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Isolation of Recombinant DNA Clones Carrying Complete
Integrated Proviruses of Moloney Murine Leukemia Virus

LEE BACHELERt* AND HUNG FAN

The Tumor Virology Laboratory, San Diego, California 92138

EcoRI DNA fragments from a Moloney murine leukemia virus (M-MuLV)-
infected mouse fibroblast line (M-MuLV clone A9) were cloned in lambda phage
Charon 4A cloning vector to derive clones containing integrated M-MuLV proviral
DNA. A 10- to 16-megadalton class of EcoRI fragments was chosen for cloning,
based on (i) its ability to induce XC-positive virus upon transfection of NIH/3T3
cells, and (ii) its content of a 0.8-megadalton viral KpnI fragment diagnostic for
M-MuLV. Six recombinant DNA clones were isolated which contain a complete
M-MuLV provirus, as judged by (i) restriction endonuclease mapping and (ii) the
fact that all of the clones gave rise to XC-positive, NB-tropic virus upon DNA
infection in NIH/3T3 cells. The sizes of the inserts were 12.0 (for three clones) or
12.5 megadaltons (for three clones). Restriction mapping indicated that these six
clones represent five different M-MuLV proviral integrations into different cel-
lular DNA sites.

Moloney murine leukemia virus (M-MuLV),
like other murine and avian retroviruses, estab-
lishes a stable association with the host cell that
it infects. During infection, one or more DNA
copies of the viral RNA genome are covalently
integrated into the chromosomal DNA of the
host cell to form proviruses (26). In both avian
and murine systems, multiple sites for integra-
tion of retrovirus DNA sequences into cellular
DNA have been demonstrated by restriction
enzyme mapping (1, 8, 14, 16, 24). Although it
seems clear that integration is not limited to a
single or a very small number of chromosomal
locations, it is as yet unclear whether integration
into cellular DNA sequences occurs totally at
random or whether there are regional and/or
sequence preferences for M-MuLV integration.
Although multiple integrations of M-MuLV

and other retroviruses can occur in a single cell,
not all such integrations are functionally equiv-
alent. Keshet and Temin (3, 18) studied integra-
tions of reticuloendotheliosis virus and spleen
necrosis virus DNAs. They demonstrated a wide
size range of provirus-containing restriction en-
zyme fragments in both acute and chronically
infected cells. Viral infectivity, as measured in a
transfection assay, however, resided in a single
restriction enzyme fragment size (3, 4). Jaenisch
has derived a series of mouse strains which
genetically transmit M-MuLV DNA sequences
inserted at different chromosomal locations (17,
17a). The patterns of viral gene expression, as
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well as the effects on mouse development, vary
among the different proviral integrations and
provide strong evidence for "position effects," or
regulation of the expression of the inserted M-
MuLV DNA.
We (7) have indirectly studied the transcrip-

tional activity of integrated M-MuLV genomes
in a number of infected fibroblast lines by mea-
suring the relative DNase I sensitivity of M-
MuLV DNA sequences in isolated nuclei. Wein-
traub and Groudine (29) have shown that the
DNA of actively transcribed genes is preferen-
tially digested when nuclei or chromatin is
treated with pancreatic DNase I. In cells with
several integrated copies of M-MuLV, only a
minority (as few as one copy) of the viral DNA
sequences were found in a preferentially DNase
I-sensitive chromatin configuration. Most pro-
viral copies were resistant, suggesting that many
of the integrated M-MuLV copies in these cells
were not actively transcribed. Thus, fibroblasts,
productively infected with M-MuLV, apparently
contain both transcribed and nontranscribed
copies of proviral DNA.

Further studies of the fine structure and
expression of integrated M-MuLV genomes
would be greatly facilitated by the availability
of recombinant DNA clones which contain in-
tegrated M-MuLV proviral DNA and the sur-
rounding cellular DNA sequences. We report
here the isolation and preliminary characteriza-
tion of a series of lambda phage recombinant
DNA clones which contain such integrated M-
MuLV proviral DNAs from an infected mouse
fibroblast line.
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MATERIALS AND METHODS
All cells were maintained in Dulbecco-modified Ea-

gle medium supplemented with 10% calf serum
(GIBCO Laboratories, Grand Island, N.Y.). The deri-
vation of M-MuLV clone no. 1 (10) and M-MuLV
clone A9 (9) has been previously described.

Isolation of high-molecular-weight DNA and unin-
tegrated M-MuLV viral DNA, the synthesis of high-
specific activity 32P-labeled M-MuLV representative
complementary DNA (cDNA), and blot-transfer hy-
bridization (23) have been previously described (2, 11).

Restriction enzyme digestions, gel electrophoresis
in horizontal agarose gels, and blot transfer to nitro-
cellulose were performed as previously described (2).
For preparative isolation of DNA fragments, DNA
samples were electrophoresed into thick (2-cm) 0.6%
agarose gels, the DNA was visualized under UV light
after staining with ethidium bromide, and appropriate
regions of the gel were excised. The gel was dissolved
by heating in 10 volumes of 8 M NaClO4 at 60°C for
1 to 2 h and then passed over a column of hydroxy-
apatite (BioRad), equilibrated in 0.05 M PB (sodium
phosphate buffer, pH 6.8) at 60°C. The column was
washed with 10 column volumes of 1 M NaCl04-0.05
M PB, and bound DNA was eluted with 0.5 M PB.
The eluted DNA was dialyzed against 0.1 M ammo-
nium acetate and concentrated by lyophilization.

