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Several key developmental events occur in the first mitotic cell cycle of Xenopus; consequently this cycle has
two gap phases and is (60-75 min in length. In contrast, embryonic cycles 2-12 consist only of S and M
phases and are 30 min in length. Xe-Weel and Mos are translated and degraded in a developmentally regulated
manner. Significantly, both proteins are present in the first cell cycle. We showed previously that the
expression of nondegradable Mos, during early interphase, delays the onset of M phase in the early embryonic
cell cycles. Here we report that Xe-Weel is required for the Mos-mediated M-phase delay. We find that
Xe-Weel tyrosine autophosphorylation positively regulates Xe-Weel and is only detected in the first 30 min
of the first cell cycle. The level and duration of Xe-Weel tyrosine phosphorylation is elevated significantly
when the first cell cycle is elongated with nondegradable Mos. Importantly, we show that the tyrosine
phosphorylation of Xe-Weel is required for the Mos-mediated M-phase delay. These findings indicate that
Mos positively regulates Xe-Weel to generate the G, phase in the first cell cycle and establish a direct link
between the MAPK signal transduction pathway and Weel in vertebrates.

[Key Words: Mos; Xe-Weel; Xenopus; embryonic cell cycle]

Received December 22, 1998; revised version accepted January 15, 1999.

The oocytes, eggs, and embryos of Xenopus undergo an
extraordinary series of cell-cycle transitions that are
critical for the propagation and development of the or-
ganism (Gerhart 1980; Kirschner and Gerhart 1981; Kir-
schner et al. 1981). In oocytes, the meiotic cell cycle is
initiated in response to progesterone and consists of two
consecutive M phases without an intervening S phase.
The resultant eggs are arrested at metaphase of meiosis IT
until fertilization, which releases the arrest and initiates
the series of mitotic cycles. The first mitotic cell cycle
following fertilization is [160-75 min long and has two
gap phases. In contrast, mitotic cycles 2-12 are [2.5-30
minutes long and consist only of alternating S and M
phases. The gap phases in the first cycle are necessary to
accommodate the completion of meiosis II, the fusion of
the sperm and egg pro-nuclei and the cortical rotation
that determines the second axis of asymmetry (Gerhart
1980; Kirschner and Gerhart 1981; Kirschner et al. 1981).
The early embryonic cell cycles proceed in the absence
of growth and transcription, therefore the gap phases in
the first cycle are unlike those found in somatic cell
cycles (Gerhart 1980; Newport and Kirschner 1982). We
have studied the mechanism that regulates the length of
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the first mitotic cell cycle and propose that the G, phase
in this cycle is generated by the developmentally regu-
lated translation of Xe-Weel and degradation of Mos.
The cyclin B/cdc2 complex regulates the entry into M
phase (for review, see Norbury and Nurse 1992; Morgan
1997). The Weel and Mytl protein kinases inhibit entry
into M phase by mediating the phosphorylation of cdc2
on two inhibitory sites, T14 and Y15. Weel is localized
to the nucleus and phosphorylates only the Y15 residue,
whereas Myt 1 is localized to the endoplasmic reticulum
and phosphorylates both T14 and Y15 (Russell and
Nurse 1987; Featherstone and Russell 1991; Igarashi et
al. 1991; Parker et al. 1991, 1992; Parker and Piwnica-
Worms 1992; Heald et al. 1993; McGowan and Russell
1993, 1995; Atherton-Fessler et al. 1994; Kornbluth et al.
1994; Mueller et al. 1995a, 1995b; Watanabe et al. 1995;
Liu et al. 1997). These inhibitory phosphorylations are
dominant and are removed by the Cdc25 phosphatase
(for review, see Solomon 1993; Dunphy 1994; Morgan
1997). In contrast to Xe-Mytl, which appears to be pre-
sent at all stages of early Xenopus development, the ex-
pression of Xe-Weel protein is developmentally regu-
lated (Mueller et al. 1995b; Murakami and Vande Woude
1998). Xe-Weel is absent in stage VI oocytes, is trans-
lated at meiosis II and is present at relatively con-
stant levels through gastrulation (Murakami and Vande

620 GENES & DEVELOPMENT 13:620-631 © 1999 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/99 $5.00; www.genesdev.org



Woude 1998). This pattern of expression is interesting
given that the tyrosine phosphorylated form of cdc2 is
observed during the interphase of first mitotic cell cycle
but not during the meiotic ‘interphase’ or the inter-
phases of cycles 2-12 (Ferrell et al. 1991). On the basis of
these observations, we postulated that Xe-Weel was in-
volved in regulating the length of the first mitotic cell
cycle (Murakami and Vande Woude 1998). Although Xe-
Weel was shown to regulate first cell cycle length, the
ratio of Xe-weel to Cdc25, however, does not decline
after the first cell cycle (Izumi et al. 1992; Hartley et al.
1996; Murakami and Vande Woude 1998). Therefore, the
expression pattern of Xe-Weel does not fully explain the
length of the first cycle (relative to cycles 2-12). This led
us to propose that an additional factor was necessary to
generate the gap phases and cdc2 tyrosine phosphoryla-
tion observed in the first cycle (Murakami and Vande
Woude 1998).

In Xenopus oocytes, the Mos proto-oncogene is re-
quired for entry into meiosis I and meiosis I and is key
component of cytostatic factor (CSF), the activity that
maintains the metaphase arrest at meiosis II (Masui and
Markert 1971; Sagata et al. 1988, 1989; O’Keefe et al.
1989; Daar et al. 1991; Kanki and Donoghue 1991; Yew
et al. 1992). Mos phosphorylates and activates MAPK
kinase (MEK), which in turn phosphorylates and acti-
vates MAPK (Nebreda and Hunt 1993; Posada et al. 1993;
Shibuya and Ruderman 1993; Pham et al. 1995; Resing et
al. 1995; Huang and Ferrell 1996; for review, see Kosako
et al. 1994). We proposed that Mos could be involved in
generating the gap phases in the first mitotic cell cycle
(Murakami and Vande Woude 1998) because Mos protein
is degraded 20-30 min after fertilization (Watanabe et al.
1991). In contrast, cyclin B/MPF (maturation promoting
factor) is rapidly degraded within 5-10 minutes (Gerhart
et al. 1984; Murray et al. 1989). Accordingly, the injec-
tion of a nondegradable form of Mos extended the length
of the first cycle from 70 to 140 min. The delay occurred
in the G, phase of the cell cycle, concomitant with a
dramatic increase in the level of cdc2 tyrosine phos-
phorylation. Moreover, a rapid 30-min embryonic cycle
could be converted into a 60-min cell cycle by arresting
the cycle with Mos and releasing the arrest with calcium
ionophore (Murakami and Vande Woude 1998). Similar
results were also observed in cell free extracts, indicating
that the prolonged activation of Mos/MAPK [after matu-
ration-promoting factor (MPF) inactivation] in the early
portion of the first mitotic cell cycle extends the G,
phase of that cycle (Abrieu et al. 1997; Walter et al. 1997
Bitangcol et al. 1998). Interestingly, these results high-
light the fact that the effects of Mos/MAPK vary dra-
matically as the oocyte, egg, and embryo progress
through development. The activation of MAPK pro-
motes entry into the first meiotic M phase, arrests the
second meiotic M phase, and delays the first mitotic M
phase (Kosako et al. 1994, Haccard et al. 1993, 1995;
Minshull et al. 1994; Abrieu et al. 1996, 1997; Jones and
Smythe 1996; Sagata 1996, 1997; Walter et al. 1997; Bi-
tangcol et al. 1998; Murakami and Vande Woude 1998).
In Xenopus, it appears that the developmentally regu-
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lated translation of specific substrates (e.g., Xe-Weel) al-
lows the same signal (MAPK) to produce different results
at various stages of development.

