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Justifications and Disclaimers

The goal of my graduate research has been to develop
methods of labeling poly(A) sequences for visualization in
the electron microscope, and to apply the techniques to
biologically interesting problems. This thesis includes
six reprints or manuscripts. The first five deal with
observations of the structures of the RNA genomes of RNA
tumor viruses. The sixth 1s about sequence arrangement in
a cloned slime mold actin gene. In all cases, the contri-
butions have multiple authors, and what follows is an attempt
to give credit where due. All manuscripts were extensively
rewritten (and thus considerably improved) by Norman Davidson.
In all the tumor virus papers, the non-Caltech authors
supplied short-harvest virus or purified viral 70S RNA.

The first paper presents the poly(A) mapping technique
and its use in labeling the 3' ends of RNA; this allowed us
to orient the monomer subunits in the 70S RNA dimers from
RNA tumor viruses. The basic dimer structure of the viral
RNA from the cat virus, RD114, had already been well charac-
terized by Hsing-Jien Kung and Jim Bailey. Hsing-Jien and
Sylvia Hu provided the 70S RNA on which the poly(A) mapping
was done.

The second paper, which was published back to back with
the first, presents detailed secondary structure information
on the RNAs from two tumor viruses, BKD (from baboons) and

WoMV (from woelly monkeys). Both viral RNAs turned out to



ii
look quite similar to the RD114 dimer. The work here is
almost entirely that of Sylvia and Hsing-Jien, who studied
BKD and WoMV, respectively. My contribution was in Poly (A)
mapping of RNA dimers, from which molecules the measurements
of figure 4 and table 1 were derived, and in writing the
manuscript.

In the third paper, we looked at the RNA from a murine
tumor virus to see if it also had the same structure. The
Friend virus that we examined proved to be unexpectedly
complicated, in that it was a mixture of several different
viral components. But we found the dimer structure in all
components and our data suggested that the dimers only formed
between two identical monomers. All of the spreadings from
urea plus formamide reported here and the micrographs of
figure 3 were done by Hsing-Jien. The gel result of figure 1
was duplicated many times by Hsing-Jien and Shyam Dube.

The fourth manuscript describes a careful search for
viral RNA heterodimers (dimers between two different sorts
of monomers). We looked at a mixture of Moloney murine
leukemia and sarcoma viruses because we knew that the leukemia
and sarcoma RNAs were related or identical in the region
where the dimers are held together, and because Jan Maisel
had preliminary evidence for heterodimers in her gel results.
Microscopy showed rather conclusively that heterodimers are
very rare or nonexistent, and the paper also presents a
sampling of the many inconclusive experiments to reconcile

that finding with the initial gel observations. The gels of
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figure 2 were done by Jan and were repeated many times by

Sylvia and myself. The microscopy of the leukemia viral

RNA and of the clone 3 RNA was primarily done by Sylvia;
figure 10, table 1, and half of figures 3 and 4 are her work.
Jan did the gel analysis of clone 124 RNA (figure 6) and
Peter Duesberg did the gels of 124-5R RNA (figure 7) and the
urea gels of clone 3 RNA. All of the authors wrote

initial drafts; Norm and I worked out the present compromise.
The paper was submitted to the Journal of Virology and has
been accepted, pending the addition of hybridization evidence
that clone 3 and clone 124-5R RNAs are what we think they
are. That evidence has recently been gathered, and the
revised manuscript has been returned to the Journal of
Virology.

The fifth manuscript, which we call the scorecard paper,
1s a collection of all the RNA structures we saw in other
viral RNAs which were yet to be published. Most important-
is the RNA dimer structure of REV, an avian virus, which
suggests that the dimer linkage is not peculiar to mammalian
viruses. We took the discussion here as an opportunity for
uninhibited speculation on the nature and function of the
various RNA structures seen. All the microscopy on both wild
mouse viruses was done by Yueh-hsiu Chien. The manuscript
presently awaits corrections and comments from outside
authors before submission to the Journal of Virology.

The last manuscript presents initial mapping data for

a recombinant plasmid which contains an actin gene from the
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the cellular slime mold, Dictyostelium discoidium. The

project began as an attempt to improve the poly(A) mapping
technology to permit labeling of very short poly(A) sequences.

The Dictyostelium actin gene was chosen to test the method

and to see if the short poly(A) tracts have anything to do
with messenger coding regions. The method works well, but
poly (A) sequences do not have any obvious relation to this
actin gene. In the process we had to locate and orient the
actin coding region within the recombinant plasmid. All the
plasmid constructions and preparations of plasmid DNA were
done by Rick Firtel and members of his group. Most of the
restriction mapping data is the work of Karen Kindle; in the
final version of this paper the description of the restriction
digestions will be expanded and a figure will be added. The
recloning of the actin gene into A

gt

their orientation was done by Mike Silverman; again, the

's and the analysis of

description will be expanded and a figure added in the final
version. Bill Taylor collaborated in the heteroduplex studies
of the H6, B1l, and Al plasmids. This manuscript is planned

as the second of a group of three to be submitted together

to Cell. The preceeding paper (by Kindle and Firtel) will
describe the isolation of the actin plasmid and the evidence
that the plasmid hybridizes to actin messenger RNA. The
following paper (by McKeown et al.-I expect to be one of

the minor authors) will contain hybridization data on the
number and diversity of slime mold actin genes and a detailed

mapping of a second actin plasmid.
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Mapping of Poly(A) Sequences in the Electron
Microscope Reveails Unusual Structure of Type C
Oncornavirus RNA Molecules

Welcome Bender® and Norman Davidson?
Division of Biology* and Department of Chemistry*
California Institute of Technology

Pasadena, California 91125

Summary

We have synthesized a convenient electron micro-
scope label for mapping poly(A) sequences. Short
lengths of poly(dT) are polymerized onto nicked
circular SV40 DNA with the enzyme terminal deoxy-
nucleotidyl transferase. An RNA or DNA molecule
of interest is treated with glyoxai, hybridized briefly
with the poly(dT) circles, and spread for micros-
copy; poly(A) stretches are clearly marked be-
cause they are attached to the poly(dT) on the easi-
ly recognized SV40 duplex circles.

The RNAs of several type C oncornaviruses were
examined by this method. The endogenous feline
virus (RD-114), the endogenous baboon virus (BKD),
and the wooily monkey sarcoma virus (WoMV) all
contain a dimer of RNA subunits held together in
a central secondary structure feature we call the
dimer linkage structure. Both ends distai to the
dimer linkage structure hybridize to the SV40-
poly(dT). Assuming both poly(A)s are on the 3’
ends of the subunits and that both subunits are
identical, the two identical subunits are held to-
gether by interactions between sequences close to
the 5' ends.

Introduction

We have developed a reliable, efficient method for
identifying and mapping poly(A) stretches in nucleic
acids by electron microscopy. We have used this
technique to study the structure of the RNA of RD-
114 and other tumor viruses.

Electron microscope studies in this laboratory
(Kung et al., 1975; Kung et al., 1976) show that the
high molecular weight RNA molecules extracted
from several different RNA tumor viruses are
dimers, with reproducible secondary structures.
Each of the two monomer subunits of any one dimer
has a molecular length of approximately 10 kb
(kb = kilobase, 1000 nucleotides).

In the dimer, an end of one monomer is noncova-
lently joined to an end of the other monomer in a
central secondary structure feature. This feature in
RD-114 RNA was previously called the “‘rabbit ears”
(Kung et al.,, 1975), but because its shape is dif-
ferent in different tumor virus RNAs, we now prefer
the more general term, dimer linkage structure.
Each dimer thus has two monomer ends joined in
the dimer linkage structure and two free ends. We

have determined the positions of poly(A) sequences
in the dimers and in dissociated monomers.

The obvious method for electron microscope
mapping of poly(A) stretches in a nucleic acid
strand is to hybridize the poly(A) to a poly(dT) or
poly(U) strand attached to a suitable electron mi-
croscope label. The initial problem encountered is
that A-T and A-U base pairs are relatively unstable,
so that the moderately denaturing conditions need-
ed to extend single-strand nucleic acids in electron
microscope spreads cause dissociation of the
poly(A)-poly(dT) or poly(A)- poly(U) duplexes. This
difficulty was overcome by Hsu, Kung, and David-
son (1973) by treating the nucleic acid with glyoxal.
Under suitable reaction conditions, glyoxal is
bound only to G residues and blocks their base
pairing capability (Broude and Budowsky, 1971).
This reaction disrupts the secondary structure of
most nucleic acids sufficiently so that they can be
extended for electron microscopy by weakly dena-
turing solvents (such as 30% formamide, 0.1 M Tris)
in which poly(A) - poly(dT) duplexes are stable. Hsu
and his co-workers used long poly(dT) strands to
label the poly(A) sequences at the end of Sindbis
virus RNA. This method was moderately effective,
but discrimination between the poiy(dT) strand and
the Sindbis RNA strand was not always certain.
Lizardi, Williamson, and Brown (1975) hybridized
poly(dT) to glyoxal-treated silk fibroin mRNA, then
added excess poly(A), and observed the resulting
duplex regions at the ends of some of the mRNA
molecules. In this method, the duplex region cannot
always be clearly recognized. For whatever rea-
sons, the overall efficiency of labeling by either
method was rather low.

Carbon, Shenk, and Berg (1975) constructed a
better label for poly(A) mapping by cleaving SV40
DNA circles with Rl endonuclease, resecting the 5’
ends with A-exonuclease, and polymerizing short
poly(dT)on the exposed 3’ ends with terminal deoxy-
nucleotidyl transferase. We used some of Carbon’s
extended SV40 DNA and found it very efficient at
labeling poly(A) on Sindbis RNA. The poly(A)
stretch was marked where a linear SV40 duplex
DNA joined a linear Sindbis single-strand RNA, but
the contrast between single strands and double
strands in the electron microscope was seldom
good enough to pinpoint the SV40 DNA to Sindbis
RNA junction. We subsequently noticed that termi-
nal transferase can polymerize poly(dT) at nicks in
nicked circular SV40 DNA (as previously reported
by Jackson and Berg in a personal communication
to Lobban and Kaiser, 1973). We have found that
the resulting SV40 circles with poly(dT) tails are ex-
cellent markers for poly(A) mapping.
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Results

sV40-Poly(dT)

When SV40 DNA was incubated with terminal trans-
ferase and thymicine triphosphate under the condi-
tions described in Experimental Procedures, the en-
zyme polymerized long poly(dT) tails on the circle,
presumably at single-strand nicks (Figure 1). In trial
reactions using an SV40 DNA concentration of 20
pg/ml, the average tail length was 650 bases after
90 min and 2000 bases after 270 min. After the 90
min reaction, there were, on average, two tails per
circle. 75% of the treated SV40 DNA bound to
poly(A)-sepharose and was eluted in 0.1 M NaCl at
about 65°C, the expected melting temperature for
poly(A)-poly(dT) duplexes (Riley, Maling, and
Chamberlin, 1966). 24 hr incubations did not pro-
duce tails longer than about 2000 bases on
average, but there were more tails per circle and
many unattached pieces of poly(dT). About half the
SV40 DNA was in the supercoiled form initially, but
almost all the molecules contained poly(dT) after
the incubation, so that some endonucleolytic nick-
ing must occur during the terminal transferase
reaction.

To prepare SV40 with very short tails, we used
a 1 hr incubation with 50C xg/ml SV40 DNA. This
produced an average of two visible tails per circle,
each about 175 bases long.

Sindbis RNA

Sindbis RNA was used as a first test system for
poly(A) mapping techniques, since the RNA is long
and had been studied previously (Hsu et al., 1973).
Over 90% of Sindbis molecules contain poly(A), but
the size of the poly(A) sequence is somewhat heter-
ogeneous; the average length is about 60 nucleo-
tides, with about 60% of the poly(A) molecules be-
tween 50 and 70 bases long (T. Frey and J. Strauss,
manuscript in preparation). Sindbis RNA treated
with glyoxal was first hybridized with a preparation
of 8V40 with long (about 2 kb) dT tails. Many clear
hybrids were found (Figure 2), but the long tails of
Poly(dT) were a disadvantage, since the Sindbis
RNA often hybridized to the end of the poly(dT).
The resoluticn of these cytochrome spreads is not
sufficient to distinguish the poly(A) poly(dT) duplex
region from the single strands, so that the poly(A)
end of the Sindbis RNA could be anywhere within
a few thousand bases of the SV40. In subsequent
€Xperiments, we used SV40 with much shorter tails
—about 175 bases long. For the long RNA mole-
Cules of Sindbis or RNA tumor viruses, the length
of the short poly(dT) tails was negligible, and the

POIY(A) end of the RNA was assumed to start at
the Sv40 circle.

In measuring the efficiency of poly(A) hybridiza-
tion to the SV40-poly(dT), it was not practical to
score only full-length (14 kb) Sindbis RNA mole-
cules since very few molecules were unbroken. Of
the RNA molecules greater than half size (7 kb),
the fraction in clear hybrids with SV40-poly(dT) was
only about 40%, even if the RNA was preselected
for poly(A) sequences by binding to oligo(dT)-
cellulose. It is probable that some of the shorter
Sindbis poly(A) sequences would dissociate from
the SV40-poly(dT) under our spreading conditions.
Breakage of the RNA during the annealing proce-
dure might also lower the apparent hybridization ef-
ficiency. Despite the incomplete fabeling of Sindbis
poly(A), it was clear from these initial studies that
the SV40-poly(dT) circles would be effective for
mapping poly(A) stretches in tumor virus RNA.

RD-114

The RNA of the endogenous feline type C virus, RD-
114, has been extensively studied in our laboratory
(Kung et al., 1975). The 52S RNA from the virion
appears to be a dimer (20 kb) whose two 26S sub-
units (10 kb) are held together in a X shaped or
V shaped structure that we had previously named
the rabbit ears, although we now prefer to describe
it as the dimer linkage structure. An additional sec-
ondary structure feature observed in this RNA is a
loop with a circumference of 3.8 kb located about
2.4 kb from the dimer linkage. The conditions nor-
mally used for electron microscope spreading are
sufficiently denaturing so that a loop is opened up
about 50% of the time.

When the 52S dimer RNA of RD-114 is treated
with glyoxal and allowed to hybridize with SV40-
poly(dT), the majority of the molecules have struc-
tures similar to those shown in Figure 3. The RNA
forms a circular structure with the two free ends
joined to a single SV40-poly(dT) circle at different
(dT) tails and with the dimer linkage structure in
the center of the RNA. Thus there is a poly(A) se-
guence at each of the two free ends of the 528
RD-114 RNA. In the molecule shown in Figure 3A,
both loops have opened up; both loops are present
in the molecule shown in Figure 3B.

It is rather rare (1 of 67 cases) to see an RD-114
dimer with each end jcined to a different SV40-
poly(dT) circle (such as is shown in Figure 5 for
the RNA from BKD, a baboon virus). This is expect-
ed according to the theory of ring closure of linear
chains (Jacobson and Stockmayer, 1950; Wang
and Davidson, 1966), since the equivalent concen-
tration of the unhybridized poly(A) end in the neigh-
borhood of an end already bound to SV40 is about
1.4 x 10-8 M [assuming a Kuhn statistical segment
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Figure 1. Electron Micrograph of a Molecuie of Circular Double-Strand SV40 DNA (Contour Length 5.5 kb) with 5 Attached Poly(cT)
Tails

The tails range in lengtn from 2.2 to 3.0 kb Thz moiecule was produced by a 4.5 h- terminal transterase reaction with 20 ;g mi of
SV40 DNA
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The oot o
arrow indicates the fork that we identify as the junction of the RNA with the poly(dT).
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length (b) of 2 X 10-¢ cm for RNA (see appendix
to Schmid, Manning, and Davidson, 1975)],
whereas the concentration of free SV40 molecules
is only about 5 X 10-10 M.

If the glyoxal-treated RD-114 is heated to 90°C
for 10 sec in 10 mM Tris, 1 mM EDTA before hybridi-
zation and spreading, the dimers dissociate at the
dimer linkage structure, and the 3.8 kb loops also
melt out, leaving 10 kb linear RNA subunits which
hybridize to the SV40-poly(dT) at one end only (data
not shown). Thus there are no poly(A) sequences
buried within the dimer linkage structure.

We wish to count directly the fraction of RD-114
molecules with poly(A) stretches. RD-114 RNA was
hybridized with SV40-poly(dT) and spread. A large
random sampling of RD-114 molecules was photo-
graphed whether or not they were attached to
SV40. The length of the RD-114 subunit was deter-
mined as the average distance from ends clearly hy-
bridized on SV40 to a clearly defined dimer linkage
structure ([L] = 9.8 kb; standard deviation, o, = 1
kb). Al molecules were measured from end to dimer
linkage, or from end to end if there was no dimer
linkage structure, and those whose lengths were
within 1 standard deviation of [L] were scored (Fig-
ure 4). Of these, 76% (88/115) were hybridized to
the SV40 circles. This is a minimum estimate of the
percentage of monomers with poly(A), because
monomer molecules with a few hundred bases at
the 3’ end broken off would be scored as full iength,
and because the hybridization efficiency may be
<100%. The 76% also gives a minimum estimate
for the efficiency of hybridization and scoring with
the SV40-poly(dT) circles.

Other Tumor Viruses

We have examined the RNAs of several other type
C viruses to see if they have similar secondary
structure and poly(A) position. BKD, an endoge-
nous baboon virus, contains RNA which after glyox-
al treatment shows much the same structure as
found with RD-114 (Kung et al., 1976). Again, we
see a dimer linkage structure and 3.7 kb ioops, 1.9
kb from the dimer linkage. The dimer linkage struc-
ture itself is slightly different, usually looking like
Mor-or sometimesﬁ. Hybrids with SV40-poly(dT)
again show poly(A) regions at both free ends
(Figure 5).

WoMV is a simian sarcoma virus isolated from a
woolly monkey fibrosarcoma. Some investigators
refer to this virus preparation as SSV-1. It should
be noted that WoMV preparations contain a large
excess of nontransforming helper virus (Wolfe,
Smith, and Deinhardt, 1972), and so it is really the
RNA of this associated virus that we are studying
here. The usual glyoxal treatment dissociated most
dimers into subunits, indicating that the cohesion

of the WoMV monomers within the dimer linkage
structure is less stable than for RD-114 or BKD.
Nevertheless, many dimers were observed and
measured. There is a dimer linkage structure, usual-
ly M_or 4+ shaped, and loops of about 3.9 kb, 1.4
kb from the dimer linkage (Kung et al., 1976). Both
free ends hybridize to SV40-poly(dT) (Figure 6).

For Rous sarcoma virus, the usual 1 hr incubation
with glyoxal causes dissociation of all of the 60-70S
RNA to 9.5 kb monomers, indicating that the 60-
708 complex dissociates more readily than does the
WoMV dimer. It is difficult to find spreading condi-
tions under which the RNA is sufficiently extended
to be traced while still retaining structures larger
than 9.5 kb monomers. The best resuits so far have
been obtained by treating 60-70S RNA with glyoxal
for only 10-15 min, dialyzing against 10 mM Tris,
1 mM EDTA as usual, heating that low salt solution
to 37°C for 15 sec, and then hybridizing and
spreading. This procedure, like the gene 32 spread-
ing method of Mangel, Delius, and Duesberg
(1974), gave some molecules with a total contour
length of about 19 kb. Figure 7 is a plot of the length
distribution of all molecules in a particular sample
which were attached to an SV40-poly(dT) label.
There is a clear peak at the monomer RNA length
of about 9.5 kb. Of the molecules that are of dimer
length (about 19 kb), about half are attached to
SV40-poly(dT) circles by two poly(A) ends (solid
bars). In these molecules, the structures are often
not easily interpretable, and the non-poly(A) ends
are usually not closely associated. Such a molecule
is shown in Figure 8a. We do, however, find rare
examples in which the two non-poly(A) ends of the
RSV monomers are joined in an apparent dimer
linkage structure (Figure 8b).

Discussion

The method described here should be generaily
useful for mapping sufficiently long poly(A) se-
quences at the ends of single-strand RNA mole-
cules. The efficiency of labeling is high for the
poly(A) ends on Sindbis RNA and for the several
tumor virus RNAs studied, although there is only
a slight excess of SV40-poly(dT) molecules over
viral RNA molecules in the hybridization mixture.
The double-strand SV40 circles stand out clearly
in the electron microscope; this permits rapid scan-
ning for hybrids at low magnification. Since the
single strand of the hybridized RNA stops right at
the double-strand circle, there are very few acci-
dental overlaps that would be scored as hybrids,
and tha positioning of the end is limited only by
the size of the poly(dT) tails. In addition, the SV40
circle provides an automatic internal length stan-
dard. This marker should be very useful for map-
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RD-114 RNA Dimer without Loops (A) and with the Symmetrically Disposed Loops (B), Each Hybridized at Both Ends to
DNA Circta with Short Poly(dT) Tails
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ping secondary structure features or heteroduplex
regions with respect to the poly(A) ends of viral
RNAs, mRNAs, and heterogeneous nuclear RNAs.
However, the technique relies on glyoxal treatment
and low formamide spreading; the hybrids are not
stable in 50% formamide.

we do not know how the efficiency of labeling
varies as a function of the poly(A) length, but we
suspect that poly(A) - poly(dT) hybrids shorter than
about 50 base pairs would dissociate in 30% form-
amide. The present method will probably be poor for
mepping internal poly(A) sequences within long
single-strand molecules, since hybrid SV40 circles
would often lie on top of the single-strand molecule.
There would then be two or more crossover points,
and it would not be clear which intersection is the
poly(A) site.

