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B E: [¥%] AZKMKE 0C43 (human coronavirus OC43, HCoV-0C43) 5 B ks, L%
S tt S JEAR T 6 % AAn % )UaG 1 B i k™ & B . FB2001 45 A &3 A6 JRIX I 69 0 8K 7 3 £ &
& B 3CLpro 4747, #TEAHF 7 KA 3+ HCoV-0C43 4B A RIF6gFism &, 12 HCoV-0C43
st FB2001 &9 ft 2h 45 424 45 8. [ B 491 A% HCoV-OC43 3CLpro &F FB2001 /= 4 ¢4 &f 25 % % 4%
LB A, R ILAAR R E 2T 3CLpro 474 ) it 25 69 M AFAE, AF 74U K A 2 3CLpro N4
TFHMOF LA EER TEEL. [HiE )@ AR ITHYME N TiEEERERFRARL
H 9 RAT2h & A 49 HCoV-0OC43 @t 251 Rk, AKX A (next generation sequencing, NGS)& Iy &
3CLpro LA 2 AR T 45k, RIEHME HCoV-0C43 3CLpro Flip GFP & 4 B & 2 S ieEmf 25 R
T4 4E, /a8t Alphafold 3 #= DiffDock A LA ft-F 6 R R A &K@ - THEEEX, SAr6f
HAH SRS A RF SRR HE AR ERE T, [£R] #2HE B4 3CLpro H I
D65G. L165V. I300T. D65G+L165V RAM K X, Xk R T ¥4 FH 3CLpro £ HEK-293T 4mje.
t 2t FB2001 4980 ISk, H o L165V R et 2545 /ER% 2 35 3CLpro~'V-FB2001 & &4 4
M B, REEF 1654549 Val M4k 55 L 2 3 3CLpro & M & S142 534 %, FH & A 825 FB2001
G PLALFAn ) Tl ARFZHFRBLEREAY, WHERMRES HCoV-OC43 FF ARG AR FEEH T I
AAARFEEMHA. (48] AFARTERRAELE QBT P12 y- 1 BREIR GG ARk I7 4] 7] LA
it 25 3 AU

xR AR AE OC43; & @8 3CLpro; FB2001; & 25 AL

TENIUE - BT AR HT T T0(2023000123); IR AR U 9T B ER B Bh T H (2022000025)
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The resistance characteristics and mechanisms of HCoV-OC43 to
protease inhibitor FB2001

CHEN Lu'?, SHANG Weijuan?, ZHANG Leike?, XIAO Gengfu?, LIU Wen"', ZHANG Yumin "

1 College of Biological and Pharmaceutical Sciences, China Three Gorges University, Yichang 443002,
Hubei, China

2 State Key Laboratory of Virology, Center for Biosafety Mega-Science, Wuhan Institute of Virology, Chinese
Academy of Sciences, Wuhan 430071, Hubei, China

Abstract: [Background] Human coronavirus OC43 (HCoV-OC43) belongs to betacoronavirus,
and its infection poses a serious threat to the health of immunocompromised elderly and young
children. As a reported 3CLpro inhibitor that has entered phase II/IIl clinical trial against
coronaviruses, FB2001 has strong inhibitory activity against HCoV-OC43, while the resistance
characteristics of HCoV-OC43 to FB2001 remain to be clarified. [Objective] To study the
mutation sites and resistance mechanism of HCoV-OC43 3CLpro to FB2001 and discover the
common characteristics of coronavirus resistance to 3CLpro inhibitors, which is of great
significance for the development and optimization of broad-spectrum small molecule drugs
targeting coronavirus 3CLpro. [Methods] A HCoV-OC43 strain with obvious resistance was
obtained by continuous passage under drug pressure in vitro. Next generation sequencing
revealed multiple mutation sites on 3CLpro. Then, a HCoV-OC43 3CLpro Flip GFP system was
constructed to verify the characteristics of resistance mutations. Finally, the mutant
protein-small molecule binding mode was predicted by Alphafold 3 and DiffDock to reveal the
drug resistance mechanism, and a growth competition experiment was carried out to investigate
the adaptive growth changes of the resistant strain. [Results] The amino acid mutations of
D65G, L165V, 1300T, and D65G+L165V were present in 3CLpro of the resistant strain. All the
mutations reduced the sensitivity of 3CLpro to FB2001 in HEK-293T cells, among which
L165V caused the most significant resistance. Structural prediction of the 3CLpro™'®V-FB2001
complex showed that the Val side chain residue at position 165 changed the local conformation
of the 3CLpro active center at position S1 after mutation, resulting in a decrease in affinity
between protease and FB2001 at position P1. The results of the growth competition experiment
showed that the resistant strain did not have a growth competitive advantage over the wild-type
strain HCoV-OC43. [Conclusion] This study suggests that the main protease of coronaviruses
has a common mechanism of resistance to peptide-like inhibitors with y-lactam ring at P1.
Keywords: human coronavirus OC43 (HCoV-OC43); 3CLpro; FB2001; drug resistance
mechanism

