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ABSTRACT: Coronavirus disease 2019 (COVID-19) is a fatal respiratory illness caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). The identification of potential drugs is urgently needed to control the pandemic. RNA dependent
RNA polymerase (RdRp) is a conserved protein within RNA viruses and plays a crucial role in the viral life cycle, thus making it an
attractive target for development of antiviral drugs. In this study, 101 quinoline and quinazoline derivatives were screened against
SARS-CoV-2 RdRp using a cell-based assay. Three compounds I-13e, I-13h, and I-13i exhibit remarkable potency in inhibiting RNA
synthesis driven by SARS-CoV-2 RdRp and relatively low cytotoxicity. Among these three compounds, I-13e showed the strongest
inhibition upon RNA synthesis driven by SARS-CoV-2 RdRp, the resistance to viral exoribonuclease activity and the inhibitory effect
on the replication of CoV, thus holding potential of being drug candidate for treatment of SARS-CoV-2.
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Coronavirus disease 2019 (COVID-19) is a fatal
respiratory illness caused by the severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2).1 Infected people
usually showed signs of diseases including fever, fatigue, dry
cough, as well as some less common symptoms such as
headache, hemoptysis, and diarrhea within 14 days.2 Most of
the patients may finally develop dyspnoea and pneumonia and,
in some severe cases, may have respiratory failure, septic shock,
and/or multiple organ failure.3 COVID-19 has been raised as a
global public health crisis with more than 140.3 million
confirmed cases, including over 3.0 million deaths having
occurred worldwide by April 18, 2021.4 The identification of
potential drugs is therefore urgently needed to control the
pandemic.
SARS-CoV-2 is a positive-sense single-stranded RNA virus

belonging to the Betacoronavirus genus.5,6 The SARS-CoV-2
genome comprises about 30 000 nucleotides in the order of 5′-
replicase-S-E-M-N-3′.7 The replicase gene is the only protein
translated from the genome, and the products of other

downstream genes are derived from subgenomic mRNAs. The
replicase gene encodes two overlapping polyproteins (pp1a
and pp1ab), which encode 16 nonstructural proteins (nsp1 to
nsp16) for viral replication and transcription.8,9 Among these
nonstructural proteins, nsp12 serves as the RNA-dependent
RNA polymerase (RdRp) which catalyzes the viral genome
replication and transcription. Further studies have shown that
viral RNA synthesis also requires two other factors, nsp7 and
nsp8, which are proposed to have primase or 3′-terminal
adenylyl-transferase activity.10,11 RdRp is a conserved protein
within RNA viruses, and it plays a crucial role in the viral life
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cycle, thus making it an attractive target for development of
antiviral drugs.12

Quinoline and quinazoline derivatives are belonging to an
important class of heterocyclic compounds, which have a wide
range of biological properties such as antibacterial,13

antifungal,14,15 ant-cancer16 and antiviral activities.17−19

Interestingly, quinoline and quinazoline derivatives not only
inhibit RNA viruses such as HIV-1,20 Ebola Virus (EBOV),21

Respiratory Syncytial Virus (RSV),22 hepatitis C virus

(HCV),22 and influenza A virus (IAV)23,24 but also exhibit
activities against DNA virus such as herpes simplex virus
(HSV)25 and hepatitis B virus (HBV).26 Nevertheless, several
studies and our previous work indicated that the activities of
quinazoline derivatives against RNA virus are mainly derived
from their inhibitory activity upon the RNA synthesis driven
by the RdRp of these viruses.18,22,23 Given the structural
similarity of core domain within RdRp, it raises a possibility
that quinoline and quinazoline derivatives may also target the

Figure 1. Identification of I-13e, I-13h, and I-13i as SARS-CoV-2 RdRp inhibitors. (A) Schematic diagram of the Gluc reporter system. The
expression cassette of Gluc is in the sense strand, which is flanked by the 5′ and 3′ untranslated regions (UTRs) of SARS-CoV-2. The negative-
sense vRNA is first synthesized by SARS-CoV-2 RdRp (nsp12, nsp7, and nsp8), followed by transcription into plus-strand RNA (mRNA) to
magnify the Gluc signal. (B, C) Screening result of the 101 quinoline and quinazoline derivatives. The red spots represent compounds I-13e, I-13h,
and I-13i for which inhibitory activity > 70%. Results shown are the average of three independent experiments. Error bars indicate SD, **p < 0.01,
***P < 0.001.

