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Progesterone induces G2-arrested Xenopus oocytes to develop into
fertilizable eggs in a process called meiotic maturation. Protein
kinase A (PKA), the cAMP-dependent protein kinase, has long been
known to be a potent inhibitor of meiotic maturation, but little
information is available on how PKA functions. We have cloned
two Xenopus PKA catalytic subunit isoforms, XPKA� and XPKA�.
These proteins are 89% identical and both inhibit progesterone-
induced meiotic maturation when overexpressed at low levels,
suggesting that PKA activity is tightly regulated in the oocyte.
Unexpectedly, catalytically inactive XPKA mutants are able to block
progesterone-induced maturation as efficiently as the wild-type
active XPKA. These mutants also block meiotic maturation induced
by Mos, but are less efficient at inhibiting Cdc25C-induced matu-
ration. Our results indicate that PKA can inhibit meiotic maturation
by a novel mechanism, which does not require its kinase activity
and is also independent of binding to the PKA regulatory subunits.

Oocytes from Xenopus laevis are arrested at the first meiotic
prophase and can be induced to develop into fertilizable eggs

by the steroid hormone progesterone in a process called meiotic
maturation. Progesterone triggers various signal transduction path-
ways in the oocyte (1, 2), which lead to the activation of Cdc2�cyclin
B and entry into M phase of meiosis.

The cAMP-dependent protein kinase (PKA) plays a crucial role
in meiotic maturation. Inactive PKA is a tetrameric holoenzyme
composed of two functionally distinct subunits, a dimeric regulatory
subunit (PKA-R) and two monomeric catalytic subunits (PKAc)
(3). Four PKA-R subunits (RI�, RI�, RII�, and RII�) and three
PKAc subunits (�, �, and �) have been identified in mammals as
distinct gene products (4, 5). The PKA-R dimer acts in part as a
pseudosubstrate to inhibit the phosphotransferase activity of the
PKAc subunit and can bind four cAMP molecules in a cooperative
manner, resulting in the release of active PKAc monomers. A
second class of physiological PKA inhibitors is the heat-stable
protein kinase inhibitors PKIs (6), which bind with high specificity
and affinity to PKA� and PKA�, whereas PKA� is insensitive to
inhibition by PKI (7).

It was reported 25 years ago that injection of PKAc purified from
rabbit skeletal muscle blocks progesterone-induced oocyte matu-
ration, whereas injection of purified PKA-R type II or PKI induced
meiotic maturation in the absence of progesterone (8). These results
suggested that PKA activity was necessary and sufficient to main-
tain the meiotic G2 block of oocytes. Consistent with this idea, a
transient (and modest) decrease in the level of the second messen-
ger cAMP was measured within minutes after progesterone stim-
ulation, which correlated with a 50% reduction in the membrane-
bound adenylate cyclase activity (9, 10). Inhibitors of
phosphodiesterases, such as 3-isobutyl-1-methylxanthine, that in-
crease intracellular cAMP levels also blocked progesterone-
induced meiotic maturation (11).

Initial studies concluded that early protein synthesis-dependent
steps were affected by PKAc during oocyte maturation (11). More
recently, PKAc has also been shown to inhibit meiotic maturation
induced by a variety of downstream effectors of the maturation
signal transduction pathways (12–14). For example, purified bovine
PKAc can inhibit the maturation induced by injection of Mos
protein kinase (13) and also blocks Mos accumulation in response

to progesterone (14). However, PKAc does not block the synthesis
of endogenous Mos when mitogen-activated protein kinase
(MAPK) is previously activated by injection of recombinant Mos
protein (15), consistent with the observation that MAPK activity is
required for full stimulation of Mos translation (16, 17). Elevation
of endogenous PKA activity by treatment of oocytes with 3-
isobutyl-1-methylxanthine can also delay Cdc2�cyclin B activation
and germinal vesicle breakdown (GVBD) induced by injection of
recombinant cyclin B or Cdc25A proteins (12). Moreover, in
progesterone- or Mos-stimulated oocytes, PKAc prevents the elec-
trophoretic mobility shift of Cdc25C, which normally correlates
with Cdc25C hyperphosphorylation and activation (14), indicating
that PKA may act on a signaling pathway that regulates Cdc25C
activation.

Here we report the cloning of two Xenopus PKAc isoforms,
XPKA� and XPKA�, which are both able to inhibit meiotic
maturation. Unexpectedly, we found that the catalytic activity of
XPKAc is not necessary to block meiotic maturation induced by
progesterone or Mos, whereas it is important for the inhibition of
Cdc25C-induced maturation.

