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Screening methods of SARS-CoV-2 main protease inhibitors and
current applications
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Abstract: COVID-19 epidemic continues to spread around the world till these days, and it is urgent to
develop more safe and effective new drugs. Due to the limited P3 biosafety laboratories for directly screening
inhibitors of virulent viruses with high infectivity, it is necessary to develop rapid and efficient screening methods
for viral proteases and other related targets. The main protease (M™°), which plays a key role in the replication
cycle of SARS-CoV-2, is highly conserved and has no homologous proteases in humans, making it an ideal target
for drug development. From two different levels, namely, molecular level and cellular level, this paper summarizes
the reported screening methods of SARS-CoV-2 M™ inhibitors through a variety of representative examples,
expecting to provide references for further development of SARS-CoV-2 M inhibitors.
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Figure 1 Outline of main contents in the review

— Cell-based luciferase complementation/allosterism assay
Transgene-encoded biosensor (i-MS-Gluc)
GFP-based fluorogenic protease reporter (FlipGFP)
Bioluminescence resonance energy transfer (BRET)
In-cell protease assay based on fluorescence localization
Self-immolative fluorescent probe

— Coronavirus protease-sensitive gene switches
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MP plays a significant role in the replication cycle of SARS-CoV-2. The structure of M™ is shown in pymol (PDB code: 7JUN)
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Figure 3 Schematic diagram of a sandwich-like FP screening method. When incubated with M™ and inactive compounds, the cleaved

tracer cannot bind to avidin produces weak fluorescence. However, the uncleaved FP tracer binding to avidin produces strong fluorescence

in the presence of positive compounds



M K% SARS-CoV-2 285 A BN il 771 ) 5k 7 72 K o - 1531 -

OH

HO OH /@\
; :o OH (o} OH
o:@[() oi@o OH
HO OH ; :o 0]
OH OH
Dieckol (1)
ICs0=4.5+0.4 umol-L™!

OH O OH O
\AE“\//O_H\) /\%

Ginkgolic acid C15:1 (2)
ICso=11.29+0.48 pmol-L™!

Anacardic acid (3)
ICs0=12.19+0.50 pmol-L™!

Figure 4 Chemical structures of three hit compounds obtained

by sandwich-like FP screening assay

0 d H
Sasnlibed
O NN
F
, £
Disulfiram (4)

Carmofur (5)

ICs50=9.35+0.18 pmol-L™!
% ICsy = 1.82 % 0.06 pmol L'

o)
O OH
W
Se
X
Ebselen (6) 6H O OH
ICs = 0.67 + 0.09 pmol-L™!
Shikonin (7)
[0} ICso=15.75 % 8.22 pmol-L"!
N
S,
N S
S
T
!
Tideglusib (8) PX-12 (9)

ICs = 1.55 £ 0.30 pmol-L! ICs0=21.39 % 7.06 pmol-L™!

Figure 5 Chemical structures of molecules screened by fluores-

cence resonance energy transfer (FRET) technology

CC,, = 53.1 umol-L™") Al IMX0941 (EC,, = 1.7 pmol-L",
CC,, =30 umol- L") £ 4H il N 3546 B i I 008 B 9 14
MEAREEE (B 6). 70 X 53 7 R I, 7 =
F 0] {F N SARS-CoV-2 M™™ [ 9 3 4 P 53 25010 1) 5510,

OH O

T S A ¥ L Q T PNA . A405 value
OH

Ginkgolic acid C13:0 (14) T B

ICso=16.11 £ 1.2 pmol-L™!

A ¥ L I8

OJ/NHZ IH\H/O\‘/

P H T o~ o Q y
N N
Y Y
NO2 "o NO
2

Cl
TMX0286 (10) Cl JMX0301 (11)
ICso = 4.8 pmol L™ ICso=4.5 pmol-L™!
ECs0=2.3 pmol-L™! ECsyp=ND

CCs = 53.1 pmol-L"! CCsp=342.4 pmol-L"!

N
N Cl
©/KH

H
¢]] IMX0941 (12)
ICs0= 3.9 pmol-L"!
ECsq = 1.7 pmol-L!
CCsp =30 pmol-L"!

2

N o™
OWH%
N
H H
O
>yt
o

Boceprevir (13)
ICso = 4.9 pmol-L"!
ECso = 15.6 pmol-L!
CCs>200 pmol-L!