In this study, we investigate the functional relation-
ship between Xe-Weel and Mos. We show that Xe-Weel
is necessary and sufficient for the Mos induced M-phase
delay. Xe-Weel is regulated positively by tyrosine auto-
phosphorylation and Xe-Weel tyrosine phosphorylation
can up-regulated by Mos in the first mitotic cell cycle.
Furthermore, we also show that the tyrosine phosphory-
lation of Xe-Weel is required for the Mos mediated M-
phase delay. These finding indicate that Mos positively
regulates Xe-Weel to generate the G, phase in the first
mitotic cell cycle.

Results
Mos-mediated G, arrest requires Xe-Weel

In intact eggs the injection of nondegradable Mos results
in a protracted G,-phase or M-phase delay (Murakami
and Vande Woude 1998). The addition of Mos to mitotic
cell free extracts results in a G, arrest (Abrieu et al. 1997;
Walter et al. 1997; Bitangcol et al. 1998). To determine if
the Mos-mediated G, arrest was dependent on Xe-Weel,
we examined the effects of Mos after the removal of Xe-
Weel by immunodepletion. Following the addition of
nondegradable Mos to a CSF extract (Fig. 1A, top), the
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Figure 1. G, arrest mediated by Mos requires Xe-Weel. (A)
CSF extracts were prepared and supplemented with wild-type
MBP-Mos (top). Xe-Weel was depleted from the CSF extract or
the extract was mock depleted with preimmune sera (bottom).
(B) The cell cycle was initiated by the addition of calcium,
samples were taken at 10-min intervals and assayed for histone
HI1 kinase activity. Note that the endogenous Mos does not
degrade efficiently in these extracts as compared to intact eggs
(see Fig. 6B,F; Watanabe et al. 1991).
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cell cycle was initiated by the addition of calcium. Ex-
tracts to which the kinase mutant (KM) version of non-
degradable Mos had been added, cycled normally;
whereas extracts that contained wild-type nondegrad-
able Mos, did not cycle and no activation of MPF was
observed (Abrieu et al. 1997; Walter et al. 1997; Bitangcol
et al. 1998; data not shown). Using anti-Xe-Weel anti-
sera, we depleted these CSF extracts of Xe-Weel (Fig. 1A,
bottom). Control mock-depletions were performed with
preimmune sera (Fig. 1A, bottom). Reduced MPF activa-
tion was observed after the addition of wild-type nonde-
gradable Mos to mock-depleted extracts (Fig. 1B). In con-
trast, normal levels of MPF activation were observed
after the addition of wild-type nondegradable Mos to
Xe-Weel depleted extracts (Fig. 1B). MPF activation was
faster in the Xe-Weel depleted extracts as compared to
the untreated extracts (Fig. 1B). These results indicate
that Xe-Weel regulates cell-cycle length and that the G,
arrest generated by Mos requires Xe-Weel.

Autophosphorylation activity of Xe-Weel
in the first mitotic cell cycle

To determine if Xe-Weel activity could be modulated by
Mos, we needed to characterize mechanisms of Xe-Weel
regulation. Autophosphorylation has been shown to
functionally regulate many protein kinases (Ullrich and
Schlessinger 1990; Johnson et al. 1996) and Xe-Weel was
observed to possess auto-kinase activity during inter-
phase in cell-free extracts (Mueller et al. 1995a). We as-
sessed Xe-Weel autokinase activity in the first mitotic
cell cycle using lysates prepared from intact eggs. Unfer-
tilized eggs were activated with calcium ionophore, ly-
sates were prepared at 10-min intervals, and progression
through the cell cycle was monitored by histone HI1 ki-
nase activity (Fig. 2A). Xe-Weel was isolated by immu-
noprecipitation and autophosphorylation reactions were
performed on the immune complexes. Xe-Weel auto-
phosphorylation activity was observed only in the first
30 min of the first cell cycle (Fig. 2B) even though the
level of Xe-Weel protein is constant in this cycle (Mu-
rakami and Vande Woude 1998). The autophosphory-
lated Xe-Weel was recognized by an anti-phosphotyro-
sine antibody, indicating that some or all of the phos-
phorylations occurred on tyrosine residues (Fig. 2C).

Identification of Xe-Weel autophosphorylation sites

To identify the sites that were phosphorylated, wild-type
or kinase-mutant Xe-Weel was immunoprecipitated
from an in-vitro translation reaction and autophosphory-
lation reactions were performed in the presence of
[y->*P]ATP. Only wild-type Xe-Weel was phosphory-
lated (Fig. 3A, left panel) indicating that the phosphory-
lations were autophosphorylations rather than trans-
phosphorylations by contaminating kinases. The phos-
phoproteins were isolated, subjected to proteolytic
cleavage with trypsin or endopeptidase Lys-C, and the
resultant phospho-peptides were subjected to reverse-
phase HPLC analysis using a C-18 column. Quantifica-
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Figure 2. Xe-Weel has autophosphorylation activity in the
first 30 min of the first mitotic cell cycle. The first mitotic cell
cycle was initiated by treating unfertilized eggs with calcium
ionophore (A23187). Ten eggs were collected at 10-min inter-
vals and lysates were prepared in modified EB. Histone H1 ki-
nase assays were used to monitor the progression through the
cell cycle (A). Xe-Weel was immunoprecipitated (Ab 725:Ab
1532) from the remainder of each sample, and subjected to an
immune complex autokinase assay with [y->>P]JATP. The reac-
tions were processed for SDS-PAGE, and the proteins were
transferred to Immobilon membranes. After exposure to auto-
radiographic film (B), the filters were processed for immuno-
blotting with an anti-phosphotyrosine antibody (C).

