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Correlated sequence signatures are present within the
genomic 5’UTR RNA and NSP1 protein in coronaviruses

PIOTR SOSNOWSKI, ANTONIN TIDU, GILBERT ERIANI, ERIC WESTHOF, and FRANCK MARTIN

Université de Strasbourg, Institut de Biologie Moléculaire et Cellulaire, Architecture et Réactivité de I’ARN, CNRS UPR9002,
F-67084 Strasbourg, France

ABSTRACT

The 5’UTR part of coronavirus genomes plays key roles in the viral replication cycle and translation of viral mMRNAs. The first
75-80 nt, also called the leader sequence, are identical for genomic mRNA and subgenomic mRNAs. Recently, it was shown
that cooperative actions of a 5’UTR segment and the nonstructural protein NSP1 are essential for both the inhibition of
host mRNAs and for specific translation of viral mRNAs. Here, sequence analyses of both the 5’UTR RNA segment and
the NSP1 protein have been done for several coronaviruses, with special attention to the betacoronaviruses. The conclu-
sions are: (i) precise specific molecular signatures can be found in both the RNA and the NSP1 protein; (ii) both types of
signatures correlate between each other. Indeed, definite sequence motifs in the RNA correlate with sequence motifs
in the protein, indicating a coevolution between the 5’UTR and NSP1 in betacoronaviruses. Experimental mutational
data on 5’UTR and NSP1 from SARS-CoV-2 using cell-free translation extracts support these conclusions and show that
some conserved key residues in the amino-terminal half of the NSP1 protein are essential for evasion to the inhibitory ef-

fect of NSP1 on translation.

Keywords: SARS-CoV-2; NSP1; SL1; 5’UTR; translation; ribosome

INTRODUCTION

The coronaviruses belong to the Coronaviridae family (or-
der Nidovirales, kingdom Orthornavirae), which is subdi-
vided into four Genera: alpha, beta, gamma, and
deltacoronavirus. Here we analyze in some detail the beta-
coronaviruses. The betacoronaviruses are subdivided into
four Subgenera: the Embecovirus, the Hibecovirus, the
Merbecovirus, and the Sarbecovirus (Lefkowitz et al.
2018; Gorbalenya et al. 2020; Gulyaeva and Gorbalenya
2021). Among those, we will focus on the Sarbecovirus,
the subgenus to which the SARS-CoV-1 and the SARS-
CoV-2 belong. In Sarbecovirus, the genomic material is a
positive single-stranded RNA molecule, 26.2-31.7 kb.
The RNA strand is 5'-capped and polyadenylated at the
3" end (Yogo et al. 1977; Lai and Stohlman 1981). The ge-
nome encodes two long open reading frames (ORF1a
and ORF1b) at the 5 side and several ORFs that are ex-
pressed in the late phase of infection from subgenomic
RNAs (sgRNAs) (Brian and Baric 2005). Translation of
ORF1a and ORF1b from the whole ss(+)RNA are the first
events of the infectious process. The polyproteins synthe-
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sized from ORF1a and ORF1ab are processed into 16 non-
structural proteins (NSP1-NSP16). Besides the positive
single strand genomic RNA, nine subgenomic RNAs (S,
3a, E, M, 6, 7a, 7b, 8, and N) are produced during the
late phase of the infection by SARS-CoV-2 (Kim et al.
2020) and they all contain the common so-called 5’ leader
sequence (nucleotides 1 to 75) (Kim et al. 2020).

The secondary structure of the 5’UTR of SARS-CoV-2 has
been studied theoretically (Rangan et al. 2020) and in solu-
tion (Miao et al. 2021). The first 80 nt common to all viral
transcripts fold in a series of three hairpins: SL1, SL2, and
SL3. Recent structural studies have shown that NSP1 binds
tightly to the small ribosome subunitand blocks the entry of
the mRNA channel, thereby inhibiting cellular translation
(Schubert et al. 2020; Thoms et al. 2020; Yuan et al. 2020;
Lapointe et al. 2021). Experiments with reporter systems
have further shown that with the sole presence of SL1 in
the 5’'UTR, the translation inhibition induced by NSP1 is re-
lieved, thereby allowing translation (Tidu et al. 2021). SL1
promotes NSP1 evasion by acting on the NSP1 carboxy-
terminal domain enabling viral RNA accommodation in
the ribosome for translation. The interaction between the

© 2022 Sosnowski et al. This article, published in RNA, is available
under a Creative Commons License (Attribution-NonCommercial 4.0
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SLT RNA hairpin and the NSP1 carboxy-terminal domain
occurs while NSP1 remains bound on the ribosome. It
was therefore concluded that NSP1 acts as a ribosome
gatekeeper to impair cellular translation and specifically
promote viral translation (Tidu et al. 2021). For the 5’ leader
to overcome the translational inhibition imposed by NSP1,
specific interactions between SL1 and NSP1 are thus ex-
pected. Here, we show that the analysis of sequence com-
parisons points to a coevolution of the sequences of SL1
and NSP1 in coronaviruses. In addition, in vitro translation
experiments are supportive of the idea that the amino-ter-
minal region of NSP1 contains conserved residues required
to evade the translation inhibition imposed by NSP1.

