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We examined the kinetics of accumulation and processing of simian virus 40
(SV40) RNA in stage 6 oocytes of Xenopus laevis microinjected intranuclearly
with SV40 DNA. The rates of synthesis and degradation, cellular distribution,
size, and sequence specificity of radiolabeled SV40-specific and endogenous
oocyte RNA were determined. The kinetics of accumulation of SV40 RNA were
biphasic, with greater than 90o of the viral RNA turning over in the nucleus with
a half-life of 20 to 40 min. Although most of the primary transcription products
were multigenomic in length, some stable polyadenylated SV40-specific RNA
similar in size and sequence to late 19S mRNA accumulated in the cytoplasm with
time. Differences in strand preference, efficiencies of transcription termination
and polyadenylation, and the splice sites used in the synthesis and processing of
SV40 RNA in Xenopus oocytes and monkey cells were noted. However, these
differences were quantitative, rather than qualitative, in nature. Consequently,
they are probably due to regulatory rather than mechanistic differences between
the two cell types. We therefore conclude that Xenopus oocytes may be a useful
system for studying both mechanistic and cell type-specific regulatory aspects of
mRNA biogenesis from cloned DNAs. However, since only a small percentage of
the initially synthesized RNA ends up in stable mRNA, it will be important to
determine whether mutants of cloned DNAs that produce abnormal amounts of
stable mRNAs are altered in promotion and initiation of RNA synthesis, tran-
scription termination, RNA processing, or the stability of the resultant mRNAs.

Anderson and Smith (3) have studied the
synthesis and degradation of heterogeneous nu-
clear RNA in stage 6 oocytes ofXenopus laevis.
Their data indicate that approximately 95% of
this RNA turns over in the nucleus and that it
possesses many of the characteristics seen for
heterogeneous nuclear RNA made in somatic
cells. However, it would be useful to follow the
synthesis of specific mRNAs rather than the
heterogeneous mixture of all mRNAs made by
oocytes. Mertz and Gurdon (24) discovered that
purified DNAs from heterologous sources are
transcriptionally active after microinjection into
the nucleus (germinal vesicle) of Xenopus oo-
cytes. Since then, numerous workers have dem-
onstrated that a variety of genes encoding pro-
teins, as well as tRNAs and 5S RNA from both
homologous and heterologous species, are tran-
scribed faithfully in Xenopus oocytes by the
appropriate RNA polymerases (6, 9, 10, 15, 19,
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20, 22, 26, 31; see ref. 16 for review). Conse-
quently, the Xenopus oocyte system may be
useful for examining various mechanistic details
concerned with expression of cloned eucaryotic
genes.
We have studied transcription of simian virus

40 (SV40) DNA, a small double-stranded DNA
virus whose natural host is monkeys. Although
SV40 DNA is not normally expressed in frog
cells, we decided to use this small, 5,243-base-
pair genome for several reasons. First of all, the
SV40 genome is one of the best characterized
eucaryotic DNAs (see ref. 36 for review). It is
almost completely dependent upon the host for
its expression and uses cellular enzymes for
synthesizing and processing its RNAs. Its DNA
is found in association with cellular chromo-
somal proteins in the usual nucleosomal arrange-
ment, and this viral "minichromosome" is tran-
scribed by RNA polymerase II. In addition,
there exist both early and late phases to the
expression of its genome during its normal lytic
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cycle of infection of monkey cells. Finally, the
SV40-encoded proteins are known to be synthe-
sized in SV40 DNA-injected oocytes (9, 13a,
31). Therefore, at least some of the virus-specif-
ic RNA is properly processed, transported, and
translated. Thus, SV40 can not only be used to
study promotion and initiation by RNA poly-
merase II, but also to examine various aspects of
RNA processing and transport, translation, and
post-translational modification of proteins.

In this paper, we analyze the kinetics of
accumulation and processing of SV40-specific
RNA in Xenopus oocytes and show that, as
expected for mRNAs, some of the virus-specific
RNA becomes polyadenylated [poly(A)+], and a
small percentage of it is transported to the
cytoplasm where it gradually accumulates as a
set of species similar in size and sequence to
those seen in infected monkey cells. The infor-
mation presented here should be useful to any-
one employing the Xenopus oocyte system for
studying the expression of cloned eucaryotic
message-encoding DNAs. Furthermore, it re-
minds us of the importance when mapping pro-
moters of determining whether mutants of
cloned DNAs that produce abnormal amounts of
stable mRNAs are truly altered in promotion
and initiation of RNA synthesis, rather than in
transcription termination, RNA processing, or
the stability of the result mRNAs.
We have already used the information ob-

tained from this paper to aid us in the interpreta-
tion of data concerned with examining: (i) the
viral and cellular components needed for promo-
tion and initiation of SV40 RNA synthesis (25;
J. E. Mertz, L. Trimble, T. J. Miller, and G. Z.
Hertz, mnuscript in preparation); and (ii) the
reason for the transcriptional inactivity in vivo
of linearized message-encoding templates (23).
These experiments were feasible with the Xeno-
pus oocyte system because we could: (i) perform
short pulse-labeling experiments in vivo with
radiolabeled triphosphates and thereby deter-
mine the rates of synthesis of viral RNA as well
as steady-state levels; (ii) inject DNA molecules
already in association with chromosomal pro-
teins; (iii) follow the fate of the injected tem-
plates knowing that a majority of them were
interacting with cellular components in a biologi-
cally meaningful manner; and (iv) recover both
the injected samples and products made from
them in quantities sufficient for a variety of
biochemical analyses. Introduction of DNAs
into mammalian fibroblasts by transfection or
microinjection, although enabling one to use the
natural host, lacks these other desirable fea-
tures. In addition, although oocytes fail to regu-
late SV40 mRNA synthesis precisely in the
manner observed in monkey cells, these quanti-
tative differences may provide insights into the

ways that different cell types may differentially
affect regulation of expression of a mammalian
operon.