Ligation. A 1-pg amount of gel-purified cellular
DNA was mixed with 2 jig of an equimolar mixture of
Charon 4A lambda phage left and right end fragments
and lyophilized. The DNA was resuspended in 0.01 M
Tris (pH 7.4)-0.01 M MgCl2-0.05 M NaCl at a concen-
tration of 300 ,tg/ml and incubated at 42°C for 1 h.
The solution was adjusted to 0.4 mM ATP and 1 mM
DTT, 2 U of T4 DNA ligase (Bethesda Research
Laboratories, Bethesda, Md.) was added, and incuba-
tion was continued for 16 to 48 h at 12°C.

In vitro packaging. Products of the ligation re-
actions were packaged into lambda phage particles
with purified lambda protein A, freeze-thaw lysates,
and sonic extracts of induced lambda lysogens by the
protocol of Blattner and co-workers (25; H. Faber, D.
Kiefer and F. Blattner, personal communication, pro-
tocols distributed with Charon vectors, 1978). In one
600-pl packaging reaction, 2.1 ,tg of ligated DNA re-
sulted in 2.2 x 104 recombinant phage. In a second
600-,ul packaging reaction, 7.2 x 105 recombinant phage
resulted from the same amount of input DNA. The
differences in efficiencies may have been due to differ-
ent extents of ligation in the two DNA samples.

All packaging experiments and subsequent biologi-
cal manipulations were performed in a certified P-2
containment laboratory.

Screening of recombinant DNA clones. Prod-
ucts of the in vitro packaging reactions were adsorbed
to Escherichia coli DP50 supF and plated onto 12 15-
cm petri dishes containing NZYDT agar (6). Nitrocel-
lulose replicas of the petri dishes were prepared by the
method of Benton and Davis (5) and hybridized with
32P-labeled cDNA. Dextran sulfate (10%) was added
to the hybridizations to accelerate the annealing rate
(28). After autoradiography of the nitrocellulose rep-
licas, plaques on the agar plates which showed hybrid-
ization with the M-MuLV cDNA probe were picked

and subjected to additional cycles of plaque purifica-
tion and screening until more than 90% of the plaques
reacted positively with the M-MuLV cDNA probe. A
final plaque was then picked and used to prepare a
high-titer liquid lysate.

In one experiment, approximately 5 x 103 recombi-
nant phage were screened, and 12 plaques hybridized
M-MuLV cDNA. Of these 12, 8 hybridized strongly
and 1 was subsequently found to contain a M-MuLV
proviral integration. In a second experiment, approxi-
mately 1.5 x 104 recombinant phage were screened,
and 30 plaques hybridized M-MuLV cDNA, of which
11 strongly hybridized. Six of the strongly hybridizing
clones were further analyzed, and five contained M-
MuLV provirus whereas the other contained MuLV-
related endogenous virus sequences.

Preparation of recombinant phage. Bulk prep-
aration of recombinant phase was performed by the
protocol of Blattner (Blattner et al., charon phage
protocols, 1978). Briefly, high-titer lysates were used
to infect E. coli DP50 supF, and mass liquid cultures
were grown. After lysis, the supernatant was clarified
and phage were precipitated by addition of polyeth-
ylene glycol. Precipitated phage were then banded
through a step CsCl gradient followed by banding to
equilibrium in CsCl. In cases where multiple phage
bands resulted (see Discussion), the individual bands
were harvested separately.
DNA infections. NIH/3T3 cells were infected with

0.5 to 2.0 iLg of purified recombinant phage DNA per
5-cm dish 1 day after seeding NIH/3T3 cells at 5 x 105
cells. Infections were carried out by a modification of
the calcium phosphate precipitation technique of Gra-
ham and van der Eb (15) by using calf thymus DNA
carrier and dimethylsulfoxide treatment as described
by Lai and Verma (19). Cultures were assayed for
virus-infected cells by UV-XC plaque assay (22) or
passaged several times to establish a chronically in-
fected culture.

RESULTS
The source of infected cell DNA for these

molecular cloning experiments was the cell line
M-MuLV clone A9. M-MuLV clone A9 cells are
a clone of NIH/3T3 fibroblasts productively in-
fected with M-MuLV, and we have previously
characterized them as containing approximately
4 copies of M-MuLV DNA per haploid genome,
or 10 to 12 copies per cell (7, 9). EcoRI DNA
fragments containing some of these integrated
M-MuLV proviral DNAs (approximately 13.0,
12.0, 8.7, 5.4, and 4.6 megadaltons [Md]) have
been identified in these cells (1, 2). In addition,
even though this cell line is productively in-
fected, only a minority of the viral DNA se-
quences exist in chromatin in a configuration
which is preferentially sensitive to DNase I
digestion and therefore potentially transcrip-
tionally active (7).
We wished to clone M-MuLV proviruses from

an infected mouse cell, the natural host for M-
MuLV, and from a characterized cell clone to
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facilitate further studies of the structure and
function of individual M-MuLV integrations. A
serious problem in attempting to screen for M-
MuLV proviral DNA sequences in mouse cells
is the presence of an endogenous family of
MuLV-related sequences which share partial se-
quence homology with M-MuLV. Figure 1A
shows the complex pattern of EcoRI fragments
with nucleic acid sequence homology to a rep-
resentative M-MuLV cDNA probe (11) from
uninfected mouse cells and M-MuLV clone A9
cells. Two EcoRI fragments present only in the
infected cell line and absent from the uninfected
cells can be seen at approximately 12 x 106 to 13
x 10W daltons, and they may contain integrated
M-MuLV proviral DNA. That these new EcoRI
fragments actually contain integrated M-MuLV
DNA sequences is shown by their enhanced
hybridization to an M-MuLV cDNA specific for
M-MuLV DNA (and which does not recognize
endogenous MuLV-related sequences in unin-
fected cells) as shown in Fig. 1B (2).
Our experimental design involved cloning of

