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The 50 to 70S RNAs of two clonal isolates of defective Moloney sarcoma-
leukemia helper virus complex were analyzed by gel electrophoresis and electron
microscopy. The RNAs extracted from both clone 3 and clone 124-5R of Moloney
sarcoma-leukemia virus complex contained some large monomer subunits ca.
10,000 nucleotides in length (10 kilobases), which are believed to be the Moloney
leukemia virus subunits. Both RNAs had an excess of a smaller, sarcoma-specific
subunit, 5 kilobases (clone 3) or 6 kilobases (clone 124-5R) in length. Electron
microscopy of intact 50 to 70S dimer RNA molecules showed for both clones
many dimers of two small subunits, some dimers of two large subunits, but few
if any heterodimers with one large and one small subunit. This result was
unexpected because the sequences near the 5 end of the RNA subunits, which
are believed to be involved in the dimer linkage, are probably homologous
between the large and small subunits. We also observed that some small-small
dimers migrated anomalously slowly on nondenaturing gels. The nature of this
slow-migrating complex is unknown; it could be a higher aggregate of the small-
small dimer with additional small or large subunits, or it could be an extended

conformation of the small-small dimer.

Cloned RNA tumor viruses contain a 60 to
70S RNA complex consisting of two very similar
or identical 30 to 40S subunits (4, 5, 8, 22). In
several mammalian type C RNA tumor viruses,
the two 30 to 40S subunits are joined at their 5’
ends (6, 12, 17, 18). The function of the dimer
molecules is not understood, but it has been
proposed that viral heterozygotes, perhaps con-
taining heterodimer RNA complexes consisting
of two genetically distinct subunits, are obligate
intermediates in recombination (4, 27, 29). How-
ever, such heterodimer RNAs have thus far not
been detected in virus released by cells infected
with two or more different viruses.

Linkage of RNA subunits in a 50 to 70S RNA
complex is thought to result from base pairing
(13, 14, 23) and possibly involves a short self-
complementary sequence (18) near the 5 end
of the RNA (6). Accordingly, heterodimer for-
mation might be limited to closely related virus
strains whose RN As share nucleotide sequences
involved in dimer formation.
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In the Friend virus complex, which has several
different RNA components (12, 20, 26), it was
observed that heterodimers were not common,
but the length differences among the different
RNA subunits are not much greater than the
expected variation in length measurement for a
homogeneous species, and the possibility of rare
heterodimers could not be excluded.

In this study, the RNAs of two Moloney mu-
rine sarcoma-leukemia virus isolates (MSV)
were examined for heterodimers. The system is
advantageous for two reasons. First, the MSV
virus complex contains two classes of RNA sub-
unit of significantly different size, a 10-kilobase
(kb) leukemia virus-specific RNA, termed the
L subunit, and a 5- to 6-kb sarcoma virus-specific
RNA, termed the S subunit (5, 19, 20). LS het-
erodimers should be readily distinguished from
LL and SS homodimers, especially since dimer
molecules containing broken subunits can be
excluded visually in the electron microscope as-
say by labeling the 3’-polyadenylate [poly(A)]
ends of intact RNAs (6). Secondly, the sarcoma
virus-specific S subunit shares extensive se-
quence homology with the L subunit of Moloney
leukemia virus (MLV; 7, 11, 24). Moreover, map-
ping of the homology between the S subunits
of a related strain (clone 124) of MSV and L
subunits of MLV by electron microscopy of het-
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eroduplex molecules (17) and by biochemical
methods (K. L. Beemon, D. Dina, and P. H.
Duesberg, unpublished data) has indicated that
the two molecules share sequences near their 5’
ends, where the dimer linkage appears to be
located.

We report here that, when examined by elec-
tron microscopy, the 50 to 70S RNAs of clone
3 and clone 124-5R MSV are found to contain
both SS and LL homodimers, but that there
are no detectable LS heterodimers. However,
gel electrophoresis of viral RNA under nonde-
naturing conditions shows that, whereas there
are LL dimers and SS dimers with mobilities as
expected for their respective lengths, there is
also another kind of complex that has an elec-
trophoretic mobility close to that of LL dimers.
The structure of this third component is not
known, but it includes SS dimers.

