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ABSTRACT: Viral proteases are critical targets for antiviral drug &>
development, but current screening methods for protease __ts o=
inhibitors often require high biosafety levels or lack cell-based  cjeavage site lTransfection
relevance. Here, we developed a novel cell-based assay system !

utilizing recombinant green fluorescent protein (GEP) technology, —SGERI I
designated as DIFF-recombinant GFP (DIFF-rGFP), for poten- —_— lGhIater

tially high-throughput screening of viral protease inhibitors. By
systematically investigating potential insertion sites within the l

green fluorescent protein (GFP), we constructed a series of Plasmid Design . J m 4
recombinant green fluorescent proteins (rGFPs) that accommo-
date exogenous protease cleavage sequences. Using the 3-
Chymotrypsin like protease (3CLP™) of severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) as a model, we demon-
strated that the DIFF-rGFP assay relies on the coexpression of rGFP and the protease, with fluorescence intensity increasing upon
inhibitor action. This assay eliminates the need for high biosafety laboratories and is performed at the cellular level. For proof of
concept, we validated this method using two well-characterized SARS-CoV-2 3CLF® inhibitors, GC376 and ensitrelvir, to
demonstrate its applicability for inhibitor screening. Our results indicate that the DIFF-rGFP assay is a safe, efficient, and reliable
platform for identifying viral protease inhibitors with potential applications in accelerating antiviral drug discovery.

- Inhibitor + Inhibitor

Assay Process
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Many viruses, including coronavirus, express their drug screeningg_14 such as FRET-based in vitro assay,7 cell-
proteins as polyproteins containing one or more based drug screening'>'® such as cis cleavage luciferase assay,'”
proteases. Such proteases autocatalytically release themselves live virus screening, or Flip-GFP assay.'” *° Viral protease
from the precursor and cleave the remaining parts of the expression occurs intracellularly; therefore, small molecule
polyprotein into functional proteins.’ Several viruses associated protease inhibitors must enter cells to inhibit viral replication
with significant human diseases, including retroviruses, and proliferation. While in vitro assays using purified proteins
flaviviruses, coronaviruses, and herpesviruses, code for a can identify potential inhibitors, they fail to account for critical
protease, which is indispensable for viral maturation and factors such as cell permeability and metabolic stability for
pathogenesis. Inhibition of this proteolytic activity can block small molecule inhibitors, which leads to inhibitors that are
the production of infectious viral progeny and reduce effective in vitro and ineffective in vivo. Meanwhile, live virus

pathogenic processes;'~* these proteases inevitably become
essential targets for antiviral drug development.”
SARS-CoV-2 3CLP™ is a nonstructural protein that cleaves
at least 11 sites on large viral polyproteins essential for
replication and transcription.”® Therefore, inhibiting the
activity of 3CLF™ could disrupt SARS-CoV-2 viral replication,
making it an attractive target for COVID-19 therapeutics. )
Furthermore, the structure of 3CLP™ is highly conserved across Revised:  September 3, 2025 Y
coronaviruses, indicating that it may be possible to develop Acce}’ted’ September 22, 2025
pan-coronavirus inhibitors.” Published: October 9, 2025
Several methods have been used to screen protease
inhibitors for antiviral drugs, mainly including noncell-based

assays directly quantify viral replication (typically via plaque
assays or quantitative RT-PCR) but face many challenges:
difficulty in differentiating antiviral activity from cytotoxicity,
higher biosafety requirements, and low suitability for high-
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Table 1. Summary of the Insertion Sites

name location corresponding rGFP fluorescence maintain %
sitel WS8—-PS9 0

site2 N145-Y146 0

site3 H149—-N150 0

site4 D77—-H78 0

siteS F84—F85 0

site6 Y93-V94 0

site7 K102—-D103 0

site8 T119-L120 85.19 + 0.73
site9 N106—Y107 0

site10 E133-D134 0

sitell E173-D174 46.49 + 0.24
sitel2 K210-D211 0

sitel3 K215-R216 0

site14 P197-D198 0

sitelS Q158-K159 94.13 £ 0.95
sitel6 G25—H26 0

sitel7 Y40—-G41 0

sitel8 PS5-V56 0

site19 G139—-H140 82.02 + 0.78
site20 G117-D118 69.78 + 0.66
site21 P193-V194 0

site22 F115-El16 0

site23 E116—G117 35.69 + 1.18

“Fluorescence intensity of 45 rGFP variants normalized to wild-type GFP.

