
4313

Abstract. – OBJECTIVE: The coronavirus 
disease (COVID-19) pandemic, resulting from 
human-to-human transmission of a novel severe 
acute respiratory syndrome coronavirus (SARS-
CoV-2), has caused a global health emergency. 
The lack of a specific drug or treatment strategy 
against this disease makes it devastating. Giv-
en that the main protease (Mpro) of SARS-CoV-2 
plays an indispensable role in viral polyprotein 
processing, its successful inhibition prevents 
viral replication and constrains virus spread. 
Therefore, developing an effective SARS-CoV-2 
Mpro inhibitor to treat COVID-19 is imperative.

MATERIALS AND METHODS: We em-
ployed a high-throughput screening (HTS) 
method based on fluorescence polarization 
(FP) assay and further confirmed by the flu-
orescence resonance energy transfer (FRET) 
method for the discovery of Mpro inhibitors. 
Then multiple approaches were taken to in-
vestigate the inhibition profiles of the hit com-
pounds against Mpro, including 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) proliferation assay, surface plasmon res-
onance analysis (SPR), high-performance liq-
uid chromatography-quadrupole-time-of-flight 
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mass spectrometry (HPLC-Q-TOF-MS), cyto-
pathic effect (CPE) assay, molecule docking, 
and the drug-likeness analysis.

RESULTS: In this study, four Mpro inhibitors 
with low toxicity were selected from HTS. Ac-
cording to SPR, all the hit compounds had medi-
um binding affinities toward SARS-CoV-2 Mpro. 
HPLC-Q-TOF-MS results revealed the non-cova-
lent linkage of each compound with SARS-CoV-2 
Mpro. Molecule docking simulated the molecule 
interactions between each compound and the 
substrate binding pocket of SARS-CoV-2 Mpro. 
CPE assay was used to detect their inhibitory ac-
tivities against coronaviruses HCoV-OC43 and 
HCoV-229E. In particular, the IMB63-8G com-
pound demonstrated the highest antiviral poten-
cy [50% effective concentration (IC50) value of 
1.71 μg/mL] and selectivity against HCoV-OC43 
(SI = 39), which was more than 4-fold higher than 
that of ribavirin (RBV). Besides, the IMB63-8G 
compound possessed favorable drug-likeness 
characteristics. 

CONCLUSIONS: Our results will highlight the 
therapeutic potential of these compounds for 
the treatment of SARS-CoV-2 infection.

Key Words:
SARS-CoV-2, Mpro, HTS, Small molecule inhibitors.

Introduction

In late December 2019, the newly emerged 
highly contagious novel coronavirus disease 
2019 (COVID-19) was identified in humans1. The 
outbreak of the virus containing a single posi-
tive-stranded RNA was first identified in Wuhan, 
China, and was named severe acute respiratory 
syndrome (SARS-CoV-2)2. The massive vaccina-
tion campaign for COVID-19 around the world 
was expected to result in herd immunity. These 
vaccines target the spike protein of the SARS-
CoV-2 virus3. However, the spike protein is highly 
mutable, as confirmed by the new SARS-CoV-2 
variants. Although booster vaccines may be de-
veloped for new variants, small molecule anti-
virals that have easier administration, delivery, 
storage, and production against less mutable tar-
gets will be more successful than a vaccine for 
COVID-19.

The search for new small molecules as drugs 
for COVID-19 includes proteolytic targets in 
SARS-CoV-2 infection: two viral proteases 
called main protease (Mpro) and papain-like pro-
tease (PLpro); three human proteases known as 
transmembrane protease serine 2 (TMPRSS2), 
cathepsin L and furin, angiotensin-converting 

enzyme 2 (ACE2), which is the receptor for 
spike, and an RNA-dependent RNA polymerase 
(RdRp) that is responsible for replicating the 
RNA genome4. Among these targets, the coro-
navirus Mpro has received significant attention 
due to its key role in enzymatic activity, leading 
to its posttranslational processing of replicase 
polyproteins5,6. During the replication cycle, the 
coronaviruses (CoVs) express two overlapping 
polyproteins (pp1a and pp1b) and four structural 
proteins from the viral RNA. Further proteolytic 
cleavage of these two viral polyproteins result-
ed in 16 non-structural proteins (nsp1–16). The 
PLpro manages the proteolytic cleaving of nsp1–
3, whereas all junctions downstream of nsp4 are 
cleaved by Mpro, releasing the conserved key 
replicative functions, such as RNA-dependent 
RNA polymerase (RdRp), helicase, and three of 
the RNA processing domains7. In addition, un-
like spike, the Mpro is a conserved protein across 
all coronaviruses8. The superposition of 12 crys-
tal structures of Mpros (SARS-CoV-2, SARS-
CoV, MERS-CoV, HCoV-HKU1, BtCoV-HKU4, 
MHV-A59, PEDV, FIPV, TGEV, HCoV-NL63, 
HCoV-229E, and IBV) revealed that all CoV 
Mpros share the same substrate-binding region 
between domains as a result of structure con-
servation9. Moreover, there are no human Mpro 
homologs, and it shares no overlapping substrate 
specificity with any known human protease, 
minimizing the possibility of side effects10. All 
these make it likely that inhibitors will have 
broad efficacy in potential future pandemics. 