MATERIALS AND METHODS

Cells and viruses. MSV clone 3 (20) was isolated
by infection of rat NRK cells with a tissue culture-
derived stock (HT-1) of MSV virions obtained from
A. Hackett (9), followed by cloning in microtiter wells
(20). A line of TB mouse cells infected with MSV
clone 124 (3) was a gift of J. K. Ball; this virus was
derived from an MSV stock provided by J. B. Molo-
ney. Virus from these cells was plated at low multi-
plicity on rat NRK cells, a nonproducing focus was
isolated and superinfected with MLV, and these cells
produced virus (MSV clone 124-5R) containing RNA
subunits of two sizes equivalent to those of MLV and
MSYV clone 124 (19). 3T3 (NIH) mouse cells infected
by MLV were obtained from D. Smotkin. All cells
were grown in Eagle minimal essential medium con-
taining 10% fetal bovine serum, 0.5 pg of Fungizone
per ml, 100 U of penicillin per ml, and 50 pg of
streptomycin per ml.

The following observations show that the RNAs
used were not substantially contaminated with other
RNA components. A complementary DNA probe pre-
pared from clone 1 MLV RNA protects 85% of clone
1 RNA and 85% and 58% of gel-purified L and S
components of MSV clone 3, respectively, in hybridi-
zation and RNase digestion experiments (L. Evans
and P. Duesberg, personal communication). The MLV
RNA used has the expected complexity and finger-
print (5). The complexity of the S component of MSV
clone 3 was determined by fingerprint analysis and
gave the value expected for its molecular length (J.
Maisel, personal communication). The S component
of MSV clone 124-5R shows the same heteroduplex
pattern with MLV clone 1 complementary DNA as
was seen for MSV clone 124 RNA (17), showing that
these RNAs are basically identical (Y. H. Chien, per-
_sonal communication).

Gel electrophoresis. Polyacrylamide gels (2.1 or
1.9%) were prepared and analyzed as previously de-
scribed (19).

Agarose gels were prepared in borate (2) or Tris-
acetate buffer (20). For denaturing gels, 5 mM meth-
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ylmercury hydroxide was added to the borate gel
solution (2).

RNA was eluted from polyacrylamide gels as pre-
viously described (21), and was recovered from agarose
gels by the freeze-squeeze method (25). The RNA
recovery by freeze-squeeze was lower than by elution
(30% versus ca. 80%), but the RNA could be obtained
quickly in a small volume, and it was essentially free
of agarose. In some experiments, oligodeoxythymidy-
late-cellulose column fractionation (28) was used to
remove from electrophoretically purified RNA prep-
arations any RNA species that had been nicked near
the 3’ end and therefore no longer contained poly(A).

Electron microscopy. RNA samples were treated
with glyoxal, dialyzed, incubated briefly with simian
virus 40 (SV40)-polydeoxythymidylate [poly(dT)] or
SV40-polybromodeoxyuridine [poly(BUdR)], and
spread by the formamide cytochrome ¢ method as
described (6). [We now use SV40-poly(BUdR) instead
of SV40-poly(dT) as a poly(A) label, because of the
greater stability of poly(BUdR) - poly(A) duplexes.]
The standard glyoxal treatment (1 M glyoxal-0.01 M
potassium phosphate [pH 7.0], at 37°C for 1 h) disso-
ciated most of the dimers of these murine viruses.
Therefore, less harsh glyoxal treatments (incubations
for only 20 min or in the presence of 0.1 M NaCl)
were used to preserve the dimer linkage. The SV40
circles were used as an internal length standard, and
the sizes of RNA molecules were calibrated by com-
parison with Escherichia coli 23S rRNA (1 pm = 4.1
kb).

RESULTS

Gel electrophoresis of clone 3 MSV RNA.
RNA extracted from clone 3 MSV virus contains
two sizes of subunit. When 50 to 70S viral RNA
is heat denatured and analyzed by electropho-
resis on a 2% polyacrylamide gel, two well-sep-
arated peaks are seen (20). The larger species
comigrates with heat-denatured MLV and is
identified as the leukemia (L) subunit. The
smaller component (S) is presumed to be the
monomer unit of the genome of the defective
sarcoma virus. Molecular lengths of 10.1 + 0.5
kb and 5.1 + 0.3 kb for the L and S subunits
were estimated by agarose gel electrophoresis
in the presence of the strong denaturing agent
CH;3HgOH (2) (Fig. 1).

