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ABSTRACT
The complete nucelotide sequence of the coding region of foot and mouth

disease virus RNA (strain A 61) is presented. The sequence extends from the
primary initiation site, appgximately 1200 nucleotide from the 5' end of the
genome, in an open translational reading frame of 6,999 nucleotides to a
termination codon 93 nucleotides from the 3' terminal poly (A). Available amino
acid sequence data correlates with that predicted from the nucleotide sequence.
The amino acid sequence around cleavage sites in the polyprotein shows no
consistency, although a number of the virus-coded protease cleavage sites are
between glutamate and glycine residues.

INTRODUCTION

Foot and mouth disease (FMD) is a highly contagious viral disease of cloven-
hooved animals and is of paramount economic importance. The virus (genus:
aphthovirus; family: Picornaviridae) has a single stranded positive sense RNA
genome of approximately 8,500 nucleotides. The genome is 3' polyadenylated, can

serve directly as a messenger and contains a poly (C) tract (100-200 nucleotides
long) located approximately 400 nucleotides from the 5' end (1).

Unlike most eukaryotic mRNAs, FMDV RNA is not capped at its 5' end but
has a small viral-coded protein (VPg) covalently attached to the terminal 5' uridine
residue (2, 3). The VPg protein is not required for translation and, by correlation
with poliovirus is probably involved in replication (4, 5). The RNA of FMDV, like
other picornaviruses, appears to have a long 5' untranslated leader sequence.
Removal of the poly C tract of FMDV and all nucleotides to its 5' side has no

effect on the spectrum of proteins generated by in vitro translation. This indicates
that the site for initiation of translation is located to the 3' side of the poly (C)
tract (6).

The initial translational product of FMDV RNA would be a polyprotein of
about 250,000 daltons. However, this protein is not observed as it is nascently
processed into the viral structural and non-structural proteins as shown in Figure L

We describe here the complete nucleotide sequence of the region coding for
this poly protein from one strain of FMDV.
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MATERIALS AND METHODS

Recombinant Plasmids

The construction of recombinant plasmids has been described previously (7).
Briefly double stranded cDNA was synthesised using RNA from FMDV strain A10
61 and inserted by G:C tailing into the Pst I site of pAT 153. Two of the resulting

recombinants (pFA76 and pFA206) contained inserts corresponding to =85% of the

FMDV genome. Detailed restriction maps of these recombinants were generated

by standard procedures. pFA206 was subeloned into two more manageable size

clones pFA206a or pFA206a. Initially pFA206 was digested with EcoRI,
recircularised using T4 DNA ligase and used to transform E. coli MC1061 by

standard procedures (8, 9). This resulted in the clone pFA206a representing those

sequences to the 3' side of the EcoRI site in pFA206 (see Figure 1). pFA2068 was

generated by digestion of pFA206 with EcoRI and PstI, gel purification of the

required band and ligation into EcoRI/PstI digested pAT 153.

DNA sequencing
All DNA sequencing was carried out by the method of Maxam and Gilbert

(10). Recombinant DNA was sequenced using uniquely 5' or 3 32p labelled

restriction fragments as described previously (11). Primer extension sequencing

was carried out as described by Rowlands et al (12). Briefly, a 5' 32P-labelled
primer (Cell Tech. Ltd., UK) was used to direct the synthesis of cDNA using

reverse transcriptase and viral RNA as a template. The resulting 5' labelled cDNA

was size fractionated and sequenced by the method of Maxam and Gilbert (10).
Analysis of Sequence Data

DNA sequence was analysed using an Apple II microcomputer as described

previously (13).

RESULTS AND DISCUSSION

Sequencing Strategy
The construction of cDNA clones from FMDV RNA (serotype A10 61) has

been described elsewhere (7). These clones represented in total about 85% of the

viral genome (Figure 1). The nucleotide sequence of the region coding for the

structural protein (VPs 1-4) has been previously reported (11). As shown in Figure 1

a large clone (pFA206) having a cDNA insert of 5.4Kb represented the major part

of the genome coding for the non-structural proteins. To simplify sequence

analysis this insert was sub-cloned into two halves (pFA2060 and pFA206ca) as

described in methods. Detailed restriction analysis of these clones (see Figure 1)
allowed a sequencing strategy to be carried out so that most regions of the genome
were sequenced in both strands. Those regions which were not sequenced in both

