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ABSTRACT

Part I of the thesis describes the characterization of the RNA
structure of the RNA tumor viruses.

The genome of type C RNA tumor viruses is an RNA com-
plex which sediments at '""50-60"S in a nondenaturing aqueous elec~-
trolyte. Upon exposure to denaturing conditions, it can be dissociated
into subunits of "30-40"S plus small ''4-10'"S RNA's. The structure
and molecular weight of the '"50-60"'S and "'30-40'"S RNA species have
been studied by electronmicroscopy, gel electrophoresis and sedi-
mentation analysis. It was found that type C viruses, isolated from
different origins (feline, murine, simian and baboon) all contain as
their genomes '"50-60"S RNA species which have similar secondary
structure patterns. The '"50-60'"'S molecule hasa molecular length
about 16-20 Kb ( ~6x1 O6 daltons) as measured by electronmicroscopy.
It contains two characteristic secondary structure features (i) a
central T-shaped structure (the dimer linkage structure) (ii) two
loops symmetrically positioned on each side of the dimer linkage
structure. Melting of the dimer linkage structure resulted in a con-
comitant dissociation of the 52S molecule into two half-size subunits,
each about 8-10 Kb. PolyA mapping by electronmicroscopy shows
that the '"50-60'S molecules contain two polyA segments, one at each
end.

These results suggest that the '"50-60"S RNA consists of two
8—1‘0 Kb or "30-40"S subunits, each with a characteristic s.econdary

structure loop. These two subunits which are possibly identical are



joined at their 5' ends within the dimer linkage structure. The pri-
mary nucleotide sequence, the molecular weight and the stability of
the '"50-60"S RNA is different for each different virus. Yet, the find-
ing that these different viral RNA's contain similar secondary struc—
ture patterns suggests that such features are functionally important,

If this is true, it is possible that they are present in all type C virus

genomes.

In part II, an electronmicroscopic technique for studying
single-stranded RNA is described. This technique has been applied
to determine the molecular weight, to study the secondary struc;cure
and to map the polyA sequence of RNA isolated from an arbovirus
(Sindbis).

This spreading technique utilizes glyoxal as a denaturing
agent. Glyoxal reacts preferentially with guanine residues of poly-
nucleotides and blocks their hydrogen binding donor functions. Single-
stranded RNA, after treatment with glyoxal, appears as an extended
filament whose length can be accurately measured by electronmicro
scopy. By this means, the molecular weight of Sindbis virus RNA
is determined to be 4.7 +0.4 x 106 daltons. Glyoxal treatment is
useful for the electronmicroscopic mapping of polyA sequences on
RNA molecules, since the RNA is extended without affecting the
polydT binding which is the basis for polyA mapping. Using this meth-
od , a polyA sequence has been mapped at one end of Sindbis virus
RNA. Many circular molecules are seen when Sindbis RNA is treat-

ed for only short periods with glyoxal, then spread for electron—
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microscopy. Under more denaturing conditions, linear molecules
are seen. It is proposed that the two ends of Sindbis viral RNA con-—
tain mutually complementary sequences which normally are base—
paired to form circular molecules. Under the more denaturing con-
ditions hydrogen bonding is disrupted, which produces linear mole-

cules.
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ABSTRACT

The '"50-60""S RNA's isolated from an avian sarcoma virus
(RSV) and a feline leukemia virus (FeLV) were studied by electron-
microscopy. When spread in low denaturing conditions, they appear
as tangled complexes with a great deal of secondary structure. If
treated with glyoxal which is quite effective in disrupting secondary
structure of polynucleotide chains, the '"50-60'"'S RNA's of both RSV
and FeL'V are dissociated into subunits with the appearance of we‘ll
extended filaments. The molecular weights of the RNA subunits
were determined to be 3.3 and 3.2 x 106 daltons for RSV and FeLV
respectively, in good agreement with the sedimentation data. The
RNA of a feline endogenous virus, RD-114 virus, has also been stud-

ied. After similar glyoxal treatment, RD-114 viral RNA has a
molecular weight about 5 x 106 daltons, significantly larger than

those observed for RSVand FelLV.



The principal component of the RNA of the RNA tumor viruses,
as extracted from the virion, is a complex which sediments at 60-708S,
and is estimated to have a molecular weight of approximately 107 dal-
tons. When subjected to denaturing conditions, this complex dissoc-
iates to give several large components with sedimentation coefficients
of ~ 355 and some lower molecular weight components with sedimen~
tation coefficients in the range 4-10S. The mobilities in gel electro—
phoresis for these several large and small components are consistent
-with molecular weight estimates from their sedimentation coefficients
(Temin, 1974; Bolognesi, 1974).

Electron microscopy has the potential of being a useful physical
method for the study of the molecular structure of the 60-70S complex
and of the several subunits of which it is composed. We report here
-on our initial studies of the RNA of several tumor viruses. We have
-been particularly concerned with length measurements of the large
(~ 35S) subunits and with the question of whether the two or three large
subunits that probably occur in a single 70S complex a re identical in
sequence or different. |

In the formamide modification of the basic protein film tech-
nigque using a spreading solution consisting of 50% formamide and 0.1 M
Tris supporting electrolyte, single strands of DNA with a G+C content
of less than about 60% appear as smooth, well extended filaments
(Davis et al., 1971). Under similar spreading conditions, RNA
molecules of similar base composition tend to be knobby, thick, and

short.



Several modified techniques are useful for spreading RNA mole~
cules: (a)the gene 32 procedure of Delius et al. (1973); this method
has recently been used for studies of tumor virus RNA (Delius et al.,
1974); (b) the glyoxal-formamide technique described by Hsu et al.
(1973); see also Forsheit et al. (1974); (c) the urea-formamide spread-
ing solution at low electrolyte concentration described by Robberson
et al. (1971) and Wellauer and Dawid (1973). This technique appears
to be particularly effective for revealing certain kinds of stable secon-
dary structure features in RNA and DNA molecules. In the present
studies, we have used methods (b) and (c).

Further electron microscope studies of viral RNAs by the urea-
formamide technique (Weber et al., 1974) and by a formaldehyde-
formamide method (Chi and Bassel, 1974) have appeared after the

present experiments had been concluded.

Results

RSV and related viruses. RNA was extracted from the Prague

strain of transforming Rous Sarcoma virus. The 70S complex was
purified by sucrose gradient velocity sedimentation as described in
the legend to Figure 1. When this RNA is spread from a 30% formam-
ide, 0.1 M Tris solution, condensed, bush-like structures are seen.
We believe these are undissociated 70S complexes. Mor-e extended
molecules are seen in spreadings from 50% formamide, as shown in
Figure la. The molecules are still tangled with considerable secon-
dary structure, but they are sufficiently extended so that a very rough

estimate of the total contour length and thus of the total mass per



Fig. 1. Electron micrograph of 70S RSV RNA spread by the
formamide isodenaturing technique (Davis and Hyman, 1971)y a) in
50% formamide; b) in 80% formamide; c) in 95% formamide.

Cell cuiture techniques followed published procedures (Vogt, 1969).
Chick embryo fibroblasts were of the C/B phenotype and were free of
endogen ous helper factor activity. The Prague strain of Rous Sar—
coma virus subgroup C (PR-C) which can produce infectious progeny
viruses without the aid of either endogen. ous or exogen ous helper
viruses was used. Viruses were produced by inoculating chick em-
bryo fibroblasts with live foci of PR-C transformed cells. Ten to
fifteen individual foci were aspirated with a capillary pipet from a
plate of chick embryo fibroblasts infected with a high dilution of virus.
The foci were deposited in a roller bottle containing 108 normal C/B
cells. After 3 to 4 days, the bottle showed heavy transformation, and
virus was harvested every 2 hrs. Virus was labeled with 3H uridine
(New England Nuclear 20 ci/mmole as follows. The labeling medium
contained only 2 instead of the usual 5% serum; the trypton phosphate
broth was also reduced to 2%. The 3H uridi..e was added to virus
proc-lucingbcells at 10 pci/ml. Viral harvests were initiated 12 to 18
hours after addition of the label. Infectivity titers in the viral har-

¥ to 107FFU/ml.

vests were usually 5 X 10
The collective cell culture fluid was centrifuged at 10 K RPM

for 15 minutes to remove cell debris and then at 22 K RPM for 60



minutes to concentrate viruses in an SW 25.2 rotor. Viruses were
purified by isocpymic banding in a 24-48% sucrose gradient in NTE
buffer (0.1 M NaCl, 0.0l M Tris, pH 7.2, 1 mM EDTA) in an SW
50.1 tube for 3 hrs. at 44 K RPM. Virus fractions were pooled, di-
luted to less than 20% sucrose with NTE solution and centrigued in an
SW 50.1 rotor for 3 hrs at 40 K RPM to pellet the viruses., Viral
RNAs were isolated by dissolving the virus pellet in~ 0.1 ml NTE
solution containing 1% SDS and 1% mercapto ethanol, followed by re-
peated extraction with phenol. The 70S RNA complexes were isolated
by centrifuging this extract through a 5 ml 10-30% sucrose gradient

(NTE buffer) at 45 K RPM for 2 hrs.
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tangled unit can be made. (E. coli 23S rRNA, M =1.08 X 106, is
used as an external standard.) Some of these units have molecular
weights substantially greater than 3 X lO6 and are probably undissoci-
ated or incompletely dissociated 70S complexes. Others have mole-
cular weights of 3 X 106 or slightly less. It appears that the denatur-
ing conditions in the 50% formamide solvent at room temperature are
such as to cause denaturation of some, but not all, of the 70S com~—
plexes intc subunits. There are secondary structure features in these
molecules, but we have not been able to discern any reproducible pat-
terns.

In spreadings from 80% formamide (Fig. lb), the molecules are
more extended, although some secondary structure persists. Most of
tﬁe molecules have only two ends. There is a distribution of contour
lengths, from very short up to approximately 2.1 pm (~ 3 X 106 daltons
molecular weight) corresponding to broken or intact 35S subunits. We
concLude that these spreading conditions are sufficient to cause dis-

sociation of the large subunits of the 70S complex. It may be noted
that 16S and 23S E. coli rRNA and Sindbis virus (Hsu_ et al., 1973)

ar? well extended with only a few knobs and kinks along the chain under
these spreading conditions. Thus, although the G+C content of RSV

(50 £ 2%) (Robinson and Duesberg, 1968; Bishop et al., 1970) is not
higher than that of the other RNAs, it contains a higher degree of
intramolecular base pairing.

In spreadings from 95% forrﬂénﬁde (Fig. lc), the molecules

are stiff and extended with no apparent secondary structure. The
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lengths correspond to 3 X 106 daltons or less in molecular weight. RNA
molecules mounted under these conditions are stiffer and shorter than

if mounted by the glyoxal-formamide or urea—formamide techniques.

The variability in length for a homogeneous RNA preparation tends to

be rather large, and there are some denatured cytochrome globs at-
tached to the RNA molecules. We therefore prefer to use either gly-
oxal-formamide or urea-formamide spreading conditions, as described
below, for molecular weight studies.

Glyoxal is a reagent which is useful for disrupting the secondary
structure of RNA and DNA. It reacts with cytidine, adenosine, and
guanosine. The formation constants for the reaction with cytidine and
adenosine are low and the reaction is rapidly reversible. Because of
ring formation, the reaction of glyoxal with guanosine has a lé.rger

" l\_/_I-l) and its rate of dissociation

equilibrium formation constant (10
is slow (Broude and Budowsky, 1971). It is therefore possible to se-
lect conditions in which glyoxal reacts selectively with G residues and
blocks their hydrogen bonding functionalities (Hsu et al., 1973). Iso-
lated RSV RNA was treated Qith glyoxal as described in the legend to
Figure 2 and examined by electron microscopy. The molecules are
well exteaded with few or no remaining secondary structure features
(Fié; Za).A A molecule with a length corresponding to a molecular
weight of 3.0 X 106 is shown in Fig. 2b. The histogram of length

measurements for all of the molecules in the sample from glyonxal

treatment of total phenol extracted RNA (Fig. 3) reveals a broad size
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Fig. 2. Electron micrograph of glyoxal treated RSV RNA as
extracted from virions by phenol-SDS. a) total phenol-extracted RNA
mixture; b)a 35S RNA molecule. The length marker is 0,2 pm.

Phenol-SDS extracted total RSV RNAs were dialyzed against 1 M
glyoxal in 0. 01 M phosphate buffer, pH 7.0, for 1 hr at 37°C, then
dialyzed against 6. 1 M glyoxal in the same buffer for approximately
30 minutes at 4°C to remove excess glyoxal which sometimes inter—
feres with the EM spreadings. Samples thus treated were diluted
ca. 10-fold into 50% formamide, 0.1 M Tris, 0.01 M EDTA, pH 8.5,
50 pg/ml cytochrome C and spread onto 20% formamide with one-tenth

the electrolyte concentration.
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Fig. 3. Histogram of the length distribution of glyoxal treated

total RSV RNAs extracted from purified viruses.

RNA purification and spreading procedures are described in the

legend to Fig. 2.
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distribution, with a cut-off maximum size of 3.5 % 0.1 X 106 daltons.
We conclude that the glyoxal treatment causes dissociation of the 70S
complex, but that‘many of the 35S subunit molecules contain internal
breaks.

Several methods for isolating the putative intact 35S s;xbunits
were tested. Total phenol extracted RNA from the virion was exposed
to 50% formamide, 0.1 M Tl;is buffer at 37° for 10 min; the sample
was centrifuged through a neutral sucrose gradient at low electrolyte
concentration. The sedimentation profile (Fig. 4a) shows a broad
peak at 30-40S. The peak region (arrows in Fig. 4a) was pooled, and
the RNA molecules mounted for electron microscopy by the glyoxal
procedure. The resulting histogram for the length distribution (Fig.
4b) is rather broad with a peak at 2.4 pm corresponding to a molecular
weight of 3.2 X 106 daltons. Molecules larger than 3.5 X 106 daltons
were not found.

