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ABSTRACT Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) contin-
ues to pose an enormous threat to economic activity and public health worldwide.
Previous studies have shown that the nonstructural protein 5 (nsp5, also called 3C-
like protease) of alpha- and deltacoronaviruses cleaves Q231 of the NF-kB essential
modulator (NEMO), a key kinase in the RIG-I-like receptor pathway, to inhibit type I
interferon (IFN) production. In this study, we found that both SARS-CoV-2 nsp5 and
SARS-CoV nsp5 cleaved NEMO at multiple sites (E152, Q205, and Q231). Notably,
SARS-CoV-2 nsp5 exhibited a stronger ability to cleave NEMO than SARS-CoV nsp5.
Sequence and structural alignments suggested that an S/A polymorphism at position
46 of nsp5 in SARS-CoV versus SARS-CoV-2 may be responsible for this difference.
Mutagenesis experiments showed that SARS-CoV-2 nsp5 (S46A) exhibited poorer
cleavage of NEMO than SARS-CoV-2 nsp5 wild type (WT), while SARS-CoV nsp5
(A46S) showed enhanced NEMO cleavage compared with the WT protein. Purified
recombinant SARS-CoV-2 nsp5 WT and SARS-CoV nsp5 (A46S) proteins exhibited
higher hydrolysis efficiencies than SARS-CoV-2 nsp5 (S46A) and SARS-CoV nsp5 WT
proteins in vitro. Furthermore, SARS-CoV-2 nsp5 exhibited stronger inhibition of
Sendai virus (SEV)-induced interferon beta (IFN-b) production than SARS-CoV-2 nsp5
(S46A), while introduction of the A46S substitution in SARS-CoV nsp5 enhanced sup-
pression of SEV-induced IFN-b production. Taken together, these data show that S46
is associated with the catalytic activity and IFN antagonism by SARS-CoV-2 nsp5.

IMPORTANCE The nsp5-encoded 3C-like protease is the main coronavirus protease,
playing a vital role in viral replication and immune evasion by cleaving viral polypro-
teins and host immune-related molecules. We showed that both SARS-CoV-2 nsp5 and
SARS-CoV nsp5 cleave the NEMO at multiple sites (E152, Q205, and Q231). This speci-
ficity differs from NEMO cleavage by alpha- and deltacoronaviruses, demonstrating the
distinct substrate recognition of SARS-CoV-2 and SARS-CoV nsp5. Compared with
SARS-CoV nsp5, SARS-CoV-2 nsp5 encodes S instead of A at position 46. This substitu-
tion is associated with stronger catalytic activity, enhanced cleavage of NEMO, and
increased interferon antagonism of SARS-CoV-2 nsp5. These data provide new insights
into the pathogenesis and transmission of SARS-CoV-2.
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Asudden outbreak of coronavirus disease 2019 (COVID-19) caused by an emerging
virus, severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), has dis-

turbed normal public activities worldwide and poses an enormous threat to public
health (1–4). The typical symptoms of COVID-19 include fever, cough, and pneumonia,
while severe cases can lead to death (5, 6). As of 2 March 2022, 440,172,104 individuals
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have been infected with SARS-CoV-2, of whom 5,972,607 have died (database at
https://coronavirus.jhu.edu/). Although the genome of SARS-CoV-2 shares 82% identity
with that of the highly lethal SARS-CoV that caused an outbreak in 2003, SARS-CoV-2
has a lower fatality rate but faster spread (7–10). Understanding the features of SARS-
CoV-2 that contribute to its lower virulence and stronger transmissibility may help in
identifying targeted therapies against SARS-CoV-2 infection.

Both SARS-CoV-2 and SARS-CoV are enveloped, positive-sense, single-stranded RNA
viruses belonging to the genus Betacoronavirus of the family Coronaviridae (11, 12). The
genomes of both viruses contain at least seven open reading frames (ORFs). The two
larger ORFs located downstream from the 59 untranslated region, ORF1a and ORF1b,
encode two viral replicase polyprotein precursors, 1a and 1b, that are proteolytically proc-
essed to yield 16 mature nonstructural proteins (nsps) (1, 13–16). The 3C-like protease
(3CLpro, nsp5) and the papain-like cysteine protease (PLpro, nsp3) are responsible for cleav-
age of polyproteins (17–19). Eleven sites in polyproteins are cleaved by 3C-like protease
to yield mature functional proteins (20, 21). Thus, nsp5 plays an indispensable role in viral
replication and is an attractive target for anticoronavirus drugs (22–24). Previous studies
have shown that coronavirus nsp5 possesses a nonclassical catalytic dyad (His41-Cys145)
involved in hydrolysis and shows a preference for Q at position P1 of the substrate (25–
27). The recognition characteristics of nsp5 have been investigated extensively, but the
detailed catalytic mechanisms remain poorly understood. Understanding the catalytic
mechanism of SARS-CoV-2 nsp5 will help us understand SARS-CoV-2 replication.

In addition to its essential role in viral replication, coronavirus nsp5 plays an impor-
tant role in escaping the host immune response by targeting immune-related mole-
cules. For instance, the nsp5 of porcine deltacoronavirus (PDCoV)—a member of genus
Deltacoronavirus—targets signal transducer and activator of transcription 2 (STAT2)
and mRNA-decapping enzyme 1a (DCP1A) to disrupt interferon (IFN)-induced JAK-
STAT signaling and the antiviral activity of DCP1A (28). The nsp5 of porcine epidemic
diarrhea virus (PEDV)—a member of the genus Alphacoronavirus—suppresses type I
IFN production by cleaving NF-kB essential modulator (NEMO) at Q231, and a similar
mechanism is used by PDCoV nsp5 (29, 30). Recent studies demonstrated that SARS-
CoV-2 nsp1, nsp6, nsp13, nsp14, nsp15, and ORF6 can suppress IFN-b promoter activ-
ity (31–33). However, whether SARS-CoV-2 nsp5 contributes to escape from innate
immune responses and plays roles in COVID-19 pathogenesis and transmission
remains unclear.

