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BSTRACT 

n severe acute respiratory syndr ome cor onavirus 2 

SARS-CoV-2), the non-structural protein NSP1 in- 
ibits translation of host mRNAs by binding to the 

RNA entry channel of the ribosome and, together 
ith the 5 

′ -untranslated region (UTR) of the viral mR- 
As, allows the evasion of that inhibition. Here, we 

how that NSP1 mediates endonucleolytic c leav ages 

f both host and viral mRNAs in the 5 

′ UTR, but with 

ifferent c leav age patterns. The first pattern is ob- 
erved in host mRNAs with c leav ages inter sper sed 

egularly and close to the 5 

′ cap (6–11 nt downstream 

f the cap). Those c leav age positions depend more 

n the position relative to the 5 

′ cap than on the se- 
uence itself. The second c leav age pattern occurs at 
igh NSP1 concentrations and only in SARS-CoV-2 

NAs, with the c leav ages c lustered at positions 45, 
6 and 49. Both patterns of c leav age occur with the 

RNA and NSP1 bound to the ribosome, with the 

L1 hairpin at the 5 

′ end sufficient to protect from 

SP1-mediated degradation at low NSP1 concentra- 
ions. We show further that the N-terminal domain of 
SP1 is necessary and sufficient for efficient cleav- 
 ge. We sug gest that in the ribosome-bound NSP1 

rotein the catalytic residues of the N-terminal do- 
ain are unmasked by the remodelling of the �1- 

nd �2-helices of the C-terminal domain. 
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RAPHICAL ABSTRACT 

NTRODUCTION 

e v er e acute r espiratory syndr ome cor onavirus 2 (SARS- 
oV-2) is a betacor onavirus fr om the Sarbecovirus sub- 
enus that emerged in China in 2019 and is the causati v e 
gent of the COVID-19 pandemic ( 1 , 2 ). Its genomic 
ingle-stranded RNA is large ( ∼30 kb) and encodes non- 
tructur al, structur al and additional auxiliary proteins nec- 
ssary for the viral cycle. The SARS-CoV-2 genomic RNA 

as a positi v e-strand polarity, ther efor e the host ribosomes 
irectly translate the non-structural proteins from the ge- 
omic RNA. These non-structural proteins are synthe- 
ized from open reading frame 1a (ORF1a) and ORF1ab 

o produce two large polyproteins that further undergo 

roteolytic cleavages by viral proteases to synthesize the 
on-structural proteins NSP1–NSP16. Among these, NSP1 

s a major virulence factor ( 3 ). In coronavirus, NSP1 is 
 relati v ely conserv ed small multifunctional protein that 
as critical cytopathic effects that are essential for the in- 
ectious programme ( 4 , 5 ). During coronavirus infection, 
SP1 pro vok es inhibition of translation of the host cellular 
RNA ( 3 ), r edir ects the cellular translational machinery to 
3 3 88 60 22 18; Email: f.martin@ibmc-cnrs.unistra.fr 
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vir al tr anscripts ( 6–8 ), and induces a cell cycle arrest in the
G 0 / G 1 phase ( 9 ) and the specific degradation of host mR-
NAs ( 4 ). In the case of SARS-CoV-2, NSP1 is also a mas-
ter down-regulator of the cellular antiviral responses in-
duced by viral infection ( 10 , 11 ). The SARS-CoV-2 NSP1
also induces host translation shutdown. Thus, NSP1 binds
to the host ribosome at the le v el of the mRNA entry chan-
nel by tight interactions between the ribosome and two he-
lices �1 and �2 located in the C-terminal domain (CTD)
of NSP1 ( 7 , 12–15 ). The binding of NSP1 induces a general
host translation inhibition enabling the hijacking of the cel-
lular translation machinery that is r edir ected to viral protein
synthesis. For tha t purpose, transla tion of vir al tr anscripts,
which comprehend both genomic RNA and subgenomic
RNAs, proceeds further in spite of the presence of NSP1
on the ribosome, through cooperation with the SL1 hairpin
of all the viral transcripts ( 16 ), promoting what has been
called NSP1 inhibition evasion ( 6–8 ). It was also suggested
that SL1 protects the vir al tr anscripts from RNA degrada-
tion ( 17 ). NSP1-media ted RNA degrada tion was demon-
strated for SARS-CoV-1 ( 18 , 19 ). The cleavages are guided
by the host ribosome and, since NSP1 has no RNase activ-
ity, the nuclease was suggested to be a host protein recruited
by NSP1 on the ribosome that has not been identified so far
( 4 , 18–20 ). In the case of SARS-CoV-2, the mRNA degra-
dation induced by SARS-CoV-2 NSP1 has not been clearly
established so far. However, the presence of NSP1 in cells in-
duces specific mRNA degradation among type I interferon
(IFN) r esponse-r elated mRNAs ( 21 ). Mor eover, the cleav-
ages occur only in the context of the host ribosome, and
critical residues for the RNase activity were identified in the
N-terminal domain (NTD) of NSP1 ( 8 ). 

Here we show that SARS-CoV-2 NSP1 is in fact the
endonuclease that has intrinsic cleavage activity without
any host auxiliary factor. Howe v er, we demonstra te tha t
this RNase activity is boosted and guided by the ribosome
during translation. The cleavages occur e xclusi v ely in the
5 

′ -untranslated region (UTR) of cellular mRNAs includ-
ing �-globin mRN A and interferon-stim ulated gene (ISG)
mRNAs, suggesting that they occur during 5 

′ –3 

′ scanning.
The genomic viral RNA and the subgenomic nucleocapsid
(N) mRNA are less sensiti v e to NSP1-induced cleavage al-
though they are also cleaved at a high NSP1 concentration.
Howe v er, the cleavage pattern is radically different on the
vir al tr anscript, which is due to the presence of SL1–SL2–
SL3 hairpins on the viral RNAs. 

