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By pretreating simian virus 40-infected BSC-1 cells with glucosamine,
[3H]uridine labeling of both cellular and viral RNA can be halted instantaneously
by addition of cold uridine. We have studied the fate of pulse-labeled viral RNA
from cells at 45 h postinfection under these conditions. During a 5-min period of
labeling, both the messenger and nonmessenger regions of the late strand were
transcribed. After various chase periods, nuclear viral species which sediment at
19, 17.5, and 16S were observed. Nuclear viral RNA decays in a multiphasic
manner. Of the material present at the beginning of the chase period, 50% was
degraded rapidly with a half-life of 8 min (initial processing). This rapidly
degraded material was that fraction of the late strand which did not give rise to
stable late mRNA species. Forty percent was transported to the cytoplasm, and
10% remained in the nucleus as material which sedimented in the 2 to 4S region.
These 2 to 4S viral RNAs had a half-life of 3 h, and hybridization studies suggest
that they are in part coded for by the late-strand nonmessenger region and are
derived from the initial nuclear processing step. Another part is coded for by the
late-strand messenger region and may be generated by some subsequent nuclear
cleavages of 19S RNA into 17.5 and 16S RNAs. Transport of nuclear viral RNA
into the cytoplasm was detected after a 5-min pulse and a 7-min chase. The
maximum amount of labeled viral RNA was accumulated in the cytoplasm after
a 30-min to 1-h chase. At least two viral cytoplasmic species were observed.
Kinetic data suggest that 19S RNA is transported directly from the nucleus.
Whether cytoplasmic 16S is formed by cleavage of 19S RNA in the cytoplasm is
not clear. The half-lives of cytoplasmic 19 and 16S RNAs can be approximated as
2 and 5 h, respectively.

Interest in the synthesis and processing of
nuclear RNA and their roles in the regulation of
cytoplasmic mRNA transcripts (see reviews 9,
16, 17, 21) has prompted us to reexamine the
metabolism of the late simian virus 40 (SV40)
viral RNAs.
Weinberg et al. (29) have followed the fate of

labeled viral RNAs by using actinomycin D to
inhibit further RNA synthesis. They showed two
major classes of late SV40-specific mRNA's in
the cytoplasm that sedimented with values of 16
and 19S. Aloni et al. (3) have examined late
mRNA's after various periods of pulse-labeling
and studied the fate of 3-h labeled cytoplasmic
viral RNAs after enucleation of infected cells.
They report two predominant species of viral
RNA, 16 and 19S, with half-lives of 6 and 3 h,
respectively.
We have treated SV40-infected cells with glu-

cosamine before labeling and added cold uridine
and glucosamine after a brief pulse-labeling pe-

riod (24, 30). By using this technique, good pulse-
chase conditions were established. This method
is preferred to the use of actinomycin D, which
may inhibit RNA chain elongation as well as
processing (15). Under pulse-chase conditions
with glucosamine, we have examined the proc-
essing, transport, and degradation of a relatively
homogeneous population of nuclear viral RNA
molecules labeled during a brief pulse. The sizes
and sequence specificities of viral RNAs in both
nucleus and cytoplasm at different time intervals
of chase have been determined.

MATERIALS AND METHODS
Cells and virus. A plaque-purified stock of wild-

type SV40 (strain 776) was grown in a BSC-1 line of
African green monkey kidney cells with an input mul-
tiplicity of 0.01 PFU/cell. For all experiments, BSC-1
cells were grown at 37°C in 150-mm plastic petri dishes
with Eagle medium supplemented with 2 mM gluta-
mine, streptomycin (1.35 mg/ml), penicillin (0.62 mg/
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ml), chlortetracycline (0.2 mg/ml), mycostatin (500 U/
ml), and 10% fetal calf serum. Confluent monolayers
of cells were infected with virus at an input multiplicity
of 20 PFU/cell. The infected cells were then grown at
37°C in the same medium except that it contained 2%
fetal calf serum.

