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METHODOLOGY

Development of a simple and miniaturized 
sandwich‑like fluorescence polarization 
assay for rapid screening of SARS‑CoV‑2 main 
protease inhibitors
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Abstract 

Background:  Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is highly transmissible and has caused a 
pandemic named coronavirus disease 2019 (COVID-19), which has quickly spread worldwide. Although several thera-
peutic agents have been evaluated or approved for the treatment of COVID-19 patients, efficacious antiviral agents 
are still lacking. An attractive therapeutic target for SARS-CoV-2 is the main protease (Mpro), as this highly conserved 
enzyme plays a key role in viral polyprotein processing and genomic RNA replication. Therefore, the identification of 
efficacious antiviral agents against SARS-CoV-2 Mpro using a rapid, miniaturized and economical high-throughput 
screening (HTS) assay is of the highest importance at the present.

Results:  In this study, we first combined the fluorescence polarization (FP) technique with biotin-avidin system (BAS) 
to develop a novel and step-by-step sandwich-like FP screening assay to quickly identify SARS-CoV-2 Mpro inhibitors 
from a natural product library. 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 vitro with an IC50 value of 4.5 ± 0.4 µM. Additionally, dieckol exhibited a high affinity with SARS-CoV-2 Mpro using 
surface plasmon resonance (SPR) analysis and could bind to the catalytic sites of Mpro through hydrogen-bond inter-
actions in the predicted docking model.

Conclusions:  This innovative sandwich-like FP screening assay enables the rapid discovery of antiviral agents target-
ing viral proteases, and dieckol will be an excellent lead compound for generating more potent and selective antiviral 
agents targeting SARS-CoV-2 Mpro.
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Introduction
In December 2019, novel coronavirus disease 2019 
(COVID-19), caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), quickly became 
a global ongoing pandemic. To date, COVID-19 has 
spread worldwide, causing 207,173,086 confirmed cases 
and over 4,361,996 deaths updated on August 17, 2021. 
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Considering a serious threat, the World Health Organi-
zation (WHO) has declared COVID-19 to be a public 
health emergency of international concern. Remdesivir 
was recently approved by the Food and Drug Adminis-
tration (FDA) for the treatment of hospitalized patients 
with COVID-19, but the trail from WHO showed that 
remdesivir has little benefit or no impact on survival 
for COVID-19 patients [1, 2]. Therefore, no efficacious 
antiviral agents are currently available to fight against 
COVID-19.

SARS-CoV-2 is a small, enveloped virus containing 
a single-stranded positive-sense RNA genome with a 
length of ∼ 30,000 nucleotides [3]. In viral fusion and cell 
entry processes, an essential step for its infection heavily 
depends on a high affinity between the receptor-binding 
domain (RBD) of spike glycoprotein and the host cell 
surface angiotensin-converting enzyme 2 (ACE2) [4, 5]. 
After infection initiates, viral genomic RNA adequately 
utilizes the host ribosome to translate two polyproteins 
(pp1a and pp1ab), which are efficiently cleaved by the 
main protease (Mpro) and papain-like protease (PLpro) 
to release 16 non-structural proteins (nsps) for viral 
genomic RNA replication. During this proteolytic pro-
cessing, Mpro is responsible for 11 specific cleavage sites 
to generate 12 nsps [6].

Mpro, a chymotrypsin-like cysteine protease 
(33.8 kDa), is activated and matured in a homo-dimeri-
zation form [7]. Each monomer features a catalytic site 
containing a cysteine nucleophile. In particular, SARS-
CoV-2 and SARS-CoV share 96% sequence identity in 
their Mpro sequences while their genomes only share 
approximately 82% identity. Mpro is a highly conserved 
and pivotal enzyme in SARS-CoV-2 life cycle, and muta-
tions in Mpro are often rare. Importantly, closely related 
homologues are absent in human cells [6, 7]. Therefore, 
Mpro may be a promising antiviral target for the design 
of broad-spectrum antiviral agents [8]. Recently, several 
Mpro inhibitors have been identified via structure-based 
virtual screening assay, fluorescence resonance energy 
transfer (FRET) assay, colorimetric screening assay, 
cell-based luciferase complementation screening assay, 
green fluorescent protein (GFP) splitting screening assay, 
and phenotypic screening assay [9–15]. Among these 
reported screening approaches, virtual screening assay 
is a computational method for the discovery of potential 
Mpro inhibitors, but it remains challenging to accurately 
define hot spots in Mpro and efficiently remove the false 
positive hits [16]. The prevalent FRET and colorimetric 
screening assays can well mimic the in  vivo proteolytic 
process, but these enzymatic kinetics assays are usually 
unstable and expensive because of the large amounts of 
substrates consumed in a high-throughput screening 
(HTS). Moreover, due to auto-fluorescence interferences, 

natural products may quench the emission fluorescence 
of a FRET fluorogenic substrate, and false positive hits 
are inevitably present [17]. The cell-based luciferase and 
GFP splitting assays are frequently associated with a high 
screening cost, tedious cell culture, long screening cycles 
and poor repeatability. A high-cost phenotypic screening 
assay must be operated in biosafety level-3 (BSL-3) labo-
ratory, and the complexity of this approach is not read-
ily compatible with HTS pipelines. In addition, the target 
validation of positive hits remains extremely challenging 
[7]. At present, COVID-19 is becoming a serious health 
care crisis globally because frequent mutations of SARS-
CoV-2 increase the infectivity to human and reduce the 
effectiveness of approved vaccines [18–20]. Thus, there 
is an urgent need to develop a simple, miniaturized and 
cheap HTS assay for rapid screening of novel antiviral 
agents targeting SARS-CoV-2 Mpro [21].

