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a b s t r a c t

The coronavirus disease (COVID-19) pandemic, resulting from human-to-human transmission of a novel
severe acute respiratory syndrome coronavirus (SARS-CoV-2), has led to a global health crisis. Given that
the 3 chymotrypsin-like protease (3CLpro) of SARS-CoV-2 plays an indispensable role in viral polyprotein
processing, its successful inhibition halts viral replication and thus constrains virus spread. Therefore,
developing an effective SARS-CoV-2 3CLpro inhibitor to treat COVID-19 is imperative. A fluorescence
resonance energy transfer (FRET)-based method was used to assess the proteolytic activity of SARS-CoV-
2 3CLpro using intramolecularly quenched fluorogenic peptide substrates corresponding to the cleavage
sequence of SARS-CoV-2 3CLpro. Molecular modeling with GEMDOCK was used to simulate the mo-
lecular interactions between drugs and the binding pocket of SARS-CoV-2 3CLpro. This study revealed
that the Vmax of SARS-CoV-2 3CLpro was about 2-fold higher than that of SARS-CoV 3CLpro. Interestingly,
the proteolytic activity of SARS-CoV-2 3CLpro is slightly more efficient than that of SARS-CoV 3CLpro.
Meanwhile, natural compounds PGG and EGCG showed remarkable inhibitory activity against SARS-CoV-
2 3CLpro than against SARS-CoV 3CLpro. In molecular docking, PGG and EGCG strongly interacted with
the substrate binding pocket of SARS-CoV-2 3CLpro, forming hydrogen bonds with multiple residues,
including the catalytic residues C145 and H41. The activities of PGG and EGCG against SARS-CoV-2
3CLpro demonstrate their inhibition of viral protease activity and highlight their therapeutic poten-
tials for treating SARS-CoV-2 infection.

© 2021 Elsevier Inc. All rights reserved.
1. Introduction

SARS-CoV-2, a novel severe acute respiratory syndrome (SARS)
coronavirus (CoV) that threatens the health and welfare of humans,
has spread rapidly throughout the world’s population since its first
identification [1]. Among COVID-19 patients, the typical symptoms
gy and Laboratory Science in
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u.tw (C. Huang).chengh521@
include pneumonia, fever, breathing difficulty and lung infection,
while many atypical symptoms have also been described [2]. With
the current statistics of laboratory-confirmed cases and the deaths,
elderly individuals with chronic cardiovascular diseases, diabetes
or asthma are highly likely to experience severe or critical condi-
tions upon SARS-CoV-2 infection, in a societal demographic [3].
Currently, there are no effective pharmacological drugs or vaccines
against the virus [4].

The genome of enveloped b coronaviruses, including SARS-CoV-
2, SARS-CoV and Middle East respiratory syndrome coronavirus
(MERS-CoV), is delivered in the form of a positive-sense, single-
stranded RNA, of about 26e32 kb in size, which encodes structural
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proteins (e.g., spike, envelope, membrane and nucleocapsid),
nonstructural proteins (e.g., 3 chymotrypsin-like protease (3CLpro),
papain-like protease (PLpro), helicase, RNA-dependent RNA poly-
merase (RdRp)), and accessory proteins [5]. In particular, 3CLpro
catalyzes most of the proteolysis of polyprotein 1a and 1 ab, after
self-cleavage from polyprotein 1a. With an amino acid sequence
identity of 96% to SARS-CoV 3CLpro, differences in SARS-CoV-2
3CLpro are known to be T35V, A46S, S75 N, L86V, R88K, S94A,
H134F, K180 N, L202V, A267S, T285A and I286L [6]. Given the role
of 3CLpro in the life cycle of b coronaviruses, inhibition of viral
3CLpro effectually prevents viral replication in the host cell [7].