Figure 6 Chemical structures of three potential compounds and

boceprevir

R S 1 i 5 A T M AR G AL sk T RTTTLZ T ) 25 4) r
A TE SR BERE, AT R BeAE Dy 38 4 1 40 i R0 5 AL
B AEF, JE T IR A B Moo 0 1 751

2.1.3 bb@E LR A T M A 0k e,
TN M ] TR A I B P SRR S8 R AE AR RO
B B IR R B, DA OEORS #E U 5 M (1) 9 1
e 0 3 A B 0 O SO

Yan ZEPOI Ak, T 5E T LG ) vl R I AR R
RINF=WERAT T ik . Pkt &5 Mre—ikd
I H, J5 NN JEY) TSAVLQ-pNA (para-nitroanilide), £
F 2 Tl e B br AR I A, 18, T B B BT 2 0 B
o M A I R T 0 T AR IS R T pN A, 3 B0
F A o M8 H A [ B A (8] 7). B/ A GraphPad
Prism 8.0 0l & 46 &7 i ith 22, 3k B kA &4 (0
1% > 50%) FHAEE Ml e I 1C, . HHEREKC13:0
(ginkgolic acid C13:0, 14) X M {4 1l 1 F 47 #H & 11
MK R, IC,HN16.11 £ 1.2 pmol-L'»

Feng 25PN EL F & 94 K Ki T (gold nanoparticles,
AuNPs) FKIETE AR T LA 2%E, FFR T — s
& W 5 AL SR I T VR IR B A Ak g, B
PR RBUS T B A A AR R IR

Mpro

Low

X

/Mpro

High
pNA A405 value

Figure 7 Schematic diagram of the colorimetric screening assay. The peptide (TSAVLQ-pNA) hydrolyzed by M has strong absorption at

405 nm and the solution turns yellow, the absorption at 405 nm is lower in the presence of bioactive compounds
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Figure 8 Chemical structures of six compounds screened by DNA encoded compound library (DEL) screening technology
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Figure 11 Chemical structures of eight hit compounds screened by both AEMS platform and inhibitory activity analysis
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Figure 12 Schematic diagram of a screening method based on
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sity, but increases in the presence of compounds with inhibitory

activity
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Figure 13 Schematic diagram of the pGlo-VRLQS biosensor

activated upon cleavage by SARS-CoV-2 M™ to evaluate enzy-

matic activity
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Figure 14 Schematic diagram of the i-MS-Gluc biosensor. Once
the biosensor cleaved by M™, Gluc is activated and emit strong
light
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Figure 15 Schematic diagram of a screening method based on an
green fluorogenic protease reporter “FlipGFP”. FlipGFP activated
when £11 and f10 are in antiparallel

Rothan %57 | A FlipGFP #% &K, LA boceprivir 24
ZENED, Tk T 58 S0N/Nr TN L&Y
P, % B M MR AT A2 P T A8 GFP ¢ O 5 B2 1] 4 P I
Hoh A & W1 Qz4 (35) 1EH By i 2 (48 hiif: ECy =
6.5 umol-L", CC,, > 100 umol-L") (K 16). BtJ5, 7 F
PR W], QZ4 W] 5 KB E FE R Fk 2, GIn189.GIn192,
Argl188 T A, FuE 4 1E MP IR 45 5 [X 3o



- 1536 - 252 %4 Acta Pharmaceutica Sinica 2023, 58(6): 1528-1539

HO
o} |(\ i “OCH,
Cry
. OCH;
H

HO

Qz4 (35)
ECso= 6.5 pmol-L™! CCs> 100 pmol-L™!

Figure 16 Chemical structure of QZ4

34 HEYEAHFREEEHEA

Ma 250525 FRET J& BT & T — Bl 4l il 7K ~F 11
HAT sl E TG R AR, B AEY) K EILIRAE R (bio-
luminescence resonance energy transfer, BRET) £ K .
M i Wi B2 ik ITSAVLQSGFRK) 1) 4 5 7 471 i
N B8 58 R 3 €8 9% 6 2] (1 (EYFP) M Renilla % ¢ % I
(RLuc) IR 4 h 741 2 18], 1 5 R IA B AR J5 5 MP K ik
R YL HEK293T 4l . 4 RLuc LKV IE %R
I A] 7= 42 475 nm )% . 4 EYFP 5 RLuc 2 [A] ) R
B9/ T 100 A B, RLuc & tH 1 % 68 7= A e & 5 1%,
WK EYFP P42 535 nm (98 . 24 MM U EI RN —
B, AR RE B RE, 475 nm A (R R S e 0
15 U A SR AE AR I, 535 nm A 3R g B U T
w (E17).