Here, we first combined the fluorescence polariza-
tion (FP) technique with biotin-avidin system (BAS) to 
develop and optimize a novel sandwich-like FP screen-
ing assay for quick identification of SARS-CoV-2 Mpro 
inhibitors. This innovative and step-by-step sandwich-
like FP screening assay can be easily popularized to 
facilitate rapid large-scale screening of antiviral agents 
targeting viral proteases.

Results
Preparation of the highly active SARS‑CoV‑2 main protease
A codon-optimized SARS-CoV-2 Mpro gene was 
cloned into a pET-21a(+) vector, and the soluble Mpro 
was expressed in E. coli Rosetta (DE3) cells. Subse-
quently, the highly expressed Mpro was purified by 
a HisTrapTM chelating column (Fig.  1a). In order to 
characterize its enzymatic activity and to determine 
a kinetic FRET assay condition, we designed a fluo-
rescently labeled FRET substrate, MCA-AVLQSGFR-
Lys(Dnp)-Lys-NH2, derived from the N-terminal 
auto-cleavage sequence of the viral protease [7]. We 
analyzed the Mpro proteolytic activity in 3 buffers 
with different pH and found that Mpro displays a high-
est velocity in pH8.0 buffer (Fig.  1b), which contains 
10 mM Tris, 50 mM NaCl, 1 mM EDTA, and 1 mM 
1,4-dithiothreitol (DTT). Based on a fact that theoreti-
cal pI of Mpro is 6.56, thus, all the following proteo-
lytic kinetics assays were performed using this pH8.0 
buffer. A standard curve was generated to convert the 
relative fluorescence unit (RFU) to the amount of the 
cleaved FRET substrate (pmol), and kcat value was cal-
culated using this plotted equation (Fig. 1c). Next, we 
characterized the proteolytic activity of purified Mpro 
by measuring the Km and Vmax values. When 0.25 
µM Mpro was mixed with various concentrations of 
FRET substrate (0–45 µM), the initial velocity (VI) was 
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measured separately to plot a reaction curve. Michae-
lis–Menten equation gave the best-fit values of Km 
and Vmax as 19.78 µM and 153.8 ΔRFU/s, respectively 
(Fig.  1d). The calculated kcat/Km was 6990  s−1  M−1, 
which is slightly higher than the previously reported 
value of 3426.1 ± 416.9  s−1  M−1 [22], suggesting that 
the additional polyhistidine tag at the C terminus of 
Mpro is not detrimental to its proteolytic activity. This 
validation of the enzymatic activity of purified Mpro is 

crucial for the development of a reliable sandwich-like 
FP screening assay.

General principle of a novel sandwich‑like FP screening 
assay
Because of the inadequacy of existing HTS methods, 
we first developed a novel sandwich-like FP screening 
assay for the rapid discovery of antiviral agents targeting 
Mpro. FP technique has been widely utilized to identify 
antagonists targeting protein-protein interactions in drug 

Fig. 1  Preparation and characterization of SARS-CoV-2 main protease (Mpro). a Expression and purification of SARS-CoV-2 Mpro. The highly active 
Mpro was expressed in E. coli Rosetta (DE3) cells as the soluble protein after induction with 0.2 mM IPTG at 30 °C for 8 h. A HisTrapTM chelating 
column was used to purify polyhistidine-tagged Mpro from E. coli cell extracts, and then the purity of purified Mpro was analyzed using SDS-PAGE. 
M: protein marker; 1: total cell extracts after IPTG induction; 2: supernatant of the cell lysate; 3: precipitated Mpro in 25% saturated ammonium 
sulfate solution; 4: purified Mpro band (34 kDa). b Reaction buffer optimization. The reaction mixture containing 0.25 µM Mpro and 10 µM FRET 
substrate was incubated in the indicated three buffers, and the change of RFU value was continuously recorded by a microplate reader (BioTek) 
using a FRET assay. The initial velocity (VI) of the proteolytic activity was calculated by a linear regression for the first 30 s of the kinetic progress, and 
the curve was plotted in GraphPad Prism 5.0. c Plotting the MCA standard curve to convert RFU value to the amount of the cleaved FRET substrate 
(pmol) using the derived equation. MCA: 7-methoxycoumarin-4-acetic acid. d Calculation of Mpro kinetic constant Km and kcat values in the FP assay 
buffer. The Michaelis-Menten equation of Mpro proteolytic kinetics was plotted using GraphPad Prism 5.0 according to the VI, and then Km, Vmax and 
kcat values were calculated
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discovery field [23]. In a FP screening assay, the change 
of millipolarization unit (mP) value is dependent on the 
molecular weight of fluorescent moiety provided that 
temperature and viscosity remain constant. For a small 
fluorescent tracer, the interaction with a macromolecule 
can be continuously monitored through the increase of 
mP value when the binding complex is formed. In this 
study, we first combined this FP technique with BAS 
to develop a novel and step-by-step sandwich-like FP 
screening assay to quickly identify inhibitors against 
Mpro. More importantly, this innovative FP screening 
assay is a simple, economical and practical strategy to 
rapidly screen large compound libraries for the discovery 
of novel Mpro inhibitors.

