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Poly(A) addition during maturation of
frog oocytes: distinct nuclear and
cytoplasmic activities and regulation
by the sequence UUUUUAU
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School, University of Wisconsin, Madison, Wisconsin 53706 USA

In frog oocytes, certain maternal mRNAs receive poly(A) in the cytoplasm during progesterone-induced
maturation. To analyze this reaction and to compare it to poly(A) addition in the nucleus, we injected short,
synthetic RNA substrates into Xenopus oocytes. These RNAs contain only portions of the 3’-untranslated
regions of appropriate mRNAs and end at the natural poly(A) site. We demonstrate that the nuclear and
maturation-specific polyadenylation activities are distinct in substrate specificity and subcellular location. The
sequence AAUAAA, contained in virtually all pre-mRNAs, is necessary for both activities. A second sequence
element, UUUUUALU, activates poly(A) addition during maturation. UUUUUAU and AAUAAA are both
necessary and virtually sufficient for maturation-specific polyadenylation: Poly(A) tails of between 50 and 300
nucleotides are added during maturation to RNAs containing both sequences but not to RNAs that lack either
sequence. Before maturation, RNAs that contain AAUAAA are extended by just 10 nucleotides, presumably
adenosines. The maturation-specific activity first appears within 1 hr of the time the nucleus breaks down but
apparently does not require a nuclear component, as it is unaffected by enucleation. These observations,
combined with those of others, lead us to speculate that polyadenylation may be responsible for the
translational activation of a family of mRNAs essential for maturation.
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Most mRNAs in animal cells possess a 3'-terminal tract
of 20-250 adenosine residues [poly(A}]. This poly[A) tail
initially is added in the nucleus, post-transcriptionally.
After transport to the cytoplasm, the poly(A) segment
can be lengthened or shortened (for review, see Lewin
1980).

Polyadenylation in a cell-free nuclear extract and in
the nucleus is intimately coupled to a cleavage reaction
in which a specific phosphodiester bond in the mRNA
precursor is broken (Nevins and Darnell 1978; Gick et
al. 1986; Moore et al. 1986; Sheets et al. 1987). Poly(A) is
then added, one nucleotide at a time {Moore and Sharp
1985), to the new 3’ end. Addition of the poly(A] tail
occurs in two discrete phases (Sheets and Wickens 1989;
V. Bardwell and M. Wickens, in press). In the first phase,
the addition of each adenosine requires the highly con-
served sequence AAUAAA, located within 30 nucleo-
tides of the poly(A) tail of virtually all eukaryotic
mRNAs. In the second phase, addition of A residues de-
pends on the oligo{A) segment already synthesized,
rather than on AAUAAA.

In vitro, mRNA-specific poly(A) addition requires at

least two components: a poly(A) polymerase and a speci-
ficity factor (Christofori and Keller 1988, 1989; McDe-
vitt et al. 1988; Takagaki et al. 1988; Bardwell et al.
1990). In the absence of the specificity factor, partially
purified HeLa cell polymerase is active on many RNA
substrates, including tRNA and small oligonucleotides.
In the presence of specificity factor, however, only
RNAs with AAUAAA receive poly(A] (for review, see M.
Wickens, in prep.).

Cytoplasmic changes in poly(A) tail length can be reg-
ulated. For example, in eggs of many animal species, at
or near the time of fertilization, certain mRNAs receive
poly({A), whereas others have their poly(A) tails removed
{e.g, Rosenthal et al. 1983; Bachvarova et al. 1985;
Dworkin and Dworkin-Rastl 1985; Rosenthal and Ru-
derman 1987; Paynton et al. 1988). These changes gener-
ally correlate with translational activity: increases in
poly{A) tail length often accompany increases in transla-
tion, whereas deadenylation is correlated with decreased
translation (Rosenthal et al. 1983; Dworkin and
Dworkin-Rastl 1985; Dworkin et al. 1985; Huarte et al.
1987; Rosenthal and Ruderman 1987; Hyman and Wor-
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mington 1988; Strickland et al. 1988; McGrew et al.
1989). These general correlations are not absolute, how-
ever; with some maternal mRNAs, poly({A) tail length
either does not change, or is even reduced, during trans-
lational activation (e.g., Ruderman et al. 1979).

In Xenopus, cytoplasmic changes in poly(A) tail length
have been extensively documented during oocyte ‘matu-
ration’ (e.g., Colot and Rosbash 1982; Dworkin and
Dworkin-Rastl 1985). Xenopus oocytes advance from
first meiotic prophase to second meiotic metaphase in
response to progesterone. During this single cell cycle,
the nuclear envelope breaks down and the length of
poly(A), present on specific mRNAs, changes.

In this report we inject short synthetic RNAs to ex-
amine poly(A) addition both in the oocyte nucleus and
in the cytoplasm during maturation. These short RNA
substrates contain only portions of the 3'-untranslated
regions either of SV40 virion protein mRNAs or
Xenopus D7 mRNA. The maturation of SV40 virion pro-
tein mRNAs has been widely used to examine the
mRNA processing apparatus of the oocyte nucleus (e.g.,
De Robertis and Mertz 1977; Wickens and Gurdon 1983;
Fradin et al. 1984). D7 mRNA was identified by
Dworkin and Dworkin-Rastl (1985) as an exclusively
maternal mRNA that is recruited onto polyribosomes
early in development. Its poly(A) tail is lengthened
during oocyte maturation. D7 protein is required for ef-
ficient maturation (Smith et al. 1988).

By injecting variant D7 and SV40 RNAs into oocytes,
we analyze the activities that add poly(A) in the nucleus
and those that add poly(A) during maturation and com-
pare their sequence-specificities and subcellular loca-
tions. In light of our findings, we discuss possible mech-
anisms for cytoplasmic poly{A) addition and its regula-
tion, and a critical role that poly(A) addition may play in
the maturation of frog oocytes.

Results
Substrates

RNAs used in this report are derived from either the
Xenopus D7 gene (Dworkin and Dworkin-Rastl 1985;
Smith et al. 1988) or the virion protein gene of SV40.
RNAs were prepared by transcription in vitro using
phage RNA polymerases and cloned DNA templates
(Melton et al. 1984). The RNAs are short, ranging from
65 to 245 nucleotides; in general, they contain only por-
tions of the 3'-untranslated regions of the mRNAs. The
particular nucleotides present in any given RNA are in-
dicated by designating the natural poly(A) addition site
as +1. For example, the 5’ end of the SV40 sequences
present in —141/+1 SV40 RNA lies 141 nucleotides be-
fore the poly(A) site. All RNAs are capped with
m’GpppG.