In the field of drug discovery, small molecule 
compounds are used to treat a variety of diseas-
es and infections. The present work was under-
taken to identify new potential inhibitors in the 
micromolar range against SARS-CoV-2 Mpro 
from the trove of small molecule compound li-
brary using miniaturized sandwich-like fluores-
cence polarization (FP)-based high-throughput 
screening (HTS) method. Subject to the extent 
of SARS-CoV-2 Mpro inhibition, the half-max-
imal inhibitory concentrations (IC50) of the 
compounds of interest were determined using 
both FP and fluorescence resonance energy 
transfer (FRET) assay. Afterward, the selected 
compounds were evaluated using surface plas-
mon resonance (SPR), high-performance liq-
uid chromatography-quadrupole-time-of-flight 
mass spectrometry (HPLC-Q-TOF-MS), and 
computational molecule docking calculations 
to ascertain their potential usefulness against 
SARS-CoV-2 Mpro. Each compound exhibited 
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molecule contacts with essential residues in the 
active pocket of SARS-CoV-2 Mpro in a non-co-
valent manner and medium affinity. Among the 
compounds screened, the IMB63-8G compound 
was found to have anti-HCoV-OC43 activi-
ty with no toxicity. The collected data related 
to IMB63-8G’s drug-likeness potential using 
SwissADME studies11 demonstrated that it had 
very high drug-likeness parameters with almost 
no metabolic disturbances. In this regard, the 
IMB63-8G compound may be the optimal po-
tential candidate for use as an antiviral therapy 
in humans.

Materials and Methods

Chemicals, Regents, and Cell Lines
The compound libraries identified in this study 

were acquired from the National Center for Mi-
crobial Drug Screening, Institute of Medicinal 
Biotechnology (IMB), Chinese Academy of Med-
ical Sciences (CAMS) and Peking Union Medical 
College (PUMC) (Beijing, China), which pos-
sessed ≥ 95% purity, were dissolved in Dimethyl 
sulfoxide (DMSO) at a final concentration of 10 
mM and stored at -20°C before use.

The FRET fluorogenic substrate methoxy-
coumarine acetic acid (MCA)-Ala-Val-Leu-
Gln-Ser-Gly-Phe-Arg-Lys(Dnp)-Lys-NH2 
[(MCA-AVLQSGFRLys (Dnp)-Lys-NH2)] was 
purchased from Beyotime (Shanghai, China). FP 
tracer FITC-AVLQSGFRKK-Biotin [fluorescein 
isothiocyanate (FITC)-Ala (A)-Val (V)-Leu (L)-
Gln (Q)-Ser-Gly-Phe-Arg-Lys-Lys-Biotin] was 
chemically synthesized by GenScript (Nanjing, 
China). 

Huh-7 and H460 cell lines were cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM) 
supplemented with 10% fetal bovine serum 
(FBS). Cells were kept in a 37°C incubator and 
5% CO2 atmosphere. HCoV-229E and HCoV-
OC43 were maintained in Yuhuan Li’s lab (Key 
Laboratory of Antiviral Drug Research, IMB, 
CAMS and PUMC, Beijing, China). Mpro protein 
was provided by Yunyu Chen (Institute for Drug 
Screening and Evaluation, Wannan Medical Col-
lege, Wuhu, Anhui, China). 

FP-Based High-Throughput Primary 
Screening

The compounds used for HTS are from the 
synthetic and natural libraries of IMB and CAMS 
(Beijing, China). Stock compounds were main-

tained at the concentration of 10 mg/mL in 100% 
DMSO. FP screening assay was adopted for HTS 
primary screening according to a previous study. 
In total, 29 μL of Mpro (400 nM) diluted in the 
mP assay buffer was mixed with one μL of com-
pound (1 mg/mL in DMSO) in a black 96-well mi-
croplate. Then, the mixture was incubated for 35 
min at room temperature (RT) before adding the 
20 μL of mP tracer (60 nM). After proceeding for 
20 min at RT, the reaction was quenched by the 
addition of 10 μL of avidin (300 nM). The mP val-
ues were measured using a microplate reader. In 
each assay plate, GC-376 and DMSO were used as 
positive and negative controls, respectively. The 
well containing 60 μL of FITC-AVLQ peptide (20 
nM) was used to assess the background noise. The 
inhibitory activity of the screening compound was 
calculated using the equation presented below. The 
compounds showing > 50% inhibition were con-
sidered as hit compounds in the primary screening.

             Negative – Sample
Inhibition (%) = ––––––––––––––––––––– × 100%

              Negative – Positive

The Inhibitory Activities of 
the Hit Compounds by FP

The dose-response relationship between the hit 
compounds’ effect concentrations (1.56, 3.125, 
6.25, 12.5, 25, 50, 100, and 200 μM) and Mpro 
activity regulation rate was determined according 
to the above method. The IC50 values of the com-
pounds were calculated using GraphPad Prism 8 
(San Diego, CA, USA). 

