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Different variants of Moloney murine sarcoma virus (MSV) were examined by
nucleotide sequencing to compare the junctions between the acquired cellular
sequence, v-mos, and the adjacent virus-derived sequences. These variants
included 124-MSV, ml-MSV, and HT1-MSV and also the purportedly indepen-
dent isolate Gazdar MSV. These four strains have an identical 5' junction between
the murine leukemia virus env gene and the v-mos gene. This junction lies within
the sixth codon of the chimeric env-mos coding region that encodes the transform-
ing gene product. In contrast, at the 3' junction between the v-mos gene and the
murine leukemia virus env gene, the three variants examined here were all
different. A small deletion was found in the COOH-terminal portion of the ml-
MSV env-mos coding region, indicating that the COOH terminus of this trans-
forming gene product must be different from that of 124-MSV or HT1-MSV. The
data presented here are consistent with the thesis that a virus closely related to
HT1-MSV was the primordial Moloney MSV, and that all other related strains
evolved from it by deletion or rearrangement. The variability observed in the
Moloney MSV family is discussed in terms of possible mechanisms for the initial
capture of mos sequences by the parental retrovirus and also in comparison with
other transforming retrovirus families, such as Abelson murine leukemia virus and
Rous sarcoma virus.

Moloney murine sarcoma virus (Mo-MSV) is
a replication-defective transforming retrovirus
which arose by recombination between Moloney
murine leukemia virus (Mo-MLV) and the proto-
oncogene c-mos, present in the BALB/c mouse
genome. Mo-MSV was initially isolated from a
rhabdomyosarcoma of an Mo-MLV-infected
mouse (28). From the initial Mo-MLV/Mo-MSV
tumor, many variants of Mo-MSV were isolated
(1-5, 8, 15, 16, 19, 24, 39) (Fig. 1).
Among these, the mos gene of 124-MSV,

termed v-mos124, has been extensively charac-
terized. The nucleotide sequence of v-mos124 is
known (11, 36, 37, 40, 41) and reveals the
presence of an open reading frame encoding a
gene product of Mr 41,000. Both parental nucle-
otide sequences also are known, and compari-
son of the c-mos (40, 41) and Mo-MLV (38)
sequences with the v-mos'24 sequence allowed
identification of the apparent recombination
points which generated v-mosl24. Indeed, the v-
mos124 coding region constitutes part of a chime-
ric coding region, consisting of the NH2-terminal
coding region of the envelope (env) gene of Mo-
MLV fused to v-most24. Therefore, although the
coding region is commonly referred to simply as

v-mos, it is more correctly termed an env-mos
fusion gene.
The coding potential of strain 124-MSV was

first examined by in vitro translation of virion
RNA in the rabbit reticulocyte lysate system (9,
32). By the nomenclature of Papkoff et al. (32),
four overlapping mos-specific proteins of ob-
served Mr's of 37,000, 33,000, 24,000, and
18,000 were identified. These proteins share a
common COOH terminus but differ at their NH2
termini. The alignment of these in vitro transla-
tion products with the nucleotide sequence of
the v-mos124 coding region was confirmed by
various methods (33), such as hybrid arrest
translation, comparison of the NH2-terminal
tryptic peptides of the Mr 37,000 and 24,000
products with synthetic peptides, hydroxyl-
amine cleavage of the in vitro translation prod-
ucts at a unique Asn-Gly bond, and finally,
immunoprecipitation with an antiserum against a
synthetic peptide corresponding to the predicted
v-mos124 COOH terminus. The entire env-mos
coding region was also fused to the coding
region of the small t antigen of polyoma virus
and expressed in a strain of Escherichia coli as a
polyoma small t:mos fusion protein of the antici-
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FIG. 1. Genealogy of the Mo-MSV family. The ml-MSV and m3-MSV variants were isolated by soft agar
cloning of mouse 3T3FL cells infected with Mo-MSV/Mo-MLV (4, 15, 16). The variant 124-MSV was isolated
several years later from mouse TB cells infected with Mo-MSV/Mo-MLV (3). By electron microscopy (14), the
virus:mos junctions of m3-MSV are indistinguishable from 124-MSV and ml-MSV, and only the latter two were

