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Poly(A) removal during oocyte 
maturation: a default reaction selectively 
prevented by specific sequences in the 3' 
UTR of certain maternal mRNAs 
Catherine A. Fox and Marvin Wickens 

Department of Biochemistry, College of Agriculture and Life Sciences, University of Wisconsin, Madison, Wisconsin 53706 
USA 

Certain maternal mRNAs lose their poly(A) tails during early development and concomitantly become 
translationally inactive. In this report we analyze the mechanism of poly(A) removal during frog oocyte 
maturation by injecting short synthetic RNAs. We demonstrate that removal of poly(A) during oocyte 
maturation is a default reaction: In the absence of any specific sequence information, poly(A) is removed. 
However, poly(A) removal can be prevented by specific sequences in the 3'-untranslated regions of certain 
maternal mRNAs. These sequences are also required for poly(A) addition during oocyte maturation and include 
AAUAAA and a nearby U-rich element. Mutations in either AAUAAA or the U-rich element cause loss of 
poly(A) and not merely a failure to extend the poly(A) tail. We infer that poly(A) addition is required to 
escape poly(A) loss. The enzyme that removes the poly(A) during oocyte maturation appears to be a 3' ^^ 5' 
nuclease that prefers a 3'-terminal poly(A) segment. We discuss possible mechanisms by which poly(A) addition 
might circumvent default poly{A) removal and consider whether poly(A) removal is also a default reaction in 
somatic cells. Finally, we consider the possible implications of our results for the selectivity of poly(A) addition 
and removal, and for translational regulation during early development. 

[Key Words: RNA processing,- polyadenylation,- poly(A); frog oocytes,- oocyte maturation,- mRNA instability; 
maternal mRNAs,- translational regulation] 
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Nearly all eukaryotic mRNAs possess a 3'-terminal 
poly(A) tail. In the cytoplasm, the length of poIyjA) on 
different mRNAs varies dramatically, from as few as 15 
to as many as 400 nucleotides (for review, see Braw-
erman 1981; Jackson and Standart 1990). Yet initially, 
in the nucleus, most RNAs possess the same length of 
poly(A), - 2 5 0 nucleotides (for review, see Lewin 1980; 
Brawerman 1981). These simple observations suggest 
that both lengthening and shortening of poly(A) may 
occur in the cytoplasm and that these processes may be 
selective for particular mRNAs. Indeed, the lengths of 
poly(A) on insulin (Muschel et al. 1986), vasopressin 
(Carrazana et al. 1988), and growth hormone (Pack and 
Axel 1987) mRNAs change dramatically in response to 
specific stimuli, perhaps due to cytoplasmic modifica
tion of pre-existing poly(A) tails. 

Unambiguous examples of regulated, cytoplasmic 
changes in poly(A) length occur very early in the devel
opment of many animal species (for review, see Ro
senthal and Wih 1987; Jackson and Standart 1990; 
Wickens 1990a). These changes have been correlated 
with translational efficiency: Generally, mRNAs that 
receive poly(A) are recruited onto polysomes, whereas 
those that lose it dissociate from polysomes (Rosenthal 
et al. 1983; Dworkin and Dworkin-Rastl 1985; Dworkin 

et al. 1985; Rosenthal and Ruderman 1987; Huarte et al. 
1987; Hyman and Wormington 1988). Recent results 
demonstrate that the lengthening of poly(A) is not only 
correlated with, but also can cause, translational activa
tion (McGrew et al. 1989; Vassalh et al. 1989). 

The period of Xenopus development termed "oocyte 
maturation," during which oocytes advance from first to 
second meiosis, is attractive for studies of cytoplasmic 
poly(A) addition and removal because it is particularly 
tractable (for review, see Wickens 1990a). Several spe
cific mRNAs have been identified that either gain or 
lose poly(A) during maturation (e.g., see Dworkin and 
Dworkin-Rastl 1985). Poly(A) addition and removal reac
tions each can be assayed by injecting appropriate syn
thetic mRNAs into the oocyte cytoplasm and treating 
the oocytes with progesterone to induce maturation 
(Hyman and Wormington 1988; Fox et al. 1989; 
McGrew et al. 1989). 

Addition of poly(A) to specific mRNAs during frog oo
cyte maturation occurs in the cytoplasm and appears to 
require no nuclear component (Fox et al. 1989). It re
quires at least two sequences in the 3'-untranslated re
gion (3' UTR): AAUAAA and a U-rich element nearby 
(e.g., UUUUUAU; Fox et al. 1989; McGrew et al. 1989). 
Additional sequences may also play a role (Fox et al. 
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1989). Because virtually all mRNAs contain AAUAAA, 
other elements must distinguish those mRNAs that will 
receive poly(A) from those that will not. In that sense, 
these other elements—including the U-rich sequence— 
regulate poly(A) addition and so may regulate transla
tion. 

The mechanism by which poly(A) is removed during 
oocyte maturation is not well understood. In Xenopus, 
several maternal mRNAs lose their poly(A) tails, in
cluding those encoding certain ribosomal proteins 
(Hyman and Wormington 1988), cytoskeletal actin 
(Hyman et al. 1984), and a zinc finger protein, Xfin (Ruiz 
i Altalba et al. 1987). However, no specific sequence has 
been identified that is required for poly(A) removal nor 
have the enzyme activities involved been characterized. 

In somatic cells, several lines of evidence suggest that 
poly(A) removal can lead to degradation of certain 
mRNAs (for review, see Bernstein and Ross 1989). In 
contrast, during oocyte maturation, removal of poly(A) 
generally does not cause the immediate destruction of 
an mRNA: Tailless mRNAs generally persist and can 
even be readenylated at fertilization (for review, see 
Wickens 1990a). 

In this report we examine the mechanism by which 
poly(A) is removed during frog oocyte maturation by in
jecting short synthetic RNAs. We demonstrate that 
poly(A) removal is a default reaction. It requires no spe
cific sequence in the mRNA but can be selectively pre
vented by elements in the 3'-untranslated regions 
(UTRs) of certain mRNAs. In light of these findings, we 
consider how selective changes in poly(A) tail length, 
and so perhaps translation, may be achieved during early 
development. 

Results 

Poly (A) is lemoved from synthetic RNAs during oocyte 
maturation 

Xfin and actin mRNAs lose their poly(A) tails during oo
cyte maturation. To assess whether poly(A) removal 

could be assayed using short synthetic RNAs, we in
jected labeled RNAs that had been prepared in vitro into 
the cytoplasm of frog oocytes. These RNAs carried the 
3'-terminal segments of Xfin or actin mRNAs followed 
by poly( A) tails of 40 or 50 nucleotides, respectively. Oo
cytes were then induced to mature with progesterone. 
After maturation was complete, labeled RNAs were an
alyzed by gel electrophoresis and autoradiography. As 
controls, injected oocytes were incubated in the absence 
of progesterone for the same period of time. 

During maturation, the synthetic Xfin and actin 
RNAs shorten by the lengths of their poly(A) tails (Fig. 
lA). For example, Xfin RNA is reduced in length from 
190 nucleotides in control oocytes (Fig. lA, lanes 1-3) to 
150 nucleotides in oocytes exposed to progesterone (Fig. 
lA, lanes 4 and 5). Two experiments demonstrate that 
this shortening reflects removal of poly(A) (Fig. IB). 
First, the shortened Xfin species fails to bind oligo(dT)-
cellulose (Fig. IB, lanes 1 and 2). RNA from oocytes ex
posed to progesterone was mixed with RNA from con
trol oocytes, and the mixture was fractionated by 
oIigo(dT)-cellulose chromatography (Fig. IB). Whereas a 
large percentage of the full-length Xfin RNA bound to 
the support, none of the shortened product was retained 
(Fig. IB, lanes I and 2). Second, the shortened Xfin 
species generated during maturation is unaffected by in
cubation with RNase H and oligo(dT), a treatment that 
selectively removes poly(A) (Fig. IB, lanes 5 and 6). RNA 
from oocytes not treated with progesterone is truncated 
by the RNase H/oligo(dT) treatment, as expected (Fig. 
IB, lanes 3 and 4), and yields an RNA that comigrates 
with the RNA produced during maturation (Fig. IB, cf. 
lane 4 with lanes 5 and 6). These results suggest strongly 
that in vivo, most of the poly(A) is removed from in
jected Xfin RNA during maturation. Comparable experi
ments have not been performed with the actin RNA be
cause it contains an internal oligo(A) stretch near its 
poly(A) site (T. Mohun and J. Gurdon, pers. comm.), but 
the reduction in its size during maturation suggests that 
it, too, loses most of its poly(A) tail. 