Pulse and chase experiments. At 45 h postinfec-
tion, cells were preincubated for 80 min at 37°C with
20 mM glucosamine in Eagle medium containing 2%
fetal calf serum. The cultures were then rinsed with
prewarmed complete Hanks balanced salt solution and
labeled for 5 min at 37°C with 100uCi of [3H]uridine
per ml (Schwarz/Mann; 33 Ci/mmol) in complete
Hanks solution. In the chase experiments, the cultures
were rinsed with prewarmed complete Hanks solution
and incubated with prewarmed fresh Eagle medium
containing 2% fetal calf serum, 20 mM glucosamine,
and 1 mM cold uridine at 37°C for varying time
intervals.

Cell fractionation and RNA extraction. Cyto-
plasmic and nuclear fractions were prepared by hy-
potonic reticulocyte standard buffer solution swelling
and Dounce homogenization (20). After disrupting the
cells, the cytoplasm was obtained by low-speed cen-
trifugation at 4°C. Final concentrations of 100 ,ug of
RNase inhibitor polyvinyl sulfate per ml and 0.5%
sodium dodecyl sulfate were added to the supernatant.
The cytoplasmic RNA was then extracted from the
supernatant fluid with chloroform:phenol:iso-
amyl alcohol (50:50:1).
The nuclei were washed further with phosphate-

buffered saline containing 1% Nonidet P-40 and 0.5%
sodium deoxycholate. Heterogeneous nuclear RNA
was extracted from the nuclear pellet by the proce-
dures of Scherrer (23) and Meissner et al. (19). A
nuclear pellet from one petri dish was resuspended in
0.5 ml of 2 mM MnCl2-5 mM Tris-hydrochloride (pH
7.0) and held at 0°C for 3 min with 50 ,ug of RNase-
free DNase (31). The solution was adjusted to 10 mM
EDTA and mixed with 10 ml of 0.05 M Tris-hydro-
chloride (pH 7.5) containing 1 mg of polyvinyl sulfate,
0.5 mg of protease K, and 0.4% sodium dodecyl sulfate.
After standing at room temperature for 5 min, 10 ml
of redistilled phenol was added. The mixture was
shaken vigorously in a 60°C water bath for 3 min, 10
ml of chloroform was added, and the mixture was
shaken for another 3 min. After centrifugation the
aqueous phase was extracted twice more with
phenol:chloroform:isoamyl alcohol (vol/vol/vol,
50:50:1). RNA was obtained from the aqueous phase
by ethanol precipitation, and the precipitate was re-
dissolved, treated with DNase, and reextracted with
phenol-chloroform-isoamyl alcohol. The RNA that
was obtained by ethanol precipitation was redissolved
in proper buffers for sucrose gradient sedimentation or
hybridization.

Sucrose gradient sedimentation. To avoid nu-
clear RNA aggregation, RNA samples were denatured
at room temperature for 30 min in 80% dimethyl
sulfoxide, 10% dimethyl formamide, and 10% TES
buffer (0.01 M EDTA-0.01 M Tris-hydrochloride [pH
7.4]-0.2% sodium dodecyl sulfate [pH 7.4] [10]). After
appropriate dilution, the samples were layered on 5 to
20% sucrose (Schwarz/Mann; RNase free) gradients
containing 0.05 M NaCl in TES buffer. The gradients

were centrifuged in an SW 41 rotor at 39,000 rpm for
5.5 h at 20°C. Tubes were punctured at the bottom,
and 0.3-ml fractions were collected.

Hybridization. For hybridization of[3H]RNA with
total SV40 DNA, viral DNA was isolated from purified
virions, and 30 Ag was immobilized on the 30-mm
nitrocellulose filters (Schleicher and Schuell) as de-
scribed by May et al. (18). For hybridization across the
sucrose gradient, minifilters were used. Square mini-
filters (3 by 3 mm) were cut from the 30-mm SV40
DNA (30 ,tg/filter) immobilized filters. Blank minifil-
ters containing no DNA were cut in the same way
from 30-mm blank filters. Hybridizations were per-
formed in 4x SSC (lx SSC = 0.15 M NaCl-0.015 M
Na3 citrate) at 60°C for 18 h, and then the filters were
washed, RNase treated, and washed again. The filters
were dried and counted in toluene-based scintillant.
To determine the relative amounts ofRNA synthe-