name location corresponding rGFP fluorescence maintain %
site24 K159—-N160 60.68 + 0.40
site2S T10—-G11 32.48 + 1.06
site26 Q70-C71 0

site27 N160—-G161 0

site28 G175-S176 43.70 + 2.31
site29 Q205—-S206 0

site30 V220-L221 0

site31 D118-T119 110.22 + 0.86
site32 L120-VI121 0

site33 V121-N122 0

site34 A155-D156 53.57 + 0.06
site3S D156—K157 51.59 + 1.0S
site36 K157-Q158 77.60 + 0.58
site37 N171-1172 26.60 + 0.24
site38 1172—E173 81.42 + 0.81
site39 D174-G175 34.43 + 095
site40 S176—V177 35.21 + 0.42
site41 V177-Q178 0

site42 1153—-M154 0

site43 M154—-A155 23.54 £ 1.31
site44 R169-H170 0

site4S H170—-N171 70.52 + 0.00

The values represent mean + SD from triplicate experiments.
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Figure 1. Representative images of recombinant GFPs. Fluorescence microscopy of recombinant GFP in HEK293T cells transfected with indicated

plasmids for 48 h.

throughput screening. In addition, virtual screening and
molecular dynamics simulations can identify candidate
inhibitors; these computational approaches must be exper-
imentally validated.”!

Here, we present a novel fluorescence-based report assay
(DIFF-rGFP) for identifying viral protease inhibitors in living

3945

cells. Unlike live virus screening, the DIFF-rGFP assay operates
safely under BSL-1 containment, eliminating the need for
higher-level biosafety facilities. Furthermore, the DIFF-rGFP
system enables visual quantification of the inhibitor efficacy
and is fully adaptable to high-throughput screening formats.
Combining operational simplicity with robust scalability, the
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Figure 2. Flexible region test. (A) Insertion of various cleavage sequences into representative sites on three regions. There may exist more than one
cleavage sequence for many viral proteases; we used two cleavage sequences named cutl and cut2 for the protease from human immunodeficiency
virus 1 (HIV), dengue virus (DV), West Nile virus (WNV), Japanese encephalitis virus (JEV), and porcine reproductive and respiratory syndrome
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Figure 2. continued

virus (PRRSV), respectively. For other viral proteases, we used one cleavage sequence, which was named cut. For example, rGFP15-HIVcutl
represents inserting HIVcutl into sitelS of GFP, rGFP1S-PVcut represents inserting PVcut into sitelS of GFP, and so on. (B) Corresponding
locations of the available sites and flexible region within the GFP 3D structure (pdb: 1bfp),** yellow marked.

TGFP28
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Figure 3. Coexpression of rGFP and protease in 293T cells. The pictures were captured 48 h after transfection.

DIFF-rGFP assay provides a powerful tool for accelerating the region’s near-neighboring site22, site32, and site33. Region
antiviral drug discovery. 2: M154 ~ N160 (Table S2): The amino acid sequence of this

region is MADKQKDN, and fluorescence is not detected in the
B RESULTS region’s near-neighboring site42, site43, and site27. Region 3:

Screening GFP Insertion Sites for Viral Protease H170 ~ V177 (Table $3): The amino acid sequence of this
Cleavage Compatibility. Using the SARS-CoV-2 3CLP™ region is HNIEDGSV, and fluorescence is not detected in the

cleavage motif (AVLQJSGFR),” we totally screened 45 regron s near-nelghborlng §1te44 and 51te.41. .

