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Using molecular cloning techniques, we amplified the unintegrated, linear
proviral DNA of the BL/Ka(B) virus, a non-leukemogenic retrovirus of mouse
strain C57BL/Ka. Two independent clones in lambda phage vector 607 and one
subclone in pBR322 were infective when transfected into mouse fibroblasts.
Analysis of the progeny virus revealed biological properties and a restriction map
identical to those of the parental viral shock. Comparison of the restriction map
with the maps of other ecotropic murine viruses reveals many similarities.
Particularly interesting is the comparison of the N-tropic Akv virus and the B-
tropic BL/Ka(B) virus. The long terminal repeats of the two viruses are virtually
identical, as are 22 of 23 restriction sites located outside of the region which spans
from 1.8 to 3.8 kilobases from the left end of the genome. Within this region,
however, only three of nine sites examined are shared. This suggests that the
BL/Ka(B) virus was derived from an endogenous N-tropic virus closely related to
Akv by recombinational events which altered the sequence in the last half of the
gag gene and the first third of the pol gene. This change is probably responsible
for the observed difference in the Fv-1 tropism of the two viruses.

Murine leukemia viruses are endogenous to
mouse strain C57BL, as well as to other inbred
strains of mice. These viruses have been divided
into several classes based upon their host range.
Ecotropic viruses are those that can infect only
cells of the species of origin; xenotropic viruses
are those that can infect only cells of species
other than the species of origin; and dual-tropic
(MCF) viruses are those that can infect both
types of cells. Murine ecotropic viruses have
been further subdivided into those that replicate
preferentially in cells derived from mice of Fv-
lbb genotype (B-tropic) or those derived from
mice of Fv-1nn genotype (N-tropic) (39). C57BL/
Ka mice harbor at least four different classes of
retroviruses, the biological attributes of which
have been extensively studied (27). Three of
these have been shown to be devoid of thymo-
tropic or lymphomagenic activity and to repli-
cate well on fibroblastic cells of the appropriate
tropism. Of these viruses, BL/Ka(B) is a B-
tropic ecotrope; BL/Ka(N) is an N-tropic eco-
trope; and BL/Ka(X) is a xenotrope (27). The
fourth class, unlike the others, replicates in vivo
in lymphoid cells within the thymus and is highly
oncogenic, inducing neoplastic transformation
in susceptible target cells of the thymus, bone
marrow, spleen, and fetal liver (9, 10). This class
of virus, generically termed radiation leukemia
virus (RadLV), replicates well in vitro only in

nonproducer, T-lymphoma-derived cell lines
(10, 28).
We are making a detailed study of the ge-

nomes of these four classes of viruses to deter-
mine whether there are distinctive genomic re-
gions which can be consistently associated with
thymotropism and lymphomagenicity. To do
this, we have chosen to amplify representative
genomes of each of these four classes of virus by
molecular cloning techniques. These clones will
then be tested for infectivity, restriction
mapped, and partially sequenced. This paper
reports the molecular cloning and mapping of
the BL/Ka(B) virus genome.

MATERIALS AND METHODS
Cells and viruses. BL/Ka(B) virus was originally

isolated from C57BL/Ka embryo fibroblast cultures
infected with RadLV (27). SC-1 cells were originally
obtained from J. W. Hartley and W. P. Rowe (Na-
tional Institutes of Health, Bethesda, Md.) (19). The
SC-1 [BL/Ka(B)] cell line was derived by infecting SC-
1 cells at the limiting dilution with the BL/Ka(B) virus
isolate (12). The BL-5 cell line is an established line
derived from C57BL/Ka mouse embryo fibroblasts
(13, 27, 30). BL/VL3 is a lymphoma cell line derived
from a RadLV-induced thymic lymphoma of a C57BL/
Ka mouse (28) and produces RadLV/VL3 virus (10).
BL/RL12-NP is a nonproducer lymphoma cell line
derived from a lymphoma induced by fractionated
whole body X-irradiation of a C57BL/Ka mouse (28).
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The mink lung (ML) cell line was provided by A. J.
Hackett (then at the Naval Biomedical Research Lab-
oratory, Oakland, Calif.).

Virus-specific DNA probes. pJS-2 is a pBR322 vector
plasmid containing 3.1 kilobases (kb) of murine retro-
virus-specific DNA sequences derived from cDNA
synthesized in detergent-solubilized RadLVIVL3 viri-
ons (34, 44, 45). Comparison of its restriction map with
that of other murine retroviruses demonstrates that it
was derived from the left one third of the viral genome
and contains the left long terminal repeat (LTR) and
most of the gag gene. We expected this probe to cross-
hybridize with the BL/Ka(B) virus since murine retro-
virus gag genes are highly conserved. Preliminary
experiments with unintegrated proviral BL/Ka(B)
DNA indicated that this was the case. Later experi-
ments were carried out with probes synthesized from
the cloned BL/Ka(B) proviral DNA.

Blot hybridization analysis. DNA samples were elec-
trophoresed horizontally in 0.7 to 1.0%o agarose gels
(Bio-Rad Laboratories), using 50 mM Tris-borate (pH
8.3)-1.0 mM EDTA, stained with 1 ,ug of ethidium
bromide per ml, and nicked by UV irradiation. After
denaturation, the DNA molecules were transferred to
nitrocellulose sheets (BA85; Schleicher and Schuell)
overnight (52). Bound DNA was detected by hybrid-
ization with 32P-labeled probe under conditions of 50%
formamide-0.75 M NaCl-0.075 M sodium citrate (5x
SSC) for 24 to 48 h at 42°C. The nitrocellulose was
then washed in 50% formamide-5 x SSC and finally in
5x SSC until all the unbound probe was removed.
Radioactivity was detected by using autoradiography
with intensifying screens, XAR-5 film (Eastman Ko-
dak), and exposure at -70°C.

