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Brief Communication 

The N-terminal region (VP4) of the foot-and-mouth disease capsid 
precursor (P1-2A) is not required during its synthesis to allow subsequent 
processing by the 3C protease 

Thea Kristensen, Preben Normann, Graham J. Belsham * 

Department of Veterinary and Animal Sciences, University of Copenhagen, Grønnegårdsvej 15, 1870, Frederiksberg C, Denmark   
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A B S T R A C T   

The capsid precursor (P1-2A) of foot-and-mouth disease virus is processed by the 3C protease (3Cpro) to VP0, VP3 
and VP1 plus 2A. During capsid assembly, the VP0 is cleaved to VP4 plus VP2. Single amino acid changes in a 
conserved motif (YCPRP) near the C-terminus of VP1 can block processing of the capsid precursor by the 3Cpro, 
although the cleavage sites are located hundreds of amino acids distant from this motif, presumably due to 
misfolding. In contrast, we show here that the absence of the VP4 sequence during the synthesis of the capsid 
precursor does not affect its subsequent processing. Cleavage of this truncated precursor by 3Cpro at the VP3/VP1 
and VP2/VP3 junctions occurred efficiently. Thus, in contrast to the presence of the YCPRP motif in VP1, there 
are no critical motifs near the N-terminus of the precursor, within VP4, required for correct cleavage by 3Cpro.   

1. Introduction 

Picornaviruses, including poliovirus (PV) and foot-and-mouth dis-
ease virus (FMDV), are non-enveloped and are composed of a protein 
shell (or capsid) surrounding a single copy of the positive-sense RNA 
genome. Some members of the family Picornaviridae, are responsible for 
important human and animal diseases (see Wells and Coyne, 2019; 
Sridhar et al., 2019; Jamal and Belsham, 2013). For most picornaviruses, 
the capsid is composed of 60 copies of 4 separate proteins (VP4, VP2, 
VP3 and VP1) that are generated by cleavage of the capsid precursor; 
this is P1 (for enteroviruses like PV) or P1-2A (for FMDV and other 
aphthoviruses). The PV P1 precursor is cleaved by the 3CD protease 
(3CDpro) to VP0, VP3 and VP1 (Ypma-Wong et al., 1988). In contrast, the 
FMDV P1-2A precursor is cleaved by the 3C protease (3Cpro) to generate 
VP0, VP3, VP1 plus 2A (Belsham et al., 1990). The 2A peptide, just 18 
residues in length, is not usually incorporated into capsid particles un-
less the cleavage of the VP1/2A junction is blocked by modifying the 
protein sequence at the cleavage site (Gullberg et al., 2013a; Kristensen 
et al., 2017). The cleaved capsid proteins remain associated with each 
other (within protomers), five of the protomers can then assemble into 
pentamers and 12 of these can then combine together to form empty 
capsids or, alternatively, package the RNA genome to form complete 
virus particles (reviewed in Belsham et al., 2020). It is generally 

considered that cleavage of the PV VP0 into VP2 and VP4 occurs as a 
result of the formation of complete virus particles and may include 
involvement of the viral RNA (Basavappa et al., 1994; Hindiyeh et al., 
1999). However, for FMDV, it appears that cleavage of VP0 to VP2 and 
VP4 is a consequence of capsid assembly, and occurs efficiently even in 
empty capsid particles (Curry et al., 1995; Gullberg et al., 2013b). 

The formation of both FMDV and PV particles is dependent on the 
myristoylation of the amino (N)-terminal glycine (G) residue of the 
capsid precursor (P1 or P1-2A), by the host cell machinery, and this 
covalent modification remains present on VP0 and VP4 (Chow et al., 
1987). Blocking myristoylation results in loss of stable virus particle (or 
empty capsid) production (Marc et al., 1990; Abrams et al., 1995); the 
myristoylation is also required for FMDV pentamer formation (Goodwin 
et al., 2009; Newman et al., 2018). However, myristoylation is not 
required for processing of either the FMDV or the PV capsid precursor to 
the individual capsid proteins within cells (Marc et al., 1990; Abrams 
et al., 1995; Belsham et al., 1991; Ansardi et al., 1992). 

As with most other picornaviruses, in the mature FMDV particle the 
VP1, VP2 and VP3 make up the outer surface of the capsid while VP4 is 
entirely internal and adjacent to the RNA (Acharya et al., 1989). The 
FMDV VP4 contains only about 85 residues while VP1, VP2 and VP3 are 
each 213–220 residues in length. 

