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The sequence relationships betwen AKR ecotropic virus and an AKR-derived
"mink cell focus-inducing" (MCF) isolate (AKR MCF 247), between Moloney
murine leukemia virus (M-MLV) and an M-MLV MCF isolate (M-MLV83), and
between AKR and M-MLV were studied by electron microscopic heteroduplex
analysis. The MCF-specific sequences were found to map from 1.95 kilobases (kb)
to 2.75 kb (± 0.15 kb) from the 3' end of the RNAs for both MCF isolates. The
major sequence nonhomology regions between AKR and M-MLV lie between 0.9
and 3.5 kb from the 3' end. However, the AKR and M-MLV sequences immedi-
ately adjacent to the 1.95- and 2.75-kb junctions with MCF-specific sequences are
relatively similar in AKR and M-MLV. Our results suggest that the env gene of
MLVs maps from 1 kb to 3 kb from the 3' end of the genomic RNA and that the
carboxyl end of the glycoprotein of each MCF strain is similar (or identical) to
that of its ecotropic parent.

Recently, a novel class of murine leukemia
virus (MLV) associated with the development of
spontaneous lymphomas has been described
(10). These viruses were detected in the thy-
muses of leukemic and late preleukemic AKR
mice, preleukemic C58 mice, and in the lympho-
mas developing in NIH Swiss mice carrying the
AKR ecotropic virus-inducing loci AKV-1 or
AKV-2 (10). The viruses induce focal areas of
morphological alteration in a mink lung fibro-
blast cell line and hence are referred to as "mink
cell focus-inducing" (MCF) strains (10). They
have the dual host range of both xenotropic and
N-tropic ecotropic MLVs. Hartley et al. pro-
posed that MCF strains arise in vivo by recom-
bination and are recombinants between eco-
tropic AKR virus and endogenous. xenotropic
MLVs (10). Two types of biochemical experi-
ments support this notion. Tryptic peptide anal-
yses indicate that the envelope glycoprotein,
gp7O, of several AKR MCF isolates contains
peptides in common with both ecotropic and
xenotropic gp7O's, but the other virion proteins
of the MCF strains are indistinguishable from
those ofAKR virus (4). Furthermore, some pep-
tides which are specific for the gp7O's ofAKR or
xenotropic viruses are missing from the MCF
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gp7O's peptide analyses, suggesting that the
MCF gp7O's are not simply mixtures of AKR
and xenotropic gp7O's. Rommelaere et al. have
shown that 55 to 75% of the Ti-resistant oligo-
nucleotides of AKV-1 and AKV-2 RNAs are
present in the RNAs of several MCF virus
strains isolated from AKR mice or from NIH
Swiss mice carrying the AKV-inducing locus.
The majority of the oligonucleotides unique to
MCF viruses are clustered and lie in the 3' half
of the genome. Since the env gene is believed to
be located in the 3' half of the MLV genome, it
appears that the difference between genomes of
the AKV-1 and AKV-2 and the MCF RNAs lie
in the env gene (19).

Similarly, Shih et al. (21) have isolated a strain
of Moloney MLV (M-MLV83) which demon-
strates a broadened host range, allowing growth
on both mouse cells and cells permissive for
xenotropic viruses. Furthermore, upon growth
on mink lung fibroblasts it induces cytopathic
foci diagnostic of MCF virus. Fingerprint anal-
yses of the genomes of M-MLV83 and parental
M-MLV show a cluster of about seven large Ti
oligonucleotides unique to M-MLV83 and about
10 unique to M-MLV. These unique oligonucle-
otides were mapped between 2,000 and 4,000
nucleotides from the 3' end of the genome. All
these data suggest that, like AKR MCF, M-
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MLV83 is also a recombinant virus. The recom-
bination appears to occur in the env gene.
The HIX virus previously isolated by Fischin-

ger et al. (8) is similar to the MCF viruses in that
it appears to be a recombinant with both M-
MLV and xenotropic determinants in its env
protein.
To obtain further information about possible

regions for recombination, and about regions
possibly playing a role in the focus-forming prop-
erty of the MCF strains, we have studied the
sequence relations of two particular isolates,
AKR MCF 247 and M-MLV83, to the corre-
sponding AKR and M-MLV viral genomes, by
electron microscopic heteroduplex analysis. It
has been reported that M-MLV and AKR vi-
ruses have different envelope glycoproteins (5,
13). Therefore, we also studied the sequence
relationship between the AKR and M-MLV ge-
nomes.

