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Cell cycle progression is dependent upon coordinate regula-
tion of kinase and proteolytic pathways. Inhibitors of cell cycle
transitions are degraded to allow progression into the subse-
quent cell cycle phase. For example, the tyrosine kinase and
Cdkl1 inhibitor Weel is degraded during G, and mitosis to allow
mitotic progression. Previous studies suggested that the N ter-
minus of Weel directs Weel destruction. Using a chemical
mutagenesis strategy, we report that multiple regions of Weel
control its destruction. Most notably, we find that the activation
domain of the Weel kinase is also required for its degradation.
Mutations in this domain inhibit Weel degradation in somatic
cell extracts and in cells without affecting the overall Weel
structure or kinase activity. More broadly, these findings sug-
gest that kinase activation domains may be previously unappre-
ciated sites of recognition by the ubiquitin proteasome pathway.

The tyrosine kinase Weel inhibits mitotic entry, and its deg-
radation is essential for exit from the G, phase of the cell cycle
(1). Here, Weel inactivates the mitosis-specific cyclin-depen-
dent kinase Cdk1-cyclin B complex during the S and G, phases
by phosphorylating Cdk1 at tyrosine 15. However, Weel activ-
ity is opposed by the phosphatase Cdc25, which removes phos-
phate from tyrosine 15 on Cdk1, thereby activating Cdk1-cyclin
B at the G,-M transition (2). A major mechanism that tips the
balance toward Cdc25 and mitotic entry is Weel degradation
during G,, and as this occurs active Cdc25 and Cdk1-cyclin B
form a positive feedback loop, which ensures that mitotic entry
is unidirectional (3, 4). Thus, Weel degradation is an essential
component of the Cdkl activation circuit.

Weel degradation has been observed in Saccharomyces cer-
evisiae, Xenopus egg extracts, and somatic cells (5-11). In Xeno-
pus, the nuclei are required for proper Weel degradation, and
the completion of DNA replication is required to achieve max-
imal rates of Weel degradation (6). Thus, Weel degradation is
part of a sensing mechanism that signals the completion of the
DNA replication phase, ensuring proper timing of entry into
mitosis. For example, when DNA replication stalls, this fail-safe
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mechanism allows defects to be corrected before cells enter
mitosis. Indeed, current theories suggest that many cancer cells
have ineffective checkpoint pathways that cause them to divide
with incompletely replicated DNA, which leads to genomic
instability (12). Consistent with this notion are the findings that
weel knock-out mice are not viable and that weel '~ cells
undergo mitotic catastrophe (13).

Weel phosphorylation is required for its degradation and is
regulated by the DNA replication checkpoint (6, 10). Here in
the presence of the DNA replication checkpoint, Weel phos-
phorylation is negligible, whereas when DNA replication pro-
ceeds normally, Weel phosphorylation and degradation and
mitotic entry are normal.

One aspect of Weel degradation conserved between embry-
onic and somatic cell cycles is the requirement for SCF? ubiq-
uitin ligases that target Weel for destruction by the protea-
some. Our prior studies uncovered a novel Weel-interacting
protein, Tome-1 (trigger of mitotic entry), which is required for
Weel degradation during G, and binds to Weel in a phosphor-
ylation-dependent manner, as does the well characterized
F-box protein B-trcp-1 (10, 14). Redundant mechanisms regu-
late Weel degradation, because either 3-trcp or Tome-1 deple-
tion stabilizes Weel during the S and G, phases of the cell cycle
(11). However, it is still unclear which sequence elements target
Weel for destruction via SCFP™P versus Tome-1. For exam-
ple, phosphorylation of serine 38 is required for degradation of
Xenopus Weel in vitro and in vivo, yet this site is not conserved
in human Weel (10, 15). Similarly, the domain containing
human Weel serine 53 and 123, which are required for associ-
ation with B-trcp and degradation, is not conserved in Xenopus
WeelA (14).

