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A biologically active molecular clone of BALB/Moloney mink cell focus-
forming (Mo-MCF) proviral DNA has been reconstructed in vitro. It contains the
5’ half of BALB/Moloney murine leukemia virus (Mo-MuLV) DNA and the 3’ half
of BALB/Mo-MCF DNA. The complete nucleotide sequence of the env gene and
the 3’ long terminal repeat (LTR) of the cloned Mo-MCF DNA has been
determined and compared with the sequence of the corresponding region of
parental Mo-MuLV DNA. The substitution in the Mo-MCF DNA encompasses
1,159 base pairs, beginning in the carboxyl terminus of the pol gene and extending
to the middle of the env gene. The Mo-MCF env gene product is predicted to be 29
amino acids shorter than the parental Mo-MuLV env gene product. The portion of
the env gene encoding the p15E peptide is identical in both viral DNAs. There is
an additional A residue in the Mo-MCEF viral DNA in a region just preceding the 3’
LTR. The nucleotide sequence of the 3’ LTR of Mo-MCF DNA is similar to that
of the 5' LTR of BALB/Mo-MuLV DNA with the exception of two single base
substitutions. We conclude that the sequence substitution in the env gene is

responsible for the dual-tropic properties of Mo-MCF viruses.

Murine leukemia viruses (MuLVs) induce
neoplasia in experimental animals (20). Moloney
MuLV (Mo-MuLV) is a replication-competent,
nondefective type C retrovirus which, upon in-
oculation into newborn mice, gives rise to leuke-
mias of mostly T-cell origin. Leukemogenesis is
accompanied by somatic amplification and rein-
tegration of Mo-MuLV DNA sequences in new
chromosomal sites of tumor tissues (25, 49, 50).
The preleukemic tissue appears to contain only
authentic Mo-MuLV genomes, reintegrated ran-
domly in new chromosomal sites, whereas the
leukemic tissue displays both the parental Mo-
MuLV and the recombinant mink cell focus-
forming (MCF) viral DNA sequences (25, 49).
The precise involvement of MCF viruses in the
conversion from the preleukemic to the leuke-
mic stage remains largely unknown.

The dual-tropic MCF viruses first described
by Hartley et al. (22) have also been implicated
in the genesis of spontaneous lymphomas and
leukemias. The MCF MuLVs appear to have
arisen by recombination between ecotropic and
xenotrope-like envelope genes. Biochemical evi-
dence based on tryptic peptide analysis of the
major envelope glycoprotein gp70 (12), RNase
T, oligonucleotide mapping (36, 39), and hetero-
duplex (4, 7, 9) and restriction endonuclease
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analyses (5, 6) support the notion that MCF
viruses are ecotropic MuLVs which have ac-
quired some sequences of their envelope gene
from xenotrope-like env gene sequences . We
have been studying the properties of MCF virus-
es isolated from thymomas occurring in BALB/
Mo mice (54). This mouse strain is derived from
a BALB/c129J preimplantation embryo infected
with Mo-MuLV (24). In this BALB/Mo strain,
Mo-MuLV is transmitted as a single Mendelian
gene. Like the other MCF-MuLVs, BALB/Mo-
MCEF virus also exhibits a dual host range and
contains a recombinant env gene. We have mo-
lecularly cloned a portion of the integrated form
of BALB/Mo-MCF viral DNA in an attempt to
understand the precise nature of the recombi-
nant gene. This manuscript describes the biolog-
ical and biochemical properties of the molecular-
ly cloned proviral DNA. Furthermore, the
complete nucleotide sequence of the recombi-
nant env gene has been determined and com-
pared with that of the parental Mo-MuLV env
gene.

MATERIALS AND METHODS

Cloning. Mink lung fibroblasts (CCL64) were infect-
ed with a cloned isolate of Mo-MCF virus (Mo-MCFg,
[54]). After three transfers at 5- to 7-day intervals, the
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infected cells were cloned in Microtest II culture
plates. One of the cell clones, MCF 147D11, was used
as a source of high-molecular-weight DNA. Confluent
cultures of MCF 1497D11 cells show a strong vacuol-
ization and yield titers of approximately 10° cytopathic
focus-forming units per ml of culture supernatant.
About 1.0 mg of MCF 147D11 DNA was digested
overnight with 500 U of restriction endonuclease
HindIlIl (Bethesda Research Laboratories) and frac-
tionated on a 0.7% agarose gel as described previously
(2). A small portion of the agarose gel was cut across
the entire length, and DNA was transferred onto a
nitrocellulose filter by the Southern blotting technique
(41). A number of bands ranging from 4 to 10 kilobase
pairs (kbp) in size could be identified by hybridization
to pMLV-1 DNA. A 5- to 6-kbp fraction was eluted
from the agarose gel by the glass powder procedure
(53). About 1 ug of purified 5- to 6-kbp fragment was
ligated to 4 ug of Hindlll-cleaved, bacterial alkaline
phosphatase-treated Charon 27 phage DNA and pack-
aged in vitro as described previously (52). The phage
plaques were screened by using a labeled 3'-Mo-
MuLV-specific probe (pMLV-41) and amplified as
described by Blattner et al. (3). The subcloning in
plasmid pBR322 was performed as described previous-
ly (52).

