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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-pXBL-3' LTR, where LTR represents a long terminal re-
peat and PXBL 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 NH2-p15-p24-p12-COOH. The
NH2- 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 (gpSl) and
a transmembrane protein (gp3O). In contrast to the pol prod-
uct, the gp3O 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
(HTLV), 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 (XBLV-1) was described (6). Each restriction site was
labeled using [y-32P]ATP (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).

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-pXBL-3' LTR, where
PXBL 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-
MuLV) contains a splice donor sequence for env mRNA in
this region (10), while Rous avian sarcoma virus (RSV) con-
tains this at the NH2 terminus of the gag gene (11).
BLV has no such sequence (consensus sequence, C-A-G-
G-T-G-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 50-residue
NH2-terminal sequence of the major internal gag protein p24
(15) and a complete 69-residue sequence of the nucleic acid-
binding protein p12 (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 p12, 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 p15, which is a phosphorylated ba-
sic gag product (1). Thus, we propose that the BLV gag pre-
cursor protein (Pr45gag; see ref. 1) has the sequence NH2-
p15-p24-p12-COOH. The nucleic acid-binding protein p12

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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re-5 ILTR, U3 Pv I I Pvu I I
TGTATGAAAGATCATGCCGACCTAGGAGCCGCCACCGCCCCGTMMACCAGACAGAGACG;CGT GCGMGTGGC GGCAGC;GGTGGCTAGMkTCCCCGTACCT CCCCAACiTTCCCCTTTCCC AAAT A C T0
U3T.C.C.T.MTSacl CAT box 300CTGCTGACCiCACCTGCT TMsATTA TGCCGGCCCTGTCGAGTTAGCGGCACCAgAAGCGTTCTTCTCCTGGAACCCTCGTG~TCAGCTCTCGG TCCTGAGCMCTCTTGCTCCCGAGACCTTCTGGTCGGCTATCCGGCAGCGTATA box PolyA) signal . Sac I .Cp site. . . * . R4 5 450

GTcAGGT AGCGGTTTG GAGGGTGGTTCTC GGCTGAGACCACCGCGAGCTCTAT CTCC GGTCCTCTGACCGTCTCCACGTGGACTCTCTCCTTTGCCTCCTGACCCCGCGCTCCAAGGGCGTCTGGCTTG;ACCCGCGTTT;GTl~ice donor . us,51LTR.*, . ..Poly (A) site 600
TTCCTGTCTTACTTTCTGTTTCTCGCGGCCCGCGCTCTCTCCTTCGGCGCCCTCTAGCGGCCAGGAGAtACCttCMCMTInGGT;CGTC~ftGGATTGATCACCCCGGAACCCTAACAACTCTCTGGACCCACCCCCTCGGCGGCA* * i'GAG,(p15). . P.m.rer ining te . , , 750
TTTTGGGTCTCTCCTTCAAATTATATCAGGGWTTCCCCCTCCTATAACCCCCCCGCTGGTATCTCCCCCTCGCTGGCTCACCTTCTGCCGCGCAAAGGCTCAATCCGCGACCCTCTCCTAGCGArTTT CGATTTAG

MetGlyAsnSerProSerThrAsnProProAlaGlyl leSerProSerAspTrpLeuAsnLeuLeuGlnSerAl aGi nArgLeuAsnProArgProSerProSerAspPheThrAspLeuLys
900AATTACATCiATTGGTTTCTAAZGACCC4AliAAACCAiGGACTTTCAZTTCTGGTGGC~CCCACCTCATGTCCACCCGGGAGATTCGCiCGGGTTCCCCiTCGTCTTGGZCACCCTAAAiGAGTACTCTCAACGAAGG'GGGCGCCCCG

AsAThrI1eHisTrpPheiasLysThrGlnysLysProTrpThrPheThrSerGlyGlyProThrSerCysProProGlyArgPheGlyArgVal PrLeuValpLeuAl aThrLeuAsnGl uValLeuSerAsnGluGlyGlyAl nPro
(pl5)p24 . . . * * * lO,

Hir~~~~~~~~~~~~~II~~~~~~~~~~~~10500

GGTGCATCGGCCCCAGAAGAACACCCCCCCCTTATGACCCCCCCGCCATTlTGXCCATCATATCTGAAGGGAATCGCAACCGCCATCGTGCTTGGGCACTCCGAGAATTACAAGATATCAXAAAAGAAATTGAAMTAAGGCACCGGGT
GlyAl aSerAlaProGl uGl uGl nProProProTyrAspProPrhAll a IyLeu~roll leGly~ro~soArgysn~roAla~eulalHisrgrouGy ntspetyroGly uoleGln~ysAlaProLy