MATERIALS AND METHODS

Viruses. A cloned isolate of M-MLV (clone 1 M-
MLV) was grown in NIH 3T3 cells, and virus was
harvested as described before (7).
AKR ecotropic virus was obtained from three dif-

ferent sources: (i) AKR ecotropic virus grown in fibro-
blasts from the Office of Program Resources and Lo-
gistics, National Cancer Institute; (ii) AKV-2 virus
grown in wild-type mouse embryo fibroblast cell line
(SC-1); and (iii) from S. Chattopadhya of the National
Institutes of Health. By heteroduplex analysis, the
RNAs obtained from these sources were indistinguish-
able. AKR virus obtained from the National Cancer
Institute was used for complementary DNA (cDNA)
synthesis.

SC-1 cells infected with AKR MCF 247 virus were
obtained from Fred Jensen of Scripps Clinic and Re-
search Foundation, La Jolla, Calif. Virus was har-
vested at 3-h intervals and purified as described (25).
M-MLV clone 83 (M-MLV83) was isolated by end-

point dilution cloning in Microtest II culture plates on
SC-1 cells from a stock of M-MLV originally obtained
from R. Bassin of the National Cancer Institute (23).
It was propagated on a mink lung fibroblast cell line.

Unlabeled deoxyribonucleoside triphosphates were
obtained from P-L Biochemicals, and [3H]dTTP was
obtained from Schwartz/Mann.

Preparation of RNA. The method used for pre-
paring 60S to 70S viral RNA from purified virions has
been described (6). RNA from peak fractions was
pooled and precipitated with 2.5 volumes of ethanol.
The precipitate was dissolved in 2.5 mM EDTA, pH
7, and heated to 80°C for 1 min. After adjusting the
NaCl concentration to 0.5 M, the solution was passed
through an oligodeoxythymidylic acid-cellulose col-
umn (T-3, Collaborative Research) to select polyade-
nylic acid [poly(A)]-containing molecules.

Synthesis of cDNA. Genome-length cDNA tran-
scripts were synthesized by use of purified virions of
AKR and M-MLV as described previously (25).

Briefly, the reaction mixture contained 50 mM Tris-
hydrochloride, pH 8.3, 10 mM dithiothreitol, 6 mM
magnesium acetate, 60 mM NaCl, 2 mM each ofdATP,
dCTP, dGTP, and [3H]dTTP (specific activity, 40
cpm/pmol). About 2 to 2.5 mg of purified virions was
used in 1.0-ml reaction mixtures. The virions were
lysed with 0.01% Nonidet P-40 and incubated for 8 to
18 h at 37°C. The nucleic acids were precipitated with
ethanol after extraction and deproteinization with
phenol and chloroform. Samples were analyzed by
velocity sedimentation on a 5 to 20% alkaline sucrose
gradient (0.3 M KOH, 0.7 M LiCl, 0.005 M EDTA, pH
12.4). Material sedimenting faster than form II poly-
oma DNA marker (18S) was collected, neutralized,
and used in the experiments described here. The
lengths of these molecules as determined by electron
microscopy were distributed approximately uniformly
between 6 and 10 kilobases (kb) (data not shown).

Hybridization. RNA:cDNA hybridization was car-
ried out as follows. A mixture of 1.5 ,ug of 35S RNA/ml
and 1 ptg of cDNA/ml in 80% formamide, 0.4 M NaCl,
0.01 M piperazine-N,N'-bis(2-ethanesulfonic acid), and
0.001 M EDTA, pH 6.3 was incubated at 50°C for 30
min. Samples were incubated with simian virus 40
(SV40)-polydeoxybromouridylic acid [poly(dBrU)] for
mapping the poly(A) ends of the RNA (2). [We now
use SV40-poly(dBrU) instead of SV40-polydeoxy-
thymidylic acid as a poly(A) label, because of the
greater stability of poly(dBrU):poly(A) duplexes.]
The solution was adjusted to a final concentration of
60% formamide for the AKR/AKR MCF 247 and M-
MLV/M-MLV83 heteroduplexes and to 60% urea-
formamide (16) for the AKR/M-MLV heteroduplexes
and was spread as described (3).
The circular SV40 molecules present in the reaction

