EASY-nLC 1200, Thermo Fisher Scientific, USA), sepa-
rated at a self-packed analytical C18 column (20 pm x 360 pm x 200
mm, 3 pm) with the flow-rate of 0.3 pL/min. Water containing 0.1%
formic acid (A) and 80% acetonitrile-20% water (B) were used as the
mobile phases, the elution conditions were as follow: 0-1 min, 1%-6%
B; 1-47 min, 6%-35% B; 47-54 min, 35%-37% B; 54-56 min, 37%-95%
B; 56-65 min, 95% B. The full MS data were recorded by using the data-
dependent mode on the Hybrid Quadrupole-Orbitrap mass spectrometer
(Q Exactive™ HF-X, Thermo Fisher Scientific, USA) from m/z 300-m/z
1800, with the resolution of 60,000 (AGC target 3e6, maximum IT 50
ms). The analytes were fragmented in the HCD (Higher Energy Collision
Dissociation) mode with resolution of 15,000 at a 28% normalized
collision energy (AGC target 1e5, maximum IT 30 ms).

2.6. Inactivation kinetic analysis for three flavonoids on SARS-CoV-2
3crre

The inactivation kinetics for three flavonoids were investigated as
the reported procedure [21]. Firstly, two incubation mixture groups
(group A and group B) were prepared for use. Group A (90 pL) were
comprised of Dabcyl-KNSTLQSGLRKE-Edans (20 pM, final concentra-
tion) and PBS (pH 7.4, 100 mM, 1 mM EDTA). Group B (100 pL) con-
tained flavonoid and SARS-CoV-2 3CLP™ that were co-incubated at 37 °C
in tubes filled with PBS (pH 7.4, 100 mM, 1 mM EDTA). Then the
mixtures (10 pL) in group B were transferred to group A at different
preincubation time to initiate the hydrolytic reaction. After incubation
for another 20 min at 37 °C, the hydrolytic reaction was quenched by
adding ice-cold acetonitrile (100 pL). The natural logarithm of the re-
sidual SARS-CoV-2 3CLP™ activity was plotted against the preincubation
time.

2.7. Covalent docking and molecular dynamics simulations

The covalent docking was carried out through the covalent docking
module of MOE (Molecular Operating Environment 2019.01, Chemical
Computing Group Inc., Montreal, Canada). Firstly, the crystal structure
of SARS-CoV-2 3CLP™ (PDB Code: 6XHU, [22]) was download for pre-
liminary treatment by using the QuickPrep module, including adding
hydrogens and partial charges, optimizing the hydrogen bond network
and minimizing energies. Then, the orthoquinone form of myricetin
(QFM) was constructed and minimized energy in the Builder panel.
Next, the covalent reaction formula for QFM and cysteine residuals was
generated by MarvinSketch and imported to MOE for covalent docking
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module. Finally, with the help of GBVI/WSA dG, these generated con-
formations of the rigid receptor were refined and estimated the binding
scores [23]. The pose with the lowest S score was selected as the initial
conformation of QFM-3CLP™ complexes.

To perform the molecular dynamics (MD) simulations for QFM-
3CLP™ complexes, it was necessary to get the force field of non-standard
amino acid (Cys-QFM), which was generated by AmberTools20 (AMBER
2020, University of California, San Francisco, USA). The detailed pro-
cedures were as follows. At first, AM1-BCC charges of the Cys-QFM
complex were calculated [24]. Then, atoms, bonds, angles, and dihe-
dral parameters of Cys-QFM complex were established via atom types of
amber99sb-ildn force field and checked by parmchk2 [25]. Next, coor-
dinate and topology files of Cys-QFM complex were created by leap
program, and then translated to the GROMACS topology file via ACYPE
[26,27]. Finally, manually written residue topology parameter file (rtp
file) as per the GROMACS topology file and manually written hydrogen
database file (hdb file) were loaded into the libraries files of amber99sb-
ildn force field.

Systems of QFM-3CLP™ complexes were established for simulations.
Prior to MD simulations, an energy minimization of 50,000 steps
steepest descent was performed. To neutralize the charges of the
protein-solvent system, SARS-CoV-2 3CLP"® and QFM-3CLP™ complexes
were separately solvated with the TIP3P water model including sodium
ions. Then, the system was equilibrated, including 100 ps for NVT
heating to 310 K, and 100 ps for NPT. Finally, the system was subjected
to 50 ns MD at 310 K (V-rescale thermostat) under a pressure of 1 bar
(Parrinello-Rahman barostat). To analyze the interactions of QFM-
3CLP™ complexes, we clustered the equilibrium conformations [28], and
the largest center structure was selected to study the interactions by
creating its stereoscopic picture via Discovery Studio Visualizer (BIOVIA
Discovery Studio 2019, Dassault Systemes, San Diego, USA).