MSV 50 to 70S RNA that has not been de-
natured gives a single broad peak when sedi-
mented in a sucrose gradient (9, 20). However,
the high-molecular-weight RNA could be re-
solved into two components, I and II, when run
on a nondenaturing agarose or acrylamide gel
(Fig. 2A). MLV 50 to 70S RNA had an electro-
phoretic mobility on these gels that was nearly
identical to that of the slower-migrating MSV
component I. RNA from the two peaks of the
nondenaturing gels was extracted, heat dena-
tured, and applied to 2% acrylamide gels. The
faster-migrating peak II gave after denaturation
only S monomers (Fig. 2B), but the slower peak
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Sindbis>-

Fi1G. 1. Molecular weight determination of viral
RNAs by electrophoresis in 1% agarose gels in the
presence of 6 mM CH,HgOH. The left gel contained
Sindbis viral FHJRNA, HeLa 28S ribosomal RNA,
and E. coli 23S and 16S ribosomal RNAs (molecular
lengths, 13.5, 5.5, 3.1, and 1.7 kb, respectively). The
right gel had the same markers plus ®2P-labeled clone
3 MSV RNA. After being stained with ethidium bro-
mide and photographed, the gels were sliced in 2-
mm sections and counted.

I contained subunits of both the L and S sizes
(Fig. 2C).

The results on the composition of the two
peaks were confirmed by cutting peak I and
peak II slices from a nondenaturing agarose gel,
polymerizing them directly onto a denaturing
CH;HgOH gel, and subjecting them to electro-
phoresis in the second gel. By this technique,
over 85% of the material in the slices from the
first gel was recovered in the second gel, thus
showing that the results in Fig. 2B and 2C were
not distorted by possible inefficient recovery
from the nondenaturing gel of Fig. 2A.

Electron microscopy of clone 3 MSV
RNA. The structures of the several components
present in clone 3 MSV RNA were studied by
electron microscopy. Because peak I had both
L and S subunits, we were particularly interested
in the question of whether any LS heterodimers
existed.

J. VIROL.

Viral RNA was glyoxal treated and spread
from formamide, as previously described (18).
SV40 double-stranded circular DNA with
poly(dT) tails was hybridized to the viral RNA
before spreading, to label the 3'-poly(A) ends
(6). The dimers of MSV were mostly dissociated
by the standard glyoxal treatment (1.0 M
glyoxal-0.01 M potassium phosphate [pH 7.0],
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F1G. 2. Gel electrophoresis of the two components
of 50 to 70S RNA of clone 3 MSV. (A) Clone 3
[PPJRNA and MLV [FH]JRNA were subjected to-
gether to electrophoresis in a 1.9% polyacrylamide
gel. (B) Clone 3 [F*P]JRNA was subjected to electro-
phoresis as in (A), but the gel slices were counted by
Cerenkov radiation. The slices indicated by the hor-
izontal bars were pooled and eluted, and the re-
covered RNA was heat denatured and rerun on 2.1%
polyacrylamide gels (C, D).



VoL. 25,1978

at 37°C for 1 h); therefore, 0.1 M NaCl was
added to the solution to stabilize the dimer
linkage structure during glyoxal treatment.

As already reported (17), the principal struc-
ture found in 50 to 70S RNA from MLV alone
is the LL dimer. This dimer has the same general
structural features previously observed for other
mammalian viral RNAs (12, 18).

In contrast, the 50 to 70S RNA from MSV
yielded two kinds of structures. The less abun-
dant component had exactly the same secondary
structure features as described previously for
MLV RNA; such an LL dimer hybridized to
SV40 poly(dT) is shown in Fig. 3A. The more
abundant molecule, which must represent the
defective-sarcoma component, is shown in Fig.
3B. Like the MLV RNA dimers, the SS dimer
molecules displayed twofold symmetry with a
central dimer linkage structure. The SS dimers
were only about half as long as LL dimers. The
secondary structure loops in the centers of the
S monomer units were also quite different.
These loops were small figure-eight structures,
often with a short hairpin near the midpoint of
the loop. Schematic representations of the struc-
tures of both components and the contour
lengths of the several features are given in Fig.
4.

