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CPEB is an mRNA-binding protein that stimulates poly-
adenylation-induced translation of maternal mRNA
once it is phosphorylated on Ser 174 or Thr 171 (species-
dependent). Disruption of the CPEB gene in mice causes
an arrest of oogenesis at embryonic day 16.5 (E16.5),
when most oocytes are in pachytene of prophase 1. Here,
we show that CPEB undergoes Thr 171 phosphorylation
at E16.5, but dephosphorylation at the E18.5, when most
oocytes are entering diplotene. Although phosphoryla-
tion is mediated by the kinase aurora, the dephosphory-
lation is due to the phosphatase PP1. The temporal con-
trol of CPEB phosphorylation suggests a mechanism in
which CPE-containing mRNA translation is stimulated
at pachytene and metaphase 1.

Received December 31, 2002; revised version accepted April 22,
2003.

Oocytes of probably all metazoans synthesize and store
mRNA that is destined for translation during re-entry
into the meiotic divisions (oocyte maturation) or after
fertilization. One mechanism that controls translation
in early development is cytoplasmic polyadenylation
(Richter 2000; Mendez and Richter 2001). Several dor-
mant mRNAs have short poly(A) tails, which, when
elongated in response to an exogenous cue (e.g., hor-
monal stimulation or fertilization), stimulate transla-
tion. In Xenopus oocytes, in which most of the molecu-
lar details of this process have been defined, progesterone
stimulation of maturation induces the activation of au-
rora (Eg2; Andresson and Ruderman 1998; Littlepage et
al. 2002), a kinase that phosphorylates Ser 174 of CPEB,
a sequence-specific RNA binding protein (Mendez et al.
2000a, 2002). Phospho-CPEB, which is bound to the 3’
untranslated region (UTR) cytoplasmic polyadenylation
element (CPE), then associates with CPSF (cleavage and
polyadenylation specificity factor), possibly helping it
stably bind the AAUAAA, a nearby cis element that is
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also necessary for polyadenylation (Dickson et al. 1999;
Mendez et al. 2000b). CPSF in turn attracts poly(A) poly-
merase to the end of the mRNA. Another factor, maskin,
mediates polyadenylation and translational activation.
Maskin interacts with both CPEB and the cap binding
factor eIF4E (Stebbins-Boaz et al. 1999), a configuration
that excludes eIF4G from interacting with eIF4E, which
is necessary to form an initiation complex on CPE-con-
taining mRNAs. Translational repression is alleviated
when the newly elongated poly(A) tail associates with
poly(A) binding protein (PABP), a factor that helps elF4G
displace maskin from and itself bind to eIF4E, thereby
initiating translation (Cao and Richter 2002).

Because many of the events described above also occur
in mouse oocytes, disruption of the CPEB gene would be
expected to inhibit meiotic maturation. Surprisingly,
meiotic progression in CPEB knockout (KO) mice was
prevented not during entry into metaphase I but during
the earlier pachytene to diplotene transition in prophase
I (Tay and Richter 2001). Oocytes of CPEB KO animals
fail to polyadenylate and translate the CPE-containing
synaptonemal complex proteins (SCPs) 1 and 3 mRNAs.
Consequently, synaptonemal complexes are not formed,
and possibly as a result, the oocytes and ovaries are re-
sorbed (Tay and Richter 2001).

Aurora-catalyzed phosphorylation is necessary for the
polyadenylation-inducing activity of CPEB during oo-
cyte maturation (Mendez et al. 2000a; Hodgman et al.
2001), and thus, this posttranslational modification
would be expected to also occur during pachytene. How-
ever, the inactivity of CPEB during the prolonged diplo-
tene stage at the end of prophase I suggests that it is
silenced during this time, perhaps by dephosphorylation.
To investigate these possibilities, we addressed whether
CPEB is phosphorylated on Thr 171, the aurora phos-
phorylation site, during pachytene. By using a phospho-
specific antibody, we show that CPEB is phosphorylated
on this site at embryonic day 16.5 (E16.5; when most
oocytes are in pachytene), but not at E14.5 (most oocytes
in leptotene-zygotene) or E18.5 (most oocytes in diplo-
tene). Although the kinase aurora is present at E16.5 and
E18.5, it catalyzes CPEB phosphorylation at the earlier
time period. At E18.5, the phosphatase PP1 dephos-
phorylates CPEB, thereby rendering it and CPE-mediated
mRNA translation inactive until oocyte maturation.
These data suggest a mechanism whereby polyadenyla-
tion-induced translation can be stimulated and subse-
quently inactivated at different phases of meiosis. The
results also suggest that the activities of both aurora and
PP1 are tightly regulated during prophase I progression.

