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Suppression of SARS-CoV-2
nucleocapsid protein
dimerization by ISGylation and its
counteraction by viral PLpro
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Ji Ho Han?, Daegyu Park?, Jae Hwan Cho?, Donghyuk Shin?,
Kyun-Hwan Kim*, Moon Jung Song?* and Jin-Hyun Ahn!*

!Department of Microbiology, Sungkyunkwan University School of Medicine, Suwon, Republic of
Korea, 2Department of Biotechnology, College of Life Sciences and Biotechnology, Korea University,
Seoul, Republic of Korea, *Department of Systems Biology, College of Life Science and
Biotechnology, Yonsei University, Seoul, Republic of Korea, *Department of Precision Medicine,
Sungkyunkwan University School of Medicine, Suwon, Republic of Korea

Protein modification by the ubiquitin-like protein ISG15 (ISGylation) plays a crucial
role in the immunological defense against viral infection. During severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, innate immune
signaling proteins are ISGylated, facilitating innate immunity. However, whether
SARS-CoV-2 proteins are direct substrates for ISGylation remains unclear. In this
study, we investigated whether SARS-CoV-2 proteins undergo ISGylation and
whether ISGylation affects viral protein function. Co-transfection ISGylation
analysis of SARS-CoV-2 proteins showed that the nucleocapsid (N) protein is
ISGylated at several sites. Herc5 promoted N ISGylation and interacted with N,
indicating that Herc5 acts as an E3 ligase for N ISGylation. Lys-261 (K261) within
the oligomerization domain of N was identified as a potential ISGylation site that
is necessary for efficient ISGylation of N. K261 is positioned at the center of the
dimer interface in the crystal structure of the C-terminal domain dimer and the
ISGylated form of N showed reduced protein dimerization in pull-down analysis.
Importantly, a recombinant virus expressing K261R mutant N showed enhanced
resistance to interferon-p treatment compared to its parental virus. We also found
that viral PLpro removes conjugated ISG15 from N. Our findings demonstrate that
ISGylation of SARS-CoV-2 N inhibits protein dimerization, resulting in viral growth
more susceptible to type | interferon responses, and that viral PLpro counteracts
this ISG15-mediated antiviral activity by removing conjugated ISG15 from N.
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Background

ISG15 is a ubiquitin-like protein encoded by interferon (IFN)-stimulated gene 15. Like
ubiquitin conjugation, ISG15 can be conjugated to proteins via an E1, E2, and E3 enzymatic
cascade. For ISG15 conjugation (termed ISGylation) in humans, UBEIL acts as the
El-activating enzyme, and UbcHS is the E2-conjugating enzyme. Herc5, EFP/TRIM25,
and HHARI are E3 ligases. ISGylation is a reversible process. The ubiquitin-specific
protease USP18/UBP43 can act as a delSGylase, removing conjugated ISG15 from
substrates. All ISGylation and deISGylation enzymes are IFN-inducible (Kang et al., 2022).
Independent of deISGylating activity, USP18 can negatively regulate innate immune
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responses by binding IFNAR2, a type I IFN receptor subunit
(Malakhova et al., 2006; Arimoto et al., 2017). ISG15 can also
be secreted from the cell, where it has several immunomodulatory
and cytokine-like functions (Perng and Lenschow, 2018; Swaim
et al., 2020).

As Herc5 is associated with polyribosomes, ISGylation broadly
affects protein functions, and newly synthesized viral proteins may
be the main target of ISG15 in virus-infected cells (Durfee et al., 2010).
ISG15 and ISGylation repress the growth of diverse RNA and DNA
viruses. ISGylation inhibits various steps of the virus life cycle,
including viral entry, gene expression, genome replication, and virion
maturation and release, by directly modulating the function of viral
proteins or regulating cellular proteins (Morales and Lenschow, 2013;
Sarkar et al.,, 2023). In contrast, the proviral activity of ISG15 has also
been demonstrated. In humans, free ISG15 promotes sustained
expression of USP18, which negatively regulates IFN signaling
(Bogunovic et al., 2012; Zhang et al., 2015; Meuwissen et al., 2016;
Speer et al., 2016). Not surprisingly, many viruses have evolved ways
to regulate ISG15 pathways (Perng and Lenschow, 2018; Sarkar
etal., 2023).

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is the causative agent of the coronavirus disease 2019 (COVID-19)
pandemic (Zhou P. et al, 2020; Zhu et al, 2020). Like other
coronaviruses, SARS-CoV-2 is an enveloped virus containing a
positive-sense single-strand RNA genome of ~30kb (Lu et al., 2020;
Wu et al,, 2020). SARS-CoV-2 encodes 16 non-structural proteins
(NSPs), four structural proteins, and several accessory proteins. The
NSPs are produced from genomic RNA and play an essential role in
viral transcription and replication. The structural and accessory
proteins are produced from subgenomic RNAs. The structural proteins
include spike (S), envelope (E), membrane (M), and nucleocapsid (N)
proteins, which surround and protect the RNA genome and play an
essential role in replication and virion assembly. Accessory proteins,
of which there are at least six, are important virulence factors in SARS-
CoV-2 infection (Kim et al., 2020; V'kovski et al., 2021).