size-selected EcoRI fragments from total M-
MuLV clone A9 DNA in the lambda phage
charon 4A cloning vector (6). This strategy was
employed for several technical reasons. First,
EcoRI does not cleave M-MuLV DNA (12), so
EcoRI fragments from infected cell DNA would
contain complete copies of MuLV proviral DNA
with adjacent 5' and 3' cellular sequences. Sec-
ond, the Charon 4A cloning vector was designed
for cloning of EcoRI fragments, and the sizes of
inserted DNA fragments that can be accommo-
dated by this vector (7.6 to 20.6 kilobase pairs or
4.85 to 13.2 Md) include most of the EcoRI
fragments containing M-MuLV proviral DNA in
M-MuLV clone A9 cells. Third, size selection of
the EcoRI fragments was deemed necessary due
to the large number of EcoRI fragments con-
taining endogenous M-MuLV-related sequences
present in both uninfected and infected cells.
Generating lambda phage clones from total in-
fected cell DNA would result in a large number
of clones containing endogenous MuLV-related
sequences in addition to the smaller number of
desired M-MuLV proviral clones. Clones of
these endogenous virus-related sequences would
also be recognized during the screening proce-
dures. Thus, many clones which hybridize M-
MuLV cDNA might have to be screened before
one containing a genuine M-MuLV provirus
might be obtained. As shown in Fig. 1A, certain
sizes of EcoRI fragments from M-MuLV clone
A9 cells contain relatively high concentrations
of M-MuLV proviral DNA in comparison to
endogenous M-MuLV-related sequences, for in-
stance, the 12 x 106_ to 13 x 106-dalton range.
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FIG. 1. Identification of M-MuLV proviral frag-
ments. Uninfected NIH/3T3 and infected M-MuLV
clone A9 cell DNAs (10 pgper channel) were digested
with EcoRI and analyzed by agarose gel electropho-
resis and blot transfer to nitrocellulose filters. As a
mobility marker, linear unintegrated M-MuLVDNA
(5.4 Md) isolated from freshly infected cells was also
included ("viral'". Hybridization to two replicate
blots was performed with either representative M-
MuLVcDNA ('representative cDNA"' or with cDNA
specific for M-MuLV which was generated byprean-
nealing representative M-MuLV cDNA with a large
excess of AKR MuLV 70S RNA ('specific cDNA'9.
Autoradiograms of the hybridized blots are shown.

Therefore, appropriate size selection of the M-
MuLV clone A9 EcoRI fragments before cloning
could provide an ixnportant enrichment of M-
MuLV proviral sequences over endogenous
MuLV-related sequences. For these reasons. we
chose to clone M-MuLV clone A9 EcoRI frag-
ments of 12 x 106 to 13 x 106 daltons.
To prepare size-selected fragments, 10 mg of

M-MuLV clone A9 cell DNA was digested with
EcoRI and fractionated by electrophoresis in
0.6% agarose gels. DNA was extracted from
slices of the agarose gel by dissolving the gel in
concentrated NaClO4 and binding the DNA to
hydroxyapatite. Figure 2 shows the size distri-
bution of each of these isolated fractions, which
are also listed in Table 1. Each size fraction of
infected cell DNA was tested for its content of
integrated M-MuLV sequences by two addi-
tional criteria. First, a portion of each DNA
fraction was tested for the presence of an inter-
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nal viral KpnI DNA fragment whose size, al-
though not necessarily sequence composition, is
diagnostic of M-MuLV as opposed to any of the
murine endogenous virus-related sequences (2).
Figure 3 shows that this 0.8 x 106-dalton frag-
ment present in unintegrated Moloney viral
DNA is also detected in the total cellular DNA
of infected clone A9. Importantly, no virus-re-
lated fragment of similar size is liberated by
KpnI digestion of uninfected NIH/3T3 cell
DNA. By digesting a small aliquot of each iso-
lated DNA fraction with KpnI, the M-MuLV
diagnostic fragment was identified in fractions 4,
to 7 (Fig. 3). Fraction 4 seemed the most highly
enriched for M-MuLV proviral DNA, since
MuLV-related KpnI fragments present in unin-
fected cells but not in M-MuLV viral DNA were
largely absent.