Preparation of BL/Ka(B) proviral DNA. Nonproduc-
er SC-1 cells were seeded at 8.5 x 10' cells per 150-
cm2 dish. Three days later, producer SC-1 [BL/Ka(B)]
cells were cocultivated with these SC-1 cells at a ratio
of 1:5 in Eagle minimal essential medium (MEM),
supplemented with 10% fetal calf serum. At 24 h after
the initiation of the cocultivation, unintegrated provi-
ral DNA was harvested by the procedure described by
Hirt (21), extracted twice with an equal volume of
phenol-chloroform-isoamyl alcohol (50:48:2, vol/vol/
vol) and precipitated with ethanol. The precipitate was
redissolved in 0.01 M Tris-hydrochloride (pH 7.8)-
0.001 M EDTA (TE) and digested with RNase A
(Worthington Diagnostics) at 50 .g/ml for 1 h at 37°C.
Proteinase K (Beckman Instruments, Inc.) was then
added at 50 ,ug/ml, and digestion was continued for
another hour. This solution was extracted with phenol-
chloroform-isoamyl alcohol as above and ethanol pre-
cipitated. Digestion products were removed by chro-
matography through a Bio-Gel A-15m (Bio-Rad)
column equilibrated with TE. The fractions containing
the excluded DNA were located by UV absorption and
pooled.

Molecular cloning of BLtKa(B) proviral DNA. The
linear, unintegrated proviral DNA was cloned by the
direct addition of EcoRI linkers, using the methods
described by Scott et al. (47). A 100-,ug amount of
DNA purified as above was layered onto a 15 to 30%o
linear glycerol gradient containing 0.1 M NaCl, 0.05 M
Tris (pH 7.4), and 0.001 M EDTA and centrifuged at
37,000 rpm in a Beckman SW-40 rotor for 18 h at 20°C.
Fractions containing viral DNA were identified by blot
hybridization, using probe made from plasmid pJS-2

(LTR-gag probe). These fractions were about 40-fold
enriched for proviral DNA. The DNA in these frac-
tions was methylated with EcoRI methylase to block
the generation of additional clonable fragments when
the EcoRI linkers were cut from the ends of the
proviral DNA. Methylation was carried out under
conditions suggested by the manufacturer (Bethesda
Research Laboratories). The methylated DNA was
then phenol extracted and concentrated by ethanol
precipitation. EcoRI linkers were added by using T4
polynucleotide ligase in 66 mM Tris-chloride (pH 7.6)-
10 mM MgC12-1.0 mM ATP-10 mM dithiothreitol for
14 h at 12°C. The EcoRI linkers had previously been
phosphorylated, using T4 polynucleotide kinase
(BRL). The completeness of ligation was monitored by
the formation of multimeric concatemers of the EcoRI
linkers (33).
EcoRI sites were generated at the ends of the

proviral DNA by digestion with EcoRI nuclease. This
DNA was then ligated to EcoRI-digested lambda 607
DNA (37) at 4°C for 14 h as described above. After in
vitro packaging (5, 15, 23), the resulting phage prepa-
ration was plated on Escherichia coli strain DP50
SupF at a density of 25,000 phage per square plate (23
by 23 cm; Irvine Scientific). The ratio of clear recom-
binant to turbid nonrecombinant phage was about
1:30. Plaques were screened by the procedures de-
scribed by Benton and Davis (3), using nick-translated
probe made from pJS-2. Phage containing retroviral
DNA sequences were cloned and purified, and the
DNA was mapped by restriction nuclease digestion
(8).

Subcloning of the retroviral sequences. The DNA
from one of the phages, which contained a complete
copy of the retroviral DNA (designated lambda Bi),
was treated with EcoRI nuclease. The retroviral DNA
was purified by velocity sedimentation and then ligat-
ed to the DNA of pKH47, a plasmid derived from
pBR322 by the insertion of approximately 100 base
pairs (bp) of a polydeoxyadenylate:polydeoxythymi-
dylate duplex segment into its PvuII site (20), which
had been treated with EcoRI nuclease and bacterial
alkaline phosphatase. E. coli C600 was transfected
with the mixture, and seven resulting tetracycline-
resistant clones were analyzed. The plasmid DNA
from these clones was purified (4) and analyzed by
restriction digestion. Five of the clones contained a
complete copy of the proviral DNA. During mass
cultivation of these clones, a recombinational event
occurred between the two direct repeats of the provi-
ral DNA (36), leading to the deletion of all but one
LTR in about 90%o of the plasmids.

Subsequently, we used this mixture of both deleted
and undeleted plasmids and transformed E. coli
HB101, a recA strain. Two types of transformed
clones were obtained. One class (pB2) contained
recombinant plasmids with a single retroviral LTR
sequence, and the other class (pBl) contained a com-
plete retroviral sequence. These two classes of plas-
mids were stable during mass cultivation.

Sequencing the LTR. The nucleotide sequence of the
LTR contained in subclone pB2 was determined by the
method of Maxam and Gilbert (35). pB2 DNA was
digested in separate experiments with EcoRI, KpnI, or
BstNI, phosphorylated, and redigested with KpnI in
the first case and EcoRI in the second and third cases.