In this study, we found that both SARS-CoV-2 and SARS-CoV nsp5 antagonize IFN-b
production and target NEMO at multiple sites. Moreover, SARS-CoV-2 nsp5 shows
enhanced cleavage efficiency of NEMO compared with SARS-CoV nsp5, resulting in
stronger suppression of IFN production. Remarkably, residue S46 within SARS-CoV-2
nsp5 is responsible for its enhanced catalytic activity and IFN antagonism compared
with SARS-CoV nsp5. Learning the catalysis and IFN antagonism mechanism of SARS-
CoV-2 nsp5 may help in understanding the pathogenesis and transmission of SARS-
CoV-2.

RESULTS
SARS-CoV-2 nsp5 and SARS-CoV nsp5 cleave NEMO at multiple sites. Previous

studies have shown that PEDV (Alphacoronavirus) nsp5 and PDCoV (Deltacoronavirus)
nsp5 cleave NEMO to antagonize type I IFN production (29, 30). To investigate whether
SARS-CoV-2 nsp5 and SARS-CoV nsp5 also target NEMO for cleavage, HEK-293T cells
were cotransfected with a plasmid encoding FLAG-tagged NEMO and increasing
amounts of expression vectors encoding hemagglutinin (HA)-tagged SARS-CoV-2/
SARS-CoV nsp5. Western blotting showed that NEMO cleavage increased following
transfection with increasing amounts of plasmids encoding SARS-CoV-2 nsp5 or SARS-
CoV nsp5 (Fig. 1A and B). Surprisingly, three cleaved bands were apparent in cells
transfected with expression vectors encoding SARS-CoV-2 nsp5 or SARS-CoV nsp5,
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indicating that both nsp5s cleaved NEMO at a minimum of three sites. This pattern dif-
fers from that of PEDV nsp5- or PDCoV nsp5-mediated NEMO cleavage (29, 30).

To further compare SARS-CoV-2 nsp5- and SARS-CoV nsp5-mediated NEMO cleavage,
HEK-293T cells were cotransfected with equal amounts of expression vectors encoding
HA-tagged SARS-CoV-2 nsp5 or SARS-CoV nsp5 and FLAG-tagged NEMO. As shown in
Fig. 1C, the sizes of the three NEMO cleavage products were similar in cells transfected
with SARS-CoV-2 nsp5 and SARS-CoV nsp5, indicating that they recognized similar cleav-
age sites. Interestingly, quantitative analysis of the cleaved bands showed that the gray
values of NEMO cleavage products in SARS-CoV-2 nsp5-mediated NEMO cleavage were
higher than that in SARS-CoV nsp5-mediated NEMO cleavage, indicating that SARS-CoV-
2 nsp5 exhibited stronger cleavage of NEMO than SARS-CoV nsp5 (Fig. 1C).

E152, Q205, and Q231 are the sites of SARS-CoV-2 and SARS-CoV nsp5-
mediated NEMO cleavage. Coronavirus nsp5 has been reported to prefer Q at the P1
position for proteolytic cleavage (34). To explore whether SARS-CoV-2 nsp5 also pos-
sesses this recognition characteristic, the polyprotein junctions cleaved by SARS-CoV-2
nsp5 were analyzed and presented as sequence logos. As shown in Fig. 2A, SARS-CoV-2

FIG 1 Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) nsp5 and SARS-CoV nsp5 target NF-kB essential modulator
(NEMO) at multiple sites. (A and B) HEK-293T cells were cotransfected with various amounts of expression vectors encoding SARS-
CoV-2 nsp5 (0.5 mg, 0.25 mg, 0.125 mg, and 0.0625 mg) (A) or various amounts of expression vectors encoding SARS-CoV nsp5 (2 mg,
1 mg, 0.5 mg, and 0.25 mg) (B) along with a plasmid encoding FLAG-tagged NEMO. The transfected cells were lysed 28 h after
transfection and then analyzed by Western blotting. (C) HEK-293T cells were cotransfected with equal amounts of expression vectors
encoding SARS-CoV nsp5, SARS-CoV-2 nsp5, or empty vector together with a plasmid encoding FLAG-tagged NEMO. After 28 h, the
cells were harvested and assessed by Western blotting. Band intensity was quantified by densitometry using ImageJ software. The
relative abundance of NEMO cleavage products and nsp5 were normalized to levels of b-actin. A final ratio was calculated of the
relative amount of cleaved NEMO product standardized to the amount of nsp5. All experiments were performed at least three times,
and one representative experiment was presented.
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FIG 2 E152, Q205, and Q231 are three sites of SARS-CoV-2- and SARS-CoV nsp5-mediated NEMO cleavage. (A) Amino acid sequence logo of polyprotein
junctions cleaved by SARS-CoV-2 nsp5. The sequence logo for the substrate was generated using WebLogo3 (http://weblogo.threeplusone.com/). (B)
Schematic representation of NEMO and its mutants. (C to E) HEK-293T cells were cotransfected with expression vectors encoding SARS-CoV-2 nsp5 and FLAG-
tagged wild-type (WT) NEMO or NEMO mutants Q218A, Q229K, Q231A, Q236A/Q239A, or Q259A (C), NEMO mutants Q198A, Q201A, Q205A, or Q207A (D), or
NEMO mutants Q120A, Q132A, Q133A, Q134A, Q145A, or Q154A (E). At 28 h posttransfection, the cells were collected and assessed by Western blotting with
corresponding antibodies. (F) HEK-293T cells were cotransfected with expression vectors encoding FLAG-tagged WT NEMO or NEMO mutants (E137A/E152A/
E155A) and a plasmid encoding SARS-CoV-2 nsp5. The cells were treated as described in panel C. (G) HEK-293T cells were cotransfected with expression

