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SARS-CoV-2 papain-like protease inhibits ISGylation of the viral
nucleocapsid protein to evade host anti-viral immunity.
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SUMMARY

Background:

The coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), was first identified in Wuhan, China, and spread
globally. It leads to respiratory symptoms ranging from mild to severe, even acute respiratory
distress and death. Vaccines targeting viral spike (S) protein and several antiviral drugs have
been developed to treat COVID-19. SARS-CoV-2 genome possesses a positive-sense, single-
stranded RNA that encodes 29 kb, consisting of 16 non-structural proteins (nspl-16), 4
structural proteins (spike, nucleocapsid [also referred to as ORF9], envelope, and membrane
proteins), and 7 accessory proteins (ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORFS, and
ORF10). Despite remarkable efforts to investigate the virological and pathological impacts of
SARS-CoV-2, many of the characteristics of SARS-CoV-2 remain unknown.

The SARS-CoV-2 nucleocapsid protein contains 419 amino acids and consists of five
domains: the N-terminal tail region (residues 1 to 50, termed N1a), the N-terminal RNA-binding
domain (residues 51 to 174, termed NTD/N1b), the serine/arginine-rich region (residues 175 to
247, termed N2a), the C-terminal dimerization domain (residues 248 to 364, termed CTD/N2b),
and the intrinsically disordered regions (residues 365 to 419, termed spacer B/N3 [SB/N3]). The
C-terminal SB/N3 domain has been implicated in the involvement of CTD-mediated
nucleocapsid oligomerization.

ISG15, which is one of the ubiquitin-like proteins, is covalently conjugated to the target
protein via specific lysine (Lys) residues by three intracellular enzymes, i.e., E1 activating
enzyme (UBEI1L), E2 conjugating enzyme (UbcHS), and E3 ligase (HERCS). This process is
called ISGylation and is a posttranslational protein modification similar to ubiquitylation. In the
present study, we aimed to elucidate the role of ISGylation in SARS-CoV-2 replication. We
demonstrate that the SARS-CoV-2 nucleocapsid protein is a target protein for the HERCS E3
ligase-mediated ISGylation in cultured cells and that the residue K374 within the SB/N3 domain
1s required for nucleocapsid-ISGylation. We also demonstrate that nucleocapsid-ISGylation
results in the disruption of nucleocapsid oligomerization, thereby inhibiting viral replication.
Finally, we demonstrate that SARS-CoV-2 PLpro inhibits ISGylation of the nucleocapsid

protein to evade the ISGylation-mediated anti-viral activity.

Methods:
1. To investigate which SARS-CoV-2 protein serves as a target for ISG15 conjugation, we
cotransfected HEK293T cells with plasmids carrying ISGylation components, including
El1 (UBEIL), E2 (UbcHS), E3 (HERC5/HA-HERCS), and FLAG-ISG15, alongside



SARS-CoV-2 proteins. This was followed by immunoprecipitation assay and
immunoblotting analysis.

To determine which lysine residues are responsible for nucleocapsid I[SGylation,
nucleocapsid mutants were generated via PCR mutagenesis, substituting lysine residues
with arginine. These mutants were then cotransfected with plasmids carrying ISGylation
components.

The structure of the nucleocapsid's NTD (PDB: 7VNU) and CTD (PDB: 7C22) domains
was prepared using the UCSF Chimera software (ChimeraX version 1.6).

To clarify the role of PLpro in de-ISGylation activity, we cotransfected pEFI-
Nucleocapsid-Myc-His6 with plasmids carrying ISGylation components, with or without
FLAG-PLpro and treated the cells with GRL0617 in a dose-dependent manner.

To determine the role of ISG15/ISGylation, we performed gain-of-function and loss-of-
function experiments in VeroE6/Rep3 cells. We knocked down monkey ISG15 genes using
siRNA#1 and siRNA#2 for the loss-of-function experiments. For the gain-of-function
experiments, we cotransfected an empty vector, pCAG-FLAG-ISG15, or FLAG-ISG15
mutant (pCAG-FLAG-ISG15-AA) with pCAG-UBEIL (E1), pCAG-UbcHS8 (E2), and
pCAG-HA-HERCS (E3 ligase) in 293T cells, followed by measurement of viral replication
via renilla luciferase and sgRNA levels by qPCR.

To elucidate the effect of [ISGylation on nucleocapsid functions, we performed NATIVE-
PAGE to visualize nucleocapsid oligomerization, followed by immunoblotting analysis.
To confirm that the RNA-nucleocapsid complex does not affect nucleocapsid
oligomerization, we treated the cells with RNase 1. The efficacy of RNase I treatment was

determined by measuring RNA concentration and performing gel electrophoresis.

Results:

l.

