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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-MuLyV, it was pos-
sible to precisely localize and define sequences contributed by the
host cellular DNA. From the nucleotide seg'uence, we have pre-
dicted the amino acid sequence of p1208%-25!, the product of the
A-MuLV gag-abl hybrid gene. The amino acid sequence of the
putative abl 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 subcloning 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-3*P]ATP (Amersham, 3,000 Ci/mmol; 1 Ci = 3.7 x 10'° Bq)
and polynucleotide kinase (P-L Biochemicals) (10) or at their 3’
end by using cordycepin 5'-[a-**P]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.
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host sequence5¢—|;—o

-50 .
CCCARGCAATTAATTT WTGGGGTCAGTMGGAGCACCCT GCAGTCTTGAAAACTGTATATCTTTGCACGATTCT! CTGG6

direct repeats

Proc. Natl. Acad. Sci. USA 80 (1983)

Start LTR-inverted repeat

GAAAGACCC(}CCTGTAGGTTTGGCAAGCT AGCT TAAGTMCGCCATTTTGCMGGCATGGMAMTACATMCTGAGM
0

150 20
TAGAGMGTT CAGAT CMGGT UGGMCAGAGAM CAG C'I'GMYATGGGCCAAACAGGNATG CTGTGGTAAGCAGTT CCT GCCC(X;GCT CAGGGCCAAGMCAGTTGGMCAG CTGAATATGGG CCAM CAGGATAT CT GTGGTMGCAGTT CCT GCCC
0

250
CBGCT CAGGGCCAAGAACAGAT 6TCCCCAGATGCBGT CCAGCCCT CAGCAGTT:
+Ava SacI/Promoter + 5'end of Viral RNA
TCTGCTCCCOGAGCTCAATAAAAGAGCCCACAACCCCT CACT CGGCGCGCCAGTCCT CCBAGTGACT GAGTCG
tRNA binding site

Xba I 35 t box 400
AGAGAACCAT CAGATGTTT CCAGGGTGCCCCAAGGACCTGARATGACCCTETGCCT TATTTGM CT AACCMTCAGTTCGCT TCT CGW CT encsu;cecr

Ava 1
C6GGTA

Kpn I.
OGTGTATCCMTMACCCTCTTGCAGTTGcATca;ACTTGTGsT CTOGCTGTTCCTTGGGAGGGTCTCCTCTGAGTG

Polyadenylation Signal

end of LTR 700
+ ATTGACTA CCCGTQG CGGGGGTCTTTCATTT6666GCTCGT CCGGGAT CGGGAGA ceccr GCCCAGGGA CCACGACCCACCAC(BGGAGGTMG CTGG CCAGCAACTTAT CTi GTGTCT GT CCGATTGTCT AGTGTCTATGACT GATTTTATGOGCCT G
750 800 850 u 1
CGTCGGTA CT AGTTAGCT AACTAGCTCTGTATCT GGCGGACCCGTGGTGGMCT GA CGAGTTO‘:GMCACCCGG CCGCAACCCT GGGAGACGTCCAAGWCT TCGGGGGCCGTTTTTGTGGCCCGA CCT GAGTCCAAMAT CCCGAT! YTTTGGACT C
900 1000 Pst 1.
TTTGGTGCACCCCCCT TAGAGGAGGGATATGTGGTTCTGGTAGGAGA CGAGMCCTAMA CAGTTCCG-} CCTCCGTCTH GMTTTTTG cT T ossmswccsmcmoscoscscsr CTTGTCTG CT GCAGCATCGTTCT! GTGTTGTCT CTeT CTGA
1100 1150 Pst

050 start pl5. .
CTGTGTTT CTGTAGTTG'ICT GAAAATAT!

CCAGACTGTTACCACTCCCTTAAGTTTGACT TTAGGTCACI’GGMAGATGT CGAG! G;GATCGCT (‘ACMCCAGT CGGTTGATGTCAAGMGAGACGTT

. fBst EIL. 1 1200
TTACCTTCTGCTCTGCAGAATGGCCAAC

MetGlyGInThrVal ThrThrProLeuSerLeuThrLeuGlyHisTrpLysAspValGluArgIleAlaHisAsnGInServalAspval LysLysArgArgTrpVal ThrPheCysSerAlaGluTrpProTh

1250

1350

0
CTTTAACGTCGGATGGCCG CGAGAOGGCACCT TTAA CCGAGACCT CATCACCCAGGYTMGATCMGGT CTT TTCACCT GGCCCGCATGGACACCCAGACCAGGTCCCCT ACAT OGTGACCI' GGGAAG! CCT TGGCT TTTGACCCCCCT CCCTH GGGTCMG
rPheAsnValGlyTrpProArgAspGly ThrPheAsnArgAspLeulleThrGInVallysIlelysValPheSerProGl yProHlsgl yHisProAspGinvalProTyrIleval ThrTrpGluAlaLeuAlaPheAspProProProTrpVallys
140 1450

rt pl2
CCCTTTGTACACCCTAAGCCTCCGCCTCCTCTTCCTCCATCCGCCCCGTCTCTCCCCCTTGMCCTCCTCTTTCGACCCCGCCTCGATCCTCCCTTTAI%CAGCCCTCACTCCTTCTCTAGGCGCCMACCTMACCTCMGTTCTTTCTGACABTGGGG
ProPheValHisProLysProProProProLeuProProSerAlaProSerLeuProleuGluProProLeuSer ThrProProArgSerSerLeuTyrProAlaleuThrProSerLeuGl yAlaLysProlysProGlnvalleuSerAspSerGlyG