Validation of the Inhibitory Activities of 
the Hit Compounds by FRET

The FRET assay described previously was ad-
opted to further validate the inhibitory activities 
of the compounds12. Briefly, compounds (stock of 
10 mM in 100% v/v DMSO) at various concen-
trations from 1.56 to 200 μM were pre-incubated 
with Mpro for 30 min at RT in black 96-well assay 
microplates (Corning, #3820, Corning, NY, USA). 
The fluorogenic substrate MCA-AVLQSGFR-Lys 
(Dnp)-Lys-NH2 was directly added to the en-
zyme/compound mix. After 5 min of incubation 
at RT, generation of the MCA-cleavage product/
fluorescence signals was monitored at Ex/Em 
= 320/405 nm by EnVision (PerkinElmer, MA, 
USA). The reaction mixture contained 0.4 μmol/L 
purified enzyme, 5 μmol/L FRET substrate, 10 
mM HEPES, 50 mM NaCl, 1 mM EDTA, and 1 
mM DTT at a pH of 7.0. The results were fitted to 
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a normalized dose-response (variable slope) mod-
el in GraphPad 8 for IC50 characterization.

Cell Viability Assay
Cell viability was measured using the Cell 

Counting Kit-8 (CCK-8) (Promega Corporation, 
Fitchburg, Wisconsin, USA). Huh-7 and H460 
cells were seeded at 5 × 103 cells/well in 96-well 
plates and incubated overnight before treatment. 
Compounds solubilized in DMSO were added to 
cells in an eight-point, two-fold serial dilution. 
The organic solvent in DMEM was < 0.1%. Af-
ter 48 h, the contents of the wells were replaced 
with fresh medium containing 10% CCK-8 solu-
tion and were incubated at 37°C for 3 h. The final 
optical density at Optical density450 (OD450) was 
measured using an Envision 2104 multilabel read-
er (PerkinElmer Life Sciences, Waltham, MA, 
USA). The percentage of viable cells was cal-
culated relative to cells treated with the solvent 
alone. The TC50 values of the compounds were 
calculated using GraphPad Prism 8.

SPR Assay
The binding affinity of compounds to SARS-

CoV-2 Mpro was determined using a real-time 
SPR spectroscopy instrument (Reichert 2SPR, 
Buffalo, NY, USA). The Mpro protein was im-
mobilized onto a surface-activated CM5 gold bi-
osensor (Reichert Inc., New York, NY, USA), and 
the active sites were quenched with 1 M ethanol-
amine buffer (pH of 8.0). The compounds were 
injected as analytes at various concentrations 
with a contact time of 90 s, and the dissociation 
kinetic was recorded at 330 s. The real refractive 
index unit (RIU) was continuously monitored and 
is related to the arbitrary resonance unit (RU) as 1 
μRIU = 0.733 RU. Both association (Kon) and dis-
sociation (Koff) constant values were determined 
with TraceDrawer 1.7.1 (Ridgeview Instruments, 
Uppsala, Sweden). Kd=Koff/Kon

Intact Protein Analysis
Purified SARS-CoV-2 Mpro (5 μM) was incu-

bated in the presence or absence of compounds 
(500 μM) in tris buffered saline (TBS) (10 mM 
Tris and 50 mM NaCl at pH of 8.0) at RT for 30 
min. The molecule weight of the free SARS-
CoV-2 Mpro and compound-treated SARS-CoV-2 
Mpro were detected by the quadrupole time-of-
flight (Q-TOF) mass spectrum (Agilent, Santa 
Clara, CA, USA). The mass spectrum was de-
convoluted using MassHunter software (Agilent, 
Santa Clara, CA, USA), and maximum entropy 

was performed for the deconvoluting algorithm. 
Mass spectrum data were saved and processed 
using FlexControl 3.4 (FLEXCONTROL, Noerre 
Nebel, Denmark).

Molecule Docking  
The structure of SARS-CoV-2 Mpro was re-

trieved from the co-crystal structure on the Pro-
tein Data Bank (PDB) (PDB code: 7D3I)13. The 
molecule simulation docking of the compounds 
into the binding site of SARS-CoV-2 Mpro was 
explored using the BIOVIA Discovery Studio 
2018R2 software (BIOVIA, Dassault Systemes, 
Paris, France). The water molecules and cofac-
tors were removed from the protein, and the 
possible binding pocket in Mpro was defined ac-
cording to previous publications13,14. After iden-
tifying the potential hydrogen-bond interactions 
between the catalytic sites of Mpro and the com-
pounds, the C-DOCKER program (BIOVIA, 
Dassault Systemes, Paris, France) was used to 
generate and process the optimized docking re-
sult.

Cytopathic Effect (CPE) Inhibition Assay
The anti-coronavirus activity of the four com-

pounds was determined using a CPE inhibition 
assay. Briefly, cells were plated into 96-well cul-
ture plates and incubated for 24 h. The cells were 
infected with 10-3 HCoV-229E or HCoV-OC43 and 
the indicated concentrations of compounds were 
added simultaneously. HCoV-229E-infected Huh7 
cells and HCoV-OC43-infected H460 cells were 
treated in an atmosphere of 5% CO2 and 35°C un-
til the CPE of the virus control group reached 4+. 
The half maximal inhibitory concentration (IC50) 
was determined using the Reed-Muench meth-
od15. The selectivity index (SI) was calculated as 
the ratio of the 50% toxic concentration (TC50)/
IC50.

