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ABSTRACT Greatwall kinase has been identified as a key element in M phase initiation and
maintenance in Drosophila, Xenopus oocytes/eggs, and mammalian cells. In M phase, Great-
wall phosphorylates endosulfine and related proteins that bind to and inhibit protein phos-
phatase 2A/B55, the principal phosphatase for Cdk-phosphorylated substrates. We show
that Greatwall binds active PP2A/B55 in G2 phase oocytes but dissociates from it when pro-
gesterone-treated oocytes reach M phase. This dissociation does not require Greatwall ki-
nase activity or phosphorylation at T748 in the presumptive T loop of the kinase. A mutant
K71M Greatwall, also known as Scant in Drosophila, induces M phase in the absence of pro-
gesterone when expressed in oocytes, despite its reduced stability and elevated degradation
by the proteasome. M phase induction by Scant Greatwall requires protein synthesis but is
not associated with altered binding or release of PP2A/B55 as compared to wild-type Great-
wall. However, in vitro studies with Greatwall proteins purified from interphase cells indicate
that Scant, but not wild-type Greatwall, has low but detectable activity against endosulfine.
These results demonstrate progesterone-dependent regulation of the PP2A/B55-Greatwall
interaction during oocyte maturation and suggest that the cognate Scant Greatwall mutation
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has sufficient constitutive kinase activity to promote M phase in Xenopus oocytes.

INTRODUCTION

Entry into mitosis is induced by the activation of M phase—promot-
ing factor (MPF) (cyclin B/Cdk1), which results in the phosphorylation
of numerous target substrates that control the events of M phase
(Lohka et al., 1987, 1988; Gautier et al., 1990). A complex set of
regulatory mechanisms controls the activation of MPF, most notably
by altering the activities or levels of the inhibitory Wee1/Myt1 pro-
tein kinases or the dual-specificity phosphatase Cdc25 (Dunphy and
Kumagai, 1991; Parker and Piwnica-Worms, 1992; Kornbluth et al.,
1994; Mueller et al., 1995). These enzymes control the phosphoryla-
tion state of Tyr-15 in the ATP-binding site of Cdk1. Phosphorylation/
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dephosphorylation of this residue is a key step in mitotic initiation and
the target of checkpoint controls that prevent MPF activation when
DNA is damaged or before DNA replication is complete (Nigg,
2001). Cdk1 is a “proline-directed” kinase, meaning that most of its
substrates are phosphorylated at a consensus S/TP site that typically
has a basic residue one to three amino acids N-terminal or C-termi-
nal to the phosphorylation site (Maller et al., 1989; Dephoure et al.,
2008). Dephosphorylation of such pS/TP sites has been reported to
be largely catalyzed by the actions of protein phosphatase 2A (PP2A)
(Ferrigno et al., 1993). Various isoforms of PP2A have been reported
in which the catalytic subunit is complexed as a heterotrimer with a
common scaffold A subunit and one of many specific “B” targeting
subunits (Shi, 2009). The PP2A isoforms primarily responsible for the
dephosphorylation of pS/TPs appear to be those with targeting sub-
units of the B55 class, including B558 in Xenopus egg extracts
(Castilho et al., 2009; Mochida et al., 2009) and B55c. in human tis-
sue culture cells (Schmitz et al., 2010).

A number of protein kinases are known to contribute to MPF
activation. These include p90Rsk in the MAPK pathway, which inhib-
its Wee1/Myt1 (Palmer and Nebreda, 2000; Tunquist and Maller,
2003), RINGO/CDK complexes that form early in oocyte maturation
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(Ruiz et al., 2010), and the polo-like kinase
PIx1 that phosphorylates and activates
Cdc25C (Kumagai and Dunphy, 1996; Qian
et al.,, 1998). Greatwall kinase (Gwl) has
been identified as another protein kinase
that plays a key role in MPF activation. Gwl
itself is activated during Xenopus oocyte
maturation, and microinjection of activated
wild-type (WT) Gwl purified from okadaic
acid (OA)-treated insect cells induces oo-
cyte maturation in the absence of proges-
terone (Zhao et al., 2008). Immunodeple-
tion of Gwl from cycling egg extracts blocks
entry into M phase, and overexpression of
Gwl accelerates Cdc25 activation and entry
into M phase in oocytes and egg extracts
(Yu et al., 2006). Remarkably, the depletion
of Gwl from egg extracts results in failure to
maintain M phase even when MPF and
other mitotic kinases remain fully activated
(Castilho et al., 2009; Vigneron et al., 2009).
Recently the mechanism of Gwl action has
been identified: it inhibits the dephospho-
rylation of Cdk substrates by phosphorylat-
ing endosulfine and a related protein,
Arpp19, which bind to and inhibit PP2A/
B55 (Gharbi-Ayachi et al., 2010; Mochida
et al., 2010). The results of the egg extract
depletion experiments indicate that the
prevention of Cdk substrate dephosphory-
lation by PP2A is as important as Cdk acti-
vation for maintaining M phase. The mecha-
nism of Gwl activation is not yet clear,
although in vitro MPF can phosphorylate
Gwl at the T-loop site, T748 (Yu et al.,
2006). In Drosophila, an allele of Gwl, K97M
Gwl (known as Scant), has been reported to
enhance the mitotic defects of reduced
polo kinase expression even when ex-
pressed at low levels (Archambault et al.,
2007).

