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ABSTRACT

Foot-and-mouth disease virus (FMDV) has a positive-sense ssRNA genome including a single, large, open reading frame. Splitting
of the encoded polyprotein at the 2A/2B junction is mediated by the 2A peptide (18 residues long), which induces a
nonproteolytic, cotranslational “cleavage” at its own C terminus. A conserved feature among variants of 2A is the C-terminal
motif N'®P'’G"3/P'®, where P'? is the first residue of 2B. It has been shown previously that certain amino acid substitutions
can be tolerated at residues E'*, S'>, and N'® within the 2A sequence of infectious FMDVs, but no variants at residues P'7,
G'8, or P' have been identified. In this study, using highly degenerate primers, we analyzed if any other residues can be
present at each position of the NPG/P motif within infectious FMDV. No alternative forms of this motif were found to be
encoded by rescued FMDVs after two, three, or four passages. However, surprisingly, a clear codon preference for the wt
nucleotide sequence encoding the NPGP motif within these viruses was observed. Indeed, the codons selected to code for P'”

and P'® within this motif were distinct; thus the synonymous codons are not equivalent.
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INTRODUCTION

Foot-and-mouth disease virus (FMDV) is the prototypic
member of the genus Aphthovirus within the family
Picornaviridae. This virus is the causative agent of the highly
contagious and economically important disease of cloven-
hoofed animals, foot-and-mouth disease. The positive-sense
ssRNA genome of around 8400 nt includes a single, large,
open reading frame (ORF), ~7000 nt, encoding a polyprotein
(Belsham 2005). The full-length viral polyprotein is never ob-
served since it is rapidly processed during and after synthesis
mainly by the virus-encoded proteases (primarily 3CP*) to
produce 15 distinct mature proteins plus multiple precursors
(for review, see Martinez-Salas and Belsham 2017). Interest-
ingly, FMDV, like many (but by no means all) other picorna-
viruses (e.g., cardioviruses, erboviruses, teschoviruses, etc.)
uses a cotranslational, protease-independent mechanism
for the “cleavage” of the polyprotein at the 2A/2B junction
(the boundary between the capsid proteins and the nonstruc-
tural proteins) (Donnelly et al. 2001a). This mechanism has
been referred to as “ribosomal skipping” or, alternatively,
“stop-carry on” or “StopGo” (Donnelly et al. 2001a; Atkins
et al. 2007; Doronina et al. 2008; Tulloch et al. 2017). The
2A peptide lacks characteristic protease motifs and only me-
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diates “cleavage” during translation. It has been demonstrat-
ed that the 2A sequence is able to mediate “cleavage” in all
eukaryotic translation systems tested, whereas a number of
artificial polyproteins containing this sequence have been ex-
amined in prokaryotic systems and no detectable cleavage
products were observed (Donnelly et al. 1997).

The 2A peptide contains a highly conserved D2(V/T)E(S/
T)NPG,,'P*,p motif at its C terminus, which is critical for
its function (Ryan and Drew 1994; Donnelly et al. 1997).
This motif, together with upstream amino acids, is believed
to interact with the ribosomal exit tunnel. This prevents the
formation of a peptide bond between the C-terminal glycine
(G'®) of 2A and the N-terminal proline of 2B, referred to
here as P'? since it is an important part of the cleavage mech-
anism (see also Ryan et al. 1999; Donnelly et al. 2001a).
However, remarkably, protein synthesis continues without
the requirement for a reinitiation event.

Investigations into the activity of the 2A sequence have
mainly been performed using in vitro experiments.
Typically, these have either used mRNAs with single ORFs
encoding artificial polyproteins comprising two reporter pro-
teins linked via the 2A peptide (Ryan et al. 1991; Ryan and
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Codon bias for NPGP motif in FMDV 2A

Drew 1994; Donnelly et al. 2001b) or by expressing cDNAs
encoding a truncated viral polyprotein including the
StopGo coding region (Palmenberg et al. 1992). Alterations
to the conserved D'*(V/I)E(S/T)NPG,,'P'?, motif reduced
or abrogated the StopGo function (Donnelly et al. 2001b;
Sharma et al. 2012), thereby showing that these amino
acids are important for the correct StopGo “cleavage.”
Furthermore, Hahn and Palmenberg (1996) demonstrated
that alterations to this motif also influenced the viability of
encephalomyocarditis virus (EMCV, a cardiovirus) as they
resulted in lethal phenotypes. Subsequently, Loughran et al.
(2013) reported a similar observation for FMDYV, as modifi-
cation of the S'NPG,,**P'?,;; sequence to S'°NPL,,**V'?,;
or S"’NPA,,*P",; also gave rise to a lethal phenotype.