56E R 9 B (coronavirus) J& — 28 B 4E IF L BT e R B 0 A A 2R RN S R AL R
RNA #7g, HARRBLSMMmKE N 26-32 kb i I, HAEG, BHE 7 FdRp s o] LU NS,
RNA BT 4 FAZ 0250 (S, M, E, N)2L Hor ™ 5 2P 25 5 AR S AR 5 (severe acute
B PR B ELA A e 1 DR B 4 RN R AR respiratory syndrome coronavirus, SARS-CoV)#Fl
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HR AR IR 25 AR R #E(Middle East respiratory
syndrome coronavirus, MERS-CoV)% )& F =5 Uk
PERERA R 4, ARG HE 229 (human
coronavirus 229E, HCoV-229E), HCoV-NL63 .
HCoV-OC43 fl HCoV-HKU 1 J& T 5 #1215
s R B, (E S TR iy ARl LA
T R B, AT BT P R G A
R FEAM 3CLpro 2R iE A & E
PR ST 45 A 0 5507 51 A5 R AR AR B 3 25 4 2
M, HEEEE RN TF 11 A S Y HE
ZR®EH, BiadE 45 & A (non-structural
protein, NSP), MIfii ik 454~ & 11 & #5755 il Fil
oA EIIRE™ . BT 3CLpro 7E9% 8 & il
HE R SCEAE L JF HAE AR N AR 2R
F L BRI A RS R B 25 ) i B AR
MBIl RAESELL 3CLpro MER S WA
nirmatrelvir ('% ritonavir & F N paxlovid) .
ensitrelvir fll simnotrelvir (45 ritonavir & H 17
RACHEIR), A £ 3CLpro #ifil F 4L F il IR
R BB, AL 3CLpro #il I 3 HA T 14w
P fE T,

T EE RN, PUwW AW in e — &
B ) R 24 A, 8 A S e e R T
3 T P R 245 178 ) R 8 %o I R 2 A 5 3 i)™
IR P AL, A paxlovid A5, kIR e
PUI BE 25 WA T I S e B P R RN R I T
2 E i 25 2848 ) 3CLpro LRIV B 5E A 51
Xt 3CLpro i} nirmatrelvir #4717 R 25 %
R K HALHIAOWESE , K BFE B T 3CLpro LAY
ZAT G RARN A, Hrh E166V 2848 3 2 A9 if
G, BEWMIAL R El66 K2
J& nirmatrelvir i P1 A S5E I S1 M4SHy &5
PIZERE AT, 3R M- 25 SR RN R R 1
WA ST T 3CLpro AEILA 5 ensitrelvir
1 WU-04 (TR 251550, %8R 3CLpro [A]—~28 3%
PR AV A BN R 28 AL, 2 X AN Tl 413 390 7= A A [
52, 4 M49K 53 3CLpro X WU-04 ifif 24,
{AX} ensitrelvir 3SR, T M491 W 5 Z A

J USSR, H AT L R 4 SR B T 2 1)
ke 2 PRI, Hofth iR 955 B X 3CLpro #4il
F AT 245 FEAE AL G A VERE . DR, BT
BN RN EE 3CLpro it 24 28 A8 v ik M i 24
P S R s, X BR A R IR 9 # 3CLpro
IZEINRE . b/ Ny 25 it LB X T —
AT RE A SR TR A T LA R

HCoV-OC43 F 1967 IR L, J& B it
AR R, S bR 7 5 R B 2 ek R DL
P RERRNT . ARSI AE 2020 RIS SR
INGFFAIARIF FB2001, H RS #EAGA T/
H, IFEAF B HXT HCoV-0C43 1 LA L it
W TR TR PRI ARBFSE L) HCoV-0C43 il 58 %t
%, ERIMESAL ARSI E HCoV-0C43 1Y
FB2001 i 2438 W A%, Xof HLgEA 7 i 24 2 ARG I Az
AR ¥ (next generation sequencing, NGS), i
JG %} 3CLpro Z MR 2 AR & 4T Flip GFP i
S Pl S 36 B IE R LA S A R T, R
%% HCoV-OC43 3CLpro X FB2001 [T 2545 1iE
FEFEmT 2500, e W2t A K SE R 0 40 Bt
I 3 4 I 24 e 11 A 38 AR A

1 MR5r%

1.1 ZHBE. RAKRIRES

MBI 18 20 JULPY 9 (thabdomyosarcoma,
RDY4IL . AMEAR'EE-293T (human embryonic
kidney 293T, HEK-293T)Zii i #1 HCoV-OC43 %
B 34 W ER A2 B s DU BT I T DR AR SR A
LA R IR FORL AR ORI 1 Addgene A A o
i3 HCoV-0C43 i 24 bk 28 rh [ Rl bt
ROUR BRI EY LTRSS
WIVAF25202304) , W] 4k & 78 4= ¥ ‘% 4= — %%
(biosafety level 2, BSL-2)Mzh#¥) k¥4t 4x — %%
(animal biosafety level 2, ABSL-2)3C4; = I /@
1.2 EFE. FERFSMNEE

LB K583t (g/L): MEb:M 5, BRE AR 10,
Afbah 5, BRI SR EIMA 15 g/L
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BE K o

1 R £ 2% vp W (phosphate buffered saline,
PBS) (g/L): FAfkfN 8.0, SAk4H 0.2, BERE —
142, WEERE 4 0.27, pH 7.4; PBST: &
0.05%M 7 20 Y PBS 28 vhifi; b= H
A2 A BR A A .