Studies on the regulation of ISG15 pathways during SARS-CoV-2
infection have focused on the deISGylase activity of the viral papain-
like protease (PLpro), an essential enzyme required for processing viral
polyproteins. Retinoic-acid inducible gene I (RIG-I)-like receptors,
such as RIG-I and melanoma differentiation-associated protein 5
(MDAD5), are cytoplasmic RNA sensors that recognize viral and host-
immunostimulatory RNAs to induce innate immunity (Schlee, 2013).
SARS-CoV-2 PLpro preferentially cleaves ISG15, whereas SARS-CoV
PLpro (sharing 83% sequence identity) predominantly removes
ubiquitin. Indeed, ISG15 cleavage from IFN regulatory factor 3 (IRF3)
by PLpro attenuates type I INF responses (Shin et al., 2020). ISGylation
of MDA5 promotes its oligomerization and triggers the activation of
innate immunity, and ISG15-dependent activation of MDAS5 is also
antagonized by PLpro, which cleaves ISG15 from MDAS5 (Liu et al.,
2021). Compared to Zika and influenza viruses, SARS-CoV-2 infection
in human macrophages results in very low levels of ISGylated proteins
with free ISG15 accumulation due to the PLpro activity, which also
correlates with macrophage polarization toward a pro-inflammatory
phenotype, and promotes ISG15 secretion via unconventional
secretory pathways (Munnur et al., 2021). Therefore, the deISGylating
activity of PLpro plays an important role in SARS-CoV-2 pathogenesis.

Although the regulatory role of PLpro in ISGylation of cellular
proteins in SARS-CoV-2 infection has been demonstrated, whether
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viral proteins are ISGylated and whether this affects protein function
remain unclear. In this study, we show that the N protein of SARS-
CoV-2 is ISGylated, inhibiting protein dimerization. The effect of N
ISGylation on viral growth over host IFN responses is analyzed using
a recombinant virus that mutates a residue necessary for efficient
ISGylation. We also show that PLpro removes conjugated ISG15 from
N, indicating that SARS-CoV-2 PLpro prevents ISG15-mediated
antiviral responses acting on essential viral proteins.

Methods
Cells and viruses

Human embryonic kidney 293 T, immortalized human epithelial
HeLa, African green monkey kidney epithelial Vero, and human lung
adenocarcinoma Calu-3 and A549 cell lines were grown in Dulbecco’s
modified eagle medium (DMEM) (Sigma-Aldrich), supplemented
with 10% fetal bovine serum and 100U of penicillin-streptomycin
(Gibco) in a 5% CO, humidified incubator at 37°C. DNA transfection
of cells was performed using the polyethyleneimine (PEI) version of
the cationic polymer procedure. The recombinant viruses expressing
either wild-type N or mutant N(K261R) were produced using the
seven plasmid-based reverse genetic system of SARS-CoV-2 (Xie
et al., 2020; Xie et al,, 2021), following the site-directed mutagenesis
on the N gene of F7 plasmid. All the experiments using recombinant
SARS-CoV-2 viruses were conducted in a Bio Safety Level 3 facility.

Plaque assays

SARS-CoV-2 recombinant viruses were reconstituted and
propagated in Vero cells, and the virus titer was determined by plaque
assays. Briefly, Vero cells were inoculated with a 10-fold serially
diluted stock of SARS-CoV-2. After 1 h, the inoculum was discarded,
and the cells were overlaid with DMEM-F12 (Sigma-Aldrich)
containing 2% agarose and 1% penicillin-streptomycin. After
3-4 days, the cells were stained with 0.2% crystal violet solution (20%
ethanol) overnight. Plaques were counted in duplicates of each sample,
and the virus titer was calculated.

Expression plasmids

Twenty-six SARS-CoV-2 open-reading frames (ORFs) in pENTR
clones were purchased from Addgene. SARS-CoV-2 ORFs were cloned
into the pCS3-MT (with a 6xMyc tag)-based destination vector (Turner
and Weintraub, 1994) using LR clonase (Invitrogen). Plasmids expressing
I1SG15¢, an active form of ISG15 with a termination codon added
immediately after the double glycine residues, or ISG15,,, a conjugation-
defective mutant in which the double glycine residues are replaced with
alanine residues, and the pSG5-driven plasmids expressing Flag-UbcH8
and HA-Herc5 were as described previously (Kim et al., 2016). Plasmids
for HA-UBE1L (pCAGGS-HA-hUBEIL) were provided by Dong-Er
Zhang (University of California San Diego). The pCMV6 vectors
expressing SRT-ISG15¢; and SRT-N were produced using Gateway
technology. Flag-EFP (Plasmid #12449) and Flag-HHARI (Plasmid
#17450) plasmids were purchased from Addgene. The pEXP-CS3-MT-N
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plasmids expressing truncated mutants of N (80-419, 200-419, 270-419,
1-365, and 1-200) were made using PCR. The lysine-to-arginine mutant
N constructs were produced by site-direct mutagenesis (Stratagene
QuikChange). Plasmids expressing Flag-PLpro and Flag-PLpro (C111A)
were as described previously (Shin et al., 2020). Plasmids containing
Myc-UBP43 were created by transferring UBP43 cDNA into a pCS3-
MT-based destination vector using LR clonase (Invitrogen).

