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[ABSTRACT] The Chinese herb Ephedra (also known as Mahuang) has been extensively utilized for the prevention and treatment of
coronavirus-induced diseases, including coronavirus disease 2019 (COVID-19). However, the specific anti-SARS-CoV-2 compounds
and mechanisms have not been fully elucidated. The main protease (M™) of SARS-CoV-2 is a highly conserved enzyme responsible
for proteolytic processing during the viral life cycle, making it a critical target for the development of antiviral therapies. This study
aimed to identify naturally occurring covalent inhibitors of SARS-CoV-2 M™ from Ephedra and to investigate their covalent binding
sites. The results demonstrated that the non-alkaloid fraction of Ephedra (ENA) exhibited a potent inhibitory effect against the SARS-
CoV-2 M™ effect, whereas the alkaloid fraction did not. Subsequently, the chemical constituents in ENA were identified, and the ma-
jor constituents” anti-SARS-CoV-2 M effects were evaluated. Among the tested constituents, herbacetin (HE) and gallic acid (GA)
were found to inhibit SARS-CoV-2 M™ in a time- and dose-dependent manner. Their combination displayed a significant synergistic
effect on this key enzyme. Additionally, various techniques, including inhibition kinetic assays, chemoproteomic methods, and mo-
lecular dynamics simulations, were employed to further elucidate the synergistic anti-M™ mechanisms of the combination of HE and
GA. Overall, this study deciphers the naturally occurring covalent inhibitors of SARS-CoV-2 M™ from Ephedra and characterizes
their synergistic anti-M™ synergistic effect, providing robust evidence to support the anti-coronavirus efficacy of Ephedra.
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Introduction

The emergence of Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) has transformed coronavirus
disease 2019 (COVID-19) into a global health crisis !". Com-
mon symptoms of COVID-19, such as fever, cough, and fa-

tigue, significantly impair patients’ quality of life, particu-
[2-4]
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larly among the elderly and those with chronic conditions
Consequently, it is crucial to identify effective and safe ther-
apies to alleviate these symptoms and prevent further deteri-
oration in patients’ quality of life. In response to this chal-
lenge, a suite of proprietary Chinese medicines (CMs), in-
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cluding Maxing Shigan decoction, Qingfei Paidu decoction,
and Lianhua Qingwen capsule, have been widely used to
ameliorate the main symptoms of COVID-19. Increasing
evidence has shown that these anti-COVID-19 CMs demon-
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strate promising health-promoting effects and high safety

profiles ¢

, encouraging further investigation into their act-
ive substances and mechanisms of action.

Notably, the most frequently used anti-COVID-19 CMs
in China are derived from the famous herbal formula "Max-
ing Shigan decoction", in which Ephedra is recognized as a
key antiviral herb ). Ephedra (stem of Ephedra sinica), also
known as Mahuang in Chinese, is a preferred ingredient for
preparing renowned anti-COVID-19 herbal medicines due to
its antipyretic and analgesic properties, as well as its poten-
tial to improve lung function and alleviate asthma symptoms
(Table S1) " ' However, the anti-SARS-CoV-2 com-
pounds within Ephedra and their mechanisms of action have
not been fully characterized, prompting further investigation
into the antiviral substances of this herb.

The ongoing mutation of new coronaviruses (CoVs)
poses a significant threat to vaccine efficacy and leads to
variant-mediated resistance "*. This underscores the urgent
need to develop safer and more efficient therapeutics to com-
bat COVID-19 ' Among the various therapeutic targets
for COVID-19, the highly conserved SARS-CoV-2 main pro-
tease (M™), also known as 3-chymotrypsin-like cysteine pro-
tease (3CL™), plays a pivotal role in proteolytic processing
during the viral life cycle. Consequently, M™ is a key target

[15, 16

for the development of anti-CoV therapies 1. Phytochem-

icals found in CMs are a primary strategy for developing drug

candidates %

. Numerous natural compounds, particularly
those bearing electrophilic moieties (e.g., o-quinone or Mi-
chael receptor), have the potential to covalently bind to SARS-
CoV-2 MP™ "1 For instance, Zhang et al. reported a compre-
hensive method for efficiently discovering and characteriz-
ing covalent SARS-CoV-2 M™ inhibitors from CMs using
chemoproteomic profiling of cysteine-modified peptides "*.
Additionally, certain flavonoids with catechol groups, such as
myricetin and its analogs, have been found to covalently bind
to key cysteines of SARS-CoV-2 M” 'Yl Compared to clas-
sical reversible inhibitors, irreversible covalent inhibitors of-
fer inherent advantages, including longer duration of action,
more potent therapeutic efficacy in vivo, and reduced likeli-
hood of drug resistance emergence !'”’.

