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Abstract 18 

Foot-and-mouth disease virus (FMDV) has a positive-sense ssRNA genome that includes a 19 

single, large, open reading frame encoding a polyprotein. The co-translational “cleavage” of 20 

this polyprotein at the 2A/2B junction is mediated by the 2A peptide (18 residues in length) 21 

using a non-proteolytic mechanism termed “ribosome skipping” or “StopGo”. Multiple 22 

variants of the 2A polypeptide with this property among the picornaviruses share a conserved 23 

C-terminal motif (D(V/I)E(S/T)NPG↓P). The impact of 2A modifications within this motif 24 

on FMDV protein synthesis, polyprotein processing and virus viability were investigated. 25 

Amino acid substitutions are tolerated at residues E
14

, S
15

 and N
16

 within the 2A sequence of 26 

infectious FMDVs despite their reported “cleavage” efficiencies at the 2A/2B junction of 27 

only ca. 30-50% compared to wt. In contrast, no viruses were rescued containing 28 

substitutions at residues P
17

,
 
G

18
 or P

19
 that displayed little or no “cleavage” activity in vitro, 29 

but wt revertants were obtained. The 2A substitutions impaired the replication of a FMDV 30 

replicon. Using transient expression assays, it was shown that certain amino acid substitutions 31 

at residues E
14

, S
15

, N
16

 and P
19

 resulted in partial “cleavage” of a protease-free polyprotein 32 

indicating that these specific residues are not essential for co-translational “cleavage”. 33 

Immunofluorescence studies, using full-length FMDV RNA transcripts encoding mutant 2A 34 

peptides, indicated that the 2A peptide remained attached to adjacent proteins, presumably 35 

2B. These results show that efficient “cleavage” at the 2A/2B junction is required for optimal 36 

virus replication. However, maximal StopGo activity does not appear to be essential for the 37 

viability of FMDV.  38 
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Importance  39 

Foot-and-mouth disease virus (FMDV) causes one of the most economically important 40 

diseases of farm animals. Co-translational “cleavage” of the FMDV polyprotein precursor at 41 

the 2A/2B junction, termed StopGo, is mediated by the short 2A peptide through a non-42 

proteolytic mechanism which leads to release of the nascent protein and continued translation 43 

of the downstream sequence. Improved understanding of this process will not only give a 44 

better insight into how this peptide influences the FMDV replication cycle but may also assist 45 

the application of this sequence in biotechnology for the production of multiple proteins from 46 

a single mRNA. Our data show that single amino acid substitutions in the 2A peptide can 47 

have a major influence on viral protein synthesis, virus viability and polyprotein processing. 48 

It also indicates that efficient “cleavage” at the 2A/2B junction is required for optimal virus 49 

replication. However, maximal StopGo activity is not essential for the viability of FMDV.  50 
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Introduction 51 

Foot-and-mouth disease virus (FMDV) is the causative agent of foot-and-mouth disease, a 52 

highly contagious disease of domestic and wild cloven-hooved animal species. The virus has 53 

been successfully eradicated from Europe but is still endemic in many regions of the world 54 

(in Asia, Africa and the Middle East) and can potentially cause major outbreaks in domestic 55 

livestock elsewhere with severe economic losses (reviewed in [1]). FMDV is the prototypic 56 

member of the Aphthovirus genus within the family Picornaviridae. These viruses are small 57 

(ca. 25-30nm) and have a positive-sense ssRNA genome [2]. The FMDV genome is ∼8.5 kb 58 

in length and includes a single, large, open reading frame (ORF) encoding a long polyprotein 59 

of over 2300 residues [3]. However, this polyprotein is never observed within infected cells 60 

due to rapid co- and post-translational processing to produce, initially, the mature Leader 61 

protein (L
pro

) and the precursor proteins P1-2A, P2, and P3. The L
pro 

is a papain-like protease 62 

and cleaves the polyprotein at its own C-terminus; that is the junction between L
pro

 and the 63 

capsid precursor P1-2A [4, 5]. The 3C protease (3C
pro

) is responsible for proteolytic cleavage 64 

of P1-2A to produce the structural proteins VP0, VP3 and VP1 plus the 2A peptide. The P2 65 

and P3 precursors are also processed by 3C
pro

 to generate the non-structural proteins, required 66 

for the replication of the viral genome. The processing of VP0 to VP4 and VP2 occurs during 67 

encapsidation of the viral RNA although it can also occur on assembly of empty capsid 68 

particles [6, 7].  69 

The separation of the P1-2A precursor from 2B (within P2) is achieved by yet another 70 

mechanism. There is considerable heterogeneity among the picornaviruses with respect to the 71 

2A peptide/protein that is located on the C-terminal side of the capsid protein precursor. Both 72 

the size and the function of the different 2A species differ between different picornavirus 73 

genera [8]. The entero- and rhinovirus 2A proteins, termed 2A
pro

, are thiol proteinases of 74 

∼150 amino acids which catalyse the proteolytic cleavage of the junction between the P1 and 75 
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P2 precursors at their own N-termini, i.e. at the P1/2A junction [9, 10]. In contrast, in the 76 

aphthoviruses and cardioviruses (e.g. encephalomyocarditis virus (EMCV) and Theiler’s 77 

murine encephalitis virus (TMEV)), the separation of the capsid precursor (P1-2A) from P2 78 

(2BC) occurs at the 2A/2B junction, i.e. at the C-terminus of 2A. In FMDV, the 2A peptide is 79 

only 18 amino acids long and lacks any characteristic protease motifs [11–13]. Earlier studies 80 

have demonstrated that the “cleavage” at the 2A/2B junction is not dependent on the FMDV 81 

proteases L
pro

 or 3C
pro

 nor on host cell proteases [12, 14, 15]. The FMDV 2A peptide 82 

contains a highly conserved amino acid sequence at its C-terminus, 83 

D
12

(V/I)E(S/T)NPG2A
↓
P

19
2B. This sequence induces a co-translational “cleavage” event that 84 

is referred to as “ribosomal skipping” [16] or, alternatively, “stop-carry on” or “StopGo” [17, 85 

18]. The first residue of 2B (pro or P) is referred to as P
19 

as it is a key part of the “cleavage” 86 

site. This motif, together with upstream amino acids that form an α-helix over most of its 87 

length, are believed to interact with the exit tunnel of the translating ribosome and prevent the 88 

formation of a peptide bond between the C-terminal amino acid, glycine (gly, or G), of 2A 89 

and the first residue, proline (P), of 2B [16, 19]. This produces a break in the growing amino 90 

acid chain, but the process of protein synthesis continues, without the requirement for a new 91 

translation initiation event. The same conserved motif is also present at the C-terminus of the 92 

cardiovirus 2A proteins that are substantially larger; the FMDV 2A sequence appears to be 93 

the minimal functional entity to break the growing polypeptide chain (this process will 94 

simply be described as cleavage subsequently, for convenience) and other functions have 95 

been assigned to the cardiovirus 2A protein as well [20].   96 

The majority of studies on the function of the FMDV 2A peptide have been conducted using 97 

in vitro experiments with mRNAs encoding artificial polyproteins comprising two reporter 98 

proteins linked via the 2A peptide, thus generating two separate translation products (e.g. [16, 99 