As previously described in a FRET assay, we synthe-
sized a fluorescein isothiocyanate (FITC) and biotin 
dual-labeled small peptide as a FP tracer, FITC-AVLQS-
GFRKK-Biotin (FITC-S-Biotin), which was generated 

from previously used FRET substrate. Ideally, the highly 
active Mpro can adequately hydrolyze this FP tracer to 
yield two peptide fragments, FITC-AVLQ and SGFRKK-
Biotin. This FITC labeled small peptide with smaller 
molecular weight emits light in all directions due to a 
fast rotation, resulting in a low FP signal. If the excited FP 
tracer is bound to a large protein avidin, it rotates slower 
due to the formation of a large binding complex. As a 
result, the emitting light remains in the same direction 
as that of the incident light, exhibiting a high FP signal. 
If bioactive compounds inhibit Mpro enzymatic activ-
ity, the excited uncleaved FP tracer is bound to a large 
binding partner avidin, and FITC-labeled complex has 
a higher molecular weight, resulting in a slow rotation 
and high mP value. In contrast, if the excited FP tracer 
is cleaved by Mpro to release a small FITC-AVLQ frag-
ment, this cleaved small peptide fragment would rotate 
more rapidly, resulting in a low mP value due to the 

Fig. 2  Schematic scenario for a sandwich-like FP screening assay principle. This first reported sandwich-like FP screening assay is based on the FP 
technique combining with BAS. Incubation of FP tracer (FITC-S-Biotin, purple dashed line) with Mpro (scissor) and subsequent addition of avidin 
(red crescent) produced a FP signal that was proportional to the relative amount of cleaved and uncleaved FP tracer. The uncleaved FP tracer 
produced a high mP value upon binding to avidin because of the exciting of bioactive compounds (blue hexagon), whereas the cleaved, a small 
FITC-AVLQ fragment that cannot bind to avidin produced a low mP value because of the exciting of inactive compounds (yellow hexagon). This 
newly developed screening protocol is mainly divided into three separate steps for laboratory use, and the appearance of this screening system 
looks like a sandwich
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existing of inactive compounds (Fig. 2). Thus, any poten-
tial bioactive compounds targeting Mpro can be rapidly 
and easily identified by intensively monitoring the change 
of mP value in this sandwich-like FP screening assay.

Optimization of a sandwich‑like FP screening protocol 
for the discovery of SARS‑CoV‑2 Mpro inhibitors
As previously noted, we used FITC-AVLQSGFRKK-
Biotin as the tracer in this FP screening assay, but the 
working concentration of the FP tracer can affect the 
screening assay sensitivity and cost. To select an optimal 
working concentration of the FP tracer, we examined the 
mP values of the FP tracer in various concentrations. A 
negligible variation of the mP signal was observed when 
FP tracer concentration was diluted below 100 nM. 
Importantly, the lowest concentration (10 nM) still pro-
vided a reliable mP signal. The mP signal was quite stable 
when the concentration of FP tracer was increased from 
10 to 60 nM (Fig.  3a). Considering the significance of 
high sensitivity with the lowest background, we selected 
20 nM of FP tracer as an optimal working concentration 
for this FP screening assay.

The activity of bioactive compound in this FP screening 
assay only relies on the binding of avidin to the FP tracer 
labeled with both FITC and biotin. Mpro could cleave the 
FP tracer to generate a small FITC-AVLQ fragment. The 
maximum mP (mPmax) value was determined by titration 
of uncleaved FP tracer with avidin as shown in Fig.  3b. 
The mPmax value reached 180 with the addition of suffi-
cient avidin, and it did not increase further after addition 
of more avidin. Based on the titration shown in Fig. 3b, 
we chose to quench this FP screening assay with 50 nM 
avidin. Obviously, this represented a 10-fold molar excess 
of tetrameric avidin in binding equivalence. The excess 
avidin used in this FP screening assay could efficiently 
quench the enzymatic reaction by making the FP tracer 
inaccessible to Mpro.

Because the proteolytic reaction of Mpro was typically 
time and temperature-dependent in this FP screening 

assay, an optimized incubation time was first determined 
at room temperature (RT). Surprisingly, the apparent 
half concentration of maximal effect (EC50) and dynamic 
range (ΔmP) values showed little changes from 20 to 
40  min, indicating that a complete proteolytic reaction 
ends within 20 min (Fig. 3c, d). Based on the time course 
of the apparent EC50 values, the incubation time of Mpro 
proteolytic reaction process could be defined in 20  min 
in this FP screening assay. As illustrated in Fig. 3e and f, 
the changes of apparent EC50 and ΔmP values were quite 
stable after incubation at 20  °C, 25  °C, 30 and 37  °C for 
20 min, respectively. Moreover, both mP values and pro-
teolytic reaction curves were highly overlapped during 
this period of incubation. All these data strongly sug-
gested that Mpro proteolytic reaction is significantly 
stable, and the reaction mixture should be incubated for 
20 min at RT in the natural product screening.

The concentration of dimethyl sulfoxide (DMSO), a 
commonly used dissolvent, was also tested in this FP 
screening assay. The Mpro proteolytic reaction curves 
were well maintained even in the presence of up to 5% 
DMSO, and the apparent EC50 and ΔmP values also 
showed a stable dynamic range (Fig. 3g, h). These results 
suggested that the actual working concentration of 
DMSO used in this assay is less than 5% to achieve a reli-
able screening for natural products.

Another important question is what concentration of 
Mpro should be used in this FP screening assay because 
Mpro concentration has a decisive influence on the sen-
sitivity of this screening assay. Using the optimized con-
ditions mentioned above, a proteolytic course for the 
cleavage of the 20 nM FP tracer at the indicated Mpro 
concentrations was determined. In this proteolytic reac-
tion, the cleaved FP tracer has a low mP value, but the 
uncleaved FP tracer has a high mP value. The result 
in Fig.  3i showed a significant decrease of mP value as 
more FP tracer is cleaved by Mpro. In the presence of 
200 nM Mpro, the minimum mP (mPmin) value appeared 
and yielded  ΔmP value of 140 as the dynamic range, 

