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ABSTRACT We report the complete 8714-nucleotide se-
quence of the integrated bovine leukemia virus genome and
deduce the following genomic organization: 5’ LTR-gag-pol-
env-pXg; -3’ LTR, where LTR represents a long terminal re-
peat and pXp; represents a region containing unidentified
open reading frames. This genomic structure is similar to that
of human T-cell leukemia virus. The LTR contains a putative
splice donor site in the R region. The gag gene encodes a pre-
cursor protein with the form NH,-p15-p24-p12-COOH. The
NH,- and COOH-terminal regions of the pol product show
stronger homologies with those of avian, rather than murine,
type C retrovirus, and its structure is identical to that of avian
virus. The env gene encodes a surface glycoprotein (gp51) and
a transmembrane protein (gp30). In contrast to the pol prod-
uct, the gp30 shows stronger sequence homology with a mu-
rine, rather than avian homologue, indicating the chimeric na-
ture of the bovine leukemia virus genome. Comparisons of the
best conserved pol sequences and overall genomic organiza-
tions between several major oncoviruses allow us to propose
that bovine leukemia and human T-cell leukemia viruses con-
stitute a group, designated as type “E,” of Oncovirinae.

Bovine leukemia virus (BLV) is an exogenous replication-
competent virus and is classified as a member of type C ret-
rovitus (1). However, it differs from the major mammalian
type C viruses in several aspects (1, 2). Recent biochemical
(3) and molecular biological (4) studies suggest that BLV is
most closely related to human T-cell leukemia virus
(HTLYV), which is also classified as a type C virus (5). In
contrast to HTLV, little is known about the genomic struc-
ture of BLV. We report here the complete nucleotide se-
quence of BLV and propose that BLV and HTLV belong to
another group of Oncovirinae, designated here as type “E.”

MATERIALS AND METHODS

DNA Sequence Analysis. The restriction map of a BLV
clone WBLV-1) was described (6). Each restriction site was
labeled using [y-*2P]JATP (Amersham; 3000 Ci/mmol; 1 Ci =
37 GBq) and polynucleotide kinase (Takara-Shuzo, Kyoto,
Japan). According to the Maxam-Gilbert procedures (7),
82% of the BLV genome was sequenced in both DNA
strands. All the restriction sites were read through.

Computer-Assisted Analysis of the Deduced Amino Acid Se-
quences. Sequence homology was examined by two-dimen-
sional homology matrix (8). Sequence alignment was accord-
ing to Needleman and Wunsh (9).
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RESULTS AND DISCUSSION

Complete Nucleotide Sequence and Structure of BLV
Genome. Fig. 1 shows the complete 8714-nucleotide se-
quence of an integrated BLV genome. It can be anatomized
in the form of 5' LTR-gag-pol-env-pXg; -3’ LTR, where
pXgL represents an unidentified region and LTR represents a
long terminal repeat.

LTR and 5’ Leader Sequence. The nucleotide sequence of
the LTR [530 base pairs (bp)] was described (4). The 5’ lead-
er sequence following the 5' LTR and preceding the gag
gene consists of 97 bp. Moloney murine leukemia virus (Mo-
MuLYV) contains a splice donor sequence for env mRNA in
this region (10), while Rous avian sarcoma virus (RSV) con-
tains this at the NH, terminus of the gag gene (11).

BLYV has no such sequence (consensus sequence, g-A-G-
G-T-é-A-G-T; see ref. 12) in these regions. Inspection of

the entire BLV sequence, however, reveals tHat the se-
quence C-A-G-G-T-A-A-G-G (8/9 match of the consensus)
appears just once in only the long R region of the LTR (posi-
tions 303-311; Fig. 1). Inspection of the LTR sequences of
two different HTLVs also reveals almost identical se-
quences in the R regions [T-A-G-G-T-A-A-G-T (8/9 match of
the consensus) for HTLV-I (13) and A-A-G-G-T-A-A-G-T
(9/9 match) for HTLV-II (14)]. The R regions of these retro-
virus LTRs are much longer than those of other retroviruses
and probably are implicated in transcription termination (4,
13). We suggest here that they are also involved in the splic-
ing events.

gag Gene. The first open reading frame, the gag gene,
spans nucleotides 628-1806, beginning with the first ATG
triplet appearing downstream of the 5" LTR (Fig. 1). Its de-
duced amino acid sequence contains a reported S0-residue
NH,-terminal sequence of the major internal gag protein p24
(15) and a complete 69-residue sequence of the nucleic acid-
binding protein pl2 (16) at positions 955-1119 and 1597-
1803, respectively. p24 presumably ends with the leucine
residue (a COOH terminus of p24; see ref. 16) that immedi-
ately precedes pl2, because the estimated molecular size
(consisting of 214 residues) approximates 24 kDa. Upstream
of the p24, there are 109 amino acid residues. This region
probably corresponds to pl5, which is a phosphorylated ba-
sic gag product (1). Thus, we propose that the BLV gag pre-
cursor protein (Pr45%78; see ref. 1) has the sequence NH,-
p15-p24-p12-COOH. The nucleic acid-binding protein pl2

