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The mink cell focus-forming (MCF) class of recombinant murine leukemia viruses (CI-1 to 4) were
isolated from iododeoxyuridine-induced C3H/MCA 5 cells in culture and molecularly cloned. These
genomes included infectious (CI-3) and defective (CI-4) recombinants. A total of 2,408 nucleotides of CI-3
virus DNA, including the MCF envelope gene, were sequenced and compared with ecotropic, dual-tropic,
and xenotropic sequences. The extent of recombinational exchange in CI-3 was from 145 nucleotides 3' of
the splice acceptor site for the envelope mRNA to nucleotide 1,722, between the end of gp7O and the
beginning of Prpl5E. Thus, the entire gp7O sequence of the endogenous nonecotropic parent was present in
this recombinant. The nature and location of the recombinant junctions were consistent with a mechanism
involving DNA exchange during reverse transcription. Comparison of the substituted sequence in CI-3 with
that of Moloney MCF virus suggests a very close relationship, if not identity, between the endogenous dual-
tropic proviruses from which they were derived. A nonidentity of xenotropic and MCF gp70s was observed,
suggesting that xenotropic murine leukemia viruses are not the nonecotropic parent of the env gene of MCF
murine leukemia viruses. The replication-defective virus CI-4 had a 684-nucleotide deletion present in the
env gene, eliminating the hydrophobic regions within the gp7O carboxy end and the pl5E amino end. This
sequence was bordered by an 11-nucleotide direct repeat in CI-3 viral DNA.

Mink cell focus-forming murine leukemia viruses (MCF-
MuLVs) are recombinants between ecotropic and endoge-
nous xenotropic related MuLV (2, 4, 8, 31) sequences. The
recombination occurs in vivo during the preleukemic period
in high-leukemic strains of mice (31) and affects the envelope
gene (2, 4, 8, 19) as well as the long terminal repeat (LTR) of
the ecotropic parent virus (13, 38). The envelope gene
substitution introduces a gp7O with a new receptor binding
site (28) which, perhaps together with new LTR sequences
(13, 38), alters the viral host range in vitro from eco- to
amphotropic and might also affect its tissue tropism in vivo
(7). Some MCF viruses accelerate leukemia development
upon intrathymic inoculation into young mice of their strain
of origin. The resulting tumors are monoclonal (11) and
contain MCF provirus(es) integrated in specific chromo-
somal regions (40). It therefore appears likely that the final
step in transformation by MCF-MuLV involves insertional
mutagenesis in specific target cells, such that a resident
oncogene is activated.
We have reported previously the isolation and molecular

cloning (27) of MCF-MuLV from cultures of iododeoxyuri-
dine-induced C3H/1OT1/2 cells. One of the molecular clones,
CI-3, induced anchorage-independent growth of epithelial
mink lung cells in vitro (27). This latter activity required the
presence of nontransforming helper MuLV and epidermal
growth factor (27). Unintegrated DNA intermediates present
in cultures of in vitro-transformed epithelial mink lung cells
were also the source of the molecular clone CI-4, a variant
form of CI-3 virus, which contained a deletion in the pl5E
region of the envelope gene as does spleen focus-forming
virus (SFFV) (17).
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The altered env gene products of MCF-MuLVs have been
implicated as determinants of pathogenicity for both thy-
moma-inducing (9, 32) and erythroleukemia-inducing iso-
lates (17). Proposed mechanisms include (i) a mitogenic
activity of these envelope gene products mediated through
their binding to specific immune receptors (22), or as a
consequence of their cross-reactivity with normal tissue-
specific growth factor receptors (26); (ii) lack of superinfec-
tion interference in sensitive target cells due to sluggish
processing of the gp7O precursor (Prgp85), which ultimately
leads to the accumulation of proviral DNA available for
integration into sensitive sites (28, 37); or (iii) growth stimu-
lation of infected immune cells by the host's immune re-
sponse to viral envelope antigens present on their cell
surface (15).
The viral envelope gene codes for two membrane proteins,

gp7O and pl5E, which are proteolytically cleaved from a
glycosylated precursor (Prgp85) (10). Whereas both ecotro-
pic MuLV envelope gene products have been obtained and
partially sequenced (23), little information is available for
MCF viral envelope proteins. To determine the exact nature
of the in vitro-acquired env sequences in CI-3 and to more
precisely define the extent of recombinational exchange in
CI-3 as well as the deletion in CI-4, we have determined the
envelope gene sequence from CI-3 and CI-4 and compared it
with that of ecotropic AKR-MuLV (16). The MCF-specific
substitution present in CI-3 was also compared with that of
Moloney-MCF (Mo-MCF) (1), a pathogenic recombinant
MuLV derived from a BALB/Mo mouse.

