MOLECULAR AND CELLULAR BIOLOGY, Dec. 2005, p. 10580-10590
0270-7306/05/$08.00+0 doi:10.1128/MCB.25.23.10580-10590.2005

Vol. 25, No. 23

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Multisite M-Phase Phosphorylation of Xenopus WeelA

Sun Young Kim," Eun Joo Song,> Kong-Joo Lee,? and James E. Ferrell, Jr."*

Department of Molecular Pharmacology, Stanford University School of Medicine,
Stanford, California 94305-5174," and Center for Cell Signaling Research,
Division of Molecular Life Sciences and College of Pharmacy,

Ewha Womans University, Seoul 120-750, South Korea*

Received 3 August 2005/Returned for modification 6 September 2005/Accepted 12 September 2005

The Cdkl inhibitor Weel is inactivated during mitotic entry by proteolysis, translational regulation, and
transcriptional regulation. Weel is also regulated by posttranslational modifications, and here we have
identified five phosphorylation sites in the N-terminal domain of embryonic Xenopus WeelA through a com-
bination of mutagenesis studies and matrix-assisted laser desorption ionization—time of flight mass spectrom-
etry. All five sites conform to the Ser-Pro/Thr-Pro consensus for proline-directed kinases like Cdks. Three of
the sites (Ser 38, Thr 53, and Ser 62) are required for the mitotic gel shift, and at least two of these sites (Ser
38 and Thr 53) regulate the proteolysis of WeelA during interphase. The other two sites (Thr 104 and Thr 150)
are primarily responsible for the mitotic inactivation of WeelA. Alanine mutants of Thr 150 or Thr 104 had
an increased capacity to inhibit mitotic entry in cyclin B-treated interphase extracts, and Thr 150 was found
to be transiently phosphorylated just prior to nuclear envelope breakdown in cycling egg extracts. These
findings establish the phosphorylation-dependent direct inactivation of WeelA as a critical mechanism for the
promotion of M-phase entry. These results also show that multisite phosphorylation cooperatively inactivates
WeelA and cooperatively promotes WeelA proteolysis.

Weel was first identified through genetic studies of cell size
control and cell cycle progression in Schizosaccharomyces
pombe (30, 31, 38). Subsequent work established Weel as a
critical regulator of the G,/M transition in diverse organisms
and cell types (1, 3, 7). Weel functions by phosphorylating
cyclin-Cdk complexes at a conserved tyrosine residue (Tyr 15
in Cdc2/Cdk1), thereby inactivating the kinase (8, 17, 20, 33).
Weel’s activity is opposed by Cdc25A, -B, and -C, a small
family of conserved phosphatases that dephosphorylate two
inhibitory sites (Thr 14 and Tyr 15) in Cdkl1 (1, 3, 4, 6,7, 9, 13).
In late G, phase, the balance between Weel-mediated Cdkl
phosphorylation and Cdc25-mediated dephosphorylation shifts
in favor of dephosphorylation, bringing about activation of
cyclin-Cdk1 complexes and entry into mitosis. Fungi and in-
vertebrates possess a single Weel gene; vertebrates possess
two, an embryonic Weel gene expressed predominantly in
mature oocytes, testes, and early embryos, and a somatic gene
expressed later in development (16, 28, 32, 45). (The nomen-
clature of the somatic and embryonic Weel genes is described
in Materials and Methods.)

Although the biochemical function of Weel is relatively
simple—its only known substrates are itself and the cyclin-Cdk
complexes—Weel’s regulation is complicated and incompletely
understood. The levels, activity, and localization of Weel are all
regulated, and multiple mechanisms contribute to each of
these aspects of Weel control. Weel levels are regulated tran-
scriptionally (46), translationally (5, 25, 27), and by ubiquity-
lation and proteolysis (21). The degradation of Weel in M
phase or late G, phase has been reported to be triggered by
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three SCF-type ubiquitin ligases: SCFTo™¢! SCFPT*“"! | and
SCFP-TrCP2 (2, 45). Recognition of Xenopus embryonic Weel
by Tome-1 depends upon the phosphorylation of Ser 38 (2), an
SP site that is present in Xenopus embryonic Weel (WeelA)
but not in human or mouse embryonic Weel (Fig. 1A). Rec-
ognition of somatic Weel by B-TrCPs depends upon the phos-
phorylation of two residues conserved in somatic Weel pro-
teins but absent from embryonic Weel proteins: Ser 53 (a
putative Plkl phosphorylation site) and Ser 123 (a putative
Cdk1 phosphorylation site) (45).

In addition, the specific activity of the Weel protein is reg-
ulated posttranslationally. During mitosis, the N-terminal non-
catalytic domain of Weel becomes hyperphosphorylated, caus-
ing Weel to shift to a higher apparent molecular weight on
sodium dodecyl sulfate (SDS) gels (19, 22, 34, 41). This hyper-
phosphorylation is accompanied by a marked decrease in the
activity of the Weel protein (19, 22, 34, 41). Weel inactivation
could be an important means of negatively regulating Weel
function during M phase, particularly in systems like Xenopus
embryos and extracts, where the overall abundance of WeelA
varies little between interphase and M phase (25).

Weel is positively regulated by phosphorylation as well.
Xenopus WeelA autophosphorylates on Tyr 90, Tyr 103, and
Tyr 110, three poorly conserved residues in its N-terminal
regulatory domain (23). Mutation of these sites to phenylala-
nines blocks WeelA autophosphorylation and decreases
WeelA'’s ability to inhibit Xenopus oocyte maturation but, cu-
riously, does not appear to decrease WeelA’s in vitro kinase
activity toward cyclin B-Cdk1 (23). Autophosphorylation may
decrease Weel’s susceptibility to negative regulatory factors or
increase its access to positive regulatory factors that are
present in cells but absent from in vitro kinase reaction mix-
tures. Two additional possible autophosphorylation sites have
been identified in human somatic Weel, Tyr 295 and Tyr 362,
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FIG. 1. OP11-WeelA is resistant to mitotic inactivation. (A) Sequence alignment of the Xenopus, mouse, and human embryonic Weel proteins.
The 11 SP/TP motifs present in Xenopus WeelA and mutated in OP11-WeelA are shown. (B) In vitro kinase activity of wild-type (WT) WeelA
and OP11-WeelA. Bead-bound WeelA proteins were incubated with interphase Xenopus egg extracts or extracts treated with 200 nM A90-cyclin
B (M-phase extracts). The WeelA beads were then washed and incubated with a complex of kinase-minus T161A-Cdkl and A65-cyclin B. The
phosphorylation of Cdk1 was assessed by antiphosphotyrosine immunoblotting. Equal loading of substrate was verified by Cdk1 immunoblotting.
(C) Autophosphorylation of wild-type WeelA (WT), OP11-WeelA (OP), and kinase-minus WeelA (KM). Bead-bound WeelA proteins were
treated with interphase extracts or M-phase extracts as in panel B. The electrophoretic mobility of WeelA was assessed by blotting with Flag
antibody and the autophosphorylation of WeelA assessed by antiphosphotyrosine immunoblotting. (D) Interphase extracts cause a shift in both
wild-type WeelA and OP11-WeelA. WeelA proteins were detected by Coomassie staining.
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conserved sites that correspond to Tyr 206 and Tyr 273 in
Xenopus WeelA (14).