MATERIALS AND METHODS 

NSP1 o ver expr ession and purification 

Wild-type (wt) SARS-CoV-2 NSP1 and the mutants ( � 12,
R99A, R124A K125A and K164A H165A) were produced
as 6 ×His-GST-TEV-NSP1 proteins and purified to homo-
geneity as previously described ( 5 , 6 ). Briefly, the fusion pro-
teins wer e expr essed in Esc heric hia coli BL21 Rosetta (DE3)
pLysS cells at 37 

◦C to a cell density of OD 600 = 0.6 and then
induced with 0.2 mM isoprop yl- �- D -thiogalactop yranoside
(IPTG) for 3 h a t 37 

◦C . The NSP1 proteins were first pu-
rified on an Ni-NTA Superflow resin (QIAGEN) followed
by a second step on a Glutathione HiCap resin (QIA-
GEN). The purified fusion proteins were subjected to to-
bacco etch virus (TEV) protease cleavage overnight at 4 

◦C
(50 / 1 fusion / TEV molar ratio). Finally, the cleav ed nati v e
NSP1 proteins were separated from the 6 ×His-GST do-
mains using a last purification step on Ni-NTA resin that
retained His-tagged glutathione S -tr ansfer ase (GST) and
TEV proteins. The pure NSP1 proteins were concentrated,
and stored in buffer that contains 50% glycerol at −20 

◦C. 

In vitro transcription 

All the mRNAs tested in this study were transcribed by
run-off in vitro transcription with T7 RN A pol ymerase
from DNA templates amplified by polymerase chain re-
action (PCR) as previously described ( 22 ). A DNA frag-
ment containing the first 900 nucleotides of SARS-COV-
2 (accession no. MN908947.3) was used as a template for
PCR amplifications and template synthesis for the SARS-
CoV-2 genomic RNA and the subgenomic N RNA. For
the other mRNAs, gene blocks were purchased from In-
tegrated DN A Technolo gy according to their sequences
and used as PCR templates to generate the reporter
mRNA by run-off transcription. The sequences used in this
study were from Homo sapiens : �-globin mRNA (acces-
sion no. BC007075.1), ISG15 (accession no. NM 005101.4),
ISG54 (accession no. NM 001547), interleukin-8 (IL-
8) (accession no. BC013615), VIPERIN (accession no.
AF442151), retinoic acid-inducible gene (RIG-I) (accession
no. AF038963). The transcripts were purified by denatur-
ing polyacrylamide gel electrophoresis (PAGE) and electro-
eluted in Biotrap Schleicher&Schull apparatus. Sequences
of the RNAs and primers are listed in Table 1 . 

RNA 5 

′ labelling 

The purified RNA transcripts were labelled at their 5 

′ end
by the addition of a radioacti v e cap. This was performed
by the Vaccine Capping Enzyme with the ScriptCap m7G
capping system from CELLSCRIPT in the presence 25 �Ci
of [ 32 P] �GTP ( > 6000 Ci / mmol). The 5 

′ -radiolabelled tran-
script was purified by denaturing PAGE and r ecover ed by
passi v e elution. 

RNA degradation assay 

RNA degradation assays were performed with cell-free
tr anslation extr acts pr epar ed from in-house-made rabbit
reticulocyte lysates (RRLs) as previously described ( 6 ).
Briefly, r eactions wer e carried out in a 11 �l r eaction with
5 

′ -radiolabelled RNAs (50 000 cpm) incubated at 30 

◦C for
5 min in the presence of RNasin (Promega) and 0.1–0.5
�M of pure recombinant NSP1: wt NSP1, NTD (1–127),
R99A, R124A K125A and K164A H165A. The reactions
were stopped by addition of 10 �l of formamide dye. For
RNA degradation assay with pure proteins, the cleavages
were performed with pure proteins in a specific buffer (20
mM Tris–HCl, pH 7.5, 0.25 mM spermidine, 2 mM dithio-
threitol, 2.5 mM MgCl 2 ) and incubated for 30 min at 37 

◦C.
The cleavage products were analysed by 12% denaturing
PAGE. To map the cleavage sites, a denaturing RNase T1
ladder was migrated in parallel to the cleavage products. 
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Table 1. Sequences of the RNAs and the primers used for PCR amplification 