Infectivity testing of the cloned DNA. BL-5 or SC-1
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TABLE 1. Transfection of various target cells with
cloned DNAs and lambda 607 DNA

Reverse transcriptase
Amt activity of target cellDNA used (pmg) culture fluidsa

SC-1 BL-5 ML

Lambda Bl or 10 + + _b
lambda B2 1 + NDC

0.1 + ND
0.01 - ND
0.001 - ND

pBl 1 + ND
Lambda 607 10 ND

1 - ND
pJS-2 5 ND -

a Assayed 7 to 10 days after transfection; consid-
ered positive (+) if the resuspension of the pellet from
a 1.4-ml culture with reaction mixture incorporated
more than 5,000 cpm (0.28 pmol) of dTMP per 60 min
of incubation at 30°C.

b None; assayed up to 6 weeks after transfection.
c ND, Not determined.

cells were grown to 4 x 105 cells per 60-mm dish in
MEM supplemented with 10% fetal calf serum and
antibiotics. Transfection with cloned DNA (Table 1)
was carried out by the calcium phosphate precipitation
technique (18, 38). At 7 or 10 days after transfection,
reverse transcriptase activity present in the superna-
tant was determined, using polyriboadenylate and
oligodeoxythymidylate (11, 13-18) as template and
primer (26). The host range of the progeny virus was
determined by the in vivo immunofluorescence assay
(11). The progeny virus was prepared as above, and its
restriction nuclease map was determined and com-
pared with that of the parental virus.

RESULTS
Characterization of cloned and cellular proviral

DNA. BL/Ka(B) unintegrated retroviral DNA
was analyzed by electrophoresis and blot hy-
bridization after digestion with either EcoRI or
HindlIl. As expected, the pJS-2 probe (LTR-
gag sequences) detected retroviral DNA se-
quences (Fig. 1). The two faint bands migrating
faster than the predominant linear band at 8.6-kb
probably represent closed circles containing one
or two copies of the LTR sequence (17, 48).
Since neither EcoRI nor HindIII digestion al-
tered the migration of the circular or linear
retroviral sequences, we conclude that the pro-
viral DNA contains no sites for either of these
enzymes.

Digestion of the unintegrated proviral DNA
with BamHI produced two fragments (3.6 and
1.8 kb), which were detected by the LTR-gag
probe. By examining the extent of the hybridiza-
tion of these bands to the probe, we were able to
assign these fragments to the left and right ends
of the genome as follows. The 3.6-kb fragment

must lie at the left, and the 1.8-kb fragment must
lie at the right of the genome, because the 3.6-kb
fragment hybridizes more intensely to the LTR-
gag probe than does the 1.8-kb fragment.
KpnI digestion produced three bands (0.4, 2.2,

and 1.4 kb) detectable with the same probe.
Similarly, we oriented the 0.4-kb fragment to the
U3 region of the left LTR, the 2.2-kb fragment to
the U5-gag region, and the 1.4-kb fragment to
the env-U3 region on the basis of their hybridiza-
tion intensities.
The two independent recombinant lambda

DNA molecules (lambda Bi and lambda B2)
were digested with EcoRI, and an 8.6-kb retro-
viral sequence was released. Based on addition-
al restriction analysis, the retroviral sequence in
each recombinant was found to be identical,

(1) (2) (3)

kb

8.6-

FIG. 1. Detection of BL/Ka(B) proviral DNA in
Hirt extracts of newly infected SC-1 cells. BL/Ka(B)
proviral DNA was electrophoresed on a 0.7% agarose
gel without any restriction endonuclease digestion
(lane 1) and after digestion with EcoRI (lane 2) or
HindIII (lane 3). The DNA was detected by blot
hybridization, using a probe synthesized from pJS-2.
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FIG. 2. Comparison of molecularly cloned and in
vivo unintegrated BL/Ka(B) proviral DNAs by restric-
tion analysis. EcoRI fragments of lambda B1 and BL/
Ka(B) proviral DNA were digested separately with
SstI, XhoI, SmaI, BamHI, and KpnI. Retroviral se-
quences were detected as described in the legend to
Fig. 1, using probe synthesized from pBl. Faint,
slowly migrating bands observed in the proviral tracks
are presumably derived from the circular proviral
molecules present in the Hirt extract. Fragments
smaller than 0.6 kb migrated off the end of the gel.

except that its orientation was inverted (data not
shown).

Restriction digestion patterns of BL/Ka(B)
proviral DNA and the lambda clone Bi were
compared (Fig. 2). Retroviral sequences were
detected with a probe that was generated by
nick-translating plasmid pBi (this probe detects
all of the retroviral sequences). In all digestions,
the restriction sites in the molecular clone were
identical to those found in the proviral DNA
isolated from the infected SC-1 cells. In addition
to the previously mentioned BamHI fragments
of 3.6 and 1.8 kb, two new internal fragments of
2.8 and 0.4 kb were detected. Three new KpnI
fragments of 3.4, 0.4, and 0.6 kb were detected
with the representative probe, in addition to the
three previously found. The restriction map was
expanded to include additional sites by simulta-
neous digestions with two and three restriction
enzymes (Fig. 3).

Nucleotide sequence of the junction between the
vector and retroviral sequences. Figure 4 shows
the autoradiogram of a DNA sequence gel which
contains sequences of pB2 representing the
left and right ends of the cloned retrovirus.
There is an inverted sequence of 13 bases,
AATGAAAGACCCC, at each end of the LTR,
as has been found in other retroviruses (7, 14,

51, 53, 54). Sequence studies (14, 22, 32, 51) of
other molecular clones of integrated retroviruses
have suggested that the integration event occurs
precisely between the second A and the next T
at both ends of the LTR. Cloning by the direct
addition of EcoRI linkers preserved the two A
bases at each end of the virus, as demonstrated
by the sequence determination. The complete
sequence of the LTR, 529 bp in length, was
determined (Fig. 5). It contains all of the fea-
tures of other murine retrovirus LTRs previous-
ly reported in the literature (14, 49, 54, 56). The
LTR of BL/Ka(B) contains no direct repeats as
have been found in the LTRs of Akv or the
murine sarcoma virus (14, 40).