Poly(A) addition in the oocyte nucleus

Previous work has shown that after injection of SV40
DNA into the oocyte nucleus, the primary transcripts
undergo coupled cleavage and polyadenylation reactions
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{Wickens and Gurdon 1983). To examine polyadenyla-
tion in the absence of cleavage and transcription, we in-
jected SV40 RNAs ending at the poly(A) site into the nu-
cleus. Labeled —141/—1 RNA was injected into the oo-
cyte nucleus. At various times thereafter, oocytes were
homogenized, and the RNA recovered by phenol extrac-
tion and ethanol precipitation. The length of the labeled
RNA in each sample was determined by gel electropho-
resis and autoradiography. In all of the experiments de-
scribed in this report, oocytes were analyzed individu-
ally to assess any oocyte-to-oocyte variation and to cor-
rect for failure to inject into the nucleus (see Materials
and methods). In this particular experiment, data are
presented from a single oocyte for each time point (Fig.
1).

The injected RNA lengthens progressively during a
30-min incubation (Fig. 1A, lanes 1-4). Both the fraction
of molecules that receive any poly{A) and the average
length of poly(A) present vary as a function of time. By
30 min, most of the RNA has been lengthened by ~250
nucleotides (Fig, 1A, lane 4 versus lane 1).

The increase in length is the result of the addition of
poly(A) (Fig. 1A, lanes 5—7). RNAs prepared 30 min after
injection (lane 5] were fractionated by oligo(dT)-cellu-
lose chromatography. The lengthened RNAs are re-
tained by the column (lane 7), whereas RNAs that are
the same length as the substrate are not (lane 6). We
conclude that, by 30 min, a poly(A) tail has been added
to most of the RNAs that were injected. Thus, a short
segment of RNA is sufficient for nuclear polyadenyla-
tion.

To identify sequences that direct nuclear polyadenyla-
tion, we injected —58/+ 7 SV40 RNAs containing either
the canonical, highly conserved AAUAAA sequence, or
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Figure 1. Addition of poly(A) in the oocyte nucleus. (A) Ki-
netics of nuclear polyadenylation and oligo(dT)-cellulose chro-
matography. In this and all subsequent figures, black boxes are
used to represent the non-poly(A) body of the injected RNA.
(Lanes 1-4) —141/—1 SV40 RNA was injected into oocyte nu-
clei and incubated for the times indicated. Each lane contains
RNA from one oocyte. {Lanes 5-7) —141/—1 SV40 RNA was
injected into oocyte nuclei, incubated for 30 min, and fraction-
ated by oligo(dT)-cellulose chromatography. (Lane 5) Unfrac-
tionated, total RNA (T); (lane 6} RNA that does not bind (A-);
{lane 7) RNA that does bind {A+). {B) Sequence specificity of
nuclear polyadenylation. —58/+ 7 SV40 RNA containing either
AAUAAA (lanes 1-3} or AAGAAA (lanes 4-6) was injected into
oocyte nuclei and incubated for 30 min. Each lane contains
RNA from one oocyte.
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a single point mutation to AAGAAA (Fig. 1B). RNA was
prepared 30 min after injection and analyzed by gel elec-
trophoresis. Three oocytes injected with each RNA are
shown. As expected, the injected AAUAAA-containing
RNA receives a poly(A} tail of ~250 nucleotides during
incubation in the nucleus (Fig. 1B, lanes 1-3). In con-
trast, the AAGAAA-containing RNA is not lengthened
detectably (lanes 4—6). Thus, AAUAAA is required for
poly[A) addition in the nucleus, as it is in a HeLa cell
nuclear extract {e.g., Sheets and Wickens 1989).

AAUAAA-dependent poly(A) addition in nucleus
versus cytoplasm

To determine whether the AAUAAA-dependent ac-
tivity is present in the cytoplasm, we injected —58/+7
S$V40 RNA into that compartment (Fig. 2A, lanes 1 and
2). As a control, we injected the same RNA into the nu-
cleus (lanes 3 and 4). Two oocytes from both types of
injection are shown. RNA injected into the nucleus re-
ceives poly{A) (lanes 3 and 4), whereas RNA injected
into the cytoplasm does not (lanes 1 and 2). Rather, RNA
injected into the cytoplasm is inert, but stable, during a
2.5-hr incubation.

Extension of oligo(A) tracts in nucleus versus cytoplasm

In the second phase of polyadenylation in vitro (see in-
troductory section), an oligo(A] primer is extended, inde-
pendent of the AAUAAA sequence (Sheets and Wickens
1989). To evaluate whether polyadenylation in the oo-
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Figure 2. Poly(A) addition in nucleus versus cytoplasm. (A)
AAUAAA-dependent polyadenylation in nucleus versus cyto-
plasm. —58/+7 SV40 RNA containing AAUAAA was injected
into either oocyte cytoplasms and incubated for 2.5 hours (lanes
1 and 2) or into oocyte nuclei and incubated for 30 min (lanes 3
and 4). Each lane contains RNA from one oocyte. {B) Oligo(A)
extension in nucleus versus cytoplasm. Each lane contains
RNA from one oocyte. (Lane 1) Noninjected —58/47 SV40
RNA containing AAUAAA and a 3' oligo(A) tract; (lane 2)
—58/+7 SV40 RNA containing AAUAAA and a 3' oligo{A)
tract was injected into oocyte nuclei and incubated for 30 min;
(lane 3) —58/+7 SV40 RNA containing AAUAAA was injected
into oocyte nuclei and incubated for 30 min. (Lanes 4-6) are
analogous to lanes 1-3, except that RNA contains AAGAAA.
(Lanes 7-8) —58/+7 SV40 RNA containing AAUAAA and a 3’
oligo{A) tract was injected into oocyte cytoplasms and incu-
bated for 2.5 hr; (lanes 9-10) identical to lanes 7 and 8, except
that the injected —58/+7 SV40 RNA contains AAGAAA.

Poly(A) addition during maturation of frog oocytes

cyte nucleus proceeds by a similar mechanism, we in-
jected —58/+7 RNAs containing a 3’ terminal oligo(A)
tail of ~30 nucleotides into the nucleus (Fig. 2B). These
RNAs contained either AAUAAA or AAGAAA.

The oligo{A) tract on the AAUAAA-containing RNA
is extended into full-length poly(A) (Fig. 2B, lane 1
versus lane 2). The reaction is at least as efficient as that
observed with the same RNA without any oligo|{A) tract
(Fig. 2B, lane 3). This oligo[A) extension reaction is par-
tially independent of AAUAAA; RNAs containing AA-
GAAA, which do not support polyadenylation at all
without an oligo{A) tract (lane 6), do support polyadeny-
lation if an oligo{A) tract is present (Fig. 2B, lane 4 versus
lane 5). Although the oligo(A) segment clearly enhances
polyadenylation of the AAGAAA-containing RNA (cf.
lanes 5 and 6), it does not restore polyadenylation to the
level observed with an identical RNA carrying
AAUAAA (cf. lanes 5 and 2. Nevertheless, by analogy to
the in vitro data from HeLa cells, we infer that, nuclear
polyadenylation probably occurs in two phases in the
oocyte.