Antibodies

Anti-HA rat monoclonal antibody (MAb, 3F10) and anti-Myc
mouse MAD (9E10) conjugated with peroxidase were purchased from
Roche. Mouse MAD against ISG15 (F-9) was obtained from Santa
Cruz. Mouse MAb against the SRT epitope was as described previously
(Lee et al., 2003). Mouse MAb against -actin was purchased from
Sigma. Anti-S (ab272504) rabbit polyclonal Ab (PADb) and anti-N
(40143-R019) rabbit MAb were purchased from Abcam and Sino
Biological, respectively.

Immunoblot assay

Cells were washed with cold phosphate-buffered saline (PBS), and
total cell lysates were prepared by boiling in sodium dodecyl sulfated
(SDS) loading buffer. Equal amounts of the cell lysates were separated
by SDS-polyacrylamide gel electrophoresis (PAGE), and then the
protein was transferred onto a nitrocellulose membrane (GE
Healthcare). The membrane was blocked for 1h or more in PBS plus
0.1% Tween 20 (PBST, Sigma) containing 5% skim milk and washed
with PBST. After incubation with the appropriate antibody, the protein
was visualized using an enhanced chemiluminescence system (Roche)
and X-ray film. Image] (NIH) was used to quantify the relative protein
levels in immunoblots.

Co-immunoprecipitation (co-IP) assays

Two days after transfection, 293 T cells (8 x 10°) were harvested
and sonicated in 0.7 mL co-IP buffer (50 mM Tris-Cl, pH 7.4, 50 mM
NaF, 5mM sodium phosphate, 0.1% Triton X100, containing protease
inhibitors, Sigma) by a microtip probe (Vibra-Cell; Sonics and
Materials, Inc.) for 10s (pulse on Is, pulse off 3s). Cell lysates were
incubated with appropriate antibodies. After incubation for 16h at
4°C, 30 puL of a 50% slurry of protein A and G-Sepharose (Amersham)
were added, and then the mixture was incubated for 2h at 4°C to allow
adsorption. The mixture was then pelleted and washed seven times
with co-IP buffer. The beads were resuspended and boiled for 5min
in a loading buffer. Each sample was analyzed by SDS-PAGE and
immunoblotted with appropriate antibodies.

Purification of 6xHis-N proteins in
bacterial cells

Escherichia coli BL21(DE3) cells harboring the plasmids

expressing N proteins were cultured in LB broth at 37°C until the
optical density at 600 nm (OD600) reached 0.4-0.6. The expression of
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N protein was induced by the addition of 0.5mM IPTG for 4h. Cells
were harvested by centrifugation at 6,000xg for 7min at 4°C,
resuspended in buffer A (50 mM Tris-HCI pH 8.0, 0.5 M NaCl, and
40mM imidazole), and disrupted by sonication on ice. After
centrifugation at 48,000 x g for 1h at 4°C, the cell-free extracts were
loaded onto a 5-mL Ni?*~NTA column (GE Healthcare), and bound
proteins were eluted by a gradient of 0.04-1.0 M imidazole in buffer
A. The elution fractions containing N protein were subjected to buffer
exchange in PBS by dialysis. Proteins were then concentrated and
stored at —80°C until use.

Pull-down assays with 3’ biotin-tagged
nucleic acids

Nucleic acids were immobilized with 30 pg of streptavidin agarose
beads (Sigma, S1638) in 300 puL of buffer (10mM Tris, pH 7.5, RT,
1 mM EDTA, 1M Na(l, 0.003% NP40) for 30 min at room temperature
with constant rotation. The immobilized nucleic acids were collected
by centrifugation and incubated in 300 pL of blocking buffer [2.5mg/
mL of BSA in 10mM HEPES, pH 7.6, RT, 100mM potassium
glutamate, 2.5 mM dithiothreitol (DTT), 10 mM magnesium acetate,
5mM EGTA, 3.5% glycerol with 0.003% NP40, and 5mg/mL of
polyvinylpyrrolidone] for 30 min at room temperature to minimize
non-specific interactions. The immobilized nucleic acids were
collected using centrifugation and incubated with 1pg of purified
6xHis-N in 400 pL of binding buffer (10 mM HEPES, pH 7.6, RT,
100mM potassium glutamate, 80 mM KCl, 2.5mM DTT, 10mM
magnesium acetate, 5mM EGTA, 3.5% glycerol with 0.002% NP40,
and 1 pg of non-specific carrier DNA) for 1h at 4°C with constant
rotation. After 1h incubation, the immobilized nucleic acid/protein
complexes were washed three times with 500 uL of washing buffer
(10mM HEPES, pH 7.6, RT, 100 mM potassium glutamate, 2.5 mM
DTT, 10 mM magnesium acetate, 5mM EGTA, 3.5% glycerol, 0.5 mg/
mL BSA, and 0.2% NP40). Twenty pL of SDS-polyacrylamide gel
electrophoresis (PAGE) sample buffer was added to the immobilized
nucleic acid/protein complexes and incubated at 37°C for 15min.
After centrifugation, the supernatants (eluents) were boiled at 97°C
for 7min. Nucleic acid bound 6xHis-N were detected by immunoblot
assay using anti-N antibody (33,717, CST).