Pst I 'Sal I 2100
TCGCAAGTATGGATACAAACACTACGACTTGCAATCCTGCGu CCGACCCTACTCCGGCTGACCTAGAACAACTTTGCCAATATATTGCTTCCCCGGTsrlCyAs ACGGsCCATATGACiAGCCTAACGyCAGCAATAGyCGCCGCT'GAA
SerGl nValTrpI 1 eGl nThrLeuArgLeuAlI eLeuGl nAlaAs2UrThrProAlaAspLeuGluGlneuyslnyrIGeAlaSerero elyserProVLAGlnAlaThrAla~isMetThrSerLeuThrAelAl aeAly A1aAlaGlu

1350GCGGCAACACCCTCCAGGGTTTTAACCCCCZAACGGGTACCCTAACCCMACATCAGCTCAGCCCAACGCCGGGGATCTTAGAAGTCAATATCAAAACCTCTGGCTTCAGGCCGGAAAMATCTCCCTACTCGTCCTTCiGCTACAACCT
AlaAlaThrProScrArgValLeuThrProoLysThrGlyThrLeuThrGlnGlnSerAlaIGlnProsnAlaGlyAspLeuArgSerGsnTyrGl nAsnLeuTrpLeuGlrnAlaGlyLysIleSerLeuLeuValrLeuGlhnLeuGl nPro

Hin, . * 2700

* 2500

TGGTCCACCATCGTCCAAGGCCCCGCCGMAGCTCTGTAGAGTT TGTC UCGGTTACAAATTTCATTAGCTGACAACCTTCCCGACGGAGTCCTAAGGAACCCATTATTGACTCCCTTAGTTATGCAAATGCTAACAGGAGTGTCAGC
TrpSerThrI 1eVasGnGlyProAlaGluSerSerValGluPheal AsnArgLeuGl nIaeSerLeuAl AspAsnLeuProAspGLyVa1LeuArgAsnProLeuLeuThrPsp Leuehr~alerlroThrGln uSerVlnSer

PS2.t.I. . . p24 -PI126. . 150
AAATTTTGCAGGGGCGAGGCCAGTGGCCGCGGTGGGGCAAAACT~C~l5CTTGCGCACMTTGGGCCCZCAAGAATG~iACGCCTGCACTTCTCGTCCACAcCCCAGGGcCCAAGATGCCCGGGCCTiGGCAACCGGcCCCCCAGG
LysPheCysArgGlyGl Al aSerGl yArgGlyGlyAlaLysThrAlaGlyLeuArgThrI1eGl yProProurgMetLysGLnProlALeaLeuVlHisThrProGlyProLysMetProGlyProArgGl nProAlaProLyeArg

rCCTCCCCCA'GGACCATGCTiTCGATGCCTCAAAGCCATTGGGCCCGGGATTGTCC;ACi$%GGCCiCCGGCCTCGGGACCTTGCCCCATA;GTAAAGATCCT'rCCCATTGACGAGACTGTCCAACiTCAAATCAgAA
P PstI * 3450
ArCAAGGGCGTTCAGCGCCCCCAC AACCAT&IACCTATAAC36ATTCTCTT0GTGAGGCCGAATA3TG6TTACTTTCT0TTCCTCT0CTCGCAGCCG0CCCTCCGTGGTGTATACCiGTCTGGCCCETGGCTGCA'

Asn***
Bam HI 20

21300

CCTCTCAGMiTCAAGCCCTCATGCTTGTG(;ACACCGWGGGTGAMgTACGGTTCTCCCACMAATTGGCT'GGTTCGAGATTACCCAC&ATCCCCGCCGCAGTGCTCGGAGCAGGGGGANTCTCCC~aCAGATACASiGGCTACAG
Hinc I . . . 2250

GCCCTCTGC.#CCTGGCTCT"UCCAGAGGGTCCCTTTATCACCATCCCAAATTTTATlbaCATTCCtCAAZATGWTTTAGGACGGGACGiCCCTCCCGCCTACAGGCTTCTATCTCCATACCTGAGGMiTACGCCCCCC2400TGTGGTAGGCGTCTTGGATACCCCCCCGAGCCACATTGGATTAGAACATCTGCCCCCCCCACCTGAGTGCCTCAATTCCCTTTAAACT'AGAACGCCTCCAGGCCCTTCAAGACCTGGTCCATCGCTCTCTGGAGGCAGGTTATATCTCC
GlyAl SerlIleProPheLysLeuGl uArgLeuGl nAlaLeuGl nAspLeuVal Hi sArgSerLeuGl uAl aGlyTyrI 1eSer

2550
CCCTGGGACGGGCCAGCATAATCCAGTCTTCCCGGTACGGAAACCAAATGGCGCCTGGAGGTTTGTGCATGACCTACGAGCTACAAATGCTCTTACAAAGCCCATTCCGGCACTCTCTCCCGGACCGCCAGACCTTACCGCTATCCCT
ProTrpAspGlyProGlyAsnAsnProVglePheProValArgLysProAsnGlyAl TrpArgPheValsHnsAspLeuAregAleThrAsnAlaLeuThrLysProl 1 r LS GlyProPrdspLeuThrAlaleePro

