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ABSTRACT

A cDNA cione of Foot and Mouth Disease Virus (FMDV), strain Cl, has been
sequenced. The Timits 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 AlQ
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 Asial), 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

© IRL Press Limited, Oxford, England. 7873



Nucleic Acids Research

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 Al0 (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 C1 RNA, isolated from virus grown in BHK-
cells, was kindly provided by K. Strohmaier, Tiibingen. Restriction endo-

nucleases (Hhal, Hinfl, HindIIl, Hpall, EcoRl, Tagl) were prepared essential-
ly as described (6) or purchased from New England Biolabs (Aval). Calf in-
testinal phosphatase and polynucleotide kinase were from Boehringer Mannheim
GmbH. [y-32P]JATP of high specific activity was prepared according to (7).

(b) cDNA of FMDV Cl was synthesized by extension of a Haelll 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-Tinkers. As the primer fragment covered a HindIII site ~ 240 bp down-
stream from the end of VP1l, the cDNA was cleaved with EcoRI and HindIII, siz-
ed by gel electrophoresis and fragments > 1000 nucieotides 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-
1y 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 u1 of a nuclease treated
rabbit reticulocyte lysate (New England Nuclear) 10 u1 (135 uCi) of 35S-methi-
onine, 10 w1 of 0.5 M potassium acetate and 3 n1 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 pFMDVC1-9 in the genome of FMDV and sequenc-
ing strategy applied. C_ and A refer to the internal poly(C) tract and the
polyadenylated 3'-end of the vfral 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 = Aval, H = Hhal, 1 = Hinfl,

N = BindIII, P = Hpall, R = EcoRl, and T = Taql. 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 C1 RNA are marked by asterisks.

stopped by addition of 0.9 m} 0.15 M NaCl, 10 rM sodium phosphate buffer

pH 7.5, 1 % NP40, 0.5 % sodium desoxycholate, and 0.1 % SDS. 50 ul aliquots
were used for immunoprecipitation with antiserum against a bacteriaily syn-
thesized polypeptide corresponding to the putative P16 encoding region of
FMDV C1 (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 Tower 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 - Aval, 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 'I’Tl:TATMMGCGCYCGGTTTéaMMCTTC'I’aTGCCTGAﬁTMSGl’“ACCGGM}GCCGGCACCYTTCC T'TMMTTMTMCC M’O’SAA‘I’&C“&CT& [}
719 CcaA T €cCC A 01K

818 ACTGYT‘T“CCGCTGTGGYMACGCC&TCM‘AAGMCGCTTT\‘CCTME‘CGGACTACMSGMA!ATGGAAT\'C“CGCTGCM:GM:GGCG‘GM c1
818 6 T 01K

918 AARGGTCTTITACTCCABACCCAACAACCARGACAACTGCTOGTTEAACACCATCETTCAGTTGTTCAGGTACGTCGATGARCCTTTCTTCGACTGGETE CY
918 G 6 c 6 c Ta A 01K

1018 TACAATTCOCCCOAGAACETCACECTTEAAGECATCAAGCAAC TOGAGGAAC TCACAGEET TEOAGT TGCGCGAGBGTOGACCOCCCOCCCTTGTGATTT CY
6 T 6T T aC T aC AT a T 7T C € 0K

1018
P20a/P16

1118 GGMCATCM\GCM:CTGC’(CCM:ACTGGC&TCGGTACCGCYTCGCGMCChGCGM.‘;G'I'GTGTﬁYGBYGMGGTMMATGTGICTTMTWTT"CQ [}
c

1118 T 01K
1146 start Ay L c P LR
1248 TGCAGGCAT 1 TTCATGARAGEACAGGAACACGCTGTCTTTGCETGTOTCACCTCCAACEEGTGETACGCGATTGATGACGAGGACTTCTACCCATEGACE CY