GFP insertion sites for protease cleavage sequence compati- .GFP Cqmpahble Reglons Are Validated by Inser_tmg
bility. rGFP1—4S represents recombinant fluorescent proteins Diverse VIr,aI ?'.‘Otease qeavage Sequepces’ To vahdate
with insertion of SARS-CoV-2 3CLP™ cleavage sequences into the generalizability of this metho'd, we inserted mgltlple
the corresponding sitel—45 in Table 1. For instance, rGFP8 Protease cleavage sequences from dlx.rerse RNA/DNA viruses
represents the insertion of the 3CLF® cleavage sequence into GFP compatible sites. The viral proteases and their
between T119 and L120 (site8) of GEP. It can be observed corresponding cleavage sequences are listed in Table S4. First,
that among the selected 45 insertion sites, only 19 sites, ie., we selected sitel$, site20, and site4S, which are located in the

sites 8, 11, 15, 19, 20, 23, 24, 25, 28, 31, 34, 35, 36, 37, 38, 39, three regions. Every viral cleavage sequence tested yielded
40, 43, 45, are compatible with the SARS-CoV-2 3CLP® functional GFP when inserted into at least one of the three

protease cleavage sequence without significantly affecting the flexible regions, except for the HCV cleavage sequence, which
fluorescence of GFP or with only a limited impact. At the did not produce detectable fluorescence in the tested sites of
remaining sites, such as site6, sitel0, sitel3, site22, and site27, site20 and site4S. We then tried site24 and obtained the
the fluorescence of GFP cannot be detected after inserting the functional GFP (F igure 2A). The results demonstrated that for
3CLP™ protease cleavage sequence (Figure 1). In the above 19 one single cleavage sequence, at least one site within the three
sites, site8, sitel$, sitel9, site31, and site38 maintained >80% regions would be available for insertion. Therefore, we propose
fluorescence intensity compared to wtGFP; in addition, site20, that GFP contains three flexible regions capable of

site36, site24, and site45 maintained >60% fluorescence accommodating exogenous cleavage sequences.
intensity compared to wtGFP. We adopted rGFPs with greater Simultaneously, the sites and regions mentioned above were
than 60% relative fluorescence intensity for the next studies. marked in the GFP 3D structure (Figure 2B). We could see
By analyzing the above sites, three highly flexible regions that the three regions were mainly located in the loop domain
that may accommodate exogenous short peptides are found. or near the loop between the f# strands of 4 and S5, 6 and
Region 1: E116 ~ L120 (Table S1): The amino acid sequence A7, and 8 and 9. However, not all loops are feasible for
of this region is EGDTL, and fluorescence is not detected in insertion. Additionally, the Y92—G91 site was not located on
3947 https://doi.org/10.1021/acsptsci.5c00262
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Control 1uM GC376 5 uM GC376 10 uM GC376 20 yM GC376 50 uM GC376

Control 10 nM Ensitrelvir 100 nM Ensitrelvir 1 uM Ensitrelvir 10 uM Ensitrelvir 50 uM Ensitrelvir
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Figure 4. Validation of the rGFP assay of rGFP15-3CLP™. Fluorescence intensity of tGFP15-3CLP™ in 293T cells treated with GC376 (0—50 uM)

or ensitrelvir (0—50 uM) for 24, 48, and 72 h.
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Figure 5. ECS50 of the live virus and the rGFP15-3CLP™ assay.

the surface of the GFP, likely causing the lead cleavage
sequence to be wrapped up and thus be protease-resistant.
Coexpression of the SARS-CoV-2 3CL Protease with
rGFP Disrupts GFP Fluorescence. To confirm whether
rGFP could be digested by the viral protease, we coexpression
it with the SARS-CoV-2 3CL protease as a model. The

