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ABSTRACT

A cDNA clone of Foot and Mouth Disease Virus (FMDV), strain Cl, has been
sequenced. The limits of the structural genes were defined by comparison with
the available protein data. We identified two potential translation initia-
tion sites for the viral polyprotein separated by 84 nucleotides. We suggest
that these two initiation sites could be used to express two proteins differ-
ing only at the N-termini, P16 and P20a. This model is supported by the fact
that antiserum against a bacterially synthesized polypeptide corresponding
to the anterior region of the polyprotein precipitates specifically both P16
and P20a. Comparison of the Cl sequence with two other serotypes, 01K and A10
revealed variability in the major immunogenic structural protein, VP1, and
also in two other capsid proteins, VP2 and VP3. P16/P20a, VP4, and the N-ter-
minal part of the precursor of the nonstructural genes, P52, are rather con-
served between the different FMDV strains.

INTRODUCTION
Foot and Mouth Disease Virus (FMDV) is immunologically divided into seven

serotypes (0, A, C, SAT1, SAT2, SAT3, and AsiaI), which are further classi-

fied into about 70 partially crossreacting subtypes (1). In addition, minor

changes rapidly accumulate during passage of the virus in the field (2).
Therefore FMDV is an interesting model for studies of the molecular basis of
antigenic drift.

The viral RNA is a single-stranded molecule of plus-strand polarity, i.e.

equal to the mRNA, consisting of about 8000 nucleotides. The mechanism of
protein synthesis in these viruses differs from most cellular mRNAs particu-
larly at the initiation event in that the viral RNA lacks a cap (3) and has a

large untranslated portion upstream from the initiation site, making this sy-
stem an interesting model for studying translational control mechanisms. Af-

ter initiation the ribosomes proceed continuously to a termination site close
to the 3'-end of the genome. The initial translation product, a polyprotein
with a (calculated) molecular weight of about 260 K is cleaved in statu nas-

cendi probably by a cellular protease, giving rise to four primary precursor
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proteins. The precursors are further processed by secondary cleavage events,

mediated by a viral protease, generating the stable structural and nonstruc-

tural polypeptides. The VP4/VP2 junction is cleaved in a final separate event

accompanying virus assembly (4).
To elucidate the structures involved in initiation of protein synthesis

and clarify the basis of FMDV antigenic variation we cloned and sequenced the

translational start site of the polyprotein and the structural genes for the

viral capsid proteins of FMDV Cl. The Cl sequence was compared with the se-

quence of serotype 01K (Forss et al., submitted) and A10 (5, this sequence

starting some 450 nucleotides downstream from the translation initiation si-

te). The sequence also revealed the complete amino acid sequence of the fore-

most located gene products P16 and P20a.

MATERIALS AND METHODS

(a) FMDV RNA and enzymes. FMDV Cl RNA, isolated from virus grown in BHK-

cells, was kindly provided by K. Strohmaier, TUbingen. Restriction endo-
nucleases (HhaI, HinfI, HindIII, HpaII, EcoRI, TaqI) were prepared essential-
ly as described (6) or purchased from New England Biolabs (AvaI). Calf in-

testinal phosphatase and polynucleotide kinase were from Boehringer Mannheim
GmbH. [y-32P]ATP of high specific activity was prepared according to (7).

(b) cDNA of FMDV Cl was synthesized by extension of a HaeIII fragment
from a single-stranded derivative of the 01K cDNA clone pFMDV-715 (8) cover-

ing the viral RNA from positions 3793 to 3882, rendered double-stranded by

Escherichia coli DNA polymerase I as described (8) and ligated to synthetic

EcoRI-linkers. As the primer fragment covered a HindIII site -. 240 bp down-

stream from the end of VP1, the cDNA was cleaved with EcoRI and HindIII, siz-
ed by gel electrophoresis and fragments > 1000 nucleotides were ligated into

the vector pBR322 via the EcoRI and HindIIl sites. The largest clone recover-
ed, pFMDVC1-9, contained a 3000 bp fragment extending from the HindIII site
at position 3832 to a (natural) EcoRI site at position 894 (see Fig. 1).

(c) Nucleotide sequence analysis. DNA sequencing was performed essential-
ly as described (9). Sequencing gels were dried in order to enhance the
sharpness of the bands and to shorten exposure times (10). Sequences were
stored and processed using the computer programs of (11).

