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Identifying SARS-CoV-2 main protease inhibitors by a novel
sandwich-like fluorescence polarization screening assay
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Abstract: SARS-CoV-2 main protease (Mpro) is responsible for polyprotein cleavage to release
non-structural proteins (nsps) for viral genomic RNA replication, and its homologues are absent in
human cells. Therefore, Mpro has been regarded as one of the ideal drug targets for the treatment of
coronavirus disease 2019 (COVID-19). In this study, we first combined the fluorescence polarization
(FP) technique with biotin-avidin system (BAS) to develop a novel sandwich-like FP screening assay for
quick discovery of SARS-CoV-2 Mpro inhibitors from a natural product library. With this screening
assay, anacardic acid (AA) and 1,2,3,4,6-O-pentagalloylglucose (PGG) were found to be the competitive
inhibitor and mixed-type inhibitor targeting Mpro, respectively. Importantly, our results showed that the
majority of the reported Mpro inhibitors are promiscuous cysteine inhibitors that are not specific to
Mpro. In summary, this novel sandwich-like FP screening assay is simple, sensitive, and robust, which is
ideal for large-scale screening. Natural products AA and PGG will be the promising lead compounds for
generating more potent antiviral agents targeting Mpro, and the stringent hit validation at the early stage

of drug discovery is urgently needed.

Keywords: SARS-CoV-2; main protease inhibitor; fluorescence polarization; high-throughput screening;
anacardic acid; pentagalloylglucose
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Figure I Production and enzymatic activity analysis of SARS-CoV-2 main protease (Mpro). (A) Production
of SARS-CoV-2 Mpro in E. coli cells. According to the published protocols!'* the purified Mpro was
assessed using the SDS-PAGE assay, and then the gel was stained by coomassie brilliant blue (CBB). 1:
protein marker; 2: total cell proteins; 3—5: purified Mpro band (34 kDa). (B, C) Enzymatic activity analysis
of purified Mpro. The specific activity and enzymatic parameters of purified Mpro were determined by the

FRET assay, and all experiments were carried out in triplicate according to the reference!'*..
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fdRifiE IR b RIS mP (8 AR 4R, HAERRTERT R 28 1 h, AR R,

¥ (inactive compound) T AREMH Mpro  REFIEE, KTFRRN LA . HELEHREE
X} FITC-S-Biotin [ /K fi# £ F , ¥ U1 # WK 3A /R B4, # 400 nmol/L Mpro 5K
FITC-S-Biotin Fﬂﬁgﬁﬁiﬁf&dxﬁ@ FITC-AVLQ  #R/=#) (1 mg/mL) = IFE 35 min, FEINAR G
FB, BB, 7R WAL MMRTE  #R%E (FP tracer: FITC-S-Biotin) #4720 min 7K fif
TR R TR U R AR A mP TEO FARTHERERR S, REMACEREME S min, 4 RHK
FEHEEME Mpro, ZOEHREN FITC-S-Biotin ., DL Z HAREEEFR (UAR T mP . K

High FP signal ot

» FITC-S-Biotin L
Biotin @:

Bioacitive compound

.
ans®

A sandwich-like FP screening
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Slow rotation

Main protease

Low FP signal
» FITC-AVLQ

.
.

.
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+
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E 2 ZEAHRARIRFEERNERRE

Figure 2 Basic principle of the sandwich-like FP screening assay for rapid discovery of Mpro inhibitors
As described in reference!'), 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).
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B3 =PRI mIRTHER A N A

Measurement of the mP value
and calculation of the inhibitory
activity by data analysis

Figure 3  Application of the sandwich-like FP screening assay for the discovery of Mpro inhibitors. (A) The
basic protocols of the sandwich-like FP screening assay. Briefly, 30 pL sample of 400 nmol/L Mpro was
incubated with natural product (1 mg/mL, 1 pL/well) for 35 min at room temperature (RT) in a black 96-well
microplate. Later, 20 pL sample of 60 nmol/L FP tracer was added and incubated for 20 min at RT. After
quenching by avidin (300 nmol/L, 10 uL/well) for additional 5 min, the mP value was monitored by a
microplate reader (BioTek). The inhibitory curve of hit compound was plotted using GraphPad Prism 8.0. (B)
The natural products layout in a black 96-well microplate for high-throughput screening (HTS). The positive
(GC-376), negative and background wells were highlighted.