included in the present study. The temperature-sensitive mutant tsllO-MSV was derived from a subclone of 124-
MSV, designated 349-MSV, by mutagenesis and selection (5). Cells infected with tsllO-MSV have been shown
to contain two defective RNA genomes in addition to the helper Mo-MLV (23). As it is not known which genome
is responsible for the transformed phenotype, tsllO-MSV was not included in this study. The myeloproliferative
virus MPV-MSV was also isolated from Mo-MSV/Mo-MLV, but unlike 124-MSV it can induce erythroleukemia
and myeloid leukemia in adult mice (8, 35). MPV-MSV has not yet been molecularly cloned and was not
examined here. The HT-1 line of hamster cells was isolated as a nonproducer transformed cell line after injection
of Mo-MSV/Mo-MLV into hamsters (24). NP-MSV was derived by rescue of a transforming activity from HT-1
cells by cocultivation with cells producing various strains of MLV (1, 39). By electron microscopy (14), the
virus:mos junctions of HT1-MSV and NP-MSV are indistinguishable, and only HT1-MSV was examined in this
study. Gz-MSV was reported as an independent isolate from an NZW/NZB F1 mouse (19, 30). Analysis of its 5'-
env:mos junction suggests, however, that it may have arisen from Mo-MSV after infection of an NZW/NZB F1
mouse (13). Strain 1712-MSV was reported as an independent isolate from a CFW/D mouse injected with MLV
(2, 10), but is indistinguishable from m3-MSV by electron microscopy (14). Therefore, 1712-MSV probably arose
from Mo-MSV present as a contaminant in the MLV stock which was used to inject the CFW/D mouse and was
not included in this study. It should be noted that after Moloney (28) isolated the initial Mo-MLV/Mo-MSV
tumor, cell-free extracts were passaged six additional times in BALB/c mice, at which time the uncloned virus
was used to inoculate hamsters. A single resulting tumor was put into tissue culture and is referred to as the HT1
line (24). Other variants of Mo-MSV were isolated subsequently from uncloned stocks which were passaged at
least an additional 150 times in BALB/c mice. This passage history may have some bearing upon the finding (see
the text) that HT1-MSV most closely resembles a primordial Mo-MSV.

pated size, which could be immunoprecipitated
with either a polyoma anti-tumor serum or the
aforementioned anti-COOH-terminal mos pep-
tide serum (12). These various approaches con-
firmed that the in vitro translation product of
observed Mr 37,000 represents the full-length
product of the env-mos coding region, as pre-
dicted by the nucleotide sequences of the cloned
plasmids pDDO (11) and pMSV-1 (40, 41). The
calculated Mr of 41,000 is in fairly good agree-
ment with the observed Mr of 37,000. A protein
very similar to the largest in vitro translation
product, designated p37mos, is also present in

cells transformed by 124-MSV (34). This sug-
gests that the longest product of the env-mos

coding region is likely to be the bona fide
transforming gene product of 124-MSV.

In a previous study by electron microscopy
(14), the genomic RNAs of different variants of
Mo-MSV were compared to elucidate the ar-
rangement of the v-mos sequences with regard
to the flanking Mo-MLV-derived sequences.
This earlier study compared the genomic organi-
zation of some of the Mo-MSV variants, as
summarized in Fig. 2. Briefly, although all
strains contained indistinguishable v-mos se-

NP-MSVT
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electron microscopy, and second, whether the
predicted gene products of other strains would
be similar to the v-mos124 gene product.

MATERIALS AND METHODS

* Plasnuds. Plasmids pM13, pHT10, and pHT13 were
v~vs obtained from the laboratory of George Vande Woude

__________ - - ---------- -(National Institutes of Health). These plasmids repre-
sent subclones of the cloned ml-MSV genome (Fig.
3A) or of the cloned HT1-MSV genome (Fig. 3B) (6,

-- 42). Plasmid pMTx-1, which contains the c-mos gene
on a single large EcoRI fragment, was described
previously (40). Plasmid pDD81 (Fig. 3A) was con-
structed in this work and is a subclone of the 3'-
mos:env junction of ml-MSV.