The available sequence comparisons focus on the viral
proteins and rarely consider the noncoding segments of
the RNA genome. It was thus also interesting to compare
the deduced relationships and phylogenies between
strains. Comparisons between the 5'UTR of betacoronavi-
ruses allowed us to establish a classification of SL1 into four
classes in sarbecoviruses, SARS-CoV-1 harbors a type | SL1
whereas SARS-CoV-2 has a type lll SL1. Concomitantly, we
analysed the NSP1 proteins of betacoronavirus. NSP1 from
SARS-CoV-1 and -2 present few but significant differences
in the three domains of the proteins. By swapping key res-
idues from SARS-CoV-1 into both SL1 and NSP1 from
SARS-CoV-2, we bring experimental evidence that NSP1
and SL1 from the 5'UTR coevolved as suggested by se-
quence alignments in the Sarbecovirus family.

RESULTS

Sequence alignments for the 5’UTR RNA

To analyze the genome variability of the 5UTRs of corona-
viruses, we have aligned the 5’ proximal 75-80 nt from the
corresponding genomic RNAs. Figure 1 displays sequence
alignments for chosen subsets of betacoronaviruses infect-
ing various species (a rough tree of the genus and subge-
nus considered here with some typical ID for the
sequenced strains is shown in Fig. 1A), and Figure 2 shows
the sequence alignments of the sarbecovirus subfamily that
contains SARS-CoV-1 and SARS-CoV-2. The general orga-
nization of the 5’'UTR into three hairpins SL1-SL2-SL3 is
highly conserved in coronaviruses. However, the highest
variability is observed in SL1. This allows the establishment
of a classification of the coronaviruses according to their
type of SL1. For simplicity, for the sarbecovirus subfamily,
we refer to type | to type IV, with type | gathering the
SARS-CoV-1 sequences, type lll, the SARS-Cov-2, and
type Il the sequences displaying intermediate situations
(see below), and type IV other distant sequences. The re-
sulting consensus secondary structures of examples of
the main SL1 structures are shown in Figure 3. Unfortunate-
ly, many sequences present in databases do not contain
these most 5’ ends of the genomes. This is especially dis-
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turbing when attempting to delineate a temporal evolution
of the viruses. However, as will be shown later, the very high
conservation of the NSP1 sequences allows determining
with a high probability the corresponding sequence of
the 5'UTR.

The alphacoronaviruses are the oldest known coronavi-
ruses infecting humans (Smith et al. 2014). Here, we will
discuss neither the alphacoronaviruses, nor the gammacor-
onaviruses (Fig. 1A). The Embecovirus OC43 strain
emerged between the end of the nineteenth and the be-
ginning of the twentieth centuries (Vijgen et al. 2005).
The HKU1, the origin of which is unknown, belongs also
to this subgenus (Woo et al. 2005a,b). SARS-CoV (also
called SARS-CoV-1) (Peiris et al. 2003), a Sarbecovirus,
was identified in 2003 and MERS-CoV (Zaki et al. 2012), a
Merbecovirus, in 2012. It is difficult to discuss the Hibeco-
virus subgenus because the sequence is unique (Wu et al.
2016). However, one can note that the hairpin loop of
SL1 has similarities (UGC) with that of the Nobecoviruses,
the hairpin loop of SL2 is identical to that of Nobecoviruses,
and the TRS segment AACGAAC is present in both with an
absence of the strong base pairs that form SL3. These two
subgenera have been observed only in bats.

The Embecovirus subgenus displays a larger variation in
sequence types. This may reflect the fact that the first se-
quence dates to 1997. One can distinguish two subgroups
depending on the apical loop of SL1, either UGC (like in the
Nobe-and Hibecovirus) or CGU (Fig. 1B). In some sequenc-
es, these residues could be part of the stable tetraloop of
the type UNCG, but not in all; thus, some alternative or dy-
namic conformations may exist. The SL3 stem forms three
to four base pairs. Correlated variations appear between
the SL2 stem and the single strand between SL2 and SL3.
The sequences of the Merbecovirus subgenus display a
much larger conservation with a 3-nt loop, often -CUA (or
five, since we cannot be sure that the framing nucleotides
form a usual Watson—Crick pair). Again, SL3 does not ap-
pearto form a stable helix and the TRS is most probably sin-
gle-stranded. The SL1 stem is stronger than in the
Embecovirus. The TRS sequences are identical with those
of the Nobe- and Merbecovirus but different from those
of the Hibe- and Embecovirus.