sized from messenger and nonmessenger regions of the
early and late strands of SV40 DNA, [3H]RNA sam-
ples were hybridized to separated strands of SV40
DNA fragments immobilized on nitrocellulose strips.
The technique is described in detail by Birkenmeir et
al. (6). In this procedure, SV40 DNA was cleaved by
restriction enzymes Bam I and Hpa II into two frag-
ments: fragment A (map unit, 0.16 to 0.735; clockwise)
and fragment B (0.735 to 0.16 map units; clockwise).
More than 95% of the early viral mRNA sequences are
mapped within the A fragment (5). The two major late
viral mRNA's 16 and 19S extend from 0.94 to 0.17 and
0.775 to 0.17 map units, respectively. The leader se-
quences of the 16S RNA extend from 0.72 to 0.76 map
units (11). Therefore, more than 90% of the late viral
mRNA sequences are mapped within the B fragment.
By denaturation and gel electrophoresis of this DNA
digest, the four single-stranded fragments can be sep-
arated. These fragments, in increasing order of mobil-
ity, are EA (A fragment, early-strand messenger re-
gion), LA (A fragment, late-strand, anti-early messen-
ger region), LB (B fragment, late-strand messenger
region), and EB (B fragment, early-strand, anti-late
messenger region). The four fragments are transferred
from the agarose gels to nitrocellulose sheets as de-
scribed by Southern (27). Usually, a sheet 10 cm wide
by 7 cm long contained 10 [tg of SV40 DNA and was
divided into six strips. To mimimize possible secondary
structures, labeled RNA samples in 0.01x SSC were
heated at 90°C for 10 min before use. Hybridizations
were performed at 68°C in 6x SSC for 18 h. The strips
were washed, RNase treated, and washed again with
lx SSC. Dried strips were momentarily immersed in
toluene containing 2,5-diphenyloxazole (20%, wt/vol)
and subjected to autoradiography with Kodak Royal
X-Omat film. The densitometric tracings were ob-
tained by scanning the autoradiograms in a Gilford
spectrophotometer at 560 nm. The areas under the
peaks were used to calculate the percentages of RNA
hybridizing to these single-stranded DNA fragments.

RESULTS
Kinetics of labeling and processing (de-

cay and export) of nuclear viral RNA. The
incorporation of isotope into the nuclear RNA
or into virus-specific nuclear RNA after 1.5-, 3-,

VOL. 28, 1978



592 CHIU ET AL.

and 5-min pulses was 0.82 x 10, 1.65 x 10b, and
5.08 x 106 and 2.35 x 104, 4.71 x 104, and 13.36
X 104 cpm/dish, respectively. Once the chase
started, no further uptake of isotope was ob-
served (Fig. 1). By monitoring the uptake of
radioactivity into transfer RNA of cultured Dro-
sophila cell lines, an abrupt cessation of labeling
under the same pulse-chase condition has also
been demonstrated by Levis and Penman (15).
The semilog plot of the decay curve of the

total nuclear RNA is multiphasic (Fig. 1). About
half the labeled nuclear cellular RNA was de-
graded after a 1-h chase, and 50% of the material
that remained after a 1-h chase was degraded
during the following 5 h of chase. The relative
amounts of labeled nuclear viral RNA that re-
mained after a 5-min pulse period and chase
periods of 0, 5, 10, 15, 30, 60, 180, and 360 min
were 1, 0.65, 0.43, 0.31, 0.28, 0.17, 0.12, and 0.08,
respectively (Table 1). The semilog plot of the
decay curve of viral nuclear RNA also appears
to be multiphasic (Fig. 1). Fifty percent of viral
nuclear RNA had a half-life of 8 min, which is
much shorter than any significant fraction of the
cellular nuclear RNA. The remaining viral RNA

100
90
80
70-
60
50

40

30

20

x 9 I
8 0

2 7-
o 6-
I 5

-1 0 1 2 3 4 5 6

TIME AFTER CHASE (hr)

FIG. 1. Labeling and decay ofnuclear cellular and
viral RNAs. The incorporation of isotope was mea-

sured after 1.5-, 3-, and 5-min pulses. The 5-min pulse
corresponds to the zero-time chase. Incorporation
was also measured after 5-, 10-, 15-, 30-, 60-, 180-, and
360-min chases. Chase values are from Table 1. Total
nuclear RNA (----0); nuclear viral RNA
(0-C).

