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SARS CoV-2 nonstructural protein 1 (Nspl) is the major pathogenesis factor that inhibits host translation using a
dual strategy of impairing initiation and inducing endonucleolytic cleavage of cellular mRNAs. To investigate the
mechanism of cleavage, we reconstituted it in vitro on p-globin, EMCV IRES, and CrPV IRES mRNAs that use
unrelated initiation mechanisms. In all instances, cleavage required Nsp1 and only canonical translational com-
ponents (40S subunits and initiation factors), arguing against involvement of a putative cellular RNA endonuclease.
Requirements for initiation factors differed for these mRNAs, reflecting their requirements for ribosomal attach-
ment. Cleavage of CrPV IRES mRNA was supported by a minimal set of components consisting of 40S subunits and
elF3g’s RRM domain. The cleavage site was located in the coding region 18 nt downstream from the mRNA en-
trance, indicating that cleavage occurs on the solvent side of the 40S subunit. Mutational analysis identified a
positively charged surface on Nsp1’s N-terminal domain (NTD) and a surface above the mRNA-binding channel on
elF3g’s RRM domain that contain residues essential for cleavage. These residues were required for cleavage on all
three mRNAs, highlighting general roles of the Nspl NTD and eIF3g’s RRM domain in cleavage per se, irrespective
of the mode of ribosomal attachment.
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Many viruses subvert cellular translation and mRNA sur-
veillance/decay pathways to impair activation of innate im-
mune pathways and to direct the translation apparatus to
viral mRNAs (Abernathy and Glaunsinger 2015; Burgess
et al. 2022). Host shutoff of translation and the resulting in-
hibition of type 1 interferon (IFN) induction and signaling
are important aspects of the pathogenesis of members of
the a-coronavirus (a-CoV) and p-coronavirus (3-CoV) genera
of Coronaviridae, including the p-CoVs severe acute respi-
ratory syndrome (SARS)-CoV and SARS-CoV-2 (Nakagawa
and Makino 2021; Minkoff and TenOever 2023). Shutoff in-
duced by coronaviruses involves endonucleolytic cleavage,
leading to the degradation of cellular mRINAs as well as in-
hibition of splicing, nuclear export of mRNA, and cellular
translation (Banerjee et al. 2020; Finkel et al. 2021; Naka-
gawa and Makino 2021; Zhang et al. 2021).

Although several coronavirus proteins have been impli-
cated in the shutoff of translation (Banerjee et al. 2020;
Thoms et al. 2020; Hsu et al. 2021), nonstructural protein
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1 (Nsp1)is considered to be the major pathogenesis factor:
It strongly dampens innate immune responses, and its mu-
tation or partial deletion impairs replication of a-CoVs and
B-CoVsin cells with an intact IFN response (Kamitani et al.
2006; Wathelet et al. 2007; Zist et al. 2007; Narayanan
et al. 2008; Shen et al. 2019; Fisher et al. 2022). SARS-
CoV and SARS-CoV-2 Nspls inhibit translation using a
dual strategy of impairing the initiation process and induc-
ing the endonucleolytic cleavage and subsequent degrada-
tion of cellular mRNAs (Kamitani et al. 2006; Narayanan
et al. 2008; Huang et al. 2011; Finkel et al. 2012; Lokuga-
mage et al. 2012; Mendez et al. 2021).

Nspl is cotranslationally cleaved from the N terminus
of the ORF1a polyprotein (Snijder et al. 2003). SARS-CoV
and SARS-CoV-2 Nspls are 180 amino acids long and con-
served (84 % identity), whereas a-CoV Nspls are more var-
iable. SARS-CoV and SARS-CoV-2 Nspls have a
structurally conserved ~120-amino-acid-long N-terminal
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core that consists of an irregular seven-stranded p barrel, a
long flanking a helix, and a short 3;4 helix (Almeida et al.
2007; Clark et al. 2021; Semper et al. 2021; Wang et al.
2023). SARS-CoV-2 Nspl contains an additional 3,4 helix
and B strand. The C-terminal region (amino acids 126-180)
of SARS-CoV-2 Nspl is unstructured (Wang et al. 2023),
but when bound to the 40S ribosomal subunit, amino ac-
ids 154-180 form two short a helices (Schubert et al. 2020;
Thoms et al. 2020; Yuan et al. 2020). On the 40S subunit,
the C-terminal a-helical minidomain is inserted into the
entrance portion of the mRNA-binding channel, where
it interferes with binding of mRNA (Schubert et al.
2020; Thoms et al. 2020; Yuan et al. 2020). The exact ribo-
somal position of the Nspl NTD that is flexibly connect-
ed to the C-terminal minidomain is obscure, even though
it has been shown that it cross-links to the eIF3g subunit
of eIF3 and some ribosomal proteins that reside at the
mRNA entrance (Graziadei et al. 2022).

The ribosomal position of the C-terminal a-helical mini-
domain accounts for the mechanism for inhibition of pro-
tein synthesis by SARS-CoV and SARS-CoV-2 Nspls by
steric clashing of this domain with mRNA. In contrast,
the mechanism by which Nspl induces endonucleolytic
cleavage of cellular mRNAs that is followed by their
Xrnl-mediated degradation (Kamitani et al. 2009; Huang
et al. 2011; Gaglia et al. 2012; Mendez et al. 2021; Fisher
et al. 2022) remains unknown. SARS-CoV Nspl alone
does not mediate cleavage of mRNAs, and this process de-
pends on the presence of 40S subunits and is restricted to
translationally active mRNAs (Kamitani et al. 2009; Gaglia
et al. 2012). Cleavage sites map to the 5 UTR and proximal
coding region of capped mRNAs and to the vicinity of the
initiation codon at the 3’ border of poliovirus and encepha-
lomyocarditis (EMCV) virus IRESs (Kamitani et al. 2009;
Huang et al. 2011; Tardivat et al. 2023). Hepatitis C virus
(HCV) and cricket paralysis virus (CrPV) IRESs did not un-
dergo SARS-CoV Nspl-induced cleavage in cell-free ex-
tracts (Kamitani et al. 2009). The positions of cleavages
and their dependence on the mechanism of translation ini-
tiation led to the suggestion that cleavage occurs at the
stage of ribosomal attachment before establishment
of codon-anticodon interaction (Nakagawa and Makino
2021). Nspl-induced cleavage required its ribosomal associ-
ation, and consistently, cleavage was inhibited by K164A/
HI165A substitutions in SARS-CoV and SARS-CoV-2
Nspls that abrogate their ribosomal binding (Lokugamage
et al. 2012; Tardivat et al. 2023). Importantly, R125A/
K126A substitutions at the C-terminal border of the NTD
of SARS-CoV Nspl (Lokugamage et al. 2012) and analogous
substitutions in SARS-CoV-2 Nspl (Mendez et al. 2021) ab-
rogated Nspl-induced mRNA cleavage but did not affect its
ability to inhibit translation, separating the RNA cleavage
and the translation inhibition functions of Nspl. Nspl’s
lack of independent cleavage activity and of sequence or
structural homology with ribonucleases (Almeida et al.
2007) led to the suggestion that it recruits a specific cellular
endonuclease to a subset of ribosomal initiation complexes
(Kamitani et al. 2009; Nakagawa and Makino 2021).

Here, we investigated the mechanism of Nspl-induced
cleavage by reconstituting this process in vitro from indi-

Mechanism of SARS-CoV-2 Nspl-induced mRNA cleavage

vidual purified translation components on three mRNAs
that use unrelated translation initiation mechanisms.

