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Abstract
The global public health has been compromised since the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) 
emerged in late December 2019. There are no specific antiviral drugs available to combat SARS-CoV-2 infection. Besides 
the rapid dissemination of SARS-CoV-2, several variants have been identified with a potential epidemiologic and pathogenic 
variation. This fact has forced antiviral drug development strategies to stay innovative, including new drug discovery pro-
tocols, combining drugs, and establishing new drug classes. Thus, developing novel screening methods and direct-targeting 
viral enzymes could be an attractive strategy to combat SARS-CoV-2 infection. In this study, we designed, optimized, and 
validated a cell-based assay protocol for high-throughput screening (HTS) antiviral drug inhibitors against main viral protease 
(3CLpro). We applied the split-GFP complementation to develop GFP-split-3CLpro HTS system. The system consists of 
GFP-based reporters that become fluorescent upon cleavage by SARS-CoV-2 protease 3CLpro. We generated a stable GFP-
split-3CLpro HTS system valid to screen large drug libraries for inhibitors to SARS-CoV-2 main protease in the bio-safety 
level 2 laboratory, providing real-time antiviral activity of the tested compounds. Using this assay, we identified a new class 
of viral protease inhibitors derived from quinazoline compounds that worth further in vitro and in vivo validation.
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Introduction

COVID-19 is a pandemic disease caused by SARS-CoV-2, 
a highly contagious coronavirus causing significant health-
care and economic burden. SARS-CoV-2 is causing a 
spectrum of disease from asymptomatic to severe compli-
cations, including pneumonia, acute respiratory distress 
syndrome (ARDS), acute lung injury (ALI), cytokine storm 
syndrome (CSS), and death [1–4]. There are no specific 
antiviral drugs or vaccines with proven clinical efficacy for 
treating or preventing infection with SARS-CoV-2, except 
a few non-specific repurposing drugs [5–7]. Furthermore, 
several variants of SARS-CoV-2 have been identified with 

potential epidemiologic and pathogenic variation [8–13]. As 
such, the development of novel antiviral screening methods 
and direct-targeting of viral enzymes could be an attractive 
strategy to combat SARS-CoV-2 infection.

SARS-CoV-2 polyproteins are processed by two viral pro-
teases, papain-like protease (PLpro) and 3C-like protease 
(3CLpro), which are excellent targets for the development 
of therapeutic antivirals [14, 15]. Because of its highly con-
served sequence, 3CLpro and PLpro have been considered 
as potential targets for antiviral drugs against SARS, MERS, 
and COVID-19 [16, 17]. Further, 3CLpro is responsible for 
virus-induced apoptotic signal [18], and PLpro for stripping 
ubiquitin and ISG15 from host-cell proteins to aid coronavi-
ruses in their evasion of the host innate immune responses 
[14]. Therefore, targeting 3CLpro and PLpro may have 
advantages in inhibiting viral replication and dysregulation 
of signaling cascades in infected cells.

Viral 3CLpro [also called main protease (Mpro)] cleaves 
viral polyproteins at 11 sites compared to 3 sites of PLpro 
[19]. As such, we concentrated our efforts on identifying 
antiviral candidates against viral 3CLpro. This protease 
has an identical sequence among coronaviruses and has 

 *	 Hussin A. Rothan 
	 hrothan@gsu.edu

	 Teow Chong Teoh 
	 ttchong@um.edu.my

1	 Department of Biology, College of Arts and Sciences, 
Georgia State University, Atlanta, GA, USA

2	 Institute of Biological Sciences, Faculty of Science, 
University of Malaya, 50603 Kuala Lumpur, Malaysia

http://orcid.org/0000-0002-7300-6388
http://crossmark.crossref.org/dialog/?doi=10.1007/s12033-021-00299-7&domain=pdf


241Molecular Biotechnology (2021) 63:240–248	

1 3

no human homolog [20, 21]. In this study, we developed 
a protocol for high-throughput screening (HTS) to identify 
inhibitors against SARS-CoV-2 proteases based on the split-
GFP complementation method. Our previous published data 
showed a practical implementation of split-GFP comple-
mentation assay to measure protein translocation from ER-
to-cytosol [22]. This cell-based-screening protocol is very 
significant in enhancing the safety, throughput, and repro-
ducibility of antiviral screening. It can be used in biosafety 
level two laboratory, providing a real-time activity of tested 
compounds of large drug libraries, and also provide insight 
on compounds cytotoxicity.