Materials and Methods
Cloning of Two Xenopus PKAc Isoforms and Generation of Mutants. A
Xenopus oocyte cDNA library (gift from J. Shuttleworth, University
of Birmingham, Birmingham, U.K.) was screened with the full-
length murine PKA� cDNA as a probe (18). Screening of 106

plaque-forming units resulted in around 200 positive clones. We
analyzed 10 phages and found that eight of them corresponded to
the same cDNA encoding a protein of 351 aa that was most related
to human PKA�. Another clone encoded a protein of 350 aa that
was most similar to human PKA�.

All mutations were introduced into XPKA� in the FTX5 ex-
pression vector (provided by C. Hill, Imperial Cancer Research
Fund, London) by using the QuikChange site-directed mutagenesis
kit (Stratagene) and were confirmed by DNA sequencing. The
frameshift-6 mutation was generated by introducing an A between
codons 6 and 7 (ACC A ACA) of the XPKA� ORF. The stop-36
mutation was generated by changing codon 36 (CAG) to a stop
codon (TAG).

Isolation of Xenopus Oocytes and Induction of Meiotic Maturation.
Oocytes were isolated from ovaries of X. laevis frogs as described
(19). For the induction of meiotic maturation stage VI oocytes were
incubated with 5 �g�ml progesterone (Sigma) or injected with 50
nl of purified recombinant proteins (19). For the generation of
recombinant glutathione S-transferase (GST)-PKI, a human PKI
cDNA (20) was amplified by PCR and cloned into the bacterial
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expression vector pGEX-KG. Maturation was scored by the ap-
pearance of a white spot on the animal pole of the oocytes. GVBD
was confirmed by dissection of oocytes that had been fixed in 3%
trichloroacetic acid for 10 min.

Preparation of mRNAs for Injection into Oocytes. Capped mRNAs
were obtained from FTX5 constructs by using the MEGAscript in
vitro transcription kit (Ambion, Austin, TX) according to the
manufacturer’s instructions (19). Oocytes were injected with 50 nl
of mRNA solutions and left for 8–16 h at 18°C to allow protein
expression.

Preparation of Oocyte Lysates and Immunoblotting. Oocyte lysates
were prepared in histone H1 kinase (H1K) buffer (10 �l per oocyte)
as described (19). For membrane preparation, oocyte lysates were
centrifuged again at 100,000 � g in a table ultracentrifuge (Beck-
man TL-100) for 1 h at 4°C. The membrane pellets were washed
twice, resuspended in H1K buffer (1 �l per oocyte), and analyzed
by SDS�PAGE (equivalent to 10 oocytes per lane).

Immunoblotting was performed as described (19, 21) by using the
following antibodies: PKA�, PKA�, PKA�, PKA-RII�, myc,
p90Rsk1, and p90Rsk2 (Santa Cruz Biotechnology), PKA-RI
(Transduction Laboratories, Lexington, KY), phospho-PKA sub-
strate (Cell Signaling Technology, Beverly, MA), Plx1 (provided by
D. Glover, University of Cambridge, Cambridge, U.K.), Cdc2 (3E1,
provided by J. Gannon and T. Hunt, Imperial Cancer Research
Fund, South Mimms, U.K.), p42 MAPK XMpk1 and Myt1 (21),
and XCdc25C (affinity-purified rabbit antiserum prepared against
the catalytic domain of Xenopus Cdc25C fused to GST).

Purification and Kinase Activity of Recombinant GST-XPKAc. Expres-
sion constructs encoding wild-type and K72R XPKA� were pre-
pared in the pGEX-KG vector and transformed into Escherichia
coli BL21-CodonPlus (DE-3) (Stratagene). The GST-fusion pro-
teins were purified by using standard protocols (21).

Purified GST-XPKA wild-type and GST-XPKA K72R (100 ng)
were incubated with histone H1 (4 �g) or kemptide (2 �g) in 12 �l
of 50 mM Tris�HCl, pH 7.5 containing 10–50 �M cold ATP, 10 mM
MgCl2, 2 �M microcystin, 2 �M DTT, and 2 �Ci [�-32P]ATP (3,000
Ci�mmol, Amersham Pharmacia) for 30 min at 30°C. The reactions
were analyzed by SDS�PAGE and autoradiography.

PKA Activity in Total Oocyte Lysates and Immunoprecipitates. Oo-
cytes were lysed in H1K buffer (10 �l per oocyte) and 2.5 �l of the
oocyte lysate was incubated in 15 �l H1K buffer containing 100 �M
ATP, 2 �Ci [�-32P]ATP (3,000 Ci�mmol, Amersham Pharmacia),
2 �M microcystin, and 150 �M kemptide for 30 min at 30°C
followed by SDS�PAGE on a 18.5% Laemmli gel (22). As a control,
the oocyte lysates were preincubated for 15 min with the specific
PKA inhibitor PKI (10 �M; fragment 6–22 amide, Sigma) before
kemptide kinase activity assay.