Results and Discussion

Disruption of the CPEB gene in mice results in the ces-
sation of oocyte meiosis at pachytene and female steril-
ity. At pachytene, homologous chromosome synapsis is
maintained by the SC, a large multiprotein structure
that is regulated at least in part at the translational level.
mRNAs encoding two components of the SC, SCPs 1 and
3, contain CPEs in their 3’ UTRs and are not polyade-
nylated or translated in CPEB KO mice (Tay and Richter
2001). The requirement of CPEB for SC formation is
shown in Figure 1A, in which E16.5 oocytes from wild-
type and CPEB KO mice were immunostained for SCP1
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Figure 1. CPEB activity during prophase I. (A) E16.5 oocyte chromatin from wild-type and CPEB knockout animals was immunostained for
SCP1 and SCP3. The filaments in the wild-type oocytes are synaptonemal complexes, which are absent in the knockout oocytes. (B) Extracts
prepared from wild-type E16.5 and E18.5 ovaries were supplemented with recombinant CPEB containing a wild-type or mutated aurora
phosphorylation site, together with y**P-ATP. After incubation, CPEB was gel isolated, digested with trypsin, and analyzed by two-dimensional
phospho-peptide mapping. The horizontal arrow denotes a reference peptide that is present in all panels. The white vertical arrow denotes the
phospho-peptide containing the aurora phosphorylation site, which, although present when the E16.5 ovary extract was used as the kinase
source (cf. wild-type and mutant CPEB proteins), was absent when the E18.5 ovary extract was the kinase source.

and SCP3. Although both proteins were clearly evident ity is controlled by aurora-mediated phosphorylation
in wild-type oocytes, neither was detected in the KO (Ser 174 in Xenopus, Thr 171 in the mouse; Mendez et al.
oocytes, thus establishing the necessity of CPEB for SC 2000a; Hodgman et al. 2001). To assess whether CPEB
formation. During oocyte maturation (MI), CPEB activ- might be phosphorylated on this site at pachytene in the
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Figure 2. CPEB phosphorylation is regulated during prophase I progression. (A) CPEB mRNA was translated in a reticulocyte lysate, some of
which was then supplemented with recombinant aurora. The proteins were then Western blotted and probed with general CPEB antibody or
phospho-specific antibody. Some lysate that was not primed with any RNA was supplemented with aurora and then probed with both CPEB
antibodies. GV and GVBD oocytes were also probed with the general and phospho-specific CPEB antibodies. Although only nonphosphorylated
CPEB is present in GV stage oocytes (Tay et al. 2000; Hodgman et al. 2001), aurora-phosphorylated CPEB is present after GVBD. Some CPEB
is additionally phosphorylated by cdc2 at this time, which slows its electrophoretic mobility (Mendez et al. 2000; Tay et al. 2000). (B) Ovaries
from E16.5 wild-type and CPEB knockout animals were fixed, embedded, sectioned, and immunostained with general CPEB antibody or the
phospho-specific antibody. The sections were also immunostained for GCNA1, a marker for oocyte nuclei. Note that although both the general
and phospho-specific antibodies were immunoreactive with the wild-type ovaries, there was no signal with the knockout ovaries. Ovaries from
wild-type E14.5, E16.5, and E18.5 ovaries were immunostained with the same three antibodies noted above. Although general CPEB immu-
noreactivity was detected at all three stages, the phospho-specific antibody was immunoreactive only with the E16.5 ovary section.
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CPEB phosphorylation during meiosis

antibodies were immunoreactive only with
material from wild-type mice, thus demon-
strating the specificity of the antibodies for
CPEB in fixed and sectioned ovary material.
Ovary sections from E14.5, E16.5, and E18.5
embryos were next probed with the antibod-
ies. Although the general CPEB antibody was
immunoreactive at all embryonic stages to
similar extents, the phospho-specific anti-
body was immunoreactive most strongly
with oocytes from E16.5 ovaries. Thus, en-
dogenous CPEB is phosphorylated at the
critical LDTR motif in ovaries that contain
mostly pachytene oocytes.