This study aimed to uncover the naturally occurring co-
valent inhibitors of SARS-CoV-2 M™ from Qingfei Paidu
decoction, a newly approved CM for treating COVID-19. The
objectives included identifying the covalently modified sites
and revealing the underlying anti-SARS-CoV-2 M™ mechan-
isms. To achieve these goals, the anti-SARS-CoV-2 M™ ef-
fects of twenty-one herbs used in the preparation of Qingfei
Paidu decoction were individually tested. The results demon-
strated that Ephedra sinica extract (ESE) exhibited a signific-
ant inhibitory effect against SARS-CoV-2 M. Furthermore,
the non-alkaloid fraction isolated from Ephedra showed po-
tent anti-SARS-CoV-2 M™ effects in a time- and dose-de-
pendent manner, while the alkaloid fraction did not inhibit
SARS-CoV-2 M™. A comprehensive chemical analysis was
conducted to identify the chemical constituents in the

Ephedra non-alkaloid fraction (ENA), followed by testing the
anti-SARS-CoV-2 M™ effects of the major phytochemicals
in ENA individually. Among all tested constituents, herbacet-
in (HE) and gallic acid (GA) displayed the most potent anti-
SARS-CoV-2 M™ effects. Notably, their combined use ex-
hibited a significant synergistic effect against SARS-CoV-2
M. These findings prompted further investigation into the
anti-M™ mechanisms of these two natural compounds using
a range of techniques, including inhibition kinetic assays,
mass spectrometry-based chemoproteomic profiling of
cysteine-modified peptides, covalent docking, and molecular
dynamics simulations.

Materials and Methods

Materials and reagents

ESE was provided by Jointown (Wuhan, China). Eph-
edra alkaloid and Ephedra non-alkaloid fraction (ENA) were
isolated and prepared from Ephedra. The methods for ex-
pressing and purifying SARS-CoV-2 M™ were followed as
previously described (Fig. S1) "% Tryptone (LP0042) and
yeast extract (LP0021) were supplied by Oxoid (England).
Phenylmethylsulfonyl fluoride (PMSF) and Ni-NTA agarose
were obtained from Qiagen (Germany). Lysozyme
(64006060), imidazole (30104916), and dithiothreitol (DTT,
63002632) were obtained from Sinopharm (Shanghai, China).
SuperNuclease (SSNP0O1) was ordered from Yiqiao Shen-
zhou (Beijing, China). EDTA disodium salt dihydrate was ac-
quired from Amresco (USA). Trypsin, chymotrypsin, iodo-
acetamide (IAA), urea, HEPES, and NH,HCO; were pur-
chased from Sigma-Aldrich. Ferulic acid was ordered from
TITAN (Shanghai, China). HE, catechin, myricetin, and epic-
atechin were procured from Shanghai Standard Technology
Co., Ltd. Additionally, vitexin, isovitexin, tricin, rutin, quer-
citrin, isoquercitrin, naringenin, taxifolin, kaempferol, api-
genin, quercetin, and GA were purchased from Chengdu Pu-
fei De (Chengdu, China). Ebselen and dihydromyricetin were
provided by TCI (Shanghai, China). Dabcyl-KNSTLQSG-
LRKE-Edans (DKE), used as a fluorescence substrate, was
synthesized by Genscript (Nanjing, China) and dispensed
with ultrapure water. The purity of these standard com-
pounds was greater than 98%. Formic acid, acetonitrile, di-
methyl sulfoxide (DMSO), and methanol were provided by
Fisher Scientific (Fairfield, USA). The reaction buffer, com-
posed of 25 mmol-L™" Tris-HCl (pH 7.4) and 1 mmol-L
EDTA, was prepared using Milli-Q water (Millipore, Bed-
ford, USA). Each inhibitor was diluted in DMSO, and the
solution was stored at —30 °C until needed for use.
SARS-CoV-2 M"™ inhibition assay

For the inhibitory activity assays of SARS-CoV-2 M™ in
a 96-well plate, a fluorogenic peptide DKE was used as the
substrate. Dihydromyricetin, a known naturally occurring
M inhibitor, and ebselen, a synthetic M™ inhibitor, were
used as positive controls """, Briefly, the reaction mixture
(90 pL) contained SARS-CoV-2 M (4 ug-mL™" final con-
centration), reaction buffer, and each of the tested inhibitors
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or DMSO. After preincubating the reaction mixtures for vari-
ous periods (3 or 60 min) at 37 °C, 10 pL of the fluorescent
substrate (20 pmol-L ™" final concentration) was added to initi-
ate the enzymatic reaction. Fluorescence signals were con-
tinuously monitored using a multi-mode microplate reader
(SpectraMax® iD3, Molecular Devices, Austria) with excita-
tion/emission wavelengths of 340 nm/490 nm.
Identification of the major bioactive constituents in ENA