Abbreviations: BLV, bovine leukemia virus; bp, base pair(s);
HTLV, human T-cell leukemia virus; LTR, long terminal repeat;
Mo-MuLV, Moloney murine leukemia virus; RSV, Rous sarcoma
virus.
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5'LTR, U3 . . . . Pw Il Pwu I1
TGTATGAAAGATCATGCCGACCTAGGAGCCGCCACCGCCCCGTAMCCAGACAGAGASGTCA TGCCAGAMAGCTGGTGACC&CAGETGGTGGCTAGMTCCCCGTAéCTCCCCMC'I"TCCCCTYTC&CGMMAYC&ACACCCT(‘;:?;
. . . . . IR . . . . Sacl CAT box . .
CTGCTGACCTCACCTGCJWT b A)T(:Egﬁf(]:CCTGTCMGT TASG‘CGGICACCAaM&iG;I:CTTCTCCTMGACCCTCG‘I’GCTCAGCTCTCGGTCCTGAGCY’CTCTTGCTCCCGAGACCTTCTGGTCGGCTATCCGGCAggg
. x Poly . C .Cap s . . . . . . . o>y 4
GT| A(:t‘:lS'I’TT(iGMiGl‘;’I’GGTT(:‘I’CGG(ZTGAGM.‘CACCGCGAGCTETA'I'CYC(ZG(STCCTCYGMZCGTC‘H:CAC(’STGGACYCTC‘I’Ct:TT'I’G(ZCTCC‘I’GAC(ICC(.‘.(IGCTCCAAGGGC(‘a‘l’(}'l'('sG(I'I"l’3 CCCgCGTTT(sig

. . . . . Poly(R) site 600
TTGATCACCCCGGAACCCTAACAACTCTCTGGACCCACCCCCTCGGCGGCA

. . G,(p18) . . . . . rimer binding site . . . . 750
TTTTGGGTCTCTCCTTCAAATTATAT( ATMTTCCCCCTCCTATMCCCCCCCGCTGGTATCTCCCCCY CAGACTGGCTCAACCTTCTGCAAAGCGCGCAAAGGCTCAATCCGCGACCCTCTCCTAGCGATTTTACCGATTTAAAG

MetGlyAsnSerProSerThrAsnProProAlaGlylleSerProSerAspTrpleuAsnLeuLeuGinSerAlaGl nArgLeuAsnProArgProSerProSerAspPheThrAspleulys

Splice donor . . . . . US5,5'LTRey
TTCCYGTCTTACTTTCTGTTTCTCGCGGCCCGCGCTCTCTCCTTCGGCGCCCTCYAGCGGCCW&GGCMMM

AATTACATCCATTGGTTTCATAAGACCCAGAAMAAACCAT GGACTTTCACTTCTGGTGGCCCCACCTCATGTCCACCCBAGAGATTCORECOO0TTCCCCTCRTCTTERCACCCTAMACGAAGTACTCT CAAACGAAGEGGGCE
AstiThrIleHisTrpPheHisLysThrGInLysLysProTrpThrPheThrSerGlyG) yProThrSerCysProProGl yArgPheGlyArgValProLeuValLeuAlaThrieuAsnGluvallLeuSerAsnGluGl yGlyAl Eggg
. . (p15 p24 ,

. . . . . . . . . . 050
GGTGCATCGGCCCCAGAAGAACAACCCCCCCCTTATGACCCCCCCGCCATTTTGCCAATCATATCTGAAGGGAATCGCAACCGCCATCGTGCTTGGGCACTCC GAGAATTACAAGATATCAAAAAAGAAATTGAAAATAAGGC, T
GlyAlaSerA1aProGluGluGl nProProProTyrAsp:roProAl alleLeubrollelleSerGluGlyAsnArgAsnArgHisArgAlaTrpAlaLeuArgGluLeuGl nAsplielysLysGlulleGluAsnLysAl :gEoGg? Y

st 1 ’ Sal 1
TCGCAAGTATGGATACAAACACTACGACTTGCAATCCT! GC&'GGCCG&CCCTACTCCGGCYGACU AGAACAACTTTGCCAATATATTGCTT CCCCGGT&EA,CCAMCGGCCCATATUCCAECTMCGGCAGCM?AGCCGCCGCT 12522
SerGInValTrplleGinThrieuArgLeuAlalleLeuGlnAlaAspProThrProAlaAspLeuGluGinLeuCysGInTyrileAlaSerProValAspGInThrAlaHisMetThrSerLeuThrAlaAlalleAlaAlaAlaGlu

. . . . . . . . . . . . . . 1350
GCGGCAACACCCTCCAGGGT TTTAACCCCCAAAACGGGTACCCTAACCCAACAATCAGCTCAGCCCAACGCCGGGGATC TTAGAAGTCAATATCAAAACCTCTGGCTTCAGGCCGGAAAAATCTCCCTACTCGTCCTTCAGCTACAACCT
AlaAlaThrProSerArgValleuThrProlysThrGlyThrLeuThrGInGinSerAlaGinProAsnAlaGlyAspLeuArgSerGInTyrGinAsnLeuTrpLeuGinAlaGlyLysIleSerLeuleuValLeuGl nLeuGl nPro

Hing II
. . . . . . . . . . . . . . 1500
TGGTCCACCATCGTCCAAGGCCCCGCCGAAAGCTCTGTAGAGT TTGTCAACCGGTTACAAATTTCATTAGCTGACAACCTTCCCGACGGAGTCCTAAGGAACCCATTATTGACTCCCTTAGTTATGCAAATGCTAACAGAGAGT GTCAGC
TrpSerThrileValGInGlyProAlaGluSerSerValGluPheValAsnArgleuGinl leSerLeuAlaAspAsnLeuProAspGlyValleuArgAsnProleul euThrProleuValMetGlnMetLeuThrGl uSerValSer
Pst 1
. . . . B . . . .p24 p12 . . . . 1650
AMATTTTGCAGGGGCGAGGCCAGT GGCCGCGGTGGGGCAAAAACT! TGCGCACAATTGGGCCCCCAAGAATGAAACAGCCTGCACTTCTCGTCCACACCCCAGGGCCCAAGATGCCCGBGCCTCGGCAACCGGCCCCCAAAAGG
LysPheCysArgGlyGluAlaSerGlyArgGlyGlyAlaLysThrAlaGlyLeuArgThrileGl yProProArgMetLysGinProAl al.enl.e_wal HisThrProGlyProlysMetProGl zProA»_‘ggl nProAl aProlysArg
1800

CACCTCCGGGACCTTGCCCCATATGTAAAGATCCTTCCCATTGGAACGAGACT GTCCAACTCTCAATCAAAR
sA1aThrG1yProProProGlyProCysProlleCysLysAspProSerHisTrplysArgAs

