
Vol. 36, No. 3JOURNAL OF VIROLOGY, Dec. 1980, p. 709-718
0022-538X/80/12-0709/10$02.00/0

Physical Map of Infectious Baboon Type C Viral DNA and
Sites of Integration in Infected Cells
NARAYANA BATTULA* AND GEORGE J. TODARO

Laboratory of Viral Carcinogenesis, National Cancer Institute, Bethesda, Maryland 20205

Three species of unintegrated viral DNAs were found in permissive cells
infected with baboon type C virus. The major species was a 9.0-kilobase (kb)
linear DNA that was infectious. A restriction endonuclease map of this DNA was
constructed and oriented with respect to the viral RNA. The linear DNA had a
0.6-kb sequence repeated at each terminus. These terminal repeat sequences were
required for infectivity of the viral DNA. The minor species of the unintegrated
viral DNAs were covalently closed circles of 9.0 and 8.4 kb. The smaller circle
was in two- to threefold excess over the larger circle. The difference appeared to
be that the smaller circle lacked one of the two 0.6-kb repeat sequences found in
the larger circle. Restriction endonuclease maps of the integrated viral DNAs
were constructed, and the sequences on both viral DNA and cellular DNA that
are involved in integration were determined. The integrated viral DNA map was
identical to that of the unintegrated infectious 9.0-kb linear DNA. Therefore, a
specific site in the terminal repeat sequence of the viral DNA was used to
integrate with the host cell DNA. The sizes of the cellular DNA fragments were
different from clone to clone but stable with cell passage. Therefore, many sites
in the cell DNA can recombine with the viral DNA.

Baboon type C virus was the first primate
retrovirus isolated from a species of the Old
World monkey (4, 13). The genomes of all ba-
boon cells contain DNA sequences that can code
for the type C viral RNA genome and, therefore,
the virus was classified as endogenous (12, 37).
Several endogenous primate type C viruses have
since been isolated, and as a group they have
some interesting characteristics (36). For exam-
ple, these endogenous viruses are helper inde-
pendent and do not grow in cells of their origin,
but grow well in other cells such as human. The
cellular genome contains 50 to 150 DNA se-
quences that are related to the viral RNA ge-
nome (6). The structure and function of these
multiple endogenous sequences, however, is not
understood. Recent advances in technology
make it feasible to investigate the organization,
regulation, and expression of these multiple cop-
ies of endogenous type C viral genetic informna-
tion in the primate cells.
To pursue these studies, we used the M7

isolate of baboon endogenous type C virus as a
model system to study the events in the life
cycle of these viruses. We chose to use dog
thymus cells (Cf2Th) which are permissive for
M7 (37). These cells lack viral DNA sequences
related to primate type C viruses, and therefore
integration can be studied in the absence of
cellular DNA background. We report here on
the isolation, characterization, and restriction

endonuclease mapping of the unintegrated viral
DNAs. We also report on sequences of the viral
DNA as well as the sequences of the cellular
DNA involved in integration.
We show here that there are three species of

unintegrated viral DNAs in M7-infected Cf2Th
cells. The major species was a linear DNA with
repetition of sequences at each terminus (ter-
minal repeat sequences). The minor species con-
sisted of two covalently closed circular DNAs.
The smaller circle contained a single terminal
repeat sequence, whereas the larger circle con-
tained a double repeat. The linear unintegrated
DNA was infectious, and the terminal repeats
were required for infectivity. The integrated
DNA was colinear with the unintegrated linear
viral DNA, indicating that the sequences near
the ends of terminal repeats were used in fusing
with cellular DNA. The fusion fragments of
cellular and viral sequences were different from
clone to clone, indicating that many sites in the
cellular DNA allow integration of viral DNA.

MATERIALS AND METHODS
Celi and viru8e8. CeUs were grown in Dulbecco-

modified Eagle minimal essential medium, supple-
mented with 5 or 10% calf serum. Canine thymus cells
(Cf2Th) were obtained from Naval Biomedical Re-
search Laboratory, Oakland, Calif., bat lung fibroblasts
(Thl-Lu) were obtained from the American Type Cul-
ture Collection, Rockville, Md., and A549, a human
lung tumor cell line, was derived in this laboratory
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(22). The M7 isolate of baboon endogenous type C
virus was cloned on permissive Cf2Th cells by two
cycles of endpoint dilution. Clone number 68 (M7 #68)
was used in these experiments. A mass culture of
Cf2Th cells was infected with M7 #68, and independ-
ent clones from this producer culture were isolated by
serial dilution and plating in microtiter dishes. Polym-
erase-positive clones from the highest dilution were
used in these expeiments.