(d) Immunoprecipitation of P16 and P20a. To 80 pl of a nuclease treated
rabbit reticulocyte lysate (New England Nuclear) 10 pl (135 pCi) of 35S-methi-
onine, 10Ol of 0.5 M potassium acetate and 3 vl of FMDV 01K RNA (= 3 pmoles)

were added and the mixture incubated at 30 C for 30 min. The reaction was
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Fig. 1 Location of the cDNA clone pFMDVC1-9in the genome ofFMDV and sequenc-
ing strategy applied. C and A refer to the internal poly(C) tract and the
polyadenylated 3'-end od the vY'ral RNA. The limits of the genes are indicat-
ed. The arrowheads point to the possible start sitesof the polyprotein dis-
cussed in the text. Restriction sites used in the sequence analysis are mapp-
ed and the enzymes abbreviated as follows: A = AvaI, H = HhaI, I = HinfI,
N = HJindIII, P = HpaII, R = EcoRI, and T = TaqI. Numbering of the FMDV RNA
is according to (8). Direction and extent of the individual sequencing runs
are indicated by horizontal arrows. Sequences obtained by primer extension
with reverse transcriptase on the Cl RNA are marked by asterisks.

stopped by addition of 0.9 ml 0.15 N NaCl, 10 nt' sodium phosphate buffer

pH 7.5, 1 % NP40, 0.5 % sodium desoxycholate, and 0.1 % S05. 50 pl aliquots
were used for immunoprecipitation with antiserum against a bacterially syn-
thesized polypeptide corresponding to the putative P16 encoding region of
FMDV Cl (K. Strebel et al., manuscript in preparation).

RESULTS AND DISCUSSION
Nucleotide sequence. The location of the cDNA clone pFMDVC1-9 on the FMDV

genome is outlined in Fig. 1. This clone covers the complete structural gene
region of the virus in addition to most of the preceeding P20a/P16 coding
region. The nucleotide sequence was determined by the chemical method (9)
making use of different restriction endonuclease sites contained in the cDNA
as shown in the lower part of the figure. The 5-end of this clone maps at

position 892 (numbering as (8)), and the sequence of the 170 nucleotides up-
stream from this position was derived directly by primer extension of an end-
labelled DNA fragment (EcoRI, pos. 892 - AvaI, pos. 1027) on the viral RNA.
Altogether, a nucleotide sequence of 3118 bases was obtained, which extends
from position 719 to position 3837 on the FMDV genome (Fig. 2). The nucleo-
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719 TTCTATAAAAGCGCCTCGGT'TTAAAAAGCT'TCTATGCCTG'AATAGGTAACCGGAGGCCGGCACCTTTCC-TTTACAATTAATGACCC ATGAATACAACTG C1
719 - T T C A C G T T CC C A Al 01K

918 ACTGTTTTACCGCTGTGGTAAACGCCATCAGAGAGATAAGAGCACTTTTCCTACCACGGACTACAGGAAAAATGGAATTCACGCTGCACGACGGCGAGAA Cl
818 T T C G T T A T T C C G C G A T A T 01K

918 AAAGGTCTTTTACTCCAGACCCAACAACCAAGACAACTGCTGGTTGAACACCATCCTTCAGTTGTTCAGGTACGTCGATGAACCTTTCTTCGACTGGGTC C1
918 G AC G C G C T A A 01K

1018 TACAATTCGCCCGAGAACCTCACGCTTGAAGCCATCAAGCAACTGGAGG'AACTCACAGGOGTTGGAGTTGCGCGAGGGTOGACCCGCCCCTTGTGATTT Cl
1o18 G T GT T AC T AC AT A T T C C 0O1K

P2WPI6
118 GGAACACTCAAGCACCTGCTCCACACTGGCATCGGTACCGCTTCGCGACCCAGCGAGGTGTGTATGGTGGACGGTACGGACATGTGTCTTGCTGACTTTCAC1
1 18 T C C C C T CT G T C 01K
1146 start A10-o_T C A C T C AI1

1218 TGCAGGCATTTTCATGAAAGGACAGGAACACGCTGTCTTTGCGTGTGTCACCTCCAACGGGTGGTACGCGATTGATGACGAGGACTTCTACCCATOGGAC Cl

1218 T C T G G A G C T C 0tK
1218 C A G C AG C T a6 10

1318 CCAGACCCGTCTGATGTCCTGGTATTTGTTCCATACGATCAAGAGCCACTCAATOAAGGATGGAAGGCCAACGTTCAGCGAAAGCTCAAGGAGACTGWC C1
1318 G C C T G C G A C GG A A G A C A G A0IK
1318 T A G C T C G A GG AC AA AC G AAG T A10

