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We determined the nucleotide sequence of the v-H-ras-related oncogene of BALB/c murine sarcoma virus.
This oncogene contains an open reading frame of 189 amino acids that initiates and terminates entirely within
the mouse cell-derived ras sequence. The protein encoded by this open reading frame matches the sequence
predicted for the T24 human bladder carcinoma oncogene product, p21, in all but two positions. The presence
of a Iysine residue in position 12 of BALB/c murine sarcoma virus p21 likely accounts for its oncogenic
properties.

BALB/c murine sarcoma virus (BALB-MSV) is a replica-
tion-defective transforming retrovirus of mouse origin (1, 15)
that was isolated from a spontaneously occurring BALB/c
mouse tumor. Recent studies have demonstrated that BALB-
MSV arose by recombination between a murine leukemia
virus and a mouse cell DNA sequence (4). Molecular cloning
and detailed structural analysis of the proviral genome of
BALB-MSV have revealed that large portions of helper
virus pol and env genes were deleted as a result of this
recombination and were replaced by a stretch of cellular
sequences ca. 0.6 kilobase long (4). The molecularly cloned
BALB-MSV cell-derived sequence, v-bas, exhibited a high
degree of sequence homology with the transforming gene
(H-ras) of Harvey murine sarcoma virus, as determined by
heteroduplex and Southern blot hybridization analyses (3).
The importance of the ras family of oncogenes has been
highlighted by recent discoveries that the majority of the
dominant transforming genes isolated from human tumors
are closely related to these retroviral oncogenes (7, 10, 14,
16, 24, 26). In fact, a series of recent advances in this area
has demonstrated that single point mutations in either of two
specific codons frequently lead to the activation of ras
proto-oncogenes as oncogenes (5, 6, 18, 19, 25, 27-29, 35,
36).

In an effort to understand the structural relationships
between the oncogenes of BALB-MSV and Harvey murine
sarcoma virus and their human cellular counterparts, we
carried out primary nucleotide sequence analysis of these
genes. In this paper we present the nucleotide sequence of
the BALB-MSV transforming gene.

Molecular cloning and preliminary characterization of the
BALB-MSV proviral genome were described earlier (4). The
clone (X9EB-18) contained the entire proviral genome and
adjacent host cellular sequences. Portions of the proviral
genome were subcloned in the plasmid vector pBR322 and
used for sequencing. One subclone, designated pHBI (4),
contained almost the entire v-bas sequence. Another
subclone used contained the viral sequences immediately
upstream of pHBI, located between the two HindIll sites
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(2.9 kilobase pairs [kbp] to 4.4 kbp on the BALB-MSV map
[Fig. 1]).
To map in greater detail the regions of the helper virus that

underwent deletions or substitutions or both during the
recombinational events that generated BALB-MSV, we car-
ried out heteroduplex analysis between the BALB-MSV
proviral genome and that of a mouse helper virus, Rauscher
murine leukemia virus (R-MuLV) (11), which is closely
related to the natural helper virus present in the original
BALB-MSV isolate (R. P. Reddy, unpublished data). A
representative heteroduplex structure is shown in Fig. 2.
Such an analysis revealed that the two viral genomes shared
3.7 ± 0.2 kbp of homologous sequences at their 5' ends. This
region of homology represents the long terminal repeat, the
entire gag sequence, and the amino-terminal region of the
polymerase gene of the R-MuLV genome (11). Following
this region, a deletion loop of ca. 1.7 ± 0.2 kbp was observed
and was deduced to represent the polymerase gene se-
quences of the helper virus deleted in BALB-MSV. This
feature was followed by a second region of homology 0.62 ±
0.05 kbp long which could have been derived from either the
carboxy-terminal region of the polymerase gene of R-MuLV
or the amino-terminal region of the envelope gene of R-
MuLV or both. Downstream of this, a sequence substitution
bubble was observed. From the restriction maps of R-MuLV
and BALB-MSV, we could conclude that 0.85 ± 0.1 kbp of
env sequences were replaced by the 0.70 ± 0.1-kbp v-bas of
host cellular origin. At the 3' end, the substitution was
followed by a homologous region of 2.2 ± 0.2 kbp which
must represent the carboxy-terminal region of the env gene
and the 3' long terminal repeat. Thus, the generation of
BALB-MSV involved a large deletion in the helper virus pol
gene and a substitution of the env gene with v-bas.
The nucleotide sequence of the transforming region of