also served as an internal length standard. Single-
stranded OX174 molecules (5.37 kb) and double-
stranded SV40 molecules (5.27 kb) were spread to-
gether in separate experiments to establish a double-
stranded to single-stranded length ratio for an equal
number of nucleotides of 1.32. The coordinates of
various sequence homology and nonhomology regions
were measured from the labeled 3' end of the RNA.
The length of SV40 molecules is taken as 1.76 Am.

RESULTS
Molecular lengths of RNAs from AKR, AKR

MCF 247, M-MLV, and M-MLV83 were mea-
sured by agarose gel electrophoresis in the pres-
ence of 5mM CH3HgOH as previously described
(1), except that the concentration of EDTA in
the electrophoresis buffer was reduced from 1
mM to 0.1 mM. Each viral RNA showed a single
band on the gel by ethidium bromide staining.
By using Sindbis viral RNA (13 kb), mouse 28S
rRNA (5.3 kb), 18S rRNA (2.06 kb), Escherichia
coli 23S rRNA (3.2 kb), and 16S rRNA (1.64 kb)
as markers, the molecular length of each of the
viral RNAs was measured as 9.7 + 0.5 kb (data
not shown).
AKR/AKR MCF 247 heteroduplex. A typ-

ical heteroduplex formed between AKR cDNA
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FIG. 1. (a) Linear heteroduplex molecule formed betweenAKR cDNA andAKR MCF247RNA; (b) circular

heteroduplex molecule formed between AKR cDNA andAKR MCF247RNA; (c) linear heteroduplex molecule

formed between M-MLV cDNA and M-ML V83 RNA. A circular SV40-dBrU molecule is attached at the 3'end

of the viral RNA for each of the heteroduplex molecules. Two short RNA molecules with intact 3' ends are

also attached to the SV4O-dBrU molecule in (a). Arrows indicate the beginnings and the ends of the

substitution loops (sequence nonhomology regions) discussed in the text.

and AKR MCF 247 RNA is shown in Fig. la. 0.16 kb (n = 48) and the other as 0.56 ± 0.16 kb

The only region of sequence nonhomology be- (n = 48). We beleve that this is not a real

tween these two viral genomes is a substitution difference in molecular length but is due to the

loop. A histogram of the frequency with which fact that one arm of the substitution loop is

a particular point, measured relative to the cDNA and the other one is RNA. Under 60%

SV4o-dBrU-labeled 3' end, occurs in a nonho- formamide spreading conditions, RNA is more

mology loop (Fig. 2) shows that the sequence condensed than single-stranded DNA and there-

nonhomology region extends from 1.93 ± 0.15 to fore appears shorter. To extend the RNA as well

2.72 ± 0.16 kb from the 3' end of the RNA. The as the DNA, the hybrids were treated with 1 M

two armis of the substitution loop appear to be glyoxal-0.01 M KPO4, pH 7.5, at 370 for 30 min
of different lengths; one is measured as 0.7 ± (16) and then spread from 60% formamide. The
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FIG. 2. Histogram of coordinates of the nonho-
mology loop ofAKR/AKR MCF247 heteroduplexes.
Heteroduplexes were formed between AKR cDNA
and AKR MCF 247 RNA. Sequence homology (dou-
ble-stranded) regions and sequence nonhomology
(single-stranded) regions were measured and con-
verted to units ofkilobases (1,000 nucleotides) accord-
ing to double-strand and single-strand length stan-
dards. The frequency ofa particularpoint, measured
relative to the SV40-dBrU-labeled 3' end, occurring
in a sequence nonhomology loop is plotted against
the position along the viral genome. The dotted area

is for the longer arm and the hatched area is for the
shorter arm of the substitution loop. As discussed in
the Results section, the longer arm ofthe substitution
loop is cDNA, and the shorter one is RNA. RNA is
more condensed under our spreading conditions and
therefore appears shorter. The drawing above the
histogram depicts the overall interpretation of the
heteroduplex data.