Recently, it has been shown that the processing of the FMDV P1-2A 
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capsid precursor, by 3Cpro, at 3 separate sites (Fig. 1A) can occur inde-
pendently of each other (Kristensen et al., 2018). However, this pro-
cessing requires the presence of a highly conserved motif (YCPRP in 
FMDV) that is present near the carboxy (C)-terminus of VP1 (Kristensen 
and Belsham, 2019a) and hence of the capsid precursor. This motif is 
almost completely conserved amongst FMDV strains across all seven 
serotypes. Single amino acid substitutions within this motif within 
FMDV can render the capsid precursor non-processable by 3Cpro and 
block production of infectious virus (Kristensen and Belsham, 2019a,b). 
Thus, the nature of this motif affects the cleavage of capsid protein 
junctions located hundreds of amino acids away from its position in the 
linear sequence. This motif is also highly conserved in many other pi-
cornaviruses; in enteroviruses (like PV), it is present as WCPRP and in 
cardioviruses as FCPRP (Kristensen and Belsham, 2019a), i.e. with an 
aromatic residue (Y, W or F) at the first position of the motif in each case. 
It has been proposed that this motif may serve as a binding site for 
cellular chaperones (or their co-factors) which may be required for 
correct protein folding and/or maintenance of the correct structure of 
the capsid precursor prior to protein processing and capsid assembly 
(Kristensen and Belsham, 2019a,b). The involvement of chaperones in 
virus replication has been well documented (reviewed by Geller et al., 
2012). For example, Hsp90 appears to be required for capsid processing 
and assembly in different picornaviruses (Newman et al., 2018). Both 
Hsp90 and Hsp70 have been reported to interact with the PV capsid 
precursor, P1 (Geller et al., 2007; Macejak and Sarnow, 1992), and thus 
may be involved in the folding of P1 allowing it to be correctly processed 
by the 3CDpro Geller et al. (2007). 

Newman et al. (2021) have recently shown that introduction of a 
cleavage site for the PreScission Protease (Prepro), at the usual location 
of the VP4/VP2 junction, into the FMDV capsid precursor allowed 
processing of the modified P1-Δ2A precursor by Prepro to generate VP4 
and the shortened precursor VP2-VP3-VP1-Δ2A within an in vitro 

transcription-translation system. Furthermore, this truncated precursor 
could then be processed in vitro by FMDV 3Cpro to produce VP2, VP3 and 
VP1. Thus, the presence of VP4 was not required for the processing of 
this truncated capsid precursor. However, no assembly of pentamers was 
observed in this system following the removal of the VP4 prior to 3Cpro 

processing (Newman et al., 2021) consistent with the requirement for 
VP0/VP4 myristoylation for this process (Goodwin et al., 2009). 

Earlier studies had also demonstrated that other modifications to the 
N-terminus of the FMDV P1-2A, e.g. when a partially deleted (and 
functionally defective) Leader (L) protease remained fused to the capsid 
sequences (Belsham et al., 1990), did not prevent processing of the 
modified capsid precursor by 3Cpro within cells. Thus, there is a marked 
contrast between the strict requirement for the presence of the C-ter-
minus of VP1 (including the YCPRP motif) as demonstrated by Kris-
tensen and Belsham (2019a,b), to allow processing of the precursor 
molecule by 3Cpro, and the apparent lack of requirement for the presence 
of the VP4 protein at the N-terminus of the precursor. However, the 
studies from Newman et al. (2021) did not analyze whether a truncated 
P1-2A precursor that lacks VP4 during its synthesis and folding would be 
correctly recognized and processed by 3Cpro. We have now compared 
the expression and processing of the FMDV P1-2A (wt) capsid precursor 
by 3Cpro to that observed with a truncated capsid precursor precisely 
lacking VP4 throughout its synthesis and processing by 3Cpro within 
mammalian cells. 