Many oncornavirus RNAs have been shown to
contain poly(A) (Lai and Duesberg, 1972; Green
and Cartas, 1972; lhle, Lee, and Kennedy, 1974;
Wang and Duesberg, 1974; Quade, Smith, and
Nicois, 1974), and in some cases (including RSV),
the end of the poly(A) stretch has been identified
as a 3' end (Wang and Duesberg, 1974; Quade et
al.,, 1974; Rho and Green, 1974). in RSV, it appears
that there are only two subunits per 60-70S com-
plex by biophysical (King, 1876) and electron micro-
scopic measurements (Mangel et al., 1974; these
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E'gi:’fe 4. A Measurement of the Fraction of Full-Length Monomer
s Having Poly(A) Ends Attached to SV40-Poly(dT)
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mnnomar:e(i dissociation of apou: 25% of the RD-1.14 RN.A into
Slfuctm; Ter:'gth molecules with no recognizable dlmgr linkage
dimer Imk: es&: were measured directly. In‘molecules with a clear
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which had a dimer linkage structure and ‘which
2d to SV40-poiy(dT) and thus must have been tinbro-
& subunits. Of molacules within 1 standard daviation
2ge fuil length, 76% are attached to SV40-poly(aT).

results), and all 35S subunits are probably identical
(Duesberg et al., 1974; Weissmann et al., 1974). The
studies reported by Kung et al. (1975, 1976) show
that RD-114, BKD, and WoMV viral RNAs all have
a dimer structure with two monomer ends joined
in the dimer linkage structure. The present study
shows that each monomer has a poly(A) stretch on
the free end. Assuming that RD-114, BKD, and
WoMV have identical subunits with poly(A)s at the
3’ ends, then the dimer linkage structure must be
a complex of two identical (not homologous) 5’
ends. Some speculations as to the nature of the
binding of the monomers in the dimer linkage struc-
ture are given in the accompanying paper (Kung
et al., 1976).

Only a few dimer molecules with overlapping 5’
ends were observed in Rous sarcoma virus RNA,
and there were no reproducible large loops. It may
be that the 5’ to 5’ dimer linkage structure and the
loops occur in native RSV 60-70S RNA, but that
they are much more readily dissociated than for the
other RNAs studied here. Alternatively, the few
structures we have seen may be due to accidental
overlaps.

There have been reports that not all viral subunits
have poly(A) ends; only 65% of RSV subunits (Wang
and Duesberg, 1974) and 40% of RD-114 subunits
(Ihte et al.,, 1974) bound to oligo(dT)-cellulose or
poly(U)-sepharose. In these several studies, how-
ever, the full-size subunits were purified by sucrose
gradient sedimentation, and this procedure
depends critically upon the resolving power of the
gradient and on the quality of the RNA (that is, what
fraction of the molecules are almost, but not quite,
full-length). King and Wells (1976) have recently
shown that when RSV is collected with very short
(10 min) harvests and the RNA subunjts are re-
solved on polyacrylamide gels, >90% of the sub-
units contain poly(A). We have shown here by direct
counting of hybrids that at least three fourths of
the intact RD-114 subunits have poly(A). Our ability
to resolve full-length molecules from almost full-
length is limited by the 10% variation in length of
glyoxal-treated RD-114 RNA. Furthermore, as
shown by King and Wells (1976) and many other
investigators, the quality of the RNA can probably
be improved by harvesting the virus at shorter inter-
vals. Our results, therefore, tend to support the view
that all intact subunits of RD-114 have poly(A) ends.

Experimental Procedures

SV40 DNA was a gift from Dr. Harumi Kasamatsu. It was extracted
from Sv40-infected TC-7 African Green Monkey ceils. Sindbis
virus. grown on chick embryo fibroblasts, was a gift from Dr. Jim
Strauss, and the RNA was isolated as described previously (Hsu
et ai.,, 1973). RD-114, BKD, and WoMV viruses were prepared as
described in the accompanying paper (Kung et al., 1978). RSV
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Figure 5. A BKD RNA Dimer Hybridized to SV40 Circles with Short Poly(dT) Tails

An arrow indicates the dimer linkage structure. This molecule is one of the unusual cases in which each poly(A) end is hybridized to

a different SV40-poly(dT) circle.
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(Rous sarcorna virus, Prague C. strain), grown in chick embryo
fibroblasts, was cbtained from Dr. Peter Vogt Aii type C viruses
were collected at 3 h intervals, and the cell culture medium contain-
ing the virus was frozen and stored at -70°C. The viruses were
banded in sucrose, the RNA was phenoi-extracted and ethanol-
precipitated, and the 60-70S RNA was isolated by sedimentation
as described previously (Kung et al., 1975). Terminal deoxynucleo-
tidy! transterase, purified from calf thymus, was purchased from
P & L Biochemicals, Inc. Oligo(dT)-cellulose, type T-2, was pur-
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o w o
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1

Number of Molecules
W
1
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Total Contour Length (kb)

Figure 7. Histogram of Total Contour Lengths of Randomly Select-
ed RSV RNA Molecules Which Are Attached to SV40-Poly(dT)
Open bars represent all molecuies; solid bars indicate molecules
attached to SV40 by two separate ends. There were no molecules
found attached to SV40 by three or more ends.
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Figure 8. RSV RNA Molecules Hybridized to SV40 Circles with Short

The arrow in (b) indicates a presumed dimer linkage structure.
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chased from Collaborative Research, Inc. To minimize ribonu-
clease contamination, glassware was baked overnight at 150°C,
and water was double-distilied.

Preparation of SV40-Poly(dT)

SV40 DNA (a mixture of supercoiled and nicked circular DNAs)
was extended with terminal transferase in a reaction mix of 10-50
ul containing 0.1 M KH,PO; and 0.05 M cacodylic acid adjusted
to pH 7.0 with KOH, 1 mM f-mercaptoethanol, 1 mM CoCl;, 3 mM
thymidine triphosphate (TTP), 500 units per ml terminal trans-
ferase, and up to 0.5 mg/mi SV40 DNA. The solution was incubated
at 37°C for 1-24 hr, depending upon the tail length desired. The
reaction mixture was then diluted about 5 fold into 10 mM Tris,
1 mM EDTA (pH 8.5), and layered onto a gradient of 5-20% sucrose
in the same buffer. Sedimentation (SW50.1 rotor, 44K rpm, 6 hr,
4°C) separated the SV40-poly(dT) from unincorporated TTP and
unattached poly(dT). The SV40-poly(dT) was collected and dialyzed
against 10 mM Tris, 1 mM EDTA (pH 8.5). and stored at -70°C.
Sometimes the reaction was run using 3H-labeled TTP (10 Ci/ mole),
in which case incorporation could be measured by acid pre-
cipitation, or using 3H-labeled SV40 DNA (3.6 x 105 cpm/ug), so
that the fraction of circles extended could be measured by fraction-
ation on poly(A)-sepharose. However, SV40-poly(dT) used for elec-
tron microscope labeling was not fractionated on poly(A)-
sepharose.

Poly(A)-Sepharose
Poly(A)-sepharose was prepared by the CNBr coupling method of
Berridge and Aronson (1973) using 200 mg CNBr/ml packed se-

g B W B
dimer linkage
— ‘,,:-. )

Poly(dT) Tails
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harose. The sample to be absorbed to the poly(A)-sepharose was
mixed with 1 ml of 0.1 M NaCl, 10 mM Tris, 1 mM EDTA (pH 7.5),
and put over 2 column of 1 mi bed volume at a rate of about
0.2 mi/min at 25°C. The column was eluted with the same butfer
at increasing temperature.

ongo(dT)-CeIIulose

The o“go(dT)-cellulose column (1 ml bed volume) was loaded and
washed as the poly(A)-sepharose, except that everything was done
at 4°C. The column was eluted at 37°C with 5 ml of 10 mM Tris,
1 mM EDTA (pH 7.5} at a flow rate of 1 mi/min.

Glyoxal Treatment and Hybridization

RNA was incubated with 1 M glyoxal, 10 mM sodium phosphate
(pH 6.7) at 37°C for up to 1 hr. The mixture was then dialyzed
against 10 mM Tris, 1 mM EDTA (pH 8.5) for 24 hr at 4°C to insure
removal of glyoxal reversibly bound to A and C residues (Broude
and Budowsky, 1971). About 0.01 g of RNA was then mixed with
about 0.02 ug SV40-poly(dT) in 5-20 ul of 0.4 M Tris, 0.04 M EDTA
(pH 8.5). The mixture was allowed to stand at room temperature
for 5-15 min before spreading. The expected Cot, for
poly(A)zoo-pon(dT);oo reassociation at a cation concentration of
0.25 M at 38°C is about 2 x 10-6 M sec (Lee and Wetmur, 1972).
Our incubations [about 100 ng/ml in poly(A) and poly(dT). about
0.24 M in cations, 10’, 25°C] reach a Cot of about 1.8 X 10-4
M sec, that is, a 90 fold excess over Cot,, [neglecting corrections
for temperature and for the unknown effects of the lengths of
sirands to which the poly(A) and poly(dT) are attached].

Spreading

Hybrids were spread by the formamide, cytochrome C method
(Davis, Simon, and Davidson. 1271) using 30 or 40% formamide
in the hyperphase with 2 or 12% formamide in the hypophase,
respactively. Grids were rotary-shadowed with platinum palladium
and examined using a Phillips 300 electron microscope. Molecules
of interest were photographed and the contour lengths were mea-
sured 'using a Hewlett-Packard digitizer. A diffraction grating was
used to calibrate the length of SV40 circles (1.76 = 0.06 xm), and
SV40 was available as an internal length standard on ali spreadings.
Kilobase lengths of glyoxal-treated single-strand RNA were com-
putad assuming 3.91 kb/pm as measured for glyoxal-treated E.
coli 23S ribosomai RNA (Hsu et al., 1973). The lengths of RD-114
and RSY monomers given here are slightly larger than those pre-
viously reported (Kung et al., 1874, 1975) This correction resulted
from a more accurate calibration of the microscope magnification.
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Summary

The molecular weights, subunit compositions, and
secondary structure patterns of the RNAs from an
endogenous baboon virus and from a woolly mon-
key sarcoma virus were examined and compared
to the properties of the RNA of RD-114, an endog-
enous feline virus. The high molecular weight RNA
extracted from each of these three viruses has a
sedimentation coetficient of 525, and a molecular
length, measured by electron microscopy, of 16-20
kb (kb = kilobase, 1000 nucleotides).

Each such RNA is a dimer, containing two mono-
mer subunits of 8-10 kb in length (molecular
weight 3 x 10¢ daltons). The two monomer sub-
units are joined at their non-poly(A) ends in a
structure called the dimer linkage structure. The
appearance of this structure is somewhat different
for the different viruses. The dimer linkage dissoci-
ates at a temperature estimated to be 87°C in
aqueous 0.1M Na+ for RD-114 and baboon viral
RNAs, but at the lower temperature of 66°C for
woolly monkey RNA. All three viral RNAs have two
large loops of similar size and position symmetri-
caily placed on either side of the dimer linkage
structure.

Since the baboon virus is partially related to RD-
114, and the woolly monkey virus is unrelated to
either of the other two, the dimer linkage and sym-
metrical loops are surprisingly similar and may
well be common features of type C virus RNAs.

Introduction

The RNA of the endogenous feline type C virus, RD-
114, has been extensively studied in our laboratory
and has been shown to have a novel structure
(Kung et al., 1975). The RNA from the virion is a
20 kb dimer molecule with an end of one 10 kb mono-
mer noncovalently joined to an end of the other in
& secondary structure feature at the middle of the
dimer molecule. The name *‘rabbit ears' was used
to describe this central junction feature in RD-114,
but as will be shown here, the detailed shape of

this feature differs with different spreading condi-
tions or with RNAs of different viruses under identi-
cal spreading conditions. We have therefore now
adopted the more functional name "“‘dimer linkage
structure.”” RD-114 dimer RNA also has a large loop
in each monomer half, and these loops are symmet-
rically placed with respect to the dimer linkage
structure. Poly(A) mapping has located poly(A) se-
quences on both free ends of the dimer (Bender
and Davidson, 1976). If the poly(A)s are on the 3’
ends of the monomer RNAs, then the two 5' ends
must be joined in the dimer linkage structure.

Initial electron microscopic studies had shown no
RNA secondary structure features similar to those
of RD-114 in either Rous sarcoma virus or Gardner-
Arstein Feline leukemia virus (Kung et al., 1974).
We chose therefore to examine the endogenous ba-
boon virus, BKD (Todaro et al., 1974a), which is
partially related to RD-114, to see if the RD-114 fea-
tures would be conserved. We found that the struc-
ture and physical properties of BKD RNA were quite
similar to those of RD-114 RNA. We therefore stud-
ied the RNA of another primate-derived virus, de-
noted WoMV, which is the simian sarcoma virus iso-
lated from a woolly monkey (Theiler et al., 1971).
This virus is not endogenous in primates and is not
related to either RD-114 or BKD viruses by serologi-
cal or nucleic acid hybridization tests. Nevertheless,
it too shows a dimer structure strikingly similar to
that of RD-114 and BKD.

Resuits

Baboon Endogenous Virus

Sedimentation Analysis

Total RNA extracted from the baboon endogenous
virus, BKD, was sedimented in a sucrose gradient
containing 0.1 M NaCl, and RD-114 RNA was sedi-
mented in a parallel tube. RD-114 RNA was shown
to have an S value of 52 under these conditions
(Kung et al.,, 1975). Both RNAs sediment with the
same velocity (Figure 1a), and so BKD RNA has a
sedimentation coefficient 0f 528 in 0.1 M NaCl. BKD
RNA also sediments identically to RD-114 RNA in
a low salt (0.6 mM cations) sucrose gradient (data
not shown) or on a glyoxal-sucrose gradient (Figure
1c). Because of the low electrolyte concentration
and the effects of the glyoxal, the latter two sedi-
mentation media are moderately denaturing and
cause dissociation of some (but not all) secondary
structure. These observations therefore suggest
that the RNAs of RD-114 and BKD have the same
molecular weight.

Gel Electrophoresis

It has been shown that the high molecular weight
RNA of RD-114 is actually a dimer that can be disso-
ciated into monomers only after treatment with
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strongly denaturing conditions (65% of our stan-
dard urea plus formamide solvent, 0.06 M cations,
60°C, Kung et al, 1975). As will be shown in the
results of electron microscope observations, the
BKD high molecular weight RNA is also a dimer.
We wished to determine the melting temperature of
the dimer linkage as compared to that of RD-114.
gamples of BKD RNA in 67% urea plus formamide,
0.024 M cations, were heated to various tempera-
tures, cooled, and applied to a nondenaturing
agarose gel for electrophoresis. As shown in Figure
2a, samples heated to 40°C or less gave a single
high molecular weight peak; samples heated to
50°C were partially dissociated into a lower molecu-
lar weight peak, and samples heated to 60°C were
completely dissociated to the lower molecular
weight. It will be shown below that the high molecu-
lar weight peak is an RNA dimer and the lower mo-
lecular weight peak is monomer RNA. Making slight
corrections for the different solvent conditions used
in the melting experiments for RD-114 and BKD
RNAs, we conclude that the BKD dimer linkage has
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zl;]ure o Sedimen.tation Protiles of BKD and WoMV RNA as Ex-
Cted from the Virion

:12?(::3:9:“0(1 was carried out in an SW50.1 rotor at 4°C. Arrows
o .44 00.114 RNA marker. (a) BKD RNA in NTE-sucrose gra-
dient, 45'080 rPm, 1.25 hr; (b) BKD RNA in glyoxal-sucrose gra-
45.00‘0 {y 0 rpm. 5 hr: (c) WoMV RNA in NTE~sucrose gradient,
45,005 7™ 175 i (d) WoMV RNA in glyoxal-sucrose gradient,
& Pm. 5.5 hr. All sedimentations are from right to left
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about the same stability as the RD-114 dimer
linkage.

We have found that methylmercury hydroxide can
be used to denature completely RNA molecules, so
that agarcse gel electrophoresis of RNA in the pres-
ence of methylmercury hydroxide can be used to
determine the molecular weight (Bailey and David-
son, 1976). As shown in Figure 3a, BKD RNA mono-
mers on a methylmercury hydroxide agarose gel
co-migrated with RD-114 RNA at a mobility corre-
sponding to 3 x 10¢ daltons (or 9 kb).

Electron Microscopy

Glyoxal Treatment is an easy and effective way to
disrupt most RNA secondary structure (Hsu, Kung,
and Davidson, 1973), and we consider length mea-
surements in the electron microscope of glyoxai-
treated RNA to be our most reproducible method
for determining molecular weights. BKD RNA was
taken from the high molecular weight peak of a non-
denaturing sucrose gradient, incubated with 1M
glyoxal, 0.01 M potassium phosphate (pH 7.0) for
1 hr at 37°C, and spread for microscopy from 55%

4090
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Figure 2. Agarose Gel Electrophoresis of Viral RNAs Showing Dis-
sociation cf the High Molecular Weight Complex

(a) BKD RNA in 67% (U + F), 0.024 M cations. (——) unheated;
(--) heated to 40°C; (---) heated to 50°C. and (..-) heated to
60°C.

(b) WoMV RNA at room temperature with 0015 M cations and
(——) 0% (U + F). (-—=) 65% (U + F). and (=) 75% (U + F).
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formamide. The histogram in Figure 4a shows that
the length distribution is rather broad, although
there is a maximum at about 20 kb. We presume
that there are many nicked molecules held together
intramolecularly in the high molecular weight RNA
complex under nondenaturing conditions and that
these fragments of all sizes appear after glyoxal
treatment. To estimate the full-size molecular
weight of any partially degraded RNA or DNA, one
must arbitrarily decide on a boundary above which
molecules are considered full-size, and below
which they are considered fragments. This is also
a problem for size determinations by electrophore-
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Figure 3. Electrophoresis of Viral RNA on Denaturing Methylmer-
Cury Hydroxide Gels

(a) BKD viral RNA, run at 5 mA per gel for 3 hr. The positions
of Hela 18S and 28S rRNA markers and of RD-114 viral RNA (run
in a separate tube) are shown

(b) WoMV viral RNA, run at 5 mA per gel for 5 hr. The positions
of HeLa 18S and 28S and E. coli 23S rRNA markers and of BKD
RNA (in a separate tube) are shown.

sis or sedimentation, aithough the difficulty is par-
tially disguised by the usual weight average method
of plotting results.

Fortunately, these RNA tumor viruses contain
RNA dimers, and, as shown in the accompanying
paper (Bender and Davidson, 1976), they have
poly(A) sequences at both outside ends. Any con-
tinuous dimer molecule with both poly(A) ends in-
tact must be full-length. Similarly, since monomers
are joined in the dimer linkage very close to their
non-poly(A) ends, the distance from a poly(A) end
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v
Q@
4
(8]
[0}
S 20+
=
= ]
s 10
L
£
= i
z
Lo [ SUSMEREN  ¥ . N o :
5 10 15 20 25
(c) WoMV
20 A
10—
J
O llll]ll]lll TTI 1 i||||1|
5 10 15 20 25

Length {kb)

Figure 4. Histogram of Total Lengths of Glyoxal-Treated Viral RNAs

(a) BKD 528 RNA treated with 1M glyoxal for 1 hr and spread
from 55% formamida. All molecules were measured.

(b) BKD 52S RNA treated with 1 M glyoxal for 1 hr at 37°C, dialyzed
against 10 mM Tris. 1 mM EDTA for 24 hr, hybridized with SV40
circles with short poly(dT) tails to mark the poly(A) ends, ard
spread from 40% formamide. Dimers (solid bars) were scored as
unbroken molecules with two poly(A) ends marked by the SV40-
poly(dT). The lengths are measured from one SV40 attachment
point to the other (excluding the dimer linkage structure). Mo-
nomers (open bars) were scored as molecules continruous from
poly(A) end to dimer linkage; contour lengths were measured from
the SV40 attachment site to the base of the dimer linkage.

(c) WoMV 5238 RNA treated with glyoxal, dialyzed 24 hr, hybridized
with SV40-poly(dT), and spread, as above. Dimers (solid bars) and
monomers (open bars) were scored and measured as above
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to the base of the dimer linkage structure can be
taken as the full monomer length. Thus we can
avoid scoring any broken molecules without biasing
our selection of full-length molecules.

G|yoxal-treated BKD RNA was hybridized to SV40
circles with short poly(dT) tails (average length of
175 bases) to mark the poly(A) ends, and the mix
was spread for microscopy (Bender and Davidson,
1976) from 40% formamide. Full-length dimers and
monomers, as defined above, were measured and
are plotted in Figure 4b. The dimer length is
18.8 = 1.3 kb, and the monomer size is 9.4 + 0.7
kb. RD-114 has dimers of 20.0 &+ 1.7 kb and mono-
mers of 9.8 = 1 kb (data not shown).

We are not certain of the number of nucleotides
within the dimer linkage structure; assuming that
both the arms of the dimer linkage are single-
stranded, we estimate that there are about 400
bases included in the BKD dimer linkage (about 600
for RD-114). Including the RNA in the dimer linkage,
the BKD dimer length is thus 19.2 kb, and the mono-
mer is 9.6 kb (20.6 and 10.1 kb for RD-114 dimers
and monomers, respectively). These values for RD-
114 are slightly higher than those reported pre-
viously (Kung et al., 1975); the difference is due to
more accurate calibration of the microscope
magnification.

