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SARS-CoV-2, the causative agent of COVID-19 encodes at least 16 nonstructural pro-
teins of variably understood function. Nsp3, the largest nonstructural protein con-
tains several domains, including a SARS-unique domain (SUD), which occurs only in
Sarbecovirus. The SUD has a role in preferentially enhancing viral translation. During
isolation of mouse-adapted SARS-CoV-2, we isolated an attenuated virus that con-
tained a single mutation in a linker region of nsp3 (nsp3-S6767T). The S676T muta-
tion decreased virus replication in cultured cells and primary human cells and in mice.
Nsp3-S676T alleviated the SUD translational enhancing ability by decreasing the
interaction between two translation factors, Paipl and PABP1. We also identified a
compensatory mutation in the nucleocapsid (N) protein (N-S194L) that restored the
virulent phenotype, without directly binding to SUD. Together, these results reveal
an aspect of nsp3-N interactions, which impact both SARS-CoV-2 replication and,
consequently, pathogenesis.
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SARS-CoV-2, the causative agent of COVID-19, has resulted in at least 677 million
cases and 6.9 million deaths as of March 2023. SARS-CoV-2 belongs to the
Betacoronavirus genus and shares 79% genome sequence identity with SARS-CoV (1).
Two-thirds of the genome encodes for 16 nonstructural proteins (nsps) essential for
viral replication (2). Among them, nsp3 is the largest and plays an essential role in the
formation of replication/transcription complexes (RTC). It contains at least eight
domains, with specific organization varying in different coronavirus genera (3). Several
conserved domains exist within all coronaviruses, (e.g., papain-like protease and
ubiquitin-like domain 1) and have similar functions in virus replication (3). In addition,
there are also some nonconserved domains, including the SARS-unique domain (SUD),
that only exist in the Sarbecovirus (4), which includes two highly pathogenic human
coronaviruses, SARS-CoV and SARS-CoV-2. The SUD sequences of SARS-CoV and
SARS-CoV-2 have 75% identity (5). The nsp3 SUD consists of three distinct domains,
SUD-N (N-terminal; Mac-2), SUD-M (Middle; Mac-3), and SUD-C [C-terminal;
DPUP (domain preceding UbI2 and PL2pro)] (3). SUD-N and SUD-M share structural,
but not sequence homology with the macrodomain (Mac), a conserved domain that is
essential for coronavirus virulence (Fig. 1B) (3, 6-8). SUD-N/M are capable of binding
guanine-quadruplexes formed by RNA and DNA oligonucleotides (6). Further, SUD-M
deletion or mutation of residues in SUD-N/M responsible for binding with
guanine-quadruplexes diminished replicon replication (9). SUD-C adopts a frataxin-like
fold and can regulate SUD-M/C binding to specific RNA regions, such as SARS-CoV
Transcription Regulatory Sequence, important for the initiation of subgenomic CoV
transcription (10).

In addition to these properties, SUD has been demonstrated to interact with additional
host factors. Through interaction with ring-finger and CHY zinc-finger domain-containing
1 (RCHY1), SARS-CoV SUD-N/M enhances the E3 ubiquitin ligase activity of RCHY1,
inducing p53 degradation, potentially promoting virus replication (12). Further, by inter-
acting with poly(A)-binding protein (PABP)-interacting protein 1 (Paip1), an enhancer
of translational initiation, SARS-CoV SUD augments the binding affinity between
poly(A)-binding protein (PABP) and Paip! to stimulate viral translational efficiency (5).
Although these studies clarify the role of SUD, the relative importance of each to virus
pathogenesis remains unknown.

We addressed the role of SUD by using a set of mouse-adapted SARS-CoV-2. We recently
isolated a virulent mouse-adapted virus (SARS2-N501Y),50) by serial mouse lung passage
and developed a reverse genetics system for studying this virus (11). During the course of
adaptation, we serendipitously isolated a mouse-adapted virus that was attenuated in mice.
Viral genome sequencing showed that it contained not only all of the adaptive mutations
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found in SARS2-N501Y},5, (11) but also an additional mutation
at position 676 of nsp3. Further investigation showed that the virus
containing this mutation, SARS2-N501Yyx30 ngps-s676r (called
nsp3-S676T herein), replicated to lower titers in cultured cells
(Calu-3, Vero-E6), human airway epithelial cells (HAEs), and
human macrophages. We also show that the nsp3-S676T mutation
diminished the ability of SUD to enhance virus translation.