SwissADMET Prediction for 
the Compounds

The SwissADME server (available at: http://
www.swissadme.ch/) is a network tool that pro-
vides the prediction of pharmaceutically signifi-
cant descriptors and physically relevant properties 
of the compounds, including the physicochemical 
properties (molar refractivity, topological polar 
surface area, and a number of hydrogen bond do-
nors/number of hydrogen bond acceptors), lipo-
philicity (logPO/w), pharmacokinetics properties 
[gastrointestinal absorption, blood-brain barrier 
permeability, P-gp substrate, cytochrome-P en-

https://www.bing.com/ck/a?!&&p=74d8609e468bf8fcJmltdHM9MTcyMTk1MjAwMCZpZ3VpZD0yM2RkYWU5Yy0xMzdiLTYwM2MtMWJmYi1hMTE4MTI1NTYxYTkmaW5zaWQ9NTE4MA&ptn=3&ver=2&hsh=3&fclid=23ddae9c-137b-603c-1bfb-a118125561a9&psq=DK-6830+N%c3%b8rre+Nebel%e5%93%aa%e4%b8%aa%e5%9b%bd%e5%ae%b6+&u=a1aHR0cHM6Ly93d3cudHJpcGFkdmlzb3IuY29tL1RvdXJpc20tZzI0NTU1MDMtTm9lcnJlX05lYmVsX1ZhcmRlX1NvdXRoX0p1dGxhbmRfSnV0bGFuZC1WYWNhdGlvbnMuaHRtbA&ntb=1
https://www.bing.com/ck/a?!&&p=74d8609e468bf8fcJmltdHM9MTcyMTk1MjAwMCZpZ3VpZD0yM2RkYWU5Yy0xMzdiLTYwM2MtMWJmYi1hMTE4MTI1NTYxYTkmaW5zaWQ9NTE4MA&ptn=3&ver=2&hsh=3&fclid=23ddae9c-137b-603c-1bfb-a118125561a9&psq=DK-6830+N%c3%b8rre+Nebel%e5%93%aa%e4%b8%aa%e5%9b%bd%e5%ae%b6+&u=a1aHR0cHM6Ly93d3cudHJpcGFkdmlzb3IuY29tL1RvdXJpc20tZzI0NTU1MDMtTm9lcnJlX05lYmVsX1ZhcmRlX1NvdXRoX0p1dGxhbmRfSnV0bGFuZC1WYWNhdGlvbnMuaHRtbA&ntb=1
https://www.bing.com/ck/a?!&&p=d0bb5c93a3055709JmltdHM9MTcyMTk1MjAwMCZpZ3VpZD0yM2RkYWU5Yy0xMzdiLTYwM2MtMWJmYi1hMTE4MTI1NTYxYTkmaW5zaWQ9NTIzOQ&ptn=3&ver=2&hsh=3&fclid=23ddae9c-137b-603c-1bfb-a118125561a9&psq=BIOVIA%e6%80%bb%e9%83%a8%e5%9c%a8%e5%93%aa&u=a1aHR0cHM6Ly9iYWlrZS5iYWlkdS5jb20vaXRlbS9EYXNzYXVsdCUyMFN5c3RlbWVzLzk0NjUyMzc&ntb=1
https://www.bing.com/ck/a?!&&p=d0bb5c93a3055709JmltdHM9MTcyMTk1MjAwMCZpZ3VpZD0yM2RkYWU5Yy0xMzdiLTYwM2MtMWJmYi1hMTE4MTI1NTYxYTkmaW5zaWQ9NTIzOQ&ptn=3&ver=2&hsh=3&fclid=23ddae9c-137b-603c-1bfb-a118125561a9&psq=BIOVIA%e6%80%bb%e9%83%a8%e5%9c%a8%e5%93%aa&u=a1aHR0cHM6Ly9iYWlrZS5iYWlkdS5jb20vaXRlbS9EYXNzYXVsdCUyMFN5c3RlbWVzLzk0NjUyMzc&ntb=1
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zyme inhibition, and skin permeation (log Kp)], 
which are critical parameters for the prediction of 
drug absorption and distribution in the body. Ad-
ditionally, drug-likeness (Lipinski’s rule of five) 
was predicted using SwissADME11. The struc-
tures of the hit compounds were converted into 
the SMILES format using ChemDraw software 
(CambridgeSoft, Cambridge,  MA, USA). Then, 
the “run to” operation was used to predict the 
pharmacokinetics of the compounds.

Statistical Analysis
The t-test was used to determine the difference 

between treatment groups and the control. All 
data are expressed as mean ± standard deviation 
(SD) and were analyzed using GraphPad Prism 8 
(GraphPad Software, Boston, MA, USA).  

Results 

Screening for Candidates of SARS-CoV-2 
Mpro Inhibitors 

(i) Primary HTS of hit compounds against 
SARS-CoV-2 Mpro activity 

An HTS platform was previously established 
using FP-based peptide substrates to discover 
novel small molecule weight inhibitors against 
SARS-CoV-2 Mpro16. A fluorescein isothiocya-
nate (FITC) and biotin dual-labeled small pep-
tide FITC-AVLQSGFRKK-Biotin (FITC-S-Bio-
tin), which was generated from previously used 
FRET substrate, was used as the FP tracer. This 
FP tracer can be hydrolyzed by active Mpro to 
yield two peptide fragments, FITC-AVLQ and 
SGFRKK-Biotin, yielding a low FP signal. In 
the presence of Mpro inhibitors, the uncleaved 
FP tracer will bind to the large binding partner 
avidin and result in a high mP value. Using this 
screening assay, dieckol, a natural phlorotannin 
component extracted from a Chinese traditional 
medicine Ecklonia cava, was identified as a novel 
competitive inhibitor against SARS-CoV-2 Mpro 
in vitro16, proving its feasibility. 

