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OPEN A conserved motif within the NSP2

of SARS-CoV-2 is required for
processing of the distal NSP1/NSP2
junction by NSP3

Thea Kristensen™, Preben Normann & Graham J. Belsham

In 2019, the severe acute respiratory syndrome coronavirus 2 virus (SARS-CoV-2) started to spread
globally and caused the COVID-19 pandemic. SARS-CoV-2, like other members of the Coronaviridae,
has a single-stranded, positive sense RNA genome about 30 kb in length, which is translated to
generate 16 non-structural proteins (NSPs); a set of sub-genomic mRNAs encode the structural

and accessory proteins. The ORF1a precursor includes NSP1-11 and is processed by virus-encoded
proteases to produce the mature proteins. We recently identified a short, highly conserved motif
(YCPRP) within the structural protein precursor of foot-and-mouth disease virus (FMDV), a member
of the Picornaviridae. This motif is conserved among picornaviruses and is found as (W/F/Y)-x-P-R-
(P/A). The motif has a major influence on the processing of the FMDV capsid precursor (P1-2A) by the
viral protease 3CP". We have now identified a similar motif (WVPRA) within the NSP2 of SARS-CoV-2.
Interestingly, this motif is required for the efficient processing of the NSP1-NSP2 junction by the
SARS-CoV-2 protease PLP™ (NSP3) and a single amino acid substitution within the motif can abrogate
cleavage of this junction. We hypothesise that this motif acts, within NSP1-NSP2, to enable this
precursor to fold correctly and allow efficient processing of the NSP1/NSP2 junction.
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In December 2019, a previously unknown coronavirus caused an outbreak of a respiratory disease among people
in the city of Wuhan in China!. Since then, the disease has spread globally and caused the COVID-19 pandemic.
The causative virus is called severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), it primarily affects
the respiratory system causing influenza-like symptoms such as coughing, fever and in more severe cases,
breathing problems>.

SARS-CoV-2 belongs to the family Coronaviridae, these viruses have a single stranded, positive-sense, RNA
genome (26 to 32 kb in length), which is bound by the nucleocapsid (N) protein and enclosed within a lipid
envelope that incorporates the other viral structural proteins, namely the spike (S), envelope (E) and membrane
(M) proteins. The SARS-CoV-2 RNA genome is capped at its 5'-terminus, polyadenylated at its 3’-terminus
and is infectious by itself following entry into cells®. The virus family is classified into four genera, alpha-, beta-,
gamma-, and delta- coronaviruses*and these four genera are further subdivided into four lineage subgroups (A,
B, C and D)°. The SARS-CoV-2 (beta-CoV, subgroup B) genome shows a sequence identity of 80.0% to that of
SARS-CoV (beta-CoV, subgroup B), 56.9% to the Middle East Respiratory Syndrome (MERS) CoV (beta-CoV,
subgroup C), 51.6% to Human coronavirus (HcoV)-HKU1 (beta-CoV, subgroup A) and 50.5% to HcoV-C43
(beta-CoV, subgroup A)°. The human alphacoronaviruses HcoV-NL63 and HcoV-229E have a sequence identity
of 48.7% and 47.7%, respectively, to the SARS-CoV-2 genome®.

Coronavirus replication takes place within an extensive membranous network of virus-modified vesicles
derived from the endoplasmic reticulum within the cytoplasm’. The first 20 kb of the RNA genome, from the
5’-terminus, serves as an mRNA for the synthesis of two large polyproteins from two partially overlapping
reading frames termed ORF1a and ORF1b. The latter sequence is only accessed following programmed ribosomal
frameshifting’. The two polyproteins, termed ppla and pplab, are cleaved by virus-encoded proteases present
within the polyproteins, which results in the production of 16 mature non-structural proteins (NSPs), called
NSP1 to NSP16 (Fig. 1). The proteins encoded by ORF1a are largely involved in the inhibition of the host cellular
innate immune responses, whereas the proteins encoded by ORF1b are required for genome replication, e.g. the
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Fig. 1. Schematic representation of the SARS-CoV-2 genome organization. The RNA genome is translated
from two overlapping reading frames, ORFla and ORF1b, to generate two different polyproteins, ppla and
pplab, the latter is generated following a programmed ribosomal frameshift that occurs within the overlap
between ORFla and ORF1b. The two polyproteins are cleaved by the virus-encoded proteases PLP* (NSP3)
and 3CLP™ (NSP5) into a total of 16 non-structural proteins (NSPs). The sites cleaved by the PLP* (marked
with red arrows) and 3CLP™ (marked with yellow arrows) are indicated. Downstream of the ORF1b, the RNA
genome encodes 10 more proteins, which are translated from sub-genomic mRNAs, including the structural
proteins (spike (S), envelope (E), membrane (M) and nucleocapsid (N)) and several accessory proteins. The
conserved motif (WVPRA) is found within NSP2 of ppla and is marked on the lower part of the figure.
Created in BioRender. Kristensen, T. (2025) https://BioRender.com/s80a354.