MATERIALS AND METHODS

Plasmid DNA preparation. The isolation, molecular clon-
ing, and subcloning in pBR322 of the MCF-MuLV genomes
pCI-2, pCI-3, and pCI-4 from in vitro-transformed epithelial
mink lung cells (Mv-lLu) have been previously described
(27). Plasmid DNAs, prepared by the procedure of Clewell
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FIG. 1. Partial restriction endonuclease maps of the pCI and AKV DNA clones. The proviruses are oriented such that the 5' ends are at
the left and the 3' ends are at the right. Large boxes or partial open boxes represent LTR sequences. Clone pCI-4 contains a deletion in its env
gene shown by the gap in the horizontal line. The MCF-MuLV-cloned genomes pCI-2 and pCI-3 differ in restriction endonuclease sites from
those of an ecotropic AKV (pAKR59) genome as indicated by the boxed area between the respective line drawings. The restriction enzymes
shown are written in their entirety except EcoRV is abbreviated as Rv.

and Helinski (5), were purified by two successive cesium
chloride isopycnic centrifugations. After treatment with pro-
teinase K (Beckman) at 100 ,ug/ml for 60 min at 37°C, the
DNAs were phenol extracted and concentrated by ethanol
precipitation.
DNA sequence determination and analysis. DNA (-10 tLg)

to be sequenced was digested with the appropriate restric-
tion endonuclease (New England Biolabs or Bethesda Re-
search Laboratories) under conditions recommended by the
manufacturer. To expose the 5'-phosphates of the StuI- and
SmaI-cleaved DNAs, their 3' ends were resected by incuba-
tion at 37°C for 30 min with 0.15 U of Exolll nuclease (Miles
Laboratories) in 0.05 M Tris-hydrochloride (pH 8.1)-0.005
M MgCI2-0.01 M 2-mercaptoethanol. Bacteriophage T4
polynucleotide kinase (Bethesda Research Laboratories)
and [_y-32PIATP (>5,000 Ci/mmol; Amersham Corp.) were
used to label fragments with extended 5' ends, subsequent to
their dephosphorylation with bacterial alkaline phosphatase
(Bethesda Research Laboratories), as described by Maxam
and Gilbert (21). Terminal deoxynucleotide transferase
(Boehringer Mannheim) and [a-32P]ATP (3,000 Ci/mmol;
Amersham Corp.) were used to label fragments with extend-
ed 3' ends (21). DNA fragments containing uniquely labeled
ends were isolated from Seaplaque (Seakem) agarose gels
(6). The chemical modification method of DNA sequencing
described by Maxam and Gilbert (21) was used except the
guanine-plus-adenine reaction was carried out by incubation
at 20°C for 8 min in 62.5% formic acid and then stopped with
HZ stop buffer (21). Products were separated in 8 or 20%
polyacrylamide-8 M urea sequencing gels, 0.4 mm thick,
and visualized by autoradiography, using Kodak XAR-5 film
at -70°C. DNA sequences were compiled and analyzed for
protein sequence by the program of Queen and Korn (25).