The immunoprecipitation assay demonstrated that only the nucleocapsid protein of SARS-
CoV-2 co-precipitated with FLAG-ISG15.

Immunoprecipitation and immunoblot analyses revealed that HERCS is a specific E3 ligase
for nucleocapsid ISGylation, whereas TRIM25 and HHARI failed to induce nucleocapsid
ISGylation.

. The nucleocapsid protein can conjugate with ISG15 at multiple lysine residues, with K374

within the SB/N3 domain serving as a major acceptor site for nucleocapsid ISGylation.
SARS-CoV-2 PLpro sequesters ISG15 from the nucleocapsid protein, whereas the
catalytically inactive PLpro(C111S) mutant cannot cleave ISG15 from the nucleocapsid.
Additionally, treatment with the PLpro inhibitor GRL0617 restores nucleocapsid
ISGylation.



5. Knockdown of monkey ISG15 genes in VeroE6/Rep3 cells significantly enhanced viral
replication and the sgRNA levels of SARS-CoV-2, whereas overexpression of ISGylation
components significantly reduced SARS-CoV-2 transcription and replication. These
findings suggest that ISGylation functions as an antiviral factor against SARS-CoV-2
replication.

6. ISGylation of the nucleocapsid protein disrupts its oligomerization. Moreover, RNase
treatment did not affect ISGylation-mediated disruption of nucleocapsid oligomerization,
indicating that ISGylation interferes with nucleocapsid function without affecting the

RNA-nucleocapsid complex.

Discussion:

The IFN-inducible ISGylation has essential roles in anti-viral activity against many RNA
and DNA viruses. This study demonstrated that the SARS-CoV-2 nucleocapsid protein is a
target for ISGylation, with HERCS identified as a specific E3 ligase for this process.
Mechanistic analysis revealed that nucleocapsid-ISGylation disrupts nucleocapsid
oligomerization, thereby inhibiting viral replication. Additionally, SARS-CoV-2 PLpro was
shown to cleave ISG15 from the ISGylated nucleocapsid protein, helping the virus evade
ISGylation-mediated anti-viral activity.

The SARS-CoV-2 nucleocapsid protein contains distinct domains responsible for RNA
binding and dimerization. The C-terminal SB/N3 region facilitates nucleocapsid
oligomerization, essential for viral replication. This study found that residue K374 in the SB/N3
domain is a major acceptor site for ISGylation. The findings suggest a mechanism where
ISGylation disrupts nucleocapsid oligomerization, suppressing viral replication. Developing
small molecules that inhibit nucleocapsid oligomerization by targeting the CTD-SB/N3 domain
could be a promising therapeutic approach.

The study also revealed that nucleocapsid-ISGylation results in slowly migrating forms of
the protein in cells expressing ISGylation machinery. Immunoblot analyses indicated that ISG15
1s conjugated to the nucleocapsid protein, forming mono- and di-ISG15 conjugates. SARS-Co V-
2 PLpro preferentially cleaves ISG15 from the nucleocapsid protein, facilitating immune
evasion. Inhibitors of PLpro, such as GRL-0617, could suppress this de-ISGylation activity,
suggesting a potential therapeutic strategy to enhance ISGylation-mediated antiviral activity.
Development of more potent and selective PLpro inhibitors against SARS-CoV-2 merits further
investigation.

In summary, the present study demonstrated that the C-terminal SB/N3 domain on the
SARS-CoV-2 nucleocapsid protein is a target for ISGylation-mediated anti-viral activity.
Furthermore, SARS-CoV-2 PLpro preferentially cleaves the ISG15-conjugation on the



ISGylated nucleocapsid protein to escape from ISGylation-mediated anti-viral activity.
Targeting the machinery of ISGylation to the SB/N3 domain of the nucleocapsid protein may

lead to the development of more potent and selective inhibitors against SARS-CoV-2 infection.
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SARS-CoV-2 77 / I\ 29kb DIRT T 4 7 2 A —AH RNA 25, 16 OIEMES
NV (nspl-16). 4 DOWGESY > NIE (ANA T, X7V F T R [ORF9 &%
MEENs],. ToNO—7 ly R0 8) . BXOT207 73U —% /327 H (ORF3a,
ORF3b. ORF6. ORF7a, ORF7b, ORF8., ORF10) Sk E N TLy5, SARS-CoV-2
DIAINAFHNB I FEENEEZMAT 272012 < OROHADRINT NS,
SARS-CoV-2 IZB T 5% < DI EMBIIRHOEETH 5,

SARS-CoV-2 X7 VAR T L RE NI BEIL 419 7 JBENSTED. 5 DORAA Y
MERERINT NS N £ —)VEE, (5% 105 50, Nla &R 5). N Kk RNA
A RAL S (BEE 51 5 174, NTD/N1b EMEEN2). & /7 IVF= 20w FHE