N protein pull-down assays

The 293T cells transfected with 6xMyc-N(200-419) plasmid were
treated with 5mM N-ethylmaleimide (NEM) for 30 min before they
were harvested. Cell pellets were resuspended with 2% SDS lysis buffer
containing protease inhibitors (Sigma) and boiled for 10 min. Cell
lysates were diluted 10-fold with co-IP buffer and sonicated using a
Vibra-Cell microtip probe (Sonics and Materials) for 10s (pulse on 1,
pulse off 3s). The clarified cell lysates were pre-cleared for 2h with
30pL of a 50% slurry of Ni**~NTA HiseBind Resin (Novagen). After
pre-clearing, the clarified cell lysates were incubated for 16 h with the
bacterial purified 6xHis-N protein at 4°C overnight. Then, 30 pL of
50% Ni**-NTA HiseBind Resin (Novagen) slurry was added. After
incubation for 2h at 4°C, the mixture was pelleted and washed several
times with co-IP buffer. Each sample was analyzed by SDS-PAGE and
immunoblotting with the appropriate antibody.
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Results

SARS-CoV-2 N is modified by ISG15

To investigate whether SARS-CoV-2-encoded proteins are
modified by ISG15, we produced mammalian expression vectors that
express 6xMyc-tagged SARS-CoV-2 proteins and performed
co-transfection ISGylation assays using plasmids expressing
SRT-ISG154; (an active form of ISG15), HA-UBEILL (E1), Flag-
UbcHS (E2), and HA-Herc5 (E3). Among 27 viral proteins tested, the
N protein was repeatedly identified as a prominent ISGylation
substrate in 293T cells overexpressing ISG15 and ISGylation enzymes
(Supplementary Figure S1). We observed two forms of modified N
proteins with either one or two SRT-ISG15 moieties (Figure 1A,
arrowheads).

ISGylation of N was also assessed using untagged ISG15. In
similar co-transfection assays, using untagged ISG15¢; and 6xMyc-N
produced three different ISG15-modified N proteins that contain one
to three ISG15 moieties (Figure 1B, arrowheads). ISGylation of N was
greatly diminished when Herc5 was omitted, or ISG15,, (an inactive
form) was used (Figure 1B), demonstrating that N is a true substrate
for ISGylation. When the human E3 ligases involved in ISGylation
(Herc5, EFP, and HHARI) were compared, Herc5 and EFP effectively
increased ISGylation under given conditions compared to HHARI,
but only Herc5 enhanced the ISGylation of N, suggesting that Herc5
acts as the primary E3 ligase for N ISGylation (Figure 1C).

N interacts with Herc5 and K261 of N is
necessary for efficient ISGylation

We next investigated the N domains in which ISGylation occurs.
N is a 419 amino acids protein and contains 32 lysine residues. After
considering the number of lysine residues and the preservation of the
putative structured regions, we produced several constructs of the N
protein with truncated amino (N) or carboxyl (C)-terminals and used
them in co-transfection ISGylation assays (Figure 2A). Of the
N-terminal truncated constructs, the 80-419 and 200-419 constructs
were still ISGylated, but the 270-419 construct was not. Notably, the
deletion of 199 amino acids (in 200-419) in the N-terminal resulted
in a substantial accumulation of a modified form with two ISG15
moieties. Strong ISGylation in the 200-419 construct was also evident
in western blotting with an anti-ISG15 antibody (Figure 2B, white
arrowhead). Of the C-terminal truncation constructs, the 1-365
construct was ISGylated, similar to the wild-type, but 1-200 was not
(Figure 2B). When the SRT-tagged N proteins were used for
co-transfection assays, a single ISG15-modified form of N was
detected and the 270-419 and 1-200 constructs were not modified by
ISG15, which is consistent with the results with 6xMyc-N
(Supplementary Figure S2).

The lack of ISGylation in the 270-419 and 1-200 regions may
be due to the absence of E3 binding. Therefore, we tested the
interaction of wild-type and mutant N proteins with Herc5. When
293T cells were co-transfected with intact or truncated 6xMyc-N
proteins and HA-Herc5 and co-IP assays were performed, the wild-
type and all mutant N proteins, except 1-200, bound to Hecr5
(Figure 2C). Therefore, we could not evaluate whether the lysine
residues present in the 199 amino acids of the N-terminal region act
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as ISG15 acceptor sites. However, this result indicated that ISG15 does
not effectively modify the lysine residues of the 270-419 fragment and
the Myc tag, although this fragment interacted with Herc5. The wild-
type and mutant N proteins analyzed for ISGylation and Herc5
binding are indicated in Figure 2A. The 200-419 fragment is ISGylated
effectively, whereas the 270-419 fragment is not. Therefore, the eight
lysine residues within the 200-270 appear to be candidates for
ISGylation sites.

To investigate whether the lysine residues between 200 and 270 of
N can act as an ISG15 acceptor, the 200-419 constructs containing a
Lys-to-Arg mutation at 233, 237, 248, 249, 256, 257, 261, or 266 were
produced, and their ISGylation was determined. The ISGylated form
of 200-419 was significantly reduced by the K261R mutation,
suggesting that K261 may be one of the ISGylation sites or necessary
for efficient ISGylation of N (Figure 3A). The ISGylation of N was
further tested in cells treated with IFN-p. When HeLa and A549 cells
were pretreated with IFN-f for 24h and then transfected with the
6xMyc-N plasmid, ISGylated forms were detected with the wild-type
N, whereas they were reduced with the K261R mutant (Figures 3B,C).
This result indicated that ISGylation of N occurs in IFN-p-treated cells
and K261 contributes to the efficient ISGylation of N.

