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Abstract: For rapid discovery of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) main
protease (M"™) inhibitors from a natural product library, a novel colorimetric screening assay was developed.
According to the colorimetric principle, the synthetic peptide TSAVLQ-para-nitroanilide (pNA) was used as the
M hydrolysis substrate. Subsequently, the working concentration of pNA substrate, M™ working concentration,
hydrolysis time and DMSO tolerance were optimized for the development of a simple and robust colorimetric
screening assay. Through these systematic optimizations, we selected 0.4 pmol-L"' M™ and 100 pumol-L"' pNA
substrate as the optimal working concentrations in this colorimetric screening assay, and a high Z' factor of 0.9 was
achieved. Using this screening assay, natural product ginkgolic acid C13:0 (GA13:0) was identified as a novel

pro

competitive M™ inhibitor in vitro. Taken together, we have successfully developed a simple and optimized
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colorimetric screening assay, which will be vital for the discovery of novel SARS-CoV-2 M inhibitors.

Key words: SARS-CoV-2; main protease inhibitor; colorimetric screening assay; fluorescence resonance energy

transfer; fluorescence polarization; ginkgolic acid C13:0
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SARS-CoV-2 /& . i 1E i RNAJ 7%, 32 2058 1 ]
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MP©) FIARJKFEEE A B (pain-like protease, PL™) F 7K fil
TEFH R A 16 AN ES5 74 8 A 5T (non-structural protein,
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B A5, H 5T AL G RNA K ) RNA 2R & (RNA-
dependent RNA polymerase, RdRp) LA K & il - 5 &
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H COVID-19 #1455 & LIk, LLTE I HER " %
TETE IR FE” AR B )77 B R 7 AR
/TSR SR T R T ERIER, IS TR
TFIIIEPRIETT AR (R 2 BT e 3, B R 24
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T (isopropy- f-D-thiogalactoside, IPTG). — H 4t [ il
(dimethyl sulfoxide, DMSO). — i 75 ¥ B¥ (dithiothrei-
tol, DTT). #& £, 3% R 8 . i % [4- (2-hydroxyethyl)-1-
piperazineethanesulfonic acid, HEPES] (Aladdin A #));
HisTrap™ E #HT4E (Cytiva A &]); 45 2K 96 LR + iF
B 2 i 96 FL AR (Corning A &)); KIR =Wk & W) JE
(L6810). [ 3 B (ginkgolic acid C13:0, GA13:0)
GC-376 (TargetMol 2 w]); X i 2% K ¢ (para-nitroani-
line, pNA) 7 ic ¥ b 92 i ¥ (pNA JK 4 : TSAVLQ-
pNA). 5 i B B2 % )t K (fluorescein isothiocyanate,
FITC) 5 ¥ % (biotin) 7 ic 1) %% Y ¥R £t (FITC-sub-
strate-biotin: FITC-AVLQSGFRKK-biotin, 4_/4,,: 485/
535 nm). 7- H A F 5 & -4- LR (7-methoxycoumarin-
4-acetic acid, MCA) 5 2,4- 832K/} (2,4-dinitropheno,
Dnp) F51c 117 % )6 FE IR i & #% #2 (fluorescence reso-
nance energy transfer, FRET) J&&%) [MCA-AVLQSGFR-
Lys(Dnp)-Lys-NH,, 4_/4_ : 320/405 nm] f1 7% /R 2E4k (E
) H IR A F] & B AKTA Pure 85 H i 4ifbAX (Cytiva 2
")); Z I REREAR X (BioTek 2 7).
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(Umg")e HRIEKIRTTHE, TR HOK IREHUA (Michaelis
constant, K, ) 5L H #E (catalytic number, £, ).
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GC-376 #HISE M LY # 10 mmol- L' GC-376
PLE 0.8 pmol-L"' MP™° f¥) HEPES 22 /AT 2 5 45 tb
FikE, LL4 pmol L' SR B2, JLMRE 6 N IK BERR FE,
N 213 B % 96 LRk, L 50 pL, E R F
30 min. FEAIA 200 pmol-L™ pNA JE#, 641 50 pL, =
I 9% F 30 min J5, A2 D RE M AR ORI A, . W E
DMSO FL A M x f2H, 100 pmol- L™ pNA JR¥ LN
7 0 IR, A6 IR B R GC-376 il % 4% 2 5K (1)
115 . Ll GraphPad Prime 8.0 $L & 3L # fill g 28, i &5
GC-376 11 - % 4 ] ¥ FZ {E (half maximal inhibitory

concentration, IC,).