Construction of 3’-specific probe (pMLV-41). The
recombinant plasmid pMLV-1, containing the uninte-
grated form of Mo-MuLV viral DNA (2), was cleaved
with restriction endonuclease Clal and, after ligation
with phage T4 DNA ligase, was transferred to Esche-
richia coli C600 by -standard transformation proce-
dures. Since Mo-MuLV DNA in pMLV-1 is circularly
permuted at the HindIII site (at 5.4 kbp from the 5’ end
of the genome), digestion with Clal (pBR322 has a
Clal site just adjacent to the HindlIII site) followed by
ligation generates circular molecules which are deleted
of sequences lying 5’ to the Mo-MuLV HindIII site
and 3’ to the Mo-MuLV Clal site (8.05 kbp). Bacterial
colonies sensitive to tetracycline and resistant to ampi-
cillin were screened by filter hybridization with la-
beled HindIII (5.4 kbp) to Clal (8.05 kbp)-cleaved
pMLV-1 DNA fragment. This fragment contains a
portion of the pol gene and a nearly complete env
gene. A recombinant clone which hybridized to this
probe but not to a probe containing the remainder of
the viral DNA (i.e., gag gene, portion of the pol gene,
and long terminal repeat [LTR]) was isolated, charac-
terized, and used as the 3'-specific probe, pMLV-41.

Heteroduplex mapping. Cloned DNA fragments (1
wg/ml each) were incubated at 45°C for 1 to3 hina
solution containing 0.01 M PIPES buffer [piperazine-
N,N'-bis(2-ethanesulfonic acid)], pH 6.3, 0.4 M NaCl,
0.001 M EDTA, and 50% formamide (deionized with
Amberlite MB-3). Heteroduplexes were spread with
cytochrome ¢, adsorbed to Parlodion-coated grids,
stained with uranyl acetate, shadowed with platinum-
palladium, and examined in a Hitachi HU-11B trans-
mission electron microscope. Selected molecules were
photographed at a magnification of x10,000, and con-
tour lengths were determined with a Hewlett-Packard
digitizer (4). Molecular lengths were determined by
comparison with double-stranded polyoma DNA and
single-stranded $X-174 DNA spread under identical
conditions. The length ratio of double-stranded to
single-stranded DNA was 1.00:1.11.

Transfection. Transfection of DNA on mink lung
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fibroblasts (CCL64) was carried out by Stow and
Wilkie's modification (43) of the calcium phosphate
coprecipitation technique of Graham and van der Eb
(19). NIH/3T3 DNA was used as carrier at a concen-
tration of 30 pg/ml. The transfections were done in 35-
mm dishes seeded the previous day with 3 X 10° mink
lung fibroblasts. Four hours after the transfection, the
cells were treated for 10 min with 20% dimethyl
sulfoxide. The following day, the cells from each dish
were transferred to three 50-mm dishes. Two or all
three cultures derived from each transfected dish were
transferred twice at 5- to 7-day intervals, at which time
the monolayers had reached confluence. Cultures
from the third transfer were screened for the presence
of cytopathic foci 7 to 9 days after seeding. Reverse
transcriptase activity was determined for 24-h-old har-
vests as previously described (51).

Nucleotide sequence analysis. All DNA sequence
analyses were performed by the partial chemical deg-
radation procedure (29). An outline of the techniques
used has been described (48).

RESULTS

Molecular cloning. To clone the BALB/Mo-
MCF proviral DNA, we chose a mink lung
fibroblast cell line (MCF 147D11) infected with a
cloned viral isolate (Mo-MCFyg;). This cell line
carries several copies of BALB/Mo-MCF DNA.
A preliminary physical map of the proviral
DNA, however, indicated the absence of a re-
striction endonuclease site which could be con-
veniently manipulated for molecular cloning.
Hence, we decided to clone the 3’ half of BALB/
Mo-MCEF proviral DNA and subsequently link it
to the 5’ half of BALB/Mo-MuLV DNA to
generate an infectious full-length viral DNA.
The Mo-MCF proviral DNA contains a single
HindIII site which maps within the pol gene at
about 5.4 kbp from the 5’ end of the genome
(49). This HindIII site lies outside the region of
env gene substitution in the Mo-MCF proviral
DNA. We used this cleavage site to generate 5’
and 3’ subgenomic fragments of Mo-MCF viral
DNA integrated in the mink chromosomal DNA.
Full-length proviral DNA was generated by li-
gating the molecularly cloned 3’ subgenomic
fragment to the previously cloned 5’ half of
BALB/Mo-MuLV DNA (pMLV;-101), contain-
ing viral sequences to the left of the HindIII site
2.

A HindlIII-cleaved cell DNA fraction of about
6 kbp in length, which hybridizes to a Mo-MuLV
probe, was used for molecular cloning in the
phage vector Charon 27. Three clones of recom-
binant phage which hybridized to a 3'-specific
probe (pMLV-41) were purified by successive
rounds of dilution. The DNA from one recombi-
nant clone, AMo-MCF;-16, was cleaved with
restriction endonucleases HindIIl, Sacl, Kpnl,
EcoRI, Smal, and BamHI (Fig. 1B) and com-
pared with the restriction endonuclease map of
BALB/Mo-MCF proviral DNA (49). All of these
restriction enzyme sites mapped at positions
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similar to those described for BALB/Mo-MCF
DNA. However, restriction endonuclease Kpnl,
which was reported to cleave the recombinant
env region of some isolates of BALB/Mo-MCF
DNA (49), did not cleave in the substituted
sequences of AMo-MCF;-16 DNA (see Discus-
sion). A composite restriction endonuclease
map of the insert in AMo-MCF;-16 is shown in
Fig. 1C.