RESULTS

Localization of the recombinant env gene sequences. Re-
striction maps of the viral genomes used for DNA sequenc-
ing are shown in Fig. 1 compared with that of AKV clone
pAKR59, a subclone of AKR-623 (18), whose ecotropic env
sequence has been determined by Lenz et al. (16). This
comparison, as well as previous heteroduplex analyses (27),
suggests that the recombinational borders were in the vicini-
ty of the BamHI site at 6.1 kilobases and the Sacl site at 7.4
kilobases. Although apparently complete viral genomes had
been cloned (pCI-2 and pCI-3), only pCI-3 DNA produced
infectious virus upon transfection of NIH 3T3 cells (27).
Thus, this DNA was chosen as the subject of nucleotide
sequence analysis.
DNA sequence analysis. All DNA sequences were deter-

mined by the method of Maxam and Gilbert (21). The
strategy used to obtain the nucleotide sequence of the
recombinant env gene of clone pCI-3 DNA is shown in Fig.
2. The sequence of 2,408 nucleotides, generated by this
approach, contained 473 nucleotides of the 3' end of the pol
gene, an open reading frame of 1,917 nucleotides, represent-
ing the entire env gene, and sequences which stretch 39
bases into the U3 region of the LTR (Fig. 3). To determine
the location of the recombinant junctions, this sequence was
compared with corresponding sequences obtained by Lenz
et al. (16) for AKR-MuLV. Although these authors do not
present extensive sequence information 5' of the ecotropic
env gene, a comparison (Fig. 4A) suggests that the 5' end of
the recombinant env gene in pCI-3 DNA lies just upstream
from the BamHI site located at nucleotides 349 to 354. A
recently obtained sequence of this region in MCF-247 (Nan-
cy Hopkins, personal communication) compared with pCI-3
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FIG. 2. Strategy for sequencing cloned pCI-3 DNA. Arrows show the direction of sequencing from a uniquely labeled end, indicated by a

horizontal line. Boundaries of the polymerase and envelope genes and LTR sequences were determined from the sequence. Nucleotide
numbering was derived from the sequence presented in Fig. 3.

reveals extensive base pair mismatch 5' from this site,
consistent with the interpretation that these sequences are

endogenous MCF parental in MCF-247 and ecotropic paren-
tal in pCI-3. Thus, the substitution began in the carboxy
terminus of the pol gene, approximately 130 nucleotides
before the initiator AUG of the pCI-3 ens' gene and 140 to 150
nucleotides after the ens' splice acceptor sequence (nucleo-
tides 126 to 135; Fig. 3). The same region was reported by
Bosselman et al. (1) to be the beginning of a Mo-MCF
recombinant env gene.
The 3' limit of the pCI-3 env, gene substitution appears to

be 14 nucleotides before the amino terminus of plSE (Fig.
4B). Comparison of the ecotropic pAKR59 sequences with
those of pCI-3 DNA show extensive mismatch until position
1,722 in CI-3, after which there are only six base changes in
the remaining 687 nucleotides sequenced. In addition to base
pair substitutions, pCI-3 DNA contains a three-nucleotide
insertion at the 3' junction between MCF and ecotropic
sequences. The noninfectious pCI-2 DNA also contains an

insertion at the same location; however, significantly more

nucleotides are involved. A translation frameshift would
occur as a consequence of the pCI-2 DNA sequence, result-
ing in the termination of polypeptide synthesis five codons
into the pl5E coding region. This would account for the
noninfectious nature of the pCI-2 genome.

Thus, the extent of recombinant sequences in pCI-3 DNA
spans 1,400+ nucleotides from a position near nucleotide
300 to position 1,722, encompassing the entire gp7O portion
of the env gene. The discrepancy between this finding and
heteroduplex observations which underestimated the size of
the substitution is largely the result of the presence of a

guanine plus cytosine-rich region followed by highly con-
served ecotropically related sequences (84% nucleotide ho-
mology) from nucleotide 1,262 to the 3' recombinant junc-
tion (those sequences defined as "Eco" in Fig. 5 and 7).

Prior electron microscopic analysis of pCI-3 DNA du-
plexed with AKV DNA had revealed two major regions of
nonhomology separated by approximately 130 nucleotides of
partial homology (27). These conserved sequences were

found, as predicted, more than 1,600 nucleotides 5' of the
terminal PstI site (Fig. 4C and 5). The homology of this

region degenerates toward its central core. An identical
region of partial homology is also found in the Moloney (35)
and Friend (3, 14) ecotropic envelope genes, as well as in
NFS-Th-1, a xenotropic virus (30).
The nucleotide sequence of Prpl5E pCI-3 reveals only a

