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Abstract: The spike (S) protein plays a crucial role in the entry of SARS-CoV-2 into host cells.
The S protein contains two subunits, S1 and S2. The receptor-binding domain (RBD) of the S1
subunit binds to the receptor angiotensin-converting enzyme 2 (ACE2) to enter the host cells.
Therefore, degrading S1 is one of the feasible strategies to inhibit SARS-CoV-2 infection. The
purpose of this study is to develop a degradation tool targeting S1. First, we constructed a HEK 293
cell line stably expressing S1 by using a three-plasmid lentivirus system. The overexpression of the
mitochondrial E3 ubiquitin protein ligase 1 (MUL1) in this cell line promoted the ubiquitination of
S1 and accelerated its proteasomal degradation. Further research showed the polyubiquitination of
S1 catalyzed by MUL1 mainly occurred via the addition of K48-linked chains. Moreover, the
specific peptide LCB1, which targets and recognizes S1, was combined with MULI to create the
chimeric E3 ubiquitin ligase LCB1-MULI. In comparison to MULI, this chimeric enzyme
demonstrated improved catalytic efficiency, resulting in a reduction of S1’s half-life from 12 h to
9 h. In summary, this study elucidated the mechanism by which MUL1 promotes the ubiquitination
modification of S1 and facilitates its degradation through the proteasome, and preliminarily
validated the effectiveness of targeted degradation of S1 by chimeric enzyme LCB1-MULI.
Keywords: severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2); spike; E3 ubiquitin
ligase; proteasome; protein-targeted degradation
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Table 1 Primers used in this study
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1.2.6 RT-qPCR
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Primer name

Primer sequence (5'—3")

SI-F

SI-R
3xFLAG-T2A-EGFP-F
3xFLAG-T2A-EGFP-R
LCBI-F

LCBI-R

MULI-F

MULI-R
MULI-H319A-F
MULI-H319A-R
qPCR-GAPDH-F
qPCR-GAPDH-R
qPCR-S1-F
qPCR-S1-R

GACCTCCATAGAAGATTCTAGAATGGTGAATCTGACCAC
CACCGTCATGGTCTTTGTAGTCTCCTGATCCTCCAGGGC
GACTACAAAGACCATGACGGTG
GATCCTTACTTGTACAGCTCGTCCATGCC
CCTCTAGACTCGAGATGGACAAGGAGTGG
CTCAGAGCCTCCTCCGCCTCTTTCCACCTCTTCCA
GAAAGAGGCGGAGGAGGCTCTGAGAGCGGAGGGCGG
CTTAAGCTTGGTACCGAGCTCGGATCCTTAAGCGTAATCTGG
GTGTGGGGCCGTTTGTTCCTGCACCGAGTGCTAC
GAACAAACGGCCCCACACTCCAGAAAGACGCAGGACTTG
CAATGACCCCTTCATTGACC

TTGATTTTGGAGGGATCTCG

TCCACGGGAAGCAATGTGTT

AGGGCTATTGGTCTGGGTCT
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HE AR, Western blotting 25 B/R, N
S1 MRS EEE CHX A9 4k BRA E] 2 K i
fik, 7EFEYe MULL ik Bk 4, S1 1R
I R A R B e . DA R S5 R EE MULL (1)
PEFIRINP T S1 W A BTk AR (B 20),
2.3 MULI1 1t S1 B2 &8

12 FAAB 2 B 1 5T B ) AR S o R 1Y
Jerh & ENS TR MULL % S1 A4 fr 45 4%
B, ARBFFEEN MULL @ BEEEAT S1 &
M, iz Z b, e il = dyz & -
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IIAE RS MG132 LABHEr S1 &
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A EAMEH . 43R E/R, 78 FLAG-S1 SHAr
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3A)e AT EWLH S BB E RS Y ST REfS S
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ATGGTGAATCTGACCACCAGAACCCAGCTGCCTCCTGCCTACACCAATAGCTT
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AGTGCGACATCCCTATCGGCGCCGGCATCTGCGCCAGCTACCAGACCCAGACT

W “ FWWM'WMNNM
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s = = [ N ]
i STsubunit || >H EGFP_ >
CMYV promoter I
3xFLAG T2A
D E
kDa M 1 2 kDa M 1 2
170 —
130 130 —
93 93 —
70 — - S 70 —h
_ PCDH-SI-FLAG- 53
) T2A-EGFP 8=
ﬁv 41 4] — = w—|ACTB
) RS 30
\ .3‘2} 3.5_?\’\ 30 —
’Pfr,gF‘ lu core promotel 22
nvafnu), VA 22 —
G%Q@@

