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The comparative infectivity of Harvey murine sarcoma virus (Ha-MuSV) DNA
for NIH 3T3 cells was determined for supercoiled Ha-MuSV DNA molecularly
cloned in A phage and pBR322 at its unique EcoRI site (which is located near the
middle of the 6-kilobase pair [kbp] unintegrated linear viral DNA) and for two
cloned subgenomic fragments: one was 3.8 kbp and lacked about 1 kbp from each
side of the EcoRlI site, and the second did not contain the 3 kbp of the unintegrated
linear viral DNA located on the 3’ side of the EcoRI site. Each subgenomic DNA
induced foci of transformed cells, but with a lower relative efficiency then genomic
DNA. Transfection with intact vector Ha-MuSV DNA yielded results similar to
those obtained after separation of Ha-MuSV DNA from vector DNA. Cell lines
were then derived from individual foci transformed with each type of viral DNA.
Focus-forming virus was recovered from transformed cells after superinfection
with a helper-independent virus, but the efficiency varied by several orders of
magnitude. For several transformed lines, the efficiency of recovery of focus-
forming virus was correlated with the structure of the Ha-MuSV DNA in the
cells before superinfection. When **P-labeled Ha-MuSV DNA probes specific for
sequences on either the 3’ or 5’ side of the EcoRI site were used to analyze the
viral RNA in the transformed cell lines, all lines were found to hybridize with the
5’ probe, but some lines did not hybridize with the 3’ probe. The transformed
lines contained high levels of the Ha-MuSV-coded p21 or its associated GDP-
binding activity. We conclude that the transforming region and the sequences
that code for the viral p21 protein are both located within the 2 kilobases closest
to the 5’ end of the Ha-MuSV genome.

Harvey murine sarcoma virus (Ha-MuSV)
and the closely related Kirsten (Ki)-MuSV be-
long to a class of mammalian type C retroviruses
that are highly oncogenic in vivo, induce mor-
phological transformation of fibroblasts in tissue
culture, and are defective for replication (2, 19,
50; T. Y. Shih and E. M. Scolnick, in G. Klein,
ed., Viral Oncology, in press). Superinfection of
sarcoma virus-transformed cells with a type C
helper-independent virus enables the transform-
ing activity to be transmitted to uninfected cells,
since these genomes can be efficiently pseudo-
typed (“rescued”) by the virion proteins of a
helper-independent virus.

Ha-MuSV and Ki-MuSV were originally iso-
lated from tumors that developed in rats inocu-
lated with a helper-independent retrovirus, Mo-
loney murine leukemia virus (Mo-MuLV) for
Ha-MuSV (20) and Ki-MuLV for Ki-MuSV (24).
Ha-MuSV and Ki-MuSV are each recombinants
between the helper-independent virus and rat
cell nucleic acid sequences (38, 39); the 5.4-kilo-
base (kb) Ha-MuSV RNA genome is composed
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of an approximately 4.5-kb insert of rat genetic
sequences flanked on the 5’ and 3’ ends by about
0.1 and 0.9 kb of Mo-MuLV sequences, respec-
tively (5, 6, 45). Although Ha-MuSV does not
synthesize any known Mo-MuLV translation
products, it has recently been shown that trans-
formation by Ha-MuSV (and by Ki-MuSV) is
associated with the production of a 21K non-
virion phosphoprotein (p21), which is encoded
by the viral genome (43). The p21 is required for
maintenance of virus-induced transformation,
since it is thermolabile in a mutant of Ki-MuSV
that is temperature sensitive for the mainte-
nance of transformation (44). It is not known
what portion of the viral genome encodes the
p21 protein, nor is it known whether the trans-
forming function requires part or all of the viral
genome.

It has been recognized for some time that
retroviruses replicate through a viral DNA in-
termediate, but the unique structural organiza-
tion of these viral DNAs has only recently been
elucidated (22, 23, 35, 41). Three major forms of
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viral DNA have been described: an unintegrated
linear DNA intermediate, a covalently closed
circular DNA intermediate, and the integrated
viral DNA. The unintegrated linear form of viral
DNA was found to be longer than the genomic
RNA (exclusive of the 3'-terminal polyadenylic
acid) because of direct terminal repetitions in
the viral DNA. In addition to a colinear copy of
the viral RNA, which contains a short direct
terminal duplication (about 50 nucleotides in
murine retroviruses [7]), the viral DNA con-
tained sequences at the 5’ end which were de-
rived from the 3’ end of the viral RNA, whereas
sequences derived from the 5’ end of the viral
RNA were located at the 3’ end of the viral
DNA. For murine retroviruses, this extended
terminal repetition (ETR) contained about 0.5
kb derived from the 3’ end of the viral RNA and
0.15 kb derived from the 5’ end of viral RNA (5,
13). The integrated viral DNA was colinear with
the unintegrated linear DNA and contained
ETR. The closed circular form of viral DNA was
heterogeneous with respect to the ETR (52);
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some molecules, which were the same length as
the viral RNA, contained only one copy of these
sequences, whereas other supercoiled molecules
contained tandem reiterations of these se-
quences.

We have recently reported the molecular clon-
ing in A\ DNA of Ha-MuSV supercoiled circular
DNA intermediates linearized by EcoRI, which
cleaved the viral DNA in a single site (18). Since
the viral EcoRI site was located near the middle
of the unintegrated linear viral DNA isolated
from newly infected mouse cells (14, 18), the
cloned viral DNAs were permuted with respect
to the unintegrated linear viral DNA (see Fig.
1). Three size classes of Ha-MuSV DNA inserts
were isolated: 5.4 (S clone), 6.0 (M clone), and
6.6 kilobase pairs (kbp) (L clone). Each molecule
begins with the 3’ half of the Ha-MuSV genome
and continues through one or more copies of the
ETR into the 5 half of the genome. The S clone
contained the same sequences as genomic RNA,
whereas the M and L clones contained a tandem
duplication and triplication, respectively, of the
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F16. 1. Structural relationship of A\- Ha-MuSV DNAs to viral RNA and to unintegrated linear viral DNA

isolated from acutely infected mouse cells. The small capital letters (below each DNA) refer to restriction
endonuclease sites: E = EcoRI, X = Xbal, K = Kpnl, S = Smal, B = BamHI, H = HindIII. The lower-case
letters indicate the relative location of Mo-MuLV-derived sequences in the termini of the Ha-MuSV RNA and
in the Ha-MuSV DNAs: a = those sequences contained exclusively at the 5 end of the viral RNA which are
duplicated at the 3’ end of the unintegrated linear viral DNA (at least some of these are rat-derived sequences);
b = those sequences that are duplicated at both ends of the viral RNA; c, d, and e = those sequences contained
exclusively at the 3’ end of the viral RNA that are duplicated at the 5' end of the unintegrated linear viral
DNA; f and g = sequences adjacent to e which are not duplicated in the viral DNAs. The large capital letters
(above each viral RNA and DNA) refer to the relative order of the rat-derived sequences. The A\ DNA arms
have not been drawn to scale.
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ETR (5). After digestion with EcoRI, which
separated Ha-MuSV DNA from A DNA, mole-
cules of all three size classes induced foci of
transformed NIH 3T3 cells. After mass cultures
which had been transformed by multiple inde-
pendent transformation events were superin-
fected with a helper-independent virus, focus-
forming virus (FFV) could be transmitted with
high efficiency to uninfected cells.

In the present communication, we have begun
to study the functional organization of the Ha-
MuSV genome. We have molecularly cloned two
subgenomic DNA fragments of Ha-MuSV, com-
pared the transforming activity of these DNAs
with that of the previously cloned viral DNA,
studied the structure and expression of Ha-
MuSV in the transformed cells, and correlated
these findings with the ability to rescue FFV
from the cells. In contrast to the 3’ location of
the transforming (src) regions of Mo-MuSV (1)
and Rous sarcoma virus (11, 50, 51), we have
localized the transforming and p21-coding region
of Ha-MuSV to the 5’ end of the viral genome.

MATERIALS AND METHODS

Cells and virus. The NIH 3T3 mouse embryo
fibroblasts (25), XC rat cells (48), and NIH 3T3 cells
chronically infected with Mo-MuLV and Ha-MuSV
(29) have been described. Mo-MuLV clone 2 was ob-
tained from Nancy Hopkins. It was endpoint diluted
on and grown in NIH 3T3 cells.

Cells were grown in Dulbecco-modified Eagle min-
imal essential medium (Flow Laboratories) supple-
mented with penicillin (100 U/ml), streptomycin (100
pg/ml), and 10% heat-inactivated fetal bovine serum
(Flow Laboratories). The cultures were negative for
mycoplasma by aerobic and anaerobic techniques
(Flow Laboratories).