In this research, over 50,000 compounds 
were tested for SARS-CoV-2 Mpro inhibitory 
activity at 33 μg/mL. Compounds with inhi-
bition rates higher than 50% were selected for 
follow-up in-depth research. Four compounds, 
namely IMB63-8G, IMB84-8D, IMB26-11E, 
and IMB96-2A, maintained stable inhibito-
ry activities above 50%. Their structures are 
shown in Figure 1A.

(ii) Inhibitory effects of the hit compounds 
on SARS-CoV-2 Mpro 

To further evaluate the inhibitory activities of 
the four compounds against SARS-CoV-2 Mpro, 
IC50 values of IMB63-8G, IMB84-8D, IMB26-
11E, and IMB96-2A were detected with an FP 
assay. The results are shown in Figure 1A, which 
were 14.75 ± 8.74, 67.69 ± 10.18, 41.53 ± 4.01, 
and 44.43 ± 8.07 μM, respectively. GC-376, an 
oral-specific drug targeting SARS-CoV-2 Mpro, 
was used as a positive control, with an IC50 of 5.13 
± 0.41 μM (Figure 1B). 

FRET assay, a classic method to detect the 
inhibitory activity of Mpro inhibitors, was used 
to confirm the inhibitory activity of the four 
compounds on the Mpro17. Similar results were 
obtained: The ICs50 of IMB63-8G, IMB84-8D, 
IMB26-11E, and IMB96-2A compounds were 
16.27 ± 0.62, 24.25 ± 3.35, 32.48 ± 5.19, and 38.36 
± 6.16 μM, respectively (Figure 1C). GC-376 
showed an IC50 value of 4.20 ± 2.06 μM with this 
method, consistent with the reported value (Fig-
ure 1C)18.

Detection for Binding Mode of the Four 
Hit Compounds with SARS-CoV-2 Mpro

(i) Affinity of the four compounds for 
SARS-CoV-2 Mpro 

SPR biosensor-based assay was performed 
to elucidate the binding mechanisms of the four 
compounds with SARS-CoV-2 Mpro. SPR is an 
optical biosensor detection method that measures 
the interaction between ligand and analyte by 
monitoring the change in the refractive index of 
the surface interface that occurs during the bind-
ing process. 

The Mpro protein was immobilized on a Car-
boxymethyl Dextran sensor chip, and then the 
compound flowed through the chip. As shown in 
Figure 2A, all four compounds could bind with 
Mpro in a concentration-dependent manner. 
The result also indicated a simulated interac-
tion mode of all the hit compounds, with Mpro 
showing a steady state upon injection after rap-
id combination, as well as rapid dissociation 
from the binding site for compounds IMB63-
8G and IMB26-11E and slow dissociation for 
compounds IMB84-8D and IMB96-2A. The Kd 
value reflects the affinity of the compound for 
the target, with smaller values indicating stron-
ger affinity. Table I and Figure 2A indicate that 
all four compounds showed comparable moder-
ate binding ability with Mpro (1.06 × 10-4 M for 
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Figure 1. Inhibitory activity profiles of the hit compounds against SARS-CoV-2 Mpro. A, Structures of the hit compounds. B, FP-based enzymatic assay. Different concentrations 
of compounds (from 1.56 μM to 200 μM) were added to the FP reaction system, and changes in the relative cleaving activity of SARS-CoV-2 Mpro with FITC-AVLQSGFRKK-
Biotin [fluorescein isothiocyanate (FITC)-Ala (A)-Val (V)-Leu (L)-Gln (Q)-Ser-Gly-Phe-Arg-Lys-Lys-Biotin] as the substrate were detected. C, Fluorescence resonance energy 
transfer (FRET)-based enzymatic assay. Compounds at various concentrations from 1.56 μM to 200 μM were pre-incubated with Mpro for 30 min at RT, and then the fluorogenic 
substrate methoxycoumarine acetic acid (MCA)-Ala-Val-Leu-Gln-Ser-Gly-Phe-Arg-Lys(Dnp)-Lys-NH2 [(MCA-AVLQSGFRLys (Dnp)-Lys-NH2)] was added. Generation of the 
MCA-cleavage product/fluorescence signals was monitored (Ex/Em = 320/405 nm). GC-376 was used as a positive control. Data are shown as mean ± SD, n = 3.
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Figure 2. Detection for the binding mode of the hit compounds with SARS-CoV-2 Mpro. A, SPR analysis of the interaction between each hit compound with SARS-CoV-2 Mpro. 
Mpro protein was immobilized on the CM5 sensor chip, and then the compound at various concentrations (from 6.25 μM to 200 μM) flowed through the chip. The kinetics of 
the compound were evaluated according to the change in the RIU value. The change in response units was shown. B, The hit compounds interacted non-covalently with SARS-
CoV-2 Mpro. Purified SARS-CoV-2 Mpro (5 μM) was incubated in the presence or absence of compounds (500 μM) in tris buffered saline (TBS) at room temperature (RT) for 
30 min. The molecular weights of SARS-CoV-2 Mpro with each hit compound were determined using high-performance liquid chromatography-quadrupole-time-of-flight mass 
spectrometry (HPLC-Q-TOF-MS). The mass shift (Δm) of the protein is labeled.
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IMB63-8G, 1.00 × 10-5 M for IMB84-8D, 3.46 
× 10-4 M for IMB26-11E, and 1.27 × 10-5 M for 
IMB96-2A).