Prior studies that have attempted to identify the sequences of
SCF substrates required for degradation have relied on mass
spectrometry to identify the phosphorylation sites necessary
for interactions with SCF ubiquitin ligases. However, analyses
are sometimes difficult because phosphorylated SCF substrates
are efficiently targeted for degradation. Here we report a
method for identifying sites required for substrate turnover,
which relies on cell-based screens to detect stabilized protein
targets following chemical mutagenesis. Using this method we
show that the kinase activation domain of human somatic

3 The abbreviations used are: SCF, ubiquitin ligase containing Skp1, cul1, and
F box protein; B-trcp, B-transducin repeat containing protein; MS/MS, tan-
dem mass spectrometry; E3, ubiquitin-protein isopeptide ligase.
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Weel is required for proper degradation during G, and mitosis.
Further, the Weel kinase activation domain and the newly
identified sites required for its destruction are conserved, sug-
gesting that this is an evolutionarily important mechanism that
controls Weel proteolysis.

EXPERIMENTAL PROCEDURES

Weel Mutagenesis Screen—Mutagenesis of the PGL3 vector-
Weel was performed by treating 1-ug aliquots of plasmid
DNA with 1 M hydroxylamine (hydroxylamine hydrochloride;
Sigma), pH 6.7, for 70 min at 70 °C. The DNA was washed with
the Qiagen Miniprep kit PB buffer with three extra washes with
PE buffer to remove hydroxylamine. The washed WeeI-lucifer-
ase plasmids were transformed into MACH1 competent cells
and plated as previously described for site-directed mutagene-
sis (16). Approximately 1,100 colonies were picked from these
plates. 96 deep-well plates filled with Terrific Broth and carbe-
necillin (Sigma) from the NucleoSpin Robot-96 plasmid purifi-
cation kit (Macherey-Nagel) were inoculated with one colony
for each well and grown overnight at 37 °C in a shaker at 230
rpm along with transformed colonies with control constructs of
unaltered pGL3Weel-luciferase and pGL3 vector only. The
resulting bacterial cultures were pelleted, and the plasmid was
purified using the NucleoSpin Robot-96 plasmid purification
kit (Macherey-Nagel) using the Microlab Star Robot (Hamil-
ton). The resulting purified DNA clones were loaded into
96-well UV spectrometry plates, and the DNA concentrations
were determined. The DNA was normalized using the Microlab
Star (Hamilton) via dilution and spotted in quadruplicate onto
384-well plates (Corning) with the Minitrak from PerkinElmer
Life Sciences, resulting in 40 ng of DNA/well.

Asynchronous HeLa cells were harvested with trypsin, resus-
pended in Dulbecco’s modified Eagle’s medium with 20% fetal
bovine serum (Invitrogen) and 2% penicillin-streptomycin
(Invitrogen) at a concentration of 5 X 10° cells/ml. TransIT
LT-1 (Mirus) transfection reagent was diluted in OptiMEM
medium along with vector only DNA such that 85 ng of plasmid
DNA and 125 ug of Mirus reagent were present per 20 ul of
final mixture. The Mirus transfection reagent mixture was
spotted with the Multidrop 384 (Titan) onto each 384-well
plate in aliquots of 20 ul/well and incubated for 30 min. The
HeLa cell/media mixture was spotted with the Multidrop 384
(Titan) onto each plate after transfection reagent DNA mixing
in aliquots of 20 ul/well. The plates were covered with sterile
metal lids with aerating holes and incubated at 37 °C in 10%
CO,, for 20 h. A Brite-lite luminescence reporter gene assay
system (PerkinElmer Life Science) was spotted with the Multi-
drop 384 (Titan) onto the 384-well plates in aliquots of 40
wnl/well, and each plate was incubated for 1 min at room tem-
perature. Each plate was read using the Analyst GT from
Molecular Devices, and the relative luminescence values were
determined. The relative luminescence values were taken for
each well. The relative luminescence values were loaded and
analyzed in Microsoft Excel.