Overnight culture fluids were assayed for virus on
uninfected NIH 3T3 cells. Mo-MuLV and Ha-MuSV
titers were determined by the XC plaque test (34) and
by focus formation (25), respectively. Using these as-
says, the NIH 3T3 cells chronically infected with the
leukemia-sarcoma virus mixture regularly titered
about 10’ PFU and focus-forming units (FFU) per ml,
with a PFU to FFU ratio of about 2:1. The NIH cells
chronically infected with Mo-MuLV titered about 107
PFU/ml

Enzymes. Restriction endonucleases were obtained
from Bethesda Research Laboratories and New Eng-
land Biolabs and were used according to the supplier’s
assay conditions; occasionally, enzymes were used in
an amount from 2 to 10 times that recommended for
cleavage. T4 DNA ligase was purchased from Be-
thesda Research Labs and used under the standard
conditions specified by the supplier.

Infectivity studies. The AgtWES-.AB Ha-MuSV
DNAs used were clone 10 (S; 5.4-kbp insert), clone 2
(M; 6.0-kbp insert), and clone 1 (L; 6.6-kbp insert)
(18). Experiments were carried out according to the
National Institutes of Health Guidelines for Recom-
binant DNA Research. The unintegrated linear Ha-
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MuSV DNA was obtained after agarose gel electro-
phoresis of Hirt supernatant DNA isolated from the
NIH cells acutely infected with Mo-MuLV and Ha-
MuSV (27). Transfections were carried out by the
calcium precipitation method (15), as previously de-
scribed (27). High-molecular-weight DNA isolated
from NIH 3T3 cells or from calf thymus by the pro-
teinase K method (16) was used as carrier DNA at 25
pg/ml. Both carrier DNAs gave similar infectivity
results. The agarose gel electrophoresis infectivity
study was performed as previously described (18).

For the derivation of cells nonproductively trans-
formed by Ha-MuSV virus, NIH 3T3 cells were in-
fected at limiting dilution with the sarcoma-leukemia
virus complex derived from the chronically infected
mouse cells. Because of the 2:1 helper virus ratio, the
newly infected cells were grown under an agar overlay
to prevent spread of Mo-MuLV through the culture.

Clonal lines of transformed cells derived from in-
dependent foci were obtained in the following manner.
After transfection with viral DNA or infection with
virus, transformed cells from individual foci were iso-
lated from dishes containing fewer than five foci; only
one focus was chosen from any dish. Each focus was
isolated with a cloning cylinder, trypsin was added to
the cylinder, and cells were gently removed by aspi-
ration and transferred to a fresh dish. After one or two
passages, cells from each focus were biologically cloned
as single cells in microtiter wells. These clonally de-
rived nonproducer cell lines were then used for the
nucleic acid studies, for p21 and GDP-binding assays,
and for the transmission of Ha-MuSV to uninfected
cells.

For the transmission of Ha-MuSV, the transformed
cells were superinfected with Mo-MuLV. Dishes (60-
mm) that had been seeded the previous day with 10°
transformed cells were infected with Mo-MuLV clone
2 at a multiplicity of infection of 0.1. Six days later,
culture fluid, which had been added to the cells 18 h
previously, was removed, clarified by low-speed cen-
trifugation, filtered, stored at —70°C, and assayed on
NIH 3T3 cells for Mo-MuLV and Ha-MuSV as noted
above.

Agarose gel electrophoresis and DNA trans-
fer. High-molecular-weight DNA was isolated from
mouse cells (16), and A.Ha-MuSV DNA was isolated
from banded phage by established methods (18). An-
alytical electrophoresis of DNA samples was carried
out as described (18, 42). Those lanes with high-mo-
lecular-weight DNA contained 15 pg of restriction
endonuclease-digested DNA. Wild-type A DNA
cleaved with HindIIl and end-labeled with [a-*P]-
dCTP, and Haelll-digested $X174 DNA, were used as
markers. DNA to be hybridized with [**P]DNA probes
was transferred from the gel to nitrocellulose filters by
the procedure of Southern (46) with minor modifica-
tion.

Hybridization reagents and conditions. For
DNA:DNA filter hybridization and for DNA:RNA
liquid hybridization studies, gel-purified DNA was la-
beled with *P in vitro using the repair synthesis
(“nick-translation”) reaction of Escherichia coli DNA
polymerase (30). The reaction used 100 uCi each of
[a-2P}dCTP and [a-**P]TTP (New England Nuclear
Corp., >300 Ci/mmol), and the specific activity of the
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double-stranded [*?P]DNA probes was =10° cpm/ug.

Two different Ha-MuSV probes were used for filter
hybridization. The first was a representative probe,
which was synthesized from the clone H-1 DNA. The
second probe contained sequences corresponding to
the 3.2 kbp in the unintegrated linear viral DNA from
the Smal site located 1.5 kbp from the 5’ end through
the EcoRlI site to the Smal site located 1.3 kbp from
the 3’ end (see Fig. 1). It therefore did not contain the
Mo-MuLV sequences found in Ha-MuSV. This second
probe was isolated by agarose gel electrophoresis of
Smal + EcoRI-digested clone H-1 DNA (S). After the
two bands containing the sequences were isolated by
electroelution (31), this DNA was re-electrophoresed,
electroeluted, and pooled at a 1:1 ratio before being
used to synthesize the **P probe. The A[**P]DNA was
synthesized from AgtWES.AB DNA. The filters were
hybridized with [?P]DNA as previously described
(18).

For DNA:RNA hybridization in liquid, cellular
RNA was isolated from mouse cells as described (28).
Two DNA probes were derived. They were synthe-
sized by nick-translation from restriction endonuclease
fragments of clone H-1 isolated from twice-electropho-
resed DNA as described above. One, a 3'-specific piece,
was the 3.0-kbp fragment containing the sequences
from the EcoRI site to the Kpnl site located 0.1 kbp
from the 3’ end of the unintegrated linear viral DNA
(see Fig. 1). The other, a 5"-specific probe, was the 2.1-
kbp fragment from the Kpnl site located 0.9 kbp from
the 5’ end of the unintegrated linear viral DNA to the
viral EcoRI site. Both DNA fragments were shown to
be specific for their respective sequences by hybridi-
zation of blotted EcoRI + Kpnl-digested A - Ha-MuSV
DNA (M) to the nick-translated [**P]DNA fragments.
The reaction conditions for the DNA:RNA hybridi-
zations are given in Results.

Transformation of E. coli with pBR322. Trans-
formation experiments with, the certified plasmid
pBR322 (3) were performed according to a procedure
developed by R. Curtiss (personal communication). In
a typical experiment, 0.25 ug of Ha-MuSV insert was
ligated to 0.25 ug of appropriately cut pPBR322. E. coli
RR-I (8; provided by H. W. Chan) cells were grown
overnight in L-broth supplemented (per ml) with 100
ug of diaminopimelic acid, 50 ug of thymidine, 10 ug of
biotin, and 1 pg of thiamine hydrochloride. Exponen-
tial-phase cells were washed and suspended in 75 mM
CaCl; and 10 mM Tris-hydrochloride (pH 8.0). Cells
were held in this buffer for 20 min, pelleted by cen-
trifugation for 10 min at 500 X g, and resuspended in
the same buffer at an approximate concentration of 3
X 10° cells per ml. The cells were held at 4°C for 2 min
before mixing with the plasmid DNA. A 50-ng sample
of DNA was then diluted in 100 ul of buffer containing
137 mM NaCl and 20 mM Tris-hydrochloride (pH
8.0). To each DNA preparation, approximately 6 X 10’
cells were added in a volume of 200 ul. The mixtures
were held at 4°C for 20 min, heated at 42°C for 1.5
min, and cooled in a room-temperature water bath for
10 min. The samples were then diluted 1:10 in L-broth
plus supplements (as described above) and incubated
at 37°C for 90 min with shaking. Cultures were then
plated for overnight growth at various dilutions on
1.2% agar plates containing L-broth, growth medium
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supplements, and the appropriate antibiotic for selec-
tion. Colony hybridization (17) was performed using
Ha-MuSV *?P-labeled complementary DNA for the
selection of virus-containing clones. Large quantities
of purified recombinant DNA were prepared by Hirt
supernatant extraction (21) of DNA from cell pellets
and hydroxyapatite chromatography (9).

Molecular cloning in A of 5 Ha-MuSV clone.
Hirt supernatant viral DNA was isolated from mouse
cells newly infected with the Mo-MuLV pseudotype
of Ha-MuSV (27). The 6.0-kbp unintegrated linear
Ha-MuSV DNA was selected by RPC-5 chromatog-
raphy (33) and identified by the Southern (46) blotting
technique using Ha-MuSV *P-labeled complementary
DNA. The fractions that contained the linear viral
DNA were pooled, and DNA was made fully double-
stranded by treatment with E. coli DNA polymerase
(Sigma). After double-stranded DNA octomers which
contained the EcoRI recognition sequences (Collabo-
rative Research) were ligated to the viral DNA, it was
digested with EcoRI. The digested linkers were then
removed by sucrose gradient centrifugation. The viral
DNA was then ligated to the arms of the AgtWES.
AB (26) DNA EK-2 cloning vector, packaged, and
amplified (18).