Extraction of unintegrated M7 #68 DNA. Sub-
confluent cultures of Cf2Th cells in plastic roller bot-
tles (Corning Glass Works) were infected at high mul-
tiplicity with M7 #68. Forty hours after infection the
cells were harvested and washed twice with phos-
phate-buffered saline, and the unintegrated viral DNA
was purified by hydroxyapatite chromatography as
described (29). The unintegrated viral DNA eluted in
0.5 M phosphate buffer (pH 6.8) was concentrated on
a smaller hydroxyapatite column, and the DNA con-
centration was determined by absorbance at 260 nm
(A260). The A2w0/A2s ratio of this DNA was 1.9, and
the yield was less than 0.5% of total cell DNA.

Viral DNA was further purified by centrifugation
on cesium chloride-ethidium bromide (EtBr) equilib-
rium density gradients. Solid cesium chloride was
added to the preparation to a density of 1.585 g/cm3,
and EtBr was added to a concentration of 100 ,ug/ml.
The samples were centrifuged in a type 65 rotor (Beck-
man Instruments, Inc.) at 40,000 rpm for 60 h at 20°C.
Fractions were collected from the bottom of the gra-
dients, and their densities were determined from re-
fractive indices. A portion of each fraction was used to
hybridize with 3H-labeled complementary DNA
(cDNA) probe prepared from M7 viral RNA in an
endogenous reaction (5). The peak fractions in the
covalently closed circular DNA density region and the
linear density region were separately pooled, extracted
with isopentanol to remove EtBr, dialyzed against
0.1x SSC (SSC = 0.15 M NaCl and 0.015 M sodium
citrate, pH 7.0), and used in the assays.

Extraction of high-molecular-weight cell
DNA. Cells were harvested from roller bottles or T150
flasks (Corning) with 0.05% trypsin and 1 mM EDTA.
The cells were washed twice with phosphate-buffered
saline and resuspended in lx SSC at a concentration
of approximately 107 cells/ml. Sodium dodecyl sulfate
(SDS) and proteinase K (E. Merck) were added to a
final concentration of0.5% and 100,ug/mil, respectively,
and incubated for 2 h at 37°C. The digests were
extracted twice with phenol and once with a chloro-
form-isoamyl alcohol mixture (24:1), and the DNA
was collected by spooling (2). The spooled DNA was
air dried, dissolved in lx SSC, and digested sequen-
tially with 100 ,ug of RNase per ml for 1 h and 100 ,ug
of proteinase K per ml for 2 h. The aqueous phase was
extracted once with phenol and once with a chloro-
form-isoamyl alcohol mixture, and the DNA was col-
lected by spooling. The DNA was sterilized by immer-
sion in 70% ethanol for a few hours, dissolved in sterile
O.lx SSC, and stored at 4°C. The A2w/A2w ratio of
the DNAs was 1.8 to 1.9. The size of the DNA was
greater than 30 x 106 daltons as determined by its
migration through agarose gels.
Assay of infectious viral DNA. Dulbecco mini-

mal essential medium supplemented with 5% calf se-
rum was used throughout the transfection experi-
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ments. Recipient Cf2Th cells were plated at 2 x 105
cells per 35-mm dish the day before transfection. Over-
night medium on the recipient cultures was replaced
with 2 ml of fresh medium on the day of transfection.
DNA in the transfection assay samples was main-
tained at 40 ,ig/ml by adding carrier DNA extracted
from uninfected Cf2Th cells. The DNAs were sheared
through a 20-gauge syringe needle 10 times, and the
samples were prepared for transfection by the calcium
phosphate coprecipitation procedure (14, 33). CaCl2
was added to a final concentration of 0.13 M, and the
samples were left at room temperature for 20 min.
Then 0.25-ml portions of each sample were added
directly to the medium in 35-mm dishes and incubated
at 37°C for 4 h. The cultures were washed once with
medium, and each plate was treated with 0.2 ml of 25%
dimethyl sulfoxide (DMSO) for 2 min. DMSO was
removed; then the cultures were washed twice and
replaced with 2 ml of medium. This concentration of
DMSO showed no significant cytopathic effect on the
recipient cultures.
Two days after transfection the cells were trans-

ferred from 35-mm to 60-mm dishes, the medium was
changed every 3 to 4 days, and the cells were split 1:10
at weekly intervals. Between 3 and 5 weeks after
transfection, the media were assayed for virus produc-
tion by testing for sedimentable DNA polymerase
activity using polyriboadenylate-oligodeoxythymidy-
late [poly(rA) .oligo(dTI218)] template-primer (4, 37).
Incorporation of 1 pmol or more (40,000 cpm/pmol) of
[3H]TMP into the polydeoxythymidine product in a
60-min reaction at 37°C constitutes a polymerase-pos-
itive result. Quantitation of infectivity in the DNA
samples was determined by endpoint dilution of donor
DNA (11). A specific infectivity of 5 ID50 units/,ug was
calculated for the cell DNAs of clones 34 and 35, and
a specific infectivity of 105 ID50 units/,ug was calculated
for unintegrated M7 DNA (1 ID50 unit = amount
required to infect half the cultures). Transfection as-
says could be carried out on either bat lung fibroblasts,
A549 cells, or Cf2Th cells.