2.8. Statistical analysis

ICsp and Kj values were evaluated by nonlinear regression using
Graph Pad Prism 7.0 software (GraphPad Software, Inc., La Jolla, USA).
The nanoLC-MS/MS data was searched by Protein Discovery 2.4
(Thermo Scientific) by using the Sequest HT algorithm for peptide
identification.

3. Results
3.1. Inhibition of SARS-CoV-2 3CIP™ by herbal products

Firstly, the inhibitory potentials of 105 herbal extracts (100 pg/mL,
final concentration) on SARS-CoV-2 3CLP™ were assayed by using
Dabcyl-KNSTLQSGLRKE-Edans as the fluorescent substrate. From the
preliminary screening, AGE exhibited the most potent SARS-CoV-2
3CLP™ inhibition activity (Fig. 1). The residual activity of SARS-CoV-2
3CLP™ in the presence of AGE (100 pg/mL, final concentration) was
0.26%. As depicted in Fig. 2, AGE could dose-dependently inhibit SARS-
CoV-2 3CLP™-catalyzed Dabcyl-KNSTLQSGLRKE-Edans cleavage reac-
tion, with ICsg value of 3.44 pg/mL. Meanwhile, time-dependent inhi-
bition assays showed that AGE time-dependently inhibited SARS-CoV-2
3CLP™, with an obvious shift in apparent ICsq value (the ratio of ICsq =
3.63) when AGE was pre-incubated with SARS-CoV-2 3CLP™ at various
preincubation times. These findings demonstrate that AGE strongly in-
hibits SARS-CoV-2 3CLP™ in dose- and time- dependent manners,
implying that some natural constituents in AGE may covalently bind
with SARS-CoV-2 3CLP™,

3.2. Identification of the naturally occurring SARS-CoV-2 3CLP™
inhibitors in AGE

Then, a practical strategy via integrating bioactivity-guided frac-
tionation and purification, as well as inhibition assay, was used to
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Fig. 1. The inhibitory effects of 105 herbal products (100 pg/mL, final concentration) against SARS-CoV-2 3CLP™.
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Fig. 2. The dose-inhibition curves of 0.5 min and 60 min of AGE against SARS-
CoV-2 3CLP™.

identify the key constituents in AGE. From the results exhibited in Fig. 3,
within ten fractions, F5, F6 and F7 possessed strong inhibitory proper-
ties against SARS-CoV-2 3CLP™. After then, five major peaks of the
bioactive fractions (10-17.5 min) were isolated, while their structures
and effects of inhibiting SARS-CoV-2-3CLP™ were characterized. The
MS! and MS? spectra of these natural compounds were shown in Table 1,
Figs. $6-510, while their 'H and '3C NMR spectra were presented in
Figs. S19-S23. These spectra data clearly suggested that five major
constituents in the bioactive fractions of AGE (10-17.5 min) were five
flavonoids, including dihydromyricetin, isodihydromyricetin, myrici-
trin, taxifolin and myricetin.

A
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After then, the inhibition potentials of five isolated flavonoids
against SARS-CoV-2 3CLP™ were assayed by using three different doses.
As depicted in Fig. 4, the results presented that dihydromyricetin, iso-
dihydromyricetin, as well as myricetin showed strong inhibition effects
against SARS-CoV-2-3CLP™ (ICsp < 5 pM). Meanwhile, taxifolin and
myricitrin moderately inhibited SARS-CoV-2 3CLP™, with the ICsq
values ranging from 10 uM to 100 pM. The dose-response curves of five
flavonoids in AGE bioactive fractions (10-17.5 min) against SARS-CoV-
2 3CLP™ were also plotted by using increasing concentrations of each
flavonoid (Fig. 5, Fig. S12). As listed in Table 2, dihydromyricetin, iso-
dihydromyricetin and myricetin could strongly inhibit SARS-CoV-2
3CLP™, with ICsg values of 4.91 pM, 3.73 pM and 1.21 pM after 60-
min preincubation, respectively. Notably, the inhibitory activity of
myricetin was superior to the reported positive inhibitor ebselen
(Fig. S11, a newly reported covalent inhibitor of SARS-CoV-2 3CLP™,