RESULTS

Cloning of Ha-MuSV subgenomic frag-
ments. The Ha-MuSV (S clone) insert and a
defined fragment of this insert were subcloned
in the plasmid vector pBR322. The pBR322
clone containing the complete S clone insert
(clone H-1 in Fig. 2) was derived by digestion of
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F16. 2. Schematic representation of Ha-MuSV:
unintegrated linear molecule, the cloned permuted
molecule, and the cloned subgenomic fragments. Ma-
Jjor restriction enzyme sites are indicated on the un-
integrated linear and permuted molecules, as well as
at the ends of the cloned fragments. The key to the
enzymes used is as in Fig. 1, except that Hd = Hin
dIIl, He = Hincll, and P = Pstl. A scale of kilobase
pairs (kbp) is given in the center of the diagram. The
map position of the fragments is indicated by their
placement on the diagram, as well as by map posi-
tions (in kbp) and restriction sites at their ends. The
5'-linear clone, in addition to the 5’ half of Ha-MuSV
DNA, contains 6.5 kbp of nonviral DNA.
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A-Ha-MuSV (S clone) with EcoRI, separation
of the insert from the A arms by centrifugation
on a sucrose density gradient, and ligation of the
Ha-MuSV insert to EcoRI-digested pBR322.
For isolation of the subgenomic Pst-8 clone (Fig.
2), purified Ha-MuSV insert was digested with
Pstl and ligated to Pstl-digested pBR322. Re-
striction analysis of these DNAs has revealed
the expected cleavage products (Table 1).

The second subgenomic fragment was located
at one end of a 9.5-kbp insert cloned in A DNA.
The viral sequences in this insert included only
the 3 kbp located on the 5’ side of the EcoRI
site of the unintegrated linear viral DNA (the 5’
linear clone in Fig. 2). In the insert, these viral
sequences were fused at or near the termination
of the ETR to 6.5 kbp of nonviral mouse se-
quences. This clone was derived from Hirt su-
pernatant DNA isolated from mouse cells
acutely infected with an Mo-MuLV pseudotype
of Ha-MuSV. This DNA was first enriched for
the unintegrated linear viral DNA by RPC-5
chromatography, and the fractions containing
the 6.0-kbp Ha-MuSV were made flush-ended
with E. coli DNA polymerase 1. EcoRI linkers
were ligated to this DNA, which was then di-
gested with EcoRI. Since the unique EcoRI site
in Ha-MuSYV is located near the middle of the
unintegrated linear viral DNA, this procedure
was designed to cleave the viral DNA into a 5’
half and a 3’ half, each with EcoRI termini. After
ligation of this DNA preparation to the EcoRI
arms of A DNA and amplification in E. coli, the
5’ half was isolated, but as noted above, it was
fused to nonviral DNA. Since the viral DNA
was initially size selected, and this 9.5-kbp insert
did not contain an EcoRI site between the viral
and nonviral DNA, it is most likely that the
insert ligation of these two DNAs arose after
inadvertent ligation of these two DNAs during
the cloning process, although the possibility that
it arose from integrated viral DNA cannot be
formally excluded. The identity of the 3 kbp of
viral DNA in the insert has been verified by
extensive restriction enzyme analysis, molecular
hybridization of the Southern blotted cleavage
products with Ha-MuSV [*P]DNA, and com-
parison of the results with the cleavage products
of the unintegrated linear Ha-MuSV DNA (Ta-
ble 1).

Transforming activity of Ha-MuSV DNA.
In the initial studies of the A-Ha-MuSV DNA
(18), the infectivity of the recombinant DNA
preparations was tested only after the DNAs
had been digested with EcoRI, the enzyme
which had been used to clone the viral DNA. A
recent change in the National Institutes of
Health Guidelines for Recombinant DNA Re-
search also permitted the infectivity of uncut
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TABLE 1. Restriction digests of Ha-MuSV DNA
inserts

Size (kbp) of digests®
Restric-
tion endo-{ Uninte- 5'-lin
nuclease |grated linear| Clone H-1° ) eﬁ' Clone Pst-8°
Ha-MuSV® clone
BamHI 08,52 33,22 18,22 | 24,14
EcoRI 3.0,3.0 55 9.5 3.8
Hincll ND* 2.3,29,03 | 35,03 | 13,25
HindIIl 16,09, 1.6, | 1.0,3.0,09,| 74,09, | 3.0,0.7
2.0 0.6 0.6
Kpnl 0.5,0.4,5.0 [3.0,04,21 | 43,04, | 21,04, 13
2.1
Pstl ND/ 0.5, 0.4, 3.8, ND 38
0.8
Smal 0.5, 1.0,3.2, | 1.7, 1.3, 1.0,| 0.9, 1.0, | 0.8, 1.3, 1.0,
1.3,0.1 15 1.5 0.7
Xbal 0.3,22,33,(28,22,05| 68F 19,19
0.3 22,
0.5

® Each set of digests is listed in its left-to-right order as
shown in Fig. 2. The sizes of the digests have been rounded to
the nearest 0.1 kbp.

® Unintegrated linear nonpermuted Ha-MuSV DNA was
isolated from the Hirt supernatant of acutely infected cells.
Sizes of digests were judged after Southern transfer and hy-
bridization with Ha-MuSV *P-labeled complementary DNA.

° The sizes of these cloned DNA digests were judged after
ethidium bromide staining.

9 The sizes of digests hybridizing to clone H-1 [*P]DNA
after Southern transfer are listed. All italicized numbers rep-
resent digest sizes that are not found in H-1 and, therefore,
consist of both Ha-MuSV and cellular DNA seqeunces.

¢ ND, Not done.

! According to Goldfarb and Weinberg (14), the results are
2.25, 2.1, 1.2, and 0.5 kbp.

£ The usually weak hybridization of the probe to this DNA
fragment (data not shown) suggests that Ha-MuSV sequences
terminate within a short distance of the left side (as shown in
Fig. 2) of the Xbal site near the middle of the H-1 clone. This
conclusion is supported by the absence in the clone of the
Hincll site 0.6 kbp on the left side of Xbal.

hybrid DNAs to be assayed in mouse cells (10).
If focus formation were induced with undigested
cloned DNAs with an efficiency similar to that
obtained with digested DNA, the results would
suggest that transfected DNA could induce
transformation in its cloned permuted orienta-
tion without reorientation of the viral DNA.
Therefore, when the ability of the recombinant
DNA clones to transform NIH cells was tested,
each DNA was assayed both undigested from its
vector and after digestion with the enzyme used
to clone the DNA.

Table 2 summarizes the data from several
experiments involving the Ha-MuSV genome
cloned in A and in pBR322 and the subgenomic
fragments. Each recombinant clone induced fo-
cal transformation of the NIH cells (experiments
I, II, and III). Since the 5'-linear clone induced
foci, it was clear that the 3 kbp on the 3’ side of
the EcoRI site of the unintegrated linear viral
DNA were not absolutely required for the in-
duction and maintenance of transformation. In
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TABLE 2. Infectivity of Ha-MuSV DNAs

Foci Rela-
OCIDEr  ive in
Expt Source of DNA  Enzyme pug of viral fectiv-
DNA o a
ity
I Lclone Uncut 22x10° 024
L clone EcoRI 64x10° 071
M clone Uncut 19x10° 0.21
M clone EcoRI 3.7x10° 041
S clone Uncut 2.1x10° 023
S clone EcoRI 9.0x10° 1.00
II Sclone Uncut 20x10° 3.1
S clone EcoRI 15x10° 39
Clone H-1 Uncut 6.1x10° 0.95
Clone H-1 EcoRI 6.4 x10° 1.00
Clone H-1 Sall 70x 102 1.09
Clone Pst-8 Uncut 82 0.13
Clone Pst-8 Pstl 51 0.08
Clone Pst-8 Sall 43 0.07
III S clone EcoRI 29x10° 1.0
5-Linear clone  Uncut 48 0.02
5'-Linear clone  EcoRI 77 0.03

%In experiments I and III, the infectivity of the
EcoRI-digested S clone DNA was used as the standard
(=1.00). In experiment II, the infectivity of EcoRI-
digested clone H-1 was used as the standard (=1.00).

addition, the infectious clone Pst-8 lacked the
0.8 kbp between the Pstl site on the 5’ side of
the viral DNA and the EcoRI site. This clone
further localized the transforming region to the
approximately 2.3 kbp of 5’ sequences located to
the left of this Pstl site (see Fig. 2).