The use of natural compounds to treat infectious diseases has
attracted the attention of the public, owing to their bioactivities and
minimal side effects [8]. As a matter of fact, many natural com-
pounds have shown broad-spectrum anti-coronavirus activities,
particularly against SARS-CoV 3CLpro [9]. Although the virtual
identification of potential SARS-CoV-2 3CLpro inhibitors has been
performed in a phytochemical library [10], the therapeutic poten-
tials of candidates for COVID-19 treatment require further evalua-
tion. 1,2,3,4,6-pentagalloylglucose (PGG), a hydrolysable, anti-
inflammatory tannin, has been reported to inhibit herpes simplex
virus type 1 (HSV-1), influenza A virus (IAV), human respiratory
syncytial virus (hRSV) and human rhinoviruses (hRVs) [11]. The
antiviral activity of PGG is known to involve direct inactivation,
inhibition of virus adsorption to host cells, and inhibition of viral
gene expression and protein translation [11]. As the most abundant
catechin in green tea, (�)-epigallocatechin-3-gallate (EGCG) is the
ester of epigallocatechin and gallic acid. EGCG has been described
as a powerful antioxidant and anti-inflammatory, antibacterial, and
antiviral agent that can modulate lipid metabolism and other
metabolic pathways [12]. In particular, Zuo et al. demonstrated the
inhibitory activity of EGCG on hepatitis C virus (HCV) NS3 serine
protease [13].

Aiming to provide a therapeutic strategy against SARS-CoV-2
infectin, we first investigated whether amino acid differences in
SARS-CoV-2 3CLpro influence the proteolytic efficiency, compared
to SARS-CoV 3CLpro using fluorescence resonance energy transfer
(FRET) based internally quenched fluorescent (IQF) peptide sub-
strates. Then, we determined the potential of phytochemicals for
SARS-CoV-2 3CLpro inhibition. Subject to the extent of SARS-CoV-2
3CLpro inhibition, the half maximal inhibitory concentrations of
compounds of interest were determined subsequently. In parallel,
compounds of interest were analyzed by computational molecular
docking, thereby unraveling their mechanisms of action (MOA).

2. Materials and methods

2.1. Plasmids pET28b-SARS-CoV-2-3CLpro and pET28b-3CLpro

The DNA sequence encoding 3CLpro [14] was chemically syn-
thesized by Mission Biotech, Taiwan. The full sequence of 3CLpro
was amplified with ExcelTaq™ Taq DNA polymerase (Smobio,
Taiwan) using primers 50-ATGGGTCGGGATCCCAGTGGTTTTAGAAA-
30 and 50-GGTGCTCGAGTTCATCTAGTTATTGGAAAGTAACACCTGAG-
30, and subcloned into a T7-based pET-28b(þ) plasmid (Thermo
Fisher Scientific, USA) with BamHI and XhoI restriction sites. The
construct was verified by DNA sequencing. The plasmid pET28b-
3CLpro which contains the SARS-CoV 3CLpro cDNA sequence was
constructed as reported previously [15].

2.2. Protein expression, purification, and western blot analysis

The 3CLpro proteins were expressed in E. coli and purified as
described previously [15]. The purified protein quality was more
than 95%. Thewestern blot analysis followed the protocol described
131
previously [16].
2.3. Protease activity assays and enzyme kinetics using IQF peptide
substrates

The establishment of an Edans-Dabcyl (ED) FRET platform fol-
lowed the published protocol [17]. Briefly, a internally quenched
fluorescent (IQF) peptide containing a consensus cleavage sequence
recognized by the 3CLpro of SARS-CoV and SARS-CoV-2 was syn-
thesized by Genomics, Taiwan, with DABCYL at the N-terminal and
EDANS at the C-terminal end, respectivelydDABCYL-
TSAVLQYSGFRKME-EDANS. Protease activity assays were per-
formed using 0.125 mM enzyme and 1.25 mM peptide substrate. The
kinetic parameters were determined using 0.125 mM enzyme and
0e100 mM peptide substrate, followed by the analysis published
previously [14]. Measurements of the spectral-based fluorescence
were determined by a SPARK® multimode microplate reader
(TECAN, Switzerland) with the excitation at 355 nm at a bandwidth
of 10 nm and the emission at 538 nm at a bandwidth of 15 nm. The
relative fluorescence unit (RFU) was obtained at a gain of 131 in
Spark® Control Magellan™ v2.2 software.
2.4. Chemicals

