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Polyoma-infected mouse kidney cell cultures were labeled with [3H ]uridine for
3 h late in the lytic cycle (26 to 29 h after infection) and RNA was extracted from
cytoplasm and nuclei and from isolated polyribosomes. Sedimentation velocity
analysis in sucrose gradients showed that polyoma-specific "giant" and 26S
RNAs are present exclusively in the nucleus. RNA associated with cytoplasmic
polyribosomes was analyzed by sedimentation in aqueous sucrose density
gradients and dimethylsulfoxide sucrose gradients, as well as by polyacrylamide
gel electrophoresis. Polyoma-specific RNA in polyribosomes consists of at least
two classes, with sedimentation coefficients of 16 (major fraction) and 19S (minor
fraction) in aqueous sucrose gradients and 15 and 17S, respectively, in dimethyl-
sulfoxide gradients. Estimates based on dimethylsulfoxide gradient and analysis
suggest a molecular weight of approximately 500,000 for 16S RNA and 700,000
for 19S RNA. These polyoma RNAs seem to undergo reversible conformational
changes under the different conditions of analysis. We cannot exclude the possi-
bility that they contain more than one molecular species.

Earlier studies showed that RNA extracted
from primary mouse kidney cell cultures in-
fected with polyoma virus and labeled late in
the infectious cycle with [3H]uridine contains
three size classes of polyoma-specific RNA (1):
(i) heterogeneous "giant" molecules with sedi-
mentation coefficients between approximately
30 and 80S; (ii) RNA molecules with a sedi-
mentation coefficient of about 26S, which may
have the size of the transcript of one strand of
polyoma deoxyribonucleic acid (DNA); (iii) a
class of at least two RNA species with sedimen-
tation coefficients between 16 and 20S.
The large RNAs are the predominant species

labeled during a brief (10- to 30-min) exposure
of the cultures to [3HJuridine; sedimentation
analysis in dimethylsulfoxide (DMSO) gradi-
ents showed that they are not aggregates of
smaller molecules (1). In contrast, the 26 and 16
to 20S species become apparent in RNA labeled
for longer periods (1 h or more).

In the present work, we first attempted to
locate these RNA classes in the cell and to
determine which of them may correspond to
polyoma-specific mRNA. We therefore labeled
mouse kidney cell cultures with [3H]uridine for
3 h late (26 to 29 h) during the lytic infection. At
this time the rate of synthesis of polyoma RNA
is approaching the maximum. From the sepa-
rated nuclei, cytoplasm, and polyribosomes, we
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extracted total RNA and determined the prop-
erties of polyoma-specific RNA.
The results reported in this paper show that

polyoma-specific RNA sedimenting with coeffi-
cients of 26S or higher is found only in the
nucleus, whereas the 16 to 20S viral RNAs are
found mainly in the cytoplasm, in association
with the polyribosomes. Detailed analysis of the
polyribosome-associated, hybridizable polyo-
ma-specific RNA reveals the presence of at least
two distinct classes, which we designate opera-
tionally as late 19 and 16S mRNAs.

MATERIALS AND METHODS
Cell fractionation and isolation of polyribo-

somes. Primary mouse kidney cell cultures (28) in
88-mm petri dishes were infected (18) with wild-type
polyoma virus 1 day after confluence. Cells were
usually labeled for about 3 h at 37 C with 200 to 300
MCi per dish of [5-3H]uridine (New England Nuclear
Corp., about 25 Ci/mmol) in 1 ml of warm reinforced
Eagle medium. At the end of the labeling period, the
radioactive medium was replaced by medium con-
taining 50 ,g of emetine hydrochloride per ml (Fluka)
and the cultures were incubated for a further 5 min at
37 C (4). The cultures were then put on ice, washed
quickly with ice-cold isotonic buffer (0.25 M sucrose,
10 mM triethanolamine, pH 7.6, 25 mM NaCl, 5 mM
MgCl2) and lysed (2) by the addition of a 1% solution
of Nonidet-P40 (BDH Chemicals, Ltd.) in the same
buffer (1 ml for about 5 x 107 to 8 x 107 cells). The
lysate was collected by gentle scraping and careful
pipetting to disrupt aggregates. Nuclei and large
particles were sedimented by centrifugation at 12,000
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x g for 20 min, the supernatant being the "cytoplas-
mic extract." For isolation of polyribosomes, the
cytoplasmic extract was mixed with 'o volume of 10%
sodium deoxycholate to release membrane-bound
polyribosomes, layered onto a 15 to 50% (wt/vol)
sucrose gradient in 50 mM triethanolamine (pH 7.6),
25 mM NaCl, 1 mM MgCl2, and centrifuged at 40,000
rpm (200,000 x g,,,) for 75 min at 2 C in a Spinco SW
40 rotor. Gradients were collected through a continu-
ous-flow ultraviolet absorbancy monitor (Zeiss) to
analyze the optical density profile. For determination
of radioactivity, samples of each fraction were dried
on filter-paper disks, which were washed at 4 C in 5%
trichloroacetic acid, dried, and counted in toluene-
based scintillation fluid.