RNA dependent RNA polymerase. The ppla includes two viral proteases. These are the papain-like protease
(PLP™ or NSP3) and the 3C-like protease (3CLP™ or NSP5). The 3CL"™ is responsible for cleavage of the two viral
polyproteins at 10 different sites while the PLP™ (NSP3) cleaves the ppla polyprotein at 3 other sites, namely the
junctions between NSP1/NSP2, NSP2/NSP3 and NSP3/NSP4 7, see Fig. 1.

In an earlier study on foot-and-mouth disease virus (FMDV) capsid precursor processing, we identified
a highly conserved motif of 5 amino acids (YCPRP), which is present within the VP1 region of the P1-2A
capsid precursor® of this picornavirus. This motif (with few variations) was also identified in the VP1 of other
picornaviruses, including Cardioviruses (which have FCPRP), Hepatoviruses (with YFPRP) and Enteroviruses
(with WCPRP). Note, these different forms of this motif each start with an aromatic amino acid (aa) residue (Y, F
or W). Single amino acid substitutions within this motif of the FMDV P1-2A resulted in a capsid precursor that
was highly resistant to proteolytic cleavage by the FMDV 3C protease (3CP™) at each of the internal sites®i.e. at
the junctions between VP0/VP3 and VP3/VP1, the first of these being more than 400 aa away from the YCPRP
motif. This was surprising since, in contrast, we have previously demonstrated that cleavage of these junctions is
independent of each other and that blocking cleavage at one site does not prevent cleavage of the other sites’thus
indicating the crucial role of this motif in the precursor processing. Furthermore, single substitutions within
this conserved motif resulted in the loss of virus infectivity®!°. Thus, it was suggested that this motif is crucial
for the correct folding of the capsid precursor to allow subsequent processing into the mature capsid proteins.
We hypothesized that this motif may serve as an important binding site for protein chaperones, which may be
involved in achieving the correct folding of the precursor®!? prior to cleavage. Several studies have reported the
involvement of such chaperones, e.g. Hsp70 and Hsp90, in picornavirus capsid processing!"!2.

Interestingly, we have now identified a similar, but distinct, motif (WVPRA) in the NSP2 protein of SARS-
CoV-2. From sequence alignments, we found that this motif is also present (and thus conserved) in other
betacoronaviruses, within subgroup A and B, including SARS-CoV, MERS-CoV, human CoV OC43, bovine
CoV, equine CoV and several bat coronaviruses (Fig. 2). In this study, we have shown that this motif, within the
NSP2 protein of SARS-CoV-2, has high importance for the cleavage of the NSP1-NSP2 junction by PLP™ (NSP3)
even though it is located far away in the linear sequence (Fig. 3).

Materials and methods

Plasmid design

The SARS-CoV-2 sequence (from Wuhan) was obtained from NCBI (RefSeq: NC_045512.2). The cDNA
corresponding to the NSP1-NSP2 coding sequence (ca. 2500 nt) was modified by adding the sequence for a
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SARS-CoV-2 NSP2 AA Residues 232 243 251
SARS-CoV-2 (Beta/subB) SYVGCHNKCAY[WVPRASANT -
SARS-CoV (Beta/subB) AYVGCYNKRA PRASADI -
Bat coronavirus 279/2005 (Beta/SubB) AYVGCYNKRA PRA[SANI -
Bat SARS coronavirus HKU3 (Beta/SubB) SYVGCYNKRA PRAISANI -
MERS-CoV (Beta/SubB) AYFGCEEGTMY|FVPRAKSVVS
Murine hepatitis virus (Beta/subA) WS————-PYPGMWLPVI[WSSVK
Human coronavirus OC43 (Beta/subd) W———-SPARNIWIPIIJKSSVK
Equine coronavirus (Beta/subl) W--—-NPVPKIWIPIIKSSVK
Bovine coronavirus (Beta/subA) W-—-—SPARNIWIPILKSSVK
Consensus: WYxGCYxKRA PRAIXxSSVX