@ -~--------- \ "Nucleotide sequencing. The fragments of ml-MSV
and HT1-MSV prepared for nucleotide sequencing are
shown diagrammatically in Fig. 3A and B. Most of the
c-mos sequence which is shown in Fig. 7 was previ-
ously published (40, 41) except for that portion which

*--------------- o---/ overlaps the 3'-mos:env junction of HT1-MSV. The
additional sequence was provided by C. Van Beveren

0 2 4 6 8 &9 of the Salk Institute (personal communication). We
i ' I' ' also reconfirmed this sequence, which is contained inKlLaEOMES the HindIII-BglII fragment downstream of the c-mos

2. Electron microscopic comparison of the gene. All fragments, whether 5' or 3' labeled, were
;V family. The DNA genomes are shown for a subjected to the chemical sequencing reactions de-
of strains of the Mo-MSV family and com- scribed by Maxam and Gilbert (27). Sequencing prod-

with the parental virus, Mo-MLV. Deletions ucts were fractionated on either 6, 8, or 24% polyacryl-
spect to Mo-MLV are shown by dashed lines. amide sequencing gels by standard protocols.

The v-mos substitution is indicated in each genome by
the bold line underneath the env gene deletion. This
figure is based upon earlier electron microscopic mea-
surements of heteroduplexes formed between the Mo-
MSV genomic RNAs and either Mo-MLV cDNA or
124-MSV cDNA (14). The ml-MSV and HT1-MSV
genomes also have been examined in the electron
microscope by Vande Woude et al. (43) with similar
results.

quences, differences were noted in the amount
of the env gene retained both upstream and
downstream of v-mos. At the 5' junction be-
tween the Mo-MLV env gene and v-mos (re-
ferred to as the 5'-env:mos junction), all of the
genomes appear very similar except for Gazdar
MSV (Gz-MSV), which contains about 1.2 kilo-
bases (kb) more of the env gene upstream of v-
mosGz. At the 3' junction between v-mos and
the Mo-MLV env gene (referred to as the
3'-mos:env junction), all of the genomes appear
very similar except for NP-MSV and HT1-MSV,
which contain an additional 0.6 kb of the env
gene downstream of v-mos.
Given the detailed knowledge of the v-mos124

nucleotide sequence and the unique structure of
its chimeric env-mos gene product, it was of
interest to reexamine the apparent recombina-
tion points of these related variants with the
precision of nucleotide sequencing. We wished
to understand first, the recombinational events
which led to diversity at the junctions between
the env gene and v-mos previously observed by

RESULTS
NH2-terminal coding region of mos. Figure 4

shows the NH2-terminal nucleotide sequences
of the mos gene of strains 124-MSV, ml-MSV,
and HT1-MSV in comparison with their parental
sequences. These three variants of Mo-MSV all
had an identical 5'-env:mos junction, which lay
within the sixth codon of the chimeric env-mos
reading frame.
Although the junctions of the three variants

were identical, their sequences differed in other
respects. (i) The third codon of the presumptive
parental Mo-MLV env gene was CGT (arginine).
In strain 124-MSV, a single base change (G to A)
altered the third codon to CAT (histidine). (ii)
Strain 124-MSV had 192 nucleotides deleted in
the pol gene immediately upstream of the env-
mos coding region. In both respects, strains ml-
MSV and HT1-MSV were more closely related
to the parental sequence than to 124-MSV.
Whether these alterations in 124-MSV have any
biological function is not known.
Gz-MSV was isolated from a spontaneously

occurring tumor in an NZW/NZB F1 mouse and
thus was considered to be distinct from the Mo-
MSV family (19, 30). When examined by elec-
tron microscopy (Fig. 2), Gz-MSV showed the
same v-mos substitution as was observed in Mo-
MSV and had about 1.2 kb of the env gene
directly upstream of v-mosGZ. Given that other
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FIG. 3. Nucleotide sequencing strategy for the junctions of ml-MSV and HT1-MSV. The maps of ml-MSV

and HT1-MSV are shown in panels A and B, respectively (6). The bold line represents v-mos, and the hatched

boxes represent the long terminal repeat sequences. In each of the fragments used for sequencing, shown as