Extraction of RNA. (i) Sodium dodecyl sulfate
(SDS) was added to a final concentration of 1% to
cytoplasmic extracts (diluted 1:5 with 0.01 M sodium
acetate, pH 5.1) or to pooled polyribosome fractions
from sucrose gradients. RNA was immediately ex-
tracted at room temperature (20 to 22 C) with an
equal volume of a mixture of phenol-chloroform-
isoamylalcohol in the ratio 50:50:1 (16) in the pres-
ence of 2 mM EDTA. (ii) Total RNA was extracted as
previously described (1, 20) with hot (65 C) phenol-1%
SDS in 0.01 M sodium acetate (pH 5.1).

All RNA preparations were precipitated twice with
ethanol and incubated at 0 C for 30 min with 10 ug of
deoxyribonuclease I per ml (ribonuclease-free, Worth-
ington) in 0.01 M sodium acetate (pH 5.1), 2 mM
MnCl2 to eliminate possible contamination with viral
DNA (1). The enzyme was removed either by adsorp-
tion to Macaloid (100 ,ug/ml) and subsequent centrifu-
gation, or by two extractions with phenol-chloroform-
isoamylalcohol as above. The final RNA preparations
were then reprecipitated with ethanol.
DNA-RNA hybridization. DNA-RNA hybridiza-

tion was performed in 100 gliters of 4x SSC (SSC:
0.15 M NaCl, 0.015 M Na citrate, pH 7.4) at 65 C for
40 to 48 h with two 3.5-mm membrane filters, each
containing 0.2 ug of denatured, purified polyoma
DNA I ("53S"). The filters were subsequently washed
and incubated with 5 sg of RNase per ml in 4x SSC
for 1 h at room temperature, washed extensively,
dried, and their radioactivity measured. Polyoma
RNA is defined as the radioactivity remaining bound
to RNase-treated filters. Blank filters incubated to-
gether with DNA-containing filters retained less than
0.01% of the radioactivity present in the hybridiza-
tion mixture. Details of the hybridization technique
are contained in reference 1.

Sedimentation in sucrose gradients. RNA sam-
ples were analyzed in 4.4-ml, 15 to 30% (wt/wt)
sucrose gradients made in 10 mM triethanolamine
(pH 7.4), 50 mM NaCl, 1 mM EDTA, and centrifuged
in a Spinco SW 56 rotor at 54,000 rpm (300,000 x gau)
and 20 C. Fractions were collected by puncturing the
bottom of the tube and samples were dried on filter
paper disks, which were washed with cold 5% trichlo-
roacetic acid and counted. The remainder of each
fraction was adjusted to 4x SSC by adding 20x SSC
and was hybridized.

Sedimentation in DMSO. Sedimentation in
DMSO was performed as described (1).

Polyacrylamide gel electrophoresis. Polyacryl-
amide gel electrophoresis was performed in a buffer
containing 40 mM triethanolamine (pH 7.4), 20 mM
sodium acetate, 2 mM EDTA, 2.5% glycerol, 0.2%
SDS (12, 1). Gels (10 cm) containing 3% acrylamide
and 0.15% bis-methylene acrylamide were polymer-
ized in 0.6-cm (inside diameter) quartz tubes above
1.5-cm cushions of 5% polyacrylamide. Electro-
phoresis was at 10 V/cm and 22 C. The frozen gels
were sliced into 2-mm disks. The RNA in each slice
was eluted with 100 uliters of 4x SSC at 65 C over-
night. A sample of the eluate was dried on filter-paper
disks, which were washed with cold 5% trichloroacetic
acid and counted. The remainder of the eluate, still
containing the gel slice, was subsequently hybridized
with polyoma DNA.

RESULTS

Sedimentation velocity analysis ofpolyoma
RNA extracted from cytoplasm or nuclei of
infected cells. Polyoma-infected mouse kidney
cell cultures were labeled with [3H]uridine for 3
h, between 26 and 29 h after infection. At this
time, virtually all cells contain intranuclear
polyoma-specific T-antigen and 70 to 80% of the
cells synthesize cell and viral DNA, as deter-
mined by autoradiography (25). The cultures
were lysed with the nonionic detergent NP-40
(2), applied directly onto the cell monolayer;
nuclei and cytoplasm were then separated by
centrifugation, as described in Materials and
Methods.

