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 E. AFRAERMEERAS (fluorescence resonance energy transfer, FRET) /R¥E, VAR A
# & & B (main protease, Mpro) # ¥e4%, 2 5 5+ & F) Mpro > T #7#| #| FRET &8 & /s A2 A
VAR i 0 1 #T A Mpro Ao FArEIA . AR KIATH RAZERE L 0 B 448 5 7% 14 Mpro, ﬁ}u
FRET ik #t AT 0% A2 . 3 F FRET R, A 7-F A A F 2 % -4- T8 (7-methoxycoumarin-4-acetic
acid, MCA) 5 2,4-=#53KLK® (2,4-dinitropheno, Dnp) #7269 % Ak1E 4 Mpro /KR k4, i@ L4840
R % & . Mpro B RJE . R %5 BF 18] & DMSO % K E, #5515 F Mpro >4 -F 47 4l
7| FRET &8 2 76 AR R # AT 8 kb4 eh b k. AR XKIHATHA I T &%t Mpro 89 Rz kit 5
o & AL, HE ) TAKT 40 000 U/mg. @it — 2 2440 5K 8, 424 0.4 pmol/L Mpro 5 5 pumol/L
RMEZT ZBFAEH 0.79 9 Mpro 4T #9475 FRET Zid & fh 424, BHREARZ TAAH 6
—FLHAEEE (1,4-dithiothreitol, DTT) £ %% FRET AR T EMEZR L. @3t KRR SH
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Abstract: For rapid discovery of novel SARS-CoV-2 main protease (Mpro) inhibitors, an optimized
fluorescence resonance energy transfer (FRET)-based high-throughput screening (HTS) assay was
developed. The recombinant Mpro was expressed in Escherichia coli Rosetta (DE3) cells and the
specific activity of purified Mpro was assessed by a FERT assay using a fluorescently labeled substrate.
Subsequently, the reaction buffer, working concentration of Mpro, incubation temperature and length,
and DMSO tolerance were systematically optimized. The Mpro was solubly expressed in E. coli cells
and exhibited an expected enzymatic activity (40 000 U/mg) in a FRET assay. Through these systematic
optimizations, we selected 0.4 umol/L Mpro and 5 umol/L FRET substrate as the optimal working
concentrations in this FRET screening assay, and a high Z' factor of 0.79 was achieved. More
importantly, the addition of reducing reagent 1,4-dithiothreitol in reaction buffer is necessary to
faithfully assess the reliability of the screening assay. Using this assay, plumbagin (PLB) and ginkgolic
acid (GA) were identified as potential Mpro inhibitors in vitro from a natural product library. In
summary, we developed an optimized FRET-based HTS assay for the discovery of Mpro inhibitors, and
PLB and GA could serve as the promissing lead compounds to generate more potent antiviral agents
targeting SARS-CoV-2 Mpro.

Keywords: SARS-CoV-2; main protease inhibitor; fluorescence resonance energy transfer (FRET);
high-throughput screening; plumbagin; ginkgolic acid
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I B E ML T COVID-19 HAE KA, (Hif
Xf SARS-CoV-2 Ak A 5 A8 T B 1 Y P T
e R B DR T RS R, JE R PR BE %
ASRR I 2 ERE AEFE T COVID-19 #1214k
RO, BT R BRI B
M ZI R,

SARS-CoV-2 & — Fift HL A7 A I A4 B0 1 1E 5%
RNA JWi#g, HA RSN, &T -
R HEJE . SARS-CoV-2 == %3 2o il 28 2 11
(spike glycoprotein) FASZAARZE G451} (receptor-
binding domain, RBD) 57 3= 4 Jifd & 11 1) 1ML 457
E ok KL 2 (angiotensin converting enzyme 2,
ACE2) 454, WM 315 0P UGE T Bz 20 i 3
AJREE RNA E75 F M, e RNA FIA
i LA B AZBE (B A ppla A pplab 55 2 5%
ZRBEFARIK (polyprotein), Ffil i A BT YI4E
M- ERegoK i 2 R EA A 16 MHELHE
MR FE 1 (main protease, Mpro) FIAJK
FEEE IS (papain-like protease, PLpro), JiH, £
REFFALE Mpro /K AEAE TN 85I A2
}5 RNA fK#if) RNA EE5H (RNA-dependent
RNA polymerase, RdRp) 55 12 MAEZ5HHE A
JT, R EE RNA R Gl 55 5%, ek ek
i, Mpro Xf 22 B2 11 F R 1 7K A 3k A 205 5
RNA & il 55 5% s add #2 vh oA AT sl i G20 3R