A „ - tt|^y|^404 BB - 4 0 4 

- 3 0 9 

Figure 1. Poly(A) is removed from injected RNAs A 
during oocyte maturation. [A] Xfin and actin XFIN ACTIN 
RNAs. (Lanes 1-5] -124/+1 Xfin RNA witfi a -P +p -p +p 
40-nucleotide poly(A) tail was injected into tfie ' ' ' ' 
cytoplasm of oocytes that were then incubated in 
the absence (- P; lanes 2, 3, 6, and 7) or presence 
(+ P; lanes 4, 5, 8, and 9) of progesterone. Each lane 
contains RNA from a single oocyte. (Lane 1] RNA 
that was not injected into an oocyte. (Lanes 6-9] 
- 259/ + 1 actin RNA with a 50-nucleotide poly(A) 
tail was injected into the cytoplasm of oocytes 1 2 3 4 5 6 7 8 9 
that were then incubated in the absence or presence of progesterone. RNAs shorter than the fully deadenylated RNA species were 
present in the RNA sample prior to injection and were not the result of nuclease action in the oocyte. Each lane contains RNA from a 
single oocyte. In this and all subsequent figures, black bars represent the nonpoly(A) body of the RNA. The positions of molecular 
weight standards (Mspl-cleaved pBR322) are indicated. [B] Oocytes were injected with -294/+1 Xfin RNA with a 40-nucleotide 
poly(A) tail and were then incubated in the presence ( + P; lanes 5 and 61 or absence ( - P; lanes 3 and 4] of progesterone. (Lanes 1 and 2) 
Oligo(dT)-cellulose chromatography. RNA isolated from control (-P) and progesterone-induced oocytes was mixed together and frac
tionated by oligo(dT)-cellulose chromatography. (Lane II RNA that bound (A + ); |lane 2) RNA that failed to bind (A-). (Lanes 3-6| 
RNase H/oligo(dT) analysis. (Lane 3) No RNase H/oligoldT) treatment; (lane 4] treated with RNase H/oligo(dT|; (lane 5] no RNase 
H/oligo(dT) treatment; (lane 6) treated with RNase H/oligo(dT). 

1 2 3 4 5 6 
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Poly[A] removal during oocyte matuiation 

In the absence of progesterone, little or no shortening 
of Xfin RNA is observed (Fig. lA). Thus, the poly(A) re
moval activity appears during maturation but not before, 
as does the activity that removes poly(A) from endoge
nous mRNAs. 

A specific sequence is not required for poly(A) removal 
during maturation 

To test whether poly(A) removal during oocyte matura
tion requires a specific sequence in the body of an RNA, 
we injected RNAs that are not normally found in oo
cytes and that we expected should lack any such se
quences. The first RNA contained a 213-nucleotide 3'-
terminal segment of human p-globin mRNA followed by 
a 60-nucleotide poly(A) tail. Like Xfin and actin RNAs, 
this p-globin RNA shortened by approximately the 
length of its poly(A) tail during maturation and did not 
shorten appreciably in the absence of progesterone (Fig. 
2A). The progesterone-induced shortening results from 
poly(A) removal, as judged by oligo(dT)-cellulose chro
matography (data not shown). A 195-nucleotide RNA 
species is observed in some but not all oocytes (Fig. 2A, 
cf. lanes 3 and 4) and also lacks poly(A). Like the p-
globin RNA, an RNA containing sequences from the 3' 
UTR of SV40 virion protein mRNA lost its poly(A) tail 
during oocyte maturation (data not shown). 

The loss of poly(A) from p-globin and SV40 RNAs 
could mean that these RNAs contain specific sequences 
that promote poly(A) removal. This seems unlikely, 
since neither RNA is normally present in oocytes. Alter
natively, poly(A) removal during oocyte maturation 
might not require a specific sequence. This hypothesis 
predicts strongly that an RNA containing a random se
quence followed by a poly(A) tail should lose its poly(A) 
during oocyte maturation. We tested this prediction m 
the following experiment. 

We injected a labeled synthetic RNA containing 270 
nucleotides of sequence derived from a prokaryotic 
vector and synthetic polylinker (pSP64) followed by a 
30-nucleotide poly(A) tail (Fig. 2B). This vector RNA 
loses its poly(A) tail during maturation: It is shortened 
during maturation by approximately the length of its 

poly(A) tail (Fig. 2B, lanes 1-5). This shortening is due to 
loss of poly(A) as judged by oligo(dT)-cellulose chroma
tography (Fig. 2B, lanes 6 and 7) and by treatment with 
oligo(dT) and RNase H (Fig. 2B, lanes 8-11). Oligo(dT)/ 
RNase H treatment shortens RNA from oocytes that 
have not been treated with progesterone (Fig. 2B, lanes 8 
and 9), but does not affect RNA isolated from oocytes 
after maturation because that RNA has already lost its 
tail (Fig. 2B, lanes 10 and 11). 

The vector RNA isolated from oocytes after matura
tion is - 1 0 nucleotides shorter than the same RNA that 
has had its poly(A) removed by RNase H (Fig. 2B, cf. lane 
9 with lane 10). This discrepancy probably results from 
incomplete removal of the poly(A) by oligo(dT)/RNase H 
treatment but could also arise from loss of several nu
cleotides from the body of the RNA during maturation. 
Regardless, it is clear that most, if not all, of the poly(A) 
is removed from this RNA during oocyte maturation. 

Virtually all of the vector RNA persists after it has lost 
its tail. This suggests strongly that poly(A) removal is 
specific and not due to a nonspecific 3 ' ^ ' 5 ' exonu-
clease. We conclude that poly(A) removal during oocyte 
maturation does not require a specific sequence; rather, 
poly(A) removal is a default reaction. 

Protection occurs against poly(A) removal 

During oocyte maturation, poly(A) is added in the cyto
plasm to certain maternal mRNAs. It follows that these 
RNAs must contain an element that enables them to 
escape default poly(A) removal. To test this directly, we 
injected a synthetic RNA containing the 3'-terminal 
segment of such an RNA, designated H4 (Dworkin and 
Dworkin-Rastl 1985), followed by a poly(A) tail into the 
oocyte cytoplasm. (This RNA is not related in any way 
to histone H4 mRNA but was named H4 for other 
reasons). Unlike the previously tested RNAs (Figs. 1 and 
2), the poly (A) tract of H4 RNA is lengthened, not short
ened, during oocyte maturation (Fig. 3A, lanes 1-4). 