1418 AATCCAGCCCAGCGACCGGTTCGCAGAACCAATCTGGC'ACACTGGCAGCATAATTAACAACTACTATATOCAGCAGTACCAAAACTCCATGOACACACA Cl

1418 T C IT A C T 01K

1418 G A C G C A G T AG AIS
VP'

i518 ACTCGGCGACAACGCCATCAGTGGAGGCTCCAATGAAGGCTCCACGGACACAACCTCTACACACACAACCAACACCCAGAACAACGACrGGTTTTCCAAA CI
1518 G T T A T C G C C C T C 01K
1518 G T T TA C G T A A A A10

1618 CTTGCCAGTTCAGCCTTCAOCGGTCTTTTCGGCGCCCTTCTCGC7 ATAAGAAAACOGAGGAAACCACTCTCCTTGAAGACCOCATTCTCACTACCCOTA Cl
161 C T T T C G A G C C C OIK
1618 G T T C G T A C G A G T G T G C CAl#

1718 ACGGGCAGACGACCTCGACAACCCAGTCGAGCGTCGGAGTCACATTCGGGTATGCAACTGCTGAAGATAGCACOTCTGGAWCAATACATCTBGTCTAGA Cl
1718 C C C G A T A C A TTTGT AOC 6 C T C C 01K
1718 C C T C T G G AT CT C AG CA GTTG 0 C 0 CT A1S

1818 GACGCGCGTTCATCAGGCAGAGAGOTTTTTCAAAATOOCACTTTTTGATTGGGTTCCTTCACAAAATTTTGGACACATGCACAAAGTTGTTCTGCCCCAT Cl
1818 A CA A OTG AC CCCAC C C .C CA CAGTG CTCA C OTTOC CTCC 0 AA C OACC 01K
1818 6 GOTO A A TTT G C ACAA GGACA CC T T ACA C G AG T ACC Ai1

1918 GAACCAAAAGOTGTTTACOGOGGTCTCGTCAAGTCATACGCGTACATGCGCAATGGCTGGGACGTCGAGGTGACTGCTOTTGAAACCAGTTCAACGOCO C1
1918 C AC C CA C GACTG C 0 T A T A A C T C C G C A 01K
1918 T ACC C C T CACT G GG C T A T A G C T T ATG C C C Al#

VP2
2018 CCTGCCTCCAGGCGGCGCTCGTCCCCGAGATGGGCGATATCAGTGACA-GGGAAAAGTACCAACTAACCCTTTACCCCCACCABTTCATCAACCCACBCAC1
2818 G T T TC AA G A A C TTATTC CAAA G - CT G C A T T 01K
2018 G T T T CA G G A - AA GC TT AC C T A G T T A T T O CA A AI*

2117 CCAACATGACGGCACACATCACTGTGCCCTACGTGGGTGT'CAACAGGTATGACCAGTACAAACAGCACAGGCCCTGGACCtTCGTGGTCATOGTTGTC@C Cl
2118 G T G A TT T C C CC GGTT A T T T A 01K
2117 T T C G A G TC T G C T GA A AA T A G T AC AT AlO

2217 GCCACTCACCACAAACACAGCAGOTGCCCAACAGATCAAAGTGTATGCCAACATAGCCCCAACCAACGTGCACGTGGCAGGTGAGCTCCCCTCCAABGG C1
2218 C T G GTC T A CT G T C 0 T T T 01K
2217 A C GOTC G ACA T CC C A G C C T T T T A T G A AI1

2317 GOGATCTTCCCCGTTOCOTGTTCTOACOGTTACGGCAACATOGTOACAACTGACCCGAAAACGGCTGACCCTGCCTACOGGAAGOGTTTACAACCCCCCTC C1
2318 - A A 0 C AOC C T TOG C C 0G C TT T A G T C 01K
2317 T A A CO A AGOAC A A TT T 0 T 0 CA ASS

2417 GCACTGCTClGCCGGGGCGGTTCACAAACTACCTGGATGTTCCGAGGCTTGTCCCACCTTCCTGATGTTCGA--G-AACGTACCTTAC6TCTCSCACGC1
2417 C ACCAGT T T C CT T G T A C G G T CGC GGT0 G G GA C G1 OiK
2417 A CAACTAC C C T CTAT C 0 A A T TCGT CGATGGGAA G OTT 0 Alf

VP3
2514 AACTGACC0CAAAGGClTAC'TGGCCAAGTTCGACGTGTCGCTGGCAGCGAAACACATGTCAAACACCTACTTGGCCGGCCTGGCCCAGTACTACACACSC1
2517 G TC G C G G T TC T A TT A A T C C A T T 0 01K
2517 GG A ACACCC T TT T T C C T C A C A C AT A GA T A Al1