The oligo(A) extension activity, like the activity that
requires AAUAAA, is exclusively nuclear. After injec-
tion into the cytoplasm, —58/+7 SV40 RNAs with an
oligo(A} segment undergo no detectable reaction,
whether or not they contain AAUAAA (Fig. 2B, lanes
7-10).

Poly(A) addition during maturation

During oocyte maturation, poly(A) is added in the cyto-
plasm to certain maternal mRNAs, including D7 mRNA
(Dworkin and Dworkin-Rastl 1985). To assess whether
these cytoplasmic events could be assayed using syn-
thetic RNAs, we injected —242/+1 D7 RNA into the
oocyte cytoplasm. Oocytes were induced to mature with
progesterone. After maturation was complete, RNAs
were analyzed by gel electrophoresis. As a control, some
injected oocytes were incubated without progesterone
for the same length of time.

Synthetic D7 RNA injected into oocytes receives
poly{A) during oocyte maturation (Fig. 3A). The injected
RNA (lane 1) is lengthened by 10-150 nucleotides
during maturation (lanes 4 and 5). This lengthening is
attributable to the addition of poly(A), as judged by
oligo{dT)-cellulose chromatography {lanes 6 and 7). In
the absence of progesterone, no long poly(A) is observed
(Fig. 3A, lanes 2 and 3 versus lane 1). Thus, the matura-
tion-specific polyadenylation reaction is mimicked
using this short synthetic RNA containing only the 3'-
untranslated region of D7 mRNA.

To test whether the polyadenylation reaction that
occurs during maturation is sequence-specific, we in-
jected —141/—1 SV40 RNA into the cytoplasm, then
treated the oocytes with progesterone (Fig. 3B). SV40
RNA, unlike D7 RNA, does not receive poly(A), either
with or without progesterone treatment (lanes 1-5). We
conclude from these data that the activity responsible
for the polyadenylation of D7 during maturation is spe-
cific for sequences present in the D7 RNA.
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Figure 3. Poly{A) addition during maturation. Each lane con-
tains RNA from one oocyte. (A) Synthetic D7 RNA receives
poly(A} during maturation. —242/+1 D7 RNA was injected
into oocyte cytoplasms and incubated for 12 hr in the absence
(lanes 2 and 3, —P) or presence (lanes 4 and 5, +P) of proges-
terone. (Lane 1) RNA that was not injected into the oocyte;
(Lanes 6 and 7) RNA from an oocyte injected with —242/+1
D7 RNA and treated with progesterone was fractionated by
oligo{dT}-cellulose chromatography; {Lane 6] RNA that did not
bind {A—); {lane 7) RNA that did bind (A +). (B} Polyadenyla-
tion during maturation is sequence-specific. —141/—1 SV40
RNA was injected into oocyte cytoplasms and incubated for 12
hr in the absence (lanes 2 and 3, —P) or presence (lanes 4 and 5,
+P) of progesterone. Lane 1 contains RNA that was not in-
jected into the oocyte.

Nuclear polyadenylation: SV40 versus D7

To determine whether D7 RNA is a substrate for the
nuclear activity, we injected it into the nucleus. As a
control, SV40 RNA was injected in parallel. After 30
min, RNA was prepared and analyzed by electrophoresis
(Fig. 4). The SV40 RNA is efficiently polyadenylated
(lanes 1 and 2), whereas the D7 RNA is not (lanes 3 and
4). Thus, the nuclear polyadenylation activity does not
recognize D7 RNA as a substrate. Therefore, we con-
clude that the nuclear and maturation-specific polya-
denylation activities are distinct with respect to se-
quence specificity.

D7 mRNA contains AAUAUA rather than the canon-
ical AAUAAA (Smith et al. 1988). This presumably un-
derlies its failure to receive poly{A) in the nucleus, be-
cause changing AAUAAA to AAUAUA in SV40 RNA
reduces nuclear polyadenylation dramatically (not
shown; see Discussion).

Sv40 D7
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Figure 4. Nuclear polyadenylation: SV40 versus D7. — 141/ -
1 SV40 RNA (lanes 1 and 2) or —242/+1 D7 RNA (lanes 3 and
4) was injected into oocyte nuclei and incubated for 30 min.
Each lane contains RNA from one oocyte.

The sequence UUUUUAU confers maturation-specific
polyadenylation on SV40 RNA

Several maternal mRNAs that receive poly(A) during
maturation contain UUUUUAU, or a closely related se-
quence, upstream of AAUAAA (Table 1; McGrew et al.
1989). To determine whether this sequence is respon-
sible for maturation-specific polyadenylation, we in-
serted it into —141/-1 SV40 RNA upstream of
AAUAAA. The sequences of the relevant portion of this
RNA and of the natural SV40 RNA are shown in Figure
5A. The two RNAs differ by only 3 nucleotides: a
CCAUUAU sequence in SV40 has been converted to
UUUUUAU.

In the absence of progesterone, the UUUUUAU-con-
taining RNA does not receive poly{A) {Fig. 5B, lanes 2
and 3). In contrast, in the presence of progesterone, it is
lengthened by 10—100 nucleotides (Fig. 5B, lanes 4 and
5). This progesterone-induced lengthening is the result
of the addition of poly(A) as judged by treatment with
oligo(dT} and RNase H (not shown). RNA lacking

. UUUUUAU is not lengthened, either with or without
. progesterone (Fig. 5B, lanes 6—10]. We infer that the

heptanucleotide UUUUUAU is sufficient to confer ac-
tivity on a substrate that is otherwise inert during matu-
ration.

Point mutations in AAUAAA abolish maturation-
specific polyadenylation

To test whether AAUAAA is required for polyadeny-
lation during maturation, we prepared variant SV40
RNAs in which AAUAAA was changed either to
AAUAUA or AAGAAA (for sequences, see Fig. 6A ).
These RNAs each differ from the natural SV40 sequence

Table 1. Xenopus mRNAs that receive poly(A) during early development

mRNA Sequence

D7 gccuucUUUUUAcauvauuagcUUUUUAUcacaAAUAUAauacuaauuua cuugaauguuauuuguuaacc-poly(A)
G10 UUUUAAUauuauuugugUUUUUAUa a a gguguAAUAAAcaugacauuucaugg-poly(A)

B4 guaaaucuggUUUUUUAAUguuuaauucuauaAAUAAAguaagua auuguuuuuuuuuuucuu-poly(A)

H4 uuuuuUUUUUAUauauaauuuguaaacuuuuaAAUAAAacuuucuccauu-poly(A)