Weel is probably also regulated by the phosphorylation of
Ser 549, a conserved residue in the C-terminal tail of the
protein. Phosphorylation of this site allows the association of
Weel with 14-3-3 proteins, and both Chk1 and Akt have been
put forward as likely Ser 549 kinases (14, 15, 37, 44). The
consequences of this phosphorylation and the consequent 14-
3-3 binding are controversial. One group has reported that Ser
549 phosphorylation decreases Weel function and promotes
mitosis (14), while three others have found that it increases
Weel function and inhibits mitosis (15, 37, 44).

Here we have set out to identify the sites of mitotic phos-
phorylation in Weel and to assess their importance in Weel
regulation. We chose to use Xenopus WeelA and Xenopus egg
extracts for these studies because extracts can be put in a
permanent interphase state or a permanent mitotic state, al-
lowing the phosphorylation of endogenous or added recombi-
nant WeelA to be driven to near-steady-state levels. Through
a combination of matrix-assisted laser desorption ionization—
time of flight (MALDI-TOF) mass spectrometry (MS) and
mutagenesis, we have identified five mitotic phosphorylation
sites. Three poorly conserved sites (Ser 38, Thr 53, and Ser 62)
were found to be required for the mitotic gel shift and were
largely dispensable for mitotic inactivation of WeelA. Two
better-conserved sites (Thr 104 and Thr 150) were required for
mitotic inactivation of Weel but were dispensable for the gel
shift. Finally, we found that WeelA mutants that are resistant
to mitotic inactivation are potent inhibitors of mitotic entry,
establishing phosphorylation-dependent changes in the specific
activity of WeelA as critical for normal mitotic progression.

MATERIALS AND METHODS

Weel nomenclature. Humans, mice, chickens, and frogs all possess two Weel
genes. In Xenopus, the gene expressed in spermatocytes, mature oocytes, and
early embryos is designated Weel or WeelA and the gene expressed in later
embryos and somatic cells is designated Wee2 or WeelB (22, 32). The form of
Weel being studied here is Xenopus embryonic Weel, which by convention we
designate WeelA. In human cells, the somatic gene is termed WeelA and the
embryonic gene is termed Weel or WeelB (28, 45, 46). Thus, Xenopus Weel A
corresponds to human WeelB and Xenopus WeelB corresponds to human
WeelA.

Mutag and expression of recombinant Xenopus WeelA proteins. The
c¢DNA of wild-type Xenopus WeelA was provided by Bill Dunphy (California
Institute of Technology, Pasadena). Kinase-minus K239I-WeelA was provided
by Sarah Walter (Stanford University, Stanford, CA). Wild-type and kinase-
minus Xenopus K2391-WeelA were subcloned into the BamHI and Xhol sites of
a modified pFastBacHTc-His, vector (pFastBacHTc-Hisq-Flag; J. Pomerening,
Stanford University). Throughout the text, we have numbered amino acid resi-
dues according to the Xenopus WeelA protein sequence described in reference
22. Eleven SP/TP sites—Ser 38, Thr 53, Ser 62, Ser 68, Ser 74, Thr 86, Thr 101,
Thr 104, Ser 115, Thr 150, and Thr 450—were individually or combinatorially
mutated to alanine with the QuikChange site-directed mutagenesis kit (Strat-
agene, La Jolla, CA). The oligonucleotides used for construction of OP11-
WeelA were described previously (35). The oligonucleotides used to produce
the individual alanine mutations were as follows: S38A, 5’ ATTAATGAAGGT
CCCCAGAAGGGGGCTCCCGTGAGTTCCTGGAGGACCA3'; TS3A, 5'CCA
ATAACTGCCCCTTCCCCATCGCCCCCCAGAGGAACGAGAGGGAAC
TT3'; S62A, 5'CCCCAGAGGAACGAGAGGGAACTTGCTCCTACTCAA
GAGCTGAGCCCAA3'; S68A, 5'GAACTTTCTCCTACTCAAGAGCTGGCC
CCAAGTAGCGACTACTCGCCCG3'; S74A, 5'GAGCTGAGCCCAAGT
AGCGACTACGCGCCCGACCCAAGTGTGGGGGCTG3'; T86A, 5'AGT
GTGGGGGCTGAATGCCCTGGTGCCCCCCTTCATTACAGCACATGGA3';
T101A, 5'GGAAGAAGCTCAAGCTCTGTGACGCCCCTTATACCCCAA
AGAGCC3'; T104A, 5'"CTCAAGCTCTGTGACACCCCTTATGCCCCAAAG
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AGCCTTTTGTACAAAACGC3'; S115A, 5'AGCCTTTTGTACAAAACG
CTTCCCGCTCCGGGGTCCCGCGTTCACTGCA3' T150A, 5'CTCTGGTCA
ATATCAACCCCTTCGCCCCTGAATCCTACCGACAAACCC3'; T450A,
5'"TTGCCCCACGTTCCCCAGCTGCTGGCTCCCGTCTTCCTTGCCCTG
CTCA3'. The bases changed are in bold italics; the codons changed are under-
lined. Mutations were verified by DNA sequencing. Baculoviruses encoding
WeelA mutants were generated with the Bac-to-Bac system (Invitrogen, Carls-
bad, CA) by the manufacturer’s protocol. N-terminally Hiss- and Flag-tagged
WeelA proteins were expressed in Sf9 cells by infection with baculovirus encod-
ing WeelA for 72 h.