major sequence nonhomology loop now extends
from 1.6 to 3 kb from the 3' end of the genomic
RNA. The lengths of the longer and shorter
arms of the substitution loop were measured as
1.21 ± 0.44 kb (n = 21) and 1.37 ± 0.44 kb (n =
21), respectively. These numbers are not signif-
icantly different. Since glyoxal treatment may
result in denaturation of duplex regions border-
ing the substitution loop (14), we believe that
the length (0.70 + 0.16 kb) attributed to the
cDNA strand in the 60% formamide spreads
without glyoxal represents the true length of the
nonhomology region, and therefore the coordi-
nates of the nonhomology region on both the
AKR cDNA and the AKR MCF 247 are 1.93
0.15 to 2.72 0.16 kb.

We did not observe any other nonhomology
regions in the AKR cDNA/AKR MCF 247 RNA
heteroduplexes. It should be noted that the
cDNA molecules varied in length from 6 to 10
kb. Furthermore, not all the RNA molecules
were of genome length. Eighty-two percent of
the heteroduplexes were of a length greater than
5 kb, 65% of them were of a length greater than
7 kb, and only 12% of them were longer than 9
kb. With the cytochrome c spreading technique,
single-stranded and double-stranded nucleic
acids can not always be unambiguously distin-
guished. Therefore, even for a heteroduplex mol-
ecule with a length greater than 9 kb, part of the
molecule can still be single stranded. Since we
use 3' end poly(A) selection for the RNA, the
amount of heteroduplex data about regions near
the 3' end is greater than that for the region near
the 5' end of the genome. Therefore, we feel that
our data do not completely eliminate the possi-
bility of small nonhomology regions between 6
and 10 kb, especially close to the 5' end of the
genome.
Most cDNA synthesis initiates at a tRNA

primer close to the 5' end of the RNA template
(11), and chain elongation continues from the 3'
end of the genome. Therefore, the cDNA tran-
script is a circular permutation of the viral RNA.
As previously discussed (12, 14), this permits the
formation of circular heteroduplexes. Such a
molecule for the AKR/AKR MCF 247 hetero-
duplex is shown in Fig. lb. This result shows
that there is sufficient homology between the
cDNA 5' sequences of the two RNAs to permit
efficient cross-hybridization at the heteroduplex
hybridization criterion.
M-MLV/M-MLV83 heteroduplex. A typical

heteroduplex molecule formed between M-MLV
cDNA and M-MLV83 RNA is shown in Fig. lc.
The histogram tabulating the measurements is
shown in Fig. 3. The only sequence nonhomol-
ogy region is a substitution loop extending from
1.97 + 0.14 to 2.79 ± 0.14 kb from the 3' end.
The two arms are 0.86 ± 0.17 kb (n = 36) and
0.64 ± 0.16 kb (n = 36). As in the case of
AKR/AKR MCF 247, when heteroduplex mol-
ecules are treated with glyoxal, the sequence
nonhomology region expands to cover the region
from 1.7 to 2.8 kb from the 3' end, and appears
as a substitution loop with two arms 0.95 + 0.22
kb (n = 21) and 1.04 + 0.22 kb (n = 21). We
thus conclude that the sequence nonhomology
region between these two viral genomes extends
from 2 to 2.8 kb from the 3' end, and the two
arms have an approximately equal length of 0.86
kb. In this study, 94, 71, and 37% of the hetero-
duplex molecules had lengths greater than 5, 7,
and 9 kb, respectively. Circular molecules were
also observed (data not shown).
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FIG. 3. Histogram of coordinates of the nonho-
mology loop of M-MLV/M-MLV83 heteroduplexes.
Heteroduplexes were formed between M-MLV cDNA
and M-MLV83 RNA. Sequence homology (double-
stranded) regions and sequence nonhomology (single-
stranded) regions were measured and converted to
units of kilobases (1,000 nucleotides) according to
double-strand and single-strand size standards. The
frequency of a particular point, measured relative to
the SV40-dBrU-labeled 3' end, occurring in a se-

quence nonhomology loop is plotted against the po-
sition along the viral genome. The dotted area is for
the longer arm and the hatched area is for the shorter
arm of the substitution loop. As discussed in the
Results section, the longer arm of the substitution
loop is cDNA, and the shorter one is RNA. RNA is
more condensed under our spreading conditions and
therefore appears shorter. The drawing above the
histogram depicts the overall interpretation of the
heteroduplex data.

