FEBS 24392

FEBS Letters 486 (2000) 305-309

Regulation of Weel kinase in response to protein synthesis inhibition
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Abstract To investigate the mechanism coupling growth
(protein synthesis) with cell division, we examined the relation-
ship between the tyrosine kinase Weel that inhibits Cdc2-Cdc13
mitosis-inducing kinase by phosphorylating it, and protein
synthesis inhibition in fission yeast. The weel-50 mutant showed
supersensitivity to protein synthesis inhibitor, cycloheximide.
Weel was essential for the G, delay upon a partial inhibition of
protein synthesis. Indeed, the protein synthesis inhibition caused
an increase in the Weel protein by the Styl/Spcl1 MAPK-
dependent transcriptional and the Sty1/Spc1 MAPK-independent
post-transcriptional regulations. Further, the results indicated
that the post-transcriptional regulation is important for the G,
delay. © 2000 Federation of European Biochemical Societies.
Published by Elsevier Science B.V. All rights reserved.

Key words: Weel ; Protein synthesis inhibition;
Cycloheximide; Cell cycle; Styl MAPK

1. Introduction

Growing cells maintain a constant cell size as they prolif-
erate by coupling growth with cell division [1]. The nature of
the coupling mechanism remains to be clarified.

It is well established that CDKs (cyclin-dependent kinases)
play a central role both in the G;/S and G,/M transition
during the cell cycle in all eukaryotes [2]. The Cdc2 kinase
in fission yeast Schizosaccharomyces pombe is essential for
both cell cycle transitions. The activity of Cdc2 is regulated
by several mechanisms including phosphorylation, binding to
a cyclin subunit and CDK inhibitors. B-type cyclins Cdc13 [3-
5] and Cig2 [6-8] act as G,/M cyclin and G,/S cyclin, respec-
tively. Ruml is an inhibitor of the Cdc2-Cdcl3 and Cdc2-
Cig2 cyclin B kinases [9,10]. The onset of mitosis in fission
yeast is controlled by the inhibitory phosphorylation of Cdc2
on tyrosine-15 [2,11,12]. The tyrosine phosphorylation of
Cdc2, which inhibits its in vitro kinase activity [13], is cata-
lysed by the tyrosine kinases Weel and Mikl [13-15] and is
removed by the tyrosine phosphatase Cdc25 [13,16,17]. This
mechanism is used by the DNA structure checkpoint to pre-
vent mitosis in the presence of unreplicated or damaged DNA
[18,19].

Although CDK activity is known to be essential for cell
cycle control, the mechanism coupling cell division with
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growth has been little understood. In fission yeast, there are
two cell size controls, at G|/S and G,/M, respectively [20,21].
The weelt gene was originally identified as a genetic element
of mitotic size control [15]. Previously, the cdc25 mutant was
isolated as an allosuppressor increasing the efficiency of
weakly suppressing sup alleles, and the allosuppressor pheno-
type was eliminated by the weel/ mutation [22]. This result
suggested that the G, delay is important for the cell growth
in the perturbation of protein synthesis, and Weel is impor-
tant for this mechanism. It has been suggested that, in
Arumlweel-50 double mutant, there is no size control either
in G/S or in G,/M [23]. However, the relationship between
the negative cell cycle regulators and protein synthesis remains
to be clarified.

It has been shown that mutations of translation initiation
factors cause cell cycle arrest in G; in budding yeast [24,25],
and in G| and G in fission yeast [26,27]. The G;-cyclin CIn3
in budding yeast or the B-type cyclins (Cig2 and Cdcl3) and
the phosphatase Cdc25 in fission yeast are candidates to be
involved in a mechanism coupling growth with cell division
through a rate-limiting initiation of translation of their
mRNA [26-29]. In one of the fission yeast mutants defective
in the translation initiation factor, the general protein synthe-
sis was reduced by 80% [27]. In Drosophila and humans, it has
been demonstrated that Cdc25 and cyclins are important for
the coordination of growth and cell division [30,31]. These
results indicate that the positive regulators of the cell cycle
are rate-limiting factors upon serious inhibition of protein
synthesis.

Previously, the effect of protein synthesis inhibition on cell
cycle progression was examined [32], and it was shown that a
transient cycloheximide (CYH) treatment (100 pg/ml) parti-
ally synchronized mitosis, division, and DNA synthesis. In
this report, we investigated the relationship between Weel
and protein synthesis inhibition. We found that the weel mu-
tant shows supersensitivity to CYH. Weel was essential for
the G; delay induced by a partial inhibition of protein syn-
thesis. Finally, we demonstrated that Weel is up-regulated
upon the protein synthesis inhibition.