YE R 2 B & BR B A B A9 Mpro 78 S50 1
B- e R 2 H B E AR AR X RS , N 5 248 . Mpro
FTE TR X R R SRR g4, AT SR/
(495 T HpCs 2R His41 1 Cys145 41A%, A9
i EE RNA Sl 5k CEnmg. KT
Mpro #F AL AR H ARG = 5 [R5 2 1, 3l
Mpro J A ) 15T b IR v 7 245 W I & i) B AR
bRz —1%,

H COVID-19 Bl # K Lk, BA K
Mpro /N3l 59 AR 4k & B0 5 4 iE , (B H A
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TR A i 78] 2 R SRR S Mpro /T
R R, T R BT EE Y Mpro /NGy
AU 5 g A T B R B S AN
FEAE R Mpro il & B ., BRI 9E
FILYRRE R4 L (fluorescence resonance energy
transfer, FRET) JRBH, d1d— ZR 5 s &L
b, @3 R ATHER) Mpro /N T4 5] FRET
e 3 O R, RO e R E Y, A PUR
TUREPR I B 2590 5 AL & W ik 5 % B B
Hefih

1 #RE5xF*

1.1+
1.1.1 it F

KIBFFE (Escherichia coli) Rosetta (DE3)
JECZ AN . BRSO &L A bR
THERB AR 2SRV EARARAFR,; HA
W BilERY . BERERIIA A Oxide 23wl ; 2 WN7Y
M. 5T poD- B AR K FLEEF (isopropyl
B-D-thiogalactoside, IPTG), 7-H & iEH T EK-4-4
R (7-methoxycoumarin-4-acetic acid, MCA), —
LA (dimethyl sulfoxide, DMSO)., —Hi
WilE (1,4-dithiothreitol, DTT) 4 [ Aladdin 2%
) ; HisTrap™ JZH I A Cytiva 22 F]; 4
Ji$ 96 LA B Corning 2~ ) ; FRET iK#) (FRET
substrate: MCA-AVLQSGFR-Lys(Dnp)-Lys-NH,,
Aex/hem: 320/405 nm) M B FH /R4 (i) A
PR w5 KR Wk & Y% B ChemDiv 23 5
GC-376 KAk (ebselen). # %% (baicalein).
4EF+% (plumbagin, PLB). S8 &5 (ginkgolic
acid, GA) W H TargetMol 2] 5 HoAia 5] Sy [
7 A Al
1.1.2 {43

BETAEGE AIRTECH AR ER
DGR B R RE N ] s R AN i
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{0 A SCIENTZ 72t w); 5 Uk A
Bio-Rad A F]; &k & 0L H Eppendorf
W) s AKTA Pure  H i 446X H GE
Healthcare 2y 7l ; BRI R R G0 H CLINX 2
wl; ZIREMPR{UE B BioTek 2\ v .
1.2 7H&
1.2.1 SARS-CoV-2 Mpro F#FRiE. H Bk
5ttE DN E

P& A EmA kL pET-21a-Mpro 1 E. coli
DH5o H & L AR 2 vk 52 05 Jm , 1 B 2 )5
B, PR EA R LIS CaCl, fb2g it bk ik
% E. coli Rosetta (DE3) J&ZA4Md, AR
VUM TR B EE 4 F o Fe BS 5 STk 11 iR
M7 3k Mpro JRAZ IR . A alifl K i
JTHIIE
1.2.2  Mpro /N FHIFIF FRET 518 = ifiL
WA R 1L