M-MLV/AKR heteroduplex. A typical het-
eroduplex formed between M-MLV cDNA and
AKR RNA is shown in Fig. 4a. A histogram of
the results is shown in Fig. 5. There are four
substitution loops measured, with coordinates
from the labeled 3' end as follows: loop A from
0.89 ± 0.10 to 1.25 ± 0.16 kb, with two arms with
lengths of 0.47 ± 0.17 kb (n = 94) and 0.33 +

0.14 kb (n = 94); loop B from 2.01 ± 0.13 to 2.55
± 0.17 kb, with two arms with lengths of 0.56 +
0.24 kb (n = 90) and 0.36 ± 0.15 kb (n = 90);
loop C from 3.03 ± 0.17 to 3.45 ± 0.22 kb, with
two arms with lengths of 0.48 ± 0.18 kb (n = 84)
and 0.32 ± 0.13 kb (n = 84); loop D from 6.55
± 0.20 to 7.07 ± 0.41 kb, with two arms with

lengths of 0.43 ± 0.17 kb (n = 29) and 0.36 ±
0.15 kb (n = 29). The pattern of the three loops
on the 3' half of the molecule was rather repro-
ducible. However, the positions of the loops and
the spacers between them were somewhat vari-
able and there were some molecules in which
loop B and/or C was not present. Furthermore,
when spread from a more denaturing solvent,
for example, 80% urea + formamide instead of
60% urea + formamide, more than 90% of the
molecules observed had the three loops. When
spread from a less denaturing solvent, 50% urea
+ formamide instead of 60% urea + formamide,
75% of the molecules observed had only loop A.
These results indicate that there is partial se-
quence mismatch between the two genomes in
the region from 0.9 to 3.5 kb from the 3' end.
From the histogram, the frequency of occur-

rence of loop D is lower than that of loops A, B,
and C, and its measured position is more varia-
ble; nevertheless, we think it is real for the
following reasons. (i) Not every hybrid molecule
is full length (103 molecules have lengths greater
than 5 kb; only 40 molecules have lengths greater
than 8 kb). However, the percentage (about
35%) of molecules with lengths greater than 8 kb
that have loop D is comparable to the percent-
age (about 44%) of molecules with lengths
greater than 5 kb that have loops A, B, and C.
(ii) We determined the position of loop D by
summing the length of a series of double-
stranded and single-stranded regions measured
from the 3' end. Since the uncertainties in length
measurements accumulate, the position of loop
D cannot be determined as accurately as those
of loops A, B, and C, and appears to be more
variable.

As in the previously described cases, circular
heteroduplex molecules also were observed. An
example is shown in Fig. 4b.
When M-MLV cDNA was hybridized to 35S

M-MLV RNA, and when AKR cDNA was hy-
bridized to AKR RNA, no molecules resembling
those shown in Fig. la, lb, lc, 4a, and 4b were
observed. When cDNA's or RNAs were incu-
bated separately under the conditions used for
heteroduplex fornation, no heteroduplex struc-
tures were found. These control experiments
eliminate the possibility that the structures ob-
served are artifacts caused by cellular DNA that
may have copurified with the viral cDNA, or
that the parental RNAs are themselves hetero-
geneous in sequence.

DISCUSSION
The MCF strains of MLVs appear to play a

key role in the genesis of spontaneous lympho-
mas (10). These viruses manifest a dual host
range and appear to be recombinants between
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FIG. 4. Electron micrographs ofM-MLVIAKR heteroduplexes. (a) Linear heteroduplex molecule formed
between M-MLV cDNA and AKR RNA. (b) Circular heteroduplex molecule formed between M-MLV cDNA
and AKR RNA. Circular SV40-dBrU molecules are attached at the 3' end of the viral RNA in the
heteroduplexes. Interpretative tracings of the heteroduplexes are presented below the micrographs. Heavy
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FIG. 5. Histogram of coordinates of the nonho-
mology loops of M-MLV/AKR heterodupexes. Het-
eroduplexes were formed betweenM-MLVcDNA and
AKR RNA. Sequence homology (double-stranded) re-

gions and sequence nonhomology (single-stranded)
regions were measured and converted to units of
kilobases (1,000 nucleotides) according to double-
strand and single-strand length standards. The fre-
quency ofaparticular point, measured relative to the
SV40-dBrU-labeled 3' end, occurring in a sequence
nonhomology loop is plotted against the position
along the viral genome. The drawing above the his-
togram depicts the overall interpretation of the het-
eroduplex data.