Meanwhile, time-dependent inhibition assessments for these five
flavonoids were also carried out. The results clearly demonstrated that
the inhibition potency of dihydromyricetin, isodihydromyricetin, myr-
icitrin and myricetin against SARS-CoV-2 3CLP™ would be enhanced
with the pre-incubation time, with the ICs( ratios to be 7.05-fold, 7.78-
fold, 8.32-fold, and 17.72-fold, respectively (Table 2, Fig. 5). These
findings suggest that dihydromyricetin, isodihydromyricetin, myricitrin
and myricetin are the key bioactive constituents in AGE that can dose-
and time- dependently inhibit SARS-CoV-2 3CLP™.

3.3. Identification of the covalent binding sites of three flavonoids on
SARS-CoV-2 3CIP™°

Next, the covalent binding sites of dihydromyricetin, iso-
dihydromyricetin and myricetin on SARS-CoV-2 3CLP™ were identified
by using mass spectrometry. From the view of chemical structures of
these naturally occurring flavonoids, all these compounds bear a
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Fig. 3. Fingerprinting analysis of AGE by LC-UV in 290 nm (A), and the SARS-CoV-2 3CLP™ inhibition profiles of the LC fractions collected at 2.5 min intervals (B).

(***p < 0.001, ****p < 0.0001, compared with the control group).
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Table 1
Identification and characterization of five major constitutes in the bioactive fractions of AGE by LC-PDA-TOF-MS/MS.
No. tg (min) Amax Ionization m/z Formula Fragment ions Identification
(nm)
1 10.611 290 [M-HI 319.0469  CisHi20s  319.0469,301.0354, 283.0262, 257.0461,215.0352,193.0143,175.0035, Dihydromyricetin
125.0245
2 11413 293 [M-HI 319.0462  C;sHp20g  319.0462,301.0370, 257.0464, 215.0358, 193.0149, 175.0047, 125.0252 Isodihydromyricetin
3 12.894 352 [M-HI" 463.0902  CyHgoO12  463.0902, 317.0330, 316.0245, 217.0263, 270.0187 Myricitrin
4 13.464 289 [M-HI" 303.0515  CisHi20;  303.05-15, 275.0565, 241.0517, 217.0520, 125.0251 Taxifolin
5 15.521 370 [M-HI 317.0310  C;sHyoOg  317.0310, 289.0360, 271.0260, 178.9990 Myricetin
(myricetin) and 318.25 Da (dihydromyricetin or isodihydromyricetin).
120+ 0uM As shown in Table 3, following co-incubation of SARS-CoV-2 3CLP™
= 100- TuM with each tested flavonoid, several cysteine residues in the peptides of
; 10 uM SARS-CoV-2 3CLP™ could be modified by the orthoquinone forms of
S 807 100 uM these three flavonoids. From Fig. 7, Fig. S14, Fig. S15, all tested flavo-
E 60- noids (myricetin, dihydromyricetin and isodihydromyricetin) could
= A1 1N G- G- covalently modify Cys300, a key residue located at domain III (residuals
_-g 40 198-303) of SARS-CoV-2 3CLP™ (Fig. S13). Several reports state that
3 20- domain III (especially 2°°E-v3°3) functions as a crucial part to maintain
x the dimer conformation of active 3CLP™, mutation or modification of the
0- "-\"‘ key residuals (such as GIn290, Arg298 and GIn299) would result in the
& o instability or inactivation of this key enzyme [30-33]. Thus, it was easily
\,'5" conceivable that the surrounding micro-environment or the pivotal in-
& teractions for the formation of the dimer of active SARS-CoV-2 3CLP™
& might be changed or destroyed via modification of Cys300 by these
& naturally occurring flavonoids.