ISGylation inhibits N protein dimerization

The N proteins of SARS-CoV-2 form a dimer through a
C-terminal oligomerization domain (CTD) (257-361). K261 is also
located within the oligomerization domain. In the crystal structure of
the N CTD dimer (PDB ID: 7VBE 1.30A), K261 is located at the
center of the dimer interface (Figure 4A). Specifically, K261 of one
chain forms hydrogen bonds with both A305 and A308 of the other
chain (Figure 4B). K261 is conserved in N proteins of all human
coronaviruses. The hydrogen bonds network mediated by K261 is also
found in the dimer structure of SARS-CoV (PDB ID: 2CJR, 2.50 A),
where K262 of one chain forms hydrogen bonds with both A306 and
A309 of the other chain (Figure 4C). This indicates that the hydrogen
bonding mediated by K261 may be involved in the oligomerization of
N proteins in human coronaviruses.

Considering that the C-terminal region of N containing the
dimerization domain is ISGylated and that K261, a potential
ISGylation site, is located at the dimer interface, we investigated
whether ISGylation affects N protein dimerization. To address this
question, we purified 6xHis-tagged full-length N proteins in bacterial
cells (Figure 5A) and used it in Ni**~NTA pull-down assays. The N
protein binds to single or double-stranded RNA and DNA in vitro
(Zeng et al,, 2020; Zhou R. et al, 2020; Zhao et al., 2024). The
bacterially produced N proteins showed nucleic acids binding activity
(Figure 5B). The unmodified and ISGylated N(200-419) proteins were
produced in 293T cells after co-transfection of plasmids expressing
6xMyc-N(200-419), ISGylation enzymes, and ISG15¢ (Figure 5C).
The purified 6xHis-N were incubated with total cell lysates, and the
6xHis-N proteins were pulled down with Ni**~NTA-containing beads.
The bound 6xMyc-N(200-419) proteins were eluted and subjected to
immunoblotting. The results showed that 6xHis-N more effectively
interacted with unmodified 6xMyc-N(200-419) than its ISGylated
forms, demonstrating that ISGylation of N inhibits protein
dimerization (Figure 5D). Consistently, when we detected N oligomers
in co-transfected cells using non-denaturing gel electrophoresis, the
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Herc5-mediated ISGylation of N. (A,B) Plasmids expressing 6xMyc-N (0.25 pug), HA-UBELL (0.2 pg), Flag-UbcH8 (0.2 ug), HA-Herc5 (0.4 pg), and SRT-
ISG15¢¢ (0.2 pg) (A) or ISG15¢¢ or ISG15.4 (0.2 pg) (B) were co-transfected into 293T cells in six-well plates as indicated. At 48 h after transfection, total
cell lysates were prepared and subjected to SDS-PAGE, followed by immunoblot assays with anti-Myc and anti-SRT (A) or anti-Myc and anti-ISG15
antibodies (B). p-actin was used as a loading control. The positions of N proteins with one and two SRT-ISG15 moieties (A) or one to three ISG15
moieties (B) are indicated (arrowheads). (C) Plasmids expressing 6xMyc-N, HA-UBELL, Flag-UbcH8, ISG15¢; and one of three E3 ligases (HA-Herc5,
Flag-EFP, or Flag-HHARI) (0.4 ug) were co-transfected into 293T cells in six-well plates as indicated. At 48 h after transfection, total cell lysates were
prepared and subjected to SDS-PAGE, followed by immunoblot assays with anti-Myc, anti-ISG15, anti-HA, anti-Flag and anti-p-Actin antibodies. The

N(K261R) more effectively produced the oligomeric forms than
the the ISGylation
(Supplementary Figure S3).

wild-type protein under conditions

Enhanced resistance of a recombinant
SARS-CoV-2 expressing N(K261R) to IFN-f3
treatment

To investigate the role of N ISGylation, a recombinant virus
expressing N(K261R) was produced using a seven plasmid-based
reverse genetic system of SARS-CoV-2 (Xie et al.,, 2020; Xie et al,,
2021) and site-directed mutagenesis on the N gene of the F7 plasmid
(Figure 6A). The whole genome sequencing results of the recombinant
virus N(K261R) confirmed no other mutation in the recovered viral
genome except the introduced K261R mutation (AAA to AGG). In
our pull-down assays, the binding strength between the K261R
mutant and the wild-type N and between the K261R mutants was
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similar to that between the wild-type N proteins, indicating that the
K-to-R mutation did not affect the efficiency of N dimerization
(Supplementary Figure 54). N is ubiquitinated through several lysine
residues, but K261 does not appear to be involved (Stukalov et al.,
2021; Mao et al., 2023; Zhao et al., 2023). We also observed that the
overall ubiquitination patterns of N are similar between the wild-type
and the K261 R mutantin IFN-f treated cells (Supplementary Figure S5).
When the production of progeny virions was measured by plaque
assays, the N(K261R) mutant virus showed comparable growth to the
wild-type virus in Calu-3 cells. However, when Calu-3 cells were
treated with IFN-B (100 or 1,000 U/mL) for 24h and then infected
with the wild-type or N(K261R) mutant recombinant virus at an MOI
of 1 and the production of progeny virions was determined by plaque
assays, the growth of the N(K261R) mutant virus was less severely
reduced compared to the wild-type virus (Figure 6B). This indicated
that resistance to IFN- was enhanced in the mutant virus compared
to the parental virus. Consistent with this result, immunoblotting
assays showed that the N(K261R) mutant virus expressed higher levels
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cells in six-well plates. At 48 h after transfection, total cell lysates were prepared and subjected to SDS-PAGE, followed by immunoblot assays with
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of the viral spike (S) and N proteins than its parental virus in IFN-f-
treated cells, although a comparable increase of ISG15 and ISGylated
protein levels was found in IFN-f-treated Calu-3 cells after infection
with the wild-type or the N(K261R) mutant (Figure 6C).