ecotropic and xenotropic MLVs. Since the host
range changes may involve the env gene, we

decided to investigate the genome organization
of these strains of viruses by heteroduplex anal-
ysis.
Our results are summarized in Fig. 6. For the

MCF viral RNA of AKR origin and the MCF
viral RNA of M-MLV origin, the MCF-specific
sequences are located in a region extending from
1.95 (± 0.15) to 2.75 (+ 0.15) kb from the 3' end.
Studies of sequence relationship between AKR
and M-MLV show four major sequence nonho-
mology regions centered at 1.1, 2.3, 3.3, and 6.8
kb from 3' end of the viral RNA, with lengths of
0.5, 0.6, 0.5, and 0.5 kb, respectively. Observa-
tions of the frequencies of occurrence and the
lengths of the three loops closest to the 3' end as
a function ofthe denaturing power of the spread-
ing solution and the hypophase suggest that
there is some degree of partial sequence mis-
match in the entire region from 0.9 to 3.5 kb,

with the greatest extent of nonhomology within
loop A, less in loops B and C, and some mismatch
in the regions represented as duplex in Fig. 6.
We wish to correlate the results of our physical

study with the available information as to the
genetic maps of murine viral RNAs.

In vitro translation studies (9, 15, 18), immu-
noprecipitation of virus-specific RNA from poly-
somes by monospecific p30 antibodies (17), and
the analysis of the MSV clone 124/M-MLV het-
eroduplex (12) suggest that the genes coding for
the internal structure proteins (gag) lie at the 5'
end of the viral RNA. The precursor for the gag
gene products is a 65,000-dalton protein (22).
The minimum coding sequence is therefore
about 1.8 kb. Furthermore, the precursor for gag
plus pol gene products is a polypeptide with a
molecular weight of 180,000 to 200,000, for which
translation starts close to the 5' end. The length
of the coding sequence is therefore 5 to 5.5 kb.
Rothenberg et al. (20) reported that 0.5 ± 0.2

kb of sequence at the extreme 5' end of the viral
RNA is a leader sequence "spliced" to the 21 to
24S env mRNA. It is not known whether or not
this leader is coding for gag proteins. All these
considerations suggest that the coding sequences
for gag extend from 7.2 ± 0.5 to 9.7 + 0.5 kb
from the 3' end and that the gag plus pol se-
quences extend from 3.7 ± 0.5 to 9.7 ± 0.5 kb.
These conclusions limit the region available for
the env gene. They also suggest, since the MCF
and respective ecotropic genomes are homolo-
gous in this region by heteroduplex analysis,
that the gag gene products as well as the polym-
erase of the MCF viruses and of the respective
exotropic viruses are closely related in amino
acid sequences. In fact, it has been observed that
the gag tryptic peptides of Akv and Akv MCF
247 are indistinguishable (4).
The MCF-specific sequence extends from 1.95

to 2.75 kb from the 3' end for the MCF viral
RNA of AKR origin and of M-MLV origin.
Therefore, this segment must be derived from
the xenotropic viral genome which participated
in the two respective recombination events. The
nonglycosylated polypeptide precursor of the
env gene products is reported to have a molec-
ular weight of 70,000 (24), corresponding to a
polynucleotide length of 1.9 kb. Rothenberg et
al. (20) reported that the 21S intracellular
mRNA that codes for the env proteins consists
of a 0.5 (± 0.2)-kb leader sequence from the 5'
end ofthe viralRNA spliced to a 2.8-kb sequence
from the 3' end. It is not known whether or not
the leader sequence is coding. The 3' terminus
of the 1.9-kb precursor env gene must therefore
lie at 1.4 kb or less from the 3' end. The heter-
oduplex results therefore predict that the car-
boxyl-terminal amino acid sequences of the