Results

The Nsp3-5676T Mutation Results in Virus Attenuation. We isolated
nsp3-S676T after serial passage through mouse lungs (Fig. 14) and
showed that it was attenuated in mice (Fig. 1C). Virus genome
sequencing revealed that it not only contained all the mutations
identified in SARS2-N501Y) 45, a lethal virus, but also a single
S676T mutation in nsp3 (Fig. 1B). Infection with nsp3-S676T
resulted in mild disease, and most of the mice survived until the
end of the period of observation (Fig. 1C). In contrast, mice infected
with parental SARS2-N501Y), 5, developed lethal disease (Fig. 1C).
We aligned the SUD sequence from SARS-CoV-2, SARS-CoV,
and multiple other SARSr-CoV and found that the amino acid
sequence was highly conserved across Sarbecovirus (SI Appendix,
Fig. S1). The SARS-CoV SUD structure was determined using X-
ray crystallography and NMR (6, 10). Based on these published
data and using AlphaFold2 in Colab (13), 3-dimensional structures
of SARS-CoV and SARS-CoV-2 SUD were predicted (Fig. 1D). In
accordance with earlier reports, the SUD comprises three distinct
globular subdomains, SUD-N, SUD-M, and SUD-C, which are
connected by two short linkers. S676 sits at the linker region between
SUD-M and SUD-C. The corresponding amino acid in SARS-CoV
nsp3 is S652 and is also located in the linker between SUD-M and
SUD-C. To confirm the role of S676T in virus attenuation, we
next introduced the S676T mutation into both MA (rSARS2-
N501Y)50) and Wuhan-Hu-1 (rWuH-1) backbones using reverse
genetics (11, 14). The resulting recombinant viruses were named
tMA30 and tMA30y,3 56761 and rWuH-1 and rWuH-1y,5 s6761-
Plaque assays showed that plaque sizes after infection with the
different recombinant viruses were comparable (Fig. 1E). BALB/c
mice and C57BL/6 mice were challenged intranasally with a lethal
dose of either IMA30 or MA30ygp3.567¢1 (5,000 PFU). Consistent
with the data shown above, mice infected with rMA30 died, while
mice infected with IMA30yps g¢7¢r largely survived (Fig. 1 Fand H).
Similar results were observed when BALB/c mice were infected with
sublethal doses (500 PFU) of the virus (Fig. 1G). To further confirm
the attenuating role of S676T, we challenged highly susceptible K18-
hACE2 mice intranasally with a lethal dose of rWuH-1 or rWuH-
Ings-sezer (2,000 PFU). K18-hACE2 mice infected with riWuH-1
all died by 7dpi, whereas rWuH-1y3 s576r-infected mice developed
mild disease and most mice survived (Fig. 17). Together, these data
indicate that the nsp3-S676T mutation significantly decreased the
virulence of SARS-CoV-2 in mice.

Diminished Viral Replication and Pathogenesis in rMA30ysp3.s676T
Infected Mice. We next assessed viral replication and pathogenicity
in lungs harvested from BALB/c mice infected with rtMA30 or
tMA30y,3 s6761- Infectious virus titers and levels of sgRNA and gRNA
following rMA30y,5 571 infection were significantly lower at 2 and
4 d postinfection (dpi) than was observed in rMA30-infected mice
(Fig. 2A4). Defects in virus replication were also observed at 16 and
24 h postinfection (hpi) (S Appendix, Fig. S2A). Gross pathological
examination at 4 dpi showed that hyperemia and congestion were
present in the lungs of tMA30 but not tMA30y,5 ss761-infected
mice (Fig. 2B). Histopathological analysis revealed extensive edema

in the lungs of rMA30 but not those of tMA30y3.567¢1-infected
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mice (Fig. 2 Cand D). Similar results were observed after infection of
K18-hACE2 mice. Infectious virus titers and sgRNA levels in rWuH-
Lngssezer infected K18-hACE2 mice at 2 and 6 dpi were lower
than those following rWuH-1 infection (SI Appendix, Fig. S2B).
Collectively, these results demonstrate that the S676T mutation
significantly decreased SARS-CoV-2 replication, alleviating disease
in mice.

To investigate whether reduced replication and pathogenicity
correlated with higher expression of Interferon (IFN) and other
cytokines, we measured levels of several molecules, including
IFN-a, IFN-f, interferon-stimulated gene-15 (ISG-15), tumor
necrosis factor (TNF), interleukin-6 (IL-6), and C-X-C motif
chemokine ligand 10 (CXCL-10). Levels of these molecules gen-
erally correlated with virus loads, with most of them higher in
tMA30-infected mice at both 2 and 4 dpi (S] Appendix, Fig. S2C).
These data suggest that the attenuated phenotype of IMA30y,5 56761
is not caused by increased expression of pro-inflammatory factors
but may reflect intrinsic defects in virus replication.

The S676T Mutation Diminishes Viral Replication in Cultured
Cells. To further assess effects on virus replication, we infected
Vero E6 and Calu-3 cells with riWuH-1y,5 576 or r'WuH-1 (MOI
= 8) and measured virus titers. Titers of rWuH-1y,,5 s6761 were
significantly lower than those of rWuH-1 in Vero-E6 or Calu-3
cells (Fig. 34). We further compared the replication of rWuH-
Lngps-se7er and rWuH-1 in primary HAEs. HAEs from the same
donors (n = 13) were inoculated with either rWuH-1y; s¢76t
or rWuH-1 at 0.1 MOI, and supernatants were harvested from
apical surfaces at 24 and 48 hpi. Virus titers from rWuH-1y,;
se7gr-infected HAEs were significantly lower than those harvested
from rWuH-1-infected HAEs (Fig. 3B). We also analyzed virus
replication in human monocyte—derived macrophages (MDMs),
which are abortively infected with SARS-CoV-2 (15). MDMs,
differentiated from four healthy donors, were infected with either
rWuH-1y,3 56761 of rWuH-1 at 1 MOJ, and intracellular RNA
was harvested at 12 and 24 hpi. sgRNA and gRNA levels from
rWuH- 1,3 s6761-infected MDMs were significantly lower than
those from rWuH-1-infected MDMs at 12 and 24 hpi (Fig. 3C).
Taken together, these data indicate that the S676T mutation
attenuated SARS-CoV-2 replication in cultured cells.