Although each DNA induced foci, each clone
has its characteristic relative transforming effi-
ciency. As previously reported (18), the specific
infectivity of EcoRI-digested A- Ha-MuSV DNA
of all three size molecules was similar. This
result indicated that the presence of tandem
copies of the ETR did not significantly affect
the infectivity of the Ha-MuSV DNA. The spe-
cific infectivity of the Ha-MuSV insert was con-
sistently higher in A than in its pBR322 subclone.
The transforming activity of the two subgenomic
fragments was one to two orders of magnitude
lower than that of the complete genome. These
results suggested that although the sequences
on the 3’ side of the PstI site were not absolutely
required for the induction of transformation,
their presence (even in the permuted orientation
of the cloned Ha-MuSV genome) enhanced the
ability of the DNA to induce transformation in
this transfection assay.

The transfection results also show that it
made little difference whether the DNA was
cleaved from the vector or transfected intact.
Digestion of clones H-1 and Pst-8 and Sall,
which cleaves pBR322 once and does not cleave
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Ha-MuSYV, also had no significant effect on the
infectivity of this clone (experiment II). To rule
out the possibility that the infectivity of the
undigested recombinant DNA might be due to
broken fragments of DNA in the preparation,
undigested and EcoRI-digested A - Ha-MuSV (S)
DNA were electrophoresed in adjacent lanes of
an agarose gel, and the focus-inducing activity
of gel slices from each lane was assayed in NTH
cells (Fig. 3). As previously reported, the infec-
tivity of the EcoRI-digested DNA resided in the
Ha-MuSV DNA insert (5.4 kbp). By contrast,
the infectivity of the undigested DNA, as ex-
pected for an intact molecule, was confined to
the region of the gel that contained the undi-
gested recombinant DNA.

Viral RNA in transformed cell lines. Hav-
ing localized the transforming regions to a spe-
cific segment of the viral DNA, it was of interest
to correlate these findings with the viral RNA
found in the transformed cells. We have there-
fore assessed the RNA expression of defined
regions of the viral genome in cells transformed
by the different recombinant DNAs. Double-
stranded *P probes specific for sequences lo-
cated on the 5 and 3’ sides of the Ha-MuSV
EcoRI site were obtained from defined frag-
ments of the cloned DNA. The viral sequences
represented in each probe are shown in Fig. 4.
The specificity of each [P]DNA probe was
determined using the stringent conditions of
probe excess, although the RNA hybridizations
were carried out under the less rigorous condi-
tions of substrate excess. The cell RNA was
isolated from transformed lines which had been

DISTANCE FROM ORIGIN (cm)

Fi1G. 3. Infectivity of agarose gel electrophoresis
fractions of undigested and EcoRI-digested \-Ha-
MuSV DNA (S clone). Samples of 4 pg of recombinant
DNA were subjected to electrophoresis in a 1% aga-
rose gel at 30 V for 72 h. Ten percent of each gel slice
was used for the infectivity assay (27). The vertical
bars and the numbers above them indicate the loca-
tion and length (in kilobase pairs), respectively, of
HindlIII-digested wild-type A\ DNA run in an adjacent
lane. (O) Undigested DNA; (O) EcoRI-digested DNA.
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derived from single-cell clones of independently
induced foci.

RNA from all the lines transformed with the
complete viral genome or with the 5 linear clone
hybridized extensively (=80%) with the 5’ probe
(Table 3). As expected, RNA from a line trans-
formed with clone Pst-8 hybridized less exten-
sively (57%), since the Pstl subgenomic fragment
in this clone contained only 60% of the sequences
in the 5’ probe. The kinetics of hybridization are
shown for some representative lines (Fig. 4A).
There was little difference (<threefold) between
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Fi1c. 4. Hybridization of transformant cell RNA to
[*?*P]DNA specific for the 5 and 3 regions of Ha-
MuSV. The DNA probes were synthesized as de-
scribed in the text. Each hybridization reaction was
incubated at 66°C for 24 h and contained in 0.05 ml:
0.02 M Tris-hydrochloride (pH 7.5), 0.75 M NaCl,
0.001 M EDTA, 0.1% sodium dodecyl sulfate, 10 pg of
carrier yeast RNA, the indicated RNA sample, and
about 5,000 trichloracetic acid-insoluble counts per
minute of [**P]DNA. After S1 nuclease digestion, the
number of trichloroacetic acid-insoluble counts per
minute was determined. In the absence of added
RNA, less than 5% of the input counts were resistant
to S1 nuclease. Maximum hybridization to Ha-MuSV
RNA (1,220 net cpm for the 5' probe and 1,259 net cpom
for the 3 probe) was considered to be 100%, and other
results were normalized to this value. Hybridization
results were analyzed as a function of time and RNA
concentration and expressed as C.t (moles per liter
times second). (A) Hybridization to the 5 probe; (B)
hybridization to the 3 probe. The DNA sequences
contained in each probe are shown schematically by
the heavy line in the unintegrated linear viral DNA
in each panel. (W) Uninfected cells; (OJ) virus-trans-
formed nonproducer (focus 19). EcoRI-digested S
clone transformants: (A) focus 9, high rescue, and
(O) focus 15, low rescue.
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the level of 5 RNA expression in cells trans-
formed with Ha-MuSV virus and those trans-
formed with the cloned DNAs.

In contrast to the uniformly extensive hybrid-
ization seen with the 5’ probe, the results ob-
tained with the **P-labeled Ha-MuSV 3’ probe
were strikingly heterogeneous (Table 3, Fig. 4B).
The results from most lines fell into one of two
categories: the RNA either hybridized exten-
sively (=80%) or it did not hybridize to a greater
extent than did RNA from uninfected cells. As
expected, the lines transformed with Ha-MuSV
virus and with in vivo-derived intact uninte-
grated linear viral DNA contained the 3’ RNA,
whereas the cells transformed with the 5’ linear
clone (which lacks the 3’ half of the genome)
lacked this class of RNA. It should also be noted
that some lines transformed with EcoRI-di-

TaBLE 3. Hybridization of RNA from
nonproductively transformed cells to 3- and 5'-

specific probes®
Ha-MuSV | Ha-MuSV
5’ probe 3’ probe
Source of RNA % %
cpm |Hy-| cpm | Hy-
brid brid
Ha-MuSYV viral RNA 1,220 100 | 1,259 | 100
Uninfected cells 92| 8| 243| 19
Cells transformed by:
Ha-MuSV virus
Focus 13 1,160 951,298 100
Focus 19 1,107| 911,180 94
Unintegrated linear Ha-
MuSV DNA
Focus 7 1,126 92|1,201| 95
Focus 8 1,022| 84|1,187| 94
Undigested A- Ha-MuSV
DNA
Focus 20a (from S clone) |1,122| 921,115 89
Focus 20b (from S clone) |1,241|100| 662 53
Focus 28 (from M clone) 974| 80(1,005| 80
EcoRl-digested A\-Ha-
MuSV DNA
Focus 14 (from S clone) |1,224|100( 172| 14
Focus 15 (from S clone) |1,126| 92| 100/ 8
Focus 27 (from M clone) 961| 79| 245| 19
Focus 9 (from S clone) 1,137| 93(1,063| 85
Focus 22 (from S clone) [1,197| 98{1,046| 83
Focus 36 (from M clone) [1,206| 99 |1,064| 85
EcoRI-digested 5'-linear
clone
Focus 4a 1,047| 86| 130| 10
Undigested clone Pst-8
Focus 2 695 57| 653 52

“ Hybridization reactions were performed as de-
scribed in Fig. 4. The net P counts per minute (cpm)
given represents the maximum obtained for each RNA
at C,t = 3 x 10°,
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gested A-Ha-MuSV DNA fell into each of the
two hybridization categories. The lines trans-
formed with undigested recombinant DNA con-
tained significant levels of some 3’ RNA se-
quences.

These molecular hybridization results there-
fore confirmed the transfection data presented
in the previous section, since the DNA:RNA
hybridizations also indicated that expression of
the sequences on the 3’ side of the Pstl site
located in the 5’ half of the viral DNA was not
required for maintenance of the transformed
phenotype. Since the 3’ probe included the se-
quences of the ETR that were derived from the
3’ end of the viral RNA, the data also demon-
strated that transformation was maintained in
the absence of RNA expression of the sequences
in the ETR which were derived exclusively from
the 3’ end of the viral RNA (c, d, and e in Fig.
1).