Results and Discussion

Design GFP‑Split‑3CLpro Screening Assay

We designed a cell-based assay using GFP-split comple-
mentation to screen drug libraries and identify inhibitors 
against SARS-CoV-2 main protease 3CLpro. The GFP-split 
complementation assay was previously designed to measure 
caspase activity in the apoptotic cells in vitro and in vivo 
[23, 24]. We previously used the GFP-split complementation 
to establish cell lines stably expressing a dislocation-induced 
reconstituted GFP reporter to monitor and quantify protein 
translocation from the endoplasmic reticulum to the cytosol 
[22]. In this study, we utilized this technology to develop and 
optimize a protocol for high-throughput screening (HTS) to 
identify inhibitors against SARS-CoV-2 protease by screen 
small molecules library. We found that this assay is a sim-
ple and practical strategy to screen large drug libraries for 
protease inhibitors.

The assay principle depends on splitting GFP into two 
units (GFP β1–9 and β10–11), resulting in losing its fluo-
rescent capacity. β10–11 has a high affinity to bind to the 
β1–9 and rapidly develops green fluorescence [25]. Thus, 
split-GFP protease assay depends on preventing GFP units’ 
assembly and making the triggering GFP assembly under 
protease activity. GFP gains the green fluorescence when 
β10 and β11 in anti-parallel position bind to β1–9 (Fig. 1a). 
Using E5/K5 heterodimer to flip β10 and β11 in parallel 
form prevents self-assembly of the split GFP (Fig. 1b). Upon 
protease cleavage, β11 flips back, forming an anti-parallel 
structure with β10, which enables self-assembly with β1–9 
and leads to gain of green fluorescence (Fig. 1c). Insertion 
of the 3CLpro cleavage site between E5/K5 heterodimer and 
β11 allows the 3CLpro to release β11 and to resume the anti-
parallel structure with β10.

Development and Optimization of GFP‑Split‑3CLpro 
Screening Protocol

We named this reporter assay a GFP-split-3CLpro assay. 
We designed and generated an expression cassette consists 
of two plasmids. The first plasmid harbors GFP construct, 
and the second plasmid harbors 3CLpro to co-express in 
HEK293 cells (Fig. 2). We used standard PCR to amplify 
the two GFP fragments, β-strand 1–9 and β-strand 10–11. 
The ten amino acid linker and cleavage sites of 3CLpro and 
E5/K5 amino acid sequences were inserted into the GFP 
construct using overlap-extension PCR as we described 
previously [26] (Fig. 2a). GFP expression was detected 
at 24 h, and high GFP expression was observed at 48 and 
72 h post-transfection. No considerable GFP expression 
was observed before the transfection of HEK239T cells 
with 3CLpro plasmid. The cells transfected only with the 
GFP construct but not 3CLpro did not show fluorescence 
activity five days after transfection. The GFP fluorescence 
dramatically increased at 48 and 72 h, as in Fig. 2b, lead-
ing to an increase in the signal-to-noise ratio. We further 
investigated the expression levels of GFP construct and 
3CLpro by immunoblotting. We found higher expres-
sion of GFP construct than 3CLpro (Data not shown) that 
needs extensive plasmid ratio optimization. Increased 
3CLpro expression resulted in rapid cleavage into the GFP 