GC-376 IR (%) = Aus ouso) = Aus cev 100% (1)

A yos (DMs0) A s (pNAJiES)

ttEEeSBERERBENESITN LR GC-
376 i v 14 SE 58 BT iR U7 ¥E K E 2 pmol- L GC-376
L9 B M B ZH, DMSO FL 9 B PR BRZH, 5 2H % 48
AL, BA 2 ) B AR R W A, 18 S, % A (2) ~
(5) 73 BT S A T IR AR AL 2K 7 1E (5 5 T {H (signal
window, SW). {55 AJK A (signal to background, S/B)
5145 L4 (signal to noise, S/N)!'>',
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’#DMSO - :uGC—376|
SW = tipuso =~ Hacrs 3)
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AREFHUEVENSBERIE K
0.8 umol-L" M™ f¥] HEPES 22 it /i i\ 3137 B 2 JiE 96
LB, BFFL 49 pl, FEA 1 pL KA =) (1 mg-mL™),
% F 30 min. K§ 200 pmol-L' pNA I A 2 |-
B AL S0 pl, = I R M 30 min fi5, BAE ThEE
it s SR I Ao (o BESE 2 pmol- L GC-376 LA B 4
Xt HEZH, DMSO FLA B PEXT fEZH, 100 pmol- L' pNA Ji
PIFLNA A, DU 3 > 50% {F AT LAY (hit)
FRs bR e, FVREAT 88 R 20w . AR (6) iHE
B AA YA 2

A A
T Al B INHI R (%) = ——BOM0) A0 510094

A405(DMSO) - A405(GC—376)
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ARMBRELL B AR RER PR HIIFEIEY K
20 mmol-L™" [ H B R LA 0.8 pmol-L™" M [ HEPES
SZ I HURR RE 22 200 pmol- L™, P LA 2 £ £ L2 B R 8 A
WIERR L IS, R bk v wn N 31 5% W] 2 K 96 FLAR
#FFL 50 uL, EIR I E 30 min. 4% 200 pmol-L™ pNA
RIS Eik % L, #4150 pL, il A 30 min
J&, VAZ ThReBE AR AR I A, 8 . #% A (6) THH AR
BT RR AT Bl B8 25 7 48 A 23w X M B v 2 1) 0 ) 2R, A
GraphPad Prism 8.0 40L& #1 i) i £&, 1H 5 L AE Bk i ik
BERL ) IC, M8
B SRR 7E = BRI e R IR T AR B A i HD 5
SEME R SCERUTEIT IR 1) = B YA R 5 T Ml R 07 128 A
RUBEAT R R A HEPEVENY . K 20 mmol L R
HR PA5 0.4 pmol-L™ M () Tris 2% ¥ (10 mmol-L"
Tris+ 50 mmol-L" NaCl. 1 mmol-L"' EDTA.1 mmol-L"
DTT, pH 8.0) F ¢ % 160 pmol-L™, 5 DL 2 %545 L ik 7
B 6 MIRFERREE IS, I\ B 4 JB 2K 96 LR, B 4L
30 L, AR EIHE S, P F 35 min. LR
% FLF F I\ 60 nmol-L" FITC-substrate-biotin %% Yt
PREF RN, AL 20 puL, =R E 20 min f5, A
300 nmol-L" 2% 1 2 [ N Wi, B L 10 pL, Z & &
5 min &, LA 2 Dl 68 B A5 Ok 0 2= fw {E (millipolariza-
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tion unit, mP). ¥ E DMSO fL N B P X B& 41,
2 umol L' GC-376 FL W FHTEXT R AL . $2 IR AL (7) i
S SEBRAE = WA FF 9% ' i % 07 08 A5 2R o oo M g
5 T B 0 ) 2, A B GraphPad Prism 8.0 48 & 4101 1 il
2, TR AR BRI A ) IC, H .

