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One activity that controls mRNA translation in vertebrate oocytes, embryos, and neurons is cytoplasmic
polyadenylation. In Xenopus oocytes, where much of the biochemistry of this process has been elucidated,
nuclear pre-mRNAs containing a cytoplasmic polyadenylation element (CPE) in their 3� untranslated regions
(UTRs) have long poly(A) tails; once the RNAs are spliced and transported to the cytoplasm, the tails are
shortened. Following the resumption of meiosis, the poly(A) tails are lengthened and translation ensues. CPEB
is a sequence-specific RNA-binding protein that coordinates these events and does so by binding to the CPE as
well as several factors including Gld2, a poly(A) polymerase, and PARN [poly(A)-specific ribonuclease], a
deadenylase. Here, we show that ePAB, embryonic poly(A)-binding protein, transiently associates with the
polyadenylation complex; it initially interacts with CPEB, but after polyadenylation, it binds the poly(A) tail.
ePAB dissociation from CPEB is regulated by RINGO (Rapid Inducer of G2/M progression in Oocytes), a
cyclin B1-like cofactor that activates cdk1, a protein kinase that phosphorylates CPEB. Subsequent ePAB
binding to the poly(A) tail is necessary to protect the homopolymer from degradation by deadenylating
enzymes. Poly(A)-bound ePAB also interacts with eIF4G, which instigates translation initiation of
CPEB-bound mRNAs.
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Cytoplasmic polyadenylation is one process that con-
trols the translation of several key mRNAs in vertebrate
germ cells, embryos, and neurons (Klann and Richter
2007; Richter 2007; Thompson et al. 2007). Much of the
biochemistry of polyadenylation-induced translation has
been elucidated in Xenopus oocytes: Here, several RNAs
containing a cytoplasmic polyadenylation element (CPE)
and the hexanucleotide AAUAAA have short poly(A)
tails; in response to progesterone stimulation of a sur-
face-associated receptor, the tails are elongated and
translation ensues. Cytoplasmic polyadenylation and
translation during this oocyte maturation period are con-
trolled by several factors including CPEB, an RNA-bind-
ing protein whose recognition of the CPE dictates which
mRNAs undergo this 3� end processing. While CPE-lack-
ing and CPE-containing pre-RNAs both acquire long
poly(A) tails in the nucleus, following splicing and ex-
port to the cytoplasm, only the CPE-containing RNAs
undergo deadenylation and translational silencing. The
deadenylation is controlled by two CPEB-associated fac-

tors: Gld2 (germline development 2) and PARN [poly(A)-
specific ribonuclease]. Gld2 is a poly(A) polymerase
(Wang et al. 2002; Kwak et al. 2004) and PARN is a dead-
enylase (Korner et al. 1998; Copeland and Wormington
2001); in oocytes, both of these proteins are active, but
because PARN activity is particularly robust, the poly(A)
tails are shortened and maintained in that manner (Kim
and Richter 2006). Progesterone-triggered signaling acti-
vates the kinase Aurora A, which phosphorylates CPEB
Ser 174 (Mendez et al. 2000) (note that mitogen-activated
protein [MAP] kinase has also been reported to phos-
phorylate CPEB [Keady et al. 2007]). This event causes
the expulsion of PARN from the RNP complex, thereby
allowing Gld2 to catalyze poly(A) addition by default
(Kim and Richter 2006). Two additional factors required
for polyadenylation are symplekin (Barnard et al. 2004),
which may act as a scaffold for RNP assembly (Takagaki
and Manley 2000), and cleavage and polyadenylation
specificity factor (CPSF), a group of proteins that bind the
hexanucleotide AAUAAA (Dickson et al. 1999). Trans-
lation is controlled most proximally by maskin, which
interacts with both CPEB and the cap-binding factor
eIF4E. The maskin–eIF4E association precludes the bind-
ing of eIF4E with eIF4G, which is required for cap-de-
pendent initiation. Following polyadenylation, maskin

1Corresponding author.
E-MAIL joel.richter@umassmed.edu; FAX (508) 856-4289.
Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.1593007.

GENES & DEVELOPMENT 21:2571–2579 © 2007 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/07; www.genesdev.org 2571



dissociates from eIF4E, thereby allowing eIF4G to bind
eIF4E and recruit the 40S ribosomal subunit to the 5� end
of the mRNA (Richter and Sonenberg 2005; Cao et al.
2006).