However, recently, certain amino acid substitutions (e.g.,
2A S" to F/I and 2A N' to H) that have been shown to se-
verely (60%—70%) impair “cleavage” at the 2A/2B junction,
using in vitro assays (Donnelly et al. 2001b), have been found
to be tolerated within infectious FMDVs (J Kjer and GJ
Belsham, in prep.). In contrast, other substitutions (e.g.,
P to A and P" to G) that inhibit cleavage more severely
(by 89%—100%) in vitro, were not found within rescued vi-
ruses. Indeed, viruses rescued from these mutant transcripts
had sequences that exactly matched the wt sequence (i.e., the
rescued viruses were not mutant). In these studies, we also
determined a critical role for the StopGo mechanism for
the overall level of replication/translation of FMDV RNA.
FMDV replicons with a defective 2A sequence had a marked-
ly lower replication efficiency compared to the wt replicon
(J Kjeer and GJ Belsham, in prep.).

It is, therefore, apparent that some amino acid substitu-
tions can be tolerated within the FMDV 2A peptide, whereas
other changes are not compatible with viability. To identify if
any alternative residues can be accepted within the critical
N'*P7G, ¥¥P",5 motif, degenerate sequences, encoding all
possible amino acid substitutions at each of these positions
individually, were introduced into a full-length FMDV
cDNA, as used previously (Gullberg et al. 2013; Kristensen
et al. 2017). In principle, this should result in the production
of RNA transcripts encoding 2A peptides with a wide spec-
trum of “cleavage” activities. This was achieved by generating
alarge pool of plasmids, using site-directed mutagenesis with
highly degenerate oligonucleotides, to change each of the in-
dividual codons corresponding to the amino acid residues
within this conserved motif to NNN (where N is a mixture
of all four bases). Using each pool of plasmids, RNA tran-
scripts were prepared in vitro and introduced into baby ham-
ster kidney (BHK) cells. Infectious viruses were rescued and
characterized.

RESULTS AND DISCUSSION

The expected generation of a pool of StopGo cDNA mutants
that could potentially result in all possible single amino sub-
stitutions in place of the N'¢ PY G'8, and P residues (see

Fig. 1A) was analyzed by sequencing (see Fig. 1B). The het-
erogeneity at the expected positions was clear in each case
(this does not prove that each of the possible codons was
present but indicates it is likely).

Full-length RNA transcripts were produced in vitro and
introduced into BHK cells. Infectious virus was generated
and passaged in fresh cells. RNA was then extracted from
the virus harvests and the sequence encoding the 2A peptide
was amplified by RT-PCR. The pool of amplicons was intro-
duced into the pCR-XL-TOPO vector and then the sequence
of the inserts in 20 individual colonies was determined for
each virus harvest. It was found that all of the rescued viruses
analyzed after passages p2, p3, and p4 encoded the wt amino
acid sequence at the NPGP motif in 2A. Interestingly, the
complete spectrum of the possible synonymous codons for
each of the residues N'¢, PY7, G'%, and P*° was present in
the rescued viral genomes at p2 (see Table 1). These results
indicated that the approach had indeed generated a diverse
pool of codons within the viruses. Furthermore, the very re-
stricted range of nucleotide sequences encoding 2A observed
within the rescued viruses strongly suggests that the specific
amino acid sequence (NPGP), encoded by these nucleotide
sequences, is critical for FMDV viability.

However, it was also apparent that the utilization of the
different codons for the conserved amino acid residues var-
ied. At p2, 55% of the sequences analyzed had the wt codon
for residue N'® (AAC), while the synonymous AAT codon
was present in the remaining 45% of the rescued sequences.
In the subsequent passages, the proportion of the AAC codon
within the sequences increased to 75% and 95% by p3 and
p4, respectively, while the incidence of the AAT codon de-
clined (Table 1). For residue P'7, at p2, the codon CCT was
present in 55% of the colonies analyzed and increased to
100% by p4. Each of the three other possible codons for
P! (CCC, CCA, and CCG) were also observed at p2 but
each declined as the wt codon became dominant. For resi-
dues G'® and P'®, the wt codons (GGG and CCC, respective-
ly) were in the minority (10 or 20%) at p2 and each of the
synonymous codons were also present. However, interesting-
ly, by p3 the wt codons had markedly increased to 50% abun-
dance, and by p4 they were dominant (>90% abundance).
For G'8, the GGA codon was the most abundant at p2 but de-
clined during further passages to be only 10% of the sequenc-
es at p4. Similarly, for P'* the CCT codon was present in 50%
of the sequences at p2 but declined to just 5% by p4.
Strikingly, by p3, the wt codon was present in 50%—75% of
the population at each of the four residues, and by p4 the
wt codon was present in 90%—100% of the virus population
in each case (Table 1). Thus, it appears that selection occurs
for the wt nucleotide sequence during passage of the rescued
viruses in cell culture.