3948

sequence of 3CLP™ was added to the rGFP expression vector
with a connection of P2A. Figure 3 shows that no green
fluorescence was observed in rGFP variants (rGFP8, rGFP20,
rGFP24, and rGFP31) when coexpressed with the 3CLP*
protease. Meanwhile, weak green fluorescence was still
observed when rGFP11, rGFP1S5, rGFP28, rGFP36, rGFP38,

https://doi.org/10.1021/acsptsci.5c00262
ACS Pharmacol. Transl. Sci. 2025, 8, 3944—3952
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rGFP39, rGFP40, and rGFP4S were coexpressed with the
3CLP™ protease. From then on, we confirmed that the viral
protease could digest the cleavage sequence with relatively high
efficiency, and it was realized that this system could be used for
screening the protease inhibitors or evaluating the inhibitor.
The fluorescence intensity investigated by Image] was
provided in Table S5. When developing an ECS50 assay for
drug evaluation, both positive and negative controls need to be
established. Based on data from Table S5, the positive control
will be set as rGFP, and the negative control will be set as
rGFP+Protease. Therefore, the smaller (rGFP+Protease)/
rGFP is and/or the larger the rGFP-(rGFP+Protease) is, the
higher the signal-to-noise ratio will be. The results indicated
that pcDNA3.1-rGFP15-3CLP* and pcDNA3.1-rGFP31-
3CLF™ plasmids were preferable selections. Take the SARS-
CoV-2 as an example, pcDNA3.1-rGFP15-3CLF™ plasmids
were selected for further study comprehensively.

Assay Setup and Comparison. SARS-CoV-2 polypro-
teins are processed by two viral proteases, papain-like proteases
(PLP®) and 3CLP™, which are excellent targets for the
development of therapeutic antivirals. Some compounds have
been validated targeting the 3CLF®, such as GC376 and
ensitrelvir, but some compounds still need to be investigated.
Here, two compounds were chosen to develop the rGFP assay
for 3CLP™ inhibitor screening. With the addition of GC376 up
to 10 uM, green fluorescence reoccurred during the
observation time. As the concentration increased, the
fluorescence became brighter (Figure 4).

The same result was obtained for ensitrelvir except for a
difference in the minimum active concentration, which is 1
uM.

Comparison of Different Assay Systems. The above
results have demonstrated that the rGFP15-3CLP™ assay can
be used to screen 3CLP™ protease inhibitor candidates. To
understand the differences between the rGFP15-3CLP™ assay
system and the live virus screening, we determined the ECS0
of two small molecules, GC376 and ensitrelvir, based on the
cell viability after SARS-CoV-2 infection and the GFP
intensity, respectively. For GC376, the EC50 was 24.1 + 2.3
UM of the rGFP15-3CLF™ assay, 3.4 uM of the live virus
SARS-CoV-2 screening, and 4.6 uM of the live virus SARS-
CoV-2 Omicron screening, respectively. For ensitrelvir, the
ECS0 was 5416 = 913.6 nM of the rGFP1S-3CLP™ assay,
329.6 nM of the live virus SARS-CoV-2 screening, and 273.9
nM of the live virus SARS-CoV-2 Omicron screening,
respectively. The DIFF-rGFP assay differs by only an order
of magnitude in sensitivity compared to the live virus (Figure
S). The differences between the DIFF-rGFP assay and live
virus screening likely stem from the nature of the systems. In
live virus assays, successful inhibition leads to a sharp reduction
in viral replication, while failure results in exponential viral
growth, producing a high signal. In contrast, the DIFF-rGFP
assay exhibits a more gradual response, as it measures
fluorescence intensity rather than viral replication directly.
This smoother response may reduce the dynamic range of the
assay but provides a more stable and reproducible readout.
From then on, a cell-based, simple, and reliable DIFF-rGFP
assay system was developed. Additionally, fluorescence can be
measured by using a fluorescence spot counter, enabling high-
throughput screening in 96-/384-well formats.

3949

B DISCUSSION

GFP is one of the most commonly used fluorescent proteins in
scientific research, which is usually fused with the gene of
interest at its N-terminal or C-terminal without influencing
green fluorescence detection. The fluorescence expression is
strictly related to the barrel-like structure, which is composed
of the helical chromophore segment and eight B strands
connected by 10 solvent-accessible loops; thus, little research
inserted exogenous sequences into the internal of the GFP
residuals. Although one research reported that the solvent-
accessible loops are candidate sites for inserting random
peptides, the sites or flexible region within GFP compatible
with exogenous protease cleavage sequences still lack
experimental evidence.”* Only three sites have been validated
upon the HCV NS3/4A cleavage sequence.”