decayed more slowly, and it can be further di-
vided into at least two categories. Eighty percent
of the slowly decaying RNA had a half-life of 40
min, and 20% had a half-life of 3 h.
The sizes and sequence specificities of these

viral nuclear RNA populations with different
half-lives were different. Those results will be
presented in the later sections.
Kinetics of labeling and decay of cyto-

plasmic viral RNA. After a 5-min pulse and a
5-min chase, there was a negligible amount of
labeled virus-specific RNA in the cytoplasm.
However, the amount of labeled viral RNA de-
tected in the cytoplasm increased rapidly after
a 10- to 15-min chase period and reached a
maximum after a 30- to 60-min chase (Fig. 2 and
Table 1).
A comparison of the initial amount of labeled

viral RNA in the nucleus (at 0 min of chase) and
the maximal amount of the labeled viral RNA
in the cytoplasm (at 60 min of chase) shows that
at least 35 to 40% of the initially labeled nuclear
viral RNA is transported into the cytoplasm.

After a 1-h chase, only 15% of prelabeled viral
RNA remained in the nucleus (Table 1). More
than half of this nuclear RNA sedimented at 2
to 4S and cannot be chased into the cytoplasm
(see Fig. 3f and below). Therefore, the amount
of labeled RNA that enters the cytoplasmic pool
after a 1-h chase is small. The labeling and decay
curve of cytoplasmic viral RNA (Fig. 2) after a
1-h chase can thus be considered as an approxi-
mate decay curve of the prelabeled cytoplasmic
viral RNA. The cytoplasmic viral RNA also
decays in a complex manner. There was a faster
decay of virus-specific counts at a 1- to 3-h chase,
and the remaining RNA then decayed more
slowly. After an 11-h chase, more than 90% of
the transported cytoplasmic viral RNA had been
degraded (Fig. 2).

Size distributions of nuclear viral RNAs
during the chase. After a 5-min pulse, less
than 10% of the synthesized nuclear viral RNA
had been degraded. As shown in Fig. 3a, the
sizes of these RNAs are heterogeneous, sedi-
menting between 5 and 26S. After a 5-min chase,
35% of the labeled nuclear viral RNA was de-
graded. During this time, most of the viral RNAs
had sizes between 19 and 26S, with a distinct
peak at 19S (Fig. 3b). It seems that processing
occurs very rapidly (if not concurrently) as the
RNA chains are synthesized. After 10 to 15 min
of chase (Fig. 3c and d), viral RNAs with sizes
larger than 19S were further reduced in amount.
Although 19S RNA was the predominant spe-
cies, a small reproducible shoulder that sedi-
ments at 17.5S was generated. After 30 min of
chase (Fig. 3e), the sizes of nuclear viral RNA

J. VIROL.
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TABLE 1. Kinetics ofprocessing ofpulse-labeled SV40 RNAsa

Total triti- Total triti- Total cyto- SV40-specafic
ated cellular Total nfu- % of nuclear ated cellular plasmic % of cyto- cytoplasmic

Timne after nuclear clear SV40O V0se yopamc S4 y
plasmic RNA cpm/

chase nuclear hybridizable SV4-spe cytoplasmic SV40 spe- SV40-specficcae RNA cpm Xl4
cific cpm RNA cpm bridizable SVOae S4-sefc

(x10-6) cpm (x04) (X10-5) cpm (XlO-4) cific cpm nuclear RNAcpm

0 5.08 13.36 2.63 6.21 0 0 0
5 min 4.48 8.80 1.96 6.37 0.11 0.17 0.01
10 min 4.00 5.44 1.36 6.57 0.64 0.98 0.12
15 min 3.88 4.20 1.08 6.76 2.57 3.80 0.61
30 min 3.48 3.80 1.09 7.01 3.91 5.58 1.03
60 min 2.68 2.22 0.82 7.55 4.72 6.25 2.15
3 h 1.68 1.61 0.96 9.58 3.28 3.42 2.04
6 h 1.20 1.02 0.85 13.50 2.56 1.90 2.51
11 h 12.72 0.46 0.36