21, 22]). These previous studies have shown that specific amino acid substitutions within the 100 
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FMDV 2A sequence, and especially within the highly conserved D
12

(V/I)E(S/T)NPG2A
↓
P

19
2B 101 

motif, drastically reduce the apparent cleavage efficiency and can even block it entirely. 102 

These results indicate that these amino acid residues are critical for optimal ribosomal 103 

skipping [16, 22]. Furthermore, in the context of a synthetic reporter polyprotein, assayed 104 

within CHO cells, four different synonymous codons for residue G
18

 of the 2A peptide were 105 

shown to function with very similar apparent cleavage efficiencies at the 2A/2B junction but 106 

the cleavage efficiency was not optimal, only 88-89% complete, in this system [23]. These 107 

results were interpreted as showing that it is this amino acid residue rather than the nucleotide 108 

sequence which is critical for achieving cleavage [23]. The 2A peptide has been shown to 109 

mediate cleavage in all eukaryotic translation systems tested, whereas a number of artificial 110 

polyproteins containing this sequence have been examined in prokaryotic systems and no 111 

detectable cleavage products were observed [22].  112 

The less conserved part of the 2A sequence, located upstream of the D(V/I)E(S/T)NPG2A
↓
P2B 113 

motif, has also been shown to be important for optimal 2A function. Chimeric FMDV, 114 

TMEV and EMCV 2A peptides were generated by replacing the N- or C-terminal portions 115 

with another 2A variant and then assayed within artificial polyprotein systems where they 116 

showed little or no activity [24]. In addition, when the FMDV 2A, in an artificial polyprotein 117 

system, was elongated by the addition of up to 30 amino acids, from the upstream VP1, then 118 

its apparent cleavage activity was enhanced [16, 22, 25]. Thus, the context of the 2A 119 

sequence is important. The 2A peptides from other picornaviruses exhibited similar increases 120 

in activity when elongated with 30 amino acids from their respective polyprotein precursors 121 

[8]. Moreover, an extensive alanine (A), glycine (G) and proline (P) scanning mutagenesis of 122 

the entire FMDV 2A peptide showed a decrease in apparent cleavage activity for all mutants 123 

[24]. This supports the view that the specific identity of the amino acid at nearly all positions 124 
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within the 2A peptide is important for activity and that 2A peptides are fine-tuned to function 125 

as a single unit within their natural polyprotein.  126 

In the studies of Loughran et al. [26], a number of  mutations in the 2A coding sequences 127 

within the full-length TMEV and FMDV genomes were tested for their effects on virus 128 

viability and polyprotein processing. Modification of the SNPG
↓
P2B sequence to SNPL

↓
V2B at 129 

the 2A/2B junction blocked polyprotein cleavage. However, this modification had no 130 

significant effect on the growth of Theiler’s murine encephalomyelitis virus (TMEV) 131 

whereas it was detrimental for the replication of mengovirus (another cardiovirus) and 132 

apparently lethal for FMDV. Thus, it was concluded that the 2A/P2 cleavage event is not 133 

essential for virus viability for certain cardioviruses but is critical for FMDV.  134 

In this study, we have re-investigated the effect of 2A modifications in the context of the 135 

native FMDV polyprotein and its effect on virus protein synthesis and replication, virus 136 

viability and on polyprotein processing. In contrast to earlier studies, mutant infectious 137 

FMDVs having certain amino substitutions within the 2A peptide have been obtained but 138 

such changes do adversely affect virus replication and polyprotein processing to some degree.  139 

 140 

Results 141 

Effect of single amino acid substitutions in 2A on FMDV viability  142 

Several studies using artificial polyprotein systems have demonstrated that nearly all 143 

positions of the 2A peptide are important for the “StopGo” activity and modifications can 144 

severely impair cleavage [22, 24]. To establish whether the StopGo activity plays a crucial 145 

role in FMDV viability, this study set out to investigate the constraints on the 2A sequence 146 

within the context of the full-length FMDV genome (see Fig. 1a). 147 

To determine the viability of FMD viruses with single amino acid substitutions within the 2A 148 

peptide, selected modifications that were previously found to impair, to different extents, the 149 

 on F
ebruary 12, 2018 by T

E
C

H
 K

N
O

W
LE

D
G

E
 C

T
R

 O
F

 D
E

N
M

A
R

K
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


8 
 

StopGo activity in artificial polyproteins systems [22, 24] were introduced into the  plasmid, 150 

pT7S3, that contains the full length FMDV cDNA [27], using site-directed mutagenesis (see 151 

Methods). The resultant plasmids were linearized and RNA transcripts, prepared in vitro, 152 

were introduced into BHK cells by electroporation. Unexpectedly, all of the FMDV 2A 153 

mutants (Table 1) produced viable progeny viruses, with full CPE detectable after the second 154 

passage. The rescued viruses were then sequenced to identify possible adaptations or 155 

reversions (Table 1). After three passages of the 2A mutant viruses in cells, the viruses 156 

rescued from the transcripts encoding the N16H, E14Q, S15F and S15I modifications, had 157 

each retained the plasmid-derived amino acid substitutions. In contrast, the rescued viruses 158 

derived from the N16A, G18, P17A, P19G and P19A mutant transcripts all matched the wt 159 

sequence (i.e., the rescued viruses were not mutant) even when 2 nt changes were required to 160 

achieve this (e.g., see Fig. 2 for P19A mutant). To determine whether this reflected reversion 161 

to the wt sequence or some form of contamination/carryover of the wt sequence, three 162 

synonymous substitutions were inserted ca. 20 nucleotides downstream of the 2A/2B junction 163 

in the wt and the N16A, P17A, G18A and P19A mutant plasmids (see Fig. 2) after which the 164 

“marked” RNA transcripts were introduced into BHK cells. After three passages, the rescued 165 

mutant viruses had lost the 2A modification in each case but had, like the “marked” wt virus, 166 

each retained the three synonymous substitutions in the 2B coding region (see Fig. 2); this 167 

provides strong evidence that the presence of the wt sequence in the rescued viruses reflects 168 

reversion. 169 

The growth characteristics of the wt and the viable 2A mutant viruses in BHK cells were 170 

examined in more detail by determining growth curves using a multiplicity of infection 171 

(m.o.i.) of 0.1. Surprisingly, both the wt and the viable 2A mutants grew with similar kinetics 172 

(Fig. 3a). Analysis of the FMDV capsid proteins within cells infected with the wt and the 173 

viable 2A mutant viruses, as determined by immunoblotting using anti-FMDV, is shown in 174 
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Fig. 3b. As expected, the production of the capsid proteins was similar for the wt and the 2A 175 

mutants in each of the infected cell extracts (Fig. 3b, lanes 1-5).  176 

 177 

Requirements for efficient 2A/2B “cleavage” in its native context  178 

To examine the effects of the 2A mutants on the StopGo cleavage at the 2A/2B junction in its 179 

natural context and in cells, a plasmid encoding a truncated FMDV polyprotein termed the 180 

P1-2A-2BC-FLAG protein with a FLAG epitope at its C-terminus was generated (see Fig. 181 