Figure 1 shows the sedimentation pattern of
RNA extracted with phenol-chloroform at room
temperature from the cytoplasm. Total radioac-
tivity is present in 28 and 18S ribosomal RNA
and 4 to 5S RNA, whereas no radioactivity is
associated with RNA sedimenting faster than
28S. The bands corresponding to 28 and 18S
ribosomal RNAs contain approximately equal
amounts of radioactivity; this pattern is differ-
ent from that of RNA extracted from total cells,
where the 28S RNA band always contains more
radioactivity than the 18S band (see "C-marker
RNA). It probably reflects the more rapid
transport of 18S ribosomal RNA into the cyto-
plasm (24). It should also be noted that the
band containing 28S ribosomal RNA extracted
at room temperature sediments slightly faster
than the corresponding band of "4C-marker
RNA, extracted by the hot-phenol procedure
(65 C). The increased sedimentation velocity is
probably due to the presence of hydrogen-
bonded "7S RNA" (13), which is dissociated
under denaturing conditions, such as elevated
temperatures or concentrated DMSO.
Polyoma RNA was determined in each frac-

tion by hybridization to polyoma DNA immobi-
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lized on membrane filters (1) and present in
excess, as determined in previous DNA-satura-
tion hybridization experiments with total in-
fected cell RNA (unpublished data). The bulk
of polyoma RNA formed a rather broad band
with a sedimentation coefficient of about 16S
and a slightly faster sedimenting shoulder. We
will show in the subsequent sections that this
band comprises two classes of polyribosome-
associated RNA, designated as polyoma-
specific "16S" and "late 19S" RNAs. They
correspond to the 16 to 20S RNA found earlier
in total cell extracts (1). Only very small
fractions of polyoma RNA were found to sedi-
ment slower than 16S and faster than 19S,
whereas none was found to sediment faster than
24S. Thus, polyoma RNAs with sedimentation
coefficients of 26S or higher, which are found in
total cell extracts, are absent in RNA extracted
from the cytoplasm.
These large viral RNAs were found in the

nuclear pellet remaining after separation of the
cytoplasmic fraction. RNA was extracted from
such a pellet by the hot-phenol procedure (20)
and analyzed by sedimentation in linear sucrose
density gradients (Fig. 2). The results show that
total radioactivity is present in large, heteroge-

15 - 28S
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cE 10 - total RNA-A.Ec5 _ /,,\i,,,
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neous RNA, ribosomal precursor RNAs, ribo-
somal 28S RNA, and, to a lesser extent, 18 and 4
to 7S RNAs. The presence of 18S ribosomal
RNA probably reflects a contamination of the
nuclear preparation with cytoplasm. The bulk
of polyoma RNA consists of heterogeneous mol-
ecules with sedimentation coefficients larger
than 26S and a peak of 26S RNA, whereas only
a small fraction of the total viral RNA exhibits
sedimentation coefficients of 20S or less.
Preparation of polyribosomes. Cytoplasmic

extracts were prepared as described above, both
from infected and from uninfected cultures. To
prevent ribosome run-off during manipulations,
emetine was added to the culture medium
before extraction (4). The cytoplasmic extracts
were treated with deoxycholate to release mem-
brane-bound polyribosomes. The polyribosomes
were then separated from soluble components,
single ribosomes, and ribosomal subunits by
sedimentation in sucrose gradients. Figure 3
shows the optical density profile of polyribo-
somes isolated from cultures 30 h after infec-
tion. This profile is indistinguishable from that
observed with polyribosomes prepared from
mock-infected parallel cultures.
For RNA analysis, polyribosomes were pre-
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FIG. 1. Sucrose gradient sedimentation analysis of cytoplasmic RNA from polyoma-infected mouse kidney
cells labeled with [3H]uridine (200 uCi/ml) between 26 and 29 h after infection. The cytoplasmic extract
(prepared as described in Materials and Methods) was diluted fivefold with 0.01 M sodium acetate (pH 5.1)
containing SDS to a final concentration of 1%, and RNA was extracted with phenol-chloroform-SDS at room
temperature (20 to 22 C). About 13 jig of [3H]RNA (20,000 counts per min per gg) was mixed with about 0.7Mg
of mouse cell RNA labeled with ['4C]uridine for 24 h (40,000 counts per min per gg) and extracted with
phenol-SDS at 65 C. Centrifugation was through a 15 to 30% sucrose gradient in a Spinco SW56 rotor (54,000
rpm, 3 h, 20 C). One-third of each fraction was counted, and two-thirds were hybridized to polyoma DNA.
"Total RNA" represents the total 3H counts per minute available for hybridization in each fraction; "polyoma
RNA" represents the aH counts per minute hybridized per fraction. All values are corrected for background
and counting overlap. Blank filters contained less than 2 counts/min.
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FIG. 2. Sucrose gradient sedimentation analysis of RNA from the nuclear fraction of polyoma-infected

mouse kidney cells labeled with [3H]uridine (250 «LCi/ml) between 26 and 29 h after infection. The nuclear pellet
was washed once with cold phosphate-buffered saline before RNA extraction with phenol-SDS at 65 C. About
14 jig of [3H]RNA (33,000 counts per min per jg) was centrifuged on a 4.4-ml 15 to 30% (wt/wt) sucrose gra-

dient in a Spinco SW 56 rotor at 54,000 rpm (300,000 x ga,) for 105 min at 20 C, with "4C-labeled mouse cell
RNA marker in the same tube. One-fourth of each fraction was counted (values are corrected for background
and counting overlap). "Total RNA" represents the calculated total 3H radioactivity in the remainder of each
fraction, which was hybridized to polyoma DNA. "Polyoma RNA" represents the 3H counts per minute
hybridized per fraction. Sedimentation is from right to left. The arrows mark the positions of the 14C-labeled
ribosomal RNAs.