To assay PKA activity in immunoprecipitates, 10 oocytes ex-
pressing myc-tagged XPKAc mutants were lysed in H1K buffer (10
�l per oocyte), and the cleared supernatants were mixed with 100
�l of immunoprecipitation (IP) buffer (19) containing 5 �l agarose-
conjugated myc antibodies (10 �g IgG, Santa Cruz Biotechnology)
and incubated for 2 h at 4°C on a rotating wheel. The beads were
washed twice with IP buffer and twice with H1K buffer then
incubated for 30 min at 30°C in 15 �l of H1K buffer containing 50
�M cold ATP, 2 �Ci [�-32P]ATP (3,000 Ci�mmol, Amersham
Pharmacia), 2 �M microcystin, and 4 �g histone H1. The reactions
were analyzed by SDS�PAGE and autoradiography.

Kinase Assays. The kinase activity of Cdc2 was assayed in oocyte
lysates containing 50 �M PKI with histone H1 as a substrate
as described (19). The kinase activities of p90Rsk and Plx1
were assayed in immunoprecipitates prepared from oocyte
lysates by using the substrates GST-Myt1 Ct and �-casein,
respectively (21, 23).

Results
Identification and Quantification of Endogenous PKAc in Xenopus
Oocytes. We cloned two different Xenopus PKAc isoforms that were
89% identical in their amino acid sequences and most similar to
human PKA� and PKA�, respectively (Fig. 1A and Fig. 6, which is
published as supporting information on the PNAS web site, www.
pnas.org). Both isoforms (XPKA� and XPKA�) were equally
effective in blocking progesterone-induced maturation on overex-
pression in oocytes (Fig. 1B).

Given the high amino acid sequence similarity between Xenopus
and human PKAc, we used commercial antibodies raised against
human isoforms to identify the endogenous PKAc in Xenopus
oocytes. Antibodies directed against huPKA� and huPKA� recog-
nized with similar efficiency endogenous PKAc in oocytes and the
overexpressed (from injected mRNAs) myc-tagged XPKA� and
XPKA�, as well as recombinant GST-XPKA� (Fig. 1C). Thus,
these antibodies do not appear to be specific for the � or � isoforms
of Xenopus PKAc. When compared with the anti-myc antibody on
myc-tagged XPKA� and �, it looked like both antibodies recognize
XPKA� slightly better than XPKA� (Fig. 1C). Antibodies against
huPKA� hardly detected overexpressed myc-tagged XPKA� and
XPKA� or endogenous PKAc in oocytes (not shown).

To quantify the endogenous PKAc in oocytes, we used known
amounts of recombinant GST-XPKA� in immunoblots with an
antibody that cross-reacted well with both XPKA� and XPKA� as
a reference (Fig. 1D). The total amount of PKAc in the oocyte was
estimated to be between 50 and 70 ng per oocyte (1.25–1.75 �M).
No changes in the concentration of PKAc could be detected by
immunoblot between G2-arrested and mature oocytes, which is in
agreement with previous reports (24).

Fig. 1. Cloning of two Xenopus PKAc isoforms that inhibit oocyte maturation.
(A) Identity in the amino acid sequences of XPKA�, XPKA�, and human PKAc
isoforms. (B) Oocytes were injected with the indicated concentrations of mRNAs
encoding myc-tagged XPKA� or XPKA� and incubated overnight before stimu-
lation with progesterone for 20 h. (C) Purified GST-XPKA� (10 ng) and lysates
from oocytes untreated (control) and treated with progesterone or injected with
mRNAs encoding myc-tagged XPKA� and XPKA� mRNAs were analyzed by
immunoblotting by using the indicated antibodies. (D) The indicated amounts of
purified GST-XPKA� and lysates from oocytes either uninjected or injected with
XPKA� mRNA were analyzed by immunoblotting with the human PKA�

antibody.
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Catalytically Inactive XPKAc Blocks Progesterone-Induced Meiotic
Maturation in Xenopus Oocytes. To analyze whether the catalytic
activity of PKA was required for inhibition of oocyte maturation, a
kinase-inactive version of XPKA� was generated by mutation of
lysine 72 to arginine (K72R mutant). This mutation in the ATP-
binding pocket has been shown to impair catalytic activity of
mammalian PKAc (25, 26). We confirmed that the K72R mutation
reduced the kinase activity of recombinant GST-XPKAc approx-
imately 200 times by using either histone H1 or kemptide as in vitro
substrates (Fig. 2A).