In other studies, the phenol extracted RNA was treated directly
with glyoxal and centrifuged through a sucrose gradient containing gly—
oxal and a low supporting electrolyte concentration (Fig. 5a). The
sedimentation profile shows a sharp rise at the leading edge, with
slower sedimenting molecules trailing behind. The histogram of
lengths from the peak fractions (Fig. 5b) gives a more homogeneous
size distribution than does that from the sucrose gradient without gly-
oxal. The number average molecular length for those molecules in
the shaded areas of Fig. 5b corresponds to a2 molecular weight of

3.28 £ 0.20 X 106 daltons. Thus the denaturing gradient containing
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Fig., 4a. Sedimentation profile of the formamide—dissociated
total RSV RNA in a low salt-sucrose gradient.

50 pl of a solution containing ~ 40 pg/ml RSV RNA phenol ex-
tract, 50% formamide in NTE was incubated at 37°C for 10 minutes.
The reaction was then quickly quenched on ice. These conditions are
Qufficient to dissociate 70S complexes. After a four—fold dilution with
double distilled water, the samples were loaded onto a 10-30% sucrose
gradient containing 0.01 M Tris, 1 mM EDTA, pH 7.2. The centrifu-
gation was done in an SW 50.1 rotor at 4°C, 44 K RPM for 2.5 hrs.
3H labeled 23S E. coli rRNA was runina separate tube at the same
time.

b) Histogram of the length distribution of glyoxal treated 35S
RSV RNA fractionated by the low salt-sucrose gradient. Samples taken
from the peak fraction (as indicated by arrows in Fig., 4a) were treated
with glycxal and spread from 50% formamide as described in the legend

to Fig. 2.
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Fig. 5a. Sedimentation profile of the glyoxal treated total RSV
RNA in a glyoxal-sucrose gradient.

0.1 ml of the phenol extracted total RSV RNA (~ 100 pg/ml)
after the glyoxal treatment as described in the legend to Fig. 1, was
sedimented through a 10-30% sucrose gradient in the presence of 0. 1
M glyoxal, 0.01 M phosphate buffer, pH 7.2 at 4°C, 44 K RPM for
5hrs. inanSW 50,1 rotor. “H-labeled 49S Sindbis viral RNA simi-
larly treated was run in parallel as an external marker.

b) Histogram of the length distribution of glyoxal treated 35S
RSV RNA fractionated by glyoxal-sucrose gradient.

RNA samples taken from peak fractions as indicated by arrows
in Fig. 5a were spread from 50% formamide. The number average
length of the 35S RNA was calculated from molecules in the shaded

area.
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glyoxal is more effective than a simple sucrose gradient in fraction—
ating molecules according to size.

Feline leukemia virus RNA. The 70S complex from the Gardner-

Arnstein strain of feline leukemia virus (FeLV) (McAllister et al.,
1973) when denatured with glyoxal gave extended RNA molecules as il-
lustrated in Fig. 6a,b. The length distribution (Fig. 7) is broad just
as for RSV. When the pkenol extracted total virion RNA is denatured
with glyoxal and sedimented through glyoxal, sucrose (Fig. 8a), a sedi-
mentation profile with a sharp rise at the leading edge is again seen.
The peak fractions have a narrow length distribution (Fig. 8b) ‘with a
number average molecular weight of 3.27 x 0.22 X 106 daltons.

RD-114 RNA., The 70S RNA from RD-114 was isolated by sedi-
mentation (Fig. 92). The RNA was then denatured and spread by the
urea-formamide (Fig. 10a, b) and the glyoxal technique (Fig. 10c, d).
The resulting large components of RD-114 show several unusual
features, when compared to the RNAs of RSV and FeLV.

The contour lengths of the molecules when spread by either
method show a broad size distribution (Fig. 9b and c) with a peak close
to the maximum corresponding to a molecular weight of 5.05 X 106
daltons.

In the otherwise smooth and well extended molecules in the
urea- formamide spreading, there is a characteristic T or Y shaped
secondary structure feature (SSF) close to the middle of the molecule
(Fig. 10a and b). The SSF maps reproducibly at a position 0.46 =%

0.02 fractional lengths from one end of the molecule, for those mole-
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Fig. 6. Electron micrograph of glyoxal treated FeLV RNA ex-
tracted from purified virions. a) total phenol-extracted RNA mixture;
b) 2 35S RNA molecule.

Growth and purification of the Gardner—-Arnstein feline leukemia
viruses from RD cells have been described (McAllister et al., 1973).
The procedures for RNA extraction, glyoxal treatment and EM spread-
ing were the same as those for RSV as described in the legend to Fig'. 2.

The length marker is 0.2 pm.'



26

* -
....‘.

.‘ .-..|..o.\4‘
o b T, e

\!..*l‘
L TN )

()
@
%e.

e ®p
®ae
o



2.0

Fig. 7. Histogram ot length distribution of glyoxal treated total
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Fig. 8a) Sedimentation profile of the glyoxal treated total FeLV
RNA 0;1 a glyoxal-sucmse gradient.

The glyoxal treatment and the glyoxal-sucrose gradient of RNA
samples were essentially the same as those described in Fig. 5a. The
centrifugation was performed at 44 K RPM, 4°C for 6 hrs, in an SW 50. 1
rotor.

b) Histogram of lengths of glyoxal tre:ated 35S FeLV RNA
fractionated by glyoxal-sucrose gradient. Samples taken from peak
fractions (as indicated by arrows in Fig. 8a) were spread from 50%
formamide. Molecules in the shaded area were used to calculate the

number average length of the 35S RNA.
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Fig. 9a) Sedimentation profile of the RD-114 RNA.

The RNA extraction procedure has been previously described
(Kung et al., 1974). The pronase-digested RNA extract was layered
directly onto a 5 ml 10-30% sucrose (in TNE) gradient in an SW50, 1
tube and centrifuged at 45 K RPM, 5°C, for 2 hrs. Fractions from
the 80-70S RNA region (as indicate'd by arrows) were used for elec-
tron microscopy.

b) Histogram of length distributions of the 70S RD-114 RNA
from glyoxal-formamide spreadings.

The RNA in the 60 to 70S region (~ 10 pg/ml) was dialyzed
against 0.5 M glyoxal, 0.0l M phosphate buffer, pH 7.2 at 37°C
for 1 hr, then diluted ca 20-fold into 40% formamide, 0.1 M Tris,
0.01 M EDTA, pH 8.5, 50 pg/ml cytochrome C and spread onto a 10%
formamide hypophase with one-tenth the electrolyte concentration.
Molecules in the shaded area were used for calculating the number
average length.

c) Histogram of length distributions of the 70S RD-114 RNA
from urea-formamide spreadings.

5pl of the 60 - 70S RNA samples (~ 10 ug/ml) was mixed with
40 ;;1 of 8 M urea in pure formamide, 5pl. 1 M Tris, 0.1 MEDTA,
pH 8.5, 2.5pl. Cytochrome C (I mg/ml) and spread onto a hypophage
containing 8 mM Tris and 0. 8 mM EDTA, pH 8.5. Films were picked

up within 10 seconds after spreading.
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Fig. 10. Electron micrographs of RD-114 70S RNA spread
by the urea, formamide and glyoxal, formamide techniques. a and b)
urea-formamide spreadings; c and d) glyoxal-formamide spreadings.
The spreading conditions are described in the legend to Figs. 9b
and c. White arrows indicate the SSF. Fig. d shows 5 X 106 daltons

molecules containing no SSF in the middle. The length marker is 0.2 pm.
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cules of full length (i.e., in the shaded area in Fig. 9c). The SSF
occurs in over 90% of the molecules in this sample.

We have also examined the smaller molecules with lengths
from 60% (2.2 pm) to full length in Fig. 9c. Almost all of these mole-
cules contain the SSF. The shorter the molecule, the more off-center
is the SSF. This suggests that RD-114 contains 2 3.7 p or 5. 05 X 106
dalton component (or components), all with the SSF close to the center
and that smaller molecules have been formed by cleavage of this
large component.

The measured contour length of the SSF indicates that it contains
about 900 nucleotides (3.1 X 10° daltons).

The SSF is found in some of the molecules spread by the gly—
oxal method, although it appears more like a Vthana Y (Fig., 10c).
However, some full length molecules in glyoxal spreads are smooth,
with no recognizable SSF at the expected position (Fig. 10d). Ina
sample of 64 glyoxal treated full length molecules, 43% showed a dis-
'é:lct V-shaped feature in the/ middle. 37% showed a bump or knob in
that region, and 20% were quite smooth.

It is conceivable that the 5.0 X 106 dalton component consists
of two polynucleotide chains, each of molecular weight 2.5 X 106,
joined within the SSF. This hypothesis appears to be eliminated by
the observation that some full length molecules in glyoxal spreads
do not have the SSF. We conclude that the 5.0 X 106 dalton compo-

nent is a continuous polynucleotide chain. However, we feel that

further confirmation of this result is desirable. We are seeking
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conditions under which over 90% of the 5 X 106 dalton molecules will
have no SSF and/or conditions under which the SSF can be reversibly
denatured and renatured.

East et al. (1973) report that when the product of SDS dis—
ruption of RD-114 virions is heated to 100°C fo:r 2 min,
RNA molecules with a sedime.n,tati‘on coefficient of 28S are formed,
This . is the same as observed by thefn for FeLV RNA. If our con~
clusion that the 5.0 X 106 dalton component of RD-114 RNA is aAsingle
polynucleotide chain is correct, the smaller subunits observed by East
et al. result from thermal scission. If their interpretation is correct,
the 5.0 X 106 dalton component is held together by base pairs which
are resistant to dissociation by the several denaturing conditions used
by us.

Discussion

Electron micrbscopf’is an independent method oiéstimating
the lengths of the 35S subunits of RNA tumor viruses. Our results give
molecular weights for this component of RSV and FeLV of 3.28 % 0.20
XJO6 daltons and 3.27 %= 0.22 X 106 daltons respectively. Thus, |
these two' virions have almost identical molecular weights. Our
electron microscope value for the molecular weight of RSV RNA agrees
moderately well with the value determined by the gene 32 electron
microscope technique (Delius et al., 1974) ; and is consistent with fhe
values determined by sedimentation in DMSO (3.1 X 106, Duesberg,

6
1968) and by gel electrophoresis in formamide (2.4 to 3.4X 10 ,
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Duesberg and Vogt, 1973). Our value for FeLV is slightly higher than

the 2.2 to 2.6 X 106 value obtained by gel electrophoresis (Whalley,
1973).

Results repoxlted elsewhere in this Symposium (Duesberg et al.,
1974; Weissman et al., 1974; Balude et al., 1974) support the view that
the several 35S subunits of the 70S complex of RSV have identical se-
quences. Thus, all of the viral information is encoded in a molecule of
length 9.5 X 103 nucleotides. On the other hand, RD-114, which is also
a feline C-type virus, has a genome consisting of one or more 1.5 X
104 nucleotide long molecules. It may therefore contain more genetic
information.

There is no ¢vidence as to the number of 5.0 X ! 06 components
in the 70S complex of RD-114 RNA. If the uscal correlations of sedi-
mentation coefficient with molecular weight for RNA molecules apply
to the complex, it has a molecular weight of ca. 107 daltons and contains
two 5.0 X 106 dailton components. Alte rnatively; it may contain only a
single 5.0 X 106 dalton component which is held in a compact rapidly
sedimenting conformation by hydrogen bonding interactions with the
gmall (4-7S) components.

Finally, if there are several 5.0 X 106 dalton components in the
70S complex of RD-114, there is no evidence as to whether they are
identical or different in sequence. The result that the 5.0 X lO6 dalton
components of RD-114 all have the same secondary structure feature

close to the middle is most simply consistent with the hypothesis that

these molecules are identical. Alternatively, if they are different, the
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common secondary structure feature must have a function needed by

all the molecules.
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Abstract
NSNS

By electron microscopy, the large subunits of RD114 RNA have
a molecular weight of 5.0 X 10%; they all have a characteristic secondary

structure feature close to the middle.

* * * * * *
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RD-114 is an endogenous feline type C virus that is immunologically
and biochemically distinct from the conventional feline leukemia~sarcoma
viruses (1-10). We wish to report here on our preliminary electron
microscope studies of the properties of the large molecular weight sub-
units of the 60-70S RNA complex of this virus.

Virus was grown as described previously (11). Heavily grown
monolayers of RD-114 cells were labeled with uridine~-5-3H (28 ci/mMole,
40 pc/ml) and the culture medium harvested at 3—hour intervals. Virions
were isolat;ed and the 60-70S RNA complex extracted and purified as
described in the legend to Fig. 1.

When the 60-70S complex is mounted for electron microscopy
under the more or less standard spreading conditions involving 50-60%
formamide that are effective for extending single strands of DNA (12),
the RNA is collapsed into a '"bush—like'' structure due to intramolecular
base pairing, and it is impossible to study the topoloéy of the rﬁolecules.
If the formamide concentration is raised to 80%, molecules are more
extended but still not traceable. We therefore treated the 60-70S complex
with glyoxal under conditions previously described (13) (see also legend
to Fig. 1). Glyoxal is a reagent which disrupts the secondary structure
of a polynucleotide by selective reaction with the guanine residues in
such a way as to block their hydrogen bonding functions. The resulting
molecules were well spread and suitable for length measurement. An
example is shown in Fig. la. A histogram of the length distribution is

given in Fig. 2a. It may be seen that the 60-70S complex is dissociated
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Legends to Figures
Electron micrographs of the large molecular weight subunits
of RD114-70S RNA Arrows indicate the secondary structure

feature.

3H-1abelled viruses in culture medium were loaded on
SW27 tubes underlayered with 5 ml 20% TNE (0.1 M NacCl,

0.01 M tris, 1 mM EDTA, pH 7.2)and 0.5 ml 65% sucrose

_in TNE. After centrifugation at 20Krpm for 2 hrs, the upper

layer was carefully removed, the bottom 1l to 1.5 ml, corres-

ponding to the virus band was gently dispersed with a syringe.

The virus concentrate was then diluted with TNE to 20% su ‘crose
or less and pelleted by centrifugation at 27Krpm for 90 min.