Since nsp3 has been shown to counter the innate immune
response, we next examined comparative sensitivity to IFN by
treating Calu-3 cells with IFN-f (100 U) or PBS for 16h, prior
to infection with rWuH-1y,5 56761 or r'WuH-1. Supernatants and
cells were harvested to determine virus titers and sgRNA levels,
respectively. rWuH-1y,5 56761 and r'WuH-1 exhibited equivalent
virus titers and sgRNA levels at 24 and 48 hpi in the presence or
absence of IFN-f treatment (S Appendix, Fig. S34), demonstrat-
ing equivalent IFN sensitivity.

S676 Is Required for SUD-Mediated Translational Enhancement.
As described above, multiple functions have been attributed to
the SUD. Given the effects that we observed in primary and
immortalized cell lines, we chose to focus on the role of the
SUD in enhancing virus translation. SARS-CoV SUD interacts
with Paipl, thereby enhancing binding affinity between Paipl
and PABP1, and translational efficiency (5). In order to evaluate
whether S676T impacts SUD’s ability to enhance translation, we
measured its effect on translation using a luciferase-based assay.
To distinguish host and viral mRNA, we constructed two
Renilla luciferase reporters, containing the 5" UTR of human
beta-globin (HBB-5" UTR) or SARS-CoV-2 5" UTR (Fig. 44).
Each Renilla luciferase plasmid was cotransfected with plasmid

encoding SUD or S676T-SUD into HEK-293T cells. When
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Fig. 1. Nsp3-5676T substitution attenuates SARS-CoV-2 virulence in mice. (A) Schematic showing the generation of SARS2-N501Y\a30.nspa-s6767 iN Mice. SARS2-
N501Yyaz0.nsp3-s6767 Was generated by passage through mouse lungs as previously described (11). After 30 serial passages, the virus was collected from the
lungs and then plaque purified three times on Vero E6 cells. Individual plaques were isolated, and viral genomes were sequenced by Nanopore sequencing.
(B) Schematic diagram of SARS-CoV-2 genome (@), adaptive mutations in SARS2-N501Yyaz0.nsp3-se767 (2), and SUD (®). The viral proteins containing mutations
associated with mouse adaptation are shown in the middle panel (®). SUD-M, SUD-N, and SUD-C are colored purple, teal, and pink. Lower panel: The serine
to threonine substitution at position 676 in Nsp3 is shown (®). (C) Percentage of initial weight and survival of BALB/c mice infected with 5,000 PFU of SARS2-
N501Yyaz0 (N = 9 mice) or SARS2-N501Yaz0.nsp3-sezer (N = 7 mice). (D) Predicted structures of SUD of SARS-CoV-2 (Left) and SARS-CoV (Right). Globular domains,
including SUD-M, SUD-N, and SUD-C, are colored in purple, teal, and pink, respectively. Linker regions between the globular domains are orange colored. Residue
S676 is shown as a stick model (Inset). Corresponding residue in SARS-CoV SUD is S652. (E) Representative plaques of recombinant viruses in Vero E6 cells (Left).
ISARS-COV-2y53 5676 FSARS-CoV-2 (Wuhan-Hu-1), rSARS2-N501Y ya30.nsp3-s6761 @Nd FSARS2-N501Y 430 (Named rWuH-1y.y3 56767 'WUH-1, IMA30y53.56767 and rMA30,
respectively in text). Comparison of the diameter of plaques from different viruses (Left) (10 plaques each group). (F and G) Weight and survival of BALB/c mice
challenged with 5,000 PFU (F) or 500 PFU (G) of rMA30y53.5676t OF rTMA30 (F. n = 8 mice/group. G. n = 5 mice/group). (H) C57BL/6 mice were infected with 5,000 PFU
of rMA30 or rMA30yp3.s6767- Weight and survival were monitored daily until 14 dpi (n = 8 mice each group). (/) K18-ACE2 mice were inoculated with 2,000 PFU of
rWuH-1 or rWuH-1sp3.s6767 (N = 4 mice each group). Weight and survival were recorded daily until 14 dpi. P values were determined by a log-rank (Mantel-Cox)
test and a two-tailed, unpaired t test with Welch's correction. Data are combined from two independent experiments.
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(D) Lung edema was quantified as described in Materials and Methods (n = 3 each group). Asterisks indicate pulmonary edema. P values were calculated by a
two-tailed, unpaired t test with Welch's correction. (A) Data are combined from two independent experiments.