Bgl II2.7.. . ..Hin.I. . 200
ACGCACCCTCCACATATCATTTGCCTAGA'TCTCAAAGATGCCTTCTTCCAGATTCCAGTCGACCGCTTCCGCTTCTACTTGTCTTTTtACCCTCCCATCCCCCGGGGGACTCCAACCTCATAGACGCiTTGCCTGGCGGGTCCTACCT
Thri sProProi sI ell eCysLeuAspLeuLysAspAl aPhePheGl IeProVa lGluAspArgPheArgSerTyrLeuSerPheThrLeuProSerProGl yGl yLeuG nProHi sArgArgPheAlaTrpArgVal LeuPro

2850
CAAGGCTTCATTAACAGCCCAGCTCTTTTCGACGAGCACTACAGGAACCTCTTCGCCAAGTTTCCGCCGCCTTTTCCCAGTCTCTTCTGGTGTCCTATATGGACGATAiCCrTTACGCTTCGCCTACAGMGAACAGC'GGTCACAATGT
G1 nGlyPheI 1 eAsnSerProAl aLeuPheGl uArgAjaLeuGl nGl uProLeuArgGl nVal SerAl &Al aPheSerGl nSerLeuLeuVal1 SerTyr~etAspAspl I eLeuTy rlaSerProThrGl uGl uGl nArgSerGl nCy s

B9L l113000
TATCAAGCCCTGGCT6.CCCGCCTCCGGG^CCTAGGGMCAGGTGGCATZCC TAGCAACGCCTTCGCCCGTCCCCTTTTiWzCAAATGGT CCATGAGCAGATTGTCACCTACCAGTCCCTACCTACMGCAATCTCA
T rGlnAl LeuAlaAl aArgLeu~rgAspLeuGlyPheGl nValAl aSerGl uLysThrSerGl nThrProSerProVal ProPheLeuGlyGlrn~etVal Hi sGl uGnlnI eValThrTyrGl nSerLeuProThrLeuG~nlnI1eSer

3150
TCCCCAATTTCTCTTCACCAATTACAGGCGGTCTTAGAACCTCCAATGGGTCTCTAGGGGCACACCCACTACCCGCCGGCCCCTGCAACTTCTCTACTCTTCCCTT~iAGGCATCAiGACCCTAGGCCATCATCCAGCTTTCCCCG
SerProl 1eSerLeuHlisGl nLeuGl nAl aVa1 LeuGlyAspLeuGl nTrpV 1lScrArgGlyThrProThrThrArgArgProLeuGl nLeuLeuTyrSerSerLeuLysA rgHi sH isAspPro~rgAlall1eI 1eGl nLeuSerPro

Pvt II . . Bg II . . . . 3300
GAACAItTGCAAGGCATTGCAGAGCTTCG;XAAGCC CTGTCCCACAACGCA'TCTAGAiTATAACGAGCAAGAACCCCTGCTAGCCTACGTACACCTMiCCCGGGCGGGGTCCACCCTGGTACTCTTCCAAAAGGGCGC"TCAATTTCCC
G1 uGl nLeuGlnGlyl 1eAl *G1uLeuArgGl nAl aLeuSerHi sAsnAlaArgSerArgTyrAsnGl uGl nGl uPr'oLeuLeuAlsT~yrVal HisLeuThrArgAl aGlySerThrLeuValLeuPheGl nLysGlyAlaGl nPhePro

'. .Pst I . . . . .3450
CTGGCCTACiTTTCAGACCCCCTTGACTGACAACCAAGCCTCACCTTGGGGCCTCCTTCTCCTGCTGGGAGCCAATACCTGCoCTCAGGCCTTAAGCTCGTATGCCAAGCCCATACTTAAATATTATCACAATCTTCCTAAAACCTCT
LeuAl TyrPheGl nThrProLeuThrAspAsnGl nAl SerProTrpGlyLeuLeuLeuLeuLeuGlyCysGl nTyrLeuGl nThrGl nAla veuSerSerTyrAl LysProI 1eLeuL~ysTyrTyr i sAsnLeuProLysThrSer
Xba I Xhg 1 30
ITAGACAATiGGATTCAATCATCTGAGG^ic&CGAGTCCAGGAGTTGCiGCAATTGTGGCCCCAGATTTCCTCTCAGGG^ATACAGCCiCCCGGGCCCYTGGAAGACCTTAATCACCAGGGCAGAGGTfTTTTTGACGCCCCAGTTCTCC
LeuAspAsnTrplIleGlnSerSerGl uASpPro~rgValGlnGl uteuLeuGl nLeuTrpPro61 nIl eSerSerGl nGlyI 1eGl nProProGlyProTrpLysThrLeull eThrArgAlaGl uVal PheLeuThrProGl nPheSer