High excitation light
at 535 nm

Emitting light
at 475 nm

Mpro
EYER —dg— Rluc

Low or no excitation
light at 535 nm

Emitting light
at 475 nm

Figure 17 Schematic diagram of the bioluminescence resonance
energy transfer (BRET) assay. In the absence of M™ there is
strong excitation light at 535 nm, M can cleave the EYFP-linker-

Rluc fusion protein to produce high fluorescence at 475 nm
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Figure 18 Schematic diagram of the fluorescent probe for an in-

cell protease (ICP) assay
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Figure 20
gene switches (TAGS). Main modules of TAGS can be exchanged

to detect different selecting proteases
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Figure 21  Chemical structures of two hit compounds with the

best inhibition effect

PRARES), (EA A 4 5 A =) FF & 1) Paxlovid™ J £5 B L
il 2 1¥] Xocova flb i 17, DA 1 2e 4 W] 5 ) 1% 1y A
M TR AR A2 2 BT AR T IR & K. TBie
RFET IR B2t 2258, 38 2 MR IR
W) e A R AR B, FE ST v AR B TR Ik
TR R I IR

AL IR S A [F) 57 10 A5 2R A U AL 5 P 5 M 1Y
SR Ty REAI ) A AR RS 2007 T & A7 1 i, DR A AR
R — O e T VR A AT R ZE ORI 1 A
PERIIG O, FR7RAESEPRB Fe b, BELR-G 18 AN IR SR 2
AR R R 7, M AN R SR A, HAE T
P 7 328 Ji5 M) FH 48 B 7K ST 1R 2 Y 07 a0k vk, 3 o A s A
%N (cytopathic effects, CPE). Ji B RNA % ik & [
A5 S VP A4 P P B 0 PR, AT 4 1 P SE
VEAS FL B0 208 ) A B M S FE bR o AR R ERA
R IE A R PR SIS A B AR R A O U v R AT R
ZiVEVEAT, Sl Bhis N TR ReROR AT R 25 PE R 0T
Uo7 S 25 0 R I RS QIR Y, Dy e AR
TN I e B 2 A ) B E B

YEE TR MUK S DT S IR S SR P A T R SR X
HUK M NS 18 SR SCEAE, @B R ISR E RN
X SCHEAT TR A NS

FIERSE: PrA AR A AR ZE 4R 5

References

[1]  World Health Organization. WHO Coronavirus (COVID-19)
[EB/OL]. Geneva: World Health Organization. 2022 [2022-11-
28]. https://covid19.who.int.

[2] ChenY, Liu Q, Guo D. Emerging coronaviruses: genome struc-
ture, replication, and pathogenesis [J]. J Med Virol, 2020, 92:
418-423.

[3] Song LT, Cheng YS, Gao SH, et al. Advances in research on
broad-spectrum inhibitors of human coronaviruses [J]. Chin J
Med Chem ({1 H 2465 4% &), 2021, 31: 721-738.

[4] Gao S, Huang T, Song L, et al. Medicinal chemistry strategies
towards the development of effective SARS-CoV-2 inhibitors
[J]. Acta Pharm Sin B, 2022, 12: 581-599.

[5] Banerjee R, Perera L, Tillekeratne LMV. Potential SARS-CoV-2

(7]

(8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

main protease inhibitors [J]. Drug Discov Today, 2021, 26: 804-
816.

Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-CoV-2
cell entry depends on ACE2 and TMPRSS2 and is blocked by a
clinically proven protease inhibitor [J]. Cell, 2020, 181: 271-280.
e278.

Li F. Structure, function, and evolution of coronavirus spike
proteins [J]. Ann Rev Virol, 2016, 3: 237-261.

Thiel V, Ivanov KA, Putics A, et al. Mechanisms and enzymes
involved in SARS coronavirus genome expression [J]. J Gen
Virol, 2003, 84: 2305-2315.

Xue X, Yu H, Yang H, et al. Structures of two coronavirus main
proteases: implications for substrate binding and antiviral drug
design [J]. J Virol, 2008, 82: 2515-2527.

Yang H, Xie W, Xue X, et al. Design of wide-spectrum inhibitors
targeting coronavirus main proteases [J]. PLoS Biol, 2005, 3:
e324.