CCTCCCCCAGGACCATGCTATCGATGCCTCAAAGAAGGCCATTGGGCCCGRGATTGTCCTAC
Pr{l’ro’ros‘l ProCysTyrA sLeulysGluGl yHisTrpAlaA Th
- - - . . . . . ) » 3 . . . . . St l
X TAATAGAGGGGGGACTTAGCGCCCCCCARACCATAACACCTATAACGGATTCTCTTAGTGAGGCCGAATTAGAATGLTTACTTTCTATTCCTCTGGCTCGCAGCCGTCCCTCCGTGRCTETATACCTGTCTEGCCCCTROCTGEAC
SNeew
' . . . . . . . . Bam HI . . . . . 2100
CCTCTCAGAATCANGCCCTCATGCTTGTGRACACCGRGGLTGAARATACGGTTCTCC CACAAMATTGGCT GGTTCRAGATTACC CACEBATCCCCGCCGEAGT GCTCORAGCAGBGOBAGTCTCCCGRAACAGATACAATT GGCTACAAG
225

. . . . . . yHinc I1 . . . . . . . 0
GCCCTCTGACCCTGGCTCTAAAACCAGAGGGT! CCCTTTAYCACCA‘I’CCCAMMTTTTAGTI‘EACACTT%(’{CAMTGGCMATTTTMCGWCGT CCCTCCCGCCTACAGGCTTCTATCTCCATACCTGAGGAAGTACGCCCCCC
2400

TGTGGTAGGCGTCTTGGATACCCCCCCGAGCCACATTGGATTAGAACATCTGCCCCCCCCACCTGABGTGLCTCAATTCCCTTTAAACTAGAACGCCTCCAGGCCCTTCAAGACCTGGTCCATCGCTCTCTEGAGGCAGGTTATATCTCC
GlyAlaSer] leProPhej.ysLeuGl uArgLeuGinAlaLeuGlnAspLeuValHisArgSerLeuGluAlaGlyTyr]leSer

. . . . . . . . . . . . . . 2550
CCCTGGGACGGGCCAGGCAATAATCCAGTCTTCCCGGTACGGAAACCAAAT GGCGCCTGGAGGTTTGTGCATGACCTACGAGCTACAAATGCTCTTACAAAGCCCATTCCGGCACTCTCTCCCGGACCGCCAGACCTTACCGCTATCCCT
ProTrpAspGlyProGl yAsnAsnProValPheProValArgly sProAsnGlyAlaTrpArgPheValHisAspLeuArgAlaThrAsnAlaLeuThrLysProlleProAlaLeuSerProGlyProProAspLeuThrAlallePro

. . Balll . . . . . . . . . . . 2700
ACGCACCCTCCMATATCATTTGCCT*ATCTCMAGATGCCTTCTTCCAGlTTCCAGTCWCGCTTCCGCTTCTACTTGT CTTTTACCCTCCCATCCCCCGGGGGACTCCAACCTCATAGACGCTTTGCCTGGCGGGTCCTACCT
ThrHisProProHisI1el1eCysLeuAspLeulysAspAlaPhePheGInI1eProValGluAspArgPheArgSerTyrLeuSerPheThrLeuProSerProGlyGlyLeuGInProHisArgArgPheAlaTrpArgVaiLeuPro

. . . . . . . . . . . . . . 2850
CAAGGCTTCATTAACAGCCCAGCTCTTTTCGAACGAGCACTACAGGAACCTCTTCGCCAAGTTTCCGCCGCCTTTTCCCAGTCTCTTCTGGTGTCCTATATGGACGATATCCTTTACGCTTCGCCTACAGAAGAACAGCGGTCACAATGT
GInGlyPhel 1eAsnSerProAlaLeuPheGluArgAlaleuGInGl uProLeuArgGinValSerAlaAlaPheSerGinSerLeuLeuValSerTyrMetAspAsplieLeuTyrAlaSerProThrGluGluGinArgSerGinCys

. . . . . . . . . . . . . .Bg\ 113000
TATCAAGCCCTGGCT6CCCGCCTCCGGGACCTAGGETTTCAGGT GGCATCCGAAMAGACTAGCCAGACGCCTTCGCCCGTCCCCTTTTTGGGACAAAT GGTCCATGAGCAGATTGTCACCTACCAGTCCCTACCTACCTT TCTCA
TyrGInAlaLeuAlaAl aArgLeuArgAspLeuGlyPheGInValAlaSerGluLysThrSerGInThrProSerProValProPheleuGlyGlnMetValHisGluGlnl 1eValThrTyrGInSerLeuProThrieuGinlleSer

. . . . . . . . . . . . . . 3150
TCCCCAATTTCTCTTCACCAATTACAGGCGGTCTTAGGAGACC TCCAATGGGTCTCTAGGGGCACACCCACTACCCGCCGGCCCCTGCAACTTCTCTACTCTTCCCTTAAAAGGCATCATGACCCTAGGGCCATCATCCAGCTTTCCCCG
SerProlleSerLeulisGInLeuGInAlaValLeuGlyAspLeuGinTrpValSerArgGlyThrProThrThrArgArgProLeuGinLeuleuTyrSerSerLeuly sArgHisHisAspProArgAlallelleGlnLeuSerPro

Pvy 11, . . . iohll . . . . . . . . . 3300
GMCA&TGCMGGCATTGCAGAGCTTCMCMGCC CTGTCCCACAAC \TCTAGATATAACGAGCAAGAACCCCTGCTAGCCTACGTACACCTAACCCGGGCGGGGTCCACCCTGGTACTCTTCCAAAAGGGCGCTCAATTTCCC
GluGinLeuGInGlyl1eAlaG) uLeuArgGinAlaLeuSertisAsnAlaArgSerArgTyrAsnG1uGlnGluProLeuleuAlaTyrValHisLeuThrArgAlaGlySerThrieuValLeuPheGl nLysGlyAlaGlnPhePro