The constituents in the ENA were identified using a UH-
PLC-Q-Exactive Orbitrap system (Thermo Fisher Scientific,
Grand Island, NY, USA) equipped with a Thermo Scientific
Dionex Ultimate 3000 Series RS pump, a Dionex Ultimate
3000 Series TCC-3000RS column compartment, and a WPS-
3000 autosampler. Chromatographic analysis was performed
at 40 °C on an Acquity UPLC® BEH C18 column (2.1 mm X
100 mm, 1.7 um) at a flow rate of 0.3 mL-min . The mobile
phases consisted of methanol (mobile phase A) and 0.1%
formic acid (mobile phase B), with the following gradient
elution: 0-2 min, 4% A; 2-6 min, 4%—12% A; 6-38 min,
12%—-70% A; 38-38.5 min, 70% A; 38.5-39 min, 70%-95%
A; 3943 min, 95% A; 43—45 min, 4% A. The mass spectro-
meter Q-Exactive Orbitrap system was connected to the UH-
PLC system via heated electrospray ionization (H-ESI). The
electrospray ionization source was optimized in both negat-
ive and positive ionization modes with the following para-
meters: auxiliary gas flow rate of 13 arbitrary units, capillary
temperature of 300 °C, sheath gas (N2) flow rate of 35 arbit-
rary units, and spray voltage of 2.5 kV (negative mode) or 3.5
kV (positive mode). The scan mode utilized was Full MS/dd-
MSZ, which includes one first-level full scan (resolution
70,000 FWHM) and one data-dependent secondary scan (res-
olution 17 500 FWHM) with a scanning range of m/z
80-1200. The collision energy gradient was set at 20, 50, and
100 V.
Identification of the covalent binding sites by biomass spec-
trometry

To elucidate the inactivation mechanisms of HE and GA
against SARS-CoV-2 M™, the covalently modified sites on
SARS-CoV-2 M™ by these inhibitors were identified by ana-
lyzing the peptides of the target enzyme with and without in-
hibitor co-incubation. This identification process was conduc-
ted using the nanoLC-MS/MS system (EASY-nLC 1200,
Thermo Fisher Scientific, USA), which records peptide sig-
nals in intact (MS') and fragmented (MS?) forms, enabling
comprehensive analysis of the modified peptides and modi-
fication sites "> ', In brief, SARS-CoV-2 M™ (100 pg) was
co-incubated with HE or GA overnight at 37 °C. The mix-
tures were then denatured using 6 mol-L™" urea for 10 min at
75 °C, reduced with 1 mmol-L™" dithiothreitol at 95 °C for 10
min, and alkylated in the dark with 3 mmol-L™" iodoacetam-
ide for 30 min. Following this, ice-cold acetonitrile was ad-
ded, and the samples were centrifuged at 16 000 g for 15 min.
The proteins were then redissolved in an ammonium bicar-
bonate solution and digested with a mixture of chymotrypsin

®

and trypsin at an enzyme-to-substrate ratio of 1 : 40 (W/W)
overnight at 37 °C. The digestion was terminated with form-
ic acid at a final concentration of 1%. The samples were de-
salted using a Solid Phase Extraction Cartridge (MonoSpin
C,g, GL Sciences), dried with a vacuum pump, and reconstit-
uted for nanoLC-MS analyses.

A Hybrid Quadrupole-Orbitrap mass spectrometer (Q
Exactive™ HF-X, ThermoFisher Scientific, USA) was used
to analyze the samples. Tryptic peptides (0.5-1 pg) were in-
jected into the nanoLC-MS/MS system and separated on a
self-packed analytical C;g column (20 pm x 360 pm x 200
mm, 3 um) at a flow rate of 300 nL-min . The mobile phases
were water with 0.1% formic acid (solvent A) and 80% acet-
onitrile with 0.1% formic acid (solvent B), with the follow-
ing elution gradient: 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 mass spectrometry data were acquired in
data-dependent mode on the Q Exactive™ HF-X, scanning
from m/z 375 to 1800 with a resolution of 60 000, an auto-
matic gain control (AGC) target of 3 x 10°, and a maximum
injection time (IT) of 50 ms. Fragmentation was performed in
Higher Energy Collision Dissociation (HCD) mode with a
resolution of 15 000 at 28% normalized collision energy
(AGC target of 1x 10°, maximum IT of 30 ms). The protein
database of SARS-CoV-2 M™ was used for analysis, defin-
ing trypsin and chymotrypsin as cleavage enzymes. Carbam-
idomethylation of cysteine, C;sH;,0; or C;H¢O5 adducts on
cysteine, and oxidation of methionine were considered as dy-
namic modifications. Accurate mass measurements were en-
sured with a mass tolerance of less than 1x 10~ error and a
false discovery rate of less than 0.01.