Cui W, Yang K, Yang H. Recent progress in the drug develop-
ment targeting SARS-CoV-2 main protease as treatment for
COVID-19 [J]. Front Mol Biosci, 2020, 7: 616341.

Wang CH, Wang R, Zhou YX, et al. New progress of novel
COVID-19 variants and its effect on vaccine immune protection
[J]. J Hainan Med Univ (¥ 5 = 22 Bx 2% 4R ), 2022, 28: 401-405.
Cosar B, Karagulleoglu ZY, Unal S, et al. SARS-CoV-2 muta-
tions and their viral variants [J]. Cytokine Growth Factor Rev,
2022, 63: 10-22.

Li J, Jiang XY, Xu SJ, et al. Medicinal chemistry strategies in
seeking coronavirus inhibitors [J]. Acta Pharm Sin (2§ % %% i),
2020, 55: 537-553.

Chen YY, Fu ZH, Yan GG, et al. Optimization of expression
conditions and determination the proteolytic activity of codon-
optimized SARS-CoV-2 main protease in Escherichia coli [J].
Chin J Biotech (ZE4) T.F22%4R), 2021, 37: 1334-1345.

Yan G, Li D, Lin Y, et al. Development of a simple and minia-
turized sandwich-like fluorescence polarization assay for rapid
screening of SARS-CoV-2 main protease inhibitors [J]. Cell
Biosci, 2021, 11: 199.

Li D, Yan G, Zhou W, et al. Ginkgolic acid and anacardic acid
are reversible inhibitors of SARS-CoV-2 3-chymotrypsin-like
protease [J]. Cell Biosci, 2022, 12: 65.

Jin Z, Du X, Xu Y, et al. Structure of Mpro from SARS-CoV-2
and discovery of its inhibitors [J]. Nature, 2020, 582: 289-293.
Samrat SK, Xu J, Xie X, et al. Allosteric inhibitors of the main
protease of SARS-CoV-2 [J]. Antiviral Res, 2022, 205: 105381.
Yan GG, Yan HH, Liu ZC, et al. Discovery of a novel SARS-
CoV-2 main protease inhibitor by a simple and optimized colori-
metric screening assay [J]. Acta Pharm Sin (2§ % % i), 2022,
57:3019-3026.

Feng Y, Liu G, La M, et al. Colorimetric and electrochemical

methods for the detection of SARS-CoV-2 main protease by



o PKEE: SARS-CoV-2 =5 8% [ B 400 77 i i gk 5 ¥ B I

1539

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

peptide-triggered assembly of gold nanoparticles [J]. Molecules,
2022, 27: 615.

Hou N, Shuai L, Zhang L, et al. Development of highly potent
non-covalent inhibitors of SARS-CoV-2 3CLpro [J]. bioRxiv,
2022. doi.org/10.1101/2022.08.10.503531.

Ge R, Shen Z, Yin J, et al. Discovery of SARS-CoV-2 main
protease covalent inhibitors from a DNA-encoded library selec-
tion [J]. SLAS Discov, 2022, 27: 79-85.

Zhao XJ, Chen HW, Song DQ, et al. Surface plasmon resonance
sensor, part I: fundamentals [J]. Anal Instrum (43 #7{X%%), 2000,
(04): 1-8.

Du A, Zheng R, Disoma C, et al. Epigallocatechin-3-gallate, an
active ingredient of traditional Chinese medicines, inhibits the
3CLpro activity of SARS-CoV-2 [J]. Int J Biol Macromol, 2021,
176: 1-12.

Cantrelle FX, Boll E, Brier L, et al. NMR spectroscopy of the
main protease of SARS-CoV-2 and fragment-based screening
identify three protein hotspots and an antiviral fragment [J].
Angew Chem Int Ed Engl, 2021, 60: 25428-25435.

Zhang H, Liu C, Hua W, et al. Acoustic ejection mass spec-
trometry for high-throughput analysis [J]. Anal Chem, 2021, 93:
10850-10861.

Hasegawa T, Imamura RM, Suzuki T, et al. Application of
acoustic ejection MS system to high-throughput screening for
SARS-CoV-2 3CL protease inhibitors [J]. Chem Pharm Bull,
2022, 70: 199-201.