Figure 2 shows sequences related to the Sarbecovirus
subgenus. Two subgroups can be clearly distinguished,
the SARS-CoV-1 and SARS-CoV-2. The sequence conser-
vation is high and for SARS-CoV-1 it extends over 15 years.
The similarities between the two subgroups are extensive:
SL2 and SL3 are identical and the stem of SL1 presents only
a change from a UoG to a U-A pair. The main differences
are in SL1B, the first nucleotide of the SL1 hairpin loop,
two positions 3" of SL2; following the 3’ end of SL1, after
the conserved stretch AACCAAC, there is a conserved
UU in SARS-CoV-2 that is replaced by a single C in SARS-
CoV-1. Figure 3 presents the resulting consensus second-
ary structures for the SL1 hairpin in the SARS-CoV-2,
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FIGURE 1. (A) Arough phylogenetic tree of the coronavirus family. Some strain names are indicated along the branches. Sequences can be found
in the alignments shown in Figures 1B and 2. Based in part on Smith et al. (2014). (B) Selected sets of aligned sequences of the first 80 nt of beta-
coronavirus genomes, except the Sarbecovirus, which are shown in Figure 2 (for a rough tree of coronaviruses, see Supplemental Figure S1). The
color code is such that base paired segments are colored identically (purple, SL1A, red, SL1B, green, SL2, and yellow, SL3, with the TRS sequence
in cyan). Sequences in bold were isolated from infected humans. The dates are those of database deposition.
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FIGURE 2. Selected sets of aligned sequences of the first 80 nt of SARS-CoV-1 and SARS-CoV-2 genomes from the betacoronavirus
Sarbecovirus. Same annotations as in Figure 1. The nucleotides in bold vary between types | and IIl.

SARS-CoV-1, Merbecovirus, and Embecovirus. Some vari-
ations departing from the main types of sequences can
be found. The number of sequences, from SARS-CoV-2 iso-
lated from infected humans, with variations is small com-
pared to the huge number of available sequences (search
done using BLAST against the Coronavirus data base of
Genbank). The variations occur mainly in SL1 (additional
base pair in SL1B) (Supplemental Fig. S1). The variations
of SARS-CoV-1 sequences occur either in the segment pre-
ceding SL2 (addition of C or changes between C and U) or
inthe loop of SL3 (Cto U change). All those sequences were
from viruses isolated from bats (Supplemental Fig. S1).
However, some sequences appear to be in-between
SARS-CoV-1 and SARS-CoV-2 (Fig. 4). We named them
type |l sarbecoviruses. The names of the ID strains are given
in Figure 4 since these are often discussed regarding the or-
igins of the SARS-CoV-2 virus (see discussion below). The
sequences deviate from the SARS-CoV-2 type between
one and nine mutations. Five recent sequences come
from infected humans, and all the other sequences are
from bats with one from a pangolin (Guangdong). The se-
quences isolated from infected humans deviate by one

732 RNA (2022) Vol. 28, No. 5

mutation (a U to C mutation in the upstream sequence of
SL2) like the Pangolin from Guandong (Liu et al. 2020)
and, interestingly, two recent sequences from viruses iso-
lated from R. shameli bats (Hul et al. 2021). The famous
RaTG13 (Zhou et al. 2020b) sequence deviates by three
mutations (like ZC45 and ZXC21 [Hu et al. 2018]), while
RpYNO6 and RmYNO2 (Zhou et al. 2020a) deviate by two
mutations only. The recently published sequence TG15
(Guo et al. 2021) deviates at least by three and maybe
five mutations like RsYNO4, RmYNO5, or RmYNO8 (Zhou
et al. 2021). The sequences from the Guangxi pangolins
(Wacharapluesadee et al. 2021) depart still further (these
are called type IV for convenience, see Supplemental Fig.
S2). For ease of comparison, the consensus secondary
structures for types | to IV SL1 hairpins are shown in Supple-
mental Figure S3.

Sequence alignments for the NSP1 protein

The NSP1 sequences for the Sarbecovirus subgenus align
very well. On the other hand, the sequences of the Sarbe-
covirus do not align well with those of either the
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FIGURE 3. Consensus secondary structures derived from the sequence alignments for the SL1 hairpin present in SARS-CoV-2 (also called type II),
SARS-CoV-1 (also called type ), Merbecovirus, and Embecovirus. The nucleotides in red show the five point-mutations between the type | and

type Il SL1 hairpins.