1) Mpro 7K fif 51w 9 9% w1 Ak

¥  Mpro LI 4- 1 Bk 2 B R
(4-morpholineethanesulfonic acid, MES) 2% ik
(10 mmol/L MES, 50 mmol/L NaCl, 1 mmol/L
EDTA, pH 6.0) % 0.25 umol/L, /il A FRET

JEE (L2 BE oA 10 pmol/L o Kb A 5 0 % LA
50 pL/ALIA B4 B IE 96 fLtkHr, g
6o 58, R AER (25 C), WMALH
320 nm, &HYEN 405 nm, KEIBE N 1 s,

K S BsF 18] 4 2 min, DA 22 2 RE AR RS D0 AH
Xt 5 5t i (relative fluorescence unit, RFU)
B MR 30 s PIEGAL S b it £k i bR 13
SCNLWIHE (V=ARFU/s)o 35 52 2% il
B4 UK B 4 B R (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, HEPES) %% i)

(10 mmol/L HEPES, 50 mmol/L NaCl, 1 mmol/L
EDTA, pH 7.0) 5 Tris ZZ % (10 mmol/L Tris,

50 mmol/L NaCl, 1 mmol/L EDTA, pH 8.0), [A]#%
G 0 k2 S 0, R WD B, B 7E Mpro JK i S
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SR E B2 RTINS

2) Mpro fz A 5 v ik BE 1)1

) HEPES 2% th 30K Mpro #i B2 1.5.1.25,
1. 075, 0.5, 0.25. 0.125. 0.062 pmol/L, 4}
BT S B P A FRET IS 9 ff HE 2k
JE A 5 umol/L, FLA 50 pL/fLn A 2] 4 B2 i
96 fLArH, LIZIREMHR AT RFU B, LA
GraphPad Prism 8.0 {4 Mpro /K fif 2 i i £,
115 Mpro BP0 304 % (half concentration
of maximal effect, ECso) {H

3) Mpro 7K fiff 2 I i B A3 S0 it i pe Ak

# FRET JE¥LLE 0.4 umol/L Mpro
HEPES Z& i B2 5 umol/L, F-LA 50 pL/fL
AR 2 BENE 96 fLAk, & RV IREN
4 °C, VUZIREEEAR U RFU (B . 3% 8
WL 25, 30 C, [AiEAG RFU A, #@atit
AR N IR B, E Mpro JK iz
IO 114 5 S o ek

4) DMSO iz K 52 e J& 1 I

B IR A 2 H DMSO 2846 i 4351l Ay

0. 2%. 5%l 10%, FRE bk Jr 2 Kl 4% 2 i
A& S Y RFU BT 3550 H il A S 1 A ) 3
i 22 Mpro /K fif ) v ' DMSO fie KT 32 e ¥

5) Mpro 7K fift I i 1) 5 A S5 o st [i) Fg i o2

# FRET JE¥LLE 0.4 pumol/L Mpro
HEPES 2% i # Be & 5 pmol/L, FELL 50 pL/AL
IMAE LR 96 FLAkH, 3 B AR E N
25°C, Sl EREIE B FIEE 0L 1, 2, 3, 4.5,
6 min, DIZINRERESR AR RFU {H. @il it
B S/ ARFU {8, #i5E Mpro /Kf#
S B o A 2 g B[]
1.2.3 DTT * FRET §F £ &2 7] £ 1% 89§

¥ 20 mmol/L ARAGEMKLLE 0.8 umol/L
Mpro [ HEPES ZZ W g2 2 umol/L, U
2 MR R, LR 8 MR,
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25 pLALMA R4 BB 96 Lk, = E
30 min. 43 1 LA 25 pL/FLANA 10 umol/L FRET
JIEY B4 BV W R, LA T RE AR 4SO I
RFU {8, 535 4 A S0y i) sk B o i
TE DMSO 2 Ay B X BE AL A A A b 74 410 i) 2%
HEAKXT