In a second test for the content of M-MuLV
genetic information of each isolated DNA frac-
tion, a portion of each fraction was used to infect
NIH/3T3 cells in a DNA transfection assay.
EcoRI-cut DNA from uninfected NIH/3T3
cells, total M-MuLV clone A9 DNA, and unin-
tegrated viral DNA isolated from the cytoplasm
of freshly infected cells were also tested. After
one or more passages, each transfected culture
was assayed for M-MuLV infection by an XC

11 10 9 8 7 6 5

syncitial assay (22). Unintegrated viral DNA
and total M-MuLV clone A9 DNA both pro-
duced XC-positive virus in the transfected cul-
tures, whereas uninfected NIH/3T3 cell DNA
did not. Fractions 4 and 5 also induced XC-
positive virus, confirming their content of genet-

TABLE 1. Characterization of size-selected EcoRI-
cut DNA ofM-MuLV infected cell line A9

Size range M-MuLV-

DNA fraction (X16 dal- diagnostic Infectiv-
tons) KpnI frag- ity

ment

Unintegrated viral 5.8 + +
DNA

EcoRI-cut 3T3 DNA <1->20 - -
EcoRI-cut A9 DNA <1->20 + +
A9 fraction

1 9-20 - -
2 9-20 - -
3 13.5-18 - -
4 10.5-16 + +
5 9.4-12 + +
6 7-10 + -
7 6.5-9 + -
8 5.8-6.7 - -
9 5.0-6.0 - -
10 4.3-5.5 - -
11 4.1-4.7 - -

4 3 2 1 A9 3T3

- 14.7
- 10.7

- 6.7

- 5.

- 4.6

FIG. 2. Characterization of size-selected DNA fractions. Aliquots of each size fraction (I to 11) ofpurified
EcoRI-cut M-MuLV clone A9 cell DNA were electrophoresed through a 0.6% agarose gel and visualized by
staining with ethidium bromide. Also shown are total EcoRI digests of M-MuLV clone A9 cell DNA and
uninfected 3T3 cell DNA. The positions of several restriction enzyme fragments of A DNA analyzed on the
same gel are indicated, along with their sizes in Md. A DNA cut with EcoRI was mixed with the digested M-
MuLV clone A9DNA before preparative fractionation to provide guides for slicing the gel. These A restriction
enzyme fragments are visable in several isolated DNA fractions.
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ically competent M-MuLV (Table 1). It is inter-
esting that fraction 7 may have contained M-
MuLV proviral DNA by the KpnI cleavage test,
but did not yield infectious virus upon transfec-
tion.
DNA fraction 4, with a size range of 10.5 x 106

to 16.0 x 106 daltons, was cloned into the charon
4A cloning vector. The right and left EcoRI end
fragments of charon 4A, purified by preparative
agarose gel electrophoresis, were ligated with
fraction 4 DNA, and the high-molecular-weight
DNA was packaged into lambda particles in
vitro by using the in vitro packaging system
described by Blattner (see Materials and Meth-
ods). In vitro-assembled phage particles were
directly plated as primary plaques on E. coli
DP50 supF without initial amplification. Re-
combinant phage plaques were screened for se-
quence homology to M-MuLV by hybridization
of an M-MuLV cDNA probe to nitrocellulose

E NC 1 2 3 4

filter replicas of the initial plates (5). Plaques
with strong sequence homology to M-MuLV
were picked, and plaques were purified.
Recombinant DNA phage with strong se-

quence homology to M-MuLV could represent
clones of intact integrated M-MuLV proviruses,
rearranged or otherwise aberrant integrations of
all or part of the M-MuLV genome, or clones of
endogenous MuLV related sequences which re-
side on EcoRI fragments of the size selected for
cloning. To distinguish between these possibili-
ties, DNA was purified from each recombinant
clone and further characterized with respect to
its restriction enzyme cleavage pattern. Each
DNA sample was digested with KpnI to test for
the presence of a M-MuLV-diagnostic 0.8 x 106-
dalton fragment which is liberated from the 3'
region of the viral genome. Figure 4 shows the
patterns of restriction enzyme fragments ob-
tained from eight recombinant clones. Blot

5 6 7 8 9 10

0

j;' .

I
3.5 Md-

2.5 -

1.8 -

0.8 -

Eadogemeos
Fro o*nfs

- M-M.LV
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FIG. 3. KpnI cleavage of size-selected DNAs. Aliquots of the size-selected EcoRI fragments from M-MuLV
clone A9 cells were secondarily cleaved with KpnI and analyzed by electrophoresis and blot transfer
hybridization by using a representative M-MuLV cDNA probe. For comparison, total cellular DNA from M-
MuLV clone A9 and uninfected NIH/3T3 cells, as well as unintegrated M-MuLV linear DNA, was also
digested with KpnI and analyzed. The mobility of the M-MuL V-diagnostic 0.8-Md KpnI fragment, as well as
an endogenous 2.5-Md KpnIMuLV-related fragment present in uninfected cells but not contained in genuine
M-MuLVprovirus, is indicated.
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transfer hybridization of this gel with M-MuLV
cDNA is shown. Six of the eight clones tested
contained the M-MuLV diagnostic fragment of
0.8 Md. This suggests that they contain at least
the 3' portion of an M-MuLV genome, since this
fragment is actually a doublet of two internal
viral DNA fragments liberated from the 3' end
of the M-MuLV DNA sequences. These six
clones also liberate a doublet of M-MuLV-hy-
bridizing KpnI fragments of 1.8 Md which arise
from the 5' end of M-MuLV. This fragment is
not diagnostic of M-MuLV, however, since the
vast majority of the MuLV-related endogenous
sequences also contain a 1.8-Md KpnI fragment
(Dolberg, Bacheler and Fan, submitted for pub-
lication). Indeed, clone 27 contains such a virus-
related 1.8-Md fragment, but lacks the diagnos-
tic 0.8-Md fragment. It is possible that clones
which fail to release the M-MuLV-diagnostic
0.8-Md KpnI fragment carry M-MuLV se-
quences, either as partial integrations or rear-
ranged sequences, but such clones are not can-
didates for complete, potentially functional M-
MuLV integrations. We conclude that clones 48,
61, 63, 73, 75, and 76 are good candidates for
containing complete integrated M-MuLV ge-

nomes. These six clones also contain a 1.9-Md
M-MuLV-diagnostic fragment liberated byBam
digestion (1) which comigrated with the 1.9-Md
Bam fragment from unintegrated M-MuLV viral
DNA and which hybridized to M-MuLV cDNA
(data not shown).