pared from infected cultures labeled with
[3H]uridine for 3 h (26 to 29 h after infection).
Gradient fractions containing polyribosomes
(see Fig. 3) were pooled; RNA was extracted at
room temperature (20 to 22 C) with phenol-
chloroform-SDS and then hybridized with pol-
yoma DNA (see Materials and Methods). Under
the hybridization conditions used, 70 to 80% of
the radioactive, virus-specific RNA was re-

moved from the hybridization mixture during
the first cycle of hybridization. Polyoma RNA
accounted for 1 to 3% of total radioactivity, as

determined in 11 experiments.
Sedimentation pattern of polyribosomal

RNA in sucrose density gradients. In seven

independent experiments, mouse kidney cell
cultures were labeled with [3H]uridine from 26
to 29 h after infection and polyribosomes were

prepared as described in the text to Fig. 3. RNA
was extracted with phenol-chloroform-SDS and
then sedimented through linear sucrose density
gradients. A representative result is shown in
Fig. 4. The patterns of ribosomal RNA and of
polyoma RNA (16 and 19S) are similar to those
of RNA extracted from the cytoplasm (see Fig.
1). However, as expected, less total radioactiv-
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FIG. 3. Sedimentation profile of polyribosomes
from polyoma-infected mouse kidney cells 30 h after
infection. Five infected cultures were lysed in 0.5 ml of
1% NP-40. A cytoplasmic extract, prepared as de-
scribed in Materials and Methods, was centrifuged
through a 12-ml 15 to 50% (wt/vol) sucrose gradient
for 75 min at 40,000 rpm (200,000 x ga,), 2 C, in a

Spinco SW 40 rotor. The gradient was collected
through a flow cell in a Zeiss recording spectropho-
tometer. Sedimentation is from right to left. The bar
indicates the part of the gradient which was pooled as

the "polyribosome fraction" in a standard experi-
ment.
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FIG. 4. Sucrose gradient sedimentation analysis of polyribosomal RNA. Polyoma-infected mouse kidnev cell

cultures were labeled with [3H]uridine (300 ,Ci/ml) between 26 and 29 h after infection. and RNA was

extracted from the isolated polyribosomes with phenol-chloroform-SDS at room temperature. About 20 gg of
[3H]RNA (18,000 counts per min per ug) was mixed with about 1 gg (40,000 counts/min) of "4C-labeled RNA
from uninfected mouse kidney cells extracted with phenol-SDS at 65 C. Centrifugation was through a 15 to 30%7c
sucrose gradient ina Spinco SW56 rotor (54,000 rpm, 3 h, 20 C). Arrows indicate sedimentation values based on
the profile of the "C-marker. "Total RNA" represents the total 3H counts per minute per fraction (after
correction for 14C spill-over). calculated from a sample which was counted. "Polyoma RNA" represents the 3H
counts per minute per fraction hybridized to polyoma DNA. Two more gradients, containing about 50 Ag of the
[3H]RNA each, were run in parallel to this; a sample of each fraction was counted, giving a profile which was
similar to the one shown here. In these two gradients, the fractions corresponding to the bars (21 to 23 and 26 to
27). were separately pooled and precipitated with ethanol, after addition of 10 ,g of E. coli transfer RNA, and
the RNA was used for further analyses (see Fig. 7 and 9).

ity is present in the 4 to 5S region. In all
experiments, 16S virus-specific RNA was the
predominant band, whereas the relative
amounts of 19S RNA varied only slightly.
Evidence that polyoma-specific 16 and 19S

RNAs are polyribosome associated. EDTA
dissociates polyribosomes into mRNA (in the
form of ribonucleoprotein particles; 14, 15) and
ribosomal subunits, which both sediment con-

siderably slower than polyribosomes. If polyo-
ma-specific 16 and 19S RNAs are truly associ-
ated with polyribosomes, then treatment with
EDTA should lead to the disappearance both of
polyribosomes and of virus-specific RNA from
the "polyribosome region" in sucrose gradients.
The following experiment shows that this is the
case.