double-stranded molecules, the 32P-labeled terminus is designated with an asterisk. The dashed arrow represents
that portion of each fragment which was sequenced. Abbreviations: B, BglII; H, HindlIl; Ps, PstI; Pv, PvuII; R,
EcoRI; Xb, XbaI; Xh, XhoI.
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variants of Mo-MSV encode a fused env-mos
gene product, it would be expected that strain
Gz-MSV would encode an env-mos gene prod-
uct which would be correspondingly longer due
to the additional env gene sequences at its NH2
terminus. We recently reported the nucleotide
sequence of Gz-MSV across the 5'-env:mos
junction, as determined by primer extension
nucleotide sequencing of the virion RNA of Gz-
MSV (13). These results are shown (Fig. 5) in
comparison with the parental sequences. Sur-
prisingly, v-mosGZ had the same 5'-env:mos
junction present in other variants of Mo-MSV,
occurring within the sixth codon of the chimeric
env-mos coding region. However, the entire
env-mos coding region was juxtaposed 1.1 kb
downstream in the env gene, presumably by a
second recombinational event with helper MLV.
As previously discussed (13), this genomic
structure can be explained if Gz-MSV resulted
from infection of an NZW/NZB F1 mouse with
Mo-MSV, which subsequently underwent rear-
rangement by recombination with the helper
MLV.

It is interesting to note that in the third codon
of the fused env-mos coding region, the Gz-MSV
sequence was CAT (histidine) and thus was
more closely related to 124-MSV than to the
parental env gene sequence, which was CGT
(arginine).
COOH-terminal coding region of mos. Figure 6

shows the COOH-terminal coding region and 3'-
mos:env junction of strains 124-MSV and ml-
MSV in comparison with the parental nucleotide
sequences. The open reading frame in 124-MSV,
which encodes the env-mos gene product,
p37mOS, has been determined by a variety of
techniques to terminate as shown in Fig. 6 (12,
33). Termination of p37mOS occurs at a TGA
codon in the c-mos-derived portion, which lies
about 50 nucleotides upstream of the 3'-env:mos
junction. In this region, the v-mos124 sequence
differed from the parental c-mos sequence in
several minor respects. (i) There was a single
nucleotide change (G to A), which altered the
third amino acid before the COOH terminus
from alanine in c-mos to threonine in 124-MSV.
(ii) There were three other single nucleotide
substitutions and a single nucleotide deletion in
the 3' untranslated sequence.
The COOH-terminal coding region of the ml-

MSV mos gene (Fig. 6) was significantly differ-
ent from that of 124-MSV; a deletion of 13
nucleotides has occurred, starting within the
sixth codon from the COOH terminus of c-mos.
This deletion caused a shift in the reading frame
of v-mosml, so that the terminator codon of the
parental c-mos gene was translated out of phase.
Termination of v-mosml occurred about 20 nu-
cleotides further downstream at a TAG codon.

MSV GENEALOGY 611

The occurrence of a single nucleotide deletion
immediately before the v-mosml terminator co-
don should also be noted.
The 3'-mos:env junction was also different in

ml-MSV than in 124-MSV. The ml-MSV
genome retained about 25 nucleotides less of the
presumptive c-mos 3' untranslated region. This
observation is consistent with electron micro-
scopic evidence (43) and also explains the ab-
sence (6, 43) in ml-MSV of an HindIII restric-
tion site that is present in the c-mos gene and
also in strains 124-MSV and HT1-MSV. It
should also be noted that the ml-MSV genome
contained about 20 nucleotides more of the env
gene (positions 7,597 to 7,617 of Mo-MLV) than
did 124-MSV. Thus, ml-MSV differed signifi-
cantly from 124-MSV both in the COOH-termi-
nal coding region and also at the 3'-mos:env
junction.
The COOH-terminal coding region of the