Figure 5 shows a determination of the sizes of
the inserted cellular DNA sequences. DNA from
each clone was cut with EcoRI which separates
the vector sequences from the inserted DNA
and analyzed by gel electrophoresis. The six
clones identified as containing M-MuLV-diag-
nostic fragments fall into two size classes, having
inserts of approximately 12.0 and 12.5 Md. The
sizes are very similar to the 12 and 13 Md of the
EcoRI fragments previously identified in total
M-MuLV clone A9 DNA as containing inte-
grated M-MuLV DNA sequences. The sizes of
the inserts suggested that at least two different
integrations of M-MuLV DNA were cloned.
The biological activity of each of the six clones

of integrated M-MuLV DNA sequences was
tested by using a portion of the phage DNA
(after digestion with EcoRI) to infect NIH/3T3
cells in a transfection assay. Each of these six
clones induced the fornation of XC-positive
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FIG. 4. Test of recombinant clones for M-MuLVprovirus. DNA from isolated recombinant clones or from
linear unintegrated M-MuLV viral DNA purified from freshly infected cells ('viral") was digested with KpnI
and electrophoresed through a 1% agarose gel. Hybridization to a blot transfer of this gel with M-MuLV-
representative cDNA is shown. The mobility of the M-MuLV-diagnostic 0.8-Md KpnI fragment is indicated.
The full designations of the clones are Ch4A-A9-4- followed by the clone number, but for simplicity are
referred to by the clone number. In the figure, Ch4A-A9-4-48 is indicated as clone 48.
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plaques in the infected cell cultures, whereas
other clones isolated in the same experiment,
which did not contain M-MuLV diagnostic frag-
ments, did not (clones 27 and 28) (Table 2).
Supernatant virus from each XC-positive-in-
fected culture was further characterized by titra-
tion on NIH/3T3 and BALB/c 3T3 cells. The
XC-positive virus in each case titered with equal
efficiency on both cell types, indicating that the
viruses liberated after cloned DNA infection had
the NB tropic host range ofM-MuLV itself. This
NB tropic host range is also not characteristic of
any known endogenous murine virus. This fur-
ther supports the identification of these recom-
binant DNA clones as containing intact integra-
tions of M-MuLV DNA.
The two sizes of cellular DNA inserts contain-

ing integrated M-MuLV genomes suggested that
at least two different integrations of M-MuLV
DNA into cellular DNA sequences were cloned.
To further characterize the inserted sequences,
restriction enzyme maps of the six clones con-
taining integrated M-MuLV proviral DNA were
constructed by sequential restriction enzyme
digestions and by blot transfer-filter hybridiza-
tions with M-MuLV cDNA. Figure 6 shows re-
striction enzyme maps for the EcoRI inserts of

A 1 2 3 4 5 6 7 8 9

13.22-

4.54-

3379

3.22-

these six clones. The maps have been drawn to
align the 5' end of the integrated viral DNA
sequences and indicate that the integrated viral
DNA sequences are located in different positions
in several of the clones. One 12.0-Md cellular
DNA fragment was cloned twice, on clones 61
and 76, in opposite orientations with respect to
the Charon 4A cloning vector. Restriction en-
zyme sites in the flanking cellular DNA se-
quences indicate that clone 73 contains a differ-
ent M-MuLV integration than that contained in

TABLE 2. Characterization of isolated M-MuLV-
related recombinant DNA clones

Size of in- M-MuLV- Infectiv- NB tro-
Clone no. sert (x106 diagnostic ity pism

daltons) fragments

48 12.5 + + NB
61 12.0 + + NB
63 12.5 + + NB
73 12.0 + + NB
75 12.5 + + NB
76 12.0 + + NB
70 7.7 - NDa

27 9.2 - - -
28 8.9 - - -

0ND, Not determined.

B * 2 3 4 5 6 7 8 9

2.34-

FIG. 5. Size of cloned inserts. DNA from several recombinant DNA clones with strong sequence homology
to M-MuLV was cut with EcoRI and electrophoresed through a 0.6% agarose gel. The mobilities of marker
A EcoRI DNA fragments co-electrophoresed in the same gel are indicated, along with their sizes (Md). (A)
Ethidium bromide staining of the gel; (B) hybridization with M-MuLV cDNA to a blot transfer of the same
gel. (Lane 1) Mixture ofA DNA cut with HindIII, detectable by ethidium bromide staining (A), and uncut M-
MuLV unintegrated linear DNA, detected by hybridization with M-MuLV cDNA (B); (lane 2) Ch4A-A9-4-48;
(lane 3) Ch4A-A9-4-61; (lane 4) Ch4A-A9-4-63; (lane 5) Ch4A-A9-4-73; (lane 6) Ch4A-A9-4-75; (lane 7) Ch4A-
A9-4-76; (lane 8) Ch4A-A9-4-70; (lane 9) Ch4A-A9-4-27.
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FIG. 6. Restriction maps ofM-MuLVproviral clones. Restriction maps for the six M-MuLVproviral clones
are shown. For convenience oforientation, coordinates are shown with the M-MuLVproviralportions ofeach
clone spanning from 0 to 8.9 kilobases on the map, and they are shown in the conventional orientation with
respect to M-MuLV RNA. Adjacent cell sequences to the 5' side of the viral DNAs have negative map
coordinates, and adjacent cell sequences to the 3' side have positive coordinates greater than 8.9 kilobases.
The maps were derived by cleavage of recombinant phage DNAs with various restriction enzymes (singly or