(Continued on next page)
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nsp5 showed a preference for Q at the P1 position. Considering the recognition prefer-
ence for P1-Q and the size of the two larger cleavage bands (between 25 kDa and
35 kDa), NEMO mutants in which Q residues between 25 kDa and 35 kDa were replaced
with A or K were generated (Fig. 2B). HEK-293T cells were cotransfected with expression
vectors encoding NEMO mutants (Q218A, Q229K, Q231A, Q236A/Q239A, and Q259A)
and SARS-CoV-2 nsp5. As shown in Fig. 2B, the largest cleavage product (;30 kDa) dis-
appeared in cells cotransfected with expression vectors encoding NEMO (Q231A) and
SARS-CoV-2 nsp5, whereas three cleavage bands were still present in cells cotransfected
with plasmids encoding the other NEMO mutants and SARS-CoV-2 nsp5 (Fig. 2C). This
result indicated that NEMO Q231, which was identified in previous studies of PEDV nsp5
and PDCoV nsp5, is a site of SARS-CoV-2 nsp5-mediated NEMO cleavage. To further
examine the second band resulting from SARS-CoV-2 nsp5-mediated NEMO cleavage,
HEK-293T cells were cotransfected with expression vectors encoding each of four NEMO
mutants (Q198A, Q201A, Q205A, and Q207A) and SARS-CoV-2 nsp5. As shown in Fig. 2D,
the second cleavage band was absent in cells cotransfected with plasmids encoding
SARS-CoV-2 nsp5 and NEMO Q205A, indicating that Q205 is the second site of SARS-
CoV-2 nsp5-mediated NEMO cleavage.

We next identified the smallest band resulting from SARS-CoV-2 nsp5-mediated
NEMO cleavage. Considering the size of the smallest band is approximately 15 kDa, all
Q residues spanning between amino acids 132 to 155 of NEMO were analyzed and
mutated into A. Subsequently, HEK-293T cells were cotransfected with expression vec-
tors encoding wild type (WT) or mutants NEMO (Q132A/Q133A/Q134A/Q145A/Q154A)
and SARS-CoV-2 nsp5. Western blotting showed that no cleavage bands disappeared
in cells expressing any of the NEMO mutants (Fig. 2E), suggesting that SARS-CoV-2
nsp5 may not recognize the conserved P1-Q to target this site. Interestingly, the
expression level of the smallest band in cells cotransfected with plasmids encoding
NEMO Q145A/Q154A and SARS-CoV-2 nsp5 was significantly reduced compared with
that in cells expressing NEMO WT or other NEMO mutants (Fig. 2E). Thus, we specu-
lated that the cleavage site might be near Q145 and Q154. Our previous work showed
that equine arteritis virus (EAV) nsp4 (the ortholog of SARS-CoV-2 nsp5) also targets
NEMO for proteolytic cleavage and that scission occurred at four sites, E166, E171,
Q205, and E349 (35). To test whether SARS-CoV-2 nsp5 also cleaves NEMO by recogniz-
ing P1-E, HEK-293T cells were cotransfected with expression vectors encoding NEMO
mutants (E137A/E152A/E155A) and SARS-CoV-2 nsp5. As excepted, the smallest cleav-
age product disappeared in cells cotransfected with expression vectors encoding
NEMO (E152A) and SARS-CoV-2 nsp5 (Fig. 2F), suggesting that E152 was the third site
of SARS-CoV-2 nsp5-mediated NEMO cleavage. To further validate whether the three
sites identified are targeted by SARS-CoV-2 nsp5, HEK-293T cells were cotransfected
with expression vectors encoding a triple NEMO mutant (E152A/Q205A/Q231A) and
SARS-CoV-2 nsp5. As shown in Fig. 2G, SARS-CoV-2 nsp5 failed to cleave NEMO
(E152A/Q205A/Q231A), indicating that E152, Q205, and Q231 are three sites of SARS-
CoV-2 nsp5-mediated NEMO cleavage.

Because similar NEMO bands could be observed following cleavage by SARS-CoV-2
nsp5 and SARS-CoV nsp5 (Fig. 1C), we further investigated whether the three cleavage
sites were targeted by SARS-CoV nsp5 to hydrolyze NEMO. To this end, HEK-293T cells
were cotransfected with expression vectors encoding NEMO mutants (E152A, Q205A,
or Q231A) and SARS-CoV nsp5. Western blotting showed that the corresponding

FIG 2 Legend (Continued)
vectors encoding FLAG-tagged WT NEMO or a NEMO triple mutant (E152A/Q205A/Q231A) and a plasmid encoding SARS-CoV-2 nsp5. The cells were treated
as described in panel C. (H) HEK-293T cells were cotransfected with expression vectors encoding FLAG-tagged NEMO or NEMO mutants (E152A, Q205, Q231)
and a plasmid encoding SARS-CoV nsp5. At 28 h posttransfection, cells were treated as described in panel C. (I) HEK-293T cells were cotransfected with
expression vectors encoding FLAG-tagged WT NEMO or a NEMO triple mutant (E152A/Q205A/Q231A) and a plasmid encoding SARS-CoV nsp5. Subsequently,
the cells were treated as described in panel C. All experiments were performed at least three times, and one representative experiment is presented.
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NEMO cleavage band (1 to 152) vanished in cells expressing NEMO (E152A) and SARS-
CoV nsp5 (Fig. 2H). Similar phenomena were observed in cells cotransfected with plas-
mids encoding NEMO (Q205A) or NEMO (Q231A) and SARS-CoV nsp5 (Fig. 2H), indicat-
ing that SARS-CoV nsp5 shares a similar recognition motif for NEMO cleavage with
SARS-CoV-2 nsp5. Moreover, all three cleavage bands disappeared in cells cotrans-
fected with plasmids encoding NEMO (E152A/Q205A/Q231A) and SARS-CoV nsp5 (Fig.
2I), suggesting that SARS-CoV nsp5 also cleaved NEMO at three sites (E152, Q205, and
Q231). Taken together, these results demonstrated that SARS-CoV-2 nsp5 and SARS-
CoV nsp5 cleaved NEMO at three common sites (E152, Q205, and Q231).