Digestion ofDNAs with restriction endonucle-
ases. Restriction endonucleases used were purchased
either from New England Biolabs, Beverly, Mass., or
Bethesda Research Laboratories, Rockville, Md., and
digestions were carried out according to the supplier
specifications. The completeness of the digestions was
monitored by including phage lambda DNA in the
incubation mixture. Double-enzyme digestions were
done sequentially. Control DNA samples were mock
incubated in the absence of enzyme. The digestion
reactions were stopped by adding EDTA to a final
concentration of 0.02 M and incubating at 65°C for 5
min. Before electrophoresis, the DNA samples were
brought to a final concentration of 10% glycerol and
10,ug of bromophenol blue per ml.
Gel electrophoresis and transfer ofDNA. Aga-

rose (SeaKem) gels (0.8%) were poured to 0.6-cm
thickness on to a horizontal slab gel unit (Bethesda
Research Laboratories, model H1) and electropho-
resed in Tris-acetate buffer, pH 7.9, at room temper-
ature (27). After electrophoresis, the DNA was dena-
tured in situ and blotted onto a 0.45-,um nitrocellulose
membrane (Schleicher & Schuell Co., Keene, N.H.),
according to the procedure described (31).

Preparation of viral RNA and cDNA Probes.
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M7 viral 70S RNA was prepared from freshly har-
vested and banded virus by disrupting at room tem-
perature in a solution containing 1% SDS and 0.2%
(vol/vol) diethylpyrocarbonate in 10 mM Tris-hydro-
chloride, pH 7.2, and centrifuging in a 15 to 30%
sucrose gradient as described (24). Polyadenylate
[poly(A)]-containing viral RNA used to synthesize the
cDNA complementary 3' end of viral RNA was pre-
pared by partial degradation of the 70S RNA at 95°C
for 5 min in 50 mM Tris-hydrochloride (pH 7.8) and
sedimenting in a sucrose gradient. Fractions of 12 to
18S were pooled, and the poly(A)-containing RNA
was selected by two cycles of chromatography on
oligo(dT)-cellulose (type 1, Collaborative Research,
Inc., Waltham, Mass.) as described (28). rRNA was
prepared from Cf2Th cells (1), and the peak fractions
of 28 and 18S rRNA on the sucrose gradients were
used to make the cDNA probes.

Single-stranded [nP]cDNA's were synthesized in a
reaction catalyzed by avian myeloblastosis virus
(AMV) DNA polymerase and primed with oligomers
of calf thymus DNA (35). Briefly, 5 ug of viral 70S
RNA was added to a 0.25-ml reaction consisting of 50
mM Tris-hydrochloride (pH 8.0), 1 mM dithiothreitol,
8 mM MgCl2, 50 mM NaCl, 150 ug of actinomycin D
per ml, 0.1 mM each of dATP, dGTP, and dTTP, 0.2
mCi of [nP]dCTP (400 Ci/mmol; New England Nu-
clear Corp., Boston, Mass.), 200 yg of calf thymus
fragments, and 50 U of AMV DNA polymerase. The
reaction was incubated for 60 min at 37°C and ex-
tracted with an equal volume of phenol saturated with
50 mM Tris-hydrochloride (pH 8.0). The aqueous
phase was chromatographed on a Sephadex G-50 col-
umn to remove unincorporated [32P]dCTP. Peak frac-
tions were pooled and treated with 0.5 N NaOH at
37°C for 2 h, neutralized, and precipitated with
ethanol. [3H]cDNA was made in an endogenous reac-
tion from detergent-disrupted virions as previously
described (5).

Hybridization procedure. The nitrocellulose
membranes containing the blotted DNAs were baked
at 80°C in vacuum for 2 h, prehybridized (38) in a
solution consisting of 50% formamide, 3x SSC, 0.1%
(wt/vol) each of bovine serum albumin, polyvinylpyr-
rolidone, and Ficoll 400, 50 mM sodium phosphate
(pH 6.5), 1% glycine, and 25 jLg of sonicated, denatured
salmon sperm DNA per ml, and incubated at 42°C for
at least 2 h. The membranes were then hybridized in
the same solution containing 2 x 106 cpm of [3P]-
cDNA per ml for 16 to 18 h at 42°C. The filters were
washed (38), air dried, and exposed to X-ray films at
-70°C by using two Du Pont Lightning Plus intensi-
fying screens (34).