MATERIALS AND METHODS

Microinjection of SV40 DNA and purification ofRNA
from oocytes. Early stage 6 oocytes, obtained as de-
scribed previously (32), were injected intranuclearly
with 10 nl of injection medium (24) containing 500 ,ug
of supercoiled (form I) SV40 DNA per ml that had
been purified from SV40-infected African green mon-
key kidney cells. Consequently, each oocyte received
5 ng of SV40 DNA or approximately 109 viral ge-
nomes. The techniques used for microinjection have
also been described previously (32). After incubation
at 19°C for approximately 24 h, the oocytes were
labeled by microinjection into the animal pole of 20 nl
of injection medium containing 25 mCi of [8-3H]GTP
(16 Ci/mmol) or [a-32P]GTP (ca. 25 Ci/mmol) per ml.
Oocytes were then placed in fresh HEPES (N-2-
hydroxyethypiperazine-N'-2-ethanesulfonic acid)-
modified Barth's solution (14). At appropriate times
thereafter, the oocytes were harvested in groups of 10
to 20 by homogenization with an adjustable 1-ml
pipettor in proteinase K buffer (50 ,ul per oocyte of 50
mM Tris-hydrochloride [pH 7.4], 10 mM EDTA, 1%
sodium dodecyl sulfate [SDS], and 750 ,ug of protein-
ase K per ml). The homogenized oocytes were incu-
bated at 37°C for 1 to 2 h, diluted with an equal volume
of TES buffer (0.1 M Tris-hydrochloride [pH 9.0], 1
mM EDTA, 0.5% SDS), and extracted twice with
phenol-chloroform-isoamyl alcohol (25:25:1). The or-
ganic phases were reextracted with TES. The nucleic
acids in the resulting aqueous phases were combined
and precipitated with ethanol. (Carrier was not added
since Xenopus oocytes contain 4 ,ug of endogenous
RNA.) After suspension in 0.25 ml of DNase I buffer
(25 mM NaCl, 20 mM Tris-hydrochloride [pH 7.4], 5
mM MgCl2, and 1 mM CaC12), each sample was
incubated for 15 min at 37°C with 5 1lI of DNase I (1
mg/ml in 1 mM HCl; Worthington, Biochemical
Corp.), diluted to 1 ml in TES, extracted once with
phenol-chloroform-isoamyl alcohol, precipitated with
ethanol, and suspended in 0.1 x SSC (1 x SSC is 0.15
M NaCl plus 0.015 M sodium citrate [pH 7.0])-0.2%
SDS-0.2 mM EDTA at 5 Stl per oocyte equivalent.
Recoveries of acid-precipitable radiolabeled material
were routinely greater than 95%.
Manual dissection of oocyte nuclei. Groups of 10 to 20

oocytes were pipetted into a 1O-tI droplet of HEPES-
modified Barth's solution placed on a piece of Parafilm
stretched over the bottom of a 60-mm-diameter petri
dish. Each oocyte was held stationary with a pair of
watchmakers forceps while a microinjection needle
(ca. 50-pm tip diameter) was used to poke a hole at the
animal pole. The nucleus was extruded through the
hole by gently squeezing the oocyte with the forceps,
washed with HEPES-modified Barth's solution, and
transferred to proteinase K buffer with a 50 .J pipette.
Nuclei isolated in this manner were essentially free of
cytoplasm. The droplet, containing the remainder of
the oocyte and any material that leaked out of either
the nuclei or cytoplasm of the oocytes during the
nuclear isolation procedure, was transferred to a sepa-
rate tube containing proteinase K buffer. Consequent-
ly, this latter material, although considered to be the
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SYNTHESIS OF SV40 RNA IN XENOPUS OOCYTES

cytoplasmic fraction, was frequently contaminated
with small amounts of nuclear RNA. Both the nuclear
and cytoplasmic fractions were then homogenized
separately, and the RNA was purified from them as
described above.

Purification of poly(A)+ RNA. Oligodeoxythymidy-
lic acid cellulose (no. 7; Bethesda Research Labora-
tories, Inc.) was prepared and used to select for
poly(A)+ RNA essentially as described by Aviv and
Leder (4).

Hybridization of SV40-specific RNA. One to six
oocyte equivalents of purified RNA were incubated in
150 ,ul of 4x SSC-0.2% SDS at 67 to 68°C for 16 to 24
h in the presence of a 6.5-mm-diameter nitrocellulose
filter (Millipore Corp.) containing ca. 0.125, 0.25, or 0.50
,ug of denatured SV40 DNA fixed to the nitrocellulose
as described by Raskas and Green (27). All samples
were assayed in duplicate with filters containing differ-
ent amounts of SV40 DNA to ensure that the hybrid-
izations had been performed in DNA excess and that
the values obtained were reproducible. Blank filters,
prepared as described above but containing no SV40
DNA, were placed in the same hybridization reactions
to determine the background levels of nonspecific
binding of radioactivity to the filters. After incubation
with RNA, each filter was washed extensively in 2x
SSC at room temperature, treated with RNase A (10 to
50 p.g/ml in 2x SSC) for 0.5 h at 37°C, washed again,
and then dried. The amount of radioactivity that
hybridized was determined by scintillation spectrosco-
py. Corrections were made for machine backgrounds
of approximately 10 and 16 cpm for 3H and 32P,
respectively.
The strand and region specificities of the radiola-

beled SV40-specific RNAs were determined by hy-
bridization of the purified RNAs to nitrocellulose
strips containing an appropriate set of SV40 DNA
restriction fragments. The RNAs were heated at 60°C
for 1 to 2 min and then the hybridizations were
performed at 68°C in 0.5 to 1.0 ml of 6x SSC-0.2%
SDS-0.2 mM EDTA for 1 to 3 days. The filters were
subsequently processed as described above, except
that washes at 68°C in 2x SSC were also included. The
pattern of bound radioactivity was determined by
autoradiography.
The total amount of radioactivity incorporated into

each RNA sample was determined by using DE81
filters. After application of the RNA, each filter was
washed three times (5 min each) in 0.5 M sodium
phosphate (Na2HPO4), twice in water, and twice in
95% ethanol. The amount of radioactivity that bound
was determined by scintillation spectroscopy.
Formaldehyde-agarose gel electrophoresis. RNA

samples to be sized by electrophoresis were precipitat-
ed with ethanol and suspended in 25 fIl of running
buffer (20 mM morpholine propanesulfonic acid [pH
7.0], 5 mM sodium acetate, 1 mM EDTA) containing
50o formamide-2.2 M formaldehyde. The samples
were heated for 5 min at 60°C, made 10%o sucrose and
0.2% bromophenol blue, applied to 1% agarose gels
containing 2.2 M formaldehyde, and electrophoresed
for 16 h at 50 V.
To determine which size classes of RNAs were