Weel Constructs—The Weel gene purchased from Invitro-
gen is the same as the NCBI (Weel tyrosine kinase; Homo sapi-
ens; NP 003381), with the exception of base pair 256, which isan
A, not a C. DNA purifications were performed using Qiagen
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Mini or Maxi prep kits according to the manufacturer’s proto-
cols. PCR purification and agarose gel extractions were per-
formed using the Qiagen QIAquick kit. Weel was cloned using
EcoRI and Xhol restriction enzyme sites using standard proto-
cols into the Myc-tagged pCS2 mammalian expression vector.
The Weel-luciferase construct was made through standard
cloning of Weel from the pCS2 plasmid into the pGL3 lucifer-
ase expression vector (Promega) using EcoRI and Xhol. Wild-
type and mutant Weel constructs were cloned into a modified
pCS2-FLAG expression plasmid using EcoRI and Notl. The
GC codon optimized opti- Weel construct was made by Gen-
Script and was cloned into the c¢s2 Myc-tagged mammalian
expression vector. PCR-based site-directed mutagenesis of
Weel was performed using the following primers: FL483H,
GGGCGATAGTCGTTTTCATGCAAATGAAGTTTTACG;
RL483H, GTAAAACTTCATTTGCATGAAAACGACTA-
TCGCCC; FS480A, CAAGTTGAAGAGGGCGATGCTCG-
TTTTCTTGCAAATG; RS480A, CATTTGCAAGAAAAC-
GAGCATCGCCCTCTTCAACTTG; FS471A, GGCATGT-
AACAAGGATCGCAAGTCCACAAGTTGAAGAG; RS471A,
CTCTTCAACTTGTGGACTTGCGATCCTTGTTACAT-
GCC; FS472A, CATGTAACAAGGATCTCCGCTCCACA-
AGTTGAAGAGG; RS472A, CCTCTTCAACTTGTGGAG-
CGGAGATCCTTGTTACATG; FL483F, GAGGGCGATA-
GTCGTTTTTTCGCAAATGAAGTTTTACAG; and RLA483F,
CTGTAAAACTTCATTTGCGAAAAAACGACTATCGC-
CCTC.

PCR was performed using the opti-Weel construct as a tem-
plate. Site-directed mutagenesis PCR primers were used at a
concentration of 125 nmol and opti Weel at 50 ng using KOD
Hotstart DNA polymerase (EMD Biosciences) according to
manufacturer’s protocol, with the cycling program of one initial
min at 95 °C, followed by 16 cycles of 30 s at 95 °C, 1 min at
55 °C,and 6 min at 68 °C. The PCR products were digested with
Dpnl (Promega) according to the manufacturer’s protocol for
3 h, and then the restriction enzyme mixtures were heat-inac-
tivated. These digests were ligated overnight with T4 DNA
ligase at 15 °C. The ligations were transformed into MACH1
competent cells with a 10-min incubation on ice, a 1-min incu-
bation at 37 °C, a 2-min incubation on ice, and 15 min of incu-
bation shaking at 37 °C in 200 ul of SOC medium at 230 rpm.
Transformations were plated onto LB plates containing 100
pg/liter carbenicillin (Sigma) and incubated at 37 °C overnight.

Mass Spectrometry Analysis—Immunoprecipitations were
made from transfected 293 Freestyle cells (Invitrogen) and then
were silver-stained using Pierce silver SNAP stain for mass
spectrometry kit. Protein bands of Weel were excised, di-
gested, and analyzed using liquid chromatography mass spec-
trometry. Briefly, the excised bands were reduced and alkylated
prior to trypsin digestion. Following digestion the peptides
were extracted and taken to dryness. The digestion mixtures
were reconstituted in 0.1 M acetic acid, loaded onto precolumns
(360 mm outer diameter X 100 mm inner diameter fused silica;
Polymicro Technologies, Phoenix, AZ) packed with 3-cm irreg-
ular C18 (5-15 wm nonspherical; YMC, Inc., Wilmington, NC)
and washed with 0.1 M acetic acid for 5 min before switching
in-line with the resolving column (7-cm spherical C18; 360-mm
outer diameter X 100-mm inner diameter fused silica). Once
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FIGURE 1. Steady-state levels of wild-type and mutant Wee1 proteins. A, wild-type Wee1 or the various
mutant Wee1 constructs were transfected into HelLa cells using a reverse transfection procedure. 24 h after
transfection, the cells were lysed using Brite-lite reagent. The relative luciferase units (RLU) are indicated. The
experiments were performed in quadruplicate. The averages and standard deviations are shown. B, various
mutants were generated in a Myc-Wee1 fusion plasmid and transfected into HeLa cells. After synchronization
in the S/G, or mitotic phases of the cell cycle, anti-Myc Western analysis was performed to detect the various
proteins. A representative assay of three independent experiments is shown. WT, wild type.
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lysis was performed by Dounce
homogenization, and complete cell
lysis was monitored by trypan blue
exclusion. The resulting cell lysates
were passed through a 26.5-gauge
needle and spun at top speed in a
4 °C tabletop centrifuge (~21,000 X
g) for 20 min. The resulting pellet
was discarded, and the cell extract
supernatant was saved for in vitro
degradation assays. Radiolabeled in
vitro translated proteins of Weel
mutants were made using the Pro-
mega TNT SP6 coupled reticulate
lysate system according to the man-
ufacturer’s directions for in vitro
translation with 1 pg of Myc-tagged
cs2 plasmid constructs. Degrada-
tion assays were assembled on ice
with 20 ul of cell extracts, 1 ul of
radiolabeled protein, and 1 ul of
reaction mixture energy mix (150
mM creatine phosphate, 20 mwm
ATP, pH 7.4, 2 mm EGTA, pH 7.7),
cycloheximide (0.1 mg/ml; Sigma),
and 0.1 mg/ml ubiquitin (Boston
BioChem) ina 1:1:1 ratio). The reac-