assessed at 24 h posttransfection, SUD improved the translation
of both of these luciferase reporters, whereas S676T-SUD largely
lost this enhancing ability (Fig. 4B). Since CoV subgenomic
mRNAs each contain a leader, not the full-length 5" UTR, and a
3" UTR, we next engineered two additional constructs containing
the leader and/or 3’ UTR (Fig. 44) and used them in the same
transfection protocol. Cotransfection with plasmids expressing
the SUD but not the S676T SUD improved the translation of
these constructs (Fig. 4B). Luciferase mRNA levels were equivalent
among all groups (Fig. 4C). We next investigated whether the
interaction between Paip1 and PABP1 was affected by the S676T
mutation. HEK-293T cells were cotransfected with Paipl and
PABP1 along with vector, SUD or S676T-SUD for 24 h, and cell
lysates were harvested for immunoprecipitation. Consistent with
a previous study (5), SARS-CoV-2 SUD interacted with Paipl
and formed a ternary complex with PABP1 and Paip1. Additionally,
compared to the vector transfected group, SUD increased the
interaction between PABP1 and Paipl. In contrast, S676T-SUD
was less able to enhance the interaction between PABP1 and Paip1
compared to SUD (Fig. 4D). However, the binding between Paip1
and SUD was not impacted by S676T (Fig. 4D, right-hand lanes),
supporting previous results showing that the crucial amino acids
in SUD for binding to Paipl were located within the first 16
amino acids of SUD-N (5).

In the experiments described in Fig. 3, Vero E6 and Calu-3 cells
were infected at a high multiplicity of infection (MOI). These cells,
which are immortalized, are expected to express high levels of trans-
lation factors such as elF4G and eIF4E (16). Both of these factors
are known to play key roles in rapid cancer cell growth and to con-
tribute to tumorigenesis (17-19). We reasoned that the role of the
SUD might be less important in the presence of an excess of trans-
lation factors, such as occurs in immortalized cells, after infection at

https://doi.org/10.1073/pnas.2305674120

alower MOL. Therefore, we infected Vero E6 and Calu-3 cells at an
MOI of 0.01 with rWuH-1y,5 56761 or r'WuH-1 and measured virus
titers at 12, 24, 48, and 72 hpi. Viral titers after r'WuH-1 and
rWuH- 15567615 0f TMA30y3.56761 and tMA30 infection were
comparable at all time points in both cell types (SI Appendix, Fig. S3
Band C). We transfected siRNA targeting e[F4G or eIF4E into Vero
EG cells for 48 h and then infected cells with rWuH-1y,5 5761 or
rWuH-1 at an MOI of 0.05 [Knockdown efficiency of elF4G or
elF4E was first evaluated by western blotting before infection
(SI Appendix, Fig. S4B)]. At 24 hpi, supernatants and cells lysates
were harvested. Virus titers and sgRNA levels were significantly
reduced in rWuH-1y,5 5767~ compared to r'WuH-1-infected elF4G
or elF4E knockdown cells (Fig. 4E). This suggested that high expres-
sion levels of elF4G and eIF4E in immortalized cells compensated
for the loss of SUD-mediated translational enhancement when cells
were infected at a low MOL. At higher MOls, translational factors
would be limiting, so that the SUD function was required for max-
imal translation of viral mRNA.

Effects of the nsp3-S676T on the SUD Structure. Next, we sought a
structural explanation for SUD-T676s relatively low association with
PABP by using AlphaFold2 in Colab (13) to predict the potential
effects of nsp3-S676T on the SUD structure. The five highest-ranked
structures containing S676 were very similar but different from
those containing T676, which, in turn, were internally consistent
(SI Appendix, Fig. S4A4). The spatial location of S676 and T676 in
the linker (residues 674 to 678) was different when the SUD*° and
SUD™ structures were compared. $676 was in close proximity
to the helix (residue 679 to 690 in SUD-C) that follows the linker,
whereas T676 was shifted outward (S/ Appendix, Fig. S4A). Next, the
predicted structures in S/ Appendix, Fig. S4A were superposed using
the helix (residue 662 to 673 in SUD-M) preceding the linker region
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Fig. 3. Nsp3-S676T effect on viral replication in cultured cells. (A) Vero E6 or Calu-3 cells were infected with rWuH-1 or rWuH-1y.,3 5676t at MOI = 8, and
supernatants were harvested at the indicated time points to determine infectious viral titer by plague assay (Representative of two independent experiments
with four replicates/experiment). LOD: limit of detection. (B) Human primary airway epithelial cells (HAEs) from 13 donors were infected with 0.1 MOI of riWuH-
Tnspa-sezer OF 'WUH-1. At 24 and 48 hpi, PBS was used to elute the released viruses at 37 °C for 30 min. Viral titers were quantified by plaque assay (n = 13). (C)
Human MDMs differentiated from human PBMCs (four donors) were infected with rWuH-1 or rWuH-1y.y3 5676t at an MOI of 1 for 12 or 24 h. The levels of viral
sgRNA and gRNA were determined by qRT-PCR (n = 4). A two-tailed, unpaired t test with Welch’s correction (A and () and a two-tailed, Wilcoxon matched-pairs

test (B) were used to assess statistical significance.

as a starting point for alignment. All the T676 structures predicted
that the helix at 679 to 690 would move further away from the
662 to 673 helix in comparison to the structures containing S676
(Fig. 4F), resulting in a wider angle between the two helices in T676
compared to S676. Using the top-ranked models, we further assessed
the formation of hydrogen bonds across the linker region (Fig. 4G).
In SUD**”®, seven hydrogen bonds were formed between residues
S674, S675, S676, and a residue in the helix 679 to 690, E685,
while only two hydrogen bonds were found in SUD ™", The greater
number of hydrogen bonds in SUD*® may have increased the
rigidity of the linker and stabilized the local conformation, while the
linker in SUD " was relatively flexible. Collectively, these structural
analyses suggest that loss of hydrogen bonds caused by nsp3-S676T
resulted in increased motion of SUD-M relative to SUD-C.

