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ABSTRACT The nucleotide sequence of the proviral genome
of Abelson murine leukemia virus (A-MuLV), an acute transform-
ing virus of murine origin, has been determined. Like other trans-
forming viruses, A-MuLV contains sequences' derived from its
helper virus, Moloney murine leukemia virus (M-MuLV), and a
cell-derived protooncogene (abl) insertion sequence. By compar-
ison of the A-MuLV sequence with that of M-MuLV, it was pos-
sible to precisely localize and define sequences contributed by the
host cellular DNA. From the nucleotide sequence, we have pre-
dicted the amino acid sequence of p1209aIbl, the product of the
A-MuLV gag-abl hybrid gene. The amino acid sequence of the
putative abI gene, when compared with the sequences of other
tyrosine-specific protein kinases (src, fes, fps, and yes), revealed
significant homologies, indicating that all these functionally re-
lated transforming genes are derived from divergent members of
the same protooncogene family. In addition to the gag-abl se-
quence, the proviral genome was found to contain an additional
open reading frame that could code for an 18,000-dalton protein,
whose role is at present undetermined.

Abelson murine leukemia virus (A-MuLV) is a replication-de-
fective transforming retrovirus that was isolated after inocu-
lation of Moloney murine leukemia virus (M-MuLV) in pred-
nisolone-treated BALB/c mice (1). A-MuLV induces B-cell
lymphomas in vivo (2, 3) and is able to transform both lymphoid
and fibroblastic cells in vitro (for review, see ref. 4). Several
lines of evidence indicate that A-MuLV arose by recombination
of the nondefective helper virus (M-MuLV) and cellular se-
quences present within the normal mouse genome (5-7). The
latter sequences, termed abl, appear to code for the transform-
ing properties of the virus (4, 7).
A-MuLV transforming functions are thought to be mediated

by a 120,000-dalton polyprotein, p120. This protein is a hybrid
molecule containing M-MuLV gag gene structural proteins as
well as a MuLV-unrelated component coded by abl sequences
(8). p120 coded by the A-MuLV genome has been shown to pos-
sess closely associated kinase activity with specificity for ty-
rosine phosphorylation (9). In an effort to understand the mech-
anism of action of the v-abl gene, and to understand its
relationship with other transforming genes known to code for
tyrosine-specific kinase activity, we have undertaken primary
DNA sequence analysis of the molecularly cloned integrated
proviral genome (6, 7). Contrary to previous evidence from mo-
lecular hybridization studies, p120 was found to have signifi-
cant homology with the transforming gene product of retro-
viruses [Rous sarcoma virus (RSV), Y73, feline sarcoma virus
(FeSV), and Fujinami sarcoma virus (FSV)] coding for tyrosine-
specific kinase activity.

MATERIALS AND METHODS
Molecular Cloning of A-MuLV DNA. The isolation of a mo-

lecular clone of integrated A-MuLV DNA from mink cells non-
productively transformed by A-MuLV in AgtWES-AB (6) and its
subsequent subeloning in pBR322 (7) have been described. The
A-MuLV DNA insert from plasmid DNA was purified by agar-
ose gel electrophoresis and chromatography on DEAE-cellu-
lose (DE-52, Whatman) and used in all subsequent analysis.
DNA Sequence Analysis. The nucleotide sequence was de-

termined by the procedure described by Maxam and Gilbert
(10). DNA fragments were obtained by using various restriction
endonucleases and were labeled either at their 5' end by using
[y-32P]ATP (Amersham, 3,000 Ci/mmol; 1 Ci = 3.7 x 1010 Bq)
and polynucleotide kinase (P-L Biochemicals) (10) or at their 3'
end by using cordycepin 5'-[a-32P]triphosphate (Amersham,
3,000 Ci/mmol) and terminal deoxynucleotidyltransferase (P-
L Biochemicals) according to the method of Roychoudhury and
Wu (11). End-labeled DNA fragments were digested with ap-
propriate restriction endonucleases (New England BioLabs),
isolated by agarose or polyacrylamide gel electrophoresis, and
used for sequence analysis.

RESULTS
Nucleotide Sequence of A-MuLV. The primary nucleotide

sequence of the integrated A-MuLV genome was determined
according to the partial chemical degradation method of Maxam
and Gilbert (10). The sequence for both strands was determined
for most of the genome, and known restriction cleavage sites
were confirmed by sequence analysis. The complete sequence
of A-MuLV along with its flanking mink cellular sequences are
presented in Fig. 1. Fig. 2 provides a summary of some of the
salient features of the viral genome.

Identification of M-MuLV and v-abl Coding Sequences
Within the A-MuLV Genome. Because the complete nucleo-
tide sequence of M-MuLV, the natural helper virus of A-MuLV,
is known (12), we compared the sequence presented in Fig. 1
with that of M-MuLV. Such a comparison revealed that the se-
quence presented in Fig. 1 contained 79- and 156-base-pair (bp)
flanking mink cellular sequences at its 5' and 3' ends, respec-
tively. These mink cellular sequences immediately flanking the
A-MuLV LTRs were found to contain a four-nucleotide direct
repeat sequence, T-G-G-G, confirming previous findings of
duplication of a short stretch of sequences at the site of retro-
virus integration (13, 14).