(See figure on next page.)
Fig. 3  Optimization of the newly developed sandwich-like FP screening assay. a Determination of an optimal working concentration of FP tracer 
in a FP screening assay. After addition of the FP tracer dilution at an indicated concentration in a black 384-well microplate, the mP value was 
measured. The dashed line in the presented figure represents the average of mP values. b The binding curve between FP tracer and avidin. A fixed 
amount of FP tracer was incubated with avidin at the indicated concentrations for 5 min at RT, and then the mP value was monitored. The maximal 
mP value (mPmax) indicated the arrival of the binding plateau, and an optimal amount of avidin was determined for screening. c, d The proteolytic 
reaction progression curves of Mpro at the indicated time. The mixture containing a fixed amount of FP tracer and increasing concentrations 
of Mpro was incubated at different time intervals. After quenching the proteolytic reaction by avidin, mP value was recorded to determine the 
EC50 and ΔmP values. e, f The proteolytic reaction progression curves of Mpro at the indicated temperature. The reaction mixture as described 
above was incubated for 20 min at the indicated temperature. After plotting the reaction curve according to the mP value, the EC50 and ΔmP 
values were compared separately to determine an optimal working temperature. g, h DMSO tolerance test in a FP screening assay. The proteolytic 
reaction curves of Mpro in the absence or presence of up to 10% DMSO were plotted. All experiments were independently repeated in triplicate. 
i Determination of an optimal concentration of Mpro at the optimized conditions in a FP screening assay. The reaction mixture was incubated 
for 20 min at RT, and then quenched by avidin. After measurement of mP value, the proteolytic reaction curve was plotted. The minimum mP 
value (mPmin) indicated an endpoint of proteolytic reaction, which can be regarded as an optimal working concentration of Mpro used in this FP 
screening assay
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indicating the endpoint of Mpro proteolytic reaction. 
Based on this result, 200 nM of Mpro was selected for 
this FP screening assay to achieve a quite large dynamic 
range and high sensitivity.

Evaluation of the sandwich‑like FP screening assay 
by GC‑376 and Z factor
GC-376, a commonly used covalent pancoronavirus 
inhibitor against Mpro, has been widely used to verify the 
sensitivity and accuracy of a newly developed screening 

Fig. 3  (See legend on previous page.)
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assay for the discovery of Mpro inhibitors [11, 13, 14]. As 
expected, GC-376 exhibited a half-maximum inhibitory 
concentration (IC50) value of 127.5±6.5 nM in this FP 
screening assay (Fig. 4a). Our observed inhibitory activ-
ity of GC-376 was highly consistent with the published 
reports in a FRET screening assay [24, 25]. Together, the 
result from this experiment adequately demonstrated the 
technique feasibility and reliability of this FP screening 
assay for rapid discovery of Mpro inhibitors.

The statistical parameter Z factor, which is commonly 
used to assess the total quality of a HTS method, was 
determined in a black 384-well microplate. In general, 
only HTS assays with Z factor of 0.5 or higher are suit-
able for screening, and the assays with smaller Z factor 
are required to be further optimized [23]. To assess this 
FP screening assay, 1 µM of GC-376 was used to serve 
as a positive control for quality assessment. As shown in 
Fig. 4b, the Z factor of this FP screening assay was 0.85, 
indicating that this assay is robust and amenable to HTS.

Dieckol is a novel competitive inhibitor 
against SARS‑CoV‑2 main protease
In the primary screening, a library of 5000 natural prod-
ucts was screened for the rapid discovery of Mpro inhibi-
tors using an optimized FP screening assay. Considering 
the stringent caution of DTT addition for the accuracy 
in candidate compound screening [26], all the FP screen-
ing assays were performed in the presence of 1 mM DTT. 
This primary screening identified 8 compounds that 

exhibited IC50 values of  >50% at the screening concentra-
tion (Fig. 5a). Subsequently, a dose-response curve anal-
ysis showed that dieckol is a novel SARS-CoV-2 Mpro 
inhibitor, with an IC50 value of 4.5 ± 0.4 µM (Fig. 5b, c). 
More interestingly, dieckol also exhibited a strong inhibi-
tion against Mpro with an IC50 value of 2.9 ± 0.2 µM in 
the absence of DTT (Fig. 5c), and the inhibitory activity 
of dieckol was not significantly affected by addition of 
DTT in a FP screening assay.

Surface plasmon resonance (SPR) technology has been 
widely used in assessing the binding affinity between 
bioactive compound and target protein, and has been 
regarded as a conventional biochemical method in the 
analysis of analyte binding affinity [23, 27]. The real-time 
SPR binding kinetics showed that dieckol significantly 
increased the real refractive index unit (RIU) response 
in a dose-dependent manner, and the dissociation con-
stant (KD) was recorded as 0.22 µM, indicating a strong 
interaction between dieckol and Mpro in vitro (Fig. 5d). 
Moreover, dieckol exhibited a clear feature of fast-asso-
ciating (ka = 1.02 × 10−3/M s) and slow dissociating 
(kd = 2.26 × 10−4/s) inhibition mode, suggesting a strong 
target occupancy.

To interrogate the inhibition mechanism of dieckol 
against Mpro, we performed various enzyme kinetics 
studies with the indicated concentrations of dieckol 
using a FRET assay. As shown in Fig. 6a, dieckol exhib-
ited a significant dose-dependent inhibitory activity 
against Mpro with an IC50 value of 3.8 ± 0.3 µM in a 

Fig. 4  The quality assessment of the FP screening assay. a The inhibitory activity of GC-376 in a FP screening assay. Briefly, 30 µL mixture of 0.4 
µM Mpro and GC-376 at the indicated concentrations was preincubated for 35 min at RT, and then 30 µL dilution of 40 nM FP tracer was added 
to initiate the proteolytic reaction. After addition of avidin, the mP value was measured to calculate the IC50 value of GC-376. Three independent 
experiments were performed. b Assessment of Z factor of the FP screening assay. GC-376 was used as a positive control, and the measured mP 
value from negative and positive wells were shown, respectively. The Z factor of this FP screening assay was 0.85, and a high signal window was 
represented by a black straight line. The experiment was performed in triplicate
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FRET assay. Interestingly, the absence of DTT did not 
notably alter this inhibitory curve, and the measured 
IC50 value was 1.8 ± 0.2 µM (Fig.  6b). These results 
were consistent with the observations in a FP screening 
assay. Next, these obtained inhibition data of dieckol 
were analyzed using Lineweaver–Burk (LB) plot graph-
ical method to determine the possible kinetic model. 
Notably, subsequent LB plot yielded a series of straight 
lines with the same y-axis intercept in the presence of 
dieckol at the indicated concentrations, suggesting that 
dieckol is a competitive inhibitor against Mpro with 
an inhibitory constant (Ki) value of 3.3 µM, because of 
an obvious character of the same Vmax but varying Km 
values in the presence of dieckol at different concentra-
tions (Fig. 6c, d).