N-S194L Reverses rMA30ygp3se76r Attenuation. To further
understand the effects of the nsp3-S676T mutation, we serially
passaged tMA30y,3 56761 in mouse lungs to identify compensatory
mutations that restored virus virulence. After 5 mouse passages,
we isolated virus, propagated it for one passage in Calu-3 cells and
sequenced the viral genome. We detected only a single nucleotide
change, C28854T, resulting in an S194L mutation in the N protein
(N-S194L). Remarkably, this second site suppressor was identified
in three independent experiments (Fig. 5 A and B); same-site
reversion was never detected. Of note, 5,000 PFU of passaged virus
encoding N-S194L caused severe clinical disease and weight loss
in mice, and all mice succumbed to infection in 6 d, indicating a
reversion to lethality (S/ Appendix, Fig. S5A). To further validate
that N-S194L restored virus fitness, we introduced N-S194L

PNAS 2023 Vol.120 No.31 e2305674120

into both tMA30y,5 56761 and rWuH-1y,3 5676 using reverse
genetics (rMA3Oyqs s7ernsioq. and  rWuH-1xgs sernsioqn)-
Recombinant virus sequences were confirmed. K18-hACE2 mice
were inoculated intranasally with 2,000 PFU of rWuH-1, rWuH-
Lngps-se7e OF FWUH-1y0 5 676151041, a0 monitored for weight loss
and survival. Mice infected with rWuH- 15 s676n-s1941 developed
lethal disease and succumbed to infection similarly to rWuH-1
infected-mice. Most of the mice inoculated with rWuH-1y5 56761
survived the infection (S/ Appendix, Fig. S5B). Similarly, all BALB/c
mice inoculated with rMA30y,.5 567N 1041 OF TIMA30 developed
severe disease and died over the following 6 d, while all tMA30y,5.
sezgr-infected mice survived (Fig. 5C). Lung viral titers and sgRNA
levels in TMA30y,5 56765194, and TMA30 infected mice were
comparable and significantly higher than those in mice infected
with tMA30y,5 56761 (Fig. 5D). Histopathological analyses indicated
that levels of edema were comparable in tMA30y,5 se76n-s1941
and rMA30 infected mice lungs (Fig. 5 E£'and £). In order to further
confirm the virulence of IMA30y3 5676 s1941, We infected BALB/c
mice with tMA30y,5.s6761:n-s1041. and TMA30 at sublethal doses.
tMA30y3.s676n-s1941. a0d TIMA30 caused similar clinical disease in
these mice (Fig. 5G). Collectively, these results show that N-S194L
reverses viral virulence by compensating for the viral fitness loss

caused by the nsp3-S676T mutation.

N-S194L Enhances N Protein Expression. The N protein interacts
with the ubiquitin-like domain of nsp3 (Ubll) to enhance the
initiation of viral RNA replication (20-23). To test whether
nsp3-S676T impacted the formation of the N-nsp3 complex,
we performed coimmunoprecipitation assays. A set of truncated
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Fig.4. Nsp3-S676T diminishes the translational stimulatory ability of SUD. (A) Schematic diagram of luciferase reporters. Human beta-globin (HBB), SARS-CoV-2
5" UTR, or 5" leader was positioned upstream of the Renilla luciferase gene in pRL-TK. The SARS-CoV-2 3’ UTR was inserted downstream of the Renilla luciferase
in plasmids containing the 5" UTR or 5’ leader. (B and C) Quantification of Renilla luciferase expression. HEK-293T cells were transfected with HBB-5' UTR or
SARS-CoV-2 5" UTR Renilla-Luc and vector, SUD or S676T-SUD. After 24 h, cells were lysed in 1x lysis buffer for measuring luciferase activity (B, n = 5 replicates,
representative of three independent experiments) or in TRIzol to evaluate mRNA levels of luciferase using qRT-PCR (C, n = 4 replicates, representative of two
independent experiments). (D) HEK293 cells were transfected with vector, myc-SUD, or myc-S676T-SUD, together with V5-PABP1 and Flag-Paip1. As a control,
cells were transfected with vector, myc-SUD, and V5-PABP1. After 24 h, transfected cells were lysed and immunoprecipitated with Pierce™ Anti-Flag Affinity Resin.
Intensity of PABP1 or SUD was normalized to Paip1 in the same immunoprecipitation. Intensity of Paip1 relative to the vector group is shown (second lane from
left). (E) Vero E6 cells were transfected with 40 nM of NC (negative control siRNA) siRNA, elF4E siRNA or elFAG siRNA, prior to infection 48 h later with 0.05 PFU/
cell of rWuH-1 or WTy,3 56761 At 24 hpi, supernatants were collected for virus plague assay, and cells were harvested with TRIzol to measure viral sgRNA levels
by qRT-PCR (n = 3 replicates, representative of two independent experiments). (F) Predicted structures of the SUD domains of nsp3-S676 and nsp3-T676 were
superimposed using all five top-ranked structures shown in S/ Appendix, Fig. S4, based on helix 662-673. S676 and T676 SUD are colored in green and cyan,
respectively. Residues S676 and T676 are shown in a stick model. (G) Predicted hydrogen bonds were identified using each of the rank 1 predicted structures
(S! Appendix, Fig. S4), based on analyses of S674, S675, S676/T676, K677, and E678. Left: S676. Right, T676. Hydrogen bonds are shown as black dashed lines.
Statistical significance was determined by a one-way ANOVA test with Tukey's multiple comparisons test (B and C) and a two-tailed, unpaired t test with Welch's
correction (E).