To confirm that the 3 ' region of H4 mRNA contains 
an element that prevents default deadenylation, we in
jected a mixture of H4 RNA and the vector RNA used in 
Figure 2B. Each RNA contained a poly(A) tail of the 

GLOBIN VECTOR 
-p +p A+A- -P +P 

• •^o-t f f 

Figure 2. A specific sequence is not required for 
poly(A) removal. [A] Human p-globin RNA. 
-213/+ 1 human (3-globin RNA with a 60-nucleo
tide poly|A) tail was injected into the cytoplasms 
of oocytes and incubated in the absence (- P; lanes 
1 and 2) or presence 1 -i- P; lanes 3 and 4) of proges-

"309 terone. Each lane contains RNA from a single oo
cyte. [B] Vector RNA. Vector RNA, containing a 
253-nucleotide sequence derived from an SP6 
cloning vector and a 30-nucleotide poly(A) tail, 

'^ ̂  ^ ^ ^ 67 891011 .̂ ygg injected into the cytoplasm of oocytes and in
cubated in the absence (-P; lanes 2, 3, 8, and 9] or presence ( + P; lanes 4, 5, 10, and U]oi progesterone. Each lane contains RNA from 
a single oocyte. (Lane 1] RNA that was not injected. (Lanes 6 and 7) Oligo(dT)-cellulose chromatography. RNA isolated from control 
(-P) and progesterone-induced { + ?] oocytes was mixed together and fractionated by oligo(dT)-cellulose chromatography. (Lane 6) 
RNA that bound {A+]; (lane 7) RNA that failed to bind (A-). (Lanes 8-11] OHgo(dT)/RNase H analysis. (Lane 8) No RNase H/ 
oligo(dT) treatment; (lane 9) treated with RNase H/oligo(dT); (lane 201 no RNase H/oligo(dT) treatment; (lane 11] treated with RNase 
H/oligo(dT). 

l y l ^309 

W ^ • - 1 9 0 - 2 4 2 

1 2 3 4 

GENES & DEVELOPMENT 2289 

 Cold Spring Harbor Laboratory Press on August 30, 2013 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Fox and Wickens 

Figure 3. Protection against poly(A) re
moval. [A] Injected H4 RNA does not lose 
its poly(A) tail. -90/-I-1 H4 or vector 
RNAs, each with a 30-nucleotide poly(A) 
tail derived from identical DNA se
quences, were injected into the cytoplasm 
of oocytes from the same frog and incu
bated in the presence (+ P; lanes 3, 4, 7, 8, 
11, and 12] or absence (- P; lanes 1,2, 5, 6, 
9, and 10] of progesterone. The position at 
which fully deadenylated H4 RNA would 
migrate is indicated. (V) Vector RNAs. 
Each lane contains RNA from a single oo-

H4 MIXTURE 

i jg i 

Ji-so -" U 
I f 1̂23 •=" ^ 

VECTOR 
-p +p 

'^•4' 
- 1 8 0 

- 1 6 0 

! ^ o - ^ • t 

en A,, 

II 
- 1 6 0 

- 1 4 7 

ca 

cyte. (Lanes 1-4] H4 RNA; (lanes 5-8] mixture of H4 and vector RNAs; (lanes 9-12] vector RNA. [B] 01igo(dT)/RNase H treatment. A 
mixture of -90/-I-1 H4 RNA and vector RNA, each with 30-nucleotide polyjA) tails, was injected. Oocytes were incubated in the 
absence ( - P; lanes 1 and 2) or presence (+ P; lanes 3 and 4) of progesterone. (Lane 1) No RNase H/oligo(dT) treatment; (lane 2) treated 
with RNase H/oligo(dT); (lane 3] no RNase H/oligo(dT) treatment; (lane 4) treated with RNase H/oligo(dT). 

same length (30 nucleotides). In the same oocyte, the 
poly(A) tail of H4 RNA is lengthened, whereas the 
poly(A) tail of the vector RNA is removed (Fig. 3A, lanes 
5-8). The identity of the RNAs after maturation was es
tablished by injecting these two RNAs separately (Fig. 
3A, lanes 1-4 and 9-12). 

To confirm that the poly(A) tail of H4 RNA is still 
present after oocyte maturation, we treated the mixture 
of H4 RNA and vector RNA with RNase H and 
oligo(dT). Both the vector RNA and H4 RNA isolated 
from oocytes not treated with progesterone shorten with 
oligo(dT)/RNase H treatment, demonstrating that they 
both have poly(A) tails (Fig. 3B, lanes 1 and 2). In con
trast, vector RNA from mature oocytes does not shorten 
with oligo(dT)/RNase H treatment, indicating it has lost 
its poly(A) tail in vivo (Fig. 3B, lanes 3 and 4). In the 
same sample, H4 RNA is shortened by RNase H treat
ment, demonstrating that it still carries a poly(A) tail 
after maturation (Fig. 3B, lanes 3 and 4). From these data 
we conclude that the 3'-terminal portion of H4 RNA 
contains a sequence or sequences that enable it to avoid 
default poly(A) removal. 

Mutations that prevent poly(A) addition result in 
poly(A) loss 

In principle, the sequences that prevent loss of poly(A) 
could either be the same as those that cause it to receive 
poly(A) during maturation or could be entirely different. 
To distinguish between these alternatives, we injected 
polyadenylated H4 RNAs in which the sequences that 
promote poly(A) addition during maturation had been 
disrupted by mutation. If these same sequences were 
needed to prevent removal of poly(A) by the deadenyla-
tion system, then the poly(A) tails of the injected mu
tant RNAs should be removed. Alternatively, if se
quences that prevent loss of poly(A) differ from those 
that promote poly(A) addition, the poly(A) tails of the 
injected mutant RNAs should remain intact. 

Recent analysis of GIO (McGrew et al. 1989) and D7 
(Fox et al. 1989) mRNAs has shown that for both 
RNAs, AAUAAA and a U-rich element are required for 

poly(A) addition during maturation. Other sequences, as 
yet uncharacterized, may also play a role (Fox et al. 
1989). To identify the sequences in H4 RNA that are re
quired for it to receive poly(A), we injected wild-type and 
mutant H4 RNAs that ended at the poly(A) addition site 
and contained no poly{A) into the cytoplasm of oocytes. 
Two single oocytes that were treated with progesterone 
are shown for each RNA. As expected, wild-type H4 
RNA (sequence in Fig. 4A) receives poly(A) during matu
ration (Fig. 4B, lanes 1 and 2). This reaction requires 
AAUAAA, because RNA 1, carrying a mutation to AA-
GAAA, is inert (Fig. 4B, lanes 3 and 4). A U-rich element 
near AAUAAA also is required (Fig. 4B, lanes 5 and 6): 
RNA 2, in which only 5 of the 11 contiguous uridine 
residues remain, is polyadenylated less efficiently than 
is wild-type RNA (lanes 5 and 6). Substitution of all 11 
uridines results in no additional effect (lanes 7 and 8). 
Thus, even in the absence of the obvious U-rich element 
(e.g., RNA 3), some activity still remains, demonstrating 
that other sequences can promote polyadenylation (Fox 
et al. 1989). However, for maximum polyadenylation ef
ficiency, both AAUAAA and the U-rich element are nec
essary. 