The presence of p21 in transformed cell
lines induced by DNA clones. As noted ear-
lier, the region of the viral genome that contains
the sequences encoding the viral p21 has not yet
been established. The lines transformed with
the cloned DNAs have enabled us to ascertain
whether the p21 coding sequences are located
within the transforming region of the viral ge-
nome. A GDP-binding activity has recently been
found to be associated with the p21; the binding
of [PH]GDP to this protein forms the basis of an
assay which simplifies and specifies the identi-
fication of p21 (37). In this assay, unlabeled
extracts from transformed cells are incubated
with [*H]JGDP; picomole quantities of the nu-
cleotide are bound and can be immunoprecipi-
tated with antisera to p21. We have assessed the
presence of p21 and its GDP-binding activity in
extracts of several transformed cell lines whose
viral RNAs were determined in the previous
section.

Table 4 summarizes the GDP-binding results
obtained with normal and immune sera.
Whereas uninfected NIH 3T3 cells showed no
binding, strong binding with the immune serum
was found for all the transformants, including
lines transformed with Ha-MuSV virus, clone
Pst-8, and the 5’ linear clone. Among the lines
transformed with EcoRI-digested A-Ha-MuSV,
the GDP-binding activity was at least as high in
the two lines that expressed only 5 RNA se-
quences (foci 14 and 15) as in the two lines that
also expressed the 3’ sequences (foci 9 and 22).

To further compare the p21 in the DNA trans-
formants with the protein in a virus transform-
ant, [**S]methionine-labeled proteins from a line
transformed with clone Pst-8 and from a line
transformed with EcoRI-digested A-Ha-MuSV
(focus 14, which only expressed the 5’ sequences)
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TABLE 4. GDP-binding assay of the p21 protein in
cells transformed by Ha-MuSV DNA“

[*HIGDP
bound (pmol)
Form of Ha-MuSV that transformed the ——
cells Anti- Nor-
mal
serum -
Uninfected cells
NIH 3T3, low cell density 0.09 0.08
NIH 3T3, high cell density 0.10 0.06
Ha-MuSYV virus
Ha821 069 0.06
Focus 19 084 0.06
Unintegrated linear Ha-MuSV DNA
Focus 7 0.68 0.05
Undigested A-Ha-MuSV DNA (S
clone)
Focus 20a 0.83 0.07
Focus 20b 0.65 0.05
EcoRlI-digested A-Ha-MuSV DNA
(S clone)
Focus 14 0.84 005
Focus 15 0.56 0.08
Focus 9 053 0.08
Focus 22 042 0.06
Undigested clone Pst-8
Focus 2 047 0.07
EcoRI-digested 5'-linear DNA
Focus 4a 0.55 0.08
Focus 4b 067 0.09

¢ Cells were lysed in buffer containing 1% Triton X-
100, 5 mM MgCl;, 100 mM NaCl, 0.02 M Tris-hydro-
chloride (pH 7.4), and 200 U of Trasylol per ml, and
protein concentration was determined by Lowry’s
method. Each binding assay mixture (300 ul) at 4°C
contained 400 ug of protein, 0.01 mM [*H]GDP (10 Ci/
mmol), and 7 ul of heat-inactivated (56°C, 30 min) Ha-
MuSV antiserum or normal rat serum. The antigen-
antibody complexes and the bound [PH]JGDP were
precipitated by 50 ul of formaldehyde-fixed Staphylo-
coccus aureus suspension (10%, vol/vol). After wash-
ings, the radioactivity of bound [*H]JGDP was deter-
mined by liquid scintillation counting. Under present
conditions, 7,300 cpm represented 1 pmol of [’H]GDP.
Values listed in the table are the average of duplicate
determinations of each extract.

were immunoprecipitated with antisera and sub-
jected to polyacrylamide gel electrophoresis. In
the autoradiogram of this experiment, both lines
transformed with the cloned DNAs (C and D in
Fig. 5) contained an intense Ha-MuSV-specific
band which comigrated with the p21 of a virus-
transformed nonproducer line (B in Fig. 5).

The p21 of cells transformed with the cloned
DNA was therefore indistinguishable from the
protein found in virus-transformed cells. Since
even those lines that expressed only the 5 RNA
contained the p21, it was concluded that the p21
coding region must lie within the transforming
region of the virus, i.e., within the 5’ half of the
viral genome.
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Fic. 5. Immunoprecipitation of the p21 protein of
Ha-MuSV DNA transformants. Cells were labeled
with [®S]methionine at 37°C for 4 h, and extracts
were prepared and immunoprecipitated as described
(43). The precipitated proteins were subjected to elec-
trophoresis in 13% sodium dodecy! sulfate-polyacryl-
amide slab gels. The markers indicated by arrows
were 30,000-dalton carbonic anhydrase (upper) and
14,000-dalton lysozyme (lower). Fluorography was for
18 h. Cells were (A) uninfected NIH 3T3 cells; (B) Ha-
MuSV virus-transformed cells (Ha821); (C) Pst-8-
transformed cells (focus 2); (D) EcoRI-digested S
clone DNA-transformed cells, (focus 14, low rescue).
Sera were (1) normal rat serum; (2) Ha-MuSV anti-
serum 1; (3) Ha-MuSV antiserum 2.

Rescue of FFV from Ha-SV DNA-trans-
formed cells. As noted in the Introduction,
when cells nonproductively transformed by a
sarcoma virus are superinfected with a helper
virus, the sarcoma viral genome is pseudotyped
(rescued) by the helper virus proteins, which
enables fluid from infected cells to transmit the
sarcoma virus to uninfected cells.

The relative contribution of different regions
of the sarcoma viral genome to the transmission
of focus formation by this mechanism has been
unclear. Since focus formation by virus requires
at least one cycle of viral replication, it seemed
likely that viral sequences, in addition to the
transforming sequences, might significantly af-
fect the transmission of focus formation. Testing
the efficiency with which sarcoma virus (as
measured by focus formation on uninfected NTH
3T3 cells) could be recovered after superinfec-
tion of the transformants with Mo-MuLV might
therefore provide some further insight into the
biological function of regions other than the p21
coding sequence.

We first tested the ability to rescue FFV from
mass cultures (consisting of cells derived from at
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least 50 different foci) which had been trans-
formed with the permuted Ha-MuSV in A and
pBR322 and with clone Pst-8 before and after
their digestion with the enzyme used to clone
the DNA. The focus-forming activity of super-
natant fluids was determined 6 days after super-
infection with Mo-MuLV (Table 5). As previ-
ously reported (18), FFV was rescued with high
efficiency (10°? FFU/ml) from the culture trans-
formed with EcoRI-digested A- Ha-MuSV DNA.
By contrast, the FFV titer from the undigested
A-Ha-MuSV was more than four orders of mag-
nitude lower (10'®). For clone H-1 (which is a
circular molecule, in contrast to the linear A S
clone), the FFV titer from cells transformed with
undigested molecules was only about one order
of magnitude lower than from the culture trans-
formed with EcoRI-digested molecules (10*7
versus 10°°). However, when clone H-1 was li-
nearized with Sall, FFV titer was similar to that
seen with the undigested A S clone. FFV was
also rescued from the cultures transformed from
clone Pst-8, but with lower titers than with the
comparable form of clone H-1. Since clone Pst-
8 lacks 1.7 kbp of the rat-derived Ha-MuSV
sequences, these FFV must differ from wild-type
Ha-MuSV at least with respect to these se-
quences. The missing sequences in Pst-8 were
not absolutely required for recovery of FFV, but
they suggest that these rat sequences can raise
the titer of FFV, a result analogous to their

TABLE 5. Transmission of FFV from mass culture
transformants superinfected with Mo-MuLV

Source of Ha-MuSV nonproducer cells F:‘}.J,/

Untransformed cells infected with Mo-

MulV ... ... <10°®
Cells chronically infected with Ha-MuSV

and Mo-MuLV ... ... .. .. ... .. ... .. 10!
Undigested A-Ha-MuSV (S clone) ......... 10'®
EcoRlI-digested A-Ha-MuSV (S clone) ... .. 10%°
Undigested pBR322-Ha-MuSV (clone H-1) . 1047
EcoRI-digested pPBR322.Ha-MuSV (clone

H-l) oo 10%°
Sall-digested pBR322-Ha-MuSV (clone H- "

1) 10™
Undigested pBR322 Pstl fragment (clone

Pst-8) .. ... 10%®
Pstl-digested pBR322 Pstl fragment (clone

Pst-8) ... ... ... 1047
Sall-digested pPBR322 Pstl fragment (clone

Pst-8) . ... 102

“ Supernatant fluids were assayed for FFU and PFU
after superinfection with Mo-MuLV as described in
the text. All cell lines superinfected with Mo-MuLV
titered at =2 X 10° PFU/ml. No FFU (<1/ml) were
transmitted from transformed cells before superinfec-
tion with Mo-MuLV.
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facilitative role in the DNA transfections de-
scribed earlier. These variations in FFV titer
were not due to an inability of the Mo-MuLV to
infect the cells; the titer of Mo-MuLV was
greater than 10° PFU/ml in all cultures.