. . 1550 . . . . 1600 . . . . 0 . o .
GGCCGCTCATCGACCTACTTACAGAAGACCCCCCGCCTTATAGGGACCCAAGACCACCCCCTTCCGACAGGGACGGAAATGGTGGAGAAGCGACCCCTGCGGGAGAGGCACCGGACCCCTCCCCAATGGCATCTCGCCTGCGTGGEAGACGGGAGCCCCC
1yProLeulleAsplLeuLeuThrGluAspProProProTyrArgAspProArgProProProSerAspArgAspGlyAsnGlyGlyGluAlaThrProAlaGluGluAl aProAspProSerProMetAlaSerArgleuArgGlyArgArgGl uProPr

. 1700 start p30

. v-abl helper virus junction o
AGTGGCCGACTCCACTACCTCGCAGGCATT ccccTCCGCACAGGAGGMACGGACAGCTTCMTACTG’ECGTTCTCCTCTTCTGACCTTTAC CACCCCCGT

Hinc II .
CAGCCTGGAGAMCATYCCTSGTATCATGGCCCTGTATCTCGGMTGCTGCT

oValAlaAspSerThrThrSerGlnAlaPheProLeuArgThrGlyGlyAsnGlyGlnLeuGinTyrTrpProPheSerSerSerAspLeuTyrI1eThrProvalAsnSerLeuGlulysHisSerTrpTyrHisGlyProval SerArgAsnAlaAla
1900 2000

1850 . . . . o . . 1950 . . . o
GAGTATCTGCTGAGCAGCGGAATCAACGGCAGCTTCTTAGTGCGGGAGAGTGAGAGTAGCCCTGGCCAGAGATCCATCTCGCTGCGGTATGAAGGGAGGGTGTACCACTACAGGATCAACACTGCCTCTGATGGCAAGCTGTACGTGTCCTCCGAGAGCC
GlyTyrLeuLeuSerSerGlyI1eAsnGlySerPheLeuValArgGluSerGluSerSerProGlyGinArgSer1leSerLeuArgTyrGluGlyArgVal TyrHisTyrArgI1eAsnThrAlaSerAspGlyLysLeuTyrvalSerSerGluSerA

2

. 2050

. . . . . . . 2100 . . . . 150 .
GCTTCAACACTCTGGCTGAGTTAGTTCACCATCACTCCACGGTGGCTGRATRGCCTCATCACCACACTCCACTACCCAGCTCCCAAGCGCAACAAGCCCACTATCTACGGTGTGTCCCCCAACTACGACAAGTGGGAAATGGAGCGCACCGACATCACCAT
rgPheAsnThrLeuAlaGluleuValHisHisHisSerThrvalAlaAspGlyLeulleThrThrLeuHisTyrProAlaProLysArgAsnLysProThr11eTyrGlyVal SerProAsnTyrAspLysTrpGluMetGluArgThrAsp I1eThrie

2250 2300

GMGCACAAGTTGGGTGGAGGCCAGTACGGGGAG(‘TGTACGAGGGCGTTTGGAAGAAGTACAGCCTCACTGTGGCCGTGAAGACCTTGMGGAGGACACCATGGAGGTGGAGGAGTTCCTGAAGGMGCGGCGGTGATGMGGAGATCMACACCCTMC
tLysHisLysLeuGlyGlyGlyGl n'firsl yGluval TyrGluGlyValTrpLysLysTyrSerLeuThrvalAlaval LysThrLeul.ysGI uAspThrMetGluValGluGluPhelLeulysGluAlaAlavalMetLysGlu Ll.ysui SProAsn
240

CTGGTGCAGCTGCTAGGGGTGTGTA

Ava 1 2450
CGGGMCCACCATTCTACATMTCACTGAGTTCATGACCTATGGGMCCTGCTGGACTACCTGAGGGAGTGTMCCGGCAGGAGGTGAGCGCCGTGGTACTGCTCTACATGGCCACMA

111 .
TCTCATCAGCCA

LeuValGlinLeuleuGlyValCysThrArgGluProProPheTyrI1eI1eThrGluPheMet ThrTyrGl yAsnLeuleuAspTyrLeuArgGluCysAsnArgGInGluval SerAlavatval LeuLeuTyrMetAlaThrGInIleSerSerAlaM
2500 2600

2550
TGGAGTACTTGGAGMGMGMCTTcATCCACAGAGACCTTGCTGCCCGGMCTGCCTGGTAGGGWMCCACTTGGTGMGGTGGCTGATTTTGG(:CTGAGCAGGTTGATGACAGGGGACACCTACACGGCCCATGCTGGAGCCAMTTCCCCATCM
etGluTyrLeuGluLysLysAsnPhelleHisArgAspLeuAlaAlaArgAsnCysLeuValGlyGluAsnHisLeuVallysValAlaAspPheGlyLeuSerArgLeuMet ThrGl yAspThrT§Thrll aHisAlaGlyAlalLysPheProllely

2800

2650 2700 Ava 1
ATGGACCGCACCTGAGAGCCTGGCCTACAACAAGTTCTCCATCAA(‘TCGGACGTGTGGGCATTTGGAGTATTGCTCTGGGAGATTGCTACCTATGGCATGTCACCTTA CGGGAATTGACCTGTC

AGGTTTATGAGCTGCTGGAMMGACTACCGC

sTrpThrAlaProGluSerLeuAlaTyrAsnLysPheSerIl eLysSerAspVal TrpAlaPheGlyValLeuleuTrpGlulleAlaThrTyrGlyMet SerProTyrProGly1leAspLeuSerGinVal TyrGluLeuleuGlulysAspTyrArg
2950

Acc I .