strands are clearly indicated in Figure 1 and these regions were determined from
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FIGURE 1 Organisation of the FMDV genome. The positions of the gene products
is based on previously published work (1). The naming of the polypeptides has been
done using both existing names and the recommendations agreed at the 3rd
European Study Group on moleculear biology of picornaviruses, Urbino, Italy,
September, 1983. The new nomenclature is indicated above the corresponding
polypeptides and the old nomenclature is indicated below. The alignment of two
cDNA clones with respect to the viral genome is shown. The Eco RI site was used
to sub-clone pFA206 into a and B as indicated. The sequence of 2820 nucleotides
from the 5' end of the clone pFA76 has been reported previously (7). The sequence
strategy is illustrated by the bars and arrows indicating the restriction sites used
and the extent of the sequence obtained. Primer extension sequencing was used to
obtain sequence to the 5' side of pFA76 and the location of the primer and
sequence obtained is shown. The abbreviations used for restriction enzymes are: B,
Bam HI; D, Hind III: E, Dde I; F, Hin FI; G, Bgl II; H, Hpa II; L, Bgl I; M, Sma I; P,
Pst I; R, Eco RI; S, Sal I; T, Taq I; V, Pvu II; X, Xho I.

several independent sequencing experiments.
Previous mapping studies using defined T1 oligonucleotide probes had

indicated that the clone pFA206 did not include sequences extending to the poly (A)
at the 3' end of the genome (7). The sequence data show however that this clone

does in fact contain the whole of the 3' end of the genome including 33 bases of the

poly (A) tract.

None of the cDNA clones hybridised with T1 oligonucleotides derived from

the 5' end of the genome suggesting that this region was not represented in our

clone banks. In order to obtain 5' end sequence beyond the region represented in

the clones a primer extension method was employed. A synthetic oligonucleotide
(Cell Tech Ltd., UK) whose sequence was derived from the 5' proximal region of

pFA76 (see Figure 1) was used to prime cDNA transcripts which were sequenced as

described in methods. Approximately 450 bases were sequenced using this primer.
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Nucleotide Sequence
The nucleotide sequence determined from the recombinant clones and by

primer extension sequencing is shown in Figure 2. The sequence includes an open
translational reading frame of 2,333 codons terminating at a UAA codon 93 bases
from the 3' poly (A) sequence. Two lines of evidence suggest that this represents
the sequence coding for the FMDV polyprotein. Firstly, no other reading frame of
significant length is found in the sequence. Secondly, protein sequence data is
available for several viral proteins (11 and refs. therein, 14) and these sequences
correlate with the major open reading frame. Further sequence towards the 5' end
from the major open reading frame has termination codons in all three reading
frames (15).

Examination of our sequence gels allows us to estimate the poly (C) tract to
be at least 500 nucleotides from the initiation site for translation. This would
mean that FMDV RNA has a 5' untranslated region in excess of 1,000 nucleotides
long and a total genome length of at least 8,100 nucleotides.

The nucleotide composition and dinucleotide frequency of the coding region
are consistent with the data previously obtained for the region of the genome
coding for the structural proteins (11). In particular the base composition shows a
bias in favour of C+G over A+U. This is also reflected in chemical analysis of the
RNA (16). The relatively high frequency of CpG is also maintained throughout the
genome being 83% of the expected frequency compared to 37% for eukaryotes in
general (17) and 47% for poliovirus (18).
Predicted Amino Acid Sequence

The processing of picornaviral proteins is a complex process and appears
highly variable between different members of the family. However, the general
genomic organisation and the primary cleavage products derived from the

polyprotein are similar, (1, 19) with one important exception. The region to the 5'
side of the genome coding for the structural genes in FMDV and encephalo-
myocarditis virus code for additional proteins which have no identifiable
counterparts in poliovirus. It has been shown that two proteins are coded for in
this part of the genome in FMDV; namely p2Oa (Lab) and p16 (Lb) (for polypeptide
nomenclature see Figure 1). Analysis of these proteins has shown them to have
similar tryptic peptide maps and limited proteolysis patterns (6, 15). Both of these

proteirn can be labelled in vitro using N-formyl (35_S) methionine t RNAfmet (6)
and studies involving a protease inhibitor suggest that the C-termini of these
proteins are the same (20). These data suggest that there are two initiation sites in
FMDV RNA. Examination of the sequence data presented here shows the presence
of a second AlJG codon located at nucleotide position 85 and in the same reading
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frame as the initial AUG at position 1 (see Figure 2). Initiation at these two sites

would result in two similar proteins with a molecular weight difference of 3,800,

i.e. the difference in molecular weight between p20a (Lab) and p16 (Lb). Beck et al

(21) have also recently reported the presence of these two putative initiation sites
in two other serotypes of the virus.

Although no protein sequence data are available to confirm the predicted
sequence of the three VPg proteins, their charge, amino acid composition and

tryptic peptide composition (2) are entirely consistent with the sequences
presented here. These data also agree with those of Forss and Schaller (22) on the
predicted sequence of the VPgs from FMDV serotypes 0 and C. Although in

general FMDV and polio show a high degree of similarity in genome organisation

the VPg genes are an example where they differ significantly. Polio has a single
VPg gene whereas FMDV has three, which, moreover are highly conserved in three

serotypes (22). All three VPgs from FMDV are equally represented in RNA
extracted from virus particles (2).