Ebselen inhibition (%)=1- Vv x100

DMSO

K Vepseten 10T 7 B2 HCAT IR BE T 1Y
FEFAIE 2 )RR BE , Vomso 4R B X BR 2 11 1
12 [ B 4] B % . A GraphPad Prism 8.0 15 1K
ARk A M, PSRRI A (half
maximal inhibitory concentration, ICs) 8 . [A]¥:
il 7E HEPES 22 #h i %% 1 mmol/L DTT 4544
T, Ak GE A 100 pmol/L) fE FRET
i 3 AR TR H () TCs0 18

BOE A R AR MG 2K EE R 100 umol/L,
DL 2 fEfs e ek, AR 8 MIREEREE . 4%
M EREBEETE, 2R ES TSRS A
1 mmol/L DTT &1 F, # % Z7E FRET fii it
RIFF ) 1Cso {H . % JEF] DTT X FRET fifi £ 4% 75
PR EEVE R B, AP R A SRS
Yy v 3 O e S g b, R0 A9 HEPES 22 il
¥4 1 mmol/L DTT,

1.2.4 FRET fi%i8E 895 F 1 1F M

WE GC-376 HIRAUE N 1 pmol/L, LA
2 R emm R, AR 8 MMM, &R
TR TN I R R Al e/ N T O <A
GC-376 7£ FRET fifi A5 7 rh 1 1Cso

TE 7 0.8 umol/L Mpro i HEPES & tp i
3 WA GC-376 (2 umol/L) H1 2% DMSO, LA
25 uLALIIA B4 820K 96 fLtk, EiREE
30 min, HiH A #1450 FLE VAR R GC-376,
BEE N BHEXT B ; B A#1-#50 LN R R
5 DMSO, BOENBHHXIRAH, FELL 25 pLALANA

(Eq. 1)
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10 pmol/L FRET JIEM &) FiR e L, =i 4k
S E 5 min, DIZIBERER AU RFU {H..
Fi B 228 SCHR (12097 3R 19 Jr 923155 FRET i it
BRI Z7 . (R SAS O e A 115 5
% {H (signal window, SW) ., {5 S AJKHAE (signal
to background, S/B) 5{AMHAH (signal to noise,
SIN). Hirp, Z'RFEH Ik T Brid .

_ 3%(SDpyso ~SDgc_s10) (Eq.2)

| Homso — Mee-srs |

P B X R4l RFU {E B9 bR UE 224
SDpmso » FHPEXT B 20 RFU {H 19 45 #fE 22 4
SDgc-376» BAPEXT BEZH RFU {E AT HI1E A pomso »
FH P XT BEZH RFU (B A FEMEN poeosrso
125 XAFYMLSHIENSEEIiE

%5 0.8 pmol/L Mpro #J HEPES 2% thifk LA
24 pLALIMABI PR 96 LA, FFLL 1 pL/AL
MARK=PEYE (1 mg/mL), FiRFE
30 min. LA 25 uL/FLJIIA 10 pmol/L FRET JK#,
FIURIREFE 5 min, L2 DGR R AR
RFU fH. BE GC-376 fLgBHEXT L, DMSO
FLABAPERS B4 . fEWnR e # b, wfE K
#  (quenching ratio, Q;) KT 50%#I itk 54
MR RAE Y (hit), PR R

0/ \— RFUDMSO — RFUHit
Qr ) RFUDMSO _RFUGC—376
12,6 BHEFAZEREBRAIIGIFEE. HIHIH
w R B FE HE N E

BE FIEFT R 5 HLA IR Y R 06 2 vk i o
100 pmol/L, DA 2 f5f% ks, st 8 4>
W BERE E 4 BRI B0 R T 05 R 00 2 op T iR
M7, AR RSO S B )R B, 4 A
AEa A 1| mmol/L DTT 41FF, AR S
PAPRAE FRET Giib B i) 1Cs L, #fiiE
PTG

¥ 20 mmol/L FHAEFHZR LA 0.8 umol/L Mpro

Z'=1

100 (Eq. 3)
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R 0. 12, 24. 36 pmol/L, LA 25 pL/ALMM
AZ LK 96 fLAR T, IR E 30 min, 7E
FIAEPFR B — e B 2T, FRLL 25 pL/AL
HIA 10, 20, 30. 40 pmol/L FRET i&#, W&
FIAE SR AE AU LY FRET JEEY) RG22 b7
MW E . FI ] Lineweaver-Burk X34 /E K
e, WA AESFE B E % (inhibitory
constant, K;) {H

4 50 mmol/L R A ER LA 0.8 umol/L Mpro
FRE 0. 3.2, 6.4, 9.6 umol/L. [RIHA AR AT
M2 ) K {HL .