To test whether the sequences that cause poly(A) ad
dition are the same as those that protect from poly(A) 
tail loss, we repeated the experiment above but used 
substrates carrying a 30-nucleotide poly(A) tail. Initially, 
we analyzed RNA that was prepared 2 hr after the oocyte 
nucleus had broken down, the same time as in Figure 4B. 
These results are presented in Figure 4C, lanes 1-6. As 
expected, wild-type RNA, containing both AAUAAA 
and the U-rich element, receives additional poly(A) 
during maturation (Fig. 4C, lanes 1 and 2). However, 
mutant RNAs lacking either AAUAAA (RNA 1) or the 
U-rich element (RNA 2) lose their poly(A) tails during 
maturation. RNA 2 generates partially shortened mole
cules, as well as the fully deadenylated species (Fig. 4C, 
lanes 5 and 6). In contrast, the predominant form of 
RNA 1 molecules is fully deadenylated (Fig. 4C, lanes 3 
and 4). The identity of the RNA species in lanes 1-6 was 
confirmed by RNase H/oligo(dT) treatment (not shown). 
We conclude that mutations that prevent poly(A) addi-
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B RNA2 RNA3 

UUUUUUUUUUUAUAUAU 

UUUUUUUUUUUAUAUAU 

AACUUUGUAAACUUUUA 

A A C U U U G U A A A C U U U U A ^ ^ M A C U U U C U C C A 

1 E^^^^^^^^^^^^^J; AACUUUGUAAACUUUUA 

| ^ 5 

ACUUUCUCCA-

AACUUUGUAAACUUUUAtMIWiTlAf.milir.lir.r.A 

ACUUUCUCCA 3 4 7 8 

hours after nuclear breakdown 

5h 

WT RNAl nNA2l WT RNA 1 ANA 2 I WT FINA1FINA2I 

Figure 4. Mutations that prevent poly(A) addition result in 
poly(A) removal. [A] Substrates. Each substrate is a - 58/ + 1 
H4 RNA. The AAUAAA sequence and a U-rich region are 
indicated in black regions. Uppercase letters denote the 
wild-type sequence; lowercase letters denote nucleotides 
altered by site-directed mutagenesis. [B] Injection of RNAs 
that have no poly(A) tail. Each RNA that was injected ends 
at + 1 and lacks a poly(A) tail. RNAs were injected into the 
cytoplasm of oocytes from the same frog. Oocytes were 
then incubated in progesterone. Each lane contains RNA 
from a single oocyte. (Lanes 1 and 2) Wild-type RNA in
jected; [lanes 3 and 4] RNA 1 injected; (lanes 5 and 61 RNA 
2 injected; (lanes 7 and 8] RNA 3 injected. (CI Injection of 
RNAs with a poly(A) tail. Each RNA contained a 30-nu-
cleotide poly(A) tail derived from an identical segment of 
DNA. RNAs were injected into the cytoplasm of oocytes, 
which were then treated with progesterone. At various 
times later, RNA was prepared. At each time point, RNA 
from a single oocyte is shown. (Multiple individual oocytes 
were analyzed at each point and yielded identical results.) The time of nuclear breakdown is defined as the time at which 50% of the 
oocytes had a white spot at the animal pole. In this experiment, nuclear breakdown occurred 6.5 hr after addition of progesterone. 
(Lanes 2-6) RNAs isolated 2 hr after nuclear breakdown; (lanes 7-12] RNAs isolated 5 hr after nuclear breakdown; (lanes 13-18] 
RNAs isolated 10 hr after nuclear breakdown. The RNA injected is indicated above each lane. Analysis of RNA 3 yielded results 
identical to RNA 2 (not shown). 

8 9101112 131415161718 

tion do not merely block addition but result in poly(A) 
loss. 

To further examine poly(A) removal during matura
tion, we prepared RNAs 5 and 10 hr after nuclear break
down (Fig. 4C, lanes 7-18). The pattern of products gen
erated with each RNA is similar at all three time points. 
Even 10 hr after nuclear breakdown, by which time the 
oocytes have visibly decayed in culture and some of the 
RNA has been nonspecifically degraded, the distribu
tions of products are similar. In particular, wild-type 
RNA does not lose its tail at later times. 

The differences in the efficiencies of poly(A) removal 
from RNA 1 and RNA 2 mirror the differences seen in 
their polyadenylation (Fig. 4B): AAGAAA abolishes 
poly(A) addition and results in complete poly(A) tail 
loss; mutations in the U-rich element are less severe, 
reducing poly(A) addition and enhancing poly(A) loss. 

We conclude that sequences that promote poly(Al ad
dition are also required to avoid loss of poly (A) through 
the default deadenylation system. Further mutational 
analysis will be needed to determine whether the se

quence requirements for poly(A) addition and avoidance 
of poly(A) removal are precisely the same. 

Poly(A) removal activity appears after poly(A) addition 
to H4 RNA 

To determine when during maturation the activities 
that add and remove poly (A) first appear, we performed 
the following experiment. Approximately 100 oocytes 
were injected with either H4 RNA or an RNA con
taining prokaryotic vector sequences, each followed by a 
30-nucleotide poly(A) tail. The two sets of 100 oocytes 
were divided into groups of 10. Progesterone was added 
to initiate maturation. At various times thereafter, RNA 
was prepared from 10 separate oocytes for each sub
strate. The fraction of oocytes displaying deadenylation 
or polyadenylation activity was determined by electro
phoresis of the 10 RNA preparations. The fraction of oo
cytes that had undergone nuclear breakdown was deter
mined by the appearance of a white spot. The data are 
plotted in Figure 5, in which the fraction of oocytes ex-
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Figure 5. Poly(A) removal activity appears after the activity 
that adds poly(A) ro H4 RNA. - 90/ +1 H4 RNA and vector 
RNAs, each with a 30-nucleotide poly(A) tail, were injected 
separately into —100 oocytes from the same frog. Oocytes were 
then incubated in the presence of progesterone, and maturation 
was monitored by the appearance of a white spot at the animal 
pole, indicative of nuclear breakdown. At various times after 
the addition of progesterone, indicated along the x-axis, RNA 
was prepared from 10 separate oocytes for each RNA. |0) Per
centage of 10 oocytes that have polyadenylated -90/+ 1 (A30) 
H4 RNA; (•) percentage of 10 oocytes that have deadenylated 
vector (A30) RNA; (D) percentage of 10 oocytes with a white 
spot. At most time points, the same number of oocytes had 
white spots regardless of the RNA with which they had been 
injected. When this was not true, two (D) are shown for a single 
time point. In each case, the lower percentage of white spots 
corresponds to the group of oocytes that were assayed for dead-
enylation. 

hibiting any detectable poly(A) removal or poly(A) addi
tion is plotted versus time after the addition of proges
terone. For comparison, the fraction of oocytes that have 
undergone nuclear breakdown is also indicated. 

Poly(A) removal is detectable -3 .5 hr after the addi
tion of progesterone. Nuclear breakdown is also first de
tected at this time. Approximately 4 hr after proges
terone addition, poly(A) removal is detected in 80% of 
the oocytes and 70% have undergone nuclear breakdown 
as assayed by the appearance of a white spot. By 7.5 hr, 
all the oocytes have undergone nuclear breakdown, and 
all also exhibit detectable poly(A) removal activity. At 
every time point, oocytes that have undergone nuclear 
breakdown also exhibited poly(A) removal activity. 

The activity that adds poly(A) to H4 RNA is detected 
1.5 and 2 hr after progesterone treatment (Fig. 5). After 2 
hr, every oocyte detectably polyadenylated H4 RNA, but 
only 10% had undergone nuclear breakdown. At no time 
are deadenylated forms of H4 detected. 

Injected H4 RNA appears to receive poly(A) earlier 
during maturation than does injected D7 RNA (cf. Fig. 5, 
this paper, with Fig. 8 in Fox et al. 1989). To demon
strate this difference conclusively, further experiments 

will be required in which both RNAs are analyzed in the 
same group of oocytes. The pertinent points here are 
that H4 RNA receives poly(A) before default deadenyla-
tion begins and no deadenylated H4 is detected at early 
times. These observations constrain models by which 
H4 RNA might avoid loss of its poly(A) tail. In partic
ular, they argue against the possibility that Fi4 first loses 
its poly(A) tail through the default pathway and then re
ceives new poly(A) later in maturation. 

The activity that removes the poly(A) tail is probably 
a 3' -^ 5' nuclease 

In principle, the enzyme that removes poly(A) from in
jected RNAs during maturation could be an endonu-
clease that recognizes the junction between non-poly(A) 
sequences and the adjacent poly(A) segment. Alterna
tively, the enzyme could be an exonuclease that re
moves poly(A) one or a few nucleotides at a time. The 
following experiments distinguish between these two 
possibilities. 