Confluent monolayers of BSC-1 cells in petri dishes were infected with SV40 virus as described in the text.
At 45 h postinfection, cells were treated with glucosamine, pulse-labeled with [3H]uridine, and chased. Nuclear
and cytoplasmic RNAs were obtained from one petri dish at each chase time interval. Total counts of nuclear
or cytoplasmic RNA was determined by its trichloroacetic acid-precipitable counts. Various portions of total
nuclear or cytoplasmic RNA were hybridized to SV40 DNA on filters (5 [Lg/filter) to obtain a hybridization
saturation curve. The percentage of virus-specific RNA contained in the total RNA was determined within the
linear range of the plot of hybridizable counts versus total input counts.

became more heterogeneous. A species of 16S
RNA was also observed. Meanwhile, small nu-
clear viral RNAs appeared as a discrete peak
sedimenting around 2 to 4S. After a 1-h chase
(Fig. 3f0, 83% of nuclear viral RNA had been
processed, and 2 to 4S RNA gradually replaced
large RNA molecules as the predominant nu-
clear viral species. These small RNAs represent
10% of the initial labeled nuclear viral RNA and
decayed with a long half-life of 3 h (Fig. 3g and
h).
We have pooled sucrose gradient fractions

containing pulse-labeled nuclear RNAs with
sizes smaller than 6S after a 1-h chase. They
were then hybridized with SV40 DNA filters.
The virus-specific RNAs were eluted from the
filters and characterized by 7 M urea-12% acryl-
amide gel electrophoresis (22). The autoradi-
ograms of these gels show that most of the virus-
specific small nuclear RNAs are of sizes around
35 nucleotides. There were also some minor
species with sizes between 40 and 70 nucleotides.

Size distribution of cytoplasmic viral
RNAs during the chase. After a 10- to 15-min
chase (Fig. 4a and b), the predominant cytoplas-
mic species sedimented at 19S. A small amount
of 16S RNA is also observed. 19S and 16S be-
came equally abundant after a 1-h chase (Fig.
4d). Although two RNA species were present
after a 3- and 6-h chase (Fig. 4e and f), 19S
largely diminished, with 16S becoming the pre-
dominant species. After an 11-h chase, all of
these species were still detectable but in much
reduced amounts (Fig. 4g). Very little new la-
beled 16 to 19S entered the cytoplasmic pool
after 1 h of chase. By comparing the counts of
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F." 2. Labeling and decay ofcytoplasmic cellular
and viral RNAs. Values were taken from Table 1.
Total cytoplasmic RNA (----0); cytoplasmic viral
RNA (Q-O).

individual viral species at different time intervals
between 1 to 11 h of chase, the half-lives of the
cytoplasmic viral 19S and 16S RNAs can be
roughly approximated as 2 and 5 h, respectively.
Sequence specificities of nuclear viral

RNAs. (i) Primary sequences. Nuclear RNA
was isolated after a 6-min pulse. Based on the
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decay kinetics of nuclear viral RNA, less than
10% of the labeled nuclear viral RNA was proc-
essed. To determine the sequence specificity of
these primary products, the RNA was hybrid-
ized with four single-stranded SV40 DNA frag-
ments as described above.
As shown in Fig. 5b, more than 90% of the

nuclear viral RNA is specific to the late strand.
The ratio of the late-strand messenger region
(LB, map unit 0.735 to 0.16) specific sequences
to late-strand nonmessenger region (LA, map
unit 0.16 to 0.735) specific sequences is 1.7. There
was also a small amount of RNA synthesized
from the early strand. Due to the large excess of
late RNA, self-annealing of complementary
RNA strands may occur in the hybridization
solution and mask the detection of such a minor
species. By using an alternative hybridization
technique such as radioactively labeled early-
strand SV40 DNA hybridizing with the cold
RNA, trace amounts of early-strand-specific
RNA also can be demonstrated. The result is
almost identical to the pattern of RNA synthe-
sized in vitro after Sarkosyl extraction of virus-
infected nuclei after 45 h postinfection (Fig. 5a).
During in vitro RNA synthesis, presumably no
processing is involved. Therefore, we conclude
that the primary nuclear viral RNA is mainly
specific to the late strand, with sequences cor-
responding to both messenger and nonmessen-
ger regions.