The comparison also revealed the occurrence of a sequence
homology of 1,776 bp at the 5' end and 793 bp at the 3' end.

Abbreviations: A-MuLV and M-MuLV, Abelson and Moloney murine
leukemia virus; RSV, Rous sarcoma virus; MuSV, murine sarcoma virus;
bp, base pair(s); LTR, long terminal repeat.

3623

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertise-
ment" in accordance with 18 U.S.C. §1734 solely to indicate this fact.



3624 Biochemistry: Reddy et aL Proc. Natl. Acad. Sci. USA 80 (1983)

* . -50 *.5. host sequences..-+.-'. Start LTR-inverted repeat. . 50
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T XCTAvCIVSacl/Promoter . Send of Viral RHA Ava
I

Kpn I. Polyadenylation Signal . *
TCGC GAGCT ATAAAAGAGCCCACAACCCCTCACTC0G~GCGCCAGTCCTCCGAGTGACTGAGTCG CtSGGTAC GTGTATCCAATAAACCCTCTTGCAGTTGCATCCGACTTGTGGTCTCGCTGTTCCTTGGGAGGGTCTCCTCTGAGTG

* end 01 TRe-i tRNA binding site. * * 650 . . . 700

* 900 . * * 950 * * * * 1000 * ~Pst I.

1050 start p15. 11(00 1150 * *Bst Ell. jPst I 1200

*. . . ~~~~~~~1250. . . 1300 . . . . 1350

rPheAsnVal GlyTrpProArgAspGlyThrPheAsnArgAspLeu 11eThrGl n~alLysl11eLys~al PheSerProGlyProHi s~lyHi sProAspGl n~al ProTyrIl eVal ThrTrpGl uAl aLeuAl aPheAspProProProTrpVal Lys

ProPheVal Hi sProLysProProProProLeuProProSerAl aProSerLeuProLeuGl uProProteuSerThrProProArgSerSerLeuTyrProAl aLeuThrProSerLeuGlyAl aLysProLysProGl nVal LeuSerAspSerGlyG
* . ~~~1550 . . 1600 . . . . 1650.

lyProLeuIlleAspLeuLeuThrGl uAspProProProTyrArgAspProArgProProProSerAspArgAspGlyAsnGlyGlyGl uAl aThrProAl aGl uGl uAl aProAspProSerProMetAl aSerArgLeuArgGlyArgArgGl uProPr
* 1700 . Vstart p30n v-abl helper virus junction* . WHinc II * *

oVal Al aAspSerThrThrSerGl nAl aPheProLeuArgThrGlyGlyAsnGlyGl nLeuGl nTyrTrpProPheSerSerSerAspLeuTyr~lleThrProVal AsnSerLeuGl uLysHi sSerTrpTyrHi sGlyProVal SerArgAsnAlaAl a
1850 . . . 1900 * 1950 . . . . 2000

GlyTyrLeuLeuSerSerGlyll eAsnGlySerPheLeuVal ArgGl uSerGl uSerSerProGlyGl nArgSerlleSerLeuArgTyrGl uGlyArg Val TyrHi sTyrArg~lleAsnThrAlaSerAspGlyLysLeuTyrVal SerSer~l uSerA
* . . ~~~~~~2050. . . . 2100 . . . 2150

rgPheAsnThrLeuAl aGl uLeuVal Hi sHi sHi sl-erThrVal Al aAspGlyLeu l eThrThrLeuHi sTyrProAl aProLysArgAsnLysProThrll eTyrGlyVal SerProAsnTyrAspLysTrpGl uMetGl uArgThrAsplIleThrt~e
2200 . . . . 2250 . . . 2300

tLysHi sLysLeuGlyGlyGlyGl nTy rGlyGl uVal TyrGl uGlyVal TrpLysLysTyrSerLeuThrVal Al aVal LysmhrLeuLysGl uAspThrMetGl uVal Gl uGl uPheLeuLysGl uAlaAl aValf4etLysGlu Ile sHi sProAsn
* * V A~~valI 2400 . . . 2450 . VgII

* 2500 . . 2550 . . . 2600..

2650 . . 2700 Ava I . /. . 2800
ATGGACGCACCGAGAGCTGGCTACAACAGTTCCCATCAGTCGACGTGTGGCATTGGAGATTGCCTGGGAATTGCAATTAGACATTGTCCTACAGGTTTATCCTATGGTTCTGAG AAAAAGAAAATACACCG

sTrpThrAl aProGl uSerLeuAl aTyrAsnLysPheSer IieLysSerAspVal TrpAl aPheGlyVal LeuLeuTrpGl uIl eAl aThrTyrGlyMetSerProTyrProGlyll eAspLeuSerGl nVal TyrGl uLeuLeuGl uLysAspTyrArg
*y~~~gXI ~ VArccI Sst I 2900 * 2950