1% divergence from the AKR-MuLV ecotropic sequence (a
difference of 6 of 600 nucleotides) and a change in two amino
acids (Fig. 7). Missing in the pCI-3 DNA sequence are the
six base insertions and five base substitutions described as

unique to the leukemogenic MCF-247 Prpl5E coding region,
as well as the nucleotide changes responsible for the genera-

tion of the "MCF-specific" Ti oligonucleotide 101 (13). Of
the 73 nucleotides sequenced beyond the Prpl5E termina-
tion codon, including the plus-strand initiation region and the
proximal U3 LTR region, the homology is 100 and 93% with
respect to AKV and MCF-247, respectively. Thus, pCI-3
does not contain the additional sequences of MCF-247
obtained from some as yet to be defined nonecotropic
parent.

Predicted amino acid sequence. The nucleotide sequence of
pCI-3 predicts the env gene product to be 640 amino acids
long (Fig. 7). This is 29 amino acids shorter than the
sequence predicted for the ecotropic env gene of AKV (16)
and 1 amino acid longer than that predicted for the Mo-MCF
env, gene (35). The first AUG codon (nucleotides 413 to 415;
Fig. 3) is found 279 nucleotides downstream from the
putative env gene splice acceptor sequence (nucleotides 126
to 135). It is this methionine which initiates the only long
open reading frame dictated by the DNA sequence. The 30-
amino acid signal peptide, cleaved from the N terminus of
the primary gene product, is 1 amino acid shorter than the
equivalent ecotropic peptide and exhibits only a 50% homol-
ogy with the latter sequence. The location of this and other
post-translational processing sites which define the amino
and carboxy termini of the env gene proteins has been
deduced by comparison with the known amino acid se-

quences of Mo-MuLV (35), Rauscher MuLV (23, 33), and
Friend MuLV (14, 23).
The MCF-gp7O domain contains six canonical sequences,

Asn-X-Thr or Asn-X-Ser (20), which can serve as sites of N-
glycosylation (underlined in Fig. 7; CHO in Fig. 5). An
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FIG. 3. Nucleotide sequence and deduced amino acid sequence determined for the pCI-3 eni' gene. Number at the right of each line refer
to the number of nucleotides from the beginning of the presented sequence. Lowercase letters above the sequence show the predicted amino
acid sequence. Also indicated are the location of: the env gene splice acceptor site (splice acc.); the presumed 5' recombinant junction
(overlined); post-translational cleavage sites; potential glycosylation sites (shaded boxes); the presumed 3' recombinant junction (MCF
<- -> Eco); and the 11-base pair direct repeats which define the deleted regions of pC-4 (underlined).

additional site of possible N-glycosylation is located in the
pl5E sequence (amino acids 574 to 576). This site does not
seem to be glycosylated, since plSE cannot be labeled with
radioactive glucosamine (24). Five of the six potential N-
glycosylation sites are shared with the presumptive ecotro-
pic AKV-MuLV (16) parent (Fig. 5) as well as Friend MuLV

(14, 23) and ecotropic Mo-MuLV (35) env gene sequences.
Conservation of additional ecotropic gp7O polypeptide fea-
tures are evident from the deduced MCF gp7O protein
sequence (Fig. 5) and will be referred to as "Eco"-like. The
overall amino acid homology to AKR of this Eco-like
domain is 87%. This is in contrast to the amino-terminal
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FIG. 5. Schematic comparisons of the MCF envelope sequence of pCl-3 and the ecotropic envelope sequence of AKV. Amino acid
sequences were aligned so as to maximize structural similarities. Post-translational cleavage sites are shown as vertical dashed lines;
characteristics within inserted regions are within parentheses; and ecotropic-like sequences are designated "Eco." Restriction endonuclease
sites are shown (RI, EcoRI; RV, EcoRV), as are the location of glycosylation sites (CHO), proline residues, and extensive hydrophobic
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Below are interpretive drawings of the two forms of pCI-3/ARV heteroduplexed DNA seen previously (27). Cont,our lengths (in kilobases)
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1, 1.28 0.07.