2% Hi 4 Il 75 (fetal bovine serum, FBS)
DMEM K55 3LV 8 F1 i, Gibco A H];
miniBEST Viral RNA/DNA 2B 7 & , TaKaRa
7l TOP10 /&2 A4 . #5587 DAB 2 A4
FIRUTCRL N &, RARAE AR db ) A R
o5l BEGRAF] &, Omega Engineering /A H] ;
KOD-Plus-Neo m={f E AW, R (Hig)4E
YIRHE A IR H); pCAGGS JiikL . Opti-MEM %
TR YLl 7| Lipofectamine 2000, FEIR KR
FHEATIRA T Kpn T, Xba IRl 1 Py U1 G Fil T4
DNA # el , A5 EPHE AR A RAF;
DAPI YL@ ABIRT Ry, A RAEYHA
A A BR 2N 7] ; HCoV-OC43 N protein IgG . HRP
PRI EPL R 1gG 1 Alexa 488 FRic U EPHifi
IgG, RN = JEAYEARGBRA A HRA4ER
¥R, Merck A7) ; DNA SCEMERRFI &, M
T MERE A R R A A PR w5 AR R A
fE R, Oxoid A H] .

YR RE A AN TR LA, BT A H]
YN A, FEER R R B A BR A F fFE
WEE, BAREIERAR; ZORemELk
AR 2 6 BARAXL , 2 FER BB A BR 2 Al
DNBSEQ-T7 Ml 74X, TRIIAL KB i B e i A
B
1.3 HCoV-0C43 ¥ 1 5&K

HCoV-0C43 ffiff]l RD 4Hfiitiry 3%,
RD ZAiffLE 2 T75 KRk 24 w0, 1R4ii
SERMEBEIL A FE TR 3] 90%T , H5 55 75 BL T 1 h 2%
FBS [ DMEM K553, UL & % (multiplicity of
infection, MOI)>} 0.01 /&I HCoV-OC43, JgiL
4 d B4R F3%F 4 °C .13 000 r/min B5.0> 10 min

BRI, TR 350252 1.5 mL EP 4
Hr, —80 °CLRFF -
1.4 HCoV-OC43 i 251& N £k i 15k

1 RD 42 12 FLAR, BEEER 1x10° cells/AL,
KSR 24 ho F 2 58 2 MG REIC A B R 3] 80%HT
W35S L o B — E WRE FB2001 (A fr)iat
B e BUAS [F] 96 ) I 2% FBS [ DMEM 15 55 5,
Pl MOI=0.01 &% HCoV-OC43., 1 RD 4 it H ¥
YA A AP UCEE AN B3, 4 °C. 13 000 r/min &5
. 10 min BREHMMIEE -, AR EIH 432652 1.5 mL
EP &, —80 °CIR-AF.
1.5 G®EENEEN HCoV-0C43 FE
T

¥ RD 2052 24 fLB, 5x10%cells/fL, 1%
& 24 ho f#if 2% FBS () DMEM %35 500%
HCoV-OC43 JiegifF 17 10 fERREEFRRE, LA 200 uL/AL
PR FE T YL A, R RR R 2 AL IR
1 h J5EBR B3, PBS IEWE 12 K, MASH 2%
FBS Hl 1.25%H B4 4E % 1) DMEM Ki R H &=
SEARME IR, dkZLEE3E 96 ho ERBR4ME )=
R, A 4% S [ 72 40 A 30 min. Bk [E
FEWIHEH PBST JHUE 3 IR, IMAEH 0.02%
Triton X-100 F1 5% g 054 19 PBS #4715 fL Al
HH1, 1hJ5H PBST ¥k 3 ¥k, MIA 120 pL —
FLIA W (Padt HCoV-0OC43 N protein IgG, 5%
NG 445 1:1 000 F4FR), 4 °CHF & 14 % . i PBST
THYE 3 WK, fINA 200 pL/AL—Hi¥ K (HRP Aric
FIPite 1gG, H S%MIR-05 1:1 000 #i k), =
M E 2 he PBST iYL 3 ¥k, WA 200 puL/fL#HT
fif ) HRP S (A3, AE7KFHE K b oL i &
30 min, KFRE@WBIFHIKEEGE 1 ), M5
e, MRS RE T R R
1.6 |8 ¥ & & K X £ (indirect
immunofluorescence assay, IFA)f &%
ENEH

HCoV-0C43 L) MOI=0.01 #Fh%] RD 4 ity
Fi g% 48 h Je ik TRl R v Ot . H 4%H

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn
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TS W] 5 ZM 3k 7%, P PBS THVE4IM 3 ¥k, fnA
& 0.02% Triton X-100 F1 5%MBIEWH ) PBS
AT B RIS, 1 h J5H PBST W9k 3 ¥,
A—PL (Pt HCoV-0OC43 N protein IgG, fH 5%
AR 1:1 000 FER)TE 4 CIEF LK. H
PBST 53k 3 U5, A i (Alexa 488 Frid
# 2 Hi % 1gG, FH PBS 1:1 000 Fi B 7E = T T
WEEIE T 2 ho JH PBST i3k 3 ¥k, A DAPI
(J1 PBS 1:10 000 # %)% i 8 65 7 5 min.
FH PBST 3k 3 UG, TE9OE AR AT #4740
Mo fdH Image J B0 B R i 5809 =5 I8
e Y 4 B A%, FH A GraphPad Prism 10.1.2
QLR L3N
1.7 NGS EEXSH