Preparation of Xenopus egg extracts. Interphase egg extracts and cycling egg
extracts were prepared as described previously (26). Unfertilized eggs were
dejellied in 2% cysteine, activated with 0.4 pg/ml calcium ionophore A23187
(Sigma, St Louis, MO), and released to interphase in the absence (cycling
extracts) or in the presence (interphase extracts) of 10 wg/ml cycloheximide. To
drive interphase extracts into a stable mitotic state, nondegradable sea urchin
A90-cyclin B was added to interphase extracts at a concentration of 150 to 200
nM. Demembranated sperm chromatin (40) was routinely added to the extracts
at a concentration of 500 sperm cells/ul and stained with 4',6’-diamidino-2-
phenylindole (DAPI) to monitor progression into mitosis.

WeelA autophosphorylation. Sf9 cells (5 X 10°) overexpressing WeelA pro-
tein were lysed in a buffer containing 50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 1
mM EDTA, 10 mM B-mercaptoethanol, 1% Nonidet P-40, and protease inhib-
itors (10 wg/ml leupeptin, 10 wg/ml chymostatin, and 10 wg/ml pepstatin). Lysates
were clarified by centrifugation at 14,000 rpm and incubated with 20 ul of packed
anti-Flag beads for 2 h at 4°C. Protein-bound beads were washed and rotated in
an interphase- or A90-cyclin B-treated extract for 40 min at room temperature.
The reactions were stopped by washing the beads once with 1 ml of washing
buffer (80 mM B-glycerophosphate, 20 mM EGTA, 15 mM MgCl,, 1 mM
Na;VO,, 50 mM NaF, 5 mM Tris-Cl [pH 7.4], 15 mM NaCl, 0.1 mM EDTA, 1
mM B-mercaptoethanol, 0.1% Nonidet P-40) and twice with 1 ml of extract
buffer (80 mM B-glycerophosphate, 20 mM EGTA, 15 mM MgCl,, 1 mM
Na;VO,, 50 mM NaF), and the proteins were eluted with SDS sample buffer.
Autophosphorylation was assessed by immunoblotting with antiphosphotyrosine
antibody (PY99; Santa Cruz Biotechnology, Santa Cruz, CA). Chemilumines-
cence was quantified by densitometry.

Tyrosine kinase activity of WeelA. Flag bead-bound WeelA protein was
incubated with an interphase- or A90-cyclin B-treated extract for 40 min, washed,
and supplemented with a complex of kinase-minus T161A-Cdk1 and nondegrad-
able A65-cyclin Bl as a substrate in 30 wl of kinase buffer (20 mM HEPES, 150
mM NaCl, 5 mM MgCl,, 0.1 mM ATP, 10% sucrose, pH 7.7). The reaction
progressed for 30 min at room temperature and was stopped by adding SDS
sample buffer. T161A-Cdkl (W. Dunphy, California Institute of Technology)
and A65-cyclin B1 (J. Pomerening, Stanford University) were expressed by bac-
ulovirus infection of Sf9 cells, and T161A-Cdk1-A65-cyclin B1 complexes were
prepared as previously described (22).

In-gel digestion and MS analysis. The gel bands were excised with a scalpel,
crushed, and destained by washing with 25 mM ammonium bicarbonate-50% ace-
tonitrile. The gels were dehydrated by adding acetonitrile, rehydrated by adding 10
to 20 pl of 25 mM ammonium bicarbonate with 10 ng/ul of sequencing grade trypsin
(Promega), and incubated at 37°C for 12 to 15 h. Peptides were extracted by adding
30 pl of a solution containing 60% acetonitrile-0.1% trifluoroacetic acid. The ex-
traction was repeated three times and completed by adding 20 pl of acetonitrile.
The resulting extracts were pooled and evaporated to dryness in a vacuum
centrifuge. Peptides were mixed with saturated matrix solution, a-cyano-4-hy-
droxycinnamic acid in 60% acetonitrile-0.1% trifluoroacetic acid, and analyzed
by MALDI-TOF MS (Voyager-DE STR; Applied Biosystems, Inc.). Mass accu-
racy was within 50 ppm. For interpretation of the mass spectra, we used the UCSF
MS-Fit program available on the web (http://prospector.ucst.edu/).

Western blot analysis. WeelA protein samples were separated on a 10%
SDS-polyacrylamide gel (acrylamide/bisacrylamide ratio, 100:1), transferred to
Immobilon P blotting membranes (Millipore, Bedford, MA), and probed with
anti-Flag (M2; Sigma), anti-WeelA (Zymed, San Francisco, CA), or antiphos-
photyrosine (PY99; Santa Cruz Biotechnology) antibodies. WeelA kinase assay
samples were separated on a 12% SDS-polyacrylamide gel (acrylamide/bisacryl-
amide ratio, 29:1) and probed with anti-Cdc2/Cdk1 (C-19; Santa Cruz Biotech-
nology) or antiphosphotyrosine antibodies. Anti-phosphothreonine 150 (pT150)
WeelA serum was raised in rabbits against the synthetic peptide corresponding
to VNINPF(pT'*°)PESY in Xenopus WeelA and affinity purified over an un-
phosphorylated peptide column and a phosphopeptide column (BioSource In-
ternational, Camarillo, CA). Mitotic phosphorylation of p42 mitogen-activated
protein (MAPK) was analyzed with phospho-MAPK antibody (E10; Cell Signal-
ing Technology, Beverly, MA). All blots were washed with Tris-buffered saline
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containing 0.05% Tween 20 and probed with a horseradish peroxidase-conju-
gated secondary antibody for detection with an Immun-Star horseradish perox-
idase detection kit (Bio-Rad, Hercules, CA) or an alkaline phosphatase-conju-
gated antibody for detection with CDP-Star (Perkin-Elmer, Norwalk, CT).