ATGACGGTGGGAGCGCCGAACGCTGAGATCGGATTTGCGGGGCCTCTACGCCTCTTCTAATGACAGCTTGACCTGTCAGATCATACACGAGGTGACGGGCG
MetGl uArgProGl uGlyCysProGl uLysVal TyrGl uLeuMetArgAl aCysTrpGl nTrpAsnProSerAspArgProSerPheAl aGl u IieHi sGl nAl aPheGl uThrMetPheGl nGl uSerSerll eSerAspGl uVal GluLysGl uLeuG
* **P~~~~~~stI * VPst 1 3050 * 3100

GGAACGAGCACAGAG~GGGCTGG~TATGTGCIGCCCAGGCTCCCAC4GCCAGACCGC3GAGAGCAGCTGAGCAGAAAGCCAGCCCTCCCAGCTTGACTCCCAAACTCCTCCGCAGGCAGGTCACTGCCTCTCCTTCCTCTGG
lyLysArgGlyThrArgGlyGlyAl aGlySer~etLeuGl nAl aProGl uLeuProThrLysThrArgThrCysArgArgAl aAl aGl uGl nLysAl aSerProProSerLeuThrProLysLeuLeuArgArgGl nVal ThrAl aSerProSerSerGI

* * ~~~3150 w Put I 3200 3250
CCTCTCTCACAAGAAAGAGGCCACCAAGGGCAGTGCCYiCAGGCATGGGGACTCCGGCCACTGC MAGCCAGCACCCCCCAGCAACAAAGTGGGCCTCAGCAAGGCCTCCTCTGAGGAGATGCGCGTAAGGAGGCACAAGCACAGCTCGGAGTCCCCAGGG

* 3300 * 3350 * * VBgl I 3400 *

ArgAspLysGlyArgLeuAl aLysLeuLysProAl aProProProProProAl aCysThrGlyLysAl aGlyLysProAl aGl nSerProSerGl nGl uAl aGlyGl uAl aGlyGlyProThrLysThrLysCysThrSerLeuAl aMetAspAl aVal A

3450 * * 3500 *Sl I VY Hinc II 3550 * * 3600

snThrAspProThrLysAl aGlyPrpProGlyGl uGlyLeuArgLysProVal ProProSerVal ProLysProGl nSerThrAl aLysProGl nGlyLeuProProAl aArgSerProProProProGl nHi sGl nLeuLeuHi sProTrpLeuGlyTh
** * * ~~~~~~~3650* . 3700 * 3750

rSerSerHi sLeuLeuProProSerSerProSerTyrGl nProVal CysLeuLeuGlyArgProAl aSerArgGl nSerAl aLeuProVal Al aProSerProArgVal TrpPheTrpThrVal LeuArgProCysAl aLeuProSerProDGlyThrGl n
* * * ~~~~~3800 * 3850 * 3900 * YBgl II .

SerArgTrpProAlaThrVal LeuTyrTrpArgLeuAlaArgThrCysThrLeuSerVal*** n
* * ~~~3950 * 4000 * 4050

* 4100 * 4150 * 4200 *

M4etGl uProGlyGlyVal GlySerSerSerCysVal Val Hi sGlnLeuProCysThrPheProAl aGl nProArgArgGl nProPr~oL
4250 Rgl I * 4350 * 4400

euLeumhrAlaCys~GlyTrpVal SerCysSerGl uAspTyrll rTrpProAl aTrpPrpProGlyPheSerLeuProGlyAlaSerAspProAlaProArgSerAl aTrpSerAl aLeuProCysProCysArgThrThrSerSerAspGlyProSerCy
* * ~~~~~4450 * V Ava I. 4500 * 4550

TCACCAAGGCATGGGAGCCCCTGTGCTTACTGTACCTGCACCTTTGATGCTTACAAACTGTC CtCGAGAGCCTGTGCTCACTGTGTTTTCATTGGAAGGAAGCTGTCGCTTTAAGGGTCATGAGGTGCTAAAGCCAGGGGCCCAGATGGGTGGGCACTGG
sHi sGl nGlyMetGlyAl aProVal LeuThrVal ProAl aProLeuMetLeuThrAsnCysProArgGl uProVal LeuThrVal PheSerLeuGl uGlySerCysArgPheLysGlyHi sGl uVal LeuLysProGlyAl aGl n~etGlyGlyHi sTrp

* * ~~~~~4600 * V Bgl II V Hind III * 4700
AAACAGGAGCTGGGCAGTGTGGTCTGTCACCTGCTCTCAGTATCTTCAGCAGTGTGCCCGGCA0GATCTTGGACAGC GC TTGAGTTTTATGGGTGGCAGTCACTGGCTGGCTAGGCACATAGCCAGGCCAAACCTAGGCCTCCAAGGGCTCCCCAAAAT
LyGnl~ul~ra~a~si ue-ra~e~rl~ly~ol~s~ulGnl~a*

4750 . * 48CKV BamH I v-abl helper virus junctiot
4900 * Cla I * 4950 5000

5050 -w start LTR. * 5100 * 5150 ** * 5200

* * ~~~~~~~52504 * 5300 4 5350

VXba I. * 5400 *cat box 5450 * V Ava I~St I/Promoter
TTTTAACACCAGTCA~TGCCAGCTAAGCCGGCTTTGATACACGTGTCCCTCGTGGGTCGTCCGG AAAAACqCACCC~CGGG~