2614 TACACTGGGACAATCAACCTACACTTCATGTTCACTGGGCCGACCGACGCGAAAGCTCClTACATGTGGCGTACGTGCCCCCTG4CAT-G--CGCACC1
2614 G C C G A A C T G O T T C CC A A - - -GC O OIK
2614 T T T G A CT C T T A C C T A C 0 T GGa A CGC a A1S
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2711 ClCICCAAABAGGCTGCCCACTGCATACACGCAGAATGGGACACTGGTCTGAACTCTAAGTTCACATTTTCAATCCCGTACATCTCOOCCGCTGAC1
2714 CA G CA T C C G T T T GT A A T T C C C C 01K
2717 CA T A T T T G A A C A C T 6 n T AiO

VP3
2811 CTACCOClTACACCGCGTCCCACGAGGCTGAAACAACATCTGTACAGGGGTGGGTCTGTGTGTACCAAATCACCTCACGGCAAGGCAGACGCCGGCGCTCC1
2814 T, TOG T C G C AA G A CT TT T A T C G T 60 1K
2817 T T A TG TAC A G CAA A T T A G T AAAT A CT O Al#

2911 GTCGTCTCCGCATCAGCGGC;AIAACTTTGAGCTCCGGCTACCTGTGGACGCTAGACAACAAAGACCACTGGTGAATCTGCTGACCCGTCACC C
2914 ACTG TAGT T T AA G G CC TGCGG C TT TG G C G A G T T O1K
2917 T A G G TAGC C C T G C C AA T C CC 6AC C T T G G C A T AlA

3011CTACCCTTGAGAACTACACTCAAGTCCAACGTClCCACCACACCGACGTTCCCTTClTTCTTGACCGGTTTGTGAAGBTCACAGTBTCOOBC1
3014 --- A T C A A GA GA G A G CT G A CA G A A CC CAAAA IK
3817 C G C T T A GA A T G C G A A G A A A ACAGCCTA AlA

3111 TCACCAACAlACACTCGACCTlATGCAGCACACAAA(ACAATATCGT0GGCGCGCTTCTTCGCGCAGCCACGTACTACtTTTCTGATlTTGGAAATAGCAC1
3111 CC AATTA TTT G C C ATT CATC C C T G A A C A GT T C C 01K
31i7 CCC AC TOTCA T C C AA C C GGG T T A G T C C C 0 T TT AIS

3211 TGACCCACACTGGGAAGCTCACATGOGTGCCCAACOGTOCACCAGTTTCTGCACTi GACAACACAACCAATCCCACTOCOTACCACAAGGGCCCOTTGA Cl

3211 A AA aG AG T A T A 0 C AAAAG OT C A T CA AC 01K

3217 COG GA T T G C C C AG A C OTCA C G C C A CA C AIO

VP1
3311 CTCCTlCTCTCCCATACACCGCGCCAlACCGTGTGTTGGCGCG'TAC-AC--Tl-G-GCA-CTACGACCTACACCCAOTACCCBCTTC1
3311 C 0 T C 0 C T C C A C T A GO GA T G0 A AG A TOCTGT CC ACTT A GO00K
3317 GA T T T C A T T G GGGACAAA AG -T GCA G ATTCG G TCA C CC AI0

3404 TC-lC-TCACCTAACGG--CGACGCGT-occGGCATTTGCGACATCGTTCAACTTTG'TGCAGTTAAAGCGGAAACAATCACTGAGTTOCTCGCOCCi
3411 AC T GGOTT CT A AAG G AC ACGC T C C AC CA C ACCCGGG C TTAC OOIK
3416 - G - A CO CO --- C GACA AC T TG T C T AC A CC G AC SG C CAC C T Al#

3499 ATOAAGCOTOCTGAACTCTATTGTCCTAOCCCOATTCTTCCGATTCAGCCAAC-O-G-GTGATf.OACACAAGCAACCGCTCGTCOCACCTOCAAAACAAC Cl
3511 A C ACA C A CT G GG A C C -T- -AA CC A GAAA T G G TO O 0IK
351 A G C G C C AC AG A AA GTG TTC CAA C nT A A TA T G C a lA

3596 TOCTG ACTTTOACCTGCTCAAGTTGCTGGAATGTGGAGTCCAACCCTGGGCCCTTCTTCTTCTCTGACOTTAGOTCACTTTTCCAAACTG0T00A Cl
3688 CTT T T G C C T C C 01K
3611 T A T 6 T C T T G G 0 A AlA