Oocytes were injected with different concentrations of mRNAs
encoding myc-tagged forms of wild-type and K72R XPKAc and
then incubated with progesterone (Fig. 2B). Unexpectedly, kinase-
inactive XPKAc blocked progesterone-induced maturation as ef-
ficiently as wild-type XPKAc. The expression levels of overex-
pressed wild-type and K72R PKAc in these oocytes were
investigated by anti-PKA immunoblots (Fig. 2C). Injection of 50 pg
of XPKAc mRNA led to a 50–100% increase over the endogenous
PKAc level and completely blocked oocyte maturation (Fig. 2C,
lanes 7 and 8, anti-PKA), whereas overexpression of only 20% by
injection of 25 pg of mRNA (Fig. 2C, lanes 9 and 10) significantly
delayed meiotic maturation (Fig. 2B). Biochemical analysis con-
firmed that only progesterone-treated oocytes injected with water
(Fig. 2C, lane 2) or low amounts of XPKAc mRNA (Fig. 2C, lanes
11–14) underwent meiotic maturation, as demonstrated by both the
appearance of phosphorylated MAPK and p90Rsk and the disap-
pearance of the tyrosine-phosphorylated Cdc2 of slower electro-
phoretic mobility (Fig. 2C).

As overexpression of only small amounts of XPKAc had such a
strong inhibitory effect, we investigated whether K72R XPKAc had
any residual kinase activity in the oocytes. For this purpose,
myc-tagged wild-type or kinase-inactive PKA was immunoprecipi-
tated from oocytes, and its kinase activity was assayed by using
histone H1 as substrate (Fig. 2D). We could not detect any activity
in the K72R XPKAc immunoprecipitates even at the highest
concentration of mRNA injected (Fig. 2D, lane 3). Moreover, the

activity of wild-type XPKAc was still high in samples in which the
maturation was merely delayed (Fig. 2D, lanes 8 and 10) or not
affected at all (Fig. 2D, lane 12). These results were confirmed by
directly assaying PKA activity in total oocyte lysates with kemptide
as substrate (Fig. 2E). Overexpression of active XPKAc substan-
tially increased the kemptide kinase activity of the oocyte lysates,
which could be totally inhibited by PKI (Fig. 2E, XPKA wt). In
contrast, we could detect no increase in PKA activity when cata-
lytically inactive XPKAc was overexpressed in the oocytes (Fig. 2E,
XPKA K72R). Furthermore, another kinase-dead XPKAc mutant,
aspartate 184 to alanine (D184A), also blocked progesterone-
induced oocyte maturation as efficiently as the wild-type XPKAc
(see Fig. 7, which is published as supporting information on the
PNAS web site). Mutation of the residue corresponding to D184 in
Saccharomyces cerevisiae PKA (D228A) has been proposed to
completely abolish kinase activity based on a cell viability assay
(27). Taken together, these experiments showed that overexpressed
XPKAc does not need to be catalytically active to block proges-
terone-induced oocyte maturation. To demonstrate that the PKA
inhibitory activity was at the protein level and not at the mRNA
level, we introduced two nonsense mutations in the PKA ORF: a
frameshift mutation at codon 6 and a stop codon after amino acid
35. Injection of either of these two mRNAs had no effect on
progesterone-induced oocyte maturation, consistent with the ab-
sence of XPKAc overexpression in the oocytes (Fig. 3A). We also
confirmed that oocytes injected with high concentrations of
mRNAs encoding other myc-tagged proteins, such as tubulin or
XCdk8, matured normally in response to progesterone (see Fig. 8,
which is published as supporting information on the PNAS
web site).

Inhibition of Progesterone-Induced Meiotic Maturation by XPKAc
Mutants Impaired in Binding to the PKA-R Subunits or PKI. In the
absence of cAMP, PKA-RI and PKA-RII subunits bind to PKAc
and block its catalytic activity. Thus, overexpressed K72R XPKAc
could compete with endogenous PKAc for binding to the regula-

Fig. 2. Kinase-inactive XPKAc inhibits Xenopus oocyte maturation. (A) The indicated amounts of GST-XPKA� wild-type or the K72R mutant were incubated in a kinase
assay with histone H1 (5 �g) or kemptide (2 �g) and analyzed by SDS�PAGE and autoradiography. (B) Oocytes were injected with the indicated amounts of myc-tagged
wild-type(squares)andK72R(triangles)XPKAcmRNAsand14hlaterwere incubatedwithprogesterone. Injectionofmorethan25pgofeitherwild-typeorK72RXPKAc
mRNA completely blocked maturation, whereas injection of 6 pg had no effect on the kinetics of meiotic maturation. (C) Oocytes untreated (lane 1) or treated with
progesterone for 14 h (lanes 2–14) from the same experiment as in B were analyzed by immunoblotting by using PKA, p90Rsk, p42 MAPK, and Cdc2 antibodies, as
indicated. (D) Myc-tagged wild-type or K72R XPKAc were immunoprecipitated from groups of 10 oocytes injected with the indicated amounts of mRNAs as in B and
the immunoprecipitates were used for a kinase assay with histone H1. The kinase reactions were analyzed by SDS�PAGE and autoradiography. (E) PKA activity was
assayed in total oocyte lysates from the same experiment as in B with kemptide as a substrate in the presence (�) or absence (�) of PKI. The kinase reactions were
analyzed by SDS�PAGE. Phosphorylated kemptide was directly quantified on the gels by using a Fuji PhosphorImaging device, and the arbitrary units for PKA-specific
kemptide activity were calculated by subtracting the values obtained in the presence of PKI.
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tory subunits, thereby releasing active endogenous PKAc and
blocking oocyte maturation. Although the results shown above (Fig.
2E) suggested that endogenous PKA activity was not affected by
overexpressed kinase-inactive PKA, the assay might not have been
sensitive enough to detect subtle changes in PKA activity. Thus, we
introduced both into the active and inactive XPKAc the mutations
histidine 87 to aspartate (H87D) and tryptophan 196 to arginine
(W196R), which have been reported to specifically impair binding
of PKAc to its regulatory subunits (28, 29). We confirmed that on
overexpression in oocytes, the H87D mutation did not affect the
ability of either active or K72R XPKAc to block progesterone-
induced maturation, whereas the W196R mutation slightly reduced
the inhibitory activity of K72R PKA (Fig. 3B).