Synergistic or antagonistic effects of HE and GA against M""

The potential drug interaction effects (synergistic, addit-
ive, or antagonistic) of HE and GA against SARS-CoV-
2 M™ by the combination index (CI), as reported previously.
1C;y, ICs, and IC;4 of HE and GA were plotted along the x
and y-axis with the additive lines between them and the com-
bination doses of these compounds marked on the graph area.
The synergistic effect of additive lines was shown if the com-
bined dose of each inhibitory concentration was located to the
left, and antagonism was demonstrated when it lies to the
right, while values near zero demonstrate better syner-
gy Y. CI was calculated accruing to the classic isobologram
Eqn (a) (20,221

CI =(D),/(Dx), +(D),/(Dx), (a)
In Eqn (a), D, and D represent the dose required to
achieve 30%, 50%, and 70% inhibition for each drug acting
alone and the original dose of the drug in the combination, re-
spectively. CI < 1, CI = 1, and CI > 1 exhibit synergism, ad-
ditive effect, and antagonism, respectively.
Inactivation kinetic analyses
The inactivation kinetics of HE and GA against SARS-
CoV-2 M™ were evaluated using a series of mechanism-
based inhibition assays, where varying concentrations of each
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inhibitor were incubated for different durations. Initially, a
pre-incubation solution containing reaction buffer, various
concentrations of inhibitors, and 4 pg:mL"' SARS-CoV-
2 M™ was incubated at 37 °C for different pre-incubation
times (10, 20, 30, 40, 50, and 60 min). The enzyme reaction
was initiated by adding the fluorescent substrate (20 pmol-L"™"
final concentration), and the resulting fluorescence intensity
was measured using a multifunctional microplate reader. The
inactivation kinetics data were analyzed using the following
Eqn (b) [16,23,24]

Kops = (Kinaer * [11)/ (K, + [11) (b)

In Eqn (b), [/] is initial inactivator concentration, £, is
the observed rate constant of enzyme inactivation, k;,,, is the
maximum potential rate of inactivation, and K; is the inactiv-
ator concentration at half-maximal inactivation rate constant.
Covalent docking simulations

The molecular covalent docking of HE and GA on SARS-
CoV-2 M™ was conducted using the covalent docking tools
in the Molecular Operating Environment (MOE) 2019.01 .
The crystallographic structure of SARS-CoV-2 M™, avail-
able from the Protein Data Bank (PDB Code: 7NBY), was
used for molecular docking, and the structure was prepared
using the QuickPrep module "', HE and GA were construc-
ted in their orthoquinone forms, and their energy was minim-
ized. MarvinSketch was then used to generate covalent reac-
tion formulas for HE/GA and cysteine residues, which were
imported into MOE for covalent docking simulations. The
docking poses of these generated rigid receptors were refined
using the GBVI/WSA dG scoring function to estimate their
binding affinity ®. The initial conformations of the HE-
SARS-CoV-2 M™ and GA-SARS-CoV-2 M™ complexes,
corresponding to the lowest S-score, were selected for fur-
ther analysis.
Ensemble docking simulations

Ensemble docking simulations were conducted using
AutoDock Vina 1.2.3 ¥”. The apo and single-bound struc-
tures of SARS-CoV-2 M™ were obtained from the crystal
protein structure (PDB Code: 6LU7) in the PDB database.
Additionally, holo structures were generated through cluster
analysis of dynamic trajectories using the GROMOS meth-
od ! Both enzyme and ligand structures were preprocessed
using AutoDockTools 1.5.7, which included adding polar hy-
drogen atoms and Gasteiger charges. A grid box of 22.5 A x
22.5 A x22.5 A with 1 A spacing was defined at the active
site and allosteric site of SARS-CoV-2 M™. All other para-
meters were set to their default values.
Molecular dynamics (MD) simulations

The starting coordinates for the apo, single-bound, and di-
bound SARS-CoV-2 M™ structures were obtained from the
crystal protein structure (PDB Code: 6LU7) in the PDB data-
base. Holo structures were generated through cluster analysis
of dynamic trajectories using the GROMOS method. Addi-
tionally, the starting coordinates for inhibitors were acquired
from docking poses with the lowest predicted binding energy.

®

Coordinate files of SARS-CoV-2 M and inhibitors were
prepared in the CHARMM36-mar2019 force field **. The
system was solvated in a cubic box with a minimum distance
of 10 A between the box edge and the MP°/MP*-inhibitor
complexes. Water molecules were modeled using the TIP3P
model, and 0.15 mol-L™ NaCl was added to neutralize the
systems. Each system underwent energy minimization using
the steepest descent algorithm with a maximum of 50 000
steps, ensuring the maximum force was lower than 10.0
kJ-mol ™. Temperature was adjusted to 310 K in the NVT en-
semble for 100-ps equilibration using the V-rescale thermo-
stat. Subsequently, the NPT ensemble at 1 bar was main-
tained for an additional 100-ps equilibration using the Par-
rinello-Rahman barostat. During the production phase, tem-
perature and pressure were maintained at 310 K and 1 bar us-
ing the V-rescale thermostat and Parrinello-Rahman barostat.
Each system underwent 100-ns MD simulations. Following
the simulations, GROMACS 2022 was used to conduct
cluster analysis, RMSD, and RMSF analyses on the trajector-
ies ™. Enzyme-inhibitor interactions were analyzed using
Discovery Studio Visualizer (San Diego, USA).
Statistical analysis

The ICs, and K; values were determined using GraphPad
Prism 7.0 software (GraphPad Software, Inc., La Jolla, USA)
and expressed as mean + SD. Raw NanoLC-MS/MS data
were searched against peptide databases using Protein Dis-
covery 2.4 (Thermo Scientific, Waltham, MA) with the Se-
quest HT algorithm. The data were then converted to mgf
format using MSconvert software, and MS? spectra were out-
putted using pLabel v2.4.1 software.