tion of the radioactivity released from the column re-
vealed the presence of three major peaks (Fig. 3A, right).
Aliquots from each of these three fractions were sub-
jected to phospho-amino acid analysis, and the remain-
der of these fractions were subjected to Edman degrada-
tion. The phospho-amino acid analysis of the peptides
contained in all three fractions demonstrated that auto-
phosphorylation occurred exclusively on tyrosine resi-
dues (Fig. 3B-D, left panels, insets). Edman degradation
revealed that the peptides eluting in fractions 15, 20, and
43, were phosphorylated on the fourth, sixth, and thir-
teenth residues, respectively (Fig. 3B-D, left panels).
Based on this analysis, we determined that two of the
autophosphorylation sites were the tyrosine residues at
amino acid positions 110 and 90 (for fractions 15 and 43,
respectively). For the peptide eluting in fraction 20, there
were two candidate tyrosine residues; Y103 and Y236.
Examination of the sequence surrounding the tyrosine
residues at positions 110 and 90 indicated that each had
a threonine residue at the +2 position (Fig. 3, B and D,
right panels, sequence). The tyrosine residue of Cdc2
(Y15), phosphorylated by Weel (Gould and Nurse 1989),
also has a nearby threonine residue (T14 at the -1 posi-
tion); therefore, we predicted that the tyrosine residue at
position 103 was the more likely candidate as it pos-
sessed threonine residues at the +1 and -2 positions. (Fig.
3C, right panel, sequence). We confirmed that these ty-
rosine residues (Y90, Y103, and Y110) were bona fide
autophosphorylation sites, by substituting each tyrosine
residue with a phenylalanine residue separately or in
combination (Y90F; Y103F; Y110F; YYYFFF). The mu-
tant proteins were then labeled with *>P in an autokinase
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Figure 3. Identification of Xe-Weel autophosphorylation sites.
Wild type (WT) and kinase mutant (KM) Xe-Weel were trans-
lated in vitro and following immunoprecipitation, immune
complex autokinase reactions were performed. After separation
by SDS-PAGE (A, Ieft), the wild-type 3?P-labeled protein was
eluted from the gel matrix, precipitated with TCA, and digested
with either trypsin (which cleaves after Lys and Arg residues) or
Lys-C (which cleaves after Lys residues). In the analysis of in-
vitro-phosphorylated Xe-Weel, both enzymes generated identi-
cal cleavage patterns, as the sites flanking the phosphopeptides
were always lysine residues (B-D, right panels, sequences). The
profile generated from the HPLC analysis of the wild-type Xe-
Weel revealed three peaks of radioactivity (A, right). The pep-
tides in fractions 15, 20, and 43, were subjected to phospho-
amino acid analysis and two-dimensional thin-layer electropho-
resis (B-D, left panels, insets), and Edman degradation (B-D, Ieft
panels). Each of the predicted tyrosine autophosphorylation
sites was substituted with a phenylalanine residue, and the mu-
tated versions of Xe-Weel were labeled with **P in an autoki-
nase assay and processed for HPLC analysis as described above;
Y110F (B, right), Y103F (C, right), and Y9OF (D, right). The
amino acid sequence of the phosphopeptides is shown in the
insets, arrows indicate LysC/trypsin cleavage sites.

assay and examined by HPLC analysis as described
above. In each case, mutation of the tyrosine residue at
the predicted position resulted in the absence of radio-
activity in the corresponding fraction, thereby confirm-
ing each residue as a bona fide phosphorylation site (right
panels in Fig. 3B, fraction 15, Y110F; 3C, fraction 20,
Y103F; 3D, fraction 43, YOOE.

Analysis of Xe-Weel phosphorylation in cell-free
extracts

To show that the autophosphorylation sites identified in
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vitro are phosphorylated in vivo, we characterized the
endogenous Xe-Weel protein that was labeled with
[y-3?*P]JATP in cell-free extracts. Cell-free extracts were
used for this analysis because the 32P labeling of endog-
enous Xe-Weel in intact eggs was insufficient for exten-
sive biochemical analysis (data not shown). Interphase
extracts were prepared by adding calcium to CSF extracts
(Lohka and Masui 1983; Murray 1991). Consistent with
our observations in vivo (Fig. 2), immunoblotting with
an anti-phosphotyrosine antibody showed that Xe-Weel
was tyrosine-phosphorylated 30 min after the addition of
calcium to a CSF extract (data not shown). Following the
addition of 10 mCi of [y-*>P]ATP, endogenous Xe-Weel
was collected by immunoprecipitation 30 min after the
addition of calcium. The 3?P-labeled protein was iso-
lated, digested with trypsin, and the resultant phospho-
peptides were subjected to reverse-phase HPLC analysis
as described above. The HPLC profile generated from the
Xe-Weel labeled in an interphase extract revealed [8
peaks of radioactivity (Fig. 4B). When compared with the
HPLC profile generated from Xe-Weel labeled in an in
vitro autokinase assay (Fig. 4A), the HPLC profile of the
Xe-Weel labeled in the extracts contained a prominent
novel peak of radioactivity in fractions 4-6 (Fig. 4B). The
phospho-amino acid analysis of the peptides in fractions
4-6 revealed phosphorylation on serine residues in inter-
phase and CSF extracts (M.S. Murakami, unpubl.); sug-
gesting that the peptides in fractions 4-6 are constitu-
tively phosphorylated on serine. Common peaks (frac-
tions 15 and 19-20) of radioactivity were observed when
the HPLC profile of the Xe-Weel labeled in an in vitro
autokinase assay was compared to the profile generated
from the Xe-Weel labeled in an interphase extract (Fig.
4A,B). A phospho-amino acid analysis of the peptide in
the fifteenth fraction generated from the Xe-Weel la-
beled in an interphase extract revealed that this peptide
was phosphorylated on tyrosine as well as serine (Fig.
4C, left). The phospho-amino acid analysis of the pep-
tides in fraction 20 revealed phosphorylations on serine,
threonine, and tyrosine residues (Fig. 4C, middle). A two-
dimensional thin-layer electrophoresis/chromatography
analysis of fraction 15 showed that the peptide generated
from the Xe-Weel labeled in an interphase extract mi-
grated exactly with the peptide generated from the Xe-
Weel labeled in an in vitro kinase assay (Y110; Fig. 4D).
A similar two-dimensional thin-layer electrophoresis
and chromatography analysis was performed on the pep-
tides that eluted in fractions 19 and 20. The migration
pattern of the peptides that were generated from the Xe-
Weel labeled in an interphase extract was similar to that
of the peptides isolated from the Xe-Weel labeled in an
in vitro autokinase assay (Y103; Fig. 4E). The analysis of
the peptides in fractions 38-41 (Y90) was inconclusive
(see legend to Fig. 4; data not shown). However, a phos-
pho-amino acid analysis of the peptide(s) that eluted in
fraction 41 demonstrated that the peptides in those frac-
tions were phosphorylated on tyrosine, threonine, and
serine residues (Fig. 4C, right panel). Taken together,
these results strongly indicate that at least two of the
tyrosine autophosphorylation sites that were mapped in
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Figure 4. Analysis of Xe-Weel phosphorylation in cell-free ex-
tracts. Interphase extracts were prepared as described in the Mate-
rials and Methods. [y-3>P]ATP (10 mCi) was added to 150-200 ul of
these extracts, and endogenous Xe-Weel was isolated by immuno-
precipitation (antibodies 725 and 1532) 30 min after the addition of
calcium. The labeled proteins were isolated, digested with trypsin,
and subjected to reverse-phase HPLC analysis (B; interphase Xe-
Weel). The HPLC profile for the wild-type Xe-Weel labeled in an
in vitro autokinase assay (A) was generated as described in Fig. 3.
The peptides in fractions 15, 20, and 41 were subjected to phospho-
amino acid analysis. Tyrosine (as well as serine and threonine)
phosphorylation was detected (4C). The peptide in fraction 15 from
the Xe-Weel protein labeled in the interphase extracts (D, left) or
from the Xe-Weel labeled in an in vitro autokinase assay (D,
middle) was subjected to two-dimensional thin-layer electropho-
resis and chromatography separately or as a mixture (D, right). In
addition, the peptides from fraction 19 and 20 were also subjected
to a two-dimensional thin-layer electrophoresis/chromatography
analysis (E, left: extract; E, right: in vitro kinase). We were unable
to perform a conclusive two-dimensional TLC analysis on the Y90
peptide. In our analysis, we compared the peptides isolated from
the endogenous Xe-Weel labeled in an extract with those gener-
ated from our recombinant Xe-Weel labeled in an in vitro auto-
phosphorylation reaction. Two sequences of Xe-Weel have been
reported (Mueller et al. 1995a; Murakami and Vande Woude 1998).
We believe that endogenous Xe-Weel, in any given extract, is a
mixture of these two isoforms. Importantly, the Xe-Weel sequence
reported by the Dunphy laboratory (Mueller et al. 1995a) lacks the
tryptic cleavage site just upstream of Y90 (which is pres-
ent in our clone). Therefore, the tryptic digestion of the radiola-
beled endogenous ‘Dunphy’ Xe-Weel would generate a peptide
with a different mobility in both the HPLC analysis and two-di-
mensional TLC analysis, precluding comigration with the peptide
generated from our recombinant Xe-Weel.