The wt GGGCCC nt sequence encoding residues G'® and
P" is recognized in DNA by the restriction enzyme Apal (see
Fig. 1A). Hence, it was possible to deplete the cDNA ampli-
cons generated by RT-PCR, of the wt sequence from the
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tion (Table 2), as anticipated. The en-
richment for non-wt sequences did not
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FIGURE 1. Structure of the FMDV O1 Kaufbeuren (O1K) ¢cDNA and its derivatives. (A) The
plasmid-encoded amino acids and the corresponding nucleotide sequences at the 2A/2B junction
are shown. The FMDV O1K degenerate codon mutants were produced as described in the text
using the mutant pT7S3 plasmids encoding the N*°A, P'7A, G'®A, and P'°A substitutions as tem-
plates. The full-length plasmid pools were linearized using Hpal prior to in vitro transcription and
virus rescue. The locations of the Hpal and Apal restriction sites that were used are marked. (N) A
mixture of the 4 nucleotides. (B) Chromatograms and sequences of the FMDV ¢DNA corre-
sponding to the NPGP motif at the 2A/2B junction. Degenerate positions showing the presence
of multiple nucleotides are marked with an N (in bold type). The color code in the chromato-

grams is as follows: A (red), T (green), G (yellow), C (blue).

rescued viruses by digesting them with Apal prior to the clon-
ing step (it was anticipated that this should enhance the
detection of non-wt nucleotide sequences). The residual,
full-length, 650-bp amplicons were inserted into the pCR-
XL-TOPO vector, as described above, and the plasmid
DNA from individual colonies was sequenced. As expected,
the wt codons for G'® and P'® were no longer observed in
the cloned fragments (Table 2) and the G'® (GGA) and P¥
(CCT) codons were predominant in these enriched popula-
tions. These results are consistent with those obtained with-
out the Apal digestion (since the GGA and CCT codons were
also present in 50% of the fragments at p2 without this treat-
ment, see Table 1), but clearly the apparent abundance of
these non-wt codons is enhanced following the Apal diges-

14 RNA, Vol. 24, No. 1

native amino acids within the virus pop-
ulation. It had been anticipated that some
amino acid substitutions at residue N'
might be rescued since a mutant (with
N'® changed to H) has been shown to
be viable (J Kjer and GJ Belsham, in
prep.) but, presumably, it was outcom-
peted by the wt virus.

It is interesting to note that the G'®
(GGA) and P* (CCT) codons have pre-
viously been found to be the second
most abundant codons found in FMDV
genomes from all seven serotypes (see
Gao et al. 2014). This comparison of
FMDV sequences also indicated that the
alternate codon for N'® (AAC) is present
in only a small minority of FMDV ge-
nomes and CCC is also a minor popula-
tion of the codons used for residue P'”.
The results presented in Table 1 clearly
indicate that infectious FMDVs with
these synonymous changes can be ob-
tained, but these viruses do not appear
to be stably maintained in cell culture
and are apparently selected against.

The evidence presented here strongly
suggests that there is a distinct selection,
within the virus when grown in cell cul-
ture, for codon AAC for N'°, CCT for
P, GGG for G'®, and CCC for P'";
thereby indicating that synonymous co-
don usage for this conserved motif is
biased in these rescued viruses. It is par-
ticularly noteworthy that the codon pref-
erence for P'7 and P is different (CCT
and CCC, respectively). This raises the
question of why does the virus select
some codons over others? Various stud-
ies have demonstrated that synonymous codon usage bias
plays an important role in the translation of certain
mRNAs (Bulmer 1991; Akashi 2001; Novoa and Ribas de
Pouplana 2012; Mauro and Chappell 2014). It is therefore
conceivable that synonymous codons may influence the
cleavage efficiency through the FMDV StopGo mechanism.
As indicated above, a marked codon bias within the FMDV
genome is apparent from the alignment of diverse FMDV
2A sequences, as described by Gao et al. (2014). However,
in the context of a synthetic reporter polyprotein, assayed
within CHO cells, use of the four different synonymous co-
dons for residue G'® of the 2A peptide resulted in very similar
apparent “cleavage” efficiencies at the 2A/2B junction. This
was interpreted as showing that it is the amino acid residue