In this article we show that Gwl forms a
complex with PP2A/B55 in G2 (interphase)

oocytes but dissociates from the phosphatase in progesterone-
treated M phase (GVBD) oocytes. We also analyze the Xenopus ho-
mologue of Scant (K7 1M Gwl) and show that despite reduced stabil-
ity, its expression is sufficient to promote M phase in oocytes, most
likely due to weak constitutive kinase activity against endosulfine.

RESULTS

Previous studies of Gwl and PP2A have reported coprecipitation of
the two enzymes in cytosol from asynchronous tissue culture cells or
in cytostatic factor (CSF) extracts from unfertilized eggs (Vigneron
et al., 2009). To investigate possible interactions of Gwl with PP2A/
B55 during oocyte maturation, we expressed FLAG-tagged Gwl in
oocytes and immunoprecipitated the kinase from G2 and proges-
terone-treated M phase oocytes (MI, GVBD). Anti-FLAG beads did
not coprecipitate PP2A/B55 in M phase; however, coprecipitation of
PP2A/B55 with Gwl was evident in G2 oocytes (Figure 1A). Micro-
cystin (MC) is a chemical able to bind with near-equal affinity to the
catalytic subunits of both PP1 and PP2A (Swingle et al., 2007), al-
though in Xenopus oocyte extracts it shows high specificity for PP2A
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FIGURE 1: Regulated binding of PP2A/B55 to Greatwall. (A) Greatwall releases PP2A/B55 in
M phase. Oocytes were injected with mRNA encoding FLAG-Gwl and incubated overnight as
described in Materials and Methods. Some oocytes were then treated with progesterone and
monitored for entry into meiosis | (MI, GVBD). Extracts from the control (uninjected), G2, and
GVBD oocytes were immunoprecipitated with anti-FLAG antibody beads, and the
immunoprecipitates were Western blotted for FLAG and the B55 subunit of PP2A. C, control;
WT, wild type. (B) Association of Greatwall with PP2A in G2 phase. Oocytes were injected with
mRNA encoding FLAG-WT or T748V Gwl and incubated overnight. Some oocytes were then
treated with progesterone and monitored for white-spot formation (GVBD, MI). Lysates from
the oocytes were precipitated with microcystin-Sepharose beads (MC), and the precipitates
were Western blotted for FLAG and for the catalytic subunit of PP2A (bottom). Lysates for
Western blotting were also analyzed before immunoprecipitation (top). (C) Kinase-dead
Greatwall releases PP2A in M phase. An experiment like that in B was performed, except that
G41S Gwl was analyzed in MI (GVBD) oocytes. (D) The C-terminal region of Greatwall binds
PP2A in G2. mRNA encoding FLAG-tagged N-terminal (NT) or C-terminal (CT) Gwl was injected
into oocytes, followed by overnight incubation. Oocyte lysates were immunoprecipitated with
anti-FLAG antibody beads, and the precipitate was Western blotted with FLAG and B55
antibodies, as indicated. (E) The C-terminal region of Greatwall releases PP2A in M phase.
Oocytes were injected with CT Gwl mRNA as in D, except that some were treated with
progesterone to stimulate entry into meiosis | (MI), as indicated. At GVBD, FLAG-Gwl was
immunoprecipitated on anti-FLAG beads from progesterone-treated (Ml) or nontreated (G2)
oocytes, and the immunoprecipitates were Western blotted for FLAG and B55.

holoenzymes (Maton et al., 2005). As shown in Figure 1B, MC-bead
precipitation also revealed a complex between PP2A and Gwl in
G2/interphase but not in M phase, with both WT and a kinase-dead
Gwl mutant in which the T-loop Thr-748 was changed to valine.
Greatwall release of PP2A was also evident with a different kinase-
dead mutant, G41S Gwl, described previously (Zhao et al., 2008)
(Figure 1C). To evaluate which region of Gwl binds to PP2A/B55,
mRNA encoding the FLAG-tagged N-terminus (NT) or C-terminus
(CT) of Gwl was injected into G2 oocytes, followed by incubation
overnight. Immunoprecipitation/Western analysis demonstrated
that PP2A/B55 bound to the CT region of Gwl during G2/interphase
(Figure 1D), and the phosphatase was released from the CT Gwl
fragment in M phase/GVBD oocytes (Figure 1E).