Results

In vitro reconstitution reveals that canonical translation
initiation components are sufficient for SARS-CoV-2
Nsp1 to induce cleavage of 5 end-dependent mRNAs

To confirm the ability of recombinant, bacterially ex-
pressed SARS-CoV-2 Nspl to inhibit initiation on 5" end-
dependent mRNA, we assayed its influence on 48S com-
plex formation on (CAA|4-MF B-globin mRNA comprising
four 5'-terminal CAA repeats that allow efficient cap-inde-
pendent initiation (Pestova and Kolupaeva 2002) followed
by the p-globin 5’ UTR, a short (MF) open reading frame, a
stop codon, and a 110-nt-long 3’ UTR (Fig. 1A). 48S com-
plexes were reconstituted in vitro from individual transla-
tion components (40S subunits, initiation factors, and
Met-tRNA;M¢ in the absence or presence of Nspl. Toe-
printing involves extension by reverse transcriptase (RT)
of a primer annealed to the ribosome-bound mRNA:
cDNA synthesis is arrested by the leading edge of the
40S subunit, yielding toeprints +15-17 nt downstream
from the P-site codon. Strikingly, preincubation of 40S
subunits with Nspl not only inhibited 48S complex for-
mation but also yielded prominent bands at discrete posi-
tions in the 5 UTR (Fig. 1B, lanes 2,3). Persistence of these
bands when reverse transcription was done after phenol
extraction (Fig. 1B, lanes 12,13) indicated that they corre-
sponded to sites of mRNA cleavage rather than to specific
binding of translation components. The most 5'-terminal
cleavage occurred 11-12 nt from the 5 end, and down-
stream cleavages were all separated by ~6-8 nt (summa-
rized in Fig. 1A). eIF2 was not required for cleavage (Fig.
1B, lane 7), whereas 40S subunits, elF3, and group 4
elFs (eIF4A/elF4Gy36_1115/€lF4B) were essential (Fig. 1C).
Omission of elF4B moderately reduced cleavage (Fig. 1B,
lane 5) but had a stronger effect when the concentration
of eIF4G was reduced (Fig. 1D, lanes 5,6). Cleavage was
not influenced by eIF1 and eIF1A (Fig. 1D, lanes 7-9).

To monitor mRNA cleavage directly, we used 5’- and 3'-
labeled (CAA),-MF B-globin mRNAs. For 5 labeling,
mRNA was capped using [a-3?P]JGTP, whereas 3’ labeling
was done by ligation of mRNA with 5'[**P]pCp. Factor re-
quirements and the positions of cleavages on 3'-labeled
mRNA (Supplemental Fig. S1A)were identical to those ob-
served using the reverse transcription technique (Fig. 1B—
D). Cleavage of 5'-labeled mRNA also showed the same
factor requirements but yielded only one labeled product
corresponding to the 5'-terminal cleavage site (Fig. 1E).
The time course of Nspl-induced cleavage monitored by
reverse transcription revealed progressive accumulation
of shorter mRNA products (Fig. 1F). However, cleavage
of 5'-labeled mRNA in conditions of the longest incuba-
tion time still yielded only the 5'-terminal cleavage prod-
uct (Supplemental Fig. S1B). These results indicate that
cleavage is sequential and starts from the 5'-terminal site.

To assay the influence of Nspl on mRNA in 80S ribo-
somal complexes and their ability to elongate, we used
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Figure 1. SARS-CoV-2 Nspl-induced cleavage of mRNA during 5’ end-dependent initiation. (A) Schematic representation of (CAA),-MF
B-globin and native B-globin mRNAs, annotated to show the 5 UTR, coding region, stop codon, sites of Nspl-mediated cleavage (red ar-
rows), and the position of the toeprinting primer. (B—D) The influence of wt Nsp1 on 48S complex formation on (CAA);-MF mRNA and on
its integrity in the presence of the indicated translation components, assayed by toeprinting or, where indicated, by primer extension by
RT after phenol extraction of mRNA. (E) Nspl-induced cleavage of 5'[32P]cap-labeled (CAA),-MF mRNA depending on the presence of the
indicated translation components, assayed directly after phenol extraction. A 10-nt-long 5'[>?P]-labeled oligo RNA was used as a marker.
(F) Time course of Nspl-induced cleavage of (CAA),-MF B-globin in the presence of the indicated translation components, assayed by
primer extension by RT after phenol extraction of mRNA. (G) The influence of wt Nspl on (CAA),-MF B-globin mRNA in preassembled
80S initiation complexes and their ability to undergo elongation, assayed by toeprinting. (H) The influence of wt and RKj54 155AA or
KH,44-165AA mutant Nspl on 48S complex formation on (CAA),-MF B-globin mRNA and on its integrity in the presence of translation
components as indicated, assayed by toeprinting. (I) The influence of wt Nspl on 48S complex formation on native p-globin mRNA and on
its integrity in the presence of the indicated translation components, assayed by toeprinting.
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80S initiation complexes obtained by incubation of recon-
stituted 48S complexes with elF5, eIF5B, and 60S sub-
units. Incubation of such 80S complexes with Nspl did
not induce mRNA cleavage (Fig. 1B, lane 11) or affect their
ability to undergo elongation upon addition of elongation
factors and cognate elongator tRNA (Fig. 1G).

The KH;44-165AA Nspl mutant, which lacks the ability
to bind to the 40S subunit (Schubert et al. 2020; Thoms
et al. 2020), did not influence 48S complex formation or
induce cleavage of (CAA),-MF B-globin mRNA (Fig. 1H,
lane 4), whereas the RKj24 125AA Nspl mutant, which in-
hibits translation but lacks mRNA cleavage activity in
vivo (Lapointe et al. 2021; Mendez et al. 2021), also did
not induce cleavage but retained the ability to inhibit
48S complex formation in our in vitro reconstituted sys-
tem (Fig. 1H, lane 5). Thus, the activities of Nspl mutants
in the reconstituted system were consistent with their re-
ported activities in vivo.

To determine whether the eI[F4E—cap interaction influ-
ences cleavage, we compared the effect of Nspl on native
capped B-globin mRNA in the presence of native eIF4F or
the elF4G,34_1115 middle domain. In the presence of eIF4F,
we again observed several discrete cleavage sites, with the
first site slightly closer to the 5 end than in the case of
the (CAA),-MF B-globin mRNA but with a similar spacing
between them (Fig. 11, lane 10). The positions of cleavage
sites coincided with those (starting from the second site)
that were observed in the case of (CAA),-MF p-globin
mRNA (summarized in Fig. 1A). The second and third
cleavage sites coincided with those observed by the reverse
transcription technique in rabbit reticulocyte lysate (RRL)
supplemented with SARS-CoV Nspl (Huang et al. 2011),
whereas the first cleavage site coincided with that of cap-la-
beled B-globin mRNA in RRL supplemented with SARS-
CoV-2Nspl (Tardivat et al. 2023). Cleavage sites were iden-
tical in the presence of eIF4F and eIF4G34_1115 (Fig. 11, lanes
10,12). As expected, addition of DHX29 that resides at the
mRNA entrance (Hashem et al. 2013a) eliminated the aber-
rant toeprint +8 nt from the AUG codon corresponding to
incompletely closed 48S complexes (Fig. 1I, lanes 2,3;
Abaeva et al. 2011) but did not affect cleavage irrespective
of the time of DHX29 addition (Fig. 1I, lanes 4-7). Thus,
Nspl-induced cleavage was not affected by the e[F4E—cap
interaction or by DHX29.

The positions of Nspl-induced cleavage sites at the be-
ginning of the 5' UTR, the dependence of cleavage on 40S
subunits and group 4 eIFs but not on eIF2, and the fact that
cleavage is reduced by delayed addition of Nspl to pre-
formed 48S complexes are consistent with the suggestion
that the process occurs at the stage of ribosomal attach-
ment before establishment of the codon-anticodon inter-
action (Nakagawa and Makino 2021). However, our in
vitro reconstitution results argue against involvement in
the process of a putative cellular RNA endonuclease.