In addition to Aurora A phosphorylation of CPEB, two
other upstream events are necessary for polyadenylation.
First, RINGO (Rapid Inducer of G2/M progression in Oo-
cytes), a cyclin B1-like factor that activates the kinase
cdk1, must be synthesized (Ferby et al. 1999). While oo-
cytes have little RINGO protein, they do contain dor-
mant RINGO mRNA that is translated soon after the
oocytes are stimulated by progesterone; this transla-
tional control event is mediated by Pumilio-2, a se-
quence-specific RNA-binding protein (Padmanabhan and
Richter 2006). A second essential upstream event in-
volves the activation of Aurora A; the control of this
kinase in various cell types is complex (Marumoto et al.
2005), but in oocytes, it is at least partly regulated by
phosphorylation catalyzed glycogen synthase kinase 3
(GSK-3) (Sarkissian et al. 2004). Finally, CPEB undergoes
additional phosphorylation events subsequent to that
catalyzed by Aurora A; these “late-round” phosphoryla-
tions are catalyzed by cdk1 and cause partial destruction
of CPEB at the very end of meiotic maturation (Mendez
et al. 2002).

In the cytoplasm, following CPEB stimulation by Au-
rora A, the number of adenosine residues that are poly-
merized on the mRNA 3� end is tightly regulated;
poly(A) tails rarely exceed ∼200 bases. However, when
the cytoplasmic polyadenylation complex is first immu-
noselected by symplekin coimmunoprecipitation (co-IP),
polyadenylation surpasses 1000 bases (Barnard et al.
2004). These data suggest that a factor(s) that regulates
poly(A) tail length is lost during the RNP selection. We
have sought to determine how poly(A) length is regu-
lated and the reason for this regulation. We demonstrate
that ePAB [embryonic poly(A)-binding protein] (Voeltz et
al. 2001) is initially tethered to CPEB in oocytes, but
dissociates from this factor during maturation and binds
newly elongated poly(A) tails. The stimulus for the CPE-
B–ePAB dissociation is RINGO activation of the kinase
cdk1 (Ferby et al. 1999; Padmanabhan and Richter 2006),
which phosphorylates CPEB on six residues (Mendez et
al. 2002). The ePAB liberated by CPEB phosphorylation
then binds the newly elongated poly(A) tail, where it not
only protects the homopolymer from nuclease attack,
but also binds eIF4G to help promote translation initia-
tion.

Results

Transient association of ePAB with the cytoplasmic
polyadenylation complex

One protein we thought might be involved in maintain-
ing poly(A) tail length is poly(A)-binding protein (PABP).
However, oocytes contain very little PABP, although
they do have a related protein, ePAB (Voeltz et al. 2001).
To examine the relationship between ePAB and cyto-
plasmic polyadenylation, symplekin was used to coim-

munoprecipitate the cytoplasmic polyadenylation com-
plex from oocytes (Kim and Richter 2006). Symplekin is
particularly useful for these co-IP experiments because it
is relatively abundant, an antibody directed against it is
strongly precipitating, and the antibody is mouse mono-
clonal, thereby facilitating immunoblotting of the pro-
teins collected in this manner with rabbit polyclonal an-
tibodies. In the absence or presence of progesterone (but
in the presence of RNase inhibitors), CPSF100, CPSF73,
CPEB, and ePAB, but not eIF4G, were all coprecipitated;
actin, a very abundant protein, served as the negative
control and was not precipitated. Mos also served as a
control; it is synthesized only upon the induction of
maturation and thus indicates that progesterone effec-
tively stimulated the oocytes. As expected, mos was not
coprecipitated with symplekin from progesterone-
treated oocytes (Fig. 1A). When the same experiment was
performed with extracts treated with RNase A, CPSF,
and CPEB, but again not eIF4G, were coprecipitated with
symplekin from untreated or progesterone-treated oo-
cytes; however, ePAB was coprecipitated only from un-
treated oocytes (Fig. 1B). A similar result was obtained
when CPEB was used for the IP in the presence of RNase
A; ePAB was coprecipitated with CPEB from oocytes, but
not those treated with progesterone (Fig. 1C). Finally,
oocytes were injected with mRNA encoding myc-ePAB;
symplekin, CPSF, and CPEB were coprecipitated with
ePAB from oocyte extracts treated with RNAse A, but
not from mature oocyte extracts also treated with RNase
A. However, eIF4G was coimmunoprecipitated with
ePAB before and after progesterone treatment, probably
indicating that ePAB is present on the poly(A) tails of
many non-CPE-containing mRNAs when it interacts
with eIF4G (Fig. 1D). Thus, ePAB association with the
polyadenylation complex changes from one that is
RNase insensitive in oocytes to one that is RNase sen-
sitive following maturation.

To determine whether ePAB dissociates from direct
contact with the polyadenylation complex to an interac-
tion with elongated poly(A) tails, a symplekin co-IP ex-
periment was performed using egg extracts (no RNase A)
supplemented with poly(A) or, as a control, poly(C). Fig-
ure 1E shows that ePAB was coprecipitated with symple-
kin only in the absence of competitor poly(A), indicating
that ePAB binds newly elongated poly(A); this conclu-
sion is corroborated by in vitro binding analysis demon-
strating that ePAB has a strong avidity for poly(A)
(Supplementary Fig. 1).

