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We have cloned and sequenced the viral protein (VP1)-coding
regions of two foot-and-mouth disease virus (FDMYV)
serotypes (C, and A5). Comparison of the derived amino acid
sequences with the known VP1 sequence of FMDV O,K and
the two FMDV A subtypes A, and A,, shows two highly
variable regions in the protein, at positions 40—60 and
130160, as possible antigenic sites. In both variable regions,
several sites could be detected where all three sequences of the
A subtypes are identical but the three types A, C and O differ
from each other. The second variable region overlaps with a
major immunogenic determinant of the virus.
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Introduction

Foot-and-mouth disease virus (FMDYV) is able to escape the
host immune system by a high variability of its surface an-
tigens. Seven distinct serotypes and > 60 subtypes of the virus
have been characterized by serological analysis. The major
antigenic determinants are located in a single viral protein,
VP1 (Bachrach ef al., 1975), and potentially immunogenic
regions have been identified in the C-terminal third of this
protein (Strohmaier et al., 1982). Comparison of the VP1
structure between serotypes on the one hand and between
subtypes of a certain serotype on the other hand should allow
us to localize potentially immunogenic sites and to distinguish
between alterations which lead to a change in antigenicity and
alterations which do not.

A complete amino acid sequence of VP1 was derived from
the nucleotide sequence of cloned cDNA of serotype O (Kurz
et al., 1981). We have now obtained the amino acid sequence
of this protein from cloned FMDV cDNAs of two other
European serotypes, A and C. Corresponding sequences of
two additional FMDV A subtypes were also determined in
other laboratories (FMDV A,;: Kleid et al., 1981, FMDV A,
Boothroyd et al., 1982).

A comparison of the VP1 primary structures of the dif-
ferent FMDV strains described here shows two variable
regions. Combined with immunological data from en-
zymatically or chemically derived cleavage products of VPI
(Strohmaier et al., 1982) and computer predicted secondary
structures of this protein, these results lead to the synthesis of
a potential peptide vaccine against FMDV (Pfaff er al., 1982).

Results
Cloning of the coat protein-coding region
Identification and isolation of VP1 encoding cDNA clones
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from FMDV A5 and strain C,0 was facilitated by the
availability of corresponding clones from strain O,K (Kiipper
et al., 1981). Preliminary cross-hybridisation experiments
with these clones had indicated that the VP1 encoding seg-
ment of the FMDV RNA was highly variable between sero-
types whereas the adjacent region coding for non-structural
proteins was not (Kurz et al., 1981). To identify more precise-
ly the homologous region next to the VP1 gene, a series of
short, segment-specific probes was prepared by Haelll diges-
tion of the appropriate single-stranded FMDV c¢cDNA clone
(see Materials and methods) and tested for stable annealing to
the RNA of the heterologous serotypes. There was no cross-
hybridisation with probes from within the O;K VP1 gene
(positions 2892 —3522 and 3523 —3542), whereas probes
from the adjacent cDNA segment cross-hybridised (positions
3662—3752, 3753-—3792, 37933882, 3883-3921,
3932 —4017). Therefore, these latter DNA fragments could be
used to identify clones from the VPI1 region or to prime
specifically cDNA synthesis on heterologous FMDV RNA
next to the VP1 gene.

The latter method was used with strain C,0. A short
single-stranded Haelll fragment from O,K cDNA covering
FMDYV RNA from position 3793 to 3882 was used to prime
cDNA synthesis on C; RNA. The single-stranded cDNA was
rendered double-stranded by Escherichia coli DNA polymer-
ase I as described (Kiipper et al., 1981) and fitted with syn-
thetic EcoRI linkers. As the primer fragment covered a
Hindlll site ~230 bp downstream from the end of VP1, the
cDNA was cleaved with EcoRI and Hindlll, sized by gel
electrophoresis and fragments >1000 nucleotides were
ligated into the vector pBR322 via the EcoRI and Hindlll
sites. The largest clone (pFMDVCI1-9) recovered using this
approach contained a 3000-bp ¢cDNA fragment extending
from the Hind]Ill site at position 3850 up to position 900, thus
entirely covering the region coding for the viral coat proteins
VP1—VP4 (see Figure 1).