WeelA degradation. WeelA degradation assays were performed as previously
described (2). [**S]methionine-labeled WeelA proteins were produced by in
vitro translation with the TNT coupled reticulocyte lysate system (Promega,
Madison, WI). Cytostatic factor (CSF)-arrested extracts were prepared in the
presence of cycloheximide (10 pg/ml), demembranated sperm chromatin (2,000/
wl) was added, and the extracts were released into interphase with 0.8 mM
CaCl,. Once nuclei had formed (generally 30 to 40 min), 25-pl aliquots of extract
were incubated with 4 pl of in vitro-translated WeelA. Samples were taken every
30 min, and the remaining *>S-labeled WeelA was assessed by phosphoimaging
and compared with the 3*S-labeled WeelA input.

RESULTS

OP11-WeelA is active in A90-cyclin B-treated extracts.
Since activation of Cdk1 causes WeelA to become hyperphos-
phorylated and inactivated and Cdks phosphorylate serine and
threonine residues that are followed by prolines, we addressed
whether any of the 11 SP and TP motifs present in WeelA (Ser
38, Thr 53, Ser 62, Ser 68, Ser 74, Thr 86, Thr 101, Thr 104, Ser
115, Thr 150, and Thr 450) are required for mitotic hyperphos-
phorylation and inactivation of WeelA. To this end, we gen-
erated OP11-WeelA, which has all 11 potential SP/TP phos-
phorylation sites changed to alanines (Fig. 1A). N-terminally
His./Flag-tagged wild-type WeelA and OP11-WeelA were
overexpressed in Sf9 cells and affinity purified with anti-Flag
beads. Bead-bound WeelA was incubated for 40 min in inter-
phase Xenopus egg extracts or extracts pretreated (for 20 to 30
min) with A90-cyclin B (200 nM). Control experiments estab-
lished that this concentration of A90-cyclin B was sufficient to
cause Cdkl activation and M-phase entry (as assessed by H1
kinase assay and the morphology of sperm chromatin) even in
the presence of the immobilized wild-type WeelA or OP11-
WeelA. The extract-treated beads were washed and mixed
with a complex of kinase-minus T161A-Cdk1, nondegradable
A65-cyclin B1, and MgATP. The resulting tyrosine phosphor-
ylation of Cdkl was assessed by anti-phosphotyrosine immu-
noblotting (Fig. 1B).

In interphase extracts, both wild-type WeelA (Fig. 1B, lanes
2 to 5) and OP11-WeelA (Fig. 1B, lanes 6 to 9) phosphory-
lated Cdk1 on tyrosine in a dose-dependent manner, with the
activities of the two WeelA proteins being similar. Incubation
of wild-type WeelA with A90-cyclin B-treated extracts (M-
phase extracts) resulted in a marked inhibition of WeelA ki-
nase activity (lanes 11 to 14) without significantly decreasing
the amount of WeelA present (data not shown). In contrast,
OP11-Weel A was resistant to mitotic inactivation; its activity
after incubation with M-phase extracts (Fig. 1B, lanes 15 to 18)
was similar to its activity after incubation with interphase ex-
tracts (Fig. 1B, lanes 6 to 9). These data demonstrate that the
11 SP/TP motifs include sites that are required for mitotic
inactivation of WeelA.

Previous work has shown that Xenopus WeelA can auto-
phosphorylate on Tyr 90, Tyr 103, and Tyr 110 and that the
level of WeelA autophosphorylation is regulated during the
first mitotic cell cycle and development (23, 24). As mentioned
above, these studies also suggested that the extent of WeelA
autophosphorylation might be a more faithful indicator of
WeelA’s biological activity than is its in vitro kinase activity

MULTISITE M-PHASE PHOSPHORYLATION OF XENOPUS WeelA

10583

(23). We therefore assessed the autophosphorylation of wild-
type WeelA and OP11-WeelA in interphase extracts and M-
phase extracts. As shown in Fig. 1C, addition of wild-type
baculovirus-expressed WeelA to interphase extracts caused a
small increase in the apparent molecular weight of WeelA
(top blot, lanes 1 to 2) and caused WeelA to become tyrosine
phosphorylated (bottom blot, lanes 1 to 2). This small shift was
also seen in OP11-WeelA (Fig. 1D) but not in kinase-minus
K2391-WeelA (KM-WeelA) (Fig. 1C, lane 7, and data not
shown), suggesting that it might be directly due to autophos-
phorylation (which occurs in interphase wild-type WeelA and
OP11-WeelA but not in KM-WeelA; Fig. 1C, lanes 7 to 9).
Note that if the tyrosine phosphorylation of WeelA were ac-
tually due to some other kinase or occurred by intermolecular
trans-autophosphorylation, KM-WeelA would have been ex-
pected to exhibit strong tyrosine phosphorylation. Thus, the
low levels of KM-WeelA tyrosine phosphorylation seen in Fig.
1C, lanes 7 and 10, imply that, under these conditions (20 nM
recombinant WeelA added to an extract containing approxi-
mately 16 nM endogenous WeelA (22), WeelA tyrosine phos-
phorylation occurs primarily by intramolecular autophosphor-
ylation.

Incubation with M-phase extracts caused WeelA to shift to
a still higher apparent molecular weight and caused a marked
decrease in WeelA tyrosine phosphorylation (Fig. 1C, lane 3).
In contrast, OP11-WeelA showed similar high levels of ty-
rosine phosphorylation and similar electrophoretic mobilities
when treated with either interphase extracts or M-phase ex-
tracts (Fig. 1C, lanes 5 to 6). The difference in autophosphor-
ylation between mitotic wild-type WeelA and OP11-WeelA
was fivefold on average, which was similar to the difference in
autophosphorylation between interphase- and M-phase-treated
wild-type WeelA (Fig. 1C, lanes 3, 6, 11, and 12; also see Fig.
3C). These findings support the conclusion that OP11-Weel
has a normal, high protein kinase activity toward itself and
toward Cdkl-cyclin B during interphase but is resistant to
inactivation during M phase.