. . . . . Pst 1 . . . . . 3450
cmcccncmcmcccccnmrmmucccrc:tccnsessccrcmcncrccrmreccumcrccbummnscrccmsccm;cccnAmmrmncncmcnccwmcrcr
LeuAlaTyrPheGInThrProlLeuThrAspAsnGlnAlaSerProTrpGlyLeuleuleuleuleuGlyCysGInTyrLeuGInThrGl nAlaLeuSerSerTyrAlaLysProlleLeulysTyrTyrHisAsnLeuProlysThrSer
Joa i Yng 1 . . . . . . . . . 3600
‘:TMMTTGGATTCMTCATCTWCC& CGAGTCCAGGAGTTGCTGCAATTGTGGCCCCAGATTTCCTCTCAGGGAATACAGCCCCCGGGCCCTTGGAAGACCTTAATCACCAGGGCAGAGGTTTTTTTGACGCCCCAGTTCTCC
LeuAspAsnTrpl 1eGInSerSerGl uASpProArgValGinGluleuLeuGlnLeuTrpProGinlleSerSerGinGlylleG1nProProGl yProTrpLysThrieulleThrArgAlaGluValPheLeuThrProGinPheSer
. . . . . . 3750
CCTGATCCOATTCCTGCGECCCTTTGCCTC TTTAGTGACGGGGCTACAGGACGAGGAGCATATTGCTTGTGGAAAGACCACCTTTTAGACTTTCAGGCCGTTCCGGCCCCAGAATCCGCTCAAAGGGAGAACTAGCAGGTCTCTT GGCG
ProAspProlleProAlaAlaLeuCysLeuPheSerAspGlyAlaThrGlyArgGlyAlaTyrCysLeuTrpLysAspHi sLeuLeuAspPheGInAlaVal ProAlaProGluSerAlaGlnLysGlyGluLysAlaGlyLeut euAla
. . . . . 3900
GGCTTAGCAGCCGCCCCECETGAACCTGTARATATATGGETAGATTCCARTACCTGTACTCTTTGCTCAGAACCCTAGTTCTGGGAGCTTGGCTTCAACCTGACCCCGTACCCTCCTACGCCCTCCTATATAAAAGCCTCCTCCGACAT
GlyLeuAlaAlaAlaProProGluProvalAsnlleTrpValAspSerLysTyrLeuTyrSerLeuleuArgThrieuVaiLeuGlyAlaTrpLeuGInProA spProValProSerTyrAlaLeuleuTyrLysSerLeuleuArgHis
. . . . 4050
CCAGCMTCéTT GTTGGT CATGT CCWG&CACTCTTCA&CATCCCACC&TATTGC"C&CTMMﬁAYGT AGATCAACTGCTTCCCTTAGAAACTCCAGAGCAATGGCATAAGCTCACCCACT! GCAACTCTCGGGCCTTGTCTCGA
ProAlalleValValGlyHisValArgSerHisSerSerAlaSerHisProl1eAlaSerLeuAsnAsnTyrValAspGinLeuleuProLeuG! uThrProGl uG1nTrpHisLysLeuThrHisCysAsnSerArgAlaLeuSerArg
Hing 111 . ; . . . . . 4200
TGGCCGMC;‘.CACGTATCT&TGCCTGGGAECCCCGTT CCECCGCTACGC*GTGTGAMCCY GCCA&ABCTTMTCCMCYGGAGGMEGMAMTGCGMCTA‘"CWGGGTGGGCCCCWTCATATTTGGCMGCCGATATMCC
TrpProAsnProArglleSerAlaTrpAspProArgSerProAlaThrieuCysGluThrCysGlnLysLeuAsnProThrGlyGl yGlyLysMetArgThrl1eGInArgGlyTrpAlaProAsnHis] 1eTrpGinAlaAsplleThr
. . . 4350
CATTATAAATACAAACAGTT CACCTACGCTCTGCATGTGTTTGTAGATACTTACTCTGGAGCTACTCATGCCTCGGCGAAGCGTGGGCTCACCACTCAAACGACCATTGAGGGCC TTCTTGAGGCCATAGT GCATCTGGGTCGCCCAAMA
HisTyrLysTyrlysGlnPheThrTyrAlaLeuHisVal PheValAspThrTyrSerGlyAlaThrHisAlaSerAlalysArgGlyLeuThrThrGl nThrThr11eGluGlyLeuLeuGluAlalleValHisLeuGlyArgProlys
A 5 ¢ v ; ¢ ; T ¢ mmnémrtnmiwmmtmmcimécsgg
AAGCTAAACACTGACCAAGET GCAAACTACACCTCCAAAACCTTTGTCAGGTTTTGCCAGCAGT TCGGAGTTTCCCTTTCTCATCATGTTCCCTACAACCC
LysLeuAsnThrAspG nGlyAlaAsnTyrThrSerLysThrPheValArgPheCysGInGInPheGlyValSerLeuSerRisHisValProTyrAsnProThrSerSerGl yLeuAspGluArgThrAsnGl Y‘.NLWLYSL!‘U:;:
X

l . . . . -
CTATCTMAI.'ATCACCTAG_&CWCCCCM'ZCTTCCCATGACT CAG&CCi’ﬂ'?TCGAGCéCT 'CTGGACTCACAATCAGATTAACCTCCTACCAATTCT. AAAGACCAGATGGGAGCTACACCATTCACCCCCACTTGCTGTCATTTCAGAG

LeuSerLysTyrHisLeuAspGluProHisLeuProMetThrGInAlaLeuSerArgAlaLeuTrpThrii sAsnGInlleAsnLeuLeuProlleLeulysThrArgTrpGluLeuHisHi sSerProProLeuAlaVallleSerGlu