Cultures were labeled with ['H ]uridine from
26.5 to 30 h after infection. The cytoplasmic
extract was divided into two samples, one of
which served as an untreated control; to the
other sample, EDTA was added to a final

concentration of 20 mM (see legend to Fig. 5).
Both samples were then immediately sedi-
mented through parallel sucrose density gradi-
ents. A sample of each fraction was counted; the
superimposed radioactivity profiles obtained
from the two gradients are shown in Fig. 5. The
untreated control shows the expected pattern of
polyribosomes, which contain about 40% of
total radioactivity present in the gradient; in
contrast, in the EDTA-treated sample only a

very small fraction (3.5%) of total radioactivity
is present in the polyribosome region, whereas
the remainder is found at the top of the gradi-
ent. Fractions 4 to 22 from the polyribosome
region of each gradient were separately pooled
and RNA was extracted with phenol-SDS. Both
preparations were then separately sedimented
through sucrose density gradients. Polyoma
RNA from the untreated control exhibited the
pattern expected for polyoma RNA extracted
from polyribosomes (see Fig. 4); in contrast,
only trace amounts of viral RNA were found in
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the gradient containing RNA extracted from the
EDTA-treated sample.

Sedimentation pattern of polyribosomal
RNA in DMSO gradients. In an attempt to
eliminate the effects of molecular conformation
of polyoma RNA on its sedimentation behavior,
we performed sedimentation velocity analyses
in DMSO gradients under denaturing condi-
tions (22). In three independent experiments,
mouse kidney cell cultures were labeled with
[3H luridine for 3 h, between 26 and 29 h after
infection; polyribosomes were prepared, and
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FIG. 5. Effect of EDTA treatment on the sedimen-
tation behavior of cytoplasmic ribosomal particles.
Eight infected cultures were labeled with [3H]uridine
(300 A Ci/ml) between 26.5 and 30 h after infection. To
one-half (1.0 ml) of the cytoplasmic extract, 0.5 M
EDTA (pH 7.2) was added to a final concentration of
20 mM, and one-fourth of it was immediately cen-
trifuged through a 15 to 50% (wt/vol) sucrose gradient
for polyribosome analysis (SW40, 40,000 rpm, 75 min,
2 C) containing 1 mM EDTA ("EDTA"). One-fourth
of the other, untreated half was centrifuged through a
parallel gradient without EDTA ("Control"). A sam-
ple of each fraction (25%) was acid-precipitated and
counted. "80S" indicates the position of single ribo-
somes, as determined from the optical density trac-
ing. Two gradients containing the remainder of each
sample of EDTA-treated and untreated cytoplasm
were run in parallel to those shown here; fractions 4 to
22 were pooled and RNA extracted with phenol-SDS
for further analyses.

polyribosomal RNA was extracted with phenol-
chloroform-SDS. The RNA was dissolved in
90% DMSO and then analyzed in sucrose den-
sity gradients containing 99% DMSO (1, 22); as
a sedimentation marker, "C-labeled mouse cell
RNA was added, as used in the experiment
shown in Fig. 1. A representative pattern is
shown in Fig. 6. The profile of the 3H-labeled
ribosomal RNA is similar to that observed in
aqueous sucrose density gradients. It should be
noted, however, that the 3H- and "C-labeled
28S ribosomal RNA bands overlap. This can be
explained by the removal in 99% DMSO of 7S
RNA from the 3H-labeled 28S ribosomal RNA
(cf. Fig. 1).

In all experiments, the profile of total radio-
activity showed a small shoulder at about 15S.
Since this shoulder was never found in the RNA
from uninfected cultures, it is probably due to
the presence of viral RNA. In fact, polyoma
RNA sediments in DMSO gradients as a rather
uniform band with a sedimentation coefficient
of 15S with reference to ribosomal RNAs.
Rather surprisingly, no evidence for the pres-
ence of a polyoma-specific 19S RNA could be
obtained in DMSO gradients, although the
resolution is comparable to that of aqueous
sucrose density gradients (cf. Fig. 1 and 4). We
considered the possibility that either 19S RNA
was cleaved in DMSO, or that its sedimentation
velocity relative to 16S RNA decreased, due to a
change in conformation.
The following experiments tend to support

the hypothesis that in 99% DMSO 19S RNA
undergoes a conformational change, which is
reversible after the removal of DMSO.

Polyoma-specific late 19S RNA exhibits in
DMSO gradients a sedimentation coeffi-
cient of 17S. An aliquot of the [3H]uridine-
labeled polyribosomal RNA shown in Fig. 4 was
sedimented in parallel through an aqueous su-
crose density gradient. From this second gra-
dient, the fractions containing polyoma-specific
16 and 19S RNAs, respectively, were pooled as
indicated in Fig. 4; the two RNA samples were
precipitated with ethanol in the presence of
carrier E. coli transfer RNA, resuspended, and
then separately sedimented through 99%
DMSO gradients. As sedimentation marker,
"C-labeled E. coli 16S ribosomal RNA was used
in both gradients. The results (Fig. 7A and B)
show that also under denaturing conditions two
classes of polyoma RNA can be distinguished.
As shown in Fig. 7A, polyoma RNA from the

16S region of a sucrose gradient sedimented in
DMSO slightly slower than the 16S marker, and
formed a relatively uniform and narrow band
with a sedimentation coefficient of 15S (relative
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to the 16 and 18S RNAs). The profile of total
radioactivity shows a major band around 15S,
which mainly corresponds to polyoma RNA,
whereas the minor band corresponds to 18S
ribosomal RNA.

