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Preparation and characterization of a fluorogenic ddRFP-M
biosensor as a specific SARS-CoV-2 main protease substrate

ZHANG Rui”, YAN Haohao", LIU Zhicheng, LIU Xiaoli, YAN Gangan, LIU Xiaoping,
CHEN Yunyu*

Institute for Drug Screening and Evaluation, Wannan Medical College, Wuhu 241002, Anhui, China

Abstract: The conventional peptide substrates of SARS-CoV-2 main protease (Mpro) are
frequently associated with high cost, unstable kinetics, and multistep synthesis. Hence, there is
an urgent need to design affordable and stable Mpro substrates for pharmacological research.
Herein, we designed a functional Mpro substrate based on a dimerization-dependent red
fluorescent protein (ddRFP) for the evaluation of Mpro inhibitors in vitro. The codon-optimized
DNA fragment encoding RFP-A; domain, a polypeptide linker containing Mpro cleavage
sequence (AVLQS), and the RFP-B; domain was subcloned into the pET-28a vector. After
transformation into Escherichia coli Rosetta(DE3) cells, the kanamycin resistant transformants
were selected. Using a low temperature induction strategy, most of the target proteins
(ddRFP-M) presented in the supernatant fractions were collected and purified by a HisTrap™™
chelating column. Subsequently, the inhibition of Mpro by ensitrelvir and baicalein was
assessed using ddRFP-M assay, and the biochemical properties of ddRFP-M substrate were
analyzed. Our results showed that the fluorogenic substrate ddRFP-M was successfully prepared
from E. coli cells, and this biosensor exhibited the expected specificity, sensitivity, and
reliability. In conclusion, the production of the fluorogenic substrate ddRFP-M provides an
expedient avenue for the assessment of Mpro inhibitors in vitro.

Keywords: SARS-CoV-2; main protease; fluorogenic substrate; dimerization-dependent red
fluorescent protein; ensitrelvir; baicalein
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Figure 1 Concise sketch map of a fluorogenic substrate ddRFP-M design. Briefly, the quenched RFP-A,
and nonfluorescent RFP-B; domains are tethered together to form a functional ddRFP biosensor that exhibits
a high RFU value in the presence of Mpro inhibitors. Subsequently, Mpro cleaves the linker containing its
cleavage sequence (AVLQS) to generate two separate RFP domains in the absence of Mpro inhibitors,

resulting in a low RFU value. Regardless of the cleavage of ddRFP biosensor by Mpro, the fluorescence
intensity measurement and SDS-PAGE assay are used to confirm this effect.

1.2.2 ddRFP-M AliZFRES B4 K

W T 2H ok pET-28a-ddRFP-M %41k % E. coli
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20, 40, 60, 80, 100 pumol/L, 43#ILX 25 pL/AL
JINAZ] 96 fLtlH, FREEAFUINA 4 umol/L Mpro,
ZRIEE 10 min, BE KW AP 1 min, &
WS 30 min, FH2EG 3 7254 vk i
RFU {H, T34 2P B2 0] 1 1% il 2 S g )
4 % (ARFU/min) . #] ] GraphPad Prism 8.0 1 &
KT, A Mpro K K H #U{H (Michaelis
constant, K). K2 FF (maximal velocity,
Vinax) « HEAL 5 BU(E (catalytic number, Ko, ) X & —
P BUHE (Keat/ K)o
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1. 2. 4 umol/L Mpro 5 4 umol/L PLpro, PA%¢
63N SR E RFU (., 227 Mpro /K fi
FANAE

# ddRFP-M L) HEPES %A i fi B¢ % 1 umol/L,
I3 HEL 40 uL ddRFP-M F 8 B0 45
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W B3R5l Jy 2 A LI € RFUAE, 115
TERE B AR WE ddRFP-M A A S0 (47
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5 WA 5 %5 {E (inhibitory constant, K;),
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[ X BEAE