Fig. 2. Alignment of partial NSP2 amino acid sequences containing the conserved motif from 9 different
betacoronaviruses. The alignment was performed using ClustalW in Geneious 9.0.5. The entire ORFla was
included in the alignment but just a short region of the NSP2 sequence is shown here. The amino acids are
numbered based on the sequence of the SARS-CoV-2 NSP2. The conserved motif is highlighted in different
colors depending on their amino acid properties, i.e. W and F have similar properties (aromatic and non-
polar) and thus have a similar color. V, L, I and A have similar properties to each other (aliphatic and non-
polar) so also have a similar color. Only the P residue (which has distinct properties as an imino acid) is totally
conserved. The R-V/I change is rather non-conservative. A consensus sequence from the alignment is shown in
the bottom of the Figure where x represents any amino acid. The sequences used were as follows: SARS-CoV-2
(Beta/subB) (GenBank accession number QWC81719.1), SARS-CoV (Beta/subB) (RefSeq accession number
YP_009944365.1), Bat coronavirus 279/2005(Beta/SubB) (GenBank accession number GCA_031121315.1), Bat
SARS coronavirus HKU3(Beta/SubB) (GenBank accession number QND76018.1), MERS-CoV (Beta/SubB)
(GenBank accession number AVN89452.1), Murine hepatitis virus(Beta/subA) (GenBank accession number
AWB14623.1), Human coronavirus OC43(Beta/subA) (GenBank accession number GCA_003972325.1),
Equine coronavirus(Beta/subA) (GenBank accession number UGN73921.1) and Bovine coronavirus(Beta/
subA) (GenBank accession number UZT75406.1).
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Fig. 3. Overview of the coding capacity of plasmids used in the transient expression assays. (a) The coding
sequence for the SARS-CoV-2 NSP1-NSP2 plus a C-terminal Flag-tag and a stop codon were inserted into
the pGEM-3Z plasmid, containing the T7 promoter upstream of the insert. The lengths of both NSP1 and
NSP2 (in terms of the number of amino acid residues) are indicated, and the location of the conserved motif
(WVPRA) is marked. This plasmid is referred to as the wt. (b) The NSP3-mCherry construct, encoding a
functional PLP™, was a gift from Bruno Antonny (see Materials and Methods)', a T7 promoter sequence was
inserted into this plasmid, upstream of the coding sequence for NSP3, as described in Materials & Methods.
Created in BioRender. Kristensen, T. (2025) https://BioRender.com/d9lyyyv.
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C-terminal Flag-tag followed by two stop codons. The entire coding sequence was flanked by restriction sites:
BamHI (upstream of the coding sequence) and Xhol, Xbal and Apal downstream of the Flag-tag. The sequence
was inserted into the vector pcDNA3.1 (customer designed and produced by GenScript, USA Inc). Following
receipt, the plasmid was transformed into chemically competent Top10 Escherichia coli (E. coli) cells, amplified
and purified using a Plasmid Midi Kit (Qiagen).

The pcDNA3.1 plasmid with its NSP1-NSP2 ¢cDNA insert and the empty pGEM-3Z vector (Promega) were
digested with BamHI and Xbal and the products were separated by gel electrophoresis and purified using a
GeneJet Gel Purification Kit (Thermo Fisher Scientific). The insert and the linearized pGEM-3Z vector were
joined using T4 DNA ligase (Thermo Fisher Scientific) and transformed into chemically competent E. coli cells,
amplified and plated onto LB agar plates containing carbenicillin. Colonies were screened for the presence of
the insert by digestion with BamHI and Xbal. Plasmids with the required structure were amplified and purified
as described above.

Variants of the plasmids were prepared using site-directed mutagenesis'’. Briefly, fragments were amplified
using Phusion” High-Fidelity DNA Polymerase (Thermo Fisher Scientific) and the pGEM-3Z containing
the wt Flag-tagged NSP1-NSP2 coding sequence as template. For each modification, one primer with the
desired mutation was used together with a wt primer and template to generate a megaprimer (ca. 900 bp), see
Supplementary Table 1. The megaprimers were gel purified using the GeneJet Gel Purification Kit (Thermo
Fisher Scientific) and used in a mega PCR together with the template. The mega PCR products were digested
with Dpnl and transformed into chemically competent E. coli cells. Plasmid DNA from individual colonies was
screened by Sanger Sequencing (LGC BiosearchTechnologies, Berlin, Germany) for the correct modifications
and positive clones were amplified and purified as above.