¥ HCoV-OC43 2 4LAH P5. P10, P14,
P17 1 P20 %5 713 ] miniBEST Viral RNA/DNA
FEBORF S HEE RNA, FFUE TS 5. DNA XC
J# R DNA SCEE MR R S o Fa o Mt
U (4 S AE DNBSEQ-T7 MlJF{X I PE150 -5
X 200-500 bp Z A A BeilbATE 4 A
¥, {#H fastp X J5ihf FastQ SO ik, fdH
Trimmomatic MRFEELF4]. F Burrows-Wheeler
X T4 Reads W5 21568k 95 7 HCoV-0C43
SN, Fd ] Picard MarkDuplicate #53ic
HE P LA R AT it ig, 585 1 GATK
BaseRecalibrator X §iff & it & 43 B AT 5 B K¢
WE o K ARAT I 5 T it 3 41 5 [/ — 1t DMSO FLx}
HE T MR A0 38 A 9B A7 e, A & 3CLpro

%1 HCoV-0OC43 3CLpro B KiAFRRI SRS

SR S AR A5
1.8 E&FRIERAHIIE

LA IR SR 22 B 14 PN DI Kpn 1A Xba 1
)5, 5 HCoV-OC43 3CLpro J:[K F 4 7E T4
HHEMHERT 16 CHEHR . FEE Yk
% TOP10 JE&3Z A4, IR7E 5 Amp (100 pg/mL)
Porkry LB B53RA L, Bi3ead e BRECA v e
FEREDE o 3L e R R e 5 B I, 8
JFoRL /N & 3R B HCoV-0C43 3CLpro EA%
FIRTURL DNA, TS R85 | )(3R 1)iF17 PCR,
PCR [ 34 % : 10xPCR Buffer for KOD-Plus-Neo
5 uL, dNTPs (2 mmol/L) 5 uL, MgSOs4 (25 mmol/L)
3 uL, k. FU#51#(10 umol/L)4S 1 pL, DNA
A 1-2 pL, KOD-Plus-Neo (1 U/uL) 1 uL,
ddH,0 #ME 50 pL. PCR 2% 2544 : 94 °C 2 min;
98°C 10s, 55°C30s, 68°C3min30s, 34 1K
FE¥R; 72 °C 5 min, 30 5 A0 S 64 56 o
K/NF4life PCR 774, ¥4k E] TOP10
AU, FRRAE S Amp PR SRR
REFRIER, PRI v R I I B E R A
R -
1.9 HfmEEE

H T AL A BT, R A
B 96 FLANEES IS T2, 2
RAIFATRIEATE 96 FLARIEI THL8E, K HEK-293T
IR LL 2x10* cell/fL B % BE Rl 7E 96 FLARUEAT
Bigd, 12 h J5 40 58 &0 RE H 2 IR 3 90%
I EATEE Y . B 5E Flip GFP 1% 41 it il S2 1 4%

Table 1  Point mutation primers for HCoV-OC43 3CLpro eukaryotic expression plasmid
Mutation Prime (5'—>3")
D65G Forward: CCAGCAGCGGTTTCACAGTGCTGTTCGACAG
Reverse: CAGCACTGTGAAACCGCTGCTGGTCACC
L165V Forward: GCACCAGGTGGAGCTGTCCACAGGGT
Reverse: GCTCCACCTGGTGCATGTACACGAACTT
1300T Forward: GCAGCTGGCCGGCACCAAGCTGCAGG

Reverse: CTGCAGCTTGGTGCCGGCCAGCTGCT

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn
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1455}, ¥ Lipofectamine 200 5 it #.(HCoV-OC43
3CLpro KBRS G Bk L 510 1. 2. 3,
pCAGGS 55 kit ok 2, Bk &4 100 ng)
SRR E Opti-MEM ¥iedtrh, PRI
WIRAZF 8N, BRIRS, EEHE 15 min,
ZI B AR R AL, TR ST ARS8 55
4—6 h J K B YL A A I 3 S A AR 6 1Y) 2% FBS
i) DMEM 35 55 SE 4k 2L 45 5% .

K 1Cso BF, K55 YL i5f] Lipofectamine
2000 A1 5 ki (HCoV-OC43 3CLpro £ ik ki 5 it
ORI R 2, BORLER R 100 ng)sy BB E
Opti-MEM #5556, PRI A IR & 2 7
—EWN, BRIEY, FRHHE 15 min, Z5H
R RINAAMALN, RS GRELR R, el
4-6 h iR gL FL Y AR B v d L A AN TR 2
HIHe BE 1Y 2% FBS B DMEM 55 97 3
1.10 Flip GFP 3%

W€ Flip GFP FI{E 240 il 15 52 56 2% 14 B
Iy BIAE 24, 48 F 72 h K I A YL 4 i L A0
GFP/mCherry ¢ Y61 .