HT1-MSV mos gene (Fig. 7) was identical with
that of its parental c-mos gene. Strain HT1-MSV
was also unique in that it retained more of the
presumptive 3' untranslated region of c-mos
than did 124-MSV. Whereas 124-MSV retained
only about 50 nucleotides, HT1-MSV retained
about 120 nucleotides from the presumptive 3'
untranslated region of c-mos. Based on the
earlier electron microscopic study (14) (Fig. 2),
it was also known that HT1-MSV retains about
600 nucleotides more of the env gene down-
stream of v-mosHTl than does 124-MSV. This
was confirmed by the nucleotide sequence
shown in Fig. 7. The 3' junction between v-
mosHTI and the env gene occurred at position
6,975 in Mo-MLV, compared with the 3'junc-
tion between v-mos124 and the env gene, which
occurred at position 7,618 in Mo-MLV.
The presumptive 3' untranslated region of

mos that was retained in strain HT1-MSV dif-
fered from the parental c-mos sequence in sever-
al respects. (i) There was one single nucleotide
deletion and one single nucleotide substitution.
(ii) There was a two-nucleotide -TA- insertion,
which occurred after a tract of seven T residues
in the parental c-mos sequence. Curiously, the
position of this small insertion coincided with
the mos endpoint of the 3'-mos:env junction of
strain 124-MSV.

In the sequence of the env gene retained
downstream of v-mosHTl, 11 nucleotide changes
were found in comparison with the Mo-MLV
env gene (Fig. 7). In fact, the env gene sequence
retained in strain HT1-MSV was more closely
related to the env gene of Akv virus (26). This
observation emphasizes the difficulty in correct-
ly identifying the parental retroviruses for either
Mo-MSV or Mo-MLV, as unknown recombina-
tional events could have occurred with endoge-
nous murine retroviruses during the passage
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history of Mo-MSV/Mo-MLV. As discussed in
the legend to Fig. 1, the HT1-MSV genome was
immortalized in the hamster tumor cell line HT-1
early after the original Mo-MSV/Mo-MLV tu-
mor was isolated. The molecularly cloned HT1-
MSV was derived by rescue with feline leukemia
virus (42) and immediately used to transform
mink cells. Any recombination event between
HT1-MSV and a virus related to Akv virus must
have occurred during the briefMo-MSV passage
in BALB/c mice or, possibly, before its progeni-
tor became tumorigenic.

DISCUSSION
Junction points: recombination or deletion?

Every transforming retrovirus that bears a cell-
derived sequence has two junctions between
viral information and cell-derived information.
In Mo-MSV, these are referred to as the 5'-
env:mos and the 3'-mos:env junctions. Unfortu-
nately, knowledge of the nucleotide sequence at
the junctions is not sufficient to define the re-
combination events that resulted in the original
capture of the cellular sequence by the retro-
virus. The junctions which were observed may
be identical to the original recombination points.
Alternatively, if deletions occurred subsequent-
ly that spanned the original recombination
points, then the observed junctions will bear no
obvious relationship to the recombination
points. We will attempt to discern between
recombinational junctions and deletion junctions
in the following discussion.

In all but one of the junctions presented in this
work there was some homology between the
parental sequences, ranging from two to as
many as six nucleotides of homology. In these
instances, the precise nucleotide of junction
obviously could not be identified. Small boxes
have been drawn around the nucleotides at the
junctions that are present in both parental se-
quences in Fig. 4 through 7.

Conservation of the 5'-env:mos junctions. The
variant strains 124-MSV, ml-MSV, HT1-MSV,
and Gz-MSV all had an identical 5'-env:mos
junction. This invariability suggests that this
junction may represent the original recombina-
tion point that gave rise to the transforming
virus.
The initiation codon for the env-mos gene

product was thus the same as that used to
initiate translation of Pr8OenV, the Mo-MLV env
gene product. We have no way of knowing
whether the env-derived NH2 terminus consti-
tutes part of a functional domain of the mos gene
product or whether its only role is to initiate
translation. One argument, however, suggests
the latter interpretation. Strain tsllO-MSV was
derived from a subclone of strain 124-MSV and
encodes a gag-mos fusion protein of Mr 85,000,

designated P85, which contains peptides derived
from gag and from mos (5, 23). Presumably, the
tsllO-MSV genome arose by a deletion which
fused the retained gag coding region with the
mos coding region, so that P85 possesses a gag-
derived NH2 terminus. Unfortunately, this inter-
pretation is complicated by the presence of two
different defective RNA genomes in tsllO-MSV-
infected cells (23). At present it is not known
which defective RNA species is responsible for
the temperature-sensitive phenotype nor wheth-
er P85 is the sole mos-specific protein present in
infected cells.