In the preparations from MSV 50 to 70S RNA,
we saw only LL and SS dimers and no LS
heterodimers. To study this question critically,
we photographed and measured about 50 ran-
domly selected dimers that had clear dimer link-
age structures and that had two unbroken sub-
units both ending in a poly(A) sequence hybrid-
ized to an SV40-poly(dT) label. Figure 5 is a
plot of the length of the shorter subunit of each
dimer versus the length of the longer subunit.
The analysis of this kind of a plot has been
discussed previously (12). A heterodimer mole-
cule would be represented by a point that de-
viated significantly from the 45° line in the plot.
The vast majority of molecules in Fig. 5 are LL
or SS dimers with subunits of almost equal
length. There are a few molecules with one
unusually short subunit; these presumably are
broken subunits whose ends accidentally lie
close to an SV40 circle, but there are none with
the dimensions expected of a heterodimer.

In subsequent studies, we observed over 300
clone 3 MSV dimers; of these, 3 molecules had
the structure expected for an LS heterodimer,
but only 1 (Fig. 3C) was attached at both outside
ends to SV40-poly(dT), thus showing that it was
unbroken. No certain conclusions can be drawn
from a single rare molecule; for example, the
molecule could possibly have been a broken or
partially collapsed LL dimer. However, this mol-
ecule did appear to be a true heterodimer both
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by the contour lengths of the two subunits and
by the positions and shapes of the two loops.

It seemed possible that heterodimers might
exist but have a much lower stability than ho-
modimers and thus be disrupted by our spread-
ing conditions and not be scored. We therefore
separated 50 to 70S MSV RNA on a nondena-
turing agarose gel as in Fig. 2A, isolated RNA
from each peak, treated it with glyoxal in high
salt, and then mounted it for microscopy. Sam-
ples from the fast-migrating peak II gave SS
dimer and S monomers, with occasional broken
MLV fragments observed. Extensive searching
of the sample from the slow-migrating peak I
yielded four types of molecules: LL dimer, L
monomer, SS dimer and S monomer. The ratios
obtained from two independent experiments are
listed in Table 1. These data confirm that there
are significant amounts of SS and S components
migrating anomalously in the slow peak. If un-
stable LS heterodimers do exist, the number of
L and S monomers seen here requires that these
heterodimers be a minor component. Finally,
we wish to note that there is a certain number
of tangled uninterpretable molecules on grids
prepared by the gentle glyoxal treatments used
here, so that the numbers in Table 1 may not
be strictly representative.

Gel electrophoresis of clone 124 MSV.
The RNA of clone 124, an MSV variant, was
investigated in an attempt to resolve the ques-
tion of whether the S subunits of MSV can
form, in addition to homodimers, larger com-
plexes consisting of more than two S subunits,
or whether both S and L subunits are necessary
to form such large complexes. The RNA of MSV
clone 124, propagated in a mouse cell line, differs
from that of MSV clone 3 in that it contains a
large excess of S over L subunits, at an approx-
imate mass ratio of 30:1 (19). Hence, if MSV
clone 124 S subunits were able to form multi-
meric complexes as well as homodimers, the 50
to 70S RNA would consist of two electrophoretic
species. If both L and S subunits were necessary
to form complexes larger than S subunit homo-
dimers, the 50 to 70S RNA of MSV clone 124
would consist of only one major 50 to 70S RNA
species, namely, SS homodimers, because insuf-
ficient L subunits are present in this virus stock
to permit formation of larger complexes. The
50 to 70S RNA of clone 124 MSV consists essen-
tially of only one major species, which migrates
faster than 60 to 70S MLV RNA and is similar
to peak II of MSV clone 3 RNA (Fig. 6A). After
heat dissociation, the RNA was converted pre-
dominantly into a species containing single S
subunits that migrated faster than the L sub-
units but a little slower than the S subunits of
MSV clone 3. This electrophoretic difference
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Fi1G. 3. Electron micrographs of MSV RNA dimers. (A), (B), and (C) show clone 3 RNA, glyoxal treated
and spread from 40% formamide; in each case, both poly(A) ends were hybridized to short poly(dT) tails on
an SV40 DNA circle. (A) Dimer of large subunits (LL); an interpretive tracing is shown. (B) Dimer of small
subunits (SS). (C) Single example of an apparent heterodimer (LS); the loop at the upper left is similar in
size and position to those of MLV subunits, and the lower right loop looks like a partially collapsed figure-
eight loop of an S subunit. (D, E) Clone 124-5R RNA dimers, glyoxal treated, spread from 50% formamide,
and attached to SV40 circles with poly(BUdR) tails. (D) LL dimer. (E) SS dimer. The SV40-poly(BUdR)
preparation used here had few tails per circle; in both cases shown, both viral poly(A) tails have hybridized
to a single poly(BUdR) tail. DLS, The dimer linkage; |, the characteristic large loops. All pictures are at the
same magnification.
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F1G. 4. Diagram of the structures of MLV and
MSYV dimers. The dimers of MLV and MSV clone 3
and clone 124-5R are all drawn to scale. The table
lists contour lengths of the various subunits and their
secondary structure features. The zig-zag lines at the
ends of the molecules symbolize poly(A). The S sub-
units of clone 124-5R sometimes show a small loop
or hairpin between the figure-eight loop and the
poly(A) end.

between the S subunits of the two strains of
MSYV has been described previously (19; Fig. 4).