Hpal
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TABLE 1. Codon utilization encoding the “NPGP” motif at the 2A/
2B junction within rescued FMDVs

p2 p3 p4
Residue Codon % % %"
N16 AAT 45
e me o« [ ﬁ
P17 CCT wt 55 70
P17 CcCC 10 15 0
P17 CCA 20 5 0
P17 CCG 15 10 0
G18 GGT 15 5 0
G18 GGC 15 5 0
G18 GGCA 50 40 ii
G18 GGG wt 20 50
P19 CCT 50 25 i
P19 CCC wt 10 50
P19 CCA 10 5 0
P19 CCG 30 20 0

“From sequencing of plasmid DNA isolated from separate 20 colo-
nies in each case, the proportion (%) of each codon present in the
rescued FMDVs is indicated at the different passage (p) numbers.
Codon frequency values of 50%-70% are highlighted in light
gray, whereas values from 75%-100% are highlighted in dark

gray.

rather than the nt sequence which is critical for achieving
cleavage (Gao et al. 2014). However, using that assay system,
the “cleavage” efficiency was only about 88%—-89% while es-
sentially 100% cleavage occurs within the native context, as in
the virus. The results obtained here (see Table 1) indicate that
two separate selection effects may be operating. There is a
clear selection for the NPGP motif at the amino acid level.
However, in addition, there is a distinct codon bias within
the context of the rescued infectious viruses and a significant
selection pressure appears to exist for the wt sequence. This
effect is fully consistent with the codon bias observed in the
analysis of natural FMDV genomic sequences (Gao et al.
2014). This suggests that the FMDV RNA sequence itself
(rather than just the encoded amino acid sequence) affects
the “cleavage” process (StopGo mechanism) at the 2A/2B
junction. Such an effect could be achieved through a direct
interaction of the RNA sequence itself or potentially through
interactions with the specific charged tRNAs involved in the
translation process. In the case of the P!” and P*° codons, it is
interesting to note that the same type of prolyl tRNA (with an
IGG anticodon) has been reported to be used for decoding of
the CCC and CCU codons in human cells (no gene for a
tRNA that is cognate for CCC was identified, see Mauro
and Chappell 2014). However, in the current database of
tRNA sequences from the Lowe laboratory, it appears that
in humans, one of 23 genes for prolyl tRNAs has a GGG an-
ticodon with 10 copies having an AGG anticodon. In the
mouse genome, one of 20 genes for the prolyl tRNAs has
the GGG anticodon and eight genes have the AGG anticodon
(see the gtrnadb.ucsc.edu database described in Chan and
Lowe 2009). Interestingly, in cattle and pigs (major hosts

for FMDV) and also in the rat, there is no gene for a prolyl
tRNA with a GGG anticodon. Thus, it is not clear whether
a single, post-transcriptionally modified prolyl tRNA recog-
nizes these two Pro codons (at least some of the time) or if
different tRNAs are involved in the hamster cells used here.
If a single tRNA is involved in recognizing both codons (as
in cattle, pigs, and rats), then it seems that the RNA sequence
itself must be influencing the StopGo process; it seems un-
likely that this effect is mediated through some secondary
or tertiary RNA structure, as this would presumably be lost
on the ribosome during the process of translation. It will
clearly be important to analyze the effect of the presence of
the non-optimal synonymous codons on “cleavage” at the
2A/2B junction in its native context.

MATERIALS AND METHODS

Construction of plasmids containing full-length mutant
FMDV cDNAs

Pools of StopGo cDNA mutants that potentially result in all possible
single amino substitutions in place of the N6 P G'8 and P'° res-
idues, respectively, were constructed. This was achieved using a two-
step site-directed mutagenesis procedure. This is a variation of the
QuickChange protocol (Stratagene), using Phusion High-Fidelity
DNA Polymerase (Thermo Scientific) with modified versions of
the plasmid pT7S3 (Ellard et al. 1999) as template. The wt pT7S3
contains the full-length cDNA for the O1Kaufbeuren B64 strain of
FMDV. To eliminate the possibility of carrying over some residual
wt template from the PCR, the templates used were modified ver-
sions of the pT7S3 with the codons for N'®, P'7, G'8, or P'® changed
to encode an alanine (A) residue in each case (see Fig. 1A). These
substitutions have been reported previously to result in a complete
loss of apparent cleavage activity (Donnelly et al. 2001b; Sharma

TABLE 2. Enrichment for non-wt sequences encoding residues
G'® and P'? within the “NPGP” motif within rescued FMDVs

p2 p3
Residue Codon Pretreatment %P %P
G18 GGT Apal® 5 0
G18 GGC Apala ﬁ
G18 GCA Apal®
G18 GGG wt Apal® 0 0
P19 CCT Apala 60 55
P19 CCC wt Apala 0 0
P19 CCA Apal® 15 0
P19 CCG /‘\pala 25 45

“Following RT-PCR, the 650-bp amplicons were digested with
Apal to enrich the population in non-wt sequences and the residu-
al intact products were inserted into the pCR-XL-TOPO vector (see
text).