P RPFH A SR A 2 pmol/L Mpro
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ddRFP-M 2L [H . L) Nde I Fl Xho I4E K BV A5,
¥ ddRFP-M JL[H e %) pET-28a Z{&H, #44k
4 Uk pET-28a-ddRFP-M (&1 2A)., 40 ik
XIS, 153 7 5K/ 413 bp)—2

A Mpro cleavage sequence

A V L Q lsl
GCC GTT CTG CAG AGC,

RFP-A, |Linker|RFP-B [ TAA

Nde 1 Xho1

pET-28a-ddRFP-M

=

=X
=8}
(=4

%

1 H FE R R B (B 2B). 58 R 45 SRR 5
HEAFRGEENIENTY) S ddRFP-M Tl 7
5 52 4= AR ]
2.2 ddRFP-M A[jARIESHEH4L
SDS-PAGE Z5 R 3EKH], i ik 25 °C
A}, ddRFP-M 23 1 il 175 S B[R] B4 S 4 i 48
245 Sl 10 h B}, ddRFP-M ik R RAR A
FNEAE (K 3A). K 25 °CIES 10 h AU ARBERE,
SDS-PAGE #53R3RH, THIKZLM FIE W EE
KEHMEAR, HEICES HOEA RS EE
A BLAFEARIRE S 41+, ddRFP-M 7E K%
FRA R R TR . R SR LI R )2
MG, A Al LR A F TR 28 5%  Jr  ie e
o, 1€ 55 kDa &b 5 B — 454, HAE KT 90%
(% 3B).
2.3 ddRFP-M JE¥4FF MR E
RIS R R 5645 £, ddRFP-M
7 605 nm HAG e KA SERE, HfiE 605 nm

bp

2000
1413 bp

1 000
750

500
250
100

2 ddRFP-M E#FIEAFRNMHESEE A EY K pET-28a-ddRFP-M H /R B K. B: =4
J5iki pET-28a-ddRFP-M AU XU 4. 1. DNA FR#fESFiE; 2. ddRFP-M 3L A Bt (1 413 bp)

Figure 2

Construction and identification of the recombinant plasmid for ddRFP-M expression. A:
Schematic illustration for the construction of pET-28a-ddRFP-M plasmid. B: Double digestion assay of

pET-28a-ddRFP-M plasmid. 1: DNA marker; 2: ddRFP-M gene fragment (1 413 bp).
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25°C=10h

kDa 1 Da
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3 ddRFP-M BE#FRIESHELL  A: ddRFP-M 7£ 25 °CA A% T AR5 S i 0] o5 A9 J5 A% 1k
o1 BOARERESFA; 2: 0hs 3: 2h; 4: 4h; 5: 6h; 6: 8h; 7: 10h; 8: 12 h. B: ddRFP-M
15 25 °Cif5F 10 h 5 AR RR S s aifh. 1. ErbnEn 7 2. 2EEAR; 3: &
fig DIEW; 4: DIE; 5-8: 4lifbY ddRFP-M (55 kDa)

Figure 3 Expression and purification of ddRFP-M. A: Analysis of ddRFP-M expression in E. coli cells

at 25 °C from O h to 12 h. 1: Protein marker; 2: O h; 3: 2 h; 4: 4 h; 5: 6 h; 6: 8 h; 7: 10 h; 8: 12 h. B:
Purification of soluble ddRFP-M biosensor from E. coli cells at 25 °C for 10 h. 1: Protein marker; 2:

Total cell proteins; 3: Supernatant; 4: Pellet; 5—8: Pure ddRFP-M (55 kDa).