The cDNA clone from FMDV strain Ag used in this
analysis, pFMDVAS5-1, was a gift from H.Kiipper. It was
constructed in the same way as the cDNA clones from strain
O/ by oligo(dT) priming of the polyadenylated viral RNA
(H.Kiipper et al., 1981) and identified by screening with a
labelled DNA fragment of pPFMDV1034 from the conserved
region adjacent to VP1. As determined by the DNA sequence
analysis described here and as shown in Figure 1, clone
pFMDVAS-1 covers the complete VP1 region and some addi-
tional 1300 bp downstream. To simplify its sequence
analysis, the FMDYV insert of the plasmid was subcloned,
after cleavage with PsfI and Hindlll, into vector pUC9
(Vieira and Messing, 1982). The plasmid containing the VP1
gene was designated pPFMDVAS-1a.

Nucleotide sequence of the VPI region of FMDV C, and
FMDV Aq

Nucleotide sequences from pFMDVAS5-la and
pFMDVCI1-9 were determined according to Maxam and
Gilbert (1980) as outlined in the lower part of Figure 1. Both
cloned DNA fragments were sequenced completely. Only the
parts of the sequences encoding VP1 are shown in Figure 2.
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Fig. 1. Location of the cDNA clones pFMDVC1-9 and pFMDVAS-1 in the
genome of FMDYV and sequencing strategy applied. For numbering of the
FMDYV RNA the system of Kiipper et al. (1981) was used. C, and A, refer
to the internal poly(C) tract and the polyadenylated 3’ end. The VP1 en-
coding region is enlarged in the lower part of the figures. Restriction endo-
nuclease maps for enzymes used in the sequence analysis of clones
pFMDVC1-9 and pPFMDVAS5-1a are shown. Direction and extent of the in-
dividual sequencing runs are indicated by horizontal arrows. The sequence
obtained by primer extension with reverse transcriptase on C; RNA (see
text) is indicated by an asterisk.
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Nucleotide sequences from the C-terminal part of the VP1
gene were also directly determined from the viral RNAs by
primer extension with reverse transcriptase. A small single-
stranded Haelll fragment from O,K (position 3662 —3752)
was 32P end-labelled, annealed onto FMDV RNA, elongated
by the reverse transcriptase reaction and the resulting cDNA
copies were used without further purification for sequence
analysis according to Maxam and Gilbert (1980). The se-
quences obtained (not shown) were in complete agreement
with the results obtained from the cDNA clones as described
above. As cDNA sequences can be read over all of the an-
tigenic determinant in the C-terminal part of the VPI gene
(see below) this direct sequencing method may be useful for
rapid analysis of sequence variations in field strains of
FMDV.

To determine the borders of the VP1 gene, the nucleotide
sequences from serotypes C, and A; were aligned to the O,K
sequence (Figure 2) for which the gene limits have been iden-
tified using amino acid sequence data from the gene product
(Strohmaier et al., 1978; Kurz et al., 1981). Although there
are stretches of high variability between the nucleotide se-
quences of the three different serotypes, the regions encoding
the termini of VP1 were sufficiently conserved to allow an
unambiguous alignment. From the homology to the O,K
nucleotide sequence, we conclude that in FMDV C, and
FMDV A; the VP1 coding sequences start with nucleotide
2977 and stop at positions 3603 and 3612 in C, and A,
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Fig. 2. Compan’sqn of the VP1 encoding nucleotide sequences of FMDV serotypes C;, O,K and As. The sequences are aligned according to homologies in the
more constant regions. The somewhat arbitrary alignment around position 3400 corresponds to the amino acid alignment in Figure 3. The numbering refers
to the O,K nucleotide sequence (Kurz et al., 1981). Strokes represent deletions used to optimize alignment and asterisks indicate identical nucleotides in all

three serotypes.
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respectively. Hence, it follows that the length of the VPI-
coding region varies slightly between the different serotypes
of FMDV: the OK nucleotide sequence codes for a protein of
213 amino acid residues and the sequences of types C, and A,
code for 209 and 212 amino acids, respectively.