vitro (Y110 and Y103) are also phosphorylated in cell-free
extracts, and presumably in vivo.

Functional analysis of Xe-Weel
tyrosine autophosphorylation

We examined the autokinase activity of the mutated Xe-
Weel proteins using the in vitro-translated proteins in
an autokinase assay. Each of the Xe-Weel proteins with
single site substitutions (Y90F; Y103F and Y110F)
showed reduced autokinase activity while the mutant in
which all three sites had been substituted (YYYFFF)
showed very little autokinase activity (Fig. 5A, top
panel). When the autophosphorylated proteins were ana-
lyzed by Western analysis with anti-phosphotyrosine an-
tibody, the Y103F and Y110F mutants showed reduced
reactivity, whereas the YOOF and the YYYFFF mutants
showed little or no reactivity with the antibody (Fig. 5A,
middle panel).

We examined the ability of the mutant forms of Xe-
Weel to phosphorylate cdc2. The various forms of Xe-
Weel were translated in a reticulocyte lysate and immu-
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noprecipitated as described above (Fig. 5B, top panel).
Recombinant baculovirus kinase mutant cdc2/cyclin B
complex was added to the Xe-Weel immune complex
with [y*2-P]JATP and reaction buffer. The wild-type and
the YYYFFF forms of Xe-Weel were equivalent in their
capacity to phosphorylate cdc2, whereas the kinase mu-
tant form of Xe-Weel showed virtually no ability to
phosphorylate cdc2 (Fig. 5B, second panel). cdc2 was
phosphorylated on tyrosine and equal amounts of cdc2
protein were present in all reactions (Fig. 5B, bottom two
panels).

To assess the effects of the mutations on the biological
activity of Xe-Weel, we examined the ability of the mu-
tant versions of Xe-Weel to inhibit progesterone induced
oocyte maturation. Stage VI oocytes do not express Xe-
Weel, however, the premature expression of wild-type
Xe-Weel in these oocytes prevents progesterone-induced
oocyte maturation (Murakami and Vande Woude 1998).
We injected RNAs encoding the various forms of Xe-
Weel into stage VI oocytes. Following incubation at
16°C for 16 hr, all proteins were expressed at equivalent
levels (Fig. 5C, bottom panel). Germinal vesicle break-
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Figure 5. Analysis of Xe-Weel mutant
proteins. Tyrosine residues at position 90

(Y9OF), 103 (Y103F), and 110 (Y110F), were
substituted with phenylalanine residues
singly or in combination (YYYFFF). The
proteins were translated in vitro and im-
mune complex autokinase assays were
performed. Following separation by SDS-

PAGE, the proteins were transferred to Im-
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mobilon membrane and exposed to auto-
radiographic film (A, top). The membranes
were then processed for immunoblotting
with anti-phosphotyrosine antibody 4G10
(A, middle) after which the membranes
were stripped and re-probed for Xe-Weel
(A, Iower; antibody 725). The various
forms of Xe-Weel were translated and im-
munoprecipitated as described above (B,
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top). The immune complexes were supple-
mented with recombinant cyclin B/cdc2
and [y-32P]ATP. The reactions were sub-
jected to SDS-PAGE and then transferred
to Immobilon membrane and exposed to
autoradiographic film (B; second panel).
The filters were processed for Western
analysis with antiphosphotyrosine anti-

o [

body (B, third panel), then stripped and
reprobed with anti-Xe-Weel antibody (B,
first panel) and cdc2 (B, fourth panel).
RNAs encoding the mutated versions of

Xe-Weel were transcribed and capped in vitro. Approximately 40 ng of each RNA was injected into [I75 stage-VI oocytes that were then
left at 16°C overnight. Western analysis showed that equivalent amounts of Xe-Weel protein were present in the oocytes that had been
injected with RNA (C, bottom). Progesterone was added at 10 pg/ml, and GVBD was scored by the appearance of a white spot in the
animal hemisphere (C, top). CSF extracts were supplemented with exogenous Xe-Weel (D). CSF extracts were prepared and supple-
mented with wild-type or mutant Xe-Weel. The cell cycle was initiated by the addition of calcium, aliquots were removed at 10-min
intervals, and H1 kinase activity was assessed. The Western blot represents 1/13 of the exogenous Xe-Weel added to 60 pl of extract

(right).

down (GVBD) was monitored following the addition of
progesterone (Fig. 5C, top panel). The expression of wild-
type Xe-Weel inhibited progesterone-mediated oocyte
maturation, whereas expression of the kinase mutant did
not. The inhibitory activity of the YYYFFF version of
Xe-Weel was less than wild-type Xe-Weel but more
than the kinase inactive Xe-Weel (Fig. 5C, top panel).