3696 GACAATTAACCAOATGCAGAGGACATGTCCACAAAGCACGGACCTGACTTTAACCGGTTGGTGTCTGCTTTTGGA0AACTGGCCAGTGGAGTOAAAGCC Cl
3708 A C C A A G A C A GT T O1K
371 C C C T A C C T C 0 T T Ai

PM2
3796 ATCAGGACC00TCTCGATGA0GCCAAACCCT0TACAAG CTT Ci

38" A C A 01K
3811 A C Ali

Fig. 2 Nucleotide sequence of the region in the FMDV genome encoding the
start site for translation of the polyprotein and the structural proteins.
The Cl sequence is shown completely. The 01K sequence (S. Forss et al., sub-
mitted and (28)) and the A10 sequence (5) have been included in the figure.
Only differences to the Cl sequence are specified. Dashes represent deletions
used to optimize alignment of the sequences. The limits of the proteins are
indicated.

tide sequence of the serotypes 01K (Forss et al., submitted) and A10 (5),
starting at position 1146, have been aligned to the Cl sequence.

Translation initiation site. Although the nucleotide sequence does not

contain the 5'-end of the FMDV genome but starts some 700 bases downstream

from the poly (C) tract (K. Strebel, manuscript in prep.), it includes the

start site of the polyprotein. The first 87 nucleotides of the sequence con-

tain several stop codons in all three reading frames. The methionine codon

at pos. 805, however, initiates a reading frame which is open to the end of
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C1: C C G G C A C C T T T C C - T T T A C A - A T T A A T G A C C C T A T G A A T A C A A
start 805

01K: C C G G C A C C T T T C C T T T T A T A - A C C A C T G A A C A C A T G A A T A C A A

C1: A G A G C A C T T T T C C T A C C A C G G A C T A C A G G A A A A A T G G A A T T C A
start 889 1

OK1: A A A G C A C T T T T T C T A T C A C G C A C C A C A G G G A A A A T G G A A C T G A

start polio: C A A C A G T T A T T T C A A T C A G A C A A T T G T A T C A T A A T G G G T G C T C

Fig. 3 Comparison of potential start sites for translation of the viral po-
lyprotein from FMDV, serotypes Cl and 01K and poliovirus (12). The start co-
dons and the pyrimidine blocks mentioned in the text are underlined. In the
upper lines insertions (dashes) have been introduced to optimize alignment.

10 20 30 40 50 60 70 80 90 100

I ClTTDCFTAVVNAIREIRALFLPRTTGIMEFTLHDGEKKVFYSRPNQDNCWLNTILQLFRYVDEPFFDWVYNSPENLTLEAIKQLEELTGLELREGGPPC1
I I L Q K S |L YN T H A E S D H O0K

P2OoP16
1M AL IVNIWOKHLLHTGIGTASRPSEVCMVDG'TDCLADFHA'GIFMKGQEHA'VFACVTsNw'YA I DDEDFYPWTPDPSDVLV'FVPYDQEPLNE'GWKANVQRKL C 1
101 L GE K 01K

I *tart A10- D GD TO K AI1

201 KGOSSPATGSwNS NTGSSIINNYYIQ'QYNSMDTQLGDNAISGGSNEGSTDTTSTHTTNTQNNDUFSKLASSAFSGLFGALLAtIEC LLEDR I Cl

87 S T T AIO

301 LTTRNGCTTSTTlSSVGVTFGYATAEDSTSGPNTSGLETRVHQAERFFKMALFDWVPSQNFGHMHKVVLPHEPKGVYGGLVKSYAYMRNGWDVEVTAVGNC1
301 H Y FV V TH T DS RC LLE TDH S TD 01K
187 H Y S E HVA V KF TTDKP YLT LE TDHH F H D C Aio

VP2
401 QFNXCLQAALVPEMDISDREKYQLTLYPHQFINPRTN'TAHITVPYVGVNRYDQYKQHRPWTLVVMVVAPLTTNTAGAQ IKVYANI'APTNVHVAGEL C1
401 LV N LYS QK L F F V K V E P F OlK
207 LV NWKAFDT F S L K K LS VSNTA P Y AIG

501PSKCIFPVASDGYGClVTTDPKTADPAYGKVYNPPRTALPGRFTNYLDVAEACPTFLMFE-NVPYVSTRTDGQRLLAKFDVSLAAKHMSNTYLAGLAQC1
501 GIL ------- ----F- NQ L R GG T K SD V Q M Q F 01K
387 A EL v K NY L R DDGK V A DT S I AIO

VP3
6" YYTQYTGT I LHFMFTGPT'DAKARYMVAY'VPPGMD-APD'NPEEAAHC IH'AEWDTGLNSKF'TFS IPY ISAA'DYAYTASHE'AETTCVQGWV'CVY I THGKA'D C 1
601 S A E-P KT A L GV N LF 01K
467 S S S I L VETP T V DT N E AiO