Fig. 1   GFP-split complementation method. This assay was developed 
as previously described [23, 24]. Split GFP into β1–9 and β10–11 
resulted in losing its fluorescent capacity. β10–11 has a high affinity 
to bind to the β1–9 and rapidly develop green fluorescence [25]. a 
GFP gains the green fluorescence when β10 and β11 in anti-parallel 
position bind to β1–9. b E5/K5 heterodimer was used to flip β10 and 
β11 in parallel form prevents self-assembly of the split GFP. c Upon 
protease cleavage, β11 flips back, forming an anti-parallel structure 
with β10, which enables self-assembly with β1–9 and gains green flu-
orescence. The 3CLpro cleaves between E5/K5 heterodimer and β11 
allowing β11 to form the anti-parallel structure with β10 (Color figure 
online)
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construct and producing high GFP fluorescence. Instead 
of optimizing plasmid ratios and establishing a stable fluo-
rescent signal, we sought to link the expression levels of 
GFP to the 3CLpro by generating the expression cassette 
2 (Fig. 2c). We joined the β-strand 10–11 construct to 
the C-terminus of 3CLpro and inserted another 3CLpro 
cleavage site to facilitate the release of the β-strand 10–11. 
GFP assembly was initiated only when the β-strand 10–11 
released from 3CLpro by enzyme auto-cleavage (Fig. 3). A 
more stable increase in the GFP fluorescence and optimal 
signal-to-noise ratio were observed for expression cassette 
two as compared to cassette one. We evaluated the enzyme 
activity over time by measuring the GFP fluorescence 
intensity. In Fig. 3, the X axis plots the time and the Y 
axis plots the GFP intensity. We used the sigmoidal curve 

Fig. 2   The expression cassettes 
of GFP-split-3CLpro assay. The 
HEK293T cells were co-trans-
fected with the recombinant 
pcDNA3.1 plasmids, and the 
GFP fluorescence intensities 
were measured at 24, 48, and 
72 h. a The expression cassette 
one consists of two plasmids, 
the first plasmid harbors GFP 
construct, and the second plas-
mid harbors SARS-CoV-2 main 
protease (3CLpro). b GFP fluo-
rescence noticeably increased 
at 48 and 72 h, leading to an 
increase in the signal-to-noise 
ratio. c The expression cassette 
two consists of two plasmids, 
the first plasmid expresses 
the GFP β-strand 1–9, and 
the second plasmid harbors a 
construct of β-strand 10–11 that 
was joined to the C-terminus 
of 3CLpro by another 3CLpro 
cleavage site to facilitate 
auto-cleavage of the β-strand 
10–11. dA stable increase in 
the GFP fluorescent activity 
initiated when the β-strand 
10–11 released from 3CLpro by 
enzyme auto-cleavage activity 
and binds to β-strand 1–9

Fig. 3   GFP signal intensities of the expression cassette one and two 
of GFP-split-3CLpro assay. GFP fluorescence intensities were meas-
ured using Tecan F200 Pro multimode microplate reader at excita-
tion 488  nm and emission 525  nm at different time points for 30  h 
post-transfection
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model to plot the time-enzyme activity relationship, and 
the continuous lines represent the best-fit values.

Evaluation of GFP‑Split‑3CLpro Assay By Screening 
a Small Molecules Library

Developing an HTS assay for screening thousands of com-
pounds requires extensive optimization and evaluation to 
verify that the assay is performing acceptably. We evaluated 
our GFP-split-3CLpro protocol by screening an in-house 
library of 50 small molecule compounds (Fig. 4a). Most of 
the compounds possess potential antiviral protease activity 
based on our previous studies of testing these compounds 
against NS3-4A protease of the Hepatitis C virus [27], 
NS2B-NS3 protease of dengue virus [28–36], and NS2B-
NS3 protease Zika virus [37, 38].