Sequences are taken from the following publications: D7, Smith et al. (1988); G10, McGrew et al. (1989}; B4, Smith et al. (1988). The
sequence of H4 mRNAs (Dworkin et al. 1985) was determined by the authors {see Methods) and is reported here for the first time. A

similar table has previously been presented by McGrew et al. {1989).
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Figure 5. UUUUUAU confers maturation-specific polyadeny-
lation. (A) Sequences of injected RNAs. The sequence of the 3’
terminal 41 nucleotides of the RNAs used in this experiment
are shown. Each is derived from a —141/-1 SV40 RNA (thus,
the 100 nucleotides upstream of the sequences provided are
identical in each RNA). Black boxes highlight the positions of
UUUUUAU and AAUAAA. (B) Results. Each lane contains
RNA from one oocyte. RNA was injected into the cytoplasm.
Oocytes were then incubated for 8 hr in either the presence
(+P) or absence (— P) of progesterone. In lanes 1-5, the injected
RNA contains both UUUUUAU and AAUAAA (upper se-
quence). (Lane 1) RNA that has not been injected; (lanes 2 and
3) RNA injected, no progesterone added; {lanes 4 and 5) RNA
injected, progesterone added. In lanes 6—10, the injected RNA
contains only AAUAAA (lower sequence). (Lane 6) RNA that
was not injected; {lanes 7 and 8) RNA injected, no progesterone
added; (lanes 9 and 10) RNA injected, progesterone added.

used in Figure 5; 5 nucleotides lying between AAUAAA
and UUUUUAU have been changed to facilitate cloning.

As expected, the RNA containing UUUUUAU re-
ceives long poly(A) during maturation (Fig. 6B, lanes
1-5). These data confirm that UUUUUAU is sufficient
to confer activity. Polyadenylation of the UUUUUAU-
containing RNA analyzed here is more efficient than
with the comparable RNA in Figure 5A. We infer that
the precise sequence context of UUUUUAU and
AAUAAA can influence the efficiency of the reaction.

Mutation of AAUAAA to either AAUAUA or AA-
GAAA abolishes polyadenylation during maturation
{Fig. 6B, lanes 9 and 10, 14 and 15). Thus, AAUAAA, like
UUUUUAU, is required for polyadenylation during mat-
uration.

In the absence of progesterone, RNA containing
AAUAAA and UUUUUAU is lengthened by ~10 nu-
cleotides (Fig. 6B, lane 1 versus lanes 2 and 3). The syn-

Poly(A) addition during maturation of frog oocytes

thesis of these slightly longer RNAs is reduced by the
AAGAAA and AAUAUA mutations {Fig. 6B; lanes 68,
11-13). We strongly suspect that the 10 nucleotides are
adenosine, as their formation requires AAUAAA, but we
have not confirmed this directly. The presumptive oli-
goadenylation is detected most convincingly with
shorter substrates (e.g., Fig. 7 below), because the 10 nu-
cleotides then constitute a greater fraction of the RNA’s
length.

AAUAAA and UUUUUAU are virtually sufficient for
polyadenylation during maturation

If UUUUUAU and AAUAAA are necessary and suffi-
cient for polyadenylation during maturation, then adeno-

vac TN AcuacucTEYEACAAGUUAACAACCUCUAG

uac I A cuacuc I CAAGUUAACAACCUCUAG oK
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Figure 6. Point mutations in AAUAAA abolish maturation-
specific polyadenylation. (A} Sequences of injected RNAs. The
sequences of the 3’ terminal 41 nucleotides of the RNAs used
in this experiments are shown. Each is derived from a —141/—
1 SV40 RNA. Black boxes highlight the positions of
UUUUUAU and AAUAAA or its derivatives. Five nucleotides
between AAUAAA and UUUUUAU also have been changed
relative to wild-type SV40 (as in Fig. 5) to generate a restriction
site. (B) Results. RNA was injected into the cytoplasm. Each
lane contains RNA from one oocyte. In lanes 1-5, —141/-1
SV40 RNA containing both AAUAAA and UUUUUAU was
used (top sequence). (Lane 1) RNA that has not been injected;
(lanes 2 and 3) RNA injected, no progesterone added; (lanes 4
and 5) RNA injected, progesterone added. In lanes 6-10, RNA
containing AAUAUA and UUUUUAU was used {second se-
quence). (Lane 6) RNA that has not been injected; (lanes 7 and
8) RNA injected, no progesterone added; {lanes 9 and 10) RNA
injected, progesterone added. In lanes 77-15, RNA containing
AAGAAA and UUUUUAU was used (third sequence]. (Lane 11}
RNA that has not been injected; {lanes 12 and 13) RNA in-
jected, no progesterone added; (lanes 14 and 15) RNA injected,
progesterone added.
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Figure 7. AAUAAA and UUUUUAU are virtually sufficient
for polyadenylation during maturation. {A) Sequences. The se-
quences of the 3’ terminal 27 nucleotides of the —41/—1 aden-
ovirus L3 RNAs used in this experiment are shown. Black
boxes indicate the positions of UUUUUAU and AAUAAA. (B.)
Results. Each lane contains RNA from one oocyte. —41/—1
adenovirus L3 RNA containing either AAUAAA (lanes 1-3) or
AAGAAA (lanes 4-6) was injected into the oocyte cytoplasm.
Oocytes were then incubated for 12 hr in either the presence
(+P) or absence | —P) of progesterone. (Lane 1) AAUAAA-con-
taining RNA that has not been injected; (lane 2) AAUAAA-
containing RNA injected, no progesterone; (lane 3) AAUAAA-
containing RNA injected, progesterone added; (lane 4) AA-
GAAA-containing RNA that has not been injected; (lane 5)
AAGAAA-containing RNA injected, no progesterone; (lane 6)
AAGAAA-containing RNA injected, progesterone added.

virus L3 mRNA (Moore and Sharp 1985), which pos-
sesses both sequences, by chance, should be a competent
substrate even though it is not naturally present in frog
oocytes. To test this prediction, we injected a 65-nucleo-
tide, —41/—1 L3 RNA into the oocyte cytoplasm (Fig.
7). In this RNA, the UUUUUAU sequence is down-
stream of AAUAAA, not upstream, as in both D7
mRNA (Table 1} and the UUUUUAU-containing SV40
RNAs (Figs. 5 and 6).

In the absence of progesterone, L3 RNA receives ~10
nucleotides, which we presume are adenosine (Fig. 7,
lane 1 versus lane 2). This presumptive oligoadenylation
is similar to that seen in Figure 6 but is detected more
readily here because the RNA is shorter. More impor-
tantly, in the presence of progesterone, a long poly(A)
tail is added (Fig. 7, lane 3). This is confirmed by
oligo(dT)-cellulose chromatography (not shown). Adeno-
virus L3 RNA containing AAGAAA does not receive
long poly(A) in the presence of progesterone (Fig. 6, lane
4 versus lane 6), nor does it receive oligo(A) efficiently in
its absence (Fig. 6, lane 4 versus lane 5). We conclude
that UUUUUAU and AAUAAA are sufficient for the
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addition of poly(A) during maturation and that the rela-
tive positions of these two sequence elements are not
critical.