Comparison of the C, and Ag nucleotide sequences with
each other and with the O,K sequence shows a similar degree
of homology between the three serotypes within the VP1 en-
coding region: C,/A; 58%, C,/O,K 64% and Ay/O,K 65%
homology, respectively. 52% of the nucleotides are common
in all three serotypes. Homology of the As nucleotide se-
quence with the corresponding sequences of the subtypes A,
(Boothroyd et al., 1982) and A,, (Kleid ef al., 1981) is ex-
pectedly higher: Ay/A;, 90%, As/Ay, 87%, Ay/Ay 91%).

Base changes between serotypes as well as between sub-
types are clustered mainly in two regions (positions
3100—3160 and 3370 —3450; see Figure 2). Changes outside
these two regions often concern third positions in codons and
do not lead to amino acid exchanges. Determination of the
codon usage in C; and A; showed a similar bias in favour of
C and G over A and T in the third position of codons (57%
and 66% for C, and A, respectively) as was observed before
with OK and A,y (Kurz ez al., 1981; Boothroyd et al., 1982).

There is a striking homology of the nucleotide sequences
beyond the VP1 encoding region of ~90% between all three
serotypes. This homology extends from position 3620 to the
Hindlll site at position 3850 to which all three sequences have
so far been determined (not shown). This agrees with the
results of the cross-hybridisation experiments described
above.

Amino acid exchanges in VP between different serotypes of
FMDY are clustered in two regions

The amino acid sequences of the VP1 region are compiled
in Figure 3. They are derived from the nucleotide sequences
of the three serotypes C,, As and O, and two additional
FMDV A subtypes A, (Kleid et al, 1981) and A,,
(Boothroyd et al., 1982). This comparison shows that some
60% of the amino acid residues are conserved between all
three serotypes. The most conserved regions are the
N-terminal portion up to position 40, the middle region (posi-
tion 60—130), and the C-terminal quarter of the protein
(from position 160). These more constant parts are inter-
rupted by two variable regions, one between position 40 and
60, the other between position 130 and 160. In the former
region, 16 out of 20 amino acid residues are exchanged. Nine
of them represent variation between all three, the remaining
seven between only two serotypes. In general, these changes
do not affect the charge distribution of this part of the pro-
tein. The second variable region is more extended. It covers
~30 amino acid residues of which about two thirds are ex-
changed. The majority of the exchanges represent variation
between all three serotypes. In contrast to the first variable
region, many of the exchanges involve charged amino acids
and therefore the distribution of acidic and basic amino acid
residues in this region differs between all three serotypes.
Around position 140 there is a hypervariable region where the
amino acid sequences also differ in length by up to four
amino acid residues.

As the three FMDV A subtypes are antigenically closely
related, their immunogenic sites should also contain identical
amino acids in regions where the three serotypes differ from
each other. Such positions (boxed in Figure 3) are clustered in
a few regions: positions 44—60 (7x), 81—85 (3x), 96,

Antigenic variation of FMDV

C1 Obb Thr Thr

01K Ser Ala

A5WW 1 Thr Thr Ala Val Gly Glu Ser Ala Asp Pro Val Thr Thr Thr Val Glu Asn Tyr Gly Gly
A0 Thr Thr

A12 Ala Thr

C1 Obb Glu V-l His His Thr Als Val Leu

01K Glu Gin His Thr Ser

A5 WW 21 Asp Thr Gin ‘l’hn Gin Arg Arg Tyr Tyr Met Asp Val Gly Phe lle Met Asp Arg Phe Val
A10 Val His His Thr