Merbecovirus or the Embecovirus (a Clustal-W multiple
alignmentis shown in Supplemental Fig. S4). The HKU1 se-
quence (Embecovirus) has a long additional carboxy-termi-
nal end that is not shown here. The alignment yields 16
aligned identical residues (highlighted in cyan in Supple-
mental Fig. S4). The 16 aligned identical residues were
not observed to vary in the alignments of Sarbecovirus
types|, Il, and lll. Among those residues known experimen-
tally to be functionally important, residues Y/F157 and
R/K175 (indicated by #) align meaningfully.

Residues R124, K125, Y154, F157, K164, H165, R171,
R175 are conserved throughout SARS-CoV-1 and SARS-
CoV-2. Mutations K164A and H165A of SARS-CoV-1
NSP1 abolish binding to the 40S subunit (Kamitani et al.
2009). This is also true for SARS-CoV-2 NSP1; mutations
of the key residues within the region 153-178 result in
the loss of NSP1 binding to the ribosome (Supplemental
Fig. S5; Schubert et al. 2020; Thoms et al. 2020). Likewise,
the mutations R124A and K125A inhibit SARS-CoV-1 NSP1
ability to promote translation inhibition (Lokugamage et al.
2012). The NSP1 and SL1 sequences are therefore coupled
sothata NSP1 sequence is correlated with a specific type of
SL1 hairpin in Sarbecovirus. In the Sarbecovirus, most
variations in the 5’UTR occur between type | (like SARS-
CoV-1) and types Il or Il (like SARS-CoV-2) (Supplemental
Fig. S3). Clearly, as shown by the NSP1 alignments, type
Il (Supplemental Figs. S6, S7) is closer to type lll than to
type | NSP1 (9 NSP1 mutations between Il and Ill with up
to 22 NSP1 mutations between | and Il). This is also the
case for type Il and type Ill SL1 (Supplemental Fig. S3).
However, there are conservations between type | and
type Il NSP1 sequences that do not occur in type Il NSP1
sequences. Figure 5A illustrates the conservations of the

NSP1 proteins on the alignments and Figure 5B on the
available three-dimensional structures from SARS-CoV-1
and SARS-CoV-2. Further variants are discussed in the Sup-
plemental Material section. Further descriptions and dis-
cussions about sequence variants in the 5UTR and NSP1
protein can be found in the Supplemental Section.

Amino-acid swapping between SARS-CoV-1
and SARS-CoV-2 NSP1

Previous mutations have shown that conserved amino acids
in the linker (R124A/K125A) and carboxy-terminal (K164A/
H165A) regions prevent NSP1 to inhibit mRNA translation
in both SARS-CoV-1 (Kamitani et al. 2009; Lokugamage
et al. 2012) and SARS-CoV-2 (see Supplemental Fig. S4
of Tidu et al. 2021) and, thus, following the structural data
(Schubert et al. 2020; Thoms et al. 2020; Yuan et al. 2020)
should inhibit the binding of NSP1 to the mRNA channel
of ribosomes.

NSP1 inhibits translation by blocking the mRNA channel
on the ribosome. However, translation evasion is mediated
by SL1 in the 5’'UTR of viral mRNA transcripts (Tidu et al.
2021). We first purified recombinant NSP1 from SARS-
CoV-1 and SARS-CoV-2 (Fig. 5B,C) and, using a canonical
B-globin reporter MRNA, we found that the level of transla-
tion inhibition of SARS-CoV-1 NSP1 is significantly less than
that with SARS-CoV-2 NSP1 (Supplemental Fig. S8A).
Similarly, the translation evasion of cognate viral mRNA
constructs was also less efficient with SARS-CoV-1 NSP1
than with SARS-CoV-2 NSP1 (Supplemental Fig. S8B,C).
Considering these differences and the overall folding dif-
ferences present in the available structural data, we under-
took residues swapping experiments between NSP1
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MN996532.2 RaTG13 AUU. CGAACUCUCGAUCUCUUGUAGAUCUGUUCUCUAAACGAACUUUAAAA 2020
MG772933 Bat_zC45 AUAUU. CUAACUCUCGAUCUCUUGUAGAUCUGUUCUCUAAACGAACUUUAARA 2018
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8 mutations (from type III)
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FIGURE 4. Aligned sequences of the first 80 nt of SARS-related genomes, called type I, isolated from various sources. They display variations
with respect to both SARS-CoV-1 (type |) and SARS-CoV-2 (type Ill) sequences. The variations occur either in SL1 or in the upstream segment

before SL2. Same annotations as in Figure 1.

proteins and SL1 from both viruses to assess the functional
links between them. We decided to keep the SARS-CoV-2
NSP1 background, because it is the most efficient both in
translation inhibition and in viral translation evasion, and
residues from SARS-CoV-1 NSP1 were inserted into the
SARS-CoV-2 NSP1 background. In total, eight SARS-CoV-
2 recombinant NSP1 proteins with residues from SARS-
CoV-1 were expressed and purified.