Rl 1Cso B}, AL YL AN 5% 48 h J5 L
Y b3 R PBS. [ FH 22 D RESFLARAG:
A5 5I7E GFP (3% )% 580 nm, & 5§56 630 nm)
1 mCherry (3 & % 485 nm, K556 530 nm)%}
96 FLARIEATHIH . HRHE GFP/mCherry [%¢ Y6 1H
AR 3R A GraphPad Prism 10.1.2
Bt E
1.11 HCoV-0OC43 TH#AHKSHE RS
AN KESR LW

¥ RD 4ififg 2x10* cell/fLHY 25 JEHHLE 48 fL
M, 24 h JER AR s IR 2% FBS 1Y
DMEM #53% 5, W BF A= B 35 bk 55T 2 5 vk LA
1:9 F1 9:1 B HFIR A MOI=0.01), /&Y RD
M. ZFHI7E 0. 6. 12, 24, 36 il 48 h U4
i, SRS RNA, BiJ5 X RNA #£17 NGS
W .

1.12 EBRREWTN S X

4% HCoV-0C43 3CLpro LM T4, ffi
1 Alphafold3 (https://alphafoldserver.com/)X} H:
ZEMREAT I . # HCoV-OC43 3CLpro 4545
FB2001 4 i iif DiffDock v1.1.3 A T fEF- &
(FAFFRTIEST 32K H - https://github.com/gcorso/
DiffDock HI https://github.com/gcorso/DiffDock/
blob/main/LICENSE)#E47 i L% 4 , X e 2 4ok
FERNS A, XA TR b R B DU 2
WESE i o il b O IR 55 A8 i AT, WY 45
it PyMOL v2.5.4 BAFEF T rf Ak 434 o

2 ERE54M

2.1 HCoV-0C43 5 5 Zhtkinitss

T35 HCoV-0C43 Xf FB2001 (it 2h
Bk, 4 HCoV-0C43 5 RD 40, #
HCoV-OC43 TE & — W FE FB2001 k%575
TR SR, B—10 3 ME R(L1-L3)IFi%E
Lt 20 £ TEESALACH I AR, AR w7
A B ARG AR BN, K FB2001 o e B 28 i 1
I 1A), SR 14, 17, 20 05 31T 1] 4%
BB DG IR A DU L 25 R A, 45 R R WIAE [H]
—WREE FB2001 fA7ERVIEOLT , i1k My Tt 24 bk
L AR B HCoV-0C43 B AE RIBEvk &
(Kl 1B), 40, 7 0.25 umol/L FB2001 Hy 444
T, HCoV-OC43 B H: 7Y 73 i 11 W4 58 JLF- 8% 56 4
i, T 2R TEAE B R R AT . %
FEH] HCoV-0C43 7E FB2001 $- 4L fE7ERY IR )
T, CamIT BT R, FE LR
PRGN, T2 R B AR R W (& 10).

KT Gy BT 245 40 G 1 24 R R 2 AR 6 A, X
P5. P10, P14, P17, P20 fif 25k vEAT 4 KL 41
NGS W3, ZBFHEES 10 I IH7E 3CLpro -
I D65G il L194P 2278, K% 25 1% J1H54E
Hhn, L165V Ml 1300T RASZ#THI, I H
D65G . L165V Fl 1300T 7€ A8 451 R 1 78 74 i 48 i
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A B -
= g 5000
Q
g 0.8 [ 4 000 L ] HCOV‘OC43 WT
207 == FB2001 P14L1
g o6r = 3000 F == FB2001 P17L1
805 g = FB2001 P20L1
S 04r 2000
S 03
202} 1000 -
(=]
§ 8(1) B : : ‘ : , 0 1 Ll zall o } 1l
= %% 5 10 Is 20 25 YRR SRS
Passage ek © B9
FB2001 (umol/L)
“ FR2001 (umol/L) 1 0.5 025 0125 00625 0032 0016  0.008 0  MOCK
0C43 WT
FB2001 (pmol/L) 4 2 1 0.5 025 0125 00625 0.032 0  MOCK
FB2001 P14L1
FB2001 P17L1
FB2001 P20L1
1 KRS RRMARE A WK E TR, B: A KR ST 25 L MOI=0.01 J&j

RD 41, 1557 48 h J5 BEAT RSO RN , i DO UGS IR, ] Image J B AFAb PRI AT
SRR AL, C: HCoV-OC43 BF A3k ST 250k P14, P17, P20 7ER[AIVRIE FB2001 T HY 4
FEIOLH

Figure 1 Drug resistant strain screening scheme and drug resistant phenotype. A: Drug resistant strain
screening scheme. B: Wild strains and drug-resistant strains were infected with RD cells at MOI=0.01, and
indirect immunofluorescence detection was performed after culture for 48 hours. Fluorescence imager was
used to take photos, and Image J software was used to process the images to calculate the number of

virus-infected cells. C: Immunofluorescence of wild HCoV-OC43 strain and drug-resistant strains P14, P17
and P20 at different concentrations of FB2001.