There are a few reproducible secondary structure
features which remain after glyoxal treatment. Rep-
resentative BKD RNA molecules are shown in Fig-
ures 5a and 5b. Molecules of about 20 kb iength
always had a structural feature near the center
which looked like M., -, or_X_. This feature is similar
in position to the dimer linkage structure observed
in RD-114 RNA, although the RD-114 dimer linkage
is usually shaped like X (Kung et al., 1975). This
central feature divided the RNA molecule into two
qual subunits. There is frequently a loop present
On one or both subunits; the loop occurred on 80%
of the subunits in one particular spread. The size
ind location of the loops are very similar to what
?/e ob§erved previously on RD-114. On 70% of the
f“bU“'tS, within the region of the loops, there is a
"?Oa“ hairpin-like structure with a length of about
50‘11313459 pairs. This structure was not present on

e RNA.. For about 30% of the monomer sub-
i I;’ the dimers, there is an additional reproduc-
i t;’p C{ue to. a crossover between a point 1 kb
oF: thz dimer linkage sﬁructure and a point 0.5 kb
P DO'V(A) end (Figure 5b). This attachment
" d§e€n in glyoxal-treated RD-114 RNA. An
oy m‘igram of the structure of BKD RNA is

Iqure 7, and the contour lengths of the

atu ;
T '€S of the glyoxal treated molecules are given
able 1,

‘Urea Plus For

an mamide (U + F) was used at dif-
tCOncentr

ations to give solvents of controlled
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denaturation strength to study the relative stabilities
of the various secondary structure features of BKD
RNA. The exact composition of these solvents is
described in Experimental Procedures. When BKD
RNA is spread at room temperature from 50% or
70% (U + F) (0.24 M cations), the moiecules are
still tangled and hardly traceable. Spread from 80%
(U + F), the molecules are well extended, but the
secondary structure features seen in glyoxal-
treated RNA (the dimer linkage structure, the loops,
and the hairpins within the loops) are stiil present
on most molecules, and about 15% of the molecules
have the outside ends looped around and attached
near the dimer linkage. When BKD RNA in 67%
(U + F) is heated to 40°C briefly, then cooled and
spread at room temperature, the loops disappear
from most molecules, although the dimer linkage
and the hairpins remain intact. Heating to 55°C in
67% (U + F) causes most of the dimers to dissoci-
ate into monomers; this result is direct confirmation
of the dimer melting temperature determined by the
agarose gel electrophoresis method. The small hair-
pin formerly within the loop is still present after
brief heating to 55°C in 67% (U + F), and itis near
the center of the monomer RNA (Figures 5c and
5d); either it has a very high melting temperature,
or it melts on heating but then renatures during the
subsequent cooling.

After brief heating of BKD RNA to 55°C in 67%
(U + F), a new secondary structure feature ap-
pears in most of the dissociated molecules. This
feature, which is not seen in glyoxal-treated RNA,
looks like a hairpin, usually with a loop at the end
of the stem (see Figure 5c). It measures about 1.3
kb in contour length and is about 1 kb from the
non-poly(A) end. A similar feature was seen in RD-
114 RNA after heating and cooling (Kung et al.,
1975). Rarely, we find an intact dimer after the
above heating procedure with two of these new
large hairpins symmetrically placed about the dimer
linkage (Figure 5d). These molecules show that the
new hairpin is formed in a region close to the dimer
linkage end of the monomer and near the region
that is normally the loop. We have also seen that
in spreads from 80% (U + F) at room temperature,
where almost all molecules are still dimers, about
20% of the monomer subunits have these new large
hairpins instead of the usual large loop. Under
these conditions, there are a few cases (about 1%
in which both the new hairpin and the large loop
appear to be present on the same RNA subunit; in
these molecules, the base of the hairpin is immedi-
ately adjacent to the base of the loop (Figuie 5e).

Woolly Monkey Virus
The WoMV virus preparation (called SSV-1 by some
investigators) contains mostly nontransforming
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Figure 5. Electron Micrographs of BKD RNA.

(a) ang (b) glyoxal-treated RNA spread from 55% formamide; (c) and (d) RNA in 67% (U + F) heated to 55°C, cooled, and spread at
room temperature, (e) RNA in 80% (U + F) soread without prior heating. (D) indicates the dimer linkage structures; (L) indicates the
Ioops; (SH) indicates the small hairpins within the loop region; and (LH) indicates the new large hairpin that appears under denaturing
conditions Ths bar lengths are 0.5 um.
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helper Virus (Wolfe et al., 1.972), so that thgse gtud-
ies deal with the RNA c?f this nontransforming virus.
sedimentation Analysis .

The sedimentation of high molecular weight RNA
extracted from WoMV was comparad with RD-114
RNA on a sucrose gradientin 0.1 M NaCl. As shown
in Figure 1b, the WoMV RNA co-sediments with the
525 RD-114 RNA. WoMV RNA also co-sediments
with RD-114 RNA in gradients containing 0.01 M
NaCl (data not shown). When WoMV RNA is first
treated with glyoxal under our standard conditions
and then run on a glyoxal sucrose gradient, two
peaks appear (Figure 1d). In addition to the peak
co-sedimenting with glyoxal-treated RD-114 RNA,
there is a more slowly sedimenting peak. The elec-
tron microscope analysis, reported below, showed
that the fast peak contained RNA dimers and the
slow peak contained mcnomers. Since glyoxal-
treated RD-114 RNA or BKD RNA gave only the
dimer peak, the WoMV RNA dimer linkage is less
stable to glyoxal treatment than that of RD-114 or
BKD.

Gel electrophoresis

We used electrophoresis on non-denaturing
agarose gels to follow the dissociation of the WoMV
dimer. High molecular weight RNA was dissolvad
at room temperature in a soivent containing 0.015
M cations and varying concentrations of urea plus
formamide, and was then applied to the gel. Figure
2b shows that RNA treated with 65% (U + F) at
room temperature migrated with the untreated
sample, and molecules in 75% (U + F) moved sig-
nificantly faster. Heating the RNA to 40°C in 88%
(U + F) did not produce any further dissociation.
As will be shown, the slow peak contains dimer-
length RNA molecules and the fast peak contains
RNA menomers. BKD RNA dimers melted apart in
67% (U + F) at about 50°C: the dissociation of
WoMV at 25°C in 75% (U + F) demonstrates that
the dimer linkage is considerably less stable in
WOMV RNA than in BKD or RD-114 RNAs (see
Discussion).

To get a size determination of the WoMV RNA
monomer, we ran the RNA on an agarose gel in
the presence of methylmercury hydroxide. The
WoMV RNA migrates as a single psak corre-

19

sponding to a molecular weight of about 3 x 10
daitons or 9 kb (Figure 3b).

Electron Microscope Studies

Glyoxal-treated WoMV RNA sedimented as two sep-
arate peaks on a glyoxal sucrose gradient (Figure
1d), and these peaks were each isolated and spread
from 30% formamide. The slower sedimenting peak
gave molecules of about 9 kb contour length (Fig-
ure 6b), and the faster peak contained molecules
which had a dimer linkage structure similar to those
of RD-114 and BKD and which were about 17 kb
in length (Figure 6a). We conclude that the slow
and fast peaks of the giyoxal sucrose gradient
contain monomers and dimers of WoMV RNA,
respectively.

Again we attempted to get an accurate estimate
of the RNA size by using the poly(A) mapping tech-
nique. Full-length dimers are defined as continuous
molecules with poly(A) sequences at both outside
ends; full-length monomers are molecules continu-
ous from a poly(A) end to a clear dimer linkage
structure. A histogram of the monomer and dimer
lengths is plotted in Figure 4c; the dimer length is
16.7 = 1.4 kb and the monomer length is 8.5 = 0.7
kb. If the dimer linkage sequences (about 300
bases) are included, the dimer and monomer
lengths are adjusted to 17 and 8.7 kb, respectively.

The data in Table 1 show that BKD RNA is nearly
the same size as RD-114 RNA but that WoMV RNA
is significantly smaller. We presume the length dif-
ference reflects an actual difference in molecular
weights, but it is possible that WoMV RNA could
have small-scale secondary structure which is resis-
tant to glyoxal treatment and which shortens the
total contour length of the RNA. The methylmercury
hydroxide gels indicated the same molecular
weights for the three different viral RNAs, but the
accuracy of these measurements was insufficient
to detect a 10% difference in molecular weights.

The secondary structure pattern seen in glyoxai-
treated WoMV RNA is almost identical to that of
BKD RNA (Figure 6a). The dimer linkage structure
was shaped like M, 4, or &, and was always in
the approximate center of the dimers. There were
loops on many (50%) of the monomer halves and
small hairpins present in most (70%) of the loops.

Table 1. Contoyr Lengths of ANA Structurai Features
a b ¢ d f g h i

D114 200.17 8:10 89-07 38-06 2404 0.3:0.07
5Kp 188: 13 e A= 0.7 39=0% 3.7 =04 19 = Q1 12 2Lt 0:5 4 0.1 1.9=08 02 - 6,04
WeMy

sty 16714 85-07 35-05 39204 14=03 1003 08:04 21=04  0714:0.04
The enagt . +
(Sdkl'”gihs and standard deviations of the fzatures marked by the letters (a-i) in the diagram of Figura 7. The smali hairpin feature
d )"3 not tresent in RD-114, and its length (g) for BKD and WcMV is given i~ kilobases of single-strand RNA (twice the apoarent
Gubie-strang

are a4
— 2% 2ifor

length) As discussed in the text. our estimates of the full lengths, including the sequences in the dimer linkage structure,
dimers and b ~ i for monomers. We assume 1 kb equals 0.256 um for giyoxal-traated RNA.
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Figure 6. Electron Micrographs of WoMV RNA

(a) and (b) show RNA taken trom a glyoxai-sucrose gradient (Figure 1d) and spread from 30% formamide The molecuie from (a) came
from the fast sedimenting peak and in (b) from the lower sedimenting peak. (c-d) show molecuies spread without prior heating from
a solution with 0.03 M cations anc 70% (U + F) [in (c) and (d)} or 88% (U + F) [in (e)]. (D) indicates the dimer linkage structures:
(L) indicates the loops: and (SH) indicates the small hairpin. The bar lengths are 0.5 ym.
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Figure 7. General Diagram of Secondary Structure Features in Viral
RNA Dimers of RD-114, BKD, ard WoMV

Contour lengths of various features (a-i) are given in Tabie 1. The
dimer linkage structure (DLS) is not always shaped as drawn here,
and the smal! hairpin (SH) with the loop is fourd in BKD and WoMV,
but not in RD-114. Structures seen under denaturing conditions
are shown separately for BKD and WoMV RNAs. (LH) indicates
the new large hairpin seen in BKD under denaturing conditions.

The outside ends were never observed to fold back
and attach near the dimer linkage as sometimes
happened with BKD RNA. The diagram of Figure
7 also applies to the secondary structure features
found in WoMV RNA, and the contour lengths of
these features are given in Table 1. Note that the
lengths from the poly(A) end to the loop and the
loop circumference are approximately the same in
WoMV as in BKD, but the distance from the loop
to the dimer linkage structure in WoMV RNA is sig-
nificantly shorter than in BKD RNA.

Urea plus Formamide. WoMV RNA was also
spread with different concentrations of (U + F) in
the hyperphase to study the stability of the various
secondary structure features under varying dena-
turing conditions. In a 50% (U + F) spread (0.04
M cations), most WoMV RNA molecules were con-
densed and not easy to interpret. With 70% (U + F),
the molecules were often still tangled but were
usually traceable. About half of the molecules were
of dimer length (about 17 kb) and showed the sec-
ondary structure features seen in glyoxal-treated
RNA, that is, the dimer linkage structure, the loops,
and the hairpins within the loops (Figure 6¢). About
80% of the monomer halves had a loop and about
89% had the small hairpin within the loop region.
D'§Sociated monomers aiso had these loops and
hairpins (Figure 64d).
70?‘9 partial dissociation of dimers observed in
65;? (U + F) parallels the dissociation between

©and 75% (U + F) seen by agarose gel electro-
Phoresis. Spreading from 88% (U + F) caused
;"OSt (85%) of the dimers to dissociate, and very
€W (8%) of the monomers still contained loops, but

€ smal hairpin structure was observed near the

Ceﬁter of 75% of the monomer RNA molecules
(Flgure ed)
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We also looked to see whether the WoMV RNA
could form the same large hairpin structure as was
observed in BKD and RD-114 molecules. The
WoMV RNA in 80% (U + F) was heated to 60°C,
cooled, and spread at room temperature. We could
still identify the small hairpin located near the center
in over 70% of the monomers, but no large hairpins
were seen.

Discussion

Our most striking result is that the high molecular
weight RNAs from RD-114, BKD, and WoMV are all
dimers and have very similar structures. There are
differences in the observed morphologies of the
dimer linkage structure and small differences in
other secondary structure features. WoMV RNA
also differs from that of RD-114 and BKD in that
the dimer dissociates more readily.

We have used a urea-formamide solvent for stud-
ies of the dissociation of the dimers because it is
also a good solvent for electron microscopy. We
can estimate the dissociation temperatures in aque-
ous 0.1 M NaCl by using the equation AT, =
0.4 x percent(U + F) + 16.5°Clog{(cation) x 10].
The predicted effect of cation concentration
in this equation is taken from Schildkraut and
Lifson (1965) and is probably fairly accurate.
The estimated effect of (U + F) concentration is
based on very limited data. Friedrich and Feix
(1972) show that the T, of the double-stranded
replicative form of MS2 RNA is depressed by 0.3
to 0.5°C per percent formamide. The melting
point depression of DNA by (U + F) and by pure
formamide are approximately the same per volume
percent solvent. If we assume the same is true for
RNA duplexes, we arrive at the above equation.

This equation predicts T,, for BKD, RD-114, and
WoMV dimers in aqueous 0.1 M Na+ of 87°C, 87°C,
and 66°C. We regard these values as only approxi-
mate, but the relative order of dissociation tempera-
tures is reliable.

RD-114 virus was isolated from a human rhabdo-
myosarcorma after an in vivo passage in a fetal cat
brain (McAllister et al., 1972). It is thought to be
an endogenous feline virus because it shows close
sequence homology to the infectious type C virus
that can be induced from a cat cell line in culture
(Livingston and Todaro, 1973; Fischinger et al,,
1973; Sarma et al., 1973), and because it shows se-
quence homology with cat cellular DNA (Baluda
and Roy-Burman. 1973; Nieman. 1973; Ruprecht,
Goodman, and Spiegeiman, 1973).

BKD virus was isolated by co-cultivation of nor-
mal baboon kidney with a dog thymus cell line, and
it appears identical to several other isolates of en-
doganous type C baboon viruses (Melnick et al.,
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1973; Benveniste et al., 1974; Todaro et al., 1974a).
BKD shows partial antigenic relationship to RD-114
with regard to viral reverse transcriptase and the
viral core protein, p30 (Hellman et al., 1974; Sherr
et al., 1974). The sequence homology between RD-
114 and BKD, determined by hybridizing a cDNA
probe made from one virus to an excess of RNA
from the other, is 10-20% (Benveniste et al., 1974;
Todaro et al., 1974b). Thus by several criteria, BKD
and RD-114 are likely to be evolutionarily related.
Todaro et al. (1974b) have suggested that the CCC/
RD-114 family of endogenous cat viruses was intro-
duced into the cat germ line by horizontal transmis-
sion of a primate virus, related to the baboon virus.

WoMV is the simian sarcoma virus isolated from
a woolly monkey fibrosarcoma (Theilen et al., 1971).
There is no detectable sequence homology be-
tween WoMV RNA and the RNAs of either RD-114
or BKD as measured by hybridization of labeled re-
verse transcriptase products to excess viral RNA
(Benveniste and Todaro, 1973; East et al., 1975).
Similarly, there is no antigenic cross-reaction be-
tween WoMV and either RD-114 and BKD for either
the viral polymerase or the gs-1 determinants of the
p30 protein (Sherr et al., 1974, 1975). WoMV does
appear by both antigenic and sequence homology
tests to be closely related to the gibbon-ape leuke-
mia virus, and more distantly related to several
murine type C viruses and an endogenous pig virus
(Sherr et al., 1974, 1975; Benveniste and Todaro,
1973).

That such similar structures appear in the RNAs
of RD-114, BKD, and WoMV suggests that all type
C RNA viruses have RNA dimers with loops. These
features, however, were very rarely observed in
Rous sarcoma virus (Bender and Davidson, 1976).
We have observed that the 60-70S RNA of Rous
sarcoma virus dissociates to 30-35S RNA more
readily than do WoMV dimers. (Bender and David-
son, 1976). Thus it is probable that if dimer struc-
tures exist in Rous sarcoma virus, it would be diffi-
cult to observe them, since denaturing conditions
are required to extend the RNA for electron micros-
copy. If loops exist, they must also be easily
disrupted.

The RNA that we observe has been through
phenol extraction, ethanol precipitation, and
Spreading in denaturing solvents. We cannot be
certain that what we see represents the ‘‘native”
structure, that is, that which exists in the virion. It
isimprobable that virions contain single RNA mono-
mers which associate into dimers after extraction,
since we have never observed reassociation of
dimers after they have been dissociated by heating.
Comparisons of the relative sedimentation veloci-
ties of RD-114 RNA and several marker RNAs in
Nondenaturing and glyoxal sucrose gradients sup-

port the view that the 52S RNA complex is a single-
dimer molecule (Kung et al., 1975). By analogy, the
same is true for BKD and WoMV 5235 RNAs. Our
data say nothing about the number of 52S dimers
per virion.

It seems clear that the loops and dimer linkage
structures are formed by processes more compli-
cated than simple association of complementary se-
quences. When the loops are dissociated by heat-
ing viral RNA in a low concentration of (U + F), the
loops never reappear when the solution is cooled.
If there were two complementary sequences at the
base of the loop, they should reanneal very quickly,
since they are always in close proximity. Similarly,
the dimer linkage structure does not reform after
heating and cooling. We have heat-denatured 528
RD-114 RNA and incubated it at a high RNA con-
centration to allow reassociation of dimer linkages,
but reassociation has never been observed. The
large hairpin structure of RD-114 and BKD is also
peculiar in that it never appears until the virus is
subjected to very denaturing conditions, and then
it is present only on some of the molecules.

Several alternative models may be suggested to
explain how the monomers are joined in the dimer
linkage structure; similar models could account for
the structure at the junctions of the loops. There
may be a protein binding the two subunits together.
Such a protein would have to be resistant to the
phenol-SDS extraction used here to prepare all viral
RNAs, and also resistant, in the case of RD-114,
to pronase-SDS extraction (Kung et al., 1975). If
dissociation of the dimers occurs upon heat dena-
turation of a protein linker, the monomers would
probably not reassociate.

In proposing models to explain how the dimer
linkage structure could be held together by base
pairing, we accept two constraints: first, there is
only standard Watson-Crick antiparallel base pair-
ing; second, the dimer linkage involves an interac-
tion between sequences close to the 5 ends of
identical monomers. The latter assumption is based
on the following observations. The poly(A) se-
quences of mRNAs and some tumor viral RNAs are
at the 3' end (Wang and Duesberg, 1974; Quade,
Smith, and Nicols, 1974; Rho and Green, 1974), and
our poly(A) mapping shows that the dimer linkage
joins the two non-poly(A) ends. Furthermore, oli-
gonucleotide fingerprint evidence suggests that all
subunits of Rous sarcoma virus RNA are identical
in sequence (Beemon, Duesberg, and Vogt, 1974;
Weissmann et al., 1974). We assume this is also the
case for other tumor virus RNAs.

Figure 8a shows a structure with two identical
monomers base-paired to each other. All such
structures require the presence of inverted repeat
sequences on each strand. Figure 8b shows how
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a small RNA molecule might serve as a linker. The
RNA linker could be the same tRNA that serves as
a primer for the in vitro reverse transcriptase reac-
tion (Dahlberg et al., 1974; Taylor and llimensee,
1975). In both these models, the monomers would
not be expected to reassociate after thermal disso-
ciation. In Figure 8a, the inverted repeats would
form base pairs intramolecularly, and the linker of
Figure 8b would anneal completely to just one mo-
nomer strand. Both models therefore require spe-
cial in vivo mechanisms to cause intermolecular
base pairing for dimer formation. Figure 8c gives
another possible structure with a small RNA linker
which contains a tandem direct repeat so that it can
base pair with the two identical monomers. This
structure could reform after heat dissociation.
Models for the dimer linkage similar to these were
independently conceived and communicated to us
by Dr. Andrew King of the University of Wisconsin.

We can only guess at the functions of the dimer
linkage structure and the loop structures. They

(a) 5 5/
A B BTA!
A'B'B A
¢ D Dic!
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c'D'DC
(b) 51 5/
Al AT A
B| |8’ B
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Dl D'| |D
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(c) 57
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Figure 8. Diagrams of Possible Structures for the Dimer Linkage
in Which the Binding Is through Normal Complementary Base
Pairing

(a) shows a model in which identical monomers bind to each other
at inverted repeat sequences. In (b), a small RNA linker joins two
identical monomers; a second linker of the same sequence could
be added to the diagram to give double bonding. (c) is @ model
in which the linker contains a tandem tepeat. In all cases, the
letters (A-E) indicate base sequences and the primed letters
(A'-E’) indicate their complementary sequences.
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could have some role in packaging the RNA in the
virus. The dimer linkage, for instance, may insure
that every virion is diploid. It has been reported,
however, that the 60-70S complex in avian sercoma
virus is unstable when the virus is first assembled
and released (Canaani, Helm, and Duesberg, 1973;
Stoltzfus and Snyder, 1975). The structures could
also function in the synthesis of DNA from the viral
RNA. It is less probable that the dimer linkage struc-
tures affect RNA synthesis or protein synthesis be-
cause integrated RD-114 proviral DNA is infectious
(Nicolson et al., 1976), and as has been discussed,
the structures mentioned in the above models
would not be expected to form in the integrated
DNA or in the messenger transcribed from it.