SV40 specific, the RNAs were transferred out of the
gel onto a nitrocellulose filter by using 20x SSC
essentially as described by Southern (33) and Thomas
(35). The filter was preincubated in 50% formamide-

Sx SSC-1 x Denhardt buffer (0.2% bovine serum
albumin, 0.2% Ficoll, 0.2% polyvinylpyrrolidone)-
0.1% SDS and 10 ,ug of yeast RNA per ml for S h at
42°C and then hybridized with 32P-labeled SV40 DNA
for 16 h at 42°C in the same mixture lacking yeast
RNA. Afterward, the filter was washed twice with 3 x
SSC-50o formamide for 15 min at 42°C; twice with 2x
SSC-0.08% PP,-0.1% SDS for 15 min at 42°C; six
times in 1 x SSC-0.08% PP,-0.1% SDS for 30 min at
65°C; and then dried and autoradiographed.

Preparation of separated straads of the early and late
regions of SV40 DNA. SV40 DNA was cleaved with the
restriction endonucleases HpaII and BamHI, dena-
tured with 0.15 N NaOH4.02 M EDTA, and electro-
phoresed at 1 V/cm in a 1.5% agarose gel containing 36
mM Tris-hydrochloride-30 mM NaH2PO4-1 mM
EDTA (pH 7.8) as the running buffer. The DNA was
transferred from the gel onto nitrocellulose paper by
using 20x SSC essentially as described by Southern
(33).
Rate measurements and quantitation of data. The

kinetics of accumulation and degradation of SV40
RNA were measured at various times after injection
by hybridization of the 3H-labeled oocyte RNA to
SV40 DNA bound to filters. The efficiency of hybrid-
ization, measured by adding known amounts of in
vitro synthesized 32P-labeled SV40 RNA to the reac-
tion, varied from 50 to 709o. Picomoles of GTP incor-
porated were converted to nanograms ofRNA, assum-
ing that the base composition (GMP) of SV40 RNA
was 21% (36). The specific activity of the GTP pool for
stage 6 oocytes is approximately 3,000 dpil/pmol
based upon the similar labeling conditions employed
by Anderson and Smith (3). Using the above informa-
tion, we converted the amount of radioactivity bound
to filters to picomoles and nanograms of newly synthe-
sized SV40-specific RNA, assuming that 885 cpm = 1
pmol of GTP = 6 ng of SV40 RNA. Rate constants
were calculated as described by Anderson and Smith
(3). Rates of unstable RNA synthesis were determined
from the equation dC/dt = KU, - KdC, where C is the
amount of radiolabeled unstable RNA, KU, is the rate
of synthesis of unstable RNA in units of mass per unit
of time, and Kd is the decay constant, which is
considered to be first order and is in units of reciprocal
time (Kd = In 2 divided by the half-life). Ks, the
synthetic rate constant of stable RNA accumulation,
equals dC./dt, where C, is the amount of stable radio-
labeled RNA.
Measurement of the rate of degradation of SV40

RNA was performed by injecting radiolabeled oocytes
intranuclearly with 10 nl of a-amanitin (100 ,ug/ml).
Assuming that the a-amanitin disperses throughout the
oocyte and that an oocyte is approximately 1 Ild in
volume, this gives a final a-amanitin concentration of 1
pLg/ml. This concentration inhibits greater than 95% of
RNA polymerase II activity (15, 30; T. J. Miller and
J. E. Mertz, unpublished data) and therefore serves as
an effective chase for radiolabeled SV40 RNA. The
decay constants were estimated at appropriate times
from the slopes of the lines indicating radioactive
SV40 RNA versus time after addition of a-amanitin as
plotted on semi-logarithmic paper.

RESULTS
RNA synthesis and degradation in ful-grown

oocytes. The kinetics of accumulation of SV40
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FIG. 1. Synthesis of total RNA (0) versus SV40 RNA (0) in Xenopus oocytes. Groups of 30 oocytes were
microinjected with 10 nl of a 500-,ug/ml solution of SV40 DNA. Twenty-four hours later, [3H] GTP (20 nl of a 25-
mCi/ml solution at 16 Ci/mmol) was added. At various times thereafter, oocytes were harvested and their RNA
purified as described in the text. Total radiolabeled RNA was determined with a DE81 filter binding assay (see
the text) which retains all RNA larger than 5 to 8 nucleotides in size. 3H-labeled SV40-specific RNA was
determined by hybridization to SV40 DNA bound to filters.

and total oocyte RNA in early stage 6 oocytes
are shown in Fig. 1, and the kinetics of degrada-
tion of SV40 RNA is presented in Fig. 2. Since
the latter curve is clearly biphasic, we analyzed
both sets of data assuming that the RNAs con-
tain short-lived and long-lived components. In

addition, Anderson and Smith (3) have shown
that the pool of GTP decreases less than 10%
during a 24-h incubation period under experi-
mental conditions similar to those employed by
us. Consequently, the decreases with time in the
rates of accumulation of the radiolabeled RNAs
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FIG. 2. Disappearance of radiolabeled SV40-specific RNA under chase conditions. Groups of 30 oocytes

were microinjected intranuclearly with 20 nl of injection buffer containing 250 Lg of SV40 DNA and 25 mCi of
[3H]GTP (16 Ci/mmol) per ml. Twenty-four hours later, 10 nl of a-amanitin (100 jig/ml) was injected and the
incubation continued until being terminated at the indicated times. The RNA from each group of oocytes was
purified and analyzed for SV40-specific RNA as described in the text. The data points, taken from three separate
experiments, were normalized to the amount of radioactivity present per oocyte at the time of addition of a-

amanitin.
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(Fig. 1) were unlikely to be due to changes in
either the concentrations or the specific activi-
ties of the radiolabeled GTP. Therefore, we
calculated approximate rate constants for the
various components ofRNA as described above
by using the assumption that the pool of radiola-
beled GTP remains constant throughout the
course of each experiment.
Table 1 gives a summary of the rate constants