The plasmid NSP3-mCherry, encoding a functional PLP™, was a gift from Bruno Antonny (Addgene plasmid
# 165131 ; http://n2t.net/addgene:165131 ; RRID: Addgene_165131)%. The plasmid was modified to contain the
T7 promoter sequence upstream of the NSP3 sequence (see Supplementary Table 1) by site-directed mutagenesis
as described above.

Transient expression assays

Baby hamster kidney 21 (BHK-21) cells were seeded into 6-well plates approximately 24 h before starting the
transfection assay. The BHK-21 cells were 80-90% confluent when they were infected with the recombinant
vaccinia virus, termed vIF7-3, which expresses the T7 RNA polymeraselS. All the NSP1-NSP2 constructs were in
the pGEM-3Z vector, which contains the T7 promoter upstream of the coding sequence. Starting from the NSP3-
mCherry plasmid'*we modified it to contain the T7 promoter upstream of the NSP3 coding sequence. After a
1 h incubation with vTF7-3 in 5% CO,at 37°C, the medium containing this vaccinia virus was removed and the
cells were transfected with the required plasmid DNAs using FuGENE 6 (Promega) as described previously'®.
For each well, 1000 ng of the various NSP1-NSP2 plasmids was used, either alone or in combination with 50 ng
of the T7-NSP3-mCherry construct. The cells were incubated in 5% CO, at 37 °C overnight. The next day, the
medium was removed and the cells were lysed with 500 pl Buffer C (20mM Tris-HCI (pH 8.0), 125 mM NaCl and
0.5% NP-40). After harvesting, the cell lysates were clarified by centrifugation at 13,000 x g for 10 min at 4 °C.

Immunoblot analysis

Prior to immunoblotting, cell lysates were mixed with an equal volume of 2 x Laemmli sample buffer (Bio-
Rad) containing 25 mM dithiothreitol (DTT) and boiled for 5 min. The proteins were separated by SDS-PAGE
(Any KD Bis-Tris gels (Bio-Rad)) and transferred to a PVDF membrane (Bio-Rad). PBS containing 0.1% Tween
(PBST) and 5% bovine serum albumin (BSA) was used as blocking buffer and dilution buffer for both the
primary and secondary antibodies. The primary antibody used was anti-Flag rabbit polyclonal antibody (1:1000,
Proteintech 20543-1-AP) and the secondary antibody was HRP-conjugated goat anti-rabbit IgG (H+L) (1:500,
Thermo Fisher Scientific 32460). Following these incubations, a chemiluminescence kit (Pierce " ECL Western
Blotting Substrate, Thermo Fisher Scientific) was used to detect the target proteins. Images were captured using
a Chem-Doc XRS system (Bio-Rad) as described previously®.

Statistics

Each experiment was independently repeated three times, with separate transfections and western blots. Band
intensities were quantified using pixel count in Image] (version 1.54 g, National Institute of Health, USA). For
background correction, an area of the same size as the band was selected within the negative control lane and
subtracted from the pixel count from the band of interest. To normalize for differences in overall expression
between samples, each lane was set to 100%, and the relative percentage of each of the two bands was calculated.
The mean values of the triplicates were plotted as bar graphs, with error bars representing the standard deviation
(SD). The statistical significance was calculated between the amount of NSP2 protein in the NSP1-2 (wt) + PLP™
sample and the amount of NSP2 protein in each of the NSP1-2 mutants + PLP™ using an unpaired parametric
t-test with Welch’s correction in GraphPad Prism (version 10, San Diego, CA, USA ).