Clone 124-5R MSV RNA. A possible inter-
pretation of the above result is that the SS
dimers of MSV clone 124 do not form any slowly
migrating complexes because L subunits are nec-
essary for this phenomenon and are present in
insufficient amount. We have therefore studied
the RNA from a cell line, 124-5R, derived from
124; it releases a larger amount of the L com-
ponent than does the parental cell line.

On a nondenaturing gel, the 50 to 70S RNA
of this virus complex was resolved into two
peaks, I and II (Fig. 7A). After heat dissociation,
50 to 70S clone 124-5R MSV RNA was resolved
into two subunit species. In accord with a pre-
vious study (19), the larger L subunit comigrated
with the L subunit of clone 3 MSV and the
smaller S subunit migrated more slowly than
the S subunit of MSV clone 3 (Fig. 7B). The
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RNA was also sized on 1% agarose gels in the
presence of 5 mM CH;HgOH; the L subunit ran
as 9.7 = 0.5 kb and the S subunit was 6.1 + 0.3
kb (data not shown). As with clone 3 MSV, gel
electrophoretic analysis of heat-dissociated peak
I RNA reveals both L and S subunits (Fig. 7C).
The signal-to-noise ratio for these experiments
is not as good as for the experiments with clone
3 MSV RNA in Fig. 2 and 3, because the ratio
of peak I to peak IT RNA is less and the sepa-
ration between the two peaks is not as great;
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MSV RNA
DIMERS

A. Clone 3
Shorter 6
subunit
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F1c. 5. Correlation of the two monomer lengths of
MSV dimers. Randomly selected dimer molecules,
each with a clear dimer linkage structure and with
both poly(A) ends labeled, were photographed and
measured. Each dot represents one dimer molecule;
the horizontal coordinate is the length of its longer
subunit, and the vertical coordinate is the length of
its shorter subunit. LL and SS homodimers lie near
the diagonal, since both subunits are about the same
length. LS heterodimers, had they been found, would
be plotted around the position marked LS. (A) 41
clone 3 MSV dimers; (B) 98 clone 124-5R dimers.
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TABLE 1. Analysis of peak I RNA by electron

MAISEL ET AL.

microscopy®
No. of molecules
Expt
LL® L SS S L/s¢
1 114 7 46 14 2.24
2 145 231 65 60 2.74

2 Clone 3 MSV was subjected to electrophoresis in
a 1% agarose gel, and the peak I gel slices were eluted
by the freeze-squeeze method. The recovered RNA
was glyoxal treated (1 M glyoxal-0.1 M NaCl at 37°C,
for 40 min [experiment 1] or 60 min [experiment 2])
and spread for electron microscopy; the grids were
then scanned for LL, SS, and LS dimers and for L
and S monomers. Two separate experiments were
performed. Only three presumptive LS dimers were
found in the whole search; the numbers of molecules
in the other four classes are listed for the separate
experiments. In experiment 2, the longer glyoxal treat-
ment disrupted many of the dimers.

5 Molecule type.

° Ratio of total numbers of L and S units.

nevertheless, the results support the view that
there are S as well as L subunits in peak I.

For electron microscope studies, 50 to 70S
RNA from clone 124-5R MSV was glyoxal
treated (in this case in 1 M glyoxal-0.01 M PO,
[pH 7.0] for 20 min), hybridized with SV40-
poly(BUdR), and spread from 50% formamide.
As with the clone 3 RNA, there were dimers
with two large (9.5-kb) subunits and dimers with
two smaller (6-kb) subunits. These dimers are
diagramed in Fig. 4. The LL dimers of clone
124-5R were indistinguishable from those of
MLV or clone 3 MSV (Fig. 3D). The SS dimers
(Fig. 3E) were identical in size and secondary
structure to those of clone 3 MSV, except that
the distance from the poly(A) end to the figure-
eight loop is 2.7 kb in clone 124-5R instead of
1.8 kb as in clone 3. In the region between the
poly(A) and the loop on clone 124-5R S subunits,
there is often a small loop or hairpin about 0.6
kb in length and about 1.5 kb from the poly(A)
end; it is conceivable that the clone 124-5R and
clone 3 S subunits are identical except for an
insertion or deletion of this 0.6-kb sequence.