The key positions were chosen in the following way. We
looked at two sides of NSP1 by structural comparisons be-
tween the available PDB models of SARS-CoV-1 and SARS-
CoV-2 NSP1 proteins (Fig. 5B): the front side (left panels of
Fig. 5B) and the back side (right panels of Fig. 5B). The pre-
viously studied R?9A mutation (Mendez et al. 2021) dem-
onstrated that this mutation abrogates viral translation
evasion while reducing the translation inhibition activity
of NSP1 against cellular mRNA. Since R99 is located on
the front side of the NSP1, this suggests that SL1 might in-
teract by contacts with residues located on the same front
side. Our hypothesis is that the SARS-CoV-2 NSP1 surface
coevolved with its 5’UTR mRNA by adjusting this front side
for better SL1 recognition. In agreement with this hypothe-

734 RNA (2022) Vol. 28, No. 5

sis, there are more positive charges (susceptible to interact
with negatively charged RNA) present on the front side of
the protein than on the back side (see electrostatic surfaces
of the right panels of Fig. 5B) for both SARS-CoV-1 and
SARS-CoV-2 NSP1. Therefore, all residues swapped from
SARS-CoV-1 into a SARS-CoV-2 background are located
on the front side of NSP1. The remaining amino acid differ-
ences between SARS-CoV-1 and SARS-CoV-2 NSP1 pro-
teins are located on back side of the proteins (right
panels of Fig. 5B) and for that reason were not considered
in this studly.

Previous experiments had shown that the first twelve
amino-terminal amino acids are critical for the cellular func-
tions of NSP1 during viral replication (Yuan et al. 2020).
Therefore, we also generated a truncated version of
SARS-CoV-2 NSP1 called A12. Similarly, we introduced
SARS-CoV-1 residues into the SARS-CoV-2 background
at positions 6 and 8, both localized within the deleted
part of A12. Figure 5D shows the purified eight recombi-
nant NSP1 mutants.

Next, we tested their ability to promote translation in
cell-free translation assays of a reporter containing the
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FIGURE 5. NSP1 proteins from SARS-CoV-1 and SARS-CoV-2. (A) Protein sequence alignment of SARS-CoV-2 and SARS-CoV-1 NSP1 proteins.
For SARS-CoV-1, only the divergent amino acids are shown. The amino acids are shown according to the following color code: negatively charged
amino acids in pink, hydrophobic amino acids in blue, positively charged amino acids in green, aromatic amino acids in cyan, glycines and prolines
in orange. Residues involved in interactions with ribosomal components are boxed in gray in SARS-CoV-2 (Schubert et al. 2020; Thoms et al. 2020;
Yuan et al. 2020). Negative charge variations from SARS-CoV-2 to SARS-CoV-1 are indicated by blue squares, and positive charge variations are
indicated by red squares. Residues that have been mutated in this study are boxed in black. The NSP1 proteins are subdivided in three domains,
the amino-terminal domain, the central linker domain, and a carboxy-terminal domain. (B) Surface representation of crystal structure of SARS-CoV-
2 NSP1 from residues E10to L123 (PDB: 7K7P) (Clark et al. 2021) and NMR structure of SARS-CoV-1 NSP1 from residues H13 to G126 (PDB: 2HSX)
(Almeida et al. 2007) from the front side (left panels) and from the back side (right panels). Both structures have been aligned and represented with
the amino-terminal end in blue and the carboxy-terminal end in red. Divergent residues from SARS-CoV-1 that have been inserted in SARS-CoV-2
are circled in black. Next to each structure, the electrostatic surfaces of the protein with negative and positive charges are colored in red and blue,
respectively. The position of residue R99 in SARS-CoV-2 NSP1 is indicated in red. (C) SDS PAGE analysis of purified recombinant wild-type SARS-
CoV-1 and SARS-CoV-2 NSP1 proteins. (D) Linear representation of the three domains of NSP1, the Nt-domain in blue, the linker domain and the
Ct-domain in red. The SARS-CoV-2 residues that have been mutated are marked. SDS PAGE analysis of purified recombinant wild-type and mu-
tant SARS-CoV-2 NSP1 proteins.
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Renilla sequence with the WT 5’'UTR SL1 of SARS-CoV-1,
SARS-CoV-2, and a one point-mutation in the SARS-CoV-
2 sequence of the apical loop to mimic the SARS-CoV-1
apical loop (Mut3, see Fig. 6A). First, we noticed a slight
stimulation with 0.1 pM WT SARS-CoV-2 NSP1 with
mRNA containing the WT SL1. Although we cannot offer
a direct explanation of this reproducible phenomenon,
we speculate that the slight boost in translation results
from the increased pool of ribosomes released from endo-
geneous cellular mRNAs that were specifically inhibited by
NSP1. With WT SARS-CoV-2 NSP1, the SL1 mutant Mut3 is
significantly less efficient for translation evasion to NSP1
and behaves like the SARS-CoV-1 SL1, as could be expect-
ed from its similarity with the SARS-CoV-1 hairpin loop (Fig.
6B; Supplemental Fig. S9). Previous experiments had
shown that the first twelve amino-terminal amino acids