Results

Inhibition of SARS-CoV-2 M”" by ENA

Initially, the preliminary inhibitory effects of 21 herbs in
Qingfei Paidu decoction on SARS-CoV-2 M"-catalyzed
DKE enzymatic activity were studied. The results showed
that ESE exhibited potent inhibition activity against SARS-
CoV-2 M™, with a calculated ICs, value of 86.79 pug-mL"
(Figs. 1A, S2, & S3). To identify strong SARS-CoV-2 M™
inhibitors from Ephedra, we isolated and purified the alkal-
oid and non-alkaloid fractions of Ephedra, with the detailed
extraction process provided in the supporting material. The
inhibitory effects of these fractions on SARS-CoV-2 M™
were then assayed. Surprisingly, the residual activity of
SARS-CoV-2 M™ was almost completely inhibited in the
presence of the ENA at a dose of 100 pg-mL ™" (Fig. 1B),
while the Ephedra alkaloid fraction had a negligible impact
on SARS-CoV-2 M. As depicted in Fig. 2, time-dependent
inhibition assays revealed that ENA inhibited SARS-
CoV-2 M™ enzymatic activity in a dose- and time-dependent
manner. Notably, as the pre-incubation time of ENA with
SARS-CoV-2 M™ increased, the apparent ICs, value dramat-
ically decreased, with an ICs, of 4.58 pg-mL™" following a
60-minute pre-incubation. This shift implies that some con-
stituents in ENA might act as covalent binders of SARS-
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Fig. 2 Dose- and time-dependent inhibition curves of
Ephedra non-alkaloid fraction against SARS-CoV-2 M
with different pre-incubation times (3 min and 60 min). Data
are expressed as mean = SD (n = 3).

CoV-2 MP° [16:171]
Inhibition of SARS-CoV-2 M™™ by the constituents in ENA

To characterize the key constituents in the ENA, UHPLC-
Q-Exactive Orbitrap HRMS was employed. As shown in Ta-
ble S2 and Fig. S4, the constituents were identified using
standards by comparing their retention times (#z), UV spectra,
and MS, spectra. Sixteen commercially available constituents
in ENA were collected (Fig. S5), including ferulic acid, GA,
tricin, isovitexin, vitexin, rutin, quercitrin, isoquercitrin,
kaempferol, apigenin, quercetin, HE, catechin, epicatechin,

naringenin, and taxifolin. The inhibition effects of these
monomeric compounds from the non-alkaloidal fraction of
Ephedra on SARS-CoV-2 M™’s hydrolytic activity were in-
vestigated. Initial screening experiments were conducted to
determine the inhibition potentials of these constituents on
SARS-CoV-2 M™. As shown in Fig. 3, HE and GA dis-
played significant effectiveness against SARS-CoV-2 M™,
with ICs, values ranging from 0 to 10 pmol-L™". Quercetin,
tricin, and apigenin exhibited moderate inhibition, with ICs,
values between 10 and 100 pmol-L™". The dose- and time-de-
pendent inhibition curves for these constituents, as well as for
the positive inhibitors dihydromyricetin and ebselen against
SARS-CoV-2 M are listed in Table 1 and Fig. 4. Among all
tested compounds, HE, GA, quercetin, tricin, and apigenin
significantly inhibited SARS-CoV-2 MP* after 60 min pre-in-
cubation, with the ICs, values of 3.33, 5.98, 19.73, 17.48,
56.94 umol-L™', respectively. Furthermore, an isobologram
approach and CI values were employed to assess the syner-
gistic or antagonistic effects of HE and GA on SARS-CoV-2
M B As shown in Fig. 5, Table S3, and Table S4, the res-
ults demonstrated that the combination of HE and GA exhib-
ited more potent anti-SARS-CoV-2 M™ effects, indicating
that these two bioactive constituents showed synergistic ef-
fects (rather than additive or antagonistic effects) against
SARS-CoV-2 M™.
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Fig.3 The anti-SARS-CoV-2 M"™ effects of the major constituents (0, 1, 10, 100 umol'L’l) isolated from non-alkaloid fraction of

Ephedra. Data are expressed as mean = SD (n = 3).