Results

Deletion of the WVPRA motif alone prevents processing of the NSP1-NSP2 junction by PLP™
In order to assess the importance of the WVPRA motif within NSP2 for protein processing, a small deletion,
removing just the sequence encoding this 5 amino acid motif, was introduced into the NSP1-NSP2 precursor
coding sequence, this construct is referred to as NSP1-NSP2 (NSP2 A243-247). This construct generated a
product very similar in size to the wt protein in the absence of PLP™ (Fig. 4, lane 3). A faint band slightly smaller
than the full-length NSP1-NSP2 precursor was observed in both the wt and the deletion mutant NSP1-NSP2 in
the absence of PLP™. This likely represents a low level of non-specific cleavage (Fig. 4, lane 1 and 3). It is clear that
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Fig. 4. A short, conserved motif within SARS-CoV-2 NSP2 is required for processing of the NSP1/NSP2
junction by the PLP™ (NSP3). Cell lysates from BHK cells infected with vTF7-3'° and transfected with plasmids
that express the SARS-CoV-2 NSP1-NSP2-Flag (wt or with a small deletion, removing the conserved motif)
either alone (odd numbered lanes) or with the plasmid encoding the SARS-CoV-2 PLP™ (even numbered
lanes) were analyzed by immunoblotting using rabbit anti-Flag antibodies, followed by anti-rabbit HRP-
conjugated secondary antibodies and a chemiluminescence detection kit. Molecular mass markers (kDa) are
indicated on the left. A negative control (no DNA) was included (lane 5). The uncut membrane is shown in
Supplementary Fig. S1. This experiment has been repeated three times in total with separate transfections and
western blots and resulted in very similar results. The additional two experiments are shown in Supplementary
Figs. S2 and S3. Band intensities for each experiment were quantified using pixel count in Image]J. Each lane
was set to 100%, and the relative percentage of each of the two bands was calculated. The mean values of the
triplicates were plotted, and the bar diagram with error bars representing the standard deviation (SD) are
shown on the right side of the figure.

in the presence of PLP™ the NSP1-NSP2 (wt) was efficiently processed. However, it was observed that this NSP1-
NSP2 (NSP2 A243-247) mutant precursor was highly resistant to cleavage (Fig. 4, lane 4) by PLP™ although this
5 residue deletion was over 240 residues away from the cleavage site. The experiment was repeated three times
with separate transfections and western blots and resulted in very similar results. The additional experiments are
shown in Supplementary Figs. S2 and S3. Band intensities for the precursor and NSP2 cleavage product from
each experiment were quantified and the relative percentage of each of the two bands was calculated. The mean
values of the triplicates were plotted as a bar diagram and are shown in Fig. 4. The amount of processed NSP2
protein from the NSP1-NSP2 (NSP2 A243-247) mutant co-expressed with PLP™ was much lower than that
produced from the NSP1-NSP2 (wt) under the same conditions (P<0.005).

Identification of critical residues within the WVPRA motif for NSP1-NSP2 processing

To identify individual residues of high importance within the WVPRA motif, single amino acid substitutions
were introduced into it. The wt and the mutant precursors were expressed within cells, either in the absence
or presence of the PLP™. Transfections of these constructs followed by western blotting were repeated three
times and resulted in very similar results. The results of one experiment are shown in Fig. 5, and the additional
experiments are shown in Supplementary Figs. S5, S6, S8 and S9. Band intensities for the precursors and
products in each experiment were quantified, and each lane was set to 100%, and the relative percentage of each
of the two bands was calculated. The mean values were plotted and are shown in Fig. 5. The NSP1-NSP2 (wt)
and each of the mutants all generated the expected, similarly sized, products in the absence of the PLP™ (Fig. 5,
odd numbered lanes). A faint band slightly smaller than the full-length NSP1-NSP2 precursor was observed in
both the wt and the mutants in the absence of PLP™. This likely represents a low level of non-specific cleavage
(Fig. 5, odd numbered lanes). In the presence of PLP™, the NSP1-NSP2 (wt) was cleaved to generate the Flag-
tagged NSP2, as above (Fig. 5a and b, lane 2). However, there was no processing observed for the NSP1-NSP2
(NSP2 W243A) mutant due to the presence of PLP™ (P<0.0005) (Fig. 5a, lane 4). In contrast, some processing
was observed for both the NSP1-NSP2 (NSP2 W243Y) (Fig. 5a, lane 6) and NSP1-NSP2 (NSP2 W243F) (Fig. 5a,
lane 8) precursors in which rather conservative amino acid substitutions had been made (W, Y and F are all
aromatic residues whereas A, in contrast, is a small non-polar residue). However, although some processing was
observed, the amount of processed NSP2 produced from the NSP1-NSP2 (NSP2 W243Y) was significantly lower
than the amount of the NSP2 observed from the wt precursor (P<0.005). Processing, at a similar level as in the
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Fig. 5. Identification of amino acid residues within the conserved WVPRA motif within the SARS-CoV-2
NSP2 that are required for efficient processing of the NSP1/NSP2 junction by PLP™ (NSP3). Cell lysates from
BHK cells infected with vIF7-3!° and transfected with plasmids that express the SARS-CoV-2 NSP1-NSP2-
Flag (wt or with single amino acid substitutions within the conserved WVPRA motif) either alone (odd
numbered lanes) or with the plasmid encoding the SARS-CoV-2 PLP™ (even numbered lanes) were analyzed
by immunoblotting as in Fig. 4. Molecular mass markers (kDa) are indicated on the left. A negative control
was included (lane 9). The NSP1-NSP2-Flag and the NSP2-Flag products are indicated on the right side of
the western blot picture and were detected using anti-Flag-antibodies. Panel (a) shows the wt and various
substitutions of the NSP2 W243 and a negative control. Panel (b) shows the wt, the NSP2 R246A, the NSP2
P247A, NSP2 P247G and a negative control. The uncut membranes are shown in Supplementary Figs. S4 and
S7. This experiment has been repeated three times in total with separate transfections and western blots and
resulted in very similar results. The additional experiments are shown in Supplementary Figs. S5, $6, S8 and S9.
Band intensities for each experiment were quantified using pixel count in ImageJ. Each lane was set to 100%,
and the relative percentage of each of the two bands was calculated. The mean values of the triplicates were
plotted, and the bar diagram with error bars representing the standard deviation (SD) are shown on the right
side of panels a and b.