the columns were in-line, the peptides were eluted along a gra-
dient from 2% to 80% acetonitrile in 0.1 M acetic acid at an
approximate flow rate of 350 nl/min. All of the samples were
analyzed using a Thermo Electron LTQ (San Jose, CA). Electro-
spray was accomplished using a pulled fused silica emitter tip of
~5 wm with a voltage of 1.7 kV. The mass spectrometer was
operated in the data-dependent mode with the top five most
abundant ions in each spectrum selected for sequential MS/MS
experiments. The exclusion list was used (1 repeat, 180-s return
time) to increase dynamic range. All of the MS/MS spectra were
searched with Sequest (version 2.7) using sample-dependent
data bases. The searches were performed with a fixed carbam-
idomethylation of cysteine and variable oxidation of methio-
nine and phosphorylation of serine and threonine. The data
base search results were tabulated and visually inspected for
correct assignment using Scaffold version 1.7 (Proteome Soft-
ware, Portland, OR).

In Vitro Degradation Assays—In vitro degradation assays
were performed as previously described (17). HeLa cells were
grown and synchronized as previously described (17). Five
hours after the final thymidine release, HeLa cells were har-
vested, washed, and resuspended in swelling buffer (20 mm
Hepes, pH 7.7, 10 mm MgCl,, 5 mm KCl, 1 mum dithiothreitol, 3
mM creatine phosphate, 0.4 mm ATP, pH 7.4, 0.04 mm EGTA,
pH7.7, and protease inhibitor mixture (P8340; Sigma)) in a ratio
of 1:0.75 of pellet volume to buffer volume and allowed to incu-
bate on ice for 20 min. A small volume of unlysed cells were
added to —20°C 70% ethanol for fluorescence-activated cell
sorter analysis to determine cell cycle state (mitotic index was
calculated by measuring phosphohistone H3 staining). Cell

FEBRUARY 26, 2010+VOLUME 285+NUMBER 9

tions were moved from ice to room
temperature, and the time points were taken by adding 4 ul of
reaction mixture to 20 ul of Laemmli sample buffer (Bio-Rad)
supplemented with 2 mm dithiothreitol.

Pulse-Chase Analysis—Pulse-chase analysis was performed
essentially as described (11). The cells were transfected with
Myc-wild-type Weel, Myc-S53A/123A-Weel, Myc-S472A/
L483F Weel, Myc-K328M-Weel (9, 14), Myc-K328M-S472A-
Weel, or Myc-K328M-L483F-Weel and analyzed by pulse-
chase analysis 48 h after transfection. An identical protocol was
utilized for pulse-chase performed in supplemental Fig. S3.