RLU

RLU

are critical for the cellular functions of NSP1 during viral
replication (Yuan et al. 2020). In agreement with these stud-
ies, the removal of the first 12 amino-terminal amino acids
of the SARS-CoV-2 NSP1 protein (Fig. 6C; Supplemental
Fig. S9) leads to a marked decrease in the efficiency of
the translational evasion to inhibition with a less pro-
nounced differential effect on the three tested SL1 hairpins.
Thus, the deletion of the amino-terminal region does not
prevent ribosomal binding, but it does prevent the evasion
from the inhibition mediated by SL1 hairpin. In the pres-
ence of the NSP1 mutant P6L/F8V, where the amino acid
reversals follow the conservation of the NSP1 sequence ob-
served in SARS-CoV-1, the evasion to inhibition is im-
proved especially for Mut3 and the SARS-CoV-1 hairpins
(Fig. 6D; Supplemental Fig. S9). These latter experiments
show that the amino-terminal region is necessary for

14
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FIGURE 6. Evasion to NSP1-mediated translation inhibition with NSP1 variants containing mutations in the amino-terminal domain of NSP1. (4)
Cartoon depicting the reporter mRNAs used for translation in RRL, they contain the SARS-CoV-2 5'UTR and the first 12 amino-terminal codons of
NSP1 fused to the Renilla luciferase coding sequence. The reporter mRNA contains the wild-type SL1 hairpin or mut3 which has a U to A sub-
stitution in the loop or the SARS-CoV-1 SL1. (B) Curves representing the average relative activities measured after translation in RRLin the absence
or presence of 0.1, 0.2, 0.3, 0.4, or 0.5 pM of wild-type NSP1, (C) A12, and (D) P6L/F8V. The averages are obtained from four independent ex-
periments. Standard deviations or translational activity for each transcript are shown and calculated from four independent experiments. ns: non-
significant; (*) 0.05 > P-value >0.01; (**) 0.01 > P-value >0.001; (***) P-value <0.001; based on Student's t-test. To facilitate comparisons between
NSP1 proteins, the results have also been presented according to the hairpin SL1 tested (Supplemental Fig. S9).
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evasion of the inhibitory effect and that the two residues at
6 and 8 either specifically directly interact with or contribute
to interactions between NSP1 and the SL1 hairpin. We also
tested the mutant P6L/F8V with the whole 5'UTR of SARS-
CoV-1 and observed that the viral translation evasion is as
low as with both SARS-CoV-1 and SARS-CoV-2 NSP1.
This confirms that the SARS-CoV-1 SL1 in its 5UTR context

does not promote efficient viral evasion (Supplemental Fig.
S10).

The NSP1 mutant V84K/M85V displays stronger effects
than the NSP1 mutant R77L/T78S/A79T/P80N since their
combination gives similar values than the double mutant
V84K/M85V (compare Fig. 7A-C; Supplemental Fig.
S11). Interestingly, the NSP1 mutant R77L/T78S/A79T/
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FIGURE 7. Evasion to NSP1-mediated translation inhibition with NSP1 variants containing mutations in the middle of NSP1. (A) Curves showing
relative light unit (RLU) measured after translation in RRL in the absence or presence of 0.1,0.2, 0.3, 0.4, or 0.5 yM of R77L/T78S/A79T/P8ON, (B)
V84K/M85V, (C) R77L/T78S/A79T/P8ON/V84K/M85V, (D) L92M/E93D, (E) E102I, and (F) L92M/E93D/E102I. The averages are obtained from four
independent experiments. Standard deviations or translational activity for each transcript are shown and calculated from four independent ex-
periments. ns: nonsignificant; (*) 0.05 > P-value >0.01; (**) 0.01 > P-value >0.001; (***) P-value <0.001; based on Student's t-test. To facilitate com-
parisons between NSP1 proteins, the results have also been presented according to the hairpin SL1 tested (Supplemental Fig. S11).
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P8ON is the only mutant with an apparent reduction of
the blockage of the mRNA channel (Fig. 7A; Supplemental
Fig. S11).