RESULTS
Unintegrated M7 linear DNA is infec-

tious. Unintegrated DNA prepared from per-
missive Cf2Th cells 40 h after infection was
separated into a linear DNA fraction and a co-
valently closed circularDNA fraction by equilib-
rium centrifugation on CsCl-EtBr density gra-
dients. The DNA fractions were electrophoresed
through agarose gels and transferred to nitrocel-
lulose membranes, and the virus-specific DNA

was identified by annealing to labeled viral
cDNA.
The linear DNA fraction contained a single

species of linear viral DNA with a size of 9.0 kb.
The linear DNA fraction was assayed for infec-
tivity by transfecting Cf`2Th cell recipients by
the calcium phosphate precipitation method (14,
33). Virus production was detected by assaying
the cell supernatants for sedimentable DNA po-
lymerase activity (4, 37). Al of the cultures
transfected with the linear M7 DNA produced
infectious virus. The progeny virus had the same
host range properties and, as determined by
competitive radioimmunoassays, the same ma-
jor group-specific protein p30 of M7.

Specific infectivity of the viral DNA was de-
termined by assaying serial threefold dilutions
of the linear DNA preparation for virus produc-
tion. The amount of virus-specific DNA in the
preparation was calculated by nucleic acid hy-
bridization using the [3P]cDNA probe. We es-
timate that there were 105 ID50 units of viral
DNA per ILg; similar values have been reported
for unintegrated DNAs of other retroviruses (16,
30).
Restriction map of the infectious uninte-

grated linear DNA. Figure 1 shows the sizes of
the viral DNA fragments generated after diges-
tion of the 9.0-kb linear DNA with different
restriction enzymes. PvuI had not altered the
size of the DNA, indicating that this enzyme
lacks recognition sequences on the viral DNA.
EcoRI generated fragments of 5.0 and 4.0 kb,
HindIII generated fragments of 6.2 and 2.8 kb,
and SailI generated fragments of 7.4 and 1.6 kb.
The sum of the sizes of the two fragments in
each of the digests equaled the size of the undi-
gested DNA. This is consistent with the inter-
pretation that the enzymes EcoRI, HindIII, and
SailI each make one cut in the linear DNA.

Digestion of the DNA with BgiII produced
fragments of 4.7, 3.1, and 1.2 kb; the combined
size of these fragments equals the unit size of
viral DNA, showing that this enzyme makes two
cuts in the viral DNA. Digestion of the DNA
with KpnI produces three fragments of 4.2, 2.9,
and 1.3 kb, which do not add up to the size of
viral DNA, indicating that this enzyme makes a
miniimum of three cuts in the viral DNA.

Digestion of the viralDNA with XhoI reduced
its size by approximately 0.6 kb. To determine
if XhoI cuts at one or both ends of the linear
viral DNA, double digestion of the linear DNA
with XhoI and with single-cut enzymes EcoRI
and HindIll were performed. Double digestion
of the DNA with XAioI and EcoRI showed that
the size of each of the two EcoRI fragments was
reduced by approximately 0.3 kb. Similarly, dou-
ble digestion of the viral DNA with XhoI and
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FIG. 1. Restriction enzyme mapping ofM7 linear
DNA. Unintegrated viral DNA was prepared from
Cf2Th cells 40 h after infection with M7 virus. The
DNA was separated into a linear and a covalently
closed circular fraction by isopycnic banding on
CsCl-EtBr gradients. The linear DNA fraction was

digested with the indicated enzymes and subjected to
electrophoresis in 0.8% agarose gels. DNA fragments
were transferred to 0.45-pm nitrocellulose membrane
by the method of Southern (31). Virus-specific DNA
was detected by autoradiography after annealing
with cDNA representing the entire viral genome. Mo-
lecular weights were determined from HindIII digest
of bacteriophage lambda DNA and HpaI digest of
41X174 DNA run in parallel lanes. Kb represents the
size in kilobase pairs. The light doublet band seen in
different lanes represents contamination of linear
DNA with form II DNA. Accurate deternination of
the DNA fragment size below 1.26 kb could not be
made in this gel. However, from other experiments
using low-molecular-weight markers, the size of the
BglII fragment was determined to be approximately
1.2kb.

HindIII showed that the size of each of the two
HindIII fragments was reduced by approxi-
mately 0.3 kb. This reduction of size in each of
the two EcoRI fragments and in each of the two
HindIII fragments shows that XhoI has a rec-

ognition sequence approximately 0.3 kb from
each end of the linear DNA. This result was

confirmed by the digestion of the circular viral
DNA species with XhoI (see Fig. 4). We show
later that the linear viral DNA has a redundant

sequence of 0.6 kb at each terminus (terminal
repeats) and XhoI has a recognition sequence at
each end.