P e — mP
FLRHTRRIIR (%) = — (LA oo

mP ;376 = MPpyso )
HR#MBELE FRET fE& R 2 o HlsEE  AH
SCHRUSTAIT IR () FRET Jfi 28 B2 284 53R 47 11 SR 07 18 1 40 1) 7%
PEVEAY o FF 20 mmol-L" (1 F 81 B8 LA % 0.8 umol-L”
MP° [#) HEPES 28 1  # B 42 160 umol L™, LA 2 5 i
IR RRE 6 N FERR B2 IS, NN 21 4 BRI 96 FLAR 1,
fAL25 pL, AR E IHAE L, ZiRPHE 30 min. -
R %L NN 10 pmol- L' FRET JE#), & 4L 25 uL,
LA 22 T 58 B A ORI AR XS 2% 6 58 . (relative fluores-
cence units, RFU). R¥E 30 s P4 B = B i 26 1 R %
5 N EE (V= ARFU's™). %% DMSO fL AR
PEXT R, 2 pmol- L™ GC-376 FLABHPEXF M4 . PAA
3 (8) THE 1 W BT B2 4F FRET 9 %6 A5 784 o o M fifg 0%
PEEG 04 2, LL GraphPad Prism 8.0 8, & 401 1) #h 28, i+
AR BRI AR ) IC, fH -

FURHTIRINEI R (%)= 1 -

% 100%

Vf'lllliﬂ‘i x 100%

DMSO (8)

HRFEE RIS #LHI RIS E HEANE
20 mmol-L™ (4 3712 L% 0.8 pumol-L" M™™ (] HEPES
Z% PR B 22 12 pmol- L I i N #1422 2 K 96 FLAR
o, &R FL 25 ul, =R E 30 min J5, 4 B0 10,20
30.40 pmol-L" FRET &4, &L 25 uL. % FRET
AR IR (19 77 4, LA 2 D el A ORI RFUE, 1
FNAERE . BOE H RFTER KA 0.4.8 pmol L,
HE FRSLIHAE. FAH M I (Lineweaver-Burk)
{51501 I, 43 A 3 SR e F 400 b L o) 5 o 5 400 1)

% $U{H (inhibitory constant, K).

BB 5%+ KA GraphPad Prism 8.0 14
A MK i R 4 R ) ST R AE IR i g AR A
R0 ) i £, TSI EC, A1 IC, {8 -

78

MERE M REZRIL D EALSEFEENE
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Uity A 2 R IR AR S, WO B AR AR b R DA
HisTrap™ S ENTAHEREAT T MPO 2 B afifh, Hati gy
95%, i B E N 1.6 mgmL" (B 1A). PLFRET &M@
MPPLGYE g, SRaG 25 SRR B, b i M B R K 7
T, H LRI JIAMIE T 40 000 U'mg™ (B 1B). @& 1C
A TR IR RE, THE LK (H919.28 umol- L™, & fEH
0.127-s", & — 1% ¥l (k. /K,) N6 587.1 L-mol™s",
i W B T b ) 4% T T I M, O B £ 3k O i
BRY (P N7 B8 T S Bl
2 HiERE M NS FHIEIFILE A S B 20 iER
R E KRR

AT e AR (1) B A JE B R 4 R (B 2): % TSAV-
LQ-pNA £ MP /KSR JEH, He 28 MP 7K it S B Ji o e
JHCE I pNA 437, T He R R, 8 M /Ny 1
U051 1) v 38 B O B R o 3 Ak A 4 AT ) M o)
PNA JEYIBIKFRAE FH, AR B 1 pNA 43 T, 4%
FINEARM A, Ml [z, EEHEAE D) FEUE B pNA
O TIN5 LB R A, A . I A4, 8 2
A, BRI 57 % M /N 43 -4 i 5] o
3 HERE M NS FHIFIFILE &4 E0FEER
B 5L

F pNA S 8 MR EE, M 2 pmol L MP°ffi

A B C
kD M 1 2. 3 4 = -
D 250007 , 1 ymol-L 100
co— 40.5 pmol-L!
50— 20000 =0.25 pmol 'L 75
*DMSO ‘o
40— 2
; 5 15000 2
| & 50
L g
30— 10000+ = K =19.28 pmol-L"
< w
3 25 V. =137.5 ARFU's"
2 5 000+ / K.0.127-s"
| k,,/K =6 587.1 L-mol"-s"
¥ s o gk - ek 0 y ' ' . 0 T T T T ]
bl et el SR 0 30 60 90 120 0 7 14 21 28 35
t/s FRET substrate / gmol-L™!