Variability of the 3'-mos:env junction. The
three isolates 124-MSV, ml-MSV, and HT1-
MSV all had different 3'-mos:env junctions.
Both the mos and the env endpoints differed in
all three strains. HT1-MSV retained the greatest
amount of c-mos information and also the great-
est amount of env information. Thus, starting
with HT1-MSV, it would be possible to derive
124-MSV or ml-MSV by simple deletions. It
would not be possible, however, to derive the
124-MSV 3'-mos:env junction by deletion or
rearrangement of ml-MSV, nor vice versa. This
suggests that the 3'-mos:env junction of HT1-
MSV may represent the original recombination
point that gave rise to the transforming virus
and, therefore, that HT1-MSV may be closely
related to the primordial Mo-MSV. This sugges-
tion is further supported by the absence of single
nucleotide changes between v-mosHT1 and c-
mos in those portions of their coding sequences
presented here. In this regard, it is interesting to
note that the stock of Mo-MSV used to create
the hamster tumor from which HT1-MSV de-
rives was passaged many fewer times than were
the stocks used to isolate the other variants of
Mo-MSV (see the legend to Fig. 1).
Even though the virus:mos junctions of HT1-

MSV may be ancestral to the other variants, this
was not true of the rest of the HT1-MSV
genome. For instance, HT1-MSV was more
deleted in the pol gene than 124-MSV, m3-MSV,
and 1712-MSV (Fig. 2). This is not surprising, as
there is probably no correlation between the
retention of gag and pol sequences and the
transforming potential of a given variant. Except
for the initial acquisition of mos sequences by
Mo-MSV, the other deletions and alterations
observed in the different variants are probably
temporally unrelated.
COOH-terminal coding region. The data pre-

sented here suggest that the COOH termini of
the 124-MSV and HT1-MSV gene products
should be very similar. In fact, the mos gene
products of both variants can be immunoprecipi-
tated with an antiserum against a synthetic pep-
tide, 12 residues in length, corresponding to the
predicted v-mos124 COOH terminus (34). As the
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COOH-terminal coding region of v-mosHT1 was
identical to the predicted c-mos sequence, this
also suggests that the antiserum should recog-
nize the c-mos gene product. Preliminary data
indicate that in cell lines transformed by the
murine c-mos gene (7) activated by a viral long
terminal repeat sequence, it is in fact possible to
immunoprecipitate a mos-specific gene product
with the anti-COOH-terminal serum (J. Papkoff
and T. Hunter, unpublished data).
We did not determine the sequence of the

COOH-terminal coding region of Gz-MSV in
this work. It is possible, however, to immuno-
precipitate a protein of observed Mr 37,000 from
the in vitro translation products of Gz-MSV
virion RNA with the anti-COOH-terminal v-
mos124 serum (31). This indicates that the
COOH terminus of the v-mosGZ gene product is
closely related to that of v-mos124 and v-mosHTI.

In contrast, the data presented here reveal
that the transforming gene product of ml-MSV
should have an altered COOH terminus due to a
13-nucleotide deletion which shifts the reading
frame. The net result of this change would be the
replacement of the six COOH-terminal residues,
as seen in v-mos124, with a new COOH terminus
eight residues long. Consistent with this predic-
tion, it was impossible to specifically immuno-
precipitate a v-mosmi gene product from ml-
MSV-transformed cells with the aforementioned
antiserum, which is directed against the COOH
terminus of the v-mosl24 gene product (J. Pap-
koff and T. Hunter, unpublished data).
An alternative sequence has been presented

by Reddy et al. (36, 37) for the COOH-terminal
coding region of v-mos124. In the most recent
version (37) of their sequence determination,
one additional nucleotide shifts the reading
frame such that it would terminate downstream
of the 3'-mos:env junction. The net result of this
change would be the replacement of the 17
COOH-terminal residues of the v-mosl24 gene
product, as predicted by the nucleotide se-
quences of the cloned plasmids pDD0 (11) and
pMSV-1 (40, 41), with an altered COOH termi-
nus 52 residues long. The example of ml-MSV
presented above suggests that the mos trans-
forming gene product can tolerate some variabil-
ity in its COOH terminus. It should be noted that
the COOH-terminal reading frame of v-mosml
was different from that proposed by Reddy et al.
(36, 37) for v-mos124. Conceivably the particular
clone of 124-MSV sequenced by Reddy and co-
workers may have acquired a single nucleotide
insertion and, in fact, may differ from the clones
of 124-MSV sequenced by other laboratories.
Perhaps the COOH terminus of the mos trans-
forming gene product can be encoded by any of
the three possible reading frames, which would
suggest that it can tolerate great variability with-