Since XhoI cuts near the ends of viral DNA,
it was used in double-digestion experiments to
distinguish terminal fragments from central
fragments. Double digestion of viral DNA with
BglII and XhoI compared with digestion with
BglII alone showed that the size of the 4.7-kb
fragment remained unchanged, whereas the size
of each of the 3.1- and 1.2-kb fragments de-
creased. This indicates that the 4.7-kb fragment
is the central fragment and the other two are
terminal fragments. Similarly, double digestion
of the linear DNA with KpnI and XhoI showed
that the 4.2- and 2.9-kb fragments of KpnI are
the terminal fragments.
To orient the ends of viral DNA with respect

to the 3' and 5' ends of viral RNA, viral restric-
tion products were hybridized to a 3'-specific
[32P]cDNA probe. The 5.0-, 6.2-, and 7.4-kb frag-
ments ofEcoRI, HindIII, and SalI, respectively,
were preferentially hybridized (Fig. 2), indicat-
ing that they are homologous to the 3' end of
the viral RNA. In longer exposures, low levels of
hybridization to other restriction fragments were
also detected. These could represent hybridiza-
tion due to terminal repeat sequences in the 3'
probe, as has been reported for other retrovi-
ruses (17). Similar hybridizations with a 3'-spe-
cific probe using the digest of BglII and KpnI
showed the 1.2-kb fragment of BglII and the
4.2-kb fragment of KpnI to be the 3' ends. By
using these data and additional double-digestion
experiments, a restriction map of the infectious
linear DNA of the M7 virus was constructed
(Fig. 3).
Circular species of unintegrated M7

DNA. Electrophoresis of the covalently closed
circular DNA preparation in agarose gels
showed two closely migrating species moving
faster than the 9.0-kb linear DNA (Fig. 4). The
faster-migrating species was in two- to threefold
excess (compared by their relative intensities)
over the more slowly migrating species. Storage
of this DNA preparation at either -20 or 4°C
generated four additional bands; two migrated
in the region of approximately 14 kb, and two
migrated in the region of 9.0 kb, indicating that
these products resulted from the degradation of
the faster-moving species.

Digestion of the DNA with EcoRI resulted in
the disappearance of the fast- and slow-migrat-
ing doublet bands with concomitant appearance
of two bands of 9.0 and 8.4 kb. We conclude from
these observations that the fast-moving viral
DNA bands represent the covalently closed su-
percoiled DNAs (form I), the slow-moving viral

J. VIROL.
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DNAs represent the nicked circular DNAs (form
II), and the 9.0- and 8.4-kb DNAs are linear
molecules (form III). The two minor bands at
5.0 and 4.0 kb in the EcoRI digest are a result of
EcoRI digestion of the linear DNA contaminat-
ing the circular DNA preparation. These bands
correspond to the EcoRI fragments of linear
DNA shown in an adjacent lane of the gel.
Similar results were obtained by digestion of the
circular DNA preparation with another one-cut
enzyme, HindIII.
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FIG. 2. Detection of 3' end of linear viral DNA.
Linear M7 DNA was digested with the enzymes in-
dicated. The resultant DNA products were electro-
phoresed in 1% agarose gels. Viral DNA identified
by annealing with [32P]cDNA3' made from poly(A)-
containing 12 to 18S viral RNA.
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Digestion of the two circular DNA species
with XhoI, which only cut in the terminal re-
peats, produced a single common fragment of
8.4 kb. This fragment corresponded in size to
that produced from digestion of the 9.0-kb linear
DNA with XhoI. This indicates that the two
circular forms differ in their terminal repeat
sequences. In addition to the 8.4-kb common
fragment, another of approximately 0.6 kb was
also detected in the XhoI-digested circular
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FIG. 4. Circular forms of unintegrated viral DNA.
Total unintegrated viral DNA prepared from virus-
infected Cf2Th cells was separated into a circular
and a linear fraction by isopycnic banding on CsCl-
EtBr gradients. The circular DNA fraction was di-
gested with the indicated enzyme. The resultantprod-
ucts were electrophoresed in 0.8% agarose. The gel
was treated with 0.25 N HCI before alkali treatment,
and the virus-specific DNA was detected as described
in the legend to Fig. 1. The autoradiogram was
deliberately overexposed to show the weak bands in
lanes 2 and 3. In short exposures, the 9.0- and 8.4-kb
EcoRI bands in lane 4 were distinct.
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FIG. 3. Restriction endonuclease cleavage sites in linear M7 DNA. The slashed squares at the termini

indicate the terminal repeat sequences. The numbered bars show calibration in kilobase pairs from 5' to 3'
with respect to viral RNA.
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DNAs. We conclude from these results that the
larger form has two terminal repeat sequences,
and therefore two XhoI sites, and the smaller
has one terminal repeat, and therefore a single
XhoI site.
Terminal repeat sequences are required

for infectivity. Both the unintegrated linear
DNA and the DNA extracted from the virus-
infected cells were infectious. These infectious
DNAs were digested separately with PvuI, XhoI,
KpnI, and EcoRI. The digested DNAs and the
undigested controls were then assayed for infec-
tivity on Cf2Th cells. All the cultures transfected
with mock-digested control DNAs were positive
for virus production (Table 1). Similarly, cul-
tures transfected with digests of the no-cut en-

zyme PvuI were also positive. Digestion of the
DNAs with XhoI, which only cuts in the termi-
nal repeats, prevented virus production. Thus,
the integrity of the terminal repeat sequences is
required for the M7 viral DNA to be infectious.