Heteroduplex analysis. The nature of the
recombinant AMo-MCF;-16 DNA was further
characterized by electron microscopic analyses
of duplexes formed with molecularly cloned
unintegrated forms of Mo-MuLV DNA (pMLV-
1 [2]). The insert DNA in AMo-MCF;-16 was
subcloned in plasmid pBR322 (pMo-MCF;-16)
and hybridized to pMLV-1 DNA after digestion
with HindIIl (Fig. 1D). An example of this
duplex is shown in Fig. 1E and F. The double-
stranded end of the molecule corresponds to the
HindIII site at 5.4 kbp, whereas the two single-
stranded tails located at the opposite end of the
molecule correspond to the flanking mink cellu-
lar sequences present in pMo-MCF;-16 and the
remainder of the pol and gag gene sequences
present in pMLV-1. A histogram displaying the
distribution of the substitution loops with re-
spect to the HindlIII site at 5.4 kbp from the 5’
end of the genome is also shown in Fig. 1G. This
analysis reveals two major regions and one
minor region of nonhomology lying within the
area of 6.3 to 8.1 kbp from the 5’ end of the
genome. Each of the nonhomologies (81, B, and
B3) is bounded by regions of homology with the
parental Mo-MuLV sequences. Furthermore,
within the substituted region overall homology
between Mo-MCF and Mo-MuLV sequences
increases with distance from the 5’ end of the
substitution. Differences in the degree of homol-
ogies within the substituted region of AKR MCF
have also been reported (6).

In vitro reconstruction of an infectious full-
length Mo-MCF viral DNA. Restriction endonu-
clease and heteroduplex analyses confirmed that
the insert of AMo-MCF;-16 DNA subcloned in
pBR322 (pMo-MCF;-16) contained the recombi-
nant env gene sequences. The 5’ portion of the
BALB/Mo-MuLV DNA obtained from the
MOV-1 locus of the BALB/Mo mouse has previ-
ously been cloned (2). Plasmid pMLV;-101 con-
tained sequences to the left of the HindIII site at
5.4 kbp, including the 5’ LTR and adjacent
mouse cellular sequences. The 6.3-kbp insert
from AMo-MCF;-16 and the 9.3-kbp insert from
pMLV;-101 were ligated and subsequently sub-
cloned in the HindlIII site of plasmid pBR322.
The DNA of one plasmid, pMo-MCF;-1, which
released the diagnostic 2.1-kbp BamHI fragment
characteristic of 5’ and 3’ subgenomic fragments
ligated in proper orientation, was further ana-
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lyzed by digestion with restriction endonucle-
ases Sacl, Smal, HindIll, EcoRI, and BamHI
(Fig. 2). Each enzyme yielded the characteristic
pattern of cleavage products predicted from
previous restriction analysis of 5’ and 3’ subgen-
omic fragments and pBR322 vector DNA. The
DNA fragments generated were present in molar
ratios and added to a total length of about 19.9
kbp, the predicted total length of the 5’ (9.3 kbp)
and 3’ (6.3 kbp) inserts plus the pBR322 DNA
(4.36 kbp). The organization and partial restric-
tion map of full-length pMo-MCF;-1 DNA are
shown in Fig. 2B.

Biological infectivity. Three types of recombi-
nant DNA were found to induce cytopathic foci
in mink lung cell fibroblasts (Table 1): (i) a
ligation mixture containing HindIII-cleaved in-
serts from pMLV-101 (5' half of BALB/Mo-
MuLV) and AMo-MCF;-16 DNA (experiment
A); (ii) a ligation mixture containing HindIII-
cleaved inserts from pMLV;-101 and alkaline
phosphatase-treated pMo-MCF;-16 DNA (ex-
periment B); and (iii) uncut pMo-MCF;-1 DNA
(recombinant plasmid containing full-length re-
constructed Mo-MCF DNA; experiment C). The
AMo-MCF;-16 and pMo-MCF;-16 by themselves
are not infectious (experiment D). It has been
shown previously that pMLV;-101 DNA is also
noninfectious (2). The rationale for doing experi-
ments A and B separately was to ensure that the
insert from AMo-MCF;-16 subcloned in pBR322
(pMo-MCF;-16) was infectious. This was partic-
ularly important since all of the nucleotide-
sequencing studies were performed on pMo-
MCF;-16 DNA.

Most cytopathic foci were first seen at the
second transfer of the transfected cultures. At
the third transfer, all positive cultures were
overcrowded with foci and the cells were strong-
ly vacuolated. Twenty-four-hour harvests of the
confluent cultures showed reverse transcriptase
activity. The harvests contained virus infectious
for mink lung, SC-1, and NIH/3T3 cells. Fur-
thermore, the virus released from mink lung
fibroblasts was able to induce a thymic lympho-
ma 15 weeks after injection of 1,000 infectious
units into a newborn NIH Swiss mouse.