Experimental Procedures

Virus and RNA Preparation
BKD virus, obtained from Dr. Raymond Gilden, is the Bab 8-K strain
(Todaro et al., 1974a). It was grown in dog thymus cells and then
by us in human HT-1080 cells (Rasheed et al., 1974). WoMV, ob-
tained from Dr. Gilden, is derived from the simian sarcoma virus
isolated by Theilen et al. (1871). It was grown in woolly monkey
muscle cells and then by us in human RD cells. Nontransforming
helper virions are usually in more than 10 fold excess over sarcoma
virions (Wolfe, Smith, and Deinhardt, 1972; Scolnick et al., 1972;
Aaronson, 1873). Dr. Giiden confirmed the identity of the BKD virus
preparation by hybridizing cDNA transcripts from RD-114 or BKD
to cellular RNA from our producer cells. The identity of our WoMV
preparation was confirmed by Gilden in CF tests using antisera
to WoMV p30 antigens.

The viruses were banded in sucrose, and the RNA was prepared
by phenol-SDS extraction and ethanol precipitation as described
previously (Kung et al., 1975).

Sedimentation Analysis
NTE-sucrose gradient: 10-30% sucrose gradients containing NTE
buffer [0.1 M NaCl, 0.01 M Tris (pH 7.0), 0.001 M EDTA] were
prepared. 3H-labeled RNA samples (in NTE), about 50 pl, were
layered onto the gradients and centrifuged in an SW50.1 rotor
at 45,000 rpm and 4°C.

Glyoxal-sucrose gradient: 3H-labeied RNA samples were treated
with glyoxal by dialyzing against 1 M glyoxal in 0.01 M phosphate
buffer (pH 7.0) for 1 hr at 37°C, then by dialyzing against 0.1 M
glyoxal in the same buffer for approximately 30 min at 4°C. A sam-
ple thus treated was sedimented through a 10-20% sucrose gra-
dient in the presence of 0.1 M glyoxal, 0.01 M phosphate buffer
(pH 7.2), at 4°C, 45,000 rpm in an SW50.1 rotor. RD-114 528 RNA
was similarly treated and run in parallel as an external marker.

For preparative purposes, low salt [1 mM Tris (pH 7.2), 0.1 mM
EDTA] sucrose gradients were used to fractionate high molecular
weight RNA species. Phenol-extracted RNA samples were dis-
solved in the low salt butfer and sedimented through these gra-
dients at 4°C. Under these conditions, BKD and WoMV RNAs both
sediment as single components with the same sedimentation veloc-
ity as RD-114 RNA. Samples taken from the peak positions were
used for electron microscope studies.

Electron Microscopy
The preparation of RNA samples for electron microscopy and the

- details of the different spreading techniques have been previously

described (Kung et al., 1975). The urea plus formamide (U + F)
solvent was prepared by adding 480 g (8 mol) of urea to1l of recrys-
tallized formamide: this gives a solution about 74% by volume
formamide and about 5.9 M in urea. The volume percentage of this
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solvent in a solution of aqueous buffer is quoted as percent
(U + F). Thé techniques for mapping the poly(A) sequences on
the viral RNA are presented in the accompanying paper (Bender
and Davidson, 1976). For length measurements, SV40 DNA double-
stranded circles were compared to a diffraction grating, and SV490
circles were used as internal length standards in the poly(A) map-
ping experiments to calibrate the lengths of viral RNA monomers
and dimers (Figure 4). Lengths were converted to kilobases assum-
ing 0.256 um/kb, as measured for glyoxal-treated E. coli rRNA
(Hsu et al., 1973).

Agarose Gel Electrophoresis

BKD 52S RNA samples were dissolved in 67% (U + F) containing
0.033 M Tris (pH 7.3) (0.024 M cations), heated at desired tempera-
ture for 1 min, and then quickly cooled in ice. After adding 10%
glycerol, the sample solutions were loaded onto 1% agarose gels
containing E buffer [0.05 M boric acid, 0.005 M sodium borate
(Na,B:0; - 10 H;0), 0.01 M sodium sulfate, and 0.001 M EDTA
(pH 8.2)]. all as described (Kung et al.. 1975). WoMV 52S RNA
dissociates more readily than BKD 52S RNA, and so to determine
the dissociation conditions, WoMV RNA samples were not heated
but were dissolved in solutions with varying concentrations of
(U + F) and with 0.025 M Tris, 0.0025 M EDTA (pH 8.5). These
solutions were then applied to the gels.

For methylmercury hydroxide—agarose gel experiments, all RNA
samples were applied onto the gel (1% agarose) in E buffer contain-
ing 5 mM CH;HgOH and 10% glycerol. 28S and 18S unlabeled
Hela rBNA and 23S E. coli rRNA were included as internai markers
To visualize rRNA bands after electrophoresis, gels were stained
with 1 ng/ml ethidium bromide, 0.5 M NH.Ac for 30 min and exam-
ined by illumination with short wavelengtn uitraviolet light. The dis-
tances traveled by rRNA markers were recorded. The gels were
then sliced into 2 mm fractions, and the radioactivity of 3H-labeled
BKD or WoMV RNAs was determined.
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Electron microscope and gel electrophoresis studies show that the high-molec-
ular-weight (50 to 70S) RNA extracted from Friend virus (FV) is a dimer with
the same basic structure previously observed for the RNAs from RD-114 virus,
baboon virus, and woolly monkey virus. This observation greatly strengthens
the inference that the dimer structure is a general characteristic of the RNAs of
all mammalian type C viruses. The FV dimer is slightly less stable than the
RNA dimer of woolly monkey virus, which is, in turn, much less stable than
those of RD-114 and baboon virus. There are three FV monomer components,
small (S), medium (M), and large (L), with molecular lengths of 6.7 = 0.6, 7.7 =
0.6, and 9.5 = 0.6 kilobases, respectively. There are approximately equal
amounts of the S and M components and much less of the L component. Most of
the dimers are homodimers (SS, MM, and LL). The frequency of heterodimers

(SM, SL, ML) is much less than expected for a random assortment model.

Friend virus (FV) (7) preparations are known
to contain two viral components with different
biological activities (1, 10, 16), the spleen focus-
forming virus, and the Jymphatic leukemia vi-
rus. The spleen focus-forming virus is onco-
genic; it transforms erythroid precursor cells
and induces spleen focus formation, thus result-
ing in erythroleukemia in mice. The spleen
focus-forming virus is replication defective and
needs a helper virus. The helper function is
provided by the lymphatic leukemia virus com-
ponent of the FV complex (16). The helper func-
tion can be provided by many other murine leu-
kemia viruses (for example, Moloney leukemia
virus), which do not induce erythroid disease
(16). The endogenous virus released during di-
methyl sulfoxide-induced differentiation of
Friend cells (5) and upon exposure of these cells
to bromodeoxyuridine also has helper activity
(5, 14).

Earlier work on the FV genomic RNA has
shown that: (i) the FV RNA contains two sub-
units whose sedimentation coefficients are ap-
proximately 35 and 32S; (ii) the amount of the
larger subunit is <20%, whereas the smaller
subunit constitutes 80% or more of the FV
RNA; (iii) the genomic complexity is approxi-
mately 2.5 x 10° daltons; and (iv) the viral RNA
contains polyadenylic acid [poly(A)} and also
internal oligo(A) tracks (12). In addition, the 35
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and 32S subunits have been tentatively as-
signed to lymphatic leukemia virus and spleen
focus-forming virus RNA. respectively (11).

Electron microscope studies from this labora-
tory have shown that the high-molecular-
weight (50 to 70S typically) RNA components
extracted from several different type C viruses
all have a common structure (3, 8, 9). They are
dimers consisting of two monomers with molec-
ular weights of about 3 x 109, joined together at
their 5’ ends by a secondary feature called the
dimer linkage structure (DLS). There is a loop
close to the middle of each monomer, and there
is a poly(A) stretch at each 3' end. This struc-
ture has been observed for RD-114, an endoge-
nous xenotropic cat virus; for BKD, an endoge-
nous xenotropic baboon virus; and for WoMV, a
virus horizontally transmitted in woolly mon-
keys. It was of interest, therefore, to ask
whether a murine type C virus has the same
structure. The Friend system is of additional
interest because it contains both transforming
and leukemogenic activities and because
Friend cells are a system in which to study the
relation between expression of viral and cellu-
lar genes.

MATERIALS AND METHODS

Stock solutions. NTE buffer consisted of 0.1 M
NaCl. 0.01 M Tris-OH, and 0.001 M EDTA, adjusted
to pH 7.5 with HCI.

(U+F) solvent. A 480-g quantity of urea was dis-
solved in 1 liter of formamide, giving 1.35 liters of
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solution. The volume percentage of this solution
when mixed with aqueous electrolyte is reported as
percent (U+F). (See reference 8 for explanation.)

E buffer. E buffer censisted of 0.05 M boric acid,
0.005 M sodium borate (Na,B;0;-10H,0), 0.01 M
Na,SO,, and 0.001 M EDTA (pH 8.2).

TE buffer. A y molar concentration of TE buffer
contains (per liter) y moles of Tris OH and 0.1 y
mol of Na EDTA, all adjusted to pH 8.5 with HCI.
The cation concentration is 0.3 y in Na* ions, ap-
proximately 0.3 y in Tris H*, and therefore contains
0.6 y total.

Cells, virus, and RNA. The cell line used, FSD-3,
has been described previously (4). Briefly it origi-
nated as follows. FV containing cell-free superna-
tant from a cell culture of an FV-transformed cell
line, FSD-1 (13), clone F,, was injected intraperito-
neally into BALB/c mice. Spleen cells from these
mice were used to start the FSD-3 cell line. FV was
isolated from these cells as described (5). FV twice
purified by isopycnic banding in a 24 to 48% sucrose
gradient was used for RNA isolation. The viral pel-
let was suspended in 1% sodium dodecy] sulfate, and
to this an equal volume of a mixture of phenol, chlo-
roform, and isoamyl alcohol (50:2:48) was added.
Viral RNA was precipitated from the aqueous phase
by ethanol and purified by sedimentation on a 10 to
30% NTE-sucrose gradient for 75 min at 4°C in a
Beckman SW50.1 rotor. Fractions were collected
and monitored for absorbance at 260 nm. The peak
fractions in the 50 to 60S region were pooled, precipi-
tated with ethanol, and used for the present studies.

Agarose gel electrophoresis. All gel electrophore-
sis experiments were conducted on 1% agarose gels
in E buffer. The preparation of the non-denaturing
gels and of the strongly denaturing CH;HgOH gels
has been described (2, 8). In the experiments for
studying the dissociation temperature of the 50 to
60S RNA, RNA samples were mixed with (U+F)
solvent and NTE buffer to the desired concentra-
tions. Samples (ca. 20 ul) were sealed in a capillary
tube, incubated for 5 min at the desired tempera-
ture, mixed with glycerol and bromophenol blue,
and loaded onto the gels. Electrophoresis was per-
formed at 5 mA/tube for 3 h at room temperature.
The gels were then stained with 1 ug of ethidium
bromide per ml in 0.5 M NH,Ac for 30 min and
examined by illumination with short-wavelength
UV light.

For agarose gel electrophoresis experiments us-
ing CH,HgOH as a denaturing agent, RNA samples
were mixed with CH;HgOH in E buffer to a final
concentration of 5 mM CH;HgOH and loaded onto a
1% agarose gel containing 5§ mM CH;HgOH. Elec-
trophoresis was performed for 4 h at 25°C at 5 mA/
tube.

Electron microscopy. The urea-formamide and
the glyoxal-formamide spreading techniques have
been described previously (3, 8, 9). In the urea-
formamide spreading, RNA samples were diluted
into the spreading solution which contained about
30 pg of cytochrome ¢ per ml and the desired concen-
tration of (U+F) and electrolyte. The hypophase
was double-distilled water. To study the structure of
undissociated 50 to 60S RNA, the spreading was
performed in 80% (U+F) solution containing 0.15 M
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TE (=0.09 M cations in the final solution). These
conditions cause only partial melting of the 50 to
60S RNA. In the experiments to determine the mo-
lecular weights of dissociated subunits, RNA sam-
ples were first treated with 85 toc 90% (U+F) in
=<0.05 M TE, and were then either spread directly
from 85% (U+F) or diluted and spread from 60%
(U+F). Essentially identical results have been ob-
tained from these spreadings.

Our standard glyoxal-formamide technique in-
volves treatment of the RNA with 1 M glyoxal and
0.01 M phosphate buffer, pH 6.7, at 37°C for 1 h. A
less-denaturing treatment is with 1 M glyoxal, 0.01
M phosphate buffer, and 0.05 M NaCl at 37°C for 1 h.
The glyoxalated RNA is then either diluted 10-fold
or more into spreading solution of 30% formamide
and 0.1 M TE or dialyzed into this solution and
spread onto 5% formamide and 0.01 M TE.

The technique for mapping of poly(A) segments
on RNA molecules using simian virus 40 (SV40)
circles with polydecxythymidylate [poly(dT)] tails
has been described previously (3). Conditions of elec-
tron microscopy are as previously described. Magni-
fications were measured with a diffraction grating
and/or using circular SV40 as an internal standard.

RESULTS

RNA components of FV complex from FSD-
3 cells. In non-denaturing (i.e., high salt, NTE)
sucrose gradients, FV RNA sedimented as a
single peak with a sedimentation coefficient of
50 to 60S. When this RNA fraction was col-
lected and subjected to electropboresis in non-
denaturing agarose gels, a single diffuse band
(Fig. 1b) with an apparent molecular weight of
5 % 109 to 6 x 10° was reproducibly observed. If,
however, the RNA samples were first treated
with a denaturing solvent [i.e., dissolved in
66% (U+F), 0.03 M cations] at 25°C and then
applied onto the agarose gel, about 50% of the
FV RNA dissociated into subunits. This was
evidenced by the appearance of three faster-
moving bands in addition to the original diffuse
band. Upon heating to 40°C in the same solvent
[66% (U+F), 0.03 M cations] the diffuse band
dissociated completely; there were only the
three faster bands plus a broad distribution of
lower-molecular-weight fragments. (This gel
pattern is not illustrated, but a similar pattern
obtained in methyl mercury gels is described
below.) Treatment of RNA with more denatur-
ing conditions [90% (U+F), 0.03 M cations] at
40°C did not cause further dissociation.

The three-band pattern has been observed for
the heat-dissociated FV RNA extracted from
several different virus preparations. The two
bands with higher mobility, referred to as S (for
small) and M (for medium), had comparable
fluorescent intensities when stained with ethid-
ium bromide; L (large), the slowest moving
band, had about one-third the intensity of the S
or M bands.
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F1Gc. 1. Electrophoretic gel patterns in 1% aga-
rose. (A) and (B) are nondenaturing gels run in
parallel; (C) and (D) are denaturing gels containing
5 mM CH,HgOH run in parallel. (A) HeLa 28 and
18S ribosomal RNA. (B) 50 to 60S FV RNA. (C)
HeLa 28 and 18S rRNA and Escherichia coli 238
ribosornal RNA. (D) same as (C) plus 50 to 60S FV
RNA. L, M, and S denote the large, medium, and
small subunits of FV RNA.

Molecular weight estimates by gel electro-
phoresis. CH,HgOH (5 mM) is a strong dena-
turant for nucleic acids and agarose gel electro-
phoresis. CH;HgOH is useful for measuring
molecular weights of RNA polynucleotide
strands with minimal effects due to secondary
structure (2). An experiment on FV RNA is
shown in Fig. 1D; again three discrete bands are
observed, with the slow (L) component being
the faintest.

A plot of log (molecular weight) versus mobil-
ity for the molecular weight standards in Fig.
1C and 1D and for the three FV components, S,
M, and L, is shown in Fig. 2. A rough visual
estimate of the band widths of the three compo-
nents is also shown in the figure. This plot
leads to molecular weight estimates of 2.33 X

J. ViroL.

106 = 0.2 x 10%, 2.65 x 10° = 0.2 x 10°, and 3.27
x 10° = 0.2 x 10% corresponding to kilobase
(kb) lengths of 6.7 = 0.6, 7.7 = 0.6, and 9.5 =
0.6, for the S, M, and L components, respec-
tively.

Electron microscope studies. To extend the
molecules into filaments with a recognizable
topology and reproducible length for electron
microscopy, RNA must be spread from partially
denaturing solvents. The dimer structures of
RD-114 and BKD RNAs are quite stable and
easy to preserve under suitable spreading con-
ditions (8, 9). WoMV RNA dimers dissociate
more readily, and it is necessary to delicately
adjust the spreading conditions to observe the
dimer structure (9). We observe that FV RNA
has a dimer structure which is slightly less
stable towards dissociation than is WolIV
RNA.

The two partial denaturation techniques that
we have found to be particularly useful for elec-
tron microscopy involve: (1) treatment with and
spreading from a (U+F) solvent and (ii) treat-
ment with glyoxal followed by spreading from a
rather low-percent formamide solvent, usually
40%. The urea-formamide method permits
quantitative control of denaturing conditions.
The glyoxal method is used when it is desired to
identify the poly(A) ends of the KNA molecules
by hybridization to circular duplex SV40 DNA
with attached poly(dT) tails (3). As explained
below, a sample of molecules with labeled
poly(A) ends is particularly useful for reliable
length measurements on molecules known to
be unbroken.

When FV RNA is treated with 90% (U+F),
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Fic. 2. A plot of RNA electrophoretic mobility
versus molecular weight for the CH ,HgOH gel shown
in Fig. 1D. Symbols: (@) Indicates the position of a
molecular weight standard; () indicates the band
width of FV RNA. The baboon viral RNA (BKD)
marker was labeled with *H, and its position was
determined by slicing the gel into 1-mm disks and
counting.
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0.03 M cations, and then spread from 60%
(U+F), 0.03 M cations, polynucleotide strands
with a broad distribution of molecular lengths
ranging from 0 to about 2.0 um and with no
discernible secondary structure are seen. Some
typical examples are shown in Fig. 3a. A histo-
gram of the length distribution shows a peak in
the range of 1.7 to 1.9 um, corresponding to
molecular lengths in the range of 6.7 to 7.5 kb.
As shown below these are monomer units of FV
RNA.

When FV RNA is spread from 80% (U+F),

<> e "’J';Q'-.

>y )
LY Ry
R 3 St

CHARACTERIZATION OF FV GENOME 267
0.09 M cations, about 70% of the molecules are
sufficiently extended to be traceable. Many of
these molecules, such as the one shown in Fig.
3c, have about twice the length of the filaments
shown in Fig. 3a and are, therefore, dimers.
They have the same basic structure seen previ-
ously for the dimers of RD-114, BKD, and
WoMV RNAs. There is a central DLS, which in
this case is rather small, and sometimes, as in
Fig. 3c, there is a secondary structure loop in
the middle of a monomer. In the case of FV
RNA, there are often several crossover points
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Fic. 3. Electron micrographs of FV RNAs. (a) A 90% concentration of (U + F) solvent (0.03 M cations)
treated and spread from 60% (U + F). (b) Glyoxal treated and spread from 30% formamide (0.06 M cations).
(¢) and (d) A 80% (U + F) solvent (0.09 M cations) treated and spread in the same medium. An interpretive
tracing of the molecule in (c) is shown. All spreading procedures are described in Materials and Methods. The
length marker is 0.2 pum.
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within the loops. In the same spreading some
monomers are seen, and some of these still
have the secondary structure loop (Fig. 3d).
Under the spreading conditions used, about
50% of the traceable molecules are of monomer
length or shorter.

If FV RNA is incubated with 1 M glyoxal in
0.01 M phosphate buffer at 37°C for 1 h, and the
resulting RNA is spread from 30 or 40% form-
amide, 0.06 M cations, there are a few dimers,
but most of the RNA molecules are smooth
structureless filaments with molecular lengths
of up to 1.9 um. Thus, this treatment causes
considerable dissociation of the FV RNA into

s
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monomers. However, if the RNA is treated
with glyoxal at a higher salt concentration and
spread from 407% formamide, 0.06 M cations,
many more dimer molecules are seen. Poly(A)
tails on RNA molecules treated with glyoxal
can be mapped in the electron microscope by
hybridizing to circular SV40 containing
poly(dT) tails (3). Examples of such molecules
are shown in Fig. 4. They contain a central
DLS, loops close to the middle of each monomer
component, and poly(A) ends attached to SV40-
(dT). There are some incomplete dimers con-
sisting of a complete monomer joined to a bro-
ken monomer. These have a recognizable DLS,

LN
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Fic. 4. Poly(A) mapping on FV dimers. The poly(A) sequences at both outside ends of an FV 50 to 60S
RNA dimer anneal to short polv(dT) sequences polymerized onto SV40 circles. Both dimers show the
characteristic loops on each monomer half. The DLS in (B) is indistinct, as is true for many FV dimers. All
subunits here are of medium size (7 to 8 kb).
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with one long strand with an end attached to
SV40(dT), and with one short strand with no
SV40(dT). The monomer constituent here and
the two monomer constituents of a complete
dimer with two attached SV40(dT)s can be
used with confidence for length measurements
of full-length monomers. Figure 5 shows a his-
togram of the length distribution for all com-
plete monomers, either from unbroken dimers
or from dimers with one intact monomer unit.
As explained in the legend to Fig. 5, the length
calibration is based on measurements with
BKD viral RNA treated with glyoxal and
spread under the same conditions as used for
FV RNA.

The distribution in Fig. 5 shows two partially
resolved main components with an average mo-
lecular length of 6.2 = 0.2 kb for the smaller (S)
component and 7.4 = 0.5 kb for the medium (M)
component. These values are in reasonable
agreement with the molecular weights of 6.7 +
0.6 and 7.7 = 0.6 kb for the S and M components
measured by gel electrophoresis under denatur-
ing conditions.