(Fig. I continues on following page.)
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4800
GGCGGAGMACACCCMGGGCTCTGATMACTCTTTTTGTACTTGCTCCCCGGGCMMCMTCGTCGGTGGCTAGGACCACTCCCGGCCCTAGTCGMGCC'I’CGGGAGGCGCTCTCCTGGCTACTGACCCCCCCGTGTGGGTTCCCTGG

GlyGlyGluThrProLysGlySerAspLysLeuPheLeuTyrLeuleuProGlyGinAsnAsnArgArgTrpLleuGlyProLeuProAlaleuValGluAlaSerGlyGlyAlaLeuleuAlaThrAspProProVal TrpValProTrp
ENV | POL: p>-9p5! 4950

CGTTTGCTGMAGCCTTCMATGCCTMAGAACGACGGTCCCGAAGACGCCCACMCCGATCATCAGATGGGTMGTCTCACTCTCACTCTCCTCGCTCTCTGTCGGCCCATCCAGACTTGGMATGCTCCCTGTCCCTAGGMACCMC
ArgLeuLeulysAlaPhelysCysLeulysAsnAspGlyProGluAspAlaHisAsnArgSerSerAspGlyses

MetProlysGluArgArgSerArgArgArgProGinProllell eArg‘rrgVal SerLeuThrLeuThrLeuleuAlaLeuCysArgProlleGl nThrTrgArsCysSerLeuSerLeuGl yAsnGln

-
p--d- . 5100
MTGGATGACAGCATATMCCMGAGGCMAATTTTCFATCTCCATTGACCMATACTAGAGGCTCATMTCAGTCACCTTTCTG‘I’GCCAAGTcICCCAGATACACCTTGGACTCTGTMATGGCTATCCTAIGATCTACTGGCCCCCCC
GlnTrpMetThrAlaTyrAsnGinGluAlaLysPheSerlleSerlleAspGinileLeuGluAlaHisAsnGlnSerProPheCysAlaLysSerProArgTyrThrieuAspSerValAsnGlyTyrProLysileTyrTrpProPro
. . . . . . . . . . —tH . Bam HI 5250
CACAAGGGCGGCGCCGGTTTGGAGCCAGGGCCATGGTCACATATGATTGCGABCCCCGATGCCCTTATGTGGGGGCAGATCGGTTCGACTGCCCCCACTGGGACMTGCCTCCCAGGCTGATCM(!GMCCTTTYATGTCAATCATCAGA
ProGInGlyArgArgArgPheGlyAlaArgAlaMetValThrTyrAspCysGluProArgCysProTyrValGlyAlaAspArgPheAspCysProHisTrpAspAsnAlaSerGInAlaAspGinGlySerPheTyrValAsnHisGlin
5400
TTTTATTCCTGCATCTCAMCMTGTCATGGMTTTTCACTCTMCCTGGGAGATATGGGGATATGATCCCCTGATCACCTTTTCTTTACATMGA‘I’CCCTGATCCCCCTCMCCCGACTTTCCCCAGTTGMCAGTGACTGGGTTCCCT
I1eLeuPheLeuHisLeulysGInCysHisGlyllePheThrLeuThrTrpGlulleTrpGlyTyrAspProLeul 1eThrPheSerLeuHisLysi1eProAspProProGInProAspPheProGinLeuAsnSerAspTrpValPro

. . . . . . . . . . . . 5550
CTGTCAGATCATGGGCCCTGCTTTTAAATCAAACAGCACGGGCCTTCCCAGACTGTGCTATATGTTGGGAACCTTCCCCTCCCTGGGCTCCCGAAATATTAGTATATAACAAAACCATCTCCAGCTCTGGACCCGGCCTCGCCCTCCCGE
SerValArgSerTrpAlaleuleuleuAsnGinThrAlaArgAlaPheProAspCysAlalleCysTrpGluProSerProProTrpAlaProGlulleLeuVal TyrAsnLysThrileSerSerSerGlyProGlyLeuAlaleuPro

Hinc 11_CHO HO Lo -g_n._ 5700
Acccccwrcncmscrc'ucrcerccrcGrTT'ATCACcAccEMccnsscucc;\cccncccmrmnGTTc'ikmrTcﬂ:usccucccmsrmm:cchmcrcccmcnwcrcrcm:sscmcrccs

gp5 1 <ey=9p30 5850
CCCCTCCTACCCGGGTCAGACGTAGTCCCGTCGCGGCCCTGACCTTAGGCCTAGCCCTGTCAGTGGGGCTCACTGGCATTMTGTGGCCGTGTCTGCCCTI’AGCCATCAWCTCACCTCCCTGATCCACGTTCTGGAGCAAGATCAGC

,—CL --------------------------- - 6000
AACGCTTGATCACAGCAATTRATCAGACCCACTAT AATTTGCTTAATGTGGCCTCTGTGETTGCCCAGAACCGACGGRGECTTGATTGGTTGTACATCCBGCTGGGTTTTCAAAGCCTATGTCCCACAATTMATGAGCCTTGCTGTTTCC

GInArgLeul 1eThrAlalleAsnGInThrHisTyrAsnLeuLeuAsnValAlaSerValvalAlaGl MsnArglrgGl yleuAspTrpLeuTyrlleArgLeuGlyPheGInSerieuCysProThrileAsnGluProCysCysPhe

,_QQ7 6150
TGCGCATTCMMTGACTC ATTATCCTCCGCGGTGATCTCCAGCCTCTCTCGCMAGAG‘I’CTCTACAGACYGGCAGT GGCCCT GGMTTGGGATCTGGGGCTCACTGCCTGGGTGCGAGMACCATTCATTCTGTTCTMGCCTm’ TCC
LeuArglleGInAsnAspSerllelleArgLeuGlyAspLeuGlnProLeuSerGInArgValSerThrAspTrpGInTrpProTrpAsnTrpAspLeuGlyleuThrAlaTrpValArgGluThrleHisSerValleuSerLeuPhe