J. VIROL.
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AKR /AKR MCF 247
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Pr gag
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FIG. 6. Summary of heteroduplex structures for AKR/AKR MCF 247, M-MLV/M-MLV ,, and M-
MLV/AKR. Heteroduplexes were formed between AKR cDNA and AKR MCF 247 RNA, between M-MLV
cDNA and M-MLV83 RNA, and between M-MLV cDNA and AKR RNA. Double lines indicate regions of
sequence homology; single lines above or below the duplex double lines indicate sequences present in one
virus and not in the other (sequence nonhomology regions). The dotted lines in the left-most nonhomology
region of M-MLV/AKR heteroduplex indicate the variability in the measured position of that loop, as
discussed in the text.

MCF env precursor polypeptides are similar (or
identical) to those of the ecotropic parents,
whereas the MCF-specific sequences from 1.95
to 2.75 kb must contain the xenotropic poly-
peptide part of the mature gp7O.
The glycoproteins of AKR and of M-MLV

differ in their tryptic peptide maps (5) and are
not closely related by immunological criteria
(13). The major sequence nonhomology regions
of these two viral genomes were found between
0.9 and 3.5 kb from the 3' end. These results
further support the notion that the env gene is
located within this region and make it unlikely
that the 0- to 1-kb region, where AKR and M-
MLV are relatively homologous, code for any
significant length of gp7O.
The sequence nonhomology region D (Fig. 6)

between AKR and M-MLV with coordinates of
6.55 ± 0.20 to 7.07 ± 0.41 kb appears to be within
the gene coding for the gag-pol precursor pro-
tein. Whether it lies in the gag gene or pol gene
is not known.

It is rather striking that the coordinates of the
two junctions of MLVs with MCF-specific se-
quences are approximately the same for both
the AKR/AKR MCF and the M-MLV/M-
MLV83 cases. It should be noted that the heter-
oduplex study shows that the AKR and M-MLV
sequences adjacent to the 1.95- and 2.75-kb junc-

tions with MCF specific sequences are relatively
homologous (Fig. 6). It may be that these similar
sequences are hot spots for recombination in
each case.
Rommelaere et al. (19) have constructed maps

of RNase Tl-resistant oligonucleotides obtained
from AKR MCF 247, and Shih et al. (21) have
mapped large RNase Tl-resistant oligonucleo-
tides of M-MLV83. Our results obtained by het-
eroduplex analysis are in general agreement with
those obtained by oligonucleotide fingerprinting
techniques. Their findings indicate that the ma-
jor sequence nonhomology regions between an
MCF strain of virus and its parental MLV ge-
nome are clustered at the 3' half of the RNA.
Fingerprinting analysis of MCF AKR 247 RNA
showed an additional oligonucleotide (MCF 247
oligonucleotide 107) about 14 nucleotides long,
specific for MCF virus which is located in the 5'
half of the genome. Similarly, analysis of M-
MLV8 RNA also showed a specific spot of about
23 nucleotides (olignucleotide A5) identified in
the 5' half of the genome. The heteroduplexes
shown here, however, do not detect any se-
quence nonhomology in this region. This is prob-
ably due to the fact that, under our conditions
for spreading, 10 to 20% random sequence mis-
match will show as a sequence homology region.
We also failed to detect a sequence nonhomology
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feature corresponding to the AKR MCF 247
specific oligonucleotide (19 nucleotides long) at
the very 3' end of the viral RNA (19). However,
under the conditions of the cytochrome c spread-
ing technique, a nonhomology feature with a

length under 50 nucleotides cannot be detected
unambiguously.

Thus, the physical evidence from heterodu-
plex structures is consistent with the hypothesis,
derived from biological properties and tryptic
peptide analysis, that the MCF viruses are re-

combinant within the env gene.
Since completing this work and manuscript,

we have learned that D. J. Donoghue and col-
laborators at the Massachusetts Institute of
Technology have observed a very similar heter-
oduplex structure between M-MLV and the dual
host range HIX virus as observed here for the
MLV/MCF viruses (personal communication).
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