2 BERXR504

2.1 SARS-CoV-2 Mpro F#ZKiE. 2Bk
SEAMNE

W DA VO MR 7 O 2 A SR 4 e
%, & IPTG 3 )a, TREEEMAN S 7=
34 kDa v B A B W0 HIWE A iR R &, H
Y5 Mpro B/ F A5, HRATFERE,
Hi 7€ Mpro 1R 5o il & 2 R4 A BRbn 2%,
W TR AR LA | 3 WS 25% ) TR R B T Ve vk
il &ML S , SR HisTrap™ 26 FUZ AT A B2
o4k T B 4H Mpro. SDS-PAGE %5 7, 4l
fE ) Mpro ZEAIXT 431t 34 kDa i B2 —5
W, AR 90% (K 1A). 4ifkif) Mpro &%
MrFERG, WX 2 mg/mL, & 7 E 52
ek B, aifbhy Mpro HAT R IFHI/K S
P, HIE I AETF 40 000 U/mg (B 1B). FIH
MCA Frif & FUK IR, 3153 Mpro B {2
N B 12 S8, oK IGHE # (Michaelis
constant, K,) 1E°~ 19.71 umol/L, 5 K S i &
(maximal velocity, Vi) {E4 149.7 ARFU/s,
AbH L (catalytic number, ko) {EM 0.137/s, &—
PEREL (keadKm) THM 6 990 L/(mols) (K] 1C-1D).

&: 010-64807509

T ARRE FRET i A% B 5K 0 A IS A AN 48 1
B R, ¥EH 5 umol/L FRET JEM1E A Hix
FETAEH R
2.2 FRET &2 a9k

¥ Mpro /Kf# SN B F pH 6.0, 7.0, 8.0 [
Zenpiirh , KA E pH 4515 F Mpro B4 52 )
PRI . BEAE RN SE I 45 SR B, #£ pH 7.0
G2 P, Mpro BT {2 SN W) FE bR, I
Mpro /K f#E P f A (B 2A). A ik, BE ] HEPES
(pH 7.0) Z& thAEN Mpro 7K fif S v ) FeddE
I 5% PR o

¥ 5 umol/L FRET Ji£#) 5% LA B 1) Mpro
WEE, P11 Mpro /KM . $IA B Mpro /K fi#
MR R, fE R KRE RN, Mpro (1)
ECsofH°M 0.4 umol/L (& 2B). A T {##F FRET
T AT 4R v R AR, 2 0.4 pmol/L 1EH
Mpro M TR E .

¥ 5 umol/L FRET JE# 5 0.4 umol/L Mpro
SAATE4 CL 25 C. 30 CHAMTIRE, #1T
Mpro 7K fift S o B2 S 0 52 36 45 2R 3R W], Mpro
KA R AE bR SR FLBGAR SN ) )
TR FEZES (K 20), BBE A FRET i Bk
BT ELAT R0 0 ek B i A2 M S e e M, IR R
JE B Sh % FRET i 6 455 20 i) B 1k % 8
FHE N T )5 8 FRET § pe AR 7R it (i A1) fefi
FH L e85 IEAE R Mpro 7K fif 52 IV () Fe A3 s g

S

i

e

(o)