Name Sequence 

RNAs 
�-Globin 5 ′ UTR GACAUUUGCUUCUGA CA CAACUGUGUUCA CUAGCAACCUCAAA CAGA CA CC 

IL-8 GAAGAAA CCACCGGAAGGAACCAUCUCACUGUGUGUAAA C 

ISG15 GGCGGCUGA GA GGCA GCGAACUCAUCUUUGCCA GUACAGGA GCUUGUGCCGUGG 

CCCACAGCCCACAGCCCACAGCC 

ISG54 GGCAGAA GA GGAA GAUUUCUGAA GA GUGCAGCUGCCUGAACCGAGCCCUGCCGA 

ACAGCUGAGAAUUGCACUGCAACC 

CoV-sub-N AUU AAAGGUUU AU ACCUUCCCAGGU AA CAAA CCAA CCAA CUUUCGAUCUCUUGUAG 

AUCUGUUCUCUAAACGAACAAACUAAA 

CoV-gen AUU AAAGGUUU AU ACCUUCCCAGGU AA CAAA CCAA CCAA CUUUCGAUCUCUUGUAG 

A UCUGUUCUCUAAACGAACUUUAAAAUCUGUGUGGCUGUCACUCGGCUGCA UGC 

UUAGUGCACUCACGCAGUAUAAUUAAU AACU AAUU ACUGUCGUUGACAGGA CA C 

GAGUAACUCGUCU AUCUUCUGCAGGCUGCUU ACGGUUUCGUCCGUGUUGCAGCC 

GAUCA UCAGCACA UCUA GGUUUCGUCCGGGUGUGACCGAAA GGUAAGAUGGAGA 

GCCUUGUCCCUGGUUUCAA CGAGAAAA C 

IGR GCAAAAA UGUGAUCUUGCUUGUAAA UA CAAUUUUGAGAGGUUAAUAAAUUA CAA 

GUAGUGCUA UUUUUGUA UUUAGGUU AGCU AUUU AGCUUU ACGUUCCAGGAUGCC 

UAGUGGCAGCCCCACAA UA UCCA GGAA GCCCUCUCUGCGGUUUUUCA GAUUAGU 

A GUCGAAAAACCUAA GAAAUUUACCU 

Primers 
T7 �-globin CAA CAAA T A TT AA T A CGA CT CA CT A T A G GACATTT GCTTCT GA CA CAACTGTGTTCA 

T7 IL-8 CAA CAAA T A TT AA T A CGA CT CA CT A T A G GAAGAAACCACCGGAAGGAACCATCTCACT 

GTGTGTAAAC ATG ACTTCGAAAGTTTA TGA TCCAG 

T7 ISG15 CAA CAAA T A TT AA T A CGA CT CA CT A T A GGCGGCTGA GA GGCA GCGAACTCATCTTTGCC 

A GTACAGGA GCTT GT GCCGTGGCCCACAGCCCACAGCCCACAGC 

C ATG ACTTCGAAAGTTTA TGA TCCAG 

T7 ISG54 CAA CAAA T A TT AA T A CGA CT CA CT A T A GGCAGAA GA GGAA GATTTCTGAA GA GTGCAGC 

T GCCT GAACCGAGCCCT GCCGAACAGCTGAGAATT GCACTGCAA 

CC ATG ACTTCGAAAGTTTA TGA TCCAG 

T7 CoV CAA CAAA T A TT AA T A CGA CT CA CT A T A G ATT AAAGGTTT AT ACCTTCCCAGG 

T7 IGR CAA CAAA T A TT AA T A CGA CT CA CT A T A GGCAAAAAT GT GATCTT GCTT G 

R ev R enilla A TGACTTCGAAAGTTTA TGATCCAGAA CAAAGGAAACAA CAACAA CAACAA CAACA 

A CAACAA CA C 
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n vitro translation with rabbit reticulocyte lysate 

ranslation reactions were performed in in-house-made 
RL e xtracts as pre viously described ( 22 ). Reactions were 

ncuba ted a t 30 

◦C for 60 min and included 100 and 200
M of each RNA transcript and 5 �Ci of [ 35 S]Met ( > 1000
i / mmol). Aliquots of translation r eactions wer e analysed 

y 10% sodium dodecylsulphate (SDS)–PAGE followed by 

hosphorimaging or by luciferase assays. 

ESULTS AND DISCUSSION 

o investigate the mRNA degradation during SARS-CoV-2 

nfection, we purified recombinant wild-type NSP1 and mu- 
ated proteins (Figure 1 A). We purified the mutant R99A 

hich does not promote mRNA degradation but is still 
ble to bind efficiently to the ribosome ( 8 ). We also puri- 
ed two other mutants that were first described in SARS- 
oV-1 ( 20 ), a double mutant that contains the substitu- 

ions K164A and H165A that are important for ribosome 
inding (mutant MT) and another double mutant contain- 

ng the substitutions R124A and K125A that does not pro- 
ote RNA degradation (mutant CD for cleavage deficient) 

 19 , 20 , 23 ). Since residues 124, 125, 164 and 165 are con-
erved between NSP1 from SARS-CoV-1 and SARS-CoV-2 

 5 ), we hypothesized that the same mutations would induce 
he same phenotype in SARS-CoV-2 NSP1. Indeed, both 

utants MT and CD have the expected effects on SARS- 
oV-2 NSP1, namely the MT mutant does not bind to the 
ost ribosome ( 12 ) and the CD mutant does not promote ef-
cient RNA degradation ( 8 ). In addition, it has been shown 

hat an N-terminally truncated variant of SARS-CoV-1 

ontaining an NSP1 lacking the 12 N-terminal residues is 
ssociated with lower viral load, lower serum IFN- � pro- 
uction and, in general, less se v ere disease, suggesting that 
he N-terminus of NSP1 has critical functions for the vi- 
 al cycle ( 24 ). Similar ly, a variant of SARS-CoV-2 NSP1 

acking the 12 N-terminal amino acids is less efficient for 
romoting NSP1 evasion during vir al tr anslation, further 
onfirming the functional importance of the N-terminus 
f NSP1 ( 5 ). This was also confirmed by expressing this 
runcated NSP1 variant in vivo ( 14 ). Ther efor e, we also pu-
ified a truncated version of NSP1 that lacks the first N- 
erminal 12 amino acids ( � 12). Purified recombinant NSP1 

roteins were incubated in the presence of various model 
RNAs. We constructed chimeric reporter mRNAs that 

ontain variable 5 

′ UTRs upstream of the Renilla coding se- 
uence (Figure 1 B). As standard model mRNAs, we used 

he H. sapiens �-globin 5 

′ UTR, the SARS-CoV-2 5 

′ -leader 
equence of the genomic RNA (CoV2-gen) and the subge- 
omic viral RNA coding for nucleocapsid N (CoV2-sub- 
), and the 5 

′ UTRs of ISG, ISG15, ISG54, VIPERIN, IL-8 

nd RIG-I mRNAs. 
The mRNAs were radiolabelled at their 5 

′ end by the 
ddition of a radioacti v e m 

7 G cap. Then, the designed 

adioacti v e mRNAs were incubated in cell-free transla- 
ion extracts made from rabbit reticulocytes in the pres- 
nce of recombinant wt NSP1 protein (Figure 1 C). All the 
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Figure 1. ( A ) Cartoon r epr esenting the peptide sequence of SARS-CoV-2 NSP1. The protein consists of three domains, a long NTD (1–116), a hinge domain 
(117–149) and a CTD (150–180). In this study, we purified recombinant NSP1 wt and four mutants. The amino acid substitutions and the positions of 
the mutations are indicated above the cartoon. In the CTD, two helices called �1 and �2 are shown in grey; they are required for ribosome binding. ( B ) 
The cartoon r epr esents thr ee types of RN A substrates. First, chimeric RN As containing the 5 ′ UTR of cellular mRN As (ISG54, IL-8, VIPERIN, ISG15, 
RIG-I and �-globin) inserted upstream of the N-terminal part of the Renilla luciferase coding sequence, second chimeric RNA containing the 5 ′ UTR of 
SARS-CoV-2 subgenomic RNA coding for the nucleocapsid (CoV2-sub-N) and third chimeric RNA containing the 5 ′ UTR of the SARS-CoV-2 genomic 
RNA (Cov2-gen). ( C ) RNA degradation assay of various reporter mRNAs. The full-length 5 ′ -labelled RNA transcripts are incubated for 5 min at 30 ◦C 