All of the cultures transfected with the digests
of KpnI, which had three recognition sites on
the viral DNA, were negative for virus produc-
tion. Digestion of the DNA with the one-cut
enzyme EcoRI inactivated most of the infectiv-
ity; however, some infectivity remained. The
residual infectivity with EcoRI could be due to
incomplete digestion of the viral DNA, to liga-
tion of viral DNA fragments inside the trans-
fected cells, or to the contaminating circular
viral DNAs in the preparation.
Integrated DNA is colinear with uninte-

grated linear DNA. We have expanded 14
clones of Cf2Th cells, independently isolated
from the M7 virus-infected (Cf2Th) mass cul-
ture. DNA prepared from these clones was di-
gested with different restriction enzymes, and
the resulting fragments were analyzed to deter-
mine the sites of viral and cellular DNA involved
in integration.
To determine how much of the viral genome

in the infected cells is intact, we used XhoI,
which cuts only in the terminal repeats. Figure
5 shows the virus-specific bands obtained from
the DNA of representative clones. In each of the
DNAs analyzed, an 8.4-kb internal viral frag-
ment was present. This 8.4-kb fragment corre-
sponded in size to that generated from XhoI
digestion of unintegrated viral DNA run in an
adjacent well. There was no band corresponding
to this size in the DNA extracted from unin-
fected Cf2Th cells. This result shows that the
arrangement of the integrated viral sequences in
these clones was similar to that of the uninte-
grated linear viral DNA within the large internal
fragment bounded by XhoI sites. The viral DNA
integrated with at least part of the terminal
repeats intact, and the junction of the viral and

TABLE 1. Transfection by baboon viral DNA
No. of polymerase-positive

cultures
Enzyme

Unintegrated Infected-cell
viral DNAa DNAb

Control 4 4
PvuI 4 4
XhoI 0 0
KpnI 0 0
EcoRI 1 1

a Unintegrated viral DNA was prepared from
Cf2Th cells 40 h after infection with M7. Forty infec-
tious units of viral DNA was digested with each of the
indicated enzymes and transfected on four cultures,
and virus production was tested as described in Ma-
terials and Methods. Identical results were obtained
with two other preparations of unintegrated viral
DNA.

b DNA prepared from clone 34 was used in this
experiment. Forty infectious units of cell DNA were
digested with each enzyme, and the digests were trans-
fected on four cultures. Results identical to the DNA
of clone 34 were obtained, using the DNA of clone 35
and DNA of mass-infected cells.

FIG. 5. Analysis ofXhoI digests ofDNA prepared
from M7-infected Cf2Th cell clones. DNAs of the
indicated clones were digested to completion with
XhoI, and the fragments were detected as described
in the legend to Fig. 1.

cell DNA occured outside of XhoI sites. The
intensity of the 8.4-kb band was different in
different clones, indicating that the number of
integrated viral DNA copies is different in these
clones.
To examine more closely how extensively the

viral DNA sequences in the integrated state
were retained, double digestions of the DNAs
were carried out. Double digestion with EcoRI
and XhoI produced only two bands of approxi-
mately 4.7 and 3.7 kb (Fig. 6) from the DNA of
each clone. These two bands corresponded in
size to those generated by similarly digesting
unintegrated linear viral DNA. The DNA of

J. VIROL.
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FIG. 6. Analysis of combined EcoRI and XhoI di-
gests ofDNA prepared from virus-infected Cf2Th cell
clones. The DNAs of the clones were digested, and
the resultant products were electrophoresed in 0.8%
agarose gels. The virus-specific fragments were ana-
lyzed as described in the legend to Fig. 1.

clone 35, however, was an exception in that it
produced an additional light band of approxi-
mately 4.4 kb. Double digestion of the DNAs
with BglII and XhoI showed three bands of 4.7,
2.8, and 0.9 kb from each clone, and they corre-
sponded in size to those produced by similar
digestion of the unintegrated linear DNA (not
shown). Again, the DNA of clone 35 was an
exception in that it produced an additional band
of 4.4 kb. There were no bands corresponding to
this size in the DNA from uninfected cells. We
conclude from these experiments that the inte-
grated M7 DNA is colinear with the uninte-
grated infectious linear M7 DNA. Simnilar results
were obtained with the DNAs prepared from
independently derived clones of M7 virus-in-
fected bat cells and human cells.
The extra band of 4.4 kb in the DNA of clone