Figure 2. Inhibition rate of the quinoline derivatives against SARS-CoV-2 RdRp. HEK293T cells were transfected with CoV-Gluc, nsp12, nsp7, and
nsp8 plasmid at a ratio of 1:10:30:30. Cells were reseeded in 96-well plates (104/well) 12 h post transfection and then treated with the indicated
compounds at the concentration of 10 μM. After 24 h incubation, Gluc activity in supernatants was determined. Inhibition values are shown.
Results shown are the average of three independent experiment and error bars indicate SD.
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RdRp of SARS-CoV-2. Because no data have been reported so
far, we therefore evaluated a series of quinoline and
quinazoline derivatives for their antiviral activities against
SARS-CoV-2 using our previously developed cell-based SARS-
CoV-2 RdRp report system, aiming at finding a new class of
anti-SARS-CoV-2 drug candidates.

■ RESULT

Inhibition of SARS-CoV-2 RdRp by Quinoline De-
rivatives. In the previous study, we developed a cell-based
SARS-CoV-2 RdRp report system which can be deployed to
discover SARS-CoV-2 RdRp inhibitors.27 The system was
composed of two parts: a Gluc reporter plasmid and the
plasmids for expressing SARS-CoV-2 RdRp which is basically
composed of nsp7, nsp8, and nsp12. The Gluc gene was under
a tetracycline regulated expression promoter and flanked by 5′
and 3′ untranslated regions (UTRs) of SARS-CoV-2. When
trace amounts of Gluc mRNA are transcripted, the UTRs
flanking the mRNA can be recognized by the SARS-CoV-2
RdRp and then the Gluc mRNA is amplified by viral RdRp,
resulting in the substantial increase of Gluc expression (Figure
1A). Therefore, the increased Gluc activity reports the activity
of SARS-CoV-2 RdRp.
Using this assay, we analyzed a serial of quinoline and

quinazoline derivatives that were previously reported to have
significant activity against the RdRp of the influenza A virus.
Among all the 101 compounds that we tested, 22 compounds

showed inhibition activity over 50% at 10 μM (Figure 1B and
Table S1). Among them, three quinoline derivatives (I-13e, I-
13h, and I-13i) showed the most potent inhibition ratio
(95.03%, 92.85%, 74.94%, respectively) (Figure 1C). Fur-
thermore, we have assessed the effect of the active compounds
I-13e, I-13h, and I-13i on the mRNA transcription from the
Gluc reporter plasmid in the absence of viral RdRp. Briefly,
HEK293T cells were cotransfected with a pCoV-Gluc plasmid
and incubated with I-13e, I-13h, and I-13i, respectively. Then
levels of Gluc mRNA were determined by real-time RT-PCR.
The main findings are presented in Figure S1 and show that
these compounds have no significant impact on the level of
Gluc mRNA in the absence of SARS-CoV-2 RdRp even at a
higher concentration of 10 μM. This suggests that these
compounds target the replication of RNA driven by viral
RdRp.
The inhibition rate of the quinoline and quinazoline

derivatives against SARS-CoV-2 RdRp along with remdesivir
for comparison are summarized in Figure 2 and Table S1. The
introduction of substituents on benzyl at the 8-position of the
quinoline ring had a certain improvement of the activity
compared with I-6a, such as F (I-6c, I-6d), Cl (I-6j, I-6l),
methoxyl (I-6g, I-6h), ethyoxyl (I-6m), and trifluoromethyl (I-
6o). Among them, 4-OCH3 contributed the most to the
activity. However, the introduction of Br (I-6e) markedly
reduced the activity. Replacing the benzyl (I-6a) with furan-2-
ylmethyl (I-6q), cyclopropylmethy (I-6r), or phenyl (I-6t)