and half-lives calculated from the data in Fig. 1
for the unstable (KUS) and stable (K5) compo-
nents of total endogenous and SV40-specific
RNA synthesized in oocytes injected intranu-
clearly with 5 ng (ca. 10i molecules) of SV40
DNA. The results agree well with those reported
previously by Anderson and Smith (3) and show
that: (i) the half-lives of the unstable compo-
nents of these RNAs were ca. 15 to 30 min; (ii)

the initial rate of accumulation of SV40 RNA
under these experimental .conditions was ap-
proximately one-tenth of that for total oocyte
RNA; and (iii) approximately one quarter of the
total endogenous RNA synthesized was long-
lived.
Independent estimates of the half-lives of the

unstable and stable species of SV40 RNA were
obtained from data on the kinetics of degrada-
tion of radiolabeled SV40 RNA (Fig. 2). In this
experiment, the oocytes were preincubated for
24 h with SV40 DNA and [3HGTP to label
maximally both the stable and unstable species
of viral RNA. The oocytes were then injected
with a-amanitin (final concentration, 1 Fg/ml) to
inhibit further synthesis of SV40-specific RNA.

From these latter data, the half-lives or tne
unstable and stable components of SV40 RNA
were estimated to be approximately 37 min and
17 h, respectively.

Cellular distribution) of newly synthesized
RNA. To deternune the partitioning between the
nucleus and cytoplasm ofthe unstable and stable
components of newly synthesized RNA, a time
course experiment similar to the one described
in Fig. 1 was performed, except the oocytes
were fractionated into nuclear and cyto'plasmic
components. The data in Fig. 3A and B indicate
that the amounts of both total nuclear and SV40
RNA reached steady-state values within approx-
imately 5 h after the addition of [3H]GTP. There-
fore, much of the newly synthesized RNA was
unstable, a finding consistent with fairly rapid
turnover of most of the RNA in the nucleus
combined with transport of some of the RNA to
the cytoplasm. The rate constants and half-lives
calculated from these data are summarized in
Table 1. From these numbers we conclude that
the vast majority of the RNA synthesized in the
nucleus of oocytes was either degraded or trans-
ported to the cytoplasm where it accumulated at
approximately 0.4 pmol per oocyte per h. Like-
wise, the numbers obtained for the SV40-specif-
ic RNA were qualitatively similar, but an order
of magnitude lower; essentially all of the SV40
RNA was either degraded or transported to the
cytoplasm where it accumulated at approximate-
ly 0.017 pmol of GTP or 0.1 ng of RNA per

oocyte per h (Table 1). ;
Rates of accumulation of poly(A)+ SV40 RNA.

TABLE 1. Summary of endogenous and SV40-specific RNA synthesis in stage 6 oocytes
Synthesis parameter"

Rate of
Half-life of cytoplasmic

RNA type ncr,(pmol GTP K, (pmol GTP unstable RNARNAtype ~~~incorporated/h incorporated/li
omonn

accumulation
per oocyte) per oocyte) (min)ento(pmol GTP(mm) ~~incorporated/h

per oocyte)

Oocyte RNA
Total RNA 1.6 (1.6) 0.5 (0.5) 18 (21) 0.4
Total nuclear RNA 1.4 0.09 14
Total poly(A)+ RNA 0.03 0.02 20 0.02

SV40-specific RNA
Total SV40 0.18 (0.18) 0.02 (0.02) 19 (24) 0.017
Total nuclear SV40 RNA 0.16 0.002 15
Total poly(A)+ SV40 RNA 0.014 0.003 21 0.002
Nuclear poly(A)+ SV40 0.011 -0.001 18

RNA
Total poly(A)- SV40 RNA 0.16 0.02 25 0.016
Nuclear poly(A)- SV40 0.10 0.01 22

RNA

aThe numbers in parentheses were calculated as described in the text from the data presented in Fig. 1; all of
the others were obtained from the experiments in Fig. 3 and 4. Variations of as much as a few fold may exist from
one batch of oocytes to the next.
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FIG. 3. Kinetics of accumulation of (A) endogenous and (B) SV40-specific RNA in the nuclei (0) and
cytoplasm (0) of oocytes. SV40 DNA (5 ng per oocyte) was injected intranuclearly into oocytes. Twenty-four
hours later [3H]GTP (20 nl per oocyte; 25 mCi/ml, 16 Ci/mmol) was added. At various times thereafter, the
nuclei were manually dissected out of groups of oocytes as described in the text. Immediately afterwards, the
RNA samples from the nuclear and cytoplasmic fractions were incubated with proteinase K buffer. Subsequent-
ly, they were purified and analyzed for both total and SV40-specific radiolabeled RNA as described in the text.

The rates of accumulation of poly(A)+ and
poly(A)- SV40 RNA in the nucleus and cyto-
plasm were determined by fractionation of the
purified nuclear and cytoplasmic components of
RNA on oligodeoxythymidylic acid-cellulose
columns. The data are shown in Fig. 4A and B.
Tables 1 and 2 summarize the results. The data

for the nuclear RNAs were qualitatively similar
to those already discussed above. Two findings
are noteworthy: (i) one-third to one-half of the
poly(A)+ RNA initially made in these oocytes
was SV40 specific, a result indicating that much
of the mRNA synthesis occurring in the SV40
DNA-injected oocytes was directed by the in-
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jected template; and (ii) most of the newly
synthesized virus-specific RNA was not poly-
adenylated.
The data on the kinetics of appearance in the

cytoplasm of the poly(A)+ and poly(A)- SV40
RNAs are also indicated in Fig. 4A and B,
respectively, and in Tables 1 and 2. As with total
oocyte poly(A)+ cytoplasmic RNA (data not
shown), the poly(A)+ SV40 RNA exhibited an
initial lag period of approximately 1 h; after-
ward, it accumulated in the cytoplasm at a rate
of approximately 11 pg of RNA per oocyte per
hour or approximately 9%o of the rate seen for
poly(A)+ total oocyte RNA (data not shown).
These lags corresponded well with the length of
time it took the nuclear poly(A)+ RNA to reach
a steady-state value. This finding indicates, as
expected, that the stable cytoplasmic poly(A)+
RNA resulted from processing and transport of
some of the "unstable" nuclear RNA. The fact
that the poly(A)+ SV40 RNA represented less
than 1% of the total radiolabeled oocyte RNA in
the cytoplasm was probably due to most of the
newly synthesized stable oocyte RNA being 18S
and 28S rRNA.
On the other hand, the amount of radiolabeled