4 5 umol/L FRET JKX#)5 0.4 pumol/L Mpro
S AIAEA TR DMSO 204 T8, #4171 Mpro 7K
fifR RN o TR S SR ER 2 SRR, 2§ Mpro /K
fift KL DMSO R EEAIR T 2%00), X B S
IR JC 2 (K 2D). b T ARIIE
FRET fifi e e et 5 el %, DMSO L.
VEH AR = T 2%,
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A B 15000 [*1.00 pmol/L
kDa 1 2 3 4 5 =0.50 pmol/L
28: et 12 000 F*0.25 pmol/L
o8 m— - 2 *DMSO
40— - = 9000
= —— C— E
B S A S <34 kDa
30— - . : 6 000
20— . 3 000 s
pum——
S —
0 30 60 90
1(s)
o D
50 000 1001
40 000 | 80F
30000 2 60r
= o
= g
SR < 40T K,=19.71 pmol/L
V,»=149.7 ARFU/s
10 000 »=90.17x 201 k., =0.137/s
R=0.99 k. /K, =6 990 L/(mol-s)
0 100 200 300 400 500 0 5 10 15 20 25 30 35 40

MCA (pmol) FRET-substrate (umol/L)

1 SARS-CoV-2 Mpro B#%FzRiE. HBEEKSLFEANE

Figure 1 Preparation of highly active recombinant SARS-CoV-2 Mpro in E. coli cells. (A) Expression and
purification of Mpro. The quality assessment of purified Mpro was analyzed by coomassie brilliant blue
(CBB)-stained SDS-PAGE assay, and the target protein was highlighted by a white dashed box. 1: protein
marker; 2: total cell extracts after IPTG induction; 3: supernatant; 4: crude extracts in 25% ammonium sulfate;
S5: purified Mpro band (34 kDa). (B) Proteolytic reaction curve of purified Mpro in a FRET assay. The
specific activity of Mpro was measured by a FRET assay as described in the published protocol" ). The
sample of 10 pumol/L FRET substrate was gently mixed with the indicated concentrations of purified Mpro,
and the RFU value was continuously measured every second by a microplate reader (BioTek) at 320/405 nm.
DMSO was used as a negative control. (C) MCA standard curve. This equation was used to convert RFU
value to the amount of the cleaved FRET substrate (pmol) in a FRET assay. MCA: 7-methoxycoumarin-
4-acetic acid. (D) Determination of the enzymatic parameters of purified Mpro. According to the initial
velocity (V), the Ky, Vinax and kq,e values were calculated using a Michaelis-Menten equation.

% 5 pmol/L FRET JIE#5 0.4 pmol/L Mpro
S3INTEAN RIS R] SO0, i#E4T Mpro 7K SO o
A2 S S A5 SRR BT, N 4 min FFLR, R
W ARFU {EIEA KBk, 1B Mpro 7K
R OB IIC5E B (B 2B)o A T PRIE FRET fifi it
RERY ) e R S =k, #E FRET JBY S
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Mpro i £ B B E] 24 5 min.

g BRTAR, it Bk RS,
5E T FRET 0fi bR i TAE SR R 7E
HEPES ZZ i, 5 umol/L FRET JEW 5
0.4 pumol/L Mpro ZE i ## & 5 min, i1 RFU
{ELAG N
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A B &
80 15 000 [ s
EC,,=(0.40+0.02) pmol/L R0
_— 12 500
60 60
@ 10 000 Q
=) = 5
= 40 e 7500 S 40
! = =
N 5000 f N
20+ 20t
2500
0 : ; ; ; "
pH Lg Mpro (umol/L) Temperature (°C)
D 90 ' 0000,
751 T
8000 -
-
60
g 6 000 |
jus)
& 45 &y
<] <
= 4000 |
30+t
5l 2000 f
0 0
0 1 2 5 10 0 1 2 3 4 5 6

DMSO (%)