R PR R R B B S A B, TR O
H, N BRIE 3B R, AEARREIR 96 FLtk R
HEAT O A S B HEA R O e Al b 12 0 AL
FHVEXTREFL (GC-376). BAVEXT FEFL A AL
2.3 ELUEYIRHNFIE M S HDHIHLE]
FIFR € 8 57 /9 = W3R B 5 O i P 07 226 45
RIXT R 774k & W) 2 A T v 30 i 7 K, ) O
ARG 7 MR LG (B 4A). TE5H
AN, KMENIRS PGG X Mpro il 1674
HA BFEWMHEER, H DTT X HAH /E R
ToH B, Forb, ERIER I 1Cso fHR (12.19+
0.5) umol/L, PGG 9 ICsofE A (9.1£1.9) pmol/L
(Kl 4B, 4E), FRUDUEIZCMIZ R, BN
TEARIANER, H K ESY 1.8 umol/L (& 4C,
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Mg . EME . e P RV A AR TR A
B rp 35 J0 B B0 S L 5 SRR
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Figure 4

Inhibitory activities and inhibition mechanisms of two hit compounds identified by the

sandwich-like FP screening assay. (A) The layout of bioactive natural products in the sandwich-like FP
screening assay. (B, E) The dose-response curves of anacardic acid (AA) and PGG in the presence or absence
of DTT using the sandwich-like FP screening assay. The chemical structures of AA and PGG were showed.
(C, F) The Lineweaver-Burk double-reciprocal plots for inhibition of AA and PGG on Mpro for the FRET
substrate. (D, G) Determination of the K; values of AA and PGG.
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#z 1 HtSRiENEDINEHE M/ B
Table 1

Validation of the reported Mpro inhibitors by the sandwich-like FP screening assay.

Compound Chemical structure Reported ICsy (umol/L)  Tested ICso (umol/L) References
GC-376 N 0.19 0.13 [15,17]
@v“ “UU\/C)
OH
T N ()=é =0
b
RSB o 1.79+0.58 11.29+0.48 [15,18]
OH ~
Ginkgolic acid | ﬂj
TS
HIEFHE it 17.1 17.52+1.01 [15,19]
Plumbagin é |
.
OH O
A A 7 0.67+0.09 >100 [20]
Ebselen
WA E 0.39+0.11 >100 [21]
Baicalein
VAL 3.68+0.08 >100 [22]
Myricetin
o s 3.940.2 >100 [23]
Chloroquine
o S \NJ
o J2 17 0 C: 4.81£1.9 >100 [24]
Manidipine i ?/ o PPN
Ny oD
H.‘C\O,J\/\\/J\O/\/N\/' ’
113c/\1£\{/\c113
V4IRS ffﬁ 31.4+1.2 >100 [25]
Saquinavir -

3 Wik

SARS-CoV-2 EYL T2 COVID-19 %1k
ARG, DR A4 Z (World Health
Organization, WHO) %1 E PR AL LA Ko
{4 (public health emergency of international
concern, PHEIC). B85 vi 748 S R A 25 1 i
AT E B Hre A BE LY 23k COVID-19 %

http://journals.im.ac.cn/cjben

THHAEZE . HET, BE R ERHROCEER
2FR 60 SAFEZK MK, HAg @Gk mn
BEREER A, JFRBCE R R NZ R AR
AL AL N S/ U B SR N o2
AR RKIAAAAE T AN E A5 K%t , Hah¥rskil
) A 0 e R B A PT RE 85 ) AL R RS | N
FpEEP0, Wk, BURIE & B R B
YR EEZ L, KT Mpro 7E LRI T
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PR PRAT, 38 K 22 R AR T B A R 4 2
FEHZ RNA &, HABARLEAE LR A
fitg, Pt Mpro A AR B bR 1 25 )
R AR Z —