Xenopus Gwl activation during entry into M phase is accompa-
nied by an electrophoretic shift that reflects extensive phosphoryla-
tion, most likely including the presumptive T-loop site, which is
T748. As shown in Figure 2A, incubation of activated Gwl from
GVBD oocytes with either PP2Ac or lambda phosphatase leads
to both an increase in Gwl electrophoretic mobility and a decrease
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FIGURE 2: Greatwall-bound PP2A is catalytically active.

(A) Dephosphorylation and deactivation of Gwl. Oocytes were
injected with mRNA encoding WT or G41S Gwl. After overnight
incubation to allow protein expression, the oocytes were treated
with progesterone. At GVBD, oocyte lysates were prepared and
anti-FLAG bead immunoprecipitates incubated with either PP2Ac or
lambda phosphatase as described in Materials and Methods. The
precipitates were then washed and assayed for autophosphorylation
or MBP kinase activity (bottom, autoradiographs), or blotted with
anti-FLAG antibodies after SDS-PAGE (top), as indicated.

(B) Phosphatase activity associated with Gwl. Oocytes were injected
with mRNA encoding WT FLAG-tagged Gwl and incubated
overnight. Some oocytes were then treated with progesterone to
enter M phase. At GVBD, anti-FLAG beads were used to precipitate
Gwl, and after washing, the beads were incubated with or without
OA and 32P-labeled histone H1 prepared as described in Materials
and Methods. The reaction was terminated by addition of 30%
trichloracetic acid, and the counts per minute released were
quantified by Cerenkov counting in a liquid scintillation counter.
Similar results were obtained in several independent experiments.
(C) Anti-FLAG immunoblot of the immunoprecipitates in B.

C, control oocytes not injected with mRNA but subjected to
anti-FLAG bead precipitation and assay. Activity associated with Gwl
in B was corrected for background seen with control FLAG bead
immunoprecipitates from uninjected oocytes.
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in Gwl autophosphorylation and kinase activity toward an in vitro
substrate, myelin basic protein (MBP). Therefore an important ques-
tion is whether PP2A/B55 in the Gwl/PP2A/B55 complex in G2
phase is catalytically active, as this might ensure that Gwl remains
inactive during interphase. To assess this possibility, immunopre-
cipitates of FLAG-tagged Gwl were incubated with 32P-histone H1
phosphorylated by MPF, and phosphatase activity was measured by
release of 32P-phosphate as described in Materials and Methods. As
shown in Figure 2B, in G2 oocytes significant phosphatase activity
was present in the Gwl complex, which could be inhibited by OA. In
contrast, little activity was evident with WT Gwl immunoprecipitated
from M phase oocytes, which was in the active hyperphosphory-
lated state as judged by its electrophoretic mobility (Figure 2C),
consistent with the release of PP2A/B55 from both WT and kinase-
dead (KD) Gwl in M phase (Figure 1).

We considered whether known mutants of Gwl differ in associa-
tion with, or regulation of, B55/PP2A. One such mutant is K71M
Gwl, also known as Scant in Drosophila. This form of Gwl was origi-
nally described in Drosophila oocytes and embryos as an allele that
could enhance defects in mitotic progression caused by reduced
polo kinase expression (Archambault et al., 2007). To assess and
compare the actions of WT and K71M Gwl in oocyte maturation,
mRNAs encoding FLAG-tagged versions of Gwl were injected into
oocytes, and progression into M phase was monitored by GVBD
(white-spot formation). Figure 3A shows that K71M Gwl could in-
duce white-spot formation. This ability requires kinase activity, as
K71M Gwil also containing the KD G41S mutation had no matura-
tion-inducing ability (Figure 3A). As expected, only the K71M-in-
jected oocytes undergoing GVBD contained hyperphosphorylated
Gwl (Figure 3B). Figure 3C compares progesterone treatment with
the actions of WT and K71M Gwl expressed equally by mRNA injec-
tion. The hormone caused 50% GVBD in ~4 h, whereas K71M Gwl
induced 50% GVBD ~9 h after injection in the absence of hormone.
WT Gwl was unable to induce GVBD in any oocytes even 10 h after
mRNA injection. Expressed WT Gwl never exhibited elevated kinase
activity in the oocyte, as judged by electrophoretic mobility and in
vitro kinase activity toward MBP (Figure 3D). Even 4 h after mRNA
injection, K71M Gwl was also not activated as a kinase, as judged by
its electrophoretic mobility and activity against MBP measured in an
immune-complex kinase assay (Figure 3D). However, 7 h after mRNA
injection, the activity of Gwl was highly elevated in those K71M-ex-
pressing oocytes that underwent GVBD. To assess whether K71M
Gwl differs in PP2A/B55 binding and release, PP2A was precipitated
with MC beads from K71M Gwl-expressing oocytes in G2 and M
phase. As was the case with WT Gwl (Figure 1), K71M Gwl oocytes
bound PP2A/B55 in G2 but not in M phase (Figure 3E).