DNA sequence analysis of the recombinant env
gene. The MCF-MuL Vs have undergone a sub-
stitution in the env gene of parental ecotropic
viral genomes. We wanted to study the precise
nature of the recombinant env gene of Mo-MCF
viral DNA. We were particularly interested in
studying the degree and extent of env gene
substitution. We have determined the complete
nucleotide sequence of the env gene and the 3’
LTR of molecularly cloned pMo-MCF;-16 DNA
(Fig. 3). The sequence of the Mo-MCF DNA
was compared with the nucleotide sequence of
parental ecotropic Mo-MuLV. The complete
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FIG. 1. Characterization of recombinant clone AMo-MCF;-16. Both restriction endonuclease and heterodu-
plex analyses are shown. (A) Diagrammatic sketch of Mo-MCF proviral DNA based on our own analysis and that
reported by van der Putten et al. (49). The region of the proviral DNA cloned by us is indicated. (B) Restriction
endonuclease analysis of AMo-MCF;-16. The recombinant phage DNA was cleaved with restriction endonucle-
ases Sacl (lane 1), Kpnl (lane 2), EcoRI (lane 3), Smal (lane 4), BamHI (lane S), and HindlIIl (lane 6): (left)
ethidium bromide-stained pattern; (right) result of hybridization by 3’-specific probe to DNA from the same gel
after Southern blot transfer (41). Lambda DNA fragments cleaved with HindIII were used as size markers. The
Kpnl digest in lane 2 is only partially cleaved. (C) Physical map of AMo-MCF;-16 based on restriction
endonuclease analysis. The shaded area represents the putative MCF substitution region based on the restriction
endonuclease analysis of Mo-MCF proviral DNA (49). (D) Diagrammatic sketch of inserts from pMo-MCF;-16
and pMLV-1 to indicate the kind of expected heteroduplex molecules. The shaded area in pMo-MCF;-16 insert
DNA indicates the MCF substitution region. (C) and (D) are not drawn to scale. (E) A heteroduplex formed
between inserts excised from AMo-MCF;-16 and pMLV-1 DNAs is shown. The nonhomology loops B, and B, are
indicated with arrows. Bar, 0.1 pm. (F) Another heteroduplex molecule where all three nonhomology loops (B,,
B2, and B3) are indicated. The heteroduplex molecule was formed between HindIII-Clal fragments of pMo-
MCF;-16 and pMLV-1 DNA. (G) Histogram showing the frequency and position of substitution loops in the
heteroduplex molecules analyzed. The 5’ end of the heteroduplex molecule is defined by the HindIII site, at 5.4
kbp of Mo-MCF proviral DNA (18). All nucelotide numbers in this figure include 5’ LTR; the 5'-cap nucleotide in
this system is nucleotide 373.
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nucleotide sequence of pMLV-1 (molecularly
cloned, unintegrated form of Mo-MuLV [2]) has
been derived by Shinnick et al. (40). Portions of
the env gene and the complete sequence of the 3’
LTR of pMLV-1 and 5' LTR of pMLV;-101
were independently derived by us (46—48). Nu-
cleotide 1 of pMo-MCF;-16 in Fig. 3 corre-
sponds to nucleotide 5,368 in pMLV-1 (40 [nu-
cleotide numbers in this reference correspond to
the viral genomic RNA)). In Fig. 3 the nucleo-
tide number of the corresponding sequence of
pMLV-1 is shown in parentheses. The results
can be summarized as follows.

(i) The substitution in Mo-MCF DNA encom-
passes 1,159 bp and is located from nucleotide
323 (5,690) to nucleotide 1,482 (6,932). It should

be noted that the substitution is not abrupt since
sequences at the ends of the substitution show a
high degree of homology with Mo-MuLV se-
quences (Fig. 4).

(ii) The substitution begins in the carboxyl
terminus of the pol gene, about 90 nucleotides
upstream from the initiator AUG of the Mo-
MuLV env gene (5,777), and ends about 250
nucleotides before the first amino acid of p15E.

(iii) The computer-generated alignments of
nucleotide sequences of Mo-MCF and Mo-
MuLV env genes are shown in Fig. 4. The
alignment score, an approximate measurement
of the homology of two sequences (see legend,
Fig. 4), was determined for each 100-nucleotide
segment of the aligned sequences and plotted
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FIG. 2. In vitro reconstruction of full-length Mo-MCF proviral DNA. (A) Diagrammatic sketch of inserts of
pMLV,-101, 5’ half of BALB/Mo-MuLV containing adjacent mouse cellular sequences, and AMo-MCF;-16
containing the 3’ half of Mo-MCF proviral DNA and adjacent mink cellular sequences. The shaded area in the
AMo-MCF;-16 insert DNA represents the MCF recombinant region. (B) Physical map of pMo-MCF;-1 DNA.
Although a more extensive restriction map is available upon request, only those enzymes shown in (C) are
indicated. (C) Restriction endonuclease analysis of full-length pMo-MCF;-1 DNA. The profile of the ethidium
bromide-stained gel is displayed. The restriction endonucleases used were: Sacl (lane 1), Smal (lane 2), HindIII

(lane 3), EcoRI (lane 4), and BamHI (lane 5).

versus the position of the segment in the align-
ment. The results indicate a gradual change in
sequence homology at the 5’ and 3’ limits of the
substitution, which suggests that the recombi-
nant env gene of Mo-MCF may have been
formed by homologous recombination (Fig. 4A).

The two major regions of nonhomology are
flanked by considerably more homologous re-
gions. This observation is consistent with the
heteroduplex analysis (Fig. 1G), which shows
two major and one minor substitution loops. In
contrast, the major substitution region of Mo-
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TABLE 1. Biological infectivity of in vitro
constructed Mo-MCF DNA molecules in transfected
mink lung cells

Proportion
of cultures
with
cytopathic
foci at the
3rd
transfer

373
33
33
33
33
33

Trans-
fected
culture

Expt Nature of DNA

A pMLV;-101, +
AMo-MCF;-16

-0 a0 o

0/2
12
12
22
0/1
0/2

B pMLV,-101 +
pMo-MCF;-16

-0 a0 o

(o pMo-MCF-1 0/3
33
33
1/3
1/3

23

"m0 a0 oW

D AMo-MCF;-16 + a 0/3
pMo-MCF;-16 b 0/3
c 0/3

2 In experiment C, cultures d to f were transfected
with a 1:10 dilution of the DNA used for transfection
of cultures a to c.

loney murine sarcoma virus, which exhibits only
one loop versus Mo-MuLV in heteroduplex
analysis (10, 23), has a consistently low align-
ment score over its entire length (Fig. 4B).

(iv) The substituted sequence in Mo-MCF is
87 nucleotides (29 codons) sheorter than the
corresponding Mo-MuLV sequences. The two
env genes share the same initiation and termina-
tion codons and are translated in the same
reading frame.

(v) The nucleotide sequence predicts the Mo-
MCF env gene product to be 636 amino acids
long, which is 29 amino acids shorter than that
predicted for the Mo-MuLV env gene product
(40). The amino acid sequence differences be-
tween Mo-MCF and Mo-MuLV lie within the
gp70 portion of the env gene (Fig. 5).