SARS-CoV-2 Nspl-induced cleavage of EMCV
IRES mRNA

Next, we assayed Nspl’s influence on mRNAs translated
by internal ribosomal entry rather than by 5’ end-depen-

Mechanism of SARS-CoV-2 Nspl-induced mRNA cleavage

dent initiation. The ~450-nt-long EMCV internal ribo-
somal entry site (IRES) comprises five domains: H-L
(Fig. 2A). The Yn-Xm-AUG motif located at the 3’ border
of the IRES (Yn indicates pyrimidine tract, and Xm indi-
cates spacer) contains AUGgj,4, the native initiation co-
don. Initiation on viral IRESs relies on their specific
interactions with canonical components of the transla-
tion apparatus. The only such interaction identified so
far for the EMCV IRES is that of its JK domain with the
central domain of eIF4G (Pestova et al. 1996), which is en-
hanced by eIF4A (Lomakin et al. 2000). After binding to
the JK domain, eI[F4G/elF4A restructure the 3’ border of
the IRES (Kolupaeva et al. 2003), likely facilitating attach-
ment of 43S complexes. However, the JK domain is not
sufficient for IRES activity, which also requires the up-
stream domain I, whose function is unknown.

In vitro reconstitution on the EMCV IRES mRNA yield-
ed 48S complexes predominantly assembled on AUGg3,,
although low-level 48S complex formation also occurred
at AUGg,s and AUGgye (Fig. 2B, lane 3). Preincubation
of 40S subunits with Nspl resulted in the appearance of
additional bands (Fig. 2B, lane 4), and reverse transcription
done after phenol extraction confirmed that they corre-
spond to four discrete cleavage sites ~6-9 nt apart and
with the 5'-terminal site 2-3 nt upstream of AUGgs,
(Fig. 2B [lane 10], summarized in A). Cleavage sites coin-
cided with those observed when SARS-CoV Nspl was
added to the reconstituted system (Fig. 2C) and to RRL
(Huang et al. 2011). Again, cleavage was 40S-dependent
and was reduced by delayed addition of Nspl (Fig. 2B,
lanes 11,12).

Consistent with the essential role of e[F4G in ribosomal
attachment to the EMCV IRES (Pestova et al. 1996), cleav-
age was abolished by omission of eIF4G (Fig. 2D, lane 4).
However, in contrast to 5 end-dependent mRNAs, cleav-
age was also strongly reduced in the absence of elF2 e
GTP/Met-tRNAM® (Fig. 2D, lane 3). Mutations in the
IRES that influenced 48S complex formation (e.g., disrup-
tion of the apex of domain I) (Fig. 2A), also strongly re-
duced cleavage (Fig. 2D, lane 5). As in the case of 5’ end-
dependent mRNAs, cleavage was not affected by
DHX29 (Fig. 2E), and the RK;54 195AA Nspl mutant did
not induce cleavage but retained the ability to inhibit
48S complex formation (Fig. 2F). The factor requirements
and positions of cleavage sites observed by direct monitor-
ing of 3’-labeled EMCV IRES mRNA (Supplemental Fig.
S1C) were identical to those observed using the reverse
transcription technique.

In contrast to (CAA);-MF B-globin mRNA, the time
course of Nspl-induced cleavage of EMCV IRES mRNA
did not show accumulation of the shortest mRNA prod-
uct, and the relative intensities of cleavages at the stron-
gest first and third positions remained the same
(Supplemental Fig. S2A). We were unable to use 5'-labeled
EMCV IRES mRNA to identify the primary cleavage sites
because 5'-terminal cleavage products (~460 nt) are too
large to be sufficiently resolved on a sequencing gel and
therefore introduced mutations downstream from the JK
domain (Supplemental Fig. S2B) and tested their influence
on Nspl-mediated cleavage. Deletion of domain L did not
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influence cleavage, whereas its replacement by 4 or 8 nt
slightly reduced its efficiency at the last two sites (Supple-
mental Fig. S2C). Stabilization and particularly destabili-
zation of domain L moderately inhibited cleavage at all
sites (Supplemental Fig. S2D, lanes 2,4,6). Strikingly, in-
troduction of three substitutions in the region surround-
ing the 5'-terminal site specifically abolished cleavage at
the first two positions (Supplemental Fig. S2D, lanes
2,8). These mutations included replacement of AUGg,e
and AUGgzs by AUC codons. To determine whether
the presence of the immediate upstream AUG codon is
required for cleavages, we determined how replacing
AUGg4s with AUC and substituting the downstream
AAGgs; with AUG would influence the efficiency and
the positions of the two downstream cleavage sites. These
changes did not influence cleavage at the two downstream
sites (Supplemental Fig. S2E), arguing against the require-
ment of the immediate upstream AUG codon for Nsp1-in-
duced cleavage. These data indicate that cleavage at the
first and second pairs of sites occur independently and
suggest the possibility of some nucleotide specificity of
Nspl-induced cleavage.

In conclusion, Nspl-induced cleavage of the EMCV
IRES mRNA also required only canonical translation
components and occurred at the stage of ribosomal
attachment.

Reconstitution of Nspl-induced cleavage of cricket
paralysis virus (CrPV) IRES mRNA reveals the minimal
set of translation components that can support cleavage

Ribosomal attachment to 5’ end-dependent and EMCV
IRES-containing mRNAs relies on large, strongly overlap-
ping sets of initiation factors. To investigate whether
Nspl-mediated cleavage can be achieved with a smaller
set of elFs, we took advantage of factor-independent ribo-
somal attachment to the CrPV IGR IRES. This IRES com-
prises three pseudoknots (PKI-PKIII) (Fig. 3A). Stem-loops
SL2.1 and SL2.3 in PKIII contain conserved apical motifs
that interact with ribosomal proteins on the head of the
40S subunit (Muhs et al. 2011; Fernandez et al. 2014),
whereas PKI mimics the anticodon stem-loop of tRNA
base-paired to a cognate codon (Costantino et al. 2008).
The IRES binds directly to 40S subunits or to 80S ribo-
somes (Wilson et al. 2000; Pestova et al. 2004). In the
resulting complexes, the IRES is located in the intersubu-
nit space, with PKI mimicking the tRNA/mRNA interac-
tion in the decoding center of the ribosomal A site
(Fernandez et al. 2014).

Although the CrPV IRES was shown to be able to bind
to 40S subunits simultaneously with Nspl (Yuan et al.
2020), Nsp1 affected ribosomal interaction and position-
ing of the IRES (Lokugamage et al. 2012; Yuan et al.
2020). Consistent with the previous report (Lokugamage
et al. 2012), preincubation of 40S subunits with Nspl
did not induce cleavage of CrPV mRNA; however, in con-
trast to both reports (Lokugamage et al. 2012; Yuan et al.
2020), it also did not affect the 40S/CrPV IRES interaction
and accommodation of mRNA in the mRNA-binding
channel, yielding the same intensity toeprints corre-

Mechanism of SARS-CoV-2 Nspl-induced mRNA cleavage

sponding to 40S/IRES and 80S/IRES complexes (Fig. 3B).
The reason for the observed discrepancy could result
from differences in the coding regions. In our study, the
IRES was followed by a long native viral coding region,
whereas in the previous studies, the coding region was ei-
ther native but short (Yuan et al. 2020) or had been re-
placed by a heterologous reporter (Lokugamage et al.
2012). Although it was possible that binding of the IRES
to 40S/Nspl complexes displaced Nspl from the 40S sub-
unit in our experiments, another study had previously
shown that after binding of 40S/Nspl complexes to
CrPV IRES mRNA containing a 48-nt-long coding region,
Nspl remained long associated with the 40S subunit com-
plex (Lapointe et al. 2021). This prompted us to investigate
the ability of different eIFs to support Nspl-induced cleav-
age of CrPV IRES mRNA.