Next, a computational docking stimulation was per-
formed to further investigate the inhibition mechanism 
of dieckol. The reported crystal structure of Mpro in 
complex with MI-23 (PDB code: 7D3I) was retrieved as 
the dieckol docking target [28]. As shown in Fig. 7a and 
b, the hydroxyl group of dieckol formed a conventional 
hydrogen bond with Cys145 (2.24 Å) and a Pi-Pi inter-
action (4.59 Å) with His41, which are the catalytic resi-
dues of Mpro. Additionally, the hydroxyl group of dieckol 
formed another hydrogen bond with Gly143 (2.74 Å) for 
further anchoring dieckol to the catalytic sites of Mpro. 
This simulation result showed that dieckol has a C-Dock-
ing score value of 82.75. This predicted docking model 
suggested that dieckol binds to the catalytic sites of Mpro 
through strong hydrogen-bond interactions, which sup-
ports a competitive inhibition mechanism of dieckol 
against Mpro.

Discussion
The current COVID-19 pandemic has imposed a huge 
and unprecedented global healthcare crisis. Researchers 
around the world have made extensive efforts to develop 
effective vaccines and antiviral agents to fight against 
COVID-19. However, no efficacious antiviral agents are 
currently available to prevent or treat SARS-CoV-2 infec-
tion. The genetic reshuffling, mutations, and interspecies 
transmission of the RNA viruses highlight the urgent 
need for the development of broad-spectrum antivi-
ral drugs. The highly conserved Mpro is responsible for 
the viral polyprotein proteolytic process and genomic 
RNA replication. Thus, Mpro has been considered to be 
a promising therapeutic target for the development of 
antiviral agents [6–8]. Currently, the screening and char-
acterization of novel Mpro inhibitors using a rapid, sim-
ple and miniaturized HTS assay are of crucial importance 
[21].

The homogenous and highly sensitive FP technique 
has been widely used in drug discovery, analytical bio-
chemistry, measurement of biomolecular activity and 
disease diagnosis [23, 29–31]. This powerful approach 
is based on a fact that a positive alteration in apparent 
molecular weight of a fluorescent moiety in solution is 
indicated by an increasing change of mP value in a FP 
assay. In this study, we have developed a simple and min-
iaturized screening assay for rapid discovery of Mpro 
inhibitors using this FP technique combined with BAS. 
The decrease of mP value is caused by release of a small 
FITC-AVLQ fragment after the cleavage of FP tracer by 
Mpro, but bioactive compound may strongly inhibit this 
proteolytic activity. As a result, the inhibitory activity of 
bioactive compound produces an increased mP value 
because of the formation of a high molecular weight of 
avidin-tracer complex. Hence, validation of bioactive 

Fig. 5  The primary screening of a natural product library. a A general 
view for the primary screening. The red dashed line in the figure 
indicated 50% inhibition, and the inhibitory activity of candidate 
compound was higher than this defined red line. b The chemical 
structure of dieckol, a natural phlorotannin component extracted 
from Ecklonia cava. c The inhibitory activity of dieckol in the FP 
screening assay. The inhibitory analysis of dieckol in the absence 
or presence of 1 mM DTT was performed as described for GC-376. 
The IC50 value of dieckol was analyzed using GraphPad Prism 5.0. All 
assays were performed in triplicate. d Analysis of interaction between 
dieckol and Mpro using the SPR assay. The binding kinetics of dieckol 
(0, 6.25, 12.5, 25 µM) to immobilized Mpro was plotted according to 
the change of RIU value
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compound can be conveniently achieved by directly 
measuring the increase of mP value. In this sandwich-like 
FP screening assay, a small FP tracer modified by a FITC 
moiety on the N-terminus and a biotin group on the 
C-terminus is derived from Mpro natural cleavage site, 
and this similar peptide was also used in a reported FRET 
assay [7]. Moreover, this FP tracer can be cleaved effi-
ciently by active Mpro prepared in E. coli cells. To further 
improve the reliability and sensitivity, various biochemi-
cal conditions including the concentration of FP tracer, 
incubation time, temperature, DMSO tolerance, and the 
concentration of Mpro were systematically optimized in 

this FP screening assay. Subsequently, a high-quality FP 
screening assay with a high Z factor (0.85) was success-
fully developed. Furthermore, GC-376, a covalent Mpro 
inhibitor identified by a FRET screening assay, exhibits a 
strong inhibitory activity in this developed approach, and 
this result consists with the literature reports [24, 25]. 
Therefore, this FP screening assay shows a high selectivity 
and sensitivity. Unlike a FRET assay reported previously, 
the FP screening assay developed in this research is more 
homogeneous, rapid, robust, and economical. Because 
only a small amount FP tracer is used (20 nM/well) in 
this protocol and it takes less than one hour to finish each 