Infectivity testing of the cloned retroviral
genome. To study the structural and functional
relationships of DNA, it is imperative to test the
biological expression of the genetic material.
This requires that the cloned retroviral DNA be
infective when introduced into the appropriate
mouse cells. Table 1 summarizes our transfec-
tion results using SC-1, BL-5, and ML cells with
various types and amounts of DNA molecules.
Lambda Bi and B2 undigested molecules were
infective in both mouse cell lines but not in the
ML line. The efficiency of transfection of the
BL-5 cell line was reduced twofold when the
lambda Bi molecules were digested with EcoRI
before transfection. Control transfections with
lambda 607 DNA were negative for retrovirus
production. Plasmid subclone pBl also proved
to be infective in SC-1 cells by transfection and
in BL/RL12-NP cells by the protoplast fusion
procedure (data not shown). As expected, plas-
mid pJS-2, which contains only 3.1 kb of the left-
hand portion of the viral genome, was not infec-
tive in BL-5 cells.
To show that the progeny viruses were de-

rived from the exogenously added DNA and not
from the induction of an endogenous virus, we
analyzed both the host range of the progeny
virus and the restriction map of its proviral
DNA. The host range of the progeny virus was
identical to that of the parental BL/Ka(B). It
infected SC-1, BL-5, and BL/RL12-NP cells with
one-hit kinetics and NIH/3T3 cells with two-hit
kinetics but failed to infect ML cells. Virus
produced by transfected SC-1 cells was injected
intrathymically into CS7BL/Ka mice. After 1
and 4 weeks, the thymuses were removed and
tested for the expression of murine retroviral
antigens by an indirect immunofluorescence as-
say (11). No thymotropic activity could be de-
tected, again mimicking the parental virus,
which does not infect the thymus in vivo. Provi-
ral DNA derived from the progeny virus of the
transfected SC-1 cells was analyzed by restric-
tion endonuclease digestion. This DNA was
digested in separate reactions with KpnI,
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FIG. 3. Restriction endonuclease map of BL/Ka(B) proviral DNA. (1) Structure of BL/Ka(B) viral RNA. The

gag, pol, and env genes were mapped on the viral genome as explained in the text. (2) Restriction endonuclease
map of lambda Bi retroviral DNA. No sites were found for BclI, ClaI, EcoRI, or HindIll. "LTR" represents the
U3, R, and U5 regions found in all retroviruses. (3) Restriction endonuclease map of pJS-2 retroviral DNA. The
map was aligned with that of lambda B1 retroviral DNA.

BamHI, SmaI, SalI, and XhoI. In all cases, the
restriction pattern, as analyzed by blot hybrid-
ization, was identical to that obtained with the
parental proviral DNA.

DISCUSSION
We undertook the cloning of the BL/Ka(B)

virus as an initial step in characterizing the role
played by murine retroviruses in the induction of
T cell thymic lymphomas in X-irradiated mice.
Leukemogenic viruses can be isolated from
most, but not all, primary radiation-induced
thymic lymphomas in X-irradiated mice (27-29).
We wish to determine which genetic determi-
nants of the leukemogenic retrovirus isolates are
important for the induction of these neoplasms.
The first step will be to determine the genomic
differences between the leukemogenic isolates
and the non-leukemogenic viruses, such as BL/
Ka(B). To do this, we chose to use recombinant
DNA techniques to clone prototypic examples
of the retroviruses known to be present in mouse
strain C57BL/Ka.
To demonstrate biological potential, the

cloned retroviral DNA must be infectious upon
reintroduction into appropriate cells. The clones
of the BL/Ka(B) virus genome were infectious,

and the progeny viruses were tested and shown
to have a host range identical to that of the
parental virus used to generate the cloned provi-
ral DNA.
Three forms of unintegrated retroviral DNA

are present in cells shortly after infection with
retrovirus (57). It is not known which of these
forms is productively integrated into the host
genome. Normal integration occurs between the
second A and third T from each end of all
unintegrated proviral DNAs thus far examined.
Presumably, some enzyme recognizes this se-
quence and carries out the integration process.
The addition of EcoRI linkers to the ends of the
linear, unintegrated viral DNA has not prevent-
ed its integration and expression. It has not been
determined whether, after transfection with the
cloned retroviral DNA, integration occurs as it
does during natural infection.

Restriction endonuclease maps of the other
prototypic C57BL/Ka virus isolates have been
generated, using probes synthesized from the
molecular clones described in this paper
(R. A. Grymes, M. L. Scott, J. P. Kim, K. E.
Fry, and H. S. Kaplan, manuscript in prepara-
tion). With this information, molecular clones of
these viruses have been constructed and are
being tested for infectivity and host range.

XbaI
I. L

7.6 LTR

7.1 8.5
1 1.