2. Materials and methods

2.1. Yeast strains and general methods

The following S. pombe strains were used: 972 (h~), DH157-1A (h*
weel-50), #136 (ura4 Aruml::ura4™), GL192 (W™ cdc2-3w
Acdc25: :ura4t), 1Y1045 (hleul wura4 ade6 Animl::LEU2), cdcl0
(h™ ¢dcl0-129), cde25 (hT cdc25-22), PN1076 (h™ leul ura4 ade6-
M216 Acig2::ura4™), PN117 (b~ cdcl3-117), IM1160 (ht leul ura4
ade6  Astyl::ura4"), DH278-10A (h~ weelt:HA:ura4* cdc25":
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13Myc:kan'), and DH249-1B (h~ leul urad Astyl::ura4* weel™ :
HA:ura4).

2.2. General genetic and biological methods

We used general genetic and biological methods for the study of
fission yeast [33]. DNA contents of cells were examined by FACS
analysis (Becton-Dickinson FACSCalibur). Thirteen copies of the hu-
man c-myc (Myc) epitope were integrated into the genome in front of
the terminator of the cdc25" gene by a PCR-based gene targeting
method [34]. The rate of [*S]methionine incorporation into protein
was determined as described [29].

2.3. Cytological techniques

Cytological techniques were performed as described [35-39]. Calco-
fluor white (Sigma) was used to monitor cell wall growth, and DAPI
(4',6-diamidino-2-phenylindole)(Sigma), for observing the chromatin
region.

2.4. Western and Northern blot analysis

Preparation of cell extracts and Western blots were performed as
detailed earlier [36,37]. For detection of HA-tagged protein, Cdcl3,
Cdc2, tyrosine-15-phosphorylated Cdc2, and Cdc25-Myc, anti-HA
(HA1l; BADbCO), anti-Cdcl3 (provided by Dr. P. Nurse), anti-
PSTAIR (provided by Dr. M. Yamashita), anti-phospho-Y15-Cdc2
(#9111S; BioLabs), and anti-Myc (9E10; BAbCO) antibodies, respec-
tively, were used as primary antibodies. Horseradish peroxidase-con-
jugated sheep anti-mouse IgG (NA931, Amersham) or donkey anti-
rabbit IgG (NA934, Amersham) as secondary antibodies and a chem-
iluminescence system (ECL, Amersham) were used to detect bound
primary antibodies. Total RNA was isolated by the hot-phenol meth-
od, and then subjected to Northern blot analysis.

3. Results and discussion

3.1. Weel is important for the G, delay upon protein synthesis
inhibition

To investigate the relationship between protein synthesis
and cell cycle regulators, we examined the effect of the inhi-
bition of the peptide elongation step in protein synthesis by
the inhibitor CYH on the cell growth of the mutants defective
in cell cycle regulators (Fig. 1A). The weel-50 mutant showed
supersensitivity to CYH at the permissive temperature 30°C,
whereas other mutants defective in the CDK inhibitor Ruml,
the transcription factor Cdcl0, the mitotic inducer Cdc25
phosphatase, and B-type cyclins (Cig2 and Cdcl3) were in-
sensitive to CYH. Further, the Anim/ mutant, in which Weel
is constitutively active, was insensitive to CYH. These results
indicate that Weel is important for the cell growth upon
protein synthesis inhibition. To confirm that Weel plays a
major role in the cell growth upon protein synthesis inhibi-
tion, we used the cdc2-3wAcdc25 double mutant. The cdc2-3w
mutation is a dominant active allele that relieves the require-
ment for Cdc25 but leaves Cdc2 responsive to Weel [40]. This
mutant was also insensitive to CYH.

Next, to investigate the relationship between cell growth
and protein synthesis inhibition, we examined the effect of
various concentrations of CYH on cell growth, total protein
synthesis, and cell morphology of wild-type cells grown in
EMM minimal medium at 30°C. In the presence of CYH,
the percentage of unseptated cells growing in a monopolar
manner increased, whereas that of septated cells decreased
(Fig. 1B). A 5 pg/ml concentration of CYH, which inhibited
the rate of total protein synthesis of cells growing in EMM
medium by 50%, was the most effective for the accumulation
of the unseptated monopolar cells (Fig. 1B). Higher concen-
trations (up to 50 pg/ml) of CYH, which inhibited the rate of
total protein synthesis by 80%, resulted in random arrest of