S46 is important for SARS-CoV-2 nsp5-mediated NEMO cleavage. Although
SARS-CoV-2 nsp5 and SARS-CoV nsp5 shared identical sites for NEMO cleavage, SARS-
CoV-2 nsp5 appeared to have a stronger NEMO cleavage ability than SARS-CoV nsp5
(Fig. 1C). To explore the domain(s) within SARS-CoV-2 nsp5 and SARS-CoV nsp5 re-
sponsible for differences in catalytic activity, sequence and structural alignments of
SARS-CoV-2 nsp5 and SARS-CoV nsp5 were conducted. As shown in Fig. 3A, sequence
alignment showed that the sequences of SARS-CoV-2 nsp5 and SARS-CoV nsp5 were
highly similar; SARS-CoV-2 nsp5 differed from SARS-CoV nsp5 at only 12 residues. We
next compared the structures of SARS-CoV-2 nsp5 and SARS-CoV nsp5, especially in
the region around the substrate-binding site. The two structures were highly con-
served except for the domain (residues 44 to 50) near the active site. Notably, this do-
main (residues 44 to 50) within SARS-CoV nsp5 formed an a-helical structure, while the
corresponding region in SARS-CoV-2 nsp5 adopted a loop structure (Fig. 3B). By analyz-
ing the amino acid composition of this region (residues 44 to 50), we found that only
residue 46 was polymorphic between the two coronaviruses: S46 was present in SARS-
CoV-2 nsp5, while A46 was present in SARS-CoV nsp5 (Fig. 3A). Thus, the residue at
position 46 could be potentially responsible for the different catalytic activities of
SARS-CoV nsp5 and SARS-CoV-2 nsp5. We tested this hypothesis by constructing posi-
tion 46 S/A mutants and comparing their efficiencies of NEMO cleavage efficiency. Two
mutants were generated, SARS-CoV-2 nsp5 (S46A) and SARS-CoV nsp5 (A46S) (Fig. 3C).
Subsequently, HEK-293T cells were cotransfected with expression vectors encoding
FLAG-tagged NEMO and increasing concentrations of WT HA-tagged SARS-CoV-2 nsp5
or HA-tagged SARS-CoV-2 nsp5 (S46A). Western blotting showed that SARS-CoV-2
nsp5 (S46A) exhibited poorer cleavage of NEMO than WT SARS-CoV-2 nsp5 (Fig. 3D).
Similar experiments were conducted using plasmids encoding FLAG-tagged NEMO
and HA-tagged WT SARS-CoV nsp5 or SARS-CoV nsp5 (A46S). As shown in Fig. 3E, the
A46S mutant of SARS-CoV nsp5 showed enhanced NEMO cleavage efficiency com-
pared with WT SARS-CoV nsp5. These findings demonstrated that residue S46 of SARS-
CoV-2 nsp5 plays an important role in its enhanced NEMO cleavage efficiency com-
pared with SARS-CoV nsp5.