RNA was extracted by adding 0.2 = 0.4 ml self-digested pronase
(2 hr, 37°C, 0.02 M tris, pH 7) 500 pg/ml containing 0. 5%/ SDS to
the virus pellet and incubating at 37°C for 30 min. The RNA

extract was layered directly onto a 5 ml 10-30% sucrose (in TNE)

. gradient in a SW50.1 tube and centrifuged at 45 Krpm, 5°C for

2 brs. Fractions from the 60-70S RNA region were used for

electron microscopy.
l.a) Glyoxal-formamide spreading: .
" The RNA (~10 pg/ml) was dialyzed against 0.5 M glyoxal
0.01 M POy, pH 7 at 37°C for 1 hr, then diluted ca. 20-

fold irto 40% formamide, 0.1 M EDTA, pH 8.5, 50 pg/ml
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cytochrome c and spread onto a 20% forxr;amide hypophase

with one-tenth the electrolyte concentration. .

. 1b). Urea-formamide spreading: ]

% & of the RNA sxmgle (~10 pelol) was mixed with 40 & of pure

' formamide to which ureais added to 8M, 5\ 1 M tris-0.1 MEDTA,
pH 8. 5, 2.5\ cytochrome c (1 mg/ml) and spread onto a
hypophase contairﬁng 0.083 M tris ‘'and 0.00083 M EDTA,
pH 8.5. Films were picked up_within 10 seconds after

spreadi.ng.
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into large subunits plus some smaller and more heterogeneous RNA's
as is typical for RNA tumor viruses (14). The mean length of the large
subunit, as indicated by an arrow in Fig. 2a, is 3.74 % 0. 32 pm. This
corresponds to a molecular weight of 5. 03 X 10® daltons using E. coli
23S rRNA as a standard [(L) =0.80 £0.05u, M =1.08 x 10° daltons
131

The RNA molecules were also examined after spreading from a
denaturing urea-formamide spreading solution (15,16). The resulting
histogram of the length diétribution is shown in 7ig. 2b. The measured
number average length of the large subunit is 3.72 £ 0. 33 pm in agree-
ment with the results from the glyoxal spreadings.

Spreading from the denaturing urea-formamide solvent has
proven to be particularly effective for identifying regions of stable
secondary structure in an RNA (16). The large subunits of‘ RD-114 RNA show
such a secondary structure feature (illustrated in Fig. lb). In appearance,
it resembles a ''rabbit-ear'' television antenna. We refer to it as the SSF.
The SSF was present in over 90% of the molecules of length greater than
3.4 pm in urea-formamide spreadings. It was also present in many of
the glyoxal treated molecules (including the one shown in Fig. la) but at
a lower frequency. In the class of full-length molecules, defined as
those with a length greater than 3.4 pm in the urea-formamide spreadings,
the SSF was always close to the center of the molecule with-an average
fractional diétance from the closer end of 0.443 % 0. 025 (relative to the
length of the given molecule). We estimate the contour length of the SSF

as about 900 * 150 nucleotides. Almost all of the molecules of length



‘Fig. 2. Histograms' of the length distributions of the RNA from the RD-114
7'OS complex.

Average lengths and standard _dev—iationsv reported in the text
for the large subunits were calculatea from the lengthé of all
molecules in the shaded areas in the two histograms. Arrows indi-
cate the number average lengths.

‘(a) Length distribution obtained by the glyoxal-formamide method;

(b) Length distribution obtained by spreading from ureca-formamide.
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greater than 2. 0 pm have the SSF, but the shorter the molecule the more

is this feature off center. The obvious interpretation of this result is
that the intermediate length molecules are breakdown products of a full-
length 3.7 pm subunit.

It is conceivable that the strand of molecular weight 5.03 X 106
daltons coﬂsists of two subunits of molecular weight 2.2 X 106 and
2.8 % 10% joined by base-pairing within the SSF. We believe this is
unlikely because over 50% of the full length molecules in the glyoxal
spreads were quite smooth or showed only small residual bumps in the
middle. Therefore we believe the 5.0 X 10° strand is, most probably,

a single covalent chain.

In collaboration with Dr. Peter Vogt, we are studying the molecular
lengths of the large subunits of PR. RSV-C RNA. Our preliminary result is
that this length correspondsvto a molecular weight of 3.2 X 10%, in ap-
proximate agreement with values deduced from sedimentation and electro-
phoresis studies (17). The molecular weights of the large subunits of
Kirsten murine sarcoma and leukemia viruses and of a number of feline
leukemia viruses lie in the range 2.0 to 2.5 x 10% (18, 19).

It thus appears that the large subunit of RD-114 viral RNA has a molecular
length that is considerably larger than that of other common type C viruses.

The stable secondary structure feature is du_e to a region
which has a high G+C content and/or a rather perfect inverted repeat
sequence. It occurs in all of the large subunits of the RD-114 60-70S
RNA complex. This result is consistent with the hypothesis that the sub-
units are identical in sequence. If they are not identical, they all have

the same kind of strongly base-paired sequence in the middle.
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It should be noted that Granboulan et al. observed that long strands
with estimated molecular weights of 10’ daltons were seen when purified
RNA from avian myleoblastosis virus was spread for electron microscopy

under less denaturing conditions than used here (20).

This research is supported by a research grant GM 10991 from
the United States Public Health Service and by contract PH 43-68-1030
within the Virus—Cancer Program of the National Cancer Institute, NIH,
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ABSTRACT

The properties and subunit composition of the RNA extracted
from RD-114 virions have been studied. The RNA extracted from the
virion has a sedimentation coefficient of 525 in a nondenaturing aqueous
electrolyte. The estimated molecular weight by sedimentation in non-
denaturing and weakly denaturing media is in the range 5.7 to 7.0 X
lO6 daltons. By electron microscopy, under moderately denaturing con-
ditions, the 525 molecule is seen to be an extended single strand with a
contour length of ca, 4.0 pm corresponding to a molecular weight of
5.74 X 106 daltons. It contains two characteristic secondary structure
features: (a) a central Y or T shaped siructure (the ''rabbit ears'') with
a molecular weight of 0. 3 X 106; (b) two symmetrically disposed loops

on each side of and at equal distance from ttecenter. I'he 52S molecule

consists of two half-size molecules, with molecular weight 2.8 X 106,

joined together within the central rabbit ears feature. Melting of the

rabbit ears, with concomitant dissociation of the 525 molecule into

subunits, has been caused by either one of twn atrongly denaturing treat—
ments : incubatioﬂ in a mixture of CH;HHgOH and glyoxal at room tempe rature,
or the rmal dissociation in a urea—formamide solvent. When half-size
molecules are quenched from denaturing to nondenaturing temperatures,

a new off-center secondary structure feature termed the BLS is ~een.

The dissociation behavior of the 525 complex and the molecular weight of
the subunits have been confirmed by gel electrophoresis studies. The

loop structures melt at fairly low temperatures; the dissociation of the 525
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molecule into its two subunits ocmirs at a higher teniperature
corresponding to a base composition of about 63% G+C.

Poly-A mapping by electron microscopy shows that the 525
molzcule contains two poly-A segments, one at each end, It thus appears
that 52S RD-114 RNA consists of two 2.8 X 106 dalton subunits, each
with a characteristic secondary structure loop, and joined at the 57 ends
to form the rabbit ears secondary structure feature. The observations
are consistent with but do not require the conclusion that the two

2,8% 106 dalton subunits of 525 RD-114 RNA are identical.
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The organization of RNA extracted from RNA tumor viruses
has been extensively studied during the past few years. In most instances,
the principal RNA species isolated from the virion is a complex sedi-
menting at 60-70S with a molecular weight of approximately 107 daltons.
Upon exposure to denaturing conditions, this complex dissociates into
a2 major component with a sedimentation coefficient of ca. 35S (and a
molecular weight of 2.5 - 3. 3 X 106 daltons) and into several small
(4-1v0§) species. |

In an earlier Note we described our preliminary electron micro-
scope characterization of total RNA from the endogenous feline type~C
virus, RD-114 (11). We reported that the major RNA component, when
mounted for electron microscopy by procedures which extend the RINA
sufficiently well for tracing, is a molecule of 3.7 pm contour length,
corresponding to a molecular weight of 5.0 X 106 daltons. Furthermore,
these molecules all contained a characteristic Y or T-shaped secondary
structure feature near the middle of the molecule. Such an observation
is consistent with the hypothesis that all 5 X 106 dalton molecules are
identical in sequence. However, the molecular weight of this molecule
is quite high in comparison to that of the major RNA component of other
RNA tumor viruses. The presence of the cha.acteristic secondary
structure feature at the middle of the molecule therefore raises the
possibility that the 5.0 X 106 dalton molecule is not a continuous polynucleo-
tide chain but is instead two éi- 2,5 X% 106 dalton molecules joined by

base pairirg within the central secondary structure feature,
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We were initially inclined to reject this hypothesis because in
electron microscope spreadings of RNA molecules exposed to rather
strongly denaturing conditions, we were able to identify full length
(3.7 pm) molecules in which the secondary structure feature appeared
to be absent. We stated at the time that we felt that this evidence was
not conclusive since only 50% of the full length molecules were in this
class.

We have accordingly continued these studies and searched for

denaturing conditions which would either denatur: the secondary structare

feature in all molecules or cause dissociation into smaller subunits. Our
further electron microscope, sedimentation, and gel electrophoresis
investigations of the structure and subunit composition of RD-114 RNA

are reported here.
MATERIALS AND METHODS

!u‘us and RNA preparations. RD-114 virus and Sindbis virus

were prepared as previously described (12). RSV was a gift from Dr.
Peter Vogt. Viral RNAs were concentrated by ethanol precipitation.
HeLa 28S rRNA was generously provided by Dr. James Casey.

Sedimentation. (1) NTE-sucrose gradient. A solution (100 \)

of phenol-extracted ~H-labeled RD-114 RNA (in NTE) was layered directly
onto a 5 ml 10-30% sucrose gradient in NTE buffer (0.1 M NacCl, 0.01 M
Tris, pH 7.0, 0.001 M EDTA). Centrifugation was carried out in an
SW50.1 rotor at 45 K rpm at 4°C for 13 hrs. Sindbis RNA and 28S HelLa

rRNA were run in parallel as external markers.
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(2) Glyoxal-sucrose gradient. The phenol-extracted 3H—labe1ed

RD-114 RNA was dialyzed against 1 M glyoxal in 0.0l M phosphate
buffer, pH 7.0 for 1 hr at 37°C, then dialyzed against 0.1 M glyoxal in
the same buffer for approximately 30 min at 4°C, all as previously de-
scribed (8,12). The sample thus treated was sedimented through a
10-30% sucrose gradient in the presence of 0.1 M glyoxal, 0.01 M phos-—
phate buffer, pH 7.2 at 4°C, 45 K rpm for 5 hr in an SW50.1 rotor. The
peak fractions were used {or electron microscope studies. Sindbis and
RSV RNAs were similarly treated and run in parallel as external
markers.

(3) Low salt-sucrose gradient. Phenol-extracted RD-114 RNA

samples were incubated in 50% formamide, 50% NTE at 37°C for 10 min.
This treatment was designed to expose the hidden nicks of the RNA com~
plex so as to give a better fractionation. After removal of the formamide
by dialysis at 4°C, RNA samples were loaded onto a 10-30% sucrose
gradient containing 1 mM Tris, 0.2 mM EDTA, pH 7.2. Centrifugation
was done in an SW50.1 rotor at 4°C, 41 K rpm for 33 hrs. Peak fractions
were .pooled for other studies. RSV 60-70S RNA was similarly treated
and run in parallel.

Electron Jmicroscopy. (1) Drop and high temperature spreading.

In the present study, both the standard ''dish' spreading technique described
by Davis et al. (2) and a drop spreading technique were applied. The
latter is a modification of the method described by Inman and Schnds (9).

This technique requires only 1-5 ng RNA sample per spreading and is
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thus useful for studying small quantities of nucleic acids. It is also
convenient in that it allows a spre'ading to be performed at a uniform

high temperature in an oven.. A 10 cm X 10 cm X 1.2 cm Teflon block
which contains nine evenly spaced indentations (1.9 cm in diameter and 0.1
cm deep) was prepared. One drop of hypophase (~ 0.9 ml) was placed

on one of the indentations. A Pasteur pipet with the narrow end sealed
was inserted at an angle of 60°C into the hypophase. Five pl of the
spreading solution was then applied through the outer surface of the nar-
row end of the Pasteur pipet onto the hypophase. Samples were picked up
by touching a parlodion coated grid to the surface of the drop within 30
seconds after spreading. The grid was then rinsed in 95% ethanol and
rotary shadowed with platinum-palladium alloy.

For high temperature spreading, the Teflon block, the Pasteur
pipet, the micropipets and the hypophase solution were all pre-equilibrated
in an oven at the desired temperature for at least 30 minutes. The RNA
sample was heated for 30 seconds to | minute by immersing 10 pl of
spreading solution in a beaker of water pre-equilibrated in the oven.
After heat treatment, 0.5 pl of cytochrome C solution (I mg/ml) was,
added to the spreading solution, which was incubated in the hot water
bath for another 30 seconds. The spreading was quickly performed inside
the oven, with the door partially opened. The whole procedure from
applying the spreading solution onto the hypophase uxtil picking up the
the film took approximately 30 seconds.

For experiments to study t}:e reassociated sc tondary structure,
the spreading solution after heat t.reatment was quickly chilled on ice
for 15 to 30 seconds. The cytochrome C was added and the solution was

spread at room temperature.
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(2) Preparation for spreading. (a) Glyoxal-formamide method:

RNA samples taken from the glyoxal-sucrose gradient peak fraction
were diluted into the spreading solution to give a final concentration of
0.2 - 0.5 pg/mrl RNA, 40% formamide, 0.1 M Tris, pH 8.2, 0.01 M
EDTA and ~30 pg/ml cytochrome C. Five pl of the above spreading
solution was used in one drop spreading, whereas 50 pl was required in
the conventional dish spreadihg. The hypopha se‘ contained 10% formamide,
0.01 M Tris, pH 8.2, and 0.001 M EDTA.

b) Jrea-formamide method: RD-114 RNA samples purified
either by NTE or low salt-sucrose gradient centrifugation were used.
The RNA samples were diluted into the spreading solution which contained

~ 30 pg/ml cytochrome C, the desired concentration of urea-formamide

ax;d élect rolyte.