poly(A)- SV40-specific RNA reached a plateau
value within 10 h. This latter finding indicates
that a steady-state was reached in which the
poly (A)- virus-specific cytoplasmic RNA was

degraded as rapidly as newly synthesized SV40
RNA was transported there from the nucleus. It
is also noteworthy that most of the virus-specific
RNA accumulating in the cytoplasm at early
times was not polyadenylated (Table 1).
Some of the poly(A)- RNA seen in these

experiments may have resulted from cleavage of
poly(A)+ RNA by nonspecific nucleases. How-
ever, since the kinetics of accumulation of these
two classes of RNAs were quite different, such an

experimental artifact could account for only a

small percentage of the poly(A)- RNA.
Sizes of the short-lived and steady-state species

of virus-specific RNAs synthesized in SV40 DNA-
injected oocytes. The finding that less than 10%
of the SV40-specific RNA was long-lived indicates
either that a fairly large percentage of the pri-
mary transcripts were degraded complete or that
they were processed to stable RNAs that were, on

average, severalfold smaller in size. To distin-
guish between these two possibilities, we exam-
ined by electrophoresis in denaturing formalde-
hyde-agarose gels the sizes of the short-lived
and steady-state species of SV40 RNAs made in
SV40 DNA-injected oocytes. To determine the
sizes of the short-lived species, we radiolabeled
SV40 DNA-injected oocytes during the last 4 h
of a 28-h incubation period. Lanes A and B of
Fig. 6 show the newly synthesized RNAs pro-

duced by uninjected and SV40 DNA-injected
oocytes, respectively. The most apparent differ-
ence between them is the existence in lane B of a
heterogeneous collection of RNAs ranging in
size from slightly greater than 40S rRNA up to
ones too large to enter the gel. Presumably,
these large RNAs are primary transcripts that
result from RNA polymerase II transcribing
SV40 DNA several complete turns around the
circular template before terminating. Multige-
nomic length transcripts of this type are known
to exist in SV40- and polyoma virus-infected
mammalian cells (see ref. 36 for a review of this
topic).
The sizes of the steady-state species of SV40-

specific RNAs were determined by Northern
blot analysis by using the nonradiolabeled RNA
present in oocytes that had been allowed to
synthesize, process, and accumulate SV40 RNA
for 2 days. As with the size data obtained
previously with sucrose gradients (20, 30), three

TABLE 2. Time course and distribution of newly synthesized SV40-specific RNA species between the
nucleus and cytoplasm of oocytesa

% Radiola- % Radiola-
Time after % Total oocyte RNA % Poly(A)+ SV40 RNA beled beled SV40
addition poly(A)+ poly(A)' poly(A)'

Of nuclear cytoplasmic RNA as %
[3°HGTP Nucleus Cytoplasm Nucleus Cytoplasm RNA which RNA which total oocyte

was SV40 was SV40 RNA
specific specific

20min 55 45 61 39 71 27 1.4
30 min 60 40 75 25 53 40 1.5
1 h 55 45 72 28 46 18 1.1
2 h 63 37 54 46 48 15 1.0
5 h 57 43 33 67 28 17 0.4
10 h 43 57 24 76 31 19 0.5
22 h 29 71 13 87 32 11 0.6

a These values were derived from the experiment described in Fig. 4; variations of as much as a few fold may
exist from one batch of oocytes to the next.
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FIG. 4. Kinetics of accumulation of (A) poly(A)+ and (B) poly(A)- SV40-specific RNA in the nucleus and
cytoplasm of oocytes. SV40 DNA and, subsequently, [3H]GTP were injected into oocytes as described in the
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manually separated. Each RNA samnple was purified separately, followed by fractionation with oligodeoxythymi-
dylate cellulose chromatography as described in the text. The inserts show magnified versions of the data from
the earliest time points. Symbols: 0, nuclear RNA; 0, cytoplasmic RNA; A, sum of nuclear plus cytoplasmic
RNA.
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regions of the resulting autoradiogram (not
shown) were noteworthy: (i) a diffuse band that
probably corresponds to the heterogeneous mix-
ture of stable late 19S RNAs seen in SV40-
infected monkey cells (see Fig. 5 and data pre-
sented below); (ii) a smear of large RNA ranging
in size from approximately 28S up to much
greater than 40S; and (iii) a diffuse band ofRNA
approximately 4S in size. Since this 4S RNA
was detectable by using the HindIII-C restric-
tion fragment of SV40 (see Fig. 5) as the radiola-
beled probe, it must include at least part of the
0.65 to 0.86 region of the SV40 genome. Quite
likely, this 4S RNA corresponds to the small
viral RNA seen in SV40-infected monkey cells
that is presumed to result from transcriptional
attenuation (18).

Precise structural analysis of the viral RNAs
made from wild-type SV40 DNA is rather diffi-
cult to do because the RNAs are large in size and
very heterogeneous with respect to both their 5'
ends and spliced out regions (see ref. 36 for
review). To simplify our problem somewhat, we
also performed these experiments with the
HindIII-C restriction fragment of SV40 (map
position 0.65 to 0.86; see Fig. 5). This fragment
of SV40 DNA contains all of the regulatory
sequences involved in promotion and initiation
of viral RNA synthesis and is as transcriptional-
ly active as wild-type SV40 DNA when injected
into oocytes in a ligated circular form (25; Mertz
et al., in preparation). Lanes C and D of Fig. 6
show the newly synthesized RNAs produced in
oocytes radiolabeled from 24 to 28 h after the
injection of this DNA fragment in the absence or
presence of a-amanitin, respectively. As with
wild-type SV40 DNA, large (>40S) RNAs,
whose synthesis was prevented by a-amanitin,
were produced in large quantity. Presumably,
these RNAs resulted from RNA polymerase II
circumscribing this tiny (1,118 nucleotide pair)
DNA template over and over again in the ab-
sence of transcription termination or rapid proc-
essing of the primary transcript. Several distinct
bands, indicative of site-specific RNA process-
ing, were also apparent.
The Northern blot analyses presented in lanes