Although the CrPV IRES and eIF2/Met-tRNA;M** would
clash on the 40S subunit, the simultaneous presence of the
IRES and eIF3 is allowed (Pestova et al. 2004). Strikingly,
inclusion of eIF3 in reaction mixtures resulted in strong
Nspl-induced cleavage at nucleotides 6246-6247 (18 nt
downstream from the toeprint corresponding to the 40S/
IRES complex) and an additional low-intensity cleavage
at nucleotide 6256 (Fig. 3C, lanes 5,12). Additional inclu-
sion of e[F4A/eIF4G resulted in three prominent discrete
downstream cleavages, again ~6-9 nt apart (Fig. 3C [lanes
4,11], summarized in 3A). Further supplementation of re-
action mixtures with eIF2, eIF1, eIF1A, and Met-tRNA,;Me*
enhanced accumulation of short mRNA products (Fig. 3C,
lanes 6,13). elF4A/elF4G could potentially stimulate
cleavage at the first 5'-terminal site and promote down-
stream cleavage without prior dissociation of truncated
mRNA products. Alternatively, downstream cleavage of
truncated mRNA products could result from their de
novo 5’ end-dependent attachment to 40S subunits associ-
ated with various sets of eIFs, like in the case of (CAA)4-MF
B-globin mRNA. The previously reported lack of cleavage
of CrPV IRES mRNA in RRL upon addition of SARS-CoV
Nspl (Kamitani et al. 2009) could be due to initiation oc-
curring by direct binding of the IRES to 80S ribosomes rath-
er than to 40S subunits because of their engagement into
43S complexes (Pestova et al. 2004).

Next, we determined whether eIF3 can be replaced by
any of its subunits, focusing on the eIF3b-g-i module
that, like Nsp1, resides at the mRNA entrance (des Georg-
es et al. 2015). Individual recombinant eIF3g could substi-
tute for native elF3 in supporting Nspl-induced cleavage
(Fig. 3D, lanes 6,7). However, in contrast to native elF3, in-
clusion of eIlF4A/elF4G in reaction mixtures containing
elF3g did not stimulate downstream cleavages (Fig. 3D,
lanes 9,10), which is consistent with the lack of interac-
tion between elF3g and elF4G and therefore the lack of
coupling of eIF4A/eIF4G helicase activity with ribosomal
complexes. Importantly, cleavage was IRES-dependent,
and mutations in the 40S-interacting SL2.3 loop and de-
stabilizing mutations in PKIII (Fig. 3A), which strongly
impair 40S/IRES complex formation (Costantino and
Kieft 2005), also impaired Nspl-induced cleavage (Fig.
3E, lanes 6-15). eIF3g was not able to replace native eIF3
in supporting Nspl-induced cleavage on EMCV IRES

GENES & DEVELOPMENT 849


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.350829.123/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.350829.123/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.350829.123/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.350829.123/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.350829.123/-/DC1

Abaeva et al.

A CrPV IRES: B
dis PKIll mut GGAU 2, o
SL23MUtAAAG ., \ oy Nsp1 KH164-165AA + Nsp1 KH164-165AA +
e ! v Nsp1 + Nsp1 +
408 ++ + 408, ot
CrPV IRES wt + + + + CrPV IRESwt+ + + +
enenem_f| et |
Domain 1 Nsp1-mediated cleavage
\ Doman3 N
. Lo
. ~ 40S/IRES [
binary complex | N &k
oK1 toe-prints I \ N ) . - s e e
. " N wt coding region
&CUACAUUUCAAGAU. AGAAAAUUCACACAUUGAAAAUGAAGAUAAA UUAUGUC 30
- - 6246-6247 6256 62616262 6269
L 183 nt downstream from the P site CCU codon
Primer
(nt. 88-104 )
==s==== | 40S/IRES =====| 80S/IRES
(o] phenol D (+14-15 nt. (+14-15 nt.
extraction 1.2 3 4 fromCUUsziee) 12 3 4 from CUUG21415)
| ———
Met-tRNA Vet + + elF4A/4G736-1115 + o+
elF2/1/1A ++ ++ elF3g + o+ o+
elF4A/4Ge53-1599 ++ 4+ 4+ o+ native elF3 + o+ o+ E
elF: 4+t o Nsp1 + o+ 4+ Nsp1 o+ o o
Nspl ++++ ++ +++ + + + 408 ++ ++ + 4+ + 40S/elF3g + + + + + +
40S ++++ A+ ot CrPVIRES wt + + + + + + + + 40S/native elF3  + + + o+ + 4
——————
CrPVIREiw(++++++++++++++ £l CrPV IRES wt + + + + +

CrPV IRES SL2.3 mut
CrPV IRES dis.PKIIl mut

o+t

iccu ofp
ccul ’_.‘
40S/IRES| westm==smme=" _
aos/RES| % - =
N ————— A
¥ -> m==2 5y
) "¢,
Sesma = - =< g> - 40S/IRES| mmemiem = ==
AUG257] s T > =
= Zm sle el € S % [ = £
] . 28«5 > g/ B> . g gecc=mm==-s
E=S8s ° £ F s =
& - @s <« 12345678CTAG °—
o - =
ATGC 12345678 91011121314 = =-@=-=2
F G 123456789101-112131415
Bhensh H
racton, — elF2/Met-tRNAMe! PR ——
Nsp1 + + Nsp1 + o+ o+ o+ elF3g . D
elF3g  + native elF3 MM native elF3 + o+
elF3 + elF2/Met-tRNA Vet A A Nsp1 4 + o+
408 +++++++ + 408 ++ 4+ 4+t
+ +
elFZ/ugéﬁfgﬁgﬁPALE + o+ HCVIRESwWt + + + + + + + + + HCVIRESwWt+ + ++ + + + + + + +

P

EMCV IRESwt + + +

- -
- p it |
- prd _——
= s  CIFY/IRES
interaction
- < -
S
- - g - =%
© L -
=< !-.-'.-‘_.‘ nt.319-21
O] ad \
<« AUGI - o= - - nt342.45 —y JOS/IRES
interaction
123 i ~Nt.355-58

48S

CTAG123456789

Figure 3. SARS-CoV-2 Nspl-induced cleavage of mRNA during CrPV and HCV IRES-mediated initiation. (A) Schematic representation
of the CrPV IRES with the proximal cognate coding region, annotated to show IRES domains, pseudoknots, stem-loops SL2.1 and SL2.3,
inactivating substitutions in domain 2, the P-site codon, the position of 40S/IRES toeprints, the position of the toeprinting primer, and
sites of Nspl-mediated cleavage (red arrows). (B) The influence of wt and KHjg4_165AA Nspl on association of CrPV IRES mRNA with
40S subunits and 80S ribosomes assayed by toeprinting. (C-E) Cleavage of wt (C,D) or inactivated SL2.3 and PKIII mutant (E) CrPV
IRES mRNAs depending on the presence of wt Nspl and various translation components, assayed by toeprinting or, where indicated,
by primer extension by RT after phenol extraction of mRNA. (F) Cleavage of wt EMCV IRES mRNA depending on the presence of wt
Nspl and translation components as indicated, assayed by primer extension after phenol extraction of mRNA. (G,H) The influence of
wt Nspl on ribosomal binding and the integrity of the HCV IRES depending on the presence of various translation initiation components,
assayed by toeprinting or, where indicated, by primer extension after phenol extraction of mRNA. Separation of lanes in F by a white line

indicates that these parts were juxtaposed from the same gel.
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mRNA, highlighting the requirement for native eIF3 for
ribosomal attachment to this IRES (Fig. 3F).