(ii) Nuclear RNAs that remain after the
initial 15-min chase period. Pulse-labeled nu-
clear RNA was isolated after a 15-min chase and
hybridized to single-stranded SV40 DNA frag-
ments on nitrocellulose strips. Although the
whole late strand was transcribed, the nonmes-
senger sequences were rapidly degraded within
10 to 15 min of chase (Fig. 5c). The RNA ratio
of the messenger sequences (LB) to nonmessen-
ger sequences (LA) is 17. The nuclear viral RNA
sequences that were degraded during this chase
period cannot be found in the cytoplasm. A small
amount of early RNA was now better visualized
on the strips due to the disappearance of the
late nonmessenger sequences.

(iii) Properties of RNAs sedimenting at
16 to 19S and 2 to 4S that are present in the

nucleus. By studying the size distributions of
nuclear viral RNAs during various chase periods
(Fig. 3), we found that the nuclear viral RNAs
of sizes 16 to 19S have a half-life of 40 min,
whereas nuclear viral 2 to 4S RNAs have a half-
life of 3 h. To determine the sequence specifici-
ties of these RNAs, pulse-labeled RNA was iso-
lated after a 1-h chase period. We chose this
time point because most nuclear viral RNAs
with various discrete sizes are present. The bulk
RNA was fractionated through sucrose gra-
dients, and regions of 16 to 19S and smaller than
6S were pooled separately and ethanol precipi-
tated. These RNAs were hybridized to single-
stranded SV40 DNA fragments on nitrocellulose
strips. As shown in Fig. 6b, more than 80% of
the 16 to 19S RNAs were specific to the late
messenger region (LB, map unit 0.735 to 0.16).
At 1 h of chase, the small nuclear viral RNAs

had a very different sequence specificity than
the 16 to 19S species. The relative abundance of
sequences specific to early-strand messenger
(EA), late-strand nonmessenger (LA), late-
strand messenger (LB), and early-strand non-
messenger (EB) regions was 1:1:2:0.5 (Fig. 6a).

DISCUSSION
It is difficult to carry out pulse-chase experi-

ments with RNA because the large intracellular
pool of labeled ribonucleotides is not diluted out
by the exogenous addition of unlabeled nucleo-
sides or nucleotides. Scholtissek (24) demon-
strated that glucosamine can rapidly empty the
UTP pool by forming UDP-N-acetylglucosa-
mine. Glucosamine has no side effect on the
normal metabolism of cellular nonribosomal
RNA (15) or viral RNA (30). We have observed
normal patterns of cellular ribosomal and nu-
clear RNA metabolism in sucrose gradients after
different chase periods under our conditions.

After having established pulse-chase condi-
tions, we examined the synthesis and metabolic
fate of SV40 RNA sequences. In the present
study we find that after a 5-min labeling period,
more than 90% of the in vivo-synthesized nuclear
viral RNA is specific to the late strand at 45 h
postinfection. This is in good agreement with
the studies obtained from in vitro RNA synthe-

FIG. 3. Size distributions of nuclear viral RNAs during the chase. At 45 h postinfection, cells were pulse-
labeled with [3H]uridine and chased. Nuclear RNA was isolated from one petri dish at each chase time
interval. The ethanol precipitates of RNA were resuspended in proper buffer and briefly denatured as
described in the text. Small amounts of ['4C]uridine-labeled ribosomal RNA were added as markers. Each
sample was divided, and half was centrifuged through a 5 to 20%o sucrose gradient. Fractions were collected,
and 20-,ul portions from each fraction were used to determine the total nuclear RNA counts. SV40 DNA (5 jig)
on minifilters as well as the blank filters was hybridized with RNA in each fraction to determine the virus-
specific counts. The three arrows from left to right are the positions of 28, 18, and 4S RNAs. Sedimentation
profiles ofpulse-labeled nuclear RNAs at (a) 0 min, (b) 5 min, (c) 10 min, (d) 15 min, (e) 30 min, (f) 1 h, (g) 3 h,
and (h) 6 h of chase are presented. Total nuclear RNA (A- - -A); nuclear viral RNA (- .