The K72R XPKAc could also inhibit meiotic maturation by
binding to endogenous PKI, thereby releasing and activating en-
dogenous PKAc. Although there is no evidence for the existence of
PKIs in Xenopus oocytes, their presence cannot be ruled out.
High-affinity binding of PKI to the catalytic subunit of PKA can be
selectively abolished by the mutation arginine 133 to alanine

(R133A) (30). When R133A active or kinase-inactive PKA mutants
were expressed in oocytes, they completely blocked progesterone-
induced meiotic maturation (Fig. 3B), demonstrating that kinase-
inactive PKA was unlikely to inhibit meiotic maturation by binding
to endogenous PKI.

To confirm the lack of binding to the PKA-R subunits, the H87D
and W196R XPKAc mutants were expressed in oocytes, immuno-
precipitated, and then analyzed by immunoblotting by using anti-
bodies specific for PKA-RI and RII, respectively (Fig. 3D). The
PKA-RII antibody recognized a doublet of 50–55 kDa in oocytes
(Fig. 3D Top, lanes 10–18), which was efficiently coimmunopre-
cipitated with wild-type PKA (Fig. 3D, lane 2) and to a certain
extent with the PKI binding-deficient R133A mutant (Fig. 3D, lane
5). However, the mutants H87D and K72R both coimmunopre-
cipitated only very minor amounts of PKA-RII (Fig. 3D, lanes 3 and
6), whereas W196R and the K72R double mutants did not coim-
munoprecipitate detectable PKA-RII (Fig. 3D, lanes 4 and 7–9).
The RI antibody recognized a faint band of approximately 52 kDa
in oocytes (Fig. 3D Middle, lanes 10–18, arrowhead), which runs
slightly faster than the myc antibody used for the immunoprecipi-
tation (Fig. 3D Middle, lanes 1–9). Both wild-type and R133A
XPKAc seemed to coimmunoprecipitate the PKA-RI subunit (Fig.
3D Middle, lanes 2 and 5) whereas none of the other mutants did.
The small amount of PKA-RI detected in immunoblots is consis-
tent with previous reports indicating that PKA holoenzymes of type
II are predominant in oocytes (24). Our results demonstrate that
the kinase-inactivating mutation K72R interferes with the binding
of PKAc to PKA-R subunits. It seems therefore unlikely that these
mutants can influence endogenous PKA activity by binding to the
regulatory subunits.

To investigate the kinase activity of XPKAc mutants on endog-
enous oocyte proteins, we used a phospho-PKA substrate antibody
that recognizes proteins containing phospho-threonine and phos-
pho-serine in the motifs RxxT and RRxS, respectively. Overexpres-
sion of wild-type PKA in G2-arrested oocytes led to the detection
of several bands by the phospho-PKA substrate antibody whereas
overexpression of kinase-inactive XPKAc mutants did not change
the phospho-PKA substrate pattern observed in uninjected oocytes
(Fig. 3C). This finding is consistent with the kinase activity mea-
sured in PKA immunoprecipitates prepared from the same oocytes
(see Fig. 9, which is published as supporting information on the
PNAS web site) and further supports that the kinase-inactive PKAc
mutants neither phosphorylate endogenous substrates themselves
nor activate endogenous PKAc.

Effects of Wild-Type and K72R XPKAc on Meiotic Maturation Induced
by Different Activators. Meiotic maturation can be induced by
injection of signaling molecules and cell cycle regulators that
participate in the signaling pathways normally activated by proges-
terone. To investigate the effect of kinase-inactive PKA on different
components of the meiotic maturation pathways, oocytes were first
injected with low levels of wild-type or K72R XPKAc mRNA and
then with the purified recombinant Mos, RINGO, PKI, cyclin B,
and Cdc25C proteins (Fig. 4).