35 can be explained by hypothesizing a deletion
of approximately 0.3 kb in the viral DNA. The
intensity of this additional band corresponded
to that of a similar fragment produced from the
DNA of a clone containing a single copy of M7
DNA. Supporting evidence for the existence of
a deletion in the DNA of clone 35 was obtained
from additional double digestions with XhoI and
BglII and with KpnI and BglII and are not
shown here. From these results, we conclude
that one of the five M7 DNA copies in the DNA
of clone 35 has a deletion of approxiimately 0.3
kb and is located in the 3.0-kb fragment bound
by KpnI and BglII restriction sites on the right
end of the viral DNA.
Viral DNA can integrate at many sites in

cellular DNA. The most direct approach to

determine the cellular sites of integration would
be to digest the M7-infected cell DNA with
PvuI, which does not cleave the viral DNA but
cleaves the cell DNA. The resulting digestion
products contained complete viral DNA se-
quences and some cellular DNA sequences that
flank the viral DNA. Determination of the size
of these fragments would give the miniimum
number of integration sites in the DNA ana-
lyzed. Unfortunately, PvuI cuts Cf2Th cell DNA
very infrequently, generating fragments of an
average size of 30 kb. DNA fragments of this size
range are not resolvable with the presently avail-
able agarose gel electrophoretic system, and
therefore we have not followed this approach.
EcoRI makes a single cut on the unintegrated

viral DNA, and therefore digestion of the DNAs
from virus-infected cell clones produced only
fusion fragments consisting partially of viral and
partially of cellular sequences. Results from rep-
resentative clones presented in Fig. 7 show that
the DNA from each clone exhibited unique pat-
terns of virus-cell fusion fragments. They ranged
from relatively simple patterns, as in clones 30,
32, and 33, to more complex patterns, as in clones
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FIG. 7. Analysis of EcoRI digests of DNAs pre-
pared from M7-infected Cf2Th cell clones. The DNA
ofeach clone was digested to completion with EcoRI,
and the DNA fragments were detected as described
in the legend to Fig. 1.
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34, 35, and 37. Each fusion fragment was larger
than the smallest fragment of EcoRI-digested
unintegrated viral DNA. The common band
found at approximately 8.0 kb was also found in
the DNA of uninfected cells and was due to
contamination of the labeled probe with ribo-
somal DNA. From the above results, we make
the following conclusions. Many different sites
in the cellular DNA can accommodate viral
DNA. The viral DNAs are not integrated in a
tandem manner. The cellular DNA is not sig-
nificantly contaminated with unintegrated viral
DNA. Similar analysis was carried out with an-
other single-cut enzyme, HindIII, and the results
obtained were similar to those obtained with
EcoRI.
The conclusions were confirmed by analysis

of the DNAs using BglII. Digestion of the un-
integrated linear DNA with BglII produced a
large central fragment and a 5'- and a 3'-terminal
fragment; BglII digestion of DNAs from the
infected cell clones should produce a common
internal viral band from each clone and fusion
fragments which depend on the site of integra-
tion. The DNAs analyzed (Fig. 8) showed a
common internal viral band of 4.7 kb, corre-
sponding in size to that generated from the
unintegrated linear DNA. The fusion fragments
were different sizes in each clone. They ranged
from a simple pattern, as seen in clones 30 and
36, to complex patterns, as seen in clones 34, 35,
and 37. These results are consistent with the
conclusion that many different sites in the
Cf2Th cell DNA can accommodate M7 viral
DNA. Similar results were obtained with the
DNAs extracted from independently derived
clones of M7 virus-infected bat cells and human
cells.

DISCUSSION
This report describes the isolation and char-

acterization of unintegrated forms of baboon
endogenous retrovirus (M7 isolate) DNA in pro-
ductively infected Cf2Th cells. We also describe
the organization and location of the M7 DNA
integrated into the host cellular DNA of several
independently isolated clones of Cf2Th cells.
The major findings of this work are that there
are three forms of unintegrated M7 viral DNA
in infected cells. There is a specific site on the
unintegrated viral DNA that fuses with the host
cellular DNA. The sites of the cellular DNA
fragments adjacent to the viral DNAs are differ-
ent from clone to clone but are stable with cell
passage.