To confirm that the induction of maturation by Gwl mRNA was a
direct effect of Gwl, WT or K71M Xenopus Gwl proteins purified
from non-OA-treated Sf9 cells were injected into oocytes, which
were then monitored for GVBD. As shown in Figure 4A, K71M Gwl
protein was able to induce GVBD in some but not all oocytes during
an overnight incubation, whereas WT Gwl did not induce matura-
tion in any oocytes. Those K71M Gwl-injected oocytes that did un-
dergo GVBD exhibited increased synthesis of cyclin B1 and dephos-
phorylation of Tyr-15 in Cdc2, as also seen in progesterone-treated
controls (Figure 4B). Increased protein synthesis in response to
K71M Gwl is essential for Gwl action because oocytes treated with
cycloheximide failed to undergo any GVBD after K71M Gwl injec-
tion (Figure 4C).

The induction of GVBD by K71M Gwl expressed from injected
mRNA (Figure 3) or by Gwl protein purified from non-OA-treated Sf9
cells (Figure 4) reflects hours of the “interphase” action of Gwl before
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FIGURE 3: K71M Greatwall induces oocyte maturation in the absence of progesterone. (A) Oocyte morphology.
Maturation (GVBD) was assessed by white-spot formation in oocytes incubated overnight after injection of mRNA
encoding K71M Gwl or K71M/G41S Gwl, as indicated. (B) Electrophoretic mobility. Lysates from the oocytes in A
were Western blotted for FLAG. (C) Germinal vesicle breakdown. Oocytes were treated with progesterone (blue) or
microinjected with equal amounts of mRNA encoding either WT Gwl (green) or K71M Gwl (red). Maturation was
monitored at the indicated times by the appearance of a white spot signifying GVBD. (D) K71M Gwl kinase activity.
Top, the oocytes in (C) expressing WT or K71M Gwl at 240 min (G2) after injection or expressing K71M Gwl at

420 min after injection with a white spot (GVBD, MI) were analyzed by Western blot for Gwl expression. Bottom, the
same oocytes were lysed, and Gwl was immunoprecipitated on anti-FLAG beads and analyzed for kinase activity
against MBP as described in Materials and Methods. An autoradiograph is shown. (E) K71M Gwl releases PP2A in M
phase. Oocytes were injected with mRNA encoding either FLAG-WT or FLAG-K71M Gwl and treated with the
proteosome inhibitor MG132. Some FLAG-WT Gwl mRNA-injected oocytes were treated with progesterone to
undergo GVBD (MI). G2 and Ml lysates were prepared and analyzed by MC bead precipitation and Western blotting

as described in Figure 1B.

M phase entry. As shown in Figure 3, C and D, immunoprecipitated
“interphase” K71M Gwl has no detectable activity against MBP de-
spite having a twofold higher specific activity against MBP in M
phase (Supplemental Figure S1). Although the results with MBP as-
says suggest that K71M Gwl is not a “ constitutively active” kinase
like CA-PIx1 or CA-Rsk1, two other mutated protein kinases that in-
duce GVBD by virtue of expressing M phase activity levels (Qian
et al.,, 1999; Gross et al., 2001), we considered whether MBP phos-
phorylation might be a relatively insensitive measure of Gwl activity
compared with a physiologically relevant substrate. A precedent for
this idea is evident with phosphorylation by G1 Cdks such as cyclin
A/Cdk2 (Peeper et al., 1993; Loog and Morgan, 2005). The “hydro-
phobic patch” in cyclin A containing the MRAIL motif facilitates rec-
ognition of substrates that contain an RXLXL sequence, such as the
retinoblastoma protein (Schulman et al., 1998). Mutation of the hy-
drophobic patch impairs Rb phosphorylation but has no effect on
the phosphorylation of a nonspecific substrate, histone H1. In light
of these considerations, we reinvestigated the activity of WT and
Scant Gwl purified from non—OA-treated Sf9 cells for phosphoryla-
tion of a physiological substrate, endosulfine, a protein previously
found to be important in Drosophila oocyte maturation (Von Stetina
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et al., 2008). As described earlier, recent reports indicate that
Gwl-dependent phosphorylation of endosulfine and related pro-
teins is responsible for the inhibition of PP2A/B55 in M phase
(Gharbi-Ayachi et al., 2010; Mochida et al., 2010). As shown in
Figure 5, Scant but not WT Gwl had low but detectable dose-
dependent activity against endosulfine, as well as autophosphory-
lating activity. These results suggest that the ability of Scant/K71M
Gwl to induce GVBD reflects elevated activity in interphase of the
mutant compared with WT Gwl.