Mos-induced oocyte maturation, as monitored by GVBD, was
completely blocked by low amounts (about the same level as the
endogenous PKAc) of either wild-type or K72R XPKAc (Fig. 4 A
and B), exactly as progesterone-induced maturation. In contrast,
meiotic maturation induced by injection of cyclin B or RINGO, two
direct activators of Cdc2 (reviewed by ref. 2), was delayed only by
the XPKAc concentration that completely blocked Mos-induced
maturation (Fig. 4 C and D). Both wild-type and K72R XPKAc also
delayed to similar extents PKI-induced maturation (Fig. 4E). In-
terestingly, maturation induced by injection of GST-Cdc25C was
completely blocked by active XPKAc but only slightly delayed by
kinase-inactive XPKAc (Fig. 4F). This finding indicates a differ-
ential requirement for the catalytic activity of PKA depending on
the step along the oocyte maturation pathway.

Fig. 3. Inhibition of progesterone-induced meiotic maturation by XPKAc mu-
tants impaired in binding to PKA-R or PKI but not by XPKA mRNAs encoding
frameshift mutants. (A) The indicated in vitro transcribed XPKA mRNAs (500 ng)
wereanalyzedbyelectrophoresisona1%agarosegel (UpperLeft).Oocyteswere
injected with 2 ng of the mRNAs and 14 h later were incubated with progester-
one.Meioticmaturationwasmonitoredbytheappearanceofawhitespotonthe
animal pole of the oocytes and GBVD was confirmed by dissection of the oocytes
(Right). Oocyte lysates were prepared 12 h after progesterone addition and
analyzed by immunoblotting with a myc antibody (Lower Left). (B) Oocytes were
injected with 300 pg of mRNA encoding the indicated XPKAc mutants and
expression was allowed for 14 h before treatment with progesterone. Meiotic
maturationwasscored8hlateras indicated inA. (C) Lysatescorrespondingtoone
oocyte expressing the indicated XPKAc mutants were analyzed by SDS�PAGE and
immunoblotting by using a phospho-PKA substrate antibody. (D) Myc-tagged
PKA mutants were expressed in oocytes by injection of 1 ng of the corresponding
mRNAs and the oocytes were incubated for 16 h. PKA immunoprecipitates were
prepared from 10 oocytes by using myc antibodies (lanes 1–9) and together with
an aliquot of the total lysate equivalent to one oocyte (lanes 10–18) were
analyzedbySDS�PAGEfollowedby immunoblotting.Theblotswereprobedwith
antibodies against RII (Top) and RI (Middle). Expression of the PKA mutants was
confirmed with anti-PKA antibodies (Bottom).
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Kinase-Inactive XPKAc Blocks Mos-Induced Meiotic Maturation Down-
stream of p90Rsk. As Mos-induced maturation was completely
blocked in all oocytes injected with low levels of either wild-type or
K72R XPKAc even after 24 h, we investigated which steps in the
Mos-triggered signal transduction pathway were inhibited. We
found that the phosphorylation of MAPK and p90Rsk (a MAPK
substrate) was not affected in oocytes overexpressing wild-type or
K72R XPKAc (Fig. 5 II and III). Accordingly, normal levels of
p90Rsk activity were measured in these oocytes (Fig. 5IV). In
contrast, the Cdc2-inhibitory kinase Myt1 was only partially phos-
phorylated (Fig. 5V), consistent with the activation of p90Rsk but
not Cdc2.

Interestingly, the polo-like kinase Plx1, which can phosphorylate
and activate Cdc25C (reviewed by ref. 2), was neither phosphory-
lated nor active in oocytes expressing wild-type or K72R XPKAc
(Fig. 5 VI and VII). Likewise, Cdc25C was not hyperphosphorylated
to the level observed in mature oocytes. However, a small mobility
shift of Cdc25C could be detected in oocytes injected with either
wild-type or kinase-inactive PKA (Fig. 5VIII), indicating that an as
yet unidentified kinase activity toward Cdc25C was active in these
oocytes but not in G2-arrested oocytes. In Mos-injected oocytes
overexpressing wild-type or K72R XPKAc, Cdc2 was not tyrosine-
dephosphorylated, as demonstrated by the presence of a band of
slower electrophoretic mobility (Fig. 5IX). This result correlated
with the absence of detectable H1K activity in the oocyte lysates
(Fig. 5X). Our results demonstrate that the kinase activity of PKAc
is not required to block Mos-induced meiotic maturation.

Discussion
PKAc has long been known to be a potent inhibitor of proges-
terone-induced meiotic maturation, but little is known about the
endogenous PKA in oocytes. Here we have cloned Xenopus
PKAc and shown that progesterone-induced oocyte maturation

can be blocked by XPKAc mutants that neither have kinase
activity nor can activate endogenous PKA.