A2 Glu Val His His Thr Ser

A10 Lys

C1 Obb Val Thr|Val Ser|Gly|Asn Gin Thr{Leu Val Lys Asp
01K Val Thr|Pro Gin|A lle |Asn| lle | Leu Pro Ser

AS WW 41 Lys lle Asn|Ser Leu|Ser|Pro Thr|His|vall lie Asp Leu Met Gin His Gin His
A12 Lys Asn)

C1 Obb lle Als
O1K
ASWW 6
A10
A12

C1 Obb Thr! Thr Lys Val Asp
01K Lys. Glu As| Asp
AS WW 81 |Arg|His|Asp|Gly|Asn|Leu Thr Trp Val Pro Asn Gly Ala Pro Glu Ala Leu Ser Asn

2

Ser Ala
Leu Val Gly Ala Leu Leu Arg ‘Ala Ala Thr Tyr Tyr Phe Ser Asp Leu Glu lle Val Val
lie

A10
A12

L
C1 0bb Thr His Gly Leu
01K The His Ala Leu
A5 WW 101 Thr Ser Asn Pro Thr Ala Tyr Asn Lys Val Pro Phe Thr Arg Leu Ala Leu Pro Tyr Thr
A10 Als
A12 Gly Ala
C10bb Gly Thr Ala Ser Thr
01K Glu Arg Asn Ala
A5 WW 121 Ala Pro His Arg Val Leu Ala Thr Val Tyr Asn Gly Thr|Asn Lys| Tyr Thr Gly Gly
A10 Asp Ala Ser Asp
A12 Ala Ser
C1 Obb - - - - Leu|Ala His|Leu Thr Thr|Arg Gly
O1K Val Pro Asn Leu Leu|Gin Val|Leu Gin| Lys| Val
ASWW 141 Pro — — Arg Arg Gly Asp Met|Gly Ser|Ala Ala Ala| Arg| Al- Ala I.ys Leu Pro
A10 Ser — — Ser Leu e
A12 Ser — Gly Val Phe, Leu Pro| Val
C1 Obd Thr Phe Val Lys Glu Thr
o1 K Thr Lys Thr Arg Val Thr
AS WW 161 Ala Ser Phe Asn Tyr Gly Ala lle Arg Ala lle Thr lle His Glu Leu Leu an Arg Met
A10 Gin Gin Ala
A12 Lys Giu
C1 Obb lle Pro Gin Pro Thr —
01K Thr His Pro Thr — Als
A5 WW 181 Lys Arg Ala Glu Leu Tyr Cys Pro Arg Pro Leu Leu Ala lle Glu Val Ser Ser (Asp
A10 Lys Thr
A12
c1 Obb Pro Leu Val Lys
o1 Val Val Lys Thr
AS ww 201 Arg His Lys GIn Lys lle lle Ala Pro Ala Arg Gin Leu Leu
A10 Tyr Lys
A12 Gly Lys

Fig. 3. Comparison of the VP1 amino acid sequences of FMDV strains C,,
O, A;, Ay and Aj,. The A; sequence is shown completely. For the re-
maining strains, only differences to the Ay sequence are specified. Strokes
represent deletions used to optimize alignment of the sequences. Positions
which are different in all three serotypes (upper 3 lines) but identical in the
A subtypes (lower 3 lines) are boxed.

134—137 (3x), 149—158 (4x) and 199.

Discussion

FMDYV seems to us to be a suitable model system to study
the molecular basis of the immunogenicity of a viral capsid
protein for two reasons. The major antigenic determinants of
the virus seem to be localized on a single viral protein, VP1
(Bachrach et al., 1975) and there are many serologically dif-
ferent strains of the virus available. The knowledge of the
structural features of the immunogenic sites in FMDYV is also
important since it should be possible by recombinant DNA
technology or by chemical synthesis to simulate these sites
and to construct synthetic vaccines (Bittle ez al., 1982; Pfaff et
al., 1982).