It is remarkable that K71M Gwil is able to induce GVBD even
when its expression level is lower than that of WT Gwl (Figure 3D).
The lower expression level of K71M Gwl suggested that there might
be differences in stability of the mutant compared with WT Gwl. To
assess this possibility, oocytes were injected with equal amounts of
FLAG-tagged mRNA for WT and K71M Gwl and incubated for 4 h in
the presence and absence of MG 132, an inhibitor of degradation by
the 26S proteasome. As shown in Figure 6A, accumulation of K71M
was greatly enhanced by MG132, whereas WT Gwl expression was
unaffected. However, whereas enhanced accumulation did acceler-
ate the kinetics of K71M-induced maturation (Figure 6C), it did not
lead to immediate activation of expressed Gwl activity as judged by

Molecular Biology of the Cell
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FIGURE 4: K71M Gwl protein induces oocyte maturation. (A) Oocyte
morphology. Oocytes were treated with progesterone or injected
with buffer or WT or K71M Gwl proteins purified from non-OA
treated (interphase) Sf9 cells. After incubation overnight, GVBD was
assessed by white-spot formation. An oocyte that did not undergo
GVBD with K71M Gwl was designated “G2" (e.g., upper oocyte, right
panel). (B) Analysis of K71M Gwl expressing oocytes. The oocytes in A
were lysed and Western blotted for Gwl, cyclin B1, and pY15 Cdc2, as
indicated. At this exposure level, the shifted form of endogenous Gwil
in progesterone-treated (GVBD) oocytes is less apparent.

(C) Maturation induced by K71M Gwl requires protein synthesis.
Active Gwl was purified from OA-treated Sf9 cells as described
previously and microinjected into oocytes, followed by incubation in
the absence and presence of cycloheximide (CHX, 10 pg/ml). After

6 h, GVBD was assessed by white-spot formation.

electrophoretic mobility (Figure 6B). WT Gwl was not activated and
did not induce GVBD in any oocytes even after 24 h of incubation in
the presence of MG132.

DISCUSSION

The results identify complex formation between Gwl and PP2A/B55
in Xenopus oocytes by both coimmunoprecipitation and microcys-
tin bead precipitation. Unexpectedly, this interaction only occurs in
G2 phase when Gwl has low activity and PP2A/B55 is active (Figures
1 and 2). Although Vigneron et al. (2009) reported complex forma-
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FIGURE 5: Constitutive activity of Scant. Recombinant Drosophila
Gwl proteins, either WT or K97M/Scant (equivalent to K71M Xenopus
Gwl), were purified from non-OA-treated Sf9 cells and assayed for
activity against a fragment of endosulfine fused to maltose-binding
protein as described in Materials and Methods. The first and third
rows show Coomassie staining of Gwl and endosulfine proteins used
in the assay. The amount of Gwl proteins assayed varied from 1 to

50 ng. The autoradiographs in the second and fourth rows show,
respectively, autophosphorylation of Gwl and phosphorylation of the
endosulfine fragment fused to maltose-binding protein.

tion between Gwl and PP2A in asynchronous tissue culture cells,
which are largely in interphase, they also reported coimmunopre-
cipitation of Gwl and PP2A in CSF (M phase) extracts from Xenopus
eggs. We do not completely understand the apparent discrepancy
between our findings and the latter result. It should be noted that
we studied entry into M phase of meiosis |, whereas CSF-arrested
oocytes are in metaphase of meiosis Il and potentially subject to
different regulation; alternatively, because CSF arrest in M phase is
unable to be maintained in the absence of Gwl (Yu et al., 2006), it is
possible that the CSF extracts examined by Vigneron et al. (2009)
did not remain in M phase during the immunoprecipitation.