wt, was observed for the NSP1-NSP2 (R246A) mutant (no significant difference) (Fig. 5b, lane 4) (with a change
in a different residue within the motif) in the presence of PLP™. Cleavage was also observed with the NSP1-NSP2
(P245A) mutant in the presence of PLP™, however it is noteworthy that for this mutant more unprocessed NSP1-
NSP2 precursor remained compared to the wt, and the amount of processed NSP2 was significantly lower in the
NSP1-NSP2 (P245A) mutant compared to the wt in the presence of PLP™ (P<0.005). The NSP1-NSP2 (P245G)
mutant yielded less cleaved NSP2 compared to both the wt and the NSP1-NSP2 (P245A) mutant, indicating less
efficient cleavage in the presence of PL"™ (P<0.005, compared to the wt).

Discussion

The function of the NSP2 in coronaviruses is not well defined. It has been proposed that the SARS-CoV NSP2 is
involved in disrupting intracellular host signaling through interaction with two host proteins termed prohibitin
1 and 2'7. The NSP2 coding sequence has been completely deleted from the RNA genome of Murine Hepatitis
Virus (MHV) and SARS-CoV, and these mutant viruses could still be rescued, proving that NSP2 is not essential
for virus growth in cell culture!'®. However, these viruses showed attenuated viral growth and RNA synthesis
compared to the wt'®. One study has suggested that the SARS-CoV-2 NSP2 stimulates translation. In HEK293T-
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cells, expression of the NSP2 protein increased the protein synthesis rate from mRNAs using both cap- and
IRES-dependent translation initiation mechanisms!. Another study showed that SARS-CoV-2 NSP2 impedes
translation of Ifnbl transcripts, which encode type I interferon p (IFN-B), by interacting with the GIGYF2
protein®’. This interaction increases the binding of the GIGYF2 protein to the mRNA cap-binding protein 4EHP,
thereby repressing translation of the Ifub mRNA. Furthermore, analysis of the NSP2 structure, obtained using
cryo-electron microscopy and structure prediction, revealed a highly conserved zinc ion-binding site, as present
in a number of RNA binding proteins such as RNA polymerases and ribosomes, suggesting a possible role for
NSP2 in such interactions®..

We recently identified a short motif (YCPRP) within the FMDV P1-2A precursor (VP1 in the mature
capsid protein) and found it to be conserved among all FMDVs. Furthermore, this motif was also highly
conserved across many members of the Picornavirus family, including within cardioviruses, hepatoviruses and
enteroviruses. When the motif was modified in the context of FMDYV, processing of the FMDV P1-2A precursor
by the 3CP™ was blocked®. This was consistent with earlier studies by Ryan et al.,?? indicating that truncation
of the P1-2A capsid precursor blocked processing in vitro. Furthermore, another earlier study had observed
a similar effect with the poliovirus capsid precursor (P1) processing by 3CDP™, when the C-terminus of P1
(including the closely related WCPRP motif) was removed then processing of the residual P1 was blocked?*.