(ii) HPLC-Q-TOF-MS Based Study of 
SARS-CoV-2 Mpro Association with 
the Hit Compounds 

To obtain insight into the hit compounds’ bind-
ing mode to SARS-CoV-2 Mpro, we performed 
HPLC-Q-TOF-MS to determine the change in 
molecule weights in the presence and absence of 
the compounds. After preincubation with each 
compound respectively, the molecule weights re-
mained the same when compared to Mpro alone 
(34,862.86 Da) (Figure 2B), reflecting non-covalent 
binding. 

Docking of the Hit Compounds to 
SARS-CoV-2 Mpro Structure 

To further evaluate the possible binding sites 
of compounds and enzymes, an in silico docking 
simulation was performed to predict the amino 
acid residues in SARS-CoV-2 Mpro that interact-
ed with the four compounds. The reported crys-
tal structure of SARS-CoV-2 Mpro in complex 
with MI-23 (PDB code: 7D3I) was retrieved as 
the docking target. As shown in Figure 3, these 
four compounds fit within the substrate bind-
ing pocket of SARS-CoV-2 Mpro with slightly 
different binding modes. IMB63-8G compound 
formed a hydrogen bond (2.53 Å) and a pi–pi in-
teraction (5.31 Å) with His41, whereas it formed 
a pi–sulfur interaction (4.44 Å) with Met49 and 

Figure 3. Docking poses of the hit compounds with the active site of SARS-CoV-2 Mpro (PDB code: 7D3I). A, Molecular 
modeling of the hit compounds in the binding pocket of SARS-CoV-2 Mpro. The red sticks represent the functional amino 
acids interacting with the hit compounds, which are exhibited by a stick model. B, Detailed illustration for each hit compound 
binding to the catalytic residues of SARS-CoV-2 Mpro. Strong hydrogen-bond interactions are highlighted by the green dashed 
lines. The purple dashed line indicates pi–pi interaction. Yellow dashes represent pi–sulfur interaction. Blue dashes depict the 
unfavorable donor–donor interaction. Carbon-hydrogen bond interaction is shown as gray dashed lines. Pink dashes indicate 
pi-alkyl interaction.

Table I. The kinetics evaluation of the SPR interactions.

	 Compounds	 Kon (1/M*S)	 Koff (1/S)	 Kd = Koff/Kon (M) 

IMB63-8G	 8.78×102	 9.28×10-2	 1.06×10-4

IMB84-8D	 7.88×102	 7.88×10-3	 1.00×10-5

IMB26-11E	 4.33×102	 1.50×10-1	 3.46×10-4

IMB96-2A	 3.83×102	 4.85×10-3	 1.27×10-5

Kon: association rate constant; Koff: dissociation rate constant; Kd (dissociation constant) = Koff/Kon.
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a carbon-hydrogen bond with Gly143 (2.98 Å). 
As for the binding of IMB84-8D, hydrogen 
bonds (2.35 Å and 2.35 Å) and an unfavorable 
donor–donor interaction (2.47 Å) were observed 
at the catalytic residue Cys145, whereas a pi–pi 
interaction (4.71 Å) with His41 and a carbon-hy-
drogen bond was observed with Gly143 (2.96 Å). 
When the IMB26-11E compound was docked to 
Mpro, it formed a hydrogen bond (2.08 Å) and 
two pi–sulfur interactions (5.33 Å and 4.12 Å) 
with Cys145, whereas it formed a hydrogen bond 
(2.73 Å) with His41 and a carbon-hydrogen bond 
(2.49 Å) with Thr25. In terms of IMB96-2A 
compound, it interacted with Cys145 through a 
hydrogen bond (2.67 Å) and a pi–sulfur interac-
tion (4.43 Å), whereas it interacted with Met165 
through three pi–sulfur interactions (4.49 Å, 
3.09 Å, and 5.59 Å) and Met49 through sulfur 
interactions (5.13 Å and 4.26 Å).

In conclusion, all four compounds could occu-
py the active site and interact with either of the two 
key catalytic residues of Mpro His41 and Cys145 
(compounds IMB63-8G and 96-2A) or both of 
them (compounds IMB84-8D and 26-11E)19. 
Since the presence of hydrogen bonds contributes 
more to the binding affinity of the Mpro inhibitor, 
all compounds interact with Mpro through one or 
two hydrogen bonds. 