1 HEK 293-S1 @RBREBHSHMAMBELER A ZIRBIKE. JkiE 1: PCR ¥ 53K S1
V5L DNA H Bt ; JkiE 2: pCDH-spikel-FLAG-T2A-EGFP Jfiki DNA. B: pCDH-spike1-FLAG-T2A-EGFP
JRL . C: pCDH-spikel-FLAG-T2A-EGFP BRI P45 8. D: HEK293-S1 2GRN E L (H BT R
7 100 um). E: Western blotting 3l HEK293-S1 f2UE 4l R 1 S1 AR IAIEAL. JKiE 1: HEK 293 21 &
FEAZHET; UKiE 2: HEK 293-S1 41 i 2 1 248

Figure 1 Construction results of HEK 293-S1 lentiviral expression vector and cell line. A: Agarose gel
electrophoresis. Lane 1: S1 subunit DNA fragment amplificated by PCR; Lane 2:
pCDH-Spikel-FLAG-T2A-EGFP plasmid DNA. B: Map of the pCDH-Spikel-FLAG-T2A-EGFP plasmid. C:
Partial sequencing results of pCDH-Spikel-FLAG-T2A-EGFP plasmid. D: Fluorescence expression of
HEK293-S1 (scale bar=100 um). E: Western blotting detecting the expression level of S1 in HEK293-S1.

ACTB antibody was used to detect ACTB protein levels, while SI-RBD was used to detect S1 protein levels.
Lane 1: HEK 293 total protein lysis buffer; Lane 2: HEK293-S1 total protein lysis buffer.

S1-GFP Jiiki, 24 h /5l TMRE £1 85 'C 44
PricgepifRlo, 25 IR, S1-GFP 54k 45
St EAL(E 3B).

EA R ZAE —Fh sl H 2 2 B0 #i%
R R, O T #IA MULL Xt S1 & 2
AR, Kz K K48R. K63R ATk 5
MUL1 Jfkidtds YL 2 HEK 293-S1 40, JH
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K48 i##2, #E/8 MULL X} S1 A9 6 85 32 B 1
Gl NG S R ER S
24 #REBE3ZZRERES LCB1-MULL &
BRI

LCBI1 J&H David Baker FlBA\iE 31454
Wik 2E 5 T — R BE R 56 SRR

JIVA & MUL1 X} S1 3z Z Ak im o, Htix
A8 E3 2 KRR LCB1-MULL (Jd 4A). 18
id PCR ¥4 3545 LCB1 Al MULL JE IR F BE, B
J& W Gibson Jo% o B+ R K% LCB1 5 MULL
B4, LCBL 7T MULL & [H il 55 5B 4R 07 4
. PR LCBL 5 MULL JE[H F B 2

MK, B S1E T ZARSE A 1 (RBD)4
AHIRE Ty, R R A B dE T
A5 F ] LCB1 %F S1 H RBD 19 #8 1] 45 4 fig

&, FREEZE pCDNA3. LB 2R A, B
FL UK (Bl 4B)FI1 DNA ¥ 56 00F (] 4C) i 12 10 1

i
“41 “>J _
HA-MULI - - i . = o ns
S Q0oL v 2
ACTB | o - - | — | = S O D < 10T @&
MULI (ug/mL) E 05
= O
c 2
CHX(th) 0 4 8 12 0 4 8 12 = 5 0050
5} 3} N
HA-MULl - - - - + + + + 3 = N
- »
B
5]
&
%
HA-MULI 2

2 MULIL /iR S1MZEERMBEMR A AFEVEE MULL (9RAXT S1E AWM. B: MULL 1%
iEXT S1 A mRNA KRS, C: MULL /S 11 S1 28 1 B 26 4], Western blotting i HA ik
Kz R & MULL 117K, RBD HUiAA S1 8 K- ACTB/E NN SR, =47 S0 45 R
A Student’s t KB & Fe i 1240 . *: P<0.05; **: P<0.01; ns: JCREM

Figure 2 MULI1 promotes the degradation of S1. A: The effect of different concentrations of MULI
expression on the concentration of S1 protein. B: The effect of MUL1 overexpression on the mRNA level of Sl.
C: Graph of MULI-mediated degradation of S1 protein. HA antibody was used to detect ubiquitin and MUL1
protein levels in Western blotting, while RBD antibody was used to detect S1 protein levels. ACTB served as
the internal reference protein. Each group of data was independently repeated three times for statistical analysis.