CCTGATCCCiTTCCTGCGGCCCMGCCTCTTTAGTGACGGGGCTACAGGACGAGGAGCATATTGCTTGTGUGAAGCCAC CmTTAGACMCAGGCCGTTCCGGCCCCAGAATCCGC;CAAAAGGGAGAACTAGCKGGTCTCTTGGCG
ProAspProl 1eProAl - 1 LeuCysLeuPheSerAspGl yAl ThrGlyArgGlyAl TyrCysLeuTrpLysAspHi sLeuLeuAspPheGl nAl aVa1 ProAl aProGl uSerAl G1 nLysGlyGl uLysAloGlyLeuLeuAl a

GGCTTAGCKiCCGCCCCGCCTGAACCTGTiAATATATGGGTAGATTCCAAATACCTGTACTCMGCTCG^AACCCTAGTTCTGGGAGCTTGrCTTCAiCcTGAcCCCG;AcCCTCCTAGCCCTC~CTA;ATAAAAGCCiCCTCCGACAT
Gly~u~la~l^1 roProGl uProVa lAsnl 1etrpVsl AspSerLysTyrLeuTyrSerLeuLeuArgThrLeuyt LeuGlyAlaTrpLeuGl nProAspPro~al ProSerTyrl~ue~ry~re~ur~

CCAGCAATCGTTGTTGGTCiTGTCCGGAGZCACTCTTCAGCATCtCAcCCTATTGCTTCZCTGAACAAT;ATGTAGATCiMcTGCTTcCiTTAGAAACTiCAAMAAcTGGCATAAGCTCACCCACTGCiACTCTCGGGCCTTGTCTCGA
ProAlal 1eVal V^1Gly~i sVal ArgSer~i sSerSerAlaSerHilsProl leAl *SerLeuAsnAsnTyrV l~spGl nLeuLeuProLeuGl uThrProGl uGl nTrpHi sLysLeuTh i sCysA'snSerArg~^e~rr
TGGCCGAACCCACGTATCTCTGCCTGGGAiCCCCGTTCCCCcGCTACGC;GGTGTGAACcGcCCizA~TTATCCAACTGGAGGAGGAAAGATGCGAACTATTCAGAGAGGGTGGGCCCCGAATCATAMGGCAGGCCGATATAACC
TrpProAsnProArgI1eSerAl Trp~spProArgSerProAl ThrLouCysGl uThrCysGl nLysLeu~snProThrGl yGl yGlyLysMetArgThrI 1eGl nArgGl yTrpAloPro~snHi sI eTrpGl nAl AspI1eThr

4350

CAT"TATAATCAATCACCTACGCTCTGCATGTGTTTGTAGTACYTTATCTGGGCTAC TCATGCCTCGGCGAGGGGGCTCACCACTCAAACGCCA TTGGGGCCTTCTTGAGCCATAGTGCATCTGGGTCGCCAA
Hi sTyrLysTyrLysGI nPheThrTyrAl aLeu~i sVal PheVal sprhrTyrSer-OlyAla^ThrHi sAlaSerAla*LysArgGlyteuThrThrGl nThrThr I I ~ ~ye~ulul^t1ee ise~yr~o~

Splice acceptor 4500
AAGCTAACACTGACCAAGGCAACTWCCTCCAACCTTTT CAGMGCCAGCAGTCG GAG MCCMC~cTCATCAGTTCCCTCAAACCCCACAAGTTCGGGGTTAGATGAACGGAAATGGACTGCTCAACTTCTT
LysLeuAsnThrAspGl nGlyAlaAsnTyrThrSerLysThrPheVal ArgPheCysGlnGlnPheGlyVal SerLeuSerRi sHi sVa 1 ProTyrAsnProThrSerSerGlyLeuAspGl uArgThrAsnGlyLeuLeuLysLeuLeu

Xhs I 46S0
CTATCTAATATCACCTAGCGAACCCCACCTTCCCATGACTCAGGCCCiTTXCG^GCCCTC'rTACTiAMTCGiACCTCCT iCCAATTCT~iGACCAGATGGGGCTACACCATTCACCCCiCACTTGCTGiCATTTCAGAG
LeuteftysTyrHi sLeuAspGl uProot sLeuProI~etThrGl MI aLeuSerArgAlateuTrp~hrtlsAsnGlnI I eftnteuLeuPro I eLeuLysThrArgTrpGl uLeuHi sHi sSerProProLeuAlaVal I1 eSerGl u

(Fig. 1 continues on following page.)