F and G of Fig. 6 confirm that these smaller
bands of RNA are SV40 specific. Most of the
steady-state viral RNA produced in oocytes
injected with the HindIII-C DNA migrated as a
single species approximately 14S in size. This
species of RNA was also present, but only as a
minor component, in the 4-h labeling experiment
(lane C). A band of somewhat larger RNA,
migrating at approximately 21S, is also visible in
both lanes C and G. These two RNA species
may be transcripts with sizes approximately the
same and twice the length of the HindIII-C
fragment. The existence of a series of RNA

species of approximately integral multiples of
the template in size, together with the data on
the kinetics of their synthesis, indicates a possi-
ble precursor-product relationship between the
larger and smaller RNAs, with the 14S species
being the ultimate final stable product.
Strand and sequence specificities of the viral

RNAs synthesized in oocytes. If the large initial
transcripts that contain sequences from the en-
tire genome are processed properly in oocytes to
yield stable mRNAs and nonmessage byprod-
ucts that get degraded fairly rapidly, the SV40-
specific RNAs present at steady state should
hybridize preferentially with the message-en-
coding sequences of the viral genome. To deter-
mine whether this is the case, we labeled oo-
cytes with [32P]GTP from 24 to 48 h after
injection with wild-type SV40 DNA or the
HindIII-C restriction fragment. The radiolabeled
RNA was purified and hybridized to nitrocellu-
lose strips containing separated strands of the
early and late regions of the SV40 genome (Fig.
7).
The data resulting from this experiment (Fig.

7, lane 2) indicate that approximately two-thirds
of the steady-state RNA made in wild-type SV40

FIG. 5. Map of the SV40 genome. The restriction
fragments generated by cleavage of SV40 DNA with
the restriction endonucleases HindIll (0), BamHI
(A), and HpaII (l) are indicated. The curved lines
indicate the structures of the viral mRNA species seen
in monkey cells at early and late times after infection
with SV40. The wavy area of each line shows the
region of the initial transcript that gets spliced out
during synthesis of the mRNA. The broken region of
the late 19S mRNA indicates that this mRNA species
exhibits heterogeneity at its 5' end. Not shown here is
the fact that the 19S mRNAs are also heterogeneous
with respect to the 3' ends of their leader segments
(36).
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FIG. 6. Sizes of the stable and short-lived species
of RNAs made in oocytes injected with wild-type
SV40 DNA (lane B) and circularized purified HindIll-
C restriction fragment of SV40 DNA (lanes C and F).
Oocytes were injected intranuclearly with 10 nI of
wild-type SV40 form I DNA (500 ,ug/ml) or cloned,
agarose gel-purified HindIII-C fragment of SV40 DNA
(150 ,ug/ml) that had been circularized before injection
by treatment with T4 DNA ligase at low DNA concen-
tration to prevent oligomer formation. For lanes A
through D, the oocytes were injected with [&32P]GTP
24 h after the DNA samples had been added. All
oocytes were harvested at 28 h after injection of the
DNA samples by homogenization in proteinase K
buffer. After purification, the RNAs in each sample
were sized by electrophoresis in a formaldehyde-
agarose gel (see text for details). The oocyte RNAs
shown in lanes A through D, having been pulse-labeled
in vivo, were visualized directly by autoradiography.
Those in lanes E through G were analyzed for SV40-
specific sequences by transfer to nitrocellulose paper,
hybridization with the HindIII-C restriction fragment
of SV40 DNA 32P-labeled in vitro by nick-translation
(28), and autoradiography (see text for details). The
size markers, visualized by UV fluorescence of ethi-
dium bromide-stained RNA, were brome mosaic virus
RNAs (903, 2,419, 3,193, and 3,516 nucleotides in
length), the oocyte 40S, 28S, and 18S rRNAs, and
yeast 4S transfer RNA. A and E, RNA from oocytes
not injected with SV40 DNA as a control; B, RNA
from oocytes injected with wild-type SV40 DNA; C
and F, RNA from oocytes injected with the HindIII-C
fragment of SV40; and D and G, same as C and F with
a-amanitin (100 ,ug/ml) coinjected with the DNA.

DNA-injected oocytes was synthesized from the
late region of the late strand. This is the region
from which late 19S mRNA from infected mon-
key cells is also made (see Fig. 5). Most of the

remainder hybridized to the early region of the
late strand. This result is consistent with our
finding that viral RNAs greater than the entire
genome in length were also present (Fig. 6).
Taken together, these data indicate that most of
the SV40 RNA made in oocytes was transcribed
from the late strand and that the initial tran-
scripts corresponded to one or more complete
times around the SV40 genome. In addition,
they are consistent with the hypothesis that
these large RNAs were gradually processed to
the stable late-strand mRNAs seen in SV40-
infected monkey cells, with concomitant degra-
dation of the nonmessenger byproducts.
Approximately 4% of the SV40 RNA hybrid-

ized to the early region of the early strand.
However, because of the presence of larger

1 2 3 4
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FIG. 7. Strand specificity of the SV40 RNA made
from SV40 DNA-injected oocytes. Oocytes were in-
jected intranuclearly with wild-type SV40 form I or
circularized purified SV40 HindIII-C DNA as de-
scribed in the legend to Fig. 6. [a-32PIGTP was inject-
ed 24 h later, and incubation was continued for an
additional 24 h. The resulting radiolabeled RNAs were
purified and hybridized to nitrocellulose strips con-
taining separated strands of the HpaII-BamHI restric-
tion fragment pattern of SV40 DNA (see text for
details). E and L indicate the early and late regions,
respectively, of the SV40 genome separated roughly
by the HpaII and BamHI restriction endonuclease
cleavage sites (see Fig. 5). e and 1 indicate, respective-
ly, the strands of the viral genome from which early
and late SV40 mRNAs are made in monkey cells. Lane
1, pattern of strand-separated restriction fragments in
the agarose gel as visualized by UV fluorescence of
ethidium bromide-stained DNA before transfer to ni-
trocellulose paper; lane 2, autoradiograph of a nitro-
cellulose strip incubated with the 32P-labeled RNA
made in oocytes injected with wild-type SV40 form I
DNA; lane 3, same as lane 2, but exposed twice as
long; and lane 4, autoradiograph of a nitrocellulose
strip incubated with the 32P-labeled RNA made in
oocytes injected with circularized purified SV40
HindIII-C DNA.
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amounts of complementary RNA synthesized
from the early region of the late strand, this
number is probably an underestimate. Neverthe-
less, we can conclude from this experiment that
the relative accumulation of early- versus late-
strand RNA present in oocytes corresponds
with what is seen late, rather than early, in
infection of monkey cells.
The data obtained from the HindIII-C DNA-