The time at which polyadenylation activity appears
during maturation relative to nuclear breakdown

The nucleus (germinal vesicle} breaks down during oo-
cyte maturation. This event can be monitored by the ap-
pearance of a white spot at the animal pole of the oocyte.
To determine when the maturation-specific polyadeny-
lation activity appears relative to germinal vesicle
breakdown (GVBD), we performed the following experi-
ment. Approximately 100 oocytes were injected with D7
RNA; progesterone was then added to initiate matura-
tion. At various times thereafter, RNA was prepared
from 10 separate oocytes. The fraction of oocytes dis-
playing polyadenylation activity was determined by
electrophoresis of each RNA preparation, whereas the
fraction of oocytes that had undergone nuclear break-
down was monitored by the appearance of the white
spot. To minimize statistical variation attributable to
the small sample size at each time point (10 oocytes), we
selected 10 oocytes that accurately reflected the overall
fraction of oocytes that had matured by that time. For
example, at 5.5 hr, 40% of the oocytes had white spots;
therefore, we analyzed four oocytes with white spots
and six without. The data are presented in Figure 8, in
which the fraction of cocytes exhibiting any polyadeny-
lation is plotted versus time after injection. The fraction
of oocytes with a white spot is plotted for comparison.

The activity that polyadenylates D7 first appears 4.5
hr after injection, at approximately the same time as
GVBD is first detected (Fig. 8). Five and one-half hours
after progesterone treatment, activity is detected in 60%
of the oocytes and 40% have undergone GVBD. By 9 hr,
80% have detectably undergone nuclear breakdown and
100% have polyadenylated the injected RNA.

At every time point, any oocyte that had undergone
nuclear breakdown, as indicated by a white spot at the
animal pole, also exhibited polyadenylation activity. For
example, at 4.5 hr, the single oocyte with a white spot
was the only oocyte with activity.

We conclude that the polyadenylation first appears
within 1 hr of GVBD. In particular, it clearly does not
appear either immediately after progesterone treatment
or substantially after nuclear breakdown.

Removal of the nucleus does not prevent maturation-
specific polyadenylation

One possible explanation for the appearance of activity
at approximately the time of GVBD is that polyadenyla-
tion activity requires both nuclear and cytoplasmic
factors; in this hypothesis, the mixing of the nucleo-
plasm with the cytoplasm triggers polyadenylation. To
test this proposal, we determined whether any nuclear
component is required by analyzing polyadenylation in
oocytes from which the nucleus had been manually re-
moved. Oocytes were enucleated, injected with labeled
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Figure 8. The time at which polyadenylation activity appears
during maturation relative to nuclear breakdown. —242/+1 D7
RNA was injected into the cytoplasm of ~100 oocytes, which
were then incubated in the presence of progesterone. Matura-
tion was monitored by the appearance of a white spot at the
animal pole. At various times later, indicated on the x axis,
RNA was analyzed from 10 oocytes. To avoid error because of
the small size of the sample at each time point {just 10 oocytes),
these 10 oocytes were selected to represent the fraction of oo-
cytes in the total batch that had a white spot at that time {see
text for details). {O) Percentage of 10 oocytes that have polya-
denylation activity; { X} percent of the same 10 oocytes with a
white spot; ({J) percentage of those oocytes with a white spot
that also display polyadenylation activity.

—242/+1 D7 RNA, and treated with progesterone. As a
control, oocytes that had been mock-enucleated (see
Materials and methods) were analyzed in parallel. The
results are shown in Figure 9A.

Both enucleated {lanes 3 and 4) and nonenucleated
{lanes 7 and 8) oocytes exhibit polyadenylation activity
after progesterone treatment. The level of activity is
very similar with or without the nucleus. In the absence
of progesterone, neither enucleated nor nonenucleated
oocytes display activity (Fig. 9A, lanes 1 and 2, 5 and 6).
We conclude that removal of the nucleus does not pre-
vent maturation-induced polyadenylation.

The logical inference that nuclear components are not
required for maturation-specific polyadenylation as-
sumes that no nuclear components leak into the cyto-
plasm during the enucleation procedure. To test this as-
sumption, we examined the distribution of U4 snRNA,
which normally is exclusively nuclear, by Northern
blotting to RNA from enucleated or intact oocytes (Fig.
9B). The somatic follicle cells that surround the oocyte
contain U4 RNAs that differ in electrophoretic mobility
from the oocyte’s U4 RNA, and so provide a standard
against which to compare the amount of the oocyte
species (Lund and Dahlberg 1987). We readily detect ‘oo-
cyte’ U4 RNA in intact oocytes (Fig. 9B, lanes 3 and 4)
but fail to detect it in the ‘cytoplasms’ left after enuclea-
tion ({Fig. 9B, lanes 1 and 2). Rather, the U4 RNA is found
in the nuclei that have been removed (not shown). We
infer that the enucleation method has not led to signifi-
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cant general leakage of nuclear components into the cy-
toplasm. We cannot exclude the possibility that a small
fraction of the nuclear contents have escaped. With that
proviso, we conclude that nuclear components are not
required for maturation-induced polyadenylation.

Discussion

In this report we have shown that poly{A) addition to
maternal mRNAs during oocyte maturation is biochem-
ically distinct from poly[A) addition to nuclear pre-
mRNAs after cleavage. The two activities differ in sub-
strate specificity and subcellular location. Whereas po-
lyadenylation of pre-mRNAs requires only AAUAAA
and is exclusively nuclear, polyadenylation of maternal
mRNAs during maturation requires both AAUAAA and
UUUUUAU and appears to involve no nuclear compo-
nent.

UUUUUAU and AAUAAA

UUUUUAU and AAUAAA are both necessary (Figs. 5
and 6; McGrew et al. 1989) and virtually sufficient (Fig.
7) for poly(A) addition during maturation. Because all
mRNAs contain AAUAAA, UUUUUAU distinguishes
those mRNAs that receive poly(A) during maturation

A EMUCLEATED NON-ENUCLEATED
LAy P 4P
i 1 s
EA 5
=1 =
1234 5678
B ENUCLEATED NON-ENUCLEATED
FOLLICLE CELL U4 ....C: s l z

OOCYTE U3 —*

12 3 4

Figure 9. Removal of the nucleus does not prevent matura-
tion-specific polyadenylation. (A) Analysis of injected RNA
—242/-1 D7 RNA was injected into the cytoplasm of either
enucleated {lanes 1-4) or nonenucleated oocytes (lanes 5-8).
Each lane contains RNA from one oocyte. {Lanes I and 2) Enu-
cleated oocytes incubated without progesterone; (lanes 3 and 4)
enucleated oocytes incubated in the presence of progesterone;
(lanes 5 and 6) nonenucleated oocytes incubated without pro-
gesterone; (lanes 7 and 8) nonenucleated oocytes incubated in
the presence of progesterone. (B) Distribution of U4 snRNA
after enucleation. RNA from enucleated (lanes 1 and 2) and
nonenucleated (lanes 3 and 4) oocytes was assayed for the pres-
ence of U4 snRNA by Northern blotting (for details, see Mate-
rials and methods). Both enucleated and nonenucleated oocytes
are surrounded by follicle cells and therefore contain the fol-
licle-cell-specific U4, as well as the oocyte U4. (Lane 1) RNA
from four enucleated oocytes; (lane 2) RNA from two enu-
cleated oocytes; (lane 3) RNA from four nonenucleated oocytes;
(lane 4) RNA from two nonenucleated oocytes.
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from those that do not. In that sense, the UUUUUAU
sequence regulates polyadenylation during maturation.