As with clone 3 MSV, we did not find LS
heterodimers in clone 124-5R. About 100 ran-
domly selected dimers were photographed and
measured, taking only molecules with a clear
dimer linkage and both ends attached to SV40-
poly(BUdR). The relative lengths of the two
monomer units of each dimer pair are plotted
in Fig. 5B. There are no molecules with the
dimensions expected for heterodimers.

Further experiments. It was not clear
whether the SS dimers found in peak I of clone
3 MSV were there because of variation in con-
formation, because of nonspecific aggregation,

dJ. VIROL.

or because of specific large complexes such as
LSS trimers or S, tetramers. Several experi-
ments were done to test these possibilities.

It seemed possible that S subunits artificially
aggregated with MLV RNA after the RNAs had
been extracted from the respective virions. To
test this possibility, **P-labeled MSV clone 124
culture fluid was mixed with [*H]uridine-labeled
MLV culture fluid, and their RNAs were ex-
tracted together. The 50 to 70S MLV [PHJRNA
formed a distinct, more slowly migrating peak
(Fig. 6B). The small amount of [**P]RNA that
migrated with the slower MLV [PH]JRNA was
also present in clone 124 RNA extracted in the
absence of MLV (Fig. 6A) and is thought to be
helper MLV RNA present as a minor component
(11, 19). We conclude that simultaneous extrac-
tion of MLV and MSV clone 124 RNA did not
generate the type of hybrid RNA complex seen
in clone 3 or clone 124-5R MSV. Therefore, the
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F1G. 6. Electrophoresis of clone 124 MSV RNA.
(A) Clone 124 50 to 708 RNA run on a 1.9% polyacryl-
amide gel. (B) *H-labeled MLV (intact virus) was
mixed with *P-labeled clone 124 MSV (intact virus);
the mixture was phenol extracted and sedimented to
prepare 50 to 70S RNA, and the mixed RNA was
sugjected to electrophoresis on a 1.9% polyacrylamide
ge
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F1G. 7. Electrophoresis of clone 124-5R MSV RNA. (A) 50 to 70S FH]JRNA of clone 124-5R MSV was
mixed with heat-dissociated [“*C]RNA of clone 3 MSV and subjected to electrophoresis in a 1.6% agarose
gel in Tris-acetate buffer. (B) 50 to 70S PHJRNA of clone 124-5R was mixed with 50 to 70S [“CJRNA of
clone 3 MSV; the mixture was heat dissociated and subjected to electrophoresis in a 2% polyacrylamide gel.
(C) Each 1-mm gel slice of (A) was melted (1 min at 100°C) in 100 pl of 0.2x Tris-acetate buffer, and its
radioactivity was determined by counting a 10-ul portion. Peak I (slices 50 to 53) was pooled, mixed with 50
to 708 [*C]RNA of clone 3 MSV, heated at 100°C for 45 s, and rerun on a 2% polyacrylamide gel.

presence of S subunits in peak I in clone 3 and
clone 124-5R RNAs is not an artifact of the
RNA extraction and handling.

In an attempt to resolve possibly heteroge-
neous RNA complexes present in peak I, we
subjected clone 3 MSV RNA to electrophoresis
in agarose gels under partially denaturing con-
ditions. It has been shown that 60 to 70S Rous
sarcoma virus RNA is dissociated into 30 to 40S
subunits at room temperature by 8 M urea at
low ionic strength (10). Clone 3 50 to 70S RNA
was not dissociated into subunits when sub-
jected to electrophoresis in agarose gels contain-
ing up to 6 M urea. In the presence of 6 M urea,
peak I appeared slightly broader than in the
absence of urea, but RNA eluted from both
sides of the 6 M urea peak I still contained S
subunits (data not shown).