Fig. 6  The inhibition mechanism of dieckol. a The inhibitory activity of dieckol in the FRET assay. Mpro (0.4 µM) was preincubated with the 
indicated concentrations of dieckol at RT for 35 min in the presence of 1 mM DTT in FP assay buffer. After addition of FRET substrate, the RFU value 
was separately measured every second for 3 min by a microplate reader (BioTek). The VI was calculated by the slope of a linear regression in the 
first 30 s. DMSO and GC-376 (1 µM) was used as the negative and positive control, respectively. The RFU value was notably quenched by dieckol 
in a dose-dependent manner. b The inhibitory activity of dieckol in the absence or present of DTT. The IC50 values were separately obtained from 
dose-response curves by plotting the VI against various concentrations of dieckol in GraphPad Prmis 5.0. c The Lineweaver–Burk plots for analysis 
the inhibition mechanism of dieckol on Mpro using a FRET assay. d The secondary plots for a Ki value of dieckol in the FRET substrate
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screening cycle, this FP screening system is very cheap, 
simple and rapid, which is ideal for a large-scale screen-
ing. Moreover, this FP screening assay directly monitors 
the endpoint change of mP value rather than relative 
quenching ratio in a FRET screening system. Consider-
ing this biochemical feature, the FP screening assay is 
more reproducible. Furthermore, the effect of potential 
fluorescent interferants is minimized because the fluo-
rophore, FITC, used in this system has a high quantum 
yield for emission at 535 nm wavelength, which is out-
side the range of most fluorescent molecules in natural 
products.

Using this innovative FP screening assay, a pilot screen-
ing of natural product library was performed to identify 
potent inhibitors targeting Mpro. As a result, dieckol 
exhibited a dose-dependent inhibitory activity against 
Mpro in this screening assay. Moreover, dieckol showed 
a similar inhibitory activity in a FRET kinetics assay with 
a Ki value of 3.3 µM. Dieckol is a major natural phloro-
tannin ingredient extracted from a Chinese traditional 
medicine Ecklonia cava, which was documented in Com-
pendium of Materia Medica published in Chinese Ming 
dynasty. Ecklonia cava is widely used as a folk medicine 
for the treatment of goiter, scrofula, urinary diseases, 
anti-asthmatic, and postpartum women [32]. As a natural 
component, dieckol shows a broad range of bioactivities, 
including antibacterial, anticancer, antioxidant, antidia-
betic, and other medicinal applications [33]. Recent stud-
ies have shown that dieckol exhibits antiviral activity by 
inhibiting HIV reverse trancriptase, SARS-CoV main 
protease and influenza A virus neuraminidase [34–36]. 
A recent molecular dynamics simulation has predicted 
that dieckol might be a potential antiviral agent targeting 

RBD-ACE2 interaction [37], but more solid biochemical 
evidence for its antiviral mechanism is urgently needed 
[38]. Unlike the previously reported covalent and pepti-
domimetic inhibitors, our systematic biochemical stud-
ies warrant that dieckol is a novel competitive inhibitor 
against Mpro in  vitro. However, more in  vivo experi-
ments will be required for further validation.

Conclusions
Overall, we combined the FP technique with BAS for the 
first time to develop a novel sandwich-like FP screening 
assay for rapid discovery of Mpro inhibitors. Importantly, 
from a natural product library, dieckol is identified as a 
novel competitive inhibitor against Mpro in  vitro. This 
newly developed FP screening assay can be easily gener-
alized for rapid large-scale screening of antiviral agents 
targeting viral proteases. As a promising lead compound, 
dieckol provides an excellent starting point to gener-
ate more potent and selective antiviral agents targeting 
Mpro.

Methods
Chemical reagents
The natural product library, GC-376, and 7-methoxycou-
marin-4-acetic acid (MCA) were purchased from Tar-
getMol (Shanghai, China), and the purity was more than 
97.0% in mass spectrometry analysis. Dieckol was com-
mercially provided by Yuanye Biotech (Shanghai, China). 
All tested compounds were dissolved in DMSO at a final 
concentration of 20 mM, and stored at − 20  °C before 
use. The FRET fluorogenic substrate (MCA-AVLQSGFR-
Lys(Dnp)-Lys-NH2), FP tracer (FITC-AVLQSGFRKK-
Biotin) and FITC-AVLQ peptide were chemically 

Fig. 7  The predicted molecular docking mode of dieckol in the catalytic sites of Mpro crystal structure. a A molecular docking model between 
dieckol and the catalytic sites of Mpro. The blue sticks represent the functional amino acids interacting with dieckol, which are exhibited by a stick 
model. b A detailed illustration for dieckol binding to the catalytic sites of Mpro. The residues of Cys145 and Gly143 formed strong hydrogen-bond 
interactions highlighted by the green dashed lines with the hydroxyl group and the oxygen atom of dieckol, respectively. A purple dashed line 
indicated a Pi-Pi interaction between His41 and benzene ring of dieckol
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synthesized (GL Biochem Shanghai Co. Ltd., Shanghai, 
China), and the purity was more than 95.0%.

Expression and purification of SARS‑CoV‑2 main protease
SARS-CoV-2 main protease (Mpro) was prepared as 
previously described in reported publications [39, 40]. 
Briefly, a codon-optimized DNA sequence encoding 
SARS-CoV-2 Mpro (GenBank: YP_009725301.1) was 
chemically synthesized by Gene Universal Biotech (Chu-
zhou, China), and then cloned into a pET-21a(+) vec-
tor with NdeI and XhoI restriction sites. The N-terminal 
methionine is removed by E. coli methionine amin-
opeptidase, and there are extra LEHHHHHH residues at 
the C terminus.

For Mpro purification, the soluble Mpro was expressed 
in E. coli Rosetta (DE3) cells after induction with 0.2 mM 
IPTG at 30 °C for 8 h. The induced E. coli cells were har-
vested and resuspended in the lysis buffer (50 mM Tris, 
150 mM NaCl, pH8.0) for sonication. After removing the 
cell debris by centrifugation, the supernatant was purified 
by an affinity chromatography method using a HisTrapTM 
chelating column (Cytiva, Uppsala, Sweden), and then 
the purity of purified Mpro was further analyzed by SDS-
PAGE. Subsequently, all fractions were dialyzed over-
night in TBS buffer (25 mM Tris, 150 mM NaCl, 1 mM 
EDTA, 1 mM DTT, pH8.0) and stored at − 80 °C before 
use.