RINGO/cdk1-mediated phosphorylation
of CPEB controls ePAB association
with the polyadenylation complex

The cytoplasmic polyadenylation complex is (mini-
mally) composed of CPEB, symplekin, CPSF, PARN, and
Gld2. To determine which of these proteins directly con-
tacts ePAB, GST–ePAB beads were mixed with each of
them following their metabolic labeling with [35S]me-
thionine in rabbit reticulocyte lysates. Figure 2A shows
that CPEB, and to a lesser extent Gld2, interacted with
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ePAB. Because CPEB becomes phosphorylated on Ser 174
during maturation and this event is necessary for the
expulsion of PARN from the polyadenylation complex
(Kim and Richter 2006), we surmised that CPEB S174
phosphorylation would also expel ePAB from the
complex; however, S174 phosphorylation had no effect
on the interaction between CPEB and ePAB (data not
shown).

In addition to S174, CPEB undergoes six additional
phosphorylation events (on serine residues 138, 144, 184,
210, 248, and 423) that are important for its partial de-
struction late in maturation (Mendez et al. 2002). These
events are catalyzed by cdk1, which presumably is acti-
vated by its cofactor cyclin B1. cdk1 can also be activated
by RINGO, a cyclin B1-like cofactor (Ferby et al. 1999).
Oocytes contain little RINGO protein, but do contain
dormant RINGO mRNA that is activated soon after the
initiation of maturation. RINGO mRNA translation is
necessary for CPEB phosphorylation, cytoplasmic poly-
adenylation, and oocyte maturation (Padmanabhan and
Richter 2006). These observations suggest that RINGO/
cdk1 might phosphorylate at least some CPEB early dur-
ing maturation, and that these modifications could po-
tentially mediate CPEB association with ePAB. To in-
vestigate this possibility, we injected oocytes with an
oligodeoxynucleotide (ODN) complementary to RINGO

mRNA (RINGO-AS) or, as a control, an ODN with an
irrelevant sequence. The RINGO-AS ODN induced the
destruction of RINGO mRNA as determined by RT–
PCR but had no effect on three other mRNAs (Fig. 2B,
RT–PCR panel). The RINGO-AS ODN also prevented
the hyperphosphorylation of CPEB as well as mos syn-
thesis (Fig. 2B, IB panel; note that partial destruction of
CPEB is caused by its hyperphosphorylation; cf. lanes 3
and 4). In untreated oocytes, the RINGO-AS ODN had
no effect on CPEB co-IP of ePAB or other proteins, while
in progesterone-treated oocytes, the RINGO-AS ODN
prevented the dissociation of ePAB from CPEB (Fig. 2C).
These data suggest that RINGO mRNA, and by exten-
sion RINGO activation of cdk1, is necessary for ePAB
dissociation from CPEB.

To investigate whether an early RINGO/cdk1-cata-
lyzed phosphorylation of CPEB could mediate ePAB
binding, mRNA encoding myc-tagged wild-type (WT) or
a mutant CPEB with alanine substitutions for the phos-
pho-serines (6A) was injected into oocytes followed by
myc co-IP; symplekin, CPSF, and ePAB, but not eIF4G,
were coprecipitated with both wild-type and 6A CPEB
proteins (Fig. 2D, left). While symplekin and CPSF were
coprecipitated with both wild-type and 6A CPEB after
progesterone treatment, ePAB was not precipitated with
wild-type CPEB (Fig. 2D, right). Thus, ePAB association

Figure 1. ePAB interacts with the cytoplasmic polyadenylation machinery. Extracts from oocytes, some of which were incubated
with progesterone to induce maturation, were immunoprecipitated (IP) with symplekin antibody or control mouse IgG in the presence
of RNase inhibitor (100 U/mL) (A) or RNase A (100 µg/mL) (B). Immunoblots of the precipitates were probed for eIF4G, symplekin,
CPSF100, CPSF73, ePAB, CPEB, and, as negative controls, actin and mos. (P-CPEB) Phospho-CPEB. (C) Extracts from untreated or
progesterone-treated oocytes were subjected to IP in the presence of RNase A with CPEB antibody or control rabbit IgG, which was
followed by immunoblotting. (D) mRNA encoding myc-ePAB was injected into oocytes; following 12 h incubation, some of them were
incubated with progesterone to induce maturation, and the oocytes were lysed and subjected to IP with myc-specific antibody (9E10).
The coprecipitating proteins were analyzed on immunoblots. (E) Extracts from eggs (no RNase A) were subjected to a symplekin IP in
the absence or presence of increasing amounts (0.1, 0.5, and 2.5 µg) of poly(A) or poly(C). The coprecipitating proteins were analyzed
on immunoblots.
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with CPEB is mediated by the six cdk1-catalyzed phos-
phorylated residues of CPEB.