BALB-MSV is shown in Fig. 3. To precisely localize the
points of recombination, we compared the sequences shown
in Fig. 3 with those of AKR murine leukemia virus (12) by
using the computer program developed by Wilbur and Lip-
man (34). This analysis revealed that the BALB-MSV se-
quence (Fig. 3) was identical to the AKR murine leukemia
virus genome from positions 1 through 44 at the 5' end and
from position 750 to the end.
The region from positions 45 through 749, corresponding

to the location of v-bas, was not significantly related to
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FIG. 1. Restriction enzyme map of BALB-MSV and sequencing
strategy. The map shows the helper virus-derived (open boxes [long
terminal repeats] and thin solid line) and cell-derived (black box)
sequences. Shown beneath this map is the strategy used for the
nucleotide sequence analysis; the solid and broken arrows represent
regions sequenced on the sense and complementary strands,
respectively.

murine leukemia virus sequences. The sequence comparison
also demonstrated that the host-derived sequences (posi-
tions 45 through 749) underwent recombination with the
helper virus such that they were flanked by the pol gene
carboxy-terminal sequences at the 5' end and by the env
gene carboxy-terminal sequences at the 3' end. The recom-
bination resulted in the deletion of 63 codons from the 3' end
of the pol gene and a deletion of the amino-terminal 735
nucleotides coding for the first 245 amino acids of the env
gene. However, the putative acceptor splice signal used in
the generation of subgenomic env mRNA was retained. It is
possible that a similar splicing mechanism mnay be used to
generate the mRNA of the BALB-MSV transforming gene.
Examination of the cell-derived sequences upstream of the
first ATG codon did not reveal any apparent promoter-like
sequences in this region, suggesting transcription via a
spliced mRNA.
The transforming gene product of BALB-MSV has been

identified as a 21,000-dalton protein (3), and examination of
the sequence revealed the presence of an open reading frame
starting at positions 144 through 146 and extending for 567
nucleotides, that could encode a protein of 189 amino acids
with a molecular weight of ca. 21,000. The predicted amino
acid sequence for this protein is shown in Fig. 3.
The high degree (97%) of nucleotide sequence similarlity

between the v-bas open reading frame and that of v-H-ras (9)
formally established that v-bas indeed arose from the mouse
homologue of the H-ras-1 proto-oncogene. Furthermore,
there were only three differences in the predicted p21 amino
acid sequences of v-bas and v-H-ras; these were, respec-
tively, lysine versus arginine at position 12, alanine versus
threonine at position 59, and lysine versus glutamic acid at
position 143.
Recent studies with several acute transforming viruses

have revealed that the proto-oncogenes have undergone
extensive deletions in their amino- or carboxy-terminal
regions or both during recombination with the helper virus.
Thus, in the case of Moloney murine sarcoma virus (21, 32)
and simian sarcoma virus (8), it was demonstrated that the

LIne repiaI.UIcment UoIIIlnenrldlly uocIcuiniig giycineC kUUoIu Lz')
or glutamine (codon 61) residues by other amino acids. In
positions 12 and 61 of the predicted amino acid sequence of
BALB-MSV p21, lysine and glutamine, respectively, are

FIG. 2. Electron micrograph of (A) the heteroduplex formed
between BALB-MSV and R-MuLV. A diagrammatic representation
(B) and interpretive sketch (C) are shown below the micrograph. In
panel B, the heavy lines represent double strands and the light lines
represent single strands. In panel C, the top and bottom lines
represent R-MuLV DNA and BALB-MSV DNA, respectively.
Features 1 (1,475 + 196 base pairs) and 9 (2,798 + 300 base pairs)
are cellular sequences flanking the R-MuLV proviral DNA. Contour
lengths of other features are as follows (in base pairs): 2, 1,659 ±
183; 3. 857 + 100; 4, 712 + 80: 5. 615 + 40; 6, 1,670 + 183; 7, 82 ±
23; and 8, 3,518 + 214. Features 1, 2, 3, 5, 6, 8, and 9 represent
R-MuLV; features 2, 4, 5, 7, and 8 represent BALB/MSV. Tran-
scriptional orientation of the molecules (5'-- 3') is from right to left.
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v-bas-helper V1ial junction 50 Sm..Sa I
TCCGTGTGGGTGCGCCGGCACCAGACCAAAAACTTAGAACCTCCGCGCCCCCGCCCTGCCCCGGCCCCGGCCCCGCCCCGGGGGCA

100 . Sac I . 150 + Hind III
GTCGCGCCAGCAAGCGGTGGGGCAGGAGCTCCTAGATTGGCAGCCGCTGTAGAAGCT ATG ACA GAA TAC AAG CTT GTG

Met Thr Glu Tyr Lys Leu Val
200

GTG GTG GOC GCT AAA GGC GTG GGA AAG AGT GCC CTG ACC ATC CAG CTG ATC CAG AAC CAC TTT GTG
Val Val Gly Ala Lys Gly Val Gly Lys Ser Ala Leu Thr Ile Gln Leu Ile Gln Asn His Phe Val