There are a few monomer units with molecu-
lar lengths in the broad range from 8.5 to 10.5
kb in Fig. 5. This range more or less agrees
with the molecular length of the large (L) com-
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Fic. 5. Distribution of monomer subunit lengths.
All unbroken monomers that had their 3' poly(A)
ends attached to SV40-poly(dT) and their ' ends in
a clearly recognizable DLS were measured, and their
total contour lengths were plotted. Regions of the
histogram are designated S, M, and L, correspond-
ing to the small, medium, and large subunits seen on
denaturing gels. The average sizes (arrow) and
standard deviations (brackets) are indicated for the
small (6.2 = 0.2 kb) and medium subunit regions
(7.4 = 0.5 kb). For length calibration, E. coli 23S
ribosomal RNA, treated by the standard glyoxal pro-
cedure, was spread and measured. The FV RNA for
this figure was glycxal treated in the presence of 50
mM NaCl. BKD viral RNA, afier treatment with
glyoxal in this salt medium, measured 4.4% shorter
than after the standard glyoxal treatment, and this
correction factor was included. This leads to the
calibration that 1 um = 4.1 kb.
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ponent in the gel electrophoresis experiment of
9.5 + 0.6 kb. However, the molecules in the
fraction labeled L in Fig. 5 have a peculiar
skewed distribution. In view of the small sam-
ple of molecules. we cannot draw conclusions
as to whether there is one or several size classes
in this L component or whether the electron
microscope and gel electrophoresis data are
really in good agreement.

Given that there are S. M. and L menomer
units, we may ask whether the dimers found
are all homodimers SS, MM, or LL or whether
the heterodimers, SM, SL, and ML are also
present. To study this question, we plot in Fig.
6 the length of the long arm of each dimer
versus the length of the short arm. Due solely
to statistical fluctuations, the measured
lengths of the two monomer arms of any one
homodimer will, in general, be different. The
nature of the plot in Fig. 6 is such that all
points must lie below the straight line of slope
1.00 indicated on the figure. The figure also has
a dotted line with a slope of 0.89 going through
the origin. The usual standard deviation in
length for a homogeneous RNA component is
about 8%. As explained in the figure legend, if
only homodimers are present, we would expect
most of the points to lie within a vertical dis-
tance of about 1.4 standard deviations in length
for a homogeneous component below the slope
1.00 line, that is, within the sector between the
lines of slope 1.00 and 0.89.

Suppose the relative frequencies of the S, M,
and L components are s, m, and 1. Suppose
dimers are formed by random association. Then
the relative numbers of the several components
would be %, m?, 12, 2sm, 2sl, and 2 ml. The ran-
dom association model would predict that there
would be a considerable density of points below
the sector defined by the two straight lines of
slopes 1.0 and 0.89. However, there are rela-
tively few such points in Fig. 6.

To give a specific example, suppose there
were the number of SM heterodimers expected
for random assortment. There are about 30
points in Fig. 6 in the x interval of 6 to 7 kb
within the two lines and about 30 points in the
x interval of 7 to 8 kb. Then there should be
about 60 points clustered in a Gaussian distri-
bution around the coordinates x = 7.4 kb, y =
6.2 kb. Similarly, there are perhaps 6 LL di-
mers in Fig. 6. For random assortment, there
ought to be about 27 SL and 27 ML dimers
clustered around the points x = 9.5 kb, y = 6.2
kb and x = 9.5 kb, y = 7.4 kb. These three
expected heterodimer positions are marked in
the figure. It is clear that in no case is there this
predicted frequency of heterodimers. In fact,
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Fic. 6. Correlation of the two monomer lengths in dimer molecules. All complete dimer RNA molecules
with both poly(A) monomer ends joined to SV40-poly(dT) and with clear DLS were measured and plotted.
Each cross represents one dimer molecule; ite x and y coordinates are the contour lengths of the longer and
shorter subunits of the dimer, respectively. It can be shown that, if dimers consists of subunits of identical
length and if the standard deviation for the subunit lengths is o, the distribution curve of the difference (x — y)
is: fl(x —3)] = Aexp[—(x — y)*do?]. Thus, the sinndard deviation (o') of the difference distribution curve is
(20%'? = 1.4 0. The standard deviation in length for tumor virus RNAs containing only a single monomer
component is about 8% (9). If botk halves of Friend dimers are always identical, and if the only length
difference is due to measurement error, 68% of the dimers should have monomers differing by less than 1.4 x
8% = 11%, and these molecules will be plotted obove the line with u siope of 0.89. If heterodimers are formed,
they should be found centered at the positions marked SM, SL, eand ML.

the number of points below the 0.89 line is
approximately the number expected due to sta-
tistical variations in length, assuming no het-
erodimers. Furthermore, a few of the outside
points may be artifacts due, for example, to a
broken monomer strand accidentally lying on
an SV40 label. We can positively conclude that
the frequency of heterodimers is much less than
expected for random assortment of monomers,
but we cannot decide whether heterodimers are
completely absent or are present at a low, but
nonzero, frequency.

Figure 7 and its legend summarize the ap-
pearance and length data for the several sec-
ondary structure features found in FV RNA.
The DLS is often hard to identify; at best it
looks as shown in Fig. 7d; at worst it is not
discernible at all. The loops frequently have
multiple crossover points (Fig. 7b and c), sug-
gesting that there are multiple junctions
therein. The histograms of loop length and of
distance from the 5' end or from the 3’ end (not
shown) are broader than observed for RD-114,

BKD, and WoMV, perhaps because different
members of the multiple junction points are
open or closed for different molecules. If there
are multiple-loop junctions. some of which are
open and some of which are closed in any one
molecule, then the position of the center of the
loop relative to an end of the molecule should be
more constant than the loop length. This is
indeed the case. The average distance from
poly(A) end to the center of the loop for the
several size classes of RNA are tabulated in the
legend to the figure.

DISCUSSION

The first and most basic point is that RNA
from the murine virus, FV, shows the same
dimer structure as seen previously in BKD,
RD-114, and WoMV RNAs. This observation
strengthens the inference that the dimer struc-
ture is a general characteristic of the RNAs of
all mammalian type C viruses.

The three general features of the dimer struc-
ture are: the DLS joining the two monomer
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Fic. 7. Diagrem of the structure of FV RNA di-
mers. (a), (b), and (¢c) show alterrate appearances of
the large loop, and (d), (e), and (f) show different
morphologies seen at the dimer linkage. For all mon-
omer subunits with single loop junctions as shown in
(a), the distance from poly(A) end to loop junction is
2.8 kb, the loop circumference is 2.7 kb, and the loop
junction to dimer linkage distance is1.5 kb. All these
distances are about 20% longer in medium (between
6.9 and 8.4 kb) subunits than in small (between 5.9
and 6.5 kb) subunits, and the standard devialions as
percentages for all these measurements are about
25%. The distance from polv(A) end to the midpoint
of the loop, measured for all molecules with either
single or multiple loop junctions, is 4.2 kb = 17%.
This distance for medium subunits only is 4.4 kb =
10% and for small subunits is 3.6 kb = 5%.

units close to their 5’ ends, a loop feature close
to the center of each monomer subunit, and a
polv(A) segment at the two outside ends. Since
each of these features occurs quite generally for
type C viral RNAs, each has probably evolved
for a biological function common to all type C
viruses.

Different RNAs differ in the stability of the
dimer linkage. In the case of FV, we observe
that the midpoint of the transition occurs at
about 25°C in 66% (U+F), 0.03 M cations. We
estimate that this corresponds to a melting
temperature of 60°C in aqueous 0.1 M Na*. The
corresponding melting temperatures of BKD,
RD-114, and WoMV RNAs are 87, 87, and 66°C,
respectively.

[The conversion of melting temperature in
(U+F) solvents to that in aqueous solution with
0.1 M Na” is based on the following equation:
AT,, = 0.4 x percent (U+F) + 16.6°C log ([cat-
ions)), where T, is the melting temperature.
The predicted effect of cation concentration in
the above equation is taken from Schildkraut
and Lifson (15) and is probably fairly accurate.
The estimated effect of (U+F) concentration is
based on very limited data. Friedrich and Feix
(7) show that the melting temperature of the
double-stranded replicative form of MS2 RNA
is depressed by 0.3 to 0.5°C per percentage of
formamide. The melting point depression of
DNA by (U+F) and by pure formamide are
approximately the same per volume percent
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solvent (8). If we assume the same is true for
RNA dupiexes, we arrive at the equation
above.]

These predicted melting temperatures in
aqueous 0.1 M Na“ from the eguation may not
be very accurate. However, the qualitative fact
that the FV dimer is much less stabie than that
of RD-114 and BKD RNAs and slightly less
stable than WoMV dimers is quite clear.

The dimer molecule also contains two loops,
symmetrically disposed with respect to the
DLS. The loops are also seen in monomers
spread under moderately denaturing conditions
(Fig. 3). Roughly speaking, these loops are of
comparable stability in RD-114, BKD, WoMV,
and FV RNAs.

We observe that the RNA from viruses de-
rived from FSD-3 cells contains three monomer
size classes, L, M, and S, of approximate molec-
ular weights of 3.3 x 105, 2.7 x 10", and 2.3 X
10°. The M and S components are present in
roughly equal amounts and represent about 80
to 90% of FV RNA. The electron microscope
data on complete dimers show that either het-
erodimers are not present or present at a fre-
quency much less than expected for a random
assortment model.

By comparison of the RNA gel patterns of FV
with those of other murine sarcoma-leukemia
virus complex, Maisel et al. (11) have suggested
that the M and L components may be assigned
to the spleen focus-forming virus and lymphatic
leukemia virus activities, respectively. The L
and M subunit classes in relative amounts sim-
ilar to that observed here have been consist-
ently found in many other FV-transformed cell
lines (S. Dube and W. Ostertag, private com-
munication). The S component, however, has
not been described previously. The induction of
an endogenous virus in FV-transformed cells
has been described (5, 14). Perhaps S RNA is
from the endogenous virus. Alternatively, the S
component may be a deletion mutant of the M
component. Nucleotide sequence studies on re-
solved bands are underway to determine if the
S and M components are related.
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ABSTRACT

The 50-70S 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 Mo-MSV(Mo-MLV) contained some
ljarge monomer subunits, about 10,000 nucleotides in length (10 kb)
which are believed to be the Mo-MLV subunits. Both had an excess
of a smaller, sarcoma-specific subunit, 5 kb (clone 3) or 6 kb
(clone 124-5R) in length. Electron microscopy ofAintact 50-708
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
is 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 migrate 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.
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INTRODUCTION

Cloned RNA tumor viruses contain a 60-70S RNA complex con-
sisting of two very similar or identical 30-40S subunits (4, 5,

g, 22). In several mammalian type C RNA tumor viruses, the two
30-40S subunits are joined at their 5' ends (6, 18, 12, 17). The
function of the dimer molecules is not understood but it has been
proposed that viral heterozygotes, perhaps containing heterodimer
RNA complexes consisting of two genetically distinct subunits,

are obligate intermediates in recombination (28, 31, 4). However,
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 50-70S 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 formation might be limited to
closely related virus strains whose RNAs share nucleotide sequences
involved in dimer formation.

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 measure-
ment for a homogenous species, and the possibility of rare heter-
odimers could not be excluded.

In this study, the RNA of two Moloney murine sarcoma-leukemia
vVirus isolates (designated Mo-MSV(Mo-MLV) or here simply MSV) are
?Xamined for heterodimers. The system is advantageous for two
Teasons. (i) The MSV virus complex contains two classes of

RNA subunits of significantly different size, a 10 kb leukemia
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virus-specific RNA, termed the L subunit, and a 5-6 kb sarcoma
virus-specific RNA, termed the S subunit (20, 5, 19). LS hetero-
dimers should be readily distinguished from LL and SS homodimers;
especially since dimer molecules containing broken subunits can
be excluded visually in the electron microscope assay by labeling
the 3' poly(A)-ends of intact RNAs (6). (ii) The sarcoma virus-
specific S subunit shares extensive sequence homology with the
L subunit of Moloney leukemia virus (Mo-MLV or here simply MLV)
(7, 24, 10). Moreover, mapping of the homology between the S
subunits of a related strain (clone 124) of MSV and L subunits
of MLV by electron microscopy of heteroduplex molecules (17) and
by biochemical methods (Beemon, Dina and Duesberg, unpublished)
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 electron microscopy,
the 50-70S 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 non-denaturing conditions shows that while there are LL
dimers and SS dimers with mobilities as expected for their respective
lengths there is also another kind of complex which has an electro-
Phoretic mobility close to that of LL dimers. The structure of

this third component is not known, but 1t includes SS dimers.

MATERIALS AND METHODS

-

Cells and viruses. MSV clone 3 (20) was isolated by infection

°f rat NRK cells with a tissue culture-derived stock (HT-1) of
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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. Moloney. Virus from these cells

was plated at low multiplicity on rat NRK cells, a nonproducing
focus was 1isolated and superinfected with MLV, and these cells
produced virus (MSV, clone 124j5R) containing RNA subunits of two
sizes equivalent to those of MLV and MSV clone 124 (19). 3T3 (NIH)
mouse cells infected by MLV were obtained from D. Smotkin. All
cells were grown in Eagle's minimal essential medium (MEM) con-
taining 10% fetal bovine serum. 0.5 ug/ml of Fungizone, 100 U/ml
of penicillin and 50 upug/ml of streptomycin.

The foliowing observations show that the RNAs used are not
substantially contaminated with other RNA components. A cDNA
probe prepared 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 hybridization and ribonuclease digestion
experiments (L. Evans, P. Duesberg; personal communication). The
MLV RNA used has the expected complexity and fingerprint (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
cDNA as was seen for MSV clone 124 RNA (17), showing that these

RNA's are basically identical (Y.H. Chien, personal communication).

Gel electrophoresis. 2.1 or 1.9% polyacrylamide gels were

Prepared and analvzed as previously described (19).
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| Agarose gels were prepared iﬁ borate (2) or Tris-acetate
puffer (20). For denaturing gels, 5 mM methylmercury hydroxide
was added to the gel solution (2).

RNA was eluted from polyacrylamide gels as previously des-
cribed (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% vs. approximately 80%), but the RNA could be
obtained quickly in a small volume and it was essentially free of
agarose. In some experiments, oligo(dT)-cellulose column fraction-
ation (29) was used to remove from electrophoretically-purified
RNA preparations any RNA species which 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 SV40-poly(dT) or SV40-poly(dBrU)

and spread by the formamide cytochrome c method as described (6).
(We now use SV40-poly(dBrU) instead of SV40-poly(dT) as a poly(A)
label, because of the greater stability of poly(dBrU)-poly(A)
duplexes.) The standard glyoxal treatment (1 M glvoxal, 0.01 M
potassium phosphate, pH 7.0 37°, 1h) dissociated most of the
dimers of these murine viruses. Therefore, less harsh glyoxal
treatments (incubations for only 20' or in the presence of 0.1 M
NaCl) were used in order to preserve the dimer linkage. The

SV40 circles were used as an internal length standard and the
Sizes of RNA molecules were calibrated by comparison with E. coli

23 S ribosomal RNA (lum = 4.1 kb).
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RESULTS

Gel Electrophoresis of Clone 3 MSV RNA. RNA extracted

from clone 3 MSV virus contains two sizes of subunits. When 50-70S
viral RNA is heat denatured and analyzed by electrophoresis on a
2% polyacrylamide gel, two well-separated peaks are seen (20).
The larger species comigrates with heat denatured MLV and is
jdentified as the leukemia (L) subunit. The smaller (S) component
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 CH3HgOH (2) (Fig. 1).
MSV 50-70S RNA which has not been denatured gives a single
broad peak when sedimented in a sucrose gradient (9, 20). However
the high molecular weight RNA can be resolved into two components,

I and II, when run on a nondenaturing agarose or acrylamide gel

(Fig. 2a). 50-70S RNA from MLV has an electrophoretic mobility

on these gels nearly identical to that of the slower migrating

MSV component I. RNA from the two peaks of the nondenaturing gels
was extracted, heat denatured and applied to 2% acrylamide gels.
The faster migrating peak II gave after denaturation only S
monomers (Fig. 2b), but the slower peak I contained subunits of
both the L and S sizes (Fig. 2¢).

The results on the composition of the two peaks was confirmed
by cutting peak I and peak II slices from a non-denaturing agarose
8¢l, polymerizing them directly onto a denaturing CH3HgOH gel,
and electrophoresing into the second gel. By this technique, over

85% of the material in the slices from the first gel is recovered
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in the second gel, thus showing that the results in Fig. 2b and c
are not distorted because of possible inefficient recovery from
the non-denaturing 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.

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 prior to spreading
in order to label the 3' poly(A) ends (6). The dimers of MSV
were mostly dissociated by the standard glyoxal treatment (37°, 1h,
1.0 M. glyoxal, 0.01 M potassium phosphate, pH 7.0), 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 structure found in
50-70S RNA from MLV alone is the LL dimer. This dimer has the
same general structural features previously observed for other
Mammalian viral RNAs (18, 12).

In contrast, the 50-70S RNA from MSV yielded two kinds of
Structures. The less abundant 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 Figure 3a.
The more abundant molecule, which must represent the defective-
Sarcoma component, is shown in Figure 3b. Like the MLV RNA dimers,
the g5 dimer molecules displayed two-fold symmetry with a central

di . .
imer linkage structure. The SS dimers are only about half as
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jong as LL dimers. The secondary structure loops in the center of the
g monomer units are also quite different. These loops are small
figure-eight structures often with a short hairpin near the mid-
point of the loop. Schematic representations of the structures
of both components and the contour lengths of theseveral features
are given in Fig. 4.

In the preparations from 50-70S RNA of MSV, we saw only LL
and SS dimers but no LS heterodimers. In order to study this
question critically, we photographed and measured about 50
ranaomly selected dimers which had clear dimer linkage structures
and which had two unbroken subunits both ending in a poly(A)
sequence hybridized to an SV40-poly(dT) label. Fig. 5 is a plot
of the length of the shorter subunit of each dimer vs. the length

of the longer subunit. The analysis of this kind of a plot has

been discussed previously (12). A heterodimer molecule would be

represented by a point that deviated significantly from the 45°
line in the plot. The vast majority of molecules in Figure 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 SV490
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, three molecules had the structure gexpected for am LS
heterodimer, but only one (Fig. 3c) was attached at both outside

®nds to SV40-poly(dT), thus showing that it is unbroken. No
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certain conclusions can be drawn from a single rare molecule;
for example, the molecule could possibly be a broken or partially
collapsed LL dimer. However this molecule does appear to be
a true heterodimer both 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 homodimers, and thus
be disrupted by our spreading conditions and not be scored. We
therefore separated 50-70S MSV RNA on a nondenaturing agarose
gel as in Fig. 2a, isolated RNA from each peak, treated it with
glyoxal in high salt, and then mounted it for microscopy. Samples
from the fast-migrating peak II gave sarcoma dimers (SS) and
sarcoma monomers (S) with occasionally 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

Table 1 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 unstable LS heterodimers do exist, the
number of L and S monomers seen here requires that these hetero-
dimers are a minor componeﬁt. Finally, we wish to note that
there are 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.
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Gel Electrophoresis of Clone 124 MSV, 1In an attempt

to resolve the question whether the S subunits of MSV can form,

in addition to homodimers, larger complexes consisting of more
than two S subunits or whether both S and L subunits are necessary
to form such large complexes, the RNA of an MSV variant, namely
clone 124, was investigated. 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 approximate
mass ratio of 30:1 (19). Hence, if MSV clone 124 S subunits are
able to form multimeric complexes as well as homodimers, the 50-70S
RNA would consist of two electrophoretic species. If both L and

S subunits are -necessary to form complexes larger than S subunit
homodimers, the 50-70S RNA of MSV clone 124 would consist of only
one major 50-70S RNA species, namely SS homodimers, because in-
sufficient L subunits are present in this virus stock to permit
formation of larger complexes. It 1s shown in Fig. 6A that the
50-70S RNA of clone 124 MSV consists essentially of only one major

species, which migrates faster than 60-70S MLV RNA and is

similar to peak II of MSV clone 3 RNA. After heat-dissociation
the RNA was converted predominantly into a single S subunit
species, which migrated faster than the L subunits but a little
slower than the S subunits of MSV clone 3. " This electrophoretic
difference between the S subunits of the two strains of MSV

has been described previously (19, Fig. 4).

Clone 124-S5R MSV RNA. A possible interpretation of the above

result is that the SS dimers of MSV clone 124 do not form any

slowly migrating complexes because L subunits are necessary for
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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 component than does
the parental cell line.

On a non-denaturing gel, the 50-70S RNA of this virus complex

Fig.7 was resolved into two peaks, I and II (Fig. 7a). After heat-dissoci-

ation, 50-70S clone 124-5R MSV RNA was resolved into two subunit
species. In accord with a previous 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 RNA was also sized on 1% agarose
gels in the presence of 5 mM CH3HgOH; 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 Figs. 2 and 3,

because the ratio of peak I to peak II RNA 1is less and the

separation between the two peaks 1s not as great; nevertheless,
the results support the view that there are S as well as L sub-
units in peak I.

For electron microscope studies, 50-70S 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(dBrU), 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 Figure 4. The LL dimers
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of clone 124-5R are indistinguishable from those of MLV or clone

3 MSV; an example is shown in figure 3d. The SS dimers, as

shown in figure 3e are 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 for 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 séquence.

As with clone 3 MSV, we did not find LS heterodimers in
clone 124-5R. About 100 randomly selected dimers were photographed
and measured, taking only molecules with a clear dimer linkage
and both ends attached to SV40-poly (dBrU). The relative lengths
of the two monomer units of each dimer pair is plotted in figure
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
conformation, because of nonspecific aggregation, or because of
specific large complexes such as LSS trimers or S, tetramers.