* V Ava I V Kpn I *Polyadenylaton signalV * *600 end-K redirect repeat/start.
GTCCTATGCGATGTCCGTGAGTTTCATAACTCTCGTGATACCTTGTTCCGTCAGTCGGCTCCTATATGCTCCGCGCGGCTTAGGTACGTTTGGT
host sequences . +50 +100 +150*EoR*
GAGACAACTTCTAGGGAGGATCGATATTAGTATCCTACTCATTA~iACGTTTG~ATCACAACTCAATATCCTAAATGTTCTTATGACACG TGGGGACAGGGAATTTT

FIG. 1. Nucleotide sequence ofthe proviral A-MuLV genome. The sequence proceeding in the 5-to-3' direction has the same polarity asA-MuLV
genomic RNA. Dots mark every 10th nucleotide. The amino acid sequence deduced from the open reading frame is given below the nucleotide se-

quence. The major structural features of the genome are indicated. LTR, long terminal repeat.

The region of homology at the 5' end included the noncoding Eight of these changes occurred in the LTR region, three in the
sequence and the amino-terminal region of the gag gene. The 5' noncoding sequences, and six within the gag gene. The open
noncoding sequence at the 5' terminus included the LTR, the reading frame, starting at position 1,067, contained the entire
primer tRNA binding site, and a stretch of sequences that are sequence of p15 and p12 and the first 21 codons of p30. Beyond
present before the start of the gag sequences. This region of position 1,776, no sequence homology was observed between
1,776 bp exhibited 17 differences between the two genomes. the two viral genes, thus localizing the point of recombination
+oseat~~~t^-?C.3SCt0XSi 5 -) Oq s)737
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transforming gene product to other onc gene products with ty- terminus of the open reading frame presented in the new fig-
rosine-specific kinase activity" by E. Premkumar Reddy, M. J. ure. Since this correction occurs in the region of the v-abl ge-
Smith, and A. Srinivasan, which appeared in number 12, June nome that is not essential for fibroblast transforming activity
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request the following correction. 'The nucleotide sequence in sions d'erived from the sequence are affected.
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250 . 4 . hotI 350 cat box 400
CGGCTCAGGGCCAAGAACAGATGGTCCCCAGATGCGGTCCAGCCCT (AGCAGTTTtTAGAGAACCATCAGATGTTTCCAGGGTGCCCCiAAGACCTG.AAATGACCCTGTGCCTTATTTGAACTAACCAATCAGTTCGCTTCTCGCTTCTGTTCGCGCGCT

yJCAva I~ Sacl/Pronoter Vend of Viral RUA . gAva I V Kpn I Polyadenylation Signal 55
TCTGCTCC TTG&

eiF-TrETR.-._4 tRNA binding site. . 650 . 700

900 . 950 . 1000 . st

1050 ~ tart p15 1100 1150 Bst Ell yPst 11200
CTGTGTTTCTGTAGTTGTCTGAAAATATG CCAGACTGTTACCACTCCCTTAAGTTTGACTTTAGGTCACTGGAAAGATGTCGAGCGGATCGCTCACAACCAGTCGGTTGATGTCAAGAAGAGACGTiGGITTACCTTCTGCTCTGCAGAATGGCCAAC

MetGlyGl nThrVal ThrThrProLeuSerLeuThrLeuGlyHi sTrpLysAspValGluArg~leAl aHi sAsnGl nSerValAspVal LysLysArgArgTrpValThrPheCysSerAlaGluTrpProTh
1250 . . 1300 . 1350

rPheAsn~alGlyTrpProArgAspGlyThrPheAsnArgAspteulleThrGl n~al LysilleLysValPheSerProGlyPro~i sGly~i sProAspGl nValProTyrIl eVa lThrTrpGluAl aLeuAl aPheAspProProProTrpVal Lys
1400 1450 start p12 ism150

ProPheVa liHsProLysProProProProLeuProProSerAlaProSerLeuProLeuGl uProProLeuSerThrProProArg~erSerLeulyrProAl aLeuThr'ProSerLeuGlyAl aLysProLysProGl nVal LeuSerAspSerGlyG
150s. . 1600 . 1650

lyProLeutleAspLeuLeuThr~l uAspProProProTyrArgAspProArgProProProSerAspArgAspGlyAsnGlyGlyGluAI&ThrtroAI aGl uGluAlaProAspProSerPro#4etAlaSerArgLeuArg~lyArgArgGl uProPr
1700 . V start p30 v-abl helper virus junctio9 . IHinc: It

AGGCCGTCATACCGAGCTCCCTCGAAGAGAAGGCGCTAAATGGTCCTCTTGCTTCCACCTTACACTGAAACTACGGACAGCCTTACCGATGTE
oVal Al aAspSerThrThrSerGl nAl aPheProLeuAr9ThrGlyGlyAsnGlyGl nLeuGl nTyrTrpProPtheSerSerSerAspLeuTyrlleThrProValAsnSerLeuGI uLysHi sSerTrpTyrHi sGlyProVal SerArgAsnAl aAl a