PLpro removes conjugated ISG15 from N

We next investigated whether viral PLpro encoded by NSP3 can
deconjugate ISG15 from the ISG15-modified N. This was achieved by
examining the effects of wild-type PLpro and its catalytic inactive
mutant on ISGylation of N in co-transfection assays. PLpro inhibited
the accumulation of ISGylated N proteins as effectively as UBP43,
whereas the catalytic inactive mutant (C111S) did not (Figure 7A).
When SRT-N was used in co-transfection assays, the single ISG15-
modified
(Supplementary Figure S6A). A similar loss of ISGylated N was also

form was effectively removed by PLpro

observed when intact NSP3 was used (Supplementary Figure S6B).
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These results demonstrated that PLpro can suppress the accumulation
of ISGylated N proteins by cleaving conjugated ISG15 from N. We also
tested whether PLpro can cleave ISG15 from N in IFN-p-treated cells.
Transfection of PLpro or UBP43 did not markedly affect the overall
levels of ISGylated proteins induced by IFN-f treatment, as only some
of the cells were transfected; however, wild-type PLpro and UBP43
effectively inhibited the accumulation of ISGylated forms of
co-transfected N or N(200-419), whereas the inactive PLpro mutant
(C111S) did not (Figure 7B and Supplementary Figure S7). This
indicated that PLpro can remove ISG15 from N in IFN-f-treated cells.

Discussion

In this study, we demonstrate that the N protein of SARS-CoV-2 is
targeted by ISG15 induced by type I IFNs, and N ISGylation suppresses
viral growth by inhibiting N protein dimerization, which is essential
for nucleocapsid formation and viral replication. Furthermore,
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FIGURE 3

Identification of K261 as a major ISGylation site. (A) Plasmids expressing wild-type or K-to-R mutant 6xMyc-N(200-419) (0.25 pg), HA-UBELL (0.2 pug),
Flag-UbcH8 (0.2 ug), HA-Herc5 (0.4 pg) and ISG154¢ (0.2 pg) were transfected into 293T cells in six-well plates as indicated. At 48 h after transfection,
total cell lysates were prepared and subjected to SDS-PAGE, and immunoblot assays were performed with anti-Myc and anti-ISG15 antibodies. The
levels of B-actin are shown as a loading control. The positions for ISGylated N(200-419) protein with two ISG15 moieties are indicated (arrowhead).
(B,C) HeLa (B) and A549 (C) cells were untreated or pretreated with IFN-p (1,000 U/mL) for 24 h and then transfected with a plasmid expressing 6xMyc-
tagged N (wild-type or K261R mutant) (0.25 ug). At 24 h after transfection, cell lysates were prepared and immunoblotted with anti-Myc, anti-ISG15,
anti-UBELL, anti-UbcH8, or anti-Herc5antibodies. The levels of p-actin are shown as a loading control. The ISGylated N protein bands are indicated
with arrowheads.
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FIGURE 4
Location of K261 at the dimeric interface of N. (A) Overall structure of N dimer is shown in surface representation. Two N proteins are colored cyan
(Mol A) and pink (Mol B). Sticks represent the K261 residue and two alanine residues. Dashed lines indicate hydrogen bonding between K261 and
alanines. (B,C) Zoomed-in view of the dimeric interface of the N protein from SARS-CoV-2 (B) and SARS-CoV (C). The hydrogen bonding distance is
labeled.

we show that viral PLpro evades ISG15-mediated antiviral responses
acting on this critical viral protein by removing conjugated ISG15 from
N. The N protein was identified as a target of ISGylation in the
screening of SARS-CoV-2-encoded proteins in cells that ectopically
express ISG15, UBEIL (El), UbcH8 (E2), and Herc5 (E3). In
co-transfection assays, the use of N and ISG15 proteins with different
tags produced a variation in the ISGylation patterns of N with one or
more ISG15 moieties attached. We attribute this to structural changes
in N and ISG15 proteins according to the tag. Our results indicate that
Herc5 acts as a main E3 ligase for ISGylation because the other two
human E3 ligases, EFP and HHARI, did not support N ISGylation.
Importantly, ISGylation of N was demonstrated by the endogenous
ISGylation machinery induced by IFN-f stimulation.