We also examined the effect of the mutations on the
ability of Xe-Weel to delay M phase in a mitotic extract.
As demonstrated previously (Mueller et al. 1995a), the
addition of exogenous wild-type Xe-Weel delays the on-
set of M phase (Fig. 5D, #). Significantly, no delay was
observed when the kinase mutant or the YYYFFF mu-
tant Xe-Weel were added to the extracts (Fig. 5D, O,A).
Taken together, these results indicate that tyrosine au-
tophosphorylation regulates the activity of Xe-Weel in a
positive manner as the mutation of these sites to non-
phosphorylatable residues compromises the activity of
the kinase.

Mos up-regulates Xe-Weel tyrosine phosphorylation

To determine the effect of Mos on the tyrosine phos-
phorylation state of Xe-Weel, we examined Xe-Weel in
the first three mitotic cell cycles and in a first cell cycle

where we had injected nondegradable Mos (Murakami
and Vande Woude 1998). Stage VI oocytes were injected
with nondegradable Mos or left uninjected (Fig. 6B,F),
and the oocytes were induced to mature in vitro with
progesterone. After 16 hr, the mitotic cell cycles were
initiated by treating meiosis Il-arrested eggs with cal-
cium ionophore, and lysates were prepared at 10-min
intervals. We observed three peaks of MPF activity in the
untreated eggs, indicating that they had progressed
through three mitotic cell cycles (Fig. 6A). In contrast,
the eggs that had been injected with nondegradable Mos
failed to fully activate MPF activity (Fig. 6E). The M-
phase delay was not attributable to slower cyclin trans-
lation or a delay in the onset of DNA replication (Mu-
rakami and Vande Woude 1998) but to higher levels of
tyrosine-phosphorylated Cdc2 (Fig. 6, C vs. G). We iso-
lated the Xe-Weel from these eggs and analyzed the state
of Xe-Weel tyrosine phosphorylation with anti-phospho-
tyrosine antibody. In the case where the eggs were left
untreated, we observed tyrosine phosphorylation of Xe-
Weel only in the first 20-40 min of the first cell cycle
(Fig. 6D), consistent with the results shown in Figure 2.
Notably, we did not observe Xe-Weel tyrosine phos-
phorylation in cycles two or three. When the cell cycle
was elongated with nondegradable Mos, we observed a
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Figure 6. Analysis of Xe-Weel tyrosine
phosphorylation in the first three mitotic

Uninjected E

Injected with MEP-Mos

cycles and in the first mitotic cycle with
nondegradable Mos. Untreated eggs (A-D)
and eggs that had been injected with wild-
type nondegradable Mos (E-H) were acti-
vated with calcium ionophore and the pro-
gression through the cell cycle was moni-
tored by histone H1 kinase activity (A,E).
The levels of endogenous Mos and nonde-

—

(CPM)

Histone H1 Kinase assay

NEEERE

gradable Mos were detected by immunob-
lotting (B,F; one egg per lane). The level of
tyrosine phosphorylated Cdc2 was deter- B

mined following precipitation with p13/
sucl beads and immunoblotting with anti-
phosphotyrosine antibody (C,G, top; 10

o Mos biot

eggs per precipitate). The levels of Cdc2 in

the p13 /sucl precipitates are also shown

(C,G, bottom). The levels of tyrosine-phos-

pi3isuc ppt |
o pTyr blot

phorylated Xe-Weel were detected follow- JR—

o cde2 blot |- |

ing immunoprecipitation with anti-Xe-
Weel antibodies and immunoblotting D

with anti-phosphotyrosine antibody 4G10
(D,H; 10 eggs per precipitate).

dramatic and prolonged increase in Xe-Weel tyrosine
phosphorylation (Fig. 6H). The levels of Xe-Weel protein
were the same in all of the immunoprecipitates (data not
shown). These results indicate that Mos positively regu-
lates Xe-Weel in the first mitotic cell cycle.

To show that Xe-Weel is sufficient for Mos-mediated
G, arrest, we added exogenous recombinant Xe-Weel
back to a Xe-Weel-depleted extract. Significantly, the
addition of exogenous wild-type, but not YYYFFF Xe-
Weel, restored the ability of the depleted extracts to ar-
rest in response to Mos. These results demonstrate that
Xe-Weel is sufficient for the Mos-mediated M-phase de-
lay and that the effects of Mos are mediated through the
tyrosine phosphorylation of Xe-Weel.

Discussion

The first mitotic cell cycle is (50-75 min in length and
contains several critical developmental events: the
completion of meiosis II; fusion of the sperm and egg
pronuclei; and the rotation of the cortex that determines
the second axis of asymmetry (Gerhart 1980; Kirschner
et al. 1981; Kirschner and Gerhart 1981). These events
are essential for the development of the organism and
necessitate the introduction of gap phases, which are
atypical in the sense that there are no transcriptional or
growth requirements at this point in development. The
developmental expression pattern of two key cell-cycle
proteins, Xe-Weel and Mos, implicated these proteins as
regulators of the first cell cycle. Xe-Weel is absent in
stage VI oocytes, is synthesized at the onset of meiosis II,
and persists until gastrulation. Xe-Weel does, in part,
contribute to length of and cdc2 tyrosine phosphoryla-
tion observed in the first cycle (Murakami and Vande
Woude 1998). The expression pattern of Xe-Weel, how-
ever, does not fully explain the rapidity of cycles 2-12 as
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the ratio of Xe-Weel to Xe-Cdc25 does not change after
the first cycle (Izumi et al. 1992; Hartley et al. 1996). We
proposed that Mos might also regulate the length of this
cycle (Murakami and Vande Woude 1998) because Mos
protein is present in the first 30 min of this cycle. Injec-
tion of nondegradable Mos extended the length of the
first mitotic cycle from 70 to 140 min. The longer cycle
was not the consequence of slower cyclin translation or
a delay in S phase, but higher levels of cdc2 tyrosine
phosphorylation. Furthermore, a 30-min mitotic cell
cycle could be converted to a 60-min cycle following an
arrest with Mos and reactivation with calcium iono-
phore (Murakami and Vande Woude 1998). Although
these results suggested that the effects of Mos were me-
diated through Xe-Weel and that Mos positively regu-
lates Xe-Weel activity, this hypothesis had not been for-
mally tested.