The observation that CPEB is not phos-
phorylated between diplotene (E18.5) and
metaphase I (GVBD) suggests that aurora, the
only kinase known to phosphorylate the

(oocyte nuclei)
aurora

-

Red - aurora

LDTR motif, is either absent or inactive dur-

ing this time. To distinguish between these

Figure 3. Aurora is present in oocytes during prophase I progression. Wild-type
El14.5, E16.5, and E18.5 ovary sections were probed with aurora antibody or preim-
mune serum, as well as GNCAI1 antibody. Compared with preimmune serum, the
aurora antibody yielded an immunoreactive signal significantly above background at
all stages. To confirm this result, protein wild-type E16.5 and E18.5 ovaries, as well
as GV stage oocytes, were Western blotted and probed with aurora antibody.

mouse, extracts were prepared for E16.5 embryonic ova-
ries and, for comparison, E18.5 embryonic ovaries. The
extract was supplemented with y*>P-ATP and either
wild-type recombinant CPEB or a mutant CPEB with an
alanine substitution in the aurora phosphorylation site
(LDAR). After incubation, the CPEB proteins were re-
solved by SDS-PAGE, blotted onto a membrane, digested
with trypsin, and processed for two-dimensional phos-
pho-peptide mapping. Figure 1B shows that although WT
CPEB was phosphorylated in the E16.5 ovary extract (cf.
wild type and mutant for loss of a phospho-peptide,
white arrow), it was not phosphorylated in the E18.5
extract (cf. white arrows; the horizontal arrow denotes a
reference phospho-peptide). Therefore, E16.5 ovary ex-
tracts, but not E18.5 ovary extracts, contain a kinase
capable of phosphorylating CPEB on a residue that is
essential to promote polyadenylation-induced translation.
To examine whether endogenous CPEB is phosphory-
lated during prophase I progression, we generated anti-
body against the mouse CPEB LDT*R (the asterisk de-
notes phosphate) peptide. This antibody is specific for
phospho-LDTR as determined by its ability to recognize
CPEB synthesized in a reticulocyte lysate (IVT CPEB
mRNA) only when the lysate is supplemented with re-
combinant aurora (Fig. 2A). The relative weakness of the
phospho-CPEB band probably reflects a low amount of
CPEB that was phosphorylated in vitro. This antibody
also recognizes CPEB in mature (GVBD) oocytes (Fig.
2A), which we have shown previously is a stage when
CPEB is phosphorylated by aurora and by cdc2, the latter
of which retards its electrophoretic mobility (Mendez et
al. 2000a, 2002; Tay et al. 2000; Hodgman et al. 2001).
The phospho-specific and general CPEB antibodies
were used to probe paraffin sections of E16.5 ovaries
from wild-type and CPEB KO mice. Figure 2B demon-
strates that in sections costained with germ cell nuclear
antigen 1 (GCNAL1), a marker for oocyte nuclei (Enders
and May 1994), both phospho-specific and general CPEB

possibilities, an immunocytochemical analy-
sis of this kinase was performed; it shows
that aurora is present in oocytes from E14.5
through E18.5. We also prepared E16.5 and
E18.5 embryonic ovary extracts and probed
them on a Western blot for aurora. Figure 3
shows that this kinase was clearly detected
during these embryonic stages, as well
as in isolated GV stage oocytes. We therefore conclude
that although aurora is present throughout oogene-
sis, it may be inactive between E18.5 (Fig. 2B) and entry
into ML