(# 2). BRT 3CLpro A H BB AESN, FB2001
P17 F1 FB2001 P20 T 24 #f 75 J [ 41 iy HoAth A7
WAFTESAE , FUGEAR (FABMHTE 90% LA )&
HAE S M T1100K \E EH V7SL & NSP3 1360L
[ 245 ke 4 ik DR 2 58 700 o o B A 28 55040 L 4R A2
2 [ FE PR 55080 v e (https:/nmdc.on/
resource/attachment/detail/ NMDCX0001745), %
S5 NMDCX0001745], H:H S #5171 T1100K %
AFE FB2001 P17L1 EAYMIRA 100%, {HTE

FB2001 P20L1 FHIARAE], 156BZ 0L S AEAE
R R3] T 0 B 1 VISL RAF KA AE
P20 MM L P17 &, ULBHIZRAS Al REEAEZY
YIRS PR A B AR N R R B 0
SERYEE T, FLAEIR B 0 A A B 5 1 S T R
JEH EHRAR LA AERIERIK, BBBE N
T LI RE, EVE N AR B TR
iy AR 35 v 2 # EE A FHPH . NSP3 A R
KIEgs &, HEA T EaEZE
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2 THZAPRTE 3CLpro LI EFE R B R IE

Table 2 Gene phenotype and frequency of
drug-resistant strains on 3CLpro (%)
Passage D65G L165V ~ L194P 1300T
FB2001 L1

P20 99.9 88.7 99.7 99.5

P17 98.9 12.1 98.9 83.8

P14 99.2 - 99.7 -

P10 24.0 - 81.0 -
FB2001 L2

P20 99.3 - 98.5 98.8

P17 97.7 - 98.0 -

P14 98.9 - 99.4 —

P10 11.7 - 92.0 -
FB2001 L3

P20 - - - -

P17 41.6 14.2 79.3 -

P14 36.0 - 89.5 -

P10 - - 91.3 -

7N AR ARAG I B R A

“~” indicates that no mutation was detected here.

T.. BHl-HfEGWE R .. AT RNA 2
iy S e R S e RS HUE 4, NSP3 4 fith iy 5k
AU & 2S5 5, o 1360L £ T3
Macl 254948, Macl J&—#' ADP-#%HEFE K i
fitg, FILIKf#H ADP bt FEE, AT
P B R YL P4 33k S AR S X I N7 A T 24 2%
TRy B 3 R o AN T BT, (ELAS S St — 2B AR
2.2 HCoV-0C43 3CLpro Flip GFP {&
AE

T BF HCoV-0OC43 3CLpro | ik $b% Jt:
fig 58 A% (1 if 25 D) Re , 38 2 8 57 HCoV-0C43
3CLpro Flip GFP {& Z W57 28 28 & 1 AE 4 ML
Xf FB2001 (RS AEfL . Tan FPUHGE T
3CLpro Flip GFP &R, i%{k &R 3CLpro %Kik
JEORE R A BORCRA B, AR LB Y Flip GFP
RZR, B 28 8 1 Ok b i 5 R 40 3
i Kpn 11 Xba T FR il 44 P9 U1l i U1 L K& T4

T4 2 i % $ 10 ) 748 A HCoV-0C43 3CLpro 3
PR 31, 23000 P 6 F 5 DR 471 1% o 6 12 1%
Jo kL b AT A58 AR A T Y Y 98 AR B 1 AR

HCoV-OC43 3CLpro B F KK R (K 2A),
4 3CLpro FIA ok S Bok At 4E Yy 2 HEK-293T
Hift, B3R —BERlE , FEDOBRURAT MR
HAHEIEN . W& R 4iS GFPB1-9, B10-11
1 mCherry =/~ 43 mCherry A] LLIE# ik,
{H B10-11 i L K5/E5 45 IR HESH 17 P47,
XAVBURBRAS THE B1-9 AYSCEE, FE( GFP

NIk, RIS E Y BURL A 3CLpro,

PI#E| 3CLpro € KS F1 B11 2 [a] ()3 23k 7
(linker), f#f B10-11 %728 K OFATHI AL, 5 B1-9
4id, MK E GFP %655 .

J T B E FRik 3CLpro YR 5 LA TR
(1) EL A8 B 355 32 Ik ], 4% B 43k 3CLpro 55 i
B4 1, 2 F1 3 Z4HSEE, FFaraldE 24
48 1 72 h RRMIHSEGRE . FR, RE A
pCAGGS Jitki 5445 Foki b Ry 2 (9 SEBa 1 Sk B
H MR 45K Flip GFP RS SCH4H (260 &
SIS ISt A W i 22 71K 2B).
I, AT AP HCoV-0C43 3CLpro Fik )i
B 5 BRI SRR 2, JEERE YL 48 h )
Ao Py 25 A 2R A T i 2 5 5
2.3 HCoV-OC43 3CLpro KT S
Flip GFP %%t pIf & 7K I8 iE

T IR A 3CLpro 28 KLFR 28 715 i
ZHRHIE, ] Lipofectamine 2000 #%3i% 3CLpro
ook A ok AL Yy 3] HEK-293T ZiffiHe,
UL 4-6 h NG AiNf VS A N R A
JF FB2001 £ 2% FBS A DMEM K595 5L, 4kgis
7% 48 h JE Rl L5 B . M4 GFP/mCherry 1)
DECAH I HIPHI %, IFFE GraphPad Prism
10.1.2 LA 4R . 45 5 278 3CLpro WT.D65G .
L165V . I1300T #11 D65G+L165V Xf FB2001 (2}
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Protease
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B

HEK-293T cell

- Only reporter plasmid

Reporter plasmid+
protease plasmid

Reporter plasmid+
protease plasmid+
60 pmol/L FB2001

0C43 3CLpro plasmid/reporter plasmid=3

0C43 3CLpro plasmid/reporter plasmid=2
0C43 3CLpro plasmid/reporter plasmid=1
pCAGGS/reporter plasmid=2 [H