In this study, boceprevir was used as a reference com-
pound that showed a significant reduction in GFP fluorescent 
activity, suggesting potent inhibition against SARS-CoV-2 
main protease (Fig. 4b). This finding agrees with a previous 
study that showed potent inhibition of boceprevir against 
SARS-CoV-2 in vitro [39]. Surprisingly, the quinazoline 
derivatives caused a slight to a significant reduction in GFP 
fluorescence intensity (Fig. 4c–4g). The compounds QZ1, 
QZ2, QZ3, and QZ5, showed 20–40% inhibition of viral 

protease activity, as presented in Fig. 4c, d, e, g. Among 
quinazoline derivatives, the compound QZ4 caused a 
considerable reduction in the GFP fluorescence intensity 
(Fig. 4f). We sought to calculate the EC50 of this com-
pound by applying increasing concentrations of the inhibi-
tor for 48 h. The results revealed that the QZ4 compound, 
[3-(5-methoxy-2-hydroxy benzylidene amino)-2(5-meth-
oxy-2-hydroxyphenyl)-2,3-dihydro quinazoline-4(1H)-
one] reduced the GFP fluorescence intensity at an EC50 
of 6.5 µM, suggesting potential inhibition against 3CLpro 
activity with 50% cytotoxic concentration (CC50) more than 
100 µM at 48 h (Fig. 5a, b). Furthermore, we measured the 
EC50 value of the reference compound boceprevir, which is 
approximately 5.2 µM at 48 h (Fig. 5d). The EC50 value of 
boceprevir is close to the EC50 of this compound measured 
by FRET-based enzymatic assay (4.1 µM) [39], taking into 
account compound bioavailability in the cell-based assay.

Structure‑Antiviral Activity Relationship

We further performed a molecular docking study to illus-
trate the binding of the QZ4 compound to SARS-CoV-2 
main protease 3CLpro (Fig. 6). The X-ray crystal structure 
of 3CLpro (PDB ID: 6w63.pdb) was downloaded from 
Protein Databank, and we obtained the 3D structure of 

Fig. 4   Validation of GFP-split-3CLpro screening protocol using a 
small molecule in-house library. a GFP-split-3CLpro protocol was 
evaluated by screening an in-house library of 50 small molecule com-
pounds at 10 µM concentration. b Boceprevir showed an 80% reduc-
tion in GFP fluorescent activity at 40 µM, suggesting potent inhibi-

tion against SARS-CoV-2 main protease. Quinazoline derivatives: c 
QZ1; d QZ2; e QZ3; g QZ5 showed 20–50% inhibition to viral pro-
tease while f QZ4 showed approximately 80% inhibition at 40  µM 
(n = 5 replicates)
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the QZ4 compound from PubChem. The results showed 
that the compound binds to the 3CLpro catalytic site with 
docking energy − 10.8 kcal/mol. The QZ4 binds to the 
3CLpro by three hydrogen bonds with Gln 189, Gln192, 
and Arg 188.. We described previously the synthesis of the 
bioactive quinazoline derivatives [40]. Quinazoline com-
pounds showed potent kinase inhibition via phenyl group 
that allows favorable interaction with the target into the 
kinase domain41.

Furthermore, some kinase inhibitors have antiviral 
potential due to their activity against host cell kinases 
required for virus replication, and therefore, it was consid-
ered for drug repurposing against SARS-CoV-2 replication 
[42]. In this study, the quinazoline scaffold structure con-
tains two active groups (R1 and R2) that contribute to its 
biological activity. Substitution of the two methoxyphenyl 
groups at R1 sites resulted in a considerable reduction in 
inhibition potencies of QZ4 compound to virus replication 
(Table 1). This study suggests a new class of viral protease 
inhibitors derived from quinazoline compounds that worth 
further investigation.

We do not expect the host cell proteases cleave the 
3CLpro cleavage site because 3CLpro cleaves after a glu-
tamine residue, and no human host-cell proteases are known 
with this substrate specificity [43, 44], reducing the non-spe-
cific cleavage of our GFP-designed construct. Our published 
data showed a practical implementation of split-GFP com-
plementation assay to measure protein translocation from 
ER-to-cytosol [22]. Besides, viral 3CLpro and PLpro are 
conserved among coronaviruses, and the protease inhibitors 
could have a broad spectrum against different coronaviruses 

[45]. Our published data also showed that protease assays 
are viable in identifying protease inhibitors virus replication 
such as HCV [27], DENV [28–36], and ZIKV [37, 38].