We next introduced other amino acids typical of SARS-
CoV-1 into the SARS-CoV-2 NSP1 protein in the region
necessary for the conformational change that facilitates
evasion of the blocking of the mRNA channel. Thus, the
mutation E102I (Fig. 7E; Supplemental Fig. S11), at the
end of the amino-terminal segment before the linker re-
gion (Fig. 5B,D), strongly prevents evasion from the inhibi-
tory effect of NSP1, meaning again that the NSP1-E102|
mutant binds tightly to the initiation complex and is not dis-
placed by the SL1 5UTR region. The latter mutant has a
stronger dominant effect than the double NSP1 mutant
L92M/E93D, since the combination of the three point-mu-
tations, L92M/E93D and E102I, has effects like those ob-
served with the single mutant E102I (compare Fig. 7D-F).
Interestingly, E102 is very close to R99 (Fig. 5B) and our re-
sult is in good agreement with the previously described
R99A mutation, which has a lower propensity to promote
viral translation evasion (Mendez et al. 2021). Altogether,
Mut3 is promoting better evasion to NSP1 inhibition
when specific residues from SARS-CoV-1 are introduced
into SARS-CoV-2 NSP1 thereby confirming the functional
link between these specific residues and the first nucleo-
tide of the apical loop of SL1.

DISCUSSION

Here, sequence analysis has been performed on a short non-
coding RNA segment at the 5’UTR segment of the beta-co-
ronaviruses, and especially the Sarbecovirus family
responsible for a devastating pandemic that started at the
end of 2019 in China. Although such sequence elements
are not known to contribute to either infectivity or cell pen-
etration, they are essential for the translation of the viral ge-
nome and for its replicative proliferation. The RNA analysis is
complemented by the sequence analysis of the first non-
structural protein translated by the virus, NSP1, that has
been shown to be involved, together with the 5’UTR RNA,
in the control of ribosomal translation initiation (Schubert
et al. 2020; Thoms et al. 2020; Mendez et al. 2021; Tidu et
al. 2021). We contribute further data showing that both the
5'UTR and the NSP1 protein are linked functionally and
therefore are forced to coevolve to interact cooperatively
with highly conserved elements of the ribosomal machinery
and initiation cofactor proteins. The selection pressure on
both the RNA and the protein is patent in the analyzed se-
quences, as revealed by the patterns of conservation and
variation in the NSP1 sequences for each type of 5UTR
and by the experimental mutational data on both the
NSP1 protein and the SL1 hairpin of the 5'UTR that are pre-
sented. The experimental mutational data confirm that the
carboxy-terminal region is central to NSP1 binding to the
mRNA channel, while the amino-terminal domain and the
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linker region contributes both to the conformational rear-
rangement and to binding to the SL1 hairpin of the 5UTR
that promotes evasion from the NSP1 inhibition. In short,
the data concur with a model in which the Nt-domain inter-
acts directly or indirectly with SL1 and thereby promotes re-
modeling of the Ct-domain out of the mRNA channel of the
ribosome. The data support also the view that the linker
domain mediates the communication between these two
domains during viral evasion.

The question of the origins of the coronavirus that initiat-
ed the present pandemic is much debated. Although the
data presented here are limited, they do set strong molec-
ular constraints on the viral sequences for successful trans-
lation and replication in specific living cells. The various
types of the 5’UTR first 80 nt reproduce the main branches
of the various phylogenetic trees deduced from whole ge-
nome comparisons or functional genomic segments.
Figure 8 shows an overall summary of key 5’UTR consensus
sequences following the accepted phylogenetic tree.

Finally, one may remark the following. In the 5’'UTR, there
are seven mutations between type | and |I: six mutations in
SL1 and a 1-nt U insertion in the 3’ segment preceding the
SL2 hairpin. Between type Il and lll sequences derived from
infected humans, there is a single mutation ofa CintoaUin
the same 3’-end part of SL2 (but there are more mutations
from bat derived sequences, see Fig. 4). The differences
may appear minimal, but their maintenance within each
subgroup indicate that they are meaningful. These struc-
tures must fold, interact with proteins, and unfold with an
appropriate dynamic that depends on the free energies
of the hairpins, which themselves depend on the cellular
environment (ions, temperature, ...) that vary between spe-
cies. Besides, and importantly, the formation of alternative
structures in dynamic equilibrium, some of which are also
key for functional initiation, cannot be excluded and should
be investigated.

The experimental data show that the coevolved com-
plex between NSP1 and the 5’'UTR has virus specificity
and that mutations in one component may affect their mu-
tual interactions. In the absence of precise structural infor-
mation, many unanswered questions remain on the
complex interactions involving the 5'UTR leader se-
quence, the NSP1 protein and the ribosomal machinery,
like (i) why did the 5UTR and NSP1 sequences mutate
from the SARS-CoV-1 in the SARS-CoV-2 genomes; (ii)
how to explain the weak variations in the SARS-CoV-2
5'UTR genomes? For SARS-CoV-1, similar sequences of
the 5’UTR and NSP1 proteins were observed from viruses
isolated from bats or infected humans and, thus, both are
adapted to ribosomal translation cofactors in both species.
However, the SARS-CoV-2 5'UTR and NSP1 protein are
only observed in infected humans (with later some other
mammals like minks, probably infected by humans) and,
up to now, they were not observed in bats (see
Supplemental Material). In this work, we did not study all
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FIGURE 8. A rough phylogenetic tree of the Genus beta of the Coronaviridae with the main subgenus species (for more details, see
Supplemental Fig. STA). The consensus sequences derived here for the first 80 nt of the 5’ leader are shown on each branch, with the SL1 no-
menclature indicated on the right. The color code is the same as in the alignments (green, SL2; yellow and cyan, SL3). TRS sequences are in
bold. In italics are shown potential alternative pairings. In red are shown nucleotides that vary between types |, Il, and lll in the 5" segment up-

stream of SL2.