180S. 1900 . 1950 2000

GlyTyrLeuLeuSerSerGly IleAsnGlySerPheLeuValArgGluSerGI uSerSerPro~lyGlnArgSerIleSerLeuArgTyrGlvGlyArgValTyrtlisTyrArglleAsnThrAlaSerAspGlyLysLeuTyrVal SerSerGluSerA
2050 . . 2100 . 2150

rg~h*AsnThrLeuAl &GI uteuVal Hi sHi sHi sSerThrValAl aAspGlyLeull eThrThrLeu~i sTyrProAl aProLysArgAsnt~ysProThrlleTyrGlyValSerProAsnTyrAspLysTrpGI u~etGluAr9ThrAspll eThriie
2200( 2250 . 2300

tLysHi sLysLeuGlyGlyGlyGl nTyrGlyGl uValTyrGl u~lyValTrpLysLysTyrSerLeuThrValAlaVaI LysThrLeuLysGluAspThr~etGluValGluGluPheLeuLys~luAlaAlaValMetLysGluIleLys~i sProAsn
V~~~vaI.~~~~~~~2400 2450 IglI

LeuValGl nteuLeuGlyVal CysThrArgGl uProProPheTyrll ell eThrGluPhe~etThrTyr~lyAsnLeuLeuAspTyrLeuArgGluCysAsnArgGI n~l uVal SerAl aVal Val LeuLeuTyr~etAlaThrGlnIl eSerserAl aN
250 255SS. 2600

etGluTyrLeuGluLysLysAsnPhell eHisArgAspLeuAlaAlaArgAsnCysLeuValGlyGluAsnHisLeuVaI LysValAlaAspPheGlyLeuSerArgLeul~etThrGlyAspThrT ~hrAlaNisAlaGlyAl aLysPheProlleLy
2650 . 2700 . ~a 4 .2800

sTrpThrAlaPro~luSerLeuAl aTyrAsnLysPheSerlleLysSerAspValTrpAIaPheGlyVal LeuLeuTrp~lulleAlaThrTyrGlyhlstSerProTyrProGlylI eAspLeuSer~l nValTyrGluLeuLeuaGluLysAspTyrArg
.V~~glI.I~~~c I. VSst I . 2900 MO25

ATGACGCTG'AlccGrCGGTACACCtTCGGCTTTGCGGGACCTCGACGCCTCTCGCGACACAGCTAACCTGTCAGATCATACCAATAGTGAAGGGCG
NetGluArS~roGluGlyCysProGluLysV&)TyrGl uLeulietArgAl aCysTrpGl nTrpAsnProSerAspArgProSerPheAlaGlulle~i sGl nAl aPheol uThr~etPheGln~luSerSerlleSerAspGluValGluLysGluLeuG

PstI Pst 1 3050so 3100"WCGAGCACAGAGAGGTCTGGAGTAGCTGZ CC~iG~GCGCCCCZPACCAGACCTCT AC6ACCAGCCCTCCCAGCTTGACTCCCAAACTCC-TCCGCAGGCAGGTCACTGCCTCTCCTTCCTCTGG
lyLyArgGlyThrArgGlyGlyAl aGlySerVetLeuGl nAl aProGl uLeuProThrLysThrArgThrCysArgArgAlaAl aGluGlnL~ysAlaSerProProSerLeuThrProLysLeuLeuArArgGl nValThrAlaSerProSerSerGI

3150 Pst 1 3200 . . 3250

yLeuSer~i sLysL~ysGluAl aThrL~ysGly~erAl aSerGly-VetGlyThrProAlaThrAl aGluProAl&ProProSerAsnl~ysValGlyLeuSerL~ysAlaSerSerGluGl vtetArgValArgArgHi slys~i sSerSerGl uSerProGly

3450 . .3500 . Sal I HImC II 3550 3600

snThrAspProThrLysAlaGlyProProGlyGl uGlyLeuArgtysProValProProSerValProtysProGl nSerThrAlaL~ysProProGlyThrProThrSerProV&)SerThrProSerThrAlaProAlaProSerProLeuAl aGlyAs
3650S. 3700 3750

pGlnGl nProSerSerAlaAlaPhelleProLeulleSerThrArgVal SerLeuArgtysThrAr9GlnProProGluArgtleAlaSerGlyThrlleThrLysGlyVal ValLeuAspSerThrGluAlaLeuCysteuAl alleSerArgAsnSer
3800 . 3650. 3900 . yBglII1

GluGl n~etAl aSer~i sSerAl aVal LeuGl uAl aGlyL~ysAsnLeuTyrThrPhetysVal SerTyrValAspSer~leG nGl nmetArgAsnLysPheAl aPheArgGluAlaIlleAsnL~ysLeuGlvSerAsnLeuArgGluLeuG nil eCysP
3950S. 4000 . . 4050

roAlaThrAlaSerSer~lyProAlaAl aThrGlnAspPheSerLysLeuLeuSerSerlalLysGululeSerAsplleValArgArg***

MetGl uPro~lyGly~alGlySerSerSerCysVal Val~isGl mLeuProCysThrPheroAlaGl nProArgArgGl nProPro
4250 V agl I . 4350 . 4400