HATE &) Mpro /Ng3—~ il 1 7 12E 7
R BRI LS | FRET Gk | 266 %
Rt B FL R i 16 s (luciferase complementation
assay) . ZROUOGE AP AME (GFP split
complementation assay) 3% fifi ik vk 45 531361
Hrp, B ERE—-METEY S
P (8] %) 3 Xof 432 1 B30 o Al %) 245 0 i 14 v
AR PR A, ZETE I 24 W) e A O
HooR B HAE S B H v i — 428 Tal R
PHPE R By, WAZ0IEE DL S 06 i 326 7 ¥ 36 Tk A g
1 2 12 VS A B W WV A 1 1  FRET i e A
BHEAR R EERA, B R & Mpro
NG B R R . TR ZR
i e Ak G SRR 1) B B G I T 00 AT
REVEK FRET JEYIM 2O, 29 7 IR AL
BT I AN K Y- 1 7 2 T R 2 TR G e v
W HA RSB, TR FIA L 05 2 s &
R M 22 S5 o i, HL R IH e UL 75 A P3 5K
PR, BRI R T HAE KRR 5 3 o
Ve RN . B, FRAR S AR . PR, R
. TR Mpro /N34 il 7] 15 38 0
PERER A B X,

PEIIMIRFL A F LI T oI oy F 1 5K
AN, TRV P e R R A, T PRI O IR
SPEE, PO IRTE B AR, SOt RIEAR R
mP B 2, RGSCHEA S EAR S T4545,
BT i FREBE KPR G, MR R
SR, SO IR B R, R
1) mP i, HAET, ZO6MmIREARCH) 20 H
T Yk . BTSN E . 255
Mr . BRI W B o8 A5 AR oY S

: 010-64807509

AU IR I AR R S £ G2 FRET fifi
YA, IR FRFLAE A=A 20 nmol/L,
294 FRET Wi 63t iy B AL 19 1/500,
HARVERE, SRRy 1h, BR TR
TR ENE . R T, X HA B M
o5 B 2E 11 A 0 790 P v R et LA R A 1
YMS MM, B, T IO6 IR
FITC 1% 3156 535 nm, B4 ikt 7 343 K
SR B9 R T e A 70 ] Sk g 4
DR e AR i e B Y LA AP R ] S . SE PR
e M. AN, FEMRINESLE) Mpro /NrFH
TR AR A 2R &R T REXHE A Y
PHITEPE TR A R, DR B 2 A AS [ A=
5B 4 245 90 5 1 A5 R A 5 25 A % Miprro /)N
A3 30390 A P G e th S 2 O FE A U O
I FH 9T A 7 1) = B I R 8 ' i i 7 2 A5 78
Xt RARF= A P e A T v o e, R AR
WR 5 PGG TEARSNGT Mpro 64 BA KU1
MHIER, &—Z558 Mpro /INrF 5 .
VI R ALARISTANAR , AR A I A AR T R R L)
I EZENSy, HADUE . PUME . doRsERdUE
JEBRANSE )2 (2 BEIE PR n I B A ST
HESE, BAMERPUHT R R FE TR PR ECso (A
9 pumol/LU™ ., ARHIFFEIE S 1 W 1R 2 L el iR
B Mpro MYZEFRU/NrFIGIR], FIEERE—2k
HAT RIS B S &9 . HER
MR A —E IR, B ERA M T
ot AL, AR 2 e e
UEAb, SRR T A AR B 1) PGG RAEGH 25 H
f&5F . BEFFR . RATRIEAATSE 17 Fpp 250 35
RO ™, B AR UESE, PGG AJ BH W
RBD-ACE2 AH B AE 2 1 410 il 3 8 e bR B 4
ATE EAPO, ARFFEUESE T PGG XF Mpro fiff
T B AR B IR, 2 TR 5 2 Mpro
NG TR, P RE S R 2 A R 2 Al

X: cjb@im.ac.cn



2362 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

P2 —

Zi BTk, AR = WA RSO Ik
B 126 A% TR 3k K R 7 Wy Ak & W) e kAT o T
e, WS T ERMIRY PGG 2 — A B i kb &
Yy, S BUET RUE AR 7 25 ) e S AL A W G i
SR BE T Al

gt AMARFEMKEBEREHLE R
T ARSI HAEE Mpro b4 F 067l E pal 2 5

RGN ARFALTHESHKET! RBTEE
FHRFR-ATHAEFRELEADERIR
B &) 4 B A% Aok 8 G HAR AL kLA il
EHAFTLTHOAALE! RFELEHT LEL
Mlk EXRAMEFZ LT HRIIRAE =
BHERARIRIREERGELI S LA FL TN

”%i}
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