1d). The transient expression of this truncated viral polyprotein (without any proteases) was 182 

designed to permit the simultaneous assessment of the production of the uncleaved P1-2A-183 

2BC-FLAG (ca. 135 kDa) and of the “cleavage” product 2BC-FLAG (ca. 54 kDa). The 184 

coding sequences for the wt or mutant P1-2A-2BC-FLAG products were under the control of 185 

the T7 promoter. The plasmids, were transfected into BHK cells that had been infected with 186 

the recombinant vaccinia virus vTF7-3 [28] which expresses the T7 RNA polymerase. The 187 

expression and processing of the proteins generated from these plasmids was visualized in 188 

immunoblots using anti-FLAG antibodies. Expression of the wt cassette led to apparently 189 

complete cleavage of the P1-2A-2BC-FLAG polyprotein as expected (Fig. 4a, lane 1) and 190 

thus only the 2BC-FLAG product was observed. In contrast, the E14Q mutant generated a 191 

mixture of both uncleaved and cleaved products (Fig. 4a, lane 5). Unexpectedly (c.f. [22, 192 

24]), in the system used here, the S15A, S15F and S15I mutant proteins were each efficiently 193 

cleaved (Fig. 4a, lanes 6-8). The mutants N16C, N16H, P19A, P19G, P19V and P19S all 194 

produced a mixture of cleaved and uncleaved products (Fig. 4b, lanes 2, 3 and Fig. 4c, lanes 195 

1-4). However, the D12A, V13A, E12A, N16A, N16V, N16W, P17A and G18A substitutions 196 

resulted in the production of only the uncleaved product and hence these mutant 2A peptides 197 

were all inactive in this system (Fig. 4a, lanes 2, 3, 4 and Fig. 4b, lanes 1, 4, 5, 6, 7). Overall, 198 

there is partial agreement between the results described here, using assays of the 2A in its 199 
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near native context within cells, and those described previously [22, 24]. The main 200 

discrepancies concern the S15A, S15F and S15I mutants which resulted in essentially 201 

complete cleavage (≥90%) here but gave rather sub-optimal cleavage (42 and 39% of wt, 202 

respectively) in vitro [22] while the P19A, P19G, P19V and P19S mutants resulted in 203 

detectable, but low level, cleavage (8-20%) here but completely abrogated cleavage in vitro 204 

[22]. The same cell lysates were also analysed using an anti-FMDV capsid protein antibody 205 

to detect the intact polyprotein and the P1-2A product (data not shown). The pattern of results 206 

was fully consistent with those obtained using the anti-FLAG to detect the intact polyprotein 207 

and the 2BC-FLAG product. Thus it seems that the efficiency of cleavage detected in this 208 

assay system is higher than that observed using cell-free translation systems in vitro. 209 

 210 

Influence of the amino acid substitutions in FMDV 2A on FMDV RNA replication 211 

efficiency assessed using a replicon that expresses the Gaussia luciferase 212 

To evaluate the impact of the 2A mutants on the replication of viral RNA, nine different 213 

substitutions within the 2A coding sequence were introduced into a FMDV replicon (see Fig. 214 

1b). In this replicon, the coding sequences for the FMDV structural proteins (VP1-VP3) have 215 

been replaced by the sequence encoding the Gaussia luciferase (Gluc) reporter protein, thus 216 

allowing replication to be readily monitored via measurement of Gluc expression. RNA 217 

transcripts were produced in vitro from the linearized plasmids and introduced into BHK 218 

cells using electroporation. As a negative control, a derivative of the wt-Gluc replicon was 219 

produced which lacks a portion of the coding sequence for 3Dpol (the RNA dependent RNA 220 

polymerase) and is termed wt-GlucΔ3D (see Fig. 1c). Lysates were prepared from cells at 221 

various times after electroporation with the different transcripts and assayed for Gluc activity 222 

(see Fig. 5). The wt-Gluc-Δ3D transcript produced Gluc initially, that was already detectable 223 

at 1 h post-electroporation, but no further increase in luciferase activity was observed after 2 224 
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h. This expression presumably represents the translation of the input RNA. In contrast, the 225 

replication-competent wt-Gluc, while generating an initially similar level of Gluc activity at 2 226 

h, showed a sustained increase in expression at later time points. Interestingly, all of the 2A 227 

mutants expressed low levels of Gluc activity initially, almost 10-fold less than the wt-228 

GlucΔ3D at 2 h. However, the expression increased to some degree at later time points; the 229 

level of Gluc expression first surpassed the polymerase knockout mutant after 6 h. It is 230 

noteworthy that the mutant transcripts with the E14Q, S15F, S15I and N16H changes, which 231 

were retained in the rescued viruses, did not have better RNA replication efficiencies than the 232 

other 2A mutants. This may reflect, to some degree, sub-optimal cleavage at the 2A/2B 233 

junction due to the absence of the upstream VP1 coding sequences in these replicons (see 234 

[25]). 235 

 236 

Influence of the StopGo function on the correct processing of the FMDV P1-2A 237 

precursor 238 

Hahn & Palmenberg [29] demonstrated that amino acid substitutions within the conserved 239 

D(V/I)E(S/T)NPG2A
↓
P2B motif at the C-terminus of the 2A protein of EMCV not only 240 

severely reduced or abrogated the StopGo function but also impaired the subsequent cleavage 241 

of L-P1-2A by 3C
pro

. The effects of substitutions in 2A on the FMDV P1-2A processing in 242 

cells has now been assayed using the truncated FMDV polyprotein termed P1-2A-2BC-243 

FLAG (as above, see Fig. 1d) which was co-expressed with the FMDV 3C
pro

. The wt and 244 

mutant P1-2A-2BC-FLAG plasmids encoding the N16A, P17A, G18A and P19A 245 

substitutions (shown in Fig. 4 to abrogate or impair (P19A) cleavage) were transfected, alone 246 

or together with a plasmid that expresses the 3C
pro

 (as in [7]), into vTF7-3-infected BHK 247 

cells. Analysis of the FMDV P1-2A processing, was determined by immunoblotting using 248 

anti-VP2 antibodies and is shown in Fig. 6a. Expression of the wt plasmid alone led to 249 
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complete cleavage at the 2A/2B junction of the P1-2A-2BC-FLAG polyprotein, to yield P1-250 

2A, as expected (Fig. 6a, lane 1). Furthermore, co-expression of the wt product with the 3C
pro

 251 

produced VP0 (from the P1-2A) also as expected (Fig. 6a, lane 2). When the mutant 252 

plasmids, with defective cleavage at the 2A/2B junction, were expressed alone then the 253 

larger, intact, P1-2A-2BC-FLAG product was detected (Fig. 6a, lanes 3, 5, 7, 9), as above 254 

(see Fig. 3). In the presence of the 3C
pro

, the production of VP0, derived from P1-2A (both 255 

detected with an anti-VP2 monoclonal antibody), was still readily apparent in each case (Fig. 256 

6a, lanes 4, 6, 8, 10). These results were confirmed by immunoblotting using anti-FMDV 257 

antibodies (Fig. 6b). Co-expression of the wt and mutant plasmids with the 3C
pro

 produced a 258 

very similar pattern of detectable capsid proteins in each case (Fig. 6b, lanes 2, 4, 6, 8, 10). 259 