In this work, we developed an easy-going detecting platform
for protease inhibitor screening, which can be manipulated in a
normal biosafety level lab. For the first time, we found the sites
and flexible region competent in loading an exogenous viral
protease cleavage sequence without affecting or with little
affection on the green fluorescence intensity compared with
wtGFP based on the SARS-CoV-2 3CLP™ cleavage sequence
and other viral protease cleavage sequences. The most
significant advantage is that for the unique exogenous sequence
insertion, we can certainly seek out one or more proper sites
within the flexible region of GFP, and the chromophore
structure will not be prevented. When the exogenous
sequences are inserted into the GFP, a recombinant green
fluorescent reporting protein (rGFP) could be produced.
Thus, researchers no longer need to take a lot of time studying
from the beginning when designing rGFP or other
fluorescently reported proteins homologous with GFP.

Second, we coexpressed the viral protease and the
fluorescent report protein in one plasmid. Because the two
genes were promoted by a shared promoter linked by a P2A
self-cleaving sequence, the plasmids added into the cell
medium tend to be more conveniently controlled compared
with two separated plasmids, and the expression of the
protease and rGFP is more stable in different cell types. Our
following research indicated that the two genes could also be
linked by a flexible linker and the protease cleavage sequence
(data not shown). In this stage, the key point is that the
protease cuts rGFP efliciently; otherwise, the fluorescence still
exists. In some cases, we found that the protease could not
digest the cleavage sequence so that the system did not work
so well. Based on the above platform, a series of antiviral
candidate screening assays can be developed targeting many
positive single-stranded RNA viruses and some DNA viruses.”

Here, we also developed the rGFP reporter assays for SARS-
CoV-2 3CLF® and confirmed the inhibition activity of the
small molecule GC376°° and ensitrelvir.”” The results showed
that rGFP15-3CLP™ was a sensitive assay, which differs by only
an order of magnitude in sensitivity compared to that of the
live virus. Meanwhile in the assays, the EC50 was higher than
the live virus screening. It was thought that the difference
mainly came from the different characteristics between the
virus and plasmid.

Comprehensively, the DIFF-rGFP assay inherently accounts
for compound permeability and intracellular metabolic
stability, which offer several key advantages for antiviral drug
discovery. Compared with in vitro assays (e.g., FRET), it will
exclude nonspecific cysteine protease inhibitors for which
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certain broad-spectrum cysteine protease inhibitors showed
activity in cell-free systems but failed to inhibit the virus in
cells, leading to yield false positives due to off-target inhibition
of host proteases.'”””** Moreover, by requiring simultaneous
protease expression and inhibitor delivery within live cells, the
DIFF-rGFP assay mimics physiological conditions that
inherently filter out promiscuous binders. Thus, our system
provides a more stringent and biologically relevant screening
environment compared with traditional methods. However,
compared to the gold standard FRET assay, our assay still
suffers from low assay throughput and a long assay period.

B MATERIALS AND METHODS

Plasmids, Cells, Viruses, and Drug Candidates. The
pcDNA3.1(+) expression vector was preserved by our
laboratory. 293T human embryonic kidney cells were obtained
from the American Type Culture Collection (Manassas,
Virginia, United States; catalog #CRL-3216) and maintained
in Dulbecco’s modified Eagle’s medium supplemented with 2%
fetal bovine serum (FBS). SARS-CoV-2 (wild-type and BA.5.2
strain) was provided by the Center for Disease Control and
Prevention in Zhejiang Province, China. GC376 was obtained
from Aladdin. Ensitrelvir and GC376 were obtained from
MedChemExpress.