Mitotic Entry Assay of Transfected HeLa Cells—HeLa cells
were plated at 40% confluency in 10-cm dishes with 10 ml of 1X
HeLa medium (Dulbecco’s modified Eagle’s medium contain-
ing 10% fetal bovine serum and penicillin-streptomycin) con-
taining 2 mM thymidine and grown in a humidified 37 °C incu-
bator with 10% CO, for 18 —20 h. The cells were released from
the thymidine block by washing twice in phosphate-buffered
saline and adding 9 ml of Optimem to the plate for transfection.
Lipofectamine 2000 (Invitrogen) transfection was done accord-
ing to the manufacturer’s instructions with 7 ug of pCS2+MT-
HsOptiWeel, S472A mutant of Weel, L483F mutant of Weel,
or vector alone. 1 ug of pCS2+eGFP was added to determine
transfection efficiency (greater than 90% in all experiments).
The cells were transfected shortly after release from the thymi-
dine block, and the complexes were allowed to incubate with
cells for 4—6 h. Each 10-cm transfected plate was then split into
a 6-well dish and plated in 1X HeLa medium containing 2 mm
thymidine and allowed to incubate for 18 —20 h. The cells were
released from the thymidine block, and the time points were
collected every 2 h for 10 h by scraping cells in growth medium,
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FIGURE 2. In vitro degradation assays of 3 Wee1 mutants relative to wild-type Wee1. 3*S-Labeled Wee1 or Wee1 mutants were incubated in somatic cell
extracts, and the amount of Wee1 remaining after incubation was analyzed after SDS-PAGE. The results are the averages of three independent experiments.

6764 JOURNAL OF BIOLOGICAL CHEMISTRY YASHMB\  VOLUME 285-NUMBER 9+ FEBRUARY 26, 2010



A.

Activation Domain-dependent Somatic Wee1 Kinase Degradation

472 483

Human wee1 sequence: VM FKIGDLGHVTRISSPQVEEGDSRFLANE

B.

Relative Intensity

y10-98+2H

100% 1382.58 AMU, +2 H (Parent Error: 6.3 ppm)
I S S+80 P Q F—V—t E t E =Gt D +—8—t R
R s +—D =G~ E t E —V—t Q —P— S+80 —8—t I—
75%7
50%7
y2
o 7
25% y5 Y y9
ya - l b10
oo , F | , b7 y8b8 b | ¥1811 _y11
0 200 400 600 800 1000 1200
m/z
Weet: WT S53A S123A R167Q T173A T257A E273A S471A S472A L483F L483A -
4 - — e — e =
Weel

Skp-1 T T T T e

WT S53A/123A S472A/L483F
Time (hours) 0 1 2 4 0 1 2 4 0 1 2 4

100
90
80
70

60
50 S472A/L483F-Weet

40
30
20
10

S53A/123A-Weel
WT-Weet

% Wee1 Remaining

0 S5 1 15 2 25 3 35 4
Time (hours)

FEBRUARY 26, 2010-VOLUME 285-NUMBER 9 YASEMB\ JOURNAL OF BIOLOGICAL CHEMISTRY 6765



Activation Domain-dependent Somatic Wee1 Kinase Degradation

washing once in 10 ml of phosphate-buffered saline, and snap
freezing pellets in liquid nitrogen. The pellets were resus-
pended in 1X SDS-containing sample buffer and processed for
phosphohistone, Myc, or Skp-1 immunoreactivity.

Immunoblotting—Anti-Myc (A-14; Santa Cruz), anti-
Weel(H-300; Santa Cruz), anti-skp1(H-163; Santa Cruz), anti-
p-histone (H3) (Ser 10-R; Santa Cruz), ant-Cdkl (9112; Cell
Signaling), phospho-Y15-Cdkl (9111S; Cell Signaling), and
anti-green fluorescent protein (FL; Santa Cruz) rabbit poly-
clonal IgG were used as primary antibodies. Anti-rabbit IgG
donkey IgG (GE Healthcare) was used as secondary antibody.
Imaging of Western blots was performed using the GE Health-
care Amersham Biosciences ECL Plus Western blotting detec-
tion system.

RESULTS

A Chemical Mutagenesis Strategy Identifies Essential Weel
Proteolysis Sites—We established a cell-based screening
method to identify sites that control Weel degradation based
on the studies of Sato et al. (16), using a human Weel-luciferase
(Weel-Luc) fusion as a surrogate to measure Weel turnover.
C-terminal fusions of proteins with luciferase to measure deg-
radation have been validated for a number of unstable proteins
including cyclin B1 and p27P! (18, 19). Indeed, we established
that Weel is a very unstable protein relative to luciferase (sup-
plemental Fig. S1) and that turnover of Weel-Luc was very
similar to that of Weel (supplemental Fig. S1).