Thus, abrogating cleavage at the 2A/2B junction did not block the processing of the capsid 260 

precursor by 3C
pro

 in this system. It should be noted that this is in contrast to some earlier 261 

studies [14], which showed that a truncated version of FMDV P1-2A (lacking the C-terminus 262 

of VP1) could not be processed at all by 3C
pro

.  263 

 264 

Detection of a novel FMDV 2A-2B fusion protein using immunofluorescence  265 

The FMDV capsid protein precursor, P1-2A, is normally processed by the 3C
pro 

to VP0, VP3, 266 

VP1 and 2A. In previous studies, it has been shown that when the cleavage of the VP1/2A 267 

junction is impaired, then the presence of FMDV 2A (still attached to VP1, as VP1-2A) can 268 

be detected in BHK cells by immunofluorescence using anti-2A antibodies [7, 30]. When the 269 

2A is released from the VP1 then the 2A is no longer detectable (presumably it is either 270 

degraded or not fixed in the procedure). Thus, it seemed possible that substitutions within the 271 

2A peptide that impair the 2A/2B cleavage activity (and prevent formation of viable, mutant, 272 

viruses), would result in the formation of detectable 2A-2B fusion proteins. Full-length 273 

FMDV RNA transcripts, with or without modifications in 2A, were introduced into BHK 274 
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cells by transfection and after 8 hrs, the cells were stained with either anti-2A antibodies or 275 

anti-FMDV capsid protein antibodies. The FMDV VP1 K210E mutant, as previously 276 

described [7], which produces an uncleaved VP1-2A protein, was included as a positive 277 

control for the detection of 2A attached to an adjacent protein. FMDV capsid proteins could 278 

be detected in cells transfected with each of the RNA transcripts, as expected (see Fig. 7b-g). 279 

In contrast, no signal for the 2A peptide was observed in cells transfected with the wt O1K 280 

RNA (Fig. 7b) or in untransfected cells (Fig. 7a). However, the presence of FMDV 2A (still 281 

attached to VP1) was detected in cells transfected with the VP1 K210E mutant RNA (Fig. 282 

7c), consistent with previous results [7, 30]. Furthermore, using the transcripts with the 283 

mutant 2A/2B junctions, the presence of FMDV 2A, presumably attached to 2B (and maybe 284 

VP1), could be detected in the transfected cells (Fig. 7d-g). It should be noted that it is not 285 

possible to detect the free 2A peptide by immunoblotting due to its small size (ca. 2 kDa) and 286 

attempts to identify the presence of the 2A fused to other proteins in extracts from these RNA 287 

transfected cells were unsuccessful (c.f. detection of VP1-2A within cells infected with the 288 

VP1 K210E mutant virus [7, 30]), presumably because the 2A could be attached to a number 289 

of different proteins, e.g. within 2A-2B, 2A-2BC, VP1-2A-2B and VP1-2A-2BC and not all 290 

cells take up and replicate the RNA transcripts.   291 

 292 

Discussion 293 

The 2A peptide plays a significant role in the FMDV life cycle as it is required for the co-294 

translational cleavage of the growing polyprotein into two separate entities at the junction 295 

between 2A and 2B. Related 2A peptide sequences are found in a variety of other members 296 

of the picornavirus family; this suggests that they contribute significantly to the correct 297 

production and function of the viral proteins. 298 

 on F
ebruary 12, 2018 by T

E
C

H
 K

N
O

W
LE

D
G

E
 C

T
R

 O
F

 D
E

N
M

A
R

K
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


14 
 

Using artificial polyprotein systems, it has been well documented [18, 22, 24, 26] that point 299 

mutations in the highly conserved D
12

(V/I)E(S/T)NPG2A
↓
P

19
2B motif, located at the C-300 

terminus of FMDV 2A, can either severely reduce or completely abrogate cleavage activity. 301 

In this study, we have extended these observations and investigated the effects of single 302 

amino acid substitutions in 2A on FMDV RNA replication, on virus viability and on 303 

polyprotein processing in its natural context within cells. The results presented here clearly 304 

demonstrate that certain 2A mutants previously found to greatly impair the StopGo activity in 305 

artificial polyproteins systems [22, 24] were still able to produce infectious viruses and thus 306 

the wt sequence and maximal cleavage activity is not essential for virus viability. It was 307 

anticipated that some mutations might have resulted in lethal phenotypes since earlier 308 

mutagenesis studies using FMDV and EMCV did not produce any viable progeny when the 309 

C-terminal 2A sequence was changed from SNPG
↓
P2B to SNPL

↓
V2B even after several 310 

passages [26]. Interestingly, we were able to rescue viruses from all of the RNA transcripts. 311 

When the apparent cleavage activity of the mutant 2A was low (<31% of wt activity) then it 312 

was found that reversions to the wild type sequence had occurred. This indicates that some 313 

RNA replication must have occurred (to allow the formation of wt revertants) despite the 314 

presence of a defective 2A peptide. In contrast, mutants with a higher level of cleavage 315 

activity (≥31% of wt) retained, in each case, the introduced amino acid substitutions in the 316 

rescued viruses. These results clearly indicate that efficient 2A mediated cleavage activity is 317 

advantageous for the virus but that optimal efficiency is not essential. This raises the question 318 

of why the separation of the capsid proteins from the non-structural proteins is so 319 

advantageous for some picornaviruses? It seems necessary for these viruses to have a 3C-320 

independent mechanism to break the polyprotein. Some members of the picornavirus family 321 

(e.g. enteroviruses) possess a 2A protease to achieve the separation of the capsid protein 322 

precursor from the rest of the polyprotein and the StopGo mechanism that occurs at the 323 
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2A/2B junction is clearly a distinct mechanism but one that is used by many members (e.g. 324 

aphthoviruses, cardioviruses, sapeloviruses, teschoviruses) of this virus family [8]. 325 

It has been speculated [13] that 2A can act as a translational regulator to modify the amount 326 

of the different parts of the polyprotein that are produced. In FMDV, the 2A peptide is 327 

located at the boundary between the upstream capsid proteins and the non-structural proteins 328 

involved in RNA replication. There could be two distinct functions for the 2A peptide. One 329 

primary function of 2A could be to achieve the cleavage of the polyprotein but it may also 330 

down-regulate downstream translation. Potentially, this could prove beneficial to the virus as 331 

the assembly of the FMDV capsid requires up to sixty copies of each of the four structural 332 

proteins whereas fewer copies of the proteins involved in the replication process are required. 333 

On the other hand, it could be considered that in the early stages of the virus infection, then it 334 

would seem advantageous to produce more of the proteins required for replication and 335 

processing than the capsid proteins. It is also noteworthy that most members of the 336 

picornavirus family that use a different mechanism for separation of the capsid proteins from 337 

the non-structural proteins do not apparently have any mechanism for modifying the ratio of 338 

proteins produced, thus the need for such a mechanism within the picornaviruses, in general, 339 

is not established. However, recently, Napthine et al., [31] have demonstrated that in EMCV 340 

a programmed -1 ribosomal frameshift occurs within the 2B coding region, just downstream 341 

of the 2A coding region. This frameshift results in the production of a distinct protein, termed 342 