portion, which exhibits only small sequence homologies with
its ecotropic relatives. Adjacent to the Eco-like carboxy-
terminal half of the MCF gp7O, the position of apolar
stretches and proline and cysteine (not shown) residues are
conserved. These latter features may be dictated by structur-
al requirements intrinsic to env glycoproteins (16). The
Prp15E portion of the pCI-3 DNA was not substantially
altered (197 identities of 199 amino acids) compared with the
AKV-MuLV sequence (Fig. 7). Unlike MCF-247, where
recombination altered the carboxy terminus to -Ser-Ile-Asp-
Pro-Glu-Glu-Val-Glu-Ser-Arg-Glu-COOH, pCI-3 contained
a two-amino acid-shortened sequence (-Thr-Ile-Gly-Asp-
Cys-Lys-Ser-Arg-Glu-COOH) which differs from that of
AKV (16) only by a Glu->Gly alteration (Fig. 7).

Location of the SFFV-like deletion in the defective MCF
virus genome represented by clone pCI-4. One of the MCF
virus genomes (CI-4) cloned from the Hirt DNA of an in
vitro-transformed mink epithelial lung cell culture was defec-
tive for replication (27). It was found to contain a deletion

judged by DNA heteroduplexing to be coincident with the
env gene deletion in Friend SFFV genomes (34). The identity
of restriction enzyme sites between pCI-4 DNA and pCI-3
DNA suggested that the deletion in the former genome may
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CAAGAGTGCTGGTTGTGTCTGGTAGCGGG CCCCCCTACT

CAAGAGTGCTGGTTGTGTC TGGTA-CGGG TAGCATGGCC

11111111 111 1111111 II
TATGCCGACCACACAGGAT TGGTA-CGGG TAGCATGGCC

2030 2050

pCI 3

pCI4

pCI3

FIG. 6. Location of the deletion within the env gene of clone
pCI-4. DNA sequences of pCI-3, numbered as in Fig. 3, are
compared with those obtained from clone pCI-4. Vertical lines
represent homologous nucleotides. The direct repeat is enclosed in a
box.
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MET GLU GLY PRO ALA PHE SER