2. Materials and Methods 

2.1. Plasmid design 

The relevant parts (see Fig. 1) of the FMDV A22 Iraq coding sequence 
(as cDNA) were synthesized and inserted into pcDNA3.1 by GenScript, 
(Leiden, Netherlands) based on GenBank accession number: 

Fig. 1. Production and processing of the wt and truncated FMDV capsid precursor by 3Cpro. Representation of the cDNA encoding the wt (strain A22) FMDV capsid 
precursor (P1-2A) linked, in frame, to the FLAG-tag alone (A) and the P1-2A sequence linked in frame to 3Cpro plus the FLAG-tag (B). The various cleavage sites 
within the polyprotein that can be recognized by the 3Cpro are indicated by the red arrows. C) cDNA encoding a truncated form of the FMDV capsid precursor, 
including only VP2-VP3-VP1-2A (termed P1-2AΔVP4) linked to the FLAG-tag. D) The cDNA encoding P1-2AΔVP4 was linked to 3Cpro plus FLAG-tag at its C-ter-
minus. Note, the various FMDV protein coding regions are not drawn to scale and were flanked by an initiation codon and a termination codon in each case. E) The 
indicated plasmids were transfected into BHK cells and after 48 h, cell lysates were prepared. The FMDV proteins were analysed by immunoblotting using a mouse 
anti-VP2 monoclonal antibody, as described in Materials and Methods, to detect FMDV VP2 within the context of its precursors (e.g. the precursor P1-2A, the 
truncated precursor P1-2AΔVP4 and VP0) and in its mature form (VP2). The migration of molecular weight marker proteins is indicated. 
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KY825717.1. The cDNA sequence cassette was flanked by two restriction 
sites, BglII (with overhangs following digestion that are compatible with 
those produced by digestion of the BamHI site within the vector) and 
NotI. The initial cassette contained an initiation codon, the coding 
sequence for FMDV P1-2A, 3 nt encoding the Pro (P) residue at the N- 
terminus of FMDV 2B, 15 nt coding for the C-terminus of 3B3 plus a 
modified FMDV 3Cpro sequence (encoding the substitution C142S) fused 
to a FLAG-tag and two stop codons (see Fig. 1). The short region of the 
3B3 coding sequence was included to maintain the cleavage site recog-
nized by the 3Cpro. The 3Cpro C142S substitution, as used previously 
(Polacek et al., 2013), was introduced as this mutant form of the pro-
tease retains some P1-2A cleavage activity (Birtley and Curry, 2005; 
Birtley et al., 2005) but is less toxic to the cells, thus allowing higher 
transient expression of the proteins (Polacek et al., 2013). 

The plasmid was transformed into chemically competent Top10 
Escherichia coli (E. coli) cells, amplified and purified using a Plasmid Midi 
Kit (Qiagen). In brief, the BglII-NotI insert from pcDNA3.1 was inserted 
into BamHI-NotI digested DREP vector (van de Wall et al., 2018), (pro-
vided by Karl Ljungberg, Karolinska Institutet, Stockholm, Sweden) and 
transformed into chemically competent E. coli cells and spread onto 
kanamycin LA plates. Colonies were screened for the insert by restriction 
enzyme digestion and positive clones were amplified and purified as 
above. The entire cDNA insert were verified by Sanger sequencing (LGC, 
Biosearch Technologies, Berlin, Germany). 

Variants of this plasmid (see below) were prepared using site 
directed mutagenesis. Primers with the desired deletion were used 
together with a wt primer and a plasmid template to generate mega-
primers (ca. 400–1100 bp); see Table 1 for an overview of the different 
constructs and which templates were used for making them and the 
primer sequences. The megaprimers were amplified using Phusion® 
High-Fidelity DNA Polymerase (Thermo Fisher Scientific) and gel puri-
fied using the GeneJet Gel Purification Kit (Thermo Fisher Scientific). 
They were then used in a mega PCR together with the indicated template 
(Table 1). The mega PCR products were digested with DpnI, to remove 
residual template, and transformed into chemically competent E. coli 

cells (as above). The structures of the plasmid DNAs from individual 
colonies was screened first by restriction enzyme digestion and then 
verified by Sanger Sequencing (LGC, Biosearch Technologies, Berlin, 
Germany) and correct clones were amplified and purified as above. 

2.2. Transient expression assays 

Baby hamster kidney 21 (BHK-21) cells were seeded into 6-well 
plates approximately 24 h before starting the transfection assay. At 
transfection, the BHK-21 cells were 70–80% confluent. Lipofect-
amine3000 (Thermo Fisher Scientific) (3.5 μL) together with p3000TM 

Reagent (Thermo Fisher Scientific) (4 μL) was used to transfect the 
indicated plasmids (2000 ng) alone or mixtures of the plasmids encoding 
the wt or truncated P1-2A (2000 ng) together with the plasmid 
expressing the 3Cpro (50 ng). The cells were incubated in 5% CO2, at 37 
◦C, for 48 h and then lysed with 500 μL Buffer C (20 mM Tris-HCl (pH 
8.0), 125 mM NaCl and 0.5% NP-40). The cell extracts were clarified by 
centrifugation at 13,000×g for 10 min at 4 ◦C. 