S46/A46 serves as a major strong/weak cleavage switch for the catalytic
activities of SARS-CoV-2 nsp5 and SARS-CoV nsp5. To further investigate whether
the S/A polymorphism at position 46 affected the catalytic activities of SARS-CoV-2
nsp5 and SARS-CoV nsp5 in vitro, four recombinant proteins were expressed in
Escherichia coli and purified, WT SARS-CoV-2 nsp5, WT SARS-CoV nsp5, SARS-CoV-2
nsp5 (S46A), and SARS-CoV nsp5 (A46S). The catalytic activities of the purified recombi-
nant proteins were evaluated using a fluorescence resonance energy transfer assay
(FRET) (36). A fluorescently labeled peptide substrate (Dabcyl-TSAVLQ;SGFRKM-E-
Edans) containing the N-terminal autocleavage site (nsp4/nsp5) of SARS-CoV-2 nsp5
derived from polyprotein was synthesized and applied in the FRET assay along with
the purified proteins. SARS-CoV-2 nsp5 exhibited enhanced hydrolysis efficiency in the
FRET assay compared with SARS-CoV nsp5 (Fig. 4). Similar to the findings in a cell sys-
tem, SARS-CoV-2 nsp5 and SARS-CoV nsp5 (A46S) showed similar catalytic activities
that were higher than those of SARS-CoV nsp5 and SARS-CoV-2 nsp5 (S46A) (Fig. 4).
Thus, our data demonstrate that residue 46 is a major strong/weak cleavage switch for
the catalytic activities of SARS-CoV-2 nsp5 and SARS-CoV nsp5.
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FIG 3 S46 is important for SARS-CoV-2 nsp5-mediated NEMO cleavage. (A) Sequence alignment of SARS-CoV-2 nsp5 (GenBank accession number NC_045512)
and SARS-CoV nsp5 (GenBank accession number NC_004718.3). (B) Structural alignment of SARS-CoV-2 nsp5 (PDB ID 6M2N) and SARS-CoV nsp5 (PDB ID 1UJ1).
(C) Schematic representation of SARS-CoV-2 nsp5 and its S46A mutant and SARS-CoV nsp5 and its A46S mutant. (D) HEK-293T cells were cotransfected with
expression vectors encoding FLAG-tagged NEMO and various amounts of expression plasmids encoding HA-tagged WT SARS-CoV-2 nsp5 (0.25 mg, 0.125 mg,
0.0625 mg, and 0.03125 mg) or SARS-CoV-2 nsp5 (S46A) (0.25 mg, 0.125 mg, 0.0625 mg, and 0.03125 mg). Cells were collected and analyzed by Western blotting.
The gray value analysis of cleavage bands in Western blots was performed as described in Fig. 1C. (E) HEK-293T cells were cotransfected with expression vectors
encoding FLAG-tagged NEMO and increasing amounts of plasmid encoding WT SARS-CoV nsp5 (1 mg, 0.5 mg, 0.25 mg, and 0.125 mg) or SARS-CoV nsp5 (A46S)
(0.25 mg, 0.125 mg, 0.0625 mg, and 0.03125 mg). Cells were treated as described in panel D. Quantitation of bands in Western blots was performed as described
in Fig. 1C. All experiments were performed at least three times, and one representative experiment is presented.
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SARS-CoV-2 nsp5 suppresses IFN-b production more efficiently than SARS-CoV
nsp5. NEMO is a key kinase in the RIG-I-like receptor-mediated type I IFN production
pathway. Previous studies showed that NEMO cleavage mediated by viral 3CLpro led to
inhibition of Sendai virus (SEV)-induced type I IFN production (28, 35, 37). To evaluate
whether the cleavage products of NEMO lost the ability to induce IFN production, all
cleavage products, including NEMO-K277A (1-152), NEMO-K277A (1-205), NEMO-K277A
(1-231), NEMO-K277A (153-419), NEMO-K277A (206-419), and NEMO-K277A (232-419),
were transfected into HEK-293T cells. As shown in Fig. 5A, all cleavage products lost
the ability to induce IFN-b production, indicating that SARS-CoV-2 or SARS-CoV nsp5-
mediated NEMO cleavage disrupts IFN-b induction. Because SARS-CoV-2 nsp5 and
SARS-CoV nsp5 exhibited different NEMO cleavage efficiencies and different catalytic
activities (Fig. 1C and Fig. 4), we speculated that the inhibitory effects of SARS-CoV-2
nsp5 and SARS-CoV nsp5 on IFN-b production might be discrepant. To confirm this hy-
pothesis, HEK-293T cells were cotransfected with equal amounts of plasmids encoding
SARS-CoV-2 nsp5 or SARS-CoV nsp5 and an IFN-b luciferase (IFN-b-Luc) reporter plas-
mid. Thereafter, the cells were stimulated with SEV. The dual-luciferase reporter assay
showed that SARS-CoV-2 nsp5 exhibited stronger suppression of SEV-induced IFN-b
promoter induction than SARS-CoV nsp5, even when the expression level of SARS-CoV
nsp5 was slightly higher than that of SARS-CoV-2 nsp5 (Fig. 5B). Also, endogenous IFN
expression levels in HEK-293T cells transfected with plasmids encoding SARS-CoV-2/
SARS-CoV nsp5 and their mutants (S46A, A46S) were evaluated by an IFN bioassay
using IFN-sensitive vesicular stomatitis virus-green fluorescent protein (VSV-GFP). The
GFP-positive cells were then analyzed by flow cytometry. As shown in Fig. 5C, the per-
centage of GFP-positive cells in the cells treated with cell supernatants from SARS-CoV-
2 nsp5-transfected cells was higher than that of SARS-CoV nsp5-transfected cells, indi-
cating that SARS-CoV-2 nsp5 exhibited stronger inhibition ability on endogenous IFN
production than SARS-CoV nsp5. The IFN bioassay was also performed and analyzed
by fluorescence microscopy and Western blotting. In agreement with the data of flow
cytometry, SARS-CoV-2 nsp5 more strongly recovered SEV-restricted replication of
VSV-GFP than SARS-CoV nsp5 (Fig. 5D and E). These findings indicated that SARS-CoV-
2 nsp5 has stronger inhibition of SEV-induced IFN production than SARS-CoV nsp5.

S46 is responsible for the different abilities on IFN inhibition of SARS-CoV-2
nsp5 and SARS-CoV nsp5. To further investigate whether the residue at position 46 of
SARS-CoV-2 or SARS-CoV nsp5 was responsible for the differential abilities of these pro-
teins to suppress IFN-b production, we compared the efficiency of IFN-b inhibition by
WT SARS-CoV-2 nsp5 and SARS-CoV-2 nsp5 (S46A). As shown in Fig. 6A, WT SARS-CoV-
2 nsp5 exhibited stronger inhibition of IFN-b promoter activity than SARS-CoV-2 nsp5
(S46A). We also compared the IFN-b inhibition efficiency of WT SARS-CoV nsp5 and

FIG 4 S46/A46 serves as a major strong/weak cleavage switch for the catalytic activity of SARS-CoV-2
nsp5 and SARS-CoV nsp5. Cleavage of a SARS-CoV-2 nsp5 N-terminal substrate was assessed. A
fluorescence resonance energy transfer assay was conducted using 40 mM fluorogenic peptide
substrate (Dabcyl-TSAVLQ;SGFRKM-E-Edans, containing the N-terminal autocleavage site of SARS-CoV-
2 3CLpro) and 50 nM SARS-CoV-2 nsp5 (WT and S46A) or SARS-CoV nsp5 (WT and A46S). All groups
were performed in triplicate, and the data are represented as means 6 standard deviations of three
independent experiments.
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FIG 5 SARS-CoV-2 nsp5 suppresses IFN-b production more efficiently than SARS-CoV nsp5. (A) We transfected 0.4 mg of plasmid expressing NEMO-
truncated mutants (NEMO-K277A [1-152], NEMO-K277A [1-205], NEMO-K277A [1-231], NEMO-K277A [153-419], NEMO-K277A [206-419], and NEMO-K277A