nsp3s, including the N terminal domain of nsp3 from Ubll to  vector, along with one of the nsp3 constructs, and cell lysates were
SUD (Ubl1-SUD), Ubl1-SUD with the S676T mutation (Ubll-  analyzed by colP after 24 h. The result demonstrated interactions
SUDT), and Ubl1 and SUD (87 Appendix, Fig. S6A) were between Ubl1 or Ubl1-SUD and N (87 Appendix, Fig. S6 Band C),
constructed. HEK-293 cells were transfected with Flag-N or  as expected (22). The nsp3-S676T mutation did not affect
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Fig. 5. The effect of a compensatory N-S194L mutation on viral virulence.

(A) Location of S194L mutation in the N protein. NTD: N-terminal domain. CTD:

C-terminal domain. SR: Serine/Arginine rich region. (B) Viral genomic RNA sequence analysis showing the proportion of the C28854T base (N-194L) in three mice
after five passages. Three BALB/c mice were challenged with 5,000 PFU of rMA30ysp3.s6761- At 2 dpi, supernatants from lung homogenates from each mouse were
serially passaged four more times in uninfected mice. The passaged virus was then propagated in Calu-3 cells. At 24 hpi, supernatants from infected Calu-3 cells
were harvested to isolate viral RNA. Viral genomic RNA from each group was sequenced by Nanopore sequencing and compared to unpassaged rMA30y.p3 s767-
(€) Weight and survival of BALB/c mice infected with 5,000 PFU of rMA30, rMA30yy3.s676t OF rMA30yp3.5676Tn-51941 (N = 3 for rMA30, n = 4 for rMA30ysp3.se767, N = 5
for rMA30ysp3.s6767; n-s19a0) (D) Viral titers and sgRNA levels from BALB/c mice after infection with 5,000 PFU rMA30 (n = 5), rMA30yp3.s6767 (N = 5) OF rMA30y45356767:n-
s1o4. (N = 5) infection. (E) Histopathological analysis of mouse lungs at 4 dpi after rMA30 or rMA30yp3.se76Tn-s1041 iNfeCtion. Asterisks indicate pulmonary edema.

(Scale bars, 170 pm.) (F) Summary of histopathological scores of lung edema

(rMA30, n = 4. rMA30yp3.s676T:n-51041: N = 5)- (G) BALB/c mice were infected with 500

PFU (sublethal dose) of rMA30 or rMA30ysp3 s676mn-s10a1- Weight and survival were recorded daily until 14 dpi (n =5 at each group). The log-rank (Mantel-Cox) test
(Cand G), one-way ANOVA test with Tukey's multiple comparisons test (D), and two-tailed, unpaired t test with Welch's correction (F) were used to calculate P values.

Ubl1-SUD***" binding to N, suggesting that nsp3-S676T
had no direct effect on N-nsp3 interactions (SI Appendix, Fig.
S6C). Notably, SUD alone did not interact with N (87 Appendix,
Fig. S6D). To further dissect the compensatory role of N-S194L,
we next analyzed the expression of N protein encoding S194 or
L194 after transfection of HEK-293 cells. S194L-mutated N was
expressed at higher levels than WT N (Fig. 64), without enhancing
cellular protein synthesis (S7 Appendix, Fig. S6E). To assess these
results in the context of infectious virus, we inserted N-S194L
mutation into the r'WuH-1 backbone to generate r'WuH-1y ¢jo4; -
We then compared the replication of rWuH-1, rWuH-1y,5 ss761
rWaH-1y,5 s676t:n-s1941, and TWuH-1y 194 in Vero E6 or Calu-3