Natural compounds used in this study were purchased from
Sigma-Aldrich, USA, dissolved in DMSO at a final concentration of
100 mM, and stored at �20 �C before use.
2.5. Dose-response curve analysis

Prior to the addition of IQF peptide substrates, 0.125 mM SARS-
CoV-2 3CLpro was incubated with the compound at the indicated
concentration for one hour at 37 �C. Later, IQF peptide was added at
a final concentration of 1.25 mM and incubated for three hours at
37 �C. Fluorescence detection follows the procedure in protease
activity assays. Points of relative protease activity upon the treat-
ment of a compound at a concentration of 0e100 mMwere fitted to
a normalized dose-response (variable slope) model in GraphPad
Prism 7.03 for IC50 characterization.
2.6. Molecular modeling

The molecular simulation docking of PGG and EGCG into the
binding site of SARS-CoV-2 3CLpro was explored using software
GEMDOCK [18]. The 3D structures of PGG and EGCG were obtained
from DrugBank [19]. The structure of SARS-CoV-2 3CLpro was
extracted from the co-crystal structure [14] on Protein Data Bank
(PDB). The interacting residues in the binding pocket of SARS-CoV-
2 3CLpro were defined by an 8 Å-radius sphere around the bound
peptide-like inhibitor PRD_002214, and the coordinates of the
atoms in the binding pocket were retrieved from the PDB.
2.7. Statistical analysis

Data collected in the study were analyzed and plotted with
GraphPad Prism 7.03. Values were expressed as the
mean ± standard error mean (SEM). For determination of the sta-
tistical significance between two groups, Student’s t-tests were
performed. For multiple comparisons between the treated condi-
tions to the control, one-way ANOVA post hoc Dunnett’s multiple
comparisons tests were performed. Statistical significance was
expressed as P < 0.05 (e.g., *), p < 0.01 (e.g., **), and p < 0.001 (e.g.,
***).
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3. Results

3.1. The proteolytic efficiency of SARS-CoV-2 3CLpro

Recombinant SARS-CoV 3CLpro and SARS-CoV-2 3CLpro were
expressed in E. coli and purified by single-step affinity chroma-
tography using the N-terminal His-tag. As shown in Fig. 1A, the
expressed proteins were of high homogeneity, with a size of about
37.4 kDa, corresponding to the predicted size and correlating with
our previous finding [15]. Using IQF peptide substrates, the pro-
teolytic efficiency of SARS-CoV-2 3CLpro was investigated in par-
allel with SARS-CoV 3CLpro. To determine the proteolytic
efficiency, the detected RFUs were converted to Edans concentra-
tions, using the linear regression in Fig. 1B. The velocity of SARS-
CoV-2 3CLpro was significantly higher than SARS-CoV 3CLpro
(Fig. 1C). In Fig. 1D, the kinetic parameters are plotted side by side.
Specifically, the Kmvalue of the IQF peptide substrate for SARS-CoV-
2 3CLpro was 78.69 mM, the Vmax was 20.18 mM/min, the Kcat was
322.88 min�1, and the Kcat/Km was 68386.50 M�1 s�1; in compar-
ison, the Km, Vmax, Kcat, and Kcat/Km of SARS-CoV 3CLpro were
42.34 mM, 10.81 mM/min, 172.96 min�1, and 68083.77 M�1 s�1,
respectively. An approximately 2-fold higher Vmax was seen for
SARS-CoV-2 3CLpro, compared to SARS-CoV 3CLpro, while the Km