In any event, given that Gwl activation involves extensive phos-
phorylation, it seems likely that one function of PP2A/B55 in the G2/
interphase complex is to keep Gwl inactive during the long G2/
prophase arrest of the immature oocyte. Although inhibition of
PP2A by OA in the immune complex with Gwl did not lead to Gwl
kinase activation (unpublished data), this result would be expected
if other kinases (such as MPF) are also needed for this activation, as
has been suggested previously (Yu et al., 2006). The complex dis-
sociates in M phase when Gwl is active and PP2A/B55 activity is in-
hibited by Gwl-dependent phosphorylation of endosulfine and re-
lated proteins (Castilho et al., 2009; Mochida et al., 2009, 2010;
Vigneron et al., 2009; Gharbi-Ayachi et al., 2010). KD Gwl also
bound PP2A and released it in M phase, suggesting that the kinase
activity of Gwl is not necessary for release. Consistent with this, the
CT half of Gwl that lacks the complete kinase domain also releases
PP2A/B55 in M phase (Figure 1D). It is intriguing that the CT half of
Gwl shifts in M phase (Figure 1D), and the shift of Gwl is partially
blocked when the T loop (T748) is mutated (Figure 1B). However,
phosphorylation of T748 is not involved in the release of PP2A/B55
from the CT region of Gwl in M phase because the phosphatase also
dissociated from T748V Gwl in M phase (Figure 1B).

Mutants of a number of constitutively active M phase kinases
have previously been reported to cause GVBD when expressed in
oocytes. Examples include the polo-like kinase PIx1, p90Rsk, MEKT,
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at GVBD reveals at most a twofold-higher
specific activity (Supplemental Figure S1);
similarly, Scant and WT enzymes made in
Sf9 cells in the presence of OA do not have
greatly different specific activities (unpub-
lished data). We speculate that the massive
hyperactivity of Drosophila Scant previously
reported may be due to the mitotic arrest of

at least some of the cultured cells express-
ing this protein, leading to the accumula-
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FIGURE 6: K71M Gwl is an unstable protein. (A) Greatwall accumulation. mRNA encoding either
WT FLAG-Gwl or FLAG-K71M Gwl was injected into oocytes, and after 4 h of incubation in the
absence or presence of the protesome inhibitor MG 132 the level of expressed Gwl was
assessed by SDS-PAGE and immunoblotting for FLAG-Gwil. (B) Maturation with K71M Gwl and
MG132. Oocytes were injected with mRNA encoding FLAG-WT or K71M Gwl and incubated
with medium containing 50 pM MG132. At the indicated times, oocyte lysates were prepared
and Western blotted for FLAG-Gwl, active Cdc25C (pSer287), and cyclin B2. GVBD (unpublished
data) began at 6 h after injection. (C) Acceleration of K71M-induced GVBD by MG132. Oocytes
were injected with mRNA encoding K71M Gwl and incubated in the presence or absence of
MG132 or treated with progesterone. The time course of GVBD was assessed by white-spot

formation at the indicated times.

and MAPK (Haccard et al., 1995; Huang et al., 1995; Qian et al.,
1999; Gross et al., 2001). In all these cases the kinase contained ac-
tivating mutations resulting in an M phase level of activity before in-
jection or immediately after synthesis in the G2/interphase oocyte. In
contrast, the basal kinase activity of Scant against endosulfine is very
low but nevertheless appears to involve a constitutive gain of activity
toward a key physiological substrate (Figure 5). The time course of
GVBD with K71M Gwl requires several hours longer than progester-
one treatment without enhanced accumulation in the presence of
MG132 (Figure 6C), suggesting that the low level of K71M Gwl con-
stitutive activity is the limiting factor in the action of the mutant.
Studies of Drosophila Scant (K97M Gwl) in cell lines have sug-
gested that the kinase is hyperactive (Archambault et al., 2007).
However, comparison of WT and K71M Xenopus Gwl from oocytes

T. M. Yamamoto et al.
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published results). This low expression was
previously suggested to reflect the toxicity
of Scant Gwl (Archambault et al., 2007).
However, our studies show that the low ex-
pression of K71M is due at least in part to
reduced stability, as inhibition of protea-
some-mediated degradation led to a dra-
matic increase in its accumulation and an
accelerated rate of M phase entry in oo-
cytes injected with K71TM Gwl mRNA
(Figure 6). It is unclear why mutating K71 to
M confers low constitutive activity to Gwl in
oocytes even under low-expression condi-
tions. Mutation of K71 to A, C, E, L, or Q
does not enhance M phase promotion by
Gwl in oocytes, whereas mutation of K71 to
R does (unpublished data). Structural analy-
sis of Gwl will likely be needed in order to
understand the basis for enhanced kinase
activity by K71M Gwl and its reduced stabil-
ity compared with WT Gwl. In any case, the
results presented here provide new evi-
dence for regulation of Gwl/PP2A interac-
tion during oocyte maturation and employ
the Xenopus system to facilitate elucidation
of the molecular basis of the effects of
Scant/K71M Gwl that appear to be con-
served from flies to Xenopus.