In contrast, polyoma RNA from the 19S
region of the same sucrose gradient sedimented
in DMSO slightly faster than the 16S marker,
with a sedimentation coefficient of about 17S
(Fig. 7B). The band containing polyoma RNA is
somewhat broader than both the bands of 16S
marker and of 16S polyoma RNA sedimented
under the same conditions (Fig. 7A); it remains
unknown whether this increased broadness is
due to a molecular heterogeneity of the 19S
RNA or to a contamination by 16S RNA (15S in
DMSO). However, the results presented below
tend to rule out a major contamination by 16S
RNA.

Analysis of polyribosomal RNA by gel elec-
trophoresis. Polyribosomal RNA extracted
from mouse kidney cell cultures labeled with
[3H]uridine for 3 h between 26 and 29 h after
infection was also analyzed by electrophoresis
in 3% polyacrylamide gels. The results in Fig. 8
show that total radioactivity is mainly present
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in 28 and 18S ribosomal RNAs, which are re-
solved as two narrow bands. In contrast, poly-
oma RNA is more broadly distributed in a band
and a shoulder between 28 and 18S ribosomal
RNAs. The pattern shown in Fig. 8 is represent-
ative of those observed with RNAs obtained and
analyzed in five independent experiments. We
will show below how it relates to the 19 and 16S
RNA classes of sucrose gradients.

Electrophoresis of separated polyoma-
specific 16 and 19S RNAs in polyacrylamide
gels. Another aliquot of the polyribosomal RNA
shown in Fig. 4 was sedimented through a
parallel sucrose gradient; from this third gradi-
ent, the fractions corresponding to the 16 and
19S regions were again pooled (see Fig. 4). The
two RNA samples were precipitated with etha-
nol in the presence of carrier E. coli transfer
RNA, resuspended, and analyzed by electro-
phoresis in polyacrylamide gels under the same
conditions as in Fig. 8.

Figure 9A shows that polyoma RNA from the
16S region of a sucrose gradient forms in poly-
acrylamide gels a relatively broad band which
migrates slightly slower than 18S ribosomal
RNA. Figure 9B shows that polyoma RNA from
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FIG. 6. DMSO-sucrose gradient of polyribosomal RNA. Polyoma-infected mouse kidney cell cultures were
labeled with [3H]uridine between 26 and 29 h after infection and RNA was extracted from the isolated
polyribosomes with phenol-chloroform-SDS at room temperature. About 13 jig of [3H]RNA (9,300 counts per
min per iug) was mixed with about 0.7 Ag of "4C-labeled mouse kidney cell RNA (40,000 counts per min per ug)
and centrifuged through a gradient made in 99% DMSO, I mM EDTA, containing 0 to 10% sucrose and 10 to
89%o deuterated DMSO (Spinco SW 56 rotor, 48,000 rpm, 4.5 h, 27 C). A sample of each fraction was counted
("total RNA" = total 'H counts per minute per fraction, corrected for "C spill-over); the remainder was
precipitated with ethanol in the presence of carrier E. coli transfer RNA, resuspended, and hybridized to
polyoma DNA ("polyoma RNA" = 3H counts per minute per fraction hybridized to polyoma DNA).
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FIG. 7. DMSO-sucrose gradient of 16S and 19S RNAs. From a sucrose gradient run in parallel to the one

shown in Fig. 4 and containing RNA from the same experiment, the fractions corresponding to the 16S band
(fractions 26 to 27) and the 19S shoulder (fractions 21 to 23) were separately pooled, as indicated by bars in Fig.
4. One-half of each RNA sample was precipitated in the presence of 10cig of E. coli transfer RNA, resuspended,
and mixed with approximately 0.5 and 1.5 jig, respectively, of '4C-labeled E. coli 16S ribosomal RNA (about
3,000 counts per min per jAg), in a total volume of 100 jiliters of 90% DMSO, 1 mM EDTA (pH 7.2). The
mixtures were then layered on two gradients made in 99% DMSO, 1 mM EDTA, containing 0 to 10% sucrose
and 10 to 89%1 deuterated DMSO, and centrifuged in a Spinco SW56 rotor (48,000rpm, 8 h, 27 C). A sample of
each fraction was counted ("total RNA" = total 3H counts per minute per fraction, corrected for 'IC spill-over);
the remainder was precipitated with ethanol in the presence of carrier E. coli transfer RNA, resuspended and
hybridized to polyoma DNA ("polyoma RNA" = 3H counts per minute hybridized per fraction). A, 16S pool; B,
19S pool.
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the 19S region forms a very broad band, which
migrates even slower and thus presumably cor-
responds to the shoulder observed in Fig. 8. By
superimposing the two patterns of separated 16
and 19S RNAs from Fig. 9A and B, one obtains
a profile of viral RNA which is similar to that
displayed by total, unfractionated RNA (Fig. 8).