2B
*
, and then termination of translation. The level of ribosomal frame shifting increases 343 

dramatically late in infection and thus the production of the non-structural proteins involved 344 

in virus replication is reduced at this time. The process requires the interaction of the EMCV 345 

2A protein (ca. 16 kDa) with a stem-loop structure some 14 nt downstream of a “slip site” 346 

(GGUUUUU) within the 2B coding region. Although a U-rich motif (UUCUUUUUCU) is 347 

present just downstream of the coding region for the 2A/2B junction in the FMDV genome, 348 
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certain other elements of this process appear to be absent. As indicated above, the FMDV 2A 349 

is only 18 residues long and it lacks the cluster of basic residues (R95-R97) that appear to be 350 

important for the interaction of the EMCV 2A protein to the stem-loop structure that is 351 

critical for the high frameshift efficiency.  Thus, currently, there is no evidence for such a 352 

process within FMDV. 353 

Assessment of the RNA replication efficiency, using a replicon system, demonstrated that 354 

alterations in the 2A peptide have a clear, negative, effect on either the replication of the viral 355 

RNA or on the translation of the polyprotein. Clearly, the processes of translation and 356 

replication are linked since when translation of the polyprotein is reduced, then the levels of 357 

protein available to replicate the RNA are also reduced resulting in a lower level of RNA 358 

replication. As indicated above, it may be that the detrimental effect of the changes in 2A 359 

were accentuated by the absence of the VP1 coding sequence in the replicons. In the context 360 

of the full-length viral polyprotein, it was shown (see Figure 7) that blocking the cleavage at 361 

the FMDV 2A/2B junction produced fusion proteins containing 2A (presumably as 2A-2B or 362 

possibly VP1-2A-2B, before or after the cleavage of the VP1/2A junction by 3C
pro

). 363 

However, the addition of just 18 amino acids to the N-terminus of the 2B protein may be 364 

considered to be unlikely to cause this decrease in replication efficiency (indeed it has been 365 

shown that leaving the 2A peptide fused to the C-terminus of VP1 has no apparent effect on 366 

virus viability [7, 30]. It should be remembered, however, that the VP1/2A cleavage is the 367 

slowest of the 3C-mediated processing events within P1-2A [7, 14, 30]. Previously it has 368 

been found that cleavage at the VP1/2A junction in poliovirus appears to a have a role in 369 

processing of the capsid precursors since amino acid substitutions that prevented cleavage 370 

resulted in a P1 capsid precursor which was resistant to 3C
pro 

processing [10]. Furthermore, 371 

Hahn & Palmenberg demonstrated, using in vitro translation assays, that a mutation in the 372 

EMCV 2A impaired the processing of the L-P1-2A precursor by 3C
pro

 [29]. This may suggest 373 
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a critical role for the 2A cleavage to allow proper folding of the (L)-P1-(2A) precursor to 374 

permit efficient cleavage by 3C
pro

. However, in our studies, blocking the cleavage at the 375 

2A/2B junction did not block the processing of P1-2A by 3C
pro

 (see Fig. 6). It was also 376 

observed with TMEV that normal capsid protein processing occurred in mutant viruses in 377 

which the 2A/2B processing was blocked [26]. 378 

The Gluc replicon, as used here, lacks the coding sequences for the structural proteins except 379 

for VP4, however, the replication / translation is still impaired in the 2A mutants compared to 380 

the wild type (Fig. 5). It is, therefore, conceivable that the possible cleavage restrictions that 381 

could govern the processing of the structural proteins also apply to the non-structural 382 

proteins. This may mean that correct processing of these proteins, which are required for 383 

RNA replication, is impaired, thereby resulting in lower RNA synthesis. Although the 384 

processing of the FMDV P1-2A by 3C
pro

 appears to be unaffected when the 2A peptide is 385 

mutated (Fig. 6), this does not rule out the possibility of a negative effect on the 2B-2C (or 386 

P3) processing. Surprisingly, there was relatively little difference in the growth 387 

characteristics between the viable 2A mutant viruses (E14Q, S15F, S15I and N16H) and the 388 

wt (Fig. 3), which contrasts with the decrease in replication efficiency observed in the context 389 

of a FMDV replicon. This could suggest that the changes in the 2A peptide influence the 390 

initial rate of viral RNA replication but not the final virus yield.  391 

Investigation of the effect of 2A mutations on the StopGo mechanism revealed that certain 392 

amino acid substitutions are severely detrimental for the proper function of the 2A whereas 393 

others only moderately impair the cleavage resulting in a mixture of products (some cleaved 394 

and others not, see Fig. 4). Previous studies have suggested that the 2A geometry is the 395 

determining factor for its function [19, 22]. The current hypothesis is that the N-terminal 396 

portion of 2A (in an α-helical conformation) interacts with the ribosomal exit tunnel to confer 397 

specific constraints required for the turn motif (ESNPG) to be in a position to influence 398 
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events within the peptidyl transferase centre of the ribosome. Some amino acid substitutions 399 

could severely change the conformation of the 2A, thereby preventing the disruption of the 400 

peptide bond formation between the G and P residues, and hence result in an uncleaved 401 

polyprotein. The substitutions N16C and N16H were found to result in cleavage although 402 

with decreased efficiency (both cleaved and uncleaved products were observed, see Fig 4). 403 

The function of residue N16 within 2A has not yet been determined, however it has been 404 

suggested that the N16 forms a hydrogen bond with E14 to stabilise the right turn [22]. The 405 

substitutions S15A, S15I and S15F were found to result in essentially complete cleavage in 406 

contrast to earlier studies [22] that reported a reduction in the cleavage activity. Comparison 407 

of the 2A sequence from different picornavirus species has shown that a variety of amino 408 

acids are allowed at this position within the C-terminus of 2A suggesting that this particular 409 

amino acid is of low importance for the StopGo function. However, Sharma et al. [24] 410 

demonstrated that substitution of S15 by glycine (G) (in the FMDV sequence), which 411 

influenced the peptide secondary structure, impaired function more significantly than Ala or 412 

Pro substitutions, suggesting that increased backbone flexibility imposed by the Gly residue 413 

at this position was especially detrimental [24]. 414 

Interestingly, the substitutions P19A, P19G, P19V and P19S greatly reduced the level of 415 

cleavage but did not abolish it (see Fig. 4). This is in contrast to previous studies [22] which 416 

have reported that these amino acid substitutions resulted in no apparent cleavage activity in 417 

an artificial polyprotein system. A model for the mechanism of 2A mediated cleavage 418 

developed by Donnelly et al. [16] suggests that the P19 residue (at the N-terminus of 2B) is 419 

an absolute requirement for cleavage as a poor nucleophilic character in this position is an 420 

integral part of the proposed mechanism. However, our data clearly shows that ala (A), ser 421 

(S) and val (V) residues are also functional at this position albeit with reduced activity. 422 

Rychlík et al. [32] demonstrated that A, S, and V are, in fact, also poor nucleophiles in the 423 
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context of ribosomal peptidyl transferase activity, however not to the same extent as P and G. 424 