CTCCTCACTGCCTGTGGATGGGTCTCCTGCTCTGAAGACTACATCTGGCCTGCCrGGCACCAGGCTT CTCACTCCCCGGTGCCTCAGACCCAGCTCCC'AGGTCAGCCTGGAGTGCTCTTCCCTGTCCT1TGCAGAACGACCTCCTCTG'ATGGACCTTCTT
Leueu hrlaysuyrphr~ryserauspyrsrrprylarrppro~yhlSreurorylysrsproerrorlurlarsprleeyroysroysrhrhreperspryroer.... 4 4 5 0 .J~~~~~~SO&val I 450 . 4550

ysHisGlnGlyl~etGlyAl.ProVal LeuThrValProAl eProLeu$4etLeuThrAsnCysProArgGluProVal LeuThrValPheSerLeuGluGlySerCysArgPheLysGlyHi sGluValLeuLysProGlyAlaGln~etGlyGly~i sTr

pL~ysGl nGluLeuGlySerVal ValCys~i sLeuLeuSerlalSerSerAleValCysProAlaAspLeuGlyGlnGl nAla'**
4750.O 4800 SVeI.wL v-abl helper virus junction#

4900 . vl . 4950SO 5000

5050 -.-start LfTR . 10 . 5150 S4 . 200

C¶CAva I Kpn I Polyadenylaton signal y -I. -3t'T-M .-4direct repeat/start
host sequences . +SO .100 c10I rCof-~CACTCGGGAGGCATTMTACTA:UT~.CC~.T~-&r~Argr&TPPT.... ....

FIG. 1. Nucleotide sequence of the proviral A-MuLVgenome. The sequence proceeding in the 5'-to-3' direction has the samepolarity as A-MuLVgenomic RNA. Dots mark every 10th nucleotide. The amino acid sequence deduced from the open reading frame is given below the nucleotide sequence. The major structural features of the genome are indicated. LTR, long terminal repeat.
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Bam Hi Sac I Pvu I Bst Ell
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1- p102 *1 H-p181
NH2 COOH

FIG. 2. Summary of the major structural features of the A-MuLV genome. Important features ofA-MuLV genome, including the open reading
frames, possible signals for promoter, poly(A) addition, and donor and acceptor splice signals are illustrated. kbp, Kilobase pairs.

at the 5' end. It is interesting to note that Goff and Baltimore
(15) reported the occurrence of 5-bp homology between the
helper viral and c-abl sequences at the point of recombinatinn,
leading these authors to speculate on the possibility of ho-
mologous recombination between the two genes. Such homolo-
gies were also found to occur in Moloney murine sarcoma virus
(MuSV), simian sarcoma virus, and myelocytomatosis (MC29)
viral genes (16-18). Beyond the point of recombination, the
open reading frame extended for an additional stretch of 2,045
bp, terminating with a TGA codon. The open reading frame
shown in Fig. 1 could code for a polypeptide of 918 amino acids
with an approximate ufolecular mass of 102,000 daltons. This
is in reasonable agreement to the estimated size of 110,000-
120,000 daltons for the gag-abl hybrid protein synthesized by
A-MuLV-infected NIH/3T3 nonproducer cells. This protein
consists of 240 amino acids derived from the amino terminus
of the gag region followed by 678 amino acids that are specific
to the v-abl region:. The coding sequences terminated within
the cell-derived abl sequences 800 bases upstream from the v-
abl helper viral junction at the 3' end. Examination of this ad-
ditional stretch of 800 bp revealed the presence of a second
open reading frame startingwith an ATG at position 4,153-4,155
and terminating at position 4,642-4,644 with a TGA codon. This
stretch of 492 bases could code for a protein of 18,000 daltons.
It is interesting to note that a promoter-like sequence T-A-T-
A-A-A occurs at position 4,066-4,071 upstream to this open
reading frame. A sequence resembling C-C-A-A-T box is also
seen at position 4,018-4,022.
The point of recombination between the M-MuLV and c-abl

sequences at the 3' end occurred at the same point within the
viral genome as it did with c-mos during the generation of the
Moloney MuSV genome (16, 19, 20). These findings suggest
that there may exist preferential sites for recombination within
the helper viral genome, and these sites could have played a
crucial role in their evolution.
Amino Acid Sequence Homology with Other Viral Onco-

genes Coding for Tyrosine-Specific Kinase Activity. The trans-
lational product of the A-MuLV genome, P120, has been shown

to be associated with tyrosine kinase activity (9). Of about 15
described v-onc genes, at least 6 appear to encode enzymes with
analogous function (src, yes, fes, fps, ros, and abl) (for review
see ref. 21). It was, therefore, interesting to examine the struc-
tural relationships among these onc proteins because the se-
quence for five of them is available (22-25). Such a comparative
analysis with pp6Osrc is presented in Fig. 3. The results of this
analysis demonstrated that all these five proteins have exten-
sive sequence homology. Thus, v-abl protein shared 176, 166,
140, and 138 amino acids with yes-, src-, fes-, andfps-encoded
transforming proteins (22-25). The homology is more pro-
nounced with regions that are implicated with the active site for
tyrosine phosphorylation (22-25). Less conserved regions of
homology are observed between v-abl and v-mos encoded gene
products (16, 20); one of the v-mos products also has been shown
to be a protein kinase (27).