Proc. Natl. Acad. Sci. USA 82 (1985)

4800
GGCGGAGMA~CACCCAAGGGiCTCTGATAAiCTCTTTTTGTACTTrGCTCCiCGGGCAAAiAATCGTCGGGiGCTAGGACiACTCCCGGCiCTAGTCGAAGCCTCGGGAG&GCTcCTCCTGGCTACTGACiCCCCCrGTGTGATTCCCTGG
GI yGlyGl uThrProLysGlySerAspLysLeuPheLeuTyrLeuLeuProGlyGlnAsnAsnArgArgTrpLeuGlyProLeuProAl aLeuVal GI uAl aSerGlyGlyAl aLeuLeuAl aThrAspProProVa I TrpVal ProTrp

.&ENV * POL . . * * 9PS 4950
CGTTTGCTGAAAGCCTTCAAATGCCTAAAGACGACGGTcCCCAGACGCCCACAACCGATCATCAGATGGGTAAGTCTCACTCTCACTTCCTCc~GCTCTCTGTCGGCCCATCCAGACTTGGAGATGCTCCCTGTCCC TAGGAAACCAAC
ArgLeuLeuLysAlaPheLysCysLeuLysAsnAspGlyProGl uAspAl aHi sAsnArgSerSerAspGly***

MetProLysGl uArgArgSerArgArgArgProGlnPro Il e Il eArgTrVal SerLeuThrLeuThrLeuLeuAl aLeuCysArgPro Il eGlnThrTrpArgCysSerLeuSerteuGlyAsnGl n

_Dt_l ~~~~~~~~~~~~~~BglII1 5100
AATGGATGACAGCATATAACCAAGAGGCAAAATTTTCrATCTC CATTGACCAAATACTAGAGGCTCATAATCAGTCACCTTTCTGTGCCAAGTCTCCCAGATACACCTTGGACTCTGTAAATGGCTATCCTAioTCTACTGGCCCCCCC

Gl nTrpMetThrA1 aTv rAsnGlnGl uAl aLysPheSerIIl eSer I 1 eAspGl n II1 eLeuGl uAl ali sAsnGl nSerProPheC-ysAl aLysSerProArgTyrThrLeuAspSerVa l AsnGl yTyrProLys I leTyrTrpProPro
f CHO Bar HI 5250

CACAAGGGCGGCGCCGGTTTGGAGCCAGGGCCATGGTCACATATGATTGCGAGCCCCGATGCCCTTATGTGGGGGCAGATCGGTTCGACTGCCCCCACTGGGAClsTGCCTCCCAGGCTGATCAAATCTTTTATGTCAATCATCAGA
ProGl nGl yArgArgA rgPheGl yAl aArgAl aMetVa l ThrTy rAspCy sGl uProArgCysProTy rVa I GI yAl aAspArgPheAspCys ProHi sTrpAspAsnAl aSerGl nAl aAspGl nGlySerPheTy rVa l AsnH isGl n

5400
TTTTATTCCTGCATCTCAAACATGTCATGGAATTTTCACTCTAACCTGGGAGATATGGGGATATGATCCCCTGATCACCTTTTCTTTACATAAGATCCCTGATCCCCCtCAACCCGACiTCCCCAGTTGAACAGTGACTGGGTTCCCT

I1 eLeuPheLeuHi sLeuLysGlnCysHi sGlyl lePheThrLeuThrTrpGl u II eTrpGlyTyrAspProLeuIleThrPheSerLeuHlsLys lleProAspProProGlnProAspPheProGlnLeuAsnSerAspTrpVal Pro
C*QICHO 5550

CTGTCAGAT'CATGGGCCCT'GCTTTTMATCAAACAGCACGGGCCTTCCCAGACTGTGCTATATGTTGGGAACCTTCCCCTCCCTGGGCTCCCGMAAATATAGTATATrACAAAC'CATCTCCAGCTCTG'GCCCGGCCTCGCCCTCCCGG
SerVa lArgSerTrpAl aLeuLeuLeuAsnGl nThrAlaArgAl aPheProAspCysAl a I 1eCysTrpGl uProSerProProTrpAl ProGl uIleLeuVal TyrAsnLysThr l eSerSerSerGlyProGlyLeuAlaLeuPro

Hinc II CHO CHO CJO r__H° _n 5700
ACCCATCTTCTGGG CATGCCCTTACACCACCCAAGGATGGCACCACCCTTCCCAGAGGTTGTTGTTCMTTTtCTAGCM CCtTtACCTTTCTGTACCCAGCTCCG

AspAl aGl nI lePheTrpValAsnSerSerSerPheAsnThrThrGl nGlyTrpHisHisProSerGlnArgLeuLLuPheAsnVa SerGInGlyAsnAl aLeuLeuLeuProProI leSerLeuVal AsnLeuSerThrAl aSerSer
gpsl.*gp3* 5850