(Continued on next page)
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SARS-CoV nsp5 (A46S). The A46S mutant more efficiently suppressed SEV-induced
IFN-b promoter activation than the WT SARS-CoV nsp5 (Fig. 6B). We also compared
the IFN inhibition of SARS-CoV-2/SARS-CoV nsp5 and their mutants (S46A and A46S) in
an IFN bioassay and analyzed by flow cytometry. Compared with SARS-CoV-2 nsp5 mu-
tant (S46A) and SARS-CoV nsp5, respectively, SARS-CoV-2 nsp5 and the SARS-CoV nsp5
mutant (A46S) more strongly recovered IFN-inhibited VSV replication, indicating that
SARS-CoV-2 nsp5 and SARS-CoV nsp5 mutant (A46S) exhibited stronger inhibition of
endogenous IFN production than the SARS-CoV-2 nsp5 mutant (S46A) and SARS-CoV
nsp5 upon SEV stimulation (Fig. 6C). The IFN bioassay was also evaluated by detecting
the GFP expression with fluorescence microscopy (Fig. 6D and F) and Western blotting
(Fig. 6E and G). The results were consistent with the results in Fig. 6C by flow cytometry
analyses. Taken together, these results indicated that the S residue at position 46 ena-
bles stronger antagonism of type I IFN production by SARS-CoV-2 nsp5 than SARS-CoV
nsp5.

DISCUSSION

Coronavirus nsp5 proteins have been reported to adopt similar recognition charac-
teristics to cleave viral polyproteins or host immune-related proteins. For example, it
was reported that coronavirus nsp5s targeted DCP1A at a unique site (Q343) to disrupt
its antiviral activity (28), revealing a common recognition mechanism used to inhibit
host innate immune responses. Our previous work demonstrated that PEDV
(Alphacoronavirus) nsp5 and PDCoV (Deltacoronavirus) nsp5 cleaved NEMO at a single
site, Q231 (29, 30). Additionally, feline infectious peritonitis virus (Alphacoronavirus)
nsp5 was recently found to target NEMO at three sites, Q231, Q205, and Q132 (37). In
this study, we found that two glutamine cleavage sites, Q205 and Q231, were involved
in both SARS-CoV-2 and SARS-CoV nsp5-mediated NEMO cleavage. Surprisingly, SARS-
CoV-2/SARS-CoV nsp5 cleaved NEMO at an additional site, E152, demonstrating a novel
recognition characteristic used by SARS-CoV-2/SARS-CoV nsp5 to target substrates
with E at the P1 position. Notably, the nsp4 protein of equine arteritis virus (EAV)—a
member of the family Arteriviridae and the order Nidovirales—can also cleave NEMO by
recognizing substrates with P1-E and P1-Q residues (35). Furthermore, EAV nsp4 and
SARS-CoV-2 nsp5 share a similar cleavage site on NEMO (Q205) (35). Thus, we specu-
lated that the nsp5 proteins of SARS-CoV-2 and SARS-CoV, both of which belong to lin-
eage b of Betacoronavirus, may be more closely related to EAV nsp4 than other corona-
viruses. The oxyanion hole is an important structure for proteolytic activity and
substrate recognition of 3CLpro. Notably, both EAV nsp4 and SARS-CoV nsp5 possess
two forms of the oxyanion hole, an active form and a collapsed one, and the signature
turn in both forms is extremely similar (25, 38, 39). This finding provides a possibility of
similarity of both two proteases and is consistent with our assumption of the related-
ness of EAV nsp4 and SARS-CoV-2 nsp5/SARS-CoV nsp5. However, the more structural
features that govern similarities in substrate recognition between EAV nsp4 and SARS-
CoV-2 nsp5/SARS-CoV nsp5 need to be further investigated.

SARS-CoV-2 shows stronger transmissibility than the highly lethal SARS-CoV (40),
making viral spread hard to control. Studies of innate and adaptive immune responses

FIG 5 Legend (Continued)
[232-419]) along with IFN-b reporter plasmid and pRL-TK plasmid into HEK-293T cells for 28 h. The cells were then lysed and evaluated by dual-luciferase
assay. (B) HEK-293T cells seeded in a 24-well plate were cotransfected with equal amounts of expression vectors encoding SARS-CoV-2 nsp5 (0.015 mg) or
SARS-CoV nsp5 (0.06 mg) along with IFN-b reporter plasmid and pRL-TK plasmid. At 24 h posttransfection, cells were infected with Sendai virus (SEV). The
cells were collected 16 h after SEV infection and used in luciferase assays to assess the expression of the IFN-b reporter. Expression of nsp5 was analyzed
by Western blotting. Bands were quantitated by densitometry using ImageJ software, and nsp5 expression was standardized to that of b-actin. (C) HEK-
293T cells seeded in a 24-well plate were transfected with equal amounts of plasmid encoding SARS-CoV-2 nsp5 and SARS-CoV nsp5 for 24 h, followed
by SEV infection for 12 h. The cell supernatants were then collected, treated with UV irradiation, and added to a new 24-well plate HEK-293T cells for 24
h. The IFN-treated cells were then inoculated with VSV-GFP for 12 h, followed by the detection of GFP-positive cells by flow cytometry. (D and E) Cells
were treated as described in panel C. The GFP expression in cells treated with cell supernatants from cells transfected with the indicated plasmid was
detected by fluorescence microscopy (D) and Western blot assay (E). The nsp5 expression of the transfected cells was also detected in Western blot assay.
All groups were performed in triplicate, and the results represent means 6 standard deviations of three independent experiments. *, P , 0.05; ***,
P , 0.001.
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FIG 6 S46 is responsible for the different abilities on IFN inhibition of SARS-CoV-2 nsp5 and SARS-CoV nsp5. (A and B) HEK-293T
cells in a 24-well plate were cotransfected with expression vectors encoding SARS-CoV-2 nsp5 (WT or S46A) (A) or SARS-CoV nsp5