ATGGAGCGCCCTG&GGCTGCCCGGAGMGG TACGAGC

Sst 1 2900
ATGCGAGCATGTTGGCAGTGGMCCCCTCTGACCGGCCCTCCTTTGCTGMATCCACCMGCCTTTGAMCCATGTTCCAGGMTCCAGTATCTCAGATGAGGTGGAGAAGGAGCTGG

MetGluArgProGluGlyCysProGluLysVal TyrGluLeuMetArgAlaCysTrpGlnTrpAsnProSerAspArgProSerPheAl aGlulleHisGlnAlaPheGl uThrMetPheGlnGluSerSerIleSerAspGluvalGluLysGluLeuG
3050 3100

Pst 1 . . Pst I

GGAMCGAGGCACGAGAGGAGGTGCTGGGAGTATGCTGCA GCCCCAGAGCTGCCCACCMGACCAGMCCTGCA GAGAGCAGCTGAGCAGAMGCCAGCCCTCCCAGCTTGACTCCCAMCTCCTCCGCAGGCAGGTCACTGCCTCTCCTTC(:TCTGG
1yLysArgGlyThrArgGlyGlyAlaGlySerMetLeuGlnAlaProGluLeuProThrLysThrArgThrCysArgArgAlaAlaGluGinLysAl aSerProProSerLeuThrProlLysLeuLeuArgArgGlnvalThrAlaSerProSersSerGl
3150 200 3250

. Pst 1
CCTCTCTCACAAGAMGAGGCCACCAAGGGCM‘TGCC i CAGGCATG(‘GGACTCCFGCCACTGC

3
AGCCAGCACCCCCCAGCMCAMGTGGGCCTCAGCMGGCCTCCTCTGAGGAGATGCGCGTMGGAGGCACMGCACAGCTCGGAGTCCCCAGGG

yleuSerHisLysLysGluAlaThrLysGlySerAlaSerGlyMetGlyThrProAlaThrAlaGluProAlaProProSerAsnLysval GlyLeuSerLysAlaSerSerGluGluMetArgValArgArgHisLysHisSerSerGluSerPro6ly

Bql I 3400

3300 3350
AGAGACAAGGGGCGACTGGCTAAGCTCMGCCTGCCCCGCCGCCTCCTCCTGCCTGCACAGGAMAGCAGGCAAGCCCGCACAGAGCCCCAGCCMGAGGCCGGG GGCAGGGGGGCCCACMAGACMMTGCACGAGTCTGGCTATGGATGCTGTGA
ArgAspLysGlyArgLeuAlalysLeulysProAlaProProProProProAlaCysThrGlyLysAlaGl yLysProMaGl nSerProSerGl nGluAlaGlyGluAlaGlyGlyProThrLysThrLysCysThrSerLeuAlaMetAspAlavalA

3450 3500 Sal 3550 3600

.

ACACTGACCCCACCMGGCCGGCCCACCTGGAGMGGACTGAGAMGCCTGTGCCCCCATCTGTGCCAMGCCCCA

.

CGGCTMGCCTCAGGGACTCCCACCAGCCCGGTCTCCACCCCCTCCACAGCACCAGCTCCTTCACCCCTGGCTGGGGAC

snThrAspProThrLysAlaGlyPrpProGlyGluGlylLeuArgLysProValProProSerValProLysProGinSerThrAlalysPro6l nGlyLeuProProAlaArgSerProProProProGinHisGinLeuleuHisProTrpLeuGlyTh

3650

. 3700 3750
CAGCAGCCATCTTCTGCCGCCTTCATCCCCCTCATATCAACCCGTGTGTCTCTTAGGAAGACCCGCCAGCCGCCAGAGCGCATTBCCAGTGGCACCATCACCMGGGTGTGGTTCTGBACAGTACYGAGGCCCTGTGCCTTGCCATCTCCCGGMCTCAG
rSerSerHi sLeuLeuProProSerSerProSerTyrGl nProValCysLeuLeuGlyArgProAlaSerArgGinSerAlaLeuProValAlaProSerProArgVal TrpPheTrpThrValLeuArgProCysAlaleuProSerPro6] yThrGln

3800 3850 3900
AGCAGATGGCCAGCCACAGTGCTGTACTGGAGGC TGGCMGAACCTGTACAC TTTCTGTGTGAGCTATGTGGACTCTATCCAGCAGATGAGGMCMGTTTGCCTTCCGTGAGGCTATCMCMGCTGGAGAGCMCCTCCGAGAGCTGC

SerArgTrpProAlaThrval LeuTerrpArgLeuAl aArgThrCysThrLeuServal***

Bgl 11 .
TCT60CC

.

3950 4000 4050
TGCCACAGCCTCCAGTGGGCCAGCTGCCACCCMGACTTCAGCMGCTGCTCAGCTCTGTGAAGGAGATCAGCGACATTGTCCGGAGGTAGCAGCMCCAGTGTATGTCAGCMGAGATGTTGCAGTTCACAGGGCTCTTGTGCCTATAAAGATGGGGAC
4150 4200

4100
AGGGGACTGGGGAGCTGGCGTCTTTCCCCAGGAGCTTTAMGAGAGACAAGCAGAGCCTGAGGGAGACCTGGATGGAGCCTGGTGGAGTTGGCTCTTCcTCCTGTGTTGTGCAccA(I:TGCCCTGCACCTTTCCTGCCCAGCCCAGGCGTCAGCCACCTC
MetGluProGlyGlyValGlySerSerSerCysvalValHisGlnLeuProCysThrPheProAlaGlnProArgArgGlnProProl

4250 . 8gl 1
TCCTCACTGCCTGTGGATGGGTCTCCTGCTCTGMGACTACATCTGGCCTGC

4400

GGCCACCAGGCTTCTCACTCCCCGGTGCCTCAGACCCAGCTCCCAGGTCAGCCTGGAGTGCTCT TCCCTGTCCTTGCAGMCGACCTCCTCTGATGGACCTTCTTG

euleuThrAlaCysGlyTrpVal SerCysSerGluAspTyr11rTrpProAlaTrpPrpProGlyPheSerLeuProGlyAla SerAspProAl aProArgSerA’l aTrpSerAlaLeuProCysProCysArgThrThrSerSerAspGlyProSerCy
4450 4500 550

. Ava 1.