Figure 3. Inhibition rate of the quinazoline derivatives against SARS-CoV-2 RdRp. HEK293T cells were transfected with CoV-Gluc, nsp12, nsp7,
and nsp8 plasmid at a ratio of 1:10:30:30. Cells were reseeded in 96-well plates (104/well) 12 h post transfection, and then treated with the
indicated compounds above at the concentration of 10 μM. After 24 h incubation, Gluc activity in supernatants was determined and inhibition
value is shown in Figure 3. Results shown are the average of three independent experiment and error bars indicate SD.
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enhanced the activity against SARS-CoV-2 RdRp, while
compounds with phenyl (I-6t) and 2-ethoxyl phenyl (I-6u)
showed relatively higher activity. When the acyl chain at the 8-
position was replaced by the corresponding ether chain (I-8a−

c), equivalent activity was observed compared with I-6s and an
increase of some activity was observed compared with I-6a,
indicating that its carbonyl group may not be necessary.
Otherwise, the carbonyl group could be involved in the

Figure 4. Dose−response curves (EC50 and CC50) for the top three compounds. HEK293T cells were transfected with CoV-Gluc, nsp12, nsp7, and
nsp8 plasmid at a ratio of 1:10:30:30. Cells were reseeded in 96-well plates (104/well) 12 h post transfection and then treated with serially diluted
I-13e, I-13h, I-13i, and remdesivir. After 24 h incubation, Gluc activity in supernatants was determined and EC50 value was shown in (A-D). To
assess cell viability, HEK293T cells (104/wells) were seeded in 96-well plates, and treated with these inhibitors as indicated above. The CC50 values
were measured with CCK-8 Kit as shown in (E−H). Results shown are the average of three independent experiment and error bars indicate SD.

Figure 5. Inhibition of CoV-Gluc RNA expression by I-13e, I-13h, and I-13i. HEK293T cells were transfected with CoV-Gluc, nsp12, nsp7, and
nsp8 plasmid DNA at a ratio of 1:10:30:30. Six hours post transfection, supernatants were replaced with fresh medium containing I-13e(A), I-
13h(B), I-13i(C) and Remdesivir (D) respectively. Cells were cultured for 24 more hours, total cellular RNA was extracted, and levels of CoV-Gluc
RNA were determined by real-time qRT-PCR. Results shown are the average of three independent experiments. Error bars indicate SD, **p < 0.01,
***P < 0.001.
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formation of hydrogen bonds which was beneficial to the
activity.
For the 2-position of quinoline ring, the replacement of the

pyrrolidinyl group by other groups had a significant influence
on the activity. The piperidyl (I-13b), morpholine (I-13c), and
N-methylpiperazinyl (I-13d) groups contributed little to the
activity, whereas the boc-piperazinyl (I-13e) and (S)-boc-3-
amnio-pyrrolidinyl I-13h derivatives significantly increased the
activity (95.03%, 92.85%, respectively). The (3R)-configured
I-13i showed some decreased activity compared to (3S)-
configured I-13h. We have assessed the stability of I-13e in
DMEM at 37 °C for 24 h using HPLC-MS, which resembles a
similar condition for the activity analysis. The HPLC-MS
spectra show that the structure and content of the compound
did not change (Figure S2). We also synthesized the
corresponding deprotected compounds I-13e, I-13h, and I-
13i and assessed their activity against SARS-CoV-2 RdRp.
Surprisingly, the inhibition rates for I-13e-deboc, I-13h-deboc,
and I-13i-deboc at the concentration of 10 μM are 12.90 ±
3.21%, 11.57 ± 4.28%, and 11.39 ± 5.14%, respectively (Table
S1), indicating that introducing hydrophobic groups at C-2

was more favorable to the activity, which provided a guidance
for the next modification.
We could observe that the inhibition rates of quinazoline

derivatives were around 50% except for O-acetamides at C-4
(Figure 3A). The activity against SARS-CoV-2 RdRp of the
quinazoline derivatives depends on both of the groups at the
C-2 and C-4 positions. The relative contribution of the
substituents at the C-4 position to activity is as follows: NH-
acetamide groups > S-acetamide groups > O-ethylamine
groups > O-acetamide groups. Quinazoline derivatives did
not show clear structure−activity relationships, which need
further exploration (Figure 3B−D).