M. Suda et al.IFEBS Letters 486 (2000) 305-309

the cell cycle (Fig. 1B). In the case of YPD rich medium, we
examined the effect of various concentrations of CYH (1-100
pg/ml) on cell growth and found that a 10 pg/ml concentra-
tion of CYH was the most effective for the accumulation of
the unseptated monopolar cells. In the presence of this con-
centration of CYH in YPD medium, unseptated monopolar
cells increased, whereas septated cells decreased (Fig. 1C), as
in the case of EMM medium containing 5 pg/ml CYH. The
cell length of the septated cells (cell size) increased by 15% in
the presence of CYH, compared with that in the absence of
CYH (Fig. 1D). To investigate if a partial inhibition of pro-
tein synthesis would induce a delay in G, phase, we examined
yeast cells growing in the presence of CYH for their DNA
content by flow-cytometry analysis (FACS), for their chroma-
tin region by staining with DAPI, and for their tubulin struc-
ture by using TAT1 antibody. The unseptated cells had one
hemispherical nucleus with two copies of the DNA content
and cytoplasmic microtubules (Fig. 1E,F), which are charac-
teristic of the G, delay. Another inhibitor of the peptide elon-
gation step, anisomycin, had an effect similar to that of CYH
(data not shown). These results indicate that a partial inhibi-
tion of protein synthesis in exponentially growing cells caused
a delay in G; phase.

Further, to investigate if Weel is important for the G;
delay upon protein synthesis inhibition, we examined the sep-
tation index, the cell size, and the tubulin structure of the
weel-50 mutant cells grown in the presence of CYH at the
permissive temperature 30°C. In the presence of CYH, the
decrease in septation index and the increase in cell size ob-
served in wild-type cells did not occur in the weel/-50 mutant
cells (Fig. 1C,D), and mitotic cells and abnormally septated
small cells were observed in the case of the mutant (Fig. 1F).
These results suggested that Weel is important for the G,
delay upon a partial inhibition of protein synthesis. To con-
firm that Weel plays a major role in the CYH-induced G,
delay, we examined the effect of CYH on the cell growth of
the cdc2-3wAcdc25 double mutant. In this mutant, the in-
crease in the unseptated monopolar cells and the decrease in
the septated cells were observed as in the case of wild-type
cells (Fig. 1C).

In the presence of CYH, a small population of G cells was
observed in the weel-50 mutant cells (Fig. 1E). This result
suggested that the protein synthesis inhibition in the mutant
cells induced G, delay. The G, regulation might be important
for the cell growth of the mutant upon protein synthesis in-
hibition.

3.2. Weel is positively regulated upon protein synthesis
inhibition
To investigate if Weel is positively regulated upon a partial
inhibition of protein synthesis, we examined the Weel protein
level in the presence of 10 pg/ml CYH. Since the positive
regulators of Cdc2, Cdcl3 and Cdc25, have been shown to
be rate-limiting factors upon serious protein synthesis inhibi-
tion caused by the mutation of translational initiation factor
[26-29], we examined the levels of Cdcl3 and Cdc25 proteins.
The Weel protein level increased three-fold in the presence of
CYH (Fig. 2), whereas the levels of Cdc13 and Cdc25 proteins
did not change under this condition (Fig. 2). Consistent with
the increase in Weel protein level, the phosphorylation level
of Cdc2 on the tyrosine-15 also increased in the presence of
CYH (Fig. 2).
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Fig. 1. Weel is important for the cell growth upon protein synthesis inhibition. A: Wild-type (972), weel-50 (DH157-1A), Aruml (#136), cdc2-
3wAcdc25 (GL192), Animl (IY1045), cdcl0 (cdcl0-129), cdc25 (cdc25-22), Acig2 (PN1076), and cdci3 (PN117) mutant cells cultured in YPD
medium were serially diluted (101X 10° cells/ml), spotted onto YPD solid medium containing 5 ug/ml CYH, and cultured at 30°C for 3 days.
B: Wild-type cells (972) grown to early-log phase (3-4 X 10° cells/ml) in EMM medium were treated with various concentrations of CYH, col-
lected for [*S]methionine incorporation measurements, and observed for cell morphology. The value of the incorporation in EMM without
CYH was expressed as 100%. C: Either CYH (final concentration, 10 pg/ml) (CYH+) or carrier EtOH alone (CYH—) was added to cultures
of wild-type (972), weel-50 (DH157-1A), cdc2-3wAcdc25 (GL192), and Astyl (JM1160) cells grown to early-log phase (3—4x10° cells/ml) in
YPD medium at 30°C. After a 4 h incubation at 30°C, the cells of the CYH+ and CYH— cultures were taken for the observation of the cell
morphology. As the weel-50 mutant cells are smaller than the wild-type cells, it is hard to distinguish monopolar from bipolar in the unsep-
tated cells. D-F: The wild-type (972) and the weel-50 (DH157-1A) cells of the same cultures taken in (C) were used for the measurement of
the cell length of the septated cells (cell size) (D), FACS analysis (E), staining with TATI1 (anti-Tubulin, red) and DAPI (green) (F).
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Next, to investigate if the expression of the weel ™ gene is
regulated at the transcriptional level, we examined the weel*
mRNA Ievel in the presence of CYH by Northern blot anal-
ysis. In the presence of CYH, the levels of weel™ mRNA
increased substantially (Fig. 3A). In contrast, the levels of
cde2™ and cdcl13t mRNAs were unchanged (data not shown).