TCACCAAGGCATGGGAGCCCCTGTGCTTAcTGTACCTGCRCCTTTGATGCTTACAMCTGTC CGAGAGCCTGTGCTCACTGTGTTTTCATTGGMGGMGCTGTCGCTTTMGGGTCATGAGGTGCTAMGCCAGGGGCCCAGATGGGTGGGCACTGG
sHisGInGlyMetGlyAlaProvalLeuThrvalProAlaProLeuMetLeuThrAsnCysProArgGluProvalLeuTh rVal PheSerLeuGluGlySerCysArgPhelysGlyHisGluValleulLysProGlyAlaGinMetGlyGlyHisTrp

11

Hind

. 4600 Bgl 111 4700
AMCAGGAGC TGGGCAGTGTGGTCTGTCACCTGCTCTCAGTATCTTCAGCAGTGTGCCCGGCA ATCTTGGACAGC GCTTGAGTTTTATGGGTGGCAGTCACTGGCTGGCTAGGCACATAGCCAGGCCMACCTAGGCCTCCMGGGCTCCCCMMT

LysGInGluLeuGlyServalvalCysHisLeuleuServalSerSerAlaValCysProAlaAspLeuGlyGinGl nAlare*

48

4750
CTGAATTTCTGAGTAGTCTTCATCCCCTCTCCTGCTCTAAGGTCAGGTCCATCCTCTCTGGTCCTTACCTTGATGACM
0

v-abl helper virus junctio'

BamH 1 .
TCCAGCCTTCTGGTGTTTTTGAGCATTTCMAGGTCTRKTAGAMGGMCAGCCACTAGGTCCATTATGGGACCCCT
5000

4900 Cla I 495
CATTGTACTCCTMTGATTTTGCTCTTCGGACCCTGCATTCTTM CGATTAGTCCMTTTGTTMAGACAGGATATCAGTGGTCCAGGCTCTAGTTTTGACTCMCMTATCACCAGCTGMGCCTATAGAGTACGAGCCATAGATMMTMAM;% ;
start
TTATTTAGTCTCCAGAMMGGGGGMTGAMGACCCCACCTGTAGGUTGGCAAGCTAGCTTAAGTMCGCCATTTTGCMGGCATGGAMMTACATMCTGAGMTAGAGMGTTCAGATCMGGTCAGGMCAGAGMACAGCTGMTATGGGCCA

3 5300
AACAGGATATGCTGTGGTAAGCAGTTCCTGCCCCGGCTCAGGGCCMGAACAGT%AACAGCTGMTATGGGCCAMCAGGATATCTGTGGTMGCAGTTCCTGCCCCGGCTCAGGGCCM
Xba 1 5400 5450
TIT TAGAGAACCATCABATGTTTCCAGGGTGCCCCMGGACCTGMATGACCCTGTGCCTTATTTGAACTMCCMTCAGTTCGCTTCTCGCTTCTGTTCGCGCGCTTCTGCTC
5600

Ava 1 YKpn I  .Polyadenylaton signaly
GTCCTCCGAGTGACTGAGTC

host sequences

5350
CAGAT! TCCCCAGATGCGGTCCAGCCCTCAGCAG
Sst 1/Promoter .
TMMBAGCC ACMCCCCTCACTCGGCGCGCCA
frect repeat/start.

Ava 1
GAGC

CGGGTA CGTGTATCCAATMACCCTCTTGCAGTTGCATCCGACTTGTGGTCTCGCTGTTCCTTGGGAGGGTCTCCTCTGAGTGATTGACTACCCGTCAGCGGGGGTCTTTCATGGGTMCAGTTTCTTGMGTTG

+50 +100 +1
GAGMCMCATTCTGAGGGTAGGAGTCGMTATTMGTMTCCTGACTCMTTAGCCACTGTTTTGAATCCACATACTCCMTACTCCTGAMTAGTTCATYATGGACAGCBCAGAAGAGCTGGGGA TTC

FiG. 1. Nucleotide sequence of the proviral A-MuLV genome. The sequence proceeding in the 5'-to-3' direction has the same polarity as A-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
sequence and the amino-terminal region of the gag gene. The
noncoding sequence at the 5' terminus included the LTR, the
primer tRNA binding site, and a stretch of sequences that are
present before the start of the gag sequences. This region of
1,776 bp exhibited 17 differences between the two genomes.

Eight of these changes occurred in the LTR region, three in the
5' noncoding sequences, and six within the gag gene. The open
reading frame, starting at position 1,067, contained the entire
sequence of p15 and p12 and the first 21 codons of p30. Beyond
position 1,776, no sequence homology was observed between
the two viral genes, thus localizing the point of recombination
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Correction. In the article “Nucleotide sequence of Abelson
murine leukemia virus genome: Structural similarity of its
transforming gene product to other onc gene products with ty-
rosine-specific kinase activity” by E. Premkumar Reddy, M. J.
Smith, and A. Srinivasan, which appeared in number 12, June
1983, of Proc. Natl. Acad. Sci. USA (80, 3623-3627), the authors
request the following correction. The nucleotide sequence in
Fig. 1 was found to be missing a single cytosine residue at po-

“SstHen-Jyod4—Larrection of this sequence is presented below.
This correction alters the reading frame toward the carboxyl
terminus of the open reading frame presented in the new fig-
ure. Since this correction occurs in the region of the v-abl ge-
nome that is not essential for fibroblast transformmg activity
and has no counterpart in pp60 src, none of tite major conclu-
sions derived from the sequence are affected.