In the first experiment, we analyzed poly(A) removal 
at an intermediate time during maturation, before all of 
the mjected RNA had lost its poly(A) tail. If the enzyme 
is an endonuclease that removes the entire poly(A) tail 
by a single cleavage, then at any time during maturation, 
RNAs should either be intact or lack all of their poly(A) 
tails. Alternatively, if the enzyme is a poly{A)-specific 
exonuclease, then at intermediate times during matura
tion, partially shortened poly(A) tails should exist. 
Therefore, we injected Xfin RNA containing a 40-nu-
cleotide poly(A) tail and prepared RNA from oocytes ei
ther immediately after injection (Fig. 6A, lane 1), after 
maturation was complete (Fig. 6A, lane 4), or at an inter
mediate time shortly after the appearance of the poly(A) 
removal activity (Fig. 6A, lanes 2 and 3). At the interme
diate time, partially shortened molecules were readily 
detected (Fig. 6A, lanes 2 and 3). Identical results were 
obtained with vector RNA followed by a 30-nucleotide 
poly(A) tail (not shown). The partial shortening is due to 
loss of part of the poly(A) tail, as demonstrated by treat
ment with oligo(dT) and RNase H (not shown). It is very 
likely that the partially shortened molecules ultimately 
give rise to fully deadenylated species, because between 
40% and 100% of the injected RNA can be recovered 
after maturation in fully deadenylated form (see legend 
to Fig. 6). 

Second, we analyzed the effect of adding nonpoly(A) 
sequences downstream (3') of the poly(A) tail. If the ac
tivity that removes poly(A) is specific for a 3'-terminal 
poly(A) segment, then RNAs of this type will not lose 
their poly(A) tails. Therefore, we injected four Xfin 
RNAs containing a 40-nucleotide poly(A) tail (as above), 
followed either by 2, 15, 33, or 115 nucleotides of pro-
karyotic vector sequences. After maturation was com
plete, RNA was prepared from individual oocytes. In 
Figure 6B, RNA from four single oocytes is shown for 
each substrate. The results are quantitated in Figure 6C. 

RNA ending in a poly(A) segment followed by two 
nonadenosine residues loses its poly(A) tail efficiently 
during maturation (Fig. 6B, lanes 1-4). Flowever, the 
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presence of 33 or 115 nucleotides of nonpoly(A) se
quence reduces poly(A) removal by 75% (Fig. 6B, lanes 
9-16; Fig. 6C). The presence of 15 nonpoly(A) nucleo
tides has a more modest inhibitory effect (Fig. 6B, lanes 
5 -8 ; Fig. 6C). 

On the basis of these findings and on the presence of 
partially shortened species at intermediate times (Fig. 
6A), we infer that the activity that removes poly(A) is a 
3 ' -^ 5' nuclease that prefers a poly(A) segment near the 
3' end of the RNA. The data argue against the possibility 
that the enzyme is an endonuclease that cleaves at the 
junction between the poly(A) tail and the body of the 
mRNA. 

B 
lA .X 

Figure 6. Activity that removes polylA). (A) Partially short
ened intermediates. - 121 /+ ! Xfin RNA contaming a 40-nu-
cleotide poly(A) tail was injected into the cytoplasm of oocytes, 
which were then incubated in progesterone. RNA was prepared 
at various times after progesterone treatment. RNA from two 
single oocytes are shown at each time point. Multiple oocytes 
yielded the same results, as did oocytes injected with vector 
RNA carrying a 30-nucleotide poly(A) tail. |Lane 1) RNA iso
lated immediately after progesterone addition; (lanes 2 and 3] 
RNA isolated 4 hr after progesterone addition; (lane 4] RNA 
isolated 10 hr after progesterone addition. After 4 hr, half of the 
oocytes had undergone nuclear breakdown, as judged by the ap
pearance of a white spot at the animal pole. Film exposure 
times were adjusted so that the intensity of RNAs in each lane 
was comparable; 30-50% of the injected Xfin RNA remains 
after maturation. In the same experiment, using vector RNA, 
70-90% of the RNA is recovered after maturation (not shown). 
[B] Nonpoly(A) sequences past the poly(A) tail inhibit poly(A) 
removal. -124/-hi Xfin RNA followed by a 40-nucleotide 
poly(A) tail and various lengths of nonpoly(A) sequence (derived 
from a prokaryotic vector) were injected into oocytes, which 
were then incubated in the presence (-I- P; lanes 3, 4,7,8, U, 12, 
15, and 16] or absence (-P; lanes 1, 2, 5, 6, 9, 10, 13, and 14] of 
progesterone. The lengths of nonpoly(A) sequence, in nucleo
tides, are indicated, as are the positions of the injected and fully 
deadenylated RNAs. With each of the four substrates tested, 
RNAs from four single oocytes are shown. (Lanes 1 and 2| Two 
nucleotides of non-poly(A); (lanes 3 and 4] 2 nucleotides of non-
poly(A); (lanes 5 and 6) 15 nucleotides of non-poly(A|; (lanes 7 
and 8] 15 nucleotides of non-poly(A); (lanes 9 and 10] 33 nu
cleotides of non-poly(A); (lanes 11 and 12] 33 nucleotides of 
non-poly(A); (lanes 13 and 14] 115 nucleotides of non-poly(Al; 
(lanes 15 and 16] 115 nucleotides of non-poly(A). [C] Quantita
tion of the effect of non-poly(A) sequences past the poly(A) tail. 
Data of the type presented in B were quantitated by use of a 
beta-emission detector. Average values were obtained using 
three to four oocytes for each point. 

Discussion 

The key conclusion reported here is that poly(A) re
moval during oocyte maturation is a default reaction: In 
the absence of any specific sequence, poly{A) is removed. 
A U-rich element and AAUAAA, both of which are nec
essary for poly(A) addition during maturation (Fox et al. 
1989; McGrew et al. 1989); prevent removal of poly(A) 
by this default pathway. 

We assayed poly(A) removal by injecting short, syn
thetic RNAs. This assay faithfully reflects poly(A) re
moval in vivo, as judged by four criteria. First, the in
jected RNAs mimic the behavior of endogenous 
mRNAs: Injected Xfin and actin RNAs lose their tails, 
whereas injected H4 RNA does not. Second, shortening 
is observed only during oocyte maturation, not before, as 
is true in vivo. Third, the shortening process is specific 
for a 3'-terminal poly(A) segment (Fig. 6). Fourth, after 
poly(A) has been removed from an injected RNA, the 
tailless body of the mRNA persists, as it does in vivo. 

Poly(A) removal during oocyte maturation 

Our data suggest strongly that addition of poly(A) is re
quired to escape poly(A) loss: Mutations that impair 
poly{A) addition result in removal of poly(A), not merely 
a failure to extend the poly(A) tail. Because nearly all 
mRNAs contain AAUAAA, we infer that in vivo, other 
signals (e.g., the U-rich element) are critical: If an 
mRNA contains a functional signal for polyadenylation 
during maturation, it retains its tail; if not, it suffers 
poly(A) loss. 

An obvious prediction of this view is that natural 
mRNAs that suffer poly(A) loss should lack a functional 
U-rich element. Indeed, cytoskeletal actin (T. Mohun 
and J.B. Gurdon, pers. comm.), Xfin (Ruiz i Altalba et al. 
1987), and ribosomal protein LI (Hyman and Wor-
mington 1988) mRNAs—which lose their poly(A) tails 
during maturation—contain no more than four contig
uous uridines within 50 nucleotides of AAUAAA. 