MCA standard curve
A MCA standard curve was plotted as previously 
described [39]. MCA was diluted to 500, 250, 125, 62.5, 
31.25 pmol using the FP buffer (10 mM Tris, 50 mM 
NaCl, 1 mM EDTA, 1 mM DTT, pH8.0), and then added 
to a black 384-well microplate (PerkinElmer, Waltham, 
USA) in triplicate. The relative fluorescence units (RFU) 
values were measured with an excitation wavelength 
of 320 nm and emission wavelength of 405 nm at 25  °C 
using a microplate reader (BioTek, Winooski, USA). 
The RFU signal was plotted against total MCA amount 
(pmol) to produce a linear curve and an equation.

Enzymatic kinetics of SARS‑CoV‑2 main protease
As previously described, the enzymatic kinetics was 
determined using a FRET assay [39]. For reaction buffer 
optimization, the mixture containing 0.25 µM Mpro and 
10 µM FRET substrate in various pH values was added 
to a black 384-well microplate. Subsequently, the change 
of RFU value was continuously recorded every second 
for 3 min by a microplate reader with an excitation wave-
length of 320 nm and emission wavelength of 405 nm at 
room temperature (RT). The initial velocity (VI) of the 
proteolytic activity was calculated by a linear regression 
for the first 30 s of the kinetic progress curve plotted in 

GraphPad Prism 5.0. Experiments were performed in 
triplicate. All the following enzymatic assays were carried 
out in pH8.0 buffer, because Mpro displays the highest 
proteolytic activity in pH8.0 buffer. These used reaction 
buffers are listed as below: buffer #1 (10 mM MES, 50 
mM NaCl, 1 mM EDTA, 1mM DTT, pH6.0); buffer #2 
(10 mM HEPES, 50 mM NaCl, 1 mM EDTA, 1mM DTT, 
pH7.0); buffer #3 (FP assay buffer: 10 mM Tris, 50 mM 
NaCl, 1 mM EDTA, 1 mM DTT, pH8.0).

For the measurement of Km and kcat values, a FRET 
substrate was added into the Mpro solution (0.25 µM) to 
generate 8 final concentrations ranking from 1.25 to 45 
µM in 50 µL of FP assay buffer. The proteolytic reaction 
progression was immediately monitored every second for 
3 min by a microplate reader, and the VI was calculated 
for the first 30 s by a slope of a linear regression. The VI 
was plotted against the FRET substrate concentration 
using a Michaelis–Menten equation in GraphPad Prism 
5.0. The Km and kcat values were calculated using this fit-
ted equation and MCA standard curve.

An optimization procedure for a sandwich‑like FP 
screening assay
The measurement for the optimal amount of the used FP 
tracer in this FP screening assay followed the published 
protocol [23]. Briefly, the FP tracer (2 mM) was diluted to 
the fixed concentrations ranking from 1.25 to 100 nM in 
the FP assay buffer, and 60 µL of the dilutions were pipet-
ted into a black 384-well microplate in triplicate. After 
incubation for 15 min at RT, the mP value was recorded 
by a microplate reader with the excitation at 485 nm and 
emission at 535 nm.

To determine the optimal concentration of avidin 
(Sigma-Aldrich, St. Louis, USA) in this FP screening 
assay, 40 nM FP tracer (30 µL/well) was mixed thor-
oughly with 30 µL of the avidin dilutions (0∼200 nM, 30 
µL/well) in a black 384-well microplate in triplicate. The 
reaction mixture was incubated for 5 min at RT, and then 
the measurement of mP value was followed as described 
above.

For the FP screening assay stability test, 40 nM FP 
tracer (30 µL/well) was gently mixed with the increasing 
concentrations of Mpro dilutions (0∼500 nM, 20 µL/well) 
in a black 384-well microplate in triplicate, and incubated 
for 5, 10, 20, 30, 40 min at RT, respectively. After addition 
of avidin (300 nM, 10 µL/well), the reaction mixture was 
further incubated for 5 min at RT, and then the mP value 
was separately recorded by a microplate reader.

As described above, the reaction mixture containing 
40 nM FP tracer (30 µL/well) and Mpro dilutions (0∼500 
nM, 20 µL/well) was incubated for 20 min at 4, 20, 25, 30, 
37 °C, respectively. After quenching the proteolytic reac-
tion by avidin, the mP value was measured separately.
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For DMSO tolerance assay, varied concentrations of 
DMSO (from 0 to 10%) were added into the mixture 
containing 40 nM FP tracer (30 µL/well) and Mpro dilu-
tions (0∼500 nM, 20 µL/well), and the reaction mixture 
was incubated for 20 min at RT. After quenching by avi-
din for additional 5 min, the mP value was monitored as 
described above. All the proteolytic reaction curves of 
Mpro in previously   mentioned experiments were plot-
ted, and the EC50 and dynamic range (ΔmP) values were 
calculated using these fitted curves plotted by GraphPad 
Prism 5.0. All mentioned assays were independently per-
formed in triplicate.

As mentioned above, the reaction mixture containing 
40 nM FP tracer (30 µL/well) and Mpro dilutions (0∼500 
nM, 20 µL/well) was incubated for 20 min at RT. The mP 
value was measured after additional 5  min incubation 
of avidin. The proteolytic reaction curve of Mpro was 
plotted using GraphPad Prism 5.0. An optimal working 
concentration of Mpro should be regarded as a mini-
mum amount of Mpro, which can adequately cleave the 
FP tracer into a small FITC-AVLQ fragment in the FP 
screening assay.