-50 mes‘—‘—’ Start LTR-1nverted repeat 50

ccwncmmrncmcc.ccrucvMcw.cAcccrccmcrrwcmmmmmcwrcxmvwmcccuccmmnrmwscmcnucmcsccmmwcsmmmtmmcmcu
direct repeats 1 200

1mwcncmncw:.mcmumw GCIWTATGGGCCAMCAGGMAIGUGTGGTAMCAG!lccmccccm!cmccmam;gu IGMIATGGGCCAMCAWTATCTGTGGTMGCAGITCCTGCCC

Xba 1 400

50
csocrcicccccuwcmmcrcccumcccmc(:Ar.ccct AGCAGTTT! YAGAGMCCATCAGAYGT“CCAGGG‘GCCCCWCCTW‘NCCC‘GIGCCTTATTTGMC‘MCCMTCAG"CGCTICYCGCTTCTGYTCGCGCGCT
Ava ly Sacl/Promoter 5'end of Viral RRA . Ava 1y Kpn 1 Polyadenylation Signa) 550
TCTGCTCCECGAGCT mmcccawccccmcrcmccccccmcctccmmcvwvcs CGGGTA CGIGIA!CCMYMACCCIClIGCAGTTGCAYCCGACITGTGGTClCGCIGHCCWGGGAGGGYCTCCICTGAG?G
end of TR tRNA binding site. 650 700
nmmcccsrcmcmvcmwnmcnsrccocwccwcnccccmcccmccuccsAcccucaccmrmcvmwenamumcrctsrccwtc!cncrcvcumcrmnwcccccm
T50 800 850

CGTCGGIACYAGY1AGCYMC'IAGCTCTGIATCTGGCGGACCCGTGGTGGMCTGACGAGTTCGMACACCCGGCCGCMCCCIGGG‘GACGTCCMG&MC"CWCCGTTTTTGYGGCCCGACCTGAGTCCMAMTCCCGATL’M!HGGACTC

900 1000
rtrcctcuccccccnmc.umnmmcncmcrchucmncctwcmnccceccrccmctwmttccmcmﬂrmccw;sggccscccceccrcrtcrcmcmc&urcencmmrcrcrctctcm
1050 tart pls . 1100 Bst EI Y Pst 11200
CTGIGIHCIGIAGTYG'CIGAMMM CAGA(:TGI TACCACTCCCTTAAGTTTGACT TTAGGTCACTGGAAAGATGTCGAGCGGATCGCTCACAACCAGTCGGT TGATGT CAAGAAGAGACGTTGGGTTACCTTCTGCTCTGCAGAATGGCCAAC
MetGlyGInThrYal ThrThrProLeuSerLeuThrLeuGlyHisTrpLysAspValGluArglleAlaHisAsnGinSerValAspYal LysLysArgArgIrpvﬂ anPheCysScrA;aG\ uTrpProTh

1250 1300
CTnMCGTCGGA!GGCCG(GAGACGGCACcTﬂMCCGAGACCYCATCACCCAGGYTMGMCMGGTCTnTCACCYGGCCCGCAIWUCCCWCCAGGTCCCCTACAICGTMCCTMCCTTGGCTTTIGACCCCCCTCCCTGGBICMG
rPheAsnYalGly TrpProArgAspGlyThrPheAsnArgAspLleulleThrGinVallysileLysValPheSerProGlyProHi sGlyHi sProAspGinValProTyrlleValThrTrpGluAlaleuAl :%Asp?ro?ro?rorrpvn Lys

1450

1400 rt pl2
ceerr mncAcccmccc!cccccrcc!cnccrccnrccccccccrcvcrcccccnmccrccrcrncw:ccccccrcwccrcccnm'ccw:ccmcrccnctcmcccccmccrmccrcucncrnctucmr.w.
ProPhevalHi sl’roLvs'ro’ro'ro’roleuProPro&erM aProSerLeuProleuGluProProLeuSer ThrProProArgSerSerLeuTyrProAlaleuThrProSerLeuGlyAl Al.ysProLys'roGl nValleuSerAspSerGlyG
1550 1600

GGC(GCTCMCGACl:TACYIACAGMGACCCCCCBCC"ATAGGGACCCWCCACCCCCTTCCMCWCWMIGGTWWCCCWCWWC&CCWCC CCTCCCCM‘IGGCAYC'ICGCCTGCGYGGGAGACGGGAGCCCCC
1yProLeulleAspleuleuThrG) uAspProVrovroTy rArgAspProArgProProProSerAsphrgAspGlyAsnGl yGlyGluAlaTheProAlaGluGluAl aProAspProSerProMetAlaSerArgLeuArgGlyArgArgGluProPr
1700 p30 abl helper virus juncts . &l‘“m . . . . .
AG!GGCCG&(!CCACYACUCGCAGGCAT\' CCCTCCGCACAGGAGCMACGGACAGC'I’YCMTACTM"CYCCTC"CTWCY" CACCCCCGTCAACAGCCTGGAGAAACATTCCTGGTATCATGGCCCTGTATCTCGGAATGCTGLY
oval All:gp&rlhrmr&rcl nAlaPheProleuArgThrGlyGlyAsnGl yGl nLeuGInTyrTrpProPheSerSerSerAspleuTyriieThrProva ;;gkrleuf-l ulysHisSerTrpTyrHi sGlyProval SerArgAsnl;a&l) ]

wmur.ctwmwrwcmmcncmcmcnww.mmtmccrcawwcu!ctcccmcmmmowemmtmwrcuucmccrctmm&cmmmccrcwmcc
GlyTyrLeuleuSerSerGlylleAsnGlySerPheLeuValArgGluSerGluSerSerProGlyGinArgSerileSerLeuArgTyrGluGlyArgVal TyrHisTyrArglleAsnThrAlaSerAspGlyLysieuTyrValSerSerGluSerA
2100