VOL. 28, 1978



0 10 20 30 40 50

10

j
10 20 30 40 50

CN -7Io 4

4050~~~~~~~~~
x

(c) x

2 12- -4

_L U

u ~~~~~~~19S(

16S

0

7~~~~~~~~

0 10 20 30 40 50

r -

18

8 (d)

12 t 16S +, - 3
19S j '

10 20 30 40 50

10 20 30 40 50

FRACTION NUMBER

0 10 20 30 40 50

FRACTION NUMBER

FIG. 4. Size distributions of cytoplasmic viral RNAs during the chase. Experimental conditions were the
same as in Fig. 3 except that cytoplasmic RNAs were examined at (a) 10 min, (b) 15 min, (c) 30 min, (d) 1 h,
(e) 3 h, (f) 6 h, and (g) 11 h of chase. Halfof the cytoplasmic RNA isolated from one petri dish of infected cells
at each chase time interval was centrifuged through sucrose gradient and subsequently hybridized with SV40
DNA minifilters. After the 11-h chase, twice the amount of total RNA was applied to the gradient. Sedimen-
tation profiles ofpulse-labeled total cytoplasmic RNAs (A---- -A); cytoplasmic viral RNAs (E-I).

596

-

r--

AP

re

b

19S

I~~~~~~~~~~~~~~~~~~~~~~~I

A



DEGRADATION OF NONMESSENGER SV40 TRANSCRIPTS 597

(a)

4

(b) (c)

4 10%

5%

85%o

EA

LA

LB

EB

FIG. 5. Sequence specificities of nuclear viral RNAs with or without processing. Cells were used at 45 h
postinfection. Nitrocellulose strips with 1 pg of single-stranded SV40 DNA fragments were used to hybridize
with the following RNA samples: (a) in vitro [32P]UTP-labeled RNA synthesized by Sarkosyl extracts of
nuclei from two petri dishes of infected cells; (b) in vivo [3H]uridine-, 6-min pulse-labeled nuclear RNA from
one petri dish of infected cells; (c) nuclear RNA isolated from one petri dish of infected cells pulsed for 5 min
with [3H]uridine and chased for 15 min. The samepatterns ofhybridization are obtained with lower dilutions
of input-labeled RNA samples.

sis after Sarkosyl extraction of infected nuclei
with either SV40 (6, 14, 25) or polyoma virus (8).
This in vivo-synthesized primary nuclear viral
RNA is complementary to both messenger and
nonmessenger regions in equal abundance.
Shani et al. (25) and Condit et al. (8) hybridized
the in vitro-synthesized RNA with restriction
fragments of viral DNA, and they also found
that both messenger and nonmessenger regions
are transcribed. Processing of SV40 nuclear
RNA can be divided into at least two steps.
Although the whole viral late strand is tran-
scribed in the nucleus at 45 h postinfection, the
nonmessenger region (LA, map unit 0.16 to
0.735) is degraded into an acid-soluble form with
a half-life of 8 min. We call this the initial nuclear
processing step. There are at least three viral
RNA species which appear in the nucleus after
a 5-min pulse and a 10- to 30-min chase. The
19S is first observed, and then 17.5 and 16S
RNAs are detected. 16 and 17.5S RNAs may be
derived from the cleavage of 19S during subse-
quent nuclear processing steps. All of these mol-
ecules correspond to the late messenger region
(LB, map unit 0.735 to 0.16). They are trans-

ported into the cytoplasm within 80 min after
their synthesis.
The heterogeneity of viral species seen in the

cytoplasm and nucleus after various chase times
was reproducibly observed. This is somewhat
different from those reports obtained by others
(3, 29). It is possible that our chase conditions
minimize the accumulation of counts in major
species that may occur during a long pulse. Such
an accumulation of a major species could mask
the detection of minor viral RNA species.
By comparing the profiles in the sucrose gra-