CCCCTCCTACCCGGGTCAGACGTAGTCCCaTCGCGGCCCTGACCTTAGGCCTAGCCCTGtCAGTGGGGCTCACTGGCATtAATGTGGCCTGTtCTGCCCTTAGCCATCAaAGACTCACCTCCCTGATCCA'CGTTCTGGA6CAAGATCAGC
Al aProProThrArgVa lArgtgSerProValAl aAl aLeuThrLeuGlLeuAlaLeuSer~aI GlyLeuThrGl yI eAsnValAl aValSerAl aLeuSerHi sGl nArgLeuThrSerLeu leHi shal LeuGl uGl nAspGln

LIe. . . . . . 6000
AACGCTTGATCACAGCAATfAATCAGACC'CACTATAATTTGCTTAATGTGGCCTCTGTG&TtGCCCAGAACCGACGGGG&TTGATTGGiTGTACATCCaGCTGGGTTrTCAAACCTATGTCCCACAATTAATGAGCCTTGCTGTTTCC

Gl nArgLeuI 1 eThrAl a Il eAsnGl nThrHi sTyrAsnLeuLeuAsnVal Al aSerVal Val Al aGI nAsnArgArgGlyLeuAspTrpLeuTyrI 1eArgLeuGlyPheGlnSerLeuCysProThrI 1 eAsnGl uProCysCysPhe
CHO 6150

tGCGCATTAAATATCCrATC~CCGCGGTGATCTCCAGCCCTCTtCGCAAAGAGTCTCTACAGACTGGCAGTGGCCCTGGAATTGGATCTGGGGCTCACTGCCTGGGTGCGAGAACCATTCATTCTGTTCTAAGCCTGTTCC
LeuArgI 1 eGl nAsnAspSerIl e Il eArgLeuGlyAspLeuGl nProLeuSerGlnArgValSerThrAspTrpGl nTrpProTrpAsnTrpAspLeuGlyLeuThrAl aTrpValArgGl uThrl 1 eHi sSerVal LeuSerLeuPhe

6300
TATTAGCCCrTrTTTTGCrTTTCCTGGCCCC~CCTGCCTGAAAAATGCTTGACCTCTCGCiT~TTTAAGCriCCTGCCGGC~iTCCCCACiTCCCTGAAArCrCTtCCTTAACCTAACCCGATTCTGATTATCAGGCCTTGCTACCATCTG
LeuLeuAl aLeuPheLeuLeuPheLeuAl aProCysLeu l1 eLysCysLeuThrSerArgLeuLeuLysLeuLeuArgGl nAl aProHi sPheProGl ulLeSerLeuThrProLysProAspSerAspTyrGl nAl aLeuLeuProSer

Bgl II gp30,EN" . . . . . . . . 6450
CACCAGE;ACTACTCTCAiCTCTCCCCCTCAMCCCCGiTTACATCAMCTrCCGACCCTGCCCTTGA-tACCCCCGCGMICACGCACCCCCAGtGCTGGGTGGTGCACTGGCTTAGTGGAGTAGTCAGTGTACCATCACAAGCCTCTTC
AlaProGlulleTyrSerHisLeuSerProValLysProAspTyrIleAsnLeuArgProCysPro***

6600
TTGCTGCCAGCACCGAGTTCGAACACAGCTCTACCCTGAGCCTCTCTGAGTGCATGACTAGTGAGtrCG.AGAGAtGATTCGCrTcTCTGZGTCGCTCAGTCAtTrTTTATAGCCGArTGGGGTTCCGCkCCrTCCGrTGCCTGTGAClA

Pvu II . . pA. II
CAGATAAGACCTCTCTCACTTCTGCTTCACCATCCCCCTGCCAGCGTTGGTCTAGTGGA;MAAGCTAACGCTGACGGGGGLCGATTTCTTGCAG!TGTGCTAGCGGGACTCTGGTGCTGGGGATAAGATGTGGCCCTTAGCACCACAGT

.Xba I . . . . Xho I 6900
CTCTGCGCCTTTTGGGTTCGAATCTTCCCCACGCAGCTTCCGCTTTTTACGCCCTGTTGCACACCCTCT~lAGAGATACCTGAAAATCTCAGCTCGCACCCTGAGGAAGGTTGTGGCTCAGAGGTTAAAATAGC'CGAGCCGCAACCTCC

7050CMCTTTTTiATTCCACCCTCGCAAGGCCCCGGGTTCTGAGCCCCCTAACGGAGGTTCAM~MCCTCTACAAGGTGCTCGGGTCCAAGTGTGCACAATATCTCTTCCAAAAGGTCCTGATGAACaTCTTCCCAT'GTAACAAGCCC
*.LlIII-. Sac I

CAGCAGAGACATTCCAGCCACATCCAGCAGCAMGGGCCECCTTCTMCAGTGCCCATAAGTCCCTTCCGMCCACA CGGCTGCCTCTGCATCTTCTATTTCCACCTCGGCACCGACTCCCCCGCCGAGCCCTTCGAGCTCTTC
Oar HI. ,FXB-11. . lx-I 7350