in the presence of RRL in the absence (Ø) or presence of 0.1 and 0.5 �M wt NSP1 protein and analysed by denaturing 12% PAGE. 
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tested mRNAs were degraded in the presence of wt NSP1
except CoV2-gen and CoV2-sub-N (Figure 1 C). Interest-
ingly, both SARS-CoV-2 RNAs are not degraded in the
presence of NSP1 but rather are stabilized, indicating that
the SARS-CoV-2 leader sequence contains protecti v e ele-
ments that pre v ent degradation. 

Next, we precisely determined the positions of the NSP1-
induced cleavages by analysing the cleavage products by
electrophoresis on denaturing polyacrylamide gels. We
mapped the cleavage sites by comparison with a ladder ob-
tained by RNase T1 digestion that cuts after the G residues
(Figure 2 ). We found three major cleavage sites in the �-
globin 5 

′ UTR at positions 6, 16 and 47. All these cleavages
are in the 5 

′ UTR upstream of the AUG start codon. The
cleavage pattern for CoV2-sub-N RN A is drasticall y differ-
ent; three cleavages are clustered at positions 45, 46 and 49
(Figur e 2 ). Furthermor e, CoV2-sub-N RNA is only cleaved
in the presence of much higher concentrations of NSP1 than
�-globin mRNA, consistent with its greater resistance to
degradation shown in Figure 1 . 

Using the same mRNAs, we searched for cleavages in-
duced by the different NSP1s (Figure 3 ). Highly repro-
ducible cleavage patterns were observed with wt NSP1 but
not with the cleavage-deficient mutant CD, confirming that
residues R124 and K125 are critical for RNA degradation
as previously shown ( 8 , 20 ). This result clearly shows that
the cell-free translation extract used here fully recapitulates
NSP1-media ted RNA degrada tion. Similarly, no cleavages
were detected with mutant MT, a mutant NSP1 that does
not bind the ribosomes. Ther efor e, NSP1-mediated cleav-
ages are only induced when NSP1 is bound to the ribo-
some, as already shown for SARS-CoV-1 ( 20 ). By compar-
ing SARS-CoV-1 and SARS-CoV-2 NSP1, we found that
two of the three cleavage sites are obtained with both pro-
teins, indica ting tha t both proteins have similar modes of
action (Supplementary Figure S1). Interestingly, the cleav-
ages found at high NSP1 concentration with SARS-CoV-2
NSP1 are not detected with SARS-CoV-1 NSP1, corrobo-
rating co-evolution between NSP1 and the 5 

′ UTR as previ-
ously shown ( 5 ) (Supplementary Figure S2). 

The cleavages that are found in the �-globin 5 

′ UTR
are loca ted a t or near CA residues. Since it is well estab-
lished that CA dinucleotide steps are very susceptible to
hy drolytic cleav ages in RNA molecules ( 25–27 ), we exam-
ined the possibility that the NSP1-induced cleavages result
fr om spontaneous hydr ol ytic cleavages in the RN A rather
than genuine endonucleolytic cleavages. The electrophoretic
analysis shown in Figure 4 effecti v ely detects spontaneous
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Figure 2. The cartoons r epr esent the mRNAs used for the RNA degrada- 
tion assay. SARS-CoV-2 subgenomic RNA (CoV2-sub-N) contains SL1– 
SL2–SL3 from the 5 ′ UTR of the subgenomic RNA coding for the nucleo- 
capsid N upstream of the N-terminal part of the Renilla luciferase coding 
sequence. The second RNA contains the 5 ′ UTR of H. sapiens �-globin 
mRNA upstream of the N-terminal part of the Renilla luciferase coding 
sequence. Both RNAs have been radiolabelled at their 5 ′ end by the addi- 
tion of a radioacti v e cap (*). The RNA degradation assay consists of in- 
cubating the radioacti v e RNAs in RRLs for 5 min at 30 ◦C in the absence 
(Ø) or presence of 0.125, 0.25, 0.375 and 0.5 �M wt SARS-CoV-2 NSP1 
and analysed by denaturing 12% PAGE. A T1 ladder made by RNase T1 
digestion is loaded in parallel to map the cleavage site positions (T1). The 
cleavage sites are indicated by yellow arrowheads. 

Figure 3. The cartoons r epr esent the mRNAs used for the RNA degrada- 
tion assay. SARS-CoV-2 subgenomic RNA (CoV2-sub-N) contains SL1– 
SL2–SL3 from the 5 ′ UTR of the subgenomic RNA coding for the nucleo- 
capsid N upstream of the N-terminal part of the Renilla luciferase coding 
sequence. The second RNA contains the 5 ′ UTR of H. sapiens �-globin 
mRNA upstream of the N-terminal part of the Renilla luciferase coding 
sequence. Both RNAs have been radiolabelled at their 5 ′ end by the addi- 
tion of a radioacti v e cap (*). The RNA degradation assay consists of in- 
cubating the radioacti v e RNAs in RRLs for 5 min at 30 ◦C in the absence 
(Ø) or presence of 0.1 and 0.5 �M wt or mutant CD (R124A K125A) and 
MT (K164A H165A) of SARS-CoV-2 NSP1 and analysed by denaturing 
12% PAGE. A control lane with the stora ge b uffer of NSP1 proteins is 
also loaded (buf). The black numbers indicate the position of G residues 
that are detected in the RNase T1 ladder (T1). The blue numbers indicate 
the position of the C residues from the spontaneous CA breaks that can 
be detected on the polyacrylamide gel and the green numbers indicate the 
position of the U residues from the spontaneous UA breaks that can be de- 
tected on the poly acrylamide gel. The cleav age sites are indicated by yellow 