The urea-formamide solvents used for electron microscope spread-
ings and for other denaturation studies were prepared as follows. Formam-
ide (MCB) was purified by recrystallization (13). A solution was prepared
by dissolving 480 grams (8 moles) of urea (Schwarz-Mann Ultra-pure
grade) per liter of formamide. The conductance of this solution at 4°C
was 200 pmho, corresponding to an estimated electroly:e concentration
of ca. 6 mM. We observe a 1, 35-fold volume increase of the solution
relative to the formamide. (Thus, the estimated concentrations of compo-
nents in the solvent are 74% volume percent formamide and 5. 9 M urea,
but this calculation is not used in characterizing the mixed urea, formamide,
aqueous solutions as discussed below.) A solution prepared from p vol-

umes of the urea-formamide and (100-p) volumes of aqueous solution is
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described as a p% (U+F) solution. Unless otherwise specified, the
aqueous electrolyte mixed with urea-formamide cr;ntained_x M (Tris-
OH+HCl1), pH 8.5, 0.1 y M Na;EDTA, with an estimated univalent cation
concentration of 0.6 y M. The cation concentration, after dilution with
urea-formamide, is reported for each experiment.

The 100% (U+F) solvent had an A275 of 0. 5. The denaturing power
of the solvent was determined by optical melting experiments with calf
thymus DNA in aqueous U+F solutions containing the standard 0.06 M

electrolyte. Ve observe that

I, =73- 0.65° X p(U+F).

For electron microscope spreading from (U+F) solutions, the

hypophase was distilled water.
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(c) CH3;HeOH-glyoxal-formamide: We have also used a modifi-
cation of the glyoxal technique which very effectively extends RNA. This
procedure consists of the dialysis of the RNA against 1 M glyoxal,

0.045 M sodium phosphate buffer, pH 8, and 10 mM methylmercuric
hydroxide for 1 hr at room temperature, followed by dialysis against

0.1 M glyoxal, 0.045 M sodium phosphate buffer and 0. 05 M NaCl for

1 hr at room temperature. Methylmercuric hydroxide is an effective
denaturant that disrupts secondary structure features at rocm tempera-
ture (7,15). The CH;HgOH extended RNA is easily 'fixed" by glyoxal
treatment and the CH;HgOH is then removed by the second diaiysis against
NaCl and glyoxal.

Agarose gel electrophoresis. Gels (10 cm X 0.8 cm) were
formed by melting 0.8% or 1.0% agarose in E buffer [0.05 M boric
acid, 0.005 M sodium borate (Na,B4O;°10 H,0O), 0.0l M sodium sulfate,
and 0.001 M EDTA, pH 8.2) and pouring the hot solution into anll cm
glass tube covered at one end with dialysis membrane. To conduct electro-
phoresis under conditions which are denaturing for RNA, methylmercuric
hydroxide was added to the hot gel solution to the desired concentration.
This technique will be described in detail elsewhere (J. Bailey, personal
communication).

After solidification of the agarose, the gels were electrophoresed
in a vertical tube apparatus containing E buffer in both the upper and
lower chambers (the denaturing gel system used in this study does not
require the presence of methylmercuric hydroxide in the buffer chambers).
The samples were applied in 50 X\ of :;.i twofold dilution of E buffer con-

taining 10% glycerol, and 5 mM CH;HgOH for denaturing gel electro—
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phoresis. For other experiments, the samples were applied in an
electron microscope spreading solution containing 65% (U+F),
0.026 M NaCl, 0.042 M Tris, pH 7.9, and 0.5 mM EDTA (the
total cation concentration is 0; 06 M). Electrophoresis at room
temperature was performed at 5 ma per tube for periods of

2-3 hours. With radioactive RNA, the gels were sliced into 2 mm
fractions with a nickel gel slicer and each fraction was incubated
under 10 ml Aquasol for 16 hrs. Radioactivity was determined

in a Beckman LS-250 liquid scintillation counter. In several
experiments unlabeled RNA was used, in which case bands were
located by ethidium bromide staining (15). After electrophoresis
gels were incabated in 1Y./ml ethidium bromide, 0.5 M NH,Ac (to
remove CH3HgOH and enhance the dye binding) for 30 minutes and

then examined by illumination with short wavelength UV light.

RESULTS

Sedimentatidn analzsis of RD-114 RNA. The sedimentation

properties of the high molecular weight RNA component extracted from
the RD-114 virion Las been studied in sucrose gradients in nondenaturing
(high salt, NTE),. moderately denaturing (low salt), and more strongly
_deﬂaturing (glyoxal) solvents. As shown in Fig. la, there is a high
molecular weight. RD-114 RNA complex which has a sedimentation coef-
ficient of 528 relative to markers of Sindbis RNA (43S)and HeLa (28S
rRNA) in the nondenaturing N 1'E solvent. A plot of log M vs. iog (dis-
tance sedimented) in these expe riments is shown in Fig. 2. If a linear
relation between these two variables is assumed, the molecular weight

of the RD-114 RNA complex is calculated by extrapolation to be

6

7.0(+0.6) X 10~ daltons.
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Fig. 1. Sedimentation profiles of RD-114 RNA as extracted from
the virion in (a) NTE—su.crose gradient; (b) glyoxal-sucrose gradient;
(c) low salt-sucrose gradient. All procedures are described in

MATERIALS and METHODS.
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-“Fig. 2., Empirical relation between molecular weight and distance
travelled as determined by sedimentation analysis in Fig. 1. &, NTE-
sucrose gradient; @, glyoxal-sucrose gradient; O, low salt-sucrose
gradient, Calibration curves for NTE and glyoxal-sucrose gradient were
constructed froxﬁ the results of marker RNAs and plotted on a log-log
scale. The molecular weight of RD-114 is estimated from these curves.
The horizontal error bars correspond to £ one fraction. The vertical
error bars for the molecular weight of RD-114 RNA are corresponding

estimates of tbe extrapolation uncertainty.
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Both the secondary structure and the molecular weight of a poly-
nucleotide chain affect its sedimentation coefficient. We have therefore
attempted to obtain a molecular weight estimate after disrupting the
weaker secondary structure features of RD-114 RNA and of suitable
marker RNAs. As a controlled denaturing agent, we have used the
reagent, glyoxal. As described previously (8,12,6) glyoxal, under proper
conditions, binds quasi-irreversibly to guanosine residues and disrupts
some of the weaker seconaary structure features in a polynucleotide chain
without causing dissociation of long well-paired duplex segments. “he
sedimentation profile of RD-114 (in this case with glyoxal treated Sindbis
RNA and Rous Sarcome Virus 35S subunits as reference RNAs) after
glyoxal treatment is shown in Fig. lb. After modification with glyoxal,
RD-114 and Sindbis RNA both sediment at about one-third the velocity
observed in the nondenaturing (NTE) solvent; the estimated sedimentation
coefficient of RD-114 RNA is 15.6S. A linear extrapolation of the log
M vs. log (distance sedimented) plot for the two reference RNAs gives a
molecular weight for RD-114 RNA of 5.7(+0. 3) X 106 daltons (Fig. 2). As will
be repbrted in the next section, this value is in good agreement with
electron microscope measurements.

For preparative purposes we wished to use a weakly denaturing
sedimentation medium which did not involve chemical modification of the
RNA, but which would cause dissociation from the high molecular weight
complex of any weakly bound, lo.w molecular weight components and which
might cause dissociati ‘n of molecules contai~ing internal nicks. Our

procedure was to incubate the RNA samples at 37° in 50% formamide,
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50% NTE and to sediment the product through a low salt (1 mM Tris,

pH 7.0) aqueous sucrose gradient. The peak fractions from these prepa-
rative runs were pooled for other studies. As shown in Fig lc, RD-114
RNA again sediments at a position expected for a 5-6 X 106 dalton RNA
species.

We presume that essentially the same high molecular weight com-
plex is being observed by sedimentation in the three different systems
described above. We refer to this entity as the 525 RD-114 LNA complex.
It may be noted that incubation at 37° in 50% formamide, 50% NTE causes
dissociation of 60-70§ avian RNA tumor virus RNA into 35S subunits (12,16).
However, the 525 RD—-114 RNA is not dissociated by this treatment.

Electron microscope studies. We have studied the molecular weight,
the secondary structure, and the subunit composition of the RD-114 525
RNA complex by electron microscopy in experiments in which the RNA
is exposed to a set of conditions of increasing denaturing power. It may
be recalled that single-strand RNA molecules are not well extended under
the usual 40-60% formamide, 0.1 M Tris electrolyte, spreading conditions
that are effective for extending single-strand DNA (2).

Several different solvent systems that are effective for extending
RNA have been used in the present studies.

(a) Urea-formamide spreadings. A spreading solution containing

urea, formamide, and a low electrolyte concentration is useful for ex-
fending RNA molecules under controlled denaturing conditions (17, 18).
In the present instance, we have used a series of solutions with a fixed

aqueous electrolyte solution, as described in MA TERIALS and METHODS.
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When 525 RD-114 RNA is spread from 30% formamide (0. 06 M univalent
cations, no urea) it has a highly condensed structure as illustrated in
Fig. 3a and the detailed topology of the molecnles cannot be discerned.
In spreadings from 55% (U+F) (with 0.12 M univalent cations), the RNA
is, in general, still very' tangled. However, in some molecules, such
as those shown in Fig. 3b, the secondary structure features described in
detail below can be recognized. When the (U+F) concentration is raised
to 70% (0. 06 M cations), many of the molecules are sufficiently well ex-
tended so that they can be traced. There are two characteristic secondary
structure features which are present in almost all of the full length trace-
able molecules: (a)a Y (or T) shaped structure located close to the
middle, which we refer to as the '"rabbit ears' structure orRE; (b) two
symmetrically disposed loops, on each side of and at equal distances from
the central rabbit ears feature. The micrograph in Fig. 3c illustrates
such a molecule.
If the RNA is sprcad from 80% (U+F) (0. 05 M cations), all of the
molecules are extended and suitable for length measurements (Fig. 3d).
A histogram of these length measurements is shown in Fig. 4a, with the
number average length of 3.98 + 0.21 um,
We believe that the molecule of molecular length 3. 98 pm with
the RE and the two loops is the 525 RD-114 RNA complex. The length
measurements correspond to a molecular weight of ca 5.7 X 106. How—
ever, we defer a detailed discussion of lengths and molecular weights and
of the positions of the several secondary structure features until a later
section.
Among full length molecules (shaded area in Fig. 4a) over 97%

contained the RE. Of these, 46% had one loop and 28% had both loops at
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Fig. 3. Electron micrographs of RD-114 spread by the urea-
formamide technique. (a) in 30% formamide (no urea, 0.06 Mcations)
at 20°C; (b) in 55% (U+F) (0.12 M cations) at 20°C; (c)
in 70% (U+F) (0.06 M cations) at 20°C; (d) in 80%

(U+F) (0.05 M cations) at 20°C; (e) in 65% (U+F)

(0. 06 M cations) at 80°C. Arrows indicate the central RE
structure. Triangles point to the loop features. The urea—formamide
and high temperature spreading technique are described in MA I'ERIALS

and METHODS. The length marker is 0.2 pm.
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Fig. 4. Histogram of the length distribution of RD-114 RNA
spread by the urea-formamide technique. (a) RD-114 RNA spread in
80% (U+F) (0.05 M cations) at 20°C; (b) RD-114
RNA spread in 65% (U+F) (0.06 M cations) at 80°C;

(c) RD-114 RNA in 65% (U+F) (0.06 M cations),
heated at 80°C, chilled on ice and spread at 20°C. Thenumber average

lengths were calculated from molecules in the shaded area.
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symme trical positions. These observations, and others reported below,
are consistent with the view }:hat the two loops and the RE are native
secondary structure features of 52S RD-114 RNA. Spreading conditions,
such as those used in Fig. 3d, which are useful for extending the mole-
cules for good length measurements, are sufficiently denaturing to cause
dissociation of about 50% of the loops but not the RE. It should also

be noted that the RE in RD-114 RNA was described in our preliminary
papers (11,12) but the reproducible loop structures were not recognized.

We wished to ask whether the RD-114 RNA molecule of molecular
weight 5.7 X 106 is one continuous polynucleotide chain or consists of
.two subunits, each of molecular weight approximately 2.8 X 106, held
together by some sort of cohesion within the rabbit ears. We therefore sought
procedures to expose the RNA to strongly denaturing conditions while
minimizing the risk of covalent chain breakage.

As reported in this and following sections, we have found two dif-
ferent denaturing treatments which cause the 52S RD-114 RNA molecule
to be dissociated into two half-e‘ize molecules, with a concomitant disap—
pearance of the RE.

The structure of the RNA was observed when spread from 65%

(U+F) (0.06 M univalent cations), onto distilled water
at several elevated temperatures as described in MATERIALS and ME THODS.
Below 50°C, 3.98 mp molecules with an RE are observed. At 60° and
above, many half-size molecules without an RE are observed. A histo-
gram of the size distribution from an 80° experiment is shown in Fig. 4b.
The average molecular length was 2.10 pym  Over 98% of the molecules

observed were smooth and extended without any secondary structure feature,



82

as shown in the examples in Fig. 3e. About 2% of the molecules were
undissociated, with a length of ca. 4.0 pm and an RE.
A solution of RD~114 RNA in the urea-formamide solvent was
heated to 60° or 80°, quenched in ice water, and ‘promptly spread at
room temperature. The resulting molecules were half size without an
RE. The length distribution presented in Fig. 4c corresponds to an
average length of 1. 97 um, in good agreement with the lengths observed
in the high temperature spreadings. There was a new secondary structure
feature illustrated in the micrographs in Fig. 5. The structure can be
described as having an unsymmetrical branch over its stem, and is
referred to as a BLS (branch-like structure). It is morphologically quite
different in appearance from the RE. The contour length of this feature
(traced assumiag it is duplex) is 0. 31 £ 0. 06 pm and it occurs at a distance
of 0.21 £ 0.05 um from one end of the otherwise linear 1. 97 pm mole- |
cules. About 30% of the half size molecules in the quenched sample had
the BLS; the remaining 70% were extended, although slightly knobby.
Between lland 2% of the molecules were full size (4.0 pm) with an
RE. A representative molecule is shown in Fig. 5a. It contains two
BLS, symmetrically disposed at a distance of 0.2 pm from the RE.
This result strongly supports the model that RD-114 RNA consists of two
chains of molecular weight 2.8 X 106 joined together within the RE. The
BLS appears to be a base paired structure due to sequences extending from
a point close to the RE to a point slightly within the Ioop structure. Itis
formed after quenching when the loop structures seen in the native 525
RNA complex are dissociated.