699 ADALIASASAGKDFELRLPVDARQ rTT7GESADPVTTTVENYGGETQVQRRHHTDVAFVLDRFVKVTVSGNQHTLDVMQAHKDNIVGALLRAATYYFSD Cl
7" S L AE SA ---r- r -- PQNQINI L IPSHTL S 01K
54P N T L I PT -- D - - GaI INSLSPT VI L T HG AIO

VP1
7" LEIAVrTGT6LTWVPNGAP"VSALDNTTNPTAYHKGPLTRL'ALPYTAPHRV'LATGYTG--T-TTY TAST-'RGDLAHLTATRAGHLPTSFNFGAVKAET ITE C 1
00 K E D EK A V N ECRYNRNAVPNL QV AQKV RT Y I TRV 01K
7 V R D N EA S S N A F V D-- NKYSASDSRS GSIA RV TQ A Y IQ QA H AIO

895 LLClARRELYCPRPILPIQ-PTGDRHKQPLVAPAK9LFDLLKLAGDVESNPGPFFFSDVRSNFSKLVETrNQMQEDMSTKHGPDFNRLVSAFEELAS C1
9" Y T L A H- EA KI VTI I01K
785 L A KVTSQ Y KII L A D T AIO

994BVKAIRTGLOEAKPIIYKL. . . . . . P52
"4 G#^AIRTODEAKPWYKL C I

01K
uS AiG

Fig. 4 Amino acid sequence of the polyprotein as deduced from the FMDV cDNA
sequence in Fig. 2. The corresponding A10 and 01K sequences are also shown.
Only differences to Cl are specified. Deletions (dashes) have been introduced
into the sequence to optimize alignment. The limits of the proteins and the
two potential start sites of translation are designated. Underlined amino
acids have been experimentally determined for FMDV serotype 01K (15, 16).
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VP1 P52 strain:

K Q L L N F D L A24 (a)

K Q -L N F D L A12 (b)

K Q LL N F D L A10 (c)

R Q LL N F D L A5 (d)

K Q L L N F D L C3 (a) P20a VP4 strain:

K Q LL N F D L C1 (d) NQ S G N T G S C1
K Q TL N F D L °1BFS (a) NQ S G N T G S A10 (c)

K Q T L N F D L 01K (e) N Q S G N T G S 01K (e)

+ Q XL N F D L consensus NQ S G N T G S consensus

Fig. 5 Comparisons of the amino acid sequences at the VP1/P52 and P20a/VP4
junctions, respectively. The arrows indicate where cleavage, presumably by
the same cellular protease, occurs. The sequences for the other strains are
from a) (22); b) (25); c) (5); d) (21); e) Forss et al., submitted.

the determined nucleotide sequence. A second possible initiation site for

translation is located 28 codons downstream from the ATG (pos. 889). The

corresponding sequence of FMDV serotype 01K also contains these two possible
start codons at identical positions, and strikingly both ATG codons are pre-
ceded by long stretches of pyrimidine residues (Fig. 3) which show a signifi-
cant complementarity to a purine sequence close to the 3'-end of eucaryotic
18S rRNA. Interestinglythe poliovirus polyprotein start site (12) has a simi-
lar structure (Fig. 3). Moreover, nucleotide variations between the Cl and
the 01K sequence in the region downstream from the first start codon are
mostly silent or cause conservative amino acid exchanges (Fig. 4) suggesting
that this region encodes a functional gene product.

Cleavage site at the P20a/P88 junction and structure of P16/P20a proteins.
P16 and P20a, located at the N-terminus of the FMDV poylprotein, are cleaved

from the polyprotein probably by a cellular protease. Since the same protease
is expected to cleave the junction P88/P52, some homology between the sequen-
ces at these junctions might be expected. The "consensus" sequence Q-X-L/N-F-D
deduced from the P88/P52 junction of eight different FMDV strains (listed in
Fig. 5) suggests the sequence Q-S-G/N-T-G as the most likely candidate. The
same cleavage site was also proposed by (5).