6300
TATTAGCCCTTTTTTTGCTCTTCCTGGCCCCCTGCCTGATMMTGCTTGACCTCTCGCCTTTTAMGCTCCTCCGGCAG&TCCCCACTTCCCTGMATCTCCTTMCCCCTAMCCCGATTCTGATTATCAGGCCTTGCTACCATCTG
LeuLeuAl aLeuPheLeuLeuPheLeuAl AlaProCysLeulle leLysCysLeuThrSerArgLeuLeulysLeuLeuArgGInAlaProHisPheProGlulLeSerLeuThrProly sProAspSerAspTyrGinAlaLeuleuProSer

TT R T1T . ap30,E

6450
CACCAGIGATCTACTCTCACCTCTCCCCCGTCAMCCCGATTACATCMCCTCCGACCCTGCCCTTGA ACCCCCGCGTTTCAC&ZACCCCCAGGCTGTGGTGGTGCACTGGCTTAGTGGAGTAGTCAGTGTACCATCACMGCCTCTTC
AlaProGlulleTyrSerHisLeuSerProValLysProAspTyrlieAsnLeuArgProCysProses

6600
TTGCTGCCAGCACCGAGT TCGMCACAGCTCTACCCTGAGCCTCTCTGAGT GCATGACTGAGTGTAGCEWTTGT CGCTTCTGCGTGTCGCTCAGT CATTTTTTATAGCCGATTGGGGTTCGCGCCCTTCCGTTGCCTST

CAGATMGACCYCTCTCACTTCTGCTTCACCATCCCCCT GCCAGCGTTGGTCTAGTGGMAGMCTW@TM%GGGGGCGATTTCTTGCA&TGTGCTAGCGGGAGGCTCTGGTGCTGGGGATWTGTGGCCCTTAGCACCACAGT

6900
CTCTG{ZGCCTTTTGGGTTCGMTCTTCCCCACGCAGCTTCCGCTTTTTACGCCCTGTTGCACACCCTTT‘TAG&GATACCTWMTCTCAGCTCGCACCCTGAGGMGGTTGTGGCTCAGAGGT T MMTAG(.‘I’ CGAGCCGCAACCTCC

CTTTCTTTTTATTCCACCCTCGCMGGCCCCGGGTTCTGAECCCCCTMCGGAGGTTCAMATTTCCTCTACAAGGWTGCTC@GTCCMGTGTGCACMTATCTCTTCCMMGGYCCTGATGMCG‘I’CT‘ICCCATGTMCMéggg
CAEAGAGACATTCCAGCCACATCCAGCAGCATTTGGGCC&CTTT}C'I"A.A‘CAGTGCCCATAMGT CCCTTCCGTTTCCACMCGGCTGCCTCTGCATCTTCTATTTCCACCTCGGCACCWTCCCCCGCCGAGCCCTTCGABCT‘??TC t
G&ATCCATTACCTGAT GACMM#ATTTCTTGTCTTTYM%TTGTTGGTTGGGGGCCCCACTCTCTACATGCCTGCCCGGCCCTGGTTTTGTCCMTGATGTCACCATCGATGCCTGGTGCCCCCTCTGCGGGCCC(SZEE
GAGCGACTCCAATTCGAAAGGATCGACACCACGCTCACCTGCGAGACCCACCGT ATCMCTGGMZCGCCGAT@ACGACCTTGCGGCCTCMTGGMCGT TGTTCCCTCGACTGCATGTCTCCGAGACCCGCCCCCMGGGCCCCGACGG
CTCTGGATCMCTGCCCCCTTCCGGCCGTTCGCGCTCAGCCCGGLCCGGTTTCACTTTCCCCCTTCWGGTCCCCC"CCAGCCCTACCMTGCCMTTGCCCTCGGCCTCTAGCG&CGGTTGCCCCATTATCGBGCACGGCCTTETT

-1
CCCTGG&EALACTTAGTMCGCATCCTG‘I’CCTCGGAMAGTCCTTATATTMATCMATGGCCMTTTTTCCT TACTCCCCTCCTTCGATACCCTCCTTGTGGACCCCCTCCGGCTGTCCGTCTTTGCCCCAGACACCAGGBGAGCC;;S
CGTTATCTCTCCACCCTTTTGACGCTATGCCCAGCTACTTGTATTCTACCCCTAGGCMGCCCTTCTCTCCTMTGTCCCCATATGCCGCTTTCCCCGGBAC'I’CCMTGMCCCCCCCTTTCA&ATTCGAGCTGCCCCCCATCCA:Agg

CCCGGCCTGTCTTGGTCTGTCCCCGCGATCGACCTATTCCTMCCGG‘I’CCCCCTTCCCCATGTGACCGGTTACACGTATGGTCCAGT CCTCAGGCCﬂWGCGCﬂCCﬂCATGACCCTMGCTMCCTGGTCCGMTTGGTTGCTAGC

AGMAMTMBACTTGAYTCCCCCTTMMTTACMCTGCTAGAMATGMTGGCTCTCCC TTTTTrI‘ Tea GTATMGATCATGCCGACCTAGGAGZCGCCACCGCCCCGTMACCAGACAGAGACGTCA&;g
u 11 ypurine tra

CCAGMMGCTGGTGACGGCA&TGGTGGCTAGMTCCCCGTACCTCCCCMCTTCCCCTTTCCCMATCCACACCCTGRGCTGCTGACCTCACCTGCTGATMATTMTMMTECGGCCCTGTCGAGTTAGCGGCASC‘C:G:;gg

GTTCTTCTCCTGAGACCCTCGTGCTCAGCTCTCGGTCCTGAGC*TCTTGC'I’CCCGAGACCTTCTGGTCGGCTATCCGGCAGCGGTCAGGTMGGCMWACGGTTTGGAGGGT GGTTCTCGGCTGAG&CCACCGCG&GCT‘TATC;C(C’%