CPEB is present throughout oogenesis, yet its ability
to promote polyadenylation-induced translation occurs
only at E16.5 (i.e.,, mostly pachytene oocytes) and at
metaphase I. This activity of CPEB coincides with LDTR
phosphorylation and implies that dephosphorylation of
this site during the diplotene stage helps maintain trans-
lational silencing of CPE-containing RNAs at this time.
To determine whether a phosphatase present in embry-
onic diplotene oocytes can indeed dephosphorylate
CPEB, we prepared an extract from E18.5 embryonic ova-
ries. To this extract was added recombinant CPEB that
was phosphorylated in vitro with a Xenopus egg extract,
which phosphorylates not only the aurora site (Mendez
et al. 2000a) but also a few other sites (by cdc2) as well
(Mendez et al. 2002). For comparison, an LDAR mutant
CPEB was also phosphorylated with the Xenopus egg ex-
tract. The phosphorylated CPEB proteins were then in-
cubated with buffer only, the E18.5 ovary extract, or
commercial phosphatases PP1 or PP2A. When analyzed
by quantitative SDS-PAGE and autoradiography, treat-
ment only with the E18.5 ovary extract and PP1 resulted
in a significant decrease in phosphorylated CPEB (Fig.
4A; CPEB stability was unaffected, cf. Fig. 4B). To deter-
mine whether specific sites of CPEB phosphorylation
were affected by the phosphatases, we performed two-
dimensional phospho-peptide mapping (Fig. 4A). A com-
parison of wild-type CPEB and the LDAR mutant CPEB
phospho-peptide maps denotes the aurora-induced phos-
pho-peptide (Fig. 4A, arrow). Although PP2A had no
quantitative or qualitative affect on CPEB phosphoryla-
tion, treatment with either PP1 or the E18.5 ovary ex-
tract resulted in substantially reduced phosphorylation
of CPEB at all sites (note that the signals of these two
panels were enhanced to show all the phospho-peptides).
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and demonstrates that the conditions
used for the phosphatase assay did not
destabilize CPEB.

The results presented here and in
other studies (Gebauer et al. 1994;
Gebauer and Richter, 1996; Tay et al.

WT CPEB - buffer

WT CPEB - E18.5 ovary
WT CPEB - PP1
WT CPEB - PP2A

LDAR CPEB - buffer

2 o

:

2000; Hodgman et al. 2001; Tay and
Richter 2001) suggest a mechanism
by which the translation of maternal
b o mRNAs is differentially controlled

A during murine meiosis (Fig. 5). As oo-

o A|lO A o

genesis progresses into pachytene, the
kinase aurora is activated, perhaps by
- phosphorylation (Andresson and Ru-
- derman 1998; Walter et al. 2000; Lit-

ﬂ tlepage et al. 2002). The upstream ki-

WT CPEB - PP1 WT CPEB - PP2A

chromatography

electrophoresis

LDAR CPEB - buffer

nase that phosphorylates aurora is un-
clear, although some evidence
indicates that PKA is involved (Wal-
ter et al. 2000). Activated aurora then

N
B T phosphorylates CPEB Thr 171, which
> > > stimulates the  polyadenylation
@ g 3 2 WT CPEB and translation of SCP1 and SCP3
af o 0 0 mRNAs. The translation of other
2 @ 2 9 buffer  E16.5 ovary mRNAs might also be stimulated by
£9 & H u CPEB at this time. SCP1 and SCP3

help form the synaptonemal complex,
which is necessary for meiotic pro-

2p.CPEB | % .

gression to diplotene. At diplotene,

CPEB
western

-

8 PP1 dephosphorylates and inactivates
it CPEB, an event that allows key CPE-

LDAR CPEB containing mRNAs such as mos to

Figure 4. Phosphatase activity in E18.5 ovaries. (A) Recombinant histidine-tagged CPEB,
containing a wild-type or mutated (LDAR) aurora phosphorylation site, was incubated in a
Xenopus egg extract together with y*>P-ATP. The CPEB proteins were then isolated on a
nickel-agarose column and incubated with buffer alone, phosphatase PP1, phosphatase PP2A,
or an extract derived from E18.5 wild-type ovaries. When analyzed by quantitative SDS-PAGE,
only PP1 and the E18.5 ovary extract had the capability of dephosphorylating CPEB. All
phosphorylated CPEB proteins were subsequently analyzed by qualitative two-dimensional
phospho-peptide mapping. In each panel, the vertical arrow denotes the aurora-catalyzed phos-
pho-peptide, which was absent from the mutant CPEB (white arrow). The signals from the
panels denoted E18.5 ovary and PP1 were enhanced to show the individual phospho-peptides,
which otherwise would not be detected at the same exposure level as in the other three panels.
(B) Phospho-CPEB was added to E16.5 and E18.5 ovary extracts, as well as E18.5 ovary extracts
that were preincubated with I-2, a specific inhibitor of PP1. The degree of CPEB dephosphory-
lation was then monitored by SDS-PAGE and autoradiography, as well as two-dimensional
phospho-peptide mapping (arrows are as noted above). Some of the extract was also Western

blotted and probed for CPEB.