Visualization of cleavage using 3’-labeled CrPV IRES
mRNA did not reveal any differences in the positions
of cleavage from those determined by the reverse tran-
scription technique (Supplemental Fig. S1D). In the
case of 5'-labeled CrPV IRES mRNA, only one identical
5'-terminal fragment was observed in the presence of
elF3g or elF3 in combination with eIF4G/4A (Supple-
mental Fig. S1E, lanes 3,8), confirming that in both cases
cleavage starts from the same 5'-terminal site, whereas
downstream cleavages occur sequentially on 3’-terminal
fragments.

We next investigated the influence of Nspl on the HCV
IRES. As in the case of the CrPV IRES, ribosomal recruit-
ment to the HCV IRES occurs by its direct binding to the
40S subunit, although further initiation events differ dras-
tically and initiation requires eIF2/Met-tRNA;M¢* (Pes-
tova et al. 1998). Association of the HCV IRES with the
40S subunit also displaces eIF3, usurping its ribosomal
contacts (Hashem et al. 2013b). In 40S/IRES binary com-
plexes, Nspl eliminated toeprints at nucleotides 355-
358, which signal correct accommodation of mRNA in
the mRNA-binding channel, but did not affect toeprints
at nucleotides 319-321 and 342-345, which correspond
to upstream 40S/IRES contacts (Fig. 3G,H, lanes 1-3; Pes-
tova et al. 1998). It also strongly reduced toeprints corre-
sponding to 48S complexes (Fig. 3G [lanes 4,5], H [lanes
6,7]). Addition of eIF3 did not stimulate cleavage (Fig.
3G [lanes 6-9], H [lanes 4,10]). Although this could be ex-
plained by IRES-mediated displacement of eIF3 from the
40S subunit, individual eIF3g also did not support cleav-
age (Fig. 3H, lanes 5,11). Thus, in contrast to the CrPV
IRES, in Nspl-containing ribosomal complexes, the cod-
ing region of the HCV IRES mRNA is not accommodated
in the mRNA-binding channel and therefore does not
reach the nuclease active center.

In conclusion, reconstitution of Nspl-induced cleavage
of the CrPV IRES mRNA revealed that it requires the min-
imal set of translation components, which consists of a
40S subunit and elF3g.

Mutational analysis of eIF3g

The 320-amino-acid-long eIF3g comprises the N-terminal
region, which is involved in formation of the elF3b-g-i
module (Asano et al. 1998; Herrmannova et al. 2012),
and the C-terminal RRM domain (amino acids 232-320)
(Cuchalova et al. 2010; Brito Querido et al. 2020). The
elF3b-g-i module interacts with the 40S subunit through
the contacts of the p-propeller domain of eIF3b with the ri-
bosomal protein uS4, whereas the C-terminal RRM
domain of eIF3g was recently assigned to cryo-EM density
at the mRNA entry and, accordingly, interacts with helix
(h) 16 of 18S rRNA and ribosomal proteins uS3 and eS10
(des Georges et al. 2015; Brito Querido et al. 2020). To
determine the region of elF3g required for Nsp1l-mediated
mRNA cleavage, we expressed a series of deletion mutants
guided by its secondary and tertiary structure elements
(Fig. 4A). The small eI[F3g RRM domain comprising only

Mechanism of SARS-CoV-2 Nspl-induced mRNA cleavage

89 amino acids was necessary and sufficient for Nsp1-in-
duced cleavage of the CrPV IRES mRNA (Fig. 4B).

The canonical RRM domain adopts a plalp2p3a2p4 fold
with an antiparallel four-stranded f sheet packed against
two perpendicular a helices. The B sheet contains two
RNP motifs located in Bl and B3 strands. To examine
the functional importance of specific regions of elF3g in
supporting Nspl-induced mRNA cleavage, we generated
elF3g mutants with Ala substitutions of individual
charged surface-exposed residues in the RRM domain
guided by the model of the 48S complex (Brito Querido
et al. 2020), including residues in both RNP motifs and
in the conserved positively charged loop between $2 and
B3 strands, which was modeled to interact with h16 (Fig.
4C). The activities of all tested mutants are shown in Fig-
ure 4, D and E: Mutants that lost or had severely reduced
activity are in red, whereas mutants with moderately re-
duced activity are in orange. Substitution of key residues
in RNP1 position 1 (K280A) and RNP2 position 2
(R242A) abrogated Nspl-induced cleavage of the CrPV
IRES mRNA (Fig. 4D, lanes 4,9). Notably, a basic amino
acid occurs at RNP2 position 2 in all eIlF3g RRM domains
(Fig. 4C), whereas the canonical RNP2 motif contains an
aromatic residue in this position (Muto and Yokoyama
2012). Substitution of K274 in the loop between p2 and
B3 and of the neighboring K272 and D273 also abrogated
mRNA cleavage (Fig. 4D [lanes 7,8], E [lane 5]). An equally
strong inactivating effect was observed after R267A sub-
stitution in the p2 strand (Fig. 4E, lane 4). A basic amino
acid at this position is a conserved feature of eIF3g (Fig.
4C). Substitution of the neighboring H288, R289, and
R290 caused only a minor impairment of the efficiency
of cleavage (Fig. 4D [lane 10], E [lanes 6,7]). Interestingly,
cleavage was slightly elevated in the presence of eIF3g
with the E257A substitution in helix al (Fig. 4D, lane 5).

Mutations in the elF3g RRM domain that impaired
Nspl-induced mRNA cleavage included critical residues
in its RNP motifs and were located on the surface above
the mRNA-binding channel (Fig. 4F).

To determine whether elF3g is equally important for
Nspl-induced cleavage of 5 end-dependent and EMCV
IRES-containing mRNAs, which require complete eIF3 for
ribosomal attachment, we used native eIF3 containing ei-
ther wt or mutated eIF3g. For this, Expi293 cells were trans-
fected with expression vectors for FLAG-tagged wt, R242A,
or R267A elF3g. Wt and mutated FLAG-tagged elF3g effi-
ciently incorporated into eIF3, which contained the canon-
ical set of other subunits (Fig. 5A). elF3s containing wt,
R242A, or R267A FLAG-tagged elF3g were equally active
in supporting 48S complex formation on (CAA),-MF B-glo-
bin mRNA (Fig. 5B, lanes 2,4,6) and on EMCV IRES mRNA
(Fig. 5C, lanes 2,4,6). In all cases, Nspl inhibited 48S com-
plex formation (Fig. 5B,C, lanes 3,5,7). However, eIF3 con-
taining R242A mutant elF3g was substantially less active
than eIF3 containing wt eIlF3g in supporting Nsp1l-induced
cleavage on all three mRNAs: EMCV IRES-containing,
CrPV IRES-containing, and (CAA),-MF B-globin mRNAs
(Fig. 5D). The activity of elF3 containing eIF3g(R267A)
was even lower than that of eIF3 containing eIF3g(R242A)
in supporting Nspl-induced cleavage (Fig. 5E).
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Figure 4. Determination of elF3g regions required for Nspl-induced cleavage of CrPV IRES mRNA. (4, left panel) Model of the AlphaFold
structure of human elF3glabeled to show the RRM domain and amino acid residues at the borders of e[F3g truncation mutants (black arrows).
(Right panel) Purified eIF3g truncation mutants, assayed by SDS-PAGE followed by SimplyBlue staining,. (B) The activities of el[F3g mutants
in supporting Nspl-induced cleavage of wt CrPV IRES mRNA, assayed by toeprinting. (C) Amino acid sequence alignment of the RRM
domain of human eIF3g with that of other species, done using Clustal Omega. Residues boxed in red are identical. Secondary structure el-
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orange, and mutations that had no effect on cleavage are in green (summary of results is presented in D and E). (D,E) The activities of
elF3g RRM domain mutants in supporting Nspl-induced cleavage of wt CrPV IRES mRNA, assayed by primer extension after phenol extrac-
tion of mRNA. Inactivating mutations are in red, mutations causing a minor reduction in the efficiency of cleavage are in orange, and mu-
tations that do not affect cleavage are in green. (F) Ribbon diagram (left panel) and surface charge distribution (middIe panel) of the eIF3g RRM
domain (PDB: 6ZMW), annotated to show mutated residues (sticks) colored according to their activity (shown in D,E). (Right panel) The 48S
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852 GENES & DEVELOPMENT