A comparison of the VPl primary structure of three
serotypes and three subtypes of FMDYV shows that there are
essentially two highly variable regions within the protein, one
between positions 40 and 60 and another between positions
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130 and 160. Other parts of the amino acid sequence are
highly conserved (e.g., positions 5—20, 61—80, 113—128)
and the genetic drift in the corresponding coding sequence is
almost exclusively confined to silent third base mutations in
the viral RNA (see Figure 2). Thus, these amino acid se-
quences must be important for the functional integrity of the
VP1 subunit in FMDV. Significant restrictions to amino acid
changes also seem to exist for the first variable region, since
changes stay generally within the same functional groups of
amino acids. Furthermore, only few differences are found in
this VP1 segment between the evolutionary closely related
subtypes from serotype A. In contrast, a high sequence varia-
tion even between subtypes is present in the second variable
region.

Because of the high antigenic diversity in FMDV, potential
antigenic determinants are expected to overlap at least in part
with variable regions in the VP1 sequence and also to contain
serotypically characteristic positions, where amino acids are
common between subtypes but different between serotypes.
Furthermore, as hydrophilic surface components of the
virion, antigenic determinants are also expected to contain
polar residues in their amino acid sequence.

From the presently available sequence data, the second
variable region appears to meet best these requirements for an
antigenic determinant and was therefore expected to cover a
major immunogenic site of FMDV (Pfaff et al., 1982). In ad-
dition, in FMDV O,K, part of the second variable region
(positions 144 —159) contains a biased distribution of polar
and apolar residues when projected in a computer predicted
a-helix (Pfaff et al., 1982). This one-sided stable location of
polar residues can also be predicted for the other strains in the
corresponding region, although in A,, a proline residue
within the sequence interrupts an ideal helical structure. Com-
plete virions incubated with proteases are cleaved at this site
in the protein, confirming that this region is exposed at the
surface of the virus (Strohmaier et al., 1982).

Proof that the predicted o-helical part of the second
variable region is in fact an antigenic determining site comes
from immunological data with antisera against proteolytically
or chemically derived fragments of VP1 (Strohmaier et al.,
1982) and with synthetic oligopeptides of serotype O,K which
were successfully used to induce virus neutralising antibodies.
Interestingly, the most exchanged part of the variable region
(positions 137—144) seems not to be necessary for sero-
specificity since it is not contained in the highly serospecific
peptides, positions 144 — 159 (Pfaff et al., 1982), and posi-
tions 141 —160 (Bittle et al., 1982). The most conclusive
evidence that these peptides cover the dominant immunogenic
site of FMDV comes from the fact that a carrier-coupled pep-
tide bound virtually all (99%) of the anti-FMDYV antibodies in
serum (Pfaff et al., 1982). Peptides corresponding to the se-
quence close to the C terminus of VP1 also evoke virus-
specific antibodies (Strohmaier et al., 1982; Bittle et al.,
1982). However, their virus neutralising activity lies below the
values of sera against the oligopeptides of the second variable
region.

The highest virus neutralising activities reached in antisera
against peptides lie several orders of magnitude below the
immunogenic efficiency of complete virions. Therefore, the
ability of this amino acid sequence to determine sero-
specificity and to bind essentially all of the virus neutralising
antibodies may reflect that it represents the ‘core’ of the
dominant immunogenic site of FMDV. In the virus the struc-
ture of the antigenic determinant must be more complex and
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probably depends on a particular tertiary struture of VPI.
This structure seems to be maintained correctly in the intact
virion only, but not in isolated VP1 or in the 12S subunit of
the virus coat protein containing VP1, VP2 and VP3 (Cart-
wright et al., 1982).

Materials and methods
Enzymes

Restriction endonucleases (EcoRI, Hindlll, Pstl, Haelll, Hinfl, Hhal,
Hpall and Taql) were purified essentially as described by Roberts et al.
(1976), Pvul and Mbol were purchased from Boehringer Mannheim and New
England Biolabs, respectively. T4 polynucleotide kinase was purified by a
modification of the procedure of Richardson (1965), calf intestinal
phosphatase and S1 exonuclease were purchased from Boehringer Mannheim
and New England Biolabs, respectively.