ePAB promotes long poly(A) tails

To next examine the influence of ePAB on cytoplasmic
polyadenylation, we attempted to immunodeplete this
protein from egg extracts; however, the antibody was not
adequate for this purpose (data not shown). Conse-
quently, we used an alternative approach first noted by
Svitkin and Sonenberg (2004), who used poly(A)-binding
protein-interacting protein, PAIP, to remove PABP from
the poly(A) tail (Khaleghpour et al. 2001). In vitro, both
Xenopus and human PAIP2 have a strong affinity for
Xenopus and human PABP as well as ePAB (Fig. 3A). We
next determined whether Xenopus and human PAIP2
could deplete ePAB from an egg extract. Figure 3B dem-
onstrates that while PAIP2 did not detectably deplete
eIF4G, symplekin, CPSF100, CPSF73, or CPEB, it effi-
ciently depleted ePAB. To examine the effect of this

ePAB depletion on polyadenylation, the extracts were
primed with CPE-containing RNA. Figure 3C shows that
while the mock GST depletion had no effect on poly(A)
tail growth, ePAB depletion appeared to completely dis-
rupt this process. As expected, PAIP2 inhibited ePAB
from binding poly(A) in vitro (Fig. 3D). In addition, ePAB
mRNA injection into oocytes resulted in a hyperex-
tended poly(A) tail (by an average of ∼100 nucleotides
[nt]); injection of mRNA Xenopus or human PAIP2 in-
hibited poly(A) tail extension (Fig. 3E). The injection of
PAIP2 mRNA into oocytes also inhibited mos synthesis,
whose encoding mRNA requires cytoplasmic polyade-
nylation to be translated (Fig. 3F; Sheets et al. 1994).
These data show that ePAB controls poly(A) tail length
and resulting translational activation.

ePAB prevents poly(A) tail destruction

We surmised that ePAB could control polyadenylation in
two ways: by potentiating Gld2-catalyzed polyadenyla-

Figure 2. CPEB phosphorylation abrogates binding of ePAB to the cytoplasmic polyadenylation machinery. (A) mRNAs encoding
CPSF160, symplekin, PARN, CPEB, and Gld2 were translated in a rabbit reticulocyte lysate in the presence of [35S]methionine and
applied to glutathione columns containing GST or GST-ePAB. The columns were washed and the bound material was analyzed by
SDS-10% PAGE. (B) RINGO is required for ePAB dissociation from the cytoplasmic polyadenylation machinery. Oocytes were injected
with AS ODN against RINGO mRNA or a control-nonspecific ODN and incubated for 5 h to overnight. Following a further incubation
for 9 h in the absence or presence of progesterone activation, total RNA was extracted and the efficiency of destruction of RINGO
mRNA by RINGO-AS ODN and control ODN was assessed by RT–PCR (RT–PCR panel). Cyclin B1, mos, and �-actin were amplified
as negative controls. (C) Extracts from 75 oocytes were immunoprecipitated with CPEB antibody and the coprecipitating proteins were
analyzed on immunoblots. (D) Six cdk1 phosphorylation sites in CPEB that may be important for the dissociation of ePAB from the
cytoplasmic polyadenylation machinery were examined. mRNAs encoding myc-CPEB(WT) or myc-CPEB(6A) were injected into
oocytes; 12 h later, the oocytes were incubated further in the absence (lanes 1–6) or presence (lanes 7–12) of progesterone. Seventy-five
oocytes were collected and subjected to the IP with myc-specific antibody. The coprecipitating proteins were analyzed on immuno-
blots.
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tion or by inhibiting the activity of PARN, which would
presumably be present and active in the extract after its
expulsion from the polyadenylation complex following
CPEB S174 phosphorylation (Kim and Richter 2006). To
distinguish between these possibilities, ePAB was de-
pleted from an egg extract with Xenopus or human
PAIP2; this procedure inhibited polyadenylation. How-
ever, the addition of recombinant ePAB to the depleted
extract restored polyadenylation, demonstrating that
ePAB is the key factor regulating poly(A) tail length (Fig.
4A). Next, an egg extract was supplemented with 32P-
labeled CPE(+) RNA in the absence or presence of poly(A)
or poly(C). While poly(C) had little effect on poly(A) tail
length, the poly(A) caused a substantial increase in poly-
adenylation, ∼300 nt (Fig. 4B). Finally, egg extracts de-
pleted of ePAB by treatment with Xenopus or human
PAIP2 were supplemented CPE(+) RNA preadenylated in
vitro; while the poly(A) tail was retained in the nonde-
pleted extract, it was removed in the ePAB-depleted ex-
tract (Fig. 4C). These data show clearly that ePAB stabi-

lizes newly elongated poly(A) tails by protecting them
from deadenylase activity.