2.3. 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 heated to 100 ◦C for 5 min. The proteins were 
separated by SDS-PAGE 4–15% 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 the blocking buffer and 
dilution buffer for both the primary and secondary antibodies. The 
membranes were initially blocked for approximately 1 h and were then 
incubated with the primary antibodies overnight at 5 ◦C. The primary 
antibodies used were: rabbit anti-FLAG polyclonal antibody (1:1000, 
Proteintech, 20543-1-AP) and a mouse anti-FMDV VP2 monoclonal 
antibody (5B2, see Asfor et al., 2020) (1:1000, kindly provided by 
Santina Grazioli, Istituto Zooprofilattico Sperimentale della Lombardia 
ed Emilia Romagna, Brescia, Italy). The membranes were washed, 3 × 5 

Table 1 
Summary of plasmid modifications.  

Modification Construct Template 
used 

PCR primer sequences to make modification (forward(Fw) and reverse (Rev)) 

Initial construct P1-2A-2BΔ-3Cpro(C142S)- 
FLAG 
#1 

None Not applicable 

Deletion of VP4 P1-2AΔVP4-2BΔ- 
3Cpro(C142S)-FLAG 
#2 

#1 Fw: 
GATTATAGCGCACTATTAGCACCATGGATAAGAAGACCGAGGAGACC 
Rev: 
CGTCCGAACAAGCCACCGGTA 

Deletion of VP2-VP3-VP1- 
2A-2BΔ 

3Cpro(C142S)-FLAG 
#3 

#1 Fw: 
CATTGGCGACCGCTTACCTGTGCGGC 
Rev: GCAAGTCGGTCGGTGGGGCTCCACTCATGGTGCTAATAGTGCGCTATAATCAAGATCT 

Modification of 3Cpro 

back to wt 
3Cpro(wt)-FLAG 
#4 

#3 Fw: 
CTCTACGGCGGTCCTAGATTGG 
Rev: 
GGCATGGTGTCTCCATCCATACACACTACAATGTCC 

Deletion of 2BΔ-3Cpro P1-2A-FLAG 
#5 

#1 Fw: 
ATCCATGCTGAGTGGGACACAG 
Rev: 
GCGGCCGCGGAATTCCTATTACTTGTCGTCATCGTCTTTGTAGTCGTTGGACTCAACGTCTCCTGCCAAC 

Deletion of VP4 P1-2AΔVP4-FLAG 
#6 

#5 Fw: 
GATTATAGCGCACTATTAGCACCATGGATAAGAAGACCGAGGAGACC 
Rev: 
CGTCCGAACAAGCCACCGGTA 

Modification of 2A, L2P P1-2A-FLAG (2AL2P) 
#7 

#5 Fw: 
ATCCATGCTGAGTGGGACACAG 
Rev: 
GAGCAAATCGAAGTTCGGAAGTTGTTTTGCAGGTG 

Modification of 2A, L2P P1-2AΔVP4-FLAG (2AL2P) 
#8 

#6 Fw: 
ATCCATGCTGAGTGGGACACAG 
Rev: 
GAGCAAATCGAAGTTCGGAAGTTGTTTTGCAGGTG  
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min, in PBST and the bound antibodies were detected using appropriate 
horseradish peroxidase (HRP) conjugated secondary antibodies, namely 
HRP conjugated goat anti-rabbit IgG (H + L) (1:500, Thermo Fisher 
Scientific 32460) or HRP conjugated goat anti-Mouse IgG (H + L) 
(1:500, Thermo Fisher Scientific 31430). Following washes, 3 × 5 min, 
in PBST, the membranes were incubated with a chemiluminescence 
detection kit (Pierce ® ECL Western Blotting Substrate, Thermo Fisher 
Scientific). Images were captured using a ChemiDoc XRS + system 
(Bio-Rad). 