3.3. The Weel protein increases by the Styl-dependent
transcriptional and the Styl-independent post-
transcriptional regulations upon protein synthesis inhibition

As Styl/Spcl MAPK is activated by a range of stimuli
including the protein synthesis inhibitor anisomycin [41,42],
we examined if the induction of wee/™ mRNA and the in-
crease in Weel protein in the presence of CYH are mediated
by the Styl/Spcl-MAPK pathway. In the Astyl mutant cells,
the induction of weel™ mRNA was completely abolished (Fig.
3A), but increase in the Weel protein was observed (Fig. 3B).

Further, the increase in the monopolar cells and the decrease

in the septated cells were also observed in this mutant (Fig.

1C). These results suggested that Weel protein is positively

CYH+ CYH-
0 1 2 4 0 1 2 4 (h)
: ol = | Wee1-HA
Cdc2
Cdc2pY15
- PCac13
1 ¢ ¥ [ 3
——TET Y ¥ TRy W
: o Cdc25-Myc
. R e . -
Wee1-HA
Cdc2pY15

i
:

Relative intensity ( /Cdc2 )

Fig. 2. Weel protein increases upon protein synthesis inhibition.
Either CYH (final concentration, 10 ug/ml; CYH+) or carrier
EtOH alone (CYH—) was added to cultures of wild-type cells hav-
ing weel™:HA and cdc25%:13Myc (DH278-10A) grown to early-log
phase (3-4X10° cells/ml) in YPD medium at 30°C. After the addi-
tion of CYH, the cells of the CYH+ and CYH— cultures were tak-
en at the indicated times. The total proteins (50 pg) were run on
SDS-polyacrylamide gels. The Weel-HA protein, the tyrosine phos-
phorylation of Cdc2, the Cdcl3 protein, and the Cdc25-Myc protein
in the samples were analysed by Western blotting with antibodies
specific for the HA epitope (Weel-HA), Cdc2 phosphorylated on ty-
rosine-15 (Cdc2pY15), Cdcl3, and the Myc epitope (Cdc25-Myc),
respectively. The blots were reprobed with an anti-PSTAIR anti-
body to visualise the total amount of Cdc2. The intensity of each
band was quantified by the Intelligent Quantifier (Bio Image).
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Fig. 3. The Weel protein level increases by Styl-dependent tran-
scriptional and Styl-independent post-translational regulations.
A: Wild-type (972) and Astyl mutant cells (JM1160) grown to
early-log phase (3-4Xx10° cells/ml) in YPD were treated with CYH
(10 ug/ml). The levels of weel™ and actl™ mRNAs at the indicated
time were determined by Northern blotting. B: Either CYH (final
concentration, 10 pg/ml; CYH+) or carrier EtOH alone (CYH—)
was added to the cultures of wild-type cells having weelt:HA
(DH278-10A) and the Astyl mutant having weel*:HA (DH249-1B)
grown to early-log phase (3-4X10° cells/ml) in YPD medium at
30°C. The cells of the cultures were taken at the indicated times.
The total proteins (50 pg) were run on SDS-polyacrylamide gels.
The Weel-HA protein in the samples was analysed by Western blot-
ting.

regulated at the transcriptional and the post-transcriptional
levels in response to protein synthesis inhibition, and that
the Styl MAPK is required for the transcriptional regulation.
It is also indicated that the Styl-independent post-transcrip-
tional regulation of Weel is important for the CYH-induced
G, delay. The post-transcriptional regulation remains to be
clarified. The basal level of Weel protein in the Asty/ mutant
was lower than that in wild-type cells (Fig. 3B, compare WT
CYH— and Astyl CYH-), suggesting that the Styl/Spcl
MAPK might be involved in the regulation of Weel protein
level under normal conditions.

Here we demonstrated that fission yeast cells have a mech-
anism inducing G, delay in response to a partial inhibition of
protein synthesis (50% reduction in general protein synthesis),
by positively regulating the negative cell-cycle regulator,
Weel. It has been shown that the positive regulators of the
cell cycle are rate-limiting factors upon serious inhibition of
protein synthesis [26-29]. Upon protein synthesis inhibition,
cells would have two mechanisms inducing the cell-cycle de-
lay, i.e. by positively regulating the negative cell-cycle regula-
tors and by negatively regulating the positive regulators.
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