Finally, we examined mRNA translation in the ePAB-
depleted extracts. Treatment of egg extracts with Xeno-
pus or human PAIP2 elicited an ∼90% reduction in the
translation of CPE-containing luciferase reporter RNA
(Fig. 4D). The panel below the histogram in Figure 4D
shows that when ePAB was depleted from extracts by
Xenopus or human PAIP2, radioactive luciferase mRNA
had a short poly(A) tail. The ethidium bromide-stained
gel depicting 18S rRNA indicates that the RNA was sub-
stantially intact. Extracts A and B were derived from eggs
from two different frogs. Moreover, the injection of
poly(A) but not poly(C) to oocytes reduced by ∼80% the
translation of an RNA preadenylated in vitro (Fig. 4E).
The panels below the histogram in Figure 4E show that
luciferase mRNA was polyadenylated and was intact,
as was 18S rRNA. Frogs and B refer to experiments
performed with oocytes from two different animals.
These results point to the importance of ePAB for trans-

Figure 3. ePAB is required for cytoplasmic polyade-
nylation. (A) mRNAs encoding ePAB, Xenopus PABP
(xPABP1), and human PABP (hPABP1) were translated
in a rabbit reticulocyte lysate in the presence of [35S]me-
thionine and applied to glutathione columns containing
GST and GST-PAIP2. The columns were washed and
the bound material was analyzed by SDS-10% PAGE.
(B) Depletion of ePAB with GST-PAIP2 in the egg ex-
tracts. Egg extracts were subjected to depletion of ePAB
with GST-PAIP2 (Xenopus and human) or control GST
columns. Immunoblots of depleted extracts were
probed for eIF4G, symplekin, CPSF100, CPSF73, ePAB,
CPEB, and actin. The closed arrowhead represents
ePAB; the open arrowhead refers to a nonspecific band.
(C) ePAB-depleted egg extracts were primed with 32P-
labeled cyclin B1 RNA. The RNA was isolated and re-
solved on a 5% denaturing gel. (D) Binding of ePAB to
A25 RNA in the presence of GST-PAIP2 was analyzed
by EMSA. 6xhistidine-tagged recombinant ePAB (70
kDa, 0.35 µg; 5 pmol) was incubated in a reaction buffer
for 10 min at 23°C in the presence of increasing con-
centrations (0.25, 0.5, and 1.0 µg; 5, 10, and 20 pmol,
respectively) of GST-PAIP2 (50 kDa) or 0.5 µg (20 pmol)
of GST (25 kDa) and further incubated with 25,000
counts per minute (cpm) (0.04 µg; ∼5 pmol) of 32P end-
labeled rA25 for 10 min at 30°C. The reaction mixtures
(20 µL final) containing RNA–protein complexes were
applied to an 8% nondenaturing PAGE, and samples
were analyzed by autoradiography. (E) Oocytes were in-
jected with mRNA encoding myc-ePAB or myc-PAIP2;
after 12 h incubation, 32P-labeled cyclin B1 RNA was
injected and oocytes were incubated with progesterone
to induce maturation. RNA from the oocytes was ex-
tracted and resolved by 5% denaturing PAGE. Note that
myc-PAIP2-injected oocytes did not show any germinal
vesicle breakdown (GVBD); therefore, these oocytes
were harvested at the time point of GVBD of control
water-injected and myc-ePAB mRNA. (F) Expression
levels of myc-ePAB and PAIP2 were analyzed with anti-
myc antibody. The expression level of mos and tubulin
were also assessed by immunoblots.
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lation as well as maintenance of the poly(A) tail after
maturation.

Discussion

Our current model for cytoplasmic polyadenylation is
summarized in Figure 5. As noted by Kim and Richter
(2006), probably most nuclear pre-mRNAs have long
poly(A) tails; following splicing and export to the cyto-
plasm, those containing a CPE are shortened by CPEB-
bound PARN, whose robust activity overrides that of
active CPEB-bound Gld2. During maturation, Aurora A
phosphorylates CPEB S174, causing the expulsion of
PARN from the RNP complex and consequent default
Gld2-catalyzed polyadenylation. At a similar time,
RINGO mRNA translation begins; RINGO binds and ac-
tivates cdk1, which phosphorylates CPEB on six resi-
dues. The cdk1-catalyzed phosphorylations induce ePAB

dissociation from CPEB and subsequent binding to the
newly elongated poly(A) tail. Here, ePAB protects
poly(A) from degradation by PARN and other nucleases.
Poly(A)-bound ePAB also interacts with eIF4G, which
helps it initiate translation of CPE-containing mRNAs.