(b) Glyoxal-formamidé spreading. Reaction with glyoxal under

the conditions in MA TERIALS and METHODS modifies single-strand RNA so
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Fig. 5. Electron micrographs of heated and chilled RD-114

RNA spread by urea-formamide technique. 52S RD-114 RNA samples

in 65% (U+F) were heated to 80°C, then quickLy

6

quenched on ice and spread at 20°C. (a) An undissociated 5.7 X 10

dalton RD-114 RXNA. TIhe molecule contains the RE (arrow) and the
two BLS (triangles) symmetrically located on each side of the RE. (b

and ¢) KEach show a 2.8 X lO6 dalton RD-114 RNA with the BLS (tri-

angle). The length marker is 0.2 pm.
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that it is well extended in formamide spreadings, but does not cause
denaturation of well matched duplex structures. We prefer glyoxal spread-
_ing to urea-formamide spreading for quantitative length measurements
because in our hands it gives more constant and narrow length distri-
butions for a homogeneous RNA.

Glyoxal treated RD-114 RNA from the peak fractions of the glyoxal-
sucrose gradient (Fig. 1b), when examined in the electron microscope
under standard 50% formamide spreading conditions, appears as a linear
extended filament with the RE close to the middle of the molecule. The
loop structures observed in the urea-formamide spreads were also ob-
served in glyoxal spreadings. An electron micrograph of a full length
molecule with the RE and the two loops, symmetrically disposed relative
to the RE, is shown in Fig. 6a. As shown in the histogram in Fig. 7a,"
the size distribution of the RNA molecules is reasonably homogeneous
with a number average length of 4.27 £ 0.17 pm We use E. coli 23S
rRNA as an external length standard ((L)n = 0.80 % 0.04 pm, molecular
weight =1, 08 X 106 daltons) and calculate the molecular weight of this
RD-114 molecule as 5.74 £ 0.23 X 106 daltons. In these length measure-
ments the RE structure is treated as entirely duplex, and its single-
strand length measured by going back and forth yyer the entire feature.

Over‘ 97% of the full length molecules (defined by the shaded area
in Fig. 7a) contain the RE. By tracing up and down, as indicated above,
its single-strand length was estimated as 0.21 + 0.04 pm. Approxi-
mately 28% of the glyoxal treated full length molecules contain two sym-
metrical loops, 52% contain one loop, and the remaining 20% do not have
any. As shown by the histogram in Fig. 7d, these loops are mapped

reproducibly at a distance 0.44 % 0.06 pm from the RE and have a
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Fig. 6. Electron micrographs of RD-114 RNA spread by the
glyoxal-formamide technique. (a) glyoxal treated RD-114 RNA; (b)
CH,;HgOH-glycxal t-eated RD-114 RNA. An arrow indicates the central
RE structure. Triangles point to the two loop features. Procedures for
RNA treatment and EM spreading are detailed in MATERIALS and METH-

ODS. The length marker is 0.2 pm.
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Fig. 7. Histogram of the length distribution of RD-114 RNA as
studied by the glyoxal-formamide and CH3;HgOH-glyoxal-formamide tech-
niques. (a) the total length of glyoxal treated RD-114 RNA; (b) the
total length of CH;EgOH-glyoxal treated RD-114 RNA; (c) end to central

RE structure distance of glyoxal treated RD—-114 RNA; (d) the loop joint
to central RE structure distance and the loop size of glyoxal treated

RD-114 RNA.
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homogeneous loop length of 0.78 % 0.09 pm. One would suspect that
the loop structures are due to short complementary sequences at the
base of the loop. If so, the length of this duplex segment appears to be
less than 200 nucleotide pairs and thus too short to be positively identi-
fied as such in the electron micrographs. (One can, however, imagine
that such a duplex segment does exist on examining micrographs such
as that shown in Fig. 6a.) TI'he observation that not all molecules contain
fhe loop structure suggests that the glyoxal denaturing conditions fre-
quently cause denaturation of the short sequence of base pairs involved.

Thus, the results from the glyoxal spreadings confirm the structures
observed in urea-formamide spreadings and support the view that 52S
RD-114 RNA isolated either by NTE gradients or by glyoxal gradients
has essentially the same structure; i. e., a molecule of molecular weight
5.7 X lO6 daltons, with the eentral rabbit ears structure and the two sym-
metrically disposed loop structures

We wish to ask whether the RE is actually in the center orslightly
off-center of the molecule. Let I, and L, be distance from hypothetical
left and right ends of an asymmetrical molecule of molecular weight 5.7 X
106. with an RE feature close to but not necessarily at the center.
We cannot a priori distinguish L, from L, for any molecule measured.
We have calculated the root mean square value of the observed distribution
of values of the intrinsically positive (and measurable) quantity, |l—‘2 - L | .
and find that it is 0. 16 pm. For the same sample, the standard deviation

of the distribution of values of (L; + L;) was measured as 0.17 pm. If

the RE were at the center of the molecule, the average value of the
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unobservable quantity (L, - L;) would be zero and the root mean square
value of |L, - L,| is predicted to have the same value as the standard
deviation in values of (L, + L,). Thus, the observations support the view
that the RE is at the center of the molecule.

(c) Methylmercury-glyoxal spreadings. We wished to study the

possible dissociation of the 525 RNA complex into its two subunits by a
strongly denaturing treatment which did not involve elevated temperatures
as in the urea-formamide thermal dissociation procedures. We have fourd
that treatment with glyoxal in the presence of methylmercuric hydroxide
is effective for this purpose.

CH;HgOH is a reversible denaturing reagent for nucleic acids
because it reacts with the imino NH bonds of G, U, and T (7,15). Itis a
powerful denaturant. For example, at room temperature in 0.1 M Na,SO,
at pH 8.65 M. luteus DNA which has a G+C content of 72% is denatured »
at a CH;HgOH concentration of 2.9 mM (7). We therefore anticipated
that a sufficiently high concentration of CH;HgCH would denature any base
pairing within the RE. As described in MATERIALS and METHODS the
G residues exposed by denaturation were then fixed in the non—hydrogen
bonding state by treatment with glyoxal. Accordingly, 525 RD-114 RNA
was treated with glyosxal in the presence of 10 mM methylmercuric hy-
droxide, as described in MATERIALS and METHODS. Note that the
methylmercuric hydroxide is removed before spreading. Fig. 6b shows
an electron micrograph of the resulting RD-114 RNA molecules. As
shown by the histogram in Fig. 7b, the resulting molecules have an aver-
age length of 2.07 £ 0.15 pm corresponding to a molecular weight of

2.8+0.2% 106 daltons. They do not have any of the characteristic
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secondary structure features of the 5.7 X 106 dalton molecules. It
therefore appears that the treatment described dissociates the 5.7 X

106 dalton RD-114 RNA into two subunits, each of molecular weight one-
half the value for the starting mélecule.

Gel electrophoresis of RD-114 RNA. The dissociation of 5285
RD-114 RNA into two half-size subunits under suitable denaturation
conditions has been confirmed by gel electrophoresis in several denatur—
ing solvent systems.

We have recently developed a methylmercuric hydroxide-agarose
gel system for electrophoresis under denaturing conditions. (Bailey and
Davidson, personal communication). 52S RD-114 RNA electrophoreses
through a 1% agarose gel containing 5 mM CH3;HgOH in the borate buffer
electrolyte described in MATERIALS and METHODS at a velocity that is
greater than that of Sindbis RNA but less than that of 285 HeLa rRNA,
and 23S E. coli rRNA. Typical gel patterns are illustrated in Fig. 8a.
The log M vs. (distance migrated) plot for several reference RNAs in this
gel system is linear (Fig. 9) from which we interpolate the molecular
weight of RD-114 RNA as 2.64(20.1) X 106 daltons. J. Bailey has observed
that nicked circular duplex PM2 DNA is dissociated into single-strand
components in the agarose gel-methylmercury system at methylmercury
hydroxide concentrations greater than 3mM. Therefore, the concentration
of 5mM used in the RD-114 RNA experiments is strongly denaturing.

The observed molecular weight is e pproximately one-half of that
(5. 7x1 06) of the 525 RD-114 complex. Therefore we conclude that
RD-114 RNA is dissociated into half-size subunits in the denaturing

mercurial gel.
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Fig. 8. Electrophoreti.c gel patterns. Electrophoresis is from
left to.right. (a) RD-114 RNA ina 5 mM CH;HgOH agarose gel. The
arrow :narks the position of Sindbis 43S RNA; (b) gel patterns after heating
to 55°C and to 6C°C. Electrophoresis is in E buffer at 22°C. The

arrow is the migration position of unlabeled 52S RD-114 directly from

an NTE gradient, as detected by ethidium bromide staining.
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Fig. 9. A plot of RNA electrophoretic mobility in 5 mM CH;HgOH
0.8% agarose gels as a function of molecular weight. Marker RNAs, indi-
cated by the filled circles, are 16S and 23S E. coli rRNA, 28S HeLa rRNA,
and Sindbis virus RNA with respective molecular weights of 0. 56, 1.10,
1.90;-and 4. 67 megadaltons. ' The mobility and inté rpolated molecular

wéight of RD-114 RNA are shown.
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A more precise study of the thermal dissociation of 525 RD-114
RNA (mol. wt. 5.7 X lO6 by elect-ron microscopy aﬁd sedimentation
analysis) into half-size subunits was made using a gel electrophoresis
assay to observe dissociation. Labeled 525 RD-114 RNA in the 65%
(U+F), 0.06 M cation solvent used for the thermal dissociation
electron microscope studies, was heated to various tem-—
peratures, quenched on ice, and subjected to gel electrophoresis in the
nondenaturing E buffer at room temperature. It may be seen from the
radioactivity profiles shown in Fig. 8b that there is a pronounced increase
in the distance migrated for a sample heated to 60° as compared to a
sample heated to 55°. Samples heated to 25°, 40°, and 50°C all mi-
grated with the same velocity as the 55° heat treatment, samgles heated
to 70°C and 80°C migrated like the 60° sample. Furthermore, a sample
of unlabeled 525 RD-114 RNA from an NTE gradient was diluted directly
into a twofold dilution of the electrophoresis buffer, subjected to electro-
phoresis in the standard buffer, and located by ethidium bromide staining.
Its position as. shown in Fig. 8 . is the same as that of the sample heated
to 55°C. There is thus a structural transition with a marked increase in
mobility between 55° and 60°C. ‘

By interpolation from the values for the electrophoretic mobilities
of HeLa 28S rRNA and Sindbis RNA in the same gel system, the molecular
weights of the low and high temperature forms of RD-114 RNA are esti-

mated as 6.7 X 106 and 4.2 X 106 daltons. These values are higher than

the expected values of 5.7 X 106 and 2.8 X 106. A sample of RD-114 RNA

was treated with 10 mM CH;HgOH in Na,SO,4, borate buffer and then
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dialyzed against 0.1 M NH,Cl to remove the bound material and studied
by electrophoresis in the nondenaturing gel. We believe, from the electro-
phoresis studies in 5 mM CH;HgOH that this treatment will cause dis-

sociation of RD-114 RNA into 2. 8 X 106 dalton subunits (actually measured

6

as 2,64 + 0.1 X 10 by electrophoresis in a mercurial gel). The mobility
of this sample corresponded to an apparent molecular weight of 4.2 X 106
daltons.

Thus, we believe that the 525 RD-114 RNA with a molecular weight
of 5.7 % 10° and its half-size subumit with a molecular weight of 2.8 x 10°
show anomalously low electrophoretic velocities due to relatively extended
configurations, as compared to HeLa 285 rRNA and Sindbis RNA in the
nondenaturing E buffer. The data presented here therefore fix the
melting temperature of the central rabbit ears feature, which is mani-
fested by dissociation of 525 RNA into half-size subunits, as between 55°
and 60° in the 65% (U+F), 0.06 M cation solvent.

As reported in MATERIALS and METHODS, the b . of calf thymus DNA

in the same solvent was measured as 33°C in an optical melting experiment.

DISCUSSION

Fig. 10 suinmarizes our observations of the structure and
properties of RD-114 RNA. The high molecular weight component ex-
tracted from the virion has a sedimentation coefficient of. 52S and a
molecular weight of 5.74 £ 0.17 X 106 daltons. It contains a character-
istic secondary structure feature that we describe as the central rabbit

ears (RE) . with a molecular weight of ca. 0.3 X 106 daltons. The
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Fig. 10. Structure and interconversion between the several
forms of RD-114 RNA described in the text (molecular weights in daltons

are 'sbown, and are based on EM length measurements).
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rest of the molecule is mainly sirig}e—stranded, but there are two loops
at the symmetrical positions around the RE and with the dimensions
indicated in Fig. 10.

The 5. 74 X 106 dalton molecule can be dissociated into half-size
molecules by sufficientlyd‘:naturing conditions (methylmercury-glyxoal,
or thermal dissociation in urea-formamide). The RE disappears upon
dissociation. We p;-esume,. as indicated in Fig. 10, that there is some
sort of a base-paired structure between the two subunits giving rise to
the RE. Using a gel electrophoresis assay, we have concluded that the

meliting temperature for dissociation into half-size molecules in 65%

(U+F), 0.06 M univzlent cation, is hetween 55 and $0°, By comparison

with the melting temperature of 31° for calf thymus DNA in the

same solvent, we estimate that the melting temperature of the RE is 108°
to 113°C in an aqueous electrolyte containing 0.2 M Na+. The

data collated by Kallenbach (7) on the melting temperature of duplex RNAs
as a function of their base composition would then suggest that, if the RE
is a simple RNA duplex, its base composition is about 63% G+C.