In another experiment, polyribosomal RNA
labeled with [3H ]uridine for 3 h (26 to 29 h after
infection) was extracted and then sedimented
through a DMSO gradient under the same
conditions used in the experiment shown in Fig.
6. The fractions containing polyoma RNA were
pooled, and the RNA was precipitated with
ethanol in the presence of carrier E. coli trans-
fer RNA, resuspended, and analyzed by poly-
acrylamide gel electrophoresis. In a parallel
gel, untreated polyribosomal RNA was sub-
jected to electrophoresis. The pattern of poly-
oma RNA collected from the DMSO gradient
was virtually indistinguishable from that of un-
treated RNA and corresponded essentially to
that shown in Fig. 8.

Polyribosomal RNA (labeled with [3H ]uri-
dine between 26 and 29 h after infection) was
also analyzed by electrophoresis in polyacryl-
amide gels in which formamide was used as a
solvent instead of water, both in the gels and in
the electrophoresis buffer. Although in our
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hands these gels did not allow a resolution as
high as that obtained in aqueous gels, the
profile of polyoma RNA consisted of a peak and
a shoulder, similar to those observed in aqueous
gels of comparable resolution. However, the
peak of 16S polyoma RNA migrated in formam-
ide gels slightly faster than 18S ribosomal RNA,
in contrast to aqueous gels where it migrates
slower than 18S RNA. This result is in agree-
ment with the hypothesis that 16S, as well as
19S, polyoma RNA, undergoes conformational
changes under denaturing conditions, like those
of formamide-polyacrylamide gels. This was
already suggested by the slight shift in sedimen-
tation coefficient in DMSO gradients as com-
pared to aqueous sucrose gradients.

In summary, these results show that polyoma
RNA contains at least two distinct classes of
molecules, which can be separated by sedimen-
tation in aqueous sucrose gradients and by gel
electrophoresis, and which seem to be able to
undergo reversible conformational changes. It
appears likely that conformational variations
within 16 and 19S RNA molecules may, at least
to some extent, account for the broadness of the
bands formed by 16 and 19S RNAs in polyacryl-
amide gels. In addition, a true heterogeneity in
molecular weights may play a role; the latter
possibility is suggested by the broadness of the
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FIG. 8. Gel electrophoretic analysis of polyribosomal RNA. Mouse kidney cell cultures were labeled with
[3H]uridine between 26 and 29 h after infection, and RNA was extracted from the isolated polyribosomes with
phenol-chloroform-SDS at room temperature. About 8 gg of [3H]RNA (16,000 counts per min per ug) was
electrophoresed for 5.5 h. A sample of the eluate of each 2-mm slice was counted, and the remainder was
hybridized to polyoma DNA on filters. "Total RNA" represents the total 3H counts per minute per fraction,
"polyoma RNA" the 3H counts per minute per fraction hybridized to polyoma DNA. Blank filters contained less
than 5 counts/min.
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band formed particularly by 19S RNA in
DMSO gradients.

DISCUSSION
In the present work we labeled polyoma-

infected mouse kidney cell cultures with
[3H]uridine for 3 h late in the lytic cycle (26 to
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29 h after infection); we then analyzed polyoma-
specific RNA extracted from cytoplasm and
nuclei and from isolated polyribosomes by sedi-
mentation in sucrose gradients, DMSO gradi-
ents and by electrophoresis on polyacrylamide
gels.
The results reported here show that polyoma-
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FIG. 9. Gel electrophoretic analysis of 16 and 198 RNAs. From a sucrose gradient run in parallel to the one

shown in Fig. 4 and containing RNA from the same experiment, the fractions corresponding to the 16S band
(fractions 26 to 27) and to the 19S shoulder (fractions 21 to 23) were separately pooled. as indicated by bars in
Fig. 4. The precipitated and resuspended RNA samples were mixed with "4C-labeled mouse cell RNA and
electrophoresed for 6 h. Total radioactivity of a sample of the eluate of each 2-mm slice was measured and the
remainder was hybridized to polyoma DNA on filters. "Total RNA" = total 'H counts per minute per fraction,
corrected for 14C spill-over. "Polyoma RNA" = 3H counts per minute hybridized per fraction. The positions of
28 and 18S ribosomal RNAs (arrows) are derived from the profiles of the "4C-marker RNA. A, 16S pool; B, 19S
pool.