4.9 16.5
6.3 6.8

6.8
l

8.8.5

8.1

7.3

5.7
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press a high level of a non-leuke
tropic retrovirus (Akv), which is
This virus has been extensively r
ers (6, 40). We have made an exte
son between the Akv virus and I

LEFT with regard to the sequence of the LTRs and
shared restriction sites. Murine retrovirus LTR
sequences have been extensively examined (14,
49, 54, 56). Comparison of the LTR sequences of
Moloney murine leukemia virus, murine sarco-
ma virus, and Akv virus has revealed numerous
differences among the various viruses,
especially in the U3 region. In addition to point
mutations and small deletions, duplications have
been noted of 58 to 99 bp (56). In the case of the
AKR-614 sequence that we used for compari-
son, this duplication apparently arose during the
passage of the virus before molecular cloning
because unpassaged virus directly from AKR
mice does not contain this duplication (40).
Figure 5 shows the comparison of the BL/Ka(B)

~ virus LTR sequence with that of the AKR-614
from which we deleted one of two direct repeats
of 99 bp. Except for three point mutations and
one 2-bp deletion, the sequences are identical.

Gl This suggests that the BL/Ka(B) virus was de-
rived from the ecotropic, N-tropic endogenous
retrovirus which inhabits many strains of mice.
Comparison of the Akv restriction endonuclease

c map with that of the B-tropic BL/Ka(B) virus
reveals that all of the sites (Fig. 6) from the 5'
ends of the genomes to 1.7 kb and from 4.0 kb to
the 3' ends of the genomes are conserved, with

T the single exception of a ClaI site at 5.6 kb,
which is missing in the BL/Ka(B) genome. The
region from 1.8 to 3.8 kb, however, appears to
be highly divergent. Akv contains a BamHI site
at 1.8 kb, an HinclI site at 2.0 kb, an HindIlI site
at 3.0 kb, and a SacI (SstI) site at 3.8 kb which
are absent from BL/Ka(B). Conversely, BL/

ft and right ends Ka(B) contains unique sites for KpnI between
lNA was treated 2.6 and 3.6 kb, for SstI (SacI) at 2.9 kb, and for

'eled with 32P04. BstEII at 2.8 kb. These differences in the last
I with KpnI, and half of the gag gene and the first third of the pol
termined by e gene easily allow one to distinguish the BL/
cleavage (35). Ka(B) ecotropic virus from the Akv ecotropic

virus of the AKR strain of mice. Since Akv is of
a different Fv-1 tropism and tropism is thought

ie retroviruses to be determined by the gag gene, some of these
iction endonu- differences might be tropism related (16, 43, 46).
ing techniques It has been suggested, on the basis of immuno-
me of the BL/ logical comparisons, that the B-tropic viruses
the restriction are the result of a recombinational event be-

r ecotropic mu- tween an endogenous xenotropic virus and an
cation of these N-tropic, ecotropic virus (1, 2). C57BL-derived
irk, we mapped N-tropic viruses usually contained AKR murine
gag, pol, and leukemia virus-like p12, p30, and gp7l, whereas

s genome (Fig. the B-tropic viruses, including BL/Ka(B), con-
tained xenotropic-like p12, non-AKR murine

ntaneously ex- leukemia virus-like p30 (not xenotropic), and
Dmogenic, eco- ecotropic gp7l. These results suggested that a
N tropic (39). single recombinational event had occurred in the

studied by oth- p30 coding region of the genome to produce a
nsive compari- virus with a xenotropic left end and an ecotropic
3L/Ka(B) virus right end. Our data suggest a different model.
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IVR -.___
AATGAAAGAC
AATGAAAGAC

CCCTTCATAA
CCCTTCATAA

GGCTTAGCCA GCTAACTGCA GTAACGCCAT 50
GGCTTAGCCA GCTAACTGCA GTAACGCCAT 50

CTTGCAAGGC ATGGGAAAAT ACCAGAGCTG ATGTTCTCAG AAAAACAAGA 100
TTTGCAAGGC ATGGGAAAAT ACCAGAGCTG ATGTTCTCAG AAAAACAAGA 100

ACAAGGAAGT ACAGAGAGGC TGGAAAGTAC CGGGACTAGG GCCAAACAGG 150
ACAAGGAAGT acagacaggc tggaaagtac cgggactagg gecaaacagg 150

ATATCTGTGG TCAAGCACTA GGGCCCCGGC CCAGGGCCAA GAACAGATGG 200
atatctgtgg tcaagcacta gggeccggc ccagggccaa gaacagatgg 200