GTCCT;TGACCGTCTCCACGTGGACTCTCTCCTTTGCCTCCTGACCCCGCGCYCCMGGGCGTCTGGCTT@!CCCGCGTT?GTTTCCTGTCTTACTTTCTGTTTCTCGCGGCCCGCGCTCTCTCCTTCGGCGCCCTCTAGCGGCCAGGI
‘LTR=8714
GAGACCGGCAAACA

F_lG. 1.. Co:pplete nucleotide sequence of proviral BLV genome. Deduced amino acid sequence is given below the nucleotide sequence.
Arr!mo acid res1due§ that match experimentally determined ones (see text) are underlined with a solid line. Stretches of hydrophobic amino acid
residues are underlined with a broken line. Dots mark every 10th nucleotide. See ref. 4 for LTRs. Major structural features are indicated. CHO,

potential glycosylation site (three CHOs with broken lines may not be glycosylated, as described in the text); pXg; -1, -11, and -III are unidenti-
fied open reading frames.

contains internally duplicated sequences (brackets in Fig. 1) we find two major homologous regions termed NHR (for the
that have periodically placed cysteine residues. A similar se- NH,-terminal homologous region) and CHR (for the COOH-
quence is also duplicated in the avian (but not murine) retro- terminal homologous region). Between BLV and Mo-MuLV
virus homologue (16). (Fig. 2A), NHR is shifted upward from the extension of

pol Gene. About 500 bp downstream of the gag gene ap- CHR, indicating that Mo-MuLV pol harbors an insertion(s)
pears t}!e second open reading frame encoding 852 amino between NHR and CHR. Furthermore, Mo-MuLV pol has
‘aCId residues (positions 2317-4875). This is the largest read- an additional 180-residue NH,-terminal sequence that is
ing framg, does not open with an ATG codon, and is located completely lacking in the BLV pol. Between BLV and RSV
in the'mlddle. of the viral genome, all of which are properties (Fig. 2B), on the other hand, NHR and CHR are both on a
assoc[ated vylth the retrovirus pol gene (10, 11). Fig. 2 shows nearly diagonal line of the square frame. In addition, both
two-dimensional homology matrices between the putative NHR and CHR sequence homologies observed between

BLYV pol product and those of Mo-MuLV and RSV, where BLYV and RSV are significantly higher than those between
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Fi6. 2. Two-dimensional homology matrix comparisons of amino acid sequences encoded by the BLV pol gene and those of Mo-MuLV (4)
and RSV (B). Each diagonal line represents a region in which there is an average score value of at least 65 (8) in 20 contiguous amino acids
between two viruses. NHR and CHR denote the major NH,- and COOH-terminal homologous regions, respectively. Putative endonuclease
domain of the BLV pol gene is estimated by broken lines with arrows (see text for details).

BLYV and Mo-MuLV (see Fig. 44). Thus, very interestingly,
the BLV pol more closely resembles the RSV pol in both
sequence organization and homology.
The BLV pol product (=95 kDa) could be somewhat larger
than the pol-encoded BLYV reverse transcriptase (70 kDa;
see ref. 1). The RSV pol and presumably the Mo-MuLV pol
also encode an endonuclease at their COOH termini, with
molecular sizes of 32 and 40-45 kDa, respectively (17, 18,
25). These endonuclease domains closely correspond to
CHRs (as shown by broken lines in Fig. 2), which in turn
indicates that the BLV pol also encodes an endonuclease
represented by the CHR. This putative BLV endonuclease
(=32 kDa; see Fig. 2) would explain the discrepancy of the
sizes between the pol product and the reverse transcriptase
-described above.
env Gene. BLV env products are gp51 (surface glycopro-
tein) and gp30 (transmembrane protein) (1). The third open
reading frame spans nucleotides 4821-6368 and encodes 515
amino acid residues with an initiator methionine (Fig. 1). The
5’ end of this open reading frame overlaps the 3’ end of the
pol gene and its predicted amino acid sequence contains 10
N-asparagine-linked glycosylation sites (Fig. 1), showing
features associated with the env gene (10, 11). During prepa-
ration of this paper, we learned of a 12-residue NH,-terminal
sequence of gp30 and a 38-residue NH,-terminal sequence
and a COOH-terminal residue (arginine) of gp51 (19), almost
all residues of which were found in our deduced sequence
(underlining in Fig. 1). Thus, gp51 spans positions 4920-5723
and gp30 spans positions 5724-6365 (Fig. 1). gp51 contains 8
potential glycosylation sites, but 3 of these may not be glyco-
sylated because they are either embedded in a long hydro-
phobic sequence or immediately followed by a proline resi-
due (Fig. 1); the hydrophobic sequence may interact with the
NH,-terminal hydrophobic sequence of gp30 (20). gp30 con-
tains two glycosylation sites and has two hydrophobic se-
quences, the COOH-terminal one of which may anchor the
membrane (20). The NH,-terminal 33-residue sequence pre-

ceding gp51 could be a signal sequence for membrane inser-
tion of the primary product because it has hydrophilic NH,-
terminal regions followed by a hydrophobic core (Fig. 1)
(21). The splice acceptor site for the env mRNA is most like-
ly the sequence C-C-T-T-T-G-T-C-A-G-G (positions 4391—
4401), which fits well the consensus sequence (12).