Moreover, with the E18.5 ovary extract, there was a
slight preferential reduction of the aurora-catalyzed
phospho-peptide relative to the other phospho-peptides.
We conclude that E18.5 ovary extracts contain a phos-
phatase capable of acting upon the CPEB phosphoryla-
tion site that is critical for polyadenylation, and that the
phosphatase most likely responsible for this event is
PP1. To confirm this result, E18.5 extracts were pre-
treated with I-2, a specific inhibitor of PP1, prior to the
addition of phospho-CPEB. The I-2 completely abrogated
the dephosphorylation of CPEB, including the aurora
phosphorylation site (Fig. 4B, one-dimensional SDS gel
and two-dimensional phospho-peptide maps; the E18.5
two-dimensional sample was exposed ~5x longer than
the other samples). Figure 4B also shows that E16.5 ex-
tracts contain no detectable CPEB phosphatase activity,
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accumulate but remain translation-
ally dormant. As the fully grown (GV)
oocytes begin to mature, aurora again
becomes active and phosphorylates
CPEB, which in turn induces the
polyadenylation and translation of
mos (Gebauer et al. 1994), cyclin B
(Tay et al. 2000), and other (e.g., see
Oh et al. 2000) mRNAs with encoded
products that either stimulate matu-
ration (Tay et al. 2000) or lead to cy-
tostatic factor (CSF)-mediated meta-
phase II arrest (Colledge et al. 1994;
Gebauer et al. 1994; Hashimoto et al.
1994).

Two additional points of upstream
CPEB regulation should be consid-
ered. First, although aurora, in addi-
tion to CPEB, appears to be inactive in E18.5 diplotene
oocytes (i.e., no T171 phosphorylation), it is plausible
that the kinase is active at this time but its ability to
phosphorylate CPEB is overcome by a very active PP1.
To investigate this possibility, we repeated the phos-
phorylation experiment shown in Figure 1 except that
some E18.5 ovary extracts were supplemented with I-2,
the PP1 inhibitor. Neither I-2-supplemented nor un-
supplemented extracts supported T171 phosphorylation
(data not shown). Because I-2 inhibits dephosphorylation
in the extracts (Fig. 4), we attribute the lack of T171
phoshorylation to inactive aurora rather than overriding
PP1 activity. It is also interesting to note that PP1 has
been suggested to inactivate aurora as well (Katayama et
al. 2001; Murnion et al. 2001; Sugiyama et al. 2002). Per-
haps PP1 acts on a CPEB and aurora-containing complex
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Figure 5. Model for CPEB activity during meiosis. Primordial germ cells (PGCs), which divide
mitotically, enter meiosis in the genital ridge and progress to pachytene, at which time CPEB
is phosphorylated by aurora and activated. Active CPEB then induces the polyadenylation and
translation of synaptonemal complex proteins 1 and 3 (SCPs 1 and 3) mRNAs, which are
necessary for the formation of the synaptonemal complex. As meiosis progresses to diplotene,
PP1 dephosphorylates and inactivates CPEB, thereby preventing the translation of CPE-con-
taining mRNAs during this period. As oocytes subsequently mature, CPEB is again phosphory-
lated and activated by aurora, which stimulates the translation of mos, cyclin B, and other

mRNAs.

to inactivate these proteins simultaneously at diplotene.
Second, we infer that PP1, which is present in mouse
oocytes (Smith et al. 1998), is also regulated; it is inactive
during E16.5 (pachytene) when CPEB phosphorylation is
robust but active at E18.5 (diplotene) to dephosphorylate
CPEB. PP1 activity is regulated by a number of modula-
tor proteins (Cohen 2002), some of which could function
during oogenesis.