TCCCCAGAAA TAGCTAAAAC
tccccagaaA TAGCTAAAAC

AACAACAGTT TCAAGAGACC CAGAAACTGT 250
AACAAGAGTT TCAAGAGACC CAGAAACTGT 349

CTCAAGGTTC CCCAGATGAC CGGGGATCAA CCCCAAGCCT CATTTAAACT 300
CTCAAGGTTC CCCAGATGAC CGGGGATCAA CCCCAAGCCT CATTTAAACT 399

AACCAATCAG CTCGCTTCTC
AACCAATCAG CTCGCTTCTC

CTCTATAAAA AGGGTAAAAA
CTCTATAAAA AGGGTAAGAA

GCTTCTGTAC CCGCGCTTAT TGCTGCCCAG 350
GCTTCTGTAC CCGCGCTTAT TGCTGCCCAG 449

CCCCACACAC
CCCC ACAC

CAGACTGAGT CGCCCGGGTA CCCGTGTATC
TAGACTGAGT CGCCCGGGTA CCCGTGTATC

GCATCCGAAT CGTGGTCTCG
GCATCCGAAT CGTGGTCTCG

TTGACTGCCC AGCTTGGGGG
TTGACTGCCC AGCCTGGGGG
<TGG

mRNA-
TCGGCGCGCC
TCGGCGCGCC

CAATAAAGCC
CAATAAAGCC

A______ 0->
AGTCCTCCGA 400
AGTCCTCCGA 497

TTTTGCTGTT 450
TTTTGCTGTT 547

CTGATCCTTG GGAGGGTCTC CTCAGAGTGA 500
CTGATCCTTG GGAGGGTCTC CTCAGAGTGA 597

TCTTTCATT 529
TCTTTCATT 626
------IVR

FIG. 5. Comparison of the LTR sequence of BL/Ka(B) virus with that of Akv virus. Comparison of the LTR
sequence from BL/Ka(B) (upper sequence) with that of Akv virus (lower sequence) as derived from the
recombinant clone AKR-614 (56) is shown. The lower case letters in the Akv sequence denote the sequence
which is repeated twice in the AKR-614 clone. Numbering of the Akv sequence corresponds to the numbenrng
that would result if the 99-bp repeat were inserted at the point denoted by the "><" symbol. Control signals are
denoted as follows: IVR, inverted repeat; "*," point mutations or deletions; "+++++," "CAT" box;
"####," "TATA" box; " . ," sequence specifying polyadenylation; and "mRNA------," site of
initiation of viral RNA synthesis.

BL/Ka(B) probably arose by a recombinational
event between an ecotropic, N-tropic virus high-
ly related to Akv in such a way that the region
from about 1.8 to 3.8 kb was replaced with
sequences derived from another endogenous vi-
rus, probably a xenotropic-related sequence
since the Sacl (SstI) site at 2.9 kb is highly
conserved in xenotropic viruses.

The role that endogenous, ecotropic retrovi-
ruses play in the induction of thymic lymphomas
after the irradiation of C57BL/Ka mice is not
clear. Transplantation experiments have been
carried out which show that the target T cells,
which eventually become the tumor cells, need
not be irradiated (24). This suggests that a virus
may be induced in irradiated cells and that this
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0 1 2 3 4 5 6 7 8 8.6 kb

GAGGL~ POL - 1- ENV I

Sstl
BstEll

LTR 2.8 2.9 LTR
Hincil

BamHI| Hind II SacI C/al
*I I I I

LTR 1.8 2.0 3.0 3.8 5.6 LTI

BL/Ka(B)

I AKR-614
R

FIG. 6. Differences in the restriction endonuclease maps of the BL/Ka(B) and the AKR-614 proviral DNAs.
Only restriction sites known to be unique to each DNA are shown on these maps. The restriction sites of the
AKR-614 DNAs were obtained from published papers (7, 25, 31, 40).

virus may then secondarily infect unirradiated T
cells and cause a change which leads to the frank
expression of the lymphoma. It is not clear how
this infection induces the transformation, which
viruses or viral sequences are involved, or why
the latent period is so long. Using the molecular
probes that we have characterized here, we are
examining DNA rearrangements in virus- and
radiation-induced lymphomas to determine
whether specific rearrangements can be corre-
lated with the induction of such lymphomas.

ACKNOWLEDGMENTS

We thank Miriam Lieberman for her excellent assistance
with the in vivo testing; Simone Manteuil-Brutlag, Martin
Scott, and Rosalind Grymes for helpful discussions; and
James Williams, Sai-Ling Liu, and Kathleen McKereghan for
excellent technical assistance.
Our work was supported, in part, by research grants CA-

29079, CA-03352, and CA-10372 from the National Institutes
of Health and by gifts to the Jerry M. Tenney Memorial Fund
for Cancer Research. J.P.K. is a postdoctoral trainee in the
Cancer Biology Program, Stanford University, and is support-
ed by training grant CA-09302 awarded by the National
Cancer Institute.

LITERATURE CITED
1. Benade, L. E., and J. N. IhIe. 1980. Different serotypes of

B-tropic murine leukemia viruses and association with
endogenous ecotropic viral loci. Virology 106:374-386.

2. Benade, L. E., J. N. Ihle, and A. Decleve. 1978. Serological
characterization of B-tropic viruses of C57BL mice: possi-
ble origin by recombination of endogenous N-tropic and
xenotropic viruses. Proc. Natl. Acad. Sci. U.S.A.
75:4553-4557.

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

4. Birnboim, H. C., and J. Dolly. 1979. A rapid alkaline
extraction procedure for screening recombinant plasmid
DNA. Nucleic Acids Res. 7:1513-1523.

5. Blattner, F. R., A. E. Blechl, K. Denniston-Thompson,
H. E. Faber, J. E. Richards, J. L. Slighton, P. W. Tuck-
er, and 0. Smithies. 1978. Cloning human fetal gamma
globin and mouse alpha-type globin DNA: preparation
and screening of shotgun collections. Science 202:1279-
1283.

6. Chattopadhyay, S. K., M. W. Cloyd, D. L. Linemeyer,
M. R. Lander, E. Rands, and D. R. Lowy. 1982. Cellular
origin and role of mink cell focus-forming viruses in
murine thymic lymphomas. Nature (London) 295:25-31.

7. Chattopadhyay, S. K., M. R. Lander, S. Gupta, E. Rands,
and D. R. Lowy. 1981. Origin of mink cytopathic focus-
forming (MCF) viruses: comparison with ecotropic and
xenotropic murine leukemia virus genomes. Virology
113:465-483.

8. Davis, R. W., D. Botstein, and J. R. Roth. 1980. A manual
for genetic engineering, p. 109-111. In John Doe (ed.),
Advanced bacterial genetics. Cold Spring Harbor Labora-
tory, Cold Spring Harbor, N.Y.

9. Decleve, A., M. Lieberman, J. N. Ihle, and H. S. Kaplan.
1976. Biological and serological characterization of radia-
tion leukemia virus (RadLV). Proc. Natl. Acad. Sci.
U.S.A. 73:4675-4679.