This could explain why these amino acids are able to support the cleavage activity to some 425 

degree although not at a level compatible with virus viability. Although this does not account 426 

for the reduced cleavage activity observed for the P19G mutants, suggesting that another, not 427 

yet identified, characteristic of residue 19 must apply.  428 

The study by Gao et al. [23]  found that the codon usage for the NPGP motif is conserved 429 

among the seven FMDV serotypes. Through the use of mRNAs encoding artificial 430 

polyproteins comprising two reporter proteins, assayed within CHO cells, the study 431 

investigated the role of synonymous codons for the G
18

. It was concluded that the different 432 

synonymous codon usage for G
18

 did not influence the cleavage efficiency in that system. 433 

However, in separate studies, we have provided evidence that a clear codon bias operates to 434 

encode the NPG/P motif at the 2A/2B junction within FMDV-infected cells [33]. This raises 435 

the interesting possibility that the RNA sequence itself contributes to the cleavage event at 436 

the 2A/2B junction. 437 

 438 

Materials and methods 439 

Construction of plasmids containing full-length mutant FMDV cDNAs 440 

The plasmid pT7S3 [27] contains the full-length cDNA for the O1Kaufbeuren B64 strain of 441 

FMDV. Modification of the coding sequence around the 2A/2B junction was achieved by a 442 

2-step site-directed mutagenesis procedure, a variation of the QuickChange protocol 443 

(Stratagene), using Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific). The 444 

first round of PCR, using forward mutagenic 2A PCR primers (Table 2) with a single reverse 445 

primer 10PPN10 (Table 2) and the plasmid pT7S3 as template, generated an amplicon (ca. 446 

450 bp) specifying particular amino acid substitutions within 2A. The primary PCR products 447 

were gel purified (GeneJet gel extraction kit, Thermo Fisher Scientific) and used as primers 448 
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for a second round of PCR with plasmid pT7S3 as template. The Dpn-I resistant full-length 449 

products were selected in chemically competent Escherichia coli (E.coli) TOP10 cells 450 

(Thermo Fisher Scientific), amplified, then the plasmid DNA was purified (Midiprep kit; 451 

QIAGEN) and verified by sequencing of the 2A coding region with a BigDye Terminator v. 452 

3.1 Cycle Sequencing kit and a 3500 Genetic Analyzer (Applied Biosystems). 453 

The generation of plasmids with three synonymous mutations ca. 20 bp downstream of the 454 

modified 2A/2B junction was achieved essentially as described above. The first round of 455 

PCRs, used the forward mutagenic 2A_Synonymous_Fwd primer (Table 2) with a single 456 

reverse primer 10PPN10 (Table 2) and plasmid pT7S3 as template. The primary PCR 457 

products were gel purified (GeneJet gel extraction kit, Thermo Fisher Scientific) and used as 458 

primers for a second round of PCR with modified versions of the pT7S3, with the codons for 459 

N
16

, P
17

, G
18

 or P
19 

changed to encode an alanine (A) residue in each case, as templates.  460 

 461 

Construction of plasmids containing a FMDV replicon containing Gaussia Luciferase 462 

The Gaussia luciferase (Gluc) FMDV replicon was constructed by replacement of the coding 463 

region for VP2, VP3, VP1 and 2A from pT7S3-NheI [34] with the coding region for Gluc 464 

fused to FMDV 2A (as used in [35]). The Gluc-2A sequence was amplified by PCR using 465 

primers 13APN1 and 13APN4 (see Table 1) using the rPad2GL BAC (see [35]) as template. 466 

The amplicon was inserted into the vector pCR-XL-TOPO (Invitrogen), the NheI-ApaI 467 

fragment was excised and inserted between the same sites within the ca. 5kb XbaI-fragment 468 

from pT7S3-NheI (essentially as described previously [34]). The modified XbaI fragment 469 

(now containing the Gluc-2A sequence) was reconstructed into the backbone of the O1K 470 

FMDV cDNA within the XbaI-digested pT7S3 [27] and the orientation established by 471 

restriction digestion (using EcoRI and HpaI). The Gluc FMDV replicon was termed wt-Gluc.  472 
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The replication-defective Gluc FMDV replicon termed wt-GlucΔ3D was prepared by 473 

digesting the wt-Gluc plasmid with BamHI and HpaI to liberate a fragment of ca. 770 bp 474 

corresponding to the 3'-terminus of the FMDV genome (including part of the 3Dpol coding 475 

region, see Fig. 1). The large residual fragment was gel purified, blunt ended, self-ligated and 476 

transformed into E. coli. The wt-GlucΔ3D plasmid DNA was purified (Midiprep kit; 477 

QIAGEN) and verified by sequencng of the 3Dpol coding region, as above.  478 

 479 

Construction of plasmids containing FMDV P1-2A-2BC-FLAG cDNA cassettes  480 

The FMDV cDNA cassette, in the plasmid pP1-2A-2BC-FLAG, was prepared by PCR using 481 

Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific). Briefly, the coding 482 

region for P1-2A-2BC from O1K FMDV cDNA (as in pT7S3, [27]) was amplified with a 483 

forward primer ATG_P1_fwd which incorporates an initiation codon and the reverse primer 484 

2C_FLAG_Stop_rev that includes the sequence for a FLAG epitope tag followed by a 485 

termination codon (see Table 2). The blunt-end amplicon (ca. 3670 bp) was ligated into the 486 

pJET1.2 vector (Thermo Fisher Scientific) according to the manufacturer’s instructions. 487 

Sequencing revealed an unwanted initiation codon between the T7 promoter and the insert, 488 

which was then removed. A 2-step site-directed mutagenesis PCR using Phusion High-489 

Fidelity DNA Polymerase as previously described with mutagenic PCR 2A primers (Table 2) 490 

and 10PPN10 was used to produce the following plasmids encoding the indicated single 491 

amino acid substitutions within 2A: pP1-2C-FLAG D12A, V13A, E14A, E14Q, S15A, S15F, 492 

S15I, N16A, N16C, N16W, P17A, G18A, P19A, P19G, P19V and P19S. All plasmids were 493 

propagated in E. coli TOP10 cells (Thermo Fisher Scientific), purified (Midiprep kit; 494 

QIAGEN), and verified by sequencing. 495 

 496 

In vitro transcription 497 
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Briefly, 5 µg of replicon plasmid or full-length FMDV plasmid were linearized by digestion 498 

with HpaI (Thermo Fisher Scientific), purified (GeneJET PCR Purification Kit, Thermo 499 

Fisher Scientific) and eluted in RNase-free water. Both replicon and full-length FMDV RNA 500 

transcripts were prepared using the Megascript T7 kit (Ambion). Reaction mixtures were 501 

incubated at 37°C for 4 h and treated with 2 units of TURBO DNase for 30 min after which 502 

the RNA was purified using the MEGAclear Transcription Clean-Up Kit according to the 503 

manufacturer’s instructions. RNA integrity was assessed by electrophoresis using an 504 

ethidium bromide-stained agarose gel (1%), in TBE buffer, and quantified by 505 

spectrophotometry (NanoDrop 1000, Thermo Fisher Scientific). 506 

 507 

  508 
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Rescue of virus from full-length cDNA plasmids 509 