These results obtained with the mass cultures
also indicated that the form of the DNA which
transformed the cells markedly affected the titer
of FFV. It was also of interest to determine
whether the FFV titer would be uniform or
heterogeneous when transformants derived from
individual foci which had been transformed by
the same form of viral DNA were tested. Trans-
formed lines derived from single-cell clones of
independently induced foci (including those
lines that had been analyzed above for viral
RNA and p21 expression) were assayed for the
efficiency with which FFV could be recovered
from them after superinfection with Mo-MuLV.
For this part of the study, lines transformed with
undigested and EcoRI-digested DNA from S
and M clones and with undigested clone Pst-8
and the 5-linear clone DNA (Table 6) were
used. Six days after superinfection with Mo-
MuLV, FFV was recovered from all transformed
cell lines, except for two derived from foci in-
duced with the 5'-linear clone. As already sug-
gested by the results of mass cultures, FFV was
rescued from some lines with high efficiency
(=10° FFU/ml; “high-rescue” lines) and with
low efficiency (<10° FFU/ml) from others (“low-
rescue” lines).

Since the Mo-MuLV-superinfected mass cul-
ture that had been transformed with the undi-
gested S clone had a low FFV titer, it was not
surprising that all 12 clonal lines transformed
with undigested S and M clone DNA fell in the
low-rescue category. It was very interesting to
discover that although some foci transformed
with EcoRI-digested S and M clones did possess
the high-rescue phenotype seen in the superin-
fected mass cultures transformed with EcoRI-
digested DNA, the majority (9 of 11 and 8 of 12
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for the S and M clones, respectively) of these
transformants had the low-rescue phenotype. In
contrast, all clonal lines transformed with Ha-
MuSYV virus or with the unintegrated linear viral
DNA possessed the high-rescue phenotype.

The greatly diminished efficiency (compared
with virus-transformed cells) with which FFV
was recovered from most lines transformed with
the cloned DNA suggests that a more complex
process than just pseudotyping of Ha-MuSV
RNA is probably involved in this initial rescue
of FFV from the low-rescue lines; once FFV had
been transmitted from the low-rescue line to
previously untransformed cells, the FFV was
highly infectious. A second transmission to un-
infected cells was found to lead to a rise in FFV
titer of three to four orders of magnitude. The
results from a representative low-rescue line (fo-
cus 15) and high-rescue line (focus 22) are shown
in Table 7. Similar results have also been ob-
tained with FFV rescued from cells transformed
with the two subgenomic fragments (data not
shown).

Structure of Ha-MuSV DNA in the trans-
formed cells. The ability of the undigested
cloned DNAs to induce foci had suggested that
the viral DNA could induce foci in its cloned
permuted orientation. The finding that FFV
could be recovered with different levels of effi-
ciency from superinfected transformed cell lines
suggested that the structure of the viral DNA
might differ in some cell lines and might be
correlated with the efficiency of FFV rescue. We
therefore analyzed the structure of the viral
DNA in four lines transformed with the EcoRI-
digested A S clone (two high-rescue [foci 9 and
22] and two low-rescue [foci 14 and 15] lines)
and one line (focus 28) transformed with undi-
gested M clone DNA. Five principal theoretical
arrangements of Ha-MuSV DNA might be en-
visioned for cells transformed by the recombi-
nant DNAs (Fig. 6). The viral DNA might exist
in the same permuted order as in the recombi-

TABLE 6. Transmission of FFV from Ha-MuSV DNA transformants derived from individually induced foci

superinfected with Mo-MuLV
Number of . .
. Number of high-rescue Number of low-rescue foci
Source of Ha-MuSV NP Cells Nl:&’:;d‘“' foci (range in FFU,/ml)* (range in FFU/ml)"
Virus 10 10 (10°5 - 10™%) 0
Unintegrated linear viral DNA 3 3 (10%¢ - 1079) 0
EcoRlI-digested A- Ha-MuSV (S) 11 2 (10%° - 10%%) 9 (10%°-10%%)
EcoRI-digested A-Ha-MuSV (M) 12 4 (10%3 - 10%%) 8 (10%%-10%%)
Undigested A-Ha-MuSV (S) 6 0 6 (10'°-10%9)
Undigested A- Ha-MuSV (M) 6 0 6 (10%%-10%*°)
Undigested clone Pst-8 4 0 4 (2x10'-5x10"
Undigested 5'-linear clone 3 0 3% (<10°%-2 x 10%

¢ Conditions were as described in Table 5.

® FFV was recovered from only one of the three foci analyzed.
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TABLE 7. Titer of rescued FFV after first and
second transmission

Source of supernatant fluid FFU/ml PFU/ml
Uninfected cells <10  <10%®
Mo-MuLV-infected cells <10°3 10%8
Mo-MuLV/Ha-MuSV-infected 108° 1072

cells
Cells transfected with EcoRI-di-
gested A-Ha-MuSV
DNA:
Focus 22 (high-rescue)
Not superinfected <10 <10°®
Superinfected with Mo-
MuLV
1st transmission 10%7 1072
2nd transmission® 1088 10%°
Focus 15 (low-rescue)
Not superinfected <10® <10°®
Superinfected with Mo-
MuLV
1st transmission 10%3 10%¢
2nd transmission® 10°# 10™

¢ After the first transmission of FFV to previously
uninfected cells, the newly transformed cells were
passaged twice, until more than 80% (estimated) of
the cells were transformed. An 18-h harvest from this
culture was then titered on uninfected cells for the
second transmission.

eiBADC:CDAB;

F1G. 6. Theoretical structural organization of Ha-
MuSV DNA in cells transformed by \-Ha-MuSV
DNA. The capital letters in this figure are used as in
Fig. 1. The assignment of “head” and “tail” was
arbitrary. (a) Single permuted molecule; (b) reo-
riented molecule by recircularization; (c) reoriented
molecule by head-to-tail dimer; (d) head-to-head di-
mer; (e) tail-to-tail dimer.

nant DNA; it might have circularized and rees-
tablished itself in the same order as the uninte-
grated linear viral DNA isolated from acutely
infected mouse cells; it might have formed a
head-to-tail dimer of the cloned DNA—which
would create one reoriented molecule—or it
might have formed head-to-head or tail-to-tail
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dimers. Cells transformed by undigested A-Ha-
MuSV DNA would be likely to have the per-
muted orientation of the cloned viral DNA
(since the A DNA was still covalently linked to
the Ha-MuSV DNA before transfection),
whereas cells transformed by EcoRI-digested
DNA might contain any of the above forms.

We used the Southern blotting procedure for
the analysis of the structure of the viral DNA in
the transformed cells. High-molecular-weight
DNA was digested with three restriction en-
zymes: HindIII (Fig. 7A and B) and Xbal (Fig.
7C), which cleave the viral DNA several times,
and BamHI, which cleaves the viral DNA once
(Fig. 7D). For the detection of viral sequences,
32P.labeled Ha-MuSV DNA was synthesized in
vitro by nick-translation of defined restriction
endonuclease fragments from clone H-1 DNA.
Two viral probes were prepared: one contained
the entire Ha-MuSV DNA insert including the
Mo-MuLV sequences in Ha-MuSV (the “repre-
sentative” probe), and the other contained most
of the rat sequences in Ha-MuSV DNA but none
of the Mo-MuLV sequences (the “rat” probe).
Although some Ha-MuSV sequences were not
contained in the rat probe, more than 1.4 kbp
on each side of the viral EcoRI site were present
in this probe, and it is the viral sequences around
the EcoRI site that are most critical to the
analysis of the structure of the viral DNA in the
transformed cells.

The high-molecular-weight DNAs in Fig. 7
are organized similarly in each panel: lane a,
uninfected cells; lanes b and c, high-rescue lines;
lanes d and e, low-rescue lines transformed with
EcoRlI-digested S clone DNA; lane f, Ha-MuSV
virus-transformed cells; lane g, cells transformed
with unintegrated linear Ha-MuSV DNA; lane
h, cells transformed with undigested M clone
DNA. An example of the hybridization results
obtained with the representative probe is shown
in Fig. 7A. In this HindIII digest of the high-
molecular-weight DNAs, the uninfected cells
(lane a) contained numerous bands, which sug-
gests that the DNA from these cells already has
several regions which share homology with se-
quences in the representative probe. Although
the Ha-MuSV-transformed cells contained ad-
ditional bands, the background from the endog-
enous cross-reacting bands and from mouse car-
rier DNA introduced some ambiguities in the
analysis of the Ha-MuSV DNA in the trans-
formed cells. Similar difficulties arose when the
representative probe was hybridized with the
high-molecular-weight DNAs digested with
other enzymes (data not shown). By contrast,
when the HindIII-digested DNAs were hybrid-
ized with the rat probe (Fig. 7B), the uninfected
cells contained only one intense (4.3 kbp) and
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one faint (1.0 kbp) band. In the Ha-MuSV-trans-
formed cells, the new bands could be clearly
separated from this limited endogenous back-
ground of cross-reacting sequences. Therefore,
only the rat probe hybridization results have
been shown for the other restriction enzyme
digests.