P16 and P20a are synthesized in a FMDV directed reticulocyte translation
system as earliest gene products and contain similar peptides (14). From pulse
chase experiments and our observation that the ratio of the two proteins is
not changed at prolonged reaction times (data not shown) it is unlikely that
P16 is a processing derivative of P20a. As we have identified two putative
initiation sites for translation we propose that P20a and P16 differ only at
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-69K
_ -4~~~~6K

- 30K

w @ w ~ P20a(24K)3
_** P16(21K)-

-14K

a b c d e f

Fig. 6 Immunoprecipitation of P16 and P20a. FMDV RNA was in vitro translated
in a rabbit reticulocyte lysate for 30 min at 300 C in the presence of 5S-
methionine. Aliquots of the translation mixture were immunoprecipitated with
antiserum against a bacterially synthesized polypeptide corresponding to the
putative P16 encoding region and analysed on a 12.5 % polyacrylamide gel.
Lane (a) lysate untreated; lane (b) lysate inmnunoprecipitated with preimmun-
serum; lane (c) lysate immunoprecipitated with anti-P16 serum; lanes (d) -
(f) lysate immunoprecipitated in the presence of 5 ng, 50 ng, and 500 ng of
the bacterially expressed P16 protein. The positions of P16 and P20a and of
marker proteins (bovine serum albumin 69 K, ovalbumin 46 K, carbonic anhydra-
se 30 K, and lysozyme 14.3 K) are indicated.

their N-termini. To substantiate this hypothesis we inserted the anterior part
of pFMDVC1-9 encompassing the putative P16 coding region into a bacterial ex-
pression system and used the artificially synthesized protein to induce anti-
serum in rabbits (K. Strebel et al., manuscript in prep.). This antiserum
precipitates specifically P16 as well as P20a (Fig. 6) demonstrating that the
two proteins are related to each other and that they derive from the anterior
region of the polyprotein. In our hands the apparent molecular weight of P16
and P20a on SDS gels is 20 K and 24 K, respectively (see Fig. 6), what agrees
with the coding capacity of the genome between the two start codons and the
suggested P20a/P88 junction at position 1455/56 (21 K and 24 K, cf. Table 1).

Structure of P88. Downstream of P20a/P16, the polyprotein encodes P88, the
precursor of the structural proteins VP1 - VP4, arranged in the order NH2 -

VP4 - VP2 - VP3 - VP1 - COOH (14). Correlation of the nucleotide sequence and
available amino acids sequence data results in a "P88" of 79 K (calculated mo-
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Table 1
Properties of FMDV proteins as derived from the nucleotide sequence

Protein P20a P16 VP4 VP2 VP3 VP1

No. of 217 189 69 218 219 209 C1
resi- 217 189 69 218 220 213 01K
dues - - 69 218 221 212 A10

Mr 24443 21321 7362 24236 23973 22729 C1
24367 21243 7362 24410 23746 23840 01K

- - 7360 24649 24213 23248 A10

net -7 -9 -3 0 -2 +14 C1
chargea) -5 -7 -3 +4 -2 +14 01K

- - -3 +7 +3 +13 A10

a)difference between positively charged residues (Arg, His, and Lys) and
negatively charged residues (Asp and Glu)

lecular weight for unmodified protein) rather than the 88 K reported in the
literature.

The N-terminus of the smallest of the capsid proteins, VP4, is chemically
blocked in FMDV (5) as well as in poliovirus (12). Hence, its N-terminal ami-
no acid sequence has not been successfully analysed in any picornavirus. The
coding region for VP4 was roughly located in the polyprotein sequence upstream
from VP2, based on size estimations, suggesting a molecular weight of 8 K (15);
if the P20a/P88 junction is situated at nucleotide 1455/56, VP4 would have a

molecular weight of 7.4 K. Comparison of VP4 and the corresponding poliovirus
protein shows polypeptides of almost identical size (69 and 68 amino acid re-

sidues, respectively). The C-terminal amino acid sequence of VP4 as determined
from the nucleotide sequence, is highly hydrophobic, possibly preventing expo-
sure of this part of the protein to the solvent. This could be the reason for
the very late proteolytic cleavage of the VP4/VP2 junction in the virus matu-

ration.
The proteins VP1 - VP3 are very similar in size (see Table 1) and ratio of

charged amino acid residues. VP1 carries an extremely positive net charge
(+ 14) which could explain its abnormal mobility on SDS gels causing some con-

fusion in the nomenclature of VP1 and VP3.
Partial amino acid sequence data exist for three of the structural proteins

of serotype 01K (15, 16). Since the N-termini of the structural proteins are
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Table 2
Variation between FMDV Cl, 01K, and A10

(A) Nucleotide exchangesi'n % (fraction silent exchanges)

Serotype P20aa) VP4 VP2 VP3 VP1 P52b)
01K/C1 14 (82) 10 (100) 25 (63) 25 (69) 34 (46) 12 (86)
O1K/A1O 13 (88) 13 ( 85) 26 (63) 27 (67) 34 (52) 10 (96)
A1O/C1 13 (75) 12 ( 83) 29 (57) 27 (69) 32 (52) 11 (84)
O1K/C1/A1O 19 (82) 17 ( 81) 36 (60) 36 (66) 45 (21) 16 (89)