Using as a reference XPKA� and XPKA� proteins, we estimated
that the concentration of endogenous PKAc in oocytes is about 1.5
�M (about 60 ng PKAc per oocyte). These numbers are in good
agreement with indirect estimations based on the injection of rabbit
muscle PKAc (8) or PKI (31). Because PKI can induce meiotic
maturation (8) and PKA� is not inhibited by PKI (7), the PKA
isoform responsible for the inhibition of meiotic maturation is most
likely PKA� or PKA�. As the available anti-PKA antibodies
cross-reacted with both XPKA� and XPKA�, it was not possible to
determine which one was the main isoform in oocytes. It should be
noted, however, that overexpression of either XPKA� and XPKA�
can block oocyte maturation and only subtle differences have been
reported between mammalian PKA� and PKA� in substrate
specificity and binding to the regulatory subunits (32).

Inhibiton of Meiotic Maturation by Catalytically Inactive PKA. We
found that small increases in the amount of PKAc can block or
strongly delay progesterone-induced maturation, suggesting that
PKAc is tightly regulated in the oocyte. Unexpectedly, overexpres-
sion of either of two catalytically inactive XPKAc mutants (K72R
and D184A) blocked progesterone-induced oocyte maturation as
efficiently as wild-type active XPKAc. More importantly, the
activity of overexpressed wild-type XPKAc was significantly high in
oocytes in which the maturation was only delayed or not affected
at all. Thus, it seems that the critical factor for the PKA-dependent
block of oocyte maturation is the amount of overexpressed XPKAc
rather that its kinase activity.

Using XPKAc mutants defective in binding to PKA-R subunits
or PKI, we ruled out the possibility that the overexpressed cata-
lytically inactive XPKAc might compete with endogenous PKAc for
binding to either PKA-R or PKI, allowing the release of active
PKAc. We also found that the mutant K72R itself was impaired in
binding to PKA-R, making it unlikely that endogenous PKA was
activated in the oocytes on overexpression of the mutants. More-
over, the pattern of potential PKA substrates in oocytes was not
changed by overexpression of kinase-inactive XPKAc, further
implying that the K72R XPKAc neither phosphorylates oocyte
proteins nor activates endogenous PKAc in the oocytes. Finally, no

Fig. 4. Induction of meiotic maturation by different activators in the presence
of wild-type or kinase-inactive XPKAc. Oocytes were injected with 50 pg of
wild-type or K72R XPKAc mRNAs and 14 h later were injected again with 25 ng
ofMalE-Mos (B),His-6-cyclinB (C),MalE-RINGO(D),GST-Cdc25 (E), andGST-PKI (F)
recombinant proteins. Lysates corresponding to one oocyte were analyzed by
SDS�PAGE and immunoblotted with PKA antibodies to compare the amounts of
overexpressed and endogenous PKA (A). Meiotic maturation was monitored by
the occurrence of GVBD. Water-, wild-type PKA-, and K72R PKA-injected oocytes
are shown as circles, squares, and triangles, respectively.

Fig. 5. Kinase-inactive XPKAc blocks Mos-induced meiotic maturation down-
stream of p90Rsk. Oocytes were injected with 50 pg of wild-type or K72R XPKAc
mRNAs and 14 h later were injected again with 35 ng of MalE (control) or
MalE-Mos (Mos) recombinant proteins. After another 24 h, oocyte lysates were
prepared and analyzed by SDS�PAGE and immunoblotting by using antibodies
against PKA, p42 MAPK, p90Rsk, Myt1, Plx1, Cdc25C, and Cdc2, as indicated. For
Myt1 immunoblots, membrane fractions corresponding to 10 oocytes were used.
In V and VIII, the arrowheads and arrows indicate the unphosphorylated and
partiallyphosphorylatedformsofMyt1andCdc25C, respectively. Theactivitiesof
p90Rsk and Plx1 were measured in immunoprecipitates by using GST-Myt1-Ct
and �-casein as substrates, respectively. The activity of Cdc2 was measured in
oocyte lysates by using histone H1 as substrate.
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increase in kemptide kinase activity was detected in total oocyte
lysates when 5–10 times more K72R XPKAc than endogenous
PKAc was expressed in the oocytes. In contrast, overexpression of
wild-type XPKAc always led to a detectable increase in kemptide
kinase activity in this assay, even when the amount of overexpressed
XPKAc was not sufficient to inhibit oocyte maturation.

Taken together, these results demonstrate that overexpression of
kinase-inactive XPKAc does not activate endogenous PKA in the
oocytes. Thus, PKAc can block meiotic maturation by a novel
mechanism, which does not require its kinase activity. Catalytically
inactive mutants of other kinases have also been reported to have
biological effects. For example, kinase-dead KSR mutants can
complement ksr1 loss-of-function alleles in Caenorhabditis elegans
(33), and the kinase activity of Bub1 is not necessary to trigger the
spindle checkpoint signal from the kinetochore (34). The yeast
MAPK Kss1 has also a kinase-independent inhibitory function in
the filamentation pathway (35), which is caused by its direct
association with the transcription factor Ste12 (36).