®

-801 —



HU Qing, et al. / Chin J Nat Med, 2024, 22(9): 797-807

Table 1 ICs, values of Ephedra non-alkaloid and its five active constituents against SARS-CoV-2 M*"

ICsp (pmol-L™")

No. Compound M, Structure Ratio Kl(llmOI'Lfl) Kinact (mi“_l)
3 min 60 min
1 Herbacetin 302.24 57.75 3.33 17.34 18.87 0.01
OH O
HO
OH
2 Gallic acid 170.12 HO > 100 598 >16.72 35.38 0.15
(6}
3 Quercetin 302.24 63.48 19.73 3.22 - -
OH O
O/
4 Tricin 330.3 HO 0. O o 66.04 17.48 3.78 - -
U]
OH O
HO o O
5 Apigenin 270.24 O | >100 5694  >1.76 - -
OH O
OH
R ®
6  Dihydromyricetin®  318.24 O O| 10.55 3.33 3.17 = =
OH
OH O
Se
\
)
7 Ebselen* 274.18 1.33 1.03 1.29 - -
o)

* Dihydromyricetin and Ebselen were used as positive inhibitors of SARS-CoV-2 M,

Inactivation kinetics of HE and GA on SARS-CoV-2 M"”
Given the effective inhibitory potential of HE and GA
against SARS-CoV-2 M™, as well as their significant syner-
gistic effects when combined, we further investigated their
inactivation kinetics to assess their inactivation potency. Pre-
viously, time-dependent inhibition assays were conducted to
explore the inhibition mechanism of these compounds by
comparing the 1Cs, values at different incubation times (with

a fold change > 16.7). In this study, various concentrations of

®

the inhibitors were used with varying incubation times to plot
the inactivation kinetic curves. As shown in Fig. 6, HE and
GA both inactivated the activity of SARS-CoV-2 M™ in a
dose- and time-dependent manner. The K; values were de-
termined to be 18.87 pmol-L™" for HE and 35.38 umol-L™" for
GA. In conclusion, HE and GA were identified as natural
time-dependent inhibitors of SARS-CoV-2 M™, with HE
demonstrating the strongest inactivation potency. HE was

found to covalently bind to M™, acting as an irreversible in-
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Data are expressed as mean + SD (n = 3).

HE + 0.5 pmol- L' GA

120 GA + 0.5 pmol- L' HE
GA
100 | -+ HE
S —~
2 80+t T
z =
2 60 g
3 2
€ 40} <
2 &}
& 20t
0t . . . ! . ,
-3 2 -l 0 1 2 3

log [concentration/(pmol-L™)]

Fig. 5
(n=3).

hibitor. These findings prompted further investigation into the
interaction patterns between these agents and SARS-CoV-2
M™, enhancing our understanding of their potential thera-
peutic applications.
Identification of the modified sites of HE and GA on SARS-
CoV-2 M

Next, we identified the covalent binding sites of HE and
GA on SARS-CoV-2 MP” using mass spectrometry. Structur-
ally, these compounds contain one or more catechol moieties
that can be readily oxidized to form o-quinones via a two-
electron transfer process. These o-quinones are capable of co-
valently binding to essential cysteines of SARS-CoV-2
MP° 81 By systematically searching for the characteristic
fragments of labeled peptides on cysteines of M, the MS’
spectra of HE (+302.042 65 Da) and GA (+168.005 87 Da)

N
T

~

S

1G,,
1C;,
1C,,
GA + 0.5 umol- L' HE IC,,
GA + 0.5 umol- L' HE IC,,
GA + 0.5 umol-L™' HE IC,,
HE + 0.5 pmol-L™! GA IC,,
HE + 0.5 pmol-L™! GA ICs,
HE + 0.5 pmol-L™! GA IC,,

0 2 4

12 13
HE/(umol-L™)

(A-B) Antagonism and synergism graph of HE and GA against SARS-CoV-2 M"™. Data are expressed as mean = SD

were generated. The predicted b- and y-type ions were listed
above and below the peptide sequence. As shown in Table 2
& Figs. S6-S8, both HE and GA could covalently modify the
peptide HVICTSEDMLNPNYEDLLIR at Cys44 via their or-
thoquinone forms. Additionally, HE could also covalently
modify the peptide VIGHSMQNCVLK at Cys85. Notably,
previous investigations have indicated that both Cys85 and
Cys44 are crucial functional cysteines of SARS-CoV-2 M™,
which are tightly associated with the enzymatic activity of
this key enzyme "%, These findings suggest that HE and
GA could inactivate SARS-CoV-2 M™ by covalently modi-
fying these functional cysteines, thus impairing the enzymat-
ic activity of this critical viral protease.
Covalent docking simulations

To further elucidate the potential ligand binding sites and
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interaction patterns of HE and GA with SARS-CoV-2 M™,
these inhibitors were covalently docked into the three-dimen-
sional structure of M™ (PDB: 7NBY) using MOE’s covalent
docking module. HE was found to covalently bind to both
Cys44 and Cys85, while GA covalently modified Cys44 of
M. As depicted in Figs. S9 and S11, HE forms covalent ad-
ducts with Cys44 and Cys85. The covalent modification of
Cys44 by HE allows the formation of hydrogen bonds with
key residues Met49 and Met165, which surround the catalyt-
ic site, thus showing outstanding binding affinity. Following
the covalent modification of Cys85, HE can interact with
Aspl87, Asn53, and GluS5 via hydrogen bonding. Similarly,
GA forms hydrogen bonds with Cys44 and Met49 after cova-
lently modifying Cys44. Additionally, GA forms carbon-hy-
drogen bonds with Met49 and Asp188. Consequently, both
HE and GA interact with several key residues in the catalytic
region of M™. HE, in particular, stably binds at multiple sites
to the sulthydryl groups of cysteine, acting as a powerful irre-
versible inhibitor. These findings suggest that HE and GA in-
hibit SARS-CoV-2 M™ through covalent modifications,
which enable strong interactions with the enzyme’s catalytic
residues, thereby impairing its enzymatic activity and offer-
ing potential therapeutic applications.
MD simulations