2 FRET &2 A1k

Figure 2 Optimization for the setup of a FRET screening assay. (A) Reaction buffer optimization. The
proteolytic reaction was initiated at different pH buffers and the initial velocity (V) was separately compared
to determine an optimal reaction buffer. (B) Proteolytic reaction curve of Mpro. The sample of 5 pmol/L
FRET substrate was incubated with the 2-fold dilutions of Mpro. After the measurement of RFU value, the
proteolytic reaction curve was plotted to calculate an ECsy value using GraphPad Prism 8.0. (C) Incubation
temperature optimization. As described above, the initial velocities (V) at the indicated incubation temperatures
were calculated. (D) DMSO tolerance assay. The proteolytic reaction was performed in the presence of the
indicated DMSO concentrations, and the initial velocities (V) were compared. (E) Incubation length
optimization. The reaction mixture containing 5 umol/L FRET substrate and 0.4 pmol/L. Mpro was incubated at
room temperature (RT) from 0 to 6 min, and the RFU value was separately recorded by a microplate reader
(BioTek). The maximal RFU value indicated an endpoint of Mpro proteolytic reaction.
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Figure 3 Effect of DTT addition on the reliability of a FRET screening assay. (A, B) The inhibitory activity
of ebselen in the absence or presence of 1 mmol/L DTT in HEPES buffer. Tested ebselen was diluted by
0.8 pumol/L Mpro solution to generate 8 dilutions and added to a 96-well microplate (25 uL/well). The
mixture was further incubated for 30 min at RT. After addition of 25 pL solution of 10 pmol/L FRET dilution,
the RFU value was monitored by a microplate reader (BioTek). The initial velocity (V) was generated
according to the slop of the enzymatic reaction progress. The 1Csy value was calculated using the plotted
inhibitory curve. (C, D) The inhibitory activity of baicalein in the absence or presence of 1 mmol/L DTT in
HEPES buffer. As mentioned above, the inhibitory activity of baicalein against Mpro was carried out using a
FRET screening assay. All experiments were performed in triplicate.
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Figure 4 Quality assessment of an optimized FRET screening assay. (A) The chemical structure of GC-376.
(B) The inhibitory activity of GC-376 against Mpro was determined using an optimized FRET screening
assay, and all the tests in the presence of 1 mmol/L DTT were performed in triplicate. (C) Determination of
Z' factor of a FRET screening assay. GC-376 and DMSO were used as positive and negative controls,
respectively. A high signal window was highlighted by a straight line. The Z' factor of 0.79 indicated that this
screening assay is reliable, robust and amenable for large-scale screening.
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Table 1 The general indicators in an optimized
FRET screening assay

Indicators Requirements of HTS Results of HTS
SW Not determined 9 368.00
S/N >10 11.88
S/B >3 18.38
Z' factor >0.5 0.79
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Figure 5 High-throughput screening of a natural product library using an optimized FRET screening assay.
(A) Sketch map of the FRET screening assay construction. The quenched peptide was used as a FRET
substrate, and the Mpro cleaved site was represented by a scissor. After cleavage by active Mpro, the cleaved
MCA-AVLQ fragment was released, resulting in a high RFU value. Hence, the bioactive compound exhibited
a low RFU value in this FRET screening assay. Dnp: 2,4-dinitropheno. (B) The general layout in the primary
screening cycle. In brief, the mixture containing Mpro (0.8 pmol/L) and natural product (1 mg/mL) was
incubated for 30 min at RT in a 96-well microplate (25 pL/well). After addition of 25 pL. FRET substrate
(10 pmol/L), the mixture was continued to incubate for 5 min. Subsequently, the RFU value was measured
using a microplate reader (BioTek). The red dashed line represented a quenching ratio (Q,) value of 50%, and
all candidate hits (Q,>50%) were further validated in second FRET assay.
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Figure 6 Inhibitory activities and inhibition mechanisms of plumbagin (PLB) and ginkgolic acid (GA). (A)
The change of RFU value in the presence of PLB. The slope of the colored lines represented the initial
velocities (V) at the indicated concentrations of PLB. (B) The inhibitory curve of PLB in the absence or
presence of DTT using a FRET assay. The chemical structure of PLB was presented. (C) The
Lineweaver-Burk double-reciprocal plots of PLB using a FRET assay. (D) The second plots for a K; value of
PLB. (E) The change of RFU value in the presence of GA at the indicated concentrations. (F) The inhibitory
curve of GA in the absence or presence of DTT using a FRET assay. The chemical structure of GA was
showed. All the inhibitory curves were plotted using GraphPad Prism 8.0, and then the I1Csy values were
calculated. All mentioned FRET assays were carried out in triplicate. (G) The Lineweaver-Burk
double-reciprocal plots of GA using a FRET assay. (H) The second plots for a K; value of GA.
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