250

GAC GAG TAT GAT CCC ACT ATA GAG GAC TCC TAC CGG MA CAG GTG GTC ATT GAT GGG GAG ACA TGT
Asp Gly Tyr Asp Pro Thr Ile Glu Asp Ser Tyr Arg Lys Gln Val Val Ile Asp Gly Glu Thr Cys

300

CTA CTG
Leu Leu

350

GAC ATC TTA GAC ACA GCA GGT CAA GAA GAG TAT AGT GCC ATG CGG GAC CAG TAC ATG CGC
Asp Ile Leu Asp Thr Ala Gly Gln Glu Gly Tyr Ser Ala Met Arg Asp Gln Tyr Met Arg

4+00
ACA GGG GAG GGC TTC CTC TGT GTA TTT GCC ATC AAC AAC
Thr Gly Glu Gly Phe Leu Cys Val Phe Ala Ile Asn Asn

ACC AAG TCC TTC GAG GAC ATC CAT CAG
Thr Lys Ser Phe Glu Asp Ile His Gln

450

TAC AGG GAG CAG ATC AAG CGG GTG AAA GAT TCA GAT GAT GTG CCA ATG GTG CTG GTG GGC MC AAG
Try Arg Glu Gln Ile Lys Arg Val Lys Asp Ser Asp Asp Val Pro Met Val Leu Val Gly Asn Lys

500

TGT GAC CTG GCT GCT
Cys Asp Leu Ala Ala

CGC ACT GTT GAG TCT
Arg Thr Val Glu Ser

. Hae III . 550
CGG CAG GCC CAG GAC CTT GCT CGC AGC TAT GGC ATC
Arg Gln Ala Gln Asp Leu Ala Arg Ser Tyr Gly Ile

600
CCC TAC ATT AAA ACA TCA GCC AAG ACC CGG CAG GGC GTG GAG GAT GCC TTC TAT ACA CTA GTC CGT
Pro Tyr Ile Lys Thr Ser Ala Lys Thr Arg Gln Gly Val Glu Asp Ala Phe Tyr Thr Leu Val Arg

650

GAG ATT CGG CAG CAT AAA TTG CGG AAA CTG
Glu Ile Arg Gln His Lys Leu Arg Lys Leu

700
TGC AAA TGT GTG CTG TCC TGA
Cys Lys Cys Val Leu Ser End

AAC CCA CCC GAT GAG AGT GGT CCT GGC TGC ATG AGC
Asn Pro Pro Asp Glu Ser Gly Pro Gly Cys Met Ser

v-bas-helper viral junction +.
CACCAGGCTCAGGACATGGAGGTGCCGGATGCAGGGTGGACATGACCCAGGGCTCATCTT

Bam HI * 800 8Sma I ..0
TGGGATCCGACTTAAAATTACAGACTCGGGGCCCCGGGTCCCAATAGGGCCAAACCCCGTCTGGTCAGACCGACGACCACCTTCCCG

900

GCCTAGACCCACCAGATCTCCCCCGCCTTCAAACTCCACCCCAACCGAGACACCCCTCACCCTCCCCGAACCCCCGCCAGCGGGAGT

950 1000

CGAAAACCGATTGTTAAATCTAGTAAAAGGAGCCTACCAALCCCTCAACGTCACCAGTCCTGATAAAACCCAAGAGTGCTGGTTATG
lOSO Kpn I i

CCTAGTATCGGGACCCCCATACTACGAGGGGGTTGCCGTCCTAGGTACC
FIG. 3. Nucleotide sequence of the BALB-MSV oncogene. The amino acid sequence predicted for the oncogene product is shown below

the nucleotide sequence. Pertinent restriction enzyme cleavage sites are shown, as are the v-onc-helper virus junctions (see text). The dots
mark every 10th nucleotide.

present. The only differences between the sequences pre-
dicted for the p21 proteins of BALB-MSV and the T24
human oncogene are at positions 12 and 143 (valine and
glutamic acid, respectively, in T24) (6, 18, 19, 25, 27-29, 35,
36). The HI-ras-1 (human) proto-oncogene encodes glycine
and glutatnic acid at positions 12 and 143, respectively (18).
The nucleotide sequence of H-ras-1 (mouse) has not yet
been determined. Thus, whether the lysine at position 143 in
the BALB-MSV transforming gene plays any role in its
activation is not known. However, extensive evidence for
the acquisition of transforming properties by ras oncogenes
as a result of mutations at position 12 strongly implies that
this lesion alone is responsible for the oncogenic activity of
BALB-MSV p21.
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