the steps in which the first 80 nt of the 5'UTR are involved,
and some of the observed conserved elements may play a
role in processes not experimentally probed yet.

MATERIALS AND METHODS

Sequences

Viral sequences were retrieved form NCBI Genbank (http:/www
.ncbi.nlm.nih.gov), the Gisaid repository (http://www.GISAID
.org) (Elbe and Buckland-Merrett 2017), or the National Genomics
Data Center, China National Center for Bioinformation (Beijing In-
stitute of Genomics, Chinese Academy of Sciences) (https:/bigd
.big.ac.cn/) and aligned manually. For the RNA, the alignments
were done on the first 80 nt of the genome (when available) and
the complete sequence was considered for the protein. The
NSP1 protein sequences were derived using the EMBOSS pro-
gram (https://www.ebi.ac.uk/Tools/st/emboss_transeq/) based
on the published genomes. The correspondence between the ac-
cession numbers and the usual or common ID strain is given in the
figures and tables.

In vitro transcription

The three reporter constructs were transcribed by run-off in vitro
transcription with T7 RNA polymerase from DNA templates am-
plified by PCR. A DNA fragment containing the 900 first nucleo-
tides of SARS-COV-2 (accession number: MN908947.3) was
used as a template for PCR amplifications. The transcription was
performed in the presence of m7GpppG cap analog (Jena

Bioscience) to generate capped mRNAs as previously described
(Tidu et al. 2021).

In vitro translation

In vitro translation with cell-free translation extracts were per-
formed using self-made rabbit reticulocyte lysates (RRL) as previ-
ously described (Tidu et al. 2021). Briefly, reactions were
incubated at 30°C for 60 min and included 200 nM of each tran-
script. Aliquots of translation reactions were analyzed for Renilla
luciferase activity on a luminometer.

NSP1 overexpression and purification

NSP1 and derivatives (P6L/F8V-A12-R77L/T78S/A79T-P8ON-
V84K/M85V-L92M/E93D) were produced as previously described
(Tidu et al. 2021) with slight modifications. Briefly, the plasmid
pET-His-GST-TEV-LIC-(2GT) was purchased from Addgene. The
fusion proteins were expressed in E. coli BL21 Rosetta (DE3)
pLysS cells. Cells were grown at 37°C to a cell density of
OD600 =0.6 and then induced with 0.2 mM IPTG during 3 h at
37°C. After induction, cells were harvested and the cell pellets
were frozen at —80°C. Frozen pellets were resuspended in EQ/
W buffer (40 mM Na phosphate pH 7.2, 500 mM NaCl, 30 mM im-
idazole) supplemented with 0.1% Triton X-100, cOmplete
Protease Inhibitor Cocktail (Merck) and incubated on ice for 30
min with 1T mg/mL lysozyme. After lysis by sonication, the cell ly-
sate was centrifuged at 3200g at 4°C for 10 min to remove the
large debris, and the supernatant was further centrifuged at
150,000g at 4°C for 30 min. The supernatant was applied to Ni-
NTA Superflow resin (Qiagen) equilibrated in buffer EQ/W.
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After column washing, 6xHis-GST-TEV-NSP1 proteins were elut-
ed from the resin by buffer EQ/W with gradient increase of imid-
azole from 30 to 500 mM. Fractions containing 6xHis-GST-TEV-
NSP1 were pooled and dialyzed against buffer EQ/W without im-
idazole overnight. Next, the éxHis-GST-TEV-NSP1 fraction was
loaded on Glutathione HiCap resin (Qiagen) equilibrated with
the dialysis buffer, and proteins were eluted by the same buffer
with a gradient of glutathione from 0 to 50 mM. Fractions contain-
ing 6xHis-GST-TEV-NSP1 fusion proteins were pooled and sub-
jected to TEV protease cleavage overnight at 4°C (50/1 fusion/
TEV molar ratio). NSP1 proteins were separated from the éxHis-
GST domains using a last purification step on Ni-NTA resin that
retained His-tagged GST and TEV proteins. The pure NSP1 pro-
teins were concentrated and stored in buffer that contains 50%
glycerol at —20°C.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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