Figure 1

Production and characterization of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) main protease (M™). A:

Expression and purification of SARS-CoV-2 M™ in Escherichia coli (E. coli) cells. The purified M™ band is marked by a white box line in
a stained gel. M: Protein mark; 1: Total cell proteins; 2-4: Purified M™ band (34 kD); B: Enzymatic activity analysis of purified M™. The
specific activity of purified M™ was determined by the fluorescence resonance energy transfer (FRET) assay; C: Determination of the
enzymatic parameters of purified M™. According to the initial velocity (¥) in the FRET assay, the Michaelis constant (K| ), ¥, and catalytic

number (k_ ) values were calculated using a Michaelis-Menten equation. RFU: Relative fluorescence unit

cat
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Figure 2 Graphic diagram of the colorimetric screening assay.
The synthetic peptide TSAVLQ-para-nitroanilide (pNA) is used as
the M™ hydrolysis substrate, and its cleavage at the Q-pNA bond
by SARS-CoV-2 M (blue scissor) releases free pNA, which turns
the color of the solution to yellow. This color change can be
continuously monitored using a microplate reader (BioTek) at
405 nm. Hence, the presence of bioactive compounds (red hexagon)

that inhibit the enzymatic activity of M™ will lower the 4, value

405

using this screening assay, whereas the cleaved, the free pNA will
be released from pNA substrate because of the exciting of inactive

compound (green hexagon)

A /KigE, LAZ D aeBEFR UK A, (8 . 525025
HER M, Y pNA K Wk K T 100 pmol- L' B,
A os gy Asos iy = 35 WAL T 1 I B O 18 ) HE A EESR
(BI3A). A T PRFR S50 4 5 1 ey R B0 RIS AR I E,
JEFE 100 pumol- L™ 1E N pNA JEY I B A TAEAE .

2 £ 4% EE AR RE () MP 5 100 pmol-L™ pNA JR4YHE
47 10 min /KRS IE, A2 D REREFR RN A, s B M
IR I 57 28 26 B, MP %o pNA SR L AT B3 (R 7K A%
e, KSR [ EC {18 0.4 umol-L™' s 7E FRiZe A5 78 f1)
S R, MU R e R B E RN R
N T DRFR IR AR FR ) R U, 4% 0.4 pmol LME A
M [ ek TAEWRE (K 3B).

# 0.4 pmol-L™! M 5 100 umol-L™ pNA JE¥ 4T
60 min /K fif S B, FK Al e S22 7 5 it 2 % B, B & 7K
fife S5 L IR T RO AN BB K, A, oo (BB BT T e 247K S5 L
IS [A) 35 5] 30 min I, A, (68 T~ A2 )78 2 5 K E, X
Wi B MP A JEC M 58 T K AR RN (] 3C) e A T RIIE
T i 3 A5 TR f 2 56 A 2R v M K R e I A8 JES 8 R, 3
$30 min Ay H i OB 8]

o B8 F IR 1 pNA R 5 M S fE TAE IR,
g MP KA S BT AN R FE () DMSO 2614 T, 40 it
AT s A5 A DMSO TN 32 1 . 25 &L W, 24 DMSO

WK T 2% BF, oA, (68 016, WA, 4
DMSO # & 551 2% i, H A, HIS A PG, 257 EB%E.
7 18 21 DMSO 72 24 W) i & v 5 5 458 FH A LI 7, £
HHAT RAR P DAL A W0 i e ), 75 42 1 DMSO 21K T
2% (3D).

GC-376 /& CARIE [ M /N4 7, S8k 2 H
T2 EnE AR A R AN, A R T
[ M /N 431~ 4 i) 751) bb € 32 i i A L v, GC-376 R B
H 7R AF ], H1C,, M (0.67 £ 0.4) pmol-L!
(B 3E), 5 3CHRPO VR IE B AR — B, Ui A A A 2
B RIFRERM.

Z'TRF P 25 vl R T e A R A e v L R
AR R OB —, —RER ZHFERT 054
e A B R R Y R AR R, PL2 pmol' L GC-376
R B P HR 2, SXof A i e A5 B 1y Z TR TR AT T
SO g R U, AR IE A Y 2/ TE N 0.9 (K 3F).
FAN, AT R S/BAE N 3.22.S/NAE N 11.65.SW
B 0.12, ¥ 2 ol JE ik AR ER (R ).