of SARS-CoV-2 3CLpro was slightly higher than that of SARS-CoV
3CLpro, indicating that the difference in proteolytic efficiency is
more pronounced at a high substrate concentration. Moreover, the
cumulative yield curve of SARS-CoV-2 3CLpro at 37 �C over time is
depicted and SARS-CoV-2 3CLpro was shown to have a greater
proteolytic efficiency, compared to SARS-CoV 3CLpro (Fig. 1E).
Fig. 1. The proteolytic activity of recombinant SARS-CoV-2 3CLpro. (A) Coomassie blue sta
was plotted with respect to each free Edans concentration. (C) 3CLpro catalyzed substrate p
CoV 3CLpro and SARS-CoV-2 3CLpro were determined. (D) Kinetic parameters of SARS-CoV 3
Km (gray) of SARS-CoV-2 3CLpro were characterized, with SARS-CoV 3CLpro shown alongsid
cleavage by 3CLpro at the 3-hr time point. Data (N ¼ 3) are expressed as the mean ± SEM (*
this figure legend, the reader is referred to the Web version of this article.)
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When the protease and substrate concentrations were at a similar
level, SARS-CoV 3CLpro and SARS-CoV-2 3CLpro reached the peak
of their yield three hours after the addition of the substrate at 37 �C.
In particular, the activity of SARS-CoV-2 3CLpro was 1.3-fold higher
than that of SARS-CoV 3CLpro at the 3-hr time point, as shown in
Fig. 1F. Taken together, the results show that the proteolytic activity
of SARS-CoV-2 3CLpro is more efficient than SARS-CoV 3CLpro.
3.2. Screening of compounds against SARS-CoV-2 3CLpro activity

To evaluate the inhibitory activity of compounds against SARS-
CoV-2 3CLpro, a screening platform was established using FRET-
based IQF peptide substrates to characterize the relative enzy-
matic activity, with or without compound treatment. Over 60
natural compounds were screened for SARS-CoV-2 3CLpro inhibi-
tory activity at 20 mM. The inhibitory effect of twelve well-known
phytochemicals on 3CLpro activity at 20 mM is shown in Fig. 2. It
is worthwhile to mention that coumaric acid, rotenone, catechin,
(�)-epicatechin gallate (ECG), ursolic acid and fenofibrate had a
greater inhibitory activity against SARS-CoV 3CLpro than against
SARS-CoV-2 3CLpro. Interestingly, PGG and EGCG had a selectivity
for the inhibition of SARS-CoV-2 3CLpro over the SARS-CoV
enzyme. Specifically, PGG and EGCG inhibited SARS-CoV-2 3CLpro
activity by 85% and 91% respectively, and SARS-CoV 3CLpro by 73%
and 49% respectively. Taken together, PGG and EGCG exhibited
distinct inhibitory activity against SARS-CoV-2 3CLpro.
ining and western blot analysis of His-tagged 3CLpro. (B) Edans quantification. The RFU
roteolytic rate at different IQF peptide substrate concentrations. The velocities of SARS-
CLpro and SARS-CoV-2 3CLpro. From the fitted curve shown in (B), the Vmax (black) and
e. (E) Cleavage of IQF peptide substrates by 3CLpro over time. (F) Yield of IQF substrate
: p < 0.05, **: p < 0.01, ***: p < 0.001). (For interpretation of the references to color in



Fig. 2. Screening for candidates of 3CLpro inhibitors. The inhibitory activities of
natural compounds against SARS-CoV-2 3CLpro were compared in parallel with SARS-
CoV 3CLpro. Changes in the 3CLpro activity were normalized by the corresponding
control. The dotted line indicates 50% of 3CLpro activity. Drugs vs. control in the SARS-
CoV group: *, p < 0.05; **, p < 0.01; ***, p < 0.001; Drugs vs. control in the SARS-CoV-2
group: #, p < 0.05; ##, p < 0.01; ###, p < 0.001, using one-way ANOVA post hoc
Dunnett’s multiple comparisons tests. Each drug in SARS-CoV vs. in SARS-CoV-2: $,
p < 0.05; $$, p < 0.01, using Student’s t-tests.
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3.3. The inhibitory effects of PGG and EGCG on SARS-CoV-2 and
SARS-CoV 3CLpro