4 ddRFP-M Wit &G K . ¥ ddRFP-M
YA Mpro KfRJEEHI, K& Mpro AN,
HR G B B W AR (B 4A), BEW] ddRFP-M
REBL Mpro 7K fifp S 35 A S D' 5 BE 128 W A1
it Mpro AR SN 0] 3 B HULAOK G /2
5 Mpro 19 Ko fE 57.9 pmol/L. Ve fHHN
1 905 ARFU/min. K {4 1.55/min. KedKin [EH
26 792 L/(mol-min) (¥l 4B). Z¢)Eah )12 sc k4
KW, Mpro REFI LA 2K % ddRFP-M T3
H RFU {HZ#F#{%, 18 PLpro /Kf#HIZk(% RFU
(M4, 1500 ddRFP-M ABE#E PLpro /K i,
HEAA RIFRRYIRE (K 4C), TR ST
R, Mpro TJ/Kf# ddRFP-M -k RFP-A, Fl
RFP-B, F Bt ,{H PLpro ANEE/Kf# ddRFP-M (/& 4D),
H5E 4C 2558 —5, FR%5 51608, ddRFP-M
Al E R Mpro 7K 2 b B e S D BRI o
2.4 WHIKY ddRFP-M 7ZEER4FEME
SRAEEHITFNPRIEA

¥ ddRFP-M 1E -}y Mpro BEAE 5210 147
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WA IO FH € D6 3 77 27 6 032k A0 HRL K 32 43 B S
PR MBS R BIvGPE . e g ik, B
FEREH X Mpro 6 HAT R AT HHIVER , 3L
| Cso {15 47(0.34+0.04) pmol/L, K; &4 0.41 pmol/L,
H A3a4 70 Mpro il 57 (Bl 5A-5D), HiE 5%
X Mpro BEEPEAA BB HIER, H 1Cs
K TF 100 pmol/L (&l 5E. 5F), B FesEHuk
FEIAF] 10 umol/L B, Mpro 7K i 2 v i £ 32 B
R RFU BB 5G), Ul B R ZERR T LI
Mpro Xf2¢)KY) ddRFP-M BY/KfR. M E R
W B34 3] 100 pmol/L B}, Mpro 7K fift )2 v 1t £ 2
TP RFU (& SH), Ui 5 Z A G
il Mpro X264 ddRFP-M Hy/K i, Ha bk v:
TH AR, B AT LU Mpro K
5EGIE Y ddRFP-M Jy RFP-A, # REP-B; H B,
{H A FEH IO Mpro #H|5 (K 51, Fik
S5 OEULE, BTl A POBKY) ddRFP-M HAF R
IR SEE . R RTTEEME, "T AT Mpro
00 4 AR S 24 B HEPEA
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AL S0 K G5 . C: AR[AHE Mpro 5 PLpro K i#9<GIEY) dARFP-M BY9E68) T2 2k, D: ik
BRI AS [5]3 B Mpro 5 PLpro /K54 Y6 ddRFP-M

Figure 4 The substrate specificity analysis of ddRFP-M. A: Emission wavelength scan of ddRFP-M at the
indicated concentrations of Mpro. B: The Michaelis-Menten equation of Mpro enzyme reaction. C: The time

course trajectories of ddRFP-M catalyzed by Mpro and PLpro enzymes. D: Cleavage analysis of ddRFP-M
catalyzed by Mpro and PLpro enzymes using SDS-PAGE assay.
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Figure 5 Application of a fluorogenic substrate ddRFP-M for the assessment of ensitrelvir and baicalein in
vitro. A: The chemical structure of ensitrelvir. B: Inhibition of Mpro by ensitrelvir using ddRFP-M assay. C,
D: The inhibition mechanism and K; value of ensitrelvir using ddRFP-M assay. E: The chemical structure of
baicalein. F: Inhibition of Mpro by baicalein using ddRFP-M assay. G, H: The time course trajectories of a
fluorogenic substrate ddRFP-M in the presence of ensitrelvir and baicalein at the indicated concentrations. I:
Gel-based assay of a fluorogenic substrate ddRFP-M cleavage by ensitrelvir and baicalein in vitro. In
SDS-PAGE analysis, GC-376 (10 pumol/L) and DMSO served as the positive and negative controls,
respectively. The working concentrations of ensitrelvir and baicalein were 1, 10, and 100 umol/L.
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