Fig. 4. Inhibitory effects of five major constituents in the bioactive fractions
from AGE against SARS-CoV-2 3CLP™.

catecholic group at the B-ring, which can be easily oxidized to form
orthoquinones that can covalently bind on the biothiols or the cysteines
in target proteins (Fig. 6) [28,29]. In this case, the generated MS/MS
spectra were analyzed by searching covalent modifications on cysteines
of SARS-CoV-2 3CLP™, with the molecular mass increments of 316.24 Da
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In addition to Cys300, myricetin can also covalently bind on Cys44,
which is near the catalytic site of SARS-CoV-2 3CLP™ (Fig. 7, Fig. S13).
Recently study has found that Cys44 is a hyper-reactive cysteine with
higher nucleophilicity than Cys145, which is recognized as a promising
binding site for designing and developing covalent inhibitors of this key
enzyme [34]. The covalent binding of myricetin on Cys44 might block
3CLP™-catalyzed peptide-cleavage reactions. These findings suggest that
myricetin and its analogous in AGE can covalently bind on some key
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Fig. 5. Dose- and time- dependent inhibition curves of dihydromyricetin (A), isodihydromyricetin (B), myricitrin (C) and myricetin (D) against SARS-CoV-2 3CLP™.
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Table 2

International Journal of Biological Macromolecules 187 (2021) 976-987

The inhibition parameters of the bioactive constituents in AGE against SARS-CoV-2 3CLP™.

No. Compound Structure ICso (HM) Ratio K; (pM) Kinace (min™1)
0.5 (min) 60 (min)
1 Dihydromyricetin 34.61 4.91 7.05 67.35 0.064
2 Isodihydromyricetin OH on 29.04 3.73 7.78 62.43 0.058
HO o .u\@iw
3 Myricitrin 118.10 14.22 8.32 - -
4 Taxifolin >200 72.72 >2.75 - -
'OH
OH O
5 Myricetin OH 21.44 1.21 17.72 6.33 0.013
OH
HO. O o : O on
OH
OH O
6 Ebselen” o 3.11 2.62 1.18 - -
N
C-O
# A known positive covalent inhibitor for SARS-CoV-2 3CLP™.
OH o]
Oxidation
R H—— o
OH OH OH
Inhibitors Orthoquinones Covalent adducts
Fig. 6. The proposed scheme of the newly identified flavonoid-type inhibitors covalently bind on the biothiols of SARS-CoV-2 3CLP™.
Table 3
Identification of the covalent binding sites for three flavonoids on SARS-CoV-2 3CLP* by nanoLC-MS/MS.
Inhibitor Peptide Modifications Charge m/z (Da) MH* (Da) MH" (Da) Mass accuracy tr(min)
(Theoretical) AMr (ppm)
Dihydromyricetin 295DYVRQC*SGVTF%5 Cys300 2 764.8166 1528.6260 1528.6260 -0.04 41.157
Isodihydromyricetin 295DYVRQC*SGVTF%° Cys300 2 764.8170 1528.6267 1528.6260 0.43 41.743
Myricetin “HVIC*TSEDMLNPNYEDLLIR®? Cys44 3 897.7310 2691.1785 2691.1587 7.36 48.006
295DVVRQC*SGVTF3%5 Cys300 2 763.8091 1526.6108 1526.6102 0.46 42.820

*The amino acids modified by inhibitors.

cysteines of SARS-CoV-2 3CLP™, while myricetin can concurrently
modify both Cys300 and Cys44. Meanwhile, these findings can partially
explain the potent inhibition efficacy of myricetin, in comparison with
its analogous (such as dihydromyricetin or isodihydromyricetin).

3.4. Inactivation kinetics of three flavonoids on SARS-CoV-2 3CLP™

The inactivation kinetics for three flavonoids were further investi-
gated to evaluate the inactivation potency of these naturally occurring
SARS-CoV-2 3CLP™ inhibitors. To this end, the inactivation kinetic
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curves were plotted by using various inhibitor concentrations with
increasing pre-incubation times. As shown in Fig. S16 and Fig. 8, dihy-
dromyricetin, isodihydromyricetin and myricetin could inactivate
SARS-CoV-2 3CLP™ activity via dose- and time- dependent manners,
their K; values were determined as 67.35 pM, 62.43 pM and 6.33 pM,
respectively, while Ko values were calculated as 0.064 min’l, 0.058
min~! and 0.013 min~!, respectively. These results suggest that three
flavonoids are naturally occurring time-dependent SARS-CoV-2 3CLP™
inhibitors, while myricetin exhibited the strongest inactivation potency,
which encourages us to further investigate the interactional modes of
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Fig. 8. Time- and concentration-dependent inhibition of myricetin (A) on SARS-CoV-2 3CLP™. The hyperbolic plot of ks of SARS-CoV-2 3CLP™ vs. myricetin (B)

concentrations.

this agent with SARS-CoV-2 3CLP™.