Xenopus maternal mRNAs that receive poly{A} during
maturation commonly contain UUUUUAU or a closely
related sequence near AAUAAA, sometimes in multiple
copies (Table 1; McGrew et al. 1989). In each of the nat-
ural mRNAs listed in Table 1, the UUUUUAU sequence
is upstream of AAUAAA; however, our results suggest
that the relative position of the two sequences is not
critical (Fig. 7). Purther experiments will be required to
determine whether a variant sequence, such as the
UUUUUAAU in B4 mRNA, can support
polyadenylation.

Paradoxically, D7 RNA contains AAUAUA, yet is
polyadenylated during maturation. We infer that other
sequences in D7 compensate for the lack of a consensus
AAUAAA, particularly because the requirement for
AAUAAA is not only observed in the artificial, SV40-de-
rived RNAs that we used but also in naturally occurring
3'-untranslated regions (McGrew et al. 1989; J.-D. Vas-
salli et al. 1989). Furthermore, our results with SV40-de-
rived RNAs demonstrate that sequences between
UUUUUAU and AAUAAA can influence the efficiency
with which SV40-derived RNAs receive poly{A] {Fig. 5
versus Fig. 6). Regardless, D7’s lack of a canonical
AAUAAA explains its failure to receive poly(A) in the
nucleus: After injection into the nucleus, SV40 RNAs
containing AAUAUA do not receive poly|(A), whereas
RNAs containing UUUUUAU and AAUAAA do (not
shown).

Polyadenylation during maturation does not require
translation of the RNA substrate. In all of our experi-
ments, we injected short RNA fragments comprising
only portions of the 3'-untranslated regions of mRNAs.
These RNAs can be as short as 65 nucleotides and con-
tain no significant open reading frame for translation.
Similarly, the natural mRNA substrates probably are not
associated with polyribosomes.

Mechanism of polyadenylation during maturation:
analogies to nuclear polyadenylation

In a HeLa cell nuclear extract, the addition of a full-
length poly(A) tail proceeds in two distinct phases
(Sheets and Wickens 1989). In the first phase, each poly-
merization step requires AAUAAA; in the second, an
oligo(A) segment is required, but AAUAAA is dispens-
able. The transition between phases occurs with the ad-
dition of the tenth adenosine.

Addition of poly(A] to maternal mRNAs during matu-
ration may be analogous to the onset of the second phase
of nuclear polyadenylation. In the absence of proges-
terone, ~10 nucleotides are added to injected substrates
that end at the poly(A) site. This is seen most clearly
with the shortest substrate used, adenovirus L3 RNA
(Fig. 7). The 10 nucleotides presumably are adenosines,
as AAUAAA is required for their addition. By analogy to
the nuclear reaction, the addition of long poly{A) during
maturation could be attributable to activation of a
second phase of synthesis, in which the short poly({A)
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segment is recognized. Alternatively, progesterone treat-
ment may accelerate the rate of polymerization, rather
than cause the onset of a discrete second phase of syn-
thesis. This alternative hypothesis is more readily recon-
ciled with the fact that some mRNAs that receive
poly{A) already have poly(A} tails longer than 10 nucleo-
tides before maturation begins (e.g., Dworkin and
Dworkin-Rastl 1985; Dworkin et al. 1985). Whatever the
mechanism of activation, however, the observation that
an AAUAAA-dependent polymerization reaction occurs
in the cytoplasm before maturation strongly suggests
that some, if not all, of the factors that catalyze polya-
denylation during maturation are present in the cyto-
plasm before progesterone treatment.

The precise mechanisms used to recognize and polya-
denylate different maternal mRNAs may not be iden-
tical because the length of poly|A) that they contain be-
fore maturation varies substantially. For example, G10
mRNA contains a poly(A) tail of ~90 nucleotides,
whereas D7 mRNA appears to contain a poly(A) tail of
15 nucleotides or less, as judged by its inefficient reten-
tion on oligo{dT}-cellulose (Dworkin and Dworkin-Rastl
1985; Dworkin et al. 1985). However, because both
mRNAs contain UUUUUAU (e.g., McGrew et al. 1989,
the mechanisms by which they receive poly(A) during
maturation probably share critical features.

In vivo, addition of short poly{A) tails to endogenous
mRNAs may require AAUAAA and occur in the cyto-
plasm during oogenesis. This is consistent with our ob-
servation that in the absence of progesterone, AAUAAA
is needed to add short tails to RNAs that end at the
poly(A) site. The addition of long poly(A) to authentic
maternal mRNAs during maturation might require only
UUUUUAU and these short tails and not AAUAAA
per se.

In nuclear extracts, the poly(A) polymerase gains spec-
ificity for mRNAs by interacting with a distinct speci-
ficity factor (Takagaki et al. 1988; Christofori and Keller
1989) that probably binds to AAUAAA (P. Wigley et al.,
in prep.). By analogy, the cytoplasmic reaction may also
involve separable polymerase and sequence-specificity
components. Cytoplasmic specificity factors, specific for
UUUUUAU or the oligo(A) primer, might stimulate the
polymerase to recognize only the appropriate maternal
mRNAs as substrates. Poly(A) polymerases that frac-
tionate in the cytoplasmic fraction of cell homogenates
have long been reported, though their function and sub-
cellular distribution in vivo are not known (see Ryner et
al. 1989; Edmonds, in press).