1218 T CT 6 G A G c T c 01K
1218 ¢ AaGC G c T 6 ato

1318 CCQG“CCCGTC'lGAYGTCCTGGT“TTTGTTCCATaCGA'lCAAGM}CCACYCMTMAGBATGGMGGCCMGTTC“CBMCTCMGMCTWC [}

1318 GG A A 01K
1318 Y A G C T C G A GG AC AA AC G AAG T e

1418 AATCCAGCCCAGCGACCGETTCOCAGAACCAATCTOBEAACACTOBCAGCATAATTAACAACTACTATATGCAGCAGTACCAARACTCCATBBACACACA C1
c

1418 T ¢ T A T 01K
1418 G A [ ¢ A 6 T a0 a10
1518 ACTCOOCOACARCECCATCAGTGOABECTECAATGARGEETCCACGBACACAACETCTACACACACARCCAACACCCAGAACAACGAC TEGTTTTCEARA CY
15186 T T a Tco c cc T c 01K
1186 T T TA c 6 T oA A A Ao

1618 CTTGCCAGTICABCCTTCABCGBTCTTTTCO0C0CCCTTCTCOCTBATAAGRARACGGAGBARACCACTCTCCTTGAAGACCGCATTCTCACTACCCOTA CY
cToT T c G A 6 c c c o
1618 6 T TC 13 T A c G AG TG TG c c Ao

1718 MGBBC&MCGM:CYCGACMCCCMTCGOGCGTCWAGTCAC&TTCGGGYATGCMCTBCTGMG“TQGCM:G‘ICTWC"CMTM:ATCTMTCTm C

1718 G TTTET AGC [ 01K
1718 C C T c T G [} M’ CT c AG CA BTTG ] C 6 CT A0
1818 GACBCGCGTTC&TCM}GC&GAMGTTTYTCMMTGGC&C'l"I'TTTMTTWGTTCCTTCACM&“TTTTBBM:AC“TGCMMTTGTTCTGCCCCAT 4]

1818 A CA A GTG CCAC C C C CA CAGTG CTCA C BTTBC CTCC 6 A GACC 01K
1818 G GGTG A 6 ﬁ 7T 6 C  ACAA GGACA CC T ACA CG6 Mi T ACC AY0

1918 BMCCA“&MBTGTTTMGBMGT!:TCGTCAM!TCATM:GCGTAC&TBCBC“&TBGCTWGTCWBTOACTBCTBTTOGAAACCMSTTCMMOO [}
1918 CAC GACTGC G T cC G [ 01K
1918 T ACC c C T CACT 6 G6 C T A T A G C 1 T ‘TG cce L11)

2018 GCTBCCTCCAGGCGGCGCTCGTCCCCG“OQTGGGCGATN{CﬁGTGACh-GGG&O&&GTACCQAC’M&CCCTTTACCCCC‘CCQBTTCATCMCCCACOCA c1
2018 G C TTATTC CAAA G - T 01K
2018 G T 'l' 'l' Cﬁ G G ﬁ - AAGC TTAC CT A B T T A T T6 CAA Af0

2147 CCMCM’G&CGGC&CAC&TC“CTGTGCCCTM‘.BTGGGTGTCAM:“BGTﬁTGﬁCChGTAChhAC&GCﬁCaBBCCCTGBACCCTCGTGGTCATWTTGTCOC c1
2118 TIT 7T C cec A 01K
2447 'l’ T C G A G TCT G C T GA A AR T A B T AC A'I' Al0

2217 GCCM:TC“CCACMAC“CAGCABBTBCCCAM:M.‘MTCANN.‘:TGTATGCCA&C&T“GCCCCGACCaaCGTGChCBTGGC&MTwTCCCCTCCW [3)
2218 C T G GTC 01K
22174 C GGTC G AC“ T CC C A G cc T T T T A T 6 A Ale

2317 MMTCTTCCCCGTTGCBTBTTCTGM:GGTTACBGCAACATGGTBM:MCTGACCCGMMCGGCTGQCCCYBCCTMBMMTTYMCCCWTC C!
2318 - A G AGC T C 01K
2317 T a A CG A QGM ﬁ A TT T B 'l' G CA Ate