W. Bender at this laboratory has develcped and applied a method
of electron microscope mapping of poly—A stretches on polynucleotides
by hybridization with poly-dT attached to duplex SV40 circles (as an
electron microscope label) (W. Bender, personal communication). This
method which is based on a suggestion by Dr., J. Carbon is an extension
of one previously reported. Bender finds that there are polv-A stretches
on both outside termini of the 5.74x10° RD-114 mole.ule. We presume
that the poly—A stretches are located at the 3'-termini of the

half-size subunits; therefore the two 5' termini are
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contained within the RE, as indicated in Fig. 10. Note that the obser-
vation of a poly—A stretch at both of the outside ends demands that the
5. 74 X lO6 dalton molecule be composed of two subunits, if poly—-A
stretches occur only at 3“ ends.

We wish to note at this point that in our earlier, preliminary reports(l1,12)
we drew the tentative conclusion that the 5.74 X 106 dalton molecule was
one continuous polynucleotide chain. We now believe that that conclusion
was incorrect. At that tinie we also failed to notice the reproducible
presence of the loop structures. It should also be noted that East ;ei_a_l.
(1974) had reported that the sedimentation coefficient of the high molecular
;weight component of RD-114 RNA, as extracted from the virion, was 50S
and that thermal dissociation in aqueous electrolyte solution led to the
formation of 28S subunits, all in approximate agreement with our present
interpretations.

When RD-114 RNA, in 65% (U+F), is heated to
temperatures above 60° and then quenched on ice so that the loops disappear
a new secondary structure feature, the BLS, is observed. This feature
is cloée to the center, but, as indicated in Fig. 10, a few molecules are
observed that contain both the BLS and the RE. This observation strongly
suggests that the BLS is a distinct sequence and not part of the RE. The
quantitative'dimensions, shown in Fig. 10, indicate that the BLS involves
some sequences closer to the center than the two loops, but also include
some sequences just within the loop.

In spreadings a‘ room temperature from 70% (U+F), almost all

full length traceable molecules show the two loops symmetrically
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disposed around the RE, In 80% (U+F), about 50%l of the loops are
seen., A simple interpretation of these results is that the loop is
held together by short complefnentary sequences which are about
50% melted in 80% (U+F) at room temperature, If the loop is not
present, the RN A appears to be a simple single strand in t.his
region ; i.e., the BLS is not seen. After heating and cooling in 65%
(U+F), the BLS is seen. Since the BLS involves sequences closer
to the center of the molecule than is the loop and sequences within
the loop, and since the BLS is not seen when a loop is present, we'
tentatively conclude that the formation of the BLS requires an inter-
action between sequences within the loop with sequences closer to
the center. An alternative possibility is that the loop structure is
somehow held together by an additional low molecular weight
molecule; the BLS cannot form until this molecule is removed by
thermal dissociation.

We propose that two 2. 8x106 molecules of RD-114 RNA are
joined together at their 5' ends to form the rabbit ears feature.
Watson—-Crick base pairing requires that the two strands be oriented
anti-parallel with respect to each other. In the simplest case, this
would lead to a linear structure at the junction of the two strands,
as shown in Fig. 11. We have been unable to conceive of any
simple, anti—parallel scheme of base pairing between two strands that
would lead to a Y or T shaped structure. The possibility that an
additional low molecular weight RNA component is involved in the
cohesion within the RE should also be considered. Since the RNA
had been extracted by treatment with phenol, SDS, and pronase, it

is unlikely (but not excluded) that any proteins are involved in the cohesion.



104

Fig. 11.+ Simplest possible structure for two RNA strands held
‘together by anti-parallel base pairing at their 5° ends. If the two strands
are identical, each one must contain sequence a and its complement g’

as indicated.
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We observe that: (1) the molecular weight of the two 2.8 X 106

subunits into which the 52S RD-114 RNA dissociates are identical within
experimental error, as indicated by a single sharp peak in both the electron
microscope length histogram and the gel electrophoresis pattern of the
dissociated subunits; (2) all the secondary structure features observed

in these two subunits are identical in position and shape; (3) both subunits
contain a poly—A stretch at the end.

One simple interpretation of these results is that the 525 RD-114
molecule is a dimer consisting of two identical subunits, joined together
somehow at their 5 ends within the RE, These observations are con-
sistent with results for the RNA from other tumor viruses, indicating that
the 60 to 70S complex contains two or three subunits of molecular weight
in the range 2.5 - 3.3 X% 106, and that these several subunits are identical
in sequence (1, 3,4).

ACKNOWLEDGMENTS

This research has been supported by contracts NO-1-CP-43306
and PH 43-68-1030 within the Virus-Cancer Program of the National
Cancer Institute. We thank Mr. Welcome Bender for permission to quote his
unpublished poly-A mapping results. We also thank Dir. James Casey
for helpful discussions. J. M. B. is the recipient of a Helen Hay Whitney

Fellowship.



107

LITERATURE CITED

1. Baluda, M. A., M. Shoyab, P. D. Markham, R. Evans, and W. N.
Drohan. 1974. Characterization of avian myeloblastosis virus

geriome by molecular hybridization. Cold Spr. Harb. Symp.

Quant. Biol. 39, in press.

.

2. Da{/;is, R., M. Simon, and N. Davidson. 1971, Electron microscopic
heteroduplex methods for mapping regions of base sequence
homology. p.413-428. In L. Grossman and K. Moldave (ed.),
Methods in enzymology, vol. XXI. Academic Press, Inc.,

New York.

3. Delius, H., P. Duesberg, and W. Mangel. 1974, Electron microscopic
measurements of Rous sarcoma virus RNA. Cold Spr. Harb.
Symp-(.Qua.nt. Biol. 39, in press.

4. Duesberg, P, H., P. K. Vogt, M. Lai, and K. Beeman. 1974.
Studies on genetic recombination between avian tumor viruses.
Cold Spr. Harb. Symp. Quant. Biol. 39, in press.

5. East, J. L., J. E. Knesek, P. T. Allen, and L. Dmochowski. 1973.
Structural characteristics and nucleotide sequence analysis of
genomic RNA from RD-114 virus and feline RNA tumor viruses.

J. Virol. 12, 10385-1091.
6. Forsheit, A. B,, N. Davidson, and D. B. Brown. 1974.

An electron microscope heteroduplex study of the ribosomal DNAs

in Xenopus laevis and Xenopus mulleri. J. Mol. Biol. 90,

301-314.



7'

9.

10.

11,

12,

13,

108

Gruenwedel, D. W. ' and N. Davidson. 1966. Complexing and
denaturation of DNA by methylmercuric hydroxide. J. Mol.
Biol, 21, 129-144.

Hsu, M. T., H. J. Kung, and N. Davidson. 1973. An electron
microscope study of Siﬁdbis virus RNA. Cold Spr. Harb. Symp.
\'E.)uant. Biol. 38, 843-950.

Inman, R. B., and M. Schn8s. 1970. Partial denaturation of thymine-
and 5-bromouracil-containing A DNA in alkali. J. Mol. Biol. 49,
93-98. |

Kallenbach, N. R. 1968. Theory of thermal transitions in low
molecular weight RNA chains. J. Mol. Biol. 37, 445-466.

Kung, H. J., J. M. Bailey, N. Davidson, M. O. Nicolson, and

. R. M. ‘McAllister. 1974. Structure and molecular length of the
large subunits of RD-114 viral RNA. J. Virol. 14, 170-173.

Kung H J., J. M. Bailey, N. Davidson, P. Vogt, M. O. Nicolson,
and R. M. McAllister. 1974. Electron microscope studies of ’
tumor virus RNA. Cold Spr. Harb. Symp. Quant. Biol. 39, in press.

Robberson, D. v, Y. Aloni, G. Attardi, and N. Davidson. 1971,

1 Expression of the mitochondrial genome in HeLa cells. XI.

Size deté rmination of mitochondrial ribosomal RNA by

electron microscopy. J. Mol. Biol. 60, 473-484.

14, Sharp, P. A., B. Sugden, and J. Sambrook. 1973. Detection of

two restriction endonuclease activities in Haemophilus para-

iniluenza using analytical agarose ethidium bromide electrophoresis.

Biochem. 12, 3055-3063.



15.

16.

17.

18l

109

Simpson, R. B. 1963. Association constants of methylmercuric

~ and mercuric jonis with nucleosides. J. Am. Chem. Soc. 86,
2059-2065.

Trévnic;k, M. and f{ Josef. 1973. Subunits of oncornavirus
high — molecular-weight RNA. I. Stepwise conversion of 60S

"WAMV RNA to subunits. Biochem. Biophys. Res. Comm. 53, 217-223.

Wellauer, P. K., and I. B. Dawid. 1973. Secondary structure maps
of RNA : processing of HeLa ribosomal RNA. Proc. Nat. Acad.
Sci. 70, 2827-2831.

Wellauer, P. K., I. B. Dawid, D. E., Kelley, and R. P. Perry. 1974.
Secondary structure of mouse L-cell ribosomal RNA and variations

in processiry pathway. J. Mol. Biol. 89, 397-407.



110

Chapter 3

BKD (Baboon Endogenous Virus)

WoMYV (Simian Sarcoma and Leukosis Virus )
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Summary

The molecular weights, subunit.compositions and secondary structure
patterns of the RNA's from an endogenous baboon virus and from a woolly
monkey sarcoma virus were examined and compared to the properties
of the RNA of RD-114, an endogenous feline virus. The high molecular
weight RNA extracted from each of these three viruses has a sedimentation
coefficient of 528, and a molecular length, measured by electron
microscopy, of 16-2Jkb. Each such RNA is a dimer, containing two
monomer subunits of 8-10kb in length (3 x 10° daltons, molecular weight).
Thet. wo monomer subunits 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 dissociates at the same high temperature in RD-114 and
baboon viral RNA's but at a lower temperature in woolly monikey RNA.
All three viral RNA's have two large loops of similar size and position
symmetrically placed on either side of the dimer linkage structure.

Since the baboon virus is distantly related to RD-114, and
the woolly monikey virus is unrelated to either of the other two, the dimer
linkage and symmetrical loops are surprisingly similar and may well be

common features of type C virus RNA's.
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Introduction
The RNA of the endogenous feline type C virus, RD-114, has been
extensively studied in tﬁis laboratory and has been shown to have a
novel structure (Kung et al., 1975). The RNA from the virion is a
20kb dimar molecule with an end of one 10kb monomer noncovalently
joined to an end of the other in a 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
conditions or with RNA's of different viruses under identical spreading
conditions. Therefore, we have 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 symmetrically placed with
respect to the dimer linkage structure. Poly(A) mapping has located
poly(A) sequences on both free ends of the dimer (Bender and Davidson,
1976). If the poly(A);s are on the 3' ends of the monomer RNA's,
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., 1973).
Therefore we chose to examine the endogenous baboon virus, BKD
(Todaro et al., 1974), which is partially related to RD-114, to see if
the RD-114 features would be conserved. We found that the structure
and physical properties of BKD RNA were quite similar to those of
RD-114 RNA. We therefore studied the RNA of another primate
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derived virus, denoted WoMV, which is the simian sarcoma virus
isolated from a woolly monkey (Theilen et al., 1971). This virus
is not endogenous in primates aﬁd is not related to either RD-114
or BKD viruses by serological or nucleic acid hybridization tests.
Nevertheless, it, too, shows a dimer structure strikingly similar

to that of RD-114 and BKD.

Results

I. Baboon Erdogenous Virus
WWNMMW

A. 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 sedimented in a parallel tube.

RD-114 RNA was shown to have an S value of 52 under these conditions
(Kung et al., 1975). Both RNA's sediment with the same velocity
(Figure 1a), and so BKD RNA has a sedimentation coefficient of 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). The latter two sedimentation
media are moderately denaturing and cause dissociation of some (but not
all) secondary structure. Therefore, these observations suggest

that the RNA's of RD-114 and BXD have the same molecular weight.

B. Gel electrophoresis. It has been shown that the high molecular

weight RNA of RD-114 is actually a dimer that can be dissociated into
monomers only after treatment with strongly denaturing conditions
(65% urea plus formamide, 0.03 M cations, 60°, Kung et al., 1975).

As will be shown in the results of electron microscope observations,
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Fig. 1. Sedimentation profiles of BKD and WoMV RNA
as extracted from the virion centrifugation was carried out in SW50.1
rotor at 4°. Arrows indicate RD-114 RNA marker. (a) BKD RNA in
NTE-sucrose gradient, 44,000 rpm, 1.25 hr. (b) WoMV RNA in
NTE-sucrose gradient, 45,000 rpm, 1.75 hr. (c) BKD RNA in
glyoxal-sucrose gradient, 45,000 rpm, 5 hr. (d) WoMV RNA in
glyoxal-sucrose gradient, 45,000 rpm, 5.5 hr. All sediemntations

are from right to left.
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the BKD high molecular weight RNA is also a dimer. We wished to
determine the melting tempzarature of the dimer linkage as compared

to that of RD-114. Samples of BKD RNA in 67% urea plus formamide,
0.024 M cations, were heated to various temperatures, cooled, and
applied to a non-denaturing agarose gel for electrophoresis. As shown
in Figure 2a, samples heated to 40° or less give a single high molecular
weight peak; samples heated to 50° are partially dissociated into a

lower molecular weight peak, and samples heated to 60° were completely
dissociated to the lower molecular weight. It will be shown below that
the high molecular weight peak is an RNA dimer and the lower molecular
weight peak is monomer RNA. Making slight corrections for the different
solvent conditions used in the melting experiments for RD-114 and

BKD RNA's, we conclude that the BKD dimer linkage has about the

same stability as the RD-114 dimer linkage.