r NH2 gp7O
ILE ASN PRO TRP GLY PRO LEU ILE ILE LEU GLY ILE LEU ILE ARG ALA GLY VAL SER VAL GLN HIS ASP SER

50

ASN LEU MET THR GLY GLN THR ALA ASN THR SER

LEU YLGLY ASP ASP TRP ASP GLU THR GLY LEU GLY

PRO GLY HIS THR VAL PRO THR GLY CYS GLY

THR GLY GLN ALA TYR TRP LYS PRO SER SER SER TRP ASP LEU ILE SER

ASP SER SER ALA VAL SER SER ILE LYS GLY ALA

200
LYS ALA SER TRP ASP GLY PRO LYS VAL TRP GLY LEU

GLN VAL LEU ASN ILE GLY PRO ARG VAL ILE GLY

LEU PRO ARG PRO PRO GLN PRO PRO PRO PRO GLY ALA

ARG LEU LEU ASN LEU VAL A GLY ALA TYR ALA

-ECO

GLY PRO PRO TYR TYR GLU GLY VAL ALA VAL LEU GLY

r;350
LYS LEU THR LEU SER VAALAGLY ARGLY LEU

THR SER ASP GLY SER TYR HIS LEU ALA ALA PRO ALA

LEU ASP LEU THR THR ASP TYR CYS VAL LEU VAL GLU

MCF T ECO r pl5E NH2

LYS LYS LYS THR LYS TYR LYS ARG GLU PRO VAL SER

VAL GLY THR GLY THR THR ALA LEU VAL ALA THR GLN

500

SER ILE THR ASN LEU GLU LYS SER LEU THR SER LEU

GLY GLY LEU CYS ALA ALA LEU LYS GLU GLU CYS CYS

ARG LEU SER GLN ARG GLN LYS LEU PHE GLU SER GLN

THR PRO GLY GLY

ARG LEU TYR ARG

PRO ASN PRO VAL

ALA SER ILE VAL

CHO

LEU ASN LEU THR

CHO

THR TYR SER ASN

MO-MCF

CYS ILE ALA ALA

GLY THR

LEU TRP

LEU THR

IGLN PHE

SER GLU

i PHE

GLN

SER THR ILE MET GLY PRO LEU ILE ILE LEU LEU LEU ILE

ILE TRP i

PRO LYS

LEU ALA

GLN GLN

VAL VAL

TYR ALA ASP

GLY TRP PHE

LEU LEU PHE

p15E COOH -

ARG ILE SER VAL VAL GLN ALA LEU VAL LEU THR GLN GLN TYR HIS GLN LEU

LEU LEU (

CYS ARG

GLY

THR

GLY PRO ARG GLU GLY

150
LEU LYS ARG GLY ASN

ARG CYS ASN PRO LEU

SER THR GLY T ASP

ILE THR ASP GLN LEU

PRO GLU THR ALA PRO

300
SER PRO ASP LYS THR

HIS THR SER ALA PRO

PHE PRO LYS THR HIS

ALA CYS

VAL THR

450

ASN THR

TYR HIS

GLY

SER

LEU LEU LEU GLY GLY LEU THR

LEU GLN ALA ALA MET HIS ASP

LEU GLN ASN ARG ARG GLY LEU

ER3 5
HIS THR GLY LEU VAL ARG ASP

GLU GLY LEU PHE ASN LYS SER

600
GLY PRO T ILE LEU ASN ARG

THR MET THR

PRO GLY GLY

TYR CYS GLY

THR PRO ARG

VAL LEU GLU

PRO VAL THR

PRO PRO SER

PRO SER GLN

GLN GLU CYS

CHO

LYS PRO LEU LYS ASP LYS

CHO

PRO HIS GLN

ASP ALA PHE

100
ARG LYS ARG

LYS TRP GLY

ASN GLN GLY

PHE THR ASP

ARG PHE SER

250
ARG PRO VAL

GLN LEU GLY

TRP LEU CYS

VAL PHE ASN

PRO LYS LEU

ALA ARG THR

CYS GLU THR

PRO CYS TYR

ALA GLY LYS

LEU THR ARG

GLN ILE MET

THR GLY ASP

LEU VAL ALA

ALA ASN CYS SER VAL ALA SER GLN

CHO

GLN ALA LEU CYS ASN THR THR GLN

400
LEU THR PRO CYS LEU SER THR THR

PRO SER TYR VAL TYR GLY GLN PHE

MET GLY (

ASP LEU

ASP LEU

SER MET

PRO TRP

iLEU VAL

LYS THR ILE [GLY ASP CYS LYS SER

GLY ILE ALA ALA

LYS GLU VAL GLU

LEU PHE LEU LYS

550
ALA LYS LEU ARG

PHE THR THR LEU

GLN PHE ILE LYS

640
ARG GLU ***

HIS

LYS

VAL

GLU

GLY

LYS

GLU

GLU

ILE

ASP

FIG. 7. Comparison of the predicted amino acid sequence of the pCI-3, Mo-MCF, and AKV ecotropic enm' gens. Numbering begins with
the methionine initiation codon of the envelope leader sequence. The post-translational cleavage sites which generate the mature gp7O amino
terminus and the p15 amino and carboxy termini are indicated with arrows, as are the beginning of the recombinant ecotropic-like sequences
("Eco"), the beginning and end of the sequence deleted in clone pCI-4 (boxed DEL), and the locations of the envelope 3' recombinant
junctions of Mo-MCF (1) and clone pCI-3 shown here (MCF <- -> Eco). Sequence differences within the MCF protion of the pCI-3 env, gene
relative to Mo-MCF are shown in shaded boxes. Differences within the ecotropic plSE sequences relative to AKV are shown in open boxes.
Potential glycosylation sites are underlined and contain the abbreviation CHO above.

J. VIROL.

VAL THR TRP

TYR PHE ASP

PHE ASP PHE

ARG VAL THR

LEU CYS ASP

TYR VAL CYS

I

-11- --- --l. --.. -11- --..