Mendez et al. (2002) showed that the first prominent
CPEB phosphorylation is catalyzed by Aurora A and oc-
curs on S174, which stimulates polyadenylation, and
that subsequently six additional cyclin B1/cdk1-cata-
lyzed serine phosphorylations induce partial CPEB de-
struction later during maturation. Based on the data pre-
sented here, we propose that at least some CPEB under-
goes early RINGO/cdk1-catalyzed phosphorylation,
which was indicated initially by RINGO mRNA deple-
tion with an antisense ODN (AS ODN); in the absence of
RINGO, ePAB remained associated with CPEB. More-
over, ePAB did not dissociate from a CPEB protein con-
taining alanine substitutions for the six serine residues

Figure 4. ePAB stabilizes newly elongated poly(A) tails. (A) Egg extracts depleted of ePAB with GST-PAIP2 or control GST column
were supplemented with increasing amounts of recombinant ePAB; the extracts were then primed with 32P-labeled cyclin B1 RNA and
examined for polyadenylation. (B) Nondepleted and precleared egg extracts were mixed with increasing amounts (20, 100, and 500
ng/µL) of poly(A) or poly(C) and then primed with 32P-labeled cyclin B1 RNA. (C) 32P-labeled cyclin B1 RNA was preadenylated with
∼200 nt in vitro with E. coli poly(A) polymerase. ePAB-depleted egg extracts with GST-PAIP2 or control GST column were supple-
mented with this RNA; polyadenylation was then examined. (D) ePAB-depleted egg extracts from two different frogs were in vitro
translated with 32P-labeled RlucB1-CPE(+) mRNA. In the histogram of activity, Renilla luciferase activity (Rluc) was normalized to the
RlucB1 mRNA. The relative activity (Rluc/RlucB1 mRNA) of RlucB1-CPE(+) mRNA plus egg extract depleted with GST was arbi-
trarily set to 1. 32P-labeled RlucB1 mRNAs were resolved on a 3.5% denaturing polyacrylamide gel and analyzed by a PhosphorImager;
the mRNAs were examined by electrophoresis on a 1% denaturing agarose gel followed by 18S rRNA detection by ethidium bromide
staining. (Bottom panel) In the RlucB1 mRNAs analysis, a representative experiment is shown; the radiolabeled probe is shown in lane
1. (E) Oocytes from two different frogs were injected with increasing amounts (10, 20, and 50 ng per oocyte) of poly(A) or poly(C),
followed by a second injection of 32P-labeled RlucB1-CPE(−) mRNA (0.5 fmol/oocyte) that was preadenylated around ∼200 nt in vitro
[RlucB1-CPE(−)/A(+)]. After 4 h, 25 oocytes were homogenized and prepared for either luciferase assay or recovery of RNA. (Lane 3) The
relative activity (Rluc/RlucB1 mRNA) of RlucB1 mRNA without any homopolymer injection was arbitrarily set to 1. The radiolabeled
probes without or with preadenylation are shown in lanes 1 and 2, respectively.
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that are phosphorylated by cdk1. Finally, roscovitin, a
specific inhibitor of the kinase cdk1, also prevented
ePAB dissociation from CPEB (data not shown).

Several additional points require comment. CPEB and
symplekin co-IP experiments indicate that while ePAB is
associated with the CPEB-containing complex in oo-
cytes, eIF4G is not present in the same complex. How-
ever, because eIF4G was coimmunoprecipitated with
ePAB from control and progesterone-treated oocytes, we
surmise that ePAB is probably associated with eIF4G on
the poly(A) tails of non-CPE-containing mRNAs at this
time (Fig. 1A-D). Indeed, eIF4G co-IP experiments indi-
cate that it interacts with a substantial amount of ePAB
(Supplementary Fig. 3). These results might suggest that
the number of CPE-containing RNAs that undergo poly-
adenylation in oocytes is relatively few compared with
the total amount of mRNA in the cell. While this pa-
rameter has not been determined in oocytes, it has been
estimated that in cultured hippocampal neurons follow-
ing synaptic activation, ∼7% of RNAs undergo cytoplas-
mic polyadenylation (Du and Richter 2005). In these
cells, CPEB promotes polyadenylation and translation
following synaptic stimulation of N-methyl-D-aspartate
receptors (Wu et al. 1998; Wells et al. 2001; Huang et al.
2002). If the same approximate value holds true for oo-
cytes as well, then differences in the amount of eIF4G–
ePAB interaction before and after maturation would be
difficult to detect. It should also be noted that the seem-

ingly simple CPE sequence (UUUUUAU) can be found
in many 3� untranslated regions (UTRs), but structural
constraints or distance from the AAUAAA might pre-
vent them from promoting polyadenylation (McGrew
and Richter 1990; see also Huang et al. 2006). Thus, the
presence of a CPE in a 3�UTR may not indicate, a priori,
that the mRNA will undergo cytoplasmic polyadenyla-
tion.

Following CPEB-dependent polyadenylation, poly(A)-
bound ePAB recruits eIF4G, presumably to stimulate
translation by displacing maskin from eIF4E. We at-
tempted to identify the enzyme that, in the absence of
ePAB, deadenylates RNA after maturation. PARN was
immunodepleted to >90% without loss of deadenylase
activity (data not shown). We also attempted to immu-
nodeplete CCR4, but were not successful. We suspect
that ePAB protects the poly(A) tails from PARN as well
as other deadenylases—possibly including CCR4—that
may be active in the oocyte cytoplasm. Irrespective of
which deadenylase(s) are involved at this time, the re-
sults presented here as well as in Barnard et al. (2004) and
Kim and Richter (2006) demonstrate the complex regu-
lation of poly(A) tail length and consequent translational
control during early development.