PFrom sequencing of plasmid DNA isolated from separate 20 colo-
nies in each case, the proportion (%) of each codon present in the
rescued FMDVs is indicated at the different passage (p) numbers.
Codon frequency values of 50%-70% are highlighted in light
gray, whereas values from 75%-100% are highlighted in dark

gray.
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TABLE 3. Primers used to create and sequence mutant FMDV cDNAs

Primer

Sequence (5'-3)

Fwd_2A_N16A_degen
Fwd_2A_P17A_degen
Fwd_2A_G18A_degen
Fwd_2A_P19G_degen
8APN206
8APN203

GGAGTCCNNNCCTGGGCCCTTC
GTCCAACNNNGGGCCCTTC
GACGTCGAGTCCAACCCTNNNCCCTTCTTTTTCTCCGACGTTA
TCG AGTCCAACCCTGGGNNNTTCTTTTTCTCCGACGTTAGG
CACCCGAAGACCTTGAGAG

CTCCTTCAACTACGGTGCC

et al. 2012) and it has not been possible to rescue infectious virus
containing these substitutions (J Kjer and GJ Belsham, in prep.).
The first round of PCRs used the forward mutagenic 2A PCR prim-
ers (Table 3), with a single reverse primer 8APN206 (Table 3) plus
the four different modified pT7S3 plasmids as templates and gener-
ated amplicons of approximately 450 bp. These primary PCR prod-
ucts were then used as megaprimers for a second round of PCR with
the respective mutant pT7S3 plasmids as templates to produce full-
length plasmids. Following Dpnl digestion, the products from each
reaction were introduced into E. coli and grown as separate pools.
The plasmid pools were sequenced using a BigDye Terminator
v. 3.1 Cycle Sequencing Kit and a 3500 Genetic Analyzer (Applied
Biosystems).

Rescue of virus from full-length cDNA plasmids

Plasmid DNA isolated from each pool was linearized by digestion
with Hpal and RNA transcripts were prepared using T7 RNA poly-
merase (Ambion T7 MEGAscript) at 37°C for 4 h. The integrity of
the transcripts was assessed on agarose gels and quantified by spec-
trophotometry (NanoDrop 1000, Thermo Scientific), after which
they were introduced into BHK cells by electroporation, as described
previously (Nayak et al. 2005). The BHK cells were maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented with
5% fetal calf serum, and incubated at 37°C with 5% CO,. At 2 d
post-electroporation, the viruses were harvested by freezing and
then amplified through three passages (p2, p3, and p4) in BHK cells.

Characterization of viruses following multiple passages

After each passage, viral RNA was extracted from a sample of the vi-
rus harvest (using the RNeasy Mini Kit, QTAGEN) and converted to
cDNA using ready-to-go you-prime first-strand beads (GE
Healthcare Life Sciences). FMDV ¢cDNA, which included the whole
2A coding region, was amplified in PCRs (AmpliTaq Gold DNA po-
lymerase, Thermo Scientific) using primers APN206 and 8APN203
(see Table 3; Fig. 1). Control reactions, without RT, were used to en-
sure that the analyzed products were derived from RNA and not
from the presence of carryover plasmid DNA template. The ampli-
cons (approximately 650 bp) were visualized on 1% agarose gels and
purified (GeneJET Gel Extraction Kit, Thermo Scientific). These
amplicons should be representative of the heterogeneity present in
the rescued virus populations. The resulting collections of fragments
were inserted into pCR-XL-TOPO (Thermo Scientific), and the se-
quence of the cDNA fragment present in individual bacterial clones
(20 colonies for each of the four residues) was determined using the
same reverse primer as used for the PCR. The fragments from codon

16 RNA, Vol. 24, No. 1

mutants G'® and P** were also enriched for the non-wt sequence
populations by digestion of the cDNA with Apal prior to gel purifi-
cation and insertion into the pCR-XL-TOPO vector as described
above.
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