The addition of Mos to cell-free extracts generates a G,
arrest (Abrieu et al. 1997; Walter et al. 1997; Bitangcol et
al. 1998). By depleting these extracts of Xe-Weel, we
showed that the effects of Mos were mediated through
Xe-Weel (Fig. 1). To understand the mechanism by
which Mos regulates Xe-Weel, we next analyzed pos-
sible mechanisms of Xe-Weel regulation. Autophos-
phorylation has been shown to regulate many protein
kinases (Ullrich and Schlessinger 1990). We detected Xe-
Weel autophosphorylation activity in the first 30 min of
the first cell cycle (Fig. 2). We determined the sites of
Xe-Weel autophosphorylation and showed that they
were exclusively tyrosine residues (Fig. 3). This finding
was in agreement with Parker and Piwnica-Worms
(1992), but in conflict with other reports in which auto-
phosphorylation was observed on tyrosine and serine
residues (Featherstone and Russell 1991; Parker et al.
1991; Parker et al. 1992; McGowan and Russell 1993;
Mueller et al. 1995a). These differences may be due to



species specific variations or may be attributed to the
stringency of the immune complex wash conditions in
our experiments (0.75 m NaCl). All three autophosphory-
lation sites are in the amino terminus of the protein with
a threonine residue at the +1 or +2 position. Although
the Xe-Weel autophosphorylation sites are similar to the
site that Weel recognizes on Cdc2 (T14, Y15; Gould and
Nurse 1989) they are unusual in that they do not fit the
consensus for other tyrosine kinase phosphorylation
sites (Pearson and Kemp 1991). Kinases in which the
enzymatic activity is activated by autophosphorylation
often have an autophosphorylation site within the acti-
vation loop (Ullrich and Schlessinger 1990; Johnson et al.
1996). Consistent with the location of the autophos-
phorylation sites in the amino-terminal region, the mu-
tation of the Xe-Weel tyrosine residues to phenylalanine
did not alter the enzymatic activity of the kinase but did,
however, compromise the biological activity of the pro-
tein (Fig. 5). We believe that our findings are consistent
with a model in which the tyrosine phosphorylation of
Xe-Weel serves to delay or retard the inactivation of Xe-
Weel during the course of the cell cycle. We also note
that Xe-Weel is phosphorylated on serine and threonine
residues in interphase (Fig. 4C). At this point, we cannot
conclusively rule out a regulatory role for these phos-
phorylations. In any case, all Weel homologs have tyro-
sine residues in the amino-terminal region and most
Weel homologs have been reported to have autophos-
phorylation activity (Russell and Nurse 1987; Feather-
stone and Russell 1991; Igarashi et al. 1991; Parker et al.
1991, 1992; Parker and Piwnica-Worms 1992; Booher et
al. 1993; McGowan and Russell 1993; Campbell et al.
1995; Mueller et al. 1995a; Watanabe et al. 1995). Fur-
thermore, the regulatory role of the amino-terminal re-
gion appears to be conserved in the Weel family, several
studies have shown that this region is important for
negative regulation of the kinase (Tang et al. 1993; Al-
igue et al. 1997). Now it is clear that this region also has
a positive regulatory function (Aligue et al. 1997; Boddy
et al. 1998; and this work).

Significantly, we show that Xe-Weel tyrosine phos-
phorylation is tightly regulated during development. We
find that Xe-Weel is normally tyrosine-phosphorylated
in the first 30 min of the first cell cycle, the period when
Mos/MAPK is active but MPF is not (Figs. 2 and 6). Al-
though, we cannot exclude the possibility that other
treatments that prolong interphase may also regulate Xe-
Weel tyrosine phosphorylation, we show that the level
and duration of Xe-Weel tyrosine phosphorylation in-
creases dramatically in the presence of nondegradable
Mos (Fig. 6) and that the effects of Mos are mediated
through the tyrosine phosphorylation of Xe-Weel (Fig.
7). Taken together, our results suggest the protracted G,,
phase induced by Mos is mediated through the positive
regulation of Xe-Weel. At this point we do not know if
components of the Mos/MAPK pathway directly phos-
phorylate Xe-Weel to facilitate autophosphorylation.
We note, however, that Xe-Weel autophosphorylation
can be detected in the absence of Mos [following in vitro
translation in reticulocyte lysates (Fig. 3A) and after

Mos positively regulates Xe-Weel

1500
- r
> &
3 & ﬁﬁé
T 1000
@
w
| - f“"i;‘*
x ——
T w0 - m
 ——n —
250 y
W T T T T T T T
> &8 ¥ 8 8 8 8§ g
Time (min)

Figure 7. CSF extracts were first depleted of endogenous Xe-
Weel as described in Fig. 1. Recombinant wild-type and
YYYFFF Xe-Weel were added back to the depleted extracts (leg-
end). The extracts were also supplemented with one-tenth vol-
ume of MBP-Mos. The cell cycle was initiated by the addition
of calcium and progression through the cell cycle was moni-
tored by analysis of histone H1 activity.

translation in stage VI oocytes (M.S. Murakami, un-
publ.)]. Further indication that the mechanism of Xe-
Weel activation is likely to be more complicated is sug-
gested by the fact that the Mos/MAPK pathway is fully
active at meiosis II, yet we observe no tyrosine phos-
phorylation of Xe-Weel (Fig. 6D, lane 1). This observa-
tion also indicates that the negative regulation of Xe-
Weel by M-phase kinases is dominant over the positive
regulation mediated by Mos alone. Interestingly, our re-
sults show that Xe-Weel is tyrosine-dephosphorylated
(Fig. 6D, 60 min), suggesting that a Xe-Weel tyrosine
phosphatase exists; it is possible that the Mos/MAPK
pathway down-regulates the activity of this tyrosine
phosphatase.