The sequence of env transmembrane protein is more
strongly conserved between related retroviruses than is the
sequence of surface glycoprotein, which is a host determi-
nant (22). Fig. 3 shows the sequence alignment of the first
120 amino acid residues of BLV gp30, Mo-MuLV p15E (10),
and RSV gp37 (11). Overall homology between BLV and
Mo-MuLV (33%) is significantly higher than that between
BLYV and RSV (20%). This is of particular interest because
the BLV pol more closely resembled the RSV pol. We do not
know how such a chimeric genome was generated. Howev-
er, one possibility may be that the transmembrane protein
sequence is somehow restricted by the host range (i.e.,
mammalian vs. avian). Alternatively, env gene recombina-
tion might have occurred between progenitors of BLV and
MuLV; such an event appears to have recently occurred be-
tween progenitors of certain mammalian type C and type D

. 29 . 49 . 6Q
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FiG. 3. Sequence alignment of transmembrane proteins of Mo-
MuLV, BLV, and RSV. The NH,-terminal 120 amino acids (ex-
pressed by one-letter code) of the env transmembrane proteins of
Mo-MuLV pl5E (10), BLV gp30 (this paper), and RSV gp37 (11) are
aligned with gaps (-) (9). Residues of BLV that match those of Mo-
MuLV and RSV are shown by closed circles in upper and lower
lines, respectively.
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retroviruses (23). Finally, the cysteine residues (positions
94, 101, and 102; Fig. 3) well conserved between the three
transmembrane proteins probably make S—S bridges be-
tween the transmembrane protein and surface glycoprotein
(20).

PXpL, Unidentified Open Reading Frames. In addition to
the gag, pol, and env genes, the BLV genome harbors a
1800-bp region at its 3’ end containing several unidentified
open reading frames (Fig. 1). This region corresponds to a
pX region of HTLV (13) and is designated as pXg; for BLV.
As with pX (13), the pXg; showed no significant hybridiza-
tion with the host (bovine) DNA, indicating that it is not a
recently acquired cellular gene. The largest open reading
frame pXp; -I, opening with a GCA triplet and ending with a
terminator TGA at the beginning of the polypurine tract (Fig.
1), could encode 308 amino acid residues.

Evolutionary Relationship of BLV to Other Retroviruses.
The pol gene is the best conserved of the three retroviral
genes (8, 23) and sequencing data of its well conserved re-
gion (corresponding to the CHR in Fig. 2) are available for
all, except for type A, of the major oncovirus genera—i.e.,
types B, D, and mammalian and avian type C viruses (23).
Fig. 4A shows the amino acid homology and divergence of
the CHRs between BLV, HTLV, and the other oncoviruses.
Clearly, BLV is most closely related to HTLV (45% homolo-
gy) and is more closely related to types B, D, and avian type
C viruses (29%) than to mammalian type C virus (25%). (A
similar trend was obtained between NHRs of BLV, HTLV,
and mammalian and avaian type C viruses, although the ho-
mologies were generally 6%-8% higher than those observed
for CHRs.) Interestingly, HTLV has generally stronger se-
quence homology with other viruses than has BLV (Fig. 44),
implying that HTLV has evolved more slowly than BLV.

Fig. 4B shows the evolutionary tree of the oncovirus gen-
era based on the CHR sequence divergences in Fig. 44. Both
BLYV and HTLV (with a divergence of 0.8) are only distantly

A BLV HTLV SMRV MMTV RSY MuLV
BLV - 0.81 1.23 1.23 1.26 1.38
HTLV 44.6 — 1.09 1.21 1.21 1.29
SMRV 29.4 33.7 - 0.65 0.97 1.33
MMTV 29.4 29.9 52.2 - 0.96 1.33
RSV 28.3 29.9 37.8 38.3 - 1.44
MulV 25.1 27.4 26.5 26.5 23.8 -

B Type: D

B CA —E— CM
SMRV ~ MMTV RSV BLV HTLV  MulV

Progenitor

F1G.4. Amino acid homology and divergence of COOH-terminal
pol sequences between various oncoviruses (4) and proposed evolu-
tionary tree of the oncovirus genera (B). (A) COOH-terminal pol
sequence (equivalent to CHR in Fig. 2) of BLV (positions 3979-
4530; Fig. 1) and its corresponding regions of HTLV (13), squirrel
monkey retrovirus, type D (SMRV) (23), mouse mammary tumor
virus, type B (MMTV) (23), RSV (avian type C; ref. 11) and Mo-
MuLV (mammalian type C; ref. 10) were aligned (9), and the per-
centage homology and the divergence (corrected for multiple hits;
ref. 22) are shown in lower left and upper right halves of the matrix,
respectively. (B) The evolutionary tree was made from corrected
divergences in A by the unweighted pair-group clustering method
(24), in which the divergence between two viruses is expressed as
height from their branching point. The avian and mammalian type C
viruses are tentatively designated as type C, and Cy, respectively,
because of their distant relationship in the tree. The pX sequence is
assumed to have been acquired by the progenitor of BLV and
HTLYV around the position indicated.
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related to the other groups (with a divergence of 1.2-1.25),
especially to the mammalian type C virus (with a divergence
of 1.3-1.4). This allows us to propose that BLV and HTLV
constitute a group of Oncovirinae designated here as type
“E” (Fig. 4B). In support of this, these viruses appear to be
morphologically and biochemically somewhat different from
the major mammalian type C viruses (refs. 1 and 2; M. Na-
kai, personal communication) and have now turned out to be
genetically very different from other type viruses in that they
have pX sequences. [We presume that BLV and HTLV
somehow acquired the pX sequence after their progenitor
had branched away from the common progenitor of types B,
D, and avian type C viruses (Fig. 4B).] Fig. 4 also shows that
avian and mammalian type C viruses are evolutionarily very
distant from each other (with a divergence of 1.44) and are
designated here as types C, and Cy, respectively. It should
be noted that the evolutionary tree proposed reflects well the
divalent cation dependency of the reverse transcriptase of
each type virus: Mg?* for types B, D, C,, and E, and Mn?*
for type Cy viruses (23).

We have determined the complete nucleotide sequence of
the BLV genome, deduced its genomic structure, and pro-
posed another classification of BLV and HTLV in Oncovi-
rinae. A detailed comparison of the respective genes, includ-
ing the pX sequence, of BLV and HTLYV and identification
of a potential protease-coding gene between the gag and pol
genes of these retroviruses have been described elsewhere
(26, 27).
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