out loss of biological transforming activity. A
similar interpretation also has been offered by
Watson et al. (44).
Capture of mos by Mo-MSV. As discussed

above, HT1-MSV is probably most closely relat-
ed to the primordial Mo-MSV from which all
isolates of Mo-MSV are derived. At the ap-
parent 5'-env:mos recombination point, there
were only two nucleotides of homology, -GC-,
between the parental sequences. There was
somewhat greater homology at the apparent 3'-
mos:env recombination point of HT1-MSV, con-
sisting of the six nucleotides -TACCAC-. As-
suming that these junctions do represent the true
recombination points, it would seem that the
recombinational events do not require extensive
nucleotide homology between the parental se-
quences.

It would be interesting to know whether the
capture ofmos proceeded by means of a DNA or
an mRNA intermediate. It has been postulated
that 3' recombination points containing an oligo-
deoxyadenylate tract may arise by recombina-
tional events involving mRNA intermediates
(22, 25, 45; I. Lemischka and P. A. Sharp,
personal communication). At the apparent 3'-
mos:env recombination point in HT1-MSV,
however, there was no such tract.
At present, expression of the c-mos gene has

not been detected (17, 18), and so no information
is available on the structure of the c-mos mRNA
or protein. Thus, the possibility of introns in c-
mos cannot be excluded; nor is it possible to
identify the authentic initiation site or termina-
tion site for the c-mos protein. In considering the
capture of mos by Mo-MSV, it is therefore
impossible to know whether the recombination
points lie within the c-mos coding region in
introns, or possibly in flanking untranslated se-
quences. For these reasons, it may be difficult to
decide between various models for mos capture
until data are obtained on the expression of c-
mos.
Other families of transforming retroviruses.

For several other transforming oncogenes be-
sides mos, multiple variants or isolates have
been described. Although most of these familial
relationships have not been analyzed at the
molecular level, some information is available
for the Abelson MLV and Rous sarcoma virus
(RSV) families.
Abelson MLV arose by recombination be-

tween Mo-MLV and the cellular proto-oncogene
c-abl. The primordial strain is probably P160
(20), which encodes a gag-abl fusion protein of
Mr 160,000. Another commonly studied strain,
P120, is related to the P160 strain by a single
internal deletion (20). Several other variants of
Abelson MLV have been derived from either
strain P160 or P120, including the strains desig-
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nated P106, P105, P100, P95, and P90 (21, 46).
Characterization of these variants suggests that
portions of the P160 gag-abl proteins are dis-
pensable for fibroblast transformation but not
for efficient lymphoid cell transformation (20,
46). The virus:abl junctions have been se-
quenced for one strain of Abelson MLV (20).
These junction sequences indicate that the v-abl
endpoints are contained within the mRNA tran-
scripts of c-abl. Unfortunately, this information
is not sufficient to distinguish between recombi-
national models involving DNA versus mRNA
intermediates. Curiously, the viral endpoint of
the 3'-abl:virus junction is three nucleotides
from the viral endpoint of the 3'-mos:env junc-
tion of strain 124-MSV. Given that 124-MSV
probably arose by deletion of a virus similar to
HT1-MSV (see above), the proximity of the 3'-
mos:virus and 3'-abl:virus junctions is almost
surely coincidental.

In RSV, the src:virus junctions of two differ-
ent isolates have been compared by nucleotide
sequencing (R. Swanstrom, R. Parker, and J. M.
Bishop, personal communication), the Prague C
and Schmidt-Ruppin A strains of RSV. Compar-
ison of these sequences with the c-src sequence
indicates that at the 5'-virus:src junctions of
both the Prague C and Schmidt-Ruppin A
strains, the src endpoint lies within an intron of
c-src, upstream of the ATG which initiates
pp605rc. This strongly suggests that some of the
recombinational events which generated the
RSV family occurred by means of DNA interme-
diates rather than mRNA intermediates, which
would be devoid of introns.
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