Detecting the ISGylated forms of N in SARS-CoV-2-infected cells
was difficult because of the effective removal of conjugated ISG15

Frontiers in Microbiology

from N by viral PLpro. Previous studies showed an increase of
ISGylated cellular proteins in SARS-CoV-2-infected cells after
treatment with GRL0617, an inhibitor of PLpro (Shin et al., 2020; Liu
et al., 2021). In these studies, cells were treated with the inhibitor
simultaneously as virus infection. However, in that case, we observed
that the expression of viral proteins was also inhibited, making
detecting the ISGylated forms of N during virus infection difficult.
However, a series of experimental results in this study support the idea
that IFN-induced N ISGylation occurs in virus-infected cells. Different
cell types utilize different activation patterns of cell type-specific
STATs in response to type I IFNs, producing different impacts on cell
subsets (van Boxel-Dezaire et al., 2006). Temporal conjugation of the
bulky ISG15 molecule to the dimer interface of N may have a
dominant negative effect on the structure and function of N in cell
types exhibiting strong IFN responses.
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Pull-down assays demonstrating the inhibitory role of ISGylation for N dimerization. (A) N proteins with 6xHis tags were produced in E. coli and
purified using Ni-NTA resins. The purified 6xHis-N proteins used for pull-down assays are shown by Coomassie Blue staining. (B) Bacterially purified
6xHis-N (500 ng) were incubated with biotinylated nucleic acids (11.33 uM) (single-stranded RNA or DNA, or pre-incubated to form a hairpin structure)
and immobilized on streptavidin beads. After washing, the bound proteins were eluted and determined by immunoblotting with anti-N antibody. Input
(1/10) is 50 ng of purified 6xHis-N. (=), no biotinylated oligonucleotides are added. (C) Production of unmodified and ISGylated N(200—-419) proteins in
cells. Plasmids expressing 6xMyc-N(200-419) (2 ug), HA-UBE1L (1.6 pg), Flag-UbcH8 (1.6 pg), HA-Herc5 (3.2 ug), and ISG15¢¢ (1.6 pg) were co-
transfected into 293T cells in a 100-mm dish. Cells were untreated or treated with NEM (5 mM) for 30 min before harvesting. At 48 h after transfection,
cell lysates were prepared. (D) Pull-down assays using 6xHis-N. Unmodified and ISGylated N(200-419) proteins prepared from co-transfected cells
were incubated with bacterially purified 6xHis-N. N proteins with 6xHis tags were then pulled down using Ni-NTA resins. As indicated, the input cell
lysates and the samples obtained from the pull-down assay were analyzed by immunoblotting with anti-Myc, anti-ISG15, and anti-p-actin antibodies.

Nucleocapsid is a multivalent RNA-binding protein critical for
viral replication and genome packaging (Bai et al., 2021). N
contains intrinsically disordered regions, including an N-terminal
domain (NTD), a central Ser/Arg-rich linker domain, and a CTD,
and conserved structured regions, including an RNA-binding
domain and an oligomerization domain. We mapped the 257-361
region within the oligomerization domain involved in Herc5
binding and K261 as a potential ISGylation site that is necessary
for efficient ISGylation of N. It has been reported that the cellular
ISGylation machinery is induced upon SARS-CoV-2 infection,
and the cellular proteins in innate immune responses, such as
MDAS5 and IRF3, are ISGylated, enhancing the cellular antiviral
environment (Shin et al., 2020; Munnur et al., 2021). Our results
demonstrate that the cellular ISGylation system also targets SARS-
CoV-2 proteins to attenuate viral growth. Recent studies have
demonstrated that N is a substrate for ubiquitination (Stukalov
etal., 2021) and is poly-ubiquitinated at K375 by TRIM21, leading
to proteasomal degradation (Mao et al., 2023) and at K143 by

Frontiers in Microbiology

MARCHS, resulting in lysosomal degradation (Zhao et al., 2023).
Our ubiquitination assays for N in IFN-p-treated cells suggest that
ISGylation in K261 may not significantly affect the overall
ubiquitination of N.

Our results showed that the ISGylation of N inhibited protein
dimerization in a pull-down analysis using bacterially purified N and
unmodified and ISGylated N(200-419). Given that N dimers are
functional units for ribonucleoprotein assembly (Lutomski et al.,
2021), these results demonstrate that ISGylation of N is a host
immune response that inhibits SARS-CoV-2 replication by inhibiting
N oligomerization and, consequently, the formation of nucleocapsids.
Interestingly, ISGylation-mediated inhibition of viral protein
oligomerization has been demonstrated. ISGylation of influenza A
virus (IAV) NS1 interferes with dimerization and RNA binding (Tang
et al., 2010) and blocks nuclear translocation by importin-a (Zhao
etal,, 2010). On the other hand, ISGylation of influenza B virus (IBV)
NP blocks oligomerization and formation of viral ribonucleoprotein
complexes (Zhao et al.,, 2016).
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Enhanced resistance of the N(K261R) mutant virus to IFN-p treatment. (A) The seven plasmid-based system for the production of recombinant SARS-
CoV-2. ORFs in the viral genome are indicated at the top, and the seven plasmids (F1 to F7) are shown underneath. F1 contains the T7 promoter, and F7
has poly(A) sequences. (B,C) Calu-3 cells in six-well plates were untreated or pretreated with 100 or 1,000 U/mL of IFN-p for 24 h and then infected
with wild-type or N(K261R) mutant virus at an MOI of 0.1. At 24 h post-infection, the titers of the progeny virions in the culture supernatants were
measured by plaque assays. Viral titers in three independent experiments are shown in graphs (B). Samples were compared using Student’s t-test, and
p-values (**p <0.01 and ***p < 0.001) are indicated. The x numbers indicate the progeny virion production repression folds in IFN-B-treated cells over
untreated cells. The levels of viral proteins (S and N) and ISGylated proteins in a representative experiment are shown by immunoblotting (C).