3. Results 

Serotype A FMDV cDNA cassettes encoding FLAG-tagged P1-2A 
alone (Fig. 1A) or P1-2A-3Cpro(C142S) (Fig. 1B) (from single open 
reading frames) were constructed and introduced into a DNA launched 
alphavirus replicon (termed DREP) based on the Semliki Forest virus 
(SFV) genome (van de Wall et al., 2018). The DREP vector expresses 
RNA transcripts that self-replicate within the cytoplasm of cells. Intro-
duction of these plasmids into BHK cells resulted in the expression of the 
FMDV sequences from the RNA replicon under the control of the SFV 
sub-genomic promoter (see Fig. 1E). In trial experiments, it was found 
that optimal protein expression occurred at 48 h post-transfection. The 
FLAG-tagged P1-2A migrated as a single product of about 90 kDa, as 
expected, that was recognized by anti-FMDV VP2 antibodies (Fig. 1E, 
lane 1). Inclusion of the coding sequence for 3Cpro (C142S mutant, 
which has reduced catalytic activity) along with the capsid coding se-
quences (Fig. 1B) into DREP resulted in the efficient processing of P1-2A 
as indicated by the near complete loss of the intact precursor (Fig. 1E, 
lane 2) and the production of VP0 (as recognized by the anti-VP2 
antibody). 

When the VP4 coding sequence was removed from the P1-2A cassette 
(Fig. 1C), then the truncated precursor (termed P1-2AΔVP4, consisting 
of VP2-VP3-VP1-2A) was readily detected in transfected cells (Fig. 1E, 
lane 3) by the anti-FMDV VP2 antibodies and, as expected, migrated 
faster than the wt P1-2A precursor (due to the lack of VP4). The inclu-
sion of the 3Cpro coding sequence in the replicon, along with the P1- 
2AΔVP4 sequence (Fig. 1D), again resulted in efficient processing of this 

truncated precursor (Fig. 1E, lane 4) and the formation of VP2 (i.e. VP0 
without VP4). 

Having established that the VP2/VP3 junction was cleaved by 3Cpro 

in the absence of the VP4 sequence, we wanted to detect the production 
of VP1 (requiring cleavage of the VP3/VP1 junction), as well, from both 
the full-length and truncated precursor proteins. To achieve this, 
modified versions of the plasmids encoding P1-2A and P1-2AΔVP4 were 
produced so that the coding sequence for the junction between VP1 and 
2A was changed to block processing of the VP1/2A junction by 3Cpro in 
each case (see Fig. 2A and B). As described previously (Gullberg et al., 
2014), the substitution of residue 2 within the 2A peptide from Leu (L) to 
Pro (P) (termed 2AL2P) completely blocks processing at this junction by 
3Cpro but does not affect protein processing elsewhere nor affect virus 
viability. The presence of the 2A peptide, followed by the FLAG epitope, 
attached to VP1, allowed the detection (using anti-FLAG antibodies) of 
the cleaved VP1-2A-FLAG product. This was achieved from both the 
full-length P1-2A precursor (Fig. 2D, lane 2) and from the truncated 
P1-2AΔVP4 product (Fig. 2D, lane 4) when the capsid precursor 
expression plasmids were co-transfected with the wt 3Cpro (using 50 ng 
of the protease plasmid). Not surprisingly, using this co-expression 
system some residual, uncleaved capsid precursor, was still observed 
as well (Fig. 2D). Note, the production of the VP1-2A-FLAG from each 
precursor was also obtained using higher (500 ng) or lower (10 ng) 
amounts of the wt 3Cpro vector (data not shown), but higher levels of the 
protease tended to decrease protein expression, as observed previously 
(Polacek et al., 2013). It can be concluded that the complete absence of 
VP4 during synthesis of the capsid precursor had no apparent detri-
mental effect on its processing by 3Cpro at either the VP2/VP3 junction 
or the VP3/VP1 junction. 

4. Discussion 

In this study, we have investigated the effect of precisely removing 
the coding sequence for the entire VP4, so that a truncated capsid pre-
cursor (P1-2AΔVP4) was synthesized (lacking VP4) within mammalian 
cells. Interestingly, the deletion of the VP4 coding sequence (85 aa) did 
not seem to adversely affect either the synthesis or the folding of the 