DISCUSSION
Nucleotide sequence analysis of the A-MuLV proviral genome
has revealed several important features of its molecular orga-
nization. Examination of the sequence data presented here re-
veals a large open reading frame on the viral RNA strand which
could code for a protein of 918 amino acids with a molecular
mass of 102,000 daltons.

Like many of the transforming viruses, A-MuLV appears to
synthesize its transforming protein by means of a gag-abl poly-
protein, the amino-terminal region of which is composed of
helper virus gag gene products. In the case of A-MuLV, the
gag-abl hybrid protein contains the entire sequence of p15 and
p12 and the first 21 amino acids of p30 and 678 amino acids
derived from v-abl. Thus, the transforming protein utilized the
helper viral sequences for the initiation of its synthesis. Earlier
studies with M-MuLV had demonstrated that the product gag
gene is formed by processing of a larger precursor polypeptide
(28), which is approximately 6,000 daltons larger than the 65,000-
dalton gag polyprotein. Sequence analysis of the cloned viral
DNAs of M-MuLV and Moloney MuSV revealed the presence
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(ABL) VHPKPPPPLPPSAPSLPLEPPLSTPPRSSLYPALTPSLGAKPKPQVLSDSGGPLIDLLTEDPPPYRDPRPPPSDRDGNGGEATPAGEAPDPSPMASRLRG

( RSV ) MGSSKSKPKDPSQRRHSLEPPDSTHHGGFPASQTPDETAAPDAHRNPSRSFGTVATE PKLFWGFNTSDTVTSPQRAGALAGGVTTF VALYDYESWTETD L
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(ABL) RREPPVADSTTSQAFPLRTGGNGQLQYWPFSSSDLYITPVNSLEKHSWYHGPVSRNAAEYLLSSGIN--GSFLVRESESSPGQRSISLRYEGR- VY

( RSV ) SFKKGERLQI VNNTEGDWWLAHSLTTGQTGY IPSNYVAPSDS IQAEEWYFGKITRRESERLLLNPENPRGTFLVRKSETAKGAYCLSVSDFDNAKGPNVK
110 120 130 140 150 160 170 180 190

300 310 320 330 340 350 360 370 380 390
(ABL ) HYRINTASDGKLYVSSESRFNTLAELVHHHSTVADGL ITTLHYPAPKRNKPTI YGVSPNYDKWEMERTD ITMKHKLGGGQYGEVYEGVWKKYSLTVAVKT

( RSV) HYK IYKLYSGGFY ITSRTQFGSLQQLVAYYSKHADGLCHRLANVCPTSKPQTQGLAK---DAWE IPRESLRLEAKLGQGCFGEVWMGTWNDTTR-VAI KT
210 220 230 240 250 260 270 280 290

400 410 420 430 440 450 460 470 480 490
(ABL) LKEDTMEVEEFLKEAAVMKEIKHPNLVQLLGVCTREPPFYI ITEFMTYGNLLDYLRECNRQEVSAVVLLYMATQISSAMEYLEKKNFIHRDLAARNCLVG

( RSV) LKPGTMSPEAFLQEAQVMKKLRHEKLVQLYAVVSEEP I -YIV IEYMSKGSLLDFLKGEMGKYLRLPQLVDMAAQIASGMAYVERMNYVHRDLRAANI LVG
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(ABL) ENHLVKVADFGLSRLMTGDTYTAHAGAKFP IKWTAPESLAYNKFSI KSDVWAFGVLLWE IATYGMSP YPGIDLSQVYELLEKDYRMERPEGCPEKVYELM

( RSV) ENLVCKVADFGLARL IEDNE YTARQGAKF P IKWTAPEMALYGRFT IKSDVWSFGI LLTELTTKGRVP YPGMVNREVLDQVERGYRMPCPPECPESLHDLM
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(RSV) CQCWRKDPEERPTFKYLQAQLLPACVLEVAE
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(ABL)
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700 710 720 730 740 750 760 770 780 790
KGSASGMGTPATAEPAPPSNKVGLSKASSEEMRVRRHKHSSESPGRDKGRLAKLKPAPPPPPACTGKAGKPAQSPSQEAGEAGGPTKTKCTSLAMDAVNT

800 810 820 830 840 850 860 870 880 890
DPTKAGPPGEGLRKPVPPSVPKPQSTAKPQGLPPARSPPPPQHQLLHPWLGTSSHLLPPSSPSYQPVCLLGRPASRQSALPVAPSPRVWFWTVLRPCALP

900 910
SPGTQSRWPATVLYWRLARTCTLSV

FIG. 3. Similarities between the deduced amino acid sequences of v-abl and v-src gene products. The two amino acid sequences are aligned to
give maximal homology. The lower line gives the putative amino acid sequence ofthe RSV protein pp6081" (22) and the upper line gives the putative
amino acid sequence ofp1209"4". The two amino acid sequences are aligned to give the maximal homology. For this purpose the computer methods
described by Wilbur and Lipman (26) were used. AK-tuple size of 1, window size of 20, and gap penalty of 3 were used in this analysis. Dots indicate
identical amino acids. The phosphate acceptor tyrosine residue is indicated by an arrow. A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I,
Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr.

of a large open reading frame preceding the amino terminus of
p15 and led to the speculation that such a precursor could be
synthesized from a processed gag mRNA (12, 20). The se-
quence data presented here for the A-MuLV genome show that
the viral genome has suffered a point mutation at position 1,054,
creating a terminator codon at this position just five amino acids
preceding the amino terminus of p15. It is, therefore, possible
that A-MuLV transforming protein is not synthesized via a pre-
cursor polypeptide as is the case with the M-MuLV gag poly-
protein.