The recombinant SARS-CoV-2 expressing N(K261R) showed
similar growth as its parental virus in Calu-3 cells, indicating that the
substitution of Lys-261 to Arg does not affect the dimerization of
N. However, the K261R virus became less sensitive to IFN-f treatment.
This result supports that the IFN-induced ISGylation suppresses viral
growth. In addition to nucleocapsid formation, SARS-CoV-2N plays
various roles in regulating the cellular environment for virion production.
N undergoes liquid-liquid phase separation (LLPS) to promote virion
assembly (Carlson et al., 2020; Cascarina and Ross, 2020; Chen H. et al.,
2020; Iserman et al., 2020; Perdikari et al., 2020; Savastano et al., 2020).
N triggers NLRP3 inflammation activation (Pan et al., 2021) but inhibits
pyroptosis and IL-1p release by blocking gasdermin D cleavage (Ma
etal, 2021). N also inhibits the type I IFN response by reducing IFN
production and the activation of ISGs (Chen K. et al., 2020; Li et al., 20205
Mu et al.,, 2020a) and acts as a suppressor of RNAi (Mu et al., 2020b).
Therefore, it will be interesting to study whether ISGylation affects the
functions of N in LLPS and the evasion of cellular antiviral responses.

SARS-CoV-2 PLpro has both deubiquitination and deISGylation
activities. Our results showed that PLpro can remove ISG15 from
ISG15-conjugated N proteins produced in cells ectopically
overexpressing the ISGylation machinery and in cells expressing the
endogenous ISGylation components induced by IFN-f stimulation.
Notably, NSP3, which contains the PLpro domain, has been shown
to interact with N (Jiang et al., 2021; Bessa et al., 2022; Li et al.,
2023). The delSGylation activity of PLpro against N seems to
promote viral replication by facilitating the formation of N dimers.
PLpro has been shown to remove ISG15 from ISG15-conjugated
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IRF3 and MDAS5 to reduce innate immune responses (Shin et al.,
2020; Liu et al., 2021). SARS-CoV-2 PLpro has different binding
modes toward ISG15 and a K48-linked ubiquitin dimer (K48-Ub2)
(Wydorski et al., 2023). However, no PLpro mutation can completely
separate the ISG15 and K48-Ub2 bindings of PLpro. Considering
the low level of ISGylated N in virus-infected cells, to more
accurately understand the effects of N ISGylation on viral infection,
it will be necessary to produce a SARS-CoV-2 mutant with no
deISGylation activity while maintaining deubiquitinating activity
based on the structure of ISGylated N.

During the preparation of the manuscript, two studies reported
that N is effectively ISGylated and PLpro inhibits it (Rhamadianti et al.,
20245 Zhu et al,, 2024). One study showed that other viral proteins,
such as NSP7, NSP8, NSP10, NSP10, NSP12, and NSP16, are also
ISGylated (Zhu et al., 2024). We initially screened the ISGylated form
of viral proteins in total cell lysates, while this study detected ISGylated
proteins using immunoprecipitated samples. Therefore, it is difficult to
compare the results of our study with those of others directly. However,
all studies show that N is the most effectively ISGylated protein among
SARS-CoV-2 proteins, and PLpro inhibits N ISGylation. Although
lysine residues identified as ISG15 receptors differ in studies, our
findings complement these studies and confirm that SARS-CoV-2 has
evolved to evade ISG15-mediated antiviral responses in hosts that
target both viral and cellular proteins. We analyzed 15,613,092 nearly
complete genome sequences of SARS-CoV-2 uploaded to GISAID as
of Oct. 8, 2024. Mutations were observed at all ISGylation sites (K261,
K266, K347, K355, K387, and K388) suggested by our study and others
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FIGURE 7
Cleavage of conjugated ISG15 from N by PLpro. (A) Plasmids expressing 6xMyc-N (0.25 ug) and plasmids expressing HA-UBELL (E1, 0.2 ug), Flag-
UbcH8 (E2, 0.2 ug), HA-Herc5 (E3, 0.4 pg), and ISG154¢ (0.2 pug) along with effector plasmids expressing wild-type or C111S mutant Flag-PLpro (0.25 pg)
or Flag-UBP43 (0.25 ug), were co-transfected into 293T cells in six-well plates as indicated. At 48 h after transfection, total cell lysates were prepared
and subjected to SDS-PAGE, and immunoblot assays were performed with anti-Myc, anti-ISG15, anti-Flag, anti-HA, and anti-p-Actin antibodies. Three
ISGylated N protein bands are indicated with arrowheads. (B) HelLa cells were untreated or pretreated with IFN-p (1,000 U/mL) for 24 h and then
transfected with a plasmid expressing 6xMyc-tagged N and plasmids expressing wild-type or mutant Flag-PLpro or Flag-UBP43 as in (A). At 24 h after
transfection, cell lysates were prepared and immunoblotted with antibodies for Myc, ISG15, Flag, UbcH8, UBELL, Herc5, and p-Actin.

with mutation rates from 0.001 to 0.05%, indicating that some viruses
might also have evolved to evade ISGylation by acquiring mutations at
ISGylation sites.
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