in combinations) followed by agarose gel electrophoresis. The total fragment patterns were determined by
ethidium bromide staining, and those which contained viral sequences were identified by blot-transfer
hybridization with M-MuLV cDNA. The abbreviations for the different enzymes are given in the figure; sites
shown above the line have been mapped throughout the insert, whereas additional sites may exist for enzymes
shown below the line. The locations of the left and right arns of the Charon 4A cloning vector are also
indicated.

clones 61 and 76, even though both integrations
are contained in EcoRI fragments of very similar
size. Similarly, clones 48, 63, and 75 each repre-
sent different integrations of M-MuLV DNA
sequences into cellular DNA, even though each
provirus is contained in an EcoRI fragment of
12.5 Md. In contrast to the diversity of restric-
tion enzyme sites in the cellular DNA sequences
flanking each integrated M-MuLV genome, the
viral DNA sequences in each case show identical
restriction maps which also agree well with the
restriction enzyme map for M-MuLV derived by
Gilboa et al. (13).

DISCUSSION
We have isolated six recombinant lambda

phage DNA clones which contain both proviral
M-MuLV DNA sequences and the surrounding
cellular DNA sequences into which the viral
DNA was inserted. Five different integrations of
M-MuLV are represented on these clones, even

though several of the EcoRI DNA fragments
containing these integrations are of very similar
size. We consider these integrations distinct be-
cause each shows a unique distribution ofrestric-
tion enzyme sites in the cellular DNA sequences

surrounding the proviral DNA sequences. The
number of different integrations of M-MuLV
present in EcoRI fragments of 12.0 x 106 and
12.5 x 106 daltons was initially somewhat sur-
prising, since we had previously assumed that
the new EcoRI fragments of this size seen in
EcoRI digests of M-MuLV clone A9 cellular
DNA were each the result of the insertion of a
single M-MuLV proviral DNA sequence. The
isolation of five different integrations is, how-
ever, compatible with our previous estimates
that this cell line contains 10 to 12 integrated
copies of M-MuLV (7). Furthermore, the fact
that the same integration site was independently
isolated twice among six clones suggests that
most of the M-MuLV integrations in EcoRI
fragments of this size have been cloned.
Although the cloning efforts with the M-

MuLV clone A9 cell DNA successfully yielded
the M-MuLV proviral clones described here,
efforts to perform similar experiments with two
other DNA fractions from other productively
infected cells were unsuccessful. EcoRI frag-
ments of 6 to 10 Md from the cell line M-MuLV
clone E7 (9) which carries integrated M-MuLV
DNA sequences on EcoRI fragments of 9.5, 8.6,
6.6, and 3.75 Md (2) were cloned, and 22,500
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recombinant phage were screened. Ten phage
clones were found to hybridize M-MuLV cDNA
and four strongly hybridized. However, none of
the clones contained a M-MuLV provirus, al-
though some contained endogenous M-MuLV-
related sequences. Similarly, EcoRI fragments
of 6 to 10 Md from M-MuLV clone 4A cells (9)
were cloned, and 2.3 x 105 recombinant phage
were screened; 34 phage clones hybridized with
M-MuLV cDNA, and 15 strongly hybridized.
Again, none of these clones contained a genuine
M-MuLV provirus. In the second experiment,
the 6- to 10-Md 4A EcoRI fragments were di-
gested with BamHI and found to yield a 1.9-Md
Bam fragment diagnostic of M-MuLV. In addi-
tion, this DNA gave rise to XC-positive virus
upon DNA infection of NIH/3T3 cells. By these
criteria, at least the M-MuLV clone 4A cellDNA
fraction should have contained intact M-MuLV
proviruses. Several possibilities might explain
the failure to obtain M-MuLV proviral clones in
two cases. (i) Not enough recombinant phage
may have been screened. This may have been
the case for the experiments with the M-MuLV
clone E7 DNA. However, sufficient numbers of
phage were screened for the M-MuLV clone 4A
trials that it could be calculated that any single
copy DNA sequence present should have been
cloned. (ii) The particular DNA fractions chosen
may have contained relatively higher concentra-
tions of endogenous MuLV-related sequences.
This was probably the case, since the 6- to 10-
Md range of EcoRI fragments from infected or
uninfected mouse cells contains many more frag-
ments with sequence homology to M-MuLV
than the 12- to 13-Md range. However, the fail-
ure to isolate a single M-MuLV proviral clone
contrasts sharply with the relative ease of clon-
ing from M-MuLV clone A9 cells. (iii) Some
proviral integrations may not be clonable in
bacterial systems. Evidence that certain se-
quences in the murine mammary tumor virus
genome cannot be cloned has been obtained by
several research groups (G. Hager, personal
communication; H. E. Varmus, personal com-
munication), and it is possible that some M-
MuLV proviral integrations may have similar
properties. In the case of M-MuLV, the putative
unclonable sequences would not be located in
the viral sequences themselves (since other M-
MuLV proviruses were successfully cloned), but
rather in particular adjacent cellular sequences.
(iv) M-MuLV proviral integrations may have
been cloned and subsequently lost. Instability of
recombinant phage clones carrying proviral se-
quences has been observed for other murine
retroviruses (20, 27). Retroviruses also carry se-
quences resembling classical procaryotic and eu-
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caryotic transposable elements, which may re-
sult in sequence arrangement during growth
(22a). Indeed, we have observed that many of
the recombinant phage clones isolated (carrying
both genuine M-MuLV proviruses as well as
endogenous MuLV-related sequences) display
instability during propagation. Growth of virus
preparations is frequently accompanied by gen-
eration of deleted forms of the original phage,
which can be detected by the presence of phage
particles with lower buoyant density. We have
found it necessary to routinely band all phage
preparations in equilibrium CsCl gradients and
use only the phage of greatest density to mini-
mize these problems.
We have tested the biological activity of each