10. Decleve, A., M. Lieberman, J.N. IhIe, P. N. Rosenthal,
M. L. Lung, and H. S. Kaplan. 1978. Physicochemical,
biological and serological properties of a leukemogenic
virus isolated from cultured RadLV-induced lymphomas
of C57BL/Ka mouse. Virology 90:23-35.

11. Decleve, A., M. Lieberman, 0. Niwa, and H. S. Kaplan.
1974. Rapid in vivo assay for murine lymphatic leukaemia
viruses. Nature (London) 252:79-81.

12. Decleve, A., M. Lieberman, 0. Niwa, and H. S. Kaplan.
1977. In vivo interaction between RNA viruses isolated
from the C57BL/Ka strain of mouse. Virology 81:270-283.

13. Decleve, A., 0. Niwa, J. Kojola, and H. S. Kaplan. 1976.
New gene locus modifying susceptibility to certain B-
tropic murine leukemia viruses. Proc. Natl. Acad. Sci.
U.S.A. 73:585-590.

14. Dhar, R., W. L. McClements, L. W. Enquist, and
G. F. Vande Woude. 1980. Nucleotide sequences of inte-
grated Moloney sarcoma provirus long terminal repeats
and their host and viral junctions. Proc. Natl. Acad. Sci.
U.S.A. 77:3937-3941.

15. Enquist, L., and N. Sternberg. 1979. In vitro packaging of
lambda Dam vectors and their use in cloning DNA
fragments. Methods Enzymol. 68:281-298.

16. Gautsch, J. W., J. H. Elder, J. Schindler, F. C. Jensen,
and R. A. Lerner. 1978. Structural markers on core pro-
tein p30 of murine leukemia virus: functional correlation
with Fv-1 tropism. Proc. NatI. Acad. Sci. U.S.A.
75:4170-4174.

17. Gilboa, E., S. Goff, A. Shields, F. Yoshimura, S. Mitra,
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.

18. Graham, F. L., and A. J. van der Eb. 1973. A new
technique for the assay of infectivity of human adenovi-
rus-5 DNA. Virology 52:456-467.

19. Hartley, J. W., and W. P. Rowe. 1975. Clonal cell lines
from a feral mouse embryo which lack host-range restric-
tions for murine leukemia viruses. Virology 65:128-134.

20. Hayashi, K. 1980. A cloning vehicle suitable for strand
separation. Gene 11:109-115.

21. Hirt, B. 1967. Selective extraction of polyoma DNA from
infected mouse cell cultures. J. Mol. Biol. 26:365-369.

J. VIROL.



BL/Ka(B) MURINE RETROVIRUS GENOME 225

22. Hishinuma, F., P. J. DeBona, S. Astrin, and A. M. Skalka.
1981. Nucleotide sequence of the acceptor site and termi-
ni of integrated avian endogenous provirus ev-1: integra-
tion creates a 6 bp repeat of host DNA. Cell 23:155-164.

23. Hobn, B. 1979. In vitro packaging of lambda and cosmid
DNA. Methods Enzymol. 68:299-309.

24. Kaplan, H. S., B. B. Hirsch, and M. B. Brown. 1956.
Indirect induction of lymphomas in irradiated mice. IV.
Genetic evidence of the origin of the tumor cells from the
thymic grafts. Cancer Res. 16:434-436.

25. Lenz, J., R. Crowther, A. Straceski, and W. Haseltine.
1982. Nucleotide sequence of the Akv env gene. J. Virol.
42:519-529.

26. Lieber, M. M., C. J. Sherr, and G. J. Todaro. 1974. S-
tropic murine type-C viruses: frequency of isolation from
continuous cell lines, leukemia virus preparations and
normal spleens. Int. J. Cancer 13:587-598.

27. Lieberman, M., A. Decleve, E. P. Gelmann, and H. S.
Kaplan. 1977. Biological and serological characterization
of C-type RNA viruses isolated from the C57BL/Ka strain
of mice. II. Induction and propagation of the isolates, p.
231-246. In J. F. Duplan (ed.), Radiation induced leuke-
mogenesis and related viruses. INSERM Symposium No.
4. Institut National de la Sante et de la Recherche
Mddicale, Paris, France.

28. Lieberman, M., A. Decleve, P. Ricciardi-Castagnoli,
J. Boniver, 0. J. Finn, and H. S. Kaplan. 1979. Estab-
lishment, characterization and virus expression of cell
lines derived from radiation- and virus-induced lympho-
mas of C57BL/Ka mice. Int. J. Cancer 24:168-177.

29. Lieberman, M., and H. S. Kaplan. 1959. Leukemogenic
activity of filtrates from radiation induced lymphoid tu-
mors of mice. Science 130:387-388.

30. Liebernan, M., 0. Niwa, A. Decleve, and H. S. Kaplan.
1973. Continuous propagation of radiation leukemia virus
on a C57BL mouse-embryo fibroblast line, with attenua-
tion of leukemogenic activity. Proc. Natl. Acad. Sci.
U.S.A. 70:1250-1253.

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

32. Majors, J. E., and H. E. Varmus. 1981. Nucleotide
sequences at host-viral junctions for mouse mammary
tumor virus. Nature (London) 289:253-258.

33. Maniatis, T., R. C. Hardison, E. Lacy, J. Lauer, C.
O'Connell, D. Quon, G. K. Sim, and A. Efstratiadis. 1978.
The isolation of structural genes from libraries of eucary-
otic DNA. Cell 15:687-701.