(5L 175 /5 247, N2a &N %), C K —EAE(E B A1 > (GRE 248 715 364,
CTD/N2b EMEEN D). BIUOAREINERR P/ (KK 3656 5 419, AXR—H—
B/N3[SB/N3] & IE1ZN5). C Kiid SBIN3 RAA 13, CTD 2R L7X 7 LA T R
OFY I —{LICHAS L TnWa I ENRBINTNS,

AEFF UMY N7 BEO—DTH 5 ISG15 1E, E1 G L#HE(UBELL), E2 &k
#(UbcH8), E3 U 71— ‘E(HERC&@ 3 U@%ﬂiﬂ@m%?ﬁ%c:otot R D) ¥ 2 (Lys) gk
AU TENSY 78I EG#E6T 5, Z0WEIE ISGylation (BT, ISG 1k) &IEE
h\lt#?/kkﬂﬁ®ﬁﬁ&ﬁ/M7E@%T%%c%:T$%ﬁ6@$ﬂ%tﬁw
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1. E® SARS-CoV-2 % > /N7HEMISGL5 LB T 2N EFRSL0D, ISGLT > h—F
>~ (E1 (UBE1L), E2 (UbcH8). E3 (HERC5/HA-HERC5)) % ISG15 &3:iZ
HEK293T filliCE ALz, ZOMiOMmYzZHWTRERREY v e1 &1L/ -
Ty s T &Tok. TOKE, XVVITATIREYRIEOHRN
FLAG-ISG15 #5895 Z EAVREI NIz,

2. XU VFAFYy T RINNVEOED) D URENISGLICEENZHENIT 572

2 BRATRD D VBRI ETIVF VBB LI LA T FERKZHERL T
ISG b3 >R —F% > M EHRITERMRIEAL, fEERICEDENTNOX T LA
N7 RERIKE ISG15 EOMESZEIMIEL 2. FDFEE, SBIN3 R A > ND K374
M VLAH T RISGILOEERT V7 ¥ —FMNTHEENHEN ST,




3. Wi ISG LiGEHEITB T2 /81 2470577 —+ (PLpro) O&REFIZHENTT 57280
2. X VAATUREISGIHI A= FDH, HDWiE Plpro (BFFAEES L <
AR EEHICHEMICEAL, 512 Plpro [HEXITH 5 GRL0617 THULAE
LXZVLANTL RO ISGALIREEZ GG L /2. Z DfEE, SARS-CoV-2 @ PLpro 13 X
DVARNT R NTEE ISG15 ZUIHIT 2578, NI A{E 72 PLpro(C111S)
BRIV LA AT KRG ISG1s 22U TEah o/, X512, PLpro FHEH]
GRLO617 T HE, X7 LA H T RO ISG LA miE L7z,

4. ISG15/ISG LD FEFHZH S M T 5729012, VeroE6/Reps ML T ISG15 DBEFEMEL
Fehh & BERE TS SRR A2 1T o =, BERETE SR ER Tld. siRNA 2 W T ISG15 itz 1% /
w2 U, BEREESERTIZ. 293T MR B AR F /- 1348 1M ISG15 Lfthod
ISG fka>ih—>bEFLEAL, WP T2 T7—ET7vEAIZLDUAINAERLE
gPCR 12X % sgRNA L X)L OiHti 21757z, BV ISG15 I TFD /v 7 ¥ 13,
SARS-CoV-2 D71 )L A&~ sgRNA LX)V Z2FZI2Mms®7-, —4. ISG b3
CIR—% 2 P OBEFEBIL, SARS-CoV-2 DiE FEREFEICHbSEE, NS
M5, ISG b4 SARS-CoV-2 DEMEZEN ET MU INART E L THEL T
ZENIRBE N,

5. X LANT T ROBEEIZKT S ISGILDEEHZMIHT 572917, native PAGE 12X
DX VLFAFY T ROFY IOt Eirolc. IVVFRNT I RE INY
B ISG bk, #0F) I —bZ2MH L7z, 512, RNase LHIX ISG L2 L %
X VLAFY T ROF) I —LMHIZITZE L b o T,

AL, SARS-CoV-2 BEGIZDWT, 1HEY 2V ETH 5 ISG156 & ISG LD E#E
BERTANARFEZNSOHAEHEZMIELIZDDTH S0, #HERIFEAETONR
Mo7= SARS-CoV-2 DXV LAH T RYNIED ISG (bDEFRE. /U1 47D
F7—VPIiek b I OBBOHEICDOWTEERAREZEZHOE L THEH 2EHETH 2
ERDD, XoT. AFEHFIIEL (B OFMNEHRLIERNIDDHEBDD