Studies aimed at understanding the mechanism of
MPF activation have focused on the activation of posi-
tive regulators such as Cdc25 and the inactivation of
negative regulators such as Weel (for review, see Nor-
bury and Nurse 1992; Coleman and Dunphy 1994; King
et al. 1994). Recent studies have revealed that these pro-
teins are subject to additional levels of regulation that
are critical for the DNA damage and replication check-
point response (for reviews, see Enoch and Nurse 1991;
Carr and Hoekstra 1995; Elledge 1996; Nurse 1997). The
Chk1 kinase is activated in response to DNA damage
and has been shown to phosphorylate the Cdc25 phos-
phatase (Walworth et al. 1993; Walworth and Bernards
1996; Furnari et al. 1997; Sanchez et al. 1997). This phos-
phorylation enhances the binding of 14-3-3 to Cdc25,
and down-regulates Cdc25, thereby affecting a cell-cycle
arrest (Peng et al. 1997; Kumagai et al. 1998). Both Chk1l
kinase and Cdsl kinase (another kinase activated in re-
sponse to DNA damage during S phase; Murakami and
Okayama 1995; Lindsay et al. 1998) have been shown to
phosphorylate Weel (O’Connell et al. 1997; Boddy et al.
1998). Genetic evidence indicates that these kinases may
positively regulate Weel in response to replication de-
fects or DNA damage during S phase (O’Connell et al.
1997; Boddy et al. 1998). G,/M regulatory components
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have also been shown to be downstream targets of
MAPK following nutritional/environmental stress in
yeast (Millar et al. 1995; Shiozaki and Russell 1995). Im-
portantly, it has been shown that overexpression of the
MAPK homolog MPK1 induces a G, /M arrest in a Weel-
dependent manner in Saccharomyces cerevisiae (Mi-
zunuma et al. 1998). Furthermore, negative regulation of
the cell cycle in response MAPK activation has been ob-
served in mammalian systems. The expression of Mos in
NIH3T3 cells was shown to produce a prolonged G,
phase (Okazaki et al. 1992) and the expression of Ras or
Raf in primary cell lines has been shown to be growth
inhibitory (for review, see Lloyd 1998). The early embry-
onic cycles of Xenopus are not subject to normal somatic
checkpoint controls (Newport and Kirschner 1984).
Here, it appears that these evolutionarily conserved sig-
naling modules are used to generate developmentally
important modifications of the cell cycle. Our findings
show that Xe-Weel is required for the protracted G,
phase generated by Mos in the first cell cycle. We also
find that Xe-Weel is positively regulated by tyrosine au-
tophosphorylation that can be up-regulated by Mos.
These findings underscore the remarkable conservation
of cell cycle and signal transduction pathways as well as
the versatility of the MAPK signaling cascade.

Materials and methods

Mutagenesis

The tyrosine residues at position 90, 103, and 110 were mutated
to phenylalanine residues using the ‘Quick change’ site-directed
mutagenesis kit (Stratagene, La Jolla, CA). Approximately 1kb
of the region spanning the mutation was sequenced to verify the
point mutation and to ensure that no additional mutations were
introduced.

Xe-Weel kinase assays

The various forms of Xe-Weel were translated in vitro (TNT,
Promega) and incubated overnight at 4°C with antibodies gen-
erated against Xe-Weel (200 pul TNT reaction: 8 ul antibody 725
and 8 ul antibody 1532). The immune complexes were collected
on protein A-Sepharose (Pharmacia) and washed twice with
wash buffer (50 mm HEPES at pH 7.5, 5 mM EDTA, 5 mm EGTA)
containing 0.75 M NaCl, twice with wash buffer containing 0.15
M NaCl and once with Xe-Weel kinase buffer (20 mm HEPES at
pH 7.5, 150 mm NaCl, 5 mm MgCl,, 5 mm MnCl,, 1 mm DTT,
10% sucrose). For the in vitro autokinase assay, the Xe-Weel
immune complexes were incubated for 20 min at room tem-
perature in kinase buffer that had been supplemented with 40
nCi [y-**PJATP (6000 Ci/mmole, NEN). With lower salt (0.5 m
NaCl) washes we detect serine phosphorylation of wild-type
Xe-Weel and kinase mutant Xe-Weel (M.S. Murakami, un-
publ.). The phosphorylated proteins were resolved by SDS-
PAGE and visualized by autoradiography. The band correspond-
ing to Xe-Weel was excised from the gel and the protein was
eluted by incubation overnight at 37°C in 5 mM ammonium
bicarbonate, 0.1% SDS, and 12.5 mMmB-mercaptoethanol. The
protein was precipitated from the supernatant by incubation
with 20% TCA and 16 pg/ml bovine serum albumin (BSA) (final
concentrations) for 1 hr on ice and centrifugation for 15 min at
4°C. The pellet was washed once with acetone, dried, and
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treated with 10 pg of sequencing grade trypsin or endoprotein-
ase Lys-C (Bochringer Mannheim) overnight at 37°C. The
sample was then subjected to reverse phase HPLC analysis.

EXOgEHOuS substrate assay

The various forms of Xe-Weel were translated and subjected to
immunoprecipitation as described above. The immune com-
plexes were supplemented with Xe-Weel kinase buffer, 20 pCi
[y-**P]ATP, and 0.9 ng of cyclin B/cdc2 (gift from T. Stukenberg,
Harvard Medical School, Boston, MA). The reactions were con-
tinued for 15 min at room temperature, stopped with sample
buffer, and subjected to SDS-PAGE. Following electrophoretic
transfer to Immobilon membrane, the filter was exposed to au-
toradigraphic film. The filter was then probed with an antiphos-
photyrosine antibody, then stripped and reprobed with anti-Xe-
Weel and anti-cdc2 antibodies.

Reverse-phase HPLC analysis

The analysis was performed essentially as described in Morrison
(1993) and Cleghon (1996). Following digestion with trypsin or
Lys-C, the sample was adjusted to pH 2.0 with 20% trifluoro-
acetic acid and then applied onto a Waters C18 column
(3.9 x 300 mm). When the buffer salts began to elute, the col-
umn was developed with an increasing gradient of acetonitrile
in 0.05% aqueous trifluoroacetic acid. The stepwise gradient at
a flow rate of 1 ml/min was 0-30% CH;CN over 90 min, 30%-—
60% CH,CN for 5 min, and 60% CH;CN for 5 min. Fractions
were collected at 1-min intervals and the radioactivity was
quantified by Cherenkov counting in a scintillation counter.

Phosphoamino acid analysis

For the phosphoamino acid analysis, an aliquot of the HPLC
fraction (at least 500 cpm) was dried under vacuum, subjected to
acid hydrolysis with 5.7 N HCI for 1 hr at 110°C, and subjected
to two-dimensional thin-layer electrophoresis as described by
Boyle et al. (1991).

Edman degradation

Semiautomated amino-terminal sequence analysis was per-
formed in a Beckman 890C spinning cup sequencer. Polybrene
(2.5 mg, Aldrich) was applied to the spinning cup along with 120
nmoles of the dipeptide Tyr-Glu and subjected to four cycles of
Edman degradation. Equine apomyoglobin (9 nmoles) along
with the 3P-labeled peptide in CH,CN water was then added to
the spinning cup, dried, and subjected to 20 cycles with no
prewashes. Aliquots of the butyl chloride solution of the amino
acid thiazoline derivatives in cycles 2 and 11 were removed to
monitor the sequencing of the apomyoglobin. The remainder of
each butyl chloride fraction was transferred to a glass scintilla-
tion vial, blown dry in a chemical hood with air, under a heat
lamp, redissolved in 6 ml of PCS (Amersham) allowed to equili-
brate in the dark for at least 2 hr. Radioactivity was quantified
by counting in a scintillation counter for 20 min.