(vi) The putative signal peptide of the primary
gene product of the Mo-MCF env gene is quite
different from that of the parental Mo-MuLV
DNA. Whereas the signal peptide cleavage site
within the Pr85 env (primary gene product of
Mo-MuLV) is known (S. Oroszlan, L. Hender-
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son, and T. Copeland, personal communication;
48), sufficient change has occurred in the same
region of the Mo-MCF env gene product to
preclude any prediction of the signal peptide
cleavage site or the N-terminal amino acid of the
mature gp70 (Fig. 5).

(vii) There are seven canonical sequences,
Asn-X-Thr and Asp-X-Ser (32), which can serve
as glycosylation sites in the gp70 domains of
both the Mo-MCF and Mo-MuLV env gene
products. Six of the seven sites are common in
both viral proteins. Previous work with Gix+ and
Gix- murine leukemia virus has indicated that
the carbohydrate moiety is attached to the gp70
molecules at six or seven different sites, respec-
tively (37).

(viii) The nucleotide sequences of Mo-MCF
and Mo-MuLV env genes are identical after the
substitution until nucleotide 2,358 (7,809), where
an extra A residue is inserted in Mo-MCF. This
region, just before the beginning of the 3' LTR,
has been implicated in the initiation of synthesis
of a second strand of DNA during reverse tran-
scription (18, 44).

(ix) The nucleotide sequence of the 3' LTR of
Mo-MCF may be compared with the previously
published sequences of both the 5 LTR of
BALB/Mo-MuLV (46) and the LTR of uninte-
grated pMLV-1 (44, 47). Several murine LTRs
contain duplication of sequences ranging from
72 to 110 bp (8, 47). The BALB/Mo-MuLV LTR
does not contain these duplicated sequences.
Hence, the BALB/Mo-MuLV LTR is about 70
to 100 bp shorter than other murine LTRs (47,
49) and, specifically, 75 bp shorter than that of
its presumptive progenitor Mo-MuLV. If Mo-
MCF arose from parental BALB/Mo-MuLV,
one should expect its LTR sequence to be
identical to the BALB/Mo-MuLV 5’ LTR se-
quences. The 3' LTR of Mo-MCF DNA is, in
fact, the same as that of the BALB/Mo-MuLV 5’
LTR (i.e., lacks 75-bp duplication), except for
two changes at positions 2,730 (T for C) and
2,739 (C for G).

DISCUSSION

MuLVs can be classified into four related
groups on the basis of their host range and
interference properties in tissue culture: (i) eco-
tropic viruses, which replicate only in rodent
cells; (ii) xenotropic viruses, which are unable to
propagate in mouse cells but are capable of
replication in nonmurine cells (1, 27); (iii) am-
photropic viruses, which are unrestricted for
growth in cells of either murine or nonmurine
origin (21, 35); and (iv) MCF viruses, which
have a dual host range similar to that of the
amphotropic viruses. However, the growth of
MCEF viruses is interfered with by eco- and
xenotropic viruses and not by amphotropic vi-
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ruses (15, 16, 22, 45). Biochemical studies have
clearly indicated that the MCF viruses are re-
combinants in which portions of the env gene
are substituted by xenotrope-like env gene se-
quences. We have molecularly cloned the 3’ half
of the BALB/Mo-MCF proviral DNA integrated
in mink cell DNA. The molecularly cloned DNA
(AMo-MCF;-16) contains a portion of the pol
gene, the recombinant env gene, the 3' LTR, and
adjacent mink cellular sequences. Restriction
endonuclease analysis of the env gene portion of
AMo-MCF;-16 was in agreement with that of the
previously published physical maps of Mo-MCF
proviral DNA (49) with the exception that re-
striction endonuclease Kprnl, which cleaves the
substituted sequences in Mo-MCF DNA, did not
cleave the substituted sequences of the env gene
in AMo-MCF;-16. Thus, it appears that the ex-
tent of substitution may be different in various
isolates of Mo-MCF viruses. Recently, it has
been shown by Chattopadhyay et al. (5, 6) that
different AKR MCF viruses have different ex-
tents of substitution, as judged by restriction
endonuclease digestion patterns.

A biologically active full-length Mo-MCF
DNA was constructed by ligation of the 3’ half
(obtained from AMo-MCF;-16 DNA) to the pre-
viously cloned 5’ half obtained from BALB/Mo-
MuLV DNA. The full-length Mo-MCF DNA
contained at its 5’ end cellular sequences de-
rived from BALB/c mouse DNA, whereas the
3'-flanking sequences contained mink cellular
sequences. Transfection of purified supercoiled
plasmid DNA onto mink lung fibroblasts in-
duced cytopathic foci, and harvests from conflu-
ent cultures were positive for reverse transcrip-
tase activity. Furthermore, the virus released
was infectious on mink lung fibroblasts, NIH/
3T3 cells, and SC-1 cells, and the virus released
from mink lung fibroblasts was able to induce a
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thymic lymphoma in a newborn NIH Swiss
mouse. Controls involving transfection by the
5’- and 3’'-cloned fragments alone did not pro-
duce any foci and showed no reverse transcrip-
tase activity. In a previously reported experi-
ment, the 5’ half of BALB/Mo-MuLV DNA was
ligated to the 3’ half of the molecularly cloned
unintegrated form of Mo-MuLV DNA and trans-
fected onto NIH/3T3 cells to produce infectious
Mo-MuLV virus (2). Thus, it appears that the
information for the expanded host range and
cytopathic effects of Mo-MCEF virus lies in the 3’
half of Mo-MCF DNA.