Single-stranded FMDV cDNA clones

The FMDYV part of plasmid pFMDV1034 (Kiipper ef al., 1981) was inserted
via the Pstl sites into the single-stranded DNA vector fd109 (Herrmann et al.,
1980) in orientation opposite to the viral RNA. To obtain another single-
stranded DNA clone with a less complex Haelll pattern, a smaller FMDV
fragment coding for the C-terminal half of VP1 plus some 230 adjacent
nucleotides was inserted in the fd109 derivative fd109.2 (R.Herrmann, as cited
in Weiher and Schaller, 1982) as follows: an 800-bp Hhal fragment from
plasmid pFMDV1034 (Kurz et al., 1981) containing an internal HindllI site
(position 3847 in the O,K nucleotide sequence) was isolated, incubated with
DNA polymerase I in the presence of the four ANTPs to digest the protruding
3’ ends and joined with synthetic EcoRI linkers. After cleavage with EcoRI
and Hindlll, the larger of the two resulting fragments (513 bp) was inserted in
fd109.2 via the corresponding restriction sites.

Hybridisation experiments

Single-stranded DNA isolated from phages was digested with Haelll, the
resulting fragments 5’ end-labelled with polynucleotide kinase and [y-32P]-
ATP and separated electrophoretically. 0.1 pmol each of the end-labelled
Haelll fragments from within or from outside of the VP1 coding region were
incubated with an equimolar amount and with a 3-fold excess of viral RNA of
serotypes OK, As and C, in 10 xl 0.2 M NaCl, 50 mM Tris pH 8.0 for
30 min at 65°C. The mixtures were then separated electrophoretically on 6%
polyacrylamide gels and the radioactivity determined at and above the initial
positions of the fragments.

cDNA synthesis

2 pmol FMDV RNA were hybridized with 2 pmol of an end-labelled,
single-stranded Haelll fragment in 5 ul 0.2 M KCl, 50 mM Tris pH 8.0 for
10 min at 65°C, then were added 60 ul of 50 mM Tris pH 8.3, 7 mM MgCl,,
30 mM KCl, 1 mM dithioerythritol, dATP, dCTP, dGTP and dTTP each at
0.5 mM and 16 units of avian myeloblastosis virus reverse transcriptase and
the mixture incubated for 1 h at 42°C. For the purpose of nucleotide sequence
analysis, this cDNA was desalted by Sephadex G 150 gel filtration and sub-
jected to the chemical method. To synthesize second strand cDNA, 2 ug
RNase were added to 30 ul of the above mixture, the sample was incubated at
100°C for 3 min and for a further 15 min at 37°C. For second strand syn-
thesis, 60 pul of 50 mM potassium phosphate buffer pH 7.0, 7 mM MgCl,,
100 mM KCl, 0.1 mM each of dATP, dCTP, dGTP and dTTP and 6 units
DNA polymerase I were added and the mixture incubated for 1 h at 15°C. To
stop the reaction, the sample was extracted with phenol and passed through a
Sephadex G-150 column. The double-stranded cDNA was treated with S1
nuclease and EcoRI linkers were ligated to the ends. As the primer fragment
(positions 3792 — 3882 in the O,K nucleotide sequence) carries a HindlllI site,
the DNA was cleaved with EcoRI and Hindlll and sized on a 1% agarose gel.
Fragments > 1000 bp were eluted and inserted into plasmid pBR322 via the
EcoRI and Hindlll sites.

Nucleotide sequence analysis

DNA sequencing was performed essentially as described by Maxam and
Gilbert (1980). Sequencing gels were dried in order to enhance band sharpness
and to shorten exposure times (Garoff and Ansorge, 1981). Nucleotide se-
quences were stored and processed using the computer programs of Osterburg
et al. (1982).
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