(B) Amino acid exchanges in %

01K/C1 6 0 17 16 30 1
01K/A1O 4 4 17 19 32 5
A1O/C1 6 4 23 18 29 5
O1K/C1/A1O 7 4 26 24 39 5

a)sequence corresponding to the C-terminal 104 amino acids of P2Oa
b)sequence corresponding to the N-terminal 79 amino acids of P52

largely homologous between the serotypes (see below) these data could be un-

ambiguously correlated with the Cl sequence. The experimentally determined
amino acid residues have been underlined in Fig. 4. ihe gene limits in sero-

type A10, which were determined also by protein sequencing (26), coincide with
the gene junctions established for Cl.

The junctions between the structural proteins in P88 are cleaved by a vi-
rus encoded protein, except for the capsid maturation cleavage between VP4
and VP2 which occurs late in infection and is performed possibly by still
another enzyme. The remaining two junctions VP2/VP3 and VP3/VP1 in the struc-
tural gene precursor consist of Glu - Gly pairs (in Cl, 01K, and A10) and of
Gln - Thr (Cl and A10) and Glu - Thr (01K), respectively. These cleavage sites
look similar to the dipeptide Gln - Gly hydrolyzed by the poliovirus protease.
In contrast to the polio enzyme which cleaves exclusively this dipeptide (27)
the FMDV protease seems to recognize a broader sequence spectrum as a target.
Other dipeptides known to be a substrate for the enzyme are mainly Glu - Gly
(three out of the four cleavages liberating the three VPg's (17) and the
junction between protease and RNA polymerase in the P100 precursor (18), but
also a Glu - Ser (fourth site at the VPg's (17)).
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The P88/P52 junction was set by the C-terminus of VP1 (16). Since no amino
acid sequence data givingthe exact localisation of the gene products contained
in the P52 precursor are available, the last 79 amino acid residues encoded by
the cDNA clone cannot be attributed to a known protein. In any case this pro-
tein is highly conserved in contrast to most of the structural proteins.

Variation in the genes. Comparison of the nucleotide sequences of the

three FMDV serotypes shows conserved regions with up to 90 % sequence homolo-

gy and regions with higher degrees of variation. For clarity the variation

between the serotypes has been summarized in Table 2. Most of the base exchan-

ges in P20a and VP4 and the N-terminal part of P52 are silent. Only 4 % of the
amino acid residues are exchanged between these proteins. In VP2 and VP3 37 %

of the nucleotides are exchanged giving 25 % alterations in the amino acid se-

quences but the N-terminal and the C-terminal parts of VP2 are highly conser-

ved. Amino acid exchanges are mainly clustered in three regions, one in the
center (polyprotein pos. 356 to pos. 382) and two minor regions in the second

half of the protein (pos. 408 to pos. 420 and pos. 475 to pos. 481, Fig. 4).
A conservative, highly positive charged region of 42 amino acid residues in
VP2 (pos. 420 to pos. 461) could represent an interaction site with the viral
RNA. Variations in the sequence of VP3 are more dispersed: two minor regions,
in the first quarter (pos. 560 to pos. 575) and in the middle of the molecule
(pos. 629 to pos. 639) are highly variable. The most variable region of P88
codes for VP1, the dominant immunogenic region of the virus (19, 20), which
variability has been analysed in detail (21, 22). In this region almost 40 %
of the nucleotides are altered from one serotype to another which effects
differences in the primary structure of this protein of up to 30 %.

Immunological data suggest the major antigenic site of FMDV to be localized
on VP1, supposed to cover most part of the exterior of the viral capsid. The-
re is no evidence for participation of the two structural proteins VP2 and VP3
in the immunogenicity of the virus. However, it was not possible to mimic con-
vincingly the full immunogenicity of the virus with isolated VP1 (24), or with
bacterial VP1-fusion proteins (8, 25), or with chemically synthesized oligo-
peptides (19, 20). The lower immunogenicity may be explained by the failure
of these proteins to adopt the proper secondary structure of the antigenic
site. It cannot be excluded, however, that also other sites on other structu-
ral proteins are involved in the expression of the viral antigenicity. In this
context our finding that in VP2 as well as in VP3 highly variable sites compo-
sed mainly by polar amino acid residues exist (Fig. 4) is of particular inter-
est. These sites could possibly be exposed to the outside of the virus and
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could represent parts of a more complex antigenic structure of FMDV.
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