The results presented above and in Tay and Richter
(2001) demonstrate a finely tuned mRNA translational
control mechanism at pachytene. Although the only
known mRNAs that are regulated by CPEB at this stage
are SCP1 and SCP3, it is likely that there are a number of
others. For example, mRNAs encoding other compo-
nents of the SC are prime candidates. So, too are mRNAs
for proteins involved in chromosome synapsis such as
ATM (Xu et al. 1996) and Spol1 (Baudet et al. 2000; Ro-
manienko and Camerini-Otero, 2000). Irrespective of
which mRNAs are regulated by CPEB, it is clear that this
protein, together with its upstream and downstream
modifiers, is necessary for meiosis in vertebrates.

Materials and methods

Immunostaining and immunoblotting

Immunostaining of synaptonemal complexes was performed according to
the method of Knietz et al. (2000) by using SCP1 and SCP3 polyclonal
antibodies [gifts from C. Heyting (Molecular Genetics Group, Wagenin-
gen University, Wageningen, Netherlands) and C. Hoog (Department of
Cell and Molecular Biology, Karolinska Institutet, Stockholm, Sweden),
respectively]. The secondary antibody was FITC-conjugated goat anti-
rabbit IgG.

Five-micrometer sections from embryonic ovaries from wild-type or
CPEB KO mice were fixed in Bouin’s fixative for 24 h, embedded in
paraffin, and probed with affinity-purified CPEB antibody, affinity-puri-
fied phospho-specific antibody generated against a CPEB peptide contain-
ing LDTpR antibody, or polyclonal antibody generated against aurora.
Immunostaining for GCNA1 was performed with a monoclonal antibody
[10D9GL11, a gift from G. Enders (Department of Cell Biology, Univer-

ries were probed with aurora antibody.

Analysis of CPEB phosphorylation

in embryonic ovaries
One-hundred-twenty pairs of microdissected
E16.5 or E18.5 embryonic ovaries were incu-
bated in a solution containing 0.25 mg/mL tryp-
sin and 1 mM EDTA for 3 min at room tempera-
ture and then were washed four times with 1 mL
each of buffer containing 20 mM Hepes at pH
7.4, 10 mM MgCl,, 50 mM KCl, and 1 mM
dithiothreitol. The ovaries were then homog-
enized by using fine forceps, freeze-thawed three
times, and centrifuged for 5 min at 4°C. The re-
sulting supernatant was incubated with y32P-
ATP and recombinant wild-type or mutant CPEB (containing an LDAR
motif) proteins for 60 min at 30°C. The 32P-labeled CPEB proteins were
then resolved by SDS-PAGE, transferred onto a PVDF membrane, di-
gested with trypsin, and subjected to two-dimensional phospho-peptide
mapping as described (Mendez et al. 2000a).

Phosphatase assays

Recombinant histidine-tagged CPEB (wild-type or LDAR mutant) was
incubated in a Xenopus egg extract, which contains active aurora (Men-
dez et al. 2000a), and vy3?P-ATP. The resulting phosphorylated CPEB was
then purified on a Ni%* agarose column and used for phosphatase analysis
with commercial PP1 (0.5 units in 50 mM Tris at pH 7.5, 0.1 mM EDTA,
5mM DTT, and 0.01% Brij 35; New England Biolabs), PP2A (0.5 units in
50 mM Tris at pH 8.5, 20 mM MgCl,, and 1 mM DTT; Promega), or E16.5
or E18.5 mouse ovary extracts. The ovary extracts were prepared as de-
scribed above with phosphatase buffer containing 50 mM Tris at pH 7.5,
2 mM EGTA, 2 mM DTT, and 0.1 mg/mL BSA and were then assayed in
either the PP1 or PP2A buffer noted above. The extracts, as well as the
commercial phosphatases, were incubated for 60 min at 30°C with the
phosphorylated CPEB. In some cases, the PP1 I-2 inhibitor (New England
Biolabs) was preincubated with the ovary extract prior to the addition on
phospho-CPEB. The products were resolved by 10% SDS-PAGE, visual-
ized by autoradiography, and then blotted, digested with trypsin, and
subjected to two-dimensional phospho-peptide mapping. A portion of the
extracts was also probed with CPEB antibody on a Western blot.
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