arrowheads. 
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Figure 4. The sequence of the 5 ′ UTR of H. sapiens �-globin mRNA is shown. The four mutated RNAs have been radiolabelled at their 5 ′ end by the 
addition of a radioacti v e cap (*). The RNA degradation assay consists of incubating the radioacti v e RNAs in RRLs for 5 min at 30 ◦C in the absence 
(Ø) or presence of 0.1 and 0.5 �M wt or R99A SARS-CoV-2 NSP1 and analysed by denaturing 12% PAGE. ( A ) Three mutated RNAs that change CA 

sequences to AA. ( B ) Mutant that changes the AUG codon to CCG and extends the length of the 5 ′ UTR. The black numbers indicate the position of G 

residues that are detected in the RNase T1 ladder (T1). The blue numbers indicate the position of the C residues from the spontaneous CA breaks that can 
be detected on the poly acry amide gel and the green numbers indicate the position of the U residues from the spontaneous UA breaks that can be detected 
on the poly acry amide gel. The mutated residues are boxed. The cleavage sites are indicated by yellow arrowheads. 
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Figure 5. The cartoons r epr esent the mRNAs used for the RNA degrada- 
tion assay. SARS-CoV-2 genomic RNA (CoV2-gen) contains SL1–SL2– 
SL3–SL4–SL5 from the 5 ′ UTR of the genomic RNA upstream of the N- 
terminal part of the Renilla luciferase coding sequence. The second RNA 

contains SL1–SL2–SL3 from the 5 ′ UTR of the subgenomic RNA coding 
for the nucleocapsid N upstream of the N-terminal part of the Renilla lu- 
ciferase coding sequence. Both RNAs have been radiolabelled at their 5 ′ 
end by the addition of a radioacti v e cap (*). The RNA degradation assay 
consists of incubating the radioacti v e RNAs in RRLs for 5 min at 30 ◦C in 
the absence (Ø) or presence of 0.1 and 0.5 �M wt or R99A SARS-CoV-2 
NSP1 and analysed by denaturing 12% PAGE. The black numbers indi- 
cate the position of G residues that are detected in the RNase T1 ladder 
(T1). The blue numbers indicate the position of the C residues from the 
spontaneous CA breaks that can be detected on the poly acry amide gel and 
the green numbers indicate the position of the U residues from the spon- 
taneous UA breaks that can be detected on the poly acry amide gel. The 
cleavage sites are indicated by yellow arrowheads. 
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leavage sites as observed on RNAs incubated in cell-free 
r anslation extr acts in the absence of NSP1 (Figure 4 A, 
anes Ø, blue numbers for CA cleavages and green num- 
ers for UA cleavages). To exclude the possibility that the 
leavages observed with NSP1 are spontaneous hydrolytic 
leav ages, possibly enhanced b y the addition of recombi- 
ant NSP1, we introduced mutations in the mRNA in order 
o change the CA sequences into AA sequences which are 
ore stable and resistant to hydrolysis. Indeed, these mu- 

ations stabilize the RNA since se v eral spontaneous cleav- 
ges are no longer observed with C16A, C44A and C48A 

utants (Figure 4 A, dashed circles). In contrast, the NSP1 

leavages remain unchanged in the m utant RN As, indicat- 
ng tha t NSP1-media ted cleavages do not result from hy- 
rolysis in the RNA but rather are specifically induced by 

SP1 bound to the ribosome. In support of that conclusion, 
hese cleavages are not observed with NSP1 mutant R99A, 
ndica ting tha t this critical residue at position 99 in NSP1 

s r equir ed for efficient cleavage as pr eviously r eported ( 8 ).
oreover, muta tions a t the cleavage site (C16A) or in the 

anking sequences of the cleavage site (C44A and C48A) 
o not alter the NSP1-induced cleavage pa ttern, indica ting 

hat the cleavage positions are not linked to a specific RNA 

equence at the cleavage site, but rather to their position 

n the RNA. As already mentioned, all the cleavages sites 
ere mapped in the 5 

′ UTR of the �-globin mRNA. There- 
ore, we introduced a double mutation A52C U53G in the 
NA that destroys the AUG start codon (AUG to CCG). 

n this RNA context, the 5 

′ UTR is extended, with the ap- 
earance of an additional cleavage at position 76 in addi- 
ion to the cleavage at position 47 (Figure 4 B). This shows 
hat the introduction of a longer 5 

′ UTR induces an addi- 
ional NSP1-mediated cleavage. These results indicate that 
he cleavages most probably occur during the 5 

′ –3 

′ scan- 
ing step. To strengthen this hypothesis, we tested an RNA 

hat does not promote scanning. We used uncapped cricket 
aralysis virus (CrPV) intergenic region (IGR) and did not 
etect any cleavage on this reporter mRNA, thereby corrob- 
ra ting tha t cleavages occur during the 5 

′ –3 

′ scanning step 

Supplementary Figure S3). 
Next, we compared the NSP1 degrada tion pa ttern of the 

oV2-gen RNA leader sequence with that of the CoV2-sub- 
 5 

′ UTR. In both RNAs tested, the same cleavages clus- 
ered at positions 45, 46 and 49 are found in the presence of 
t NSP1 (Figure 5 ). Since both RNAs share only the 5 

′ part 
f the molecule containing the hairpins SL1, SL2 and SL3, 
e concluded that the 5 

′ -proximal sequence of the RNA is 
ritical to program the NSP1 cleavages and that the second 

egment of the RNA (SL4, SL5) has no impact on NSP1 

egradation. 
We then compared the degradation pattern of the �- 

lobin mRNA with that obtained with CoV2-gen leader 
NA. As previously mentioned, the NSP1-mediated cleav- 

ge patterns are drastically differ ent (Figur es 3 and 6 A, 
). The three cleavages detected in the �-globin 5 