Using the rat probe, BamHI digestion of the
DNA from cells nonproductively transformed by
virus revealed a single Ha-MuSV-specific frag-
ment (lane f); since this probe does not contain
sequences to the left of the BamHI site, a single
band (containing the viral sequences and the
right-hand virus-cell junction) implies the pres-
ence of a single copy of the viral DNA. Digestion
with HindIII and with Xbal revealed the inter-
nal fragments of the unintegrated linear viral
DNA for each enzyme (1.6 and 0.9 kbp for
HindIII and 3.2 and 2.2 kbp for Xbal). The 3.0-
kbp HindIII fragment in lane f represents the
right-hand virus-cell junction fragment. These
results are compatible with the conclusion that
this virus-transformed cell contained a single
integrated copy of Ha-MuSV DNA, which has
the structure analogous to that of the uninte-
grated linear viral DNA, as expected, after infec-
tion with virus. Similar results were also ob-
tained with DNA from a cell line transformed
by unintegrated linear Ha-MuSV DNA (lane g).
In this line, whose proviral DNA is apparently
integrated at a different site, the 6.5- and 3.4-
kbp bands represent the right- and left-hand
virus-cell junctions, respectively.

Of the two low-rescue lines transformed by
EcoRI-digested S clone DNA, focus 15 (lane e)
probably contained two copies of viral DNA,
and focus 14 (lane d) contained several copies.
For focus 15, the HindIIl and Xbal digestions
indicated that the Ha-MuSV DNA was in the
permuted orientation of the cloned viral DNA.
In the HindIll digest, for example, an intense
band comigrated with the 3.0-kbp band in the S
clone (lane j); this band represents the fragment
that is present in the permuted viral DNA but
absent in the unintegrated linear viral DNA.
Conversely, the internal 1.6-kbp HindIII frag-
ment which is characteristic of the unintegrated
linear viral DNA (and which includes the viral
EcoRI site) was not present. The presence of
two copies of viral DNA in focus 15 was inferred
from the presence of four virus-specific BamHI
fragments, since in the permuted orientation,
the rat probe should hybridize with both viral
BamHI fragments generated from each copy of
the viral DNA. Although the low-rescue cells in
lane d contained multiple copies of the viral
DNA, the presence of the 3.0-kbp HindIII frag-
ment and the absence of the 1.6-kbp HindIII
fragment permitted the conclusion that at least
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one copy was in the permuted orientation and
that no reoriented molecules were present in
this line.

The two high-rescue lines transformed with
EcoRI-digested S clone DNA contained two (fo-
cus 9, lane b) and several (focus 22, lane c) copies
of viral DNA, respectively. When the focus 9
DNA was digested with HindIII, both the 3.0-
and 1.6-kbp fragments were formed. This result
suggested that both a reoriented molecule and
a permuted molecule were present in this line,
either by recircularization of a molecule or by
head-to-tail dimer formation. If the reoriented
molecule were the result of a head-to-tail dimer
of the permuted DNA, digestion with BamHI
(which cleaves the viral DNA once) should yield
a 5.4-kbp fragment, as was observed (arrow, Fig.
7D, lane b). In data not shown, Pvul (a second
enzyme that cleaves viral DNA at a single site
[R. Ellis, unpublished data]) digestion also gave
a 5.4-kbp fragment; digestion with Hpal (which
does not cleave Ha-MuSV) yielded a single 20-
kbp fragment. These results therefore strongly
suggested that the viral DNA is present as a
head-to-tail dimer in this high-rescue cell line.

Although the other high-rescue cell line ana-
lyzed (lane c) contained several copies of the
viral DNA, this DNA was interesting because in
the HindIII digest it contained, in addition to
the 3.0-kbp band, an intense 1.4-kbp band
(rather than the expected 1.6-kbp band). This
band probably represents a deleted form of the
sequences in the 1.6-kbp fragment; after rescue
of Ha-MuSV from this line, the unintegrated
linear viral DNA is 0.2 kbp shorter than wild-
type Ha-MuSV DNA, it lacks the EcoRI site,
and it contains a 1.4-kbp HindIIl fragment
rather than the 1.6-kbp fragment (unpublished
data). If this cell line were to contain a head-to-
tail dimer, digestion with an enzyme which
cleaved the viral DNA once should yield a 5.2-
kbp band (as a result of the 0.2-kbp deletion
around the EcoRI site). Such a band was found
after BamHI digestion (Fig. 7D, lane c). The
results indicate that at least one copy of the viral
DNA in these high-rescue cells was in the same
orientation as the DNA in virus-transformed
nonproducer cells. They further suggest that this
reorientation of the cloned DNA arose through
the formation of a head-to-tail dimer, which in
this instance deleted 0.2 kbp surrounding the
EcoRI site.

The cells transformed with undigested M
clone DNA (lane h) contained two viral DNA
molecules. Because of the orientation of this Ha-
MuSV insert with the A DNA and the known
locations of the BamHI sites in the A DNA,
BamHI digestion should yield 6.6- and 18.2-kbp
Ha-MuSV fragments, if the A-Ha-MuSV DNA
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F1G. 7. Agarose gel electrophoresis of restriction endonuclease-digested high-molecular-weight DNA from
Ha-MuSV-transformed cells. A 15-ug sample of digested DNA was subjected to electrophoresis in 1% agarose,
blotted onto nitrocellulose filters, and hybridized to Ha-MuSV [**P]DNA. (A) HindIII-digested DNAs
hybridized to the representative Ha-MuSV DNA probe; (B) HindIII-digested DNAs hybridized to the rat
probe; (C) Xbal-digested DNAs hybridized to the rat probe; (D) BamHI-digested DNAs hybridized to the rat
probe. Lanes: (a) NIH 3T3 uninfected cells; (b and c) focus 9 and focus 22, high-rescue lines; (d and e) focus
14 and focus 15, low-rescue lines; (f) focus 13, Ha-MuSV-transformed nonproducer; (g) focus 7, Ha-MuSV
unintegrated linear DNA-transformed nonproducer; (h) focus 19, vector-Ha-MuSV-transformed undigested
nonproducer; (i) EcoRI-digested \-Ha-MuSV DNA (3 ng of the M clone); (j) EcoRI-digested \- Ha-MuSV
DNA (3 ng of the S clone). The arrows next to the panels refer to the location of *P-labeled HindIII marker
wild-type A DNA (length given in kilobase pairs) electrophoresed with each gel. The upper part of the
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were intact between the A BamHI sites. Both of
these bands as well as a 6.0-kbp band were
visualized. As expected for Ha-MuSV DNA co-
valently linked to A DNA when the BamHI-
digested DNA was hybridized with a A [*?P]-
DNA probe a A-specific band comigrated with
each Ha-MuSV-specific band (data not shown).
When the DNA from this cell line was digested
with HindIIl, a 3.6-kbp Ha-MuSV-specific frag-
ment, which comigrated with the large HindIII
fragment of the M clone (Fig. 7B, lane i), was
present, and the 1.6-kbp HindIII fragment was
absent. These results indicated that this cell
contained Ha-MuSV DNA in the permuted or-
der of the cloned Ha-MuSV DNA which was
covalently linked to the A DNA.