A possible role of polyadenylation during maturation

Addition of poly(A] to a maternal mRNA during matura-
tion may cause mRNA to be translated. A correlation
between an increase in the length of poly(A) on a specific
maternal mRNA and an increase in that mRNA’s trans-
lation is common (e.g., Rosenthal et al. 1983; Dworkin
and Dworkin-Rastl 1985; Dworkin et al. 1985; Huarte et
al. 1987; Rosenthal and Ruderman 1987), though not
universal {Ruderman et al. 1979; Rosenthal et al. 1983;
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Rosenthal and Ruderman 1987). As suggested by
McGrew et al. (1989), translational activation of ma-
ternal mRNAs may not be due simply to them acquiring
a certain minimal length of poly(A), but, rather, to the
‘dynamic’ polyadenylation process. Regardless, several
distinct lines of evidence directly suggest that poly(A)
enhances translation initiation. For example, poly(A)
tails are required for efficient translation of synthetic
mRNAs, both in vitro and in frog oocytes (Jacobson and
Favreau 1983; Drummond et al. 1985; Galili et al. 1988;
D. Munroe and A. Jacobson, in press). Inhibiting polya-
denylation of a specific maternal mRNA during matura-
tion of both frog and mouse oocytes decreases the re-
cruitment of that mRNA onto polysomes (Strickland et
al. 1988; McGrew et al. 1989). In yeast, lack of poly{A)-
binding protein, which is likely to be functionally equiv-
alent to lack of poly(A), impairs translation and can be
compensated for by a mutation in ribosomal protein L46
(Sachs and Davis 1989).

A critical function of polyadenylation during matura-
tion may be to activate translation of mRNAs that are
critical for maturation to proceed. The addition of
poly|A} during maturation occurs within 1 hr of GVBD
{Fig. 8), yet is unlikely to be triggered by the mixing of
nuclear and cytoplasmic factors, as it is unimpaired by
enucleation (Fig. 9). A single cytoplasmic event, initi-
ated by progesterone, could independently cause polya-
denylation and nuclear breakdown. Alternatively, polya-
denylation might be required for nuclear breakdown. We
find this alternative hypothesis attractive, as it is consis-
tent with several disparate observations. First, injection
of 3’ deoxyadenosine into frog oocytes, which presum-
ably prevents polyadenylation of endogenous mRNAs
during maturation, blocks nuclear breakdown (McGrew
et al. 1989). Conversely, injection of poly(A)-containing
RNA from eggs, but not from oocytes, promotes matura-
tion (Pines and Hunt 1987). Second, appearance of MPF
(maturation-promoting activity), which is required for
maturation, requires translation during maturation
(Gerhart et al. 1984). Likewise, the D7 protein product,
which also is required for efficient nuclear breakdown
(Smith et al. 1988), is activated for translation during
maturation, when it receives poly(A] (Dworkin and
Dworkin-Rastl 1985). Third, at least three mRNAs en-
coding proteins known to be involved in maturation—
cyclin B2 (Minshull et al. 1989), c-mos (Sagata et al.
1989b), and D7 (Smith et al. 1988)—contain both
UUUUUAU (or UUUUAU| and AAUAAA in close prox-
imity and are translationally activated during matura-
tion (Table 2). Although these mRNAs have not been
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directly shown to undergo poly(A) addition during matu-
ration in Xenopus, the common correlation between po-
lyadenylation and translation suggests that they may do
so. Furthermore, in eggs of other animal species, cyclin
mRNAs concurrently are activated for translation and
receive poly(A) (e.g., Standart et al. 1987). In sum, com-
bining our results with those of others, we suggest that
polyadenylation may be one of a series of dependent
steps in the pathway that promotes maturation. This
need not be the sole function of poly(A) addition during
maturation, nor is it likely to be the only way to activate
translation of maternal mRNAs.

The models proposed here lead to testable predictions
concerning both the mechanism of poly(A} addition and
its role in maturation. It will be of interest to determine
how polyadenylation of maternal mRNAs is catalyzed
and regulated and how the addition of the tail facilitates
translational activation. It should be possible to address
these problems by combining oocyte microinjection
with the general approaches that have proved effective
in revealing the mechanism of poly(A] addition in the
nucleus.

Materials and methods
Plasmid construction and structure of RNA substrates

All plasmids are named by the sequences that they contain.
The poly(A) site is designated as +1. Thus, pSPSV —58/+70
contains 58 nucleotides before and 70 nucleotides after the po-
lyadenylation site of SV40 late mRNAs, cloned into an SP6
transcription vector.

—141/—-1 SV40 RNA To construct pSPSV —141/—1, pSPSV
—141/+70 (Zarkower and Wickens 1987) was digested with
HindIll, which cleaves at +70. This digest was treated with
BAL-31 exonuclease. Xbal linkers (CTCTAGAG) were ligated
to the new ends. pSPSV —141/—1 contains a Xbal linker fol-
lowing the —1 C of $V40 late mRNAs. To prepare —141/—1
SV40 RNA, the DNA was cleaved with Xbal and transcribed
with SP6 polymerase. pSPSV —141/—1 SV40 RNA contains 26
nucleotides of vector sequence, followed by 140 nucleotides of
SV40 and 6 nucleotides of the Xbal linker.

—58/+7 SV40 RNA containing either AAUAAA or AA-
GAAA pSPSV —58/+70 containing AAUAAA or AAGAAA
were generated as described {Sheets and Wickens 1989). To pre-
pare —58/+7 SV40 RNA, the DNA was digested with Bsml,
treated with T4 DNA polymerase to remove single-stranded
overhangs, and transcribed with SP6 polymerase. —58/+7
SV40 RNA contains 12 nucleotides of vector sequence, fol-
lowed by 65 nucleotides of SV40 sequence.

Table 2. mRNAs encoding proteins that promote maturation of Xenopus oocytes

mRNA Sequence

cyclin B2 unaaugucaguaugaAAUAAAcuucacauUUUUUAUuu—poly(A}

c-mos auauaua gUUUUAUAAUAAAgaaauugauuu g uc u—poly(A)

D7 agcUUUUUAUCc a c aAAUAUAauacuaauu u a ¢ uu g aauguuauuuguuaacc—poly(A)

Sequences are taken from the following publications: cyclin B2, Minshull et al. {1989); c-mos, Sagata et al. (1988); D7, Smith et al.

(1988).
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—242/+1 SV40 RNA pSPD7 —242/+1 was generated by
cloning the 3’-most Hincll fragment of D7 ¢cDNA (Smith et al.
1988) into the Hincll site of pGem3Z. This template was
cleaved with Xbal and transcribed with SP6 polymerase.
—242/+1 D7 RNA contains 26 nucleotides of vector sequence,
followed by 243 nucleotides of D7 sequence and 8 nucleotides
of vector sequence.