dients of various cytoplasmic and nuclear viral
species after different chase times, it is likely
that cytoplasmic 19S is transported as such from
the nucleus. 19S RNA is the predominant cyto-
plasmic species seen in the short chase, whereas
16S is the predominant species in the longer
chase. These results are in good agreement with
those by Aloni et al. (3). The precursor-product
relationship between the cytoplasmic 19 and 16S
is not obvious. 16S RNA is observed in the
cytoplasm after a 10- to 15-min chase where
there are only 19 and 17.5S RNAs in the nucleus
(Fig. 4a and b, and 3c and d). We do detect
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FIG. 6. Sequence specificities of nuclear RNAs
with half-lives of40 min (16 to 19S) and 3 h (2 to 4S).
Nuclear RNA was isolated from two petri dishes 45
h postinfection after a 5-min pulse with [3H]uridine
and a 1-h chase. The RNA sample was sedimented
through a 5 to 20%o sucrose gradient. Fractions of 16
to 19S and 2 to 4S RNAs were pooled separately and
hybridized to strips of 1 pg of single-stranded SV40
DNA fragments. (a) RNA of sizes 2 to 4S; (b) RNA of
sizes 16 to 19S.

significant amounts of 16S in the nucleus at 30
min of chase and thereafter (Fig. 3e and f). If we
compare the amounts of labeling of cytoplasmic
viral RNA at the 0- and 5-min chase times with
the labeling of nuclear viral RNA at these same
times (Table 1), we can conclude that we have
less than 1% cross-contamination. The distinct
sedimentation profiles of nuclear and cytoplas-
mic viral RNA after a 6-h chase (Fig. 3h and 4f)
also indicate that cross-contamination is not a

problem. Therefore, viral nuclear 16S RNA can-

not be the consequence of cytoplasmic contam-
ination. We cannot exclude the possibility that
nuclear 16S may be a nonspecific degradation
product. However, the reproducible appearance
of a unique 16S nuclear peak at various later
chase time intervals (Fig. 3) strongly suggests
that it is not so. 16S RNA may be cleaved from
the larger viral species by a mechanism such as

splicing (2, 4, 7) within the nucleus followed by

its rapid transport into the cytoplasm. This
would be analogous to ribosomal 28 and 18S,
which are also rapidly transported and cannot
be detected in the nucleus (20). Alternatively,
cleavage of larger viral RNA species into 16S
RNA may proceed in both nucleus and cyto-
plasm. The data that we have do not permit a
definite conclusion.
The 2 to 4S labeled nuclear viral RNA, rep-

resenting 10% of the initial nuclear viral RNA
labeling, seems to be a mixed population derived
from various nuclear processing steps. Forty per-
cent of these molecules hybridize equally to both
the early and late strands of the Bam I-Hpa II-
A fragment with map unit 0.16 to 0.735 (EA and
LA, see Fig. 6a). It is possible that they are
RNAs coded for by pallindromic regions that
correspond to nonmessenger regions of the late-
strand primary transcript. Because the hairpins
have approximate twofold axes of symmetry,
these late nonmessenger fragments would hy-
bridize efficiently with both early and late
strands. These hairpins may include regions of
map unit 0.68 ± 0.03, 0.17 + 0.02, and 0.26 ± 0.02
in A, C, G, and B Hin II, -III digest fragments
(13, 26, 28). Similar hairpin structures may also
be found in the early-strand nonmessenger re-
gion. Hairpin regions would be more resistant to
degradation, and, therefore, they would have a
long half-life and generate a much larger intra-
nuclear pool. A large unlabeled 2 to 4S pool may
partly explain why labeled 2 to 4S RNAs appear
only after a 30-min to 1-h chase. Approximately
40% of the small RNAs are specific to only the
messenger region (LB, map unit 0.735 to 0.16) of
the late strand. These RNA fragments may be
the side products of subsequent nuclear process-
ing steps such as cleavage of nuclear l9S to 17.5
and 16S. Because these cleavage steps are de-
tected at 15 to 60 min after a chase, this may
also explain why the small nuclear viral RNAs
appear after a 30-min chase time interval.
The various steps of selecting transcribed se-

quences for messengers from the nucleus to the
cytoplasm are important in the control of gene
expression (16, 17). Further studies will be
needed to determine, in detail, these processing
mechanisms and possible biological functions of
the RNA sequences restricted in the nucleus.
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