Conclusion

In this study, we developed a novel cell lines model for high-
throughput screening (HTS) to identify inhibitors against 
SARS-CoV-2 protease based on split-GFP complementa-
tion. This method significantly enhances the safety, through-
put, and reproducibility of antiviral screening. Besides, it 
helps shorten the time of screening drugs and provides the 
real-time activity of tested compounds and insight into com-
pound toxicity. Most recently published studies of design-
ing antiviral therapeutics against 3CLpro and PLpro depend 
on the in silico design and virtual screening without actual 
validation. Our cell-based protease assay will help validate 
the in silico designed inhibitors without using the infectious 
virus. Using this assay, we identified a new class of viral 
protease inhibitors derived from quinazoline compounds that 
worth further in vitro and in vivo validation.

Methods

Construction of the Expression Cassettes

Standard PCR was used to amplify the two GFP frag-
ments, β-strand 1–9 and β-strand 10–11. The ten amino 
acids linker and cleavage sites of 3CLpro and E5/K5 amino 

Fig. 5   The inhibition potential 
of quinazoline derivatives QZ4 
to SARS-CoV-2 main protease 
3CLpro. a QZ4 compound, 
[3-(5-methoxy-2-hydroxy ben-
zylidene amino)-2(5-methoxy-
2-hydroxyphenyl)-2,3-dihydro 
quinazoline-4(1H)-one]. b 
The increasing concentrations 
of QZ4 showed considerable 
reduction in the GFP fluores-
cence intensity over the time c 
The reduction in GFP intensi-
ties indicates that the EC50 of 
QZ4 is approximately 6.5 µM 
suggesting potential inhibition 
against 3CLpro activity with 
50% cytotoxic concentration 
(CC50) more than 100 µM at 
48 h. d EC50 of boceprevir is 
approximately 5.2 µM at 48 h 
(n = 3 replicates)
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acid sequences were inserted into the GFP construct using 
overlap-extension PCR, as we described previously [26]. 
The purified DNA of GFP constructs and 3CLpro (Gen-
Bank code: MN908947.3, ORF1ab polyprotein residues 
3264–3569,) were sequenced for any mutations, and the 
intact DNA fragments were cloned in pGEM®-T cloning 
vector (Cat.# A1360, Promega), amplified in the E. coli, 
retrieved and sub-cloned in pcDNA3.1 mammalian expres-
sion vector (Cat.# V79020, ThermoFisher). The HEK293T 
cells (ATCC) were co-transfected with the recombinant 
pcDNA3.1 plasmids using Lipofectamine 2000 (Cat.# 
11668-019, Invitrogen).

Assay Optimization

The cell-based assay was optimized for a 96-well plate. 
Assay conditions were optimized including, seeding cell 

density (2 × 104 cell/well), FBS concentration (1.5%) in 
Dulbecco’s modified Eagle medium (DMEM, Gibco) 
containing 1× GlutaMAX (Gibco), 1 mM sodium pyru-
vate (Gibco), and 1× antibiotic–antimycotic solution 
(Gibco). Cells tolerance to the solvent used for the com-
pounds (DMSO 0.1%), in presence and absence of poten-
tial 3CLpro inhibitors. The HEK293T cells co-express-
ing split-GFP construct and SARS-CoV-2 3CLpro were 
cultured in 96-well black and clear-bottom plates (Cat.# 
07-200-625, fisher scientific) at 2 × 104 cells/well over-
night. GFP fluorescence intensities were measured using 
Tecan F200 Pro multimode microplate reader at excita-
tion 488 nm and emission 525 nm at different time points, 
and GFP expression in HEK293T cells was acquired by 
the fluorescence microscopy.