Inhibitory activity of GC‑376 in a sandwich‑like FP 
screening assay
In all, 30 µL sample of 400 nM Mpro was incubated with 
various concentrations of GC-376 (8 two-fold dilutions; 
initial concentration: 2 µM) for 35 min at RT in a black 
384-well microplate. Later, 20 µL sample of 60 nM FP 
tracer was added and incubated for 20 min at RT. After 
incubation of avidin for 5 min, the measurement of mP 
value was performed by following the previous pro-
tocol, and the inhibitory curve of GC-376 was plotted 
using GraphPad Prism 5.0. In this inhibitory activity test, 
the FITC-AVLQ peptide-free well was used as a nega-
tive control, and the well containing FITC tracer/avidin 
binding complex was used as a positive control. Three 
independent assays were performed. The IC50 value of 
GC-376 was calculated using the following equation:

where µHit, µN and µP represent the average mP values of 
the tested inhibitor, negative control, and positive con-
trol, respectively.

Determination of Z factor
For the determination of Z factor, 30 µL sample of 400 
nM Mpro and 1 µM GC-376 (positive control) or DMSO 
(negative control) was incubated for 35  min at RT, 
respectively. Each control contained 100 wells in a black 
384-well microplate. As described above, the measure-
ment of mP value was performed using a microplate 

(1)GC-376 inhibition (%) =
µHit − µN

µP − µN

× 100%

reader. The Z factor was calculated according to follow-
ing equation [23]:

where µN and µP are the average of mP values obtained 
from the negative and positive controls, respectively. SDN 
and SDP are the standard deviations.

The primary screening protocol of a natural product library
In this FP screening assay, 29 µL sample of 400 nM Mpro 
diluted in the FP assay buffer was mixed with 1 µL of 
natural product (1 mg/mL in DMSO) in a black 384-well 
microplate, and the mixture was further incubated for 
35 min at RT before adding 20 µL sample of 60 nM FP 
tracer. After proceeding for 20  min at RT, the reaction 
was quenched by addition of 10 µL sample of 300 nM avi-
din, and the mP values were measured by a microplate 
reader. In each assay plate, GC-376 (1 µM) and DMSO 
were used as a positive and negative control, respectively. 
The well containing only 60 µL sample of 20 nM FITC-
AVLQ peptide was used to assess the background noise. 
The inhibitory activity of screening compound was calcu-
lated using Eq. (1), and the candidate compounds (> 50% 
inhibition) were analyzed in triplicate to generate the 
dose-response curves in the second screening.

The inhibitory activity of dieckol in this FP screening 
assay was carried out as mentioned above. The initial 
concentration of dieckol was 100 µM, and 8 two-fold 
dilutions were prepared for the determination of IC50 
value. To remove the DTT effect on the enzymatic assay 
[26], the IC50 value was also obtained in the absence of 
DTT in a FP screening assay.

SPR binding assay
The binding affinity between dieckol and Mpro was 
measured using a real-time SPR spectroscopy instru-
ment (Reichert 2SPR, Buffalo, USA). In all, 20 µL Mpro 
(1.6 mg/mL) in 10 mM NaAc buffer (pH5.5) was immobi-
lized to a surface activated CM5 gold biosensor (Reichert 
Inc., New York, USA), and the active sites were quenched 
with 1  M ethanolamine buffer (pH8.0). After washing 
the sample loop, an indicated concentration of dieckol 
(0, 6.25, 12.5, 25 µM) was separately injected on the sur-
face of the Mpro-captured biosensor at RT. The binding 
time of the analyte to the ligand was 90  s, and the dis-
sociation kinetic was recorded during 330 s. Finally, the 
real RIU was continuously monitored, and the RIU can 
be related to arbitrary resonance unit (RU) as 1 µRIU = 
0.733 RU. The KD value was calculated using the analyte 
binding kinetic curve plotted by Trace Drawer software 
(Ridgeview Instruments, Sweden).

(2)Z = 1−
3× (SDN + SDP)

|µN − µP|
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Inhibition mechanism of dieckol against SARA‑CoV‑2 main 
protease
As described previously, the inhibitory activity of dieckol 
against Mpro was preformed using a FRET assay [11, 
24]. In brief, 50 µL sample of Mpro (0.4 µM) was pre-
incubated with the indicated concentrations of dieckol 
(initial concentration: 100 µM, 8 two-fold dilutions) at 
RT for 35  min in FP assay buffer, and the reaction was 
initiated by adding 5 µM FRET substrate. DMSO and 
GC-376 (1 µM) was used as a negative and positive con-
trol, respectively. The RFU change was separately meas-
ured as described previously every second for 3 min by a 
microplate reader. The VI was calculated by a slope of the 
linear regression in the first 30 s, and the IC50 value was 
calculated using the following equation:

All experiments were performed in triplicates.
To clarify the inhibitory mechanism of dieckol, the 

fixed concentrations of dieckol (0, 2, 4, 6 µM) were sepa-
rately added to 50 µL sample of Mpro (0.4 µM), and the 
mixture was preincubated for 10 min at RT. After adding 
5 µM FRET substrate, the VI was measured using a FRET 
assay. The inhibition mechanism of dieckol was inferred 
using the LB plot and a Ki value was generated by its sec-
ondary plot [35, 41, 42].

Molecular docking study
Molecular docking analysis was performed using BIO-
VIA Discovery Studio 2018R2 software (Accelrys, San 
Diego, USA), and the reported crystal structure of Mpro 
in complex with MI-23 (PDB code: 7D3I) was retrieved 
as the dieckol docking target [28]. After removing the 
water molecules, a possible binding pocket of dieckol in 
Mpro was defined according to the hot spots published 
previously to identify the potential hydrogen-bond inter-
actions between the catalytic sites of Mpro and dieckol 
[7, 28]. The optimized docking result was generated and 
processed using C-DOCKER program.
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