Several experiments 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
virlons. To test this possibility MSV clone 124 culture fluid

([32P] labeled) was mixed with MLV culture fluid ([3H] uridine-
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labeled), and their RNAs were extracted together. It can be seen

in figure 6b that the 50-70S MLV [3H] RNA formed a distinct

more slowly migrating peak. The small amount of [32P] RNA, which
migrated with the slower [3H] MLV RNA, 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 (10, 19). We conclude
that simultaneous extraction of MLV and MSV clone 124 RNA did not
generate the type of hybrid RNA complex seen in clone 3 or clone 124-
SR MSV. Therefore, the presence of S subunits in peak I in clone 3
and 124-5R RNAs is not an artifact of the RNA extraction and

handling.

In an attempt to resolve possibly heterogeneous RNA complexes
present in peak I, we subjected clone 3 MSV RNA to electrophoresis
in agarose gels under partially denaturing conditions. It has
been shown that 60-70S Rous sarcoma virus RNA is dissociated
into 30-40S subunits at room temperature by 8 M urea at low ionic
strength (11). 50-70S clone 3 RNA was not dissociated into sub-
units when electrophoresed in agarose gels containing 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
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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

two minutes; and then the samples were rerun on nondenaturing
agarose gels. MLV dimers and the SS dimers of peak II both

melt into the respective monomer units in the temperature interval
55-65°C. Peak I melts into subunits in the same temperature
range, and there is no conversion of peak I material to any

faster migrating componénts by heating at 50° (data not shown).

A Secondary Structure Feature in L Monomers. In the course

of the electron microscopic examination we noted an unusual
secondary structure feature of the L subunit RNA produced by
heating and quenching. 50-70S RNA of clone 3 MSV was dissociated
by heating (587cformamide, 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 monomer length, and the subunits
all lacked the usual loops. The S monomers appeared as simple
linear molecules. However, the L monomers displayed a new loop

and stem structure of contour 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 is intact, with two of the new hairpins on either
side. This shows that the hairpin feature is close to the 5

end of the L monomer. The large loop 1in the native molecule begins
at 1.6 kb from the 5' end. The sequence to which 1t is evidently
paired is at 5.9 kb. The RNA sequences of the secondary structure
feature seen in heated and quenched RNA map 0.9 to 2.2 kb from

the 5' end. Thus the loop structure and the hairpin in the
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monomer may be alternative base-paired structures for this particular
region. This structural transition also occurs when other mammalian
RNA tumor viruses such as RD-114 and baboon endogenous virus 50-70S

RNAs are dissociated and rapidly quenched (19).

DISCUSSION

The experiments described here indicate that the 50-70S RNA
of MSV clone 3 and 124-5R consist of two classes of RNA
complexes, i.e. sarcoma virus (SS) and leukemia virus (LL)
speEcifiE homodihers. Sarcoma-leukemia heterodimers are absent
or comprise less than 1% of the dimer complexes, as assayed by
direct visualization in the electron microscope; whereas, on
the basis 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 are 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 conditions
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
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pelow, 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
yiew that the sample of 50-70S MSV virion RNA consists only
of SS and LL dimers. The gel electrophoresis studies show that
under non-denaturing and mildly denaturing conditions, there are
LL and SS dimers with mobilities as expected for theilr respective
lengths; however there is also another kind of a complex which
has an electrophoretic mobility close to that of LL dimers but
which contains SS dimers. No evidence for these special structures
has been observed by electron microscopy.

The interaction responsible for the slow migration of some
SS dimers 1s 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 dissociation temperature of SS and
LL homodimers.

Several hypotheses may be suggested to explain these results.

a) There 1s a conformational isomer of the SS dimers which
is more extended and more slowly migrating in non-denaturing
and even in 6 M urea gels than the standard SS dimers.

b) There is a higher specific aggregate, say an LSS or an
Sy tetramer. These molecules form tangled structures which
haven't been recognized and analyzed under the conditions used

for electron microscopy.
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c) There is a general interaction resulting in higher
.ggregates involving, say, SS and LL dimers. The interaction
s slightly weaker than that responsible for dimerization, but
he resolution of the urea gel and thermal melting experiments is
nsufficient to reveal this.

d) A reviewer has suggested that higher aggregates of
iral RNA may be formed when "double budded virions'" are released
rom cells (32).

We know of no decisive evidence to choose among these several
ossibilities, but the ratio of L monomers to SS dimers in experi-
ent 1 of Table 1 argues against hypothesis (b). We note that
hatever the nature of the slowly migrating S containing species,
ts formation may be dependent on the cell type in which the
irus grows and may be different, for example, in mouse TB cells
clone 124) than in rat NRK cells (clone 3 and 124-5R).

The findings that all known strains of MSV infect with double-
it kinetics (15, 1) argue against the existence of heterodimers,
ecause virions containing a sarcoma and leukemia virus-specific
ubunit in the same RNA complex might be expected to plate with
ingle-hit kinetics. Also, no recombination between a mammalian
arcoma virus and its helper to give a non-defective sarcoma
irus has been observed. This lack of recombination may be due
> the absence of heterozygotes, if heterozygote formation is
1 obligatory step in RNA tumor virus recombination (27, 28, 31).
>te however that in the particular case of clone 124 MSV, the
>rmation of a non-defective sarcoma virus would probably be
npossible by homologous recombination. Near the 3' end of

lone 124 MSV, a new RNA sequence of 1.5 kb has been substituted



53

. the RNA for a 2.9 kb region of the helper. Assuming that the
w 1.5 kb sequence 1is essential for transformation and that the
9 kb region of the helper contains information essential for

Trus replication each possible recombinant would have either

J
e or the other sequence in the substitution region, and thus

» non-defective sarcoma viruses would be formed (see also 30).

From the appearance of the dimer linkage structure of several
immalian viruses in cytochrome films and from its appearance in
:ne 32 -and other higher resolution spreading methods (S. Hu,

Wu, personal communications), we believe that the base paired
2quences 1involved in the dimer linkage structure probably 1lie
>mewhere within the first 500 nucleotides from the 5' end.
>teroduplex analysis (17) indicates that clone 124 MSV RNA
>rms a duplex with MLV c¢DNA throughout the 2.25 kb region starting
t the 5' end of the RNA. Analysis of ribonuclease Tl oligonucleo-
ides reveals no sequence differences in this region (Beemon,
ina and Duesberg, private communication). Heteroduplexes between
lone 3 MSV and MLV have not yet been studied but we expect to
e the same homology regions, because both clone 3 and clone 124
re derivatives of J.B. Moloney's original MSV and because the
xo types of MSV subunits are so similar in secondary structure.
ich a heteroduplex analysis can not detect sequence mismatch
2low the level of about 10% nor can a short single stranded region
f RNA near the 5' end of the MSV RNA be seen if the MLV cDNA was
ctually not quite full length. Therefore, it is probable, but
ot absolutely proven, that the S and L subunits have identical

r very similar sequences involved in the dimer linkage.
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If L and S subunits do have tﬂe same sequence at the 5' end,
ind if dimer formation is simply due to base-pairing in this region
s proposed by Kung et al. (18) or Haseltine et al. (16), one
ould expect to see LS heterodimers with the same stability as

he homodimers.

As noted above, failure to form heterodimers may be due to
nall differences between L and S subunits in the base pairing
rquences for dimerization. We think it is more likely that
soclations between two RNA subunits in regions other than 5'
ds are necessary for dimer formation and/or viral packaging.
ternatively, dimer formation may require that two neighboring

A chains 1link during transcription.
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Table 1. Analysis of peak I RNA by electron microscopy*

Type
LL L SS S L/S
No.
Expt. 1] 114 7 46 14 2.24
Expt. 2| 145 251 65 60 2.74

*Clone 3 MSV was electrophoresed 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, 37°, for 40 min in (expt. 1) or 60 min (expt. 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 treatment

disrupted many of the dimers.
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Figure 1. Molecular weight determination of viral RNAs by
electrophoresis in 1% aéarose gels in the presence
of 6 mM CH3;HgOH. The left gel contained 3H Sindbis
viral RNA, 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 32P clone 3 MSV RNA. After being stained
with ethidium bromide and photographed, the gels were

sliced in 2 mm sections and counted.

Figure 2. Gel electrophoresis of the two components of 50-70S RNA
of clone 3 MSV. 1In (A) 32P clone 3 RNA and 3H MLV RNA
were electrophoresed together in a 1.9% polyécrylamide
gel. In (B) 32P clone 3 RNA was electrophoresed as in
(A), but the gél slices were counted by Cerenkov radiation.
The slices indicated by the horizontal bars were pooled
and eluted, and the recovered RNA was heat denatured

and rerun on 2.1% polyacrylamide gels (C+D).
Figure 3. Electron micrographs of MSV RNA dimers. (A), (B), (C)

show clone 3 RNA, glyoxal treated and spread from 40%
formamide; in each case both poly(A) ends are hybridized
to short poly(T) tails on an SV40 DNA circle.

(A) is a dimer of large subunits (LL); an interpretive
tracing is shown. (B) is a dimer of small subunits
(SS). (C) is the single example of an apparent
heterodimer (LS); the loop at the upper

left i1s similar in size and position to those of MLV
subunits, and the lower right loop looks 1like a
partially collapsed figure-8 loop of an S subunit.

(D) and (E) show clone 124-5R RNA dimers, glyoxal
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treated, spread from 50% formamide, and attached to
SV40 circles with poly(dBrU) tails. (D) is an LL
dimer and (E) an SS dimer. The SV40-poly(dBrU) prep-
aration wused here had few tails per circle; in both
cases shown, both viral poly(A) tails have hybridized
to a single poly(dBrU) tail. In all pictures the
dimer linkage is marked DLS and the characteristic
large loops are marked 2. All pictures are at the
same magnification.

Diagram of the structures of MLV and MSV dimers. The
dimers of MLV and MSV clone 3 and clone 124-5R

are all drawn to scale. The table 1lists

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
subunits of clone 124-5R sometimes show a small loop
or hairpin between the figure-8 loop and the poly(A) end.
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 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 parked

LS. (A) shows 41 clone 3 MSV dimers; (B) shows
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98 clone 124-5R dimers.

Electrophoresis of clone 124 MSV RNA. (A) 50-70S RNA

of clone 124 run on a 1.9% polyacrylamide gel. (B)

34 labeled MLV (intact virus) was mixed with 32p

labeled clone 124 MSV (intact virus), and the mixture

was phenol extracted, sedimented to prepare 50-70S

RNA, and the mixed RNA was electrophoresed on a 1.9%
polyacrylamide gel.

Electrophoresis of clone 124-5R MSV RNA. (A) 50-70S

3H RNA of clone 124-5R MSV was mixed with heat
dissociated '“C RNA of clone 3 MSV and electrophoresed

in a 1.6% agarose gel in Tris acetate buffer. (B) 50-70S
3H RNA of clone 124-5R was mixed with 50-70S !*C RNA of
clone 3 MSV; the mixture was heat dissociated and electro-
phoresed in a 2% polyacrylamide gel. (C) Each 1 mm gel
slice of Figure 7a was melted (1 min, 100°) in 100 nl

0.2 x Tris acetate buffer and its radioactivity determined

by counting a 10 ul aliquot. Peak I (slices 50-53)

was pooled, mixed with 50-70S 1%C RNA of clone 3 MSV,

heated at 100° for 45 sec, and rerun on a 2% poly-

acrylamide gel.

A secondary structure feature in L monomers produced by
heating and quenching. 50-70S clone 3 MSV 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 seccndary structure feature

(arrow) 1is observed on the L subunits.
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-ABSTRACT

Several 50-70S tumor viral RNA's have previously been shown
py electron microscopy to be dimers, with the two monomers sub-
units joined near their 5' ends. Five additional RNA tumor
vyiruses have now been examined: AKR, an endogenous murine
ecotropic virus; NZB, an endogenous murine xenotrope; an eco-
tropic and an amphitropic virus isolated from a wild mouse; and
the avian reticuloendotheliosis virus (REV). All five 50-70S
RNA's show a similar 5' to 5' dimer structures. REV i;,the
first example of an avian virus with a recognizable 5' to 5'
dimer linkage; these observations suggest that the structure
may be common to &ll RNA tumor viruses. All of the mammalian
viral RNAs, but not REV, show symmetrically placed loops in
each subunit of the dimer. Possible molecular structures and

biological functions of the dimer linkages and loops are discussed.
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INTRODUCTION

The first 50-70S RNA from a tumor virus to be studied by
electron microscopy in this laboratory was that of the endogenous
cat virus, RD114. The RNA was observed to be dimer of two
monomer subunits, each 10 kilobases (kb) in length, and the two
monomers were joined together close to their 5' ends in a
structure termed the dimer linkage structure (22, 2). The choice
of RD114 was a fortunate historical accident in that the dimer
linkage of RD114 RNA is more stable to dissociation than most
other viruses we have studied, and so the dimer structure 1s
usually maintained under the partially denaturing conditilons
needed to extend the RNA for spreading in a basic protein film.

Subsequent studies demoéstrated very similar RNA dimers for
BXD, an endogenous baboon virus (24); for WoMV, a sarcoma virus
complex isolated from a woolly monkey (24); for the Friend
murine virus mixture (8); and for Moloney murine leukemia virus
and two variants of Moloney sarcoma virus (19, 25). The dimer
linkage of BKD is as stable to dissociation as that of RD114,
but for all the other viruses, the linkage is considerably less
Stable and can be preserved only by relatively mild denaturation
Conditions of spreading for electron microscopy, such that many
RNA molecules are not fully extended and are difficult to inter-
Pret. Nevertheless, many dimers with the same general structural
features as RD114 are seen on the grids. By contrast, avian sarcoma
Virus RNA (Prague C, Prague B, and B77 strains of ASV have
been examined), treated with the same mild denaturation conditions,

do not show any reproducible dimer structures (2).
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It was of interest to examine the RNAs of other tumor
yiruses to see how universal the dimer structure is and to attempt
to correlate the variations in secondary structure features of
the RNA's with other differences among the viruses in their
sequences or biological properties. The RNAs from four murine
and one avian virus are described here; they all have the 5' to

5' dimer linkage.
MATERIALS AND METHODS

Virus

The AKR-L1 strain of AKR virus, originally isolated from
a leukemic AKR mouse (11) was propagated on secondary NIH Swiss
mouse embryo cells (7). NIZB virus was originally isolated by
treating cells derived from a New Zealand Black mouse embryo with
iododeoxyuridine, and then co-cultivating these cells with mink
lung fibroblast cells (13, 26). The NZB virus used here was
propagated on these mink cells, the CCL64 line (17). The wild
mouse}viruses were produced by cultured embryo cells from a wild
mouse trapped near Los Angeles, California (strain no. 1504).
The ecotropic (grows only on cells from species of origin) and
amphotropic (grows on species of origin and on other mammalian
Cells) viral strains were cloned by limiting dilutions of the
Original virus stock onto mouse, rabbit, mink, or human cells
(10). Both wild mouse viruses were grown on SC-1 cells, a line
Obtained from a wild mouse embryo (12). Reticuloendotheliosis

Virus (REV), strain T, (26) was propagated on quail embryo cells.
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Ezgggration of viral RNA

Viruses were pelletted from the cell supernatant, in some
cases banded in sucrose, and then extracted with phenol or
phenol-SDS as previously described (24). The RNA was sedimented
through a sucrose gradient (10-30% in 0.1 M NaCl .01 M Tris
.001 M EDTA) and the 50-70S peak was used for milcroscopy.

Electron microscopy

50-70S viral RNA was treated with glyoxal (1 M glyoxal,
0.01 M POy, pH 7.0) for various times, dialyzed, hybridized with
SV40-poly(dT), and spread from 40% formamide as previously
described (2). Alternately, the treated RNA was hybridized to
SV40-poly (dBrU) and spread from 50% or 55% formamide (25).
Molecules were photographed and measured; the magnification was
calibrated using the SV40 circles as internal length standards
(SV40 contour length taken as 1.76 um). RNA lengths were
computed assuming 1 um = 3.9 kb for glyoxal treatment of 1 h
at 37° or 30' at 42° (18), or 1 uym = 4.1 kb for glyoxal treatment
of 30' at 37° or 1 h at 37° in the presence of 0.1 M NaCl. A
less stringent glyoxal treatment gives slightly less extended
RNA molecules; the exact length conversion depends on the particular
treatment and the particular RNA. This factor is thus impossible
to calibrate accurately for the mild glvoxal reaction conditions
used here. The second calibration factor quoted above was
obtained for BKD viral RNA treated with glyoxal in the presence

of 50 mM NaCl (8).
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Denaturing Gels

Molecular lengths of viral RNAs were measured by agarose
gel electrophoresis in the presence of 5 mM CH3HgOH as previously
described (1), except that the EDTA in the ER buffer was reduced
from 1 mM to 0.1 mM. We believe that the reduction in EDTA
concentration decreases the rate of transport of the CH3HgOH out
of the gel as a negative CH3Hg-EDTA complex. This should ensure
that the slowly electrophoresing RNA is always in the presence
of 5 mM CH3HgOH.

Tn Determinations

Aliquots of 50-70S viral RNA in 0.1 M NaCl, 0.01 M Tris,
1 mM EDTA, pH 7.5 were heated to various temperatures for 60-90
sec., and then chilled to 0°. The samples were then electro-
phoresed on a nondenaturing agarose gel (0.8% agarose) in ER
borate buffer (1). The gels were stained with ethidium bromide

(0.1 pg/ml) and photographed, or sliced and counted.
RESULTS

Monomer Molecular Lengths

The RNAs of AKR virus, NIZB virus, the ecotropic wild mouse
virus and REV each showed a single band on a denaturing CH;HgOH
gel with mobilities corresponding to estimated molecular lengths
of 9.6, 9.5, 9.3., and 9.2 kb respectively (Figure 1). (Amphi-
tropic wild mouse virus RNA was not available in sufficient
quantity for gel electrophoresis.)

AKR Virus
50-70S RNA from AKR virus was treated with glyoxal (37°,

30 min), dialyzed, mixed with SV40-poly(dBrU) and spread for



Fig 2

Fig 3

Fig 4
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microscopy from 50% formamide. Figure 2A shows a typical dimer
molecule with both poly(A) ends hybridized to short poly(dBrU)
tails on an SV40 DNA circle. The AKR dimer structure is shown
schematically in Figure 3 together with the structures of all
the other viral RNA dimers studied here or previously. Like the
other mammalian viral RNAs, AKR RNA has a 5' to 5' dimer linkage
and a loop near the middle of each monomer subunit. The lengths
and positions of the various secondary structure features are
given in Table 1.

The large loops in the AKR monomers often had several cross-
over points that could be interpreted as the loop junction,
especially if the RNA had been treated lightly with glyoxal
(i.e. for 30' instead of 1 h). A dimer with unusually many loop
junctions is shown in Figure 4A. For the diagram of Figure 3,
the average position for the loop junction is given, but the
length measurements for this feature have very large standard
deviations (see Table 1) which reflect these multiple or
alternate loop junction points. The position of the midpoint
in the loop, however, is a much more reproducible measurement
(Table 1). Thus it appears that there are multiple pairs of
sites which can be bound together, each pair being symmetrically
placed relative to a fixed center point of the loop. Any one
pair may or may not be joined in a particular molecule as
mounted for electron microscopy.

NZB Virus

The dimer linkage and the other secondary structure features

of NZB dimers are much more stable to denaturation by glyoxal

than those of any other murine viral RNA we have examined. After
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treatment with glyoxal at 37° for 30' or 1 h, the 50-70S RNA
molecules were mostly too condensed and tangled to interpret.
Therefore, the NZB RNA was treated at higher temperature (% h,
42°) before spreading. A dimer molecule with both poly(A) ends
hybridized to SV40 (dBrU) is shown in figure 2B. Even after
the harsher glyoxal treatment, the RNA was still a dimer and
showed somewhat more secondary structure, in the form of small
loops and hairpins, than the other murine viral RNAs. NZB RNA
dimers have the large loops in each subunit, and as in the
loops 1in AKR RNA, there appear to be multiple cohesive sites
for loop formation, all defining approximately the same loop
midpoint (Figure 4B). The NIB dimer structure is diagramed in
figure 3 and quantitative data on contour lengths is presented
in Table 1.

¥ild Mouse Virus

The RNA's of two different types of RNA tumor virus isolated
from wild mice, designated ecotropic and amphotropic to indicate
their host ranges, were also examined. The 50-70S RNA of each
virus was spread for microscopy after treatment with glyoxal at
37° for 1 h in the presence of 0.1 M NaCl. An example of each
dimer is shown in figure 2. The monomer subunits of the dimer
usually had the characteristic large loop. These loops did not
show the multiple cohesion sites as seen in AKR or NZB although
they frequently had two pairing sites (see the left loop of
figure 2c and the right loop of figure 2d) to form a small asymmetric

loop at the base of the larger one. The wild mouse dimer structures
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are diagramed in figure 3 and measurements are included in Table 1.

Reticuloendotheliosis Virus

REV 50-70S RNA was treated with glyoxal (37°, 30') and
spread from 50% formamide. A dimer with both poly(A) ends attached
to SV40-poly(dBrU) is shown in figure 2E. The monomer subunits
frequently had small loops (about 1 kb in circumference) or
short hairpins but these features were not reproducible in
position. In particular, there was no evidence of the larger
symmetric loops in each subunit as seen in all mammalian viruses.

Thermal Melting of Dimers

It was of interest to measure the temperature for dissociation
of 50-70S ASV RNA into 35S subunits to see if the lack of a
reproducible dimer linkage in preparations for electron microscopy
might be due to lower stability. 3H labeled 50-70S ASV RNA was
heated briefly to various temperatures and then analyzed on a
nondenaturing agarose gel. At 55°, about 90% of the RNA still
migrated as 50-70S; at 60°, only about 40% was still 50-70S; and
at 65°, the RNA Qas 90% dissociated to 35S. This Tm of about 60°
1s equivalent to those of Friend and Moloney viral RNAs (8, 25).