2417 GGM:TGCTCTGCCWBBCGBTTCACMACTM:CTGGATGTTBCCMGCTTGTCCCACCTTI:CTG“TGTTCG“--B-GACGTACCH’“CBTC‘ICWACB c1

2417 C AC T BAA 01K
2417 A CMCTQC c C T CT"! 4 G L) A T TCBT CBATMBM 6 GTT 6 Ate
2514 MTMBOOCMAGGCTMTBOCCMGTTCGM:GTBTCGCTGGCGGCMACAYGTCMCACC‘I’MTT "'TMCCCAGT;“ o 3]

2547 6 TC6C 66 T ccC A T T G 04K
2517 GG A ACACCC T 7T 'I‘ ‘l‘ c C T C A c A CATA GAT A AlO

2614 TM:ACTBOGM:MTCQ“CCTACM:YYCATG'l"I'CM:TBGGCCGM:CGM:BCGMCTI:BGTMTGGTBBCGTQCBTGCCCCCYMCAT-B-M-CM ct
2614 - - -6C 6 04K
2614 'l’ TT G ACTCT TaA Ct Y AC GT GG G A CGC 6 Al
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2711 CABACAACC M‘GGCYGCCCACYGC“TAC“CGCM‘»MTGGMC“CTGGTCYGA“CTCTMGTTCACATTTTCMTCCCGTGCATCTCOOCCOCTM 3]

2714 CaGCA T GC 01K
27117 6 cA st 5 i L - L. Foeer 6 me
2811 € TGAAACAACATGTGTACAGGGGTGEGTCTGTGTGTACCAAATCACTCACGGCAAGBCAGACGCCOACOCECTE C1

2014 T, 166 T €C 6 C A 6 A cT 1T ToaT c 6 T 601K
2817 7 T A TGTAC A G  CAA A T TaA 6 T AAAT A CT 0 Ate
2911 GTCGTCTCCE 8 rrrmcvccmcnccmmsacocnucmaaucmco&ccacmsm&mcmcruécccsrc»cci ct

2914 ACTG TAGT T T G CCTGC66 | C TTT66 C 6 A 6 T T 01K
2917 TA G G TAGC C C 8¢ € Mt cCEoee €T T G G C A T Ate

3044 C"M:CGTTGMTN:WTMTcCMGTCMCMCMMCWGT'I’BCC'I"I'CBTTCTTMCCMTTTBTWTCAMTOTI:W [
3014 -—- T C A [} CTG ACA C CAAAA 01K
3017 C G c T MA T [} cG6 A 06 h QAM:AGCCTA 11

>>

3114 TWCMCWTI:GACBTMTBCAOOCM:M:MM:MTATCBTBGBCGCOC'l'TCTTCGCGCMSCCM:GTACT‘CTTTTCTMTTTMTAOCA [
3111 CC AATTA TTTG6 CC ATT CATCC C TG GT 01K
3147 CCCAC TGTCAT CC AA C C G666 T T ﬁ 6 T C c C 0 T TT At0

32114 BTBACCCACN:TMTCACATBBGTBCCCMCGGTGCMCABTTTCTGCACTOGQCMCQCMCCMTCCCMTGCGTOCCACMMCCCBTT“ [3)
32114 A A BAC AGC C AAAAG GT G c c AC C 01K
3217 66 6A T T 6 C l: C AGG A C GTCQ €6 C C a CA C Ate

3314 CTCBOCTOGC'I’Cﬂ:CCﬁYACM:CGCGCCMM:CGTGTBTTGGCTACGGOGTM:-M:--"-—G-GCA-CTM:BM:CTQCACCOCCM"M:M:DCMYT c1
3314 C 6 T C 6 C G6 A AG A TGCTGT CC ACTT A 66 01K
3317 GA T T 1’ C A 'l’ T G mm AG -T GCA G ATTCG G TCA C CC At1o

3404 TB-BC TCM:CTMCW--COACBCBY-OCCBGGCATTTGCCBACATI:G'I"I'CAM:'l’TTGG!’BCMTTMCMMIWTMTTMTCOYNM [}
3414 GG GTT CT A AAG 6 ACCCGGo c 08 04K
3416 - OG -ACG C6 --- C BACA AC T TG T C T AC a CC ) M: G6C CAC CT Ale