Retroviruses replicate through a DNA inter-
mediate (for a review, see reference 7). The
single linear M7 DNA intermediate found in
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FIG. 8. Analysis ofBglII digests ofDNA prepared
from M7-infected Cf2Th cell clones. DNA from differ-
ent clones was digested to completion with BglII, and
the DNA fragments were detected as described in the
legend to Fig. 1.

virus-infected cells was approximately 9.0 kb
and was infectious, indicating that all the infor-
mation required for virus production resides in
this molecule. There were two species of cova-
lently closed circular DNA intermediates. The
large circular DNA intermediate contained a
direct tandem duplication of the terminal repeat
sequences and was the same mass as the linear
DNA. The other circular DNA intermediate
contained a single copy of the terminal repeat
sequence and was smaller by 0.6 kb. The linear
and covalently closed circular M7 viral DNA
intermediates were characterized by restriction
endonuclease cleavage analysis, by electropho-
retic mobilities, and by their buoyant density in
CsCl-EtBr gradients. Several recent reports de-
scribed the existence of linear and circular viral
DNA intermediates containing terminal repeats
of various length from 0.3 to 1.2 kb in cells
infected with different retroviruses (8, 18, 25, 26,
28, 39). The formation of linear and circular
forms of viral DNA intermediates appears to be
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a common phenomenon of retroviruses in gen-
eral.
The origin and relationship between the linear

and the covalently closed circular viral DNA
intermediates are not understood. The genera-
tion of the larger circle can be visualized by
joining the two ends of the terminal repeats of
the linear form with no substantial loss of se-
quences in the ligation process. This is consistent
with the production of a 0.6-kb fragment after
XhoI digestion of circular viral DNA. The size
of this fragment is equal to the sum of the
terminal repeat sequence fragments generated
by XhoI digestion of the linear DNAs. The 0.6-
kb fragment therefore includes the joining site
on the ends of the linear DNA. Comparison of
sequences of 0.6-kb fragment and the 0.3-kb
fragments of the linear DNA will be useful in
determining the circularization events. In M7-
infected cells there was no linear DNA which
corresponded to the size of the smaller circular
form. The formation of the small circle can be
explained by intramolecular recombination of
the linear viral DNA containing two terminal
repeats with a deletion of one repeat length (25).
In M7-infected cells the smaller circle was found
in two- to threefold excess over the larger circle.
This could be due to higher frequency of for-
mation or greater stability of this molecule.
M7 virus-infected dog, bat, and human cells

contain viral DNA integrated into their cellular
-DNA sequences. Analysis of the restriction en-
donuclease cleavage fragments of the integrated
viral DNA showed that most of the viral DNA
sequences were intact, and a common site within
the terminal repeat sequence ofthe unintegrated
viral DNA was utilized to recombine with the
cellular DNA sequences. Therefore, the inte-
grated viral DNA copies do not occur as circular
pennutations but rather are colinear with the
unintegrated M7 DNA. The integration specific-
ity of M7 DNA resembles that of the avian (3,
10, 19, 20, 23) and murine (9, 32) retroviruses but
differs from that of the DNA tumor viruses like
simian virus 40 (21), where many sites on the
viral DNA can recombine with the host cellular
DNA sequences.

Analysis of the restriction endonuclease-
cleaved virus-cell fusion fragments of different
M7 virus-infected cell clones indicated that the
flanking sequences in each clone were unique.
Therefore, many sites on the host genome can
recombine with the viral DNA. The pattern of
primate retroviral DNA integrations in virus-
infected cells is consistent with the recent re-
ports on the sites of integrations of the avian (3,
10, 19, 20, 23) and the murine (9, 32) retroviral
DNAs.

The unintegrated viral DNA precursor in-
volved in recombination with host cellular DNA
is not known. In M7 virus-infected cells there
are two species of unintegrated viral DNA whose
structure is identical with that of the integrated
viralDNA sequences. These are the 9.0-kb linear
DNA and the larger covalently closed circular
DNA with the same mass as the linear form.
Either of these two forms of M7 DNA poten-
tially can serve as the proximal precursor for
integration. There is no direct evidence on which
of these is the immediate precursor for integra-
tion. Indirect evidence suggests that in the case
of avian retroviruses circular DNA serves as the
immediate precursor (15).
Both the unintegrated M7 linear DNA and

the M7 DNA integrated into the infected dog
and human cells are infectious and contain both
of the terminal repeat sequences. Excision of a
portion of the terminal repeat sequences by
digestion with XhoI abolished the infectivity of
both the unintegrated and integrated M7 viral
DNA, indicating that two copies of the terminal
repeat sequences are required for the infectivity.
Digestion by XhoI retains the equivalent of a
single terminal repeat sequence distributed on
the ends ofM7 viral DNA. These single terminal
repeat-containing molecules, if infectious, are
less than 2% as efficient as those containing two
terminal repeat sequences. We have recently
cloned M7 viral DNA containing single and dou-
ble terminal repeat sequences in bacteriophage
lambda and are using these reagents to further
investigate the mechanism ofviralDNA integra-
tions.
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