258 J. VIROL.



LATE POLYOMA MRNA

specific RNAs with sedimentation coefficients
of 26S or higher are exclusively present in the
nucleus; in contrast, cytoplasmic viral RNA
comprises two classes of RNA with sedimenta-
tion coefficients of 16S (major fraction) and 19S
(minor fraction), as determined by sedimenta-
tion in sucrose gradients. This is at variance
with other reports (6, 17) on the presence of
large polyoma RNA (26 to 28S) in the cytoplasm
of primary mouse kidney cell cultures late
during the lytic infection.

It should be mentioned that in monkey kid-
ney cell cultures undergoing a lytic infection
with simian virus 40 (SV40), two bands (16 and
19S) of late SV40 RNA were detected by hybrid-
ization methods in RNA extracted from cyto-
plasm (27) and from whole cells (10). These
results were obtained by sedimentation velocity
analyses in aqueous sucrose gradients. In con-
trast, Tonegawa et al. (23), who analyzed cyto-
plasmic late SV40 RNA by sedimentation in
99% DMSO gradients, found a single band sedi-
menting slightly slower than 18S ribosomal
RNA.
Our results show, furthermore, that both 16

and 19S polyoma RNAs are present in cytoplas-
mic polyribosomes in an association which is
sensitive to treatment with EDTA; this suggests
that they are mRNA molecules.

Polyoma-specific 16S RNA may contain the
information for the synthesis of the major viral
capsid protein; this is supported by the follow-
ing indirect evidence. Synthesis of polyoma
capsid protein is inhibited if polyoma-induced
(cellular and viral) DNA synthesis is blocked
with 5-fluorodeoxyuridine (FdU); after the syn-
chronized onset of polyoma-induced DNA syn-
thesis (which can be achieved by the release of
the FdU block by addition of thymidine; 18),
16S polyoma RNA is synthesized, which is
followed by the appearance of the major capsid
protein (21). To obtain more direct evidence it
will be necessary to test whether isolated 16S
RNA is able to direct in vitro the synthesis of
polyoma capsid protein.

Polyoma-specific late 19S RNA, the biologi-
cal significance of which remains unknown, has
a similar behavior in sucrose density gradients
and in polyacrylamide gels to 19S polyoma
RNA synthesized at late times after infection in
the presence of FdU (26). It is not known
whether the two contain the same species of
polyoma RNA and whether they contain se-
quences transcribed from the same region as
"early 19S RNA," which is synthesized in very
small amounts from parental polyoma DNA at
very early times after infection, and which is
thought to carry the information for the "early"
functions of polyoma virus (26).

Results reported in the present paper indicate
that late polyoma RNA sediments, relative to
ribosomal RNA, slightly more slowly in dena-
turing DMSO gradients than in ordinary su-
crose gradients, the decrease in sedimentation
coefficient being from 16 to 15S and from 19 to
17S. On the other hand, polyoma RNA migrates
in polyacrylamide gels, with reference to ribo-
somal RNA, more slowly than expected from
the sedimentation velocity analyses and from
the results of electrophoresis in formamide gels.
These observations can possibly be explained
by (reversible) variations in the conformation of
polyoma RNA under the different experimental
conditions used for analysis. They may also
account for the relative heterogeneity of the
bands of polyoma RNA in polyacrylamide gels.
The results presently available do not exclude
the possibility that, in addition to structural
heterogeneity, there may also exist a heteroge-
neity in molecular weights.
Assuming that the denaturing conditions in

DMSO gradients allow a separation of RNA
molecules based exclusively on chain length
(this may not necessarily be true-see discus-
sion in reference 7) and taking 28, 18S (11), and
E. coli 16S (8) ribosomal RNAs as sedimenta-
tion markers, the molecular weights of 16 and
19S RNAs are estimated to be approximately
500,000 and 700,000, respectively. 16S RNA
should then be able to code for a polypeptide
with a molecular weight of about 50,000. The
reported values for the molecular weight of the
major viral capsid protein lie in this range (5, 19,
21).
Whereas Martin and Axelrod (9) showed that

during the lytic cycle of polyoma one genome
length of viral DNA is transcribed into stable
RNA, the sum of our molecular weight esti-
mates does not account for the equivalent of one
genome. Therefore, these estimates may either
be too low and will have to be revised, or the 16
and 19S RNA classes may contain more than
one RNA species. For instance, the 16S RNA
class could contain, in addition to the mRNA for
the major capsid protein VP1, also the messen-
ger for VP2 (molecular weight about 35,000).
Fingerprint analyses of these proteins do not
make clear at present whether VP2 is derived
from VP1, as recently reported (3), or is a differ-
ent protein (B. Hirt, personal communication).
Our results do not exclude the existence of a
distinct mRNA for VP2, particularly if present
in low amounts, in which case it would not be
resolved from the 16S RNA peak. A solution to
this problem could be approached by using the
separated strands of polyoma DNA or specific
fragments of it in the hybridization assay across
gradients or gels containing polyoma RNA.
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