The mature env gene products of murine re-
troviruses are comprised of two polypeptides,
gp70 and p15E (13, 30). The two peptides are
synthesized as a common precursor polyprotein,
with the leader peptide and gp70 constituting the
amino end and p15E constituting the carboxyl
terminus. Nucleotide sequence analysis of the
env gene of Mo-MCF DNA shows that recombi-
nation occurred in the NH,-terminal portion of
the envelope protein. In fact, the substitution
begins in the COOH-terminal region of the pol
gene of parental ecotropic viral DNA. Whether
substitution occurred by homologous recombi-
nation or template switch during reverse tran-
scription remains. unclear, particularly in the
absence of a known xenotrope-like env gene
sequence that formed the substitution. The
recombinant env gene product is 29 amino acids
shorter than the parental ecotropic Mo-MuLV
env gene product. The carboxyl termini of
gP70 and the p1SE of the recombinant and Mo-
MuLV env genes are identical. Thus, it appears
that the Mo-MCF-specific function lies in the
NH, terminus of the gp70 moiety. Differences
have been observed in the kinetics of processing
of the env gene polyprotein of ecotropic, xeno-
tropic, and dual-tropic AKR MCF MuLVs (14).
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FIG. 3. Nucleotide sequence of Mo-MCF env gene and 3’ LTR. The nucleotide sequence of a portion of the
insert in pMo-MCF;-16 is presented, with the translations of the pol and env gene products given in single-letter
code above. Nucleotide 1 corresponds to nucleotide 5,368 in the pMLV-1 sequence of Shinnick et al. (40; in the
sequence of pMLV-1, the 5'-cap nucleotide of the genomic RNA is nucleotide 1). Nucleotide numbers in
parentheses refer to positions in the sequence of pMLV-1. The features indicated include: closed box, splice
acceptor site in Mo-MuLV env mRNA (W. N. Burnette, C. Van Beveren, and H. Fan, unpublished data); zig-zag
arrows, beginning and end of changes in Mo-MCF (versus pMLV-1) in the pol-env region; open boxes, possible
glycosylation sites in gp70; closed triangle, extra A residue in Mo-MCF (versus pMLV-1); overbar, inverted
repeat at ends of LTR; short arrows, base changes in Mo-MCF LTR (versus pMLV;-101 5’ LTR). Nucleotide
sequence data were displayed by using the computer programs of Staden (42).
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1« P P y 1l y g p p p 1 n £f pd p dm ¢t rr v t n 8 p 1l g
CCCGCAACACGCCGGGCCCCCATGGCCTCACCCCATATGAGATCI'I‘ATA’I’GGGGCACCCCCGCCCCTTGTAAAC‘!’TC CCTGACCCTGACATGACMGAGTTACTMCAGCCCCTCTCTCC
10 20 30 40 50 60 70 80 90 100 110 120

a h 1l qgaly 1l v qhewvwropl Yy Qq e q 1 d r pvvpephopyT g d t
MGCTCACTTACAGGCTCTCTACT’A‘AGTC(‘AGCACGAAGTCTGGAGACCTCTGGCGGCAGC CTACCAAGMCMCNGACCGACCGGNGTACCTCACCCTTACCGAGTCGGCGACACAG
130 140 150 160 170 180 190 200 210 220 230 240

(5691)
h q 1 P r w k g py t v 11 P fll k d g i i h
'.K;TGmTCCGCCGACACCAGACTAAGAACCTAGAACCTCGCNGMAGGACCTTACACAGTCC’IGCTGACCAC CCCCACCGCTCTCAMGTAGACGGCATCGCTGCGNGATCCACGCCG
250 260 270 28 290 0 310 320 330 340 350 360
—=eny pol
m e g p a f s k p 1 k d k i n P W g p 1 i1l
h v k a P P g g p w k v g r g n p 1l k i r 1 r g P
CTCAC! GTMAAGCGGCGACMC CCCTCCGGCCGGMCAGCATCAGGACCGACATGGAAGGTCCAGCGTTCTCMMCCCCTTAAAGATMGAHAACCCGTGGGGCCCCCTAATMTCCT
370 380 390 400 410 | 420 430 440 450 460 470 480

(5777)

g i 1 i r a g q h 4 P h g v fln v tjw v n 1 m t q t a IHI'II!!Té 11
GSGGATCTTMTAAGGGCAGGAGTATCAGTN:AACA‘IGACAGC CCI‘CATCAGGTCﬂCMmTTACTTGGAGAGTTAC CAAC'I'I‘AANACAGGACAMCAGCTMTGTTA CCTCCT
490 500 510 520 530 540 550 560 570 580 590 600

g t m t d f p k 1 y £ d4d 1 ¢ 4 1 i d d w d e t gl gocecrr t pggTr k r arc t
CSGGACMTGACCGATGC C'I'I‘TCCTMACNTACTTK‘GAC'ITGNCGAT’I'I‘AATAGGGGACGAC'ICGGATGAGAC’IGGACTCGGGTGTCGCACTCCCGGGGGAAGMAAAGGGCGAGAAC
610 620 630 640 650 660 670 680 690 700 710 720

f d £f vy v c pgh ¢t v p ] g g p g y ¢ g k w gc e t t g gq y P s s
A’I‘T'I‘GAC‘I'!‘CTATGT’l'l‘GCCCCGGGCATAC'K:TACCAACAGGGNTGGAGGGCCGAGAGAGGGCTACTGTGGCMANGGGCTGNAGACCACNGACAGGCATACNGMGCCATCATC
73 740 750 760 770 780 790 800 810 820 830 840

s wdl i s 1l k r gn <t p n q g p y d s a s s n i k g a t p g g r ¢ n p
ATCATGGGACCTMTTTCCCTTMGCGAGGAAACACCCCTCGGMTCAGGGCCCCNTTATGA’I'I‘CCTCAGCGGTCTCCAGTMCATCAAGGGCGCCACAC CGGGGGGTCGATGCAATCC
850 870 880 890 900 910 920 930 9 950 960