Mechanism of SARS-CoV-2 Nspl-induced mRNA cleavage

A B c
i) —
8 @ & Nsp1 + + o+
e Vi Nsp1 + o+ 4+ elF3 (R267A FLAG-elF3g) + +
d (9,’ @ $ elF3 (R267A FLAG-elF3g) + + elF3 (R242A FLAG-elF3g) + +
T @ 2 elF3 (R242A FLAG-elF3g) o+ elF3 (wt FLAG-elF3g) + +
g L elF3 (wt FLAG-elF3g) + + 408, elF2/1/1AJ4A/elF4Ge53-1599, NPTB,Met-tRNAMet  + + + + + +
£ Q 2L 408, elF2/1/1AMAI4BIEIFAGs:1599, MEtRNA — + + + + + + EMCV IRES wt+ + + + + + +
4 29 5 (CAA)-MF -globin mRNA+ + + + + + + SR ——
® §
2ie L - - | PR
LERE i
waMW T © @ © <8
198- <8
—— — gy —©!F32 & *3 : 2
L] B I 2 s
62- — — — _elF3d
=== g
49-
PSS S — Y AR L L L1 ]
= —elF3g -
38- - = | == FelFshim AUG| a
condaa
28- .= !
- .“\ |48S 4
—elF3k .
17- © & : . = -
14- 1 2 3 a4 ATGC 1234567 48S(AUGS26)! acs: = (—g
©
— the positions of 48S(AUGse3s) @&~ - 4-%
wt and mutant FLAG-elF3g -«
48S(AUGs46)! & &
1234567
D E
phenol phenol
extraction extraction
T 1 T 1
Nsp1 + + + + + + Nsp1 + + + + + +
elF3 (R242A FLAG-elF3g) + + + + + + elF3 (R267A FLAG-elF3g) + + +
elF3 (wt FLAG-elF3g) + + + + + + elF3 (wt FLAG-elF3g)  + + + + + +
elF4B + 4+ + + elF4B + + +
nPTB + + + + nPTB + + +
4A/elF4Ge53-1599 + + + + + + + + + + + + 4A/elF4Ge53-1599  + + + + + + + + +
elF2/1/1A, Met-tRNAVet  + + + + + 4+ + + elF2/1/1A, MettRNAM  + + + + + +
408 + + 4+ + + 4+ 4+ + + + + . 408 + + + + + + + + +
(CAA),-MF p-globin mRNA o+ 4+ (CAA),-MF f-globin mRNA ++ 4+
CrPV IRES wt + + + + + CrPV IRES wt + o+ + +
EMCVIRES wt + + + + + EMCVIRES wt + + + +
- -
- - propp
Wt FETT s
L T p—— & = = -
[ —_— s =
[ Ype—— - - - ——
prepemp—— -
-« -
Se-ae <3 LT <3
© “g
- 3 - S
-— O ‘~ - & - g
- <0 - <3
-
- B
= S o
*‘; - <—§
- <« ©
- (]
o - (-G
e = -« ]
= ~ & = <D
g >
= ©
3 9
« 3 <o
12345 678910 1112131415 1234 5678 9101112

Figure 5. The importance of elF3g for Nspl-induced cleavage of -globin and EMCV IRES-containing mRNAs. (A) Purified native eIF3
from HeLa cells and eIF3 containing FLAG-tagged wt or mutant eIF3g expressed in Expi293 cells, analyzed by SDS-PAGE followed by Sim-
plyBlue staining. (B,C) The activity of eIF3 containing FLAG-tagged wt or mutant eIF3g in 48S complex formation on (CAA),-MF B-globin
(B) and EMCV IRES (C) mRNAs in the presence of the indicated translation components with/without wt Nsp1, assayed by toeprinting.
(D,E) The activities of eIF3 containing either wt or mutant FLAG-tagged eIF3g in supporting Nspl-induced cleavage of (CAA),-MF B-glo-
bin, CrPV IRES, and EMCV IRES mRNAs in the presence of the indicated translation components, assayed by primer extension after phe-
nol extraction of mRNA.
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In conclusion, full-length eIF3g could be substituted by
its C-terminal RRM domain during Nspl-induced cleav-
age of the CrPV IRES mRNA. Importantly, this domain
had an essential role in Nspl-induced cleavage on all test-
ed mRNAs, irrespective of the modes of their ribosomal
attachment.

Mutational analysis of Nsp1

Mutagenesis of the Nspl NTD and the linker region was
guided by surface exposure, charge (Clark et al. 2021; Sem-
per et al. 2021), and conservation (Supplemental Fig. S3).
The activities of Nspl Ala substitution mutants in induc-
ing mRNA cleavage were essentially the same on different
mRNAs irrespective of their mode of initiation. The activ-
ities of all mutants are shown for the EMCV IRES mRNA
in Figure 6, A-C. The activities of selected Nspl mutants
on CrPVIRES and (CAA),-MF B-globin mRNAs are shown
in Figure 6, D and E, respectively. Mutants with reduced
activity preferentially induced cleavage at the 5'-terminal
site on the EMCV IRES mRNA indicating the highest af-
finity of the nuclease to it, which was proportional to
the relative loss of activity (e.g.,, KI11A or R77A vs.
K129A or H134A mutants) (Fig. 6A [lanes 3,10], B [lanes
10,11]). Importantly, in toeprinting experiments done
without prior phenol extraction, all inactive/low-activity
Nspl mutants inhibited 48S complex formation on the
EMCV IRES (Fig. 6F-H), confirming that they retained ri-
bosomal binding activity. Preferential 5'-terminal cleav-
age of (CAA);-MF B-globin mRNA by impaired Nspl
mutants (Fig. 6E) was consistent with time course data
showing that cleavage is sequential and starts from the
5'-terminal site (Fig. 1F). Mapping of the residues impor-
tant for mRNA cleavage onto the crystal structure of the
Nspl NTD showed that they formed an essential, mostly
positively charged surface (Fig. 6I). The important resi-
dues could potentially be involved in the interaction
with mRNA, translational components (40S subunits
and/or eIF3g), or catalysis of mRNA cleavage per se. Tak-
ing into account residues that have established catalytic
functions in endonucleases (Yang 2011), we focused on
mutating conserved His and Asp/Glu residues that might
contribute to Nspl-induced catalysis. The E91A substitu-
tion abrogated cleavage activity (Fig. 6C, lane 8), whereas
HI13A (Fig. 6A, lane 4), H81A, H83A, H134A (Fig. 6B, lanes
7,8,11), and D75A (Fig. 6C, lane 7) substitutions very
strongly impaired but did not abolish Nspl-induced
cleavage.