3.5. Covalent docking and molecular dynamics simulations

Finally, covalent docking simulations and molecular dynamics sim-
ulations were carefully conducted for QFM that covalently bound in site
1 (near Cys300) and site 2 (near Cys44) of SARS-CoV-2 3CLP™ to explore
the key interactions between this agent and the target enzyme. As shown
in Fig. 9B and Fig. S17, when QFM covalently bound to the sulfur atom
of Cys300, this agent mainly interacted with the surrounding amino acid
residuals (including Val296, Val297, Gly2 and Ile213) by hydrogen
bonding. As for site 2 (near Cys44), it was observed from Fig. 9D and
Fig. S18 that QFM could form an adduct via covalently bound on Cys44,
while this agent interacted with some residuals in site 2 through

A

Site 1 (near Cys300)

Site 2 (near Cys44)

hydrogen bonding (via forming a carbon hydrogen bond and conven-
tional hydrogen bonds) and hydrophobic bonding (amide-Pi stacked &
Pi-alkyl). These results manifest that the orthoquinone form of myricetin
can covalently bind in both site 1 (near Cys300) and site 2 (near Cys44)
on SARS-CoV-2 3CLP™, while the covalent modifications at these two
sites may lead SARS-CoV-2 3CLP™ to its inactive forms.

4. Discussion

Currently, the COVID-19 global pandemic has already brought
strong impact on human health, economic growth and social stability.
To efficiently fight against COVID-19, the scientists have made great
endeavors to develop novel therapeutics via targeting the validated
therapeutic targets. Among all validated therapeutic targets, 3CLP™ has

Fig. 9. The stereo view of the crystal structure SARS-CoV-2 3CLP™ (PDB Code: 6XHU) that was covalently bound on the orthoquinone form of myricetin at Cys300
(A) or Cys44 (C). The detailed interactions between SARS-CoV-2 3CLP™ and the orthoquinone form at Cys300 (B) or Cys44 (D).
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been validated as a key target for treating SARS-CoV-2 and other coro-
navirus, owing to the exceptionally important role of 3CLP™ during the
viral life cycle [35]. Over the past one year, a variety of SARS-CoV-2
3CLP™ inhibitors have been found, but only several compounds are
identified as the covalent inhibitors of this vital enzyme via forming
chemically stable and irreversible bonds [13]. Given that the covalent
inhibitors always display good inhibition potency in living systems, the
covalent inhibitors of 3CLP™ are considered as a good choice to block the
SARS-CoV-2 multiplication via inactivating the proteolytic activity of
3CLP™. Thus, it is urgent and highly desirable to find more efficacious
SARS-CoV-2 3CLP™ covalent inhibitors with improved safety profiles,
which may offer the promising lead compounds for developing novel
anti-COVID-19 agents.

In these cases, a high-throughput screening campaign was conducted
for discovering effective SARS-CoV-2 3CLP™ covalent inhibitors from
herbal products. Among all tested herbal products, AGE demonstrated
the most potent SARS-CoV-2 3CLP™ inhibition activity, while this herbal
extract inhibited this key enzyme in time- and dose- dependent manners.
This finding intrigued us to reveal the key bioactive constituents in AGE
that could covalently bind to SARS-CoV-2 3CLP™. In Southeast China,
Ampelopsis grossedentata is a flavonoid-rich (w/w > 40%) medicinal
herb, whose dried leaves and stems are popularly used as healthy tea to
prevent chronic disorders by reducing hypertension, regulating plasma
lipids and blood glucose [36-39]. Herein, we identified that three
abundant flavonoids (dihydromyricetin, isodihydromyricetin and myr-
icetin) in AGE could strongly inhibit SARS-CoV-2 3CLP™ by covalently
binding with two key cysteines on this target enzyme. Previous reports
have reported that the flavonoids (myricetin and dihydromyricetin) in
AGE exhibit multiple beneficial effects including anti-inflammatory,
anti-coagulative, as well as pulmonary fibrosis inhibition activities
[34,40-42]. Thus, Ampelopsis grossedentata could be used as a healthy
plant-based supplement for treating COVID-19, which might relieve the
COVID-19-related symptoms in both the respiratory tract system and
alimentary system. Moreover, this edible herb can be co-administrated
with other antiviral herbs (such as Scutellaria baicalensis [43], Glycyr-
rhiza uralensis [44] and Ephedra sinica [45]) that contain other anti-
SARS-CoV-2 phytochemicals with diverse inhibition mechanisms or
various binding targets, in which the combination use may bring addi-
tive or synergistic antiviral effects for the treatment of COVID-19.