MATERIALS AND METHODS

Xenopus oocytes and injections

Xenopus oocytes arrested in G2 were manually dissected from ovar-
ian fragments, and Gwl expression was obtained by microinjecting
oocytes with 40 nl of mRNA (0.25 mg/ml) encoding various Gwl
constructs, followed by incubation at room temperature. Progester-
one (10 pg/ml) was added to some oocytes to induce maturation,
and MI (GVBD) oocytes were collected when a well-defined white
spot appeared at the animal pole.

Greatwall cloning, mRNA, and protein expression

Full-length Xenopus Gwl cDNA was purchased from Open Biosys-
tems (Huntsville, AL) (MXL1736-9507526; Clone ID, 6637446; Ac-
cession Number, BC068968). Full-length, NT (amino acids 1-467)
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or CT (amino acids 468-887) Gwl was cloned into a pCS-FLAG vec-
tor using LIC cloning (Novagen; EMD Chemicals, San Diego, CA).
K71M, T748V, and G41S Gwl were generated with a QuikChange
Site-Directed Mutagenesis Kit (Agilent, Santa Clara, CA), and mRNA
was produced using an mMessage mMachine SPé Kit (Ambion,
Austin, TX). Xenopus His-Gwl protein (WT and K71M) was expressed
and purified from baculovirus-infected Sf9 cells with or without OA
treatment, as described previously (Yu et al., 2006). The Drosophila
Scant (K97M) Gwl protein was generated from a Drosophila WT Gwl
cDNA clone with the QuikChange Site-Directed Mutagenesis Kit,
and both WT and Scant proteins expressed in Sf9 insect cells were
purified without addition of OA as described (Yu et al., 2006).

Immunoprecipitation and Western blotting

For immunoprecipitation of FLAG Gwl, 20 oocytes treated as indi-
cated in the figures were homogenized in 100 pl of EB (80 mM
B-glycerophosphate, 20 mM ethylene glycol tetraacetic acid [EGTA],
5 mM MgCl,, 20 mM HEPES, pH 7.5), and the oocyte cytosol was
collected by centrifugation at 10,000 x g for 1 min at 4°C. Five mi-
croliters of cytosol was mixed with 5 pl of 2x Laemmli sample buffer
(Bio-Rad, Hercules, CA) and used as the input fraction for Western
blotting. The remaining cytosol was added to 20 pl of anti-FLAG
agarose beads (M2 FLAG agarose; Sigma-Aldrich, St. Louis, MO)
preequilibrated in EB and incubated for 60 min at 4°C. The beads
were then washed three times in EB and resuspended in 20 pl of 2x
Laemmli sample buffer. For PP2A precipitation, 50 pl of a 50% slurry
of microcystin-agarose beads (Millipore, Billerica, MA) preequili-
brated with EB was incubated for 4 h at 4°C with cytosol from 20
oocytes. The beads were washed with EB three times and resus-
pended in 25 pl of 2x sample buffer. After SDS-PAGE through either
a 7.5 or 10% Criterion gel (Bio-Rad), samples were transferred to
nitrocellulose membranes (Whatman, Piscataway, NJ) using a semi-
dry Western blotting apparatus and blocked by 5% skim milk before
incubation with the indicated primary antibodies. Antibodies against
FLAG were obtained from Sigma-Aldrich. Antibodies to pY15 Cdc2
were from Cell Signaling Technology (Beverly, MA), antibodies rec-
ognizing all B55 subunit isoforms of PP2A were from Santa Cruz
Biotechnology (Santa Cruz, CA), and antibodies to PP2Ac were from
Bethyl Laboratories (Montgomery, TX). Antibodies against Xenopus
Gwl have been previously described (Yu et al., 2006), and antibodies
against Xenopus cyclin B1 and B2 were generated as previously
described (lzumi et al., 1992). Antibodies to phospho-ser287 in
Xenopus Cdc25C were a kind gift from Joan Ruderman (Harvard
Medical School, Boston, MA).