Antiviral Activities of the Hit Compounds 
Against HCoV-229E and HCoV-OC43 

CPE assay was used to detect the inhibitory 
activities of the four compounds against coro-
naviruses HCoV-229E and HCoV-OC43, as well 
as their toxicity in the corresponding cells. Rib-
avirin (RBV) was used as a positive control. As 
shown in Table II, only the IMB63-8G compound 
and RBV can inhibit the CPE induced by HCoV-
OC43 infection in H460 cells. TC50 of IMB63-8G 
was 66.67 μg/mL, the IC50 against HCoV-OC43 
was 1.71 μg/mL, and SI was 39, which were much 
higher than those of RBV (Table II). With regard 

to HCoV-229E, none of the compounds could in-
hibit the CPE induced by HCoV-229E infection in 
Huh-7 cells.

Drug Ability Evaluation of IMB63-8G 
Drug discovery and development depend heav-

ily on assessing absorption, distribution, metabo-
lism, and excretion (ADME) characteristics. The 
pharmacokinetics and drug-likeness prediction of 
IMB63-8G was performed using the online tool 
SwissADME (available at: http://www.swissad-
me.ch/index.php)20.

Drug-likeness analysis of the bioactive IMB63-
8G with different parameters is tabulated (Table 
III) and shown in a SwissADME bioavailability 
radar (Figure 4A) and diagram of the molecular 
formula BOILED egg (Figure 4B). IMB63-8G 
showed good binding affinity against SARS-
CoV-2 Mpro with high drug-likeness parameters, 
good solubility with log S not higher than 611 and 
high GI absorption (Table III). It also predicted a 
high probability of passive absorption by the gas-
trointestinal tract (white region) but not accessing 
the brain penetrant (yellow region) (Figure 4B). 
As a transmembrane protein, permeability glyco-
protein (P-gp) could actively transport a wide va-
riety of chemically diverse compounds out of the 
cell21. If the compound is the substrate of P-gp, it 
may be excreted from the cell, and thus affect the 
therapeutic effect. IMB63-8G is ‌forecasted to be 
non-substrate of P-gp. Additionally, it is the only 
inhibitor of two CYP enzymes (CYP1A2 and 
CYP 2C19) and is specific in nature [zero alert 
for PAINS (pan assay interference compounds)]. 

Discussion

SARS-CoV-2 was recognized as the cause of the 
atypical pneumonia outbreak in Wuhan, China. It 
has now almost paralyzed the globe and has not 
only distressed the health and welfare of humans 

Table II. Anti-HCoV-OC43 activities of the compounds in H460 cells.

	 Compounds	 TC50 (μg/mL)	 IC50 (μg/mL)	 SI

IMB63-8G	 66.67	 1.71	 39.0
IMB84-8D	 12.83	 > 7.41	 -
IMB26-11E	 > 200	 > 200	 -
IMB96-2A	 > 200	 > 66.67	 -
RBV	 77.61	 8.62	   9.0

RBV: ribavirin; TC50: half maximal toxic concentration; IC50: half maximal inhibitory concentration; SI: selectivity index = TC50/IC50.

http://www.swissadme.ch/index.php
http://www.swissadme.ch/index.php
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but also imposed burdens on worldwide economic 
activity and development. Current COVID-19 vac-
cines target the spike protein of SARS-CoV-2, the 
pathogen of COVID-19. Yet, the spike is a weak-
ly conserved protein in a highly mutable RNA 
virus. Although SARS-CoV-2 shares an overall 
82% genome sequence identity with SARS-CoV, 
the spike has only 76% protein sequence identity 
shared between two origins22. The highly mutable 
nature of the spike has also been corroborated by 
the continuous identification of new SARS-CoV-2 
variants with spike mutations23. Accumulating ev-
idence24 has shown attenuated activity of the ap-
proved vaccines against certain new SARS-CoV-2 
variants. Furthermore, the selective pressure from 
spike-specific antibodies induced from a vaccine 

or original SARS-CoV-2 infection could promote 
the acquisition of additional mutations to cause a 
change in viral antigenicity that would allow the 
SARS-CoV-2 variants to escape from immune re-
sponses25. The continuing threat to global health 
posed by the SARS-CoV-2 and its variants with in-
creased abilities to spread and escape from immu-
nity demands an arsenal of approaches and drug 
modalities that should likely include small mole-
cules as antiviral agents that target proteins other 
than the spike protein to effectively combat the 
COVID-19 pandemic.

Targeting the components responsible for repli-
cation of SARS-CoV-2 is considered a good strat-
egy to identify effective drugs for the treatment 
of COVID-19. The coronavirus Mpro is a cyste-

Table III. Drug-likeness of IMB63-8G.

			   No. of				    Log S		  CYP
	 HB	 HB	 rotatable	 Consensus	 Log S	 Log S	 (SILICOS-	 GI	 enzymes
	 donorsa	 acceptorsa	 bonda	 log Pa	 (ESOL)b	 (Ali)b	 IT)b	 absorptionc	 inhibitorsc

        2	 1	 2	 1.98	 -3.08	 -4.02	 -3.42	 High	 CYP1A2,
								        CYP2C19
								        inhibitor

a: Physicochemical properties; b: solubility; c: pharmacokinetics; HB: hydrogen bonding; GI: gastrointestinal; CYP: cytochrome 
P450 proteins; ESOL: a method used to predict water solubility. It stands for estimating aqueous solubility directly from molecular 
structure followed by molecular weight, the proportion of heavy atoms in an aromatic system, and the number of rotatable bonds. 
SILICOS-IT: another method used to predict the water solubility. Log (SILICOS-IT) determines the negative logarithm of water 
solubility of a compound by fragmental method.