To further explore the inactivation mechanism of HE,
MD simulations were conducted. We simulated both one-to-
one (HE-M™™) and two-to-one (2 HE-M™) binding modes at
the Cys44 site (located at the active site) and the Cys85 site
(defined as the allosteric site) in a water solvent containing

®

0.15 mol-L™ NaCl ®*. As shown in Fig. 7A, RMSD analysis
for ligand molecules in different binding modes indicated that
HE could bind stably to the active site in both one-to-one and
two-to-one binding modes during molecular dynamics simu-
lations, with flattened RMSD fluctuations from 40 to 100 ns.
However, HE exhibited volatile RMSD distribution when in-
teracting solely with the allosteric site of SARS-CoV-2 M™.
This suggests that HE binding at the active site induces the
formation of an additional HE-binding pocket at Cys85.
Cluster analysis of di-bound M™ was conducted using the
GROMOS method, and the enzyme-inhibitor interactions of
the largest middle structure were further analyzed. As shown
in Figs. 7B & S12, HE was immobilized at the active site
primarily through hydrogen bonds with Thr45, Glyl143,
Ser144, Cys145, Glul66, and GIn189. Since Cys145 is a cru-
cial catalytic residue and Gly143-Cys145 constitutes the oxy-
anion hole essential for substrate recognition, the binding of
HE to the active site would hinder the enzymatic activity of
SARS-CoV-2 MP™ " At the allosteric site, HE was well ac-
commodated through electrostatic and hydrophobic interac-
tions, including m-cation, w-anion, n-c, -7 stacked, and z-al-
kyl interactions (Fig. 7C). RMSF distribution analysis of apo,
single-bound, and di-bound SARS-CoV-2 M™ was per-
formed to search for structural transformations induced by
HE binding. As shown in Fig. 7D, two regions with relat-
ively high flexibility —the P5 loop (residues 180-200) and
the C-terminal of SARS-CoV-2 M"*—were stabilized when
HE bound to the active site. However, additional binding at
the allosteric site decreased the structural stability of the P2
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Table 2 Identification of the covalent binding sites for HE and GA on SARS-CoV-2 M"" by nanoLC-MS/MS

Inhibitor Peptide Modification Charge (m/)/Da MH/Da  Theo. MH'/Da Error fz/min
CPRHVICTSEDMLNPNYEDLLIR Cys44 4 826.609 01 3303.41421  3303.39553 5.65 55332

Herbacetin
VIGHSMQNCVLK Cys85 2 815.868 84 1630.73039  1630.723 99 393  47.152
Gallic acid HVICTSEDMLNPNYEDLLIR Cys44 3 853.72235 2559.15250  2559.13778 5.75  58.648
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Fig. 7 (A) RMSD analysis of HE binding to the active and allosteric sites on M"™ via one-to-one mode (HE-M"") and two-to-one
mode (2 HE-M"™). (B and C) 3D enzyme-inhibitor analysis of the largest middle structure of di-bound M"°-HE (2 HE-M"") at the
active site and allosteric site. (D) RMSF analysis of protein structure of apo, single-bound, and di-bound M". (E and F) Active
pockets of apo and di-bound M"™ were colored according to the B factor values. Red—Blue should be matched to
unstable—stable structural region. Catalytic dyad Cys145 -His41" was labeled.

helix, consisting of residues 47-63 (Figs. 7E and 7F) P The
P2 helix and P5 loop are among the most dynamic regions in
M and the conserved Asp187 on the P5 loop plays a signi-
ficant role in maintaining the positive charge of catalytic
His41 Y. Thus, disturbing the plasticity of the P2 helix and
P5 loop could reduce SARS-CoV-2 M"™'s ability to accom-
modate various ligands and hydrolyze substrates.

Discussion

A devastating epidemic, COVID-19, is caused by the
highly transmissible SARS-CoV-2, necessitating more effect-

135, 36] Among all validated anti-

ive therapeutic strategies
CoVs targets, M™, a class of highly conserved cysteine hy-
drolases, is widely recognized as a key target for preventing
and treating CoVs-related diseases ®”*".. In recent years, CMs
have become routine treatments for pandemic and endemic
diseases, including COVID-19. Despite the existence of sev-
eral marketed CMs, such as Qingfei Paidu decoction and
Lianhua Qingwen capsule, which play a crucial role in treat-
ing COVID-19 P> *1 identifying the major phytochemicals
responsible for their antiviral activity remains a significant
challenge.