For rescue and passage of infectious FMDV, 5 µg full-length FMDV RNA was introduced 510 

into BHK cells by electroporation (as described previously [36]). The cells were then 511 

transferred to one well of a 6-well plate and incubated for 1-3 days at 37°C after which the 512 

viruses were harvested by freezing. The rescued viruses were then amplified using additional 513 

passages (P2 and P3) using fresh BHK cells. After the third passage (P3), viral RNA was 514 

extracted (RNeasy Mini Kit, Qiagen) and converted to cDNA using ready-to-go you-prime 515 

first-strand beads (GE Healthcare Life Sciences) with random hexamer primers. Amplicons 516 

(ca. 660 bp), including the 2A coding region, were amplified by PCR (AmpliTaq Gold DNA 517 

polymerase, Thermo Fischer Scientific) using the primers 8APN206 and 8APN203 (see 518 

Table 2). Control reactions, without RT, were used to ensure that the analysed products were 519 

derived from RNA and not from the presence of carryover plasmid DNA template. The 520 

amplicons were visualized in 1% agarose gels, purified (GeneJET gel extraction kit, Thermo 521 

Fischer Scientific) and sequenced as above. Sequences were analysed using Geneious 7.2 522 

(Biomatters, Auckland, New Zealand). 523 

 524 

Gaussia luciferase assay 525 

BHK cells suspended in cold PBS were transferred to a 4 mm cuvette after which 2 µg 526 

replicon RNA was added, briefly mixed, and the cells were electroporated (25 ms and 240 V; 527 

one pulse) on a Gene Pulser X-Cell (Bio-Rad). Following incubation for 10 min at room 528 

temperature, the cells were transferred to 5 wells of a 24-well plate (140 µl per well with 500 529 

µl DMEM containing 5% FCS). Following incubation, at 37°C for the required time, the 530 

medium was removed and the BHK cells were lysed by adding 100 µl of Renilla luciferase 531 

assay lysis buffer (Promega) to the cells in each well (24-plate well) and incubated at room 532 

temperature for 15 min. The luciferase activity was quantified in a Luminometer (Titertek-533 
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Berthold) by addition of this lysate (20 µl) to Renilla Luciferase Assay reagent (100 µl) 534 

according to the manufacturer’s instructions.  535 

 536 

Virus growth kinetics 537 

Virus titres for the wt and the 2A mutant viruses: E14Q, S15I, S15F and N16H were 538 

determined in BHK cells as TCID50/ml, as described previously [37]. Monolayers of BHK 539 

cells, grown in 96-well plates were infected with either wt or mutant FMDV at an m.o.i of 0.1 540 

at 37°C. At 0, 2, 5, 10 and 24 hours post infection the infected cells were harvested by 541 

freezing (at -80°C) to determine the virus yield as TCID50/ml. 542 

 543 

Transient expression assays 544 

BHK cells (in 35mm wells) were grown to 90 % confluency and infected with vTF7-3, a 545 

recombinant vaccinia virus that expresses the T7 RNA polymerase [28], as described 546 

previously [38]. Briefly, following the infection, plasmid DNA (pP1-2A-2BC-FLAG and its 547 

derivatives, 2µg) was transfected alone or, when indicated, with pSKRH3C (50 ng) [39] that 548 

expresses FMDV 3C
pro

, using FuGene6 (Roche), into the infected BHK cells and incubated 549 

overnight at 37°C. 550 

 551 

Western blotting 552 

Cell lysates for immunoblotting were prepared by addition of cold Buffer C (0.125 M NaCl, 553 

20 mM Tris/HCl (pH 8.0), 0.5% NP-40) to the cells. After incubation (on ice, for at least 5 554 

mins), the cell extracts were clarified by centrifugation (20000 g for 10 min) and Laemmli 555 

sample buffer (with 25 mM DTT) was added (as described previously [40]) . Following 556 

heating to 98°C for 5 min, samples were resolved by SDS-PAGE (4-15% polyacrylamide) 557 

and transferred to a PVDF membrane (Bio-Rad) and blocked for 1 h in 5% PBS-Tween 558 
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(PBS, 0.1% Tween) with 5% non-fat milk. The membranes were incubated overnight at 4°C 559 

with either goat anti-FLAG antibodies (Abcam), guinea pig anti-FMDV O1 Manisa serum (to 560 

detect FMDV capsid proteins) or mouse anti-FMDV VP2 (4B2) monoclonal antibody [41], 561 

as used previously [7]. The membranes were washed 3x with PBS-Tween and incubated for 3 562 

hours at room temperature with either HRP-conjugated anti-goat IgG (Dako), HRP-563 

conjugated anti- guinea pig IgG (Dako) or HRP-conjugated anti-mouse IgG (Dako), 564 

respectively. The membranes were then washed 3x with PBS-Tween and bound proteins 565 

were detected using a chemiluminescence detection kit (ECL Prime, Amersham) with a 566 

Chemi-Doc XRS system (Bio-Rad). The intensities of the signals for the FLAG-tagged 567 

polyproteins were, when necessary, quantitated using ImageJ software (v1.50).  568 

 569 

Immunofluorescence assay  570 

Monolayers of BHK cells were grown on glass coverslips in 6 well plates and immediately 571 

prior to transfection, cells were washed briefly in PBS and the medium replaced with DMEM 572 

without serum. FMDV RNA transcripts were introduced into BHK cells using Lipofectin 573 

transfection reagent (Thermo Fisher Scientific) according to the manufacturer’s instructions.  574 

After 8 h, the cells were fixed, stained and mounted as described previously [7, 30] using 575 

rabbit anti-FMDV O serum or rabbit anti-2A (ABS31, Merck) followed by a donkey Alexa 576 

Fluor 568-labelled anti-rabbit IgG (A10042, Life Technologies). The slides were washed in 577 

PBS after which they were mounted with Vectashield (Vector Laboratories) containing DAPI 578 

and images were captured using an epifluorescence microscope. 579 

 580 

  581 
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Table 1: Amino acid sequences in the encoded 2A peptide within rescued viruses 714 

following three passages in BHK cells. Sequence differences from wt are shown whereas 715 

identical amino acids are indicated by a (.). The wt and mutant 2A cleavage activities  716 

previously determined by Donnelly et al. [22] and Sharma et al.[24], in vitro, are indicated. 717 

Plasmid “Cleavage”  

in vitro (%)
1
 

Residue encoded in rescued viruses 

2A 2B 

wt 90 E14 S15 N16 P17 G18 P19 

E14Q 56 Q · · · · · 

S15F 39 · F · · · · 

S15I 42 · I · · · · 

N16A 0 · · · · · · 

N16H 31 · · H · · · 

P17A 0 · · · · · · 

G18A 0 · · · · · · 

P19A 0 · · · · · · 

P19G 11 · · · · · · 

 718 

1: Data from Donnelly et al. and Sharma et al. [22, 24].  719 
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Table 2: PCR primers used to create and sequence mutant FMDV cDNAs. Mutagenic 720 

nucleotides are shown underlined. 721 

Primer name Sequence (5ʹ-3ʹ) 