Figure 4. SwissADME analysis for IMB63-8G. A, Radar plot of the IMB63-8G compound after calculating ADME data. 
The pink area represents the optimal range for each property (clockwise from top, lipophilicity: XLOGP3 between -0.7 and 
+5.0, size: MW between 150 and 500 g/mol, polarity: TPSA between 20 and 130 Å2, solubility: log S ≤ 6, saturation: fraction 
of carbons in the sp3 hybridization ≥ 0.25, and flexibility: ≤ 9 rotatable bonds). B, Diagram of molecular formula BOILED egg 
for IMB63-8G. The white region stands for a high probability of passive absorption by the gastrointestinal tract, and the yellow 
region (yolk) stands for a high probability of brain penetration. Besides, the blue dot represents P-gp substrates (PGP+), and 
the red dot represents P-gp non-substrate (PGP-).
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ine protease that cleaves the polyproteins at 11 
positions and allows for the assembly of the viral 
replicase complex26. Unlike spike, Mpro is highly 
conserved. In total, 96% of its protein sequence 
identity is shared between SARS-CoV3. Given its 
crucial role in virus replication and distinguishing 
characteristics, the SARS-CoV-2 Mpro is a prom-
inent drug target for COVID-19 antiviral therapy. 

A number of small molecule inhibitors of SARS-
CoV-2 Mpro have been reported27-33 in the past three 
years. Most of these compounds were obtained by 
protein structure-based rational design and chem-
ical synthesis. In this study, we focused on the 
discovery of small molecule compounds through 
FP-based SARS-CoV-2 Mpro enzymatic assay to 
explore a library of small molecule compounds. 
Among the 50,000 compounds screened, we found 
that four compounds exhibited SARS-CoV-2 Mpro 
inhibitory activities with low toxicity. The binding 
profiles of the four compounds revealed that they 
could form hydrogen bonds with multiple residues 
located at the active site of Mpro, where success-
ful protease inhibition occludes the accessibility of 
the substrate binding site and the catalytic residues. 
Based on the HPLC-Q-TOF-MS analysis, the mol-
ecule weights of Mpro before and after its incuba-
tion with the compounds using HPLC-Q-TOF-MS 
remained unchanged, indicating non-covalent con-
jugation between the compounds with Mpro. Com-
bined techniques of molecule docking and HPLC 
analysis suggested that the mechanisms may be re-
lated to non-covalent interactions. This mechanism 
is different from most previously reported34 Mpro 
inhibitors, which could form covalent bonds with 
protein residues. Among them, the IMB63-8G com-
pound could remarkably inhibit the HCoV-OC43 
virus with IC50 of 1.71 μg/mL.

In this research, we combined FP and FRET 
assays to confirm the hit compounds’ inhibito-
ry activities. FP assay adopted a FITC and bio-
tin dual-labeled small peptide as its tracer. The 
highly active Mpro can adequately hydrolyze this 
tracer to yield two peptide fragments, FITC-pep-
tide fragment and peptide fragment-Biotin. This 
FITC-peptide fragment with smaller molecular 
weight could not bind to the large protein avi-
din due to the absence of Biotin and will result 
in a low FP signal. On the other hand, in the ab-
sence of Mpro, the intact FP tracer is bound to 
avidin, exhibiting a high FP signal. The principle 
of the FRET assay is as follows: the C-terminal 
of a peptide substrate links to a fluorophore, and 
the N-terminal has a fluorescence quencher that 
quenches the fluorescence signal of the fluoro-

phore. When the Mpro  hydrolyzes the substrate 
to yield two fragments, the fluorescence quencher 
is separated with a fluorophore, which relieves the 
fluorescence quenching effect, resulting in an in-
crease of fluorescence signal35. Both of the assays 
have limitations. In a FRET screening assay, the 
fluorescence interferences from natural products 
indeed could quench the emission fluorescence 
of a FRET fluorogenic substrate (320/405 nm), 
and the false positives are inevitably present in 
the screen due to the presence of inherent fluo-
rescence from the compounds being tested36. In 
contrast to our developed FP screening assay, 
the effect of potential fluorescent interferences is 
minimized because the used fluorophore, FITC, 
has a high quantum yield for emission at 535 nm 
wavelength, which is outside the range of many 
fluorescent molecules in natural product screen-
ing. However, the possible fluorescent interfer-
ences still exist in an FP screening assay. So, the 
inhibitory activities of the hit compounds were 
separately evaluated using both assays. It is worth 
mentioning that the inhibitory activity and SI of 
IMB63-8G are significantly higher than those of 
the positive control RBV. ADMET analysis im-
plied that the IMB63-8G compound had all fa-
vorable parameters, including low but suitable 
aqueous solubility, favorable oral bioavailability 
values, and mild to low toxicity. 

Conclusions

For the first time, we reported the anti-Mpro ac-
tivities of four compounds from HTS based on a 
combination of FP and FRET assay. Among them, 
IMB63-8G may be the most suitable compound for 
further drug evaluation as an inhibitor of SARS-
CoV-2 Mpro. However, additional studies, such as 
antiviral activities against SARS-CoV-2 and lab-
oratory tests in vivo on animals, are necessary to 
approve its validity in inhibiting COVID-19.
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