We do not know the stoichiometry of ePAB binding to
CPEB in oocytes; if it is one to one, then it would seem
that ePAB is probably not sequestered on the CPEB com-
plex prior to polyadenylation. That is, PABP, which is
slightly larger than ePAB, binds poly(A) about every 25
bases (Sachs et al. 1987); a newly elongated poly(A) tail of
200 bases would then be expected to associate with eight
ePAB molecules. We think it unlikely that this many
ePAB molecules are released from one CPEB. However,
it is possible that ePAB binding to poly(A) is cooperative,
and that a single ePAB released from CPEB following
RINGO/cdk1 phosphorylation is the first to bind
poly(A), which then facilitates continued ePAB binding
from a store of these molecules.

Because ePAB is replaced by “conventional” PABP
during Xenopus development and in at least one cell line
(Voeltz et al. 2001), is the mechanism of ePAB protection
of poly(A) and ePAB recruitment of eIF4G restricted to
oocytes and not, for example, neurons? To begin to as-
sess this, we have attempted to deplete ePAB from oo-
cyte extracts with PAIP2 and then to replace it with
PABP. However, CPEB was codepleted with ePAB, thus
preventing an analysis of poly(A) tail length with PABP
(data not shown). However, myc-tagged PABP derived
from injected mRNA interacts with eIF4G, symplekin,
CPEB, and CPSF to the same extent as ePAB in parallel
experiments (Supplementary Fig. 2). These results indi-
cate that PABP is likely to functionally substitute for
ePAB in somatic cells such as neurons that support cy-
toplasmic polyadenylation.

Materials and methods

Plasmids

For the generation of pMyc-ePAB, pGEX-KG-ePAB, and
pRSETA-ePAB, plasmid containing full-length cDNA of Xeno-

Figure 5. Model of poly(A) tail dynamics of CPE-containing
mRNA in the cytoplasm. In the cytoplasm, CPE-containing
mRNA associates with CPEB, symplekin, the four subunits of
CPSF (sizes ∼30, 73, 100, and 160 kDa), Gld2, PARN, and ePAB.
PARN activity is robust, and overrides the polyadenylating ac-
tivity of the Gld2, which results in a short poly(A) tail and
translation repression. Progesterone stimulates the activation
of Aurora A, which phosphorylates CPEB S174 (black circled P),
an event that causes the expulsion of PARN and Gld2-catalyzed
default polyadenylation. At a similar time, RINGO mRNA is
translated; RINGO associates with and activates cdk1, which
phosphorylates CPEB on six residues (empty circled P). These
phosphorylations cause ePAB dissociation from the CPEB-con-
taining complex and subsequent binding to the elongated
poly(A) tail. Here, ePAB protects poly(A) from hydrolysis by
PARN and other nucleases (designated with an “X”). ePAB also
binds eIF4G, which helps initiate translation. This model was
modified from Kim and Richter (2006) with permission from
Elsevier (© 2006).
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pus laevis ePAB (Open Biosystems) was PCR-amplified with
ePAB-specific oligomers and then cloned into pMyc (Kim and
Richter 2006), pGEX-KG, and pRSETA (Invitrogen), respec-
tively. Plasmids pMyc-xPAIP2 and pGEX-KG-xPAIP2 were con-
structed with amplified products by RT–PCR with total RNA
from Stage VI oocytes. X. laevis PABP (xPABP1) was amplified
from a X. laevis cDNA library (Clontech) and cloned into pMyc.
Myc-hPAIP2, pGEX-KG-hPAIP2, and pMyc-hPABP1 were con-
structed with amplified products by PCR with human fetal liver
cDNA library (Clontech). Plasmids pB1(WT), pRluc-B1(WT),
pRluc-B1(MT), pRSETA-CPSF160, pBS-symplekin, pMyc-
PARN(WT), pBS-Myc-CPEB(WT), pBS-Myc-CPEB(6A), and pBS-
Gld2(WT) have been described previously (Mendez et al. 2002;
Barnard et al. 2004; Kim and Richter 2006). All constructs were
verified by DNA sequencing.