MALDI-TOF analysis of interphase and M-phase WeelA.
Next we attempted to map the mitotic phosphorylation sites in
wild-type WeelA by MALDI-TOF MS. Flag bead-bound re-
combinant WeelA was treated with interphase extracts, M-
phase extracts, or no agent; separated on an SDS-polyacryl-
amide gel; visualized by Coomassie staining (Fig. 2A); excised
from the gel; digested with trypsin; and subjected to MS. The
peptides identified covered 44 to 60% of the total WeelA
sequence and included 5 of the 11 SP/TP residues (Fig. 2B).
We found evidence for three phosphorylations in mitotic
WeelA (Fig. 2C and D). The first was on a peptide that
comprised amino acids 45 to 56 and included one TP site, Thr
53 (TNNCPFPIT>*PQR). The interphase WeelA sample
yielded a peak corresponding to the mass of nonphosphorylated
TNNCPFPITPQR (1,458.7 Da), whereas in the M-phase sample
the 1,458.7-Da peak disappeared and new peaks corresponding to
phosphorylated TNNCPFPITPQR (1,538.7 Da) and phosphory-
lated TNNCPFPITPQRNER (1,937.9 Da) appeared (Fig. 2C
and D). The second phosphorylation was on a peptide comprising
amino acids 130 to 155 and again including one TP site, Thr 150
(FVAGTGAELDDPSLVNINPFT'*’PESYR). A peak corre-
sponding to the nonphosphorylated peptide (2,809.4 Da) was
detected in interphase WeelA and was replaced by a peak cor-
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FIG. 2. Identification of mitotic phosphorylation sites in WeelA. (A) Coomassie-stained gels of recombinant WeelA incubated with buffer or
extracts. (B) Summary of the peptides identified by MALDI-TOF MS. Coverage ranged from 44 to 60%. Peptides containing 5 of the 11 SP/TP
sites were detected. WT, wild type. (C) MALDI-TOF MS spectrum of trypsin-digested interphase WeelA. Three nonphosphorylated peptide
peaks are indicated. Their observed m/z ratios are 875.4405 (identified as GSPVSSWR; theoretical m/z = 875.4375), 1,458.7101 (identified as
TNNCPFPITPQR; theoretical m/z = 1,458.7164), and 2,809.3623 (identified as FVAGTGAELDDPSLVNINPFTPESYR; theoretical m/z =
2,809.3685). (D) MALDI-TOF MS spectrum of trypsin-digested M-phase WeelA. Three phosphorylated peptide peaks are indicated. Their
observed m/z ratios are 1,538.6667 [identified as TNNCPFPITPQR(-PO,); theoretical m/z = 1,538.6827], 1,937.8879 [identified as TNNCPFPIT
PORNER(-PO,); theoretical m/z = 1,937.8693], and 2,889.3784 [identified as FVAGTGAELDDPSLVNINPFTPESYR(-PO,); theoretical m/z =

2,889.3348].

responding to the phosphorylated peptide (2,889.4 Da) in M-
phase WeelA (Fig. 2C and D). The third possible phosphoryla-
tion was on a peptide that included amino acids 37 to 44, with one
SP site, Ser 38 (GS**PVSSWR). A peak corresponding to non-
phosphorylated GSPVSSWR (875.4 Da) was detected in inter-
phase WeelA and was not detected in M-phase WeelA. No
peptide corresponding to phosphorylated GSPVSSWR (955.4
Da) was detected in either interphase WeelA or M-phase
WeelA; however, as described below, mutational analysis sup-
ported the conclusion that this peptide was in fact phosphorylated
at Ser 38 in M phase.

Mutational analysis of the SP/TP motifs. Each of the three
phosphorylated tryptic peptides identified in M-phase WeelA
contained one SP or TP motif, but each contained other po-
tential phosphorylation sites as well. To determine whether the
SP/TP motifs in these three peptides were actual phosphory-
lation sites, and to look for additional SP/TP phosphorylation
sites in the regions of WeelA from which tryptic peptides were
not recovered, we constructed a series of WeelA mutants in
which each of the 11 SP/TP sites was individually replaced with
alanine (S38A, TS3A, S62A, S68A, ST4A, T86A, T101A, T104A,
S115A, TI150A, and T450A). Each of these proteins was ex-
pressed and purified, incubated with interphase or M-phase
extract, and subjected to anti-Flag immunoblotting to deter-
mine protein levels and electrophoretic mobilities and anti-

phosphotyrosine immunoblotting to determine autophosphor-
ylation.

In interphase, the electrophoretic mobilities and autophos-
phorylation of all of the WeelA alanine mutants were similar
to those of wild-type WeelA and OP11-WeelA (Fig. 3A).
However, in M phase there were clear differences among the
various mutants. First, the S38A-, T53A-, and S62A-WeelA
bands were only partially shifted in M phase (Fig. 3B). This
finding established Ser 38 and Thr 53 as the phosphorylation
sites in GS**PVSSWR and TNNCPFPIT>*PQR, peptides
whose phosphorylation had been established by the MALDI-
TOF data in Fig. 2C and D, and added Ser 62 as an additional
mitotic phosphorylation site. Although their mitotic gel shifts
were incomplete, all of these mutants exhibited normal low
levels of autophosphorylation in M phase (Fig. 3B and C).
Note that the high TS3A-WeelA tyrosine phosphorylation sig-
nal in the top part of Fig. 3B reflects uneven protein loading;
when normalized to the Flag-WeelA signal and averaged, the
TS53A-WeelA tyrosine phosphorylation was no higher than
that of wild-type WeelA (Fig. 3C).

Two additional mutants, T104A-WeelA and T150A-WeelA,
were found to be normal with respect to the mitotic gel shift
(Fig. 3B) but resistant to mitotic inactivation (Fig. 3C). The
T104A and T150A mutants were approximately three- to six-
fold higher in mitotic autophosphorylation than was wild-type
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FIG. 3. Mutating putative phosphorylation sites. (A and B) Effects of single alanine mutations on interphase (A) and M-phase (B) electro-
phoretic mobility and autophosphorylation of WeelA. Wild-type (WT) WeelA, OP11-WeelA, and 11 individual alanine mutants were expressed,
purified, and incubated with interphase extracts (A) or M-phase extracts (B). WeelA protein levels and electrophoretic mobilities were assessed by
Flag blotting. WeelA autophosphorylation was assessed by antiphosphotyrosine immunoblotting. (C) M-phase autophosphorylation was quantified by
densitometry and normalized to the amount of WeelA protein used. Bars represent means * standard errors (n = 3). (D and E) Thr 101, Thr 104, and
Thr 150 were mutated combinatorially. The resulting autophosphorylation was assessed by phosphotyrosine immunoblotting, and the resulting gel shift
was assessed by Flag blotting. Bars represent means * standard errors (n = 2).