The stabilities of the several components of
clone 3 MSV RNA were also tested by thermal
melting. RNA was extracted from peaks I and
II of a nondenaturing agarose gel, samples were
dialyzed against 0.1 M NaCl-0.01 M Tris-0.001
M EDTA (pH 8.5), the dialyzed samples were
heated to various temperatures for 2 min, and
the samples were rerun on nondenaturing aga-
rose gels. MLV dimers and the SS dimers of
peak II both melted into the respective mon-
omer units in the temperature interval from 55
to 65°C. Peak I melted into subunits in the same
temperature range, and there was no conversion
of peak I material to any faster-migrating com-
ponents by heating at 50°C (data not shown).

A secondary structure feature in L mon-
omers. In the course of the electron microscopic
examination, we noted an unusual secondary
structure feature of the L subunit RNA pro-
duced by heating and quenching. Clone 3 MSV

50 to 70S RNA was dissociated by heating (58%
formamide-0.006 M EDTA-0.06 M Tris [pH
8.5] at 40°C for 1 min) and quenched on ice.
Samples were mounted from 55% formamide
solution onto an 18% formamide hypophase.
After this treatment, the RNA was all of mon-
omer length, and the subunits all lacked the
usual loops. The S monomers appeared as sim-
ple linear molecules. However, the L monomers
displayed a new loop and stem structure of con-
tour length 1.3 + 0.1 kb beginning 0.9 0.1 kb
from the 5’ end (Fig. 8). The large loops typical
of the L subunits in the dimer never reformed.
In rare molecules, the dimer linkage was intact,
with two of the new hairpins on either side.
This showed that the hairpin feature is close to
the 5’ end of the L monomer. The large loop in
the native molecule begins at 1.6 kb from the 5’
end. The sequence to which it is evidently paired
is at 5.9 kb. The RNA sequences of the second-
ary structure feature seen in heated and
quenched RNA map at 0.9 to 2.2 kb from the
5’ end. Thus, the loop structure and the hairpin
in the monomer may be alternative base-paired
structures for this particular region. This struc-
tural transition also occurs when the 50 to 70S
RNAs of other mammalian RNA tumor viruses,
such as RD-114 and baboon endogenous virus,
are dissociated and rapidly quenched (19).

DISCUSSION

The experiments described here indicate that
the 50 to 70S RNAs of MSV clones 3 and 124-
5R consist of two classes of RNA complex, i.e.,
SS and LL homodimers. LS heterodimers were
absent or comprised less than 1% of the dimer
complexes, as assayed by direct visualization in
the electron microscope, whereas, on the basis
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F1G. 8. A secondary structure feature in L mono-
mers produced by heating and quenching. Clone 3
MSYV 50 to 70S RNA was dissociated by heating in
58% formamide-60 mM Tris-6 mM EDTA (pH 8.5)
at 40° for 1 min, quenched on ice, and spread from
55% formamide. A new secondary structure feature
(=) is observed on the L subunits.

of random assortment, one would expect for the
sample of molecules in Fig. 5A (ratio of S to L
subunits of 3:1) that the relative fractions of SS,
LS, and LL dimers would be 0.56, 0.38, and 0.06,
respectively.

The signal-to-noise ratios in the various gel
electrophoresis experiments were such that we
cannot rigorously exclude the possibility that
there is a modest fraction of LS heterodimers
in the sample, but that these are dissociated
much more readily than LL and SS dimers and
are not seen under the partially denaturing con-
ditions used for electron microscopy. However,
gel electrophoresis experiments did not detect
any complexes significantly less stable than LL
and SS dimers. As discussed in more detail
below, L and S monomer units probably have
the same sequences at their 5’ ends, so that LL,
SS, and LS dimers should all involve the same
base pairs and therefore have the same stability.

Our other principal finding is contradictory
to the simple view that the sample of 50 to 70S
MSYV virion RNA consists only of SS and LL
dimers. The gel electrophoresis studies showed
that, under nondenaturing and mildly denatur-
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ing conditions, there are LL and SS dimers with
mobilities as expected for their respective
lengths; however, there is another kind of com-
plex that has an electrophoretic mobility close
to that of LL dimers but that contains SS dimers.
No evidence for these special structures has
been observed by electron microscopy.

The interaction responsible for the slow mi-
gration of some SS dimers is not an artifact of
the extraction process. It appears to depend on
synthesis of both S and L genomes in the same
cell. The interaction does not melt out at a
temperature substantially lower than the disso-
ciation temperature of SS and LL homodimers.