We have found that methylmercury hydroxide can be used to
completely denature RNA molecules, so that agarose gel electrophoresis
of RNA in the presence of methylmercury hydroxide can be used to
determine the molecular weight (Bailey and Davidson, 1975). As shown
in Figure 3a, BXD RNA monomers on a methylmercury hydroxide
agarose gel comigrated with RD-114 RNA at a mobility corresponding
to 3 x 10° daltons (or 9kb).

C. Electron microscopy. (i) Glyoxal treatment is an easy and effective

way to disrupt most RNA secondary structure (Hsu et al., 1973) and
we consider length measurements in the electron microscope of
glyoxal treated RNA to be our most reproducible method for determining

molecular weights. BKD RNA was taken from the high molecular weight
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Fig. 2. Agarose gel electrophoresis of viral RNA's showing
dissociation of the high molecular weight complex. (a) BKD RNA in
67% (U+F), 0.024 M cations. Unheated (——), heated to 40° (--),
heated to 50° (---), and heated to 60° (-+-+). (b) WoMV RNA at
room temperature with 0.015 M cations and 0% (U+F) (—), 65%
(U+F) (--), and 75% (U+F) (---).
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Fig. 3. Electrophoresis of viral RNA on denaturing methyl-
mercury hycroxide gels (a) BKD viral RNA, run at 5mA per gel for
3 h. The positions of HeLa 18S and 28S rRNA m2:kers 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 h. The positions of HeLa 18S and 28S and
E. coli 23S rRNA markers and of BKD RNA (in a separate tube) are

shown.
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peak of a nondenaturing sucrose gradient, incubated with 1M glyoxal,
0.01 M potassium phosphate, pd 7.0 for 1 hr at 37°, and spread for
microscopy from 557 formarnidé. The histogram in Figure 4a shows that
the length distribution is rather broad, although there is a maximum
at about 20kxb. We presume that there are many nicked molecules
held together intramolecularly in the high molecular weight RNA
complex under non-denaturing conditions and 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 imolecules are considered
full size, and below which they are considered fragments. This is also
a problem for size determinations by electrophoresis or sedimentation,
although the difficulty is partially disguised by the usual weight
average method of plotting resulis.

Fortunately, these RNA rumor 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 continuous dimer
molecule with both poly(A) ends intact must be full length. Likewise,
since monomers are joined in the dimer linkage very close to their
non-poly(A) ends, the distance from a poly(A) end 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.

Glyoxal treated BKD RNA was hybridized to SV40 circles with
short poly(dT) tails (average length of 175 bases) to mark the poly(A)
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Fig. 4. Histogram of total lengths of glyoxal-treated viral
RNAs. (a) BKD 52S RNA treated with 1M glyoxal for 1 hr and spread

from 55% formamide. All molecules were measured. (b) BKD 528

RNA treated with 1 M glyoxal for 1 hr at 37°, dialyzed against

10 mM Tris, 1 mM EDTA fpr 24 hr, hybridized with SV40 circles
with short poly(dT) tails to mark the poly(A) ends, and 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). Monomers (open bars)
were scored as molecules continuous 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 52S 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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ends, and the mix was spread for microscopy (Bender and Da.vidson, 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. 3kb and the monomer size is 9.4 £ 0.7 kb. RD-114 has
dimers of 20.0 + 1.7kb and monomers of 9.8 + 1.0kb (data not shown).

We are not certain of the number of nucleotides within the
dimer Jinkage structure; assuming 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 monomer is 9. 6kb. (20.6 and 10.1 kb for

RD-114 dimers and monomers, respectively).

These values for RD-114 are slightly higher than those reported
previously (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. Representative BKD RNA
molecules are shown in Figure 5a and b. Molecules of about 20kb
length always had a structural feature near the center which looked like

M, -4 ,o0r _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., 19%5). This
central feature divided the RNA molecule into two equal 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 and
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Fig. 5. Electron micrographs of BKD RNA. (a) and (b)
glyoxal treated RNA spread from 55% formamide. (c) and (d) RNA in
67% (U+F) heated to 55°, cooled, and spread at room temperature.
(e) RNA in 80% (U+F) spread without prior heating. D indicates the
dimer linkage structures, L indicates the loops, SH indicates the
small hairpins within the loop region, and LH indicates the new large
hairpin that appears under denaturing conditions. The bar lengths

are 0.5 um.
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location of the loops are very similar to what we observed previously
on RD-114. On 70% of the subunits, within the region of the loops,
there is a small hairpin-like structure with a length of about 250 base
pairs. This structure was not present on RD-114 RNA. The outside
ends of the subunits in some molecules (30%) were observed to loop
around and attach at a reproducible site. The point which is 0. 5kb from
the poly(A) end crosses over the RNA of the same monomer at about 1kb
from the central dimer linkage structure (Figure 5b). This attachment
was not seen in glyoxal treated RD-114 RNA. An overall diagram of
the structure of BKD RNA is shown in Figure 7 and the contour lengths
of the features of the glyoxal treated molecules are given in Table I.

(ii) Urea plus formamide (U + F) was used at different

concentrations to give solvents of controlled denaturation strength

in order to study the relative stabilities of the various secondary
structure features of BKD RNA. The exact composition of these
solvents is described in Methods. When BKD RNA is spread at room
temperature from 50% or 70% (U+F) (0.024 M cations), the molecules
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 still 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° 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° in 67% (U+F) causes
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most of the dimers to dissociate into monomers; this result is direct
confirmation of the dimer melting temperature determined by the
agarose gel electrophoresis method. The small hairpin formerly
within the loop is still present after brief heating to 55° in §7% (U+F)
and it is near the center of the mounomer RNA (Figure 5c,d); either

it has a very high melting temperature, or it melts on heating but then
renatures during the subsequent cooling.

After brief heating BKD RNA to 55° in 67% (U+F), a new
secondary structure feature appears 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
Fig. 5¢c). It measures about 1.3kb in'contour length and is about 1kb
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 heatinz 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 ‘lxairpin and the large loob
appear to be present on the same RNA subunit; in these molecules
the base of the hairpin is immedﬁtely adjacent to the base of the

loop (Figure 5e).
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II. Woollz Monkey Virus

The WoMV virus preparation (called SSV-1 by some authors) contains
mostly nontransforming helper virus (Wolfe et al., 1972) so that these
studies deal with the RNA of this nontransforming virus

A. Sedimentation Analysis. The sedimentation of high molecular

weight RNA extracted from WoMV was compared with RD-114 RNA
on a sucrose gradient in 0.1 M NaCl. As shown in Figure 1lb, the
WoMV RNA cosediments with the 528 RD-114 RNA. WoMV RNA also
cosediments 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
cosedimenting with glyoxal treated RD-114 RNA, there is a more
slowly sedimenting peak. The electron microscope analysis, reported
below, showed that the fast peak contained RNA dimers and the slow
peak contained monomers. 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 BXD.

B. Gel electrophoresis. We used electrophoresis on non-denaturing

agarose gels to follow the dissociation of the WoMV dimer. High
molecular weight RNA was dissolved at room temperature in a solvent
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 moiecules in 75% (U+F) moved significantly

faster. Heating the RNA to 40° in 88% (U+F) did not produce any
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further dissociation. As will be shown, the slow peak contains dimer

length RNA molecules and the fast peak contains RNA monomers.

BKD RNA dimers melted apart in 67% (U+F) at about 50°; the dissociation

of WoMV at 25° in 75% (U+F) demonstrates that the dimer linkage is

considerably less stable in WoMV RNA than in BKD or RD-114 RNA's.
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 peak corresponding

to a molocular weight of about 3 x 106 daltons or kb (Figure 3h).

C. Electron microscope studies. (i) Glyoxal treated WoMy RNA

sedimented as two separate 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
9kb contour length (Figure 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 17kb in length (Figure 6a). We conclude
that the slow and fast peaks of the glyoxal sucrose gradient contain
monomers and dimers of WoMV RNA, respectively.

Again we attempted to get an accurate estimate of the RNA
size b using the poly(A) mapping technique. Full length dimers are
defined as continuous molecules with poly(A) sequences at both outside
ends; full-length monomers are molecules continuous from a poly(A)
end to a clear dimer linkage structure. A histogram of the monomer
and dimer lengths is pletted in Figure 4c; the dimer i2ngth is

16.7 +1.4kband the monomer length is 8.5 + 0.7kb. If the dimer
linkage sequences (about 300 bases) are included, the dimer and

monomer lengths are adjusted to 17,0 and 8,7 kb, respectively.
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Fig. 6. Electron micrographs of WoMV RNA. (a) and (b)
show RNA taken from glyoxal-sucrose gradient (Figure 1d) and spread
from 30% formamide. The molecule from (a) came from the fast
sedimenting peak and in (b) from the lower sedimenting peak.

(c), (d), and (e) show molecules spread without prior heating from a
solution with 0.03 M cations and 70% (U+F) (in (c) and (d)) or 88% (U+F)
(in (e)). D indicates the dimer linkage structures, L indicates the

loops,l and SH indicates the smal! hairpin. The bar lengths are

0.5 um.
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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 difference reflects an actual difference in
molecular weights, but it is possible that WoMV RNA could have

small scale secondary structure which is resistant to glyoxal treatment

and which shortens the total contour length of the RNA. The methyi-
mercury nydroxide gels indicated the same molecular weights far the
three different viral RNA's, but the accuracy of these measurements
was insufficient to detect a 10% difference in mclecular weights.

The secondary structure pattern seen in glyoxal treated WoMV
RNA is almost identical to that of BKD RNA (Figure 6a). The dimer
linkage structure was shaped like A ;" 4 , or L , 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. The outside ends were never observed to fo'd back and
attach near the dimer linkage as somectimes 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 I. 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 significantly shorter than in BKD RNA.

(ii) Urea plus formamide. WoMV RNA was also spread

with different concentrations of (U+¥) in the hyperphase to study
the stability of the various secondu.i‘y structure featurecs under varying
denaturing coaditions. In a 50% (U+¥F) spread (0.04 M cations) most

WoMV RNA molecuvles were condensed and not easy to interpret.
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Table 1
The lengths and standard deviations of the features marked by the
letters a - i in the diagram of Figure 7. The small hairpin feature (SH)
is not present in RD-114, and its length (g) for BKD and WoMV is given
in kilobases of single strand RNA (twice the apparent double strand
length). As discussed in the text, our estimates of {he fnll lengthc,
including the sequences in the dimer linkage strudture, are a+2i
for dimers and b+i for monomers. We assume 1 kb equals 0.256 pm

for glyoxal treated RNA.

a b c d e f g h i
RD-114 | 20.0 9.8 3.9 3.8 2.4 0.3
+1.7 1.0 0.7 0.4 0.4 +0.07

BKD 18.8 9.4 3.9 3.7 1.9 1.2 0.5 1.9 0.2
1.3 10.7 0.4 0.4 0.1 0.1 +0.1 0.3 0,04

WoMV 16.7 8.5 3.5 3.9 1.4 1.0 0.8. 2.1 0.14
+1.4 0.7 0.5 +0.4 +0.3 0.3 +0.4 0.4 +0.04
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Fig. 7. General diagram of secondary structure features
in viral RNA dimers of RD-114, BKD, and WoMV. Contour lengths of
various features (A through I) are given in Table I. The dimer linkage
structure (DLS) is not always shaped as drawn here, and the small
hairpin (SH) with the loop is found in BKD and WoMV but not RD-114.
Structures seen under denaturing conditions are shown separately
for BKD and WoMV RNA's. LH indicates the new large hairpin

seen in BKD under denaturing conditions.
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With 70% (U+F) the molecules were often still tangled but were
usually traceable. Anout half of the inolecules were of dimer length
(about 17kb) and showed the secondary structure features seen in

glyoxal treated RNA, i.e., the dimer linkage structure, the loops, and

the hairpins within the loops (Figure oc). About 80% of the monomer
halves had a loop and about 80% had the small hairpin within the

loop region. Dissociated monomers also had these loops and hairpins
(Figure 6d).

The partial dissociation of dimers observed in 70% ( U+F)
parallels the dissociation between 65% and 75% (U+F) seen oy agarose
gel electrophoresis. Spreading from 88% (U+F) caused most (85%) of
the dimers to dissociate, ‘and very few (8%) of the monomers still
contained loops, but the small hairpin structure was observed near
the center of 75% of the monomer RNA molecules (Figure 6d).

We also looked to see whether the WoMV KNA 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°,
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.
RD-114 virus was isolated [rom a human rhabdomyosarcoma

after an in vivo passage in afetal cat brain (McAllister et al., 1972).
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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
froma cat cell line in culture (Livingston and Todaro. 1973; Fischinger
et al., 1973; Sarma et al., 1973), and because it shows sequence
homology with cat cellular DNA (Baluda and Roy-Burman, 1973;
Neiman, 1973; Ruprecht et al., 1973). ‘

BKD virus was isolated by cocultivation of normal baboon
kidney with a dog thymus cell line, and it appears identical to several
other isolates of endogenous type C baboon viruses (Melnick et al., 1973;
Benveniste et al., 1974a; Todaro et al., 1974). 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 hy
hybridizing a cDNA probe made from one virus to an excess of RNA.
from the other, is 10-20% (Benveniste et al., 1974a; Todaro et al., 1974).
Thus, by several criteria, BKD and RD-114 are likely to be evolu-
tionarily related. Todaro et al. (1974) have suggested that the CCC/RD-114
family of endogenous cat viruses was introduced into the cat germ
line by horizontal transmission of a primate virus, related to the
baboon virus.