Plasmid Construction. Recombinant GFP (rGFP) was
designed by inserting the protease cleavage sequence into the
GFP coding sequence. The insertion sites were summarized in
Table 1. PCR amplification was performed by Prime Star DNA
polymerase (Takara). The GFP and rGFP were cloned into the
multiple cloning site (MCS) of the pcDNA3.1(+) vector
followed by the Uniclone One Step Seamless Cloning Kit
instruction, respectively, producing the vector of pcDNA3.1-
GFP and a series of pcDNA3.1-rGFPs. Subsequently, the viral
protease was cloned at the 3’-terminal of the rGFP linked by a
P2A peptide sequence, which produced plasmids coexpressing
rGFP and SARS-CoV-2 3CLP™ named pcDNA3.1-rGFP-
3CLP™. The protease cleavage sequences are summarized in
Table S4.

Inhibitor Screening and rGFP Assay Development.
We prepared 293T cells with a cell density of 5 X 10° cells/
well for a 24-well plate. Plasmid transfections were carried out
using lipofectamine 2000 according to the instructions. The
drug candidates were dissolved in DMSO and diluted with
DMEM. 4 h after transfection, the different concentrations of
drug candidates were added into the corresponding wells and
cultured for another 72 h. The green fluorescence was
observed and pictured with a fluorescent microscope
(OLYMPUS, CKXS3). The fluorescence intensity was
investigated by using Image] software.

Assay Validation. Before the experiment, the maximum
nontoxic concentrations of small molecular compounds on
Vero-E6 cells were investigated using Cell Counting Kit-8
(CCK-8) (Beyotime, Shanghai, China). The concentration
with >80% cell survival rate was the maximum nontoxic
concentration.

For the live virus experiment, Vero-E6 cells seeded in a 96-
well plate were infected with 0.01 MOI of SARS-CoV-2 (wild-
type or Omicron strain) at 37 °C for 1 h. After infection, the
virus was discarded, and the cells were treated with 100 yL of
different concentrations of drug candidates (6.25—0.39 uM for
GC376 and 3.125—0.19 uM for ensitrelvir). For the virus
control (VC) group, cells were covered with 100 uL/well of
medium after infection. Cell control refers to cells without

3950

infection. After incubation at 37 °C for 3 days, the cells were
rinsed twice with PBS and stained with MEM containing 10%
CCK-8 for 1.5 h. The optical density values of each well were
measured at 450 nm, and the cell viability was calculated.
For the rGFP assay, the 293T cells were seeded on a 96-well
plate at 2.5 X 10* cells/well, and the coexpression plasmid was
transfected following the lipofectamine 2000 transfection
reagent kit instruction when the cell convergence reached
70—80%. The culture medium was replaced with fresh medium
with different concentrations of drug candidates 4 h later, and
the cells were cultured for 2 days at 37 °C and 5% CO,. When
detecting, the medium was discarded, and the fluorescence
intensity was quantified by the multifunctional Enzyme
Labeling Instrument (TECAN) at 485 nm excitation light
and 535 nm absorption light. Positive control and negative
blank control were set as the cells transfected with a 50 ng
rGFP-expressing plasmid and cells transfected with an rGFP
+Protease expressing plasmid, respectively. The relative
GFP fluorescence intensity%
GFPintensit}{img — GFPintensity, |

- GFPintensity,

X 100%

ontrold GFPintensityblmk

Quantification of GFP Fluorescence Intensity. Quanti-
fication of GFP fluorescence intensity was performed using
Fiji/Image]. Images were converted to an 8-bit format and
subjected to threshold-based segmentation. Mean gray values
were measured exclusively within threshold-defined GFP-
positive regions, background-corrected using cell-free areas,
and normalized to untransfected controls.

Statistical Analysis. Statistical analysis was performed in
GraphPad Prism 9.2.0 (GraphPad software, San Diego,
California, United States). In Figure S, the ECSO value was
obtained by nonlinear regression that was performed for each
data set with the best-fit value. For all experiments, at least
three independent biological replicates were performed.

B CONCLUSIONS

In summary, our study thoroughly investigated compatible
sites or regions within the GFP and provided a lab-friendly,
accurate, and eflicient way for viral protease inhibitor
screening, offering a framework to accelerate the time and
effort in a cost-effective manner.
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