WeelA (Fig. 3C). In addition, their mitotic autophosphoryla-
tion was similar to the interphase autophosphorylation of all of
the WeelA proteins (Fig. 1C and 3A to C). This evidence
established Thr 150 as the phosphorylation site in FVAGTG
AELDDPSLVNINPFT’PESYR, consistent with the MALDI-
TOF data (Fig. 2C and D), and added a fifth SP/TP site (Thr
104) to the list of mitotic phosphorylation sites.

Taken together, the MALDI-TOF MS data and mutagenesis
data established five SP/TP sites as being phosphorylated in
M-phase WeelA. Three of the sites, Ser 38, Thr 53, and Ser 62,
were required for the mitotic gel shift of WeelA but were
largely dispensable for mitotic inactivation of WeelA, whereas
two other sites, Thr 104 and Thr 150, were required for mitotic
inactivation of WeelA but were dispensable for the gel shift.

Multisite mutations. We next examined how combinations
of phosphorylation site mutations affected the mitotic inacti-
vation and mitotic gel shift of WeelA. In the first group,
mutations at Ser 38, Thr 53, and Ser 62 were combined (S38A/
T53A, T53A/S62, S38A/S62A, and S38A/T53A/S62A). All of

these mutations decreased the mitotic gel shift of WeelA, with
the decrease being most pronounced in the S38A/T53A/S62A
triple mutant. None of these mutations compromised the mi-
totic inactivation of WeelA (data not shown).

Next we combined mutations of the two sites implicated in
mitotic inactivation of WeelA, Thr 104 and Thr 150. As shown
in Fig. 3C, mutation of Thr 150 fully blocked mitotic inactiva-
tion of WeelA whereas mutation of Thr 104 partially blocked
it. The T104A/T150A double mutant was no more resistant to
inactivation than the T150A single mutant (Fig. 3D and E). We
also examined combinations of T101A with T104A and T150A.
T101A/T104A-WeelA had no greater activity than the TI04A
single mutant, and T101A/T104A/T150A-WeelA had no
greater activity than T104A/T150A (Fig. 3D and E). None of
these mutations compromised the mitotic gel shift of WeelA
(Fig. 3D).

Finally, mutations at Ser 38, Thr 53, and Ser 62 were com-
bined with a mutation at Thr 104 or Thr 150 (data not shown).
In all cases, the status of Ser 38/Thr 53/Ser 62 determined the
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FIG. 4. Degradation of WeelA mutants in interphase Xenopus egg
extracts. Wild-type (wt) WeelA and four phosphorylation site mutants
(S38A-WeelA, T53A-Weel, S38A/T53A/S62A-WeelA, and OP11-
WeelA) were translated in vitro in reticulocyte lysates in the presence
of [**S]methionine. WeelA proteins were mixed with chromatin-sup-
plemented interphase extracts, and the amount of **S-labeled WeelA
remaining was assessed as a function of time by phosphorimaging. The
data points represent the averages of five to eight determinations per
point from three independent experiments. Half-error (standard er-
ror) bars are shown for the wild-type WeelA and OP11-Weel data; all
other standard errors ranged between 1% and 6%. Half-times were
calculated by nonlinear least-squares curve fitting to the equation
WeelA paining = 100 X (0.5)"", where t represents time and T represents
the half-life. The calculated half-lives were as follows: wild-type
WeelA, 261 + 20 min (standard error); S38A-WeelA, 364 * 49 min;
T53A-WeelA, 353 *+ 48 min; S38A/T53A/S62A-WeelA, 373 + 27
min; OP11-WeelA, 380 = 49 min.

mitotic gel shift and the status of Thr 104/Thr 150 determined
whether the protein could be inactivated in M phase.

Taken together, these findings indicate that the activity of
WeelA and the electrophoretic mobility of WeelA are inde-
pendently regulated by distinct sets of phosphorylations. The
phosphorylations of three N-terminal sites, Ser 38, Thr 53, and
Ser 62, combined to produce the gel shift seen in mitotic
WeelA. Moreover, they combined in a graded, additive fash-
ion: OP11-WeelA and S38A/T53A/S62A-WeelA showed no
mitotic gel shift, whereas the WeelA mutants with one or two
of the N-terminal sites showed partial shifts. Two other phos-
phorylation sites, Thr 104 and Thr 150, are required for mitotic
inactivation of WeelA. Mutating Thr 150 tended to have a
stronger effect than mutation of Thr 104, but both Thr 104 and
Thr 150 were required for full mitotic inactivation of WeelA.

Weel stability. Previous work has demonstrated that WeelA
is relatively unstable in postreplication interphase extracts
(21). Ser 38 phosphorylation has been implicated in the control
of WeelA degradation (2). We therefore asked whether any of
our alanine mutations resulted in a change in WeelA stability.
Wild-type and mutant **S-labeled WeelA proteins were trans-
lated in reticulocyte lysates and added to chromatin-supple-
mented interphase Xenopus egg extracts. The amount of *>S-
labeled WeelA remaining was then assessed as a function of
time. As shown in Fig. 4, wild-type WeelA was degraded with
a half-life of 260 = 20 min. The S38A mutant had a signifi-
cantly longer half-life, 364 = 49 min, in qualitative (but not
quantitative) agreement with the trend seen by Ayad et al. (2).

MoL. CELL. BIOL.

The T53A mutant had a similarly long half-life, 353 + 48 min,
suggesting that Thr 53 phosphorylation is also required for
WeelA degradation. The half-lives of the S38A/T53A/S62A
triple mutant and OP11-WeelA were similar (373 * 27 min
and 380 * 49 min, respectively) to those of the S38A and TS3A
single mutants (Fig. 4). These data suggest that the phosphor-
ylation of multiple poorly conserved phosphorylation sites in
the N terminus of WeelA contributes to the regulation of
WeelA degradation.