PNAS 2023 Vol.120 No.31 e2305674120

cells at 8 and 24 hpi after infection at high MOTs. rWuH-1.g;04
virus grew to the highest titers, while rWuH-1 and rWuH-1,;.
se7eTiN-s1941 Teplicated equivalently (Fig. 6B). As expected, rWuH-
Lngps-sezer teplicated least well (Fig. 68). We also measured N
protein expression in infected cells. N protein expression in
cells infected with the r'WuH-1, g94 virus was higher than that
detected in cells infected with the other three viruses (Fig. 6C). To
determine whether translation was impacted in cells infected at
lower MOls, Vero E6 cells were transfected with siRNA targeting
elF4G or eIF4E for 48 h, and infected with rWuH-1, rWuH-
Ingpaseren TWUH-1yes grernsioqn, of r'WuH-1y 94 for 24 h.
The results showed that in the presence or absence of elF4G/E
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Fig. 6. N-S194L enhances N protein expression. (A) Expression of N protein. HEK-293T cells were transfected with plasmids encoding Flag-N, Flag-N-S194L, or
vector, and cell lysates were subject to analysis by western blotting at 24 h posttransfection. (B) Vero E6 or Calu-3 cells were inoculated with rWuH-1, rWuH-1 5.
se76m FWUH-Tg03 676751041 OF T'WUH-1 5104, at MOI = 8. Supernatants were collected from cells at 8 and 24 hpi to determine virus titers by plaque assay (n = 4
replicates). (C) Vero E6 or Calu-3 cells infected with rWuH-1, rWuH-1ysp3.s6767, 'WUH-1\5p3.56767:n-510a1 OF TWUH-1Ty 5104 Were lysed at 8 and 24 hpi and then subject
to western blotting to detect N protein. (D) Vero E6 cells were transfected with NC siRNA or siRNA targeting elF4G or elF4E; after 48 h, the transfected cells were
infected with 0.05 PFU/cell rWuH-1, rWuH-1\sp3.s6761, 'WUH-Tg53.5676Tn-51941 OF F'WUH-1Ty 5104, Supernatants were harvested at 24 h to measure virus titers by
plague assay, and cell lysates were harvested for detecting viral N gene expression by qRT-PCR (n = 3 replicates). A one-way ANOVA test with Tukey's multiple
comparisons test was used for assessing statistical significances in (B) and (D). (A-D) Representative of two to five independent experiments.

knockdown, rWuH-1y g0 replicated to higher levels than the
other viruses (Fig. 6D). These results indicate that N-L194S
enhanced N protein expression, independent of SUD effects on
protein translation.

Discussion

The data shown here indicate that nsp3-S676T of the SUD results
in SARS-CoV-2 attenuation. Unexpectedly, reversion of
tMA30y,5 56761 to virulence resulted in a single compensatory
mutation in the N protein, supporting previous reports that
demonstrated an important role of nsp3-N interactions in

https://doi.org/10.1073/pnas.2305674120

coronavirus replication (20, 21). Specifically, among other func-
tions, SARS-CoV-2 SUD is capable of enhancing translation
activity (Fig. 4B), as was previously shown for the SARS-CoV
SUD (5). The alteration from serine to threonine represents a
modest change; however, this mutation changes the predicted
structure and profoundly changes the phenotype of SARS-CoV-2
in mice. The predicted structure of SARS-CoV-2 SUD showed
that S676T was located in the short linker region, Ser—Ser—Ser—
Lys—Thr, found between SUD-M and SUD-C. The amino acid
sequence of this short linker is identical among SARS-CoV, SARS-
CoV-2, and other SARSr-CoVs (8] Appendix, Fig. S1), which

implies that it is important for SUD function. It is also notable

pnas.org
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that the compensatory N-S194L mutation is located in a linker
region of the N protein (24). Previous work has shown that other
mutations in this linker region (R203K/G204R) accelerated viral
replication and virulence of SARS-CoV-2 (25) or assembly
(S202R/R203M) in the context of virus-like particles (26). Our
results identify another mutation in the same region that has the
same effect.

The SUD preferentially enhances viral RNA translation by
increasing the interaction between PABP1 and Paipl (5). In con-
junction with several other coronavirus proteins, such as nsp1, that
inhibit host RNA translation (27, 28), this allows the virus to co-opt
cells for viral protein synthesis. Consistent with this report (5), we
also observed that SARS-CoV-2 SUD bound to Paip1, forming a
ternary complex with PABP1 and Paip1 and further augmenting the
binding between PABP1 and Paipl. The nsp3-S676T mutation
largely abrogated SUD’s ability to increase PABP1-Paip] interac-
tions, explaining the loss of translational enhancing ability of
nsp3-S676T SUD (SI Appendix, Fig. S7). A striking result was the
differential effects of the nsp3-S676T mutation on virus replication,