To identify mutations that might affect Weel turnover, we
treated Weel-Luc plasmid DNA with hydroxylamine and
transformed Escherichia coli to isolate individual mutated plas-
mids whose concentration was normalized and spotted roboti-
cally on 384-well plates. Each clone (1,100 total) was then indi-
vidually transfected into HeLa cells, which were cultured for
24 h before adding Brite-lite reagent (PerkinElmer Life Science)
to simultaneously lyse cells and determine luminescence. We
then retested any clone that gave a signal 1.5 times greater than
that generated by wild-type Weel-Luc. Once we identified the
most stable Weel-Luc constructs (those having the highest sig-
nal relative to wild-type Weel luciferase, shown in Fig. 14), we
sequenced the Weel coding region to identify potential muta-
tions (supplemental Fig. S2). These mutations were then shut-
tled into Myc epitope-tagged Weel and assessed for their
steady-state levels relative to wild-type, Myc-tagged Weel fol-
lowing transfection in HeLa cells. In asynchronous, S phase/G,
cells or mitotic cells, the three Weel mutants (R253H, R167Q/
E273K, and the G106S/L483F) were more highly expressed
than wild-type Weel (Fig. 1B), and here increased levels of pro-
tein directly correlated with increased luciferase activity of
Weel-Luc fusions, confirming that Weel-Luc was an accurate
surrogate of Weel.

Identified Weel Mutations Inhibit Weel Turnover in Vitro—
To demonstrate that Weel degradation was indeed inhibited
by these mutations, we measured the turnover of either Myc-
wild-type Weel or the corresponding Weel mutant proteins in
somatic cell extracts (Fig. 2). Extracts from S phase/G,-arrested
HeLa cells were incubated with either in vitro translated 3>S-
labeled wild-type Weel, R253H-Weel, R167Q/E273K-Weel,
or G106S/L483F-Weel. At specific intervals, the reactions were
terminated, and their in vitro degradation rates were deter-
mined following SDS-PAGE and Phosphorlmager analysis.
Indeed all three of these mutants had reduced rates of turnover
compared with wild-type Weel (Fig. 2), and their relative rates
of degradation were inversely proportional to their steady-state
levels (Fig. 1), with the G106S/L483F-Weel mutant having the
slowest degradation rate.

Serines in the Kinase Activation Domain Direct Weel
Turnover—Because the G106S/L483F Weel mutant was the
most stable (Fig. 1 and supplemental Figs. S2 and S3), we tested
the contribution of glycine 106 or leucine 483 to Weel turn-
over. Mutating glycine 106 to serine did not affect the steady-
state levels of Weel, suggesting that changes in turnover were
due to changing leucine 483. Indeed, mutation of leucine 483 to
alanine, phenylalanine, or even histidine was sufficient to sta-
bilize Weel (Fig. 3C and supplemental Figs. S2 and S3).

Phosphorylation of the N-terminal Weel residues serines 53
and 123 are important for its turnover (9, 14). Given the locale
of leucine 483 within the Weel kinase activation domain (res-
idues 461-488) (20), we postulated that this domain was nec-
essary for Weel destruction and that degradation might be
mediated by phosphorylation of serines 471, 472, and/or 480
that reside within this domain. To test this notion, we initially
performed liquid chromatography-MS/MS analysis of immu-
nopurified FLAG-tagged Weel expressed in 293F cells, which
allowed us to express a sufficient quantity of protein for analy-
sis. We demonstrated that serine 472 was indeed phosphoryla-
ted (Fig. 3B; phosphorylation of endogenous Weel has been
recently reported by another group to be induced during mito-
sis) (21). Moreover, mutation of serine 472 to alanine led to
marked increases in steady-state levels of the protein, and the
same effects were also observed in S471A- and S480A-Weel
mutants (Fig. 3C and supplemental Fig. S3). When directly
compared with the known S53A and S123A stabilizing muta-
tions, the kinase activation domain mutants S471A, L483A (F,
H), S472A, or S480A had much more profound effects on the
steady-state levels of Weel, and this was also the case for
T257A (Fig. 3C and supplemental Fig. S3; for comparison we
also mutated residue Thr**? to alanine, which was predicted to
be phosphorylated by Prosite). Notably, pulse-chase analysis
demonstrated that Weel turnover was severely impaired when
we mutated serine 472 to alanine and leucine 483 to phenylala-