(Continued on next page)
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following viral infection will help to elucidate the mechanisms underlying discrepan-
cies in transmission and disease process (41). IFN responses are the first line of host
defense against viral infection. Coronaviruses have been reported to adopt various
strategies to escape host IFN responses (42). Following the outbreak of COVID-19,
many studies have been conducted on this emerging coronavirus and its IFN antago-
nism. To date, at least 11 SARS-CoV-2 proteins, including nsp1, nsp3, nsp6, nsp12,
nsp13, nsp14, nsp15, ORF3b, ORF6, M protein, and ORF9b (31–33, 43–47), have been
demonstrated to antagonize type I IFN production. In this study, we identified SARS-
CoV-2 nsp5 as a novel IFN antagonist and found that both SARS-CoV-2 nsp5 and SARS-
CoV nsp5 suppressed IFN-b production via NEMO cleavage, a characteristic that was
previously demonstrated for other coronavirus-encoded nsp5s (29, 30, 37). Compared
with the highly pathogenic SARS-CoV, SARS-CoV-2 has been shown to inhibit type I
and type III IFN production more potently in human bronchial epithelial cells (48).
However, which proteins encoded by SARS-CoV-2 contribute to the stronger inhibition
of IFN expression remained unclear. Recently, the SARS-CoV-2-encoded accessory pro-
tein ORF3b was demonstrated to suppress IFN induction more efficiently than its
SARS-CoV ortholog (44). Furthermore, the SARS-CoV-2 nonstructural proteins nsp1 and
nsp6 have also been demonstrated to inhibit type I IFN signaling more efficiently than
their SARS-CoV orthologs (31). Here, we found that SARS-CoV-2 nsp5 also exhibits
stronger IFN antagonistic activity than SARS-CoV nsp5, which may provide an explana-
tion of why SARS-CoV-2 poorly induces type I IFN production (48, 49) and asymptom-
atic transmission of COVID-19 patients. Moreover, SARS-CoV-2 nsp5 is responsible for
cleaving viral polyprotein, thus playing an independent role in viral replication (20).
Our finding demonstrated that SARS-CoV-2 nsp5 exhibited stronger cleavage ability on
N-terminal autocleavage site of SARS-CoV-2 nsp5 from viral polyprotein than SARS-
CoV nsp5, which provides evidence of stronger replication of SARS-CoV-2 than SARS-
CoV. Overall, these findings on immune antagonism and viral replication help us better
understand viral pathogenesis and transmission.

An interesting finding of our study was that the S46 residue of SARS-CoV-2 nsp5
was associated with its catalytic activity, cleavage efficiency, and IFN antagonism.
Coronavirus nsp5 is indispensable for viral replication because of its potent cleavage of
viral polypeptides (50). In this study, we demonstrated that SARS-CoV-2 nsp5 exhibited
stronger cleavage efficiency on a peptide derived from the SARS-CoV-2 N-terminal
autocleavage site than SARS-CoV nsp5. Thus, we speculated that SARS-CoV-2 may rep-
licate more rapidly than SARS-CoV. Consistent with this idea, a previous study showed
that SARS-CoV-2 replicated more efficiently than SARS-CoV in human lung tissues (9).
Because of the high risks associated with SARS-CoV-2 and associated experimental lim-
itations, we could not further evaluate whether SARS-CoV-2 nsp5 residue S46 plays an
indispensable role in viral replication. Furthermore, we demonstrated that mutation of
S46 to A weakened the catalytic activity of SARS-CoV-2 nsp5 (Fig. 4). The structure of
SARS-CoV-2 nsp5 showed that its S2 pocket consists of H41, M49, Y54, and M165 (22).
A recent study on the structure of SARS-CoV-2 nsp5 showed that the conformation of
M49 changes along with changes in the side chain positions of S46 and L50 (51). Thus,
we speculate that the S46A nsp5 mutant may result in changes to the position of the
side chain at position 46 and further influence the conformation of M49 in the S2
pocket. Comparing the structures of SARS-CoV-2 nsp5 and SARS-CoV nsp5 with and
without the inhibitor N3, Griffin et al. recently found that nsp5 residue 46 showed non-

FIG 6 Legend (Continued)
(WT or A46S) (B) along with an IFN-b reporter plasmid and a pRL-TK plasmid. The cells were inoculated with SEV 24 h after
transfection and infected for 12 h. The cells were then lysed, and dual-luciferase assays were used to assess expression of IFN-b .
Quantification of nsp5 was performed as described in Fig. 5B (C) HEK-293T cells seeded in a 24-well plate were transfected with
equal amounts of plasmids encoding SARS-CoV-2 nsp5 (WT or S46A) or SARS-CoV nsp5 (WT or A46S) for 24 h and then treated
as described in Fig. 5C. The GFP-positive cells were then analyzed by flow cytometry. (D to G) The cells were treated as described
in panel C. The GFP expressions were detected by fluorescence microscopy (D and F) and Western blot assay (E and G). The nsp5
expression of transfected cells was also detected in Western blot assay. All groups were performed in triplicate, and the results
represent means 6 standard deviations of three independent experiments. **, P , 0.01.
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specific interactions with N3 in both viruses (52). Whether S46 in SARS-CoV-2 increases
catalytic activity by enforcing this interaction between protease and substrate remains
to be further studied. Furthermore, we also analyzed the conservation of nsp5 amino
acid sequences from SARS-CoV-2, SARS-CoV-2-related viruses, SARS-CoV, and SARS-
CoV-related viruses. Position 46 in nsp5 was occupied by an S residue in all strains of
SARS-CoV-2, while a conserved A residue was found at position 46 of most SARS-CoV
strains. Interestingly, an S residue occupied position 46 of the nsp5s of three SARS-
related isolates from bats (RaTG13, bat-SL-CoVZC45, and bat-SL-CoVZXC21; data not
shown). Thus, we speculate that SARS-CoV-2 may be evolutionarily related to these
three SARS-related viruses. This finding may help us better understand the origins of
SARS-CoV-2.