injected oocytes (Fig. 7, lane 4) confirms the
above findings. Once again, most of the viral
RNA hybridized with the late region of the late
strand, some early region-late strand RNA was
observed, and little, if any, stable early-strand
RNA was present.

DISCUSSION
The data presented here on the rates of accu-

mulation of SV40 and endogenous RNA agree
well with those reported by Anderson and Smith
(3). We found that SV40 DNA microinjected into
the nucleus of Xenopus laevis stage 6 oocytes is
transcribed by RNA polymerase II and exhibits
many of the characteristics of heterogeneous
nuclear RNA synthesis including: (i) primary
transcripts much larger than the mRNAs in size;
(ii) biphasic kinetics with a large portion of the
RNA turning over in the nucleus with a short
half-life; (iii) polyadenylation and processing of
the RNA; and (iv) a relatively slow, constant
r'ate of accumulation of the RNA in the cyto-
plasm after a short lag.
A comparison of the rates of accumulation in

the cytoplasm of SV40 versus endogenous
poly(A)+ RNA indicates that SV40 RNA repre-
sents only 10% of the total. However, the rate of
accumulation of endogenous cytoplasmic
poly(A)+ RNA includes that occurring in the
mitochondria. Therefore, much of the transcrip-
tion involving RNA polymerase II is directed by
the injected template. Given a constant rate of
accumulation of 11 pg per oocyte per h, approxi-
mately 0.2 ng of poly(A)+ SV40 RNA would be
present in the cytoplasm after 1 day. Previous
work on endogenous poly(A)+ RNA in stage 6
oocytes showed that only 10% of it is bound to
polysomes (11, 29). Consequently, the observa-
tion that injected DNAs are actively transcribed
but translated at rather low levels (9, 26) may be
due to a combination of: (i) only a small percent-
age of the newly synthesized RNA becoming
stable poly(A)+ cytoplasmic RNA; and (ii) only
a fraction of this latter RNA becoming polyso-
mal.
One peculiar observation was the finding that

most of the SV40 RNA synthesized remained
poly(A)-, or at most contained a stretch of
poly(A) too short to allow binding to oligodeox-
ythymidylic acid. Some of this poly(A)- RNA
was transported to the cytoplasm. However,

unlike the poly(A)+ SV40 RNA, it was not
stable (Fig. 4B). The reason for this phenome-
non is unclear, but may indicate that transport of
RNA to the cytoplasm can precede polyadenyla-
tion.

Synthesis and processing of SV40 RNA in Xeno-
pus oocytes is similar to that seen late in infection
of mammalian cells by papova viruses. The data
presented here on the kinetics of synthesis and
processing of viral RNA in SV40 DNA-injected
stage 6 oocytes of Xenopus laevis are very
similar to those observed for polyoma virus-
infected mouse cells (see ref. 36 for review of the
polyoma virus literature). Acheson (1) has pro-
posed that the poor efficiency of processing of
late viral RNA in mouse cells is due to: (i) the
presence in nuclear transcripts of non-mRNA
sequences that are removed during processing;
(ii) the presence in nuclear transcripts of multi-
ple copies of mRNA sequences, only one of
which is incorporated into mature mRNA; (iii)
inefficient polyadenylation of viral nuclear
RNA; and (iv) some transcripts being complete-
ly degraded after incorrect processing.
The kinetics of synthesis of viral RNA in

SV40-infected monkey cells has been reported
by Aloni et al. (2) and Chiu et al. (7). As with
polyoma virus, the nuclear viral RNA also de-
cays in a multiphasic manner, with much of the
RNA turning over rapidly in the nucleus. How-
ever, SV40 RNA synthesis in monkey cells
differs from polyoma virus RNA synthesis in
that: (i) although late strand transcription does
proceed beyond the site of polyadenylation (13),
giant nuclear transcripts are present, but as a
very minor species in SV40-infected monkey
cells; (ii) the unstable nuclear component is
degraded with a half-life of only 8 min; and (iii)
30 to 40% of the viral RNA is transported to the
cytoplasm. All of these differences in the kinet-
ics of synthesis and processing of the RNAs of
these two closely related viruses disappear if
one hypothesizes that RNA processing proceeds
more rapidly in monkey cells than in mouse
cells. In addition, Anderson and Smith (3) have
shown that processing and transport of RNA
occur slowly in stage 6 oocytes. We therefore
conclude that SV40 DNA is being transcribed
faithfully in oocytes and that the differences
seen in the kinetics of synthesis and processing
of SV40 RNA in Xenopus oocytes versus mon-
key cells are probably due solely to quantitative
differences in the rates at which these cells
process newly synthesized RNAs.
One puzzling finding was the observation that

most of the viral RNA was synthesized from the
late strand (Fig. 7). When papova viruses first
infect mammalian cells, a majority of the newly
synthesized viral RNA is transcribed from the
early strand. Only after the virus-encoded tumor
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antigens are produced and the viral DNA begins
to replicate does transcription switch to being
mostly from the late strand (see ref. 36 for
review). However, SV40 DNA does not repli-
cate in stage 6 oocytes of Xenopus laevis (17).
Furthermore, the HindIII-C fragment of SV40,
which lacks the region of the genome that en-
codes the tumor antigens, also synthesized
mostly late-strand transcripts in oocytes (Fig. 7,
lane 4). Consequently, neither viral DNA repli-
cation nor the virus-encoded tumor antigens
appear to be essential for late-strand RNA
synthesis in oocytes. One possible explanation
for this unexpected finding is that oocytes, being
germ line cells, may already contain one or more
proteins equivalent to the tumor antigens that
papova viruses introduce into differentiated
cells. Consistent with this idea is the existence
of cellular proteins that react with antibodies
directed against SV40 T-antigen (8, 34). Alterna-
tively, the switch to predominantly late-strand
RNA synthesis may result from a large number
or concentration of viral templates being pres-
ent. Considering that the concentration of viral
DNA molecules we placed in each oocyte was
equivalent to approximately 104 molecules per
monkey cell, we may have simply bypassed the
early stages of the viral lytic cycle.