0C43 3CLpro plasmid/reporter plasmid=3
0C43 3CLpro plasmid/reporter plasmid=2
0C43 3CLpro plasmid/reporter plasmid=1

pCAGGS/reporter plasmid=2

0C43 3CLpro plasmid/reporter plasmid=3 [~~~ "> o

OC43 3CLpro plasmid/reporter plasmid=2 |-~

0OC43 3CLpro plasmid/reporter plasmid=1
pCAGGS/reporter plasmid=2

0

2 HCoV-OC43 3CLpro Flip GFP k&

—
24h
1
N 48 h
I
[ 72h
= —
| | |
100 200 300
GFP/mCherry
A: Flip GFP A FZ/REEl; B: Al 3CLpro kL5

Ak TR Y JBORE HE M 5HE] 2544 F GFP/mCherry %6 G50

Figure 2

Construction of HCoV-OC43 3CLpro Flip GFP system. A: Flip GFP system diagram; B:

Fluorescence intensity under different plasmid ratios and time conditions of expressing 3CLpro plasmid and

reporter plasmid.

B B (1Cs0) 23 71 8.18 . 21.77 . 36.16, 23.55
1 26.81 umol/L (I 3). D65G. L165V. 1300T
1 D65G+L165V 8788 1Y 1Cso i BF A7 1Cs0
H) 2.66. 4.42. 2.87. 327 %, XEWXILPE
{57 A5 R 23 7% i 3CLpro % FB2001 — 5E 2 ¥ 1)
2G5, Hep L165V W 2572 B fe i, I HLAERR
TG W B W FB2001 ) R fIfH &,
UL L165V J&1E B B i 24 1) S B e S PR 28 7% .
2.4 HCoV-0OC43 3CLpro L165V Z€%¢
EHS5 FB2001 HEABRRX 94

FB2001 5 nirmatrelvir &4 KR E [ B

iR, H P1 A y- NI IR (] 4A), HAT
T 3CLpro Tif nirmatrelvir fIfRIEHFRZ, H
XF FB2001 T 25 AL AH G i H b o Sl T
— 3 T fit HCoV-OC43 3CLpro % 78 % 9 %t
FB2001 125 i #LI, fii 1 Alphafold3 #3 4
HCoV-0C43 3CLpro Z 2 741 il HCoV-0C43
3CLpro WT Fll L165V 2878 8 H I 8 4514,

B J5 i ] DiffDock v1.1.3 A L& fEF &%
HCoV-OC43 3CLpro WT HI HCoV-OC43 3CLpro
L165V 43515 FB2001 4 F #4550 F X .

Alphafold3 il ) HCoV-OC43 3CLpro 5 FB2001
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3 HCoV-0OC43 3CLpro 7EREAEGIEKFH ICso  A:HCoV-OC43 3CLpro WT 7£ FB2001 (%) ICso;
B: HCoV-OC43 3CLpro D65G 7£ FB2001 I 1Cso; C: HCoV-OC43 3CLpro L165V 7 FB2001 ¥ 1Cso;
D: HCoV-OC43 3CLpro 1300T 7£ FB2001 |/ ICso; E: HCoV-OC43 3CLpro D65G+L165V 7£ FB2001
M ICso; F: 5 WT M & RAZE 1 1 Cso 3 AR5 2L

Figure 3 1Cso of HCoV-OC43 3CLpro at intracellular enzyme activity level. A: 1Cso of HCoV-OC43
3CLpro WT against FB2001; B: ICsp of HCoV-OC43 3CLpro D65G against FB2001; C: 1Csp of HCoV-OC43
3CLpro L165V against FB2001; D: ICso of HCoV-OC43 3CLpro I300T against FB2001; E: I1Cso of
HCoV-0C43 3CLpro D65G+L165V against FB2001; F: Multiple of increased 1Cso of each mutant protein
compared to WT.
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XTI 45 A (B 4B . 4C) s, C145 [AkE S
FB2001 MR EE 4, [ FB2001 (1) Pl
B y-INBERE R S EE I S1 A% H163., E166 Al
H172 JE A8, 1€ 3CLpro 5 FB2001 454 148
55165 ise R AMEE S T 2R 3CLpro
T CARAMI, (B 2455 165 {55 2 R 28 748 M 4
ZAPRNY, W2 R ) SN & @I T 3CLpro 167
CIAS NN, 36K TG vE D A8 s a2, $3K
FB2001 % P1 {3 y-INBERZ IR 5 S1 H 48 E166
M H172 Z 8] SR B 1S K, AT Sk e o
ST FESS 3CLpro L165V %8 78 5 [ %t
FB2001 H Bt 2 .
2.5 INEKTSRIRIESHT HCoV-0C43
M2tk E K TS Be