G&ATCCATTACCTGATAcGAC)A(ABAATTATTTCTTGTCMTAAGcJ(AGTGTTGTTGTTGGGGGCCsCACTCTCTACATGCCTGCCCGGCCCTGGTMTGTCCAATGATGTCACCATCGATGCCTGGTGCcCCCTCTGCGGGCCCCAT
7500

GAGCGACTCEAATTCGAAAGGATCGACACCACGCTCACCTGCGAGACCCACCGTATCAMCTGGACCGCCaATG>CGACCTTGCGGCCTCAATV.AXGTGTTCCCTCGACTGCATGTCTCCGAGACCCGCCCCCAAG&CCCCGACGA
CG

* CGC7650CTCTGGATCAACTGCCCCCTTCCGGCCGTTCGCGCTCAGCCCGGCCCGGMCACMCCCCCTTC~GAGGTCCCCCTTCCAGCCCTACCAATGCCAATTGCCCTCGGCCTCTAGCGAZGGTTGCCCCiTTATGGACGCTTCTT
0)(L-II." . . . . . 7800

CCCTGGAACMCTTAGTAMCGCATCCTGTCCTCGGAAAA6TCCTTATATTAAATCAAATGGCCMTTTiCCTTACTCCCCTCCTTCGAtACCCTCCTTiTGGACCCCCTCCGGCTGTCCGTCTTTGC C CCAGACAC SC~CATA
ECO RI . 7950

CGTTATCTCTCCACCCTtTTGACGCTATGCCCAGCTACTTGTATTCTACCCCTAGGCGAGCCCTTCTCTCCTAMTGTCCiCATATGCCGMCmCCCGGliACTCCAATGAACCCCCCCmiCAdkATTCGAGCTGCCCCCCATCCAAACG8100
CCCGGCCTGTCTTGGTCTGTCCCCGCGATCGACCTATTCCTAACCGGTCiCCC~TTCCCCATGTGACCG6TTACACGTATGGTCCAGTCCTCAGGCCTTAZAGCGCTTC CTtCATGACCCTACGCTAACCTGGTCCGAATTGGTTGCTAGC

A)(L-I.Al . _ 'LTR . . . . ePvu 1 1
AGAAAAATMGACTTGATTCCCCCTTAAAATTACAACTGCTAGAAAATGAATGGCTCTCCCGC'CCGTTTATGMGATCATGCCGACCTAGGAGCCGCCACCGCCCCGTT CCAGACAGAGAC(TCaTG

Pvu II. tract * 8400
CCAGAAAGETGGTGACGGCA&TGTGGTGCTAGAACCCTTCCCCAtAcCTCCcc CtcCTTTCCc~Atcccc~ TGCTGACCTCACCTGCTGATAAAT~TAATAAAATGCCGCCTGTCGAGTTAGCGGCCCAGAAGC

Sac I . . . . . . . . . Sac 18550
GTTCTTCTCCTGAGACCCTCGTGCTCAGCTCTCGGTCCTGAGCAETCTTGCTCCCGAGACCTTCTGGTCGGCTATCCGGzAGCGGTCAGGTMGGCAAGCACGGTTTGGAGGGTGGTTCTCGGCTGAGACCACCGCGAGCTITATCTCCG

8700
GTCCTCTGACCGTCTCCACaTGGArCTCTiCCTTTGCCTCCTGACCCCGCGCTCCAAGG&cGTCTGGcTrTGCACCCGCGTTTGtTTTCCT6TCTTACTTciTGTTTCTCGZGGCCCGCGCTCTCTCCTTCGGCGCCCTCTAGCGGCCAGGA

3'LTR-08714
GAGACCGGCAAACA

FIG. 1. Complete nucleotide sequence of proviral BLV genome. Deduced amino acid sequence is given below the nucleotide sequence.
Amino acid residues 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); PXBL-I, -II, and -III are unidenti-
fied open reading frames.

contains internally duplicated sequences (brackets in Fig. 1)
that have periodically placed cysteine residues. A similar se-
quence is also duplicated in the avian (but not murine) retro-
virus homologue (16).

pol Gene. About 500 bp downstream of the gag gene ap-
pears the second open reading frame encoding 852 amino
acid residues (positions 2317-4875). This is the largest read-
ing frame, does not open with an ATG codon, and is located
in the middle of the viral genome, all of which are properties
associated with the retrovirus poi gene (10, 11). Fig. 2 shows
two-dimensional homology matrices between the putative
BLV pol product and those of Mo-MuLV and RSV, where

we find two major homologous regions termed NHR (for the
NH2-terminal homologous region) and CHR (for the COOH-
terminal homologous region). Between BLV and Mo-MuLV
(Fig. 2A), NHR is shifted upward from the extension of
CHR, indicating that Mo-MuLV poi harbors an insertion(s)
between NHR and CHR. Furthermore, Mo-MuLV po has
an additional 180-residue NH2-terminal sequence that is
completely lacking in the BLV po. Between BLV and RSV
(Fig. 2B), on the other hand, NHR and CHR are both on a
nearly diagonal line of the square frame. In addition, both
NHR and CHR sequence homologies observed between
BLV and RSV are significantly higher than those between

I
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FIG. 2. Two-dimensional homology matrix comparisons of amino acid sequences encoded by the BLV pol gene and those ofMo-MuLV (A)
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 NH2- 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).