Scholle MD, O'Kane PT, Dib S, et al. Label-free duplex SAMDI-
MS screen reveals novel SARS-CoV-2 3CLpro inhibitors [J].
Antiviral Res, 2022, 200: 105279.

Douangamath A, Fearon D, Gehrtz P, et al. Crystallographic and
electrophilic fragment screening of the SARS-CoV-2 main
protease [J]. Nat Commun, 2020, 11: 5047.

Pearce NM, Krojer T, Bradley AR, et al. A multi-crystal method
for extracting obscured crystallographic states from conven-
tionally uninterpretable electron density [J]. Nat Commun, 2017,
8: 15123.

Qi HY, Yan GG, Fu ZH, et al. Miniaturized high-throughput
screening assays for the discovery of SARS-CoV-2 main protease
inhibitors [J]. Chem Life (ZE i I{k %), 2021, 41: 207-214.
Chen KY, Krischuns T, Varga LO, et al. A highly sensitive cell-
based luciferase assay for high-throughput automated screening
of SARS-CoV-2 nsp5/3CLpro inhibitors [J]. Antiviral Res, 2022,
201: 105272.

O'Brien A, Chen DY, Hackbart M, et al. Detecting SARS-CoV-2

3CLpro expression and activity using a polyclonal antiserum and

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

a luciferase-based biosensor [J]. Virology, 2021, 556: 73-78.
Zhang Y, Li C, Ke X, et al. Development of a biosensor assessing
SARS-CoV-2 main protease proteolytic activity in living cells
for antiviral drugs screening [J]. Virol Sin, 2022, 37: 459-461.
Zhang Q, Schepis A, Huang H, et al. Designing a green fluoro-
genic protease reporter by flipping a beta strand of GFP for
imaging apoptosis in animals [J]. J Am Chem Soc, 2019, 141:
4526-4530.

Rothan HA, Teoh TC. Cell-based high-throughput screening
protocol for discovering antiviral inhibitors against SARS-COV-2
main protease (3CLpro) [J]. Mol Biotechnol, 2021, 63: 240-248.
Ma L, Zhao JY, Guo SS, et al. Establishment of a cell-based
screening assay for inhibitors of SARS-CoV-2 3CL protease [J].
Acta Pharm Sin (%)% 54R), 2020, 55: 2122-2126.

Hou N, Peng C, Zhang L, et al. BRET-based self-cleaving
biosensors for SARS-CoV-2 3CLpro inhibitor discovery [J].
Microbiol Spectr, 2022, 10: €0255921.

Narayanan A, Narwal M, Majowicz SA, et al. Identification of
SARS-CoV-2 inhibitors targeting Mpro and PLpro using in-cell-
protease assay [J]. Commun Biol, 2022, 5: 169.

Xu M, Zhou J, Cheng Y, et al. A self-immolative fluorescent
probe for selective detection of SARS-CoV-2 main protease [J].
Anal Chem, 2022, 94: 11728-11733.

Franko N, Teixeira AP, Xue S, et al. Design of modular autopro-
teolytic gene switches responsive to anti-coronavirus drug candi-
dates [J]. Nat Commun, 2021, 12: 6786.

Bram Y, Duan X, Nilsson-Payant BE, et al. Dual-reporter system
for real-time monitoring of SARS-CoV-2 main protease activity
in live cells enables identification of an allosteric inhibition path
[J]. ACS Bio Med Chem Au, 2022, 2: 627-641.

Akinosoglou K, Schinas G, Gogos C. Oral antiviral treatment for
COVID-19: a comprehensive review on nirmatrelvir/ritonavir
[J]. Viruses, 2022, 14: 2540.

Wang YH, Du GH. Modern phenotypic drug screening, a
feasible strategy for drug discovery [J]. Chin J New Drugs (!
B2 k), 2016, 25: 395-404.

Liu RZ, Song JK, Liu AL, et al. Progress on the application of
artificial intelligence technology in ligand-based and receptor
structure-based drug screening [J]. Acta Pharm Sin (%] %% 2% {}k),
2021, 56: 2136-2145.

Zhou Y, Wang F, Tang J, et al. Artificial intelligence in COVID-
19 drug repurposing [J]. Lancet Digit Heal, 2020, 2: e667-e676.
Xu SJ, Ding D, Liu XY, et al. Integrated medicinal chemistry:
new modalities and methodologies in drug discovery [J]. Acta

Pharm Sin (#j°7%#4k), 2022, 57: 2889-2901.