Inhibitory Activity of I-13e, I-13h, and I-13i upon RNA
Synthesis by SARS-CoV-2 RdRp. We next measured the
50% effect concentration (EC50) value of the I-13e, I-13h, and
I-13i, and remdesivir was used as a positive control. The three
compounds I-13e, I-13h, and I-13i displayed remarkable
potency in inhibiting RNA synthesis by SARS-CoV-2 RdRp
with EC50 values of 1.08, 2.08, and 3.92 μM, respectively,
similar to the EC50 value (1.39 μM) of remdesivir (Figure 4A−
D). We further determined in vitro the 50% cytotoxic

Figure 6. Kinetic and equilibrium binding analysis of peptides binding to SARS-CoV-2 RdRp and predicted binding site of I-13e in RdRp. (A)
Kinetic and equilibrium binding analysis of I-13e binding to nsp12. Purified nsp12 (50 μg/mL) was captured via Ni-NTA biosensors and then
dipped into 6.25, 25, and 100 μM I-13e, respectively. The association and dissociation curves of the compound are shown. KD values were acquired
from fitting into a 1:1 binding model by global fitting of multiple kinetic traces and then analyzed by Data Analysis 9.0 software. Data shown are
representative of three independent experiments, and error bars indicate SD (B) Predicted binding mode of I-13e with nsp12 RdRp. (C) Predicted
binding mode of I-13e with nsp12 RdRp−RNA complex.
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concentration (CC50) for the defined therapeutic index (TI)
(CC50/EC50). The CC50 value of the three compounds was
70.79, 72.44 and 79.43 μM, respectively (Figure 4E-H), with
TI values of 65.55, 34.83, and 20.26, respectively. The
compounds showed considerable inhibitory activity against
RNA synthesis by SARS-CoV-2 RdRp and relatively low
cytotoxicity.
I-13e, I-13h, and I-13i Inhibit SARS-CoV-2 Plus-Strand

and Minus-Strand RNA Synthesis. We further examined
the effect of the three compounds on the RNA synthesis
efficiency of SARS-CoV-2 RdRp by quantifying the levels of
plus-strand and minus-strand RNA of Gluc. The results
showed that all three compounds as well as remdesivir can
diminish the levels of both plus-strand RNA and minus-strand
Gluc RNA in a dose-dependent manner. Remdesivir has 74%
inhibition in both plus- and minus-strand RNA of Gluc at 5
μM concentration (Figure 5D), while I-13e, I-13h, and I-13i
have 75%, 61% and 70% inhibition rates to both plus-strand
RNA and minus-strand RNA of Gluc at the same
concentration respectively (Figure 5A−C). These data further
confirmed that I-13e, I-13h, and I-13i are inhibitors against
RNA synthesis by SARS-CoV-2 RdRp.
I-13e Binds to the SARS-CoV-2 RdRp. To test if I-13e, I-

13h, and I-13i inhibit SARS-CoV-2 RdRp activity by directly
binding to it, we therefore tested whether I-13e, I-13h, and I-
13i bind to SARS-CoV-2 RdRp by biolayer interferometry
assay (BLI assay), which has been widely used to detect
biomolecular interactions in real time. We first immobilized
the purified nsp12 on the surface of the sensor chip and then
passed through the compounds with different concentrations
over the chip surface, thus detecting the association and
dissociation curves of the compounds. Only I-13e revealed a
binding affinity to nsp12 in a concentration-dependent
manner, with a equilibrium dissociation constant (KD) of
440 ± 12.5 μM (Figure 6A).
We further predicted the binding mode of I-13e with RdRp