IN VITRO GENERATION OF MCF-MuLVs 537

have been due to an event subsequent to the env gene
recombination analyzed in the pCI-3 DNA clone. The
EcoRV site (nucleotides 2,158 to 2,163; Fig. 3) present in the
carboxy half of Prp15E was utilized to obtain the nucleotide
sequence upstream from this site in pCI-4 DNA. The dele-
tion found in pCI-4, calculated to be 684 nucleotides long,
was presumably bordered by a nearly perfect direct repeat
(10 of 11 nucleotides) seen in the pCI-3 sequence (Fig. 3).
The sequence comparison suggests that the actual crossover
event occurred between the repeated TGGTA sequences
(Fig. 6). Translation of the pCI-4 env gene is not prematurely
terminated by the deletion since the reading frame re-entered
was that coding for p1SE. The mutated protein thus formed
is 408 amino acids long, lacking three of the six env gene
glycosylation sites and the extensive hydrophobic domains
which flank the gp70/pl5E cleavage site. Since this deletion
presumably occurred by homologous recombination be-
tween directly repeated sequences, it should be noted that a
search of the ecotropic gp70 sequence did not reveal the
TGGTA-GCGGGA sequence or other extensive directly
repeated regions. We infer, therefore, that a nonecotropic
gp70 is a prerequisite of the deletion mutant.

Wolff et al. (39) have recently located the large deletion
present in the env gene of the polycythemia-inducing form of
SFFV. The proposed termini of this deletion are within 60
nucleotides of those described above for pCI-4 DNA. Align-
ment of the analogous sequences in pCI-3 DNA reveals that
smaller, less perfect direct repeats (six of eight nucleotides)
flank the coding region deleted from SFFV.

DISCUSSION
We have described here the envelope gene sequences of

two in vitro-generated MCF-MuLVs. Comparison on these
sequences with those of ecotropic AKR-, Mo-, and Friend
MuLV as well as with Mo-MCF revealed several important
features. (i) The extent of recombinational exchange in CI-3
is from 145 nucleotides 3' of the splice acceptor site for the
envelope mRNA to nucleotide 1,722, between the end of
gp7O and the beginning of Prp15E. No evidence for addition-
al recombinational alteration was obtained. (ii) The env gene
substitution in CI-3 was virtually identical in sequence (18
changes out of 1,158 nucleotides) to that present in Mo-
MCF. The major difference was the location of the 3'
MCF/ecotropic junction (see below). (iii) Comparison of the
deduced amino acid sequence of the CI-3 MCF gp7O with
that of ecotropic gp70s (either AKV shown in Fig. 5 or Mo
and Friend) reveals extensive conservation of the primary
sequence (ecotropic-like carboxy half of the molecule) as
well as a centrally located polyproline domain which may
confer a flexible a-helical conformation to this region (3).
Two regions of substantive differences are found on either
side of the region of partial homology (see Fig. 5). The CI-3
MCF gp7O sequence contains an additional glycosylation site
and an insertion relative to the ecotropic gp70 sequence.
Relative to the MCF sequences in CI-3, the ecotropic gp7O
contains a polyproline-rich insertion upstream of the partial
homology region and an additional glycosylation site down-
stream. The similarities seen throughout the remainder of
the envelope gene suggest that either or both of these two
variable regions may encode the receptor specificity and
consequently the host range of these viruses. Recently,
Repaske et al. (30) reported the sequence of the env gene
amino terminus from an infectious xenotropic MuLV (NFS-
Th-1). The predicted amino acid sequence was 87% homolo-
gous to that of CI-3, with the major differences residing in

the 25 to 30 amino acids on either side of the region of partial
homology. These changes may interfere with the penetration
of mouse cells by xenotropic MuLVs. The nonidentity of
xenotropic and MCF gp70s also suggests that xenotropic
MuLVs are not the nonecotropic parent of the env gene of
MCF-MuLVs. (iv) the deletion present in the replication-
defective CI-4 virus is bordered by an 11-nucleotide direct
repeat in CI-3 viral DNA and may therefore be the result of
either slippage during reverse transcription or homologous
recombination within or between CI-3-like DNA proviruses.
On the basis of restriction endonuclease maps, different