2050 2150
6(1!CMCACICIGGUNTIM;"CACCAlCACTCCACGGYGGCTGATGGCCTCATCACCACACTCCACYACCCAGCTCWWCWTATCTMGG‘GYGTCCCCWCTMWM&TGGMMYWGCACCGACATCACCM
roPheAsnThrleuAl aGluleuYalHisHisHisSerThrYalAl aAspGlyLeulleThrThrieuti sTyrProAl aProl.vsArgAsnl.ys?romrll eTyrGlyValSerProAsnTyrAspLysTrpGl %m uArgThrAsplleThrie

2200 . .
WGUCMG TGGAGGCCAGTACGGGMGGTGTACWCGTTTGGMMTACABCCICACTGTWCGYGWC Wﬁl WTWWG CC GAAGGAAGCGGCGGTGAT! GMWGATCAMCACCCYMC
tlysHislysLleuGlyGlyGlyGlnTyrGlyGluVal TyrGluGlyVal TrpLysLysTyrSerLeuThrValAlaValLysThrieulysGluAspThrietGluvalGluGliuPheLeulysGl ukszulavalﬂetusﬁl ol eusui sProAsn
2

2400
ctwmmtmvsvcnc‘ccmcucancummucmmrwcAccmcum:crweucnccrmremccwvmcaccstmnctecrcrmrmcucuw CTCATCAGCCA
LeuYalGy nuuleug}g)&l CysThrArgGluProProPheTyrilelleThrGluPheMetThrTyrGlyAsnLeuleuAspTyrieuArgGluCysAsnArgGl nGluval Sez r(A’l, aValValleuteuTyrMetAlaThrGinl) eSerSerAlan

2550

TGGAGTACTTGGAGAAGAAGAACTTCAT cuauuccv tocmcccswcmcctmrAr.mmcw:nwmreccmmnmcctmcm;tmrucmomuccucimcwsctmcmmccww
etG! ugaeucl ulysLysAsnPhelleHisArgAspLeuAlaAlaArgAsnCysLeuValGlyGluAsniisLeuVallysValAlaAspPheGlyLeuSerArgLeuMetThrGl yAspThﬂﬂAl aHisAlaGlyAlalysPheProllely
7

. . . . 27100 . . . . Ava 1l . . . 2800
ATGGACCGCACCTGAGAGCCTGGCCTACAACAAGTTCT CCATCMG\'CGGACGTGYGGGCAYTTGGMTA"GCI’CIGGGMM"GCTMCTA?GGCAYG‘ICACC"M‘CWT TGACCTGTC TTTATGAGCTGCTGGAAAAAGACTACCGC
sTrpThrAlaProG) uSeerAl aTyrAsnlysPheSer1lelysSerAspYal TrpAlaPheGlyValleuleuTrpGlulleAl amrlyrel yMetSerProTyrProGlyll eAspuuSerﬁl nValTyrGluleuleuGl ul..ysAspTyrArg

. gAcc 1. ysSstl
ATGEAGCGLCCT IGCCCWWGG TACGAGC mcmumnmucrmmcccrcruccr.cccctccnmctmrcucmcmwcwu "CCAGGMYCUGYAICTW’IMTWMGCT%
MetGluArgProGluGlyCysProGlulysval TyrG) uuwww aCysTrpG) ntrpAsnProSerAspA;’r:Semnszlﬁl ulleli sG1 nA) aPheGl uThriMetPheGl nGluSerSerl) og:rkspf-\ ualGlulysGluleuG
. . st
mmw&mrwmmma&mw&cmcmmcmc mcmscascccrccmmmrc CCMACTCCTCWICACI’GCC!CYCCWCCYCTGG
1yLlysArgGly ThrArgGlyG) yA\ ;G‘uy,Serﬂe tleuGlnAlaProGlu LeuPtoThrl..y;ThrArgl‘hrCysArgAr‘ll aA1aGluGlnLysAlaSerProProSerLeuThrp rou:muussmrﬁl nValThrAlaSerProSerSerGl
1 Pst | 3 .
cere TtTCACMWCCACCMGGGCAGYGCCYCM‘.GCAlWCT“&CWFWWCCCCCWMIWCICAWCICCICTWWWCGCG AAGGAGGCACMGCACAGCTCGGAGTCCCCAGSS
yleuSerHis Ly;LysG\x;A\ aThrlysGlySerAl aSerGl yMetGly ThrProAlaThrAl &l}:;orut aProProSerAsnlysValGlyleuSerLysAl OS:;?;GI uﬁmw"ﬂ ArgArghisLysHisSerSerGluSerProGly
ACAGACAACGOECGACTORC TANGC TCAAGEC TEECECECCECETECTECTGCCTGEACAGEAMACCAGECMGECCECACAGAGECECAGCLANGAR CCCACAMGACAAMATGCACGAGTCTGGETATGGATGCTGTGA
ArgAspLysGl yArgLeuAlalysLeulysProAl aProProProProProAlaCysThrGlyLysAlaGl yLys'roAl aG1nSerProSerGlnGluAlaGl yg; us:l aGlyGlyProThriysThriysCysThrSerLeuAlaMetAspAlaValA
500