Greatwall kinase assay

The kinase activity of immunoprecipitated Gwl was measured as
previously described (Peng et al., 2010). Briefly, oocytes injected
with FLAG-Gwl mRNA were homogenized in 5 pl per oocyte of ice-
cold EB, and the cytosol collected after centrifugation at 10,000 x g
for 1 min at 4°C. Cytosol equivalent to three oocytes was added to
10 pl of anti-FLAG agarose beads (Sigma-Aldrich) preequilibrated
with EB and incubated for 60 min at 4°C. The beads were then
washed three times in EB and once with kinase buffer (20 mM
HEPES, 10 mM MgCl,, 3 mM B-mercaptoethanol, pH 7.6). The ki-
nase reaction was performed by resuspending the beads in 30 pl of
kinase buffer supplemented with 10 pg of MBP and 100 pM [y-32P]
ATP (5 pCi per reaction) for 10 min at 30°C, and the reaction was
terminated by addition of 8 ul of 5x sample buffer. Half of the reac-
tion was electrophoresed through a 4-20% gradient gel (Criterion;
Bio-Rad), and the gel was stained with Imperial Coomassie Blue (In-
vitrogen, Carlsbad, CA). Autoradiographs were exposed on XRP
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film (Kodak, Rochester, NY), or the excised radiolabeled MBP bands
were counted in a scintillation counter (Beckman Coulter, Brea, CA).
For some experiments, immunoprecipitated FLAG-Gwl was pre-
treated with PP2A or lambda phosphatase as follows. After washing
with lambda phosphatase buffer (New England Biolabs, Ipswich,
MA), FLAG-Gwl beads were incubated with either 0.2 U of PP2A
(Upstate, Millipore) in PP2A buffer or 0.4 U of lambda phosphatase
(New England Biolabs) in lambda phosphatase buffer for 30 min at
30°C. The beads were washed with EB three times and once with
kinase buffer and used for Western analysis or the kinase assay as
described previously. Kinase assays with purified Gwl proteins
(1-50 ng) were performed for 10 min at 30°C in 10 pl of kinase buffer
(20 mM HEPES, 10 mM MgCly, 0.1 mg/ml bovine serum albumin,
3 mM B-mercaptoethanol) supplemented with 100 pM ATP con-
taining 1 mCi of [y-32P]JATP and using as substrate 1.5 ug of malt-
ose-binding protein fused to a fragment of Xenopus endosulfine
containing the phosphorylation site that is required for endo-
sulfine-dependent inhibition of PP2A (5,KRLOKGQKYFDSGDYN-
MAKAK7,, Gwl site underlined; Mochida et al., 2010). Reactions
were stopped by addition of Laemmli sample buffer and analyzed
by SDS-PAGE and autoradiography.

PP2A assay

To generate substrate for PP2A, 20 pg of histone H1 was phospho-
rylated by MPF in 200 pl of kinase buffer with 100 uM [y*?P]ATP
(150 pCi) for 2 h at 30°C. After addition of 1.5 ml of dilution buffer
(20 mM Tris HCI, pH 8.0), the reaction was incubated with 200 pl of
SP-Sepharose beads for 30 min at room temperature and washed
six times with 1 ml of dilution buffer. Histone H1 was eluted from the
beads by sequential incubation with 200 ul of dilution buffer con-
taining 400 mM, 600 mM, 800 mM, and 1 M NaCl. Phospho-histone
H1 in the 800 mM and 1 M NaCl eluates was pooled, concentrated
to 50 pl on a spin column (Vivaspin; GE Healthcare, Piscataway, NJ),
and diluted to 200 pl with dilution buffer. Greater than 99% of the
radiolabel was precipitable by 30% trichloroacetic acid (TCA). For
the phosphatase assay, 10 oocytes expressing FLAG-Gwl were lysed
in 50 pl of EB and centrifuged, and the cytosol was incubated with
15 pl of anti-FLAG agarose beads preequilibrated with EB for 1 h at
4°C, followed by washing twice with EB. The FLAG-Gwl beads were
resuspended in 20 pl of PP2A buffer (20 mM 3-(N-morpholino)pro-
panesulfonic acid, pH 7.4, 0.1 M NaCl, 60 mM B-mercaptoethanol,
1 mM MgCly, T mM EGTA, 0.1 mM MnCl,, T mM dithiothreitol, 10%
glycerol, and 0.1 mg/ml serum albumin) containing 3 pg of phos-
pho-histone H1 (0.45 pCi) and incubated for 30 min at 30°C with or
without 0.1 pM okadaic acid. The reaction was terminated by addi-
tion of 300 pl of ice-cold 30% TCA for 30 min, followed by centrifu-
gation at 20,000 x g for 5 min. Duplicate 100-ul aliquots of the su-
pernatant were quantified by Cerenkov counting in a liquid
scintillation counter.
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