34. Manteuil-Brutlag, S., S.-L. Liu, and H. S. Kaplan. 1980.
Radiation leukemia virus contains two distinct viral
RNAs. Cell 19:643-652.

35. Maxam, A. M., and W. Gilbert. 1977. A new method for
sequencing DNA. Proc. Nati. Acad. Sci. U.S.A. 74:560-
564.

36. McClements, W. L., L. W. Enquist, M. Oskarsson,
M. Sullivan, and G. F. Vande Woude. 1980. Frequent
site-specific deletion of coliphage lambda murine sarcoma
virus recombinants and its use in the identification of a
retrovirus integration site. J. Virol. 35:488-497.

37. Murray, N. E., W. J. Brammar, and K. Murray. 1977.
Lambdoid phages that simplify the recovery of in vitro
recombinants. Mol. Gen. Genet. 150:53-61.

38. Parker, B. A., and G. R. Stark. 1979. Regulation of simian
virus 40 transcription: sensitive analysis of the RNA
species present early in infection by virus or viral DNA. J.
Virol. 31:360-369.

39. Pincus, T. 1980. The endogenous murine type C viruses,
p. 77-130. In J. R. Stephenson (ed.), Molecular biology
of RNA tumor viruses. Academic Press, Inc., New York.

40. Rands, E., D. R. Lowy, M. R. Lander, and S. K. Chatto-
padhyay. 1981. Restriction endonuclease mapping of eco-
tropic murine leukemia viral DNAs: size and heterogene-

ity of the long terminal repeat. Virology 108:445-452.
41. Rassart, E., and P. Jolicoeur. 1980. Restriction mapping of

unintegrated viral DNA of endogenous B- and N-tropic
BALB/c murine leukemia virus. J. Virol. 35:812-823.

42. Reddy, E. P., M. J. Smith, E. Cansani, K. C. Robbins,
S. R. Tronick, S. Zain, and S. A. Aaronson. 1980. Nucle-
otide sequence analysis of the transforming murine sarco-
ma virus. Proc. Natl. Acad. Sci. U.S.A. 77:5234-5238.

43. Rommelaere, J., H. Donis-Keller, and N. Hopkins. 1979.
RNA sequencing provides evidence of allelism of determi-
nants of the N-, B-, or NB-tropism of murine leukemia
viruses. Cell 16:43-50.

44. Rothenberg, E., D. J. Donoghue, and D. Baltimore. 1978.
Analysis of a 5'-leader sequence on murine leukemia virus
21S RNA: heteroduplex mapping with long reverse tran-
scriptase products. Cell 13:435-451.

45. Roychoudhury, R., E. Jay, and R. Wu. 1976. Terminal
labelling and addition of homopolymer tracts to duplex
DNA fragments by terminal deoxynucleotidyl transferase.
Nucleic Acids Res. 3:863-877.

46. Schindler, J., J. W. Gautsch, R. A. Lerner, and N. Hop-
kins. 1981. Biochemical analysis of the p30's of N-, B-,
and B NB-.tropic murine leukemia viruses of BALB/c
origin. J. Virol. 39:703-712.

47. Scott, M. L., K. McKereghan, H. S. Kaplan, and
K. E. Fry. 1981. Molecular cloning and partial character-
ization of unintegrated linear DNA from gibbon ape
leukemia virus. Proc. Natl. Acad. Sci. U.S.A. 78:4213-
4217.

48. Shank, P. R., S. H. Hughes, H.-J. Kung, J. E. Majors,
N. Quintrell, R. V. Guntaka, J. M. Bishop, and H. E.
Varmus. 1978. Mapping unintegrated avian sarcoma virus
DNA: termini of linear DNA bear 300 nucleotides present
once or twice in two species of circular DNA. Cell
15:1383-1395.

49. Shimotobno, K., S. Mizutani, and H. M. Temin. 1980.
Sequence of retrovirus resembles that of bacterial trans-
posable elements. Nature (London) 285:550-554.

50. Shinnick, T. M., R. A. Lerner, and J. G. Sutcliffe. 1981.
Nucleotide sequence of Moloney murine leukemia virus.
Nature (London) 293:543-548.

51. 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.

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

53. Sutcliffe, J. G., T. M. Shinnick, I. M. Verma, and R. A.
Lerner. 1980. Nucleotide sequence of Moloney leukemia
virus: 3' end reveals details of replication, analogy to
bacterial transposons, and an unexpected gene. Proc.
Natl. Acad. Sci. U.S.A. 77:3302-3306.

54. Van Beveren, C., J. G. Goddard, A. Berns, and I. M.
Verma. 1980. Structure of Moloney murine leukemia viral
DNA: nucleotide sequence of the 5' long terminal repeat
and adjacent cellular sequences. Proc. Nati. Acad. Sci.
U.S.A. 77:3307-3311.

55. Van Beveren, C., F. Van Straaten, J. A. Galleshaw, and
I. M. Verma. 1981. Nucleotide sequence of the genome of
a murine sarcoma virus. Cell 27:97-108.

56. Van Beveren, C., E. Rands, S. K. Chattopadhyay,
D. R. Lowy, and I. M. Verma. 1982. Long terminal re-
peat of murine retroviral DNAs: sequence analysis, host-
viral junctions, and preintegration site. J. Virol. 41:541-
556.

57. Varmus, H. D., S. Hensley, H.-J. Kung, H. Oppermann,
V. C. Smith, J. M. Bishop, and P. K. Shank. 1978. Kinet-
ics of synthesis, structure, and purification of avian sarco-
ma virus-specific DNA made in the cytoplasm of acutely
infected cells. J. Mol. Biol. 120:55-82.

VOL . 44, 1982