Fwd_2A_D12A AAGTTGGCGGGAGCCGTCGAGTCCAACCCTGG 

Fwd_2A_V13A AAGTTGGCGGGAGACGCCGAGTCCAACCCTGG 

Fwd_2A_E14A AAGTTGGCGGGAGACGTCGCGTCCAACCCTG 

Fwd_2A_E14Q GATGTCCAGTCCAACCCTGG 

Fwd_2A_S15A TTGGCGGGAGACGTCGAGGCCAACCCTG 

Fwd_2A_S15F GATGTCGAGTTTAACCCTGC 

Fwd_2A_S15I GATGTCGAGATTAACCCTGG 

Fwd_2A_N16A GTC CGC CCC TGG GCC CTT C 

Fwd_2A_N16C CGAGTCCTGCCCTGGGCCCTTCTTTTTCTCCGA 

Fwd_2A_N16H CGAGTCCCACCCTGGGCCCTTCTTTTTCTCCGA 

Fwd_2A_N16V CGAGTCCGTCCCTGGGCCCTTCTTTTTCTCCGA 

Fwd_2A_N16W CGAGTCCTGGCCTGGGCCCTTCTTTTTCTCCGA 

Fwd_2A_P17A GTCCAACGCTGGGCCCTTC 

Fwd_2A_G18A GTCCAACCCTGCGCCCTT C 

Fwd_2A_P19A CAACCCTGGGGCTTTCTT 

Fwd_2A_P19G CAACCCTGGGGGCTTCTT 

Fwd_2A_P19S CGAGTCCAACCCTGGGTCCTTCTTTTTCTCCGA 

Fwd_2A_P19V CGAGTCCAACCCTGGGGTCTTCTTTTTCTCCGA 

8APN203 CTCCTTCAACTACGGTGCC 

8APN206 CACCCGAAGACCTTGAGAG 

10PPN10 CTTTGACCAACCCGGCCA 

13APN1 CCGGGCCCAGGGTTGGACTCGAC 

13APN4 CCGGATCCGCTAGCCATGGGAGTCAAAGTTCTGTTTGC 

ATG_P1_fwd ATGAATACTGGCAGCATAATAAACAACTAC 

2C_FLAG_Stop_

rev 

CTATTACTTGTCGTCATCGTCTTTGTAGTCCTGCTTGAAGATCG

GGTGACTCGACAC 

2A_Synonomous

_Fwd 

TCTCCGACGTAAGATCAAACTTCTCCA 

  722 
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Fig. 1: Structure of the plasmids used in this study. These include: (a) full-length FMDV 723 

O1K cDNA, (b) Gluc replicon cDNA and (c) RNA polymerase defective Gluc replicon 724 

cDNA. The plasmids were linearized using HpaI or BlpI prior to in vitro transcription. Panel 725 

(d): Schematic representation of the P1-2A-2BC-FLAG cDNA cassette expressed in transient 726 

expression assays (as described in Material and Methods).  727 

 728 

Fig. 2: FMDVs rescued from mutants N16A, P17A, G18A and P19A had reverted to the 729 

wt sequence. Three synonymous mutations downstream of the 2A/2B junction were 730 

introduced into the wt and mutant N16A, P17A, G18A and P19A plasmids. The resultant 731 

RNA transcripts were introduced into BHK cells. The rescued viruses were analysed after 3 732 

passages in BHK cells. The region of the FMDV genome including that encoding the 2A 733 

peptide was amplified by RT-PCR and the PCR products were sequenced. The 734 

chromatograms are shown, note the retained synonymous mutations ca. 20 nt downstream of 735 

the 2A/2B junction, that had been introduced as a marker. 736 

 737 

Fig. 3: Growth curves and assessment of the production of FMDV capsid proteins in 738 

BHK cells infected with wt and viable 2A mutant viruses. (a) BHK cells were infected 739 

with wt and the indicated 2A mutants at an m.o.i. of 0.1 and virus was harvested by freezing 740 

at 0, 2, 5, 10 and 24 hours post-infection. Virus yields were determined as TCID50 by titration 741 

in BHK cells. (b) Uninfected or FMDV-infected BHK (m.o.i. 0.1) cell lysates were analysed 742 

by SDS-PAGE and immunoblotting with antibodies specific for FMDV capsid proteins (anti-743 

FMDV sera). Uninfected cells were used as a negative control. Molecular mass markers 744 

(kDa) are indicated on the left. 745 

 746 

 747 
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Fig. 4: Transient expression assays to determine 2A/2B “cleavage” induced by the wt 748 

and mutant FMDV cDNAs. The indicated plasmids were transfected into vTF7-3 infected 749 

BHK cells as described in Materials and Methods. After 24 hours, cell extracts were prepared 750 

and analysed by SDS-PAGE and immunoblotting using an anti-FLAG antibody. The 751 

uncleaved P1-2A-2BC-FLAG and the cleavage product (2BC-FLAG) are marked. Molecular 752 

mass markers (kDa) are indicated on the left. The cleavage activities (percentage of cleaved 753 

product) of the wt and each 2A mutant were determined by quantifying the intensity of the 754 

signal for the FMDV capsid proteins using ImageJ (v1.50) and are indicated above each lane.  755 

 756 

Fig. 5: Expression of the luciferase reporter protein, Gluc, by a FMDV replicon. BHK 757 

cells were electroporated with wt or mutant RNA transcripts derived from the indicated 758 

cDNAs and, at the indicated times, cell lysates were prepared and assayed for Gluc activity. 759 

RLUs = Relative light units. Data are presented as mean ± standard deviation (SD) RLUs 760 

from samples (n=3) harvested at the indicated times.  761 

 762 

Fig. 6: Transient expression assays to determine the influence of 2A substitutions on the 763 

processing of the FMDV capsid precursor P1-2A. The wt and mutant P1-2A-2BC-FLAG 764 

plasmids were transfected alone or with pSKRH3C [40] (which expresses FMDV 3C
pro

), as 765 

indicated, into vTF7-3 infected BHK cells as described in Methods. After 24 h, cell extracts 766 

were prepared and analysed by SDS-PAGE and immunoblotting using anti-FMDV VP2 767 

(panel a) and anti-FMDV antisera (to detect all FMDV capsid proteins) (panel b) as 768 

indicated. Molecular mass markers (kDa) are indicated on the left. 769 

 770 

Fig. 7: Detection of FMDV 2A fusion proteins by IF staining within cells. BHK cells were 771 

untreated or transfected with wt or mutant FMDV RNA transcripts. At 8 h post-transfection, 772 
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the cells were fixed. FMDV capsid proteins or the FMDV 2A peptide were detected using 773 

anti-FMDV O1K polyclonal antibodies (upper panels) or anti-2A antibodies (lower panels), 774 

respectively, plus a secondary antibody labelled with Alexa Fluor 568 (red). The 2A 775 

substitutions are indicated. Untransfected cells were used as a negative control whereas the 776 

O1K VP1 K210E mutant, described previously [7], in which the 2A remains joined to VP1, 777 

served as a positive control. The cellular nuclei were visualized with DAPI (blue). Bar, 50 778 

µm. 779 
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