′ UTR 

re observed with wt and � 12 NSP1 but are not observed 

ith R99A. In the case of SARS-CoV-2 leader RNA, the 
lustered cleavages are found only with the wt NSP1 but 
ot with � 12, suggesting another distinct feature. Since the 
 12 NSP1 mutant is not able to promote efficient evasion 

f translation inhibition, possibly due to altered interac- 
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Figure 6. The cartoons r epr esent the mRNAs used for the RNA degradation assay. ( A ) The first RNA contains the 5 ′ UTR of H. sapiens �-globin mRNA 

upstream of the N-terminal part of the Renilla luciferase coding sequence. ( B ) SARS-CoV-2 genomic RNA (CoV2-gen) contains SL1–SL2–SL3–SL4–SL5 
from the 5 ′ UTR of the genomic RNA upstream of the N-terminal part of the Renilla luciferase coding sequence. ( C ) The third RNA is a chimeric RNA 

that contains SL1–SL2–SL3 from the 5 ′ UTR of the subgenomic RNA coding for the nucleocapsid N upstream of the 5 ′ UTR of H. sapiens �-globin mRNA 

followed by the N-terminal part of the Renilla luciferase coding sequence. The three RNAs have been radiolabelled at their 5 ′ end by the addition of a 
radioacti v e cap (*). The RNA degradation assay consists of incubating the radioacti v e RNAs in RRLs for 5 min at 30 ◦C in the absence (Ø) or presence 
of 0.1 and 0.5 �M wt or R99A SARS-CoV-2 NSP1 and analysed by denaturing 12% PAGE. The black numbers indicate the position of G residues that 
are detected in the RNase T1 ladder (T1). The blue numbers indicate the position of the C residues from the spontaneous CA breaks that can be detected 
on the poly acry amide gel and the green numbers indicate the position of the U residues from the spontaneous UA breaks that can be detected on the 
poly acry amide gel. The cleavage sites are indicated by yellow arrowheads. 
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Figure 7. The cartoons r epr esent the mRNAs used for the RNA degradation assay. The first RNA contains the 5 ′ UTR of H. sapiens IL-8 mRNA upstream 

of the N-terminal part of the Renilla luciferase coding sequence. The second RNA contains the 5 ′ UTR of H. sapiens ISG15 mRNA upstream of the N- 
terminal part of the Renilla luciferase coding sequence. The third RNA contains the 5 ′ UTR of H. sapiens ISG54 mRNA upstream of the N-terminal 
part of the Renilla luciferase coding sequence. The three RNAs have been radiolabelled at their 5 ′ end by the addition of a radioacti v e cap (*). The RNA 

degradation assay consists of incubating the radioacti v e RNAs for 5 min at 30 ◦C in RRLs in the absence (Ø) or presence of 0.1 and 0.5 �M wt or R99A 

SARS-CoV-2 NSP1 and analysed by denaturing 12% PAGE. The black numbers indicate the position of G residues that are detected in the RNase T1 
ladder (T1). The blue numbers indicate the position of the C residues from the spontaneous CA breaks that can be detected on the poly acry amide gel and 
the green numbers indicate the position of the U residues from the spontaneous UA breaks that can be detected on the poly acry amide gel. The cleavage 
sites are indicated by yellow arrowheads. 
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Figur e 8. ( A ) RN A degradation assay in the presence of pure wt NSP1 
(0.5–2 �M), the isolated NTD (0.5–2 �M), BSA (0.5–2 �M) or R99A 

NSP1 (2 �M). A 500 ng aliquot of unlabelled RNA that contains the 
5 ′ UTR of H. sapiens �-globin mRNA upstream of the N-terminal part 
of the Renilla luciferase coding sequence was incubated in the presence of 
the proteins for 30 min at 37 ◦C and analysed by denaturing 6% PAGE. 
The full-length RNA (FL) and the degradation products are visualized by 
ethidium bromide staining ( B ) RNA degradation assay in the presence of 
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tion with SL1 ( 5 ), this result suggests that SL1 might also
be r equir ed for specific degr adation of vir al tr anscripts by
NSP1. As previously mentioned, and shown in Figure 5 , the
role of 5 

′ -proximal sequences is critical to program NSP1-
mediated cleavages. To further corroborate this statement,
we compared the cleavage patterns of �-globin RNA (Fig-
ure 6 A) and the CoV2 genomic RNA (Figure 6 B) with a
chimeric �-globin RNA containing, at the 5 

′ end, the SL1,
SL2 and SL3 hairpins upstream of the �-globin 5 

′ UTR
(Figure 6 C). The observed degradation pattern was iden-
tical to that detected with the SARS-CoV-2 genomic leader
RNA (Figure 6 B, C). This confirms that the 5 

′ -proximal
sequence of the mRNA is involved in the NSP1 cleavage
activity programming. Consistent with this statement, the
chimeric RNA was not cleaved by the � 12 NSP1 mutant,
a specific feature that has only been observed with SARS-
CoV-2 RNAs (Figure 6 B, C) in contrast to the �-globin
RNA tha t is ef ficiently cleaved by the � 12 variant (Figure
6 A). To further examine the influence of SL1, we generated
reporter mRNAs containing a complete deletion of SL1 in
CoV2-sub-N and a mutant that contains four mutations in
the apical part of SL1 in CoV2-gen. Both mutated reporters
are degraded in the presence of NSP1 (Supplementary Fig-
ur e S4). Mor e pr ecisely, the degradations ar e mapped close
to the 5 

′ cap (Supplementary Figures S5 and S6). Alto-
gether, these experiments demonstrate that the SL1 hairpin
at the 5 

′ end is sufficient to protect from NSP1-mediated
degradation. 