It has been reported that a specific sequence in the 3 ' 
UTR of ribosomal protein LI mRNA causes it to lose 
poly(A) during oocyte maturation (Hyman and Wor-
mington 1988), in apparent contradiction of our results. 
Hyman and Wormington (1988) inferred the existence of 
a specific poly(A) removal sequence from their observa-
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tions that a chimeric RNA in which the coding region of 
3-globin mRNA was followed by the 3 ' UTR of the ribo-
somal protein mRNA lost poly(A) during oocyte matura
tion, whereas the same coding region followed by a (3-
globin 3 ' UTR did not. The failure of the control, p-
globin RNA, to lose its tail is inconsistent with our 
results and with our observation that poly(A) is re
moved from full-length, human p-globin mRNA (not 
shown). The discrepancies are reconciled by our obser
vation that the presence of nonadenosine residues past 
the poly(A) tail inhibits poly(A) removal (Fig. 6). In the 
studies of Hyman and Wormington (1988), the poly(A) 
tail of the control, p-globin RNA, was followed by 30 
cytidines, whereas the poly(A) tail of the chimeric RNA 
was not. As shown in Figure 6, the presence of 33 nona
denosine residues inhibits poly(A) removal. Thus, we 
propose that the poly(A) tail of LI mRNA is removed by 
the default activity, which requires no specific sequence 
in the 3 ' UTR but which is blocked by the presence of 
nonadenosine residues beyond the poly(A) tail. 

Mechanism of protection from default poly(A) removal: 
two models 

We present two models to explain how, during matura
tion, RNAs that contain signals for poly(A) addition re
tain their poly(A) tails in spite of default poly(A) removal 
(Fig. 7). In the first ("compensation"), every RNA loses 
poly(A) at the same rate, but some compensate for 
poly(A) loss with poly(A) addition. When maturation is 
complete, only RNAs to which poly(A) has been added 
still have a poly(A) tail. In the second model ("protec
tion"), RNAs that receive poly(A) do not suffer poly(A) 

Compensation 

^30An 

2. Protection 

(A) Resistant Nucleotides 

A^nAAA • • • ' ' 3 0 ^ ^ H ' ' 3 0 > 

(B) Resistant Protein-RNA Connplex 

^ B A 3 0 ^ ^ B ^ 3 o ( ^ 

Figure 7. Two models depicting how RNAs that contain 
poly(A) addition signals might escape poly(A) removal. For the 
compensation model, two RNAs are depicted. Both lose poly(A) 
at the same rate. Only one contains signals that promote 
poly(A) addition. This RNA therefore receives sufficient poly(A) 
to compensate for loss and so contains poly(A) when matura
tion is complete. Two forms of the protection model are de
picted. In A, the poly(A) added during maturation is covalently 
different from conventional poly(A), and so is resistant to the 
nuclease. In B, a poly(A) binding activity that appears during 
maturation protects the newly synthesized poly(A) tail from at
tack by the nuclease. 

loss because the new poly(A) added during maturation is 
protected from the deadenylation activity. Protection 
could arise either because the newly added adenosines 
are covalently modified or because they form a resistant 
complex With a protein present during maturation but 
not before. 

These two models make different predictions. For ex
ample, in the compensation model, whenever the 
poly(A) removal activity exists during maturation, the 
addition activity must also be present: If it were not, 
then poly(A) would be removed from all mRNAs. In the 
protection model, once poly(A) addition has rendered an 
RNA resistant to the removal activity, then the addition 
activity can disappear. 

Different natural mRNAs vary in the length of poly(A) 
they acquire during maturation (M. Sheets and M. 
Wickens, in prep.). The final length of poly(A) after mat
uration will be directly related to the rate of poly(A) ad
dition. Mutations analyzed in the U-rich sequence re
duce but do not abolish poly(A) addition, suggesting that 
the natural variation of sequences in different 3 ' UTRs 
(Fox et al. 1989; McGrew et al. 1989) could lead to a 
spectrum of poly(A) lengths. mRNAs with optimal 
poly(A) addition signals (e.g., injected H4 RNA) would 
gain poly(A) during maturation, whereas suboptimal 
signals, as in FI4 RNA lacking a the U-rich element, 
would result in partial loss. An absence of signals, as in 
H4 RNAs lacking AAUAAA and Xfin RNA, would re
sult in complete deadenylation. 

Sequences required for poly(A) addition 

A 60-nucleotide H4 RNA that supports polyadenylation 
after injection contains the sequence UnAU immedi
ately upstream of AAUAAA (Fig. 4A). Replacement of 
the UiiAU by a foreign sequence reduces but does not 
abolish polyadenylation (Fig. 4B). Thus, other sequences, 
as yet uncharacterized, can promote polyadenylation 
during maturation. H4 RNA appears to differ from GIO 
RNA, in which UUUUUAU appears to be absolutely re
quired for polyadenylation (McGrew et al. 1989). 

At least superficially, the sequence requirements for 
polyadenylation during maturation appear analogous to 
those for the cleavage reaction that forms mRNA 3 ' ter
mini in the nucleus (McLauchlan et al. 1985; Wickens 
1990b). In both cases, AAUAAA is required, but addi
tional U-rich elements are necessary for maximum effi
ciency. The additional elements appear to vary in se
quence and in distance from AAUAAA (e.g., Zarkower 
and Wickens 1988). These analogies may indicate sim
ilar biochemical mechanisms. 

Oocytes versus somatic cells 

In somatic cells, several experiments suggest that 
poly(A) removal can lead to rapid degradation of certain, 
but not all, mRNAs (for review, see Brawerman 1981; 
Swartout et al. 1987; Bernstein and Ross 1989). In oo
cytes, it is clear that mRNAs that lose their poly(A) tails 
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during maturation not only persist in the egg (this work; 
Dworkin and Dworkin-Rastl 1985; Ruiz i Altalba 1987) 
but after fertilization as well (Duval et al. 1990; Paris 
and Philippe 1990). Several such deadenylated mRNAs 
are destroyed later in development, at mid-blastula or 
early gastrula stages (Duval et al. 1990). We infer that in 
oocytes, the activity that degrades the body of the 
mRNA is distinct from the one that removes the tail. 

In somatic cells, loss of the poly(A) tail can be acceler
ated by specific sequences. For example, an AU-rich se
quence in the 3 ' UTR of several lymphokine mRNAs 
(Caput et al. 1986; Shaw and Kamen 1986; Jones et al. 
1987) causes rapid deadenylation (Wilson and Treisman 
1988). During oocyte maturation, although no specific 
sequence is required for poly(A) removal, a sequence 
could exist that would accelerate the rate of deadenyla
tion. Alternatively, poly(A) removal during maturation 
may be akin to the gradual shortening of poly(A) in so
matic cells (for review, see Lewin 1980; Brawerman 
1981), which proceeds rather slowly (20-40 nucleotides 
per hour; Mercer and Wake 1985; Restifo and Guild 
1986) and presumably lacks mRNA specificity. 

Do somatic cells contain a default poly(A) removal 
system that can be counterbalanced by cytoplasmic 
poly(A) addition? Early work suggested that poly(A) is 
both removed and added in the cytoplasm of cultured 
cells (Sheiness and Darnell 1973; Brawerman and Diez 
1975; Sheiness et al. 1975). In light of our results, it 
would be instructive to determine whether, in somatic 
cells, cytoplasmic mRNAs lacking the AAUAAA se
quence lose their poly{A) tails rapidly. In addition, fur
ther study of those specific mRNAs in somatic cells 
whose poly(A) tail lengths change in response to specific 
stimuli (Muschel et al. 1986; Pack and Axel 1987; Rob
inson et al. 1988) should resolve whether these alter
ations are cytoplasmic and whether they depend on spe
cific sequence elements. 

The enzymes that remove poly(A) in different species 
may be similar in their mode of action. In frog oocytes, 
the enzyme that removes poly(A) during oocyte matura
tion appears to be a 3 ' -* 5' nuclease that prefers a 3'-ter
minal poly(A) segment (Fig. 6). Mammalian cell and Sac-
charomcyes cerevisiae extracts also appear to contain a 
poly(A)-specific exonuclease activity (A. Sachs and J. 
Ross, pers. comm.). 