The NZB dimers were also examined because of their unéxpected
stability. Heating NZB RNA to 80° did not affect the migration
of 50-70S RNA; 90° disrupted about half of the complexes, and
100° disrupted them all. The approximate I of 90° is about
the same as those of RD114 and BKD viral RNA's (23, 24).

The RNA's of AKR and the wild mouse viruses were not
available in sufficient quantities to do such melts, but for all

three RNAs, the extent of denaturation seen by electron microscopy,
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after treatment with glyoxal or high concentrations of urea
and formamide, was roughly equivalent to that seen for Friend

or Moloney viral RNA's.

DISCUSSION

Figure 3 shows the basic structures of the high molecular
weight RNA's of all mammalian RNA tumor viruses so far examined.
RD114 and BKD have 10-20% sequence homology to each other but
not to any other virus in the 1list (27, 20). WoMV 1is not related
to RD114 or BKD, but has 15 to 20% sequence homology with several
murine viruses (3). All murine viruses are partially related to
one another, but the viruses of Figure 3 are quite diverse in their
degree of sequence homology. The AKR virus and the NIB virus
both have about 60% sequence homology with Moloney MLV (Y. Chien
and S. Chattopadhyay, unpublished observations) and there is
about 50% homology between AKR and NZB (S. Chattopadhyay,
unpublished observations). The defective spleen-sarcoma
component of Friend virus is closely related to NIB but has only
a little homology with the nondefective Friend lymphatic leukemia
component or AKR virus (28). ‘Wild mouse amphotropic and ecotropic
viruses are closely related to each other, but hybridize only
40-50% with AKR and 20-30% with NZB (5).

In view of the sequence diversity of these mammalian viruses,
the similarity in their structures is particularly striking. All
nondefective viral RNA's have monomers of between 8 and 10 kb; all
have two monomers joined at their 5' ends in a dimer linkage,
and all have a large loop near rthe middle of each monomer subunit.

’
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The smaller defective viral RNA's retain the same basic structure,
with proportionately smaller loops, although the distance from
dimer linkage to the base of the loop is not greatly reduced in
the small Friend and Moloney viral components.

The dimers of the nondefective mammalian viruses are not
identical in structure however. They show minor differences in
the several secondary structure features. There are large
differences in the stability of the dimer linkage towards
dissociation; the endogenous xenotropic virus, RD-114, BKD,
and NZB all have a stable dimer linkage with a Tm measured (or
estimated from measurements in other solvents) as 85-90° in
0.1 M Na~ aqueous solvents. All of the other viruses we have
studied are amphotropic or ecotropic, and, where measured, they
have Tm's for dimer dissociation in the range of 60 to 70° in
aqueous solvents with 0.1 M Na.

We have not been able to recognize any reproducible dimer
linkage structure in the 50-70S RNA of avian sarcoma viruses
(2). However, B77 ASV has about the same melting temperature
as do Moloney-MLV and MSV, and the Friend virus dimers, all of
which have the characteristic 5' to 5' dimer structure. REV was
examined because it is another avian virus unrelated to the Rous
family of sarcoma viruses (21). The ultrastructure of the viral
particle is reported to be closer to that of mammalian viruses
than the avian sarcoma viruses (29). REV RNA shows a dimer
linkage structure almost identical in position and morphology
to those of the mammalian viruses, although it does not have

the characteristic large loops. This dimer of avian viral RNA
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suggests that the dimer linkage is a structural feature common to
all RNA tumor viruses.

The apparent universality of the dimer structure of tumor
viruses implies a biological function, but as yet, the function
is unknown. It is likely that the structure of the 50-70S RNA
is important for the copying of the RNA into DNA, since this happens
quickly after penetration of the virus; stable 50-70S RNA does
not reappear in the viral life cycle until after the virus buds
off of the cell (6). Two monomers per virus might be required
if reverse transcription proceeded by jumping from the 5' end
of one monomer to the 3' end of another or if the initial DNA
minus strand were a complete copy of one monomer plus a portion
of the second monomer (i.e. slightly greater than the 10 kb unit
length). The dimer linkage might also serve as a specific
binding site for reverse transcriptase.

The physical nature of the dimer linkage is unknown. The
viral RNA has been treated with phenol and SDS, but protein
linkers have not been excluded. The dimer linkage of RD114 does
not reform after melting and annealing (H.J. Kung, personal com-
munication). Several models have been proposed to explain how
such structures could be formed using only antiparallel base
pairing of RNA (24). We calculate that an RNA duplex of only
10-15 base pairs (50% G + C) would have a T of 60° ( the T, of
Moloney or Friend dimers) and 30-40 base pairs would melt at
about 90° (the Tm for RD114, BKD and NZB) (4, 14). It has been
Suggested from sequence information that the primer tRNA may be

base paired to both monomers and thus help to hold the dimer
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together (16). By measuring the size of the initial DNA transcript,
the 3' OH terminus of the primer is known to be bound to the RNA

at 100 or 135 bases from the 5' end. for ASV or MoMLV viruses
respectively (15). Figure 5 is a gallery of dimer linkage structures
as found in several different tumor viruses. There is often con-
siderable variation in appearance among examples on the same grid,
presumably due to variation in the extent of glyoxal-induced
denaturation. (The four examples of NZB are typical of the range

of morphologies of the dimer linkage structure seen in murine
viruses.) The dimer linkages of RD114 and BKD, and the most
extended forms of the linkages seen with murine viruses and REV
appear to involve at least 200 bases at the 5' end of each mononer
(Figure-S), so it is probable that viral RNA sequences on the 3'
side of the primer binding site are involved in the dimer linkage.

The loops near the middle of each monomer are also a reproduc-
ible feature in the mammalian RNA tumor viruses. The loops are
not quite centered in the monomer; the midpoint of the loop is
usually about 60% of the monomer length from the poly(A) end.

The molecular structure of the cohesive sites or sequences
that cause loop formation is not known. The most obvious assumption
is that they are due to base pairing between inverted repeat
sequences, similar to the clover leaf structure for tRNA and the
base-paired secondary structure features proposed for other RNAs
(9). However, the loop structures do not reform after thermal
melting and cooling. They could be held together by proteins or

by small RNA linker molecules, or perhaps there are RNA sequences
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base paired in the native dimer which after melting form
alternate pairing arrangements.

In most murine viral RNA's, the base of the loop is held
together at two or more points; this was most obvious for Friend
virus (8), and for AKR and NZB as reported here. In BKD, the
monomer RNA was often held together again between a point close
to the 3' end and one close to the 5' end (24). In NZB, such
multiple associations between the 3' region and the 5' region
were often seen (as in Figure 4b) although the junction points
were not reproducible. This multiple pairing of the monomer
with itself suggests that in the virion each monomer is folded
back on itself. Such a configuration would bring the 3' ends
close to the dimer linkage, and transcription initiated at the
primer near the 5' end could then more easily jump to a 3' end.
Alternatively, the loop structures we see could, if they also
exist in viral mRNA, be important for translation control.

Finally, it is important to emphasize that the RNA molecules
studied here have been partialiy denatured to extend them for
microscopy. There are probably other association in the virion,
weaker than the dimer linkage or loop junctions, which are always
disrupted by these techniques. Indeed, the absence of a dimer
linkage structure in ASV may be because the structure is slightly
more sensitive to glyoxal than those of mammalian viruses. A
more detailed picture of the native structure of viral RNA may
possibly be obtained by chemically or photochemically crosslinking
the RNA in the virion, extracting and spreading the RNA for
€lectron microscopy under highly denaturing conditions, and then

Systematically mapping the points of crosslinking.
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Table 1

Contour lengths of viral RNA structural features (in kb).

loop
Monomer poly(A) loop midpoint
Length to loop loop to dls to dls
AKR 8.49 5,589 3.58 1.64 SxD
+8% +17% +24% +30% +10%
NZB 8.67 B 22 .44 1.94 3.68
+7% +14% +r18% +15% +6%
WME 9.29 3.69 3.88 2+ 25 4.17
8% 11% 16% % 8%
WMA 9.55 3.68 3.94 2.03 4.00
+8% 14% 16% % 9%
REV 8.63
+8%
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FIGURE LEGENDS

Molecular weight determinations of viral RNAs on
CH3HgOH agarose gels. Lanes A and H contain molecular
weight standards which include Sindbis RNA, Hela 28S
ribosomal RNA, E. coli 23S and 16S ribosomal RNAs

and E, coli tRNA (molecular lengths of 13.5, 5.5, 3.1,
1.7, and 0.1 kb respectively). Lane B has Prague B
ASV; the two bands are from transformation competent
and transformation defective virions. Lane C has

AKR RNA, lane D has NZB RNA, lane E has wild mouse
ecotropic RNA, lane F has avian reticulotheliosis
virus, and lane G has RNA from clone 3 Moloney MSV
grown with Moloney MLV as helper. All viral RNAs
were 50-70S RNA selected after sucrose gradient
sedimentation except for the REV (lane F) which was
total RNA extracted from pelletted virus. The REV RNA
is contaminated with 18 and 28S ribosomal RNAs from
the quail cells on which the virus was grown.

Electron micrographs of viral RNA dimers. All dimers
are hybridized by their poly(A) tails to SV40 duplex
circles with short tails of poly(T) or poly(dBrU).

(A) is AKR RNA, (B) is NZB RNA, (C) is wild mouse
ecotropic viral RNA (D) is wild mouse amphotropic
viral RNA, and (E) is avian reticuloendotheliosis

viral RNA. In (C) only one poly(A) end appears
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attached to the SV40. The dimer linkage structures

are marked.DLS and the large loops are labeled 2.

All micrographs were printed at the same magnification.
Diagram of the structures of all tumor virus RNA

dimers so far examined in the laboratory. The dimer
linkage structure is shown in the middle of each
molecule; the zig-zag lines at the ends of the molecules
symbolize poly(A). Next to each structure is listed the
approximate melting temperature of the dimer linkage,
where it has been determined. The viruses are: RD114,
the cat endogenous xenotrope (23); BKD, the baboon
endogenous xenotrope (24); WoMV, the simian sarcoma
virus complex (24); Friend murine virus complex,
including the lymphatic leukemia virus and the spleen
focus forming virus (three different viral RNAs were
present in the mixture studied) (8); MoMLV, the Moloney
murine leukemia virus (19, 25); two isolates, clone 3
and clone 124 of MoMSV, Moloney murine sarcoma virus
(19, 25); AKR murine endogenous ocotrope; NZB murine
endogenous xenotrope; WME, a wild mouse ecotrope;

WMA, a wild mouse amphotrope; and REV, the avian
reticuloendotheliosis virus.

RNA dimers showing multiple pairings in each subunit.
(A) is AKR RNA and (B) is NZB RNA. Both molecules have

more possible pairing sites than average dimers, but
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such multiple pairings are common for both viruses.

The dimer linkage structures are indicated.

Gallery of dimer linkage structures. The dimer

linkages are from RD 114 (A), REV (B), NZB (C-F),

and BKD (G-I). The NZIB structures (C-F) were all

found on the same grid, and were chosen to show the

range of variation typically seen in all the murine
viruses studied. The Y shaped linkage (A) is distinctive
to RD 114, and BKD apparently has two linkage sites,
either one or both of which may be paired in any

individual dimer.
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ABSTRACT

The recombinant plasmid, M6, contains a DNA sequence from

the cellular slime mold Dictyostelium discoidium which hybridizes

to actin messenger RNA. The plasmid contains 6 kilobase pairs

(kb) of Dictyostelium DNA inserted into a pMB9 vector. Ten

cleavage sites for four different restriction enzymes have been
mapped. Other work has shown that a central restriction fragment,
1.8 kb in length, contains sequences repeated about twenty times
in the genome, and this fragment hybridizes to actin mRNA. Hetero-
duplexes between M6 and H6, another plasmid which contains two
copies of the actin repeat, were used to define the position of
this repeat in M6. Two plasmids with inserts of cDNA made from
actin mRNA were heteroduplexed to M6 to define the position and
orientation of the message complementary region. An improved
electron microscope technique was developed for labeling poly(dA)
sequences with dBrU polymers attached to suitable markers, and

the technique was used to map several short poly(dA) tracts in

the M6 insert, relative to the actin coding region.
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INTRODUCTION

Kindle et al. (preceding paper) constructed the recombinant

plasmid, M6, and showed that the Dictyostelium DNA insert hybridizes

to actin mRNA. A;tin is a well characterized protein, highly con-
served in evolution, whose function is at least partly understood
and whose expression is developmentally regulated in slime molds
(Kindle et al., preceding paper). In addition, there are multiple
forms of actin in slime molds and other eukaryotes, and there is

a family of related actin genes (Kindle et al., preceding paper,
Garrels and Gibson, 1976). Because of the sequence homology

among the different actin genes, M6 can be used as a probe to
isolate the other family members for examination and comparison.
(McKeowan et al., following paper).

The initial characterization of the M6 plasmid is reported
here. We have mapped the cleavage sites of several restriction
endonucleases on M6 DNA, located the repeated sequence, and
determined the position and orientation of the actin mRNA
complementary sequence.

Many eukaryotes have short homopolymeric tracts of dA:dT
in genomic DNA (Mol and Borst, 1976); such short poly(dA) tracts

are particularly prevalent in Dictyostelium DNA (Jacobson et al.

1974). An improved electron microscope technique is described
here for identifying these poly(dA) sequences, and these sites
are mapped on M6 relative to the actin gene.
RESULTS
The construction of M6, and its characterization as clone

hybridizing to actin mRNA is described in the accompanying paper
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(Kindle and Firtel). Briefly, nuclear DNA from Dictyostelium

discoidium was sheared to about 8kb, it was resected with 2
exonuclease and extended with short poly(dA) sequences, The
vector plasmid, pMBY9, was cut at its single Rl site, resected
with A exonuclease and extended with short poly (dT) sequences.
The insert and vector pieces were then annealed together and
transformed into E. coli. M6 was one of several plasmids

initially selected because they hybridized to Dictyostelium

mRNA. mRNA complementary to M6 was isolated by hybridization
to M6 DNA cellulose, and was translated in vitro to make a

protein identical to Dictyostelium actin.

Figure 1 presents the map of M6 derived from the studies
reported below. Positions on the map are designated by their
distances 1in kilobase units from the left hand junction between
plasmid and insert.

Restriction mapping

Closed circular M6 DNA was cleaved with the restriction
endonucleases Bam HI, Sal I, Eco RI, Hind III, Hae III, and Hap II,
and the lengths of the fragments were analyzed by electrophoresis
in 1% agarose gels. Overlaps were defined by sizing the products
of double and triple digests, and restriction sites were positioned
relative to the‘known restriction map of the vector plasmid,

PMB9 (Rodrigeuez et al. 1976). The positions of the Bam HI,
Eco RI, Hind III, and Hae III sites were confirmed by electron
microscopy in the course of the heteroduplex and oligo(dA) mapping

experiments discussed below. None of the restriction endonucleases
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Pst I, Sma I, Hga I, and Hha I cleaves within the Dictyostelium

insert.

The initial restriction mapping was confused by the apparent
absence of the Alu I site which was expected to lie between the
Eco RI site (the site of insertion) and the Hind III site of
pMB 9. Furthermore, poly(dA) mapping (see below) indicated that
the insert vector junction was unexpectedly close to the Bam HI
site. Heteroduplexes between M6 (cut at the Bam HI site) and
pMB 9 (cut at either R1 or Bam sites) confirmed that approximately
300 bases of pMB 9 to the right of the R1 site had been lost in
the construction of M6 (see Figure 2 for details of the hetero-
duplex). Apparently equivalent deletions occurred in the con-
struction of both M4 and H6 (see preceding and following papers,
respectively), two other plasmids made in the same way as M6. The
reason for these deletions is unknown but we note that the end-
point of the deletions is at or near the edge of the tetracycline
resistance gene in pMB 9 (Rodrigeuez et al. 1976).

Previous work has shown that the central Hae III - Hap II
DNA fragment of M6 (2.1 to 4.0 kb) contains sequences which are

repeated 15-20 times in the Dictyostelium genome and that this

fragment hybridizes to actin message (Kindle et al. preceding
paper). The region of the repeated DNA in M6 and the region of
actin messenger homology were defined more precisely by hetero-
duplex analysis.

The plasmid H6 has been characterized as having two repeats

of the actin gene on its 4.3 kb insert; its restriction map is
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given in figure 1 (McKeown et al., following paper). The
repeated regions of H6 proved to be in the opposite orientation
to that of M6. Thus, the majority of M6/H6 heteroduplex molecules
showed complete pairing between the pMB 9 vector portions of M6
and H6, but no hybridization at all between the two inserts.
Therefore, one plasmid was first heteroduplexed with pMB 9, and
then single strands of a restriction digest of the second plasmid
were added to the hybridization mixture. Figure 2A shows an
M6/pMB 9 heteroduplex hybridized in the region of the actin
repeat with the EcoRI-BamHI fragment of H6 (0.5 to 4.6 kb on

H6 map). Figure 2B shows an H6/pMB 9 heteroduplex with two

EcoRI fragments (1.0 to 5.7 kb) of M6 hybridized to the two
copies of the actin repeat of H6. Both H6 actin sequences
hybridize to the same region from 3.0 to 4.1 kb on M6. The
positions of the repeats on M6 and H6 are shown in Figure 1.

Position and orientation of actin coding sequence

Total Dyctyostelium cytoplasmic poly(A)-containing mRNA

was used to make clones of cDNA by the technique of Efstratiadis
et al., (1977) (Rowenkemp and Firtel, manuscript in preparation).
The RNA was copied with reverse transcriptase from an oligo(dT)
primer, the RNA was removed by base hydrolysis, the DNA was

made double stranded with E. coli DNA polymerase I, the ends of
the cDNA duplex were trimmed with S1 nuclease, and the 3' ends
were extended with short poly(dC) sequences. This was annealed
with the vector plasmid, pBR 322, cut at its single Pst I

Testriction site and extended at its 3' ends with short poly(dG)
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sequences, and the mixture was used to transform E. coli. In

the resulting plasmids, Pst I restriction sites are regenerated
on either side of the cDNA insert. cDNA plasmids coding for
actin mRNA were identified by colony filter hybridization using
the M6 HaelIlII-HapII fragment (2.1-4.0 kb) as a probe (Rowenkamp
and Firtel, manuscript in preparation). Two actin cDNA plasmids,
Al and Bl, have been studied; they have cDNA inserts of 0.8 and
1.1 kb respectively. Figure 3A shows a heteroduplex between Bl
and pMB 9 to illustrate the position of the cDNA insert (which

is often held in a small loop due to pairing of the poly(G)-
poly(C) tails) and the regions of non-homology between the two
vectors, pMB9 and pBR322. A B1/M6 heteroduplex is shown in
Figure 3B. The Bl insert is hybridized to M6 in the region of
the actin repeat; the exact region of homology is shown in

Figure 1. The poly(dA) mapping of M6 described below shows

that there are poly(dA) sequences at 0.0 and 0.3 kb and a poly(T)
sequence at 0.9 kb (on one strand, with the complementary T and
A sequences on the other strand). The single stranded M6 segments
of the M6/B1 heteroduplex often show an additional loop due to
base pairing of these A and T sequences. This feature locates

in the heteroduplex molecule the left hand junction of M6 between
vector and insert. The region of M6 homologous to Bl ends at or
near the end of the repeated region, as defined by the M6/H6
heteroduplexes. There is a Hind III restriction site close to
the right end of the Bl cDNA insert (Figure 1) which is pre-
sumably equivalent to the Hind III site at 4.1 kb in M6.

The cDNA plasmid Al forms heteroduplexes with p}B9
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have been copied from the poly(rAj sequence of the actin mRNA,

and thus it defines the orientation of the actin mRNA sequence

in M6 (3' end on the left in Figure 1). The 3' end of the message
is at or near the left end of the repeated region, as defined

by the H6 heteroduplexes.

In order to confirm the orientation of the M6 actin region,
the EcoRl fragment (1.0-5.7 kb) was isolated and inserted into
the bacteriophage A gt vector (Thomas et al. 1974) in both
orientations. The orientation of the actin region in individual
A clones was determined by digesting the recombinant X DNA
with Hap II or Hind III and measuring the size of the products.
Intact DNA of recombinant X clones was then strand separated on
Cs,S0, gradients in the presence of poly(U,G) (Szybalski et al.,

1971), and the separated strands were hybridized to Dictyostelium

cytoplasmic mRNA. The mRNA hybridization was highly strand
specific, and in both orientations of the M6 fragment, the
hybridization confirmed the mRNA orientation defined above.

Poly (dA) mapping

Poly (A) sequences in DNA or RNA can be visulaized in the
electron microscope by hybridization with homopolymers of T or dBrU.
Poly (dBrU) forms more stable hybrids with poly(A) than does poly(T),
and so dBrU labeling can be done in more denaturing spreading
solutions or can be used to mark very short poly(A) sequences.

(See appendix for detailed discussion of A:dBrU duplex stability
as a function of length.) Short homopolymers of T or dBrU are
difficult to visualize by themselves, but they can easily be

polymerized with the enzyme terminal transferase onto any
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recognizable duplex DNA molecule, such as nicked circular SV40
DNA (Bender and Davidson 1976), linear SV40 DNA (Carbon et al.
1975), or the other duplex DNAs described below.