Ne xt, we e xamined other mRNAs that are physiolog-
ically relevant to the viral cycle. It has been shown that
NSP1 has a critical cytopathic effect on the antiviral re-
sponse by promoting the specific degradation of ISG mR-
NAs ( 21 ). Ther efor e, we tested the IL-8, ISG15 and ISG54
mRNAs for specific NSP1-mediated cleavages (Figure 7 ).
Three cleavages were found in IL-8 at positions 5, 11 and
26. For ISG15, only two cleavages at positions 11 and 34
were detected and for ISG54, three cleavages at positions 7,
13 and 38. All these cleavages are NSP1 specific; they are
induced by both wt and � 12 NSP1 but not by R99A as
expected. These mRNAs show similar cleavage patterns to
←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
pure wt NSP1 (0.5–2 �M), the isolated NTD (0.5–2 �M) or BSA (0.5–2 
�M). 5 ′ -Capped radiolabelled RNA that contains the 5 ′ UTR of H. sapiens 
�-globin mRNA upstream of the N-terminal part of the Renilla luciferase 
coding sequence was incubated in the presence of the proteins for 30 min at 
37 ◦C and analysed by denaturing 12% PAGE. ( C ) The cartoons r epr esent 
the mRNAs used for the RNA degradation assay. The RNA contains the 
5 ′ UTR of H. sapiens �-globin mRNA upstream of the N-terminal part of 
the Renilla luciferase coding sequence. The RNA has been radiolabelled 
at the 5 ′ end by the addition of a radioacti v e cap (*). The RNA degrada- 
tion assay consists of incubating the radioacti v e RNAs for 30 min at 37 ◦C 

in the absence (Ø) or presence of pure wt NSP1 (0.5–4 �M) or the iso- 
lated NTD (0.5–25.7 �M) and analysed by denaturing 12% PAGE. The 
black numbers indicate the positions of the G residues that are detected 
in the RNase T1 ladder (T1). The blue numbers indicate the position of 
the C residues from the spontaneous CA breaks that can be detected on 
the poly acry amide gel and the green numbers indicate the position of the 
U residues from the spontaneous UA breaks that can be detected on the 
poly acry amide gel. The NSP1 cleavage sites are indicated by yellow arrow- 
heads and NTD cleavage sites are indicated by orange arrowheads. The 
cleavage sites that are detected when NSP1 is bound on the ribosome are 
indicated by dashed arrows. 
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-globin mRNAs and do not r equir e the N-terminus 
f NSP1 since the � 12 NSP1 mutant promotes efficient 
leavages. 

We further investigated the cleavage activity of NSP1 in 

ts free state with pure protein. Interestingly, we could detect 
egradation of the �-globin 5 

′ UTR reporter with 0.5 and 

 �M free NSP1 (Figure 8 A). We also tested the isolated 

TD of NSP1 and found a nuclease activity although with 

 lower efficiency. No RNA degradation was detected with 

ovine serum albumin (BSA) at the same concentrations. 
mportantly, the absence of cleavage with mutant R99A 

trongly suggests that the cleavage is performed by NSP1 

nd not by a putati v e contaminant that could have been co-
urified. Next, we mapped the cleavages using 5 

′ radiola- 
elled RNA substrates and confirmed NSP1-specific degra- 
ation (Figure 8 B). The mapping of the cleavages indicates 
ndonucleolytic activity with partial overlap of the cleavage 
ites between NSP1 and the NTD (Figure 8 C). Here again, a 

igher concentration of NTD is r equir ed for efficient cleav- 
 ge. Furthermore, the cleava ge sites detected with free NSP1 

re loca ted a t distinct positions from those of the cleav- 
ges detected when NSP1 is bound to the ribosome (Fig- 
re 8 C, dashed arrows). These experiments demonstrate 
hat NSP1 has intrinsic endonuclease activity located in 

ts NTD. When NSP1 is carried by the pre-initiation com- 
lex during the scanning step, the cleavages are regularly 

nterspersed and restricted to the 5 

′ UTR. In its free state, 
SP1 retains endonucleolytic activity but the cleavages are 

istributed along the w hole mRN A e v en in the coding se-
uence beyond the AUG start codon. This suggests that 
UG recognition by the pre-initiation complex possibly in- 
uces NSP1 remodelling that pre v ents further cleavages in 

he coding sequence. 
Altogether, we show that NSP1 can promote RNA degra- 

ation in the 5 

′ UTR of mRNAs. We detected two distinct 
leavage patterns (Figure 9 A). The first cleavage pattern is 
bserved with �-globin model mRNA and the cellular mR- 
As tested (ISG mRNAs). The first type of cleavage usu- 

lly occurs very close to the 5 

′ cap (6–11 nt downstream 

f the cap) and other cuts are regularly interspersed in the 
 

′ UTR. The position of the cleavages does not seem to de- 
end on the sequence itself but rather on the position rela- 
i v e to the 5 

′ cap. In agreement with this, we found a cleavage
n H. sapiens �-globin mRNA at position 16. A cleavage at 
he same position has also been found in the rabbit globin 

RNA in the presence of SARS-CoV-1 NSP1 ( 18 ). Since 
uman and rabbit �-globin mRNAs do not have the same 
equence, this indica tes tha t the cleavage position is more 
ependent on the distance to the 5 

′ cap than on the sequence 
tself. The conservation of the cleavage positions most prob- 
bly relies on the conservation of resides R99, R124 and 

125 in both SARS-CoV-1 and SARS-CoV-2 NSP1 ( 5 ). 
The second cleavage pattern is drastically different. It is 

ound only in SARS-CoV-2 RNAs with cleavages clustered 

t positions 45, 46 and 49, and only at higher concentrations 
f NSP1 than for cellular mRNAs (Figure 9 A). In addition, 
ARS-CoV-2 RNAs are not cleaved by the � 12 NSP1 vari- 
nt, in contrast to the other mRNAs that are cleaved with 

he same efficiency as with the wt NSP1. Based on these ob- 
ervations, we propose the model for NSP1-mediated cleav- 
ges shown in Figure 9 B. The present results confirm that 
esidues R99A, R124 and K125 are critical for efficient en- 
onuclease activity as previously shown ( 8 , 18 ). The cleav- 
ges are observed only when NSP1 is bound to the ribo- 
ome, and a mutant of NSP1 unable to bind to the ribosome 
annot promote mRNA cleavage. Structural studies showed 