1 v 1 e £f t d a g k k a s w d g p k g 1 1 y ] 4 p £ 1 t
CCTAGTCCTGGAATTCACTGACGCGGGCAAAMGGCCAGCTGGGATGGCCCCAAAGTA'I'GGGGACTMGACTG‘J.‘ACCGATCCACAGGGATCGACCCGGTGACCCGGTTCTC'H‘TGACCCG
970 98 990 1000 1010 1020 1030 1040 1050 1060 1070 1080

q vi1lndigprvs igpnwpvitdqlpps ot pvaglimldloperppaq@pePpePp P
CCAGGTCCTCAATATAGGGCCCCGCGTCTCCATTGGGCCTAATCCCGTGATCACTGACCAGTTACCCCCCTCCCGACCCGTGCAGATCATGCTCCCCAGGCCTCCTCAGCCTCCTCCTCC
1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200

g a a s i P P P 9 9 pg t gdr 1l 1 n1l v dag y r a 1 [:::::::] s p d k
AGGCGCAGCCTCTATAGTCCCNAGAC‘I’GC CCCACC'M'CTCAACMCC'K‘GGGACGGGAGACAGGCTGCTAAACCTGG"‘AGATGGAG CCTACCGAGCTCTCAACCTCACCAGTCCCGACAA
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320

q wlclwvagopop y g il H l!m s g h
».cccmcmrccmcmmwcmcmcccccAccccccmcmccucccmcccmcc-mcc ACTTAT’I‘CCMC ATR c'rcccccncc-rnc c'rcccc'rcccuczx
1330 1340 1350 13 1370 1380 1420 430 1440

(6932) _ g
k 1 t 1 s e v g 9 g 1 ¢ Jv g a v p k t h q 1 IIIIIIIIII q § &8 r g y vy 1
(‘AAGCI’GACCCTGTCCGMGTGACCGGACAGGGACMGC ‘I‘AGGAGCAGTTCCCMAACACATCAGGCCCTATGTMTACCACCCAGACMGCAGTCGAGM’K:CTATTATCTAGTTGC
1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560

P g t m w ac s t g 1 p ¢ i t t i1 lll!ll!lt d y ¢c v 1 v el wperr v tyh
CCCTAC??(;’;‘ACCATGTGGGCTTGTAGTACCGGGCTTACTCCATGCAN‘I‘CCACCACCATACNAACC'I'I‘ACCACTGA‘!'I‘AH‘GTGTMTGTCGAACTCTGGCCMGAGTCACC'l'A‘l‘CA
1580 1590

1600 1610 1620 1630 1640 1650 1€60 1670 1680
gp70 pi1SE
P Yy vy gl f e p v s 1 t 1l al 11 g gl t mg g i a a g i
‘ITCCCCCAGCTATGT’H‘ACGGCCNTTNAGAGATCCMCCGACAQAMGAGAACCGGNT&TTMCCCTGGCCCTATTAA 'TAACCA ATTGCCGCTGGAAT
1690 1700 1710 1720 1730 | 1740 1750 1760 1770 1780 1790 1800
g g t t a 1l m atgq f qgqqlqaavgdd1lreve &k s i s nl ek s 1l t s
AGGMCAGGGACTACNCTCI‘MMCCACTCAGCAATTCCAGCAGCTCCMGCCGCAGTM‘ TGATCTC. TGAAAAATCAATCTCTAACCTAGAAAAGTCTCTCACTTC
1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920
l 8 e v v 1 q g 1 4 1 1 f 1 k e g g 1l c a a l k e e ¢c ¢ £f y a d h t g 1l v
@TGTCTGAAGmTCCTACAGAATCGMGGGGCCTAGAC'H‘GTTATTI‘CTAMAGAAGGAGGGCNNTGCTGCTC'I‘MAAGAAGAATGT'I‘GC'H‘CTANCGGACCACA(‘AGGACTAGT
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
r d s m a k 1 r e r 1 q q l f e s t g gw f e g1l f nr s pw f t t 1 i s
GAGAGACAGCATGGCCAMTTGAGAGAGAGGCTTAATCAGAGACAGAMCTGT'HGAGTCMCTCMGGATGG'H"I’GAGGGACNT'H‘AACAGATCCCCmeACCACC‘l"I‘GATATC
2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160
g p l i v 1 1 m il 1l £ g p i1 1 q £ v k 8 r i q 1 v 1 t
TACCATTATGGGACCCC'I'CATNTACTCCTMNAﬂmCTCI‘TCGGACCCNCAﬂCﬂM‘I’CGA‘ITAGTCCAA'H‘NTTAAAGACAGGATATCAGTGGTCCAGGCTCTAGT’H."IGAC
2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280
1
bt 3'-LTR

9 gy hgqlck piey p *
TCMCAATATCACCAGCTGAAGCC!ATAGAGTACGAGCCAT ATAAAATAAAAGATTTTATTTAGTCTCCAGAAAAAAGG TGAAAGACCCCACCTGTAGGTTTGGCAAGCTAG
2290 2300 2310 2320 | 2330 2340 2350 2360 12370 2380 2390 2400

(7774)

CTTAAGTAACGCCATTTTGCAAGGCATGGAAAAATACATAACTGAGAATAGAGAAGTTCAGATCAAGGTCAGGAACAGATGGAACAGCTGAATATGGGCCAAACAGGATATCTGTGGTAA
2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520

GCAGTTCCTGCCCCGGCTCAGGGCCAAGAACAGATGGTCCCCAGATGCGGTCCAGCCCTCAGCAGT TTCTAGAGAACCATCAGATGTTTCCAGGGTGCCCCAAGGACCTGAAATGACCCT
2530

2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640

P g
GTGCCTTATTTGAACTAACCAATCAGTTCGCTTCTCGCTTCTGTTCGCGCGCTTCTGCTCCCCGAGCTCAATAAAAGAGCCCACAACCCTTCACTCGGCGCGCCAGTCCTCCGATTGACT
2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760