through molecular docking by using the CDOCKER module
of Discovery Studio 3.5. The SARS-CoV-2 RdRp protein
(PDB code: 7BV2) and I-13e were prepared by using
Discovery Studio 3.5, and then I-13e was docked into the
catalytic domain of nsp12 RdRp with or without RNA duplex
appeared. The predicted binding mode of I-13e in the catalytic
domain of RdRp is shown as Figure 6B. When binding to
RdRp, I-13e formed three hydrogen bond interactions with
ARG555 and ARG553 of RdRp. As ARG555 plays an

important role in RNA−RdRp interaction,28 we hypothesized
that I-13e may interfere with RNA−RdRp interaction. This
hypothesis was partially proved by the predicted binding mode
of I-13e and the RNA−RdRp complex, which indicated that I-
13e could form two unfavorable bumps with RNA in the
RNA−RdRp complex (Figure 6C).
It should be noted that the calculated KD value of I-13e to

SARS-CoV-2 RdRp appears to be much higher than the
measured EC50 value of I-13e in cells. This raises the
possibility that the inhibition of I-13e on RNA synthesis
may not mainly result from its direct binding to SARS-CoV-2
RdRp; the detailed mechanism awaits further investigation.

I-13e Was Resistant to Proofreading Activity of
nsp14/nsp10. In the RdRp complex, exoribonuclease nsp14
and its activator nsp10 provide the proofreading function
during coronavirus replication, which can excise erroneous
mutagenic nucleotides incorporated by nsp12 into viral RNA,
thus creating resistance to nucleotide analogue (NA) drugs.22

Many NAs such as ribavirin can be excised from the growing
RNA chain of CoVs, thus greatly affecting its antiviral
activity.29 Therefore, we need to explore whether the
inhibition activity of I-13e is affected in the presence of
nsp14 and nsp10. We expressed nsp14 and nsp10 in the cell-
based CoV-RdRp-Gluc system. The Gluc activity slightly
decreased in the presence of nsp14 and nsp10, which have
been previously verified, compared to penciclovir, which was
sensitive to proofreading activity against SARS-CoV-2 RdRp in
the presence of nsp14 and nsp10, with an EC50 value of more
than 1000 μM (Figure 7C). Remdesivir was proved resistant to
proofreading activity provided by nsp14/nsp10, with an EC50
value of 2.56 μM (Figure 7B). I-13e also keeps its inhibitory
activity against SARS-CoV-2 RdRp in the presence of nsp14
and nsp10, with an EC50 value of 1.92 μM (Figure 7A). These
results demonstrate the insensitivity of I-13e to exoribonu-
clease activity, a great advantage over nucleotide analogues.

Evaluation of Antiviral Activity of I-13e against
Human Coronavirus Strains HCoV-OC43 and HCoV-
NL63. To assess if these compounds were effective against
coronavirus replication, a cell-based assay was utilized using
HCT-8 and LLC-MK2 cell lines infected with HCoV-OC43
and HCoV-NL63, respectively, which belong to betacorona-
viruses and alphacoronaviruses, followed by measuring the
protection of cell viability against CoV-induced cytopathic
effect (CPE) as a readout. Using remdesivir as a positive
control, we infected HCT-8 or LLC-MK2 cells with these two

Figure 7. I-13e was resistant to the proofreading activity of nsp14/nsp10. HEK293T cells were co-transfected with CoV-Gluc, nsp12, nsp7, nsp8
with or without nsp10, and nsp14 plasmid at a ratio of 1:10:30:30:25:25. (A−C) EC50 values of I-13e, remdesivir, and penciclovir determined,
respectively, by the cell-based system with the nsp10/nsp14 proofreading function. Results shown are the average of three independent experiment,
and error bars indicate SD.
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coronavirus strains at a multiplicity of infection (MOI) of 0.1
and 0.01, respectively, and then treated the cells with serial
dilutions of I-13e. As shown in Figure 8, I-13e exhibited a
dose-dependent inhibitory effect on the replication of both
viruses. The result showed EC50 values of 1.3 and >25 μM for
I-13e against HCoV-OC43 and HCoV-NL63, respectively,
suggesting that I-13e is able to inhibit both viruses but exhibits
better potency against HCoV-OC43 compared with HCoV-
NL63.