Oocytes as a system for studying various regu-
latory and mechanistic aspects of mRNA biogene-
sis. Specific size classes of RNAs are produced
from circular DNA templates injected into oo-
cytes (Fig. 6) (20, 30; M. Wickens, personal
communication). Therefore, at least some of the
initial transcripts are processed to molecules
with similar 5' and 3' termini. The data present-
ed in Fig. 4A show that poly (A)' SV40-specific
RNA accumulates in oocytes. M. Wickens (per-
sonal communication) has demonstrated by Si
mapping that at least some of the viral RNA
made in SV40 DNA-injected oocytes has its 3'
end located at the polyadenylation site used in
monkey cells. We, therefore, conclude that oo-
cytes can process initial transcripts to produce
correctly polyadenylated 3' termini.
The existence of transcripts greater than one

genome length in size confirms the data of Ford
and Hsu (13), which demonstrate that transcrip-
tion can proceed beyond the polyadenylation
site. Fitzgerald and Shenk (12) have also ob-
served this phenomenon with a mutant of SV40
that contains a tandem duplication of a region of
the viral genome including the polyadenylation
site at map position 0.17. How the cellular
processing enzymes determine which of two or
more identical polyadenylation sites to use is not
yet known. The data presented here indicate
that both transcriptional termination and polya-
denylation occur very slowly in stage 6 oocytes
and that polyadenylation may occur at the sec-
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ond, third, or even fourth, rather than first copy
of the wild-type SV40 polyadenylation sites pre-
sent in large multigenomic length initial tran-
scripts.
The injection of the HindIII-C restriction frag-

ment (0.65 to 0.86 map units) of SV40 DNA also
resulted in the synthesis of specific size classes of
RNAs (Fig. 6, lane F), in spite of the absence of
a known polyadenylation site. Lebowitz and
Weissman (21) have noted that a bacteria-like
potential transcription termination signal exists
at map position 0.74. Hay et al. (18) have
observed termination at this site in vitro with
transcription complexes isolated from SV40-in-
fected monkey cells. Since most of the steady-
state viral RNA made from the HindIII-C frag-
ment was approximately unit-length (14S or ca.
1,000 to 1,200 nucleotides) and specific for the
late strand (Fig. 7, lane D), we propose that, as
with wild-type SV40 infection of monkey cells,
its 5' end is located at map position 0.67 to 0.72,
but its 3' end is located at this transcriptional
attenuator site. If termination were less than
100%o efficient, it would result in the production
of the 4S RNA, approximately genomic length
RNA, twice unit-length RNA, etc., that were
seen. Consistent with this hypothesis is our
finding that the SV40-specific RNA made in
HindIII-C fragment DNA-injected oocytes is not
polyadenylated (data not shown).
The 5' ends of the stable mRNAs that are

produced in SV40-infected monkey cells are
very heterogeneous in sequence, spanning the
0.67 to 0.72 region of the viral genome (see ref.
36 for review). Consequently, we have not yet
attempted to determine precisely the map posi-
tions of the 5' ends of the viral RNAs made in
oocytes. Nevertheless, we believe that they are
probably similar to those seen in monkey cells
based upon promoter mapping data (Mertz et
al., in preparation) that show that the same
sequences on the viral genome are essential for
SV40 RNA synthesis in both oocytes and mon-
key cells.
The biogenesis of SV40 mRNAs also involves

the excision of intervening sequences present in
the initial transcripts (see ref. 36 for review).
Our laboratory (G. Z. Hertz and J. E. Mertz,
unpublished data) and others (M. Wickens, per-
sonal communication) have examined, by St
mapping (5) with a 5' end-labeled DNA probe,
the structure of the late-strand viral RNAs made
when SV40 DNA is injected into oocytes. Pre-
liminary results show that the acceptor site
usually used for splicing in oocytes is probably
identical to that used in the production of the
late 19S, rather than the 16S, viral mRNA that
normally predominates in SV40-infected mon-
key cells. The locations of the donor sites used
for splicing have not yet been determined be-
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cause several may be employed. In addition,
since the primary transcripts are multigenomic
in length, the leader regions of the processed
stable RNAs are likely to contain small tandem
repeats that are generated when slightly less
than genomic length segments of RNA are ex-
cised. Therefore, nucleotide sequence analysis
of individual RNA species will be needed to
determine definitively the structures of the 5'
ends of the viral RNAs made in oocytes. In the
absence of such data, we rely on coupled tran-
scription-translation experiments (9, 13a, 31, 37)
to conclude that oocytes can correctly process
at least some of the RNA molecules they synthe-
size from injected DNA templates.

In summary, differences were noted in strand
preference, efficiencies of transcription termina-
tion and polyadenylation, and the splice sites
used in the synthesis and processing of SV40
RNA in Xenopus oocytes and monkey cells.
However, since these differences were quantita-
tive rather than qualitative in nature, they were
probably due to regulatory, rather than mecha-
nistic, differences between the two cell types.
We therefore conclude that Xenopus oocytes
may be a useful system for studying various
mechanistic aspects of mRNA biogenesis in-
cluding: DNA template requirements for initia-
tion of RNA synthesis, polyadenylation, and
RNA splicing; precursor-product relationships
among related RNA species; the order of RNA
processing events; and the partitioning between
the nucleus and cytoplasm of intermediates in
RNA processing. In addition, although oocytes
fail to regulate SV40 mRNA synthesis precisely
in the manner observed in monkey cells, these
quantitative differences may provide insights
into the ways that different cell types may differ-
entially affect regulation of expression of a mam-
malian operon.
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