PKAc has been shown to interact directly with several proteins
including the NF-�B inhibitory proteins I�B-� and I�B-� (37), the
transcription factor serum amyloid A-activating factor-1 (38), and
3-phosphoinositide-dependent kinase-1 (PDK1) (39). The interac-
tion with PDK1 is intriguing because it is mediated by a hydropho-
bic motif at the C terminus of PKAc, which is homologous to the
PDK1-interacting motif of several PDK1 substrates (39). PDK1 can
also activate PKA by phosphorylation of Thr-197 in the activation
loop (40), but stable association between PDK1 and full-length
PKAc has not been demonstrated (only the C-terminal 223 aa of
PKA were used in ref. 39). Interestingly, PDK1 can phosphorylate
and activate the protein kinase PKB�Akt (reviewed by ref. 41) and
injection of mRNA encoding a constitutively active PKB�Akt
mutant induces oocyte maturation in the absence of progesterone
(42). PKB�Akt has recently been shown to phosphorylate and
down-regulate the Cdc2 inhibitory kinase Myt1 in starfish oocytes,
leading to meiotic maturation (43). There is no evidence, however,
for the implication of endogenous PKB�Akt in the progesterone-
induced maturation of Xenopus oocytes. It will be very interesting
to elucidate whether binding of catalytically inactive XPKAc to
PDK1 could interfere with PDK1 signaling in Xenopus oocytes.
Kinase-Dependent and Independent Roles of PKA in Meiotic
Maturation. Our findings indicate that the early block of meiotic
maturation by PKA does not require its kinase activity. Mos-
induced maturation was also completely blocked by low amounts of
K72R XPKAc. In these oocytes, the MAPK�p90Rsk pathway was
normally activated, but the Cdc25C-activating kinase Plx1 was not
active and this correlated with the absence of Cdc25C hyperphos-

phorylation. Cdc25C, however, was partially phosphorylated as
indicated by a small electrophoretic mobility shift, suggesting that
a kinase activity toward Cdc25C was active in these oocytes injected
with PKAc plus Mos, which was not active in G2-arrested oocytes.
This Cdc25C kinase appears to be different from Plx1 and Cdc2,
because both are inactive in these oocytes. A small electrophoretic
mobility shift of Cdc25C, which is independent of Plx1 and does not
appear to result in Cdc25C activation, has also been reported in an
oocyte cell-free system (44). The activation of Plx1 in Mos-injected
oocytes has been shown to require protein synthesis (23), suggesting
that PKAc blocks a Mos�MAPK-initiated positive feedback loop
that requires mRNA translation and regulates Plx1 activity.

The catalytic activity of XPKAc was not required for any of the
above effects on Mos-triggered maturation. However, kinase-
inactive XPKAc was significantly less efficient to inhibit meiotic
maturation induced by recombinant Cdc25C protein than active
XPKAc. Cdc25C can directly dephosphorylate the inhibitory
Tyr-15 residue of Cdc2 in preformed Cdc2�cyclinB complexes
(pre-maturation-promoting factor) and thereby activate the kinase
activity of Cdc2. Our results indicate that the kinase activity of PKA
is required to inhibit pre-maturation-promoting factor activation by
Cdc25C. This might involve direct inhibition of the Cdc25C phos-
phatase activity. For example, PKA has been proposed to stimulate
an okadaic acid-sensitive serine�threonine phosphatase, probably
PP2A, that down-regulates Cdc25C in Xenopus oocyte extracts (22).
Alternatively, PKA might interfere with the accessibility of Cdc25C
to the Tyr-phosphorylated Cdc2�cyclin B substrate.

It therefore seems that PKA can block at least two steps in oocyte
maturation and only one of them requires PKA catalytic activity.
The kinase-independent step is sufficient to block oocyte matura-
tion induced by progesterone and Mos, probably by inhibiting a step
upstream of Plx1 activation that requires mRNA translation and
might be part of the positive feedback loops. In contrast, wild-type,
but not catalytically inactive, PKAc interferes with Cdc25C-induced
maturation. This kinase-dependent PKA effect might ensure the G2
arrest of the oocytes by negatively regulating Cdc25C activity, which
acts late in the maturation process.

Our results suggest that PKAc may maintain the G2 arrest of
Xenopus oocytes by binding to and sequestration of a protein or
proteins rather than phosphorylating them. We also found that a
small increase in the amount of PKAc potently blocks meiotic
maturation, suggesting that the PKAc-interacting protein is present
in a limited amount. Dissociation of the complex between PKAc
and this protein might be an early step in the maturation process,
perhaps triggered by the reduction in cAMP levels, which would
allow PKA-R to compete for PKAc binding.
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