Inhibition of Nspl-induced cleavage

Nspl is a potential target for inhibition because of its im-
portance for pathogenesis and its sequence and structural
conservation. Several chemicals and FDA-approved drugs
that could be modified or repurposed as therapeutic SARS-
CoV-2 inhibitors have been validated by analysis of bind-
ing to Nspl (Afsar et al. 2022; Borsatto et al. 2022; Kumar
et al. 2022) or by inhibition of its function in cells (Afsar
et al. 2022; Kao et al. 2022). Candidate inhibitors include
(1) montelukast, a leukotriene receptor antagonist that re-
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quires the Nspl C-terminal region for binding, modestly
impairs SARS-CoV-2 replication, and inhibits Nsp1-medi-
ated cytopathic effects (CPE) (Kumar et al. 2021; Afsar
et al. 2022; Kao et al. 2022); (2) artesunate, a derivative
of an antimalarial drug that may disrupt Nspl structure
(Gurunget al. 2022); (3) the tyrosine kinase inhibitor pona-
tinib and (4) the 21-aminosteroid lipid peroxidation inhib-
itor tirilazad, which synergize with montelukast in
inhibiting Nsp1l-mediated CPE (Kao et al. 2022); (5) glycyr-
rhizic acid (Vankadari et al. 2020); and (6) mitoxantrone
dihydrochloride, an anthracenedione that binds to the
Nspl CTD (Kumar et al. 2022).

We tested the influence of these compounds at 500
and 10 pM concentrations using CrPV IRES mRNA,
which requires a minimal set of components for Nspl-in-
duced cleavage. Only mitoxantrone (Fig. 7A) was active at
a low concentration. At 10 uM, it abrogated mRNA
cleavage while allowing 40S/IRES complex formation
(Fig. 7B, lane 8), and its activity reduced progressively
starting from 5 uM (Fig. 7C). Mitoxantrone is FDA-ap-
proved for the treatment of multiple sclerosis and several
types of cancer. Its best-characterized activity is as a topo-
isomerase II inhibitor and DNA intercalator (Evison et al.
2016).

Even though montelukast was not active at 10 pM, its
inhibition of reverse transcription at 500 uM (Fig. 7B, lanes
5,6) necessitated investigation of its activity at intermedi-
ate concentrations. At 100 uM, montelukast abrogated
Nspl-induced cleavage (Fig. 7D), but this concentration
was 10 times higher than the inhibitory concentration
of mitoxantrone. Thus, our further studies focused on
the activity of mitoxantrone.

Mitoxantrone’s influence on Nspl-mediated inhibition
of 48S complex formation was assayed using HCV IRES
mRNA, on which Nspl does not induce cleavage. Mitox-
antrone did not impair the ability of Nspl to inhibit initi-
ation on this IRES (Fig. 7E, lanes 3,5,7,9) but affected 48S
complex formation even in the absence of Nspl (Fig. 7E,
cf. lanes 2,4,6,8). The inhibitory effect of mitoxantrone
on 48S complex formation was more pronounced on
(CAA)4-MF B-globin mRNA (Fig. 7F, lanes 2,4).

Mitoxantrone has a planar heterocyclic ring structure
with keto groups at the ninth and 10th positions, hydroxy
substituents at the fifth and eighth positions, and (hydrox-
yethylamino)-ethylamino side chains at the first and
fourth positions (Fig. 7A). To gain insight into the contri-
bution of structural elements to the inhibition of Nspl,
we evaluated two related anthracenediones: ametantrone
and pixantrone (Fig. 7A). Ametantrone lacks hydroxy sub-
stituents at the fifth and eighth positions (Zee-Cheng and
Cheng 1978); pixantrone also lacks these groups but has a
nitrogen heteroatom inserted into the same ring and eth-
ylamino-diethylamino side chains at the first and fourth
positions (Menna et al. 2016). Both compounds were
more potent inhibitors than mitoxantrone, abrogating
Nspl-induced cleavage of CrPV mRNA at 2.5 uM (Fig.
7G, lanes 13,15).

In conclusion, Nspl-induced mRNA cleavage can be in-
hibited specifically while preserving the ability of Nsp1 to
inhibit 48S complex formation.
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Discussion CrPV IRES mRNAs that use unrelated mechanisms to ini-

tiate translation. Our results argue against the involve-
To investigate the mechanism of SARS-CoV-2 Nspl-in- ment of a putative cellular RNA endonuclease and
duced endonucleolytic cleavage of mRNA, we reconsti- establish the essential roles of the C-terminal RRM

tuted this process in vitro on p-globin, EMCV IRES, and domain of the elF3g subunit of eIF3 and the Nspl NTD
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in the cleavage process irrespective of the mode of initia-
tion. Requirements for other initiation factors differed for
these three mRNAs, reflecting the distinct initiation
mechanisms that they use and specifically the different
factor requirements of each for ribosomal attachment.

The Nspl-induced cleavage of CrPV IRES mRNA re-
quired a minimal set of translational components consist-
ing of only a 40S subunit and elF3g’s RRM domain. The
cleavage site was located 18 nt downstream from the toe-
prints corresponding to 40S/IRES complexes. The position
of the cleavage site and the ribosomal location of eIF3g’s
RRM domain at the mRNA entrance (Brito Querido
et al. 2020) indicate that Nspl-induced cleavage takes
place on the solvent side of the 40S subunit downstream
from the mRNA entrance. Mutational analysis identified
a positively charged surface on the Nspl NTD and a sur-
face above the mRNA-binding channel on the RRM
domain of elF3g that contain residues essential for cleav-
age. The key questions concerning the mechanism of
cleavage include the exact identity of the nuclease and
the individual roles of all components (i.e.,, the Nspl
NTD, elF3g’s RRM domain, and the 40S subunit) in this
process. Although the intrinsic endonucleolytic activity
of SARS-CoV-2 Nspl has recently been reported (Tardivat
et al. 2023), it was observed only at high Nspl concentra-
tions (which may suggest the possibility of contamination)
and in a specific buffer lacking monovalent cations. There-
fore, it would be premature to conclude that Nspl forms a
catalytic site entirely on its own rather than in a complex
with elF3g and/or a 40S subunit, particularly because
meaningful mRNA cleavage by Nspl off the ribosome in
translation buffer conditions has not been detected by us
(this study) or by others (Kamitani et al. 2009).

A triple substitution of critical residues in the RNP mo-
tifs of the RRM domain of S. cerevisiae Tif35/elF3g reduc-
es the processivity of scanning and resumption of scanning
by posttermination ribosomes (Cuchalovéi etal. 2010), sug-
gesting that the RRM domain might interact with the
backbone of mRNA outside the entry channel. The key
residues in the RNP motifs of eIF3g (i.e., R242 and K280)
were also important for Nspl-mediated cleavage, as were
other residues in the same cavity that faces the mRNA-
binding channel. Moreover, cross-linking MS analysis of
DSSO-cross-linked HEK293T cells overexpressing FLAG-
tagged Nspl revealed extensive cross-links between the
Nspl NTD and the residues of the e[F3g RRM domain
that are surface-exposed in the 43S complex, indicating
that the interaction between Nspl and elF3g, either direct
or mRNA-dependent, can occur in the context of 43S ribo-
somal complexes (Graziadei et al. 2022). The cross-linked
Lys residues in the Nspl NTD (Graziadei et al. 2022) were
located on the same surface as or in close proximity to res-
idues that were essential for Nspl-induced cleavage. Thus,
elF3g’s RRM domain could potentially function to correct-
ly orient the Nspl NTD, act as a conduit for mRNA, or
even contribute to catalysis if the nuclease catalytic site
is formed not by Nspl alone but as a composite of Nspl
and the eI[F3g RRM domain. Consistently, there are also
several not mutually exclusive possibilities for the role
of the essential Nspl NTD surface: (1) to interact with

Mechanism of SARS-CoV-2 Nspl-induced mRNA cleavage

elF3g, (2) to interact with the 40S subunit, and (3) to inter-
act with mRNA and form the nuclease active center. The
role of the 40S subunit is likely limited to being a scaffold
for the spatial arrangement of the other components.