3499 ATMCOTBCTMTCTATTOTCCTM?GCCGATTCYTCCBATTC‘GCCM-6 G-GTNTMACMCMCCGC?CGTCOCACCTBCW ]
3511 AG C ACA T6 66A C C -T- -AA C GAARA T 6 76 GA 01K
3544 A G C G l: C ac AG A AA GTG TTC CaAA C "y AL A TA T 6 C 6 Atfe

3596 TBCTBAACTTTGACCTGCTCAAGTTGOCTGGAGATGTGOAGTCCAACCETEE6CCCTTCTTCTTCTCTGACGTTAGGTCAAACTTTTCCARACTGGTG0A Cf
308 CTT | T T 6 C ¢ To¢c s c 01K
3614 T AT 6 TCT T 6 G 6 A a0

3696 MMTTMCCN!ATOCWATGTCCGCMAGCM:GGM:CTG&CTTTAM:CGGT"GGTGTCTBCTTTTDMTBGCCMSTWGTMC [}

3708 A c 01K
Hor g P c c 4 E st tae
3796 ATCAGGACCGGTC AGGCCAAACCCTGGTACAAGCTT ’ ' ’ : : ‘et

3008 a c A 01K
3814 a c Ao

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 C1 sequence is shown completely. The 01K sequence (S. Forss et al., sub-
mitted and (28)) and the Al0 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 Al0 (5),
starting at position 1146, have been aligned to the C1 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

7877



Nucleic Acids Research

-30 -20 -10 1 +10
C,: CCGGCACCTTTCC-TTTACA-ATTAATGACCCTATGAATACAA
start 805 1 D
0K: CCGGCACCTTTCCTTTTATA-ACCACTGAACACATGAATACAR
C,: AGAGCACTTTTCCTACCACGGACTACAGGAAAAATGGAATTCA
start 889 -
0Kt AAAGCACTTTTTCTATCACGCACCACAGGGAAAATGGAACTGA
start polio: CAACAGTTATTTCAATCAGACAATTGTATCATAATGGGTGCTC

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 3o 40 50 60 70 80 90 100

1 KNTTDCFTAWNAlREIRALFLPRTTGKHEFTLNDGEKKVFYSRPNNQDNCULNTILQLFRYUDEPFFDUUVNSPENLTLEAIKQLEELTGLELREGGPP Ct
IrLa E 01K

104 MVIUNIKN.LHTBIOTMPSEVCWWTDHCLAWHAGIFNKGQEMVF“CVTSNGUVAIDDEDFYPUTPDPSDVLVFUPVDGEPLNEGUK“NVQR)\L [}
101

01K
1 start A, - D o n K At0
VPL —

204 xom::nis:msquros:xmvvmvn«snnrqmnuusscsnscsrnnsmrrumnnwrsxmssassmFaauargu;gpg;gg_a; ct
204 01K
87 s T T a1o

304 l.TTRNOGTTITTQXWWTFBYAYAEDSTSBPNYSGLETRVHWRF?KHM.FDUVPSQNFGNHHKUVLPHEPKGUVBGLVKSV“VMNGHDVEVTIWGN 3]
301 T DS RC LLE TDH 01K
187 N V SE HW\ V KF TTDKP  YLT LE TDHH F H D c A10