when low and high MOIs of the virus were used to infect Vero E6
and Calu-3 cells (Fig. 34 and S/ Appendix, Fig. S3 Band C). Atlow
MOIs, rWuH-1 and rWuH-1g¢p displayed similar replication
kinetics, whereas rWuH-1g¢,1 showed decreased replication com-
pared to rWuH-1 when high MOIs were used. In addition,
rWuH-1 ¢ virus also grew to lower titers than r'WuH-1 in primary
cell culture, including HAEs and MDMs (human monocyte-derived
macrophages). We speculate that the basis for these differences is
different levels of translation factors in primary and immortalized
cell lines. Many studies indicate that aberrant protein synthesis is a
key driver of tumorigenesis, and that the translation machinery in
immortalized cells is hyperactive (16, 17). Two translation initiations,
elF4E and elF4G, are amplified to high levels in cancer and are
important for promoting cellular transformation (17-19).
Knockdown of elF4G or elF4E levels in Vero E6 cells reduced
rWuH- 14 replication at low MOI compared to WT, supporting
the notion that the abundance of translation factors is critical for
SUD-enhancing ability. In the context of immortalized cells, like
Vero E6 and Calu-3 cells, SARS-CoV-2 at low MOI can rely on the
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Fig.7. Two putative models of the effect of Nsp3-S676T on virus replication and compensatory role of N-S194L. (A) Coronaviruses employ Nsp3 SUD to increase
the binding between Paip1 and PABP1 to enhance viral mRNA translation. SARS-CoV-2 with the Nsp3-S676T mutation decreases translational stimulation, resulting
in diminished virus infectivity. The N-S194L mutation augments N protein expression to compensate for the loss of viral fitness caused by S676T and reverts
virus virulence. (B) Nsp3 and nsp4 are the minimal components required for the formation of the DMV spanning pore (30). The N-terminal domains of nsp3,
including Ubl-1, HVR, Mac, and SUD, are critical for forming the crown-like shaped gate of the pore at the convex side of DMV. The SUD is a major component
of this gate (30). N protein, serving as an RNA chaperone in CoV, is located at the gate and binds to Ubl1 to regulate viral RNA export. T676 in SUD is postulated
to increase linker flexibility (Fig. 4F), resulting in increased mobility of the SUD-M relative to the SUD-C and leading to instability of the gate and diminished viral
MRNA transport. S194L augments expression of the N protein. Increased levels of N are postulated to stabilize the gate, restoring viral RNA exit from the DMV.
Note that the DMV contains two bilayers, but for the sake of simplicity, only one layer is shown.
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presence of abundant translational factors to produce viral proteins
for replication, even in the absence of the enhancing SUD effects.
SUD-mediated enhancement would be more apparent after infec-
tion at high MOIs in these cells because there is increased competi-
tion for translation factors. In addition, in the presence of normal
levels of translation factors, such as occurs in HAEs and MDMs, the
enhancing activity of SUD becomes more apparent.

Nsp3 is a major component of the double-membrane vesicle
(DMV), the site of viral RNA synthesis. Two studies recently
showed that nsp3 of two betacoronaviruses, MHV and SARS-CoV-2,
is a major component of the pore that acts as a channel for trans-
porting viral mRNA from the DMV lumen to the cytoplasm (29,
30). Other studies found that N protein interacted with the Ubl1
domain of nsp3 to regulate RNA binding in the context of MHV
and SARS-CoV-2 (20, 22, 31). Together these reports suggest that
by binding the Ubll domain, N protein localizes to the spanning
pore to facilitate viral RNA transport from the DMV.

N-S194L may reverse the effects of nsp3-S676T, and enhance
virus growth by one or more mechanisms as follows. First,
N-S194L increased viral protein expression and thereby compen-
sated for the diminished translation occurring in the presence of
nsp3-S676T (Fig. 7A). Second, N-S194L may enhance virus RNA
exit from the site of synthesis, the DMV (Fig. 7B). The DMV
spanning pore is formed by nsp3-4, which contains a
crown-like-shaped gate on the surface of the DMV (30). Deletion
of the N-terminal domain of nsp3 from Ubl1 to Ubl2 destroyed
this crown-like structure (see SIAppendix, Fig. S6A for nsp3
organization), but nsp3 lacking Ubll1-Mac still maintained a
crown-like structure with collapsed, shortened prongs (30), sug-
gesting that the SUD domain was a main component of the
crown-like structure. Nsp3-S676T had no effect on the interaction
between N and Ubl1, suggesting that nsp3-S676T might affect
the stability of the crown-like gate and thereby diminish viral
mRNA and genomic RNA export. The T676 was predicted to
make the linker more flexible compared to S676, resulting in
increased mobility of the SUD-M relative to the SUD-C (Fig. 4G).
Increased amounts of the N protein may have stabilized the
crown-like gate. Alternatively, Nsp3-N interactions at the pore
may be critical for entry of viral genomic RNA into the DMV, to
initiate RNA replication and transcription, as proposed by
Koetzner et al (32). Third, N-S194L may enhance replication by
augmenting virion transcription or assembly (26, 33, 34). These
seemingly disparate effects of the nsp3-S676T may result from a
single role for the nsp3-SUD, although given the small number
of pores in DMVs and the large number of translation complexes,
this seems unlikely. Rather, we think that it is more likely that
these different effects reflect the widespread distribution of nsp3
within infected cells. Nsp3 is present in 1) DMVs (35-38); 2)
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impact protein translation, separate from any effects on viral RNA
transit through DMV pores. Additional structural and ultrastruc-
tural studies will be required to determine the relative importance
of these postulated nsp3 functions.

Collectively, these results identify key roles for the linker regions
of SUD and the N protein in replication. Notably, N-S194L has
also been identified in 0.8% of SARS-CoV-2 on the GISAID web-
site (122,543/14,904,508 sequences as of 21 March 2023) and was
associated with more severe disease (41-43). However, even though
this mutation appears to offer a replication advantage to the virus,
this mutation has not been selected to a significant extent in human
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Materials and Methods

Cells and Mice. Vero E6 (ATCC CRL-1586) and HEK-293T (ATCC CRL-3216) cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM, GIBCO) supple-
mented with 10% fetal bovine serum (FBS, Atlanta Biologicals). Calu-3 2B4 (ATCC
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Data, Materials, and Software Availability. All study data are included in the
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