The Nspl NTD and the RRM domain of elF3g also had
essential roles in Nspl-induced cleavage of the 5’ end-de-
pendent B-globin and EMCV IRES-containing mRNAs;
however, in contrast to the CrPV IRES mRNA, cleavage
on these mRNAs required additional initiation factors.
Thus, cleavage of p-globin mRNA needed group 4 eIFs
and intact native eIF3 that mediate ribosomal attachment
during 5’ end-dependent initiation, whereas cleavage of
the EMCV IRES mRNA additionally required the eIF2 e
GTP/Met-tRNA;M® ternary complex. Ribosomal attach-
ment to this IRES depends on the specific interaction of
its JK domain with the central elF4A-binding domain of
elF4G (Pestova et al. 1996). However, the JK domain is
not sufficient for ribosomal attachment to the IRES, and
the requirement of the eIF2 ternary complex for Nsp1-me-
diated cleavage of EMCV IRES mRNA suggests the essen-
tial, as yet unidentified role of eIF2 ¢ GTP/Met-tRNA;M¢
in ribosomal attachment.

In all cases, we observed several cleavage sites separated
by 6-9 nt. However, detection of a single 5'-terminal
mRNA fragment during Nspl-mediated cleavage of cap-
labeled B-globin mRNA and the progressive accumulation
of shorter 3’'-terminal fragments in the time course exper-
iment clearly indicate that cleavage is sequential rather
than random and starts from the 5’ end. Consistently, if
cleavage was inefficient (e.g., as in the presence of some
Nspl mutants), it did not have the time/opportunity to
progress further than the 5'-terminal sites. The first 5'-ter-
minal cleavage that separates the cap-containing region
from the rest of a cellular mRNA, even without its subse-
quent degradation, would have a profound effect on host
protein synthesis.

The question remains whether mRNA dissociates from
the 40S subunit after the first cleavage and then rebinds,
leading to cleavage at the next downstream site as a result
of a separate attachment event, or whether mRNA remains
associated with 40S ribosomal complexes, and group 4 elFs
continuously feed it into the nuclease active center. The 6-
to 9-nt spacing between cleavage sites suggests that cleav-
age requires the accommodation of the upstream 5’'-termi-
nal six to nine mRNA nucleotides in the nuclease active
center. The minor variation in the distance between cleav-
age sites may be indicative of a small degree of nucleotide
specificity of cleavage. Notably, the 5'-terminal cleavage
site was located close to the 5’ end of mRNA, and even in
conditions of e[F4E—cap interaction during cleavage of na-
tive capped B-globin mRNA in the presence of native
elF4F, the first cleavage site was only 7 nt from the cap. Re-
garding the ribosomal position of the e[F3g RRM domain
and its cross-linking to the Nspl NTD, it is difficult to rec-
oncile the position of the 5'-terminal cleavage site with the
suggested ribosomal position of eIF4E and the proposed
slotting mechanism of ribosomal attachment during 5’
end-dependent initiation (Brito Querido et al. 2020) because
in this case the 5'-terminal mRNA region would be too far
from the hypothetical nuclease active center. On the other
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hand, the position of the 5'-terminal cleavage site would be
more consistent with a mechanism in which mRNA is
threaded into the mRNA-binding channel through its en-
trance (Kumar et al. 2016). In contrast to CrPV mRNA, no
cleavage was observed in the coding region of p-globin
mRNA. Strong inhibition of 48S complex formation on p-
globin mRNA by wt and mutant Nsp1 indicates that the co-
existence of Nsp1 with accommodated mRNA is unique to
the CrPVIRES, which does not require the eIF2 e GTP/Met-
tRNA;M¢ ternary complex and binds to the A site of the 40S
subunit.

In the case of the EMCV IRES mRNA, cleavage occurs
in regions that are very close to domain L and, during ini-
tiation, would most likely be slotted into the mRNA-
binding channel. In the presence of Nspl, this region like-
ly remains on the solvent side of the 40S subunit. Se-
quence and/or structural features of the region enable
two particular areas in it to be independently accommo-
dated in the nuclease active center, yielding cleavages at
nucleotides 830-831 and 849-850, respectively. Subse-
quent downstream cleavage could potentially result
from the 5 end-dependent attachment of truncated
mRNAs to mRNA-free 43S complexes. The mechanistic
basis for downstream cleavages on the CrPV IRES
mRNA is also not clear, and they could also result from
5" end-dependent attachment of truncated mRNAs to
mRNA-free 40S ribosomal complexes.

In conclusion, we identified the essential role of the
Nspl NTD and the RRM domain of elF3g in Nspl-in-
duced cleavage of mRNAs and determined the initiation
factor requirements for this process on mRNAs translated
by three different initiation mechanisms, thus providing
the foundation and the framework for future structural
studies of the molecular mechanism of cleavage.

Materials and methods

Plasmid construction; purification of ribosomal subunits, initia-
tion factors, Nspl, and aminoacyl-tRNA synthetases; preparation
of mRNAs and tRNAs; mRNA capping and 3'-labeling; and ami-
noacylation of tRNAs are described in the Supplemental Materi-
al, which also contains detailed protocols for all experimental
procedures.

In vitro reconstitution and analysis of Nsp1-induced cleavages

To reconstitute Nspl-induced cleavage of mRNA, 40S subunits
were preincubated with wt or mutant Nspl for 10 min at 37°C
in buffer A (20 mM Tris at pH 7.5, 2 mM dithiothreitol, 0.25
mM spermidine, 2.5 mM, 1 mM ATP, 0.5 mM GTP), after which
reaction mixtures were supplemented with (CAA)4-MF p-globin,
native p-globin, wt or mutant EMCV IRES, wt or mutant CrPV
IRES, or wt HCV IRES mRNAs and the indicated combinations
of elF2; native or mutant elF3, elF1, elF1A, elF4A, elF4B,
CIF4G653,1599, or eIF4G736,1115; CIF4F, DHX29, wt or mutant
elF3g; nPTB; and Met-tRNA;M®". After that, incubation contin-
ued for an additional 15 min, except for the time course experi-
ments in which aliquots were removed from the reaction
mixtures at the indicated time points. To investigate the influ-
ence of tirilizad, montelukast, artesunate, ponatinib, mitoxan-
trone, glycyrrhizic acid, ametantrone (Cayman Chemical), and
pixantrone maleate (Selleck Chemicals) on Nspl activity, each
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drug was dissolved in DMSO and added to buffer A to reach the
desired concentration.

To investigate the influence of Nspl on mRNA in assembled
80S complexes and on their ability to undergo elongation, 80S ini-
tiation complexes were formed on (CAA),-MF B-globin by incu-
bating mRNA with 40S subunits, eIF2, eIF3, eIF1, eIF1A, eIF4A,
elF4Gy36_1115, and Met-tRNAM®® in buffer A for 15 min at
37°C, after which reaction mixtures were supplemented with
60S subunits, eIF5, and eIF5B, and incubation continued for an-
other 15 min. 80S complexes were then incubated for 15 min
with the indicated combinations of Nspl, eEF1H, eEF2, and
Phe-tRNA™,

To detect cleavage of unlabeled mRNAs, reaction mixtures
were analyzed by toeprinting or by primer extension after phenol
extraction and ethanol precipitation using AMV RT and *2P-la-
beled primer (Pisarev et al. 2007). cDNA products were resolved
on 6% sequencing gel and analyzed by phosphorimager. In the
case of *P-labeled mRNAs, after incubation with Nspl and trans-
lational components, mRNA was subjected to electrophoresis on
6% sequencing gel and analyzed by phosphorimager.
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