401 WMCLMVPENGDISDREKVQLTLVPNQF INPRTNHTMI TVPYVGVNRYDQVKQHRPUTLVWWV&PLTTNT&GAQQ IKVV&NIAPTNUHV“GEL 3]

a0t LUK LYSeK L F E P F 01K
207 LV M WKAFDT F S L K K LS VSNT“ P Y A10
501 PSKi xrm:mvwvrrnPnanPavexvvanTuPsnFvawazacnmss-wpwsrnrmnuaxrwxuaxunsmvuuuo c1
se1 [ —momgtmeeee=s et i ™ TK SDV Q Q 01K
387 A v K NY L R bDGK vV ADT s1 A1O
600 YYTQYTGTINLHFMFTGPTDAKARYMVAYUPPGND-APDNPEEAAHC THAEWDTGLNSKF TFSIPYISAADYAY TASHEAETTCUQGHUCUYQITHGKAD Ci
601 s A E-P KT A L GV N LF 01K
487 s s s ILVETP T v TN E AfO
9% ADALWEASAGKDPELRL ARG TTTESADPYTTTVENTORETAVE DYAFULDRFUKVTUSGNQH nwnqwnnwmuamnv::o cy
708 L A I-=Qq====5~IN- == PGNQINI L IPSHTL 01K
Se7 N T L 1pT| = p- - GIn INSLSPT VI L T HG ate
799 Lzuvruraxuwomvm.»nnmuvmeﬂ.tnurn»ukwmnvm--r —TTYTAST- nem.mmmmuwnrursavxaenrs cs
000 U N ECRYNRNAUPNL QU AGKV RT 1 01K
@ uRbA Aot s warF VD S TSASDSRS  GSTATRU TH A v Tadan are
895 LI YCPRPILPIG-P PLUAPAKQLLNF DLLKLAGDVE SNPGPFFF SDURSNF SKLVET INQMQEDNS TKHGPDFNRLUSAFEELAS C1
900 Y T LAW- EA  KI VT 1 0iK
78S L AKVTSQ Y KII L A D T A0
994 GUKAIRTGLDEAKPUYKL : : : . : ’ : Tt
4 01K
144 a1e

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 1imits of the proteins and the
two potential start sites of translation are designated. Underiined amino
acids have been experimentally determined for FMDV serotype 01K (15, 16).
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vP1 1 P52 strain:
KQLLNFDL Ay, (@)
KQ-LNFDL Ay, (b)
KQLLNFDL AiO(C)
RQLLNFDL AS (dQ)
KQLLNFDL c3 (a) P20a VP4 strain:
KQLLNFDL C1 (d) NQSGNTGS C.I
KQTLNFDL OIBFS(a) NQSGNTGS AIO(C)
KQTLNFDL 01K(e) NQSGNTGS 01K(e)
+ QXLNFDL consensus NQSGNTG S consensus

Fig. 5 Comparisons of the amino acid sequences at the VP1/P52 and P20a/VP4
Jjunctions, 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
185 rRNA. Interestingly the poliovirus polyprotein start site (12) has a simi-
lar structure (Fig. 3). Moreover, nucleotide variations between the C1 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 poyliprotein, 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 transiation we propose that P20a and P16 differ only at
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= 69K
- LbK

- 30K
- P20a(24K)
e P16[21K}

- 14K

& b c d & F

Fig. 6 Immunoprecipitation of P16 and P20a. FMDV RNA was in vitro tranilated
in a rabbit reticulocyte lysate for 30 min at 30° C in the presence of 35-
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 immunoprecipitated 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 Al0

Mr 24443 21321 7362 24236 23973 22729 C1

24367 21243 7362 24410 23746 23840 01K

- - 7360 24649 24213 23248 Al0

net -7 -9 -3 0 -2 +14 C1

charge?) -5 -7 -3 +4 -2 +14 01K
- - -3 +7 +3 +13 Al0

a)differ‘ence 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 (63 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 C1, 01K, and AlQ

(A) Nucleotide exchangesin % (fraction silent exchanges)

Serotype  P20a®) VP4 VP2 vP3 VP1 p520)

01K/C1 14 (82) 10 (100) 25 (63) 25 (69) 34 (46) 12 (86)
01K/A10 13 (88) 13 ( 85) 26 (63) 27 (67) 34 (52) 10 (%)
A10/C1 13 (75) 12 ( 83) 29 (57) 27 (69) 32 (52) 11 (84)

01K/CI/AI0 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/A10 4 4 17 19 32 5
A10/C1 6 4 23 18 29 5
01K/C1/A10 7 4 26 24 39 5

a)sequence corresponding to the C-terminal 104 amino acids of P20a
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 underiined in Fig. 4. The gene limits in sero-
type Al0, 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/VP1l in the struc-
tural gene precursor consist of Glu - Gly pairs (in Cl, 01K, and A10) and of
Gin - Thr (C1 and A10) and Glu - Thr (01K), respectively. These cleavage sites
Took similar to the dipeptide GIn - 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 Giu - 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 Tocalisation 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 aimost 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

7883



Nucleic Acids Research

could represent parts of a more complex antigenic structure of FMDV.
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