Regulation during early development 

Several mRNAs gain or lose poly(A) at specific times 
during early development, after maturation (Paris et al. 
1988; Paris and Philippe 1990). The compensation model 
described above (Fig. 7) could simplify the problem of 
selecting specific mRNAs for removal or addition at 
these later times. Rather than regulate both poly(A) ad
dition and removal, in a sequence-specific fashion, only 
the rate of poly(A) addition would need to be determined 
by specific sequences and factors. If poly(A) addition to a 
specific mRNA were prevented, that mRNA would au
tomatically lose its poly(A) tail, even without any se
quence-specific deadenylation system. For example, cer

tain mRNAs gain a tail during maturation, then lose it 
abruptly at fertilization (M. Sheets and M. Wickens, in 
prep.). Using such RNAs, it should be possible to deter
mine whether removal of poly(A) at fertilization is due 
to a default or sequence-specific deadenylation appa
ratus. 

In Drosophila and Caenorhabditis elegans, maternal 
mRNAs have been identified whose translation may be 
regulated by changes in poly(A) tail length. For example, 
in mutant Drosophila embryos, the ectopic presence of 
nanos protein causes hicoid poly(A) tail of mRNA to be 
abnormally short (Wharton and Struhl 1989 and pers. 
comm.) and results in a failure to activate translation of 
bicoid mRNA (Wharton and Struhl 1989). In the wild-
type embryo, translation of hunchback maternal mRNA 
initially is repressed by a process that may require nanos 
(Tautz et al. 1987; Tautz 1988). This repression could be 
mediated by a similar effect of nanos on hunchback 
mRNA's poly(A) tail. In C. elegans, mRNAs of the 
fem-3 gene, a key gene in sex determination, normally 
undergo poly(A) lengthening early in embryogenesis. 
Single-nucleotide changes in the 3 ' UTR of fem-3 
mRNA result in premature poly(A) lengthening and ac
tivation of fem-3 activity in the germ line, consistent 
with aberrant translational activation (J. Ahringer and J. 
Kimble, in prep.). In light of our results, it will be of in
terest to establish whether translation of these Droso
phila and C. elegans mRNAs is regulated by changes in 
poly(A) length, and if so, whether the process that is di
rectly regulated is poly(A) addition or removal. 

In Xenopus, the biochemical mechanism of poly(A) re
moval during oocyte maturation, like that of poly(A) ad
dition (Fox et al. 1989; McGrew et al. 1989), is directly 
accessible by microinjection. It will be critical to deter
mine how the poly(A) is removed, how that process is 
activated by maturation, and how it is prevented by 
poly(A) addition. The widespread occurrence of selective 
poly(A) addition and removal during early development 
suggests that studies of these reactions during frog oo
cyte maturation will be of general significance. 

Materials and methods 

Plasmid construction, structure of RNA substrates, and 
nomenclature 

All plasmids are named by the sequences that they contain. H4 
RNA is not related to histone H4 mRNA but was named H4 for 
entirely different reasons (Dworkin and Dworkin-Rastl 1985). 
The number +1 designates the last nucleotide in the mRNA 
before the poly(A) tail [i.e., the poly(A) addition site). Thus, pSP 
Xfin - 124/-I-1 (A40) contains the last 124 nucleotides of Xfin 
mRNA followed by 40 nucleotides of dA : dT, cloned into an 
SP6 transcription vector. 

-294/ + ! (A40) Xfin RNA To construct pSP Xfin -294/-hi 
(A40), a pSP70 subclone of the 3'-most 0.9-kb £coRl fragment of 
the Xfin cDNA (Ruiz i Altaba et al. 1987) was digested with 
SauiA and the 3'-most Sau3A-£coRI fragment cloned into 
BdmHI/£coRl-digested pGem-3zf-(- (Promega). To prepare 
-294/-hi (A40) Xfin RNA, £coRI-digested DNA was tran-
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scribed by use of SP6 polymerase. This RNA contains 39 nu
cleotides of vector sequence followed by 294 nucleotides of 
Xfin containing a 40-nucleotide poly(A) tail followed by an 
EcoRl linker. The approximate length of the poly(A) tail was 
determined by comparing oligo(dT)/RNase H-treated RNA with 
untreated RNA. 

-124/+1 (A40j Xfin RNA To construct pSP Xfin - 124/+ 1 
(A40), £coRV/HincII-digested pSP - 2 9 4 / + 1 (A40) was resealed 
by blunt-end ligation. To prepare - 1 2 4 / + 1 (A40) Xfin RNA, 
£coRI-digested DNA was cleaved and transcribed with SP6 
polymerase. This RNA contains 29 nucleotides of vector se
quence followed by 124 nucleotides of Xfin containing a 40-nu
cleotide poly(A) tail followed by an £coRI linker. The polyjA) 
tail of this RNA is identical to that in -194/+1 (A40) Xfin 
RNA. 

- 259/ + 1 (A50) actin RNA To construct pSP actm - 259/ + 1 
(A50), the 3'-most £coRI fragment of Xenopus laevis cytoskel-
etal actin cDNA, isolated from an oocyte cDNA library (Rebag-
liati et al. 1985) using a probe derived from the 3'-most 400 
nucleotides (approximate) of the genomic clone, was digested 
with Sflu96. The 3'-most Sau96-£coRI fragment was treated 
with mung bean nuclease and cloned into the Smal site of 
pBSM13-H (Stratagene). The resulting clone was digested with 
PstI and £coRI and the fragment containing the actin insert was 
cloned into £coRI/Ps£l-digested pSP64 (Promega). To prepare 
-259/-f 1 (A50) actin RNA, KpnI-digested DNA was treated 
with T4 DNA polymerase and mung bean nuclease and tran
scribed with SP6 polymerase. This RNA contains 39 nucleo
tides of polylinker followed by 259 nucleotides of actin se
quence containing a 50-nucleotide poly(A) tail. The approxi
mate length of the poly(A) tail was determined by comparing 
the length of an RNA generated from pSP actin - 259/ + 1 (A50) 
digested with Haell [Hdell cleaves 21 nucleotides upstream of 
the poly(A) site] to an RNA generated from the same DNA di
gested with Kpnl. 

-213/+1 (A60) human globin RNA To construct pSP 
- 2 1 3 / - M (A60) human p-globin, the 3'-most EcoRl-Hindlll 
fragment of pSPKbc (Ross and Kobs 1986) was cloned into 
£coRI/HindIII-digested pSP65 (Promega). To prepare - 2 1 3 / + 1 
(A60) globin RNA, Hindlll-digested DNA was transcribed with 
SP6 polymerase. This RNA contains 9 nucleotides of vector se
quence followed by 213 nucleotides of human p-globin se
quence, then a 50-nucleotide poly(A) tail followed by a Hindlll 
linker. The approximate length of the poly(A) tail was deter
mined by comparing the length of oligo(dT)/RNase H-treated 
RNA with that of untreated RNA. 

Vector (A30) RNA To construct pSP vector (A30), the PvuII-
Smal fragment, containing polylinker sequences of pSP65, was 
cloned into the Smal site of pSP64 [poly(A)] (Promega) in the 5' 
PvuII -3 ' Smal orientation. To prepare vector (A30) RNA, the 
DNA was cleaved with £coRI and transcribed with SP6 poly
merase. This RNA contains 253 nucleotides of vector sequence 
containing a 30-nucleotide poly(A) tail followed by an £coRI 
linker. pSP64 [poly(A)] contains a 30-nucleotide dA : dT tract 
before the £coRI linker. The length of the poly(A) tail on vector 
(A30) RNA was confirmed by oligo(dT)/RNase H treatment. 