N T HRFE HCoV-OC43 i 24546435 1 MR 7E
B LEARAFTE N IAERKSERRE T, 4 HCoV-0C43
WT #E#kF FB2001 P20L1 M 2548k L) 1:9 5 9:1
HAI(MOI=0.01)IR &, TETLWIAFFER) RD 4
M b AT E SR, AP AIAE 0L 6. 12, 24, 36, 48h
Wtk BiE#E T NGS Wy, 450K, D65G.
L165V ., L194P F1 1300T 2828 [ 75 12 h )5
KPR TR, Zlis WT #tRBUR(E 5). 4
HCoV-OC43 WT &L M FB2001 P20L1 ffiff 257k
DL 1:9 LR G, PIE R AERKSESAE 36 hik
BV, T WT Bk &7 =2 AL (5 60% L
F) (B 5A-5D)., 24 HCoV-OC43 WT #:HkA
FB2001 P20L1 Tif24#kLL 9:1 HLBRE AT, 7E 36 h
it FB2001 P20L1 fiif 25 i £ 49k WT B bk it Bt
fR(E SE-5H), LKA, FB2001 P20L1 7£5
HCoV-OC43 WAtk AERK TR PARAGAK
TE AR

3 Wik
HCoV-0C43 £ h—FhZ= 5 P R 5, H:
JER e — BN IAC HE B B A SERE IR, (R

BRE L . 2 NN A G i ik B 28 3 AT A K
JUE R Ry fili 9 B 28 fiwg 92 5230, DRI b B IR
BRI AAYT o BLAh, I PR XA S il 4
s B E AT I D RUAG B, R BT 2 B
HCoV-OC43 J [K 711201 H AL Fipg FRAFAE v A
TE OB, TR X PR AR S ) SRR R A A T
BPT R B 25 . AT IR B R R 3CLpro
17 FB2001 X B el BRI FE A o Je R A5 7
3CLpro HA7 |7 3% 40 il 76 o4, (R 56k R % 2 X
FB2001 AT 25 550 38 A 1 B BT g T oebfk
J% T 3CLpro TIREMESH M BEAR~F, Hih T
T S TR B, A A X ) A A ST 2
HRFS7 G — o A5 R HCoV-0C43 1K
1 FB2001 J£J3 T Anfaf 2 A3 i M8 A%, -4
A BRI ARG 3CLpro M 2045, bt
P s 245 #1161 -

H 2022 4 paxlovid /£ A& # 3CLpro # il
FARHELIR, O 2R Gl 75w ] xFEHE
P B ——nirmatrelvir F= A2 it 252839 Duan 2513
ETE ARG RS9 T 3CLpro 4531
ML, &P 3CLpro i 2 Ak fbi e sl kiR
nirmatrelvir, HAPRFRMER E166V 2845 1 ik
A5 P AR AR 2 . UG
Yy B IR ) 28 X Rk A i
1 AL 1B A B 25 R AT S8 A 5
4S8 G, BB, nirmatrelvir,
simnotrelvir, FB2001 1 GC376 ¥JJ& F &40
il 751 o 3 LS ID A P A HA SR
y-IN ke A S5, Dt DRAE TR 9% 5 3CLpro X
I P A i BE e PR D212 7E RD 4l
o, BEE FB2001 259 1% 1 3G i, HCoV-OC43
AL X FB2001 HA —E i 25 bR 3R
#id NGS P& BH 3CLpro F41) L H
D65G. L165V., L194P Fl 1300T 2 FEAR 28 AE N
AL Hb R EE 3CLpro M165V TR 25 HL i
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H i H
N N N\AO
| H
J
0
FB2001

HCoV-0C43 3CLpro L165V-FB2001

4 HCoV-0C43 3CLpro WT #1 L165V B 5 FB2001 7 5t#&E5#  A: FB2001 5 nirmatrelvir
Sy FHiR; B: Alphafold3 il ) HCoV-OC43 3CLpro 45#4) 5 FB2001 43§ %f4%; C: Alphafold3 T
M HCoV-OC43 3CLpro-L165V 45#4 5 FB2001 4r F X 4% .

Figure 4 Molecular docking analysis of HCoV-OC43 3CLpro WT and L165V proteins with FB2001. A:
FB2001 and nirmatrelvir molecular structure formula; B: The HCoV-OC43 3CLpro structure predicted by
Alphafold3 was docked with the FB2001 molecule; C: The HCoV-OC43 3CLpro-L165V structure predicted
by Alphafold3 was docked with the FB2001 molecule.
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5 HCoV-OC43 WT FH#x5 FB2001 P20L1 TIZAKERLAMENTEKESRE A-D: HCoV-0C43
WT B8Pk 5 FB2001 P20L1 it 250k L 1:9 LGRS 53595, D65G (A). L165V (B). L194P (C)F1 1300T
(D) AR AR, . E-H: HCoV-OC43 WT ¥k'5 FB2001 P20L1 fit 254k L) 9:1 HefiliR & 5 HL 8555, D65G
(E). L165V (F). L194P (G)F1 I300T (H)Z A4 K45 1k,

Figure 5 Competition experiment of growth between HCoV-OC43 WT strain and FB2001 P20L1 resistant
strain without drug pressure. A—D: HCoV-OC43 WT strain and FB2001 P20L1 resistant strain were mixed in
a 1:9 ratio and co-cultured. The frequency of mutations of D65G (A), L165V (B), L194P (C), and 1300T (D)
was monitored. E-H: HCoV-OC43 WT strain and FB2001 P20L1 resistant strain were mixed in a 9:1 ratio
and co-cultured, and the frequency of mutations of D65G (E), L165V (F), L194P (G), and I300T (H) was
monitored.
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