FIGURE 3. Mutation of serine residues near the L483 site increases the steady-state levels of Wee1. A, sequence of the region of human Wee1 identified
as required for turnover. Leucine 483 and serine 472 are underlined. B, human Wee1 is phosphorylated at serine 472. FLAG-tagged Wee1 was immunostained
from transfected 293T cells, and the resulting immunoprecipitate is resolved by SDS-PAGE. The bands were excised, and liquid chromatography-MS/MS was
performed on Wee1 band after trypsin digest. Scan indicated +80 AMU on serine 472, suggesting that it was phosphorylated C. Mutation of activation domain
residues 471, 472, or 483 stabilizes Wee1. Hela cells were transfected with either wild-type (WT) Wee1 or the indicated mutants. The known sites required for
Wee1 destruction are serines 53 and 123. C, pulse-chase analysis of Myc-wild-type Wee1, Myc-S53A/123A-Wee1, or Myc-S472A/L483F. A representative assay

is shown.
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model (space filling model by Corey et al. (29)). The insets show overlays of phenylalanine for leucine at position 483 and alanine for serine at position 472. The
Wee1 activation domain is colored in red. B, HeLa cells were synchronized in the S phase using thymidine, released for 4 h, and transfected with Myc-WT-Wee1,
Myc-5472A-Wee1, Myc-L483F-Wee1, or vector alone. Thymidine was then added for another 18 h, at which time the cells were released and isolated at 0, 2, 4,
6,8,and 10 h and processed for Myc, anti-phosphohistone, and Skp1 immunoreactivity. C, left panel, pulse-chase analysis of Myc-K328M-Wee1, Myc-K328M-
S472A-WeeT, or Myc-K328M-L483F-Wee1 in Hela cells. Right panel, anti-Wee1 or phosphoserine 53-Wee1 immunoreactivity for wild-type (WT) Wee1, S472A-
Wee1, or L483F-Weel. A representative assay of three independent experiments is shown.

nine (Fig. 3D). Whereas ~50% of wild-type Weel was turned
over after 1 h, the S472A/L483F mutant remained stable during
that time frame and continued to be more stable than wild-type
Weel over 4 h. By contrast, the S53A/S123A mutant was only
slightly more stable than wild-type Weel. Therefore, serines
within the kinase activation domain of Weel, along with
leucine 483, are required for proper Weel degradation in
somatic cells.

FEBRUARY 26, 2010+VOLUME 285+NUMBER 9

Activation Domain Mutations Do Not Affect Weel Structure
or Activity—Possible explanations for the increased stability of
the kinase activation domain mutants were that they disturbed
Weel structure or kinase activity. To assess the structural con-
sequences of these mutations, modeling and energy minimiza-
tion of the Weel structure was performed and compared with
that of wild-type Weel (20). Importantly, the L483F or S472A
Weel mutant structures were very similar to wild-type Weel
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(Fig. 4A). Because the Weel N terminus is lacking in the
Weel crystal structure, the affects of these mutations on
structure and folding of the Weel N terminus could not be
assessed. However, the S472A and L483F mutants did not
affect the phosphorylation of the N-terminal serine residue,
serine 53, which is also required for Weel turnover in
somatic cells (Fig. 4C).

To test whether the S472 and L483 played critical roles in
mitotic entry, HeLa cells expressing wild-type, S472A, or L483F
Weel were synchronized at the G,/S transition by a double-
thymidine block and were then released. Serine 10 phosphory-
lation of histone H3 was then monitored to measure mitotic
entry. As expected, control HeLa cells transfected with empty
vector entered mitosis 6 h after thymidine release, and this was
blocked in cells expressing wild-type Weel (Fig. 4B). Further,
cells expressing the S472A or L483 Weel also failed to enter
mitosis, and indeed here the block was slightly more complete
than wild-type Weel (Fig. 4B). Therefore the mutations in the
kinase activation domain that stabilize Weel do not affect its
overall structure or function.