-90/ + 1 (A30) H4 RNA To construct pSP H4 -90 /4 -1 (A30), 
£coRV and Sspl restriction sites were inserted into an H4 
cDNA (Dworkin and Dworkin-Rastl 1985) by oligodeoxynu-
cleotide-directed mutagenesis (Kunkel 1985). The £coRV site 
was introduced by changing the sequence between - 9 6 and 

- 9 1 (GAGACT) of the H4 cDNA to GATATC. The Sspl site 
was introduced by inserting the sequence ATA between the - 2 
A and the - I T of the H4 cDNA. This resulted in changing the 
sequence from - 3 to + 1 of H4 from CATT to CAATATT. The 
H4 cDNA was then digested with Hind i (which cleaves in the 
polylinker at the 5' end of the H4 cDNA) and Sspl, and the 
fragment was cloned into the Smal site of pSP64 |poly(A)|. The 
resulting clone was digested with £coRV and £coRI to yield a 
fragment that contained the last 90 nucleotides of the H4 
cDNA and the poly(A) tail from pSP64 [poly(A)]. This fragment 
was cloned into f/incII/£coRI-digested pGem-3Z (Promega). 
This generated pSP H4 - 9 0 / + 1 (A30). To prepare - 9 0 / + 1 
(A30) H4 RNA, the DNA was cleaved with £coRI and tran
scribed with SP6 polymerase. The resulting RNA contains 29 
nucleotides of vector sequence followed by 90 nucleotides of 
H4 sequence (in which - 1 has been changed from a T to an A) 
and 7 nucleotides of polylinker followed by a 30-nucleotide 
poly(A) tail and an £coRI linker. This RNA contains the same 
poly(A) tail as vector (A30) RNA, and the size of the tail was 
confirmed with oligo(dT)/RNase H treatment. The sequence of 
H4 RNA from - 90 to + 1 has not been presented elsewhere. It 

AGACTTTTTTTTTTTATATAT-AACTTTGTAAACTTTTA-
AATAAAACTTTCTCCAAT-poly(A)-3'. 

-58.+1 H4 RNA To construct pSP H4 - 5 8 / + 1 (A30), a 
Hind i restriction site was introduced into pSP H4 - 9 0 / + 1 
IA301 by oligodeoxynucleotide-directed mutagenesis (Kunkel 
19851. The Hmcll site was introduced by changing the sequence 
between - 6 3 and - 5 8 (GCTGCC) of the H4 cDNA to 
GTCGAC. To generate pSP H4 - 5 8 / + 1 (A30), the DNA was 
digested with Hindi and £coRI, and the fragment was cloned 
into H]ncII/£coRI-digested pGem 3Z. To prepare - 5 8 / + I H4 
RNA [no poly(A) tail], pSP - 58/ + 1 (A30) was cleaved with 
Sad, treated with T4 DNA polymerase, and transcribed with 
SP6 polymerase. - 5 8 / + 1 H4 RNA contains 31 nucleotides of 
vector sequence followed by 59 nucleotides of H4 sequence (in 
which - 1 position has been changed from a T to an A) and 5 
nucleotides of vector sequence. 

- 58 + 1 IA30) H4 RNA To prepare - 58/ + I (A30) H4 RNA, 
pSP H4 - 58/ + 1 (A30) was cleaved with £coRI and transcribed 
with SP6 polymerase. - 5 8 / + I [A30) H4 RNA is identical to 
- 58/ + I H4 RNA except that it extends past the 3 ' end of that 
RNA, with 7 nucleotides of polylinker followed by a 30-nucleo
tide poly(A) tail and an £coRI linker. The poly(A) tail is the 
same as that for - 90/ + I (A30) H4 RNA. 

Mutations w -58/+ 1 H4 RNA and -58/+1 (A30) H4 RNAs 
Templates used to synthesize these mutations were derived 
from pSP H4 - 5 8 / + 1 (A30) by oligodeoxynucleotide-directed 
mutagenesis (Kunkel 1985). To disrupt the U-rich element in 
H4 the sequence from - 4 6 to - 3 5 was changed from 
UUUUUUAUAUAU to CCCCCCGCGCGC (RNA 2) or the 
sequence from - 5 1 to - 3 5 was changed from 
UUUUUUUUUUUAUAUAU to ACACACACACAGCGCGC 
(RNA 3). An extra T was inserted between position - 5 2 and 

- 51 of RNA 2 during mutagenesis. This extra T does not affect 
the behavior of RNA wild-type H4 RNA (not shown) and so is 
very unlikely to affect the behavior of RNA 2. RNAs were pre
pared as described for pSP H4 - 5 8 / + 1 (A30). 

A point mutation changing AAUAAA to AAGAAA was also 
generated by oligodeoxynucleotide-directed mutagenesis 
(Kunkel 1985) of pSP H4 - 5 8 / + I (A30). The RNA was gener
ated as described for pSP H4 - 5 8 / + 1 (A30). 
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Poly(A) removal during oocyte maturation 

Preparation of RNA substrates and oocyte iniections 

RNAs were prepared as described previously (Fox et al. 1989) 
with 50-150 M-Ci of |^^P)UTP. Oocyte micromanipulation and 
microinjection were performed as described previously 
(Wickens and Gurdon 1983; Fox et al. 1989). A solution (25-50 
nl) containing 2 - 5 fmoles of RNA at specific activities ranging 
from 6,000 to 18,000 cpm/fmoie was injected into oocyte cyto
plasms and incubated in the presence or absence of 1 ixg/ml 
progesterone. For the experiment with human p-globin RNA 
(Fig. 2A), 50 nl of a solution containing 20-25 fmoles of RNA at 
a specific activity of 5200 cpm/fmole was injected into oocyte 
cytoplasms and incubated as described. 

Progesterone treatment 

To induce maturation, oocytes were treated with progesterone 
as described previously (Fox et al. 1989). RNA was prepared ~2 
hr after nuclear breakdown, unless noted otherwise. The time 
of nuclear breakdown is defined as the time when 50% of the 
oocytes had a white spot at the animal pole. 

Extraction and analysis of RNA 

Flomogenization of oocytes, phenol/chloroform extraction, eth-
anol precipitation, and gel electrophoresis were performed as 
described previously (Fox et al. 1989). For some experiments, 
oocytes were frozen in liquid nitrogen and stored at - 20°C 
prior to RNA extraction. Oligo(dTl-cellulose chromatography 
was performed as described in Zarkower and Wickens 1988. 

Oligo(dT)/RNase H treatment 

RNA from one or two oocytes was resuspended in 20 |i.l of 1 
mM EDTA, boiled 1 min, and chilled on ice. Oligo(dTl [1 (xg of 
oligo (dT), 12- to 18-mers, Pharmacia) was added, and the solu
tion was incubated 10 min at room temperature. Then, 0.5 fil of 
2 M KCl was added, and the solution was incubated an addi
tional 10 min at room temperature. RNase H buffer |20 jil, 56 
mM MgClj, 40 mM Tris-HCl (pH 7.5), 1 mM EDTA| and 1 to 2 
units (1 |JL1) of RNase H (units as defined by the manufacturer 
Promega) were added, and the mixture was incubated at 37°C 
for 30 min. The reaction was stopped with 60 fil of 20 mM 
EDTA, and extracted with phenol/chloroform, and the aqueous 
phase was precipitated with ethanol. The RNA pellet was dis
solved in 10 |xl of water and analyzed by electrophoresis 
through polyacrylamide gels as described previously (Fox et al. 
1989). 

Molecular weight markers 

Mspl fragments of pBR322 were 3'-end-labeled and used as mo
lecular weight standards. 

Quantitation 

Quantitation of the data presented in Figure 6 was performed 
with a beta-emission detector (Betagen). 
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