Generation of a phospho-Thr 150 antibody and phosphor-
ylation of Thr 150 in vivo. To see whether and when the Thr 150
residue is phosphorylated in vivo, we generated an affinity-puri-
fied antibody to phospho-Thr 150 (pT150). The specificity of the
antibody was verified by incubating wild-type WeelA, OP11-
WeelA, and each of the 11 single alanine mutations with buffer or
M-phase extract and then subjecting the WeelA proteins to im-
munoblotting with Flag antibody and pT150 antibody. As shown
in Fig. 5A, the pT150 antibody recognized M-phase wild-type
WeelA but not buffer-treated WeelA. Moreover, the pT150 an-
tibody recognized the M-phase forms of all of the WeelA mu-
tants except OP11-WeelA and T150A-WeelA (Fig. 5A), the two
mutants that lacked the Thr 150 phosphorylation site. These find-
ings established the specificity of the antibody for Thr 150-phos-
phorylated forms of WeelA and furthermore demonstrated that
Thr 150 phosphorylation does not depend upon prior phosphor-
ylation of Thr 104 (the other site whose phosphorylation was
required for mitotic inactivation of WeelA) or any of the other
SP/TP sites. However, one Weel multisite alanine mutant—QOP9-
WeelA, which has all of the SP/TP sites mutated except Thr 150
and Thr 450—was found not to undergo Thr 150 phosphorylation
(data not shown). This could mean that Thr 150 phosphorylation
depends upon the prior phosphorylation of at least one of the
N-terminal SP/TP sites, even though no single individual site is
required. It is also possible that the regulatory domain of OP9-
WeelA is misfolded, rendering Thr 150 unphosphorylatable.

Next we immunoblotted endogenous WeelA from inter-
phase extracts or CSF-arrested M-phase extracts. As shown in
Fig. 5B, WeelA antibodies detected WeelA bands in both
interphase and M phase. In contrast, the pT150 antibody de-
tected only the hyperphosphorylated M-phase WeelA protein.

Finally, we subjected cycling Xenopus egg extracts to immu-
noblot analysis with a WeelA antibody and the pT150 anti-
body. As shown in Fig. 5C, Thr 150 was transiently phosphor-
ylated just prior to nuclear envelope breakdown. The mitotic
gel shift of WeelA also preceded nuclear envelope breakdown,
consistent with previous findings (43). However, the gel shift
was half maximal by 30 min, at which time Thr 150 phosphor-
ylation was barely detectable (Fig. 5C). Assuming that the shift
was due to phosphorylation of Ser 38, Thr 53, and Ser 62, this
finding implies that those phosphorylations generally precede
the phosphorylation of Thr 150, even though they are not
strictly required for Thr 150 phosphorylation (Fig. 5A). These
results also imply that the “mitotic” phosphorylation of WeelA
may actually occur during late interphase.

Functional significance of the mitotic inactivation of WeelA.
Having identified two sites (Thr 104 and Thr 150) required for
mitotic inactivation of WeelA, we can assess whether the in-
activation of WeelA is important for the mitotic activation of
Cdk1 or, alternatively, is a backup mechanism that is normally
unimportant because of the various additional ways of inacti-
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extracts. (C) Time course of the WeelA gel shift and Thr 150 phosphorylation in cycling extracts. Extracts underwent nuclear envelope breakdown

(NEBD) at 50 min. WT, wild type.

vating WeelA (decreased transcription, decreased translation,
and proteolysis). To this end, we compared the efficacies of
wild-type WeelA, T104A-WeelA, T150A-Weel, and OP11-
WeelA at blocking cyclin-driven Cdk1 activation. As shown in
Fig. 6, both T104A-WeelA and T150A-WeelA inhibited mi-

totic entry more strongly than did wild-type WeelA. This could
be seen as a subtle shift to the right in the cyclin-versus-Cdk1
activity dose-response curves (Fig. 6A) and as a more dramatic
decrease in the mitotic phosphorylation of p42 MAPK
(Fig. 6B) (see reference 36 for other examples of relatively
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FIG. 6. Effectiveness of wild-type (WT) WeelA, T104A-WeelA, T150A-WeelA, and OP11-WeelA at inhibiting mitotic entry. Interphase
extracts were supplemented with 40 nM WeelA and various concentrations of nondegradable A90-cyclin B. Extracts were incubated for 120 min,
and then aliquots were taken for H1 kinase assays (A and B, top) and phospho-MAPK blot assays (B, bottom).
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FIG. 7. Conservation of the sequence around the Thr 104 and Thr 150 phosphorylation sites.

small changes in Cdkl activity resulting in more pronounced
changes in p42 MAPK phosphorylation). These findings sug-
gest that the phosphorylation-mediated inactivation of WeelA
is important for mitotic entry.

OP11-WeelA was somewhat more effective at inhibiting
mitotic entry than either the T104A- or TIS0A-WeelA mu-
tant, as shown by both HI kinase assays (Fig. 6A) and
phospho-MAPK blots (Fig. 6B). This finding was somewhat
surprising given that M-phase OP11-WeelA was not detect-
ably higher in its autophosphorylation than M-phase T150A-
WeelA (Fig. 3C and E). This suggests that the phosphorylation
of Ser 38, Thr 53, and/or Ser 62, or possibly some additional
unidentified sites, has some sort of negative effect on WeelA
function.

DISCUSSION

We have identified two sets of regulatory phosphorylation
sites in mitotic Xenopus WeelA. The first set consists of Ser 38,
Thr 53, and Ser 62. These sites are all poorly conserved; none
of the three SP/TP motifs is present in mouse embryonic
Weel, and only one of the three is present in human embry-
onic Weel (Fig. 1A). Alanine substitution at any of these sites
decreases the mitotic gel shift of WeelA (Fig. 3B), and mu-
tating all three sites abolishes the gel shift (Fig. 1, 3, and 5 and
data not shown). In addition, alanine substitution at Ser 38 and
Thr 53 resulted in a modest stabilization of the WeelA pro-
tein. This suggests that at least two of the sites that regulate
Weel’s mitotic gel shift also regulate WeelA stability. Perhaps
the phosphorylation of Ser 38, Thr 53, and Ser 62 results in
some gross conformational change that produces both an elec-
trophoretic mobility shift and a change in the interaction of
WeelA with ubiquitin ligases like Tome-1 (2).