The poliovirus VPg has been found in a precursor molecule of molecular

weight 12,000 of which the VPg protein itself is contained in the C-terminal

portion. The non-VPg sequences in this precursor contain a hydrophobic region of
22 amino acids situated 7 amino acids to the N-terminal side of VPg. This

hydrophobic area is thought to be responsible for the association of the VPg
precursor with cellular membranes, since the VPg precursor is found in membrane

bound complexes (23). Comparison of hydrophilicity plots representing the VPg
region from FMDV and polio show no hydrophobic region in FMDV comparable to

that in polio. The functional precursor, (if any), containing the FMDV VPgs is at

present unknown.

Comparison of our sequence with the recently published sequence of the

FMDV A12 polymerase (p56a; 3d) (14) show them to be very similar. There are 16

amino acid changes (out of 470 total) which are distributed throughout the protein.
Cleavage sites

The proteolytic cleavage sites involved in the processing of the poliovirus

polyprotein into the final products show a high degree of uniformity not seen with
FMDV. In polio eight of the identified cleavage sites are between gln-gly pairs; of
the remaining cleavages one is between tyr-gly and one is between asn-ser (24).
The latter cleavage is between VP4 and VP2 and occurs during the final stages of
virus maturation. With FMDV, on the other hand, little homology is apparent in the

sequences around the known cleavage sites. The possible cleavage sites involved in

processing the polyprotein of FMDV are indicated in Figure 2. Those sites for

which some amino acid sequence data are available are also indicated. Both host
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and viral specified proteases are involved in the processing of FMDV proteins (20).
The cleavages thought to be caused by a viral enzyme (secondary cleavages)

indicate a preference for glu-gly bonds, for example between VP2 and VP3, at the

N termini of the VPgs and between p20b (3c) and p56a (3d, polymerase). Of the

twelve putative cleavage sites (both primary and secondary) five occur between

glutamate and glycine.
The putative host specified cleavage site (primary cleavage) between

p20a/p16 and p88 (L and P1) has been revised from previous reports (7). This

cleavage is now proposed to occur after amino acid 204 between gly and gin on the

basis of homology between FMDV and EMC VP4 proteins (A. Palmenberg, personal
communication), and our recent observation that FMDV VP4 contains proline (15).
With the revised cleavage site VP4 contains a single proline at amino acid position
208 (see Figure 2). The N-terminus of VP4 is known to be refractory to Edman

degradation in all picornaviruses which have been examined (11, 19, 24, 25) and

with FMDV and EMC this blockage may be due to deamination and cyclisation of a

glutamine.

CONCLUDING REMARKS

At present we do not have clones which span the poly (C) tract and so it has
not been possible to analyse the sequence of the 5' non coding region of the FMDV

genome. The reason for the lack of 5' end clones is not clear. It could be simply

due to the low frequency of cDNA transcripts which extend to the extreme 5' end,

or alternatively the unusual structure of the poly (C) tract may be unstable in E.
coli and eliminated during plasmid replication. Direct RNA sequencing of the,
extreme 5' end of the genome has been reported (26) and shows that considerable

homology exists between the first 27 nucleotides from all seven serotypes of

FMDV. This suggests that this region has a critical role in virus replication.

Sequence data from the 3' untranslated region of FMDV have also been

reported (14, 27). Porter et al (27) analysed the nucleotide sequence adjacent to

the poly (A) for five serotypes and found-75% homology in the first 20 nucleotides

and a highly conserved sequence of eleven nucleotides at position -7 to -17 from
the poly (A) tract. One of these serotypes was identical to the virus used in this

study and the sequence of 42 nucleotides reported agrees exactly with that
reported here. Recently the 3' sequence of a second type A virus (A12) has been

reported (14) and maintains the sequence of the eleven highly conserved
nucleotides, however the remainder of the sequence up to the poly (A) is

considerably different and includes three additional nucleotides. In the A12 virus

there is a single UAA termination codon located 96 nucleotides from the poly (A)
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tract in contrast to the single UAA termination codon located 93 nucleotides from

the poly (A) reported here from the Ala virus.

A knowledge of the coding sequence of a virus is a necessary pre-requisite
for the full understanding of the functions of the encoded proteins in virus

structure and replication. Moreover, comparisons of the complete sequences of

different viruses from within the picornavirus family will indicate evolutionary

relationships between the virus groups. Finally the sequence data is essential for

experiments involving site specific mutagenesis of an infectious clone of virus RNA

(28) in order to modify specific regions of the genome.
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