M-MuLV-containing recombinant DNA clone
by using the isolated phage DNA to infect NIH/
3T3 cells. Each of the clones identified as con-
taining M-MuLV based on the presence of di-
agnostic restriction enzyme fragments also gave
rise to infectious NB tropic virus, confirming the
identification of these clones. The observation
that DNA from each clone was infectious differs
somewhat from several other studies in which
proviruses resulting from recent viral infection
(as opposed to genetically transmitted endoge-
nous proviruses) were isolated as recombinant
DNA clones. Lowy et al. (20) have isolated three
clones of integrated AKR viral DNA sequences
from a mass culture of infected fibroblasts. One
of these clones was noninfectious, whereas the
other two clones were infectious, although with
approximately 30-fold difference in specific in-
fectivity. O'Rear et al. (21) have cloned inte-
grated spleen necrosis virus DNA sequences
from chronically and acutely infected chicken
cells. Both infectious and noninfectious clones
were obtained. Although infectious clones con-
tained inserts of smaller size than the noninfec-
tious integrations cloned, size did not appear to
account for the difference in biological activity.
Mullins et al. (J. I. Mullins, M. Nicholson, J.
Casey, K. Burck and N. Davidson, personal com-
munication) have cloned seven integrations of
feline leukemia virus from an infected human
cell line and obtained both infectious and non-
infectious isolates. No major differences between
the viral sequences of infectious and noninfec-
tious clones could be detected. It is unclear
whether the infectious nature of all of our clones
is merely chance or whether M-MuLV provi-
ruses are more often infectious than AKR,
spleen necrosis virus, or feline leukemia provi-
ruses.
The infectivity of all five of the M-MuLV

proviruses cloned stands in apparent contrast to
the DNase I resistance and, therefore, potential
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transcriptional inactivity of many of the inte-
grated copies of M-MuLV found in the A9 cell

line. We are currently investigating the specific
infectivity of individual cloned M-MuLV provi-
ruses and the transcription activity of these in-
dividual integrations of M-MuLV in the A9 cell
line.

ACKNOWLEDGMENTS

This work was supported by Public Health Service grants
R01 CA-22829 (L.T.B.), R01 CA-15747 (H. F.), contract N01-
CP-71008 (H.F.), and core grant CA 14195, all from the Na-
tional Cancer Institute.
We thank Frederick Blattner and his associates for provid-

ing us with the charon phage cloning kit, and Jeffrey Browne
for advice on in vitro packaging. Jennifer Price and Patricia
Kreikemeier provided excellent technical assistance, and Mau-
reen Brennan typed the manuscript. We thank menmbers of
the Tumor Virology Laboratory for valuable advice and dis-
cussions.

LITERATURE CITED

1. Bacheler, L. T., and H. Fan. 1979. Multiple integration
sites for Moloney murine leukemia virus in productively
infected mouse fibroblasts. J. Virol. 30:657-667.

2. Bacheler, L., and H. Fan. 1980. Study of integrated
Moloney murine leukemia virus DNA using comple-
mentary DNA which does not recognize endogenous
related sequences. J. Virol. 33:1074-1082.

3. Battula, N., and H. M. Temin. 1977. Infectious DNA of
spleen necrosis virus is integrated at a single site in the
DNA of chronically infected chicken fibroblasts. Proc.
Natl. Acad. Sci. U.S.A. 74:281-285.

4. Battula, N., and H. M. Temin. 1978. Sites of integration
of infectious DNA of avian reticuloendotheliosis viruses
in different avian cellular DNAs. Cell 13:387-398.

5. Benton, W. D., and R. W. Davis. 1977. Screening Xgt
recombinant clones by hybridization to single plaques
in situ. Science 196:180-182.

6. Blattner, F. R., B. G. Williams, A. E. Bleckl, K. D.
Thompson, H. E. Faber, C. A. Furlong, D. J. Grun-
wald, D. 0. Kiefr, D. D. Moore, J. W Schuman, G.
L. Sheldon, and 0. Smithies. 1977. Charon phages:
safer derivatives of bacteriophage lambda for DNA
cloning. Science 196:161-169.

7. Breindl, M., L. Bacheler, H. Fan, and R. Jaenisch.
1980. Chromatin conformation of integrated Moloney
leukemia virus DNA sequences in tissues of BALB/Mo
mice and virus-infected cell lines. J. Virol. 34:373-382.

8. Canaani, E., and S. A. Aaronson. 1979. Restriction
enzyme analysis of mouse cellular type C viral DNA:
Emergence of new viral sequences in spontaneous

AKR/J lymphomas. Proc. Natl. Acad. Sci. U.S.A. 76:
1677-1681.