AKV-MCF viruses exhibit variation in the extent of the
envelope gene substitution (2). In CI-3 the limit of the
substitution was located at its 3' end to 14 nucleotides before
the amino terminus of Prpl5E. The 5' border was more
difficult to pinpoint and probably was between 100 to 130
nucleotides upstream from the AUG of Prgp85. Our previous
measurements of the gp7O substitution in CI-3, as derived
from DNA heteroduplexing studies, were shorter at the 3'
end, presumably due to the fact that the carboxy-terminal
half of this region contains DNA sequences which are
guanine plus cytosine rich (the conserved proline-rich do-
main) and hybridized to ecotropic AKV viral DNA in spite
of only a 53% homology. Thus, it appears that the entire
gp7O in CI-3 was derived from an endogenous dual-tropic
provirus and the recombinational exchange was initiated and
terminated within conserved sequences showing consider-
able (>90% at the 5' border) or at least notable (-80% at the
3' border) homology between endogenous and exogenous
envelope genes. The sequence of the Prpl5E portion of the
env gene was probably derived from the ecotropic parent
and was not part of the endogenous dual-tropic provirus
(only six base changes out of 600 nucleotides were ob-
served). The MCF substitution in Mo-MCF showed a similar
location of its 5' border but did not extend to the carboxy
terminus of gp70; instead it terminated at nucleotide 1,480 of
the pCI-3 sequence.
Comparison of the substituted sequence in CI-3 with that

of Mo-MCF suggests a very close relationship if not identity
between the endogenous dual-tropic proviruses fromwhich
they were derived. Thus, it appears that one specific provi-
rus out of a large number of endogenous nonecotropic
MuLVs is used for the formation of a recombinant MCF-
MuLV, independent of whether the recombination occurs in
lymphoid tissue in vivo or in fibroblast cells in vitro, or even
in different mouse strains (C3H/He versus BALB/Mo). This
apparent selectivity may indicate that there is only one very
homogeneous family of endogenous MuLV that can provide
a dual-tropic host range. Alternately, these endogenous env
genes may be heterogeneous, and only one can endow the
recombinant MCF-MuLV with the cell tropism selected in
vivo or in vitro. The cose relatedness of MCF gp7O se-
quences in different MCF-MuLVs is consistent with the
finding that several independent isolates of MCF-MuLV
appear to utilize the same cell surface receptor for infection
(29).
Mechanism of envelope gene substitution. Two major mech-

anisms for the formation of MCF-MuLVs may be envisaged;
one involes recombination between unintegrated DNA inter-
mediates representing an exogenous viral genome and an
endogenous dual-tropic proviral sequence. Alternatively,
the recombination event may proceed through the formation
of H structures during reverse transcription of heterozygous
genomic RNAs (12). We feel that this displacement-assimila-
tion mechanism is consistent with the envelope sequences of
the pCI-2 and pCI-3 DNAs (shown here) and their compari-

VOL. 49, 1984



538 MARK AND RAPP

son to the Mo-MCF envelope sequences (1). Mechanistical-
ly, the initial step requires formation, between replicating
genomes, of a single-stranded DNA branch (anchored by
homologous sequences) as a consequence of plus-strand
DNA displacement. This predicts that there are multiple
plus-strand initiation sites during reverse transcription, and
gaps occur between these sites. The largest heteroduplexed
(i.e., recombinant) region would be dictated in part by the
distance between plus-strand DNA initiation sites. In accor-
dance with this model, the 5' recombinant junction of the CI-
3 and Mo-MCF genomes represents similar or identical DNA
plus-strand initiation sites upon the dual-tropic genome. The
3' recombinant junction would be within a region of partial
homology which preceded a site of DNA plus-strand initia-
tion. There is a paucity of information concerning DNA plus-
strand initiation sites. The one site which has been described
is preceded by a polypurine sequence (36). The 3' recombi-
nant junctions of the CI-2 and CI-3 genomes are preceded by
purine stretches of 17 and 14 nucleotides, respectively.
These junctions, as well as the Mo-MCF/Mo-MuLV 3'
junction, show a clustering of base changes, relative to the
CI-3 MCF sequences, which may be the consequence of
resolution of closely related but nonidentical sequences
following recombinant strand assimilation. Utilizing a proce-
dure which we have shown generates MCF recombinants in
vitro (27), we are now in a position to test in vitro some of
the predictions of this and other recombination models.
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