The second set of phosphorylation sites consists of Thr 104
and Thr 150. These sites are perfectly conserved in the other
species of embryonic Weel (Fig. 1A) and are conserved in the
somatic Weel proteins and the single Drosophila Dweel pro-
tein as well (Fig. 7). The sequences around the two sites are
similar to each other as well, with the notable exception of the
+2 position: at the proximal site (Thr 104 in Xenopus WeelA)
this residue is always a lysine, whereas at the distal site (Thr
150 in Xenopus WeelA) it is an aspartic acid or a glutamic acid
(Fig. 7). Neither Thr 104 nor Thr 150 is important for the
mitotic gel shift of WeelA, but they are crucial for mitotic
inactivation of WeelA (Fig. 3B to E). Both sites must be
present for mitotic inactivation of WeelA to proceed normally,
although the resistance to inactivation is somewhat more pro-
nounced in the T150A mutants than in the T104A mutants
(Fig. 3C and E). Thr 104 is required for inactivation but is not
required for Thr 150 phosphorylation (Fig. 5A). It is possible
that Thr 150 phosphorylation is required for Thr 104 phos-
phorylation, but given that the TIS0A phenotype is somewhat

stronger than the T104A phenotype, it seems likely that Thr
150 phosphorylation has an effect on WeelA activity above
and beyond any possible effect on Thr 104 phosphorylation.
Overall, the logic of WeelA inactivation appears to be analo-
gous to that of MAPK activation, with the phosphorylation of
two well-conserved sites cooperating to produce an effect.

Thus, the mitotic gel shift and degradation of WeelA, on the
one hand, and the mitotic inactivation of WeelA, on the other,
appear to be strictly separable aspects of WeelA regulation.
The S38A and T53A mutants showed decreased gel shifts and
proteolysis but no resistance to mitotic inactivation. Con-
versely, the T104A and T150A mutants were resistant to inac-
tivation but exhibited normal gel shifts.

We also showed that Thr 150 is phosphorylated in vivo in
M-phase Xenopus egg extracts and just prior to M phase in
cycling Xenopus egg extracts (Fig. 5). These findings are con-
sistent with a role for M-phase WeelA inactivation in main-
taining the positive feedback that helps maintain mitosis, as
well as a role for late-interphase inactivation of WeelA in
triggering M-phase entry. It will be of particular interest to
determine what kinase(s) is responsible for the phosphoryla-
tion of Thr 104 and Thr 150 during late interphase and mitosis.

The identification of Thr 104 and Thr 150 as sites that are
required for the inactivation of WeelA allowed us to assess
whether or not mitotic inactivation of WeelA is important for
normal M-phase entry. On the basis of quantitative titration
experiments comparing the biological activity of wild-type
WeelA with that of T104A-WeelA and T150A-WeelA, we
conclude that it is (Fig. 6). This does not rule out the possibility
that other regulatory mechanisms, such as proteolysis, transla-
tional regulation, and transcriptional regulation, also contrib-
ute to the control of WeelA at the G,/M boundary. Indeed,
the fact that OP11-WeelA had a somewhat stronger effect on
M-phase entry than T150A-WeelA did, despite the two pro-
teins’ indistinguishable in vitro activities, suggests that the con-
trol of WeelA is shared by multiple regulatory mechanisms.

WeelA is an important component of a double-negative
feedback loop: active WeelA inhibits cyclin B-Cdk1, while
active cyclin B-Cdk1 inhibits WeelA. Loops of this sort have
the potential to function as a bistable switch (29, 42), and
indeed recent experimental work indicates that the Cdkl1/
WeelA/Cdc25 system generates bistable steady-state responses
(36, 39) and helps produce sustained cell cycle oscillations (35).
For the Cdk1/WeelA/Cdc25 system to produce a bistable re-
sponse, it is helpful if some component of the intertwined
loops exhibits a highly ultrasensitive response to its upstream
activator or inhibitor (10, 11). The multisite phosphorylation of
WeelA could provide a mechanism for generating the re-
quired ultrasensitivity, either through the two-step phosphor-
ylation of Thr 104 and Thr 150 (which could yield a Hill
coefficient between 1 and 2, depending upon the kinetic con-
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stants for the two phosphorylation-dephosphorylation reac-
tions) or through competition among all five mitotic phosphor-
ylation sites for access to their regulatory kinase(s) and
phosphatase(s), which potentially could yield higher Hill coef-
ficients (18). It will be of interest to determine how quantita-
tive aspects of the regulation of WeelA contribute to the
overall function of the cell cycle oscillator.

Since the original submission of the manuscript, Harvey and
coworkers have published an important study of the mitotic
phosphorylation of Swel, the budding yeast homolog of Weel
(12). Like Weel, Swel possesses a C-terminal kinase domain
and an N-terminal regulatory domain. There is no obvious
sequence conservation between the N termini of Swel and
WeelA or -B, but the Swel regulatory domain possesses nu-
merous potential Cdk phosphorylation sites, as do the WeelA
and -B regulatory domains. And as was true of WeelA, the
mitotic phosphorylation of Swel had not been previously ex-
amined in detail.

There are a number of interesting similarities in the findings
of our two studies. Both Swel and WeelA undergo multisite
phosphorylation during mitosis, with Swel becoming phos-
phorylated at at least 28 sites in vivo (12), compared with the
5 identified here for WeelA. Swel hyperphosphorylation was
found to depend upon the continual presence of Cdc28 activity
(12); we have found similar evidence for WeelA (data not
shown).

However, there are interesting differences as well. Many of
the Swel phosphorylation sites, including 11/19 sites phosphor-
ylated by Cdc28 in vitro, do not conform to the canonical S/TP
Cdk consensus. In contrast, we have not yet identified any
noncanonical Cdk phosphorylation sites in WeelA. The pos-
sibility of noncanonical phosphorylation of WeelA by Cdkl
(particularly in the 40% of the mitotic WeelA sequence that
was not covered in our MS analysis) certainly warrants further
investigation.

Moreover, there were striking differences in the behaviors of
alanine substitution mutants in the two studies. Harvey et al.
found that replacement of 18 Swel phosphorylation sites with
alanine residues resulted in a mutant that was almost com-
pletely resistant to the mitotic mobility shift, similar to the
absence of a shift that we saw in OP11-WeelA and the Ser
38/Thr 53/Ser 62-WeelA proteins. However, whereas we
found that OP11-WeelA had a normal kinase activity in inter-
phase and an elevated kinase activity in M phase and was more
effective than wild-type WeelA in delaying M-phase entry,
Harvey et al. found that swel-18A cells had low basal Swel
activity and entered mitosis prematurely. This constitutes a
major difference in behavior between the two Weel proteins:
Swel can apparently be positively regulated by Cdc28, whereas
we and others have thus far found evidence only for negative
regulation of Xenopus WeelA by mitotic phosphorylation.
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