■ DISCUSSION
Many compounds such as ribavirin, favipiravir, and penciclovir
were shown to have inhibitory activity toward SARS-CoV-2
RdRp in vitro or in computer-aided molecular modeling
studies.30,31 Most of these inhibitors are NAs, and the
structures of these compounds are similar enough to
nucleotides to be incorporated into growing viral RNA strands
or act as chain terminators to stop the viral RNA synthesis.
However, developing NAs as anti-SARS-CoV-2 drugs is
challenging for the exonuclease (ExoN) activity encoded by
the viral nsp14 protein, which can excise erroneous mutagenic
nucleotides incorporated by nsp12 into viral RNA, thus
creating resistance to many NAs,29,32 such as ribavirin. In this
situation, non-nucleoside inhibitors (NNIs) of RdRp may be
another alternative to be considered.
In this study, we found that quinoline derivatives I-13e, I-

13h, and I-13i exhibit remarkable potency in inhibiting RNA
synthesis by SARS-CoV-2 RdRp. Based on the activity, the
change of the C-2 group of quinoline increased the activity
significantly, indicating that the following work should focus on
the modification at C-2 by introducing some large hydro-
phobic/hydrophilic groups. However, quinazoline derivatives
displayed moderate to low activity, which requires us to do
more work to explore their structure−activity relationships.
Among these three compounds, I-13e showed the strongest
inhibition upon RNA synthesis by SARS-CoV-2 RdRp and the
resistance to viral exoribonuclease activity, as well as potent
activity against the replication of CoV, thus holding the
potential of being a drug candidate for the treatment of SARS-
CoV-2.

■ METHODS
Cell Lines and Viruses. HEK293T, HCT-8, and LLC-

MK2 cells were obtained from American Type Culture

Collection (ATCC) and cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) with 10% (v/v) fetal bovine serum (FBS;
Gibco) and incubated at 37 °C in a humidified atmosphere of
5% CO2. HEK293T cells were transfected using Vigofect
transfection reagents (Vigorous), according to the manufac-
turer’s instructions.
HCoV-OC43 (VR-1558) was used to infect monolayers of

HCT-8 cells at a MOI of 0.1. The HCoV-NL63 strain
Amsterdam I was used to infect monolayers of LLC-MK2 cells
a MOI of 0.01.

Plasmid DNA and Compounds. The plasmids pCO-
VID19 nsp12, pCOVID19 nsp7, pCOVID19 nsp8, pCO-
VID19 nsp10, and pCOVID19 nsp14 were used for codon-
optimized Flag-nsp12, Flag-nsp7, Flag-nsp8, Flag-nsp10, and
Flag-nsp14, respectively, all of which contain a Flag tag at the
C-terminus. pCoV-Gluc producing positive-strand vRNA
encoding Gaussia luciferase (Gluc) was under a tetracycline
regulated expression promoter and flanked by 5′ and 3′
untranslated regions (UTRs) of SARS-COV-2.
All the quinoline and quinazoline derivatives described

herein have been published. For experimental details and
compound characterization, please refer to the literature.18,23,24

The concrete synthetic procedures, the physical characteristics,
and NMR for all the compounds are also listed in the
Supporting Information. Remdesivir (S8932) and penciclovir
(S4184) were purchased from Selleck chemicals (Houston,
TX, USA) and prepared in DMSO. Compounds were judged
to be at least 95% pure as analyzed by HPLC.