3 3600
M:Acmcccaccm.ccmccmcrmmrwmcwmccccwcmmcwmcm (!utactmcrcnm CCCACCAGCCCERTCTCCACCCCCTCCACAGCACEAGCTCCTTCACCCCTGRCTGOGEA
snThrAspProThriysAlaG)yProProGlyGluGl yl.euArgLysProVa 1ProProSerValProlysProGlnSerThrAl al.,ys'ro'roﬁl"y”mr'romr&wron\ SerThrProSerThrAl aProAl a?ro&;;;suun aGlyAs

rcmcmcwcr!crccceccncntccccc1cAmcm:cmctctcvcttmcccu:cmccccuw':cmncccicrmcwmmtsmmtwmmtmcmtsccmcwcncccwcm
pGInGInProSerSerAlaAlaPhelleProleul lfmerThrArghl SerLeuArglysThrArgGinProProGluArgll eA”l gercl yThrileThriysGlyValValleuAspSerThrGluAtaleuCysLevAlalleSerArgAsnSer

. . . . o N . . . . o 3900 . JIR!!
uwumccuccacmwcmtwrmccmmcmcvctctuccnmmtcmcwzcmmmumncccnccsrmmcnwmmmccmmmm cr6CC
GluGY nMetAlaSerHisSerAlaValleuGluAl aGlyLysAsnLeuTyrThrPheCysValSerTyrval AspSerl 1eG1nG) nMetArgAsnly sPheAl aPheArgGluAla 1) e”"uw‘ uSerAsnLeuArgGluleuGinlleCysP

3950

cmccnw.ccrcwrmumrccuccwmnw,cmctwmcmGrmm\raecuurmcmvucmwcmmmcrucamwcnecunumcrcmmccmmrm
roAlaThrAlaSerSerGlyProAlaAl aThrG) M»PheSerl.ysl.eul.euScherhllysl‘;l‘:‘l’l eSerAsplleValArgArg*+*

4100 ' 4200
CAMGGAUWGGCGYCTTTCCCCAGGAGCYTTMAGM:AGACMGCAGM‘»CCTGAGWMCC'I’WTWBCCTGGTM"GGCIC"CCTCCYGTGTTGTGCACCMCYGCCCTGCACU"CCYGCCCMCCCMGCGTCAGCC&CCT
MetGluPro6lyGlyvalGl ySerSerSerCysVsag YalHi sGl nLeuProCysThrPheProAl a6l nProArgArgGl n"&)ooﬂ‘o

4250
crcctcmsccmwrw.rctccmuctwrmrcucccncc'l&cmmlrc1mtccccc.cw:ctmcucrccumtuecctmmrcnccmrccrmcw\uuccrccrcmrmcncn
LeuleuThrAlaCysGlyTrpValSerCysSerGluAspTyril rlrp'rul aTrpPrpProGlyPheSerLeuProGl yAlaSerAspProAlaProArgSerAlaTrpSerAlaleuProCysProCysArgThrThrSerSerAspGlyProSerC

1 500

4550
stmumrmeccccrerscrmrcmcTmcmumcnnumtcrc&mmncnctcacmnmrcmeuaww;cmoccmm;cmwuectecmmcumccmtmrmm
ysHisGInGlyMetGlyAlaProValLeuThrValProAl aProleuMetLeuThrAsnCysProArgGluProValLeuThrValPheSerLeuGl uGlySerCysArgPhelysGlyHisGluValLeulysProGlyAlaGlnMetGYyGlyHisTr

4600 . l 0% 11 ! Hind 111 . 4700
MAMCTGGGC!GTGTGGTCTGTCACCTGCTC‘CAGTATCWCAGCAGTGT CTT I‘TGAGY‘I’"ATGGG‘IWCAGYCACTGBCTGGCTMGCACAM&CWCAMCCTAMCCYCWGGGCTCCCCMAA
plysGinGluLeuGlyServal Valesl“ sleuleuServalSerSerAlaValCysProAl aAspleuGlyGlnGl nAla*e*

47 -abl helper virus junction'

50
rcrwmcrw:mcnwccccmccncrcrmmm:cc:rcmrcmrcm ﬁt‘l TMIMUALTCWCWCT%IGTTWWTTTWTM AGAAAGGAACAGCCACTAGG CATTATGGGACCCC
C 4 5000
rungzgrccruﬂmmm C"CGG&CCCTGCATTCTTM" Cﬂﬂ’mﬂs:%TTTGYTMAMUGGATATCAGTGG?CCAGGCTCYAGTTTYGICYCMWTMWWTMCCYATMYWTWYMMTMT
150

festart LTR 5 . .
tnA\‘TuGTcl‘CCMMmMMACCCUCCTGTAg&S;YTGGCMGCTAGC"MGTMCGCCAT"!GCMGGCA‘IGGAMMTACMMCYGM;MYWTTWICM&T CiGMYATSGéGCMC
5300
Auummr:rccmmmm;wmcctc.cccccsfco;umummnmcmctwwmwmmaamvmmccrccccmrw&cwwmmncmmu%ccrm
Sst 1/Promoter

box 5450
YWGMCCATCAGMGYTTCCAGGGTGCCCCAAGGACCTWAYGACCUGTGCCTTATTTWCTMCCMTCMTTCGC"CICRCTTCTGYI'CGCGCG T TAAMGAGCCCACAAC
Kon 1 Polyatenyleter siomct T 2oy C TCTGC!CC!CW Cf CCCTCMTCGGCGCGCC

host sequences

9
urcctcmmcrmrccc‘:cmu ocmmcwrmccrcncw;rrccArccucncmt.rcrcccrcnccnccw;sarcIccrctmmnucnccccruccmcrcn.ta‘:' MO
+