To test the effects of these activation domain mutations on
Weel kinase activity, FLAG-tagged wild-type, S472A, or L483F
Weel were transfected into HeLa cells, and phosphorylation of
endogenous Cdkl by Weel was detected using a commercially
available phospho-Y15-Cdk1 antibody. As shown in supple-
mental Fig. S4, wild-type Weel increased phosphorylation of
Cdk1 to the same extent as the S472A or L483F mutant. There-
fore, the effects of activation domain mutations on Weel turn-
over are independent of effects on kinase activity. Consistent
with this notion, mutating serine 472 or leucine 483 in a kinase-
inactive version of Weel, K328M-Weel (9, 14), impaired turn-
over as judged by pulse-chase analysis (Fig. 4C).

DISCUSSION

Prior studies have suggested key roles for N-terminal serine
residues of Weel (serines 53 and 123) in directing Weel
destruction, yet the unbiased screen reported herein has estab-
lished that the kinase activation domain also contributes to
Weel turnover. Consistent with this notion, we find that an
N-terminal deletion mutant lacking serines 53 and 123 is still
rapidly turned over (supplemental Fig. S5). Thus, other
domains of Weel contribute to harness its levels and may sug-
gest that multiple ubiquitin ligases and kinases control Weel
turnover. Such differential regulation may explain how Weel is
controlled during mitotic entry, apoptosis, and development
(22). Thus, the activation domain, like the Weel N terminus, is
a major site of Weel turnover.

The precise mechanisms that control Weel remain unre-
solved. Both the N terminus and the activation domain of Weel
contain or are proximal to putative PEST regions, which often
contribute to degradation and are consistent with the observa-
tion that two or more substrate degrons are necessary to pro-
mote efficient binding of ubiquitin ligases (supplemental Fig.
S6) (23, 24). Thus, one would predict that the binding of B-trcp
and/or Tome-1 to Weel would be compromised by stabilizing
mutations in the activation domain. However, we only detected
slight defects in binding of B-trcp or Tome-1 to S472A or L483F
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Weel, at least in vitro.* This is perhaps due to the presence of
N-terminal residues that provide an alternate docking site for
these ubiquitin ligases. Alternatively, the S472A and L483F
mutations may disrupt binding to another protein required for
Weel turnover. Indeed, a recent paper demonstrates that
cyclin A1/Cdk2 binds somatic Weel kinase at multiple sites
including Leu®® and Arg®'! (25). These two sites were identi-
fied via our mutagenesis approach as required for Weel turn-
over (Fig. 1 and supplemental Figs. S2 and S7). Thus, these data
suggest that cyclin A1/Cdk2 may be an important regulator of
somatic Weel turnover. Cyclin A1/Cdk2 could control Weel
degradation either by inducing Weel recognition by ubiquitin
ligases or by inducing Weel transport to the cytoplasm where it
is degraded. Consistent with the former possibility, we find that
Cyclin A1/Cdk2 increases Weel recognition by Tome-1 and
B-trcp (supplemental Fig. S8).

Whether cyclin A1/Cdk2-dependent mechanisms contrib-
ute to the increased stability of the S472A and L483F mutants
remains to be determined. However, the Weel activation
domain is clearly required for efficient turnover of Weel and is
linked to phosphorylation of at least one serine residue, serine
472. It will be important to determine whether such require-
ments are important in Weel-directed control of embryonic
cell mitotic entry and gastrulation (22).

The unbiased hydroxylamine-directed mutagenesis and cell-
based screens described herein to assess Weel turnover can
easily be applied to resolve the control of other cell cycle regu-
lators. For instance, although phosphorylation of p27** on
Thr'®” was thought to direct recognition by an E3 ligase con-
taining the ubiquitin ligase Skp-2, subsequent studies using a
mouse knock-in model demonstrated that phosphorylation of
this site was dispensable for control of p27*?! turnover (26).
Although this may indicate that ubiquitin ligases other than
Skp-2 such as Kip1 ubiquitination-promoting complex (KPC)
regulate p27""®! destruction in vivo, Skp-2 mediated destruc-
tion of p27 " may also require sites that have not been iden-
tified (27). Our cell-based means of identifying sites required
for protein destruction can be easily implemented to identify
these sites as well as those of virtually every unstable protein.
Although hydroxylamine-mediated mutagenesis is ideally
suited for cDNAs such as Weel that are GC rich because it
specifically targets GC pairs (28), we have also utilized error-
prone PCR, which is more efficient than hydroxylamine at
introducing random mutations, and have identified putative
new degrons for p21<'P* and p27<P* >
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