—141/—1 SV40 RNAs containing insertions of UUUUUAU or
point mutations in AAUAAA Templates used to synthesize
these RNAs were derived from pSPSV —141/—1 by oligodeox-
ynucleotide-directed mutagenesis (Kunkel 1985). Two clones
were prepared to direct the synthesis of UUUUUAU-containing
RNAs (Figs. 5 and 6). In the first clone (Fig. 5), three nucleotides
(—32 to —30) have been changed from CCA to TTT. In the
second (Fig. 6), the SV40 sequence from —33 to —19 {ACCAT-
TATAAGCTGC]) has been changed to CTTTTTATCTAGTC.
To prepare SV40 RNAs containing UUUUUAU, the appro-
priate DNA was digested with Xbal and transcribed with SP6
polymerase. Both DNAs direct the synthesis of SV40 RNAs
containing UUUUUAU; the second RNA (Fig. 6) also contains
changes between this UUUUUAU and AAUAAA. These were
introduced to facilitate subsequent cloning manipulations.
Both RNAs produced are identical to —141/—1 SV40 RNA but
for the regions mentioned previously. The sequences of the last
41 nucleotides of these RNAs are presented in Figures 5A and
6A.

Mutations in AATAAA (Fig. 6) were also generated by oli-
gonucleotide-directed mutagenesis (Kunkel 1985), using pSPSV
—141/—1 DNA. The sequence of the last 41 nucleotides of
each RNA is presented in Figure 6A.

—41/—-1 Adenovirus L3 RNA containing either AAUAAA or
AAGAAA pSP6L3—pre and pSP6L3-pre-1 (this template
carries the AAGAAA mutation) were constructed as described
(Christofori and Keller 1989). To prepare —41/—1 L3 RNA,
DNA was digested with Rsal and transcribed with SP6 poly-
merase. —41/—1 L3 RNA contains 24 nucleotides of vector se-
quences, followed by 41 nucleotides of adenovirus L3 sequence,
ending 1 nucleotide before the natural poly(A) site.

Preparation of RNA substrates

SP6 polymerase was incubated with cleaved DNA in the pres-
ence of ~200 pCi [32P|UTP and m’GpppG {Melton et al. 1984).
UTP (100 uM; unlabeled) was also present. Transcriptions were
carried out in a volume of 10 pl. Transcripts of the appropriate
length were eluted from a polyacrylamide gel slice, as described
(Maxam and Gilbert 1980). The eluate was extracted with
phenol/chloroform twice, and the aqueous layer was precipi-
tated with ethanol. The precipitate was redissolved in water
and reprecipitated. This was repeated twice. The final precipi-
tate was redissolved in 88 mM NaCl at an approximate concen-
tration of 100 fmole/pl.

To prepare substrates with oligo(A) tails, —58/+7 SV40
RNAs were treated with Escherichia coli poly(A) polymerase,
as described (Sheets and Wickens 1989).

Oocyte injections

Qocyte microinjection and micromanipulation were performed
essentially as described (Wickens and Gurdon 1983). Ten to 20
separate oocytes were used for each assay. RNA was analyzed
from each individual oocyte to assess oocyte-to-oocyte varia-
tion and failure to inject into the nucleus.
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Nuclear injections Single oocytes in either MBS (Gurdon and
Wickens 1983) or MR medium [Gerhart et al. 1984) were placed
on a plastic screen grid in a petri dish and centrifuged for 10
min in a Sorvall RT6000 centrifuge at 1400 rpm; this brings
nuclei to the cortex. Five to ten nanoliters of a solution con-
taining 0.5 to 1 fmole of RNA at a sp. act. of 12,000-22,000
cpm/fmole, was microinjected into the oocyte nucleus. Injected
oocytes were incubated for 30 min at 20°C in either MBS or MR
media.

Cytoplasmic injections Twenty-five to fifty nanoliters of a
solution containing 2.5 to 5 fmoles of RNA at a sp. act. of
22,000 cpm/fmole, was microinjected into the oocyte cyto-
plasm. Injected oocytes were incubated for 8—12 hr at 20°C in
MR media in the presence or absence of 1 wg/ml progesterone.
Of those oocytes incubated with progesterone, only those with
a white spot were analyzed (except in the experiment shown in
Fig. 7). In general, 70—100% of oocytes exposed to progesterone
displayed a white spot.

Extraction and analysis of RNA

Each oocyte was homogenized in 200 pl of 50 mm Tris (pH 7.9),
5 mMm EDTA, 2% SDS, 300 mMm NaCl, and 250 pg/ml of pro-
teinase K. The homogenate was extracted with phenol/chloro-
form, and the aqueous phase was precipitated with ethanol.
Each RNA pellet was resuspended in 10 pl of water and ana-
lyzed by electrophoresis through 6%, 10%, or 15% polyacryl-
amide gels containing 7 M urea (Sanger and Coulson 1978).
Oligo(dT)-cellulose chromatography was performed as de-
scribed (Zarkower et al. 1986). Autoradiographic exposures of
the dried gels were generally for 6—-24 hours with an intensi-
fying screen.

Enucleation of oocytes

Individual oocytes were placed in a petri dish and pricked with
a fine injection needle at the animal pole. The oocyte was then
gently squeezed with watchmaker’s forceps until the first ap-
pearance of the nucleus. After approximately 5 min, the nu-
cleus was separated from the oocyte by gently shaking the petri
dish until the nucleus floated away. For mock enucleations, co-
cytes were pricked near the equator. In both real and mock en-
ucleations, after pricking, oocytes were allowed to heal for 4 hr
in MR buffer. Oocytes that appeared damaged after 4 hr were
discarded. The rest were either injected with radiolabeled RNA
or analyzed for U4 RNA. Six to 10 individual enucleated oo-
cytes and control oocytes were analyzed for polyadenylation for
each experiment.

Detection of U4 RNA

RNA from enucleated or mock-enucleated oocytes was isolated
as described above. Six to 16 oocytes of both types were ana-
lyzed for U4 RNA in each experiment. Electrophoresis, elec-
troblotting, and the U4 hybridization probe were as described
{Lund and Dahlberg 1987}, except that Zeta-probe nylon mem-
branes (Bio-Rad Laborataries) were used. Hybridizations were
performed in 50% formamide, 1.5 x SSPE, 1% SDS, 0.5 g/ml of
nonfat powdered milk, 0.01% sodium azide, and 0.5 mg/ml car-
rier DNA at 52°C for 12—-16 hr. After hybridization, blots
were washed at 55°C in 2% SSC containing 0.1% SDS for 15—
0 min, and then in 0.5x SSC containing 0.1% SDS for 15-30
min. Autoradiographic exposures, with an intensifying screen,
were carried out for 2—6 days.
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Nucleotide sequence of H4 mRNA

H4 ¢cDNA (Dworkin and Dworkin-Rastl 1985) was a generous
gift of Drs. Dworkin and Dworkin-Rastl. For sequencing, an
EcoRI-Hindlll fragment of their H4 ¢cDNA (pMWO005) was
cloned into the EcoRl and HindIll sites of pGem3Z. The se-
quence of both strands of the insert was determined by the
chain termination method (Sanger and Coulson 1978), using
SP6 and T7 primers. The position of the poly[(A) site was in-
ferred from the position of the poly{dA) tract in the cDNA.
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