In summary, our results demonstrated that SARS-CoV-2 nsp5 and SARS-CoV nsp5
cleaved NEMO at three sites, E152, Q205, and Q231. This recognition pattern differs
from previously described patterns of coronavirus-mediated NEMO cleavage. SARS-
CoV-2 nsp5 showed stronger catalytic activity and IFN antagonism than SARS-CoV
nsp5. Residue S46 in SARS-CoV-2 nsp5 was responsible for stronger cleavage efficiency
and IFN antagonism activity. Our findings elucidated the detailed mechanisms underly-
ing differences in catalytic activity and IFN antagonism between SARS-CoV-2 nsp5 and
SARS-CoV nsp5. These data contribute to our understanding of SARS-CoV-2 replication,
transmission, and pathogenesis.

MATERIALS ANDMETHODS
Cells and viruses. HEK-293T cells were obtained from the China Center for Type Culture Collection

(Wuhan, China) and were cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum at 37°C in a 5% CO2 incubator. SEV was acquired from the Centre for Virus Resource and
Information at the Wuhan Institute of Virology, Chinese Academy of Sciences (Wuhan, China).

Plasmids. The gene encoding SARS-CoV-2 nsp5 was amplified from the plasmid pET-32a-SARS-CoV-
2 nsp5 (a kind gift from Guiqing Peng) and thereafter cloned into the pCAGGS-HA-C vector containing a
C-terminal HA tag. A DNA fragment encoding SARS-CoV nsp5 was synthetized by GenScript (Nanjing,
China) and cloned into the pCAGGS-HA-C vector. SARS-CoV-2 nsp5 (S46A) and SARS-CoV nsp5 (A46S)
mutants were generated by overlap extension PCR using SARS-CoV-2 nsp5 or SARS-CoV nsp5 as the
template. The strategy for cloning of prokaryotic expression plasmids encoding SARS-CoV-2 nsp5, SARS-
CoV nsp5, and their mutants for producing recombinant nsp5 proteins was described in previous studies
(20, 53). The NEMO expression plasmids were constructed as described previously (54). NEMO mutants
were generated by site-directed mutagenesis using WT NEMO as the template. WT NEMO and NEMO
mutants were N-terminally FLAG-tagged. The luciferase reporter plasmid, IFN-b-Luc, has previously
been described (29). The sequences of all plasmids used in this study were verified.

Luciferase reporter gene assay. HEK-293T cells were seeded in 24-well plates and cotransfected
with equal amounts of plasmids encoding WT or mutant nsp5 along with IFN-b-Luc (100 ng/well) and
pRL-TK (20 ng/well) plasmids. One day (24 h) after transfection, HEK-293T cells were infected with SEV
for 16 h. The SEV-treated cells were lysed with 5� passive buffer for 30 min. Luciferase and Renilla lucif-
erase activities were detected using a dual-luciferase reporter assay (Promega, Madison, WI, USA).

Western blotting. HEK-293T cells were grown in six-well plates and treated with lysis buffer
(Beyotime, Shanghai, China) 28 h after transfection. After incubating with lysis buffer for 45 min, the
samples were mixed with 5� loading buffer, boiled for 10 min, and then separated by SDS-PAGE.
Subsequently, proteins were transferred to polyvinylidene difluoride membranes (Millipore, Burlington,
MA, USA) and blocked with Tris-buffered saline containing 0.1% Tween 20 and 10% skim milk for 3 to
4 h. Anti-HA (1:2,000; MBL, Tokyo, Japan), anti-FLAG (1:2,000; Macgene, Beijing, China), and anti-b-actin
antibodies (Beyotime), along with corresponding secondary antibodies, were used to assess the expres-
sion levels of the respective proteins.

Protein expression and purification. To generate authentic viral proteases, the four amino acids A,
V, L, and Q were added to the N terminus of nsp5, and the eight amino acids GPH6 were added to the C
terminus. The resulting sequences were cloned into the pGEX-6p-1 vector to generate expression plas-
mids, which were then used to transform E. coli BL21(DE3) cells. The transformed cells were cultured in
LB medium containing 100 mg/mL ampicillin at 37°C. When the optical density at 600 nm reached 0.8,
0.5 mM isopropyl-D-thiogalactopyranoside was added to induce protein expression. The cultures were
incubated at 16°C for another 10 h. Purification of SARS-CoV-2 nsp5 (WT and S46A) and SARS-CoV nsp5
(WT and A46S) was carried out as described previously (20). Sufficient protein was obtained and stored
at280°C for detection of enzyme activity.

FRET assays. To carry out enzyme activity assays, a fluorescent substrate (Dabcyl-TSAVLQ;SGFRKM-
E-Edans) derived from the N-terminal autocleavage site of SARS-CoV-2 nsp5 in the polyprotein was syn-
thesized by GenScript. The FRET assays were conducted by mixing 50 nM purified SARS-CoV-2 nsp5 (WT
or S46A) or SARS-CoV nsp5 (WT or A46S) proteins with 40 mM substrate in 50 mM Tris-HCl, pH 7.3,
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containing 1 mM EDTA. Fluorescence intensity was measured every 5 min for 1 h with excitation at
360 nm and emission at 460 nm, using a fluorescence spectrophotometer.

IFN bioassay and flow cytometry. To evaluate the influence of SARS-CoV-2/SARS-CoV nsp5 and their
mutants on the amount of SEV-induced IFN production in HEK-293T cells, a recombinant VSV-GFP was
used, and the IFN bioassay was performed as described previously (55). The percentage of GFP-positive
cells from IFN bioassay was calculated by an LSRFortessa X-20 cell analyzer and analyzed by FlowJo v10.

Sequence alignment. Amino acid sequences of SARS-CoV-2 nsp5 and SARS-CoV nsp5 were col-
lected. Multiple-sequence alignment was performed using Clustal Omega (https://www.ebi.ac.uk/Tools/
msa/clustalo/).

Statistical analysis. All experiments in our study were conducted in triplicate. Differences between
groups were assessed using the Student's t test. P values of,0.05 were considered statistically significant.
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