Real-Time RNA Isolation and Quantitative RT-PCR.
Cells were cultured with DMEM with 10% FBS for 24 h before
treatment with 5 or 10 μM remdesivir or test compounds for
24 h. Total RNA was extracted with TRIzol reagent (Life
Technologies) according to the manufacturer’s instructions.
cDNA was synthesized using primer plus-Gluc-RT (5′-TGG
ATC TTG CTG GCG AAT GT-3′) or minus-Gluc- RT (5′-
ACT GTC GTT GAC AGG ACA CG-3′) for 1 h at 37 °C.
The cDNAs were quantified using SsoFast EvaGreen Supermix
(Bio-Rad) in an applied system (Thermo Fisher Scientific).
Primers used for PCR are Gluc forward (5′-CGG GTG TGA
CCG AAA GGT AA-3′) and reverse (5′-TGG ATC TTG
CTG GCG AAT GT-3′). The mRNA expression levels were
normalized to GAPDH using primers forward (5′-GTC CAC

Figure 8. Evaluation of antiviral activity of I-13e against human coronavirus strains HCoV-OC43 and HCoV-NL63. HCT-8 and LLC-MK2 were
infected with HCoV-OC43 (A) or HCoV-NL63 (B) at a MOI of 0.1 and 0.01, respectively, and treated with serial dilutions of I-13e and remdesivir
1 h post infection. The impact of treatment on cell viability was measured by MTS assay after 120 h post infection. Results shown are the average of
three independent experiment, and error bars indicate SD.
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TGG CGT CTT CAC CA-3′) and reverse (5′-GTG GCA
GTG ATG GCA TGG AC-3′).
Cell Viability Assay. The cell viability of compounds on

HEK293T cells was evaluated by using the Cell Counting kit-8
(CCK8, Beyotime), which is a water-soluble tetrazolium salt-8
(WST-8) reagent. Briefly, 1 μL of each tested compound
ranging from 0.78 to 100 μM was added to cells and incubated
for 24 h. Then 10 μL of CCk-8 reagent was added into each
well and incubated for 30 to 90 min at 37 °C of 5% CO2. The
absorbance at 450 nm was measured using the Enspire 2300
Multiable reader (PekinElmer).
Gluc Activity Assay. A stock of coelenterazine-h

(Promega) was dissolved in absolute ethyl alcohol to a
concentration of 1.022 mmol/L. Briefly, the stock was diluted
in PBS to 16.7 μM and incubated in the dark for 30 min at
room temperature. For the luminescence assay, 10 μL of
culture supernatant was added to each well of a white and
opaque 96-well plate and mixed with 60 μL of 16.7 μM
coelenterazine-h. The luminescence was acquired for 0.5 s
using the Berthold Centro XS3 LB 960 microplate
luminometer.
Biolayer Interferometry (BLI) Binding Assay. All

binding affinity and kinetic profiles were conducted using a
ForteBio Octet RED96 instrument (ForteBio, Inc., CA, USA)
equipped with super streptavidin biosensor chips (ForteBio).
Purified His-tagged nsp12 (50 μg/mL) were captured via Ni-
NTA biosensors (960 s, at 25 °C, with 1000 rpm). Ligand
biosensors and reference biosensors were dipped into multiple
concentrations of test compounds for 60 s (kon,1/Ms) then
dissociation occurred for 60 s (kdis, 1/s). Blank binding using
buffer was used to correct the baseline shift during the analysis.
Data analysis on the ForteBio Octet RED instrument was
performed using a reference well subtraction in the ForteBio
data analysis software.
Anticoronavirus Activity Assay. The anticoronavirus

activity of the different strains was measured by using MTS
Cell Proliferation Colorimetric assay kits (Promega, Madison,
WI, USA). Briefly, HCT-8 cells and LLC-MK2 cells were
inoculated with HCoV-OC43 and HCoV-NL63 at a MOI of
0.1 and 0.01 respectively, containing 2% FBS and each of test
compounds. Cells were then incubated at 33 °C for 120 h in a
5% CO2 incubator. Then 20 μL of MTS Cell Proliferation
Colorimetric reagent was added into each well and incubated
for 3 h at 37 °C in 5% CO2. The absorbance at 490 nm was
measured using the Enspire 2300 Multiable reader (PekinElm-
er).
Statistical Analysis. Data are presented as the means ±

SD from at least three independent experiments. Data were
analyzed with GraphPad Prism. Differences between groups
were considered statistically significant if p < 0.01(**) and p <
0.001(***), and NS represents not significant.
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