Statistical significance was determined using two-tailed Student’s t-test. *: P<0.05; **: P<0.01; ns: No
significance.
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MGI32 (10 pmollL) + + + + S1 + +
IgG  FLAG ypa MGI32(10 pmol/L) + + kDa
©)
S Sl W7o -
= — &2
& |HA-MULI t 4l .g — 170
= | 5_ _]30\? i
S1 ----_70 - '% 93 < i
” — 1 & % I
£ . J 3
'El a
ACTB | | — 4| = . |53 805
=]
p o
B S1 ’_70 B
: - - - O
il 471(]) T o
iz — S & &
2| HA| .- - e -8
: : : = g g
100 pm 100 pm ( ACTB ...E 41 g =

3 ZEX S1HEBIRER A HEHEUTERIGE MULL 5 Spikel BUAHEAER]. IP-FLAG: FLAG-SI
KMEAEZAY); Input: A B: HEK 293 4iffi-h S1-GFP 5 TMRE £k A bric ¥4t (15 5 (L
FIR=100 pm). C: Z &K K48, K63 XJ S1 iz R AL, Western blotting H i H HA HLiA 7z & &% MULI1
/K-, S1-RBD £l S1 A /K. =47 L5 45 R XU Student’s t K 3608 1 Gt 1177 5 ..
P<0.01; ***. P<0.001

Figure 3 Modification of S1 by ubiquitin. A: Immunoprecipitation was performed to validate the interaction
between MULI and Spikel. IP-FLAG: FLAG-S1 and protein complexes; Input: Whole-cell lysates. B:
Co-localization signal of S1-GFP and TMRE mitochondrial probe in HEK 293 cells (scale bar=100 um). C: The
impact of ubiquitin K48 and K63 on S1 ubiquitination was examined. Western blotting was conducted using
HA antibody to assess the levels of ubiquitin and MUL1 proteins, while S1-RBD was utilized to evaluate S1
protein levels. Each experiment was independently repeated three times for statistical analysis. Statistical
significance was determined using a two-tailed Student’s t-test. **: P<0.01; ***: P<0.001.

2.5 LCB1G&FRIAHEET MULL XJ S1H) S EAIREAE SN (& 5B).
94 X450, LCB1 5 MUL1 fl 4 22151
5 7 B LCB1-MULL % S1 [ AR5 9T MULL XF S1 By [ f# & . #E il
7£ HEK293-S1 #ifgh/34)id %k LCB1-MUL1  LCB1-MUL1 A% F MUL1 1fi 5 %t S1 R&ff %
M MUL1L, g it—20 CHX BESRAH iy EZEHE R LCB1 REW Pk b 5| S
LCBI-MUL1 FikFkif5, S1 WEAFEEN  MULL X S1 -7z 2B, A T HuEx—
M 12 h 4% % 9h, F/n LCBI-MULI BBBHE I s, ASHFFE A WAH IR 4% 24 45 /4 MULL Al
P S1 B E A B R (8 5A). 4598 %, M1 LCBI-MULI % S1 {Z ZALBIMFLE . 255K
¥ E MULL Al LCB1-MULI1 RyRA#RRERIE  5C Frn, LCB1 5 MULIL @& 38355 W B 5271
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Figure 4 Construction of chimeric E3 ubiquitin ligase LCB1-MULI. A: pCDH3.1-LCB1-MUL1-HA plasmid

map. B: Nucleic acid

electropherogram. Lane

1: LCB1-MUL1 DNA fragment; Lane 2:

pCDNA3.1-LCB1-MULI1-HA plasmid. C: Partial sequencing results of pPCDNA3.1-LCB1-MUL1-HA.
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Figure 5 Degradation of S1 by LCB1-MULI. A: Curve of S1 protein degradation mediated by LCB1-MULI.
B: Comparison of the degradation effects of LCBI-MUL1 and MULI on S1. C: Results of ubiquitination
mediated by LCBI-MUL1 and MULI on S1. Western blotting analysis was conducted using HA antibodies to
detect the levels of ubiquitin, MUL1, and LCB1-MUL1 proteins, while SI-RBD was utilized to detect the level
of S1 protein. Each experiment was independently repeated three times, and one-way ANOVA was used to
determine statistical significance. *: P<0.05; **: P<0.01; ***: P<0.001.
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Figure 6 Confirmation of the S1 degradation pathway by LCB1-MULI. A: Partial sequencing results of
LCB1-MULI1-H319A expression plasmid. B: Deletion of LCB1-MULI active site and effect of proteasome
inhibitor MG132 on S1 degradation. HA antibody was used to detect ubiquitin, MUL1 and LCB1-MULI1

protein levels, and S1-RBD was used to detect S1 protein levels. Independent biostatistical analyses were
repeated three times for each set of data. Statistical significance was determined by one-way ANOVA. **:

P<0.01; ns: No significance.
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