On the basis of the results from both SARS-CoV-2 (as described here) and FMDV®!?, it seems likely that
the overall structures of the precursor proteins are adversely affected upon changing or deleting amino acids
within these distinct, but closely related, motifs. This would explain why the proteases are not able to recognize
the unchanged cleavage sites even when these are located far from the motif in the linear sequence. The short
conserved motif (YCPRP) within the C-terminus of FMDV VP1 is extremely important for the cleavage of the
capsid precursor P1-2A by 3C[P™8, Deleting this motif within the FMDV capsid precursor completely abrogated
its processing even though the cleavage sites at the VP0/VP3 and VP3/VP1 junctions were located more than
400 aa and around 190 aa away from the deleted motif, respectively. Here, we have now shown that the related
motif (WVPRA) within NSP2 of SARS-CoV-2 is necessary for efficient processing of the NSP1/NSP2 junction
by the PLP™. Deletion of the WVPRA motif resulted in the NSP1-NSP2 precursor being highly resistant to
cleavage by PLP™ (P<0.005) (see Fig. 5, lane 4). We have also analyzed more subtle changes in these motifs. The
substitution of the first aromatic amino acids in these motifs, Y in the FMDV P1-2A precursor and the W in
the SARS-CoV-2 NSP1-NSP2 precursor, to an A had similarly adverse effects on cleavage of the two precursors
(P<0.0005 for the NSP1-NSP2 (NSP2 W243A)). The substitution of the second amino acid in the motif, C to
an A, in the FMDV P1-2A precursor, did not have any obvious effect on cleavage, it is also noteworthy that this
amino acid is rather non-conserved among different picornaviruses. However, surprisingly, substitution of the
third residue P to an A in the FMDV P1-2A precursor, also did not have any apparent effect on the cleavage assays
although this amino acid is fully conserved amongst all the picornaviruses that we checked including various
cardioviruses, hepatoviruses and enteroviruses®. Furthermore, a mutant FMDV RNA transcript encoding the
VP1 P187A substitution did not produce infectious virus following introduction into cells, clearly indicating
the importance of this residue. Due to these observations with FMDYV and the fact that the residue is conserved
in beta-coronaviruses, we also tested the effect on cleavage of changing proline to an alanine in the WVPRA
motif. Cleavage was observed for the SARS-CoV-2 NSP1-NSP2 (NSP2 P245A) mutant, however the cleavage
efficiency was lower than the wt, as there was still residual precursor detected (Fig. 5b, lane 6, and bar graph)
(P<0.005). To investigate the effect of this residue further, the proline in the WVPRA motif was also changed
to a glycine. Less cleavage of the NSP1-NSP2 junction was observed for this mutant (Fig. 5b, lane 8) compared
to the alanine substitution (Fig. 5b, lane 6 and bar graph), suggesting that the alanine residue is tolerated better
(P<0.005, compared to the wt). Glycine and proline residues within proteins have unusual properties; proline
(as an imino acid) introduces a “kink” into the polypeptide chain and glycine residues allow a much greater
degree of chain conformations than other residues. Hence, the proline to glycine substitution had been expected
to be less detrimental to the protein structure than the alanine substitution but it appeared that the effect of the
P to G substitution on cleavage was greater than the P to A change. The FMDV VP1 R188 residue had a large
effect on cleavage of the capsid precursor by the 3C[P™8, Furthermore, the FMDV (VP1 R188A) substitution also
adversely affected the efficiency of virus rescue from RNA and a secondary compensatory substitution, W129R in
VP2, was observed after a few passages of the recovered virus in cells'. Interestingly, we found that introducing
this secondary VP2 (W129R) substitution into the FMDV P1-2A (VP1 R188A) mutant could reverse the block
on cleavage, thus showing the importance of the interaction between amino acids within this conserved motif
to other sites in the precursor'’. The SARS-CoV-2 NSP2 R246 is not as conserved (Fig. 2) as the FMDV VP1
R188. However, due to the marked effect observed in FMDYV, the importance of this residue in the NSP2 was also
tested by substitution to an alanine. The NSP2 R246A substitution did not have a huge effect on the cleavage of
the NSP1-NSP2 precursor (no significant difference) (Fig. 5b, lane 4, and bar graph). However, it seemed that
the processing had slowed to some degree, since more precursor remained for this mutant, compared to the wt
(Fig. 5b, cf. lane 4 and lane 2).