BLV and Mo-MuLV (see Fig. 4A). Thus, very interestingly,
the BLV po more closely resembles the RSV poi in both
sequence organization and homology.
The BLV poi product (-95 kDa) could be somewhat larger

than the pol-encoded BLV reverse transcriptase (70 kDa;
see ref. 1). The RSV po and presumably the Mo-MuLV po
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 po 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 po product and the reverse transcriptase
described above.

env Gene. BLV env products are gp5l (surface glycopro-
tein) and gp3O (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
po 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 NH2-terminal
sequence of gp3O and a 38-residue NH2-terminal sequence
and a COOH-terminal residue (arginine) of gpSl (19), almost
all residues of which were found in our deduced sequence
(underlining in Fig. 1). Thus, gp5l spans positions 4920-5723
and gp3O spans positions 5724-6365 (Fig. 1). gpSl 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
NH2-terminal hydrophobic sequence of gp3O (20). gp3O con-
tains two glycosylation sites and has two hydrophobic se-

quences, the COOH-terminal one of which may anchor the
membrane (20). The NH2-terminal 33-residue sequence pre-

ceding gp5l could be a signal sequence for membrane inser-
tion of the primary product because it has hydrophilic NH2-
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 gp3O, Mo-MuLV piSE (10),
and RSV gp37 (11). Overall homology between BLV and
Mo-MuLV (33%) is significantly higher than that between
BLV and RSV (20%). This is of particular interest because
the BLVpo 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 69
MULV EPVSLTL-ALLLGGLTMGG IAAG I GTGTT--ALMATQQFQQLQAAV---QDDLREVEKS I

0 0 00 @0 00 0 0 00 0 0

BLV sPVA-AL-TLGL-ALSVG--LTGINVAVS--AL-SHQRLTSLIHVL--EQDQQRLIT-AI
~~~~~~00 0 @009

RSV S-VS-HLDDTCSDEVQLWGPTAR'IFAS I LAPGVAAAQALRE I ERLACWSVKQANLTTSLL
80 . 109 . 129

MULV SNLEKSLTSLSEVVLQNRRGLDLLFLKEG--GLCAALKEECCF-Y-ADHTGLVRDSMAKL
*0000--- 0 000*00 0

BLV NQTHYNLLNVASVVAQNRRGLDWLYIRLGFQSLCPTINEPCCF-LRIQNDSI IR--LGDL
0 *- * *

RSV GDLLDDVTSIRHAVLQNRAAIDFL-L-LAHGHGCEDVAGMCCFNLSDHSESIQKK-FQLM

FIG. 3. Sequence alignment of transmembrane proteins of Mo-
MuLV, BLV, and RSV. The NH2-terminal 120 amino acids (ex-
pressed by one-letter code) of the env transmembrane proteins of
Mo-MuLV pi5E (10), BLV gp3O (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).
PXBL, Unidentified Open Reading Frames. In addition to

the gag, poc, 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 PXBL for BLV.
As with pX (13), the PXBL 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 PXBL-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 poi 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. 4A),
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. 4A. Both
BLV and HTLV (with a divergence of 0.8) are only distantly

A BLV
BLV
HTLV 44.6
SMRV 29.4
MMTV 29.4
RSV 28.3
MuLV 25.1

HTLV SMRV MMTV RSV MuLV
0.81 1.23 1.23 1.26 1.38
- 1.09 1.21 1.21 1.29
33.7 - 0.65 0.97 1.33
29.9 52.2 - 0.96 1.33
29.9 37.8 38.3 - 1.44
27.4 26.5 26.5 23.8 -

B TYPE: D B CA r-E_
SMRV MMTV RSV BLV HTLV

CM
MuLV

Progeni tor

FIG. 4. Amino acid homology and divergence of COOH-terminal
pol sequences between various oncoviruses (A) and proposed evolu-
tionary tree of the oncovirus genera (B). (A) COOH-terminal poc
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 CA and CM, respectively,
because of their distant relationship in the tree. The pX sequence is
assumed to have been acquired by the progenitor of BLV and
HTLV around the position indicated.

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 CA and CM, respectively. It should
be noted that the evolutionary tree proposed reflects well the
divalent cation dependency of the reverse transcriptase of
each type virus: Mg2+ for types B, D, CA, and E, and Mn2+
for type CM 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 HTLV 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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