WoMYV is the simian sarcoma virus isolated from a woolly
monkey fibrosarcoma (Theilen et al., 1971). There is no detectable
sequence homology between WoMV RNA and the RNAs of either Rb-114
or BKD as measured by hybridization of labeled reverse transcriptase
products to excess viral RNA (Benveniste and Todaro, 1973; East et al.,

1975). Likewise, there is no antigenic cross reaction hetween WoM#V
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and either RD-114 and BKD for either the viral polymerase or the
gs-1 determinents of the p30 protein (Sherr et al.;, 1974, 1975).
WoMYV does appear by both antigenic and sequence homology tests

to be closely related to the gibbon-ape leukemia 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 RNA's of RD-114,
BKD and WoMV suggests that all type C RNA viruses have RNA dimers
with loops. However, these features were very rarely abserved 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
at lower temperatures than are required to dissociate WoMV dimers.
Thus, it is likely that if dimer structures exist in Rous sarcoma
virus, it would be difficult to observe them since denaturing conditions
are required to extend the RNA for electron microscopy. 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 camnot
be certain that what we see represents the "native' structure, i.e.,
that which exists in the virion. It is unlikely that virions contain
single RNA monomers 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
velocities of RD-114 RNA and several marker RNAs in non-denaturing
and glyoxal sucrose gradients support the view that the 52S RNA complex

is a single dimer molecule (Kung et al., 1975). By analogy, the same
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is true for BKD and WoMV 52S RNAs. Our data say nothing about the
number of 525 dimers per virion.

It seems clear that the loops and dimer linkage structures
are formed by processes more complicated than simple association
of complementary seqﬂences. When the loops are dissociated by
heating viral RNA in a low concentration (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. Likewise the dimer linkage structure does
riot reform after heating and cooling. We have heat denatured
528 RD-114 RNA and incubated it at a high RNA concentration in order
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 fs present on only some of
the molecules.

Several alternative models may be suggested for how the
monomers are joined in the dimer linké,ge 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 d enaturation of a protein linker, the monomers would
probably not reassociate.

Models in which the two monomers are. held together by
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antiparallel Watson-Crick base pairing are subject to some probable
constraints. The poly(A) sequences of mRNAs and some tumor viral
RNAs are at the 3' end (Wang and Duesberg, 1874; Quade et al., 1974;
Rho and Green, 1974). Our poly(A) mapping shows that the dimer
linkage joins two non-poly(A) ends. Oligonucleotide fingerprint
evidence suggests that all subunits of Rous sarcoma virus RNA are
identical in sequence (Duesberg et al., 1974; Weissmann et al., 1974).
Thus ' issume for the following discussion that the dimer linkage
structures contain two identical 5' monomer ends.

Figure 8a shows a structure with two identical mor.omers
base paired to each other. All such structures require the presence
of inverted repeat sequences on cach strand. Figure 8b illustrates
how a small RNA molecule might serve as a linker. The RNA linker
“gouid e the same tRNA that serves as a primer for the in vitro
reverse transcriptase reaction (Dahlberg et.al., 1974; Taylor and
Illmensee, 1975). In both these models, the monomers would not be
expected ‘o reassociate after thermal dissociation. In Figure 8a,
the inverted repeats would form base pairs intramolecularly, and the
linker pf Figure 8b would anneal completely to just one monomer strand.
Both wnodels, therefore, require special 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 conceivéd

and communicated to us by Dr, Andrew King of the University of Wisconsin.



143

Fig. 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 bondinz. (c) is a model in which
the linker contains a tandem repeat. In all cases the letters (A-E)
indicate base sequences and the primed letters (A' - E') indicate their

complementary sequences.
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We can only guess at the functions of the dimer linkage
structure and the loop structures. They could have some role in
packaging the RNA in the virus. The dimer linkage, for instance,
may insure that every virion is diploid. However, it has been
reported that the 60-"705 complex in avian sarcoma virus is unstable
when the virus is first assembled and released (Canaani et al., 1973;
Stoltzfus and Snyder, 1975). The structures could also function in
the synthesis of DNA from the viral RNA. It is less likely that the
dimer linkage structures affect RNA synthesis or protein synthesis
because integrated RD-114 proviral DNA is infectious (Nicolson et al.,
1975), 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. -

Methods
Virus and RNA Preparation

BKD virus, obtained from Dr. Raymond Gilden, is the Bab 8-K strain
(Todaro et al., 1974). It was grown in dog thymus cells and then by

us in human HT-1080 cells (Rasheed et al., 1974). WoMV, obtained
from Dr. Gilden, is derived from the simian sarcoma virué isolated

by Theilen et al. (1971). It was grown in woolly monkey muscle cells
and then by us in human RD cells. Non-transforming helper virions are
usually in more than 10-fold excess over sarcoma virions (Wolfe et al.,

1972; Scolnick et al., 1972; Aaronson, 1973). Dr. R. Gilden confirmed the
identity of the BKD virus preparation was by hybridizing cDNA
transcripts from RD-114 or BKb to cellular RNA from our producer
cells. The identity of our WoMV preparation was confirmed by
R. Gilden in CF lests using antisera to WoMV p30 antigens.
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of our WoMV preparation was checked with antisera mode against
WoMYV 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 ul, were
layered onto the gradients and centrifuged in an SW50.1 rotor at
45,000 rpm and 4°.

Glyoxal-sucrose gradient: 3H-labeled RNA samples were
treated with glyoxal by dialyzingz against 1 M glyoxal in 0.01 M phosphate
buffer, pH 7.0, for 1 hr at 37°, then dialyzing against 0.1 M glyoxal
in the same buffer for approximately 30 min at 4°. A sample thus
treated was sedimented through a 10-30% sucrose gradient in the
presence of 0.1 M glyoxal, 0.01 M phosphate buffer, pH 7.2, at 4°,
45,000 rpm in an SW50.1 rotor. RD-114 5235 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 sainples were
dissolved in the low salt buffer and sedimented through these gradients
at 4°. Under these conditions, BKD and WoMV RNAs both sediment

as single components with the same sedimentation velocity as RD-114
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RNA. Samples taken from the peak positions were used for electron

microscope studies.

Electron Microscogz

The preparation of RNA samples for electron microscopy and the
details of the different épreading 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 to 1£ of recrystallized
formamide; this gives a solution about 747 by volume formamide and
about 5.9 M in urea. The volume percent of this solvent in a solution
of aqueous buffer is quoted as percent (U+F). The 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 SV40 circles were used as internal length
standards in the poly(A) mapping experimenis to calibrate the lengths
of viral RNA monomers and dimers (Figure 4). Lengths were
converted to kilobases assuming 0.256 pm/kb, as measured for

glyoxal treated E.coli *fRNA (Hsu et al., 1973).

anrose Gel Electroghoresis

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 temperature for

1 minute and then quickly cooled in ice. After adding 10% glycerol,
the sample solutions were loaded onto 1% agarose gels containg E
buffer (0.05 M boric acid, 0.005 M sodium borate [NazB4O7-- 10 HzO] .
0.01 M sodium sulfate, and 0.001 M EDTA, pH 8.2), all as described
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(Kung et al., 1975). WoMYV 528 RNA dissociates more readily than
BKD 525 RNA, and so to determine the dissociation conditions
WoMV RNA samples were not héated but were dissolved in solutions
with varying concentrations of (U+F) and with 0.25 M Tris, 0.025 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 in E buffer containing
5 mM CH3HgOH and 10% glycerol. 23S and 183 unlabeled HeLa rRNA
and 23S E. coli rRNA were included as internal markers. In order
to visualize rRNA bands after electrophoresis, gels were stained
with 1 pg/ml ethidium bromide, 0.5 M NH Ac for 30 minutes and
examined by illumination with short wavelength UV light. The distances
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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Chapter 4

Friend Virus (Murine Lymphoid-Leukosis

and Spleen—Forcus—Forming Viruses)
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Size, Subunit Composition, and Secondary Structure
of

The Friend Virus Genome
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ABSTRACT

The properties and subunit composition of the genomic RNA of
the Friend virus (FV) complex isolated from a FV transformed cell
line FSD-3 have been studied. The FV "50-60'"s RNA appears to be
a mixture of at least two, perhaps three species whose molecular
weights are in the range of 5 to 6 x 10°. Under denaturing conditions
the ""50~60"S RNA dissociates (transition temperature 60C in 0.1
M Na+) into components of three size classes: L, M and S whose

molecular weights are approximately 2.8, 2.4 and 2.2 x 10

respectively. Electron microscopic studies reveal that each
150-60"S RNA molecule is a dimer in which the two subunits are
joined together by a dirper linkage structure (DLS). The DLS looks
like a2 knot in the center of the molecule. In addition, the '""50-60"S
RNA contains two symmetrically disposed loops on each side of the
DLS and at equal distance from the center. When the ""50-60"S RNA
is spread under conditions very close to its dissociation temperature,
molecules of half the length or subunits containing one loop are also
seen. The size and the location of theiloop in the monomer and dimer
molecules are identical. The melting temperature of the loop
structure is close to that of the DLS because under slightly more

denaturing conditions the subunit molecules are fully extended.
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Introduction

Friend virus (FV) (1) preparations are known to contain two vi-al ~om-
ponents with different biological activities (2-L) the spleen focus forming
virus (SFFV) and lymphatic leukemia virus (LLV). The SFFV is oncogenic; it
tronsforms erythroid precursor cells, and induces spleen focus formation thus
resulting in erythroleukemia in mice. The SFFV is replication defective and
needs a helper virus. The helper function is provided by the LLV (3) con-
tained in the FV complex. The helper function can be provided by many murine
leukemia viruses, such as Moloney leukemia virus (MoLV) (3) which do not induce
erythroid disease. Recently Dube et al. (5) and Ostertag et al. (6) have shown
that the endogenous virus released during dimethyl sulfoxide induced dif-
ferentiation of Friend cells (5) and upon exposure of these cells to bromo-
deoxyuridine (6) also has helper activity.

Earlier work on the FV genomic RNA carried out in the laboratories of
Duve and Ostertag (7) has shown that a) the FV RNA contains two subunits whose
sedimentation coefficients are approximately 35S and 32S, b) the amount of
larger subunit is < 20%, whereas the smaller subunit constitutes 80% of the
FV RNA, c) the genomic complexity is approgimately 2.5 x 106 daltons, and
d) the viral RNA contains poly A and also internal oligo A tracks. In addition,
the 35 S and 325 subunits have been tentatively assigned by Maisel et al. (8)
to LLV and SFFV RNA, respectively.

Since the FV complex has both transforming and leukemogenic activities
and the Friend cells offer a good system to study the mechanisms by which
the expression of viral genes modifies with the expression of cellular
genes, we have undertaken to study the FV genome in more detail. In this
communication we present the results of some of our physical studies in

FV RNA. We show that the undissociated RNA is a "50-60"S dimer molecule
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and- contains in its center a dimer linkage structure (DLS) which holds
the two subunits together through hydrogen bonds. A similar DLS has been ot

; - nas 2en -
served in several other tumor virus R¥As (9,10). It thus appeals that the

DLS may be a common feature of the secondary structure of all type

C tumor RNA viral genomes.

Materials and Methods

Stock solutions: NTE buffer: 0.01 M NaCl, 0.01 M Tris-Hel pH T.2,

0.001 M EDTA.

U + F solvent: This solvent was prepared by mixing 480 g urea with

1 £ formamide. There was a 1.35-fold volume increase in the final solution
which thus contained 5.9 M urea and TLt% formamide. This was taken as
100% U + F.

E buffer: 0.05 M boric acid, 0.005 M scdium borate (NaQBh 0..#10 HQO)’

T
0.01 M Na,S0) and 0.001 M EDTA, pH &.2.
TE buffer: 0.1 M Tris-HCl 0.01 M EDTA, pH 8.5 (= 0.06 M cations)

Cells, virus and RNA. The cell line used in these experiments was

FSD-3 which has been described previously (11). Briefly

it originated as follows. FV containing cell-free supernatant from a
cell culture of one of our FV transformed cell lines FSD-1 (12) clone
Fh—6 was injected intraperitoneally into Balb C mice. Spleen cells from
these mice were used to start the cell line FSD-3. FV was isolated from
these cells as described (5). FV twice purified by isopyenic

banding in a 24 to 48% sucrose gredient was used for RNA isolation. The

viral pellet was suspended in 1% SI23 and to this an equal volume of a
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pixture of phenol, chloroform and isoamyl alcohol (50:2:48) was added. The

aqueous phase containing the extracted RNA was concentrated by ethanol pre-
cipitation. The viral RNA was purified on a 10-307 NTE-sucrose gradient.
The centrifugation was for 75' at 4°C in Beckman SW50.1 rotor. Fractinns
were collected and monitored for absorbance at 260 mu. The peak fractions
in the "50-60"S region were pocoled, precipitated with ethanol and used for
the present studies.

Agarose gel electrophoresis. All gel electrophoresis experiments were

conducted on 1% agarose gels in E buffer. The preparation of the non-

denaturing and strongly denaturing CH_HgOH-agarose gels has been described

3
(9, 13). In the experiments for studying the dissociation temperature of
the 50-60S RNA, RNA samples were mixed with U + F solvent and NTE buffer

to the desired concentrations. Samples (ca. 20 ul) were sealed in a
capillary tube, incubated for 5 min at the desired temperature, mixed with
glycerol and bromophenol blue, and loaded onto the gels. Electrophoresis
was performed at 5 mA per tube for 3 hr at room temperature. The gels were
then stained with 1 pg/ml ethidium broride, 0.5 M NHLAC for 30 min, and
examined by illumination with short wavelength UV light.

For denaturing, CH_HgOH-agarose gel electrophoresis experiments.

3
RNA samples were mixed with CHBHgOH in E buffer to a final concentration
of 5 mM CHBHgOH and then loaded onto a 1% agarose gel containing 5 mM

CH3HgOH. Electrophoresis was performed for 5 hr at 25°C. Hela 28
and 185 rRNAs were similarly treated and run in parallel as markers

for estimating molecular weights. After electrophoresis the gels were

stained as before.
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Electron microscopy. The urea-formamide (U + F) and the glyoxal-

formanzide spreading techniques havebeendescribedpreviously(9). In the
urea-Tormamide spreading, RNA samples were diluted into the spreading
solution which contained about 30 pg/ml cytochrome ¢ and the desired
concentration of U + F and electrolyte. The hypophase was cdouble dis-
tilled water. To study the structure of undissociated "50-60" S RNA,
the spreading was performed in 80% U + F containing 0.15 M TE (v0.09 M
cations). These conditions are inside the melting range of "50-60" S
RNA. In the experiments to determine the molecular weights of dissociated
subunits, RNA samples were first treated with 85-90% U + F in < 0.05 M TE,
then either spread directly from 85% U <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>