9. Fan, H., R. Jaenisch, and P. MacIsaac. 1978. Low-
multiplicity infection ofMoloney murine leukemia virus

in mouse cells: effect on number of viral DNA copies
and virus production in producer cells. J. Virol. 28:802-

809.
10. Fan, H., and M. Paskind. 1974. Measurement of the

sequence complexity of cloned Moloney murine leuke-
mia virus 60 to 70S RNA: Evidence for a haploid

genome. J. Virol. 14:421-429.
11. Fan, H., and I. Verma. 1978. Size analysis and relation-

ship of murine leukemia virus-specific mRNA's: evi-

dence for transposition of sequences during synthesis
and processing of subgenomic mRNA. J. Virol. 26:468-

478.
12. Gianni, A. M., J. R. Hutton, D. Smotkin, and R. A.

Weinberg. 1976. Proviral DNA of Moloney leukemia

virus: purification and visualization. Science 191:569-

571.
13. Gilboa, E., S. Goff, A. Shields, F. Yoshimura, S. Mi-

tra, and D. Baltimore. 1979. In vitro synthesis of a 9
kbp terminally redundant DNA carrying the infectivity
of Moloney murine leukemia virus. Cell 16:863-874.

14. Gilmer, T. M., and J. T. Parsons. 1979. Analysis of
cellular integration sites in avian sarcoma virus-infected
duck embryo cells. J. Virol. 32:762-769.

15. Graham, F. I., and A. J. van der Eb. 1973. A new
technique for the assay of infectivity of human adeno-
virus 5 DNA. Virology 52:456-461.

16. Hughes, S. H., P. R. Shank, D. H. Spector, H. Kung,
J. M. Bishop, and H. E. Varmus. 1978. Proviruses of
avian sarcoma viruses are terminally redundant, coex-
tensive with unintegrated linear DNA and integrated at
many sites. Cell 15:1397-1410.

17. Jaenisch, R. 1976. Germ line integration and Mendelian
transmission of the exogenous Moloney leukemia virus.
Proc. Natl. Acad. Sci. U.S.A. 73:1260-1264.

17a.Jahner, D., and R. Jaenisch. 1980. Integration of Mo-
loney leukemia virus into the germ line of mice: corre-

lation between site of integration and virus activation.
Nature (London) 287:456-458.

18. Keshet, E., and H. M. Temin. 1978. Sites of integration
of reticuloendotheliosis virus DNA in chicken DNA.
Proc. Natl. Acad. Sci. U.S.A. 75:3372-3376.

19. Lai, M-H. T., and I. M. Verma. 1980. Genome organi-
zation of retroviruses. VII. Infection by double stranded
DNA synthesized in vitro from Moloney murine leu-
kemia virus generates a virus indistinguishable from the
original virus used in reverse transcription. Virology
100:194-198.

20. Lowy, D. R., E. Rands, S. K. Chattopadhyay, C. F.
Garon, and G. L. Hager. 1980. Molecular cloning of
infectious integrated murine leukemia virus DNA from
infected mouse cells. Proc. Natl. Acad. Sci. U.S.A. 77:
614-618.

21. O'Rear, J. J., S. Mizutani, G. Hoffman, M. Fiandt,
and H. M. Temin. 1980. Infectious and noninfectious
recombinant clones of the provirus of SNV differ in
cellular DNA and are apparently the same in viral
DNA. Cell 20:423-430.

22. Rowe, W. P., W. E. Pugh, and J. W. Hartley. 1970.
Plaque assay techniques for murine leukemia viruses.
Virology 42:1136-1139.

22a.Shoemaker, C., S. Goff, E. Gilboa, M. Paskind, S. W.
Mitra, and D. Baltimore. 1980. Structure of a cloned
circular Moloney murine leukemia virus DNA molecule
containing an inverted segment: implications for retro-
virus integration. Proc. Natl. Acad. Sci. U.S.A. 77:3932-
3936.

23. Southern, E. M. 1975. Detection of specific sequences
among DNA fragments separated by gel electrophore-
sis. J. Mol. Biol. 98:503-517.

24. Steffen, D., and R. A. Weinberg. 1978. The integrated
genome of murine leukemia virus. Cell 15:1003-1010.

25. Sternberg, N., D. Tiemeier, and I. Enquist. 1977. In
vitro packaging of a X Dam vector containing EcoRI
DNA fragments of Escherichia coli and phage P1. Gene
1:255-280.

26. Temin, H. M. 1970. Formation of the--provirus of RNA
sarcoma viruses, p. 233-249. In R. D. Barry and B. W.
J. Mahy (ed.), The biology of large RNA viruses. Aca-
demic Press, Inc., New York.

27. Vande Woude, G. F., M. Oskarsson, L. W. Enquist,
S. Nomura, M. Sullivan, and P. J. Fischinger. 1979.
The cloning of integrated Moloney sarcoma proviral
DNA sequences in bacteriophage lambda. Proc. Natl.
Acad. Sci. U.S.A. 76:4464-4468.

28. Wahl, G. M., M. Stern, and G. R. Stark. 1979. Efficient
transfer of large DNA fragments from agarose gels to
diazobenzyloxymethyl-paper and rapid hybridization
using dextran sulfate. Proc. Natl. Acad. Sci. U.S.A. 76:
3683-3687.

29. Weintraub, H., and M. Groudine. 1976. Chromosomal
subunits in active genes have an altered conformation.
Science 193:848-856.

J. VIROL.