Fig. 2. Production of FLAG-tagged VP1-2A by cleavage from the wt and truncated forms of P1-2A by 3Cpro. The indicated FMDV cDNAs in the DREP vector (see text) 
were modified (L2P within the 2A peptide) in the complete P1-2A precursor (A) and the truncated capsid precursor protein (B). A representation of the 3Cpro (wt, i.e. 
without the C142S change) expression cassette (including a FLAG epitope tag) is also shown (C). Note the protein coding regions are not drawn to scale. The residual 
3Cpro cleavage sites are indicated by red arrows. In panel D), the plasmids (2000 ng, shown in panels A and B) encoding the FLAG-tagged capsid precursors were 
transfected into BHK cells alone or with the plasmid (panel C) that expresses the wt 3Cpro (50 ng), as indicated. After 48 h, cell lysates were prepared and the 
detection of the FLAG-tagged capsid precursors (P1-2A and P1-2AΔVP4) plus the VP1-2A-FLAG cleavage product was achieved using anti-FLAG antibodies. The 
migration of molecular weight marker proteins is indicated. 
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modified capsid precursor, since we achieved efficient protein expres-
sion and observed that the 3Cpro could effectively recognize and cleave 
both the VP2/VP3 and the VP3/VP1 junctions within this modified 
precursor. In contrast, in another recent study, we identified a short 
sequence (YCPRP) near the C-terminus of VP1, which is highly 
conserved amongst all FMDV strains and also among many other pi-
cornaviruses (Kristensen and Belsham, 2019a). In that study, we showed 
that the 3Cpro is unable to cleave either the VP0/VP3 or the VP3/VP1 
junction following substitution of just single amino acids (Y185A and 
R188A) within this highly conserved motif. Remarkably, these cleavage 
sites are located more than 400 and almost 200 residues away from the 
site of modification within the conserved motif, respectively. Strikingly, 
this motif is also conserved in other picornaviruses (Kristensen and 
Belsham, 2019a) and appears to be of high importance for the PV capsid 
precursor, since truncating the RNA transcript to remove 50 residues 
from the C-terminus of VP1 (including the conserved motif) blocked 
processing at all junctions within the P1 precursor by the 3CDpro 

(Ypma-Wong and Semler, 1987). 
Interestingly, Newman et al. (2021) have recently shown, that a 

modified form of the FMDV P1-2A precursor could be truncated at its 
N-terminus, by Prepro cleaving the altered VP4/VP2 junction, and that 
the residual VP2-VP3-VP1-2A precursor could still be efficiently cleaved 
by the 3Cpro subsequently. However, in that study (Newman et al., 
2021), the entire P1-2A capsid precursor (including VP4) was synthe-
sized initially, and thus should have been folded correctly prior to 
cleavage by the Prepro and then by 3Cpro. In our study, we wished to 
investigate how the removal of the entire VP4 coding sequence would 
affect the synthesis and the structure of the truncated precursor within 
mammalian cells. The result was clear, this drastic change to the 
N-terminus of the capsid precursor did not seem to affect the structure 
adversely, since we observed efficient protein expression of the trun-
cated capsid precursor and that the 3Cpro was still able to cleave this 
product at the correct locations. We have not directly demonstrated the 
formation of VP3 (due to lack of suitable anti-VP3 reagents) but the 
release of VP2 and VP1-2A in the presence of 3Cpro, without the presence 
of partially cleaved intermediate precursors, e.g. VP3-VP1-2A (Fig. 2D), 
indicates that the VP3 sequence must have been produced as well. 

In our earlier study (Kristensen and Belsham, 2019b), the VP1 
(R188A) substitution was introduced into full-length FMD virus. This 
change had a negative effect on virus infectivity but a viable virus was 
rescued that had a second-site change, namely VP2 (W129R). Looking at 
the assembled virus structure revealed that the VP1 R188 residue and 
the VP2 W129 residue are located extremely close to each other. 
Furthermore, using a transient expression assay to express the capsid 
precursor in the presence of the 3Cpro, revealed that introducing the VP2 
W129R change into the capsid precursor containing the VP1 R188A 
substitution resulted in correct cleavage of the precursor by 3Cpro 

(Kristensen and Belsham, 2019b). This suggested that there are some 
important long-range interactions within the capsid precursor. Being 
able to remove the entire VP4 coding sequence prior to protein synthesis 
suggests that there are no very important motifs within this region of the 
capsid precursor in relation to its correct protein folding and 3Cpro 

mediated processing. However, the VP4 protein and its myristoylation 
are of high importance in relation to the production of pentamers and for 
assembly of virus particles (Chow et al., 1987; Marc et al., 1990; Abrams 
et al., 1995; Newman et al., 2021). Thus, different regions of the capsid 
precursor have distinct but critical functions in the production and as-
sembly of the virus. 
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