GAGTNCCCGGGTACCCGAGTATCCAATMACCC!‘C'H'GCAGmCA’l‘CCGACI'I‘GNGNTCGCNTTCCTNGGAGGGTCTCCTCTGAGNATPGACTACCCGTCAGCGGGGGTC‘H‘T
2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2880
q 3'- LT R

27
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ALIGNMENT POSITION

FIG. 4. Comparison of Mo-MCF and Mo-MuLV nucleotide sequences. Nucleotide sequences were com-
pared by using the ALIGN program (National Biomedical Research Foundation). A unitary matrix and a gap
penalty of 3 were used. The alignment score (total number of identities minus three times the number of gaps)
was determined for each 100-nucleotide segment of the aligned sequences. (The aligned sequences include gaps;
thus, the aligned nucleotide numbers are not necessarily the same as the numbers in Fig. 3 [see Fig. 5].) The
alignment score for each 100-nucleotide segment was plotted versus the computer-assigned alignment position.
The alignment score can be considered an approximate measure of the degree of homology of two sequences. (A)
Comparison of nucleotide sequences of pMO-MCF;-16 (Fig. 3, nucleotides 1 to 2,354) and pMLV-1 (40;
nucleotides 5,368 to 7,805). (B) Comparison of nucleotide sequences of pMSV-1L (48; nucleotides 3,621 to 5,236)
and pMLV-1 (40; nucleotides 5,330 to 7,807). In this case, to optimize the alignment, the 193-bp deletion of Mo-
MuLV (deletion V in pMSV-1L; 48) was removed from the pMLV-1 sequence. Also, 712 bp of pMLV-1
sequence were removed arbitrarily from the middle of the substitution loop, permitting proper alignment of the
beginning and end of the substitution. The deleted regions were reinserted after alignment, and the aligned
sequences were renumbered appropriately.

The MCF env gene polyprotein is processed
more slowly and is accessible to surface label-
ing. The differences in the amino acid sequences
of the leader peptide of MCF and parental
ecotropic virus may contribute towards the slow
processing of the env gene polyprotein. It is,
however, formally possible that the amino acid
changes in the carboxyl terminus of the pol gene
(10 of 49 amino acids) may have some role to
play in the leukemogenesis by Mo-MCF viruses.

One of the salient features of the MCF viruses
appears to be the different extent of substitution
in different MCF viruses (28). However, all
MCEF viruses generally appear to have substitu-

tions in the amino-terminal half of the env gene.
On the basis of oligonucleotide fingerprinting
data, it has been suggested that, in AKR MCF
viruses, differences in the carboxyl terminus of
p15E and the 3’ LTR may be responsible for the
enhanced leukemogenic potential (28). The anal-
ysis of the Mo-MCF env gene reported here
shows that the deduced amino acid sequence of
the Mo-MCF pi5E is identical to the parental
Mo-MuLV p15E polypeptide. The only differ-
ence in the sequence of Mo-MCF and Mo-
MuLV DNA prior to the 3’ LTR is the presence
of an additional A residue in the region immedi-
ately preceding the LTR. This is the region
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FIG. 5. Comparison of Mo-MCF and Mo-MuLV env gene products. The predicted amino acid sequences of
the env gene products from pMo-MCF;-16 and pMLV-1 were compared, using the ALIGN program. With the

exception of cysteines (scored as 2), all identities were scored as 1 (i.e., unitary matrix), and the penalty for

introduction of a gap was set at 3 (11). The N-terminus of the mature gp70 of Mo-MuLV (Oroszlan et al., personal
communication) is shown (arrow), as are possible glycosylation sites (open boxes) of the two gp70s. The
numbering, set by computer after the introduction of gaps to optimize the fit, refers to the total aligned sequence

and does not necessarily indicate the amino acid number in either sequence. SEQ A, Mo-MCF env gene product;

SEQ B, Mo-MuLYV env gene product.

d spontaneous tumors of

1CE€ an

adenylate addition signals (17, 46). It should be

| DNA. It will be interesting to determine mors of AKR m
whether the additional A residue is also found in BALB/Mo mice. Unlike the tumors in BALB/

difference in the synthesis of double-stranded fundamental difference between spontaneous tu-
viral

DNA may initiate and conceivably could make a pointed out, however, that there seems to be a

where the synthesis of the plus strand of viral

AKR mice show

mn

lates. The two single base Mo mice (25, 49), the tumors

1SO

other MCF

changes in the 3’ LTR of Mo-MCF compared no amplification of the ecotropic parental DNA

with the 5' LTR of BALB/Mo-MuLV DNA do (5, 34, 55).

The precise origin and role of MCF viruses in
tumorigenesis remain elusive. The endogenous

not appear to affect the control elements, such
as the ““TATA-like”’ box, ‘““CAT”’ box, or poly-
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nonecotropic virus-like sequences that presum-
ably participate in the formation of the recombi-
nant MCF env gene have not yet been identified.
The consistent association of MCF sequences in
MuLV-induced tumors suggests that this specif-
ic substitution of endogenous sequences is an
important, and perhaps an obligatory, step in the
onset of the disease. The MCF viruses are not
always oncogenic (38), which indicates that
mere acquisition of recombinant sequences is
not sufficient for tumorigenesis. Other features,
such as the growth of the recombinant virus in
the target tissue, may also play an important role
in the process of leukemogenesis. In light of the
promoter insertion model of avian leukosis vi-
rus-induced leukemogenesis (31, 33), it can be
argued that the MCF viruses induce the disease
in a similar fashion by integrating in the vicinity
of a cellular onc gene. Sustained efforts to
demonstrate MCF-induced promotion of cellular
genes have not been successful. It is our current
working hypothesis that the formation of MCF
recombinants is the first step in the onset of the
disease. The actual neoplasia may be caused by
other events involving chromosomal aberrations
(26).
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