Egg extract preparation, depletion of ePAB, in vitro
polyadenylation, and in vitro translation

Extracts from unfertilized X. laevis eggs were prepared by the
method of Murray and Kirschner (1989) with slight modifica-
tions. For the ePAB depletion, 2.5 µg of GST or GST-PAIP2
conjugated with 10 µL of MagneGST (Promega) bead particles
were incubated with 25 µL of egg extract (containing 7.5 mM
creatine phosphate [Roche], 1 mM ATP, and 1 mM MgCl2) plus
1 U/µL RNaseOUT (Invitrogen) three times followed by one
time with unconjugated beads for 30 min each at 4°C. Polyade-
nylation assays were carried out for 1.5 h at 23°C with 0.4 vol of
egg extract, 25,000 cpm of 32P-lableled RNA, and 0.6 vol of
reaction mixture containing 20 mM Tris-HCl (pH 7.5), 50 mM
KCl, 2.5 mM MnCl2, 50 µg/mL bovine serum albumin, and 10%
glycerol (v/v) at final concentration, followed by phenol/chlo-
roform extraction. RNA probes were analyzed on 3.5% or 5%
denaturing polyacrylamide gels and polyadenylation was moni-
tored by phosphorimaging or autoradiography. For the in vitro
translation experiments, a previous method (Patrick et al. 1989)
was adapted and modified. Egg extract (0.6 vol) was mixed with
0.4 vol of reaction mixture containing 0.1 fmol/µL 32P-labeled
RlucB1-CPE(+) mRNA, 10 mM Tris-HCl (pH 7.5), 20 mM cre-
atine phosphate, 0.2 µg/µL creatine phosphokinase (Roche), 0.1
µg/µL calf liver tRNA (Novagen), 20 µM complete amino acid
mix (Promega), 0.5 mM spermidine, 40 mM KCl, and 1 mM
MnCl2 at final concentration. The final reaction mixture was
incubated for 1.5 h at 23°C, diluted appropriately with passive
lysis buffer (Promega), and subjected to the luciferase assay.

Recombinant ePAB purification and electromobility shift
assay

Escherichia coli strain BL21(DE3)pLysS (Promega) was used to
produce recombinant ePAB from plasmid pRSETA-ePAB. Iso-
propyl-�-D-thiogalactopyranoside (final concentration, 0.5 mM)
was added to induce ePAB protein expression at OD600 0.5. Af-
ter incubation for 5 h at 25°C, cells were harvested, resuspended
in lysis buffer (20 mM Na-phosphate at pH 7.6, 300 mM NaCl,
0.5 mM phenylmethanesulphonylfluoride, 10 mM imidazole, 1
mM �-mercaptoethanol, 10% glycerol [v/v]), and sonicated. The
resulting cell extracts were loaded onto a Ni-nitrilotriacetic acid
agarose column (Qiagen) and washed with lysis buffer contain-
ing 20 mM imidazole, and the bound ePAB was eluted with 200
mM imidazole. Purified recombinant ePAB was dialyzed with
buffer containing 20 mM HEPES-KOH (pH 7.5), 50 mM KCl, 5
mM MgCl2, and 10% glycerol (v/v). For the electromobility
shift assay, reactions were assessed in 20-µL vol containing
25,000 cpm of 32P end-labeled 25 stretch oligo(A)-ribonucleotide
(rA25), 10 mM HEPES-KOH (pH 7.5), 70 mM KCl, 1 mM EDTA,

1 mM MgCl2, 5% glycerol (v/v), 0.5 mM dithiothreitol, 1 U/µL
RNaseOUT, and an appropriate amount of recombinant pro-
teins or dialysis buffer. After incubation 10–20 min at 30°C,
RNA–protein complexes were loaded on 8% nondenaturing gel
and samples were analyzed by autoradiography.

Knockdown of RINGO mRNA, RT–PCR, and IP

Knockdown of X. laevis RINGO mRNA was described else-
where (Ferby et al. 1999; Padmanabhan and Richter 2006).
Briefly, oocytes injected with 100 ng of control (5�-TAGAGAA
GATAATCGTCATCTTA-3�) or RINGO mRNA-specific (5�-
ATATGCTAGAACCATTGCTATGAGA-3�) AS ODN were in-
cubated 5 h to overnight and then incubated further with or
without progesterone treatment. After 9 h (50% of oocytes
showed germinal vesicle breakdown by 6–7 h after injection
with control AS ODN), the oocytes were lysed and used for
RT–PCR or CPEB-IP. For the RT–PCR, RNA pellets were dis-
solved in nuclease-free water and 4 µg of sample were used for
the reaction. Twenty-five cycles of PCR amplification used the
following primers for RINGO mRNA: 5�-ATGAGGCATATG
CAGAGTGCAACC-3� and 5�-GCCATGAATCTCCTAGTGC
CCAGG3�. Oligomers for cyclin B1, mos, and �-actin were de-
scribed in Kim and Richter (2006). For the CPEB co-IP, lysates
from 75 oocytes were precleared with protein A-Sepharose 4B
(Invitrogen) and incubated with CPEB antibody-conjugated pro-
tein A beads for 3 h to overnight at 4°C. The collected beads
were then washed four to six times and the coprecipitating pro-
teins were analyzed on immunoblots. As a secondary antibody,
horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-
mouse IgG (Vector Laboratories) or protein A-HRP (Invitrogen)
was used.

Details of the oocyte manipulation and microinjection, re-
combinant GST fusion protein purification, and in vitro binding
analysis were described elsewhere (Kim and Richter 2006; Pad-
manabhan and Richter 2006).
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