To determine the IC50 values of PGG and EGCG against SARS-
CoV-2 3CLpro, these agents were added to the protease activity
Fig. 3. Inhibitory effects of PGG and EGCG on SARS-CoV-2 3CLpro. (AeD) Dose-response c
the relative SARS-CoV 3CLpro activity (B and D) and the relative SARS-CoV-2 3CLpro activi
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assay at various concentrations. PGG inhibited 50% of SARS-CoV-2
3CLpro and SARS-CoV 3CLpro at 3.66 ± 0.02 mM and
6.89 ± 0.15 mM, respectively (Fig. 3A and B); while EGCG had an IC50
value of 4.24 ± 0.16 mM with respect to SARS-CoV-2 3CLpro, as
opposed to 24.98 ± 4.03 mM with respect to SARS-CoV 3CLpro
(Fig. 3C and D). Specifically, PGG had the best inhibitory activity
against SARS-CoV-2 3CLpro, followed by EGCG, highlighting their
therapeutic potentials for treating SARS-CoV-2 infection.
3.4. Molecular modeling of PGG or EGCG in the binding pocket of
SARS-CoV-2 3CLpro

It has been shown that the substrate binding pocket of SARS-
CoV-2 3CLpro can be divided into four subsites, where subsite 1
(S1) contains F140, L141, M165, E166 and H163, subsite 1’ (S10)
includes N142, G143, S144 and C145, subsite 2 (S2) comprises H41,
M49, R188 and Q189, and subsite 4 (S4) comprises T190, A191, and
P168 [14]. In order to study the binding mechanisms of PGG and
EGCG, we integrated molecular docking GEMDOCK to predict the
docked conformations in the active site of 3CLpro, based on the
calculated binding energies. The subsites (S1, S10, S2 and S4) of the
substrate binding pocket and catalytic residues of SARS-CoV-2
3CLpro are illustrated in Fig. 4A. In the binding model of PGG,
PGG occupies the S1, S10 and S4 subsites of SARS-CoV-2 3CLpro,
forming hydrogen bonds with multiple residues, including the
catalytic residue C145 (�6.4 kcal/mol) (Fig. 4B and D). PGG extends
urves of PGG and EGCG against SARS-CoV-2 3CLpro and SARS-CoV 3CLpro. Changes in
ty (C and E) are shown. Data (N ¼ 3) are expressed as the mean ± SEM.



Fig. 4. Molecular modeling of PGG and EGCG in the binding pocket of SARS-CoV-2 3CLpro. (A) Ribbon diagram of SARS-CoV-2 3CLpro with a vacant substrate binding site. S1, S10,
S2 and S4 subsites are labeled (black), along with the catalytic residues (red), H41 and C145. (BeC) PGG (B) and EGCG (C) docking in SARS-CoV-2 3CLpro. Left: PGG (yellow) and
EGCG (purple) are depicted with balls and sticks, while the 3D binding pocket is shown in shaded white. The locations of the catalytic residues and subsites are labeled in red and
black, respectively. Middle: The main residues (cyan) of SARS-CoV-2 3CLpro around PGG (yellow) or EGCG (purple) in the binding pocket are labeled, including the catalytic
residues. Right: Amino acids engaged in the binding of PGG or EGCG are arrayed around the chemical structure, with the involved subsites shaded in beige. Hydrogen bonds are
shown as gray dashed lines, while the Van der Waals forces have been omitted from the diagram for simplicity. (D) Interaction energy (kcal/mol) between PGG or EGCG and the
residues of SARS-CoV-2 3CLpro. The crucial interacting residues of SARS-CoV-2 3CLpro in the binding models of PGG and EGCG are shown at the top, with catalytic residues
highlighted in red. The involved types of forces, hydrogen (H) and/or Van der Waals (V), were indicated above each interaction energy. The strength of the interaction is correlated
positively with the brightness of the color; no interaction is shown in black. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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to the S4 subsite, with its five gallic acids, and forms hydrogen
bonds with T190 and A191. As for the binding of EGCG, EGCG oc-
cupies the S1, S1’ and S2 subsites of SARS-CoV-2 3CLpro, forming
hydrogen bonds at both catalytic residues (H41, e3.5 kcal/mol and
C145, e6.0 kcal/mol) (Fig. 4C and D). All hydrogen and Van der
Waals forces involved in the binding of PGG or EGCG are listed in
Fig. 4D. Regarding the number of subsite contacts and the binding
134
energy of each interaction, both PGG and EGCG showed efficient
inhibition on SARS-CoV-2 3CLpro by strong interaction with the
substrate binding pocket. Comparison of the binding model of PGG
and EGCG in this pocket reveals that PGG may exhibit greater in-
hibition than EGCG because of the occupied pocket and the energy,
corresponding to the in vitro results presented above.
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4. Discussion