AACATTCTGAGGGT,

+50 +1
CGMTATTAAGTAATCCTMCTCAATYAGCCACTGTTTTWTCCACATACTCCAATACYCCTGMAYAGTTU"A"WCAGCGCAWCT

GGGTAACAGTTTCTTGAAGTT
'I’TC

FiG. 1. Nucleotide sequence of the proviral A-MuLV !
genome. The sequence proceeding in the 5'-to-3' di
gle:;:l::c 'I%I;I ?n Dots mark every 10th nucleotide. The amino acid sequence deduced fromgtbe open readmgefﬁ:lxgz l;:s tte sabrenle po:gr tyas A MuLy
. ajor structural features of the genome are indicated. LTR, long terminal repeat. given below the nucleotide se-
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Fic. 2. Summary of the major structural features of the A-MuLV genome. Important features of A-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 recombination,
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 molecular 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 starting with 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 pp60°" 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-, and fps-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
pl2 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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10 20 30 40 50 60 70 80 90
MGQTVTTPLSLTLGHWKDVER IAHNOSVDVKKRRHVTFCSAEHPTFNVGHPRDGTFNRDL ITQVKIKVFSPGPHGHPDQVPYIVTWEALAFDPPPWVKPF

(ABL)
110 120 130 140 150 160 170 180 190
(ABL) VHPKPPPPLPPSAPSLPLEPPLSTPPRSSLYPAL TPSLGAKPKPQVLSDSGGPL IDLLTEDPPPYRDPRPPPSDRDGNGGEATPAGEAPDPSPMASRLRG
(RSV) MGSSKSKPKDPSQRRHSIZEI;l;Dé‘i‘HHGGFPASOTPDETMPDAHRNPSRSFGTVATEPKLFHGFNTSDTVTSPQRAGALAGGVTTFVALYDYESHTETDL
10 50 60 70 80 90
gag ¢ ¢ abl
210 220 230 ! 240" 250 260 270 290
(ABL) RREPPVADSTTSQAFPLRTGGNGQLQYHPFSSSDLY TPVNSLEKHSHYHGPVSRNMEVLLSSGIN--GSFLVRESESSPGQRSISLRYEGR ----- v
(RSV) SFKKGERLQIVNNTEGDWMLAHSLTTGQTGYIPSNYVAPSDSIQAEEW YFGK I TRRESERLLLNPENPRGTFL VRKSE TAKGAYCL SVSDFDNAKGPNVK
120 130 140 150 160 170 180 190
300 310 320 330 340 350 360 370 380 390
(ABL) HYRINTASDGKL YVSSESRFNTLAELVHHHSTVADGL I TTLHYPAPKRNKPTIYGVSPNYDKWEMERTDI TMKHKLGGGQYGEV YEGVWKKYSLTVAVKT
(RSV) HYKIYKLYSGGF YITSRTQF 6SLQQLVAYYSKHADGLCHRLANVCPTSKPQTQGLAK - --DAWE IPRE SLRLEAKLGQGCF GEVWMGTWNDTTR-VAIKT
220 230 240 250 260 270 280 290
400 410 420 430 440 450 460 470 480 490
(ABL) LKEDTMEVEEFLKEAAVMKE IKHPNLVQLLGVCTREPPF Y1 I TEFMTYGNLLDYLRECNRQEVSAVVLLYMATQI SSAME YLEKKNF IHRDLAARNCLVG
(RSV) LKPGTMSPEAFLQEAQVMKKLRHEKLVQL YAVVSEEPI-YIVIEYMSKGSLLDFLKGEMGKYLRLPQLVDMAAQIASGMAYVERMNYVHROLRAANILVG
320 330 340 350 360 370 380 390
500 s s20 530 540 550 560 570 580 590
(ABL) ENHLVKVADF GLSRLMTGDTYTAHAGAKF P IKWTAPE SLAYNKF SIKSDVWAF GVLLWE IATYGMSPYPGIDL SQVYELLEKDYRMERPEGCPEKVYELM
(RSV) ENLVCKVADF GLARL IEDNEYTARQGAKF P IKNTAPEAALYGRFTIKSDVHSFGILL TELTTKGRVPYPGMVNREVLDQVERGYRMPCPPECPESLHDLM
400 a0 | 420 430 440 450 460 470 480 490
600 610 620 630 640 650 660 670 680 69
(ABL) RACWQWNP SDRPSFAE IHQAFETMF QE SS I SDEVEKELGKRGTRGGAGSMLQAPELPTKTRTCRRAAEQKASPPSLTPKLLRRQVTASPSSGLSHKKEAT
(RsV) CQCWRKDPEERPTFKYLQAQLLPACVLEVAE
500 510 520
700 710 720 730 740 750 760 770 780 790
(ABL) KGSASGMGTPATAEPAPPSNKVGL SKASSEEMRVRRHKHSSE SPGRDKGRLAKLKPAPPPPPACTGKAGKPAQSPSQEAGEAGGP TKTKCTSLAMDAVNT
800 810 820 830 840 850 860 870 880 890
(ABL) DPTKAGPPGEGLRKPVPPSVPKPQSTAKPQGLPPARSPPPPQHQLLHPWLGTSSHLLPPSSPSYQPVCLLGRPASRQSALPVAPSPRVWFWTVLRPCALP
900 910
(ABL) SPGTQSRWPATVLYWRLARTCTLSV

Fic. 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 of the RSV protein pp60°™ (22) and the upper line gives the putative

amino acid sequence of p12

04°¢25_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. A K-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,
Dle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr.

of a large open reading frame preceding the amino terminus of
pl5 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 pp60*™ revealed extensive amino acid homol-
ogy with the carboxyl terminus of pp60"™. A single site for ty-
rosine phosphorylation has been detected within pp60°™ (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 pp60°™™
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 pp60°™ 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 204 amino acids longer
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than that of pp60°. 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 pp60°™ 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.

We thank David Lipman, Richard Feldmann, and Sushil Devare for
help with computer analysis and Stuart Aaronson for helpful advice and
support.
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