Fig. 6   Molecular docking con-
formations of QZ4 compound 
to SARS-CoV-2 main protease 
3CLpro. The X-ray crystal 
structure of 3CLpro (PDB ID: 
6w63.pdb) was downloaded 
from Protein Databank, and the 
3D structure of QZ4 ligand was 
downloaded from PubChem. 
The molecular docking between 
the optimized QZ4 and the 
3CLpro receptor was performed 
using AutoDock Vina Version 
2.0. Yellow: 3CLpro; CPK: 
ligand; magenta: reported bind-
ing site. The compound binds 
to the 3CLpro active site with 
docking energy − 10.8 kcal/
mol, by generating three 
hydrogen bonds with Gln 189, 
Gln192, and Arg 188 (Color 
figure online)
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Assay Validation By Screening Small Molecule 
Library

A small in-house library was screened by treating cells with 
the compounds prepared in DMSO at 10 µM concentration 
for 48 h. We used boceprevir (Cas # 394730600, Sigma) as 
a positive control that showed activity against SARS-COV-2 
3CLpro [39]. The experiments were run on three occasions 
to identify the assay’s hit rate, the reproducibility of the 
assay, and the false negative and false positive hit rates in 
the assay. At the endpoint of the split-GFP-3CLpro assay, 
we measure the compound cytotoxicity by applying 20/well 
of the MTT solution (CellTiter 96® AQueous, Promega) 
and incubating the cells for 4 h at 37 °C and 5% CO2. The 
absorbance was measured at 490 nm using a 96-well plate 
reader.

Molecular Docking

The X-ray crystal structure of 3CLpro (PDB ID: 6w63.
pdb) was downloaded from Protein Databank and min-
imized using the steepest descent algorithm in the 
GROMACS version 2020.1 with OPLSAA force field 
to the convergence of force less than 1000.0 kJ/mol/nm. 
The 3D structure of QZ4 ligand was downloaded from 
PubChem and optimized using Gaussian09 software 

applying the density functional theory (DFT) calcula-
tions with B3LYP 6-31G(d) basis set. Molecular docking 
between the optimized QZ4 and the 3CLpro receptor was 
performed using AutoDock Vina Version 2.0. The molecu-
lar rendering was performed using PyMOL 1.3 (TM) 2010 
Schrodinger, LLC, and the 2-D diagram, which was com-
puted using Discovery Studio 4.5 Client to analyze the 
molecular interactions of docked conformations.

Cell Viability

The MTT assay was used to measure compounds cytotox-
icity by applying 20/well of the MTT solution (CellTiter 
96® AQueous, Promega) and incubating the cells for 4 h 
at 37 °C and 5% CO2. The absorbance was measured at 
490 nm using a 96-well plate reader.
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Table 1   Scaffold structure of quinazoline compounds and structure-antiviral activity using GFP-split-3CLpro assay

Compound code Name Formula MW R1 R2 IC50 (µM) CC50 (µM)

QZ1 3-(5-Bromo-2-hydroxybenzylideneamino)-2-(5-bromo-
2-hydroxyphenyl)-2,3-dihydroquinazoline-4 (1H)-one

C21H15N3O3Br2 517.17 Br H  > 40  > 100

QZ2 3-[(5-Chloro-2-hydroxy-benzylidene)-amino]-2-(5-
chloro-2-hydroxy-phenyl)-2,3-dihydroquinazoline-
4(1H)-one

C21H15N3O3Cl2 428.27 Cl H 10  > 100

QZ3 3-(5-Bromo-2-hydroxy-3-methoxybenzyl ideneamino)-
2-(5-bromo-2-hydroxy-3-methoxyphenyl)-2,3-dihy-
droquinazoline-4(1H)-one

C23H19Br2N3O5 576.97 Br OCH3  > 40  > 100

QZ4 3-(5-Methoxy-2-hydroxybenzylideneamino)-2(5-meth-
oxy-2-hydroxyphenyl)-2,3-dihydroquinazoline-4(1H)-
one

C23H21N3O5 419.43 OCH3 H 6.5  > 100

QZ5 3-(5-Nitro-2-hydroxybenzylideneamino)-2(5-nitro-
2-hydroxyphenyl)-2,3-dihydroquinazoline-4(1H)-one

C21H15N5O7 449.37 NO2 H  > 40  > 100
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