Ephedra plays a crucial role in the formulation of
renowned CMs used to treat respiratory ailments like colds,

®

coughs, and asthma “"**!. Notably, the alkaloid fraction of
Ephedra has undergone extensive investigation due to its ef-
fectiveness in treating asthma and its anti-influenza proper-

™1 However, the non-alkaloid fractions of Ephedra,

ties
which have shown anti-asthmatic, anti-influenza, hypogly-
cemic, hypolipidemic, and antioxidant effects without caus-
ing adverse reactions such as arrhythmia or insomnia associ-
ated with ephedra alkaloids, have garnered less attention 131,
To summarize, Ephedra demonstrates anti-COVID-19 ef-
fects as an antipyretic, analgesic, cathartic, and asthma treat-
ment . Additionally, it has been reported that Ephedra,
along with its alkaloid components —ephedrine, pseudoep-
hedrine, and methylephedrine—binds with ACE2 in a specif-
ic manner to some amino acid residues, reducing the en-
trance ratio of pseudovirus in a pseudovirus model, thus ex-
hibiting anti-CoV effects "'”’. However, the anti-SARS-CoV-2
M"™ substances within Ephedra and their action mechanisms
have not been fully revealed.

To identify potent SARS-CoV-2 M™ covalent inhibitors,
a high-throughput screening assay was conducted. The ESE
was found to significantly inhibit the hydrolytic activity of
SARS-CoV-2 M™. Given that the primary pharmacodynam-
ic constituents of Ephedra include both alkaloids and non-al-
kaloids, the subsequent isolation of non-alkaloid fractions
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from Ephedra revealed a substantial anti-M™ effect in a time-
and dose-dependent manner. In contrast, the Ephedra alkal-
oid fractions exhibited weak inhibitory effects on SARS-CoV-
2 M"™. Consequently, further investigations focused on the
non-alkaloid fractions of Ephedra. Notably, while Ephedra al-
kaloids have anti-inflammatory and antipyretic properties that
may alleviate symptoms associated with emerging viral infec-
tions, this study highlighted the significant inhibitory effects
of the ENA on SARS-CoV-2 M™. This provides strong evid-
ence supporting the anti-CoV effects of the antiviral herb
Ephedra in combating COVID-19. Future research could ex-
plore the synergistic effects of multi-constituents and multi-
targets within both fractions.

Among all tested constituents, HE and GA in ENA
demonstrated time- and dose-dependent inhibition of SARS-
CoV-2 M. Notably, their combination exhibited a signific-
ant synergistic effect on this key enzyme. GA intensified the
effects of HE, remarkably reducing the ICs, from approxim-
ately 3.33 pmol-L™" to 60.0 nmol-L™', representing more than
a 55-fold change. Similarly, the ICs, of GA decreased by
over 8-fold in synergy with HE. These findings provide valu-
able insights into the heightened synergy of active constitu-
ents in Ephedra, offering strong evidence for its anti-
coronavirus effects. Currently, various inhibitors targeting
SARS-CoV-2 M™ have been identified ! *. These inhibit-
ors can be categorized into covalent and non-covalent inhibit-
ors based on their mechanisms of inhibition ™. Theoretically,
combining two covalent inhibitors could provide more effect-
ive M blockade by targeting different ligand-binding sites.
Additionally, combining covalent and non-covalent inhibit-
ors could induce conformational changes in the non-covalent
inhibitors upon binding to SARS-CoV-2 M™, potentially ex-
posing internal cysteines. Such combinations could offer syn-
ergistic or additive effects during COVID-19 treatments.

Conclusion

This study revealed that the antiviral herb ESE and its
ENA strongly inhibited SARS-CoV-2 M™ in time- and dose-
dependent manners. The chemical constituents in the non-al-
kaloid fraction of ESE were comprehensively analyzed, and
the anti-SARS-CoV-2 M™ effects of the major constituents
in ENA were evaluated. Among the 16 phytochemicals isol-
ated from ENA, HE and GA exhibited strong inhibitory ef-
fects on M™, with ICs, values of 3.33 and 5.98 pumol-L™", re-
spectively, after a 60-minute pre-incubation. Interestingly, the
combination of HE and GA showed significant synergistic
anti-M™ effects. Inhibition kinetic assays demonstrated that
HE and GA efficiently inactivated M™ . Mass spectrometry-
based peptide profiling revealed that HE covalently modified
two crucial cysteines (Cys44 and Cys85) of M™, while GA
covalently modified SARS-CoV-2 M™ at Cys44. Molecular
dynamics simulations were conducted to explore the inhibit-
ory mechanisms of HE binding covalently to Cys44 and
Cys85 of SARS-CoV-2 M. Collectively, these findings elu-
cidate the active anti-SARS-CoV-2 M™ constituents from

Ephedra and their inhibitory mechanisms. This provides sig-
nificant evidence to support the anti-CoV effects of the anti-
viral herb Ephedra and offers new insights into the design and
development of novel therapeutic strategies for treating CoV-
related epidemics, including COVID-19.

Supporting Information

supporting data can be requested by sending E-mail to
the corresponding authors.
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