Several hypotheses may be suggested to ex-
plain there results. (i) There is a conformational
isomer of the SS dimers that is more extended
and more slowly migrating in nondenaturing and
even in 6 M urea gels than the standard SS
dimers themselves. (ii) There is a higher specific
aggregate, perhaps an LSS or an S, tetramer.
These molecules form tangled structures that
haven’t been recognized and analyzed under the
conditions used for electron microscopy. (iii)
There is a general interaction resulting in higher
aggregates involving, for example, SS and LL
dimers. The interaction is slightly weaker than
that responsible for dimerization, but the reso-
lution of the urea gel and thermal melting ex-
periments is insufficient to reveal this. (iv) A
reviewer has suggested that higher aggregates
of viral RNA may be formed when double-bud-
ded virions are released from cells (30).

We know of no decisive evidence to choose
among these several possibilities, but the ratio
of L monomers to SS dimers in experiment 1 of
Table 1 argues against hypothesis (ii). We note
that, whatever the nature of the slowly migrat-
ing S-containing species, its formation may be
dependent on the cell type in which the virus
grows and may be different, for example, in
mouse TB cells (clone 124) than in rat NRK
cells (clones 3 and 124-5R).

The findings that all known strains of MSV
infect with double-hit kinetics (1, 15) argue
against the existence of heterodimers, because
virions containing an LS subunit in the same
RNA complex might be expected to plate with
single-hit kinetics. Also, no recombination be-
tween a mammalian sarcoma virus and its helper
to give a nondefective sarcoma virus has been
observed. This lack of recombination may be
due to the absence of heterozygotes, if hetero-
zygote formation is an obligatory step in RNA
tumor virus recombination (P. K. Vogt, in
Fraenkel-Conrat and R. R. Wagner [ed.], Com-
prehensive Virology, in press; 28, 29). Note, how-
ever, that, in the particular case of clone 124
MSV, the formation of a nondefective sarcoma
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virus would probably be impossible by homolo-
gous recombination. Near the 3’ end of clone
124 MSV, a new RNA sequence of 1.5 kb has
been substituted in the RNA for a 2.9-kb region
of the helper. Assuming that the new 1.5-kb
sequence is essential for transformation and that
the 2.9-kb region of the helper contains infor-
mation essential for virus replication, each pos-
sible recombinant would have either one or the
other sequence in the substitution region, and
thus no nondefective sarcoma viruses would be
formed (L.-H. Wang, P. H. Duesberg, T. Robins,
H. Yakota, and P. K. Vogt, Virology, in press).

From the appearance of the dimer linkage
structure of several mammalian viruses in cyto-
chrome films, and from its appearance in gene
32 and other higher-resolution spreading meth-
ods (S. Hu and M. Wuy, personal communica-
tion), we believe that the base-paired sequences
involved in the dimer linkage structure probably
lie somewhere within the first 600 nucleotides
from the 5 end. Heteroduplex analysis (17) in-
dicates that clone 124 MSV RNA forms a duplex
with MLV complementary DNA throughout the
2.25-kb region, starting at the 5’ end of the RNA.
Analysis of RNase T1 oligonucleotides reveals
no sequence differences in this region (K. L.
Beemon, D. Dina, and P. H. Duesberg, private
communication). Heteroduplexes between clone
3 MSV and MLV have not yet been studied,
but we expect to see the same homology regions,
because both clone 3 and clone 124 are deriva-
tives of J. B. Moloney’s original MSV and be-
cause the two types of MSV subunit are so
similar in secondary structure. Such a hetero-
duplex analysis cannot detect sequence mis-
match below the level of about 10%, nor can a
short single-stranded region of RNA near the
5 end of the MSV RNA be identified if the
MLV complementary DNA is actually not quite
full length. Therefore, it is probable, but not
absolutely proven, that the S and L subunits
have identical or very similar sequences involved
in the dimer linkage.

If L and S subunits do have the same sequence
at the 5’ end, and if dimer formation is simply
due to base pairing in this region, as proposed
by Kung et al. (18) or Haseltine et al. (16), one
would expect to see LS heterodimers with the
same stability as the homodimers.

As noted above, failure to form heterodimers
may be due to small differences between L and
S subunits in the base-pairing sequences for
dimerization. We think it is more likely that
associations between two RNA subunits in re-
gions other than 5’ ends are necessary for dimer
formation and/or viral packaging. Alternatively,
dimer formation may require that two neighbor-
ing RNA chains link during transcription.
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