A recent study has investigated the processing by the SARS-CoV-2 PLP™ of various small synthetic peptides
corresponding to the junction sequences (P8, P7, P6, P5, P4, P3, P2, P1- P1’, P2’, P3’, P4’, P5’, P6’, P7’,
P8") of NSP1-NSP2 (LMRELNGG-AYTRYVDN), NSP2-NSP3 (NTFTLKGG-APTKVTEG) and NSP3-NSP4
(TKIALKGG-KIVNNWLK)?%. Surprisingly, the study reported that the PLP™ was not able to process the NSP1-
NSP2 junction peptide at all, despite being able to process peptides corresponding to the two other junctions?*.
The NSP3-NSP4 junction was not very efficiently processed either, whereas the NSP2-NSP3 junction was very
effectively processed, and the authors hypothesized that the proline at residue P2" in the NSP2-NSP3 sequence
might influence the effectiveness of the processing. Thus, the P2” residue at the NSP1-NSP2 junction in NSP2
(Y2P ) was changed to a proline in the peptide to investigate the effect on processing®*. Interestingly the small
peptide corresponding to the NSP1-NSP2 junction containing the NSP2 (Y2P) substitution was processed very
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effectively, clearly indicating the importance of this residue. Furthermore, the P2” residue at the NSP3-NSP4
junction was also changed to a proline in NSP4 (I2P) to investigate the effect on this processing. Interestingly
this also greatly enhanced processing®*.

It is very likely that there is some kind of interaction, either direct or indirect, between the NSP1-NSP2
junction and the conserved motif which is necessary for correct processing of the junction. The fact that the
PLP™ was not able to process the wt NSP1-NSP2 junction peptide* further suggests that there are some other
regions in the polyprotein that are necessary for correct processing of this specific junction, and it is very easy
to propose that the conserved motif is involved in this. The introduction of the P residue may well influence the
structure of the short peptide substrate and hence facilitate its recognition, the conserved motif may function in
an analogous manner for the whole protein.

It is interesting to note that similar motifs exist in various different virus families and within different
proteins, i.e. in the structural protein (P1-2A or P1) precursor of different picornaviruses and in the NSP2 of
multiple betacoronaviruses. Furthermore, the motif seems to have the same important effect on processing in
each case. We have also identified similar motifs (of the form Y/F/W-x-P-R-P/A) in other proteins within other
viruses, including: human astrovirus, duck astrovirus, canine astrovirus, bovine astrovirus, porcine astrovirus,
macacine betaherpes virus 9, Testudinid alphaherpesvirus 3, human papillomavirus 18, human circovirus, Canis
familiaris papillomavirus 13, atypical porcine pestivirus 1 and classical swine fever virus. For some of these
viruses, the motif is also located within a precursor protein, which is subsequently processed to generate the
mature proteins, as with the SARS-CoV-2 NSP2 and FMDV VP1. However, this motif might also affect folding
of proteins that are not part of precursor proteins and this could in turn affect interactions of such proteins with
other proteins. Moreover, we also found that a similar motif (WGVRP) is present within the Enterobacteria
phage K1E Interestingly, in Enterobacteria phage K1FE, this motif is located within a protein previously defined
as an intramolecular chaperone. The intramolecular chaperone is located at the C-terminus of the trimeric
tail spike protein and is also referred to as the C-terminal domain (CTD)?. This intramolecular chaperone, is
part of a larger precursor polyprotein and has been shown to be necessary for correct folding of the precursor
polyprotein. After the folding of the precursor, the CTD is cleaved off after a conserved serine residue and this
cleavage is necessary to stabilize the native protein complex®.

Originally, an intramolecular chaperone was defined as a pro-region or a pro-sequence, which is covalently
linked to the newly synthesized polypeptide?®. Here it guides and catalyzes the folding of the protein, but
subsequently it is cleaved off and thus does not remain as part of the mature protein. However, it has been
suggested by Ma et al.,?® that there is also another type of intermolecular chaperone that is not subsequently
removed. These chaperones have been referred to as intramolecular chaperone-like building blocks as they
are incorporated into the mature protein®. Both groups of intramolecular chaperones play important roles in
protein folding and hence in protein function.

It is very attractive for viruses to produce proteins that have multiple functions, as the viral coding capacity
is quite limited. Thus, it is feasible that a protein that functions as an intramolecular chaperone may also be
used within the mature virus as is the case for the FMDV VP1 (where the motif is located). However, the
SARS-CoV-2 NSP2 is different from the FMDV VP1, as it is not included in the mature virus particle, and
furthermore the functions of this protein are not fully defined. It is noteworthy that both FMDV (plus many
other picornaviruses) and SARS-CoV-2 (plus many other betacoronaviruses) contain these similar motifs, and
that for FMDV and now SARS-COV-2 it has been shown that modification of these motifs in the polyproteins
can have a dramatic effect on cleavage of the polyprotein even though the cleavage sites/site are located far away
(in the linear sequence) from the site of the conserved motif.

Data availability

The authors confirm that the data supporting the findings of this study are available within the article and the
supplementary materials. The data generated, used and analyzed in this study are available upon request from
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