4 FEHREIMNGFIFIFILE @SB ETFIEER
R K2 F

A L 83 e O 2 S R A Y A o A A 2 0
fE: B4, ¥ 0.8 pmol- L MP™ (5E4L 50 uL) 5 KR4
% F 30 min, F I 200 pmol-L™ pNA J&#) (£ FL

Table 1  The general evaluation of an optimized colorimetric
screening assay. HTS: High-throughput screening; S/N: Signal to

noise; SW: Signal window

Indicator Requirement of HTS Result of HTS
S/B >3 3.22
S/N > 10 11.65
SW Not determined 0.12

Z' factor > 0.5 0.9

50 uL) #4730 min /KNS5, BA 2 T RE B AR RS DU
Ao 18 (BAA) . N T AR A 57 358 58 784 1) £ 5 1k A0 ]
SEVE, TR AR Ok, N4 R K 4B BT R AT O 0% AR

RO I S 2 i visk (s S S VA N el S E R W
(0.4 pmol-L" MP™ + 2 umol-L" GC-376 + pNA JEY)). /]
PEF R 4H (0.4 pmol-L™ MP® + DMSO + pNA JE&#)
AJER A (100 pmol L™ pNA JK#). FI A ik & 8@ S71
Bl 35 v 38 R T e AR ) A 435 m 24 SRR 1R R AR = A
B PE AT TR, LA A 1 28 KT 50% A A BE AL
HYFAEL, IR 6 Mk kA & (KE14C).
5 HRHERXTEHE RS MRS SRV HNEER 3
IR ESEE kg -

I 37 1 B RV O 28 B L, X D 9 3R A5 1
6 M 34 1 Sk A A WD EEAT S0, R I 1 SRR R LE AR O
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A B ¢
7 0201 BC.g = ! 0.207 ¢ MP©
ECs0=0.4 pmol-L . DMSO
4 = | 00 L TIET_
5 0.15 :
\ 0.15 i
@4 | g g :
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Figure 3 Development of an optimized colorimetric screening assay for the discovery of SARS-CoV-2 M inhibitors. A: Determination of
an optimal concentration of pNA substrate. The red dotted line indicated the baseline of signal to background (S/B) in this colorimetric
screening assay; B: Determination of an optimal concentration of M™ used in the colorimetric screening assay. A half maximal effective

pro

concentration (EC,;) value was calculated according to the proteolytic reaction curve of M™. For a high sensitivity of screening assay, an

optimal working concentration of M™ should be equal to this EC,; value; C: Time course trajectory in the colorimetric screening assay. The
proteolytic reaction was monitored at 4,,; every 20 s for 60 min by a microplate reader (BioTek). Based on this proteolytic reaction curve, the
incubation time could be defined in 30 min in this screening assay; D: Dimethyl sulfoxide (DMSO) tolerance assay; E: The inhibitory activity
of GC-376 in the colorimetric screening assay. The chemical structure of GC-376 was shown; F: Determination of Z’ factor in the colorimetric

screening assay. GC-376 and DMSO were used as positive and negative controls, respectively. IC,: Half maximal inhibitory concentration
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Figure 4 Application of the colorimetric screening assay for
the discovery of SARS-CoV-2 M inhibitors. A: Basic screening
protocol of the colorimetric screening assay for the discovery of M™
inhibitors; B: The natural products layout in a 96-well microplate for
HTS. The positive wells (GC-376), negative wells and background
wells were highlighted; C: The illustration for the primary screening

cycle of natural product library using the colorimetric screening assay.
The red dotted line indicated a baseline in the primary screening

cycle, and 6 candidate compounds were identified
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Figure 5 The inhibitory activity and inhibition mechanism of
ginkgolic acid C13: 0 (GA13:0) on SARS-CoV-2 M™. A: The
chemical structure of GA13:0; B: Concentration-response curve of
GA13: 0 in the colorimetric screening assay; C: Concentration-
response curve of GA13:0 in the sandwich-like fluorescence
polarization (FP) screening assay; D: Concentration-response
curve of GA13:0 in the FRET screening assay. All the calculated
IC,, values of GA13:0 in the mentioned biochemical assays were
shown, respectively; E: The Lineweaver-Burk double-reciprocal
plots for inhibition of GA13:0 on M™ for the FRET substrate (S);
F: The secondary plots for a K, value
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