DISCUSSION

As noted in the Introduction, Ha-MuSV is a
recombinant between Mo-MuLV and endoge-
nous rat genetic sequences. The 4.5-kbp rat in-
sert falls into two categories: the 3’ half contains
extensive homology with the endogenous rat 30S
sequences (6, 45), which are nontransforming
type C virus-related sequences expressed in a
variety of rat cells (40, 49), and the 5’ half shares
little homology with these sequences (R. W. Ellis
et al.,, submitted for publication). The current
studies utilizing cloned Ha-MuSV DNA have
begun to assign specific functions to different
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The ability of DNA from the 5'-linear clone
and from clone Pst-8 to induce transformation
of NIH 3T3 cells indicated that the transforming
function of the virus must be located within the
2.3 kbp closest to the 5’ end of the unintegrated
linear viral DNA, since this was the region of
overlap between the two clones (see Fig. 2). This
region includes the 0.5 kbp of the ETR derived
from the 3’ end of the viral RNA and 1.8 kbp
derived from the 5’ end, but we do not believe
that the ETR is absolutely required for trans-
formation; subgenomic fragments of Mo-MuSV
DNA which lack ETR have already been shown
to induce transformation (1, 32). The liquid hy-
bridizations with the transformed lines elimi-
nated the unlikely theoretical possibility that
expression of the 3’ sequences in the ETR was
required for maintenance of the transformed
phenotype, since RNA levels from the 3’ end of
the viral RNA in some transformants were no
higher than the levels in uninfected cells. By
contrast, all the transformants contained high
levels of RNA derived from the 5’ region of the
viral genome. At saturation, RNA from a Pst-8-
induced transformant hybridized fewer counts
than did the other transformants, since the in-
sert in clone Pst-8 lacked 40% of the sequences
contained in the 5 probe. These results sug-
gested that transformation by Ha-MuSV was
encoded by sequences contained within the 1.8

parts of the viral genome. kbp closest to the 5’ end of the viral RNA. The
E 2.8 X 2.2 X 3.3 X 2.2 X 0.5
3 B J B
II ] { ] 1L T
| |
1.0 H 3.0 0.9 H 1.6 3.0 H0.9 HO0.6
tcccccccananan S clone DNA - S clone DNA -ececcecenno. -
X 2.2 X 3.3 X
8 E
|| | 1
L 1 |
1.6 0.9 1.6 2.0
tomaaae Unintegrated 1inear viral DNA ------ -

schematic diagram represents the structure of a head-to-tail dimer of the S clone DNA joined at the EcoRI
site. The lower part of the diagram represents the structure of unintegrated linear viral DNA. The letters
refer to the restriction enzyme sites in these DNAs: B, BamHI; E, EcoRI; H, HindIII; X, Xbal. The numbers
represent the distances (in kilobase pairs) between the enzyme sites. The rectangles represent the sequences

contained in the rat probe.
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data are also compatible with the hypothesis
that the ETR may be a strong promoter for viral
RNA transcription.

The sequences that encode the viral p21 have
also been localized to the transforming region of
the viral genome, since all the transformants
(including those induced with DNA from clone
Pst-8) contained p21 which was qualitatively
and functionally (as measured by the GDP-bind-
ing assay) indistinguishable from the authentic
viral p21. Except for 50 to 100 nucleotides at the
5’ end of the viral RNA, this region is composed
entirely of rat sequences. Therefore, p21 (a min-
imum of about 600 nucleotides) is most likely
encoded by the rat sequences. The location of
the p21 coding sequences near the 5’ end of the
viral RNA is consistent with previous translation
studies, which showed that p21 was synthesized
in highest amounts from full-length Ha-MuSV
RNA (43). Since this region of Ha-MuSV appar-
ently shares little homology with the rat 30S
sequences, it is probable that most of the p21
coding sequences are not derived from the 30S
sequences. It has recently been determined that
the p21 was required for maintenance of trans-
formation, since the protein was thermolabile in
a Ki-MuSV mutant which was temperature sen-
sitive for the maintenance of transformation
(44). This biological activity of p21 and the
localization of its coding sequences to the trans-
forming region of the viral genome have led us
to conclude that the p21 represents the src gene
product of Ha-MuSV and Ki-MuSV.

The 5’ location of the p21 contrasts with the
3’ location of the transforming regions of Mo-
MuSV (1) and of Rous sarcoma virus (51) and
its src gene product (p60) (4, 11). These results
suggest that the location of transforming regions
of retroviruses may be heterogeneous. On the
other hand, the localization of the src region in
Ha-MuSV to the rat insert is similar to the src
regions of Rous sarcoma virus and Mo-MuSV,
which also represent cell sequence inserts in
helper-independent viral genomes (12, 36, 47).

The rat sequences on the 3’ side of the src
region, the area that shares considerable homol-
ogy with the endogenous 30S sequences, are
clearly not absolutely required either for the
induction of transformation by Ha-MuSV or its
rescue from superinfected cells. M. P. Goldfarb
and R. A. Weinberg (personal communications)
have independently made the same observation.
There are, however, some data which suggest
that this region facilitates the transforming ac-
tivity of transfected viral DNA and raises the
titer of virus rescued from cells transformed with
the cloned DNA. The transforming efficiency of
clone Pst-8, which was missing 1.5 kbp from this
region of the genome, was one order of magni-
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tude less than the transforming efficiency of the
complete permuted genome (clone H-1).
Whether this facilitation is only due to size dif-
ferences or is related to specific rat sequences
remains to be determined. The observation that
transforming efficiency of clone Pst-8 was not
affected by digestion with PstI suggests that the
pBR322 sequences cannot substitute for the rat
sequences. These rat sequences also affected the
recovery of virus from superinfected trans-
formed cells. The 6-day titer of virus recovered
from mass cultures transformed with clone Pst-
8 as the undigested circular DNA, after lineari-
zation of the DNA by cleavage at the pBR322
Sall site, or after separation of the viral DNA
from the vector, was lower than that recovered
from cells transformed with the analogous forms
of clone H-1. These results suggest that although
the sequences near the middle of the viral ge-
nome are not absolutely required for rescue of
virus, they facilitate this biological property of
the virus.

Another indication of the enhancing function
of the nontransforming regions is seen in earlier
transfection studies of Ha-MuSV DNA. It has
been noted previously that EcoRI digestion of
the unintegrated linear viral DNA markedly de-
creased its infectivity (14, 27). This decrease in
infectivity had initially suggested to us that the
viral EcoRI site might represent part of the
transforming region, but that is clearly not the
case. It now seems more likely that this de-
creased infectivity is due principally to separa-
tion of the src coding sequences of Ha-MuSV
from the ETR at the 3’ end of the unintegrated
linear viral DNA, since it is probable that the
integrity of the terminal sequences at both ends
of the viral genome accounts in large part for the
high infectivity of this molecular species.

The virus rescue studies demonstrated that
efficient transmission of FFV to uninfected cells
occurred only when the viral genome was ori-
ented as in the form of the viral genome in virus-
transformed nonproducer cells. Ha-MuSV was
rescued with high efficiency from clonal lines
transformed with either Ha-MuSV virus or the
unintegrated linear viral DNA; these transform-
ants contained integrated viral DNA which had
the form of the unintegrated linear viral DNA.
Although Ha-MuSV was rescued with high ef-
ficiency from mass cultures transformed by
EcoRlI-digested Ha-MuSV DNA cloned in A or
in pBR322, analysis of cloned lines derived from
individual foci which had been transformed with
the S and M clones indicated that Ha-MuSV
was rescued with high efficiency from only a
minority of the cell lines. Virus was rescued with
much lower efficiency from the other cell lines
transformed by EcoRI-digested S and M clone



VoL. 35, 1980

DNA and from each of the lines transformed
with undigested S and M clone DNA.

Biochemical analysis of five lines transformed
with A-Ha-MuSV DNA indicated that Ha-
MuSV DNA was oriented as in virus-trans-
formed cells in both lines from which Ha-MuSV
was rescued with high efficiency, whereas it was
in the permuted orientation in the three cell
lines from which virus was rescued with low
efficiency. Although it is probable that reorien-
tation of the viral DNA can occur either by
recircularization of the permuted EcoRI Ha-
MuSV insert or by the formation of a head-to-
tail dimer of the insert, the two clones that have
been analyzed appear to contain head-to-tail
dimers. Since viral DNA in cells transformed
with the undigested DNA was covalently linked
to A DNA, it was in the permuted form.

Our results suggest that efficient transmission
of FFV requires the nonpermuted orientation
present in cells transformed by virus, probably
because the ETR is then at each end of the viral
DNA, thus permitting transcription of an intact
RNA molecule. Cells that contain the viral DNA
in its permuted form are apparently as trans-
formed as those with the nonpermuted orienta-
tion. However, the ability to transmit from them
is markedly impaired even when the Ha-MuSV
is not covalently linked to A DNA or when
sequences from the 3’ end of the molecule are
being expressed as RNA, as was found in two
low-rescue lines transformed with undigested
recombinant DNA. No obvious correlation has
been noted between the number of copies of Ha-
MuSV DNA and either the degree to which the
cells have been transformed or the efficiency
with which virus was rescued. The permuted
orientation of the viral DNA in the low-rescue
clones, combined with the lack of detectable
RNA expression from the 3’ end in some of
them, suggests that the recovery of FFV from
these cells by Mo-MuLV is probably a more
complex process than simple pseudotyping of
viral RNA. The relatively high infectivity of
second-passage FFV suggests that the low effi-
ciency step lies in the initial transmission of the
FFV. One possibility is that the transforming
sequences may recombine with the superinfect-
ing Mo-MuLV to regenerate a Mo-MuLV 3’ end.
This and other hypotheses are currently being
evaluated.
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