hat the structure of NSP1 can be drastically remodelled 

 28 , 29 ). Indeed, while the C-terminal part of the molecule is
learly stable and visible in the NSP1-40S structure solved 

y cryo-electr on micr oscopy, the N-terminus cannot be ob- 
erved because of too high flexibility ( 12–14 ). In contrast, 
n the free NSP1 structures, the NTD is well ordered while 
he first 12 residues and the whole CTD are usually deleted 

o obtain crystals ( 30 , 31 ). Fortunately, a recent nuclear ma- 
entic resonance (NMR) structure of the full-length NSP1 

as been solved ( 28 ). The structure shows that the NTD of 
SP1 is well structured and partially masked by the ∼50 

mino acid long C-terminal disordered tail. The tail inter- 
cts with the RNA-binding surface, and residues R99, R124 

nd K125 are not accessible in the free NSP1 state ( 28 ). 
ince these residues are critical for efficient cleavage on the 
ibosome, we propose the following model (Figure 9 B). In 

ts free state, NSP1 residues R99, R124 and K125 are hidden 

y the C-terminal disordered domain. Binding to the ribo- 
ome induces dramatic allosteric remodelling of the NSP1 

tructur e, ther eby liberating the NTD and inducing the fold- 
ng of the two helices of the CTD for efficient ribosome in- 
eraction ( 28 ). In this configuration, the residues R99, R124 

nd K125 are in the required configuration to promote ef- 
cient cleavage. In this model, the presence of the ribosome 

s r equir ed both to remodel the structure of the NSP1 and 

o confer its properties, i.e. its ability to bind to the ribo- 
ome via its NTD and CTD and to bind to mRNA via its 
TD r esidues. The r elease of residues R99, R124 and K125, 
 hich participate directl y or indirectl y in the endonucle- 
se activity, completes the interaction pattern of the three 
artners , ribosome , NSP1 and mRNA. The participation 

f a cellular RNase as an additional partner responsible 
or cleavage has been suggested but ne v er confirmed, while 
n RNase activity of NSP1 could not be characterized so 

ar. Here, we demonstra te tha t NSP1 is indeed the cleavage 
actor and the NTD is necessary and sufficient for efficient 
leavage. Although we cannot totally exclude a co-purified 

Nase contamination, the fact that the R99A mutant does 
ot cleave at 2 �M strongly suggests that the cleavage ac- 
ivity is brought by NSP1 on its own (Figure 8 A). In addi- 
ion, since the N-terminal extension is necessary for efficient 
leavage of SARS-CoV-2 RNA, we hypothesize that this ex- 
ension interacts with SL1 of the mRNA leader sequence 
Figure 9 C). This is in good agreement with previous exper- 
ments showing that the NTD is essential for NSP1 function 

nd that it co-e volv ed with SL1 in coronaviruses, suggesting 

 direct contact between SL1 and the 12 N-terminal amino 

cids of NSP1 ( 5 ). This interaction maintains the RNA in 

n appropriate orientation to induce clustered cleavages at 
igh concentration of NSP1. Variants of SARS-CoV-2 with 

runcated NSP1 lacking these residues are associated with 

 lower viral load, lower serum IFN- � and less se v ere dis- 
ase ( 32 , 33 ), which further suggests that these residues are 
ritical for the optimal viral cycle. In the case of cellular 
RNAs, the NTD is not r equir ed and no interactions with 

he mRNAs are made. Since the cleavages are interspaced 
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Figure 9. ( A ) The sequences of the 5 ′ UTR tested in this study are shown. The black numbers correspond to the position of G residues that are detected by 
RNase T1 digestion in the T1 ladder. The positions of NSP1-mediated cleavages are shown by yello w arro wheads. ( B ) Cartoon sho wing the NSP1 topology. 
In a free state, helices �1 and �2 are positioned on the N-terminal globular domain (grey) of NSP1, thereby masking residues R99, R124 and K125. NSP1 
binding to the ribosome induces an important structur al rearr angement; helices �1 and �2 interact specifically with the ribosome mRN A channel, w hich 
liberates the residues R99, R124 and K125 that are critical for endonuclease activity. ( C ) Model of endonuclease cleavage of NSP1 on the ribosome. NSP1 
(in red) binds to the 40S ribosomal subunit (in grey). The NTD binds to the beak of the 40S subunit and the CTD binds in the mRNA channel and inhibits 
translation. The SL1 hairpin that is present on viral RNAs interacts directly or indirectly with NSP1 and thereby blocks the endonuclease cleavage site that 
is located in the NTD (in yellow). Cellular mRNAs do not contain SL1; they undergo endonucleolytic cleavages during 5 ′ –3 ′ scanning. The first cleavage 
(shown by a yellow flash) occurs at position 5–6, then during subsequent sliding of the RNA, the second cleavage occurs at position 10–17. 
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egularly and only present in the 5 

′ UTR, we propose that 
he cleavages occur during 5 

′ –3 

′ scanning (Figure 9 C). After 
leavages, the resulting mRNAs lack a 5 

′ cap, can no longer 
e translated and will be ra pidl y further degraded by the 
ost degradation machinery. 
Concerning the cleavages that are detected in the SARS- 

oV-2 5 

′ UTR at a high concentration of NSP1 (0.5 �M), 
e hypothesize that they are potentially used for regula- 

ion purposes at the end of the viral cycle, when the NSP1 

oncentration is high. We determined the impact of these 
leavages on transla tion ef ficiency by constructing trun- 
ated mRNAs mimicking the cleaved RNAs. We found that 
he RNA with the largest deletion ( � 49) was still efficiently 

ranslated, e v en in the absence of a cap (Supplementary Fig- 
r e S7). Mor eover, the cleavage products ar e no longer sen- 
iti v e to NSP1 inhibition, most probably because they do 

ot carry SL1. The exact role of these cleavages in the vi- 
al RNA will r equir e mor e investigations to determine the 
mpact on the viral cycle. 
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