The current coronavirus outbreak, attributable to SARS-CoV-2,
has not only distressed the health and welfare of humans but
also imposed burdens on worldwide economic activity and devel-
opment. The efficiency of viral proteases in the cytosol can potently
influence the replication rate of the virus in the host [20]. Here, we
found that the Vmax of SARS-CoV-2 3CLpro in the experimental
conditions was about 2-fold greater than that of SARS-CoV 3CLpro.
The replication rate is generally dictated by the proteolytic effi-
ciency of 3CLpro, replication of the viral genome, and the assembly
of viral particles [7]. Given that the processing of viral polyproteins
of SARS-CoV-2 depends greatly on 3CLpro, the higher proteolytic
efficiency of SARS-CoV-2 3CLpro could accelerate the viral life cycle.
In support of our findings, recent studies have shown that the viral
load in patients governs the transmission potential of SARS-CoV-2,
regardless of the development of symptoms [21].

Here, we identified two 3CLpro inhibitors, PGG and EGCG, which
have excellent inhibitory activity against SARS-CoV-2 3CLpro.
Despite the structural similarity between EGCG and ECG, Zuo et al.
demonstrated that the inhibitory effect of EGCG on HCV NS3-4A
serine protease was more potent than that of ECG [13]. Interest-
ingly, we also observed a more efficient inhibition of SARS-CoV-2
3CLpro by EGCG than ECG. Recently, the anti-SARS-CoV-2 3CLpro
activity of EGCG and theaflavin had been reported, with IC50 values
of 7.58 and 8.44 mg/mL, respectively [22]. In support of the anti-
SARS-CoV-2 3CLpro activity of PGG, a derivative of PGG, tetra-
galloylglucose, was proved to have the anti-SARS-CoV activity [23].
In particular, both PGG and EGCG formed hydrogen bonds and Van
der Waals forces with multiple residues, including those involved
in the catalytic activity, in the binding pocket of SARS-CoV-2
3CLpro. The binding profiles of PGG and EGCG in SARS-CoV-2
3CLpro inhibition correspond to the results of a recent study [14],
where successful protease inhibition occludes the accessibility of
the substrate binding site and the catalytic residues. Besides, PGG
showed greater inhibition of SARS-CoV-2 3CLpro than EGCG. The
docked conformations of PGG and EGCG differ, which may result in
the different inhibition in vitro. However, the activities of PGG and
EGCG against SARS-CoV-2 in vivo need further investigation.

The results of a recent study suggest that the high death rate of
severe COVID-19 patients might be due partly to hyper-
inflammation, resulting from a virus-activated cytokine storm
syndrome, or fulminant myocarditis [24]. Thus, urgent treatment
with anti-inflammatory agents at the onset of cytokine storm
syndrome is considered to be beneficial to prevent multiorgan
failure [25]. As the anti-inflammatory activities of PGG and EGCG
have been described and widely elucidated [26,27], the newly
characterized functionality of PGG and EGCG to SARS-CoV-2 3CLpro
inhibition demonstrated in this study indicates their potential
therapeutic use in COVID-19 treatment as dual-functional
molecules.

In conclusion, the 3CLpro inhibition by PGG and EGCG is to
occlude peptide substrates from access to the catalytic residues
C145 and H41 and therefore to suppress viral protein production
and to repress viral replication. Both PGG and EGCG are of great
promise in relieving the medical distress caused by SARS-CoV-2
and other viral infections involving proteolysis of viral
polyproteins.
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