Notably, three newly identified SARS-CoV-2 3CLP™ covalent in-
hibitors (dihydromyricetin, isodihydromyricetin and myricetin) in AGE
were also found with the inhibition against SARS-CoV helicase [46] and
SARS-CoV3CLP™ [47], as well as high affinities with the ACE2 receptor
[40], suggesting that these agents hold sufficient potentials to develop as
the broad-spectrum anti-coronavirus agents via targeting multiple key
druggable targets. However, the poor cell-permeability and poor meta-
bolic stability of these natural flavonoids strongly hampered the wide
applications of these flavonoids in clinical settings [42]. Therefore, it is
necessary to used more practical approaches (such as structural opti-
mizations or drug delivery technologies) to develop more efficacious
agents for combating COVID-19 pandemic. Considering that the natu-
rally occurring flavonoids could be extensively metabolized by UDP-
glucuronosyltransferases (UGTs) or other conjugative enzymes in
humans [48], AGE could be co-administrated with other herbal medi-
cines containing strong inhibitors against human UGTs, such as Fructus
Psoraleae [49], or UGTs inhibitors like amentoflavone [50] and lico-
chalcone A [51], which might improve the in vivo therapeutic effects of
AGE against COVID-19. Furthermore, this study also offered several
leading compounds and a key warhead for designing and developing
more efficacious SARS-CoV-2 3CLP™ covalent inhibitors. Among all
tested flavonoids isolated from AGE, myricetin was identified as the
most potent SARS-CoV-2 3CLP™ covalent inhibitor, owing to this agent
could concurrently label both Cys300 and Cys44 of this key enzyme. Our
findings suggested that the ortho-trihydroxyl group in the B ring of these
flavonoids was a crucial pharmacophore for covalently binding on
3CLP™, as well as SARS-CoV-2-3CLP™ inhibitory activities. Meanwhile,
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the plane structures without glycosides were propitious to the process of
covalent reactions. In future, this key warhead will be conducive to
design a new generation of efficacious anti-COVID-19 medications,
while these pyrogallol-containing compounds can be used as practical
probes or tools to identify the covalent inhibitors for cysteine proteases.
More importantly, compared with the cysteine residuals in SARS-CoV-2
3CLP™ (such as Cys44 and Cys145), Cys300 is suggested as a more
desired ligand-binding site for developing covalent inhibitors of SARS-
CoV-2 3CLP™, owing to its unique location at the dimeric surface of
SARS-CoV-2 3CLP™ that is more liable to be covalently modified by
small molecules. The mutation or molecule-modifications of the
conserved Cys300 may destroy the dimerization of 3CLP™ and further
cause the active form of this enzyme into an inactive monomer, which
provide new insight to design novel agents for combating fatal p-coro-
navirus, including SARS-CoV and SARS-CoV-2.

5. Conclusion

In summary, this study reported that both AGE and the major con-
stituents or the flavonoid-rich fractions of this herbal extract could
strongly inhibit SARS-CoV-2 3CLP™ in dose- and time-dependent
manner. Bioactivity-guided fractionation and purification revealed
that three flavonoids in the bioactive fractions (10-17.5 min) of AGE,
including dihydromyricetin, isodihydromyricetin and myricetin, were
the key constituents in AGE contribute to SARS-CoV-2 3CLP™ inactiva-
tion. Among the newly identified flavonoid-type 3CLP™ inhibitors,
myricetin displayed the most potent SARS-CoV-2 3CLP™ inhibition ac-
tivity, with the apparent ICsg value of 1.21 pM. Mass spectrometry-based
peptide profiling demonstrated that dihydromyricetin and iso-
dihydromyricetin could covalently bind on Cys300 of SARS-CoV-2
3CLP™, while myricetin acted as a dual-site (Cys300 and Cys44) cova-
lent inhibitor against this key enzyme. Collectively, this study provides a
framework example for deciphering and characterizing the key active
ingredients in herbal extract responsible for SARS-CoV-2 3CLP™ inacti-
vation, while the newly identified SARS-CoV-2-3CLP™ inhibitors in AGE
and their key pharmacophores for covalently binding on 3CLP™ offers
new insights into the design and development of novel therapeutics for
treating COVID-19 or other CoVs-related diseases.
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