It is also interesting to note that the viral genome contains
an additional stretch of 802 bp of cell-derived sequences down-
stream from the terminator codon. The role of these sequences
in the virus-induced transformation is unclear. However, this
stretch of DNA appears to have a second open reading frame
starting with an ATG at position 4,153-4,155 and ending with
a TAG at position 4,642-4,644. This stretch of sequences could
code for a protein of 163 amino acids with a molecular mass of
18,000 daltons. It is possible that the two reading frames arose
as a result of point mutations or small deletions in the cellular
insertion sequence creating a terminator codon at position 3,821-
3,823, which otherwise could have been a contiguous reading
frame in the c-abl encoded mRNA.

The finding that there is a considerable homology between
the predicted sequences of p120 and other tyrosine-specific
kinases is very striking. The optimal alignment of amino acid

sequences with pp6Osrc revealed extensive amino acid homol-
ogy with the carboxyl terminus of pp6OSrc. A single site for ty-
rosine phosphorylation has been detected within pp60src (29).
This residue has been located precisely at position 416 of the
sequence shown in Fig. 3 for the Prague strain of RSV (22). The
location of the phosphate acceptor tyrosine residue in pp60OC
is homologous with the position of tyrosine residue at position
2,606-2,608 (marked with arrows in Figs. 1 and 3). These ob-
servations further support the argument that different retro-
viral transforming genes, all of which encode functionally re-
lated proteins with associated tyrosine-specific kinase activities,
are derived from divergent members of the same protoonco-
gene family (24, 25). The more extensive divergence of the 5'
ends of the protein molecule is puzzling. It is possible that this
divergence indicates that this half of the molecule is relatively
unimportant, allowing continued accumulation of point muta-
tions. Alternative mechanisms such as exon shuffling and ho-
mologous recombination could also have contributed to this di-
vergence.
Though v-src and v-abl gene products show extensive ho-

mology, they appear to have completely different cellular tar-
gets for transformation. The reason for this is unclear at the
present time. However, examination of the two protein se-
quences (Fig. 3) reveals that pp60O" has an amino terminus 136
amino acids longer than the v-abl gene product. On the other
hand, v-abl has a carboxyl terminus that is 294 amino acids longer
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than that of pp6Osrc. It is possible these structural differences
play a critical role in determining the tissue specificity of these
two viruses.
Our earlier studies (7) had indicated that excision of the car-

boxyl terminus of the proviral genome deleting approximately
40% of the acquired cellular sequences does not affect the fi-
broblast-transforming activity of the proviral DNA molecule.
Thus deletion of DNA sequences downstream from the Sal I
restriction site at position 3,517 did not alter the transforming
activity, whereas deletion of sequences upstream abolished such
activity. Examination of the sequences presented in Figs. 1 and
3 reveals that in fact this stretch of proviral genome codes for
the region of abl protein that has no counterpart in pp6)src and
is therefore not required for fibroblast-transforming activity.

Like all other transforming genes of retroviruses, DNA se-
quences homologous to abl (termed c-abl) are found in normal
mouse DNA (5, 15). Thus the viral oncogene represents a trans-
duced cellular gene. The c-abl gene appears to be functionally
active in several lymphoid organs, including thymus, coding for
a protein product of 150,000 daltons (30, 31). Mouse thymus
also synthesizes mRNA species 5.5 and 6.5 kbp long that cross-
hybridize with v-abl sequences (our unpublished observations).
Comparison of the size of the c-abl- and v-abl-encoded proteins
shows that the c-abl gene codes for a protein approximately
60,000-70,000 daltons longer than that encoded by the v-abl
gene sequence in the present studies. It, therefore, appears
that extensive deletions of amino- or carboxyl-terminal se-
quences occurred during the recombinational process. Loss of
amino- or carboxyl-terminal sequences during recombination
between helper viral and cellular protooncogene sequences ap-
pears to be the rule rather than an exception. Thus, sequence
analysis has revealed that amino-terminal deletions occurred
during the generation of Moloney MuSV (16, 19, 20), simian
sarcoma virus (17, 32), and myelocytomatosis (MC29) virus (33).
Similarly, a loss of carboxyl-terminal sequences appears to have
occurred during the generation of avian myeloblastosis virus
(34, 35). In the case of Harvey MuSV (36), Kirsten MuSV (37),
and BALB MuSV (our unpublished results), which appear to
have acquired the entire coding region, the oncogenes appear
to have undergone specific point mutations that play a crucial
role in the transformation process (38, 39). Thus it appears that
protooncogenes and viral oncogenes code for proteins that are
structurally different. The availability of molecular clones of
the protooncogenes makes it possible to analyze whether struc-
tural changes such as deletions and mutations in these genes
lead to their biological activation.
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