Two-dimensional thin-layer electrophoresis
and chromatography

The fractions collected from the HPLC analysis were dried un-
der vacuum then resuspended in pH 1.9 buffer (Boyle et al.
1991). The sample was spotted onto a TLC plate (EM4455), then
subjected to thin layer electrophoresis in pH 1.9 buffer (25 min
at 1000 V), followed by chromatography in N-butanol/pyridine/



acetic acid/water (75:50:15:60). The plates were dried and the
peptides were visualized by autoradiography.

Histone H1 kinase assays

Lysates were prepared from oocytes and eggs in modified EB (80
mM B-glycerophosphate, 20 mm HEPES at pH 7.5, 20 mm EGTA,
15 mm MgCl,, 1 mm sodium vanadate, 50 mm NaF, 20 mm
sodium pyrophosphate, 2 mm DTT, 1 mm PMSF, 10 ng/ml apro-
tinin, 50 ng/ml leupeptin, 2 png/ml pepstatin, 1 pM microcystin,
2.5 um okadaic acid) at 10 ul/oocyte or egg. The lysates were
clarified by centrifugation at 15,000 rpm for 15 min at 4°C. Five
microliters of the resulting supernatant was added to 20 pl of H1
kinase reaction mix (final concentrations, 20 mm HEPES at pH
7.5, 5 mm EGTA, 10 mm MgCl,, 0.1 mm ATP, 5 upm PKA in-
hibitor peptide, 2 ng of histone H1) and 10 pCi [y-*2P]JATP. The
reactions were incubated at room temperature for 15 min and
resolved by SDS-PAGE. The bands corresponding to Histone H1
were excised and the incorporation was quantified by scintilla-
tion counting.

Oocytes, eggs, and extracts

Stage VI oocytes were isolated by manual dissection in 1x Modi-
fied Barth’s saline (Specialty Media, Lavallette, NJ) from un-
primed females (Xenopus I, Ann Arbor MI). Maturation was
induced with 10 pg/ml progesterone. GVBD was scored by the
appearance of a white spot in the animal hemisphere and con-
firmed after fixation in 10% TCA. Injections into stage VI oo-
cytes were done in Oocyte Culture Media (60% Lebovitz-15, 0.4
mM L-glutamine, 1% penicillin-streptomycin, 0.04% BSA). MB-
P-Mos fusion protein was prepared as described by Yew (1992)
and injected to a final concentration of [® ng/oocyte. RNAs
were transcribed and capped in vitro using the mMessage ma-
chine kit (Ambion), resuspended in DEPC-treated H,0, and in-
jected at (M0 ng/oocyte.

Unfertilized eggs were isolated either by in vitro maturation
of stage VI oocytes, or by injecting female frogs with 800 units
of Human Chorionic Gonadotropin 12-16 hr before to isolation.
Eggs, which were laid, were dejellied in 2% cysteine/0.3x MMR.
Before activation, the in vitro-matured oocytes or eggs were
washed twice in 1x MMR, then activation was initiated by in-
cubation in A23187 calcium ionophore for 5-10 min at room
temperature (Boehringer Mannheim; 0.5 ng/ml in 1x MMR)| af-
ter which time the eggs were washed three times in 0.1x MMR.

CSF extracts were prepared as described by Lohka and Masui
(1983) and Murray (1991). Immunodepletions were done by in-
cubating the CSF extracts with 0.5 volumes of protein A-Sepha-
rose beads that were first coated with an equal volume of Xe-
Weel antibody (1:1 Ab 725:Ab 1532). The extracts were supple-
mented with one-tenth volume (of extract) of MBP-Mos fusion
protein (0.7 mg/ml). The release from the CSF arrest was initi-
ated by the addition of 0.45 mm CaCl,. A 9- to 10-pl aliquot was
removed at each time interval and diluted 10-fold with modified
EB and frozen on dry ice. Two microliters of this was used in the
histone H1 kinase assay. In some experiments, exogenous Xe-
Weel was added to the extracts. In vitro-translated Xe-Weel was
added back to the extract in the form of an immune complex.

32P.Labeling in the extracts was performed by adding 10 mCi
of [y-*>P]JATP (which had been dried under vacuum, Dupont
NEN)] to 150-200 nl of extract. At the indicated time, the ex-
tract was ‘stopped’ by adding an equal volume of stop buffer (50
mm EDTA, 50 mm EGTA, 80 mm B-glycerol phosphate, 5 mm
sodium vanadate, 50 mM NaF, 20 mm sodium pyrophosphate, 2
mMm DTT, 20 mm HEPES at pH 7.5, 4 um okadaic acid, 2 um
microcystin, and protease inhibitors). The diluted extracts were
incubated with antibody for 3-4 hr at 4°C, and immune com-
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plexes were collected on protein A-Sepharose, washed, and sub-
jected to SDS-PAGE. The 32P-labeled proteins were eluted from
the gel, digested with trypsin and analyzed by reverse-phase
HPLC analysis as described above.

Western blotting and immunoprecipitation

Lysates were prepared in EB and 1-1.5 oocyte or embryo equiva-
lents were loaded per lane. Xe-Weel antibodies were character-
ized previously; antibodies 1532 and 725 were used at a dilution
of 1:25 for immunoprecipitation and antibody 725 was used at a
dilution of 1:1000 for immunoblotting. Mos (SC-86; used at 1:
200 for immunoblotting) and cdc2 (SC-54; used at 1:200 for
immunoblotting) antibodies were purchased from Santa Cruz
Biotechnology. Immunoblotting was completed with an HRP-
conjugated goat anti-rabbit secondary antibody (Boehringer
Mannheim) and ECL (Amersham) detection.

For the analysis of cdc2 tyrosine phosphorylation, lysates
from 10-15 oocytes or embryos were incubated with 30-50 ul
pl3/sucl beads (Oncogene Science) overnight at 4°C. The beads
were washed three times in wash buffer and processed for SDS-
PAGE. The proteins were transferred to Immobilon membranes
that were then incubated with the anti-phosphotyrosine anti-
body 4G10 (1:3000, generously provided by D. Morrison, ABL
Basic Research Program, NCI-FCRDC). The 4G10 antibody was
also used to analyze the tyrosine phosphorylation state of Xe-
Weel. Western analysis was completed with an HRP-conju-
gated goat anti-mouse secondary antibody and visualized fol-
lowing ECL detection.
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