As explained above, the Al actin cDNA plasmid was thought
to contain a long poly(dA) sequence copied from the poly(rA)
of the message. Duplexes of rA:dBrU of 100 or more base pairs
are stable in spreading solutions of up to 60% formamide, and so
the site in Al could be labeled under normal heteroduplex
spreading conditions. Al was heteroduplexed with pMB9; a dBrU
label was added; the mixture was incubated briefly and then was
spread from 50% formamide. The dBrU label in this case was an
800 base pair circular duplex DNA isolated from mitochrondria

of the trypanisome Leishmania torentolae (Wesley and Simpson,

1973) onto which tails of poly(dBrU) of about 200 bases had

been synthesized. Figure 4 shows a labeled Al/pMB9 heteroduplex;
the poly(dA) site maps at the left hand edge of the actin cDNA
insert (0.0 to 0.2 kb in the Al map of Figure 1).

For locating the short poly(dA) sequences in the Dictyostelium

DNA of M6, much less denaturing spreading conditions were required.
In order to keep the single stranded M6 DNA extended, it was first
reacted with glyoxal (which should react with adenine, cytosine,
and guanine) and then dialyzed to remove the glyoxal from all

but the guanine residues (Bender and Davidson 1976, Broude and
Budowsky, 1971). Glyoxal treated DNA was mixed with a dBrU label
and spread from 20% formamide at 25° or from 40% formamide at 4°.

The glyoxal treated DNA remained extended and traceable under
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such spreading conditions, although the contrast was usually

poor and the grids often did not pick up any DNA molecules or
cytochrome film. The dBrU labels used in these studies were
linear duplex DNA molecules of about 3 kb (R1 cut pMB8 (Rodrigeue=x
et al., 1976)) with a poly(dBrU) tail of about 200 bases poly-
merized at one or both ends. Figure 5A shows a pMB8-poly(dBrU)
label attached to a short poly(dA) site in single stranded M6

DNA. In Figure 5B, the label is attached by poly(dBrU) at both
of its ends to two adjacent poly(dA) sites in M6.

The final map of short poly(dA) tracts in M6 is shown in
Figure 1 below the M6 restriction map. There are easily labeled
poly(dA) tracts at the vector-insert boundaries (0.0 and 6.0 kb)
which are derived from the A:T tails synthesized in vitro in

the process of the plasmid construction. Since the Dictvostelium

DNA inserts were extended with poly(dA) at their 3' ends and
the vector with poly(T), the plus strand must have A's at 0.0 kb
and T's at 6.0 kb, and these tracts can be used to orient the

strand specificity of the Dictyostelium poly(dA) sites. There

are three easily labeled Dictyostelium poly(dA) tracts at 0.3,

0.9, and 2.5 kb on M6. The 0.3 kb site is frequently labeled
in the same molecule as the 0.0 kb site (these are the two
sites labeled in Figure 5B) and so this site must also have A's
in the plus strand. The site at 0.9 kb must have T's in the
Plus strand because it is often seen paired with the 0.0 or the
0.2 kb sites to form a small loop (as seen near the middle of

the M6 DNA in Figure 5A). This and other secondary structure
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features in these molecules must Be due to A:T base pairs since
the G residues are blocked by glyoxal. The 0.9 kb site also
pairs with the 2.5 kb site (the one labeled in Figure 5A) and
so the latter must be poly(dA) in the plus strand. A fourth
internal site was found at 4.2 kb but it is probably very short
because it is only very rarely labeled and does not readily pair
with any of the other sites. It was occasionally seen labeled
in molecules where the 2.5 kb site was also labeled; thus the
plus strand has T's. These poly(dA) sites were observed on DNA
from M6 cut once at the Bam HI site or from isolated EcoRI and
Hind III restriction fragments. Other cases of pairing between
sites or double labeling on single M6 molecules confirm the
positions and strand assignments given above.

Spontaneous deletions

The bacterial strain carrying the M6 plasmid spontaneously
generated deletions in the M6 DNA, even though the HB101l strain
into which M6 had been transformed was recA. The strain was
therefore frequently subcloned to eliminate these deletions from
the M6 DNA preparations, but in a few cases where the deleted
DNA was encountered, it was examined to locate the deletion. A
preparation of normal M6 DNA contaminated with DNA having a
small deletion (about 100 bases) gave a doublet of the largest
band after digestion with either EcoRI or Hind III. There was
not a doublet of the largest Hae III band (-0.35 to 2.1 kb)
so the deletion is presumably in the pMB9 portion of M6. A
second deletion was detected as an anomalously large band in a

Hind III digest. It was mapped by heteroduplexing with the normal
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Hind III fragments and shown to be missing the region from 0.0
to 2.5 kb on the M6 insert. These coordinates are both at or
near poly(dA) sites on the plus strand, and so the deletion
probably occurred by recombination within these short poly(dA)
sequences.

DISCUSSION

It should be emphasized that there are several different

but related actin-complementary DNA sequences in Dictyostelium

and there are probably related but distinct sequences of actin
mRNA (McKeown el al., following paper). There is no evidence
that the messages represented in the cDNA plasmids Al and Bl were
actually transcribed from the M6 actin gene, or, indeed, that any
message is ever transcribed from this particular sequence. Any
of the observations made below concerning the sequence organization
of M6 may be irrelevant if M6 is not an actual coding region.

It is somewhat surprising that the message-complementary
region of M6 (defined by the cDNA plasmids) is co-terminal with
the whole actin repeat (defined by H6 homology) within experimental
error. Since the left end of the plus strand of the Al cDNA
ends in poly(A), it defines the 3' end of the message, but the
Bl cDNA sequence does not necessarily include the 5' end of the
message. Actin mRNA electrophoresed on denaturing agarose gels,
migrates as two bands of 1.3 and 1.4 kb (Kindle et al. preceding
paper). Since the M6 actin repeat measures only 1.1 kb, either
there 1s error in the length measurements or the M6 actin repeat
is shorter, by 200 to 300 bases at the right end, than the actin

gene that makes the mRNA. In any case there is no evidence for
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repeated DNA sequences on either side of the mRNA complementary
region which might be included in a larger nuclear precursor

to actin message or which might be used as sites of transcriptional
control (Britten and Davidson, 1969). Also there are no large
insertions of non-message DNA within the message-complementary
region, as have been reported for adenovirus DNA (Berget el al.,

1977), SV40 DNA (Celma et al., 1977) and Drosophila ribosomal

DNA (Glover and Hogness, 1977).
Short poly(dA) tracts occur in a wide variety of eukaryotes
(Mol and Borst, 1976). The average length of the poly(dA) tracts

in Dictyostelium is about 25 base pairs and they occur about

once per 3 kb of DNA duplex (Jacobson et al., 1974); the slime
mold poly(dA) sequences are slightly longer and much more
frequent than in most other organisms (Mol and Borst, 1976).
Their function is unknown, but it has been suggested that
nuclear transcripts might end in a short poly(dA) tract which is
then elongated before transport to the cytoplasm (Jacobson

et al., 1974). Sequence data on the Drosophila 5S RNA precursor

(Rubin and Hogness, 1975) and the yeast 5S RNA and tRNA-phe
coding regions (W.J. Rutter, personal communication) suggests
that poly(dA) tracts in the coding (minus) strand are transcription
termination signals.
In M6 there is a poly(dA) tract in the plus strand approximately
400 bases beyond the 3' end of the message. If it is included in
a nuclear transcript, it must be cleaved off before the long
poly(A) 1is added. It is in the opposite strand orientation

(T's in the coding strand) as the poly(dA) tract at the site
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of 5S RNA termination. There is a second poly(dA) site near the
right end of the actin repeat. This poly(dA) appears to be
shorter, or to have more non-adenine bases within the A rich
tract than the other sites mapped in M6. Because it was rarely
labeled, it is not very accurately mapped relative to the right
end of the actin repeat, and its possible significance is
further confused by the aforementioned uncertainty about the

5'" end of the actin message.

It will be important to define now which actin message
comes from which actin repeat. Direct DNA sequencing will
allow rapid and sensitive comparisons. The Hind III site at
4.0 kb in M6 and the comparable sites in H6 and Bl are the

logical places to start.

Appendix: Theory and Practice of Electron Microscopic

Labels for Short Poly(dA) Sequences

There are two major difficulties in labeling poly(A) sequences
in DNA and RNA for visualization in the electron microscope. First
hybrids between poly(A) and poly(T) or poly(U) are disrupted by
the denaturating conditions usually used to extend single stranded
nucleic acids for microscopy, and second, polymers of T or U
are not easy to see, particularly if they are short. The second
problem was overcome by polymerizing poly(T) onto some easily
recognized duplex DNA, using the enzyme terminal transferase
(Carbon et al., 1975, Bender and Davidson, 1976). The first,
Problem could be solved for long A:T hybrids by pretreating the

molecule of interest with glyoxal to keep it extended in low
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formamide spreading conditions.

The stability problem is much more severe for labeling
short poly(dA) tracts in eukaryotic DNA, which are only 20 to
25 bases long (Mol and Borst, 1976). The difference in Tm between
hybrids of poly(dA),p:poly(T)3q9g and poly(dA)sgo:poly(T)sqp has
been measured to be about 25° (in 0.15 M NaCl, 0.015 M sod;um
citrate) (Cassani and Bollum, 1967). Since long A:T hybrids are
not stable in spreading solutions with more than about 40%
formamide -(Bender and Davidson, 1976), poly(dA),q :poly(T)
hybrids would not be stable in a 20% formamide spreading solution,
which we take as the operational lower 1limit of the formamide
Kleinschmidt technique. It was suggested by Tod Miles (personal
communication) that poly(rBrU) or poly(dBrU) could be used
to make more stable hybrids with the short poly(dA)'s. Long
poly (dBrU):poly(dA) duplexes have a Tp about 10° higher than
that for poly(T):poly(dA) at pH 7.0 (Riley and Paul 1971). It
was found that the calf thymus terminal transferase will poly-
merize dBrUTP almost as rapidly as TTP onto an oligo (dT)¢ primer
or a nicked duplex circular SV40 molecule. Poly(rBrU):poly(rA)
hybrids have an even higher Tm (Riley and Paul, 1970), but rBrU
cannot be so easily polymerized onto duplex DNA.

The stabilities of hybrids between shert A polymers and
long dBrU polymers were measured directly by optical melting
experiments. Long poly(dBrU) chains were polymerized onto
0ligo(dT); primers with terminal transferase. The reaction
products from 10-20 h reactions were chromatographed on Sepharose
4B, and the excluded poly(dBrU) was collected. Oligomers of (rA)n

(actually rA,C, generously provided by Olke Ullenbeck) with chain
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lengths n=12, 17, 23 or 28 were mixed with an equali mass of
poly (dBrU), and the mixtures were dialized against 0.1 M Na(Cl,
0.01 MTES, 0.001 M EDTA at various pH's. The mixtures were
melted in a Gilford model 2000 recording spectrophotometer
fitted with a linear temperature programmer. The sample was
heated at 0.5°/min and the absorbance was measured at 260 nm.
Figure 6 is a plot of Tm against poly(rA) chain length, for
poly (dBrU) hybrids at pH 7.0 and 8.0 and for poly(T) at pH 7.5.
(The Tm's for rA:dT hybrids were equivalent at pH 6.5 and pH
8.5, where measured.) The - for long rA:dT hybrids was 61.5°%;
the Tp's for shorter hybrids agree well with the Ty depressions
predicted by the approximate relationship ATL=500/n where n is
the duplex length (Hayes et al., 1970). The Tp of the dBrU
hybrids at pH 7.0 is about 15° higher than that for the dT
hybrids for three different duplex lengths. The effect of
formamide on rA:dBrU hybrid stability was measured by melting
the short hybrids in a simulated spreading solution (30%
formamide, 0.1 M TES, 0.01 M EDTA pH 7.3); the Tp's for duplex
lengths greater than 20 base pairs are still well above room
temperature. Hybrids of T or dBrU with short poly(dA)'s should
be slightly more stable than those with poly(rA)'s as measured
here (Riley et al., 1966). |

The above analysis neglects the dependence of T, on concen-
tration, which becomes important for short duplex lengths. As
predicted and measured by Applequist and Damle (1965), the

relationship between the melting temperatures Ty and Tp' for
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corresponding polymer concentrations C and C' is

1

1 _ 1, R
Th Tm nAH

1n %

where n is the duplex length and AH is the enthalpy per base
pair. For an A:dBrU duplex of 20 base pairs (assuming AH is

8 kcal/base pair), the T, would decrease by about 2.6° for
every 10-fold decrease in polymer concentration. In the
spreading solutions the concentrations of poly(A) and poly(dBrU)
are only about 10 ng/ml or about 1000-fold less than the concen-
trations used for the optical melting experiments. Thus, the

T, for a 20 base A:dBrU duplex would be about 8° lower than that
predicted by Figure 6. 1In a spread from 20% formamide at room
temperature (as used in the poly(dA) mapping experiments with
M6) we would predict a minimum stable A:dBrU duplex length of
about 15 base pairs. This estimate may be optimistic because
there is a further dilution in polymer concentration when the

50 ul spreading solution is spread onto the 100 ml of hypophase
buffer. The molecules of interest are then trapped at the air-
water interface, and so concentration effects become impossible
to predict.

In practice, four sites in the 6 kb Dictyostelium insert

can be labeled by this technique. The sizes of these poly(dA)
tracts have not yet been measured, but the average size of

poly(dA) tracts in Dictyostelium is about 25 bases (Jacobson

et al., 1974). The labeling efficiency is somewhat low; we

estimate each individual poly(dA) site has a 10-20% probability
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of being labeled. The linear duplex pMB8 molecules with dBrU
tails are considerably better for labeling internal poly(dA)
sites than are tailed SV40 or trypanisome mitochondrial DNA
circles because the dBrU tails are only at the ends of the pMBS
molecules, and so accidental crossovers between pMB8 linears
and the molecules of interest are not confused with sites of

labeling.

EXPERIMENTAL PROCEDURES

Materials

The construction of the recombinant plasmids and the pre-
paration of plasmid DNA are described elsewhere (Kindle et al.,
preceding paper, Rowenkamp and Firtel, manuscript in preparation).

pMB9 DNA was a gift of J. Douglas Engel, Leishmania tarentolae

mitochondrial DNA was a gift of Larry Simpson, and pMB8 DNA

was a gift of Mavis Shure. EcoRl restriction endonuclease

was purified according to Greene et al. (1974). Other restriction
enzymes were purchased from New England Biolabs, and digestions
were routinely done for 1 h at 37° in the assay buffer recommended
by the supplier. Agarose (ME grade) was purchased from Seakem.
Terminal deoxynucleotidyl transferase and 5-bromo deoxyuridine
triphosphate (dBrUTP) were purchased from P.L. Biochemicals, and
3H dBTUTP was from New England Nuclear.

Gel Electrophoresis

Restriction fragments were resolved by electrophoresis on
0.8 or 1.0% agarose gels run in E buffer (0.04 M Tris, 0.005 M

Na acetate, 0.001 M Na, EDTA, pH 7.4). The dimensions of the gels
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were 18 x 14 x 0.4 cm and they were run at constant voltage

(2 to 3 volts per centimeter). Gels were stained with 0.1 pg/ml
ethidium bromide. Molecular lengths of various fragments were
estimated by comparison to restriction fragments of bacteriophages
A and pM2; the sizes are accurate to within about 5% in the 1 -

5 kb range. For preparative work, samples were loaded in wide
(3.5 cm) lanes at the top of the gel. After electrophoresis,

only the edges of each lane were cut off and stained so that

the bands of interest could be located without UV-induced nicking
of the DNA. The bands were cut out and eluted by electrophoresing
the DNA into a dialysis bag or by the freeze-squeeze method
(Thuring et al., 1975).

Heteroduplex Mapping

Heteroduplexes were prepared and spread from a hyperphase
containing 55% formamide according to Davis et al. (1971). 1In
the triple heteroduplexes as in Figure 2, the two full length
plasmid molecules were first annealed together, and then a
restriction digest containing the third DNA fragment of interest
(and other fragments) was heat denatured, quenched, and added
to the heteroduplex mixture, and the mixture was annealed a
second time before spreading. ¢X single and double stranded
DNAs were used as internal length standards to calibrate length

measurements of hetercduplex molecules.

Poly(dA) Mapping

Duplex DNA molecules were extended with short tails of

poly (dBrU) by incubation with terminal transferase at 37° for
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l1h (in 50 mM TES, 40 mM kC1l, 3 mM CoCl,, and 3 mM dBrUTP, with
1000 enzyme units/ml and up to 0.5 mg/ml of duplex DNA). Tail
length could be measured by incorporation at 3H dBrUTP or by
direct visualization of the tails in the electron microscope;

a one hour reaction produced average tail lengths of 100 to 200
bases. Closed circular duplex DNAs could be used as primers
without prior nicking; they are converted to nicked circular
molecules in the course of the reaction, presumably by nuclease
contamination in the commercial terminal transferase.

Duplex DNA molecules with poly(dA) tracts of interest were
melted at 80° in 1 M glyoxal, 0.01 M potassium phosphate, pH 7.0;
the solution was allowed to cool slowly to 37°, and then it was
incubated at 37° for 1h. The glyoxal-treated DNA was then
dialyzed overnight against 10 mM TES, 1 mM EDTA pH 7.0.
Hybridization of the dBrU labels to the poly(dA) tracts and
spreading of the hybrids were performed as previously described
(Bender and Davidson, 1976) except that everywhere TES buffer
at pH 7.0 was substituted for Tris buffer at pH 8.5. In
spreads from a 20% formamide hyperphase, the hypophase buffer
concentration was raised to 0.02 M TES, 0.002 M EDTA to maintain
isodenaturing conditions.
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FIGURE LEGENDS
Figure 1. Maps of the Recombinant Chromosomal DNA Plasmids M6 and
H6, and the cDNA Plasmids Al and Bl. In each case the
plasmid is shown aligned with the homologous portions
of its vector. Only the portions of the vector sequences

adjacent to the Dictyostelium inserts are shown; the

non-paired portions of the vector on the right hand side
of the M6, H6, and Al maps indicate sequences of the
vector which were deleted in the process of plasmid
construction. The cleavage sites for various restriction
endonucleases are marked and regions of homology among
plasmids are indicated by horizontal bars below each
map. Zig-zag lines indicate regions of poly(dA) :poly(T)
sequences at the vector-insert junctions and in the
region of the Al cDNA copied from the actin mRNA
poly(A). The insert regions of all plasmids are
drawn with thicker lines. The second M6 map shows
the short poly(dA) tracts in that plasmid; the strand
to which the actin message hybridizes is defined as
the minus strand.

Figure 2. M6/H6/pMBY9 Triple Heteroduplexes. In (A), M6 and
PMB9 (both cut at the single Bam HI site) were
heteroduplexed together, and then the molecules were
hybridized with the EcoRI-BamHI fragment of H6. 1In
(B) a H6/pMB9 heteroduplex (again, both cut at Bam
HI site) was paired with two EcoR1l fragments of M6,
one at each actin repeat. Both micrographs are,at
the same magnification. Each heteroduplex 1is

diagrammed schematically below the micrograph. The
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region marked A in each case is the 300 base sequence
of pMB9 (extending from the EcoRl site almost to the
Hind III site) which was deleted in the construction
of M6 and H6.

Heteroduplexes between M6 and Actin cDNA plasmids. (A)
shows a B1/pMB9 heteroduplex. The G:C tails flanking
the cDNA insert are paired in this molecule and thus
hold the insert in a loop, as is indicated in the
schematic drawing. (B) shows a B1/M6 heteroduplex.
The B1 cDNA inseft is completely paired with M6 in
the actin repeat region. The small ioop in the un-
paired M6 DNA is due to pairing between the A:T tail
region of the vector-insert junction with a short
internal poly(dA):poly(T) site. (C) and (D) are
A1/M6 heteroduplexes. (C) is exactly analogous to
(B) except that the actin homology region is shorter.
In (D), a poly(dA) sequence just to the left of the
actin hybrid region is paired to a poly(T) sequence
of M6 at its left vector-insert junction (assuming
that the Al and M6 strands are plus and minus strands,
respectively). All plasmids were cut at their single
Bam HI sites before heteroduplexing; all micrographs
are at the same magnification.

Labeling of Poly(dA) site in Al. DNAs from the Al

and pMB9 plasmids (both cut at Bam HI site) were

heteroduplexed, 800 base pair duplex circles with
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poly(dBrU) tails were added to the mix and annealed
briefly, and the mixture was spread from 50% formamide
The dBrU label is attached to the Al DNA at a site
near the left end of the Al cDNA insert. The position
of the Al cDNA insert was measured independently from
Al1/pMB9 heteroduplex molecules like the B1/pMB9
molecule of figure 3A.

Labeling Short Poly(dA) Tracts in M6. M6 DNA was
cleaved at the Bam HI site, glyoxal-treated, mixed
with linear duplex pMB8 molecules with dBrU tails

at one or both ends, and spread from 20% formamide.

In (A), one end of a pMB8 label is attached to a M6
poly(dA) site near the actin gene (at 2.5 kb on the

M6 map). The small loop in the M6 DNA 1is equivalent
to the small loop in figure 3B. In (B), both ends

of pMB8 are attached to two adjacent poly(dA) tracts
in M6 (at 0.0 and 0.3 kb). Both micrographs are at
the same magnification.

Melting Temperatures of Short rA:dT or rA:dBrU Hybrids.
Short defined polymers of rA were mixed with an equal
mass of long poly(T) or poly(dBrU) in 0.1 M NaCl,

0.01 M TES, 0.001 MEDTA, and the T,'s of the hybrids
were measured optically. Two TA:dBrU hybrid lengths
were also melted in a buffer equivalent to a low for-
mamide spreading solution (30% formamide, 0.1 M TES,
0.01 M EDTA, pH 7.3). The Tm for hybrids between long

poly(rA) and long poly(dT) was 61.5°. The predicted



Tp's for shorter rA:dT hybrids are indicated by the
dashed line (using the approximate equation for the
melting point depression AL, = 500/n, where n is the

A:T duplex length.)
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